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Revised: 21 April 2026 converting solar energy to hydrogen, has evolved into a promising approach to
Accepted: 22 April 2026 mitigate global energy depletion and environmental pollution. As one of the most
Published: 30 April 2026 important photoanodes, WO; possesses prominent photostability and an

appropriately aligned energy band structure. However, its efficiency in PEC water
splitting is limited by issues such as the sluggish surface OER reaction kinetics, the
limited light absorption range and the recombination of photogenerated carriers. In
this review, a thorough overview of promising strategies for WOs-based
photoanodes was presented, including morphology control, doping, OER
cocatalysts modification, heterostructure construction and surface plasmon
resonance (SPR)-enhanced surface modification strategy. Furthermore, we outlined
the prospect and outlook of WO;-based photoanodes, along with the corresponding
optimization strategies, relevant computational research progress and practical
applicability evaluation, aiming to provide meaningful guidance for the rational
design and large-scale application of WOs-based photoelectrodes.
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1. Introduction

The rapid development of human society, coupled with the excessive depletion of conventional energy
resources, has led to energy shortages and environmental degradation, which has emerged as a critical impediment
to the sustainable progress of human civilization [1-3]. Therefore, constructing a clean and environmentally
sustainable renewable energy system has become a critical strategy for global researchers to address this issue [4].
Hydrogen, characterized by its high calorific value and carbon-neutral combustion products, has been identified
as an ideal renewable energy carrier [5—7].

Nevertheless, fossil fuels remain dominant in global hydrogen production, serving as merely a temporary fix for
current issues [8]. It is inconsistent with the long-term goals of carbon neutrality and environmental protection [9].
Consequently, hydrogen production via renewable energy conversion pathways has attracted extensive research
endeavors. As an unbounded, plentiful, widely distributed and sustainable resource, solar energy is a primary
choice among diverse renewable energy sources for hydrogen production [10]. In 1972, Fujishima and Honda
made a groundbreaking discovery that TiO, was capable of producing hydrogen through PEC water dissociation,
achieving the solar-to-hydrogen energy conversion [11]. This discovery stimulated great enthusiasm for the high-
performance photoelectrode materials for PEC systems. With the continuous research, more semiconductor
materials for PEC have been discovered. Typical examples of n-type semiconductors applied as the photoanodes
include ZnO [12], WO; [13], Fe,O3 [14], StTiO; [15], BaTiOs [16], etc., while p-type semiconductors employed
as the photocathodes involve CdS [17], Cu,O [18], InP [19], Si [20], GaP [21] among others.
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In practice, PEC systems for hydrogen production have not yet been widely commercialized, which is
attributed to the limited light absorption range of the catalyst, slow surface reaction kinetics, and severe
recombination of photogenerated carriers [22]. To solve these problems, researchers have conducted extensive
studies on different catalyst systems. Transition metal oxides (TMOs) such as TiO,, ZnO, WOj3, 0-Fe,Os, and SnO,
have become high-performance and economically significant photoanode materials for efficient PEC water
splitting. Owing to their unique d-electron structure, TMOs exhibit excellent stability, which facilitates electron
transition between d-orbitals and thereby avoids the photocorrosion problem prone to occur in many polar
semiconductors [23].

WO; is a promising TMO, featuring an appropriate energy band gap (~2.6 eV, enabling light absorption at
wavelengths below 480 nm, far exceeding the light absorption range of TiO,), a valence band edge location that
is well-suited for water splitting (~3.0 V vs. RHE), a medium hole diffusion length(~150 nm; in contrast to merely
2-4 nm for a-Fe,03), and an outstanding photogenerated carrier mobility(~12 cm?> V™ !'s™!, versus 0.5 cm?-V 1-s7!
for TiO,) [24,25]. The comparison table of key indicators for WO3 versus BiVOs, Fe;O3, and TiO; is shown in
Table 1 (R2). Furthermore, non-stoichiometric tungsten oxide (WOs-x) shows broad optical absorption spanning
the ultraviolet (UV), visible (Vis), and near-infrared (NIR) regions [26]. In addition, the intense localized surface
plasmon resonance (LSPR) effect of WO;-« confers robust light absorption over a wide wavelength range in the
near-infrared (NIR) spectrum [27]. Beyond these optical advantages, WOj3 also possesses several merits: adjustable
morphology and composition, superior chemical stability under suitable pH conditions, comparatively lower
toxicity relative to other metal oxides, and outstanding electrical conductivity.

However, WOs-based photoanodes suffer from critical drawbacks in photocatalysis, among which the core
problems are the relatively high conduction band minimum (CBM) potential and the extremely low separation
efficiency of photogenerated carriers. Therefore, researchers have proposed numerous optimization and regulation
strategies, including morphology control, doping, OER cocatalysts modification, heterostructure construction and
SPR-enhanced surface modification strategy, etc. The above-mentioned optimization strategies are capable of
boosting the efficient separation of photoinduced carriers, mobility of photogenerated carriers, and optical
absorption efficiency. A step-by-step breakdown and detailed illustration of all the aforementioned techniques will
be provided in Section 3 titled “Modification Strategy of Tungsten Oxide-based Photoanodes”. And the schematic
diagram illustrating the modification strategy of this article is shown in Figure 1. Finally, we will provide a
summary and perspective on WOs-based photoanodes.
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Figure 1. Schematic illustration of modification strategies for WOs-based photoanodes.
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Table 1. Comparison of key indicators between WO3 and BiVOs4, Fe203, TiOx.

e . . STH Efficiency
Photoelectrode Pristine Photo_czurrent Photocun:snt Stability (h) Faradaic Efﬁcne.ncy (Theoretical/ Ref
(mA-cm™) (mA-cm™) (Oxygen Evolution) .
Practical)
2.0-4.0 at
WO, 123 V vs. RHE 2'0‘4'%3‘; ;425[ \s/g s- RHE (Aci dzigggig?ﬁons) 85-95% ~5.0%/0.5-1.5%  [28]
0.5 M H,S0, ' e
BiVO, 1 Zgg;iso ]?HE 7.0-10.0 at 1.23 V vs. RHE <200 80-90% ~9.0%/1.0-2.5% [29,30]
40-8.0 at 500-1000 (Stable
Fe,0; | 23.V V'S RHE 10.0-12.0 at 1.23 V vs. RHE in both acidic and 90-98% ~16.0%/1.5-3.0% [31]
) ) alkaline conditions)
TiO, | 22?77\1@5 I?HE 2.0-3.5at 1.23 V vs. RHE >1000 92-98% ~3.0%/0.1-0.5%  [31]

2. Fundamentals of PEC Water Splitting

To better understand the modification strategies of WOs-based photoanodes, it is essential to clarify the basic
principles of PEC water splitting. PEC represents an advanced oxidation technique that combines electrolysis and
photocatalysis, where the system potential can be regulated to effectively enhance its comprehensive performance [32].
Compared with photocatalytic (PC) technology, PEC systems with an externally applied bias voltage can compensate
for the potential deficit and overcome the energy barrier, which effectively promotes charge separation of
photogenerated carriers and consequently delivers an enhanced Solar-to-Hydrogen (STH) conversion efficiency [33].
Meanwhile, PEC effectively addresses the limitations of PC water splitting, such as poor catalyst recoverability
and the generation of H, and O, as mixed gases.

In the PEC water splitting system, semiconductors serve as electrode materials for light absorption. Figure 2
presents the simplified energy schematic of a PEC system constructed with an individual photoanode and a counter
electrode. The band structure of the semiconductor consists of the conduction band (CB), bandgap (E,) and valence
band (VB). To enable the water oxidation reaction, the VB potential should be more anodic than the O»/H,O redox
potential (1.23 V vs. RHE, pH = 0). Meanwhile, the CB potential needs to be more cathodic than H"/H, redox
potential (0 V vs. RHE) to drive the water reduction process. The overall water-splitting reaction is an endergonic
uphill process, which requires Gibbs free energy change (AG) greater than 237 kJ-mol™!. Specifically, it mainly
consists of three steps [34,35].

(1) Upon illumination with photons (hv) of energies greater than the bandgap (E,), photogenerated electrons (e")
are excited from the upper edge of the VB to the lower edge of the CB via interband transition and holes (h*)
are generated as empty states in the VB creating electron-hole pairs.

(2) The generated charge carriers are separated and transferred to the corresponding electrode surfaces. In general,
electrons migrate toward the photocathode to undergo the hydrogen evolution reaction, while holes transfer
to the photoanode surface for the oxygen evolution reaction.

(3) They participate in redox reactions on the surface of the photocatalyst. The photogenerated holes have
extremely strong oxidizing properties and can react with water molecules to generate oxygen. And the
photogenerated electrons have extremely strong reducing properties and can reduce water to hydrogen.

In most cases, the reaction of water splitting proceeds via two distinct half-reactions: the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER). Specifically as follows [36,37]:

HER: 2H" + 2¢~ — H, (0 V vs. NHE at pH 0) €))
OER: 2H,0 — O, +2e” + 2H" (1.23 V vs. NHE at pH 0) 2)
Overall reaction: 2H,O — 2H, + O, 3

(AE =1.23 V; AG =237.2 kJ/mol at 298 K and 1 atm).
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Figure 2. (a) Schematic diagram of PEC water spltting system with n-type semiconductor photoanode and metal
counter electrode [38] Copyright 2012, Springer Science+Business Media, LLC; (b) Corresponding energy band
structure diagram [39] Copyright 2017, Royal Society of Chemistry.

3. Modification Strategy of WOs3-Based Photoanodes

Based on the above fundamental principles, five mainstream modification strategies have been developed to
address the intrinsic drawbacks of pristine WOs. In this section, five modification strategies for WOs-based
photocatalysts, namely morphology engineering, elemental doping, heterojunction construction, cocatalyst
loading, and SPR modification, are compared and analyzed mechanistically. In terms of performance,
heterojunction and cocatalyst modification afford the most significant enhancements, while cocatalyst loading and
heterojunction construction exhibit the optimal stability. Their underlying mechanisms differ fundamentally:
morphology engineering optimizes the physical structure, doping modifies the intrinsic electronic structure,
heterojunctions boost charge separation via interfacial electric fields, cocatalysts improve surface reaction kinetics,
and SPR modification relies on optical enhancement. Synergy among these strategies overcomes the limitations
of single modification, yet each has inherent drawbacks; morphology engineering and non-noble metal cocatalyst
loading show the best scalability. Overall, regulating charge dynamics and band structure is the core, and the
ternary synergistic strategy combining morphology engineering, heterojunctions, and non-noble metal cocatalysts
is a feasible scheme to promote the practical application of WO;3-based photoanodes [40,41]. Detailed studies on
these modifications are analyzed in the following text.

3.1. Morphology Control

The dynamics of photogenerated charges that reach the surface are directly governed by the morphological
features and architecture of photoanodes, and this represents a decisive factor controlling the efficiency of PEC
reactions. Therefore, leveraging the synergy between nanoscale structural engineering and PEC properties has
emerged as a key strategy for optimizing photoanode performance. WO3 possesses low carrier mobilities and a
short hole (minority carrier) diffusion length of approximately 150 nm, indicating that primarily the carriers
generated within the depletion (space charge) layer contribute to the photocurrent. This requires the depletion
layers to be wide enough to match the penetration depth of light [42]. Preparing WO; photoanodes with
nanostructures can ensure that at least one dimension of them is less than the hole diffusion length and almost full
coverage of the depletion layer, so that a higher proportion of photogenerated holes can contribute to OER [43].
One-dimensional (1D) nanostructures, (e.g., nanowires, nanotubes), two-dimensional (2D) nanosheets, three-
dimensional (3D) porous nanostructures, etc. have been reported to demonstrate superior performance to reduce
the probability of carrier recombination and enhance the photoelectric conversion efficiency [44].

The advantages of 1D nanostructures include a large specific surface area and superior charge transport,
which allow efficient collection of charge carriers by the supporting substrate (e.g., FTO) and contribute to
enhanced light absorption [45]. Kalanur et al. have realized the fabrication of vertically oriented WO3 nanorods
on transparent conductive substrates by a hydrothermal method that required no seed layers or structure directing
agents. The optimized monoclinic WO3 nanorod arrays annealed at 500 °C showed the highest photocurrent
density [46]. Rao et al. have prepared WO3; nanowires and nanotubes featuring high areal density and elongated
length using flame vapor deposition (FVD) method to PEC water splitting, thus achieving improved light-
harvesting absorption [47].
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Furthermore, the specific surface area of 2D structures (such as nanosheets and nanofilms) is much higher
than that of nanoparticles or 1D nanostructures, which can offer increased accessible active sites and enhance the
contact interface between photoanodes and electrolyte. Su et al. have tailored WOs that exhibits morphologies
from nanowires to nanoflake arrays by regulating the solution constituents, which grow along the (001)
crystallographic orientation. The nanoflakes showed lower band gap values than the nanowires and improved the
photocurrent significantly (a peak saturation photocurrent value of 1.43 mA-cm 2 under simulated AM 1.5G solar
illumination) [48].

Different 3D nanostructures exhibit distinct light absorption and scattering properties. Common types include
nanoflowers, nanoblocks, porous morphology, etc. Through a hydrothermal process with carboxylate (RCOO™)
serving as the structure-directing agent, Wang et al. have reported hexagonal nanoflower WOs3 arrays. Notably,
the PEC activity of the nanoflower WO3 photoanode was found to be almost three times superior to that of the
pristine photoanode [49]. Wang et al. have constructed porous WO3; PEC catalysts featuring low cost, high
efficiency and structural robustness through a sol-gel process combined with high-temperature calcination, using
polystyrene as the template. Impressively, annealed at 450 °C for 7 h in an oxygen atmosphere, the porous WO3
photoanodes presented the most favorable PEC performance, whose IPCE value reaches 48.9% at 420 nm [50].
Several representative 1D, 2D, and 3D WOs3 nanostructures are illustrated in Figure 3. Meanwhile, the specific
parameters of WO; samples with different morphologies are summarized in Table 2.

2% 4|j0 llﬁl 100 um

13-." -

1 um

Figure 3. Morphology characterization of typical WO3 nanostructures: (al) SEM image of nanorods; (a2) TEM image
of nanorods [51] Copyright 2016, Hydrogen Energy Publications LLC; (b1-b3) SEM images of nanofibers [52]; (c1—¢2)
FESEM images of nanoflake arrays; (d) SEM image of nanoneedles [53] Copyright 2014, Elsevier B.V.; (¢) SEM
image of porous structure [50] Copyright 2019, Elsevier Ltd. and Techna Group S.r.1.
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Table 2. The detailed parameters of WO3 of different morphologies.

Morphology Method of Fabrication  Crystal Structure Crystaline Orientation  Photocurrent (mA-cm2) Refs
Nanoneedle Hydrothermal Monoclinic (020) 1.2 at 0.55V vs. RHE [53]
Nanoplate film Facile solvothermal Monoclinic (002) to (200) 0.08 at0.4 V'vs. [54]
P SCE 0.5 M Na,SO4
. . .. 0.034 at 1.23 V vs. Ag/AgCl
Fe-doped nanofiber Versatile electrospinning Monoclinic (020) neutral sulphate electrolyte [52]
Nano-grassblade Hydrothermal Monoclinic (020) 1.2 at-0.1 Vvs. SCE [55]
Nanowire arrays to Hexagonal Monoclinic:
Y Solvothermal sonal (002) to (200) 1.43~2in 0.1 M Na,SO, [48]
nanoflake arrays and monoclinic
Hexagonal:(001)
Nanosheet Hydrothermal Monoclinic (002) 1.2 at 0.55V vs. Ag/AgCl [43]
WO;/Ag/CdS Nanorod Hydrothermal Monoclinic (200) 1.38 at 0.6 V vs. Ag/AgCl [51]
Nanorod Hydrothermal Monoclinic (001) 2.26 at 1.23 Vvs. 0.5 M Na,SO4  [46]
Nanotube and nanowire Flame vapor deposition Monoclinic 2.2at1.5Vvs. Pt [47]
Microwave-assisted . ~1.25at1.23 Vvs.
Nanoflower hydrothermal Hexagonal [010] zone axis SEC 1 M H,S0, [49]
sol-gel and
Porous high-temperature anncaling (002) 0.97 at 1.23 V vs. 0.5M Na,SO, [50]
3.2. Doping

Doping in WOs3 enables the regulation of the CB and VB positions, the modulation of the band gap width,
and the controllable introduction of lattice defect sites. This is conducive to accelerating the separation and
transport of carriers by improving the electrical conductivity [56,57]. The elements selected for hetero atom doping
can be classified into metallic elements and non-metallic elements. Lattice substitution with metal cations in
catalysts serves as an effective way to enhance charge transport. Furthermore, inorganic semiconductors doped
with nonmetallic elements can alter their electronic structures and optical absorption capacities, thereby improving
the stability of their photoreactions [58]. Until now, various dopants have been employed for PEC water splitting
and the detail of WOs3 of different dopants are listed in Table 3.

The incorporation of metal ions has emerged as a viable method for tailoring the physicochemical properties
of WOs [59]. The energy level distributions of the CB (mainly composed of W 5d orbitals) and VB (mainly
composed of O 2p orbitals) are usually changed by substituting W®* (or interstitial doping) in the WOj lattice and
utilizing the interactions between doped electronic configuration and lattice. The introduction of transition metal
ions (e.g., Ti*', V3%, Mo®") with ionic radii comparable to that of W** and slightly lower valence states can induce
the formation of intermediate energy levels within the bandgap of WO; or result in hybridization with the 5d
orbitals of W via their unfilled d orbitals. This process leads to an upward shift of the CBM or a shift of the valence
band maximum (VBM), thereby narrowing the bandgap width [60,61]. Furthermore, introducing highly
electronegative cations (e.g., Sn*", Nb>") can induce an upward shift of the CBM, enhancing the electron reduction
ability of the conduction band [59,62].

Table 3. The detailed parameters of WO3 doped with various elements.

Optimal Doping

Pristine Photocurrent

. -2

Photoelectrode Method Amount (at%) Badgap (eV) Photocurrent (mA-cm™) (mA-em™?) Refs
Ti-WO; Hydrothermal 1.16 2.73 1.16 at 1.23 V vs. RHE 0.335 at 1.23 V vs. RHE [60]

1.15at 0.8 V vs.Ag/AgCl  0.23 at 0.8 V vs. Ag/AgCl
Mo-WO; Hydrothermal 4.39 2.59 0.1 M Na,SO; 0.1 M Na,SO, [63]
Bi-WO, Hydrothermal 0.17 2.24 1.511 at 1.23 V vs. RHE 0.401 at 1.23 V vs. RHE [64]
Ag-WO; Spray pyrolysis 2 3.12 [65]
Ta-WO; Co-sputtering 3.93 2.61 0.65 at 1 V vs. Ag/AgCl 0.19 at 1 V vs. Ag/AgCl [66]
Mn-WO, Hydrothermal 1.25 2.55 0.295 at 1.23 V vs. RHE 0.253 at 1.23 V vs. RHE [67]
Fe-WO, Hydrothermal 0.51 2.45 0.442 at 1.23 V vs. RHE 0.253 at 1.23 Vvs. RHE [67]
Co-WO4 Hydrothermal 0.41 2.51 0.636 at 1.23 V vs. RHE 0.253 at 1.23 V vs. RHE [67]
Ni-WO; Hydrothermal 1.35 241 0.364 at 1.23 V vs. RHE 0.253 at 1.23 V vs. RHE [67]
Cu-WO, Hydrothermal 1.34 2.45 0.487 at 1.23 V vs. RHE 0.253 at 1.23 V vs. RHE [67]
Zn-WO; Hydrothermal 1.09 2.57 0.375at 1.23 V vs. RHE 0.253 at 1.23 V vs. RHE [67]

0.427 at 1.23 V vs. RHE 0.253 at 1.23 V vs. RHE
Sn-WO; Hydrothermal 0.8 2.46 0.5 M Na,SO, 0.5 M Na,SOs [59]

Hydrothermal 0.414 at 1.23 V vs. RHE 0.3 at 1.23 V vs. RHE

Nb-WO, condensation . 2.58 0.5 M Na,SO, 0.5 M Na,SO, (62]

. 1.6 at 1.8 V vs. Ag/AgCl 0.5at 1.8 V vs.Ag/AgCl
C-WOs Spray-pyrolysis 1.1 2.57 1 M HCI 1 M HCI [68]

0.87 at 0.4 V vs. Ag/AgCl  0.62 at 0.4 V vs. Ag/AgCl
S-WO; Hydrothermal 1.87 2.53 0.5 M Na,SO, 0.5 M Na,SO, [69]
Fe/Sn Flame-donin Fe: 4.54 242 1.45 at 1.23 V vs. RHE 0.24 at 1.23 V vs. RHE [70]

co-doped WO, ping Sn: 0.22 ’ 0.5 M Na,SO; 0.5 M Na,SO;
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Non-metallic element doping (such as S, N, C, and B) introduces defect energy levels within the bandgap by
substituting O sites or occupying interstitial sites, thereby suppressing electron-hole recombination and inducing
a redshift of the absorption edge as well as a narrowing of the band gap in the doped material [71,72]. However,
single doping may have limitations such as enhanced carrier recombination and decreased stability, while co-
doping can coordinate and balance band structure regulation and carrier behavior. Roh et al. have adopted a
convenient one-step flame-doping method to realize the bidirectional co-doping of Fe and Sn into WO3;. Owing to
dual-metal doping, the modified WO; shows a 6.16-fold higher photocurrent density at 1.23 V vs. RHE than that
of the pristine sample [70].

3.3. OER Cocatalysts Modification

The cocatalysts (including heterogeneous and homogeneous cocatalysts) are conducive to promoting the
interfacial charge transfer of photoelectrodes, thereby improving the photoelectrocatalytic performance of solar
water splitting [73]. In PEC systems, the OER cocatalyst can effectively reduce the overpotential, increase the
carrier utilization rate, accelerate the oxidation reaction kinetics and improve the stability of photocurrent [74].
Heterogeneous cocatalysts, predominantly solid nanoparticles (e.g., precious metals [75], metal oxides [76], metal
sulfides [77]), are typically loaded on the surface of WOs to construct heterogeneous interfaces. And Table 4
presents specific detailed examples of co-catalysts that enhance photoelectrocatalytic performance.

Seabold et al. have observed the Co-Pi OER cocatalyst increase the photocurrent-oxygen conversion
efficiency from roughly 61% up to almost 100% [78]. Cao et al. have deposited MnOy onto the WO3 photoanode
via the photodeposition methods and achieved a maximum photocurrent density around 40% higher than that of
the pristine one [79]. Zhang et al. have revealed that loading CoOx can enhance the PEC performances resulting
from the promoted charge carrier dynamics (separation and transport) and the accelerated kinetics of water
oxidation [80]. There are also LaFeO; [81], Ca,FeCoOs [82], etc. It is worth noting that amorphous oxyhydroxides
have emerged in recent studies as high-performance cocatalysts in PEC catalysts [83—85]. Cai et al. developed a
hydrothermal approach to realize conformal coating of ultra-thin Ni-doped FeOOH (Ni:FeOOH) OEC layers on various
WOs-based photoanodes and they exhibits a photocurrent density of 4.5 mA-cm 2 (1.23 VRHE, AM 1.5G) [86].

Table 4. The examples of co-catalysts that enhance photoelectrocatalytic performance.

Photoelectrode OER Cocatalysts Method Photocurrent (mA-cm™2) Pristine Photocurrent (mA-cm2) Refs
. . 1.6 at 0.8 V vs. Ag/AgClin 0.4 at 0.8 V vs. Ag/AgCl in

WO, Co-Pi Electrodeposition 0.1 M KH,PO, 0.1 M KH,PO, [78]

Photodeposition and . .. o
WO; MnOy hydrothermal higher than that of pristine WO; photoanode around 40% [79]
BiVO,/WO; CoO, Photodeposition 2.3 at1.23 Vvs. RHE 1.15at 1.23 V vs. RHE [80]
WO, Ni/Co-LaFeOs Electrodeposition 3.92 at 1.23 Vvs. RHE 0.11 at 1.23 V vs. RHE [81]

_ the most active CFCO/WOj; came close to those of
WO, Ca,FeCoOs Sol—gel RuO,/WO; and Co-Pi/WO; [82]
. . Photodeposition and ~ 5.35+0.15at 1.23 V vs. 3.9at 1.23 Vvs. RHE

WO,/BiVO, FeOOH/NiOOH electrodeposition RHE in 0.5 M Na,SO, in 0.5 M Na,SO, [83]
WO, FeOOH/NiOOH Photodeposition 1.2.at 0.6 Vvs. SCE 0.6 at 0.6 V vs. SCE [84]
Zn-WO; FeOOH/CoOOH Electrodeposition 3.63 at 1.23 V vs. RHE 1.49 at 1.23 V vs. RHE [85]

. ) 3.1at1.23 Vvs. RHE in 1.2 at 1.23 V vs. RHE in
BiVO,/WO; F:FeOOH Hydrothermal 0.1 M KH,PO, 0.1 M KH,PO, [76]

. .. 4.5at 1.23 V vs. RHE in

WO3/BiVO, Ni:FeOOH Hydrothermal 0.5 M KH,PO, [86]
WO, CP-FeOx Situ cogrowth [87]
WO,/CdS NiS QDs Hydrothermal [88]
WO, FeCl, Impregnation higher than that of pristine WO; photoanode around 60% [88]

Notably, Lin et al. have proposed a configuration of 3D decoupling cocatalysts based on a crisscross, pore-
spanning conducting polymer host, delivering notably boosted PEC activity [87]. Furthermore, quantum dots,
endowed with size effect and quantum confinement effect, are capable of tuning light absorption and carrier
transport properties, and thus can serve as cocatalysts for WO3;. Wang et al. have synthesized the NiS quantum
dots loaded CdS/WO; composite furnished additional surface active sites for chemical reactions [89].
Homogeneous cocatalysts, usually soluble small molecules or ions (e.g., metal ions, organic complexes, etc.), can
also accelerate the water oxidation reaction [90]. Klepser et al. have demonstrated combining FeCl, with WO; can

significantly increase the reaction rate and selectivity of PEC water oxidation [88].
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3.4. Heterostructure Construction

Some defects of single-component WOs, for instance: a relatively large band gap prevents WO; from
absorbing the vast proportion of the visible solar spectrum, can be improved by coupling other photoelectric
semiconductors to improve the catalytic performance [53]. By exposing additional active sites and facilitating
interfacial electron transfer, the construction of heterostructures realizes a 1 + 1 > 2 synergistic effect in PEC
performance, a phenomenon termed the “spillover” mechanism of the system [91,92]. Common WOs;
heterostructures include BiVOs, Fe;Os, TiO; and carbon quantum dots (CQDs), etc. Table 5 lists the fabrication
approaches and photocurrent of some WOs-based heterostructure photoelectrodes.

BiVO,4 (BVO), like WOs3, also stands out as a highly promising material for PEC system because of its 2.4
eV band gap, favorable band edge locations, and excellent long-term stability. Nevertheless, the PEC activity of
BVO is not sufficient, primarily due to the poor electron transfer properties and the CB that lies higher than the
H* /H, redox potential [93]. The combination of BVO/WOs resulting in enhanced performance compared to single
oxide photoanodes has been extensively studied [94]. Fang et al. have prepared a ternary WO3/BiVO4/NiOOH
photoanode that showed a good photocurrent response of 3.00 mA-cm 2 (1.23 V vs. RHE) [95]. Also, the layer
thickness of various photoanodes has a significant impact on PEC performance. Polo et al. have investigated the
PEC performance of WO3/BiVO4 photoanodes with different thicknesses (WOs subjacent layer and BiVO, coating
layer), identified the optimal thickness balance of the two oxides, and revealed that this balance minimizes charge
recombination paths [96].

Table 5. Summary of synthesis methods and photocurrent of WO3 heterostructure photoelectrodes.

Pristine Photocurrent

Photoelectrode Method Photocurrent (mA-cm2) ,2 Refs
(mA-cm™)
WO/BiVO, Solvothermal deposition 0.82t0.4 V vs. RHE [97]
and spincoating

. . . . . 2.06 at 1.23 V vs. RHE 0.55 at 1.23 V vs. RHE
NiMoO4/ BiVO4/Sn:WO; Hydrothermal and spin-coating in KBi electrolyte in KBi electrolyte [94]

. . . . 1.45at 1.23 V vs. RHE 0.55 at 1.23 V vs. RHE
BiVO,/Sn:WO; Hydrothermal and spin-coating in KBi electrolyte in KBi electrolyte [94]
WO3/Sb,S; Hydrothermal 1.79 at 0.8 V vs. RHE 0.45at 0.8 V vs. RHE [98]
WO,/BiVO,/ NiOOH Sol—gel and photoelectric deposition 2.92 at 1.23 Vvs. RHE 0.42 at 1.23 V vs. RHE [95]
Sn0,/WO,/BiVO, Electron beam deposition 2.01at 1.23 V vs. RHE 0.5 at 1.23 V vs. RHE [99]

and wet chemical
WO,/BiVO,/BiFeO; Sol—gel 6.3 at 2.5 V vs. RHE [100]
Fe,05/Ti0,/WO05/Ti;C, T, GLAD and spin-coating 1.09 at 1.23 V vs. RHE [101]
WOs/0-Fe,0; Hydrothermal 1.66 at 1.23 V vs. RHE 0.58 at 1.23 V vs. RHE [102]
WO5/Ti-Fe,0; Hydrothermal 2.15at 1.23 V vs. RHE 0.55at 1.23 V vs. RHE [103]
WOs/0-Fe,05/Bi, S5 Hydrothermal 5.777 at 1.0 V vs. RHE [104]
CQDs/TiOy/WO5 Chemical bath deposition 2.03 at 1.23 V vs. RHE 0.9 at 1.23 V vs. RHE [105]
CQDs/WO; Hydrothermal and 1.18 at 1.23 V vs. RHE 096at123 Vvs.RHE  [106]
immersing process

. . Hydrothermal, spin coating, 4.2 at 1.23 V vs. RHE 1.41 at 1.23 V vs. RHE
WO,/BiVO,/TiO, and electrodeposition in 0.1 M Na,SO, in 0.1 M Na,SO, (107]
N-CQDs/WOs Impregnation 1.42 at 1.0 V vs. RHE 0.63 at 1.0 V vs. RHE [108]

in 0.1 M Na,SO4

in 0.1 M Na,SO4

a-Fe,O3 (the bandgap of 1.9~2.2 eV) has visible-light response, high chemical stability and economic
efficiency, making it a promising material for visible-light-driven applications [109]. Fabrication of a WO3/Fe,O;
heterojunction has been regarded as a viable strategy to enhance the PEC performance of WOs3, as it broadens the
light harvesting spectral range and promotes the separation and transfer of photogenerated carriers [102]. And as
a pioneering photocatalytic material, TiO, exhibits a wide bandgap (3.2 eV for anatase, 3.0 eV for rutile), outstanding
resistance to photocorrosion, economical synthesis and excellent environmental friendliness. But its limited light
absorption and rapid photoexcited carrier recombination restrict its application in PEC [101]. Besides forming a
heterojunction with carbon quantum dots (CQDs) can effectively extend the visible-light absorption range and exhibit
upconversion photoluminescence (PL) behavior. Meanwhile CQDs also possess outstanding advantages such as eco-
friendliness, cost-effectiveness, industrial application potential and chemical stability [105]. Zhao et al. have
fabricated the composite of vertical WO3; NP and CQDs successfully and enhanced the photocurrent density [106].

3.5. SPR-Enhanced Surface Modification Strategy

The SPR effect refers to a phenomenon where free electrons on the surface of noble metals (For example,
Au [110], Ag [111,112]) nanoparticles undergo collective oscillation under the action of incident light.
Specifically, local surface plasmon resonance (LSPR) has emerged as a key strategy for optimizing the
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photocatalytic performance of semiconductors due to its lack of propagation condition restrictions and the ability
to generate strong local electromagnetic fields and light absorption effects at the nanoscale. Taking gold
nanoparticles (Au NPs) as a paradigmatic illustration, this mechanism is delineated in Figure 4 [113].

a b Electric field
Electron
cloud

Gold film e

Figure 4. Schematic of plasmon resonance effects: (a) Propagating surface plasmon polariton (SPP) of Au thin
film; (b) Localized surface plasmon (LSP) of Au nanoparticles [113]. Copyright 2018, Royal Society of Chemistry.

Tabhir et al. have fabricated plasmonic Au incorporated WO5/TiO; and confirmed that the Z-scheme and the
Au-NPs SPR effect contribute to significantly enhancing the hydrogen production efficiency [114]. Ma et al. have
reported the design of the Ag@WOs by the ultrasonic synthesis method to optimize the material’s structural
properties. Both the enriched hydrogen adsorption active sites endowed by a core-shell structure and the plasmon
resonance effect originating from Ag nanoparticles (NPs) give rise to the enhanced photocatalytic HER
performance [115]. In addition to metal nanoparticles, oxygen vacancies exhibit exceptional SPR effect in some
semiconductor materials (such as mesoporous WO s3), which is capable of being widely tuned through redox-
based chemical strategies [116]. Wei et al. have demonstrated that WO quantum dot decorated silver nanowire
displayed both photocatalytic reactivity and surface-enhanced Raman scattering (SERS) properties. The observed
synergistic effect is originated from the plasmonic state of WO;-, quantum dot upon light irradiation [117].
Overall, the local strong electromagnetic field generated by the SPR effect acting on WOj3 can enhance the light
absorption intensity of WO;. Meanwhile, the Schottky barrier between the metal NPs and WO facilitates the rapid
transfer of the photogenerated electrons of WOj3 to the surface of the metal NPs, effectively preventing carrier
recombination. Some effects of SPR enhancement are shown in Table 6.

Table 6. Summary of synthesis methods and effects of SPR-enhanced photoelectrodes.

Photoelectrode Method Effect Refs
The maximum H, production yield was
Au-NPs WO3/TiO,  Sol-gel assisted photodeposition 17,200 ppm h™!-g-cat™!, which was 4.46 times [114]

that of WO3/TiO,
Ag-WOs3 Sonochemistry 10 mA cm 2 at 0.8 V vs. CSNSs [113]
. o Overpotential: 287 mV (vs. RHE),
Meso-WO; Solid phase sintering significantly lower than that of pure electrodes [116]
WO;-« QD@Ag NW Solvotherma E, decreases to 0.037 eV [117]
. Radio frequency magnetron 5 . I

WO;/TiO; sputtering 0.2 mA cm™ (approximately 0.025 mA-cm™) [112]
Pt-Ag/WOs Sol-gel The electrochemical performance has been [118]

significantly improved

4. Computational Studies and Practical Applicability Evaluation
4.1. The Computational Studies on WOs for Water Splitting

Computational studies based on density functional theory (DFT) can effectively reveal the electronic
structure, surface chemical properties and reaction mechanism of tungsten oxide-based semiconductors, and play
a crucial role in guiding material design to improve performance. For instance, Hajiahmadi et al. screened the
optimal surface structure and computational functional via DFT, and identified the OER pathway on the hexagonal
WO; (h-WO3) (001) surface for the first time, providing microscopic evidence for the surface engineering of WO;
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in water-splitting [119]. Muhammad et al. designed a combined Projector Augmented Wave-Perdew-Burke-
Ernzerhof + van der Waals (PAW-PBE + vdW) scheme based on DFT first-principles calculations to compute the
weak van der Waals interactions between Bi,O3; and WOs, solving the problem that conventional PBE functionals
underestimate weak interactions, and laying a methodological foundation for the structural design of WO3-based
composite materials [120]. Diaby et al. first applied artificial neural networks (ANN) to predict the PEC
performance of WOs-based photoanodes, and proposed two predictive models (the LMANN model and the
SCGANN model), both of which achieved high consistency between experiments and theories, with the LMANN
model showing superior fitting accuracy (as shown in Figure 5), providing a cross-disciplinary integrated idea for
computational studies of WOs-based semiconductors [121].
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4
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Figure 5. Photocurrent prediction of WO3/SS photoanode using (a) LMANN and (b) SCGANN algorithms [121].
Copyright 2023, Multidisciplinary Digital Publishing Institute.

Nevertheless, current computational studies still have non-negligible limitations. One of the core problems
is the disconnection between the oversimplified computational models and the actual systems. Hajiahmadi only
focused on the ideal single (001) crystal plane for discussion, while the actual characteristics of WO3, such as the
coexistence of multiple crystal phases and the enrichment of defect structures, were not considered, making the
computational results unconvincing. Moreover, the contradiction between computational efficiency and system
scale restricts the development of computational research. Although Muhammad’s combined scheme improved
accuracy, the van der Waals (vdW) correction (especially the three-body many-body term) leads to a computational
cost that increases with the number of atoms in an O(n®) manner. Finally, the universality of cross-disciplinary
integrated models is questionable. Diaby’s ANN model suffers from the “black-box dilemma” without embedded
physical constraints (such as thermodynamic laws and size effects), and its fitting accuracy may decrease
significantly when extended to multi-element doping or complex heterostructures. Therefore, future research needs
to deepen the integration of DFT and artificial intelligence, construct a multiscale simulation framework, conduct
dynamic simulations combined with actual service environments, form a computation-experiment closed loop, and
promote the practical application of tungsten oxide materials.

4.2. Practical Applicability

There exists a striking gap between the performance optimization and small-batch preparation of materials
in the laboratory and the complex service conditions as well as large-scale application demands in practical
scenarios. As one of the core candidate materials for photoelectrocatalytic water splitting, WOs still requires
evaluation and optimization of three critical issues, long-term stability and pH adaptability, scalability, and cost
control, for its translation from laboratory research to practical application.

Long-term stability is the core prerequisite for the practical application of photoelectrocatalytic materials,
and the problems of photocorrosion and structural reconstruction of WOs-based photoanodes during service
urgently need to be solved. Studies have demonstrated that the electrolyte pH exerts a significant influence on the
stability of WOs-based photoanodes. Under the synergistic action of light and electricity, WOj is relatively stable
in acidic media but prone to tungsten dissolution; meanwhile, it undergoes facile alkaline chemical dissolution at
pH > 4, making long-term service unfeasible [122—-124]. Therefore, the stability of WOs-based photoanodes in
neutral electrolytes is also of great importance [25]. Knoppel et al. investigated the photocorrosion mechanism of
WO;3 in acidic environments and proposed that sulfur-containing electrolytes are readily oxidized to form stable
persulfate intermediates, which form strong complexes with W™ and accelerate tungsten dissolution. By
https://doi.org/10.53941/dn.2026.100002 10 of 11
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comparing the performance of different acidic electrolytes, they identified HNOs as the electrolyte with the best
photocorrosion resistance [122]. Jakubow-Piotrowska et al. confirmed via 80-h long-term PEC stability tests that
mesoporous WO;3 photoanodes can maintain stable structure and PEC performance in 1 M aqueous
methanesulfonic acid solution. This effectively addresses the long-term stability challenge of WO3 photoanodes
deactivating due to the formation of peroxo species in acidic water-splitting electrolytes and corrects the erroneous
conclusions drawn from short-time experiments [125]. In the field of photoelectrocatalytic water splitting, a
catalyst with 90% performance retention after 100 h of long-term testing at the laboratory stage represents excellent
stability [126]. Nevertheless, it is still far from meeting the requirements for industrialization (approximately 1000
h of stable operation).

Small-area WO3 photoelectrodes prepared in laboratories (typically 1 cm?) can hardly meet the practical
hydrogen production demands, and the development of scalable semiconductors while retaining their performance
is a key challenge. Although traditional preparation methods such as hydrothermal and sol-gel methods can
produce high-performance thin films, they suffer from unbalanced local reaction conditions, poor uniformity over
large areas, and high fabrication costs, which directly compromise the catalytic performance. Atmospheric
pressure chemical vapor deposition (APCVD) provides an effective route for the large-scale preparation of WO3-
based photoelectrodes. Tam et al. successfully fabricated large-scale scalable WO3/BiVO, nanoheterojunction
photoanodes for PEC water splitting using aerosol-assisted chemical vapor deposition (AACVD) at atmospheric
pressure. After integrating with low-cost crystalline silicon photovoltaics (PV) in a tandem configuration, the solar-
to-hydrogen (STH) conversion efficiency reached up to 3.2%. The fabrication process is vacuum-free, low-cost,
and compatible with industrial mass production lines [127]. Cai et al. proposed a hybrid process combining
ultrafast laser machining and thermal oxidation to fabricate in-situ grown WOj3; micro-nano structures on tungsten
foils, providing a new route for the large-scale preparation and energy application of semiconductor oxide micro-
nano structures [128]. Current processes for the large-scale preparation of WO3 photoelectrodes are immature. For
thin-film electrodes, the thickness deviation is required to be <5% with uniform distribution of active sites, which
can be optimized by drawing on battery manufacturing processes. or powder catalysts, continuous hydrothermal
synthesis can be carried out using industrial-grade reactors, and parameters such as feeding rate, reaction
temperature, and stirring speed can be optimized to realize the ton-scale batch production of WO3 powder.

The core of the cost issue lies in the reliance on noble metals. Although traditional cocatalysts such as Pt and
RuO; can enhance catalytic activity, their high prices restrict large-scale applications, making the development of
high-efficiency non-noble metal alternative systems the key [129]. Several low-cost cocatalysts have been
discussed in Section 3.3. Through structural design and interface regulation, these cocatalysts can balance catalytic
performance and cost, providing a feasible approach for cost control of WOs-based catalysts. In addition, costs
can be further reduced by optimizing raw material costs and controlling fabrication costs. For instance, industrial-
grade tungsten sources (e.g., industrial tungstic acid, tungsten concentrate, and waste tungsten recycled materials)
can be used to replace high-purity reagents. The price of industrial-grade raw materials is only 1/5 to 1/10 of that
of high-purity reagents, but they may contain impurities such as iron, silicon, and calcium, whose effects on the
catalytic performance of WO3 need to be verified through experiments.

5. Summary and Outlook

The above discussion demonstrates that WO;3-based photoanodes have emerged as promising candidates for
photoelectrocatalysts in PEC water splitting systems, and have motivated numerous research efforts by virtue of
their unique advantages including low cost, excellent durability, favorable photoresponse, easy controllability of
morphology and structure, and high compositional tunability. First off, we introduced the background of PEC
hydrogen production, as well as the application advantages and existing problems of tungsten oxide-based
photocatalysts. Secondly, the basic principles of the PEC water-splitting system centered on metal oxide
photoanodes were discussed in detail. And following this, we provided a systematic overview of the tuning
approaches for WOs-based photoanodes over the past few years: morphology control, band structure engineering
by doping, OER cocatalyst modification, heterostructure construction, and SPR-enhanced surface modification.
Meanwhile, this review also elaborates on the fundamental principles and optimization effects of diverse effective
strategies were also analyzed. Finally, we summarize the DFT-based computational studies and evaluate the
practical applicability of WO3 photoanodes.

In fact, the performance improvement of a single strategy on WO; is limited. The multi-strategy co-
modification of the photoanode is more conducive to achieving efficient water decomposition in the PEC system.
For instance, various effective strategies play distinct roles: morphology control provides a structural basis
featuring multiple active sites and fast transport; doping enhances light utilization while increasing surface
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reactivity; SPR effects enable the enhancement and broadening of light absorption; heterojunctions strengthen
charge separation efficiency; OER cocatalysts loading accelerates the rate of surface reactions. The PEC behavior
of TMOs will be significantly improved on a larger scale, approaching the requirements of commercial
applications. We are optimistic that this review will inspire in-depth exploration of TMOs for high-performance
PEC water splitting.
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