Int. J. Electrochem. Scil5 (2020 11697 1186 doi: 10.20964/2020.02.22

International Journal of

ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

M odification Structure of CoS Electrocatalysts towards
Enhanced Oxygen Evolution by Nitrogen Doping

Wenshu Yarlg, Zhigang Chef*”, Huaming L?"

1Jiangsu University Jingjiang College, Jiangsu University, Zhenjiang, China

2School of the Environment and Safety Engineering, Jiangsu University, Zhenjiang, China
3Institute for Energy Research, Jiangsu University, Zhenjiang, China

“E-mail: chenzhigang001@163.cotihm@ujs.edu.cn

Received? October2019 / Accepted19 November2019 / Published:31 Decembef019

The sluggish kinetics ahe electrochemical oxygen evolution reaction (OER) usually regjuiseng
precious metabased electrocatalysts to lower energy barriers. Diegjgand develomg highly
efficient and stable electrocatalysts made of nonprecious elements for OER remainfiearsigni
challenge. Hereina fabrication of nitrogerdoped Co% via a facile method, and thedifferent
electrocatalytic performance in responsevamiatiors in nitrogen doping is demonstratedrea and
NH4F are nitrogen containing reactants whose argioaps have a strong interaction with Gbions,
resulting ina nitrogen containing precursor. Aftexr sulfidation process, nitrogen doped Gad$
obtained.An addition of a hydrogen annealingtep enables the nitrogen dopirmgocess toload
between0 and13.6%.Nitrogen doping has significant effect on the distribution sulfurin CoS,
which significantly improve the quality or quantity ofctive sites. As result, thenitrogerrdoped
CoS shows high electrochemical activity toward OER. Notably, Nke€C0S-400 sample exhibita
small overpotential of 290 mV tprovide a current density of 10 mA cr The resultsin this study
provide information for the utilization of heteroatemn a rational designfor enhaning
electrochemical performance towardER and may create new opportunities in other ensztated
areas.

Keywords: Nitrogen doped Co$Hydrogen annealing, OER, heteroatom, elctrocatalysts.

1. INTRODUCTION

The rapid development of modern society and the increased population has already resulted in
increasing energy demands and impending climate change.résult, growing concern has been
focuseed on clean technologies as feasible alternatives to diminisfosgil fuels, such as low
temperature fuel cells, electrolysis, and photoelectrochemical water sp[iiindzlectrochemical
technologies can convert energy into widely used puadticd chemical and fuel with little or no
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pollution. Among the most appkng options, electrochemical water splitting is takoegterstage for

the hydrogen economybecauseit stands out as a viable option for eventual applicatif#js
Electrochemical water splitting involveshydrogen evolution reaction (HER) on the catbh@ndan
oxygen evolution reaction (OER) on the anode. Of the two half reaction, OERU#istepelectron
transferprocess, which sufferfrom sluggish kineticand isconsideed a bottleneck for the overall
water splitting reaction. Currently, precemetatbased materials (g.¢t, Ir®;, RuQ®) still play a
dominant role as the most efficient and durable water splitting electrocatalysts. However, the scarcity
of precious metallimits their widespread application. light of this, tremendous effortsave been
undertaken toward the development of eefééctive electrocatalysts. Specifically, transition metal
chalcogenides have been widely investigated as particularly promising nonprecioubasethlvater
splitting electrocatalysti8]. For examplethe firstelectrochemical performanstudy of MoS can be
traced to the 1970gl]. The bulk MoS showed dull activity toward water splitting due to its limited
number ofactive sites and low conductivity, hampering its development for a long tin20085,
Hinnemann et al. found that the (1010) Mddge site in layered MeSstructure had a close
resemblance to the active site of nitrogen&$ethe above discovergignificantly boosted the rapid
development of Mogrelated material§6-8]. In addition,nickel and cobalt are known to Beme of

the most abundant elements on earth. Zou et al. reported high performance bifunctional electsocatalyst
toward HER and OER using highdex faceted N5, nanosheet array®]. Matthew et al. reported

that CoS with nanowire morphology had superior HER performafi€d. Kong et al. identified a
group of electrocatalysts from firsbw transition metal dichalcogenides toward HAR]. From the
results, the FeCoS shed thehighest electrochemical performance. Desphitdargeeffort made, the
current transition metal dichalcogenides still suffer from high reaction barriers and sluggish kinetics,
especially for OER, resulting ia large overpotential. Therefor@, new perspectives key for the
rational design and delopmentof transition metallichalcogeniddased OER electrocatalysts with
high efficiency, stability and low cost for water splitting.

In an operating OER cell, the reactants first adsorltherelectrocatalyst surface, and then
electrochemicakeactionsoccur througha multistep electron transfer proce$3nally the obtained
oxygen bubbles desorb frothe electrocatalyst surface. The OER operation maodgurson an
important interface of the electrocatalysts and the electy@yte the electrocatalytic properties are in
principle determined completely by their surface strucflibesemeanthatthe properties of the sokd
liquid interphase and the kinetics of electron transferthis interphase play a critical role in
determinng the OER performance. Generally, the engineeringnadlectrocatalyst composition and
the construction ofa well-defined architecture are two common strategizifferent compositiors
mainly influence the behaviors of electron transfer and firosnoe the kinetis of intermediate
adsorption. The methods for composition engineering usually include alloying, vaganesation
and doping. For example, Sun et al. demonstrated that @oypositioncan result in fast electron
transport alonga nanowire ad form a well-defined electronic conformation for proton discharging
[12]. Jaramillo et al. reported that the electronic conformatioa ofixed metal alloy could pose
excellent electronic conformation and thus push the catalysts close to theaoplcdno plot[13].
ShaeHorn et al. demonstrated that the oxygen vacancy could facilitate water uptake and be able to
promote electronic conduction anoxide lattice[14]. Xie et al. further confirmed the uptake effect of
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oxygenvacanges usingDFT calculatons[15]. Doping is alsaan important and useful approabr
modifying the electronic conformatiofi6, 17] A combined theoretical and experimental study by
Song et al. demonstrated that dopowgld promote intermediate adsorption by tuning the eleatron
conformation[18]. Sargent et al. showed thatW dopantcould provide a well-defined electron
conformation for local coordination dhe intermediate[19]. The obtained FeCoW oxyydroxide
showshigh OER performance. Hao et al. found that nitrogen dopiaya significant effect on the
position oftheadjacent metad statecenter the electron density, artide Gibbs free energy of different
intermediate adsorptiof20, 21} Other dopants, such asnrf22], aluminum[23], and nitrogerj24],
havealsobeenreportedto havea significant effect on the electron conformation. Compared thish

of alloying and oxygervacanees the doping methods more versatile for regulating the electronic
conformation which can be realized by changing the type or quantity of dopaetefoe, despite
different available approaches, doping methods offer enormous possibilities in promoting OER
performance.

Herein, a facile and general tvetep approach foan electronic conformationof CoS by
employing a nitrogen dopant was demonstrateditrogendoped Co$% is synthesized througla
hydrothermal reaction with postannealing process. Ftine hydrothermal reactia) urea and NkF
not only provide alkaline conditigbutalsoact as nitrogen sourséor the precursoto absorb. During
the annealing process, the nitrogen atom occupisge in the crystal lattice and finally, nitrogen
doped Coswas obtained. Nitrogen atoms bear a relatively higher electronegaliaityhat of cobalt
atoms, suggesting an increased electron occupation in nitrogen atoms and leading to a rearrangeme
of electrons.Nitrogen doping has significant effect on the distribution afulfur, which further
influences the ettrochemical actidy toward OER. By controlling the reaction conditions, the
nitrogen doping level can be varied from 0 to 13.6%. We systesigtexamined the influence of
nitrogen doping on the OER performance. The results indicate trafttal nitrogerdoped samples
havea more negativeurrent response than thatmire Co%. The OER activities decreasden the
nitrogen doping decreaseThese results imply promising directions for the design of prospective
commercial OER elctrocatalysts.

2. EXPERIMENTAL SECTION

2.1. Materials

CoCh-6H.0, urea,sulfur powderand NH4F sulfurwere purchased from Sinopharm Chemical
Reagent Co. Ltd.. The carbon paper (CP) basghtfrom Shanghai Hesen Co. Ltd.. Other reagents
wereAR gradeand used as received.

2.2. Preparation o€o(CQ)o.5(OH) 0.11H0 precursor on CP

The Co(CQ)o.s(OH) 0.11H0 precursor was first prepardtougha modified method reported
by previous literature[25]. In a typical experimentprecursos were synthesized by adding
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CoCh:-6H20 (1 mmo), NH4F (3 mmo) andurea(5 mmo) to 20 mL distilled waterandstirring for 30
min to form a homogeneous solutioh.piece of CPwith size of1 cm x 4 cmwas immersed into
abovemixedsolution The mixture was transferred to a 50 mL Teflored autoclavendreactedor 6

h at 120 °C After cool to room temperaturéhe sample wathoroughlyrinsed with deionized water
and ethanofor several timesthendried at room temperatut@efore usd for synthesis of nitrogen
doped Co%

2.3. Preparation of nitrogen doped Gash CP

For synthesis of nitrogen doped Go$he Co(CQ)os(OH) 0.11HO was annealed witkulfur
powder.The Co(CQ)o.s(OH) 0.11HO and500 mgsulfur powder(at the upstream sijievere placed
separately in guartz tubeandthe quartz tubewvas heated to 30 undera heating rate of 10 °C/min
andheldfor 40 minin nitrogen conditionThe obtained sample waanmedas Ni-Co$-300. When the
sulfidation temperatures were 400 and 800the final samples were donated asd¥S-400 and ¥-
Co&-500.

2.4. Preparation of nitrogen doped Co#ith different nitrogen amount

The nitrogen doping was regulated by a hydrogen reduction process of precursor. Briefly, the
Co(CQ)o5(OH) 0.11H0 was annealed under hydrogen atmosphere atCl@6th a heating rate of 10
°C/min and kept for 20 mimAfter cooling down to room temperature, the sample Z0@ mgsulfur
powder(at the upstream sijlewere placed separately ingaartz tubeandthe quartz tubewas heated
to 400°C undera heating ra of 10 °C/min andheld for 40 minin nitrogen conditionThe obtained
sample wasaned as N-CoS$-400. When the reduction reaction times were 40, 60 and 120 min, the
final samples were donated asGlo$-400, N-Co$-400 and N-Co$-400, respectively.

2.5. Characterization

Power X-ray diffraction (XRD) patternswere collected on a D8 ADVANCE diffractometer
(Bruker, Germanywith CWbK U (1. 54 0 6 Detiledrclrenhicahcorposition of samples was
carried out byX-ray photoelectron spectroscopy (XESCALAB MKII, VG Co., United Kingdom)
with Al-K U -ray radiation as the Xay excitationsource.

Morphological and lattice structural information were examined V@tianning Electron
Microscope(SEM, Hitachi S4800 and Transmission Electron Microscogd@EM, TECNAI G2).
High-resolution TEM (HRTEM) images were obtained with an accelerating voltage of 200 kV

2.6. Electrochemical Measurements

The electrochemical properties ddll samples were investigated bya CHI 614D
electrochemical workstatiomn a threeelectrodesystem the preparedN doped Cogswas directly used
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as working electrode, while a Pt electraaled a mercury/mercury oxide electrode (MOg&grvedas

counter electrode and reference electradspectivelyTo synthess of the RuQ on CP,1 mgof the

Ru®; and 4 wt% polytetrafluoroethylene eve dispersed inl mL ethanolwith sonication for 30
minutesto achieve amixed solution,then, 2 5 0  ghis RuOf ink was dropcastedonto a 1 cm x 1
cm CP (loading 0.25 mg cfand dried natrally. The measured potentials W8OE werecorrectedo

a reversible hydrogen electrode (RHBefore electrochemical measurengit.0 M KOH solution

wasdesecrategvith argon for 30 min. EIS spectra wesbtaired ina frequency rangérom 102 to 10°

Hz at 1.65 V vs. RHE26].

3. RESULTS AND DISCUSSION

A

Figure 1. SEM images of Co(Cé&b.s(OH) 0.11HO with different magnificationThe scale bar of (A)
(D) are 5@ m1C mb5 mand E mrespectively.

We first synthesized flowdike nanoarrayprecursos functionalized withnitrogercontaining
groups by a facile hydrothermal reaction. As shown in Figure 1A, the synthesized precursor is grown
with high uniformity at a large scale on the CP. The precursomrliee dimensioal flower-like
mor phol ogy with an average size of 25 em (Fig
flower-like nanoarrays consisif nanowires (Figure 1C). The average sipé the nanowiresare
approximatelyl 80 nm i n di amet e (FigueenlD). Therecam alsonsome entergal h
channels formed between neighboring units. The composition information of the synthesized precursor
was analyzed by XRDFgure 2). All diffraction peaks match well with theharacteristics of aure
Co(CQ)os5(OH) 0.11H0 phase with a orthorhombic structure (JCPDS No.-8883) The XPS
spectrum verifies the presence of cobalt, oxygen, nitrogen, and carbon elements (Figure 3). By using &
Gaussian fitting methodhe Co 2p spectrum exhibits two prominent peaks &.#&nd 798.4 eV,
corresponding to the Co Zpand Co 2p» spiri orbit peaksrespetively (Figure 3A).
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Figure 2. XRD patterns of Co(Cg).5(OH) 0.11HO and N-Co$-400.
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Figure 3. XPS spectrum of Co(Céh.s(OH) 0.11H0. (A) Co 2p, (B) C 1s, (C) O 1s and (D) N 1s.
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The peaks at 787.2 and 804.1 eV correspond to satellite peaks. In the C 1s region (Figure 3B),
three peaks are observed at 284.6, 285.7 and 290.6 eV, correspondinG, t&-Q and C=0,
respectively[27]. Two distinct peaksare clearly displayed inthe high-resolution N 1s core level
spectrum (Figure 3D), corresponding toHNand NO. [20] The above analysis indicates the
successful synthesis of Co(€s(OH) 0.11H0.

To obtain nitrogen doped CeSa post annealing process was carried out in the presence of
sulfur at 300°C, 400°C, 500°C for 40 min. The resultant samples are denotegdGaSNXXX
hereafter, where XXX is the annealing temperature. Adteseries of sulfidation treatments, the
characteristic peaks of Co(G@s(OH) 0.11HO disappeacompletely. The resultant Co&re well-
crystallized in a cubic structure (JCPDS Md:14717), as confirmed by its XRD patterns in Figure 2
and Figure 4. The p°e3aR 362 3.8 tind d&gS8zorrespondd the(H1),2 7 . 9
(200), (210),(211) and (220) plane# top-view SEM image at low magnification 0ofsNC0S-400is
shown in Figure 5A. The compactly arranged flowei ke nanoarrays with ave
aredistributed uniformly on the CP. In highmagnification SEM image (f§ure 5B), the flowetike
nanoarrays also consist nanowires, whereas the morphology becemegher compared witthat of
the precursor. This difference meguseby the relativey high annealing temperature, as the@QoS-

300 sample shows moorphologcal change aftethe sulfidation process (Figure 6A and B). When the
temperaturereaches500°C, the solid nanoparticles in the nanowaere can be clearly observed
(Figure 5C and D). HRTEMvas further used to examine the crystallographic naititee Ni-CoS-
400 sample. Figure 5C is a section of a £oe&howire witha highly ordered lattice fringe. The lattice
fringes with an average spacing of 0.277 nm can be indexed to the (200) plane (Figure 5D).

The electrochemical activities of the variol&-CoS-XXX catalysts toward OER are
investigated in 1.0 M KOH in a thredectrode conformation. All potentials usackreferenced to a
RHE (see the Experimental section for details). As shown in Figure 7A, #@0&-400 shows the
highest current resmse withanoverpotential of 290 mV tprovidethe current density of 10 mA ¢t
(Figure 7B), which is comparable to the values repottes farfor most active transition metal
dichalcogenides (Table 1).

Figure 5. SEM imagegA, B) and HRTEM imag€C, D) of N4-C0oS-400.



Int. J. Electrochem. SciMol. 15, 2020 117¢

Figure 6. SEM images of MC0S-300 (A, B) and 4C0S-500 (C, D).

Moreover, an extremely large current density, which is positively related to the amount of
oxygen evolution on the surface, is 300 mA €mith overpotential of 30 mV. The electrode kinetics
for OERwasfurther measured by electrochemical impedance spectroscopy (EIS), as shown in Figure
7D and Table 2. The NC0oS-500 sample has the smallest charge transfer resistapcenife the
Ns-CoS-300 sample exhibits éhlargestcharge transfer resistanc&n increase in thesulfidation
temperature significantlgnhanesthe charge transfer process. Additionally, Table 2 alsowsthat
the differencein Rz values betweetthe N4-CoS-500 and ¥-CoS-400 sampleis quite small. The
electrochemical surface area (ECSA) was further evaluateainl®tectrical doubldayer capacitor
(Ca) at the interface. ThedJs proportional to the slope tfie current density differences agairisé
scan rate curves, which istained by measuring the CV curviesa nonFarad& region (Figure 8).
As shown in Figure 7Cthe N2>-C0$-400 sample shows the highest slope values. Howeher,
insignificant differencen Cq values suggests that the excellent OER performance ofstGe$-400
has no correlation with its larger ECSA in comparison whtit ofthe Ni-CoS$-300 and M-CoS-500
samples. Overall, thesNCoS-400 sample shows theestelectrochemical activity toward OER.

Table 1. Transitional metal dichalcogenideéased OERlectrocatalysts and their performance.
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rates.

Controlling and modulating the electronic structure is considered an efficientsneéan
adjustng the energy band structure for intermediate adsorpioergylevel engineering is generally
employed via heteroatom doping, which facilisatbe d band center tdhe Fermi level [41]and
redu@sthe reaction barrier towarthe OER. XPS resultindicate the presence of nitrogen in the N
Co0S-400 sample (Figure 12). As a kind of heteroatom, nitrogem Bagificant effect on the position
of the adjacent metadl band center, electron density, and Gibbs free energy of different intermediate
adsaption [20, 21, 42] The nitrogen atoms adjacent to the metal atoms possesdefisttd electronic
configurations and ideal active st®r intermediate adsorption, thusdudng thereaction barriers of
OER. In this scenario, we further examined thdugrice ofthe amountnitrogen doping on the
electrochemical activity toward OER.

Samplescontainingless nitrogen were first treated by annealingprecursor with hydrogen
(5%) for different time. The resultant samples are denoted a£0&5-400-Hzzz hereafter, where ZZZ
is used to distinguish thdifferert reaction time (see the Experimental section for details). After the
post sulfidation process, different nitrogen containing sangrkesbtained. The resultant samples are
denoted as Nv-CoS-400 hereafter, where YYY is used to distinguish tthiéferent amount of
nitrogen doping (see the Experimental section for details). The N percentage was confirared by
elemental analyzer (EA) analysis. After these treatmentsrttwaint ofnitrogen dopingsignificantly
decreased (Table 3). The electrochemical activities toth@@ER of the different samples were then
examined by linear sweep voltammetry measuremdiite datashows a clear monotonic trend, in
which decreasing nitrogecontentresuls in increased overpotentials to obtain a specified current
density (Figure 9A). This implies the importance of nitrogen doping. Notably, the smallest nitrogen
containing sample NC0$-400 needsrsmall overpotential of 330 mV to drivgecurrent density of 10
mA cm?, while 370 mVis neededor No-CoS-400, which issamplewithout nitrogeriFigure 9B). It



Int. J. Electrochem. SciMol. 15, 2020 117¢

should be noted that thelatively inactive sample NCo&-300 also show superior performance
toward OER compared witiat ofNo-C0oS-400 (Figure 10).
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Table 3Nitrogen doping properties between different products.

Nitrogen

0 0 0
doping (wo%) 13.6% 8.1% 4.3% 2.8%

XRD measuremestwvereemployed to monitor the structural breathinqitfogendoped Co%
during hydrogen treatment. As shown in Figure 11, all the XRD patterns can be indexed to pure CoS
with a cubic structure (JCPDS No.-4471). Then XPS was employed to analyze the chemical
bonding states of each element on the suyfae fitting parameterareshown in Table 4. Figure 12A
shows the Co 2p peak noftrogerdoped Cog which consists of six multiple peaks arising fréime
Co’" oxidation states (779.1 and 794.3 eV),?Coxidation states (781.5 and 798.7 eV), and satellite
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peaks (786.5 and 803.3 eV). In comparison, the core level spectrilma @b 2p region of NMCoS-
400 has four peaks without doutsleThe core level spectrum tie S 2p region is divided into two
spinorbit doublets (Figure 12B). The first doubistobserved at approximately 161.7 and 162.6 eV,
corresponding to the S 2pand S 2p- orbitals of terminakulfur (as shown in Figure 13). The second
doubletis observe at approximately 162.9 and 164.1 eV, suggesting the existence of brsddfing

or apicalsulfur.[42] The datashows a clear monotonic trend, in which decreasing nitrogemntent
resuls in an increased terminasulfur ratio. A decreas in terminal sulfur indicates anincreasein
terminal cobalt or terminal nitrogen. The former can provide more active asitk the laer can
activate more adjacent cobalt, both resultingan improvement of electrochemical activity toward
OER]20, 21] This may expla the electrochemical difference between various nitrogen containing
samples. In addition, N 1s spectra verify the change of chemical bonding states aloagledtbase

in nitrogen (Figure 12C).
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Figure 11. XRD patterns of MC0S-400, Ni-C0oS-400, N>-C0S-400, N-C0oS-400 and N-CoS-
400.

Table 4.Fitting parameters used for the decomposition of Co 2p and S 2p XPS spectra
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Figure 12. XPS spectra of NCo$-400 (a), Ns-C0$-400 (b), N-C0$-400 (c), N-CoS-400 (d) and
No-C0S-400 (e).

We further examined the morphology different nitrogendoped samples. When treated with
hydrogen (5%) at 40C€ for 20 min, the obtained3NC0$-400 sample shows a similar morpholdgy
Ns-C0S-400 (Figure 13). When the reaction tinge extendedo 40 min, the obtained nanowires
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become rougheand some of them break dowrto small pieces (Figure 14). When the reaction time
is 60 min, even the NCoS-400-Heo becomes rougher thahat ofthe precursofFigure 15). After
sulfidation, the nanowires in MC0$-400 aggegateforming a sheetlike morphology and solid
nanoparticles in the sheet can be clearly observed (Figure 14). Further increasiaction time to
120 minshows thatthe aggegationbecomes more seriouand somedarge nanoparticlesegin to
appear (Figure 16). Theabove morphology change seem to also be responsible for the
electrochemical difference. During OER, the morphologyedénce mainly affects thaumber of
active sita. In light of the above resultsve further examined the ECSA of different samples. As
shown in Figure 17, NCoS-400 showghe largest ECSA, while the NC0$-400 showghe smallest
value. Combimg the SEM and ECSA results, the differencenuimber ofactive siteis not a key
factor for the electrochemical activity in this situation. The electrochemical performance is largely
related to ion diffusion and charge transfer kirsgtmd EISprovides compelling evidence to describe
the properties of an OER electrode.

Figure 13.SEM images of HC0$-400-Hx (A, B) and N-Co$-400 (C, D).

Figure 14.SEM images of }C0S-400-Hao (A, B) and N-C0S-400 (C, D).



