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Abstract: During the process of hydrogen production from water-splitting assisted by the urea oxidation
reaction (UOR) , developing a high-performance nickel-based catalyst for UOR is a key challenge that

must be addressed urgently to enhance hydrogen production efficiency. In this work, the Co/Cr co-doped
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nickel sulfide composite (Co, Cr-NiS/CC) was prepared on carbon cloth (CC) by the hydrothermal-
calcination method. The composition, morphology, structure, and surface chemical state of the composite
were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEMD , and X-ray photoelectron spectroscopy (XPS). The electrochemical perfor-
mance of the composite was tested in the electrolyte of 1.00 mol-L~" KOH and 0.33 mol-L~" urea.
Meanwhile, density functional theory (DFT) calculations were conducted on the NiS (001) and Co, Cr-
NiS (001) models. The structure-activity relationship was revealed through the analysis of the density of
states (DOS) , the d-band center, and the energy barrier of the rate-determining step (RDS) for the
UOR. Electrochemical tests demonstrate that the Co, Cr-NiS/CC composite exhibits excellent catalytic
activity for UOR. Specifically, at the current densities of 100 A*m™* and 1 000 A m?, the required
potentials are 1.321 V and 1.378 V, respectively, which are lower than those of the other control
samples. At a potential of 1. 527 V, after 200 h of chronoamperometry (CA) testing, the retention rate
of current density is 64.83%. DFT calculations indicate that the co-doping of Co and Cr enhances the
intensity of the DOS at the Fermi energy (E:) of the composite, shifts the d-band center of the composite
upwards, reduces the energy barrier of the RDS of UOR to 0. 331 eV, and optimizes the electronic struc-
ture of NiS and the adsorption energy of reaction intermediates. This work proposes a new approach to
constructing an efficient non-metallic UOR catalyst.

Key words: Co,Cr-NiS/CC; co-doping; urea oxidation reaction; alkaline electrolyte; density functional theory

studies have shown that although precious metal (Pt,
Ir, and Ru) -based catalysts exhibit excellent UOR

(6] activity™' , their scarce resources limit their wide

0 Introduction

H, is a green and sustainable energy source
[34-36]

. . . . 0] lication in business .
with high energy density and zero emissions” " application in busines

Although hydrogen production through water elec- Nowadays, the focus of the study is to develop

(1113] non-precious metal catalysts for the replacement of

trolysis is environmentally friendly , 1t has some

drawbacks such as the slow anode reaction kinetics'*" metal-based UOR catalysts. Ni-based composites

(hydroxides, sulfides, oxides and phosphates) "
exhibit excellent UOR activity™*”. For instance, the
potential of UOR driven by the NiS-NiS, synthesized
by Huang et al. ' was only 1.280 V when the elec-
trolyte was 1. 00 mol-1."' KOH-0. 33 mol-1." ' urea
and the current density (j) was 100 A-m™*. Metal

and the risk of hydrogen-oxygen mixture explosion.
Highly efficient electrocatalysts have been developed
to enhance the oxygen evolution reaction (OER)
kinetics''"', there is still a gap from practical applica-
18]

tion"™. For this reason, researchers have proposed

using electrooxidation reactions with lower oxidation doping (such as Co, Fe, or Cu, etc. ) can effectively

enhance the UOR Kkinetics of Ni-based catalysts
through synergistic effects such as electronic structure

potentials to replace OER, including methanol,
ethanol, hydrazine hydrate and urea*”. The theo-

retical oxidation potential of the urea oxidation reaction regulation, interface engineering and adsorption

(UOR) is only 0. 370 V vs RHE™*/, making it one optimization. For example, the Sv-CoNiS@NF

of the most ideal alternative reactions to OER"*/, as synthesized by Li et al. ™ in a mixed solution of
well as non-toxicity'®’, low cost and high reserves of 1.00 mol-L~" KOH-+0.33 mol-L~" urea, only
urea®?”. Therefore, the UOR-assisted water elec- required a potential of 1.397 V to drive the j of
trolysis for hydrogen production reduces the cost of 1000 A-m?, which is because Co doping enhances
electrolysis of water, and can treat urea-containing the conductivity of the sample. Meanwhile, the
wastewater ®*’. But, the complex 6-electron transfer presence of Co regulates the charge density at the

[31-32

process of UOR leads to its slow dynamics'™ *'. Many interface of composite and enhances urea molecules’
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adsorption capacity on the catalyst surface. The Fe-
doped NiS-NiS, synthesized by Huang et al. '
required a potential of 1. 360 V in an alkaline medium
and a j of 50 A-m *, that is because Fe doping
enhances the conductivity of the sample. In addition,
Cr modulates the electron density distribution of Ni-
based composites and promotes the UOR kinetics.
For instance, the Cr-doped NiSe, composite (Cry, s~
NiSe,) synthesized by Zheng et al. "**' had a potential
of only 1. 370 V for UOR at a j of 1 000 A-m ?, that
is because the Cr-induced the reconstruction of the
surface to generate the highly active NiOOH phase.
Metal doping significantly enhances the catalyst’ s
UOR activity. However, the doping of a single metal
still has relatively limited effects on improving the
performance of catalysts, and there are relatively few
studies on the co-doping of Co/Cr bimetals.

Based on the above background, in this study,
Co/Cr co-doped NiS/CC composites (Co, Cr-NiS/
CC) were successfully prepared by the hydrothermal-
calcination method, and their performance was
evaluated through structural characterization and
electrochemical tests. To clarify the structure-activity
relationship and the mechanism by which Co and Cr
elements synergistically enhance the intrinsic activity
of NiS through electronic structure regulation and
adsorption energy optimization, the density of states
(DOS) and the free energy changes (AG) at each step
of UOR were calculated and analyzed through theo-
retical calculations.

1 Experiment
1.1 Chemicals and reagents

Chromium nitrate [ Cr(NO,),+9H,O ], potassium
hydroxide (KOH), cobalt nitrate [ Co(NO,),*6H,O],
nickel nitrate [ Ni¢{NO,),*6H,O], thiourea (CH,N,S)
and urea [ CO(NH,), ] were all obtained from Tianjin
damao chemical reagent company, with purity of
analytical grade. All reagents were used directly

without purification.
1.2 Optimization of experimental conditions

To prepare cost-effective catalytic materials

with superior performance, various metals under-
went performance testing. LSV measurements
were conducted on Co, Cr-NiS/CC samples and
individual metals in both 1.00 mol-L.-' KOH and
1.00 mol-L.™" KOH-+0. 33 mol-L."" urea electro-
lyte solutions. The Cr-NiS/CC exhibits superior
UOR catalytic activity compared to the Co, Cr,
and Ni monometals. Consequently, the metal selec-
tion for the sample was determined to be a combina-
tion of Co, Cr, and Ni.

After selecting suitable metals, performance tests
were conducted on different combinations of Co, Cr,
and Ni to prepare cost-effective catalytic materials
with superior properties. .SV tests were performed
on these metal combinations in both 1. 00 mol-L "
KOH and 1. 00 mol-L."' KOH~+0. 33 mol-1. "' urea
electrolyte solutions. The molar ratio of Co: Cr: Ni at
1:1: 6 exhibited the highest UOR catalytic activity
compared to other metal combinations. Therefore,
TNeo: et =1 1 1 :6 was selected for the final sample
composition.

To investigate the effects of different calcina-
tion temperatures and durations on the catalytic per-
formance of Co, Cr-NiS/CC samples, LSV tests
were conducted on these samples calcined at vary-
ing temperatures and times in 1. 00 mol-L.~" KOH
and 1.00 mol-L. ' KOH+0. 33 mol-L. ' urea elec-
trolyte solutions. The Co, Cr-NiS/CC sample
exhibited the best UOR catalytic activity at a calci-
nation temperature of 400 °C and a calcination time
of 2 h. Therefore, the calcination temperature was
selected as 400 “C and the calcination time as 2 h.

To investigate the effects of different hydro-
thermal temperatures and durations on the catalytic
performance of Co, Cr-NiS/CC samples, LSV
tests were conducted on these samples under vari-
ous hydrothermal conditions in 1.00 mol-L "
KOH and 1.00 mol-L.' KOH-+0.33 mol-L™"
urea electrolyte solutions. The Co, Cr-NiS/CC
sample exhibited the best UOR catalytic activity at
a hydrothermal temperature of 180 “C and a hydro-
thermal time of 5 h. Therefore, the hydrothermal
temperature was selected as 180 °C and the hydro-

thermal time as 5 h.
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1.3 Synthesis of Co, Cr-NiS/CC samples

Carbon cloth (CC) (1 em>X2 cm) was pretreated
by the literature method' . Dissolve Co(NO,),*6H,0O
(0.5 mmol) , Cr (NOy) ,*9H,O (0.5 mmoD ,
Ni(NOy,-6H,O (3 mmol), CH,N,S (1.5 mmol) and
CO(NH,), (1.5 mmoD) in 15 mL of deionized water.

Subsequently, the obtained solution was transferred

Hydrothermal

together with CC to a 25 ml autoclave for hydro-
thermal reaction at 180 °C for 5 h. After the hydro-
thermal reaction was completed, the CC was alter-
nately rinsed with water and ethanol three times, and
then dried at 60 °C to obtain CC containing the pre-
cursor, which was put in a porcelain boat and pyro-
lyzed at a certain temperature for 2 h under N, atmo-

sphere to prepare Co,Cr-NiS/CC samples (Fig. 1).

@ Co*
Q@
@ Nix
O s+

Calcination

Co,Cr-Nis/CC

Fig. 1 Synthesis schematic of Co,Cr-NiS/CC

The synthesis process of the control samples
was the same as that of the Co, Cr-NiS/CC. The
only difference lies in that during the synthesis pro-
cess: thiourea was not added to Co, Cr-NiOQ/CC;
Ni (NO,) ,*6H,0 was not added to Co, Cr/CC;
Cr (NOy) ,*9H,0 was not added to Co-NiS/CC;
Co (NO,) ,*6H,O was not added to Cr-NiS/CC;
Co (NOy) ,*6H,0O and Cr (NO, ,*9H,0O were not
added to NiS/CC.

1.4 Structural characterization

In this work, the instruments and their mod-
els, and the methods used to characterize the crystal
phase, composition, morphology, surface ele-
ments, and valence states of the composites were

similar to those in the literature.

1.5 Characterization of electrochemical

performance

Except for the different potential range (0. 627~
0. 677 V) during the cyclic voltammetry (CV) test for
fitting the double-layer capacitance (Cy) , other test
methods of the electrochemical performance test were

consistent with those in previous literature**'.

1. 6 Density functional theory calculation

DFT calculations were carried out to adopt the

DMol” module in the Materials Studio software. A
5X5 NiS (001> supercell model was constructed,
and the Co and Cr-NiS models were built by replac-
ing atoms. The methods and parameters of other
DFT calculations were consistent with those in pre-

vious literature™*.

2 Results and discussion
2.1 Structural characterization

As exhibited in Fig. 2, the X-ray diffraction
(XRD) patterns of Co, Cr-NiS/CC, Co-NiS/CC
and Cr-NiS/CC samples are well matched with the
NiS standard cards (PDF#12-0041 and 02-1280) ,

confirming the successful preparation of NiS.

Co,Cr-NiS/CC

—4—-‘ Alllnlll.

NiO (PDF#47-1049)

|
| 1R

NiS (PDF#02-1280)
J | | | Ll L | L
10 20 30 40 50 60 70 80

20/(°)
Fig.2 XRD pattern

Indensity/(a.u.)

NiS (PDF#12-0041)
[T,
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As shown in Fig. 3 (a) , scanning electron
microscope (SEMD images show that Co, Cr-NiS/CC
present the morphology of nanoparticles anchored on
CC. The high-resolution transmission electron
microscope (HRTEM) characterization shown in
Fig. 3(b), the lattice spacing of 0. 171 nm corresponds
to the NiS (110) crystal plane, and the selected area
electron diffraction (SAED) pattern in Fig. 3 (¢)
further confirms the polycrystalline properties of NiS.
As shown in Fig. 3(d), the energy dispersion spec-
trum (EDS) element mapping indicates that C, O, S,

Cr, Ni and Co elements are uniformly distributed in
Co,Cr-NiS/CC.

(a) SEM image

(d) SEM-EDS mapping images of C, O, S, Cr, Ni and Co in
Co,Cr-NiS/CC

Fig. 3 Morphological characterization of Co, Cr-NiS/CC

The full X-ray photoelectron spectroscopy
(XPS) spectrum of Co, Cr-NiS/CC samples (Fig. 4)
consist of Ni 2p, Co 2p, Cr2p, O 1s, C1s, and S 2p
spectra. As shown in Fig. 5(a), two peaks of Co 2p
(Co*"/Co™ ) are located at 781.01 eV and
774.00 eV, respectively. The peaks at 797. 67 eV
and 795. 15 eV correspond to Co 2p,,, (Co* /Co®"),
and the peaks at 786.00 eV and 802. 23 eV are sat~
ellite peaks of Co. Compared with the Co, Cr-NiO/
CC and Co-NiS/CC samples, the two peaks of Co in
the Co, Cr-NiS/CC sample shift by 0.69 eV and
0. 22 eV respectively towards the low bonding energy

direction. Moreover, the ratio of Co*"/Co*" peak
areas (0. 31) is greater than that of Co, Cr-NiO/CC
(0.25) and Co-NiS/CC (0. 21), indicating that the

composite contains more Co™" 74/,

Intensity/(a.u.)

S2p
1200 1000 800 600 400 200 0

Binding energy/eV

Fig.4 Full XPS spectrum of Co, Cr-NiS/CC

In Fig. 5(b), peaks at 576. 68 eV and 578. 13 eV
correspond to Cr 2ps, (Cr"/Cr®" ), while those at
586.45 eV and 588.29 eV correspond to Cr 2py.
(Cr**/Cr"). Compare with the Co, Cr-NiO/CC and
Cr-NiS/CC samples, the two peaks of Cr in the Co,
Cr-NiS/CC sample shift by 0.26 eV and 0. 22 eV
respectively towards the high bonding energy direc-
tion. Moreover, the ratio of Cr*”/Cr’" peak areas
(0. 96) is greater than that of Co, Cr-NiO/CC (0. 27)
and Cr-NiS/CC (0. 62), indicating that the composite
contains more Cr®" "/,

Fig. 5(c) reveals that two peaks of Ni 2ps, (Ni’/
Ni** ) are located at 853.25 eV and 855.95 eV,
respectively. Meanwhile, the peaks at 870. 25 eV and
873.73 eV correspond respectively to Ni 2p,,, (Ni’/
Ni*"). Two satellite peaks of Ni 2ps, and Ni 2p,,, are
located at 861. 68 eV and 879. 99 eV, respectively.
Compare with the Co-NiS/CC samples, the Ni peak
in the Co, Cr-NiS/CC samples shift 0. 15 eV towards
the high bonding energy direction, while compare with
the Cr-NiS/CC samples, the Ni peak in the Co, Cr-
NiS/CC samples shift by 0.07 eV towards the low
bonding energy direction. Furthermore, the ratio of
the Ni*"/Ni” peak areas in the Co, Cr-NiS/CC
samples (9.09) is greater than that in Co-NiS/CC
(4.35) and Cr-NiS/CC (5.4), indicating that the

composite contains more Ni*", which is one of the
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reasons for its higher activity'* """,

In Fig. 5(d) of the C 1s spectrum, the C—C, C
—0O—C and O—C=0 peaks are located at 284. 85,
285.40, and 286. 08 eV, respectively™. Fig. 5(e)
of the S 2p spectrum shows S* 2pys, S* 2py2, S—O
2ps2, and S — O 2py, peaks at 161. 75, 163.25,

168. 25, and 169. 23 eV, respectively, which indicates
the Co, Cr-NiS/CC sample contains the S element"™.
As shown in Fig. 5(f), in the O 1s spectrum, peaks
locate at 531. 27, 532. 51, and 533. 65 eV belong to
oxygen of metal-O bonds, metal—OH bonds and

[53-54]

H.O, respectively

Co 2p 2psn ' Cr2p
2pin 27 3 2pip
Sat 2 3 sa/ Ll 3 y
w /N ] p
20,Cr-NiS/CC 20,Cr-NiS/CC

Ni 2p
Sat.

2p3p £ .

Co,Cr-NiS/CC

2pin 3

Sat.

Co,Cr-NiO/CC

Sat. 2pin

6
Co,Cr-NiO/CC

Intensity/(a.u.)
Intensity/(a.u.)

Intensity/(a.u.)

Co-NiS/CC

2pin 2p1/30£)_:l_ev
Sat_a Sat.  2pin 2}
Co-NiS/CC S— J . ‘
T Cr-NiS/CC Cr-NiS/CC i
810 800 790 780 770 595 590 585 580 575 890 880 870 860 850
Binding energy/eV Binding energy/eV Binding energy/eV
(a) Co2p (b) Cr2p (e) Ni2p
1 - Sop 0ls
" M-0
o o =
= = =
L 2 2
= = = M-OH
H,0
.
290 288 286 284 282 175 170 165 160 155 536 534 532 530 528
Binding energy/eV Binding energy/eV Binding energy/eV
(d)Cls (e)S2p () O 1s

Fig. 5 XPS spectrum of Co,Cr-NiS/CC

2.2 Electrochemical UOR performance testing

LSV curves of Co, Cr-NiS/CC are shown in
Fig. 6 (a), it can be seen that in the electrolyte of
1.00 mol-L-'" KOH, when the j is 100 or
1 000 A-m *, the potentials required by OER are
1.522 or 1. 621 V, respectively. When 0. 33 mol-L. "
urea was added, the corresponding potentials signifi-
cantly decreased to 1. 321 V and 1. 378 V. It indicates
that from a thermodynamic perspective, UOR occurs
superior to OER. As shown in Fig. 6 (b) and
Fig. 6(c), all LSV tests were conducted based on
three parallel experiments to ensure data reproduc-
ibility. As shown in Fig. 6(c), the error bars shown
in the figure represent the standard deviation of the

three experimental results. At the same j (100 or

1000 A*m™*), the UOR initial potentials of Co,Cr-
NiS/CC ((1.321£0.006)>/(1.378=+0.003) V) are
significantly lower than those of Co-NiS/CC
((1.392£0.003)/(1.463+0.001) V), Cr-NiS/CC
((1.40440.003)/(1. 479=+0. 002) V), Co,Cr-NiO/
CC ((1.4144+0.003>/(1.512+0. 001> V), NiS/CC
((1.580+0.006)/(1.686+0.007) V) and Co,Cr/
CC ((1.873#£0.014)/(2.364+0.003 V) ) , con-
firming that Co, Cr-NiS/CC had the optimal UOR
catalytic activity. Furthermore, the data used in
Fig. 6(c) is the average of three results under the same
conditions. As shown in Fig. 7, at a potential of
1.467 V, the current density Gogg, 25.9 A=m *) of
OER in the electrolyte of 1. 00 mol-L. ' KOH and the
total current density Gy, 423.9 A+m™?) after adding
0.33 mol+LL"" urea to the KOH electrolyte were



CESR 227 31D /AR IE Ak

I3 NS 0 R L LA PERE B )

321

measured respectively. In this way, the selectivity of

3 000

U()R: (jtotalij()ER)/jtolalz93- 89% .

T.00 mol- L KOH 3.0 m -
—2 500 ~a=1.00 mol - L' KOH+ —2500 . . ﬁ 25 100 A+m™ 1000 A-m=
‘E 0.33 mol* L urea IE Co-NiS/CC == R 2364
= 2000 2000} o crNisice & 50
< £ Co.CrNIO/CC F
21500 & 1500 - e sesice =15 1.686
z Z == Co,Cr-NiS/CC ;: 1580 1.‘141.5_12 1.4‘241479 1.3221.«163 1_32"3.78
£1000 £ 1000 210 2
g 500 g 500 Q_“E 0.5
5 0 pevevecasan, 5 0 peverersssagyf 0
=500 =500 p: m e
1.0 1.2 ' 1.4 1.6 1.8 1.0 1.2 ) 14 1.6 1.8 \G' \Qg’ \\)\ \Q:" \}) ,.\”\)\'
Potential(V vs RHE) Potential(V vs RHE) e”.} &£ N P $ L
¢ § v ¢
Complex <
(a) LSV curves of Co,Cr-NiS/CC. (b) LSV of different complexes (¢) Potential comparison under different j
L& O —t=we B e
17 Co-NiS/CC Co,Cr/CC R
= 1L7¢ 8k cr-Nisice Co-NiS/CC -
= 0 Co.Cr-NiO/CC . 10k, coonissce
2 | ghe Cocrnisice al g on CoRiOIE
>> . < £ JoCo,Cr-NiS/CL
= N < 5
= 1.5¢ @ I 4F Q
£ S >
< 5
£ 14} s 2} B
41.68 mV -dm‘"
1.3 G\ ] S
0 5 10 15 20 0 4 8§ 12 16 20 24 28 5 10 15 20 25 30 35 40 45 50 55
log j/(A*m™) 7'1Q Scan rate/(mV+s™")
(d) Tafel plots (e) EIS cuves in 1.00 mol L' KOH+0.33 mol * ! urea (f) Cy curves in 1.00 mol L' KOH
6000 d— 30
50425 CoCrCC 25 2885
3F - conisice :
a I — Cr-NiS/CC
gy #O) £ 2F Cocrnioce - 20
= = Co,Cr-NiS/CC 2 L5
a 24825, 0300 31 =
& 2000} 8 1.0
=] 14775
8775 7250 0 < 0.5 0389 0.349 0.348
0 1 0.017 0.003
%\ivi' O\\“(' 1.0 1.2 1.4 1.6 1.8 ‘%\(: \\\\
X N4 Potential/(V vs RHE) T
Complex Complex
(g) ECSA (h) jicsa curvees (i) TOF
Fig. 6 Electrochemical test plots for different complexes
700 Tafel slope™. The Tafel slope of Co, Cr-NiS/CC
p ——— (Co0,Cr-NiSCC
ook . AN s e . .
Inject 0.33 mol+L! urea (41.68 mV+dec ) is significantly inferior to that of
T 20T Co-NiS/CC (65.73 mV-dec™) , Cr-NiS/CC
= 400} . N
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Z 300} )
g (135.07 mV-dec » , NiS/CC (141.37 mV-
200 f . X
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§ 100 S dec ) and Co, Cr/CC (152.86 mV+dec V), show-
= " .
N ing that its UOR Kkinetic process is the fastest'™",
1.00 mol- L' KOH . . .
100 " " : As shown in Fig. 6 (e) , the charge transfer resis-
0 100 200 300 400 . ‘
e tance (R,) of Co, Cr-NiS/CC (1.96 Q) is much

Fig.7 CA test of Co,Cr-NiS/CC
As shown in Fig. 6(d) and Fig. 8, the chrono-

potentiometry (CP) curve was fitted to compare the

smaller than that of the control samples Co-NiS/
CC (2.28 @, Cr-NiS/CC (2.64 Q) , Co, Cr-
NiO/CC (10.18 @), NiS/CC (13.44 Q) and Co,
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Cr/CC (21.26 Q) , confirming that it has the opti-
mal electronic transport capacity. This is attributed

to the fact that the Co and Cr optimize the electron
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density of NiS and enhances its conductivity, which
is highly consistent with the XPS and total DOS

characterization results'™.
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Fig. 9 Electrochemical double-layer capacitance test diagram

As shown in Fig. 6(f) and Figs. 9(a)~9(), the

NiO/CC (59. 1 F+m™), NiS/CC (35.1 F*m™*) and

C, value'™ of Co, Cr-NiS/CC (201.7 F-m™? is
significantly greater than that of Co-NiS/CC
(99.3F+m ®, Cr-NiS/CC (89.2F+m *, Co,Cr-

Co,Cr/CC (29.0 F+m *). Since C, is proportional
to the electrochemical active surface area (ECSA), as
can be seen from Fig. 6(g), the ECSA value of Co,Cr-
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NiS/CC (5042.5 A-m ) is also the largest. This
indicates that Co, Cr-NiS/CC has exposed more
reaction sites for the UOR. From Fig. 6 (h) and
Fig. 6(1), it can be seen that the jgcsa results obtained
by further normalizing the j through ECSA showed
that the jpcsy and the TOF value of Co, Cr-NiS/CC
are the highest. These results indicate that the activity
of Co, Cr-NiS/CC composite is the highest. This is
owing to the Co and Cr can regulat the electronic
distribution of NiS and significantly enhance its
intrinsic catalytic performance. Fig. 10(a) shows that
after 1 500 CV cycles, the potentials of the Co, Cr-
NiS/CC samples increase by 0.08% (100 A+m )
and 0.44% (1000 A-m *), respectively. As shown
in Fig. 10(b), after 200 h of CA test, the activity
retention rate of Co, Cr-NiS/CC is 64.83%, indi-

cating its excellent stability.

3000
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5 1500 CV
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< 1000F 4
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Time/h

(b) CA test in 1.00 mol- L' KOH+0.33 mol "' urea
Fig. 10 Stability testing of Co,Cr-NiS/CC
2.3 Post-CA structural characterization

The XRD in Fig. 11 and the HRTEM of the
samples after CA testing in Fig. 12 (a) confirmed

that the NiS phase is basically retained, and lattice
fringes of the NiS (300) crystal plane are also pres-
ent, indicating that the main structure of the
samples is stable. In Fig. 12(b) and Fig. 12 (¢),
SEM shows the surface roughness and agglomera-
tion of Co, Cr-NiS/CC samples, which is attrib-
uted to the corrosive effect of KOH. In Figs. 13(a)
~13(d), XPS revealed that peaks of Co 2p and Cr
2p shift by 0.71 eV and 1.03 eV respectively
towards the high bonding energy direction. The Ni’
peak disappeared and the Ni*" peak was generated.
The S* peak is weakened along with the enhance-
ment of the S—O peak, indicating that partial oxida-

tion and dissolution of Cr and S are the main rea-

sons for the decline in activity.

Co,Cr-NiS/CC

Cp,Cr-NiS/CC after UOR

Indensity/(a.u.)

NiS (PDF#12-0041)
i

[T
NiS (PDF#02-1280)

Lo
10 20 30 40 50 60 70 80
20/(°)

Fig. 11 XRD curves of Co,Cr-NiS before and after CA treatment

5 nm

(a) TEM image of Co,Cr-NiS/CC after CA

(b) SEM image of Co,Cr-NiS/CC after CA
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(¢) Enlarged view of SEM

Fig. 12 Morphological characterization of different samples
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Fig. 13 XPS spectrum of Co,Cr-NiS/CC after CA

2.4 DFT calculations

To further reveal the structure-activity relation-
ship of Co, Cr-NiS catalysts, as shown in Fig. 14 and
Fig. 15, NiS (001) and Co, Cr-NiS (001) models
were constructed , and their structures were optimized

by theoretical calculations.

CO(NH,),*  CO(NH,N)*  CO(NH-N)*

CO(N-N)* CO*+N, CO-OH* CO-0*

Fig. 14  Adsorption models of Co,Cr-NiS on adsorbents

A

S

Fig. 15 Differential charge density analysis of Co, Cr-NiS
As can be seen from Fig. 16 (a) and Tab. 1,

for the Co, Cr-NiS (001) samples, the energy bar-
rier (0.331 eV) of the rate-determining step
(RDS) is significantly lower than that of NiS (001)
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(0.423 eV) , which is consistent with the activ-
ity™. Fig. 16(b) shows that the total DOS of Co,
Cr-NiS (001) at the Fermi level (EF) has a higher
intensity  (62.607) than that of NiS (001
(61.800), indicating that it has better electrical con-
ductivity. This can be confirmed by electrochemical
impedance spectroscopy (EIS) in Fig. 6 (e). As
shown in Fig. 16 (¢), the d-band center of Co, Cr-
NiS (001> (—1.175 eV) is closer to EF than that
of NiS (001) (—1.224 V)™ indicating that Co
and Cr modulate the electronic distribution of NiS
(001> and optimize the adsorption and desorption

processes of the intermediate.
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Fig. 16 DFT calculation diagrams of NiS and Co/Cr-doped NiS

Tab.1 Gibbs free energy change (AG) of the UOR elementary
steps on the Co, Cr-NiS and NiS

AG/eV
Elementary step

Co,Cr-NiS NiS

* 0.000 0.000
“+CO(NH,);~CO(NH,)," 0.052 —0.452
CO(NH,),>CO(NH,NH) "+H 0.062 —0.029
CO(NH,NH) "“>CO(NH,N) "+H —0.417 —0.088
CO(NH,N) “>CO(NH*N) "+H —0.086 —0.241
CO(NH-N) “>~CO(N-N) "+H —0.234 —0.314
CO(N=N) ">CO™+N; —0.026 —0.055

CO"+OH—>CO-OH" 0.056 0.223
CO-OH—>COO"+H —0.169 —0.317

CO-O—=>CO-O+* 0.000 0.000

In summary, Co/Cr co-doping regulates the
electronic structure of NiS, reduces the UOR RDS
energy barrier, and enhances the intrinsic activity of
NiS.

Tab. 2 Comparison of the catalytic performance between Co, Cr-

NiS/CC and catalysts reported in selected literature

C t den-
Catalyst Poten-  Current den- Lirrent o Dura-
~atalys . . . S1 reten- .
Y tial/V  sity/(Asm™?) 1i};n/% tion/h
S.-CoNiS@NF*! 1,397 1000
Fe-doped NiS-
s 1.360 500
1S
NiCoCr-LDH
e /1m0 1000 95.30 50
Ni/NiO/NiB@NC
v 17530[;2]@ 1.370 100 84.58 12
NiO-CrO@N-C%  1.370 100 83.00 8
Cr-NiO/CWE  1.360 100 90.00 12
1.321 100 0431 8
Co,Cr-NiS/CC 1' . “00 90.45 12
(this work) Lag 100 00 64.23 50
e 64.83 200

3 Conclusion

In this work, Co/Cr co-doped NiS/CC com-
posites (Co, Cr-NiS/CC) were prepared through
doping strategies. The electrochemical performance
indicated that the activity and durability of the com-
posite are comparable to or higher than those previ-
ously reported in the references. This is mainly due
to the combined effect of Co and Cr. Furthermore,
DFT calculations further revealed that co-doping of
Co/Cr tuned the electron density distribution of NiS
and reduced the energy barrier of RDS. This study
provides new ideas and preparation methods for
designing highly efficient and stable NiS-based
UOR electrocatalysts.
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