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Photoelectrochemical (PEC) water splitting, one of the most promising technologies for
clean hydrogen generation, has drawn considerable attention over the past few decades.
Achieving simultaneous highly efficient and stable unassisted PEC water splitting has been
the “holy grail” in clean and renewable fuel generation. State-of-the-art photoelectrodes
have shown relatively high efficiencies (~10-20%). Still, their stability is limited due to
photoelectrode chemical instability, electrolyte resistance, mass transfer issues, and an
often unoptimized experimental setup. In this work, we present a framework and a set of
protocols for conducting long-term stability experiments and further provide details on
several critical factors such as light source calibration, choosing the right counter
electrode, the configuration of the PEC cell, and photoelectrode sample preparation.

Keywords: photoelectrochemical, solar water splitting, hydrogen, stability, photoelectrode

INTRODUCTION

An essential requirement for large-scale commercialization of PEC water splitting is the device’s
durability against harsh electrolytes and under dark and different illumination intensities (Nandjou
and Haussener, 2017; Kaneko et al., 2018). Due to the intermittency of solar radiation, the
degradation of PEC devices is more accelerated than photovoltaic-electrolyzer devices (Shaner
etal., 2016). Most of the high-efficiency semiconductors for PEC like Si (King et al., 2017; Ros et al.,
2017) and III-V (Britto et al., 2016) are easily prone to chemical corrosion in the electrolyte (even
under dark conditions). Si is easily oxidized to SiO, in an aqueous solution (see Eq. 1) and forms a
passivation layer on the Si surface, leading to a reduction (Kainthla et al., 1986).

Si+ZOH’+4HZO—>Si(OH)§++2H2+4OH’ (1)

III-V compounds, like GaAs, also go through corrosion reactions (see Eq. 2) due to either
accumulation of a large surface hole concentration in the dark or light illumination, generating holes
at the surface (Lewerenz, 2014). However, p-type IlI-arsenide semiconductors have shown
remarkable stability under conditions where an As’ enriched surface provides passivation
against corrosion (Young et al., 2016).

GaAs + 6h" + H,O + aq — Ga)y + 2As0; + 4H" ()
It was observed that N-terminated III-nitride nanostructures show virtually no chemical or

photoelectrochemical corrosions when in contact with different electrolytes (Kibria et al., 2016;
AlOtaibi et al., 2013; Vanka et al., 2018; Varadhan et al., 2017). Recent studies further revealed that
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FIGURE 1| Calculated ¢¢,,, (black bars) and ¢QD,, (red bars) relative to NHE and vacuum level for various semiconductor photoelectrodes pH = 0 solutions, ambient
temperature 298.15 K, and pressure 1 bar. The blue and green bars represent ¢-z and ¢, 5, respectively. The black and red dotted lines are the Ecathodic @nd Eznodic,
respectively. Reprinted (adapted) with permission from Chen and Wang (2012). Copyright 2012 American Chemical Society.

the surfaces of such IIl-nitride nanostructures could be
transformed to oxynitride, which leads to improved PEC
performance, instead of degradation, under both one-sun and
concentrated sunlight illumination (Zeng et al., 2021). Mi et al.
reported one of the longest stability (>3,000h) using an
N-terminated multifunctional GaN nanowire protection
scheme on Si photocathode (Vanka et al, 2019) and
demonstrated durability under accelerated testing conditions
(Zeng et al., 2021). Furthermore, Mi et al. demonstrated high
stability of >100 h under a two-electrode experimental setup by
utilizing single (STH ~3%) (Wang et al, 2019) and double
junction (STH ~10%) (Vanka et al, 2020) InGaN/Si
photocathodes. The underlying thermodynamic and kinetics of
N-terminated (In)GaN nanostructures have been investigated in
previous publications (Vanka et al., 2018; Zeng et al., 2021; Vanka
etal., 2019; Vanka et al.,, 2020; He et al., 2019). The basic stability
criteria for conduction band minimum (¢.) and valence band
maximum (¢,) of a photoelectrode include: ¢., below ¢¢ ..
and ¢, above ¢" _ (Chen and Wang, 2012), where ¢¢ _is energy
level for cathodic corrosion reaction of semiconductor and ¢, . is
energy level for anodic corrosion reaction of semiconductor
(Chen and Wang, 2012). If ¢°  and ¢/ fall within the
energy bandgap, then the material tends to become corroded
or etched under PEC conditions. Furthermore, to avoid the
competition of cathodic and anodic photocorrosion with the
hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER), respectively, the photoelectrode must satisfy
the criteria: ¢¢ . above Ecapogic (0 V vs. NHE (Chen and
Wang, 2012)) and ¢h below Eodic [—1.23 V vs. NHE (Chen
and Wang, 2012)]. None of the semiconductor materials shown

corr

in Figure 1 (Chen and Wang, 2012) satisfy both thermodynamic
conditions of stability. In addition to these considerations, excess
charge carriers in the photoaborber (mainly metal oxides) will
lead to lattice distortions and form localized polarons (Di
Valentin and Selloni, 2011; Janotti et al., 2014; Butler et al.,
2016). These polarons can inhibit the charge transfer kinetics
and affect the interface catalysis process. Thus, electron-hole pair
recombination via polarons may hamper the stability of the
photoelectrode. Although theoretically PEC water splitting
requires 1.23 V, depending on the type of the photoelectrode,
co-catalysts, and electrolyte, overpotentials for both hydrogen
and oxygen evolution vary, and the redox potential lies typically
in the range of 1.4-1.9 V (Chen et al., 2011; Shaner et al., 2016).
Application of co-catalysts (e.g., Pt) on the photoelectrode surface
provides kinetic protection by directing photogenerated charge
carriers towards the favored water-splitting half reactions instead
of corrosion reactions (Nandjou and Haussener, 2017).
Therefore, the primary role of co-catalysts is to reduce the
redox overpotential, facilitate the mass transfer, and efficient
charge carrier extraction (Chen et al., 2011; Kaneko et al., 2018).

Over the vyears, various protection schemes have been
employed to enhance the stability of both photocathode and
photoanode. The first approach (see Figure 2A) uses relatively
thick metal oxide such as TiO, (Ros et al., 2017; Yin et al., 2018),
AL,O3 (Fan et al., 2015), or IrOy (Mei et al.,, 2014) as passivation
layers for photocathode and photoanode. Even though the
stability performance has improved substantially (Ros et al,
2017; Yin et al, 2018), the major issue is photocurrent loss
due to poor charge carrier transfer kinetics and light
absorption (Kaneko et al., 2018). In addition, these protective
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FIGURE 2 | (A) Schematic showing the conventional thick protective layer with a catalyst on top of the light absorber. (B) Schematic showing the photoelectrode
with catalyst layer as a protective layer. Reprinted (adapted) with permission from Vanka et al. (2019). Copyright 2019 Royal Society of Chemistry.
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layers suffer from the presence of pinholes and often involve the
use of additional deposition methods, such as ALD. Henceforth,
during stability testing, these pinholes may act as catalytic
degradation sites, which eventually leads to exposure of the
photoelectrode to the electrolyte solution (Ros et al, 2017;
Ben-Naim et al., 2020). Moon et al. observed in their stability
experiments a decrease in photocurrent density and photovoltage
for TiO, protected III-V triple-junction solar cell photocathode
(Moon et al., 2020). This performance degradation is due to the
pinholes within the TiO, layer, which erodes the top junction by
allowing acidic electrolyte solution to dissolve the top junction
and ultimately lead to delamination (Moon et al, 2020). The
second approach (see Figure 2B) is to couple photoelectrode with
a highly active catalyst, simultaneously improving stability and
maintaining excellent reaction kinetics by efficiently extracting
the photogenerated charge carriers (Nandjou and Haussener,
2017). One of the best stabilities achieved for a photocathode
(~60 days) with a relatively low photocurrent was reported by
(King et al.,, 2017) using MoS, on Si. Furthermore, high two-
electrode stability for GalnAsP/GaAs with MoS, protection
under 2.6 suns illumination was reported recently (Ben-Naim
et al.,, 2020). Interface losses and device complexity limit the
performance of these devices. Although Si photoanode with
NiCrOy/TiO, protection (Shaner et al, 2015) showed high
stability of ~2,200 h, the photocurrent density is low, and the
applied bias is greater than 1.23V wvs. NHE. Furthermore,
hematite (a-Fe,O3;) and bismuth vanadate (BiVO,) showed
considerable stability (Dias et al., 2016; Kuang et al., 2016).
The highest stability for nanostructured BiVO, photoanode is
>1,000 h using in-situ on-demand NiFe catalyst regeneration
(Kuang et al.,, 2016). The primary issue with the metal-oxides
is their low efficiencies because of the limitations in bulk transport
of charge carriers and their wide bandgaps (Bae et al.,, 2017).
Another exciting set of stable water splitting electrodes, which
have gained attraction over the past decade, is self-healing/self-
repairing catalysts. These (photo)electrodes/catalysts (Kanan and
Nocera, 2008; Lutterman et al, 2009; Najafpour et al., 2015;
Costentin and Nocera, 2017; Feng et al., 2021; Zeng et al., 2021)
with the capacity to renew themselves during the water-splitting

reaction require special protocols to evaluate the origins of their
stability (Zeng et al., 2021). These protocols are beyond the scope
of this work.

An important factor in the stability measurements is the
configuration of the PEC cell. As discussed earlier, most of the
photoelectrodes are relatively stable in a three-electrode
configuration (Vanka et al., 2019), but few devices can reach
100 h under a two-electrode (zero-bias) PEC configuration (Ben-
Naim et al, 2020; Vanka et al., 2020). Three-electrode PEC
configuration accounts for only the stability of the working
photoelectrode ignoring the performance of the counter
electrode and the overall PEC system stability (Chen et al,
2011). On the other hand, the two-electrode PEC
configuration gives the actual efficiency and durability under a
realistic operating environment of the entire PEC cell, including
both the working electrode and counter electrode (Hodes, 2012).
Thus, it is crucial to perform the stability tests for the
photoelectrodes in a two-electrode configuration under
AM1.5G one-sun illumination to understand the real stability
of the device. While this work focuses on continuous illumination
over long durations, understanding PEC system durability under
intermittent illumination is also essential for moving this
technology from the bench to the field. Henceforth, it is
pertinent to develop standard benchmarking stability protocols
for the two and three-electrode configurations to permit
researchers to evaluate the stability performance of the
photoelectrodes against state-of-the-art devices and thereby
accelerate the progress of PEC technology for large-scale
deployment.

PROCEDURES
Summary of Method

The stability experiments are essential to gain insights into the
lifetime of the material. These experiments are conducted by
recording the photocurrent against time under continuously
applied bias in a two- or three-electrode configuration (Chen
etal,2011). As discussed earlier (see Figure 1), for most materials
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FIGURE 3 | (A) Schematic illustration of wired and wireless configurations in one- and two-compartment PEC cells. Reprinted from Bosserez et al. (2015).
Copyright 2012 EDP Sciences. (B) H-type glass chamber for PEC H, and O, evolution.Reprinted (adapted) with permission from Hernandez-Pagan et al. (2012).
Copyright 2012 Royal Society of Chemistry. (C) Dual compartment PEC cell with SEA, in-, and outlet connection. Reprinted from Bosserez et al. (2015). Copyright 2012
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without protection schemes photocorrosion is
thermodynamically favorable compared to HER or OER in an
aqueous environment under illumination. The main cause is the
accumulation of excess photogenerated charge carriers (holes or
electrons), leading to side reactions (such as self-reduction or
oxidation) (Su et al, 2017). Therefore, during stability
experiments, it is recommended to quantify the evolved H,
and O, to determine FE and STH (Chen et al, 2011).
Photocorrosion is indicated by the degradation of
photocurrent and/or LSV characteristics (such as onset
potential, saturation photocurrent, and fill-factor) with time
(Yang et al, 2019). The stability (or CA) experiments are
conducted until the failure point, ie, when the device
photocurrent shows a significant drop at a given voltage. As
shown in the flowchart (see Figure 3). The stability evaluation of
the photoelectrode starts with either CV or LSV scans. These
scans reveal whether the photoelectrode has favorable
characteristics such as good photocurrent onset voltage, high
photocurrent density, and high STH. After determining the
photoelectrode  photocurrent density vs. voltage (J-V)
characteristics, the device’s CA response is measured in an
aqueous electrolyte under AM1.5G one sun or concentrated
sunlight illumination with no bias (0V vs. counter electrode)
in a two-electrode configuration. The J-V characteristics of the
photoelectrode are periodically recorded during the stability
experiments to evaluate whether the sample has degraded
(reduction in photocurrent density or onset potential). Once
the device reaches its catastrophic failure point, physical
failure modes observed microscopically, and spectroscopic
analysis of chemical transformations can be coupled with
electrochemical procedures to inform the degradation
mechanism.

Spectroscopy and electron microscopy provide further insight
into the failure mechanism via structural analysis. Using these
techniques, we can effectively compare the chemical
transformation of the surface morphology before and after the
photoelectrochemical ~ reaction,  while such  chemical
transformation either leads to catastrophic degradation or self-
healing/self-improving (Kanan and Nocera, 2008; Malara et al.,

2016; Toma et al, 2016; Zeng et al, 2021). Either way, the
knowledge we obtain through structural analysis will provide
feedback for further optimization of our device. Toma et al.
(2016) employed EC-AFM to monitor the corrosion of BiVO,
and provide mechanistic insights into the chemical and
photochemical instability of this material, which can be used
to guide approaches for further improvement of BiVO,
photoanode. On the other hand, self-improving via chemical
transformation can also be revealed by structural analysis. Zeng
et al. (2021) reported that GaN can achieve self-improvement
during HER by forming an ultrathin layer of gallium oxynitride,
which led to lower overpotential, and higher charge transfer
efficiency, and improved durability.

Equipment and Supplies

Electrochemical potentiostat- This is the essential equipment
required to conduct J-V, Mott-Schottky, OCP, and CA
experiments.

GC- A GC analyzer is required to detect hydrogen and oxygen
gas products during PEC reactions. This equipment is also used to
determine FE (Chen et al., 2011) and H, gas evolution rates.

ICP-MS- ICP-MS is essential to determine any dissolved
photoelectrode material, co-catalysts, and other metals/non-
metals in electrolyte solution during the reaction (Deutsch
et al., 2006).

SEM- This is one of the most used techniques to determine the
morphological changes before and after stability experiments,
with resolutions in the range of a few nanometers to sub-
micrometer scale.

STEM- STEM is essential in analyzing nanometer, or atomic-
scale feature sizes by using annular dark-field imaging,
spectroscopic mapping by EDX, or EELS.

AFM- AFM scans provide nanometer resolution images of the
top surface. For 2D films, AFM is sufficient to understand the
surface degradation after stability experiments. However, for 1D
nanostructures, this technique may be somewhat limited.
Therefore, it is preferred to use SEM or STEM for 1D
photoelectrodes. As mentioned earlier, in-situ AFM
measurements such as EC-AFM and PC-AFM are
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instrumental in determining the nanoscale origin of photocurrent
(Eichhorn et al., 2018; Nellist et al., 2018; Zeng et al., 2021).

XPS- This technique helps identify the elements, chemical
states, and electronic structure of the photoelectrode material.

XRD- XRD scans provide critical information for structural
changes of the photoelectrode materials, such as crystal
structures, phases, defects, and strain distribution. Therefore,
any changes in crystallinity of the material revealed by XRD
scans can provide critical information regarding photocorrosion
on the surfaces.

Reagents- Alkaline solution (potassium hydroxide, etc.), acid
solution (sulfuric acid, etc.), and deionized water.

The essential protocols, based on the authors’ practical
experience (Vanka et al., 2019; Zeng et al., 2021), needed for
performing long term stability tests for >1,000 h are:

1. PEC cell design: The major parameters impacting the PEC cell
performance include electrolyte solution/volume and the ionic
path length (Herndndez-Pagan et al., 2012). The PEC cells (or
reactors) can be classified based on compartmentalization. As
shown in Figure 3A, both wired and wireless electrode
assembly configurations can be implemented in PEC cells
comprising either a single or double compartment (Bosserez
et al, 2015). A major limitation of single compartment PEC
cells (see Figure 3A) is that evolving H, and O, gases are
mixed in the same chamber, which leads to recombination
reactions. These unwanted chemical reactions can be avoided
by producing H, and O, in separate compartments using an
H-cell (see Figure 3B). An important issue with unsealed PEC
cells is the presence of atmospheric oxygen, which often
produces deleterious effects on the water-splitting
experiments (Hagfeldt et al, 1995). Using a dual
compartment cell (see Figure 3C) with SEA helps seal off
the sample from the environment and thus prevents air from
entering the cell (Bosserez et al., 2015). In addition, this cell
(see Figure 3C) has in- and outlet connections for feeding
electrolyte solution and product collection, respectively. It is
also essential to design proper compression cells to minimize
bubbling and/or electrolyte resistance (Vanka et al., 2019).
Furthermore, it is highly desirable that the cells have various
aperture openings to properly test samples of different sizes.

2. Back contacts: Dissolution of epoxy accelerates photoelectrode
degradation (Bae et al,, 2019; Vanka et al, 2019), and dissolved
silver may lead to dubious results in surface-sensitive XPS/ICP-MS
analysis. Thus, it is essential to eliminate epoxy and silver paste by
designing the compression cell with a metal pad, which allows the
front side of the sample to be exposed to the electrolyte with the
backside of the sample making electrical contact with the metal pad.

3. Electrolyte: In many cases, PEC experiments are conducted in
near-neutral pH electrolyte solutions because of safety
concerns and exacerbation of pinholes issues in the
protection layers (as discussed earlier) under extremely
acidic or alkaline electrolyte solutions (which are used in
commercial electrolyzers) (Obata et al., 2020). However, the
major disadvantage of using such pH-neutral conditions is the
low concentration of H"/OH™ in the electrolyte solutions. At
such low concentrations, the reactants are rapidly consumed
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FIGURE 4 | Flowchart illustrating the steps for performing long-term
stability experiments.

during CA experiments, and their refurbishment from the
other electrolyte regions is hampered by mass transport
limitations (Shinagawa and Takanabe, 2015a). This
concentration imbalance leads to extra overpotentials in
addition to kinetic overpotentials from catalysts (Shinagawa
and Takanabe, 2015b; Ahmet et al., 2019). Furthermore, in an
H-cell (see Figure 3B) with no buffer in the electrolyte
solution, the generation of H, and O, gases in separate
compartments leads to elevated and reduced pH,
respectively. The local pH shift in the electrolyte solution
during PCET reactions near the photoelectrode surface is a
critical in factor determining its stability and efficiency. To
mitigate this issue, buffer ions are added to the electrolyte
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experiments. (F) ICP-MS measurements of liquid samples at different runs during the experiment. Reprinted (adapted) with permission from Vanka et al. (2019).
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solution. However, it is hard to eliminate the local pH gradient
as the diffusion coefficients of buffer ions are smaller
compared to those of H'/OH  ions (Shinagawa and
Takanabe, 2016; Ahmet et al., 2019).

4. Counter electrode: The counter electrode plays a vital role in
determining the stability of the entire PEC cell (Hodes, 2012).
Some counter electrodes dissolve in the electrolyte during the
reaction and can be plated on the photoelectrode,
complicating PEC analysis (Choi et al, 2014). Thus,
choosing stable counter electrodes and constructing a PEC
compression cell with a membrane is important to prevent
unwanted metal deposition on the photoelectrode surface.

Instrument or Method Calibration and

Standardization
Light source intensity: The light source needs to be regularly
recalibrated to maintain 100 mW/cm? power density throughout
the stability test (Chen et al, 2011), especially if it is not
continuously measured over time.

Electrochemical potentiostat: It is quintessential to calibrate
these instruments by following the vendor’s recommendations
correctly to obtain reliable and consistent results.

Example of Pt-Decorated GaN/Si
Photocathode Stability

Here we explain the three-electrode stability measurements of
N-terminated GaN/Si photocathode considering the protocols
mentioned earlier.

Step 1: From Figure 4, the first basic step is to calibrate the
light source to 100 mW/cm?. Mi et al. used Si (bandgap ~1.1 eV)
reference cell to calibrate their light source for GaN/Si
photocathode (Vanka et al,, 2018).

Step 2: From Figures 5A,B, LSV scans show photocurrent
onset voltage ~0.56 V vs. NHE, high saturation photocurrent
density ~37 mA/cm® and ABPE ~11.9% (at 0.37V vs. NHE)
(Vanka et al,, 2018; Vanka et al., 2019). As discussed earlier and
shown in Figure 4, using the best sample for stability experiments
in terms of high ABPE and excellent LSV characteristics is
essential. The morphology of the 1D nanowires with co-
catalyst nanoparticles is determined using STEM and SEM
techniques (Vanka et al., 2018; Vanka et al, 2019). However,
as discussed earlier, the AFM technique may be challenging for
analyzing 1D nanowires and catalyst nanoparticles. Figure 5C
shows the STEM image of the Pt decorated GaN/Si photocathode
before CA experiments.

Step 3: For the GaN/Si photocathode samples having ABPE
>10%, CA experiments are performed in a three-electrode PEC
configuration at 0 V vs. NHE in 0.5 M H,SO, under AM 1.5G one
sun (Vanka et al, 2018; Vanka et al, 2019). Zeng et al.
demonstrated that the photocurrent density of GaN/Si
photocathode does not degrade under concentrated sunlight
(~3 suns) illumination for 150 h (Zeng et al., 2021).

Step 4: LSV scans are measured after every run (each run is
about 22-24 h duration). As shown in Figure 4, these scans
need to be compared with the J-V characteristics before
starting the stability experiments to determine whether to
proceed further with the CA stability experiments or not
(Vanka et al., 2019).
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Step 5: The GaN/Si photocathode showed a decrement in
photocurrent density, and J-V  characteristics changed
dramatically after 113h (Vanka et al, 2018). By performing
the structural analysis (STEM and SEM), the root cause of this
degradation was attributed to the loss of Pt co-catalyst
nanoparticles on the GaN nanowire surface (Vanka et al,
2018). Thus, to maintain the J-V and CA characteristics of
GaN/Si photocathode over long periods of stability testing, it
is pertinent to regenerate the co-catalyst regularly.

Step 6: Using a new sample (with the same J-V characteristics
mentioned in step 2), the experiment is repeated from step 1. In
this run, catalyst regeneration is implemented after
approximately every 24h to achieve long-term stability of
>3,000h (Vanka et al, 2019) (see Figure 5D) with no
degradation in J-V performance after the experiments (see
Figure 5A).

Step 7: The ultra-long stability (CA) experiments for GaN/Si
photocathode are stopped after 3,000 h. From Figure 5E, STEM
analysis reveals no apparent degradation in GaN nanowire
dimensions and fewer Pt co-catalyst nanoparticles on the GaN
surface than in Figure 5C (Vanka et al, 2019). Furthermore,
ICP-MS (Figure 5F) shows that GaN remains stable throughout
the CA experiments. Thus, the structural analysis and theoretical
studies reveal that the stability of Pt decorated GaN/Si photocathode
is limited by Pt nanoparticles rather than GaN/Si light absorber
(Vanka et al,, 2018; Vanka et al,, 2019; Zeng et al,, 2021).

CONCLUSION

This work provides an overview of the stability requirements of a
photoelectrode and the pertinent need to develop standard
protocols for long-term stability measurements in a two-
electrode and three-electrode configuration. We have
illustrated a framework to evaluate the stability of
photoelectrode with an optimized experimental setup based on
light source calibration, counter electrode optimization, PEC
chamber, and sample preparation. The GaN/Si photoelectrode
example showed how these protocols lead to proper stability
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NOMENCLATURE

ABPE applied bias photon-to-current efficiency
AFM atomic force microscopy

ALD atomic layer deposition

CV cydlic voltammetry

EC-AFM electrochemical AFM

EDX energy-dispersive X-ray spectroscopy
EELS electron energy loss spectroscopy
FE faradaic efficiency

GC gas chromatography
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ICP-MS inductively coupled plasma mass spectrometry
LSV linear scan voltammetry

OCP open circuit potential

PC-AFM- photoconductive AFM

PCET proton-coupled electron transfer

SEA separator-electrode assemblies

SEM scanning electron microscopy

STEM scanning transmission electron microscopy
STH solar-to-hydrogen efficiency

XPS x-ray photoelectron spectroscopy

XRD x-ray diffraction
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