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Electrolyte-assisted polarization leading 
to enhanced charge separation and 
solar-to-hydrogen conversion efficiency of 
seawater splitting
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Photocatalytic splitting of seawater for hydrogen evolution has attracted 
a great deal of attention in recent years. However, the poor energy 
conversion efficiency and stability of photocatalysts in a salty environment 
have greatly hindered further applications of this technology. Moreover, 
the effects of electrolytes in seawater remain controversial. Here we 
present electrolyte-assisted charge polarization over an N-doped TiO2 
photocatalyst, which demonstrates the stoichiometric evolution of H2 
and O2 from the thermo-assisted photocatalytic splitting of seawater. Our 
extensive characterizations and computational studies show that ionic 
species in seawater can selectively adsorb on photo-polarized facets of the 
opposite charge, which can prolong the charge-carrier lifetime by a factor 
of five, leading to an overall energy conversion efficiency of 15.9 ± 0.4% at 
270 °C. Using a light-concentrated furnace, a steady hydrogen evolution rate 
of 40 mmol g−1 h−1 is demonstrated, which is of the same order of magnitude 
as laboratory-scale electrolysers.

The photocatalytic overall water splitting (POWS) reaction using par-
ticulate catalysts is widely recognized as a promising approach for 
solar hydrogen production, but its performance is greatly limited by 
the rapid recombination of photo-generated charge carriers, gener-
ally limiting the achieved solar-to-hydrogen conversion efficiencies 
(ηSTH) to lower than 5% (refs. 1–3). By alleviating the rate-limiting step of 
oxygen-vacancy regeneration at elevated temperatures, we have previ-
ously demonstrated that a local electric field (LEF) or a local magnetic 
field can promote the POWS reaction by facilitating charge separation, 
leading to a remarkable enhancement in performance4–6. Recently, 
increasing attention has been directed to the water splitting reaction 

using seawater7,8, as more than 95% of water resources on the Earth’s 
surface are in seas and oceans, not to mention that freshwater supplies 
are already depleted worldwide9, and the desalination of seawater 
greatly leads to increases in overall capital costs. Although the direct 
electrolysis of seawater has made great progress in recent years, there 
are major challenges that are yet to be overcome10–12. For example, 
the use of seawater compromises both the efficiency and stability of 
electrolysers, and the consumption of electricity further increases the 
cost of the H2 obtained from seawater electrolysis13–17. In sharp contrast, 
such challenges could be overcome by the photocatalytic splitting of 
seawater using robust photocatalysts with rationally designed band 
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tested as well. All of these control experiments showed that this POWS 
reaction at elevated temperatures is indeed photocatalytic rather than 
thermally driven (Supplementary Table 1). In addition, the photocata-
lytic performance exhibits a linear response to the light-irradiation 
intensity (Supplementary Fig. 2). Pt nanoparticles (NPs, 1 wt%) were 
loaded onto the N–TiO2 as a co-catalyst (optimizations of metal loading 
and catalyst quantities are presented in Supplementary Figs. 3 and 4).

The role of elevated temperature in this photocatalytic system 
and its relationship with electrolyte effects were unravelled by isotopic 
experiments (Supplementary Note 2 and Supplementary Fig. 5). It has 
been recognized widely that the oxygen evolution reaction (OER) over 
metal-oxide catalysts can trigger the surface adsorbate evolution mech-
anism (AEM) and/or the lattice oxygen-mediated mechanism (LOM)26,27. 
Obviously, in the AEM, liquid H2O (OH−) is the only oxygen source, 
whereas in the LOM, both liquid H2O and lattice oxygen provide the 
oxygen source for the OER. In this study we used ∼50 wt% H2

18O in H2
16O 

as the reaction medium instead of normal deionized H2
16O (the exact 

amounts of H2
18O and H2

16O used are given in Supplementary Fig. 5),  
and the oxygen in the N–TiO2 catalyst was predominantly 16O. The natu-
ral 18O isotopic abundance of ∼0.2% has been considered27. The POWS 
reaction was performed at different temperatures (ranging from 150 
to 270 °C). The evolved dioxygen (including 18O18O, 18O16O and 16O16O) 
was measured accurately using MS during the POWS reaction, to obtain 
the 18O/16O ratio of the evolved O2. This ratio was then compared with 
that of the original water used for the reaction. Obviously, if the OER 
triggers the AEM, the two ratios will be similar, whereas the LOM leads 
to a decrease in the 18O/16O ratio because the 16O in the N–TiO2 is involved 
in the OER. As shown in Supplementary Fig. 5, at each temperature 
from 180 to 270 °C, the 18O/16O ratio drops sharply within the first 
1 h, during which period the LOM becomes increasingly important. 
Subsequently, the 18O/16O ratio increases slightly because the surface 
oxygen of the N–TiO2 is partly substituted by 18O from the water. Finally, 
a steady state is reached at ∼2 h, after which the 18O/16O ratio remains 
stable (Supplementary Fig. 5b). The study of the effect of different 
temperatures has shown that, as the reaction temperature increases, 
the steady-state 18O/16O ratio drops sharply, indicative of the increasing 
contribution of LOM to oxygen evolution (Supplementary Fig. 5c). In 
contrast, at the lower temperature of 150 °C, the 18O/16O ratio does not 
change obviously throughout the POWS reaction. All the above results 
indicate that the AEM is dominant for the OER at lower temperatures, 
and O2 is mainly generated from the adsorbed H2O/OH− species in this 
case. The contribution of LOM increases substantially as the reaction 
temperature increases over this redox material, to give a higher rate of 
water decomposition at elevated temperatures, as discussed already. 
If the POWS reaction is performed at a low temperature (for example, 
at room temperature), it will be difficult for the OER, the generation 
of surface oxygen vacancies and oxygen-vacancy regeneration by the 
lattice oxygen via the LOM process to take place. Accordingly, the slow 
AEM process for OER is dominant and becomes the rate-limiting step. 
As a consequence, the dramatic effect of electrolytes in promoting 
the charge-carrier lifetime will not be visible. Thus, to observe the 
electrolyte effects, it is essential to perform such photocatalysis at 
elevated temperatures.

To understand the effect of ionic species, NaCl aqueous solu-
tions were initially studied, and a wide range of concentrations up 
to 6.0 mol l−1 were investigated (Fig. 1a). The POWS activity increases 
proportionally with NaCl concentration up to 3.0 mol l−1, showing a 
remarkable enhancement from 6.43 to 24.75 mmol g−1 h−1, then the 
enhancement becomes less notable when the concentration is further 
increased beyond 3.0 mol l−1. We detected no gaseous Cl2 formation 
after the POWS reaction (as determined by gas chromatography), pre-
sumably because the required potential for oxidizing Cl− ions is higher 
than what the N–TiO2 valence band (VB) could provide28. Also, if Cl− is 
oxidized to Cl2, this will inevitably lead to a pH increase of the resulting 
solution (equation (3)). For this reason, the pH was measured before 

positions where the energy is provided by free solar light. However, 
in the limited number of photocatalytic seawater splitting systems 
reported so far, the use of sacrificial reagents is indispensable, which 
is non-sustainable and leads to the generation of carbon-containing 
by-products18–20. Also, the ionic species in seawater complicate the 
photocatalytic mechanism. Some early attempts at photocatalytic 
seawater splitting have demonstrated the negative effects of seawater 
on photocatalytic performance21,22. For example, Tian and colleagues 
showed that black phosphorus-based nanosheets split seawater at 
a much lower rate than with pure water due to passivation of the 
nanosheets by the ionic species23. However, on the contrary, it has 
been reported recently that the presence of Cl− ions could facilitate 
the reaction kinetics, resulting in improved photocatalytic activity24. 
Obviously, contradictory views regarding the effect of seawater are 
prevalent in this research field, so the role of these ionic species in 
seawater and their interactions with the catalyst particles need to be 
unravelled unambiguously.

In this Article we show that water with a high salt content can 
substantially promote the thermo-assisted POWS performance over a 
robust facet-charge-polarized N-doped titanium dioxide photocatalyst 
(N–TiO2) at 270 °C via electrolyte-assisted polarization, exhibiting 
steady evolution of H2 and O2 in a stoichiometric ratio without produc-
ing any by-products (such as Cl2, H2O2 and H2S). The photocatalytic 
activity is improved by a factor of four, and the internal quantum effi-
ciency (IQE) from 575 to 850 nm is enhanced by six times in artificial 
Dead Sea water, as compared with pure water. Consequently, a high ηSTH 
of 20.2 ± 0.5% and an overall energy conversion efficiency of 15.9 ± 0.4% 
are achieved in this sacrificial reagent-free thermo-assisted photocata-
lytic seawater splitting system. A high H2 evolution rate of 246.9 l h−1 m−2 
(∼40 mmol g−1 h−1) is demonstrated in a light-concentrated furnace, 
which is of the same order of magnitude as laboratory-scale electro-
lysers. The effects of the ionic species in seawater have also been elu-
cidated: photo-generated electrons and holes migrate selectively to 
the (101) and (001) crystal facets upon photoexcitation. This then 
results in the selective adsorption of ions with the opposite charge. 
The adsorbed ions, in turn, generate a strong LEF without the use of 
any local-field promoters, prolonging the charge-carrier lifetime. A 
wide range of ionic species have been studied, showing that, apart 
from Cl− anions, cations like Na+ that are widely considered as inert in 
photocatalytic seawater splitting could also exert a strong polarization 
effect. Direct evidence of this electrolyte-assisted charge polarization 
has been provided with the help of various characterization techniques, 
including time-resolved photoluminescence (TRPL) spectroscopy, 
high-angle annular dark-field scanning transmission electron micros-
copy (HAADF–STEM), ambient pressure X-ray photoelectron spectros-
copy (AP-XPS), density functional theory (DFT) calculations, and so on. 
Consequently, linear relationships between photocatalytic activity, 
charge-carrier lifetime and the electrolyte-assisted charge polarization 
energy have been identified. This electrolyte-assisted charge polariza-
tion can be a versatile technique that is not limited to seawater, but is 
also applicable in artificial salty solutions or waste water.

Results
Effects of ionic species at elevated temperature
Facet-controlled N–TiO2 nanostructures were fabricated and compre-
hensively characterized (Supplementary Fig. 1 and Supplementary  
Note 1). We have demonstrated that the POWS reaction can be pro-
moted substantially at elevated temperatures, so other effects such 
as surface polarization effects can be better investigated under such 
conditions. More background information about high-temperature 
photocatalysis is available in refs. 4–6,25 and Supplementary Note 
2. The POWS activity in this work was evaluated at 270 °C, which has 
been shown to be the optimal temperature for this system5,6,25. Com-
prehensive control experiments without light irradiation or heating 
were carried out, and non-photoactive materials such as Pt/Al2O3 were 
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and after the reaction, and showed no obvious change. Using titration, 
we also carefully analysed the chlorine balance before and after the 
reaction. The concentrations of Cl− before and after the POWS reaction 
agree with each other within experimental uncertainty, indicating that 
Cl− is not consumed during the reaction. To detect any potentially dis-
solved Cl2 and HClO, we further scrutinized the post-reaction solution. 
A potassium iodide solution was added to the post-reaction solution, 
together with starch as the indicator (details of the procedure are 
provided in the Methods). No colour change was observed, suggest-
ing that there were no detectable oxidative Cl2 or HClO species in the 
solution. In addition, the continuous O2 evolution was monitored care-
fully during each reaction, showing a H2-to-O2 ratio of ∼2:1 throughout 
(Supplementary Fig. 6). The H2 and O2 evolution rates and the exact 
H2-to-O2 ratio, with errors, are presented in Supplementary Table 2. 
Such a stoichiometric ratio between H2 and O2 indicates the overall 
water-splitting nature of the reaction, and oxidation of Cl− or other side 
reactions can thus be neglected in the system. It should be emphasized 
that N2 was not detected in the gaseous phase, which suggests that 
the detected O2 is generated from the POWS reaction rather than as 
contamination from air. The absence of gaseous N2 also indicates that 
the stable doped N in the catalyst is not oxidized by holes during the 
reaction. Post-reaction XPS measurements of the catalyst showed a N 

content of 4.8 wt%, which matches that of the original catalyst, before 
the reaction, within experimental error. The absence of N oxidation is 
presumably due to the favourable kinetics of oxygen evolution over 
dinitrogen formation on the oxide-based catalyst at elevated tempera-
tures. Subsequently, other pH-neutral electrolytes were also studied, 
all of which showed enhanced POWS performance at 270 °C compared 
to pure water (Supplementary Fig. 7 and Supplementary Table 2). How-
ever, the enhancement varied among the different electrolytes—this 
will be discussed in detail later.

TRPL spectroscopy was next used to investigate the separation 
of the photo-generated charge carriers in the photocatalyst (Fig. 1b). 
Two different decay components were observed in each case on fit-
ting the TRPL spectra (Supplementary Table 3). The fast component 
can be attributed to the intrinsic recombination process of TiO2 in 
the bulk region, which is barely influenced by the salty solution. The 
slow decay component shows a positive correlation with the con-
centration of NaCl solution, so it is attributed to suppressed charge 
recombination due to the LEF near the surface, introduced by the 
ionic species. All the TRPL fittings are shown in Supplementary Fig. 8,  
and the fitting parameters are provided in Supplementary Table 3. 
In addition, the instrument response function (IRF) is shown in Sup-
plementary Fig. 9, which shows an IRF width of 48 ps. Several artificial 
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Fig. 1 | POWS activity tests and TRPL spectra of the Pt/N–TiO2. a,c, POWS 
activity of the Pt/N–TiO2 tested in NaCl aqueous solutions (a) and artificial 
seawaters (c) at 270 °C. The POWS activity is defined as the H2 evolution rate 
(mmol h−1) per unit mass of photocatalyst, presented in units of mmol g−1 h−1. 
The central data points are the average of three independent measurements 
(n = 3). Error bars represent s.d. Yellow dots represent the data points. b,d, TRPL 

spectra of the 1 wt% Pt/N–TiO2 tested in NaCl aqueous solutions at 25 °C (the 
concentrations are 0, 1, 2, 3, 4, 5 and 6 mol l−1, respectively, increasing along the 
arrow in b) (b) and artificial seawaters (d). In TRPL measurements, the intervals 
between the consecutive measured laser pulses are tuned to ∼100 ns by a pulse 
picker to ensure that the interval is long enough to allow the excited charge 
carriers to fully relax to the ground states before the next pulse arrives.
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seawaters were subsequently prepared to simulate seawater in differ-
ent areas of the world (Supplementary Table 4). The Dead Sea water, 
which had the highest salt content, showed the best photocatalytic 
activity of 34.04 mmol g−1 h−1, followed by Lop Nor water, which 
exhibited an activity of 29.97 mmol g−1 h−1. Red Sea water, which had 
the lowest salt concentration, corresponding to the global average  
(3.5 wt%, 0.6 mol l−1), gave a relatively lower activity of 9.98 mmol g−1 h−1. 
TRPL studies again showed that the charge-carrier lifetimes are pro-
longed in artificial seawaters, and the longest average electron/hole 
pair lifetime of 10.28 ns was observed in the artificial Dead Sea water 
(Fig. 1d and Supplementary Table 3). Obviously, the ionic species in the 
solutions and artificial seawaters substantially prolong the lifetime of 
the photo-generated charge carriers in the Pt/N–TiO2 photocatalyst, 
and lead to greatly enhanced photocatalytic performance. Natural 
seawater was also tested for POWS activity; excitingly, this showed an 
improved activity of 11.05 mmol g−1 h−1 (Fig. 1c).

Mechanism of charge separation
Figure 2a–c presents HAADF–STEM images of facet-controlled anatase 
N–TiO2 nanostructures. The percentages of exposed (101) and (001) 
facets were estimated to be 40% and 60%, respectively, according to 
the Wulff construction29. Pt or CoOx NPs were loaded onto the N–TiO2 
through facet-selective photo-deposition of their soluble Pt(II) or Co(II) 
precursors, respectively30,31. It has been demonstrated that, upon light 
irradiation, photoexcited electrons/holes migrate to the surfaces of 
semiconductor particles and reduce/oxidize the soluble precursors 
in the solution, forming deposited NPs31,32. Therefore, these NPs could 
act as indicators of the photo-generated electrons and holes resident 
on these catalyst surfaces. The STEM images, together with energy 

X-ray dispersive analysis (STEM–EDS), clearly show that CoOx NPs are 
dominantly deposited on the exposed (001) facets (Fig. 2e and Sup-
plementary Fig. 10a,b). On the other hand, statistical analysis shows 
that 85 ± 7% of the Pt NPs are preferentially found on the (101) facets 
(Supplementary Fig. 10 and Fig. 2d). These results clearly show that 
the photo-generated electrons and holes are preferentially trapped 
on the (101) and (001) facets of the N–TiO2, respectively. This was 
also supported by our DFT-calculated band-edge positions for the 
two facets of N–TiO2 (Supplementary Fig. 11): the energy difference 
of the VB is 1.16 eV and that of the conduction band is 0.79 eV, and this 
could effectively facilitate anisotropic migration of the charge carriers 
towards different facets. Therefore, it is anticipated that Na+ and Cl− ions 
will be preferentially adsorbed on the respective facets by electro-
static attractions, similar to the behaviour observed for the Pt(II) and  
Co(II) precursors.

AP-XPS studies were carried out at 270 °C to investigate the surface 
electronic features of the N–TiO2 using trimethylphosphine (TMP) as 
a surface probe (Supplementary Note 3)33. When TMP is adsorbed on 
N–TiO2, the Ti 2p signal shifts to a lower binding energy (BE; Fig. 3a), 
because TMP is a Lewis base, rendering the surface Ti4+ electron-rich 
by forming adducts, while the O 1s signal remains the same (Fig. 3b). 
Under LED white-light illumination, the Ti 2p signal shifts slightly to 
a lower BE and that of O 1s to a higher BE (Fig. 3a,b, yellow lines), in 
accordance with the literature34, because the electrons are excited 
from the O-dominated VB to the Ti-dominated conduction band. The 
shifts in these signals are recovered when the light is off, suggesting 
that the BE shifts are due to photoexcitation rather than any sample 
damage or irreversible surface reconstruction. It should be noted that 
the Ti 2p and O 1s spectra include both surface and bulk electronic 
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showing the morphology of N–TiO2. The high-magnification images also exhibit 
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indicating the preferential exposure of the (001) and (101) facets. d,e, HAADF–
STEM images of N–TiO2 loaded with Pt NPs and CoOx NPs via the facet-selective 
photo-deposition method. Schematic illustrations are given as insets. STEM–EDS 
mapping of the CoOx/N–TiO2 sample is also given in e (scale bars, 5 nm). More 
microscopic images and EDS mappings are provided in Supplementary Fig. 10.
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features, given the XPS sampling depth of several nanometres into the 
bulk region35. In contrast, the P 2p spectra only reveal surface features, 
because the TMP probe molecules are adsorbed only on the topmost 
surface of the photocatalyst particle. Doublet signals are identified 
in the P 2p spectra, which are attributed to the P 2p3/2 and P 2p1/2 of 
the surface-adsorbed TMP molecules when illumination is absent  
(Fig. 3c). Upon illumination, two sets of doublet peaks appear through 
deconvolution of the spectrum: one set shifts to a higher BE, and 
the other to a lower BE (Supplementary Table 5). Again, this change 
of P 2p spectra is fully reversible when the illumination is removed  
(Fig. 3c, green line). The N 1s spectra remain almost the same through-
out the measurements, indicating that the N doping is stable against 
TMP and illumination. Obviously, the above results clearly indicate that 
the (001) facets become positively charged under illumination due to 
hole trapping, shifting the P 2p signal to a higher BE; in contrast, those 
adsorbed on the electron-rich (101) facets shift to a lower BE. Quantita-
tive analysis suggests that the area ratio of the two sets of doublet peaks 
is ∼40:60, which matches the ratio of (101) and (001) facets, confirming 

the attribution of the signals. Control experiments were performed on 
N–TiO2 powders with 95% (101) facet exposure: the AP-XPS results did 
not indicate any observable surface polarization effect (Supplemen-
tary Fig. 12). Similar AP-XPS experiments were performed at different 
temperatures, and all showed the same phenomenon of charge-carrier 
polarization on the facets (Supplementary Fig. 13).

DFT calculations were next carried out to understand the effects 
of the ionic species in seawater. The electronic structures of the surface 
models are provided in Supplementary Figs. 14–17. Dipole correction 
was not considered in the calculations as it has a trivial effect on the 
total energy and electrostatic potential (Supplementary Fig. 18). 
Anions and cations were placed on the N-doped anatase TiO2(001)-
(1 × 4) and (101) surfaces (Fig. 4a,b), respectively, to investigate their 
adsorption behaviours. We systematically investigated the possible 
sites for ion adsorption on the N–TiO2 surfaces. For example, we found 
that Na+ prefers to adsorb at the bridge sites of two adjacent O atoms 
on the N–TiO2(101) surface, and the adsorption energies of Na+ on 
these sites are almost identical. Cl− prefers to adsorb at the topmost 

In
te

ns
ity

 (a
.u

.)

TMP, hν o

TMP, hν

TMP, no hν

Vacuum, no hν

TMP, hν o

TMP, hν

TMP, no hν

Vacuum, no hν

In
te

ns
ity

 (a
.u

.)

P 2p1/2

P 2p3/2

P 2p1/2

P 2p3/2

P 2p1/2

P 2p3/2

P 2p3/2

P 2p1/2

In
te

ns
ity

 (a
.u

.)

TMP, hν o

TMP, hν

TMP, no hν

Vacuum, no hν

Ti 2p1/2

Ti 2p3/2

Ti 2p3/2Ti 2p1/2

a

c d

In
te

ns
ity

 (a
.u

.)

b

TMP, hν

TMP, no hν

Vacuum, no hν

TMP, hν o
O 1s

N 1s

Ti 2p

P 2p

Lattice O
- OH

Lattice O
- OH

Binding energy (eV) Binding energy (eV)

Binding energy (eV) Binding energy (eV)

468

136 134 132 130 128 126 400 398 396 394

536 532 528 524464 460 456
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lines and shaded with orange and blue colours for a clearer view.
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four-coordinated Ti site of the N-doped TiO2(001)-(1 × 4) surface 
(Supplementary Fig. 19). The findings for Na+ and Cl− adsorption also 
apply to other cations and anions (Supplementary Figs. 20–25). The 
coordinates of the systems studied are provided as Supplementary 
Data 1. The adsorption energy (Eads) of the electrolyte can be calculated 
by taking the sum of the adsorption energies of the corresponding 
anion and cation. Holes and electrons are added to the surface models 
deliberately to simulate charge polarization upon excitation. Appar-
ently, the intensity of the charge polarization effect induced by elec-
trolytes can be evaluated by the change in the Eads of the electrolytes 
upon excitation, herein defined as the electrolyte-assisted charge 
polarization energy (Eecp). The calculated Eecp values show that all the 
considered electrolytes can exert a charge polarization effect to dif-
ferent extents, depending on the ionic radius and charge, because the 
nature of this effect is the electrostatic interaction between charge car-
riers (Supplementary Table 8). The electrostatic interaction energies 
between the ions and the N dopant that can trap the charge carriers, 
that is, electrons on (101) or holes on (001)-(1 × 4), were calculated. 
The electrostatic interaction energy differences of the corresponding 
charged and charge-neutral systems were all negative and dependent 
on the valence state of the ions (Supplementary Table 9), consistent 
with the calculated ion-induced charge polarization energies (Sup-
plementary Table 8). We also calculated charge density difference 
plots for the ion adsorptions on the N-doped TiO2(101) and N-doped 
TiO2(001)-(1 × 4) surfaces. The plots show charge transfer between 
the ions and the surfaces, and the charge transfer in a charged system 
is generally more notable than that in a charge-neutral system (Sup-
plementary Figs. 26–31), consistent with the calculated Bader charges 
and spin-density differences. All these results clearly indicate mutual 

stabilization between the charge carriers and the ions. In other words, 
the charge polarization effect leads to the accumulation of cations and 
anions on the (101) and (001) surfaces, respectively, and the adsorbed 
ions in turn further promote the charge polarization. Figure 4c,d 
shows that, as the polarization effect becoming stronger (that is, more 
negative Eecp), the charge carriers’ lifetime is greatly prolonged, result-
ing in enhanced POWS activity, and linear correlations are observed. 
In the case of the artificial seawaters, both the POWS activity and the 
charge carriers’ lifetime, again, exhibit linear correlations with the Eecp  
(Fig. 4e,f). Undoubtedly, the strong interaction between the ionic spe-
cies and the polarized surfaces plays an important role in our POWS 
system at elevated temperatures, which facilitates surface trapping of 
the photo-generated charge carriers, resulting in a prolonged lifetime 
of the charge carriers (also supported by TRPL in Fig. 1). In addition, 
the activity exhibits a positive linear correlation with the charge car-
riers’ lifetime (Fig. 5a,b). The prolonged lifetime allows more charge 
carriers to react with the H+ and OH− to promote H2 and O2 evolutions, 
hence leading to promoted POWS activity.

Clearly, all the above results demonstrate that, in our seawater 
splitting system—where the photocatalyst particles are surrounded 
by plenty of ionic species—the facet-selective surface adsorption can 
take place readily due to facet polarization under constant illumination. 
In turn, the selectively adsorbed ionic species promote the separation 
of the photo-generated charge carriers via electrostatic attraction, 
resulting in an enhanced POWS performance (Fig. 5c). We also studied 
the effect of ion adsorption on the workfunction and band alignment 
of the N-doped TiO2 surfaces, and we found that water splitting can be 
further accelerated after the adsorption of electrolytes (Supplemen-
tary Figs. 32–35).
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Fig. 4 | Computational study of the electrolyte-assisted POWS system.  
a,b, Structures of the N-doped anatase TiO2(001)-(1 × 4) (a) and N-doped anatase 
TiO2(101) surfaces (b) used for DFT calculations. The lattice parameters of 
anatase TiO2 were optimized using a dense Γ-centred 6 × 6 × 3 k-point mesh. The 
calculated values of the lattice parameters are a = b = 3.878 Å and c = 9.530 Å, 
in good agreement with the experimentally obtained values (a = b = 3.784 Å; 
c = 9.512 Å)60. More details are shown in Supplementary Tables 6 and 7. 

c,d, Correlations between POWS activity (c) and lifetime of the slow decay 
component (d) with the calculated Eecp for different electrolytes. e,f, Correlations 
between POWS activity (e) and lifetime of the slow decay component (f) with the 
calculated total Eecp for different artificial seawaters. The central data points are 
the average of three independent measurements (n = 3). Error bars represent s.d. 
Details of the Eecp calculations are provided in Supplementary Table 8.
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Photocatalytic performance evaluation
Figure 5d shows that the IQE of Pt/N–TiO2 is also remarkably enhanced 
by the polarization effect. A high IQE is obtained in both artificial Dead 
Sea water and pure water at 385 nm and 440 nm, but it drops sharply 
in pure water at longer wavelengths from 575 nm to 850 nm, in accord-
ance with previous reports5,6,25. Such sharp IQE attenuation is attrib-
uted to wavelength-dependent electron–hole pair generation: the 
absorbed photons at a longer wavelength may not generate excited 

electron–hole pairs, but instead excite local transitions36,37. In addition, 
short-wavelength excitation leads to better charge separation and 
stronger electron–phonon coupling38–40, while the long-wavelength 
excitation leads to enhanced local polaron formation, decreasing 
the mobility of the charge carriers and resulting in fewer carriers 
reaching the catalyst surface41,42. When artificial seawater is used, it 
is noted that the IQE at short wavelengths is influenced less, because 
a substantial number of charge carriers with intrinsic excess energy 
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a,b, Relationship between POWS activity and the lifetime of the photo-
generated charge carriers in NaCl solutions (a) and artificial seawaters (b). M 
represents molarity. c, Schematic illustration of the electrolyte-assisted charge 
polarization among different facets of the facet-controlled N–TiO2 in seawater 
upon photoexcitation. The reconstruction of the (001) surfaces is not indicated, 
for simplicity, but is demonstrated by DFT calculations. According to the 
HAADF–STEM, AP-XPS and DFT results, surface polarization takes place upon 
photoexcitation, which facilitates the adsorption of cations on the exposed 
(101) facets and anions on the (001) facets. Such facilitated surface adsorption, 
in turn, attracts electrons and holes by the Coulomb force, suppressing charge 
recombination and prolonging the charge carriers’ lifetime. d, QE evaluations 
of the 1 wt% Pt/N–TiO2 in pure water and the artificial Dead Sea water at different 

wavelengths at 270 °C. Error bars indicate s.d. A high average QE over the 
whole visible regime was achieved in artificial Dead Sea water, without the 
typical sharp decline at long wavelengths. e, IQE enhancement percentage 
[(IQEDead Sea − IQEpure water)/IQEpure water] and IQE difference (IQEDead Sea − IQEpure water) for 
different wavelengths at 270 °C, derived from d. f, Five-cycle stability test of 1 wt% 
Pt/N–TiO2 in artificial Dead Sea water. g, Light-concentrated furnace mimicking a 
solar furnace to provide heat and light without energy input from other electrical 
heating devices, showing an enhanced activity of 40.24 mmol g−1 h−1 over 20 h, 
which equates to a H2 evolution rate of ∼246.9 l h−1 m−2 at standard temperature 
and pressure, given that the illuminated area was 0.785 cm−2 and 20 mg of the 
photocatalyst was used in this experiment. In this figure, all error bars indicate 
s.d., and the central data points for the error bars are the average of three 
independent measurements (n = 3). Yellow dots represent data points.
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can reach the surface. However, a higher IQE at longer wavelengths 
(575–850 nm) can be preserved due to the above-demonstrated polari-
zation effect induced by electrolytes. Consequently, a high IQE of ∼50% 
was recorded even at 850 nm (Fig. 5e). It is also shown that there is not 
much difference in the UV–vis absorption of pure water and artificial 
Dead Sea water (Supplementary Fig. 36). Details of the QE calculations 
and external QE (EQE) are given in Supplementary Table 10 and Supple-
mentary Note 4. The ηSTH was then evaluated, and a ηSTH of 20.2 ± 0.5% 
was achieved from this particulate POWS system in artificial Dead 
Sea water at 270 °C (Supplementary Note 4 and Supplementary Table 
11); to the best of our knowledge, this is among the best reported for 
particulate POWS systems, and even exceeds those reported for many 
photoelectrochemical (PEC) and photovoltaic-electrolysis systems 
(Supplementary Table 12). This ηSTH is also well over the goal (10%) 
for practical applications of POWS systems imposed by the United 
States Department of Energy43. The Pt/N–TiO2 photocatalyst shows a 
stable evolution of H2 and O2, without any obvious activity drop over 
five cycles (Fig. 5f).

We then evaluated the overall energy conversion efficiency (ηOEC), 
in which the energy input for heating the reaction system is also con-
sidered. A very promising ηOEC of 15.9 ± 0.4% was demonstrated over 
8 h (details are provided in Supplementary Note 5). Although this is a 
little lower than the ηSTH after considering the energy input for heating 
and maintaining the reactor temperature, this ηOEC of 15.9 ± 0.4% is still 
superior to all the recently reported values in the literature in related 
fields (Supplementary Table 12)44–46. Also, in a future design that we 
anticipate, energy for heating could be provided by concentrated solar 
light (Supplementary Note 2), so the energy consumption for heating 
the water and reactor could be minimized or even excluded in that 
scenario. In addition, superheated steam in a flow system could be fed 
into a steam turbine generator for energy recovery. By considering all 
these potential designs, a higher ηOEC could be expected.

Furthermore, we attempted to demonstrate the practical fea-
sibility of the above-mentioned solar heating. A laboratory-scale 
light-concentrated furnace was used to mimic a solar furnace (Fig. 
5g), showing that stable and efficient POWS activity at 270 °C could 
be maintained solely by the concentrated light without any other 
light sources or heating devices. A more exceptional activity of 
40.24 mmol g−1 h−1 was observed over 20 h due to the high intensity 
of the concentrated light. This value is equivalent to a H2 evolution 
rate of ∼246.9 l h−1 m−2 at standard temperature and pressure, which is 
comparable in order of magnitude to the values reported for alkaline 
electrolysers (Supplementary Table 12), but this particulate POWS 
system is a direct single-step light-harnessing process with all ther-
mal and photon energy inputs coming from the solar concentrator. 
Control experiments were carried out by covering the windows of the 
reactor with carbon paste to block light irradiation from illuminat-
ing the photocatalyst; these did not exhibit any H2 or O2 evolution, 
indicating that the water splitting reaction in the light-concentrated 
furnace is photocatalytic, and this reaction cannot be accomplished 
without light irradiation.

Discussion
In summary, we have demonstrated a facile and versatile technique of 
electrolyte-assisted charge polarization in water with high salt content, 
which facilitates the separation of photo-generated charge carriers on 
different facets of N–TiO2, leading to a dramatically enhanced stoichio-
metric evolution of H2 and O2 through thermal-assisted photocatalytic 
water splitting without a sacrificial reagent. This electrolyte-assisted 
charge polarization has been investigated using various techniques, 
and the quantitative analyses showed that both the photocatalytic 
performance and the charge-carrier lifetime linearly correlate with the 
electrolyte-assisted charge polarization energy. The obtained steady H2 
evolution in the laboratory-scale solar furnace demonstrates an evolu-
tion rate of 40.24 mmol g−1 h−1. A recent life-cycle assessment has warned 

of environmental concerns about water electrolysis for large-scale H2 
production9. Therefore, this direct single-step light-harnessing POWS 
system could provide an alternative option. It is believed that this study 
represents a pragmatic strategy for harvesting solar energy by splitting 
the more abundant saltwater resource.

Methods
Synthesis of N-doped TiO2 photocatalysts
The synthesis of the facet-controlled TiO2 nanocrystals was adopted 
from our previous work47: 5.0 ml of titanium butoxide, Ti(OC4H9)4, was 
mixed with 0.6 ml of hydrofluoric acid (48 wt%) in a 50-ml Teflon-lined 
autoclave and subsequently heated to 180 °C at a rate of 5 °C min−1 
and maintained for 24 h. The obtained white precipitate was washed 
with ethanol and deionized water three times, respectively, and then 
dried in an oven at 80 °C overnight. For nitrogen doping, 200 mg of 
the facet-controlled TiO2 was typically placed in a quartz boat, which 
was then transferred to a tubular furnace. The sample was then heated 
to 600 °C at a rate of 5 °C min−1 and kept for 2 h under NH3 flow, after 
which it was allowed to cool naturally and a dark blue powder of N–TiO2 
was collected. The N–TiO2 photocatalyst, unless stated otherwise, 
was loaded (via a photo-deposition method) with 1 wt% Pt NPs as the 
H2 evolution co-catalyst, before photocatalytic tests, as described in 
the next section.

Facet-selective photo-deposition on N–TiO2

CoOx and Pt NPs were loaded onto the facet-controlled N–TiO2 via a 
photo-deposition method adopted from the literature30,31. Typically, 
0.5 g of the above-prepared N–TiO2 powder was suspended in 80 ml of 
NaIO3 solution (0.01 M), after which a certain amount of Co(NO3)2 solu-
tion (1 mg ml−1) was added into the suspension, followed by irradiation 
(300 W, Xe arc lamp) under vigorous stirring for 3 h. The suspension 
was filtered, washed with deionized water, and finally dried at 80 °C 
overnight. For Pt deposition, 0.05 g of the as-prepared N–TiO2 powder 
was suspended in a methanol (20 ml) and water (60 ml) mixed solution, 
after which H2PtCl6 solution (1 mg ml−1) was added into the suspension 
under continuous magnetic stirring, followed by irradiation (300 W, Xe 
arc lamp) for 0.5 h. The suspension was filtered, washed with distilled 
water, and finally dried at 80 °C overnight.

Material characterizations
Atomic-resolution STEM–HAADF images were obtained on a double 
spherical aberration-corrected S/TEM FEI Titan G2 60–300 system at 
300 kV with a field-emission gun. The probe convergence angle on the 
Titan electron microscope was 24.5 mrad, and the angular range of the 
HAADF detector was from 79.5 mrad to 200 mrad. STEM–EDS mapping 
results were obtained by a Bruker Super-EDX 4 detector system.

The study of charge separation and distribution on the surface was 
performed by AP-XPS measurements using TMP as a surface probe, at 
the Diamond Light Source B07 beamline. The powdered samples were 
dispersed in ethanol and deposited on a silicon wafer, then heated by 
a heating plate at 140 °C to remove the solvent. Measurements were 
performed at different temperatures ranging from 150 to 270 °C. TMP 
vapour (0.2 mbar) was introduced into the experimental chamber 
as the surface probe when required. Spectra were acquired with and 
without LED white-light illumination (50 mW cm−2) to study the effect 
of photoexcitation. Ti 2p, O 1s, P 2p and C 1s spectra were recorded 
using a fixed photon energy of 950 eV. The BE was then calibrated with 
respect to the Fermi level.

Details of DFT calculations
All spin-polarized DFT calculations were carried out using the Vienna 
ab-initio Simulation Package (VASP)48. Electronic exchange and cor-
relation were treated within the generalized gradient approximation 
(GGA) by using the Perdew–Burke–Ernzerhof (PBE) functional49. The 
projector-augmented wave (PAW) method50 with an energy cutoff of 
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400 eV was employed to describe the interactions between the core 
and valence electrons, with the Ti (3s, 3p, 3d, 4s), O (2s, 2p), N (2s, 2p), 
Na (3s), Mg (3s), K (3s, 3p, 4s), Ca (3s, 3p, 4s), S (3s, 3p) and Cl (3s, 3p) 
shells being treated as valence electrons. For all calculations, we applied 
the on-site Coulomb interaction correction with an effective U value of 
4.2 eV on the Ti 3d orbitals to describe the localized electronic states 
accurately51,52.

The N-doped anatase TiO2(101) and N-doped reconstructed 
anatase TiO2(001)-(1 × 4) surfaces were constructed53. The N-doped 
anatase TiO2(101) surface was extended as a (2 × 2) cell, and the slab 
contained four TiO2 layers. A 2 × 3 × 1 k-point mesh was used for calcu-
lations. The N-doped reconstructed anatase TiO2(001)-(1 × 4) surface 
was extended as a (2 × 1) cell, and the slab contained eight TiO2 layers. 
A 3 × 2 × 1 k-point mesh was used for calculations. We set a vacuum 
layer of ∼15 Å to avoid interactions between neighbouring slabs. 
Geometry optimizations were converged when the Hellman–Feynman 
forces of the relaxed atoms were less than 0.02 eV Å−1. The relative 
energies of the different N-doped TiO2(101) and N-doped TiO2(001)-
(1 × 4) surfaces with varied positions of N were calculated to locate 
the corresponding most favourable doping site of N (Supplementary 
Tables 6 and 7).

To simulate the ionic species and the photo-generated electrons/
holes in the system, the NELECT (number of electrons) parameter was 
set to control the number of electrons in such a system. This is common 
practice in the literature54–58. For example, one excess electron was 
injected into the system to simulate Cl−, and one electron was pulled 
out of the system to simulate Na+. To simulate the N-doped anatase 
TiO2(101) and the N-doped reconstructed anatase TiO2(001)-(1 × 4) sur-
faces upon photoexcitation, that is, the N-doped anatase TiO2(101) with 
photo-electrons and the N-doped reconstructed anatase TiO2(001)-
(1 × 4) with holes (that is, charged cases), we respectively increased 
and decreased the number of electrons in the systems by one. Atomic 
charges and the spin-density difference of each system were carefully 
checked to ensure that the ionic species and photo-electrons/holes 
were correctly simulated (Supplementary Figs. 14–35).

The adsorption energy (Eads) of the electrolytes was calculated 
as follows:

Eads = (Eanion/001 − Eanion/water) + (Ecation/101 − Ecation/water) (1)

where Eanion/001, Eanion/water, Ecation/101 and Ecation/water are, respectively, the 
calculated total energies of the N-doped reconstructed anatase 
TiO2(001)-(1 × 4) surface slab with the anion (for example, Cl−) being 
adsorbed on the surface, the N-doped reconstructed anatase TiO2(001)-
(1 × 4) surface slab with the anion being placed in the middle of the 
water region of the model, the N-doped anatase TiO2(101) surface slab 
with the cation (for example, Na+) being adsorbed on the surface, and 
the N-doped anatase TiO2(101) surface slab with the anion being placed 
in the middle of the water region of the model. Note that the water 
environment was treated implicitly using the VASPsol code with a 
dielectric constant of 78.4 (ref. 59). The first part on the right-hand side 
(that is, Eanion/001 − Eanion/water) is the adsorption energy of an anion on 
the N-doped reconstructed anatase TiO2(001)-(1 × 4) surface, and the 
second part on the right-hand side (that is, Ecation/101 − Ecation/water) is the 
adsorption energy of a cation on the N-doped anatase TiO2(101) surface. 
If the two surfaces are charge-neutral/charged, the Eads of electro-
lytes before and after excitation (that is, Eads(before excitation)  and 
Eads(after excitation)) can be obtained.

The electrolyte-assisted charge polarization energies (Eecp) can 
be calculated as

Eecp = Eads(after excitation) − Eads(before excitation) (2)

A negative Eecp indicates that the charge polarization effect is 
enhanced by the electrolyte.

Photocatalytic tests
The POWS reaction was carried out in a 20-ml stainless-steel batch 
reactor equipped with two quartz windows (10-mm inner diameter 
(i.d.) and 18-mm thickness each)4,25. In a typical experiment, 5 mg of 
catalyst was added to 5 ml of aqueous solution (pure water, artificial 
seawater or natural seawater) in a quartz lining (20-mm i.d. × 24-mm 
outer diameter × 52-mm height) under magnetic stirring (750 r.p.m.), 
then the batch reactor was purged with a continuous Ar gas flow for 
5 min, after being well-sealed, to remove the dissolved O2. The batch 
reactor was then pressurized with 6 bar of inert Ar gas. The reactor 
was then allowed to heat up to a certain elevated temperature with 
saturated water vapour pressure. A VeraSol solar simulator (AM 1.5 G, 
100 mW cm−2) was applied to provide simulated solar irradiation 
through the quartz windows. The batch reactor was cooled naturally 
to room temperature after the reaction, and the amounts of oxygen 
and hydrogen were measured by a gas chromatograph (GC) equipped 
with two thermoconductivity detectors (TCDs) with He and N2 as carrier 
gas, respectively, for better sensitivity. GC analysis was also carried out 
before the reactions to ensure that the air and dissolved O2 were com-
pleted removed. The GC-TCD system was calibrated using an external 
standard method, so the peak area of the GC signal could be converted 
to the amount of gas using the calibration curve.

When demonstrating the feasibility of using solely solar energy 
to provide both heating and irradiation, a four-mirror floating-zone 
light furnace (operated at 66.7 V, 15.58 A and 1039 W) from Crystal 
Systems Inc. equipped with four halogen lamps was used to mimic a 
solar concentrator without using any electrical heating devices. Pho-
tocatalyst (20 mg) was added to 5 ml of Milli-Q H2O under vigorous 
magnetic stirring (600 r.p.m.), then the same reactor was placed in the 
light-concentrated furnace. The reaction temperature was monitored 
by a thermocouple and maintained at 270 °C. The gaseous products 
were measured by a GC equipped with TCDs. The natural seawater 
used in this work was collected near Bournemouth Pier (coordinates: 
50.715474° N, 1.876075° W) and used after filtration. As the oxidation of 
Cl− ions will lead to a change of pH (equations (3) and (4)), for each reac-
tion, the pH of the suspension was measured before and after the POWS 
reaction to make sure that no observable side reaction was taking place:

Oxidation ∶ 2Cl− + 2h+ = Cl2 (3)

Reduction ∶ 2H2O + 2e− = H2 + 2OH− (4)

The IQE was measured in the same reactor following the same 
procedure. Photocatalyst that contained 20 mg of N–TiO2 was added 
to 5 ml of artificial Dead Sea water under magnetic stirring (600 r.p.m.), 
then the batch reactor was irradiated by a 300-W Xe lamp (Newport) 
equipped with band-pass filters of 385 ± 20, 440 ± 10, 500 ± 25, 575 ± 25, 
650 ± 20, 750 ± 20 and 850 ± 20 nm, respectively. Generally, the inci-
dent photons were corrected by subtracting the scattered and transmit-
ted light from the incident light—two quartz windows were provided, 
in parallel, on both sides of the batch reactor, facing each other. The 
incident light was first measured using a light metre in the centre of 
the batch reactor, then the scattered and transmitted light were also 
measured outside the opposite window when the reaction suspen-
sion was present. Subsequently, light coming out of the reactor was 
subtracted from the incident light, and the attenuation in the light 
intensity was worked out. The light inside the reactor might also have 
been scattered by the photocatalyst particles, but most of it would have 
been reflected by the stainless-steel surface and finally absorbed by the 
photocatalyst. Subsequently, the relevant number of incident photons 
was calculated from the irradiation powers at each wavelength. The IQE 
can be calculated according to

IQE(%) = Number of evolved hydrogen molecules × 2
Number of absorbed photons

× 100% (5)
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The EQE (also known as apparent quantum efficiency) was also 
calculated as

EQE (%) = Number of evolved hydrogen molecules × 2
Number of incident photons

× 100% (6)

An example of the QE calculation is provided in Supplementary 
Note 4.

The ηSTH was measured with a similar procedure. Photocatalyst 
that contained 20 mg of N–TiO2 was added to 5 ml of artificial Dead Sea 
water under magnetic stirring (600 r.p.m.), then the suspension was 
irradiated by a VeraSol solar simulator (AM 1.5G, 100 mW cm−2, 1 sun). 
The ηSTH could then be calculated as

ηSTH = Evolvedhydrogen amount × Free energy
P × S × t × 100% (7)

where P is the power of the solar irradiation (100 mW cm−2), S is the 
illuminating area, and t is the time of the reaction.

The QE and ηSTH measurements were repeated at least three times, 
and the average values and s.d. values were calculated. Examples of QE 
and ηSTH calculations are provided in Supplementary Note 4.

Evaluation of the overall energy conversion efficiency
The overall energy conversion efficiency was evaluated in a different 
photoreactor with a larger illuminating area (round sapphire window 
with a radius of 2 cm). We discussed the reactor specifications with 
the supplier (Thoughtventions Unlimited) to ensure both operational 
safety and experimental accuracy. This reactor allowed a relatively large 
illumination area and an appropriate penetration of light into the aque-
ous suspension. We also managed to cover the experimental set-up with 
band heater and thermally insulating materials, including silica wool, 
thermal foil and so on, to minimize heat loss. The POWS performance 
was evaluated by adding 100 mg of the 1 wt% Pt/N–TiO2 to 3 ml of arti-
ficial Dead Sea water under vigorous magnetic stirring (600 r.p.m.), 
then the suspension was heated to 270 °C under an Ar atmosphere and 
irradiated by a VeraSol solar simulator (AM 1.5G, 100 mW cm−2, 1 sun). 
The heating process was controlled by a Parr 4838 thermo-controller 
under the proportional integral derivative (PID) mode and monitored 
with SpecView 3 software. The reaction was performed for 8 h in total, 
and the gaseous product was sampled every 2 h. The amounts of H2 and 
O2 were measured by a GC equipped with TCDs. The actual energy input 
could be calculated by integrating the power versus time curve, then 
ηOEC could be calculated using equation (8):

ηOEC =
nHydrogen × Free energy

ESolar +QActual
× 100% (8)

where nHydrogen is the amount of H2 generated from the water splitting 
reaction, and the Helmholtz free energy is used for this constant-volume 
system (Supplementary Note 4), ESolar is the solar energy input from the 
solar simulator, and QActual is the actual electrical energy input for heat-
ing up the reactor and maintaining the reaction temperature. More 
details of this calculation are presented in Supplementary Note 5.

Detection of chloride oxidation
The gaseous product was analysed by a GC equipped with TCDs. This 
showed no signal of Cl2 or any other Cl-containing compound. The 
concentration of Cl− in the seawater and artificial seawater samples 
was analysed before and after the POWS reaction by back titration 
(Volhard Method). Typically, 2 ml of the reaction solution was diluted 
into 15 ml in a volumetric flask, then 10 ml of the resulting solution 
was transferred into a conical flask using a pipette. An excess amount 
of 0.1 mol l−1 silver nitrate solution was precisely added by pipette, 
together with 10 ml of concentrated nitric acid, then 1 ml of saturated 

ferric ammonium sulfate solution was added as an indicator. The unre-
acted silver ions were then titrated with 0.1 mol l−1 potassium thiocy-
anate solution. The end point was the first appearance of a dark-red 
colour due to the ferric thiocyanate complex. The concentration of 
chloride ions could then be calculated.

In addition, we attempted to detect dissolved Cl2 and HClO, which 
are potentially formed due to the oxidation of Cl−. Twenty millilitres 
of 0.5 mol l−1 potassium iodide solution was added into 1 ml of the 
post-reaction solution, and 1 ml of starch solution was added as an 
indicator. If there is Cl2 or HClO in the solution, I− will be oxidized to I2, 
which will then react with starch to show an intense blue-black colour. 
The detection limit of this method is known to be 20 ppm. There was no 
colour change observed in this work, indicating there was no oxidative 
Cl2 or HClO in the solution.

Data availability
The data supporting the findings of this study are available within the 
Article and its Supplementary Information or from the corresponding 
authors upon reasonable request. The optimized structures of DFT 
calculations are provided in Supplementary Data 1. Source data are 
provided with this paper.
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