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S@N-doped-carbon composites
via a ZnS-amine precursor vacuum pyrolysis route†

Wen-Hua Liao,ab Qian-Qian Hu,b Min Cheng,ab Xiao-Hui Wu, a Guang-Hao Zhan,bd

Rui-Bo Yan,ab Jian-Rong Li *c and Xiao-Ying Huang *b

ZnS/carbon nanocomposites have potential electrochemical applications due to their improved

conductivity and more active sites through modification of the carbon materials. Herein, we report

a facile method to synthesize the nanocomposites comprising ZnS nanoparticles and nitrogen-doped

carbon (ZnS@NC). The inorganic–organic hybrid ZnS-amine material ZnS(ba) (ba ¼ n-butylamine) is

synthesized on a large scale by a reflux method, which effectively shortens the reaction time while

maintaining the high yield compared with the solvothermal method. Then ZnS(ba) is used as precursor

for obtaining ZnS@NC nanocomposites via a vacuum pyrolysis route, in which the content of carbon and

nitrogen can be controlled by adjusting the pyrolysis temperature. Further, a series of ZnS-amine hybrid

materials ZnS(ha), ZnS(en)0.5 and ZnS(pda)0.5 (ha ¼ n-hexylamine; en ¼ ethylenediamine; pda ¼ 1,3-

propanediamine) are synthesized and used as precursors for the preparation of ZnS@NC materials,

indicating the universality of this method. Moreover, the as-synthesized ZnS@NC materials exhibit

remarkable lithium storage performance with outstanding cycling stability, high-rate capability and

remarkable pseudo-capacitance characteristics.
Introduction

ZnS, a typical wide-bandgap II–VI compound semiconductor,
has been prepared in the form of various nanomaterials/
nanostructures with potential applications in luminescence,
catalysis, electronics, nanodevices, etc.1 Among them, ZnS/
carbon nanocomposites (ZnS/C) are of particular interest in
electrochemical applications due to their improved conductivity
and more active sites through modication of the carbon
materials2–6 For instance, nitrogen-doped carbon (NC) has been
used to modify nano ZnS to form ZnS/NC nanocomposites that
can be applied as anode materials for lithium-ion batteries
(LIBs)5,7,8 or sodium-ion batteries (SIBs).5,6,9,10 In general, the
ZnS/C nanocomposites can be prepared by compositing ZnS
with a pre-prepared carbon source such as graphite,11 graphite
oxide,12–14 reduced graphene oxide15 and carbon nanotubes.16–18

Another method is to carbonize a specic precursor such as
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a metal organic framework (MOF)19–22 and polymerize with
embedded nano ZnS.9,22–24 Although much progress has been
made, there are still some limitations in the preparation of ZnS/
C nanocomposites, such as harsh experimental conditions and
laborious synthetic procedures.7,16,25,26 In particular, when
preparing the ZnS@NC nanocomposites, nitrogen-richMOF19–22

or polymers9,23,24 as precursors should be prepared rst.
Therefore, it is much needed to develop facile and efficient
methods for the synthesis of ZnS@NC nanocomposites.

A class of II–VI based inorganic–organic hybrid nanostructures
constructed from II–VI nanolayers andmono- or diamines, namely
(MQ)n(amine) (MQ¼ ZnTe, ZnSe, ZnTe, CdSe, CdS, etc.) have been
developed,27 which have turned out to be excellent low-cost
precursors for constructing functional II–VI semiconductor nano-
materials.1 For instance, ZnS-amine hybrids can be converted into
ZnS nanomaterials by heat treatment under various atmospheres
or vacuum condition28–33 or via mild-solution chemistry
approaches.34–36 However, due to the easy release properties of
organic amines, these methods generally are inapplicable of con-
verting ZnS-amine directly into ZnS@carbon composite materials.
Instead, additional carbon or nitrogen sources are needed. For
instance, Yu et al.37 obtain the ZnS@C nanosheets from the
precursor of ZnS(DETA)0.5 (DETA ¼ diethylenetriamine) by CVD
method using acetylene as the carbon source. Are there any suit-
able methods that can give full play to the advantages of ZnS-
amine hybrids in preparing ZnS@C nanocomposites?

Vacuum pyrolysis route can be a perfect candidate method to
convert ZnS-amine into ZnS@carbon composites. In fact,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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vacuum pyrolysis route has been applied to construct various
carbon materials like exible and self-supporting P-doped
carbon cloth,38 S/N co-doped graphene,39 B,N-co-doped gra-
phene,40 and C3N.41 As far as we know, however, vacuum
pyrolysis route has not yet been applied to convert ZnS-amine
hybrids into ZnS/nitrogen-doped carbon composites. Herein,
we synthesize ZnS(ba) (ba ¼ n-butylamine) hybrids with high
yield and high efficiency by a simple reux method. The ob-
tained ZnS(ba) hybrid is effectively converted into the nano-
composites comprising ZnS nanoparticles and nitrogen-doped
carbon (ZnS@NC) by the vacuum pyrolysis route. As a result, the
problem of poor conductivity of bare ZnS is solved and more
active sites are created on defect-carbon, both of which are
benecial to the electrochemical properties of ZnS based
composites. The content of N-doped carbon layer can be
controlled by adjusting the pyrolysis temperatures. Indeed, the
synthesized ZnS@NCmaterials with various content of N-doped
carbon layer show different electrochemical performances
when applied as LIBs anodes. What's more, preliminary explo-
rations indicate that this method can also be applied to the
transformation of ZnS(ha), ZnS(en)0.5, ZnS(pda)0.5 (ha ¼ n-hex-
ylamine; en ¼ ethylenediamine; pda ¼ 1,3-propanediamine)
hybrids into ZnS@NC materials, implying the universality of
this method for preparing metal chalcogenide/C
nanocomposites.

Experimental
Synthesis of ZnS(ba), ZnS(ha), ZnS(en)0.5 and ZnS(pda)0.5 by
reux method

ZnS(ba). In a typical reaction, 0.32 g (10 mmol) of sulfur
powder, 2.73 g (20 mmol) of zinc chloride and 70 mL of n-
butylamine (ba) were added to a 100 mL round bottom ask.
Aer heating in an oil bath at 65 �C in N2 atmosphere for 4 h
with a magnetic stirring of 500 rpm, the mixture was cooled
down to room temperature (RT) naturally with a continuous
stirring. The obtained white powder was washed several times
with water and ethanol and collected by centrifugation. The
target product ZnS(ba) was obtained aer drying in vacuum at
60 �C, named as Exp-ZnS(ba). Yield, 1.20 g.

ZnS(ha). The synthetic process of ZnS(ha) is very similar to
that for ZnS(ba), except that the 70 mL of n-butylamine was
replaced by 60 mL of n-hexylamine (ha) in the reaction, named
as Exp-ZnS(ha). Yield, 2.1621 g. The reported ZnS(ha)42 is named
Rep-ZnS(ha).

ZnS(en)0.5. The synthetic process of ZnS(en)0.5 is very similar
to that of ZnS(ba), except that the 70 mL of n-butylamine was
replaced by 30 mL of ethylenediamine (en) in the reaction, and
the reaction temperature is adjusted to 160 �C, named as Exp-
ZnS(en)0.5. Yield, 1.031 g. The reported ZnS(en)0.5 43 is named
Rep-ZnS(en)0.5.

ZnS(pda)0.5. 0.64 g (20 mmol) of sulfur powder, 5.45 g (40
mmol) of zinc chloride and 40 mL of 1,3-propanediamine (pda)
were added to a 100 mL round bottom ask. Aer heating in an
oil bath at 140 �C for 4 h under themagnetic stirring of 500 rpm,
the mixture was cooled naturally with a continuous stirring. The
obtained white powder was washed several times with water and
© 2021 The Author(s). Published by the Royal Society of Chemistry
ethanol and collected by centrifugation. The target product
ZnS(pda)0.5 was obtained aer drying in vacuum at 60 �C,
named as Exp-ZnS(pda)0.5. Yield, 3.214 g. The reported
ZnS(pda)0.5 44 is named Rep-ZnS(pda)0.5.
Synthesis of ZnS(ba) by solvothermal method

In a typical reaction,42 0.032 g (1 mmol) of sulfur powder, 0.273 g
(2 mmol) of zinc chloride and 4 mL of n-butylamine were added
to a 20 mL stainless steel reactor with a Teon liner which was
then heated at 120 �C for 6 days and cooled naturally to room
temperature. The obtained white powder was washed several
times with water and ethanol and collected by centrifugation.
Finally, the target product ZnS(ba) was obtained aer drying in
vacuum at 60 �C, named as Rep-ZnS(ba). Yield, 0.116 g.
Synthesis of ZnS@NC materials

The obtained ZnS(ba) (20–50 mg) was encapsulated in a quartz
tube with diameter of 10 mm and length of ca. 15 cm which was
then evacuated and sealed. The tube was heated to a certain
temperature with a heating rate of 2 �C min�1, which then was
kept at the certain temperature for 2 h in a muffle furnace. The
products obtained by pyrolysis at 500, 600 and 700 �C are
denoted as ZnS@NC-L, ZnS@NC-M and ZnS@NC-H,
respectively.

Similarly, the obtained ZnS(ha), ZnS(en)0.5 and ZnS(pda)0.5
were sealed in a quartz tube aer being evacuated, then, the
ZnS@NC-1, ZnS@NC-2 and ZnS@NC-3 materials were obtained
by pyrolysis at 700 �C for 2 h with the heating rate of 2 �Cmin�1.
Synthesis of bare ZnS

Bare ZnS was obtained by pyrolysis of ZnS(ba) at 600 �C for 2 h
with the heating rate of 2 �Cmin�1 under an argon atmosphere.
Materials characterizations

X-ray diffraction (XRD) patterns were performed on a Rigaku X-
ray MiniFlex II diffractometer with Cu Ka radiation with the
range of 3 to 60� under 30 kV, 15 mA and l ¼ 1.5418 Å. Infrared
Spectroscopy (IR) spectra were measured by an instrument of
Vertex 70 FT-IR. Thermogravimetric analysis (TG) was investi-
gated on a NETZSCH STA449F3 unit at heating rate of 10
K min�1. Elemental analysis (EA) was measured by ELE-
MENTAR VARIO EL CUBE. The morphology was investigated by
Field Emission Scanning Electron Microscope (FESEM) on a SU-
8010 operating at 5 kV, and Transmission Electron Microscope
(TEM) and High Resolution Transmission Electron Microscope
(HRTEM) on a FEI Tecnai F20 operating at 200 kV. Raman
spectra were measured by using a FTIR-Raman spectrometer
(Horiba LabramHR800 Evolution) with a wavelength of 532 nm.
X-ray photoelectron spectroscopy (XPS) was conducted on
a Thermo Fisher ESCALAB 250Xi by using an Al Ka (l¼ 8 Å, hy¼
1486.6 eV) X-ray source without any etching. Nitrogen
adsorption/desorption isotherms were measured with an ASAP
2020 based on the Brunauer–Emmett–Teller (BET) method.
RSC Adv., 2021, 11, 33344–33353 | 33345
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Electrochemical measurements

Electrochemical measurements were performed with CR2032
coin-type cells. The working electrodes consisted of the active
material (80 wt%), carbon black (10 wt%) and the PVDF binder
(10 wt%). The mass loading on the surface of the copper foil
with a diameter of 12 mm was ca. 0.9 mg cm�2 (weight of ca. 1
mg). Lithium foil was used as the counter and reference elec-
trode, and Celgard 2325 membrane was used as the separator.
The electrolyte was 1 M LiPF6 in ethylene carbonate/dimethyl
carbonate/diethyl carbonate (1 : 1 : 1 in volume) with a 5 vol%
uoroethylene carbonate. Electrochemical measurements were
performed on a LAND 2001A test system with the voltage range
of 0.05–3.00 V at 30 �C. The electrochemical impedance spec-
troscopy (EIS) with an alternating current amplitude of 5 mV,
frequency ranging from 1 Hz to 100 kHz and cyclic voltammo-
gram (CV) with the voltage range of 0.05–3.00 V was performed
on a CHI660E electrochemical workstation.
Results and discussion

In literature, ZnS(ba) was synthesized by the solvothermal
method,31,42 while here we use the reux method. The compar-
isons of the products and corresponding XRD patterns for
ZnS(ba) synthesized via different methods are presented in
Fig. 1(a) and (b), respectively. Obviously, the reuxmethod37 can
be applied to the synthesis of ZnS(ba) in a larger scale with
greatly increased yield (1.20 g, 70.3% via the reux method &
0.116 g, 65.0% via the solvothermal method). Moreover, as
stirring can accelerate the mass transfer process of the reac-
tants, the reaction time is also largely shortened, that is, a few
hours via the reux method versus several days via the sol-
vothermal method. In order to further verify the successful
synthesis of ZnS(ba) by the reuxmethod, infrared spectroscopy
(IR) and thermogravimetric analysis (TG) are carried out. It is
clear shown in Fig. 1(c) that the vibration bands arising from C–
N, –CH3 and –CH2 in the ba are located at about 1063, 2872 and
Fig. 1 Photos (a), and XRD patterns (b) for samples of ZnS(ba) obtained
via solvothermal method (Rep-ZnS(ba))and reflux method (Exp-
ZnS(ba)). (c) IR spectra, and (d) TG curve of as-prepared ZnS(ba) by the
reflux method.

33346 | RSC Adv., 2021, 11, 33344–33353
2924 cm�1, respectively, which is consistent with the results of
reported ones.30,31 In Fig. 1(d), the actual weight loss of the
product from RT to 600 �C is almost consistent with the theo-
retical one (exp. ¼ 41.5 wt% vs. calac. ¼ 42.8 wt%), corre-
sponding to the escape of ba. In a word, larger-scale and fast
synthesis of ZnS(ba) with high yield and high purity can be
achieved by the facile reux method.

Then vacuum pyrolysis route was applied to obtain the
nanocomposites comprising ZnS nanoparticles and nitrogen-
doped carbon. Fig. 2 shows the XRD patterns of ZnS@NC-L,
ZnS@NC-M, and ZnS@NC-H. The peaks located at ca. 26.9, 28.5,
30.5, 39.6, 47.6, and 51.8� can be indexed to the (100), (002),
(101), (102), (110), and (103) crystal planes of Würtzite ZnS (PDF:
36-1450), respectively. Notably, no diffraction peaks from
carbon are observed in the ZnS@NC composites due to the low
crystallinity and diffraction intensity of carbon. However, the
presence of carbon is veried by EA and TEM.

Interestingly, it has been proven that increasing the pyrolysis
temperature under inert atmosphere will result in partial
removal of the doped nitrogen atoms in N-doped carbon-based
materials and the formation of new structural defects of ve or
seven rings.45–50 A completely different situation, however,
occurs in the vacuum pyrolysis route here. The EDS spectrum
shows obvious carbon and nitrogen peaks, which indirectly
indicates the effective conversion to N-doped carbon-based
materials (Fig. S1†). As shown in Table 1, the carbon and
nitrogen contents detected by EA of the material obtained at
500 �C are only 4.49 wt%, and 1.14 wt%, respectively. As the
temperature rises to 600 �C, the carbon and nitrogen contents
rise to 5.62 wt% and 1.31 wt%, respectively, and when the
temperature is 700 �C, the carbon and nitrogen contents further
rise to 9.79 wt% and 2.08 wt%, respectively. However, in the
open system of Ar atmosphere, the carbon content in the ZnS
material pyrolyzed at 600 �C (named as bare ZnS) is almost zero
due to that the n-butylamine is almost completely escaped
(Fig. S2 and Table S1†). It can be also seen that the weight loss in
TG process almost corresponds to the complete escape of ba
from ZnS(ba). Therefore, vacuum pyrolysis route is the key to
the transformation of ZnS(ba) to ZnS@NC with the improve-
ment of the atomic utilization rate of the precursor.
Fig. 2 XRD patterns of the ZnS@NC-L, ZnS@NC-M, and ZnS@NC-H
composites.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Elemental analysis (EA) results of ZnS@NC composites ob-
tained at different temperatures

Sample
Temperature
�C C wt% N wt% H wt%

ZnS@NC-L 500 4.49 1.14 <0.3
ZnS@NC-M 600 5.62 1.31 <0.3
ZnS@NC-H 700 9.79 2.08 <0.3
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The conversion process of ZnS(ba) to ZnS@NC through
changing calcination temperature is analyzed by SEM, Raman,
XPS and TEM. Fig. S3(a–i)† presents the results obtained from
the preliminary analysis of SEM. It shows that ZnS@NC-L,
ZnS@NC-M and ZnS@NC-H are highly similar in morphology,
exhibiting high dispersion and uniformity of particles. The
particle radius is concentrated between 30–50 nm. But subtle
differences can be observed in Fig. S3(f) and (i);† when the
particles of ZnS@NC-M are clearly distinguishable, the particles
of ZnS@NC-H slightly reunite as the temperature rises from 600
to 700 �C. This phenomenon can be conrmed in BET analysis
(Fig. S4†). The BET surface area of ZnS@NC-H (25.1 m2 g�1) is
smaller than that of ZnS@NC-M (29.0 m2 g�1). As shown in
Fig. 3(a), there is no obvious peaks can be found in the Raman
spectrums of ZnS@NC except the strong peaks at ca. 1357 and
1583 cm�1, corresponding to defect-induced D band and the
graphitic crystallite-derived G band, respectively. Studies have
shown that defect carbon can effectively improve the conduc-
tivity which is benecial to storing lithium ions.51,52 As the
Fig. 3 (a) Raman spectra of ZnS@NC-L, ZnS@NC-M, and ZnS@NC-H.
XPS spectra of ZnS@NC-M (b) and ZnS@NC-H (c). (d) TEM, (e) HRTEM
and (f) SEAD images of ZnS@NC-H.

© 2021 The Author(s). Published by the Royal Society of Chemistry
temperature increases, it can be observed that the ID/IG ratio
present a slight upward trend from ZnS@NC-L (0.96), ZnS@NC-
M (0.97), to ZnS@NC-H (1.05), indicating that more defects
generated.45,46

X-ray photoelectron spectroscopy (XPS) analysis is used to
further conrm the above result. As can be seen from Fig. S5(a–
c),† Zn, S, C and N elements are turned out to be coexisting in
the as-prepared ZnS@NC-L, ZnS@NC-M and ZnS@NC-H. The
high-resolution spectrum of Zn 2p (Fig. S5(d–f))† reveals two
strong peaks at 1045.33 and 1022.30 eV, which can be ascribed
to Zn 2p1/2 and 2p3/2, S 2p (Fig. S5(g–i))† reveals two palpable
peaks at 163.44 and 162.22 eV, which can be ascribed to S 2p1/2
and 2p3/2,5 and C 1s (Fig. S5(j–l))† reveals the peaks at 284.8 eV,
corresponding to sp2-hydridized C–C/C]C. The weight ratio of
nitrogen to carbon in ZnS@NC-L, ZnS@NC-M and ZnS@NC-H
surface is 0.029, 0.049 and 0.088, respectively, which veries
that high temperature brings more defect-carbon. Besides,
three types of nitrogen atoms are detected, namely, pyridinic-N,
pyrrolic-N and graphitic-N atoms, corresponding to locations of
binding energy at 398.3, 400.9 and 403.9 eV,53 respectively, as
shown in Fig. 3(b, c), S6† and Table 2. It is worth noting that the
percentage of graphitic-N decreases with increasing tempera-
ture, suggesting that the total amount of pyridinic-N and
pyrrolic-N that can effectively enhance the electrochemical
performance of electrode materials are increasing.54

Furthermore, TEM and HRTEM images indicate that ZnS
particles are uniformly coated with carbon layer of ca. 3.5 nm
(Fig. 3(d and e)). The lattice fringes interlayer distance of
0.33 nm agrees well with the d-spacing of (100) planes of
wurtzite ZnS. And the (100), (101), (102) planes of selected area
electron diffraction (SAED) image in Fig. 3(f) is well-indexed as
pure Würtzite phase ZnS.

Similarly, Würtzite ZnS is also obtained by vacuum pyrolysis
at 400 and 800 �C (Fig. S7; preparation information can be
found in ESI†), but H is detected by elemental analysis when the
temperature of vacuum pyrolysis is 400 �C, which may come
from undecomposed organic amines. Higher carbon and
nitrogen contents can be obtained at higher temperatures
(Table 1). Thus, the conversion process of ZnS(ba) to ZnS@NC
can be deducted in Scheme 1. When the temperature is between
200 and 400 �C, ZnS(ba) is decomposing and organic amines
escape while the ZnS nanomaterials are formed. Similar
phenomena were also observed for other ZnS-amine mate-
rials.29,30,42,55,56 Due to the sealing and vacuum buffering effect,
organic amines are trapped in the quartz tube and ll the
surface of ZnS. When the temperature is higher than 400 �C,
part of the organic amines on the surface of ZnS gradually crack
into N-doped carbon lms and then wrap on the surface of
Table 2 The values of three types of nitrogen tested by XPS

Sample
Pyridinic-N
[wt%]

Pyrrolic-N
[wt%]

Graphitic-N
[wt%]

ZnS@NC-L 51.84 24.83 23.3
ZnS@NC-M 58.94 27.66 13.4
ZnS@NC-H 55.07 38.87 6.04

RSC Adv., 2021, 11, 33344–33353 | 33347
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Scheme 1 Illustration of the transformation process of ZnS(ba) to different ZnS@NC composites through temperature control.

Table 3 EA results of the products obtained via the vacuum pyrolysis
of different ZnS-amine hybrid precursors at 700 �C

Sample Precursor C wt% N wt% H wt%

ZnS@NC-1 ZnS(ha) 21.62 3.05 <0.3
ZnS@NC-2 ZnS(en)0.5 5.31 1.4 0.33
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nano-ZnS. Temperature control is the key to the induction of
carbon, nitrogen component and the structure of the carbon
network in the sealed system: (i) higher temperatures will
promote carbonization of the organic components leading to
the rising of the content of C and N; (ii) with a higher temper-
ature, defect carbon increase; (iii) compared to graphitic-N,
pyridinic-N and pyrrolic-N are easier to form at high
temperatures.

To conrm the potential of the vacuum pyrolysis in the
efficient transformation of ZnS-amine materials to ZnS@carbon
materials, a series of ZnS-amine materials (ZnS(ha), ZnS(en)0.5
and ZnS(pda)0.5) are synthesized by the reux method with high
yield. As shown in Fig. 4(a–c), the obtained Exp-ZnS(ha), Exp-
ZnS(en)0.5 and Exp-ZnS(pda)0.5 are of high purity, which is
conrmed by TG (Fig. S8†). It further veries that the reux
Fig. 4 (a) XRD patterns of Rep-ZnS(ha),42 Exp-ZnS(ha), ZnS@NC-1; (b) X
patterns of Rep-ZnS(pda)0.5,44 Exp-ZnS(pda)0.5, ZnS@NC-1. TEM images o

33348 | RSC Adv., 2021, 11, 33344–33353
method is an efficient way towards the large-scale synthesis of
ZnS-amine hybrids. Subsequently, these three materials were
adopted to the vacuum pyrolysis at the pyrolysis temperature of
700 �C. The ZnS@NC composites are obtained from the pyrol-
ysis of Exp-ZnS(ha), Exp-ZnS(en)0.5 and Exp-ZnS(pda)0.5, in
which the contents of carbon and nitrogen are investigated by
RD patterns of Rep-ZnS(en)0.5,43 Exp-ZnS(en)0.5, ZnS@NC-2; (c) XRD
f ZnS@NC-1 (d, e) and ZnS@NC-3 (f, g) via the vacuum pyrolysis route.

ZnS@NC-3 ZnS(pda)0.5 7.32 2.96 <0.3

© 2021 The Author(s). Published by the Royal Society of Chemistry
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EA (Fig. 4(a–c) and Table 3). At the same pyrolysis temperature,
carbon and nitrogen content of ZnS@NC depends on the type of
the organic amine of the ZnS-amine precursors. For instance,
since the alkyl chain of n-hexylamine is longer than that of n-
butylamine, the ZnS@NC-1 with higher carbon or nitrogen
content can be obtained from ZnS(ha) with respect to ZnS@NC-
H from ZnS(ba). Further, TEM images verify that zinc sulde via
vacuum pyrolysis from ZnS(ha) and ZnS(pda)0.5 was tightly
coated with carbon layer, and the carbon layer was thicker in the
case of ZnS(ha), which is well consistent with the results of EA
(Fig. 4(c–g) and Table 3).

In a word, the above results indicate the universality of this
method for preparing ZnS@NC nanocomposites. What's more,
a comparison of the current synthetic strategies of ZnS/NC
nanocomposites is presented in Table S2.† Some of them are
based on additional carbon and nitrogen source,5–7,9,57 which
may suffer from ponderous synthetic procedures, while some of
them are limited to expensive nitrogen-rich MOF raw materials
when selecting heat treatment of an inert atmosphere,21,26,58 and
sometimes further sulfuration is needed.26 Although the
vacuum pyrolysis has been successfully applied to synthesize
ZnS quantum dots@multilayered N-doped carbon matrix by
using the nitrogen-rich MOF as the precursor, the subsequent
sulfuration is indispensable.8 By contrast, in this work we use
the vacuum pyrolysis route to convert ZnS-amine hybrids to
ZnS@NC via a one-pot pyrolysis.

The obtained ZnS@NC composites are then evaluated as
LIBs anode materials to exploit their electrochemistry applica-
tion. All of the electrochemical impedance spectra (EIS) are
composed of a depressed semicircle in the high frequency
region (interface resistance), a semicircle in the middle to high
frequency region (charge-transfer resistance), and an oblique
line in the low-frequency domain (semi-innite Warburg
diffusion resistance) (Fig. S9†). The Nyquist plots show that the
semicircles of ZnS@NC-M and ZnS@NC-H in the middle to high
frequency are much smaller than that of ZnS@NC-L, illustrating
the charge transfer resistance (Rct) decreases with the increasing
of nitrogen doped carbon content. In Fig. 5(a–c), the ZnS@NC-L,
ZnS@NC-M and ZnS@NC-H electrode deliver an initial
discharge capacity of 1250, 1234 and 949 mA h g�1 at 0.1 A g�1,
respectively. This may be due to the inevitable increase in low-
capacity and low-active components when increasing the
carbon component to improve conductivity. Similar results can
be found in FeS/carbon bers anodes.59 But the important role
to achieve high reversible capacity of N-doped carbon materials
gradually appears aer the second cycle. Fig. 5(d) shows that
a great cycling stability at a current density of 0.1 A g�1 between
0.05 and 3.0 V is observed for ZnS@NC-M and ZnS@NC-H while
fast decay is found in ZnS@NC-L. With activation of N-doped
carbon materials, ZnS@NC-M and ZnS@NC-H exhibit
discharge capacities of 823 and 800 mA h g�1, respectively, aer
200 cycles. By contrast, without carbon coating, bare ZnS show
an extremely low discharge capacity of 155 mA h g�1 (Fig. S10†).
Analogously, ZnS@NC-L with slight amount of N-doped carbon
cannot effectively exert its lithium storage performance. High
power densities in LIBs usually correlate with good rate
performance. Fig. 5(e) plots the rate performance of ZnS@NC
© 2021 The Author(s). Published by the Royal Society of Chemistry
materials. It depicts reversible capacities over ZnS@NC-H of ca.
770, 702, 610, 536, 452 and 304 mA h g�1 at a current density of
0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 A g�1, respectively. Even at
extremely high current density of 10 A g�1, ZnS@NC-H still
maintains a reversible capacity of 200 mA h g�1. But in the case
of less N-doped carbon, the capacity decays signicantly with
the increase of current density from 0.1 to 10 A g�1, especially
for sample ZnS@NC-L. Therefore, increasing a certain amount
of N-doped carbon of the wrapping layer may be benecial for
ZnS electrodes to achieving the ability of fast charging and
discharging during cycling at high current densities.

Cyclic voltammogram technology is used to explore the
electrochemical reactions. Fig. 6(a) shows the CV curves of
initial three cycles for the ZnS@NC-H at 0.05–3 V vs. Li+/Li with
the scan rate of 0.2 mV s�1. In the rst cathodic scanning cycle,
a broad peak at around 0.5 V belongs to the reaction of ZnS to
Zn (or LixZn) and formation of solid electrolyte interphase lm
on the electrode surface which cause partial capacity
consumption.60 During the anodic scanning cycle, three faint
peaks between 0.3–0.7 V are related to the dealloying reaction of
lithium-zinc alloy showing a multistep delithiation reaction.60–62

And the strong peak at ca. 1.4 V can be ascribed to regenerated
ZnS from Zn.60,63 The reduction and oxidation peaks are high
coincident aer the second cycle. However, in the case of trace
coating, great difference can be found in bare ZnS. It is when
reproducing ZnS that they exhibit extremely poor cycle stabili-
ties (Fig. S11†).

To further gain the reason for the outstanding rate perfor-
mance of ZnS@NC-H anode material, the CV curves with
different scan rates range from 0.2 to 2.0 mV s�1 between 0.05
and 3 V are shown in Fig. 6(b). With increasing scan rate,
a slightly positive shi in the anodic peaks is caused by the
polarization effect during the cycling process.64 The linear
change of peak current implies the existence of capacitive
control. Pseudocapacitance is an important parameter to
quantify the electrochemical kinetics. Diffusion behavior and
pseudo-capacitance behavior can be judged through different
scan rate (v) and different currents (i) based on formulas (1) and
(2).65,66

i ¼ avb (1)

log i ¼ b log v + log a (2)

Essentially, b ¼ 1 means that the contribution is completely
capacitive, b ¼ 0.5 represents a fully diffusion-controlled
contribution, and 0.5 < b < 1 implies the capacity comes from
the capacitive and diffusion-controlled contributions. In
current experiments, the b value of peak I and peak II can be
tted to be 0.78 and 0.65, respectively, as shown in Fig. 6(c),
indicating that the ZnS@NC-H electrode exists pseudocapaci-
tance behavior during charging and discharging, leading to
high-rate performance.67

To distinguish its contribution, the capacitive and diffusion
process are able to be quantied at specic scan rate by formula (3).68

i(v) ¼ k1v + k2v
1/2 (3)
RSC Adv., 2021, 11, 33344–33353 | 33349
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Fig. 5 Galvanostatic charge–discharge profiles at a current density of 0.1 A g�1 of ZnS@NC-L (a), ZnS@NC-M (b), ZnS@NC-H (c). (d) Long cycling
performances at a current density of 0.1 A g�1, (e) rate performances of ZnS@NC-L, ZnS@NC-M and ZnS@NC-H.

Fig. 6 Electric properties of ZnS@NC-H. (a) Cyclic voltammogram
curves of initial three cycles at a scan rate of 0.2 mV s�1 between 0.05
and 3.0 V vs. Li/Li+. (b) CV curves at different scan rates of 0.2, 0.3, 0.5,
1.0, 1.5, 2.0 mV s�1. (c) b-Value analysis based on the relationship
between the peak currents and the scan rates. (d) Normalized
contribution ratios of pseudocapacitance (in color) and diffusion-
controlled (in gray) capacities at different scan rates.
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where v is scan rate, k1 and k2 are variable parameters. The
measured current can be divided into two parts, that is, one part
originates from pseudocapacitance contribution (k1v), and the
other part comes from diffusion behavior contribution (k2v

1/2).
Fig. 6(d) displays the normalized contribution ratio of pseudo-
capacitance and diffusion-controlled capacities at the scan rate
of 0.2, 0.3, 0.5, 1.0, 1.5 and 2.0 mV s�1. An increasing trend in
the pseudocapacitance contribution is apparent when scan rate
rises. And the contribution reaches up to 76.7% when the scan
rate gets to 2.0 mV s�1. The results prove that metal
33350 | RSC Adv., 2021, 11, 33344–33353
chalcogenides-amine hybrid nanomaterials can be used as
a precursor to obtain a lithium-ion battery anode material with
excellent performance through a reasonable conversion route.
Conclusions

In summary, we have effectively synthesized the ZnS(ba) mate-
rial on a large scale by the reux method. The materials of ZnS
coated with N-doped carbon in diverse contents are created
from ZnS(ba) hybrids through a vacuum pyrolysis route at
different pyrolysis temperatures. The detailed conversion
process is deducted. Various ZnS-amine materials of ZnS(ha),
ZnS(en)0.5 and ZnS(pda)0.5 are synthesized to conrm the effi-
cient transformation of ZnS-amine hybrid to ZnS@NC by the
vacuum pyrolysis route. Besides, the synthesized ZnS@NC-H
LIBs anode material exhibits an outstanding cycling stability
and high rate capability. It can achieve a high reversible capacity
of 800 mA h g�1 at the current of 0.1 A g�1 aer 200 cycle, and
keep a high capacity of 200 mA h g�1 even at a rate of 2.0 A g�1.
The obtained ZnS@NC-Hmaterial emerges remarkably pseudo-
capacitance characteristics.
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