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ABSTRACT: Ammonia is an indispensable chemical. Photocatalytic
NH3 production via dinitrogen fixation using water by sunlight
illumination under ambient conditions is a promising strategy, although
previously reported catalysts show insufficient activity. Herein, we
showed that ultraviolet light irradiation of a semiconductor, bismuth
oxychloride with surface oxygen vacancies (BiOCl-OVs), in water
containing chloride anions (Cl−) under N2 flow efficiently produces
NH3. The surface OVs behave as the N2 reduction sites by the
photoformed conduction band electrons. The valence band holes are
consumed by self-oxidation of interlayer Cl− on the catalyst. The
hypochloric acid (HClO) formed absorbs ultraviolet light and undergoes
photodecomposition into O2 and Cl

−. These consecutive photoreactions produce NH3 with water as the electron donor. The Cl− in
solution compensates for the removed interlayer Cl− and inhibits catalyst deactivation. Simulated sunlight illumination of the catalyst
in seawater stably generates NH3 with 0.05% solar-to-chemical conversion efficiency, thus exhibiting significant potential of the
seawater system for artificial photosynthesis.

■ INTRODUCTION
Ammonia (NH3), an indispensable chemical in modern
society,1 has attracted much attention as an energy carrier2

and a component of an NH3/O2 fuel cell for electricity
generation.3 The industrial process for manufacturing NH3
needs high pressure and high temperature conditions with
large amounts of H2.

4 A new N2 fixation process that can be
operated under milder reaction conditions is necessary, and in
this respect, the photocatalytic process is promising because
water can be used as a reductant under ambient reaction
conditions.5 In this method, sunlight irradiation of powder
photocatalysts suspended in water produces valence band
holes (VB h+) for water oxidation (eq 1) and conduction band
electrons (CB e−) for N2 reduction (eq 2). These redox
reactions result in the formation of NH3 with a large free
energy gain (eq 3).6 The photocatalytic N2 fixation, along with
overall water splitting (eq 4)7−9 and H2O2 production (eq
5),10−12 is therefore a potentially new artificial photosynthesis
system.

+ → ++ +2H O 4h O 4H2 2 (1)

+ + →+ −N 6H 6e 2NH2 3 (2)
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2 2 2 2
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Early studies on photocatalytic N2 fixation have been
focused primarily on TiO2-based catalysts.13 Recent rapid
progress in this field have demonstrated that N2 fixation with
water can be promoted on several types of powder photo-
catalysts5,14 composed of noble metals,15,16 binary or ternary
metal oxides,17−19 metal hydroxides,20 metal sulfides,21 metal
chalcogels,22 and carbonaceous materials,23−25 where noble-
metal-free inexpensive photocatalysts17−25 are considered to be
the most practical system for large-scale applications. Although
several systems have been proposed, many of them have
problems where it is unclear whether N2 is the source of NH3
and whether O2 and NH3 are generated quantitatively (eq 3).
Noble-metal-free photocatalysts that efficiently catalyze both
water oxidation and N2 reduction are necessary.
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N2 fixation occurs via the N2 reduction (eq 2);5 hence,
highly active N2 reduction site is necessary. Recently, we found
that TiO2 with surface oxygen vacancies (OVs) reduces N2
using water under ultraviolet light and efficiently produce NH3
with a solar-to-chemical conversion (SCC) efficiency of
0.02%.26 Several spectroscopic analysis indicate that the TiIII

sites adjacent to the OVs behave as the N2 reduction sites,
although an alternative mechanism involving adventitious
carbons on the TiO2 surface has been proposed on the basis
of X-ray photoelectron spectroscopy (XPS) and density
functional theory calculations.27,28 Therefore, creating surface
defects may become a promising strategy for N2 fixation.
Another rate-determining step is water oxidation by the VB h+

(eq 1), which is a thermodynamically unfavorable multi-
electron reaction.29,30 Semiconductor photocatalysts with
defective surface sites for N2 reduction and high activity for
water oxidation are necessary for efficient N2 reduction with
water as the electron donor.
Our strategy is the use of bismuth oxyhalides [BiOX (X =

Cl, Br, I)], which are nontoxic, inexpensive, and environ-
mentally friendly semiconductors.31,32 As shown in Figure 1a,
BiOX have a layered tetragonal matlockite structure,
characterized by [Bi2O2]

2+ slabs interleaved by double slabs
of halogen anions (X−). Recent reports revealed that BiOX
with surface OVs (BiOX-OVs), which behave as the N2
reduction sites (Figure 1b),33 exhibit high activity for
photocatalytic N2 fixation.34−37 The BiOX photoexcited in
water are, however, readily deactivated by self-decomposition
because of their characteristic band structures. In the case of
BiOCl-OVs, the density of states near its VB maximum mainly
consists of Cl 3p orbitals because Cl has a lower electro-
negativity than O. The VB h+ therefore preferentially oxidizes
the interlayer Cl− (eq 6) instead of water (eq 1).38 This leads
to self-oxidation (eq 7)39 and self-reduction (eq 8)40 of the
lattice BiIII, creating an inactive surface. Promoting stable water
oxidation on BiOX-OVs while suppressing self-deactivation is a
key to efficient N2 fixation.

+ → ++ +2Bi OCl 2h 2Bi O ClIII III
2 (6)

+ + → ++ + +2Bi O 2H O 2h Bi Bi O 4HIII
2

III V
4 (7)

+ + → ++ + −Bi O 2H 3e Bi H OIII 0
2 (8)

Herein, we demonstrate that photocatalysis by BiOCl-OVs in
chloride solutions such as “seawater” solves the depletion of
the interlayer Cl−. We found that ultraviolet light irradiation of
BiOCl-OVs in water containing chloride anions (Cl−) under
N2 flow stably produces NH3 with water. The surface OVs
behave as the sites of N2 reduction by the CB e− (eq 2). The
VB h+ are consumed by self-oxidation of interlayer Cl−,
producing Cl2 (eq 6). The Cl− in solution compensates for the
removed interlayer Cl− and prevents the subsequent reactions
(eqs 7 and 8), thus suppressing catalyst deactivation. As
expressed by eq 9, the Cl2 photoformed in water is in
equilibrium with hypochloric acid (HClO).41 It absorbs
ultraviolet light and undergoes photodecomposition to O2
and Cl− (eq 10).42−44 The Cl− compensation and photo-
decomposition of HClO therefore stably and quantitatively
produce NH3 with water as the electron donor (eq 3).

F+ + + =+ −Cl H O HClO H Cl (pK 1.4)2 2 a (9)

→ + +
ν + −HClO 1/2O H Cl

h
2 (10)

■ RESULTS AND DISCUSSION
Characterization of Catalysts. BiOCl (with perfect

stoichiometry) or BiOCl-OVs was prepared by a solvothermal
method with Bi(NO3)3·5H2O and KCl in water34 or ethylene
glycol,35 respectively. Scanning electron microscopy (SEM)
observation of BiOCl and BiOCl-OVs (Figure S1) shows
platelike particles with ∼1 μm and ∼0.3 μm diameters,
respectively. N2 adsorption/desorption analysis of both
catalysts shows type III isotherms (Figure S2), and the
calculated surface areas of BiOCl and BiOCl-OVs are only 8.4
and 16.1 m2 g−1, respectively, which are indicative of
nonporous particles. Both catalysts absorb light at λ < 370
nm with a similar bandgap energy of ∼3.3 eV (Figure S3).
Electrochemical Mott−Schottky plots of the catalysts (Figure
S4) exhibit n-type responses with similar flat-band potentials
[approximately − 0.50 V vs reversible hydrogen electrode
(RHE)]. These data clearly indicate that BiOCl and BiOCl-
OVs have similar electronic band structures (Figure 1c). X-ray
diffraction (XRD) of the catalysts (Figure S5) indicates that all
of the peaks can be indexed to a tetragonal BiOCl structure
(JCPDS card 06-0249).

Figure 1. (a) Crystal and (b) surface structures of BiOX-OVs, where the Bi, O, and halide ions are denoted by blue, red, and cyan spheres,
respectively. (c) Electronic band structure of BiOCl and BiOCl-OVs. The potentials for N2/NH3 and Cl

−/Cl2 are from refs 15 and 54, respectively,
while that for interlayer Cl−/Cl2 is based on the data in Figure 3.
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XPS spectrum of BiOCl-OVs at the Bi 4f level (Figure S6)
shows two components assigned to lattice BiIII (157.2 and
162.5 eV) and BiII adjacent to the surface OVs (156.6 and
161.9 eV).45 As summarized in Table 1, BiOCl does not
contain BiII but BiOCl-OVs contain 9.8% BiII, confirming the
presence of surface OVs. XPS spectra of both catalysts at the O
1s level (Figure S7) exhibit two components assigned to lattice
O (528.1 eV) and surface −OH (529.4 eV), and the spectra at
the Cl 2p level (Figure S8) show components assigned to
interlayer Cl− (196.0 and 197.5 eV).46 The elemental
compositions of the catalyst surfaces (Bi, O, Cl) were
determined from the XPS peak areas using the individual
atomic sensitivity factors (Table 1).47 The almost 1:1:1
Bi:O:Cl composition of BiOCl agrees with the theoretical
stoichiometry. The O composition of BiOCl-OVs (28%) is
lower than that of BiOCl (33%), confirming the formation of
surface OVs. Electron spin resonance (ESR) spectrum of

BiOCl-OVs at 77 K (Figure S9) exhibits a Lorentzian line
attributable to the unpaired electron on BiII adjacent to the
surface OVs,45 whereas that of BiOCl does not show such a
signal. These data clearly suggest that BiOCl-OVs contains
surface OVs.

Photocatalysis in Pure Water. N2 fixation on the BiOCl
or BiOCl-OVs catalyst in pure water is ineffective. Reactions
were carried out by photoirradiation (λ > 300 nm) of water
(0.1 L) containing BiOCl or BiOCl-OVs (0.2 g) by a Xe
lamp48 (Figure S10) under N2 flow at 303 K. Note that the pH
of the solutions during the reaction is ∼6.1, and the generated
NH3 exists in the protonated NH4

+ form (pKa 9.3).
49 Figure 2a

shows the time profile for the amount of NH3 formed. BiOCl
(black) does not produce NH3. In contrast, BiOCl-OVs (blue)
produces NH3, indicating that the surface OVs indeed act as
the N2 reduction sites.33 The NH3 amount increases at the
early stage but decreases with time. This decrease originates

Table 1. Compositions of BiOCl and BiOCl-OVs

elemental composition/%b composition of Bi species/%c

entry catalyst statusa Bi O Cl BiV BiIII BiII Bi0

1 BiOCl fresh 33.4 33.3 33.3 4.1 95.9 <0.1 <0.1
2 BiOCl-OVs fresh 38.9 27.8 33.3 5.4 84.8 9.8 <0.1
3 BiOCl-OVs after reaction in pure water 53.6 24.0 22.3 25.2 50.0 25.7 4.1
4 BiOCl-OVs after reaction in KCl solution (pH 1.0) 39.0 28.4 32.6 8.1 81.7 10.2 <0.1

aPhotoreaction condition: solution (0.1 L), catalyst (0.2 g), N2 (0.3 L min−1), λ > 300 nm (Xe lamp, intensity at 300−400 nm: 40.7 W m−2),
temperature (303 K), and photoirradiation time (24 h). bDetermined from the XPS peak areas with atomic sensitivity factors (Bi 4f, 1.00; Cl 2p,
7.31; O 1s, 6.34). cCalculated from the XPS (Bi 4f) peak areas.

Figure 2. (a) Amounts of NH3 produced during the photoreactions [conditions: solution (0.1 L), catalyst (0.2 g), N2 (0.3 L min−1), λ > 300 nm
(Xe lamp, intensity at 300−400 nm: 40.7 W m−2), and temperature (303 K)]. (b) The product amounts and e−/h+ balance {= [NH3] × 3/([O2] ×
4)} during the photoreaction (Xe lamp) on BiOCl-OVs in 550 mM KCl solution (pH 1.0) using a closed gas circulation system (0.04 MPa N2).
(c) Mole fraction distributions of Cl2, HClO, and ClO− in the solution and amount of NH3 formed on BiOCl-OVs by photoirradiation (Xe lamp)
for 24 h in 550 mM KCl solution with different pH values. (d) Amounts of NH3 formed and SCC efficiency under simulated sunlight (1 sun),
where the light intensity at 300−400 nm is 291 W m−2.
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from the self-deactivation of the catalyst and subsequent
decomposition of the NH3 formed. The VB h+ photoformed
on the catalyst are consumed by oxidation of interlayer Cl− (eq
6).38 This Cl− removal leads to catalyst deactivation by
subsequent self-oxidation and self-reduction reactions (eqs 7
and 8). The Cl− removal is confirmed by XPS (Table 1, entry
3). The Cl composition of BiOCl-OVs (33%) decreases to
22% after the photoreaction. The Bi 4f XPS spectrum of the
recovered catalyst (Figure S6) shows a BiV component (158.3
and 163.3 eV)39 formed via oxidation of BiIII by the VB h+ (eq
7) and Bi0 component (155.8 and 161.2 eV)40 formed via
reduction of BiIII by the CB e− (eq 8). In addition, as shown in
Figure S3, the recovered catalyst exhibits a broad absorption at
λ > 350 nm assigned to the Bi0 species.50 These data indicate
that Cl− removal in BiOCl-OVs leads to a loss of charge
balancing and promotes subsequent self-oxidation and self-
reduction reactions, leading to the self-deactivation of the
catalyst.
Self-deactivation in pure water was further confirmed by

cyclic voltammetry (CV) of BiOCl-OVs measured on a glassy
carbon electrode in 1.0 M Na2SO4 under N2 flow (Figure 3a).

Early cycles show an anodic current for oxidation of interlayer
Cl− (+0.57 V vs RHE) and a cathodic current for N2 reduction
(−0.30 V). Note that an anodic current for water oxidation
does not appear, clearly indicating that the catalyst is inactive
for water oxidation.38 Continuous cycles promote BiIII/BiV

oxidation (+0.78 V) and BiIII/Bi0 reduction (−0.19 V),51 along

with almost complete inhibition of N2 reduction. This
indicates that oxidation of interlayer Cl− triggers irreversible
self-oxidation and -reduction reactions, resulting in catalyst
deactivation. As shown in Table S1, entry 1, the BiOCl-OVs
recovered after the photoreaction in pure water [Figure 2a
(blue)], when reused for further reactions, shows decreased
activity, confirming the catalyst deactivation.
The Cl2 formed by the self-oxidation of interlayer Cl− is in

equilibrium with HClO (eq 9),41 which exists mainly at neutral
pH. Therefore, as expressed by eq 11, HClO oxidizes the
photoformed NH3, which then decomposes to N2 and H2O.
This decomposition accounts for the decreased NH3 amount
during the reaction [Figure 2a (blue)]. The solution recovered
during the photoirradiation of BiOCl-OVs in pure water
exhibits characteristic absorption bands at around 240 and 300
nm assigned to HClO (Figure S11).42 In addition, NH3, when
stirred in a NaClO solution (pH 6.1) in the dark, indeed
undergoes decomposition (Figure S12). These data suggest
that photoexcitation of BiOCl-OVs in pure water leads to self-
deactivation triggered by oxidation of the interlayer Cl− and
decomposition of the formed NH3 via oxidation by HClO.
These negative effects result in inefficient NH3 formation
[Figure 2a (blue)].

+ → + + ++ + −2NH 3HClO N 5H 3Cl 3H O4 2 2 (11)

Photocatalysis in Acidic Cl− Solution. Photoexcitation
of BiOCl-OVs in an acidic solution containing Cl− suppresses
deactivation of the catalyst and decomposition of the NH3
formed, leading to a stable NH3 production. Photoreaction was
performed in a KCl solution at pH 1.0 with BiOCl-OVs under
N2 flow. The Cl

− concentration in the solution was set to 550
mM, which is the same as that in seawater, and its pH was
adjusted with HClO4 to maintain the Cl− concentration.44 As
shown in Figure 2a (red), the NH3 amount increases linearly
with time, indicating that the system suppresses deactivation of
the catalyst and decomposition of the NH3 formed. Note that,
as shown in Figure 2a, photoreaction in either a neutral KCl
solution (pH 6.1) (orange) or acidic solution (pH 1.0)
without KCl (green) is ineffective, indicating that an acidic Cl−

solution is necessary. Also note that, as shown in Table S1,
entry 2, photoirradiation of BiOCl in an acidic KCl solution
does not produce NH3, again confirming that the OVs behave
as the N2 reduction sites. In addition, as shown by entries 3
and 4, the dark reaction or irradiation of λ > 420 nm light,
which is not absorbed by the catalyst, does not promote the
reaction. Furthermore, the catalyst recovered after the
photoreaction in an acidic Cl− solution, when reused 5 times
for further reactions, exhibits almost the same activity as the
fresh one (entry 5), indicating that the catalyst is reusable
without loss of activity. During the reaction, UV−visible
spectroscopy52 or ion chromatography analysis does not detect
hydrazine, NO3

−, or NO2
−, indicating that NH3 is the sole

product from N2.
During the photoreaction, the interlayer Cl− removed from

the catalyst is compensated by the Cl− in the solution,
suppressing catalyst deactivation. As shown in Table 1 (entry
4), the Cl composition of BiOCl-OVs recovered after the
reaction scarcely changes, indicative of successful Cl−

compensation. In addition, the Bi 4f XPS spectrum of the
recovered catalyst scarcely shows an increase in the BiV or Bi0

component (Figure S6). In addition, as shown in Figure S3,
the recovered catalyst shows absorption spectrum similar to
that of the fresh one, where a broad absorption at λ > 350 nm

Figure 3. CV curves of BiOCl-OVs measured in (a) 1.0 M Na2SO4
solution (pH 6.1) and (b) 550 mM KCl solution (pH 1.0) under N2
bubbling with a sweep speed of 0.1 V/sec.
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assigned to Bi0 species50 scarcely appears. These data indicate
that Cl− compensation by the solution suppresses self-
oxidation and -reduction reactions (eqs 7 and 8), thus
inhibiting catalyst deactivation. Note that SEM images and
XRD pattern of the recovered catalyst are similar to those of
the fresh one (Figures S1 and S5), suggesting that the
morphology and optical properties of the catalyst scarcely
change. In addition, at this acidic pH (1.0), the HClO
concentration decreases because of the displacement of the
equilibrium with Cl2 as expressed by eq 9. As shown in Figure
S12, NH3 stirred in a NaClO solution (pH 1.0) scarcely
decomposes, indicating that the NH3 decomposition by HClO
is suppressed in an acidic solution. These findings clearly
suggest that photoexcitation of BiOCl-OVs in an acidic Cl−

solution suppresses deactivation of the catalyst and decom-
position of the NH3 formed, thus promoting efficient NH3
formation.
As shown in Table S1, entry 6, photoreaction on BiOCl-OVs

under Ar gas does not produce NH3, suggesting that the N
source of NH3 is the N2 gas. To further confirm this,
photoreaction was carried out using isotope-labeled 15N2. A
KCl solution (pH 1.0) containing BiOCl-OVs was photo-
irradiated with 14N2 or

15N2 (0.13 MPa) for 36 h, where the
amounts of NH3 formed from 14N2 and

15N2 were similar (74
and 72 μM, respectively). The NH3 formed was converted by
the indophenol assay.24,26 The resulting solution with the
distinctive indophenol absorption band at 630 nm was
analyzed by liquid chromatography−mass spectrometry
(Figure S13). The 14N2 sample exhibits an indophenol anion
peak (m/z 198), and the 15N2 sample exhibits a very strong
15N-labeled anion peak (m/z 199), confirming N2 as the N
source of NH3.
Photocatalytic Properties in Acidic Cl− Solution. Upon

photoexcitation of BiOCl-OVs in an acidic Cl− solution,
“water” acts as the electron donor and promotes stoichiometric
N2 reduction. Oxidation of interlayer Cl− by the VB h+ (eq 6)
produces HClO by driving the forward reaction in eq 9. HClO
absorbs ultraviolet light and is decomposed to O2 and Cl− (eq
10).42−44 These consecutive reactions therefore consume the
VB h+ by water oxidation. The direct electron donor is the
interlayer Cl−, and the photodecomposition of HClO is the
reaction to regenerate Cl− with water as an electron donor,
where HClO acts as a photoredox substrate to produce O2 and
Cl−. As shown in Figure S14, photoirradiation of a NaClO
solution (pH 1.0) under Ar indeed produces O2, confirming
the photodecomposition of HClO. During the photoreaction
on BiOCl-OVs in a KCl solution (pH 1.0) under N2 flow
(Figure 2a, red), the outlet gas was bubbled through pure
water. The pH of the solution does not change during the
reaction, indicating that Cl2 is not removed as a gas. The
amount of HClO formed in the solution was determined by an
absorption spectroscopy with a DPD (N,N-dimethyl-p-phenyl-
enediamine) reagent.53 The DPD assay of the solutions shows
absorption bands assigned to the oxidized form of DPD
(Figure S15). As shown in Figure S16, the HClO formed is less
than 1 μmol during the photoreaction, which are much smaller
than the amounts of NH3 formed. This indicates that HClO
formed via the oxidation of interlayer Cl− by the VB h+ is
readily photodecomposed into O2 and Cl−. Stoichiometric
water oxidation and N2 reduction on BiOCl-OVs in a KCl
solution (pH 1.0) are confirmed by photoreaction in a closed
gas circulation system (0.04 MPa N2). Figure 2b shows the
time course for the product amounts during the reaction. The

NH3 and O2 amounts increase almost linearly, where H2 is not
formed over the entire reaction time. The e−/h+ balance
determined by the amounts of NH3 and O2 formed {= [NH3]
× 3/([O2] × 4)} is almost 1. These results suggest that O2
evolution by photodecomposition of HClO (eq 10) occurs
very rapidly, and hence, N2 reduction occurs stoichiometrically
with water as the electron donor (eq 3). It must be noted that
NO2

− or NO3
− is not produced during the reaction (Figure

2b). To further confirm this, a KCl solution (pH 1.0, 50 mL)
containing 50 μmol NH3 and BiOCl-OVs catalyst (0.1 g) was
photoirradiated under O2 (0.13 MPa). The NH3 amount
scarcely changes even after 24 h of photoreaction. This clearly
indicates that subsequent oxidation of the formed NH3 by the
VB h+ with the photoformed O2 does not occur in the present
system.
Figure 3b shows the CV curve of BiOCl-OVs measured in

an acidic KCl solution (pH 1.0). The negative current for the
self-oxidation of interlayer Cl− (+0.41 V vs RHE) and positive
current for N2 reduction (−0.30 V) are steadily observed, and
BiIII/BiV oxidation and BiIII/Bi0 reduction do not occur. This
clearly indicates that the interlayer Cl− removed by oxidation
by VB h+ are successfully compensated by the Cl− in solution.
Almost no current for the BiIII/BiV oxidation in the CV chart
(0.1 V/sec) implies that Cl− in solution may be compensated
at least 5 s after the removal of interlayer Cl−. This suppresses
subsequent self-oxidation and -reduction reactions (eqs 7 and
8) and stably promotes N2 reduction. Note that self-oxidation
of interlayer Cl− (+0.41 V vs RHE) occurs at a more negative
potential compared with oxidation of Cl− in the bulk solution
(>+1.5 V vs RHE), as shown in Figure 1c.54 This indicates that
the VB h+ photoformed on BiOCl-OVs are consumed by self-
oxidation of the interlayer Cl−, whereas the Cl− in solution is
not oxidized.

Photocatalytic Performance. The pH of the Cl− solution
is crucial for efficient N2 fixation. Figure 2c shows the amounts
of NH3 formed by photoirradiation of BiOCl-OVs for 24 h in
KCl solutions with different pH values and mole fraction
distribution of the Cl2, HClO, and ClO− species in the
solution. At pH > 3, HClO is the major species in the solution
and decomposes the NH3 formed (eq 11), resulting in low
efficiency for NH3 formation. At pH < 3, the HClO
concentration decreases by equilibrium displacement, which
suppresses NH3 decomposition and consequently enhances
NH3 formation. The highest activity is achieved at pH 1.0, but
a lower pH significantly decreases the activity. This is because,
under strongly acidic condition, BiOCl is decomposed to BiIII

and dissolved to the solution (eq 12).55 This decomposition
does not occur at pH 1.0, but occurs at lower pH. Figure S17
shows photographs of the solutions with different pH after
stirring with BiOCl-OVs for 1 h. At pH 6.1 and 1.0, almost all
of the powders remain in the solutions. In contrast, 85% of the
powders are dissolved at pH 0.7, and all of them are dissolved
at pH 0.5. These findings indicate that an acidic Cl− solution
with pH ∼ 1.0 is the best solvent for N2 fixation. Note that, as
shown in Table S1, entries 7 and 8, the use of HCl or H2SO4 in
place of HClO4 to adjust the pH of the solution (= 1)
produces a similar amount of NH3 to that obtained with
HClO4 (entry 5), indicating that the acid used scarcely affects
the N2 fixation activity.

+ → + ++ −Bi OCl 2H Bi Cl H OIII III
2 (12)

As shown in Table S1, entry 9, photoreaction under air flow
gives a small amount of NH3, but the recovered catalyst, when
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reused for photoreaction under N2 flow, successfully produces
N2. This indicates that, under air flow, preferential O2
adsorption or reduction suppresses N2 reduction, where the
surface OVs are not irreversibly deactivated. Furthermore,
photoreaction in a closed N2 atmosphere (0.13 MPa) also
gives a small amount of NH3 (entry 10) because the
photoformed O2 (eq 1) may suppress N2 reduction.
Continuous N2 flow to remove O2 from the system is
therefore necessary for efficient N2 fixation. Figure S18 shows
the effect of Cl− concentration during the photoreaction of
BiOCl-OVs in acidic solutions (pH 1.0) under N2 flow on the
NH3 formation. The activity increases with an increase in the
Cl− concentration and becomes almost constant at >400 mM
Cl−. This clearly indicates that an acidic solution containing
Cl− at a seawater level (∼550 mM) is suitable for efficient N2
photofixation.
The performance of this system in artificial photosynthesis

was studied by AM1.5G simulated sunlight (1 sun)56 (Figure
S10) and N2 flow. Figure 2d shows the time courses for the
amount of NH3 formed and SCC efficiency. During photo-
irradiation in a KCl solution at pH 1.0 (square symbols), the
SCC efficiency is 0.10% and remains almost constant even
after prolonged photoirradiation. Table S2 summarizes the
activities for N2 fixation with water on several powder
photocatalysts. To the best of our knowledge, the present
BiOCl-OVs system exhibits the highest SCC efficiency among
previously reported systems. In addition, as shown by the circle
symbols, the use of seawater (pH 1.0), prepared by dissolving
red sea salt containing ∼550 mM of Cl− in water, also stably
produces NH3, although the efficiency (∼0.05%) is about half
of that obtained in the KCl solution. This suggests that
seawater can be used as a solvent for N2 fixation, although it
contains several impurities such as cations (Na+, K+, Ca2+,
Mg2+, and Sr2+) and anions (SO4

2−, HCO3
−, Br−, and

H2BO3
−).57 In addition, these SCC efficiencies are comparable

to the average efficiency of natural photosynthesis by typical
plants (∼0.1%).58 Although the efficiencies are below the
highest levels achieved by artificial photosynthesis by powder
catalysts for overall water splitting (∼0.2%, eq 4)7−9 and H2O2
production (∼0.5%, eq 5),10−12 stable N2 fixation in seawater
under sunlight shows potential as a new artificial photosyn-
thesis system.
Catalytic Mechanism. The N2 fixation on BiOCl-OVs in

acidic Cl− solutions involves (i) reduction of NN to NN
on the BiII sites adjacent to the surface OVs, (ii) water
oxidation via oxidation of interlayer Cl− by the VB h+ followed
by HClO photodecomposition, and (iii) stepwise reduction of
the intermediates by the CB e− (Figure 4). As shown in a → b,
N2 is reduced on the BiII sites via electron donation, as
confirmed by ESR (Figure S9). The signal assigned to the
unpaired electrons of the BiII sites on BiOCl-OVs decreases
upon N2 injection, confirming that the electron transfer from
BiII to N2 creates BiIII species. The behavior of N2 on the
catalysts was further studied by diffuse-reflectance infrared
Fourier transform spectroscopy (DRIFTS) at 100 K. Figure 5a
shows the DRIFTS charts after injection of water and N2 into
BiOCl in the dark. A band for ν(O−H) stretching of adsorbed
water appears at 3608 cm−1, and two absorption bands for
ν(N−H) stretching and σ(N−H) bending of N2 adsorbed on
the surface −OH groups of the catalyst appear at 3441 and
1608 cm−1,26,35,36 respectively, whereas only a weak band
assigned to ν(NN) stretching appears at 2103 cm−1.26 In
contrast, injection of N2 into BiOCl-OVs (Figure 5b) creates a

Figure 4. Proposed pathway for N2 fixation on BiOCl-OVs in acidic
Cl− solution under photoirradiation.

Figure 5. DRIFT charts of N2 adsorbed on the catalysts at 100 K.
Measurements were started in the dark after injection of water vapor
(42 μmol) and N2 (42 μmol) into the cell containing (a) BiOCl and
(b) BiOCl-OVs (20 mg). (c) The spectrum of sample b, left for 33
min after the injection of water and N2, was then measured under
photoirradiation. The absorption band (*) at 2333 cm−1 in the
spectrum c is assigned to the N2 molecules chemisorbed on the
Brønsted acid site formed by oxidation of interlayer Cl− by the VB h+

(eqs 6 and 9).61
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new ν(N−H) stretching at 3072 cm−1 together with a new
σ(N−H) bending at 1697 cm−1, while the ν(NN) stretching
at 2103 cm−1 increases significantly. This indicates that, as
shown in Figure 4a → b → c, N2 is adsorbed on the two BiII

sites in an end-on/end-on bridging mode59,60 by electron
donation from the latter to the respective N atoms, producing
a NN species (b). Fast donation of H atoms from the
adjacent surface −OH to the species creates a diazene
intermediate (c).
Figure 5c shows the change in the DRIFTS chart of the N2-

adsorbed BiOCl-OVs under photoirradiation. Broad absorp-
tion bands appear at 1000−1600 cm−1 and are attributed to
the symmetric and antisymmetric deformations of NH4

+ and
NH3.

20,36 A sharp band formed at 2333 cm−1 is assigned to N2
chemisorbed on the Brønsted acid site,61 which may be formed
by oxidation of interlayer Cl− by the VB h+ (eqs 6 and 9).
These results suggest that the N2 adsorbed on the surface OVs
is reduced to NH3 by the CB e−, while the VB h+ oxidize
interlayer Cl−. As shown in Figure 4, the diazene intermediate
(c) can undergo stepwise reduction and produce NH3 and O2
via oxidation of interlayer Cl−, followed by photodecomposi-
tion of HClO. Photoexcitation of BiOCl-OVs with the
intermediate (c) produces e− and h+ pairs. The CB e− reduces
the two BiIII sites, regenerating them to BiII (d). The VB h+

oxidizes interlayer Cl−, and the photodecomposition of the
HClO formed produces O2 and regenerates Cl−. The two BiII

sites promote NN reduction and produce a hydrazine
intermediate (e). Further reduction of the strongly adsorbed
intermediate may give amine intermediates (f) without
formation of hydrazine in solution, finally producing NH3
with the BiII regeneration (a). The photocatalytic sequence
around the surface OVs involving photodecomposition of
HClO facilitates efficient NH3 production with water as the
electron donor.

■ CONCLUSION

We found that ultraviolet light irradiation of the BiOCl-OVs
catalyst in Cl−-containing solution (e.g., seawater) at acidic pH
efficiently promotes N2 fixation with water under ambient
conditions. The surface OVs act as the sites of N2 reduction by
the CB e−. The VB h+ oxidize the interlayer Cl− of the catalyst
(self-oxidation). Subsequent photodecomposition of the HClO
formed facilitates O2 evolution. The Cl− in solution
compensates for the removed interlayer Cl− and suppresses
catalyst deactivation. These reactions facilitate efficient and
stable N2 fixation with water as the electron donor. The SCC
efficiency of N2 fixation in seawater is 0.05%, which is
comparable to the average efficiency of natural photosynthesis
in plants. This new system has several advantages: (i) naturally
abundant seawater and sunlight are available, (ii) noble-metal-
free photocatalyst made by facile solvothermal method can be
used, and (iii) storable and transportable NH3 solution can
directly be obtained. For practical application of the present
process, there is several challenging issues such as generation of
pure N2 gas from air containing a large amount of O2, which
suppresses N2 reduction, and separation of NH3 from seawater
containing a large amount of electrolytes. Nevertheless, the
new concept for N2 fixation based on a cheap oxychloride
catalyst and seawater presented herein may contribute to the
design of new artificial photosynthesis systems for clean solar
fuel production.

■ EXPERIMENTAL SECTION
Catalyst Preparation. BiOCl-OVs was prepared by a solvother-

mal method.35 Bi(NO3)3·5H2O (1.45 g, 3.0 mmol) and KCl (0.22 g,
3.0 mmol) were stirred in ethylene glycol (16 mL) for 30 min, and the
mixture was left in an autoclave at 433 K for 12 h. The resulting
powder was recovered by centrifugation, washed with water and
ethanol, and dried at 353 K for 24 h. BiOCl with perfect
stoichiometry was prepared in water34 in a manner similar to that
of BiOCl-OVs.

Photoreaction. The catalyst (0.2 g) and solution (0.1 L) were
added to a glass tube (internal diameter, 45 mm; capacity, 0.2 L).
Water, 550 mM KCl solution, or seawater was used for reactions.
Seawater was prepared by dissolving 33.4 g of red sea salt in 1 L of
water to form a solution containing ∼550 mM of Cl−, and the
solution pH was adjusted by adding HClO4.

44 The reaction solution
was stirred using a magnetic stirrer and placed under N2 flow (0.3 L
min−1), and the tube was photoirradiated by a Xe lamp.48 The
solution temperature was ∼303 K during photoirradiation. For the
SCC efficiency determination, the reactions were performed using a
solar simulator, whose irradiance was adjusted to the AM1.5 spectrum
(1 sun).56 The efficiency was calculated using the following
equation:24

=
[Δ ] × [ ]

[ ] × [ ]

×

−G

SCC efficiency (%)

for NH formation (J mol ) NH formed (mol)
total input energy (W) reaction time (s)

100

3
1

3

(13)

The total input energy was 0.314 W based on the free energy for NH3
generation (339 kJ mol−1), the irradiance at 300−2500 nm (1000 W
m−2),56 and the irradiation area (3.14 × 10−4 m2). Photographs of the
flow and closed circulation systems employed for photoreactions are
shown in Figures S19 and S20, respectively. After the reactions, the
catalyst was recovered by centrifugation. The NH4

+ amount in the
resulting water or KCl solutions was analyzed using an ion
chromatograph equipped with a conductivity detector. A 3.5 mM
(COOH)2 solution containing 2.0 mM 18-crown-6 ether was used as
the eluent to suppress the interference by the K+ cation.62 The NH4

+

amount in seawater was determined by UV−visible absorption
spectroscopy after the indophenol assay.26

Analysis. Electrochemical measurements were carried out using
1.0 M Na2SO4 solution or 550 mM KCl solution with a Pt wire
(counter) and a Ag/AgCl (reference) electrode. The solution pH was
adjusted with H2SO4, and N2 was bubbled through the solution for 10
min prior to measurements. The working electrode was prepared with
a glassy carbon substrate (2 cm2).63 All potential values are expressed
with respect to the RHE for ease of comparison of the data obtained
at different pH values using the following equations:64

= + + ×E E E V(vs RHE) (vs Ag/AgCl) (ref) 0.0591 pHAg/AgCl

= °E V( (ref) 0.1976 vs NHE at 25 C)Ag/AgCl (14)

The DRIFTS charts were obtained using a FT-IR system with an in
situ diffuse reflectance cell.65 The catalyst (20 mg) was added to the
cell, which was then evacuated (10 Pa) at 303 K for 6 h. Water vapor
(42 μmol) and N2 (42 μmol) were injected into the cell at 100 K, and
measurements were started in the dark. The spectra were then
monitored under photoirradiation by a Xe lamp at λ > 300 nm and
100 K. The ESR spectra were recorded on the Bruker EMX-10/12
spectrometer.66 The catalyst (20 mg) was added to a quartz tube,
which was evacuated at 298 K for 6 h, and analyzed at 77 K. N2 (20
Torr) was added to the tube at 298 K and left for 6 h, and the tube
was analyzed at 77 K. The instruments and procedures used for the
DR UV−visible spectroscopy, XRD, XPS, and SEM measurements are
described in our previous work.67
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