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Abbreviations and acronyms

AFM	 Atomic force microscopy
ALD	 Atomic layer deposition
CB	 Chemical bath
CVD	 Chemical vapor deposition
ED	 Electro-deposition
EDX	 Energy dispersive x-ray
EL	 Electrolyte
FF	 Filling factor
FRR	 Fluoride release rate
ICP-MS	 Inductively coupled plasma mass spectroscopy
IPES	 Inverse photoemission spectroscopy
PEC	 Photoelectrochemical

PVD	 Physical vapor deposition
RBS	 Rutherford backscattering spectrometry
SC	 Semiconductor
SD	 Spray deposition
SECM	 Scanning electrochemical microscopy
SIMS	 Secondary ion mass spectrometry
STH	 Solar to hydrogen
UPS	 Ultraviolet photoelectron spectroscopy
XAS	 X-ray absorption spectroscopy
XES	 X-ray emission spectroscopy
XPS	 X-ray photoelectron spectroscopy

1.  Introduction

Photoelectrochemical water splitting is an attractive and 
clean method for the production of solar hydrogen [1]. In the 
future energy mix, hydrogen is considered a promising energy 
vector which can be produced from different renewable 
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The durability, reliability, and robustness of photoelectrochemical (PEC) devices are key factors 
for advancing the practical large-scale implementation of cost-competitive solar fuel production. 
We review the known degradation mechanisms occurring in water-splitting photoelectrochemical 
devices. The degradation of single components is discussed in detail, and the parameters 
and conditions which influence it are presented. Device short-term durability depends on 
the semiconductor material and its interface with the electrolyte. Catalyst and electrolyte 
degradations are considerable challenges for long-term durability. We highlight how PEC device 
design choices can affect the salience of alternative degradation mechanisms. The PEC device 
architecture and the initial operating design point are crucial for observed device performance 
loss. Device degradation behavior is further impacted by irradiation intensity and concentration, 
and by current density and concentration. Enhancing a physical understanding of degradation 
phenomena and investigating their effect on component properties is of utmost importance for 
predicting performance loss and tackling the durability challenge of PEC devices.

Keywords: photoelectrochemistry, degradation, device modeling

(Some figures may appear in colour only in the online journal)

F Nandjou and S Haussener

Printed in the UK

124002

JPAPBE

© 2017 IOP Publishing Ltd

50

J. Phys. D: Appl. Phys.

JPD

10.1088/1361-6463/aa5b11

Paper

12

Journal of Physics D: Applied Physics

IOP

Original content from this work may be used under the terms 
of the Creative Commons Attribution 3.0 licence. Any further 

distribution of this work must maintain attribution to the author(s) and the title 
of the work, journal citation and DOI.

2017

1361-6463

1361-6463/17/124002+23$33.00

doi:10.1088/1361-6463/aa5b11J. Phys. D: Appl. Phys. 50 (2017) 124002 (23pp)

mailto:sophia.haussener@epfl.ch
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/aa5b11&domain=pdf&date_stamp=2017-02-24
publisher-id
doi
http://creativecommons.org/licenses/by/3.0
https://doi.org/10.1088/1361-6463/aa5b11


F Nandjou and S Haussener﻿

2

energy sources, can be stored, and can be efficiently converted 
into electrical and/or thermal power [2–4]. Solar energy is 
the largest renewable energy source available, potentially 
capable of providing inputs greater by an order of magnitude  
than those required to fulfill the current primary energy 
demand [5].

Compared to separate photovoltaic and electrolyzer config-
urations, integrated photoelectrochemical (PEC) devices have 
the potential to increase energy conversion efficiency and to 
reduce hydrogen cost [6, 7]. In order for PEC approaches and 
devices to be of practical relevance and to have an impact 
in our energy economy, they must fulfill four requirements, 
they need to be (i) efficient, (ii) cheap, (iii) sustainable, and  
(iv) robust. These four demands are linked. Addressing just 
one or a few of them does not provide a satisfactory high 
impact solution.

During the last few decades, the PEC research community 
has focused on the development of high-performing earth 
abundant materials for PEC hydrogen generation [8–13]. 
More recently, estimations for production cost [14–17] and 
environmental impact [1, 18–20] have been conducted. These 
studies have provided a general understanding of the eco-
nomic competitiveness and sustainability of PEC approaches 
and devices. Targets for performance and lifetime of PEC 
devices have usually been defined based on these cost calcul
ations and life cycle analyses, neglecting degradation.

Globally, if one assumes that hydrogen costs in the range of 
$2–$4 per kg H2 must be achieved in order for PEC-processed 
hydrogen to be competitive with steam-reformed hydrogen, 
efficiencies in the range of 10% and lifetimes longer than 
10 years (~30 000 on-sun hours i.e. ~90 000 total operating 
hours) are required [15]. Instead of cost, if sustainability is 
prioritized and one stipulates that the device must minimally 
produce hydrogen with an amount of energy comparable to 
the energy input required to mine, manufacture, and operate 
the device, operational times in the range of 8 years (~25 000 
on-sun hours i.e. ~75 000 total operating hours) at efficiencies 
above ~3% are required [18].

Including degradation in performance calculations fur-
ther exacerbates this target, as indicated in a recent study by 
Dumortier et al [1], which includes component degradation at 
variable rates. Generally, the most durable materials for PEC 
devices exhibit either low efficiencies or high costs. If cost is 
prioritized in the application, a tradeoff between efficiency and 
durability is required, since the cost of a PEC device or system 
is roughly proportional to the ratio between the produced 
amount of hydrogen and the operational time. One can either 
increase the amount of hydrogen significantly (i.e. increase 
the efficiency) for a given operational time, or increase the 
operational time at a given production of hydrogen with a rea-
sonable degradation rate. Both approaches reduce hydrogen 
cost. Dumortier et  al [1] showed this tradeoff in a case for 
which they assumed that single components in a PEC device 
can be replaced individually. They observed two local minima 
in hydrogen price: one minimum for the case where the 
components were replaced fairly regularly, and one minimum 
where the components were never replaced and operated at 
low rates towards the end of the device lifetime. The severity 

of the observed cost minima, however, were dependent on the 
degradation rates of the various components.

In a review of PEC demonstrations, Ager et al [21], con-
cluded that while efficiencies in the range of 10% or more 
are reasonable for PEC devices (with direct semiconductor-
electrolyte junctions as well as buried junctions), stability 
across the complete pH range (0  ⩽  pH  ⩽  14) proves chal-
lenging, and is seldom investigated. Most studies reviewed by 
Ager et al [21] were limited to an operational demonstration 
for less than 24 h. Ager et al concluded that device stability, 
durability, reliability, and robustness are the major challenges 
for PEC commercialization. Stability is the ability of a PEC 
device to perform within a narrowly defined performance 
window during continuous operation and over a short time-
scale. Durability is considered the ability of a PEC device to 
maintain its performance and product purity over the lifetime, 
i.e. withstanding non reversible degradation and punctual fail-
ures. Reliability is the ability of the PEC device to perform 
above a specified level for a certain period of time, while 
avoiding catastrophic failure. From a practical standpoint, 
this involves statistical probabilities, assessing reliability as 
the mean time between failures. Robustness is the ability of a 
PEC device to tolerate various imperfections and stress factors 
without exhibiting dramatic failure.

We define the lifetime of a device as the shorter operational 
time of the two: (i) the operational time during which a device 
either operates above a well-defined performance threshold 
(i.e. durable), or (ii) the operational time during which a 
device operates without sudden, catastrophic failure (i.e. reli-
able). It is worth noting that there are significant uncertain-
ties in the definition of the lifetime of PEC devices cited in 
literature. This is related to the fact that there are neither the 
reference test conditions, nor end of life criteria needed for a 
rational comparison of different devices [22, 23].

Reference conditions for PEC lifetime benchmarking could 
draw inspiration from the photovoltaic and fuel cell/electro-
lyzer research communities. In the photovoltaic research com-
munity, the lifetime target for solar modules is around 80 000 
on-sun hours (i.e. 25 years) with an end of life defined as 20% 
loss in efficiency [24]. In the fuel cell and electrolyzer research 
communities, the lifetime target for water electrolyzers for 
hydrogen production is around 80 000 h (i.e. ~ 9 years) in sta-
tionary conditions, with less than a 10% loss in performance 
at the end of life [25]. Note that for PEC devices, the inter-
mittency of solar radiation might exacerbate performance loss 
[26]. In order to consider intermittency, accelerated testing 
conditions which mimic lifetime exposure to varying opera-
tional conditions can be established [27–30].

Significantly different lifetimes and operational times of 
PEC device demonstrations have been reported (differing 
by orders of magnitude) in literature [21, 31–33]. During 
long-term operation, all demonstrations showed diminished 
performance, and some failed catastrophically. Generally, 
it has been observed that higher durability is obtained for 
devices consisting of semiconductors which are isolated and 
protected from the electrolyte (buried PV). Indeed, the most 
efficient semiconductors for solar fuel production, such as Si, 
GaAs, GaP, are prone to corrosion in aqueous solution [34]. 
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Commercial semiconductors such as Si are prone to oxida-
tion in aqueous media and develops a SiO2 passivation layer, 
reducing performance [35]. Semiconductors are therefore 
typically passivated with corrosion resistant and conductive 
films, which, ideally, are also optically transparent when used 
on the top of the photoabsorber.

For devices using high performing semiconductor-
liquid junctions, few cases showed stabilities longer than 1 
d while also ensuring continuous high efficiencies [36–41]. 
The longest operational demonstration is about 2200 h [42]. 
Metal oxide-based photoabsorbers are more stable but gen-
erally exhibit lower efficiency due to inherent limitations in 
the bulk transport. Hematite (α-Fe2O3) and bismuth vana-
date (BiVO4) are two photoabsorber examples which show 
considerable stability with efficiencies close to their (low) 
theoretical maximum [43]. Besides the stability of the semi-
conductor, degradations of the co-catalyst and electrolyte also 
impact performance [44, 45]. The high acidity or basicity, 
high humidity, and high potential of the operating environ
ment can drastically affect catalyst stability, while operating 
temperature and pressure highly impact electrolyte degrada-
tion [26, 46, 47].

Generally, device architecture and operation significantly 
affect performance loss through different degradation mech
anisms and typical degradation rates participating in the 
destruction of the device. Different interfaces are prone to dif-
ferent degradation mechanisms depending on design. Design 
as well as device operation furthermore affect spatial inhomo-
geneity of the various property fields such as: current densities, 
temperature, or the species concentrations at the interfaces 
and in the semiconductor, catalyst, or electrolyte components. 
These spatial heterogeneities and the corresponding gradients 
induce and intensify degradation mechanisms [48].

Real-time transients in solar irradiation also significantly 
affect degradation behavior [26]. Transients include three 
time-scales: short-time transients (seconds) due to clouds 
passing, medium-time transients (hours) due to diurnal solar 
movement, and long-term transients (months) due to seasonal 
variation in irradiation. Short-term transients induce large 
temporal temperature gradients and short-term accumula-
tion of charge which can negatively affect performance [49, 
50]. Medium-term transients allow for back and competing 
reactions in the dark, potentially reversing some of the deg-
radation effects as well as introducing additional ‘dark’ deg-
radation mechanisms [51]. Long-term gradients mostly affect 
the irradiation magnitude incident on the device, which can be 
much larger in the summer than in the winter. Consequently, 
degradation mechanisms which are mostly driven by the mag-
nitude of photon flux might be more relevant in summer than 

in winter. Moreover, start and stops as well as freeze and thaw 
cycles can induce transitory effects which severely amplify 
degradation mechanisms [52–54].

As known from the fuel cell community, it is additionally 
important to differentiate between single device and stacked 
device performance. Even for a very durable laboratory scale 
fuel cell, it has been observed that a large area stack performs 
with limited durability [55, 56]. Such considerations become 
particularly important when thinking about the scaling of 
a device into a commercial system. At this point, it is quite 
unclear what the scaling of PEC devices should look like. 
Stacking is limited to directions which do not require direct 
irradiation, potentially reducing the density of the devices and 
their ability to influence each other’s performance.

As the maximum achieved length of operational demon-
strations (~2000 on-sun hours) are far from commercially 
relevant operational times (~30 000 on-sun hours), research 
efforts must concentrate on an understanding of degradation 
mechanisms occurring in devices and at component interfaces, 
as well as the impact of these mechanisms on performance. 
Furthermore, understanding how device design and opera-
tional choices affect the salience and magnitude of alternative 
degradation mechanisms has the potential to provide guidance 
for the best likely design scenarios. Here, we review and dis-
cuss the different degradation mechanisms that occur in PEC 
devices together with how device architecture and operation 
can influence degradation. After a brief introduction of PEC 
device components, materials, and interfaces in section 2, we 
present a comprehensive review of the different degradation 
mechanisms reported in literature and discuss the impact of 
reported degradation mechanisms on performance. In the final 
section, we present an illustrative case study in order to provide 
insight into the complex interplay between design, operation, 
degradation, and operational time-dependent performance.

2.  Operating principle, materials, and designs

The functional steps taking place in a photoelectrochemical 
device are (i) photoabsorption in the semiconductor, (ii) charge  
generation, separation and transport towards the interfaces, 
(iii) catalytic electrochemical reactions, (iv) ionic transport 
through the electrolyte, and (v) product separation and col-
lection. Photon energy ( νh ) is converted into an electron–hole 
pair in the semiconductor if the band gap energy of the mat
erial allows it1. The electrons and holes are separated by an 
electric field and diffusion gradients, and are transported to an 

1 We do not discuss novel concepts which include upconversion, hot carriers, 
or similar.

Table 1.  Semiconductor, anodic, cathodic, and overall reactions occurring in a water-splitting PEC device in acidic, base, or neutral 
conditions.

Acidic Basic

Semiconductor ν +− +h e h4 4 4  →
Anode + ++ +h2H O 4 O 4H2 2  → + ++ −h4 4OH O 2H O2 2→
Cathode +− +e4 4H  → 2H2 + +− −e4H O 4 4OH 2H2 2  →
Overall ν+ +h4 2H O 2H O2 2 2→  
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interface sometimes covered with additional electrocatalyst. 
Then, they are transferred across the semiconductor-electro-
lyte or catalyst-electrolyte interface in order to drive electro-
chemical reactions. The catalyst is used to increase the rate of 
redox reactions and enhance selectivity towards a particular 
reaction. An electrolyte connects the anodic and cathodic 
reaction sites in order to close the electrical circuit. This clo-
sure is obtained through the transport of the produced ions ( +H  
or −OH  depending on the electrolyte). The simple one-step 
electrochemical reactions which take place in a water-splitting 
device in acid or basic conditions are given in table 1.

In the simplest case, a PEC device consists of a photocata-
lyst and an electrolyte only. More frequently, the functionality 
of the photocatalyst is decoupled and distributed towards 
additional subcomponents: multiple semiconductors, co-cata-
lysts, and conduction layers. Overall PEC device functionality 
is further enhanced by introducing protection and interface 
layers, and product separators. We focus here on PEC devices 
which include a photoabsorber (semiconductor), additional 
electrocatalysts, and an electrolyte.

2.1.  Semiconductor

The semiconductor’s functions include photon absorption, 
and charge generation, separation, and transport. Absorption 
is related to its band gap and its imaginary part of the refrac-
tive index. The band gap must be large enough to drive the 
electrochemical reaction, which includes an equilibrium 
potential (1.23 V at standard conditions) and different addi-
tional overpotentials due to catalyst activation, ohmic losses, 
and mass transport limitations. The refractive index provides 
information on semiconductor thickness, which is required for 
photon absorption. The transport of the generated charge car-
riers is characterized by their mobility and lifetime (both of 
them are coupled to the diffusion length). The separation of 
the carriers depends on the design of the system, and on the 
transport properties and doping concentrations of the semi-
conductor. A tradeoff between typical absorption length and 
typical carrier diffusion length is needed to ensure effective 
charge separation.

There are two main categories of semiconductors:

	 -	Non-oxide semiconductors. In this category, we can list, 
for instance, single elements of group IV (Si, Ge), and 
compounds of group III–V and II–VI (GaAs, GaP, InP, 
CdS, CdTe, etc). These exhibit high efficiencies, as they 
have been researched for decades in the photovoltaic 
community. Their disadvantages are their cost, low 
scalability, and the amount of energy required for their 
production [57]. In order to increase their performance, 
different types of non-oxide semiconductors can be 
assembled in tandem devices (n-GaP/p-GaP, p-CdTe/n-
TiO2, p-CdTe/n-SrTiO3, p-GaP/n-SrTiO3, etc). However, 
non-oxide semiconductors lack stability when embedded 
in liquid solutions.

	 -	Metal oxides and oxynitrides (Fe2O3, BiVO4, WO3, TiO2, 
SnO2, Cu2O, TaON, etc). These have the advantage of 
good stability in aqueous solutions [58], but their wide 

band gap and poor electronic properties limit device per-
formance [43, 59].

The degradation of a semiconductor can induce a change of 
its bulk properties and affect photon absorption behavior (i.e. 
affect band gap as well as the refractive index), and its ability to 
generate charge carriers, and separate and transport them (i.e. 
affects mobilities, lifetimes, recombination rates and similar). 
Degradation can furthermore affect the surface properties of 
the semiconductor (which can additionally induce changes in 
the bulk properties). The chemical resistance at the interface 
with the liquid electrolyte is essential for a durable device. For 
this reason, in some PEC devices [32], the semiconductor is 
directly protected by a coating or physically separated from 
the aqueous environment.

2.2.  Electrolyte

The electrolyte ensures ionic transport (H+ or OH−) between 
the anode and cathode, and separation of the products 
(hydrogen and oxygen). The electrolyte can be liquid or solid 
and must be able to contain the photoabsorber and catalyst. 
Typical liquid electrolytes are H2SO4, KOH, and NaOH. 
Given that the ionic transport is coupled to mass transport 
in the fluid, liquid electrolytes are usually strongly acidic 
or basic in order to reduce the ionic transport resistance and 
the Nernstian potential losses due to pH gradients. The side 
effect of such a choice is an aggressive environment for the 
semiconductor and catalyst. Besides the ion transport, liquid 
electrolytes also provide a reactant (water) and ensure product 
removal (especially in a flow design). For solid electrolytes, 
the functions of the electrolyte and the reactant supply are 
separated, and additional flow delivery and removal comp
onents are required (e.g. flow field plates). Additionally, solid 
electrolytes often allow semi-permeability for gaseous prod-
ucts, providing separation functionality.

Polymer membranes like perfluorosulfonic acid, sul-
fonated polyether ketones (S-PEEK), polyether sulfones 
(PES), and poly benzimidazoles (PBI) are the most widely 
used solid acid electrolytes [60–62]. Other promising mat
erials include hydrocarbon-based membranes [63], composite 
materials [64, 65] and radiation-grafted membranes [66, 67]. 
The most mature technology is Nafion®, a perfluorosulfonic 
acid membrane [68]. It not only has a relatively high proton 
conductivity and low gas crossover, it also has reasonable 
mechanical, chemical, and thermal stability.

Alkaline diaphragms can be composed of silicate materials 
(e.g. asbestos) [69, 70], polymer materials (e.g. PES) [71, 72], 
metal oxides (e.g. nickel oxide) [73] or composite materials 
(e.g. Zirfon®) [70, 72]. Compared to solid acid electrolytes, 
alkaline diaphragms generally have lower ionic conductivi-
ties, slower dynamics, and higher gas crossover. However 
their main advantage is higher durability and robustness.

Degradation observed in solid electrolytes is related to 
chemical attacks, hygrothermal stresses due to changes in 
temperature and humidity, and mechanical stresses due to 
pressure gradients between the anode and the cathode com-
partments. Reinforcement (e.g. TiO2) is often used to ensure 
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mechanical resistance. The generation of gaseous products at 
the triple phase boundary (between catalyst, solid electrolyte, 
and liquid reactant), and the transport of nearly saturated or 
supersaturated products, may induce additional mechanical 
stresses and delamination of solid electrolytes. The durability 
of the solid electrolyte or separator is crucial for PEC device 
reliability and safety because cracking or perforation leads to 
a direct recombination of the produced hydrogen and oxygen, 
as well as a potential buildup of explosive mixtures.

The main degradation mechanisms observed in liquid 
electrolytes are related to their contamination by impurities, 
decomposition of their components, and the accumulation of 
gas bubbles [69, 74], all of which affect ion transport and the 
purity of produced hydrogen.

2.3.  Electrocatalyst

The development of earth-abundant, efficient, and stable 
electrocatalysts remains a great challenge [75]. The electro-
catalyst supports the catalytic reaction and provides selec-
tivity towards a certain reaction product. It should reduce the 
activation overpotential of the redox reactions by enhancing 
the kinetics of charge transfer across the interface, and by 
avoiding the accumulation of charge carriers at the elec-
trode surface. Electrocatalysts (termed co-catalysts) are often 
deposited directly on the photoabsorber, either as thin layers 
or as nanoparticles. The synthesis technique considerably 
impacts the efficiency and stability of the catalyst [76, 77]. 
Catalysts can be pure active metals (Pt, Pd, Ni, etc), mixed 
metals (NiCo, NiMo, NiMoFe, etc), or active metal oxides 
(RuO2, IrO2, SrNbO, etc).

At the cathode, the catalyst can be carbon-supported (in 
powder form or as nanotubes) or self-supported. At the anode, 
the high potential and oxygen concentration requires that 
carbon supports are avoided because of corrosion. Moreover, 
the operating environment of acidic electrolyzers implies the 
use of distinct materials (noble catalysts). The addition of a 
proton conducting material (e.g. solid electrolytes made of 

ionomers) can improve the proton conduction from the cata-
lyst particles to the electrolyte, reducing both charge accu-
mulation and potential side reactions, as well as the stability 
of catalyst particles, as it acts like a binder [46]. However, 
direct exposure of catalyst particles to solid electrolyte, some-
times highly acidic in nature (e.g. Nafion®), leads to catalyst 
corrosion. 

2.4.  Reference designs

The three components presented above (semiconductor, 
catalyst, and electrolyte/separator) can be arranged in three 
reference designs (figure 1). These PEC device designs use 
planar photoelectrodes. There are other configurations in 
term of geometry, dimensions, and orientation [45, 78–82], 
but we have identified these three designs as representative of 
the various interfaces which can exist between the different 
components and the surrounding environment. These designs 
are prone to different degradation phenomena.

Design A is a monolithic design (wireless) in which the 
catalyst-covered semiconductor is completely immersed in 
the liquid electrolyte [83, 84]. The catalyst is directly exposed 
to irradiation and therefore photocorrodes. There is lateral and 
transversal ion transport in the cell, which generally induces 
larger ionic resistances [78] and larger current density hetero-
geneities. The latter can induce heterogeneous degradations 
of the components over the active area. All three components 
(semiconductor, solid electrolyte/separator and catalyst) are 
potentially in direct contact with liquid electrolyte on both 
sides and therefore can be chemically attacked. The catalyst 
can (i) be applied in a pattern (e.g. as nanoparticles), partially 
exposing the photoabsorber to the electrolyte, or (ii) conform-
ably cover the photoabsorber, mitigating the direct photoab-
sorber-electrolyte interface and acting as a protection layer. 
However, in the latter case the catalyst needs to be sufficiently 
thin or optically transparent to ensure that enough light effec-
tively reaches the photoabsorber. In a wireless design, device 
diagnostics and characterization is difficult, as the current 

Figure 1.  Different photoelectrochemical device designs. Design A: monolithic design, in which the catalyst-covered semiconductor 
is completely immersed in the liquid electrolyte. The catalysts, the semiconductor, and the electrolyte/separator are directly exposed to 
irradiation. Design B: wired design, with two separated electrodes in a liquid electrolyte. The catalyst-covered photoabsorber and counter 
electrode are directly exposed to the liquid electrolyte. Only the photoabsorber is exposed to direct irradiation. Design C: wired design with 
a separated membrane-electrode assembly, operating in the dark. The photoabsorber is not in direct contact with the electrolyte.
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cannot be directly measured because a connection to external 
wires, which are often prone to chemical degradation, is not 
present. Instead, the experimenter is limited to analyzing 
gaseous products (through gas chromatography, mass spec-
trometry) and liquid concentrations. The solid electrolyte or 
separators can be a polymer membrane, a thin capillary, or a 
porous media. The separator as well as the liquid electrolyte 
are directly exposed to solar irradiation.

Design B is a wired design with two separated electrodes 
[85, 86]. Only one side of the semiconductor is exposed to 
the liquid electrolyte and the other side is directly exposed 
to irradiation. This arrangement limits the chemical attack 
of the semiconductor by the electrolyte. The ion transport 
is perpendicular to the photoelectrode and a wire is used 
for electron transport between the semiconductor and the 
counter electrode. Ribbons are deposited on the top of the 
semiconductor for current collection. The corrosion of rib-
bons and degradation of contact between the ribbons and the 
semiconductor induce additional performance losses com-
pared to Design A. The catalysts, the solid and liquid elec-
trolyte, and the counter electrode, however, are not directly 
exposed to solar radiation and potentially will work under 
completely dark conditions, mitigating photo-driven degra-
dation mechanisms.

Design C is a wired design utilizing a separated photo-
absorber and membrane-electrode assembly [10, 87]. The 
electrolyte is a solid membrane sandwiched between the 
electrodes. A liquid electrolyte containing the reactant can 
additionally be used [49], however it is not required for the 
functionality of the device. Catalyst layers are mandatory in 
this case because the photoabsorption and charge generation 
functionalities are completely separated from the electro-
chemical reaction and ionic charge transport functionalities. 
Charge carriers are transported from the semiconductor to 
the electrodes using a wire and bipolar plates. The latter also 
supply reactive water and remove the products utilizing inte-
grated water channels. In order to ensure good fluid and charge 
transport from the bipolar plates to the active sites, conductive 
porous transport layers are used between the bipolar plates and 
the catalyst layers. This design clearly separates the semicon-
ductor and the reactive environment of the device, a potential 
advantage from a degradation point of view. Such a separation 
also allows a larger choice of semiconductor materials (those 
which are otherwise intrinsically not stable).

In addition, Design C is capable of taking advantage of 
advances in the photovoltaic and electrolyzer communities 
or industries. Solar cells and solid electrolyte electrolyzers 
are relatively mature technologies with lifetimes as high 
as 80 000 h for photovoltaics [88] and as high as 60 000 h 
for electrolyzers (in stationary operation) [89]. However, 
the separated design introduces additional complexity and 
fabrication steps related to the addition of components 
including: conductive porous transport layers, bipolar plates, 
wiring, busbar deposition, and mandatory electrocatalysts. 
Coincidently, projected costs will increase, and perfor-
mance is expected to decrease due to the charge transport 
in the additional components, and due to added component 
degradation.

3.  Component degradation

PEC degradation is largely driven by interface phenomena, 
where the interfaces between solid materials (especially the 
semiconductor) and liquid electrolyte represent the greatest 
challenge. This challenge is intensified by the fact that some 
materials with good photoabsorption behavior and interesting 
band alignments are inherently non-stable, and therefore 
degrade within hours. We dedicate the first subsection here 
to semiconductor-liquid electrolyte (SC-liquid EL) interfaces. 
The second subsection is dedicated to degradation of semi-
conductor bulk material. The last subsections are dedicated to 
degradation of the electrolyte and electrocatalyst.

3.1.  Semiconductor-liquid electrolyte interface

Degradation at the semiconductor-liquid electrolyte (SC-liquid 
EL) interface (see Designs A and B) is a result of reversible 
and irreversible chemical reactions [90]. Corrosion, interca-
lation, and hydroxylation are the most important phenomena 
at the SC-liquid EL interface contributing to degradation of 
performance, reduction in lifetime, and reduction in durability 
and reliability of the PEC device.

3.1.1.  Corrosion.  There are three different types of corrosion 
in photoelectrochemical devices, depending on the reactions 
occurring across the solid SC-liquid EL interface: chemical, 
electrochemical, and photoelectrochemical. Chemical corro-
sion is the destruction of the semiconductor due to chemical 
action of the surrounding environment, without the necessity 
of net charge transfer across the solid-liquid interface. A fun-
damental requirement for the choice of the semiconductor is 
therefore its stability in the face of chemical corrosion. Given 
that the corrosion mechanism does not involve charge trans-
fer, it can also occur in the dark, i.e. during night-time opera-
tion or to components that are shielded from irradiation. The 
Pourbaix diagram [91] of materials can be used to identify the 
pH and potential range for which the material is stable against 
chemical corrosion. For example, silicon is prone to chemical 
corrosion in alkaline media [32, 92–94].

Electrochemical and photoelectrochemical corrosion, 
however, require a net charge transfer between the electro-
lyte and the semiconductor. While electrochemical corro-
sion involves majority charge carriers, photoelectrochemical 
corrosion involves photoexcited minority charge carriers. 
Photoelectrochemical corrosion is the most critical issue for 
photovoltaic cells immersed in liquid electrolytes (a varia-
tion of Designs A and B). The global equations of anodic and 
cathodic decompositions of a compound semiconductor2 MX 
can be written as follows [58, 95]:

 →   ( )+ + +∆+ +MX zh M X Gz
aaq� (1)

→ ( )+ + +∆− −MX ze M X Gz
caq� (2)

2 Note that for elemental semiconductors such as Si, M and X are the same 
zerovalent element.
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M   and X are insoluble species, forming a film on the surface 
of the semiconductor and protecting it from further corro-
sion (passivation). The passivation layer is often electrically 
non-conductive.

The composition of the corroded layer has the potential to 
highly impact the photoelectrochemical response of the entire 
semiconductor, affecting semiconductor photoabsorption and 
photocatalytic behavior [96]. Some oxide layers like indium 
oxide are photoactive, thus, they can enhance the photocur

rent. +Mz
aq( ) and −Xz

aq( ) are ions which are solvated in the electro-
lyte (dissolution). They can be transported out of the device 
or deposited on other components. Dissolution implies a con-
tinuous destruction of the semiconductor, a induces pollution 
of the reactive environment, and can lead to sudden device 
failure. ∆Ga and ∆Gc are the free energy changes related 
to the decomposition reactions. As an example, the anodic 
decomposition of GaAs in a liquid electrolyte is [51]:

+ + + + +∆+ + − +h a GGaAs 6 2H O G AsO 4H a2 aq
3

2   → ( )
� (3)
Gerischer et al [97] related the quasi-Fermi levels of minority 
carriers to the corrosion potentials in order to determine a 
thermodynamic stability criterion of semiconductors under 
illumination. The Gerischer stability criterion (equation (4)) 
states that there is stability at the SC-liquid EL interface if 
the reductive potential +E H H2( / ) is higher (more positive 
in potential versus NHE) than the cathodic decomposition 
potential of the semiconductor E pHn d, ( ), and if the oxida-
tive potential E O H O2 2( / ) is lower (more negative in potential 
versus NHE) than the anodic decomposition potential of the 
semiconductor E pHp d, ( ).

⎧
⎨
⎩

>

< +

E E

E E
Stability criterion :

pH O H O

pH H H
p,d

n,d

2 2

2

( ) ( / )
( ) ( / )� (4)

The cathodic and anodic thermodynamic decomposition 
potentials En d,  and Ep d, , which depend on the pH of the solu-
tion, can be obtained from electrochemical experimentations 
or thermodynamic calculations.

Multiple studies [58, 59] have shown that all commercial 
non-oxide semiconductors are prone to anodic decomposi-
tion, and that only a few are resistant to cathodic decomposi-
tion. For instance, Young et al [40] demonstrated a maximum 
of 120 h stability of unmodified GaAs photocathodes at  −15 
mA cm−2 in acidic electrolyte (3 M sulfuric acid), despite 
inherent instability in acidic conditions. Oxide semiconduc-
tors are generally stable against cathodic photocorrosion, 
but only a few of them (e.g. TiO2, BiVO4, Co3O4) are stable 
against anodic photocorrosion [58].

Some materials can maintain a good photocurrent stability 
despite corrosion. For example, Zhou et al [98] demonstrated 
that copper vanadate is a promising photoanode, showing 
good stability in alkaline electrolyte despite the emergence of 
a self-passivating layer caused by corrosion. When this pas-
sivation layer remains below a certain critical thickness, its 
effect on performance is not dramatic.

Once thermodynamic conditions are assessed and a poten-
tial for semiconductor decomposition is observed, kinetic fac-
tors should be considered in order to understand how fast the 

material will be dissolved or passivated. Strategies to affect 
kinetics include the addition of suitable co-catalysts that could 
substantially limit the rate and selectivity of the photocorro-
sion reaction [99]. Moreover, the degradation of the catalyst 
can have the side effect of increased semiconductor photocor-
rosion, accelerating overall degradation. The investigation of 
the passivation or dissolution rate can help to predict the life-
time of a device and provide guidance for an improved device 
design. Certainly, there is a critical thickness of the corrosion 
based passivation layer, above which the performance drops 
due to charge transport inhibition and the increase of recom-
bination due to vacancy defects. There is also a critical corro-
sion thickness (for dissolution) below which there is failure 
due to local destruction of the semiconductor. The evolution 
of the thickness of the corroded layer can be calculated using 
the concentration of the different reactants together with 
the rate constants of the reactions involved in photocorro-
sion. Obviously, the device design and operational condi-
tions will influence the concentration distribution of different 
reactants. Rate constants need to be computed or measured 
to this end. Lai et  al [100] used scanning electrochemical 
microscopy to investigate the kinetics of photocorrosion at 
the interface between an illuminated semiconductor (n-type 
GaAs) and an electrolyte (Fe2(SO4)3/H2SO4). The rate con-
stant was 0.5-order dependent on the concentration of +Fe3 , 
and typical rates were ~ − − −10 mol m s4 2 1    . They identified two 
contexts affecting the electrochemical formation of the cor-
rosion product (passivation or dissolution): (i) at low illumi-
nation intensities, growth is limited by the charges generated 
and transported to the interface, and (ii) at high illumination 
intensities, growth is limited by mass transfer in the solution.

The application of protective films can be used to enhance 
durability and robustness of non-corrosion resistant semi-
conductors working in aggressive aqueous electrolytes [51]. 
Typical layer thicknesses are around a few nanometers. These 
layers have been shown to allow otherwise unstable PEC 
devices to operate for more than 1000 h with minimal reduc-
tion in efficiency [36]. The main challenge remaining is to 
ensure long term stability while maintaining good perfor-
mance. There are two main categories of protective layers:

		 Metals (Pd, Pt, Ni…). Metal films need to be thermody-
namically stable and sufficiently thin to be transparent 
to incident radiation. For photoanodes, metal films can 
be prone to anodization (i.e. anodic corrosion), leading 
to a porous structure in the film [32]. For this reason, 
protective films should be thicker than the anodization 
depth, which can be measured via x-ray photoelectron 
spectroscopy [101]. There is, then, a thickness tradeoff 
between optical transparency and protection. Pt, Ni and 
other metals are also good electrocatalysts for HER and/
or OER, and therefore, can act as both a protection layer 
and co-catalyst.

		 Metal oxides. Three subcategories of metals oxides have 
been tested for semiconductor protection: (i) catalyti-
cally inactive wide band gap metal oxides (examples are  
TiO2, ZnO, AL2O3, MgO), (ii) catalytically inactive 
transparent conducting oxides (indium tin oxide, fluo-
rine-doped tin oxide, aluminum-doped zinc oxide), and  
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(iii) catalytically active metal oxides (Fe2O3, MnOx, 
NiOx, CoOx, doped SiO2).

		 Catalytically inactive wide band gap metal oxides (the first 
category of Metal oxides), have a proven stability with 
reasonable performance losses [102, 103]. However, they 
can limit performance due to unfavorable charge transport 
properties. Didden et  al [104] studied photocorrosion 
of TiO2 coatings and concluded that their degradation 
initiated from small pinholes. The obtained corrosion 
current showed reproducible oscillatory peaks explained 
by an Avrami-type photocorrosion model [105], which 
proposes the following law for the fraction of materials, 
ϕ, converted into a new phase, at a certain time, t:

( )ϕ = − −ct1 exp n� (5)

		 The constant c is the product of a shape factor, the effec-
tive number of nuclei, and the direction-averaged growth 
rate. The exponent, n, is the sum of the dimension of 
the crystal growth process (1  =  needle-like growth, 
2  =  plate-like growth, and 3  =  3D growth) and an integer 
value describing the nucleation rate (1  =  a constant 
nucleation rate and 0  =  the absence of nucleation).

		 Catalytically inactive transparent conducting oxides 
(TCOs) (the second category of Metal oxides), represent a 
promising solution for semiconductor protection in liquid 
electrolyte. Despite the apparent difficulty of obtaining 
long-term stability in alkaline electrolytes due to corro-
sion [38, 106], some researchers [107] have demonstrated 
good stability of fluorine-doped tin oxide (FTO) on 
silicon. Mirletz et al [108] applied different environmental 
stressors to commercial TCOs to investigate their degrada-
tion. They concluded that the amount of exposure to UV 
and humidity are the main factors affecting durability. In 
particular, they observed a yellowing of the TCOs, with 
a consequent decrease of transparency and increase of 
resistivity.

		 The third category of Metal oxides, catalytically active 
metal oxides, has the dual function of protection and 
catalysis [109, 110], but the protective layer can suffer 
from electrochemically induced porosity (due to imper-
fections during the deposition process), locally exposing 
the semiconductor surface to the aggressive electrolyte 
[32]. Some rare catalysts such as Ir or IrOx can also pro-
vide this dual functionality [101].

Semiconductor protection can be further refined by a combi-
nation of the different categories of protective materials in order 
to separate the functions of protection, conduction, and catal-
ysis. Adaptation and improvements in the deposition technique 
(PVD, CVD, ALD, ED, SD, CB) can also further improve the 
performance and stability of the protective film [111, 112].

Assessment and characterization of corrosion can be 
experimentally done using techniques such as microscopy, 
profilometry, XPS, XAS, XES, IPES, UPS, SECM, RBS, 
AFM and SIMS [100, 113, 114]. These techniques allow the 
study of the morphological evolution of semiconductors when 
exposed to PEC operation. Inductively coupled plasma mass 
spectroscopy (ICP-MS) can be used to measure the dissolved 
species concentration in the electrolyte.

3.1.2.  Intercalation and hydroxylation.  Intercalation is the 
penetration of protons in the semiconductor lattice when free 
electrons are available at or near the surface [95]. It can induce 
a perturbation of the charge transport mechanisms in semi-
conductors. For example, in TiO2 it increases the activation 
energy [115]. As a consequence, it induces a decrease of the 
photocurrent. Calero et al [116] studied the impact of proton 
intercalation on WO3 performance, observing that intercala-
tion reduces photoactivity. This could be considered a revers-
ible degradation when deintercalation is observed, or an 
irreversible degradation when it induces irreversible changes 
in the lattice [117], affecting proton discharge kinetics.

Surface hydroxylation at the SC-liquid EL interface is a 
reversible chemical destabilization reaction [95, 118]. It is 
the specific and continuous adsorption and/or desorption of 
proton and/or hydroxide species:

− +− +M MProtonation reaction : OH O H aq  → ( )� (6)

− + −+ +M MDeprotonation reaction : OH H OHaq 2  →  ( )
� (7)

Surface hydroxylation affects the charge and potential distri-
bution at the semiconductor interface. It can be considered a 
reversible degradation, but depends on the timescale of the 
dynamic equilibration which itself depends on pH and the 
Bronsted acidity of the surface.

Varying strategies can be used to mitigating degradations 
at the SC-liquid EL interface. The first strategy is the devel-
opment of new materials and new synthesis techniques to 
produce stable photoabsorbers. The second strategy consists 
of developing advanced semiconductor-semiconductor het-
erojunctions [119] and/or advanced coating techniques like 
nanocoating, quantum dots, and photodeposition, which allow 
a considerable increase in stability [120–123]. The integra-
tion of co-catalysts [99] or the hybridization of the semicon-
ductor with other materials [124] can also help to improve the 
stability of the SC-liquid EL interface. The final strategy con-
sists of developing appropriate control techniques for local 
operating conditions (current density, temperature, acidity) 
of the device, which highly impact degradation kinetics.

3.2.  Semiconductor-metal interface

At the semiconductor-metal interface (see Designs B and 
C), where a metal ribbon is used for current collection at 
the semiconductor, the main degradation mechanisms are 
ribbon wire dry corrosion and ribbon cracking [125–127]. 
Temperature and humidity are the two main factors which 
highly affect the semiconductor-metal interface degradation 
[128]. The consequence is an increased electrical contact 
resistance between the semiconductor and metal ribbon. 
Changes in temperature and humidity can also induce metal 
migration through the interface, with a resulting decrease in 
shunt resistance of the photoabsorber. Metal migration can 
also occur at the semiconductor-metal interface between 
the photoabsorber and the metallic catalyst, significantly 
affecting catalyst performance.
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3.3.  Chemical destabilization of the bulk semiconductor

Chemical destabilization is the change in semiconductor 
crystallinity, grain size, and composition, resulting from 
the accumulation of photoexcited charge carriers in the lat-
tice. Chemical destabilization is a purely kinetic effect. It 
can hinder self-passivation of the photoelectrode and conse-
quently result in the dissolution of bulk material. Toma et al 
[114] studied chemical destabilization for bismuth vana-
date photoanodes, which are known to be thermodynami-
cally stable against anodic decompositions. They observed a 
reduction of photoelectrode thickness during testing, with an 
increasing difference in chemical composition between the 
bulk and the surface. Thus, the modification of bulk properties 
induces concentration gradients between the bulk and the sur-
face. Such gradients potentially induce mechanical stresses, 
further intensifying degradation. The chemical modification 
of the surface also reduces its catalytic activity for water oxi-
dation. Surface modification is accelerated by higher photo-
currents and a higher pH (accelerated in alkaline conditions). 
Degradation studies focusing on chemical destabilization 
[114] have shown a rapid increase of the photocurrent during 
the first 10 s, followed by an anodic shift of the photocurrent 
onset potential (about 0.1 V after 1 h at pH  =  6.8 and 20 min 
at pH  =  12.3), and a decrease of the current density and fill 
factor.

3.4.  Other degradation mechanisms of the semiconductor

The study of the degradation of semiconductors is complex 
because it strongly depends on the evolution of semiconductor 
electronic structure. Changes in key physical parameters, such 
as the mobility of charge carriers or the density-of-states, are 
directly related to the evolution of electronic band structure.

Depending on cause, different degradation modes are typi-
cally classified into [129]: (i) potential induced degradation, 
which induces an increase of the leakage current, (ii) light 
induced degradation, which induces an increase of the recom-
bination current, and (iii) ultraviolet induced degradation, 
which can change the short circuit current and the resistances. 
Depending on operating conditions, there exist other degra-
dation mechanisms like electromigration, time dependent 
dielectric breakdown, hot carrier injection, surface inver-
sion, and stress migration in the semiconductor [130]. The 
models used to describe such degradation phenomena follow 
an Arrhenius type degradation. Due to the complexity of the 
degradation phenomena, empirical correlations considering 
different degradation modes are often used in the photovoltaic 
cell community [126, 129]. For example, Hacke et al [131] 
proposed the Hereunder equation, based on Peck’s model 
[132], to describe the maximum power degradation:

⎜ ⎟
⎛
⎝

⎞
⎠= − −P t P A RH t0 1 e

E
kT B

max max
2a

( ) ( ) � (8)

where P 0max( ), RH, Ea and k are the initial power, relative 
humidity, thermal activation energy of the degradation pro-
cess, and Boltzmann constant, respectively, and B depends on 
the material and can be obtained experimentally.

Note that the time constants for those degradation mech
anisms are much lower than for those of degradation at the 
direct SC-liquid EL interface, occurring in Designs A and B. 
Urbain et al [37] studied the short term light-induced degrada-
tion of a PEC cell for a thin film silicon solar cell interfacing 
with a liquid electrolyte. They concluded that light-induced 
degradation is negligible compared to the degradation 
resulting from photoelectrode corrosion.

3.5.  Catalyst

The degradation of the catalyst largely depends on its mat
erial, its deposition technique, and its support. Various plat-
inum group metals (PGM) and non-PGM catalysts [77, 133] 
have been investigated for the water-splitting redox reactions, 
but only a few of them simultaneously fulfill the requirements 
of low overpotential, high selectivity, and good stability. 
McCrory et al [134, 135] evaluated the performance and the 
short-term stability (2 h) of 18 HER catalysts and 26 OER 
catalysts in acidic and alkaline solutions (1 M H2SO4 and 1 
M NaOH) at a reference current density of 10 mA cm−2. The 
high performing catalysts were: Ru, Ir, and Co-based com-
pounds for the oxygen evolution reaction, and Pt, NiMo, and 
CoMo for the hydrogen evolution reaction. They concluded 
that there was no particular impact of acidity on anode catalyst 
degradation. Only noble metal based materials showed prom-
ising stability for cathodic catalysts in an acidic environment.

Here we discuss the main degradation mechanisms occur-
ring in the catalyst layer: (i) catalyst support corrosion,  
(ii) catalyst dissolution, (iii) catalyst agglomeration, and 
(iv) catalyst poisoning. All catalyst degradation mechanisms 
induce a loss of exchange current density and an increase of 
the Tafel slope. Experimentally, these mechanisms can be 
studied in situ using cyclic voltammetry or electrochemical 
impedance spectroscopy to measure the electrochemically 
active surface area and resistances, and ex situ using scanning 
electron microscopy for visualization of catalyst particle size 
and structure.

3.5.1.  Catalyst support corrosion.  In Design C, a catalyst 
support is used to ensure good electrical contact between the 
porous transport layers and catalyst particles. Given the harsh 
environment (high potential for the anode, high temperature 
and RH) in which the redox reactions occur, the catalyst 
support corrodes. This causes a loss of contact between the 
catalyst and the electrode, a reduction of the catalyst layer 
thickness, and changes to catalyst surface morphology. In 
consequence, it induces a decrease of the electrochemically 
active surface area (generally increasing the activation over-
potential) and an increase in the electrical contact resistance.

3.5.2.  Catalyst dissolution.  Catalyst dissolution is the loss of 
catalyst particles due to corrosion and/or photocorrosion, and is 
relevant for all three designs considered. For design C, no pho-
tocorrosion occurs. High potentials as well as potential cycling 
(during short-time transients) are known to have a high impact 
on the catalyst dissolution rates [136, 137]. Another parameter 
strongly impacting the dissolution rate is pH. Precious metal 
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oxides like IrO2 and RuO2, which are generally used as the 
anode catalysts, are stable in acids and unstable in bases. There 
is good stability when catalyst particles are in contact with 
metal oxides such as TiO2 [76] or with other catalysts [138]. 
Catalyst dissolution is usually higher at the beginning of life, 
and tends to stabilize after [26]. This is a result of the reorgani-
zation of the particles during initial operating hours.

3.5.3.  Catalyst agglomeration.  Catalyst agglomeration is the 
increase in size of single catalyst particles due to sintering or 
due to an increase in the crystal size with time. It is relevant 
for particle-based catalysts. Catalyst agglomeration induces a 
reduction in the exchange current density [139], and highly 
depends on temperature, humidity, and potential [140]. The 
sintering can occur via Ostwald ripening and/or via coales-
cence [141]. During Ostwald ripening, small particles dis-
solve, migrate, and redeposit on bigger particles, inducing a 
reduction of the electrochemically active surface. In coales-
cence, small particles sinter together to form bigger particles. 
For Design A, agglomeration of the catalyst can lead to local 
opacification of the semiconductor.

3.5.4.  Poisoning by foreign ions (catalyst deactivation).  The 
presence of some ions such as Cux+, Mox+, Agx+, Cdx+, Snx+, 
and Pbx+ (corrosion products or coming from the feed water) 
can significantly poison the catalyst surface (under potential 
deposition), leading to an increase in the activation overvolt
age, a loss of tolerance, and a decrease in the exchange current 
density [139, 142]. Fortunately, under potential deposition 
(UPD) is negligible on IrO2 and RuO2 surfaces [46].

This degradation phenomenon is reversible. When 
immersed in the liquid electrolytes (e.g. H2SO4 solution), 
the impurities can be removed and the catalyst layers can be 
reactivated [143, 144]. Therefore, poisoning by foreign ions 
should be lower in Designs A and B given that the catalysts 
operate in continuous contact with liquid electrolytes. When 
impurities are removed, the catalyst is again susceptible to 
dissolution and deactivation. In Design C, the supported cata-
lyst layer would have to be removed and treated in a liquid 
electrolyte before reintegration into the device. Sonification in 
CCl4 is also a good technique to clean fouled electrodes [145]. 
However, the contamination of the anode catalyst layer by spe-
cies like titanium, possibly coming from the semiconductor, 
bipolar plates, and porous transport layer, would induce a 
decrease in anodic exchange current density over time.

To mitigate the catalyst degradation, some researchers 
focus on the optimization of particles size and dispersion 
[146], while others focus on the development of stable mixed 
catalysts [147]. The integration of additives in the catalyst 
layer can also help to reduce the catalyst dissolution and 
agglomeration [148–151]. With regard to catalyst support, sta-
bilization techniques include the development of novel carbon 
support structures [152, 153], and the development of hybrid 
(carbon/non carbon) supports [154], which are resistant to 
high potentials. According to Rozain et al [155], the use of 
micron-sized titanium particles as support for catalysts, such 
as IrO2 particles, is a promising technique to increase stability 
against corrosion.

Furthermore, the device design should avoid local current 
concentrations because high current densities promote the 
loss of catalyst material in the concentration zone, which is 
detrimental to the durability of the entire device [156]. During 
operation, catalyst degradation can be mitigated using an 
appropriate control strategy limiting the potential cycling of 
the cell, stemming from short-term transients of incoming 
irradiation. Note that potential cycling highly accelerates cata-
lyst dissolution [136, 137].

3.6.  Electrolyte

During PEC operation, physical and chemical changes occur 
in the electrolyte, whether liquid or solid, which greatly affect 
the ionic conductivity and/or product separation. Assuming 
that (in the design choices relevant for a practical application) 
we deal with a flowing system (in contrast to a batch-type 
system), the liquid electrolyte is continuously flowing, pro-
viding reactants and removing products at the same time, and 
is potentially cleaned and recirculated. Primary degradations 
are related to pollution, salts deposits, and saturation [69, 74, 
157]. Pollution is chiefly due the dissolution of impurities 
in the electrolyte. Those impurities can come from the feed 
water and from the corrosion of different PEC components. 
They can also be produced in the electrolyte itself through 
side reactions. For instance, in alkaline electrolytes, polluting 
ions can be oxidized when the current density reaches the 
limiting current of the hydroxyl ions [158]. The impurities—
metal ions—can also induce salt deposits, which are governed 
by their own solubility product constants [69]. Evolution of 
gaseous products due to the accumulation and supersatur
ation of the produced gas in the electrolyte increases the ionic 
transport resistance. Gas bubbles can be trapped in the elec-
trolyte, causing obstruction to catalyst access. All these effects 
increase ionic transport losses in the electrolyte and reduce the 
purity of produced hydrogen.

Degradation at the SC-liquid EL interface was discussed in 
section 3.1, with an indication of the impurities which might 
affect the electrolyte. Impurity composition can be analyzed 
via ICP-MS.

Alkaline diaphragms are known to have acceptable chem-
ical and mechanical stability but exhibit poisoning or pollu-
tion from foreign ions [69, 159]. Proton exchange membranes 
(e.g. Nafion®) suffer from chemical, mechanical, and thermal 
degradations. Here we discuss them in more detail. The degra-
dation of solid electrolyte can be studied in situ using voltam-
metry or impedance spectroscopy to measure gas permeation 
across the membrane and ex situ using electron microscopy.

3.6.1.  Chemical degradation.  The chemical degradation 
mechanism occurring in the Nafion® membrane during elec-
trolysis was accurately described and modeled by Chandesris 
et  al [160]. During operation, there is a continuous oxygen 
crossover from the anode to the cathode compartment. This 
permeating flux increases with temperature and decreases 
with current density. On the cathode side, the reduction of 
the permeated oxygen competes with the hydrogen evolution 
reaction. As a consequence, hydrogen peroxide (H2O2) forms. 

J. Phys. D: Appl. Phys. 50 (2017) 124002



F Nandjou and S Haussener﻿

11

In the presence of metal ion impurities, like Fex+, hydrogen 
peroxide (H2O2) is decomposed into hydroxyl (HO) and 
hydroperoxyl (HOO) radicals [161] via Fenton’s reaction 
[162]. There is a subsequent degradation of the perfluorosul-
fonic acid backbone of the membrane with a resulting fluo-
ride and sulfur release, and a membrane thinning (mostly at 
the cathode side). Thus, the dissolved species coming from 
the corrosion of the semiconductor and/or bipolar plates can 
directly catalyze the chemical attack of the membrane. This 
degradation mechanism leads to an exponential increase of 
gas crossover, and can also lead to membrane failure. It there-
fore significantly affects the reliability of the device.

Chemical degradation largely depends on operating temper
ature. According to Chandesris et al [160], the fluoride release 
rate (FRR) increases from 0.25 to 1.7 µg h cm2/ /  at 1 A cm−2  
when the temperature changes from 60 °C to 80 °C. The fluo-
ride anions produced are very aggressive and contribute to an 
increased corrosion rate of other components.

The chemical degradation can be studied experimentally in 
situ by measuring FRR and the sulfur emission rate (SER) in 
the effluent water, and ex situ by measuring the thickness of 
the membrane at the beginning and end of life. The polymer 
membrane also suffers from photolysis [163], which is the 
chemical process whereby a chemical compound is broken 
by incident photons, resulting in lower molecular weight mol-
ecules. This change has negative consequences on the ionic 
conductivity and refractive index of the membrane. According 
to Fox et al [164], the dose of exposure to radiation plays an 
important role in Nafion® membrane degradation. Gamma 
rays are particularly responsible for chemical degradation, 
with a consequent fluoride release.

3.6.2.  Poisoning (deactivation due to crosslinking by metal 
ions).  Metallic ions (Fex+, Nix+, Crx+, Cux+, Pbx+) are the 
most significant membrane poisoners. They are generated 
during corrosion and additionally come from feed water. 
Poisoning degradation mechanisms follow three sequential 
steps [139, 165, 166]:

	 -	Dissolution: the metallic ions are dissolved into the mem-
brane via diffusion and permeation;

	 -	Contamination: the metallic ions occupy the ion exchange 
sites of the polymer membrane and in the catalyst layer 
ionomer;

	 -	Poisoning: since the metal cations migrate slower than 
protons, the contaminants lead to higher ohmic losses.

Membrane poisoning by metallic ions can be reversed by 
bathing in sulfuric acid solution.

A second group of relevant membrane poisoners are dis-
solved catalyst particles. These particles can easily precipitate 
into the membrane, inducing metallization. The associated 
mechanism, described by Grigoriev et al [167], is character-
ized by the following:

	 -	Dissolution: the catalyst particles are dissolved during 
operation (see section 3.3);

	 -	Diffusion: the dissolved catalyst particles diffuse into the 
membrane as cationic species;

	 -	Migration: the cationic species migrate towards the 
cathode because of the electric field;

	 -	Precipitation: at a certain distance from the anode, the 
cationic species react with dissolved hydrogen which 
cross-permeates from the anode, chemically reduced into 
insoluble particles. As a consequence, a metal layer forms 
in the membrane parallel to the surface.

This degradation mode induces a change in the catalyst-
electrolyte interface and, consequently, an increase of the 
capacitance of the double layer [168]. The capacitive behavior 
of the interface depends on interface roughness, crystallinity, 
and anion adsorption.

3.6.3.  Mechanical degradation.  In PEC devices, there is 
mechanical degradation of the membrane resulting from 
hydrothermal stresses. The membrane is generally a thermo-
plastic material undermined by temperature, humidity, and 
pressure cycling. Water is necessary for ion conduction, but 
its absorption by the membrane induces swelling. A polymer 
membrane expansion of 11% has been measured by Grigoriev 
et al [167]. During operation, the membrane also changes in 
crystallinity [169], which impacts ionic conductivity.

If exposed to solar radiation, membranes suffer from pho-
totendering, inducing losses in strength and flexibility [163]. 
According to Iwai et  al [170], high doses and large rates 
of gamma rays promote weakening and embrittlement of 
Nafion® material. Conti et al [171] conducted a time-resolved 
paramagnetic resonance investigation of Nafion® and con-
cluded that UV rays generate excited triplet states, acceler-
ating degradation.

Excluding the development of innovative solid electrolytes, 
such as radiation-grafted membranes, SPEEK (sulfonated 
polyetheretherketone), and SPSF (sulfonated polysulfone), 
etc [172], the degradation of membranes can be mitigated 
by using additives to improve mechanical strength [173] and 
chemical stability [174]. Consistent heat management of the 
device should be ensured in order to avoid the formation of 
hot spots, which severely accelerate solid electrolyte degrada-
tion [47, 175].

3.7.  Other components

Compared to the other designs presented in figure 1, in Design 
C there are two additional components: (i) conductive flow 
field plates, and (ii) porous transport layers. Conductive flow 
field plates, usually called bipolar plates, are multifunctional 
components simultaneously ensuring charge carrier transport 
from the semiconductor to the catalyst, the supply of reac-
tant (water), removal of produced gases from the cell, and the 
mechanical stability and integrity of the device. The plates 
should consequently exhibit good electrical conductivity, 
good mass transport in the integrated channels, low cost, good 
mechanical strength, and good durability. Stainless steel is a 
less expensive alternative, but it corrodes very quickly in a 
highly acidic environment. For that reason, if used, steel is 
usually coated with titanium or platinum [176]. This coating, 
while successful in reducing corrosion, increases the electrical 
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resistance [177]. Titanium is a more costly alternative for flow 
field plates. It has good corrosion resistance, but evolves a pas-
sive oxide layer during the first few operating hours, greatly 
increasing the electrical contact resistance [178, 179]. Another 
degradation mechanism reported in literature is the hydrogen 
embrittlement of the cathode plate through the diffusion of 
hydrogen in the metal, with a subsequently increased prob-
ability of fracture [180]. Nitridation is an excellent method to 
prevent H2 embrittlement of Ti plates.

The porous transport layer (PTL) is usually made of carbon 
(paper or cloth) or metal material (felt, powder, or mesh). 
Porous transport layers mainly suffer from chemical degrada-
tion due to corrosion, and by erosion due to water flow [181]. 
Corrosion is more severe at the anode compartment due to 
the combination of high potential and high oxygen concentra-
tion. For this reason, metallic materials are usually preferred 
as the anode PTL. Mo et al [182] tested a stainless steel mesh 
as the anode PTL, but they observed a high corrosion rate, 
with a high transport of irons from anode to cathode, pol-
luting the membrane and catalyst layers. Titanium meshes, 
felts, and foams are the most durable approaches, thanks to 
their resistance to corrosion [183]. However, titanium based 
porous layers also suffer from a passive oxidation layer, which 
reduces performance. The use of platinum or gold-based coat-
ings prevents dramatic increases in electrical resistance, but 
engenders additional costs.

PTLs also suffer from mechanical degradation: interface 
delamination and fiber cracks. Interface delamination is 
caused by freeze and thaw cycles. The processes of ice for-
mation and melting in the pores induce cycles of expansion 
and compression in the fibers, leading to delamination [184]. 
Fiber cracks, which highly degrade electrical conductivity, 
are caused by a local overcompression of the fibers [185]. 
In fact, good clamping pressure is necessary to achieve solid 
electrical contact between the bipolar plates and the PTL, but 
this pressure is heterogeneous over the active area due to the 
channel-rib structure of the bipolar plates.

The PTL can also suffer from pollution and gas starvation, 
caused by the accumulation of solid particles or gas bubbles 
in PTL pores. Solid impurities, which come from corrosion 
products or from feed water can block the reactant supply 
and the removal of products, resulting in an increase in the 
mass transport resistance of the device. Indeed, pore size and 
structure greatly affect fluid transport [186]. Gas starvation 
in the pores leads to obstruction of the reactant and product 
diffusion pathways, decreasing the overall performance of the 
device [187].

3.8.  Overview of degradation mechanisms

An overview of the different degradation mechanisms pre-
sented above, as well as the interplay between the different 
components is presented in this section. In figure 2(a), deg-
radation mechanisms are organized according to the comp
onents and interfaces affected. Intrinsic degradations of 
components are indicated with red circles, while degrada-
tions arising from the degradation of other components are 
circled in green.

Design B is used for illustration, so catalyst photocorro-
sion as well as corrosion of bipolar plates and porous transport 
layers are missing from the figure. Note that in contrast to 
Design A, Design B doesn’t endure catalyst and electrolyte 
photo-driven degradation processes (photocorrosion, photol-
ysis, phototendering, etc). In figure 2(b), the interplay between 
the degradation effects of different components is presented. 
At the center of the semiconductor-electrocatalyst-electrolyte 
triangle is solar radiation.

Direct interaction between the photons and various comp
onents is responsible for several degradation mechanisms spe-
cific to photo-driven applications. There are different ways to 
classify and quantify those degradations and their impact on 
device lifetime.

3.8.1.  Degradation classification.  There are two different 
classes of degradation, depending on their consequences to 
device performance:

	 i.	Progressive performance loss (durability).
		 This first category of degradation can be observed in situ 

during experimentation and can be classified into two 
subgroups:

		 - � Reversible degradation: when the lost performance can 
be recovered using alternative methods. For instance, 
dynamic effects in the semiconductors (capacitive 
charging, intercalation etc.) can be recovered during 
dark periods, and electrolyte and catalyst pollution 
by ions (deposits, passivation) can be recovered by 
sweeping the device with an appropriate cleaning fluid 
in order to remove impurities

		 -	 Irreversible degradations: when lost performance 
cannot be recovered. Examples are semiconductor pas-
sivation, catalyst dissolution, and structural changes.

	 ii.	Sudden loss of functionality due to failure (reliability).
		 The second category of degradation refers to an instan-

taneous drop in performance. The principal mechanism 
causing sudden device failure is local perforation of 
the solid electrolyte/separator and successive catalytic 
recombination of hydrogen and oxygen. Photoelectrode 
dissolution, cracks, and pinholes can also lead to a sudden 
loss of functionality above a certain threshold, without 
any previous sign of performance decrease. It is worth 
mentioning that the initiation of this kind of degrada-
tion can lead to punctual performance increase until the 
failure results. For example, the chemical degradation of 
the membrane induces its thinning, and in consequence a 
decrease of the ionic transport resistance up until failure. 
This kind of degradation is a considerable challenge to 
device reliability.

		 Besides degradation of individual components, an inter-
play exists between the different degradation products. 
For example, metal ions coming from the dissolution of 
the photoelectrode can catalyze chemical degradation of 
the polymer membrane.

Finally, addressing the durability and reliability issues in 
PEC devices requires tackling degradation at two timescales:
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		 - � Short-term issues are mainly concerned with the 
stability of photoelectrodes, and are fundamentally 
important and urgent due to a timescale of only a few 
hours (for unstable photoelectrodes with solid-liquid 
junctions).

		 - � Long-term issues are mainly concerned with the 
stability of catalysts, membranes, and the integrated 
device. Guidance for these issues can be gleaned from 
fuel cell and electrolyzer research communities and 
industries developing highly stable catalysts and elec-
trolytes.

3.8.2.  Degradation quantification.  Degradation must be 
quantified in order to: define end of life criteria, evaluate 
device durability, and compare long-term device perfor-
mance. Many authors have used the photocurrent stability 
to quantify device stability and define device lifetime. This 
approach is reasonable only for Designs B and C. For all 
designs, a measurement of the hydrogen production rate, 
the oxygen production rate, and the detection of products 
from side reactions, provides a more conclusive indication 
of degradation and affords possibilities for diagnosis of 

degradation mechanisms. End of life can be defined as the 
time at which the ratio between the instantaneous STH effi-
ciency and its initial value reaches a certain threshold (for 
example 80%).

4.  Durability prediction in integrated devices

4.1.  Modeling approaches

There are two major approaches to degradation modeling 
in photoelectrochemical devices, macroscopic approaches 
or physics-based approaches. Macroscopic approaches 
(top-down approaches) with empirical correlations can 
be used to relate operating conditions to the performance 
loss. This approach requires extensive (and therefore time 
intensive) experimental investigations of various materials 
and components in integrated PEC device setup. Physics-
based degradation models (bottom-up approaches) can be 
developed, on the other hand, incorporating smaller-scale 
phenomena. These small-scale models are coupled to a mac-
roscopic scale device model to provide a deeper physics-
based understanding of degradation. Such approaches are 
regularly used in the fuel cell and electrolyzer community 

Figure 2.  Overview of various degradation mechanisms. (a) Degradation mechanisms occurring in the different components and at the 
interfaces using Design B for illustration. (b) Interplay between the degradation effects of different components.
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[188]. This approach requires a detailed understanding 
of the fundamentals of material science and solid state 
physics. Both approaches are illustrated in figure 3.

In the bottom-up approach, the main challenge is the invest
igation of the impacts of different degradation mechanisms 
on the physical properties of the different components. These 
can be modeled at varying scales: atomistic, molecular, coarse 
grain, and continuum level [189], or experimentally measured 
via accelerated stress tests on individual components.

In the top-down approach, the main challenge is related to 
the implementation and testing of various materials and comp
onents in integrated PEC devices utilizing different design 
options, under a large range of realistic operating conditions. 
Additionally, the assessment and quantification of degradation 
in such measurements is challenging. The best indicator of 
device degradation utilizing this approach is the temporal evo
lution of STH efficiency. Degradation of the STH efficiency, 
however, results from the convoluted interplay between the 
degradation of various components (semiconductor, electro-
lyte, catalysts) and their interfaces. Additional detailed diag
nostics of the components can be done in situ or ex situ.

4.2.  An illustrative case study using a bottom-up approach

We utilize a bottom-up approach (without directly modeling 
of the degradation mechanisms) to develop a simplified PEC 
device model accounting for degradation, in order to quantify 
PEC device performance loss and gain insight into the design-
dependence of degradation behavior.

Performance loss in the semiconductor can be observed 
and quantified through the short circuit current, Isc, linked 
to a decrease in the fill factor, FF [190]. Other observable 

parameters are the increase in series resistance, rs, and the 
decrease in shunt resistance, rsh. Variation in rs is related to a 
change in the electrical conductivity of the material, and an 
increase in the recombination rate. Variation in rsh is related 
to changes in crystallinity, changes in contact resistance at the 
metal-semiconductor interface, and metal migration through 
the interface. A decrease in the photogenerated current, iph, 
due to a change in the absorption behavior of the semicon-
ductor, and an increase of the reverse diode saturation cur
rent, id, is also observed. As a consequence, the open circuit 
voltage, Voc, decreases, resulting from a loss in the ability of 
the junction to separate the electrons and holes.

Performance loss in the integrated electrolyzers is often 
observed through an increase in the potential losses in the 
system. Reversible degradation effects account for up to 61% 
of the total voltage increase, and are more pronounced at high 
current densities [139]. Irreversible degradation effects are 
often related to an increase of (i) ohmic resistances (corro-
sion and passivation of the plates, increase of the membrane 
ionic resistance), (ii) transfer resistance in the catalyst layers 
resulting in a decrease of the exchange current density, i ,0  
and (iii) the Tafel slope, b, due to catalyst dissolution, or/and 
deactivation and pollution. Usually, greater degradation and 
resulting potential losses over time are observed in the anodic 
catalyst. However, degradation of the cathodic catalyst can 
also play a significant role [137]. Generally, the Tafel slope 
does not significantly increase during operation [191], but 
large changes in catalyst particle size and structure can affect 
it considerably. Furthermore, the chemical degradation of the 
membrane induces an increase of the hydrogen permeation, 
with a resulting reduction in efficiency. One fundamental dif-
ference between commercial electrolyzers and electrolyzers 

Figure 3.  Different approaches to degradation investigation in PEC cells.
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operating in wired PEC cells is the operating current density. 
While the former operate at current densities around 1 A cm−2, 
the latter operate at around 10 mA cm−2. Cost advantages are 
usually observed for larger current densities (reduced use of 
components). In order to reach high current densities in PEC 
cells, radiation and/or current concentration can be applied 
[1, 192]. Generally, measured performance loss is larger at 
high current densities [193]. In contrast to commercial elec-
trolyzers, degradation of the electrochemical surface area of 
the catalyst in PEC devices (related to the exchange current 
density) has more impact on performance than the reduction 
of the electronic activity of the catalyst (related to the Tafel 
slope, which indicates how much the overpotential needs to 
be increased in order to increase the reaction rate). Another 
fundamental difference between the commercial electrolyzer 
and the PEC device is the instability caused by the solar pro-
file, which can induce extreme dynamics in PEC cells. Those 
dynamics are known to accelerate degradation of the electro-
lyzer [138].

The simplified equations  describing the buried photoab-
sorber and the integrated electrolyzer are [47, 194]:
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where n is the ideality constant of the diode, i  the operating 
current density, U the operating voltage, and Uocv the equilib-
rium potential of the two water electrolysis half-reactions. The 
current dilution factor, F, is used to take into account the ratio 
between the photoabsorber and the electrolyzer areas [1]. iph 
and id are calculated using the following relations [1]:
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where isc,0 and C are, respectively, the short circuit current in 
the reference conditions (1000 W m−2 with no concentration) 
and the radiation concentration (defined as the area between 
the radiation collector and the photoabsorber). Voc   and Voc,0 
are, respectively, the open circuit voltage in the operating and 
in the reference conditions. φ and φ0, respectively, represent 
the mean operating radiation flux (assumed 300 W m−2) and 
the reference radiation flux (1000 W m−2).

We collected degradation rates found in literature for sep-
arated photovoltaics cells and electrolyzers due to a lack of 
measured PEC degradation data. We believe they provide an 
interesting starting point into the investigation of integrated 
PEC device degradation. Generally, the degradation of iph, rs, 
rE and rsh are linear, while the degradation of id is exponential 

with time [195, 196]. The variation of i0 is usually higher at 
the beginning of life due to catalyst particle reorganization 
during the first operating hours. In this study, we assumed lin-
earized evolution of all degradation parameters, according to:

= +p p Kt10( )� (12)

where p and p0 are, respectively, the value of the physical 
quantity at the time t (in hours) and at the beginning of life. 
The values of the annual degradation rates, K, are collected 
from experimental and modeling results in literature [47, 138, 
139, 143, 195–201]. The chosen reference parameters are pre-
sented in table 2. 

Table 2.  Different parameters used in the model. The initial values 
represent the values of the physical parameters at the beginning 
of life. Three different types of semiconductor can be used, 
depending on the design (SC 1, SC 2, and SC 3). Minimum, mean, 
and maximal values are used in order to study the impact of the 
degradation rates of single components on device performance.

Parameter p 
(units)

Initial  
value p0

Degradation rate K (× −10 5  h−1)

Minimum Mean Maximum

−i A msc,0
2( ) SC 1: 191 −0.2 −0.35 −0.5

SC 2: 191
SC 3: 196

Voc V( ) SC 1: 1.79 −0.1 −0.2 −0.3
SC 2: 2.01
SC 3: 2.32

rs Ω m2( ) SC1 and  
SC3: ⋅ −3 10 3

+0.5 +1.75 +3

SC 2: ⋅ −3 10 5

rsh Ω m2( ) 2 −1 −2 −3

i a0,  −A m 2( ) ⋅ −2 10 2 −0.25 −1.35 −2.5

i c0,  −A m 2( ) 10 −0.25 −1.35 −2.5

ba −mV dec 1( ) 47 No  
degradation

+0.5 +0.5

−b mV decc
1 ( ) 30 No  

degradation
+0.5 +0.5

rE Ω m2( ) ⋅ −2 10 5 +4.4 +25 +40

Table 3.  Degradation rates of the physical parameters used for the 
different designs.

Parameter p 
(units)

Degradation rate K (× −10 5  h−1)

Design A Design B Design C

−i A mph
2( ) Max Mean Min

Voc V( ) Max Mean Min 

rs Ω m2( ) Min Max Max

rsh Ω m2( ) Min Max Max

i a0,  −A m 2( ) Max Mean Min

i c0,  −A m 2( ) Max Mean Min

ba −mV dec 1( ) Mean Mean Min
−b mV decc

1 ( ) Mean Mean Min

rE Ω m2( ) Min Min Max
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The change of the ideality factor n  is not considered in this 
study, but it can have non negligible effect on the performance 
degradation [195].

4.2.1.  Impact of the PEC design on performance loss  In this 
section, the impact of PEC designs on performance losses 
is investigated using the physical parameters presented in 
table 2. Degradation rates of the physical parameters highly 
depend on design. In Design A it is supposed that photo-
corrosion and chemical destabilization at the SC-liquid EL 
and EC-liquid EL interface induce large degradation rates of 
iph, Voc, i a0,  and i c0, . In Design B, the main accelerated deg-
radation parameters are considered for iph and Voc due to the 
photocorrosion and chemical destabilization of the semicon-
ductor, and for rs and rsh due to the metal wire corrosion and 
the degradation of the contact between the semiconductor 
and the wire. In Design C, the main accelerated degradation 
parameters are the electrolyzer electrical resistance degra-
dation due to increases in the ionic resistance of the solid 
electrolyte, and the increase of electrical contact resistances 
between the different components. A summary of the differ-
ent parameters considered for the different designs is pre-
sented in table 3.

Photoabsorbers were chosen based on the ideal per-
formance of a tandem photoabsorber calculated by the 
Shockley–Queisser limit [202]. Three semiconductor tan-
dems with very similar isc,0 but increasing Voc were chosen 
utilizing two different band gap semiconductors for each: 
1.82/0.6 eV band gaps (SC 1), 1.8/1.2 eV band gap (SC 2), 
1.6/1.08 eV band gaps (SC 3). The electrocatalysts chosen 
are IrO2, and Pt particles in acidic environments for the 
anode and cathode catalyst layers, with a loading of 1.5 
and 0.5 mg cm−2, respectively. Solid and liquid electrolytes 
chosen are Nafion® and sulfuric acid, with a mean ionic path 
length resulting in a resistance of 2 · 10–5 Ω m2. Mass trans-
port limits and concentration variations in the electrolytes 
are neglected.

Evolutions of the current density versus voltage curves 
(i–V-curves) during the first 30 000 operating hours of the 
device utilizing SC1, obtained using a typical yearly-mean 
operating radiation flux (300 W m−2 for 24 h a day, 300 K), 
are presented in figure 4.

Globally, the operating point is very close to the maximal 
power point of the photoabsorber at the beginning of life. 
Component choice was deliberately made to ensure this initial 
operation in order to optimize device design in terms of effi-
ciency and cost. For all designs, the performance degradation 
rate is lower at the beginning of life but progressively increases. 
For example in Design B, the degradation of the operating cur
rent density is 0.39 mA m−2 h−1 during the first 10 000 h, 0.98 
mA m−2 h−1 during the following 10 000 h, and 1.19 mA m−2 
h−1 during the last 10 000 h. All device designs continue to 
show reasonable efficiencies after 30 000 operating hours, with 
the exception of Design A, where efficiency is close to zero at 
the end of life. Given that the electrocatalysts work near the 
activation zone (due to the low current densities of the photoab-
sorber), performance loss is mainly affected by semiconductor 
degradation. However in Design A, the increase in the activa-
tion overpotential, due to electrocatalyst corrosion and photo-
corrosion, has a high impact on performance loss. In Design B, 
the activation potential increase is lower, but degradation of the 
semiconductor induces a very large drop in the operating point. 
In Design C, degradation of the electrolyzer is mainly due to an 
increase of the ohmic losses, even though its impact is moderate 
at these low operating currents. The performance loss is almost 
entirely due to photoabsorber degradation.

In order to compare the durability of the three designs 
over their entire lifetime, the cumulated amount of produced 
hydrogen was computed, considering a yearly mean radiation 
flux of 300 W m−2. The obtained values for the Designs A, B, 
and C were 31.6, 52.1, and 57.1 kg m−2, respectively. Thus, 
Design C is more durable, even though alternative parameters 
such as materials, geometry, and operating conditions must be 
considered for a more accurate study.

In order to evaluate the effects of different degradation 
parameters on performance drop in PEC devices, a sensi-
bility study was also performed. The degradation combina-
tions primarily affecting performance were a change in the 
absorption behavior of the semiconductor and an increase 
of the electrolyzer resistance to charge transport. While the 
former cannot be managed easily, the latter can be limited 
by using coated bipolar plates and porous transport layers, 
and by regularly sweeping the electrolyzer with an appro-
priate cleaning solution to remove impurities. Typically, the 

Figure 4.  Evolution of the i–V-curves during the first 30 000 h of device operation for the three different designs, all for SC1. The black, 
yellow, green, and red lines correspond to 0, 10 000, 20 000, and 30 000 operating hours. Circles indicate operating points at the different times.
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degradation rate K of the electrolyzer’s electrical conduc-
tivity drops from ⋅ −40 10 5 to ⋅ − −4.4 10 h5 1   when the titanium 
components of the cell (bipolar plates, porous transport 
layers) are coated [139].

The studies presented in figure 4 are obtained for 1 sun (no 
radiation concentration) and low operating current densities 
for the electrolyzer. However, radiation concentration is often 
useful to minimize the cost of the photoabsorber while cur
rent dilution is useful for optimizing the operating point of the 
electrolyzer [1]. The impact of these parameters on durability 
is detailed in the following section.

4.2.2.  Impact of PEC operation on performance loss.  Four 
different operating cases of Design C are investigated in order 
to evaluate the impact of device geometry on performance 
loss and lifetime:

		 Case 1: A design with no radiation concentration and 
no current dilution (the same as presented above, in 
section 4.2.1). The areas of the photoabsorber and elec-
trolyzer are the same (C  =  F  =  1), and the semiconductor 
SC 1 is used for the photoabsorber)

		 Case 2: A design with radiation concentration (C  =  100) 
and no current dilution (F  =  1). Due to the radiation 
concentration, the photoabsorber and electrolyzer have 
a smaller area. Compared to case 1, a high open circuit 
voltage photoabsorber is used (SC 2, presented in table 3) 
in order to make the electrolyzer function in the ‘plateau’ 
region at the beginning of life. High current densities 
induce high ohmic losses in the electrolyzer, shifting the 
operating point into the resistance zone of the photoab-
sorber i–V curve.

		 Case 3: A design with no radiation concentration (C  =  1) 
and a current concentration in the electrolyzer (F  =  0.1). 
The advantage of concentrating the current is to have an 
electrolyzer with a small surface, which operates at a 
high current density. Compared to case 1, a medium open 
circuit voltage photoabsorber is used (SC 2 as presented 
in table 3) in order to make the device operate in the ‘pla-
teau’ region at the beginning of life.

		 Case 4: A design with radiation concentration (C  =  100) 
and current dilution (F  =  10). The electrolzyer area is 
larger than the photoabsorber area. This current dilution 
allows electrolzyer operation at moderate current densi-
ties, avoiding high degradation rates and potential mass 
transport limitations. As in case 3, a medium open circuit 
voltage photoabsorber is used (SC 2).

In Case 1, the photoabsorber works close to the conditions 
of the studies from which we extracted the degradation rate 
range (1000 W m−2, 300 K). The electrolyzer, however, works 
at much lower current densities (around 180 A m−2) com-
pared to the conditions of the studies from which we extracted 
the degradation rate ranges (around 10 000–20 000 A m−2).  
Moderate degradation rates were utilized since the degrada-
tion of the electrolyzer greatly increases in tandem with oper-
ating current density.

In Case 2, high degradation rates were used for the pho-
toabsorber as well as for the electrolyzer. The photoabsorber 

operates at very high irradiations (i.e. 300 000 W m−2) and the 
electrolyzer at high current densities (around 18 000 A m−2). 
Those operating conditions, caused by the radiation concen-
tration, increase the degradation rates.

In Case 3, high degradation rates are utilized only for 
the shunt and series resistances of the photoabsorber. Other 
degradation rates are moderate. The photoabsorber (SC 2) 
works at the yearly-averaged irradiation (300 W m−2), while  
the electrolyzer works at a mean current density (around  
1800 A m−2), due to the current concentration between the 
photoabsorber and the electrolyzer.

In Case 4, high degradation rates are used for the pho-
toabsorber while mean degradation rates are used for the 
electrolyzer. This design represents the best solution from 
a techno-economic point of view because it concentrates 
the radiation on a small area of the photoabsorber (which is 
costly), and dilutes the current density at reasonable values 
in a larger area electrolyzer [1]. A summary of the different 
parameters considered in the four cases is presented in table 4.

The evolutions of the current density versus voltage curves 
(i–V-curves) during the first 30 000 operating hours of the 
device, obtained using the yearly mean operating radiation 
flux (300 W m−2), are presented in figure 5.

In Case 1, the electrolyzer operates in the activation zone 
and degradation in performance results from ohmic losses. 
Given that those degradation rates are very low at the given 
current density (around 55 A m−2), the performance degrada-
tion of the device is mainly due to photoabsorber degradation. 
This configuration allows the achievement of high durability. 
However, the electrolyzer underperforms, and its hydrogen 
production rate is very small compared to capacity. Note that 
for a PEC device working at low current densities (low radia-
tion concentration), an increase of the activation overpoten-
tial, which is related to degradations of the exchange current 
density and Tafel slope (i.e. the catalyst degradation), has 
more impact on performance degradation than an increase in 
ohmic losses (i.e. degradation of the electrolyte, passivation 
layers, etc).

Table 4.  Degradation rates of the physical parameters used for the 
four case studies.

Parameter p 
(units)

Degradation rate K (× −10 5  h−1)

Case 1 Case 2 Case 3 Case 4

C  =  1, 
F  =  1

C  =  100, 
F  =  1

C  =  1, 
F  =  0.1

C  =  100, 
F  =  10

−i A mph
2( ) Min Mean Min Mean

Voc V( ) Min Mean Min Mean
rs Ω m2( ) Max Max Max Max

rsh Ω m2( ) Max Max Max Max

i a0,  −A m 2( ) Min Max Mean Mean

i c0,  −A m 2( ) Min Max Mean Mean

ba −mV dec 1( ) Min Max Mean Mean
−b mV decc

1 ( ) Min Max Mean Mean

rE Ω m2(   ) Max Max Mean Mean
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In Case 2, both the photoabsorber and electrolyzer operate 
at high current densities, accelerating their degradation. The 
electrolyzer, working in the ohmic zone, is very sensitive to 
increases in electrical resistances. The largest reduction in cur
rent density (0.237 A m−2 h−1) is observed during the initial 
operating hours, followed by a progressive decrease. Thus, for 
a PEC device operating at high current densities, all degrada-
tion mechanisms which increase the electrical or ionic trans-
port resistances (electrolyte poisoning, corrosion of the metal 
plates, passivation) should be limited as much as possible.

In Case 3, the operating current, which determines the 
amount of produced hydrogen, decreases slightly during 
the first 20 000 h, followed by a dramatic drop at a certain 
threshold, when the device starts to work in the resistance 
zone of the photoabsorber.

In Case 4, the behavior is very similar to Case 3, even 
though the irradiation is very different. Thus, current dilu-
tion is helpful in moderating performance degradation due to 
radiation concentration.

The cumulated amount of produced hydrogen, considering 
a yearly mean radiation flux of 300 W m−2, is 57.1, 32.4, 58, 
and 60.1 kg m−2 for cases 1, 2, 3, and 4, respectively. Note 
that the reference area is the total irradiated area, i.e. the area 
of the irradiation collection, which equals the photoabsorber 
area if no irradiation concentration is used, or the area of the 
concentrator if irradiation concentration is used. Given that 

the semiconductors are often costly components of the device, 
the total amount of produced hydrogen can also be reported 
by semiconductor-area, useful for a techno-economic compar-

ison. Hence, the values become 57.1, 3240, 58, and 6010 kg 
−m 2
SC

 for cases 1, 2, 3 and 4. Hence, Case 4, which uses radia-
tion concentration and current dilution, appears to be the most 
competitive solution. In a case where the electrocatalyst is 
the most expensive component, the total amount of produced 
hydrogen reported per electrocatalyst-area is 57.1, 3240, 580, 
and 601 kg −mEC

2 for cases 1, 2, 3, and 4. Therefore, Case 2, 
which uses radiation concentration and no current dilution, 
appears to be the most competitive solution.

4.2.3.  Impact of the design point on performance loss.  The 
cumulated amount of produced hydrogen highly depends on 
device operating point at the beginning of life. The closer the 
initial operating point is to the maximal power point of the 
photoabsorber, the more dramatic the impact of degradation 
on performance (even starting within the initial operating 
hours). However, the farther the operating point is from the 
maximum power point (at potentials smaller than the Voc), 
the larger the overdesign of the photoabsorber, leading to an 
extra expense for a large Voc photoabsorber. Thus, a tradeoff 
between photoabsorber overdesign and durability is found. 
We use Case 4 (introduced in section 4.2.2) to compare two 

Figure 5.  Evolution of the i–V curves during the first 30 000 operating hours of the device for four different cases (table 4). Case 1. Design 
with no radiation concentration and no current dilution (C  =  F  =  1). The area of the photoabsorber and electrolyzer are the same. Case 2. 
Design with radiation concentration (C  =  100) and no current dilution (F  =  1). Case 3. Design with no radiation concentration (C  =  1) and 
current concentration (F  =  0.1). Case 4. Design with radiation concentration (C  =  100) and current dilution (F  =  10). The black, yellow, 
green, and red lines correspond to 0, 10 000, 20 000, and 30 000 operating hours. The circles indicate the operating points at different times.
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different semiconductors with different Voc, but very similar isc: 
SC 2 (isc,0  =  191 A m−2, Voc  =  2.01 V) and SC 3 (isc,0  =  196 
A m−2, Voc  =  2.32 V). The obtained evolutions of the cur
rent density versus voltage curves, using both semiconduc-
tors at the yearly mean operating radiation flux (300 W m−2),  
are presented in figure 6.

We observe that good durability can be obtained if the 
design point of the device is far from the maximum power point 
of the photoabsorber (using the SC 3). For comparison, the 
total amount of produced hydrogen moves from 60.1 to 62.3 kg 
m−2 (per concentrator collection area) when a photoabsorber 
with a higher open circuit voltage is used. If the operating point 
remains in the ‘plateau’ region, decreases in the hydrogen pro-
duction rate mainly depend on the degradation of the photocur
rent and shunt resistance of the photoabsorber. Because of this, 
solar cells with high open circuit voltages and low series resist
ances should be used, but this increases the cost.

5.  Summary and conclusion

We reviewed degradations of integrated photoelectrochemical 
(PEC) devices and developed a case study to illustrate their 
impact on evolutions in performance.

First, we identified and discussed the relevance of inte-
grating investigations of durability into the design of pho-
toelectrochemical devices, and we defined lifetime targets 
for economically competitive and sustainable PEC device 
approaches. An overview of all reported long-term PEC oper-
ating studies and associated device lifetimes was given, and the 
main challenges were summarized. We presented the different 
components required for the functionality of a PEC device 
(semiconductor, catalyst, and solid and liquid electrolyte), and 
discussed the interfaces present in different PEC device con-
figurations. Degradations of the individual components were 
described in detail, and the parameters influencing them were 
presented.

For the semiconductor, degradation mechanisms reviewed 
include: chemical corrosion, electrochemical corrosion, 
photoelectrochemical corrosion, chemical destabilization, 

protonation, and hydroxylation. For the electrocatalyst, the 
presented degradation mechanisms include: dissolution, 
agglomeration, deactivation, and catalyst support corrosion. 
For solid electrolytes, we dicussed: chemical attack, poisoning 
by foreign ions, mechanical degradation, phototendering, pho-
tolysis, and embrittlement. For the liquid electrolyte, degrada-
tion mechanisms reviewed include: pollution, salt deposits, 
and saturation. We further discussed how the individual 
component degradation affects integrated device degradation, 
as well as how device design and operation affects comp
onent degradation. The degradation of three different PEC 
device designs and four different operating conditions were 
estimated in detail using a simplified bottom-up modeling 
approach. Different degradation rates of device components 
(reported in literature) were used to predict degradation in the 
performance and durability of PEC devices. We highlighted 
how PEC device design choice and applied operating condi-
tions boost the salience of various degradation mechanisms, 
and how these impact the overall device lifetime.

We find that the semiconductor-liquid electrolyte junc-
tion is the most challenging interface for short-term stability, 
while catalyst and electrolyte degradation is more relevant and 
challenging for reliability and long term durability. We also 
find that different degradation mechanisms are relevant for 
different device designs. In particular, exposing the photoab-
sorber directly to the electrolyte, or protecting it (using pro-
tecting films or separation through wires), significantly affects 
the degradation of photoabsorber components. Similarly, 
exposing electrocatalysts directly to irradiation or hiding them 
in the dark significantly affects degradation of the catalysts. 
For PEC device designs utilizing wires and separating charge 
generation (i.e. photoabsorbers) and electrochemical reaction 
(i.e. catalysts), the risk of self-oxidization of the semicon-
ductor instead of the reactant (i.e. water) is eliminated, and 
long-term durability is more plausible. Monolithic designs, on 
the other hand, require the use of liquid electrolytes, which are 
often strongly acidic or basic, in order to reduce the solution 
conductivity losses and pH gradient overpotentials, with the 
negative effect of a dramatic enhancement in photocorrosion. 

Figure 6.  Evolutions of the i–V curves during the first 30 000 operating hours of a device with radiation concentration (C  =  100) and 
current dilution (F  =  10). (a) Semiconductor with = −i 191 A msc,0

2      and =V 2.01 Voc   . (b) Semiconductor = −i 196 A msc,0
2      and 

=V 2.32 Voc   . The black, yellow, green, and red lines correspond to 0, 10 000, 20 000, and 30 000 h. The circles indicate the operating points 
at different times.
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There are various promising solutions to increase the dura-
bility of PEC devices utilizing catalyst-decorated photo-
absorbers directly immersed in liquid electrolyte, such as:  
(i) the discovery and testing of new semiconductors which are 
stable in strongly acidic/basic electrolytes, or (ii) the develop-
ment of new materials and new techniques to protect unstable 
semiconductors.

The case study presented here provides a simple bottom-up 
macroscopic modeling tool to assess the impact of component 
integration and combination, component degradation, and 
device design and operation on long-term integrated device 
performance and durability. As inputs, we used degradation 
rates of the various components cited in literature. Our tools 
can provide quantification of device degradation, and guide 
the choice of components, device design, and device operating 
conditions. Our modeling results predict that the cumulative 
amount of produced hydrogen during the lifetime of a device 
highly depends on device design choice, on irradiation inten-
sity and concentration as well as on the current density and 
concentration in the design, and on the initial design operating 
point of the device. The initial design operating point of the 
PEC device must consider the tradeoff between the expense of 
a high-voltage photoabsorber and performance loss with aging. 
The closer the initial design point to the maximum power  
point of the photoabsorber, the more dramatic the performance 
degradation, even during the first hours.

Globally, to mitigate degradation of PEC devices, different 
reference scales should be considered simultaneously. At the 
scale of components, new materials as well as new deposition 
and coating techniques should be developed. At the scale of 
the cell, component integration and device design should be 
optimized. An appropriate component integration should limit 
the occurrence of non-stable interfaces (depending on the 
materials of the components) and the exposure of components 
prone to photo-driven degradation processes under irradiation 
(see figure 2). Once the particular integration is chosen, the 
design of the cell (positions, dimensions, and orientations) 
should simultaneously optimize the position of the initial 
operating point (with respect to the maximum power point of 
the photoabsorber), and limit current density heterogeneities 
while avoiding local hot spots. At the system scale, appro-
priate prognostics and heath management of the PEC device 
should be performed in order to identify degradation sources. 
In this manner, the heat and water management, device main-
tenance, and component replacement can be optimized.

Future degradation investigations should focus on the 
understanding, characterization, and quantification of the 
effect of each degradation mechanism on the physical proper-
ties of components, and examine how durability and reliability 
testing can be used to trace the source of degradation mech
anisms. Furthermore, atomistic-scale degradation models 
studying the kinetics of degradation mechanisms should be 
coupled to continuum-scale device performance models in 
order to predict evolution of the efficiency and purity of pro-
duced hydrogen, and to prevent catastrophic device failure. 
In parallel, PEC devices should be developed and tested 
under real operating conditions, with appropriate durability 

testing protocols. Appropriate accelerated stress tests, taking 
into account all of the real time transients of devices should 
be defined. Moreover, reference testing conditions should 
be introduced for benchmarking of degradation studies and 
reasonable lifetimes and durability targets should be defined. 
Simultaneous combination of experimental and numerical 
results will improve the development of efficient, low cost, 
sustainable, and durable photoelectrochemical devices and 
provide a pathway for the practical large-scale implementa-
tion of PEC-based solar hydrogen processing plants.
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