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Abstract 

Hydrogen fuel cell is a promising green technology that transforms the chemical energy in 

hydrogen into electricity. Currently, most of the efforts are focused on developing proton exchange 

membrane fuel cells (PEMFCs), however they are heavily dependent on rare and expensive platinum 

group metal (PGM) catalysts. In contrast, hydroxide exchange membrane fuel cells (HEMFCs) work 

in alkaline media, thus allow the use of cheaper and more abundant non-PGM catalysts. However, 

there are no materials found suitable to catalyze the anodic hydrogen oxidation reaction (HOR): for 

earth-abundant materials, only few have been known to catalyze HOR, and they all have low catalytic 

activity and bad stability; for PGMs-based materials, their catalytic activities are two order of 

magnitudes lower in base than in acid, hence require overhigh loading to achieve satisfying 

performance. Therefore, developing new, active and robust HOR catalysts in alkaline media is of 

paramount importance. Hereby, this dissertation presented my recent research works on preparation, 

characterization, and application of HOR catalysts for HEMFCs. 

Chapter 2 described the exploration of new earth-abundant HOR catalysts. A series of Ni-based 

compounds were synthesized and tested for HOR, among which Ni3N had the best activity. With 

further nano-engineering, the mass activity reached the highest at the time reported and the oxidation 

resistance of the supported version (Ni3N/C) can be significantly improved. Spectroscopic evidence 

suggested that the downshift of the metal d band weakened the binding energies of the catalyst toward 

adsorbates, which accounted for the improved activity and stability of Ni3N/C. 

Chapter 3 demonstrated how to exploit strain-engineering for HOR catalysis. A series of Ni/C 

composites were prepared by pyrolyzing a Ni-based metal-organic framework (MOF). The optimal 

catalyst, Ni-H2-2%, has the highest mass activity (at the time reported) and abnormally high intrinsic 

activity. Characterizations using synchrotron X-ray diffraction (XRD) suggested that it was the 

distinct but relative optimal strain level of Ni-H2-2% that rendered it high activity. 

Chapter 4 is a complicated version of Chapter 3. The Ni catalysts were also prepared from the 

same Ni-based MOF with more complex synthesis conditions. The best catalyst, Ni-H2-NH3, 

possessed highest intrinsic activity among non-precious metals. Combining ultraviolet photoelectron 

spectroscopy (UPS), H2 chemisorption, isotopic studies, and electrochemical characterizations, the 
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balanced hydrogen binding energy (HBE) and hydroxide binding energy (OHBE) is likely to be the 

origin of the high activity of Ni-H2-NH3. In the end, membrane-electrode assembly (MEA) 

measurements confirmed its excellent performance: for non-PGM MEA, the peak power density 

could reach 488 mW/cm2, 6.4 times higher than the previous record, which demonstrates the 

feasibility of efficient PGM-free HEMFCs. 

In Chapter 5, we exploited the interaction between PGMs and carbon support to improve their 

HOR activity. A porous N-doped carbon (pN-C) support was found to have prominent enhancement 

effect toward PGMs (including Ru, Rh, Ir, Pt). Especially, the Pt0.25Ru0.75/pN-C had the up-to-date 

highest mass activity and intrinsic activity toward HOR. Using characterizations including x-ray 

photoelectron spectroscopy (XPS), UPS, H2 chemisorption, CO chemisorption, in situ attenuated total 

reflection-surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS), and electrochemical 

characterizations, we concluded that the superior HOR activity of Pt0.25Ru0.75/pN-C was a 

combination of interactions between Pt, Ru and the pN-C, with modulated the HBE and strengthened 

the H2O binding strength. The HEMFC using Pt0.25Ru0.75/pN-C also possessed great performance that 

far exceeded the U.S. Department of Energy (DOE) 2022 target for HEMFCs under more stringent 

testing conditions. This work demonstrated the feasibility of HEMFC replacing PEMFC.  

Keywords 

Fuel cells, hydroxide exchange membrane fuel cells, hydrogen oxidation reaction, electrochemistry, 

electrocatalysis, nanomaterials. 
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Résumé 

La pile à combustible à hydrogène est une technologie verte prometteuse qui transforme l'énergie 

chimique de l'hydrogène en électricité. Actuellement, la plupart des efforts sont concentrés sur le 

développement de piles à combustible à membrane échangeuse de protons (PEMFC en anglais pour 

proton exchange membrane fuel cells), mais elles dépendent fortement de catalyseurs rares et coûteux 

à base de métal du groupe du platine (PGM en anglais pour platinum group metals). En revanche, les 

piles à combustible à membrane échangeuse d’hydroxyde (HEMFC en anglais pour hydroxide 

exchange membrane fuel cells) fonctionnent en milieu alcalin, permettant ainsi l'utilisation de 

catalyseurs non-PGM moins chers et plus abondants. Cependant, il n’existe pas de matériaux 

appropriés pour catalyser la réaction d'oxydation anodique de l'hydrogène (HOR pour hydrogen 

oxidation reaction) : pour les matériaux abondants sur Terre, seuls quelques-uns sont connus pour 

catalyser HOR, et ils ont tous une faible activité catalytique et une mauvaise stabilité ; pour les 

matériaux à base de PGM, leurs activités catalytiques sont de deux ordres de grandeur plus faibles 

dans la base que dans l'acide, et nécessitent donc une concentration trop élevée pour obtenir des 

performances satisfaisantes. Par conséquent, le développement de nouveaux catalyseurs HOR actifs 

et robustes en milieu alcalin est d'une importance primordiale. Par la présente, cette thèse a présenté 

mes récents travaux de recherche sur la préparation, la caractérisation et l'application de catalyseurs 

HOR pour les HEMFCs. 

Chapitre 2 a décrit l'exploration de nouveaux catalyseurs HOR abondants sur terre. Une série de 

composés à base de Ni ont été synthétisés et testés pour HOR, parmi lesquels Ni3N avait la meilleure 

activité. Avec la poursuite de la nano-ingénierie, l'activité de masse a atteint le niveau le plus élevé 

au moment indiqué et la résistance à l'oxydation de la version supportée (Ni3N/C) peut être 

considérablement améliorée. Des preuves spectroscopiques ont suggèré que la baisse de la bande du 

métal d a affaibli les énergies de liaison du catalyseur envers les adsorbats, ce qui explique 

l'amélioration de l'activité et de la stabilité du Ni3N/C. 

Chapitre 3 a montré comment exploiter l'ingénierie de déformation pour la catalyse de HOR. Une 

série de composites Ni/C a été préparée par pyrolyse d'un metal-organic framework (MOF) à base de 

Ni. Le catalyseur optimal, Ni-H2-2%, a l'activité de masse la plus élevée (au moment indiqué) et une 

activité intrinsèque anormalement élevée. Les caractérisations utilisant la diffraction des rayons X 
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synchrotron (XRD en anglais pour X-Ray diffraction) ont suggéré que c'était le niveau de déformation 

optimal distinct mais relatif de Ni-H2-2% qui rendait cette activité élevée. 

Chapitre 4 est une version compliquée du chapitre 3. Les catalyseurs Ni ont également été préparés 

à partir du même MOF à base de Ni avec des conditions de synthèse plus complexes. Le meilleur 

catalyseur, Ni-H2-NH3, possédait l'activité intrinsèque la plus élevée parmi les métaux non précieux. 

Combinant la spectroscopie photoélectronique UV (UPS en anglais pour ultraviolet photoelecctron 

spectroscopy), la chimisorption de H2, les études isotopiques et les caractérisations électrochimiques, 

l'énergie équilibrée de liaison de l'hydrogène (HBE en anglais pour hydrogen binding energy) et 

l'énergie de liaison de l'hydroxyde (OHBE en anglais pour hydroxide binding energy) sont 

probablement l'origine de la forte activité de Ni-H2-NH3. Au final, les mesures des ensembles 

membrane-électrode (MEA en anglais pour membrane-electrode assembly) ont confirmé ses 

excellentes performances : pour les MEA non-PGM, la densité de puissance crête pourrait atteindre 

488 mW/cm2, 6,4 fois plus élevée que le précédent record, ce qui démontre la faisabilité d'un non-

PGM- HEMFC. 

Chapitre 5 a exploité l'interaction entre les PGM et le support carbon pour améliorer leur activité 

HOR. Un support poreux en carbone dopé à N (pN-C) s'est avéré avoir un effet d'amélioration 

important envers les PGM (y compris Ru, Rh, Ir, Pt). En particulier, le Pt0.25Ru0.75/pN-C avait 

l'activité de masse et l'activité intrinsèque les plus élevées à jour envers HOR. En utilisant des 

caractérisations comprenant la spectroscopie photoélectronique à rayons X (XPS en anglais pour X-

Ray photoelectron spectroscopy), UPS, la chimisorption de H2, la chimisorption de CO, la 

spectroscopie d'adsorption infrarouge in situ améliorée en surface (SEIRAS en anglais pour in situ 

surface-enhanced infrared absorption spectroscopy) et les caractérisations électrochimiques, nous 

avons conclu que l'activité HOR supérieure de Pt0.25Ru0.75/pN-C était une combinaison d'interactions 

entre Pt, Ru et le pN-C, avec modulé le HBE et renforcé la force de liaison H2O. Le HEMFC utilisant 

Pt0.25Ru0.75/pN-C possédait également d'excellentes performances qui dépassaient de loin l'objectif 

2022 du Département de l'Énergie des États-Unis (DOE en anglais pour U.S. Department of Energy) 

pour les HEMFC, même si les conditions de test étaient plus dures. Ce travail a démontré la faisabilité 

de HEMFC remplaçant PEMFC. 

Mots-clés 

Pile à combustible, piles à combustible à membrane échangeuse d’hydroxyde, réaction d'oxydation 

de l'hydrogène, électrochimie, électrocatalyse, nanomatériaux. 
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摘要 

氢气燃料电池能把储存在氢气中的化学能转化成电能，是一种富有前景的绿色科技。目

前大部分的相关研究集中在发展质子交换膜燃料电池上（PEMFC），然而这种燃料电池非

常依赖价格昂贵且稀有的铂系金属作为催化剂。相比之下，氢氧根交换膜燃料电池

（HEMFC）在碱性条件下工作，因而可以使用更廉价且储量高的非铂系金属作为催化剂。

然而，目前为止尚未发现有合适的催化剂能催化碱性条件下的阳极氢氧化反应（HOR）：对

于地球储量丰富的材料，鲜有能催化氢氧化的催化剂，而那一小部分的催化剂又普遍具有低

活性，低稳定性的特点；对于铂系金属材料来说，他们在碱里的催化活性和在酸里相比下降

了两个数量级，因而需要过高的负载量来达到令人满意的性能。因此，开发新型高效且稳定

的碱性氢氧化催化剂则显得至关重要。由此，这篇论文描述了我博士工作期间对用于氢氧根

交换膜燃料电池里氢气氧化催化剂的合成、表征与应用研究。 

第二章介绍了我们对于新型储量丰富的氢氧化催化剂的探索。我合成并了一系列镍基化

合物并测试了它们的对氢氧化的催化活性，发现其中氮化镍（Ni3N）具有最佳活性。纳米工

程改进之后并担载到碳上的氮化镍（Ni3N/C）具有在当时对催化氢氧化最高的质量活性和极

佳的抗氧化能力。光谱证据表明这些优异的性能是由金属 d 带远离费米能级，降低了催化剂

与吸附质结合能而造成的。 

第三章介绍了我们如何在氢氧化催化中使用应力工程。通过煅烧镍基的金属有机框架

（MOF），我合成了一系列的镍/碳复合物。其中活性最佳的催化剂 Ni-H2-2%在报导时具有

最高的质量活性和异常高的本证活性。同步辐射下的 X射线衍射表明，Ni-H2-2%最佳的应力

水平是导致其异常高活性的原因。 

第四章是第三章的一个复杂版本。催化剂的合成仍然从第三章里的镍基金属有机框架开

始，但后续的煅烧条件更为复杂。其中最好的催化剂，Ni-H2-NH3，在非贵金属材料中拥有

最高的本征活性。在使用紫外光电子能谱，氢气化学吸附，同位素实验，电化学测试等一系

列表征后，我们认为 Ni-H2-NH3 高活性的原因来自与它相对平衡的氢气结合能和氢氧根结合

能。最后，膜电极（MEA）测试进一步证实了它卓越的性能：使用了它的非贵金属基膜电

极可以达到 488 mW/cm2的峰值功率，6.4 倍于之前的记录。这优异的表现展示了非贵金属基

氢氧根交换膜燃料电池的可行性。 
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在第五章里，我们通过利用贵金属和碳载体之间的相互作用来提升催化剂的氢氧化活性。

我们发现一种多孔的氮掺杂碳载体（pN-C）可以极大地提升贵金属（包括钌，铑，铱，铂）

的催化活性。而最为成功的催化剂——Pt0.25Ru0.75/pN-C，拥有到目前为止最高的质量和本征

活性。使用 X 射线与紫外光电子能谱，氢气与一氧化碳化学吸附，原位红外吸收谱以及各种

电化学手段表征后，我们发现铂，钌，多孔的氮掺杂碳载体之间的相互作用优化了催化剂与

氢气结合能并增强了与水的结合能，从而使得 Pt0.25Ru0.75/pN-C拥有极高的活性。此催化剂在

氢氧根交换膜燃料电池中也表现出色，在更苛刻的测试条件下远远超过了美国能源部对该类

燃料电池在 2022 年的性能目标。这项工作证明了氢氧根交换膜燃料电池替代质子交换膜燃

料电池的可行性。  
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Symbols and Abbreviations 

α   charge transfer coefficient 

A   geometric area of electrode 

AFC  alkaline-electrolyte fuel cell 

ASR  area specific resistance 

ATR  attenuated total reflection 

BE   binding energy 

ca   circa 

COF  covalent organic framework 

CNT  carbon nanotube 

Cuupd  Cu underpotential deposition 

CV   cyclic voltammetry 

D   diffusion coefficient 

DFT  density functional theory 

d   differential (infinite small) 

Δ   differential (finite) 

dec   decade 

E   potential 

E0   standard reduction potential 

ECSA  electrochemical surface area 

EDXS  energy dispersive X-ray spectroscopy 

EIS   Electrochemical impedance spectroscopy 

e.g.   exempli gratia 
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et al.  et alii, et aliae, et alia 

EXAFS  extended X-ray absorption fine structure 

ϕ   work function  

F   Faraday constant (96485 C∙mol-1) 

FC   fuel cell 

FT   Fourier transform 

FFT   fast Fourier transform 

G   Gibbs free energy 

GE   General Electric 

η   overpotential  

h   Planck’s constant 

H   enthalpy  

Hupd   hydrogen underpotential deposition 

HEM  hydroxide exchange membrane 

HEMFC  hydroxide exchange membrane fuel cell 

HER  hydrogen evolution reaction 

HOR  hydrogen oxidation reaction 

HRTEM  high resolution transmission electron microscopy 

i   current 

i.e.   id est 

IR   infrared 

j   current density 

j0   exchange current density 

jlim   limiting current density 
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k   reaction rate constant 

k0   standard reaction rate constant 

KIE   kinetic isotope effect 

ln   natural logarithm 

log   logarithm 

LSPR  local surface plasmon resonance 

LSV  linear sweep voltammetry 

MEA  membrane-electrode assembly 

MOF  metal-organic framework 

OCV  open circuit potential 

OHBE  OHads binding energy 

PAFC  phosphoric acid fuel cell 

PGM  platinum group metal 

PEM  proton exchange membrane 

PEMFC  proton exchange membrane fuel cell 

PPD  peak power density 

PZFC  potential of zero free charge 

R   universal gas constant (8.3145 J∙K-1∙mol-1) 

RDE  rotating disc electrode 

RDS  rate determining step 

RF   roughness factor 

RHE  reversible hydrogen electrode 

θ   angle 

θH   surface coverage of hydrogen 
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SA   single atom 

SEIRAS  surface-enhanced infrared absorption spectroscopy 

SERS  surface-enhanced Raman spectroscopy 

SOFC  solid oxide fuel cell 

T   temperature 

TEM  transmission electron microscopy 

TGA  thermogravimetric analysis 

UPS  ultraviolet photoelectron spectroscopy 

v   reaction rate 

ν   frequency 

XAS  X-ray absorption spectroscopy 

XANES  X-ray absorption near edge structure 

XPS  X-ray photoelectron spectroscopy 

XRD  X-ray diffraction 

ω   rotating speed 

WE   water electrolyzer 
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2 

1.1 Motivations   

1.1.1 Climate change and energy crisis 

With the invention and improvement of steam engine, the human society entered the era of 

industrial civilization. Accompanied by substantial technological advancement, productivity was 

emancipated, and humanity’s living condition was significantly improved. However, such 

improvement is at the expense of environmental price. Till today, our society are still powered mainly 

by fossil fuels (i.e., coal, oil, natural gas, etc.). Upon combustion, they release greenhouse gases (e.g., 

CO2) and other pollutants, causing serious problems such as climate change, acidified ocean, and air 

pollution. Taking CO2 for example, its emissions are trapped in atmosphere and build up an 

atmospheric stock, which adsorbs outgoing long-wave radiation and rises the temperature on earth. 

Shown in Fig. 1.1, the increasing global temperature is positively correlated with the atmospheric 

CO2 concentration. Climate models has suggested that the atmospheric CO2 concentration sustained 

at 550 ppm could eventually cause a global warming that has a magnitude equal to the last glacier 

age with opposite sign1. Therefore, the deteriorating global warming issue requires an imperative 

response from us to reverse the trends, including developing carbon-neutral fuels to stop the emission 

of CO2 and the capture, recycling of CO2 to decrease the current CO2 levels in the atmosphere. 

 

Fig. 1.1 Historic data of global environment. (A). Atmospheric CO2 concentration and (B). global land and 

ocean temperature anomalies since 1880. Data source: NOAA Climate.gov. 

On the other hand, fossil fuels are categorized as non-renewable energy because of the long 

formation time (up to millions of years). Based on the current known reserves and consuming rate, 

oil and natural gas will run out in roughly 50 years, and 114 years for coal. Although the discovery 

of new reserves may prolong the run-out time, our society will definitely face the depleting reserves 
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issue in a timescale of several generations. Thus, from the aspect of sustainability, it is necessary to 

transform our energy source from fossil fuels to renewable energies. 

In short, fossil fuels are not ideal energy sources. Considering the unsatisfying present situation, 

developing environmental-friendly, sustainable energies and relating techniques are imperative and 

important. This is a huge project that can eventually benefits us and our descendants. 

1.1.2 Energy Storage and hydrogen economy 

An Italian historian, Ludovico Muratori, has said in 1747: 

“Dio ha veramente riserbato ai di nostril lo scoprimento d’un fenomeno sopra 

modo meraviglioso. Parlo della elettricità.” 

“God has truly reserved to our own day the discovery of an amazing 

phenomenon. I’m referring to electricity.” 

Electric energy is versatile and can be transformed into other forms of energy and vice versa. 

Currently, most of the renewable energies, i.e., solar energy, geothermal energy, wind energy, and 

hydropower, can be converted to electricity. Among them, the solar energy is the most abundant. It 

is estimated that the power generated by 0.3 % land area of solar panel can support the global energy 

consumption in 20302. However, most of the renewable energy sources, including solar energy, are 

intermittent. Such variability poses challenges to the integration of these renewable energies into the 

electricity grid because the later requires reliable power supply so that it can instantaneously response 

to the constantly changing demand. This is where energy storage comes into play. If the energy 

collected from renewable sources can be firstly stored in some form and then released in a controllable 

way, the instable nature of renewable energy sources can be circumvented. In addition, the energy 

storage can offer backup power when grid power is lost, or to accommodate the power supply peaks. 

On the other hand, for utilities that cannot connect to the grid and therefore still powered by fossil 

fuels (such as public transportations), energy storage can provide clean alternatives to lower the 

carbon emission. Among various energy carriers, hydrogen is an ideal candidate.  

Hydrogen is the simplest element. A hydrogen atom is constituted by only one proton and one 

electron. It is an indispensable raw material in contemporary industries for chemical and fertilizer 

production, processing of materials and semiconductor manufacture, etc. Currently the hydrogen is 

mainly produced from fossil fuels, through steam reforming (Eq. 1.1) followed by water gas shift 

reaction (Eq. 1.2), which is overall an endothermic process. As an important chemical, the demand 
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on hydrogen is so intensive that 6 % global natural gas is consumed to for its production, and it is 

continuing to grow. 

CH4 (g) + H2O (g) ↔ CO (g) + 3 H2 (g)  ∆H° = 206 kJ/mol (Eq. 1.1) 

CO (g) + H2O (g) ↔ CO2 (g) + H2 (g)  ∆H° = -10 kJ/mol (Eq. 1.2) 

Hydrogen has the highest energy density by weight, almost two times higher than methane and 

gasoline. Besides, hydrogen is environmental-friendly and carbon neutral: it can be prepared from 

H2O, and H2O is the only product of combustion (Eq. 1.3): 

H2O (l) ↔ H2 (g) + ½ O2 (g) ∆G° = 237 kJ/mol (Eq. 1.3) 

This virtue renders hydrogen significant practical value, especially in the context of current era. In 

fact, back in 1875, the famous French novelist Jules Verne has envisioned a society powered by 

hydrogen, in his book L'Île mystérieuse (The mysterious Island): 

“Oui, mes amis, je crois que l’eau sera un jour employée comme combustible, 

que l’hydrogène et l’oxygène, qui la constituent, utilisés isolément ou 

simultanément, fourniront une source de chaleur et de lumière inépuisables et 

d’une intensité que la houille ne saurait avoir. (…) Je crois donc que lorsque les 

gisements de houille seront épuisés, on chauffera et on se chauffera avec de l’eau. 

L’eau est le charbon de l’avenir.” 

“Yes, my friends, I believe that water will one day be employed as fuel, that the 

hydrogen and oxygen, which constitute it, used singly or together, will provide an 

inexhaustible source of heat and light, and of an intensity which coal cannot 

have. (…) So I believe that when the coal deposits are exhausted, we shall heat 

and warm ourselves with water. Water is the coal of the future.” 

Nowadays, the term Hydrogen Economy is specifically used to describe the future society Jules 

Verne envisioned, where hydrogen is generated from water using renewable energies (e.g., solar 

energy) and is used as fuel for electricity, transportation, heat, etc. To fulfil those tasks, water 

electrolyzer (WE) and hydrogen fuel cell (FC) were invented. The former transforms H2O into H2 

and O2 with electricity input from outer systems via hydrogen evolution reaction (HER) and oxygen 

evolution reaction (OER), while the later reverses the transformation and outputs electric energy via 

hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR). However, the current 

cost for either the H2 produced from WEs or the electricity from FCs are still too high to replace their 
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counterparts generated from fossil fuels. This main obstacle to the success of hydrogen economy is 

largely due to the lack of cheap, active catalysts to the above four reactions. Focusing on HOR, the 

research works presented in this dissertation are dedicated to developing efficient catalysts that 

can contribute to a more sustainable future. 

1.2 Hydrogen fuel cells 

1.2.1 Brief introduction of fuel cells 

The history of FC can be traced back to 1839 when Sir William Grove demonstrated the first 

reverse water electrolysis experiment3. However, it didn’t receive much attention until 1960s, as the 

fuel cell was developed for manned space program to produce electricity and drinking water in outer 

space, which achieved great success. Later people’s interests were diverted to its terrestrial 

application. As mentioned before, FC is a type of device that converts the chemical energy stored in 

fuels into electric energy. Although many chemicals (e.g., methanol, ethanol, ammonia, etc.) can act 

as fuels, hydrogen is the preferred fuel, and we will focus on hydrogen fuel cell in this dissertation. 

 Depending on the different electrolytes used, fuel cell can be classified into polymer electrolyte 

membrane fuel cells, alkaline-electrolyte fuel cells (AFCs), phosphoric acid fuel cells (PAFCs), solid 

oxide fuel cells (SOFCs), etc. The operation temperature of different FCs also varies: PAFCs and 

SOFCs work at relatively high temperature range (150 ℃ - 220 ℃ for PAFCs, 500 ℃ - 1000 ℃ for 

SOFCs) and used for stationary power production; AFCs are operated at 50 ℃ - 200 ℃ and were 

used in spacecrafts in last the century; polymer electrolyte membrane fuel cells are operated at low 

temperature (20 ℃ - 100 ℃) and can be used in vehicles and other mobile applications. 

Fuel cell consists of an anode and a cathode with one ion conductor in between. This 

electrode|membrane|electrode structure is called membrane-electrode assembly (MEA). The MEA is 

the core of fuel cell, and it is placed between two bipolar plates, i.e., two conductive plates with flow 

fields on their surfaces to collect the current and direct the gas reactants, to form the basic unit of a 

fuel cell. During operation, take polymer exchange membrane fuel cell for example, the hydrogen is 

oxidized at the anode and the oxygen is reduced at the cathode. The electrons generated at anode 

travel through outer circuit to the cathode, while in the meantime, the conducting ions (H+ or OH-) 

are transported through the electrolyte and ion exchange membrane to the other electrode to complete 

the circuit (Fig. 1.2). Depending on the type of conducting ions, hydrogen fuel cells can be further 

categorized into proton exchange membrane fuel cell (PEMFC) and hydroxide exchange membrane 

fuel cell (HEMFC) (Fig. 1.2).  
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Fig. 1.2 Schematic description of fuel cell working principle. (A). proton exchange membrane fuel cell; (B). 

hydroxide exchange membrane fuel cell. 

Comparing to heat engine, hydrogen fuel cell doesn’t have moving part, therefore it is 

mechanically simpler, and can work quietly. Besides in general it also possesses higher energy 

efficiency. A simple estimation is demonstrated below. 

For reaction H2 + ½ O2 ↔ H2O ∆G° = -237 kJ/mol  (Eq. 1.4) 

In fuel cells, the efficiency is defined as: 

Fuel cell efficiency =
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑝𝑒𝑟 𝑚𝑜𝑙 𝑜𝑓 𝑓𝑢𝑒𝑙

𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
   (Eq. 1.5) 

Thus, the maximum energy efficiency is: 

Maximum energy efficiency =  
−∆𝐺𝑟

−∆𝐻𝑟
° =

∆𝐻𝑟−𝑇∆𝑆𝑟

285.8
                                                                   (Eq. 1.6) 

Below 373.15 K, ∆Sr is -0.163 kJ/K·mol, ∆Hr is -285.8 kJ/mol, while these values change to -

0.044 kJ/K·mol and -241.8 kJ/mol above 373.15 K. The difference origins from the existing phase of 

H2O (liquid or gas). According to Eq. 1.6, the maximum energy efficiency of fuel cell is a function 

of system temperature T. 

In heat engine, the Carnot limit represents its maximum energy efficiency: 

Maximum energy efficiency =  
𝑇1−𝑇2

𝑇1
= 1 −

𝑇2

𝑇1
     (Eq. 1.7)  
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Here T1 is the maximum temperature of heat engine, and T2 is the temperature of released fluid. 

Same as fuel cell, the maximum energy efficiency of heat engine also depends on T. Assuming T2 is 

323.15 K (50 ℃), by plotting Eq. 1.6 and Eq. 1.7 with respect to temperature, we can compare the 

energy efficiency of fuel cell with heat engine. Shown in Fig. 1.3, the fuel cell has high maximum 

energy efficiency over a large temperature range, especially at low temperature region. 
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Fig. 1.3 Simulated maximum energy efficiency for hydrogen fuel cells and heat engines. 

1.2.2 PEMFC vs HEMFC 

PEMFC is one of the earliest models developed in the fuel cell families. Invented by General 

Electric (GE) in 1960s, it has been under intensive research for more than half a century. In sharp 

contrast, HEMFC didn’t receive many interests until recent years. One of the reasons is a robust 

hydroxide exchange membrane (HEM) with good conductivity was not found, while its protonic 

counterpart – Nafion, has been developed in 1967 by DuPont. However, with the development of 

phosphonium4, ammonium5, and the latest piperidinium-based HEMs6 in 21st century, significant 

progress has been made in HEMFC field to push the stagnated progress moving forward. Now the 

best HEMFC has close performance to the state-of-the-art PEMFC7-8. 

Since protons are transported in PEMFC, while hydroxides are transported in HEMFC, by nature 

their working environments are acidic and alkaline, respectively. This difference affects the choices 

of materials for each component9: for membranes, Nafion for PEMFC is good but expensive, while 

the recently-developed hydrocarbon based-membranes with similar performance are readily available 

with low price; the bipolar plates in PEMFC need to be acid-resistant, therefore requires demanding 

composite materials such as porous carbon-coated stainless steel, while such needs does not exist in 
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alkaline media; more importantly, in terms of catalysts, only platinum-group metals (PGMs) can be 

used in PEMFC for HOR and ORR, but in HEFMC substantial earth-abundant materials have the 

potential to catalyze the reactions with similar activity and stability to PGMs. So overall, HEMFC 

holds potential cost advantage over PEMFC, although the overtaking requires further efforts in 

catalyst development. 

1.2.3 Energy losses in PEMFC and HEMFC 

Although the maximum energy efficiency of fuel cell can be higher than 80 % as shown in Fig. 

1.3, in practice the efficiency cannot reach that value for several reasons: 

A. Gas cross-over potential losses. 

B. Ohmic losses. 

C. Mass transfer overpotentials. 

D. Activation overpotentials. 

A.  Gas cross-over potential losses. The ion exchange membrane is theoretically impermeable, 

however, in reality a small amount of gas reactant can go through the membrane and diffuse to the 

other side of electrode. In general, the cathode is operated at potentials high enough to quickly 

consume the H2 that cross over, and vice versa for O2 in the anode. Therefore, there is a small portion 

of reaction doesn’t complete through the external circuit, rather they form internal short circuit by 

reacting on the same electrode. For example, the H2 cross-over can lower the cathode potential 

because it becomes an average of EORR and EHOR, and vice versa for O2 cross-over on the anode. This 

causes the decrease of the open circuit potential (OCV) of the fuel cell.  

Both H2 and O2 can cross over the membrane. However, their influence on the cross-over potential 

losses is different. Since H2 has smaller size than O2, it is expected to have more serious crossover 

and is responsible for the major potential losses. Increasing the thickness of the ion exchange 

membrane can improve its impermeability. However, it is at the cost of larger resistance and therefore 

requires optimization. Another way to reduce negative impact of gas crossover is to use selective 

catalysts, i.e., the anode material can only catalyze HOR, and the cathode material can only catalyze 

ORR. This is possible for HEMFC because many earth-abundant materials can catalyze ORR but not 

HOR. While in PEMFC, there seems to be no other alternative to Pt as the cathode catalyst. 

B. Ohmic losses. The ohmic losses originate from the electronic, ionic and contact resistance of 

the fuel cell. It follows Ohm’s law and therefore the losses are more pronounced at high current 

density region. Efforts of minimizing the Ohmic losses include decreasing the thickness of MEA, 
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developing more conductive ion exchange membranes and ionomers, and making better contact 

between membrane and gas diffusion layer, etc. 

C. Mass transfer overpotential. The mass transfer overpotential is incurred due to the relative 

slower reactant supply rate compared to its consumption rate. This causes a concentration difference 

between the electrode surface and the bulk. According to Nernst equation, this results in a shift of 

equilibrium potential. Take ORR for example: 

𝑂2 + 2 𝐻2𝑂 + 4 𝑒
− → 4 𝑂𝐻− (Eq. 1.8) 

𝐸𝑏𝑢𝑙𝑘 = 𝐸0 +
𝑅𝑇

4𝐹
ln 

[𝑂2𝐵𝑢𝑙𝑘]

[𝑂𝐻−]4
 (Eq. 1.9) 

𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝐸0 +
𝑅𝑇

𝑛𝐹
ln 

[𝑂2𝑠𝑢𝑟𝑓𝑎𝑐𝑒]

[𝑂𝐻−]4
 (Eq. 1.10) 

𝜂𝑚𝑎𝑠𝑠 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝐸𝑏𝑢𝑙𝑘 =
𝑅𝑇

𝑛𝐹
ln
[𝑂2𝑠𝑢𝑟𝑓𝑎𝑐𝑒]

[𝑂2𝐵𝑢𝑙𝑘]
 (Eq. 1.11) 

The mass transfer overpotential (ηmass diffusion) has little influence until the current density is high. 

To mitigate the losses from mass transfer overpotentials, one can optimize the fuel cell structure, 

increase the porosity of the catalyst layer (especially mesopores), and use more evenly distributed 

catalysts10-12.  

D. Activation overpotential. The activation overpotential (later referred to “overpotential”, η) is 

defined as the difference between practically working potential and equilibrium potential: 

𝜂 = |𝐸 − 𝐸𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚| (Eq. 1.12) 

It can be understood as sacrificing part of the energy efficiency for a faster reaction kinetics. To 

illustrate this, let’s first consider a one-electron redox reaction at equilibrium: 

𝑜𝑥 + 𝑒−
𝑘𝑓/𝑘𝑏
⇔    𝑟𝑒 (Eq. 1.13) 

Assuming the standard free energy profiles along the reaction coordinates for both the reactant and 

product have same parabolic shapes, as shown in Fig. 1.4. When the electron transfer occurs, both 

the reactants and products should reorganize themselves to have the same nuclear coordinates, i.e., 

the electron transfer step occurs at the intersection point of two parabolas. At equilibrium potential 

E0, the activation energies for forward and backward reaction are the same, i.e., 

Δ𝐺𝑓,𝑜
† = Δ𝐺𝑏,𝑜

†
 (Eq. 1.14) 
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Their reaction rate constants can be expressed by Arrhenius equation: 

𝑘𝑓,𝑜 = 𝐴𝑓𝑒
−Δ𝐺𝑓,𝑜

†

𝑅𝑇  (Eq. 1.15) 

𝑘𝑏,𝑜 = 𝐴𝑏𝑒
−Δ𝐺𝑏,𝑜

†

𝑅𝑇  (Eq. 1.16) 

Here kc,o, ka,o and Ac and Aa are rate constant at equilibrium and pre-exponential factors of forward 

and backward reaction, respectively. R is universal gas constant (8.314 J/mol·K), T is temperature.  

 

Fig. 1.4 Energy profiles of redox couple at equilibrium and under a bias. 

Since the current is proportional to the reaction rate, the forward and backward current can be also 

expressed according to Eq. 1.15 and 1.16: 

𝑖𝑓,𝑜 = 𝐹[𝑂𝑥]𝑘𝑓,𝑜 = 𝐹[𝑂𝑥]𝐴𝑓𝑒
−Δ𝐺 𝑓,𝑜

†

𝑅𝑇  (Eq. 1.17) 

𝑖𝑏,𝑜 = 𝐹[𝑅𝑒]𝑘𝑏,𝑜 = 𝐹[𝑅𝑒]𝐴𝑏𝑒
−Δ𝐺 𝑏,𝑜

†

𝑅𝑇  (Eq. 1.18) 

Here if,o and ib,o are forward and backward current at equilibrium, respectively. F is Faraday constant 

(96485 C/mol). n is the number of transferred electrons during the reaction.  [Ox] and [Re] are reactant 

concentrations. In a special case where [Ox] = [Re], we have if,o = ib,o = io. The current i0 is also called 

exchange current. 
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When the potential is decreased to a more negative value E, the energy profile for reactant is 

increased by F(E-E0). By using the geometric relationship listed in Fig. 1.4, the activation energies 

for both forward and backward reaction changes: 

Δ𝐺𝑓
† = Δ𝐺𝑜,𝑓

† − 𝛼𝐹(𝐸0 − 𝐸) = Δ𝐺𝑜,𝑓
† − 𝛼𝐹𝜂 (Eq. 1.19) 

Δ𝐺𝑏
† = Δ𝐺𝑜,𝑏

† + (1 − 𝛼)𝐹(𝐸0 − 𝐸) = Δ𝐺𝑜,𝑏
† + (1 − 𝛼)𝐹𝜂 (Eq. 1.20) 

Here the α is charge transfer coefficient, it ranges from 0 to 1 and represents the symmetry of the 

electron transfer process. 

According to Eq. 1.17 and 1.18, we can estimate the change of reaction rate on each direction: 

𝑘𝑓 = 𝐴𝑓𝑒
−Δ𝐺 𝑓

†

𝑅𝑇 = 𝐴𝑓𝑒
−Δ𝐺𝑜,𝑓

†

𝑅𝑇 𝑒
𝛼𝐹𝜂

𝑅𝑇 = 𝑘𝑓,𝑜𝑒
𝛼𝐹𝜂

𝑅𝑇  (Eq. 1.21) 

𝑘𝑏 = 𝐴𝑏𝑒
−Δ𝐺 𝑏

†

𝑅𝑇 = 𝐴𝑏𝑒
−Δ𝐺𝑜,𝑏

†

𝑅𝑇 𝑒
𝛼𝐹𝜂

𝑅𝑇 = 𝑘𝑏,𝑜𝑒
(𝛼−1)𝐹𝜂

𝑅𝑇  (Eq. 1.22) 

𝑖𝑓 = 𝐹[𝑂𝑥]𝑘𝑓 = 𝐹[𝑂𝑥]𝑘𝑓,𝑜𝑒
𝛼𝐹𝜂

𝑅𝑇 = 𝑖𝑜𝑒
𝛼𝐹𝜂

𝑅𝑇  (Eq. 1.23) 

𝑖𝑏 = 𝐹[𝑅𝑒]𝑘𝑏 = 𝐹[𝑅𝑒]𝑘𝑏,𝑜𝑒
(𝛼−1)𝐹𝜂

𝑅𝑇 = 𝑖𝑜𝑒
(𝛼−1)𝐹𝜂

𝑅𝑇  (Eq. 1.24) 

𝑖𝑛𝑒𝑡 = 𝑖𝑓 − 𝑖𝑏 = 𝑖𝑜(𝑒
𝛼𝐹𝜂

𝑅𝑇 − 𝑒
(𝛼−1)𝐹𝜂

𝑅𝑇 ) (Eq. 1.25) 

From Eq. 1.23 and 1.24, it is easily concluded that the overpotential affects the current exponentially. 

Combine Eq. 1.23 and 1.24, we can calculate the change of net current with respect to overpotential 

(Eq. 1.25). And by using Eq. 1.25, we can briefly simulate the activation losses in a fuel cell that 

operates at 353 K (Fig. 1.5). 

As shown in Fig. 1.5, to reach a typical operating current (1-2 A/cm2), only the anode in PEMFC 

requires negligible overpotential. For anode in HEMFC and cathode in both HEMFC and PEMFC, a 

significant amount of overpotential is required. The underlying reason is low activity of the catalysts. 

Pt is an excellent HOR catalyst in acidic condition, thus a very small amount of catalyst can meet the 

requirement of cell performance. However, its activity is two order of magnitudes lower in basic 

media (for reasons will be discussed in the next section), leading to an obvious increase of 

overpotential. To compensate the extra energy loss, a common method is to increase the catalyst 
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loading, which is not suitable for Pt as its price is too high. However, for earth-abundant catalysts, 

increasing loading is an acceptable and affordable approach to enhance the fuel cell performance.  
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Fig. 1.5 Simulation of activation losses for HOR and ORR in HEMFC and PEMFC, respectively. Assuming 

the operating temperature is 353 K. Both anode and cathode materials are Pt/C with a surface area of 62 m2
Pt/g. 

The anode loading is 0.05 mgPt/cm2 while the cathode loading is 0.6 mgPt/cm2. For ORR the exchange current 

density at 353 K is 5×10-3 mAPt/cm2 for both in acidic and alkaline condition. For HOR, the exchange current 

density is 400 mAPt/cm2 and 4 mAPt/cm2 in acidic and alkaline condition, respectively. Both the rate 

determining step for HOR and ORR are assumed to be single electron transfer. 

On the other hand, due to the nature of multiple-electron transfer process, the kinetics of ORR is 

inherently sluggish. Therefore, even for Pt and its alloys, the family of materials with the best ORR 

catalytic activities, a high overpotential is still present. Fortunately, several earth-abundant materials 

have been found to have similar ORR activity to Pt and showed comparable performance in device 

level. These cheap alternatives (Fe-single atom catalysts13-14, CoMn spinel oxides15-16, etc.) can only 

work stably in alkaline media, thus endows HEMFC potential cost advantages over PEMFC. 

However, so far in the HOR side, no catalyst is found as active as the Pt in acidic media. To 

demonstrate the feasibility of HEMFC, this dissertation is therefore devoted to developing more cost-

effective HOR catalysts (both PGMs and earth-abundant metal-based) in alkaline media. 
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1.3 Hydrogen oxidation reaction 

1.3.1 Mechanisms and Descriptors 

HOR is the reverse reaction of HER. Together they are called hydrogen electrode reaction. 

Hydrogen electrode reaction is a typical inner sphere reaction17, consists of two out of three 

elementary steps18: 

(1) Volmer step: H+ + e- ↔ M-Hads (acidic)           (Eq. 1.26) 

H2O + e- + M ↔ M-Hads + OH- (alkaline)     (Eq. 1.27) 

(2) Heyrovsky step: M-Hads + H+ + e- ↔ H2 + M (acidic)            (Eq. 1.28) 

M-Hads + H2O + e- ↔ H2 + OH- + M (alkaline)  (Eq. 1.29) 

(3) Tafel step: 2 M-Hads ↔ H2 + 2 M (Eq. 1.30) 

Here M represents a single adsorption site on catalyst surface. For HOR, the reaction pathway can 

be either Tafel-Volmer or Heyrovsky-Volmer, and for HER is the same but in opposite sequence. In 

each pathway both elementary reactions can be rate determining step (RDS), hence in total four types 

of reaction kinetics. Moreover, in traditional RDE system, the reaction kinetics under the H2-diffusion 

control is an extra possibility for HOR. In an ideal case, one can distinguish the reaction kinetics by 

doing Tafel analysis and kinetic studies. The detailed derivations for each mechanism can be found 

in Appendix. 

1.3.1.1 HBE theory  

In Eq.1.26-30, the adsorbed hydrogen Hads is a common intermediate that involved in all the 

elementary steps. According to Sabatier principle, the hydrogen binding energy (HBE) is of great 

importance to the catalytic activity of a material: if the HBE is too strong, the desorption of Hads is 

not easy; while if the HBE is too weak, the adsorption of Hads is difficult; thus, the optimal HBE 

should be neutral. Such relationship yields a volcano plot (Fig. 1.6), which suggests that the materials 

with neutral HBE have the best HER activity. 
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Fig. 1.6 Volcano plot for hydrogen evolution reaction. From Ref 19-21. Reprinted with permission from AAAS 

and American Chemical Society. 

Although the HBE theory successfully explains the HOR/HER activity difference of different 

transition metals in both acidic and alkaline media22-24, it fails to explain why the activity of PGMs 

are two order of magnitudes lower in basic solutions than in acidic solutions25. Pioneering works done 

by Yan’s group have firstly shown that the hydrogen underpotential deposition (Hupd) peaks for 

PGMs (PGMs = Pt, Ir, Pd, Rh) monotonically shifted (9-13 mV/pH on RHE scale) to higher potentials 

(Fig. 1.7) 23,24. As Volmer step is the RDS for those PGMs and the shifted peaks indicate higher HBEs, 

the HBE theory can be rationalized because the stronger hydrogen binding in base leads to slower 

desorption of Hads in Volmer step. Therefore, the PGM’s pH-dependent activity of hydrogen electrode 

reaction can be explained by their pH-dependent HBEs. 

The pH-dependent HBE theory also has an obvious flaw: the hydrogen binding energy is an 

intrinsic property of materials, and should not be dependent on electrolyte. This suggests other pH-

dependent factors are convoluted into the pH-dependent HBE. Koper et al. firstly realized the 

interfacial water may play an important role24,25. By studying Pt (111) single crystal surface with or 

without Ni(OH)2 modification, they find the potential of zero free charge (PZFC) for different surface 

are different: the addition of Ni(OH)2 shifts PZFC to a potential closer to RHE. Given that the 

HER/HOR activity for Pt/Ni(OH)2 is higher than Pt alone, they try to rationalize the result with the 

difference in PZFC: As reaction occurs, ions are transported to and from the electrode surface, hence 

the water has to constantly change its configuration to adapt the charge movement26-27. Since water 
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molecules are polar, the electrostatic interaction of water dipole with interfacial electric field affects 

the kinetics of water reorganization. A PZFC away from RHE suggests higher kinetic barrier for 

water reorganization and lower water mobility in the electrochemical double layer, therefore a slower 

Volmer step. Besides, PZFC is an intrinsic property of the surface, and remains constant in the SHE 

scale, thus an increased pH inevitably increases the PZFC in RHE scale and hence becomes a pH-

dependent factor. Such property was later confirmed by Surendranath et al. using non-Faradic 

reaction to probe the electrostatic potential at different pH28. Overall, these research works suggest 

the interfacial electric field can explain the pH-dependent behavior of Pt by affecting the 

reorganization process of interfacial water structure. 

 

Fig. 1.7 (A) CVs of Pt collected in Ar-saturated electrolytes. (B) HBEs on Pt (110) and (100) surfaces 

calculated from CVs in (A) as a function of pH. (C) Overpotential of the HOR/HER as a function of the HBE. 

Reprinted by permission from Springer Nature Customer Service Centre GmbH: Ref29, copyright 2015. 

The role of interfacial water plays in HOR/HER was also interpreted from another aspect. Yan et 

al. proposed that since the electrode was immersed in the H2O, the desorption/adsorption of Hads 

should be accompanied by the adsorption/desorption of a H2O molecule30. In this sense, the pH-

dependence of HBE measured previously is a combination of pure HBE with water binding energy. 

To differentiate the measured HBE, it was named apparent HBE (HBEapp). For example, for Volmer-

Tafel step in acidic solution (Eq. 1.26 and 1.30), they can be rewritten as: 

𝑀 −𝐻2𝑂 + 𝐻
+ + 𝑒−⟷𝑀−𝐻𝑎𝑑𝑠 + 𝐻2𝑂  ∆G1.31 = ∆GH,app (Eq. 1.31) 
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𝑀 −𝐻𝑎𝑑𝑠 + 𝐻2𝑂 ⟷ 𝑀 −𝐻2𝑂 +
1

2
𝐻2  ∆G1.32 = -∆GH,app (Eq. 1.32) 

Here ∆GH,app is the apparent Gibbs free energy change of hydrogen adsorption, it relates to the 

intrinsic Gibbs free energy change of hydrogen adsorption via Eq. 1.33: 

∆GH,app = ∆GH - ∆GH2O = ∆GH - ∆HH2O +T∆SH2O  (Eq. 1.33) 

where ∆GH2O is the Gibbs free energy change of water adsorption (Eq. 1.34): 

𝑀 +𝐻2𝑂 ⟷ 𝑀 −𝐻2𝑂  ∆G1.34 = ∆GH2O (Eq. 1.34) 

Through this treatment, the pH-dependency of HBE is explained by the term ∆GH2O, since the dipole 

of water can interact with different electric field as pH varies31. When pH increases, the interfacial 

electric field becomes stronger, leading to more entropy loss for H2Oads (more negative ∆SH2O) and 

hence weaker ∆GH2O and stronger ∆GH,app. Such theory is in line with Koper’s PZFC theory and was 

supported by a later computational study which suggested that the electrode became more 

hydrophobic at higher pH32. 

More recently, the apparent HBE theory is further refined33. For Eq.1.32, it is changed to: 

𝑀 −𝐻2𝑂 + 𝐻3𝑂
+ + 𝑒− + (x − 1)𝐻2𝑂

𝑎⟷ 𝑥𝐻2𝑂
𝑏 +𝑀 −𝐻𝑎𝑑𝑠 ∆G1.35 (Eq. 1.35) 

where H2O
a and H2O

b represent the interfacial water without and with Hads, respectively. Then ∆G1.35 

= HBEapp = HBE + ∆GIW. Here HBE is a pure enthalpy term and ∆GIW stands for the Gibbs free energy 

change of all the interfacial water that are disrupted during the oxidation of Hads, rather than only one 

water. With such treatment, all the entropy change during the reaction is counted, rather than only 

one H2O that is involved directly in the reaction. It is noted that at this stage, the refined apparent 

HBE theory also agrees with previous PZFC theory, which highlights the importance of water 

reorganization and interfacial electric field26-27. 

1.3.1.2 OHBE theory 

Another school of thought believes the pH-dependence of HER/HOR origins from the change of 

reaction mechanism. Take HER for example, in acidic solution, the abundance of proton can be 

directly used as reactant, while in alkaline solution, water is the proton source and requires 

dissociation to provide proton. It is therefore believed that the > 100 times less activity of Pt in base 

than in acid is because although Pt has optimal HBE that can efficiently adsorb/desorb Hads, it is 

inefficient for water dissociation (i.e., H2O ↔ Hads + OHads)
34. At this stage, OHads was introduced as 

the second reaction descriptor for HOR/HER, and it is believed a good HER catalyst in alkaline media 
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should have both optimal Hads binding energy and OHads binding energy (OHBE). Since few 

materials can meet both criteria at the same time, two components are generally used to specifically 

bind Hads and OHads. Thus, this theory is call “bifunctional theory”. It successfully explains the 

enhanced HER activity for a series of metal-metal (hydroxy)oxide composite catalysts. For example, 

Markovic et al. found that by decorating nanoscale transition metal hydro(oxy)oxides onto Pt surface, 

the composite showed an improved HER activity by a factor of 8 (Fig. 1.8 A)35-36. Wang et al. grew 

nickel and CeO2 nanoparticles together on carbon nanotube (CNT), the resulting hybrid material had 

significant better HER activity than the composite without CeO2
37. Similarly, the synergy effects were 

also observed for composites that were made of Ni and Mo (or Mo oxides)38-39. 

 

Fig. 1.8 (A). Trends of overpotential for HER as a function of 3d transition metal ad-islands. Reprinted by 

permission from Springer Nature Customer Service Centre GmbH: Ref36, copyright 2012. (B). HER/HOR 

polarization curves for Pt(111) and Pt(111) decorated with ~ 20% coverage Ni(OH)2. Reprinted by permission 

from Springer Nature Customer Service Centre GmbH: Ref40, copyright 2013. 

The bifunctional theory was also studied for HOR40. By measuring the HOR activity trends for 

Au, Pt, Ir, Ru, Markovic et al. concluded that those materials with both optimal binding energies with 

Hads (HBE) and OHads (OHBE) have better HOR activities in alkaline solution, such as Ir and PtRu 

alloy. Moreover, as it is confirmed that Ni(OH)2 can improve the catalytic activity of Pt for alkaline 

HER, it is reasonable to anticipate a similar enhancement of the same system for HOR. Shown in Fig. 

1.8, the Ni(OH)2 indeed increases the HOR activity of Pt. Later, to support this theory, Jia et al. 

studied the HOR for Pt surfaces doped with different amount of Ru41. They found by increasing the 

Ru content on the Pt surface, the reaction kinetics and Pt-Hupd peaks remained constant but the 

diffusion limiting current decreased, and the Tafel slope also decreased (from 135 mV/dec. to ~ 40 

mV/dec.). These experimental observations suggested that: 1. Pt was the only active sites in the 

system; 2. The HBE of Pt didn’t change upon Ru doping; 3. The addition of Ru changed the RDS 

from Volmer step to, assumably, Tafel step. Such mechanism switch was ascribed to the higher 
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oxophilicity of Ru. Furthermore, with the help of in situ X-ray absorption spectra (XAS), they 

identified the presence of OHads during HOR, although the same group revised their theory and 

claimed water is the detected adsorbed species41-42. 

Although the bifunctional theory can be used to explain the HOR activity of many nanomaterials 

(especially Ni and Ru-containing materials41, 43-46), it is also being criticized by other studies. For 

example, Zhuang et al. prepared PtNi nanoparticles and acid-washed PtNi nanoparticles with similar 

HBE but distinct OHBE47. These two types of nanoparticles have similar HOR activity, which 

suggested that the OHBE was irrelevant to the alkaline HOR kinetics. Another computational study 

done by Wei et al. suggested that OHads has weakening effect on Hads and enhancing effect on H2Oads
48. 

Whether to consider OHBE as a reaction descriptor depends on its relative magnitude comparing to 

HBE: for materials with much higher affinity to Hads than to OHads like Pt(110) or Pd(110), HBE is 

the sole reaction descriptor; for materials with similar affinity to both Hads and OHads such as PtRu(110) 

or Ir (110), OHBE should also be involved as a reaction descriptor. Moreover, Tang et al. developed 

microkinetic models for OHads-mediated Volmer step. By comparing the simulated results with the 

experimental data, they concluded that OHads was highly unlikely to be involved in Volmer step49. 

Recently Koper et al. revised the bifunctional theory and highlighted the effect of OHBE on 

transition state50. By selectively decorating transition metal atoms to the step of Pt (533) electrode, 

they obtained a catalyst with constant HBE and variable OHBE. By varying transition metals (Ru, 

Rh, Re, Mo, Ag) on the step, they found the measured HER activity has a volcano-shaped relationship 

with the OHBE of the catalyst (Fig. 1.9 A). Using this model catalyst with the aid of DFT, they were 

able to determine that the activation energy of Volmer step is correlated with the OHBE of electrode 

surface, even if the OHads is not involved in the reaction. The conclusion is consistent with previous 

Wei et al.’s conclusion48. This is explained by the interaction of oxygen from the dissociating water 

molecule with the surface adatom at transition state33, the stronger OHBE, the lower activation energy 

for water dissociation. As illustrated in Fig. 1.9 B, if the OHBE is on the left side of the volcano, the 

RDS is Hads desorption/adsorption for HOR/HER, even though OHBE is still correlated; if OHBE is 

too high and beyond the optimal value (i.e., right side of the volcano), the RDS becomes the 

recombination of Hads and OHads for HOR or the desorption of OHads for HER. The divergence of 

different RDS also suggests there is a region where increased OHBE can only selectively enhance 

HER reaction while inhibit HOR. In summary, this revised theory suggests that a highly active 

hydrogen electrode catalyst requires both the HBE and OHBE to be optimized to an optimal value. 
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Fig. 1.9 (A). Plot of experimentally measured (blue dots) and simulated (black lines) HER activity versus the 

theoretically measured OHBE. Reprinted by permission from Springer Nature Customer Service Centre 

GmbH: Ref50, copyright 2020. (B) Predicted HOR/HER reaction rate as a function of OHBE. Reprinted with 

permission from Ref33. Copyright 2020, American Chemical Society. 

Currently, there is not enough conclusive evidence to determine the binding energy of whether 

OHads or H2Oads is the decisive reaction descriptor. One of reason is that they are similar at molecular 

level, thus difficult to differentiate. And due to such similarity, the ∆G(OHads) and ∆G(H2Oads) could 

be linearly correlated, resembles the “scaling relationship” that are frequently used in OER&ORR51. 

Further studies are required to confirm this assumption. 

1.3.1.3 Effect of cations 

In alkaline condition, the absolute potential related to HOR/HER are negative, hence the electrode-

electrolyte interface should be full of cations. Therefore, it is reasonable to speculate that cations can 

modulate the reaction kinetics in some way. By performing density functional theory (DFT) 

calculations on potassium adsorption on Pt(100), Pt(110) and Pt(111), Janik et al. proposed that the 

adsorbed K+ didn’t affect the adsorption of H, but weakened the binding of OH by disrupting 

hydrogen bonds in H2O-OHads, which further led to the pH-dependent peak shift of Hupd through a 

Hads/OHads replacement mechanism52. Later, Koper et al. studied the Hupd peak shifts on Pt(533) in 

electrolytes with varied pH and cation identities53. They found the impact of cation effect resulted in 

a HER activity trend of Li > Na > K > Cs due to the cation-OHads interaction and supported the 

previous Janik et al.’s theory. 

On the other hand, Jia et al. found that increasing alkali metal cations (AM+) slightly increased the 

HER and decreased the HOR activity of Pt 54. They also observed that the identity of AM+ also 

impacted HER and HOR activity with a trend of LiOH > NaOH > KOH. They rationalized that the 

AM+ exerted its influence on HOR/HER rate by interacting through a model of AM+- (H2O)x – OHads 

and change the binding energy of OHads, which followed hard−soft acid−base principle and 
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selectively promoted HER. However, this theory has two serious flaws: 1. They neglected the fact 

that the cations can slightly shift the Hupd peak of Pt, i.e., the HBE changes in solutions with different 

AM+. The small activity difference they observed could simply be due to the change of HBE; 2. they 

misinterpreted the HOR activity trend by simply comparing the polarization curves, which were 

convolution results of kinetic current with mass-transferred current. The mass-transferred current is 

tightly related to the solubility of gaseous H2 in electrolyte, while changing either the concentration 

or the cation identity can influence the result as per Sechenov equation55. 

In a following study, with the help of in situ X-ray absorption spectroscopy (XAS) coupled with 

ab initio calculations, Jia et al. ruled out the possibility of specific adsorption of AM+ and OHads in 

Hupd region of Pt42. Instead, water with oxygen facing the electrode surface (H2O↓ads) should be 

adsorbed. As a result, they proposed the sharp peak of Hupd is due to the exchange between Hads and 

H2O↓ads. They found that the addition of AM+ suppressed the Hupd peak, which was attributed to the 

formation of aquo complex ([(H2O)x-AM]+), as it reduces the abundance of free water. They also 

observed that the presence of AM+, in some cases, shifted the Hupd peaks, which they proposed that 

the [(H2O)x-AM]+ complex weakened the Pt-H2O↓ads by means of noncovalent interaction. This 

theory can explain the weakening effect of AM+ on HOR because AM+ only weakens the Pt-H2O↓ads 

hence delay Hads oxidation.  

Although the influence of cations on HOR/HER rate is undeniable, based on the experimental 

observation in previous mentioned Jia’s work41-42, its influence is relatively minor compared to other 

parameters, such as solution pH. Xu et al. conducted extensive studies of cation effect on 

polycrystalline Pt and Pt(110), which also led to the conclusion that cations did not play decisive role 

in HOR/HER56. 

In summary, current theories about HOR/HER kinetics are mostly based on thermodynamics, 

which partially explained some existing phenomena observed experimentally. However, an 

increasing consensus has been reached that the current electrochemical settings based on Sabatier 

principle are not sufficient to describe the HOR/HER kinetics across a wide pH range and cover all 

the different types of materials. To develop next generation HOR catalysts, future mechanism studies 

should consider factors beyond adsorption, such as reaction activation barriers, solvent dynamics, 

electrode/electrolyte barriers etc33. And such studies would be interdisciplinary that involves single-

crystal electrochemistry combining with theoretical chemistry and in situ characterizations such as 

XAS, XPS, surface-enhanced Raman spectroscopy (SERS) and attenuated total reflection-infrared 

absorption spectroscopy (ATR-SEIRAS), etc. 
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1.3.2 Catalyst development: current status 

In comparison to electrocatalysts for other reactions, such as HER, OER, and ORR, the HOR 

catalysts receive markedly less attention. Two reasons are responsible: 1. The development of 

HEMFC was too lagged behind PEMFC; 2. The HOR activity of Pt was too high to be studied, and 

its pH-dependence was not discovered until 2010s. However, with the development of conductive, 

cheap, and robust HEMs and the deeper understanding toward HOR/HER mechanism, people 

gradually realized the importance of HOR catalysts because it has becoming the bottleneck of 

HEFMC: although the PGM-free cathode is comparable to Pt catalysts, to achieve similar MEA 

performance to PEMFC, the PGM loading in the HEMFC anode (~ 0.4 mgPt/cm2) is still higher than 

the overall loading used in PEMFC (< 0.2 mgPt/cm2). As for PGM-free catalysts, their activity is 

further less active for two order of magnitude than Pt in alkaline media. Here the development of 

advanced alkaline HOR catalysts is briefly reviewed, including PGM-free catalysts and PGM 

catalysts. 

1.3.2.1 PGM-free HOR catalysts 

The studies on PGM-free HOR catalysts are rare because few can catalyze HOR among earth-

abundant materials with low activities. So far only nickel and cobalt-based catalysts have activity 

toward HOR. Pure nickel and cobalt have low intrinsic activity, which is usually attributed to their 

overhigh HBE. And it normally requires modification to obtain observable activity. The most 

common method is to alloy with other metals. The earliest PGM-based HOR catalysts were transition 

metal-doped  (e.g. Cr, Ti) Raney Ni57-58, which were tested in alkaline fuel cells using concentrated 

hot KOH solutions (6 M, 80 ℃) with extremely large loadings (40 - 100 mg/cm2). However, the 

working environment of HEMFCs resembles 0.1 M - 1 M KOH, and the loading should be generally 

one to two order of magnitude lower. Later it was found that alloying nickel or cobalt with 

molybdenum can significantly improve the HOR activity59, this approach was also adopted in recent 

years and demonstrated good activity39, 60-63. Besides, alloying with Cu was also found to improve the 

HOR activity of Ni43, 64-66. 

Another method to improve the HOR activity is to add a second component on Ni/Co to modify 

their binding energies. For example, decorating the Ni surface with oxides (NiO46, 67, MoO2
68 or 

CeOx
69) can significantly boost HOR activity. These oxides are proposed to modulate the HBE of Ni 

and promote OH adsorption, which, according to OHBE theory, can improve HOR activity. Other 

works made heterojunctions of Ni with Ni3N
70 or Ni3B

71, Co with Co2N
72, also resulted optimal HBE 

and better OHBE. 
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A third common method of increasing HOR activity is to combine with a carbon support. Among 

all the transition metals, the surface of Ni(111) is the closest matched interface to graphene73. Besides, 

due to the differences of work functions of Ni and carbon, there is always a hybridization of Ni’s 3d 

states with the π states of carbon73. This interaction alters the electronic structure of Ni and shifts its 

d band further away from Fermi level compared to pure Ni74. For example, by making composite of 

Ni with carbon nanotube, Yan et al. showed that the intrinsic HOR activity of Ni/CNT is 7 times of 

Ni alone75. Further doping the CNT with nitrogen can boost its HOR activity to 21 times of Ni. 

Inspired by this, Ni3N and NiMo alloy were also deposited on the N-doped C and showed good HOR 

activity63, 76. Luo et al. systematically studied the influence of different dopant in the carbon on the 

HOR activity of nickel45. The resulting activity trend showed that Ni/SC > Ni/NC > Ni/BC. Besides, 

hexagonal carbon-nitride (h-BN) was also showed to enhance both the activity and stability of Ni 

nanoparticles77.  

A summary of the recent reported activity of PGM-free HOR catalysts are listed in Table 1.1. 

Table 1.1 HOR activity of recently reported non-PGM HOR catalysts 

Catalyst 
Mass activity@η=50 

mV (mA/mgcat.) 

Mass-normalized j0 

(mA/mgcat.) 

ECSA-normalized 

j0 (μA/cm2
Cat.) 

Reference 

Ni-MoO2 38.5 9.8 - 68 

Ni3N/Ni/N-GFs 42.7 12.8 36 78 

Ni@NC/PEI-XC 24.4 7.8 38 79 

np-Ni3N 29.8 10.3 - 80 

CeO2(r)-Ni/C-1 12.3 - 38 81 

Ni/NiO/C-700 5.0 - 26 82 

Ni95Cu5 - 0.9 25 65 

Ni/SC 8.6 7.4 40.2 45 

Ni/N-CNT 9.3 3.5 28 75 

Ni4Mo 53.6 14.1 - 39 

Ni/MoO2 38.5 9.8 - 68 

Ni/Ni3B 24.7 - 25.4 71 

Ni/Ni3N - - 3 70 

Ni3@h-(BN)1/C-

700NH3 
- 3.3 22 77 

CoNiMo - - 15 60 

NiMo/KB - 4.5 27 61 

Ni7Fe/C  3.9 32 83 

Ni@C-500℃ - - 32 84 

Ni0.95Cu0.05/C - 2.4 14 64 

 

As shown in Table 1.1, the intrinsic activities of non-PGM HOR catalysts are much lower than Pt 

(which is ~0.5 mA/cm2
Pt). In addition, nickel intends to be oxidized in air, especially when its size is 

decreased to nanoscale. As a result, there are only few examples of HEMFCs with PGM-free anode, 
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not to mention PGM-free HEMFCs. In literatures, the highest peak power density (PPD) for non-

PGM anode|PGM cathode HEMFC is 350 mW/cm2, with NiCu/C as anode and Pd/C as cathode65, 

while for PGM anode| non-PGM cathode HEMFCs, the PPD can easily go higher than 1 W/cm2 14-16, 

85. Such huge gap underlines the importance and urgency of developing highly active earth-abundant 

HOR catalysts. As for PGM-free HEMFCs, it was firstly achieved in 2008 with a PPD of merely 50 

mW/cm2 86, while the highest value is 76 mW/cm2 87. The slow growth is also due to lack of active 

non-PGM HOR catalysts. Table 1.2 summarized the HEMFCs with PGM-free anodes. 

Table 1.2 The performance of HEMFCs with non-PGM anode 

Anode 

Catalyst 

Cathode 

catalyst 
Cell temp (°C) 

Backpressure 

(anode/cathode, 

kPag) 

flow rate  

(anode /cathode, 

L min-1) 

Peak power 

density 

(mW cm-2) 

Reference 

Ni@C, 

5 mgNi cm-2 

Pt/C, 

0.4 mgPt cm-2 
80 200/200 0.5/0.5 160 (O2) 84 

NiMo/KB, 

4 mgNi cm-2 

Pd/C, 

0.2 mgPd cm-2 
70 140/140 0.25/0.2 120 (O2) 61 

NiCu/KB, 

4 mgNi cm-2 

Pd/C, 

0.2 mgPd cm-2 
80 140/140 0.25/0.2 350 (O2) 65 

NiCr, 

5 mgNi cm-2 

Ag-based  

1 mg cm-2 
60 130/130 - 50 (O2) 86 

NiCo/C  

5 mgNi cm-2 

Co3O4  

1 mg cm-2 
60 130/130 1/0.5 22 (O2) 88 

Ni/C, 

5 mgNi cm-2 

Ag  

0.5 mg cm-2 
80 250/250 0.2/0.2 76 (O2) 87 

Ni-W 

5 mgNi cm-2 

Co-based  

3 mg cm-2 
60 0/0 0.05/0.05 

40 (O2) 
89 27  

(CO2-free air) 

Ni7Fe/C 

3 mgNiFe cm-2 

N-doped C 

0.7 mg cm-2 
95 200/0 0.01/0.2 56 (O2) 83 

1.3.2.2 PGM HOR catalysts 

The studies regarding PGM-based HOR catalysts are much more than earth-abundant HOR 

catalysts. This is because PGM HOR catalysts are in general possess higher catalytic activities: in 

terms of intrinsic activity, PGM HOR catalysts are ~ 100 times of non-PGM HOR catalysts; while 

their surface area is in general ~10 time higher, so in total there is a three order of magnitudes activity 

difference between PGM and non-PGM HOR catalysts. Another merit of PGM catalysts is they are 

relatively stable in the air, so they are much easier to handle from a practical point of view. 

The HOR activity of PGMs in alkaline condition normally follows the order of Rh > Pt > Ir >> Ru 

> Pd90-94. Due to the scarcity and ultrahigh price of Rh, Pt is the most studied alkaline HOR catalysts, 

although its activity drops ~100 times comparing to in acid. The most common strategy to improve 

its activity is to alloy with other transition metals, such as Ru, Pd, Ni, Co, Fe, etc95-102. Among these 
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alloys, PtRu has the highest activity and is being used as a benchmark catalyst in HEMFCs. Besides 

Pt, other noble metals are also alloyed with each other to reach better performance. According to 

OHBE theory, the metals with higher oxophilicity are favored for alkaline HOR40, 50. Therefore, Ru, 

Ir are extensively used 103-111. Pd is also added along with these metals to improve the anodic 

resistance and modify the electronic state of the alloys103, 108-109, but using Pd as the active component 

in the alloy is rare44, 112. 

Another common strategy to optimize the HOR catalysts is to construct core-shell structures. Pt is 

the mostly used shell metal because of its high activity and high reduction potential (which makes it 

easily reduced to metallic state). Besides the increased PGM utilization efficiency, the core materials 

can modify Pt’s electronic structure via ligand effect or strain effect113. So far, Pt skin has been 

deposited on Ni nanowires114, Cu nanowires115, Ru nanoparticles116, TixW1-xC nanoparticles117, Pd 

alloys118 and all showed significantly improved mass activity. 

As the OHBE theory was firstly proposed based on enhanced HOR/HER activity of Pt/Ni(OH)2 

than Pt40, increasing surface oxophlicity with metal/metal oxide heterojunction structure is also 

explored for PGM HOR catalysts. It is found that by coupling RuO2 on Pt can not only boost the 

HOR activity, but also minimized the adverse phenyl adsorption from the ionomers119. Wei et al. 

found that growing Ru and TiO2 together can significantly improve the anodic resistance of Ru120-121. 

In certain case, the Ru is also CO resistant121. Besides, another famous example is Pd/CeO2 composite, 

which has been extensively studied for 5 years122-125. The addition of CeO2 greatly enhances Pd’s 

HOR catalytic activity. In addition, the Pd/CeO2 family also achieved great success in HEMFCs as 

anode catalysts, which will be discussed later in this section. 

Few works also focused on using carbon support to enhance the HOR performance99 126. Carbon 

is an essential component in fuel cells because its pore structure is vital for efficient reactant transport 

and water management. Proper carbon support can minimize the mass transfer resistance and balance 

the water distribution. In addition, similar to nickel-carbon interaction, some heteroatoms-modified 

carbon can modulate the electronic structure of metal, leading to optimal bonding properties and thus 

improved HOR activity. Such enhancement effect was commonly observed in HER between Ru and 

N-doped carbon127-129. Recently this strategy also found its success in HOR130.  

A summary of the recent reported activity of PGM HOR catalysts are listed in Table 1.3. 

Table 1.3 HOR activity of recently reported PGM HOR catalysts 

Catalyst 
Mass-normalized j0 

(mA/mgPGM) 
ECSA-normalized j0 (μA/cm2

Cat.) Reference 
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PtRu3/PC-300 513.7 - 99 

fcc-Ru 92.7 0.15 94 

Pd9Ag1/C 26.8 0.033 112 

PtRu/Mo2C-TaC 155.0 0.2 100 

Ru@TiO2 80 - 121 

Ru/Meso C 540 0.31/0.38 130 

RuPdIr/C 238.5 0.53 108 

0.38 CeOx-Pd/C 51.5 0.12 125 

Pt0.25Ru0.75/N-C 1654 1.41 102 

(Pt0.9Pd0.1)3Fe/C 308.2 0.98 98 

P-Ru-3/C 430 0.72 111 

IrMo0.59 NPs 609.5 1.15 107 

Ru-Ir(1/1)-C 215 0.28 106 

Ru NP/PC 263 0.23 126 

IrNi@Ir/C 117.1 1.22 105 

Pd0.33Ir0.67/N-C 481 0.45 109 

Pt7Ru3/C - 1.16 90 

Ir1Ru3 NWs 73.8 0.084 104 

6% Pd/C-CeO2 19 0.089 123 

Ir9Ru1/C - 0.9 103 

PtRu - 0.49 96 

Pd/C-CeO2 24 0.0545 122 

 

According to Table 1.3, most of the HOR catalysts developed in recent years are not as active as 

the benchmark PtRu catalysts. Therefore, the most used HOR catalysts in HEFMCs are still 

commercial PtRu/C. As the exploration of earth-abundant ORR catalysts has achieved great success 

in the last decades, coupling PGM HOR catalysts with PGM-free ORR catalysts is becoming a new 

paradigm that has fast-growing competitiveness to PEMFCs. The recent advances in HEMFCs with 

PGM anodes are listed in Table 1.4. These anodes are further divided two categories: one with PGM 

cathodes and one with non-PGM cathodes. It is noted that the fuel cell performance is an amalgam 

of a number of factors, including catalyst, membrane, electrode structure, etc. If there is not a huge 

difference between different catalysts’ activities, their loading should be considered when comparing 

their performance.   

Table 1.4 The performance of HEMFCs with PGM anodes 

 

Anode Catalyst 
Cathode 

catalyst 

Cell 

temp 

(°C) 

Backpressure 

(anode/cathode, 

kPag) 

flow rate  

(anode /cathode, L 

min-1) 

Peak power 

density 

(W cm-2) 

Reference 

P
G

M
 a

n
o

d
e|

P
G

M
 

ca
th

o
d

e 

PtRu/C, 

0.42 mgPGM cm-2 Pt/C, 

0.33 mgPt cm-2 
80 130 / 130 

1 / 1 2.58 (O2) 
131 

PtRu/C, 

0.33 mgPGM cm-2 
1 / 2 1.38 (air) 

PtRu/C, 

0.39 mgPGM cm-2 

Pt/C, 

0.26 mgPt cm-2 
80 130 / 130 

1 / 1 2.34 (O2) 
132 

1 / 2 1.25 (air) 
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PtRu/Mo2C-TaC, 

0.7 mgPGM cm-2 

Pt/C, 

0.7 mgPt cm-2 
70 207 / 103 1 / 1 1.2 (O2) 100 

Ru7Ni3/C, 

0.2 mgRu cm-2 

Pt/C, 

0.4 mgPt cm-2 
95 250 / 250 1 / 2 

2.03 (O2) 
110 1.23 (CO2-free 

air) 

Ru/Meso C, 

0.1 mgRu cm-2 

Pt/C, 

0.45 mgPt cm-2 
80 100 / 100 1.2 / 1.2 1.02 (O2) 130 

RuPdIr/C, 

0.2 mgPGM cm-2 

PdAg/C, 

1 mgCat. cm-2 
80 300 / 100 0.15 / 1 

0.947 (CO2-free 

air) 
108 

0.38 CeOx-Pd/C, 

0.55 mgPd cm-2 

Pt/C, 

0.7 mgPt cm-2 
60 0 / 0 1 / 1 0.643 (O2) 125 

Pt0.25Ru0.75/N-C 

0.2 mgPGM cm-2 

Pt/C, 

0.4 mgPt cm-2 
80 0 / 0 0.4 / 0.4 0.831 (O2) 102 

Pd-CeO2/C, 

0.25 mgPd cm-2 

Pt/C, 

0.4 mgPt cm-2 
80 0 / 0 1 / 2 

2 (O2) 
133 

Pd/C, 

0.25 mgPd cm-2 
1.3 (O2) 

Pt-RuO2/C, 

0.12 mgPGM cm-2 

Pt/C, 

0.6 mgPt cm-2 
80 285 / 285 2 / 1 0.77 (O2) 119 

PtRu/C, 

0.7 mgPGM cm-2 

Pt/C, 

0.6 mgPGM cm-2 
80 - - 3.37 (O2) 7 

PtRu/C, 

0.7 mgPGM cm-2 

Pt/C, 

0.6 mgPGM cm-2 
80 50 / 100 1 / 1 

3.5 (O2) 
8 

~ 1.2 (air) 

PtRu/C, 

0.4 mgPGM cm-2 

Pt/C, 

0.4 mgPGM cm-2 
95.5 125 / 250 1 / 2 

1.89 (O2) 
134 

1.31 (air) 

PtRu/C, 

0.75 mgPGM cm-2 

Pt/C, 

0.4 mgPGM cm-2 
80 0 / 0 1 / 1 2.6 (O2) 135 

Pd0.33Ir0.67/N-C, 

0.2 mgPGM cm-2 

Pt/C, 

0.3 mgPt cm-2 
79 100 / 100 1 / 1 0.514 (O2) 109 

Pd-CeO2/C, 

0.25 mgPd cm-2 

Pt/C, 

0.4 mgPt cm-2 
80 0 / 0 1 / 2 1.4 (O2) 124 

Ir1Ru1/C, 

0.1 mgPGM cm-2 

Pt/C, 

0.3 mgPt cm-2 
60 100 / 100 1 / 1 0.485 (O2) 104 

Ru/C-A, 

0.5 mgRu cm-2 

Pt/C, 

0.5 mgPt cm-2 
50 0 / 0 0.5 / 0.5 0.25 (O2) 136 

P
G

M
 a

n
o

d
e|

P
G

M
 c

at
h

o
d

e 

PtRu/C, 

0.9 mgPGM cm-2 

Fe0.5-NH3, 

1.5 mgcat. cm-2 
60 0 / 0 1 / 1 1.04 (O2) 14 

Pd-CeO2/C, 

0.25 mgPd cm-2 

Ag-Co/C, 

0.75 mgAg cm-2 

80 0 / 0 1 / 2 

1 (O2) 
133 

Fe/C, 

1 mgCat. cm-2 
0.96 (O2) 

PtRu/C, 

0.4 mgPGM cm-2 

MCS/C, 

0.58 mgmetal 

cm-2 

60 100 / 100 0.2 / 0.2 1.1 (O2) 15 

PtRu/C, 

0.4 mgPGM cm-2 

CF-VC, 

2.4 mgcat. cm-2 
70 30 / 100 1 / 1 

1.35 (O2) 
137 0.67 (CO2-free 

air) 

PtRu/C, 

0.4 mgPGM cm-2 

MnCo2O4/C, 

0.8 mgcat. cm-2 
80 100 / 100 1 / 1 

1.2 (O2) 
16 

CoMn2O4, 

0.8 mgcat. cm-2 
1.1 (O2) 
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PtRu/C, 

0.7 mgPGM cm-2 

N-C-CoOx, 

2.4 mgcat. cm-2 
65 120 / 120 1 / 1 1.05 (O2) 138 

PtRu/C, 

0.6 mgPGM cm-2 

Ag/C, 

1 mgAg cm-2 
70 0 / 0 1 /1 

1.11 (O2) 
85 0.699 (CO2-free 

air) 

Pd/Ni, 

0.3 mgPd cm-2 

Ag-based 

alloy, 

3 mg cm-2 

73 300 / 100 0.2 / 1 0.4 (CO2-free air) 139 

Pd /C-CeO2, 

0.3 mgPd cm-2 

Ag-based 

alloy, 

3 mgAg cm-2 

73 300 / 100 0.2 / 1 0.5 (CO2-free air) 122 

 

1.3.3 Challenges and opportunities 

It has been clearly shown in Section 1.3.2 that the PGM loadings used in HEMFCs are all higher 

than 0.3 mgPGM/cm2. This number is more than two times higher than the state-of-the-art PEMFCs, 

which now require only 0.125 mg/cm2 of PGM loading in total (including both anode and cathode)140. 

Considering current PEMFCs are still not cost competitive to petroleum engine, HEMFCs should be 

farther to commercialization, even if they hold potential cost advantage over PEMFCs. Therefore, the 

major obstacle in HEMFC fields is the high cost of PGM catalysts on the anode, which is due to the 

high loading that has to be used to compensate the low activity. To make HEMFCs more affordable, 

future HOR catalysts should be either PGM catalysts with much higher activities than the commercial 

PtRu/C or with active, robust earth-abundant materials. 

For PGM-based HOR catalysts, their prices should be considered first. Although they can be 

affected by many factors such as market fluctuations and mineral explorations, their long-term record 

can reflect the availability of these PGMs. Shown in  Fig. 1.10, among HOR-active PGMs (Pt, Pd, 

Rh, Ir, Ru), only Ru is cheaper than Pt. In this regard, Ru is the most promising candidate for PGM-

based HOR catalyst. On the other hand, Rh should not be considered in priority because of its 25-

times-price of Pt, despite it possesses better HOR activity than Pt in alkaline media90. Similarly, the 

exorbitant costs of Ir and Pd are also not favored, especially for Pd, as its original HOR activity is so 

low that even after years of optimization, the best performance of Pd-based HOR catalysts is not 

comparable to commercial Pt/C. Thus, research works on Rh, Pd, Ir are less possible to succeed due 

to their disproportionate price, unless the catalyst possesses an activity that is high enough to 

compensate the unusual high cost, which seems to be not plausible based on the current status. 
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Fig. 1.10 The historical price of HOR active noble metals in the last three years. Data retrieved from Heraeus141. 

In terms of earth-abundant HOR catalysts, there is no concern on their price because they are ca. 

three order of magnitudes lower than the noble metals’. However, in practical fuel cell applications, 

the activity doesn’t increase linearly with catalyst loading because higher loading results in thicker 

catalyst layer, which will increase the diffusion distance of the gas reactants and hence larger mass 

transfer overpotential. Thus, a high activity is still of great importance for PGM-free HOR catalysts. 

Accompanied with this target, the mechanism study should also be carried forward to provide more 

guidance for material design. 

Another serious challenge for earth-abundant HOR catalysts is their poor stability, which includes 

three aspects:  

(1) the stability during operation, i.e., the general meaning of “stability” to a catalyst.  

(2) the stability with respect to anodic potentials. Unlike most of the PGMs whose chemical 

properties are inert, earth-abundant materials are active and can be readily oxidized at higher 

potentials. For example, metallic nickel, the most used non-PGM HOR material, is oxidized to Ni(II) 

and deactivate at ~ 0.1 V vs RHE, which locates within the HOR-related potential (see the Pourbaix 

diagram of nickel in Fig. 1.11). Besides, Ru also suffers from this problem. In reality, to ensure 

enough current density can be reached in a fuel cell, the HOR catalysts should be stable up to 0.3 V 

vs RHE9. Therefore, strategies to improve the anodic stability of the PGM-free HOR catalysts should 

be developed. 
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Fig. 1.11 Pourbaix diagram of Ni. Reprinted from an open access reference142. 

(3) the anti-oxidation ability. Similar to the second point, not only the anodic potentials can oxidize 

the earth-abundant materials, but the oxygen in the air can also easily react with them and form a 

passive layer that covers the reactive site. However, this property is different from the one in the 

second point, because some materials are not inclined to be oxidized in the air, even if they can be 

readily oxidized in the electrolyte with an anodic potential, such as Ru. The spontaneous oxidation in 

the air imposes restriction to the size of the PGM-free catalysts, as the smaller materials with higher 

surface energy are more prone to react with O2. This shortcoming will constrain the surface area of 

the catalyst, and hence limit their mass activity. Besides, it also adds inconvenience to the handling 

and storage of the materials, thus increases the corresponding cost. It is found that covering the 

catalyst surface with an atomic-thin protective layer (such as carbon84 or hexagonal boron nitride77) 

can significantly improve the anti-oxidation ability. Yet this strategy is a trade-off between activity 

and stability because the surface layer also blocks the active site and leads to low activity. In future, 

more effective methods are expected to be developed to solve this problem.  

In addition, the diversity of non-PGM HOR catalysts needs to be improved. Currently most of the 

earth-abundant HOR catalysts that used in alkaline solution are metallic nickel and its 

alloys/composites. The limited number of material candidates obviously restricts our choice. 

Although some materials such as HfOxNy
143, W2C

144, and MoO2
145 are reported to have HOR activity 

in acidic condition, their activities in base are unknown. Expanding the library of PGM-free HOR 

catalysts is thus meaningful and full of opportunities. 
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1.4 Methodologies 

1.4.1 Basic ideas used in this dissertation 

The catalytic activity of a catalyst can be improved from two aspects: to increase its active site or 

enhance its intrinsic activity. The number of active sites can be increased by downsizing the catalyst, 

while intrinsic activity can be promoted by regulating its binding energies of reaction intermediates. 

These two aspects are discussed in detail as below. 

1.4.1.1 Increasing the active sites: nano-engineering 

Nano-engineering is the easiest way to increase the number of active sites. However, comparing 

to improving catalysts’ intrinsic activity, the importance of nano-engineering is often overlooked and 

underestimated in fuel cell catalysis research.  

According to Arrhenius equation, reactions with higher activation energies are more sensitive to 

the temperatures, i.e., the activity difference between an active catalyst and a less active catalyst is 

decreased at elevated temperature, which is the case for HEMFCs (generally works between 80 ℃ - 

95 ℃). For example, although the exchange current density of Pt is around half of PtRu at room 

temperature, their fuel cell performances are very close at 80 ℃146. This suggests the advantage of 

high intrinsic activity will be diluted at higher temperature. However, the activity enhancement that 

originated from the increasing number of active sites is independent of the temperature, hence more 

effective. In this regard, sacrificing part of the intrinsic activity in exchange for more active site may 

be beneficial to the final performance of the catalyst in fuel cells. 

In addition, the nano-engineering is conducive to mass transfer in fuel cells, especially with low 

catalyst loading, which is the trend for fuel cells. This is because lower loading requires more reactant 

supply to one particle, subsequently an earlier emergence of mass-transfer controlled behavior. 

Smaller catalysts with higher distribution density can release the local mass transfer demand on every 

single particle, hence lower mass transfer resistance12. 

Based on the above two considerations, all the catalysts presented in this dissertation are very 

small (mostly below 5 nm). As a result, they all achieved very high HOR mass activity and broke the 

record time after time. 

The most common method to prepare nanoparticles is to use capping agents (surfactants) through 

colloidal chemistry. The capping agents can be adsorbed onto the surface of the crystal seeds and 

limit its further growth. In some cases, they can control the shape of the crystals by selectively binding 
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to a certain set of facets and lowering their surface energies, which is thermodynamically favored in 

the final product147. However, the strong-binding capping agents make the catalyst surface “dirty” - 

they can partially block the active site, lower the accessible area of the crystals, and possibly change 

its reactivity. Removing them requires harsh conditions such as calcinating in air at 200 ℃47 or 

annealing in H2 at 450 ℃148. Such additional treatment could impose undesired impacts on the 

catalysts, therefore requires more thorough design. As a result, this approach was only used in Chapter 

2. Instead, most of the catalysts are directly prepared by reduction in H2 atmosphere to ensure a clean 

surface. Small nanoparticles can be formed by carefully tuning the pyrolysis condition. 

1.4.1.2 Strategies to regulate the binding energies   

The binding energy is an intrinsic property of the surface, which is governed by its electronic and 

geometric structure. Although the electronic and geometric structure cannot be varied independently, 

it is instrumental to divide them into two parts (i.e., electronic effect and geometric effect) so that we 

can better understand how they affect the reactivity separately. 

A. Electronic effect 

For electronic effect, an excellent theory has been established by Nørskov et al. at the end of 20th 

century149-151. It is called d band theory, which finds its success in explaining the catalytic activity 

trend of transition metals in many heterogeneous catalysis systems. 

It is found that the electronic states in the entire valence band are responsible for the reactivity151. 

In transition metals, it is therefore the d states that mostly account for their catalytic behaviors. 

According to d band theory, the bond forming process for an adsorbate atom with a transition metal 

surface can be treated in two steps as depicted in Fig. 1.12: 

1. the valence s/p states of the adsorbate firstly interact with the metal s electrons. Since the metal 

s electron are broad, this interaction results in a single resonance. 

2. the resonance states subsequently interact with the metal d bands. Since the d bands are narrow, 

the interaction is strong and gives rise to covalent bonding states and antibonding states. 
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Fig. 1.12 Schematic illustration of bond forming process on transition metal surface. 

We can determine a bond strength by checking the degree of filling of the antibonding states: the 

emptier of the antibonding states, the stronger of the chemical bond, hence the stronger of the 

adsorption and vice versa152. Therefore, the position of the d band, which is generally described by 

its center, reflects the reactivity of the metal surface: the closer of the d band center to the Fermi edge, 

the more antibonding states becomes empty and hence the stronger of the resulting bond. This 

principle successfully predicted the order of bond strength for transition metals across the periodic 

table, as we move from right to the left, the bond is stronger, because the d bands move up and more 

antibonding states become empty. The fact that the 5d transition metals are more noble than 4d and 

3d metals is due to the stronger repulsion of metal d electrons with adsorbates electrons that can be 

quantified by the adsorbate-metal d coupling matrix element Vad
2 152.  

The powerful d band theory can help us to understand the catalytic behavior and guide us to control 

the reactivity of catalysts. For HOR/HER, the commonly used materials, such as Pt, Ru, Ni, all have 

over-strong HBE in alkaline solutions. In this regard, properly downshift their d band center leads to 

better catalytic activity. 

B. Geometric effect 

The geometric effect refers to the impacts caused by different geometric arrangements of the 

surface atoms, including macrostrain, variation of the crystal facets, defects, and surface distortion, 

etc153-154. Although those factors can be deeply entangled with the electronic structure of the surface, 

their origin is assigned to the structure sensitivity. 

Macrostrain (also called lattice strain) is a well-understood factor that has been widely applied in 

catalysis research74, 155-157. It refers to a global change of the lattice constants compared to an 
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equilibrium crystal structure. When a surface is experiencing compressive or tensile strain, the orbital 

overlap between neighboring atoms increases or decreases, leading to a similar change in the d 

bandwidth. To preserve its filling degree, the d band has to shift its position. The direction of the shift 

depends on the number of d electrons113, 158-159, as shown in Fig. 1.13. For late transition metals like 

Pt, compressive strain downshifts their d band and reduce the bonding energy with adsorbates. For 

example, Yan et al. deposited a monolayer Pt on Cu, the lattice mismatch caused compressive strain 

on Pt surface and significantly improved the HOR of the resulting catalyst115. 

 

Fig. 1.13 Schematic illustration of how the compressive strain can affect the width and position of d band. For 

tensile strain, the bandwidth and position will change in opposite direction. 

Contrary to macrostrain, microstrain refers to the deviation of atoms from their ideal positions due 

to structural defects, including twin boundaries, stacking faults, dislocations, grain boundaries, etc160. 

If inspected by X-ray diffraction (XRD), the macrostrain will shift the peak position, while the 

microstrain will broaden the peak (Fig. 1.14). High level microstrain is believed to enhance the 

catalytic activity by increasing the active sites with optimal binding energies. Recently, a systematic 

study showed that it is the surface area-normalized microstrain (i.e., surface distortion) that positively 

correlate with the catalytic activity161. 
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Fig. 1.14 Schematic illustration of the difference of macrostrain and microstrain, and how they can be identified 

in XRD pattern. 

Crystal facets is another important aspect of geometric effect. Different facets have distinct atomic 

arrangements, leading to different electronic structures and hence varied bonding energies147, 152. In 

HOR, Pt(110) was found to be the most active facet, followed by Pt(111) and Pt(100)162. 

Unfortunately, such structural sensitivity of nickel is unknown, probably its poor catalytic activity 

and low anodic stability make it not suitable for single crystal study. 

1.4.2 Characterization methods 

1.4.2.1 Rotating disc electrode (RDE) 

HOR is a reaction that involves gas phase reactant. To directly measure its reaction kinetics, the 

hydrogen pump should be used, where the hydrogen supply is efficient. However, this method is 

time-consuming and cumbersome. Comparatively, rotating disc electrode technique is an easier 

alternative to obtain kinetic data for reactions that involves mass-transfer control. 

When the disc electrode starts to rotate, laminar flow is induced and brings the reactant to the 

electrode surface via convective transport. Since the hydrodynamic equation and convective-

diffusion equation for RDE system can be rigorously solved, the profile of concentration is well-

defined, and from which we can derive the Levich equation (Eq. 1.36): 

𝑗𝑙𝑖𝑚 = 0.62𝑛𝐹𝐷
2 3⁄ 𝜈−1 6⁄ 𝑐0𝜔

1 2⁄ = 𝐵𝑐0𝜔
1 2⁄  (Eq. 1.36) 

n is the number of electrons transferred during reaction (n = 2 for HOR), F is Faraday constant, D is 

the diffusion coefficient of the reactant in the electrolyte, ν is the kinematic viscosity of the electrolyte, 

c0 is the solubility of the reactant in the electrolyte, and ω is the angular velocity of the electrode. 

This equation suggests that besides the rotating speed of the electrode, the mass transport rate of the 
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reactant is an intrinsic property of the electrolyte. Levich equation also suggests that when the reaction 

is totally controlled by mass transport, the current density is constant. 

When the reaction is under mixed control by both kinetics and mass transport, the current can be 

described by Koutechý-Levich equation (Eq. 1.37): 

1

𝑗
=

1

𝑗𝑘
+

1

𝑗𝑙𝑖𝑚
=

1

𝑗𝑘
+

1

𝐵𝑐0𝜔1 2
⁄  (Eq. 1.37) 

j is the measured current density, jk is the pure kinetic current density. According to Eq. 1.37, the 

inverse of j is proportional to ω-1/2, with a slope of (Bc0)
-1. With known Bc0 and ω, we can calculate 

the jk for HOR. As for HER, it is assumed the measured current density is the pure kinetic density 

when the pH is >13 so no further treatment is necessary. This method has been widely used to extract 

kinetic current density in the past years. 

However, recently Yan et al. pointed out that Eq. 1.37 is only correct for irreversible reaction163. 

For highly reversible reaction such as HOR/HER, a reversible form of Koutechý-Levich equation 

should be applied (Eq. 1.38): 

1

𝑗
=

1

𝑗𝑘
+
1

𝑗𝑑
=

1

𝑗𝑘
+

1

𝑗𝑙𝑖𝑚(1−𝑒
−2𝐹𝜂 𝑅𝑇⁄ )

=
1

𝑗𝑘
+

1

𝐵𝑐0𝜔1 2
⁄ (1−𝑒−2𝐹𝜂 𝑅𝑇⁄ )

 (Eq. 1.38) 

jd is the diffusion-limited current density at a specified potential, its derivation can be found in 

Appendix A.5 H2 diffusion control. The difference of Eq. 1.37 and Eq. 1.38 originates from their 

derivation process, where the former doesn’t include a backward reaction term163. Another important 

remark is that Eq. 1.38 should also be applied to the HER branch to correct the diffusion overpotential 

caused by H2 diffusion away from the electrode surface163.  

1.4.2.2 Powder X-ray diffraction (pXRD) 

pXRD is a technique that is used for structural analysis. For crystalline samples, their periodic 

structures can be regarded as diffraction gratings. During measurement, the incident X-ray interacts 

with the electrons in the crystal and then gets diffracted. These diffracted X-rays interfere with each 

other and generate a diffraction pattern which follows Bragg’s law164. By analyzing the patterns, 

structural information such as crystal phase, crystallite size, and strain can be obtained. 

In this dissertation, two types of X-ray sources were used: the X-ray generated from a benchtop 

diffractometer and from a synchrotron beamline. The main advantage of the latter is its ultrahigh 

brilliance (billions of times higher than the former), which allows it to characterize more detailed 

features, such as strains. 
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1.4.2.3 X-ray and ultraviolet photoelectron spectroscopy (XPS & UPS) 

XPS and UPS are both photoemission spectroscopy. They measure the electronic structure, to be 

more specific, the density of states of the materials. As revealed by their names, XPS uses high energy 

X-rays (200 eV - 1500 eV) to excite the photoelectrons, and it usually detects the core levels of a 

material; in comparison, UPS uses ultraviolet light (20 – 50 eV), so it can only detect the valence 

band of a material. For the same reason, the generated photoelectrons in XPS have longer free mean 

path than the ones generated in UPS. Such difference offers XPS a higher detection depth (XPS: ~10 

nm vs UPS: ~ 2-3 nm) hence less surface sensitive. 

 

Fig. 1.15 Schematic illustration of the principle of XPS and UPS. 

The working principles for XPS and UPS are based on the photoelectric effect. When a photon hit 

the surface, an electron is excited and ejected away with a kinetic energy Ek. Schematic illustrations 

of this process and how it reflects the density of state for the energy level are shown in Fig. 1.15. For 

a given element, the incident photon energy (hν, h is Planck’s constant and ν is the frequency of the 

photon) and the work function (ϕ) are known, measuring the Ek will give the information about the 

binding energy (BE) of the electron (Eq. 1.38): 

𝐵𝐸 = ℎ𝜈 − 𝐸𝑘 − 𝜙 (Eq. 1.38) 

Each element has its own distinct BEs across a wide range. An XPS survey scan can provide 

information about the elemental composition of the measured sample. Another important information 

for both XPS and UPS is the chemical shift of the BE. A widespread misunderstanding of BEs is that 

they correspond to some specific energy-levels. On the contrary, the electrons don’t have any distinct 

energy in the ground state in an atom. Instead, they share the total energy of the system. The BEs 

probed in photoemission spectroscopies are actually the energy differences between the systems in 

the ground states and excited states. In this regard, XPS and UPS are final-state spectroscopies (i.e., 
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the state after photoionization)165. The BEs reflect the chemical environment of the excited atom, 

whose change will lead to a shift of the BEs. In practical, these shifts are informative, as will be 

shown in the following chapters.  

Although not used in this dissertation, the UPS is also frequently used to calculate the work 

function of the materials. Shown in Fig. 1.15, at the point where the kinetic energy becomes 0 (i.e., 

highest BE) in UPS is called “secondary cutoff”, which represents the deepest energy level the UPS 

can probe. Subtracting the BE corresponding to this point from the incident photon energy gives the 

ϕ (Eq. 1.39): 

𝜙 = ℎ𝜈 − 𝐸𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑐𝑢𝑡𝑜𝑓𝑓 (Eq. 1.39) 

1.4.2.4 X-ray absorption spectroscopy (XAS) 

XAS is a technique to study the local electronic and geometric structure of a material. With the 

advancement of synchrotron radiation technique in recent decades, it grows fast and becomes 

increasingly powerful. XAS consists of two parts that are complementary to each other: X-ray 

absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS). 

The former provides information of the oxidation states and local geometry of the measured atoms, 

while the latter tells the coordination environments (such as the identity of coordination atoms, 

coordination number, and bond length) around the core atom. 

The fundamental principle of XAS is similar to other photoemission spectroscopies: the electrons 

receive energy from incident photons and get excited. In XANES, the transition usually take place 

from core levels (usually K edge or L edge for principal quantum number n = 1 or 2, respectively) to 

unoccupied levels (both bound states and continuum). The energy of adsorption edge is very sensitive 

to the electronic structure of the atom and can be used to determine oxidation state. The larger 

oxidation state the higher energy of adsorption edge. The transition follows dipole selection rule, i.e., 

the initial state and final state for angular quantum number l should be varied ± 1, such as 1s to 4p, 

2p to 5d, etc., and quadrupole transitions (∆l = ± 2) are in general orders of magnitudes weaker. 

However, hybridization between orbitals with different l, such as 3d mixed with 4p, can generate a 

small peak before the adsorption edge called pre-edge. Such hybridization is sensitive to the bonding 

symmetry. For example, centrosymmetric geometry (e.g., octahedral) forbids mixing of the 3d orbital 

with 4p orbital, while non-centrosymmetric geometry (e.g., tetrahedral) allows such hybridization. 

Therefore, the XANES could also possibly provide information about coordination geometry of the 

atom.  
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EXAFS corresponds to the area of 50 eV to 1000 eV higher than the adsorption edge. Due to the 

high energy of the incident photons, the electrons in the adsorbing atoms are excited to continuum 

and become photoelectrons. The probability of the adsorption event is perturbed by the electrostatic 

potentials of neighboring atoms and will lead to a oscillatory shape166. Mathematically, the EXAFS 

spectrum is defined by the function χ(E), as shown in Eq. 1.40: 

𝜒(𝐸) =
𝜇(𝐸)−𝜇0(𝐸)

Δ𝜇
 (Eq. 1.40) 

Where E is the incident X-ray energy, μ(E) is the measured adsorption coefficient, μ0(E) is a 

background function representing the adsorption behavior of an isolated atom. ∆μ is the measured 

jump of μ(E) at the threshold energy, which is used to normalize the spectrum. 

On the other hand, it is easier to understand the EXAFS process by treating the photoelectrons as 

waves. It spreads around the adsorbing atom and can be scattered back to the center by a neighboring 

atom. The varied adsorption probability is then the result of interference between this outgoing and 

backscattering wave167, which contains rich information about the spatial arrangement of the 

neighboring atoms around the adsorbing atom, such as bonding length and coordination number, etc. 

In this way, it is common to use the wavenumber k of the photoelectron (also known as k space), 

instead of the X-ray energy E in Eq. 1.40: 

𝑘 =
√2𝑚𝑒(𝐸−𝐸0)

ℎ
 (Eq. 1.41) 

Where me is the mass of electron, E0 is the adsorption energy, h is Planck’s constant (6.626×10-34 

m2·kg/s). It is noted that k is also the momentum of photoelectron according to De Broglie relation. 

Then the EXAFS signal can be interpreted as the summation of contributions from all scattering 

paths (Eq. 1.42): 

𝜒(𝑘) = ∑ 𝜒𝑗(𝑘)𝑗 = 𝑆0
2∑

𝑁𝑗𝑓𝑗(𝑘)𝑒
−2𝑘2𝜎𝑗

2

𝑘𝑅𝑗
2𝑗 sin [2𝑘𝑅𝑗 + 𝛿𝑗(𝑘)] (Eq. 1.42) 

Here S0 is an amplitude reduction term, which accounts for the relaxation of other electrons in 

adsorbing atom to the holes in core level166. S0
2 normally has a value between 0.7-1. For each path j, 

Nj and Rj are the neighboring atoms’ coordination number and distance to the adsorbing atom, 

respectively. fj(k) is the scattering amplitude, which depends on the nature of elements. For light 

element, fj(k) peaks at lower k, and vice versa for heavy element. σj
2 is the mean square disorder of 

neighbor distance. δj(k) is the scattering phase shift, and it causes the mismatch between the distance 
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shown in R-space and the real bond length. Due to the origin of the sinusoidal nature of χ(k), the 

information corresponding to R, N, σ2 for each path can be extracted by Fourier transform (FT), which 

is shown in R-space. 

Different from XRD, which can only characterize long-range ordered crystalline structures, 

EXAFS is especially useful in analyzing short-range ordered structures, amorphous structures, or 

even single atom catalysts. Additionally, unlike other photoemission spectroscopies such as XPS and 

UPS which require vacuum environments, thanks to the strong incident light from synchrotron 

radiation, XAS measurements can be conducted in ambient conditions or even working conditions, 

which makes this technique powerful for in situ characterizations. 

1.4.2.5 Raman and Infrared spectroscopy  

Raman spectroscopy and Infrared (IR) spectroscopy provide information about molecular 

interactions. They both are vibrational spectroscopies, in which the vibration states of matter are 

excited to a higher level by interacting with light. According to the selection rules, only transitions to 

the neighboring states are allowed. In IR spectroscopy, the vibrational transition is achieved by 

absorbing IR radiation. Since IR light interact with the dipole moments, the matter should have dipole 

change during the bond movement to be IR active. On the other hand, the vibrational transition occurs 

in Raman spectroscopy through photon inelastic scattering, where energy is exchanged between the 

incoming photon and the matter. Since the light scattering event is caused by the interaction between 

the light and the dipole moment of the molecule induced by its own electromagnetic field, only 

matters with strong polarizability have good Raman signal. 

Since these vibrational spectroscopies reveals information about the nature of bonds, they are 

particularly suitable to detect reaction intermediates. In the last few decades, great efforts have been 

put for both Raman and IR spectroscopies, and great advancement has been achieved. Current Raman 

and IR spectroscopies are sensitive enough to acquire fingerprint information in a level of single 

molecule with very short acquisition time. In this dissertation, in situ surface-enhanced Raman 

spectroscopy (SERS) and IR absorption spectroscopy (SEIRAS) were used to study the reaction 

intermediate species. 

The surface-enhancement effect applied in both spectroscopies used IB metals (Cu, Ag, Au). 

However, the principles for the two are slightly different. SERS is based on electromagnetic 

enhancement mechanism168-169. The IB metals are able to absorb electromagnetic wave with certain 

wavelength and drive the free electron gas on its surface to perform oscillations at its eigenfrequency 

(ω0). This process is called local surface plasmon resonance (LSPR). In the resonant state, the 
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electrons accumulate on the metal surface, leading to greatly increased surface charges, which 

subsequently generates tightly confined but strongly enhanced electric field (Elocal(ω0)) that is much 

stronger than the incident electric field (E0(ω0)) by a factor of (Elocal(ω0)/ E0(ω0))
2. The enhanced 

electric field also increases the density of states of photons, which promotes the following Raman 

scattering rate by a factor of (Elocal(ωsc)/ E0(ωsc))
2 (ωsc is the Raman scattering frequency). Overall, 

the total process is enhanced by a factor of (Elocal(ω0)/ E0(ω0))
2(Elocal(ωsc)/ E0(ωsc))

2. In practical, the 

enhancement factor for a single metal nanoparticle is around 103. When two particles are closely 

placed next to another with a distance of 1-5 nm, the strong electromagnetic coupling can significantly 

boost the enhancement factor to a higher level170. 

Although the electromagnetic mechanism also works in SEIRAS, it is not the sole origin because 

it mainly works in visible light region. In near to mid-IR region, the enhancement factor is only ~ 

100. Besides, surface enhancement effect was also observed in other non-plasmonic metals such as 

Pt, Pd, Ni, etc. A complementary mechanism is the effective medium theory, which can be found in 

the literatures and will not be discussed in detail here171-172. 

Since both Raman and IR spectroscopy involves dipole moment, they are sensitive to electric field. 

The shift of Raman or IR frequency with varying external electric field refers to Stark effect: 

𝜈 = 𝜈0 − (Δ
→
𝜇 ⋅
→
𝐸
+ 0.5

→
𝐸
⋅ Δ𝛼 ⋅

→
𝐸
)  (Eq. 1.43) 

where ν and ν0 are measured frequency with and without an external electric field E. ∆μ is the 

difference dipole moment (also known as Stark tuning rate) and ∆α is the difference of polarizability, 

which is a quadratic term and can be emitted when the electric field is not huge (below 100 MV/m)173. 

As a result, the change of frequency is generally proportional to the change of external field. 

In practical electrochemistry, only species that are very close to the electrode surface (i.e., 

specifically adsorbed174 or within the electrochemical double layer175) could have Stark effect. 

Similarly, depending on the Stark tuning rate, we can tell how strongly (or closely) the species is 

bound to the electrode surface. 

1.4.2.6 H2 chemisorption 

As has been introduced in section 1.3.1.1, HBE is an important reaction descriptor for HOR/HER. 

Although H2 chemisorption cannot give the absolute HBE values, through analyzing the adsorption 

behavior, we can obtain the relative hydrogen binding strength of different catalysts, which is 

informative to help understand their catalytic activity trend.  
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To analyze the gas adsorption data, a dual-Langmuir model is used, which contains two 

assumptions. The first one is the observed gas adsorption result is the summation of both 

physisorption and chemisorption. The difference between these two is that in the former process the 

adsorbate-substrate interaction is weak, no chemical bond will form, and the desorption is readily 

happen at low temperature; while in the latter process, strong chemical bond will form, and the gas 

only desorbs at relatively high temperature.  

The second assumption is both types of adsorption are Langmuir-type adsorption. In Langmuir 

model, all adsorption sites are homogeneous and energetically equal, only monolayer adsorption is 

possible, and there is no interaction between adsorbates. For an adsorption process at equilibrium: 

Ag + S ↔ Aad  (Eq. 1.44) 

the Ag is adsorbate molecule, Aad is adsorbed molecule, and S is the empty adsorption site. The 

equilibrium constant Keq can be expressed as: 

𝐾𝑒𝑞 =
𝜃𝐴

𝑝𝐴·(1−𝜃𝐴)
 (Eq. 1.45) 

where θA is the fractional occupancy (or surface coverage) of A, pA is the pressure of A. Rearrange 

Eq. 1.41 gives the expression of Eq. 1.46: 

𝜃𝐴 = 
𝐾𝑒𝑞𝑝𝐴

1+ 𝐾𝑒𝑞𝑝𝐴
=

𝑉

𝑉𝑚
 (Eq. 1.46) 

Here V is the volume of adsorbed A, Vm is the volume of a monolayer adsorbed A. In the dual-

Langmuir model:  

𝑉 = 𝜃𝑐ℎ𝑒𝑚𝑉𝑐ℎ𝑒𝑚 + 𝜃𝑝ℎ𝑦𝑠𝑉𝑝ℎ𝑦𝑠 = 𝑉𝑐ℎ𝑒𝑚
𝐾𝑐ℎ𝑒𝑚𝑝

1+ 𝐾𝑐ℎ𝑒𝑚𝑝
+ 𝑉𝑝ℎ𝑦𝑠

𝐾𝑝ℎ𝑦𝑠𝑝

1+ 𝐾𝑝ℎ𝑦𝑠𝑝
 (Eq. 1.47) 

Strong adsorption gives high Keq. In general, Kchem (> 1) is at least two orders of magnitudes higher 

than Kphys (< 0.01). By fitting the adsorption data into Eq. 1.47, we can obtain the Kchem, as a measure 

of HBE. 

 

1.5 Layout of this dissertation 

The research works in this dissertation can be divided into two aspects: designing new, efficient 

HOR catalysts and understanding their structure-performance relationships. It will start from simple 

catalytic systems and strategies, followed by more complicated systems with mechanistic studies and 

MEA demonstrations. 
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Chapter 1 gave a brief introduction to HEMFC, alkaline HOR and characterization methods used 

in this dissertation. 

Chapter 2 to 4 are catalyst development for nickel-based materials. Chapter 2 demonstrated our 

exploration of the new HOR catalyst Ni3N and studied its unusual high anodic resistance; Chapter 3 

showcased how the strain affected the HOR catalytic activity of nickel nanoparticles; Chapter 4 

introduced a novel pyrolysis method that led to a highly active HOR catalysts. The detailed 

mechanistic study and structure-activity relationship were also studied in detail. In the end, we were 

able to translate the high activity to a MEA and achieved record-breaking performance. 

Chapter 5 presented a detailed catalyst study for PGM-based materials. A porous N-doped carbon 

(pN-C) was prepared. By exploiting the interactions between PGMs and pN-C, the resulting HOR 

catalyst (Pt0.25Ru0.75/pN-C) has the highest activity among the catalysts reported up to date. The 

HEMFC using this catalyst also possessed great performance, surpassed the US DOE 2022 target by 

50 % under more stringent conditions. 

Chapter 6 summarized the research works in this dissertation and gave a perspective in the field 

of alkaline HOR catalysis.
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 Ni3N as an active hydrogen 

oxidation reaction catalyst in alkaline medium  
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2.1 Introduction 

Hydrogen fuel cell technology is a key component of a low-carbon-emission hydrogen economy. 

Proton-exchange membrane fuel cell (PEMFC) has advanced significantly in recent years, and its 

commercial deployment in the automotive industry has started. Nevertheless, PEMFC remains a 

costly power device. Hydroxide-exchange membrane fuel cell (HEMFC) is an alternative fuel cell 

technology with potential cost advantages over PEMFC177-179. HEMFC operates in alkaline medium 

where non-platinum-group-metal (PGM) catalysts might be active and stable. Moreover, HEMFC 

might use more economical bipolar plates, air loop, and membranes than PEMFC178, 180-183. However, 

HEMFC is at a very early stage of development and many technical challenges are yet to be solved. 

The possibility to use PGM-free electrocatalysts is one major advantage of HEMFC over PEMFC. 

Whereas PGM-free oxygen reduction reaction (ORR) catalysts exhibit comparable activity to PGM 

catalysts, PGM-free hydrogen oxidation reaction (HOR) catalysts are much inferior60, 177-179, 184-187. 

Despite several decades of research, only nickel and its metallic alloys have been shown to be active 

PGM-free HOR catalysts60, 185, 188-191. Recently Yan and co-workers significantly improved the 

activity of Ni nanoparticles in HOR using a nitrogen-doped carbon nanotube support191. This 

composite catalyst, however, is still one order of magnitude less active than state-of-the-art Pt 

catalysts. Besides modest activity, Ni also suffers from low stability at potential above ~0.1 V vs. 

reversible hydrogen electrode (RHE) due to relatively strong binding affinity towards oxygen species, 

which block the active sites. To achieve considerable power output, HOR catalysts should function 

at potentials up to 0.3 V vs. RHE178. Thus, there is great need for new PGM-free HOR catalysts, 

especially those with enhanced oxidative stability. Here we report the discovery of Ni3N as an active 

HOR catalyst. When supported on carbon, the catalyst achieves by far the highest mass-averaged 

activity and break-down potential for a PGM-free catalyst. Spectroscopy data indicate a downshift of 

the Ni d band going from Ni to Ni3N, as well as interfacial charge transfer from Ni3N to the carbon 

support. These properties weaken the binding energy of hydrogen and oxygen species, which might 

result in higher HOR activity and stability than a typical Ni catalyst. For the same reason, the catalyst 

also exhibits superior activity in the hydrogen evolution reaction (HER). 

2.2 Preliminary catalyst screening 

Six Ni-based binary compounds (Ni3B, Ni3C, Ni3N, Ni2P, NiS2 and NiSe2) were prepared and 

studied for electrochemical HOR. Among these compounds, Ni3N, Ni2P and NiSe2 were synthesized 

from Ni(OH)2 precursor and the rest were synthesized directly from nickel salts (see detailed 
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procedure in 2.7.1 Catalyst synthesis). All the phases were confirmed by powder X-ray diffraction 

(PXRD) (Fig. S 2.1). Nickel nanoparticles were also prepared to serve as a reference sample (denoted 

as Ni-Ref)191. 

 

Fig. 2.1 (A) HOR and (B) HER electrochemical polarization curves of as-prepared catalysts. The measurement 

was performed in 0.1 M H2-saturated KOH solution. (C) Estimation of electrochemical active stie. Nickel in 

all the catalysts is assumed to be the active site. Cyclic voltammetry (CV) was performed in 0.1 M N2-saturated 

KOH solution. Scan rate: 50 mV/s, catalyst loading: 0.28 mg/cm2.  

The catalysts’ HOR performances were investigated in H2-saturated 0.1 M KOH solutions using 

a standard three-electrode electrochemical system with a constant loading of 0.28 mg/cm2. The 

currents were measured by linear sweep voltammetry (LSV) with a scan rate of 1 mV/s at a rotating 

speed of 2500 revolutions per minute (r.p.m.). Shown in Fig. 2.1 A, the catalysts can be divided into 

two groups according to the results. The first group, Ni3B, Ni3C, Ni3N and the Ni-Ref, show a certain 

degree of HOR catalytic activity with the order of: Ni3N > Ni-Ref > Ni3C > Ni3B. Moreover, Ni3B, 

Ni3C, Ni3N have break-down potentials of c.a. 0.30 V, 0.26 V and 0.16 V vs RHE, all higher than 

nickel reference (0.11 V vs RHE), which is favored from a practical aspect. On the other hand, the 

second group, Ni2P, Ni3S2 and NiSe2, cannot be used as HOR catalysts: Ni3S2 and NiSe2 have negative 
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current above RHE potential, indicating they are inactive enough to have overpotential for HOR; Ni2P 

shows positive current below RHE potential, thus it cannot be assigned to hydrogen oxidation current. 

This result is quite unanticipated, since the second group catalysts, especially Ni2P
192-194 and Ni3S2

195-

197, are well known HER catalysts, which, given a symmetric HOR/HER kinetics, should have 

comparable or even better HOR activities compare to the first group catalysts.  

The HER performance of these catalysts was subsequently tested. Shown in Fig. 2.1 B, the 

overpotential at current density of 10 mA/cm2 for each catalyst follows the order of Ni3N < Ni2P ≈ 

Ni-Ref < Ni3C ≈ Ni3S2 < NiSe2 < Ni3B. The results suggest the HER/HOR kinetics are only symmetric 

for the first group catalyst. To verify the possibility that having no HOR activity was due to lacking 

active site, the amount of electrochemically active nickel in each catalyst was measured (Fig. 2.1 C). 

Since the Ni oxidation state of the as-synthesized catalysts are varied, the redox feature of 

Ni(III)/Ni(II) were used to measure the amount of active nickel 198-199. All catalysts showed obvious 

redox peaks corresponding to the mutual transformation between Ni(III) and Ni(II). However, both 

shapes of the oxidation and reduction peaks were not well defined, hence the comparison here is only 

qualitative, which yields an order of Ni3N < Ni2P ≈ NiSe2 << Ni3B ≈ Ni NPs << Ni3C ≈ Ni3S2 for the 

amount of electrochemically active nickel site in each catalyst. Moreover, further comparison shows 

that Ni-ref and Ni2P, or Ni3C and Ni3S2, have similar HER activity and active sites, while the one has 

measurable HOR activity while the other doesn’t. All this evidence suggests that certain specific 

requirement should be fulfilled to catalyze HOR. 

One reasonable requirement is the ability to chemisorb H2 at the experimental condition, because 

it is the prerequisite of HOR. Unlike in HER, which the reaction will always occur once the potential 

is low enough, in HOR, the hydrogen binding ability weakens as the potential increases. If the catalyst 

cannot bind H2 at RHE, HOR won’t take place with higher overpotential. Previously it is believed 

that the hydrogen chemisorption preferably occurs on metallic materials (especially transition metals) 

because they can “spill out” negative charge, polarize the impinging hydrogen and trap it200. This 

theory is consistent with the fact that almost all the HOR catalysts are metals. Although there are 

some exceptions, such as a recent Hafnium oxyhydroxide143, which seemingly contradicts with the 

previous consensus. However, this contradiction can be rationalized by the fact that metallic Hafnium 

binds hydrogen so strong that hydride can be formed201, losing some electrons may still maintain a 

reasonable ability to bind hydrogens. The same logic can also explain the weak HOR activity of 

WC144. Nickel, on the other side, doesn’t have hydrogen binding ability as strong as hafnium, the 

unmeasurable HOR activity of the second group catalysts could be due to too weak hydrogen binding. 

Further experiments and characterizations are needed to verify this assumption. 
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Among the first group of catalysts, although Ni3B and Ni3C have very high break-down potentials, 

their HOR activities are too low to be interesting. On the other hand, the bulk Ni3N shows enhanced 

HOR activity and oxidation resistance. Therefore, the following section focused on further improving 

the Ni3N catalyst. 

2.3 Synthesis and characterization of nano-Ni3N/C 

 

Fig. 2.2 (A) PXRD pattern of Ni3N/C. (B) TGA curve of Ni3N/C composite. 

We decided to improve the catalytic performance of Ni3N by nano-engineering. The synthesis 

route for nanosized Ni3N is similar to the bulk one, by reducing an appropriate Ni precursor under a 

NH3 atmosphere at an elevated temperature. The precursor for nanoparticles was NiO nanoparticles, 

synthesized via an oleylamine-assisted method (2.7.1 Catalyst synthesis, Fig. S 2.2). To prevent the 

aggregation of the Ni3N nanoparticles, they were prepared on a carbon black (Vulcan-XC 72R) 

support (labelled Ni3N/C). Powder X-ray diffraction (PXRD) analysis confirms the formation of Ni3N 

without crystalline impurity (Fig. 2.2 A). The catalyst loading was measured with thermal gravimetric 

analysis (TGA) in air, in which the carbon support was burnt out during the heating process, and Ni3N 

were fully transformed into NiO according to the XRD result (Fig. S 2.3). Since Ni content in NiO 

and Ni3N is 78.6 % and 92.6 %, the calculated mass content of Ni3N in composite is: 60.6 wt % × 

78.6 % ÷ 92.6 % = 51.4 wt %. The loading of Ni3N in Ni3N/C was about 51.4 mass percentage (Fig. 

S 2.2 B).  
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Fig. 2.3 (A) XANES spectra for Ni3N and Ni3N/C. Inset is the magnification of framed region. (B) Fourier-

transformed (FT) k3-weighted extended X-ray absorption fine structure (EXAFS) for Ni3N/C, Ni3N and Ni-

Ref. 

Table 2.1 Fitting results of ex situ EXAFS Ni3N/C, Ni3N and Ni-Ref. 

condition path R (Å) N ∆E (eV) σ2 (Å2) 

Ni3N/C 
Ni-N 1.90(5) 2.5(2) 3.2(9) 0.0075(7) 

Ni-Ni 2.85(1) 8.4(2) -13.4(1) 0.0096(1) 

Ni3N 
Ni-N 1.97(1) 3.6(3) 12.5(2) 0.0064(1) 

Ni-Ni 2.84(1) 12.4(2) -15.3(1) 0.0095(1) 

Ni-Ref Ni-N 2.48(2) 11.4(1) -2.9(2) 0.0079(1) 

 

In the X-ray absorption near-edge structure (XANES) spectra (Fig. S 2.3 A), the adsorption edge 

of Ni3N/C is positively shifted comparing to that of Ni3N, suggesting a higher valence state of Ni in 

Ni3N/C. According to extended X-ray absorption fine structure (EXAFS) spectra and its fitting results 

(Fig. 2.3 B and Table 2.1), due to the interaction with nitrogen atom in the lattice, Ni-Ni bond length 

were elongated in both Ni3N and Ni3N/C comparing to Ni-Ref. The coordination number of Ni3N/C 

is smaller than Ni3N, indicating a smaller particle size, which was later confirmed by electron 

microscopy. In the high-resolution Ni 2p3/2 X-ray photoelectron spectra (XPS) (Fig. 2.4 A), the peaks 

with a binding energy (BE) of about 853 eV are attributed to Ni in Ni3N and Ni3N/C. The binding 

energy is similar to that of Ni in Ni2P, which is close to metallic nickel and was previously assigned 

as Ni(δ+)202-203. The peaks with BE of about 856 eV are attributed to surface oxidized Ni species, 

Ni(II)204-206. The binding energies of the same Ni species are higher in Ni3N/C than in Ni3N, again 

suggesting a higher valence state of Ni in the former. In the N 1s spectra (Fig. 2.4 B), a single peak 
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with a BE of about 398 eV, corresponding to a nitride-type nitrogen, was observed for both Ni3N and 

Ni3N/C204, 207. The BE of N in Ni3N/C is also positively shifted compared to that of Ni3N. These data 

indicate an interfacial charge transfer from Ni3N nanoparticle to the carbon support in Ni3N/C. 

 

Fig. 2.4 (A) Ni 2p3/2 and (B) N 1s high resolution XPS spectra of Ni3N and Ni3N/C. 

Transmission electron microscopy (TEM) revealed the morphology of Ni3N and Ni3N/C. Bulk 

Ni3N (Fig. 2.5 A) contains large, sintered aggregates with a wide size distribution (42.2 ± 18.5 nm, 

Fig. S 2.4 A). The large size is likely inherited from its precursor, while the large size range might be 

due to Ostwald ripening and high diffusivity of nickel atoms at an elevated temperature208. Thanks to 

the carbon support, the Ni3N nanoparticles in Ni3N/C are evenly distributed (Fig. 2.5 B), inheriting 

the morphology of its NiO/C precursor (Fig. S 2.2). The size distribution of Ni3N/C is narrow (4.6 ± 

1.0 nm, Fig. S 2.4 B). High resolution TEM (HRTEM) image reveals an inter-planar spacing of ~0.20 

nm in Ni3N/C, corresponding to the (111) plane of Ni3N (Fig. 2.5 C). Scanning transmission electron 

microscopy (STEM) and its corresponding elemental mapping indicate the homogeneous distribution 

of Ni and N elements (Fig. S 2.5).  
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Fig. 2.5 Microscopic characterization of Ni3N and Ni3N/C composite. (A) TEM image of bulk Ni3N. (B) TEM 

image of Ni3N/C. (C) HRTEM image of Ni3N/C. Inset is the Fast-Fourier Transform (FFT) image of the 

composite. 
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Fig. 2.6 HOR polarization curves of Ni3N/C, Ni3N, Ni-Ref, and 20 wt% Pt/C in H2-saturated 0.1 M KOH with 

a rotating speed of 2500 r.p.m. at a scan rate of 1 mV/s. 
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The HOR activity of Ni3N and Ni3N/C were examined with a standard three-electrode system at a 

scan rate of 1 mV/s in H2-saturated 0.1 M KOH solution (See details in 2.7.3 Electrochemical 

measurements). The Ni3N/C sample has a much higher current density than bulk Ni3N and Ni-Ref 

(Fig. 2.6). Its activity approaches that of 20 wt% Pt/C. Importantly, the break-down potential of 

Ni3N/C is about 0.26 V vs RHE, the highest potential achieved by an Earth-abundant catalyst. Control 

experiments conducted in N2-saturated electrolytes showed negligible anodic currents across the 

whole potential range (Fig. S 2.6). In situ XANES and EXAFS measurements (Fig. 2.7 and Table S 

2.1) of Ni3N/C revealed a stable catalyst at 0 - 0.25 V vs. RHE.  

 

Fig. 2.7 In situ X-ray absorption study. (A). X-ray absorption near edge structure (XANES) and (B). Fourier-

transformed (FT) k3-weighted EXAFS for Ni3N/C. Potentials shown here are all referred to RHE. 

The kinetic current densities were calculated using data from LSV curves at different rotating 

speeds (Fig. S 2.7). By fitting the data at an overpotential of 50 mV (η = 50 mV) with Eq 1.37, a 

linear plot of ω-1/2 with j-1 was obtained (Fig. S 2.8). The slope is 4.75 cm2/mA∙s1/2, close to the 

theoretical value (4.87 cm2/mA∙s1/2)209. The kinetic current density of Ni3N/C is 3.9 mA/cm2
disk at η 

= 50 mV. The corresponding mass activity of Ni3N/C is 24.4 mA/mgNi3N at η = 50 mV, the highest 

among all reported earth-abundant HOR catalysts (Table S3). The mass activity of bulk Ni3N (1.7 

mA/mgNi3N) and Ni-Ref (1.1 mA/mgNi) are an order of magnitude lower. 

The kinetic current density from Eq. 1.37 was further fitted to the Butler-Volmer equation (Eq. 

2.1) to obtain the exchange current density j0: 

𝑗𝑘 = 𝑗0(𝑒
𝛼𝐹𝜂 𝑅𝑇⁄ − 𝑒(1−𝛼)𝐹𝜂 𝑅𝑇⁄ )                         (Eq. 2.1) 
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Here α is charge transfer coefficient, F is Faraday constant (96485 A/mol), R is universal gas constant 

(8.314 J/mol‧K), η is overpotential and T is temperature. The results are shown in Fig. S 2.8. 
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Fig. 2.8 HER/HOR Butler-Volmer plots of kinetic current density on Ni3N/C and Ni3N. Dot is the experimental 

data; solid line is fitting results using Eq. 2.1. 

 

Fig. 2.9 Estimation of ECSA for the catalysts. 

In order to measure the intrinsic activity of the catalysts, the electrochemical surface area (ECSA) 

was measured for each catalyst by OH chemisorption method (Fig. 2.9). Nickel in Ni3N is assumed 

as the active site. By doing cyclic voltammetry (CV) in N2-saturated 0.1 M KOH at a scan rate of 50 

mV/s, the resulting curve had typical shape corresponding to oxidative adsorption and reductive 

desorption of OH- on metallic nickel. This is reasonable since the valence state of Ni in Ni3N is close 
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to metallic nickel according to XPS data. Then through calculating the charge accounting for OH 

desorption with a value of 514 μC/cm2
Ni for the desorption of monolayer OH- on nickel210, we 

obtained the ECSA for Ni3N/C (26.49 cm2, Ni3N loading: 0.16 mg/cm2), bare Ni3N (3.04 cm2, 

loading: 0.28 mg/cm2). It is noted that since the oxidation states of Ni in Ni3N and Ni3N/C are higher 

than 0, the charge corresponding to a saturated OH coverage might be smaller than 514 μC/cm2
Ni. 

Therefore, the ECSAs probed here are underestimated. 

Table 2.2 Summary of the mass activity, mass-normalized exchange current density, and ECSA-normalized 

exchange current density for our catalysts 

Catalyst 
Mass activity @ η = 50 mV 

(mA/mgcat.) 

Mass-normalized j0 

(mA/mgcat.) 

ECSA-normalized j0 

(mA/cm2
cat.) 

Ni3N/C 24.4 12.0 0.014 

Ni3N 1.7 1.1 0.017 

Ni-Ref 1.1 0.7 0.002 

 

The exchange current densities in Fig. 2.8 were then normalized by ECSA as well as the catalyst 

loading (Table 2.2). Comparison with Ni-ref and other state-of-the-art non-precious HOR catalysts 

reveals the remarkable mass activity of Ni3N/C. The mass-normalized exchange current density of 

Ni3N/C is 10 times higher than that of bulk Ni3N and about 4 times higher than most active hybrid Ni 

catalysts at the time reported (Table 1.1). Thus, dispersion of Ni3N nanoparticles on a carbon support 

leads to a high surface area/mass ratio, which contributes to its exceedingly high mass activity. The 

specific activity, that is, the ECSA-normalized exchange current density of Ni3N/C and Ni3N is 

similar and more than 7 times higher than that of Ni-ref. But this specific activity is slightly lower 

than that of most active hybrid Ni catalysts.  
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Fig. 2.10 Accelerated durability test results of Ni3N/C. The durability test was performed by doing cyclic 

voltammetry scans in H2-saturated 0.1 M KOH from -0.05 V to 0.1 V vs RHE with a scan rate of 150 mV/s. 

The LSV curves were recorded after 0, 1000, 3000, 5000 scans.  

An accelerated long-term durability test (ADT) for Ni3N/C was conducted by running repetitive 

CV from -0.05 V to 0.1 V vs RHE at a scan rate of 150 mV/s in 0.1 M H2-saturated KOH. To prevent 

Pt contamination, the working and counter electrodes were separated by a frit. After 1000, 3000, 5000 

CVs, the exchange current density of the electrode decreased to 81.0 %, 71.7 % and 59.8 % of the 

initial value, respectively (Fig. 2.10). TEM image (Fig. S 2.9) shows that after the measurement the 

catalyst retains its morphology. Size distribution analysis indicates a slightly increased particle size 

(4.7 ± 1.2 nm). HRTEM shows no formation of an extra phase at the surface. Some catalyst fell off 

from the electrode after 5000 CVs, which led to a decreased ECSA (Fig. S 2.10). The ECSA-

normalized activity decreased to 74.4 % of the initial value after 5000 CVs, indicating good stability 

of Ni3N/C (Table S 2.2). 
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Fig. 2.11 Electrochemical HER performance. (A) HER polarization curves of Ni3N/C, Ni3N, Ni-Ref and 

commercial 20 wt% Pt/C in N2-saturated 1 M KOH with a scan rate of 1 mV/s. All the catalysts were casted 

onto a 5 mm glassy carbon electrode with an overall loading of 0.28 mg/cm2 except that Ni3N/C had a loading 

of 0.31 mg/cm2 (loading includes the carbon support). (B) HER Tafel slopes measured according to the HER 

performance in (A). 

Since HER is the reverse reaction of HOR, the good HOR activity of Ni3N/C promoted us to 

examine its HER activity. The experiments were conducted 1 M N2-saturated KOH solutions. Ni3N/C 

exhibits remarkable HER activity, close to the benchmark 20 wt% Pt/C catalyst (Fig. 2.11). The 

overpotential to reach 10 mA/cm2 is only 64 mV for Ni3N/C, among the lowest for earth-abundant 

HER catalysts in alkaline media. The geometric activity of Ni3N/C is much higher than that of Ni3N 

and Ni-ref. The Tafel slopes are 32, 48, 122, 88 mV/decade for Pt/C, Ni3N/C, Ni3N and Ni-Ref, 

respectively. The durability of Ni3N/C in HER was measured in a 24-hour electrolysis at a constant 

current density of -10 mA/cm2. The potential remained nearly constant, indicating good stability (Fig. 

2.12). 
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Fig. 2.12 Durability test for Ni3N/C. To prevent the catalyst detachment, hydrophilic carbon cloth was used as 

working electrode here. 
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Fig. 2.13 UPS spectra of Ni3N, Ni3N/C and Ni-Ref. The excitation photon energy (He II) is hυ = 40.82 eV. 

Ultraviolet photoemission spectroscopy (UPS) was applied to study the electronic structure of 

Ni3N/C, Ni3N, and Ni-Ref. As shown in Fig. 2.13, all the materials have electronic bands crossing 

the Fermi level. The presence of such a Fermi edge in the UPS spectra indicates a metallic nature of 

these materials211-212. This result is consistent with previous studies which showed Ni3N as an intrinsic 

metallic material213-214. The reported electronic resistivity was about 1.09 × 10−4 Ω·m at 300 K213. 

Here we also measured the temperature dependence of resistivity of Ni3N (Fig. S 2.11), which also 
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suggested an intrinsic metallic nature of Ni3N, but much higher conductivity than literature (3.4× 10−6 

Ω·m at 300 K). For Ni3N and Ni3N/C, the signals located at 5-10 eV are tentatively attributed to 

hybridized Ni 3d and N 2p emissions, as observed in similar regions for other transition metal nitrides 

such as TiN and VN215-216. The peaks located at 0-1 eV arise from nickel’s 3d band217. The Ni 3d 

band reaches it maximum at 0.31 eV, 0.65 eV and 0.81 eV for Ni-Ref, Ni3N, and Ni3N/C, 

respectively. These data indicate that from Ni to Ni3N and to Ni3N/C, the 3d band is pushed away 

from the Fermi level. According to the d-band theory, the interaction of adsorbate with transition 

metal catalysts can be simplified as electronic coupling between the adsorbate’s valence states and 

the catalyst’s d band, which results in bonding and antibonding states. A higher d-band center (closer 

to the Fermi level) leads to more empty antibonding states above the Fermi level, hence a stronger 

adsorption152. Thus, the absorption energy should have the order of Ni > Ni3N > Ni3N/C.  

The mechanism of HOR on PGM catalysts in alkaline medium is studied only in recent years18, 25, 

29-30, 41, 43, 218-219. A prevailing theory is that hydrogen bonding energy (HBE) determine the rate of 

HOR25, 29-30, 218. However, there is a vivid debate on whether and how surface-adsorbed OH species 

influence HOR kinetics40-41, 43, 219. In addition, the pH-dependent potential of zero point charge was 

proposed to affect the transportation of OH-  through the double layer region and hence the HOR 

rate26. Dedicated mechanistic studies of non-PGM HOR catalysts are rare18, 220-221, although the 

modest activity of Ni in HOR was commonly attributed to a too high HBE77, 222. Accordingly, the 

higher specific activity of Ni3N over Ni might be explained by a weakening of HBE. Going from 

Ni3N to Ni3N/C, the mass activity is much higher due to the much higher surface area per mass, but 

the specific activity is slightly lower. The decrease of specific activity might be due to an 

overcorrection of the hydrogen binding strength to an unfavorable weak region. It should be pointed 

out that the hydroxide bonding energy (OHBE) changed in the same direction as HBE for these 

samples (see below), thus, the improved activity might be due to more optimal OHBE, or both HBE 

and OHBE. A recent study indicated that both HBE and OHBE (from density functional theory (DFT) 

computations) were important parameters in describing the HOR activity of Ni alloys43. 

The higher break-down potential in HOR for Ni3N and Ni3N/C compared to Ni-Ref can be, at least 

partially, explained by attenuated adsorbate binding. It was reported that catalysts with high affinity 

to oxygen species, especially those based on Ru and Ni, deactivate readily at positive potentials vs 

RHE77, 91. The deactivation was attributed to the oxidative adsorption of oxygen species from the 

electrolyte. In Pt-based ORR catalysts, a downshift d-band decreases the binding strength of O 

species223-225. The UPS data above show that nickel’s d-band is downshifted from metallic Ni to Ni3N 

to Ni3N/C. Thus, the oxygen binding strength should follow the order Ni > Ni3N > Ni3N/C. The 
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decreased oxygen binding in Ni3N/C results in its high break-down potential. To further corroborate 

this hypothesis, the OH- oxidative adsorption peaks in the three catalysts are compared (Fig. 2.14). 

Indeed Ni3N/C has the most positive peak. Besides, it is noted that XANES and XPS data show an 

interfacial charge transfer from Ni3N to the carbon support in Ni3N/C. This charge transfer decreases 

the electron density of Ni3N, making it more difficult to be oxidized. Enhanced oxidative resistance 

due to interfacial charge transfer observed by XPS was reported for other supported catalysts such as 

Cu/WO2.72
226. Since the XANES and XPS spectra reflect the density of states of Ni 1s and 2p 

electrons, while UPS reflects the density of states of Ni 3d electrons, it is reasonable that these 

spectroscopies changed in a synchronized manner. 
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Fig. 2.14 Anodic LSV scans in 0.1 M N2-saturated KOH electrolyte showing the OH- oxidative adsorption 

peaks, scan rate: 50 mV/s. Current here were normalized in order to make three curves in the same graph. 

2.6 Conclusions 

In summary, by examining the hydrogen reaction activities of six Ni-based binary compounds, we 

discover the asymmetric HOR/HER kinetics for some of the catalysts and suggest the ability to bind 

H2 is probably an important prerequisite for HOR catalyst. We also discover the significant activity 

of Ni3N for HOR in alkaline medium. By dispersing Ni3N nanoparticles onto a carbon support, we 

obtain a Ni3N/C catalyst with the highest mass activity and break-down potential in HOR for a base 

metal catalyst. The catalyst also exhibits excellent HER activity in alkaline medium, comparable to 

the benchmark Pt/C. Spectroscopy data reveal a downshift of the Ni d band and interfacial charge 

transfer from Ni3N to the carbon support as factors that lead to weak binding of hydrogen and oxygen 

species in Ni3N/C. This weak binding might be the origin of its remarkable HOR activity and stability. 



Chapter 2.7 Experimental 

 

59 

2.7 Experimental 

2.7.1 Catalyst synthesis 

Synthesis of NiO/C precursor 

80 mg Vulcan XC-72R powder was sonicated in a solution of 30 mL oleylamine (OAm) and 0.64 

mL oleic acid (OA) for 20 minutes to obtain a dispersion. 2 mmol Ni(acac)2 was added to this solution 

with vigorous agitation. The resulting solution was heated to 110 ℃ under vacuum to remove oxygen 

and H2O. Once the temperature reaches 110 ℃, the heat was turned off. The reaction system was 

evacuated and then refilled with nitrogen. The solution was cooled down to 90 ℃ and a 2 mL solution 

of OAm containing 0.5 g triethylamine borane was injected to the solution. The solution was kept at 

90 ℃ for 1 h under magnetic stirring. When the reaction completed and the solution was cooled down 

to room temperature, 40 mL EtOH was added. After washing with copious EtOH and centrifuge at 

8500 r.p.m. for three times, Ni/C was obtained. It was subsequently transformed to NiO/C by drying 

at 70 ℃ in air overnight. 

Synthesis of Ni(OH)2 precursor 

2.5 mmol Ni(NO3)2‧6H2O was dissolved in 36 mL of deionized H2O, then 10 mmol NH4F and 25 

mmol urea were subsequently added into this solution. After stirring for 5 minutes to dissolve 

everything, the solution was transferred into a 45 mL Teflon-lined autoclave and heated at 120 °C for 

16 h. The system was cooled to room temperature. The precipitate was washed with H2O and ethanol 

several times and finally dried in 70 °C overnight in air. 

Synthesis of Ni3N/C and Ni3N 

In a typical synthesis of Ni3N/C, the as-prepared NiO/C precursor was put into a crucible and 

placed in the center of pipe furnace. The furnace was purged with ammonia for 5 minutes first, and 

then heated to 350 °C with a ramp rate of 10 °C/min. The flow rate of ammonia was controlled to be 

143 mL/min. After reacting 3 h at 350 °C, the furnace was allowed to naturally cool down to room 

temperature. Before taking the product out of the furnace, a small amount of ethanol was injected into 

the crucible to passivate the catalyst’s surface. 

Bulk Ni3N was obtained using the same method, except that Ni(OH)2 was used as a precursor. 

Synthesis of Ni2P 
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1.5 mmol as-prepared Ni(OH)2 was grounded with 7.5 mmol NaH2PO2‧H2O in a mortar. Then the 

mixture was put into a crucible and placed in the center of the tube furnace, which was purged with 

a constant N2 flow of 30 mL/min. The furnace was heated to 250 °C with a ramp rate of 5°C/min and 

held for 1 h. After cooling down, the product was taken out and washed with H2O for three times and 

ethanol for one time. Final product was dried in the vacuum oven at room temperature. 

Synthesis of NiSe2 

A previous synthesis was used for the synthesis of NiSe2
227. 3.75 mmol Se, one pellet of NaOH 

and 25 mL DMF was added into a 45 mL Teflon-lined autoclave and the solution was purged with 

N2 for 30 minutes. Later 140 μL 64 % N2H4‧H2O aqueous solution was added and the solution was 

stirred and purged for another 30 minutes. Then 0.1 g as-prepared Ni(OH)2 precursor was added. The 

autoclave was heated at 180 °C for 1 h. After reaction, the product was washed with water and ethanol 

and finally collected by centrifugation. The final product was dried in the vacuum oven at room 

temperature. 

Synthesis of Ni3C 

0.5 mmol Ni(acac)2 was dissolved in 15 mL tetraethylene glycol (TEG) at 60 °C in a 50 mL three-

necked flask. After purging with N2 for 10 min, 5 mL TEG containing 0.1 g NaBH4 was slowly added 

into the previous solution and the solution turned to black immediately. Then the reaction was 

gradually ramped to 285 °C and was hold for 50 minutes before removing the heating mantle. After 

cooling down to room temperature, 20 mL ethanol was added into the reaction mixture. The product 

was further washed with hexane and ethanol three times and collected by centrifugation. Final product 

was dried in a vacuum oven at room temperature. 

Synthesis of Ni3B 

The Ni3B was prepared according to a previous method228. 0.5 mmol Ni(acac)2 was dissolved in 

15 mL TEG at 60 °C in a 50 mL three-necked flask. Next, the solution was cooled to 40 °C and 15 

mL freshly prepared TEG containing 0.5 g KBH4 was dropwise added into it under N2 flow. The 

reaction was then heated to 280 °C and hold there for 5 minutes. Subsequently the heating plate was 

removed and the solution was cooled down to room temperature. The product was washed with EtOH 

and separated by centrifugation for 5 times. Finally, it was dried in the vacuum oven at room 

temperature overnight. 

Synthesis of Ni3S2 
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The Ni3S2 nanoparticles was prepared according to a previous method229. 0.2 g Ni(OAc)2‧4H2O 

and 0.0759 g cystamine dihydrochloride were separately dissolved in 10 mL 1,5-pentanediol, and 

mixed together. The resulting solution was purged with N2 for 30 min and then refluxed for 30 

minutes. After reaction, the mixture was centrifuged, and the solid product was washed with H2O and 

ethanol for three times. Final product was dried in a vacuum oven at room temperature. 

Synthesis of Ni-Ref 

The Ni-Ref was synthesized by modifying a previous method191. 0.5 mmol NiSO4‧6H2O was 

dissolved in 10 mL ice-cold water in a 50 mL round-bottom flask. Another 10 mL ice-cold water 

solution containing 1.25 mmol NaBH4 was added dropwise into the above Ni(II) solution. The 

solution was stirred vigorously at 0 °C for 2 h, and then 1 mL 1 M KOH solution and 0.4 mL 

N2H4‧H2O were added. The solution was transferred into a 45 mL autoclave and heated to 120 °C. 

After holding at 120 °C for 4 h, the reaction was allowed to cool to room temperature. The solid was 

collected by centrifugation, washed with H2O and EtOH for 3 times. Final product was dried in a 

vacuum oven at room temperature. 

2.7.2 Materials characterization 

PXRD patterns were collected from a PANalytical Aeris diffractometer with Cu kα radiation (λ = 

1.540598 Å) and a 1×1 2D detector. TEM measurement was carried out on a FEI Tecnai Osiris 

electron microscope equipped with high-brightness field emission gun (XFEG) and an energy 

dispersive X-ray spectroscopy (EDX) analyzer. TGA measurements were carried out on a TGA 4000 

from Perkin Elmer. The starting temperature was 30 °C, with 5 °C/min ramp rate to 900 °C and stayed 

at 900 °C for 5 min under 20 mL/min air flow. After the analysis, the residue was collected for PXRD 

measurement to determine the phase. XPS measurements were carried out using a PHI VersaProbe II 

scanning XPS microprobe. Monochromatic X-rays were generated by an Al Kα source (14867 eV). 

UPS was performed on a SPECS Leybold EA11 MCD electron spectrometer and the base pressure 

in the measurement chamber is in the range of 5·10-10 mbar. The spectrometer is equipped with a He 

discharge lamp for UPS (He II at hν = 40.82 eV). The electron energy calibration is done taking the 

Au 4f7/2 core-level signal at 83.8 eV binding energy as reference. The samples were subject to a soft 

Ar ion sputtering of 1 kV for a duration of 30 s in order to remove surface contamination. XAS were 

recorded at Swiss-Norwegian beamline BM31 of European Synchrotron Radiation Facility (ESRF) 

and SP8 (Japan) 12B2 Taiwan beamline of National Synchrotron Radiation Research Center 

(NSRRC), the electron storage ring was operated at 8.0 GeV with a constant current of ~100 mA. 

The measurement of in situ X-ray absorption spectroscopy was performed in a typical three-electrode 
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setup the same as the condition in electrochemical characterization case. A specially designed Teflon 

container with a window sealed by Kapton tape was employed to collect the signal through the 

fluorescence mode. The temperature dependence of resistivity was measured in physical property 

measurement system (PPMS). 

2.7.3 Electrochemical measurements 

A saturated Ag/AgCl electrode was used as reference electrode (RE), and a clean platinum wire 

was used as counter electrode (CE). During HOR/HER stability test, the CE was covered in a frit to 

prevent Pt contamination. The catalyst ink was prepared with a recipe of: 5 mg catalyst, 1 mL H2O, 

250 μL isopropanol and 15 μL 5% Nafion solution are mixed and sonicated for half a minute to give 

a catalyst concentration of 3.95 mgcatal./mL. For all catalysts except Ni3N/C, 14 μL ink was casted 

onto the working electrode, resulting a loading of 0.28 mg/cm2. For Ni3N/C, 15.5 μL catalyst ink was 

used to give a loading of 0.31 mg/cm2 (0.16 mgNi3N/cm2). All electrochemical tests were performed 

in a standard three-electrode system controlled by a Gamary electrochemistry workstation with the 

current interrupt (CI) mode, in which the solution resistance (iR) is corrected. 
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2.8 Supporting information 

 

Fig. S 2.1 PXRD patterns of as-synthesized six different types of nickel-based binary compounds. (A) Ni3B, 

(B) Ni3C, (C) Ni3N, (D) Ni2P, (E) Ni3S2, (F) NiSe2. 
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Fig. S 2.2 Characterization of NiO/C precursor. (A). XRD pattern. (B). TEM image. Inset is the size 

distribution of the NiO nanoparticles. 
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Fig. S 2.3 PXRD pattern of the residue after the TGA measurement for Ni3N/C. 
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Fig. S 2.4 Size distribution of (A) Ni3N, (B) Ni3N/C. 

 

 

Fig. S 2.5  (A) HAADF-STEM image of Ni3N/C and (B), (C) its corresponding elemental mapping images.  
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Fig. S 2.6 Polarization curves of Ni3N/C in H2-saturated and N2-saturated 0.1 M KOH with a rotating speed of 

2500 r.p.m. The Ni3N loading is 0.16 mgNi3N/cm2 and the scan rate is 1 mV/s. By comparing the LSV in 

different gas-saturated KOH, we can confirm the anodic current comes from the oxidation of hydrogen rather 

than the oxidation of Ni3N. 
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Fig. S 2.7 Polarization curves of Ni3N/C at different rotating speeds. 

 



Chapter 2.8 Supporting information 

 

67 

 

Fig. S 2.8 Fitting result of electrochemical data to Koutecky-Levich equation at an overpotential of 50 mV. 

 

 

 

Fig. S 2.9 (A) TEM image and (B) HRTEM of catalyst after the accelerated stability test. Inset: (A) size 

distribution analysis, (B) FFT image of the rectangle region in B. 
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Fig. S 2.10 (A) The ECSA of Ni3N/C calculated after 5000 CVs in accelerated durability test. (B) Photograph 

of rotating disk electrode after the durability test. The bright area in the center is the most obvious part where 

the catalyst detached from the electrode. 
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Fig. S 2.11 Temperature dependence of resistivity for bulk Ni3N. The thickness, width, and length of the 

measured sample are 0.155 mm, 3.2 mm, and 1.430 mm. The cross-section area is 0.496 mm2. 
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Table S 2.1 Fitting results of in situ EXFAS measurements for Ni3N/C. 

condition path R (Å) N ∆E (eV) σ2 (Å2) 

0 V 
Ni-N 1.97(1) 1.2(3) 19.6(6) 0.0070(6) 

Ni-Ni 2.85(1) 10.1(2) -11.7(1) 0.0085(2) 

0.1 V 
Ni-N 1.96(4) 0.7(6) 7.1(8) 0.0045(8) 

Ni-Ni 2.86(1) 9.6(8) -11.7(1) 0.0090(1) 

0.15 V 
Ni-N 1.91(2) 1.2(2) -3.1(5) 0.0035(6) 

Ni-Ni 2.84(2) 9.2(1) -12.4(1) 0.0092(1) 

0.2 V 
Ni-N 1.91(1) 1.2(2) -3.7(2) 0.0028(4) 

Ni-Ni 2.84(1) 9.2(2) -12.5(1) 0.0092(1) 

0.25 V 
Ni-N 1.91(1) 1.1(2) -2.8(3) 0.0037(3) 

Ni-Ni 2.84(1) 9.6(6) -12.6(1) 0.0095(1) 

 

 

Table S 2.2 Summary of durability test for Ni3N/C.  The table includes geometric exchange current density, 

ECSA and ECSA-normalized current density during and after the durability test. 

 j0 (mA/cm2
disk) ECSA (cm2

Ni3N) j0 (mA/cm2
ECSA) 

Fresh sample 100 % 100 % 100 % 

After 1000 CVs 81.0 % - - 

After 3000 CVs 71.7 % - - 

After 5000 CVs 59.8 % 80.4 % 74.4 % 

 

 

2.9 Contributions 

W. Ni performed the catalyst synthesis, the major characterizations and analysis. A. Krammer 

conducted UPS measurements with A. Schüler. T. Hsu carried out the XAS measurements with H. 

Chen. X. Hu directed this project. 
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3.1 Introduction 

Hydrogen has been advocated as a clean energy carrier. Fuel cells can convert hydrogen energy 

into work with high efficiency, thus representing a key technology for the hydrogen economy231. The 

hydroxide-exchange membrane fuel cell (HEMFC) is a cost-effective alternative to the proton-

exchange membrane fuel cell (PEMFC) due to possibilities to use platinum-group-metal-free (PGM-

free) catalysts as well as more economical bipolar plates, air loops, and membranes9, 18, 220, 232. In 

reality, the lack of active and PGM-free catalysts for the hydrogen oxidation reaction (HOR) at the 

anode represents one of the main bottlenecks to the development of HEMFC233.  

Currently, most PGM-free HOR catalysts are based on nickel (Ni)69-70, 77. Pure nickel metal has 

low activity due to an overly strong hydrogen binding energy (HBE)76. Alloying Ni with other metals 

or modulating Ni with a carbonaceous support was previously employed to decrease the HBE of Ni, 

thereby increasing its HOR activity60, 75, 176. Increasing the hydroxide binding energy (OHBE) by 

modifying the surface with metal oxide was also applied to boost the HOR activity of Ni46, 69.  

Structural tuning of HOR catalysts has not been reported. Here we show that strain engineering can 

optimize both the HBE of Ni and the number of active sites, leading to a Ni catalyst with the highest 

mass activity in HOR for a PGM-free catalyst, as well as excellent activity in the hydrogen evolution 

reaction (HER). 

3.2 Catalysts synthesis and characterization 

Our findings are based on a systematic study of various Ni nanoparticles supported on carbon 

(Ni/C), which are synthesized through pyrolysis of a Ni-containing metal-organic framework (MOF) 

precursor under a mixed N2/H2 gas atmosphere. The MOF precursor Ni3(BTC)2 was prepared through 

a one-step solvothermal method. The precursor was annealed in a tube furnace under an N2 

atmosphere doped with a low concentration of hydrogen (0%, 1%, 2%, 4% vol%). The samples were 

labeled according to the vol% of H2, that is, Ni-H2-x% (x = 0, 1, 2, 4). Thermogravimetric analysis 

(TGA) indicates the mass content of the nickel varies from 66.9 - 87.4 w.t.% (Fig. S 3.1). 

Transmission electron microscopy (TEM) shows that Ni-H2-0%, 1% and 2% are composed of 

small nanoparticles (Fig. 3.1), which have a mean size of 4.1 ± 1.0 nm, 4.7 ± 1.1 nm, and 6.5 ± 2.9 

nm, respectively (Fig. S 3.2). In contrast, Ni-H2-4% consists mainly of sintered grains. These data 

indicate that a higher H2 concentration in the gas mixture of the pyrolysis leads to larger particles and 

a more heterogeneous size distribution. High-resolution TEM (HRTEM) of Ni-H2-2% reveals the 

nanoparticle’s polycrystalline nature (Fig. S 3.3). The lattice fringe at 0.20 nm, corresponding to cubic 
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nickel’s (111) plane, could be observed. Elemental mapping and energy dispersive X-ray 

spectroscopy confirmed the existence of Ni, O, and C (Fig. S 3.4). 

 

Fig. 3.1 Transmission electron microscopy (TEM) images of (A) Ni-H2-0%, (B) Ni-H2-1%, (C) Ni-H2-2%, D) 

Ni-H2-4%. 

The high-resolution Ni 2p3/2 X-ray photoelectron spectroscopy (XPS) spectra (Fig. 3.2 A and Fig. 

S 3.5) of all four Ni/C samples as well as a bulk, unsupported Ni reference could be deconvoluted 

into a Ni(0) peak at around 853 eV and a Ni(II) peak at around 855 eV. The latter indicates some 

surface oxidation. Ni-H2-1%, 2%, 4% all have a Ni(0) peak at 852.9 eV, while Ni-H2-0% has a Ni(0) 

peak at a higher energy (853.1 eV), indicative of Ni(δ+) character. The Ni(0) peaks in the four samples 

are at a higher energy than that of bulk nickel reference (852.6 eV), indicating a charge transfer from 

nickel to the carbon support in these Ni/C samples.234 This interfacial charge transfer shifts Ni’s d 
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band away from the Femi level74, 96, 235,26, 74, 236 resulting in lower binding energies to Hads and 

OHads
152. As Ni-H2-0% has the highest XPS binding energy for Ni(0), it should have the lowest HBE 

and OHBE. Raman spectroscopy was used to investigate the carbonization degree of the four catalysts 

(Fig. 3.2 B). In the Raman spectra, the peak area ratios of the D and G bands (ID/IG) decrease gradually 

going from Ni-H2-0% to Ni-H2-4%. The ID/IG is correlated to the level of disorder in the substrates, 

and a higher ID/IG value indicates a more disordered carbon structure237-238.239-240 Thus, a higher H2 

concentration during pyrolysis leads to better carbonization. 

 

Fig. 3.2 (A) High resolution Ni 2p3/2 XPS spectra and (B) Raman spectra of Ni-H2-0%, 1%, 2%, 4%. 
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3.3 Electrochemical HOR and HER performance 

The HOR activity was tested in a standard three-electrode system with a rotating glassy carbon 

disc as working electrode. A 0.1 M H2-saturated KOH solution was used as electrolyte; the overall 

catalyst loading was about 0.14 mg/cm2 (see 3.7.3 Electrochemical measurement). Fig. 3.3 A shows 

the linear scan voltammetry (LSV) curves of the four Ni-H2 catalysts, as well as a commercial 20% 

Pt/C reference sample (Fig. S 3.6). The geometric activity has the following order: 20% Pt/C > Ni-

H2-2% > Ni-H2-1% > Ni-H2-0% > Ni-H2-4%. Notably the activity of Ni-H2-2% approached 20% 

Pt/C.  

 

Fig. 3.3 Electrochemical HOR characterization. (A) LSV curves of Ni-H2 samples and 20%-Pt/C. The rotating 

speed was 2500 r.p.m. and the scan rate was 1 mV/s. The overall catalyst loading was 0.14 mg/cm2. (B) Tafel 

plots of Ni-H2 samples derived from data in A. Dots are original data; solid lines are fitting results. 

 The kinetic current densities of the catalysts were calculated using data collected at different 

rotating speeds. Kinetic- and diffusion-controlled current densities can be decoupled by fitting the 

data with the Koutecky-Levich equation (see 3.7.3 Electrochemical measurement and Fig. S 3.7). 

Table 3.1 shows that Ni-H2-2% has a mass-averaged kinetic current density (50.4 mA/mgcat.) at = 

50 mV that is about twice as high as most active known Ni catalysts published before this work. 

Table 3.1 Electrochemical data summary of this work. 

Catalyst 
Mass activity@η=50 mV 

(mA/mgcat.) 

Mass-normalized j0 

(mA/mgcat.) 
ECSA-normalized j0 (μA/cm2

Cat.) 

Ni-H2-2% 50.4 24.4 28.0 

Ni-H2-1% 28.4 13.8 21.2 

Ni-H2-0% 8.6 6.0 16.3 

Ni-H2-4% 1.3 1.1 10.8 

Ni-Ref 18.4 10.5 15.4 

20% Pt/C 371.07 140.4 151.6 
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The intrinsic activity of the catalysts, represented by the exchange current density (j0) was 

calculated according to the Butler-Volmer equation (Fig. 3.3 B): 

jk = j0·[exp(αFη/RT) – exp((α-1)Fη/RT)] (Eq. 3.1)  

Here α is the charge transfer coefficient, F is Faraday’s constant, R is the universal gas constant, 

T is the temperature, and η is the overpotential. j0, disk, was 0.57 mA/cm2
disk, 1.5 mA/cm2

disk, 2.9 

mA/cm2
disk, and 0.14 mA/cm2

disk for Ni-H2-0%, Ni-H2-1%, Ni-H2-2%, and Ni-H2-4%, respectively. 

Normalizing these values to the nickel loading, we obtained mass-normalized exchange current 

densities of 6.02 mA/mgcat., 13.79 mA/mg cat., 24.41 mA/mgcat., and 1.13 mA/mg cat., respectively, for 

the four Ni-H2 samples (Table 3.1) (mgcat. refers to the mass of nickel only). Ni-H2-2% has the highest 

mass-normalized j0 at the time published among reported PGM-free HOR catalysts. Although still 

inferior to 20%-Pt/C, Ni-H2-2% is as active as a recently reported Pd-based HOR catalyst122.  

 

Fig. 3.4 Electrochemical surface area (ECSA) of Ni-H2 catalysts. The experiments were performed in N2-

saturated 0.1 M KOH, with a scan rate of 50 mV/s. The charge of desorption of hydroxyl species (shadowed 

area in the plot) was measured, then the Ni’s ECSA can be calculated by dividing the charge by 514 μC/cm2
Ni

75, 

210. 
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We measured electrochemical surface area (ECSA) by performing cyclic voltammetry (CV) in 0.1 

M N2-saturated KOH (Fig. 3.4). By comparing the peak positions of the oxidative addition of surface 

OH species in the CV curves, we probed the catalysts’ OH binding strength (related to OHBE), which 

followed the order of Ni-H2-0% < Ni-H2-1% ≈ Ni-H2-2% < Ni-H2-4% ≈ Ni (Fig. 3.5). The weaker 

OHBE of our catalysts compared to pristine Ni points to their stronger oxidation resistance, which 

partially originated from the charge transfer of Ni to carbon support as shown in Fig. 3.2 A234. We 

also calculated the ECSA-averaged j0 of the Ni-H2 catalysts (Table 3.1) 241-242. Here the difference 

among various catalysts is less notable, but Ni-H2-2% remains the most active Ni-H2 catalyst, with 

activity comparable to other state-of-the-art nickel catalysts (Table 1.1).  

0.1 0.2 0.3 0.4 0.5

Ni-H2-0%

Ni-H2-1%

Ni-H2-4%

N
o
rm

a
liz

e
d

 c
u

rr
e
n

t

Potential vs RHE (V)

Pristine Ni

Ni-H2-2%

 

Fig. 3.5 Amplified image of anodic scans of Ni-H2 catalysts in Fig. 3.4. The peak at ~0.3 V vs RHE is attributed 

to the oxidative addition of surface OH species176. The data of pristine Ni is added for comparison. The extra 

peak for Ni-H2-4% is attributed to the adsorption of Hads
64.  

An accelerated durability test (ADT) was performed on Ni-H2-2% using 2000 repetitive CV scans 

from -10 mV to 100 mV vs RHE at a scan rate of 100 mV/s in 0.1 M H2-saturated KOH solution (Fig. 

3.6). The half-wave potential for H2 oxidation was 14.5 mV vs RHE, which only shifted by 2.5 mV 

after 2000 CV scans, indicating robustness of Ni-H2-2% in HOR. 

 



Chapter 3.3 Electrochemical HOR and HER performance 

 

77 

0.00 0.02 0.04 0.06 0.08 0.10
-4

-2

0

2

4

C
u

rr
e

n
t 

d
e

n
s
it
y
 (

m
A

/c
m

2
)

Potential vs RHE (V)

 1st LSV

 LSV after ATD

2.5 mV

Half-wave potential

 

Fig. 3.6 HOR stability test for Ni-H2-2%; the catalyst loading was 0.28 mg/cm2 (corresponding to a Ni loading 

of 0.25 mg/cm2
Ni). 

Since HER is the reverse reaction of HOR, we probed the HER activity of Ni-H2 catalysts as well. 

The activity trend in HER of these catalysts is the same as in HOR (Fig. 3.7): Ni-H2-2% > Ni-H2-1% 

> Ni-H2-0% > Ni-H2-4%. The most active catalyst, Ni-H2-2%, catalyzed a current density of 10 

mA/cm2 at an overpotential of only 36 mV. Its activity approached 20% Pt/C. This activity is among 

the highest for state-of-the-art HER catalysts in alkaline medium. The HER performance of Ni-H2-

2% was rather stable during a 24 h electrolysis at -10 mA/cm2 (Fig. S 3.8).  

 

Fig. 3.7 Electrochemical HER performance. (A) LSV curves for Ni-H2 samples and commercial 20% Pt/C. 

Catalyst loading: 0.28 mg/cm2
cat., scan rate: 1 mV/s. (B) The corresponding Tafel slopes fitted based on the 

results in (A). 
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3.4 Strain measurement and analysis 

 

Fig. 3.8 (A) TEM image and (B) size distribution of Ni-Ref. 

A previous study suggested that nickel’s HOR activity was size-dependent, and a small particle 

size would lead to a high activity222. To probe whether the high activity of Ni-H2-2% originates solely 

from a small particle size, we prepared a Ni/C composite with a similar particle size, Ni-Ref (3.7.1 

Catalyst synthesis, Fig. 3.8 and Fig. S 3.9) and tested its electrochemical HOR activity (Fig. 3.9 and 

Fig. S 3.10). Ni-Ref is less active than Ni-H2-2% (Table 3.1). This result indicates that factors besides 

particle size contribute to the superior activity of Ni-H2-2%. The activity of an electrocatalyst might 

be tuned by the ligand effect243-244, ensemble effect243, 245-247 and strain effect159, 225, 248. Given that the 

Ni-H2 catalysts in our case are Ni particles supported on non-doped carbon, we don’t expect a ligand 

or ensemble effect. We speculated that strain is at the origin of enhanced activity.  

 

Fig. 3.9 Electrochemical characterization for Ni-Ref. (A) Polarization curve in 0.1 M H2-saturated KOH 

solution. The overall catalyst loading is 0.28 mg/cm2 (Ni loading: 0.13 mg/cm2
Ni), scan rate 1 mV/s, rotating 
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speed 2500 r.p.m (B) Tafel plots of Ni-H2-2% and Ni-Ref. For comparison, the current density is normalized 

to ECSA. 

There are two types of strains: macrostrain (or lattice strain) and microstrain. Macrostrain refers 

to the global change of lattice parameters compared to the equilibrium crystal structure. It modifies 

the d band width by changing the orbital overlap between neighboring atoms. As the band width 

changes, the d band center shifts to preserve band filling, which in turn alters the binding energies 

with adsorbates113, 152, 159. For a late transition metal with a more than half-filled d band such as nickel, 

compressive macrostrain shifts the d band away from the Fermi level and decreases the bonding 

strength for adsorbates (Fig. 1.13)113, 159. Microstrain, on the other hand, represents the local deviation 

of an atom from its ideal position161. Recent studies suggest the surface area normalized-microstrain 

(SA-εmicro) is positively correlated to electrocatalytic activity, as the more “structurally disordered” 

catalysts will have a larger number of catalytic sites, including those with optimal binding energies160-

161. 
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Fig. 3.10 Synchrotron-based XRD patterns for Ni-H2 samples, Ni-Ref and bulk Ni. 

We performed synchrotron X-ray powder diffraction (XRD) measurements to investigate the 

microstructure of Ni-H2 samples (Fig. 3.10). The data refinement yielded lattice parameter a, 

crystalline domain size d, and microstrain εmicro (Table 3.2). Since macrostrain refers to the global 

shift of lattice constant, it can be calculated by comparison with the lattice parameter of the catalyst 

with a bulk Ni: εmacro = |(astrained - abulk) / abulk|
225, 249. Microstrain (εmicro) is size-dependent, and it 

increases with decreasing crystallite domain size. It is also a bulk property; however, the catalysis 
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process only occurs on the catalyst’s surface. Therefore, we need to take the domain size into account 

when correlating microstrain with catalytic performance160-161. Thus, a parameter “D” is introduced 

to represent surface atom ratio, and subsequently we can calculate the surface area-normalized 

microstrain (SA-normalized εmicro)
250-251: 

SA − normalized 휀𝑚𝑖𝑐𝑟𝑜(%) =  100 % × 
𝑚𝑖𝑐𝑟𝑜𝑠𝑡𝑟𝑎𝑖𝑛 (%)

𝐷(%)
 (Eq. 3.2) 

D can be calculated by a model proposed by Montejano-Carrizales et al. 239,240: 

D = 100 % × 
𝑁𝑆

𝑁
           (Eq. 3.3) 

where Ns and N are the number of surface atom and total atom, respectively: 

𝑁𝑠 =  10𝑚
2 + 2    (Eq. 3.4) 

N =  
10

3
𝑚3 +  5𝑚2 + 

11

3
𝑚+ 1                  (Eq. 3.5) 

Here m is the number of layers that composing a crystallite: 

m = 
𝑑

2√3𝑟𝑁𝑖
        (Eq. 3.6) 

Here d is the crystallite size, which can be obtained from the refinement data, and rNi is the covalent 

radius of a Ni atom (0.124 nm). 

Overall, the Rietveld refinement results revealed that Ni-H2-0% and Ni-H2-1% have notable and 

similar macrostrain (Fig. 3.11 A), whereas Ni-H2-2% and Ni-H2-4% have negligible (< 0.1%) 

macrostrain. On the other hand, all Ni-H2 samples except Ni-H2-4% have considerable microstrain 

(Fig. 3.11 B). 

Table 3.2 Refinement results obtained from synchrotron-based X-ray diffraction experiments. 

 
Lattice 

parameter a 

(Å) 

Crystallite 

size d (nm) 

Macrostrain 

εmacro (%) 

Microstrain 

εmicro (%) 

Dispersion 

factor D (%) 

SA-

normalized 

εmicro (%) 

Ni-H2-0% 3.4951 (5) 2 (1) 0.89 1.8 (2) 47.3 3.8 

Ni-H2-1% 3.4959 (5) 2 (1) 0.87 1.8 (2) 47.3 3.8 

Ni-H2-2% 3.5235 (4) 4 (1) 0.085 1.2 (1) 27.5 4.4 

Ni-H2-4% 3.52591 (2) 44 (2) 0.017 0.015 2.9 0.5 

Ni-Ref 3.5268 (2) 3 (1) 0.0085 0.2 34.8 0.6 

Bulk Ni 3.52652 (2) 240 (3) 0 0.001 0.5 0.2 
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Because Ni-H2-0% was less active than Ni-H2-1% while having a lower HBE (Fig. 3.2 A) and 

OHBE (according to the XPS results in Fig. 3.5), we concluded that the HBE and/or OHBE of Ni-

H2-0% and Ni-H2-1% is already lower than the optimal value, due to significant charge transfer to 

the carbon support. The higher activity of Ni-H2-2% compared to Ni-H2-0% and Ni-H2-1% might be 

attributed to a higher HBE due to the lack of compressive macrostrain. The OHBE has a minor role 

here because the OHBEs of Ni-H2-2% and Ni-H2-1% are similar (Fig. 3.5). The higher activity of Ni-

H2-2% compared to Ni-Ref is due to a much higher microstrain, which leads to a higher number of 

active sites. The low activity of Ni-H2-4% is mostly due to sintering of particles (Fig. 3.1 D), which 

makes it similar to bulk nickel. 

 

Fig. 3.11 Schematic representation of (A) macrostrain, (B) microstrain and surface area-normalized 

microstrain of samples prepared in various H2 concentration. 

3.5 Discussion: function of H2 during pyrolysis 

The H2 atmosphere during pyrolysis controlled the properties and activity of Ni-H2 catalysts. 

According to Raman spectra (Fig. 3.2 B), a higher H2 concentration increased the carbonization 

degree of the carbon support, leading to better conductivity, which is beneficial for electrocatalysis. 

Thermogravimetric analysis (TGA) data showed that catalysts prepared in higher H2 concentrations 

had a lower carbon content (Fig. 3.12 A). Consequently, they have a lower surface carbon coverage, 

hence more exposed nickel sites and higher ECSA (Fig. 3.12 B). The lower carbon coverage also 

facilitated the growth of crystallites and particles, leading eventually to the disappearance of 

macrostrain (at 2% H2). All these properties are advantageous for HOR (Fig. 3.12 C).  A too high H2 

concentration (e.g., 4%), however, yielded sintered particles, which now have a small ECSA and low 

activity.   
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Fig. 3.12 Correlation of H2 concentration with (A) carbon content from TGA results, (B) ECSA from Fig. 3.4, 

(C) ECSA-normalized exchange current density from HOR electrochemical data. 

3.6 Conclusions 

In conclusion, pyrolysis of Ni-containing MOF precursors under a mixed H2/N2 atmosphere 

yielded carbon-supported nickel nanoparticles with high activity in hydrogen electrode reactions.  The 

particle size, surface area, HBE, OHBE, and strains of the particles were modulated by varying the 

concentration of H2. The optimized catalyst, Ni-H2-2%, exhibits the highest mass activity in HOR 

among PGM-free catalysts, as well as excellent HER activity. Strain effect is identified as an 

important factor contributing to the high activity of this catalyst. The work demonstrates strain 

engineering as a strategy for improving electrocatalysts. 
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3.7 Experimental 

3.7.1 Catalyst synthesis 

Synthesis of Ni3(BTC)2 

1.1389 g of trimesic acid (TCI) and 2.1111g of Ni(NO3)2·6H2O (ABCR) were added into a 125 

mL Teflon-lined autoclave. 84 mL of anhydrous DMF was then added into the autoclave slowly 

without any agitation. Then the reaction vessel was heated at 120 °C for 12 h. After cooling down 

to room temperature, a mixture of big crystals and fine powders were obtained in the bottom of 

autoclave. The fine powder was the desired product while the big crystals were side products/ 

impurities. The big crystal cannot be dispersed in ethanol while the fine powder could be dispersed 

in ethanol. This property was used to purify the product. After washing three times in ethanol, the 

product was dried by heating in an oven overnight at 70 °C. The product was very sensitive to water 

vapor. It should be stored in a dry atmosphere. 

Synthesis of Ni-H2 catalysts 

The catalysts were prepared by temperature-programmed pyrolysis of the Ni3(BTC)2 precursor. 

Typically, 40 mg Ni3(BTC)2 was added to a crucible, which was placed in the center of tube furnace. 

The furnace was purged with N2 for 10 min, and then heated to 370 °C with a ramp rate of 10 °C/min 

under various H2/N2 mixture atmosphere. N2 flow rate was kept at 431.7 mL/min, while H2 flow was 

controlled to be 1%, 2% and 4% (vol%) of the overall flow. The oven was hold at 370 °C for 1 h 

before cooling down to room temperature. Before taking out the crucible from the furnace, a small 

amount of ethanol was injected into the crucible to prevent the pyrophoric re-oxidation of the 

catalysts. The catalysts were then dried under N2 flow. 

The catalysts are sensitive to air, so it should be immediately transferred and stored in glove 

box after removing ethanol. 

Synthesis of Ni-Ref 

0.174 g NiCl2·6H2O and 0.36 g monosodium citrate were added into a 100 mL round bottom flask, 

together with 30 mL ethylene glycol (EG) and 35 mg Vulcan XC-72R. The temperature was increased 

to 90 °C to dissolve the two salts. Subsequently, 6 mL of 5% w.t. NaOH solution in EG was slowly 

added and the color of solution changed from light green to yellow green. The reaction mixture was 

heated to 170 °C for 20 h without an inert gas protection. After cooling down to room temperature, 
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0.8 mL of a 1 M HCl solution in ethanol was added to neutralize the carboxylic anions on the nickel 

surface that act as surfactant and destabilize the colloidal solution. The solution was stirred overnight. 

The product was separated by centrifugation at 6000 r.p.m. for 10 min and washed with ethanol for 

three times. The obtained product is an amorphous Ni/C composite. 

The amorphous Ni/C composite was transferred to a tube furnace. The pyrolysis procedure was 

the same as for Ni-H2-2%.  

Synthesis of bulk Ni reference  

2.5 mmol Ni(NO3)2·6H2O was dissolved in 36 mL of deionized H2O, to which 10 mmol NH4F 

and 25 mmol urea were subsequently added. The solution was transferred to a 45 mL Teflon-lined 

autoclave and heated at 180 °C for 48 h. The resulting solid was a Ni(OH)2 precursor, which was 

washed with deionized H2O for three times. The Ni(OH)2 precursor was then placed in the center of 

a tube furnace, heated to 600 °C with a ramp rate of 10 °C/min and hold at that temperature for 2 h 

under 10% (vol%) H2/N2 atmosphere. After cooling down to room temperature, a small amount of 

ethanol was injected into the crucible. 

 

3.7.2 Materials characterization 

Materials characterization 

Synchrotron X-ray powder diffraction was performed at TPS beamline 09A in the Taiwan National 

Synchrotron Radiation Research Center (NSRRC) with an incident beam energy of 25 keV and in 

transmission geometry A 1D strip MYTHEN 24K detector was used to collect the data. The 

instrumental setup was calibrated with the NIST 660c LaB6 standard. TEM was performed on a FEI 

Tecnai Osiris electron microscope equipped with high-brightness field emission gun (XFEG). TGA 

measurements was performed in a TGA 4000 from Perkin Elmer. The program was set as follows: 

starting temperature was 30 °C; the sample was heated 10 °C/min to 800 °C and hold at 800 °C for 1 

min under 20 mL/min air flow. XPS measurements were carried out using a PHI VersaProbe II 

scanning XPS microprobe. Raman spectra were recorded on a RENISHAW inVia confocal Raman 

microscope with a 488 nm laser length and a grating of 1800/mm. The scattered light was collected 

by a charge coupled device (CCD) detector. Raman shift was calibrated with silicon prior to each 

measurement.  

Rietveld refinement 
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Rietveld refinements were performed using Topas 5. Integral breadths and isotropic microstrain 

were calculated using the LVol_FWHM_CS_G_L macro of the Topas macro library. The 

instrumental broadening was determined on LaB6 using a Thomson-Cox-Hastings peak profile 

function. The background was modelled with a Chebyshev polynomial. 

3.7.3 Electrochemical measurement 

All electrochemical measurements were performed in a standard three-electrode system controlled 

by a Gamry potentiostat. All data were iR-corrected. A KCl-saturated Ag/AgCl electrode was used 

as a reference electrode (RE) and a platinum wire was used as a counter electrode (CE). During 

HER/HOR stability test, the CE was covered by a glass frit to prevent Pt contamination. The catalyst 

ink was prepared as follow: 5 mg catalyst, 1 mL H2O and 250 μL isopropanol and 10 μL 5% Nafion 

solution were mixed and sonicated for half a minute. For HER, 14 μL ink was drop-cast onto a 5 mm 

glassy carbon rotating disc electrode, resulting in a loading of 0.28 mg/cm2
cat. For HOR the loading 

was 0.14 mg/cm2
cat. in order to have a wide kinetic-diffusion mix controlled region so that Koutecky-

Levich equation could be applied. Before any electrochemical measurement, 3 quick LSVs from -

0.02 V to 0.05 V vs RHE with a scan rate of 10 mV/s is performed to remove the surface oxide species 

and activate the catalyst. 

Calculation of kinetic current 

Since the solubility of H2 in H2O is very low, the reaction starts to be affected by mass transport 

as the overpotential increases. Thus, in a certain potential region, the measured current is controlled 

by both kinetics and mass transport, which can be described by Koutecky-Levich equation (Eq. 3.7): 

1

𝑗
= 

1

𝑗𝑘
+ 

1

𝑗𝑑
= 

1

𝑗𝑘
+

1

𝐵𝑐0𝜔1 2
⁄                                                                                         (Eq. 3.7)                       

Here j is the measured current, which can be deconvoluted into kinetics (jk) and diffusional (jd) 

components; B is the Levich constant, which is related to the diffusivity of H2 and viscosity of 

electrolyte; c0 is the solubility of H2 in electrolyte; ω is the angular velocity of rotating disc electrode 

during measurements. 

By measuring the current j with different rotating speeds at a fixed potential (50 mV vs RHE in 

our case), we can obtain a linear relation between j-1 and ω-1/2 (Fig. S 3.7). The kinetic current density 

can be obtained by calculating the inverse of y-axis intercept, and the Bc0 can be calculated from the 

slope and further used to calculate jk at other potentials.  
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3.8 Supporting information 

 

Fig. S 3.1 Thermogravimetric analysis data for Ni-H2-x% (x=0, 1, 2, 4) catalysts. 
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Fig. S 3.2 Size distribution analysis for (a) Ni-H2-0%, (b) Ni-H2-1%, (c) Ni-H2-2%. 

 



Chapter 3.8 Supporting information 

 

88 

 

Fig. S 3.3 High-resolution TEM image for Ni-H2-2%. The inset is a FFT image showing the Ni {111} plane. 
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Fig. S 3.4 (A) HAADF-STEM image of Ni-H2-H2 and (B), (C), (D) its corresponding elemental mapping 

images. (E) the spectrum of energy-dispersive X-ray spectroscopy measured from the framed area in (A)-(D). 
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Fig. S 3.5 (A) XPS survey scan spectra of Ni-H2-x% (x=0, 1, 2, 4) catalysts. (B) C 1s high-resolution XPS 

spectra of four Ni-H2-x% (x=0, 1, 2, 4) catalysts. 

 

 

 



Chapter 3.8 Supporting information 

 

91 

 

Fig. S 3.6 Electrochemical data for commercial 20% Pt/C in HOR. (A) Tafel plots for commercial 20% Pt/C, 

derived from the polarization curve in Figure 3a.  Red dots are experimental data; blue curve is fitting result. 

(B) CV curve recorded in 0.1 M N2-saturated KOH solution with a scan rate of 50 mV/s to measure the ECSA 

of Pt. It can be calculated by integrating the HUPD desorption and adsorption charge, subtracting double layer 

charging currents, and then divided by 210 μC/cm2
Pt and 2252.  

 

 

 

Fig. S 3.7 (A) LSV curves of Ni-H2-2% with different rotating speeds. (B) Koutecky-Levich plot of Ni-H2-2% 

at an overpotential of 50 mV. A linear relationship was observed between ω-0.5 and the j-1. The slope was 

calculated to be 4.50 cm2·mA-1·s-0.5, close to the theoretical value of 4.87 cm2·mA-1·s-0.5. As this value was 

independent of samples and only related to the measurement system, it was also applied for other catalysts 

when deriving their kinetic current densities. The y intercept of the line is 0.17 cm2·mA-1, corresponding to a 

kinetic current density of 5.88 mA/cm2
disk. Normalizing to the nickel’s loading, the mass activity of Ni-H2-2% 

is 50.4 mA/mgNi, which is the highest among all the reported nickel-based HOR catalysts (Table 3.1). 
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Fig. S 3.8 (A) Chronopotentiometry curve of Ni-H2-2% for HER durability test. (B) TEM image of Ni-H2-2% 

after stability test. (C) Ni-H2-2% after 24 h HER electrolysis. The size increases a little after 24 hour-

electrolysis compared with pristine Ni-H2-2%. 
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Fig. S 3.9 Thermogravimetric data for Ni-Ref. 
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Fig. S 3.10 CV curve recorded in 0.1 M N2-saturated KOH solution to measure the ECSA of Ni-Ref. 

 

3.9 Contributions 

W. Ni performed the catalyst synthesis, characterizations and analysis. T. Wang initiated this 

project and participated in early stage catalyst synthesis. P. Schouwink performed the Rietveld 

refinement. Y. Chuang and H. Chen conducted the synchrotron XRD analysis. X. Hu directed this 

project. 
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4.1 Introduction 

The proton exchange membrane fuel cell (PEMFC) is an emerging clean-energy technology, 

however, it necessities a heavy usage of Pt catalysts, perfluorinated membranes, and acid-tolerant 

stack hardware, leading to high cost9. The hydroxide exchange membrane fuel cell (HEMFC) is 

potentially a cost-effective alternative of PEMFC because less costly catalysts, membranes, and stack 

hardware might be used in alkaline medium. One important target for the development of HEMFC is 

to become platinum group metal (PGM) free254. Currently, PGM-free catalysts for oxygen reduction 

reaction (ORR) at the cathode have achieved performances comparable to their PGM counterparts14-

15, 137, and highly conductive and stable hydroxide-exchange membrane has emerged6. However, there 

is a lack of active PGM-free catalysts for the hydrogen oxidation reaction (HOR) at the anode, 

representing a major barrier for the progress of HEMFCs233, 254-257. For example, HEMFCs with a 

PGM HOR catalyst and an Earth-abundant ORR catalyst can reach a peak power density higher than 

1300 mW/cm2137, whereas HEMFCs with both PGM-free HOR and ORR catalysts has a highest peak 

power density of merely 76 mW/cm287. As a result, the U.S. Department of Energy (DOE) set a target 

of 600 mW/cm2 peak power density for PGM-free HEMFC in 2030254. 

HEMFCs pose challenges for HOR catalysts, not only in having high intrinsic activity, but also in 

exhibiting other desirable properties such as a large surface area, porous structure, and resistance to 

high temperature, anodic potential, and CO poisoning9. Among Earth-abundant metals, nickel proves 

to be the best candidate to meet these requirements. Nevertheless, the state-of-the-art Ni catalysts 

typically exhibit intrinsic activity below 40 μA/cm2
cat

46, 69, 75. Although a few catalysts have higher 

intrinsic activity, their surface areas are very small43, 258. While some catalysts exhibit good mass 

activity in model studies using rotating disc electrode (RDE) measurements, they are prone to 

oxidation and are unsuitable for practical devices230. In fact, the stability of nickel in a fuel cell 

working environment, i.e., at elevated temperature and large current density, has not been well 

demonstrated. As a result, previously reported Ni catalysts cannot be translated to good performance 

in a complete cell configuration, especially with a PGM-free cathode. Here we report a Ni catalyst 

that exhibits an intrinsic activity of 70 μA/cm2
Ni. PGM-free HEMFCs employing this catalyst give a 

peak power density of 488 mW/cm2 at 95 ℃ and 443 mW/cm2 at 80 ℃, about 6 times higher than 

the best previous analogous. The superior activity of our catalyst is due to balanced hydrogen binding 

energy (HBE) and hydroxide binding energy (OHBE), resulting from a fine-tuned Ni-support 

interaction.      
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4.2 Materials synthesis and characterization 

 

Fig. 4.1 Schematic illustration of the synthesis of Ni catalysts. 

The catalyst Ni-H2-NH3 was prepared by pyrolyzing the same Ni-based MOF as used in Chapter 

3, Ni3(BTC)2 (BTC = benzene-1,3,5-tricarboxylic acid)230, at 390 °C in a mixed atmosphere of 

H2:NH3:N2 = 4.6%:33.6%:61.8% (v:v:v) (see 4.8.2 Synthesis, Fig. 4.1, and Fig. S 4.1- Fig. S 4.3). 

NH3 was used to introduce nitrogen doping to regulate the electronic structure of Ni75, while H2 was 

used as a reducing agent to form metallic Ni. The temperature and partial pressure of each gas were 

carefully optimized. Reference compounds Ni-H2 and Ni-NH3 were prepared using the same method 

with H2 : N2 = 4.6%:95.4% and NH3 : N2 = 33.6%:66.4%, respectively (Fig. 4.1).  

 

Fig. 4.2 TEM image of (A) Ni-H2-NH3, (B) Ni-NH3 and (C) Ni-H2. 
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Transmission electron microscopy (TEM) showed that Ni-H2-NH3 and Ni-NH3 contained 

separated, small nanoparticles with an average size of 13.3 ± 3.5 nm and 8.6 ± 2.1 nm, respectively, 

while Ni-H2 was composed of sintered particles with a large grain size (Fig. 4.2 and Fig. S 4.4). 

Magnified TEM image showed the nickel nanoparticles were surrounded by thin carbon layers in Ni-

H2-NH3 (Fig. S 4.5). After etching of Ni nanoparticles by hydrochloric acid, nano-sized open cavities 

were observed, suggesting that the Ni nanoparticles were partially embedded in the carbon matrix 

(Fig. S 4.6). Similar features were observed for Ni-NH3 and Ni-H2 (Fig. S 4.6). High-resolution 

transmission electron microscopy (HRTEM) revealed the polycrystalline nature of Ni-H2-NH3 

nanoparticles, which were composed of tiny single crystals (Fig. S 4.7). Energy-dispersive X-ray 

spectroscopy indicated the presence of Ni, C and N in Ni-H2-NH3 (Fig. S 4.8).  

Table 4.1 Elemental analysis results. 

 C content (%) N content (%) 

Ni-H2-NH3 9.1 % 1.5% 

Ni-H2 9.3 % - 

Ni-NH3 6.5 % 3.4 % 

 

 

Fig. 4.3 (A) X-ray diffraction (XRD) patterns of three catalysts. (B) Ni 2p3/2 XPS spectra and fitting results. 

The nickel content was 83.0%, 82.6%, and 89.9% for Ni-H2-NH3, Ni-NH3, and Ni-H2, respectively, 

according to thermogravimetric analysis (Fig. S 4.9). According to elemental analysis, Ni-H2-NH3, 

Ni-NH3 but not Ni-H2 contained nitrogen (Table 4.1). The C:N ratio is 6:1 in Ni-H2-NH3 and 2:1 in 

Ni-NH3. The high N content in the carbon support of Ni-NH3 indicates a low degree of carbonization 

degree, which leads to a low conductivity (see below). X-ray diffraction (XRD) patterns of Ni-H2-

NH3, Ni-NH3, and Ni-H2 revealed metallic nickel as the only crystalline component of these three 

compounds (Fig. 4.3 A). High-resolution Ni 2p3/2 X-ray photoelectron spectroscopy (XPS) spectra of 
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all three compounds exhibited two main peaks at around 852.8 eV and 855.3 eV, which were 

attributed to Ni(0) and surface Ni(II) oxide, respectively (Fig. 4.3 B). Compared to the Ni(0) peak of 

a bulk, unsupported Ni, the Ni(0) XPS peaks of the three compounds had higher binding energies, 

indicative of an interfacial charge transfer from Ni to the carbon support176. Since the resolution of 

XPS is not high enough, and the peak assignment could be arbitrary, deeper insight regarding the d 

band position, which is directly related to the reactivity of the catalyst, cannot be obtained here. Later 

in section 4.4 UPS will be used to specifically characterize the d band position. In addition, N 1s XPS 

signals were detected for Ni-H2-NH3 and Ni-NH3, but not for Ni-H2. All samples had intense C 1s 

XPS signals (Fig. S 4.10).  
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Fig. 4.4 Raman spectra and fitting results. 

All three compounds exhibited D and G bands in their Raman spectra (Fig. 4.4), The spectra could 

be deconvoluted into four peaks, i.e., D1, D3, D4, and G bands. D1 band originates from defects with 

an A1g vibration mode259. D3 band is associated with tetrahedral and amorphous carbon (organic 

molecules, fragments or functional groups)259. D4 band is reportedly related to polyenic structures 

and ionic impurities. G band corresponds to an ideal graphitic lattice vibration mode with E2g 

symmetry260-261. The G band center for three catalysts all locate at around 1600 cm-1, suggesting a 

nanocrystalline graphite structure262. The D/G peak intensity ratios are summarized in Table 4.2. The 

intensity ratio of D1 band to G band ID1/IG increases gradually from Ni-H2 to Ni-H2-NH3 (1.4 to 2.6) 

due to the doping of nitrogen, while this value becomes much larger from Ni-H2-NH3 to Ni-NH3 (2.6 

to 5.1). Such a high ID1/IG value of Ni-NH3 indicates an abundance of in-plane defects in its carbon 

support, which agrees with the high N:C ratio of 1:2 in elemental analysis (Table 4.1). ID3/IG for Ni-
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H2 and Ni-H2-NH3 are close (1.2 and 1.6), while this ratio is much higher for Ni-NH3 (2.9), suggesting 

higher amorphous carbon content of Ni-NH3, which could compromise the catalyst’s conductivity 

(confirmed by conductivity measurement and HRTEM). ID4/IG for Ni-H2 and Ni-H2-NH3 are the same 

(1.0 and 1.0), whereas the ratio for Ni-NH3 is much higher (2.5). 

Table 4.2 The intensity ratio of each D bands to G band for Ni-H2-NH3, Ni-H2 and Ni-NH3, according to the 

fitting results shown in Fig. 4.4. 

Intensity ratio Ni-H2-NH3 Ni-H2 Ni-NH3 

ID1 / IG 2.6 1.4 5.1 

ID3 / IG 1.6 1.2 2.9 

ID4 / IG 1.0 1.0 2.5 

 

By comparing the intensity ratios of different Raman bands, we concluded that Ni-NH3 had a more 

disordered carbon support than Ni-H2-NH3 and Ni-H2. This conclusion was also supported by 

HRTEM images which showed lattice fringes of carbon support for Ni-H2-NH3 and Ni-H2, but not 

for Ni-NH3 (Fig. S 4.11).  

 

Fig. 4.5 Four-probe conductivity measurements. 

Disordered carbon might lead to a lower conductivity. Indeed, four-probe electrical conductivity 

measurements were conducted (Fig. 4.5). The sheet resistance Rs is calculated using the equation:  

Rs = (π/ln 2)·(V/I) = 4.53236·V/I  (Eq. 4.1) 
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where V and I are measured voltage and current, respectively. Ni-NH3 have the highest sheet 

resistance (6.4 Ω/sq), one and four order of magnitude higher than Ni-H2-NH3 (4.8×10-1 Ω/sq) and 

Ni-H2 (6.6×10-4 Ω/sq), respectively. This high resistance is mainly due to the highly disordered carbon 

support, agreeing with the Raman analysis and HRTEM observations. 

4.3 Electrochemical performance 
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Fig. 4.6 HOR polarization curves of Ni-H2-NH3, Ni-NH3, Ni-H2 and commercial Pt/C (20 wt%) with a rotating 

speed of 2500 r.p.m. 

The electrochemical HOR activity of the three nickel catalysts was evaluated in H2-saturated 0.1 

M KOH and compared to commercial 20 wt. % Pt/C (Fig. 4.6). The activity of the three Ni catalysts 

has the following order: Ni-H2-NH3 > Ni-NH3 > Ni-H2. The linear sweep voltammetry (LSV) curve 

of Ni-H2-NH3 approaches that of 20 wt% Pt/C, a benchmark PGM catalyst. Comparison of LSV 

curves in N2- and H2-saturated 0.1 M KOH confirmed that the anodic current observed for Ni-H2-

NH3 in Fig. 4.6 is originated from hydrogen oxidation (Fig. S 4.12). 

We than calculated the electrochemical surface area for each catalyst by OH chemisorption (Fig. 

4.7). The calculated ECSA results are listed in the right corner of each diagram. ECSAs of the 

catalysts follow the sequence of Ni-H2-NH3 > Ni-NH3 > Ni-H2. The order seemingly contradicts with 

TEM images which showed Ni-NH3 had the smallest size. The lower ECSA of Ni-NH3 could be due 

to the higher carbon coverage of Ni because TGA results suggest H2 has a stronger etching effect than 

NH3
230, indicating that annealing under H2 is more effective to remove the carbon layer on the Ni and 

expose more active sites than under NH3. In order to estimate the extent of carbon coverage, we 

compared the measured ECSA with the area calculated using particle size observed under TEM. 
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Fig. 4.7 Cyclic voltammetry for the catalysts in 0.1 M N2-saturated KOH with a scan rate of 50 mV/s with an 

overall catalyst loading of 0.28 mgCat./cm2
Geo.. The shaded area is used to estimate the electrochemical surface 

area (ECSA) since the difference between the backward and forward cathodic current corresponds to the 

transformation of α-Ni(OH)2 to Ni and the charge density is reported to be 514 μC/cm2
Ni

210. 

Assuming the nickel nanoparticles have spherical shape, and the surface is smooth (i.e., roughness 

factor RF=1), the surface area of 1 mg nickel is: 

𝑆𝑇𝐸𝑀 =
1×10−3 

𝑚𝑁𝑖 𝑁𝑃
∙ 𝑠𝑁𝑖 𝑁𝑃 =

1×10−3

4

3
𝜋𝑟𝑁𝑖 𝑁𝑃

3∙𝜌𝑁𝑖
∙ 4𝜋𝑟𝑁𝑖 𝑁𝑃

2 =
3×10−3 

𝑟𝑁𝑖 𝑁𝑃∙𝜌𝑁𝑖
 cm2    (Eq. 4.2) 

Where mNi NP, sNi NP, and rNi NP are mass, surface area, and radius of a single nickel nanoparticle, 

ρNi is the density of nickel (8.9 g/cm3). According to Fig. S 4.4, the average particle size for Ni-H2-

NH3 and Ni-NH3 are 13.3 nm and 8.6 nm, respectively. The particle size of Ni-H2 cannot be estimated 

due to sintering. Using Eq. 4.2, the corresponding surface areas based on TEM for Ni-H2-NH3 and 

Ni-NH3 are 253.4 cm2/mgNi and 391.9 cm2/mgNi, respectively. The ratio (r) of ECSA and STEM can 

be subsequently calculated: 

r (Ni-H2-NH3) = ECSA (Ni-H2-NH3)/STEM (Ni-H2-NH3) = 313.5/253.4 = 123.7% 
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r (Ni-NH3) = ECSA (Ni-NH3)/STEM (Ni-NH3) = 257.7/391.9 = 65.8% 

The r value can be further deconvoluted into carbon coverage (CC) and surface RF: 

𝑟 = 𝐶𝐶 ∙ 𝑅𝐹           (Eq. 4.3) 

The CC is no larger than 100% and only equals to 100% for an unsupported particle; The RF is no 

smaller than 100% and only equals to 100% for a smooth surface. Here the r(Ni-H2-NH3) is higher 

than 100 %, indicating a high RF value and a rough surface. This can be also supported by the 

polycrystalline surface shown in Fig. S 4.7. On the other hand, the r(Ni-NH3) is only 65.8 %, 

indicating a high carbon coverage. Our analysis reflects the synergistic effect of H2 and NH3 in terms 

of creating a large number of active sites. 
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Fig. 4.8 Butler-Volmer plots of HOR currents in Fig. 4.6. 

The kinetic parameters of HOR were extracted using Koutecky-Levich and Butler-Volmer 

equations (Fig. 4.8 and 4.8.4 Electrochemical measurements). This analysis yielded three parameters 

that can be used to compare different catalysts: apparent mass activity at a given overpotential (Fig. 

S 4.13), mass-normalized exchange current density (j0,mass) and ECSA-normalized exchange current 

density (j0,ECSA). Ni-H2-NH3 has a mass-averaged current density of 59.2 mA/mgNi at an overpotential 

(η) of 50 mV, a j0,mass of 21.8 mA/mgNi and a j0,ECSA of 70 μA/cm2
Ni. The intrinsic activity, j0,ECSA, is 

the highest among Ni-based HOR catalysts and is even higher than a modified Pd catalyst (Table 1.1 

and Table 1.3).  
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Table 4.3 Summary of the electrochemical data of the nickel catalysts. 

Catalyst 
Mass activity @ η = 50 mV 

(mA/mgcat.) 
j0,mass (mA/mgcat.) j0,ECSA (μA/cm2

cat.) 

Ni-H2-NH3 59.2 21.8 70 

Ni- NH3 12.7 5.1 20 

Ni-H2 0.8 0.5 18 

 

 

Fig. 4.9 (A) HER polarization curves of Ni-H2-NH3, Ni-NH3, Ni-H2 and commercial 20 wt% Pt/C in 1 M 

KOH. (B) Tafel plots of HER currents recorded in Fig. 4.9A.  

The activity of the three Ni catalysts in the hydrogen evolution reaction (HER), the reverse reaction 

of HOR, was also investigated in 1 M KOH (Fig. 4.9). Again, the activity has the order of Ni-H2-NH3 

> Ni-NH3 > Ni-H2. Ni-H2-NH3 again shows very high activity, with an LSV curve approaching that 

of Pt/C. The catalyst has an overpotential of only 29 mV for 10 mA/cm2, which is among the most 

active noble metal-free HER catalysts in alkaline medium. The activity trend observed by LSV was 

confirmed by electrochemical impedance spectroscopy (EIS) analysis (Fig. S 4.14).  

An accelerated durability test (ADT) was conducted by performing 1000 cyclic voltammetric (CV) 

scans from -0.15 V to 0.1 V vs RHE at a scan rate of 100 mV/s. LSV curves show that Ni-H2-NH3 

had only a small decrease in the HOR activity after this process (Fig. 4.10). Detailed kinetic analysis 

indicated that j0,disk decreased to 82% of its original value. On the contrary, LSV curves indicate 

significant decrease of HOR activity for Ni-NH3 after 1000 CV scans, and j0,disk decreased to 38% of 

its original value.  
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Fig. 4.10 (A) Accelerated durability test for HOR of Ni-H2-NH3 and Ni-NH3. (B) Bar plot is a comparison of 

j0,disk before and after 1000 CVs. 

CO-resistivity was tested on Ni-H2-NH3 and Pt/C (20 wt%) by measuring LSV in an electrolyte 

purged with an H2 gas containing 7.5 vol% N2 or CO (Fig. 4.11). Both materials suffered from CO-

poisoning, but Ni-H2-NH3 was clearly less affected, suggesting a better CO resistivity.  
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Fig. 4.11 CO poisoning experiments for Ni-H2-NH3 and 20 wt% Pt/C. Five linear sweep scans (LSV) were 

performed in the CO-containing electrolyte before recording the HOR polarization curve. 
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Fig. 4.12 Extended polarization curves of Ni-H2-NH3 and Ni-NH3. The results show both catalysts have good 

oxidative resistivity. 

The anodic resistance was also measured for Ni-H2-NH3 and Ni-NH3 (Fig. 4.12). Ni-H2-NH3 could 

maintain 3 mA/cm2 up to 0.23 V vs RHE. Besides, both catalysts were resistant to high anodic 

potentials, with a break down potential of 0.17 V vs RHE for Ni-H2-NH3 and 0.26 V for Ni-NH3. The 

results were consistent with the order of their OHBE, which will be discussed later in 4.4 Mechanistic 

studies.  
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Fig. 4.13 Chronopotentiometric electrolysis of Ni-H2-NH3 and Ni-NH3 with a constant current density of 10 

mA/cm2 for more than 12 hours. The Ni-NH3 deactivated rapidly at the beginning of the measurement. Ni-H2 

was not measured here due to its too low activity. 
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Similar to the stability behavior of HOR, Ni-H2-NH3 showed better stability than Ni-NH3 over an 

extended period of electrolysis (Fig. 4.13). 

4.4 Mechanistic studies 

The HOR in alkaline medium consists of 2 elementary steps: first the dissociation of H2 on the 

catalyst surface through a Tafel or Heyrovsky step to form adsorbed H (Hads), then the Hads is oxidized 

and combined with OH- to give water through a Volmer step29, 75. Since Hads is a key intermediate, 

the HBE has been proposed as a descriptor for catalytic activity25. However, a simple HBE theory 

cannot explain several experimental findings, such as the pH-dependent activity of PGM33, 218 and the 

enhanced activity of transition metal hydr(oxy)oxide-decorated PGMs35-36, 40. Yan and his coworkers 

proposed the apparent HBE theory, where the HBEs are corrected by a term related to the change of 

Gibbs free energy of interfacial water29-31, 218. This theory can explain the pH dependence of the 

activity of PGMs. The importance of water reorganization for HOR on PGMs was recognized in 

several other studies26, 28, 263, with some of them proposing interfacial electric field as the origin of 

different water reorganization energy in acid and basic media26, 28. In parallel, the OHBE theory, 

where the adsorbed hydroxyl species (OHads) facilitates the removal of Hads in alkaline medium, was 

proposed for PGM-metal oxide composites40. There is a debate on whether OHads is universally 

involved in HOR in alkaline medium47, 219, 263-264, and recently there are efforts to unify the HBE and 

OHBE theories48, 50. Wei and his coworkers showed by computations that when OHBE is weak, HBE 

is the appropriate descriptor, and when OHBE is modest, both HBE and OHBE are descriptors48. 

Alternatively, McCrum and Koper proposed that when OHBE is too weak, OHads is not involved in 

HOR, but the activation barrier of the Volmer step (proportional to HBEapp) correlated with OHBE. 

When OHBE is strong, then both Hads and OHads are involved. Thus, OHBE can be used as an overall 

descriptor50. The above theories, still in the stage of development33, are developed mostly for PGMs 

(especially Pt), which could be different from nickel. In the present study, we tried to experimentally 

probe whether the activity of our catalysts might be explained by some of these theories. 

We probed the electronic states of Ni-H2, Ni-NH3, Ni-H2-NH3 and an unsupported Ni reference. 

XPS data already indicated an interfacial charge transfer from Ni to the carbon support for Ni-H2-

NH3, Ni-NH3, Ni-H2. The transfer originates from the differences of work functions of Ni and carbon, 

and results in the hybridization of Ni’s 3d states with the π states of carbon73. This interaction alters 

the electronic structure of Ni and shifts its d band further away from Fermi level compared to pure 

Ni74. XPS probes the energies of core electrons, but absorption energies are more influenced by 

valence electrons. Thus, we further examined the valence state structure of Ni using ultraviolet 
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photoelectron spectroscopy (UPS). All four Ni samples have electronic bands crossing the Fermi 

level (Fig. 4.14), indicative of their metallic nature211-212. The peaks next to the Fermi level correspond 

to metallic Ni 3d states. Their positions increase in binding energy (away from the Fermi level) in the 

following order:  Ni < Ni-H2 < Ni-H2-NH3 < Ni-NH3 (Fig. S 4.15). According to the d band theory, 

a downshifted d band leads to weakened adsorption strength152. Thus, the HBE and OHBE should 

follow the following order: Ni > Ni-H2 > Ni-H2-NH3 > Ni-NH3.  
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Fig. 4.14 UPS spectra of Ni-H2-NH3, Ni-NH3, Ni-H2 and a Ni reference. 

 

Fig. 4.15 (A) H2 Chemisorption measurement for Ni-H2-NH3, Ni-NH3 Ni-H2, Ni and Pt/C. The data were 

scaled to the same quantity adsorbed at saturation for comparison. The dots are measured data, solid lines are 

fitting results based on the dual-Langmuir model. (B) Representation of the strong adsorption equilibrium 

constant k2 determined by H2 chemisorption for Ni-H2-NH3, Ni-NH3, Ni-H2, a Ni and a Pt/C reference. 
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We probed HBE through H2 chemisorption (Fig. 4.15 A), with Pt/C as an additional reference. 

The adsorption behavior could be described by a dual-Langmuir model (see 1.4.2.6 H2 chemisorption), 

which assumes that the adsorption consists of strong adsorption (i.e., chemisorption) and weak 

adsorption (i.e., physisorption): 

𝑄𝑎𝑑𝑠 = 𝑄1 ∙
𝑘1𝑝

1+𝑘1𝑝
+ 𝑄2 ∙

𝑘2𝑝

1+𝑘2𝑝
 (Eq. 4.4) 

Where Qads is the total amount of adsorbed H2, k1 (< 0.1) and k2 (> 0.1) are adsorption equilibrium 

constants for weak and strong adsorption, Q1 and Q2 are the quantity adsorbed at saturation for the 

corresponding adsorption types. Our fitting results (Table 4.4) showed the hydrogen binding strength 

had the order of Ni >> Ni-H2 > Ni-H2-NH3 > Ni-NH3 > Pt/C (Fig. 4.15 B). These data agree with the 

prediction of the d-band theory. 

Table 4.4 Fitting results of the parameters for the dual-Langmuir model 

 k1*100 k2 Q1 Q2 

Ni 0.23 10.28 0.34 0.82 

Ni-H2 1.35 2.71 0.35 0.69 

Ni-H2-NH3 0.74 1.53 0.46 0.63 

Ni-NH3 0.26 1.23 0.66 0.62 

Pt/C 0.73 1.04 0.40 0.68 

 

 

Fig. 4.16 (A) Polarization curves of Ni-H2-NH3 in H2-saturated 0.1 M KOH and 0.1 M KOD solutions. (B) 

Butler-Volmer plots of ECSA-normalized current densities that were derived from Fig. 4.16A. 

We then probed whether OHBE was relevant for HOR on our catalysts using isotope labelling 

experiments. We tested the HOR on Ni-H2-NH3 in deuterated electrolytes (Fig. 4.16 A). The 

reversible deuterium electrode potential (RDeuE) shifted to the negative direction, consistent with  a 
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smaller ionic product Kw for D2O compared to H2O (pKw(D2O)=14.951, pKw(H2O)=13.995)265, which 

leads to a higher pD of 0.1 M KOD (13.7) than pH of 0.1 M KOH (12.8). The oxidation resistance is 

different for Ni-H2-NH3 in 0.1 M KOD and 0.1 M KOH: Ni-H2-NH3 can maintain 3 mA/cm2 at 0.313 

V vs RDeuE in 0.1 M KOD and 0.230 V vs RHE in 0.1 M KOH. These data indicate a weaker OHBE 

of Ni-H2-NH3 in KOD than in KOH. After removing diffusional overpotential with the Koutchy-

Levich equation, the Butler-Volmer plots of ECSA-normalized current densities revealed a more than 

2-fold lower kinetic current density in 0.1 M KOD than 0.1 M KOH (Fig. 4.16 B). The slower kinetics 

of HOR on Ni-H2-NH3 in deuterated electrolytes might be due to the following four factors: (1) a 

primary kinetic isotope effect (KIE), (2) a stronger interfacial electric field and hence slower water 

reorganization in KOD, due to a more negative equilibrium potential than in KOH26, 28, (3) a weaker 

OHBE in KOD, and (4) different solvent dynamics of D2O relative to H2O
33, 263.  

We first examined the possibility of primary KIE. Although the gas purged into the solution is H2, 

it is possible that the Hads produced from a Tafel or Heyrovsky step undergoes isotope exchange 

reaction (Eq. 4.5) on the catalyst surface: 

Hads + D2O ↔ HOD + Dads (Eq. 4.5) 

and generates an adsorbed deuterium species (Dads). The removal of Dads is subject to a primary KIE. 

However, the Volmer step  

Hads + OD- ↔ HOD + e-  (Eq. 4.6) 

competes with Eq. 4.5 for Hads. With the overpotential increases, the rate of Eq. 4.6 should grow 

exponentially while the rate of Eq. 4.5 remains constant. Thus, a larger portion of Hads goes to Eq. 4.6 

rather than to Eq. 4.5 as the potential increases, resulting in a decreased surface coverage of Dads and 

a smaller KIE at higher overpotentials.  
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Fig. 4.17 Ratio of jk for Ni-H2-NH3 in 0.1 M KOH and 0.1 M KOD. 

We calculated the ratio of jk(H2O)/ jk(D2O), and it becomes larger at higher potentials (Fig. 4.17), 

the KIE is not responsible for the slower kinetics in KOD solutions. 

 

Fig. 4.18 (A) Polarization curves of Ni-H2-NH3 in H2-saturated 0.1 M KOH, 0.1 M KOD, and 1 M KOH 

solutions. (B) Butler-Volmer plots of ECSA-normalized current densities that were derived from Fig. 4.18A. 

We then probed whether the slower HOR in 0.1 M KOD compared to in 0.1 M KOD was due to 

a stronger interfacial electric field and hence slower water reorganization in KOD. In the absolute 

potential scale (e.g., vs. Ag/AgCl), the 0.1 M KOD solution has a lower equilibrium potential than 

the 0.1 M KOH solution. One might expect the interfacial electric field in 0.1 M KOD to be stronger, 

making water reorganization more difficult and hence a slower HOR 26. To test this hypothesis, we 

measured the HOR activity in 1 M KOH (Fig. 4.18A), since the RDeuE of 0.1 M KOD was close to 

the RHE of 1 M KOH. The limiting current in 1 M KOH is lower than in 0.1 M KOH mainly due to 
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the lower solubility of H2 in the former. However, the kinetic current densities are similar in 0.1 M 

and 1 M KOH (Fig. 4.18 B). Thus, the more negative equilibrium potential was not the origin of the 

lower activity in 0.1 M KOD relative to in 0.1 M KOH. 

We measured the OHBE in KOD and KOH by electrochemical OH chemisorption. The anodic 

peaks located between 0.2 V to 0.4 V vs RHE are generally assigned to the oxidative adsorption of 

OH species, and a higher potential indicates a weaker OHBE 176, 266. Shown in Fig. 4.19, the OHBE 

is similar in 0.1 M KOH and 1 M KOH, consistent with the similar HOR activity in these two 

electrolytes. However, the ODBE is much weaker in 0.1 M KOD, with an oxidative adsorption peak 

shift of about 75 mV (Fig. 4.19). The positive shift agrees with the better oxidation resistance of Ni-

H2-NH3 in 0.1 M KOD than in 0.1 M KOH (Fig. 4.16). The weaker ODBE is probably due to a 

stronger O-D bond 267, which makes OD- a weaker nucleophile than OH-. These data are consistent 

with OHBE being the origin of the H/D isotope effect on Ni-H2-NH3. 
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Fig. 4.19 Anodic scans of Ni-H2-NH3 showing the OH(D)- oxidative adsorption in N2-saturated KOH or KOD 

solution. 

Tang and coworkers observed similar H/D isotope effects on Pt. Although they attributed these 

effects to solvent dynamics, they also observed weakened OHBE in KOD compared to in KOH263. 

As we were not able to measure the water binding strength on our nickel samples using surface-

enhanced Infrared absorption spectroscopy (SEIRAS), so we could not rule out solvent dynamics as 

an additional contributor to the H/D isotope effects. Despite this uncertainty, the H/D isotope effects 

indicate OHBE as a relevant parameter to understand the activity of Ni-H2-NH3, and by analogy, the 

other Ni-based catalysts in this work. We also recognize at the molecular level under dynamic 
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conditions, OH adsorption and water adsorption may follow the same trend according to scaling 

relationships. 
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Fig. 4.20 Anodic scan showing the oxidative adsorption of OH- in N2-saturated KOH solution for Ni-H2-NH3, 

Ni-NH3 Ni-H2 and Ni. 

We then determined OHBE by OH chemisorption (Fig. 4.20). The OHBE has the following order: 

Ni > Ni-H2 > Ni-H2-NH3 > Ni-NH3. This order is consistent with the prediction of the d-band theory. 

The presence was OHads was supported by the in-situ observation of a peak located at ~ 727 cm-1 in 

shell-isolated nanoparticles-enhanced Raman (SHINER) spectra of Ni-H2-NH3 at potentials relevant 

to HOR and HER (Fig. 4.21) 268. Deuterium isotopic substitution experiment confirmed the peak 

assignment (Fig. 4.21).  

 

Fig. 4.21 In situ SHINER spectra of Ni-H2-NH3 (A) in 0.01 M KOH/H2O at various potentials in the HER to 

HOR regions. When switching to 0.01 M KOD/D2O at 0.14 V, the peak shifted to a lower frequency, similar 
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to a reported Cu-OHads case 269, confirming the peak assignment. (B) in H2-satureated 0.01 M KOH/H2O where 

Ni-Hads species was detected in both HER and HOR regions. 

Metallic Ni is easily oxidized at the surface at anodic potential; the surface oxide layer is inactive 

for HOR. Thus, various degrees of oxide formation at the surface of the catalysts might be the origin 

of their activity trend. To minimize the influence of oxides, all samples had been subject to activation 

by performing CVs from -0.02 V to 0.05 V vs RHE before any electrochemical measurements. 

According to Fig. 4.20, among the nickel samples, Ni-NH3 has the weakest OHBE, therefore, it has 

the best oxidation resistance and widest electrochemical window for HOR. This argument is also 

supported by the higher oxidative break-down potential (i.e., the potential at which the current starts 

to decrease 176) of Ni-NH3 than Ni-H2-NH3 (Fig. 4.12).  

We also probed how conductivity affects the electrocatalytic activity. It has been shown in Fig. 

4.5 that Ni-NH3 has poor conductivity, mostly due to low degree of graphitization of the carbon 

support. We increased the loading (0.73 mg/cm2) with thicker catalyst layer and measured the 

electrochemical HOR activity (Fig. 4.22).  Comparing with the activity of 0.28 mg/cm2, the one with 

2.6 times higher loading showed limited enhancement (28% higher). The lower-than-expected 

activity at a higher loading is likely due to the low conductivity of the carbon support, especially for 

a thick catalyst layer. Similar observations were made in the literature270. To support this hypothesis, 

additional carbon black was physically mixed with Ni-NH3 into the electrode. For the electrode of 

0.28 mgcatal./cm2 loading, the activity increased 50 % after addition of carbon black. Similar increase 

was observed for the electrode of 0.73 mg/cm2. These data confirm the poor conductivity of Ni-NH3 

as a factor that limits its catalytic performance. 
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Fig. 4.22 Polarization curves of Ni-NH3 in 0.1 M H2-saturated KOH solution with 1 mV/s scan rate and 2500 

r.p.m. rotating speed. 
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Fig. 4.23 Plot of logarithm of k2 obtained in Fig. 4.15B as a proxy for HBE versus the logarithm of measured 

exchange current densities of the nickel samples and platinum. The solid lines resemble the shape of HBE and 

OHBE volcano plot proposed in previous research271. 

Using chemisorption binding constant as a proxy for HBE, we correlated the HOR activity (j0,ECSA) 

with HBE (Fig. 4.15 B and Fig. 4.23). The benchmark Pt/C catalyst was assumed to have an optimal 

HBE, sitting at the top of a Volcano plot predicted by the HBE theory. The activity trend of Ni-based 

catalysts deviated from the Volcano plot. In particular, Ni-NH3 was predicted to have the best activity, 

but in reality, it is much worse than Ni-H2-NH3. Although poor conductivity of the carbon support 
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undermined the activity of Ni-NH3, after addition of conductive carbon black, its activity was still 

much lower than Ni-H2-NH3 (Fig. 4.22). The poor correlation of HOR activity with HBE suggests 

that the activity of Ni catalysts described here cannot be explained by a single HBE descriptor. We 

attempted but were unable to probe the water binding strength on our nickel samples using SEIRAS15, 

so we could not experimentally test whether the apparent HBE theory could explain the activity of 

our catalysts. 
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Fig. 4.24 Plot of OH desorption peak potential of the nickel samples measured in Fig. 4.19 and Fig. 4.20 as a 

proxy for OHBE versus the logarithm of measured exchange current densities. The solid lines resemble the 

shape of HBE and OHBE volcano plot proposed in previous research50. 

We tried to correlate the HOR activity with OHBE, taking the potential of OH- adsorption as a 

proxy for OHBE (Fig. 4.24). Consistent with the literature46, 68-69, we assume the OHBEs of Ni-based 

catalysts are on the weak side. Once again, the HOR activity deviated from a predicted Volcano plot 

based on a single OHBE descriptor. In particular, the experimental order of activity of Ni < Ni-H2 < 

Ni-H2-NH3 is opposite to the prediction by OHBE theory.  

Our results are however consistent with a combined HBE/OHBE theory, where both Hads and 

OHads play an important role in the Volmer step48, 219. From Ni to Ni-H2 to Ni-H2-NH3, the HBE 

decreased substantially while the OHBE decreased to a less extend. The effect of HBE dominates so 

that the activity follows the trend of Ni < Ni-H2 < Ni-H2-NH3. From Ni-H2-NH3 to Ni-NH3, the HBE 

decreased to a lesser extent than OHBE, so that the effect of OHBE dominates, leading to a much 

lower activity of Ni-NH3. Therefore, the optimal HOR activity of Ni-H2-NH3 is a result of an 

optimized balance between weak HBE and weak OHBE.  Because d-band tuning changes HBE and 
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OHBE in a synchronized manner, these results suggest that further improvement of Ni-based catalysts 

might be achieved by designing catalysts where HBE and OHBE can be varied independently. 

4.5 Synergistic effect of H2 and NH3 during synthesis 

The Ni catalysts were synthesized by pyrolysis of a same precursor in different gas atmospheres. 

We probed how the gases influenced the properties and activity of catalysts. The main function of 

NH3 seemed to be the production of N-doped carbon, which according to our UPS data, downshifts 

Ni’s d band, leading to weakened binding energies of adsorbates. A similar effect was previously 

observed45, 75, 77, which was suggested to originate from the Ni-support interaction and scale with the 

interfacial contact surface area75, 222. The Ni nanoparticles in Ni-H2-NH3 has are partially embedded 

in the carbon support, which results in a high interfacial area. The larger interfacial contact leads to a 

more effective tuning of Ni’s electronic property. The extent of d-band shift correlates with the N 

content (Table 4.1). Adding H2 prevents the overdoping of nitrogen, leading to a modest N content, 

and hence an optimal shift in the d-band. NH3 has two additional counter-balancing roles: (a) it 

prevents the sintering of particles so that Ni-H2-NH3 and Ni-NH3 are made of much smaller and more 

evenly distributed particles than Ni-H2 (Fig. 4.2). (b) it leads to poorly graphitized carbon support, as 

seen in elemental analysis results (Table 4.1), Raman spectra (Table 4.2) and HRTEM images (Fig. 

S 4.11). The poor graphitization leads to a low conductivity (Fig. 4.5) and stability (Fig. 4.10 and Fig. 

4.13). The low conductivity of Ni-NH3 was detrimental to its catalytic activity (Fig. 4.22). Adding H2 

into NH3 resulted into both good graphitization and small particle size, combing the benefits of both 

NH3 and H2 while avoiding their pitfalls. 

4.6 Fuel cell performance 

We further incorporated Ni-H2-NH3 into membrane electrode assembly (MEA) with a state-of-

the-art poly(aryl piperidinium)-based polymer as membrane and ionomer for HEMFC performance 

test6. For PGM-free MEA, we employed CoMn spinel as ORR catalyst (Fig. S 4.16 and Fig. S 4.17)15-

16. The as-prepared MnCo2O4/C catalyst had good ORR activity, showed a half-wave potential only 

13 mV lower than a commercial Pt/C catalyst in a RDE configuration (Fig. S 4.18). With Ni-H2-NH3 

as anode, MnCo2O4/C as cathode and O2 as cathodic gas feed, the PGM-free HEMFC delivered a 

current density of 606 mA/cm2 at 0.65 V and reached a high peak power density  (PPD) of 488 

mW/cm2 (Fig. 4.25 A), 6.4 times higher than the previous record (Fig. 4.25 B and Table 1.2)87. 

Replacing O2 to air as cathodic gas feed gave a high PPD of 310 mW/cm2 and approaches the 600 

mW/cm2 target set by US DOE for 2030254. For a better comparison with literature data87, we 
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measured the MEA at 80 °C (Fig. S 4.19). The resulting PPD is 443 mW/cm2, still 5.8 times higher 

than the previous record. The promising performance of our PGM-free HEMFC indicates the 

feasibility of efficient HEMFCs without PGM catalysts. 

 

Fig. 4.25 Hydrogen fuel cell performance using Ni-H2-NH3 as anode. (A) PGM-free H2-O2 HEMFC 

performance using Co-Mn spinel as cathode catalyst. Test condition: cell temperature at 95.0 °C, cathode 

humidifier at 96.0 °C, anode humidifier at 88.0°C, H2 flow rate 0.2 L/min and O2/air flow rate 0.2/1 L min-1 

with 250 kPag back pressure on both sides. (B) Comparison of our PGM-free MEA results with previously 

reported results (all tested with H2-O2 gas feed). Details are listed in Table S5. 

 

Fig. 4.26 (A) Polarization and power density curves using Pt/C as cathode material. Test condition was the 

same as in Fig. 4.25 A. (B) Comparison of our MEA results with other non-Pt anode MEAs performance with 

H2-O2 gas feed. These MEAs used a Pt, Pd or Ag cathode. Details are listed in Table 1.4. 
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Fig. 4.27 Durability test of MEA with Ni-H2-NH3 as anode and Pt/C as cathode. Chronopotentiometry test of 

Ni-H2-NH3 anode/Pt cathode HEMFC at a constant voltage of 0.7 V; the structure of MEA is identical to the 

one in Fig. 4.25A. Test condition: cell temperature at 95 °C, cathode humidifier at 96.0 °C, anode humidifier 

at 88.0°C, H2 flow rate 0.2 L/min and air flow rate 1 L/min with 250 kPag back pressure on both sides. 

We also assembled MEAs with PGM ORR catalysts and measured their performance. When using 

0.2 mg/cm2 Pt/C as cathode and O2 as cathodic gas feed, the fuel cell delivered a PPD of 628 mW/cm2 

(Fig. 4.26 A) and a current density of 780 mA/cm2 at 0.65 V (estimated operating cell voltage 

constrained by heat rejection in stack). This performance exceeds all the previously reported fuel cells 

with Ni-anode, and it is even comparable to some recently reported fuel cells with non-Pt PGM anode 

(Fig. 4.26 B and Table 1.4). The performance for this MEA at 80 °C is also excellent, with a PPD of 

560 mW/cm2 (Fig. S 4.20). Moreover, durability test of this HEMFC at 95 °C with constant voltage 

of 0.7 V showed only 7% degradation of current density after 40 h (Fig. 4.27), demonstrating the 

ability of our catalyst to work steadily under high temperature and large current. Pt immigration to 

Ni-based anode in fuel cell test was excluded from the XPS spectra of anode surface after durability 

test. (Fig. S 4.21) Meanwhile, the metallic particles in Ni-H2-NH3 were stable after durability test (see 

TEM images in Fig. S 4.22).  

H2/air feeds were employed to match the test conditions U.S. DOE 2021 target for HEMFCs, 

which demands a power density of 100 mA/cm2 at 0.8 V with H2-air gas feeds (≤ 250 kPa pressure) 

for HEMFC with PGM loading no more than 0.2 mg/cm2 254. Our MEA with a power density of 120 

mA/cm2 (Fig. 4.28Fig. 4.28 A) measured under this specific condition surpassed the targeted value. 

Increasing the back pressure to 250 kPag resulted in a power density of 160 mW cm-2 at 0.8 V, a 
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current density of 590 mA/cm2 at 0.65 V and a PPD of 500 mW/cm2. This performance is comparable 

to MEAs using advanced Pd catalysts (Fig. 4.28 B and Table 1.4).  

 

Fig. 4.28 (A) Hydrogen-air fuel cell performance using Ni-H2-NH3 as anode and Pt/C (0.2 mgPt/cm2) as 

cathode. Test condition cell temperature at 95 °C, cathode humidifier at 96.0 °C, anode humidifier at 88.0°C, 

H2 flow rate 0.2 L/min and air flow rate 1 L/min with specific back pressure on both sides. The purple star 

marks the DOE 2021 target for HEMFCs254. (B). Comparison of our MEA results with other non-Pt anode 

MEAs performance with H2-air gas feed. 

The performance of Ni-H2-NH3-based MEA are listed in Table 4.5. 

Table 4.5 Summary of performance of Ni-H2-NH3-based MEA. Ni-H2-NH3 loading is 6 mgNi/cm2. 

Cathode catalyst Cell temp (°C) 
Backpressure 

(anode/cathode, kPag) 

flow rate  

(anode /cathode, L min-1) 

Peak power density 

(mW cm-2) 

Co-Mn spinel  

1.2 mg cm-2 

95 
250/250 

0.2 / 0.2 (O2) 

0.2 / 1 (CO2-free air) 

488 (O2) 

310 (CO2-free air) 

80 0.2 / 0.2 (O2) 443 (O2) 

Pt/C 

0.2 mg cm-2 

95 
250/250 

0.2/0.2 (O2) 628 (O2) 

0.2/1 (CO2-free air) 500 (CO2-free air) 

150/150 0.2/1 (CO2-free air) 430 (CO2-free air) 

80 250/250 0.2/0.2 (O2) 560 (O2) 

 

We noticed that other MEAs using PGM-free ORR catalysts and PGM-based HOR catalysts could 

perform better under similar conditions 14-16. However, it is known that PGM-free ORR catalysts have 

comparable performances to PGM catalysts, while the PGM-free HOR catalysts are more than one 

order of magnitude less active than their PGM counterparts. Therefore, a better performance of PGM 

anode|PGM-free cathode MEA configuration than the PGM-free anode|PGM cathode configuration 

is expected. Nevertheless, we compared the total PGM utilization by calculating the peak power 

density per massPGM (Fig. 4.29 and Table 4.1). The PGM utilization of our Ni-H2-NH3 anode|Pt 

cathode MEA not only leads in the category of PGM-free anode|PGM cathode MEAs, but also 
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approaches state-of-the-art PGM anode|PGM-free cathode MEAs. Overall, the superior activity and 

robustness of the new Ni catalyst under device-relevant conditions demonstrate the potential of Earth-

abundant HOR catalysts for the development of efficient PGM-free HEMFCs. 

 

Fig. 4.29 Comparisons of PGM utilization of our MEA with other state-of-the-art MEAs with (A) H2-O2 and 

(B) H2-air gas feed. In each case the electrode materials were given in the form of ‘anode catalyst | cathode 

catalyst’. Details are listed in Table S 4.1 Comparison of PGM utilization with other state-of-the-art HEMFCs. 

4.7 Conclusions 

In conclusion, by pyrolyzing a Ni-based MOF in H2-NH3-N2 mixed atmosphere, we obtained a 

nickel catalyst that was highly active toward alkaline hydrogen oxidation reaction. With evidence 

from spectroscopies, chemisorption, isotopic studies, and electrochemistry, we ascribed the origin of 

the activity to the balanced binding energies between Hads and OHads, which was achieved by carefully 

tuning the ratio of H2, NH3, and N2. In addition, the extraordinary HOR activity of the nickel catalyst 

was translated to membrane-electrode assemblies, showed a peak power density of 488 mW/cm2 

when coupling with an earth-abundant cathode, which was 6.4 times of the previous record. This 

work demonstrates the feasibility of earth-abundant fuel cells. 

4.8 Experimental 

4.8.1 Materials  

Nickel nitrate hexahydrate (Ni(NO3)2‧6H2O, 99.9 % Ni, ABCR), 1,3,5-Benzenetricarboxylic Acid  

(BTC, >98%, TCI), Cobalt(II) acetate tetrahydrate (Co(OAc)2‧4H2O, > 98%, Sigma-Aldrich), 

Manganese(II) acetate tetrahydrate (Mn(OAc)2‧4H2O, >= 99%, Sigma-Aldrich), Hydrogen (H2, 

Carbagas, 99.999%) for HOR test, ammonia (NH3, N38, Air Liquide) and Ethanol (EtOH, Tech grade, 
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with 1 % Toluene, Thommen Furler AG) were used as received without further purification. N,N-

Dimethylformamide (DMF, HPLC grade, Roth) was purified through a solvent purification system. 

Hydrogen (H2) for pyrolysis was generated by a H2 generator, with a concentrated sulfuric acid trap 

to adsorb possible H2O vapor. The Supelco rotameters were purchased from Sigma-Aldrich.  

4.8.2 Synthesis 

Synthesis of nanocrystalline Ni3(BTC)2 

The Ni3(BTC)2 was prepared by modifying a reported method272. H3BTC (0.41g, 2.0 mmol) and 

Ni(NO3)2‧6H2O (0.76 g, 2.6 mmol) were placed in different positions in a 45 mL Teflon-lined 

autoclave. 30 mL anhydrous DMF was slowly added without any agitation. The autoclave was then 

sealed and kept at 120 °C for 12 h. The autoclave was opened after cooling down to room temperature. 

The product mixture contained big bright-green crystals and light-green powders. XRD showed that 

only the light-green powders were the desired Ni3(BTC)2 (Fig. S 4.1). We were not able to identify 

the structure of the big crystals by single-crystal diffraction due to a severe disorder. Since the powder 

was easily dispersed while the big crystals were not, they can be separated by first sonicating the 

solution and then discarding the supernatant (Fig. S 4.2). The final product was obtained by 

centrifuging the dispersion and further washing three times with ethanol, then drying at 70 °C 

overnight. The yields for Ni3(BTC)2 and the side-product crystals are 40.6 % and 13.9 %, 

respectively, based on the metal. The product is very sensitive to water vapor, so it should be 

stored in a dry atmosphere. Note that the synthetic temperature of Ni3(BTC)2 is 120 °C, which is 

below the boiling point of DMF. Thus, the synthesis can be scaled up by using air-tight glassware 

with a larger volume. The selectivity between Ni3(BTC)2 and the side-product is sensitive to the extent 

of mixing of the nickel salts and the ligand before the synthesis. Higher selectivity toward Ni3(BTC)2 

was obtained when the two were separated. In contrast and in the extreme case, if both reactants are 

dissolved before heating, only the side product was obtained.  

Synthesis of Ni-H2-NH3, Ni-H2 and Ni-NH3 

The catalysts were prepared by temperature-programmed pyrolysis of Ni3(BTC)2 under a gas flow. 

Typically, for the synthesis of Ni-H2-NH3, 20 mg Ni3(BTC)2 was put into a crucible and placed in the 

center of a pipe furnace. The furnace was first purged with N2 for 10 min and then heated to 175 °C 

with a ramp rate of 10 °C/min under a mixed gas flow of 21.6 mL/min H2 and 289.0 mL/min N2. 

When the temperature reaches 175 °C, 157.0 mL/min NH3 is introduced into the reaction. The oven 

is continuously heated to 390 °C and then kept for 1 h, and finally cooled down to room temperature 
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under an N2 atmosphere. Before taking the product out of the furnace, a small amount of ethanol was 

injected into the crucible through a long syringe needle to prevent the pyrophoric re-oxidation of the 

catalyst (exception: in order to minimize the surface oxidation and passivation, samples for H2 

adsorption measurements were directly transferred to a glove box without being taken out from the 

tube furnace). After drying under an N2 flow, the samples are collected and stored in inert atmosphere. 

For Ni-H2 and Ni-NH3, the synthetic procedure was similar as above: Ni-H2 and Ni-NH3 were 

prepared using a similar method to Ni-H2-NH3 but using gas mixture of H2:N2 = 4.6%:95.4% and 

NH3:N2 = 33.6%:66.4%, respectively. 

The gas flows were monitored by a Supelco Rotameter with a needle valve. The float material for 

H2, NH3 and N2 were glass, stainless steel and carboloy. The flow rates were calculated based on 

readings of scale in the rotameter with a flow data sheet (provided by rotameter producer). The exact 

scale readings for H2, NH3 and N2 are 62, 105 and 111, respectively. 

Preparation of C-H2-NH3, C-H2 and C-NH3 

The Ni-H2-NH3, Ni-H2 and Ni-NH3 samples were dispersed in 2 M HCl and stirred overnight to 

remove the Ni nanoparticles. Then the samples were washed with H2O and ethanol for 3 times. The 

samples then were dispersed in ethanol for further characterization. They were labelled as C-H2-NH3, 

C-H2 and C-NH3, correspondingly. 

Preparation of Co-Mn spinel 

Co-Mn spinel was synthesized by modifying a reported method16. Generally, Co(OAc)2‧4H2O 

(135.5 mg) was firstly dissolved in 4 mL H2O, then 64 mg oxidized Vulkan XC-72R carbon dispersed 

in 30 mL ethanol was added into it. The mixture was sonicated for 10 min. Then 0.44 mL ammonia 

and 24 mL ethanol were added dropwise. After the suspension was sonicated for 10 min, the solution 

of Mn(OAc)2‧4H2O (66.6 mg) dissolved in 1.5 mL water was added. The final suspension was heated 

at 60 oC for 13 h under reflux then transferred to Teflon autoclave for hydrothermal reaction at 150 oC 

for 3 h. The Co-Mn spinel/C product was collected by centrifugation and washed with ethanol, then 

dried under vacuum. 

4.8.3 Material characterizations 

Transmission electron microscopy (TEM) was carried out on a FEI Tecnai Osiris electron 

microscope equipped with a high-brightness field emission gun (XFEG) and an energy dispersive X-
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ray spectroscopy (EDX) analyzer. The TEM samples were prepared by drop-drying the catalysts on 

ultrathin carbon coated-copper grids. 

Powder X-ray diffraction (PXRD) patterns were recorded on an PANalytical Aeris diffractometer 

with monochromatic Cu K-α radiation (λ = 1.540598 Å). The PXRD samples were prepared by drop-

drying the catalysts on amorphous silicon substrates. 

X-ray photoelectron spectroscopy (XPS) measurements were carried out using a PHI VersaProbe 

II scanning XPS microprobe. 

UPS He II spectra were acquired at an excitation energy of 40.82 eV using a hemispherical 

electron analyzer SPECS Leybold EA 11 MCD in ultrahigh vacuum conditions with a base pressure 

of 5×10-10 mbar. The binding energy scale was calibrated by measuring the Fermi level of an Au 

sample. The samples were subjected to soft Ar ion sputtering of 1 kV for a duration of 30 s to remove 

surface oxide and other contamination. 

Thermogravimetric analysis (TGA) measurements were carried out on a TGA 4000 from Perkin 

Elmer. The starting temperature was 30 °C, with 5 °C/min ramp rate to 900 °C and stayed at 900 °C 

for 5 min under a 20 mL/min air flow. After the analysis, the residue was collected for PXRD 

measurement to determine the phase. 

Raman spectra were recorded on a RENISHAW inVia confocal Raman microscope. The scattered 

light was collected by a charge coupled device (CCD) detector. Every time prior to use, the Raman 

shift was calibrated by measuring an inner standard Si. For in situ measurement, an reported technique 

called shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) was applied 268. An 

extra electrochemical cell was mounted on the sample stage, and 0.01 M KOH or KOD was used as 

the electrolyte with H2 purging. Before recording the signal, the sample was reduced at -0.3 V vs 

RHE for 3 min to remove the surface oxide layer. 

The conductivity was tested in ambient air by four-point probe method using a Keithley 2400 

source measure unit with 4-wire setup. The Ni/C circular pellets with a diameter of 13 mm were 

prepared under a pressure of 8 ton-force to perform the conductivity measurement. 

Volumetric measurements of H2 adsorption isotherms were measured at 35 °C between 2 and 600 

mbar on a Micromeritics 3 Flex instrument. The sample (300 mg) was loaded into a glass cell inside 

a nitrogen filled glovebox, transferred to the instrument and dried in-situ under vacuum (< 10-3 mbar) 

at 120 °C for 1 hour. After cooling down to 35 °C under vacuum, a leak test was performed prior to 
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analysis. Quantities adsorbed (Qi) and adsorption constants (ki) were extracted by fitting a dual 

Langmuir adsorption model (Matlab) accounting for weak (k < 0.1) and strong adsorption (k > 0.1). 

4.8.4 Electrochemical measurements 

All electrochemical tests were performed in a standard three-electrode system controlled by either 

a CHI 760E or Gamry electrochemical workstation. All the data were iR-corrected. A KCl-saturated 

Ag/AgCl electrode was used as the reference electrode (RE), and a clean platinum wire was used as 

the counter electrode (CE). During HER stability test, an extra frit was used for CE to prevent Pt 

contamination. The HOR measurements were performed in H2-saturated 0.1 M KOH, and the catalyst 

ink was casted onto a glassy carbon rotating disk electrode of 5 mm in diameter to form a thin film 

layer (0.28 mg/cm2
cat.). The HER measurements were performed in 1 M KOH using a 3 mm diameter 

glassy carbon as the working electrode with a loading of 0.42 mg/cm2
cat.. Electrochemical impedance 

spectroscopy (EIS) measurements were carried out by AC voltage with a 5 mV amplitude in 1 M 

KOH solution at η = 100 mV. The frequency ranges from 0.1 MHz to 0.1 Hz. For HER and HOR 

measurements, the scan rate was 1 mV/s, while for cyclic voltammetry measurements, the scan rate 

was 50 mV/s. Unless specified, all potential used in this paper are referred to RHE potential, which 

was calibrated by performing LSV scan with Pt/C as working electrode material in H2-saturated 

electrolyte. Before any electrochemical test, the electrode is activated by performing CVs between -

0.02 V to 0.05 V vs RHE for 5 circles to remove the surface oxygen species on nickel. 

To calculate the kinetic current density, Koutecky - Levich equation (Eq. 4.7) was used to describe 

a process controlled by both kinetics and diffusion (j < 0.8·jd): 

1

𝑗
 =  

1

𝑗𝑘
 +  

1

𝑗𝑑
= 

1

𝑗𝑘
 +  

1

𝐵𝑐0𝜔1 2
⁄   (Eq. 4.7) 

Where jk is the kinetic current and jd is the diffusion limited current which can be further expanded 

according to Levich equation (Eq. 4.8): 

 𝑗𝑑 = 0.62𝑛𝐹𝐷
2 3⁄ 𝑣−1 6⁄ 𝑐0𝜔

1 2⁄ = 𝐵𝑐0𝜔
1 2⁄   (Eq. 4.8) 

n is the electron transfer number during the reaction, F is Faraday constant, D is diffusion 

coefficient of H2 and 𝜐 is kinematic viscosity of the 0.1 M KOH. These four factors as well as the 

constant 0.62 in Eq. 4.8 can be simplified by replacing with Levich constant B. 𝑐0 is the solubility of 

H2 in electrolyte. By fitting current at an overpotential of 25 mV with eq. Eq. 4.7, we obtained the 

value of (Bc0)
-1 as 4.86 cm2 mA-1 s-1/2 (Fig. S 4.13 B), close to the theoretical value 4.87 cm2 mA-1 s-

1/2 209. Using this Bc0, we can calculate the jk at other potentials within the range where Eq. 4.7 is 
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applicable. For HOR measured in 1 M KOH, (Bc0)
-1 is obtained using the limiting current by applying 

Eq. 4.8, which is calculated to be 6.83. 

The exchange current density j0 can be obtained by fitting jk and η with Butler-Volmer equation: 

𝑗𝑘 = 𝑗0(𝑒
𝛼𝐹

𝑅𝑇
𝜂 − 𝑒

(𝛼−1)𝐹

𝑅𝑇
𝜂)  (Eq. 4.9) 

where α is charge transfer coefficient, F is Faraday’s constant (96485 C mol-1), R is the universal 

gas constant (8.314 J mol-1 K-1), T is temperature and η is overpotential. The obtained Tafel plot was 

shown in Fig. 4.8. Extrapolating the curve with fitted j0 and α, we can calculate jk at potentials where 

Eq. 4.7 cannot be applied anymore. Here jk at η = 50 mV for Ni-H2-NH3 was calculated using this 

method. 

4.8.5 Membrane electrode assembly measurements 

The electrode ink was prepared by adding catalyst, additional Vulcan XC-72 carbon for anode ink 

only, and ionomer to isopropanol solvent, followed by sonication for 1 h. The weight ratio of Vulcan 

XC-72 carbon and Ni-H2-NH3 catalyst was 1:1, and the weight ratio of PAP-TP-100 (molar ratio 

between N-methyl-4-piperidone and terphenyl monomers is 1.0) ionomer and carbon support was 

0.33 for both anode and cathode. Then the ink including Ni was sprayed onto Sigracet SGL 25BA 

carbon paper by airbrush to produce a gas diffusion electrode (GDE) of 5 cm2 for anode, while the 

ink including spinel catalyst was sprayed onto PAP-TP-85 (molar ratio between N-methyl-4-

piperidone and terphenyl monomers is 0.85) membrane (18 ± 2 μm) to produce catalyst coated on 

membrane (CCM) of 5 cm2 for cathode. The final catalyst loading was 6 mgNi cm−2 for anode and 1.2 

mgcat cm-2 for Co-Mn spinel catalyst. After drying at room temperature, the MEA was immersed into 

2 M KOH aqueous solution for 0.5 hour to remove absorbed CO2 in catalyst layers. Then the residual 

KOH solution on MEA would be rinsed before test. 

The MEA was assembled with a fluorinated ethylene propylene (FEP) gasket, a piece of carbon 

paper (Sigracet SGL 29 BC) for gas diffusion layer on cathode side, a graphite bipolar plate with 5 

cm2 flow field (ElectroChem) and a gold-coated current collector for each side to complete the full 

HEMFC. Fuel cell test station (Scribner 850e) with back pressure regulators was used for polarization 

curve and stability test under H2/O2 or H2/CO2-free air condition. 
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4.9 Supporting information 

 

Fig. S 4.1 (A) photograph, (B) PXRD pattern and (C) TEM image of the molecular precursor Ni3(BTC)2. The 

PXRD pattern of the side product crystal is also shown in fig. S 4.1B. 
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Fig. S 4.2 Photograph indicating the separation procedure of Ni3(BTC)2 from the side-product crystals: the 

Ni3(BTC)2 is well dispersed in EtOH, while the impurity crystals are big and will stay at the bottom of the 

solution. The two products can be easily separated this way. 
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Fig. S 4.3  (A) Photographic illustration of the pyrolysis set up.  (B) Schematic illustration of the gas line for 

the pyrolysis set up. 
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Fig. S 4.4 Particle size distribution of (A) Ni-NH3 and (B) Ni-H2-NH3. The analysis cannot be performed for 

Ni-H2 since the particles are sintered. 

 

 

 

 

Fig. S 4.5 TEM images of Ni-H2-NH3. The solid circles and dashed lines mark the edges of nickel nanoparticles 

and the carbon support. 
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Fig. S 4.6 (A) A simplified schematic illustration of the morphology changes of the Ni/C composite before 

and after the acid-leaching process. The green bumps are nickel nanoparticles and yellow sheet is carbon 

support. TEM images of (B), C-H2-NH3, (C) C-NH3, and (D) C-H2. C-H2-NH3, C-H2 and C-NH3 are carbon 

supports derived from Ni-H2-NH3, Ni-H2 and Ni-NH3, respectively. C-H2 and C-H2-NH3 are spread, flat sheet 

structures while the C-NH3 has a clump-like morphology. 
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Fig. S 4.7 HRTEM image of Ni-H2-NH3. The lattice fringes could be observed with an inter-planar distance of 

0.21 nm, corresponding to the (111) plane of cubic Ni. 
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Fig. S 4.8 (A) STEM-EDX map and (B) its corresponding EDX spectra of Ni-H2-NH3. The Cu signal came 

from the copper grid. 
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Fig. S 4.9 Thermogravimetric analysis (TGA) results of (A) Ni-H2-NH3, (B) Ni-H2 and (C) Ni-NH3. (D). XRD 

pattern of the residue after TGA, which can be indexed to NiO (JCPDS card No.: 01-075-0197). Since the 

mass percentage of Ni in NiO is 78.6 %, the nickel content in original samples = 78.6 % × final weight 

percentage. 

 

Fig. S 4.10 High resolution XPS spectra and corresponding fittings for (A) N 1s and (B) C 1s. N 1s spectrum 

can be deconvoluted into three peaks corresponding to pyridinic N, pyrrolic N and graphic N which have 

binding energy at 398.5 eV, 400.3 eV, 403.1 eV; C 1s spectrum can be fitted by four curves centered at 284.7 

eV, 285,6 eV, 287.0 eV and 289.8 eV, corresponding to C-C, C-N, C-O and C=O bond, respectively273. 
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Fig. S 4.11 HRTEM images of (A) C-H2-NH3, (B) C-NH3, and (C) C-H2. Carbon lattice can be clearly observed 

in C-H2-NH3 and C-H2 but not C-NH3, indicating the low carbonization degree of the latter. 
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Fig. S 4.12 Polarization curves of Ni-H2-NH3 in N2-saturated 0.1 M KOH and in H2-saturated 0.1 M KOH with 

a rotating speed of 2500 r.p.m. and scan rate of 1 mV/s. When the solution was purged with N2, no anodic 

current was observed until a very positive potential, while a significant anodic current could be seen when 

using H2 as purging gas. This result suggested the anodic current in H2-saturated 0.1 M KOH should be 

assigned to the oxidation of H2. 

 

 

Fig. S 4.13 (A) HOR polarization curves of Ni-H2-NH3 in 0.1 M H2-saturated KOH with different rotating 

speeds. (B) Koutecky-Levich plot for Ni-H2-NH3 at overpotential of 25 mV. We noticed that most papers 

derive the kinetic current density at η = 50 mV, we didn’t do this because Ni-H2-NH3 was so active that the 

current density at η = 50 mV was close to their diffusion limiting current. In this case the currents are mostly 

controlled by diffusion where the Koutecky-Levich equation could not be applied anymore. A linear 

relationship between the inverse of measured current density and square root of rotating speed at an 

overpotential of 25 mV was observed. The fitted (Bc0)-1 was 4.86 cm2 mA-1 s-1/2, close to the theoretical value 

4.87 cm2 mA-1 s-1/2 209. The intercept of the fitted line with y-axis is the inverse of the kinetic current density at 

this potential. 



Chapter 4.9 Supporting information 

 

136 

0 200 400 600 800 1000
0

50

100

150

200

250

300

Ni-H2-NH3

Ni-NH3

Ni-H2

-Z
Im

a
g
 (

O
h

m
)

ZReal (Ohm)  

Fig. S 4.14 Nyquist plots of the EIS measurements for three catalysts in 1 M KOH at an overpotential of 100 

mV with an angular window from 100 kHz to 100 mHz and an amplitude of 5 mV. The spectra were recorded 

after pre-conditioning the catalysts with a -1 mA/cm2 current density for 100 s. 
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Fig. S 4.15 Zoom-in image of UPS spectra for Ni-H2-NH3, Ni-NH3, Ni-H2 and Ni. 
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Fig. S 4.16 (A) TEM image of the MnCo2O4/C cathode catalyst and (B) its particle size distribution. 

 

 

 

 

 

 

Fig. S 4.17 (A) TGA result and (B) XRD patterns of MnCo2O4/C. After TGA, the same MnCo2O4 remained 

according to the XRD patterns, suggesting that only the carbon support was removed by TGA. Accordingly, 

the loading of MnCo2O4 was determined as 54.2%. 
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Fig. S 4.18 Polarization curve of MnCo2O4/C in 0.1 M O2-saturated KOH solution. Commercial 10% w.t. Pt/C 

catalyst was used as a reference. The rotating speed was 1600 r.p.m., the scan rate was 10 mV/s, and the overall 

loadings (including both catalysts and carbon support) were 0.28 mg/cm2. 
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Fig. S 4.19 Hydrogen fuel cell performance using Ni-H2-NH3 as anode with CoMn spinel as cathode. Test 

condition: cell temperature at 80.0 °C, cathode humidifier at 80.0 °C, anode humidifier at 74.0°C, H2 flow rate 

0.2 L/min and O2/air flow rate 0.2/1 L min-1 with 250 kPag back pressure on both sides. 
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Fig. S 4.20 Hydrogen fuel cell performance using Ni-H2-NH3 as anode with Pt/C as cathode. Test condition: 

cell temperature at 80.0 °C, cathode humidifier at 80.0 °C, anode humidifier at 74.0°C, H2 flow rate 0.2 L/min 

and O2/air flow rate 0.2/1 L min-1 with 250 kPag back pressure on both sides. 

 

 

 

 

 

 

Fig. S 4.21 XPS spectra of (A) Pt 4f and (B) Pt 4d on anode surface after durability test in Fig. 4.27. 
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Fig. S 4.22 TEM images of Ni-H2-NH3 catalyst after durability test in Fig. 4.27. The lattice fringes could be 

observed in (B) with an inter-planar distance of 0.21 nm, corresponding to the (111) plane of cubic Ni. 
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Table S 4.1 Comparison of PGM utilization with other state-of-the-art HEMFCs 

 Anode (loadingPGM) 
Cathode 

(loadingPGM) 

Peak power density 

(mW/cm2) 

PGM utilizationa 

(mW/mgPGM) 
Reference 

PGM-free 

anode/ 

PGM cathode 

Ni-H2-NH3 Pt/C (0.2 mg/cm2) 
628 (O2) 3140 (O2) 

This work 
500 (air) 2500 (air) 

Ni@C Pt/C (0.4 mg/cm2) 160 (O2) 400 (O2) 84 

NiMo/KB Pd/C (0.2 mg/cm2) 120 (O2) 600 (O2) 61 

NiCu/KB Pd/C (0.2 mg/cm2) 350 (O2) 1750 (O2) 65 

 
PtRu/C (0.6 mg/cm2) Ag/C 

1110 (O2) 1850 (O2) 85 

PGM anode/ 

PGM-free 

cathode 

699 (air) 1165 (air) 

Pd/C-CeO2 (0.3 

mg/cm2) 
Ag/C 500 (air) 1667 (air) 122 

Pd/Ni (0.3 mg/cm2) Ag/C 400 (air) 1333 (air) 139 

PtRu/C (0.4 mg/cm2) 
CoMn2O4/C 1100 (O2) 2750 (O2) 16 
MnCo2O4/C 1200 (O2) 3000 (O2) 

Pt/C (0.4 mg/cm2) Mn-Co spinel/C 1100 (O2) 2750 (O2) 15 

Pd-CeO2/C (0.25 

mg/cm2) 
Ag-Co 1000 (O2) 4000 (O2) 133 

Pd/CeO2+C (0.5 

mg/cm2) 
Co3O4/C 309 (O2) 618 (O2) 88 

PtRu/C (0.4 mg/cm2) Fe/N/C 400 (O2) 1000 (O2) 274 

PdIrRu/C (0.2 mg/cm2) Ag/C 820 (O2) 4100 (O2) 108 

PtRu/C (0.9 mg/cm2) Fe0.5-NH3 1040 (O2) 1156 (O2) 14 

PGM anode/ 

PGM cathode 

Ru7Ni3/C (0.2 mg/cm2) Pt/C (0.4 mg/cm2) 
2030 (O2) 3383 (O2) 110 
1230 (air) 2050 (air) 

Ru/meso C (0.1 

mg/cm2) 
Pt/C (0.45 mg/cm2) 1020 (O2) 1854 (O2) 130 

CeOx-Pd/C (0.38 

mg/cm2) 
Pt/C (0.7 mg/cm2) 1169 (O2) 1082 (O2) 125 

PtRu/N-C (0.2 

mg/cm2) 
Pt/C (0.4 mg/cm2) 831 (O2) 1385 (O2) 102 

PtRu/C (0.7 mg/cm2) Pt/C (0.6 mg/cm2) 3370 (O2) 2592 (O2) 7 

PtRu/C (0.4 mg/cm2) Pt/C (0.4 mg/cm2) 
1890 (O2) 2362 (O2) 7 
1310 (air) 1638 (air) 

Pd-CeO2/C (0.25 

mg/cm2) 
Pt/C (0.4 mg/cm2) > 1400 (O2) > 2154 (O2) 124 

PtRu/C (0.6 mg/cm2) Pt/C (0.4 mg/cm2) 2550 (O2) 2550 (O2) 84 
a: calculated by dividing peak power density by the sum of PGM loading in both electrodes 
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4.10 Contributions 

W. Ni designed and synthesized all the catalysts, performed electrochemical tests and 

characterizations; T. Wang assembled the MEAs and performed the fuel cell measurements; F. E. 

Héroguel performed the chemisorption experiments and analyzed the data with J. S. Luterbacher; A. 

Krammer performed the UPS measurements and analyzed the data with A. Schüler; W. Ni. and S Lee 

performed the in-situ Raman experiments; L. Yao performed the four-probe conductivity 

measurements; W. Ni and X. Hu wrote the paper, with input from all the other co-authors. Y. Yan 

and X. Hu directed the research. 
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5.1 Introduction 

Hydroxide exchange membrane fuel cell (HEMFC) is emerging as a promising technology for 

renewable electricity generation 9, 275. Comparing to proton exchange membrane fuel cell (PEMFC), 

HEMFC is potentially more cost-effective due to the alkaline working environment. The latter 

enables HEMFC to employ cheaper membranes and ionomers, more affordable bipolar plate, and in 

principle less platinum-group metal (PGM) catalysts 9, 183, 256. The peak power densities of state-of-

the-art HEMFC are already comparable to those of PEMFCs. However, these HEMFCs require a 

very high PGM loading 7-8, 110, 132, 135, which is cost-prohibitive. The development of low-PGM-

loading HEMFCs is a critical step towards the implementation of this technology. HEMFCs employ 

electrocatalysts for both the oxygen reduction reaction (ORR) and the hydrogen oxidation reaction 

(HOR). Highly active PGM-free ORR catalysts are already available recently, and HEMFCs 

employing these catalysts have achieved high performance 14-16, 138, 276. On the contrary, PGM-free 

catalysts for HOR are generally more than 2 orders of magnitude less active than PGM catalysts.75, 

176 Moreover, the activity of PGM catalysts is two order of magnitude lower in alkaline condition 

than in acidic condition25. As a result, prototype HEMFCs are obliged to have a high PGM loading 

for the HOR. The lack of high performance HOR catalysts in alkaline condition is widely considered 

as the bottleneck of HEMFCs220, 233, 254. 

Alloying or doping PGMs with other elements is a common strategy to improve the activity of 

PGM-based HOR catalysts 90, 97-98, 103-109, 111, 114. These elements are proposed to modulate the 

electronic states of the PGMs through ligand or strain effects, thereby optimizing the binding energy 

with reaction intermediates. Metal oxides and de-alloyed metals are also used to modify PGMs’ 

surface for stronger OH- or interfacial water binding 119-121, notably in the Pd/CeOx system125, 133, 277. 

These previous studies aimed to optimize the binding energies of adsorbates in a two-component 

system. Such an approach typically tunes the binding energies of different intermediates, be it Hads or 

OHads, in the same direction, therefore cannot guarantee all of them in their optimal values. On the 

other hand, independent tuning of these binding energies is necessary to obtain a globally optimized 

catalyst. Consequently, despite of these efforts, few catalysts surpass PtRu, the current benchmark 

PGM catalyst in terms of both intrinsic activity and mass activity 102. Here we describe a three-

component system where a porous nitrogen-doped carbon (pN-C) is used as a support for a Pt-Ru 

alloy. The pN-C interacts with Ru and Pt through different mechanisms, both of which lead to better 

HOR catalytic activity. When combining them together, the synergetic interactions of Pt, Ru, and pN-

C allowed an optimal hydrogen binding energy and strengthened water binding strength. The catalyst 

exhibits an intrinsic exchange current density of 2.11 mA/cm2
PtRu and a mass-normalized exchange 
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current density of 2596.4 mA/mgPtRu, making it the most active reported HOR catalyst in alkaline 

condition. An HEMFC with a low loading of this PtRu/pN-C HOR catalyst (0.159 mgPGM/cm2) and 

a commercial Fe-N-C ORR catalyst achieves a peak power density of 1.46 W/cm2. The current 

density at 0.65 V of this HEMFC reaches 1.5 A/cm2, exceeding the US DOE 2022 target (1 A/cm2) 

by 50 % while using less catalyst loading and zero back pressure254. 

5.2 Catalyst synthesis and electrochemical characterization 

 

Fig. 5.1 The synthetic process of M/pN-C. 

The synthesis of M/pN-C is illustrated in Fig. 5.1 (details see 5.8.2 Synthesis). A covalent organic 

framework (COF), the precursor of pN-C, was firstly prepared via a Schiff-base reaction (Fig. S 5.1). 

Due to the irreversible tautomerization from enol to keto form, the resulting structure was very 

stable278. SiO2 was also added during the synthesis as the template for mesopores, which has been 

suggested conducive to mass transport in fuel cells10-11. pN-C was obtained by pyrolyzing the 

COF/SiO2 composite at an elevated temperature (900 ℃) followed by removal of SiO2 with NaOH 

etching. Metal salts were loaded onto the pN-C and reduced under an H2 atmosphere to give M/pN-

C composites. As a control, M/C the samples where the metals were loaded onto commercial Vulcan 

XC-72R carbon black were prepared by the same reduction method.  

The HOR catalytic activities of the samples were tested in 0.1 M H2-saturated KOH solution with 

a rotating disc electrode (RDE). In order to avoid the interference of the diffusion limitation (see 

Appendix A.5 H2 diffusion control), the PGM loading was kept low (3.5 μgPGM/cm2) by diluting the 

catalysts with extra carbon black. The commercial PtRu/C was used as a benchmark reference. The 

HOR activity in M/C samples follows the trend of Rh > Pt > Ru > Ir, while it changes to Rh > Ru > 
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Pt > Ir for M/pN-C samples, where the activity of Ru is significantly boosted that is even higher than 

the Pt counterpart. The pN-C improves the HOR activities for all the PGMs with different extent. To 

quantify the improvement due to pN-C, we calculated the exchange current density of the RDE (j0,disk) 

(see Fig. S 5.2 and 5.8.4 Electrochemical characterizations for details) and defined the enhancement 

factor being the quotient of the j0,disk of M/pN-C divided by the j0,disk of M/C. Shown in Fig. 5.2 B, 

the improvement (> 4) on the activity of Ru is the highest. As a result, Ru/pN-C is even more active 

than Pt/pN-C. However, the catalytic active electrochemical window narrowed significantly from 130 

mV to 75 mV. Such deactivation at anodic potentials is widely observed in Ru and Ni-based HOR 

catalysts and is generally attributed to their strong affinity to OH species that leads to the blockage of 

active site for HOR94, 110, 130, 176. Among all samples Rh/pN-C is the most active catalyst, even 

outperforming the PtRu/C catalyst. Likewise, Rh/C is the best catalyst among M/C samples, 

consistent with a previous report 90. However, the ultrahigh cost of Rh (25 times of Pt and 75 times 

of Ru, see Fig. S 5.3) makes catalysts containing Rh not relevant to practical applications. We did not 

further study Rh-containing samples. 

 

Fig. 5.2 (A) Polarization curves of M/pN-C, M/C (M = Ru, Rh, Ir, Pt) and PtRu/C in 0.1 M H2-saturated KOH 

solution. The Nernstian diffusion overpotential is also shown as a reference of the activity upper limit in a 

RDE configuration. (B) the enhancement factor of each PGM and their current market price. 

Having demonstrated the promotional effect of pN-C on monometallic PGM catalysts, we applied 

this support to PtRu alloys. PtRu/C is currently the most active catalyst for HOR & HER in alkaline 

solutions. Although containing Ru, PtRu/C is stable across a large potential range even if Pt is the 

minority metal99, 102. For these two reasons, we attempted to optimize Ru/pN-C by doping a small 

amount of Pt (noted as Pt0.25Ru0.75/pN-C). For comparison, a carbon black version was also prepared 

as reference. The HOR activities of the two catalysts were also measured in 0.1 M H2-saturated KOH 
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with a loading of merely 2.8 μgPGM/cm2 (Fig. 5.3). Nonetheless, the Pt0.25Ru0.75/pN-C exhibited an 

ultrahigh activity with a 15 mV half-wave potential (Fig. 5.3 A). Besides, the anodic deactivation 

problem vanished, as both Pt-Ru/pN-C and Pt-Ru/C can keep the diffusion limiting current to a 

potential higher than 1 V vs RHE (Fig. S 5.4). A control experiment performed in N2-saturated KOH 

suggested the anodic current originated exclusively from hydrogen oxidation (Fig. S 5.5). Accelerated 

durability test (ADT) showed the half-wave potential only increased 7 mV after 2500 CV scans, 

indicated the robustness of the catalyst (Fig. S 5.6).   

 

Fig. 5.3 (A) Polarization curves of Pt0.25Ru0.75/pN-C and Pt0.25Ru0.75/C in 0.1 M H2-saturated KOH solution and 

(B) their corresponding Butler-Volmer plot. The rotating speed was 1600 r.p.m., scan rate was 1 mV/s, catalyst 

loading was 2.8 μgPGM/cm2.  

We quantitatively evaluated the catalytic activity of the samples by two kinetic parameters: the 

PGM mass-normalized exchange current density (j0,mass) and electrochemical surface area (ECSA)-

normalized exchange current density (j0,ECSA). Here the ECSAs were estimated by Cu stripping 

method (Fig. S 5.7). The results are summarized in Table S 5.2. Pt0.25Ru0.75/pN-C is the most active 

catalyst, with a j0,mass of 2596.4 mA/mgPGM and a j0,ECSA of 2.11 mA/cm2
PGM, 3.4 and 2.5 times higher 

than the benchmark commercial PtRu/C, respectively. Comparing to the state-of-the-art PGM HOR 

catalysts that reported recently, Pt0.25Ru0.75/pN-C still ranks top in both mass activity and intrinsic 

activity (Table 5.1). 

Table 5.1 Summary of the recent reported state-of-the-art PGM-based HOR catalysts. 

 
ECSA 

(cm2
PGM/mgcatal.) 

j0,mass 

(mA/mgPGM) 

j0,ECSA 

(mA/cm2
PGM) 

Reference 

Pt0.25Ru0.75/pN-C 1232.1 2596.4 2.11 This work 

PtRu3/PC-300 - 513.7 - 99 

fcc-Ru 625.4 92.7 0.15 94 

Pd9Ag1/C 813 26.8 0.033 112 
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Ru@TiO2 - 80 - 121 

Ru/Meso C 1725 540 0.31 130 

RuPdIr/C 450 238.5 0.53 108 

0.38 CeOx-Pd/C 429.2 51.5 0.12 125 

(Pt0.9Pd0.1)3Fe/C 308.1 308.2 0.98 98 

P-Ru-3/C 560 430 0.72 111 

IrMo0.59 NPs 530 609.5 1.15 107 

Ru-Ir(1/1)-C 773.4 215 0.28 106 

IrNi@Ir/C 96 117.1 1.22 105 

Pd0.33Ir0.67/N-C 1060 481 0.45 109 

Pt7Ru3/C - - 1.16 90 

 

5.3 Characterizations 

 

Fig. 5.4 (A) Raman spectra, (B) TEM image, (C) N2 adsorption-desorption isotherm, and (D) pore distribution 

analysis for pN-C. 

Elemental analysis indicated a nitrogen content of 10 w.t. % in pN-C. Raman spectra showed the 

presence of D band (~1355 cm-1) and G band (~1585 cm-1), the two characteristic peaks for carbon 

materials (Fig. 5.4 A). Transmission electron microscopy (TEM) image indicated that the pN-C had 

interconnected macropores and localized mesopores on the carbon (Fig. 5.4 B). Such a hierarchical 
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pore structure is beneficial to mitigate mass transfer resistance in practical working conditions. N2 

adsorption-desorption isotherm showed a type IV adsorption behavior with a hysteresis loop, 

suggesting the existence of mesopores (Fig. 5.4 C). Following analysis revealed a Brunauer-Emmett-

Teller (BET) surface area of 523 cm2/g and a Barrett-Joyner-Helenda (BJH) pore volume of 1.03 

cm3/g. The wide pore distribution also suggested the existence of mesopores and macropores (Fig. 

5.4 D), consistent with previous TEM observation. X-ray diffraction confirmed the presence of 

metallic phase on the both M/pN-C and M/C for all samples (Fig. 5.5). In addition, the carbon peak 

of pN-C at 26.5° can be well assigned to the (002) diffraction peak of graphite 2H phase (ICSD: 

193439), while in comparison, similar peak in commercial carbon black shifted to a lower angle 

(25.0°), suggesting the carbon layers were not well stacked.  

 

Fig. 5.5 XRD patterns of M/pN-C and M/C. The peak of pN-C at 26.5° is well assigned to the diffraction peak 

(002) of graphite 2H phase (ICSD: 193439). 
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TEM images revealed all the samples contain ultrasmall nanoparticles with a mean size smaller 

than 1.6 nm (Fig. S 5.8 and Fig. S 5.9), which enabled high surface area and high mass activities for 

all the samples. The high angle-annular dark field-scanning TEM (HAADF-STEM) of 

Pt0.25Ru0.75/pN-C suggested that all the nanoparticles are homogeneously distributed on pN-C (Fig. 

5.6 A). Due to the ultrasmall particle size, the nanoparticles are densely distributed even if the metal 

loading was merely 10 w.t. %. Such high density is conducive to mitigating the local mass transfer 

resistance in practical fuel cell working condition12. Elemental mapping and energy dispersive 

spectrum (EDS) of Pt0.25Ru0.75/pN-C confirmed that Ru and Pt are homogeneously distributed in pN-

C (Fig. 5.10). High-resolution TEM (HRTEM) image of Pt0.25Ru0.75/pN-C revealed nanoparticles 

with lattice fringes that had interplanar distance of 0.22 nm and 0.19 nm, corresponding to the {111} 

plane of Ru-doped Pt and {001} plane of Ru, respectively. This suggested that the Pt-Ru co-existed 

in the form of solid solutions rather than intermetallic alloys (Fig. 5.6 B). The sample was further 

studied under spherical aberration corrected HAADF-STEM (Fig. 5.6 C). Other than metal 

nanoparticles, numerous single atoms (SAs) around the nanoparticles were also observed, which can 

be attributed to the large amount of N atoms on the carbon matrix, acting as anchoring agent to capture 

metal ions. The existence of SAs was also observed in Ru/pN-C and Pt/pN-C, but the quantity of the 

Ru-SA was much less than Pt-SA (Fig. S 5.11). In addition, combining the results from both HRTEM 

and spherical aberration corrected HAADF-STEM, we found that most of the nanoparticles in 

Pt0.25Ru0.75/pN-C are amorphous, consistent with the lack of distinct peaks in XRD pattern (Fig. 5.5 

E). 

 

Fig. 5.6 Microscopic characterization for Pt0.25Ru0.75/pN-C. (A) HAADF-STEM image. (B) HRTEM image. 

(C) Spherical aberration-corrected HAADF-STEM image. The dotted circles in figure C marked the presence 

of single atoms. 

To understand the extraordinary catalytic activity of Pt0.25Ru0.75/pN-C, further characterizations 

and analysis were focused on Pt, Ru, and Pt0.25Ru0.75 samples (on carbon and pN-C). Their electronic 

structures were firstly investigated by X-ray photoelectron spectroscopy (XPS). All spectra can be 
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deconvoluted into at least metallic and surface oxide peaks; for Pt/pN-C and Pt0.25Ru0.75/pN-C, an 

extra peak can be assigned to SAs peaks. In the Ru 3p3/2 spectra, the metallic Ru and Ru (δ+) peaks 

were observed at around 461.5 eV and 463.1 eV, respectively (Fig. 5.7 A) 130. The Ru(δ+) peaks might 

originate from either RuOx, or Ru-SAs, or both. The differentiation of RuOx, and Ru-SAs is difficult 

due to the small quantity of Ru-SAs that are present (Fig. S 5.11 A, B). The binding energy of metallic 

Ru in Pt0.25Ru0.75/C is lowered by 0.1 eV from that in Ru/C, suggesting a charge transfer from Pt to 

Ru, which is consistent with previous studies101-102; On the contrary, the binding energy of metallic 

Ru in Ru/pN-C is increased by 0.3 eV from that in Ru/C, indicating a charge transfer from Ru to pN-

C. The combination of these two counteracting charge transfers resulted in a binding energy of Ru in 

Pt0.25Ru0.75/pN-C that is about 0.2 eV higher than that in Ru/C, suggesting that charge transfer from 

Ru to pN-C is more than that from Pt to Ru. In the Pt 4f7/2 spectra, metallic Pt and surface PtOx were 

identified in Pt/C and Pt0.25Ru0.75/C (Fig. 5.7 B). The binding energies of Pt in Pt0.25Ru0.75/C is 0.3 V 

higher than that in Pt/C, indicating a charge transfer from Pt to Ru, consistent with the analysis of the 

Ru 3p3/2 spectra. On the other hand, comparison of the Pt 4f7/2 spectra of Pt/C and Pt/pN-C indicates 

that there is no apparent charge transfer between Pt and pN-C.  

 

Fig. 5.7 XPS spectra of (A) Ru 3p3/2 for Ru/C, Pt0.25Ru0.75/C, Ru/pN-C, Pt0.25Ru0.75/pN-C and (B) Pt 4f7/2 for 

Pt/C, Pt0.25Ru0.75/C, Pt/pN-C and Pt0.25Ru0.75/pN-C. 

We also tend to measure the valence d band structure through ultraviolet photoelectron 

spectroscopy (UPS, Fig. 5.8). The valence band signals from metals locate at binding energies lower 

than 5 eV, while the major signal at around 7.5 eV comes from carbon279. Comparing to M/C samples, 

the signals at low binding energy region in M/pN-C samples shifted to higher binding energies 

(downshift relative to Fermi level). For Ru/pN-C, the downshifted d states is due to the charge transfer 
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as shown in XPS (Fig. 5.7 A), which indicates weaker binding energies toward adsorbates according 

to the d band theory 149, 152, 280; For Pt-containing samples, the steeply decreased intensity of valence 

d states in Pt/pN-C and Pt0.25Ru0.75/pN-C seemingly suggests the absence of metallic species, which 

obviously contradicts with previous XPS and XRD results (Fig. 5.7 and Fig. 5.5). We attribute it to 

be the result of a major portion of signals coming from the high-valence Pt SAs, because the UPS is 

an extreme surface-sensitive technology and the pN-C is highly porous, which limit the weight of 

nanoparticles in final signals. In addition, the presence of Pt SAs may influence the band structure of 

pN-C, which is responsible for the overall shift of the spectra comparing to the M/C samples. 

 

Fig. 5.8 UPS spectra of (A) Ru/C and Ru/pN-C, (B) Pt/C and Pt/pN-C, (C) Pt0.25Ru0.75/C and Pt0.25Ru0.75/pN-

C. Considering different elements could have different spectra shapes, we only make comparisons between 

samples of same metal compositions with different carbon supports. Due to the low metal content, the most 

distinct peak at around 7.5 eV can be assigned to carbon279. 

 

5.4 Mechanistic studies 

To probe the origin of the superior activity of Pt0.25Ru0.75/pN-C, we conducted further 

characterization and analysis of Pt, Ru, and Pt0.25Ru0.75 on pN-C and carbon. Hydrogen binding 

energy (HBE) is an important descriptor for HOR/HER25, 29, 218. However, it has been recognized that 

HBE is not the only descriptor in alkaline media33. Other factors such as water binding strength (also 

related to the apparent HBE, HBEapp)
30, 32 and OH binding energy (OHBE)40, 50 are proposed to affect 

the kinetics of HOR/HER in alkaline medium. For example, the two orders of magnitude lower 

activity in alkaline medium than in acidic medium for Pt was attributed to either a too weak water 

binding strength31 or a too weak OHBE232. In view of these theories, we conducted experiments that 

could provide information on HBE, water binding strength, and OHBE. 
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Fig. 5.9 CV scans in 0.1 M N2-saturated KOH solution for (A) Pt/C and Pt/pN-C, (B) Ru/C and Ru/pN-C, (C) 

Pt0.25Ru0.75/C and Pt0.25Ru0.75/pN-C to probe the desorption potential of Hupd. The scan rate was 50 mV/s and 

the catalyst loading was 0.28 mg/cm2 (or 28 μgPGM/cm2). 

CV scans was firstly conducted to probe the desorption/adsorption potential of underpotential 

deposited hydrogen (Hupd), which was interpreted as the combined result of HBE and water bonding 

strength, as known as “apparent HBE” (HBEapp)
30-31. Interestingly, shown in Fig. 5.9, the 

characteristic adsorption/desorption of Hupd peak cannot be clearly observed. The absence of Hupd 

peaks could be caused either the over-high capacitive current of pN-C or the metal-support 

interaction, which somehow changed the chemical property of metals. Nevertheless, a small Hupd 

peak for Pt/pN-C can be vaguely identified, which is negatively shifted comparing to Pt/C and 

suggestive of weaker HBEapp and better catalytic activity, consistence with our electrochemical HOR 

measurement in Fig. 5.2. But overall, we cannot obtain a clear trend of HBEapp for all the samples via 

the CV scans. 

H2 chemisorption was then used to measure the HBE exclusively (Fig. 5.10). The H2 volumetric 

isotherms were fitted using a dual-Langmuir model, which assumed the adsorption consist of only 

strong adsorption (chemisorption) and weak adsorption (physisorption) (Eq. 5.1): 

𝑉 = 𝑉1
𝑘1𝑝

1+ 𝑘1𝑝
+ 𝑉2

𝑘2𝑝

1+ 𝑘2𝑝
 (Eq. 5.1) 

Here p is the pressure, k1 (assumed > 1) and k2 (assumed < 0.01) are the adsorption equilibrium 

constants for strong and weak adsorption, respectively. V1 and V2 are the volumes of monolayer 

adsorption for strong and weak adsorption. The fitting results are listed in Table S 5.3. 
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Fig. 5.10 Hydrogen chemisorption for the Pt, Ru, and Pt0.25Ru0.75 samples. (A) the hydrogen volumetric 

isotherm. The data was normalized to the quantity adsorbed at saturation for better comparison. The dots are 

measured data, solid lines are fitting results according to the dual Langmuir model. (B) fitting results of strong 

adsorption constant k1. 

Fig. 5.10 B summarized the k1 values of the six samples. Ru/C has the highest k1, consistent with 

previous reports that Ru has an overly strong HBE which leads to non-optimized HOR/HER 

activity127, 281.  Ru/pN-C has a much lower k1 than Ru/C, and hence a much lower HBE. This result 

can be understood by the charge transfer from Ru to pN-C, which lowered the d-band center of Ru 

and decreased the binding energies of adsorbates. Both Pt/C and Pt/pN-C have modest k1, consistent 

with the lack of charge transfer between Pt and pN-C according to XPS analysis. Pt0.25Ru0.75/C has a 

k1 value that sits between that of Ru/C and Pt/C. This value reflects an averaged HBE over two 

different metallic sites. Going from Pt0.25Ru0.75/C to Pt0.25Ru0.75/pN-C, the k1 decreased substantially. 

This result is expected considering the charge transfer from Ru to pN-C described above.  
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Fig. 5.11 The CO stripping net current for Pt, Ru, and Pt0.25Ru0.75 samples. It was obtained by subtracting the 

background from the CO oxidation current. The raw data can be found in Fig. S 5.12. 

We also probed the OH binding energy (OHBE) of the catalysts by CO stripping experiments (Fig. 

5.11 and Fig. S 5.12)282-283. It is proposed that a lower CO oxidation potential indicates a stronger 

OHBE41, 282-283. For carbon-supported catalysts, the CO oxidation potential follows the order of 

Pt0.25Ru0.75/C < Ru/C << Pt/C, in agreement with previous studies, indicating a reverse trend for their 

OHBE284-285. The higher OH affinity of Pt0.25Ru0.75/C over Ru/C is probably due to the higher d band 

center of Ru in the former after the charge transfer from Pt to Ru. Whereas Pt/pN-C has a slightly 

lower CO oxidation potential than Pt/C, both Pt0.25Ru0.75/pN-C and Ru/pN-C have much higher CO 

oxidation potentials than their M/C counterparts. Besides, their CO oxidation onset potentials were 

also higher. Such lagged CO oxidation was also observed for other Ru loaded on N-doped carbon in 

previous works130. Although we also found the Ru/pN-C and Pt0.25Ru0.75/pN-C had higher CO affinity 

(Fig. S 5.13 and Fig. S 5.14), the CO stripping results still should indicate a weakening of OHBE by 

the pN-C support to Ru sites, as it is also consistent with the charge transfer from Ru to pN-C that 

decreases its binding energies with adsorbates. 

The weakened OHBE of Ru/pN-C seemingly contradicts with its electrochemical behavior. 

According to the LSV scan shown in Fig. 5.2 A, the earlier anodic deactivation of Ru/pN-C than 
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Ru/C should indicate an increased OHBE. Here we propose two different pathways for the anodic 

deactivation: 

𝑀 + 𝑂𝐻− → 𝑀 − 𝑂𝐻 + 𝑒− (Eq. 5.2)  

𝑀𝛿+  + 𝑂𝐻− → 𝑀𝛿+ − 𝑂𝐻− (Eq. 5.3)  

In the first pathway (Eq. 5.2), the OH- is oxidized on the metal surface to form a covalent bond. The 

strength of the bond follows the d band theory, such as the Ni catalysts shown in Chapter 4. For the 

second pathway (Eq. 5.3), due to the positive charge on the surface, the OH- is attached to the catalyst 

via ionic bond. The strength of the bond should relate to the charging states. In this case, considering 

the obviously higher oxidation state of Ru, the anodic deactivation of Ru/pN-C should go through the 

second pathway, i.e., due to the blocking effect of OH- adsorption.  
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Fig. 5.12 The Stark tuning rates of Ru, Pt, and Pt0.25Ru0.75 samples in in situ ATR-SEIRAS experiments. The 

corresponding spectra are listed in Fig. S 5.16. 

In situ attenuated total reflection-surface enhanced infrared absorption spectroscopy (ATR-

SEIRAS) was then used to probe the interfacial water binding strength (Fig. S 5.15 and Fig. S 5.16) 

by examining the O-H stretching mode (νOH) at 3000 cm-1 to 3600 cm-1 286. All the samples showed 

broad band features at around 3400 cm-1, which was assigned to trihedrally-coordinated H-bonded 

water287-288. Except Pt/C, other samples also have another band at around 3200 cm-1, which was 

assigned to tetrahedrally-coordinated H-bonded water (or “ice-like” water)286, 288-289. Among 

commercial carbon-supported samples, Pt/C has negligible Stark tuning effect, which is consistent to 

literatures and suggests a weak water binding strength56, 289. In contrast, both Ru/C and Pt0.25Ru0.75/C 

clearly showed Stark tuning effect. Hence, the improved HOR activity of Pt0.25Ru0.75/C than Pt can 
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also be partially explained by the stronger interaction with interfacial water110, 289. For pN-C-

supported samples, they all exhibited remarkable Stark tuning effect, even for Pt/pN-C. Considering 

the similar HBE of Pt/pN-C and Pt/C, the strengthened water binding strength could be a more 

dominant factor for significantly improved HOR activity of Pt/pN-C. The addition of Ru further 

increased the water affinity, as the Stark tuning rate of Pt0.25Ru0.75/pN-C is significantly higher. 

5.5 Synergistic effect between Ru, Pt, and pN-C 

 

Fig. 5.13 Summary of the synergistic effect of Pt, Ru, and pN-C. 

Previous studies propose that the higher HOR activity of PtRu over Pt is due to a decreased HBE 

of Pt sites47, 282, which originates from a Pt to Ru charge transfer that lowers the d band center of Pt. 

Our XPS data support this proposal. In addition, our in-situ ATR-SEIRAS data indicate stronger 

water binding, and our CO stripping data indicate higher OHBE upon alloying of Pt with the more 

oxophilic Ru. These factors might also contribute to the high activity of PtRu by an apparent HBE 

theory and a bifunctional mechanism, repsectively30, 50. The pN-C support increases the activity of all 

PGMs. The higher activity of Ru/pN-C over Ru/C is likely due to a decrease of the overly strong 

HBE of Ru. The OHBE of Ru/pN-C is decreased to a value similar to Pt/C, which is known to be too 

low40. The higher activity of Pt/pN-C over Pt/C is due to a stronger water binding strength brought 

by Pt SAs, as the HBE and OHBE are largely unvaried due to the absence of charge transfer between 

Pt and pN-C. The higher activity of Pt0.25Ru0.75/pN-C over Pt0.25Ru0.75/C is mostly probably due to a 

stronger water binding strength of the Pt sites as well, although more active Ru sites due to lower 

HBE cannot yet be excluded.  Note that our data suggest the Ru-containing catalysts do not follow 
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the OHBE theory proposed by McCrum and Koper for decorated Pt single crystals53. Adding 

considerable Ru into Pt is known to switch the reaction mechanism from Volmer-Tafel33 to Volmer-

Heyrovsky290, also evidenced by a change of Tafel slope from 135 mV/dec to 43 mV/dec41. The 

change of mechanism likely leads to a change of relevant descriptors. A summary of the synergy 

between Pt, Ru, and pN-C was shown in Fig. 5.13. 

5.6 Fuel cell performance 

 

Fig. 5.14 (A) HEMFC test for Pt0.25Ru0.75/pN-C. A commercial Fe-N-C catalyst was used as cathode catalyst. 

The anode and cathode catalyst loading were 0.16 mg/cm2 and 1.34 mg/cm2, respectively. Test condition: cell 

temperature at 80.0 °C, optimized dew points for anode/cathode were 73℃/75℃, H2 and O2/air flow rate were 

all 1 L/min with no back pressure. The blue star remarks the U.S. DOE 2022 target for HEMFC254. (B) 

Comparison of the PGM utilization (H2-O2 as feeding gas) of our MEA with other state-of-the-art MEA 

reported recently. 

The very high mass activity of Pt0.25Ru0.75/pN-C makes it a promising HOR catalyst candidate for 

low-PGM-loading HEMFCs. For ORR catalyst we chose a commercial PGM-free Fe-N-C catalyst 

from Pajarito Powder. With this combination of catalysts and using H2/O2 as feeding gases, a peak 

power density (PPD) of 1.46 W/cm2 was obtained (Fig. 5.14 A). The mass-transport-limited current 

density was over 5.5 A/cm2. The operating current of the cell at 0.65 V was 1.5 A/cm2, exceeding the 

DOE 2022 initial cell performance target (1 A/cm2 at P ≤ 150 kPa and total PGM loading ≤ 0.2 

mg/cm2) by 50 %254 even under more stringent conditions (0.16 mgPGM/cm2 and 0 back pressure).  

The PGM utilization of this HEMFC is 9.18 W/mgPGM (or 23.45 W/mgPt), a new record to the best of 

our knowledge (Fig. 5.14 B and Table S 5.4). The performance and PGM utilization rate approaches 

those of state-of-the-art PEMFC 132, 291. We attribute this superior cell performance to the superior 

HOR activity of Pt0.25Ru0.75/pN-C as described above, as well as the uniform distribution of the 

catalyst particles which decreases the mass transfer resistance12. We also measured the performance 
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of this HEMFC using CO2-free air as the cathodic feed gas (Fig. S 5.14 A). The peak power density 

and mass transport limited current density were 0.75 W/cm2 and 2.6 A/cm2, respectively. The PGM 

utilization of the cell is still the highest reported to date (Fig. S 5.17 and Table S 5.4). 

 

Fig. 5.15 (A) HEMFC test for Pt0.25Ru0.75/pN-C. A commercial Pt/C catalyst was used as cathode catalyst. The 

anode and cathode catalyst loading were 0.18 mg/cm2 and 0.55 mg/cm2, respectively. Test condition: cell 

temperature at 80.0 °C, optimized dew points for anode/cathode were 71℃/73℃, H2 and O2/air flow rate were 

all 1 L/min with no back pressure. (B) Stability measurement with Pt/C as cathode. Anode catalyst loading: 

0.16 mg/cm2; cathode catalyst loading: 0.57 mg/cm2; optimized dew points: 74℃/76℃. 

An HEMFC with a Pt0.25Ru0.75/pN-C anode catalyst and a commercial Pt/C cathode catalyst was 

also assembled (Fig. 5.15 A). Using O2 as the cathodic deeding gas, the cell delivered a mass transport 

limited current density of 6.6 A/cm2 and a PPD of 2.15 W/cm2. This performance is comparable to 

state-of-the-art HEMFCs6, 134, 292-293, Note that the overall catalyst loading in our cell is ~1/4 of the 

typical loadings in previous studies. With air as the cathodic feeding gas, a mass transport limited 

current density of 4.1 A/cm2 and a PPD of 1.05 W/cm2 were obtained. These values are again 

comparable to those of state-of-the-art HEMFCs, even though our cell has a lower loading of anode 

catalysts and uses zero back pressure. 

We conducted durability test by operating the cell at a constant current density of 600 mA/cm2 for 

100 hours at 80 ℃. Shown in Fig. Fig. 5.15 B, the cell worked steadily with only minimal 

performance loss, which was attributed to a slight dry-out of the cell during operation (the area 

specific resistance, ASR, increased from 37.5 to 39.1 mOhm/cm2).  This result indicates a high 

stability of Pt0.25Ru0.75/pN-C under the operating conditions of HEMFCs.  
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5.7 Conclusions 

In conclusion, we discovered that a COF-derived porous N-doped C (pN-C) can universally 

enhance HOR the electrocatalytic activities of platinum group metals (PGMs), including Ru, Rh, Ir, 

and Pt, especially for Ru. Doping small amount of Pt into Ru/pN-C can further improve the HOR 

activity. The resulting catalyst, Pt0.25Ru0.75/pN-C, possessed the highest mass activity and specific 

activity toward alkaline HOR among reported materials. Combining spectroscopic and 

electrochemical characterizations and gas chemisorption results, we proposed the excellent catalytic 

activity of Pt0.25Ru0.75/pN-C originated from the synergistic effect of Pt, Ru, and pN-C, which 

modulated its HBE to optimum and increased its water binding strength at the same time. HEMFC 

applying Pt0.25Ru0.75/pN-C as anode and a commercial Fe-N-C as cathode exhibited great 

performance: it achieved a PPD of 1.46 W/cm2 with merely a low loading of 0.16 mgPGM/cm2. In 

addition, it reached a current density of 1.5 A/cm2 at 0.65 V, exceeded the target set by US DOE for 

HEMFC in 2022 by 50 % with harsher testing condition. This work demonstrates the feasibility of 

HEMFC to replace PEMFC. 
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5.8 Experimental  

5.8.1 Materials  

Phloroglucinol (C6H6O3, TCI, 99%), Hexamethylenetetramine (HMT, Acros C6H12N4, 99%), 

trifluoroacetic acid (C2HF3O2, Sigma-Aldrich, 99 %), dichloromethane (CH2Cl2, Thommen-Furler 

AG), magnesium sulfate dihydrate (MgSO4∙2H2O, Reactolab SA), melamine (C3H6N6, Sigma-

Aldrich, 99%), SiO2 solution (40 w.t. %, LUDOX HS-40, Sigma-Aldrich), silica nanoparticles (10-

20 nm, Sigma-Aldrich), dimethyl sulfoxide (DMSO, Sigma-Aldrich, ≥ 99.5 %), glacial acetic acid 

(CH3COOH, Merck, 100 %), RuCl3∙xH2O (~ 40 % w.t. Ru, Precious metal online, university of 

Wollongong, batch number: RU1213), RhCl3∙3H2O (99.9 %, Sigma-Aldrich), H2PtCl6∙xH2O (~ 38% 

w.t. Pt, Sigma-Aldrich), IrCl3∙H2O (98 %, Fluorochem), carbon black (Vulcan XC-72R, Fuel cell 

store) were all used as received and without any further purification. Hydrogen (H2) for pyrolysis was 

generated by a H2 generator, with a concentrated sulfuric acid trap to adsorb possible H2O vapor. 

5.8.2 Synthesis 

Synthesis of the ligand 1,3,5-triformylphloroglucinol 

 

The ligand was synthesized through Duff formylation294. 9.27 g (66 mmol) 

hexamethylenetetramine was firstly dissolved in 50 mL trifluoroacetic acid in a round 250 mL bottom 

flask, to which 3.78 g (30 mmol) phloroglucinol was slowly added. The solution was heated to 100 

℃ under reflux condition and hold for 150 min. Then 75 mL 3 M HCl solution was added. They 

reaction was further heated at 100 ℃ for 60 min. During this time, the color of the solution turned 

from dark to red. After cooling down to room temperature, the reaction was filtrated, and extracted 

with CH2Cl2 for 5 times. MgSO4∙2H2O was used to remove the H2O in the CH2Cl2. Yellowish solid 

was obtained after removing CH2Cl2 in a rotary evaporator. Further washing this yellow solid gave 

white (with pale red or pale yellow) solid (Fig. S 5.1 inset), which was the final product. The yield 

was 1.1 ~1.2 g (5.2 ~ 5.7 mmol, 17.4 % ~ 19.0 % based on phloroglucinol). 
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NMR data (Fig. S 5.1) was consistent with literature294, further confirmed the synthesis. 1H (400 

MHz, CDCl3): δ 14.14 (3H, -OH), δ 10.18 (3H, -CHO). 13C (100 MHz, CDCl3): δ 192.1 (-CHO), δ 

173.6 (-COH), δ 102.9 (-C-CHO). 

Synthesis of the COF/SiO2 composite 

 

The COF was synthesized via an acid-catalyzed Schiff-base reaction. Although general Schiff-

base reaction is reversible, here the synthesis was irreversible, due to the enol to keto 

tautomerization278. Briefly, 7.5 mL LUDOX AS-40 and 1.89 g silica nanoparticles (10-20 nm) was 

added into a 100 mL round bottom flask, to which 37.5 mL DMSO was slowly added under agitation. 

The colloidal stability of SiO2 solution can be well preserved in DMSO, and no precipitation was 

observed. This property enabled a homogeneous dispersion of SiO2 nanoparticles in solution, which 

allowed us to prepare porous materials with this synthesis. The as-synthesized ligand 1,3,5-

triformylphloroglucinol (0.63 g, 3 mmol), melamine (0.42 g, 3 mmol) and 225 μL glacial acetic acid 

were added and dissolved into the above solution. The reaction mixture was sonicated for 10 min and 

then placed in oil bath and refluxed at 120 ℃ for 20 h. The color of the reaction turned from yellow 

to orange, shiny red, scarlet in the first hour upon heating, and finally became dark red when the 

reaction finished. The COF/SiO2 was obtained by removing DMSO in a rotary evaporator at 95 ℃. 

Once the solid was obtained, it was ground into powder. 

Synthesis of the pN-C 

The pN-C was prepared by pyrolyzing the COF-SiO2 composite in N2 atmosphere. The as-

prepared COF/SiO2 composite was placed into a tube furnace, which was pre-purged with N2
 for 15 
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min. The composite was heated to 900 ℃ with a ramp rate of 5 ℃/min and hold at the same 

temperature for 2 h. After cooling down to room temperature, the solid was added into 2.5 M NaOH 

solution, and stirred at 80 ℃ for 32 h to remove the SiO2 template. The solid pN-C was collected by 

filtration, followed by lyophilization. 

Synthesis of PGM/pN-C or PGM/C (PGM = Ru, Rh, Ir, Pt)  

The synthesis of PGM/pN-C was done by H2 reduction at elevated temperature. The pN-C or 

Vulcan XC-72R and PGM salts with desired mass ratio were dispersed in H2O to form homogeneous 

dispersion. The solutions were lyophilized to remove the water and gave PGM/pN-C precursors. The 

precursors were then placed on the center of tube furnace and heated with a ramp rate of 10 ℃/min 

to a desired temperature for a certain time (listed below in Table S 5.1) under 5% H2/95% N2 

atmosphere. Varying the H2 concentration (2.5%, 10 %, 100 %) don’t change the catalyst 

performance. After cooling down to room temperature, a small amount of ethanol was injected to the 

product before taking out from the tube furnace to prevent pyrophoric oxidation. The final product 

was obtained by removing ethanol under N2 flow and stored in a glove box. Note that it is important 

to use hydrogen generator for pyrolysis, because the hydrogen it generates is free of CO or CHx, 

which is detrimental to Pt-containing materials. It is found that even commercial H2 with a purity of 

99.999 % can still significantly lower the HOR activity of Pt/C, Pt/pN-C, PtRu/C, and PtRu/pN-C. 

Table S 5.1 Reduction conditions of PGM/pN-C or PGM/C 

 Ru Pt Rh Ir PtRu 

Temperature 290 ℃ 200 ℃ 245 ℃ 280 ℃ 265 ℃ 

Duration 3 h 2 h 2 h 3 h 2 h 40 min 

 

5.8.3 Material characterizations 

Powder X-ray diffraction (PXRD) patterns were recorded on a PANalytical Aeris diffractometer 

with monochromatic Cu K-α radiation (λ = 1.540598 Å). The PXRD samples were prepared by drop-

drying the catalysts on amorphous silicon substrates. 

Transmission electron microscopy (TEM) was carried out on a FEI Tecnai Osiris electron 

microscope equipped with a high-brightness field emission gun (XFEG) and an energy dispersive X-

ray spectroscopy (EDX) analyzer. The TEM samples were prepared by drop-drying the catalysts on 

ultrathin carbon coated-copper grids. For atomic resolution imaging, the measurements were 

performed on an FEI Titan Themis 60-300 instrument that operated at 200 kV with an aberration-

corrected electron probe. 
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UPS He I spectra were acquired at an excitation energy of 21.2 eV using a hemispherical 

electron analyzer SPECS Leybold EA 11 MCD in ultrahigh vacuum conditions with a base pressure 

of 5×10-10 mbar. The binding energy scale was calibrated by measuring the Fermi level of an Au 

sample. 

The N2 physisorption was performed in Micromeritics 3 Flex analyzer. The pN-C (~ 100 mg) was 

loaded into the cell and dried under vacuum overnight at 120 °C prior to the measurement. The 

nitrogen adsorption-desorption isotherms were obtained at 77K. The surface area and pore size 

distribution were determined using Brunauer–Emmett–Teller (BET) theory and the Barrett-Joyner-

Halenda (BJH) model, respectively. 

The H2 chemisorption was also performed in Micromeritics 3 Flex analyzer using a U-type cell. 

The catalyst precursors (~100 mg) were loaded into a cell plugged by quartz wool and reduced in 

situ. The reduction procedure was the same as the one used in 5.8.2 Synthesis. After reduction, the 

samples were evacuated under the reduction temperature for 30 min. A leak test was performed after 

cooling down to 35°C. The absorbed H2 quantity was measured at 0-450 mmHg (absolute pressure) 

at 35°C. 

The CO pulse titration and temperature programmed desorption (TPD) was performed in 

Micromeritics 3 Flex analyzer using a U-type cell. The catalyst precursors (~ 50 mg) were loaded 

into a cell plugged by quartz wool and reduced in situ under 10% H2/N2 flow. The reduction program 

was the same as the one used in 5.8.2 Synthesis. After reduction, the cell was naturally cooled down 

to 37 °C and was purged with 50 mL/min He flow for 1 h. For CO pulse titration, 0.36 mL CO (STP) 

was introduced into the He flow for 15 times. For CO TPD, the CO-saturated sample after CO pulse 

titration measurement was purged for another 1 h in He, and then heated to 500 °C with a ramp rate 

of 10 °C/min and hold at 500 °C for 1 h. 

In situ attenuated total reflection-surface enhanced infrared absorption spectroscopy (ATR-

SEIRAS) was performed in Bruker Vertex 80 FT-IR spectrometer. Hemisphere ZnSe with a diameter 

of 2.5 mm was used as the attenuated total reflection (ATR) crystal. The Au deposition method was 

modified from the literature295: the ZnSe was firstly polished twice with 3 μm alumina, and sonicated 

3 times in a mixture of EtOH and acetone for 10 minutes. After drying the surface under the N2 flow, 

the crystal was heated to 40 °C. 1 mL 24 mM HAuCl4 solution (also pre-heated to 40 °C) was added 

onto the crystal surface for Au electroless deposition. After around 75 s, the solution was dumped 

and the Au-coated ZnSe was cleaned by ultrapure water and dried under N2 flow. A successful Au 

deposition would give a surface resistance of 15-30 Ω. The catalyst (~0.4 mg) was dispersed in 0.2 
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mL EtOH and spread onto the Au-coated ZnSe. The crystal was then mounted onto a home-made cell 

(Fig. S 5.15). The electrolyte was 0.01 M KOH + 0.05 M K2SO4. Prior to the measurement, a -0.1 V 

vs RHE potential was applied to the electrode for 10 min under N2 purging to reduce any surface 

oxide and to make sure the catalyst was fully immersed. The background was collected after holding 

the electrode potential at 0.4 V vs RHE for 5 min. Each spectrum was coadded by adding 100 single 

spectra with a resolution of 4 cm-1. 

5.8.4 Electrochemical characterizations 

All the three-electrode electrochemical performance were tested in a Gamry potentiostation. A Pt 

wire was used as counter electrode, and Ag/AgCl in saturated KCl solution was used as reference 

electrode. The rotating disc electrode (RDE) was a glassy carbon electrode with a diameter of 5 mm. 

Since all the HOR catalysts have a loading of 10 w.t. %, to achieve low metal loadings, they were 

diluted by carbon black. Unless specified, all the data shown here are iR-corrected. 

Catalyst ink preparation: in order to achieve 3.5 μg PGM/cm2 loading, 1.5 mg catalyst and 9 mg 

Vulcan XC-72 R were added into a vial, to which 2.4 mL H2O, 0.6 mL isopropanol, and 48 μL 5 % 

Nafion solution were added. In order to achieve 2.8 μgPGM/cm2 loading, 1.5 mg catalyst and 12 mg 

Vulcan XC-72 R were added into a vial, to which 3 mL H2O, 0.75 mL isopropanol, and 60 μL 5 % 

Nafion solution were added. In order to achieve 28 μgPGM/cm2 loading, 1.5 mg catalyst was added 

into a vial, to which 300 mL H2O, 75 μL isopropanol, and 6 μL 5 % Nafion solution were added. The 

mixture was sonicated in cold water with manual agitation for 5 minutes. 14 μL of the ink was then 

casted onto the RDE and dried under N2 flow. For commercial 60 w.t. % PtRu/C, it was diluted first 

with Vulcan XC-72R to 10 w.t. %, and the ink preparation was the same as above. 

To extract the pure kinetic current density from the data recorded by RDE, the reversible 

Koutechy-Levich equation was applied163 (Eq. 5.4): 

1

𝑗
=

1

𝑗𝑘
+
1

𝑗𝑑
 (Eq. 5. 4) 

j is measured current density, jk is the pure kinetic current density, jd is the diffusional current density 

and can be expressed as Eq. 5.5: 

𝑗𝑑 = 𝑗𝑙𝑖𝑚(1 − 𝑒
−2𝐹𝜂

𝑅𝑇 ) (Eq. 5.5) 

F is Faraday constant (96485 C/mol), η is overpotential, R is universal gas constant (8.314 J/mol·K), 

T is temperature and jlim is limiting current. According to Levich equation (Eq. 5.6): 
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𝑗𝑙𝑖𝑚 = 0.62𝑛𝐹𝐷
2 3⁄ 𝜈−1 6⁄ 𝑐0𝜔

1 2⁄ = 𝐵𝑐0𝜔
1 2⁄  (Eq. 5.6) 

n is the number of electrons transferred during reaction (n = 2 for HOR), D is the diffusion coefficient 

of the reactant in the electrolyte, ν is the kinematic viscosity of the electrolyte, c0 is the solubility of 

the reactant in the electrolyte, and ω is the angular velocity of the electrode. From Eq. 5.4 to Eq. 5.6, 

we get (Eq. 5.7): 
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+

1

𝐵𝑐0𝜔1 2
⁄ (1−𝑒−2𝐹𝜂 𝑅𝑇⁄ )

 (Eq. 5.7) 

We note that only current that is smaller than 80 % of jlim are considered using in Eq. 5.7209.  

The exchange current density can be then obtained by fitting the kinetic current obtained from Eq. 

5.4 with Butler-Volmer equation (Eq. 5.8): 

𝑗𝑘 = 𝑗0(𝑒
𝛼𝐹

𝑅𝑇
𝜂 − 𝑒

(𝛼−1)𝐹

𝑅𝑇
𝜂) (Eq. 5.8) 

Here α is the charge transfer coefficient. 

The accelerated durability test (ADT) was performed by conducting 2500 CV scans from -0.1 V 

to 0.35 V vs RHE with a scan rate of 150 mV/s in 0.1 M H2-saturated KOH solution. Then a LSV 

scan was recorded and compared with the one before the ADT. The Pt-counter electrode was covered 

by a frit to prevent Pt-contamination. 

For Cu stripping experiments, a LSV curve was recorded in 0.5 M N2-saturated H2SO4 as 

background. The Cu underpotential deposition was conducted by immersing the electrode in N2-

saturated 0.5 M H2SO4 + 5 mM CuSO4 solution, the potential was hold around 0.053 V vs Ag/AgCl 

for 1 h to completely deposit the Cu. The reason of choosing 0.053 V vs Ag/AgCl as the deposition 

potential was because we determined the redox potential of Cu in this solution was around 0.04 V-

0.05 V vs Ag/AgCl by measuring the open circuit potential of a Cu wire in the same electrolyte. After 

the deposition the electrode was gently rinsed with de-ionized H2O and re-immersed into 0.5 M N2-

saturated H2SO4 for subsequent LSV with a scan rate of 50 mV/s to desorb Cuupd. The surface charge 

density of a monolayer Cuupd (QCu)was assumed to be 420 μC/cm2
PGM and the ECSA of the samples 

can be calculated by Eq. 5.9: 

𝐸𝐶𝑆𝐴 =  
𝑄𝑡𝑜𝑡𝑎𝑙

𝑄𝐶𝑢𝑚𝑃𝐺𝑀
 (Eq. 5.9) 
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Qtotal is the total charge of stripped Cuupd, mPGM is the mass of metal on the electrode. For Ru-

containing samples, a pre-activation procedure was performed by doing 10 CV scans in 0.5 M H2SO4 

from -0.1 V to 0.05 V to remove the surface oxide130. 

For CO stripping experiments, the electrode was firstly immersed in 0.1 M CO-saturated KOH 

solution. A potential of 0.05 V vs RHE was applied for 10 minutes for CO adsorption. Then the 

electrode was transferred into 0.1 M N2-saturated KOH solution. Two CV scans with a scan rate of 

50 mV/s were conducted to record the CO stripping curve and background. 

5.8.5 Membrane-electrode assembly measurements 

Electrode Preparation 

Both the HOR and ORR electrodes were prepared using the procedure described previously292-

293, 296-297.  In a typical process, anion exchange ionomer (AEI) and PTFE (Ultraflon MP-25, Fuel Cell 

Store) were first ground with a mortar and pestle for 10 min.  Following the initial grind, catalyst 

material was added to the mortar and the mixture was ground for again for 10 min.  Next, a small 

amount of 18.2 M deionized water (DI) was added to the mortar and a paste was formed by further 

agitation with the pestle.  After forming a uniform slurry, 2-propanol (IPA) was added such that the 

IPA:DI ratio was 9:1.  The mixture was then transferred to a Teflon vortex tube. Finally, the mixture 

was sonicated for 60 min to create an ink dispersion that was sprayed onto a 25 cm2 Toray-060 gas 

diffusion layer (GDL) with 5% PTFE wetproofing to create gas-diffusion electrodes (GDE).  For all 

the experiments in this work, the anode catalyst was Pt0.25Ru0.75/pN-C and the cathode catalyst was 

commercial Pt/C (Alfa Aesar HiSPEC 4000, Pt nominally 40%wt., supported on Vulcan XC-72R 

carbon) or commercial Fe-N-C (PMF11904, Pajarito Powder LLC). The AEIs used for ionic 

conduction in the anode and cathode were poly(norbornene)-based copolymers whose synthesis has 

been described elsewhere 7-8, 292.  The anode AEI was a PGT-73 ionomer (where 78% of the monomer 

groups contain quaternary ammonium groups, IEC= 3.65 meq/g).  The cathode AEI was a GT-32 

ionomer (where 32% of the monomer groups contain quaternary ammonium groups, IEC=1.88 

meq/g).  In a typical anode ink preparation, the mass of ionomer, PTFE and Pt0.25Ru0.75/pN-C were 
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45 mg, 12 mg and 150 mg, respectively, and the volume of DI and IPA were 1 mL and 9 mL, 

respectively.  In a typical cathode ink preparation, the mass of ionomer, PTFE, and Pt/C were 25 mg, 

8 mg and 100 mg, respectively, with identical DI and IPA volumes as the anode.  Following the 

preparation above, individual 5 cm2 electrodes are then cut from the larger electrodes for cell testing.   

AEMFC Assembly and Testing 

After being cut to the appropriate size, the anode GDE, cathode GDE, and membrane were soaked 

in 1.0 M KOH for 60 min (replacing the solution every 20 min) to ion exchange the quaternary 

ammonium groups before cell assembly.  The membrane used in this work was PGT73 with 15 % 

cross-linking and 5 µm thickness (provided by Georgia Tech).  After the KOH soak, excess KOH 

was removed from the membrane and GDEs, and the membrane was sandwiched between the two 

electrodes in 5 cm2 active area Scribner and Associates Fuel Cell Hardware with single channel 

serpentine flow field plates. The thickness of the electrodes was measured prior to assembly to 

appropriately select the thicknesses of Teflon gaskets to maintain a pinch of ca. 25%.  After cell 

assembly, N2 was flowed through the anode and cathode at 0.4 L/min at 100% relative humidity until 

a cell temperature of 60°C was reached. Then, the N2 feeds were switched to ultra-high purity H2 and 

O2 (or CO2-free air) and a constant voltage of 0.5 V was applied to initiate the cell break-in procedure. 

After a stable current density was established, the dew points of the anode and cathode reacting gases 

were systematically optimized as previously reported298. The cell temperature was gradually 

increased to 80°C in 5°C increments, with the anode/cathode dew points being simultaneously 

optimized with the cell temperature to avoid membrane dry-out. After the cell equilibrated at the 

desired conditions for around 30 min, a polarization curve was collected by slowly sweeping the 

voltage from the open circuit voltage to 0.1 V at a 10 mV/s scan rate.  

After cell break-in and collecting of the polarization curves, steady state / durability evaluation 

was carried out, where the current density was held at 600 mA/cm2. The dew points of the anode and 
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cathode feed were adjusted to slightly higher values than the polarization experiments to guard against 

membrane and cathode AEI dry out during long-term operation.   
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5.9 Supporting information 

 

Fig. S 5.1 NMR spectra of the ligand 1,3,5-triformylphloroglucinol. The peak at 1.71 in 1H NMR spectrum is 

trace amount of H2O impurity. Inset of 13C NMR spectrum is a photograph of the ligand. 
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Fig. S 5.2 Butler-Volmer plot for (A) Ru/pN-C and Ru/C, (B) Rh/pN-C and Rh/C, (C) Ir/pN-C and Ir/C, and 

(D) Pt/pN-C and Pt/C. Dots are measured data, while solid lines are simulated data based on Butler-Volmer 

equation. 
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Fig. S 5.3 Price of PGMs from May 1st, 2018 to May 1st, 2021. The data was retrieved from Heraeus141.  
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Fig. S 5.4 Long range linear sweep voltammetry of Pt0.25Ru0.75/pN-C and Pt0.25Ru0.75/C in 0.1 M H2-saturated 

KOH with a rotating speed of 1600 r.p.m. and a scan rate of 10 mV/s. PGM loadings were kept at 2.8 

μg/cm2
PGM.  
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Fig. S 5.5 Linear sweep voltammetry of Pt0.25Ru075/pN-C in 0.1 M H2- or N2-saturated KOH electrolyte. The 

close-to-zero current in N2-saturated electrolyte proved that the anodic current in H2-saturated electrolyte 

originates from the oxidation of hydrogen. 

0.00 0.05 0.10 0.15

0

1

2

3

C
u
rr

e
n

t 
d

e
n

s
it
y
 (

m
A

/c
m

2
)

Potential vs RHE (V)

 Initial

 After 2500 CV scans

 Nernstian diffusion current

7 mV

 

Fig. S 5.6 Accelerated durability test (ADT) for Pt0.25Ru0.75/pN-C. The ADT test was performed by doing 2500 

CV scans from -0.1 V to 0.35 V vs RHE with a scan rate of 150 mV/s in 0.1 M H2-saturated KOH. The 

polarization curves were recorded with a scan rate of 1 mV/s and rotating speed of 1600 r.p.m. before and after 

the ADT. The catalyst loading was 2.8 μg/cm2. The lower diffusion limiting current after ADT was due to the 

partially detachment of the catalyst from the electrode. 
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Fig. S 5.7 Cu stripping experiments. The catalyst loading was 28 μgPGM/cm2. The Ru, and Rh samples have 

higher ECSAs than Pt and Ir samples, because the number of moles for Ru and Rh are higher due to smaller 

molar mass. However, the ECSA of Ru/pN-C is significantly smaller than other samples, despite the sample 

was well protected and a pre-activation was performed. Since TEM images (Fig. S 5.8) suggested it has similar 

particle size to all the other samples, the value obtained here was not correct. We reason that the Ru/pN-C 

doesn’t have clean metallic surface at the Cu deposition potential, due to the too high OHBE as observed in 

Fig. 5.2A. Hence the Cu cannot be easily deposited onto its surface. As a result, when calculating the j0,ECSA, 

the ECSA of Rh/pN-C was used to estimate the ECSA of Ru/pN-C. 
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Fig. S 5.8 TEM images of (A) Ru/C, (B) Ru/pN-C, (C) Rh/C, (D) Rh/pN-C, (E) Ir/C, (F) Ir/pN-C, (G) Pt/C, 

(H) Pt/pN-C, (I) Pt0.25Ru0.75/C, and (J) Pt0.25Ru0.75/pN-C. 
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Fig. S 5.9 Particle size distribution of (A) Ru/C, (B) Ru/pN-C, (C) Rh/C, (D) Rh/pN-C, (E) Ir/C, (F) Ir/pN-C, 

(G) Pt/C, (H) Pt/pN-C, (I) Pt0.25Ru0.75/C, and (J) Pt0.25Ru0.75/pN-C. 
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Fig. S 5.10 (A) High angle-annular dark field (HAADF)-scanning TEM image, elemental mapping of (B) Ru, 

and (C) Pt of Pt0.25Ru0.75/pN-C. (D) the corresponding elemental energy dispersive X-ray spectrum. 
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Fig. S 5.11 Spherical aberration corrected HAADF-STEM images of (A), (B) Ru/pN-C and (C), (D) Pt/pN-C. 

The quantity of SAs in Pt/pN-C is obviously more than in Ru/pN-C. 
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Fig. S 5.12 CO stripping experiments for (A) Pt/C, (B) Ru/C, (C) Pt0.25Ru0.75/C, (D) Pt/pN-C, (E) Ru/pN-C, 

and (F) Pt0.25Ru0.75/pN-C. The red, solid curves are the first scan of CO oxidation and the black, dotted curves 

are the second scan of background. It is noted that there is huge mismatch between the first can and the second 

scan at high potentials for Ru-containing sample, probably due to irreversible Ru oxidation. Therefore, CO-

stripping was not used as the method for ECSA determination. 
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Fig. S 5.13 Data of CO pulse titration for (A) Ru/C, (B) Ru/pN-C, (C) Pt/C, (D) Pt/pN-C, (E) Pt0.25Ru0.75/C, 

and (F) Pt0.25Ru0.75/pN-C. The integral of the TCD signal is proportional to the amount of CO didn’t get 

adsorbed by the metals in each pulse.  
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Fig. S 5.14 CO pulse titration to probe the CO binding strength. The adsorbed quantity of CO during each 

pulse was normalized to the quantity of CO adsorbed at saturation. Samples with stronger CO binding strength 

would adsorb more CO in at beginning and reach saturation within fewer pulses. According to results, Pt/C 

and Pt/pN-C have similar CO affinities, while Ru/pN-C and Pt0.25Ru0.75/pN-C have bind CO stronger than their 

C-supported counterparts. We note that the higher CO binding strength is indeed a unfavored property for 

HOR catalysts, because it can easily cause CO poisoning easier in impure H2. However, the H2 cost has been 

shown to be a weak function of CO concentration: the well-established purification method, pressure swing 

adsorption (PSA), can lower the CO content in H2 for three order of magnitudes (from 100 ppm to 0.1 ppm) 

with an additional cost of merely 0.05 $/kg299. Thus, the high CO binding strength would not be major problem 

for Pt0.25Ru0.75/pN-C in practical applications. 
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Fig. S 5.15 In situ ATR-SEIRAS experiment set up. (A) the schematic illustration of the set up. The beam path 

is also indicated. Photographic images of (B) the home-made cell and (C) experimental set up. 
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Fig. S 5.16 In situ ATR-SEIRAS results of (A) Ru/C, (B) Pt/C, (C) Pt0.25Ru0.75/C, (D) Ru/pN-C, (E) Pt/pN-C, 

and (F) Pt0.25Ru0.75/pN-C. The background was determined at 0.4 V vs RHE. Then the potential was fixed at 

each potential (from 0.3 V to -0.1 V vs RHE) to acquire signals. The Stark tuning rates for each sample were 

also indicated. 
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Fig. S 5.17 Comparison of the PGM utilization (H2-air as feeding gas) of our MEA using with other state-of-

the-art MEA reported recently (Table S 5.4). 
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Table S 5.2 Summary of the kinetic parameters of M/pN-C and M/C (M = Ru, Rh, Ir, Pt and Pt0.25Ru0.75). 

 
Loading 

(μgPGM/cm2) 

j0,disk 

(mA/cm2) 

j0,mass 

(mA/mgPGM) 

ECSA 

(cm2
PGM/mgcatal.) 

j0,ECSA 

(mA/cm2
PGM) 

Pt0.25Ru0.75/pN-C 2.8 7.27 2596.4 1232.1 2.11 

Pt0.25Ru0.75/C 2.8 1.63 582.1 1082.1 0.54 

Ru/pN-C 3.5 2.62 748.6 532.1 0.53* 

Ru/C 3.5 0.58 165.7 1092.8 0.15 

Rh/pN-C 3.5 5.32 1520.0 1410.7 1.08 

Rh/C 3.5 1.86 531.4 1214.3 0.44 

Ir/pN-C 3.5 0.25 71.4 707.8 0.10 

Ir/C 3.5 0.17 48.6 607.1 0.08 

Pt/pN-C 3.5 2.37 431.4 771.4 0.56 

Pt/C 3.5 0.53 151.4 707.1 0.21 

Commercial PtRu/C 3.5 2.64 754.3 871.4 0.86 
* The j0,ECSA of Ru/pN-C was calculated using the ECSA of Rh/pN-C as reason mentioned in Fig. S 5.7. 

 

 

 

Table S 5.3 Fitting results of chemisorption data. 

 K0 k2*100 V1 V2 

Ru/C 3.92 2.58 0.54 0.52 

Ru/pN-C 0.57 0.17 0.54 1.02 

Pt/C 1.04 0.73 0.68 0.40 

Pt/pN-C 0.93 0.57 0.66 0.45 

Pt0.25Ru0.75/C 2.16 0.87 0.60 0.49 

Pt0.25Ru0.75/pN-C 1.07 0.51 0.58 0.60 
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Table S 5.4 Comparison of PGM of our cell with other state-of-the-art HEMFCsa 

 Anode (loadingPGM) 
Cathode 

(loadingPGM) 

Peak power density 

(mW/cm2) 

PGM utilizationa 

(mW/mgPGM) 
Reference 

 

Pt0.25Ru0.75/pN-C 

(0.159 mg/cm2) 

Commercial  

Fe-N-C 

1460(O2) 9182 (O2) 
This work 

754 (air) 4742 (air) 

PtRu/C (0.6 mg/cm2) Ag/C 
1110 (O2) 1850 (O2) 85 

PGM anode/ 

PGM-free 

cathode 

699 (air) 1165 (air) 

Pd/C-CeO2  

(0.3 mg/cm2) 
Ag/C 500 (air) 1667 (air) 122 

Pd/Ni (0.3 mg/cm2) Ag/C 400 (air) 1333 (air) 139 

PtRu/C (0.4 mg/cm2) 
CoMn2O4/C 1100 (O2) 2750 (O2) 16 
MnCo2O4/C 1200 (O2) 3000 (O2) 

Pt/C (0.4 mg/cm2) Mn-Co spinel/C 1100 (O2) 2750 (O2) 15 

Pd-CeO2/C  

(0.25 mg/cm2) 
Ag-Co 1000 (O2) 4000 (O2) 133 

Pd/CeO2+C  

(0.5 mg/cm2) 
Co3O4/C 309 (O2) 618 (O2) 88 

PtRu/C (0.4 mg/cm2) Fe/N/C 400 (O2) 1000 (O2) 274 

PdIrRu/C (0.2 mg/cm2) Ag/C 820 (O2) 4100 (O2) 108 

PtRu/C (0.9 mg/cm2) Fe0.5-NH3 1040 (O2) 1156 (O2) 14 

PGM-free 

anode/ 

PGM cathode 

Ni@C Pt/C (0.4 mg/cm2) 160 (O2) 400 (O2) 84 

NiMo/KB Pd/C (0.2 mg/cm2) 120 (O2) 600 (O2) 61 

NiCu/KB Pd/C (0.2 mg/cm2) 350 (O2) 1750 (O2) 65 

PGM anode/ 

PGM cathode 

Ru7Ni3/C (0.2 mg/cm2) Pt/C (0.4 mg/cm2) 
2030 (O2) 3383 (O2) 110 
1230 (air) 2050 (air) 

Ru/meso C (0.1 

mg/cm2) 
Pt/C (0.45 mg/cm2) 1020 (O2) 1854 (O2) 130 

CeOx-Pd/C (0.38 

mg/cm2) 
Pt/C (0.7 mg/cm2) 1169 (O2) 1082 (O2) 125 

PtRu/N-C (0.2 

mg/cm2) 
Pt/C (0.4 mg/cm2) 831 (O2) 1385 (O2) 102 

PtRu/C (0.7 mg/cm2) Pt/C (0.6 mg/cm2) 3370 (O2) 2592 (O2) 7 

PtRu/C (0.4 mg/cm2) Pt/C (0.4 mg/cm2) 
1890 (O2) 2362 (O2) 7 
1310 (air) 1638 (air) 

Pd-CeO2/C (0.25 

mg/cm2) 
Pt/C (0.4 mg/cm2) > 1400 (O2) > 2154 (O2) 124 

PtRu/C (0.6 mg/cm2) Pt/C (0.4 mg/cm2) 2550 (O2) 2550 (O2) 84 

 PtRu/C (0.42 mg/cm2) 
Pt/C (0.33 mg/cm2) 

2380 (O2) 3120 
132 

 PtRu/C (0.33 mg/cm2) 1250 (air) 1894 

 
PtRu/C (0.39 mg/cm2) Pt/C (0.26 mg/cm2) 

2580 (O2) 3969 
131 

 1380 (air) 2123 

 
Pt-RuO2  

(0.123 mg/cm2) 
Pt/C (0.6 mg/cm2) 770 (O2) 1065 119 

 
PtRu/Mo2C-TaC 

(0.7 mg/cm2) 
Pt/C (0.7 mg/cm2) 1200 (O2) 0.857 100 

a: calculated by dividing peak power density by the sum of PGM loading in both electrodes 
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5.10 Contributions 

W. Y. Ni designed and synthesized all the catalysts, performed electrochemical tests and analyzed 

the characterization results; H. Ul Noor assembled the MEAs and performed the fuel cell 

measurements under the guidance of W. Mustain; S. M. Lee and S. L. Sun performed the 

chemisorption experiments under the guidance of J. S. Luterbacher; A. Krammer performed the XPS 

and UPS measurements under the guidance of A. Schüler; W. Y. Ni. and S. H. Lee performed the in-

situ SERIAS experiments; L. C. Bai performed the spherical aberration-corrected HAADF-STEM 

measurements; W. Y. Ni and X. L. Hu wrote the paper, with input from all the other co-authors. X. 

L. Hu directed the research.
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 Conclusions and outlooks 

 

6.1 Achieved results 

Four novel and efficient HOR electrocatalysts were introduced in this dissertation. Chapter 2 to 

Chapter 4 focused on nickel-based materials while Chapter 5 focused on PGM-based materials. All 

of the catalysts reported in this dissertation had very high catalytic activities and were the best at the 

time reported among their kinds, as shown in Table 6.1 and Table 6.2. In addition, by collaborating 

with other engineering groups, we also achieved significant breakthroughs in HEMFC performance 

(Table 6.3 and Table 6.4). One key that guaranteed the outstanding activity of the catalysts was to 

make nanostructured materials (which theoretically seems easy but actually is experimentally 

difficult).  Because unlike OER and ORR where the intrinsic activities of catalysts can be easily 

improved by two to three order of magnitude times, the space for intrinsic activity improvement in 

HOR seems to be limited. Therefore, the catalysts with mediocre intrinsic activity but huge ECSA 

could still possess impressive performance. Nevertheless, we still managed to improve the intrinsic 

activities of our catalysts to different extents by means of coupling with an appropriate support, 

doping with another elements, and strain engineering, which modulated the binding energies of 

reaction intermediates to the catalyst surface and increased the active sites. 

Table 6.1 HOR activities of non-PGM catalysts reported in this dissertation and other recent state-of-the-art 

works 

Catalyst 
Mass activity@η=50 

mV (mA/mgcat.) 

Mass-normalized j0 

(mA/mgcat.) 

ECSA-normalized 

j0 (μA/cm2
Cat.) 

Reference 

Ni-H2-NH3 59.2 21.8 70 Chapter 4 

Ni-H2-2% 50.4 24.4 28 Chapter 3 

Ni3N/C 24.4 12.0 14 Chapter 2 

Ni-MoO2 38.5 9.8 - 68 

Ni3N/Ni/N-GFs 42.7 12.8 36 78 

Ni@NC/PEI-XC 24.4 7.8 38 79 

np-Ni3N 29.8 10.3 - 80 

CeO2(r)-Ni/C-1 12.3 - 38 81 

Ni/NiO/C-700 5.0 - 26 82 

Ni95Cu5 - 0.9 25 65 

Ni/SC 8.6 7.4 40.2 45 

Ni/N-CNT 9.3 3.5 28 75 
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Ni4Mo 53.6 14.1 - 39 

Ni/MoO2 38.5 9.8 - 68 

Ni/Ni3B 24.7 - 25.4 71 

Ni/Ni3N - - 3 70 

Ni3@h-(BN)1/C-

700NH3 
- 3.3 22 77 

CoNiMo - - 15 60 

NiMo/KB - 4.5 27 61 

Ni7Fe/C  3.9 32 83 

Ni@C-500℃ - - 32 84 

Ni0.95Cu0.05/C - 2.4 14 64 

 

Table 6.2 HOR activities of PGM catalysts reported in this dissertation and other recent state-of-the-art works 

Catalyst Mass-normalized j0 (mA/mgPGM) ECSA-normalized j0 (μA/cm2
Cat.) Reference 

Pt0.25Ru0.75/pN-C 2596.4 2.11 Chapter 5 

PtRu3/PC-300 513.7 - 99 

fcc-Ru 92.7 0.15 94 

Pd9Ag1/C 26.8 0.033 112 

PtRu/Mo2C-TaC 155.0 0.2 100 

Ru@TiO2 80 - 121 

Ru/Meso C 540 0.31/0.38 130 

RuPdIr/C 238.5 0.53 108 

0.38 CeOx-Pd/C 51.5 0.12 125 

Pt0.25Ru0.75/N-C 1654 1.41 102 

(Pt0.9Pd0.1)3Fe/C 308.2 0.98 98 

P-Ru-3/C 430 0.72 111 

IrMo0.59 NPs 609.5 1.15 107 

Ru-Ir(1/1)-C 215 0.28 106 

Ru NP/PC 263 0.23 126 

IrNi@Ir/C 117.1 1.22 105 

Pd0.33Ir0.67/N-C 481 0.45 109 

Pt7Ru3/C - 1.16 90 

Ir1Ru3 NWs 73.8 0.084 104 

6% Pd/C-CeO2 19 0.089 123 

Ir9Ru1/C - 0.9 103 

PtRu - 0.49 96 

Pd/C-CeO2 24 0.0545 122 

 

Table 6.3 HEMFCs using non-PGM anode catalysts reported in this dissertation and other recent state-of-the-

art works 

Anode 

Catalyst 

Cathode 

catalyst 
Cell temp (°C) 

Backpressure 

(anode/cathode, 

kPag) 

flow rate  

(anode /cathode, L 

min-1) 

Peak power 

density 

(mW cm-2) 

Reference 

Ni-H2-NH3, 

6 mgNi cm-2 

MnCo2O4, 

1.2 mg cm-2 

95 
250/250 0.2 / 0.2 (O2) 488 

Chapter 4 150/150 0.2 / 1 (CO2-free air) 310 

80 250/250 0.2 / 0.2 (O2) 443 
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Pt/C, 

0.2 mg cm-2 

95 
250/250 

0.2 / 0.2 (O2) 628 

0.2 / 1 (CO2-free air) 500 

150/150 0.2 / 1 (CO2-free air) 430 

80 250/250 0.2 / 0.2 (O2) 560 

Ni@C-500 ℃, 

5 mgNi cm-2 

Pt/C, 

0.4 mgOt cm-2 
80 200/200 0.5 / 0.5 (O2) 160 84 

NiMo/KB, 

4 mgNi cm-2 

Pd/C, 

0.2 mgPd cm-2 
70 140/140 0.25/0.2 120 (O2) 61 

NiCu/KB, 

4 mgNi cm-2 

Pd/C, 

0.2 mgPd cm-2 
80 140/140 0.25/0.2 350 (O2) 65 

NiCr, 

5 mgNi cm-2 

Ag-based  

1 mg cm-2 
60 130/130 - 50 (O2) 86 

NiCo/C  

5 mgNi cm-2 

Co3O4  

1 mg cm-2 
60 130/130 1/0.5 22 (O2) 88 

Ni/C, 

5 mgNi cm-2 

Ag  

0.5 mg cm-2 
80 250/250 0.2/0.2 76 (O2) 87 

Ni-W 

5 mgNi cm-2 

Co-based  

3 mg cm-2 
60 0/0 0.05/0.05 

40 (O2) 

89 
27  

(CO2-free 

air) 

Ni7Fe/C 

3 mgNiFe cm-2 

N-doped C 

0.7 mg cm-2 
95 200/0 0.01/0.2 56 (O2) 83 

 

Table 6.4 HEMFCs using PGM anode catalysts reported in this dissertation and other recent state-of-the-art 

works 

 

Anode Catalyst 
Cathode 

catalyst 

Cell 

temp 

(°C) 

Backpressure 

(anode/cathode, 

kPag) 

flow rate  

(anode /cathode, 

L min-1) 

Peak power 

density 

(W cm-2) 

Reference 

P
G

M
 a

n
o

d
e 

| 
P

G
M

 c
a

th
o

d
e
 

Pt0.25Ru0.75/pN-C, 

0.18 mgPGM cm-2 

Pt/C, 

0.55 mgPt cm-2 
80 0 / 0 1 / 1 

2.15 

Chapter 5 1.05 (CO2-free 

air) 

Pd-CeO2/C, 

0.25 mgPd cm-2 

Pt/C, 

0.4 mgPt cm-2 
80 0 / 0 1 / 2 1.4 (O2) 124 

PtRu/C, 

0.42 mgPGM cm-2 Pt/C, 

0.33 mgPt cm-2 
80 130 / 130 

1 / 1 2.58 (O2) 
131 

PtRu/C, 

0.33 mgPGM cm-2 
1 / 2 1.38 (air) 

PtRu/C, 

0.39 mgPGM cm-2 

Pt/C, 

0.26 mgPt cm-2 
80 130 / 130 

1 / 1 2.34 (O2) 
132 

1 / 2 1.25 (air) 

PtRu/Mo2C-TaC, 

0.7 mgPGM cm-2 

Pt/C, 

0.7 mgPt cm-2 
70 207 / 103 1 / 1 1.2 (O2) 100 

Ru7Ni3/C, 

0.2 mgRu cm-2 

Pt/C, 

0.4 mgPt cm-2 
95 250 / 250 1 / 2 

2.03 (O2) 
110 1.23 (CO2-free 

air) 

Ru/Meso C, 

0.1 mgRu cm-2 

Pt/C, 

0.45 mgPt cm-2 
80 100 / 100 1.2 / 1.2 1.02 (O2) 130 
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RuPdIr/C, 

0.2 mgPGM cm-2 

PdAg/C, 

1 mgCat. cm-2 
80 300 / 100 0.15 / 1 

0.947 (CO2-free 

air) 
108 

0.38 CeOx-Pd/C, 

0.55 mgPd cm-2 

Pt/C, 

0.7 mgPt cm-2 
60 0 / 0 1 / 1 0.643 (O2) 125 

Pt0.25Ru0.75/N-C 

0.2 mgPGM cm-2 

Pt/C, 

0.4 mgPt cm-2 
80 0 / 0 0.4 / 0.4 0.831 (O2) 102 

Pd-CeO2/C, 

0.25 mgPd cm-2 

Pt/C, 

0.4 mgPt cm-2 
80 0 / 0 1 / 2 

2 (O2) 
133 

Pd/C, 

0.25 mgPd cm-2 
1.3 (O2) 

Pt-RuO2/C, 

0.12 mgPGM cm-2 

Pt/C, 

0.6 mgPt cm-2 
80 285 / 285 2 / 1 0.77 (O2) 119 

Pd0.33Ir0.67/N-C, 

0.2 mgPGM cm-2 

Pt/C, 

0.3 mgPt cm-2 
79 100 / 100 1 / 1 0.514 (O2) 109 

PtRu/C, 

0.7 mgPGM cm-2 

Pt/C, 

0.6 mgPGM cm-2 
80 - - 3.37 (O2) 7 

PtRu/C, 

0.7 mgPGM cm-2 

Pt/C, 

0.6 mgPGM cm-2 
80 50 / 100 1 / 1 

3.5 (O2) 
8 

~ 1.2 (air) 

PtRu/C, 

0.4 mgPGM cm-2 

Pt/C, 

0.4 mgPGM cm-2 
95.5 125 / 250 1 / 2 

1.89 (O2) 
134 

1.31 (air) 

PtRu/C, 

0.75 mgPGM cm-2 

Pt/C, 

0.4 mgPGM cm-2 
80 0 / 0 1 / 1 2.6 (O2) 135 

Ir1Ru1/C, 

0.1 mgPGM cm-2 

Pt/C, 

0.3 mgPt cm-2 
60 100 / 100 1 / 1 0.485 (O2) 104 

Ru/C-A, 

0.5 mgRu cm-2 

Pt/C, 

0.5 mgPt cm-2 
50 0 / 0 0.5 / 0.5 0.25 (O2) 136 

P
G

M
 a

n
o

d
e 

| 
P

G
M

 c
at

h
o
d

e 

Pt0.25Ru0.75/pN-C, 

0.16 mgPGM cm-2 

Fe-N-C, 

1.34 mg cm-2 
80 0 / 0 

1 / 1 1.46 (O2) 

Chapter 5 
1 / 1 

0.75 (CO2-free 

air) 

PtRu/C, 

0.9 mgPGM cm-2 

Fe0.5-NH3, 

1.5 mgcat. cm-2 
60 0 / 0 1 / 1 1.04 (O2) 14 

Pd-CeO2/C, 

0.25 mgPd cm-2 

Ag-Co/C, 

0.75 mgAg cm-2 

80 0 / 0 1 / 2 

1 (O2) 
133 

Fe/C, 

1 mgCat. cm-2 
0.96 (O2) 

PtRu/C, 

0.4 mgPGM cm-2 

MCS/C, 

0.58 mgmetal 

cm-2 

60 100 / 100 0.2 / 0.2 1.1 (O2) 15 

PtRu/C, 

0.4 mgPGM cm-2 

CF-VC, 

2.4 mgcat. cm-2 
70 30 / 100 1 / 1 

1.35 (O2) 
137 0.67 (CO2-free 

air) 

PtRu/C, 

0.4 mgPGM cm-2 

MnCo2O4/C, 

0.8 mgcat. cm-2 
80 100 / 100 1 / 1 

1.2 (O2) 
16 

CoMn2O4, 

0.8 mgcat. cm-2 
1.1 (O2) 

PtRu/C, 

0.7 mgPGM cm-2 

N-C-CoOx, 

2.4 mgcat. cm-2 
65 120 / 120 1 / 1 1.05 (O2) 138 

PtRu/C, 

0.6 mgPGM cm-2 

Ag/C, 

1 mgAg cm-2 
70 0 / 0 1 / 1 

1.11 (O2) 
85 0.699 (CO2-free 

air) 
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Pd/Ni, 

0.3 mgPd cm-2 

Ag-based 

alloy, 

3 mg cm-2 

73 300 / 100 0.2 / 1 0.4 (CO2-free air) 139 

Pd /C-CeO2, 

0.3 mgPd cm-2 

Ag-based 

alloy, 

3 mgAg cm-2 

73 300 / 100 0.2 / 1 0.5 (CO2-free air) 122 

 

6.2 Future development 

Despite the above achievements, they are all at the stage of proof-of-concept. Current status of 

HOR study is still at its initial states and far from practical applications. In the following paragraphs, 

I’ll present my personal outlooks for HOR. 

A. Identifying the reaction descriptors for HOR in basic media. Although the majority has 

reached to a consensus that HBE is not the sole descriptor for HOR in alkaline media, what other 

factors are governing this process remain ambiguous. OHBE and water binding strength are the two 

most possible candidates. However, no clear, comprehensive experimental evidence can prove or 

disprove one or the other. Another possibility is, given the similarity of these two species at molecular 

level, they can be energetically related according to scaling relationship. This requires new advanced 

characterization techniques to be developed, as can be seen in Chapter 4 and Chapter 5, determining 

these two factors is not easy. In addition, other non-thermodynamic factors such as transition state 

barriers, solvent dynamics, interfacial electric fields should be also considered33. 

 

Fig. 6.1 The anomalous pH-dependence of Ru/C and Ru/pN-C (both materials were used in Chapter 5). The 

polarization curves were recorded in H2-saturated electryolyte. 

Another consideration is the reaction descriptors can be material-dependent. Most current 

mechanism studies focus on Pt, because it is a typical HOR/HER catalyst and is stable in various 
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environments. But all those research works cannot make Pt representative. Ru, for example, has very 

different HOR behavior than Pt. Previous pH-dependent HOR performance were only studied for Pt, 

Ir, Rh, and Pd, and they are less active in base than in acid. Shown in Fig. 6.1, the HOR activities of 

Ru-based samples are also pH-dependent, but the trend is opposite to the other PGMs – they are more 

active in base than in acid. Another interesting point is that Ru/C and Ru/pN-C has very distinct HBE 

(Fig. 5.9), i.e., on two sides of Volcano plot (Fig. 1.6). If the water binding strength changes 

monotonically, as proposed in apparent HBE (HBEapp) theory30-32, one of these Ru catalysts should 

have increased activity while the other has decreased activity. However, this was not observed. 

Besides, the direction of Stark tuning effect for Ru/C and PtRu/C in in situ SEIRAS spectra were 

different from others (Fig. S 5.16). Both evidence pointed that the HOR reaction mechanism of Ru is 

different from Pt and other PGMs, and very likely they don’t share the same reaction descriptors. 

Therefore, more fundamental mechanistic studies should be conducted on other HOR-active materials 

such as Ru and Ni, to identify their own reaction descriptors. 

B. Developing more active and stable HOR catalysts. Although the HEMFC using 

Pt0.25Ru0.75/pN-C had excellent performance that approached the state-of-the-art PEMFCs (Chapter 

5), it is not competitive with traditional combustion engine. To further lower the PGM loading, PGM-

based HOR catalysts with higher activity should be further elaborated since the ORR catalyst can be 

PGM-free. Possible routes include developing PGM-coated materials115, PGM-earth abundant metal 

alloy110, or single-atom PGM-based catalysts300 that can take full advantages of the PGMs. 

For the more challenging non-PGM HOR catalysts, only Ni-based materials showed promising 

performance so far. Further improving its activity requires deeper understanding of its reaction 

mechanisms. Besides, attention should also be paid to its stability issue. Recent works showed that 

thin carbon layer-coated Ni can be a promising direction77, 79, 84, as the carbon layer isolates the nickel 

from O2 and electrolytes, which prevent any kinds oxidation. However, extra work should be done to 

confirm it is the outside layer carbon rather than the uncovered nickel that is the real active site. If 

true, understanding the underlying mechanisms would be not only interesting but also helpful for 

further improving the catalytic activity of this kind of catalyst. 

The HOR catalysts can be also improved from a practical aspect. There is a well-known gap 

between RDE and MEA measurements, because many factors that needed to be considered in MEA 

measurement, such as mass transfer, ion conductivity, water management, etc., don’t exist in RDE 

measurements301. Therefore, we can enhance the MEA performance by optimizing those factors 

without altering the performance of catalysts at RDE level. For example, pore-engineering (to create 
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mesopores302) can significantly enhance the mass transfer properties, which has been widely used in 

ORR catalysts13. Creating specific functional groups on the carbon support can better disperse the 

ionomers around the catalysts, hence increase the ion conductivity303. In addition, adverse effects 

such as ionomers poisoning304-305 and flooding  can be avoided by carefully designing the catalysts 

material or modifying their surface with additive polymers. 
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Appendix. Derivations of kinetic expressions 

for HOR & HER  

As has been mentioned in Section 1.3.1, there are five possible reaction kinetics for HOR & HER: 

Tafel - Volmer (RDS), Tafel (RDS) - Volmer, Heyrovsky - Volmer (RDS), Heyrovsky (RDS) - 

Volmer and H2 diffusion control. Each type of kinetics has its own characteristic Tafel slopes and 

reaction orders, originating from their unique mathematical expressions. Here all the possibilities are 

derived individually. 

A.1 Tafel - Volmer (RDS) 

Tafel: H2 + 2 M ↔ 2 M-H 

Volmer (RDS): M-H + OH- → M + H2O + e- 

We can firstly list the expression of each branch: 

𝑗𝐻𝑂𝑅 = 2𝐹𝑣𝑉𝑜𝑙𝑚𝑒𝑟,𝐻𝑂𝑅 = 2𝐹𝑘𝐻𝑂𝑅𝜃𝐻[𝑂𝐻
−] = 2𝐹𝑘𝐻𝑂𝑅𝜃𝐻[𝑂𝐻

−] ∙ 𝑒
𝛼𝐹𝐸

𝑅𝑇           (Eq. A1) 

𝑗𝐻𝐸𝑅 = 2𝐹𝑣𝑉𝑜𝑙𝑚𝑒𝑟,𝐻𝐸𝑅 

= −2𝐹𝑘𝐻𝐸𝑅(1 − 𝜃𝐻)[𝑂𝐻
−] = −2𝐹𝑘𝐻𝐸𝑅(1 − 𝜃𝐻)[𝑂𝐻

−] ∙ 𝑒
(𝛼−1)𝐹𝐸

𝑅𝑇   (Eq. A2) 

At equilibrium,  

𝑗0 = 𝑗𝐻𝑂𝑅,0 = 𝑗𝐻𝐸𝑅,0 

= 2𝑘𝐻𝑂𝑅𝐹𝜃𝐻
𝑒𝑞[𝑂𝐻−] ∙ 𝑒

𝛼𝐹𝐸𝑒𝑞

𝑅𝑇 = 2𝑘𝐻𝐸𝑅𝐹(1 − 𝜃𝐻
𝑒𝑞)[𝑂𝐻−]𝑘𝐻𝐸𝑅 ∙ 𝑒

𝛼𝐹𝐸𝑒𝑞

𝑅𝑇  (Eq. A3) 

By adding Eq. A1 and Eq. A2 together and then dividing by Eq. A3, we obtain the apparent 

current density: 

𝑗 =  𝑗𝐻𝑂𝑅 + 𝑗𝐻𝐸𝑅 = 2𝑘𝐻𝑂𝑅𝐹𝜃𝐻[𝑂𝐻
−] ∙ 𝑒

𝛼𝐹𝐸
𝑅𝑇 − 2𝑘𝐻𝐸𝑅𝐹(1 − 𝜃𝐻)[𝑂𝐻

−]𝑘𝐻𝐸𝑅 ∙ 𝑒
𝛼𝐹𝐸
𝑅𝑇  
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= 𝑗0{
𝜃𝐻

𝜃𝐻
𝑒𝑞 𝑒

𝛼𝐹(𝐸−𝐸𝑒𝑞)

𝑅𝑇 −
1−𝜃𝐻

1−𝜃𝐻
𝑒𝑞 𝑒

(𝛼−1)𝐹(𝐸−𝐸𝑒𝑞)

𝑅𝑇 } = 𝑗0{
𝜃𝐻

𝜃𝐻
𝑒𝑞 𝑒

𝛼𝐹𝜂

𝑅𝑇 −
1−𝜃𝐻

1−𝜃𝐻
𝑒𝑞 𝑒

(𝛼−1)𝐹𝜂

𝑅𝑇 }         (Eq. A4) 

If the measured potential region is narrow, θH can be assumed constant, then Eq. A.4 can be further 

simplified to: 

𝑗 = 𝑗0{𝑒
𝛼𝐹𝜂

𝑅𝑇 − 𝑒
(𝛼−1)𝐹𝜂

𝑅𝑇 }                               (Eq. A5) 

Which is equivalent to the well-known Butler-Volmer equation. It should be noted that Eq. A5 can 

be applied to both HOR and HER because there is no other electron transfer step before the RDS. 

 

A.2 Tafel (RDS) - Volmer  

This is the most special case among the four mechanisms because the rate determining step is a 

chemical reaction without potential dependence. Somehow literatures haven’t reached an agreement 

on this mathematical expression, especially for HOR18, 264, so the derivation below only represents 

my personal understanding. Since there is an electron-transfer step before the RDS for HER but not 

for HOR, the expressions in different directions are not the same thus are derived separately. 

HOR:  

Tafel (RDS): H2 + 2 M → 2 M-H 

Volmer: M-H + OH- → M + H2O + e- 

Tafel step is potential-independent, and the reaction is a two-phase reaction, thus it should be a 

zero-order reaction: 

𝑗𝐻𝑂𝑅 = 𝑘𝑇𝑎𝑓𝑒𝑙                                 (Eq. A6) 

However, if the reaction proceed in solution, e.g., a RDE system, the current should be 

proportional to the surface concentration of H2 [H2]s: 

𝑗𝐻𝑂𝑅 = 𝑘𝑇𝑎𝑓𝑒𝑙,𝑅𝐷𝐸[𝐻2]𝑠    (Eq. A7) 

As will be introduced detailedly later in A.5 H2 diffusion control, [H2]s can be linked to jHOR, jlim 

and bulk concentration of H2 [H2]B: 

[𝐻2]𝑠 = [𝐻2]𝐵(1 −
𝑗𝐻𝑂𝑅

𝑗𝑙𝑖𝑚
)  (Eq. A8) 
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Rearranged with Eq. A7, we obtained: 

𝑗𝐻𝑂𝑅 =
𝑗𝑙𝑖𝑚

𝑗𝑙𝑖𝑚+1
𝑘𝑇𝑎𝑓𝑒𝑙,𝑅𝐷𝐸[𝐻2]𝐵        (Eq. A9) 

It is expected that the above situation won’t occur on low overpotential region, because Volmer 

step should determine the reaction kinetics due to its potential-dependent nature. It should be 

considered as a possible explanation when the current remains constant with increasing potential, but 

the value is lower than jlim. 

HER: 

Volmer: M + H2O + e- ↔ M-H + OH- 

Tafel (RDS): 2 M-H → H2 + 2 M  

𝑗𝐻𝐸𝑅 = −2𝐹𝑘𝑇𝑎𝑓𝑒𝑙𝜃𝐻
2                (Eq. A10) 

The Volmer step is regarded as quasi-equilibrium, thus according to Nernst equation: 

𝐸 = 𝐸0
′ −

𝑅𝑇

𝐹
ln (𝜃𝐻[𝑂𝐻

−])       (Eq. A11) 

Here 𝐸0
′  refers to the standard potential for Volmer step, which is different from the standard 

potential for HER E0. Similarly: 

𝐸0 = 𝐸0
′ −

𝑅𝑇

𝐹
ln (𝜃𝐻0[𝑂𝐻

−]0)      (Eq. A 12) 

Assuming [OH-] remains constant, then by subtracting Eq. A12 from Eq. A11, we have: 

𝐸 − 𝐸0 = 𝜂 =
𝑅𝑇

𝐹
𝑙𝑛
𝜃𝐻0

𝜃𝐻
       (Eq. A13) 

Rearrange Eq. A13 with the relationship obtained in Eq. A10: 

𝑗𝐻𝐸𝑅 = −2𝐹𝑘𝑇𝑎𝑓𝑒𝑙𝜃0
2𝑒

−2𝐹𝜂

𝑅𝑇         (Eq. A14) 

 

A.3 Heyrovsky - Volmer (RDS) 

HOR: 

Heyrovsky: H2 + OH- ↔ M-H + H2O + e- 
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Volmer (RDS): M-H + OH- → M + H2O +e- 

𝑗𝐻𝑂𝑅 = 2𝐹𝑣𝑉𝑜𝑙𝑚𝑒𝑟 = 2𝐹𝑘0𝜃[𝑂𝐻
−]𝑒

𝛼𝐹(𝐸−𝐸0)

𝑅𝑇 = 2𝐹𝑘0𝜃𝐻[𝑂𝐻
−] ∙ 𝑒

𝛼𝐹𝜂

𝑅𝑇                         (Eq. A15) 

Heyrovsky step is in quasi-equilibrium, similarly to the derivation in Tafel (RDS) - Volmer’s HER 

part and assuming the concentration of OH- remains constant: 

𝐸 = 𝐸0 −
𝑅𝑇

𝐹
𝑙𝑛
𝜃𝐻0

𝜃𝐻
                   (Eq. A16) 

Rearrange Eq. A16 and put the result in Eq. A15, we have: 

𝑗𝐻𝑂𝑅 = 2𝐹𝑘0𝜃𝐻0[𝑂𝐻
−] ∙ 𝑒

(𝛼+1)𝐹𝜂

𝑅𝑇        (Eq. A17) 

HER: 

Volmer (RDS): M + H2O + e- → M-H + OH- 

Heyrovsky: M-H + H2O + e- → H2 + OH-  

This case is very similar to the Tafel-Volmer (RDS) case because there is no electron transfer 

before the RDS: 

𝑗𝐻𝐸𝑅 = 2𝐹𝑣𝑉𝑜𝑙𝑚𝑒𝑟 = −2𝐹𝑘𝑉𝑜𝑙𝑚𝑒𝑟(1 − 𝜃𝐻)[𝑂𝐻
−] = −2𝐹𝑘0(1 − 𝜃𝐻)[𝑂𝐻

−] ∙ 𝑒
(𝛼−1)𝐹𝜂

𝑅𝑇       (Eq. A18) 

 

A.4 Heyrovsky (RDS) - Volmer  

HOR: 

Heyrovsky (RDS): H2 + OH- → M-H + H2O + e- 

Volmer: M-H + OH- → M + H2O +e- 

This is another one-electron transfer RDS with no other electron transfer ahead, so it can be easily 

written as in the Tafel - Volmer (RDS) case and the HER in Heyrovsky - Volmer (RDS) case: 

𝑗𝐻𝑂𝑅 = 2𝐹𝑣𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦 = 2𝐹𝑘𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦(1 − 𝜃𝐻)[𝑂𝐻
−] = 2𝐹𝑘0(1 − 𝜃𝐻) ∙ 𝑒

𝛼𝐹𝜂

𝑅𝑇   (Eq. A19) 

HER: 

Volmer: M + H2O + e- ↔ M-H + OH- 
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Heyrovsky (RDS): M-H + H2O + e- → H2 + OH-  

𝑗𝐻𝐸𝑅 = 2𝐹𝑣𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦 = 2𝐹𝑘𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦𝜃𝐻 = 2𝐹𝑘0𝜃𝐻 ∙ 𝑒
(𝛼−1)𝐹𝜂

𝑅𝑇        (Eq. A20) 

Volmer step is in quasi-equilibrium, similarly to the derivation in Tafel (RDS) - Volmer’s HER 

part and Heyrovsky – Volmer (RDS)’s HOR part and assuming the concentration of OH- is constant 

on the electrode surface, 

𝐸 = 𝐸0 −
𝑅𝑇

𝐹
ln 

𝜃𝐻

𝜃𝐻0
       (Eq. A21) 

Put Eq. A21 into Eq. A20 and rearrange, we obtain: 

𝑗𝐻𝐸𝑅 = 2𝐹𝑘0𝜃0 ∙ 𝑒
(𝛼−2)𝐹𝜂

𝑅𝑇        (Eq. A22) 

 

A.5 H2 diffusion control  

If we consider the HOR branch alone in, we have: 

H2 + 2 OH- → 2H2O + 2 e-  

In a traditional RDE system, dissolved molecular H2 has to diffuse onto the electrode to get 

oxidized. Since the solubility of H2 in H2O is very low, once the catalyst is extraordinary active (such 

as Pt), the reaction kinetics will become so fast that the mass transfer is the solely limiting factor of 

the reaction kinetics. In such case, reactant on the surface is rapidly consumed, shifting the 

thermodynamic potential until the reaction reaches a new equilibrium. And under the equilibrium 

condition, Nernst equation applies: 

𝐸 = 𝐸𝑅𝐻𝐸 −
𝑅𝑇

2𝐹
ln {

[𝐻2]𝑠[𝑂𝐻
−]𝑠
2

[𝐻2]𝐵[𝑂𝐻−]𝐵
2 }                   (Eq. A23) 

Where [𝐻2]𝑠  and [𝐻2]𝐵  are the electrode surface concentration and bulk concentration of 

molecular hydrogen,  [𝑂𝐻−]𝑠  and [𝑂𝐻−]𝐵  are the electrode surface concenstration and bulk 

concentration of OH-, respectively. Since OH- concentration is much higher than dissolved H2 and 

the reaction is stoichiometric, [𝑂𝐻−]𝑠 ≈ [𝑂𝐻
−]𝐵. Then Eq. A.23 can be simplified to: 

𝐸 = 𝐸𝑅𝐻𝐸 −
𝑅𝑇

2𝐹
ln {

[𝐻2]𝑠

[𝐻2]𝐵
}                   (Eq. A24) 
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In order to obtain the relationship between [H2]S and [H2]B, a certain knowledge of transport 

phenomena is required. According to Fick’s first law: 

𝐽 = 𝐷
𝑑𝐶

𝑑𝑥
                   (Eq. A25) 

Where J is flux, D is diffusion coefficient, C is concentration, x is position. Using Nernst diffusion 

layer model (assuming the concentration gradient near 

the electrode surface is linear, Fig. A1), J in the Eq. A25 

can be expressed in the form of current density: 

𝑗 = 𝑧𝐹
𝐷

𝛿
∆𝐶 = 2𝐹

𝐷

𝛿
([𝐻2]𝐵 − [𝐻2]𝑠)           (Eq. A.26) 

Where z is the number of electron transfer in the 

reaction and δ is diffusion layer thickness. In a limit 

condition where the [H2]S = 0, we obtain the limiting 

current density jlim: 

𝑗𝑙𝑖𝑚 = 2𝐹
𝐷

𝛿
[𝐻2]𝐵                 (Eq. A27) 

Rearrange Eq. A26 and Eq. A27, and the ratio of [H2]S to [H2]B is obtained: 

[𝐻2]𝑠

[𝐻2]𝐵
= 1 −

𝑗

𝑗𝑙𝑖𝑚
                (Eq. A28) 

According to Eq. A28, Eq. A24 can be rewritten as: 

𝜂𝑑 = 𝐸 − 𝐸𝑅𝐻𝐸 = −
𝑅𝑇

2𝐹
ln {

[𝐻2]𝑠

[𝐻2]𝐵
} = −

𝑅𝑇

2𝐹
ln (1 −

𝑗𝑑

𝑗𝑙𝑖𝑚
)       (Eq. A29) 

And 

𝑗𝑑 = 𝑗𝑙𝑖𝑚(1 − 𝑒
−2𝐹𝜂

𝑅𝑇 )                   (Eq. A30) 

Here ηd is diffusion overpotential, jd is diffusion limited current density. Eq. A29 and Eq. A30 

represent the measurement limit for RDE system, once the reaction kinetics is too fast, the measured 

current will show no more kinetic information but only mass transfer. Thus, the loading must be 

reduced when measuring highly active catalyst. Besides, it is noted that although the jlim refers to the 

HOR limiting current, Eq. A30 can be also applied to HER, because the derivation doesn’t include 

any particularity. This pointed has been experimentally proved163.   

Fig. A1 The Nernst diffusion layer model 
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