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In addition to their optoelectronic applications, Zn-based oxides and sulfides have also been widely studied

as electrode materials in Li-ion batteries owing to their high theoretical capacity. However, both the

materials suffer from a drastic loss in capacity due to their poor conductivity and electrochemical

instability. A very efficient and carefully controlled combination of these two may address these

limitations. In this work, thin films of zinc oxysulfide (ZnOS) with an O/(O + S) ratio of �0.7 were

deposited using a combination of oxide and sulfide atomic layer deposition (ALD) cycles; they were then

tested as anodes in Li-ion batteries. The material was grown directly on a stainless steel substrate (SS),

characterized extensively using several ex situ characterization tools, and then used as an anode with no

binder or conductive additives. Cyclic voltammetry measurements were used to confirm the reversible

conversion of ZnOS in addition to the well-known alloying–dealloying Li–Zn reaction. The material

loading was further optimized by varying the number of ALD supercycles to attain the maximum stable

cycling performance. The highest stable capacities of 632.9 and 510.3 mA h g�1 were achieved at

current densities of 0.1 and 1 A g�1 (�4 and 40 mA cm�2), respectively, for a ZnOS film with an optimum

thickness of �75 nm. The optimized ZnOS anode exhibited superior electrochemical performance in

comparison to the equivalent pristine ZnO and ZnS anodes. Finally, the post-cycling analysis of the

binder-free ALD grown ZnOS anodes demonstrated excellent adhesion to the SS substrate and the high

stability of these films upon cycling.
1. Introduction

Secondary batteries (commonly known as rechargeable
batteries) are necessary in modern society; Li-ion batteries
(LIBs) are one of the most common types and are widely used in
portable and high-power electronic devices. As these devices
continue to decrease in size, more research is needed to design
smaller batteries without losing capacity or other essential
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outputs. Several attempts have already been made in the
fabrication and optimization of different active electrode
materials. However, the increasing demand for high-power-
supply (e.g., electric vehicles) is no longer being fullled by
current commercial LIBs owing to the low theoretical capacity
(372 mA h g�1) of conventional graphite anodes.1–5 Therefore, it
is essential to develop new anode materials with a signicantly
higher capacity that can satisfy the increasing energy demand.

In the last few years, several transition metal based oxides
(TMOs) (MxOy; M¼ Fe, Co, Ni, Cu, Zn, Sn, Ti, Mn, Mo etc.; x and
y depend on the oxide being studied) have drawn signicant
attention as potential anode materials, especially for high-
performance LIBs, owing to their low cost, easy synthesis, and
relatively high theoretical capacities.4–16 Similarly, interest in
anodes fabricated from transition metal suldes (TMSs)
(MxSy; M ¼ Zn, Sn, Cu, Ni, Fe, Mo etc.) has also grown owing to
their more promising physical and electrochemical properties,
higher storage capacity, and better conductivity in comparison
to the oxides.3,15,17–26 Zn-oxide and sulde are favourable for
energy applications owing to the fact that they are low cost, non-
toxic, highly stable both thermally and chemically, and easy to
synthesize using different deposition techniques.16,27–29 Apart
J. Mater. Chem. A, 2018, 6, 16515–16528 | 16515

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ta04129f&domain=pdf&date_stamp=2018-08-25
http://orcid.org/0000-0002-8241-2441
http://orcid.org/0000-0002-3993-1908
http://orcid.org/0000-0002-6676-2871
http://orcid.org/0000-0002-2602-6538
http://dx.doi.org/10.1039/c8ta04129f
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA006034


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
7 

Ju
ly

 2
01

8.
 D

ow
nl

oa
de

d 
by

 C
H

O
N

N
A

M
 N

A
T

IO
N

A
L

 U
N

IV
E

R
SI

T
Y

 o
n 

3/
12

/2
01

9 
5:

50
:1

7 
A

M
. 

View Article Online
from other applications, these materials show excellent energy
storage performance as anodes for LIBs. Electrochemical reac-
tions result in formation of several alloys between Li and Zn
(such as LiZn4, Li2Zn5, LiZn2, Li2Zn3 and LiZn)30–32 that exhibit
a high theoretical capacity (>900 mA h g�1) of these mate-
rials.3,4,14,19 However, the application of Zn-based oxide and
sulde anodes is restricted due to the continuous volume
expansion and contraction during Li-ion insertion/extraction
processes. This signicant change in volume makes the elec-
trode material structurally unstable, resulting in a huge loss in
capacity for long cycling performance due to the low conduc-
tivity. Several efforts have been made to improve the capacity
and achieve a long cycling life including morphological modi-
cation, doping with different elements, addition of conductive
agents, and use of three dimensional conducting
networks.3,14,16,17,27–29,33,34 Some recent studies have demon-
strated that the performance of these anodes can be improved
by the addition of conductive carbon or carbonaceous additives;
however, the performance of pure materials has not yet meet
the standards required.4,16,17,28,34–37 The direct growth of elec-
trode materials onto a current collector without any binder or
conductive additives will always provide an easier method for
electrode fabrication and may lead to a better understanding of
the electrochemical responses of the pristine material and Li-
ions. Beyond binary anode materials, it has already been re-
ported that ternary materials offer some further advantages
such as a greater ability to absorb volume changes and revers-
ible reactions with large amounts of Li, which is difficult to
attain in a single system. In this regard, a few ternary double-
cation anode materials, such as ZnO–SnO2, ZnO–CoO,
NiCo2O4, ZnCo2O4, and NiO–ZnO, have been shown to perform
better in LIBs than their individual pristine counterparts.38

Analogous to the double-cation system, an improvement in
electrochemical performance can also be observed for double-
anion-based anode materials, as reported in the existing liter-
ature for BiOF, NbOF, FeOF, due to the reversible conversion
reaction.39–41 This increases the interest in the application of Zn-
based oxysulde (ZnOS) as a double-anion based anode mate-
rial in LIBs, due to the expectation of a better performance than
pristine ZnO and ZnS anodes.

Zinc oxysulde (ZnOS) is a very well-known material in the
eld of photovoltaics, where it is applied as a non-toxic buffer
layer in thin lm solar cells, as it has several properties that can
be controlled by adjusting the composition.42–45 Various tech-
niques have been used to deposit ZnOS lms; these include
chemical spray pyrolysis,45 chemical bath deposition (CBD),46

sputtering,42,47,48 pulsed laser deposition (PLD),49–51 and atomic
layer deposition (ALD).44,52–55 However, besides its solar cell
applications, this material has not been widely explored in the
eld of energy-storage devices. To the best of our knowledge, Xu
et al. have produced the only report on PLD-ZnOS thin lm
anodes in LIBs,51 which showed an enhanced electrochemical
behaviour in comparison to ZnO and ZnS anodes.

Atomic layer deposition, a self-limiting sequential gas-phase
deposition technique, has already been proven to be capable of
achieving uniform, conformal, and pinhole-free thin lm
growth, with a precise control of the lm thickness down to the
16516 | J. Mater. Chem. A, 2018, 6, 16515–16528
Angstrom level on any randomly oriented substrate. Owing to
its various advantages, the ALD process has widely been used to
deposit several oxide4,13,16,56 and sulde25,26,57–61 based materials.
Interestingly, a combination of oxide and sulde ALD processes
could successfully lead to the possible deposition of metal
oxysuldes with precise control. Therefore, along with several
binary materials, ALD has also exhibited its potential for ternary
thin lm deposition compared to other deposition processes.
This is because of the easily and nely tunable stoichiometry of
the constituent components by tailoring the precursor pulse
ratio during the deposition process.43,44,54

In recent years, the advantages of ALD imply that it has seen
widespread use in different elds of energy applications,
including energy storage devices such as batteries. The
continuing decrease in the size of microelectronic devices
demands energy storage systems with favourable dimensions,
such as 3D microbatteries, where ALD is a promising technique
for the precise deposition of thin lm electrodes on high aspect
ratio substrates. Therefore, the development and adoption of
ALD are essential for the fabrication of battery active materials,
such as cathodes, anodes, and solid-state electrolytes. In the
past few years, rapid progress has been made in this eld due to
the application of ALD that includes a thin protective layer (such
as Al2O3, TiO2, and ZrO2) on active materials. This includes
cathodes, anodes, and solid-state electrolytes as well as two and
three dimensional electrodes, especially for LIBs and Na-ion
batteries (SIBs).13,16,25,26,34,56,60,62–65

In this work, we explore the electrochemical performances of
thin ALD-ZnOS lms against lithium. We used sequential
exposure of diethylzinc (DEZ) and H2O/H2S to deposit ZnOS
lms on a stainless steel (SS) current collector and carried out
coin cell fabrication with no further post-deposition processing
to create carbon and binder-free anodes for LIBs. The lm
growth rate was studied using ex situ ellipsometry and X-ray
reectivity (XRR) measurements. The crystallinity, elemental
composition, and surface morphology of the as-deposited lms
were investigated using X-ray diffraction (XRD), transmission
electron microscopy (TEM), X-ray photoelectron spectroscopy
(XPS), and scanning electron microscopy (SEM). A comparative
electrochemical study was carried out for thin ZnOS lms with
different thicknesses. Increasing the thickness/mass loading of
the active ZnOS material led to a decrease in the specic
capacity. A signicant improvement in the specic capacity and
long cycling stability of the ZnOS anode compared to pristine
ALD-grown ZnO and ZnS anodes was demonstrated at a higher
current rate than that previously reported.51 Thus, we have
established, with experimental evidence and scientic expla-
nations, that the presence of more electrochemically active S in
the ALD-ZnOS lms results in a higher stable capacity with
minimal capacity fading due to the more conductive nature of
these O-rich ZnOS lms.

2. Experimental
2.1 Deposition of electrode materials

We opted to use ALD for the deposition of thin zinc oxysulde
(ZnOS) lms using a laminar-ow-type thermal reactor (NCD,
This journal is © The Royal Society of Chemistry 2018
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Lucida D100, Korea), with a substrate temperature of 120 �C.
Thin ZnOS lms were deposited with alternative ALD cycles of
ZnO and ZnS, where DEZ (LG Chem., Korea) was the common
precursor for Zn and the reactants for the oxide and sulde were
DI-H2O and 10% hydrogen sulde (H2S mixed with N2;
Gaschem., Korea) gas, respectively (Fig. 1). The DEZ and H2S
sources were kept at room temperature, while the H2O source
was kept at 10 �C throughout the deposition process. A
continuous ow of N2 at 50 sccm was used for purging and as
the carrier gas during the ALD process. One ZnO ALD cycle
comprised a DEZ pulse (0.2 s), N2 purge (10 s), H2O pulse (0.2 s),
and N2 purge (20 s); for one ZnS cycle, the H2O pulse was
replaced by a H2S pulse, followed by a 10 s N2 purge. Detailed
investigations on the deposition and properties of thin ZnOS
lms with different pulse sequences of ALD precursors can be
found elsewhere.54 In this study, we applied different numbers
of ALD supercycles, 50, 75, and 150, to obtain thin ZnOS lms
with different thicknesses, where one supercycle consisted of
nine ALD cycles of ZnO and one of ZnS. Henceforth, these
electrodes will be named ZnOS50, ZnOS75, and ZnOS150,
respectively. The ZnO and ZnS ALD cycle ratio of 9 : 1 was kept
constant for all of the lm depositions. The pristine ZnO and
ZnS thin lms were also deposited under the same conditions
for comparison. The thin lms were deposited on Si for thick-
ness measurements and on SS substrates for thickness
measurements, different material characterizations, and
battery applications. The SS substrates were cleaned with a soap
solution, followed by 10 min of sonication in acetone and then
in DI-H2O; nally, they were dried with N2 prior to the ALD
process.
2.2 Material characterization

The thickness, roughness, and mass density of the as-deposited
lms on Si reference substrates were obtained from the XRR
(PANalytical, X'Pert Pro MRD) measurements, where X'Pert
reectivity soware was utilized to simulate a curve tted to the
experimental data. The thicknesses of the lms grown on the Si
substrates were veried by ellipsometry (Gaertner, Stokes Ellips-
ometer LSE). Glancing angle X-ray diffraction (GAXRD, u ¼ 0.5�)
was carried out to probe the crystallinity of the as-deposited lms
on SS substrates using a high resolution X-ray diffractometer
(PANalytical, X'Pert PRO MPD, equipped with Cu Ka radiation of
Fig. 1 Schematic representation of the precursor pulse sequence used
direct use as a carbon and binder-free electrode in a coin cell LIB.

This journal is © The Royal Society of Chemistry 2018
1.542 Å). The chemical compositions of the as-deposited lms on
the SS substrates were investigated by XPS analysis with a VG
Multilab 2000 X-ray photoelectron spectrometer using an Al Ka
source. The surface morphology characterization and the energy-
dispersive spectroscopy (EDS) elemental mapping of the as-
deposited and post-electrochemical cycling lms on the SS
substrates were performed with plan-view SEM imaging using
a eld emission scanning electron microscope (FESEM, Hitachi
SU-70, Schottky eld emission type electron gun (ZrO/W
emitter)). Cross-sectional TEM and EDS (JEOL, JEM-2100F
equipped with 200 kV eld emission gun) analyses were carried
out to investigate the structural and elemental distribution of
ALD-grown ZnOS lms. The focused ion beam (FIB) li-out
technique was used to prepare the sample for cross-sectional
TEM analysis.
2.3 Coin cell fabrication and electrochemical studies

Electrochemical studies of the ALD-grown electrode materials
were carried out in CR2032 coin-cells at room temperature. All
the thin lms were deposited on a 16 mm diameter SS-disk
current collector, which was used directly as the working
electrode, with no binder or conductive additives and without
any post-deposition treatment (Fig. 1). Metallic Li foil was
used as the counter/reference electrode against the ALD-
grown active material for the fabrication of LIBs. An Ar-gas
lled glove box was used to assemble the coin cells. A
porous polypropylene (PP) (Celgard 3401) separator was used
to separate the electrodes with 1 M LiPF6 in 1 : 1 (vol) ethylene
carbonate/dimethyl carbonate (EC/DMC) as the electrolyte.
The cyclic voltammetry (CV) measurements were performed
within the potential window of 0.01–3.0 V vs. Li/Li+ with a scan
rate of 0.2 mV s�1, and electrochemical impedance spectros-
copy (EIS) in the frequency range of 200 kHz to 0.01 Hz was
carried out for all the cells using an SP-150 (Biologic, France).
The galvanostatic charge–discharge performances were
investigated using a WBCS 3000 (Won-A-Tech, Korea) battery
testing unit in the same potential range at different current
densities. The mass loading of the active material for each
electrode on the SS current collector was estimated using the
thickness of the ALD-grown thin lms as measured on the Si
substrates which were deposited during the same reaction
process. The density was calculated for each of the materials
for ZnOS thin film deposition by ALD on a SS substrate, followed by its

J. Mater. Chem. A, 2018, 6, 16515–16528 | 16517
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and was used for the mass calculations as obtained from the
XRR measurements.
3. Results and discussion
3.1 Material characterization

For the XRR measurements, the lms were deposited on Si
substrates at 120 �C using 300 ALD cycles for pure ZnO and ZnS,
and 30 supercycles for ZnOS. Experimentally obtained Kiessig
fringes and a tted curve for a suitable model of the lm stack,
as shown in Fig. 2a, were utilized to evaluate the properties of
the lm such as thickness, roughness, and density. The thick-
nesses of the ZnO, ZnS, and ZnOS thin lms were calculated to
be 44, 34, and 42 nm, respectively, based on the XRR
measurements; the corresponding average growth rate per cycle
(GPC) were�1.5, 1.1, and 1.4 Å per cycle, respectively. The mass
densities of the ALD-grown ZnO, ZnS, and ZnOS thin lms were
found to be�5.58, 4.00, and 4.81 g cm�3, and these results were
used to estimate the mass loading on the SS current collector
during the electrochemical characterization. The GPC of all the
ALD thin lms was also veried using ellipsometry measure-
ments on the Si substrates. In addition, since the lms were
deposited on SS substrates for the electrochemical studies, the
GPC of the ALD grown lm was also veried using cross-
sectional FIB-SEM imaging, as shown in Fig. S1 (ESI).† The
ZnOS lm deposited using 300 ALD supercycles on the SS
substrate had a thickness of �428 nm, which corresponded to
a GPC similar to the 1.4 Å per cycle obtained from the XRR and
Fig. 2 (a) Measured and fitted Kiessig fringes from the XRRmeasurement
mass density, and roughness of the deposited films; (b) glancing angle XR
patterns of ZnO and ZnS); (c) XPS full survey and individual XPS spectra of (
and ZnOS thin films on SS substrate showing the crystallinity and eleme

16518 | J. Mater. Chem. A, 2018, 6, 16515–16528
ellipsometry measurements on the Si substrates. This conrms
that the growth rates of the lms are similar, irrespective of the
substrate.

XRD patterns of the as-deposited lms on the SS substrates
and the bare SS substrate were obtained using the glancing
incidence angle (u ¼ 0.5�) conguration for 2q values ranging
from 25 to 70� and are shown in Fig. 2b. It can be clearly seen
from the gure that the as-deposited ZnO lm is polycrystalline
in nature, with all the peaks consistent with those of the
hexagonal wurtzite structure (JCPDS ref. 00-036-1451). On the
other hand, the XRD pattern of the thin ZnS lm exhibited only
one high intensity peak at �28.5� which corresponds to the
(111) or (002) plane of cubic (JCPDS ref. 00-001-0792) or
hexagonal ZnS (JCPDS ref. 00-036-1450).53 When one ZnS cycle
was incorporated into the ZnO cycle, the intensities of the ZnO
peaks decreased and shied to lower angles, as observed from
the XRD pattern of the thin ZnOS lm.48,53,54 It should be noted
that the ionic radius of S is larger than that of O,48,66 and
therefore, the lattice constant increases due to the incorpora-
tion of S into the ZnO lattice, which caused a decrease in the
diffraction angle during the XRD analysis of ZnOS.

XPS measurements were performed for the ALD-grown ZnO,
ZnS, and ZnOS thin lms on the SS substrate to investigate the
chemical compositions. The full XPS survey spectrum, in the
binding energy range of 0–1200 eV, presents the constituent
elements of the individual lms, as shown in Fig. 2c. For
a detailed study, the XPS spectra corresponding to each element
in the high resolution energy scan are shown in Fig. 2d–f. The
s of ZnO, ZnS, and ZnOS on Si-substrates with the calculated thickness,
D patterns (the lines in the bottom panel show the powder diffraction
d) Zn 2p, (e) O 1s, and (f) S 2p of the as-deposited ALD-grown ZnO, ZnS,
ntal composition, respectively.

This journal is © The Royal Society of Chemistry 2018
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Zn 2p XPS peaks corresponding to ZnOS, as seen in Fig. 2d,
show Zn 2p3/2 and Zn 2p1/2 doublets at binding energy values of
1021.8 and 1044.9 eV, respectively,44,45 which are approximately
the same as the binding energies of the Zn2+ oxidation state of
ZnO (1021.45 and 1044.55 eV, respectively).16,67 On the other
hand, the Zn 2p spectrum of ZnS shows the Zn 2p3/2 and Zn
2p1/2 peaks at higher binding energies of 1022.45 and 1045.5 eV
which are approximately the same as those in previous
reports.17,68 Thus, the binding energies in the Zn 2p spectrum of
ZnOS were consistent with those of ZnO, irrespective of the S
incorporation, which indicates the same Zn2+ oxidation state.

Fig. 2e shows the XPS O 1s spectrum of the three different
materials with possible peak ttings. The O 1s spectrum of
ZnOS is tted with four peaks centered at 529.9, 530.3, 531.5,
and 532.3 eV. Among these, the tted peak with a binding
energy of 530.3 eV is attributed to the lattice oxygen of the Zn–O
bonds in the wurtzite ZnO structure, which also correlates with
the O 1s spectra of pristine ZnO.16,45,67 The presence of this peak
suggests that there is no signicant change in the ZnO lattice
even aer the incorporation of S. A lower binding energy peak at
529.9 eV with low intensity signies the lower charge on oxygen,
which is possibly due to the sharing of the lattice between
oxygen and sulfur atoms, as reported by Thankalekshmi et al.
for thin ZnOS lms synthesized by chemical spray pyrolysis.45

The two other peaks, tted at the higher binding energy values
of 531.5 and 532.3 eV, usually reveal an O2� deciency and the
presence of chemisorbed or hydroxyl oxygen on the lm surface,
respectively.12,67,69 Similar peaks are also present in the case of
ZnO, while the small peak at 532.3 eV can be observed in the O
1s spectra of pristine ZnS, corresponding to the chemisorbed or
hydroxyl oxygen on the lm surface due to the exposure to the
air atmosphere.3 In conclusion, the XPS analyses conrm that
the ALD-ZnOS lms were successfully grown and lie in the O-
rich region.
Fig. 3 Plan-view FESEM images of ALD-grown (a) ZnOS50, (b) ZnOS75, a
images at low magnification. EDS elemental mappings exhibit the unifor

This journal is © The Royal Society of Chemistry 2018
The S 2p spectra of ZnS and ZnOS are shown in Fig. 2f and
are deconvoluted into two peaks. The doublet of S 2p peaks
centered at 162.8 and 161.6 eV can be denoted as S 2p1/2 and S
2p3/2 of ZnOS, respectively, with reference to the peaks of pris-
tine ZnS at binding energies of 163.2 and 162 eV.17,44,45 This
small shi in the peaks towards lower binding energies for
ZnOS indicates a reduction in the charge on the S atoms in the
mixed sulfur–oxygen matrix, where the lower energy peak at
161.6 eV is attributed to the Zn–S bond.45 From the XPS analysis,
an O/(O + S) ratio of �0.7 was obtained for the ZnOS lm
deposited by using a ZnO : ZnS cycle ratio of 9 : 1.54

Fig. 3a–c show the plan-view SEM images of the ZnOS lms
deposited with increasing ALD supercycles on the SS substrates
that were used for battery applications. A highly uniform lm
deposition across the surface area without any denite
morphology can be seen from the SEM images (inset shows the
low magnication images) which proves the uniform and
conformal deposition by ALD. However, the SEM images clearly
exhibit a microstructural change between the lms. As the lm
thickness increased, the grains increased in size and coalesced
resulting in a denser lm deposition. It can also be observed
from the inset images that a three-dimensional ake type
structure started to grow as the lm thickness increased, which
can also be found for several other ALD-grown materials.70,71

The EDS elemental mappings clearly reveal the uniform distri-
bution of Zn (Fig. 3d), O (Fig. 3e), and S (Fig. 3f) across the
surface area.

Cross-sectional TEM analysis was carried out for the ZnOS75
thin lm, and the results are shown in Fig. 4, along with TEM-
EDS elemental mappings. Fig. 4a shows a very uniform and
conformal deposition of the ZnOS thin lm with a thickness of
�100 nm, which corresponds to a GPC of �1.3–1.4 Å per cycle
supporting the XRR and ellipsometry measurements. The
HRTEMmicrograph in Fig. 4b reveals the polycrystalline nature
nd (c) ZnOS150 films on SS substrates. Insets show the corresponding
m presence of (d) Zn, (e) O, and (f) S in the as-deposited ZnOS film.

J. Mater. Chem. A, 2018, 6, 16515–16528 | 16519
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Fig. 4 (a) Cross-sectional TEM image, (b) HRTEM image showing the
uniform and highly crystalline growth of the ALD-ZnOS, (c–e) TEM-
EDS elemental mappings of the ZnOS film proving the uniform
distribution of Zn, O, and S as the constituent elements, respectively
(inset of (c) shows the TEM image for the corresponding TEM-EDS
elemental mapping).
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of the ZnOS thin lm. From the lattice fringes, the measured
interplanar spacing was found to be �2.85, 2.67, and 2.5 Å
which are slightly higher than those of the pristine ZnO wurtzite
structure corresponding to the (100), (002), and (101) planes
(JCPDS ref. 00-036-1451), respectively.

A small shi in the peaks of the XRD pattern to lower angles
was already observed for the ZnOS lm due to the increase in
the lattice constant following the incorporation of S into
ZnO—this also conforms to the results of the TEM analysis.
Fig. 4c–e show the corresponding cross-sectional TEM-EDS
elemental mappings of the ZnOS thin lm. A clear and
uniform distribution of the constituent elements Zn, O, and S
can be observed from Fig. 4c, d, and e, respectively. Thus, the
cross-sectional TEM and EDS elemental analyses exhibit the
uniform and conformal deposition capability of the ALD
process, even for a ternary material.
3.2 Electrochemical performances of ALD-ZnOS anodes

For all the electrochemical property studies, ZnOS lms were
deposited on SS current collectors and directly used as carbon
and binder-free electrodes with no post-deposition processing.
The thin ZnOS lms with thicknesses of �75, 100, and 215 nm
were obtained by using 50, 75, and 150 ALD supercycles,
respectively.

The CV measurements were performed in an applied
potential window of 0.01–3.0 V (vs. Li/Li+) at a 0.2 mV s�1 scan
rate to understand the electrochemical reactions that occur in
the electrodes during lithiation/delithiation processes. Fig. 5a
shows the CV curves for the rst ve consecutive cycles obtained
for ZnOS50. Following the existing literature on Zn-based elec-
trodes,16,27,29,51,56 the cathodic sweep of the CV includes the
reduction processes where the rst conversion reaction occurs
to form elemental Zn from ZnOS, followed by the alloying
16520 | J. Mater. Chem. A, 2018, 6, 16515–16528
reaction between Li and Zn. In addition, Li2O and Li2S matrices
also form during the conversion reactions that act as buffer
layers for the Li–Zn alloying and dealloying reactions. The
anodic sweep comprises the reverse reaction fabricating the
initial electrode material aer the dealloying process. Thus, the
electrochemical reactions of ZnOS in the half cell conguration
can be represented as follows:51

Cathodic reactions:

ZnOS + 2Li+ + 2e� / Zn + Li2O + Li2S (1)

Zn + Li+ + e� / LiZn (2)

Anodic reactions:

LiZn / Zn + Li+ + e� (3)

Zn + Li2O + Li2S / ZnOS + 2Li+ + 2e� (4)

A strong reduction peak at 0.75 V can be attributed to the
decomposition of ZnOS due to its reaction with Li+ resulting in
the formation of elemental Zn (eqn (1)), which is further con-
verted into the Li–Zn alloy (eqn (2)) through several steps [LiZn4

/ (Li2Zn5 / LiZn2) / Li2Zn3 / LiZn] reected by the small
shoulder peaks at 0.54, 0.43 and 0.08 V in the rst cathodic
sweep of the CV curve.32 The main peak also includes the
reduction of the organic electrolyte and the subsequent
formation of a solid electrolyte interphase (SEI) that contains
organic constituents such as ethylene oxide based oligomers,
LiF, LiCO3 and lithium alkyl carbonates.72 On the other hand,
during the rst charging (anodic) process four oxidation peaks
can be observed below 1 V at�0.27, 0.35, 0.53, and 0.68 V which
indicate the multistep dealloying process of the Li–Zn alloy
where LiZn / Li2Zn3 / LiZn2 / Li2Zn5 / LiZn4 to form
elemental Zn (eqn (3)).32 The broad peak centered at a potential
value of�1.2 V is associated with the reformation of Zn to ZnOS
(eqn (4)).16,51 In the second cathodic cycle, the peak at 0.75 V
disappeared and a new peak appeared at �0.9 V, corresponding
to the conversion reaction of ZnOS to Zn; this may be due to the
stabilization of the electrode reactions.16,51,72 Similarly, three
prominent reduction peaks at �0.68, 0.43, and 0.08 V corrob-
orate the multistep alloying processes of the Li–Zn alloy. The
difference between the rst and the second reduction cycle can
be attributed to the capacity loss aer the rst cathodic reac-
tion. There were no such changes in the positions of the
oxidation peaks during the anodic sweep. From the second cycle
onwards, the CV curves were approximately superposed in
shape, which reveal the reversible electrochemical reactions
during further consecutive cycles. Similar electrochemical
reaction proles can also be observed for the ZnOS75 and
ZnOS150 electrodes as shown in the dQ/dV plots (Fig. S2a and
b†) for the rst six consecutive cycles. Thus, all the electro-
chemical reaction proles revealed well-dened reversible
electrochemical reactions for the ALD-ZnOS thin lms.

The electrochemical behavior of the ALD-grown ZnOS thin
lm anode with Li was further investigated using the galvano-
static charge–discharge process at a current density of 1 A g�1

within the potential window of 0.01–3.0 V. Fig. 5b shows the
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Electrochemical studies in LIBs: (a) CVs for the first five consecutive cycles of ZnOS50 at a 0.2 mV s�1 scan rate within the potential
window of 0.01–3.0 V, (b) charge–discharge profile of ZnOS50 at a current density of 1 A g�1 (�40 mA cm�2), (c) rate capability comparison with
a large variation in current density, (d) cycling performance, (e) coulombic efficiency, and (f) specific capacity retention comparison for 100
charge–discharge cycles at a current density of 1 A g�1 between the ALD-grown ZnOS50, ZnOS75, and ZnOS150 electrodes.
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charge–discharge prole of the ZnOS50 electrode for different
cycle numbers. The charge–discharge proles of other ZnOS
electrodes (ZnOS75 and ZnOS150), also obtained at the same
current density and the potential window, are shown in Fig. S2c
and d,† respectively. The plateaus in the voltage proles corre-
late with the cathodic and anodic peaks observed in the CV
curves. It can be observed that for all of the ZnOS thin lms
This journal is © The Royal Society of Chemistry 2018
a plateau appears at �0.8 V during the rst discharge process,
with small slopes in the lower potential region attributed to the
electrochemical reactions between ZnOS and Li+ to form Li–Zn
alloys and the SEI layer. Aer the rst cycle, the value of this
slope is shied to a higher potential (�0.9 V), with several small
slopes at �0.7, 0.4, and 0.1 V that correspond to the results of
the CV measurements. On the other hand, the charging curves
J. Mater. Chem. A, 2018, 6, 16515–16528 | 16521
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contain small slopes in the potential region between �0.3 and
0.7 V, with a broad slope above 1 V; this indicates the multistep
dealloying process of the Li–Zn alloy and the reformation of
ZnOS, respectively. The charge–discharge curves are similar in
nature for the long cycling process which signies more
reversible electrochemical reactions. A very high specic
capacity of 1270.6 mA h g�1 was obtained for the rst discharge
process for ZnOS50 which is explained by the formation of the
SEI layer during the discharge cycle which also consumes some
Li+.27,73 The rst charge capacity was 814.4 mA h g�1, which lead
to a coulombic efficiency of 64.1% in the rst cycle. The
formation of the SEI layer, decomposition of the electrolyte, and
other irreversible processes involved in the rst cycle are
possible causes for the irreversible capacity loss, which can also
be found for other metal oxide-based anodes.12,51,72 The simi-
larity of the potential curves in the subsequent cycles is attrib-
uted to the reversible reactions that occur upon cycling. A
similar charge–discharge behavior was observed for all the ALD-
ZnOS anodes with different lm thicknesses.

The rate capabilities of the ALD-grown ZnOS thin lm elec-
trodes were studied at different current rates over 10 cycles each
in the same potential range between 0.01 and 3.0 V, as shown in
Fig. 5c. Of the three electrodes, ZnOS50 shows the highest and
most stable specic capacity. A high rst discharge capacity of
1430.5 mA h g�1 was obtained for the ZnOS50 electrode at
a current density of 0.1 A g�1, which reached 650.3 mA h g�1 at
the end of the tenth cycle, following a signicant capacity drop
as the charge–discharge cycle number increased. The current
density was then gradually increased up to 1 A g�1. The ZnOS50
electrode showed only a slight capacity drop and was highly
stable as the current density increased. The rst discharge cycle
capacity values for the ZnOS50 electrode were 614.5, 562.8, and
525.6 mA h g�1 at current densities of 0.3, 0.5, and 1.0 A g�1,
respectively. When the current density returned to its initial
value of 0.1 A g�1, the ZnOS50 electrode recovered a specic
capacity value of 632.9 mA h g�1, �97.3% capacity retention
with respect to the 10th cycle of the initial 0.1 A g�1 current
density, while the ZnOS75 and ZnOS150 electrodes showed 87.5
and 69.4% recovery in capacity, respectively. This study indi-
cates the reversibility and stability of the ALD-ZnOS thin lm
anodes for use in LIBs at different current densities. However,
there was only a slight difference between the specic capacities
and stability of the ZnOS50 and ZnOS75 electrodes, while the
ZnOS150 exhibited a relatively unstable behavior with the
capacity fading rapidly with the increasing charge–discharge
cycle number at different current densities.

The long cycling performances of the ZnOS electrodes were
recorded for the detailed study of the stability and specic
capacity with the varying lm thickness. Fig. 5d compares the
cycling stability of the ZnOS anodes of different thicknesses for
100 charge–discharge cycles, within 0.01–3.0 V, at a constant
current density of 1 A g�1. The rst discharge capacities of
1270.6, 1691.1, and 1381.4 mA h g�1 and charge capacities of
814.4, 1030.6, and 901.4 mA h g�1 were obtained for ZnOS50,
ZnOS75, and ZnOS150, respectively. The high discharge
capacity and lower coulombic efficiency (�61–65%) were mainly
the consequences of the SEI layer formation and the irreversible
16522 | J. Mater. Chem. A, 2018, 6, 16515–16528
reactions occurring during the rst cycle, as mentioned previ-
ously. Aer the rst cycle, a gradual decrease in the capacity was
observed for all of the electrodes with different fading rates
(Fig. 5f); however, the electrochemical reactions were reversible,
as indicated by the considerable increase in the coulombic
efficiency (Fig. 5e). Aer a few initial charge–discharge cycles,
the capacities were approximately stable with no signicant
fading until 100 cycles (inset of Fig. 5d). From the gure, it can
clearly be seen that while the ZnOS50 anode showed very quick
and excellent stability up to 100 cycles compared to ZnOS75,
a continuous capacity decay was observed for ZnOS150 over
a large number of cycles. Aer 100 cycles, the stable specic
discharge capacities of 510.3, 484.7, and 275.0 mA h g�1 with
a very high coulombic efficiency of �99% were achieved by the
ZnOS50, ZnOS75, and ZnOS150 anodes, respectively. Thus, it is
found that the most stable electrochemical performance was
obtained for the ZnOS50 anode with a high capacity retention of
�61% aer 100 charge–discharge cycles with respect to the
second cycle discharge capacity in comparison with �46 and
29% for ZnOS75 and ZnOS150, respectively (Fig. 5f). From these
results, we observe that the thickness of the electrode material
(mass loading) has a signicant inuence on the electro-
chemical performance of LIBs, demonstrated by the increase in
capacity fading with the increase in lm thickness/higher mass
loading, which resulted in a decrease in the stable specic
capacity.4,13,74 However, there might be scope to achieve higher
capacity for the electrodes grown with less than 50 ALD super-
cycles, further. The thinnest lm (ZnOS50) in this particular
case yields a thickness of �75 nm which further corresponds to
�43 mg cm�2. The mass was measured by weighing the SS-disk
substrate before and aer deposition and compared with the
theoretical mass that was estimated from the volume and mass
density of the ALD-grown lm. Any lower mass loading than this
might result in a signicant over/under-estimation in the
capacity, and therefore we would like to recommend 50 ALD
supercycles as the threshold condition for this ZnOS electrodes.
Moreover, the specic capacity should not vary much even if we
go further lower than 50 supercycles which is reected from the
cycling performance of ZnOS50 and ZnOS75. To ensure this,
a careful experimentation with 40 ALD supercycles (ZnOS40)
was further carried out which revealed almost same stable
specic capacity at the end of 100 charge–discharge cycles.
Fig. S3† shows the comparative cycling performance of ZnOS40
and ZnOS50 at 1 A g�1 current density. The irreversible capacity
fading during the initial cycles is usually because of the low
conductivity and a lack of structural stability. The increase in
the internal resistance is a possible reason for the capacity loss
in the thicker lms, as it could result in an over-potential which
may result in several side reactions during the electrochemical
cycles.74–76 On the other hand, such capacity fading may also be
associated with the mechanical stability of the electrode mate-
rial. A signicant change in the volume of the electrode material
generally occurs through the Li+ insertion and de-insertion
process during the charge–discharge cycle. The volume
change creates a strong internal stress which leads to the
pulverization and strong polarization of the electrode mate-
rial.4,28,56 The internal stress accumulates more within the
This journal is © The Royal Society of Chemistry 2018
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thicker lms as it is harder to release; this induces severe
mechanical instability. This instability may enhance the
formation of cracks or fractures in the electrode material that
subsequently decrease the stable capacity due to the loss of
contact with the current collector during the long cycling
performance.4,13,74,77,78 Alternatively, the capacity loss of the
thicker lms could also result from the Li-ion diffusion limited
process within the electrode material which is a function of lm
thickness at a constant current density. The surface of the active
material at the electrode boundary becomes electrochemically
inactive when the electrode thickness is higher than the char-
acteristic diffusion length. As a consequence, a signicant
decrease in the capacity can be observed as electrochemical
reactions occur only at the electrode surface which is not usually
electrochemically active for longer cycling processes at high
current rates.74,79,80

To gain further insights into the kinetics and electro-
chemical performance of the ZnOS anodes, EIS measurements
were performed before and aer 100 charge–discharge cycles in
the frequency range of 200 kHz to 0.01 Hz. The comparisons
between the Nyquist plots of the ZnOS electrodes are shown in
Fig. 6a and b, obtained from the EIS measurements before and
aer cycling, respectively, along with the tted curve by using
the equivalent electrical circuit model (shown in the inset of
Fig. 6b). Here Rs and Rct represent the electrolyte resistance and
the charge transfer resistance, respectively, while CPE is the
constant phase element due to the depressed semicircle in the
Fig. 6 Nyquist plots obtained from the EIS measurements along with th
before and (b) after 100 charge–discharge cycles (inset shows the corre
Plan-view FESEM images of (c) ZnOS50, (d) ZnOS75, and (e) ZnOS150 a
images. Yellow circles indicate crack formation in ZnOS150.

This journal is © The Royal Society of Chemistry 2018
measured data, and ZW is Warburg impedance. A Nyquist plot
of an electrochemical system can be separated into different
parts; the rst semicircle in the high-frequency region corre-
sponds to the formation of the SEI layer and contact impedance
at the interface between the active material and the electrolyte,
and the second semicircle from high to medium frequency
regions corresponds to the Rct between the electrode and elec-
trolyte. However, in some cases it is difficult to separate the two
semicircles in the high-medium frequency region and a large
semicircle is formed, which can be considered to be the
superposition of two semicircles. In the third region of the
Nyquist plot, a typical Warburg behavior is observed from the
slope of the linear portion in the low frequency region of the
curve; this is due to the frequency-dependent migration of alkali
ions through the SEI layer and the diffusion of ions through the
electrolyte. In this case, the resulting plot shows a high-
frequency semicircle corresponding to the electrolyte and
charge-transfer resistances at the electrode/electrolyte inter-
face.4,33,81 From Fig. 6a (inset shows the zoomed version) we can
clearly see that the diameter of the semicircle obtained for
ZnOS50 and ZnOS75 is much smaller than that of ZnOS150
which indicates a lower contact and Rct along the interface for
the rst two, whereas ZnOS150 displays an incomplete semi-
circle, indicating a very high Rct along the interface (Table 1).
The similar charge-transfer resistance reected for ZnOS50 and
ZnOS75 before cycling is in good agreement with their close
capacity values. However, these resistances increase
e fitted curves of ALD-ZnOS electrodes with different thicknesses: (a)
sponding equivalent circuit used for the EIS measurement data fitting).
fter 100 charge–discharge cycles. Insets show the high magnification
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Table 1 Before and after cycling Rct values of ZnOS50, ZnOS75, and
ZnOS150 electrodes

Electrodes
Before cycling
Rct (ohm)

Aer 100 cycles
Rct (ohm)

ZnOS50 30 237.8
ZnOS75 32.1 460.6
ZnOS150 1500 524.2
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considerably aer 100 charge–discharge cycles, as shown in
Fig. 6b where there is a considerable difference in the semi-
circles obtained for ZnOS50 and ZnOS75 anodes. The higher Rct

value (Table 1) for ZnOS75 aer cycling could be easily corre-
lated with its lower capacity retention compared to the ZnOS50.
However, ZnOS150 also showed a prominent semicircle with
a lower Rct value aer cycling in contrast to the before cycling
value. This might be due to the severe deformation or large
crack formation (Fig. 6e) that allows more electrolyte to come
into contact with the electrode material as well as it might also
come into direct contact with the SS substrate. Therefore, unlike
to ZnOS50 and ZnOS75, the EIS of ZnOS150 showed an opposite
trend before and aer cycling. Nevertheless, ZnOS150 still has
the highest Rct value among all of these three electrodes even
aer cycling which reects its poor performance compared to
the others. These results clearly reveal that the thickness of
active electrode material signicantly affects the Li-ion diffu-
sion which reduces drastically for ZnOS150 due to its high
thickness. Thus, the EIS measurements illustrated the higher
conductive nature of the ZnOS50 anode which supports the
theory of enhanced stable capacity when compared to the
ZnOS75 and ZnOS150 anodes.

The post-cycling SEM images (Fig. 6c–e) were obtained aer
100 charge–discharge cycles. The electrodes were dismantled
and washed using dimethyl carbonate to remove the electrolyte
salts and dried in the glove box overnight before analysis. As
expected, agglomeration occurred in the lms due to the large
volume change during the charge–discharge process, which
resulted in the formation of multiple cracks that explain the
lower capacity retention of the thicker lm (Fig. 6e). However,
the material remained intact with the current collector aer 100
cycles, indicating the robustness and stable capacity of the
binder-free thin lm electrodes formed by ALD.

3.3 Comparative electrochemical study of ZnOS50 with
pristine ZnO and ZnS anodes

A further charge–discharge cycling study was carried out to
compare the electrochemical performance of ZnOS, ZnO, and
ZnS anodes. For this purpose, pristine ZnO and ZnS anodes
were produced with a similar mass to ZnOS50 by adjusting the
thicknesses of the ZnO and ZnS lms to �70 and 90 nm,
respectively. Fig. 7a shows the comparative charge–discharge
cycling performances of ZnOS50 with pristine ZnO and ZnS
anodes over 100 cycles at a constant current density of 1 A g�1

(�40 mA cm�2) in the 0.01–3.0 V potential range. This study
clearly reveals that when a small amount of sulfur is incorpo-
rated into ZnO, it leads to a signicant enhancement of the
16524 | J. Mater. Chem. A, 2018, 6, 16515–16528
stable specic capacity of the ZnOS50 anode in comparison to
the pristine ZnO and ZnS anodes. While ZnOS50 delivered
a higher stable discharge capacity of 510.3 mA h g�1, pristine
ZnO and ZnS had stable capacities of 360.3 and 449.2 mA h g�1

aer 100 cycles, respectively. The corresponding charge–
discharge proles of ZnO and ZnS are shown in Fig. S5a and b.†

The dQ/dV plots were obtained from the charge–discharge
proles in order to understand the electrochemical reactions
presented in Fig. S5c and d.† It can be found from the CV of
ZnOS50 and the dQ/dV prole of ZnO and ZnS that the rst cycle
of the cathodic and anodic sweeps is similar in nature for all of
the anode materials. The strong high intense peaks represent
the decomposition of the anode material to form elemental Zn
and the SEI layer, along with small peaks at lower potentials due
to the formation of Li–Zn alloys during the rst cathodic sweep.
Similarly, during the anodic sweep the dealloying process of the
Li–Zn alloys is represented by the small peaks below 1 V and the
peak at �1.3 V is associated with the reformation of ZnO/ZnS.
An extra peak was observed at a high potential of �2.6 V for
both the ZnO and ZnS anodes during the rst anodic sweep; this
is attributed to the complete reformation of ZnO and ZnS.27,33,82

It should be noted that the same peak was observed not only for
ZnOS150 (Fig. S2b†), but also for ZnOS50 and ZnOS75 at lower
current density, during the rst cycle (Fig. S4†). Thus, the
oxidation peak at high potential was completely in line with our
observations for all of the electrodes studied in this work. From
the second cycle onwards, signicant changes can be observed
in the electrochemical performance of the pristine ZnO and ZnS
anodes, which is a possible explanation for the lower perfor-
mance of these anodes. The charge–discharge prole (Fig. S5a†)
and dQ/dV plot (Fig. S5c†) of ZnO clearly reveal that although
the peaks that appear for the dealloying process during
charging remain unchanged, the peak corresponding to the
reformation of ZnO at �1.3 V started to decrease rapidly, and
the peak at�2.6 V disappeared completely aer the rst cycle. A
similar phenomenon can be observed for the pristine ZnS
anode, where the decreasing rate of the �1.3 V peak was a little
lower than that for ZnO. On the other hand, the CV and charge–
discharge prole (Fig. 5a and b) show that the electrochemical
reaction plateaus of ZnOS50 were quite reversible up to 100
cycles. This indicates that the increasing rate of capacity loss
may be due to the irreversible reaction of ZnO/ZnS decompo-
sition and formation in the pristine materials during the long
cycling process. However, the other plateaus which correspond
to alloying–dealloying reactions remain unchanged which
attests that the electrochemical performance of these anodes is
strongly governed by the regeneration step of ZnO/ZnS/ZnOS.
Thus, this may be one explanation for the inferior perfor-
mance of the pristine ZnO and ZnS anodes and the signicant
capacity fading observed during the initial cycles. Aer the rst
few cycles, the capacities stabilized (inset of Fig. 7a) and the
coulombic efficiencies reached �97–98% (Fig. S6a†) indicating
the reversible alloying–dealloying processes only (eqn (2) and
(3)), and leading to the lower specic capacity. A similar
behavior was demonstrated by Xu et al.51 for their pulsed laser
deposited ZnOS, ZnO, and ZnS anodes in LIBs; they reported
a specic capacity of�600 mA h g�1 aer 40 charge–discharge
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Comparison between the (a) cycling performances at a current density of 1 A g�1 (�40 mA cm�2) for 100 charge–discharge cycles, and (b)
EIS measurements (Nyquist plots) and the corresponding fitting curves of the ALD-grown ZnOS50, pristine ZnO, and ZnS anodes in LIBs. Plan-
view FESEM images of (c) ZnO, (d) ZnS, and (e) ZnOS50 after 100 charge–discharge cycles. Insets show the low magnification images.
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cycles for S-rich ZnOS lms at a very low current density of
2 mA cm�2. Therefore, we believe that the current work reports
a superior performance at a much higher current density
(1 A g�1) for O-rich ALD-ZnOS. Moreover, as mentioned
earlier, the reversible capacity of �650 mA h g�1 at the rela-
tively low current density of 0.1 A g�1 (�4 mA cm�2 which is
higher than the value used for PLD ZnOS) is also higher than
the previously reported value. The superior performance of
this present electrode could be attributed to three simulta-
neous factors: (a) the excellent homogeneity in the composi-
tion of ALD-ZnOS, (b) its excellent uniformity across the
complete SS current collector, and (c) the precise thickness
optimization (�75 nm) of the active anode material using the
ALD technique.

We have already mentioned that one main reason for the
initial capacity loss is the low conductivity of the active material.
The increase in the internal resistance of the electrode restricts
the Li-ion diffusion, which in turn deteriorates the electro-
chemical performance. The EIS measurements of ZnOS50, ZnO,
and ZnS (Fig. 7b) aer cycling clearly reveal the lowest Rct value
(237.8 U) along the interface for ZnOS50 in comparison to the
pristine anode materials (Rct values of ZnO and ZnS are 896.6
and 591.6 U, respectively), which correlates with its best
performance. A slightly higher conductivity was observed for the
ZnS anode, which exhibited a better performance than ZnO.
However, low capacity retention was observed for both the ZnO
and ZnS anodes (�36–38%) in comparison to ZnOS50 (�61%)
as shown in Fig. S6b.†
This journal is © The Royal Society of Chemistry 2018
On the other hand, surface SEM images of the post charge–
discharge cycling electrodes (Fig. 7c–e) exhibited better struc-
tural stability in the ZnOS50 lm compared to the pristine ZnO
and ZnS lms (before cycling surface FESEM images of ZnO and
ZnS on a SS substrate are shown in Fig. S6c and d,† respectively)
which were affected more by the detrimental effect of the large
volume change during the charge–discharge process.

In addition, the post-cycling ex situ XRD analyses of ZnO,
ZnS, and ZnOS50 electrodes were carried out further at
a completely charged state (3.0 V) aer several charge–discharge
cycles to investigate the possible reaction mechanism for each
of them. For this study, the electrodes were prepared by
following the similar process adopted for post-cycling SEM
analyses. The post-cycling ex situ XRD patterns are shown in
Fig. S7 in the ESI.† The XRD analyses clearly showed the pres-
ence of metallic Zn at the peak position of�36.3�, 39�, and 54.3�

corresponding to the (002), (100), and (102) planes (JCPDS ref.
00-004-0831), respectively, for the pristine ZnO electrode aer
complete charging. It clearly reveals that ZnO undergoes an
irreversible reaction with Li aer the rst discharge cycle, which
can also be observed in Fig. S5c;† the capacity is mainly derived
from the alloying reaction between Li and Zn (Li–Zn alloy
formation). On the other hand, we did not observe any peak
corresponding to ZnO which however do not disprove the
presence of some amorphous or poor crystalline ZnO by the
reversible conversion reaction during the charging process.
Nevertheless, the alloying–dealloying based reaction for ZnO
anodes is a well-acclaimed fact in the existing literature.51,83
J. Mater. Chem. A, 2018, 6, 16515–16528 | 16525
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Except the Zn peaks, small hump-like peaks that could be
assigned to Li2CO3 [(�202) plane at �30.6� (JCPDS ref. 00-022-
1141)] and LiOH [(101) plane at�32.4� (JCPDS ref. 00-032-0564)]
are observed. These peaks might appear from the electrolyte as
well as from hydrated Li under the environmental conditions or
due to the SEI layer present at the surface of the electrode. In the
case of the ZnS anode, similar metallic Zn peaks can also be
observed with a relatively lower intensity. In addition, the peak
observed at 54.3� for ZnO almost disappeared for the ZnS
electrode at the fully charged state. Thus, it could be inferred
that ZnS also undergoes the alloying–dealloying reactions
between Li and Zn with a higher possibility of reversible
conversion reactions as well which could lead to amorphous
ZnS formation. The possibility of reversible ZnS formation is in
good agreement with our dQ/dV plot (Fig. 5d) of this anode as
mentioned above. In contrast to both ZnO and ZnS, the post-
cycling XRD of ZnOS50 shows almost negligible peaks corre-
sponding to any of these metallic Zn observed for the other two.
This indicates that ZnOS is predominantly formed reversibly
during the charging process which is eventually amorphous or
very poorly crystalline in nature.84 The established alloying–
dealloying followed by reversible conversion reactions for ZnOS
was also proposed in an earlier report where the electrode was
grown by PLD.51

Thus, the superior electrochemical performance of ALD-
ZnOS thin lm anodes in LIBs in comparison to the pristine
ZnO and ZnS anodes has been revealed. Two possible expla-
nations can be proposed for the signicantly enhanced perfor-
mance of the double-ion ZnOS anode: more easily reversible
reactions associated with the decomposition/reformation of
ZnOS, as well as the alloying–dealloying of Li–Zn, and the
higher conductivity of ZnOS. The uniform presence of O and the
small amount of incorporated S facilitate the electrochemical
activity against Li+ due to improved conductivity, leading to the
higher stable specic capacity of the ZnOS anode. This study
explored the performance of ALD-ZnOS with a highly stable
specic capacity for the rst time that has been shown to be
comparable to the existing literature on Zn-based anode mate-
rials in LIBs (Table S1†). In addition, with the advantages of
ALD, this offers an easy and direct approach of conductive and
binder additive-free electrode assembly. Further improvement
in the capacity retention for ZnOS anodes could be achieved by
using a 3D interconnected conducting network like multiwalled
carbon nanotubes (MWCNTs), N-doped carbon cloths or porous
carbon which will provide signicant space for the volume
change during the cycling process. Thus, it should reduce the
pulverization and help improve the structural stability of the
active electrode materials which could result in higher overall
capacity of the electrode.3,13,16,28,56 However, the current work
should also be considered as an efficient step further towards all
solid-state thin lm batteries with ultrathin electrodes (<100
nm) for the future.

4. Conclusions

This work demonstrates for the rst time the excellent electro-
chemical performance of atomic layer deposited highly
16526 | J. Mater. Chem. A, 2018, 6, 16515–16528
polycrystalline ZnOS thin lm anodes in LIBs. The optimized
thickness was established for the ZnOS anodes owing to the
ability to precisely control their thickness using ALD. Extremely
uniform lms were deposited and their respective elemental
presence revealed the efficiency of the ALD process for the
growth of ternary materials as active electrodes. O-rich lms
with signicantly enhanced capacities compared to the pure
ALD-ZnO anode were found due to the presence of S, which is
more chemically active. On the other hand, pristine ALD-ZnS
demonstrated greater capacity fading upon cycling, which is
restricted to a good extent due to the fact that the ZnOS lm is
more conductive. Thus, we believe that ALD grown ZnOS is
a better anode material for battery applications. A reasonably
high reversible stable capacity of 510.3 mA h g�1 at a current
density of 1 A g�1 for the optimized lm thickness proves the
superiority of this material beyond doubt. However, this
capacity can further be enhanced by coating this material con-
formally on a conductive scaffold layer such as multiwall carbon
nanotubes, with a greater exposed surface for deposition or by
controlling the O/S ratio more precisely.
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