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ABSTRACT: HClO is typically manufactured from Cl2 gas generated by the electrochemical
oxidation of Cl− using considerable electrical energy with a large concomitant emission of CO2.
Therefore, renewable energy-driven HClO generation is desirable. In this study, we developed a
strategy for stable HClO generation by sunlight irradiation of a plasmonic Au/AgCl photocatalyst
in an aerated Cl− solution at ambient temperature. Plasmon-activated Au particles by visible light
generate hot electrons, which are consumed by O2 reduction, and hot holes, which oxidize the
lattice Cl− of AgCl adjacent to the Au particles. The formed Cl2 is disproportionated to afford
HClO, and the removed lattice Cl− are compensated by the Cl− in the solution, thus promoting a catalytic HClO generation cycle. A
solar-to-HClO conversion efficiency of ∼0.03% was achieved by simulated sunlight irradiation, where the resultant solution
contained >38 ppm (>0.73 mM) of HClO and exhibited bactericidal and bleaching activities. The strategy based on the Cl−
oxidation/compensation cycles will pave the way for sunlight-driven clean, sustainable HClO generation.
KEYWORDS: photocatalysis, silver chloride, au particles, hypochlorous acid, solar-to-chemical conversion

■ INTRODUCTION
Hypochlorous acid (HClO) is a strong, water-soluble oxidant
that is widely used for disinfection, cleaning, deodorization,
bleaching, and sterilization.1−3 HClO is industrially produced
from Cl2 gas manufactured by chlor-alkali electrolysis in Cl−
solutions,4−8 which involves the oxidation of Cl− at the anode
(eq 1) and the reduction of H+ (eq 2) or O2 (eq 3) at the
cathode. The total reaction can be expressed as eq 4 or 5 (see
Calculation of Gibbs free energy in Supporting Information).
Dissolution of Cl2 in water generates HClO by disproportio-
nation according to the thermodynamic equilibrium (eq 6).9 In
contrast, deprotonation of HClO in basic media (eq 7)
produces a hypochlorite anion (ClO−), which has a lower
oxidation ability than that of HClO.10 The total electrolysis of
the chlor-alkali processes (eq 4 or 5) is a thermodynamically
up-hill reaction with a large Gibbs free energy gain and
requires enormous electrical energy. Seventy million tons of
HClO and related salts are annually produced in the world.11

The total CO2 emission resulting from the processing is
estimated at 29 million tons.12 Devising a clean, sustainable
method for HClO production with renewable energy is
necessary.
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Sunlight is a promising renewable energy. Theoretically,
semiconductor photocatalysis can generate HClO in Cl−
solutions under O2 at ambient temperature (eq 5).12

Photogenerated valence band (VB) holes (hVB+) oxidize Cl−
to generate Cl2 (eq 1), which is readily transformed to HClO
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via disproportionation (eq 6), and simultaneously, the
conduction band (CB) electrons (eCB−) reduce O2 (eq 3).
Some powder photocatalysts such as Pt-loaded TiO2

13,14 and
Pt-15 or Pt-MnOx-loaded WO3

16 promote the reaction but
produce solutions with low HClO concentrations (<2.4 ppm).
This is because (i) oxidation of bulk Cl− by hVB+ is difficult to
promote owing to its deep potential level (eq 1); (ii) oxidation
of bulk Cl− is suppressed because oxidation of water by hVB+
(the reverse reaction of eq 3) occurs competitively; and (iii)
these catalysts are mainly photoexcited by UV light (λ < 400
nm), which readily promotes the photodecomposition of
HClO into O2 and Cl− (eq 8).

17,18 Therefore, the design of a
photocatalyst that efficiently promotes Cl− oxidation under
visible light is necessary.

+ +
< +HClO 1/2O H Cl

hv ( 400 nm)
2 (8)

We selected AgCl powder, which is a nontoxic, inexpensive
n-type semiconductor.19 As shown in Scheme 1a, AgCl has a
wide bandgap (∼2.9 eV) and requires UV light for photo-
excitation. Its density of states near the VB maximum consists
of strongly hybridized Ag 4d and Cl 3p orbitals owing to the
low electronegativity of Cl.20 Therefore, a bandgap photo-
excitation of AgCl promotes self-oxidation of the lattice Cl− of
AgCl (ClL−) by the photogenerated hVB+, which has been
observed for similar Cl−-containing semiconductors such as
bismuth oxychlorides.21 A notable feature of such Cl−-
containing semiconductors is that the potential of self ClL−

oxidation lies at a more negative level [∼0.5 V vs reversible
hydrogen electrode (RHE), eq 9] than that of bulk Cl−
oxidation (1.36 V vs NHE, eq 1).22 This implies that the
self ClL− oxidation of AgCl, if promoted in Cl− solution under
visible light, would generate HClO via the disproportionation
of the formed Cl2 (eq 6), and the removed ClL− would be
compensated from the Cl− solution (eq 10), thereby
promoting a stable catalytic HClO generation.

+ ++2AgCl Cl 2Ag 2e ( 0.5 V vs RHE)L 2 (9)

++2Ag 2Cl 2AgClL (10)

Localized surface plasmon resonance (LSPR) is a resonant
oscillation of surface electrons of metal particles such as Au
caused by incident photons of broader wavelength light.23,24

This phenomenon has attracted considerable attention for
solar-to-chemical conversion. Visible-light absorption of Au
particles loaded on a semiconductor causes the collective
oscillation of their sp-band electrons and generate hot hole
(hhot+) and hot electron (ehot−) pairs and promote several
oxidation and reduction reactions.25−27 Notably, the potential
of hhot+ lies at ∼1.3 V (vs NHE),28 which is more positive than
the potential of ClL− oxidation (∼0.5 V). Therefore, we
hypothesized that if Au particles are loaded onto AgCl particles
(Scheme 1b), the hhot+ generated on the LSPR-activated Au
particles would promote self ClL− oxidation and facilitate
visible-light-driven HClO generation. Therefore, in this study,
we loaded Au particles onto the surface of AgCl powder (Au/
AgCl) and used them for photocatalytic HClO generation in
Cl− solutions under aerated condition.

■ RESULTS AND DISCUSSION

Preparation and Characterization of Catalysts
AgCl powder was prepared by a precipitation method using
AgNO3 and KCl in water.

29 Aux/AgCl catalysts [x (wt %) =
Au/AgCl × 100] were prepared by the deposition−
precipitation method.30 AgCl was stirred in water containing
HAuCl4·4H2O, and the resultant was calcined in air at 673 K.

31

The Au loading amounts (x wt%) on the catalysts were
determined by energy-dispersive X-ray fluorescence (XRF)
analysis. Scanning electron microscopy (SEM) observations of
AgCl and Au2.7/AgCl (Figure S1) showed similar spherical
AgCl particles with diameters of ∼100 nm,29 indicating that

Scheme 1. Electronic Band Structures of (a) Au and AgCl and (b) Au/AgCla

aEF, EVB, ECB, Ebg, Evac, and ϕB denote the Fermi level, valence band level, conduction band level, bandgap, vacuum level, and Schottky barrier
height, respectively.
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the size and morphology of AgCl did not change with Au
loading. As shown in Figure 1a, the diffuse-reflectance (DR)
UV−vis spectrum of bare AgCl exhibits almost no absorption
in the visible region (λ > 400 nm). A Tauc plot of the
spectrum (Figure S2) revealed that the bandgap energy of
AgCl was 2.92 eV (425 nm), suggesting that it scarcely
absorbed visible light. The electrochemical Mott−Schottky
plot of AgCl (Figure S3) revealed its flat-band potential as

−0.60 V (vs RHE), which afforded the band structure of AgCl
(Scheme 1a). In contrast, Aux/AgCl exhibited a strong LSPR
band of Au particles centered at 550 nm (Figure 1a)32 and the
absorbance increased with increasing Au loading (x).
X-ray diffraction (XRD) patterns of both AgCl and Aux/

AgCl (Figure S4) exhibited peaks assigned to cubic AgCl
(JCPDS 31-1238), suggesting that its structure was maintained
even after the Au loading. Aux/AgCl also showed a diffraction

Figure 1. Optical and photocatalytic properties of catalysts. (a) Diffuse-reflectance UV−vis spectra. (b) Amount of HClO generated on the
respective catalysts during photoirradiation. Conditions: 550 mM NaCl solution (50 mL), catalyst (0.1 g), air flow (1.0 L min−1), λ > 420 nm (Xe
lamp), photoirradiation time (24 h), and temperature (303 K). (c) Time course for the amount of HClO generated during photoreaction on Au2.7/
AgCl; inset: enlarged view. (d) Absorption spectrum of Au2.7/AgCl and action spectrum for HClO generation on the catalyst.

Figure 2. STEM-EDS observation results. (a) BF- and (b) ADF-STEM images of an Au2.7/AgCl particle, and (c) its EDS maps (Lα1 line) of Au
(green), Ag (red), and Cl (blue) components. Size distribution of Au particles on (d) fresh Au2.7/AgCl and (e) the catalyst recovered after the
photoreaction in NaCl solution under air flow for 24 h (Figure 1c, red).
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peak at 38°, which is attributed to the (111) facet of metallic
Au (JCPDS 04-0784), indicating the formation of Au0. Figure
2a and b show bright-field (BF) and annular dark-field (ADF)
scanning transmission electron microscopy (STEM) images of
Au2.7/AgCl, respectively. Energy-dispersive X-ray spectroscopy
(EDS)33,34 elemental maps for Au, Ag, and Cl (Figure 2c)
indicated that spherical or semi-spherical Au particles were
homogeneously loaded on the AgCl surface. Other Au2.7/AgCl
particles exhibited similar STEM-EDS results (Figures S5−S7).
The size distribution of the Au particles determined by the BF-
STEM observations (Figure 2d) indicated that monodispersed
Au particles with an average diameter of ∼50 nm were loaded
on Au2.7/AgCl.
X-ray photoelectron spectroscopy (XPS) was used to clarify

the electronic states of Au, Ag, and Cl (Figure S8). The Ag 3d
spectrum of bare AgCl (Figure S9) showed 3d5/2 and 3d3/2
peaks corresponding to the lattice Ag+ (367.6, 373.6 eV) with a
minor Ag0 component.35 In contrast, Au2.7/AgCl showed these
peaks at higher binding energies, suggesting that Au loading
causes the transfer of the CB electrons of AgCl to Au particles
to balance their Fermi levels,36 thereby creating a Schottky
barrier (ϕB) at the Au/AgCl interface (Scheme 1b). The Cl 2p
spectra of both AgCl and Au2.7/AgCl (Figure S10) showed
2p1/2 and 2p3/2 peaks for ClL− (198.0, 199.6 eV)37 at identical
positions. The CB of AgCl mainly consists of Ag 5s states20

and does not experience a shift of the Cl component after Au
loading. The Au 4f spectrum of Au2.7/AgCl (Figure S11)
exhibited two components ascribed to Au0 (84.7, 88.4 eV) and
a small amount of Au3+ (86.9, 90.6 eV).38 Surface elemental

compositions of the catalysts were determined from the XPS
peak areas using atomic sensitivity factors39 (Table 1). The
nearly 1:1 Ag:Cl composition of Au2.7/AgCl (entry 2) agrees
with the theoretical stoichiometry of AgCl (entry 1), indicating
that the AgCl composition did not change after Au loading.
Photocatalysis

The photocatalytic activity of Aux/AgCl was tested in NaCl
solution. The Cl− concentration in the solutions was set to 550
mM, which is the same as that in seawater.18,21 A NaCl
solution (50 mL) containing the catalyst (0.1 g) was irradiated
by visible light (λ >420 nm) from a Xe lamp under air flow
(1.0 L min−1) and magnetic stirring at 303 K. Figure 1b shows
the amount of HClO generated on the respective catalysts
during 24 h of photoirradiation. Bare AgCl scarcely generated
HClO. In contrast, Aux/AgCl generated a larger amount of
HClO, implying that the LSPR absorption of Au particles
triggered HClO generation. Increasing the amount of Au
loading enhanced the HClO generation, where Au2.7/AgCl
exhibited the highest activity. However, when Au particles were
loaded onto other inorganic/organic semiconductor powders
(TiO2, WO3, Fe2O3, Nb2O5, and g-C3N4) in a manner similar
to that of Au2.7/AgCl, negligible activities were observed
(Figure S12) even though all of these catalysts exhibited LSPR
bands of Au particles (Figure S13). This indicates that the Au/
AgCl catalysts specifically show high activity for HClO
generation.
The HClO generation on Au/AgCl is elucidated in Scheme

2, where (a) LSPR-activated Au particles generate hhot+ and

Table 1. Surface Elemental Composition of Catalysts

composition (mol %)b Ag species (%)c Au species (%)d

entry catalyst statusa Ag Cl Au Ag0 Ag+ Au0 Au3+

1 AgCl fresh 50.0 50.0 3.5 96.5
2 Au2.7/AgCl fresh 47.2 48.8 4.0 3.4 96.6 81.3 18.7
3 Au2.7/AgCl after photoirradiation in water under air 48.7 47.2 4.0 4.2 95.8 83.5 16.5
4 Au2.7/AgCl after photoirradiation in NaCl solution under air 47.1 48.9 4.0 3.3 96.7 83.6 16.4
5 Au2.7/AgCl after photoirradiation in NaCl solution under Ar 48.1 49.9 1.9 3.5 96.5 84.6 15.4

aPhotoreactions were performed under conditions identical to those shown in Figure 1c (3 h). bDetermined from the XPS peak areas with atomic
sensitivity factors (Ag 3d, 34.06; Cl 2p, 4.15; Au 4f, 44.03) (Figures S9−S11). cDetermined from Ag 3d XPS peak areas (Figure S10). dDetermined
from Au 4f XPS peak areas (Figure S11).

Scheme 2. Proposed Mechanism for Photocatalysis on Au/AgCl under Visible-Light Irradiation in Cl− Solutions (a → b → c
→ a) with O2 and (a → d → e) without O2
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ehot− pairs and the injection of ehot− to the CB of AgCl
generates eCB− (Scheme 1b); (b) hhot+ oxidizes ClL− of AgCl in
the periphery of Au particles to generate Cl2, which is readily
disproportionated to afford HClO (eq 6), while eCB− reduces
O2 (eq 3); and (c) the removed ClL− is compensated from the
solution. This ClL− oxidation/compensation cycle catalytically
generates HClO. Figure 1c presents the time profiles of the
amount of HClO generated on Au2.7/AgCl during visible-light
irradiation under different conditions. Photoirradiation in pure
water under air flow (blue) generated a small amount of HClO
in the early stage (see inset), which was saturated at 0.4 μmol.
The HClO generation in pure water indicates that the ClL− of
AgCl is oxidized by the LSPR activation of Au particles by
visible light (Scheme 2b). The ClL− oxidation was confirmed
by XPS analysis (Table 1), where the Cl composition of Au2.7/
AgCl (48.8%, entry 2) decreased to 47.2% after the
photoreaction in water (entry 3). In contrast, photoirradiation
in a Cl− solution (Figure 1c, red) stably generated HClO. In
this case, the Cl content of the catalyst scarcely decreased
(Table 1, entry 4). This suggests that, as shown in Scheme 2c,
the eliminated ClL− were successfully compensated by Cl− in
the solution, promoting catalytic HClO generation.
Notably, the catalyst maintained its high activity even after

recycling it three times for the photoreaction in Cl− solution
under air (Figure S12). The SEM image (Figure S1) and XRD
pattern (Figure S4) of the recovered catalyst were similar to
those of the fresh catalyst. In addition, STEM-EDS
observations of the recovered catalyst (Figures S14−S16)
showed homogeneously distributed Au particles similar to
those of the fresh catalyst (Figure 2, Figures S5−S7).
Furthermore, the size distribution of the Au particles remains
almost unchanged after the reaction (Figure 2e). These

findings suggest that visible-light irradiation of Au/AgCl in
an aerated Cl− solution stably generates HClO without any
activity and structural changes.
Mechanism for HClO Generation

The proposed catalytic cycle for HClO generation (Scheme
2a ⃗b → c) was confirmed through several analyses. Figure 1d
shows the action spectrum for HClO generation on Au2.7/
AgCl under monochromated light irradiation. The highest
apparent quantum yield (ΦAQY) was obtained under 550 nm
light irradiation, which is in good agreement with the LSPR
band maximum of the Au particles. The generation of hhot+ and
ehot− on Au particles followed by ehot− injection to AgCl
(Scheme 2a) and consumption of hhot+ by ClL− oxidation
(Scheme 2b) were confirmed by the photocurrent response of
catalyst-loaded fluorine tin oxide (FTO) electrodes (Figure
3a). Visible-light irradiation of bare AgCl in a NaCl solution
(black) did not show any current, whereas Au2.7/AgCl in a
Na2SO4 solution (blue) generated a photocurrent. This
indicates that ehot− generated on Au particles is transferred
to the CB of AgCl and then to FTO, while hhot+ is consumed
by the oxidation of ClL− in the periphery of the Au particles
(Figure 3b). However, in the case of Au2.7/AgCl in a Na2SO4
solution (blue), the current density decreased during repeated
light irradiation because the loss of ClL− around the Au
particles inhibited the consumption of hhot+. In contrast, Au2.7/
AgCl in a Cl− solution (red) stably generated a current,
indicating that the consumed ClL− were compensated from a
solution (Scheme 2c).
Cyclic voltammetry (CV) was performed using catalyst-

loaded FTO electrodes to confirm the ClL− oxidation/
compensation cycle. Figure 3c shows the CV of Au2.7/AgCl

Figure 3. Electrochemical properties of the catalysts. (a) Photocurrent response of catalyst-loaded FTO in different electrolytes under Ar with λ >
550 nm light irradiation at a bias of 1.0 V (vs Ag/AgCl). (b) Proposed mechanism for photocurrent generation on Au/AgCl-loaded FTO in Cl−
solution. CV of Au2.7/AgCl-loaded FTO measured in (c) 100 mM Na2SO4 under O2 and (d) 550 mM NaCl under O2 (scan rate, 100 mV s−1). (e)
CV-QCM of Au2.7/AgCl-loaded Au-QCM electrode measured in 550 mM NaCl under O2 (scan rate, 2 mV s−1), where a peak for O2 reduction
appears at a relatively positive potential because slow scan leads to consumption of O2 in the system. (f) CA-QCM of Au2.7/AgCl-loaded Au-QCM
electrode measured in 550 mM NaCl under O2. The potential at 0.68 V (vs RHE) and the OCP (0.61 V vs RHE) have been indicated in blue.
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measured in Na2SO4 solution under O2. The first cycle showed
an anodic current for ClL− oxidation at >0.6 V (vs RHE),
indicating that the oxidation of ClL− occurs at a more negative
potential than that of the oxidation of bulk Cl− (∼1.5 V)40
(Scheme 1b). A cathodic current for O2 reduction appeared at
<0 V, suggesting that ehot− is consumed by O2 reduction
(Scheme 1b). However, these currents disappeared after the
second cycle, where reduction of Ag+ (+0.8 V) and oxidation
of the formed Ag0 (+1.5 V) occurred irreversibly. In contrast,
the CV of Au2.7/AgCl in NaCl solution (Figure 3d) showed
reversible anodic/cathodic currents for ClL− oxidation/O2
reduction. This confirms that the Au/AgCl catalyst in Cl−
solution stably promotes ClL− oxidation/compensation
(Scheme 2a ⃗b → c). Note that O2 is reduced to water (eq
3). A rotating ring-disk electrode (RRDE) analysis with an
Au2.7/AgCl-loaded disc electrode confirms this. A linear-sweep
voltammetry (LSV) analysis in an aerated solution (Figure
S17) shows almost no ring current, where the H2O2 yield is
less than 0.5% and the electron number for O2 reduction is
almost 4, indicating that O2 is reduced to water (Scheme 2b).
Quartz crystal microbalance (QCM) analysis41 was carried

out to monitor the ClL− oxidation/compensation on Au/AgCl.
Figure 3e shows the results of CV-QCM analysis performed
using the Au2.7/AgCl-loaded QCM electrode in NaCl solution
under O2. The anodic current for ClL− oxidation appeared at
>0.6 V (vs RHE), which was accompanied by a decrease in the
mass of the electrode; this is attributed to the removal of ClL−

by oxidation. However, a potential sweep to the negative side
at <0.6 V recovered the mass of the electrode, which is
indicative of ClL− compensation from the solution. The ClL−

compensation was further confirmed by chronoamperometry
(CA)-QCM analysis using Au2.7/AgCl-loaded QCM electrodes
in NaCl solution (Figure 3f). Applying a potential of +0.68 V
(vs RHE) decreased the mass owing to the ClL− oxidation,
whereas applying no potential (open-circuit potential (OCP),
+0.61 V) recovered the mass owing to the ClL− compensation.

The repeated mass decrease/recovery confirms the ClL−

oxidation/compensation cycle on Au/AgCl (Scheme 2a → b
→ c) and indicates that ClL− compensation occurs quickly and
quantitatively.
As shown in Scheme 2b,c, the hhot+ generated on the LSPR-

activated Au particles oxidizes the ClL− of AgCl in the
periphery of the Au particles. As shown in Figure 1b, the
catalyst with high Au loading (3.2 wt %) showed low HClO
generation activity. Au3.2/AgCl exhibited a broadened LSPR
band (Figure 1a), suggesting the formation of larger-size Au
particles by their coalescence during the thermal treat-
ment.31,32 This decreases the number of ClL− adjacent to the
Au particles that can be oxidized by hhot+, consequently
decreasing photocatalytic activity. This finding confirms that
the oxidation/compensation of the peripheral ClL− promotes
catalytic HClO generation. As shown in Figure 1c (blue),
photoirradiation on Au2.7/AgCl in pure water for 24 h
generated 0.4 μmol HClO, suggesting that 0.8 μmol ClL− is
oxidized on the catalyst (eqs 1 and 6). In contrast, 21.4 μmol
HClO was photogenerated in Cl− solution for 24 h (Figure 1c,
red), suggesting that 42.8 μmol ClL− is oxidized. Therefore, the
turnover number of the peripheral ClL− is estimated to be ∼54,
indicating that the present system catalytically generates HClO
by the ClL− oxidation/compensation cycles (Scheme 2a → b
→ c).
Conditions for Efficient HClO Generation

A photoreaction under aerated conditions is essential for
HClO generation: photoirradiation of Au2.7/AgCl in Cl−
solution under Ar flow (Figure 1c, green) produced a small
amount of HClO. The CV of Au2.7/AgCl measured in a Cl−
solution under Ar (Figure S18) shows an irreversible current
for Ag+ reduction (+0.2 V), suggesting that the absence of O2
promotes the reduction of Ag+ in AgCl. XPS analysis of the
recovered catalyst (Table 1, entry 5) revealed that the Au
composition (4.0 mol %) decreased to 1.9 mol %. In addition,

Figure 4. Solar-to-HClO conversion performance and oxidation capability of the obtained HClO solution. (a) Change in the amount of HClO
generated and the SCC efficiency during photoreaction under simulated AM 1.5G sunlight (1 sun) irradiation. Conditions: NaCl solution or
artificial seawater containing 550 mM Cl− (50 mL), catalyst (0.1 g), air flow (1.0 L min−1), and temperature (303 K). Photographs of (b) a black
mold taken in a bathroom, (c) a human hair, and (d) a piece of denim pants, before and after 3 days in the HClO solution (38 ppm HClO)
obtained after 24 h of photoirradiation (black circle in Figure 4a).
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the Au LSPR band of the recovered catalyst decreased
significantly (Figure S19), although the reaction under air
scarcely changed the spectrum. This implies that, during
photoreaction without O2, ehot− is consumed by the reduction
of Ag+ in the periphery of the Au particles (Scheme 2d). The
Ag0 formed is adsorbed onto the Au particles and may weaken
the Au−AgCl interaction, which can be involved in the
removal of Au particles from the AgCl surface (Scheme 2a → d
→ e).
A Cl− solution with a weakly acidic to neutral pH (4−7) is

necessary. Figure S20 shows the total amount of Cl2, HClO,
and ClO− in NaCl solutions after photoirradiation of Au2.7/
AgCl under different pH values. The reaction occurred
efficiently at pH 4−7 but is suppressed at higher or lower
pH, where the product amount profile agrees well with the
mole fraction distribution of the HClO species determined
based on eqs 6 and 7. At higher pH, a low H+ concentration
suppresses O2 reduction (eq 3), thereby suppressing ClL−

oxidation. At lower pH, the disproportionation of the formed
Cl2 to HClO (eq 6) is suppressed, resulting in the removal of
Cl2 gas from the solution.
Ambient-temperature conditions are essential. As shown in

Figure S21, higher reaction temperatures (313 and 333 K)
decreased the activity owing to the thermal decomposition of
the HClO formed,42 indicating that a relatively low temper-
ature (∼303 K) is favorable for HClO generation.
Furthermore, a ∼500 mM Cl− solution is appropriate. As
shown in Figure S22, increasing the Cl− concentration
enhanced HClO generation on Au2.7/AgCl, but the amount
of HClO generated decreased when the Cl− concentration was
greater than 1 M. This activity decrease can be attributed to
the increased solution viscosity, which affects the mass transfer
during photocatalysis,43 and to the decreased O2 solubility,

44

which affects ehot− consumption. These results indicate that
photoirradiation in aerated Cl− solutions containing ∼500 mM
Cl− with weakly acidic−neutral pH (4−7) at ambient
temperature is effective for HClO generation.
Solar Energy Conversion

The solar-to-chemical conversion (SCC) performance45 of
Au2.7/AgCl was evaluated in aerated 550 mM NaCl solution
under irradiation with AM1.5G simulated sunlight (1 sun)
over the wavelength range of 300−2500 nm.46,47 Figure 4a
shows the change in the amount of HClO generated with
photoirradiation time. Irradiating the entire wavelength of light
(black triangle) efficiently generates HClO at the early stage of
photoirradiation because direct photoexcitation of AgCl by UV
light can promote ClL− oxidation by hVB+ (Scheme 1a).
However, the rate of HClO generation was nearly saturated at
>6 h and the SCC efficiency decreased significantly with time.
This is because the generated HClO absorbs UV light (Figure
S23) and is subsequently decomposed into O2 and Cl− (eq
8).17,18 As shown in Figure S24, irradiation with light at λ >
300 nm to a HClO solution generates a stoichiometric amount
of O2. However, irradiation with visible light (λ > 420 nm)
scarcely decomposed HClO. As a result, as shown by the black
circle in Figure 4a, irradiation with visible region light (λ > 420
nm) from the solar simulator to a Cl− solution containing
Au2.7/AgCl suppressed subsequent decomposition of HClO
and stably generated HClO. The SCC efficiency was estimated
as ∼0.03% based on the formation of HClO and remained
constant during the photoirradiation. Notably, the HClO
concentration in this case was higher than that obtained under

irradiation with light of the entire wavelength range (λ > 300
nm). The results indicate that visible-light irradiation stably
promotes the up-hill reaction (eq 5) and facilitates solar-to-
HClO conversion.
The irradiation of an NaCl solution with visible light (λ >

420 nm) for 24 h under air (black circle, Figure 4a) generated
38 ppm of HClO (36 μmol/50 mL). This concentration is
higher than that obtained in the reported photocatalytic
systems (<2.4 ppm)12−16 or photoelectrochemical systems
using photoanodes with external bias (<35 ppm),48,49

confirming the high activity of the present Au/AgCl system.
In addition, this concentration (38 ppm) is much higher than
the HClO concentration (>3 ppm) recommended by WHO
for the disinfection of drinking water,50 where an HClO
solution of >3 ppm has been confirmed to be effective for the
disinfection of several types of bacteria and viruses in lakes,
rivers, and groundwater containing fecal contamination.1,51

This means that the HClO solution obtained in our
experiment has sufficient bactericidal activity. The oxidation
capability of the solution was confirmed by testing it in real-
world scenarios. A black mold, which is Cladosporium spp., one
of the most abundant airborne spores in the world,52 was taken
from a bathroom and left in the obtained HClO solution for 3
days (Figure 4b). The color was nearly bleached owing to the
decomposition of the mold spores.53 In addition, the obtained
HClO solution successfully bleached the black melanin dye in
human hair (Figure 4c) and the indigo dye in denim pants
(Figure 4d). These results confirmed the oxidation capability
of the obtained HClO solution for sterilization and bleaching.
Seawater is a naturally abundant Cl− solution but ineffective

for the present photoprocess. As shown in Figure 4a (denoted
by square keys), the photoreaction in artificial seawater
containing 550 mM Cl−, which was prepared by dissolving
red sea salt, generated a small amount of HClO and showed
low SCC efficiency (∼0.004%). This is ascribed to the small
amount of bicarbonate anions (HCO3

−, ∼3 mM) present in
seawater. Seawater contains several cations (Na+, Li+, K+, Ca2+,
Mg 2+, Sr2+, and Ba2+) and anions (SO4

2−, HCO3
−, Br−, and

F−) in different amounts (Table S1).54 To clarify the effect of
these coexisting ions on the HClO generation, photoreactions
were performed on Au2.7/AgCl in aerated 550 mM NaCl
solution containing 50 mM of each of the respective cations
and anions (Figure S25). All the cations and SO4

2−, Br−, and
F− anions scarcely affected HClO generation, but HCO3

−

significantly decreased the activity. The CV of Au2.7/AgCl
measured in NaCl solution with HCO3

− (Figure S26) showed
that the current density of ClL− oxidation decreased during the
cycles. This indicates that HCO3

− in solution may compensate
for the removed ClL− of AgCl to form Ag2CO3;

55 this
replacement may suppress ClL− oxidation and decrease the
activity for HClO generation. These findings indicate that the
present photoprocess based on the ClL− oxidation/compensa-
tion is affected by even a small amount of HCO3

− impurity.
Nevertheless, our strategy, which stably produces a high-
HClO-content solution with a strong oxidation capability using
an inexpensive Cl− solution under irradiation of visible light,
remains promising for clean and sustainable HClO generation.

■ CONCLUSIONS
We demonstrated that Au/AgCl plasmonic photocatalysts can
generate HClO in aerated Cl− solutions at ambient temper-
ature under irradiation of visible light from sunlight. The
LSPR-activated Au particles generate ehot− and hhot+. ehot− is
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consumed by the reduction of O2, and hhot+ oxidizes ClL− of
AgCl in the periphery of the Au particles, where the formed Cl2
is transformed to HClO via disproportionation. The removed
ClL− of AgCl is compensated by Cl− in solution, thereby
promoting catalytic HClO generation. The present system
generates HClO solutions, which possess a high oxidation
capability for sterilization and bleaching, although HCO3

−

impurities that deactivate the catalyst surface must be removed
from the solution for efficient HClO generation. The powder
photocatalyst system is a low-cost technology with the
potential to enable scale-up to larger systems owing to simple
catalyst preparation and simple reactor/facility designs.
Therefore, HClO production by a powder photocatalyst
system is not only economical but also contributes to
mitigation of global warming. The HClO concentration
obtained by the present system is much lower than that of
commercially available HClO solution. Therefore, further
activity enhancement is necessary for practical applications.
Nevertheless, the Au/AgCl powder photocatalyst system
presented here, based on the ClL− oxidation/compensation
by LSPR activation, may contribute to clean, sustainable
production of HClO using renewable solar energy.
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