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a b s t r a c t   

The hybrid structure of high conductive carbon materials with large capacitive metal compounds is one of 
promising strategies for achieving high specific capacity, cycling stability, and ultrafast Li-ion storage 
capability due to their synergistic effects. This article will demonstrate the novel hybrid structure of a zinc 
oxysulfide (ZnOS) lamination layer on a sulfur (S)-doped carbon nanofiber (SCNF) matrix via an electro
spinning method with sequential atomic layer deposition (ALD) process and will also present the structural 
advantages for ultrafast Li-ion batteries (LIBs). As a double-anion material, ZnOS has benefits compared 
with single ZnO and ZnS during the charge/discharge process, which is accompanied with consecutive 
conversion and alloying reactions. To verify these factors, structural analysis at the atomic scale and various 
electrochemical properties were evaluated. The resultant ZnOS/SCNF electrode showed superior electro
chemical performance such as high specific capacity (672.8 mAh g−1 at 100 mA g−1), good capacity retention 
(87.8% after 100 cycles), and excellent cycling stability (85.4% after 500 cycles). This is attributed to the 
facilitated kinetic properties including electron and ion transfer efficiency during the electrochemical re
actions, accompanied with the ZnOS/SCNF hybrid structure. In this regards, we believe that the ZnOS/SCNF 
electrode could be a great reference as a promising research strategy for accomplishing ultrafast LIBs. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

In accordance with the rising global energy demand, lithium 
ion batteries (LIBs) are becoming increasingly in demand as an 
ubiquitous energy storage medium for portable electronics, elec
tric vehicles, and a variety of other devices (e.g., power tools, 
drones, and satellites) [1–3]. The technology associated with LIBs 
have been developing rapidly, starting from the 1990 s, and most of 
the initial research strategies were focused on enhancing the 
specific capacity or cycle stability. But these days, as LIBs have been 
adopted by a wide application of fields, the specific needs of cus
tomers have become very important, such as high-rate capability, 
high sustainability, fire stability and affordable cost. Since the 
exploding electric vehicle market has brought unprecedented de
mand for LIBs, naturally, the further development of LIB tech
nology is required. Among market issues, improving fast energy 
storage capability is one of the key technologies to break the 

limitation of the current energy storage system with LIBs. Since the 
performance of LIBs predominantly depends on the electro
chemical characteristics of anode and cathode materials, various 
research strategies were suggested such as doping, coating, and 
composite [4,5]. Among them, constructing hybrid structures is 
known as a powerful strategy for performance enhancement. 
Especially at the anode, widely used graphite often presents lim
itations of low theoretical capacity (372 mA h g−1) and insufficient 
intercalation kinetics at a high current density, which makes it no 
longer able to fulfill the increasing market demand [6,7]. 

In the last few years, several transition metal oxide materials 
have been suggested as potential anode materials for LIBs such as 
SnO2, MnO, Co3O4, and ZnO due to their high theoretical capacities, 
low cost, and a simple synthesis methods [8–11]. Among these 
materials, ZnO has been nominated as a great potential material as 
an anode in LIBs due to its high theoretical specific capacity of 
978 mA h g−1, abundance on Earth, and both thermal and chemical 
stability. However, using pure ZnO as an anode material causes cri
tical problems by its volume expansion and low conductivity char
acteristics. During the charging process, ZnO reduces into metallic 
Zn and LixZn alloy with Li-ion intercalation, which leads to severe 
volume expansion and loss of active material. Moreover, the low 
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conductivity of ZnO limits the electrochemical reaction kinetics 
especially at the high current density, provoking poor high-rate 
performance of LIBs. Likewise, transition metal sulfides (SnS, WS2, 
ZnS, etc.) also have been studied as promising anode materials 
owing to their unique characteristics compared with transition 
metal oxides [12–14]. For example, ZnS possesses higher con
ductivity than ZnO while the theoretical specific capacity 
(962.3 mA h g−1) is slightly lower. Furthermore, ZnS suffers from its 
insufficient electrical conductivity and volume expansion issues at 
high current density when used alone. To achieve superior high-rate 
performance with long cycle stability as well as to overcome these 
limitations, two different strategies have been mainly adopted. The 
first one is decreasing the size or layer thickness of the metal 
compounds to avoid drastic volume expansion and shorten the Li- 
ion diffusion pathway. For example, Li et al. reported the electrode 
fabricated with highly dispersed ZnO nanoparticles using scalable 
sol-gel synthetic technique, which showed 229 mA h g−1 at a high 
current density of 1.5 C (~ 1500 mA g−1) [15]. The second strategy is 
to construct a hybrid structure with high-conductive materials. 
Carbon-based materials are often utilized as a composite element 
due to their high conductivity, electrochemical stability, and low 
cost. This hybrid structure with carbon materials can offer high 
electrical conductivity and reduce volume expansion effectively, 
which enables superior high-rate performance and long cycle sta
bility of LIBs. However, despite these efforts, it has proved difficult to 
achieve excellent high-rate performance and good long-cycle stabi
lity simultaneously. In addition, the hybrid structure of zinc oxy
sulfide (ZnOS) with carbon matrix for improving high-rate 
performance and cycle stability has not been reported to date. 

In this study, we will first report a novel hybrid structure of ZnOS 
lamination layer on sulfur (S)-doped carbon nanofibers (ZnOS/SCNF) 
using a sequential atomic layer deposition (ALD) for ultrafast anode 
materials in LIBs. During the ALD process, a ZnO and ZnS layer was 
deposited according to the fixed composition sequentially and sulfur 
was successfully doped within CNF matrix. The laminated ZnOS 
layer with S-doped CNF matrix enables stable and ultrafast Li-ion 
storage capability. Compared with ZnO/CNF and ZnS/SCNF, the ZnOS/ 
SCNF showed excellent specific capacity at both low and high cur
rent density with high stability up to 500 cycles. 

2. Experimental details 

2.1. Preparation of the CNFs 

As a framework of ZnOS/SCNF, CNFs were fabricated using elec
trospinning method, followed by carbonization process. To prepare a 
precursor solution of electrospinning process, 10 wt% poly
acrylonitrile (PAN, Mw = 150,000 g mol−1, Aldrich) was dissolved in 
N,N-dimethylformamide (DMF, 99.8%, Aldrich) and stirred for 24 h. 
Then, the prepared solution was placed into a 10 mL syringe with a 
23 gauge needle and connected to the syringe pump. During the 
electrospinning process, feeding rate, needle/collector gap, and 
voltage were maintained at 0.03 mL h−1, 15 cm, and 13 kV, respec
tively. As-spun PAN-based nanofibers on the Al collector were col
lected and carbonized at 800°C nitrogen atmosphere for 2 h after 
stabilizing at 280°C in air. The resultant CNFs were set aside for 
further ALD process. 

2.2. ALD coating process 

Due to several advantages of ALD, such as precise thickness 
control, large area uniformity, and highly conformal deposition, we 
employed the thermal ALD technique to deposit a ZnO, ZnS, and 
ZnOS lamination layer onto the as-prepared CNF. All ALD deposition 
temperatures were 140°C. During the ZnO ALD process, conventional 
diethylzinc [Zn(C2H5)2, or DEZn] and H2O have been used as zinc and 

oxygen precursors, respectively. Precursors are delivered from bub
blers, using nitrogen as a carrier gas, and transported to the reactor 
through heated lines, to prevent condensation. The DEZ and H2O 
bubblers are controlled by the Peltier device at 12°C and 15°C, re
spectively. The cycles of DEZn and H2O exposure were 125. The ZnS 
ALD process and cycle are the same as the ZnO ALD process, but 
sulfur precursors were used instead of oxygen precursors. The ZnS 
layer was deposited using DEZn and H2S gas reactants as precursors. 
The ZnOS lamination layer was deposited by the number of sub
cycles, which is an alternating cycle method of ZnO and ZnS. The 
combination of ZnO and ZnS were grown using nine cycles of ZnS 
ALD followed by a one cycle of ZnO ALD. 

2.3. Characterizations 

The structural properties and surface morphology of all the 
samples were investigated by field-emission scanning electron mi
croscopy (FESEM, Hitachi SU–8010) and high-resolution transmis
sion electron microscopy (HRTEM, JEOL JEM–2100F) inclusive of 
energy-dispersive spectroscopy (EDS) mapping. To characterize the 
thermal decomposition behavior, thermogravimetric analysis (TGA) 
and differential thermal analysis (DTA) were conducted up to 800°C 
at a heating rate of 10°C min−1. The crystallographic and chemical 
bonding states were analyzed using X-ray diffraction measurement 
(XRD, Rigaku D/Max–2500) with Cu Kα radiation and X-ray photo
electron spectroscopy (XPS, ESCALAB 250) with Al Kα radiation. To 
investigate the electrochemical performance, an anode was fabri
cated with all prepared samples. For preparing the slurries, the 
weight ratio of active material: conductive material (ketjen black): 
binder (PVDF) was 7:1:2 with an N-methyl-2-pyrrolidinone solvent. 
The prepared slurries were coated on the copper foil current col
lector using doctor blade method and then dried in an oven for 10 h 
at 100°C. To compare the accurate electrochemical performances, 
the loading mass of active materials for all the samples were fixed to 
~2 mg. Coin-type cells (CR2032, Hohsen Corp.) were assembled with 
1.6 M LiPF6 in a mixture of dimethyl carbonate and ethylene car
bonate (3:7) as a electrolyte, prepared electrodes as an anode, Li 
metal foil (Honjo Chemical Corp., 99.999%) as the counter electrode, 
and a porous polypropylene membrane (Celgrad 2400) as a se
parator. To analyze the electrochemical kinetics, electrochemical 
impedance spectroscopy (EIS) measurements at an open-circuit 
potential were performed in the frequency range of 105–10−2 Hz. The 
electrochemical characteristics and charge/discharge performances 
were examined using a battery cycler system (WonATech Corp., 
WMPG 3000) in the potential range of 0.05–3.0 V (vs. Li/Li+). The 
cycling stability up to 100 cycles was investigated at a current 
density of 100 mA g−1 and rate capability was analyzed at a current 
density of 100, 300, 700, 1000, 1500, and 2000 mA g−1. Moreover, the 
ultrafast cycling stability was evaluated at a high current density of 
2000 mA g−1 up to 500 cycles. 

3. Results and discussion 

Fig. 1a depicts a brief scheme of the experiment procedure to 
construct the ZnOS/SCNF hybrid structure. After carbonizing as-spun 
PAN based nanofibers, the coating layer sequentially laminated by 
ZnO, ZnS, and ZnOS, respectively up to 130 cycles using ALD process 
with different chemicals. Fig. 1b–d show the resultant structure of 
hybrid sample including ZnO/CNF, ZnS/SCNF, and ZnOS/SCNF, which 
can effectively complement the low specific capacity of CNF and low 
electrical conductivity of metal compounds. For confirming the 
weight ratio of the CNF matrix and the laminating layer, TGA mea
surements of all the samples were performed (see Fig. S1). From 25 
to 100 °C, a slight weight loss, caused by water evaporation within 
CNF was frequently observed. In succession, a drastic weight loss 
was confirmed in the region about 450–600 °C, which was attributed 
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to the decomposition of the CNF matrix. Compared to the remaining 
mass (1.77%) of CNF at 800 °C, ZnO/CNF, ZnS/CNF, and ZnOS/SCNF 
maintained 55.2%, 49.2%, and 51.6% of total mass, which is according 
to the weight ratio of ZnO, ZnS, and ZnOS laminated layer. 

Fig. 2a–d show the FESEM images of the CNF, ZnO/CNF, ZnS/SCNF, 
and ZnOS/SCNF samples, respectively. For the CNF (see Fig. 2a), a 
smooth surface with a diameter in the range of ~251.5–272.5 nm was 
observed in the one-dimensional (1D) morphology. Metal compound 
laminated samples also showed a similar morphology with thicker 
diameters (~271.5–292.5 nm for ZnO/CNF, ~292.4–315.7 nm for ZnS/ 
SCNF, and ~289.5–310.5 nm for ZnOS/SCNF) due to the laminated 
layer. Also, this interconnected 1D network structure can offer ef
fective electron and ion transfer during cycling [16]. Moreover, 
successful formation of core-shell hybrid structure for ZnO/CNF, ZnS/ 
SCNF, and ZnOS/SCNF was identified without any damage to the CNF 
matrix during ALD process. To investigate the inner structure and 

lamination thickness precisely, HRTEM analysis of surface region 
was conducted for all the samples (see Fig. S2). CNF showed smooth 
and flat carbon matrix without any coating layer. In contrast, the 
lamination layer was identified by dark spots due to the heavy Zn 
ions and the thickness was ~40.5 nm for ZnO/CNF, ~56.7 nm for ZnS/ 
SCNF, and ~45.2 nm for ZnOS/SCNF, respectively. This varied lami
nation thickness despite the same ALD cycle number, is dominantly 
caused by the difference of a theoretical density of ZnO (5.61 g/cm3) 
and ZnS (4.09 g/cm3). In Fig. 3, TEM and EDS mapping images of 
ZnOS/SCNF were conducted for analyzing the atomic composition, 
which indicate a distinct distribution of C atoms at the core and 
homogenously distributed Zn, O, and S atoms at the shell. The 
quantitative atomic percentage was summarized in Table 1 including 
CNF, ZnO/CNF, and ZnS/SCNF samples. ZnOS/SCNF showed atomic 
percentage of 73.65%, 13.37%, 11.53%, and 1.38% for the C, Zn, O, and S 
atoms and these results demonstrate the successful formation of 
ZnOS/SCNF core/shell hybrid structure as the 1D morphology. This 
novel hybrid structure can take both advantage of high electrical 
conductivity due to the 1D CNF matrix and high specific capacity and 
ion diffusivity of ZnOS lamination layer. 

Fig. 4 shows the structural interpretation of the ZnOS lamination 
layer to reveal the specific factors for enhanced ultrafast Li-ion sto
rage capability. For better understanding, the ball-stick model of an 
unit cell for wurtzite ZnO and Zincblende ZnS structure were de
picted with the lattice constant (see Fig. 4a–b). The wurtzite ZnO 
appears as a hexagonal feature with the space group of P63mc and 
the corresponding lattice constant (a: 3.249, b: 3.249, and C: 5.206). 
However, ZnS appears as a cubic feature with the space group of 
F43 m and the corresponding lattice constant (a: 5.406, b: 5.406, and 
C: 5.406) [17]. Since the discharging process of ZnO and ZnS firstly 
proceed with a conversion reaction to form Zn elements and then 
alloying reaction between Li and Zn, diffusion of Li-ion into the 
lattice structure is one of the key properties for the Li-ion storage 
capability (see Eq. (1–2)) [18,19].  

(conversion) ZnO, ZnS + 2Li+ + 2e- ↔ Zn + Li2O, Li2S                  (1)  

(alloying) Zn + Li+ + e- ↔ LiZn                                                 (2)  

Thus, the enlarged lattice constant with unit cell volume of 
zincblende ZnS compared with wurtzite ZnO is capable of providing 
excellent Li-ion storage performance, especially at a high current 
density despite the higher theoretical specific capacity of ZnO [20]. Fig. 2. FESEM images of (a) CNF, (b) ZnO/CNF, (c) ZnS/SCNF, and (d) ZnOS/SCNF.  

Fig. 1. (a) Schematic illustration of the synthetic procedure for novel hybrid structure of ZnOS lamination layer on SCNF matrix and (b-d) resultant structure of ZnO/CNF, ZnS/ 
SCNF, and ZnOS/SCNF, respectively. 
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To demonstrate this point in detail, HRTEM analysis of ZnO/CNF and 
ZnOS/SCNF was conducted (see Fig. S3). ZnO/CNF only shows the 
lattice distance of 2.6 Å, which corresponds to the (002) plane of ZnO 
structure. However, ZnOS/SCNF shows the two types of lattice 

distances including 2.6 Å for (002) plane of ZnO and 3.2 Å for (111) 
plane of ZnS [21,22]. Thus, we confirmed the expended lattice of 
ZnOS, which can provide the efficient Li ion transportation. In this 
respect, the benefits of high theoretical specific capacity and large 
lattice constant can be achieved by forming hybrid structure of ZnOS 
lamination layer as seen in Fig. 4c. This hybrid structure induces a 
band gap reduction between the interface of ZnO and ZnS, which 
enables enhanced charge transfer efficiency [23]. Moreover, the 
generated Li2O and Li2S interphase can suppress the drastic alloying 
process of Zn with Li, providing stable electrochemical reactions 
during repetitive charge/discharge processes [24]. Thus, the sug
gested novel ZnOS/SCNF hybrid structure achieve high electrical 
conductivity and stable Li-ion alloying reaction, which can realize 

Fig. 3. (a) TEM image and (b) EDS mapping results obtained from the ZnOS/SCNF.  

Table 1 
Summary of quantitative atomic percentage obtained from all the samples.       

Samples C (at%) Zn (at%) O (at%) S (at%)  

CNF  97.85 –  2.15 – 
ZnO/CNF  71.57 13.10  15.33 – 
ZnS/SCNF  74.25 13.44  2.73 9.58 
ZnOS/SCNF  73.65 13.37  11.53 1.38    

Fig. 4. (a-c) Ball-stick lattice structure model of wurtzite ZnO, Zincblende ZnS, and ZnOS lamination layer, (d) XRD curves and XPS core-level spectra of (e) S 2p obtained from CNF, 
ZnO/CNF, ZnS/SCNF, and ZnOS/SCNF, and (f) XPS core-level spectra of C 1s for ZnOS/SCNF. 
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the superior Li-ion storage capability at high current densities and 
excellent cycle stability. To verify theses structural properties, Fig. 4d 
shows the XRD curves of the CNF, ZnO/CNF, ZnS/SCNF, and ZnOS/ 
SCNF samples. CNF only shows one broad peak at ~ 25.00˚, corre
sponding to the (002) plane of amorphous graphite compared with 
other laminated samples [25]. Otherwise, ZnO/CNF reveals char
acteristic peaks at 31.79˚, 34.45˚, 36.28˚, 47.58˚, 56.65˚, 62.92, and 
68.02˚, corresponding to the respective (100), (002), (101), (102), 
(110), (103), and (112) planes of wurtzite ZnO structure (JCPDS card 
#36-1451) [26]. In addition, characteristic peaks at 28.58˚, 47.56˚, and 
56.34˚ were observed, which are corresponding to the respective 
(111), (220), and (311) planes of zincblende ZnS structure (JCPDS card 
#05-0566) [27]. This result confirm successful formation of a ZnO 
and ZnS structure on the CNF matrix via sequential ALD process. The 
weak diffraction peak of amorphous graphite, which also existed in 
the laminated samples, was hard to discern due to other strong 
characteristic peaks. Furthermore, ZnOS/SCNF dominantly exhibits 
the structure property of ZnO with little ZnS peaks, which is at
tributed to the difference in lamination sequence ratio (ZnO (9): ZnS 
(1)) during ALD process. To characterize the chemical bonding state, 
XPS measurements were conducted for all the samples (see  
Fig. 4e–f), which were arranged according to the 284.5 eV C1s 
bonding as a reference. Fig. S4 shows the Zn 2p XPS core-level 
spectra, demonstrating the existence of one-pair doublet at around 
1044.62 eV for Zn 2p1/2 and around 1021.59 eV for Zn 2p3/2 except for 
the CNF sample. Interestingly, a blue shift of Zn related binding 
energy was observed with ZnOS/SCNF and ZnS/SCNF compared with 
ZnO/CNF (from 1044.62 eV and 1021.59–1044.88 eV and 1021.89 eV 
for ZnOS/SCNF and 1045.14 eV and 1022.24 for ZnS/SCNF). This 
phenomenon indicates good accordance with the lower binding 
energy of Zn 2p state in ZnO compared to the Zn 2p state in ZnS [28]. 
In Fig. 4e, two peaks were observed at the binding energies of 
163.20 eV and 161.19 eV for ZnS/SCNF, which are indicative of S 2p1/2 

and S 2p3/2, respectively [29]. Due to a reduced charge on the sulfur 
elements in the laminated sulfur-oxygen matrix, ZnOS/SCNF shows 
red shift (162.88 eV for S 2p1/2 and 160.89 eV for S 2p3/2) compared 
with the binding energy of ZnS/SCNF [30]. Moreover, Fig. 4f shows 
the C 1s XPS spectra of ZnOS/SCNF sample, which appears five peaks 
at 284.5 eV, 285.3 eV, 286 eV, 286.4, and 289.1 eV, corresponding to 
the binding energy of C-C, C-O, C-S, C]O, and O-C]O bonds, re
spectively. The C-S bond was generated during the ALD process, 
indicating the formation of S-doped carbon structure within CNF 
matrix. As the S atom in carbon lattice can offer extra electrons 
through spin-orbit coupling, this S-doped carbon structure is ex
pected to increase electrical conductivity [31]. These XPS results 
confirm the variation of chemical bonding state of ZnOS/SCNF in 
comparison with ZnO/CNF and ZnS/SCNF, which indicates the suc
cessful formation of a hybrid structure. 

To investigate the electrochemical kinetic properties of all the 
fabricated anode, EIS analyses were conducted using as-assembled 
coin-type cells. Fig. 5a displays the Nyquist plots of the CNF, ZnO/ 
CNF, ZnS/SCNF, and ZnOS/SCNF. The Nyquist plots can be classified as 

a single semicircle region in the high frequencies and an inclined line 
region in the low frequencies [32]. First, the semicircle region in
dicates the charge transfer resistance (Rct), which is related to the 
interfacial resistance between anode and electrolyte. Among the 
laminated samples, ZnOS/SCNF show the smallest semicircle size, 
implying the highest electrical conductivity. Furthermore, to identify 
the electrical conductivity in detail, the electrical conductivity of 
commercial ZnO nanoparticles, CNF, ZnO/CNF, ZnS/SCNF, and ZnOS/ 
SCNF electrodes were measured by Hall-effect measurement system 
(see Fig. S5). Due to the high electrical conductivity of CNF, com
posite electrodes show enhanced electrical conductivity 
(0.86 S cm−1, 0.98 S cm−1, and 1.10 S cm−1 for ZnO/CNF, ZnS/SCNF, and 
ZnOS/SCNF electrodes) compared with the commercial ZnO nano
particles electrode (0.47 S cm−1). This result is mainly attributed to 
the enhanced electron transfer efficiency between the ZnO and ZnS 
interface region and high electrical conductivity of S-doped CNF 
matrix. Second, the inclined line region is correlated with Li-ion 
diffusion, which is defined as Warburg impedance (see Fig. 5b). 
ZnOS/SCNF shows the lowest Warburg impedance, resulting from 
the novel hybrid structure with a favorable ion diffusion pathway 
due to the expanded lattice constant with distortion. Fig. 5c re
presents the calculated Li-ion diffusion coefficients of the CNF, ZnO/ 
CNF, ZnS/SCNF, and ZnOS/SCNF using Eqs. (3) and (4) [33,34].  

ZR = σwω−1/2 + Rct + Re                                                            (3)  

D = (RT)2/2 A(n2F2Cσw)2                                                         (4)  

In the equations, σw and Re represent the Warburg impedance 
coefficient corresponding to the Li-ion diffusion resistance of the 
electrode material. And, D, R, T, and A indicate the Li-ion diffusion 
coefficient, ideal gas constant, temperature, and electrode area, re
spectively. Among all the samples, ZnOS/SCNF showed the highest 
Li-ion diffusion coefficient of 9.14 × 10−13 cm2 s−1 compared with the 
other electrodes (3.60 × 10−13 cm2 s−1 for CNF, 2.87 × 10−13 cm2 s−1 for 
ZnO/CNF, and 6.24 × 10−13 cm2 s−1 for ZnS/SCNF, respectively). These 
results imply the hybrid ZnOS/SCNF structure possesses high elec
trical conductivity with fast Li-ion diffusivity, which mainly con
tributes to the ultrafast Li storage performance and cycling 
stability [35]. 

To demonstrate the electrochemical reactions during the charge/ 
discharge cycling, cyclic voltammetry (CV) measurements were 
performed in the potential range of 0.05–3.0 V (vs. Li/Li+) at a scan 
rate of 0.1 mV s−1. Fig. 6a exhibits the CV curves of ZnOS/SCNF for the 
first five consecutive cycles. According to the previous studies re
garding Zn-based anode materials, ZnOS also goes through a con
version reaction during the reduction process to form Zn element. 
Therefore, an alloying reaction is proceeded from Zn to LiZn with a 
buffer layer of Li2O and Li2S. At the discharging stage of the initial 
cycle, the notable reduction processes were observed at ~0.2 V due 
to the reduction of ZnOS into Zn, the formation of Li-Zn alloy and a 
solid-electrolyte interphase (SEI) layer. For the charging stage, oxi
dation peaks were observed at ~0.3 V, ~0.38 V, ~0.56 V, and ~0.69 V, 

Fig. 5. (a) Nyquist plots and (b) relationship between Zreal and ω−0.5/s−0.5 in the low frequency calculated by Nyquist plots, and (c) Li-ion diffusion coefficient of CNF, ZnO/CNF, ZnS/ 
SCNF, and ZnOS/SCNF electrodes, respectively. 
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which are corresponding to the dealloying process from LiZn to 
Li2Zn3, LiZn2, Li2Zn5, and LiZn4. The broad peak at ~1.3 V indicates the 
regeneration of ZnOS structure from Zn, Li2O, and Li2S. From the 
second peak, the huge reduction peak disappears and new peaks 
appear at ~0.7 V and ~0.4 V, corresponding to the ZnOS conversion 
and Li-Zn alloying process [36]. Thus, the electrochemical reactions 
of ZnOS/SCNF electrode during the charge/discharge were well-de
fined and reversible CV plots were confirmed. Fig. 6b shows the 
cycling stability of all the electrodes obtained in the potential range 
of 0.05–3.0 V (vs. Li/Li+) at a current density of 100 mA g−1 up to 100 
cycles. The CNF electrode appears the lowest specific capacity of 
284.6 mAh g−1 at 100th cycle despite the high cycling stability due to 
the low theoretical specific capacity. In contrast, the metal oxide 
anode materials with high theoretical specific capacity such as ZnO 
often exhibit inferior capacity retention due to their poor electrical 
conductivity and excessive volume expansion [37,38]. Therefore, 
constructing a hybrid structure using carbon matrix and metal 
compounds could be a crucial strategy as suggested in this study 
(ZnO/CNF, ZnS/SCNF, and ZnOS/SCNF). Among them, ZnOS/SCNF 
shows the highest specific capacity of 584.03 mAh g−1 with high 
capacity retention rate of 87.8% compared with the ZnO/CNF (spe
cific capacity of 419.59 mAh g−1 with 71.6% capacity retention rate) 
and ZnS/SCNF (specific capacity of 483.87 mAh g−1 with 85.4% ca
pacity retention rate) electrodes. The galvanostatic voltage profiles 
during the charging/discharging process of all the electrodes were 
investigated at a current density of 100 mA g−1 (see Fig. S6). The 
initial discharge capacities were observed as 512.75 mAh g−1, 
1186.67 mAh g−1, 983.06 mAh g−1, and 1288.75 mAh g−1 for CNF, ZnO/ 
CNF, ZnS/SCNF, and ZnOS/SCNF, respectively. Specifically, the shape 
of voltage curves for ZnO/CNF and ZnOS/SCNF seem similar for the 
first few cycles, and then the rapid degradation of specific capacity 
was observed for ZnO/CNF, which is highly matched with the cycling 
stability result. This superior cycling stability at a low current den
sity is mainly attributed to the efficient conversion and alloying re
action regarding the decomposition/reformation of ZnOS and 

alloying-dealloying of Li-Zn. Fig. 6c demonstrates the specific capacity 
at the varied current densities of 100 mA g−1, 300 mA g−1, 700 mA g−1, 
1000 mA g−1, 1500 mA g−1, and 2000 mA g−1, respectively to verify the 
high-rate Li-ion storage performance of all the fabricated electrodes. 
As the applied current density is increased from 100 to 2000 mA g−1, 
the specific capacity naturally decreases due to the insufficient kinetic 
properties including ion diffusivity and electrical conductivity com
pared with high current density. In this regard, ZnOS/SCNF electrode 
reports the highest specific capacity of 408.51 mAh g−1 at a current 
density of 2000 mA g−1 and the capacity retention rate of 62.1% com
pared to those of the CNF (126.37 mAh g−1 with the retention rate of 
45.3%), ZnO/CNF (249.68 mAh g−1 with the retention rate of 43.5%), 
and ZnS/SCNF (306.09 mAh g−1 with the retention rate of 59.2%). 
Moreover, ZnOS/SCNF electrodes exhibit superior reversibility of ~ 98% 
at the returned 100 mA g−1 current density compared with the initial 
ten cycles. This remarkable rate capability of ZnOS/SCNF is ascribed to 
the efficient Li-ion transportation through the expanded ZnOS lattice 
constant and enhanced electrical conductivity at the interface of ZnO 
and ZnS. Fig. 6d represents the ultrafast cycling stability of all the 
fabricated electrodes at a high current density of 2000 mA g−1, which 
is considered an important factor for practical applications. After an 
aging procedure of 10 cycles with 100 mA g−1, long-term cycling per
formances were evaluated at a high current density of 2000 mA g−1 up 
to 500 cycles. Compared with the CNF (129.7 mAh g−1 after 500 cy
cles), ZnO/CNF (93.65 mAh g−1 after 500 cycles), and ZnS/SCNF 
(197.89 mAh g−1 after 500 cycles), ZnOS/SCNF shows an outstanding 
specific capacity of 347.02 mAh g−1 with a capacity retention of 85.4% 
after 500 cycles at a current density of 2000 mA g−1. As discussed in 
the EIS data, this superior ultrafast cycling capability is attributed to 
the enhanced charge transfer efficiency between ZnO and ZnS with S- 
doped CNF matrix and interfacial lattice distortion of ZnOS/SCNF, in
ducing the electrical conductivity enhancement and offering efficient 
Li-ion diffusion path. 

To further investigate the electrochemical kinetic behavior, CV 
measurements of CNF and ZnOS/SCNF were performed at the 

Fig. 6. (a) CV curve for the first five cycles of ZnOS/SCNF at a scan rate of 0.1 mV s−1 within the potential range of 0.05–3.0 V, (b) cycling stability measurement at a current density 
of 100 mA g−1 for 100 cycles, (c) rate performance at current densities of 100–2000 mA g-1, and (d) long-term cycling test at a high current density of 2000 mA g−1 up to 500 cycle 
of all the fabricated electrodes. 
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different scan rate from 2 mV s−1 to 10 mV s−1 (see Fig. 7a,b). Both CV 
curves of CNF and ZnOS/SCNF revealed increasing peak area by the 
scan rate increment, maintaining similar curve shapes. The capaci
tive proportion of the electrode during the charge/discharge reaction 
can be calculated via following equation (Eq. (5)) [39].  

i (V) = k1v + k2v1/2                                                                 (5)  

in which k1v and k2v1/2 correspond to the capacitive behavior and 
diffusion control region, respectively. Therefore, the CV curves of 
CNF and ZnOS/SCNF electrode can be divided into two parts as 
shown in Fig. 7c,d. The capacitive dominant CV curve indicates a 
rapid charge transfer with fast lithium ion diffusion, which can 
significantly affect to the ultrafast Li-ion storage capability [40].  
Fig. 7e summarizes the capacitive proportion of the CNF with ZnOS/ 
SCNF electrodes by the scan rate variation. Compared with the CNF 
and other samples (see Fig. S7), ZnOS/SCNF electrodes show the 
highest capacitive behavior ratio of 61.3% at a scan rate of 10 mV s−1, 
which is in agreement with the excellent rate capability of ZnOS/ 
SCNF, as shown in Fig. 6c. 

This study suggests a novel hybrid structure of ZnOS lamination 
layer on S-doped CNF matrix and reveals its structural advantage as 
an anode material in detail. The ZnOS/SCNF electrode exhibited high 
specific capacity, cycling stability, and ultrafast Li-ion storage 

capability, which are crucial parts for overcoming the limitation of 
LIB application. This remarkable performance enhancement can be 
attributed to the below factors. First, high electrical conductivity of 
ZnOS/SCNF was obtained through the enhanced charge transfer ef
ficiency at the interface of ZnO and ZnS with S-doped CNF matrix, 
enabling superior ultrafast Li-ion storage capability. Second, gener
ated Li2O and Li2S interphase during the conversion reaction of ZnOS 
can suppress the drastic alloying process of Zn, which realize the 
high cycle stability during repetitive charge/discharge process. 
Therefore, the hybrid ZnOS/SCNF electrode demonstrates great po
tential as a candidate for ultrafast LIB anode. 

4. Conclusion 

In summary, we successfully developed a hybrid structure of an 
ZnOS lamination layer on S-doped CNF matrix (ZnOS/SCNF) for an 
ultrafast and stable LIB anode using electrospinning method and 
sequential ALD process. Through the development of the ZnOS/SCNF 
hybrid structure, superior kinetic property of ZnOS and high elec
trical conductivity of S-doped CNF can be achieved. It should be 
noted that during the charge/discharge process of ZnOS, a highly 
reversible conversion and alloying reaction with Li-ion occurs. 
Moreover, the distorted lattice structure at the interfacial region of 

Fig. 7. (a, b) CV curves of CNF and ZnOS/SCNF with varied scan rate from 2 to 10 mV s−1, (c, d) CV curves of CNF and ZnOS/SCNF, which are separated to diffusion current for shaded 
region and capacitive current for filled region at 10 mV s−1, and (e) area comparison of diffusion (D) and capacitive (C) contributions for CNF and ZnOS/SCNF electrodes with 
different scan rates. 
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ZnO/ZnS can facilitate the Li-ion transportation, resulting in the 
highest Li-ion diffusion coefficient of 9.14 × 10−13 cm2 s−1 for ZnOS/ 
SCNF electrode. ZnOS/SCNF electrode showed competitive electro
chemical performance such as high specific capacity of 672.8 mAh 
g−1 at 100 mA g−1 with great capacity retention of 87.8% after 100 
cycles, superior high rate capacity of 408.51 mAh g−1 at 2000 mA g−1, 
and excellent ultrafast cycling stability of 85.4% after 500 cycles. The 
improvement of the electrochemical performance was attributed to 
the (1) enhanced electrical conductivity from the efficient charge 
transfer at the ZnO/ZnS interfaces and S-doped CNF matrix for the 
ultrafast Li-ion storage capability, and (2) generation of Li2O and Li2S 
interphase during the conversion and alloying process of ZnOS/SCNF 
anode for superior cycle stability. Thus, the suggested novel ZnOS/ 
SCNF hybrid structure can be a effective strategy for achieving ul
trafast and stable Li-ion storage performance for the anode material 
of LIBs. 
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