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Active chlorine, including HCIO and ClO’, is one of the most extensively used
disinfectants. However, it is mainly produced through energy-consuming
three-step chlor-alkali electrolysis of saturated brine using Cl, gases
asintermediates. Here we report a photoelectrochemical synthetic

pathway from natural seawater using a chloride-mediated NbCIO,/BiVO,
photoanode. The photoanode presents an onset potential of 0.6 V

versus areversible hydrogen electrode (Vgye) and over 500 h of stability

in seawater under one sunillumination. The faradaic efficiency and
selectivity of hypochlorite are close to 100% at 1.2-1.8 Vg, with a yield of
119.9 + 9 pmol cm? h™at 1.72 V.. Meanwhile, value-added products of
Mg(OH), and CaCO,are obtained on the cathode, accompanied by hydrogen
production. Further analyses show that the present process reduces
electricity consumption by 77.16% and CO, emissions by 75.31%. Our findings
suggest a strategy with combined safety, efficiency and economic feasibility

for direct synthesis of active chlorine from seawater.

Active chlorine (AC) (including HCIO and CIO") is a widely used disin-
fectantwithimportantrolesinbiological, medical, environmental and
chemical engineering applications (Fig.1a) *.Itis usually synthesized
through a chlor-alkali process in industry>®. However, this process
involves the electrolysis of saturated brine (5-6 M) in highly purified
water and thus produces substantial quantities of corrosive and toxic
chlorine gas (Cl,) inanacidicelectrolyte (pH < 3) through athree-step
reaction mechanism: the Vlomer step (Cl"(aq) > CI* + e7), the Heyrovsky
step (CI*+ Cl (aq) » Cl, + e") and the disproportionation of Cl, with
water or alkali (Cl, + H,0 <> HCIO + HCI; Cl, + 20H™ < CIO™ + CI" + H,0)".
Itis therefore highly desirable to develop alternatives to the current
chlor-alkali process that can avoid Cl, production and efficiently con-
vert CI" to ClIO™ (Fig. 1b).

The chlor-alkali process is usually implemented in fresh or highly
purified water, which accounts for less than 0.5% of directly available

water resources*. The preparation process of highly purified water
results in high energy consumption and high complexity in instru-
mentation. Alternatively, seawater, one of the most abundant natural
resources, can be potentially used as an electrolyte to synthesize AC.
However, seawater has a low CI” ion concentration, which increases
the competition between the chlorine oxidation reaction (CIOR)
and the oxygen evolution reaction (OER) during the chlor-alkali
process, hindering the selective synthesis of AC'°™. In addition, the
electrodes are usually composed of Ti plates loaded with precious
metal oxides, which are seriously corroded by CI ions, leading to
their dissolution and deactivation during long-term operation'°,
Moreover, the complicated alkaline metal cations (for example, K,
Na*, Ca®* and Mg?') from natural seawater usually even cover the
anodes during the oxidation reaction, decreasing the stability of
theelectrodes".
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Fig.1| PEC disinfectant synthesis in natural seawater. a, PEC synthesis of
disinfectants and related applications. EC, electrochemistry. b, Comparison
ofthe classic chlor-alkali process and direct PEC disinfectant synthesis.

Red part represents the generation process of Cl intermediates and products.
¢,d, Scanning electron microscopy (c) and high-resolution transmission electron
microscopy (d) images of NbClO,/BiVO,. Scale bars, 500 nm (c) and 5 nm (d).
FTO, fluorine-doped tin oxide. e, /-t curves and FE of Nb,O4/BiVO, polarized
potentiostatically at 1.0 Vg, in 0.5 M NaClunder AM 1.5 G illumination. f, The

Nb K-edge Fourier-transformed EXAFS spectra (R-space) of Nb,O4/BiVO, and
NbClO,/BiVO, as well as Nb foil and Nb,O; references. g, Cl 2p XPS spectra of
NbCIO,/BiVO,. h, Insitu Fourier transform infrared spectroscopy with the OTTO
configuration of NbClO,/BiVO, in Na,SO, at 1.0 Vg, i, Linear sweep voltammetry
curves of NbClO,/BiVO, and BiVO,. j, FEs and yields of CIO™ at various voltages.
The bars/balls represent the mean value for n = 3 experiments and data
distributionis represented by the dots. k, Long-term stability and FEs of CIO™ of
NbClO,/BiVO, in natural seawater at 1.3 Vg, inan H-cell.

Different from the traditional chlor-alkali process performed
under a strong acidic environment, the thermodynamic theoretical
equilibrium potential required for the electrochemical synthesis of
ACincreases with higher pH (Supplementary Fig.1and Supplementary
Note 1), especially in neutral or alkaline electrolytes where the equili-
brium potential exceeds1.72 V versus areversible hydrogenelectrode
(Vrur)'®. Alternatively, photoelectrochemistry (PEC) provides a prom-
ising approach to synthesizing AC chemicals as it uses sustainable

resources (thatis, solar energy and seawater), which will substantially
reduce CO, emissions and environmental pollution caused by electri-
city generation (Supplementary Fig. 2 and Supplementary Note 2)".
Bismuth vanadate (BiVO,), which is easy to prepare, has a low cost
and can absorb most of the visible light due to its suitable band edge
position, has been recently investigated in several PEC applications,
such as solar water splitting, fuel cells, glycerol oxidation and hydro-
gen peroxide synthesis?® . It is therefore considered an appealing
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photoanode material for AC production. However, BiVO, suffers from
inertness towards the selective adsorption and oxidation of ClI” from
natural seawater® >,

Here we address the above issues by proposing a unique
chloride-mediated NbClO,/BiVO, photoanode. This photoanode can
be used for the direct synthesis of disinfectants from seawater through
atwo-step reaction mechanism, in which the AC on the photoanode
can be synthesized by CI* and OH* from seawater to substitute for the
widely used three-step chlor-alkali strategy, aiming to avoid using
massive amounts of Cl, as intermediates. The photoanode delivers a
photocurrent density as high as 6.26 mA cm™at a voltage of 1.72 Ve
with a low onset potential of 0.6 Vg, under one sun illumination.
The faradaic efficiency (FE) and selectivity of CIO™ are close to
100% at 1.2-1.8 V. This remarkable performance is maintained at
1.3 Vi over 500 h in seawater. The electricity consumption and CO,
emissions of NbCIO,/BiVO, are 77.16% and 75.31% lower, respectively,
than those of the commercial anode in the classical two-electrode
system with the same amount of CIO™. Furthermore, value-added
products such as Mg(OH),, CaCO; and hydrogen can be obtained
simultaneously on the cathode and serve to soften seawater. Our PEC
device can convert 100 ml of seawater into 550 ppm of disinfectant in
22 hwithalcm? photoanode. This sustainable disinfectant synthesis
method could find applications in various fields.

Results
Photoelectrochemical synthetic disinfectants
The as-prepared BiVO, sample following a reported method**® was
electrodepositedinaniobium oxalate precursor, followed by athermal
treatment for fabrication of Nb,0./BiVO,. Nb,0,/BiVO, was potentio-
statically polarizedinaNaClelectrolyte to forma Cl -inserted sample
(NbCIO,/BiVO,) (Fig. 1c,d; the details are provided in Supplementary
Figs.3-7and Supplementary Notes 3and 4). According to the /-t plotin
Fig.1e, the photocurrent density of Nb,Os/BiVO,in 0.5 MNaClincreases
from 0.78 to 3.04 mA cm2with time, and its FE substantially increases
from 42.76% to 78.23% (Supplementary Fig. 8), different from that of
pristine BiVO, (Supplementary Fig. 9). The PEC performance of Nb,O,/
BiVO, after potentiostatic polarization in an electrolyte containing
various concentrations of CI” indicates its extensive applicability (Sup-
plementary Fig.10).In the X-ray absorption near-edge structure region
and extended X-ray absorption fine-structure (EXAFS) spectroscopy
analysis (Supplementary Figs.11and 12), the absorption edge of Nb,O,/
BiVO, is close to that of Nb,Os, indicating that Nb exists as Nb>". The Nb
K-edge obtained by X-ray absorption near-edge structure valencefitting
indicates that Nb*' predominantly presents in NbCIO,/BiVO, (Supple-
mentary Fig.13)”. The Fourier-transformed EXAFS spectrum (R-space)
shows a new peak at 2.1 A on NbClO,/BiVO, (Fig. 1f), ascribed to the
contribution of Nb-Cl coordination, where one Nb atom is coordinated
with~4.4 Clatoms (Supplementary Table1). In the wavelet-transformed
EXAFS (Supplementary Fig.14), the major intensity maximums at 3.9 A™
and 4.7 A" are attributed to Nb-O and Nb-Cl bonds*’ in Nb,0,/BiVO,
and NbClO,/BiVO,, respectively.In addition, the peakintensity of CI2p
inthe X-ray photoelectron spectroscopy (XPS) spectrumincreases with
the potentiostatic polarization time (Fig. 1g), with the characteristic
peaks at 199.6 eV and 198 eV corresponding to Cl” species (Supple-
mentary Fig. 15)*. The high-valence chlorine of CIO is also observed
at200.3 eVand201.8 eV for Cl 2p,, and 2p,, peaks, respectively, which
are assigned to the surface reaction product of the photoelectrode
(Cl0"). The Bi4fand V2p peaks shift towards high binding energy, while
the Nb 3d peak shifts to low binding energy with the polarization time
(Supplementary Fig. 16 and Supplementary Note 5), demonstrating
the influence of electronic structure from Nb species and electron
transfer between the catalyst and the semiconductor during the CI”
insertion process.

We confirmed the CI"insertioninto Nb,O; throughinsitu attenu-
ated total reflection Fourier transform infrared spectroscopy with

the OTTO configuration (ATR-FTIR OTTO) analysis (Supplementary
Fig.17). The peaks at 867 and 912 cm™ attributed to ClO” increase with
measuring time (Supplementary Fig. 18), which proves that the inser-
tion of CI"into Nb,O; enhances the oxidation kinetics on Nb,04/BiVO,.
PEC measurement on NbClO,/BiVO, after potentiostatic polarization
was performedinaCl -freeelectrolyte (0.5 MNa,SO,) (Supplementary
Fig.19 and Supplementary Note 6). A weak CIO™ signal is captured by
insitu ATR-FTIR OTTO (Fig. 1h), suggesting that CI"in NbCIO, partici-
patesinthe AC synthesis process.

The PEC performances of NbCIO,/BiVO, were evaluated for direct
AC synthesis from natural seawater (Supplementary Fig. 20). The
optimized sample exhibits a photocurrent density of 6.26 mA cm™at
1.72 Ve, with an applied bias photon-to-current efficiency of 2.41%,
remarkably higher than that of BiVO, (2.43 mA cm™; 0.59%) (Fig. 1i
and Supplementary Fig. 21). The onset potential of NbCIO,/BiVO, is
0.6 Vg, Which is substantially lower than the theoretical synthesis
potential of CIO™ (1.72 Vg,s), stemming from the considerable photo-
voltage (Supplementary Fig. 22). We also evaluated the performance
of NbClO,/BiVO, under natural sunlight, and the obtained result is con-
sistent with that under simulated sunlight, confirming the reliability
oftheresult (Supplementary Fig.23). The outstanding performances
are considerably superior to those of state-of-the-art CIOR electro-
synthesis electrodes (Supplementary Tables 2-8, Supplementary
Figs. 24-33 and Supplementary Notes 7 and 8), demonstrating
the potential advantage of PEC CIOR. The CIO™ FEs and yields on
NbClO,/BiVO, and BiVO, depend on the photocurrent densities at
various potentials (Supplementary Fig. 34). NbCIO,/BiVO, exhibits
ClO™ FEs and selectivities of more than 95% over a wide potential
range from 1.2 to 1.8 Vy, noticeably higher than those of BiVO,
(Fig.1jand Supplementary Fig. 35).Its CIO" yield is116.3 pmol cm™2h™
at 1.72 Vy,: for CIO™ synthesis, 3.19 times as large as that of BiVO,
(36.5 pmol cm™h™). NbCIO,/BiVO, also maintains 95.58% of the initial
current over 180 h at 1.3 Vg, in natural seawater, while BiVO, displays
anobviousdecayin photoresponse within 18 h (Fig. 1k). This suggests
that the NbCIO, catalyst considerably improves the seawater corrosion
resistance of BiVO,.

Direct synthesis of disinfectants from seawater

Long-term concentration accumulation is one of the mostimportant
indicators ofindustrially produced disinfectants. We performed con-
centration accumulation of disinfectants on NbClO,/BiVO, with asize
of 1 cm?in natural seawater (100 ml;initial pH, 8.06) at 1.3 V,,; over time
(Supplementary Figs.36 and 37). The seawater pH decreases from 8.06
to 3.97 after 10 h during the disinfectant synthesis (CI" + 20H™~> CIO~
+H,0 +2¢7). The CIO” accumulated concentration reaches a value of
95.33 ppm after 3 h, followed by gradual decay until 10 h owing to the
accelerated decomposition of CIO™ inacidic environments. As the pH
isstabilized at 8.06, the accumulated concentration of the disinfectant
essentially increases over time, up t0272.91 ppmwithin 10 h. Regulating
the pHof the threshold electrolyte offers the possibility of synthesizing
highly concentrated disinfectants.

Following /-V measurements, the photocurrent density and
ClO™ FE were analysed and quantified (Supplementary Fig. 38). Heat
mapsintuitively display the relationship of photocurrent density and
ClO™ FE dependence on pH and applied potential on NbCIO,/BiVO,
in seawater (Fig. 2a,b). NbClO,/BiVO, shows a high photocurrent
density at low voltages in acidic seawater, which remains consistent
frompH 3 tollasthe potential is higher than1.4 V. The applied bias
photon-to-current efficiency values display a decreased trend with
increasing pH (Supplementary Fig. 39 and Supplementary Table 9).
NbClO,/BiVO, maintains a CIO™ FE above 70% for 22 h at pH 10, much
higher than those at other pH values (Fig. 2b). The decrease in FE over
timeis due to the cumulative inhibition of CIOR by CIO™ concentration.
Meanwhile, the CIO™ contentincreases with time at pH 6-11in seawater,
reachingaconcentration of 550.40 ppmby 22 hunder1.3 Vg,at pH10
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Fig.2|Long-term PEC stability of NbCIO,/BiVO, in natural seawater with
regulated pH. a, Heat map of current density corresponding to NbCIO,/
BiVO, at different voltages with various pH levels. b,c, FE heat map for CIO™ (b)
and accumulated concentration of NbClO,/BiVO, at various times for long-
term measurements at different pH levels at 1.3 Vg (). d,e, FE, yield (d) and
selectivity (e) of CIO” of NbClO,/BiVO, in seawater at pH = 10. The bars/balls in

dand erepresent the mean value for n =3 experiments and data distribution
isrepresented by the dots. f, /-t curve and CIO” accumulation concentrations
for a40-hstability test of NbClO,/BiVO,. g, Cycling tests of NbCIO,/BiVO, for
CIO~accumulation concentrations. The arrows indicate replacement with
fresh seawater electrolyte. h, 500 h of operation onNbClO,/BiVO, at 1.3 Vg, in
seawater (pH =10).

(Fig. 2c and Supplementary Table 10), in agreement with the demand
for conventional disinfection. Ultimately, NbCIO,/BiVO, exhibits
ClO™ FEs and selectivities near 100% in the potential range of 1.2-
1.8 Vi at pH 10 in seawater (Fig. 2d,e and Supplementary Fig. 40).
Note thatat1.72 Vi, aFE0f99.9 + 3% and ayield 0f 119.9 pmol cm™2h!
are achieved (Fig. 2d). We conducted preliminary life cycle assess-
ment and basic economic analysis, and compared the NbCIO,/BiVO,
photoanode with a commercially available dimensionally stabilized
anode (DSA) in the chlor-alkaliindustry using a two-electrode system
(Supplementary Fig. 41and Supplementary Notes 9 and 10). The pro-
duction of the same amount of CIO” on NbCIO,/BiVO, reduces electric-
ity costs by 77.16% and CO, emissions by 75.31% (traditional grid) in
comparison with the DSA electrode (Supplementary Figs. 42-44 and
Supplementary Tables 11-15). On the basis of the price of renewable
electricity (US$0.03 kWh™), the cost of producing CIO™ is calculated
asUS$0.042 + 0.003 kg™, well below the current commercial rates®.

Next, we measured the CIO™ concentration accumulation on
NbClO,/BiVO, (1 cm?) in seawater (100 ml, pH =10) at 1.3 V. The
ClO™ concentration remains essentially invariable after 22 h owing to
the CIO ™ saturation (Fig. 2f). We subsequently assessed the continuous
disinfectant synthesis on NbClO,/BiVO, through 22 h per cycle. As
expected, it produces over 400 ml of disinfectant with a concentration
exceeding 550 ppm after four cycles within 92 h (Fig. 2g). The stability
of NbClO,/BiVO, is maintained over 500 h in seawater (pH =10) after
chronoamperometric measurement (Fig. 2h), representing the best
stability record for PEC synthesis of value-added productsin seawater
conditions. The scanning electron microscopy images taken after 500 h
exhibitachangein surface morphology compared with the one before
stability (Supplementary Figs. 45 and 46). Aslight decrease in the X-ray
diffraction (XRD) peak intensity of NbClO,/BiVO, is also observed
(Supplementary Fig. 47), which is ascribed to the thickening of the
uniform amorphous NbCIO, layer (-7 nm) (Supplementary Fig. 48).
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experiments. f, Hydrogen contents and FEs over 22 h.

Moreover, increased peak intensities of O, (hydroxyl oxygen) and
ClO™ arefoundin XPS spectra (Supplementary Fig. 49), whichindicates
that the substantial hydroxyladsorbed on the surfaceis favourable for
the formation of CIO™. No Ca 2p or Mg 1s XPS peaks are detected after
testing, suggesting that chloride mediation effectively inhibits Ca*
and Mg** covering on the photoanode surface.

Synthesis of other value-added products

Diverse cations in seawater, such as Mg?*, Ca** and Na*, facilitate the
simultaneous creation of high-value products and hydrogen through
strategy design®. We used an H-type electrolytic cell with an NbCIO,/
BiVO, anode and a standard Pt cathode to monitor the reaction pro-
cess. We added 100 ml of natural seawater to the cathode and anode
chambers separately (Fig. 3a), and the disinfectant was produced at the
anode. At the cathode side, the Mg?* and Ca®* concentrations decrease
over time according to ion chromatography analysis, from the initial
5.30 mM (Mg*") and 3.10 mM (Ca*") to 0.05 mM (Mg*") and 0.03 mM
(Ca*) after 22 h, respectively (Fig. 3b, Supplementary Fig. 50 and
Supplementary Table 16), implying the effective removal of alka-
line earth metal ions from seawater. Concurrently, the precipitates
covering the cathodeinclude the products CaCO, (JCPDS: 75-2230) and

Mg(OH), (JCPDS: 74-2220) (Fig. 3c). The cathode generates alarge quan-
tity of OH ions during the reaction process (2H,0 +2e™ > 20H™ + 2H,),
which combine with Mg?* ions to form Mg(OH),. Simultaneously, the
increased seawater pH causes adecrease in the solubility and precipi-
tation of Ca* and CO,*".

Atandem device capable of continuous synthesis of disinfectant
was designed, employing NbClO,/BiVO, (1cm?) as the anode and Pt
sheet (1 cm?) as the cathode. As illustrated in Fig. 3d, the reaction was
driven by simulated sunlight (AM 1.5 G, 100 mW cm™2) and an applied
potential of 1.3 Vg, with a peristaltic pump introducing the seawater
tothereaction cell. The cathodic half-reaction obtains hydrogen dur-
ing the removal of Ca* and Mg?', and then the softened seawater is
pumpedintothe anodicreaction cell. Finally, the disinfectant produced
at the anode is transferred to a 100-ml brown bottle by a peristaltic
pump. Within 22 h, this tandem device can generate disinfectants at
concentrations above 550 ppm at the anode and value-added Mg(OH),,
CaCO; and hydrogen at the cathode. We next performed disinfection
measurements on representative pathogenic bacteria (for example,
Staphylococcus aureus, Escherichia coli and Vibrio alginolyticus®>),
and seawater was used as a control experiment (Supplementary
Fig. 51). Bacteria were incubated in seawater containing various AC
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Fig. 4| Theoretical calculations of CIOR for NbCIO,/BiVO, and BiVO,.

a-c, The pH and potential dependence of adsorbate coverage (a), CIO™ FE (b) and
products (c). d, Relative kinetic current and FE chart calculated at pH =10 using a
microkinetic model. e,f, Active sites and free energy diagrams on NbCIlO,/BiVO,
and BiVO,. The measurements were takenat pH =10and U=1.2 Vy;.

g, Projected density of states (PDOS) of Bi active sites. E, electron orbital energy;
E, Fermilevel. h,i, Charge density contour maps of NbClO,/BiVO, adsorbed CI*
(h) and OH* (i). e, electron. The red, green, brown, white, grey and purple spheres
represent O, Cl, V,H, Nb and Bi atoms, respectively.

concentrations for three days. The sterilization rate is ~100% for all
bacteriaat AC concentrations above 300 ppm (Fig. 3e), demonstrating
the feasibility of PEC synthetic disinfectant application. Further-
more, the generated H, accumulates to 1,554.8 umolcm™2in 22 h
with a FE close to 100% (Fig. 3f, Supplementary Fig. 52 and Supple-
mentary Table17).

Theoretical simulations

Machine learning potential energy molecular simulations and
first-principles methods were implemented to investigate OER
and CIOR intermediate adsorption energies on NbCIO,/BiVO, and
BiVO, (refs.36,37). Two processes involve the NbClO,/BiVO, interface
and CI” insertion, resulting in a low-symmetry structure. Each site’s
free energy diagram was calculated using the computational
hydrogen electrode method (Supplementary Tables 18-21). We obtain
the relationship between potential and pH-dependent adsorbate distri-
butions (Fig. 4a), denoting that O species (mainly OOH* and OH*) and
Clspecies (mainly CI*) appear simultaneously at most potentials, with
different sites adsorbing different adsorbates. In general, CI* species
increase with increasing potential. The adsorption of CI* decreases
with growing pH, and the main adsorbed species are OOH* and O* at
pH >12. Subsequently, the high activity and FE of NbCIO,/BiVO, were
investigated via microkinetic modelling, and correlations of the FEs
and main products of the CIOR process were calculated with different
pHsand potentials. NbCIO,/BiVO, has high FEs above 80% at pH = 8-10
(Fig. 4b), while the main products are dominated by Cl,, AC and O, at

pH <5, pH=5-11and pH >11 (Fig. 4c), respectively. The electrocata-
lytic reactions on NbClO,/BiVO, and BiVO, were simulated, and the
kinetic currents and FEs of the microkinetic models at pH =10 were
compared (Fig. 4d). This reveals that the electrocatalytic activity of
NbClO,/BiVO,is superior to that of BiVO,, and the CIOR FEs on NbClO,/
BiVO, and BiVO, are 83% and 56%, respectively, which match with the
experimental results. In addition, isotopic labelling tests show that
the 0in ClO” comes from the adsorptive transformation of hydrolytic
dissociated OH on the NbClO,/BiVO, surface (Supplementary Fig. 53
and Supplementary Note 11).

Machine learning potential energy calculation of nearly 300 sites
for NbClO,/BiVO, and BiVO, was conducted to determine the optimal
active site and the free energy diagram. The active site of NbCIO,/
BiVO, is Bi bonded to Nb (Biy,) at the interface, with stronger adsorp-
tion of CI* than OH*, which leads to better CIOR selectivity than OER
(Fig.4e,f). Theactivessites at theinterface of NbClO, and BiVO, enhance
the transfer efficiency of photogenerated charge carriers involved in
the surface oxidation reaction. In addition, the conventional Bi sites
in BiVO, have a higher projected density of states near the Fermilevel
thanNbClO,/BiVO, (Fig. 4g), allowing stronger adsorption of OH*and
Cl*intermediates, which reduces the reactivity (CIOR is limited by the
desorptionrate). The highly active O species on the BiVO, surface also
reduce the CIO™ FE. After the adsorption of CI"and OH™ on NbClO,/
BiVO,, charge transfers from Biy, sites to Cl" (0.34 eV) and OH (0.36 eV)
(Fig.4h,i) are superior to those from Bisites of BiVO, to Cl" (0.28 eV) and
OH ™ (0.24 eV) (Supplementary Fig. 54). These results indicate that the
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Fig. 5| Mechanistic study of disinfectant synthesis on NbClO,/BiVO,. a, PEC
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spectraintensities on NbClO,/BiVO, in seawater at various pH values. OCP
represents open circuit potential. f-h, In situ ATR-FTIR OTTO of NbCIO,/BiVO,
inseawater at pH =12 (f), pH =10 (g) and pH = 3 (h). i, Two-step AC synthesis of
NbClO,/BiVO, in a seawater system.

Biy, sitesincrease the electrophilicity of CI"and OH™ activation, which
isfavourable for the reaction activity.

Reaction mechanism

Quasi in situ electron paramagnetic resonance (EPR) was carried out
to monitor the NbClO,/BiVO, surface reaction intermediates during
the PEC process (Supplementary Fig. 55). The electrolyte condition
depends on the types of intermediates in the sample. As shown in
Fig. 5a, only CI* or OH* signals are found in acidic (pH = 3) or strongly
alkaline (pH =12) seawater, respectively. Both CI*and OH*are captured
in weakly alkaline (pH =10) and natural seawater, and a stronger OH*
signal intensity appears in weakly alkaline seawater than in natural
seawater, offering the possibility of avoiding the occurrence of the
Heyrovsky step. Quasiin situ XPS analysis (Fig. 5b and Supplementary
Fig. 56) verifies that no CIO™ signal is detectable in acidic or strongly
alkaline seawater, while the CIO™ peak is prominent for the sample
in weakly alkaline seawater, evidencing its highly selective CIO~
synthesis. The O, peak in the O 1s spectrum increases with rising
pH (Fig. 5c). The product compositions on NbCIO,/BiVO, were fur-
ther examined through PEC online differential electrochemical mass
spectrometry (DEMS) (Supplementary Fig.57). The product composi-
tions are 61 and 32 m/z signals for Cl, and O,, respectively, and these
signals are prominently discerned inboth acidic and alkaline seawater
(Fig. 5d).Innatural seawater, a very weak Cl, signal is detected withno O,
signal, whileno Cl,and no O, are observed in weakly alkaline seawater.
Anobvious O, signalis present for the pristine BiVO, in weakly alkaline

seawater (Supplementary Fig. 58), suggesting the OER process taking
place atthesurface. In contrast, the chlorine-mediated NbClO,/BiVO,
allows for the conversion of OH* and CI* to CIO™, consistent with the
above calculations.

In situ Raman spectrum and in situ ATR-FTIR OTTO were per-
formed to capture possible intermediates and explore reaction path-
ways on the NbClO,/BiVO, electrode (Supplementary Fig. 59). The
Raman spectrum shows the typical characteristic peaks of VO,> (329
and366 cm™) and V-0 (714 and 822 cm™) (Supplementary Fig. 60)*. A
notable Bi-Cl stretching vibration (502 cm™) is observed with decreas-
ing seawater OH™ concentration and increasing potential (Fig. Se and
Supplementary Fig. 61), showing that various OH™ concentrations in
seawater modulate the reaction intermediates on the NbCIO,/BiVO,
surface. Although the Raman stretching vibration of O-H at 715 cm™
overlaps with the V-0 bond, the O-H signal at 3,561 cm™ and the
CI-0 characteristic peaks at 868 and 919 cm™ representing CIO™ are
successfully captured by in situ ATR-FTIR OTTO (Fig. 5f-h)*’. The
characteristic peaks of O-H gradually increase with increasing pH.
In weakly alkaline seawater, the CI-O bond is enhanced with growing
potential, and the O-H peak shifts negatively from 3,561t0 3,434 cm™
(Fig. 5g), which is associated with the kinetic effect induced by the
coupling process and chemical reaction of the CI* and OH* intermedi-
ates*’. Weak CI-0O signals are detected at potentials above 1.5 Vg in
acidic seawater, which is ascribed to the dissolution of Cl, (Fig. 5h).
More substantial CI-O characteristic peaks are observed in weakly
alkaline seawater, and no Cl-O signals are discerned in strongly alkaline
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seawater (Fig. 5f), implying that weakly alkaline seawater is favourable
for AC selective synthesis (Supplementary Fig. 62). In situ Raman spec-
troscopy shows stronger adsorption of CI* on BiVO, in seawater than
onNbClO,/BiVO, in weakly alkaline seawater (Supplementary Fig. 63).
Insitu ATR-FTIROTTO successfully captured OH*and OOH* species on
the surface of BiVO, (Supplementary Fig. 64). We deduce that strong
adsorption of CI* by BiVO, makes it difficult to desorb, resulting in
chlorine poisoning, while the highly reactive oxygen species on its
surface promote the OER process, leading to alower FE for AC synthe-
sis (Supplementary Fig. 65). The above analyses demonstrate that the
chlorine-mediated effect on NbClO,/BiVO, inhibits the adsorption of
CI*byBiVO,, preferring the reaction step CI* + OH* + OH (aq) > CIO* +
H,O + e” in weak alkaline seawater (Fig. 5i, Supplementary Fig. 66 and
Supplementary Note 12), avoiding the generation of Cl,.

Discussion

Our work shows a two-step synthesis of disinfectants from seawater
onthe NbClO,/BiVO, photoelectrode without Cl, release, while obtain-
ing value-added products, including CaCO,, Mg(OH), and H,. NbCIO,/
BiVO, has an onset potential of 0.6 Vg, with FEs of AC approaching
100% at 1.2-1.8 Vg, and a yield 0f 119.9 pmol cm 2 h™ at 1.72 Vyye. Syn-
thesizing the same amount of CIO™ on this photoelectrode reduces
electricity costs by 77.16% and CO, emissions by 75.31% in compari-
son with the commercial DSA, and the cost of ClO" is estimated to
be approximately $0.042 + 0.003 kg™. The adsorption and conver-
sion of OH* and CI* species are the key to the reaction steps, and the
chlorine-mediated behaviour of NbCIO,/BiVO, hasbeen demonstrated.
Our work advances the synthesis of disinfectants and the utilization
of seawater resources towards higher sustainability. The molecular-
level understanding of this two-step synthesis process may inspire
more studies on chlorine-activated intermediate-driven transfer
reactions.

Methods

Preparation of the BiVO, photoanode

In a typical procedure for the synthesis of BiVO, (ref. 26), a 0.4 M
KI (Alfa Aesar) solution was adjusted to a pH of 1.7 by adding HNO,
(Sinopharm Chemical Reagent). Subsequently, 0.04 M Bi(NO,);-5H,0
(Alfa Aesar) was added and fully dissolved before electrodeposition.
The electrodeposition was carried out at —0.1 V., for 60,120, 180,
240and 300 satroom temperature using a three-electrode systemto
form BiOl. Then, 0.2 M VO(acac), (Alfa Aesar) dissolved in dimethyl
sulfoxide was dropped onto the BiOl film, followed by annealing at
450 °Cfor2 htoformtheBiVO, photoanode. The annealed BiVO, was
thenimmersed in1 M NaOH (Sinopharm Chemical Reagent) for 20 min
toremove excess V,0;0n the top surface. Finally, the photoanode was
rinsed with deionized water and dried in air.

Preparation of the NbClO,/BiVO, and Nb,0/BiVO,
photoanodes

BiVO, photoanodes were electrodeposited in aqueous solutions
containing various concentrations of ammonium niobate(V) oxalate
hydrate (Alfa Aesar) (0.005, 0.05 and 0.5 mM) at —0.3 Vg /s, for 2 h.
The samples were then annealed in an argon atmosphere at various
temperatures (250, 350 and 450 °C) for 1 h. The corresponding sam-
ples were labelled as Nb,0,/BiVO,. The Nb,0,/BiVO, photoanodes
were subjected to potentiostatic polarizationin 0.5 MNaCl at various
potentials (0.8, 1.0, 1.2 and 1.4 Vg,) for 1Lh under AM 1.5 G illumina-
tion (100 mW cm2, XES-40S3-TT, AAA Class Solar Simulator, Japan)
for the formation of NbClO,/BiVO,. A commercial DSA, RuO,-TiO,,
was purchased from Suzhou Shuertai Industrial Technology Co.

Photoelectrochemical measurements
Photoelectrochemical measurements were carried out using an elec-
trochemical workstation (CHI760D). Atypical three-electrode H-type

cellwas used, consisting of photoanodes as the working electrode, an
Ag/AgClelectrode (insaturated KCl solution) asthe reference electrode
and aplatinum sheet as the counter electrode, with untreated natural
seawater as the electrolyte. The cell was divided into a cathode com-
partment (100 ml) and an anode compartment (100 ml) by an anion
exchange membrane (Nafion117). No IR correction was applied in this
work. All electrochemical data were repeated more than three times,
with error bars representing the standard deviation of the data. All
potentials were calibrated to the RHE using equation (1):

ERHE = EAg/AgCI + 0.0591 x pH + @Preference 0

Determination and quantification of CIO” using UV-Vis
spectroscopy

CIO™ concentrations were determined and quantified using UV-Vis
spectroscopy (UV-2600, Shimadzu) through the o-tolidine method.
The concentration of CIO” was measured at scheduled intervals at
various potentials (1.0-1.8 Vg,¢). A certain amount of the electrolyte
was taken from the electrolysis cell and diluted to 10 ml within the
detection range, and then 0.5 mlof o-tolidine solution (1 g 17 o-tolidine,
pH adjusted to 0 with hydrochloric acid) was added. The absorption
spectrum was measured after 1 min, and the absorption intensity
was recorded at 437.5 nm. The standard concentration-absorbance
curve was calibrated using a standard solution of sodium hypo-
chlorite (concentration 0.1 mol I!). The FE of CIO” was calculated using
equation (2):

Qcio- _ Nco~ X VX Ceo~ X F

FEcio- = 2

2

where Qis the total coulombs (C) applied during the test, Q. is the
coulombs required to produce ClO7, n is the number of electrons
transferred (2 for ClO"), Vis the volume of the anode solution in the
anode chamber (100 ml), C,o- is the concentration of CIO™ produced
and Fis the Faraday constant (96,485 C mol™).

The formulae for calculating ClIO™ selectivity and yield rate are
asfollows:

(content of corresponding product)
(consumption of reactant)

Clos_electivity = x 100% 3)

- roductivity of products
Clo)’ieldrate = (p (t){A)p ) 4)

where ¢t represents the time (s), and A represents the photoelectrode
area (cm?).

Stability and cycling of NbClO,/BiVO,

Long-term stability tests of the NbClO,/BiVO, electrode were per-
formed with an H-type electrolytic cell,inwhich the working electrode
was aNbClO,/BiVO, (1cm?) photoanode, the reference electrode was
Ag/AgCl and the counter electrode was a platinum sheet. At 1.23 V¢
under AM 1.5 Gillumination, 100 ml of seawater (pH =10) was added to
both cells, with the photoanode and reference electrode on the same
side of the electrolytic cell, and the counter electrode on the opposite
side. Duringthetest, the stirring rate was maintained at 200 rpm. The
CIO™ concentrationin the seawater was measured at1-hintervals. The
reaction electrolyte was extracted every 22 husing a peristaltic pump
and replaced with fresh seawater (pH =10).

DEMS

The electrolyte (seawater at various pH levels) was fed into a custom
DEMS (Linglu, QAS 100) photoelectrochemical cell using a peri-
staltic pump. Using Cl, and O, as probe molecules allowed for the
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ultra-close-range (less than 5 um) specific detection of Cl, and O,
generated on the surface of the photoanode. Simulated sunlight
(100 mW cm™) was alternately applied with aninterval of 100 s at a
constant potential of 1.2 V.. The next cycle commenced after the elec-
trochemical test concluded and the mass signal returned to baseline,
and the experiment concluded after four cycles.

Quasi in situ EPR measurements

Quasi in situ EPR (Bruker, EXM plus) measurements were conducted
using5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin-trapping agent
to capture surface-adsorbed species potentially generated during
the photoelectrochemical process. Photoelectrochemical reactions
were carried out in seawater at various pH values at 1.3 Vg, under
simulated sunlight (100 mW cm™) to capture these adsorbates. After
60 sofreaction, 100 pl of 0.2 M DMPO solution was added to the photo-
anode, ensuring close contact between DMPO and the photoanode. EPR
measurements were swiftly performed with the following parameters:
frequency, 9.412911 GHz; modulation amplitude, 1 G; microwave power,
10.00 mW; scanwidth, 100 G.

Photoelectrochemical in situ Raman tests

Photoelectrochemical in situ Raman measurements were performed
viamicro confocal Ramanspectroscopy (RenishawinVia Spectrometer
System using visible excitation at 532 nm) and an electrochemical
workstation. The H-type cell, made of polytetrafluoroethylene, has a
quartzwindow between the sample and the objective lens, and aquartz
window at the back of the cell for light transmission. The Raman was
equipped with aflexible arm for signal collection at the front of the cell,
and a470-nmlaser was used as asemiconductor excitation light source
fromtheback of the cell. The cell was connected to a peristaltic pump
to keep the electrolyte fresh during the test. The working electrode
was connected viaaconductive copper foil, and the electrode was kept
perpendicular to the laser.

Photoelectrochemical in situ ATR-FTIR tests
Photoelectrochemical in situ ATR-FTIR OTTO measurements were
recorded on an FTIR (Bruker, INVENIO S) spectrometer. The spec-
trometer was equipped with a Linglu Instruments EC-IR-III cell,
and the ATR was tested by single bounce zinc selenide crystals in
internal reflection thin-layer OTTO mode. Simulated sunlight
was used as a light source at the top of the cell, which is described in
Supplementary Fig.17.

Characterization of Ca** and Mg** ions using ion
chromatography

Analysis of the concentrations of Ca?* and Mg?" ions contained in the
electrolyte at the cathode side was carried out using anion chromato-
graph (SHINE, CIC-D160). The tests were performed as an automatic
injection (1-hintervals) for 22 h of testing.

Detection of H, and O, via gas chromatography

The H, and O, production experiments were conducted in a sealed
quartz electrolysis cell (37 ml) using a typical three-electrode sys-
tem in seawater at pH 10 and at 1.2 V.. The system was purged with
argongas (0.2 1 min™) for 30 min before photoelectrochemical meas-
urement. The gaseous products generated by PEC electrolysis in the
anode chamber headspace (25 ml) were analysed each hour using agas
chromatograph (Shimadzu, GC-2014C) by taking 1 ml of electrolyte,
with the process recorded over 22 h. The volume of the anode cham-
ber headspace was calculated using the water displacement method.
To obtain calibration curves for H, and O,, gas chromatography was
used to quantify various volumes of H, standard gas (0-0.1 ml) and O,
standard gas (0-0.4 ml). The molar quantities of H, and O, standard
gases were calculated on the basis of the ideal gas law, thereby obtain-
ing calibration curves for H,and O, (linear relationship between peak

area and the molar quantity of H,and O, standard gases). The FE of H,
was calculated using equation (5):

ny,(mol) x nx F

) x 100% Q)

FE(H,) =

where Q represents the total coulombs applied (C), ny, represents
the amount of H, produced (mol), nrepresents the number of electrons
transferred (2 for H,) and F represents the Faraday constant
(96.485 C mol™).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datathat support the findings of this study are available from the
corresponding authors upon reasonable request. Source data are
provided with this paper.
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