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A new ringlike V.05 architecture was successfully synthesized by a template-free
hydrothermal method, and the sulfur ions-assisted central-etching mechanism of the
ringlike structure was proposed. Herein, as a proof-of-concept experiment, taking V.03
nanorings as non-noble-metal-free nitrogen reduction reaction (NRR) catalysts, they show
desired electrocatalytic performance toward NRR under ambient conditions (maximum
yield: 47.2 ugh™" mge. ' at —0.6 V vs. reversible hydrogen electrode, maximum Faraday
efficiency: 12.5% at —0.5 V vs. reversible hydrogen electrode), which is significantly higher
than those of noble metal-based catalysts.
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INTRODUCTION

The precise nanofabrication is of great significance in both fundamental research and practical
applications. The past few decades have witnessed a remarkable progress in the synthesis of zero-,
one-, and two-dimensional nanomaterials (Chiu et al., 2011; Cao et al., 2020; Wang et al., 2020),
which have aroused widespread interest due to the fascinating size/figure-dependent properties.
During a variety of nanostructures, ringlike architectures exhibit novel properties with ring cavities
and present promising application prospects in catalysis, sensors, energy storage, and advanced
optical/electric nanodevices (Chen et al., 2017). Various strategies have been developed to fabricate
ring architectures, including electron beam lithography (EBL), gas bubbles-assisted method (Wang
et al, 2018), microwave-induced nucleation-aggregation-dissolution method (Hu et al, 2007),
ultrasonic irradiation method (Miao et al.,, 2006), self-assembly method (Zhai et al., 2010), or
epitaxial self-coiling method. Yet, most synthetic strategies are expensive or complicated. Thus, it is
still a demanding problem to develop scalable liquid phase synthesis techniques for fabricating cyclic
annular architecture in various forms with functionality.

The conversion of atmospheric nitrogen (N,) into ammonia (NH;) is an important process for
both mankind and biologic system of the planet (Li et al., 2017; Ma et al., 2017). It is predicted that
almost half of the world’s people would suffer from hunger, if there are no amino-group inorganic
fertilizers (Bao et al., 2017; Xue et al., 2019). However, it is significant challenge to convert N, to NH3,
because of the extremely high bond strength of 941 kJ x mol ™" and the absence of a dipole moment
(Bao et al., 2017; Cao et al., 2018). Thus, it is of indispensable significance to develop N, fixation
technologies that can satisfy the current needs of the fertilizer industry (Montoya et al., 2015; Cao
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et al., 2018). The traditional Haber-Bosch process needs severe
reaction conditions (200-250 bar, 400-500°C) to produce NH;
using N, and hydrogen (H,) as feed gases (Qiu et al., 2018; Wu
etal, 2018; Zhang L. et al,, 2018), while it supplies a comparably
inferior equilibrium conversion yield of ca. 15% and inevitable
CO,; emissions (1.5 tons CO, for one ton NH; produced) (Bao
et al.,, 2017; Cao et al.,, 2018; Chirik, 2009; Ham et al., 2014).
Although biological N, fixation can be able to boost the formation
of ammonia in the moist air at temperate reaction conditions, the
impressive energy efficiency could scarcely meet the demand of
global need (Broda et al., 2014; Seh et al., 2017). Encouragingly,
electrochemical N, fixation proceeds (N, + 6H" + 6e~ — 2NH3)
under milder conditions and can be powered by electricity from
sustainable sources, which provides a new environmentally
friendly process for sustainable synthesis of NH; under
normal temperature and pressure (Shipman et al., 2017; Yang
et al., 2020).

Usually, NRR catalysts based on metal-based catalysts,
specifically noble metal-based ones, like Au (Shi et al., 2018),
Pd (Wang et al.,, 2018), and Ru (Zhang Y. et al., 2018), show
satisfactory activity, yet extensive use is hindered by the less
abundance and huge expenses. Thus, a lot of attention has been
focused on the design and development of non-noble-metal
substitutes, including metal oxides (Liu et al., 2018), transition
metal disulfide (Zhang L. et al., 2018), carbides (Cheng et al.,
2018; Qiu et al,, 2018), and nitrides (Yang et al., 2018; Zhang
X. P. et al,, 2018). However, non-noble-metal electrocatalysts
always suffer from low Faradaic efficiency (FE). Vanadium
oxides, a kind of inorganic functional material, have been widely
studied for energy storage and conversion, including
supercapacitors, aqueous lithium ion batteries, and thermoelectric
generators (Wu et al., 2013; Zeng et al., 2016; Liu et al,, 2017; Shao
et al,, 2019), due to their abundance in natural resources and low
production cost. To date, their electrochemical uses as NRR catalysts
is still scarcely explored up to now.

Herein, we report the versatile synthesis of V,0; nanorings via
a scalable hydrothermal method. The formation mechanism has
been studied in detail. As a proof-of-concept experiment, we
show that the ringlike V,0; nanostructure serves as a superb
catalyst for N, fixation at room temperature with excellent
selectivity to  synthesized NH; product. As-prepared
nanostructure, in 0.1 M Na,SO,, enables electrocatalytic NRR
with a desired FE of 12.5% at —0.5 V versus reversible hydrogen
electrode (RHE).

MATERIALS AND METHODS

Chemicals

Salicylic acid (C;HgO3), sodium nitroferricyanide dihydrate
(CsFeNgNa,0-2H,0), p-dimethylaminobenzaldehyde
(CoH;;NO), ammonium chloride (NH,CI), sodium hydroxide
(NaOH), sodium sulfate (Na,SO,), sodium citrate dehydrate
(C¢Hs5Na30,.2H,0), and thioacetamide (CH3;CSNH,) were
purchased from Sigma-Aldrich (Steinheim, Germany). 15-
Ammonium sulfate [(*’NH,),S0,] was purchased from
Aladdin Chemical Reagent Co., Ltd (Shanghai, China).

V.03 Nanorings Electrocatalyst

Hydrochloric acid (HCl) and sodium orthovanadate (Na;VO,)
were purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). Sodium hypochlorite solution (NaClO) and
ethanol (C,H;OH) were purchased from TCI Development Co.,
Ltd (Shanghai, China). All reagents were used as received without
further purification.

Synthesis of V,03; Nanorings

Sodium orthovanadate (0.125g) and thioacetamide (0.1125 g)
were dissolved in 100 ml distilled water in a 150 ml Teflon-lined
stainless-steel autoclave, which was sealed and heated to 200°C
(160°C, 180°C) at 5°C min " and hold at constant temperature for
stated time (0-24h) and then cooled naturally to room
temperature with furnace. Finally, the product is collected by
centrifugation and washed with deionized water in turn before
further characterizations.

Characterizations
The  morphological,  structural, and  compositional
characterizations of the products were investigated by

scanning electron microscopy (SEM, Hitachi S-4800, Japan),
high-resolution transmission electron microscope (HRTEM,
JEOL 2100F, Japan) coupled with energy dispersive X-ray
(EDX) spectroscopy, UV-Vis spectrophotometer (Shimadzu
2600, Japan), X-ray diffraction (XRD, SmartLab Rigaku,
Japan), and X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250Xi, USA). The XRD characterization was carried
out on a diffractometer equipped with Cu Ka radiation (A =
1.54 A). For the XPS measurements, the binding energies were
corrected for specimen charging effects using the C 1 s level at
284.6eV as the reference. A JEOL JNM-ECZ400S/L1
spectrometer was used to record proton nuclear magnetic
resonance (400 MHz), and dimethyl sulfoxide (DMSO) was
used as a solvent.

Electrochemical Measurements
Before NRR test, Nafion 211 membrane was treated by first

heating it in H,0, (5 wt%) aqueous solution for 1 h, then in
deionized water for 1 h, followed by 1h in 0.5M H,SO,, and
ultimately for 1h in ultrapure water (Ketpang et al., 2015).
Above steps were all carried out at 80°C. A VMP3
electrochemical workstation (Bio-Logic, Claix, France) was
used to carry out electrochemical measurements in a two-
compartment cell separated by Nafion 211 membrane. A
standard three-electrode system used a saturated Ag/AgCl as
the reference electrode and a Pt electrode as counter electrode,
respectively. The working electrode was prepared by
successively drop-casting samples and Nafion solutions
(0.01 wt%) onto the carbon paper (CP). The loading amount
of all the catalysts was 0.02 mg on the working electrode. For N,
fixation test, the electrolyte was purged with ultrapure N, for
0.5 h before every experiment. Chronoamperometric tests were
carried out in N, saturated 0.1 M Na,SO,. According to the
following equation, all of the potentials were transformed to the
RHE scale,

ERHE = EAg/AgCl +0.1989 + 0.059 - pH (1)
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FIGURE 1 | (A) SEM image of the original V,O3 nanorings. (B) XRD pattern of the original VoO3 nanorings and the corresponding one after heat treatment in Ar
atmosphere. (C) TEM and (D) HRTEM images of the original V,O3 nanorings. (E) STEM image of the original V,Og nanoring and EDX elemental mapping of V and O.

FIGURE 2| (A,B) The SEM and TEM images of the nanorings after heat treatment in flow Ar atmosphere. (C) The corresponding HRTEM images of the nanoring
showing an interplanar distance of 0.246 nm relative to the (110) Plane, which is consistent with the V,03 crystal (JCPDS card No. 34-0187).

RESULTS AND DISCUSSION 350-500 nm, as shown in Figure 1A. Figure 1C exhibits a

typical transmission electron microscopy (TEM) picture of a
Scanning electron microscopy (SEM) analysis reveals the ringlike ~ representative sample at lower magnification. It confirms that
structure is uniform with outer diameter in the range of  such nanoring has a rough surface. After heat treatment, the
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FIGURE 3 | Schematic illustration of V,0z nanoring formation.
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FIGURE 4 | The formation process of the V,0Og nanorings, (A) <2 h, (B) 2 h, (C) 3 h, (D) 4 h, (E) 6 h, (F) 8 h.

surface of nanorings become smooth (Figure 2). The X-ray
diffraction (XRD) patterns are showed in Figure 1B for the V,0;
nanoring powder before and after heat treatment. The XRD data of
the original V,0; nanorings show the shift in the peak position due
to the lattice distortion of ringlike structure, as well as the broadening
of the peaks, indicating the existence of microstrain (JCPDS card No.
34-0187) (Chattot et al., 2018). Note that microstrain has broadened
the peaks and never changed the peak position, because the atoms
deviated from the desired positions when structure defects exist, like
stacking faults and grain boundaries (Li et al, 2004). The high-
resolution TEM (HRTEM) (Figure 1D) picture of one single
nanoring demonstrates a contracted interplanar distance of
0.211 nm corresponding to the (113) Plane, which well conforms
to the XRD data. X-ray photoelectron spectroscopy (XPS)
(Supplementary Figure S1) further demonstrates the formation
of V,0;. For the V 2p spectrum, two distinct peaks at binding
energies of ~516.0 eV for V 2p3/2 and ~524.0 eV for V 2pl/2 are
observed. It is characteristic of vanadium in the +3 oxidation state,
indicating the preparation of V,0; (Jiang et al, 2015). After heat
treatment in flow Ar atmosphere, the peak position becomes
consistent with that of the V,0; crystal due to the release of
stress (JCPDS card No. 34-0187, Figures 1B, 2C). The
corresponding STEM and EDX mapping pictures indicate the
uniformly distributed V and O elements for V,0; nanorings
before and after heat treatment (Figure 1E; Supplementary
Figure S2).

2 theta/degree

FIGURE 5 | The XRD patterns of the nanorings at varying reaction time
(0-12 h).

In this work, V,0; nanoring is obtained by one-dot
hydrothermal method without template assistance. Concerning
the formation mechanism, the included S*~ derived from the
decomposition of thioacetamide (TAA) must have played the key
roles during the “etching” of the nanodisk, because surfactants/
templates/emulsions are not contained inside during the reaction.
At this point, we put forward a central-etching process for the
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formation of V,0; nanorings, as schematically depicted in
Figure 3. The shape evolution of as-prepared V,03 nanoring
was studied by varying the hydrothermal reaction time (Figure 4;
Supplementary Figure S3). At the beginning of the synthesis
process (<2 h), nanolens with thicker center and diameter of
300-500 nm were observed. With the extended reaction time, the
inner part of the nanolens became thinner to form holes under
etching (<4 h). After the reaction had proceeded for over 4h,
nanorings with outer diameter of 300-500 nm form and keep
stable even at longer time. XRD patterns (Figure 5) at different
reaction time revealed the lattice distortion and microstrain exist
throughout the process.

TAA can be hydrolyzed into sulfide ions in alkaline
environment (Eq. 2). Then the included sulfide ions will be
more inclined to “etch” the raised center of V,03; nanodisk,
thus resulting in more defects in the center of the nanodisk.
Interestingly, the “etching effect” only happened in the inner part
of the disks throughout the formation of ringlike structure. And
the etching process is uniform from one disk to another, even to
an individual disk (Figure 1A; Supplementary Figure S3).

CH;CSNH, + 30H < CH;COO™ + NH; + S +H,0  (2)

To understand the control mechanism of the V,0; nanorings, a
series of experiments were designed to make clear the influence of
the content of reagents on the growth of the V,03 nanorings. In
several experimental variables, TAA during the reaction plays a
major role in the size control of V,03 nanorings (Supplementary
Figure S4). According to Eq. 2, the amount of TAA added
dominates the amount of free sulfide ions which are
responsible for the dissolution of nanodisks. When the
amounts of TAA increased from 0.1125 to 0.50 g in 100 ml
deionized water, the outer diameter of the nanoring decreased
from ca. 500 nm to ca. 200 nm. Furthermore, when the amount of
TAA increased to 1.250 g, the inner diameter shrank and almost
disappeared. Experimental results show that the morphology is
sensitive to temperature in solution (Supplementary Figure S5).
When the temperature is below 200°C, flower-like architecture
forms instead of nanoring.

Interestingly, the morphology of etching-induced nanorings
shows distinct variation with the concentration of solution
(Supplementary Figures S6 and S7). When the solution was
diluted, the nanodisks were less etched, leaving several holes in
the middle. On the contrary, the concentrated solution generated
layer-by-layer stacked nanodisks with the center etched. Layer-
by-layer stacked architecture has been reported previously based
on different mechanisms. For instance, anionic surfactant (PVP)
serves as a bridging agent to hold neighboring disulfide
nanosheets together due to electrostatic interactions (Sun
et al., 2017). The formation of ultrathin CuS nanosheets can
be explained by the micellar-templating mechanism (Du et al.,
2012). In our work, no surfactant or micellar was used in the
precursors. The formation mechanism of stacked architecture
requires further investigation.

As a proof-of-concept demonstration, as-prepared nanorings
serve as a catalyst for ambient N, fixation. The NRR ability was
evaluated in an H-typed electrolytic cell (Supplementary Figure

V.03 Nanorings Electrocatalyst

$8). V,0; nanorings were uniformly dispersed on a carbon paper
electrode (V,03/CPE, loading: 0.02 mg/cm?), with Ag/AgCl as
reference electrode and Pt electrode as counter electrode,
respectively. In advance of each NRR test, N, is transported
toward the working electrode surface in the electrolyte for 30 min.
Chronoamperometric tests were then conducted at constant N,
flow rate for 2h. All NRR catalytic performance tests were
conducted in 0.1 M Na,SO, electrolytes and the magnitude of
current density varied with the applied potentials. In order to
verify the reduced NHj is generated via the electrocatalytic
process, the linear sweep voltammetric (LSV) curve using
V,0;/CPE as the working electrode is performed in N,-
saturated (black line) and Ar-saturated (purple line)
electrolytes, respectively (Supplementary Figure S10). The
produced NH; concentration was quantified using the
calibration curves set up by the indophenol blue method (Zhu
et al, 2013), and possible byproduct hydrazine (N,H,) was
detected using a spectrophotometric method researched by
Watt and Chrisp (Ensafi et al., 1999).

Figure 6A demonstrates the chronoamperometry results at
varied potentials of the V,0; nanorings under N, atmosphere.
During the electrolytic tests, negligible decay in current density
except the potential at —0.9 V was observed for the V,0;/CPE
catalyst, revealing the good durability of as-prepared catalyst
within a certain potential range. Figure 6B demonstrates the
UV-Vis absorption spectra of electrolytes in a wide voltage range
from —0.5 to —0.9 V colored with the indophenol indicator. The
highest absorbance intensity of the electrolyte appeared at the
voltage of —0.6 V. The relationship between NH; yields, Faradaic
efficiencies (FEs), and applied potential is plotted in Figure 6C. A
peak value of produced NH; is 47.2 g h™ mgcat_’1 at the
potential of —0.6 V versus RHE. Owing to the competitive
hydrogen evolution reaction (HER) activity over V,0;/CPE,
the NH; yield decreases distinctly after the peak voltage of
—-0.6 V, and the competition reaction between NRR and HER
was previously elaborated in numerous researches. The best value
of FE (12.5%) was acquired at the optimal potential of —0.50 V
versus RHE. Comparing with most reported N, fixation
electrocatalysts under ambient conditions, the performance is
preferable (Supplementary Table S1). A '°N isotopic labeling
experiment using '°N,-enriched gas as the raw gas was also
conducted to verify the exact N source of the synthesized
NHi, as shown in Supplementary Figure S12. In the 'H
nuclear magnetic resonance (*H NMR) spectra, a doublet
coupling for '"NH," appears in the reaction product. The
results powerfully support that the exact N source in NHj;
originates from the gaseous N, provided. Moreover, hydrazine
was not detected in our research within the detection limit of the
spectrophotometric means, indicating the good selectivity of the
catalyst (Supplementary Figures S11 and S13). Additionally,
stability is another critical criterion to be evaluated for catalysts.
Figure 6D shows the NHj yield rate and FEs of V,03/CPE at
—0.6 V versus RHE scarcely change during eight successive NRR
tests, confirming its excellent durability (UV-Vis absorption
spectra and chronoamperometry curves are shown in
Supplementary Figure S14).
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FIGURE 6 | (A) Chronoamperometry curves of V,O/CPE at varied potentials. (B) UV-Vis absorption spectra of the solution mixed with indophenol indicator after
electrochemical N, fixation at a series of potentials for 2 h. (C) Average NHy yields and FEs of V,03/CPE at different potentials. (D) Cycling test of VoO3/CPE during N,
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CONCLUSION

In summary, V,0; nanorings with controlled size and
morphology have been successfully synthesized by one-dot
hydrothermal method. The as-formed architecture brings new
blood into the family of vanadium oxide nanostructures, which is
confirmed to be a splendid catalyzer for electrochemical N,
conversion to NH; at ambient temperature. At —0.5V versus
RHE, this catalyst achieves a higher FE of 12.5% in neutral media,
exhibiting strong long-term durability of electrochemical N,
fixation. Our research not only offers us a desirable non-
noble-metal electrocatalyst for electrochemical N, fixation, but
also develops a stirring new direction to explore the use of
V-based catalysts for NH; synthesis.
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