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ABSTRACT: Photocatalysis shows a great potential for N2
fixation to NH3 under mild conditions, which intrigues
increasing research attention in recent decades. To this end,
the design of efficient photocatalysts is the key. Herein, we
report the synthesis of single atom Ru decorated TiO2
nanosheets rich in oxygen vacancies. Single Ru sites greatly
promoted photoreduction of aqueous N2 to NH3, affording an
NH3 formation rate of 56.3 μg/h/gcat. We found that isolated
Ru atoms likely weakened the hydrogen evolution, promoted
absorption of N2, and also improved the charge carrier
separation, which led to enhanced N2 photofixation.
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■ INTRODUCTION

Ammonia has been greatly demanded in civilization develop-
ment. However, the conventional Haber−Bosch process for
ammonia production requires drastic reaction conditions (15−
25 MPa, 300−550 °C), leading to high energy wasting and
environmental issues.1,2 Photocatalysis has been considered as
an environmentally friendly procedure with sunlight illumina-
tion as an energy source, and holds promise for N2 fixation at
mild conditions by using dissolved nitrogen with water.3,4 In
recent decades, photocatalysts such as TiO2,

5 MoS2,
6,7 g-

C3N4,
8−10 black phosphorus,11 BiOBr,12 and ZnO13 have

shown photocatalytic activities for N2 reduction.
TiO2 is a typical d0 semiconductor14 with a suitable

conduction band (CB) (ECB = −0.29 V vs SHE) to drive N2
reduction to NH3.

15−20 However, most of the photocatalysts in
N2 fixation applications suffer from drawbacks such as (1) high
adsorption energy of N2 on catalyst surface; (2) poor activity
under visible light; and (3) insufficient charge carriers on the
catalyst surface due to swift recombination.21,22 Thus,
modifications are essential to improve a photocatalyst’s
performance for efficient N2 reduction. Transition metal
doping is beneficial to photocatalysis.23,24 Recently, Zhao

and co-workers modified TiO2 by Fe3+ with highly exposed
(101) facets to show high efficiency for N2 photofixation.25

Fe3+ with a radii of 0.64 Å was able to replace Ti4+ (radii of
0.68 Å) in the lattice, which enabled the generation of oxygen
vacancy (Vo) for active radical production. Meanwhile, Ti3+ ion
led to stronger adsorption of N2 and cleavage of the NN
bond.23,26 In addition, noble metals have been attempted to
enhance N2 photofixation on TiO2.

23 Compared to Fe,
ruthenium (Ru) exhibits a significantly lower N2 reduction
overpotential, thus holding potential in modifying TiO2 for
improved photocatalytic N2 fixation.

27−29

The size of catalysts directly influences the number of low-
coordinated surface sites, which has profound impacts on the
reactant binding strength and governs the catalytic perform-
ances to a great degree. Recently, single atom-based catalysts
have attracted intensive attention due to their outstanding
catalytic activities in many reactions.30,31 Notably, single atom
metals dispersed on supports feature homogeneity of catalyti-
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cally active sites, low-coordination environment of metal
atoms, and maximum metal utilization efficiency. These
characters endow single atom catalysts with remarkable
catalytic activity, stability, and selectivity for a range of
processes.32−34 Nonetheless, single atom photocatalysis in
NH3 synthesis has been seldom reported to date.
Herein, we demonstrate single atom Ru decorated TiO2

nanosheets with engineered oxygen vacancy for photocatalytic
N2 fixation. The existence of single Ru sites has been
investigated by X-ray absorption near edge structure
(XANES) spectroscopy and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM).
The loading of 1 wt % Ru on TiO2 nanosheets enabled
significant enhancement in photocatalytic N2 reduction. Ru
addition was able to not only adsorb N2 molecules but also
enhance charge separation.

■ RESULTS AND DISCUSSION

The X-ray diffraction (XRD) patterns of as-prepared samples
are given in Figure S1. Characteristic reflection peaks of
anatase TiO2 (JCPDS no. 21-1272) can be seen in all the
cases; however, no reflections of Ru are observed probably due
to its amorphous structure and/or low loading, which rules out
the formation of large Ru aggregates.35 A number of
nanosheets are overlapped each other for TiO2-NS (Figures
1A and S2A). Aberration-corrected high-angle annular dark
field scanning transmission electron microscopy (HAADF-
STEM) observation (Figures 1B,E,F, and S2B) and in situ
EDX (Figure S2D) together with elemental mapping (Figure
1G−I) show the presence of bright spots, which can be
ascribed to Ru atoms because Ru has a higher atomic number
than Ti and O. The lateral sizes of TiO2 nanosheets before and
after decoration of Ru were similar, which were estimated to be

about 40 nm by TEM (Figure S2B,C). The (200) and (020)
facets of TiO2-NS have been observed, as shown in the high-
resolution STEM image (Figure 1C) along with fast Fourier
transform (FFT) (Figure 1D), reflecting the exposed (001)
plane.36 Some Ru atoms are annotated with yellow dashed
circles (Figure 1B,D,E). In stark contrast, for pristine TiO2
without oxygen vacancies (TR-ND), Ru is present predom-
inantly in clusters and small nanoparticles, as revealed in Figure
S3A,B. Likewise, at a higher Ru loading (2 wt %), relatively
larger Ru nanoparticles of up to 5 nm are observed (Figure
S3C).
The surface composition and chemical state of the TR-1.0

sample were studied by X-ray photoelectron spectroscopy
(XPS). The Ti 2p core-level XPS spectra of the TR-1.0 sample
consist of Ti 2p3/2 and Ti 2p1/2 peaks (Figure 2A) with binding
energies (BEs) at 458.4 and 464.4 eV, which are assigned to
the Ti4+. A deconvoluted peak appearing at 463.3 eV may
result from the 3p3/2 orbital electron of Ru and can be assigned
to Ru3+.37 In the O 1s XPS spectra of TR-1.0 (Figure 2B),
besides the peak at 529.7 eV corresponding to the Ti-O-Ti, a
weak peak with BE at 531.2 eV was also observed arising from
oxygen vacancies introduced due to thermal H2 treatment.38 In
the Ru 3p3/2 XPS spectra, the peak at about 531.6 eV likely
originated from RuOx due to oxidation of Ru after exposure to
air.39 An additional peak centering at 533 eV was also
identified, possibly assigned to surface H2O (adsorbed oxygen)
because of the strong hydrophilicity of oxygen vacancies.40

Moreover, density functional theory (DFT) calculations were
performed to explain the stability of Ru atoms on the surface
TiO2 nanosheets. All results are based on perfect and defective
TiO2(001) surface structures. Oxygen vacancies of D-O-2v and
D-O-3v could be generated from two-fold coordinated O-2c
and three-fold coordinated O-3c respectively, as shown in the
upper panel of Figure 2C). The adsorption energy of Ru (Eads)

Figure 1. (A) SEM, and (B, C) HAADF-STEM images of TR-1.0. (D) FFT analysis of the area shown in (C). (E, F) HAADF-STEM images of Ru
single atom decorated TiO2 nanosheets. EDX mapping images of Ru (G), Ti (H), and O (I) elements over the region shown in (F).
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on perfect TiO2(001), D-O-2v-TiO2(001), and D-O-3v-
TiO2(001) were calculated to be −4.06, −3.77, and −4.98

eV, respectively. The O-Ru-O structure over defective TiO2

nanosheets had the highest adsorption energy, thus favoring

Figure 2. (A) Ti 2p and (B) O 1s XPS spectra of TR-1.0 catalyst. (C) The optimized structure of the TiO2(001) surface (upper layer) and the
most stable binding states and their relative adsorption energies of Ru atomic sites supported on the perfect, O-2v, and O-3v defective surfaces
(bottom layer).

Figure 3. (A) XANES spectra of Ru K-edge on TR-ND and TR-1.0. (B) EXAFS spectra of Ru K-edge on TR-1.0, and Ru metal. (C) O 2p XPS VB
spectra of pure TiO2-NS and TR-1.0. (D) UV−vis absorption spectra of TiO2-NS, TR-0.1, TR-0.5, TR-1.0, and TR-2.0.
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formation and dispersion of single Ru atoms especially on
oxygen vacancy sites. More theoretical calculation details can
be found in Table S1. The projected d-band partial density of
states (pDOS) results of Ru and O are illustrated in Figure S4.
Compared with the electron densities of absorbed Ru4d and
O2p over the perfect TiO2(001) surface, the electron densities
of the D-O-3v-TiO2(001) surface shift to lower energies,
leading to enhanced Ru−O interaction. Therefore, the Ru−O
bond is more stable.
To verify the formation of Ru single atoms in TR-1.0,

XANES measurements were performed. The XANES spectra
(Figure 3A) show that the absorption threshold of Ru in TR-
1.0 approaches that of RuCl3, suggesting that the valence state
of Ru is close to 3+. In the Ru K-edge EXAFS spectrum of TR-
1.0, only a predominant peak at ca. 1.5 Å is observed and no
scattering from metallic Ru−Ru is discernible (Figure 3B).41

This supports the hypothesis that Ru in TR-1.0 is mainly
atomically dispersed. Whereas a pronounced peak at ca. 2.3 Å
is identified for TR-ND, corresponding to metallic Ru−Ru
(Figure S5). This indicates that the aggregation of Ru would
take place when there are no oxygen vacancies on TiO2,
consistent with TEM observation.42

Electron paramagnetic resonance (EPR) analysis was used
to probe O vacancies in TR-x samples. The EPR peaks
between 3440 and 3530 could result from an O vacancy.5 As
expected, TiO2-ND does not show clear signals of O vacancy
(Figure S6A). In contrast, an EPR peak associated with an O
vacancy is observed for TR-NS (Figure S6B). The signal
intensity of O vacancy for TR-1.0 (Figure S6C) drops in
comparison to that of TR-NS, due to the occupation of Ru
atoms in the O-vacancy sites.5

The O 2p XPS valence-band (VB) spectra were analyzed
from −3 to 15 eV (Figure 3C). The TiO2 sample exhibited an

apparent peak of the O 2p orbital at 2.34 eV to build up
valence in the catalyst. In contrast, the top of the VB of TR-1.0
was shifted to 2.48 eV probably arising from the increase in the
upward band bending as a result of interaction between TiO2
and Ru.40,43,44 UV−vis spectroscopy revealed that the Ru
loaded TiO2 nanosheet photocatalysts exhibited a wider
absorption range than pure TiO2 nanosheets (Figure 3D).
The absorption edges of TiO2-NS, TR-0.1, TR-0.5, TR-1.0,
and TR-2.0 were at 390, 399, 408, 433, and 446 nm,
respectively. The corresponding band gap energies can be
estimated to be 3.28, 3.21, 3.14, 2.96, and 2.87 eV.
Accordingly, the CBs of the TiO2-NS and TR-1.0 VBs can
be derived to be −0.94 and −0.48 V (vs SHE), which are
suitable to drive N2 reduction to NH3 (N2 + 6e− + 6H+ →
2NH3, E

0
redox = 0.0944 V vs SHE).17,18,45

The photocatalytic activities of single atom Ru loaded TiO2
nanosheets for N2 fixation were tested in a N2 bubbled water
system using a 300 Xe lamp as a light source. The experiments
were carried out continuously for 4 h, and the final NH4

+ ion
content was measured by the indophenol blue indicator
method (Figure S7). Catalytic experiments in Ar-saturated
solution, or without any catalyst, or in the dark without light
irradiation have been also performed, which however showed
very little NH3 generation. The ammonia yield rates over TR-x
catalysts are presented in Figure 4A. We found that the
addition of single atom Ru is able to enhance the photo-
catalytic activities of TiO2 nanosheets, evidenced by higher
ammonia yield rates. The TR-1.0 catalyst delivers the highest
ammonia yield rate of 56.3 μg/h/gcat. with good reproducibility
(Figure S8), and reasonable stability (Figures S9 and S10), 2
times higher than TiO2-NS. Compared with oxygen vacancy-
deficient TiO2-ND, the samples with oxygen vacancies show
enhanced ammonia yield rates. This indicates that oxygen

Figure 4. (A) The yield rates of ammonia over TiO2-NS, TR-0.1, TR-0.5, TR-1.0, TR-2.0, and TR-ND. (B) The amounts of H2 generated over
TiO2-NS, TR-0.1, TR-0.5, TR-1.0, and TR-2.0 in water. (C) Transient photocurrent responses of TiO2-NS, TR-0.1, TR-0.5, TR-1.0, and TR-2.0.
(D) Mechanistic diagram of N2 photoreduction over single Ru site loaded TiO2 nanosheets with oxygen vacancies.
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vacancy sites likely promote N2 activation. Further research in
tuning of oxygen vacancy concentration by manipulating
conditions (including annealing atmosphere such as H2, Ar,
CO, or N2 and temperature) for N2 reduction will be
systematically conducted in our future work.
We also investigated the photocatalytic properties of Ru

decorated TiO2 nanosheets for H2 evolution reaction (HER),
which usually occurs as a competitive reaction during the
photocatalytic N2 reduction process. The results (Figure 4B)
show that the photocatalytic activities of TiO2 nanosheets for
HER decrease upon decoration with Ru. Pure TiO2 nanosheets
generated the largest amount of H2 after light illumination for
2 h, providing a H2 production rate of up to 105.3 μmol/h (per
10 mg photocatalyst). Whereas the HER becomes weakened
with the increase of Ru content before reaching an almost
saturated value of 30 μmol/h (per 10 mg photocatalyst) at the
Ru content of 0.5 wt %. It has been proposed that the oxygen
vacancies in TiO2 nanosheets are the key active sites for
HER.46 In our case, we believe that Ru species likely replaced
H2O molecules to combine with the oxygen vacancies, which
thus disturbed the transportation of photoelectrons from TiO2
to H+, inhibiting HER. Photocurrent transient response was
used to explore the photogenerated charge carriers under
irradiation (Figure 4C). The results showed that Ru loading
can enhance the photocurrent of TiO2-NS. This is especially
the case for the TR-1.0 catalyst exhibiting the highest
photocurrent intensity. TR-2.0 also displayed a high photo-
current despite being lower than that of the TR-1.0 sample
because the aggregation of Ru at high loading weakened
illumination absorption of TiO2.

23

On the basis of the above results, we propose a possible
mechanistic understanding of N2 photoreduction over Ru
loaded TiO2 nanosheets, as shown in Figure 4D. The
calcination in a reducing atmosphere led to formation of
oxygen vacancies on the surface of TiO2 nanosheets,47 as
evidenced by XPS and EPR results.47 This may promote
photocatalytic HER over TiO2 nanosheets. Despite this being
the case, Ru atoms deposited on the oxygen vacancy sites of
TiO2 nanosheets could reduce H2 evolution rate during the
photocatalytic N2 reduction (Figure 4D).
The upward band bending of atomic Ru loaded TiO2

nanosheets can be revealed by electronic band structure
analysis, as illustrated in Figure S11. On the perfect TiO2(001)
surface, the O-Ru-O band is symmetrical and shares the same
electronic band structures of TiO2. However, on the D-O-3v-
TiO2(001) surface, the O-Ru-O is no longer symmetrical
owing to the dangling bonds around O vacancies, which leads
to splitting of the Ti 3d states. Hence the D-O-3v-TiO2(001)
exhibits a narrowed band gap because of the generated
intermediate level. The electron transition energy from VB to
CB minimum is 0.227 eV, in contrast to the value of 0.435 eV
on perfect TiO2(001). Furthermore, the empty d orbitals of Ru
may accept photoelectrons to reduce the recombination of
photocarriers. According to the Nyquist plots (Figure S12)
derived from electrochemical impedance spectroscopy, TR-1.0
shows a smaller arc and facilitates more effective charge
separation and faster charge transfer than pristine TiO2
nanosheets, thereby benefiting photocatalysis.48,49 Further-
more, Ru possesses a small activation barrier for N2
dissociation.50 As a consequence, we speculate that Ru is
likely the center for N2 adsorption

26 and activation with single
atoms being more active than clusters or nanoparticles.30,51,52

However, the overloading of Ru led to the decrease of

photocatalytic activity for ammonia generation probably due to
the aggregation of Ru.

■ CONCLUSIONS

We have designed and fabricated TiO2 nanosheets decorated
with Ru atoms, which enabled photocatalytic reduction of N2
to ammonia under xenon lamp illumination. DFT calculations
indicated that single Ru sites are stabilized by O vacancies. The
composite catalyst containing 1 wt % of Ru showed a
significantly improved ammonia generation rate of up to 56.3
μg/h/gcat., more than 2 times higher than pure TiO2
nanosheets. Isolated Ru atoms that were possibly located at
the oxygen vacancies of TiO2 helped weaken the hydrogen
evolution, promote chemisorption of N2, and also improve
charge carrier separation, leading to enhanced N2 photo-
reduction to ammonia. We believe that the development of
single atom catalysts provides a potentially alternative avenue
for efficient N2 photofixation.

■ EXPERIMENTAL SECTION
Materials. Tetra-n-butyl titanate (Ti(OBu)4, TBOT, 99.0%),

sodium hydroxide (99.9%), ethanol (99.8%), hydrofluoric acid
solution (HF, 40 wt %), and ruthenium chloride hydrate were
obtained from Aladdin. All the chemicals used in this work were of
analytical grade without pretreatment.

Synthesis of TiO2 Nanosheets. In a typical procedure for TiO2
nanosheet synthesis, 13 mL of hydrofluoric acid solution (40 wt %)
was dropped into 25 mL of TBOT under vigorous stirring for 2 h.
Then the mixture was transferred into a 50 mL Teflon-lined autoclave
and hydrothermally treated at 180 °C for 36 h. After cooling down to
room temperature, the suspension was isolated by a high-speed
centrifuge and washed with ethanol and distilled water for several
times. Then the precipitate was dispersed in 0.1 M NaOH solution for
8 h at room temperature under stirring to remove residue F ions. The
obtained powder was recovered by centrifugation, followed by
washing with distilled water and drying at room temperature to
obtain TiO2 nanosheets. The above dried powder was thermally
treated in a hydrogen−argon mixture (8.0 vol % hydrogen) at 250 °C
for 2 h. This treatment is supposed to introduce oxygen vacancies on
the surface of TiO2 nanosheets, beneficial to further deposition of Ru.
The resulting TiO2 nanosheets were referred to as TiO2-NS.

Preparation of Ru-TiO2 Nanosheets. The obtained TiO2
nanosheets (200 mg) were ultrasonically dispersed in 20 mL of
ethanol for 1 h. Then, 0.15 mL of ruthenium chloride hydrate-ethanol
solution (4.4 mg/mL) was added dropwise into the suspension under
stirring. Afterward, the mixture was stirred for 6 h. The precipitate was
filtered, washed with water, and vacuum-dried at 60 °C to obtain a
Ru-TiO2 NS, which was further thermally treated in a tube furnace in
a hydrogen−argon atmosphere (8.0 vol % hydrogen) at 250 °C for 2
h. The generated powder was referred to as TR-0.1. For preparation
of other TR-0.5, TR-1.0, TR-2.0 samples, similar procedures were
adopted except that the amounts of the ruthenium chloride hydrate-
ethanol solution were 0.75, 1.5, and 3.0 mL, respectively. A TR-ND
sample was prepared by following a similar process except that the
calcination was carried out in air.

Characterization. X-ray powder diffraction (XRD) was per-
formed on a D/MAX−RC diffractometer operated at 30 kV and 100
mA with Cu Kα radiation and a 2θ scan rate of 5°/min. Transmission
electron microscopy (TEM) images were obtained by a JEOL
ARM200 microscope. TEM samples were prepared by depositing a
droplet of a suspension onto a lacey carbon film. X-ray photoelectron
spectroscopy (XPS) experiments were carried out by a Thermo
Scientific ESCALAB 250Xi instrument equipped with an electron
flood and scanning ion gun. The XPS spectra were calibrated by C 1s
binding energy at 284.8 eV. UV−vis diffuse reflectance spectra (DRS)
were obtained using Persee UV−vis spectroscopy (TU-1950, BaSO4
as a reference). The XAFS measurements were performed in a
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fluorescence mode using a Lytel detector at beamline BL07A of
Taiwan Light Source, NSRRC. A Si(111) Double Crystal
Monochromator (DCM) was used to scan the photon energy. The
energy resolution (ΔE/E) for the incident X-ray photons was
estimated to be 2 × 10−4. Quantitative information on the radial
distribution of neighboring atoms surrounding Ru was derived from
the extended absorption fine structure (EXAFS) data. An established
data reduction method was used to extract the EXAFS χ-functions
from the raw experimental data using the IFEFFIT software. To
ascertain the reproducibility of the experimental data, at least two
scans were collected and compared for each sample. EPR spectra were
obtained using a Bruker e-scan EPR spectrometer (27 °C, 9.7397
GHz).
Photocatalytic N2 Fixation. Photocatalytic N2 fixation was

carried out in a N2 gas reactor under artificial illumination at room
temperature and atmospheric pressure. In the first step, 40 mg of a
photocatalyst was added in a 100 mL of 20% ethanol solution in a
quartz reactor. Then the system was thoroughly sealed and linked
with a 20 mL 0.1 mol/L HCl gas-washing bottle to recover the NH3
gas from reacted tail gas. Afterward, N2 gas was introduced into the
reactor and bubbled in the solution for 1 h to remove air from the
system under 350 rpm stirring. N2 bubbling was maintained during
the whole reaction process. Subsequently, the reactor was irradiated
by a 300 W high pressure xenon lamp (PLS-SXE300, Beijing Perfect
Light Technology Co., Ltd. China). The photoreaction temperature
was kept at 25 °C using a thermostat bath. After 4 h of continuous
irradiation, the reactor was unsealed and 5 mL of the solution was
taken from the reactor by a syringe with a syringe filter (filter aperture
0.22 μm) to remove all particles. The transparent solution was used
for detection of NH3.
During the photocatalytic N2 fixation reaction, the light resource

was placed 0.11 m away from the reaction solution surface. The
irradiation intensity between 280 and 400 nm was measured by a
SENTRY 524 irradiance meter, giving the value of 34.87 mW/cm2.
The intensity of wavelength between 400 and 1000 nm irradiation
was measured to be 1403 mW/cm2 by an FZ-A irradiance meter.
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