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ABSTRACT: The development of highly active and durable electro-
catalysts toward the N2 reduction reaction (NRR) holds a key to ambient
electrocatalytic NH3 synthesis. Herein, fluorine (F)-doped SnO2
mesoporous nanosheets on carbon cloth (F-SnO2/CC) were developed
as an efficient NRR electrocatalyst. Benefiting from the combined
structural advantages of mesoporous nanosheet structure and F-doping,
the F-SnO2/CC exhibited high NRR activity with an NH3 yield of 19.3 μg
h−1 mg−1 and a Faradaic efficiency of 8.6% at −0.45 V (vs RHE) in 0.1 M
Na2SO4, comparable or even superior to those of most reported NRR
electrocatalysts. Density functional theory calculations revealed that the F-
doping could readily tailor the electronic structure of SnO2 to render it
with improved conductivity and increased positive charge on active Sn
sites, leading to the lowered reaction energy barriers and boosted NRR activity.

■ INTRODUCTION

Ever-increasing energy crisis-related and environmental
pollution-related global issues have driven the urgent search
for clean and sustainable energy sources. Ammonia (NH3), as a
high-efficiency and carbon-free energy carrier, is considered as
a promising candidate for the future renewable energy
industry.1,2 However, the current artificial NH3 synthesis still
dominantly depends on the energy-intensive Haber−Bosch
process,3 leading to massive fossil fuel consumption and
serious greenhouse gas emissions. To alleviate these issues, it is
critically necessary to explore efficient and energy-saving routes
for NH3 production.
Electrocatalytic N2-to-NH3 conversion by the N2 reduction

reaction (NRR) provides a clean and scalable approach for
NH3 synthesis under ambient conditions.4−6 To realize the
efficient electrocatalytic N2 reduction, it is highly desirable to
develop high-performance NRR electrocatalysts that can
effectively absorb and activate N2 molecules, facilitate the
hydrogenation reaction, and simultaneously impede the
competitive hydrogen evolution reaction (HER).7−9 To this
end, a number of electrocatalysts with fascinating NRR
activities in acidic/alkaline/neutral electrolytes have been
recently developed, including noble metals (Ru10 and Pd11),
transition-metal-based oxides (Nb2O5,

12 TiO2,
13 MnO,14 and

CoO15), nitrides (VN16 and MoN17), sulfides (MoS2
18−20),

carbides (Mo2C
21,22), and metal-free materials (B4C,

23 B
nanosheets,24 sulfur dots−graphene nanohybrid,25 and black
phosphorus26).
SnO2 is an attractive semiconductor material and has been

extensively investigated in the electrocatalytic applications of
lithium-ion batteries, supercapacitors, electrochemical sensing,

and fuel cells.27 The very recent work reports that the SnO2
submicrometer particles are also active for NRR with an NH3
yield of 4.03 μg h−1 mg−1 and a Faradaic efficiency (FE) of
2.17%,28 demonstrating the feasibility of SnO2 for potential
NRR application. Nevertheless, the NRR performance of SnO2
submicrometer particles is far lower than the expected target,
due likely to their low conductivity, limited active sites, poor
N2 adsorption, and insufficient stabilization of reaction
intermediates (*N2H, *N2H2, *NH2, etc., for NRR).
Generally, the NRR performance of an electrocatalyst is

largely dependent on its electronic structure, as NRR is
primarily concerned with the proton-coupled electron transfer
between the catalyst and N2 molecule.29 Thus, the boosted
NRR activity can be achieved by rational design and
engineering of the catalyst electronic structure. An effective
strategy to optimize the electronic structure of the semi-
conductors is heteroatom doping, which can engineer the band
structure and tune the electron donor−acceptor behavior,30−32
leading to the optimized reaction kinetics and enhanced
electrocatalytic performances. Recent experimental and the-
oretical studies have indicated that the heteroatom doping can
effectively improve the performance of semiconductor electro-
catalysts toward representative energy-related electrocatalytic
applications of the oxygen reduction reaction (ORR),33 oxygen
evolution reaction (OER),34 HER,35 and CO2 reduction
reaction (CRR).36 Nonetheless, implementing the doping
approach to improve the NRR performance of semiconductors
is still in the infancy stage and remains largely unexplored.30,31
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To our knowledge, the NRR behavior of doped SnO2, both in
experimental and theoretical investigations, has not been
reported to date.

Herein, the F-doped SnO2 mesoporous nanosheets grown
on carbon cloth (F-SnO2/CC) were developed as an efficient
NRR electrocatalyst. Electrochemical tests showed that the F-

Figure 1. Characterizations of F-SnO2/CC: (a) XRD pattern; (b, c) SEM images; (d, e) TEM images; (f) HRTEM image; and (g) HADDF-
STEM element mapping images.

Figure 2. (a) Nitrogen adsorption/desorption isotherm curves of F-SnO2/CC and corresponding pore size distributions (inset). (b−d) XPS
spectra of SnO2/CC and F-SnO2/CC: (b) survey; (c) F 1s; and (d) Sn 3d.
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SnO2/CC exhibited an attractive NRR performance with a
high NH3 yield/FE and robust durability. Density functional
theory (DFT) calculations were carried out to further gain
insight into the boosted NRR activity induced by F-doping.

■ RESULTS AND DISCUSSION

The F-SnO2/CC was synthesized using a facile solvothermal
approach followed by calcining under air atmosphere,37−39 as
detailed in the Experimental Section (Supporting Informa-
tion). The X-ray diffraction (XRD) pattern of F-SnO2/CC
(Figure 1a) depicts the diffraction peaks that are indexed well
to the characteristic peaks of the tetragonal SnO2 phase
(JCPDS no. 41-1445), without a second phase or precipitation.
Scanning electron microscopy (SEM) images (Figures 1b, c)
of F-SnO2/CC show that the bushy F-SnO2 nanosheets are
evenly and vertically grafted on the CC surface.40 Further
structural details of F-SnO2 nanosheets are unveiled by
transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM).
Typical TEM images (Figures 1d, e) show that the F-SnO2

nanosheets exhibit a porous structure with the existence of
abundant nanopores.41−43 HRTEM image (Figure 1f) reflects
the high crystalline structure of nanosheets with the presence
of dominant (110) planes, corresponding to a specific lattice
spacing of 0.33 nm. Selected area electron diffraction (SAED)
pattern (Figure S1) depicts a series of diffraction rings which
coincide exactly with the indexed planes of tetragonal SnO2 as
revealed by the XRD pattern (Figure 1a). High-angle annular
dark-field scanning TEM (HAADF-STEM) images (Figure 1g)
display the uniform distribution of Sn, O, and F elements over
the F-SnO2 nanosheets, suggesting the presence of F species in

the SnO2 lattice. As shown in Figure S2, the undoped SnO2/
CC possesses the quite similar phase structure and
morphology as F-SnO2/CC, suggesting that F-doping does
not significantly alter the overall structure of SnO2/CC.
Nitrogen adsorption−desorption measurements (Figure 2a)

in terms of Brunaue−Emmett−Teller method show that the F-
SnO2/CC has a large specific surface area of 113.7 m2 g−1.
Additionally, the pore size distribution analyzed by the
Barrett−Joyner−Halenda (Figure 2a, inset) method presents
a typical mesoporous structure with an average pore size of
about ∼7 nm, in accordance with the TEM observations
(Figures 1d, f). Likewise, the undoped SnO2/CC exhibits the
similar mesoporous structures as F-SnO2/CC (Figure S3),
attributed to their morphology similarity as observed in the
TEM images (Figure 1d and f; Figure S2). X-ray photoelectron
spectroscopy (XPS) is used to evaluate the elemental
compositions and chemical structures of SnO2/CC and F-
SnO2/CC. As depicted in Figure 2b, the survey spectrum of F-
SnO2/CC exhibits C 1s, O 1s, F 1s, Sn 4s/Sn 4d/Sn 4p, and
Sn 3d/Sn 3p peaks, while no F 1s can be detected in SnO2/
CC. Quantitative XPS analysis indicates the existence of 3.1 at.
% F in F-SnO2/CC.

44 In the high-resolution F 1s spectrum of
SnO2/CC (Figure 2c), the peak fitted at 683.9 eV is assigned
to the formation of an Sn−F bond,45 which is also absent for
SnO2/CC. The high-resolution XPS spectra of Sn 3d (Figure
2d) can be fitted into doublet peaks located at 487.8 and 496.2
eV, which correspond to Sn 3d5/2 and Sn 3d3/2, respectively.
Noticeably, a ∼0.5 eV positive shift of Sn 3d doublet peaks is
evident for F-SnO2/CC as compared to SnO2/CC, suggesting
the electronic structure reconfiguration of F-SnO2 due to the
electron transfer from Sn atoms to F-dopants.46 In the Raman
spectra (Figure S4), the peak assigned to the A1g mode of

Figure 3. (a) LSV curves of F-SnO2/CC in Ar- and N2- saturated solutions. (b) Time-dependent current density of F-SnO2/CC after 2 h
electrolysis in N2-saturated solution at various potentials, and corresponding (c) UV−vis absorption spectra of the electrolytes (stained with
indophenol indicator) and (d) obtained NH3 yields (columns) and FEs (stars).
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SnO2 is found to shift to the higher wavenumber for F-SnO2/
CC relative to SnO2/CC, which is ascribed to the surface
structural disorder of SnO2 induced by the F-doping.47

The ambient NRR activity of F-SnO2/CC employed as a
self-supporting working electrode is examined in N2-saturated
Na2SO4 (0.1 M) electrolyte, using an H-type electrochemical
cell (Figure S5). The indophenol blue method is used to
measure the NH3 yield and FE of generated NH3 from NRR
(Figure S6).48 The Watt and Chrisp method49 is applied to
detect the possible N2H4 as a byproduct (Figure S7). As
displayed in Figure S8, no N2H4 can be detected, which means
there is a high selectivity of F-SnO2/CC toward N2-to-NH3
conversion. To prove the reliability of our NRR experiment,
the origination of the N source is first evaluated by isotopic
labeling measurements and UV−vis analysis. After NRR
electrolysis using 15N2 as the feeding gas, it is shown in Figure
S9 that the 1H NMR spectrum presents a distinct doublet
chemical shift, corresponding well to that of standard 15NH4

+

sample, while the characteristic 15NH4
+ signal is absent in the

case of using Ar as the feeding gas. The same result can be
obtained by using 14N2 as the feeding gas. Likewise, as
displayed in Figure S10, the NH3 is undetectable in the
controlled UV−vis tests of NRR in Ar-saturated solution, or in
N2-saturated solution at open circuit potential or in N2-
saturated solution on bare CC. Furthermore, the switching
experiment (Figure S11) by conducting alternating cycling
between Ar-saturated and N2-saturated solutions reveals that
the remarkable NH3 yield is only detected in N2-saturated
solution but not in Ar-saturated solution.50,51 The NMR
technique is also used to quantitatively determine the
concentration of NRR-derived NH3,

21,26 and the NMR
measurement (Figure S12) matches well with that attained

by the indophenol blue method. All these results prove that the
detected NH3 is solely generated from NRR catalyzing on F-
SnO2/CC.
Figure 3a shows the linear sweep voltammetry (LSV) curves

of F-SnO2/CC in Ar- and N2-saturated electrolytes. Notice-
ably, a markedly higher current density is observed in N2-
saturated solution than in Ar-saturated solution, suggesting
that the F-SnO2/CC possesses NRR activity. As presented in
Figure 3b, the time-dependent current densities exhibit a stable
current density at various potentials over 2 h of electrolysis.
Figure 3c presents the UV−vis absorption spectra of the
electrolytes (stained with indophenol indicator) after 2 h NRR
electrolysis on F-SnO2/CC at various potentials from −0.25 to
−0.65 V versus RHE, and the corresponding NH3 yields and
FEs are shown in Figure 3d. As seen from the results, both
NH3 yield and FE increase with increasing potential and reach
their highest values at −0.45 V, being 19.3 μg h−1 mg−1 (NH3
yield) and 8.6% (FE). Such NRR performance is comparable
or even better than those of most NRR electrocatalysts
reported so far (Table S1),52−54 demonstrating the prominent
NRR activity of F-SnO2/CC for electrocatalytic reduction of
N2 to NH3. Nevertheless, when further increasing the potential
exceeding −0.45 V, the NH3 yield and FE of F-SnO2/CC both
decline substantially, as a result of the vigorous hydrogen
evolution at elevated potentials,26,55 resulting in weakened N2
adsorption and a reduced NRR activity.
For comparison, the undoped SnO2/CC is also assessed for

NRR under identical experimental conditions (Figure S13). As
shown in Figure 4a and b, the SnO2/CC presents a much
lower NH3 yield and FE than those of F-SnO2/CC at all
potentials. Specifically, the highest NH3 yield of SnO2/CC is
9.1 μg h−1 mg−1, less than half of that of F-SnO2/CC (19.3 μg

Figure 4. (a) NH3 yields and (b) FEs of SnO2/CC and F-SnO2/CC at various potentials. (c) Chronoamperometry test of F-SnO2/CC for 10 h
(36000 s) electrolysis at −0.45 V, and corresponding NH3 yield at different electrolysis times (inset). (d) Cycling test of F-SnO2/CC for six cycles
of chronoamperometric runs.
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h−1 mg−1). This suggests that the F-doping can significantly
improve the NRR performance of SnO2/CC. In addition, the
F-SnO2/CC demands a lower potential of −0.45 V to attain its
highest NH3 yield and FE in contrast to −0.55 V for undoped
SnO2/CC, emphasizing the capability of F-doping to
effectively decrease the NRR kinetic barrier and to promote
the conversion efficiency of F-SnO2/CC. It should be pointed
out that the NRR performance of SnO2/CC is still superior to
that of reported SnO2 submicrometer particles (4.03 μg h−1

mg−1, 2.17%),28 which can be attributed mainly to the
mesoporous structure of SnO2/CC (Figures S2 and S3). The
mesoporous structure favors the exposure of abundant active
sites and facilitates the transport of electrolyte/reactants and
electrons, beneficial for the improved NRR activity. Fur-
thermore, the HER activities of SnO2/CC and F-SnO2/CC in
0.1 M Na2SO4 are also evaluated. It can be found in Figure S14
that the F-doping has little impact on the HER activity and
that both catalysts exhibit very poor HER performances, as
evidenced by the large overpotentials (>1.2 V) to achieve a
current density of 10 mA cm−2 (Figure S14a), and high Tafel
slopes (>600 mV dec−1, Figure S14b). The poor HER
performances of F-SnO2/CC (SnO2/CC) results mainly
from the intrinsically weak HER activity of SnO2

28 and the
neutral Na2SO4 solution in which a larger kinetic energy
barrier is required to drive HER relative to acid media.32

To further explore the improved NRR behavior F-SnO2/
CC, the electrochemically active surface areas of SnO2/CC and
F-SnO2/CC are examined by electrochemical double-layer
capacitance (Cdl). It is shown in Figure S15 that the F-SnO2/
CC exhibits a slightly lower Cdl (19.5 mF cm−2) than that of
SnO2/CC (21.7 mF cm−2) but a far better NRR performance
(Figure 3c, d), elucidating that the enhanced NRR activity of
F-SnO2/CC does not stem from the variation in active surface
area. Nevertheless, the N2-TPD measurement (Figure S16)
discloses a noticeably higher N2 chemisorption peak for F-

SnO2/CC relative to SnO2/CC, demonstrating that the F-
doping can effectively improve the adsorption ability of SnO2/
CC. As the initial step of the NRR process, the enhanced
adsorption ability of N2 caused by F-doping is very beneficial
for acquiring the favorable NRR activity of F-SnO2/CC.

21

Furthermore, the electrochemical impedance spectroscopy
measurements (EIS, Figure S17) show that the F-SnO2/CC
delivers a smaller charge-transfer resistance than SnO2/CC,
manifesting that the F-doping can largely enhance the
conductivity of SnO2/CC, favorable for the accelerated NRR
kinetics of F-SnO2/CC.
The stability is another critical factor affecting the practical

application of a catalyst. The robust current stability of F-
SnO2/CC has been confirmed for 2 h electrolysis, as shown in
Figure 3a. It is worth noting that the stable current density can
also be well retained during 10 h (36000 s) electrolysis at
−0.45 V (Figure 4c). After 10 h electrolysis, F-SnO2/CC still
maintains 96.1% of the NH3 yield achieved after 2 h
electrolysis, which indicates its long-term stability. In addition,
when performing six cycles of chronoamperometric runs
(Figure S18), the F-SnO2/CC displays no noticeable decline
in NH3 yield and FE (Figure 4d), suggesting a prominent
cycling stability. Moreover, after stability tests, F-SnO2/CC can
well-maintain its original morphologies (Figure S19), phase
structure (Figure S20), and chemical compositions (Figure
S21), verifying the good structural stability. The robust
durability of F-SnO2/CC stems from the strong covalent
bonding of F-dopants and direct growth of F-SnO2 nanosheets
on CC with firm catalyst attachment.56,57 In sum, all of the
above results strongly demonstrate that the F-SnO2/CC
possesses favorable NRR performance with relatively high
NH3 yield/FE, low potential, and robust durability, making it a
promising efficient NRR electrocatalyst for electrochemical N2

fixation.

Figure 5. (a) Free energy diagrams of SnO2 and F-SnO2 though the distal pathway at zero applied energy. (b) Total density of states (TDOS) of
SnO2 and F-SnO2. (c) Adsorption of *N2 and *N2H on SnO2 and F-SnO2, and corresponding N−N bond lengths and charge density distributions.
Yellow and cyan regions represent the election depletion and accumulation, respectively. Gray, red, and white spheres represent Sn, O, and F
atoms, respectively.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.9b01823
Inorg. Chem. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01823/suppl_file/ic9b01823_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01823/suppl_file/ic9b01823_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01823/suppl_file/ic9b01823_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01823/suppl_file/ic9b01823_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01823/suppl_file/ic9b01823_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01823/suppl_file/ic9b01823_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01823/suppl_file/ic9b01823_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01823/suppl_file/ic9b01823_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01823/suppl_file/ic9b01823_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01823/suppl_file/ic9b01823_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01823/suppl_file/ic9b01823_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01823/suppl_file/ic9b01823_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.9b01823


DFT calculations are conducted to look into the boosted
NRR activity of F-SnO2 induced by F-doping. The (110) plane
of SnO2 is selected for structural modeling, because SnO2
(110) possesses the lowest surface energy,58 and it is also the
dominant crystal face for the present SnO2 as supported by the
HRTEM observation (Figure 1f). The optimized geometry
structures of SnO2 and F-SnO2 are shown in Figure S22.
The NRR kinetic pathway is first investigated based on the

calculated Gibbs free energy (ΔG) diagrams. Theoretically, the
associative distal pathway is proved to be more energetically
preferable over an alternating pathway, because the distal
pathway generally requires lower energy barriers.18,59 Exper-
imentally, N2H4, an alternating intermediate, is undetectable
after NRR electrolysis (Figure S8). Accordingly, the distal
pathway is considered here for examining the formation
energies of the intermediates (i.e., *N2H, *N, and *NH2) on
the catalysts. As shown in Figure 5a, both SnO2 and F-SnO2
deliver the largest ΔG for *N2H formation (ΔG*N2H) in their
whole NRR pathways, suggesting the first hydrogenation
reaction (*N2 → *N2H) to weaken the strong NN bond is
the potential determine step (PDS). This is in agreement with
the reported results and indicates that the *N2 → *N2H is the
most difficult NRR step to drive NRR.14,18,22 Encouragingly,
after F-doping, the N2 adsorption and activation are
considerably boosted, and ΔG*N2H is largely reduced from
1.25 eV for SnO2 to 0.68 eV for F-SnO2, indicating that the F-
doping helps to stabilize the *N2H and significantly promotes
the initial hydrogenation reaction. After *N2 → *N2H, the
following reaction steps of F-SnO2 are almost downhill, while
the SnO2 needs to overcome a second high energy barrier of
0.87 eV to drive *NNH2 → *N. Although the last step for
NH3 desorption is uphill for both SnO2 and F-SnO2, the
generated NH3 can be easily dissolved in water,20 favoring the
release of NH3 from the catalyst surface and making *NH2 →
NH3 still energetically efficient. Therefore, F-doping can
effectively lower the reaction energy barrier and lead to a
more favorable NRR kinetics of F-SnO2. As shown in Figure
S23, when the external potential exceeding PDS is applied, all
the reaction steps of F-SnO2 become downhill and NRR takes
place spontaneously.
To further explore the improved NRR activity of SnO2

achieved by F-doping, the density of states (DOS) of SnO2 and
F-SnO2 is analyzed. As seen in Figure 5b, the SnO2 exhibits a
distinct band gap at the Fermi level and is thus semi-
conducting. In contrast, F-doping can negatively shift the
conduction band of SnO2 toward the Fermi level, resulting in a
definite zero band gap and metallic characteristics of F-SnO2.
The improved conductivity of F-SnO2 is even more
pronounced on its F-containing top surface with noticeable
electronic states crossing the Fermi level, as revealed by the
local density of states (LDOS, Figure S24). The enhanced
surface conductivity is beneficial for the NRR activity of F-
SnO2 by facilitating the electron transport at the surface
reactive sites and contributing to the successive N2
reduction.24

Further insights can be gained from the modulated electron
donor−acceptor behavior of F-SnO2. The Mulliken charge
analysis (Figure S22) reveals that three Sn atoms (+1.11, +
1.88, and +1.88 |e|), bonding directly to F-dopant, become
more positive compared to those of undoped SnO2 (+0.99, +
1.79, and +1.79 |e|). This suggests the increased positive charge
on Sn atoms upon replacing O with F, which is attributed to
the higher electronegativity of F (3.98) than O (3.44), and F

atoms can grab more electrons from the adjacent Sn atoms. As
N2 is a weak Lewis base (negatively charged) in nature,60 the
increased positive charge on Sn atoms can enhance the
electrostatic interaction between the active Sn sites and N2,
which is beneficial for the N2 adsorption and dissociation
during the NRR. As shown in Figure 5c, the predicted N−N
bonds of adsorbed *N2 and *N2H on F-SnO2 are elongated to
1.125 and 1.228 Å, respectively, which are lengthier than those
(*N2:1.112 Å, *N2H:1.183 Å) achieved on SnO2, implying
that the F-SnO2 is more favorable for N−N bond cleavage and
hydrogenation reaction. Therefore, F-doping can effectively
modulate the electronic structures of F-SnO2 to render it with
improved conductivity and increased positive charge on active
Sn sites, leading to the reduced NRR energy barriers of the
NRR process and enhanced NRR activity of F-SnO2.

■ CONCLUSIONS
In summary, F-SnO2/CC was experimentally and theoretically
confirmed to be an effective and durable NRR catalyst. In 0.1
M Na2SO4, F-SnO2/CC exhibited an NH3 yield of 19.3 μg h−1

mg−1 and an FE of 8.6% at −0.45 V, as well as robust
durability, comparing favorably to the most reported NRR
catalysts. The fascinating NRR performance of F-SnO2/CC
was intimately associated with the synergetic structure
advantages of the mesoporous nanosheet structure and F-
doping. Specifically, DFT results unveiled that F-doping could
improve the conductivity and increase the positive charge
density on active Sn sites, resulting in reduced reaction energy
barriers and enhanced NRR activity. This work not only
highlights the heteroatom doping as an effective strategy to
develop efficient semiconductor-based NRR catalyst but also
deepens the understanding of the doping-related NRR
mechanism.
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