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As a conversion-type electrode material, ZnCo2O4 (ZCO) is intensively researched due to its attractive high

specific capacity. Much effort to study ZCO supported on a conductive matrix has been successful to over-

come the inherent drawbacks of low conductivity and dramatic volume variation during the (de)lithiation

process. Despite many reported studies, the lithiation storage mechanism in the ZCO electrode is not yet

clearly elucidated. In this work, in operando synchrotron radiation diffraction and in operando X-ray absorp-

tion spectroscopy are used to study the lithium storage mechanism in the ZCO material. The initial conver-

sion process of ZnCo2O4, involving multiple reactions based on intercalation, conversion and alloying is

deeply elucidated. During the 1st lithiation intermediate phases such as LiCo2O3, CoO and ZnO are formed.

On the other hand, upon delithiation, the conversion to ZnO and CoO (and not to the pristine ZnCo2O4)

occurs. This is different from the previous conclusion, which claims that Co3O4 forms after the initial

delithiation. Furthermore, a binder-free ZnCo2O4/carbon cloth composite electrode is also prepared, which

exhibits higher rate performance and capacity retention, compared to the bare ZCO electrode.

Introduction

Nowadays, Li-ion batteries (LIBs) with long lifespan and high
energy density have attracted much attention to meet the
increasing demand of electric devices and electric vehicles in
our daily life.1,2 Nevertheless, the low capacity of commercial
graphite (theoretical capacity = 372 mA h g−1) is a major chal-
lenge to overcome.3 Therefore, the interest in conversion-type
transition metal oxide anode materials increases due to their
high specific capacity, which is 2–3 times higher than that of
graphite.4,5 In addition, high reaction potentials can reduce
the possibility of lithium dendrite formation, improving safety
performance.6–8 However, some intrinsic problems such as low

conductivity and particle pulverization are harmful for rate
capability and cycling life.9 Therefore, an interesting strategy,
transition metal oxide loading on a conductive matrix, was
proposed, because this design can not only increase the
electronic conductivity but also relieve repeated volume
change.10,11

So far, many transition metal oxides have been intensively
studied as anode materials for LIBs.12 As it is known, cobalt
oxides have high structural and cycling stability, compared to
other transition metal oxides.13 However, the high-cost and
high-toxicity of cobalt block the large-scale application of
cobalt oxides. One strategy to reduce the usage of cobalt is its
partial substitution with inexpensive and nontoxic elements.
In this line, some ternary oxides have been developed, such as
ZnCo2O4,

13–15 CoFe2O4,
16–18 and NiCo2O4.

19–21 Among them,
ZnCo2O4 (ZCO) is very promising since conversion and alloy
combined charge storage mechanism occurs upon lithiation.
This material delivers high specific capacity, theoretically
789 mA h g−1 with 7e− per formula unit (pfu).22,23

Furthermore, some hierarchical ZCO structures loaded on a
conductive matrix were designed to alleviate volume change,
increase electron conductivity and shorten the Li+ pathway,
such as peanut-like ZCO/rGO/CNTs,24 ZCO-urchins/carbon-
fibers,25 ZCO nanowire arrays/carbon cloth,22 ZCO nanosheets
on nickel foam,26 and ZCO nanoflowers/carbon nanotube/
N-doped graphene.27
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Despite the widely available literature related to the synthesis
of ZCO and hierarchical ZCO/matrix composites and their
improved electrochemical performance, there is still no deep
understanding of the working mechanism of ZCO. Up to now,
ex situ X-ray diffraction (XRD), transmission electron microscopy
(TEM), and selected area electron diffraction (SAED) have been
employed as tools for elucidating the conversion mechanism,
revealing the formation of LiZn ↔ Zn ↔ ZnO and Co ↔ CoO ↔
Co3O4 during cycling.5 Some reports involving other transition
metal oxides, such as ZnO/ZnFe2O4

28 and ZnMn2O4,
29 clearly

demonstrate the phase evolution during the first cycle via in situ
XRD method. Therefore, in operando techniques are powerful
methods to establish and understand the mechanism of (de)
lithiation. However, it is difficult to do this directly on a hier-
archical ZCO/matrix because of the low ZCO loading. Very
recently, Deng et al. used in situ XRD to study the lithium
storage in ZCO spheres, but they only observed gradual fading
of characteristic diffraction peaks of ZCO upon the initial lithia-
tion.15 Because the initial lithiation process is crucial to electro-
chemically activate the ZCO material, it is necessary to investi-
gate this material in-depth via in operando techniques.

Inspired by the above discussion, this work aims to eluci-
date the Li storage mechanism in hierarchical ZCO/carbon
cloth (ZCO/CC) composites, and parallelepipedal ZCO particles
via in operando synchrotron radiation diffraction (SRD) and
X-ray absorption spectroscopy (XAS). Notably, the ZCO and the
ZCO/CC were synthesized in the same autoclave under the
same synthesis conditions, to ensure the same crystal pro-
perties. This study reveals the real potentials when the inter-
mediate phases form and vanish during the conversion
process. Afterwards, the hierarchical ZCO/CC composite was
used as binder-free anodes for lithium storage. The electro-
chemical performance of the ZCO/CC and bare ZCO electrodes
was measured and compared.

Experimental section
Simultaneous synthesis of ZCO and ZCO/CC

Following the schematic diagram depicted in Fig. 1,
ZnSO4·6H2O (2 mmol, 99.0%, Acros), Co(NO3)2·6H2O (4 mmol,

98.0%, Sigma-Aldrich) and urea (15 mmol, 98.0%, Sigma-
Aldrich) were dissolved in 70 mL deionized water by magnetic
stirring for 30 min. Then, the CC (25 mm × 25 mm, H2315/
H23, Quin Tech) was vertically fixed in the center of a 100 mL
Teflon-lined autoclave. The mixed solution was later put into
the same autoclave and heated at 200 °C for 16 h. After cooling
down, the two precursors (the ZCO particle sediment and the
ZCO/CC composite) were obtained simultaneously in one pot.
After that, the two obtained precursors were washed separately
with deionized water and absolute ethanol several times and
then dried at 80 °C overnight. Finally, the ZCO precursor was
sintered at 500 °C for 6 h in air, whereas the ZCO/CC precursor
was annealed at 500 °C for 6 h under N2 flow (in order to avoid
the combustion of the CC) and afterwards sintered at 450 °C
for 15 min in air for further oxidation of Co2+ to Co3+. A
heating rate of 5 °C min−1 was used until the annealing temp-
erature was reached.

Electrochemical characterization

ZCO electrodes were prepared by mixing ZCO powder, carbon
black (Super-C65, Timcal Ltd) and PVDF binder (R6020/1001,
Solvay) in a weight ratio of 8 : 1 : 1 using NMP (GC 99.5%,
Merck KGaA). The slurry was cast on Cu foil using an Erichsen
coatmaster with a doctor-blade. After drying, the coated foil
was cut into disks (∅ 12 mm, ∼14 µm thick and ∼1.1 mg ZCO
loading on ∼10 mg Cu foil). As a comparison, the as-prepared
ZCO/CC composite was also cut into disks (∅ 12 mm,
∼147 µm thick, and ∼1.9 mg ZCO loading on 4.5 mg carbon
cloth). The working electrode, polypropylene separator (∅
17 mm, Celgard 2325-1750-A), lithium foil counter electrode
(∅ 15 mm, Alfa Aesar) and LP30 electrolyte (1 M LiPF6 in ethyl-
ene carbonate/dimethyl carbonate = 1 : 1 in mass, BASF) were
used to build CR2032 coin cells in an argon-filled glovebox
(MB200, MBraun GmbH). Galvanostatic cycling (GC), cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were carried out utilizing a multichannel potentiostat
(VMP3, Bio-Logic). The cells were kept in a Binder climate
chamber at 25 °C during the electrochemical experiments. GC
and CV were conducted in a potential range of 3.0–0.01 V vs.
Li/Li+. EIS measurements were conducted at 3.0 V upon an
alternating current signal with an amplitude of 10 mV in a fre-
quency range from 100 kHz to 10 mHz.

General characterization

XRD was carried out using STOE STADI P X-ray powder diffract-
ometers equipped with Mythen1K detectors. Mo Kα1 radiation
(λ = 0.70932 Å) and Co Kα radiation (λ = 1.78896 Å) were used
to characterize the crystal structure. The morphology of the
samples was investigated by using a scanning electron micro-
scope (SEM, Merlin, Zeiss GmbH). The elemental distribution
of the samples was determined by energy-dispersive X-ray spec-
troscopy (EDS) with a Bruker XFlash (60 mm2) EDS detector.
Thermogravimetry (TG) data were collected through an STA
449C Netzsch analyzer from 35 °C to 1000 °C with a heating
rate of 5 °C min−1 under oxygen/argon flow (11/31 mL min−1).
Raman measurements were performed by using a Raman

Fig. 1 Schematic diagram of the hydrothermal synthesis process of the
ZCO and the ZCO/CC.
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spectrometer (LabRam Evolution HR, Horiba Jobin Yvon)
using 532 nm laser excitation with a power of 10 mW. X-ray
photoelectron spectroscopy (XPS) was performed using a
K-Alpha+XPS spectrometer (ThermoFisher Scientific, East
Grinstead, UK). The ZCO powder was analyzed using a microfo-
cused, monochromated Al Kα X-ray source (400 µm spot size).
The K-Alpha+charge compensation system was employed
during analysis, using electrons of 8 eV energy and low-energy
argon ions to prevent any localized charge build-up. The spectra
were fit with one or more Voigt profiles (binding energy uncer-
tainty: ±0.2 eV) and Scofield sensitivity factors were applied for
quantification.30 All spectra were referenced to the C 1s peak
(C–C, C–H) at 285.0 eV binding energy controlled by means of
the photoelectron peaks of metallic Cu, Ag, and Au, respectively.

In operando characterization

The electrodes for in operando SRD and XAS were prepared by
mixing 70 wt% of the ZCO active material, 20 wt% of carbon
black (Super P Li, Timcal Ltd) and 10 wt% of polytetrafluoro-
ethylene (PTFE, white beads, Aldrich) binder by dry grinding
and pressing on Cu mesh. About 5 mg of the mixture was
pressed on the center of a copper mesh (∅ 12 mm) and dried
in a vacuum at 80 °C for 24 h. Li|LP30|ZCO in operando coin
cells (CR2025 with a window in the center) were assembled by
the same method stated above. The cells were cycled with a
static current of 75 mA g−1 in a potential range of 0.01–3.0 V
vs. Li/Li+ at room temperature.

In operando XRD data were collected by using synchrotron
radiation (λ = 0.41266(2) Å) at the MSPD beam line, ALBA.31 Si
and LaB6 were used as standard samples for calibration. Glass
capillaries (∅ 0.5 mm) were used for the ex situ SRD test.
In operando XAS measurements were performed at P65 of
PETRA III in DESY. In operando XAS spectra were recorded in
transmission geometry with the conventional step-scan mode
at the Co K-edge during electrochemical cycling. The double-
crystal fixed exit monochromator was equipped with the Si
(111) crystal, and the ionization chambers were optimized for
the Co K-edge. A multichannel potentiostat (VMP3, Bio-Logic)
was supplied by beamline P02.1 (PETRA III, DESY) for electro-
chemical cycling. The spectra were processed by using the
Demeter software.32

Results and discussion
Hydrothermal synthesis and characterization of the pure ZCO
and ZCO/CC composite

The XRD pattern in Fig. 2a confirms that the ZCO precursor is
composed of metal carbonates (CoCO3 and ZnCO3). During
the hydrothermal process, Co2+ and Zn2+ ions can co-precipi-
tate with carbonate in a weak alkaline environment (pH value
of 6.0–9.0). Herein, urea can react with H2O and then converts
to NH3 (NH4

+) and CO2 (CO3
2−), which can provide the alkaline

environment and serve as the precipitant, respectively. The

Fig. 2 XRD patterns (Co Kα1) of the ZCO precursor (a) before and (c) after the TG test; (b) TG curves of the ZCO precursor and the ZCO/CC precur-
sor under oxygen/argon flow; (d) Raman spectra of the CC, ZCO and ZCO/CC.
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overall reactions during the hydrothermal process can be,
therefore, described as follows:

ðH2NÞCOðNH2Þ þH2O ! CO2 þ 2NH3 ð70 °CÞ

NH3 þH2O ! NH3 �H2O

CO2 þ 2NH3 �H2O ! CO3
2� þ 2NH4

þ

CO3
2� þ Co2þ ! CoCO3 #

CO3
2� þ Zn2þ ! ZnCO3 #

To determine the optimal sintering temperature, TG ana-
lysis was performed from 35 °C to 1000 °C under oxygen/argon
(∼1 : 3 in v : v) flow. In Fig. 2b, the ZCO precursor exhibits a
major weight loss at 360–470 °C due to decomposition of the
metal carbonates (CoCO3 at 350 °C and ZnCO3 at 400 °C). At
470 °C, 67.82 wt% of mass remains, which is in agreement
with the theoretical value of 68.06 wt% (ZnCO3 + 2CoCO3 +
0.5O2 → ZnCo2O4 + 3CO2↑). Due to the presence of the CC, the
mass loss of the ZCO/CC in step I is only 6.99 wt%, which is
related to the decomposition of the Zn and Co-containing
compounds. The ZCO/CC displays an additional step at
600–700 °C (step II) where the mass loss is 50.55 wt%. This is
related to the combustion of the CC. Finally, the residual mass
of 42.46 wt% at 750 °C can be associated with the amount of
ZCO. Fig. 2c shows the presence of residual materials after
step III (above 930 °C). This material is a mixture of ZnCo2O4,
ZnO, Co3O4, and possibly CoAlO3 or ZnAl2O4, which is due to
the decomposition of the ZCO (3ZnCo2O4 → 3ZnO + 2Co3O4 +
0.5O2↑) and contamination from the Al2O3 crucible, respect-
ively. Based on these results, the sintering temperature was set
at 500 °C, and the ZCO accounts for 45.65 wt% in the ZCO/CC
composite after calcination treatment. The Raman spectrum of
the CC (Fig. 2d) exhibits two distinct peaks located at

1336 cm−1 (D-band) and 1589 cm−1 (G-band), ascribed to the
defective- and graphitized-carbon structure, respectively.
However, these bands disappear in the spectrum of ZCO/CC,
indicating the homogeneous surface covering of ZCO on the
CC. Similar to the ZCO, the ZCO/CC shows also the character-
istic bands located at 182, 487, 527, 625 and 717 cm−1, corres-
ponding to the F2g, Eg, F2g, and A1g modes of ZCO,
respectively.33,34 Based on the above experimental evidence, we
can conclude that the ZCO powder and the ZCO/CC composite
of homogeneous ZCO covered CC were successfully simul-
taneously synthesized via a hydrothermal reaction.

As shown in Fig. 3a, the pink rhombohedral ZCO precursor
displays a wide size distribution (5–100 µm). However, the
well-crystallized micrometer scale particles display a prismatic
shape with a smooth exterior and distinct edges, apparently
suggesting high crystallinity for these crystals. The sintering
process can induce the removal of CO3

2− and volume change,
leading to the pulverization of large particles into small ones
(see Fig. 3a vs. b). The SEM image (Fig. 3c) of the ZCO particles
shows that the material has a parallelepiped-like shape, with
angles of α = 90°, β = 90° and γ = 150°. The formation mecha-
nism of ZnCo2O4 with a similar morphology was also reported
by Cheng et al.35 The particle shape is related to the hydro-
thermal conditions and the inorganic additive. As demon-
strated by EDX mapping (see Fig. 3d–f and Fig. S1†), a fairly
uniform elemental distribution of Zn, Co and O elements is
observed over the entire particles. A long-time hydrothermal
reaction can enable sufficient dissolution–precipitation reac-
tion between metal ions and metal carbonate, forming phase-
pure parallelepiped-like shaped ZCO particles.

The XRD pattern (MoKα1) of the as-obtained ZCO powders
is shown in Fig. 4a. The Rietveld refinement confirms the
main cubic phase (space group: Fd3̄m, COD #96-591-0137,
94.90 wt%) and tiny hexagonal phase (space group: P63mc,
COD #90-153-3021, 5.10 wt%) in the ZCO. Satisfactory agree-

Fig. 3 SEM morphological characterization: (a) the ZCO precursor after the hydrothermal reaction; (b, c) the ZCO after being sintered at 450 °C;
and EDX mapping of the ZCO: Zn (d), Co (e) and O (f ).
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ment factors (Rwp = 8.55%, Rp = 6.32%) with the cell parameter
a = 8.108 Å and cell volume = 533.052(6) Å3 were obtained in
this crystal refinement. The cubic spinel ZnCo2O4 consists of
the octahedral CoO6 and tetrahedral ZnO4 structure.36 As
depicted in Fig. 4b, the reflections of the ZCO/CC are well
indexed to the Fd3̄m cubic phase ZCO (96.03 wt%), together
with tiny P63mc hexagonal phase ZCO (3.97 wt%). Two broad
and tiny diffraction peaks at ∼11° and ∼20° are due to the
presence of the CC in the composite (see Fig. S2†). The surface
chemical composition and chemical states of the ZCO were
analyzed by XPS. The XPS spectra in Fig. 4c–f confirm the pres-
ence of Zn, Co and O. The Zn LMM Auger line at ∼989 eV
(Fig. 4c) indicates the presence of Zn2+. Furthermore, two com-
ponents can be observed in the Zn 2p3/2 spectrum (Fig. 4d),
one at 1021.2 eV and one at 1022.7 eV, indicating the presence
of Zn2+ in tetrahedral and octahedral oxygen coordination,
respectively. The tiny amount of Zn2+ in the octahedral oxygen
coordination is due to Zn2+ and Co3+ exchanging their posi-
tions.37 According to the previous work by Azmi et al.,38,39 the
2p spectrum of cobalt (Fig. 4e) was fit by considering the typi-
cally occurring multiplet splitting observed for transition
metals. Similar to the results from Kumar et al.,40 the fit multi-
plet defined as in the study of Biesinger et al.,41 accompanied
by the absence of the Co3+ satellite (785.6 eV), proves the pres-
ence of Co3+ only. The O 1s spectrum (Fig. 4f) can be resolved
into three components, and the most intensive one is attribu-
ted to the oxygen in the metal oxide (529.9 eV), whereas CvO

(531.6 eV) and C–O (532.7 eV) stem from contamination. The
quantitative analysis of the spectra leads to a Zn : Co : O ratio
of 1 : 2.3 : 3.9, which well agrees with the expected stoichio-
metry of the ZnCo2O4.

Energy storage mechanism of the ZCO electrode

Fig. 5a shows the CV curves of the ZCO electrode over 50
cycles. Based on previous reports, during the first cathodic
scan, the weak peak at 1.7 V is related to the initial Li+ inser-
tion into the ZCO structure.42 Then, the CV shows an intensive
irreversible peak at ∼0.7 V followed by a minor peak at ∼0.4 V,
corresponding to the conversion of ZCO to metallic Zn and Co,
and a further alloying of Zn with Li. In the following cycles,
the main reduction peak (∼0.7 V) shifts to ∼1.0 V, a phenom-
enon which is in agreement with the literature.23 During the
anodic potential sweep, Li dealloys from LiZn at ∼0.6 V, and
the two peaks located at around 1.7 V and 2.2 V correspond to
the formation of ZnO and CoO, respectively.5,43 After ten
cycles, the cathodic peaks apparently shift to a lower potential,
at ∼0.3 V, while the anodic peaks gradually disappear, indicat-
ing the decrease in reaction kinetics.44 Fig. 5b shows the GC
potential profiles recorded at 0.1 A g−1. The 1st lithiation and
delithiation capacities are 1087 and 806 mA h g−1, respectively,
which are beyond the theoretical values of 976 mA h g−1 and
789 mA h g−1 based on 9 and 7 Li+ pfu, respectively.
The high irreversible capacity during the 1st cycle can be
ascribed to the initial formation of the solid-electrolyte

Fig. 4 The Rietveld refinement of the crystal structure of the ZCO powder (a) and ZCO/CC composite (b); and the XPS spectra of the pristine ZCO
powder: (c) Zn LMM, (d) Zn 2p, (e) Co 2p3/2 and (f ) O 1s.
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interphase (SEI) layer, as already observed on other conver-
sion-type materials.29,45–47 A severe capacity fade is observed
after 20 cycles, which can be mainly ascribed to the pulveriza-
tion of the active material and reduction of electronic
conductivity.

In order to further understand the electrochemical reac-
tion mechanism of the ZCO, in operando SRD was performed
during the 1st GC cycle at 75 mA g−1. Based on the above dis-
cussed electrochemical behavior (Fig. 5 and 6a), the appear-
ance of potential plateaus in the GC and current peaks in the
CVs can be related to specific phase changes. The SRD pat-
terns, containing a total of 145 scans (see Fig. 6b), can be sep-
arated into five steps (named from A to E in Fig. 6 and 7). In
step A (scan 1–7, Fig. 7a and b), where the potential rapidly
drops and forms a short plateau at ∼1.16 V, the intensity of
the ZCO peaks decreases slightly. In this region, the Li-ion
intercalation into cubic ZCO leads to an increase of cell para-
meters (e.g., lattice parameter a: 8.108 Å at scan 1 → 8.111 Å
at scan 3 → 8.113 Å at scan 5 → 8.114 Å at scan 7, see
Fig. S3a†).

Between step A and step B (scan 7–9), when there is a small
steep potential slope (1.16 V → 1.07 V), a new series of XRD
reflections appear at 9.8°, 11.3°, 16.1°, 18.8° and 19.7°, as
depicted in Fig. 6a and Fig. S3c and d.† These peaks corres-
pond to LiCo2O3 (Li0.33Co0.67O, COD #96-154-1452), indicating
that the Li+ intercalated ZnCo2O4 (LiZnCo2O4) converts to
LiCo2O3 and ZnO. Step B covers the scan 8–31, corresponding
to the potential plateau at 1.05–0.93 V. As shown in Fig. 7c and
d and the enclosed red dashed line of Fig. S3e and f,† the peak
intensity of the LiCo2O3 reaches the maximum value at scan 10
and then gradually decreases until scan 31. Meanwhile, the
intensity of the CoO reflections (at 9.6°, 11.1°, 15.7° and 19.3°
enclosed in pink dashed line in Fig. S3e and f,† COD #96-154-
1663) increases, indicating the conversion from LiCo2O3 to
CoO and Li2O during Li+ insertion. Moreover, a series of weak
reflections related to ZnO (at 8.4°, 9.1°, 14.6° and 17.3° in
Fig. S3e and f,† COD #96-230-0114) can also be observed.
Simultaneously, the diffraction peaks related to ZCO gradually
weaken until they completely vanish at scan 17 at around
1.01 V. In step C (scan 32–63), corresponding to a potential

Fig. 5 The CV curves at a scan rate of 0.1 mV s−1 (a) and GC potential profiles recorded at 0.1 A g−1 (b) of the ZCO electrode.

Fig. 6 In operando SRD measurements of the ZCO electrode: (a) potential profile and (b) SRD patterns during the 1st lithiation/delithiation.
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plateau at 0.93–0.85 V (scan 48) and a gentle slope (0.85–0.59
V), the intensity of the new reflections (LiCo2O3, CoO and ZnO)
decreases and finally vanishes (see Fig. 7c and d and Fig. S3g
and h†). It relates to the continuous reduction reaction of CoO
and ZnO to metallic Co and Zn. In step D (scan 64–106),
related to a potential slope at 0.57–0.01 V, except for further
vanishing of diffraction peaks related to residual LiCo2O3, CoO
and ZnO, broad and weak peaks ascribed to Li2O and metallic
Zn and Co are observed (see Fig. 7e and Fig. S4a and b†). The
typical alloying reaction of Zn with Li occurs below 0.5 V, and
the SEI forms at ∼0.8 V.28,48,49 Unfortunately, due to the nature
of the nanoparticles produced by the electrochemical conver-
sion reaction, the LiZn alloy cannot be observed in the XRD
patterns. Herein, this is the first time that the multiple conver-
sion processes are observed on a ZCO electrode. In general,
the first conversion reaction is LiZnCo2O4 → LiCo2O3 + ZnO,
followed by the second conversion of LiCo2O3 → CoO + Li2O,
and finally, the CoO and ZnO are reduced to metallic Co and
Zn (LiZn alloy) nanograins.

During the delithiation process (step E, scan 107–145), the
dealloying reaction reversibly takes place at ∼0.6 V.28 At a
potential above 1.34 V (scan 121), the XRD reflections located
at 8.6°, 14.8° and 9.6° slightly increase in intensity (see Fig. 7e
and Fig. S4c and d†), indicating the formation of the oxidation
products, ZnO and CoO. The nanosized products block further
analysis based on phase change during the continuous (de)
lithiation process.

To clarify the evolution of the cobalt valence in the ZCO
electrode, in operando XAS measurements were carried out at
the Co K-edge during the 1st lithiation performed at 80 mA g−1

(see Fig. 8a). Fig. 8b depicts that Co3+ (scan 1) in the pristine
electrode is gradually reduced to Co2+ (scan 6), corresponding
to the step A + B as defined according to the in operando SRD
test. During scan 1–2 (step A), the cobalt valence changes dra-
matically from higher than Co3O4 to lower than Co3O4, which
is in agreement with the conversion from ZnCo2O4 to LiCo2O3.
Later on, LiCo2O3 converts to CoO gradually during scan 3–6
(step B). From scan 7 to scan 11, CoO converts to Co continu-
ously, which can be related to step C in the in operando SRD
(see Fig. 8c). Finally, from scan 12 to scan 17 (see Fig. 8d), the
spectra are overlapped and consistent with the spectrum of Co
foil, indicating that the reduction from CoO to Co completes
in step C. Therefore, the evolution of the cobalt valence is well
in agreement with the in operando SRD results. Based on the
combination of the in operando SRD and XAS analyses, the
lithiation/delithiation process in the ZCO electrode is
described in the following equations:

Step A (OCV ∼1.16 V):

ZnCo2O4 þ Liþ þ e� ! LiZnCo2O4 ð� 1:16 VÞ

Step B (1.16 ∼0.93 V):

LiZnCo2O4 ! LiCo2O3 þ ZnO ð1:16 � 1:05 VÞ

LiCo2O3 þ Liþ þ e� ! 2CoOþ LiO2 ð1:05 � 0:93 VÞ
Step C (0.93 ∼0.59 V):

CoOþ 2Liþ þ 2e� ! Coþ Li2O

ZnOþ 2Liþ þ 2e� ! Znþ Li2O

Fig. 7 In operando SRD contour map of the ZCO with different reaction steps: (a, b) step A, (c, d) step B + C and (e) step D + E.
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Step D (0.57 ∼0.01 V):

Znþ Liþ þ e� ! LiZn

Step E (0.01 ∼3.00 V):

LiZn ! Znþ Liþ þ e�

Znþ Li2O ! ZnOþ 2Liþ þ 2e�

Coþ Li2O ! CoOþ 2Liþ þ 2e�

ZCO/CC composite based flexible binder-free electrode

The flexible self-standing ZCO/CC composite electrode was
prepared by a hydrothermal reaction. The XRD (Fig. 4b) and
SEM (Fig. 9a) confirm the homogeneous growth of the crystal

ZCO on the CC after the annealing of the ZCO/CC precursor.
From the SEM image of Fig. 9b, one can observe the ZCO
nanoflakes (∼116 nm thickness) grown on the fibers. The open
space between the nanoflakes allows efficient accommodation
of large volume changes and releases structural stress. From
the inserted image in Fig. 9a, it is clear that the highly flexible
and self-supported ZCO/CC electrode can suffer a 180°
mechanical bending. In short, the hierarchical ZCO/CC com-
posite as a self-supporting electrode can combine the advan-
tages of high electronic conductivity, high surface-to-volume
ratio and short Li-ion diffusion length.

To verify the improvement of the electrochemical perform-
ance of the ZCO nanoflakes grown on the 3D conductive sub-
strate, CV measurements were carried out for both ZCO and
ZCO/CC samples. Fig. 10a and b show that the main cathodic

Fig. 8 (a) The potential profile of the ZCO half-cell during the in operando XAS with a current density of 80 mA g−1, and the NEXAS spectra on the
Co K-edge during the 1st lithiation process: (b) step A + B, (c) step C and (d) step D.

Fig. 9 SEM images of the ZCO/CC self-standing electrode: (a) a global map of the coated CC (the inset shows a bent electrode) and (b) a magnified
image displaying ZCO nanoflakes.
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peaks of the ZCO are located at 1.0–0.5 V, corresponding to the
reductions of Co2+ to Co0 and Zn2+ to Zn0. In addition, two
anodic peaks at ∼1.8 V and ∼2.1 V appear during the delithia-
tion process, ascribed to the oxidation reactions of Zn → ZnO
and Co → CoO, respectively.50,51 In contrast, the ZCO/CC elec-
trode exhibits additional redox reactions at a low potential
(∼0.4 V at lithiation process/∼0.6 V at delithiation process),
which can be attributed to Li+ storage in the CC. Moreover, the
anodic/cathodic peaks shift towards each other slightly in the
ZCO/CC electrode compared with the ZCO one, indicating a
lower polarization induced by the enhanced electronic conduc-
tivity. Different from the opinion of Liu et al.,25 the contri-
bution of the CC to the capacity (∼80 mA h g−1 at 0.1 A g−1,
see Fig. S5†) is not negligible.

Herein, two mechanisms are considered to elucidate the Li+

storage in the CC: (i) Li+ intercalation into graphitized carbon
to form LiC6 and (ii) Li+ storage on the carbon surface via the
capacitive effect.52,53 The two effects can be distinguished by
analyzing the power-law dependence relationship between the
generated current (i) and scan rate (ν) from the CV data (iV =
aνb).54 Fig. 10c shows the linear fitting according to the
relationship of ln iV = ln a + b ln v. The fitting result for both
the cathodic peak at ∼0.4 V (b = 0.920 ± 0.027) and the anodic
peak at ∼0.6 V (b = 0.973 ± 0.058) for the ZCO/CC displays a b
value of around 1.0, meaning that the contribution of the
capacitive charge storage in the CC is the main reason for the
enhanced capacity at low potential. Fig. 10a and b show that
voltage hysteresis of the CV peaks is gradually enlarged as the

scan rate increases. To further investigate the reaction kinetics,
the Li+ diffusion coefficient is calculated from the peak cur-
rents based on the Randles–Sevcik equation:55

ip2 ¼ 0:2n 3F 3c 2A 2DLiν=ðRTÞ ð1Þ

where ip is the peak current (A), n is the number of electrons
transferred in the redox reaction, F is Faraday constant
(96 485 C mol−1), c is the concentration of Li+ species
(0.15 mol cm−3 for the ZCO), A is the effective contact area
between ZCO and the electrolyte, DLi is the Li+ diffusion
coefficient (cm2 s−1), ν is the scan rate (V s−1), R is the gas
constant (8.314 J mol−1 K−1) and T is the absolute tempera-
ture (298 K). As shown in Fig. 10d, the linear relationship
between peak currents (ip) and the square root of the scan
rate (ν1/2) suggests that the electrochemical storage process is
limited by the diffusion process. Because the effective contact
area (A) of these compounds is rather complex due to the
huge difference in morphology between the ZCO particles
and the ZCO/CC composite, we propose to use a comprehen-
sive parameter (AD1=2

Li (cm3 s−1/2)) to describe the apparent
effective diffusion in the solid phase. From this calculation,
AD1=2

Li related to the ZCO/CC is 1.2 times higher than the one
related to the pure ZCO (anodic: 2.48 × 10−7 vs. 2.97 × 10−7

cm3 s−1/2; cathodic: 3.81 × 10−7 vs. 4.53 × 10−7 cm3 s−1/2 for
the ZCO vs. ZCO/CC, see Table S1†).

Fig. 11a compares the rate capability of the ZCO and the
ZCO/CC at different current densities from 0.1 to 1.0 A g−1,

Fig. 10 CV curves of the ZCO (a) and the ZCO/CC (b) at different scan rates of 0.1–1.0 mV s−1; (c) power-law dependence of generated currents on
scan rates and corresponding linear fitting of the pair of redox peaks at ∼0.4 V (cathodic) and ∼0.6 V (anodic) for the ZCO/CC; (d) profiles of the
peak current (ip) vs. the square root of the scan rate (ν1/2) and the corresponding linear fitting for the ZCO and the ZCO/CC.
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whereas the capacity decreases with rising current density
due to the sluggish Li+ diffusion kinetics.56 For a fair com-
parison, the capacity contribution from the CC in the ZCO/
CC electrodes is not included, by subtracting the capacity of
pure CC (see Fig. S5†). The ZCO/CC electrode exhibits a much
better rate performance (delithiation capacity: 1013, 948, 760,
664 and 603 mA h g−1 at 0.1, 0.25, 0.5, 0.75 and 1.0 A g−1,
respectively) compared to the ZCO electrode, while the ZCO
displays capacities of 1049, 832, 451, 249 and 131 mA h g−1 at
0.1, 0.25, 0.5, 0.75 and 1.0 A g−1, respectively. When the
current density is reduced again to 0.1 A g−1, the capacity of
the ZCO/CC electrode (1207 mA h g−1) is beyond the original
value. Furthermore, in commercial application, the specific
capacity of cells should be valued considering the total mass
of all cell parts. Actually, the mass of inactive components in
the electrode, such as binder, conductive additive and
current collector, should be also taken into account. In this
work, the apparent specific capacities of the ZCO and the
ZCO/CC electrodes are also compared based on the total elec-
trode mass, namely ZCO + carbon black + polymer binder +
copper foil and ZCO + CC, respectively. As shown in Fig. S6,†
the apparent specific capacity of the ZCO/CC is 296 mA h g−1

at 0.1 mA g−1, which is almost twice the value of the ZCO
(170 mA h g−1). At higher current densities, the disparity
becomes even wider (176 mA h g−1 for the ZCO/CC vs. 22 mA h
g−1 for the ZCO at a current density of 1.0 A g−1). This is not
only due to the light weight of the CC but also to its contri-
bution to providing extra energy storage at low potential and
enhancing electronic conductivity. This result indicates the
potential of such a carbon cloth supported flexible electrode on
improving the electrochemical performance and enhancing the
apparent specific capacity.

The long-term GC test performed with a current density of
0.25 A g−1 is presented in Fig. 11b. The ZCO displays serious
capacity loss within 60 cycles, while the capacity of the ZCO/
CC is still stable until the ∼110th cycle. The delithiation
capacities at the 60th cycle of the ZCO/CC and ZCO electrodes
are around 701 and 225 mA h g−1, respectively. It is also note-
worthy that the coulombic efficiency of the ZCO/CC is always
higher than that of the ZCO in both the rate test and cycling
test. Therefore, it is confirmed by the improved reaction rever-
sibility the benefits of the combination of the conductive
matrix and ZCO nanoflakes, which not only allows the pro-
gressive penetration of the liquid electrolyte into the interior
ZCO but also facilitates electron conduction through the CC.
To examine the resistance evolution during the long-term
cycling test, the EIS plots were recorded every six cycles at 3.0 V
during the cycling test. As shown in Fig. 11c and d, a Nyquist
plot consists of a semicircle at medium frequency and an
inclined line at low frequency, related to the interface resis-
tance and Li-ion diffusion in the electrode, respectively. The
ZCO electrode displays a high interface resistance in the pris-
tine state, which apparently decreases after the 1st cycle due to
the formation of the ionic conductive SEI layer and the larger
active surface area induced by the initial conversion. The resis-
tance dramatically increases after 36 cycles, due to the much
thicker SEI layer and excessive electrode pulverization.57 In
comparison, the interface resistance of the ZCO/CC electrode
is low at the beginning and only increases slightly during long-
term cycling, suggesting a fast reaction kinetics, which can be
related to the well-maintained integrity of active particles and
fast Li+ and electron diffusion in the ZCO/CC
electrode.28,47–49,58 Such attractive properties are ascribed to
the unique morphology of this binder-free electrode.

Fig. 11 Electrochemical performance of the ZCO and ZCO/CC: the rate capability (a), the cycling stability at 0.25 A g−1 (b), and the selected Nyquist
plots of the ZCO (c) and ZCO/CC (d) during the GC test at 3 V.
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Conclusions

In this study, phase pure ZnCo2O4 was prepared by a hydro-
thermal method and used as an anode material for LIBs. The
mechanism of Li storage in spinel ZCO is investigated by
in operando SRD and XAS during galvanostatic cycling.
Electrochemical intercalation, conversion and alloying reac-
tions of the ZCO electrode are discussed in detail. It is the first
time that the intermediate phases (LiCo2O3 (at 1.16 V), CoO (at
∼0.9 V) and ZnO (at ∼1.1 V)) are evidenced during the 1st

lithiation process. This is similar to our study on the ZnMn2O4

anode, where LiZnMn2O4 is formed during the initial lithium
storage. After the formation of CoO and ZnO, the two oxides
can be further converted to metallic Zn (or LiZn), Co and Li2O.
In contrast to the previous conclusion, during the first
delithiation, CoO instead of Co3O4 is formed. As a binder-free
anode for LIBs, the hierarchical ZCO/CC delivers high specific
capacity and shows excellent cycling stability (701 mA h g−1 at
the 60th cycle at a specific current of 0.25 A g−1). This appeal-
ing electrochemical behavior can be attributed to the large
electrochemical active area and fast ion/electron transfer in
the hierarchical ZCO/CC composite.
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