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Preface

This thesis is submitted in partial fulfillment of the requirements for the degree
of Philosophiae Doctor at the University of Oslo. The research presented here
was conducted in the Group for Electrochemistry, Department of Chemistry,
University of Oslo, under the supervision of Prof. Truls Norby and Dr. Athanasios
Chatzitakis. This work was supported by the Norwegian Research Council
through the Nano2021 program, grant 250261. The thesis contains a collection
of five papers, presented in the order they were written. The common theme is
artificial photosynthesis–the development of novel materials and technologies for
solar photoelectrochemical production of chemicals and fuels.
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Summary

The capture and storage of solar energy in chemical form by a photoelectrochem-
ical (PEC) cell is an elegant and simple solution to increasing energy demands
and need for chemicals and fuels from non-fossil sources. However, the stringent
requirements for both performance and stability of the materials operating under
harsh conditions obstruct large-scale implementation and commercialization.
The work forming the basis for this thesis attempts to improve the efficiency
of a traditional PEC cell, and meanwhile, develops and expands alternative
application routes.

A traditional PEC cell operates in aqueous electrolytes, where the two
electrodes needed for the photoelectrolysis of water are separated by a proton
conducting membrane. The hydrogen and oxygen gases from the water
photoelectrolysis are thereby already separated, therefore, further separation and
purification steps are avoided. The project described by this thesis undertakes
efforts to minimize the distance between the electrodes and simplify the overall
design. Inspired from solid-state proton conducting polymer and ceramic fuel
cells and electrolyzers, where the solid-state electrolytes are stacked between
the electrodes in three-layer membrane electrode assembly (MEA) structures, a
monolithic solid-state PEC (SSPEC) cell is developed and tested. The SSPEC
cell minimizes the distance between the (photo) electrodes by replacing the
aqueous electrolyte with a thin dense proton-conducting polymer membrane, and
the whole setup takes much less space and makes it suitable for modular design.
To achieve this, a Nafion®-based membrane was placed between a TiO2-based
photoanode and a Pt/C-based cathode, and a series of PEC tests were carried
out. A thermally prepared TiO2 film on Ti foil (T-TiO2) and a nanostructured
TiO2 film in the form of highly ordered nanotubes (TNTs) of different lengths
were used as photoanodes. The experiments were conducted under asymmetric
conditions, where the anode was immersed in deionized water, while the cathode
was kept in ambient air, and an appreciable incident-photon-to-current-efficiency
(IPCE) was achieved.

This SSPEC cell was further developed to operate under purely gaseous
conditions, i.e. direct electrolysis of the water vapor (humidity) in ambient
air. This novel approach may become of great significance in areas where grid
infrastructure and clean water resources are scarce. The mechanism of operation
of such a gas phase SSPEC cell is based on the surface proton conduction in
absorbed water layers on oxide surfaces. The SSPEC cell was fabricated the same
way as above, with a Pt/C electrocatalyst as the cathode and TNT/Ti-mesh as
the photoanode. The photoanode was supplied with air of 80% relative humidity
(RH) and the cathode with argon. Then, the Pt/C cathode was replaced with
a photocathode consisting of the 2D photocatalytic graphitic carbon nitride
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Summary

(g-C3N4), which was placed in tandem with the photoanode (tandem-SSPEC).
The tandem configuration showed a three-fold enhancement in the obtained
photovoltage and a steady-state photocurrent density.

Even though a monolithic SSPEC cell can in principle maximize the efficiency
by minimizing the peripheral ohmic losses, the bottleneck of the PEC performance
lies on the fact that the TiO2 photoelectrode has a theoretical shortage of being
a large bandgap material. Hence, the focus was shifted to a promising short
bandgap material, namely the tantalum nitride, Ta3N5. Based on previous
experience in synthesizing TiO2 nanotubes, Ta3N5 nanotubes (NTs) were also
successfully synthesized. Ta3N5 has a much lower bandgap energy (2.1 eV) and
suitable conduction and valence band positions for overall PEC water splitting.
In order to further improve the surface catalytic kinetics for water dissociation,
the photoelectrode was modified with Co(OH)x as the cocatalyst, resulting in a
photocurrent density as high as 2.3 mA/cm2 at 1.23 V vs. NHE under AM1.5G
simulated solar light; however, the electrode suffered from photocorrosion. More
stable PEC performance was achieved by first loading Co(OH)x, followed by
loading of a second cocatalyst, cobalt phosphate (Co-Pi). The Co(OH)x/Co-Pi
double cocatalysts may act as an electron hole storage layer that slows down the
photocorrosion caused by the accumulated holes on the surface of the electrode
and at the same time performs the water oxidation reaction.

Tuning the deposition parameters for the double cocatalyst system –
Co(OH)x/Co-Pi – can further improve the performance and stability of the
Ta3N5 NTs. The electrodeposition time was firstly varied and the optimized
photoelectrode reached a photocurrent density of 6.3 mA/cm2 at 1.23 V vs.
SHE, under AM1.5G simulated solar light, in 1 M NaOH. The best performing
electrode, apart from the high photocurrent density, showed improved stability
under intense photoelectrochemical water splitting conditions. Moreover, a
simple protocol was adopted to assess the toxicity of Co and Ta contained
nanostructured materials (representing used photoelectrodes) employing the
human cell line HeLa S3 as target cells.

Based on all the knowledge gained above, further adjustments in the
electrodeposition method for optimization of the deposition parameters, together
with a morphology modification of Ta3N5 NTs dramatically improved the
performance and stability of Ta3N5 NTs. A photocurrent density as high as 9.4
mA/cm2 at 1.23 V vs. SHE, which is close to the theoretical performance, has
been reached. The optimized electrode showed more than 30 min operation at
3 mA/ cm2 under 1.1 V vs. SHE without any noticeable degradation. Such a
photoanode showed even better stability when the photocurrent was reduced
to 1 mA/cm2. This makes it valuable and of great interest to couple the
optimized Ta3N5 NTs electrode with an enzymatic cathode in a hybrid PEC
cell, since a bio system offers obvious advantages over noble metals, but can
usually only support low current densities. The clostridium carboxidivorans
(c.c.) formate dehydrogenase (FDH) enzyme was chosen as the biocatalyst due
to its oxygen tolerance and selectivity towards the production of formic acid.
Firstly, the c.c. FDH was confirmed to be cofactor-dependent. A direct CO2
reduction was carried out by supplying the cofactor NADH and CO2 to the
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enzyme, and the production of formate was verified by 1H NMR spectra. In
order to selectively regenerate the NADH, a porous g-C3N4 thin film was also
developed. Electrochemical measurements directly showed the redox ability of
the g-C3N4 electrode to catalyze the NADH/NAD+ redox conversion. A PEC
cell using the optimized Ta3N5 NTs as the photoanode, g-C3N4 as the cathode
for regenerating NADH in the cathode solution where c.c. FDH was dispersed,
and a Nafion membrane separating the two electrodes has been assembled. With
CO2 continuously purged in the cathode solution, the formate production under
the assistance of AM1.5G simulated solar light was verified by NMR, and the
quantification of the product indicates a close to 100% faradaic efficiency.

Overall, this thesis shows the development and improvement of PEC solar
fuel production efficiency through module design, materials engineering, and
by adopting a cross-disciplinary approach enabling the use of biocatalysts to
replace scarce noble metals.
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Chapter 1

Introduction
For billions of years photosynthesis by green plants, algae and certain bacteria
has been playing a major role in solar energy conversion and storage. The
solar-powered conversion of H2O and CO2 into energy rich compounds, can
provide the energy needed in order to sustain almost all human activities. Ever
since the revolution and modernization of industry, the consumption of energy,
mostly supplied by fossil fuels, has been substantially – in fact exponentially –
increased. To date, due to the dramatic increase in human activities, CO2 is
emitted faster than what nature can capture via photosynthesis. As a result,
in parallel to eventually abandoning the use of fossil fuels entirely, there is a
need to capture and store CO2 from fossil combustion, and to develop systems
where solar and other renewable energy are used to supply ourselves with fuels
and chemicals by use of biomass and by energizing (reducing) CO2 and H2Ointo
high-energy compounds. The development of more efficient, clean and renewable
routes for artificial photosynthesis, i.e. CO2 utilization and transformation into
chemicals, driven by solar energy, can contribute to both CO2 capture, energy
storage, and production of valuable fuels and chemicals.

This makes the artificial photosynthesis using a photoelectrochemical
(PEC) cell, in particular, a promising and elegant way to mimic the natural
photosynthesis by utilizing semiconductors as the photoabsorbers, which replace
the natural photosystems (PSI and PSII). Figure 1.1 shows the schematic of
a classic PEC cell for H2 production, with TiO2 and Pt as the photoabsorber
(photoanode) and cathode, respectively. The main idea is that the water
molecules chemisorbed on the surface of the TiO2 photoanode, which is an
n-type semiconductor, will be oxidized by the photo-induced holes. These
reactions are typically written as (in acidic condition) [1]:

TiO2 + hν −−→ TiO2(h+ + e−) (1.1)

2 H2O + 4 h+ −−→ O2 + 4 H+. (1.2)
Meanwhile, on the Pt cathode, photo-induced electrons will reduce protons,

which are generated from reaction 1.2, to hydrogen:

2 H+ + 2 e− −−→ H2. (1.3)
Although the first demonstration of such a PEC cell can be dated back to

1972 [2], so far no PEC device or plant close to an industrial level has been built.
The core issue lies on the difficulty to find a suitable material to efficiently drive
the whole process, and at the same time maintain a long-term stability. It is
widely accepted that a suitable material for PEC processes should fulfill at least
the following requirements [3, 4]:
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1. Introduction

Figure 1.1: Schematic representation of a classic PEC cell, with TiO2 as the
photoanode and Pt as the cathode.

1. Its conduction band (CB) and valance band (VB) should straddle the
chemical potentials of the red-ox half reactions for water splitting.

2. Upon the fulfillment of requirement 1, the bandgap should be narrow
enough, so that visible light, which accounts for most of the solar spectrum,
can be utilized.

3. The material should be stable in contact with electrolyte, both under dark
and light conditions.

4. It should have fast charge transfer kinetics from its surface to the electrolyte.

In fact, those strict requirements have resulted in the fact that no single
material has been found to meet them all, yet. For instance, a narrow bandgap
semiconductor will absorb more photons, hence more electrons will be excited to
its CB. However, this also means that more electrons are in the anti-bonding
states [5], resulting in the deterioration of the stability of the semiconductor, and
a transformation to a more stable phase is likely to take place. For non-oxide
materials, this usually leads to an oxidation process when the material is in
contact with an aqueous electrolyte. Examples are mostly nitrides [6–8], sulfides
[9–11], unprotected Si [12], etc.

For decades, there have been tremendous efforts for the discovery of a novel
semiconductor material that can fulfill all the above mentioned requirements. A
series of promising materials, such as CdSe, Fe2O3, BiOV4, Ta3N5, TaON,C3N4,
and CuO, have been synthesized and tested. Those semiconductors are promising
due to their narrow bandgaps, as seen in Figure 1.2. Note, however, that not
all the narrow-bandgap semiconductors can fulfill the first requirement, which
is the prerequisite for splitting water into hydrogen and oxygen. For example,
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BiVO4 andFe2O3 are two well-studied photoanode materials for water splitting,
however, due to the insufficiently negative CBs, they cannot produce H2 from
water splitting without the assistance of an external bias [13, 14].

Figure 1.2: Band edges of most popular semiconductors used in PEC solar fuel
production, with standard chemical potentials for some useful half reactions [15].
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Chapter 2

Theory

2.1 Band diagram and band bending

Like most chemistry where catalysts are involved, the core of the PEC cell is
the surface of a semiconductor where most of the important chemistries and
physics take place. A band diagram of a semiconductor describes the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), representing the maximum valence band (VB) edge and the minimum
conduction band (CB) edge respectively, with respect to the real space (Figure
2.1a).

Figure 2.1: a) The flat band model of an n-type semiconductor and b) band
bending due to electrons trapped at the surface states (SS) in an n-type
semiconductor.

In most practical conditions, surface states (SS) usually exist within the
bandgap of a semiconductor. Many factors can contribute to the formation of
surface states, such as chemisorption of ions, structure asymmetry, dangling
bonds, etc [1]. The presence of surface states usually changes the electrochemical
properties of the surface of the material. For example, an n-type semiconductor
has a Fermi level close to its CB, therefore, electrons from the bulk will fill
the surface states until the fermi level of the bulk is equal to the Fermi level
of the surface states, in other words, the electrochemical potential across the
surface and bulk is uniform. This leads to the so-called band bending (Figure
2.1b). For a p-type semiconductor, it is the holes that fill the surface states,
hence electrons will accumulate close to the surface, and the band will bend the
opposite direction from that shown in Figure 2.1 for an n-type semiconductor.
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2. Theory

The band bending is just another expression of space charge, and is similar to
a p-n junction as described in semiconductor physics. In photoelectrochemistry
this junction is usually between a semiconductors and a liquid, typically water
based electrolytic solutions. What makes the band bending important is that,
when electron-hole pairs are generated during illumination, instead of recombining
immediately, they will be separated in the space charge region (SCR), thereafter
the reduction and oxidation half-cell reactions can happen.

However, when the semiconductor receives light with proper wavelength, the
electron densities at the CB for an n-type or hole densities at the VB for a p-type
semiconductor will be substantially increased due to the excitation. As a result,
the band bending will be suppressed during illumination (Figure 2.2a and 2.2c),
and recombination of most of the photo-generated electron-hole pairs occurs.

Since band bending takes place when the electrons or holes close to the surface
are depleted, in order to maintain sufficient band bending, therefore efficient
charge separation, the charge majorities should be removed away efficiently from
the SCR.

Figure 2.2: For an n-type semiconductor, a) the band bending in the dark, b)
band bending under illumination and c) increased band bending by applying a
voltage Uapp with respect to a reference potential.

Fortunately, an advantage in PEC is the possibility to apply an external
bias directly on the photoelectrode. In a half-cell PEC reaction experiment,
a reference potential is usually included by employing a reference electrode,
e.g. SHE (standard hydrogen electrode), SCE (saturated calomel electrode),
Ag/AgCl, etc. A voltage can be applied between the photoelectrode and the
reference electrode, thus, the band bending can be precisely controlled (Figure
2.2b).

2.2 Semiconductor-electrolyte interface

When electron-hole pairs are separated in the SCR, they will then reach the
semiconductor-electrolyte interface. For an n-type semiconductor working as
a photoanode, the holes will drift to the surface and participate in oxidation
half-cell reactions, while the electrons migrate to the bulk. However, the actual
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Semiconductor-electrolyte interface

semiconductor-electrolyte interface is complicated and many factors can influence
the charge transfer at the interface.

Figure 2.3 is a schematic model of an n-type semiconductor-electrolyte
interface. At the surface of a semiconductor, in the simplest case, the electrons
trapped in the surface states will charge the surface together with the chemisorbed
protons and hydroxide ions, forming the inner Helmholtz plane (IHP). In the
figure, the IHP is negatively charged. Cations in the solution will be attracted
by the negative charge at the surface, and an outer Helmholtz plane (OHP)
will be formed just a few Ångströms away due to a layer of water molecules
surrounding the cations. The space between the IHP and OHP is called the
Helmholtz (HH) layer. An electric field will be present across the Helmholtz
layer, and the potential drop/voltage is:

VH = QSd

ε0εr
, (2.1)

where QS is the surface charge, d is the thickness of the Helmholtz layer,
usually within the range of 2–5 Å, and ε0εr gives the dielectric constant of water.
A typical VH has a value of 0.1–0.5 V [1].

Figure 2.3: A schematic model of an n-type semiconductor-electrolyte interface
[1].

Equation 2.1 indicates that the potential drop, VH , across the Helmholtz
layer is mostly determined by the surface charge, QS , since the rest are more
or less constants. As seen above, the surface charge, QS , mainly consists of
electrons trapped in the surface states, as well as absorbed protons and hydroxide
ions, with the latter being pH dependent.
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2.3 pH dependency of the band edges

For amphoteric semiconductors, e.g. most metal oxides, where the surface is
hydroxylated when in contact with an aqueous electrolyte, H+ and OH– ions
in the solution will keep absorbing and desorbing from the surface [2]. These
processes can be expressed in the following reactions:

M−OH ka−−⇀↽−− MO− + H+
aq, (2.2)

M−OH + H+
aq

kb−−⇀↽−− M−OH+
2 . (2.3)

From the Nernst equation, we can write the equilibrium constants of the
reactions above as:

ka =
[M −O−][H+

aq]
M −OH

= exp

(
−∆Ga − eVH

kT

)
, (2.4)

kb = [M −OH+
2 ]

[M −OH][H+
aq]

= exp

(
−∆Ga + eVH

kT

)
. (2.5)

Note that ions will gain or lose energy when penetrating the Helmholtz layer
during the absorbing and desorbing processes, hence the term eVH is included
in equations 2.4 and 2.5.

If the pH has reached the point of zero charge (PZC), then [M − O−] =
[M −OH+

2 ], and it is easy to find out that VH = 0 according to equation 2.1,
hence the Gibbs free energies in equation 2.4 and 2.5 can be eliminated, and VH
can be expressed as:

VH = 2.3kT
e

log
(

[M −O−]
[M −OH+

2 ]

) 1
2

+ 2.3kT
e

(PZC − pH). (2.6)

The excessive surface charge density, |[M −O−]− [M −OH+
2 ]|, is actually

quite small, it accounts for only 1% or even less of a monolayer [1]. Therefore, it
is practical and proper to assume that [M −O−] ≈ [M −OH+

2 ], hence, equation
2.6 can be simplified as:

VH = 2.3kT
e

(PZC − pH) = 0.059(PZC − pH)(V ). (2.7)

This shows that the potential drop across the Helmholtz layer changes with
-0.059 V/pH at 25°C. Based on the theory introduced above, if we move a positive
charge, such as a hole, from the bulk of a semiconductor to the electrolyte, its
chemical potential will change as shown in Figure 2.4.

The hole moves along the VB in the bulk of a semiconductor, then drifts
to the surface and loses a part of its chemical potential with the presence
of an electric field within the SCR, thereafter oxidation reaction takes place
at the IHP. Afterwards, the hole travels further through the HH layer in the
form of a solvated cation, and gains a chemical potential of VH . Hence, the
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effective chemical potential of a hole, i.e. the band edge of the VB, is actually
EOHP = EIHP + VH . This is the same to the electrons in the CB. As discussed
above, VH changes with -0.059 V/pH at 25°C, so the band edges will also change
in the same manner.

Figure 2.4: Potential-Distance profile of a positive charge (a hole) moving from
the bulk of a semiconductor to the electrolyte.

It may look like feasible that by tuning the pH, the band edges of a material
that does not have enough energy for water splitting can be shifted to a proper
position, so that the half-cell reactions can be enabled. This is not going to
happen according to Nernst equation, because the chemical potentials of reactions
1.2 and 1.3 will also change by -0.059 V/pH. Therefore, the relative position of
the band edges with respect to the chemical potentials of reactions 1.2 and 1.3
will stay the same.

However, as it is already stated above, this specific pH dependency can only
be witnessed in some amphoteric materials, of which the surface is hydroxylated
when immersed in water. Other materials, such as MoS2, GaAs, Si, etc., usually
do not follow this particular dependency [1].

2.4 Charge transfer kinetics and its measurements

What has been discussed so far is still within thermodynamics, and it is
straightforward that a high photocurrent with a high solar conversion efficiency
requires fast kinetics as well. Fast charge transfer kinetics are not only important
for the PEC performance, but also essential for maintaining the stability of many
materials.

Several models have been proposed in order to describe the kinetics in a
photoelectrode, or even in a whole PEC cell. The simplest model comprises two
kinetic steps, one is the charge transfer from the solid to the electrolyte, the
other is the recombination of electron-hole pairs as the competing process in
addition to the charge transfer step, as shown in Figure 2.5a. Each step has its
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own rate constant, and the net photocurrent is determined by the concentration
of charge minorities together with the rate constants.

To measure the rate constants, a method called intensity modulated
photocurrent spectroscopy (IMPS) has been developed [3] and regularly used by
researchers recently [4]. The equivalent circuit commonly used for IMPS is shown
in Figure 2.5b. It assumes that the holes either transfer into the electrolyte
directly though the VB at a rate constant k1, or recombine with electrons at a
rate constant k2. If we further assume that k1 and k2 won’t change at low light
intensities, and the surface states can be neglected, then the charging current
across the SCR and the HH layer can be express as [3]:

dQSC
dt

= j0
(
1 + eiωt

)
j − Ejj − Ek2(QSCj − EQHH), (2.8)

dQH
dt

= k1(QSCj − EQHH)j − Ej, (2.9)

where j0 is the amplitude of the total photocurrent density due to hole drift, ω
is the frequency of the modulated light and j is the actual photocurrent that can
be measured. The term (QSC −QHH) shows the charge minority concentration
at the surface. Since the surface states are sufficiently small, and a constant
potential is maintained by a potentiostat across the whole cell, then a third
equation can be expressed as:

QSC
CSC

+ QH
CH

= jR. (2.10)

Figure 2.5: a) Kinetic model for IMPS and b) correspondent equivalent circuit
[3].

Equation 2.8 to 2.10 will give an expression of the photocurrent j under
modulated illumination as:

j =
j0

(
k1 + iω

(
C
CSC

))
k1 + k2 + iω

(
1

1 + iωτ

)
eiωτ + j0k1

k1 + k2
, (2.11)
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where C = CSCCH

CSC+CH
, τ = RC is the time constant and R is the total series

resistance of the whole electrochemical cell.
If the charge transfer and recombination are the kinetic limitation steps, i.e.

τ � 1
k1+k2

, analogues to the electrochemical impedance spectroscopy (EIS), the
ac component of Equation 2.11 will show two semicircles in the complex plot
of Im[j(ω)]vs. Re[j(ω)]. For instance, at low frequency ω → 0, the plot will
intercept the real axis at (j0

k1
k1+k2

, 0), as the frequency increases, it will reach
the climax of the first semicircle when ω = k1 + k2, then intercept the real axis
again at (j0

C
CSC

, 0). If CSC � CH , it is possible to get the j0 directly from the
plot, hence, k1, k2 can be easily derived from above. A second semicircle will
arise when the frequency becomes comparable to τ−1, and it basically arises
from the RC time constant of the whole electrochemical cell.

Another simple, but widely used kinetic model assumes that charge minorities
transfer to the electrolyte via the surface states, or recombine with charge
majorities trapped at the surface states, as shown in Figure 2.6a. The
photocurrent density j has a similar ac component as Equation 2.11, and can be
expressed as [5]:

j

j0
= k1 + iω

k1 + k2 + iω
. (2.12)

Here, two semicircles will also appear in the plot of Im[j(ω)]vs. Re[j(ω)], as
shown in the Figure 2.6a. As an example, the smaller semicircle in the upper
quadrant represents the charge transfer kinetics at the semiconductor-electrolyte
interface of an α-Fe2O3 photoanode [5]. Similarly, as we discussed for Equation
2.11, the low frequency point LF indicates that Re[j(ω = LF → 0)] = j0

k1
k1+k2

,
and the frequency 1.0 Hz where the semicircle has reached its climax gives
k1 + k2 = 1.0Hz. The high frequency point, HF, gives an extra equation
Re[j(ω → HF )] = j0

C
CSC

, where C
CSC

can be determined by EIS, or equals
unity if CSC � CH . Thus, the rate constants can be solved. In the case that
CSC � CH , the ratio HF−LF

HF is directly equal to k2
k1+k2

, which apparently
indicates the recombination ratio of the photo-generated electron-hole pairs.

So far, we only considered the kinetics related to charge transfer and
recombination at the surface, and the simple models described in Equation
2.11 and 2.12 are based on some intuitive assumptions. In many cases the
kinetics can be quite complicated, for example the holes may transfer to the
electrolyte both from the surface states and the VB, the electrons and holes may
have their own recombination rate rather than a single rate constant k2, and the
electrons may also have the possibility to transfer to the electrolyte via the CB
[6].

In some semiconductor-electrolyte interfaces where the charge transfer has low
kinetics, i.e. the rate constant k1 is small, photo-generated holes may accumulate
at the surface and start oxidizing the material itself, rather than water. A
well-known example is Ta3N5, in which the accumulated holes will oxidize the
N3

– ions, and a more stable amorphous oxide layer will appear. This oxide layer
is responsible for blocking all the photoelectrochemistry at the surface [7]. For
some p-type semiconductors, accumulated electrons will reduce the metal ions
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Figure 2.6: a) A simplified kinetic model involving surface states of an n-
type semiconductor under illumination, b) a typical IMPS plot of an α-Fe2O3
photoanode [5].

into metal, such as the famous CuO2, which has a very promising bandgap but
very poor stability due to the reduction to Cu when working as a photocathode
[8].

A straightforward strategy to enhance the stability, as well as to improve
the overall PEC performance, is to boost the charge transfer step with the
rate constant k1. This can be achieved by applying a cocatalyst, such as Co-
Pi, Co(OH)x, Fe-Ni LDH, and NiOx. A thorough review of earth-abundant
cocatalysts for the oxygen evolution reaction (OER) and the hydrogen evolution
reaction (HER) is given in the appendix. IMPS shows that appropriate cocatalyst
can substantially increase the rate constant k1, and at the same time suppress
the recombination of the photo-generated electron-hole pairs [4, 9].

2.5 Formate Dehydrogenase for CO2 reduction

As discussed above, an efficient PEC cell not only requires excellent photoab-
sorbers, but also proper cocatalysts with fast kinetics. So far, the efforts are
mainly directed to the development of OER cocatalysts, as this is a 4-electron
process, which is much slower than the 2-electron HER process at the cathode
[10]. However, when it comes to CO2 reduction, what happening at the cathode
also becomes very challenging, since CO2 in general is one of the most stable
final products in most processes.

Nature has found several strategies to capture and utilize CO2 [11, 12], with
the assistance from specific enzymes that can cleave the C-O bonds and introduce
C-H, C-H bonds. The first and stable reduction product of CO2 is formic acid,
which is also the building block for many chemical industries. Therefore, enzymes
like the formate dehydrogenase (FDH) are very attractive, as they can selectively
catalyze the reduction of CO2 to formic acid.
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A typical FDH enzyme usually contains one active site, with several [4Fe-4S]
electron-active centers transporting electrons towards or away from the active
site, as shown in Figure 2.7. Although a variety of FDH enzymes exist in
natural system, they can be mainly categorized into two types based on the
metal content in their active sites. One type does not contain metal ions or any
other redox-active sites, but only amino acid residues that serves as the biding
sites for NAD+ and formic acid, or NAD(P)H and CO2 for the reverse reaction.
This type of enzymes is classified as metal-independent FDH. The other type
contains redox-active sites that usually harbor Mo and W ions, and is classified
as metal-dependent FDH [13].

Figure 2.7: A model of Desulfovibrio gigas FDH, with 4 [4Fe-4S] electron-active
centers and one Mo-contained active site [13].

Metal-independent FDH enzymes do not have redox-active sites themselves,
but provide an environment to anchor CO2 with cofactors – NAD(P)H, or
formic acid with NAD+ for the reverse reaction. Their functionality requires the
presence of cofactor NADH/NAD+, hence this type of enzymes is also classified
as metal-independent, NAD-dependent FDH. The reaction mechanism catalyzed
by this type of enzymes is believed to be quite simple. The FDH brings CO2
and NADH close to each other, then protons and electrons are transferred to
CO2 in the form of H– [13–15], as seen in Figure 2.8.

Metal-dependent FDH enzymes can catalyze CO2 reduction, or formate
(formic acid) oxidation directly at their metal-contained redox-active sites,
following the hydride transfer mechanism as shown in Figure 2.9. The metal-
S bond is believed to play a key role in the reduction and oxidation process,
therefore, a cofactor is not needed. This type of enzymes is also classified as metal-
dependent, NAD-independent FDH enzymes. However, not all metal-dependent
FDH enzymes can work without NAD+/NAD(P)H. In some W/Mo-contained
FDH enzymes, although the cofactor does not directly participate in the reaction,
it is needed for electron transfer through the protein. This type of enzymes is
called metal-dependent, NAD-dependent FDH enzymes [16].
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2. Theory

Figure 2.8: Proposed hydride transfer mechanism for metal-independent, NAD-
dependent FDH enzyme catalyzing CO2 reduction into formate (formic acid)
[15].

Figure 2.9: The hydride transfer mechanism proposed and widely accepted for
metal-dependent FDH enzymes [13].

The Clostridium carboxidivorans FDH (c.c. FDH) enzyme used in our work
is believed to be a metal-dependent, NAD-dependent enzyme [17]. It has shown
good resistance to oxygen [18], a fact that is very important as a catalyst in
PEC solar fuel production.
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Chapter 3

Experimental Methods

3.1 Nanotubes by anodization

Due to the benefits of having large surface area, the photoabsorbers used in this
work were grown in the form of nanotubes, directly on metal foils. The first step
of growing nanotubes is anodization of a piece of metal in an electrolytic solution
containing fluoride ions, F– . Although a vast amount of research has been done
on TiO2 nanotubes, the exact mechanism for the formation of nanotubes via
this method is still not clear. In literature, the most popular models proposed
are the field assisted dissolution model [1] and the plastic flow model [2, 3]. It is
believed that both mechanisms may contribute to the anodization process [4].

Further treatments are needed since anodization usually results in amorphous
oxide nanotubes, as seen in Figure 3.1, where highly ordered TiO2 nanotube
arrays are grown on a piece of Ti metal. For TiO2 nanotubes, an annealing
step in air is usually added in order to obtain the desired phase [5], while for
Ta2O5 nanotubes, ammonolysis, i.e. high temperature treatment under NH3
atmosphere is needed to convert the oxide into nitride [6].

Figure 3.1: Highly ordered amorphous TiO2 nanotubes formed by anodization
in an electrolytic solution containing F– .

The morphology of TiO2 nanotubes can be controlled by many factors, such as
the anodization time, the anodization voltage, the components of the electrolytic
solution, etc. The variation and control of these parameters leads to variations
in the wall thickness [7], tube lengths [5], dopants [8], distance between tubes
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[9] and ultimately in the PEC performance [10, 11]. A general overview of the
influence of the anodization parameters is described in Figure 3.2.

Figure 3.2: Schematic of the parameters that can influence and control the
anodization process [12].

Due to the inert nature of Ta metal, the growing of Ta2O5 nanotubes – the
precursor for synthesizing Ta3N5 nanotubes – is usually more difficult. The first
experiments on the growth of Ta2O5 nanotubes were carried out using harsh
electrolytic solutions containing 10–20% HF, concentrated H2SO4 as the solvent,
and additives such as H3PO4 and DMSO [13, 14]. The harsh conditions and
aggressive electrochemical reactions introduced by such a large volume of HF,
which dissolves the oxide layer, have resulted in the weak adhesion between the
nanotube array and the substrate. Thereafter, water was introduced to replace
ca. 80–90% of the HF in order to obtain a more stable nanotube array, with
lengths usually below 5 µm and pore diameters ranging from 10 to 150 nm
[14–17].

In the meantime, efforts have also been made for the replacement of the
aggressive HF by other F– containing compounds, such as NH4F, while the rest
of the components are kept more or less the same. The new type of electrolytic
solution, which contains NH4F instead, allows the use of a voltage >60 V between
the anode and cathode. Hence, the growing speed of the nanotubes and the final
tube lengths can be increased dramatically, while excellent adherence between
the nanotube array and the substrate can still be maintained [18]. For instance,
under 60 V the tube lengths can reach more than 20 µm within 15 min, and
the pore size has a narrower distribution range of 30–50 nm [19]. It is also
believed that the resulted Ta2O5 nanotubes will have better stability in terms of
morphology, as well as larger aspect ratio when forming Ta3N5 nanotubes during
ammonolysis [20–22]. This could be the reason why the photocurrent of Ta3N5
nanotubes, with the loading of certain cocatalysts, can reach 7.5 mA/cm2 @ 1.23
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V vs. SHE [18]. This photocurrent density is much higher than that obtained
for nanotubes grown in the HF containing electrolyte, with photocurrents often
below 1 mA/cm2 @ 1.23 V vs. SHE [23, 24].

In this work, the electrolytic solution contained 0.8 wt% of NH4F, and diluted
sulfuric acid as the solvent with a volume ratio of H2SO4 (98%):H2O = 6.35. A
voltage of 60 V was applied between the Ta metal and the Pt counter electrodes,
which were placed 2 cm apart and in parallel. In order to obtain a more ordered
nanotube array, the first nanotube layer was removed and a new oxide layer
was grown by repeating the anodization process [25]. Figure 3.3 shows a typical
cross-section SEM image of Ta2O5 nanotube arrays after a second anodization
for 30 min.

Figure 3.3: Cross-section of Ta2O5 nanotube array by 2-step anodization under
60 V for 30 min, in a solution containing NH4F and diluted sulfuric acid. The
nanotubes have an average length of ca. 30 µm.

The conversion of Ta2O5 to Ta3N5 was carried out by treating the Ta2O5
nanotubes in NH3 atmosphere at 950 °C for at least 2 hours. After ammonolysis,
although the tubular morphology was retained, the amorphous Ta2O5 was
converted into highly porous, polycrystalline Ta3N5, as can be seen from the
Figure 3.4. Here, the porous structure witnessed in this single nanotube TEM
image can also be seen in other Ta3N5 forms, such as powders synthesized via the
same nitridation process [26]. The solid-state anion diffusion and replacement
during nitridation require every 3O2

– to be substituted by 2N3
– , hence lattice

shrinkage occurs. The massive grain boundaries resulted from such nitridation
method, provide recombination and trapping centers for photo-induced electron-
hole pairs [27], as a consequence, without bias, the separation and migration of
photo-excited charge carriers will be inefficient.

Figure 3.5 shows the typical procedure to synthesize Ta3N5 nanotubes.
Although from the thermodynamic point of view, Ta3N5 alone is suitable for
overall water splitting, its poor charge transfer kinetics at the surface can severely
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Figure 3.4: a) TEM images of Ta2O5 nanotubes before ammonolysis and b)
Ta3N5 nanotubes after ammonolysis. The inset shows the high crystallinity
obtained after the annealing step.

reduce the photocurrent [28], and even induce photocorrosion [15]. As a result,
an extra cocatalyst loading step is usually needed.

Figure 3.5: Typical procedure to synthesize Ta3N5 nanotubes.

3.2 Electrodeposition of Co-based cocatalysts

Co-based cocatalysts, such as Co(OH)x and Co-Pi (cobalt phosphate), have
shown quite good catalytic properties with Ta3N5 for the OER [25, 29]. The
earth abundancy of Co makes it even more appealing for the use in the PEC
system [15, 24, 30, 31], especially when it is deposited via electrodeposition,
which is cheap, simple and easy to scale up. Co(OH)x and Co-Pi were deposited
either individually as a single cocatalyst, or simultaneously as a Co(OH)x/Co-Pi
mixed cocatalyst.

Co(OH)x can be simply electrodeposited by the addition of a certain
concentration of NaOH solution into a Co2+-contained solution. Although
this method is simple, it usually results in quite decent photocurrent densities,
with limited stability [18, 19, 21, 31]. This is most probably due to the Co
leaching from the electrode surface. Hence, according to the Pourbaix diagram
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of Co [32], a certain potential/current was applied on the photoanode during the
deposition, in order to obtain the right phase and better cocatalysts attachment.

Co-Pi is another famous cocatalyst for the OER at close to neutral conditions
with moderate over potentials [33]. Its functioning form is actually cobalt oxy-
hydroxide when immersed in an aqueous electrolyte and an anodic potential
is applied, and the addition of phosphate buffer can significantly reduce the
leaching of Co [34–36]. The mechanism and local structure of the active sites
proposed for this cocatalyst to oxidize water is shown in Figure 3.6: under
anodic potential, the active Co3+ sites in the catalyst undergo oxidation to
Co4+ sites, which are believed to be the species to oxidize water [37]. After the
oxidation, Co4+ sites will be reduced back to the soluble Co2+ species. However,
if anodic potential is consistently applied, Co2+ will be oxidized back to Co3+
and redeposited on the electrode [35], resulting in relatively stable electrolysis
performance that can last many hours [34].

Figure 3.6: Proposed mechanism and local structure of the active sites of the
Co-Pi cocatalyst for OER [33].

Deposition of Co-Pi is carried out by applying a potential usually a few
hundred mV more positive than the standard chemical potential for water
oxidation at 1.23 V vs. SHE, in a plating solution containing 0.5 M pH 7.0
potassium phosphate buffer and a 0.05 mM Co2+. Unlike the long deposition
time described in the original work [34], results showed that Co-Pi deposited
within minutes gives the best PEC performance and stability.

3.3 Photoelectrochemical characterization

3.3.1 Light setup

In order to perform reliable PEC measurements and provide comparable results
with the literature, 1 sun simulated solar light from a certified Newport Oriel®
LCS-100 solar simulator equipped with a 100 W ozone-free xenon lamp and
an AM 1.5G filter, as shown in Figure 3.7, was used in all the photo-related
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experiments in this work. The distance between the PEC cell and the light
emitting window is regularly checked by a monocrystalline Si PV reference cell
(Newport 91150V-KG5), to ensure 1 sun light intensity at the testing position
marked on the 3D-printed test platform. The shutter is automatically controlled
by a self-designed, programmable timed relay via the shutter controller. The
test platform is also equipped with a monochromatic filter holder, allowing the
measurement of the induced photon to current efficiency (IPCE) by the same
setup.

Figure 3.7: Solar simulator setup for providing 1 sun simulated solar illumination.
1: monochromatic filter holder, 2: shutter, 3: 100 W ozone-free xenon lamp and
AM 1.5 G filter assembly, 4: shutter controller, 5: timed relay for generating
pulse signal to the shutter controller, 6: ruler for distance calibration, 7: test
platform, where the marking indicates the 1 sun illumination position.

The simulated solar light spectrum provides a reasonable simulation to the
real solar light spectrum as is received at the sea level (Figure 3.8). The matching
becomes even better when the wavelengths are below 825 nm, which correspond
to a bandgap of 1.5 eV. Since most of the materials for PEC water splitting have
bandgaps larger than 1.5 eV, such as Ta3N5 with a bandgap of ca. 2.1 eV, the
simulated solar light represents well that of the real solar illumination.

3.3.2 Photocurrent density-potential (j-E) measurement

Photocurrent density at a certain applied potential is one of the most important
characteristics for evaluating the performance of the photoelectrodes, and that
of the whole PEC cell. The measurements can be carried out using linear sweep
voltammetry (LSV) under either a three-electrode or a two-electrode setup,
which provide different information to the measured system.

A three-electrode setup involves a reference electrode, such as the SCE
(saturated calomel electrode), SHE (standard hydrogen electrode), Ag/AgCl,
Hg/HgO, etc., in addition to the working and counter electrodes. The potential
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Figure 3.8: Spectrum of simulated solar light used in the experiments, the blue
curve is the spectrum from the simulated solar light, while the red area is the
actual solar spectrum at the sea level.

of the working electrode is set only according to the reference electrode, which is
usually fixed within different aqueous electrolytes, thus, the performance of the
counter electrode is not taken into account. Therefore, a three-electrode setup
should be used for half-cell evaluation.

For the characterization of photoelectrodes, it is typical to report the j-E
plots against the SHE, so that the data acquired under different environments
and from different research groups can be compared globally. Since most of the
reference electrodes are only applicable to a certain pH range, the selection of
the reference electrode is vital and should be considered carefully. In general,
Ag/AgCl is suitable for acidic conditions, and SCE has a wider applicable range
of pH, but when it comes to strong alkaline solutions, Hg/HgO should be chosen
instead. The conversion of different reference electrodes to the SHE under
different pH at standard temperature (25°C) can be expressed as:

E(vs.SHE) = Emeasured + E0
RE + 0.059× pH. (3.1)

On the contrary, a two-electrode setup applies potential on the working
electrode with respect to the counter electrode, hence the performance, i.e. the
overpotential on the counter electrode, is also part of the total measurements.
This type of setup considers both the half-cells, and is actually the configuration
used under realistic operating conditions. Therefore, measurements related to
the energy efficiency and the whole PEC cell demonstration should use the
two-electrode setup.
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3.3.3 Photocurrent density-time (j-t) measurement

Chronoamperometry is commonly used to plot the j-t curve as the stability tests.
Like the j-E curve, the j-t measurements can also be carried out under 2- or
3-electrode configurations. Usually a 3-electrode setup should be used when
testing the stability of the materials only, while in the stability test of the whole
PEC cell, the 2-electrode setup should definitely be used. In most cases when a
single material is used as the photoabsorber, a bias is usually applied in order
to enlarge the band bending, and/or elevate the energy of the majority charge
carriers if the photoelectrode cannot split water by itself. One important thing
is that the initial photocurrent density under a certain potential indicated in the
j-t plot should match that in the j-E plot at the same potential. A discrepancy
of the photocurrent density can be a result from the fast sweeping rate under
LSV, poor chemical stability, etc., and should be sorted out.

3.3.4 Efficiency calculation

Solar-to-hydrogen (STH) efficiency is the most important efficiency value to
report for PEC water splitting systems. It directly shows the energy conversion
ratio between the solar energy and the chemical energy stored in hydrogen. The
STH efficiency can be expressed as:

STH = (mmol H2/s)× (237 kJ/mol)
Ptotal(mW/cm2)×Area(cm2) × 100%. (3.2)

Alternatively, if the Faradaic efficiency (ηF ) for hydrogen evolution is known
and no bias is applied, then the STH efficiency can be written as:

STH = | JSC(mA/cm2) | ×(1.23V )× ηF
Ptotal(mW/cm2) × 100%. (3.3)

The Faradaic efficiency (ηF ) for hydrogen and oxygen can be expressed as:

ηF (H2) = 2× nH2(mol)× F (Cmol−1)
QWE

× 100% (3.4)

ηF (O2) = 4× nO2(mol)× F (Cmol−1)
QWE

× 100%, (3.5)

where F is the Faraday constant and QWE is the total charge passing through
the working electrode, i.e., the integration of the current over time.

If a bias is applied, then an extra part of energy from the potentiostat is
added to the system, and it must be subtracted when calculating the efficiency.
This results in another efficiency called applied bias photon-to-current efficiency
(ABPE):

ABPE = | JSC(mA/cm2) | ×(1.23j − EVb)(V )
Ptotal(mW/cm2) × 100%. (3.6)
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The applied bias, Vb, is subtracted from the thermodynamic potential required
for water splitting, 1.23 V. One should note that the true ABPE can only be
obtained under two-electrode setup, however, if Pt is used as the counter electrode
in a three-electrode setup, then Vb can be approximated from the potential
difference between the working and reference electrode. This is because Pt as a
counter electrode is evolving hydrogen with minimum overpotential, especially
in acidic conditions where it happens to be the same as the SHE. Therefore,
under certain operation conditions, the potential of the counter electrode can be
roughly determined as EH+/H2 .

Apart from the energy conversion efficiency introduced above, a quantum
efficiency, i.e. the incident photon-to-current efficiency (IPCE) can also be
calculated using the following equation:

IPCE = | Jph(mA/cm2) | ×1239.8(eV × nm)
Pmono(mW/cm2)× λ(nm) × 100%. (3.7)

Note that IPCE is a measure of the utilization of a photon flux, hence a
monochromatic light should be used to calculate its photon flux rate, thereafter
the IPCE. This kind of efficiency tells exactly how many incoming photons, at a
certain wavelength, can be converted into electrons. We generate monochromatic
light using a set of visible 10 nm bandpass filters (Thorlabs, FKB-VIS-10), with
an interval of 50 nm in the range of 400 to 800 nm and the same solar simulator
as the light source. The monochromatic light power Pmono in Equation 3.7 is
measured by the same Si PV reference cell.

3.3.5 Products analysis

The hydrogen evolution and oxygen evolution were detected and quantified by an
Agilent micro GC 3000, TCD and a Varian 430-GC, TCD with the calibration
of hydrogen and oxygen, respectively.

For formate, 1H NMR spectra were recorded on a Bruker Avance 600 FT-
NMT spectrometer equipped with a 5 mm TCI CryoProbeTM operating at 600
MHz with a sample temperature of ca. 298 K. A sample solution consisting
of 90% vol. of the buffer from the cathode part, 10% vol. D2O and 1 mM
3-(trimethylsilyl)-2,2,3,3-tetradeuteropropionic acid (D-TSP) was used for 1D
1H NMR analysis, where the chemical shifts in ppm were calibrated against the
distinguishing peak of NAD+ (1H, 8.412 ppm). The chemical shift of formate was
determined by enlarged peak when a certain amount of formic acid was added
into the sample solution. The concentrations of the formate were determined by
integrating the formate peak against the integration reference – 1 mM D-TSP
(1H, ca. 0 ppm), and comparing the integration with the standard curve (Figure
3.9), which was generated by plotting a set of known formate concentrations
with respect to the integrated area against the same 1 mM D-TSP integration
reference. All 1H NMR spectra were acquired under the same parameters with
3000 scans.
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Figure 3.9: Standard curve of formate for 1H NMR spectra, with a 0.3% fitting
error. All the sample solutions contain 1 mM deuterated 3-(trimethylsilyl)-
2,2,3,3-tetradeuteropropionic acid as integration reference.
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Solid-state photoelectrochemical cell with TiO2

nanotubes for water splitting

Kaiqi Xu, Athanasios Chatzitakis and Truls Norby*

We have fabricated and tested a photoelectrochemical (PEC) cell where the aqueous electrolyte has been

replaced by a proton conducting hydrated Nafion® polymer membrane. The membrane was sandwiched

between a TiO2-based photoanode and a Pt/C-based cathode. The performance was tested with two

types of photoanode electrodes, a thermally prepared TiO2 film on Ti foil (T-TiO2) and a nanostructured

TiO2 films in the form of highly ordered nanotubes (TNT) of different lengths. Firstly, photovoltammetry

experiments were conducted under asymmetric conditions, where the anode was immersed in deionized

water, while the cathode was kept in ambient air. The results showed a high incident photon-to-current

efficiency (IPCE) of 19% under unassisted conditions (short-circuit, 0 V vs. cathode) with short TNT (ca.

1 μm) under 4 mW cm−2 illumination with UV-A rich light. Secondly, the deionized water was replaced by

0.5 M Na2SO4 and now the performance was higher with longer nanotubes, assigned to increased ionic

conductivity inside the tubes. An unassisted (0 V) IPCE of 33% was achieved with nanotubes of ca. 8 μm.

The presented solid-state PEC cell minimizes the electrode distance and volume of the device, and

provides a way towards compact practical applications in solar water splitting.

1. Introduction

Since Fujishima and Honda1 reported the photoelectrochemi-
cally assisted water splitting using TiO2, considerable interest
in the use of photosensitive semiconducting electrodes has
been spawned. Such a system offers efficient and inexpensive
production of hydrogen based on renewable energy conver-
sion. Since then, the vast majority of research is conducted
with liquid electrolytes, in which photo-corrosion of the photo-
electrode and bulky and inefficient photoelectrocatalytic reac-
tors are severe drawbacks2,3 for practical applications. Solid
state electrolytes, apart from the direct separation of the
evolved H2 and O2 gases, have potential advantages over liquid
ones, such as operation at more elevated temperatures, preven-
tion of photo-corrosion, and simpler and more robust device
design. A few reports employing PEC water splitting cells with
PEM-electrolyser-like device designs exist. Ichikawa et al.4,5

employed a Nafion® membrane as the solid electrolyte and
performed water photo-oxidation on the anode and CO2

reduction at the cathode. Georgieva et al.6 have demonstrated
the decomposition of organic vapours on an all-solid PEC cell
under UV and visible illumination. Further examples of water
splitting have been demonstrated with acid solutions,7 alkaline
solutions,8 and pure water,9,10 while Iwu et al. were the first to

report all-solid-state PEC H2 generation from water vapour.11

Such a PEC cell design minimizes the distance between the
electrodes, makes the cell robust and integral, and avoids gas
mixing. The use of water vapour has potential advantages, as it
allows the cell to heat up by the sunlight and utilize the purifi-
cation of the water inherent to vaporization. It has also been
shown that a PEM electrolyser operating under water vapour
can be more efficient than in liquid water, when it comes to
the current density range that the future PEC cells are expected
to operate in ref. 12. Recently, Brunauer et al.13 demonstrated
a high-temperature photoelectrochemical cell, which poten-
tially can be used for water splitting from steam.

In this work we test and compare the photoelectrochemical
performance of two types of TiO2 photoanodes, a thermally
prepared TiO2-coated electrode (T-TiO2) and a high surface
area TiO2 photoelectrode in the form of TiO2 nanotubes
(TNT)14–16 in a solid-state PEC cell. The anode and cathode are
adhered to either side of the polymer electrolyte by Nafion®
and the photo-oxidation of water under asymmetric con-
ditions, is investigated.

The choice of TNT is based on the fact that one-dimen-
sional TiO2 nanostructured films, aligned perpendicular to the
substrate (Ti foil), provide high internal surface area17,18 and
unidirectional electron migration between the film and the
substrate,19 thus limiting their recombination with the photo-
generated electron holes that move towards the surface of the
nanotube.16 In addition, the simplicity in preparation and
control over their geometrical factors, i.e. pore diameter, wall
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thickness, and nanotube length, makes them an attractive,
self-ordered material with a potential for scale-up appli-
cations.20 Historically, the first generation TNT were formed by
Zwilling et al. in 199915 from the anodization of Ti foil in
aqueous solutions containing HF. In the third generation TNT,
the introduction of organic electrolytes allows the formation of
long, smooth and uniformly shaped TNT.21 Here, the TNT
films are prepared in organic-based electrolytes containing
small amounts of NH4F and H2O, and a two-step anodization
process is adapted.

2. Experimental
2.1. Chemicals

Ti foil (0.25 mm thick, 99.7% purity, Sigma-Aldrich) was used as
substrate for the growth of both the thermally prepared TiO2-
coated electrode and the TNT with the anodic oxidation
method. Nafion® perfluorinated resin solution 5 wt% in lower
aliphatic alcohols and 15–20% water (Nafion5), Nafion® per-
fluorinated resin solution 20 wt% in lower aliphatic alcohols
and 34% water (Nafion20), ethylene glycol (EG), ammonium
fluoride (NH4F), isopropanol, acetone and anhydrous sodium
sulphate (Na2SO4) were all of analytical grade from Sigma-Aldrich.
Pt–C (Pt/Vulcan XC-72R, 10 wt% Pt) and Toray™ C-paper U1

with thickness of 0.19 mm were obtained from Quintech.
Deionized water (18.2 MΩ cm) was used throughout the work.
All chemicals were used as received without further purification.

2.2. Photoelectrode preparation (photoanode)

Before use the Ti foil substrate was ultrasonically cleaned in
isopropanol for 30 min followed by 30 min in acetone.
Thermally prepared TiO2-coated photoelectrodes (T-TiO2) were
fabricated by direct heat treatment of the Ti foil in air at
500 °C, for 2 hours, with a heating and cooling rate of
2 °C min−1. TiO2 nanotube (TNT) photoelectrodes were prepared
in a two-step anodization process, in which two Ti foils served as
anode and cathode. Typically, the electrodes were immersed in
an EG solution containing 0.25 wt% of NH4F and 2 vol% of
H2O at a distance of 2 cm. During the first anodization
process, 60 V was applied for 2 h. Then, the anode was rinsed
with water and dried in air, during which the oxide layer peels
off spontaneously. In this way a mould (hexagonal patterns)

for the second step TiO2 nanotubes was left on the Ti sub-
strate. In the second step, anodization was performed again at
60 V for 5, 20 and 30 min and the corresponding electrodes
are referred to as TNT5, TNT20 and TNT30, respectively. As in
the case of the T-TiO2 electrodes, the annealing was carried
out at 500 °C in air for 2 h, with a heating and cooling rate of
2 °C min−1. All electrodes were placed inside an alumina cruci-
ble with an alumina cover to avoid particle contamination
from the furnace.

2.3. Cathode preparation

The cathode was prepared by drop-casting the Pt–C electrocata-
lyst on the C-paper from an isopropanol suspension, containing
7/3 weight ratio of Pt/Nafion. The concentration of the suspen-
sion was 10 mg Pt–C per ml isopropanol, while the loading of
the electrocatalyst on the C-paper was kept at 1 mg cm−2.

2.4. Preparation of the solid polymer electrolyte and PEC
cell assembly

As shown in Fig. 1 (left), the solid polymer electrolyte was pre-
pared by drop-casting 600 μL Nafion5 solution onto Millipore
Prefilter paper (pore size 5 μm) and left to dry overnight. The
anode was adhered to the membrane by 20 μL Nafion20 solu-
tion, and similarly, the cathode was adhered to the opposite
side by applying 10 μL Nafion5 solution, and having the Pt–C
side facing towards the membrane. Afterwards, about 13 kPa
pressure was applied to the stack for 12 h at room temperature
to fabricate a compact three-layer membrane. Therefore,
Nafion® is at the same time the proton conducting polymer
membrane and the adhesive agent for the fastening of the
anode and cathode electrodes.

Then, the three-layer membrane was mounted in a commer-
cially available PEC cell, as shown in Fig. 1 (right). Two O-rings
were used in order to fix the three-layer membrane gas
tight between the two compartments of the Zahner PECC-2®
cell. The anode side was exposed to deionized water
(18.2 MΩ cm) or 0.5 M Na2SO4(aq), while the cathode was kept
in ambient air.

2.5. Characterization

The morphological characterization of the T-TiO2, TNT and
cathode electrodes was observed by scanning electron

Fig. 1 Preparation process of the three-layer membrane (left) and PEC cell set-up using a Zahner PECC-2® cell (right).
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microscopy (SEM) using a FEI Quanta 200F FEG-ESEM micro-
scope. The crystal structure of the films was determined by
X-ray diffraction (XRD) in a Bruker D8 Discover diffractometer
using Cu Kα-filtered radiation (λ = 1.5406 Å), step 0.02° (2θ),
while count time was 1 s per step. An Omnicure S2000 UV-vis
light source, with a UV-rich total light intensity of 4 mW cm−2

in total, was used in all PEC experiments. The light source was
equipped with a filter in the 320–500 nm range and its light
intensity was calibrated as described by Iwu et al.22 Current–
voltage measurements were conducted in a two-electrode con-
figuration, hence without reference electrode. A three-electrode
configuration was used only in order to measure the open
circuit photovoltage (OCP) of the photoelectrodes. In this case
an aqueous solution containing 0.5 M Na2SO4 was employed,
together with a Ag/AgCl/Sat. KCl (+0.197 V vs. NHE) as the
reference electrode. The applied potential was obtained by a
PARSTAT 2273 (Princeton Applied Research) potentiostat,
equipped with a built-in frequency response analyzer.

3. Results and discussion

Fig. 2a presents a SEM micrograph of the T-TiO2 photoelec-
trode showing a normal surface with some micro-roughness,
while 2b–2d show TNT of different length. The TNT photoelec-
trodes prepared by the two-step anodization method show a

uniform coverage of nanotubes formed in a closed-pack con-
figuration. The different geometrical factors of the prepared
TNT electrodes are given in Table 1. The roughness factor has
been calculated according to the following equation:

G ¼ 4πL DþWð Þffiffiffi
3
p ðDþ 2WÞ2

" #
þ 1 ð1Þ

where D is the inner pore diameter, W the wall thickness and L
the tube length.16

XRD (Fig. 3) showed that the main phase in the case of the
T-TiO2 was mainly rutile, while the nanostructured photo-
anodes were anatase, with the TNT5 and TNT20 containing
small amounts of rutile. It has been shown that the rutile
phase is forming most probably in the interface between the
oxide layer and the substrate.18 For the anatase phase, the

Fig. 2 SEM micrographs of T-TiO2 (a), TNT5 (b), TNT20 (c) and TNT30 (d), with the corresponding TNT cross-sections and higher T-TiO2 magnifi-
cation in the insets.

Table 1 Geometrical parameters of TNT of different lengths. Wall
thickness is defined as the solid phase between two pores

Tube
length
(μm)

Inner pore
diameter
±10% (nm)

Wall
thickness
±10% (nm)

Aspect
ratio

Roughness
factor

TNT5 0.8 116 63 ∼4.5 : 1 ∼28
TNT20 1.2 53 55 ∼11.1 : 1 ∼61
TNT30 8.1 119 36 ∼51.6 : 1 ∼336
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main peaks were indexed according to the ICDD-JCPD file 21-
1272 at 2θ values of 25.1, 37.7, 48.1 and 53.8°, representing the
Miller indices of (101), (004), (200) and (105) planes, respect-
ively. Similarly, the main rutile peaks according to the
ICDD-JCPD file 21-1276 were at 2θ values of 27.6 and 54.3°,
representing the Miller indices of (110) and (211), respectively.

The surface morphology of the cathode is presented in
Fig. 4 (left), where it can be seen that the Pt/C catalyst has par-
tially filled the C-paper. This is particularly important when
hydrogen production is considered, as the porosity of the
electrocatalyst ensures the release of the gas through its pores.
The pores are of the order of a few tens to hundreds micrometers.

Fig. 4 (right) shows a cross sectional image of PEC assembly
under operating conditions, using the Zahner PECC-2® cell.
The image emphasizes the asymmetric conditions chosen for
the performance of the PEC measurements. Deionized water
was the only reactant present in the anode compartment,
while the cathode was kept under ambient air, leading most
probably to the generation of water and thereby humidifying

the electrolyte and the air, according to the following general
reaction:

O2 þ 4Hþ þ 4e� ! 2H2O ð2Þ

One can change the cathode atmosphere to an inert gas (Ar,
N2) and should expect that the protons generated from water
splitting in the anode will be reduced to form hydrogen in the
cathode, as shown earlier by Iwu et al.11

Fig. 5a shows the polarization curves of the different types of
electrodes under dark conditions. In all cases, the electrodes
are essentially blocking in the applied voltage range of ca. −0.5 V
to +0.6 V vs. cathode. The cathodic currents observed in the
potential region below −0.5 V vs. cathode, can be assigned to
the reduction of Ti4+ to Ti3+, while the anodic ones (from +0.6 V
vs. cathode) to the oxidation of water.23 As the applied potential
gets more positive values, the semiconductor reaches inversion,
where free electron holes (h+) are created and water is oxidized
on the surface of the photoelectrode. It is interesting to observe
that the TNT5 electrode shows a ca. 400 mV negative shift in the
oxygen evolution onset potential in relation to the rest of the
electrodes. This result can be correlated with the relative flat
band position of the TNT5 electrode in comparison to the other
nanotube electrodes, as given in Fig. 5b, where the open circuit
potential in a three-electrode configuration was recorded. In all
cases, the OCP shifts upon illumination to more negative poten-
tials, which is expected for an n-type semiconductor. Under illu-
mination its Fermi level moves towards more negative
potentials and at sufficiently high illumination intensities its
value is expected to reach the flat band potential.24 Therefore,
the TNT5 electrode has the most negative relative flat band
potential followed closely by T-TiO2, while TNT30 and TNT20
appear at less negative ones, agreeing with the polarization
curves of Fig. 5a. On the other hand, it is evident that the
T-TiO2 and TNT5 electrodes have similar relative flat band
potentials, thus the inversion layer is expected in less positively
applied voltages. The high anodic current in the case of the
TNT5, as opposed to the T-TiO2, is probably due to the former’s

Fig. 3 XRD diffractograms of T-TiO2 and TNT electrodes of different
nanotube lengths after annealing at 500 °C.

Fig. 4 SEM micrographs of the Pt/C carbpn fiber cathode electrode (left) and the cross section of the Zahner PECC-2® cell under operating
conditions (right).
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higher surface area and better electron mobility, as expected for
highly ordered and high aspect ratio materials.25

Fig. 5c shows the polarization curves of the electrodes
under the same conditions as those in Fig. 5a, but under
illumination. It should be highlighted that 0 V applied voltage
implies unassisted water splitting conditions and a 230
μA cm−2 short-circuit photocurrent output was recorded for the
TNT5 sample. The longer TNT and T-TiO2 exhibit considerably
lower photocurrents with pure water.

In the case of the nanotube electrodes, photocurrent satur-
ation is observed with positively shifting applied voltages. This
is attributed to the formation of fully depleted nanotube walls
and it is evident that the TNT30 electrode with the thinner
walls (∼36 nm), reaches photocurrent saturation earlier than
the TNT20 (∼55 nm) and TNT5 (∼63 nm) ones. The thermally
treated photoelectrode did not reach limiting photocurrent

densities in the recorded potential range, which implies a
growing depletion zone following Gärtner’s model for a semi-
conductor under illumination.26

The incident photon-to-current efficiency (IPCE) was calcu-
lated according to:

IPCEð%Þ ¼ jp1240
λI0

100% ð3Þ

where jp is the photocurrent density (e.g. in mA cm−2), λ is the
wavelength of the incident light in nm, and I0 is the wavelength
dependent intensity of incident light (then in mW cm−2). Under
unassisted conditions (0 V vs. cathode) the IPCE (Fig. 5d) of the
TNT5 sample reached 19%, while for the T-TiO2, TNT20 and
TNT30 it was 3%, 9% and 11%, respectively.

The stability of the three-layer membrane was tested under
three different applied voltages vs. cathode, as given in Fig. 5e.

Fig. 5 Linear sweep voltammetry under dark conditions vs. the cathode at 5 mV s−1 in water (a), open circuit potential recorded in a three-electrode
configuration vs. Ag/AgCl in 0.5 M Na2SO4 (b), linear sweep voltammetry under illumination of 4 mW cm−2 vs. cathode at 5 mV s−1 in water (c),
corresponding IPCE at the potential window from −0.8 V to 1.2 V. Dashed line denotes the IPCE at 0 V vs. cathode (d), chronoamperometric experi-
ment with the TNT30 electrode with water in the anode and ambient air in the cathode at three applied voltages vs. cathode and light intensity of
UV-rich radiation of 4 mW cm−2 (e).
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As an example, the TNT30 electrode was chosen and three
experiments at 0 V, 0.4 V and 1.0 V vs. cathode for 4 h each were
conducted, successively. It can be seen that the three-layer mem-
brane is stable for at least 12 h of continuous operation. In the
case of 0 V and 0.4 V vs. cathode, a deterioration of the photo-
current is observed for the first hour of operation, but then the
photocurrent stabilises for the rest of the experiment. In the
1.0 V the photocurrent stays constant from the very beginning, a
fact that can be attributed to the bigger band bending and more
efficient charge separation due to the higher applied voltage.

In order to investigate the effect of a supporting electrolyte,
we performed the same measurements in the presence of
0.5 M Na2SO4 (Fig. 6a and b). Interestingly, the performances
of the TNT of different lengths are largely reversed; now the
TNT30 sample appears with the highest photocurrent density
in the whole voltage range, followed by TNT20. The overall
response of the system is similar to the one under pure water
and at 0 V vs. cathode, but the TNT30 reaches approximately
400 μA cm−2 photocurrent density, which is around 3 times
higher than in pure water. Similar enhancements are observed
for the TNT20 and the TNT5 electrodes. The increase of the
photocurrent density is also reflected in the IPCE at 0 V vs.
cathode, where 33%, 30% and 27% were recorded for TNT30,
TNT20 and TNT5, respectively. It is reasonable to assume that
the ionic conductivity – at least locally in and near the elec-
trode structure – is greatly improved in the presence of the sup-
porting electrolyte, therefore the field assisted ionic current
towards the cathode is facilitated. These findings suggest that
water splitting may take place inside the nanotubes and not
only near the outer rim. This is also in agreement with the
limited photocurrent densities observed in the polarization
curves, suggesting fully depleted nanotube walls.27

4. Conclusions

In conclusion, we have demonstrated a facile fabrication of a
thin solid-state PEC cell, in which the anode and cathode are

attached to either side of a proton conducting polymer mem-
brane. We investigated the performance of the PEC cell
under asymmetric conditions, in which different photoanode
electrodes were compared by exposure to pure water and the
cathode to ambient air. At 0 V vs. cathode, the PEC cell
produced a short-circuit photocurrent density of 230
μA cm−2, using a photoelectrode of short TiO2 nanotubes (TNT).
This corresponds to an incident-photon-to current efficiency of
19%. On the other hand, when pure water was replaced with
0.5 M Na2SO4(aq), a photocurrent density of 400 μA cm−2 at
0 V vs. cathode was achieved by using longer TNT, corresponding
to an incident-photon-to current efficiency of 33%, assigned to
higher ionic conductivity provided by the salt solution inside
the tube. Further studies and developments will comprise
visible light activated photoanodes, optimization of the solid
electrolyte, and production of H2 into a hydrogen atmosphere
in the cathode chamber.
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Ta3N5/Co(OH)x composites as photocatalysts for
photoelectrochemical water splitting

Kaiqi Xu, a Athanasios Chatzitakis,a Ingvild Julie Thue Jensen,b

Mathieu Grandcolasb and Truls Norby*a

Ta3N5 nanotubes (NTs) were obtained from nitridation of Ta2O5 NTs, which were grown directly on Ta foil

through a 2-step anodization procedure. With Co(OH)x decoration, a photocurrent density as high as

2.3 mA cm−2 (1.23 V vs. NHE) was reached under AM1.5G simulated solar light; however, the electrode

suffered from photocorrosion. More stable photoelectrochemical (PEC) performance was achieved by

first loading Co(OH)x, followed by loading cobalt phosphate (Co–Pi) as double co-catalysts. The Co(OH)x/

Co–Pi double co-catalysts may act as a hole storage layer that slows down the photocorrosion caused by

the accumulated holes on the surface of the electrode. A “waggling” appearance close to the “mouth” of

Ta2O5 NTs was observed, and may indicate structural instability of the “mouth” region, which breaks into

segments after nitridation and forms a top layer of broken Ta3N5 NTs. A unique mesoporous structure of

the walls of the Ta3N5 NTs, which is reported here the first time, is also a result of the nitridation process.

We believe that the mesoporous structure makes it difficult for the nanotubes to be fully covered by the

co-catalyst layer, hence rationalizing the remaining degradation by photocorrosion.

1. Introduction

Photoelectrochemical (PEC) water splitting is a promising
method to produce hydrogen as a green energy carrier from
solar light.1,2 Since the first demonstration of water splitting
on the surface of n-type TiO2 as a photoanode,3 tremendous
efforts have been made to increase the solar to hydrogen (STH)
efficiency using new materials and cell configurations.4–6 The
central processes such as light absorption and conversion via
redox reactions take place on the photoelectrodes; hence the
properties and structure of the photoelectrode materials play
crucial roles. For a single photoelectrode PEC cell, a semi-
conductor with a bandgap close to 2.0 eV is ideal for PEC
water splitting, considering that overpotentials for redox reac-
tions and ohmic losses through the cell are required in
addition to the thermodynamic potential (1.23 eV (ref. 7))
required for water splitting. Preferably, the conduction band
minimum (CBM) and valence band maximum (VBM) should
straddle the water redox potentials, so that an external bias is
not needed. Since the PEC water splitting is usually performed
in an aqueous electrolyte, the material should also be stable
for a long time in such an environment under solar illumina-
tion. As a consequence, all the bottom-line requirements men-

tioned above have already eliminated most of the common
materials, such as TiO2, which has a wide bandgap (3.2 eV
(ref. 8)), CdS, which suffers from photocorrosion,9 and
α-Fe2O3, whose CBM is not negative enough to drive the hydro-
gen evolution half reaction.10,11 ZnO has also received great
attention for applications in PEC systems, but apart from the
wide bandgap, which is comparable to that of TiO2, it has
much faster charge carrier recombination rates.12–14 Another
interesting photocatalyst is WO3, which has a lower band gap
energy (2.4–2.8 eV), good stability and low toxicity.15,16 As in
the case of hematite, WO3 also has a less negative CBM com-
pared to the proton reduction energy level, resulting in a low
reduction potential of the photogenerated electrons and fast
charge carrier recombination.17 Bi-containing mixed-oxide
semiconductors, especially BiVO4, show high incident-photon-
to-current efficiencies (IPCE) under visible light irradiation
and hold great promise for use in optimized PEC water split-
ting systems.18 Recently, hydrogenated TiO2, or “black titania”,
has shown extraordinary visible light absorption due to con-
siderable band gap energy narrowing.19 Moreover, black
titania formed under high pressure hydrogen treatment shows
high intrinsic photocatalytic activity towards cocatalyst-free
hydrogen evolution.20

Due to the suitable bandgap (2.1 eV) and appropriate band
positions,21 Ta3N5 has been intensively studied22,23 as a photo-
anode material for visible-light-driven PEC water splitting.24

Its efficiency can be determined by three factors,25,26 namely,
the absorption efficiency of photons, the separation and trans-

aCentre for Materials Science and Nanotechnology, Department of Chemistry,
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port of photo-generated charge carriers (electron and hole
pairs), and the injection of the photo-generated holes from the
surface into the absorbed species. Therefore, strategies to
improve the efficiency are also straightforward. For instance,
nanostructure engineering has been developed to increase not
only the concentration of the reaction sites but also the
photon absorption efficiency,27,28 doping and heterojunctions
are employed to enhance the charge separation and trans-
port,29,30 and co-catalyst decoration is applied to improve the
charge injection from the electrode to the surface states
(absorbed species).29

Substantial efforts have been made in order to develop
efficient and stable co-catalysts made of Earth-abundant
elements for water splitting applications, including alkaline,
polymer exchange membrane (PEM) and PEC water electroly-
sis.11 According to Web of Science, 2043 reports have been
published on electrocatalysts during 2017 alone.31 A great
variety of co-catalysts for the hydrogen evolution reaction
(HER) under PEC operation have been developed that can
operate in the whole pH range. A few striking examples are
MoS2

32 and W2C for acidic,33 CoS34 and Co3O4
11 for near

neutral and Mo2C
35 for alkaline media. On the other side, the

oxygen evolution reaction (OER) is the bottleneck of the overall
water splitting due to the complexity of the 4e− electro-
chemistry, requiring high overpotentials. In alkaline and near-
neutral media several OER co-catalysts have been developed
that show good catalytic activity and stability, such as CoPi,
NiOx, FeOx, and NiFe-oxides.11,36–38 The situation is quite chal-
lenging in acidic media, where the only stable catalyst is
IrO2.

39 A few catalysts have been recently developed and they
show promising performance under OER operation in an
acidic environment, but further improvement is required,
especially when it comes to stability and OER overpotentials.
Crystalline Ni0.5Mn0.5Sb1.7Oy

40 shows stable operation for
168 h at 10 mA cm−2 in 1 M H2SO4, but it requires 735 mV
overpotential. N-Doped WC nanoarrays41 require 470 mV over-
potential at 60 mA cm−2, but under only 1 h of operation at
10 mA cm−2 the OER overpotential increases from 120 mV to
310 mV due to the formation of surface W-oxides.

Recently 1D Ta3N5 materials, such as nanotubes42 and
nanorods,43 have attracted attention due to their unique pro-
perties of charge transport and significantly increased surface
area, which usually in combination with a co-catalyst coating
further boost the solar light conversion efficiency.43–45 The syn-
thesis of Ta3N5 NTs usually starts from the growth of Ta2O5

NTs by anodization, which is commonly used in growing other
metal oxide nanotubes such as TiO2 nanotubes.46–48 The first
generation of vertically oriented Ta2O5 NTs were grown on Ta
foil by one-step anodization in an electrolyte containing a con-
centrated H2SO4 and HF mixture.49,50 This introduced quite
violent electrochemical reactions during the formation of the
nanotube arrays, resulting in poor attachment between the
nanotube arrays and the substrate. Although better adhesion
was reported later by using less concentrated HF in the electro-
lyte,51 obtaining long and stable Ta2O5 NTs is still challenging.
In recent years, Ta2O5 NTs grown by anodization in a concen-

trated H2SO4 and NH4F(aq) mixture have shown good stability
and a high aspect ratio, and the nanotubes were preserved
after high temperature nitridation in an NH3 gas environment
in order to obtain Ta3N5 NTs.27,28,42,52 A photocurrent density
as high as 7.5 mA cm−2 was obtained for Ba-doped Ta3N5 NTs
decorated with Co–Pi (cobalt phosphate) as the co-catalyst.52

However, the stability of such high performance is question-
able, since Ta3N5 suffers from photocorrosion,43 and the stabi-
lity of nanotube-based Ta3N5 photoanodes is rarely mentioned
in the literature.28,42,51–53

In this work, Ta3N5 NTs are synthesized with optimized
parameters based on the procedure provided in the litera-
ture.27,28 Different Co-based co-catalysts are loaded on the
Ta3N5 NTs in order to facilitate the hole transfer from the elec-
trode to the surface states (absorbed species), so as to enhance
the PEC water splitting performance. An attempt to improve
the overall PEC water splitting stability is made by first depos-
iting Co(OH)x, followed by depositing Co–Pi as double oxygen
evolution reaction (OER) co-catalysts. The micro-morphology
of Ta2O5 NTs and Ta3N5 NTs is studied and discussed. A “wag-
gling” appearance close to the “mouth” of Ta2O5 NTs is
observed by transmission electron microscopy (TEM), and a
mesoporous structure on the walls of Ta3N5 NTs resulting
from nitridation is observed by scanning electron microscopy
(SEM).

2. Experimental
2.1 Materials

Ta foil (0.25 mm thick, ≥99.9% purity, Sigma-Aldrich) was
used as the substrate for the growth of Ta2O5 NTs. All the
chemicals were of analytical grade from Sigma-Aldrich and
used as received. Deionized water (18.2 MΩ cm) was used for
the preparation of all the solutions. NH3 (standard cooling
quality, ≥99.92%) and N2 5.0 were both obtained from Praxair.

2.2 Preparation of Ta3N5 NTs

The preparation procedure of Ta3N5 NTs is schematically
shown in Fig. 1. The synthesis of Ta3N5 NTs starts from the
growth of vertically aligned Ta2O5 NTs on a piece of Ta foil
through a two-step anodization, with optimized parameters
based on previously reported methods.27,42,51,54 The Ta foil
was cut and cleaned by sonication in a sequence of acetone,
isopropanol and DI H2O and dried under a N2 flow. The first
layer was grown at 60 V for 30 min in a diluted sulfuric acid
electrolyte (H2SO4, 98% : H2O vol. = 6.35), which contained
0.8 wt% of NH4F, and was subsequently removed by applying
Scotch® tape. A second nanotube layer was grown using the
same anodization procedure, and was stabilized by immersing
the electrode in absolute ethanol for 5 min after anodization.28

The obtained Ta2O5 NTs were annealed in a continuous NH3

flow (15 sccm) in a ProboStat™, which provided good control
of the gas environment at high temperature. The Ta2O5 NTs
were first heated up to 950 °C in a continuous N2 flow with a
ramping rate of 5 °C min−1, after which the N2 was switched to

Paper Photochemical & Photobiological Sciences

838 | Photochem. Photobiol. Sci., 2019, 18, 837–844 This journal is © The Royal Society of Chemistry and Owner Societies 2019

Pu
bl

is
he

d 
on

 2
5 

O
ct

ob
er

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
te

t I
 O

sl
o 

on
 2

/8
/2

02
0 

7:
25

:0
4 

A
M

. 

View Article Online

59



NH3 for 2 h at 950 °C, followed by a cooling process with a
cooling rate of 5 °C min−1 under the flow of NH3.

2.3 Loading of co-catalysts

The Co(OH)x co-catalyst was electrodeposited on Ta3N5 NTs
according to the Pourbaix diagram of the Co species.55 A three-
electrode electrochemical cell was used with Ta3N5 NTs as the
working electrode, SCE as the reference electrode and Pt foil as
the counter electrode. −0.5 V vs. SCE was applied on the
working electrode for 60 s in a stirred solution containing 0.05 M
Co(NO3)2, where the pH was adjusted to 11–12 by slowly
adding 1 M NaOH. The pH of the solution was monitored
using a pH meter (HORIBA D-71G, Japan).

Co–Pi was electrodeposited according to a previously pub-
lished procedure56 with slight modifications. In the present
case, 0.85 V vs. SCE were applied for 60 s on the Co(OH)x
loaded Ta3N5 NTs, which were immersed in a solution of
0.05 mM Co(NO3)2 at pH 7 (0.1 M potassium phosphate
buffer), and dried in ambient air.

2.4 Characterization

The nanotubes were characterized in plane-view and cross-
section using a scanning electron microscope (SEM, FEI 650
NOVA NanoSEM instrument) equipped with a secondary elec-
tron (SE) detector and operated at an acceleration voltage of
5 kV. Scanning transmission and transmission electron
microscopy (S/TEM) of the nanotube cross-sections were
carried out at 300 kV with an FEI Titan G2 60-300 instrument
equipped with a DCOR probe Cs-aberration corrector, and a
Super-X Bruker energy dispersive spectrometer with 4 silicon
drift detectors. TEM imaging was carried out in bright field
mode coupled to selected area electron diffraction (SAED).
High-angle annular dark field (HAADF) imaging was per-
formed with a probe current of ∼100 pA and a nominal spatial
resolution of 0.08 nm. The crystal structure was analyzed using
a Rigaku MiniFlex 600 XRD with a Cu(α) 1 radiation source
(λ = 1.5046 Å), step 0.01° (2θ) and a scan rate of 1° min−1. The
existence of co-catalysts on the surface of the nanotubes was
confirmed by X-ray photoelectron spectroscopy (XPS) using a
Kratos Axis UltraDLD spectrometer, with monochromated Al Kα
radiation (hν = 1486.6 eV). High resolution spectra were
measured using a step size of 0.1 eV and a pass energy of 40
eV. The energy axis was calibrated using the position of the Ta
4f component of Ta3N5 at 25.0 eV.57 Peak fitting was done after
Shirley background subtraction58 using the CasaXPS software.

2.5 PEC measurements

PEC measurements were conducted in an alkaline electrolyte
containing 1 M NaOH with pH 13.6, using the same three-elec-
trode configuration as for the electrodeposition of the co-
catalysts. Before any measurement, the aqueous electrolyte was
purged thoroughly with N2 gas, in order to remove any dissolved
oxygen that may contribute to the reduction reaction at the
cathode. The photocurrent was recorded using a Gamry
Reference 3000 potentiostat, under 1 sun simulated solar light
using a Newport Oriel® LCS-100 solar simulator equipped with
a 100 W ozone-free xenon lamp and an AM 1.5G filter. The
illumination intensity was calibrated regularly with a mono-
crystalline Si PV reference cell (Newport 91150V-KG5). Potentials
were corrected vs. NHE by using the Nernst equation:

ENHE ¼ Emeas þ 0:059 V � pHþ 0:241 V:

The incident photon-to-current efficiency (IPCE) was calcu-
lated according to the equation:26

IPCEð%Þ ¼ Jph ðmA cm�2Þ � 1239:8 ðeV nmÞ
Pmono ðmW cm�2Þ � λ ðnmÞ

where Jph is the photocurrent density at 1.23 V vs. NHE under
monochromatic light intensity (Pmono) measured with the
same Si PV reference cell. The monochromatic light was gener-
ated by using a set of visible 10 nm bandpass filters (Thorlabs,
FKB-VIS-10) from 350 nm to 700 nm, with an interval of 50 nm
and the same solar simulator as the light source.

3. Results and discussion

Fig. 2a shows a cross-section SEM image of Ta3N5 NTs, where
a 2-layer structure is clearly seen. The nanotube structure was
well preserved from Ta2O5 NTs (Fig. 2a, inset) after nitridation
at 950 °C. The top layer of Ta3N5 NTs mostly consists of broken
nanotubes, which have also been witnessed by other research-
ers,52 and reported to have no significant effect on the photo-
current.27 The length of the more organized nanotubes in the
second layer is ∼14 μm, and appears to be mesoporous
(Fig. 2b), which has been rarely reported in the literature and
is most likely formed due to the aggressive nitridation
process.23 The average outer diameter of the nanotubes is
∼120 nm, and the wall thickness is ∼40 nm, as can be esti-
mated from Fig. 2c.

Fig. 3a and b show TEM images of amorphous Ta2O5 NTs
grown via anodization, where the average outer diameter and

Fig. 1 Preparation procedure for bare Ta3N5 NTs and Ta3N5/co-catalyst electrodes.
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the wall thickness of the tubes are ∼160 nm and ∼55 nm,
respectively. After nitridation, the outer diameter and the wall
thickness of Ta3N5 NTs (Fig. 3c) are found to be ∼119 nm and
∼42 nm, which are in good agreement with the dimensions
obtained from SEM images. The slight shrinkage from Ta2O5

NTs to Ta3N5 NTs is a result of nitridation, during which every
3 O atoms are replaced by 2 N atoms.28 In addition, the inset
in Fig. 3a shows a quite smooth tube wall without any meso-
pores, which further confirms the mesoporous structure
appearing later in the Ta3N5 NTs as a result of the nitridation
process. The “mouth” of the Ta2O5 NTs array in Fig. 3b exhi-
bits a “waggling” appearance, which is also present in the
singular nanotube TEM image (Fig. 3a), and may correspond
to the formation of the top layer, as shown in Fig. 2a. A poss-
ible explanation may be based on the plastic flow model pro-
posed for the growth of TiO2 NTs by the same technique,
where the newly formed oxide at the bottom of the nanotubes
is believed to be pushed to the wall and extend the lengths of
nanotubes.48,59 Therefore, it is reasonable to assume that the
“mouth” of the nanotubes will suffer less pressure from
adjacent nanotubes compared to the bottom, resulting in the

difficulty to maintain the structure stability. The HRTEM
image of Ta3N5 NTs in Fig. 3d shows good crystallization after
nitridation, where the fringes with an interspace of 5.1 Å
match well with the orthorhombic Ta3N5 (020) crystal planes.
The XRD pattern matches that of Ta3N5 (COD ® ID1005006),
and confirms the successful conversion of Ta2O5 to Ta3N5 at
950 °C for 2 h in NH3, without any noticeable existence of any
other phases.

During the PEC water splitting process on an n-type semi-
conductor, the photo-generated holes should be transferred to
the surface and subsequently injected into the surface states to
participate in the oxygen evolution reaction. If the charge trans-
fer suffers from sluggish kinetics, agglomerated holes may start
oxidizing the material itself, leading to the decay of the photo-
current, which is a common drawback of nitride-based photo-
anodes.60 A feasible and effective solution would be to modify
the surface with a co-catalyst for the oxygen evolution reaction
(OER), e.g. IrO2,

61 Co3O4,
62 Co–Pi,63 Co(OH)x

64 and NiFe-LDH,43

so as to facilitate the charge transfer and (partially) prevent
the photoanode from photocorrosion. Co-Species based co-
catalysts-Co–Pi and Co(OH)x were decorated on the Ta3N5 NTs
by electrodeposition for efficient oxygen evolution.

To confirm the presence of Co (and P) species in the Ta3N5

NTs, XPS measurements were carried out. Fig. 4 shows the
Co 2p and P 2p regions for Ta3N5/Co(OH)x (Fig. 4a and c, respec-
tively) and Ta3N5/Co(OH)x/Co–Pi (Fig. 4b and c, respectively).
The Co 2p peaks of both Ta3N5/Co(OH)x and Ta3N5/Co(OH)x/
Co–Pi are in close agreement with the Co(OH)2 spectra reported
by Biesinger et al.,65 showing that the Co2+ state is dominant in
both samples. However, for the Ta3N5/Co(OH)x/Co–Pi sample, a
P 2p peak is observed, at a peak position which is consistent
with the phosphate.66 Co is in the Co2+ state in both Co(OH)2
and Co3(PO4)2, which may be the reason why the Co 2p spectra
are nearly identical for the samples with and without Co–Pi.

Fig. 3 TEM images of (a) a singular Ta2O5 nanotube, (b) the “mouth” of a Ta2O5 NT array, and (c) a Ta3N5 NT array; (d) HAADF image showing a
Ta3N5 crystal where a mesoporous structure is present, and the (002) planes can be clearly identified and (e) XRD of fresh Ta3N5 NTs, peaks accord-
ing to the COD® crystallographic database with ID 1005006.

Fig. 2 SEM images of Ta3N5 NTs: (a) cross-sectional view, (b) closer side
view and (c) top view. 2-Layer mesoporous Ta3N5 NTs with an average
length (second layer) of ∼14 μm were aligned vertically on the Ta foil. The
inset shows the cross-sectional SEM image of Ta2O5 NTs, indicating that
the 2-layer nanotube structure was preserved after nitridation.
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Quantification of the sample content was performed based
on the high resolution Ta 4f, Co 2p, P 2p, C 1s, O 1s and N 1s
spectra, as presented in Table 1. Both samples have similar
contents of Ta, Co, C and N. The presence of P in Ta3N5/
Co(OH)x/Co–Pi is accompanied by a slight increase in the O
content. This could be consistent with the higher O content of
Co3(PO4)2 compared to that of Co(OH)2.

Fig. 5a shows the j–U curves of different co-catalyst loaded
Ta3N5 NTs, obtained from linear sweep voltammetry (LSV),
under 1 sun simulated AM1.5G illumination with light on/off
cycles. In order to make the comparison more reliable, results
from first LSV run were not used. For the Co–Pi modified
sample, the photocurrent at a potential of 1.23 V vs. NHE
is 1.15 mA cm−2, and for the Co(OH)x modified sample is
2.3 mA cm−2, which are 10-fold and 20-fold increases, respec-
tively, in the photocurrent density compared to bare Ta3N5. The
sample Ta3N5/Co(OH)x/Co–Pi obtained by first Co(OH)x depo-
sition followed by Co–Pi deposition shows a similar photocurrent
as Ta3N5/Co(OH)x. However, chronoamperometry in Fig. 5b

shows that Ta3N5 NTs modified by both Co(OH)x and Co–Pi
exhibit better photocurrent and stability at 1.15 V vs. NHE,
starting from 0.85 mA cm−2 and ending at 0.6 mA cm−2, which
represents a 30% degradation after 20 min. With only Co(OH)x
decoration, the photocurrent starts from the same level but
decays more than 50% after 20 min. When a more positive
potential is applied, i.e. 1.65 V vs. NHE, the samples with only
Co(OH)x or Co–Pi modification show very fast photocurrent
degradation in the first few minutes. As a consequence, the
photocurrent of Ta3N5/Co(OH)x becomes much lower than that
of Ta3N5/Co(OH)x/Co–Pi, in contrast to what is shown in the
j–U plots (Fig. 5a). Nevertheless, even with double co-catalyst
loading, the material still experiences fast performance degra-
dation when the applied potential is as positive as 1.65 V vs.
NHE. The bare Ta3N5 NTs shows very small photocurrent
throughout the chronoamperometry test, which is consistent
with the literature.52 Fig. 5c shows the IPCE plots of the bare
Ta3N5 NTs and that with the optimized co-catalyst coating. As
expected, the quantum efficiency of Ta3N5 NTs coated with
Co(OH)x/Co–Pi is much higher than that of the bare Ta3N5

NTs, across the whole range of the measured wavelengths. It is
interesting to note that the Co(OH)x/Co–Pi coating not only
facilitates the charge transfer, as most of the co-catalysts do,
but also provides an improved absorption of visible light, with
a peak at 550 nm and furthermore, enhanced IPCE beyond
600 nm. It is also noteworthy that the IPCE in the UV region
(350 nm) reached almost 90%, indicating the improved charge
carrier separation, expedited by the semiconductor–cocatalyst
junction.

Fig. 4 XPS spectra of (a) Co 2p3/2 and the satellite (ss) peak from Ta3N5/Co(OH)x, (b) from Ta3N5/Co(OH)x/Co–Pi and (c) P 2p from both electrodes.

Table 1 Sample composition obtained from quantification of the high
resolution XPS spectra

Sample
Ta
(at%)

Co
(at%) P (at%) C (at%) O (at%) N (at%)

Ta3N5/Co(OH)x 25.7 2.0 0.0 10.5 23.7 38.2
Ta3N5/
Co(OH)x/Co–Pi

24.4 1.9 2.4 10.1 27.3 33.9
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The state-of-the-art photocurrent obtained from Ta3N5 NT
based photoanodes under simulated sunlight is 7.5 mA cm−2

at 1.23 vs. NHE from Co–Pi modified, Ba doped nanotubes,52

and 6.3 mA cm−2 at 1.23 vs. NHE from Co(OH)x modified sub-
nitrides introduced as the back contact of the nanotubes.28

Although the highest photocurrent reported in this work is
2.3 mA cm−2 vs. NHE, much less than the best performance
results in the literature, it should be mentioned that in order
to have a more reliable photocurrent the best results obtained
from the first LSV run were not used here. In addition, the
stability of nanotube-based Ta3N5 photoanodes for PEC water
splitting is rarely mentioned in the literature,27,28,42,51,52,63

even though most of them claim photocurrent improvements
at a certain applied potential. However, stable PEC water split-
ting performance by co-catalyst modified Ta3N5 synthesized
with other morphologies have already been reported in the lit-
erature, such as Co–Pi modified Ta3N5 nanorods,44 Co–Pi +
Co(OH)x/NiFe-LDH multiple co-catalyst modified Ta3N5 nano-
rods43 and ferrihydrite (Fh) protected Ta3N5 films.67 However,
the synthesis of nanorods requires extra procedures and is
usually more costly than nanotubes. The difficulty of maintain-
ing the performance stability of Ta3N5 NTs compared to that of
nanorods may result from the special morphology shown in
the SEM and TEM images (Fig. 2 and 3). The mesoporous
structure makes it rather difficult to fully cover the whole
surface by co-catalysts during electrodeposition; hence photo-

corrosion takes place easily. Nevertheless, the results of this
work may indicate one possible solution to further enhance
the stability of nanotube-based Ta3N5 photoanodes. The
Co(OH)x/Co–Pi double co-catalysts may act as a hole storage
layer similar to Ni(OH)x/MoO3,

68 which efficiently harvests and
stores the holes from Ta3N5 NTs by converting Co2+ to Co3+, so
that the hole accumulation at the surface of Ta3N5 NTs is sup-
pressed. Fast charge transfer activated by Co–Pi results in the
oxidation of the absorbed OH− into O2 gas, and regeneration
of the Co2+ species simultaneously. Therefore, a pinhole free,
high coverage ratio Co(OH)x/Co–Pi layer may sufficiently
enhance the stability, but better deposition parameters or a
more appropriate deposition method are needed.

4. Conclusions

Ta2O5 nanotubes were grown directly on Ta foil by a 2-step ano-
dization process. A “waggling” appearance of the nanotubes
close to the “mouth” was witnessed, which may result in the
top layer consisting of broken nanotubes in Ta3N5 NTs.
A mesoporous structure all along the Ta3N5 NTs was observed,
and was a consequence of the aggressive nitridation process.
A high PEC activity was achieved by the Ta3N5 NTs with Co-
based co-catalyst decoration. At an applied potential of 1.23 V
vs. NHE, the photocurrent density reached 2.3 mA cm−2 by

Fig. 5 (a) j–U curves of bare Ta3N5, Ta3N5/Co–Pi, Ta3N5/Co(OH)x, and Ta3N5/Co(OH)x/Co–Pi under chopped AM1.5G simulated sunlight, in a 1 M
NaOH electrolyte, 10 mV s−1 scan rate, (b) chronoamperometry of the same samples at 1.15 V vs. NHE and 1.65 V vs. NHE for 20 min each, with light
on/off cycles and (c) IPCE of bare Ta3N5 NTs and that with optimized co-catalyst coating.
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Co(OH)x decorated Ta3N5 NTs under AM1.5G simulated solar
light. With Co(OH)x/Co–Pi double co-catalyst loading, the
stability of the PEC performance of Ta3N5 NTs at 1.15 V vs.
NHE was >20% better than that of its counterparts, indicating
the possibility to enhance the stability of nanotube-based
Ta3N5 by loading multiple Co-species based OER co-catalysts.
However, the unique mesoporous structure made it difficult to
obtain a uniform coverage of co-catalysts on the nanotubes,
resulting in the difficulty in maintaining high PEC perform-
ance. Better deposition parameters or a more appropriate
deposition method is needed to obtain a uniform and pin
hole free Co(OH)x/Co–Pi double co-catalyst layer, in order to
further enhance the stability of Ta3N5 NTs.
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A B S T R A C T

In this work, Co-based cocatalysts are electrodeposited on mesoporous Ta3N5 nanotubes. The electrodeposition
time is varied and the optimized photoelectrode reaches a photocurrent density of 6.3mA/cm2 at 1.23 V vs. SHE,
under simulated solar illumination of 1 Sun, in 1M NaOH. The best performing electrode, apart from the high
photocurrent density, shows improved stability under intense photoelectrochemical water splitting conditions.
The dual function of the cocatalyst to improve not only the photoelectrochemical performance, but also the
stability, is highlighted. Moreover, we adopted a simple protocol to assess the toxicity of Co and Ta contained
nanostructured materials (representing used photoelectrodes) employing the human cell line HeLa S3 as target
cells.

1. Introduction

Photoelectrochemical (PEC) water splitting provides a direct way to
store solar energy in the form of hydrogen [1–3]. Intensive research is
underway to develop materials that can bring this technology to a
commercial level. Although more than 40 years have passed since
Honda and Fujishima demonstrated the concept of PEC water splitting
[4], there is still a long way to go. A viable PEC water splitting device
should contain photoelectrodes that can produce 8mA/cm2 at an ex-
ternally applied potential of no more than 0.8 V and a 15-year lifetime
expectancy [1]. In fact, unbiased water splitting will be the ideal so-
lution, which can be achieved through photovoltaic-assisted PEC water
splitting with buried PV junctions [5–9]. The remaining problems are
related to the development of efficient semiconducting electrodes, i.e.
photoabsorbers, as well as efficient cocatalysts based on earth-abundant
elements [10,11].

Tantalum nitride, Ta3N5, is an n-type semiconductor, which has
been extensively studied by the PEC community because of its suitable
bandgap energy (2.1 eV), as well as band positioning for overall water
splitting [12–15]. In addition, Ta3N5 can theoretically reach photo-
current densities of approx. 13mA/cm2, more than enough for

commercial exploitation [16]. Unfortunately, Ta3N5 is not stable and
photocorrodes during short PEC operating times (20−30min) as the
anode photoelectrode [16,17]. One strategy to improve in general the
stability of such photoelectrodes is through nanostructuring [18]. In
this case, the photocurrent density is spread over a much larger area
compared to a film electrode. Another strategy is to passivate the
semiconductor surface by coating it with an electronically “leaky”
oxide, such as TiO2 [19,20] or with a cocatalyst [21]. The latter is
particularly interesting as the appropriate cocatalyst can improve the
sluggish surface electrochemical kinetics of the semiconductor and at
the same time protect the buried photoabsorbing surface. Moreover, the
direct junction between the semiconductor and the cocatalyst is pre-
ferred over a configuration where an ALD-formed or another passive
layer (e.g. ferrihydrite) is interfered between the photoabsorber and the
cocatalyst, where a reduction in the photocurrent density is observed
[22].

Earlier works have reached impressive photocurrent densities and in
some cases stable performances over a few hours of PEC operation. Liu
et al. [22] have reached 8.5 mA/cm2 in alkaline conditions for Co3O4

coated Ta3N5 films, which were grown by a combination of anodization
and hydrothermal methods on Ta substrate. The cocatalyst was loaded
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by a hydrothermal method. The stability of this electrode was however
very poor, and after 2 h, 70 % of the activity was lost. The authors
improved dramatically the stability by adding a protective layer of
ferrihydrite, which was chemical grown on the porous cubic Ta3N5

films. Although the stability was improved, the photocurrent density at
1.23 V vs. SHE was reduced to 5.2mA/cm2. Wang et al. [23] coated
Ta3N5 nanotubes with a combination of NiFe LDH and Co-Pi/Co(OH)x
as the cocatalyst and they achieved 6.3 mA/cm2 at 1.23 V vs. SHE and a
stability retention of approx. 90 % after 2 h of operation. In a sub-
sequent work, the same group reported the same photocurrent density
without the use of NiFe LDH. Unfortunately, the stability was not as-
sessed, although the authors highlighted that this was the highest
performance ever achieved for such a nanostructured electrode [24].
The improved photocurrent density without the NiFe LDH is attributed
to the formation of a subnitride layer between the nanotubes and the Ta
substrate. An earlier work by Khan et al. [25] reported a photocurrent
density of 7.4 mA/cm2 at 1.23 V vs. SHE without the use of cocatalysts.
The stability was not assessed, but the low faradaic efficiency of the
hydrogen evolution in the cathode suggests a poor stability of the
material. Nevertheless, the authors highlighted the ability of bare Ta3N5

nanotubes to reach such high photocurrent densities by only tuning the
microstructural properties. To conclude with this short literature re-
view on the performance and stability of Ta3N5 nanotubes we refer to
the work of He et al. [17]. The authors elucidated that the self-oxidation
of Ta3N5 and the formation of a thin (approx. 3 nm) oxide film are
responsible for the complete suppression of the activity of the material.
The complete isolation of Ta3N5 from water or any other oxidizing
species is necessary. For this reason, a protective layer of ALD-coated
MgO was applied together with a surface modification with Co(OH)x as
the cocatalyst. The cocatalyst was loaded by simply dipping the elec-
trode in a solution of Co2+ ions. At 1.23 V vs. SHE the optimized
photoelectrode reached approx. 7mA cm−2, but the stability was as-
sessed for only 30min and during this period approx. 10 % decrease in
the performance is witnessed.

It should be mentioned that in all the cases above, the deposition of
the Co-based cocatalysts is mainly done by chemical methods, which
are not really controlled or optimized. In this work, we are continuing
on our previous efforts to improve both the photocurrent density, as
well as the stability of Ta3N5 nanotubes [21]. We have already de-
monstrated a photocurrent density of 2.3mA/cm2 at 1.23 V vs. SHE on
Co(OH)x/Co-Pi coated Ta3N5 nanotubes and an improvement in the
stability of more than 20 % compared to the bare Ta3N5 nanotubes
[21]. The main aim presently is the optimization of the electrodeposi-
tion of the cocatalyst and as we will see, it plays a significant role in the
performance of Ta3N5 nanotubes. The long-term stability still remains
an issue though, but an optimized cocatalyst deposition can sig-
nificantly improve it. Therefore, fine-tuning of the cocatalyst coverage
is important in order to improve the stability without interfering ad-
ditional protective layers. Additionally, and in an effort to assess the
environmental impact of such nanomaterials, we performed a toxicity
evaluation of used Ta3N5 nanotubes with and without Co-based coca-
talysts. Such an approach is uncommon, but extremely important and
we hope to raise awareness for responsible research and innovation, as
well as to showcase a simple method to monitor the potential en-
vironmental impact of such nanomaterials.

2. Experimental

2.1. Materials

Ta foil (0.25mm thick, 99.9 % purity) was purchased from
GoodFellow and used as the substrate during anodization. All the other
chemicals were of analytical grade from Sigma-Aldrich and used
without further treatment. Deionized water (18.2MΩ cm) was used for
the preparation of all the solutions. NH3 (standard cooling quality,
≥99.92 %) and N2 5.0 were both obtained from Nippon Gases.

2.2. Preparation of Ta3N5 nanotubes

The growth of Ta3N5 nanotubes is based on our previous work [21]
with some modifications. For instance, after the initial cleaning pro-
cedure of the Ta foil, the first Ta2O5 nanotubes layer was grown under
60 V for 5min, then rinsed with DI water and removed by an intense
airflow from an air compressor. The new Ta2O5 nanotubes layer grown
under 60 V for 30min was then stabilized in ethanol for 5min, before
being transferred to a ProboStat™ for nitridation. The conversion of
Ta2O5 nanotubes to Ta3N5 nanotubes was performed by annealing the
oxide in a flow of NH3 (15 sccm) at 950 °C for 2 h, then cooled down
under the same NH3 stream with a rate of 5 °C /min.

2.3. Electrodeposition of Co-based cocatalysts

We chose to electrodeposit the Co-based cocatalysts directly on our
Ta3N5 nanotubes, rather than the simple physical implementation re-
ported in the literature [24,26,27]. The purpose is to have a better
control of the deposition quality and conditions by an optimization of
the deposition parameters, and to provide good repeatability for scaling
up purposes.

The Co(OH)X cocatalyst was electrodeposited according to the
Pourbaix diagram of the Co species [28] in a three-electrode electro-
chemical cell with Ta3N5 nanotubes, standard calomel electrode (SCE)
and Pt foil as the working, reference and counter electrodes, respec-
tively. A potential of -0.5 V vs. SCE was applied on the working elec-
trode for 15∼480 s in a stirred solution containing 0.05M Co(NO3)2, at
pH 11 ± 0.5, which was constantly monitored by a pH meter (HORIBA
D-71 G, Japan).

Cobalt-phosphate (Co-Pi) cocatalyst was also electrodeposited with
modification based on the pioneering work of Nocera et al. [29]. For
instance, a potential of 0.85 V vs. SCE was applied on the Co(OH)X
loaded working electrode for 15∼480 s, in a solution containing
0.05mM Co(NO3)2 in 0.1M potassium phosphate buffer (pH 7). In this
way a potential controlled electrolysis of Co2+ salts in phosphate (Pi)
buffer solution is occurring and as a result Co-Pi is formed with a
predominant biscubane structure of Co3PO4-Co [30,31]. Afterwards,
the electrode was rinsed with DI water and dried in ambient air.

2.4. Characterization and PEC measurements

The microscopic images were obtained with a Hitachi SU8230 ultra-
high resolution cold-field emission SEM equipped with a secondary
electron (SE) detector under an acceleration voltage of 10 kV. The
Ta3N5 phase was confirmed using a Rigaku MiniFlex 600 XRD with a Cu
(α) 1 radiation source (λ =1.5046 Å), step 0.01° (2θ) and a scan rate of
1° min−1.

The same three-electrode configuration was used for PEC perfor-
mance of the different photoelectrodes, in a 1M NaOH (pH 13.6)
electrolyte, which was purged with N2 prior to all experiments. All the
electrochemical/photoelectrochemical measurements were conducted
by a Gamry Reference 3000 potentiostat, under 1 sun simulated solar
light from a Newport Oriel® LCS-100 solar simulator equipped with a
100W ozone-free xenon lamp and an AM 1.5 G filter. The light intensity
was regularly calibrated by a monocrystalline Si PV reference cell
(Newport 91150V-KG5). The hydrogen evolution experiments were
conducted in a two-electrode configuration where a Pt sheet was used
as the cathode electrode. Hydrogen production was measured and
quantified by an Agilent micro GC 3000 equipped with a molecular
sieve column. Potentials were corrected vs. SHE according to the Nernst
equation:

= + × +E E pH V0.059 0.241 .SHE meas.
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2.5. Materials toxicity test

2.5.1. Photoelectrode extractions
The used photoelectrodes were washed in 70 % ethanol once, and

twice in DI water. Afterwards, they were packed in aluminum foil and
autoclaved at 134 °C for 30min. Based on the ISO standard (ISO 10993-
12) guide, the photoelectrodes (about 1.5 cm2, thickness 0.5-1mm,
final 3 cm2/ml) were soaked in 0.5ml Dulbecco's modified Eagle's
medium (DMEM) in a 50ml vial at 37 °C for 24 h.

2.5.2. Cell culture
Human cell line HeLa S3 was purchased from American Type

Culture Collection (ATCC). The cells were normally cultured at 37 °C
with 5 % CO2 in DMEM including 4.5 % glucose (Biowhittaker,
Cambrex Inc.) and supplemented with 10 % fetal calf serum, 100 IU/ml
penicillin and 100 μg/ml streptomycin.

2.5.3. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay
The cells were seeded at 20 % confluence in a 96-well plate and

cultured overnight to allow cell adhesion. Then the cells were exposed
to photoelectrode extracts for the indicated 48 h in DMEM. The cell
viability was determined by the MTT assay using the Cell Proliferation
kit (Roche Diagnostics). The assay is based on the cleavage of the
yellow tetrazolium salt MTT to purple formazan crystals by metabolic
active cells. The formazan was quantified by measuring the absorbance
at 570 nm and a reference wavelength at 690 nm on a microplate reader
(Epoch, by BioTek Instrument Inc.). Each sample was measured in tri-
plicate wells. The cell viability was calculated as percentage relative to
control cells.

3. Results and discussion

Fig. 1(a) shows a typical cross-section SEM image of Ta3N5 nano-
tubes grown firstly through anodization, followed by nitridation under
high temperature ammonolysis. The length of the nanotubes is more

than 30 μm, providing a high surface area photoelectrode. The meso-
porous structure shown in Fig. 1(b) may further increase the surface
area of the photoelectrode. After electrodeposition of the cocatalysts,
the smooth outer walls of the nanotubes are covered by nanoparticles,
which are marked in dashed circles, indicating the successful loading of
the cocatalysts (Fig. 1(c)). The XRD pattern in Fig. 1(d) matches that of
the standard Ta3N5 (COD® ID1005006), indicating that after 2 h treat-
ment in NH3, the Ta2O5 nanotubes were successfully converted into
Ta3N5. The XRD pattern shows no other phases, highlighting the in-
creased crystallinity and phase purity of the Ta3N5 nanotubes.

As stated earlier, the main objective of this work was to examine
and optimize the correlation between the PEC performance and the
electrodeposition time of the cocatalysts. According to our previous
work [21], without Co(OH)x, the photocurrent of bare Ta3N5 nanotubes
is typically under 1mA/cm2 @ 1.23 V vs. SHE, much smaller than the
theoretical limit for Ta3N5 of 13mA/cm2. One reason is that pure Ta3N5

suffers from poor charge transfer kinetics from the surface to the elec-
trolyte [16]. Thus, the electrodeposition of Co(OH)x, even as short as
15 s, can significantly increase the photocurrent to 3.5mA/cm2 @
1.23 V vs. SHE, as seen in Fig. 2(a). From the same figure and for the
different electrodeposition times for Co(OH)x, the best PEC perfor-
mance is given by the sample deposited for 30 s, showing a photo-
current density as high as 4.8 mA/cm2 @ 1.23 V vs. SHE. A prolonged
deposition time does not enhance the performance further, and a de-
creasing trend is witnessed when the deposition time is increased from
30 s to 480 s. Diffuse reflectance spectroscopy (DRS) measurements
show the typical optical absorption spectra of Ta3N5, with an onset at
approx. 610 nm, which corresponds to 2.03 eV (Fig. S1 in the Supple-
mentary Information). The presence of Co(OH)X and Co-Pi slightly
enhances the light absorption at shorter wavelengths compared to the
absorption onset, indicating that the Co-based cocatalysts not only fa-
cilitate the interfacial charge transfer kinetics, but also the utilization of
more visible light. A 20min chronoamperometric test on those samples
at 1.1 V vs. SHE is shown in Fig. 2(b), where the photocurrent densities
are consistent with the ones obtained in the j-U curves of Fig. 2(a).

Fig. 1. SEM images of Ta3N5 nanotubes after anodization and ammonolysis: (a) cross-sectional view, (b) mesoporous structure of the nanotube walls under increased
magnification, (c) cocatalyst nanoparticles (marked with dashed circles) present on the outer wall of a single nanotube after electrodeposition (image corresponds to
the TaN/Co(OH)x/Co-Pi 30 s 60 s sample), and (d) XRD of freshly made Ta3N5 nanotubes, fitted according to the COD® crystallographic database with ID 1005006.
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A further modification by co-deposition of Co-Pi has been proven to
further enhance the performance and stability of the Ta3N5 nanotubes.
Fig. 2(c) shows that a 30 s deposition of Co-Pi after 30 s deposition of Co
(OH)x does not provide any noticeable increase in the PEC performance.
A 60 s deposition of Co-Pi though can significantly increase the pho-
tocurrent density, reaching 6.3mA/cm2 @ 1.23 V vs. SHE, providing a
more than 30 % increase in the PEC performance compared to the
optimized sample loaded with only Co(OH)x. A similar decreasing trend
in the PEC performance can also be witnessed as the Co-Pi deposition
time increases from 30 s to 480 s. A synergy effect of the combination of
the two cocatalysts at the optimized composition is explained in the SI
(see Fig. S2 and corresponding analysis). The stability test in Fig. 2(d)
shows a close to 50 % degradation of the performance for the optimized
sample, though its photocurrent remains the highest after 20min at
1.1 V vs. SHE. The degradation can also be witnessed in Fig. 2(e), where
the H2 concentration (red curve) significantly deviates from the theo-
retically expected one (blue curve). Assuming a 100 % efficiency of the
Pt cathode, it is evident that part of the photocurrent is participating in
the corrosion of the photoelectrode.

Fig. 2. j-U plots of Ta3N5 nanotubes electrodeposited with Co(OH)X under different deposition time; (b) stability tests of the samples mentioned in Fig. 2 (a), under 1
sun @ 1.1 V vs. SHE for 20min; (c) j-U plots of Ta3N5 nanotubes firstly loaded with Co(OH)x for 30 s, and subsequently electrodeposited with Co-Pi under varying
deposition times; (d) stability tests of the samples mentioned in Fig. 2 (c), under the same conditions; (e) hydrogen evolution at 1.23 V vs. SHE in a two-electrode
system with TaN/Co(OH)x/Co-Pi 30 s 60 s as anode and Pt as the cathode.

Table 1
Stability loss after a 20min PEC test at 1.1 V vs. SHE under 1 sun simulated
illumination, and charge transfer resistance in the photoelectrode/liquid in-
terface as obtained by EIS at 1.23 V vs. SHE under 1 sun simulated illumination.

Photoelectrode Stability loss (%) Rct (Ω cm2)

Co(OH)x series
TaN/Co(OH)x 15s 55 458
TaN/Co(OH)x 30 s 51 294
TaN/Co(OH)x 45s 55 327
TaN/Co(OH)x 60s 62 1096
TaN/Co(OH)x 240s 65 1422
TaN/Co(OH)x 480s 64 2059
Co(OH)x/Co-Pi series
TaN/Co(OH)x/Co-Pi 30 s 30 s 70 925
TaN/Co(OH)x/Co-Pi 30 s 60 s 52 199
TaN/Co(OH)x/Co-Pi 30 s 240 s 62 830
TaN/Co(OH)x/Co-Pi 30 s 480 s 70 994
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In general, all the photoelectrodes lose a significant fraction of their
photocurrent density. As it can be seen from Table 1 the stability loss
varies between 50 and 70 % after 20min of PEC operation at 1.1 V vs.
SHE under 1 sun simulated illumination. It should be highlighted
though that the optimized photoelectrodes showed the lowest photo-
current loss under the measured conditions, 51 and 52 % for the Co
(OH)x and Co(OH)x/Co-Pi, respectively. It should be added that they
were operating at significantly higher photocurrent densities, therefore
their photocorrosion rate was smaller than the rest of the samples.
Moreover and taking into account the surface morphology of the co-
catalyst loaded nanotubes (Fig. 1(c)), a homogeneous cocatalyst film
will certainly improve further the stability of Ta3N5, in addition to the
OER kinetics. Nevertheless, the Co mass loading of the TaN/Co(OH)x/
Co-Pi 30 s 60 s sample from the chronoamperometric curves equals to
6.5 10−4 g/cm2 (see SI).

Electrochemical impedance spectroscopy (EIS) was used in order to
further confirm the improved overall charge transfer kinetics of the
optimized photoelectrodes. Fig. 3 shows the Nyquist plots obtained at
1.23 V vs. SHE under 1 sun illumination. The magnitude of the semi-
circles in the Nyquist curves is a measure of the magnitude of the re-
sistance during PEC operation. The smaller the semicircle, the lower the
overall charge transfer resistance. It can be seen that the 30 s Co(OH)x
and 30 s 60 s Co(OH)x/Co-Pi modified Ta3N5 nanotubes have the lowest
overall charge transfer resistance in the photoelectrode/electrolyte in-
terface. The EIS plots were deconvoluted using a simple Randles circuit
and the total resistance for each sample is given in Table 1. It should be
noted that EIS is not a fingerprint method and several equivalent
electrical circuits can be fitted to certain raw data values. In the present
case, we were interested in the total charge transfer resistance, which
includes the film and interfacial resistances, and for this reason a
Randles circuit (inset in Fig. 3a) was employed and gave reasonable
fittings. It can be seen that the total resistance is reduced by 30 % when
Co-Pi is co-deposited on the Co(OH)x loaded Ta3N5 nanotubes. More
information and the rest of the fitted parameters can be found in the SI.

As stated in the introductory part, some of the used photoelectrodes
were subjected to a toxicity assessment. To evaluate the toxicity of the
photoelectrodes, we performed the MTT assay to determine the affec-
tion of the photoelectrode extracts on human cell proliferation in vitro.
We selected a few random samples, including the best performing
photoelectrode, as assessed earlier. The toxicity tests were carried out
in triplicate using 1/1 dilutions. In the cell culture, we used the human
cell line Hela as the target cells, which were derived from cervical
cancer cells and are commonly used in vitro viability assays. The cells
viability is shown in Fig. 4. In comparison to the negative control, only
the TaN/Co(OH)x/Co-Pi 30 s 60 s showed a slight reduction in the cell
viability with a significant standard deviation. We also used hydrogen
peroxide (H2O2) as the positive control, as H2O2 is known to possess a
high cytotoxicity, which results in protein, lipid and DNA oxidation. As

expected, the 1/1 dilution (final concentration at 1mM) caused a sig-
nificant decrease in the cell viability. Importantly, the bare Ta3N5 na-
notubes showed no cytotoxicity on the human cell line Hela. Therefore,
we speculate that the observed toxicity of the cocatalyst modified
samples is due to the Co element [32–34].

4. Conclusions

In conclusion, we have surface modified highly crystalline Ta3N5

nanotubes with a cocatalyst based on Co(OH)x and Co-Pi, which were
electrodeposited from solutions of their salts in order to increase the
sluggish interfacial kinetics for water oxidation. The electrodeposition
time was varied between 15 s and 480 s and the optimized photoelec-
trode was synthesized after deposition of Co(OH)x for 30 s and 60 s for
Co-Pi. The optimized photoelectrode reached a photocurrent density of
6.3 mA/cm2 at 1.23 V vs. SHE under 1 sun simulated illumination in
1M NaOH. This photocurrent density is among the highest reported in
the literature. Moreover, the best performing photoelectrodes apart
from their high current densities, showed improved stability under in-
tense PEC operating conditions. Electrodeposition is a facile method,
which allows good control over sample modification with a cocatalyst
and flexibility in the synthesis conditions. Fine-tuning of the electro-
deposition parameters and quality of the cocatalyst coating may be of

Fig. 3. Nyquist plots of the different photoelectrodes recorded at 1.23V vs. SHE under 1 sun simulated illumination. The frequency range was 100 kHz to 100mHz, while
the amplitude of the sinusoidal voltage was 10mV rms. All fittings are shown by the orange lines. The equivalent circuit used to fit the raw data is depicted in (a).

Fig. 4. Cytotoxicity of used photoelectrodes after 48 h exposure in cell cultures.
The photoelectrode extract solutions were diluted with culture medium at a
concentration of 1/1 and incubated with HeLa cells in 96 wells. The cell via-
bility was measured by optical absorbance at 590 nm with the MTT assay. H2O2

was used as positive control with concentration of 1mM for 1/1 dilution. The
negative control was mocked with cell culture medium. n=9 from triplicates
experiments. Error bars represent mean+ SD. p value from two-tails Student’s
T test. *p < 0.05. ** p < 0.01.
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dual importance, which is to improve the interfacial kinetics, as well as
to protect the underlying photoelectrode.

Finally, in an effort to conduct responsible research and innovation,
we assessed the toxicity of some used photoelectrodes by the MTT
assay. The human cell line Hela S3 was used as the target cell and our
results indicate that the Ta3N5 nanotubes do not show any toxicity. Co-
modified Ta3N5 nanotubes showed a slight decrease in the cell viability,
which should be taken into account when Co containing compounds are
involved. Future works should also address the toxicity of the electro-
lysis solutions, which may be contaminated by Co leaching.
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Chapter 4

Summarizing Discussions

This chapter focuses in more depth and detail on some concerns and challenges
that have emerged during the work presented in the five papers. Firstly, the
viability of PEC solar fuel production will be discussed, followed by an analysis
of different aspects that can be improved to further develop this technology.
Secondly, the limitations of Ta3N5 as a promising photoabsorber will be addressed,
and possible solutions to overcome those limitations will be proposed. Thirdly,
the prospects and advantages of coupling biocatalysts with traditional inorganic
systems will be evaluated.

4.1 Is PEC solar fuel production still worth developing?

Although the PEC solar fuel production has shown its elegance and simplicity in
terms of energy harvesting and conversion by a wide community of researchers
[1, 2], the commercial or even pilot-level demonstrations of such technology are
still hardly seen, even after almost half-century development. In contrast to the
slow progress, people have remained passionate to study PEC systems due to
the increasing demands of clean technologies for energy harvesting and storage.
Tremendous efforts have been made into the research for this technology recently
[3]. However, the difficulty to optimize both the performance and the stability
of such systems has resulted in many debates on whether investments in such
research activities should be continued or not [4]. A main argument lies on the
fact that photovoltaic (PV) cells are mature enough and have been widely used
as solar farms to provide electricity in many counties today. To couple a PV
solar cell with an electrolyzer is straight forward and can fulfill the ultimate goal
of a PEC cell, even with much higher current densities [5].

Additionally, the scientific community has proposed the great potential of
PEC hydrogen production to meet or even beat the market price of hydrogen
produced from the petroleum and petrochemical industry. In contrast, such a
price goal cannot be achieved in the near future by the coupling of PV solar
cells with traditional alkaline electrolyzers [6]. The great advantage of a PEC
cell is that the photo-generated electron-hole pairs from the photoabsorbers
already provide the overpotential needed for water splitting, and the water
oxidation/reduction takes place directly on the surface of the photoabsorbers. As
a result, the electrolyzer which commonly consumes several rare earth elements
and needs relatively higher operation voltage can be eliminated, thereafter a
higher theoretical efficiency can be achieved [3].

Considering the cost and technology maturity, Si-based PV solar cells are
the most feasible choice to be coupled together with electrolyzers for up scaling
and commercialization. The current density from a single commercial Si solar
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4. Summarizing Discussions

cell, under AM1.5G and optimum conditions, can reach 30–36 mA/cm2 [7].
However, in order to deliver the proper voltage – at least 2 V due to ohmic
losses, overpotentials for OER and HER – approximately 4 single Si solar cells
are necessary to be connected in series. This means, the current density for such
a PV cell can reach maximum 7.5–9 mA/cm2, which is the highest photocurrent
density one can obtain at low output voltage, as shown in Figure 4.1a, where
the I-V curve is measured from a PV module consisting of 4 single Si solar cells
connected in series. Assuming that the electrolyzer coupled to such a PV module
has 0 V overpotential, i.e., the PV module has an output voltage of 1.23 V,
the operation current density of such a PV-electrolyzer system will be ca. 8.5
mA/cm2, which is slightly higher than the benchmark 8 mA/cm2 (10% STH
efficiency). However, even the state-of-the-art PEM electrolyzer using precious
metal-based electrodes, Pt/C and IrxRu1-xO2, requires at least 1.3–1.4 V to
start electrolysis [8], at which the photocurrent density of such a PV module
already decreases to 8.3–7.9 mA/cm2. That is to say, at least to couple cheap,
commercialized PV solar cells with PEM electrolyzer will be difficult to meet
and well surpass the benchmark, not to mention the high price from using the
noble metals that are necessary for a top-performing electrolyzer.

Figure 4.1: a): I-V curve of a PV module with 4 single Si solar cells connected in
series, b): photocurrent density-potential curve of optimized Ta3N5 NTs, both
measured under AM1.5G simulated solar light.

A PEC cell, on the other hand, offers the possibility to deliver high
photocurrent densities at quite low bias. Take for example the photocurrent
density-potential curve of Figure 4.1b, where an applied bias as low as 1.2 V vs.
SHE can already offer more than 8 mA/cm2. This means that water splitting
can occur at potentials lower than the thermodynamic requirement 1.23 V. The
only disadvantage of a single material PEC cell is that the liquid-semiconductor
junction can never offer enough internal bias as what a solid-solid p-n junction
has, hence bias is always needed to efficiently separate the charge carriers and
suppress the charge recombination. What is discussed above already leads to a
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solution – to couple the PV solar cells with PEC cells to overcome the shortages
and utilize the advantages of each technique.

4.2 Methods to improve the PEC cell

The pioneer work of J. A. Turner, et al. [9] integrated a multi-junction III–V
PV cell into a PEC cell and reached an STH efficiency of more than 12%.
Although such a device lacks the stability due to the implementation of III–V
semiconductors, it offers a quite promising example of using a PV cell to provide
the bias needed for a photoelectrode in a PEC cell, thus, approaching a high,
bias-free STH efficiency.

Optimization of the monolithic design is another approach to further improve
the performance of PEC cells. The SSPEC cell developed in this thesis is
an example, where the distance between the electrodes of the PEC cell is
minimized, so a decrease of the ohmic losses from the electrolyte can be expected,
especially when the cell is operating at ca. 80 ℃ where the Nafion® membrane
has much higher proton conductivity. Such a design has a minimum ionic
pathway that is suitable for surface protonics, making it possible to bring the
PEC water electrolysis into pure gas phase, which may be beneficial to prevent
photoelectrodes from photocorrosion due to the relatively low electrolytic activity.

The last and the most important solution is to develop a stable, highly
active photoelectrode material. Although the controversy/challenge between
high performance and long-term stability of a single material prevents PEC water
splitting from scaling up, the coupling of other materials, especially cocatalysts
which not only facilitate the charge transfer, but also isolate the photoabsorber
from aqueous electrolyte, has been shown to be a promising and applicable
strategy.

Alternatively, to adapt the concept of the PEC cell to other energy related
systems, especially those are low in kinetics hence high performance is not so
strictly required, may result in the new direction of this technique and find its
way towards commercialization.

4.3 What limits the Ta3N5 performance in a PEC cell?

Ta3N5 is one of the few promising materials that can fully drive PEC water
oxidation and hydrogen production. The major obstacle for large-scale
application of this material is its poor stability as a nitride, especially when
working as a photoanode for OER, where more stable but dielectric oxides will
gradually replace the nitride at the surface. The formation of the oxide, which
is usually amorphous and a few nanometers thick, is believed to be a result
of accumulated holes and the presence of O species, such as chemisorbed OH-
terminal at the metal atoms [10].

The kinetic model of a photoelectrode presented in chapter 2 can be used to
describe the origin of the hole accumulation. For instance, IMPS was used to
obtain the rate constants, k1 (rate of solid to liquid charge transfer) and k2 (rate
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Figure 4.2: IMPS of bare Ta3N5 NTs showing rate constants of each rate-
determining step.

of recombination due to hole accumulation), from a bare Ta3N5 NTs photoanode,
as shown in Figure 4.2. Both the imaginary and real parts of the photocurrent
were normalized to the theoretical photocurrent due to hole drift j0. According
to section 2.4 in chapter 2, the intersect of the semicircle at x-axis under low
frequency (LF) is:

LF

(
k1

k1 + k2
, 0

)
= (0.22, 0), (4.1)

and the climax of the upper semicircle gives the frequency-rate constants
correlation according to:

ω = k1 + k2 = 4.22Hz. (4.2)

Therefore, both k1 and k2 can be easily calculated:

k1 = 0.93 s−1, k2 = 3.92 s−1. (4.3)

It can be easily seen that the solid-liquid interfacial charge transfer experiences
extremely low kinetics, resulting from the low rate constant k1, which is two
orders of magnitude lower than other common photoanode materials such as
hematite [11]. The recombination rate of bare Ta3N5 NTs under 0.9 V vs. SHE
can be determined by the ratio k2 : k1 = 78%.

Considering the fact that Ta3N5 is a relatively low bandgap semiconductor,
the low rate constant k1 results in the accumulation of holes at the surface.
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Such accumulation has two major consequences. Firstly, the increasing density
of holes at the surface will increase the backflow of electrons from the CB,
leading to the fast photocurrent decrease once light is switched on. Secondly, the
accumulated holes will build up the chemical potential for oxidation reactions,
enabling self-oxidation and leading to the formation of oxides, which gradually
block the surface chemistry of the nitride.

Figure 4.3: IMPS of bare Ta3N5 NTs under 0.9 V, 1.0 V and 1.1 V vs. SHE
applied potentials.

Potentials vs. SHE k1 s−1 k2 s−1 Recombination ratio
0.9 V 0.93 3.92 78%
1.0 V 1.10 1.41 56%
1.1 V 1.29 0.30 19%

Table 4.1: Rate constants of bare Ta3N5 NTs under 0.9 V, 1.0 V and 1.1 V vs.
SHE applied potentials, as well as their corresponding recombination ratios.

Increasing the applied potential can significantly decrease the recombination
rate, as shown in Figure 4.3, where the upper semicircle shrinks as the applied
potential increases. The rate constants and recombination ratios from the
corresponding IMPS plots are summarized in Table 4.1.

The results indicate that by increasing the applied potential, the recombi-
nation rate constant is noticeably suppressed, mostly due to the enlarged band
bending, i.e. the internal electric field in the space charge region. However, the
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rate constant of charge transfer at the solid-liquid interface shows little improve-
ment with increased applied potential, indicating that this charge transfer step
is kinetically controlled rather than thermodynamically.

Since it is inevitable to not have oxygen species in a PEC cell for water
splitting, the most efficient and effective way to enhance the PEC performance
and suppress the photocorrosion is to facilitate the charge transfer thereafter
reduce the accumulated holes.

4.4 Improve charge transfer kinetics by cocatalysts

A proper and feasible way to enhance the charge transfer kinetics is to apply
appropriate cocatalysts. Paper III, IV and V described the detailed process
of how the PEC performance and stability of Ta3N5 NTs were enhanced by
fine-tuning of parameters during the electrodeposition of the cocatalysts. The
enhancement of the performance of Ta3N5 NTs by applying Co-based cocatalysts
during this PhD study is shown in Figure 4.4, where the red curve shows the
improved performance with only Co(OH)x. The green curve shows a further
improvement by applying another cocatalyst, Co-Pi, while the brown curve
represents the further improved performance after the latest optimization.

Figure 4.4: a): photocurrent density-potential curves of Ta3N5 NTs modified
by cocatalysts at different stages; b): the stability of corresponding Ta3N5 NTs
photoanodes at 1.1 V vs. SHE.

It is obvious that the Ta3N5 NTs with better performance in terms of
photocurrent density, show better stability, which is consistent with the limiting
aspects discussed previously. A faster solid-liquid charge transfer kinetics will
improve not only the performance, but also the stability by suppressing the hole
accumulation at the interface. The most striking evidence is the electrode with
optimized cocatalysts loading, which shows a close to the theoretical performance
at 1.23 V vs. SHE (Figure 4.4a) and quite promising stability (Figure 4.4b).

It would have been even more straightforward if the rate constants k1 and k2
can be measured from cocatalysts coated Ta3N5 NTs. Unfortunately, the loading
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of the cocatalysts resulted in very noisy IMPS spectra, most probably due to the
nanostructure morphology that complicated the signal, hence little information
was extracted. However, in the literature where IMPS was performed on a thin
film Ta3N5 electrode, the loading of cocatalysts could dramatically enhance the
rate constant k1 and decrease the rate constant k2, thereafter the performance
and stability were improved [12].

4.5 Electrodeposition of the cocatalysts

The development process of the Ta3N5 NTs photoanode as shown above is an
example of how the optimized parameters for electrodeposition of the cocatalysts
can be further explored and optimized. The recipes found in the literature are
usually not customized and there is a lot of room for improvement, as well as fine-
tuning of the different governing parameters. Through this work, an empirical
scenario of how to electrodeposit cocatalysts on Ta3N5 NTs was established.

The Pourbaix diagram is a useful tool to determine the starting deposition
parameters. It is basically a thermodynamic equilibrium diagram showing the
conditions, e.g. pH, potentials, for the formation of the desired oxide/hydroxide
compounds. The electrodeposition of Co(OH)x in this work was firstly based on
the Pourbaix diagram of Co-species [13], which was the starting point for the
following modifications.

The deposition time is the most obvious and simplest parameter that one
can modify at first. By varying the deposition time, one can directly control the
amount of cocatalysts that are deposited on the electrodes. Paper IV elaborates
the correlation between the PEC performance and the deposition time of different
cocatalysts, showing how the performance and stability become significantly
enhanced once deposition time is optimized.

The deposition quality of the cocatalysts is another important factor, espe-
cially when cocatalysts are coated on materials that suffer from photocorrosion
and a homogenous coverage is important. Generally speaking, lower deposition
rates usually result in higher quality and better coverage, such as the one shown
in Paper V, where a fixed current as low as -10 µA/cm2 was used during the
deposition of Co(OH)x.

The high photocurrent density and impressive stability introduced in Paper
V are not only a result of low deposition rate of the cocatalysts, but also of
the morphological modifications. The experience accumulated after working
with Ta3N5 NTs suggests that the top layer of the Ta3N5 NTs arrays may not
have obvious impact on the performance of bare electrodes, as also stated in the
literature [14], but may severely influence the electrodeposition of the cocatalysts.
Without removing the top layer, the cocatalysts layer can hardly be seen along
the nanotube walls, as shown in Figure 4.5a. This is most probably due to the
fact that the cocatalysts are deposited on the top layer, which is quite porous
and irregular.

A clear coating layer can be seen along the nanotubes once the top layer
is removed and electrodeposition of the same cocatalysts is performed, as
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4. Summarizing Discussions

Figure 4.5: SEM images of Ta3N5 NTs after electrodeposition of Co(OH)x and
Co-Pi without (a) and with (b) the top layer, scale bar 100 nm.

shown in Figure 4.5b. This is the actual electrode that exhibits high, stable
PEC performance. Therefore, it is reasonable to assume that a homogeneous
cocatalysts layer can boost the performance, meanwhile, significantly improve
the stability of Ta3N5 NTs. In addition, a high quality cocatalysts layer is a
result of multiple optimization steps, including the fine-tuning of the deposition
time and rate, material morphology, plating solution conditions, etc.

4.6 Stabilize the Ta3N5 NTs with a protection layer

Another method to stabilize such photoelectrodes is to apply a “hole-leaky”
protection layer, so that the photoanode material is not in direct contact with
the electrolyte. Protection layers made of TiO2 (Prof. O. Nilsen, University
of Oslo) or BN (Dr. M. Bechelany, Chargé de recherches CNRS) with varying
thicknesses were applied on the Ta3N5 NTs by atomic layer deposition (ALD).

Unfortunately, the protection layers seemed to block the charge transfer
at the surface, and quite low photocurrent densities were measured even with
optimized cocatalysts coating, as shown in Figure 4.6. The amorphous TiO2
layer exhibits a good protection effect when the thickness is beyond 10 nm, but
such a stability enhancement sacrifices the activity dramatically, with only 100
µA/cm2 remaining under 1.1 V vs. SHE applied potential (Figure 4.6a). The
same happens to Ta3N5 NTs coated with BN, as shown in Figure 4.6b. Although
5 nm thick BN coating can stabilize the photoanode in an acceptable level, the
150 µA/cm2 photocurrent density obtained under the same applied potential
indicates that such a protection layer introduces huge charge transfer obstacles,
making it difficult for holes to tunnel through the BN layer to oxidize the water.
Therefore, both amorphous TiO2 and BN are not the proper protection materials
for Ta3N5 NTs for PEC water splitting.

This does not mean that the concept of applying a “hole-leaky” protection
layer is not applicable. The best strategy will be to use ALD to obtain a coating
of cocatalyst, which serves as a bi-functional layer that not only facilitates the
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Figure 4.6: Chronoamperometry (stability tests) of Ta3N5 NTs coated with 5, 10
and 20 nm amorphous TiO2 (a), and 5, 10 nm BN (b) as the protection layers,
with optimized Co(OH)x/Co-Pi cocatalysts via electrodeposition. Light was
switched on at 60 s and switched off at 2500 s.

charge transfer kinetics, but also prevents the nanotubes from being in contact
with the electrolyte. This is similar to the approach of achieving a homogeneous
cocatalyst layer by optimizing the electrodeposition parameters.

4.7 Enzymes as biocatalysts

So far, we only discussed the photocatalyst applied in the anode part, nevertheless,
the importance of the cathode should not be underestimated. The selection
of a proper catalyst for CO2 reduction is quite ambiguous, as a stable, highly
selective and earth abundant catalyst for CO2 reduction remains a challenge
[15].

This makes biocatalysts, i.e. enzymes, standing out due to their high
selectivity, promising reliability within certain environments and the possibility
for scaling up [16]. With the latest understanding of the metabolism of enzymes
working in the CO2 reduction loop [17], direct utilization of enzymes, such as
formate dehydrogenase (FDH), in a PEC cell for artificial photosynthesis is quite
applicable.

It is rather appealing to use enzymes the same way as common inorganic
electrocatalysts that can be coupled directly with appropriate inorganic electrode
materials. Indeed many enzymes, mostly dehydrogenases, have already shown
the capability to directly receive electrons from electrodes in order to catalyze
the HER [18], but the stability remains challenging due to the vulnerable redox
chain that is responsible for electron transfer [19]. Hence, the selection of
a proper enzyme, which should work in a robust way but not introduce too
much complexity, is vital and regarded as the key point to design an artificial
photosynthetic cell.

Paper V shows how the c.c. FDH is integrated in a PEC cell by utilizing
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4. Summarizing Discussions

the NADH as the electron donor, with a special g-C3N4 cathode for NADH
regeneration. The choice to include a cofactor regeneration mechanism results
from the fact that the c.c. FDH enzyme is NAD-dependent, and the direct
electron transfer between the enzyme and the electrode cannot be established,
as seen in Figure 4.7. This is expected since c.c. FDH has shown its great
resistance to oxygen during operation [20], and a good oxygen tolerance usually
indicates deep buried, unexposed active or electron transfer sites [19]. Therefore,
a cofactor such as NADH is needed to activate those electron transfer sites,
thereafter the functionality of the enzyme can be realized.

Figure 4.7: Cyclic voltammetry (CV) of TiO2 electrode (a) and PGE electrode
(b) with (+) and without (-) c.c. FDH enzyme, showing no obvious direct
wiring effect can be established between the enzymes and the electrodes. CV
experiments were performed with a scan rate of 10 mV/s, in 0.1 M NaHCO3
PBS buffer solution purged with CO2.

4.8 Semi-artificial photosynthetic cell

The involvement of enzymes as the biocatalysts in a PEC cell enables the semi-
artificial photosynthesis scheme, offering the possibility to carry out chemical
processes that are vital but difficult to conduct via normal, inorganic catalysts
[21]. In principle, such concept can be realized in two ways.

One is to directly wire the biocatalysts like a common PEC cell, with either
one or both electrodes being bio systems, such as the tandem bio-PEC cell for
water splitting with a configuration of dehydrogenase/photosystem I (PSI)/PSII
[18]. This kind of design mimics the classic PEC cell, showing the ultimate
prospect of the direct utilization of biocatalysts in a solar energy harvesting
system, hence is appealing and highly innovative. However, as discussed above,
only limited amount of enzymes can establish direct contact with an inorganic
electron source, and most of them are fragile in ambient environment, not to
mention the fast activity decay during electrochemical testing [19].

The other configuration is to involve a cofactor regeneration mechanism in
the cell design, so that the direct electron transfer from the electrode to the
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biocatalyst is avoided. Such concept requires milder operating conditions and
provides much wider application prospects. The only obstacle is the difficulty to
find an efficient, stable and selective electrode material for cofactor regeneration
[22]. Paper V shows how a novel, electron conducting polymer can be used
as the electrode material for direct NADH regeneration, which enables the
stable, selective, and efficient artificial photosynthesis in a PEC cell. Moreover,
such a configuration can be adapted into a much broader scenario, as most of
the enzymes involved in industrial processes, especially in the pharmaceutical
industry, are dependent on cofactors [22].

The coupling of biocatalysts to photoelectrodes in a PEC cell is a promising
direction for the further development, since bio systems usually do not require
high current densities, thus the requirements of the material properties are less
strict. This enables the utilization of not only those materials that are highly
active, but also many other intensively studied large-bandgap materials, such
as SiC, which is stable enough but deliver low photocurrent densities. As far
as we can see, the integration of bio systems into a traditional PEC cell will
definitely generate more innovative ideas and applications, which will bring the
PEC technology closer to commercial applications.
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Chapter 5

Conclusions

This dissertation shows how the traditional PEC cell can be further developed
by an innovative module design, novel materials synthesis and modification, and
adopting a cross-disciplinary approach. The main target of this work was to
investigate possible solutions to reach or surpass the benchmark efficiencies of
PEC solar fuel production, as well as to explore the possibility to adapt this
technology into a cutting-edge, semi-artificial photosynthetic system.

A facile fabrication method of a monolithic solid-state PEC (SSPEC) cell,
which utilizes a solid-state polymer electrolyte and minimizes the distance
between the two electrodes, was developed and demonstrated for PEC water
splitting. The performance of such a SSPEC cell under asymmetric conditions
(pure water at the anode, Ar at the cathode), with TiO2 nanotubes (TNT) as
the photoanode, showed a short-circuit photocurrent density of 230 µA/cm2,
This corresponds to an IPCE of 19%. By replacing the pure water with 0.5 M
Na2SO4(aq) electrolyte, a bias-free photocurrent density of 400 µA/cm2 was
achieved, which corresponds to an IPCE of 33%. This shows the great potential
of such an SSPEC cell configuration in terms of efficiency improvements.

The recent progress in understanding of surface proton conduction in porous
ceramic-based electrolytes led to the idea of using the SSPEC cell for hydrogen
production through water vapor splitting. The traditionally Pt-based cathode
was replaced by an earth-abundant photocathode, g-C3N4, which increased the
intrinsic photo-induced electrical field by a factor of three. Such a monolithic
SSPEC cell working fully in the gas phase was demonstrated first time, and can
play an important role for clean energy production in rural or other areas where
grid infrastructure and clean water sources are limited or absent.

Compared to the module design, the semiconductor used as the photoabsorber
is among the limiting factors of a PEC cell, as the efficiency of PEC solar
fuel production is significantly dependent on the performance of the anode
photoelectrode. A novel and promising photoanode material, Ta3N5, with the
potential to drive PEC water splitting beyond the benchmark of 8 mA/cm2,
was synthesized and engineered into nanotubes by a 2-step anodization process,
followed by high temperature ammonolysis. A mesoporous structure all along
the Ta3N5 NTs walls was observed, as a consequence of the aggressive nitridation
process. The Ta3N5 NTs with Co-based cocatalysts decoration achieved a high
PEC activity. For instance, with Co(OH)x/Co–Pi double cocatalyst loading,
a photocurrent density of 2.3 mA/cm2, with much improved stability, was
reached at 1.23 V vs. SHE and AM1.5G simulated solar light. Better deposition
parameters or a more appropriate deposition method is needed to obtain a
uniform and pin-hole free Co(OH)x/Co–Pi double cocatalyst layer, in order to
further enhance the stability of Ta3N5 NTs.
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5. Conclusions

Thus, an optimization of the electrodeposition parameters was conducted.
The optimized photoelectrode was synthesized after depositing Co(OH)x, Co-Pi
in a sequence for 30 s and 60 s, respectively, reaching a photocurrent density
of 6.3 mA/cm2 at 1.23 V vs. SHE under AM 1.5G simulated solar light. This
photocurrent density is among the highest reported in the literature. Moreover,
the best performing photoelectrodes apart from their high current densities,
showed improved stability under intense PEC operating conditions. Therefore,
the dual importance of the cocatalyst, which is to improve the interfacial kinetics
as well as to protect the underlying photoelectrode, is highlighted.

A further fine-tuning of the electrodeposition parameters, together with the
morphology modification of the Ta3N5 NTs, resulted in the ultimate performance
improvement, reaching 9.4 mA/cm2. By decreasing the deposition rate, a
fine cocatalyst layer was successfully formed covering the whole nanotubes,
significantly enhancing the stability of Ta3N5 NTs operating at high photocurrent
densities.

The latest developed, highly efficient and stable Ta3N5 NTs were ultimately
assembled in a hybrid PEC cell, in which a simple, efficient and direct NADH
regeneration mechanism was proposed. This hybrid bio-inorganic PEC cell
can potentially offer an economical and robust way to directly utilize cofactor-
dependent enzymes for the production of solar fuels. The use of c.c. FDH for
CO2 reduction showed a close to 100% Faradaic efficiency, resulting from the
high selectivity of the enzymes on catalyzing the endergonic reaction, as well as
the g-C3N4 on NADH regeneration. Such an NADH regeneration system can
be simply coupled with other renewable energy delivering systems, such as PV,
wind power, hydropower, etc., allowing the capability for up scaling.
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Chapter 6

Outlook

This dissertation has shown that Ta3N5 is a promising photoanode material
that can reach and even surpass the benchmark for PEC water electrolysis. Its
slow surface charge transfer kinetics, which accounts for the photocorrosion
of the material, is also the biggest obstacle for its application in real systems.
On the other hand, it is shown that the photocorrosion can be suppressed
by the application of a fine coating of cocatalysts. Although fine-tuned
electrodeposition can in principle fulfill the target as shown here, longer operating
hours approaching industry level will certainly require much better coating quality
and more robust coating strength. A promising/possible solution would be to
uniformly cover the surface with a certain thickness of OER cocatalysts, with
rough morphology such as layered nanosheets facing the liquid, and dense film
in contact with the solid.

A dense thin film is usually hard to achieve by electrodeposition, for example,
the double cocatalysts layer presented in this dissertation is quite rough, though
the deposition process has been slowed down significantly. A more elegant
thin-film technology, such as ALD, could be more proper to form a dense film
directly on top of the photoanode material. Such a thin film should consist of
one of the OER cocatalysts, which not only facilitate the charge transfer, but
also isolate the solid from the liquid. The rough morphology on top of the dense
film with similar OER cocatalyst in order to reduce the energy mismatch, can
be synthesized by electrodeposition to further increase the surface area. For
example, an electrode with structure like Ta3N5 NTs/Co(OH)x-dense/Co-Pi-
rough could be interesting to test as a photoanode for long-term PEC water
electrolysis. Another potential candidate for the dense film is NiO, which is
already technically possible by ALD, and acts as a hole storage layer as well as
an OER catalyst.

Instead of always looking for highly-performing and ultra-stable photoactive
materials, alternative applications, especially those with slow kinetics but cheap
in energy demands, could be the way to utilize the PEC technology in reality. The
semi-artificial system shows a promising way for the utilization of the traditional
PEC technology. Although a 1 V bias was applied during the operation due
to the CBs mismatch, a replacement of the Ta3N5 NTs photoanode with a less
efficient but larger bandgap material may overcome this mismatch and reduce
the bias needed, though the replacement with a larger bandgap material will
limit the total solar to fuel efficiency.

Considering the fact that higher nominal operating current densities of the
cathode can always be obtained by increasing its surface area, an alternative way
to improve the performance of the semi-artificial system is to make the cathode
extremely porous, so that highly photo-active materials, such as Ta3N5 mentioned
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6. Outlook

in this dissertation, will become proper and supply enough photocurrent to the
cathode. In addition, a Si based PV cell can be easily integrated into the circuit,
providing the energy to overcome the CBs mismatch and eliminating the need
for a bias. One of the further modifications could be focused on the morphology
or nanostructure engineering of the g-C3N4 cathode.

The SSPEC cell for water vapor electrolysis provides a great platform for pure
gas phase CO2 reduction, by integrating the enzymes and NADH regeneration
mechanism. An SSPEC cell with modified Ta3N5 NTs photoanode, and FDH
enzyme with NAD+ cofactor immobilized on the porous g-C3N4 electrode by
hydrogel as the cathode, can be really promising to perform gas-phase PEC
CO2 reduction. The photoanode can be fed with humidified air, the same as
what has been shown in this dissertation, while the cathode can be placed in a
pure CO2 atmosphere, which is even better and natural for the functionality of
FDH enzymes. The liquid formic acid, as the product of CO2 reduction, can
be collected at the bottom of the SSPEC cell, simplifying further separation
processes. Such a semi-artificial SSPEC cell is an even closer analog to the
natural photosynthetic system, therefore could be a promising direction to utilize
the PEC technology.
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Abstract: In order to adopt water electrolyzers as a main hydrogen production system, it is critical to
develop inexpensive and earth-abundant catalysts. Currently, both half-reactions in water splitting
depend heavily on noble metal catalysts. This review discusses the proton exchange membrane (PEM)
water electrolysis (WE) and the progress in replacing the noble-metal catalysts with earth-abundant
ones. The efforts within this field for the discovery of efficient and stable earth-abundant catalysts
(EACs) have increased exponentially the last few years. The development of EACs for the oxygen
evolution reaction (OER) in acidic media is particularly important, as the only stable and efficient
catalysts until now are noble-metal oxides, such as IrOx and RuOx. On the hydrogen evolution
reaction (HER) side, there is significant progress on EACs under acidic conditions, but there are very
few reports of these EACs employed in full PEM WE cells. These two main issues are reviewed,
and we conclude with prospects for innovation in EACs for the OER in acidic environments, as well
as with a critical assessment of the few full PEM WE cells assembled with EACs.

Keywords: polymer exchange membrane; electrocatalysts; noble metals; earth abundant elements;
water splitting; acidic environment; oxygen evolution reaction; hydrogen evolution reaction; anode
and cathode electrodes

1. Introduction

Currently, 81% of the global energy demand is met by fossil fuels and it is estimated that more than
540 EJ was supplied for the total global energy demand in 2014. This figure is expected to increase by
40% towards 2050 [1]. The CO2 emissions from combustion of fossil fuels are large enough to severely
alter the Earth’s climate and global ecosystem, forcing mankind to accelerate the return to renewable
energy. This is amplified by the reserves of fossil fuels estimated to last only 50–60 years [2–4].

Hydrogen (H2) can meet our future energy demands as a clean and sustainable fuel, but cost-
effective ways need to be developed for a successful turn towards the hydrogen economy [5–9].
Water electrolysis is an environment friendly scheme for conversion of renewable electricity (e.g.,
solar, wind) into high purity hydrogen, but at present electrolysis accounts for only 4% of the total
hydrogen production [10]. The rest is covered by transformation of fossil fuels, such as natural gas
steam reforming, coal gasification and partial oxidation of hydrocarbons [11–14], however, all these
routes involve the release of CO2. Polymer electrolyte membrane water electrolysis (PEM WE) has the
advantages of simplicity, compact design, fast response, high current densities, production of ultrapure
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hydrogen that can be electrochemically pressurized, and small footprint. The PEM WE concept was
first investigated and demonstrated in the 1960s [15–17]. Since then, substantial research has been
dedicated to improve the different PEM WE components, and as a result, this technology is approaching
commercial markets [18]. What hinders the implementation of PEM WE on a large scale is its acidity,
which necessitates the use of noble metals, such as Ir, Pt, or Ru as electrocatalysts. Additionally, acidic
conditions are more preferable as the concentration of reactant protons is higher [19,20]. The high cost
of the polymeric membrane is another obstacle. Currently, the capital investment cost (CAPEX) for
a PEM WE system is around $1500 per kWe (kW electricity input) and the cost per kg of H2 is $7.1,
taking into account that the electricity is provided by renewables [21–23].
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Figure 1. Learning curve for renewable PEM H2 production showing the projected levelized costs
until 2050 per kg H2 in USD. Reprinted with permission from [24]. Copyright 2018, The Royal Society
of Chemistry.

In comparison, the H2 cost through steam methane reforming (SMR) is only $1.40 [25] and the
optimistic break-even year for renewable PEM H2 production based on learning curves is around
2033 (Figure 1) [24]. The same study underlines that the major cost of PEM lies in the electricity
consumption [24]. This is directly connected to the overpotential required for efficient water electrolysis,
i.e., the overpotential of the electrocatalysts to reach certain current densities. It is established that in
terms of efficiency and stability, the platinum group metals (PGMs) are the best choices for electrodes in
a PEM electrolyzers, however, the question is at what cost. For example, the annual global production
of Pt in 2017 was 1.7 × 105 kg, while the total demand for Pt in the same year was over 2.2 × 105 kg.
If the recycled Pt is also considered as part of the production, the annual production of Pt just met the
total demand (USGS 2016 Mineral Years Report). Therefore, widespread installation of Pt-Ir based
PEM electrolyzers will dramatically increase the total demand of PGMs. As an example, a Terra Watt
(TW) hydrogen production system requires 0.5 and 10 years of annual global production of Pt and
Ir, respectively [26]. One has also to take into consideration that Ir is typically produced as a minor
by-product of Pt [27]. In other words, the annual production of Ir is also determined by the production
rate of Pt. As a result, the increasing demands of Ir will increase their cost due to its dependence on
Pt mining.

We performed our own calculations, using the state-of-the-art PEM electrolyzer that we will return
to in Chapter 3. In this system, the cathode has 0.4 mgPt/cm2 of Pt, and the anode 1.54 mgIr/cm2

and 0.54 mgRu/cm2 of Ir and Ru, respectively. Our calculations (see Supplementary Materials for
more information) suggest that such a PEM system with a power density of 1.18 W/cm2 requires
1.5, 180 and 12 years of annual production of Pt, Ir and Ru, respectively, to cover 1 TW of hydrogen
production. It is evident, that the replacement of the noble metal electrocatalysts for both the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) will have a tremendous impact on the
future scale-up activities for PEM WE. Furthermore, competition will be avoided with other industrial
activities, such as the automobile and electronics sectors, where the demand for PGMs is big.
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A wide range of earth abundant catalysts (EACs) for the HER in acidic, neutral and alkaline
media have been developed and includes metal sulfides [28–33], metal phosphides [34–39], metal
alloys [40,41], chalcogenides [42,43], as well as metal- and heteroatom-substituted carbon-based
materials [44–46]. Some of these EACs show improved efficiencies and good endurance under
strong acidic conditions [34,35,37,47,48] while others are not stable or they require large onset
overpotentials [49–52]. The situation is even more challenging on the OER side, the bottleneck
in overall water splitting, where the complex 4-electron process that produces protons and oxygen
requires high overpotentials. Only noble-metal oxides such as IrO2 and RuO2 are efficient catalysts for
the OER in acidic media, but the RuO2 is unstable and deactivates rapidly [53,54], therefore the lack of
cost-efficient alternatives to IrO2 is the major challenge in the field of PEM-based water electrolysis.

This field of research is very active, and according to Web of Science, 2043 reports have been
published during 2017 on both OER and HER catalysts (Figure 2). Motivated by these figures, as well as
the challenging electrochemistry under the intense conditions required by the PEM WE, we wanted to
see how many of these reports referring to EACs were actually applied in PEM WE devices, replacing
in fact the noble-metal catalysts. Therefore, the main purpose of this article is not primarily an
exhaustive report on EACs developed for the HER and OER in acidic conditions, which were tested
and studied in half-cells, typically involving measurements in three electrodes with rotating disc
electrodes (RDE), but to focus on those applied and tested in full PEM WE cells. Do the catalysts
perform as expected from the half-cell measurements, or are there deviations related to differences in
configuration, supply of reactants, deposition on porous substrates, leaching of electroactive elements
(i.e., stability), and surface area exposed? Moreover, what are the recent advances on EACs for the
OER under strongly acidic conditions? In the current article we document the very first reports on
EACs for the OER in acidic environment, as well as one applied EACs-based PEM WE system.
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2. Principles of PEM Water Electrolysis

The electrochemical conversion of water to hydrogen and oxygen is known as water electrolysis,
and was discovered already in 1800 [56]. Since then, the use of two electrodes immersed in an aqueous
caustic solution of KOH electrolyte, known as alkaline water electrolysis, was developed and utilized
for industrial applications [57]. Although some improvements as current density and operating
pressure are foreseeable [54], this well-established technology is still the most cost-effective choice for
electrochemical hydrogen production on an industrial scale at present.

Another promising water electrolysis cell that operates at low temperatures (normally below
80 ◦C) is the proton exchange membrane (also known as polymer electrolyte membrane) (PEM)
electrolyzers. The concept of PEM water electrolysis was idealized by Grubb in the early fifties [15,16]
and first manufactured by the General Electric Co. in 1966 [17], where they take the advantage of a
solid polymer perfluorinated sulfonic membrane as electrolyte for hydrogen production. Some typical
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pros and cons for PEM water electrolyzers compared with the classic alkaline water electrolyzers are
summarized in Table 1.

We highlight again that a cost reduction by developing earth-abundant electrocatalysts with
comparable performance and a further improvement in the energy efficiency of the PEM water
electrolyzers are essential factors before PEM WE becomes a competitive solution for large-scale
hydrogen production.

Table 1. Advantages and disadvantages of PEM WE over alkaline water electrolysis.

Advantages [17,54,58] Disadvantages [58–60]

Compact system design

→ Fast heat-up and cool-off time, short response time
→ Low gas cross-permeation. Withstands higher

operating pressure across the membrane. Higher
purity of hydrogen. Higher thermodynamic voltage

→ Easier hydrogen compression, facilitates
hydrogen storage

Acidic electrolyte

→ Higher manufacturing cost due to expensive
materials and components, i.e., current
collectors, bipolar plates, noble
catalysts, membranes

→ Limited choices of stable earth-abundant
electrocatalysts for the OER

Solid, thin electrolyte

→ Shorter proton transport route, lower ohmic loss
→ Operates under wide range of power input

Solid, thin electrolyte

→ Easily damaged by inappropriate operation
(e.g., overheating) and cell design

→ Sensitive to imperfections, dust, impurities
Operates at higher current density

→ lower operational costs
→ Differential pressure across the electrolyte
→ Pressurizes hydrogen side alone, avoids danger

related to pressurized oxygen

2.1. Operating Principles

When a PEM electrolysis cell is in operation, an excess of water is supplied to the anode, where
water decomposes into protons, electrons and oxygen gas by the electrical energy (Equation (1)).
The protons are transported to the cathode by passing through the polymer electrolyte, while the
generated electrons travel along an external circuit and combine with the protons into hydrogen gas,
as described in Equation (2). The amount of hydrogen gas generated is twice that of oxygen, as defined
by the overall reaction, Equation (3), whereas ∆G0 is the standard Gibbs free energy of the net water
splitting reaction.

Anode (OER)

H2O→ 2H+ + 2e− +
1
2

O2 (1)

Cathode (HER)
2H+ + 2e− → H2 (2)

Net water splitting reaction

H2O ∆G0
→ H2 +

1
2

O2 (3)

2.2. Thermodynamics

The standard theoretical open circuit voltage (OCV), also referred as standard reversible cell
voltage, U0

rev, required by water electrolysis under standard conditions, can be derived from; the
standard Gibbs free energy (∆G0

R) of + 237.2 kJ/mol H2, Faraday’s constant (F), and the number of
electrons (n = 2) exchanged during water splitting under standard conditions; p = 1 bar, T = 298.15 K
(Equation (4)) [61].

|U0
rev| = |

−∆G0
R

n·F | = 1.229 V (4)
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The positive Gibbs free energy change reflects that the water electrolysis reaction is
thermodynamically unfavorable. For the reaction to proceed at finite rate, overpotentials for the
OER and HER, as well as the electrolyte resistance, must be added to U0

rev [58]. These represent losses
generating heat. At an overpotential of 0.25 V, i.e., an applied cell voltage of 1.48, V this heat balances
the heat consumed by the reaction under standard conditions, and the cell operates in thermoneutral
mode; 1.48 V is termed the thermoneutral voltage [62] and is reasonable to use when calculating the
voltage efficiency of the cell. Thus, the actual operating cell voltage is the sum of all the different
overpotentials (Equation (5)) [54,63].

Uop = U0
rev + ηa + ηc + ηel + ηsys (5)

Uop is the operational voltage, U0
rev is the standard reversible potential, ηa, ηc, ηel and ηsys are

the overpotentials related to the anode, cathode, ionic conductivity of the electrolyte membrane,
and system losses (resistance in contacts, interconnects, current collectors, wires, etc.), respectively.
It should be emphasized that the half-reactions described in Equations (1) and (2) are simplifications of
more complex multistep and parallel electrochemical reaction pathways [64].

2.3. Main Cell Components and Requirements

The core component of a PEM electrolysis cell is the membrane electrode assembly (MEA), which
is composed of a solid polymer electrolyte (SPE) sandwiched between two electronically conductive
electrodes, as shown in Figure 3.
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The SPE must fulfil particular requirements, such as high chemical and mechanical stability,
low gas permeability, and high proton conductivity. In this regard, Nafion® is the most commonly
used polymer membrane due to high proton conductivity, good mechanical stability and acceptable
gas crossover. The electrodes are composed of a porous catalyst layer (CL) with electrocatalysts
dispersed on a nanoporous support to lower the activation energy and promote charge transfer
kinetics. Next comes a more openly porous gas diffusion layer (GDL), also acting as a current collector
alone or by the help of additional metallic meshes or sinters. These are finally encased by bipolar
plates (BPPs) which direct and distribute gases in flow channels, separate the anode and cathode side
environments, and connect a cathode electrically to the next anode [58].
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Due to the acidic environment of the cell, the catalysts for the hydrogen evolution reactions (HER)
on the cathode and the oxygen evolution reactions (OER) on the anode are essentially dependent on
noble metals and their alloys. Pt nanoparticles on carbon support is by far the best catalyst material
for the HER because of their good catalytic activity and high corrosion resistance. Besides, Pd and Ir
nanoparticles supported on carbon materials are also commonly utilized as HER electrocatalysts [65].
Less expensive earth-abundant materials such as sulfides, phosphides, carbides and nitrides [18],
cobalt clathrochelate [66], polyoxometallates [62] have been proposed as alternative HER catalysts.

The slowest reaction is normally the OER of the anode, determining the reaction rate of the overall
process. Non-noble catalysts such as Ni and Co in contact with the acidic electrolyte would start to
corrode, meanwhile the Pt surface will be covered by a low conducting oxide film, which reduces the
catalytic activity for the OER. In this respect, Ir and Ru oxide-based catalysts are typically used for the
OER because of their high structural stability. As reported by Ahn and Holze [67], Ru oxide appears to
be the most catalytically active electrode with the smallest activation overpotential at 353 K, followed
by Ir/Ru-oxide, Ir-oxide, Ir metal, Rh-oxide, Rh metal and Pt. However, Ir is scarce, its average mass
fraction in crustal rock is only 0.001 ppm [54].

3. State-of-the-Art Devices

After General Electric developed the PEM WE technology, its application was mostly limited to
oxygen production [68], e.g., for submarine and spacecraft applications. In the late 1980s, the first
pressurized PEM electrolyzers for H2 production up to 100 bar with efficient MEAs, were constructed
and tested [69,70]. Since then, MEAs with Ir, Ru- and Pt-based electrocatalysts and Nafion® proton
conductor polymer electrolyte have dominated frontier PEM electrolyzer cell designs [18,71].

The state-of-the-art OER catalyst for PEM electrolyzers is an oxide mixture composed of Ru2O
and IrO2 [72], e.g., Ir0.7Ru0.3O2 [73] and Ir0.4Ru0.6O2 [74], with slight differences in overpotential
and stability when varying the composition of each oxide. Although RuO2 has shown the best OER
performance among all the other materials [54,74], its poor stability due to the corrosion [75] from
the strong local acidity at the perfluorosulfonic membrane, and high anodic potential, it requires the
addition of the more stable IrO2 [76,77]. However, Ir is one of the rarest elements on earth, and this
sets the requirement to reduce/replace the Ir content in order to lower the price, such as by adding
other elements that are more earth abundant, e.g., Co [78], Ta [79], and Sn [80]. A recent study reported
the state-of-the-art OER performance of fluoride doped MnO2, IrO2 solid solution ((Mn1−xIrx)O2:F),
with even lower onset potential than IrO2 [81], may further reduce the Ir loading of the OER catalysts.

For the cathode, it is established that Pt, especially highly dispersed C-based Pt, is the benchmark
HER catalyst for PEM electrolyzer [18]. In fact, less research efforts have been made on the cathode
material for PEM electrolyzers [54]. The reason is partially that the exchange current density of H+/H2

on Pt is almost 1000 times larger than that of H2O/O2 on Ir [82], and Ir is also more precious than
Pt, therefore research has been mainly focused on how to reduce the cost and increase the efficiency
of OER catalyst. However, as the cathode side also contributes to a large extent in the cost of a PEM
electrolyzer, it is necessary and important to reduce the loading of Pt [83], or replace it with efficient
earth abundant electrocatalysts, such as MoS2 [84] or CoP [85]. This effort is briefly summarized
below and as we set out earlier, our main target is to document actual application of EACs in full PEM
WE cells.

Reported PEM electrolyzers with state-of-the-art electrocatalysts are summarized in Table 2.
One can notice that the performance of a PEM electrolyzer is not only determined by the electrocatalysts,
but also by other elements, e.g., operation temperature, cell area and membrane type. However, those
elements are out of the scope of this review, hence they are not to be discussed here.
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Table 2. PEM electrolyzers with state-of-the-art electrocatalysts.

Cathode Anode T Test Cell Current Density Cell Voltage Ref.

Pt/C
0.5 mgPt/cm2

Ir0.5Ru0.3O2
2.5 mgoxide/cm2 25 ◦C 5 cm2 PEM cell, Nafion

115
1 A/cm2 ~2.2 V

[86]
Pt/C

0.5 mgPt/cm2
Ir0.7Ru0.5O2

2.5 mgoxide/cm2 ~2.3 V

Pt/C
0.5 mgPt/cm2

Ir0.7Ru0.5O2
1.5 mgoxide/cm2 90 ◦C 5 cm2 PEM cell, Nafion

115 2.6 A/cm2 1.8 V [73]

Pt/C
0.4 mgPt/cm2

Ir0.7Ru0.3O2
thermally treated
1.0 mgoxide/cm2

80 ◦C 25 cm2 PEM cell,
Nafion 212 CS 1 A/cm2 ~1.7 V [87]

Pt/C
0.1 mgPt/cm2

Ir0.7Ru0.3O2
1.5 mgoxide/cm2 90 ◦C 5 cm2 PEM cell,

Aquivion ionomer 1.3 A/cm2 1.6 V [88]

Pt/C
0.4 mgPt/cm2

Ir0.6Ru0.4O2
2.5 mgoxide/cm2 80 ◦C 5 cm2 PEM cell, Nafion

115 1 A/cm2 1.567 V [79]

Pt/C
0.4 mgPt/cm2

Ir0.4Ru0.6O2
1.5 mgoxide/cm2 80 ◦C 5 cm2 PEM cell, Nafion

115 1 A/cm2 1.676 V [77]

Pt/C
0.5 mgPt/cm2

Ir0.2Ru0.8O2
1.5 mgoxide/cm2 80 ◦C 5 cm2 PEM cell,

Nafion® 1035 1 A/cm2 1.622 V [74]

4. Earth-Abundant Cathode Materials

Thus far, we have explored the theory and principles of PEM WE and summarized the
state-of-the-art devices demonstrated in the literature. In the following sections, we will explore
the most promising earth-abundant electrocatalyst materials that have been used in full PEM WE cells,
replacing noble metal-based anodes and cathodes, especially under acidic conditions.

4.1. Molybdenum Sulfide, MoS2

Molybdenum sulfide (MoS2)-based materials are among the most extensively studied materials as
catalyst for HER over the past decade due to their excellent stability, high activity, earth abundancy and
low price. MoS2 exists in nature with an atomic structure resembling that of graphite, a layered structure
where each layer consists of a molybdenum layer sandwiched between two sulfur layers. Alternatively,
the monolayers can be described as consisting of either edge sharing trigonal prisms (2H) or octahedrons
(1T). Packing of these layers gives the basis for the three polytypes of bulk MoS2 (Figure 4).Catalysts 2018, 8, x FOR PEER REVIEW    8  of  43 
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Despite the early indications of low HER activity for bulk MoS2 [90], molybdenum sulfides turned
out to be promising for replacing Pt. Theoretical work by Hinnemann et al. in 2005 showed that the
edges are in fact catalytically active [91]. Using Density Functional Theory (DFT) they calculated the
hydrogen binding energy of the Mo(1010) edge, where sulphur is unsaturated, and found it to be
close to ideal value of 0 eV [89]. In addition, they fabricated an MEA using Nafion®, nanoparticle
MoS2 on graphite as cathode, and Pt as anode, which achieved a current density of 10 mA/cm2 at
only 175 mV of overpotential. This was the best activity shown for an acid-stable and earth abundant
catalyst at that time. Two years later, their theoretical prediction of the edges being the activity centers
was confirmed experimentally by Jaramillo et al. [42]. They deposited monolayer MoS2 on Au(111)
with physical vapor deposition in an H2S environment. After finding total edge lengths with STM and
comparing with catalytic activity for various samples, they found that the reaction rate scaled with
particle perimeter and not area. These findings sparked an interest in improving the catalytic activity
in MoS2 that is still growing today.

Since the main objective of the present review is to review the literature on device-tested electrodes,
we will not go deep into the vast literature on MoS2-based electrocatalysts. We will rather briefly
mention some of the methods that have been identified for increasing the HER activity of MoS2.
One of the first and obvious approaches was to maximize the edge sites by making small particles.
This led to investigations of the activity of [Mo3S4]4+-clusters that showed HER activity but were less
stable [92]. Some years later, [Mo3S13]2−-clusters became a hot topic after results showing one of the
highest per site activities [33]. Another approach that has produced promising results is to deposit
molybdenum sulfide onto something highly conducting and/or with high surface area, like nanotubes,
nanowires, reduced graphene oxide etc. [93–96]. Depending on the methods used, one often ends up
with amorphous MoSx. Efforts to improve the activity of the semiconductor phase comprise doping,
introducing vacancies, and strain engineering, which can activate the basal plane and edges that
are not intrinsically active [97–100]. The 1T phase is metastable, however, the metallic nature makes
it highly conductive compared to the 2H phase, and, in addition, the basal plane is active as well,
resulting in promising HER activity [101,102]. For more in-depth reviews the reader is referred to a
number of reviews [84,89,103,104]. Despite all these efforts to improve the catalytic properties over the
past decade, there are, to the best of our knowledge, only the following few reports on molybdenum
sulfide-based cathodes implemented in a PEM cell.

In 2014, Corrales-Sánchez et al. were the first to report the performance of a PEM cell using
MoS2-based cathodes [84]. They reported the performance of three different types of MoS2-based
electrodes, bare pristine MoS2, MoS2 mixed with commercial conductive carbon, Vulcan® XC72, and
MoS2 nanoparticles on reduced graphene oxide. The MEA used in the PEM cell consisted of IrO2

particles and anode material that was spray deposited on each side of a Nafion membrane. Porous
titanium diffusion layer and titanium current collectors on both sides of the MEA were sandwiched by
the cell housing. The pristine MoS2 was the worst performing cathode investigated achieving a current
density of approximately 0.02 A/cm2 at 1.9 V. Their best performing MoS2/rGO electrode achieved a
current density of 0.1 A/cm2, while the best mixture of MoS2 and Vulcan® (47 wt.% MoS2) reached
almost 0.3 A/cm2 at 1.9 V in the initial test. The latter electrode went through a stability test for 18 h at
2.0 V. The current density actually increased steadily for 15 h and reached 0.35 A/cm2. The authors
speculated that the increase might be due to hydration effects. Furthermore, they also tested the effect
of hot pressing of the MEA, which is recommended to ensure good contact between electrode and
membrane. For three different MoS2/Vulcan mixes, the unpressed MEAs performed better than the
hot-pressed ones.

Ng et al. identified three types of Mo-based cathode materials with excellent HER activity from
three electrode measurements in 2015 [105]. They later loaded the materials onto carbon black and
tested them as cathodes in a PEM electrolyzer with Nafion as membrane and Ir on Ti-mesh as anode.
One of their electrodes was based on molybdenum sulfide with an excess of sulfur according to the
XPS measurement. The electrode exhibited a good performance and required 1.86 V to reach 0.5 A/cm2
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in addition to good stability. Furthermore, the current density reached over 0.9 A/cm2 at 2 V. Another
cathode, based on Mo3S13 clusters, required only 1.81 V to reach 0.5 A/cm2, while at 2 V the current
density reached almost 1.1 A/cm2. In the stability test, however, the current density dropped by
approximately 120 mA/cm2 over a period of 14 h at 1.85 V most likely due to detachment from the
support or degradation of the clusters. The third and last material they tested was based on sulfur
doped molybdenum phosphide and performed slightly better than the Mo3S13 electrode. These are
the best performances reported for molybdenum sulfide cathode in PEM electrolyzers to this day.

In early 2016 Kumar et al. reported that a cell with a MoS2 nanocapsule cathode maintained a
current density of approximately 60 mA/cm2 for 200 h at 2.0 V [106]. The cell consisted of a Nafion
membrane and IrO2 anode. The low performance is likely due to low conductivity and is comparable
to that reported for bare MoS2 [84]. A study of this system mixed with carbon black should follow to
allow comparison with other systems reviewed here.

The same year, Lu et al. reported the performance of an electrolyzer using amorphous
molybdenum sulfide coated on a carbon cloth as cathode [107]. The cathode was synthesized by
using thermolysis to form amorphous MoSx on the carbon cloth. A post treatment with remote H2

plasma introduced sulfur vacancies. The cell consisted of a Nafion membrane and RuO2 nanoparticles
on carbon paper as the anode. The cell required 2.76 V to reach 1 A/cm2 and the current density at
2.0 V was slightly above 0.3 A/cm2. Earlier this year, Kim et al. published work on a similar cathode.
They deposited amorphous molybdenum sulfide on carbon paper using electrodeposition. The PEM
cell used a Nafion membrane and electrodeposited IrO2 on carbon paper as anode. They investigated
the effect of deposition potential and time on the performance. The best performing electrode reached
a current 0.37 A/cm2 at 1.9 V [108].

4.2. Nickel Phosphide, Ni2P

Nickel phosphide (Ni2P) has been demonstrated as one of the best earth-abundant electrocatalysts
for HER [34,109]. Extensive investigations on Ni2P have been performed in a three-electrode
electrochemical cell and Ni2P exhibits the superior activity to split water with low overpotentials,
while sustaining high current densities [110–115]. However, after a thorough literature review, there
are no reports, to our best of knowledge, that have implemented Ni2P in a PEM device. Nevertheless,
we compare Ni2P with other earth-abundant electrocatalysts, and the recent developments on Ni2P as
electrocatalysts for HER are briefly reviewed.

Ni2P can be synthesized by a variety of methods including solution-phase synthesis and gas-solid
synthesis. The solution-phase synthesis is performed by using tri-n-octylphosphine (TOP) as a
phosphorus source to react with Ni precursor [116]. At elevated temperatures (above 300 ◦C), the TOP
vaporizes rapidly and then phosphorizes different precursors, such as bulk Ni or Ni thin films,
by forming Ni2P. For instance, Read et al. successfully synthesized Ni2P thin film on Ni substrate by
the solution-phase synthesis method [113]. Figure 5a shows SEM images of representative Ni2P film
formed on the surface of Ni foil and the resulting Ni2P is highly porous. The corresponding powder
XRD pattern in Figure 5c, clearly shows that both Ni2P and Ni are present without other impurities.
The EDS element maps in Figures 5d and 2e further confirm the presence of Ni and P at the surface and
the existence of a sharp interface between the Ni2P coating and the underlying Ni substrate. Figure 5f
shows polarization data for the HER in 0.5 M H2SO4 for a few transition metal phosphides (Ni2P,
Fe2P, Co2P, Ni2P, Cu3P, and NiFeP) as cathodes. Ni2P showed the best HER performance in acidic
solutions among those and required overpotentials of only −128 mV and −153 mV to reach a current
density of −10 mA/cm2 and −20 mA/cm2, respectively. However, in alkaline media, all tested metal
phosphide electrodes exhibit lower electrocatalytic HER activity compared to those in acidic conditions.
Ni2P films require overpotentials of around −200 mV to reach current densities of −10 mA/cm2 in
1.0 M KOH.
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Figure 5. (a,b) SEM images of a representative Ni2P film on Ni. (c) Experimental powder XRD pattern
of a Ni2P sample (black), with the simulated (sim.) patterns of Ni (green) and Ni2P (red) shown for
comparison. The y-axis was truncated to highlight the Ni2P as the Ni signal would otherwise dominate.
(d,e) EDS elemental maps of a cross-section of the sample showing the presence of both Ni (green) and
P (red) in a 2:1 ratio. (f) Polarization data for the HER in 0.5 M H2SO4 and (g) 1 M KOH for a series of
metal phosphide films, along with a Pt mesh electrode for comparison. Reprinted with permission
from [113]. Copyright 2017 The Royal Society of Chemistry.

Gas-solid synthesis has also been implemented to synthesize Ni2P, where hypophosphites, for
instance NH4H2PO2 and NaH2PO2, can decompose and release PH3 at elevated temperatures;

2NaH2PO2 → PH3 + Na2HPO4 (6)

The PH3 can further react directly with Ni precursors, such as metal oxides and metal hydroxides,
to form Ni2P [117–121]. For instance, Sun et al., reported one porous multishelled Ni2P, which was
successfully synthesized by a gas-solid method [120]. The porous multishelled NiO precursor was
reacted into Ni2P by using NaH2PO2 as the phosphorus source, as shown in Figure 6a. Electrochemical
measurements were performed in a 1 M KOH solution. Figure 6b shows the linear sweep curves
for carbon, nanostructured Ni2P, hierarchical Ni2P, multishelled Ni2P, and Pt/C. The multishelled
Ni2P exhibits a small overpotential of 10 mV (at current density of 1.0 mA/cm2) and a rapid
cathodic current increase as more negative potentials were applied. The overpotential driving a
cathodic current density of 10 mA/cm2 was 98 mV, which is much lower than that observed on
hierarchical Ni2P (298 mV) and nanostructured Ni2P (214 mV). Figure 6c shows the Tafel plots of
the tested samples. At lower overpotentials, Tafel analysis on the multishelled Ni2P exhibits a slope
of 86.4 mV/decade, which is much smaller than those of hierarchical Ni2P (108.4 mV/decade) and
nanostructured Ni2P (125.4 mV/decade), suggesting faster HER kinetics of the multishelled Ni2P.
At the high-overpotential regime, a slightly upward deviation is observed in Tafel plots of Pt/C and
hierarchical Ni2P, which could stem from the rate-limiting step gradually changing from the Heyrovsky
to the Volmer mechanism at high current densities [122]. This porous multishelled structure endows
Ni2P with short charge transport distances and abundant active sites, resulting in superior catalytic
activity than those of Ni2P with other morphologies [120].
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Figure 6. (a) Synthetic schematic illustration and material characterization of the multishelled
Ni2P. (b) Linear sweep voltammetry (LSV) polarization curves of bare carbon, nanostructured Ni2P,
hierarchical Ni2P, multishelled Ni2P, and benchmark Pt/C in 1 M KOH at a scan rate of 5 mV s−1. (c)
Corresponding Tafel plots with linear fittings. Reprinted with permission from [120]. Copyright 2017
American Chemical Society.

A catalytic reaction is highly sensitive to the surface of the catalyst. One of the most common
strategies to enhance the catalyst performance is by increasing the active facet of the catalyst. Several
computational studies have suggested that Ni2P(001) surface is an active facet for HER due to an
ensemble effect, whereby the presence of P decreases the number of metal-hollow sites, providing
a relatively weak binding between protons and Ni−P bridges, the sites to facilitate catalysis of the
HER [123,124]. Later on, Popczun et al. successfully synthesized Ni2P nanoparticles which possessed
a high density of exposed (001) facets (as shown in Figure 7) and then these Ni2P were tested as
cathodes for the HER in 0.50 M H2SO4 [125]. The overpotentials required for the Ni2P nanoparticle
to produce cathodic current densities of 20 and 100 mA/cm2 were 130 and 180 mV, respectively.
These overpotentials are lower than those of none-preferred facet Ni2P [113] and other non-Pt HER
electrocatalysts, including bulk MoS2 [94] and MoC [126]. Figure 7c displays corresponding Tafel
plots for Ni2P electrodes. Tafel analyses of the Ni2P nanoparticles show an exchange current density
of 3.3 × 10−5 A/cm2 and a Tafel slope of ~46 mV/decade in the overpotential region of 25–125 mV.
At higher overpotentials (150–200 mV), the Tafel slope and exchange current density increased to
~81 mV/decade and 4.9 × 10−4 A/cm2, respectively. Again, this Tafel slope behavior reflects the
change in the rate-limiting step of the HER [122].

Cation doping is an effective strategy to improve the HER activity of electrocatalysts. A
few cations, such as Mn, Fe and Mo, have been reported to dope Ni2P [110,111,127–129]. For
instance, Li et al. synthesized a series of (NixFe1−x)2P by varying the amount of Fe doping ratio [128].
They found out that HER activities for (NixFe1−x)2P electrodes show a volcano shape as a function
of Fe doping ratio (see Figure 8); HER activities first increased as Fe content increased until the
composition reaches (Ni0.33Fe0.67)2P. Then, by further increasing the Fe content, HER performance
decreased gradually. (Ni0.33Fe0.67)2P shows the best performance among the tested (NixFe1−x)2P
samples, with a small overpotential of 214 mV to reach cathodic current densities of 50 mA/cm2. Such

139



Catalysts 2018, 8, 657 12 of 41

an interesting behavior could stem from an increase in the electrocatalytically active surface areas, as
well as a change in the electronic structure with increasing Fe content [128,130].

Catalysts 2018, 8, x FOR PEER REVIEW    12  of  43 

 

mV/decade and 4.9 × 10−4 A/cm2, respectively. Again, this Tafel slope behavior reflects the change in 

the rate‐limiting step of the HER [122]. 

 
Figure  7.  (a) High  resolution TEM  image  of  a  representative Ni2P  nanoparticle,  highlighting  the 

exposed Ni2P (001) facet and the 5.2 Å lattice fringes that correspond to the (010) planes; (b) Proposed 

structural model of the Ni2P nanoparticles; (c) Polarization data for three individual Ni2P electrodes 

in  0.5 M H2SO4,  along with  glassy  carbon,  Ti  foil,  and  Pt  in  0.5 M H2SO4,  for  comparison;  (d) 

Corresponding Tafel plots  for  the Ni2P  and Pt  electrodes. Reprinted with permission  from  [125]. 

Copyright 2013 American Chemical Society. 

Cation doping  is an effective strategy  to  improve  the HER activity of electrocatalysts. A  few 

cations, such as Mn, Fe and Mo, have been reported to dope Ni2P [110,111,127–129]. For instance, Li 

et al. synthesized a series of (NixFe1−x)2P by varying the amount of Fe doping ratio [128]. They found 

out that HER activities for (NixFe1−x)2P electrodes show a volcano shape as a function of Fe doping 

ratio  (see  Figure  8); HER  activities  first  increased  as  Fe  content  increased  until  the  composition 

reaches  (Ni0.33Fe0.67)2P.  Then,  by  further  increasing  the  Fe  content, HER  performance  decreased 

gradually. (Ni0.33Fe0.67)2P shows the best performance among the tested (NixFe1−x)2P samples, with a 

small overpotential of 214 mV to reach cathodic current densities of 50 mA/cm2. Such an interesting 

behavior could  stem  from an  increase  in  the electrocatalytically active  surface areas, as well as a 

change in the electronic structure with increasing Fe content [128,130]. 

(a)  (b) 

(c) 
(d) 

Figure 7. (a) High resolution TEM image of a representative Ni2P nanoparticle, highlighting
the exposed Ni2P (001) facet and the 5.2 Å lattice fringes that correspond to the (010) planes.
(b) Proposed structural model of the Ni2P nanoparticles. (c) Polarization data for three individual Ni2P
electrodes in 0.5 M H2SO4, along with glassy carbon, Ti foil, and Pt in 0.5 M H2SO4, for comparison.
(d) Corresponding Tafel plots for the Ni2P and Pt electrodes. Reprinted with permission from [125].
Copyright 2013 American Chemical Society.Catalysts 2018, 8, x FOR PEER REVIEW    13  of  43 

 

 
Figure 8. (a) Polarization curves of a series of (NixFe1−x)2P and commercial Pt/C electrodes for HER at 

a  scan  rate  of  5 mV/s;  (b)  Time‐dependent  current  density  curve  of  (Ni0.33Fe0.67)2P  at  a  constant 

overpotential of ≈285 mV. Reprinted with permission from [128]. Copyright 2017 WILEY‐VCH Verlag 

GmbH & Co. KGaA, Weinheim. 

Electron conductivity and dispersion of electrocatalysts also severely affect the catalytic activity 

of the electrocatalysts. Various carbon materials, such as carbon nanotube and carbon cloth, which 

possess both strong electronic conductivity and high surface area, have been implemented as Ni2P 

support materials  to  enhance HER  activity  [131–141].  For  instance, Pan  et  al.  reported  a  hybrid 

material where Ni2P was  supported  on multiwalled  carbon  nanotubes  (Ni2P/CNT),  as  shown  in 

Figure 9a [136]. The HER catalytic activity of the Ni2P/CNT nanohybrid was evaluated in 0.5 M H2SO4. 

Ni2P/CNT exhibits high catalytic activity with a low overpotential of 124 mV when current density 

reached 10 mA/cm2. The corresponding Tafel slope is 53 mV/decade, reflecting that the HER reaction 

took place via a fast Volmer step followed by a rate‐determining Heyrovsky step [142]. Furthermore, 

the turnover frequency (TOF) was calculated and normalized by the total number of active sites. To 

achieve a TOF value of 0.1 s−1, Ni2P/CNT needs only an overpotential of about 170 mV, much smaller 

than  that  required by  the Ni12P5/CNT and Ni/CNT hybrid materials,  further showcasing  the high 

catalytic activity of Ni2P. 

  

(a)  (b) 

Figure 8. (a) Polarization curves of a series of (NixFe1−x)2P and commercial Pt/C electrodes for HER
at a scan rate of 5 mV/s. (b) Time-dependent current density curve of (Ni0.33Fe0.67)2P at a constant
overpotential of ≈285 mV. Reprinted with permission from [128]. Copyright 2017 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Electron conductivity and dispersion of electrocatalysts also severely affect the catalytic activity
of the electrocatalysts. Various carbon materials, such as carbon nanotube and carbon cloth, which
possess both strong electronic conductivity and high surface area, have been implemented as Ni2P
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support materials to enhance HER activity [131–141]. For instance, Pan et al. reported a hybrid
material where Ni2P was supported on multiwalled carbon nanotubes (Ni2P/CNT), as shown in
Figure 9a [136]. The HER catalytic activity of the Ni2P/CNT nanohybrid was evaluated in 0.5 M
H2SO4. Ni2P/CNT exhibits high catalytic activity with a low overpotential of 124 mV when current
density reached 10 mA/cm2. The corresponding Tafel slope is 53 mV/decade, reflecting that the
HER reaction took place via a fast Volmer step followed by a rate-determining Heyrovsky step [142].
Furthermore, the turnover frequency (TOF) was calculated and normalized by the total number of
active sites. To achieve a TOF value of 0.1 s−1, Ni2P/CNT needs only an overpotential of about
170 mV, much smaller than that required by the Ni12P5/CNT and Ni/CNT hybrid materials, further
showcasing the high catalytic activity of Ni2P.
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Figure 9. (a) TEM image of Ni2P/CNT. (b) Tafel plots of the Ni2P/CNT, Ni12P5/CNT, Ni/CNT and
Pt/C. (c) LSV curves of the Ni2P/CNT, Ni12P5/CNT, Ni/CNT, Pt/C, CNT and bare GCE in 0.5 M
H2SO4 with a scan rate of 5 mV/s. (d) Calculated TOFs for the Ni2P/CNT, Ni12P5/CNT and Ni/CNT
in 0.5 M H2SO4. Reprinted with permission from [136]. Copyright 2017 The Royal Society of Chemistry.

4.3. Iron Sulfides, FexSy

Metal chalcogenides have received interest as HER electrocatalysts over the past decades such
as molybdenum sulfide MoS2 [42], tungsten sulfide WS2 [143], iron phosphide FeP [47] or nickel
phosphide Ni2P [125]. Among them, iron sulfides (generally noted as FexSy) show great interest,
especially being the most abundant mineral on the Earth’s surface, and pyrrhotite Fe9S10 being the
most abundant iron sulfide in the Earth and solar system [144,145].

To our knowledge, the only study of iron sulfide electrocatalysts in a PEM WE device has
been published by Di Giovanni et al. [145]. In this paper the authors describe the synthesis and
characterization of different stoichiometries of iron sulfide FexSy nanomaterials and their activity
toward the HER. Pyrite FeS2, greigite Fe3S4, and pyrrhotite Fe9S10 crystalline phases were first prepared
using a polyol synthetic route. Morphological and electronic properties of the prepared nanoparticles
were characterized, as well as their electrochemical properties. Greigite is formed of micrometer-sized
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gypsum flowerlike particles consisting of thin platelets with a very high aspect ratio. Pyrite particles
have a hierarchical morphology consisting of large micrometer-sized spheres of aggregated smaller
particles. Their performances were investigated in situ in a PEM electrolyzer single cell. MEA were
prepared using pyrite, pyrrhotite, or greigite as the anode catalyst and tested in a PEM electrolysis
single cell. The catalysts were not supported, but were mixed with 20% of carbon black. Nafion 115
(125 µm) was used as the membrane and IrO2 as the anode catalyst. A cross section SEM image is
presented in Figure 10 left. For the same catalyst loading, both ex situ and in situ (Figure 10 right)
electrochemical experiments showed that pyrite (FeS2) is the most active compared to greigite Fe3S4

and pyrrhotite Fe9S10, with the electrocatalysis starting at an overpotential of ca. 180 mV. These three
materials exhibited a very stable behavior during measurement, with no activity degradation for at
least 5 days. All catalysts have been tested in a PEM electrolysis single cell, and pyrite FeS2 allows a
current density of 2 A/cm2 at a voltage of 2.3 V.
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It is noteworthy that FexSy based materials have been studied as electrocatalysts for the HER and
showed promising results.

FeS pyrrhotite has been prepared by a solvothermal route and showed hexagonal shaped
nanoparticles with size ranging from 50 to 500 nm, achieving electrocatalysis for molecular hydrogen
evolution with no structural decomposition or activity decrease for at least six days at an overpotential
of 350 mV in neutral water [146].

Fe2S pyrite has been prepared by Faber et al. by electron-beam evaporation on borosilicate
substrates following by a thermal sulfidation [147]. The cathodic overpotential to drive the HER at
1 mA/cm2 for Fe2S pyrite was 217 mV.

Miao et al. prepared mesoporous Fe2S materials with high surface area by a sol-gel method
followed by a sulfurization treatment in an H2S atmosphere [148]. An interesting HER catalytic
performance was achieved with a rather low overpotential of 96 mV at a current density of 10 mA/cm2

and a Tafel slope of 78 mV/decade under alkaline conditions (pH 13).
Jasion et al. proposed the synthesis of nanostructured Fe2S [149]. By changing the Fe:S ratio in the

precursor solution, they were able to preferentially synthesize either 1D wire or 2D disc nanostructures.
The HER electrocatalytic activity of the nanostructured FeS2 (drop-casted on a glassy carbon electrode)
was measured via linear sweep voltammetry (LSV) and showed the best results for the 2D disc
structures with an overpotential of just 50 mV larger than that of Pt.

Chua and Pumera investigated the electrochemical hydrogen evolution of natural FeS2 [150].
Interestingly, they focused on the susceptibility of natural FeS2 hydrogen evolution performances
towards sulfide poisoning, a major issue for cathodic hydrogen evolution. The results showed a better
response of the FeS2 electrodes than platinum.
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A hybrid catalyst of cobalt-doped FeS2 nanosheets–carbon nanotubes for the HER was proposed
by Wang et al. [151]. The pyrite phase of Fe1−xCoxS2/CNT showed a low overpotential of ~120 mV at
20 mA/cm2, a low Tafel slope of ~46 mV/decade, and long-term durability over 40 h of HER operation.
Huang et al. employed carbon black as a support to prepare a cobalt-doped iron sulfide electrocatalyst
with high-electrical conductivity and maximal active sites [152]. Electrochemical results showed an
enhancement in the HER activity of Co-doped FeS2 in comparison to undoped FeS2 in acidic electrolyte
(pH = 0). The overpotential necessary to drive a current density of 10 mA/cm2 is 150 mV and only
decreases by 1 mV after 500 cycles during a durability test.

Bi-functional iron-only electrocatalysts for both water splitting half reactions are proposed by
Martindale et al. [153]. Full water splitting at a current density of 10 mA/cm2 is achieved at a bias of
ca. 2 V, which is stable for at least 3 days.

Iron sulfide alloys have also shown potential catalytic activity. Yu et al. report the 3D ternary
nickel iron sulfide (Ni0.7Fe0.3S2) microflowers with a hierarchically porous structure delivering an
overpotential of 198 mV at a current density of 10 mA/cm2 [154]. Zhu et al. proposed bimetallic
iron-nickel sulfide (Fe11.1%–Ni3S2) nanoarrays supported on nickel foam having a η10 of 126 mV [155].

A patent has also been filed for the use of iron sulfide in an electrolytic cell [156].

4.4. Carbon-Based Materials

Due to the earth abundancy and high electronic conductivity, carbon based materials, such
as carbon nanoparticles (CNPs), carbon nanotubes (CNTs), graphene, etc., are mostly used as the
supporting material for the electron transfer between the substrates and the electrocatalysts [157].
One of the most successful carbon material used as electrocatalyst support is carbon black, which is
a commercially available product with high surface area (ca. 200–1000 m2/g) [158]. By uniformly
dispersing electrocatalyst NPs on carbon black, the electrochemically active surface area (EASA) of the
electrocatalyst can be maximized, and the amount of the catalyst, such as Pt, can be minimized. Pt/C
is actually the benchmark HER catalyst for PEM electrolysis [159].

In order to further reduce the cost of H2 produced by the PEM electrolyzer, other carbon-supported
electrocatalysts, especially those only consist of earth abundant elements, such as Mo2C/CNTs [126],
A-Ni-C (atomically isolated Ni anchored on graphitic carbon) [160], Co-doped FeS2/CNTs [151], CoFe
nanoalloys encapsulated in N-doped graphene [161], Ni2P/CNTs [136], WO2/C nanowires [162], etc.,
have been studied as potential HER catalysts alternative to Pt. However, carbon-supported and Pt-free
HER catalysts that have actually been tested in a real PEM device are rarely reported, and only a few
can be found in the literature, and they are summarized in Table 3.

Nevertheless, the usage of C-based materials is not only limited to the anode. A recent study
shows that carbon nitride (C3N4) resist the harsh conditions at the anode side and therefore can be
used as the supporting material for OER catalysts, such as IrO2, hence to reduce the Ir content at the
anode [163].

4.5. Co-Clathrochelates

The interest in Co-clathrochelates as electrocatalysts is prompted by their ability to maintain
the same ligand environment for Co in different oxidation states [164]. However, only a few studies
can be found implementing Co-clathrochelates in PEM electrolyzers. As can be seen from Table 3,
the cell performance when cathodes are impregnated with such stable Co-containing electrocatalyst
complexes is comparable to other earth-abundant catalyst systems, achieving current densities of
0.65 and 1 A/cm2 at 1.7 and 2.15 V, respectively (Dinh Nguyen et al. [165] and Grigoriev et al. [166]).
In both these works, the Co-clathrochelates were implemented in 7 cm2 cells, but with different
loadings. Figure 11 left shows how a clean glassy carbon electrode (GCE) (a) is improved by addition
of [Co(dmg)3(BF)2]BF4 (a) and Co(dmgBF2)2 (b) in a 0.5 M H2SO4 aqueous solution. The two Co
clathrochelate molecules are shown in Figure 11 right.
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Figure 11. (left) Current-potential relations of (a) a clean glassy carbon electrode (GCE), (b) GCE
modified with carbon black (Vulcan XC72) and Nafion 117, (c) GCE modified with Vulcan XC72
(70 wt.%), [Co(dmg)3(BF)2]BF4 (30 wt.%) and Nafion 117, (d) GCE modified with Vulcan XC72 (70 wt.%),
Co(dmgBF2)2 (30 wt.%) and Nafion 117, all in a 0.5 M H2SO4 aqueous solution, scan rate: 10 mV/s.
(right) Molecular structure of the two Co clathrochelates. Reprinted with permission from [165].
Copyright 2012 Elsevier.

In Figure 11 left, the Co(dmgBF2)2 shows better electrochemical performance than
[Co(dmg)3(BF)2]BF4 in the three-electrode configuration. However, when the two electrode
modifications above were implemented in single cells for i-V characterization and stability testing
under operational conditions, the [Co(dmg)3(BF)2]BF4 catalyst shows the best performance. The results
are given in Figure 12 for current-potential and stability, respectively. The results reveal an increased cell
voltage of 0.2–0.25 V when substituting the HER catalyst from Pt to Co-clathrochelates. The catalysts
show no sign of degradation after 60 h of operation at 0.2 A/cm2.
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Figure 12. (left) Current-voltage performances for a 7 cm2 single cell with different MEAs:
(a) Ir(O2)/Nafion 117/Pt(H2), (b) Ir/Nafion 117/[Co(dmg)3(BF)2]BF4-Vulcan XC72, (c) Ir/Nafion
117/[Co(dmgBF2)2]-Vulcan XC72, (d) Pt/Nafion 117/Pt, (e) Ir/Nafion 117/[Co(acac)3]-Vulcan XC72.
Experiments were carried at 60◦ and P = 1 atm. (right) Stability of the cells at 0.2 A/cm2. Reprinted
with permission from [165]. Copyright 2012 Elsevier.

In an earlier study by Millet et al. [62], a 23 cm2 cell was prepared with a Co(dmgBF2)2 catalyst
with a loading of 1 mg/cm2 in carbon black as compared to the 2.5 mg/cm2 of the same catalyst in
in the study of Dinh Nguyen et al., resulting in an increased cell voltage of 0.1 V to obtain a current
density of 0.5 A/cm2. It must here be noted, however, that Miller’s cell ran at 90 ◦C, while Dinh
Nguyen’s was operated at 60 ◦C, so the real difference under equal condition can be expected to be
somewhat larger, suggesting that a 150% increase in the catalyst loading makes a significant impact on
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cell efficiency. The discrepancy between the results in half-cell and full-cell testing clearly underlines
the need for testing in operation conditions before concluding on electrochemical performance. Co-
and Fe-hexachloroclathrochelates have also been applied by Grigoriev et al. in a full cell, impregnated
on Vulcan XC72 Gas Diffusion Electrodes (GDEs) with a surface area of 7 cm2 [166]. The main
outcome is that substituting Co with Fe improves the electrocatalytic performance of the same
macromolecule (Figure 13). One can also see that the overvoltage is around 0.25 V higher for the
hexachloroclathrochelates than for the carbon supported Pt cathode used as reference. Comparing the
results of Grigoriev et al. to the results reported by Dinh Nguyen et al. is difficult, since no information
is given with respect to ohmic contributions to cell resistance for the former, while ohmic contributions
are subtracted for the latter. However, the same difference in overvoltage can be seen with respect to
carbon supported Pt.
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Figure 13. (a) Synthesis of the metal (II) hexachloroclthrochelates. (b) Current-voltage performances of
MEAs with cathodes based on metal (II) clathrochelates Co(Cl2Gm)3(Bn-C4H9)2 (1), Co(Cl2Gm)3(Bn-
C16H33)2 (2), Co(Cl2Gm)3(BCH3)2 (3), Co(Cl2Gm)3(BC6H5)2 (4) and Fe(Cl2Gm)3(BC6H5)2 (5) and
Pt/Vulcan XC72 (6). Reprinted with permission from [166]. Copyright 2017 Elsevier.

Grigoriev et al. reported that the HER performance of Co-encapsulating macromolecules is
improved by adding electron-withdrawing ligands, but otherwise changing ligands makes little
difference as long as the electronic structure is similar. This can be seen for different aryl and alkyl
apical substituents in [166]. El Ghachtouli et al. reported that the exchange of ligands between
fluorine and phenyl or methyl groups has negligible effect on i-V behavior, although the ligands go
from strongly electron-withdrawing fluorine, via moderately electron withdrawing phenyl to electron
donating methyl groups. The electron affinity of the ligands did, however, affect the reduction potential
of Co to surface nanoparticles, which in turn improved the HER [167]. Xile Hu et al. reported a more
ambiguous effect of manipulating electron affinities by substituting phenyl- for methyl ligands. In this
study, a more positive potential for H2 evolution correlated with a decreased activity for electrocatalysis.
Complex red-ox behavior was also reported in this study, such as Co(III) hydride intermediates formed
upon reduction in acidic media [168]. Zelinskii et al. utilized perfluorophenyl-ribbed substituents
to stabilize Co(I) in an effort to enhance the HER, but although the reduced Co(I) was successfully
stabilized, the resulting Co-clathrochelate complex was not electrochemically active in the HER [169].

One of the main challenges for non-noble metal catalysts in aqueous electrolyzer cathodes is their
stability in harsh acidic conditions. The Co-clathrochelates show good stability in the reported works,
exemplified by a stable overvoltage of 240 mV and a faradaic efficiency of 80%, remaining stable for
more than 7 h in pH = 2 and at 1 mA/cm2 and 0.9 V [170].
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Table 3. Summary of full PEM WE cells with EACs as cathodes.

Cathode (Loading in mg/cm2) Membrane
Anode

(Loading in
mg/cm2)

Temp. (◦C) Performance Stability Ref.

MoS2 Nafion 117 IrO2 (2) 80 ◦C 0.02 A/cm2@1.9 V Not reported [84]
47wt.% MoS2/CB (2.5) Nafion 117 IrO2 (2) 80 ◦C 0.3 A/cm2@1.9 V Increasing current density after 18 h [84]

MoS2/rGO (3) Nafion 117 IrO2 (2) 80 ◦C 0.1 A/cm2@1.9 V Not reported [84]
MoSx/CB (3) Nafion 115 Ir black(2) 80 ◦C 0.9 A/cm2@2.0 V Stable current density over 24 h [105]

Mo3S13/CB (3) Nafion 115 Ir black(2) 80 ◦C 1.1 A/cm2@2.0 V
Current density decreased by more than

100 mA/cm2 after 24 h [105]

MoS2 nCapsules (2) Nafion 117 IrO2 (2) 80 ◦C 0.06 A/cm2@2.0 V Stable current density for 200 h [106]
MoSx/C-cloth Nafion 117 RuO2 (2) 80 ◦C 0.3 A/cm2@2.0 V Not reported [107]
MoSx/C-paper Nafion 212 IrO2 (0.1) 90 ◦C 0.37 A/cm2@1.9 V Stable current density over 4 h [108]

Pyrite FeS2 Nafion 115 IrO2 (2) 80 ◦C 1 A/cm2@2.101 V Stable for 100 h [145]
Greigite Fe3S4 Nafion 115 IrO2 (2) 80 ◦C 1 A/cm2@2.130 V Stable for 100 h [145]

Pyrrholite Fe9S10 Nafion 115 IrO2 (2) 80 ◦C 1 A/cm2@2.158 V Stable for 100 h [145]
30 wt.% Pd/P-doped C (carbon black) Nafion 115 RuO2 (3) 80 ◦C 1 A/cm2@2 V Stable for 500 h [171]

30 wt.% Pd/N-doped CNTs Nafion 115 RuO2 (3) 80 ◦C 1 A/cm2@2.01 V Stable for 50 h [172]
30 wt.% Pd/P-doped Graphene Nafion 115 RuO2 (3) 80 ◦C 1 A/cm2@1.95 V Cell voltage increased to 2.0 V after 2000 h [173]

Activated single-wall carbon nanotubes Nafion 115 IrRuOx 80 ◦C 1 A/cm2@1.64 V Stable for 90 h [174]

Co NPs/N-doped C Nafion NRE-212 IrO2 (0.55) 80 ◦C 1 A/cm2@150 mV η
from Pt/C

Not tested in the full cell. Stable cathode
after 10,000 CV cycles @ 100 mV/s [175]

Boron-capped tris (glyoximato) cobalt complexes on
carbon black (Co(dmg)/C) 1 mg/cm2 Nafion 117 Ir black (2–2.5) 90 ◦C 1 A/cm2@2.1 V Not reported [62]

[Co(dmgBF2)2]-Vulcan XC72 2.5 mg/cm2 * Nafion 117 IrO2 60 ◦C 0.5A/cm2@1.7 V No sign of degradation after 60 h @
0.2 A/cm2

[165]
[Co(dmg)3(BF)2]BF4-Vulcan XC72 2.5 mg/cm2 * Nafion 117 IrO2 60 ◦C 0.65A/cm2@1.7 V [165]

Co hexachloroclathrochelates impregnated on Vulcan
XC72 5–12 × 10−4 mg/cm2 ** Nafion 117 Ir black 80 ◦C 1 A/cm2@2.15 V Not reported [166]

* Weight of whole complex. ** Weight of catalyst.
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4.6. Density Functional Theory (DFT) for HER Catalysts

Density functional theory (DFT) is an essential tool for understanding the mechanisms and active
sites of novel catalysts as it enables evaluation of the thermodynamics of the individual steps in HER.
Modelling reaction barriers is however computationally demanding, and most studies as such, rather
adopt a “∆G approach”. As HER involves both proton transfer and charge transfer, the activity of
a catalyst is intrinsically linked to its crystal and electronic structures. In that respect, the hydrogen
bonding strength/adsorption energy (∆GH) has been widely used as descriptor of catalyst activity.
Following the Sabatier principle, too strong or weak interactions with the catalyst surface tends to
lower the overall catalyst activity yielding the typical volcano type behavior (Figure 14).
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Figure 14. Volcano plot of the exchange current density as a function of the DFT-calculated Gibbs free
energy of adsorbed atomic hydrogen for nanoparticulate MoS2 and the pure metals. Reprinted with
permission from [42]. Copyright 2007 Science.

MoS2 and similar layered transition metal dichalcogenides (TMD) crystallize in two structures, the
2H and 1T polymorphs (Figure 15), with trigonal prismatic and octahedral coordination, respectively.
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Figure 15. Structure of 2H and 1T MX2 dichalcogenides (top view). Reprinted with permission
from [176]. Copyright 2015 Elsevier.

The thermodynamically stable 2H polymorph of single layer MoS2 is semiconducting with a
band gap of 1.74 eV [177], and its (0001) basal plane exhibits negligible catalytic activity towards
HER due to a ∆GH of ~2 eV [176]. On the other hand, Hinnemann et al. [91] showed that the (1010)
Mo edge sites of single trilayer MoS2 can be highly active towards HER, and that they resemble the
active sites of the hydrogen-evolving enzymes nitrogenase and hydrogenase [42,91]. The Mo edge
exhibits a calculated ∆GH of merely 0.08 eV (Figure 16), compared to 0.18 eV of the (10-10) S edge [178],
and is as such, close to thermoneutral (for low H coverages). The increased activity of the edge sites
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is attributed to in-gap surface states near the Fermi level, implying that 2D MoS2 with a high edge
site concentration can be activated towards HER [179]. Significant computational studies have been
devoted to exploring strategies to increase the density of activity sites in MoS2, and to optimize ∆GH

through electronic structure manipulation. Bonde et al. [178] for instance, showed that Co-promotion
decreases the ∆GH of the S edge to 0.07 eV, but not of the Mo edge, and as such leads to increased
number of active sites. Tsai et al. [180] showed that various supports can also be used to tailor the
hydrogen bonding to MoS2; for Mo edges. Increasing the catalyst adhesion to the support was found
to weaken the hydrogen bonding, and is attributed to downward shifts of the S p-states, which in
turn lead to filling of H 1s antibonding states. Efforts have also been made to understand how the
basal plane of MoS2 can be activated towards HER through defect chemical, structural and strain
engineering [181–184]. Li et al. [181] showed that ∆GH of basal plane MoS2 decreases with increasing S
vacancy concentration (Figure 16), and that vacancy formation induces in-gap defect states stemming
from undercoordinated Mo (Figure 16b), which allows for favourable hydrogen binding. Straining the
vacancies was furthermore shown to decrease the ∆GH (Figure 16c) even further. Ouyang et al. [184]
showed that other native point defects such as VMoS3 and MoS2 and extended defects, such as grain
boundaries affect hydrogen bonding and as such the HER performance. In addition, Deng et al. [185]
showed that single atom transition metal substitution creates in-gap states that lower the ∆GH, with
Pt-MoS2 yielding a close to thermoneutral binding energy.

While the basal plane of 2H-MoS2 is semiconducting [177], its metastable 1T phase is metallic [186]
and even its basal plane is highly active towards HER. The metallicity and high HER activity
stems from the partially filled Mo 4 d and S states at the Fermi level, leading to favorable
∆GH [187]. DFT calculations reveal that ∆GH is highly coverage-dependent due to H induced
surface reconstructions, reaching values between −0.28 and 0.13 eV for 12.5 to 25 % coverage [187].
The phase stability of the 1T phase, and its band gap and as such HER activity, can be tuned by surface
functionalization, by e.g., −CH3, CH3, OCH3, and NH2, which all were shown to bind more strongly
to the 1T surface compared to the 2H basal plane [188].
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Figure 16. (a) Free energy vs. reaction coordinate for HER on basal plane MoS2 for various vacancy
concentrations. (b,c) Corresponding band structure, and (d) effect of strain and vacancies on ∆GH.
Reprinted with permission from [181]. Copyright 2015 Nature Publishing Group.
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Realizing the importance of crystal and electronic structure with respect to HER activity of MoS2,
a range of other layered TMD have attracted attention both experimentally and computationally.
Tsai et al. [189] showed also that for MoSe2 and WeSe2, the Mo and Se edge sites are more active
than the basal planes, and that the selenides generally exhibit weaker H binding than their sulphur
counterparts. Tsai et al. [176] furthermore explored the electronic structure, ∆GH and the energy of HX
adsorption, ∆GHX (i.e., descriptor for stability) for the basal planes of a range of 2D MX2 (M = Ti, V, Nb,
Ta, Mo, W, Pd, and X = S or Se) TMDs. The 2D TMDs vary from semiconducting to metallic (Figure 17),
with group 7 TMDs (Mo and W) changing from semiconducting to metallic from the 2H to the 1T
phase. The metallic TMD were in general found to exhibit stronger H bonding (lower ∆GH) than the
semiconducting phases (Figure 17). The semiconducting TMDs span a wider range of ∆GH than the
metallic phases, reflecting the importance of the electronic structure with respect to the HER activity
(Figure 17). They found an inverse correlation between ∆GH and ∆GHX for both semiconducting and
metallic phases, reflecting the general understanding of the relationship between HER activity and.
Furthermore, the metallic TMDs were in general found to exhibit stronger H bonding (lower ∆GH)
than the semiconducting phases.
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Figure 17. (a) p-projected density of states on the S or Se atom for 2D TMDs in the 2H and 1T
structures relative to the Fermi level, with blue indicating metallic basal planes, while grey ones are
semiconducting, (b) Semiconducting single-layered TMD basal planes, (c) Metallic single-layered TMD
basal planes. Reprinted with permission from [176]. Copyright 2015, Elsevier.
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Of the HER active transition metal phosphides, those of especially Ni and Mo have been the
subject of extensive computational investigations. Bulk Ni2P is metallic with a crystal structure
consisting of alternating Ni3P and Ni3P2 planes along the (0001) axis. The HER activity of Ni2P (0001)
surfaces were originally predicted computationally by Liu and Rodriguez [124] showing that the P
sites on the phosphide surface play an important role in producing a weak-ligand effect involving Ni
→ P charge transfer, resulting in suitable ∆GH and high activity for the dissociation of H2. The bare
Ni3P terminated surface exhibits a strongly binding Ni3 hollow site with ∆GH of ~ −0.5 eV for the first
H, and several sites of lower H binding strength [190,191]. DFT calculations show that the surfaces
prefer a P-covered reconstruction of the Ni3P termination in which a P ad-atom binds on-top of the
strongly H binding Ni3 hollow site [190] and that this P ad-atom reduces the bindings strength of the
site, and can bind up to 3 H atoms [192,193]. Hakala and Laasonen [191] showed that the H adsorption
properties can be modified through Al substitutions, leading to ∆GH close to 0 eV.

In a joint experimental-computational effort, Xiao et al. [194] studied hydrogen binding at the
Mo, Mo3P and MoP surfaces showing that 001-Mo surface binds H strongly with a ∆GH ranging from
−0.54 to −0.46 eV for 1

4 to 3
4 monolayers. The Mo and P terminated (001) MoP surfaces was found

to exhibit values of −0.63 to −0.59 and −0.36 to 0.34, respectively, indicating that the P terminated
surface can adsorb H at low coverages and desorb at high coverages, reflecting the importance of P
also in these catalysts.

5. Earth-Abundant Anode Materials

As mentioned previously, the only stable and well-established catalysts for the OER in acidic
media are noble metal oxides such as IrOx and RuOx [195]. A recent study (2016) on benchmarking of
water oxidation catalysts (WOC) revealed that there are no EACs that can reach the target metric of
short-term acid stability, which is defined as operation at 10 mA/cm2 for 2 h [196]. We also expected
that there are no PEM WE reports based on EACs anodes for the OER side, but this is also not the case.
Herein, we report on recent advances and current trends on EACs for the OER that show promising
results in terms of performance and stability in acidic media, which exceeded the short-term target of
2 h in just two years. The presented materials and their performance are summarized in Table 4.

Manganese oxide (MnOx) was reported to be functional under acidic conditions and before
activation exhibited a Tafel slope of approx. 650 mV/decade, but after potential cycling and activation
of the MnOx film the slope was improved to approx. 90 mV/decade [197]. The authors reported a
galvanostatic stability of 8 h in 0.5 M H2SO4 at a current density of 0.1 mA/cm2 and overpotential
of 540 mV. The same group introduced Mn in CoOx with the former acting as a stabilizing structural
element and the CoMnOx showed a Tafel slope of 70–80 mV/decade and a stability of more than
12 h without any dissolution [198]. The overpotential for a galvanostatic operation at 0.1 mA/cm2,
which is 2 orders of magnitude lower than the target values though, was approx. 450 mV. In another
work, MnO2 was stabilized by introduction of TiO2 in the undercoordinated surface sites of MnO2.
Frydendal et al. applied a 5 nm layer of Ti-modified MnO2 on a 35 nm think layer of pure MnO2 [199].
The composite material exhibited a Tafel slope of 170 mV/decade and a moderate overpotential of
approx. 490 mV at 1 mA/cm2. The Mn dissolution in 0.05 M H2SO4 was suppressed by roughly
50% after the TiO2 modification. The authors came up with this strategy after an initial DFT study,
which indicated that guest oxides such as GeO2 and TiO2 should improve the stability of MnO2.
The reason is that both GeO2 and TiO2 have lower surface formation energies than MnO2 and are more
favorable for termination at the undercoordinated sites on MnO2. Another Mn-containing system is
reported by Patel et al., and is based on nanostructured Cu1.5Mn1.5O4:x wt.% F (x = 0, 5, 10, 15) [200].
The Cu1.5Mn1.5O4:10F electrocatalyst in 0.5 M H2SO4 at 40 ◦C exhibited an onset potential at 1.43 V
vs. RHE for the OER and reached 9.15 mA/cm2 at 1.55 V vs. RHE. Interestingly, the in-house made
IrO2 showed the same onset overpotential and 7.74 mA/cm2 at 1.55 V. The reported Tafel slope for the
EAC is 60 mV/decade and it should be noted that the current-voltage curves were iR corrected. In a
report by Anantharaj et al. it is suggested that the method used to calculate the iR drop compensation
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should be reported, along with the uncompensated i-V curves [55]. The material showed also very
good stability for almost 24 h of operation at constant current density of 16 mA/cm2. This material is
also suitable for the oxygen reduction reaction (ORR), where it showed again similar activity to IrO2.
The authors did not apply the Cu1.5Mn1.5O4:10F as a anode in full PEM WE cell, but they did so for
the cathode in a PEM fuel cell (PEM FC) mode. The results are promising and the performance is the
same as with IrO2 and quite close to the operation in a 3-electrode mode. It should be noted though
that the loading of the EAC was 6.7 times higher than for IrO2.

Another Mn-based electrocatalyst was a Mo- and Co-modified electrolytic manganese dioxide
(MEMD) developed by Delgado et al. [201]. According to the authors, Mo was incorporated in
EMD for improvement of its mechanical stability, while the role of Co was to reduce the water
content in EMD and increase the electrical conductivity. The catalyst was synthesized by a simple
electrodeposition method and the Mo and Co elements were electrodeposited simultaneously with
the EMD. The optimized catalyst had Mo and Co contents of 12.77 wt.% and 0.33 wt.%, respectively,
and exhibited an overpotential of 305 mV at 100 mA/cm2 in 2 M H2SO4. The authors found that
this catalyst outperformed a commercial IrO2-based dimensionally stable anode (DSA®) electrode,
which under the same conditions had an overpotential of 341 mV. The improved stable performance
is explained by the lower charge transfer resistance induced by the Co incorporation, as well as to an
increase of the roughness factor. The stability of the catalyst was assessed at a lower overpotential,
i.e., at 280 mV, and the degradation of the material was small after approx. 3500 s of operation. In
principle, the authors should have reported the stability at 100 mA/cm2 in order to provide more
convincing results.

Moreno-Hernandez et al. developed a quaternary oxide, Ni0.5Mn0.5Sb1.7Oy, which exhibited
an initial OER overpotential of approx. 675 mV vs. RHE in order to reach 10 mA/cm2 in 1.0 M
H2SO4 [202]. The overpotential stabilized at approx. 735 mV and the electrocatalyst performed
for 168 h of continuous operation (Figure 18). The authors reported a full cell application in a
two-compartment electrolysis cell with Nafion as the separating membrane, but they did not use
the catalyst in a full PEM WE cell. The stability of the Ni0.5Mn0.5Sb1.7Oy is comparable to the noble
metal oxides and is related to the fact that Ni, Mn and Sb oxides are stable in acidic conditions at OER
potentials according to Pourbaix diagrams [203,204].
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Figure 18. (a) Stability of the Ni0.5Mn0.5Sb1.7Oy electrodes at 10 mA/cm2 in 1 M H2SO4. (b) Cyclic
voltammetry at 10 mV/s in between the stability test. Reprinted with permission from [202]. Copyright
2017 The Royal Society of Chemistry.

Another important element in the aqueous electrochemistry is cobalt (Co). Co oxide-based
catalysts have shown excellent performance in alkaline and near neutral pH solution [205,206].
Under strong acidic conditions, however, they show fast dissolution, sluggish kinetics and high
overpotentials [196,207,208]. Mondaschein et al. developed a highly crystalline Co3O4 nanostructured
film, which was deposited on FTO by electron-beam evaporation followed by annealing at 400 ◦C [209].
The overpotential for 10 mA/cm2 was 570 mV vs. RHE in 0.5 M H2SO4, and the catalyst maintained
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an OER with near-quantitative Faradaic yield for over 12 h. Unfortunately, the dissolution rate of Co at
this high current density was considerable and further studies are needed for corrosion protection of
such structures. To this end, Yan et al. have recently reported the synthesis of mesoporous Ag-doped
Co3O4 nanowires, which showed improved stability over 10 h operation at 1.6 V vs. RHE in 0.5 M
H2SO4, as Ag is known to be stable in acidic media [210]. The Ag-doped Co3O4 nanowires were
synthesized by electrodeposition-hydrothermal process, which was followed by calcination at 400 ◦C.
The nanostructured catalysts showed a Tafel slope of 219 mV/decade and an overpotential of approx.
680 mV at current density of 10 mA/cm2. The authors do not provide any dissolution products
analysis or any post-operation analysis of the material, as well as no comparison with IrOx.

Another Co-based catalyst in the form of cobalt-iron Prussian blue-type analogues (PBAs) thin
film was developed by Han et al. [211]. In this work, the PB-type water oxidation catalyst promoted
the OER over a wide pH range spanning from pH = 1 to pH = 13. According to the authors,
an especially interesting aspect of this universal catalyst was the very good behavior at pH = 2.
The overpotential required at 10 mA/cm2 was approx. 0.83 V with a Tafel slope of 108 mV/dec.
The oxygen evolution was quite close the theoretical one and the catalyst was stable for at least 2 h of
operation at 10 mA/cm2. Co-containing polyoxometallates (Co-POMs) have shown promising catalytic
properties for water splitting at near-neutral pH [212]. To this end, Blasco-Ahicart et al. developed
the Ba salt of Co-phosphotungstate polyanion (Ba[Co-POM], see Figure 19a) that outperformed IrO2

at pH < 1, showing an overpotential of 189 mV vs. RHE at 1 mA/cm2 (Figure 19b) with a faradaic
efficiency of 99%. The Tafel slope was 66 mV/decade at the long-term stability was assessed at an
overpotential of 250 mV vs. RHE. The initial current was more than 2 mA/cm2 but decreased down to
0.35 mA/cm2 after 24 h of operation. This degradation is assigned to charge localization that reduces
the overall performance, which can be retrieved after charge delocalization at open-circuit potential.
The authors could not assess the performance of the material at 10 mA/cm2 as the carbon paste, which
acted as a binder was not stable.

Catalysts 2018, 8, x FOR PEER REVIEW    25  of  43 

 

calcination at 400 °C. The nanostructured catalysts showed a Tafel slope of 219 mV/decade and an 

overpotential of approx. 680 mV at current density of 10 mA/cm2. The authors do not provide any 

dissolution products analysis or any post‐operation analysis of the material, as well as no comparison 

with IrOx. 

Another Co‐based catalyst in the form of cobalt‐iron Prussian blue‐type analogues (PBAs) thin 

film was developed by Han et al. [211]. In this work, the PB‐type water oxidation catalyst promoted 

the OER over a wide pH  range  spanning  from pH = 1  to pH = 13. According  to  the authors, an 

especially  interesting aspect of  this universal catalyst was  the very good behavior at pH = 2. The 

overpotential required at 10 mA/cm2 was approx. 0.83 V with a Tafel slope of 108 mV/dec. The oxygen 

evolution was quite close the theoretical one and the catalyst was stable for at least 2 h of operation 

at  10  mA/cm2.  Co‐containing  polyoxometallates  (Co‐POMs)  have  shown  promising  catalytic 

properties for water splitting at near‐neutral pH [212]. To this end, Blasco‐Ahicart et al. developed 

the Ba salt of Co‐phosphotungstate polyanion (Ba[Co‐POM], see Figure 19a) that outperformed IrO2 

at pH < 1, showing an overpotential of 189 mV vs. RHE at 1 mA/cm2 (Figure 19b) with a faradaic 

efficiency of 99%. The Tafel slope was 66 mV/decade at the long‐term stability was assessed at an 

overpotential of 250 mV vs. RHE. The initial current was more than 2 mA/cm2 but decreased down 

to  0.35 mA/cm2  after  24  h  of  operation. This degradation  is  assigned  to  charge  localization  that 

reduces the overall performance, which can be retrieved after charge delocalization at open‐circuit 

potential. The authors could not assess the performance of the material at 10 mA/cm2 as the carbon 

paste, which acted as a binder was not stable.   

 
 

Figure 19. (a) Molecular structure of the Co‐POM cluster; (b) Linear sweep voltammetry of different 

Co‐POM electrocatalysts compared with different carbon paste/IrO2 blends in 1 M H2SO4. Reprinted 

with permission from [212]. Copyright 2017 Nature Publishing Group, Macmillan Publishers Limited. 

An interesting work conducted by Rodriguez‐Garcia et al. combines the Co and Sb elements in 

an  anode made  of  cobalt hexacyanoferrate  supported  on  Sb‐doped  SnO2  [213].  In  this work  the 

synergistic  effect  of  the OER  catalysts  (CoHFe)  and  the  support,  antimonite  tin  oxide  (ATO)  is 

highlighted and the “winning” configuration is when 17 wt.% of CoHFe is deposited on ATO. The 

onset of the OER was approx. at 1.75 V vs. RHE as determined by RDE experiments. Interestingly, 

the authors assembled a full PEM WE cell and they have found the onset potential as from the RDE 

experiments. A current density of the order of 50–100 mA/cm2 was reached at 2 V cell voltage (Figure 

20a). The PEM WE cell with this earth‐abundant anode showed a rather stable performance at 2 V 

during a stability testing of 22 h (Figure 20b) The authors studied the Sn and Sb leaching rates during 

PEM  operation  and  they  observed  increases  leaching  rates  for  cell  voltages  above  2 V.  To  our 

knowledge  this  the  first  report  on  full  PEM WE  cells  using EACs  for  the  anode,  showing  very 

promising stability under WE operation. 

C
u
rr
en
t 
D
en
si
ty
 (
m
A
/c
m

2 )
 

(a) 

η (V) 

(b) 

Figure 19. (a) Molecular structure of the Co-POM cluster. (b) Linear sweep voltammetry of different
Co-POM electrocatalysts compared with different carbon paste/IrO2 blends in 1 M H2SO4. Reprinted
with permission from [212]. Copyright 2017 Nature Publishing Group, Macmillan Publishers Limited.

An interesting work conducted by Rodriguez-Garcia et al. combines the Co and Sb elements in an
anode made of cobalt hexacyanoferrate supported on Sb-doped SnO2 [213]. In this work the synergistic
effect of the OER catalysts (CoHFe) and the support, antimonite tin oxide (ATO) is highlighted and the
“winning” configuration is when 17 wt.% of CoHFe is deposited on ATO. The onset of the OER was
approx. at 1.75 V vs. RHE as determined by RDE experiments. Interestingly, the authors assembled a
full PEM WE cell and they have found the onset potential as from the RDE experiments. A current
density of the order of 50–100 mA/cm2 was reached at 2 V cell voltage (Figure 20a). The PEM WE cell
with this earth-abundant anode showed a rather stable performance at 2 V during a stability testing of
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22 h (Figure 20b) The authors studied the Sn and Sb leaching rates during PEM operation and they
observed increases leaching rates for cell voltages above 2 V. To our knowledge this the first report on
full PEM WE cells using EACs for the anode, showing very promising stability under WE operation.

Catalysts 2018, 8, x FOR PEER REVIEW  26 of 42 

 

knowledge this the first report on full PEM WE cells using EACs for the anode, showing very 
promising stability under WE operation. 

  

Figure 20. (a) PEM WE polarization curves before and after 22 h of potentiostatic control at 2 V. (b) 
Stability run at 2 V for 22 h. Reprinted with permission from [213]. Copyright 2018 The Royal Society 
of Chemistry.  

Zhao et al. prepared FeOx which was incorporated into TiO2 nanowires on Ti foam as the support 
[214]. The catalyst showed an OER overpotential of 260 mV for 1 mA/cm2 in 0.5 M H2SO4. The 
reported Tafel slope was 126.2 mV/decade, while for the RuO2 it was 56.2 mV/decade. The composite 
material showed very good stability with no significant degradation and after 20 h operation at the 
OER potential of 1.9 V the current was reduced by 18.7%, but the faradaic efficiency is not provided. 
Another catalyst involving Fe as the electroactive transition metal is provided by Kwong et al. [215]. 
In this work, three different Fe-based oxides are studied; the mixed maghemite-hematite, and the 
single polymorphs, maghemite and hematite. The hematite film was OER-inactive, the maghemite 
corroded after approx. 6 h of operation, while the mixed polymorph sustained a 10 mA/cm2 for more 
than 24 h in 0.5 M H2SO4. The overpotential was 650 mV vs. RHE and increased about 13% after 24 h. 
The reported Tafel slope is of the order of 56 mV/decade and the faradaic efficiency is almost 100%.  
In this paragraph, three more interesting materials for the OER in acid are reported. Yang et al. 
reported a bifunctional composite material, which is able to catalyze both OER and HER in acidic 
environment (0.5 M H2SO4) [216]. A flexible porous membrane comprised of MoSe2 nanosheets on 
MoO2 nanobelts and carbon nanotubes (MoSe2 NS/MoO2 NB/CNT-M, see Figure 21a) showed a Tafel 
slope of 112.3 mV/decade and an overpotential of 400 mV at 10 mA/cm2. More importantly, the 
authors applied the composite porous membrane in a two-electrode water splitting cell and they 
compared the performance of the EAC against a configuration having RuO2 as the anode and Pt/C as 
the cathode at a cell voltage of 2 V (Figure 21b). After a large attenuation of the current densities in 
both configurations the composite porous membrane stabilized at 8.87 mA/cm2 and the noble-metal 
configuration at 4.38 mA/cm2. 

  

(a) 

C
ur

re
nt

 D
en

si
ty

 (m
A

/c
m

2 ) (b) 

 

 

Figure 20. (a) PEM WE polarization curves before and after 22 h of potentiostatic control at 2 V.
(b) Stability run at 2 V for 22 h. Reprinted with permission from [213]. Copyright 2018 The Royal
Society of Chemistry.

Zhao et al. prepared FeOx which was incorporated into TiO2 nanowires on Ti foam as the
support [214]. The catalyst showed an OER overpotential of 260 mV for 1 mA/cm2 in 0.5 M
H2SO4. The reported Tafel slope was 126.2 mV/decade, while for the RuO2 it was 56.2 mV/decade.
The composite material showed very good stability with no significant degradation and after
20 h operation at the OER potential of 1.9 V the current was reduced by 18.7%, but the faradaic
efficiency is not provided. Another catalyst involving Fe as the electroactive transition metal is
provided by Kwong et al. [215]. In this work, three different Fe-based oxides are studied; the mixed
maghemite-hematite, and the single polymorphs, maghemite and hematite. The hematite film was
OER-inactive, the maghemite corroded after approx. 6 h of operation, while the mixed polymorph
sustained a 10 mA/cm2 for more than 24 h in 0.5 M H2SO4. The overpotential was 650 mV vs. RHE
and increased about 13% after 24 h. The reported Tafel slope is of the order of 56 mV/decade and the
faradaic efficiency is almost 100%.

In this paragraph, three more interesting materials for the OER in acid are reported. Yang et al.
reported a bifunctional composite material, which is able to catalyze both OER and HER in acidic
environment (0.5 M H2SO4) [216]. A flexible porous membrane comprised of MoSe2 nanosheets on
MoO2 nanobelts and carbon nanotubes (MoSe2 NS/MoO2 NB/CNT-M, see Figure 21a) showed a
Tafel slope of 112.3 mV/decade and an overpotential of 400 mV at 10 mA/cm2. More importantly,
the authors applied the composite porous membrane in a two-electrode water splitting cell and they
compared the performance of the EAC against a configuration having RuO2 as the anode and Pt/C as
the cathode at a cell voltage of 2 V (Figure 21b). After a large attenuation of the current densities in
both configurations the composite porous membrane stabilized at 8.87 mA/cm2 and the noble-metal
configuration at 4.38 mA/cm2.

A superaerophobic bifunctional N-doped tungsten carbide nanoarrays catalyst was synthesized
on carbon paper with a combination of hydrothermal and CVD methods by Han et al. [217]. The OER
onset is at an overpotential of approx. 120 mV vs. RHE, while a high current density of 60 mA/cm2

was reached at approx. 470 mV overpotential. This catalyst outperformed IrO2 in 0.5 M H2SO4 under
3-electrode configuration as well as in a two-electrode water splitting cell, where both the anode and
the cathode were the N-WC nanoarrays (Figure 22c). Unfortunately, the stability of the material is
limited and after 1 h of operation at 10 mA/cm2 the overpotential increased from 120 mV to 320 mV
vs. RHE, but the faradaic OER efficiency is not reported.

Mondschein et al. reported the intermetallic Ni2Ta for the OER in 0.5 M H2SO4 [218]. Intermetallic
alloys are metallic conductors and Ni2Ta has been used as a corrosion resistance coating [219,220].

153



Catalysts 2018, 8, 657 26 of 41

In their report, Mondschein et al. found that arc-melted Ni2Ta rods combine the OER activity of Ni and
the corrosion resistance of Ta and the intermetallic compound needed 980 mV to reach 10 mA/cm2

(Figure 23b), a behavior assigned to the low electrochemically active surface area (EASA). The authors
prepared a polycrystalline Ni-Ta electrode in order to increase the EASA and indeed, the overpotential
at 10 mA/cm2 was improved to 570 mV. The polycrystalline electrode showed improved corrosion
resistance compared to a Ni pellet electrode prepared in a similar way, as the Ni content in the electrolyte
after 36 h operation was below the detection limit of ICP-MS, while for the Ni pellet was 350.5 ppm.Catalysts 2018, 8, x FOR PEER REVIEW    27  of  43 
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Figure 21. (a) Photos of the flexible porous membranes of MoSe2 NS/MoO2 NB/CNT-M and the
individual components. (b) Stability in acidic media using as anode and cathode the MoSe2 NS/MoO2

NB/CNT-M electrode. Reprinted with permission from [216]. Copyright 2018, The Royal Society
of Chemistry.
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Figure 22. (a) Synthesis route of the N-doped WC nanoarrays. (b) i-V curves of water splitting with the
N-WC as anode and cathode electrodes compared with N-WC as the cathode and Ir/C as the anode.
(c) Video snapshot of the water electrolysis with a 1.5 V commercial battery. Reprinted with permission
from [217]. Copyright 2018 Nature Publishing Group.
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rods in 0.5 M H2SO4 at 10 mA/cm2. Reprinted with permission from [218]. Copyright 2018 American
Chemical Society.
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Table 4. Summary of the EACs developed for OER in acidic conditions.

Material η mV Tafel
mV/Decade Loading Media Stability OER Faradaic

Efficiency
Applied in Full PEM WE

Cell Ref.

Activated MnOx 540@0.1 mA/cm2 90 thin film 2–4 nm 0.5 M H2SO4,
pH = 2.5 8 h@0.1 mA/cm2 ~1% - [197]

CoMnOx 450@0.1 mA/cm2 70–80 films 0.5 M H2SO4,
pH = 2.5 12 h@0.1 mA/cm2 91% average - [198]

Ti-stabilized MnO2 ~490@1 mA/cm2 170 thin film 40 nm 0.05 M H2SO4 89%, 1h@1.9V - - [199]
Cu1.5Mn1.5O4:10F 320@9.15 mA/cm2 60 1 mg/cm2 0.5 M H2SO4 24 h@16 mA/cm2 - ORR in PEM fuel cell [200]

MEMD 305@100 mA/cm2 115 roughness factor
429/for DSA 388 2 M H2SO4 3500 s@280 mV - - [201]

Ni0.5Mn0.5Sb1.7Oy 675@10 mA/cm2 60
thin film ~300 nm.

Ni content
0.48 µmol/cm2

1 M H2SO4
168 h@10 mA/cm2. η
increased to 735 mV

95% average - [202]

crystalline Co3O4 570@10 mA/cm2 80 thin film ~300 nm. 0.5 M H2SO4,
pH = 0.3

12 h@10 mA/cm2.
Dissolution rate 100

ng/min
above 95% - [209]

Ag-doped Co3O4 680@10 mA/cm2 219 film, 32.81 m2/g 0.5 M H2SO4 10 h@6 mA/cm2 - - [210]

PB-type 830@10 mA/cm2 108 film on FTO. 0.1 M KPi buffer,
pH = 2 2 h@10 mA/cm2

close to
theoretical@0.3

mA/cm2
- [211]

Ba[Co-POM] 189@1 mA/cm2 66 11 mg 1 M H2SO4,
pH = 0.2

From >2 mA/cm2 to 0.35
after 24 h

99% - [212]

CoHFe on Sb-doped
SnO2

780@0.9 mA/cm2 - 0.61 mg/cm2 0.1 M H2SO4, - -

OER. 50-100 mA@2 V. 6
mA/cm2@1.8 V with 0.5 mg

cm-2. Stability: 21 h.
Cathode: 0.5 mg/cm2 Pt/C

[213]

Fe-TiOx LNWs/Ti 260@1 mA/cm2 126.2 60 mg/cm2 as of
Fe2O3

0.5 M H2SO4
20 h@1.9 V. 18.7% current

reduction - - [214]

Mixed
maghemite-hematite 650@10 mA/cm2 56 1 mg/cm2 0.5 M H2SO4,

pH = 0.3 >24 h@10 mA/cm2. ~100% - [215]

MoSe2
nanosheet/MnO2

nanobelt/CNT
(bifunctional)

400@10 mA/cm2 112.3 98.46 m2/g 0.5 M H2SO4 10 h@8.87 mA/cm2 - Two-electrode electrolyzer
as anode and cathode@2 V [216]

N-doped WC
nanoarray

(bifunctional)
470@60 mA/cm2 - 10 mg/cm2 0.5 M H2SO4

1 h@10 mA/cm2, η
increases from 120 to

310 mV
- Two-electrode electrolyzer

as anode and cathode@1.4 V [217]

Intermetallic
polycrystalline Ni2Ta 570@10 mA/cm2 - 0.84 cm2 as EASA 0.5 M H2SO4 >66 h@10 mA/cm2. 85%@20 mA/cm2 - [218]

Ni42Li205 steel 445@10 mA/cm2 150 0.05 M H2SO4
pH = 2

20 µg/mm2 loss after
14 h@10mA/cm2 79%@20 mA/cm2 - [221]
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Lastly, Schäfer et al. developed a steel-based catalyst by anodization of Ni42 steel in LiOH [221].
The unmodified Ni42 steel proved to be unstable in acidic media and OER potentials, whereas the
LiOH-anodized Ni42 steel was quite stable. The main reason is the oxide formation in the latter,
which protects the material from dissolution. This finding was explained by the higher Tafel slope
of the treated sample (150 mV/decade) compared to the unmodified steel electrode (88 mV/decade).
This supports the concept of the “oxide route” regarding the origin of oxygen formation during
electrolysis. A higher activity, i.e., lower Tafel, leads to higher dissolution rates. The optimized sample
(Ni42Li205) had an overpotential of 445 mV at 10 mA/cm2 at pH = 0. Moreover, the faradaic efficiency
for the OER at 10 mA/cm2 was 79%, and a weight loss of 20 µg/mm2 after 14 h of operation at pH = 1
was observed.

6. Summary, Challenges, Perspectives and Future Directions

In this review article, we briefly introduced the energy problem humanity is facing due to the
depletion of fossil fuels and the climate changes resulting from their excessive usage. The “hydrogen
economy” will become part of our future energy solutions and hydrogen fuel produced by water
electrolysis represents a viable, renewable and environmentally friendly option that can replace fossil
fuels. We presented a brief technoeconomic analysis and from the learning curves it is estimated that
PEM water electrolysis will break even with the cost of hydrogen from fossil fuels around 2030, under
an optimistic scenario. Currently, the high cost of hydrogen from PEM WE is related to the polymer
exchange membrane, the noble metal electrocatalysts and the high overpotentials for water splitting.
With this in mind, we have documented the progress done so far in the discovery and development of
EACs both for the OER and HER sides of a PEM electrolyzer. We have not attempted an extensive
literature review of EACs, because only for 2017, there were 2043 reports on the development of
electrocatalysts. In addition, there are several other reviews, which the reader can refer to in this article,
on EACs available in the literature covering either the whole range of new EACs or more specific classes,
such as sulfides, phosphides etc. Instead, we reported the state-of-the-art full PEM WE cells based
on noble metal catalysts and more importantly, we aimed in documenting how many of the newly
developed EACs are actually used in full PEM WE cells, replacing the noble metal-based catalysts.
This is equally important during the development stages of any catalyst, in order to observe and
record efficiencies, stability and limitations under operating conditions, facts that may differ from the
idealized measurements in half cells and rotating disc electrodes (RDE). This point is also emphasized
by Spöri et al. in their review for benchmarking OER catalysts [222]. An adequate examination of OER
catalysts should be performed both at low and high current densities and moreover, several other
parameters should be carefully considered when reporting water oxidation catalysts [55]. For example,
iR compensated curves, especially in the high current density region can dramatically differ from the
uncompensated ones, reporting overestimated and inaccurate overpotential values. To our surprise,
we found only 16 reports on HER EACs employed in full PEM WE cells and only one report for
the OER. Of course, the great challenge is to find stable EACs for the OER in acidic environment,
as currently the only stable and efficient catalyst is IrO2.

On the other hand, we are among the first to compile the very first EACs with promising
efficiencies and stability for the OER under acidic environment. The reader can find the very first
17 breakthrough papers, which we hope that will motivate more research in order to develop and
improve the stability of transition metal elements, such as Ni, Co, Fe and Mn for operation under
anodic current flow at strongly acidic conditions. Transition metal antimonates of rutile type, as the
Ni0.5Mn0.5Sb1.7Oy reported by Moreno-Hernandez et al. show very good stability, which is related
to the fact that Mn, Ni and Sb oxides are stable in acid, according to their Pourbaix diagrams [202].
The strategy to integrate unstable catalysts with inactive counterparts, i.e., mixed polymorphs, may
lead to stable electrocatalysts. Kwong et al. presented a fine example [215]. The authors combined
maghemite and hematite and they achieved a stable operation for more than 24 h at 10 mA/cm2

in 0.5 M H2SO4 at an overpotential of 650 mV vs. RHE, while maghemite and hematite alone are
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unstable and not active, respectively. The faradaic efficiency for the OER was also close to 100%.
Another strategy is to combine a stable oxide with an unstable one, as the Ti-stabilized MnO2 shown
by Frydendal et al. [199]. In this work, a DFT work predicted that TiO2 can be inserted for termination
at the undercoordinated sites on MnO2 and in fact, the stability of MnO2 increased by more than 50%.
Apart from TiO2, the authors suggested GeO2 as well, as it also has a lower surface formation energy
than MnO2.

Intermetallic alloys, such as Ni-Ta, have been used as corrosion protective coatings already from
the 90’s. Mondschein et al. reported the polycrystalline Ni2Ta alloy, which was stable for more than
66 h at a current density of 10 mA/cm2 in 0.5 M H2SO4 [218]. The challenge with such alloys is to
increase their surface area by nanostructuring. The same applies for steel-based anodes as presented by
Schäfer et al. [221]. The reported Ni42 steel anode modified by a surface oxide layer appears to be both
efficient and stable under OER potentials in strong acids. Other steel-based materials should also be
tested, especially those containing Fe and Ni, as both elements are active towards OER electrocatalysis.
Although surface passivation will increase the charge transfer resistance of the material, on the other
hand is a promising trade-off for stable operation.

On the other side, the HER, one can find an enormous amount of EACs both for acidic and basic
conditions. We very selectively touched upon the current state-of-the-art and the most promising
HER EACs, and our main conclusion is that many more applied systems must be reported. Sixteen
works out of thousands make a small sample to draw concrete conclusions from. It is encouraging to
see that the HER and OER EACs tested in PEM WE showed similar performances to that expected
by measurements in half-cells. There are cases though where the results do not correlate well, as we
observed for some Co-clathrochelates. Moreover, in the development of both OER and HER catalysts,
it is of utmost importance to report on faradaic efficiencies, as well as post-screening analysis of the
electrolyte and catalyst. As we have seen from Tables 3 and 4, it is common to neglect such an analysis.
Faradaic efficiency will provide a more accurate and trustable picture of the stability and performance
of the catalyst and in addition, will help to identify and distinguish between corrosive and parasitic
currents and actual HER and OER currents. There is also a big mismatch on the stability testing
times reported on both HER and OER EACs. We generally see that researchers are more confident
for the HER catalysts, as the testing times are by far longer than that of OER catalysts. Currently, it
is reasonable, as EACs for the OER are in a primitive state with their stability way more challenging.
On the other hand, a consensus should be established regarding performance protocols. We encourage
the reader to study two benchmarking reviews, which cover a wide range of applied systems for
more in-depth information [196,222]. Moreover, a recent perspective article revisits and discusses the
validity of ten important parameters that are commonly employed in HER and OER [55].

We take some of the best PEM electrolyzers based on noble metals and EACs, and a valuable
comparison is given in Table 5.

Table 5. Comparison between full PEM WE cells based on purely noble metal catalysts and those with
EACs in the cathode or anode.

Cathode Anode T Membrane Current Density Ref.

Pt/C 0.1 mgPt/cm2 Ir0.7Ru0.3O2 1.5
mgoxide/cm2 90 ◦C Aquivion

ionomer 1.3 A/cm2@1.6 V [88]

Pt/C 0.5 mgPt/cm2 Ir0.7Ru0.5O2 1.5
mgoxide/cm2 90 ◦C Nafion 115 2.6 A/cm2@1.8 V [73]

Activated single-wall
carbon nanotubes

(SWNTs)
IrRuOx 80 ◦C Nafion 115 1 A/cm2@1.64 V [174]

Mo3S13/CB 3 mgPt/cm2 Ir black(2) 80 ◦C Nafion 115 1.1 A/cm2@2.0 V [105]

Pt/C 0.5 mg/cm2 CoHFe on Sb-doped SnO2
3 mg/cm2 80 ◦C Nafion 115 0.05-0.1 A/cm2@2 V [213]
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It is very encouraging to see that EACs, especially for the HER, have already reached efficiencies
very similar to those with noble metal catalysts. Apart from the importance of the transition metals,
the non-metallic elements, such as P and S, are also key elements in the development of earth abundant
catalysts. DFT works also highlight the noble metal-like activity of the TMD and transition metal
phosphides, and in some instances, it is also comparable to the activity and turnover frequencies of
enzymes, such as hydrogenases. Furthermore, computational works indicate that P and S, as well as
their vacancies, create such an electronic environment that induces favorable binding energies for the
adsorption desorption of the H atom.

There is a long way to go for the OER ones, especially concerning their stability, but nevertheless,
these results highlight even more the need to employ and operate EACs in full cells. It is also interesting
to notice that a PEM WE based on purely EACs can already be realized. It is difficult to say whether
the cost of hydrogen from PEM WE breaks even with fossil fuels around 2033, but this review endorses
this optimistic scenario. It also provides ways for materials’ optimization and development, in order to
move forward PEM electrolyzers made purely by EACs, bringing/implying a significant cost reduction
to the produced hydrogen.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/12/657/s1.
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A highly efficient electrocatalyst based on double
perovskite cobaltites with immense intrinsic
catalytic activity for water oxidation†

Håkon Andersen,a Kaiqi Xu, a Dmitry Malyshkin, bc Ragnar Strandbakke*a and
Athanasios Chatzitakis *a

High temperature electrocatalysts based on double perovskite

cobaltites that are typically employed in proton ceramic fuel cells

and electrolyzers are exploited here for room temperature water

oxidation. The double perovskites are assessed by the RctCdl product

and we show that their intrinsic catalytic activities exceed that of IrO2.

Converting and storing electrical energy into chemical is crucial
in order to sustain the ever-growing energy demands, but
it should be in a form that can mitigate the reliance on fossil
fuels. Hydrogen from water electrolysis is a green, renewable
and highly efficient fuel that can replace coal and hydro-
carbons.1 The key challenge in water electrolysis is the sluggish
kinetics of the oxygen evolution reaction (OER), which requires
large overpotentials to assist a complex, four-electron process.2–4

On top of that, the currently efficient electrocatalysts (ECs) are
based on precious metals (IrO2, RuO2), prohibiting the large scale
use of water electrolysis for hydrogen production. To further
highlight this drawback, we have recently calculated that the
amount of Ir and Ru needed to cover 1 TW of hydrogen produc-
tion from the state-of-the-art PEM electrolyzer, equals 180 and
12 years of the current annual Ir and Ru productions,
respectively.5 Therefore, much of the current research is dedicated
to the development of earth-abundant ECs for both the hydrogen
evolution reaction (HER) and the OER.6

Inspired by recent advances in our group in Proton Ceramic
Fuel Cells and Electrolyzers (PEFCs and PCEs), which operate
typically at 350 to 650 1C,7,8 we here exploit the high tempera-
ture ECs for room temperature alkaline water electrolysis.
In this work, we investigate a selection of double perovskite-
based oxides as ECs for the OER in alkaline media at room
temperature.9,10 The materials used are, BaPrCo1.4Fe0.6O6

(BPCF), BaGdCo1.8Fe0.2O6 (BGCF) and BaPrCo2O6 (BPC), and
their activities for the OER are compared against IrO2. These
double perovskite cobaltites with a layered structure have
special properties due to their oxygen non-stoichiometry and
variable oxidation state of Co (+2, +3 and +4).11–14 Furthermore,
alternating layers of basic and acidic character may be bene-
ficial for water splitting. Several recent examples from the
literature show the great promise that perovskites hold as
electrocatalysts for efficient water electrolysis based on earth-
abundant elements.10,15–18 Consequently, there is an increasing
global interest in perovskites due to their structural and
compositional flexibility and versatility in several other applications,
such as photovoltaics (PV), ferroelectrics, superconductors and ionic
conductors.19–21

The double perovskite ECs were synthesized by the glycerol
nitride method as described in our previous work, but more
detailed information and characterization can be found in the
ESI.†7 All the electrochemical experiments were carried out in
1 M NaOH solution in a typical three-electrode set up.
A rotating disc electrode (RDE) with glassy carbon (GC) as the
tip (RDE710 Rotating Electrode from Gamry Instruments) was
used as the working electrode, a standard calomel electrode
(SCE) was used as the reference and a graphite rod as the
counter electrodes, respectively. The standard potential of
the SCE was measured and calibrated after each experiment. The
RDE was coated by the perovskite and IrO2 (Sigma-Aldrich, CAS
12030-49-8) powders according to the procedure suggested by
S. Jung et al.22 Briefly, the catalyst ink was prepared by adding
160 mg of powder in 8 mL water, 1 mL isopropanol and 40 mL of
Nafion 5 wt% solution. The powder inks were sonicated for a
few hours until a homogeneous suspension was obtained. The
inks were drop-cast on the GC tip (0.196 cm2) by applying 40 mL
of ink and then dried for 10 min at 60 1C. This procedure
resulted in a loading of approx. 1 mg of the electrocatalyst on
the GC. For long-term stability experiments, the same amount
of powder (B1 mg) was loaded by drop casting on Ni foam of a
nominal surface area of 0.25 cm2; therefore the mass loading
was 4 mg cm�2. In this case, Hg/HgO (1 M NaOH) was used as
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the reference electrode as SCE is not appropriate. All the
electrochemical measurements were performed with a Gamry
Reference 3000 potentiostat/galvanostat/ZRA. All overpotentials
are given against the normal hydrogen electrode (NHE) taking
into account that water electrolysis takes place thermodynami-
cally at 1.23 V vs. NHE.

While a comprehensive material characterization can be
found in our previous report as well as in the ESI,†7 herein
we focus on the performance of these high temperature ECs for
water electrolysis under alkaline conditions at room tempera-
ture. In high temperature operation, these double perovskite
ECs are used on the positive electrode (positrode) as the fuel
cell cathode or anode for steam electrolysis. Herein, they are
investigated in anodic operation for the OER. Fig. 1 shows the
linear sweep voltammograms (LSV) of all the double perovs-
kites, as well as that of the state-of-the-art IrO2 for comparison.
The onset for IrO2 is at approx. 262 mV, while for BGCF it is at
373 mV and for BPCF and BPC it is at 254 and 296 mV,
respectively. It is obvious that BPCF has the lowest onset
overpotential among all ECs and even for IrO2. The picture
changes a lot when we look at the overpotential for 10 mA cm�2.
In this case, IrO2 needs 100 mV more from the onset over-
potential, while BGCF, BPCF and BPC need 96, 176 and 184 mV,
respectively.

Therefore and in order to get more insights into the activity
of these ECs, we need to look into their kinetics. The Tafel
slopes were calculated by the LSV curves in Fig. 1 and are given
in Table 1 and schematically presented in Fig. 2. It is evident
and expected that IrO2 has the lowest Tafel slope, but BGCF has
also a remarkably low Tafel slope of 60.1 mV dec�1. BPC and
BPCF have much higher Tafel slopes, which explains the fact
that although BPC and BPCF have low onset for the OER, their
overpotentials for 10 mA cm�2 are much higher than for BGCF.
The difference in performance between BPC and BPCF may be
explained by the difference between iron and cobalt with
respect to the electronic states that are involved in the oxidation

reaction. The higher catalytic activity for BGCF as compared to
the two Pr-based ECs, we attribute this to the larger non-
stoichiometry on the oxygen sublattice for the former,7 provid-
ing oxygen vacancies as suitable active sites for water splitting.

It should be mentioned that we checked whether these
double perovskites can be used for the hydrogen evolution
reaction (HER) too, as there are such bifunctional ECs reported
in the literature.17,23 The results are given is Fig. S2 (ESI†) and
it can be seen that an overpotential as high as 535 mV for
�10 mA cm�2 is required for BGCF, which shows the best HER
activity among the studied double perovskites. Although the
HER activity will no longer be considered here, it is of interest
to change the stoichiometry of these perovskites and assess the
HER activity in future studies.

The stability and steady state conditions of the LSV curves
were assessed by galvanostatic experiments at 10 mA cm�2 on
Ni foam (Fig. 3). From Fig. 3a it can be seen that the galvano-
static performance of IrO2 agrees well with the expected over-
potential values from the LSV curves, but not for the double
perovskites. In fact, the overpotentials for the three perovskites
were significantly reduced. Especially for BGCF, the over-
potential for galvanostatic operation at 10 mA cm�2 is even
lower than that for IrO2, which is surprising as the loading of
BGCF on Ni foam (4 mg cm�2) is even lower than that on the
RDE (5 mg cm�2). It is worth noticing that the stability of all the
ECs is very good and no apparent degradation is observed after
24 h of operation at 10 mA cm�2. The faradaic efficiency (FE) for

Fig. 1 LSV curves of the double perovskites and IrO2. The potential
scanning rate was 10 mV s�1 in 1 M NaOH. The dashed lines are the
IR corrected curves and are given for comparison purposes, as argued by
S. Anantharaj et al.6

Table 1 Electrochemical parameters of the different double perovskite
cobaltites and IrO2

Catalyst
Onset@0.3 mA cm�2

(mV vs. NHE)24,25
Z@10 mA cm�2

(mV vs. NHE)a

Tafel slope
(mV dec�1)
1000 rpm RctCdl � t (s)

BPC 296 480 96.5 1.3 � 10�3

BPCF 254 430 92 5.4 � 10�4

BGCF 373 477 60.1 1.4 � 10�4

IrO2 262 361 50.1 5.8 � 10�3

a Not IR corrected.

Fig. 2 Tafel slopes of the ECs as calculated from the LSV curves of Fig. 1.
The non-IR corrected curves were used.
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the OER is also very high and reaches approx. 95% at 10 mA cm�2,
as shown in Fig. S3 (ESI†).

Before arguing the reasons behind this outcome, we looked
into the stability of BGCF at 10 mA cm�2 for 48 h (Fig. S4, ESI†)
and at much higher current densities, at 100 mA cm�2 for 24 h
(Fig. 3b). It can be seen that BGCF shows very good stability at
both chosen current densities.

We speculate that this behavior is related to the change
of the surface area between the GC and Ni foam. We also
considered to use BGCF as both the anode and cathode
electrocatalyst for overall water splitting. The results are given
in Fig. S5 (ESI†). Although the expected operating potential
(2.25 V) from the HER and OER LSVs is heavily reduced due to
the higher exposed surface area with the use of Ni foam as the
substrate, the cell voltage increased slightly during 48 h of
operation. We have not investigated whether the increase is due
to water evaporation or cathode degradation, as the HER
reaction is not the scope of this work.

To further investigate this behavior we looked into the
intrinsic catalytic activity (ICA) of the electrocatalysts.26,27 For
this reason, we performed electrochemical impedance spectro-
scopy (EIS) at the operational potential at 10 mA cm�2 of
each electrocatalyst with the main aim to find the double
layer capacitance and the charge transfer resistance for the
OER; Fig. 4.

As argued by Papaderakis et al.,29 and Chatzitakis et al.,27

the RctCdl product of the EIS data (units of OF – effectively the
units can be rearranged to (s) as the RctCdl product reflects the
time constant (t) of the studied reaction) is an indicator of
the ICA, with Rct accounting for the overall activity in an inverse
manner and C correcting for surface area. This means that the
Rct is normalized by the double layer capacitance, which is
analogous to the active surface area of the material. The lower
the RctCdl product, the higher the ICA of a given material as any
effects due to surface area are decoupled.

Surprisingly, BGCF has the highest ICA, i.e. lowest t,
followed by the rest of the double perovskites, while IrO2

showed the lowest ICA, i.e. highest t. This suggests that given
a similar microstructure, the double perovskites will outper-
form IrO2, and explains that when the perovskites were loaded
on a substrate of higher surface area (Ni foam c GC),

it resulted in a better electrocatalytic activity for the OER.
In particular, BGCF, which even outperforms IrO2 (see Fig. 3a),
has a particle diameter in the range of 5–10 mm (Fig. S9, ESI†),
rendering significant electroactive area. The superior performance
of BGCF over IrO2 is also evident from its much smaller semicircle
in the Nyquist plot of Fig. 4.

Finally and in order to check the validity of the proposed
method, we estimated the electrocatalytic surface area (ECSA)
by the double layer capacitance from cyclic voltammetry at
different scan rates.30 The capacitance as extracted by CV
scanning at different scanning rates (Fig. S7, ESI†) is compared
with the capacitance extracted by EIS at two different poten-
tials. The first one was obtained in the region where the CV
scanning was conducted, while the second one at the over-
potential for 10 mA cm�2 of each electrocatalyst. The results are
presented in Table S1 (ESI†). There is a deviation between the
results, but the trends are more or less the same. IrO2 is also
known for its pseudocapacitive properties and indeed, it also
shows the highest capacitance among all samples. It is also very
important to notice the big change in the capacitance of IrO2 at
10 mA cm�2 further relating to its pseudocapacitive nature. We can
also correlate the t factor with the capacitive behaviour of a
material. Inversely to the high electrocatalytic activity for the OER
and a low t value, we can now suggest that a high t value, i.e. low
electrocatalytic activity, means a higher capacitive, or polarising
behaviour of a material. Indeed, IrO2 has the highest t, and
therefore the highest capacitive behaviour. This is also obvious in
the Nyquist plot (Fig. S8, ESI†), where the line at the low frequency
domain is almost vertical and parallel to the imaginary axis of the
plot.31 In contrast, BPCF shows the lowest t value and its EIS
response deviates the most from the ideally capacitive behaviour.

Fig. 3 (a) Galvanostatic experiments at a current density of 10 mA cm�2 in
1 M NaOH for 24 h and Hg/HgO (1 M NaOH) as the reference electrode.
(b) Stability testing over 24 h in 1 M NaOH at a current density of
100 mA cm�2. The nominal area of the Ni foam was 0.25 cm2 and the
loading of the electrocatalyst was 4 mg cm�2. Compensation of the
electrolyte solution was needed during the long term experiments.

Fig. 4 Nyquist plots recorded in the frequency range from 100 kHz to
1 Hz with an imposed sinusoidal voltage of 10 mV. The EIS measurements
were performed at overpotentials for 10 mA cm�2 for each electrocatalyst,
as given in Table 1, with the RDE at 1000 rpm in 1 M NaOH. The raw data
were fitted to the equivalent circuit given in the ESI† (Fig. S6), where the
capacitor was replaced by a CPE element to account for the non-ideal
capacitive behavior. The effective capacitance was then determined by

Ci ¼ QiR
ð1�aiÞ
i

h i1=ai
.28 All fittings were performed with Zview. The inset

shows higher magnification in the high frequency domain.
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In conclusion, we have shown that a state-of-the-art electro-
catalyst for high temperature steam electrolysis based on non-
precious elements has intrinsically a higher activity for the OER
at room temperatures than IrO2. A manipulation of the grain
size and surface area of the double perovskite is needed
in order to fully unravel the actual activity of the material.
Moreover, the composition of the double perovskites is easily
tuned, a fact that can lead to derivatives with even higher
electrocatalytic activity. This work highlights the versatility of
this class of double perovskites and expands the material
horizons for OER electrocatalysts based on non-precious
metals. Finally, we hope that our interdisciplinary approach
will inspire relevant research in order to unearth other promising
materials for cost-effective and efficient water electrolysis.
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