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The in situ formation of ZnS nanodots embedded in honeycomb-like
N-S co-doped carbon nanosheets derived from waste biomass for use
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Abstract:

A nanocomposite of zinc sulfide nanodots imbedded in honeycomb-like N-S co-doped carbon nanosheets (ZnS/NS-

CN) was synthesized from waste biomass orange peel using ZnCl, as the hard template and zinc source, and melamine and thiourea

as the respective nitrogen and sulfur sources. When used as the anode material in Li-ion batteries, ZnS/NS-CN has a high reversible

capacity (853.5 mAh g at 0.1 A g after 300 cycles), an excellent long-term cycling stability (70.1% capacity retention after
1 000 cycles at 5 A g ') and an outstanding rate capability. Besides, a ZnS/NS-CN//LiNiCoMnO, full cell tested at 0.5-4 V has an ex-
cellent battery performance (140.4 mAh g at 0.2 C after 150 cycles with an energy density of 132.4 Wh kg ™).
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1 Introduction

Enormous efforts have been devoted to the de-
velopment of new energy storage devices, among
which, rechargeable batteries such as LIBs have been
extensively investigated as one of the most promising
candidates for powering electronics due to their desir-
able theoretical capacity, high energy density, satis-
factory reversibility and reasonable manufacturing
cost. Nevertheless, some challenges like the actual ca-
pacity being generally far below the theoretical value,
the instability under high current conditions, and the
pollution caused by raw materials, paint a grim pic-
ture for the future of LIBs!'" . Therefore, the explora-
tion of suitable electrode materials for realizing the
next-generation of LIBs continues to be a hot re-
search topicl®"!.

Carbon materials (such as graphite, porous car-
bon and graphene) have numerous advantages that in-
clude low price, high electrical conductivity, lower

working voltage (vs. Li/Li") and good cycle stability,
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which have widely contributed to the growth of com-
mercialized LIBs. Nevertheless, the relatively low
specific capacity (<372 mAh g ') and inferior rate
capability still hinder their further application in the
next-generation high performance energy storage
devices!® " . Meanwhile, a series of metal oxides,
sulfides, selenides and phosphides with high theoretic-
al specific capacity and abundant resources have been
researched as electrode materials of LIBs. But their
cycling stability and rate performance are less than
satisfactory, mainly due to their poor electronic con-
ductivity and the structural collapse of electrodes
triggered by huge rate of volume change during elec-
trochemical cycling.

In regard to the above issues, one of the effect-
ive strategies is to combine these transition metal
compounds with carbon materials, which can not only
integrate their advantages, but also make up for their
shortcomings. There have been many successful ex-
amples of preparing transition metal compounds/car-

bon materials composites with high capacity, good
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rate performance and cycle stability when applied as
LIBs electrode materials. For instance, He et al.l'”
synthesized carbon-encapsulated Fe,O, nanoparticles
uniformly embedded in porous 2D graphitic carbon
nanosheets with the help of NaCl particles, the elec-
trode material showed outstanding cycling stability at
a high rate (556 mAh g ' at 10 C after 350 cycles).
Zhang et al."'" synthesized Ni,S, inside CMK-3 by us-
ing SBA-15 as the template. CMK-3-Ni,S, displays a
high capacity of 520 mAh g after 100 cycles at
1 A g'. Ding et al."” prepared N-doped multi-shelled
hollow Co,0,@carbon microspheres electrode which
exhibits an ultra-high reversible capacity of 1 701
mAh g at 0.1 A g' after 60 cycles. These examples
elucidate the importance of preparation methods and
the morphologies of the composites for preparing
high-quality carbon/transition metal compound com-
posite electrode materials for LIBs. Only by giving
full play to the advantages of the two materials, can
the best synergistic effect be achieved.

Recently, biomass-based carbon materials have
attracted extensive attention due to their biodegradab-
ility, non-toxicity, regeneration and low cost™ ', As
carbon precursors, biomass materials usually have
naturally porous or hierarchical structures. Through a
direct pyrolysis treatment, these structures can be in-
herited, which can enlarge solid-liquid contact area
and speed up ion migration during the electrochemic-
al process'" ", At the same time, the defects such as
vacancies, edges and heteroatoms can be introduced
into the biomass-derived carbon, resulting in more
active sites and an improved electric conductivity of
the material. Moreover, many biomass materials are
recycled from wastes in the traditional industrial and
agricultural production processes, so the research and
utilization of biomass materials are beneficial to the
development of sustainable green and clean ener-
gy[zole]'

In this work, waste biomass material was em-
ployed as the carbon source precursor. The ZnS/N-S
co-doped carbon nanocomposite was successfully

synthesized by the calcination of the mixture of or-

ange peels powder, melamine, thiourea and ZnCl,,
and then by an etching treatment in hydrochloric acid
to remove excess impurities. Through careful design
of the preparation process, ZnS with the nano-dot size
is embedded in N, S co-doped carbon nanosheets. It
not only increases the electrochemical capacity of the
anode material, but also avoids the large volume vari-
ation of ZnS under the electrochemical process, and
enhances the cycle stability and rate performance of

the composite material.

2 Experimental

2.1 Sample preparation

For the synthesis of hierarchical honeycomb-like
ZnS nanodots/N-S co-doped carbon nanosheets, the
orange peels were washed first and dried in a freeze
dryer afterwards for 12 h. They were then ground into
a fine powder (~ 50 pm) by a mechanical grinder to
make orange peel powder.

After that, 1 g of dried orange peel powder was
evenly dispersed into 50 mL of deionized water, and
then 0.5 g melamine and 0.5 g thiourea dissolved in
deionized water of 50 mL were put into the above sus-
pension and agitated at 25 °C for 2 h. Then, the mix-
ture was dried up at 60 °C in a constant temperature
oven. The dried mixture was ground together with
3.0 g ZnCl, and sintered at 900 °C for 2 h in an Ar at-
mosphere at 5 °C min'. The final product, ZnS/NS-
CN was collected after an etching treatment in
3.0 mol L™" HCI solution for 24 h. For comparison,
pure N-S co-doped carbon nanosheets material (NS-
CN) was prepared through the above procedure
without the presence of ZnCl,. And bare orange peel
biomass carbon (OPBC) was also obtained by direct
carbonization of the orange peel powder without any
chemicals, followed by an acid-washing.

2.2 Characterizations

SEM (Hitachi S-4800, Japan) and TEM (JEM-
2100F, Japan) were employed to investigate the mor-
phologies and microstructure. HRTEM and EDS map-
ping were acquired with an energy dispersive spectro-

meter on the TEM machine mentioned above. X-ray
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powder diffraction (XRD, Bruker D8 Advance, Ger-
many, Cu-Ko radiation source) was conducted for
crystalline structural analysis. The Micromeritics in-
strument (Tristar ASAP 2020m USA) was employed
to evaluate the specific surface area and the pore size
distribution of the obtained material. XPS data were
processed with an ESCALAB250Xi XPS spectromet-
er using Al Ko radiation as the X-ray source. Thermo-
gravimetric analysis (TGA) was used to determine the
N-S co-doped C and ZnS contents of the final com-
posite in an air atmosphere.
2.3 Electrochemical measurements
Electrochemical tests were conducted in 2032
type coin cells which were composed of the obtained
electrode, a polypropylene membrane (Celgard) as a
separator, and a Li foil as the counter electrode,
1 mol L' LiPF; dissolved in EC/DEC (1 : 1 vol ratio)
as electrolyte. The cell assemblies were conducted in
an Ar-filled glovebox with extremely low water and
oxygen content. The anode electrodes were prepared
by uniformly coating dense slurry onto a Cu foil. The
slurry was made by a mixture of active material, acet-
ylene black, and poly-vinylidene fluoride (PVDF)
binder (8:1:1 in  N-methyl-2-
pyrrolidinone (NMP) solvent. Then the electrode foil

by weight)

was dried in a vacuum oven at 60 °C for 12 h. The
mass densities of active materials in the negative and
positive electrodes were 1.5 and 9 mg cm °, respect-
ively.

The galvanostatic discharge-charge
ments were performed by a LAND-CT2001A battery
test system (Shanghai, China). CV tests were ex-

measure-

ecuted with a CHI660e electrochemical workstation.
Electrochemical impedance (EIS) analyses were per-

formed over a frequency range of 100 kHz to 0.01 Hz.
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3 Results and discussion

Fig. 1 depicts the schematic diagram of the fab-
rication of ZnS/NS-NC. First, the fresh orange peels
were thoroughly rinsed and subsequently dried in a
freeze dryer for 12 h. Through the freeze-drying of
biomass, the orange peel maintains the natural porous
structure after dehydration, which is conducive to the
insertion of thiourea and melamine solution into its
crevice. The freeze-dried orange peels were grounded
into powders and mixed with melamine and thiourea
solution. Second, the orange peel powders were
ground with melamine, thiourea and ZnCl,, forming a
homogenous precursor. Third, the mixture was heated
at 900 °C under an Ar atmosphere. After calcination at
900 °C, a large number of gases produced by the
above mixture are beneficial to the formation of por-
ous honeycomb-like carbon materials and are also fa-
vorable to the doping process of N and S into carbon.
In the pyrolysis process, the main carbon precursor or-
ange peels powder underwent a carbonization process,
along with high-temperature chemical reactions of
thiourea, melamine and ZnCl, templates. The thiourea
was first decomposed at ~ 150 °C, which not only in-
troduced the S element in the carbon matrix but also
worked as the raw material to react with Zn®" for the
formation of ZnS. At about 300 °C, the ZnCl, started
melting and a small content of ZnS was trapped in-
side the carbon nanosheets during the decomposition
of thiourea. Then the melamine also began to decom-
pose with a large production of ammonia, resulting in
favorable pores and N-doping in carbon. Meanwhile,
ZnCl, was incrementally transformed to ZnO. As the
temperature rises to 600 °C, carbon begins to form in-
situ, which could further reduce ZnO to Zn metal.

(Il) Acid etching
(3.0 mol L™" HCI, 24 h)

Intermediate product ZnS/INS-CN

& ZnS

Fig. 1 Schematic illustration for in situ formation of ZnS nanodots embedded in honeycomb-like N-S co-doped carbon nanosheets (denoted as ZnS/NS-CN)
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Sublimable Zn metal was released in the form of va-
por, forming a hierarchical porous structure contain-
ing many micro-, meso- and macro-pores. By adding
HCI to the obtained calcined product, the redundant
metal oxides and sulfides loaded on the surface of the
porous honeycomb-like carbon matrix were removed.
At the same time, ZnS dots embedded into the carbon
nanosheets were hardly etched by HCI due to the pro-
tection of the carbon nanosheets. Finally, the ZnS/NS-
CN was obtained by washing and drying in a vacuum
oven.

The detailed morphologies of OPBC, NS-CN and
ZnS/NS-CN are shown in Fig. 2. Fig. 2a-c reveals that
OPBC is a stacked block material with a smooth sur-
face. Without the addition of ZnCl,, NS-CN was ob-
tained (Fig. 2d-f), which breaks into nanosheets due to
the decomposition of melamine and thiourea. As
shown in Fig. S1, the ZnS/NS-CN before acid etching
maintains a porous structure and a rough surface
loaded with many nanoparticles. After the acid etch-

ing treatment, the images of as-obtained ZnS/NS-CN

.ml. 3;;

Fig. 2 SEM images of (a-c) OPBC, (d-f) NS-CN and (g-i) ZnS/NS-CN

in Fig. 2g-i show that the sample has a hierarchical
porous honeycomb-like structure consisting of 3D in-
terconnected carbon nanosheets.

TEM image of the ZnS/NS-CN in Fig. 3a further
confirm the porous honeycomb-like structure. The
HRTEM images in Fig. 3b and 3c demonstrate the
amorphous state of carbon and low crystalline state of
ZnS. The lattice spacing is determined to be ~ 0.271
nm, which corresponds to the (105) plane of the ZnS
phase. Unexpectedly, the carbon lattice stripes can be
seen to be more disordered and the spacings between
layers (0.421, 0.421, 0.454 and 0.487 nm) of ZnS/NS-
CN are far wider than that of graphite (0.336 nm),
suggesting the incorporation of N, S and ZnS nan-
odots increase the carbon layer spacing. Meanwhile,
HADDF-STEM was also carried out to study the ele-
mental distribution. The TEM image (Fig. 3d) and the
corresponding EDX mapping of C, N, S and Zn
clearly show that ZnS nanodots are uniformly distrib-
uted in the porous honeycomb-like nanostructure C

backbones. The constructed nanoarchitecture is cru-



553 1]

YU Qiu-xiang et al: The in situ formation of ZnS nanodots embedded in honeycomb-like N-S----+- - 547 -

100 nm 100 nm |

100 nm 100 nm
} 4 =

Fig. 3 (a) TEM image, (b,c) HR-TEM images, (d) HADDF-STEM image of ZnS/NS-CN and corresponding
elemental mapping of C (red), N (green), S (purple) and Zn (blue)

cial. The carbon matrix is beneficial to improving
overall electrode conductivity and keeping the integ-
rity of the electrode. The ultrasmall ZnS nanodots sur-
rounded by high-conductive C tend to show high lithi-
um storage activity and reduce the volume expansion
during lithiation/delithiation processes. More than
that, the porous honeycomb-like structure and the in-
corporation of N/S components are anticipated to
provide much more defects and active sites, resulting
in fast electron transport and Li-ion diffusion, thus the
electronic conductivities and total Li" storage capacit-
ies of the sample are effectively improved™.,

Fig. 4a presents the XRD patterns of the OPBC,
NS-CN and ZnS/NS-CN. The XRD patterns of both
OPBC and NS-CN have two wide peaks located at
22.0° and 44.0°, ascribed to (002) and (101) planes of
graphitic carbon, respectively. As for ZnS/NS-CN, the
peaks at 26.9°, 28.5°, 30.4°, 33.0°, 47.7°, 52.0°, 56.5°,
58.6°, 69.5°, 76.8° and 79.3° were identified to (100),
(008), (104), (105), (110), (1012), (118), (205),
(1017), (213) and (1116) of wurtzite ZnS (JCPDS No.
39-1363)**. Additionally, a broad peak of ZnS/NS-
CN is displayed at about 21°, corresponding to
amorphous carbon®. To explore the composition of
the calcined product and the role of pickling, the XRD

pattern of ZnS/NS-CN before acid etching is also ob-
tained in Fig. S2. By comparison, the peak intensity
after pickling becomes lower, and the peaks of ZnO
and part of the peaks of ZnS disappear. The chemical
composition and element valence states of ZnS/NS-
CN are verified by XPS analysis. In accordance with
the EDX mapping analysis, pronounced C 1s, N 1s, S
2p and Zn 2p peaks are noticed in Fig. 4b. The spec-
trum (Fig. 4c) of C 1s could be resolved into 3 separ-
ate peaks which are aligned with C—C (284.8 eV),
C—N/S (285.7 eV) and C—O (289.3 eV), revealing
the chemical bonding between heteroatoms and car-
bon nanosheets””. The spectrum of N 1s can be fitted
into 4 peaks, namely, the graphitic N (401.1 eV),
pyridinic N (398.4 eV), pyrrolic N (399.4 eV) and ox-
idized N (404.5 eV), as shown in Fig. 4d””. The exist-
ence of S is also depicted by the S 2p spectrum in
Fig. 4e. The peaks positioned at 161.8 eV and 162.5
eV are characteristic of S 2p,, and S 2p,, of S* in
ZnS, while the other two fitting peaks at 163.9 and
164.8 eV are assigned to C—S bonds of thiophenic S,
suggesting the successful incorporation of S-het-

eroatoms®®®!.

Furthermore, the apparent peak at
168.5 eV is ascribed to the S—O and S=O bonds

generated from sulfur oxidation in air®”. In Fig. 4f,
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Zn 2p spectrum shows 2 main peaks at 1022.4 and
1 045.5 eV which can be belonging to Zn 2p,, and
Zn2p, )"

In addition, N, adsorption-desorption isothermal
methods were conducted to further examine the spe-
cific surface areas and pore size distribution of
ZnS/NS-CN (Fig. 5a). The corresponding isotherm in
Fig. 5a can be categorized as a typical type IV iso-
therm model with an H4 hysteresis loop, indicating
the existence of porous structures. Concurrently, the
specific surface area is calculated to be 291.9 m* g
based on the N, adsorption-desorption curve. The BJH
plot in the inset displays that the diameter of the pores

mainly concentrates on ~ 1.33 and ~ 45.2 nm, which
indicates that the ZnS/NS-CN composite possesses
large number of mesoporous channels. Moreover, the
amount of NSC in ZnS/NS-CN composite was evalu-
ated by the thermogravimetric analysis (TGA) per-
formed from 24 to 900 °C at 10 °C min"' in air. As
displayed in Fig. 5b, the weight loss in area I from 24
to 270 °C mainly results from the evaporation of ad-
sorbed water. The slope line from 270 to 435 °C sug-
gests that the oxygen-containing functional groups are
dislodged from the carbon nanosheets. The evident
weight loss (area III) between 435 and 900 °C is as-

signed to the conversion of ZnS into ZnO and the
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Fig. 4 (a) XRD patterns of OPBC, NS-CN, ZnS/NS-CN. (b) XPS survey spectrum of ZnS/NS-CN. High resolution XPS spectra of (c) C Is,
(d) N Is, (e) S 2p, (f) Zn 2p of ZnS/NS-CN
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combustion of N-S co-doped carbon nanosheets.
Therefore, the content of ZnS is roughly calculated to
be 19.8% in the composite based on the amount of
ZnO in the final material composition** ",

The electrochemical properties of ZnS/NS-CN
were evaluated as electrodes for LIBs. Fig. 6a dis-
plays the CV curves of ZnS/NS-CN electrodes for the
first 4 cycles, which are acquired in a potential range
of 0.01-3.0 V at 0.1 mV s . In the initial scan, the re-
duction peaks at ~ 1.68 and 0.66 V correspond to the
voltage platforms during the first discharge process in
Fig. 6b, which is ascribed to the conversion reaction
of ZnS to metal Zn/Li,S and Zn-Li

reaction™. The small reduction peak at 1.20 V could

alloying

be related to the transformation reaction and the
growth of solid electrolyte interface (SEI) film””. In
the following anodic process, the oxidation peaks ob-
served at 0.55, 0.67 and 1.37 V are mainly assigned to
the multistep oxidation or de-lithiation process of Li-
Zn alloys and the typical reversible production of ZnS
originating from Zn and Li,S, respectively”'>*. In ad-
dition, two extra oxidation peaks at 1.89 and 2.38 V in
all probability arise from the reaction between Li,S
and S or little impurity (ZnO) mixed in the ZnS/NS-

CN composite””). It is noteworthy that the subsequent

CV profiles are highly overlapped, indicating the good
electrochemical reversibility of the ZnS/NS-CN com-
posite.

The galvanostatic charge-discharge plots of the
ZnS/NS-CN electrode for the 1%, 2™, 100", 200" and
300" at 100 mA g are presented in Fig. 6b. During
the 1 cycle, the initial discharge and charge capacit-
ies are 1 109.3 and 845.5 mAh g', with an initial cou-
lombic efficiency of 76.2%. Interestingly, with in-
creasing number of cycles, the discharge capacity de-
creases to 763.1 mAh g ' after 100 cycles and then
gradually increases back to 853.5 mAh g after 300
cycles, which can be attributed to the activation pro-
cess of ZnS dots. Moreover, the cycling behaviors of
the OPBC, NS-CN and ZnS/NS-CN electrodes at
0.1 A g' over 300 cycles are investigated in Fig. 6¢.
Not surprisingly, the OPBC shows the lowest capa-
city of 306.0 mAh g ' after 300 cycles with about 64%
capacity retention. In contrast, the discharge capacity
of NS-CN is 680.0 mAh g after 300 cycles on ac-
count of the porous honeycomb-like structure and the
co-doping of hybridizing heteroatoms (N, S). As for
the ZnS/NS-CN electrode, it delivers a larger dis-
charge capacity and superior cycle stability, which

could be assigned to a larger specific surface area and
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Fig. 6 (a) CV curves of the ZnS/NS-CN anode for the initial four cycles at a scan rate of 0.1 mV s . (b) Charge/discharge curves of the ZnS/NS-CN anode for
1,2, 100", 200", 300" cycles. Cycling performance of the ZnS/NS-CN, NS-CN and OPBC electrodes at (c) 0.1 A g™ and (f) 5 A g'. (d) Rate capabilities at
various current densities and (e) EIS plots of the ZnS/NS-CN, NS-CN and OPBC electrodes
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abundant bridges. The increase in capacity during cyc-
ling can be attributed to the following reasons:
(i) Limited by the rate of electrolyte infiltration and
diffusion, part of the active material failed to particip-
ate in the reaction in the preliminary test, and as the
reaction continued, the electrolyte gradually infilt-
rated the inner part of the active material, making the
capacity of the material increase in the later cycle pro-
cess™. (ii) The formation of SEI film in the first cycle
leads to a decrease in capacity, but as the number of
cycles increases, the pulverization of the active mater-
ial in the microstructure can also lead to the exposure
of some of the active sites that were not involved in
the reaction earlier, again manifesting as an increase
in capacity during the later cycles™. (iii) Since the
active material is a composite of doped carbon and
transition metal sulfide nanoparticles, the additional
lithium-ion storage induced by defects on the doped

carbon matrix®¢

and the interfacial capacitance
between the metal nanoparticles and Li,O"” can also
lead to an increase in capacity.

The rate capabilities of these 3 samples were
studied at various current densities from 0.1to 5 A g’
(Fig. 6d). Specifically, the ZnS/NS-CN electrode de-
livers remarkable average discharge capacities of 801,
681, 581, 472 and 359 mAh g ' at 0.1, 0.2, 0.5, 1 and
5 A g', respectively, the NS-CN electrode displays
slightly lower specific capacities and the OPBC elec-
trode shows the lowest capacities at each current dens-
ity. When the current density returned to 0.1 A g', the
capacity of the ZnS/NS-CN and NS-CN electrodes
can be recovered to the initial value while a large de-
cay can be found in OPBC, indicating good structural
stability of ZnS/NS-CN even at high current density.
Additionally, the Nyquist plots of the electrodes be-
fore cycling are illustrated in Fig. 6e. Compared with
OPBC, due to the existence of an S-N co-doping con-
ductive carbon network, the ZnS/NS-CN and NS-CN
electrodes manifest a smaller diameter of the semi-
circle, suggesting a lower Li-ion diffusion impedance.
Furthermore, long-term cycling under a high rate ap-
plied on the electrodes was evaluated at 5 000
mA g '(Fig. 6f). The ZnS/NS-CN electrode delivers

the highest capacity of ~291.6 mAh g ' and 70.1%
capacity retention after 1 000 cycles. In addition, the
morphological and structural changes of the ZnS/NS-
CN electrode after 1 000 cycles were depicted by
SEM and TEM. As displayed in Fig. S3, the honey-
comb porous ZnS/NS-CN material agglomerates seri-
ously after long-term cycling, but the nanosheet struc-
ture remains identifiable. The TEM images also show
that the honeycomb-like porous structure of the com-
posite is well maintained, indicating that it has good
structural stability and capacity retention. These res-
ults further demonstrate that incorporating honey-
comb-like N, S co-doped carbon nanostructure is vi-
tal to the improvement of electrochemical capacity
and stability, and the addition of ZnS nanodots could
offer more capacity for the whole electrode. More
than that, our work is one of the best results among
those previously reported ZnS-C based anode materi-
als on the lithium storage (Table S1).

To further characterize the superior electrochem-
ical properties of the ZnS/NS-CN for LIBs, the CV
curves at various scan rates from 0.3 to 1.5 mV s
between 0.01 and 3.0 V were obtained as depicted in
Fig. 7a. Generally, the relationship between current
response and sweep rate follows the formula.

i=a” (D
where a and b are both variable constants”®. The b =
0.5 represents to a typical diffusion-controlled pro-
cess, whereas b = 1.0 stands for a capacitive-con-
trolled process. As displayed in Fig. 7b, the b values
for the redox peaks are calculated to be 0.78, 0.69,
0.81 and 0.75, demonstrating that electrochemical re-
actions of ZnS/NS-CN contain both the diffusion-con-
trolled and pseudocapacitive-controlled processes.
The specific capacitive contribution ratio is further es-
timated quantitatively based on below equation:

i=kiv+kv'’? )
in which k,v represents the capacitive behavior and
kv the diffusion behavior, respectively™ ", By cal-
culating the k, and k, values, the capacitive charge
contribution is 47.9% of the total capacity at
0.3 mV s ' in Fig. 7c. With the scan rate increases, the
from

capacitive contribution gradually increases
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Fig.7 (a) CV curves of ZnS/NS-CN at scan rates from 0.3 to 1.5 mV s, (b) b value determination for anodic process. (c) Capacitance contribution (pink) and

diffusion contribution (violet) at 0.3 mV s™'. (d) The capacitance contribution ratio at increasing scan rate from 0.3 to 1.5 mV s’

47.9% to 61.7% at 1.5 mV s ' (Fig. 7d). The increas-
ing capacitive-controlled contribution is induced by
abundant defects and active sites originating from the
amorphous carbon nanosheets with abundant voids,
N/S co-doped heteroatoms, and ultrasmall ZnS nan-
odots, which could facilitate the adsorption of Li" and
hence result in good rate performance!*'. It should be
noted that at a low scanning rate, the large pseudo-ca-
pacitance is mainly attributed to the porous honey-
comb-like structure, which is conducive to electrolyte
wetting and facilitates the transfer of electrons/ions'**.

Moreover, to explore its performance for practic-
al applications, the Li-ion full cells were fabricated by
assembling the ZnS/NS-CN anode with LiNiCoMnO,
cathode. The performance of
LiNiCoMnO, is showed in Fig. S5. To make the cell
capacity balance close to the ratio of 1 : 1 ratio, the
mass ratio of LiNiCoMnO, to ZnS/NS-CN is determ-
ined to be ~ 3.8 : 1 based on their specific capacities
(476.2 mAh g for ZnS/NS-CN at 1 C, 1 C = 963

electrochemical

1000 mA g'; 127.1 mAh g' for LiNiCoMnO, at 1 C,
1 C =280 mA g'). Fig. 8a exhibits the charge/dis-
charge curves of ZnS/NS-CN//LiNiCoMnO, full cell
after 1, 2, 50, 100 and 150 cycles at 0.2 C in the
voltage window of 0.5—4 V in respect of the cathode.
The first discharge capacity of 189.1 mAh g 'is ob-
tained and 74.3% of the capacity is retained after 150
cycles in Fig. 8b, suggesting its good cycle stability.
Calculated from the 150" discharge curve, the energy
density is as high as 132.4 Wh kg™'. In addition,
ZnS/NS-CN//LiNiCoMnO, full cell also shows an ex-
cellent rate capability (Fig. 8c). As shown in Fig. 8d,
the full cell possesses a low electronic resistance. The
cyclic voltammetry curves (Fig. S4) of the full battery
shows 2 paired redox peaks (2.05/1.33 V and
2.38/1.98 V), which can be assigned to the following

reaction equations:
LiNiCoMnO, + x/2 ZnS <Li;_,NiCoMnO, +
x/27Zn+ x/2 Li,S 3)
Li;_yNiCoMnO, +Zn « Li(_,_,,)NiCoMnO, + Li,Zn
4)



- 552 - oM ok oM R (h3E30) 5538 %
300
a0 @ 51100
35 ~ .
; ZnS/INS-CN//LiNiCoMnO, o
o 80 &
30+ < Iy
- ZnS/NS-CN//LiNiCoMnO, < 200 Zc,’
® 25} > 60 £
2 g o
g S °
o 20 F © a
e o 140 §
151 s 100 - —e—Charge 3
L —o— Discharge o
1.0 @ 120
0.5
1 1 1 1 1 O 1 1 1 1 0
0 50 100 150 200 0 50 100 150
Specific capacity/(mAh-g™) Cycle number
300 150
(c) (d)
90-90-9-0-0-9-0.5,.090-9.9-99-9-0. o.0999.0-9-0-0" 100
) ZnSINS-CN//LINICOMnO, | gg 2 N
é 200 - > 100k ZnS/NS-CN//LiNiCoMnO,
c o5 0. 02C S
2 ¥ Jeo £ ¢
3] (5] S
2 o N
© Qo
o {40 §
£ 100 S 50 |
2 3
%) —o— Charge 20
—o— Discharge 1
—o— Coulombic efficiency (%)
0 ! ! ! ! ! Ll 0k ! !
0 5 10 15 20 25 30 0 50 100 150

Cycle number

Z1Q

Fig. 8 (a) Charge/discharge curves, (b) cycling performance, (c) rate capability, and (d) EIS plot before testing of the ZnS/NS-CN//LiNiCoMnO, full cells

4 Conclusion

In summary, the unique ZnS/NS-CN composite
was synthesized successfully by facile templating cal-
cination of waste biomass. The composite manifests
an excellent reversible capacity of 853.5 mAh g' over
300 cycles at 0.1 A g and an ultrahigh rate capabil-
ity. In terms of practicality, the full cell test results
demonstrated that the designed ZnS/NS-CN compos-
ite show great potential as competent electrodes. This
work may provide a new route for fabricating ZnS
nanodots embedded in honeycomb-like N-S co-doped
carbon nanosheets by using low-cost and renewable
waste biomass carbon and offer a new simple strategy
for the preparation of hierarchical porous structure
materials for energy storage.
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