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Two-dimensional (2D) antimonene nanosheets are prepared using
a combination of ball milling and sonication-based liquid exfoliation
and are used as an efficient electrocatalyst for the nitrogen reduction
reaction (NRR). In 0.1 M KOH, a high NH3 yield of 180.4 ug h™* mgcar
and faradaic efficiency (FE) of 11.6% are achieved using our anti-
monene nanosheets. Theoretical calculations suggest that the
oxidized species of antimonene act as the active catalytic sites for the
NRR process. This work opens up a new avenue towards the devel-
opment of 2D electrocatalysts for clean energy.

Ammonia (NHj;) is one of the most produced chemical materials
in the world owing to its importance in various sectors
including agriculture, medicine, mining and in the household."
NH; has also drawn increasing attention as a promising energy
carrier with high hydrogen density and low liquefying pressure.”
Although today's NH; production requirements (>150 million
tons per year) are principally met by the massive chemical
plants based on Haber-Bosch process, this energy-intensive
process consumes up to 5% of the global natural gas supply
and is also responsible for a large amount of CO, emission.*”
These issues have led to significant efforts focused on finding
alternative methods that are energy-efficient and environmen-
tally friendly to produce NH;.°
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Electrocatalytic nitrogen (N,) reduction reaction (NRR)
driven by renewable energy sources offers a promising green
process for sustainable production of NH; under ambient
conditions.”” Of particular importance in the NRR process is to
sufficiently activate the N=N triple bond using efficient cata-
lysts.”*®!* Ideal catalytic materials should possess high elec-
trocatalytic activity and selectivity, while still being abundantly
available at low-cost. Noble metal catalysts (e.g., Au,*> Ag,"* Ru,*
and Rh**) have been the materials of choice for the NRR process.
However, the scarcity and high cost of these catalysts hinder
their widespread applications. Over the past few years, much
attention has been paid to the development of non-noble-metal
and metal-free catalysts such as Fe,0;-CNT,** MoO;,"” Li"
incorporated PEBCD," Bi,V,0,,/Ce0,," N-doped porous
carbon.*

Two-dimensional (2D) layered nanostructures have attracted
increasing attention for use as electrocatalysts for the
NRR.**1%21223 For instance, Zhang et al.® explored MoS, nano-
sheets as a noble-metal-free electrocatalyst for the NRR under
ambient conditions. This MoS, catalyst achieved a faradaic
efficiency (FE) of 1.17% at —0.5 V versus reversible hydrogen
electrode (RHE) in 0.1 M Na,SO,. Qiu et al.* found that boron
carbide (B;C) nanosheets can act as an excellent metal-free
electrocatalyst toward NRR for NH; synthesis, with a NH;
production yield of 26.57 pg h™" mgcar " and a FE of 15.95% at
—0.75 V versus RHE when tested in 0.1 M hydrochloric acid
(HCI). Recently, Zhang and coworkers used phosphorene
nanosheets as a metal-free single element electrocatalyst for
NRR." They used both indophenol blue and '°N, isotope
labelling methods to determine the NH; yield. Intrinsic active
sites of phosphorene facilitates the chemisorption of N, mole-
cules and provide sufficient electrons for activation of the inert
N=N triple bond. Despite these great advances, the search for
novel electrocatalysts that are readily available and exhibit high
catalytic properties is still a very active area of research.

Herein, for the first time, we demonstrate that few-layer
antimonene (FL-Sb) nanosheets prepared using a liquid-phase
exfoliation (LPE) method can be an efficient NRR
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electrocatalyst for NH; synthesis under ambient conditions.
Previous studies found that 2D antimonene can be used as
efficient catalyst for electrocatalytic water splitting.*** In our
work, when tested in 0.1 M KOH electrolyte, our FL-Sb nano-
sheets without any supporting catalyst delivered a high NH;
yield of 180.4 ug h™' mgcar ' at a potential of —0.1 V and a FE of
11.6% at a potential of +0.05 V versus the reversible hydrogen
electrode (RHE). We used density functional theory (DFT)
calculations to study the electrocatalytic mechanism for NRR on
antimonene derivatives.

FL-Sb nanosheets were prepared in a 4 : 1 isopropanol/water
mixture by exfoliating bulk Sb crystals using a combination of
ball milling and ultrasonication (see ESI for detailst). It is well
established that ball milling is a powerful strategy to function-
alize 2D materials, creating abundant reactive sites, while it also
helps to weaken the van der Waals interactions between the
flakes.>” Moreover, Banks et al.*® found that the use of ball
milling step helps to produce high yield homogeneous FL-Sb
dispersions. The ball milled Sb flakes were further liquid exfo-
liated using ultrasonication, followed by centrifugation to
obtain a stable dispersion of FL-Sb nanosheets with a concen-
tration of around 0.068 g L™ (as determined by UV-vis spec-
troscopy), which was much higher than previously reported
values (1.74 x 10> g L™ " and 2.53 x 10~% g L™'?** including
the FL-Sb prepared using a modified LPE involving ball milling
(0.014 g L™").?® This enhancement in the concentration of FL-Sb
dispersion may be due to the fact that our ball milling was
conducted using smaller ball size (1 mm) as compared to the
previous report (5 mm),?® which results in more efficient exfo-
liation of bulk Sb. It should be noted that Gibaja et al.>* recently
prepared an antimonene dispersion with a concentration of
0.368 g L' using a highly optimized production method.
Atomic force microscopy (AFM) analysis (Fig. 1a) showed that
FL-Sb sheets with flake dimensions in the range of a few
hundreds of nanometers were produced due to the mechano-
chemical process induced by the ball milling.>”*®* We further
measured the thickness of our flakes deposited on a silicon
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Fig. 1 (a) Representative AFM image of the FL-Sb nanosheet. (b)
Histogram of the height (thickness) of the FL-Sb nanosheets measured
from 16 individual flakes. (c) UV-vis and (d) Raman spectrum of FL-Sb
nanosheets.
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substrate (Fig. 1a and S17). The measured heights of our FL-Sb
sheets varied from 4 nm to 17 nm, with an average thickness of
10 nm (Fig. 1b). According to previous studies (considering
a monolayer Sb sheet is 0.9 nm thick),*** our sample consists of
few layers to multilayers sheets.

As shown in Fig. 1c, the as-prepared FL-Sb dispersion
showed a wide UV-vis absorption spectrum, which is consistent
with previously reported theoretical results®® and experimen-
tally measured spectra®® of 2D Sb. As shown in Fig. 1d, two
characteristic Raman peaks centered at 114.1 cm™' (E,) and
149.2 em™ ! (A,,), which can be assigned to the in-plane vibra-
tional mode and out-of-plane vibrational mode, respectively
were observed for our FL-Sb and are consistent with the theo-
retically predicted characteristics of B-phase antimonene.**
However, the Raman modes centered at 190 cm ™ * and 256 cm !
were also observed, corresponding to the oxidized states of Sb
(Sb,03).**° Interestingly, all these Raman modes including the
Sb,0; peaks were also detected for the bulk Sb crystals
(Fig. S21), suggesting that the bulk Sb already had some surface
oxidation.

In order to gain further insight into the surface oxidation of
both bulk Sb and FL-Sb, X-ray photoelectron spectroscopy (XPS)
was used (Fig. 2a and S3aft). As illustrated in Fig. 2b, the high-
resolution XPS (Sb 3d) peak of our FL-Sb can be deconvoluted
into two main spin-orbit split doublets with splitting of
9.40 eV,* in addition to O 1s peak at around 532 eV.***¢ The
small peaks centered at 528.0 eV and 537.4 eV can be assigned
to the Sb 3ds, and Sb 3d;, of metallic Sb (Sb®), while two
intense peaks at 530.4 eV and 539.8 eV are attributed to the
oxidized Sb (Sb,03).>**® This suggests that our FL-Sb samples
are strongly oxidized nanosheets and is consistent with
previous reports.***® Interestingly, our bulk Sb before exfolia-
tion also showed significant oxidation (Fig. S3b¥). Despite this,
the Sb,0; peak intensity of the bulk Sb was much lower than
that of the FL-Sb, suggesting that further oxidation occurred
during the FL-Sb preparation. This further increase in the
oxidation of FL-Sb is believed to be due to the use of ball
milling, creating abundant reactive sites during the mechano-
chemical process.””

The transmission electron microscopy (TEM) image dis-
played in Fig. 2c reveals that the lateral size of our FL-Sb
nanosheets is around 200 nm which is in agreement with the
measured flake size from the AFM images. The lattice spacing of
our FL-Sb nanosheet was 0.39 nm (Fig. 2d), which is consistent
with previous literature.**** The energy-dispersive X-ray spec-
troscopy (EDX) elemental mapping illustrated in Fig. 2e-g
indicates that our FL-Sb sample contains mainly Sb and O.
Furthermore, the EDX spectrum of our FL-Sb exhibited a strong
peak for “O” (Fig. 2h), which is an indication of Sb oxidation
and consistent with the Raman and XPS results.

NRR experiments were performed in N,-saturated 0.1 M
KOH solution in a gas-tight two-compartment cell under
ambient conditions, which was separated by a Nafion
membrane. Our FL-Sb nanosheets were used as the cathodic
catalyst for the NRR. All potentials were reported on a reversible
hydrogen electrode (RHE) scale. The NRR electrocatalytic
performance of the FL-Sb nanosheets was first studied a linear

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) XPS survey scan, (b) high-resolution Sb 3d spectrum, (c) TEM and (d) HRTEM of FL-Sb nanosheets. (e) High-angle annular dark-field-
scanning transmission electron microscope (HAADF-STEM) image of the FL-Sb flakes, and (f and g) the corresponding EDX elemental mapping

and (h) EDX spectrum.

sweep voltammetry (LSV) in both N,-saturated and Ar-saturated
0.1 M KOH solution (Fig. 3a). Although the LSV curves for both
Ar- and N,-saturated solutions showed high current density due
to the hydrogen evolution reaction (HER), noticeably higher
current density (see Fig. 3a inset) obtained in a N,-saturated
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Fig. 3 (a) LSV curves of FL-Sb nanosheets in N,-saturated and Ar-
saturated 0.1 M KOH electrolyte. Inset shows the zoomed in version
(Y-axis: from —2 to —10 mA cm~2; and X-axis: from —0.3 to —0.5 V) of
the LSV curve. (b) Chronoamperometric curves of FL-Sb nanosheets in
N,-saturated 0.1 M KOH electrolyte at different potentials. (c) UV-vis
absorption spectra of the KOH electrolyte stained with the indophenol
indicator after charging at each given potential for 1 h in the presence
of FL-Sb catalyst based working electrode, and (d) the corresponding
NHs yield rate and FE of FL-Sb nanosheets for the NRR (indophenol
blue method). (e) NHs yield rate and corresponding FE of the FL-Sb
nanosheets determined by an ammonia selective electrode. (f) NHz
yield rate and FE of the FL-Sb nanosheets for the NRR under five
consecutive cycles charging at —0.1 V (by indophenol blue method).
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solution indicates that our FL-Sb nanosheets exhibit electro-
catalytic activity for the NRR.*”> Chronoamperometry measure-
ments were carried out at different electrode potentials using
our FL-Sb nanosheets in N,-saturated 0.1 M KOH solution. All
the chronoamperometric curves showed negligible decay in the
catalytic current densities, indicating the excellent stability of
our FL-Sb nanosheets (Fig. 3b). It can be clearly seen that the
current densities increased at the high electrode potentials due
to the dominating HER process in the system.

The indophenol blue method*® was used to determine the
amount of NH; produced (Fig. S41), and a possible by-product
hydrazine (N,H,) was detected by the method of Watt and
Chrisp (Fig. S51).* Notably, no by-product N,H, was detected
(Fig. S67), suggesting the high selectivity of FL-Sb nanosheets
for N, toward NH; production. After 1 h of the electrocatalytic
reaction at constant potentials, the electrolyte containing the
NH; produced was colored with indophenol indicator and the
UV-vis absorption spectra collected (Fig. 3c). The average NH;
yield and the corresponding FE values were calculated and
plotted in Fig. 3d. Clearly, high NH; yields and FEs were
recorded at the lower potentials, while both the yield and FEs
decreased when the potential is below —0.1 V due to the HER
process. In particular, our FL-Sb exhibited a maximum NH;
yield of 180.39 pg h™' mgcar ' when tested at —0.1 V, and its
corresponding FE was 5.8%. The best recorded FE for our FL-Sb
was 11.6% when tested at a potential of +0.05 V, while its NH;
yield was 133.1 ug h™" mgcar '. The NH; yields and FEs ob-
tained for our 2D FL-Sb are remarkable and comparable to the
state-of-the-art electrocatalysts including some noble metal
containing catalysts.'>*>*¢ Table S1 compares the NRR perfor-
mance obtained by our FL-Sb and other electrocatalysts re-
ported in the literature.

While the indophenol blue is the most widely used method
for NH; quantification, we also used an ammonia selective
electrode as it can provide a much lower detection limit and
larger detection range.*” After plotting a calibration curve
(Fig. S71), the measurements were carried out on the well
stabilized electrolyte solution. It can be observed from Fig. 3e
that the NH; yields and FEs measured using this method were
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very consistent with the values determined using the indo-
phenol blue method. In order to confirm the fact there is that no
contribution to the NH; yield from the electrode itself, we
carried out NRR experiments using our bare supporting elec-
trode (copper foam (CF)) and tested the yield using both indo-
phenol blue and ammonia selective electrode methods. The
yield rates were close to zero at all potentials, confirming that
the CF electrode does not contribute to the production of NH;
during the catalysis (Fig. S8T). We further evaluated the dura-
bility of our 2D catalyst for NRR over five consecutive cycles at
—0.1 V (vs. RHE) (Fig. S91). As depicted in Fig. 3f, only slight
decreases in both the yield rate and FE for NH; production was
observed after five cycles of chronoamperometric runs (about
90% performance retention at —0.1 V), indicating the robust-
ness of our FL-Sb nanosheets for NRR electrocatalysis.

To identify the active catalytic species of our FL-Sb nano-
sheets, DFT calculations were carried out. Since the adsorption
of N, on the catalyst is one of the most important steps for the
NRR, the adsorption properties of N, both on B-antimonene
and Sb,0; (010) surface were analyzed. The B-antimonene was
examined to provide a baseline of expected behaviour, while
Sb,0; was considered based on the XPS and Raman results
obtained. It is well established that Sb,0; consists of molecular
units of Sb,O¢ as shown in Fig. S10 and S11.1*® By breaking the
bonds in the plane (indicated by the dashed green line in
Fig. $107), the (010) surface is formed and used for the calcu-
lation. Our theoretical results suggest a weak interaction
between N, and antimonene. As a comparison, the adsorption
energy of N, on Sb,O; (010) surface was more than 2 times
higher than that on antimonene monolayer (—0.06 and
—0.13 eV for antimonene and Sb,0;, respectively), which
suggests that the Sb,0; is the active catalytic species in our FL-
Sb nanosheets. The characterization results show that the
topmost layers of antimonene have been oxidized to form Sb,0;
so it is clear that these active sites exist in the sample. Moreover,
recent theoretical study by Wolff et al.*® reported that oxidized
few-layer antimonene forms by itself a heterostructure consist-
ing of semiconducting antimony oxide and semimetallic few-
layer antimonene. The stronger adsorption can be ascribed to
the increased polarity of Sb,O; with respect to the non-polar
antimonene monolayer. The strong adsorption on Sb,0; (010)
surface is further evidenced by the charge density difference
plots, as shown in Fig. 4. There is almost no charge transfer

Fig. 4 Charge density difference of systems with adsorbed N,
molecule on (a) antimonene monolayer and (b) Sb,O3z (010) surface.
The yellow and cyan contours indicate the enriched and depleted
charge densities with the charge density value of +0.001le| A~3,
respectively. Color code: brown for Sb, red for O and dark blue for N.
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between N, and antimonene due to the considerably weak
interaction. On the Sb,0O; (010) surface, partial charge is
transferred from the N, molecules to the region between
adsorbate and surface after the adsorption. The transferred
charges suggest the activation of the N=N triple bond, which is
beneficial to the NRR.

Conclusions

In summary, surface-oxidized FL-Sb nanosheets were theoreti-
cally predicted and experimentally confirmed to be an active
NRR electrocatalyst for electrochemical NH; synthesis. When
tested in 0.1 M KOH under ambient condition, our 2D anti-
monene nanosheets exhibited a high NH; yield rate of 180.4 pg
h " mgcar " and FE of 11.6%. Due to the increased polarity, the
adsorption energy of N, on the surface-oxidized antimonene
was more favorable as compared to the non-polar antimonene
monolayer. As such, we found that the oxidized species of
antimonene facilitates the activation of the N=N triple bond for
the NRR process. We anticipate that the results reported in this
work could open a new avenue in the development of mono-
elemental 2D catalysts for the electrocatalytic synthesis of NH;.
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