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Fe-Doped CoS, Nanoarrays: Efficient Electrocatalytic Nitrate

Reduction to Ammonia under Ambient Conditions

Xiaoliang Lu,” Jinzhi Zhou,™ Jinxiu Zhao,” Dan Wu,” Xuejing Liu,” Xiang Ren,*"”

Qin Wei,* and Huangxian Ju®

The electrocatalytic nitrate reduction reaction (NO; RR) enables
the reduction of nitrate to ammonium ions under ambient
conditions. It was considered as an alternative reaction for the
production of ammonia (NH;) in recent years. In this paper, we
report that the Fe doping CoS, nanoarrays can effectively
catalyze the formation of NH; from nitrate (NO;~) under
ambient conditions. This is mainly due to the increase of the

Introduction

Ammonia (NH,) is one of the most widely produced chemicals
in the world and is a basic chemical raw material for chemical
production.” In addition, NH; is particularly important for the
production of ammonium nitrate, urea and other types of
nitrogen-containing compound fertilizers.*® At the same time,
NHj; is an emerging energy carrier that the hydrogen content of
liquid NH; is 17.6%, while the methanol content is only
12.5%." Therefore, NH; may be a promising candidate for the
future of the hydrogen economy.” Moreover, NH; occupies an
indispensable position in future population development."”
However, the only method currently capable of industrial NH,
synthesis (the Haber-Bosch process) suffers from harsh con-
ditions, high equipment requirements, high energy consump-
tion (consuming 2% of the global energy supply each year) and
low conversion rates, which are increasingly incompatible with
economic and social development requirements."” Accordingly,
finding ways to achieve high NH; yield rate (Ryy3), high current
density and low energy consumption, as well as low cost and
large scale production of NH; will be the focus of future
research.l'”

In recent years, the electrocatalytic nitrate reduction reac-
tion (NO;"RR) has attracted much attentions.*'® Compared to
the conventional Haber-Bosch process, NO,"RR operates under
mild conditions and has lower N=O bonds dissociation energy
(204 kJmol™") compared to the N=N bonds (941 kJmol™"),"" but
NO;"RR requires an efficient nitrate electrocatalyst to enhance
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NO,~ reaction active site by Fe doping and the porous nano-
structure of the catalyst, which greatly improves the catalytic
activity. Specifically, at —0.9 V vs. RHE, the NH; yield rate (Ryys)
of Fe—CoS,/CC is 17.8x 10> mmolh~'cm™? with Faraday Effi-
ciency (FE) of 88.93%. Besides, such catalyst shows good
durability and catalytic stability, which provides the possibility
for the future application of electrocatalytic NH; production.

the reaction process. At the same time, the NO; RR reaction
would generate a series of by-products and hydrogen precip-
itation reactions (HER) that hinder the reaction process.'®
Therefore, efficient catalysts need to be found to speed up the
reaction process. Noble metal catalysts have better catalytic
effect on NO; RR. However, precious metals are not only
insufficient in quantity but also expensive."*?" Hence, it is
urgent to find earth-rich catalysts to replace the precious metal
catalysts.”? In addition, nitrates (NO,7) in water will have a
negative impact on humans and the environment, drinking
water containing NO;~ can lead to methemoglobinemia, which
causes fatigue, shortness of breath, lack of oxygen to the brain
and even death."®'"® Consequently, there is a great need for
efficient conversion of harmful nitrates in the environment into
useful NH,."”!

Transition metal sulfide (TMDs) makes up for the deficiency
of precious metal surface content and has good electrocatalytic
performance.” Other than that the transition metals have
unique d-orbital structures and abundant electron cloud
densities, enabling efficient electrocatalytic activity.*** In
recent years, it has been shown that CoS, has attracted a lot of
attention as an efficient electrocatalyst, especially in electro-
catalytic nitrogen reduction (NRR) which has shown to exhibit
good performance.”® Inspired by the Fe-based catalysts in the
Haber-Bosch process, a recent study proposed the use of Fe
single atoms as catalysts for efficient reduction of NO;~ to
produce NH,.? It can effectively reduce the coupling of N=N
bonds, increase the reaction active sites and improve the
selectivity of NH, synthesis.”*>% In addition, Co has important
applications in electrolysis of water, NRR, etc. due to its
controllable electronic structure. Furthermore Fu et al. recently
developed a Co;0,/carbon felt (CF) electrode with a 3D
structure with a high rate constant®® which successfully
improved the kinetics of the reaction, and calculations showed
that Co(ll) facilitated the H* production. Wang et al. investigated
the relationship between the intermediate adsorption energy
and the NO; RR activity of CuNi catalysts to address the
problem of how to adjust the catalyst structure to improve the
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catalytic activity.®" Liu etal. revealed selective tunability for
nitrite and ammonia based on the high NO;™ to NO,™ selectivity
and NO; to N, conversion of OD—Ag.*? In this work, we
propose a Fe—CoS,/CC catalyst with excellent electrocatalytic
activity as an electrode material using doping modulation. It is
able to reduce the reaction activation energy and therefore
accelerate the reaction process. CoS, promotes H* production
as well as reduces by-product generation, thus improving
selectivity, while Fe incorporation effectively increases the
active site for the NO;~ reaction.”*** In addition, the catalyst
has a porous nanosheet structure, and the large specific surface
area can also enhance the catalytic efficiency.® In a mixture of
0.1 M Na,SO, and 0.1 M NaNO;, the NH; yield rate (Ryu;) of
Fe—CoS,/CC is 17.8x 1072 mmolh™' cm™? with Faraday efficiency
(FE) of 88.93%, and it exhibits good durability and catalytic
stability.

Results and Discussion
The composition and crystal structure of Fe—CoS,/CC were

investigated by X-ray diffraction (XRD) technique. In Figure 1a,
the five diffraction peaks near 32.3°, 36.2°, 39.8°, 46.3°, and
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Figure 1. (a) XRD patterns of CoS,/CC and Fe—CoS,/CC. (b) SEM images of
Fe—CoS,/CC. (c) TEM and (d) HRTEM images of Fe—CoS,/CC. (e) EDX mapping
of S, Co, and Fe for Fe—CoS,/CC. (f) SAED image taken from Fe—CoS,/CC.
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54.9° correspond to the five diffraction surfaces (200), (210),
(211), (220), and (311) in typical CoS, (JCPDS No. 41-1471), and
the typical diffraction peaks of Fe are not found. Comparison
with the reference spectra of pure CoS, shows that there is a
slight peak shift in the XRD spectrum after Fe doping, it
indicating that the Fe doping does not change the crystalline
structure of the CoS, matrix and the offset may be an effect of
the different ionic radii of Fe doping and Co. The scanning
electron microscopy (SEM) images (Figure 1b) show that the
nanosheets on the carbon cloth (CC) surface are closely
arranged and uniformly distributed. Besides, the transmission
electron microscope (TEM) image (Figure 1¢) demonstrates the
porous nanosheet structure of the material.

The lattice stripes with an interval of 2.76 A can be found in
the high-resolution TEM (HRTEM) shown in Figure 1d, corre-
sponding to the (200) crystal plane of CoS,. The corresponding
energy dispersive X-ray (EDS) elemental mapping (Figure 1e)
clearly shows the total elemental spectra of Fe—CoS,/CC and
the uniform distribution of S, Co and Fe elements, and it also
demonstrates the successful preparation of Fe-doped CoS,. The
corresponding selected area electron diffraction (SAED) (Fig-
ure 1f) presents crystalline surfaces that are consistent with the
XRD test results of CoS,.

The elemental composition and valence states of Fe—CoS,/
CC were characterized. The total spectrum of X-ray photo-
electron spectroscopy (XPS) is shown in Figure 2a. Once again,
it is further proved that Fe, Co and S elements exist in the
product. Besides, Figure 2b illustrates 2p spectrum of the Fe,
the binding energy peaks (BEs) at 713.9eV and 711.0eV
correspond to Fe 2p;,,, and the BEs at 720.55 eV corresponds to
Fe 2p,,.”® The Co2p spectrum (Figure 2c) shows that the
Co 2p;,, region corresponds to the two BEs at 776.42 eV and
780.08 eV. The Co 2p,, region corresponds to two BEs at
791.45 eV and 796.14 eV,?”* which were accompanied by an

;-\ 2 Fe 2py,

= G
= ] Fe2p,,
£ £

W w

= =

L Q
R R

= =
= ==
0 300 600 900 700 710 720 730 740
Binding energy (eV) Binding energy (eV)

c d S2py, s,

- - P32

= =. 5-0

= =

S S

z} E} Fe-CoS,
= =

= =

i

= V-

CoS, CoS,
770 781 792 803 814 160 164 168 172
Binding energy (eV) Binding energy (eV)

Figure 2. (a) Total XPS spectrum of Fe—CoS,/CC. (b) XPS spectra of Fe 2p in
Fe—CoS,/CC. (c) XPS spectra of Co 2p in Fe—CoS,/CC. (d) XPS spectra of S 2p
in Fe—CoS,,CC.
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oscillating satellite peak, consistent with the reported Co(ll) in
the literature and the BEs at the peak position was negatively
shifted compared with that of pure CoS,. The spectra of S 2p
shows two distinct peaks in Figure2d, S2p,, and S2p,,
appearing at two positions with BEs of 166.7 eV and 167.75 eV,
and S—O peaks were also found at BEs of 160.63 eV and
161.75 eV, indicating the possible presence of oxides in
Fe—CoS,/CC. In addition, the BEs of the exiting peak positions
were all positively shifted compared to those of pure CoS,. Due
to the change in BEs at the position of the exiting peak, it is
suggested that there may be strong electronic interactions after
Fe doping, which is important for regulating the electronic
environment and thus for electrocatalytic nitrate reduction.
Preliminary evaluation of Fe—CoS,/CC performance by the
linear sweep voltammetry (LSV) test. Figure 3a shows the LSV
curves of Fe—CoS,/CC in electrolyte solution containing NO;~
and pure Na,SO, electrolyte solution. It can be seen that start at
the inflection point the curve with NO,~ has higher current
density and lower voltage, which demonstrate that Fe—CoS,/CC
catalyzed the reduction of NO;~. Further by ten LCV tests
(Figure 3b), Fe—CoS,/CC was found to have stable catalytic
performance. In addition, we selected five potentials between
—0.7 V vs. RHE and —1.1V vs. RHE for testing, and the current
density versus time curves are shown in Figure 3c. The current
density increases with the potential and tends to be stable
during the test. The required test calibration curves (Figure S1-
S3) show a good linear relationship. The cathodic electrolyte
obtained from the test was diluted to a suitable concentration
for color development, and the absorbance was measured by
UV-Vis spectrophotometer, and the absorbance curves for each
potential were plotted as shown in Figure 3d. It can be seen
that the highest absorbance was measured at —0.9 V vs. RHE.
At the same time, the electrolyte was tested for by-products
after 1 h of electrolysis, and the UV-Vis absorption spectra of
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Figure 3. (a) LSV curves of Fe—CoS,/CC under electrolyte solutions containing
NO;™ and without NO;~, respectively. (b) Ten LSV curves of Fe—CoS,/CC
under an electrolyte solution containing NO;™. (c) Current density versus
time curves for Fe—CoS,/CC at five potentials. (d) UV-Vis absorption spectra
of Fe—CoS,/CC at five potentials.
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NO;~ and NO,™ were used to make a preliminary determination
of their concentrations (Figure S4), and it was clear that there
was not much NO;~ and NO,~ left in the tested electrolyte, fully
indicating the adequate conversion of NO;~ to NH, ™.

Finally, the measured absorbance was substituted into the
standard working curve to calculate the concentration. The Ryg;
and FE calculated according to equation are shown in Figure 4a.
The remaining nitrate content was also assayed and its
conversion is given in Figure 4b. From this we conclude that in
an electrolyte solution containing 0.01 M NO;~, the FE was as
high as 88.93% at —0.9V vs. RHE with an Ry, of 17.8x%
102 mmolh~'cm™2, which is superior to most of the reported
catalysts. Table S1 shows the performance of Fe—CoS,/CC
compared with other catalysts. In addition, we also compared
the FE obtained from the generation of NH, by Fe—CoS,/CC at a
given potential test with the by-product NO,™ (Figure 4c). The
results showed that only trace amounts of NO,~ were detected
and the FE at all potentials did not exceed 0.3%, which
demonstrating that the reaction generates NO,” and then
proceeded to the latter protonation process, and also reflected
the excellent selectivity of Fe—CoS,/CC. Further, we did control
experiments to verify the source of NH;. As shown in Figure 4d,
the experiments verified that NH; was produced by NO;"RR on
Fe—CoS,/CC, and the NH; yield was only 0.40x
10 >mmolh'ecm™ in the open circuit (OPC) state, and
negligible in PBS (0.32x 1072 mmolh~'cm™) and fresh electro-
lyte (0.36x102mmolh~"ecm™). Therefore, the effects from
experimental reagents and equipment were excluded.

The electrochemical performance of Fe—CoS,/CC was veri-
fied again by designing comparative experiments. We obtained
Fe/CC, Fe—CoS,/CC and CoS,/CC for electrocatalytic tests at
—0.9 V vs. RHE, respectively, and obtained UV-Vis is absorption
spectra as shown in Figure 5a. The corresponding Ryy; and FEs
are shown in Figure 5b. The results show that the Ryy; and FE of
Fe—CoS,/CC are much higher than those of the other two
catalysts, which proved that the Fe doping mentioned an
enhanced effect on the catalytic activity of CoS,. To our
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Figure 4. (a) Ryy; and FEs of Fe—CoS,/CC at five potentials. (b) Conversion
rates of NO;~ and FEs of NH, " for Fe—CoS,/CC at five potentials. (c) FEs of
Fe—CoS,/CC in the generation of NH; and NO,™ at five potentials (d) NH;
yields of Fe—CoS,/CC for the NO;™RR at different conditions.
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Figure 5. (a) UV-Vis absorption spectra of Fe/CC, Fe—CoS,/CC and CoS,/CC
after color development. (b) Ry; and FE at —0.9 V vs. RHE for Fe/CC,
Fe—CoS,/CC and CoS,/CC. (c) Ry and FE of control experiments (1), (2).
(d) Ryys and FE of control experiments (1), (3). (e) Ryys and FE of control
experiments (1), (4). () "H NMR spectra of "*NH, ™ and ">NH,™ after NO,"RR
tests.

surprised, Fe/CC alone also had some catalytic effect on nitrate
reduction. To demonstrate the issue of the source of NH,
production, four sets of controlled experiments were designed:
(1) Catalyst: Fe—CoS,/CC, electrolyte solution: a mixture of 0.1 M
Na,SO, and 0.1 M NaNO,, potential: —0.9 V vs. RHE. (2) Catalyst:
bare carbon cloth, electrolyte solution: a mixture of 0.1 M
Na,SO, and 0.1 M NaNO,, potential: —0.9 V vs. RHE. (3) Catalyst:
Fe—CoS,/CC, electrolyte solution: 0.1 M Na,SO, solution, poten-
tial: —09V vs. RHE. (4) Catalyst: Fe—CoS,/CC, electrolyte
solution: a mixture of 0.1 M Na,SO, and 0.1 M NaNO;, potential:
open circuit. The results, as illustrated in Figure 5¢, d, e, show
that almost no NH; was produced in the control experiments
(2) (3) (4), which can tentatively indicate that the NH; produced
originated from the reduction of NO;™ in solution. For accurate
verification, we also performed 'H nuclear magnetic resonance
(NMR) spectroscopy on the tested solution. And the results, as
shown in Figure 5d, showed that the hydrogen NMR spectra
(600 MHz) of electrolytes with *NO,~ and NO;™ as reactants
show different typical peaks. The former shows typical double
peaks of ”NH,*, while the latter shows typical triple peaks of
“NH, ™, which was able to demonstrate that the NH; produced
was exclusively from nitrate in the electrolyte solution. The
electrochemically active surface area (ECSA) based on the
double-layer capacitance (Cdl) can also reveal that active sites
are more efficient for Fe—CoS,/CC (Figure S6). Moreover, we
estimated the charge transfer resistance of both catalysts by
electrochemical impedance (EIS) (Figure S7), and Fe—CoS,/CC
showed a smaller Nyquist semicircle radius, which is more
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favorable for charge transfer during catalysis, fully demonstrat-
ing that Fe doping is beneficial to improve the electrochemical
properties. We performed several reproducibility tests (Fig-
ure 6(a) and (b)) and found that the obtained Ryy; and FEs
varied with little fluctuation, demonstrating the good reprodu-
cibility of the catalyst. In addition, a good catalyst must not
only have high catalytic activity, but also ensure catalytic
stability and durability. We conducted a performance test of
Fe—CoS,/CC at —0.9V vs. RHE for 10 h. The obtained current
density versus time curves are shown in Figure 6(c) demonstrat-
ing that our prepared catalysts can catalyze stably for at least
10 h. In addition, XRD (Figure S4(a)) and SEM images (Fig-
ure S5(b)) after long time electrolysis show that the Fe—CoS,/CC
crystallographic parameters and material surface are almost
unchanged, which further proves the good stability and
durability of Fe—CoS,/CC. Further, TEM (Figure S4(c)) and HRTEM
(Figure S4(d)) after long time electrolysis showed that the
Fe—CoS,/CC lattice structure did not change, and the stability of
the material was also verified.

Conclusions

Overall, the as-prepared Fe—CoS,/CC porous catalyst can
achieve high Ryy; (17.8x1072mmolh™' cm™) and FE (88.93 %),
demonstrating the catalytic activity promotion of CoS, was
drived by Fe doping. In addition, the catalyst has strong
selectivity and durability. The results open a new pathway for
the selective reduction of nitrate to ammonia under benign
conditions.®**"
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Experimental Section

Preparation of Fe—CoS,/CC and CoS,/CC

Firstly, Co(NO3),-6H,0 (0.5821) g, Fe(NO,);-9H,0 (0.0808 g) and
CO(NH,), (0.6006 g) were dissolved in 60.0 mL deionized water,
After 30 minutes of continuous stirring, the solution was transferred
to a 50.0 mL stainless steel reactor lined with PTFE. The treated
carbon cloth (2x3 cm) was placed, and then the autoclave was
sealed and reacted at 120°C for 12 h. After the reaction kettle
cooled to room temperature, the carbon cloth specimens were
removed, washed thoroughly with deionized water and ethanol
alternately for several times, dried at 60°C for 6 h, and taken out
and set aside. Next, CH;CSNH, (0.1800 g) was dissolved in 50.0 mL
of anhydrous ethanol, mixed and transferred to a PTFE-lined
reaction vessel, The resulting precursor carbon cloth was added
and reacted at 180°C for 12 h. After the reaction kettle was cooled
to room temperature, the carbon cloth specimens were removed,
washed thoroughly with anhydrous ethanol several times, and
dried at 60°C for 6 h to obtain Fe—CoS,/CC. Under the same
conditions, pure CoS,/CC was prepared without the addition of Fe.

Electrochemical Measurements

Electrocatalytic nitrate reduction experiments were performed in an
H-type electrolytic cell separated by a proton exchange membrane.
Prior to the electrocatalytic nitrogen reduction reaction test, the
proton exchange membranes were pretreated with 5% H,0,
sonication for 20 min followed by heating with ultrapure water at
80°C for 8 h. The electrolyte is a mixture of 0.1 molL™' Na,SO, and
0.01 molL™" NaNO,. The reaction process was measured electro-
chemically using a CHI760D electrochemical workstation in a
standard three-electrode system with the catalyst Fe—CoS,/CC as
the working electrode, Ag/AgCl as the reference electrode, and
graphite rod as the counter electrode. Argon gas is passed to the
cathode for half an hour before the test to exclude environmental
interference, and the test time is 1 h. After the test, the solution in
the cathode cell of the electrolytic cell is collected and used for
subsequent tests. All experiments were conducted under ambient
conditions.

Determination of NH,

NH; produced by indophenol blue method was determined by
ultraviolet absorption spectrometry. Among them, 4.0 mL post-test
solution was obtained from the cathode of the electrolytic cell.
Then 50.0 uL oxidant (0.4 M C,H;O;Na+0.32 M NaOH), 500.0 pL
colorant (NaClO+0.75 M NaOH) and 50.0 pL catalyst (CsFeNgNa,O,
1 wt%) were added. UV-Vs is absorption spectrum were measured
after standing at 25°C for 1 hour in the dark. The concentration of
indophenol blue was determined by absorbance at 660 nm. The
concentration-absorbance curves were calibrated using a series of
standard ammonium chloride solutions. After three independent
calibrations, the fitting curve (Y=0.462X+0.069, R>=0.999)
showed a good linear relationship between absorbance value and
NH,ClI concentration.

Determination of NO,~

Color developer: add p-aminobenzenesulfonamide (4.0000 g), N-(1-
naphthyl) ethylenediamine salt (0.2000 g), phosphoric acid
(10.0 mL) to 50.0 mL of water, dissolve and mix well, then store at
low temperature and avoid light. Take 5.0 mL of electrolyte from
the cathode of the electrolytic cell, add 0.1 mL of color developer,
mix well, let it stand and avoid light for 20 min, test the absorbance
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at 540 nm with UV-Vis spectrophotometer, and draw the standard
working curve of concentration-absorbance. The final working
curve was Y=1.311X+0.016, R®*=0.999 with good linearity.

Determination of NO;~

Color rendering agent: hydrochloric acid (1 molL™), sulfamic acid
(0.8 wt%). The cathode cell electrolyte was diluted to a suitable
concentration, and 5.0 mL was added with 0.1 mL hydrochloric acid
(1 molL™") and 0.01 mL sulfamic acid (0.8 wt%), mixed well, and left
to develop color for 15 min, and the absorbance at 220 nm and
275nm was measured by UV-Vis spectrophotometer, and
A=A200m—2 Ay7snme @and the concentration-absorbance was plotted.
The final working curve was Y=0.105X—0.015, R*=0.998 with
good linearity.

Calculation of the Performance Parameters

NH; formation was calculated as follows:

NH; formation rate =

E i 1
[NH, 7] x V/(17 x t x A) (mols™'cm™2) (Equation S1)

The FE was calculated according to following equation:

FE=8 x F x [NH,"] x V/(17 x Q) (Equation S2)

The NO,™ FE was calculated according to following equation:

FE=2xF x [NO,7] x V/(46 x Q) (Equation S3)

The NO;~ FE was calculated according to following equation:

NO;~ conversion = ACys_/Co (Equation $4)
where [NH,*] is the concentration of NH," (ug/mL) obtained from
the standard working curve; V is the volume of the cathodic
reaction cell solution (mL); t is the time of electrolysis reaction (h); A
is the area of the loaded catalyst carbon cloth (cm?); F is the
Faraday constant (c/mol); Q is the measured power (C); [NO, ] is
the NO,” concentration (ug/mL) obtained from the standard
working curve of the by-product; CO is the initial concentration of
NO;™ in the electrolyte solution; ACye;. the difference in concen-
tration of the electrolyte solution after catalytic concentration
difference before and after reduction.
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