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Enabling Direct Photoelectrochemical H,
Production Using Alternative Oxidation
Reactions on WO,
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Abstract: The efficient and inexpensive conversion of solar energy into chemical bonds, such as in H, via the
photoelectrochemical splitting of H,0, is a promising route to produce green industrial feedstocks and renewable
fuels, which is a key goal of the NCCR Catalysis. However, the oxidation product of the water splitting reaction,
O,, has little economic or industrial value. Thus, upgrading key chemical species using alternative oxidation
reactions is an emerging trend. WO, has been identified as a unique photoanode material for this purpose since
it performs poorly in the oxygen evolution reaction in H,O. Herein we highlight a collaboration in the NCCR
Catalysis that has gained insights at the atomic level of the WO, surface with ab initio computational methods
that help to explain its unique catalytic activity. These computational efforts give new context to experimental
results employing WO, photoanodes for the direct photoelectrochemical oxidation of biomass-derived 5-(hy-
droxymethyl)furfural. While yield for the desired product, 2,5-furandicarboxylic acid is low, insights into the reac-
tion rate constants using kinetic modelling and an electrochemical technique called derivative voltammetry, give

indications on how to improve the system.
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1. Introduction

The race towards net-zero carbon emissions demands a shift
from our reliance on fossil-fuel-based energy sources to renew-
able ones. Solar energy alone is more than enough to serve all of
our energy needs.l'l However, a major challenge in the reliance on
solar energy is the intermittency (day/night and seasonal). To ad-
dress this challenge, a method to store solar energy is needed over
various timescales. Hydrogen (H,) has emerged as an interesting
choice for long-term energy storage thanks to its high energy den-
sity (120 MJ/kg).?I H, is easily stored for an extended time and
can be used in fuel cells for the generation of electricity when
needed. It can also be employed as a chemical feedstock for in-
dustry. One way to convert solar energy into H, is via the (photo-
voltaic-powered) electrochemical — water-splitting  reaction
(Reaction 1). In an electrochemical cell the water splitting reac-
tion consists of two half-cell reactions: the hydrogen evolution
reaction (HER, Reaction 2) and the oxygen evolution reaction
(OER, Reaction 3). An externally applied potential will drive the
HER at the cathode and the OER at the anode with 1.23 V being
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thermodynamically required for the overall water splitting reac-
tion.

1
H,0 ~ Hy + 50, (D
2H* + 2e¢~ - H, )
1 _
H,0 - 502 + 2H* + 2e 3)

In practice, the potential required to drive this reaction at a rea-
sonable rate is higher than 1.23 V. The additional voltage required
is known as an overpotential and is the result of kinetic barriers,
electrical resistance, and mass transfer limitations. The higher the
overpotential, the higher the loss in efficiency. Thus, it is desirable
to minimize the overpotential as much as possible. For the HER
and the OER, the latter has higher overpotential (0.3-0.5 V for
a current density >10 mA/cm?) due to the sluggish reaction ki-
netics associated with the four-electron OER.[3] Furthermore, 0,
which is the product of the OER, has low economic value since
it is readily available from the air. Therefore, many researchers
have sought to replace the OER with other oxidation reactions
that have faster kinetics, lower thermodynamic potential barriers,
and potentially give products with higher economic value.[-6 One
challenge in this regard is the selectivity for the desired alternative
reaction over the OER, and this can potentially be addressed using
a related technology: photoelectrochemical cells.

Indeed, in addition to the water-splitting electrochemical cell,
another way to directly capture and store solar energy as H, is
by using a photoelectrochemical (PEC) cell. PEC cells utilize
a photocathode and a photoanode in tandem to drive the water
splitting reaction directly from the sun without external electri-
cal bias.”l Tungsten trioxide (WO,) has been shown to possess
certain unique properties for use as a photoanode material. This
n-type binary oxide is non-toxic and inexpensive which gives this
material the potential to be used on large scale. WO, also shows
great stability in acidic media, a rare behavior for a binary metal
oxide semiconductor. While WO, has a relatively large bandgap
of 2.7-2.8 eV,[891 which limits the solar light harvesting WO, to
harvest only a small part of the solar spectrum, it has been found
to have slow kinetics toward the OER, producing peroxide spe-
cies instead.l'91 The oxidation of anions in the electrolyte, such as
CI~ and SO,*, have also been reported.!!! These poor kinetics for
the OER are normally regarded as a drawback for this material
as a photoanode. In contrast they make this material particularly

Fig. 1. Schematic of a photoelectrochemical cell with a WO, photo-
anode, immersed in acidic electrolyte, performing a photo-oxidation
reaction under illumination while the HER proceeds on the cathode. The
inset shows the atomic configuration of the WO, (110) surface.

interesting for performing alternative oxidation reactions. Thus a
few research groups have recently been investigating the prospect
to use a WO, photoanode to generate H, via the PEC oxidation of
various substrates and the subsequent reduction of aqueous pro-
tons into H,, as shown schematically in Fig. 1. However, a collab-
oration between experimental groups and computational groups
is needed to better elucidate the properties of this unique material.
In this mini review, the recent advances in the use of WO, as pho-
toanode material for performing an alternative oxidation reaction
will be discussed and how these advances can be complimented
by a computational understanding of the unique reactivity of the
WO, surface will be explored.

2. Computational Efforts to Understand Catalytic
Activity of WO, Photoanodes

2.1 Understanding OER Catalysis at the Atomic Level
with ab initio Methods

Computer simulations can complement experiments, provide
indispensable understanding of, and contribute to the determina-
tion of reaction mechanisms of catalytic reactions and shed light
on the identification and understanding of chemical properties, the
role of controlling factors such as experimental conditions, and
thermodynamic quantities of the WO, metal oxide surface.[1213! In
this section, we discuss recent computational studies on the perfor-
mance of WO, surfaces for the OER and other oxidation reactions.
Methods derived from quantum mechanics have been proven to
provide a promising avenue for understanding the catalytic activ-
ity of metal oxide surfaces at an atomistic level,[1415] such as the
role of oxygen defects causing the formation of oxygen vacancies
on the (001) surface of monoclinic WO,.l1®! Besides static calcula-
tions, in-depth insight can be obtained by means of so-called ab
initio molecular dynamics (AIMD), usually based on density func-
tional theory (DFT), which has been used, for example, to treat
the dynamics of bulk hexagonal WO, in different space groups
(P6/mmm, P63/mcm, and P63/cm) for investigating electronic and
physical properties,[!7! and to study the driving force of the cata-
lytic activity regarding the 2-electron water oxidation reaction over
WO, surfaces with (002), (020), and (200) planes.[!8!

Previous works reported results that WO, is not entirely with-
out its disadvantages; it is not as abundant and relatively more
expensive compared to other transition metals.!'9201 Experimental
studies have concluded that WO, shows drawbacks compared to
other metal oxides in OER catalysis, and computational studies
have also supported those studies.l'221l For example, it is often
found that the surface can be oxidized back to WO, from other
WO, surfaces (where x is the fractional value ranging from 0 to
1.5) when exposed to heat and air, reducing its performance for
oxidation processes and leading to a low reaction turnover fre-
quency.[?2l Several studies have been conducted with the aim to
calculate the overpotential of the OER on WO, surfaces in various
geometries, including different surface orientations, the impact of
doping elements on the surface, and oxygen vacancies.[1223-251 A]]
of these studies have concluded that under typical conditions the
OER on WO, requires high overpotential, confirming the experi-
mentally observed high overpotential, which can be attributed — ac-
cording to theoretical evidence — to the slow kinetics of the OER.

2.2 An Important Role of Hydrophobicity in the Catalytic
Performance of WO,

A previous study by some of the authors using the sophisti-
cated AIMD technique has revealed that the WO, surface is hy-
drophobic, showing weak interaction between water bulk and the
surface, as shown schematically in Figs 2a and 2¢, and which can
be quantified by means of the radial distribution function between
oxygen atoms of water molecules and tungsten atoms of the (001)
surface (see Fig. 2b).[13] In addition to that, we recently found by
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Fig. 2. a) Front-view visualization of WO_-liquid water interface simulated
using DFT-MD simulation (W atoms are blue), b) Radial distribution func-
tion between oxygen atoms of water molecules and tungsten atoms

at the surface,"™ and c) Enlarged visualization of the vacancy between
water molecules and the surface (W atoms are pink). Figures reproduced
from ref. [13], copyright 2022, the authors.

AIMD simulations with enhanced sampling techniques that the
low catalytic activity of WO, for oxygen formation is due to the
high barrier for the oxygen—oxygen bond formation (R. Ketkaew,
F. Creazzo, K. Sivula, S. Luber, in preparation), which leads to
a high overpotential, as compared to the benchmark (metal) TiO,
and RuO, systems.[826-291 Moreover, the effect of properties of
the surface electrode such as the overpotential can relate to the
surface hydrophobicity.l3% The computational study by Kishore
et al., in which static DFT calculations were used to calculate the
OER overpotential of the WO, surface with oxygen vacancies,
showed that the calculated overpotential mirrors the experimental
value, confirming the overpotential regardless of the three surface
orientations: (200), (002) and (020).112]

2.3 Self-degrading Limitation of the Surface and

Catalytic OER
WO, is predicted to be thermodynamically stable when used

as a photoanode for the OER due to its anodic decomposition

potential which is about 1.1 V more positive than the potential of

OER.201 However, it has been observed that WO, gradually loses

its catalytic performance over time when used in this setup. In

addition, this effect is further exacerbated at higher pH values.3!]

Previous works have attributed the degradation of the WO, sur-

face to the following reasons:

1. WO, is considered an Arrhenius acid, which reduces the sta-
blhty of the WO, surface in basic solutions as the WO, has
the potential to undergo acid-base reactions with OH
solution.[32-34]

2. During the course of (photo)electrochemical OER, WO, is
known to produce and accumulate (radical) peroxo-species on
its surface, followed by the acceleration of its degradation.10-35]

The decrease in the stability and Faradaic efficiency for OER
on WO, with increasing pH of the solution is, according to pre-
vious computational studies,2!l caused by these two effects.[3436]
Moreover, Ping and Galli investigated computationally ortho-
rhombic WO, which is stable at h1gh temperature and found that
the orthorhomblc crystal system can improve the carrier mobilities
for both electron and hole channels. The surface is stabilized, and

its self-degrading effect was decreased at ambient conditions re-
sulting in improved properties of WO, as a photoanode material.[37!

2.4 An Important Role of Hydrophobicity in the Catalytic
Performance of WO,

Although WO, shows low activity and high overpotential for
the OER,[!9] the WO surface has been actively investigated for
various catalytic apphcatlons such as alternative oxidation reac-
tions, particularly for reactions that produce valuable oxidation
products at stable current densities. Examples include the forma-
tion of oxidizing agents like persulfate and sodium hypochlorite, 38
the oxidation of chloride anion to chlorine or hypochlorite,**! and
the oxidation of organic compounds such as 5-(hydroxymethyl)
furfural (HMF) to 2,5-furandicarboxylic acid (FDCA)40-441 due
to the fast kinetics of the multi-electron oxidation.[314546] In addi-
tion, a DFT study found that it is necessary to increase the energy
of the valence band of WO, and its band gap to improve the elec-
tronic properties of WO, surfaces to facilitate those alternative
oxidation reactions, as well as to bring it closer to the potential
that satisfies water oxidation.[2147] Therefore, the introduction of
alternative oxidation reactions via radical species is plausible and
may provide an effective avenue to improve and/or design new
WO, surfaces with high act1v1ty 1481 Finally, from theoretical and
computatlonal points of view, simulation techniques, particularly
AIMD, can serve as a fundamental basis to help the experimental
community to investigate the mechanisms of promising alterna-
tive oxidation reactions on an atomistic level in great detail.

3. Brief Overview of Alternative Oxidation Reactions

Given the unique surface properties of WO,, it is a good can-
didate to drive an oxidation reaction other than the OER. In the
field of alternative oxidation reactions and among many possibili-
ties, certain key reactions have been demonstrated as promising
replacements for the OER at the anode. Examples of alternative
reactions include glycerol oxidation to formic acid%30! glucose
oxidation to glucaric acid,’®! benzyl alcohol oxidation to benzoic
acid,[52-551 and chloride oxidation to chlorine.[56:571 Of these al-
ternative reactions, the oxidation of 5-(hydroxymethyl)furfural
(HMF) has received much attention recently.[4041.58-62l HMF is a
biomass-derived product, derived from lignocellulosic biomass,
one of the most abundant biomasses on earth.[!4 Thus, HMF can
be considered a sustainable substrate to replace water. HMF can
undergo an overall 6-electron oxidation to 2,5-furandicarboxylic
acid (FDCA) in three sequential 2-electron oxidation steps. First,
HMF is oxidized to either 2,5-furandicarboxaldehyde (DFF) or
5-hydroxymethyl-2-furan-carboxylic acid (HMFCA). These two
intermediates then undergo oxidation into 5-formyl-2-furancar-
boxylic acid (FFCA) before being subsequently oxidized into the
final product FDCA.

Yang and co-workers calculated the standard reduction poten-
tial (E°) of the 6-electron oxidation from HMF to FDCA to be at
+0.30 V (compared to +1.23 V for the OER). Nevertheless, the E°
of the 2-electron oxidation from FFCA to FDCA, the final step in
the oxidation to FDCA, is calculated to be at +0.43 V.[631 Thus the
standard oxidation potential of HMF is significantly lower than
that of water oxidation, suggesting that the oxidation of HMF is
easier thermodynamically. The product from the HMF oxida-
tion, FDCA, also has a higher commercial value than oxygen.
One of the main uses of FDCA is for the production of polyeth-
ylene furanoate (PEF). PEF shares many similar properties to
polyethylene terephthalate (PET), a plastic that is widely used
for food and beverage packaging, showing even lower gas per-
meability. Indeed, in comparison to PET, the permeability of
PEF to O2 and CO2 is 11 times and 19 times lower, respectively,
a great advantage for a material used for containing food and
drinks.[6465] The Young’s modulus of PEF has also been shown to
be higher than PET. This can translate into a more resilient final



NCCR CartaLysis

113

CHIMIA 2023, 77, No. 3

product.l¢! Furthermore, while FDCA is a biomass-derived com-
pound, terephthalic acid, the monomer used to synthesize PET, is
made predominantly from petroleum-based compounds.®7! This
makes PEF more sustainable than PET. These advantages of PEF
have sparked a strong interest to use PEF as a replacement for
PET, hence the interest in performing the HMF oxidation reaction
instead of the OER in a water splitting photoelectrochemical cell.

4. Direct HMF Oxidation on WO, Photoanodes

Despite a number of publications on alternative oxidation re-
actions using PEC cells,[%8-701 the direct photo-driven oxidation
of HMF to FDCA has been rarely reported. Cha and co-work-
ers first reported the oxidation of HMF to FDCA on a BiVO,
photoanode.l’!l Nevertheless, a redox mediator (2,2,6,6-tetra-
methylpiperidin-1-yl)oxyl (TEMPO) is required to drive the oxi-
dation of HMF. No noticeable amount of HMF conversion was
found in the absence of TEMPO in the electrolyte. The use of a
redox mediator adds another complexity to the product purifica-
tion process. Moreover, any photoanode system performing the
HMF oxidation in an aqueous electrolyte potentially has a critical
issue: competition of the HMF oxidation with the OER when run-
ning the oxidation reaction at a high current density.

As discussed earlier, WO, has unique surface properties that
make the OER unfavorable, thus suggesting that photo-oxidative
selectivity towards direct alternative oxidation reactions should be
improved over other systems (e.g. BiVO,) that can directly drive
the OER. Indeed, the direct oxidation of HMF by WO, photoanode
was recently demonstrated by EPFL.[36] The activity toward HMF
oxidation of WO, was first clearly shown by linear sweep voltam-
metry (LSV) data, as seen in Fig. 3a. Without sunlight, there is
no appreciable current density, J, observed versus the reversible
hydrogen electrode (RHE) in aqueous conditions (0.1 M sodium
phosphate, NaPi, buffer at pH 4). However, when simulated sun-
light is incident on the WO, photoanode, a photocurrent density is
observed that corresponds to the water oxidation reaction. Upon
addition of HMF (5 mM), the onset potential of the photocurrent
density curve shifts 100 mV cathodically, and the saturated photo-
current density increases by 26% suggesting an ability of WO, to
directly oxidize HMF. The ability of WO, photoanode to oxidize

HMEF was confirmed by an extended photoelectrolysis experiment.
The concentration of HMF drops while the concentration of FDCA
and the intermediates (DFF, HMFCA, and FFCA) increase over
the course of the reaction, as shown in Figs 3b and 3c, which con-
firms the ability of the WO, photoanode to directly oxidize HMF
to FDCA. However, the FDCA yield was found to be very modest
at only 0.5%. A kinetic model was developed to improve the un-
derstanding of the low FDCA yield. The fit reactions included in
the model are shown in Fig. 3d, along with their rate constants. The
kinetic model reveals that the rate constants of many modeled com-
peting reactions are larger than the desired reaction (the formation
of FDCA). For example, the rate constant for the decomposition of
FDCA (k,, =72 x 107 h™'") was also found to be approximately 10
times larger than of its production (k, =7.3 x 10~ h™"). The faster
kinetics of the competing reactions suggest that while the WO,
photoanode can oxidize HMF to FDCA, this desired pathway is
not the most favorable reaction on the surface of WO3. Therefore,
the ability to control the selectivity of the reactions is the key to
improving the FDCA yield. To tackle this challenge, a facile tech-
nique has been developed to predict the selectivity among compet-
ing reactions as a function of the applied potential.”” The analysis
applies the derivative voltammogram technique to the linear sweep
voltammogram data and thus is referred to as the dJ/JE analysis.
In short, applying this analysis affords a deconvolution of the con-
tribution to the photocurrent of multiple competing reactions. This
allows one to predict and control the selectivity of the reaction. We
demonstrated the use of this analysis to the oxidation of HMF on
WO, photoanode and found that this technique can be used to pre-
dict the selectivity between HMF oxidation and water oxidation.
The analysis predicts that there will be no applied potential
which gives an exclusive selectivity toward the oxidation of HMF,
and the selectivity will be maximized at 0.66 V vs. RHE (Fig. 4A).
The prediction was assessed by comparing to the experimental
values at 0.65, 0.85, and 1.20 V vs. RHE (Fig. 4B). Indeed, the
selectivity for HMF oxidation does follow the predicted trend.
Nevertheless, the prediction is more accurate at the lower applied
potential (0.65 V vs. RHE) and starts to deviate from the experi-
mental values at the higher applied potentials (0.85 and 1.20 V
vs. RHE). The discrepancy between the predicted and the experi-
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Fig. 8. a) Linear sweep voltammograms of WO, photoanode in 0.1 M NaP, buffer at pH 4 (with and without 5 mM HMF) under illumination (solid) and
in the dark (dashed). b) Photocurrent density and the concentration of HMF. c) Concentration of DFF, HMFCA, FFCA and FDCA as the function of
reaction time in the photoelectrolysis of HMF over the illuminated surface of WO, photoanode (3 suns illumination, pH 4). d) Scheme for the kinetics
model for the HMF oxidation reaction with the competing reaction pathways. B and B* represent the byproducts. Adapted from ref. [36], copyright

2021, the authors.
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mental values was attributed to kinetics aspects, as the prediction
is based purely on thermodynamic rationale. At the higher bias,
the kinetics of the reactions (especially for the water oxidation
reaction) would have larger effects so that the experimental values
deviate from the predicted values. Despite the deviation from the
experimental values at the higher applied potential, the analysis
can still give an accurate trend of the selectivity as the function of
applied potential. Given the fact that this analysis only requires
the linear sweep voltammogram, which can be easily obtained
with standard electrochemical techniques, this analysis can be a
quick tool to estimate the selectivity in the system with competing
reactions in PEC cells.

5. Conclusion and Outlook

In this mini-review, we have summarized the recent advances
in the use of WO, photoanodes in performing alternative oxida-
tion reactions, in particular, HMF oxidation. A number of recent
computational studies have revealed that the surface of WO,
shows a low affinity toward water molecules, leading to poor per-
formance in performing the photo-assisted OER, in accordance
with experimental findings. These observations suggest that WO,
could be an interesting candidate to achieve higher selectivity to-
ward alternative oxidation reactions, when used in a photoelec-
trochemical cell for H, production from aqueous solution. Indeed,
WO, has been shown to have great potential in performing the al-
ternative oxidation reactions. This oxide has been shown to be the
first photoanode material to perform the HMF oxidation to FDCA
without any assistance of a redox mediator. The FDCA yield was
found to be subtle, which stems from the low reaction selectivity
of the HMF oxidation to FDCA reaction as compared to other
competing reactions which led to non-desirable side products. To
cope with the low selectivity, dJ/dE analysis, a method based on a
derivative voltammogram, was developed to predict the selectiv-
ity of the competing reaction on a photoanode as a function of an
applied potential. The analysis requires only the information from
standard (photo)electrochemical experiments. This analysis was
applied to the oxidation of HMF to FDCA on WO, photoanode
and the analysis can predict the trend in the selectivity between
HMF oxidation and the water oxidation reaction, but the selectiv-
ity toward the oxidation to FDCA remains the same regardless of
the applied bias.

To advance this concept toward viable real-world application,
further understanding of the mechanism for HMF oxidation on the
surface of WO,, aided by the advanced computations techniques
described above, will help rationalize the strategy to improve the
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FDCA yield, enabling the more efficient coupling between HMF
oxidation on WO, and H, production on a photoanode. In addi-
tion, the application of tailored co-catalysts to the surface of the
WO, may further increase the yield of the desired HFM oxidation
products and reduce the formation of undesired side products.
Finally coupling the WO, photoanode with an H,-producing pho-
tocathode in a tandem cell”] to demonstrate unassisted solar H,
production with the concurrent photo-electrosynthesis of FDCA,
or other oxidatively upgraded chemical product, will be an impor-
tant step toward validating the system for practical application. In
abroader scope, technoeconomic analysis(’3! of the envisioned de-
vice should be performed to better understand the market advan-
tage of using alternative oxidation reactions instead of the OER
in H, producing (photo)electrochemical cells, and new materials
with unique surface properties like WO, while also having a lower
semiconductor band-gap to enable greater solar photon harvesting
will need to be developed.
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