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ZnO/mesoporous carbon nanocomposites have been prepared from polyvinyl alcohol, zinc nitrate hex-
ahydrate and ammonium hydroxide via a facile, scalable precipitation method followed by a calcination
process. XRD, N2 adsorption, TEM, TGA and FT-IR were used to investigate the composition and
microstructure of the obtained product. The electrochemical properties of ZnO/C and ZnO electrodes
were comparatively studied by constant current charge–discharge and cyclic voltammetry. ZnO nanopar-
ticles with diameter around 6.3 nm are uniformly dispersed in the amorphous carbon matrix. ZnO/C
nanocomposites as anode of lithium-ion battery deliver a stable reversible capacity of 610 mAh g�1 at
100 mA g�1 even after 50 cycles, showing that ZnO/C nanocomposites have potential application for
lithium-ion battery.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Owing to the high energy density, long lifespan and environ-
mentally friendly nature, Li-ion batteries (LIBs) in which electrode
materials act as the key to high performance are playing essential
roles in hybrid electric vehicles, portable electronics and other
renewable energy storages [1–3]. On account of the limited theo-
retical capacity (372 mAh g�1) of currently used graphite anodes,
transition-metal oxides (such as Fe3O4, ZnO, etc.) with much larger
specific capacities are taken as promising anodes for LIBs [4,5]. It is
noted that ZnO with poor conductivity and severe capacity fade
upon cycling hinders its application as anode of LIBs. Various
ZnO and carbon composites, e.g., ZnO/C60 [6], ZnO/graphene [7]
and ZnO/CNT nanocomposites [8] have been fabricated to solve
the poor electrochemical performance of ZnO. Wang et al. synthe-
sized a new ZnO nanoparticle/nanocarbon skeleton composites
with C60 and ZnO nanoparticles used as carbon and Zn sources,
respectively, and it exhibits a high specific capacity of
915 mAh g�1 after 100 cycles [6]. Hsieh et al. synthesized a kind
of ZnO/graphene with highly crystallized ZnO nanocrystals
inserted into both sides of graphene, and the ZnO@GN anodes
demonstrate 460 mAh g�1 at 1 C for 50 cycles [7]. ZnO/CNT com-
posites have also been prepared and used as anode of LIBs, showing
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good lithium storage performance [8]. Nevertheless, C60, graphene
and CNT are time-consuming and expensive to prepare, cheaper
and available carbon material is needed for the preparation of
ZnO/carbon nanocomposites.

With large interface between electrode and electrolyte, and
short lithium ion diffusion path, mesoporous materials with suffi-
cient mechanical buffers to avoid agglomeration and pulverization
also exhibit improved electrochemical performances [9,10].
Although above mentioned improvements on the electrochemical
properties of ZnO anode have been achieved, tedious multi-step
technologies still restrict its wide application as anode of LIBs.

Herein, we demonstrated a one-step method to synthesize ZnO/
mesoporous carbon nanocomposites as anode material of LIBs.
Non-poisonous and cheap polyvinyl alcohol (PVA), usually applied
in skin wound recovery, eye drops product and joint prosthesis, has
been applied as the carbon source. The relationships between the
structures and the electrochemical performances of ZnO/C
nanocomposites are systematically investigated. Finally, the
synthesis mechanism of ZnO/C nanocomposites with superior
electrochemical performance has been proposed.

2. Experimental

2.1. Composites preparation

In a typical synthetic procedure, 4.70 g zinc nitrate hexahydrate
(Zn(NO3)2�6H2O) was wholly dissolved in 80 mL deionized water
(denoted as solution A). 3.00 g PVA was gradually added to
60 mL deionized water in 80 �C water bath, and stirred for
30 min to make solution B. The mixture of solution A and solution
B was stirred for 20 min until its pH value was adjusted to 9–10 by
added ammonium hydroxide (25.0–38.0 wt%). The mixed solution
was firstly vaporized at 85 �C for 6 h under stirring, then removed
to vacuum drying oven and dried at 100 �C overnight. ZnO/meso-
porous carbon composites were obtained by calcination in N2 at
500 �C for 2 h. Bare ZnO and carbonized PVA (C-PVA) were pre-
pared by the same method. The weight content of ZnO in ZnO/C
evaluated according to Eq. (1) was 30 %. Thus, L-ZnO/C (15 wt%)
and H-ZnO/C (45 wt%) were prepared for comparison:

ZnO% ¼ mZnO

mZnO þmPVA
ð1Þ

Moreover, ZnO/C-400 and ZnO/C-600 were also prepared by the
same method except for different calcined temperature (400 and
600 �C, respectively). In order to investigate the mechanism of
the formation of mesopores, ZnO/C-Ac with 30 wt% ZnO% was
prepared from Zn(CH3COO)2�2H2O.

2.2. Samples characterization

As-made samples were characterized with X-ray diffraction
(XRD) (X’Pert PRO MPD, Holland) using Cu Ka radiation
Fig. 1. Synthesis schematic of ZnO/C: (a) addin
(k = 1.518 Å). The pore structure was investigated on the basis of
low temperature nitrogen adsorption–desorption isotherms on a
sorptometer (Micromeritics, ASAP 2020, America). Transmission
electron microscopy (TEM) (JEM-2100UHR, Japan) and field emis-
sion scanning electron microscopy (FE-SEM, S4800, Japan) were
used to investigate the structure and morphology of as-obtained
samples. The functional groups of the product were recorded by
Fourier transform infrared spectrometry (FT-IR) (Thermo Nicolet
NEXUS 670, USA). The crystallinity of as-made samples was labeled
by Raman analysis carried out by a Jobin–Yvon Labram-010 Raman
spectrometer. The weight loss of the obtained products was tested
by thermogravimetric analysis (TGA) (STA 409 PC Luxx, Germany).

2.3. Electrochemical measurements

The working electrodes were prepared by coating homogeneous
slurry consisting of the obtained ZnO/C composites, polyvinylidene
fluoride (PVDF) binder and carbon black at the weight ratios of
80:10:10 dissolved in N-methyl-2-pyrrolidinone as a solvent on a
copper foil. After dried at 100 �C for 10 h, the electrode was roll-
pressed and assembled into a half-battery in an argon-filled glove
box in which the concentrations of water and oxygen were con-
trolled bellow 0.1 ppm. CR2032 half-batteries were assembled
from bottom to top by stacking working electrode, separator and
counter electrode, i.e. ZnO/C material, microporous polypropylene
film and Li foil, with 1 mol L�1 LiPF6 in a 1:1 (v/v) mixture of ethy-
lene carbonate and dimethyl carbonate as the electrolyte. After
sealed and aged for 8 h, the cells were galvanostatically charged–
discharged in the potential range of 0.005–2.5 V vs. Li/Li+ at the
current density of 100 mA g�1 on a battery testing system (Land
CT2001A). Cyclic voltammetry (CV) curves were tested at
0.25 mV s�1 in the range of 0.01–2.8 V by Ametek PARSTAT4000
electrochemistry workstation. Electrochemical impedance spec-
troscopy (EIS) tests were also tested by Ametek PARSTAT4000
electrochemistry workstation in the frequency range of 100 kHz
to 10 mHz with AC voltage amplitude of 10 mV.

3. Results and discussion

Fig. 1 illustrates the synthesis procedure of ZnO/mesoporous
carbon nanoparticles. The intense interaction between the hydro-
xyl group of PVA and Zn2+ ion makes Zn2+ homogeneously disperse
in the mixed solution. During calcination process, PVA was car-
bonized and ZnO/mesoporous carbon nanoparticles were obtained.
The highly conjugated structure in ZnO/C nanoparticles can
prevent the aggregation of ZnO nanoparticles.

Fig. 2(a) shows the XRD patterns of as-prepared ZnO/C compos-
ites and bare ZnO. The peaks at 2h = 31.7�, 34.4�, 36.3�, 47.6�, 56.6�,
62.9�, 66.3�, 67.9�, 69.1� and 72.7� are found in ZnO, which are
assigned to (100), (002), (101), (102), (110), (103), (200),
(112), (201) and (004) planes of wurtzite-type hexagonal ZnO
(JCPDS, No. 36-1451), implying the formation of crystalline ZnO
g mixed solution; (b) calcination process.



Fig. 2. (a) XRD patterns of ZnO/C and ZnO; (b) N2 adsorption–desorption isotherms of ZnO/C and ZnO/C-Ac.

Fig. 3. TGA curves of ZnO/C in air.
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after annealing. The broad peaks of ZnO/C indicate that the
as-obtained sample contains smaller nanocrystallines. Notably,
diffraction peaks of carbon in ZnO/C cannot be identified, revealing
Fig. 4. (a) FT-IR spectra and (b) Raman
the amorphous carbon matrix. In addition, the full width at half
maximum (FWHM) of ZnO/C is about 1.1�, from which ZnO/C par-
ticle size around 6.3 nm can be calculated from the Scherrer’s
equation.

N2 adsorption–desorption isotherms of ZnO/C and ZnO/C-Ac are
presented in Fig. 2(b). For ZnO/C, according to IUPAC classification
method, type IV isotherm with type H4 hysteresis loop can be
obviously seen from the isotherm [11], which are typical for meso-
porous materials [12]. Meanwhile, the specific surface area and
mesopore volume ratio of ZnO/C are respectively up to
159.0 m2 g�1 and 29.0%, which is beneficial for Li-ion diffusion.
Nevertheless, no hysteresis loop can be identified in the N2 adsorp-
tion–desorption isotherm of ZnO/C-Ac, and the specific surface
area of ZnO/C-Ac is only 3.4 m2 g�1, indicating that the formation
of mesopores in ZnO/C is closely related to the nitrate ion. As
shown in Fig. 3, the weight percentage of ZnO in ZnO/C composites
evaluated by TGA is around 57.5 wt%, while that of ZnO/C-Ac is just
49.1 wt% (see Fig. S1(b)). Besides the volatilization and carboniza-
tion of PVA under high temperature, the generation of nitrogen
oxide and its etching effect on carbon atoms during the calcination
spectra of C-PVA, ZnO/C and ZnO.
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process make the main contribution to the formation of mesopor-
ous carbon matrix in ZnO/C nanocomposites.

FT-IR spectra shown in Fig. 4(a) are used to analyze the chemi-
cal groups of ZnO/C composites, C-PVA and ZnO. For C-PVA, the
stretching vibration of C@C in aromatic cycles is found around
1530 cm�1, while the peaks between 910 and 620 cm�1 are attrib-
uted to the fingerprints of C–H on aromatic rings [13]. A strong
peak assigned to Zn–O around 500 cm�1 can be found in the
FT-IR spectra of both ZnO/C and ZnO [14].

Raman spectroscopy was carried out to further characterize the
microstructure of C-PVA, ZnO/C and ZnO. As shown in Fig. 4(b), G
band corresponding to the sp2-bonded carbon atoms appears
around 1585 cm�1, while D band relating to the disordered carbons
occurs near 1340 cm�1 [15,16]. Nevertheless, the strength ratio of
the D to the G bands (ID/IG) of ZnO/C, i.e. 1.12, is much larger than
0.89 of C-PVA, showing the increasing degree of disorder, which is
due to the ZnO nanoparticles embedded in carbon matrix. E1 (LO)
mode (ca. 570 cm�1) associated with structural defects of ZnO
can be identified, and the peak (440 cm�1) corresponding to E2

(high) mode which is a characteristic of hexagonal wurtzite phase
[17] confirms the presence of wurtzite-phased ZnO, consistent
with previous XRD analysis.

The morphology and structural features of ZnO/C and bare ZnO
were characterized by SEM and TEM. Fig. 5(a) illustrates the SEM
image of ZnO/C with rough trigeminal-flake structure. The unique
Fig. 5. SEM images of (a) ZnO/C and (b) bare ZnO. TEM images of (c) ZnO/
morphology with a thickness about 60 nm forms loose accumula-
tion and big internal space, while dense packed crystal can be
visualized in the SEM image of bare ZnO (Fig. 5(b)). From TEM
images shown in Fig. 5(c) and (d), it can be seen that ZnO nanopar-
ticles are uniformly dispersed in carbon matrix, while agglomera-
tion obviously occurs in bare ZnO. The high resolution TEM (HR-
TEM) image of ZnO/C nanocomposites, as shown in Fig. 5(e),
exhibits lattice fringes separated by 0.25 and 0.26 nm, which corre-
sponds well with the (002) and (101) spacings of ZnO, respec-
tively. Besides, the size of ZnO nanoparticles is about 6.3 nm,
keeping in consistence with previous XRD results. Furthermore,
the crystalline structure of ZnO/C nanocomposites can be con-
firmed through the selected area electron diffraction (SAED) pat-
tern as shown in Fig. 5(f), indicating the polycrystalline structure
of obtained ZnO/C. Moreover, the diffraction rings can be well
ascribed to different planes of ZnO.

The discharge/charge voltage profiles of ZnO/C and bare ZnO for
the 1st, 10th and 50th cycles are shown in Fig. 6(a) and (b), respec-
tively. A classical plateau near 0.5 V can be identified only in the
first cycle of both ZnO/C and ZnO, but it disappears in the subse-
quent cycles, indicating the irreversible capacity loss caused by
the formation of SEI film [18]. Fig. 6(c) and (d) show the cyclic vol-
tammograms (CV) of ZnO/C and ZnO at a scan rate of 0.25 mV s�1.
During the first cathodic cycle, peaks at 0.25 and 1.36 V for ZnO/C
and peaks centered at 0.12, 0.61 and 1.36 V for ZnO are related to
C and (d) bare ZnO. (e) HR-TEM image and (f) SAED pattern of ZnO/C.



Fig. 6. Charge–discharge curves of (a) ZnO/C and (b) ZnO. Cyclic voltammetric (CV) curves of (c) ZnO/C and (d) ZnO in the first two cycles at a scan rate 0.25 mV s�1.
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the alloying reaction of ZnO with lithium and the formation of solid
electrolyte interphase (SEI) layer. In the subsequent delithium pro-
cess, tiny peaks (below 1 V) for ZnO/C and the intensive peaks at
around 0.75 and 1.50 V for ZnO can be attributed to multi-step
dealloying of Li–Zn alloy [19,20]. The peak at 1.36 V for ZnO/C
and 2.66 V for ZnO should be ascribed to the formation of ZnO,
indicating the great differences in morphology and composition
between ZnO/C and ZnO [21]. However, the peak at 2.66 V for bare
ZnO disappears in the subsequent scans due to smaller specific
area and bad diffusion [20]. Compared with big difference in the
cycles of bare ZnO, the CV curves of ZnO/C after 2 cycles almost
coincide with each other, showing better electrochemical
reversibility [22].

The calcination temperature and content of ZnO nanoparticles
are crucial for lithium storage. Fig. S4(a) shows the discharge speci-
fic capacities of samples obtained at various temperatures. The dis-
charge specific capacity of ZnO/C-600 is 560 mAh g�1 after 5 cycles,
lower than 776 mAh g�1 of ZnO/C, owing to slight agglomeration of
ZnO nanoparticles at higher temperature, which can be further
confirmed by the stronger peaks in XRD pattern of ZnO/C-600
(Fig. S3(a)) according to the Scherrer equation. Besides, ZnO/C-
400 also shows a relatively lower specific capacity (685 mAh g�1)
compared with 776 mAh g�1 of ZnO/C, which might be attributed
to the insufficient formation of conductive framework [23].
Fig. S4(b) exhibits the discharge specific capacities of samples with
different ZnO contents. The weight percentages of ZnO in L-ZnO/C
and H-ZnO/C are 29.9% and 78.0%, respectively (see Fig. S2).
The discharge specific capacities of both L-ZnO/C and H-ZnO/C
(328 and 463 mAh g�1, respectively) are much lower than
776 mAh g�1 of ZnO/C after 5 cycles. The unsatisfied capacity of
L-ZnO/C could be ascribed to the low ZnO loading level, while high
content of ZnO nanoparticles can result in larger nanoparticles
and increased mechanical stress [10], which are also unfavorable
for lithium storage. Thus, we believe 57.5 wt% and 500 �C are
suitable values for ZnO content in ZnO/C and the calcination
temperature.

Fig. 7(a) shows the cyclic performance of ZnO/C nanocompos-
ites and ZnO at a current density of 100 mA g�1. In the first cycle,
the discharge/charge capacity of ZnO/C composite is 1228/
764 mAh g�1, with an initial coulombic efficiency of 63%, due to
the irreversible formation of SEI layer [18]. It is noted that the
ZnO/C electrode exhibits a high and reversible capacity of
637 mAh g�1 even after 200 cycles, much higher than recently
reported works [8,21,24,25]. Yolk-shell ZnO–C microspheres
obtained by a chemical solution reaction from Zn(NO3)2�6H2O,
(CH2)6N4 and K3C6H5O7�H2O demonstrate a specific capacity of
520 mAh g�1 at a current density of 100 mA g�1 after 150 cycles
[21]. Hierarchical flower-like ZnO nanostructures synthesized by
solution phase approach only deliver a 50th reversible capacity
over 392 mAh g�1 at the current density of 120 mA g�1 [24].
Mesoporous ZnO nanosheets prepared through a homogeneous
precipitation method and a calcination process exhibits a specific
capacity of 420 mAh g�1 after 50 cycles at the same current density
[25]. ZnO/CNT composite obtained through facile solution reaction
enable a reversible capacity of 602 mAh g�1 after 50 cycles [8].

As shown in Fig. 7(b), the rate capability of ZnO/C nanocompos-
ite was also investigated between 0.01 and 3 V at various current
densities from 200 to 1000 mA g�1. At the current density of
200 mA g�1, ZnO/C anode exhibits a reversible capacity of
650 mAh g�1. As the current densities increase from 400 to 600,
800, and 1000 mA g�1, the capacities of ZnO/C decrease from 420
to 284, 220, and 180 mAh g�1, respectively. Once the current



Fig. 7. (a) Cycling performance of ZnO/C and ZnO; (b) rate performance of ZnO/C at various current densities; (c) Nyquist plots and the equivalent circuit for ZnO/C and ZnO.
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density returns back to 200 mA g�1, the specific capacity can revert
to 530 mAh g�1, showing good rate performance.

To further determine the contribution of mesoporous carbon
matrix to ZnO electrode, EIS tests were performed (see Fig. 7(c)).
Nyquist plots of ZnO and ZnO/C exhibit a semicircle in high fre-
quency region and a straight line in low frequency region,
corresponding to the charge transfer resistance (Rct) and the
Warburg impedance, respectively [26]. The Rct of ZnO/C (47.6 X) is
much smaller than 166.6 X of bare ZnO while the exchange current
(i0) of ZnO/C (2.7 � 10�4 A cm�2) is higher than 7.7 � 10�5 A cm�2 of
ZnO in terms of the following equation [10,27]:

i0 ¼
RT

nFRct
ð2Þ

where, R is the gas constant, T is the absolute temperature (K), n is
the number of transferred electrons, F is the Faraday constant, Rct is
the charge-transfer resistance. The quick charge transfer and low
resistance in ZnO/mesoporous carbon nanocomposite lead to their
superior electrochemical performances.

The improved electrochemical properties of ZnO/C anode are,
on the one hand, ascribed to the mesoporous structure, which
facilitates larger contacting area between active material and elec-
trolyte, ensuring the electrochemical reactions thoroughly
between them. Besides, less Li+ insertion/extraction resistance in
ZnO/mesoporous carbon anode enhances the diffusion rate of Li+

[28]. On the other hand, the severe volume variation and poor con-
ductivity of ZnO nanoparticles can be improved by the electrically
conductive and highly conjugated carbonaceous polymer, which is
believed to be a buffer and conductor during the charge–discharge
processes. PVA is a superior surface active agent [29], ensuring the
uniformly distribution of ZnO nanoparticles. Due to well dispersed
ZnO nanoparticles in ZnO/C, the Li2O layer formed on the surface of
ZnO in the initial discharge is extremely thin, resulting in higher
electron transport and good electrochemical performance [30].
4. Conclusion

A simple and scalable precipitation method was developed to
achieve ZnO/mesoporous carbon nanocomposites with high
electrochemical performance. ZnO nanoparticles with a size of
�6.3 nm could be uniformly anchored by the hydroxyl groups of
PVA. Meanwhile, the carbon matrix derived from PVA can act as
the buffer and conducting medium of ZnO/C anode. The calcined
ZnO/C anode exhibits high reversible capacity and good cyclic
performance, due to the synergistic effect of well dispersed ZnO
nanoparticles and the mesoporous carbon matrix.
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