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An oxygen vacancy-rich two-dimensional Au/TiO2
hybrid for synergistically enhanced
electrochemical N2 activation and reduction†
Sen Zhao,‡a Han-Xuan Liu,‡b Yu Qiu,a Shuang-Quan Liu,a Jin-Xiang Diao,a
Chun-Ran Chang, *b Rui Si c and Xiao-Hui Guo *a
The electrochemical nitrogen reduction reaction (NRR) is emerging as a promising sustainable technique
that can convert nitrogen (N2) to ammonia (NH3) under ambient conditions. However, the selectivity and
electrocatalytic activity of the NRR obtained experimentally to date are still unsatisfactory. As
a consequence, it remains a technical challenge to develop scalable, low-cost, and eﬃcient NRR
electrocatalysts. Herein, we present an oxygen vacancy (VO)-rich two-dimensional gold (Au)/titanium
dioxide (TiO2) hybrid that acts as an advanced NRR electrocatalyst under ambient conditions.
Electrocatalytic testing demonstrated that the Au/TiO2 hybrid catalyst delivered a promising NH3 yield of
64.6 mg h1 mg1 cat and a high faradaic eﬃciency of 29.5% at 0.40 V versus the reversible hydrogen
electrode in acidic media. Experimental ﬁndings and theoretical calculations demonstrate that the strong
electron-donating eﬀect of VO in TiO2 was essential for N2 activation. Meanwhile, the introduction of Au
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promotes both the electrochemical and thermodynamic rate-limiting steps by adjusting the electronic
structure of the active sites. Together, these eﬀects greatly facilitate the activation and reduction of N2
under ambient conditions. The speciﬁc catalyst design strategy in our work represents an alternative
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avenue to produce other two-dimensional electrocatalysts with high NRR activity and selectivity through
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rational structural engineering.

Introduction
Ammonia (NH3) is a necessary industrial chemical for production of fertilizers, dyes, explosives, plastics, and many other
chemicals.1–3 In addition, NH3 is also a promising hydrogen
energy carrier with high energy density, which makes it attractive as a renewable energy source.4–7 Unfortunately, the mass
production of NH3 currently mainly relies on the Haber–Bosch
process, which always leads to high energy consumption and
emits a large amount of carbon dioxide (CO2) because of the
required high temperature and pressure.8 Considering the huge
energy consumption of the Haber–Bosch process and the great
potential of NH3 in future energy systems, the proton-assisted
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electrocatalytic nitrogen reduction reaction (NRR) under
ambient conditions is receiving great attention with the goal of
realizing low-cost articial nitrogen xation.9–11
In the past few decades, some noble metal-based electrocatalysts including Pt,12 Au,13–15 Ru,16,17 and Pd18,19 have been
proven to be eﬀective at reducing nitrogen (N2) to NH3 under
ambient conditions. However, their catalytic performance is
still far from satisfactory and the use of these catalysts is limited
by their scarcity and high cost. Recently, some non-noble metalbased electrocatalysts have been developed, such as transition
metal chalcogenides,20,21 oxides,22–24 carbides,25,26 nitrides,27,28
and heteroatom-doped carbon.29,30 However, the inertness of
N2, represented by its high bond dissociation energy of
941 kJ mol1, makes it diﬃcult to activate it under ambient
conditions. Moreover, there is a erce competition between the
NRR and hydrogen evolution reaction because of their similar
redox potentials of 0.092 and 0.00 V vs. the reversible hydrogen
electrode (RHE), respectively, which usually leads to limited
NH3 production rates and low selectivity in the NRR for most
common electrocatalysts.10,11 In addition, the surface of metals
in aqueous solutions is mostly covered with H adatoms rather
than N adatoms, which severely hinders the production of
NH3.31
Molten salt systems and electrochemical lithium cycling can
be used to overcome these issues aﬀecting the NRR, leading to
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higher NH3 yield and faradaic eﬃciency (FE).32,33 However, these
approaches are not energetically eﬃcient and require high
temperatures. Remarkably, defect engineering has proved to be
eﬀective in raising the electrocatalytic activity of the oxygen
evolution reaction,34 CO2 hydrogenation reduction,35 and
NRR.36–44 Vacancy-rich materials not only possess strong
accepting ability for lone-pair electrons, but also donate electrons to anti-bonding orbitals of N2 molecules, which could
greatly facilitate the adsorption and reduction of N2 under
ambient conditions, and thus eﬃciently improve the NRR. By
the virtue of electron redistribution and their suitable chemical
properties, vacancies on the catalyst surface can provide large
amounts of active sites for the NRR.45,46 Although some progress
in the electrocatalytic NRR has been made recently using the
defect-engineering strategy, the NH3 yield and FE still do not
reach the practical requirements for NRR applications. In
addition, a more comprehensive mechanistic understanding is
still needed to guide the rational design of vacancy-engineered
NRR electrocatalysts.
Inspired by the recent use of two-dimensional (2D) Mxenes
(Ti3C2Tx) as advanced photo- and/or electro-catalysts,47–51 we
aim to use the specic structural and catalytic features of
Mxenes, including high conductivity, plentiful surface functional groups, large accessible reaction sites, and specic 2D
connement features, together with the defect-engineering
strategy to construct highly eﬃcient and robust catalysts for
the NRR. We design and construct an oxygen vacancy (VO)-rich
2D Au/TiO2 hybrid nanosheet derived from Ti3C2Tx as an NRR
electrocatalyst via in situ growth of gold nanoparticles on
a preformed TiO2 nanosheet. Electrocatalytic testing demonstrates that the Au/TiO2 hybrid catalyst delivers a prominent
NH3 yield of 64.6 mg h1 mg1 cat at 0.40 V and FE of 29.5% at
0.30 V vs. RHE in acidic media, which are considerably higher
than those of reference Ti3C2Tx (NH3 yield: 22.18 mg h1 mg1
cat, FE: 7.09%) and TiO2/Ti3C2Tx (NH3 yield: 32.17 mg h1 mg1
cat, FE: 16.07%) electrocatalysts and previously reported Auand TiO2-based catalysts. Density functional theory (DFT)
calculations indicate that the N^N triple bond of N2 is strongly
activated on the Au/TiO2 hybrid surface. These impressive
ndings could provide new insights for the rational construction of highly active and robust 2D catalysts for nitrogen xation
and other electrocatalytic reactions.

a solution bath. Consequently, a prepared 0.1 M Na2CO3 solution was added into the above solution and the pH of the mixed
solution was adjusted to 6, and then continuous stirring was
carried out for another 1 h; aer this, ltration and separation
were carried out by washing with water several times. Next, the
obtained samples were dried at 70  C in an oven for 12 h.
Finally, the dried samples were calcined at 200  C in a furnace
for 2 h under a 10% H2/90% Ar atmosphere, and then the nal
samples were collected and further characterization and testing
were performed.

Experimental section

Electrochemical NRR measurements were performed in a twocompartment cell separated by a proton exchange membrane
using a CS Studio5 electrochemical workstation (CS350 in
COM5). Electrochemical experiments were carried out with
a three-electrode conguration. Ag/AgCl (saturated KCl) was
used as the reference electrode. Platinum was used as the
counter electrode. The Au/TiO2/CP electrode with an area of 1 
1 cm2 was used as the working electrode. Linear sweep voltammetry (LSV) was performed in a 0.01 M HCl solution at
a scan rate of 5 mV s1. The provided LSV curves were the
steady-state ones aer several cycles. For electrocatalytic N2
reduction experiments, potentiostatic tests were carried out in
a N2 saturated 0.01 M HCl solution (pH ¼ 2, 50 mL), which was
purged with N2 for 1 h before the measurement. Pure N2 was

Synthesis of the two-dimensional Au/TiO2 hybrid nanosheets:
rst, the preparation of the Ti3C2Tx sheets was carried out
according to the literature elsewhere.47,48 Then, the prepared
Ti3C2Tx sheets underwent calcination at 500  C in a furnace for
1 h under an air atmosphere with a heating rate of 5  C min1,
and thus the resultant TiO2 nanosheets were fabricated. Aer
this, the prepared TiO2 was dispersed in 5 mL of ultra-puried
water to form a homogeneous solution through a continuous
ultrasound treatment for 10 min; then, a prepared HAuCl4
solution with diﬀerent concentrations (ca., 1, 2, and 3 wt%) was
slowly dropped into the above homogeneous solution under
strong magnetic stirring at a constant temperature of 60  C in
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Characterization
The phase composition of the prepared Au/TiO2 samples was
determined via powder X-ray diﬀraction (XRD) on a Bruker AXSD8 diﬀractometer operated at 40 kV and 40 mA using Cu-Ka
radiation (l ¼ 0.15418 nm) by scanning from 2q ¼ 10 to 80 . The
sample morphology was recorded via Scanning electron
microscopy (SEM) on a Hitachi SU-8010 eld emission scanning
electron microscope (FESEM). Transmission electron microscopy (TEM, FEI Tecnai G2 F20) was performed with an accelerating voltage of 200 kV coupled with energy-dispersive
spectroscopy (EDS). Raman spectra were obtained via a Raman
spectrometer (Jobin Yvon Co., France) model HR800 employing
a 10 mW helium/neon laser at 632 nm. X-ray photoelectron
spectroscopy (XPS) (PHI 5000 VersaProbe III XPS) was used to
investigate the surface electron state of the prepared samples.
The X-ray absorption near-edge structure (XANES) of the Co Kedge was obtained at the BL14W1 beamline of the Shanghai
Synchrotron Radiation Facility (SSRF). The X-ray was monochromatized by a double-crystal Si (111) monochromator, and
the energy was calibrated using a cobalt metal foil for the Co Kedge. XAFS data was analyzed with the WinXAS3.1 program.
Preparation of the working electrode
Typically, 5 mg of the Au/TiO2 catalyst and 100 mL of a Naon
solution (5 wt%) were added into 900 mL of a C2H5OH solvent
followed by sonication for 30 min to form a uniform solution.
Then, 100 mL of the as-obtained catalyst solution was loaded
onto a carbon paper (CP) electrode with an area of 1  1 cm2
and dried at room temperature (denoted as Au/TiO2/CP).
Electrochemical measurements
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continuously fed to the cathodic compartment and owing Ar
was necessary in the anodic compartment to avoid air pollution.
The obtained potentials in this work were converted to the
reversible hydrogen electrode (RHE) scale via calibration with
the following equation: E (vs. RHE) ¼ E (vs. Ag/AgCl) + 0.197 +
0.059  pH.

Calculation of the NH3 formation rate and faradaic eﬃciency
(FE)

Determination of NH3

The FE for N2 reduction was dened as the amount of electric charge used for synthesizing NH3 divided by the total charge
passed through the electrodes during electrolysis. Assuming
that three electrons were needed to produce one NH3 molecule,
the FE could be calculated as follows:

2 mL of the electrolyte was obtained from the cathodic
chamber, and then 2 mL of a 1 M NaOH solution containing 5%
C7H6O3 and 5% C6H5Na3O7$2H2O was added into this solution.
Subsequently, 1 mL of 0.05 M NaClO and 0.2 mL of 1% C5FeN6Na2O$2H2O were added into the above solution. Aer
standing at room temperature for 2 h, the UV-Vis absorption
spectrum was measured at a wavelength of 655 nm. The
concentration–absorbance curves were calibrated using a standard NH3 solution with a series of concentrations. The tting
curve (y ¼ 0.3555x + 0.0122, R2 ¼ 0.9997) shows a good linear
relation of the absorbance value with the NH3 concentration
with three independent calibrations.

The rate of formation of NH3 was calculated using the following
equation:
vNH3 ¼

FE ¼

½NH3   V
t  mcat:

3  F  ½NH3   V
17  Q

where [NH3] is the measured NH4+ concentration; V is the
volume of the cathodic reaction electrolyte (100 mL), t is the
time for which the potential was applied; mcat. is the mass of
catalyst loaded on the working electrode; F is the Faraday
constant; and Q is the quantity of applied charge.

Results and discussion
Determination of N2H4
The concentration of N2H4 in the electrolyte was estimated by
the method of Watt and Chrisp. Typically, a solution mixture
containing p-C9H11NO (2 g), concentrated HCl (10 mL) and
ethanol (100 mL) was used as a color reagent. In detail, 5 mL of
the electrolyte was removed from the cathodic chamber and
added into 5 mL of the above prepared color reagent. Aer
allowing the solution mixture to stand at room temperature for
20 min, UV-Vis absorption spectra were measured at a wavelength of 455 nm. Absolute calibration of this method was
achieved using N2H4$H2O solutions of known concentration as
standards, and the tting curve shows a good linear relation of
absorbance with N2H4$H2O concentration (y ¼ 1.0359x +
0.0326, R2 ¼ 0.9999) with three independent calibrations.

15

N2 isotope labeling experiments

An isotopic labeling experiment used 15N2 (98 atom% 15N) as
the feed gas to determine the source of ammonia. The 15N2 gas
was puried passing through an alkaline trap (0.1 M KOH) and
an acid trap (0.05 M H2SO4) before entering the electrochemical
chamber. In the electrocatalytic N2 reduction experiment, argon
gas was purged in the cathodic cell to remove impurities and
then the cell was purged for 30 min with the 15N2 gas. Aer 15N2
electroreduction for 2 h at 0.4 V (vs. RHE) in a 0.01 M HCl
solution, 50 mL of the electrolyte was removed and concentrated to 1 mL. Aerwards, 0.5 mL of the resulting solution was
removed and mixed with 0.05 mL d6-DMSO for 1H nuclear
magnetic resonance (NMR, 600 MHz) measurements. Similarly,
the amount of 14NH4+ was quantitatively determined by this
method when 14N2 (ultra-high-grade purity, 99.999%) was the
feed gas.

6588 | J. Mater. Chem. A, 2020, 8, 6586–6596

The 2D Au/TiO2 hybrid nanosheets were fabricated via a simple
HF etching process to form Ti3C2Tx nanosheet precursor, which
was then calcined at 500  C for 1 h under an air atmosphere to
obtain VO-rich TiO2 nanosheets. The 2D Au/TiO2 hybrids were
then fabricated via in situ solution growth of Au precursor on
the preformed TiO2 nanosheet substrate and underwent further
annealing treatment at 200  C for 2 h under a 10% H2/90% Ar
atmosphere, as shown in Fig. 1.
The phase structure of the prepared samples was characterized by X-ray diﬀraction (XRD), as shown in Fig. 2a. Obvious
diﬀraction peaks from TiO2 were observed in the XRD patterns.
The prepared TiO2 sample was assigned to the rutile phase
(JCPDS card no. 21-1276). Further partial high-resolution XRD
patterns indicated that the (101) plane of the Au/TiO2 hybrids
was shied compared with that of the pristine TiO2 sample, as
shown in Fig. 2b, implying that the crystal structure of the Au/
TiO2 hybrids was distorted. The prepared 2 wt% Au/TiO2 hybrid

Fig. 1 Schematic illustration of the preparation process of the oxygen
vacancy-rich Au/TiO2 nanosheet hybrid catalyst.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Structural and surface state analysis for the prepared TiO2 and Au/TiO2 hybrids. (a and b) XRD patterns; (c) XPS spectrum of Ti 2p; (d) XPS
spectrum of O 1s; (e) XPS spectrum of Au 4f for the prepared 2 wt% Au/TiO2; (f) ESR curves of pristine TiO2 and Au/TiO2 hybrids with diﬀerent gold
loading amounts; (g) Au L3-edge XANES proﬁles and EXAFS ﬁtting results in R space (h) for 2 wt% Au/TiO2. Au foil and Au+1.62 are used as
references.

system was also characterized by scanning electron microscopy
(SEM); results are shown in Fig. 3a. The sample possessed an
imperfect layer-like morphology with a mean thickness of about
100 nm. Transmission electron microscopy (TEM) observation
revealed that Au nanoparticles with a diameter of approximately
5 nm were uniformly anchored on the surface of the TiO2
nanosheets in the 2 wt% Au/TiO2 hybrid, as presented in
Fig. 3b. A high-resolution TEM image showed that the Au
nanoparticles and TiO2 substrate displayed well-dened lattice
stripes with corresponding spacings of 2.35 and 2.31 
A, which
were consistent with the (111) plane of Au and (112) plane of
TiO2, respectively (Fig. 3c). The pristine TiO2 nanosheets and
other Au/TiO2 hybrids with diﬀerent Au loadings (1 and 3 wt%)
displayed similar features to the 2 wt% Au/TiO2 hybrid, as
clearly seen in ESI Fig. S1–S3.† Energy-dispersive spectroscopy

This journal is © The Royal Society of Chemistry 2020

(EDS) mapping conrmed the presence of only Ti, O, and Au in
the samples, implying their high purity (Fig. 3d).
To investigate the structural features and surface state of the
Au/TiO2 hybrids, we conducted Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS) measurements. First, XPS
was performed to study the surface electron states of the
prepared Au/TiO2 hybrids. The XPS Ti 2p spectra of the samples
are presented in Fig. 2c. The peaks at binding energies of 464.3
and 458.6 eV conrmed that Ti4+ was present in TiO2.52 The
binding energies of the typical peak of Ti 2p3/2 for pristine TiO2,
1 wt% Au/TiO2, 2 wt% Au/TiO2, and 3 wt% Au/TiO2 appeared at
458.60, 458.40, 458.32, and 458.30 eV, respectively, suggesting
that the oxidation state of Ti decreased with the increasing Au
content of the hybrid. Such behavior likely arises from the
partial reduction of Ti4+ by localized electrons at VO sites.53 The
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Fig. 3 Morphology, structure and composition analysis for the prepared 2 wt% Au/TiO2 nanosheets. (a) SEM image; (b) TEM image; (c) HRTEM
image; (d) EDS mapping images.

Ti 2p3/2 peak of 3 wt% Au/TiO2 was observed at a lower binding
energy than those of 1 wt% and 2 wt% Au/TiO2 and pure TiO2
because the former sample possesses a higher VO content. This
result also indicates the formation of specic Au–VO–Ti3+
binding interactions on the surface of the Au/TiO2 hybrids, as
reported in a previous study.54 The O 1s spectra of the sample
contained peaks at 531.6 and 529.7 eV that were attributed to O
atoms associated with surface Ti–OH species (surface VO of TiO2
prepared via hydrolysis and hydrothermal methods) and lattice
oxygen of TiO2, respectively,39 as shown in Fig. 2d. The Au 4f
spectra of the hybrids were resolved into doublets at 83.3 and
86.9 eV, corresponding to the 4f7/2 and 4f5/2 peaks of metallic
Au, respectively (Fig. 2e). This result agreed well with the ndings of X-ray absorption near-edge structure (XANES) (Fig. 2g
and h and Table S1†). Further XPS results for pristine TiO2,
1 wt% Au/TiO2, and 3 wt% Au/TiO2 are shown in ESI Fig. S5–S7.†
Raman spectroscopy was conducted to investigate the
structure of the Au/TiO2 hybrids. The Eg mode was broadened
and shied to higher wavenumbers for the defect-containing
TiO2 samples (Fig. S4†). This is mostly ascribed to phonon
connement eﬀects caused by localized vacancies.54 The
magnitude of the Eg peak shi was proportional to the VO
content, following the trend: 3 wt% Au/TiO2 > 2 wt% Au/TiO2 >
1 wt% Au/TiO2.
To conrm the presence of VO in the Au/TiO2 hybrid
samples, electron spin resonance (ESR) measurements were
conducted. As shown in Fig. 2f, in stark contrast to pristine
TiO2, which displays very weak ESR peaks, the 1 wt%, 2 wt%,
and 3 wt% Au/TiO2 hybrid samples all exhibit a pair of sharp
symmetric peaks in accordance with the VO signal at g ¼ 2.003,

6590 | J. Mater. Chem. A, 2020, 8, 6586–6596

which indicates electron trapping at VO.55 This result unambiguously proved that high-temperature annealing of pristine
TiO2 successfully introduced VO. In combination with the XPS
and Raman spectroscopy results, one can infer that VO are
predominantly on the surface of TiO2 nanosheets.
The NRR electrocatalytic performance of the Au/TiO2 hybrid
materials was evaluated in a high purity N2-saturated 0.01 M
HCl solution using a gas-tight two-compartment cell. We rst
investigated the potential dependence of the electrocatalytic
NRR activity of the pristine TiO2@PC and Au/TiO2@PC by linear
sweep voltammetry (LSV) in N2-saturated 0.01 M HCl. As shown
in Fig. 4a and S8,† a notable enhancement in current density
was observed in the N2-saturated environment when the
potential was in the range from 0.3 to 0.8 V, indicating
eﬃcient NRR activities of the Au/TiO2@PC catalysts. Unlike in
a previous report on the NRR using Au as catalyst, where N2H4
was observed as a by-product, only NH3 was detected in this
system with the Au/TiO2 hybrid catalyst. Therefore, the Au/TiO2
hybrid catalyst displayed good selectivity for NH3 formation via
the NRR. The obtained calibration curves and ultraviolet-visible
absorption spectra of the electrolyte are shown in Fig. S9.†
NRR electrolysis experiments were then performed using
controlled potential from 0.25 to 0.55 V for 2 h in the N2saturated 0.01 M HCl electrolyte, as shown in Fig. S10.† Aer
electrolysis, the produced NH3 was spectrophotometrically
quantied using the indophenol blue method. The NH3 yield
and FE at diﬀerent potentials are plotted in Fig. 4b. The
maximum NH3 yield for the 2 wt% Au/TiO2 hybrid was 64.6 mg
h1 mg1 cat at 0.4 V vs. RHE and its FE was 29.5% at 0.30 V vs.
RHE under ambient conditions. The average NH3 yield and FE

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Electrocatalytic NRR of TiO2 and Au/TiO2 hybrids. (a) Linear sweep voltammetry curves for diﬀerent catalysts in an N2 saturated 0.01 M
HCl solution under ambient conditions. (b) Yield rate of NH3 and faradaic eﬃciency at each given potential; (c) cycling stability testing of 2 wt%
Au/TiO2 for 10 cycles; (d) chronoamperometry results at the corresponding potentials; (e) isotopic labeling results of both 14NH4+ and 15NH4+
obtained from the NRR reaction (at 0.4 V vs. RHE) using 14N2 or 15N2 as the nitrogen source, respectively; (f) production rate of NH3 and FE with
diﬀerent catalysts at 0.4 V versus RHE at room temperature and ambient pressure.

measured via ion chromatography were almost identical to
those obtained using the indophenol blue method, as shown in
Fig. S11.† Moreover, the standard deviation plot for FE and
activity is obtained according to the present results, as shown in
Fig. S12.† This indicated that the obtained data behave a little
diﬀerent under ambient conditions.
To elucidate the contribution of the synergistic eﬀect
between VO and Au active species to the NRR catalyzed by Au/
TiO2 hybrids, plots comparing the NRR performance of
diﬀerent catalysts are presented in Fig. 4c and the details are
listed in Table S6.† It was found that the NRR performance of
the 2 wt% Au/TiO2 hybrid was superior to that of pristine TiO2,
1 wt% Au/TiO2, and 3 wt% Au/TiO2 (see ESI Fig. S13–S15† for
further details). Pristine TiO2 showed very poor catalytic activity
for the NRR. This clearly revealed that the synergistic interaction between Au nanoparticles and VO played an important role
in promoting the electrocatalytic NRR. Notably, the 3 wt% Au/
TiO2 with the highest VO concentration did not exhibit the
highest NRR performance of the three Au/TiO2 hybrid materials, which is probably due to the restacking of the 2D layered
structure to yield a relatively low electrochemically active
surface area (Fig. S16†), undesirable size and distribution of Au
nanoparticles, and decreased interactions between Au species
and the TiO2 substrate.
Because the catalysts used in this work contained nitrogen
species that may cause false positive results, a series of control
experiments was performed to exclude the possible interference
from contaminants. As shown in Fig. 4d, no NH3 was detected
in electrolyte at open-circuit potential, in carbon paper under

This journal is © The Royal Society of Chemistry 2020

a N2 atmosphere, or in an Ar-saturated solution electrolyzed for
2 h. These ndings proved that NH3 was only generated from
the electroreduction of dissolved N2 catalyzed by the Au/TiO2
catalyst.
To further verify the reliability the two testing methods
above, we conducted 1H NMR spectroscopy to further conrm
their variability. Only 15NH4+ was detected in the NMR spectrum
using 15N2 as the feed gas (Fig. 4e), implying that NH3 was only
produced by the electrocatalytic NRR rather than by decomposition of catalysts or other contaminants. Moreover, we used
electrochemical impedance spectroscopy (EIS) to analyze the
eﬀects of VO on the NRR. The Nyquist plots in Fig. S17† revealed
that the charge transfer resistance of 2 wt% Au/TiO2 was lower
than those of pristine TiO2, 1 wt% Au/TiO2, and 3 wt% Au/TiO2.
This result implies that Au/TiO2 hybrids with suitable VO
concentrations can facilitate the NRR reaction kinetics,
consistent with their electrocatalytic NRR performance (Fig. 4c).
The possible by-product N2H4 was also detected by the Watt and
Chrisp method; the corresponding calibration curves are shown
in Fig. S18 and S19.† The results clearly demonstrated that N2H4
was not detected in the 0.01 M HCl electrolyte solution, indicating that Au/TiO2 possessed excellent catalytic selectivity for
NH3.
The catalyst stability was assessed by operation at a constant
potential for a long period. The NH3 yield and FE decreased by
12% and 13%, respectively, aer eight cycles compared with the
initial values, as shown in Fig. 4f. Chronoamperometry
measurements showed that the overall current density was
essentially unchanged aer 24 h of NRR operation (Fig. S20†),
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indicating that the Au/TiO2 hybrid nanosheet catalyst displayed
stable electrocatalytic activity. In addition, XRD (Fig. S21†), SEM
and HRTEM (Fig. S22†), and XPS (Fig. S23†) observations of the
2 wt% Au/TiO2 hybrid aer long-term NRR cycling revealed that
the catalyst remained intact, further implying the good preservation of VO in the present Au/TiO2 hybrids and accounting for
their high stability. Furthermore, we can speculate that the
good stability of the Au/TiO2 hybrids can be ascribed to the 2D
structure-induced surface distortion as well as the tight binding
of Au nanoparticles on the nanosheet substrate.
To further understand the catalytic origin and the reaction
mechanism of the NRR on the Au/TiO2 hybrid, DFT calculations
were performed to explore the synergistic eﬀect between Au and
TiO2 in the electrochemical synthesis of NH3. The interaction
between Au and TiO2 was rst investigated, where Au6 supported on the mainly exposed TiO2(112) surface was used as the
catalyst model. The results in Fig. 5 and Table S2† show that the
interaction between Au and TiO2 is dependent on the oxygen
vacancy (VO) of TiO2. The binding of Au6 with the VO-containing
TiO2 surface (TiO2-VO) is 1.65 eV stronger than that with pristine
TiO2, indicating that VO on TiO2 is favorable for stabilizing the
gold cluster.55 The stability of the Au6 cluster on TiO2 was found

Paper
to correlate well with the amount of charge transfer between
Au6 and TiO2. TiO2-VO transferred more electrons (0.463 e) to
Au6 than pristine TiO2 (0.075 e), and thus binds the Au6
cluster more strongly than TiO2. By changing the position of VO,
the value of charge transfer is varied and shows a positive
relationship with the adsorption energy of the Au6 cluster, as
shown in the Fig. S24.† The electrons transferred from TiO2-VO
are mainly from the coordination-unsaturated, electron-rich
Ti3+ sites in the top layer generated by oxygen escape, which
explains why the Au6 cluster prefers anchoring at the VO or Ti3+
site of TiO2 as shown in Fig. 5c.
On the other hand, the existence of VO is also shown to be
inuential for the adsorption of the main reaction species, N2
and H+. As shown in Fig. 5, the adsorption of N2 and H+ on TiO2VO is mainly concentrated in the vicinity of VO, which has
a maximum adsorption energy of 0.47 eV and 0.59 eV (Table
S2†), respectively. On Au6/TiO2-VO, the electron-rich region is
enlarged due to the electron transfer from TiO2 to the Au6
cluster; thus the adsorption site for N2 and a plurality of strong
adsorption sites for H+ appear on Au6. The strongest adsorption
sites for N2 and H+ appear near the Au–Ti3+ site as shown in
Fig. 5f and i, with adsorption energies of 0.59 eV and 0.40 eV

Fig. 5 (a–c) Optimized structures of TiO2(112) with one oxygen vacancy (TiO2-VO), the pristine TiO2(112) supported Au6 cluster (Au6/TiO2), and
the TiO2-VO supported Au6 cluster (Au6/TiO2-VO). (d–f) N2 adsorption on surfaces (a–c). (g–i) H+ adsorption on surfaces (a–c). The number (n)
labeled on (d–i) represents the nth stable adsorption site with corresponding adsorption energy listed in Tables S2 and S3.†
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(Table S3†), respectively. In contrast, the Au6 anchored on
pristine TiO2, Au6/TiO2, hardly adsorbs N2 and H+ as indicated
by the positive/slightly negative adsorption energies (Tables S4
and S5†), which is due to the electron-neutrality of Au6 on TiO2.
The preferential adsorption of N2 and H+ on the electron-rich
site of TiO2-VO and Au6/TiO2-VO is attributed to the fact that
the adsorption of the two species needs electron consumption
to form activated N2(d) and H. Although the similar adsorption tendency can gather both N2 and H+ in the vicinity of Au–
Ti3+, the lack of sites with neutral adsorption of H+ makes the
hydrogen evolution reaction (HER) unfavorable; thus the H+
collected can be mostly used for the hydrogenation of N2. It is
worth noting that the enrichment of electron-rich sites on Au6/
TiO2-VO causes N2 to exhibit a side-on adsorption at the Au–Ti3+
site of Au6/TiO2-VO (Fig. 5f) with an increase of the N–N bond
length by 0.029 
A, which is diﬀerent from the end-on adsorption
at the Ti3+ site of the TiO2-VO surface (Fig. 5d). This new
adsorption mode may lead to the NRR process on the Au6/TiO2VO distinct from that on TiO2-VO.
With the understanding of the role of VO on TiO2 and its
inuence on the adsorption of reaction species, a complete
reaction route of the NRR on Au6/TiO2-VO and TiO2-VO was
explored. Fig. 6 displays the energy proles of the optimal route
on Au6/TiO2-VO and TiO2-VO. Note that the optimal route was
screened from the complex reaction network in Fig. S25–S28.†

Journal of Materials Chemistry A
As shown in Fig. 6, the whole NRR route involves electrochemical steps (dashed lines) with electron participation and
thermodynamic steps (solid lines) without electron participation. The uphill energies of electrochemical steps can be overcome by the electron participation and the largest one can
directly aﬀect the value of the overpotential for crossing all the
electrochemical barriers,56,57 while the uphill energy of thermodynamic steps could not be overcome by the overpotential
and they are always the kinetically limiting steps of the NRR
process.57 The results in Fig. 6 show that the most diﬃcult
electrochemical step on Au6/TiO2-VO and TiO2-VO is the rst
hydrogenation of N2 * to NNH*, which has an energy
consumption of 0.50 eV and 0.60 eV, respectively. This theoretical energy consumption of electrochemical steps matches
well with the experimental results vs. RHE between 0.3 V and
0.8 V (Fig. 4a). Lower uphill energy on Au6/TiO2-VO than on
TiO2-VO shows that the former can work at a lower overpotential. The most diﬃcult thermodynamic step on Au6/TiO2VO and TiO2-VO is desorption of the product NH3, which needs
an energy of 1.07 eV and 1.16 eV, respectively. From both electrochemical and thermodynamic aspects, Au6/TiO2-VO exhibits
better performance than TiO2-VO, indicating the promotional
role of Au in catalyzing the NRR. By the way, both the routes on
Au6/TiO2-VO and TiO2-VO are unfavorable for the generation of
N2H4 because Au6/TiO2-VO can decompose N2H4 readily once it

Fig. 6 Reaction coordinates of the NRR on TiO2-VO and Au6/TiO2-VO surfaces. The dashed lines show the thermodynamic steps and solid lines
show the electrochemical steps.
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Fig. 7 Charge density diﬀerence for N2 adsorption on Au6/TiO2-VO (a) and TiO2-VO (b). The PDOS of the d band of selected adsorption sites
without N2 (c).

is formed (Fig. 6) and TiO2-VO tends to preferentially hydrogenate the suspended N of N2 to form NH3 instead of average
hydrogenation of N2 to form N2H4 (Fig. S25†).
To further understand the outstanding NRR performance of
Au6/TiO2-VO, electronic structure analysis of the active site Au–
Ti3+ for N2 activation and the NRR process was conducted. The
charge density diﬀerence displayed in Fig. 7a and b shows that
the Au–Ti3+ site has signicant electron transfer to the N2
molecule. The transferred electrons are mainly from the dorbitals of Au and Ti and occupy the anti-bonding orbital of
N2, which leads to the elongation of the N–N bond by 2.6% and
thereby the activation of N2. Similar electron transfer also
occurs between the Ti3+ site of TiO2-VO and the adsorbed N2,
but only the N atom bound to Ti3+ accepted the electron with
the other N atom being positively charged. The polarized N–N
bond length is increased by 2.3% with respect to gas-phase N2,
slightly shorter than that on Au6/TiO2-VO. The results above
demonstrate that the electron transfer from the active sites to
N2 plays an important role in the activation of N2. The PDOS of
the d band of the active metal sites in Fig. 7c shows that the
valence band center of Au (4.25 eV) and Ti3+(4.81 eV) in
Au6/TiO2-VO is closer to the Fermi level than that of Ti3+(5.54
eV) in TiO2-VO, indicating the stronger electron donating
ability of Au–Ti3+ and thus the better activation of N2.58
Because the degree of N2 activation is closely related to the rst
hydrogenation of N2 * to NNH* (the most diﬃcult electrochemical step), the better activation of N2 at the Au–Ti3+ site
can
explain
well
why the
reaction
energy
of
N2 * þ Hþ þ e /NNH* on Au6/TiO2-VO is lower than that on
TiO2-VO (Fig. 6), in good consistence with the lower experimental overpotential on Au6/TiO2-VO than on TiO2-VO.
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On the other hand, the conduction band center, which is
typically used to characterize the bonding ability of empty
orbitals,59 is used to analyze the most diﬃcult thermodynamic
step (the desorption of NH3). As shown in Fig. 7c, the conduction band center of Au (1.65 eV) and Ti4+ (1.83 eV) in Au6/TiO2VO is farther away from the Fermi level than that of Ti3+ (0.71 eV)
in TiO2-VO, indicating the weaker electron accepting ability of
Au–Ti3+ and thus the weaker adsorption of NH3. These results
explain well why the energy needed for NH3 desorption on Au6/
TiO2-VO is lower than that on TiO2-VO (Fig. 6). From the analysis
of the electronic structure above, it can be concluded that the
strong electron donating eﬀect of VO in TiO2 is essential for the
activation of N2, while the introduction of Au could improve
both the electrochemical and thermodynamic limiting steps by
adjusting the electronic structure of the active sites. This VOrich TiO2 material provides an excellent electron-rich environment for eﬀectively stabilizing Au particles, activating N2
molecules, and facilitating the overall NRR process.

Conclusion
In summary, we designed and fabricated a VO-rich 2D Au/TiO2
hybrid nanosheet derived from 2D Mxene via in situ growth of
Au nanoparticles on a preformed TiO2 nanosheet. The Au/TiO2
hybrid was an eﬃcient electrocatalyst for the NRR, delivering
a prominent NH3 yield of 64.6 mg h1 mg1 cat and high FE of
29.5% vs. RHE in 0.01 M HCl, as well as excellent operating
stability under ambient conditions. The DFT calculation results
indicated that the strong electron-donating eﬀect of VO in TiO2
played an important role in N2 activation and reduction.
Furthermore, the synergistic interplay between Au active species
and plentiful VO from TiO2 greatly lowered the reaction barrier
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and thus boosted the NRR performance from thermodynamics
and dynamics aspects simultaneously. Such vacancy engineering could be used as a universal strategy to rationally design
and modulate catalytic performance in the NRR and other
electrocatalytic reactions.
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