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Abstract 

The rising atmospheric level of carbon dioxide, CO2, contributes to climate change and 

poses urgent need to find scalable solutions both to decrease its emissions and to be able to 

recycle it, if the goals of Paris Agreement to limit the temperature rise are to be met. The 

electrochemical CO2 reduction (CO2RR) offers a solution towards this goal, as it converts CO2 

into valued-added products, which are extensively used in industry and enable storage of 

renewable energy. 

However, there are still some major scientific challenges on the way to the practical use of 

CO2RR. Cu-based materials are the only catalysts enabling hydrocarbon production with 

reasonable performance. With huge progress made to improve the catalysts’ selectivity, activity 

and provide mechanistic insights on CO2RR on Cu, the catalyst stability aspect remained 

largely out of focus. At the same time, this point must be addressed to make tangible impact. 

This thesis proposes two routes to tackle the stability of CO2RR electrocatalysts. The first 

one relies on the current knowledge on the Cu catalyst reconstruction and on alloying as a 

strategy to prevent its degradation. The second one proposes a paradigm shift towards the use 

of liquid metals (LMs) as continuously dynamically changing electrocatalysts to drive CO2RR. 

After providing fundamental background in Chapter 1 and experimental details in 

Chapter 2, Chapter 3 focuses on how alloying Cu with Ga improves the stability of CuGa 

nanocatalysts. CuGa NPs with 17 at. % of Ga preserve most of their CO2RR activity for 

20 hours while Cu NPs of the same size degrade in 2 hours. Ga reduces the propensity of Cu 

to oxidize at open circuit potential and CO2RR and enhances the bond strength in the NPs, thus 

addressing two key issues behind the degradation of Cu NPs during CO2RR. 

Chapter 4 proves that LM NPs can be implemented as electrocatalysts. The use of NPs as 

electrocatalysts maximizes surface-to-volume ratio of the material, but LM NPs are expected 

to rapidly coalesce, similarly to liquid drops, under CO2RR conditions when a cathodic 

potential is applied. Yet, we demonstrate that liquid Ga NPs drive CO2RR and remain well-

separated. Experimental proofs indicated that the native oxide skin of the Ga NPs remains 

present during CO2RR and provides a barrier to coalescence. 

Chapter 5 explores the chemical reactivity of LM Ga and Cu as a function of applied voltage, 

which is crucial to implement multi-metallic LM NPs electrocatalysts. Voltage and spatial 

proximity of the two metals dictate the reaction outcome as the voltage controls the reduction 
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of Ga native oxide skin. This voltage-driven process allows to obtain CuGa2 alloys or 

solid@liquid CuGa2@Ga core@shell NPs, which have unique composition and morphology, 

respectively, by tuning the reaction stoichiometry. With rationale behind such reaction 

mechanism, the criteria to predict the outcome for various liquid Ga-based NPs are defined. 

The thesis is concluded with a summary and an outlook towards addressing the challenges 

which the CO2RR community faces by looking into different and underexplored classes of 

materials, such as LMs. 

 

Keywords: CO2RR, electrocatalysis, liquid metals, nanoparticles, alloying, copper, gallium. 
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Résumé 

L'augmentation du taux de CO2 dans l'atmosphère contribue au changement climatique. Par 

conséquent, trouver des solutions pour réduire ces émissions et recycler le CO2 est essentiel 

pour respecter les objectifs de l'Accord de Paris visant à limiter le réchauffement global. La 

réduction électrochimique du CO2 (CO2RR) pourrait constituer une solution pour atteindre cet 

objectif, en convertissant le CO2 en produits à valeur ajoutée pour l'industrie tout en offrant 

une opportunité de stockage de l'énergie renouvelable. 

Cependant, il reste des défis scientifiques majeurs à relever pour parvenir à une utilisation 

pratique de la CO2RR. Actuellement, seuls les catalyseurs à base de Cu permettent une 

production d'hydrocarbures avec des performances raisonnables. Bien que d'énormes progrès 

aient été réalisés pour améliorer la sélectivité et l’activité des catalyseurs et pour fournir des 

informations mécanistiques sur la CO2RR sur Cu, la stabilité des catalyseurs reste largement 

inexplorée. Il est impératif de résoudre ce problème pour avoir un impact significatif. 

Cette thèse propose deux approches pour améliorer la stabilité des électrocatalyseurs 

CO2RR. La première repose sur les connaissances actuelles concernant la reconstruction du 

catalyseur Cu et l’utilisation d'alliage comme stratégie pour prévenir sa dégradation. La 

seconde propose un changement de paradigme en optant pour l’utilisation de métaux liquides 

(LM) comme électrocatalyseurs, offrant une évolution dynamique continue pour générer de la 

CO2RR. 

Après avoir fourni des informations fondamentales dans le chapitre 1 et des détails 

expérimentaux dans le chapitre 2, le chapitre 3 se concentre sur la façon dont l'alliage de Cu 

avec Ga améliore la stabilité des nanocatalyseurs CuGa. Les nanoparticules (NPs) de CuGa 

avec 17 at. % de Ga conservent leur activité CO2RR pendant 20 heures tandis que les NPs de 

Cu de même dimension se dégradent en 2 heures. Ga réduit la propension du Cu à s'oxyder au 

potentiel de circuit ouvert tout comme durant la CO2RR et améliore la force de liaison dans les 

NPs, résolvant ainsi deux problèmes clés à l'origine de la dégradation des NPs de Cu au cours 

de la CO2RR. 

Le chapitre 4 prouve que les LM NPs peuvent être utilisées comme électrocatalyseurs. 

L’utilisation de NPs comme électrocatalyseurs maximise le rapport surface/volume du 

matériau. Cependant, dans des conditions de CO2RR où un potentiel cathodique est appliqué, 

il est attendu que les LM NPs fusionnent rapidement, de la même manière que des gouttes 

liquides. Contre toute attente, nous démontrons que les NPs liquides de Ga permettent la 



 vii 

CO2RR toute en restant bien séparées. Des preuves expérimentales ont indiqué que l'oxyde des 

NPs de Ga reste présent pendant la CO2RR et constitue une barrière à la coalescence. 

Le chapitre 5 explore la réactivité chimique des NPs de Ga et Cu en fonction de la tension 

appliquée, ce qui est crucial pour l’utilisation de LMs multimétalliques comme 

électrocatalyseurs. La tension et la proximité spatiale des deux métaux dictent le résultat de la 

réaction, car la tension contrôle la réduction de l'oxyde natif de Ga. Ce processus gouverné par 

la tension permet d'obtenir des alliages CuGa2 ou des NPs solides@liquides CuGa2@Ga 

coeur@enveloppe, qui ont respectivement une composition et une morphologie uniques, en 

ajustant la stœchiométrie de la réaction. Avec l’étude du mécanisme de réaction, les critères 

permettant de prédire le résultat pour divers NPs liquides à base de Ga sont établis. 

La thèse se termine par un résumé et des perspectives pour relever les défis auxquels la 

communauté CO2RR est confrontée en examinant différentes classes de matériaux sous-

explorées, telles que les LMs. 

 

Mots clés : CO2RR, électrocatalyse, métaux liquides, nanoparticules, alliages, cuivre, 

gallium. 
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Chapter 1 

 

Introduction 

1.1 Motivation 

In the second half of XIX century, John Tyndall and Svante Arrhenius set the foundation 

for the knowledge on greenhouse effect of atmospheric CO2 on Earth.1,2 Over the last century, 

this discovery turned from an optimistic hypothesis to a factor placing the biosphere at risk of 

irreversible changes.3 The Paris Agreement on climate change puts a target of limiting the 

global warming to 1.5°C compared to pre-industrial level, which requires meaningful and 

coordinated efforts on levels spanning from global policy to research bench needed to secure 

economic, energy and climate security to various countries with very different challenges, 

resources and cultures.4 

Intergovernmental Panel on Climate Change have reported that not only the decrease in CO2 

emissions, but also valorization of CO2 will be required to limit global warming to 1.5°C.5 The 

electrochemical CO2 reduction (CO2RR) is a highly promising approach towards CO2 

valorization, as it allows to upgrade CO2 removal from being a waste disposal to a strategy 

which adds value to chemical industry, is performed at mild conditions (ambient temperature 

and pressure, aqueous electrolytes) and can be fueled by renewable electricity.6–9 

Currently, the main setback for the practical implementation of CO2RR is the lack of the 

appropriate catalyst, which is required to convert CO2 into product of interest and must be 

selective, active, and stable simultaneously.10,11 The selectivity issue is intrinsic to CO2RR as 

CO2 can be reduced into a variety of different chemicals such as CO, HCOOH, CH4, C2H4, 

C2H5OH and others.6,12 Cu-based catalysts are the most promising materials to obtain products 

other than CO and HCOOH, and huge progress was made over the last decade to improve the 

selectivity and activity of CO2RR electrocatalysts.6,13–23 The use of Cu nanoparticles (NPs) has 

emerged as beneficial both to maximize mass activity, because of higher surface to volume 

ratio, and selectivity, via morphology control, for example with Cu nanocubes which favor 

C2H4 or nanooctahedra which favor CH4 as main reaction products.13 
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However, the stability aspect of electrocatalysts for CO2RR has been less investigated so 

far.7,24 Generally, very few solutions have been proposed so far to the reconstruction of copper 

occurring during CO2RR which often results in performance loss. This gap provides the 

motivation behind this thesis which covers two main approaches. The first one is based on 

alloying of copper NPs with a different metal. The second one proposes the utilization of liquid 

metal (LM) NPs as a different and largely unexplored class of CO2RR electrocatalysts. 

 

1.2 Electrochemical CO2RR and the stability challenge of Cu catalysts 

1.2.1 General CO2RR overview 

One of the bottlenecks towards a wide implementation of CO2RR is the need of a catalyst 

which is active, selective and stable during operations. The primary reason for the need to use 

a catalyst is to decrease the energy needed to convert the thermodynamically stable CO2 

molecule and provide its high conversion rate.6 The reaction itself is a multi-electron process 

which can be written as follows:  

𝑥𝐶𝑂! + 𝑛𝐻" + 𝑛�̅� → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 + 𝑦𝐻!𝑂 

As a result, CO2RR may lead to a large variety of products depending on the number of 

electrons involved. These electrons are provided via the application of an external voltage, in 

principle supplied via excess renewable energy. The formation of various products is both a 

benefit and a challenge, as producing just one product at a time is not straightforward in most 

cases. In addition to that, CO2RR requires protons, which inherently leads to the rise of 

competing H2 evolution reaction (HER). Historically, Hori et al. were the first to systematically 

investigate different metals as electrocatalysts to drive CO2RR.25,26 Interestingly, Cu was the 

only metal generating products beyond CO and HCOOH, including CH4, C2H4, EtOH and 

PrOH in reasonable quantities. These products are sought after because of their higher energy 

content and economic value compared to CO and HCOOH.6 The rest of the metals can be 

classified in several groups, namely those producing CO (e.g. Ag, Zn, Au), those producing 

HCOOH (e.g. Cd, Hg, Pb) and H2-producing (not active towards electrochemical CO2RR; e.g. 

Pd, Ni, Pt). This behavior was later explained with a correlation between the intrinsic properties 

of the metals and their binding energy to crucial reaction intermediates, which include OH* 

and OCHO* (Figure 1.1). Furthermore, the development of experimental analytical techniques 

revealed that 16 different products are generated from polycrystalline copper.12 Altogether 

these studies made Cu-based materials the most utilized electrocatalysts for CO2RR for the past 
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decade. Most of these studies focused on enhancing its activity and, especially, its selectivity. 

Different strategies have been implemented to steer the selectivity of Cu-based electrocatalysts. 

These strategies include the use of single atom catalysts, multimetallic catalysts, hybrid 

materials such as metal/metal oxide, metal/polymers, metal/frameworks, oxide-/nitride-

/sulphide-derived catalysts, as well as electrode and device engineering.27–35 

 

 
 

Figure 1.1. Scaling relationships between binding energies of CO2RR intermediates 

and primary products for selected metals. The CO* binding energy (ECO*) and OH* binding 

energy (EOH*) well describe the binding energies of key intermediates of COOH*/CHO* and 

OCHO*, respectively. The scaled binding energy of OCHO*, EOCHO*, is also shown as an 

additional y-axis. The metals are therefore categorized into three groups based on the relative 

binding strengths of CO* and OH* to those of Cu: (I) non-oxophilic and non-carbophilic metals 

(Ag and Au), which primarily produce CO; (II) oxophilic and non-carbophilic metals (In and 

Sn), which primarily produce formate; (III) carbophilic metals (Pd, Ni, and Mo), which 

primarily produce H2.36 

 
In electrocatalysis, the use of NPs offers a combination of advantages.37,38 First, NP 

electrocatalysts maximize surface-to-volume ratio and minimize the use of material, which is 

crucial especially when using the metals which are not abundant on Earth. Second, the recent 
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developments in atomically precise nanoscience allow the synthesis of NPs with well defined, 

tunable and homogeneous size and exposed facets. These NPs provide an ideal material 

platform to gain knowledge on structure/properties relationships and to exploit properties well 

beyond simply lowered material consumption. For example, the original study from Hori et al. 

on Cu single crystals suggested that the Cu (100) facet favors C2H4 production over other 

products.39 Single crystals have very low surface-to-volume ratio, which limits their application 

to fundamental studies in device confugurations far from those industrially relevant. Herein, 

studies with facet-engineered cubic Cu NPs, which expose mostly (100) surface, allowed to 

verify that the selectivity holds also in industrually relevant conditions, which are defined as 

devices which operate at high current densities (≥ 100 mA/cm2).13,40 In addition, a very 

interesting size-dependent trend emerged, which revealed that the selectivity for ethylene is 

maximized for 44 nm Cu nanocubes compared to smaller or bigger sizes.41 This information 

coupled with theory indicated that an optimal balance between edge and facet sites exisit to 

generate C-C coupling and ethylene formation on copper.42 Cu NPs with other shapes were 

also utilized to reveal the structure-dependence selectivity towards other products, including 

methane and ethanol.6,43,44 

 

1.2.2 Structural reconstruction of Cu electrocatalysts during CO2RR 

While copper exhibits an ideal behaviour in terms of selectivity, various studies report that 

copper electrodes reconstructs under CO2RR conditions, which often implies degradation and 

loss of their electrocatalytic performance (i.e. activity and selectivity) over time.7,45–50 To 

address this issue is of fundamental importance for the techological implementation of CO2RR. 
40 Yet, the stability aspect has been rarely considered explicitly until recent, and it still remains 

underexplored.7,24 

For Cu NPs catalysts, recent work using in situ electron transmission microscopy has 

evidenced that their restructuring occurs via dissolution/reprecipitation mechanism, 

specifically voltage-driven Ostwald ripening (Figure 1.2A,B).48 Surface oxidation at open 

circuit potential (ocp) accounts for the initial dissolution which continues during operation 

mediated by soluble Cu intermediate species. Evidences build up in the literature that these 

intermediate species are complexes formed between Cu surface atoms and reaction 

intermediates, generally CO (Figure 1.2C).45,48,51–57 Indications that similar driving forces are 

involved in the reconstruction of bulk copper electrodes exist in the literature.49 

 



 5 

 
 

Figure 1.2. Cu degradation and reconstruction patterns during CO2RR. (A) Snapshots 

of TEM grid selected area during 30 – 60 s of operation illustrating that the disappearance of 

the original Cu NPs is accompanied by the growth of other NPs.48 (B) Evolution of total Cu NPs 

projected areas (obtained by TEM) during startup phase of CO2RR.48 (C) Schematic illustration 

of the copper reconstruction mechanism under CO2RR conditions, where adsorbed CO* 

intermediates drive the transient dissolution followed by redeposition.51 

 

1.2.3 Strategies towards stable CO2RR catalysts 

It should be noted upfront that a rational framework on how to confer stability to copper 

based on the above mentioned mechanistic understanding of its reconstruction during CO2RR 

has yet to be developed. Yet, a few studies do report on possible strategies to generate stable 

CO2RR electrocatalysts based on Cu NPs. 

These strategies include the utilization of Cu-containg materials, such as Cu-based ternary 

oxides (e.g. SrCuO2), or interfacing Cu with different domains (e.g. CeOx, Cu3N).58–62 The 

main driving force behind the increased durability of the catalyst is a stabilization of Cu in a 

desired valence or in a specific crystallographic site by another element or the phase in 

proximity. For example, ternary SrCuO2 oxide is able to retain oxidized Cu species after 

exposure to CO2RR conditions for longer than CuO-dervied Cu catalyst, which allows higher 

FE towards C2+ products for longer time.58 Furthermore, incorporation of Sr in the lattice allows 

to retain the Cu sites with lower coordination number in the ternary oxide, which has higher 

catalytic activity than the sites with higher coordination number. However, the non-metallic 

nature of such materials complicates their processing and application. 
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Carbon and carbon-based shells have been also proposed to stabilize Cu NPs during 

CO2RR.63–66 They provide a physical barrier against dissolution, which can prevent 

fragmentation and sintering of the NPs during operation. However, the NPs which must be 

stable under the often harsh conditions used for the synthesis of these coatings (e.g., high 

temperature required for the carbonization of organic layers). It also implies the trade-off 

between the activity, which is defined by access of CO2 to catalytically active surface, and 

stability of Cu with respect to dissolution, which benefits from thicker and denser coating. 

More recently, the increased stability of Cu nanocubes in tandem system with Fe porphyrin 

molecular catalyst was reported.67 The authors attribute the increased durability of the catalyst 

to the CO being produced on the site other than Cu, but no further elaboration was provided. 

Lastly, alloying of Cu with Bi was reported to stabilize the Cu-based NP catalyst, but no 

stabilization mechanism was proposed.68 

Overall, the need of defining a more rational framework to stabilize Cu from reconstructing 

or perhaps proposing new paradigms to generate stable catalysts exists in the field of CO2RR. 

 

1.3 Liquid metals and the unique place of Ga among them 

1.3.1 General overview of liquid metals, Ga and Ga-based materials 

Non-radioactive metals which possess melting points close to the room temperature include 

Cs (28.5 °C), Rb (39.3 °C), Hg (−38.8 °C) and Ga at 29.8 °C.69–74 Alkali metals are too reactive 

to be used in their metallic state. Ga was discovered relatively late, in 1875, and does not form 

ores of its own, which strongly limited its use until second half of XX century.75 So, for a long 

time, the use of LMs was mostly limited to mercury, Hg, which is known to humanity in its 

metallic state since antiquity and beyond. Hg has number of unique advantages which made it 

indispensable for various applications over these centuries. To name few recent areas where 

was used, LM nature of Hg made it ideal for polarographic studies, which in many ways was 

a cornerstone for modern electrochemistry research, and for which Jaroslav Heyrovsky was 

awarded Nobel Prize in 1959.76 On industrial scale, Hg electrodes were used in the 

electrochemical chloro-alkali process, thus supplying chlorine, hydrogen and sodium 

hydroxide to the entire chemistry and chemical engineering industry.77 However, as a result of 

the growing concerns about Hg toxicity, its use steadily decreased over the following decades. 

Recently, the field of LMs has undergone a true renaissance, which has partly been driven 

by the increasing interest in wearable devices.69–74 Most research has centered on Ga and its 
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alloys due to their low toxicity and melting point, with the most common compounds being 

metallic Ga, eutectic GaIn (EGaIn, 75 wt. % Ga) and GaInSn (Galinstan, 69 wt. % Ga, 

21 wt. % In, 10 wt. % Sn) alloys. These compounds possess many peculiar properties beyond 

those of just metals and just liquids, which resulted in an explosive growth of their prospective 

applications (Figure 1.4).78 

In terms of applications, LMs hold a lot of promise for soft wearable electronics, where 

metallic Ga, EGaIn and Galinstan alloys are implemented as self-healing electric circuits.79–82 

Malleability and electric conductivity also make LMs appealing for the fabrication of 

conductive LM-polymer composites, self-healing flexible battery electrodes, as well as for 

other energy harvesting and conversion approaches, or even soft robots.79,83–89 Lastly, Ga is not 

toxic, to the extent it can be used for intravenous injections, which makes it a promising 

candidate for drug delivery.90–92 Together with the ability to form stable microfluidic channels, 

this makes Ga-based LMs perfect for bioimaging.82,93,94 

 

 

 

Figure 1.4. Attributes, fabrication, and applications of liquid metal particles. The inner 

semi-circle illustrates the attributes of liquid metal particles; the middle ring describes methods 

to fabricate liquid metal particles with different sizes; the outer ring presents several application 

areas of liquid metal particles.78 
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LMs have also emerged as a new class of catalysts wherein the highly dynamic liquid 

surface offers greater flexibility compared to solid catalysts.74,95–108 Most of the studies so far 

have focused on thermal catalysis, including dry reforming of methane and alkane 

dehydrogenation, where so-called SCALMS (supported catalytically active liquid metal 

solutions) catalyst concept was introduced.95,101–103 For example, Pd atoms popping up on the 

surface of liquid Ga in PdGa alloys were shown to be extremely selective for the 

dehydrogenation of alkane while being resistant to coke poisoning (Figure 1.5A,B).95 In this 

case, noble metal is actually dissolved in Ga which acts as its vessel, as later shown for Pt 

where it was fully coordinated by Ga atoms in similar SCALMS architecture.97 Applications 

of LMs are emerging also in electrocatalysis.87,96,98,99,104–108 In one example, metallic Ce 

nanoparticles (NPs) were stabilized within Ga droplets to promote the electrochemical 

conversion of CO2 to solid carbonaceous species without undergoing deactivation by the 

buildup of reaction products (Figure 1.5C,D).104 In a second example, a selectivity change 

from hydrogen evolution to selective electrochemical CO2 reduction was observed to follow 

the solid-liquid conversion of a Ga-Sn-In catalyst.105 Lately, Bi-Ga LM electrocatalysts have 

been shown to possess self-healing abilities which allow to fully recover the catalyst activity 

after its degradation.96 

 

 

 
Figure 1.5. Catalytic applications of LMs. (A) SCALMS Pd-Ga catalyst for ethane 

dehydrogenation and (B) the reaction schematic.95,109 (C) Schematic of hanging-drop Ce-doped 

Ga electrode implemented as electrocatalyst for CO2-to-carbon conversion, with illustration of 

solid carbon delamination process and (D) its CO2RR catalytic cycle.104 
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Despite these exciting opportunities in catalysis, the aforementioned studies are mostly 

based on bulk LMs.74,95,101–107 NPs are highly beneficial in heterogeneous catalysis as their high 

surface area maximizes the number of active sites per mass of material, and nanoscale effects, 

which improve activity or selectivity, can also emerge.37,38 At the same time, NPs catalysts tend 

to sinter, which requires the development of protection schemes, such as oxide coatings.110,111 

Because of their fluidity, LM NPs are expected to coalesce even more rapidly compared to 

solid NPs, which poses doubts regarding their utilization as catalysts. 

Ga itself has not been tested much in electrocatalytic applications. It belongs to the CO-

producing metals family, with the best selectivity being ~77% for gallium oxide-derived 

nanocatalysts.112 For conventional bulk Ga electrocatalyst, Hori et al. reported ca. 20 % 

selectivity for CO, with the rest being competing HER reaction.113 

Overall, existing studies indicate the potential of LMs in catalysis, however such potential 

has not been fully exploited yet, especially in the form of NPs. 

 

1.3.2 Ga surface oxide and oxide-related properties 

One unique feature of Ga-based LMs is the presence of a native oxide skin surrounding their 

liquid metal core (Figure 1.6A).69–74,114 This oxide forms even at low partial pressures of O2 

(ca. 10-7 mbar),115 and regulates the surface properties of the LMs, thus it is important for many 

of their applications.69–74,114 This skin is viscoelastic, which reveals unique rheological 

behavior, being malleable and varying from elastic to liquid-like depending on mechanical 

stress applied.82,93,116,117 Extensive changes in surface tension of the LM droplet can be 

observed depending on the presence of this oxide skin, its thickness and degree of oxidation . 

As one example, Khan et al. could track these changes with camera, showing the shape 

recombination abilities of EGaIn (Figure 1.6B).118 Oxide-covered surface has near-zero 

interfacial tension, resulting in tremendous wetting ability (Figure 1.6C). When the oxide shell 

is removed, the droplet tends to form ideal spherical shape, with ca. 700 mJ/m2 surface 

tension.119 The presence of this surface oxide can be controlled either chemically (e.g., by 

chemical dissolution in acidic or basic electrolytes) or electrochemically (by applying oxidative 

or reductive potential) (Figure 1.6B,C).118,120 
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Figure 1.6. Key attributes and properties of Ga native oxide skin. (A) Schematic of Ga 

NPs with its native oxide skin (denoted as GaOx) and energy diagram representing its 

continuous change over oxide thickness.114 (B) Oxidative spreading of a bead of liquid EGaIn 

in 1 M NaOH solution, with a needle and a wire serving as electrical contacts to the droplet. 

The drop keeps a spherical shape initially due to the large surface tension of non-oxidized 

EGaIn surface, with complete flattening taking place oxidative potential is applied and oxide 

skin is formed.118 (C) The change of surface tension (top) and current as a function of applied 

voltage with and without Ga oxide skin.118 

 
This surface oxide is amorphous and often consists of a non-stoichiometric matrix of Ga 

atoms bound with oxygen atoms, H2O molecules, OH- groups or other anions, depending on 

the chemical environment.121–126 Furthermore, a continuous gradient in its properties exists 

across its thickness (Figure 1.6A), contrary to sharp change in properties of different layers 

common for conventional solid layered structures such as core@shell NPs or self-assembled 

monolayers on coinage metals, where clear boundaries exist between the layers.114 In addition 

to that, the growth of this oxide is self-limiting, as it follows the Cabrera-Mott 

mechanism.114,127–129 This mechanism starts with initial adsorption of oxygen atoms on LM Ga 

surface, which creates an initial oxide layer. As long as the oxide remains thin, electrons can 
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tunnel through it and generate a potential gradient (Mott potential) and electric field between 

the outer and inner boundaries of the oxide. The creation of a potential jump on the inner 

metal/oxide interface causes metal ions to ionize and migrate to the surface. The oxide skin 

continues to grow until the oxide gets too thick, which reduces the electric field gradient and 

ability of electrons to tunnel through the oxide. As a result, the oxide skin of liquid Ga typically 

stops to grow at an oxide thickness of 2 – 3 nm, with 0.5 – 5 nm range accessible depending 

on the oxide growth conditions.129 

In the case of NPs, the presence of surface oxide induces additional peculiarities. First, the 

Cabrera-Mott model implies even faster oxidation of the NPs surface compared to bulk case, 

although the oxide thickness still remains limited to few nanometers.128 Second, the presence 

of an oxide leads to pronounced supercooling (also called undercooling) effect in Ga NPs.114 

This supercooling effect is a decrease in the freezing point of material below the 

thermodynamically favored liquid/solid phase transition temperature. In Ga NPs, this effect is 

due to the spatial confinement provided by the shell: solidification of liquid Ga into its bulk-

stable a-Ga phase comes with volume expansion due to lower density of a-Ga compared to 

liquid Ga (5.904 vs. 6.095 g/cm3).130 As the oxide skin defines a finite volume of the NPs, the 

oxide completely suppresses the formation of a-Ga in Ga NPs. Ga has other polymorphs, which 

are metastable and have higher densities than liquid Ga: b-Ga (6.23 g/cm3), g-Ga (6.20 g/cm3) 

and d-Ga (6.22 g/cm3).130 So, as the size of the NPs decreases, the stable solid phase changes 

as a-Ga (particle size > 800 nm) ® b-Ga (600 – 800 nm) ® g-Ga (300 – 600 nm) ® d-Ga 

(< 300 nm), with bulk melting points of 29.8, -16.2, -35.6 and -19.4 °C, respectively.131 

Moreover, the oxide shell thickness itself can also affect the freezing point of particles with 

different size.132 The impact of the shell on the stability of different phases makes the phase 

transitions in liquid Ga droplets particularly complex and, together with conventional melting 

point depression which occurs in NPs, the supercooling effect in Ga NPs brings their phase 

transition point down to -100 °C and beyond, with large hysteresis (tens °C) between the 

freezing and melting.133,134 This supercooling effect is particularly helpful for the applications 

where the LM needs to stay liquid at temperatures below its freezing point, such as in room-

temperature printed electronics, preparation of lead-free solders and biomimetic lithography 

(printing on biological surfaces, including non-adhering surfaces like brain).135,136 

Another unique role that the oxide skin plays is to keep the Ga NPs separated while in 

contact with each other. In fact, liquid droplets will merge easily due inherent mobility of atoms 

in liquid. Indeed, Cheek at al. reported the merging of Ga nanodroplets upon the removal of 
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native oxide skin with in situ TEM.137 Removal of oxide is a clear trigger for the merging to 

start, which takes only few seconds to reach completion. At the same time, with the surface 

oxide present, suspensions of LM NPs are stable for months and years without any sign of 

coalescence.114,135 

If stable under reaction conditions, the native oxide will also play a crucial role in catalysis, 

especially when moving from bulk to NPs.69–74,138,139 For example, in the context of 

photocatalysis, studies show that it contributes to charge separation as a semiconducting 

material.138,139 More generally, it may possess catalytic activity on its own or regulate the 

access of reactants to the liquid core while preventing the NPs coalescence. However, very 

little attention has been given to the NPs native oxide skin in the context of catalysis, or even 

Ga electrochemistry in broader sense.69–74  

 

1.3.3 Electrochemistry of pure Ga. 

The knowledge about the electrochemical properties of Ga remains very limited.140 

According to the Pourbaix diagram (Figure 1.7), Ga is present as oxide at steady conditions in 

neutral and moderately basic solutions with no potential applied. Above pH=11.4, Ga2O3 

dissolves as Ga2O3 + 6OH- = 2GaO33- + 3H2O. At the same time, corrosion of Ga in basic 

solutions is not prominent until very basic pH values (~14).141  

Stoichiometric Ga2O3 is reduced to metallic Ga at potential below -0.48 VRHE at any given 

pH where no corrosion takes place. Depending on the oxide composition and state of Ga (liquid 

or solid), this potential varies between -0.6 – -0.4 VRHE, with higher affinity of the oxide to 

solid Ga (that is, lower reduction potential).105,121,142,143 

The complete chemical conversion pathway of the electrochemical reduction of Ga oxide 

and its formation is not established yet. Here, the key takeaways are provided based on existing 

evidence in the literature, although the LMs community would highly benefit if this mechanism 

was experimentally elaborated. 

 

 



 13 

 
 

Figure 1.7. Pourbaix diagram of Ga in aqueous solutions. The diagram is simplified to 

represent the equilibrium phases and is recalculated into reversible hydrogen electrode (RHE) 

scale from the original standard hydrogen electrode (SHE) scale (adapted from ref.142). 

 

A reduction of the oxidized Ga surface is normally associated with the reduction of the 

oxide/hydroxide passivating film (peaks C1, C2 on Figure 1.8A). However, this reduction is 

not a one-step process and has peculiarities, such as dependance of the oxide reduction potential 

on the voltage where the cathodic wave starts.121,122 The chronopotentiometric curves obtained 

by Popova et al. point at two main events, with reduction event occurring at more positive 

potential attributed to the overstoichiometric oxygen reduction, and the more cathodic event to 

the reduction of the main Ga oxide phase.121,122 More recent papers on anodic passivation of 

Ga propose that oxide layer in aqueous electrolyte is composed of few layers of oxohydroxide 

films (colloid-like and barrier layer) (Figure 1.8B),124–126 in line with reports from Popova 

et al. assuming that colloid-like and barrier layers have different oxygen stoichiometry. 

Interestingly, Popova et al. claim that even though Ga surface becomes shiny and active 

after cathodic activation, some oxide should still be present, as the hydrogen reduction reaction 

and the gallate reduction on activated Ga happens at higher overvoltage than for the oxide-free 

Ga.122 Extra anions in the electrolyte, which can bind chemically to Ga or its oxide, may shift 

the reduction potential both to the negative (e.g. F- for liquid Ga) and positive (e.g. F- for solid 

Ga) voltages, depending on the affinity of the oxide/hydroxide layer to the metallic 
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surface.123,125 As a consequence of that, the reduction of oxide is easier on liquid Ga than on 

solid Ga (that is, oxide layer has larger stability window on solid Ga because of its higher 

affinity to rigid, solid surface).121,122 

The anodic part has at least three different regions, with the exact interpretation of them 

largely unknown (marked as A1, A2, A3 on Figure 1.8A).118,124–126,144,145 Existing reports 

suggest that Ga oxidation starts with formation of few oxide/hydroxide monolayers (insoluble 

GaOOH or soluble [Ga(OH)4]-, depending on the electrolyte pH),121,122,124 possibly of mixed 

composition if other anions are present (e.g., Ga(OH)2CO3- is proposed to exist in carbonate 

buffer solutions).125 There are two pathways which can enable this. The electrochemical 

pathway would be enabled by direct oxidation of Ga0 to Ga3+, which then dissolves (as Ga3+ in 

acidic or [Ga(OH)4]- in basic electrolytes) or reacts with H2O to form insoluble 

GaOOH/Ga(OH)3 hydroxide. The alternative electrochemical/chemical pathway would first 

imply oxidation of Ga0 to Ga+, which then reduces hydrogen in H2O molecule as follows: 

Ga+ + 2H2O = Ga3+ + 2OH- + H2 

The studies by Selekhova et al. and Corbett et al. justify that the second mechanism (that is, 

electrochemical oxidation of Ga0 to Ga+ and chemical reduction of H2O to H2 with Ga+) is more 

probable, and that the existence of Ga2+ species is highly unlikely.144,146–150 Selekhova et al. 

further show that as the potential becomes more positive, the direct electrochemical oxidation 

of Ga0 to Ga3+ takes over. 

Further oxidation is enabled by specific adsorption of H2O molecules, which takes place at 

ca. -0.45 VRHE, and passivates the surface with the formation of barrier GaOOH layer.124,144 At 

more positive voltages, growing electric field allows ejection of Ga through this barrier layer,124 

in a way similar to how Mott potential drives oxidation of Ga surface. These Ga3+ species 

hydrolyze and form colloid-like loose oxide/hydroxide layer, probably with further chemical 

dissolution if pH is basic enough (Figure 1.8B).124 In case of liquid Ga, this latter stage of 

surface oxide/hydroxide development is associated with linear decrease in the surface tension, 

until the breakup of the drop into fractal-like patches which lose electric contact with the 

current supply, and the anodic process stops;118 on solid Ga, insulating Ga2O3 oxide eventually 

forms above 0.5 VRHE, as evidenced by electron diffraction.151 
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Figure 1.8. Electrochemistry of Ga and Ga oxide in aqueous solutions. (A) Current as a 

function of applied voltage highlighting cathodic (C1, C2) and anodic (A1, A2, A3) 

processes.118 (B) Composition of Ga oxide/hydroxide skin according to the model proposed by 

Korshunov et al. (adapted from ref.124). 

 

1.4 Synthetic routes to obtain Ga and Ga-based multimetallic NPs 

1.4.1 Top-down approaches 

By definition, NPs are the particles which are less than 100 nm in diameter.152 The 

approaches to synthesize LM NPs can be grouped into top-down and bottom-up approaches, 

each with their benefits and drawbacks. 

Top-down synthesis starts from a bulk material which is then fragmented into smaller 

particles. Such approaches are particularly common for the LM NPs, as they can be 

implemented in a very simple way.78 One example of top-down synthesis is sonication.78 Here, 

bulk Ga, EGaIn or Galinstan are placed in the liquid medium (water, toluene etc.), heated up, 

if needed to melt, and placed in the sonication bath. Within few tens of minutes or few hours, 

the energy supplied by sonication breaks up the bulk LM into NPs. Probe sonication decreases 

the reaction time to the range of few minutes only.78 The downside of top-down approaches is 

the low monodispersity of obtained particles. The size on the obtained particles ranges from 

ca. 30 nm to few µm, following lognormal distribution often peaking at few hundred 

nanometers. Although certain strategies, such as use of coordinating ligands, temperature 

control or size-selective precipitation and filtering, allow to narrow the size distribution of the 

obtained particles, the size distribution still remains rather broad (Figure 1.9A-G).153–156 
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Figure 1.9. Ga NPs obtained by bottom-up sonication-based synthesis. (A) Reaction 

scheme, (B) low-resolution TEM image with high-resolution inset highlighting the presence of 

Ga native oxide skin and (C) size distribution of Ga NPs/microparticles (MPs) obtained by 

sonication with poly(1-octadecene-alt-maleic anhydride) (POMA) stabilization.153 (D) SEM 

image and (E) size distribution of Ga NPs/MPs obtained by sonication with dodecanethiol 

stabilization.154 (F) Dynamic temperature control-assisted sonication setup with size 

distribution of Ga NPs/MPs and (G) low-resolution TEM of Ga NPs obtained by Lu et al, where 

rpm stands for the centrifugation rate used to separate NPs/MPs of different sizes.155 
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Another top-down approach to obtain LM particles is the shearing method (shearing liquids 

into complex particles, SLICE).157 This method relies on mechanical energy supplied by speed 

rotary machine to break bulk LM into particles. Similar observations apply to SLICE method 

as to sonication approach: the synthesis yields NPs and MPs with broad lognormal size 

distributions ranging from few nanometers to few microns, which can be improved by 

implementing ligands and changing shearing parameters. 

Overall, top-down approaches are very versatile and simple to use but suffer from broad 

size distribution as their main drawback. Thus, these approaches are suitable for the 

applications where size distribution of the particles is not so important, such as fabrication of 

conductive soft composites or SCALMS thermal catalysis. However, bottom-up approaches 

are not ideal when a narrow size distribution is crucial to gain reliable knowledge or to be able 

to use the LM NPs at all, such as plasmonic and certain catalytic studies. 

 

1.4.2 Bottom-up approaches  

Bottom-up approaches exploit building-up of NPs from molecular precursors. One bottom-

up approach to synthesize LM NPs is a physical vapor deposition.158 This method allows to 

obtain the LM NPs in 10 – 100 nm range with narrower size distribution than sonication or 

SLICE methods. Physical vapor deposition produces NPs attached to the substrate, which 

limits the versatility of the method for the applications which benefit from solution processing, 

such as inkjet printing, which is inherently possible for other synthesis methods of LM NPs. 

Among bottom-up approaches, colloidal synthesis emerges as ideal method to obtain well 

defined tunable NPs with homogeneous size and shape with narrow size distribution.37,38,159,160  

As one example, Yarema et al. have reported the use of thermal decomposition to obtain 

monodispersed Ga NPs.161 Here, a Ga molecular precursor, Ga2(NMe2)6, is dissolved in 1-

octadecene (ODE) and, with the addition of di-n-octylamine (DOA), is injected into ODE 

solution in N2-atmosphere at 280 °C, with the Ga NPs starting to form ca. 40 s after injection 

(Figure 1.10A). Each Ga NPs is covered with oxide skin (Figure 1.10B), and the standard 

deviation of the NPs size is ca. 8 % (Figure 1.9C). ODE acts as a non-coordinating solvent, 

while DOA acts as surfactant and as agent which controls the kinetics of Ga precursor 

decomposition rate.  
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Figure 1.9. Monodisperse Ga NPs obtained via colloidal synthesis. (A) Reaction scheme 

and low-resolution TEM image, (B) TEM image of one NPs highlighting Ga core and Ga oxide 

shell and (C) size distribution of Ga NPs obtained by Yarema et al.161  

 
Moving towards Ga-based multimetallic NPs, Castilla-Amorós et al. have reported the 

synthesis of well-controlled CuGa, AgGa dimeric and AgCuGa trimeric NPs with the use of 

galvanic replacement reaction (GRR) (Figure 1.10A,B).162 GRR relies on the difference in 

reduction potentials of the two metals, which provides driving force for the reaction. As Cu 

(E#$!"/#$# = 0.34	𝑉) has higher reduction potential than Ga (E&'$"/&'# = −0.56	𝑉), the GRR 

between Ga0 and Cu2+ is expected to occur.143 Indeed, the authors reacted pre-synthesized Ga 

NPs with Cu (II) acetate in ODE to form phase segregated Ga/Cu nanodimers (ND) wherein 

Ga remains liquid and the Cu domain is instead crystalline. It is noted that the morphology of 

NDs is unusual for GRR, which generally leads to formation of alloyed NPs. The different 

behavior of the Ga NPs was attributed to the presence of Ga oxide skin. Size control of the Cu 

domain in the NDs was achieved by tuning the reaction time or the amount of Cu precursor 

added in the reaction. 

In another example, Clarysse et al. have reported the synthesis of solid alloyed Ga-based 

NPs, including Cu, Pd, Au, Ni, Ag (Figure 1.10C,D).163 This synthesis relies on 

amalgamation-driven seeded-growth, where the Ga molecular precursor is added to pre-

synthesized Cu NPs at high temperature in presence of mildly reducing agent (i.e. oleylamine, 

OLAM). The driving force for this reaction is liquid nature of Ga, which, in absence of oxide 

shell, readily amalgamates with most metals.164 Controllable Ga content was achieved by 

varying the amount of Ga precursor injected to the reaction mixture. 
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Figure 1.10. Monodisperse CuGa NPs of different morphologies obtained via colloidal 

synthesis. (A) Reaction scheme and (B) low-resolution TEM,  HAADF-STEM images and Cu 

and Ga elemental map of the phase-separated Ga/Cu NDs.162 (C) Reaction scheme and (D) 

low-resolution TEM,  HAADF-STEM images and Cu and Ga elemental map of the as-

synthesized CuGa alloy NPs.163 

 

Overall, the existing examples of colloidally synthesized Ga and Ga-based multimetallic 

NPs indicate that colloidal chemistry is the best approach when well-defined and tunable NPs 

in size, shape and composition are desired. Furthermore, colloidal NPs come as inks which are 

easily processible, thus ideal for many of the applications involving LM NPs. 
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Chapter 2 

 

Experimental section 

2.1 Chemicals 

Gallium (III) chloride (GaCl3, 99.999 %), tris(dimethylamino)gallium (III) dimer 

(Ga2(NMe2)6, 99.9 %) and di-n-octylamine (C16H35N or DOA, 98 %) are purchased from 

ABCR. Copper (I) bromide (99 %), copper (II) acetate (Cu(OAc)2, 99.999%), copper (I) 

acetate (CuOAc, 98%), tungsten (IV) chloride (WCl4), tri-n-octylamine (TOA, technical grade, 

98%), tetradecylphosphonic acid (TDPA, 97%),  tri-n-octylphosphine oxide (C24H51PO or 

TOPO, 99 %), n-Butyllithium solution 2.7 M in heptane (n-BuLi), oleylamine (C18H35NH2 or 

OLAM, 70 %), oleic acid (C17H33CO2H or OLAC, 90 %), 1-octadecene (C18H36 or ODE, 

90 %), toluene (anhydrous, 99.8 %) and ethanol (anhydrous, 99.5 %) were purchased from 

Sigma-Aldrich. Potassium carbonate (K2CO3, 99+ %, ACS reagent) was obtained from Acros 

organics. DOA, TOA, ODE, OLAM and OLAC were degassed and dried under a vacuum at 

110 °C for 4 h, cooled to room temperature, and then transferred airless to the glove box. All 

syntheses were carried out under an inert atmosphere using anhydrous solvents and standard 

glovebox and Schlenk-line techniques. Post-synthetic purification (“washing”), ligand 

exchange, handling, and storage of the as-synthesized materials were also carried out under 

inert atmosphere.  

 

2.2 Synthetic procedures 

7 nm Cu NPs 

7 nm Cu NPs were synthesized following a protocol adapted from Kim et al.165 In a typical 

synthesis, TOA (20 mL) was introduced in a 50 mL three-necked round bottom flask and then 

degassed under dynamic vacuum at 130ºC for 1 hour while stirring. The flask was then refilled 

with N2 gas and cooled to 50ºC. TDPA (270 mg, 1 mmol) and CuOAc (245 mg, 2 mmol) were 

added to the flask as a powder, forming a green, cloudy mixture. The mixture was heated to 

180°C and held for 30 minutes, during which the mixture turned light brown. After 30 minutes, 

the mixture was rapidly heated to 270°C, quickly forming a dark red mixture. After 30 minutes 
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at 270°C, the dark red colloidal suspension was allowed to cool down to room temperature by 

removing the heating mantle. Then, the reaction mixture was transferred into 40 mL glass vials 

with a septum filled with N2 via a 20 mL plastic syringe. To each 5 mL portion of the crude 

reaction mixture, hexane (5 mL) and ethanol (15 mL) were added. The particles were isolated 

by centrifugation at 13500 rpm for 8 minutes, and the supernatant was discarded. The particles 

were then washed using hexane (5 mL) and ethanol (15 mL) and again isolated after 

centrifugation. Finally, the particles were redispersed and combined into a single suspension 

using toluene and were stored in an N2-filled glovebox. 

40 nm Cu NPs  

40 nm Cu spherical NPs were synthesised by modifying the procedure reported by Loiudice 

et al.41 0.7 g of TOPO was added to 11.5 ml of OLAM in a three-necked round bottom flask 

and degassed for at least 30 minutes under strong magnetic stirring, during which time the 

TOPO dissolves in the OLAM and the solution turns colorless. The Cu precursor solution was 

prepared by dissolving 50 mg of CuBr in the 5 ml of degassed TOPO and OLAM. This solution 

was heated for 15 min at 80˚C in the glovebox to dissolve TOPO and CuBr. Then, the Cu 

precursor solution was transferred to the three-necked flask with a syringe to avoid oxidation. 

After that, the reaction mixture was brought to the temperature of 260˚C under N2-flow and 

left at this temperature for 60 min. As a result, reddish-brown solution is formed. The heating 

was then removed and the flask was allowed to cool to 90˚C. The solution was transferred to 

the glovebox and washed once with anhydrous hexane (1 : 1 hexane to reaction mixture ratio) 

by centrifuging at 6000 rpm for 10 minutes. The supernatant was disposed of, and the 

precipitate recovered in degassed OLAM for further use as seeds, or in anhydrous toluene for 

the further use as electrocatalyst (with the final concentration of ca. 5 mg/mL). 

CuGa alloy NPs 

CuGa alloy NPs were synthesized according to a modified procedure based on 

Clarysse et al.163 15 mg of Cu NPs in OLAM were added to the three-necked round bottom 

flask with 11.5 ml of degassed OLAM. The solution was heated to 280˚C under flowing N2. 

This step was followed by the hot-injection of a Ga-precursor, prepared by dissolving 17, 35 

or 70 mg of Ga2(NMe2)6 in 3 ml of degassed ODE to obtain CuGa4, CuGa17 and CuGa37 

samples, respectively. After the hot injection, the reaction solution was kept at a temperature 

of 280˚C for 1 hour, and allowed to cool to room temperature. The solution was transferred to 

the glovebox and washed once with anhydrous hexane (1 : 1 hexane to reaction mixture ratio) 

by centrifuging at 6000 rpm for 10 minutes. After that, the supernatant was disposed of, and 

the precipitate recovered in hexane. Ethanol was then added in 1 : 1 ratio, followed by 
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centrifugation for 5 min at 6000 rpm. Finally, the supernatant was disposed of, and the CuGa 

nanoparticles were dispersed in 5 ml of toluene (with the final concentration of ca. 1 mg/mL). 

18 nm Ga NPs 

18 nm Ga NPs were synthesized by modifying a previously reported procedure.166 12 mL 

of ODE and 1.1 mL of DOA were loaded into a 50 mL three-necked flask equipped with a 

reflux condenser and dried under vacuum at 120 °C for 1 h. Next, the reaction flask was filled 

with N2 and heated to 250 °C, followed by a rapid injection of 1.3 mL of n-BuLi 2.7 M in a 

10 mL syringe. After 30 s, the mixture color changed from colorless to yellow, and 22 mg of 

GaCl3 dissolved in 0.5 mL of anhydrous toluene were quickly injected with a 2 mL syringe. 

After that, the heating mantle was removed immediately, and the reaction was quenched with 

an ice bath after a few seconds after the color changed to dark grey. At 150 °C, 12 mL of 

anhydrous toluene were injected into the solution, and 0.05 mL of dried OLAC were injected 

at 50 °C. The solution was then left stirring for a few minutes. To purify Ga NPs and separate 

them from by-products and unreacted precursors, 15 mL of anhydrous ethanol were added, 

followed by centrifugation at 5000 rpm for 20 min. After supernatant disposal, the Ga NPs 

were redispersed in anhydrous toluene, and the purification/precipitation step was repeated 

once more with addition of 0.1 mL of OLAC. The Ga NPs were stored in anhydrous toluene. 

26 nm Ga NPs 

26 nm Ga NPs were synthesized by following a previously reported procedure.161,162 7 mL 

of ODE were loaded into a 25 mL three-necked flask equipped with a reflux condenser and 

dried under vacuum at 110 °C for one hour. Then, the reaction flask was filled with N2 and 

heated to 290 °C, followed by a rapid injection of a pre-prepared solution containing 50 mg of 

Ga2(NMe2)6 and 2.3 mL of DOA in 3.8 mL of dried ODE with a 10 mL syringe. Right after 

the injection, the temperature dropped to 235 – 240 °C, and the solution color changed from 

yellow to dark grey after 30 s, which indicated the NPs formation. The reaction flask was then 

quenched using an ice bath and cooled down to room temperature. At 50 °C, 0.04 mL of dried 

OLAC were injected, and the solution was left stirring for a few minutes. To purify Ga NPs 

and separate them from by-products and unreacted precursors, 15 mL of anhydrous ethanol 

were added, followed by centrifugation at 5000 rpm for 20 min. After supernatant disposal, the 

Ga NPs were redispersed in anhydrous toluene, and the purification/precipitation step was 

repeated once more with addition of 0.1 mL of OLAC. The Ga NPs were stored in anhydrous 

toluene (with the final concentration of ca. 0.3 mg/mL). 
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39 nm Ga NPs  

39 nm Ga NPs were synthesized by following the same synthetic protocol used for the 

26 nm Ga NPs, except that the precursor solution injected at 290 °C consisted of 40 mg of 

Ga2(NMe2)6 and 3.4 mL of DOA in 2.6 mL of dried ODE. 

Ga MPs  

Ga MPs were synthesized according to Falchevskaya et al.167 In a typical synthesis, 50 mg 

bulk Ga was placed in a 20 mL glass vial with 10 mL of toluene and heated at 50 °C until the 

drop melted. The vial was subject to ultrasound treatment in the ultrasonic bath (Bandelin 

Sonorex) at 50 °C until the full dispersion of the metal, which took ca. 30 min. Upon 

completion, the Ga MPs were left to cool down and stored in the same vial. 

Liquid Ga/Cu NDs 

Liquid Ga/Cu NDs were synthesized according to a previously reported procedure.162 2 mL 

of a solution of pre-synthesized 26 nm Ga NPs  in ODE (4 mM), 2 mL of a solution of 

Cu(OAc)2 in ODE (4 mM), 1 mL of OLAC and 1 mL of OLAM were added to a 5 mL vial and 

then stirred at 600 rpm on a hot plate at 150 °C inside a glovebox for 6 h (GaCu0.1) or 12 h 

(GaCu0.7). Ga/Cu NDs were separated from by-products and from unreacted precursors by 

adding ethanol (6 mL), followed by centrifugation at 13000 rpm for 10 min. The product was 

redispersed in toluene, and the purification/precipitation step was repeated once more before 

finally being stored in anhydrous toluene (with the final concentration of ca. 0.1 mg/mL). 

Liquid Ga/Ag NDs 

The Ga/Ag NDs were synthesized according to a previously described procedure.162 1 mL 

of Ga NPs solution in toluene (4 mM) and 1 mL of a solution of AgNO3 in toluene (4 mM) 

were added to a 5 mL vial and then stirred at room temperature for 4 h. The reaction product 

was separated from the by-products and from unreacted precursors by adding ethanol (2 mL), 

followed by centrifugation at 13000 rpm for 10 min. Ga/Ag NDs were redispersed in toluene, 

and the purification/precipitation step was repeated once before finally being stored in toluene. 

Liquid Ga/Sn NDs 

1 mL of Ga NPs solution in ODE (4 mM), 50 µL of SnCl4 (4.2 mmol) and 3.95 mL of ODE 

were added to a 5 mL vial and then stirred at room temperature for 4 h. The reaction product 

was separated from the by-products and unreacted precursors by adding ethanol (4 mL), 

followed by centrifugation at 13000 rpm for 10 min. Liquid Ga/Sn NDs were redispersed in 

toluene, and the purification/precipitation step was repeated before being stored in toluene. 
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Co NPs 

TOA (10 mL), TDPA (137 mg) and CoCO3 (118 mg) were placed into the three-necked 

flask and degassed for 30 min. After that, the temperature was increased to 130 ℃ under 

vacuum remove any residual water. Then, the reaction mixture was heated to 180 ℃ and held 

for 30 min. Finally, the temperature was increased to 260 ℃ and kept for another 30 min. The 

reaction mixture was cooled down to room temperature, and the NPs were washed in the way 

similar to Cu NPs. 

Liquid Ga/Co ND 

7 mL of ODE was placed into a 25 mL three-necked flask equipped with the reflux 

condenser and a stir bar, and dried under vacuum at 110°C for 1 h. After that, the flask was put 

under nitrogen atmosphere and heated up to 290˚C. At the same time, 50 mg of Ga2(NMe2)6 in 

2 mL of dried ODE and 0.035 mmol of Co NPs in 2.26 mL ODE were prepared in two different 

vials and left stirring. Then, Ga precursor and Co NPs were brought together in one vial, and 

hot injected into the reaction flask. The flask was heated at 260˚C for 1 h after the hot injection 

and cooled down to room temperature afterwards. Following that, the product was washed by 

collecting the reaction solution, adding 15 mL of ethanol and centrifuging at 5000 rpm for 10 

min. The precipitate was redispersed in toluene, sonicated and washed once more by addition 

of 1 mL of ethanol followed by centrifugation at 5000 rpm for 10 min. The NPs were stored in 

toluene inside the glovebox. 

WO3 NPs 

WO3 NPs were synthesized following a previosuly reported procedure.168,169 5.3 mL of 

OLAC were added to a three-neck flask together with 1.8 mL of OLAM and 100 mg of WCl4. 

The mixture was heated under the nitrogen flow to 300°C under stirring, and the temperature 

was kept for 2 h, after which the reaction mixture was cooled to room temperature. The NPs 

were washed in acetone three times by centrifugation/redispersion steps (15 minutes each, 

3800 rpm). The NPs were finally stored in toluene. 

 

2.3 Ex situ materials characterization 

Bright-field transmission electron microscopy (TEM) images of NPs were acquired on a 

Thermo-Fisher Tecnai-Spirit at 120 kV. 5 – 20 µL of as-synthesized Ga NPs were drop-casted 

on a carbon coated copper TEM grid (Ted Pella, Inc.) to prepare the sample for imaging. 

Particle size distribution was evaluated with the use of ImageJ software from datasets of at 
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least 200 particles each. To analyze the samples after CO2RR, golden TEM grid (Ted Pella, 

Inc.) was placed on the electrode inside the glovebox, 10 – 20 µl of ethanol were placed on the 

area coated with the catalyst, and the catalyst film was gently scratched with the grid. 

Selected area electron diffraction (SAED) patterns of NPs were acquired on a Thermo-

Fisher Tecnai-Spirit at 120 kV. To analyze the samples after CO2RR, the samples were 

prepared in the way same to described for bright-field TEM imaging. 

High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) 

coupled with energy-dispersive X-ray spectroscopy (EDXS) was performed using a FEI Tecnai 

Osiris TEM in STEM mode with an accelerating voltage of 200 kV. The TEM was equipped 

with a high brightness XFEG gun and four windowless Super-X silicon drift detectors for 

EDXS. Bruker Esprit was used for data analysis. To analyze the samples after CO2RR, the grid 

was prepared in the way similar to described earlier for bright-field TEM imaging. 

Cryo-TEM heating experiments were performed on Thermo-Fisher Talos F200s at 200 kV 

with Gatan Sci. temperature control holder cooled with liquid N2. The specimen was heated by 

resistive elements to the preset temperature. 

Scanning electron microscopy (SEM) images were acquired with Thermo-Fisher Teneo 

using an in-lens (Trinity) detector at beam energy of 5 keV and current of 25 pA – 0.1 nA. 

Samples were imaged on conductive glassy carbon substrates used as electrodes for CO2RR 

measurements. 

Powder X-Ray diffraction (XRD) patterns were acquired on a Bruker D8 Advance 

diffractometer with a Cu Kα source equipped with a Lynxeye one-dimensional detector. The 

diffractometer operated at 40 kV and 40 mA with a Cu Kα source with wavelength of 1.54 Å. 

Grazing incidence X-Ray diffraction (GIXRD) data were collected on a Bruker D8 Discover 

Plus equipped with a rotating anode (Cu) and a Dectris Eiger2 detector. A focusing 60 mm 

Göbel mirror was used and the background was optimized with an anti-scatter nozzle and anti-

scatter screen. A primary 2.5° axial Soller slit and a secondary 1.0° equatorial Soller slit were 

placed in the beam path. The incidence angle was optimized on each sample and chosen 

between 0.1 and 0.25° depending on the sample, the beam was selected using 0.2 or 0.1 mm 

divergence slits. 2q scans were collected at stepsizes of 0.5 – 0.6 °2q and 5 – 10 s per step.  

X-Ray photoelectron spectroscopy (XPS) was performed by using an Axis Supra (Kratos 

Analyical) instrument using the monochromated Kα X-ray line of an Al anode. The pass energy 

was set to 40 eV with a step size of 0.15 eV. The samples were electrically insulated from the 

sample holder, and charges were compensated. Ga NPs samples were prepared by drop-casting 
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films onto clean glassy carbon substrates. The same substrates were used in electrochemical 

experiments. XPS fitting was performed in CasaXPS software. All data were referenced to the 

principal C 1s peak at 284.8 eV after fitting. In the Ga 2p region, only the Ga 2p3/2 peaks were 

used for fitting and quantification. In the Ga 3d region, both Ga-metal and Ga-oxide peaks were 

fitted with contributions from spin–orbit coupling; the Ga 3d3/2 and Ga 3d5/2 peak separations 

were fixed at 0.46 eV, and the relative intensities were fixed at 0.633. In the Cu 2p region the 

area under the peak at around 932.5 eV was used for the quantification. In general, all peaks 

from a particular region were first fitted with equal line widths, and then this constraint was 

relaxed to refine the fit. 

The NPs solution concentration was determined by Inductively Coupled Plasma Optical 

Emission Spectrometry (ICP-OES) performed on an Agilent 5100 device with a VistaChip II 

CCD detector. Each sample aliquot (20 µl) was first dried, then digested overnight in 142.5 µL 

of 70 % HNO3 ICP grade solution and finally diluted with Milli-Q water to obtain the 2 wt. % 

acid content needed for the analysis. ICP grade standard solutions (1000 ppm in 2 wt. % HNO3) 

were diluted with 2 wt. % HNO3 to get fresh standards before each analysis used to create the 

calibration plot employed to determine the concentration of the sample solutions. 

The content of Ga and Cu ions in the electrolyte after CO2RR reaction was analyzed by 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) using kinetic energy discrimination 

(KED) mode with He as a collision gas on NexIon 350 D ICP-MS instrument (PerkinElmer). 

The samples were diluted 300 times with 2 % HNO3 solution prior to the analysis. Y (yttrium) 

was added as an internal standard at concentration of 2 ppb to all the solutions. Absolute 

quantitation was performed using external calibration curve with standards in 0.05 – 50 ppb 

range. All measurements were performed in triplicates. 

 

2.4 Electrochemical characterization and electrocatalytic testing 

Electrode preparation 

Glassy carbon plates (2.5 cm × 2.5 cm × 0.3 cm, Sigradur G, HTW) coated with 

electrocatalyst were used as the working electrode. Before coating, the glassy carbon plates 

were cleaned by consecutive sonication (Bandelin Sonorex RK 106, 35 kHz) in acetone, 

isopropanol and water for 10 min each to remove adsorbed contaminants of different nature. 

After this, the glassy carbon plates were polished using an alumina paste (50 nm alumina, 
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BAS Inc.) on a polishing pad. Then, the substrates were sonicated in Milli-Q water for another 

10 min, polished again on the pad free of alumina to make sure that alumina was removed and, 

finally, the glassy carbon plate was blown dry with N2.  

The working electrodes (cathodes) were prepared by drop-casting the NPs in 14 μL of 

toluene onto a circular area of 1.33 cm2 on the glassy carbon plates. To redispersed desired 

amount of NPs in 14 μL of toluene, the NPs stock solution aliquot was centrifuged for 10 min 

at 13300 rpm, then the supernatant was disposed and, finally, the NPs precipitate was re-

dispersed in 14 μL of anhydrous toluene (the material was kept under protective N2 atmosphere 

during all manipulations). No binder (e.g. Nafion) or carbon were added to the catalyst, as NPs 

electrode films prepared as described do not detach from the electrode surface during the 

measurement and are sufficiently conductive on their own. After drop-casting, the electrodes 

were allowed to dry for 10 min, rinsed with ethanol to remove ligands, and with water to 

remove excess of ethanol. The electrodes were blown dry and tested as prepared.  

Electrodes for square-wave voltammetry (SWV) were prepared in the same way except that 

higher loading was used to obtain better signal and a different substrate was used. That is, a 

rod-shape 3.0 mm diameter (0.28 cm2) glassy carbon electrode (MF-2012, Bioanalytical 

Systems, Inc.) was covered with 25 µg of Ga NPs in 2 μL of toluene. For the tests of bulk Ga, 

a Ga pellet was placed in the custom J-shape electrode with bowl-like volume to prevent the 

loss of electric connection between liquid Ga and current collector because of Ga detachment. 

Electric current was supplied through a wire which was embedded into the plastic electrode 

body and kept isolated from the electrolyte. 

The working electrodes were prepared by spray-coating the a NPs solution in hexane onto 

the microporous layer of a Sigracet 39BC gas-diffusion layer with a circular catalyst geometric 

surface area of 1.33 cm2, following the procedure reported earlier by our group.13 The 

suspension for spraying was prepared by dilution of a stock solution in hexane to 1.2 mL, to 

obtain a catalyst loading on the electrode of 50 μg cm−2. 

Electrochemical measurements 

All the electrochemical measurements were controlled with Biologic SP-300 potentiostat. 

Ambient pressure CO2 electrolysis was carried out in a home-built, custom-made, gas-tight, 

electrochemical H-cell made of polycarbonate and fitted with Buna-N O-rings. In this 

electrochemical cell configuration, the working electrode and counter electrode are configured 

parallel to each other to ensure a uniform potential distribution across the surface. Both working 
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and counter electrodes exposed geometric surface areas of 1.33 cm2 limited by the O-rings. 

Catholyte and anolyte compartments were each filled with 2 mL electrolyte to concentrate 

liquid products and permit their detection. A Selemion AMV anion exchange membrane was 

used to separate the anodic and cathodic compartments and minimize reoxidation of CO2RR 

products on the anode. Pt foil was used as the counter electrode, and Ag/AgCl electrode (leak 

free series) (Innovative Instruments, Inc.) was used as the reference electrode. 

0.1 M KHCO3 solution was used as electrolyte. To prepare such solution, 0.276 g of K2CO3 

were diluted in 40 mL of Milli-Q water to obtain 0.05 M K2CO3 solution, which was bubbled 

for 30 min with CO2 (99.999 %, Carbagas) prior to the start of measurements. During 

electrolysis, CO2 was pre-humidified by flowing through a water bubbler, and constantly 

supplied to both cell compartments via custom-made ceramic frits at a flow rate of 5 sccm each. 

With this, the gas was bubbled through the electrolyte to prevent CO2 depletion, as well as to 

allow continuous analysis of gaseous products via a gas chromatograph. A mass flow controller 

(Bronkhorst) was used to control the flow rate of CO2. For the experiments under N2 

atmosphere, the only difference was the gas source (N2, 99.999 %, Carbagas); all the other 

details remained the same. The electrolysis experiments were performed in 

chronoamperometry mode. 

The CO2RR measurements in flow cell configuration were performed in a conventional 

Teflon flow cell electrolyzer, which is described in detail in a previous publication.13 Ni mesh 

(McMaster–Carr, 100×100 mesh size) was used as the counter electrode. The reference 

electrode and the anionic exchange membrane were the same as the ones used in the H-cell 

(that is, Ag/AgCl leak-free electrode from Innovative Instruments and Selemion AMVN). 

Anolyte and catholyte solutions were CO2-saturated 1.0 M KHCO3 (40 mL each), which were 

circulated through both compartments by a dual-channel peristaltic pump (Behr PLP380) at a 

constant flow rate of 1.25 mL min−1 per channel. High purity CO2 gas (Carbagas) was fed into 

the back chamber of catholyte compartment at a constant flow of 10 sccm, which was 

controlled by a digital mass-flow controller (Bronkhorst). The output from the cathode 

compartment fed directly to an in-line gas chromatography instrument for gas-product analysis, 

where gas sampling was performed at regular intervals of 10 minutes. At the end of the reaction, 

liquid aliquots were recovered from both catholyte and anolyte chambers for liquid-product 

analysis by HPLC. The measurements were performed in chronopotentiometry regime. 

SWV was performed using the same potentiostat in the three-electrode glass cell under CO2 

atmosphere. Pt wire was used as counter electrode, and Ag/AgCl electrode (MF-2056, 
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Bioanalytical Systems, Inc.) was used as a reference electrode. The same 0.1 M KHCO3 

solution was used as electrolyte.  

In all electrochemical tests, electrochemical impedance spectroscopy (EIS) was 

implemented prior to the main measurement to determine the electrochemical cell resistance 

(Rcell) and compensate for the ohmic losses. Four spectra were measured at the ocp, using 41 

points between 1 MHz and 100 Hz, using a sinus amplitude of 20 mV and a pause time of 0.6 s 

between each frequency. Software utility in-built into the potentiostat software (EC-lab) was 

used to apply the ohmic loss correction to further measurement. 

Products analysis 

Gas chromatograph (GC, SRI instruments) equipped with a HayeSep D porous polymer 

column, thermal conductivity detector and flame ionization detector was used for the analysis 

of gaseous products. The GC was calibrated for H2, CO, CH4, C2H4 and C2H6. Five standard 

gas mixtures (Carbagas, 50 – 1000 ppm for CO, CH4, C2H4 and C2H6, 100 – 5000 ppm for H2) 

were used to obtain the calibration plots for gaseous products concentrations determination. 

Ultra-high purity N2 (99.999 %) was used as a carrier gas.  

The Faradaic efficiency for the gaseous products is calculated with the following equation: 

𝐹𝐸 =
𝑛( × 𝐹 × 𝐶 × 𝑓 × 𝑃

𝑅 × 𝑇 × 𝐼  

where 𝑛( is the number of electrons transferred to product; F is the Faraday constant 

(96485 C mol-1); C is the product concentration measured by GC (in ppm); f is the CO2 flow 

rate (mL s-1); P is the pressure (1.01×105 Pa); I is the applied current (in A); R is the universal 

gas constant (8.314 J mol-1 K-1); T is the temperature (K). Values obtained after 10 min of 

CO2RR are not included in the FE calculation, as the GC gas flow is not stabilized at that point. 

The FE of liquid products was determined in a similar manner. 0.25 mL of both the catholyte 

and the anolyte were collected and analyzed with high-performance liquid chromatography 

(HPLC) on UltiMate 3000 instrument from Thermo Scientific, which is equipped with 

Refractive Index Detector for products quantification and Aminex HPX-87H (BioRad) column 

for products separation (1 mM H2SO4 was used as eluent). The necessity to collect electrolyte 

from both compartments is reasoned by the possible products crossover from the catholyte to 

the anolyte (i.e., formic acid and acetic acid which exist in their anionic forms formate and 

acetate in the neutral solution and can migrate through the anion exchange membrane which 

separates the two compartments). 
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The resulting formula used for calculations of liquid products’ FE is: 

𝐹𝐸 =
𝑛( × 𝐹 × 𝐶
𝑉 × 𝐼 × 𝑡  

where 𝑛( is the number of electrons transferred to product formation; F is the Faraday 

constant; C is the measured concentration of the product by HPLC (mol mL-1); V is the cell 

volume (4 mL); I is the measured current (A); t is the duration of electrolysis. 

The electrode potential is recalculated with respect to RHE reference using iR compensation 

according to the equation: 

𝐸)*+	 =	𝐸)(- + 0.206 + 0.0591 × 𝑝𝐻 − (𝑅.(// × 𝐼) 

where 𝐸)(- is the recorded potential against the Ag/AgCl reference electrode (V); +0.206 V 

is the Ag/AgCl reference electrode correction; 𝑅.(// is the ohmic resistance between the 

working and the reference electrode, which was defined using electrochemical impedance 

spectroscopy analysis prior to the measurement (Ohm); 𝐼 is the imposed current (A). 

For all values, error bars, representing standard deviations obtained with triplicate 

measurements, are given. 

Voltage-driven synthesis from Ga/Cu NDs. 

Liquid Ga/Cu NDs precursors were deposited on the same glassy carbon plate used for 

electrocatalytic measurements. 5 μg of the NPs in 14 μL of toluene were drop-casted onto a 

circular area of 1.33 cm2. After drop-casting, the plates were allowed to dry for 10-15 min, then 

rinsed with ethanol and with water. 

A Biologic SP-300 was used as a potentiostat. Same electrochemical H-cell as in 

electrocatalytic studies was used as the reactor. The carbon plates with the deposited NPs were 

implemented as the working electrode in 0.1 M KHCO3 solution. EIS was implemented to 

determine the electrochemical cell resistance and compensate for the ohmic losses. 

Electrochemical studies with bulk liquid Ga – Cu. 

The electrochemical studies were performed with Biologic SP-300 potentiostat in open glass 

cell in two-electrode geometry with the use of Ohmic drop compensation built in the software. 

The cathode wire was connected to the back of the working electrode, and Pt wire was used as 

anode. 0.1 M KHCO3 solution was used as electrolyte. The cell was heated to ca. 35 °C with 

the heating plate from the bottom of the cell. 
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2.5 Operando X-Ray absorption spectroscopy 

Operando X-Ray absorption spectroscopy (XAS) measurements, at both Cu K- and Ga K-

edges, were made in fluorescence mode at BM31 of the Swiss-Norwegian beamlines at the 

ESRF, Grenoble, France.170 A Si(111) double crystal monochromator, and a Vortex® single-

element Si drift fluorescence detector with XIA-Mercury digital electronics were used. The X-

ray beam was applied in an unfocused state and shaped to ca. 3 mm (horizontal) and 0.5 mm 

(vertical) via the uses of slits. 

The samples were drop-casted onto polished glassy carbon electrodes equivalent to the ones 

used in the lab based studies, except the smaller thickness in the case of the XAS studies 

(0.05 cm). The loading was increased to 60 – 80 µg to improve the signal-to-noise ratio. The 

prepared catalyst film on the electrode was then mounted in a custom-made electrochemical 

system the details of which may be found elsewhere.171,172 The cell reproduces the same H-cell 

used in the lab experiments, but with a Kapton window in the back of working electrode to 

allow the X-rays to pass through to the sample and fluorescnce X-rays detected. This way, the 

experiment environment was as close to the in-house electrochemical testing as possible to 

allow operando material characterization. To obtain the Cu reference spectra, Cu foil was used, 

along with Cu2O and CuO powders diluted in boron nitride and shaped into the form of pellet. 

A metallic Ga film, obtained by exfoliation of warm Ga pellet with Kapton tape, and Ga2O3 

powder diluted in boron nitride and shaped into the form of pellet, were used as references for 

the Ga K-edge. Other testing parameters were identical to those used in the lab-based tests. 

The operando measurements were carried out in fluorescence mode at an incident angle of 

ca. 45 degrees. The cell was aligned with a multi-use beamline fixation support, which 

permitted the cell alignment with respect to the incoming beam via an XYZ high-precision 

translation stage. A Si(111) double crystal monochromator was used to condition the beam 

from the corresponding bending magnet. 

Fluorescence X-Ray absorption near edge structure (XANES) and extended X-Ray 

absorption fine structure (EXAFS) spectra were acquired using a Vortex® one-element silicon 

drift detector with XIA-Mercury digital electronics. Normally, ca. 8 min scans were collected 

to obtain EXAFS spectrum, and certain number of scans were averaged to improve the signal-

to-noise ratio. To get kinetic information about the material state during CO2RR, shorter and 

more rapid (ca. 2 mins per spectrum) XANES data was collected. In all cases, the experimental 

conditions (CO2 flow rate, electrolyte etc.) were kept identical to the lab-based tests. 
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Data extraction, normalization, and averaging to obtain the heat maps of XAS spectra during 

operation were performed using the Demeter package (Athena and Artemis).173 In addition, the 

XAS data were reduced and normalized using the Prestopronto package that was also 

subsequently used to perform linear combination analyses.174  

Analysis of the extracted EXAFS data was performed using EXCURV (v. 9.3).175 In terms 

of reporting the analysis, we have confined ourselves by and large to only analyses of the first 

coordination M – M shell (N1), its associated bond distance (d, Å) and disorder parameter (the 

Debye-Waller factor (DWF), Å2).  

EF refers to the edge position relative to Vacuum zero (Fermi energy, eV), and the AFAC 

parameter (0.9 in all cases), determined through fitting of a copper foil standard relates to the 

proportion of electrons undergoing scattering post absorption that contribute to the EXAFS. 

In assessing the quality of the fits obtained, the R-factor (R%) is defined as follows as follows:  

𝑅 =J
1
𝜎0
(𝜒0((𝑘) − 𝜒01(𝑘))!

2

0
∙ 100% 

where 𝜒0((𝑘) and 𝜒01(𝑘) are the experimental and theoretical EXAFS, respectively, and k is 

the photo-electron wave-vector (Å-1). 𝜎0 is the uncertainty in the data, with 

1
𝜎0
=

𝑘03

∑ 𝑘03 Q𝜒0(R𝑘4ST
!

2
4

 

The fitting range used in R space (dR) was 1 – 3, whilst the range of k space used for the 

fitting of the EXAFS was  between 2.5 – 3 and 12.5 – 13 (Å-1). 

Linear combination analysis 

Linear combination analysis (LCA) of the Cu K-edge was carried out using the Prestopronto 

package.174 For the Cu K-edge the references employed were a Cu foil and pressed samples of 

Cu2O and CuO measured in transmission. Ordinarily, the use of transmission-based standards 

to model fluorescence yield data would be ill advised as a result of the latter suffering from the 

phenomenon of “self-absorption’’. However, empirically it has been found that the electrode 

samples under study are so thin that the bulk references made in transmission are more 

appropriate as standards to assess the speciation than those collected in fluorescence mode. 

Using these three standards, different models were applied, for instance, Cu foil, Cu foil + 

CuO, Cu foil + Cu2O, and Cu foil + Cu2O +CuO, to fit the data and a comparison made of the 

how the statistical measured of goodness of fit (Chi2) changed between each model with time. 

From this comparison it was then determined whether the addition or replacement of a given 
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reference had a significant effect (positive or negative) on the ability of the model to fit the 

XANES data. 

Surface oxide thickness calculation from linear combination analysis 

The thickness of the surface oxide on the NPs surface was calculated assuming spherical 

shape of the NPs. With this, and with the assumption that the mass and atomic fractions of the 

oxide are similar (𝑥, %), the surface oxide thickness, 𝑟56 (nm), is calculated as: 

𝑉151'/ =
4𝜋𝑟151'/7

3  

𝑉.58( =
4𝜋𝑟.58(7

3 = (1 − 𝑥)𝑉151'/ = (1 − 𝑥)
4𝜋𝑟151'/7

3  

𝑟.58( = V(1 − 𝑥)$ 𝑟151'/ 

𝑟56 = 𝑟151'/ − 𝑟.58( = Q1 − V(1 − 𝑥)$ T 𝑟151'/ 

 

2.6 Theoretical models 

Ga NPs surface area calculation 

We found that the electrochemical double-layer capacitance or underpotential deposition 

are not readily accessible to determine the electrochemically surface area (ECSA) for Ga. The 

use of these methods generates unreliable and irreproducible results. The presence of a native 

oxide layer in all the voltage ranges where no Faradaic processes occur might explain these 

issues, which are similar to those encountered for oxide electrocalysts.176 Impedance 

measurements with the implementation of equivalent electric circuit have been used for oxide 

electrocatalysts.177–179 However, this circuit has to be reliably established first for the given 

system, which is beyond the scope of this study. 

Similarly to Reske et al.,180 we have defined the total surface area, 𝑆 (cm2) as follows: 

𝑆 = 𝑆9𝑁9 = 𝜋𝑑:! ∙
𝑚151'/

𝑚:
=
𝜋𝑑:!𝑚151'/

𝜌&'𝑉:
=
𝜋𝑑:!𝑚151'/

𝜌&' ∙
1
6 𝜋𝑑:

7
=
6𝑚151'/

𝜌&'𝑑:
, 

where 𝑆9 (m2) is a surface area of a particle, 𝑁9 is a number of particles, 𝑑: (m) is the 

average particle diameter (obtained from the particles size analysis), 𝑚151'/ (kg) is the catalyst 
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loading, 𝑚: (kg) is a particle mass, 𝜌&' = 6095 kg m-3 is the density of liquid Ga,130 𝑉: (m3) 

is a particle volume. 

To transfer to more convenient units with respect to the scale (cm2, nm, µg, g, cm3), 

correction coefficient is needed, and the final formula yields 

𝑆 =
60𝑚151'/

𝜌&'𝑑:
,	 

where the units are 𝑆9 (cm2), 𝑚151'/ (µg) is the catalyst loading, 𝜌&' (g cm-3), 𝑑: (nm). 

Gallium oxide shell thickness calculated by XPS measurements 

The Ga-oxide shell thickness (d, nm) for the Ga NPs was calculated by using XPS following 

a previously reported procedure.181 Specifically, d is calculated by using the well separated Ga-

metal and Ga-oxide peaks in the Ga 2p region of the XPS spectrum. The following equation 

describes the relation between d and fraction of Ga oxide (𝑥, %) measured by XPS:  

𝑑 = −𝜆 ∗ ln `
𝑥 − 𝜆
−𝜆 a 

where l is the inelastic mean free path (Å). The l value was calculated for the Ga 2p 

photoelectrons to be 11.3 Å, as described by Castilla-Amorós et al.181 Note that the %Ga2O3 

values are the area percentages of the oxides obtained from the Ga 2p high resolution XPS 

spectra multiplied by the calculated %Ga2O3 to give an area that is compatible with the model 

as previously reported.181 This approach provides approximations to the Ga-oxide shell 

thickness within ca. 10%. In particular, the Ga-oxide shell thickness measured after 1 h 

electrocatalysis carried out at different applied potentials is reported in Table 4.1. No particular 

trend of the shell thickness versus applied potential is evident. We note that the shell thickness 

of the as-prepared Ga NPs matches the one measured by TEM and operando XAS 

measurements. Instead, larger shell thickness values compared to the one obtained from 

operando measurements can be explained by the fact that the Ga NPs are exposed to the 

electrolyte and air before the XPS measurement is carried out. 

Ga oxide content calculation based on operando XAS measurements 

Operando XAS is a bulk technique. As the linear fitting of oxide and metallic Ga 

components yields bulk ratio of these two components, we can use the data to obtain the 

thickness of Ga oxide layer (assuming all oxide is at the particle surface). 



 35 

The total particle volume (𝑉:, nm3) is obtained as the sum of metallic core (𝑉;(1, nm3) and 

oxide shell (𝑉56, nm3): 

𝑉: = 𝑉;(1 + 𝑉56 

On the other hand, 𝑉: and 𝑉;(1 can be calculated according to common equations for the 

volume of the sphere: 

𝑉: =
1
6𝜋𝑑:

7						𝑉;(1 =
1
6𝜋𝑑;(1

7 , 

where 𝑑: (nm) is the initial size diameter, 𝑑;(1 (nm) is the diameter of the metallic core. 

From the linear fitting of the operando XAS measurements, we can obtain 𝜔;(1, which is 

the mass fraction of metallic Ga in the particle: 

𝑉;(1 = 𝜔;(1𝑉: 

This allows to obtain 𝑑;(1: 

𝑑;(1 = c6
𝜋 𝑉;(1

$
= c6

𝜋𝜔;(1𝑉:
$

= c6
𝜋𝜔;(1

1
6𝜋𝑑:

7
$

= 𝑑:V𝜔;(1$  

Finally, if we define 𝑟56 (nm) as oxide thickness, and considering that 𝑑: = 𝑑;(1 + 2𝑟56, 

we obtain the oxide thickness according to the following resulting equation: 

𝑟56 =
𝑑: − 𝑑;(1

2 =
𝑑: − 𝑑:V𝜔;(1$

2 =
𝑑:
2 R1 − V𝜔;(1$ S, or 

𝑟56 = 𝑟:R1 − V𝜔;(1$ S, 

where 𝑟: (nm) is the particle radius. 

Density functional theory calculations 

Density Functional Theory (DFT) calculations, adopting the Pardew Burke Ernzerhof 

functionals, were performed through the CP2K suite.182 The DZVP-MOLOPT basis set was 

adopted in the calculations, where core electrons are represented as per the dual-space 

Goedecker–Teter–Hutter pseudopotential framework.183,184 The planewave cut-off was set to 

500 Ry (relative cut-off of 50 Ry). The DFT self-consistent loops to estimate the system total 

energy were considered as converged when a difference lesser than 10-8 Ry was found between 

two successive iterations. A Fermi-Dirac smearing with an electronic temperature of 300K was 

adopted in the calculations. 
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An fcc structure was considered for Cu and Cu-rich phases, in agreement with experimental 

measurements. For the Cu-rich phases, 3 and 12 Cu atoms are respectively substituted in the 

Cu slab with Ga atoms. Lattice distances are then modified according to Vegard’s law. The 

(111) facet was chosen to inspect properties of the Cu-rich system, as the latter is the most 

energetically favorable one in Cu. A (4 × 4) slab with 4 layers, with periodicity along the slab 

plane was considered. The Cu9Ga4 phase was used to model the properties of the CuGa37 

sample. 4 layer slabs were also considered for this system. Input and outputs are also available 

from the Materials Cloud (https://doi.org/10.24435/materialscloud:ft-s8). 

To assess changes in the electronic structure of the system as a function of the Ga content, 

we evaluated the Bader charge density of the candidate adsorption site in relaxed slabs, or 

neighboring Ga atom, utilizing the algorithm and code developed by Henkelman and 

coworkers.185 The slab lowermost and next lowermost layers were kept fixed during each 

structural relaxation. These calculations were considered converged when all the atomic forces 

resulted less than 0.5 meV Å-1. 

To evaluate changes in the catalyst selectivity towards C1 or C2 products induced by an 

increase in the catalyst Ga content, we used ∆E*CHO–∆E*OCCOH as a descriptor of the propensity 

for *CO protonation vs. C–C coupling.186,187 

We calculated the formation energy of OCCOH via C-C coupling of two adsorbed CO, 

ΔEOCCOH:188 

ΔEOCCOH = E*OCCOH - E*CO,*CO - EH2/2, 

and the formation energy for *CHO and *CO by following the protonation of one of two 

adsorbed CO molecules: 

ΔE*CHO,*CO = E*CHO,*CO - E*CO,*CO - EH2/2 

In these equations, E*OCCOH is the potential energy of a system comprising a Cu slab and an 

adsorbed OCCOH, E*CHO,*CO is the potential energy of a system comprising a Cu slab, an 

adsorbed CHO and an adsorbed CO molecule, and ΔE*CO*CO labels the energy of a system 

consisting of a Cu slab and 2 adsorbed CO molecules.  

To evaluate ΔE*CO, we screened non-equivalent sites and considered the most favourable 

one. Successively, we look at different protonation directions and HOCCO orientation and 

report formation energies referring to the most favourable configurations. 

https://doi.org/10.24435/materialscloud:ft-s8
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To probe, in a qualitative (if not quantitative) fashion, the tendency of Cu, CuGa4, CuGa17, 

and Cu9Ga4 systems to undergo structural rearrangements, we assessed their finite temperature 

stability by means of ab initio Molecular Dynamics. Newton’s equation of motions are 

integrated with a 2 fs time step while a Canonical Sampling through Velocity Rescaling 

(CSVR) thermostat with time constant of 30 fs is used to regulate the temperature of the system. 

The slab lowermost layer was kept fixed during dynamics. Inputs were gathered and stored in 

the Materials Cloud repository. 

To contain the computational cost of the simulation while retaining robust statistics, we 

sampled the system evolution over 10 independent trajectories of 0.75 ps at 407 K and 678 K, 

respectively one third and one half of the Cu melting temperature. We observed no structural 

rearrangements for Cu-rich slabs. These systems appear stable also when extending the 

sampling up to 1 ps. Viceversa, we witnessed significant restructuring in the Cu9Ga4 structure, 

at both 407 K (1 simulation), and 678 K (3 simulations), notwithstanding the short simulation 

timescale. An example of the observed structural rearrangement is highlighted in 

Figure 3.13D. These results are well-aligned with the thermal stability of the bulk phases, with 

Cu-rich phases being largely more robust to melting than the Cu9Ga4 phase. 
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Chapter 3 

 

Alloying as a Strategy to Boost the Stability of Copper 

Nanocatalysts during the Electrochemical CO2 Reduction Reaction 

 

The content of this Chapter is based on published work with permission from the journal:  

J. Am. Chem. Soc. 2023, 9, 5370: https://pubs.acs.org/doi/full/10.1021/jacs.2c13437. 

Copyright 2023 American Chemical Society. 

 

 

 

Abstract: Copper nanocatalysts are among the most promising candidates to drive the 

electrochemical CO2 reduction reaction (CO2RR). However, the stability of such catalysts 

during operation is sub-optimal, and improving this aspect of catalyst behavior remains a 

challenge. Here, we synthesize well-defined and tunable CuGa nanoparticles (NPs) and 

demonstrate that alloying Cu with Ga considerably improves the stability of the nanocatalysts. 

In particular, we discover that CuGa NPs containing 17 at. % of Ga preserve most of their 

CO2RR activity for at least 20 hours while Cu NPs of the same size reconstruct and lose their 

CO2RR activity within 2 hours. Various characterization techniques, including X-Ray 

photoelectron spectroscopy and operando X-Ray absorption spectroscopy, suggest that the 

addition of Ga suppresses Cu oxidation at open circuit potential (ocp), and induces significant 

https://pubs.acs.org/doi/full/10.1021/jacs.2c13437
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electronic interactions between Ga and Cu. Thus, we explain the observed stabilization of the 

Cu by Ga as a result of the higher oxophilicity and lower electronegativity of Ga, which reduce 

the propensity of Cu to oxidize at ocp and enhance the bond strength in the alloyed 

nanocatalysts. In addition to addressing one of the major challenges in CO2RR, this study 

proposes a strategy to generate NPs which are stable under a reducing reaction environment. 

 

Authors: Valery Okatenko, Anna Loiudice, Mark A. Newton, Dragos Constantin Stoian, 

Anastasia Blokhina, Alexander N. Chen, Kevin Rossi, Raffaella Buonsanti. 

 

Contribution: Performed all electrochemical studies, XRD, bright-field TEM and SEM 

imaging, image statistical analyses and supplementary calculations, STEM-EDXS data 

processing and interpretation, SAED analysis, operando XAS measurements, and wrote the 

manuscript with contributions from all authors. 

 

3.1 Introduction 

In Chapter 1, we have pointed that the lack of stable catalysts for CO2RR is currently one 

of the main bottlenecks for their practical implentation.7,45–48 As the reconstruction of Cu NPs 

is associated with Cu dissolution and reprecipitation which results in the NPs 

fragmentation,48,49,51,53,54 modifying Cu NPs in a way which could prevent this while 

maintaining desired selectivity profile is highly desirable.  

One promising route to realize the catalyst stabilization approach while keeping the NPs in 

its metallic state is alloying. Studies in oxygen electrocatalysis have proved that the alloying 

of Pt, Pd and Ir NPs with guest elements dramatically improves the stability of these NPs 

against dissolution during catalysis by virtue of effects which span from the increase in the 

metal oxidation potential to the sacrificial dissolution of the less noble metals.189–195 For 

example, Zhang et al. report that Au clusters deposited on the surface of Pt NPs enhance the 

stability of Pt as an oxygen reduction reaction catalyst because the d-band interactions between 

Au and Pt increase the oxidation potential of Pt.189 In another study, a Pd overlayer on the 

surface of Au NPs was demonstrated to be more resiliant to dissolution than pure Pd NPs 

because of the Au – Pd bond being stronger compared to the Pd – Pd bond.190 Another prospect 

which alloying may potentially provide is a shift towards thermodynamically stable metallic 
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nanoparticles, in comparison to often kinetic stabilization in the case of NPs shelling: for 

example, the study by Chookajorn et al. proposes that certain guest-host combinations in 

metallic NPs may offer them greater stability than their bulk counterparts.196 

With respect to Cu, Cu-based alloyed NPs are currently investigated as CO2RR catalysts; 

however, these studies mostly focus on tuning the selectivity rather than aim at developing 

guidelines towards increasing the performance stability of the Cu NPs.43,197–201 Based on the 

current knowledge regarding the reconstruction of Cu in CO2RR, and inspired by the studies 

on oxygen electrocatalysis, we hypothesize that the combination of Cu with an element M 

which possesses a higher oxophilicity and lower electronegativity than Cu should reduce the 

tendency of Cu to oxidize at ocp and form heteroatomic Cu – M bonds with higher dissociation 

energies than Cu – Cu, which should further hamper Cu dissolution and thus improve the 

performance stability of Cu NPs during CO2RR.  

Among various guest elements, Ga is an interesting candidate to explore. First, it does match 

the criteria listed above, namely that Ga is more oxophilic than Cu, and the Cu – Ga bond 

energy is greater than either Cu – Cu, Ga – Ga, or Cu – CO, with CO recently proposed to be 

the key reaction intermediate driving Cu reconstruction.49,51,53,54,202,203 In addition, Cu – Ga 

have similar atomic and metallic radii, as they are close to each other in the Periodic Table, 

which makes alloying between them more probable. This is confirmed by Cu – Ga bulk phase 

diagram, which suggests large chemical versatility to form new compounds, including alloys 

with different configuration, between the two elements (Figure 3.1).204 Specifically, up to ca. 

20 at. % of Ga can be alloyed into Cu while conserving original fcc lattice, which is perfect for 

systematic evaluation of alloying impact on the catalyst stability. In addition, there are other 

alloy structures (such as g-family of distorted cubic solid solution brasses with varied level of 

oxygen vacancies which are crystallized in Pm3fm space group, or CuGa2 intermetallic 

crystallized in tetragonal P4/mmm space group).205 Furthermore, DFT and machine learning-

based calculations propose that addition of Ga to Cu would enhance the CO2RR activity of the 

catalyst.21,206 
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Figure 3.1. Cu – Ga bulk phase diagram. Reproduced from Priputen et al.204 

 
This Chapter focuses on the study of CuGa alloy NPs with tunable composition as CO2RR 

catalysts. After presenting synthesis and initial characterization of the CuGa NPs, which feature 

narrow size distribution and three different compositions  (4 at. %, 17 at. % and 37 at. % of Ga 

content) (section 3.2), we evaluated their CO2RR performance from selectivity and stability 

perspectives (section 3.3). Following that, in-depth ex situ characterization of the catalyst at 

different stages of CO2RR with STEM, STEM-EDXS and XPS is presented (section 3.4). Then, 

operando XAS results, which allowed to follow the state of the catalyst during CO2RR, are 

discussed (section 3.5). Together, these observations provide necessary information to 

elucidate the mechanism of stability enhancement in CuGa alloy NPs (section 3.6). 

 

3.2 Catalyst synthesis and characterization 

CuGa NPs were synthesized by following a previously reported seeded-growth method, 

where a Ga molecular precursor is injected into a flask containing pre-synthesized Cu NPs (i.e. 

the seeds) at 280 °C (Figure 3.2A).163 CuGa NPs containing 4, 17 and 37 at % of Ga (further 

denoted as CuGa4, CuGa17 and CuGa37, respectively), as determined by the ICP-OES, were 

obtained by tuning the amount of Ga precursor during the synthesis (see section 2.2 for details). 

TEM images of the Cu NPs used as seeds and of the as-synthesized CuGa NPs are reported in 
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Figure 3.2B-E. These images show that all the NPs have same morphology and similar size 

between 40 nm and 50 nm with 10 % standard deviation within each sample (Figure 3.2F). 

The XRD characterization in Figure 3.2G reveals that CuGa4 and CuGa17 are crystallized 

with the same Cu-based fcc lattice as the only crystalline phase. The shift of the (111) and (200) 

peaks to lower 2q values is consistent with the incorportation of increasing Ga content in the 

Cu lattice, according to the Vegard’s law. Ga has a greater atomic radius than Cu and thus 

increases the interplane distances and unit cell parameter as it is included in the lattice. By 

contrast, the CuGa37 consists mostly of the Cu9Ga4-type primitive cubic lattice, with a minor 

contribution from an fcc Ga-rich phase, in agreement with other reports.207,208 

 

 
 

Figure 3.2. Synthesis and characterization of CuGa NPs. (A) Simplified synthetic 

scheme; (B-E) Bright field TEM of (B) Cu, (C) CuGa4, (D) CuGa17 and (E) CuGa37 NPs, 

their (F) size analysis and (G) XRD patterns. These data indicate that CuGa NPs with the same 

morphology, very similar size and different Ga content were synthesized.  
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3.3 CO2RR performance 

Having synthesized well-defined CuGa NPs with tunable composition, we proceeded to test 

their behavior as CO2RR electrocatalysts (Figures 3.3, 3.4). We selected the Cu NPs, used as 

seeds for the synthesis of the CuGa NPs, as the reference catalyst. We do not include the Ga 

NPs as they are liquid under the conditions required for testing, and therefore distinctly 

different from the solid alloy NPs; in terms of the selectivity, Ga NPs produce only H2 and 

CO.171 

Figure 3.3A reports the Faradaic efficiency (FE, left axis) of all samples averaged over 45 

minutes of chronoamperometry at different voltages, together with the corresponding total 

geometric current density (j, right axis). The addition of Ga to Cu suppresses the production of 

ethylene and promotes methane across the entire potential range, which becomes more evident 

when looking at the FECH4/FEC2H4 reported in Figure 3.3B. CuGa17 reaches the highest FECH4 

of 52 % at -1.2 VRHE, which, in absolute numbers, accounts for CH4 constituing 90 mol.% of 

all CO2RR gaseous products (namely, CO, CH4 and C2H4). CO2RR measurements performed 

in a gas-fed flow cell generated a FECH4 of 51 % and jCH4 of 76 mA cm-2 (Figure 3.3C), which 

is close to the state of the art for electromethanation performed in neutral KHCO3 electrolyte 

reported in the literature. 

We note that potentials more positive than -1.0 VRHE generate mostly hydrogen from the 

competing hydrogen evolution reaction (HER). Detection of small amounts of CO2RR products 

at low overpotentials was also reported.209 From a mechanistic perspective, one way to 

rationalize the methane promotion by addition of Ga to Cu is to consider the higher oxophilicity 

of Ga which favours the CO protonation and stabilizes the intermediate derived by this 

step.68,172,210 Indeed, density-functional theory (DFT) calculation show a volcano-type 

dependance from Cu to CuGa37 peaking at CuGa17 for ∆E*CHO–∆E*OCCOH , which is used as a 

descriptor of the propensity for *CO protonation vs. C–C coupling (Figures 3.3D).186,187 Along 

with CH4, HER is promoted as the Ga amount increases, which is reasonable considering that 

Ga alone generates CO and H2.113,171 
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Figure 3.3. Selectivity of the CuGa NPs as CO2RR electrocatalysts. (A) Average FE (left 

axis) and geometric current density (right axis) for Cu, CuGa4, CuGa17 and CuGa37 NPs 

during 45 min CO2RR in CO2-saturated 0.1 M KHCO3 at different applied potentials (the NPs 

loading was kept constant at 15 µg on glassy carbon with geometric area of 1.33 cm2). (B) 

Ratio of the FE for CH4 and C2H4 and (C) molar fraction of CH4 among gaseous CO2RR over 

the same potential range, which indicates the CH4 promotion in the CuGa NPs. (D) Average 

FE for CuGa17 NPs during 1 h of CO2RR in CO2-saturated 1 M KHCO3 in a gas-fed flow cell 

at different applied current densities, which indicate that promoted CH4 selectivity is retained 

at industrially relevant current densities. 

 

Having assessed the potential-dependent product distribution of the newly synthesized 

catalysts, we selected -1.2 VRHE as the most representative voltage for stability tests with 4 

hours as the initial monitoring time. Figure 3.4 reports an overview of the obtained results.  
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Figure 3.4. CO2RR performance over time. (A – D) Partial current densities of the main 

gas products (i.e. H2, CO, CH4, C2H4) monitored over time for (A) Cu, (B) CuGa4, (C) CuGa17 

and (D) CuGa37 NPs during 4 h of CO2RR at -1.2 VRHE in CO2-saturated 0.1 M KHCO3. (E) 

Partial current densities of H2, CO, CH4, C2H4 over 20 h CO2RR at -1.2 VRHE for CuGa17. (F) 

Accumulated charge consumed towards CH4 formation for Cu, CuGa4, CuGa17 and CuGa37 

NPs during 20 h CO2RR at -1.2 VRHE. 
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The performance of the Cu NPs deteriorates within the first 2 hours of electrolysis, during 

which the partial current densities corresponding to the CO2RR products drops to zero 

(Figure 3.4A). The addition of Ga clearly improves the CO2RR current stability. Specifically, 

CuGa4 significantly stabilizes the CH4 partial current density with around 50% of initial value 

being retained after 4 h test (Figure 3.4B), which is remarkable considering the small % Ga in 

the sample. With further Ga addition (CuGa17), the catalyst performance becomes even more 

stable, with more than 90% of initial CH4 partial current density retained after 4 h test 

(Figure 3.4C). Strikingly, CuGa37 is less stable than CuGa4 and CuGa17 (Figure 3.4D). 

Longer testing, over 20 h, shows that the CuGa17 still retains half of its initial jCH4 

(Figure 3.4E), and that its overall CH4 production over this extended timescale surpasses that 

of Cu by ca. 12 times thanks to the improved stability (Figure 3.4F). 

 

3.4 Compositional and structural characterization of the catalysts before and 

after CO2RR 

To gain more insight into the observed changes in stability, we performed different 

characterization techniques, including STEM and STEM-EDXS, selected area electron 

diffraction (SAED) and XPS before and after CO2RR.  

Figure 3.5 and Figure 3.6 summarize the results obtained from STEM and STEM-EDXS. 

We characterized the catalysts after 1 h, which is the time when Cu loses most of its activity 

while all the CuGa samples still maintain theirs to varying degrees, and after 4 hours, which is 

the time when CuGa4 and CuGa37 undergo significant decrease of current density while 

CuGa17 still preserves its electrocatalytic performance. In bimetallic catalysts, both 

morphology and composition play a key role in governing the stability of catalytic 

performance.200,211,212 Thus, the following paragraphs discuss changes in both factors, while 

keeping in mind that deconvoluting the two is not trivial.  

After 1 h of CO2RR, the morphology of Cu clearly changes, resulting in the formation of 

NPs with undefined shape (Figure 3.5). Inductively coupled plasma – mass spectroscopy (ICP-

MS) of electrolyte indicates that there is no significant dissolution of Cu into electrolyte (the 

Cu signal corresponds to < 1 % of total loading in all samples), which is consistent with 

previous data correlating the morphological changes to dissolution and redeposition of copper.8 

On the contrary, all the CuGa NPs maintain their morphology after 1 h of CO2RR 

(Figure 3.5). Notable differences between the CuGa samples emerge after 4 hours of CO2RR. 
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Indeed, the CuGa4 evolves into hollow NPs which resemble the reference Cu NPs after 1 h of 

operation, the CuGa17 does not show any change in its morphology, while significant surface 

roughening becomes evident for CuGa37. 

 

 
 

Figure 3.5. Morphological characterization of the NPs after CO2RR. STEM images of 

Cu, CuGa4, CuGa17 and CuGa37 NPs in as-synthesized state and after 1 h and 4 h of CO2RR 

at -1.2 VRHE. The scale bars are 50 nm. These data highlight a morphological stability of the 

NPs during CO2RR according to the following trend CuGa17 > CuGa4 ≥ CuGa37 >> Cu. 

 

We used STEM-EDXS and line scans on single NPs to gain information on eventual 

changes in composition of the CuGaNP (Figure 3.6). The data of the as-synthesized CuGa NPs 

indicate a homogeneous spatial distribution of the Ga and Cu signal within the NPs core, which 

is consistent with the XRD data showing alloying of the two metals. Furthermore, the elemental 

content obtained from EDXS quantification of the entire imaged area, which is indicated on 

the top of the each image, is consistent with the values from ICP-OES. At the same time, Ga-
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rich shells are visible in all samples, most pronounced for the CuGa4 and CuGa17. The oxygen 

signal suggests an oxidized state of these shells, which can either form during the synthesis or 

subsequent exposure to air of the samples. 

 

 

 

Figure 3.6. Composition and elemental distribution of the NPs after CO2RR. STEM-

EDXS elemental mapping (Cu – red, Ga – green) along with the line profile scan of one 

representative particle of CuGa4, CuGa17 and CuGa37 NPs in as-synthesized state, after 1 h 

and 4 h of CO2RR at -1.2 VRHE. The scale bars are 50 nm. Quantified Ga content is reported 

on the top-left corner of the images (in at. %). 
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After 1 h of CO2RR, the Ga content decreases for all the samples. The most dramatic change 

in terms of relative at.% occurs for the GuGa4, although the EDX spectrum does confirm that 

Ga is still present in the sample. However, the absolute loss of Ga, which is around 5 at. % is 

similar for all the samples. Meanwhile, the STEM-EDXS mapping shows that the Ga-rich 

shells disappear for CuGa4 and CuGa17 while a slightly Cu-rich surface forms for CuGa37. 

After 4 hours of CO2RR, no change in composition occurs. In terms of elemental distribution, 

additional Cu surface enrichment is observed in the line scans for CuGa37, which correlates 

well with the features accounting for the surface roughness in the STEM image. 

The SAED patterns confirm that the phase of the NPs core, after the 4 h of CO2RR, remains 

the same as the as-synthesized samples, namely fcc for Cu, CuGa4 and CuGa17 and Cu9Ga4-

type primitive cubic lattice for CuGa37 (Figure 3.7A). CuGa17 NPs preserve their fcc alloy 

structure and their morphology after 20 h of operation as well (Figure 3.7B). 

 

 

 

Figure 3.7. Crystallographic and SEM characterization of the NPs after CO2RR. (A) 

SAED patterns of CuGa4, CuGa17 and CuGa37 NPs in as-synthesized state and after 4 h 

electrolysis at -1.2 VRHE in CO2-saturated 0.1 M KHCO3. (B) SEM image of as-synthesized 

CuGa17 NPs, along with SAED patterns and SEM images of CuGa17 NPs after 20 h 

electrolysis at -1.2 VRHE. The SAED confirms the preservation of the fcc alloy structure and 

the SEM evidence no change in their size and morphology. 
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XPS was used as complementary characterization technique to gain insight into the surface 

composition of the as-synthesized CuGa NPs and of those after 4 h of CO2RR (Figure 3.8).   

Figure 3.8A reports the XPS data for the as-synthesized CuGa with different Ga content. 

The first panel shows the Ga 3d region, which was fitted with two components according to 

the literature.129,171,181,213 These two components are Ga2O3 and metallic Ga at higher and lower 

binding energy, respectively. While the contribution of the oxide to the signal remains constant 

across the samples, the contribution of the metallic Ga increases with the Ga content. This 

observation is consistent with the higher Ga content in the NPs core, which is presumably 

metallic, considering that the thickness of the Ga oxide shell is roughly 2 nm and the X-Ray 

penetration depth is up to 6 nm for the Ga 3d region. Furthermore, the Ga peaks shift to the 

higher binding energy as the Ga content increases. 

Interestingly, a similar shift is observed for the Cu 2p spectra shown in the second panel 

of Figure 3.8A. XPS shifts for Cu 2p core level towards higher binding energies compared to 

the bulk metal have been reported for systems in which Cu particles are in contact with metal 

oxide supports and explained by the formation of an interfacial charge transfer and/or the 

formation of new chemical bond between the metal alloys.214–216 Similarly, a convoluted effect 

arising both from the formation of an oxide/metal interface and from the formation of Cu-Ga 

alloy can account for these shifts to higher BE, which become more pronouced as the Ga 

content increases, in the Cu-Ga NPs. 

Finally, the Cu LMM Auger region in the third panel of Figure 3.8A provides information 

on the Cu oxidation state. The higher the Ga content is, the more metallic the Cu is, which 

suggests that the Ga-rich shell in CuGa4 and CuGa17 acts as protecting layer rendering the 

CuGa core less prone to oxidation at ambient conditions.  

In addition, XPS quantification of the Ga content revealed an almost double amount of Ga 

content in all samples compared to the values obtained by EDXS quantification (Figure 3.8A). 

Considering that the XPS is a surface technique, these data confirm that the as-synthesized 

CuGa NPs consist of an alloyed CuGa core with a Ga-rich shell, which forms during the 

synthesis and oxidizes upon exposure to air and/or the electrolyte, in agreement with the 

STEM-EDXS data (Figures 3.6). 
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Figure 3.8. Surface analysis of the CuGa NPs before and after CO2RR. (A) Ga 3d, Cu 

2p XPS profiles and Cu LMM Auger spectra for the as-synthesized Cu, CuGa4, CuGa17 and 

CuGa37 NPs. (B) Ga 2p, Cu 2p XPS profiles and Cu LMM Auger spectra for the Cu, CuGa4, 

CuGa17 and CuGa37 NPs after 4 h of CO2RR at -1.2 VRHE in CO2-saturated 0.1 M KHCO3. 

Dashed lines indicate the reference Ga 3d5/2, Ga 2p3/2, Cu 2p3/2 and Cu LMM peaks.217,218 

 

We also carried out the same XPS analysis on the electrodes after 4 h of CO2RR, which is 

reported in Figure 3.8B. Please note that Ga 3d could not be used for this purpose, as potassium 

in the electrolyte deposits on the electrode during CO2RR and the XPS signal of K 3p overlaps 

with the one of Ga 3d (washing the samples reduced the K 3p signal but did not remove it). 

Therefore, Ga 2p was used for the analysis. Because of the reduced penetration depth of the X-

Ray in this energy range, only Ga oxide is detected in CuGa17 and CuGa37; the amount of Ga 

in CuGa4 is probably below the detection limit. The chemical shift is still present both in the 
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Ga 2p and in the Cu 2p post-CO2RR in the samples with higher amount of Ga, which are 

CuGa17 and CuGa37. However, the magnitude of the shift to higher binding energy is much 

smaller compared to that observed in the as-synthesized samples, which can be attributed to 

the fact that interfacial charge transfer effects due to the Ga oxide shell are no longer present, 

and only the shift contribution due to Cu-Ga alloying remains. Furthemore, the Cu LMM Auger 

peaks indicate that the oxidized Cu(I) is now present on the surface of all samples. The surface 

content of Ga is twice lower than determined by STEM-EDXS (Figures 3.6). Altogether, the 

post-CO2RR XPS supports the hypothesis that the Ga-rich shells are removed during CO2RR, 

Cu gets exposed at the surface, and the remaining Ga is bound to Cu in the bimetallic core. 

 

3.5 Operando X-Ray absorption characterization 

To gather complementary insight to those provided by the ex situ characterization, we 

performed operando XAS and monitored the catalyst state during CO2RR at -1.2 VRHE. 

Figures 3.9 – 3.11 and Table 3.1 report the results for the Cu and CuGa NPs during CO2RR .  

We note that the Ga K-edge signal for CuGa4 was too weak and noisy to yield any viable 

information. However, the data were sufficient to confirm that Ga is present on the electrode, 

supporting STEM-EDXS and XPS observations that Ga persists in this sample under operation 

altough at very low content (ca. 1 at. %). The Ga K-edge spectra of both CuGa17 and CuGa37 

are characterized by a rising edge at ca. 10368 eV both at ocp and during CO2RR at -1.2 VRHE 

(Figures 3.9A,B), which indicate the presence of mostly metallic Ga. The application of the 

cathodic voltage slightly reduces the intensity of the Ga signal, in agreement with the observed 

loss of Ga in the STEM-EDXS and XPS data. The Ga signal remains then stable during the 

next 3 h of CO2RR  at -1.2 VRHE (Figure 3.10). Because Ga is crystallized in the fcc (CuGa17) 

and Cu9Ga4-type (CuGa37) lattices for which there are no Ga and Ga2O3 standards, linear 

combination analysis (LCA) for the quantification of the metallic and oxidized components in 

the Ga K-edge was not applicable. However, the Ga K-edge XANES shape profiles 

qualitatively indicate that a minor fraction of Ga might still be oxidized under operation 

because of the features at ca. 10377 eV, most evident for CuGa17, which persist at -1.2 VRHE. 

The position and the shape profile of the Cu K-edge indicate that the Cu is mostly metallic 

at ocp and under cathodic potential (Figure 3.9C,D). LCA of the Cu XANES profiles provides 

the fraction of Cu2O and Cu at ocp and at -1.2VRHE during CO2RR in the different samples 

(Figures 3.9E). The LCA at ocp indicates that the fraction of oxidic copper is significant for 

pure Cu NPs (~25 %) and for CuGa4 NPs (~35 %), while it drops substantially for CuGa17. 
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Figure 3.9. Operando X-Ray absorption spectroscopy at ocp and during CO2RR. (A, 

B) XANES of Ga K-edge for CuGa17, CuGa37 NPs and the standard samples (A) at ocp and 

(B) operando at -1.2 VRHE. (C, D) XANES of Cu K-edge for Cu, CuGa4, CuGa17 and CuGa37 

NPs and the standard samples (C) at ocp and (D) operando at -1.2 VRHE. (E) Atomic fraction 

of Cu1+ obtained from LCA for Cu, CuGa4 and CuGa17 NPs at ocp and operando at -1.2 VRHE. 

(F) Zoomed-in XANES of Ga K-edge for CuGa17 and CuGa37 NPs operando at -1.2 VRHE. 

(G) Zoomed-in XANES of Cu K-edge for Cu, CuGa4, CuGa17 and CuGa37 NPs operando  

at -1.2 VRHE. (H) EXAFS of the Ga shell for CuGa17 and CuGa37 NP at ocp (dot line) and 

operando at -1.2 VRHE (solid line). (I) EXAFS of the Cu shell for Cu, CuGa4, CuGa17 and 

CuGa37 NP at ocp (dot line) and operando at -1.2 VRHE (solid line). The bulk standard samples 

were measured ex situ. All operando measurements were run for 3 h of CO2RR. 
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Figure 3.10. Operando XANES evolution of Ga K-edge during CO2RR. (A – D) Ga K-

edge operando XANES spectra during 3 h CO2RR at -1.2 VRHE in CO2-saturated 

0.1 M KHCO3 for (A, B) CuGa17 and (C, D) CuGa37 NPs: (A, C) 3D maps in time – energy 

– normalized intensity coordinates and (B, D) corresponding 2D maps in time – energy 

coordinates. Averaging was performed over every five consecutive scans. 

 
As the Cu2O content obtained by LCA fitting for CuGa17 is not statistically different from 

zero, the LCA analysis suggests that surface oxidation is suppressed at ocp for this sample. 

LCA is not applicable for Cu in CuGa37, as there are no appropriate Cu and Cu2O standards 

for the Cu9Ga4-type structure. Yet, the K-edge position qualitatively suggests that Cu is purely 

metallic. Altogether, the LCA analysis at ocp suggests that the Ga-rich samples protect copper 

from oxidizing, consistent with conclusions made from Auger spectroscopy carried out on the 

as-synthesized sample (Figure 3.8A). The reduction of the oxidized Cu2O surface formed at 

ocp is very rapid upon the application of the cathodic voltage, consistently with the previous 

reports.48,219 No further change is observed during 3 h of CO2RR at -1.2 VRHE (Figure 3.11). 
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Figure 3.11. Operando XANES evolution of Ga K-edge during CO2RR. Cu K-edge 

operando XANES spectra during 3 h CO2RR at -1.2 VRHE in CO2-saturated 0.1 M KHCO3 for 

(A, B) CuGa4, (C, D) CuGa17 and (E, F) CuGa37 NPs: (A, C, E) 3D maps in time – energy – 

normalized intensity coordinates and (B, D, F) corresponding 2D maps in time – energy 

coordinates. Averaging was performed over every two consecutive scans. 
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Finally, one interesting observation in the XANES data is that the Cu and Ga K-edge 

positions follow a composition-dependent trend: as the Ga content in the CuGa NPs increases, 

the Cu and Ga K-edge absorption edges shift to higher energies (Figures 3.9F,G). As this shift 

is not accompanied by the rise of Cu pre-edge feature at ca. 8981 eV, which is characteristic 

of Cu(I) presence, this increase cannot be attributed to the Cu oxidation upon increse in Ga 

content in the alloy. Instead, it may indicate an increasing binding energy of both metals in the 

lattice, which agrees with the observation made in the XPS data. 

We gained further structural insight from the EXAFS spectra for Cu and Ga 

(Figures 3.9H,I, Table 3.1). The degree of structural order, which is one of the factors 

contributing to the intensity of the signal, follows a composition-dependent trend for both 

metals and decreases as the Ga content increases. When the cathodic voltage of -1.2 VRHE is 

applied, the intensity of the Fourier transform (FT) signal increases in all samples, which 

indicates that some form of structural change accompanies the CO2RR in all cases. The extent 

of absolute change in EXAFS intensity is highest (when viewed from the Cu K-edge) for Cu 

NPs and follows the trend CuGa17 ≥ CuGa4 > CuGa37 for the CuGa NPs when looking at 

both the Cu and the Ga K-edge EXAFS data. As the coordination numbers and disorder are 

highly correlated, the source of these changes is best captured by the correlation maps, that 

relate the Debye-Waller Factor (DWF, Å2) with either the first shell fcc interatomic distance 

(d, Å) or the first shell fcc coordination number (N1). Table 3.1 reports the most probable range 

of values for Cu and Ga extracted from the correlation maps, derived from explicit analysis 

using EXCURV.37 The most pronouced changes are observed in the pure Cu NPs, from the 

perpsective of the Cu K-edge, and in the CuGa17 NPs, with regards to the Ga K-edge. In the 

case of Cu NPs, such changes might be linked to the dramatic reconstruction of the NPs 

(Figure 3.5) and to the reduction of any copper surface oxide initally present leading to a higher 

net order in the reduced copper phase that remains post CO2RR. However, as no major change 

in size and/or morphology occurs for the CuGa NPs (Figure 3.5), we attribute the change in 

the values of DWF, d and N1 exclusively to an increase in the overall (static and dynamic) 

order of the bulk of the crystallites and, in the case of CuGa17, the formation of an alloy with 

more uniform Ga distribution within the NPs under the operation conditions. 

Interestingly, the d values calculated for Cu and Ga converge towards each other in CuGa17 

but not in CuGa37 during CO2RR. This observation may serve as an indication that Ga tends 

to rearrange and occupy the crystal sites allowing more uniform distribution of the elements 

within one NPs in CuGa17 NPs; instead, Cu and Ga are less uniformly distributed in CuGa37 

during CO2RR, in agreement with the surface spatial segregation observed in the STEM-EDXS 
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images (Figure 3.5). This unique behavior of the CuGa37 might be related to its crystal 

structure, which is distorted and distinctly different from the Cu fcc. We hypothesize that such 

structure might reconstruct more easily than the fcc lattice, which is confirmed by molecular 

dynamics simulations (Figure 3.13C,D). 

 
Table 3.1. Structural data extracted from analysis of Cu K-edge and Ga K-edge EXAFS at ocp 

and operando at -1.2 VRHE. 

 

Sample N1Cu N1Ga dCu, Å dGa, Å DWFCu (2s2), Å2 DWFGa (2s2), Å2 

Cu ocp 8.5-11  2.537  0.012-0.017  

Cu -1.2 VRHE 10-12  2.519  0.010-0.015  

CuGa4 ocp 8-12  2.533  0.015-0.020  

CuGa4 -1.2 VRHE 8-12  2.536  0.014-0.018  

CuGa17 ocp 8-12 9.5-12 2.556 2.574 0.016-0.022 0.016-0.022 

CuGa17 -1.2 VRHE 8-12 11-12 2.562 2.567 0.014-0.020 0.007-0.012 

CuGa37 ocp 6-10 6-8 2.535 2.523 0.018-0.027 0.012-0.020 

CuGa37 -1.2 VRHE 6-10 7-10 2.542 2.529 0.017-0.024 0.014-0.022 

 

3.6 Mechanism of stability enhancement in CuGa NPs  

With the evidence provided by STEM-EDXS, XPS and operando XAS, we rationalize the 

observations made in this study as it follows and report a summary in Figure 3.12.  

First, the pristine 40 nm Cu NPs, which are the reference sample, reconstruct into hollow 

structures and smaller particles are observed on the electrode (Figure 3.5), which is consistent 

with previous studies on particles with comparable size.45,46,48 These changes are driven by the 

dissolution/reprecipitation of Cu surface oxide forming at ocp and continue during CO2RR 

following the same mechanism via soluble transient species.45,46,48 These morphological 

changes result into the degradation of the catalytic performance with the CO2RR current 

density dropping to zero after ca. 2 hours (Figure 3.4A). 

When it comes to CuGa alloy NPs, STEM-EDXS images evidence that morphological 

changes are significantly suppressed by the addition of Ga (Figures 3.5, 3.6, 3.7). 
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Concomitantly, the CO2RR current is much more stable over time following a trend of CuGa17 

> CuGa4 > CuGa37 (Figure 3.4B-D). XPS and operando XAS data indicate that Ga suppresses 

Cu oxidation at ocp (Figures 3.8, 3.9). We further confirm this observation with ICP-MS of 

the electrolyte after 5 min immersion of the electrodes, which proves that less Cu dissolves at 

ocp in the case of CuGa17 and CuGa37 compared to the pristine Cu NPs (Table 3.2).  

 

 
 

Figure 3.12. CO2RR stabilization mechanism in CuGa alloy NPs compared to Cu NPs. 

 

Table 3.2. ICP-MS measurements of Cu and CuGa NP electrodes after 5 min immersion in 

CO2-saturated 0.1 M KHCO3 at ocp. 

Sample name Ga, ng/ml Cu, ng/ml 

Cu - 45 

CuGa4 25 47 

CuGa17 86 19 

CuGa37 163 - 
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Additionally, XPS and operando XAS point to significant electronic interactions between 

Ga and Cu which increase the electron binding energies of both elements within the CuGa NPs. 

This observation suggests that the alloying lowers the system energy and makes the bond 

stronger, which agrees well with the fact that the Cu – Ga bond energy (216 kJ/mol) is 

significantly greater than Cu – Cu (201 kJ/mol) or Ga – Ga (106 kJ/mol).202 

The lower electronegativity of Ga indicate that electron density might shift from Ga towards 

Cu atoms.203 Bader charge calculations for the CuGa alloys propose the same outcome, with 

higher Ga content resulting in larger charge localized on Cu atoms (Figure 3.13A,B). Actually, 

the presence of an electron rich Cu correlates well with CH4 evolution, as recent literature has 

suggested the presence of an electron poor Cud+ to be critical to the promotion of the C-C 

coupling.220–222 Overall, the more electron rich Cu and stronger bonds within the alloys 

compared to the pristine Cu NPs hinder Cu oxidation, and thus dissolution, at ocp and the 

subsequent reconstruction of the NPs during operation via dissolution mediated by transient 

soluble intermediates. As for the stability trend observed within the CuGa samples, we should 

consider that CuGa4 has very little Ga amount within the alloy (ca. 1 at.% during operation), 

so the performance loss is slower but eventually takes place. CuGa37 has a structure which is 

intrinsically more distorted and prone to reconstruction (Figure 3.13C,D).207,208 Eventually, 

Cu is re-exposed on the surface (Figure 3.6), which might explain the faster performance 

degradation compared to the CuGa4 and CuGa17. Considering all the factors coming into play, 

CuGa17 emerges as the most efficient in preserving the CO2RR performance.  
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Figure 3.13. Bader charge calculation and molecular dynamics simulation results for 

Cu and CuGa NPs. (A,B) Bader charge calculation results for (A) Cu atoms and (B) Ga atoms 

in Cu and CuGa alloys. Expected values for the Bader charge of pure Cu and Ga based on the 

Periodic Table are 11 and 13 electrons, respectively. To avoid misrepresentation, CuGa37 was 

not considered to keep only the fcc structures, where all crystal lattice positions are equivalent 

to each other. (C,D) Molecular dynamics simulations representing the atomic arrangement for 

the CuGa37 surface at (C) steady conditions and (D) after 1 ps of dynamics at 900 K. The Cu 

atoms which appear on the surface are marked by the circles, and the arrows indicate the 

displacement direction. Under the same simulations conditions, Cu, CuGa4 and CuGa17 do no 

undergo changes. Notably, the reconstruction results in Cu atoms popping on the surface, 

which comes in line with STEM-EDXS line scan after 4 h of CO2RR (Figure 3.6). 

 

3.7 Conclusions 

We have demonstrated that alloying Ga into Cu greatly enhance the stability of the NPs 

under the reducing conditions of CO2RR. Compared to the parent Cu NPs, which deactivate 

rapidly (< 2 h), the addition of Ga results in NPs that do not degrade over extended period of 



 61 

time (up to 20 h). Using a variety of experimental (ex situ and operando) and theoretical tools 

we have constructed a framework to rationalize this observation based on the current 

knowledge on the reconstruction mechanism of Cu NPs during CO2RR. 

We believe that this work can inspire further development of alloyed Cu-based CO2RR 

nanocatalysts which are inherently stable during CO2RR or under other reducing reaction 

environments. We envision that the metals which have higher oxophilicity and strong M – Cu 

bonding energies (e.g., early 3d metals, e.g. Sc, Ti, and p-group metals, e.g. Al, In, Bi) to have 

similar mechanism of hindering Cu reconstruction while driving CO2RR towards different 

products of interest and, in general, generating more stable NPs. 
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Chapter 4 

 

The Native Oxide Skin of Liquid Metal Ga Nanoparticles Prevents 

Their Rapid Coalescence during Electrocatalysis 
 

The content of this Chapter is based on published work with permission from the journal:  

J. Am. Chem. Soc. 2022, 44, 22, 10053: https://pubs.acs.org/doi/full/10.1021/jacs.2c03698. 

Copyright 2022 American Chemical Society. 

 

 
 
Abstract: Liquid metals (LMs) have been used in electrochemistry since the 19th century, but 

it is only recently that they have emerged as electrocatalysts with unique properties, such as 

inherent resistance to coke-poisoning, which derives from the dynamic nature of their surface. 

The use of LM nanoparticles (NPs) as electrocatalysts is highly desirable to enhance any 

surface-related phenomena. However, LM NPs are expected to rapidly coalesce, similarly to 

liquid drops, which makes their implementation in electrocatalysis hard to envision. Herein, 

we demonstrate that liquid Ga NPs (18 nm, 26 nm, 39 nm) drive the electrochemical CO2 

reduction reaction (CO2RR) while remaining well-separated from each other. CO is generated 

with a maximum faradaic efficiency of around 30 % at -0.7 VRHE, which is close to that of bulk 

Ga. The combination of electrochemical, microscopic and spectroscopic techniques, including 

operando X-Ray absorption, indicates that the native oxide skin of the Ga NPs is still present 

https://pubs.acs.org/doi/full/10.1021/jacs.2c03698
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during CO2RR and provides a barrier to coalescence during operation. This discovery provides 

an avenue for future development of Ga-based LM NPs as a new class of electrocatalysts. 

Authors: Valery Okatenko, Laia Castilla-Amorós, Dragos Constantin Stoian, Jan Vávra, Anna 

Loiudice, Raffaella Buonsanti. 

 

Contribution: Performed all electrochemical studies, bright-field TEM and SEM imaging, 

image statistical analyses and supplementary calculations, operando XAS measurements, 

FTIR measurements, Ga microparticles synthesis, and wrote the manuscript with contributions 

from all authors. 

 

4.1 Introduction 

As introduced in Chapter 1, liquid metals (LMs) are unique materials which combine the 

low viscosity and good fluidity of liquids with the high thermal and electrical conductivity of 

metals.69–74,114 Recently, the field of LMs has undergone a true renaissance, with research 

largely centered on Ga and its alloys due to their low toxicity and melting point.69–72 These 

materials have also emerged as a new class of (electro)catalysts wherein the highly dynamic 

liquid surface offers greater flexibility compared to solid catalysts.74,87,95,101–108  

Despite these exciting opportunities in catalysis, the aforementioned studies are mostly 

based on bulk LMs.74,95,101–107 NPs are highly beneficial in heterogeneous catalysis as their high 

surface area maximizes the number of active sites per mass of material, and nanoscale effects, 

which improve activity or selectivity, can also emerge.37,38 At the same time, NPs catalysts tend 

to sinter, which requires the development of protection schemes, such as oxide coatings.110,111 

Because of their fluidity, LM NPs are expected to coalesce even more rapidly compared to 

solid NPs, which poses doubts regarding their utilization as catalysts. 

One unique feature of Ga-based LMs is the presence of a native oxide skin surrounding their 

liquid metal core which regulates the surface properties of the LMs.69–74,114 If stable under 

reaction conditions, the native oxide will also play a crucial role in catalysis, especially when 

moving from bulk to NPs.69–74,138,139 For example, in the context of photocatalysis, studies show 

that it contributes to charge separation as a semiconducting material.138,139 More generally, it 

may possess catalytic activity on its own or regulate the access of reactants to the liquid core 
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while preventing the NPs coalescence. However, very little attention has been given to the 

native oxide skin in the context of catalysis.69–74 

In this work, we study Ga NPs as catalysts for the electrochemical CO2 reduction (CO2RR). 

While it does not possess exceptional selectivity compared to other single metals (e.g. Au and 

Ag), Ga can convert CO2 to CO.112,113 Furthermore, Ga-containing metals have been 

demonstrated to produce different products.104,105,108 We show that the Ga NPs retain their size 

during CO2RR. This finding is opposite to the intuitive expectation that liquid particles would 

coalesce into a larger drop when placed close to each other while applying the highly cathodic 

potential needed for CO2RR, which is supposed to remove the native oxide skin. The 

combination of analytical electrochemistry, electron microscopy and operando X-Ray 

absorption spectroscopy reveals the unique behavior of the oxide skin which accounts for the 

observed resistance towards coalescence of liquid Ga NPs during CO2RR. 

 

4.2 Materials synthesis and characterization 

Ga NPs were synthesized by means of colloidal chemistry, following a previously reported 

protocol.161,162,181 This wet chemistry approach provides the uniform size distribution which is 

essential when investigating eventual size and morphology changes of the catalysts during 

operation. Figure 4.1A reports a representative transmission electron microscopy (TEM) 

image illustrating the uniformity of the Ga NPs which possess a diameter of 26 nm with the 

particles size distribution less than 10 %. Scanning transmission electron microscopy (STEM) 

imaging (Figure 4.1B) along with energy dispersive X-Ray spectroscopy (EDXS) elemental 

mapping of O and Ga and the line profile over one Ga NPs (Figure 4.1C-E) evidence the 

presence of a native oxide skin around 2.6 nm thick on the Ga NPs, which is consistent with 

previous studies.161,162,181 
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Figure 4.1. Synthesis and characterization of Ga NPs. (A) Bright field TEM image and 

size distribution of as-synthesized Ga NPs. (B-E) STEM characterization including (B) a 

typical image, (C, D) STEM-EDXS elemental mapping of Ga and O. (E) the line profile over 

one Ga NPs, which confirm the presence of native oxide skin on as-synthesized Ga NPs. 

 

4.3 Electrochemical CO2 reduction 

Bulk Ga electrodes were reported to be selective for CO2RR with faradaic efficiency (FE) 

for CO of around 20%, the rest being H2 from the competing hydrogen evolution reaction.113 
We evaluated the catalytic performance of the Ga NPs to assess if they yielded a similar product 

distributions. Figure 4.2A reports the CO FE measured over one hour of chronoamperometry 

at three different voltages, -0.7, -0.9 and -1.1 VRHE (RHE = reversible hydrogen electrode), 

with the rest being H2. At voltages more positive than -0.7 VRHE the current density j is too low. 

Voltages which are more negative than -1.1 VRHE result only in the increase of H2 production. 

The selectivity of the Ga NPs varies with voltage. CO FE of Ga NPs is the highest at -0.7 VRHE 

with an average value of 29 %.  This value is slightly higher compared to that of bulk, which 

indicate possible size-dependent selectivity. As the voltage becomes more negative, CO FE 

decreases, and more H2 is produced. In addition to CO and H2, a minor amount of formate 

(<1 %) is detected at -1.1 VRHE. With this products selectivity profile and CO2 as carrier, the 

resulting gas mixture could be treated as H2-rich syngas, which is a precursor for 

thermocatalytic dimethyl ether and methanol production.223,224 Figure 4.2B confirms that the 

current density remains stable for one hour electrolysis without any major declining.  
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Figure 4.2. Ga NPs as CO2RR electrocatalysts. (A) CO FE and (B) total current densities 

normalized by the area of the Ga NPs over one hour of CO2RR in 0.1 M KHCO3 at different 

applied potentials. Oscillations in current density are attributed to the formation of bubbles. 

The area of Ga NPs was calculated according to the model described in the section 2.6. 

 

4.4 Investigation of the morphology and surface of the Ga NPs post-

electrolysis 

The Pourbaix diagram of Ga in aqueous solution indicates that the gallium oxide skin 

reduces to metallic Ga at -0.485 VRHE (Figure 1.7). Also, Ga NPs are liquid at room 

temperature.161 Thus, Ga NPs without the oxide skin should rapidly coalesce into bulk metallic 

gallium at the cathodic potentials applied during CO2RR. Yet, no visual changes were observed 

on the electrodes post-electrolysis along with no change in the catalytic performance.  

To assess morphological changes of the Ga NPs during CO2RR, we analyzed the electrodes 

before and after electrolysis at different applied potentials (Figure 4.3A). The scanning 

electron microscopy (SEM) images evidence that the Ga NPs do remain well-separated from 

each other during the course of electrolysis. This observation is remarkable because other metal 

NPs of similar size and under the same conditions undergo tremendous changes and form 

aggregated structures, sometimes even during the potential ramp.48,66,165,225 We note that the 

size and size distribution of the Ga NPs do increase after electrolysis at the more cathodic 

voltages, however no major coalescence is observed (Figure 4.4). Even 70 hours of CO2RR at 

-0.7 VRHE does not result in noticeable coalescence of Ga NPs (Figure 4.3B). 
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Figure 4.3. Characterization of Ga NPs after CO2RR. (A) SEM images of pristine 

Ga NPs electrodes and after 1 h CO2RR at -0.7 VRHE, -0.9 VRHE and -1.1 VRHE. (B) SEM image 

of Ga NPs electrodes after 70 h CO2RR at -0.7 VRHE. (C) XPS analysis confirming the presence 

of the native oxide skin on pristine Ga NPs and after 1 h CO2RR at a given potential. 



 68 

 
 

Figure 4.4. Size analysis of Ga NPs before and after CO2RR. Statistical analysis 

performed on SEM images of Ga NPs after 1 h CO2RR at different voltages. The first point 

refers to the size of Ga NPs on the as-prepared electrode.  

 

To probe the oxide layer, we performed XPS analysis of the Ga NPs electrodes before and 

after electrolysis at different voltages (Figure 4.3C). First, XPS confirms presence of both the 

metallic and the oxide components in the as-synthesized Ga NPs. The fitting results indicate 

that the thickness of oxide layer is ca. 2.7 nm, which agrees well with the results of STEM-

EDXS (Figure 4.1B-E). After electrolysis, the oxide contribution decreases, yielding 

ca. 1.6 – 2.3 nm thickness of oxide skin depending on the applied voltage (Table 4.1). We note 

that the XPS experiment was done ex situ, so the electrode surface reoxidizes in the time 

interval between the release of the cathodic potential and the XPS analysis. Nevertheless, the 

data clearly indicate that a certain fraction of Ga oxide is reduced during CO2RR.  

 
Table 4.1. Ga2O3 thickness after CO2RR at different applied potentials calculated from XPS. 

Applied potential / VRHE Ga2O3 shell thickness / nm 

Pristine Ga NPs 2.7 

Ga NPs 1 h @ -0.7 VRHE 2.3 

Ga NPs 1 h @ -0.9 VRHE 1.6 

Ga NPs 1 h @ -1.1 VRHE 2.0 
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4.5 Transmission electron microscopy characterization 

The melting point of bulk Ga is slightly above room temperature at 29.8 °C.69 The melting 

point of Ga NPs is expected to be lower because of size effects.131,226–229 At the same time, 

unexpected behavior can arise at the nanoscale.230,231 For example, Ga clusters smaller than 

2 nm were predicted to have a higher thermal stability than bigger NPs.230 One study also 

reported the thermally stable coexistence of liquid and solid phases in Ga NPs.231As the 

presence of a solid domain in the NPs might explain the absence of rapid coalescence in the 

Ga NPs, we decided to investigate further the structure of the Ga NPs. Therefore, we performed 

in situ HRTEM experiment with heating from cryogenic temperatures back to room 

temperature. 

An interference contrast image along with selected area electron diffraction were recorded 

at few pre-selected temperatures (Figure 4.5A). When cooled to liquid nitrogen temperature  

(-196 °C), the NPs solidify, which is revealed by visible crystalline planes in the high-

resolution images and by the appearance of spots in the SAED. The co-existence of diffuse 

rings arises from the presence of thin amorphous Ga oxide shell, which is also visible in the 

HRTEM. The SAED pattern evidences that the solid Ga NPs are crystallized as d-Ga 

(Figure 4.5B). This result indicates that the α-Ga, which is a stable phase in bulk Ga, is 

suppressed in Ga NPs, which is in line with previous results in the literature.161 The Ga NPs 

persist in the same structure at -80 °C, but melt when heated up to -60 °C, which is indicated 

by the disappearance of the bright spots in the SAED patterns. The cooling of the NPs back to 

-80 °C does not result in solidification; indeed, only the diffuse rings are visible in the SAED. 

Supercooling effects and hysteresis between the crystallization and melting points have been 

previously reported for Ga NPs and explain this observation.161,226–228,232 

Altogether, HRTEM and SAED analysis provide no indication of solid domains being 

present within the liquid Ga NPs at both ambient and low temperatures. Despite different 

conditions between cryo-HRTEM and CO2RR as well as a different substrate, these findings 

make the presence of solid domains at operating conditions highly unlikely. 
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Figure 4.5. In situ heating HRTEM and SAED of Ga NPs. (A) Cryo-HRTEM (left) and 

SAED (right) study of Ga NPs at different temperatures: at liquid N2 temperature (-196 °C), at 

-80 °C, at -60 °C and again at -80 °C. (B) Circular averaged electron diffraction pattern of 

Ga NPs at -196 °C and -80 °C, where Ga NPs SAED is characterized with the presence of the 

diffraction spots; for reference, the circular averaged electron diffraction pattern obtained by 

Yarema et al.161 is presented. 

 

4.6 Voltammetric characterization 

The electrochemical properties can change when size shrinks to the nanoscale, which is 

attributed to different electronic configuration or strain effects of the surface.233,234 Shifts in the 

redox potentials of the Ga NPs and bulk Ga might explain why Ga NPs do not undergo rapid 

coalescence. 

To assess this possibility, we performed a voltammetric study of Ga NPs in CO2-saturated 

0.1 M KHCO3, which is the electrolyte used for electrochemical CO2 reduction tests 

(Figure 4.6A). We utilized squared wave voltammetry (SWV), which exhibits enhanced 

sensitivity compared to a conventional cyclic voltammetry experiment. We selected the testing 

range in a region where repetitive cycles yield no changes in SWV response. The acquired 

SWV of bulk Ga is shown for the reference. We note that bulk Ga is solid at room temperature, 

instead the Ga NPs are in their liquid state. To evaluate possible differences arising from the 

material physical state, we measured bulk Ga below and above its melting point (at 24 °C and 

35 °C, respectively).  
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The curves of the Ga NPs and of the bulk liquid Ga are qualitatively similar. This result 

points at the liquid nature of the particles, which is consistent with the HRTEM in Figure 4.5, 

and to the absence of size-induced differences in their redox properties. Overall, there are two 

distinctive features in the investigated potential range: a reduction peak at ca. -0.54 VRHE and 

an oxidation peak at ca. -0.51 VRHE. Both values are close to the standard reduction potential 

of Ga3+/Ga (𝐸&'!<$/&'
° = −0.485	𝑉)*+, 𝐸&'<<*/&'° = −0.493	𝑉)*+ , 𝐸&'(<*)$/&'

° =

−0.415	𝑉)*+).142,143 These numbers agree well with earlier reported investigation of bulk Ga 

in different electrolytes.105,124–126,140,235,236 The reduction peak is assigned to the oxide skin, 

which is followed by steady non-capacitive current increase (assigned to hydrogen evolution 

reaction and CO2RR) at more negative voltage. The oxidation peak on the reverse scan is 

attributed to the formation of oxide skin. 

The solid Ga electrode is distinctly different from the other curves. The observed peaks are 

broader and shifted ca. 0.1 V negative compared to the bulk liquid Ga, in accordance with 

previous studies.105,121 The negative shift and peak broadness can be explained by the higher 

affinity of oxide to solid Ga than to its liquid counterpart.121 To prove that these differences 

arise from the difference in the Ga state and are not the direct effect of heating, SWV of Ga 

NPs was recorded both at ambient and elevated temperature, showing no significant difference 

between the two curves (Figure 4.6B). 

 
 

Figure 4.6. Voltammetric study of Ga NPs. (A) SWV curves of Ga NPs and bulk Ga (in 

the liquid and solid state) in CO2-saturated 0.1 M KHCO3. The arrow indicates the scan 

direction. (B) SWV of Ga NPs in CO2-saturated 0.1 M KHCO3 measured at 24 °C (below bulk 

Ga melting point, green line) and 35 °C (above bulk Ga melting point, red line). 
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Overall, the voltametric characterization indicates that the oxide skin should be reduced and, 

thus, the Ga NPs should exist in their liquid metallic state under CO2RR conditions, which 

questions the reason for absence of immediate Ga NPs coalescence. 

 

4.7 Operando XAS study of Ga particles during CO2RR. 

As Ga spontaneously reoxidizes upon air exposure and at ocp, the only way to probe the 

presence of the oxide skin during CO2RR is via operando studies. Thus, we performed 

operando X-ray absorption spectroscopy (XAS) of Ga NPs during CO2RR (Figures 4.7, 4.8).  

We did not observe any difference when operating the electrolyzer at different voltages 

(Figure 4.7); -1.1 VRHE was selected as representative voltage for further analysis. The X-ray 

absorption near edge structure (XANES) map evidenced a shift of the Ga absorption edge 

position towards lower energy when the cathodic voltage is applied (Figures 4.7, 4.8A), which 

means that the metallic Ga component increases. This observation agrees well with SWV data 

indicating the reduction of Ga oxide at -0.54 VRHE, which means that majority of Ga oxide 

should get reduced at operating voltages. XANES characterization performed at -1.1 VRHE with 

20 s time resolution indicated that the reduction of the Ga oxide component takes place during 

the first 2 min of operation (Figures 4.8B), and no further changes occur over one hour of 

electrolysis (Figure 4.7). The linear fitting of the XANES curves evidence that the Ga oxide 

content evolves from 24% to 3% going from ocp to -1.1 VRHE, which correspond to a change 

in the average oxide thickness from 1.1 nm to ca. 0.1 – 0.2 nm (calculation details are reported 

in section 2.6; the initial size and size after CO2RR are 26 and 40 nm as obtained by analyzing 

mean NPs size from SEM images in Figure 4.4). Chronoamperometry at -1.1 VRHE for 5 hours 

confirmed that oxidation state of the Ga NPs remains stable after the initial reduction step 

(Figure 4.8C). 
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Figure 4.7. Operando X-Ray absorption spectroscopy of Ga NPs during CO2RR. 

Operando XANES spectra of Ga NPs during 1 h CO2RR at (A, B) -0.7 VRHE, (C, D) -0.9 VRHE 

and (E, F) -1.1 VRHE: (A, C, E) 3D maps in time – voltage – intensity coordinates and (B, D, 

F) corresponding 2D maps in time – voltage coordinates. 
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Extended X-ray absorption fine structure (EXAFS) analysis provided further insight into 

the Ga local chemical environment. Figure 4.7D indicates a pronounced signal from Ga-O at 

ocp. When the cathodic voltage is applied, the Ga-O contribution to the signal decreases, yet it 

is clearly still present in the EXAFS pattern. Altogether, the XANES and EXAFS results are 

consistent with the presence of roughly a monolayer of Ga oxide on Ga NPs during CO2RR. 

 

 

 
Figure 4.8. (A) Comparison of the XANES scans at ocp and at -1.1 VRHE, (B) 2D map of 

XANES spectra with 20 s scan duration at -1.1 VRHE, (C) 2D map of XANES spectra during 

5 hours of CO2RR at -1.1 VRHE, (D) interatomic distances derived from operando EXAFS 

measurements of Ga NPs at ocp and at -1.1 VRHE. Interatomic distances were not corrected for 

the phase shift. The red and gray areas indicate distances corresponding to Ga-O and Ga-Ga 

bonds, respectively. 
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4.8 Mechanistic discussion 

The discovery that Ga oxide is still present under the highly cathodic potential driving 

CO2RR is intriguing. Interestingly, this result resembles the residual gallium oxide found in 

CuGa catalysts under the highly reducing conditions of the thermal CO2 hydrogenation reaction 

as long as a few ppm of oxygen were present.115 Reports by Popova et al. dating back to the 

70’s claim that even after Ga activation (i.e., at voltages more negative than the reduction peak) 

a “residual film” of different chemical nature persists on the surface and increases the HER 

overpotential compared to Ga free of the surface oxide.122,123 Having acquired this new 

knowledge, questions regarding the structure and the role of the oxide layer on the Ga NPs 

during the electrocatalysis arise.  

First of all, it is difficult to say whether the oxide of roughly one monolayer thickness is 

uniformly covering the surface of the Ga NPs or is present in the form of islands on the surface. 

Both situations are possible. Second, the oxide layer can be static or dynamic. Whether static 

or dynamic, the oxide layer would prevent the rapid coalescence of the Ga NPs during CO2RR. 

Indeed, even in case of a dynamic oxide, the surface reoxidation, which is a chemical process, 

would be faster than NPs coalescence, which is a physical phenomenon, thus inhibiting it.237,238 

 In the case of a static oxide, a fraction of the native oxide skin would always be present on 

the Ga NPs surface during CO2RR (Figure 4.9A). Herein, CO2RR could occur on the oxide 

itself, on the metal surface or at metal/oxide interfacial sites. To gain further insight, we 

attempted to obtain pure gallium oxide NPs as a reference by electrochemically oxidizing the 

Ga NPs. However, the current density under the applied potential dramatically decreases with 

fully oxidized NPs and reliable studies cannot be performed. Furthermore, most of the oxide is 

reduced back when the cathodic potential is applied, so learning about the CO2RR reaction of 

GaOx NPs is practically impossible. 
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Figure 4.9. Possible mechanisms of oxide-retarded coalescence in Ga NPs 

electrocatalysts. The possibilities include the presence of (A) a static and (B,C) a dynamic 

oxide skin. Within a few minutes from the application of the cathodic voltage, the thickness of 

the native oxide skin (~1-2 nm) is reduced to monolayer (uniform or patchy, ~0.1-0.2 nm 

thick). In (A), this monolayer persists during CO2RR. In (B,C) the monolayer is dynamic, 

meaning that it reduces to pure Ga and it reforms during the course of electrolysis via coupling 

with the chemical water reduction (B) or CO2RR itself (C). Herein, the monolayer thickness 

measured by EXAFS would correspond to an average value between two states. The oxide skin 

is indicated as GaOx as its specific stoichiometry is unknown. While the bulk stable oxide phase 

is Ga2O3, earlier studies suggest that Ga(III) oxyhydroxides of mixed compositions may form 

as well as unstable Ga species such as Ga(I) (oxy)hydroxides, and even incorporation of anions 

into the skin is probable.123–125,144  

 

Alternatively, one can envision the oxide skin to be involved in a dynamic redox cycle where 

the applied potential reduces it and the coupling with a chemical reaction forms it back (Figure 

4.9B,C). This chemical reaction can be either the reduction of H2O to H2 (Figure 4.9B) or the 
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reduction of CO2 to CO (Figure 4.9C). If the surface oxidation of Ga to GaOx was coupled 

with the reduction of H2O to H2, the CO2 reduction to CO would occur on the surface of 

metallic Ga driven by the applied voltage while H2 production would result from a chemical 

step (Figure 4.9B). This mechanism is in qualitative agreement with an earlier study of Ga 

electrode behavior in alkaline electrolyte with concomitant chemical H2 evolution.144 Instead, 

if the surface oxidation of Ga to GaOx was coupled directly with the reduction of CO2 to CO, 

the negative applied voltage would regenerate the metallic Ga surface and restarts the cycle 

(Figure 4.9C). This model has been referred to as incipient hydrous oxide adatom mediator 

model, and it is similar to the mechanism proposed for Ce catalyst dissolved in Galinstan.104,239 

More recently, the involvement of a dynamic oxidized Ga layer forming between the LM Ga 

and a Ni co-catalyst has been proposed to explain the insurgence of triboelectric effects driving 

the conversion of methane into carbon.108 These studies, along with our results, provide 

credibility to the hypothesis that dynamic Ga oxidation may happen during catalytic processes. 

While we cannot conclude which exact mechanism takes place, we further validated that the 

oxide is crucial to prevent coalescence of the Ga NPs. For instance, strong metal/support 

interactions can contribute to anchor nanocatalysts in place and prevent their sintering.37,38 

While the formation of Ga-C bonds is highly unlikely,240 one can still imagine an interplay 

between the glassy carbon and the metallic Ga NPs which anchors them during CO2RR. To 

test this hypothesis, we chemically removed the oxide skin by dipping the Ga NPs electrodes 

in hydrochloric acid (Figure 4.10). This treatment was chosen because the most commonly 

used for the etching of the native Ga oxide skin.241 As a result, big Ga agglomerate formed 

(Figure 4.10C), which eliminates the sole role of the substrate in the prevention of coalescence. 
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Figure 4.10. Influence of acid on Ga NPs. (A,C) SEM images with (B,D) corresponding 

SEM-EDXS line profile of a Ga NP electrode before (A,B) and (C,D) after 10 min immersion 

in 1 M HCl. Well dispersed Ga NPs are observed as-deposited, and the EDXS line scan 

indicates correlated intensity of Ga and O signal which is consistent with each NP being 

covered with the native oxide skin. After the acid treatment, big Ga aggregates are observed, 

and the corresponding EDXS line scan indicates a Ga-rich core with a shell rich in Cl and O. 

The oxygen signal is consistent with surface oxidation after coalescence upon exposure to air.  
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We also found out that CO2 supply and bicarbonate are not essential to prevent coalescence 

(Figure 4.11), thus the phenomenon appear to be general as far as water is present in the 

environment. Oxygen dissolved in the electrolyte could contribute to the GaOx skin retention 

if the pH is not acidic or alkaline enough to dissolve the shell chemically.  

 

 
 
Figure 4.11. Effect of electrolyte choice on Ga NPs. SEM images of Ga NPs electrodes 

after electrolysis at -0.7 VRHE in (A) 0.1 M phosphate buffer (pH = 6.8) under CO2 flow, (B) 

0.1 M KHCO3 under N2 flow and (C) 0.1 M phosphate buffer (pH = 6.8) under N2 flow. 

 

Finally, we demonstrated that the behavior observed for the 26 nm Ga NPs is retained for 

other sizes (Figures 4.12). Smaller (18 nm) and bigger (39 nm) NPs possessed comparable 

CO2RR performance and resistance to coalescence. Interestingly, a more pronounced size 

change with increasing cathodic potential occurs for the bigger NPs. This behavior is 

counterintuitive as generally coalescence occurs more easily for smaller and more active 

NPs.110 Yet, it suggests that the lower surface to volume ratio of the bigger NPs makes the 

oxide skin protection less effective. To provide further insight on the size dependent behavior, 

we attempted to study micron-size Ga particles, however their broad size distribution prevented 

us to draw reliable conclusions. 
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Figure 4.12. Comparison of Ga NPs with different sizes. (A) SEM images of 18 nm, 

26 nm and 39 nm Ga NPs electrodes before and after electrolysis at -0.7 VRHE, -0.9 VRHE and 

-1.1 VRHE. (B) Average CO and H2 FE and current density for Ga NPs of 18 nm, 26 nm and 

39 nm over 1 h CO2RR at different potentials. (C,D) Statistical analysis performed on SEM 

images of 18 nm, 26 nm and 39 nm Ga NPs electrodes after electrolysis at -0.7 VRHE, -0.9 VRHE 

-1.1 VRHE. The analysis is based on (C) average particles size and (D) ratio between the average 

size of coalesced particles vs. initial size of Ga NPs. 
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4.9 Conclusions 

We have demonstrated that Ga NPs can be implemented as liquid metal catalysts for the 

electrochemical CO2RR while preserving the nanoparticles morphology. Based on operando 

XAS, we propose an oxide-mediated retarded coalescence mechanism wherein the native oxide 

skin persists during CO2RR in a static or dynamic fashion.  

This discovery is significant because the same oxide-mediated retarded coalescence 

mechanism can be conceived for other Ga-based alloys and intermetallics, many of which have 

been predicted as promising electrocatalysts for different reactions, including CO2RR.21,206 By 

exploiting colloidal chemistry, which allows the synthesis of well-defined NPs with tunable 

compositions,162,163 we envision  a library of LM NPs to emerge as a new class of 

electrocatalysts which are active, selective and coalescence-resistant. 
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Chapter 5 

 

Voltage-driven Chemical Reactions Enable the Synthesis of 

Tunable Liquid Ga – Metal Nanoparticles 

 

The content of this Chapter is based on published work with permission from the journal:  

J. Am. Chem. Soc. 2023: https://pubs.acs.org/doi/10.1021/jacs.3c09828. Copyright 2023 

American Chemical Society. 

 

 

 

Abstract: Nanosized particles of liquid metals are emerging materials which hold promise for 

applications spanning from microelectronics to catalysis. Yet, the knowledge of their chemical 

reactivity is largely unknown. Here, we study the reactivity of liquid Ga and Cu nanoparticles 

under the application of a cathodic voltage. We discover that the applied voltage and the spatial 

proximity of these two particle precursors dictate the reaction outcome. In particular, we find 

that a gradual voltage ramp is crucial to reduce the native oxide skin of the gallium and enable 

reactive wetting between the Ga and the Cu nanoparticles; instead, a voltage step causes 

dewetting between the two. Having learned this, we obtain CuGa2 alloys or solid@liquid 

CuGa2@Ga core@shell nanoparticles by tuning the stoichiometry of the particle precursors. 

These products reveal an interesting complementarity of thermal and voltage driven synthesis 

https://pubs.acs.org/doi/10.1021/jacs.3c09828
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to expand the compositional range of bimetallic NPs. Finally, we extend the voltage-driven 

synthesis to the combination of Ga with other elements (Ag, Sn, Co, W). By rationalizing the 

impact of the native skin reduction rate, the wetting properties and the chemical reactivity 

between Ga and other metals on the results of such voltage-driven chemical manipulation, we 

define the criteria to predict the outcome of this reaction and set the ground for future studies 

targeting various applications for multielement nanomaterials based on liquid Ga. 

 

Authors: Valery Okatenko, Coline Boulanger, Alexander N. Chen, Krishna Kumar, Pascal 

Schouwink, Anna Loiudice, Raffaella Buonsanti. 

 

Contribution: Performed all electrochemical studies and synthesis, colloidal synthesis of 

Ga/Cu0.1, Ga/Ag0.3, Ga/Sn0.1 NDs, bright-field TEM imaging, STEM-EDXS data processing 

and interpretation, SAED analysis, and wrote the manuscript with contributions from all 

authors, and wrote the manuscript with contributions from all authors. 

 

5.1 Introduction 

In Chapters 1 and 4, we introduced liquid metals and demonstrated the promise of Ga LM 

NPs for electrocatalytic and, in broad sense, electrochemical applications.171 To date, very little 

is known about the chemical reactivity of liquid metal NPs with other metals. 

Existing knowledge indicates that a native oxide skin passivates the Ga surface and hinders 

its reactivity with other metals.114,162 In bulk materials, dissolution in basic aqueous solutions 

and electroreduction of this oxide layer are often utilized to expose the metallic Ga surface and 

create a metallic contact between Ga and other metals.118 Once the metallic contact is 

established, bulk Ga reacts with and corrodes most metals.164 The reaction might remain 

confined to the interface between Ga and the second metal, induce a complete transformation 

into a bimetallic compound,242 or cause internalization of the second metal within the liquid 

Ga243. The extent of the reaction and the nature of the resulting product determine the property 

of interest, be it electrical conductivity, mechanical flexibility, surface tension or catalytic 

selectivity. Unfortunately, rational guidelines on how to balance and exploit the chemical 

reactivity of liquid Ga NPs with other metallic domains to direct the evolution toward a target 

outcome and thus, regulate their properties, do not exist yet. 
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Herein, we contribute to fill this knowledge gap by studying the reactivity of liquid Ga NPs 

with other metallic NPs. We choose the voltage to control the presence of native Ga oxide and, 

thus, initiate the reaction of the liquid Ga NPs, because of its finer tunability compared to 

chemical dissolution. We focus on the reaction of Ga with Cu as one exemplificative case 

because a few reference studies exist on the corresponding bulk materials, which are of interest 

for creating electrical contacts and antimicrobial coatings as well as driving the electrochemical 

CO2 reduction.209,242–249 We use colloidally synthesized Ga and Cu NPs because their size 

monodispersity and tunability makes them an ideal platform to investigate changes occurring 

during the reaction and to interrogate the impact of different factors (e.g. relative domain size, 

stoichiometry, interfaces) on the reaction outcome. We learn that the rate of the applied 

cathodic voltage is crucial for the reaction to occur. Comparing a physical mixture of Ga and 

Cu NPs with Ga/Cu nanodimers (NDs), wherein the two NPs share an intimate interface, we 

demonstrate the importance of spatial proximity and of the relative domain size of the reacting 

NPs for the reaction outcome, specifically as to whether CuGa2 alloys or unique solid@liquid 

CuGa2@Ga core@shell NPs form as the reaction product. We also study how the reaction 

occurs for the bulk materials under similar conditions and provide the mechanism which links 

reactivity at the nano and bulk scale. Finally, we extend the learning lesson from Ga – Cu to 

other metals.  

 

5.2 Voltage-driven synthesis of Ga – Cu NPs 

We started by investigating the voltage-driven reactivity of a physical mixture of liquid 

20 nm Ga and 7 nm Cu NPs (Figure 5.1A-C). After depositing the liquid Ga and Cu NPs on 

glassy carbon plates via drop-casting, we applied a linear voltage scan at 5 mV/s from open 

circuit potential (ocp) to -0.9 VRHE and held this voltage for 5 minutes as the reaction time. The 

obtained results indicated that the two NPs reacted with formation of new phase and change in 

the NPs morphology (Figure 5.1D-G). However, further interpretation of the data was 

hindered by the intrinsic inhomogeneity of the reaction product resulting from the not uniform 

distribution of the reactive interfaces in the physical mixture of the NPs precursors.  
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Figure 5.1. Voltage-driven reaction of Ga and Cu NPs physical mixture. (A-C) TEM 

images of (A) Ga, (B) Cu NPs and (C) their physical mixture of GaCu0.1 composition. (D) TEM 

image, (E) SAED pattern, (F) STEM image and (G) STEM-EDXS elemental maps of Ga 

(green), Cu (red) and O (cyan) of the NPs obtained via the voltage-driven synthesis from 

physical mixture of GaCu0.1 composition by applying a linear voltammetry scan from ocp to -

0.9 VRHE with 5 minutes hold as the reaction time. 

 

To obtain better control on the spatial distribution of the Cu and Ga domains, we synthesized 

liquid Ga/Cu nanodimers (NDs), following a previously developed synthesis,162 and reacted 

them following the same protocol used for the mixture (Figure 5.2A). In the NDs, the Ga and 

Cu NPs share an interface.162 We prepared two samples with different domain sizes to 
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investigate the impact of the stoichiometry on the reaction outcome: one with domains of 

comparable size (~15 and 20 nm, Ga/Cu0.7 as determined by elemental analysis) and one with 

a smaller size of the Cu domain relative to Ga (~7 and 20 nm, Ga/Cu0.1 as determined by 

elemental analysis). The Cu domain is solid and gives diffraction contrast, while the Ga domain 

is liquid and amorphous in the TEM images of both samples (Figure 5.2B,C).162 

 

 

 
Figure 5.2. Voltage-driven reaction of Ga/Cu NDs. (A) Voltage-driven reaction scheme.  

(B-E) Bright-field TEM images of (B) Ga/Cu0.7 and (C) Ga/Cu0.1 NDs with (D,E) the 

corresponding reaction products NPs. In E, the arrows point at small crystalline domains within 

the larger amorphous NPs. (F, G) STEM-EDXS elemental maps (Ga – green, Cu – red) of the 

reaction products obtained from Ga/Cu0.7 (F) and Ga/Cu0.1 NDs (G). The reaction was 

performed by applying a linear voltammetry scan at 5mV/s from ocp to V = -0.9 VRHE with 5 

minutes hold as the reaction time. These data evidence that both NDs react and their 

stoichiometry dictates the reaction outcome. 
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After reaction, TEM evidences that aggregated NPs with a clear diffraction contrast form 

from the Ga/Cu0.7 NDs (Figure 5.2D); instead, the Ga/Cu0.1 NDs transform into better defined 

NPs each consisting of a smaller solid domain exhibiting diffraction contrast embedded in a 

larger amorphous shell (Figure 5.2E). The STEM-EDXS elemental map shows a clear overlap 

between the Ga and Cu signal for the reaction product of the Ga/Cu0.7 NDs (Figure 5.2F), 

which hints at the formation of an alloy. The overlap of the Ga and Cu signal is noticeable only 

in the smaller domains of the reaction product of the Ga/Cu0.1 NDs, while the larger shell 

appears to be mostly constituted by Ga (Figure 5.2G). Quantitative analysis of the elemental 

maps revealed that the Ga/Cu ratio of the NDs is preserved in their final products, which 

indicates that the reaction goes to completion. 

 

Intrigued by the differences between the reaction products when the NDs of different 

stoichiometry are used as precursors, we performed additional structural characterization 

(Figure 5.3). Electron (SAED, Figure 5.3A-C) and grazing incidence X-Ray diffraction 

(GIXRD, Figure 5.3D) provided information on the crystal structure. Both analyses propose 

the existence of the same crystalline phase in the reaction products from both Ga/Cu0.7 and 

Ga/Cu0.1 NDs. This phase matches well the CuGa2 intermetallic phase. This observation agrees 

with reports on bulk liquid Ga – Cu, where reactive wetting results in CuGa2 formation.242–244 

The large reflection width in the SAED pattern for the NPs derived from Ga/Cu0.1 NDs 

(Figure 5.3C) originates from small crystallite size (<15 nm), small amount of crystalline 

phase which is only in the core, and peak overlap due to the relatively low symmetry of CuGa2 

phase, which crystallizes in tetragonal P4/mmm space group.  

In addition, we performed HAADF-STEM imaging and STEM-EDXS line profile and 

elemental mapping on single NPs (Figure 5.3E,F). For the product obtained from Ga/Cu0.7 

NDs (Figure 5.3E), HAADF-STEM evidences that the product NPs are composed of a uniform 

core with thin (ca. 2 nm) shell of lower density. The line profile indicates the homogeneous 

distribution of the Cu and Ga within the NPs, which, along with the overlap of the Cu and Ga 

signals in the NPs and their atomic composition (66 at. % Ga, 34 at. % Cu), confirms that these 

NPs are mostly composed of CuGa2 intermetallic. A thin layer of oxide, most likely forming 

from air exposure,209,245 surrounds the NPs. We will further refer to these NPs as CuGa2 NPs. 

In contrast, the line profile of the product obtained from Ga/Cu0.1 NDs (Figure 5.3F) 

indicates that Cu is mostly concentrated in the ca. 10 – 15 nm crystalline core while the Ga is 
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more uniformly distributed across the entire NPs. The atomic composition of the core is 

representative of CuGa2 alloy (66 at. % Ga, 34 at. % Cu). This core is surrounded by a region 

which is Ga-rich (84 at. % Ga, 16 at. % Cu). Lastly, the NPs are covered with a 2 – 3 nm layer 

of Ga oxide. As CuGa2 is the only crystalline Ga-containing phase in the sample, the Ga-rich 

region between the core and the oxide is amorphous and, most likely, liquid.171 Thus, we will 

refer to these NPs as solid@liquid CuGa2@Ga core@shell. 

 

 
 

Figure 5.3. Structural characterization of Ga – Cu NPs obtained via the voltage-driven 

synthesis. (A-C) SAED patterns of the reaction product from (A) Ga/Cu0.7 and (B) Ga/Cu0.1 

NDs and (C) their corresponding circular averaged electron diffraction. (D) GIXRD patterns 

of the reaction products from Ga/Cu0.7 and Ga/Cu0.1 NDs (the broad reflections at ca. 43° and 

54° in the arise from the amorphous glassy carbon support). (E,F) HAADF-STEM, STEM-

EDXS line profiles and elemental maps (Ga – green, Cu – red, O – cyan) of the reaction product 

from (E) Ga/Cu0.7 and (F) Ga/Cu0.1 NPs. These data indicate that the Ga/Cu0.7 NDs transform 

into CuGa2 intermetallic NPs while the Ga/Cu0.1 NDs yield solid@liquid CuGa2@Ga 

core@shell NPs. 
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5.3 Influence of synthesis parameters on the reaction outcome 

We then varied the reaction time and the voltage to understand the impact of these 

parameters on the formation of Ga – Cu NPs in the voltage-driven synthesis. We used Ga/Cu0.7 

NDs as the precursor and collected a voltage series, where we changed the voltage from -

0.5 VRHE to -1.1 VRHE (Figure 5.4). At -0.5 VRHE, no reaction between Cu and Ga occurs and 

the NDs remain mostly unchanged with separated Cu and Ga domains as seen by HAADF-

STEM images and STEM-EDXS elemental maps. The SAED pattern shows no CuGa2 

formation, and the main crystalline phase is Cu2O. 

At -0.7 VRHE, HAADF-STEM indicates substantial change of the NDs into bigger NPs. 

STEM-EDXS evidences mixing of Cu and Ga, although with inhomogeneity in the sample 

which still contains some unreacted Ga and Cu domains. SAED pattern indicates the presence 

of CuGa2. 

The fact that Cu and Ga in the NDs react at a potential more negative than -0.5 VRHE 

indicates that the oxide removal is crucial for the reaction to occur between the Cu and Ga NPs. 

In fact, previous studies on Ga NPs under the same conditions indicated that the Ga oxide skin 

reduces at -0.54 VRHE.171  

Sample degradation eventually occurs at -1.1 VRHE which induces Cu fragmentation and 

coalescence of liquid Ga NPs, consistent with previous studies.7,45,46,165,171  

With this information, we conclude that -0.9 VRHE offers a good balance between providing 

sufficient driving force for alloy formation without leading to undesired reconstruction of the 

NPs. 
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Figure 5.4. Voltage-dependence of the voltage-driven synthesis from Ga/Cu0.7 NDs as 

the precursor. (A) STEM images, (B) STEM-EDXS elemental maps and (C) SAED patterns 

after voltage scan from ocp to -0.5, -0.7, -0.9 and -1.1 VRHE with 5 min hold as the reaction 

time. These data indicate that an optimal voltage exists to controllably form the Ga – Cu NPs; 

this voltage reduces the Ga native skin without driving the reconstruction of the Ga – Cu NPs 

which form as the reaction product. 

 

In a complementary set of experiments, we fixed the voltage at -0.9 VRHE and varied the 

reaction time from 1 minute to 60 minutes (Figure 5.5). HAADF-STEM image indicates 

substantial change of the NDs into larger NPs already after 1 minute; however, the STEM-

EDXS elemental maps and SAED patterns suggest that the reaction is not complete yet after 

this time. Indeed, Cu and Ga are mostly separated, as in the NDs used as precursors, and the 

diffraction signal is relatively weak. During this early reaction time, the reaction is probably 

still confined at the interface only. 
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As time passes and the reaction progresses, HAADF-STEM images do not show substantial 

change, however the STEM-EDXS maps indicate a spatially homogeneous distribution of the 

Cu and Ga signal while the CuGa2 diffraction signal in the SAED becomes more intense. The 

samples at 5 and 30 minutes are quite similar to each other. Instead, segregation between the 

Cu and Ga occurs after 60 minutes, as indicated by the STEM-EDXS maps, with the SAED 

pattern suggesting the dominance of crystalline Cu2O in the sample. 

 

 
 
Figure 5.5. Time-dependence of the voltage-driven synthesis from Ga/Cu0.7 NDs as the 

precursor. (A) STEM images, (B) STEM-EDXS elemental maps and (C) SAED patterns after 

voltage scan from ocp to -0.9 VRHE with 1, 5, 30 and 60 minutes hold as the reaction time. 

CuGa2 is the main crystalline phase at 5 and 30 minutes, instead Cu2O dominates at 60 minutes 

(the (022) diffraction spot is marked by red arrow for clarity). These data indicate that the 

reaction reaches completion at 5 minutes while phase segregation takes place for reaction time 

≥ 60 minutes.  
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Lastly, we evaluated the impact of the voltage scan rate on the reaction outcome. 

Interestingly, the application of a voltage step instead of a voltage scan makes Ga disappear 

from the substrate, with less Ga being detected at more negative voltage (Figure 5.6). CuGa2 

does not form in this scenario. 

 

 

 
Figure 5.6. Scan rate-dependence of the voltage-driven synthesis from Ga/Cu0.7 NDs 

as the precursor . HAADF-STEM images and STEM-EDXS elemental maps (Ga – green, Cu 

– red) of Ga/Cu0.7 NDs after the application of a voltage step to (A) -0.9 VRHE and to (B) -

1.4 VRHE then hold for 5 min as the reaction time. The atomic composition in top-left part of 

the images corresponds to STEM-EDXS quantification results after the reaction and, assuming 

that Cu content remains the same, corresponds to more than 80 and 90 % Ga loss, respectively 

 

To better understand how the Ga loss takes place, we complemented these tests with studies 

on bulk liquid Ga – Cu samples, which consisted of a Ga droplet deposited on a Cu foil 

(Figures 5.7, 5.8). Here, we made observations similar to those made on the NDs. The Ga drop 

remains on Cu surface, eventually wets it and forms CuGa2 intermetallic at the interface 
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(Figure 5.7A) when the voltage is applied at 5 mV/s.242,243 On the contrary, the Ga droplet 

quickly escapes from the Cu foil surface (Figure 5.7B) or from the surface of the inert glassy 

carbon support (Figure 5.7C) upon the application of a voltage step instead of a linear scan. 

We observed the same behavior for a bulk “dimer” structure which mimics the liquid Ga/Cu 

NDs, where only a 5 mV/s scan enables Cu and Ga to react and form a CuGa2 interface 

(Figure 5.8). 

 

 

 

Figure 5.7. Snapshots of voltage-driven reactions between bulk liquid Ga and Cu. 

Images at selected time points representative of the (bulk liquid Ga – Cu foil and Ga – glassy 

carbon transformations during (A) linear voltage scan at 5 mV/s and (B, C) application of 

voltage step. If there is no voltage applied, no interface is formed between Cu and Ga. 
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Figure 5.8. Snapshots of voltage-driven reactions between bulk liquid Ga and Cu 

which mimic the dimer configuration. Images at selected time points representative of the 

bulk liquid Ga – Cu “sphere” mimicking the nanodimer in the bulk during cathodic linear 

voltage scan at (A) 5 mV/s and (B) 10 mV/s.  

 

5.4 Mechanism of the voltage-driven reaction between Ga and Cu  

With the evidence provided by the compositional and structural analyses and the study of 

the synthesis parameters discussed above, a complete picture of the reaction mechanism shapes 

up (Figure 5.9). 

The liquid Ga/Cu ND precursors are described as an oxide-covered Ga domain in contact 

with a metallic Cu domain. The abrupt application of a cathodic voltage, which is sufficient to 

reduce the Ga oxide skin (< -0.54 VRHE), induces a sudden increase in surface tension of the 

liquid Ga domain, while Cu domain remains static. Ga does not wet Cu.242 Thus, Ga escapes 

from Cu. A similar effect was observed by Mayyas et al.236 Here, the authors showed that In 

can be expelled from an eutectic GaIn melt in the form of NPs by applying voltage pulses of 

large magnitude. 

The repulsion between Cu and Ga can be overturned by decreasing the reduction rate of the 

oxide skin to allow sufficient time for the intermetallic to form, which eventually changes the 

wetting behavior. We achieved such balance by tuning the rate of the applied voltage and found 



 95 

5 mV/s to be an optimal rate. Once the CuGa2 interface forms, reactive wetting takes place, 

and the reaction proceeds further towards the bulk of the NPs. While a similar process may 

occur in the physical mixture of Cu and liquid Ga NPs (Figure 5.1), the NDs provide more 

uniform mixing of the Cu and Ga domains, which largely improves the uniformity of resulting 

intermetallic NPs. 

As reactive wetting takes place, the stoichiometry of the two reagents Cu and Ga in the ND 

precursors determines the outcome product. For Ga:Cu < 2:1 (i.e. Ga/Cu0.7 NDs), the reaction 

goes to completion and CuGa2 forms almost uniquely. Differently, for Ga:Cu > 2:1 (i.e. 

Ga/Cu0.1 NDs), the excess Ga wets the CuGa2 surface, resulting in a peculiar process described 

as wetting-assisted internalization of a solid NPs in the liquid Ga NPs, and yielding a solid 

CuGa2 core floating inside the liquid metal Ga host NPs, similarly to a phenomenon previously 

observed in Cu-In microparticles.250 Liquid Ga, in its turn, remains covered by a non-

passivating Ga oxide skin, which keeps the NPs separate and hinders their coalescence. This 

observation provides an interesting correlation with Chapter 4 and suggests that the non-

passivating oxide skin is probably of transient nature and is constantly formed and reduced at 

cathodic voltage (Figure 4.9B,C), rather than remaining as a static residual skin (Figure 4.9A). 

Indeed, a static skin would not allow the pure metallic contact of liquid Ga with Cu domain 

accompanied by the formation of CuGa2 intermetallic. 

 

 

 
Figure 5.9. Schematic of the voltage-driven reaction of liquid Ga/Cu NDs. 
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Lastly, we hypothesize that the more Cu-rich phases than CuGa2 in the Ga-Cu phase diagram 

(Cu9Ga4 and the Cu fcc-based solid solution of Ga in Cu) do not form because of the high 

activation barrier which the transformation from the CuGa2 structure to these other phases 

requires. Interestingly, we have approached the opposite limitation in Chapter 3, where we used 

a seeded-growth amalgamation reaction in solution to form Ga – Cu alloyed NPs. In Chapter 3, 

starting from a Cu NPs seed and injecting a Ga molecular precursor, we obtained the Cu-rich 

phases of the Ga – Cu phase diagram (Figure 3.1), but any phase more Ga-rich than Cu9Ga4-

type phase (such as CuGa2) was not accessible. With this study, we obtain this missing Ga – 

Cu intermetallic composition and expand the Ga – Cu NPs library demonstrating the 

complementarity of synthetic approaches exploiting different driving forces. 

 

5.5 Generality of the voltage-driven liquid Ga reactivity at the nanoscale 

Chemical reactivity (i.e., reactivity driven by the formation of stable bimetallic compounds) 

and wetting are both in place for the Ga – Cu system. To understand if and how the voltage-

driven synthesis can be extended to form other Ga-based NPs, we tested the synthesis with 

other metals. We chose Ag, Co, W and Sn as other elements to react with Ga based on the 

following reasoning. Ag and Co are both transition metals which form intermetallic compounds 

with Ga based on bulk phase diagrams. However, Ag is reactively wetted by Ga, while Co may 

not be, based on its vicinity to Ni for which a previous study exist.243 W is a transition metal 

which does not chemically react with Ga in the bulk at ambient conditions.164 Sn is an example 

of post-transition metal, for which no intermetallic formation is reported.251 To the best of our 

knowledge, no information on the wettability of W and Sn by Ga has been reported. By 

evaluating how the reaction between Ga and Ag, Co, W and Sn proceeds, we aimed at create a 

basis to establish the primary design rules for the formation of Ga-based NPs with other metals 

among the Periodic Table, where we targeted transition (Ag, Co, W) and post-transition (Sn) 

metals which normally do (Ag, Co) and do not (W, Sn) react with Ga, potentially with a 

different wetting behavior between Ag and Co.  

With this in mind, we synthesized Ga/M NDs (M = Ag, Co, Sn) and prepared physical 

mixture of Ga with WO3 NPs of overall Ga(WO3)0.1 composition (Figure 5.10). We reacted 

them under the same optimal conditions found for the Ga – Cu (i.e., 5mV/s ramp from ocp to 

-0.9 VRHE and 5 min reaction time at this voltage). Figure 5.11 summarizes the obtained 

results. 
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Figure 5.10. Characterization of as-synthesized Ga/M NDs (M = Ag, CoO, Sn) and 

WO3 NPs. (A-D) TEM images and (E-F) SAED patterns of as-synthesized (A,E) Ga/Ag0.3, (B, 

F) Ga/(CoO)0.1 NDs, (C, G) WO3 NPs and (D, F) Ga/Sn0.1 NDs. In all cases, we attribute 

amorphous domains lacking diffraction contrast to Ga, and the crystalline domains to the 

second metal. We note that the tailored synthesis of NDs of these compositions has not been 

previously reported and obtaining highly uniform samples requires further optimization of the 

synthetic procedure. As Ga/W NDs  are not synthetically available to date, we have used the 

physical mixture of liquid Ga NPs and WO3 NPs in voltage-driven synthesis. 

 
Ga/Ag0.3 NDs react to form new NPs including smaller NPs with diffraction contrast 

embedded into larger amorphous NPs (Figure 5.11A). STEM-EDXS evidences the presence 

of Ag and Ga in the smaller NPs and Ga only in the larger domain (Figure 5.11E). SAED 

indicates that the crystalline domains internalized in the Ga are Ag2Ga (Figure 5.11I). Overall, 

Ag react similarly to Cu, consistently with its wettability by Ga and chemical reactivity.243 

Interestingly, Ga/(CoO)0.1 NDs do not react despite the phase diagram showing that stable 

intermetallic compounds are formed between Ga and Co. Indeed, both TEM (Figure 5.11B) 

and STEM-EDXS (Figure 5.11F) are consistent with the dimer-like configuration of the 

starting precursor (Figure 5.10B), and the SAED (Figure 5.11J) indicates only crystalline 

cobalt oxide. One hypothesis is that the eventual presence of an Co oxide at cathodic voltages 

hinders its reaction with Ga. However, the Pourbaix diagram makes the existence of CoO 
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improbable during the reaction, as CoO supposedly reduces to metallic Co at more positive 

voltages than Ga (0.1 vs. -0.5 VRHE, respectively).142 Thus, non-wetting of Co with Ga may 

justify the absence of reaction and internalization of Co into Ga, similar to earlier report 

suggesting the non-sufficient wetting of Ni with Ga for its internalization in bulk drops.243 

The physical mixture of liquid Ga NPs and WO3 NPs react to form a new material, based 

on TEM images, which is different compared to the starting NPs (Figure 5.11C, 

Figure 5.10C,G). The W signal in STEM-EDXS spectrum is above the detection limit in the 

Ga – W NPs after the reaction, yet the intensity is too low to localize it in a particular part of 

the new NPs (Figure 5.11G). The SAED (Figure 5.11K) suggests the formation of Ga5W2 as 

minor reaction product, an intermetallic compound which is reported to exist at elevated 

pressures252. While SAED is not conclusive because of the weak diffraction signal, this result 

indicates that new reactivities might emerge at the nanoscale.  

Lastly, TEM image proposes the presence of a solid particle in Ga (Figure 5.11D) as a result 

of the voltage-driven reaction of Ga/Sn0.1 NDs. However, STEM-EDXS elemental mapping 

shows no reliable Sn signal (Figure 5.11H). Yet, SAED suggests that crystalline domains do 

form (Figure 5.11L). While acknowledging the limited information that this diffraction pattern 

provides for low-symmetry phases, the signal matches d-Ga, which has been reported to be a 

stable crystalline phase in the Ga NPs.161,171 The Ga and Sn phase diagram does not suggest 

intermetallic formation.251 Thus, we speculatively attribute this result to Ga doping with Sn, 

facilitating partial Ga solidification. 

Altogether, the reactivity studies of Ga/Ag, Ga/(CoO), Ga-(WO3)0.1 and Ga/Sn along with 

that of the Ga/Cu indicate that wetting and chemical reactivity are good indicators for a 

successful voltage-driven synthesis of Ga-based NPs. At the same time, new reactivities might 

still emerge at the nanoscale which deviate from this golden rule and are worth exploring. With 

the assumption that other metal NPs can be reactively wetted by Ga, we believe our 

observations indicate the possibility to extend the scope of reactive wetting to synthesize a 

larger library of bimetallic Ga-based NPs.  
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Figure 5.11. Extension of the voltage-driven synthesis to different Ga-M systems. 

(A – D) TEM images, (E – H) STEM-EDXS elemental maps and (I – K) SAED patterns of the 

reaction products obtained from (A, E, I) Ga/Ag0.3 NDs, (B, F, J) Ga/(CoO)0.1 NDs, (C, G, K) 

physical mixture of Ga and WO3 NPs and (D, H, L) GaSn0.1. These data indicate that both 

wettability and chemical reactivity are important in determining the reaction outcome. 

 

5.6 Conclusions 

In this study, we explored the chemical reactivity of liquid Ga NPs with other metal NPs 

driven by an applied voltage. We demonstrated that the rate of such voltage, which controls 

the reduction rate of the native Ga oxide skin, along with the wetting properties between 

elements and their chemical reactivities, enables the reactive wetting of liquid Ga NPs and the 

formation of bimetallic Ga-based NPs. 

We discovered that CuGa2 alloyed NPs and solid@liquid core@shell NPs, where a CuGa2 

nanocrystal floats inside a liquid Ga NPs, can be obtained from liquid Ga/Cu NDs, which we 
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used as a case study, by tuning the initial stoichiometry of Ga and Cu. While the same approach 

applies to the physical mixture of Cu and Ga NPs, the NDs ensure more uniform mixing on the 

NPs precursors. The formation of Ga-rich alloys points at the complementarity of the thermal 

and voltage driven synthesis to expand the compositional range of bimetallic NPs. The 

solid@liquid NPs are unique and only a few other examples exist in the literature, although not 

with the same degree of sample homogeneity obtained herein.100,250,253  

Finally, we proved that this approach can be extended to the combination of Ga with other 

elements (Ag, Co, W, Sn). 

By presenting a rational framework which explains the formation of bimetallic NPs via the 

proposed voltage-driven synthesis, we believe this report sets the ground for future studies 

targeting various applications for multimetallic Ga-based NPs, including those with a liquid 

Ga domain. 
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Chapter 6 

 

Conclusions and outlook 

The electrochemical CO2 reduction (CO2RR) is a particularly promising approach for CO2 

utilization which enables the simultaneous storage of renewable energy in chemical bonds. Cu-

based nanoparticles (NPs), with intrinsically high surface to volume ratio, hold high potential 

as catalysts of choice to selectively drive this reaction towards desirable products, which 

include methane, ethylene and ethanol. However, strategies to mitigate the reconstruction of 

these NPs during CO2RR are needed to eventually achieve stability of operations. 

This thesis proposed two different approaches to obtain more stable CO2RR catalysts. The 

first one builds up on the current mechanistic knowledge on the reconstruction of Cu NPs, 

which is a dissolution/reprecipitation process driven by intrinsic surface redox processes of 

copper and by the chemical interaction of copper surface atoms with CO2RR intermediates, 

specifically CO. This first strategy consists in alloying Cu with a metal M which is more 

oxophilic than Cu and provide a Cu-M bond stronger than Cu-Cu. The second approach 

proposes a shift from solid heterogeneous catalysts to liquid heterogeneous catalysts which are 

intrinsically dynamic in their nature. 

After presenting the relevant context in Chapter 1 and covering the experimental protocols 

in Chapter 2, Chapter 3 demonstrated the promise of alloying Ga into Cu to enhance the 

stability of the NPs catalysts in CO2RR. CuGa NPs with 17 Ga atomic % still preserved 50% 

of their CO2RR activity after 20 hours of operation compared to a complete loss of CO2RR 

activity in the parent Cu NPs after only 2 hours. A miscellanea of characterization techniques 

(STEM-EDXS, XPS, operando XAS), along with theory, indicated that alloying induces 

electronic effects which strengthen the chemical bonding of Cu with the lattice and prevents 

Cu oxidation both at the start-up of operation and during CO2RR. 

Chapters 4 and 5 focused on exploring the possibility of using LM NPs as CO2 

electrocatalysts and, in broader sense, in electrochemical applications. 

Chapter 4 proved that LM NPs can be implemented as electrocatalysts in aqueous 

electrolytes. In particular, the data evidenced that liquid Ga NPs can drive CO2RR while 
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remaining well-separated from each other (i.e., not turning into a bulk liquid film). The 

combination of electrochemical, microscopic, and spectroscopic techniques, including 

operando X-Ray absorption, indicated that the unique properties of the native oxide skin of the 

Ga NPs account for their resistance to coalescence during operation. Specifically, the oxide 

stays present in a dynamic fashion while the cathodic potential is applied. 

In a complementary manner, Chapter 5 revealed the key role played by the oxide skin in 

driving the chemical reactivity between Ga and other metals under the application of a cathodic 

voltage. In fact, the rate of the voltage ramp, which controls the reduction rate of the Ga oxide 

skin, was found to be crucial to enable reactive wetting of other metals by liquid Ga NPs. This 

finding is important because it contributes to define the reactivity criteria of liquid metals under 

conditions relevant for electrochemical applications, which are so far underexplored. 

Furthermore, the obtained reaction products, which included alloyed NPs and solid@liquid 

core@shell NPs, unique in their composition and morphology respectively, revealed the 

potential of this voltage-driven manipulation of chemical reactivity as a synthesis technique on 

its own. 

Looking forward, further development of alloyed Cu-based NPs can be foreseen to diversify 

the product selectivity. Overall, CuGa NPs were found to be more stable than Cu NPs, however 

they produced methane, which is not the most desirable CO2RR product. Other metals which 

have higher oxophilicity and strong M – Cu bonding energies (e.g., early 3d metals: Sc, Ti, and 

p-group metals: Al, In, Bi) are expected to have similar mechanism of hindering Cu 

reconstruction while driving CO2RR towards different products of interest and, in general, 

generating more stable NPs. Thus, they might be worth exploring to understand how to tune 

their selectivity along with stability. 

As for the use of LM NPs as CO2RR electrocatalysts, the next crucial step is to demonstrate 

that products different than the CO obtained for Ga NPs can be produced while preserving the 

liquid nature of the NPs. Here, an ideal system can be envisioned wherein single atoms or 

clusters of a metal different than Ga are dispersed within the Ga core and pop-up on the surface 

under reducing conditions, as demonstrated in thermal catalysis, for example. The challenge is 

now the synthesis and different efforts are needed to increase the library of LM NPs. 

Finally, only time will tell if either or both approaches will yield NPs catalyst with 

unprecedented performance. 
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