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ABSTRACT: Electrolysis of natural seawater driven by renewable energy is practically attractive for green hydrogen pro-
duction. However, because precipitation initiated by an increase in local pH near to the cathode deactivates catalysts or 
blocks electrolyzer channels, limited catalysts are capable of operating with untreated, natural seawater (viz. pH 8.2 to 8.3 
and ca. 35 g salts L−1); most are used in strongly alkaline or acidic seawater. Here we report a new natural seawater elec-
trolysis cathode with precipitation-suppression via a Pt/WO2 catalyst to create a dynamically local acid-like environment. 
The in-situ formed hydrogen tungsten bronze (HxWOy) phase via continuous hydrogen insertion from water acts as a proton 
reservoir. As a result, dynamically stored protons create a local acid-like environment near the Pt active sites. We evidence 
that this tailored acid-like environment boosts hydrogen evolution reaction (HER) in natural seawater splitting and neutral-
izes generated OH− species to restrict precipitation formations. Consequently, a long-term stability of > 500 h at 100 mA 
cm−2 was exhibited in direct seawater electrolysis. 

1. INTRODUCTION 

Electrolysis of natural seawater (viz. pH 8.2 to 8.3 and ca. 
35 g salts L−1) for hydrogen (H2) production is practically 
attractive to reduce use of freshwater.1-3 However, H2 pro-
duction based on direct seawater electrolysis is technically 
difficult, because dissolved ions (Na+, Cl−, Mg2+, Ca2+, SO42−, 
etc.) in natural seawater can initiate deactivation of cata-
lysts, electrodes and membranes.4-6 Currently reported 
research focuses on improving existing technologies for 
seawater splitting, which includes proton exchange mem-
brane (PEM) electrolyzers and alkaline water electrolyzers 
(AWE) that feeds high purity water via pre-treatment sea-
water by external purification or desalination systems.7 
However, pre-treatment of seawater or external alka-
li/acid addition contributes to costs and energy input.8, 9 
Direct seawater electrolysis is more economic for large-
scale H2 production.10 There are however few reported 
investigations on untreated seawater electrolysis. The 
practical difficulty for operation is that the pH at the cath-
ode surface rapidly increases with current density during 
hydrogen evolution reaction (HER) in natural seawater 
without sufficient buffers capacity, leading to in-situ pre-
cipitation formation near the cathode surface including, 
Mg(OH)2 and Ca(OH)2 when local pH value is ≥ ~9.5. These 
precipitates readily block the cathode surface, deactivate 
catalysts and degrade HER performance.7, 11-14 

To obviate these practical difficulties, a catalyst with 
precipitation-suppression at the cathode is needed for 
natural seawater electrolysis. To date however, most re-
ported investigations have focused on alkaline seawater 
electrolysis because this external alkali additive can re-
move dissolved Mg2+ and Ca2+ ions in an additional pre-

treatment step. The cathode reaction can therefore be con-
sidered a conventional alkaline HER in freshwater, with 
the only difficulty to engineer an anodic catalyst to obviate 
chloride impact. Catalyst design has focused therefore on 
anode design for alkaline seawater electrolysis, with re-
ported catalysts targeted on HER in natural seawater being 
limited. So far, several reports have established that the 
local environmental regulation on the catalyst surface af-
fects kinetics and selectivity of reactions.15, 16 Based on this, 
it is reported that adjusting local environment at the cata-
lyst surface allows direct seawater electrolysis.17, 18 A 
strongly local alkaline microenvironment build was able to 
inhibit precipitation formation at cathode, but introducing 
an ex-situ Lewis acid layer (Cr2O3 or V2O3) on catalysts may 
challenge by insufficient durability. 

It was hypothesized therefore that creation of a local ac-
id-like environment on a catalyst surface could obviate 
precipitation formation. This is because acidic media ex-
cludes insoluble precipitates generation and boosts HER 
performance with supplied protons.19, 20 Reported methods 
for local acid-like environments for boosting HER in neu-
tral and basic freshwater systems address improving elec-
trocatalytic active site for promoting HER kinetics.21-23 Ex-
ternally introducing a local acid-like environment on these 
catalysts is likely unsustainable during adsorption of reac-
tants and desorption of products on active sites, however, 
in-situ creation of a local acid-like environment over a cata-
lyst would afford a dynamic HER during natural seawater 
electrolysis to, importantly, negate instability of catalyst 
and precipitates formation. 

Here we report a new dynamic-regulation method to 
obviate precipitation in untreated seawater electrolysis. 
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Figure 1. Characterization of catalysts. (a) XRD patterns for WO2 and Pt/WO2. (b) High-resolution TEM image for Pt/WO2. (c) Ra-
man spectra for WO2 and Pt/WO2. (d) High-resolution XPS spectra for Pt 4f for Pt/WO2 and commercial Pt/C. (e) UV-vis absorption 
spectra for WO2 and Pt/WO2. (f) In-situ UV-vis absorption spectra for Pt/WO2 at varying potential. 

We demonstrate a designed Pt/WO2 catalyst with a local 
acid-like environment that boosts HER and suppresses 
precipitation by limiting the increase of local pH at the 
cathode. Because of the reversible behavior of hydrogen 
insertion/extraction for WO2, in-situ formed hydrogen 
tungsten bronze (HxWOy) acts as a proton ‘sponge’, stores 
H+ and supplies to the active sites of Pt during HER. We 
establish that this dynamic process accumulates H3O+ on Pt 
surface to create a local acid-like environment. We confirm 
the local pH of Pt/WO2 remained < 9.5 whilst the value was 
multiplying dramatically to 12 for benchmark Pt/C in nat-
ural seawater (collected at Henley Beach, South Australia, 
−34.92029, 138.49442 with pH ~ 8.3). Significantly, we 
show a long-term stability of > 500 h at 100 mA cm−2 in 
natural seawater electrolysis. 

2. RESULTS AND DISCUSSION 

2.1. Characterization of Catalysts. Pt was deposited on 
WO2 via using a hydrothermal and thermal decomposition 
method (see Methods for details). X-ray diffraction (XRD) 
findings confirmed a pure monoclinic phase of WO2 
(PDF#32–1393) and the presence of Pt species (PDF#87–
0640, Figure 1a and S1, Table S1). Scanning electron mi-
croscopy (SEM) images and energy-dispersive X-ray spec-
troscopy (EDS) elemental mapping analysis confirmed the 
Pt, W and O were homogeneously dispersed throughout 
nanoparticle-like Pt/WO2 cluster (Figure S2 and S3). 
Transmission electron microscopy (TEM) images showed 
Pt nanoparticles ca. 5 nm in size are loaded on WO2 skele-

ton with a lattice parameter of 0.345 nm for WO2 (Figure 
1b and S4). In Raman spectroscopy (Figure 1c), the elec-
tronic interaction between Pt and WO2 makes the vibra-
tional peak for Pt/WO2 weaker compared with pure WO2, 
establishing that Pt nanoparticles are anchored on WO2.24 
X-ray photoelectron spectroscopy (XPS) findings con-
firmed Pt0 states existed in Pt/WO2 (Figure 1d).25 Notably, 
Pt in Pt/WO2 catalyst were in Ptδ− states, in contrast to 
standard Pt/C (Ptδ+ states).26 This finding confirmed the 
electrons transfer between Pt and WO2 to electron-enrich 
around Pt atoms in Pt/WO2.21, 27-30 As shown in Figure S5, 
Pt L3-edge X-ray absorption near-edge spectroscopy 
(XANES) for catalysts further confirmed the presence of 
Ptδ− states, which was reflected in the slightly lower inten-
sity of white-line peak for Pt/WO2 than that for Pt foil.21, 31 
Furthermore, Fourier-transformed Pt L3-edge extended X-
ray absorption fine structure (EXAFS) signal for Pt/WO2 
revealed an obvious scattering path corresponding to Pt-Pt 
bond at 2.63 Å, indicating the formation of Pt nanoparticles 
with Pt0 metallic states,32, 33 which aligns with XPS results 
for Pt 4f. Additionally, compared with WO2, a greater bind-
ing energy for the lattice oxygen and W4+ 4f states for 
Pt/WO2 confirmed this migration (Figure S6). More oxygen 
vacancies (OVs) in Pt/WO2 were readily identifiable than 
that for WO2 (Figure S6b), therefore it exhibited signifi-
cantly greater absorbance than that for WO2 (Figure 1e).23, 

34, 35 In-situ ultraviolet-visible (UV-vis) absorption spec-
troscopy confirmed two peaks at 350 and 554 nm boosted 
with cathodal potential, evidencing that more oxygen 
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Figure 2. HER performance for catalysts in simulated and natural seawater. (a) LSV curves for Pt/WO2 and Pt/C in Ar-saturated 
simulated seawater (dashed line) and natural seawater (solid line). (b) Comparison of overpotential for Pt/WO2 and Pt/C at cur-
rent density 40 mA cm−2 in different electrolyte. (c) Stability testing at 100 mA cm−2 over Pt/WO2 and Pt/C in natural seawater 
under Ar (insert: simulated seawater). EDS for (d) Pt/C and (e) Pt/WO2 following stability testing, insets correspond to SEM imag-
es of cathodes. (f) FE for hydrogen over Pt/C and Pt/WO2 within 3 h. 

vacancies generated during electrocatalysis favor charge 
storage (Figure 1f).36-38 

2.2. Electrocatalytic HER Performance in Natural 
Seawater. HER performance of catalysts in a three-
electrode electrochemical cell in natural seawater (without 
any treatment) was determined. Of these, 10 wt.% Pt/WO2 
catalyst exhibited greatest HER performance, requiring 
overpotential of just 290 and 420 mV to reach a current 
density of 10 and 40 mA cm−2, respectively, values signifi-
cantly better than for Pt/C (Figure 2a, b and S7-S9).A 
similar performance for the catalysts was exhibited in 
simulated seawater, viz. 0.6 M sodium chloride without 
Ca2+/Mg2+ and pH controlled to 8.3 via addition of KOH (1.0 
M). Stability tests with Pt/WO2 and Pt/C at 100 mA cm−2 in 
simulated seawater were determined for a continuous 20 h, 
in which both catalysts remained stable without evidence 
of activity decline (Figure 2c insert). In natural seawater, 
Pt/C exhibited an apparent attenuation of activity within a 
few hours, whereas Pt/WO2 exhibited a long-term durabil-
ity > 500 h of continuous operation without meaningful 
activity decay (Figure 2c). To establish the difference be-
tween Pt/C and Pt/WO2, the cathodes following a long-
term stability test in natural seawater were compared. 
XRD and EDS findings of post-reaction electrodes showed 
that Ca2+ and Mg2+ was concentrated on the Pt/C catalyst 
surface, together with formation of significant precipitates, 
undetectable to XRD diffraction peaks of carbon paper 

(Figure 2d and S10). However, Pt/WO2 remained exposed 
on the carbon paper (Figure 2e). 

It was concluded therefore the disparity in stability be-
tween Pt/C and Pt/WO2 is because of active sites of Pt/C 
poisoned by precipitation due to pH increase near them. 
This difference causes ion ‘poisoning’ and active sites de-
cay of Pt/C.39 Hydrogen production for Pt/C and Pt/WO2 in 
natural seawater at 100 mA cm−2 within 3 h was deter-
mined. Mean Faradaic efficiency (FE) for hydrogen was 95% 
for Pt/WO2 whilst for Pt/C it decreased from 88 to ca. 69% 
(Figure 2f and S11). These findings agree well with those 
reported for Pt/C in natural seawater from cations 
(Ca2+/Mg2+) poisoning (precipitates).19 

2.3. Identifying the Local-acid Environment. To estab-
lish difference in precipitation formation between Pt/C 
and Pt/WO2 in natural seawater, the local pH on catalysts 
surface was determined using a rotating ring-disk elec-
trode (RRDE; Figure S12).23, 40, 41 As is seen in Figure 3a, 
the local pH of the Pt/C surface increases from 8.2 to 12 
together with the potential input from 0 to −0.5 VRHE, in-
situ accompanying by precipitates formation near the 
cathode when local pH is > 9.5. In contrast, a sluggish in-
crease in local pH for Pt/WO2 was exhibited, with corre-
sponding pH values < 9.5 in the same range of potential, 
preliminarily suggesting that less, local OH− was generated 
on the Pt/WO2 surface (Figure 3b, S13). With increase of 
Pt in Pt/WO2, at the same potential (−0.4 VRHE), the local pH 
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Figure 3. Local pH measurement and investigation on generated OH−. Local pH on (a) Pt/C and (b) Pt/WO2 surface in natu-
ral seawater under H2 saturation. (c) Local pH value and corresponding current density over different catalysts at −0.4 VRHE. 
In-situ ATR-IR spectra for (d) Pt/C and (e) Pt/WO2 at different potential in simulated seawater, respectively. (f) *OH intensi-
ty at varying applied potential with Pt/C and Pt/WO2 catalysts. 

on the catalyst surface declines and corresponding current 
density promotes (Figure 3c, S14), evidencing that lower 
local pH on catalyst surface is favor to HER. To establish 
the difference in locally generated OH− on the two catalysts, 
in-situ attenuated total reflectance infrared (ATR-IR) spec-
troscopy was determined, in which the broad bands boost-
ed with potential at 3240 and 3400 cm−1 were assigned to 
the OH stretching (νO−H) mode and adsorbed water on cata-
lyst surface, respectively.42, 43 As seen in Figure 3d-f, the 
absorbed OH (*OH) intensity for Pt/C sample increased 
with potential more rapidly than that for Pt/WO2, evidenc-
ing high OH− concentration over Pt/C surface, a finding is 
consistent with electrochemically local pH findings. 

2.4. Dynamic Creation of Local-acid Environment. To 
establish the origin of local acid-like behavior, the electro-
chemical behavior of bare WO2 was determined. Cyclic 
voltammetry (CV) findings exhibited a hydrogen inser-
tion/extraction redox behavior in natural seawater  to evi-
dence the formation of hydrogen tungsten bronze (HxWOy) 
species (Figure 4a).44, 45 A redox peak shift at selected scan 
rates exhibited a ‘slow’ response of current to applied po-
tential,46 evidencing that WO2 acts as a proton ‘sponge’ for 
proton donation and regeneration of active sites (Figure 
4b). Additionally, in-situ Raman spectra for WO2 evidenced 
two peaks at 287 and 782 cm−1 with increasing external 
potential, which were in agreement with δ(W−O−W) and 
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Figure 4. Mechanism for in-situ generated proton sponge (HxWOy). (a) CV curve for WO2 from −0.4 to 0.4 VRHE at a scan rate 100 
mV s−1 in natural seawater under Ar saturation. (b) CV curves for WO2 in 0.5 M H2SO4 under Ar saturation at differing scan rates. (c, 
d) In-situ Raman spectra in simulated seawater for WO2 at differing potential and (e) correspondingly normalized intensity for 
δ(W−O−H), δ(W−O) and ν(W=O) signals at differing potential. (f) Schematic for in-situ dynamic generation of HxWOy. 

ν(W−O−W) signals for bare WO2 (Figure 4c and 1c).47, 48 
Thus, those peak intensities presented no change during 
reaction (Figure S15). Raman signals at 330 and 930 cm−1 
were exhibited at 0 VRHE that are attributed to bending vi-
brations of δ(W−O) bond and ν(W=O) stretching modes of 
the terminal oxygen, respectively.23, 49 The intensities of 
these peaks weaken with increasing applied cathodic po-
tential. However, Raman peak for δ(W−O−H) located at 
1582 cm−1 became apparent and stronger with increasing 
potential (Figure 4d). The increase for δ(W−O−H) peak 
intensity accompanies by the decrease of δ(W−O) and 
ν(W=O) peak intensities uncovered the dynamic hydrogen 
insertion process of WO2 towards HxWOy formation (Fig-

ure 4e and S15).50 Under a negative potential therefore, 
WO2 acts as active sites for the adsorption and cleavage of 
H2O molecules, and hydrogen then inserts into WO2 and is 
positioned on an interstitial lattice site to in-situ generate 
HxWOy intermediates that serve as a proton storage and 
electron reservoir (Figure 4f). Importantly, this dynamic 
generation of HxWOy is sustainable with a continuous sup-
ply of H2O molecules to WO2 during reduction reactions. 

In-situ Raman spectra for Pt/WO2 were determined in 
the range of 1500 to 1900 cm−1. Significantly, the repre-
sentative peak for HxWOy (1582 cm−1) was exhibited, to-
gether with a strong signal for H3O+ (1750 cm−1) (Figure 
5a left).16 In contrast, only two peaks for G band of carbon  
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Figure 5. The local acid-like environment. (a) In-situ Raman spectra in simulated seawater for Pt/WO2 and Pt/C and (b) corre-
sponding normalized intensity for δ(W−O−H) signals at differing potential. Schematic for HER mechanism on (c) Pt/C and (d) 
Pt/WO2. 

and δ(H−O−H) band for interfacial water were exhibited in 
the Raman spectra for Pt/C (Figure 5a right). It can be 
concluded therefore that a local acid-like environment was 
created on the Pt/WO2 surface in natural seawater. The 
characteristic peak for HxWOy (1582 cm−1) over WO2 and 
Pt/WO2 was compared, the nominated peak intensity for 
WO2 ran counter to that for Pt/WO2 (Figure 5b). This find-
ing means that the HxWOy donates protons to Pt sites for 
hydrogen formation, namely that, Pt sites tailored on WO2 
facilitate the deprotonation kinetics for in-situ generated 
HxWOy.  

A mechanism for HER on Pt/C and Pt/WO2 was therefore 
hypothesized. In natural seawater electrolysis, for Pt/C, 
water dissociation commences on the Pt surface producing 
H+ and OH−, the H+ then couple for HER. The OH− concen-
trate on the Pt surface and generate precipitation 
(Mg(OH)2 and Ca(OH)2), resulting in activity decay (Figure 
5c). However, for Pt/WO2, the proton sponge of HxWOy is 
in-situ formed under negative potential. The H+ in proton 
sponge transfers to Pt and aggregates on Pt surface. Signif-
icant number of H3O+ create a local acid-like environment 
that boosts HER in natural seawater and neutralizes con-
centrated OH− derived from HER to form water (Figure 
5d). This process reduces the local pH of Pt/WO2 together 
with suppressing precipitation. 

2.5. Asymmetric Electrolyzer Performance. To assess 
application of the local acid-like environment for direct 
seawater electrolysis, an asymmetric electrolyzer was de-

signed in which natural seawater and freshwater were fed 
into cathode and anode chambers, respectively (Figure 
6a). This electrolyzer was assembled with Pt/WO2 as cath-
ode, NiFe-LDH as anode, and a proton exchange membrane 
was clamped into the cathode and anode (Figure S16 and 
S17). This intentional design aims to prevent the penetra-
tion of Cl− ions to the anode chamber, thereby mitigating 
the attack of Cl− to anode. Additionally, it enhances conduc-
tivity through Na+ ions to facilitate direct seawater elec-
trolysis.51, 52 To confirm the asymmetric electrolyzer, a 
flow-type cell with working area of 1.0 cm−2 was fabricated 
to determine performance with natural seawater electrol-
ysis. When using natural seawater as cathode electrolyte 
and NaOH solution as anode electrolyte, the flow cell re-
quired a voltage of 2.7 V to reach a current density 0.3 A 
cm−2 during an operation of over 100 h test at 70 ℃ (Fig-
ure S18). Importantly, operation voltage is superior to re-
ported natural seawater electrolysis (Table S2).53-55  

A flow-type electrolyzer with a larger working area of 
4.0 cm−2 was fabricated to assess performance (Figure 
S19). As is seen in Figure 6b, Pt/C and IrO2 paired cata-
lysts at 25 ℃ exhibits a current density of 0.1 A cm−2 at cell 
voltage 5.0 V. This current density is exhibited at 2.5 V via 
replacing IrO2 to NiFe-LDH. Cell voltage decreases to 1.8 V 
with Pt/WO2 as cathode. Significantly, just 3.0 V is required 
to exhibit 0.5 A cm−2 at 25 ℃. Optical photographs of Pt/C 
electrodes confirmed precipitates (compared with that for 
Pt/WO2 electrode) following I-V test, leading to low  
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Figure 6. Asymmetric electrolyzer. (a) Schematic diagram of the asymmetric electrolyzer. (b) I-V curves for electrolyzer assembled 
with different catalyst at 25 ℃. (c) Optical photograph of cathode electrodes following I-V test at 25 ℃ for Pt/WO2 and Pt/C. (d) I-V 
curves for electrolyzer assembled with Pt/WO2 as cathode and NiFe-LDH as anode at 25 and 60 ℃. (e) Long-term stability test at 
0.5 A cm−2 operated at 60 ℃, inset is stepped chronopotentiometry tests at differing current density. 

performance in natural seawater as catholyte (Figure 6c). 
Additionally, the cell voltage further decreases with in-
creasing temperature to 60 ℃; viz. a current density of 0.5 
A cm−2 was exhibited at a cell voltage of 2.47 V (Figure 6d). 
The electrolyzer based on Pt/WO2 as cathode operated 
stably at differing current density and continued electro-
lyzing 100 h at 0.5 A cm−2 in natural seawater (Figure 6e 
and insert). Finally, photographs of Pt/WO2 electrode 
demonstrated the absence of precipitates on electrode 
surface after a long stability test (Figure S20). 

3. CONCLUSIONS 

In summary, a local acid-like environment was developed 
to eliminate the precipitation and an asymmetric electro-
lyzer was adopted to circumvent the corrosion problems 
for natural seawater electrolysis. In-situ spectroscopy 
measurements and controlled electrochemical tests con-
firmed the local acid-like environment on Pt, created via 
hydrogen insertion of WO2 during HER. Importantly, this 
in-situ formed environment significantly boosted HER and 
dynamically neutralized in-situ generated OH− at the cath-
ode surface to suppress precipitation. A long-term stability 
of > 500 h at 100 mA cm−2 was exhibited with natural sea-
water. An asymmetric electrolyzer fabricated to obviate 
corrosion exhibited a continuous test in natural seawater 
for 100 h at a current density of 500 mA cm−2 at 60 ℃. It is 
concluded that untreated seawater electrolysis can there-

fore be used to obviate reliance on strong alkaline or acidic 
addition(s). 
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