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A B S T R A C T

Realizing nitrogen reduction reaction (NRR) to synthesis NH3 under mild conditions has gained extensive
attention as a promising alternative way to the energy- and emission-intensive Haber–Bosch process.
Among varieties of potential strategies, photoelectrochemical (PEC) NRR exhibits many advantages
including utilization of solar energy, water (H2O) as the hydrogen source and ambient operation
conditions. Herein, we have designed a solar-driven PEC-NRR system integrating high-efficiency Fe2O3-
based photoanode and atomically dispersed cobalt (Co) cathode for ambient NH3 synthesis. Using such
solar-driven PEC-NRR system, high-efficiency Fe2O3-based photoanode is responsible for H2O/OH�

oxidation, and meanwhile the generated photoelectrons transfer to the single-atom Co cathode for the N2

reduction to NH3. As a result, this system can afford an NH3 yield rate of 1021.5 mg mgCo-1 h-1 and a faradic
efficiency of 11.9% at an applied potential bias of 1.2 V (versus reversible hydrogen electrode) on
photoanode in 0.2 mol/L NaOH electrolyte under simulated sunlight irradiation.
© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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As an essential life building block and important carrier of
hydrogen energy, ammonia (NH3) is currently synthesized by the
industrial scale Haber-Bosch process [1]. However, this over a
century-old Haber-Bosch process requires high temperature (400–
500 �C) and pressure (100–350 atm), consumes tremendous
energy and natural gas (as the hydrogen source), and concurrently
results in greenhouse gas (e.g., CO2) emission [2,3]. Therefore, it is
highly desirable to develop alternative routes for nitrogen (N2)
reduction to NH3 under ambient temperature and pressure
conditions. In recent years, photocatalytic, electrocatalytic and
photoelectrochemical (PEC) techniques have been intensively
investigated for the N2 reduction reaction (NRR) at ambient
conditions, demonstrating great potentials to replace the
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traditional Haber-Bosch process [4,5]. Nonetheless, it is critically
important for developing high-efficiency catalysts, capable of
adsorption and activation of intrinsically inert N2 molecules, as
well as reasonable configuration of the catalysts in these systems
for high-efficiency NH3 synthesis.

As we know, it has been widely accepted that the photocatalytic
oxidation and reduction half-reactions occur at the same photo-
catalyst particle for a particulate suspension photocatalysis
system, resulting in a rapid recombination of photogenerated
carriers and thus obviously decreasing photocatalytic efficiency
[6,7]. This issue existed in the photocatalytic system can be well
solved by using the PEC technique, in where a suitable potential
bias is applied to a photocatalyst immobilized on a conducting
substrate to allow the combination of electrochemical technique
with photocatalysis and greatly minimize the charge recombina-
tion, thereby significantly increasing the photocatalytic efficiency
[8,9]. Owing to these advantages, the PEC technique has been
successfully employed to water splitting to generate H2, CO2

reduction, organic compound oxidation, environmental detection
and so on [8–10]. Recently, several research groups have
demonstrated that N2 reduction to NH3 by the PEC technique is
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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experimentally feasible, exhibiting high NH3 yield rate and
selectivity [11,12]. Hamers et al. reported that the illuminated
hydrogen-terminated diamond under ultraviolet (UV) light in a
dual-compartment H-cell can result in electron emission to
produce solvated electrons in water, thus inducing NRR at ambient
temperature and pressure [13]. MacFarlane and co-workers
synthesized an Au nanoparticles modified p-type Si photoelec-
trode, achieving an NH3 yield rate of 6.0 mg h�1 cm-2 without an
applied potential bias by photoelectrochemical N2 reduction under
2 sun illumination and 7 atm pressure [14]. In addition, the
development of high-efficiency photocathodes in PEC technique,
such as the aerophilic-hydrophilic heterostructured Si-based
electrode and R-BiOI photocathode, has become another feasible
means for high active and selective N2 reduction to NH3. In their
studies, the synthesized Si-based and R-BiOI photocathodes have
the bifunctionality of solar-light absorption and N2 adsorption/
activation [12,15]. Therefore, reasonable design of the photo-
cathodes’ composition and structure is critically important for
high-efficiency PEC N2 reduction, but great challenging. Compara-
tively, varieties of high-efficiency photoanodes have been widely
developed and fabricated for PEC applications [16]. Indeed, most of
recent reported photoanodes in PEC applications are mainly
focused on the oxidation half-reactions to overcome the slow
reaction kinetics in water oxidation or organic oxidation [9,17,18].
As for the PEC N2 reduction to NH3, a high-efficiency cathodic
catalyst is essential in the PEC system. Therefore, the integration of
a high-performance photoanode and an efficient cathodic NRR
catalyst in a PEC system can extend its N2 reduction application.
However, there is no related report in literatures so far.

Herein, we report the conversion N2 into NH3 by solar-driven
PEC technique, composed of high-efficiency cobalt phosphate
(CoPi) modified Ti-doped Fe2O3 (CoPi/Ti-Fe2O3) nanoarrays photo-
anode and cobalt single-atom catalyst (Co-SAC) constructed
cathode. As shown in Scheme S1 (Supporting information), the
fabricated CoPi/Ti-Fe2O3 photoanode under a suitable potential
bias and solar light irradiation is responsible for the oxidation half-
reaction in alkaline media, namely, oxidation of H2O/OH– to release
O2, and meanwhile the photogenerated electrons under suitable
potential bias transfer to the Co-SAC cathode to attack the
adsorbed N2 on the Co-SAC, thus yielding NH3. As a result, such
solar-driven PEC-NRR system can achieve an NH3 yield rate of
Fig. 1. (a) XRD patterns of Fe2O3-based photoanodes. (b) Vertical-view and cross-
1021.5 mg mgCo�1 h�1 and faradic efficiency (FE) of 11.9% at an
applied bias of 1.2 V versus reversible hydrogen electrode (vs. RHE)
on photoanode in 0.2 mol/L NaOH electrolyte. The high NH3

synthesis performance using such solar-driven PEC-NRR system
can be attributed to the developed high-efficiency CoPi/Ti-Fe2O3

photoanode and Co-SAC cathode to overcome the slow reaction
kinetics of anode H2O oxidation, provide abundant photoelectrons
and N(O)-coordinated Co active sites for N2 adsorption/activation,
leading to an efficient conversion of N2 to NH3.

In this work, we employed a facile hydrothermal method to
fabricate FeOOH nanoarrays on FTO conductive glass [19], followed
by chemical vapor deposition (CVD) of TiCl4 and thermal treatment
to obtain Ti doped Fe2O3 nanoarrays (denoted as Ti-Fe2O3) [20]. For
comparison, the pure Fe2O3 nanoarrays on FTO substrate (denoted
as Fe2O3) were also fabricated by thermal treatment of FeOOH
nanoarrays. Subsequently, CoPi modified Ti-Fe2O3 (CoPi/Ti-Fe2O3)
nanoarrays photoanode was fabricated by a photoassisted
deposition method [19]. In this study, the aim of Ti doping and
CoPi modification in Fe2O3 nanoarrays is to promote the charge
conductivity and water oxidation efficiency of photoanode,
respectively, thus enhancing the PEC efficiency of photoanode
[17,21,22].

Fig. 1a shows the XRD patterns of Fe2O3, Ti-Fe2O3 and CoPi/Ti-
Fe2O3 samples. The diffraction peaks at 2u = 26.6�, 33.8�, 37.9�,
51.7�, 54.6�, 61.7� and 65.8� for these three samples can be due to
SnO2 (JCPDS No. 41-1445) from FTO substrate. Besides of SnO2

diffraction peaks, the XRD patterns of Fe2O3 sample exhibit several
diffraction peaks at 2u = 24.1�, 33.1�, 35.6�, 49.5�, 54.2�, 62.5� and
64.1�, ascribed to the hematite structured a-Fe2O3 (JCPDS No. 33-
0664) [17,23]. After Ti doping and CoPi modification, no new
diffraction peaks can be observed for the Ti-Fe2O3 and CoPi/Ti-
Fe2O3 samples compared with the Fe2O3 sample, indicating the
dominant a-Fe2O3 phase in these samples. For these three
samples, the (110) diffraction peak of a-Fe2O3 is predominant,
revealing an obvious preferential orientation for [110] axis vertical
to the FTO substrate [24]. As indicated in previous works, the
preferential orientation of (110) is favourable for the electron
mobility along this axis relative to other axis in hematite [25,26].
The improvement of electron mobility would contribute to
improving PEC current density and suppress the photogenerated
charge recombination [27,28], thus promoting the PEC efficiency of
sectional SEM, (c) TEM and (d) HRTEM images of CoPi/Ti-Fe2O3 photoanode.
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catalyst [26]. In Fig. 1a, it can be clearly found that the (110)
diffraction peak becomes stronger after Ti doping in Fe2O3,
meaning more superior electron mobility, beneficial for the
separation of photogenerated carriers, thus improving the PEC
efficiency of photoanodes [29,30], as also revealed in previous
work [31]. In addition, the Raman spectra measurement results
(Fig. S1 in Supporting information) demonstrate that these three
samples all exhibit seven Raman-active vibration modes
(2A1g+5Eg), assigned to hematite structured a-Fe2O3 [19]. It is
noteworthy that the Raman peak at �663 cm–1 is ascribed to the
longitudinal optical (LO) mode of Fe2O3, resulted from the
breakdown of Raman space symmetry and activation of extra
modes induced by lattice defects and surface defects [32]. Clearly,
the peak intensities of LO mode of Ti-Fe2O3 and CoPi/Ti-Fe2O3

become stronger compared to Fe2O3, suggesting the increased
defects in Ti doped samples, possibly favourable for improving
their PEC performance [21,26]. Fig. 1b shows the surface SEM
image of CoPi/Ti-Fe2O3, exhibiting well-aligned Fe2O3-based
nanoarrays perpendicular to the FTO substrate. The cross-sectional
SEM image (inset in Fig. 1b) displays the nanoarrays film thickness
of �1.2 mm and the nanorod diameter of �90 nm, respectively. The
elemental mapping images (Fig. S2 in Supporting information) of
CoPi/Ti-Fe2O3 indicate the presence of Fe, O, Co, Ti, Sn and P,
implying successful fabrication of CoPi modified Ti-doped Fe2O3.
The low-magnification TEM image (Fig. 1c) further confirms the
formation of CoPi/Ti-Fe2O3 nanorod structure. Importantly, the
HRTEM image (Fig. 1d) of an individual CoPi/Ti-Fe2O3 nanorod
indicates that the amorphous CoPi layer contacts closely to Fe2O3

rod, and the lattice spacing of 0.25 nm can be indexed to the (110)
plane of a-Fe2O3, well coincided with the XRD results.

The fabricated CoPi/Ti-Fe2O3 can be used as the photoanode for
PEC oxidation half-reaction in aqueous electrolyte to boost
reaction kinetics of water oxidation [19,22] and supply photo-
generated electrons for NRR in cathode. However, to realize the
PEC-NRR application in CoPi/Ti-Fe2O3 involved photoelectrochem-
ical system, an efficiency cathodic NRR catalyst is also necessary.
Recently, Au, Ru, Fe, Mo, Co and Cu single-atom catalysts have been
developed for electrocatalytic NRR, exhibiting high NRR to NH3

performance [33–39]. In this work, our aim is to integrate high-
efficiency CoPi/Ti-Fe2O3 photoanode with an efficient electro-
catalyst cathode for the PEC NRR application. Therefore, we
utilized bacterial cellulose (BC) as the adsorption regulator to
Fig. 2. (a) XRD patterns of BCFs, Co/BCFs and Co-SAC. (b) HAADF-STEM image and select
Co-SAC. (c) Normalized Co K-edge XANES spectra and (d) FT k3-weighted EXAFS spectr
synthesize Co single-atom catalyst (Co-SAC). The BC precursor
exhibits uniform fiber-like structure and possesses surface-rich O-
containing functional groups (Fig. S3 in Supporting information).
Through three-step synthetic processes including adsorption,
pyrolysis and acid etching treatment, atomically dispersed Co on
BC converted graphitic carbon can be achieved. Fig. 2a shows the
XRD patterns of the as-synthesized Co-SAC, only exhibiting a broad
diffraction peak centered at 2u = 20�, owing to the graphitic carbon.
No diffraction peaks of metallic Co and cobalt oxides can be
observed in the XRD patterns, possibly meaning the formation of
atomically dispersed Co on BC converted graphitic carbon. To
further confirm this, the aberration-corrected high-angle annular
dark-field scanning transmission electron microscopes (HAADF-
STEM) characterization of Co-SAC was performed to elucidate the
distribution details of Co species. The HAADF-STEM images
(Fig. 2b) indicate that no Co-related particles can be observed
and Co atoms are homogeneously dispersed on the surface of BC
converted graphitic carbon, confirming atomically dispersed
nature of the formed Co. In addition, the X-ray absorption near-
edge structure (XANES) and Fourier transformed (FT) k3-weighted
extended X-ray absorption fine structure (EXAFS) spectra were
carried out to further clarify the detailed structural information on
single atomic Co in Co-SAC. The normalized Co K-edge XANES
spectra (Fig. 2c) indicate that the presence of metallic Co� in Co-
SAC can be excluded by the different pre-edge feature from that of
the referenced Co foil [40]. Moreover, the onset energy (�7710 eV)
of Co K-edge absorption gradually grows higher from Co foil to
Co2O3, revealing a change of the valence state from 0 to +3 in the
referenced samples of Co foil and cobalt oxides (e.g., CoO and
Co2O3). In XANES spectra (Fig. 2c), the onset energy and absorption
line for Co-SAC are situated between those for Co foil and CoO,
confirming its electronic structure of Co’+ (0<’<2). Additionally, it
should be also noted that the white line peak (>7720 eV) for Co-
SAC exhibits lower energy than that of CoO (Co2+), further revealing
the valence state of Co atoms in Co-SAC is situated between 0 and
+2 [41]. Moreover, no Co-Co scattering (dominated in Co foil) path
at �2.19 Å can be observed in the FT EXAFS spectrum of R space
(Fig. 2d) for Co-SAC, again confirming the formation of single
atomic Co. More importantly, the EXAFS spectrum of Co-SAC shows
a strong peak centered at �1.59 Å close to the Co��N coordination
(�1.54 Å) in cobalt phthalocyanine (CoPc) and Co��O coordination
(�1.53 Å) in Co2O3, suggesting that Co single atoms in Co-SAC could
ed-area magnified HAADF-STEM images with bright SA-Co marked in red circles of
a of Co-SAC and reference samples.
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coordinate with N and/or O atoms to form CoNx and/or CoOx

species. These formed single atomic Co sites were predicted to be
electrocatalytically active for NRR by first-principles calculation
[42]. With the aid of quantum physics, most of material properties
(chemical, catalytic, electrical, magnetic, optical, etc.) and corre-
sponding chemical reactions can, in principle, be predicted from
the atomic number and mass of the atomic species by the first-
principles calculation. Based on the first-principles calculation, the
density functional theory (DFT) computations results indicated
that a series of metal SACs, including Co, Mo, Ti, W and Pt, are
promising candidates for NRR catalysts [43]. Fig. S4a (Supporting
information) presents the surface survey XPS spectrum of Co-SAC,
indicating the presence of C (83.7 at%), O (15.3 at%), N (0.6 at%) and
Co (0.4 at%). Meanwhile, the high-resolution XPS spectra of O 1s, N
1s and Co 2p are shown in Figs. S4b-d (Supporting information). It
indicates that there are abundant oxygen-containing functional
groups (including O��C¼O and ��OH) and slight nitrogen-species
(including graphitic N, pyrrolic N and pyridinic N atoms) in the Co-
SAC sample, which can act as available supports for metal single
atoms [44,45]. However, the XPS signals of Co 2p are very weak,
coincided with the absent signal for Co��O or Co��N bonds in O 1s
or N 1s XPS spectra, owing to the low loading amount of Co single-
atoms. In this work, single atomic Co content in Co-SAC was
determined to be 1.2 wt% by the inductively-coupled plasma
optical emission spectroscopy (ICP-OES) technique.

In a PEC-NRR system integrated of CoPi/Ti-Fe2O3 photoanode
and Co-SAC cathode, the NRR performance of Co-SAC is highly
dependent on the performance of CoPi/Ti-Fe2O3 photoanode.
Therefore, we firstly investigated the optical properties of the as-
synthesized CoPi/Ti-Fe2O3 photoanode. Fig. 3a shows the UV–vis
diffuse reflection spectra (DRS) of Fe2O3, Ti-Fe2O3 and CoPi/Ti-
Fe2O3 samples. The calculated bandgap is 2.09 eV, 2.05 eV and
2.05 eV for Fe2O3, Ti-Fe2O3 and CoPi/Ti- Fe2O3 based on the DRS,
respectively (Fig. 3b). Obviously, Ti doping in Fe2O3 results in
narrower bandgap than that of pristine Fe2O3, meaning its better
visible-light harvesting capacity [17,46]. Moreover, the CoPi
modification on Ti-Fe2O3 has not significant influence on its
bandgap, still exhibiting superior visible light absorption property
for CoPi/Ti-Fe2O3, favourable for high PEC performance. Fig. 3c
shows the incident photon-to-current efficiency (IPCE) curves of
Fe2O3, Ti-Fe2O3 and CoPi/Ti-Fe2O3 measured at 1.23 V (vs. RHE in
0.2 mol/L NaOH solution) under simulated sunlight irradiation (AM
Fig. 3. (a) UV–vis DRS, (b) Bandgap determination via Tauc plots, (c) IPCE (measured 

photoanodes.
1.5 G, 100 mW/cm2). The results reveal that CoPi/Ti-Fe2O3 pos-
sesses the highest IPCE value of �35% at a wavelength of 370 nm,
and its IPCE is over �10% in wider wavelength range from 300 nm
to 500 nm, indicating that Ti doping and CoPi modification can
afford high PEC performance of Fe2O3 photoelectrode [25].

The Mott-Schottky (M-S) analysis was subsequently performed
to identify the charge transfer property and carrier density of all
investigated photoanodes. In Fig. S5 (Supporting information), the
M-S curves of all measured electrodes exhibit positive slopes,
manifesting that these three photoelectrodes are typical n-type
semiconductors that are suitable for application as photoanodes.
Moreover, the carrier densities of Fe2O3, Ti-Fe2O3 and CoPi/Ti-
Fe2O3 photoelectrodes were calculated to be 4.27 � 1019,
1.97 � 1020 and 2.94 �1020 cm�3, respectively, and their carrier
densities can be further enhanced with light irradiation, as listed in
Table S1 (Supporting information). The results show that the CoPi/
Ti-Fe2O3 photoelectrode under light irradiation possesses the
largest carrier density of 4.65 �1020 cm�3 among all investigated
photoelectrodes, indicating its superior electrical conductivity and
charge separation efficiency, resulted from Ti doping and CoPi
modification [47,48]. The high carrier density in CoPi/Ti-Fe2O3

photoelectrode contributes to its high PEC performance. Fig. 3d
shows the relationship of the photocurrent density (J) and applied
potential bias (V) of Fe2O3, Ti-Fe2O3 and CoPi/Ti-Fe2O3 photo-
electrodes with and without light irradiation in 0.2 mol/L NaOH
solution. For all cases, without light irradiation, no photocurrent
can be observed, while the photocurrent is increased with applied
potential bias under light irradiation for all photoelectrodes.
Comparatively, the CoPi/Ti-Fe2O3 photoelectrode shows larger
photocurrent in the investigated potential range than that of Fe2O3

and Ti-Fe2O3 photoelectrodes, meaning its higher PEC oxidation
efficiency owing to Ti doping and CoPi modification [22,49].
Importantly, it can be seen from Fig. 3d, the pristine Fe2O3

photoelectrode shows an onset potential of �0.9 V (vs. RHE), while
after Ti doping, the onset potential of Ti-Fe2O3 photoelectrode
positively shifts �100 mV compared to the Fe2O3 photoelectrode,
consistent with the reported work [47]. This is mainly ascribed to
the additional donor level induced by Ti doping, which influences
the band bending at the semiconductor/electrolyte interface
[29,47]. Moreover, the theoretical studies have also revealed that
larger overpotential is required for PEC oxidation of water using Ti
doped hematite [50]. Thus, CoPi was employed as the oxygen
under 1.23 V vs. RHE) and (d) LSV under light irradiation (5 mV/s) of Fe2O3-based
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evolution reaction (OER) co-catalyst in this work to reduce surface
kinetic barriers and negatively shift the onset potential of water
oxidation (around 100–150 mV) [19,51]. As a result, the CoPi
modified Ti-Fe2O3 photoelectrode exhibits an onset potential of
�0.9 V (vs. RHE), identical to that of Fe2O3 photoelectrode. The Ti
doping and CoPi modification synergistically enhance the PEC
performance of Fe2O3 photoelectrode, mainly due to the improved
electron conductivity, accelerated photogenerated carriers transfer
and reduced surface kinetic barriers of water oxidation [19,29].

Subsequently, we evaluated the PEC NRR performance using
CoPi/Ti-Fe2O3 photoanode and Co-SAC cathode integrated in a
photoelectrochemical cell (Scheme S1). Fig. S6 (Supporting
information) shows the photograph of photoelectrochemical cell
composed of CoPi/Ti-Fe2O3 photoanode and Co-SAC cathode. Prior
to all measurements, 14N2 (or 15N2) feeding gas was pre-treated
using 0.01 mol/L H2SO4 solution and distilled water to eliminate
any environmental NH3 interferences [52]. Then, the used N2 tail
gas passing through the cathodic compartment was absorbed by
two series of 0.01 mol/L H2SO4 solution to avoid the loss of NH3

analyzed by the indophenol blue method (Fig. S7 in Supporting
information) [53]. Using this photoelectrochemical system, the
yielded NH3 from PEC NRR on Co-SAC cathode was quantitatively
preliminary experimental results demonstrate that the NH3

product yielded can be detected in the samples obtained from
the cathodic compartment and tail gas absorption solution.
Therefore, the NH3 yield is the collective amount of the NH3

produced from the cathodic compartment and tail gas absorption
solution in this work. Fig. 4a shows the dependence of the NH3

yield rate and faradaic efficiency (FE) on different applied potential
bias employed on the CoPi/Ti-Fe2O3 photoanode in 0.2 mol/L NaOH
electrolyte under AM 1.5 G simulated solar light irradiation of 1 h
(light intensity of 100 mW/cm2). The corresponding photocurrent
density curves are shown in Fig. 4b. The results demonstrate that
the largest NH3 yield rate can achieved to be 1021.5 mg mgCo-1 h-1

(12.26 mg mgcat.-1 h-1) with the highest FE of 11.9% on Co-SAC
cathode at an applied potential bias of 1.2 V (vs. RHE) on
photoanode, which is comparable to recently reported single-
atomic NRR catalysts (Table S2 in Supporting information). With
further increasing potential bias, the photocurrent density is
obviously enhanced (Fig. 4b), but the NH3 yield rate and FE are both
decreased, mainly attributed to the competitive hydrogen
Fig. 4. (a) PEC-NRR performance on Co-SAC with different applied bias on CoPi/Ti-Fe2O3 p
1H NMR spectra of the yielded 14NH4

+ and 15NH4
+ from 14N2 and 15N2 feed gases, and stan

Co-SAC with CoPi/Ti-Fe2O3 NAs photoanode (applied bias of 1.2 V vs. RHE in 0.2 mol/L 
evolution reaction (HER) concurrently happened on the Co-SAC
cathode [39,53]. For comparison, we also performed the experi-
ment at open-circuit potential (OCP) condition under AM 1.5 G
simulated solar-light irradiation of 1 h, the yielded NH3 is almost
undetectable (Fig. 4a and Fig. S8 in Supporting information). The
above result suggests that the photoelectrocatalytic approach by
employing a potential bias on the CoPi/Ti-Fe2O3 can dramatically
enhance its photogenerated charge transfer efficiency [54], thus
improving the NRR performance on the Co-SAC. Additionally, we
also compared the PEC NRR performance on the Co-SAC cathode
using Fe2O3 and Ti-Fe2O3 photoanode at 1.2 V (vs. RHE) in 0.2 mol/L
NaOH solution under AM 1.5 G simulated solar light irradiation of
1 h. As shown in Fig. S9 (Supporting information), the NH3 yield
rate is 371.4 and 422.4 mg mgCo-1 h-1 with FE of 4.5% and 11.1% on
the Co-SAC cathode using the Fe2O3 and Ti-Fe2O3 photoanode,
respectively, obviously lower than that (1021.5 mg mgCo-1 h-1 with
FE of 11.9%) on the Co-SAC cathode using the CoPi/Ti-Fe2O3

photoanode, indicating that the CoPi/Ti-Fe2O3 photoanode pos-
sesses higher PEC performance. To confirm the yielded NH3

resulted from the Co-SAC cathode in this solar-driven CoPi/Ti-
Fe2O3 photoanode involved PEC system, several control experi-
ments were also conducted in this work. As shown in Fig. S8, the
yielded NH3 is ignorable when the experiments were carried out in
N2-saturated 0.2 mol/L NaOH solution without Co-SAC catalyst at a
potential bias of 1.2 V (vs. RHE) on photoanode with light
irradiation (denoted as blank) and with Co-SAC catalyst and light
irradiation but under open-circuit condition (denoted as open-
circuit). In addition, when the experiments were carried out in Ar-
saturated 0.2 mol/L NaOH solution with Co-SAC catalyst at a
potential bias of 1.2 V (vs. RHE) on photoanode (denoted as Ar-
saturated electrolyte), the measurable NH3 is also ignorable. The
above control experimental results indicate that the yielded NH3 is
from the NRR on Co-SAC cathode in the solar-driven CoPi/Ti-Fe2O3

photoanode involved PEC system without any noticeable environ-
mental interference. To further confirm this, the isotopic labeling
experiments were subsequently conducted using 14N2 and 15N2 as
the feeding gases in 0.2 mol/L NaOH solution at an applied
potential bias of 1.2 V (vs. RHE) on photoanode for 1 h PEC-NRR
period [53]. Then we analyzed qualitatively and quantitatively the
1H nuclear magnetic resonance (NMR) spectra of the samples [55].
Based on the NMR spectra of 14NH4

+ and 15NH4
+ standards, the
hotoanode and (b) corresponding operating photo-current density (J) vs. time (t). (c)
dards (all standard concentration of 10 mg/mL); (d) NH3 yield rate and FE stability on
NaOH).
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corresponding calibration curves are shown in Fig. S10 (Supporting
information). The experimental results (Fig. 4c) show that the
yielded concentration of 14NH4

+ and 15NH4
+ calculated by 1H NMR

is 1.21 and 1.33 mg/mL, respectively, nearly identical with the
determined values (1.26 mg/mL for 14NH4

+ and 1.38 mg/mL for
15NH4

+) by the indophenol blue method. The almost identical
14NH4

+ and 15NH4
+ concentrations determined by both methods

categorically demonstrate that the yielded NH3 is indeed
originated from the Co-SAC catalyzed NRR in the solar-driven
CoPi/Ti-Fe2O3 photoanode involved PEC system.

The recycling stability of the PEC-NRR system is tested as shown
in Fig. 4d. Employing an applied potential bias of 1.2 V (vs. RHE) on
CoPi/Ti-Fe2O3 photoanode with light irradiation, the NH3 yield rate
and FE on Co-SAC cathode in 0.2 mol/L NaOH solution can be well
maintained after 6 consecutive cycles. After 6 cycles of measure-
ments, the collected cathode electrocatalyst (labeled as Co-SAC-
used) was characterized by the XRD and HAADF-STEM techniques.
The XRD characterization results (Fig. S11a in Supporting
information) reveal that only one broad peak centered at 2u =
20� ascribed to the graphitic carbon can be detected and no
characteristic peaks derived from metallic Co nanoparticles are
detectable, similar to that of pristine Co-SAC catalyst (Fig. 2a).
Moreover, the HAADF-STEM image (Fig. S11b in Supporting
information) of the Co-SAC-used still shows atomically dispersed
nature of Co on the BC converted graphitic carbon. The above
results indicate that the Co-SAC possesses high stability, favourable
for high-efficiency PEC-NRR to NH3.

In summary, we developed a photoelectrochemical N2 reduc-
tion system integrated of CoPi/Ti-Fe2O3 photoanode and Co-SAC
cathode. Utilizing such PEC-NRR system, the NH3 yield rate on Co-
SAC cathode can be achieved to be 1021.5 mg mgCo�1 h�1 with a
faradic efficiency of 11.9% at an applied potential bias of 1.2 V (vs.
RHE) in 0.2 mol/L NaOH electrolyte under simulated solar
irradiation. The high PEC-NRR to NH3 performance can be resulted
from high-efficient CoPi/Ti-Fe2O3 photoanode providing abundant
photoelectrons and Co-SAC catalyst supplying electrocatalytically
active Co-N(O)x sites for N2 adsorption and activation. The findings
in this work demonstrate the feasibility of integrating high-
efficiency photoanode and efficient NRR catalyst cathode for solar-
driven PEC-NRR to NH3 application.Declaration of competing
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