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ABSTRACT: ZnO has been regarded as a promising anode material for the
next-generation lithium-ion battery. Unfortunately, the structure broken caused
by the volume change of ZnO and the capacity degression due to the irreversible
electrochemical reaction of ZnO still remain two major challenges. Here, we
design a novel kind of in situ growth binder-free ZnO-based anodes via ZnO
anchored on vertically aligned graphene. The composite anode retains physical
integrity post cycling. Especially, the good conductivity of graphene and the “zoq - 120
ultrasmall size of ZnO particles help to produce a completely reversible
electrochemical reaction of ZnO-based anode. The composite material exhibits a

high capacity (810 mAh g™"), long cycle life, good cycle stability, and fast charge/

discharge rate.
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ith the development of science and technology, new

kinds of energy conversion and storage devices such as
solar cell, fuel cell, lithium-ion battery (LIB,) and super-
capacitor are appreciated.' > Among which, LIB with the
applications from small-scale portable electronic devices to
large-scale electric vehicles, is regarded as one of the most
promising representatives of the main power source.’”” As a
result, the materials with h1§h theoretical capacities such as
silicon (4200 mAh o1 germanium (1620 mAh
g )*"tin (990 mAh _1)14 > were studied extensively.
Unfortunately, the complete nontoxicity, low cost, easy
preparation, and chemical stability of ZnO has attracted little
attention because of its unstable cycling propert?r though it
poses a fairish theoretical capacity 978 mAhg™.'*'” The poor
electrical conductivity and the large volume change (about
300% ),18 20 which will cause large intrinsic resistance, severe
disintegration of electrode and electrical disconnection between
active materials and current collector, are two important
reasons for the capacity fading and unstable cycle capability of
ZnO.

Lots of efforts centered on enhancing the electrical
conductivity and stabilizing of anode structures have been
attempted. Different designs can be classified into two main
groups: (1) Proceeding from stabilizing of ZnO structures,
active materials were prepared into nanostructures. 16,17,19=30
(2) Proceeding from enhancing the electrical conductivity,
ZnO-based carbon or some metal composite materials were
used as anodes.'®***%*°735 Here, we design a structure that
could solve both the poor electrical conductivity and the
volume change induced electrode disintegration problems. As
shown in Figure le, in situ grown ultrathin graphene sheets
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vertically aligned on copper foil current collector. ZnO
nanoparticles (ZnO-NPs) uniformly anchored on both sides
of the vertically aligned graphene sheets (ZnO-VAGN). Within
this design, some special features are analyzed as follows. First,
ZnO was prepared into nanosized structures to avoid
pulverization by reducing the absolute volume change. Second,
the direct growth of the VAGN phase offers some advantages:
(i) each ultrathin VAGN is electrically connected to the Cu
current collector with a distance of about 1—2 pm apart from
each other, which preventing the VAGNs from restacking with
one another, such that the entire ZnO-VAGN phase
contributes to the capacity. (ii) ZnO nanoparticles uniformly
anchored on integral graphene sheets, thereby both sides of a
single sheet in the VAGN composites were fully used and the
freestanding graphene-ZnO sheets could supply direct 2D-in-
plane pathways allowing for efficient charge transport to
shorten the Li-ion transport pathway. In addition, the 3—6 nm
nanoparticles (the statistic results was given in the Supporting
Information, Figure Sla, and Histogram S1) uniformly
anchored on both sides of VAGNSs, and the distance between
them could supply enough expansion space for ZnO nano-
particles during cycle process. Namely, the ZnO nanoparticles
will still remain on the surface of VAGNs even after it
pulverized into smaller ones during the cycling process. In fact,
these speculations were confirmed in the TEM test of the

anodes after cycling. (iii) The good conductivity of graphene
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Figure 1. Morphology characterizations (SEM images) of (a) pure VAGNSs and (b) ZnO-VAGNSs. High-resolution SEM micrographs of (c) pure
VAGNSs and (d, f) ZnO-VAGNSs. (e) Sectional view of ZnO-VAGNSs grown on Cu current collector. (g) X-ray diffraction (XRD) pattern of the

ZnO-VAGNSs. (h) XPS spectrum of Zn 2p3/2 in ZnO-VAGNS.

and the ultrasmall size of ZnO particles help to produce a
completely reversible electrochemical convertion reaction of
ZnO-based anode. The simple special structure of ZnO
composite contributes a lot to its enhanced electromechanical
performance. The electrodes exhibit (1) a high reversible
capacity value of 810 mAh g' at 80 mA g™/, (2) cycle lives of
more than 105 times with a capacity loss of about 6.0%, and (3)
a retained capacity of 201 mAh g~' with a discharge time of 40s.

The synthesis of the freestanding graphene sheets was
performed in a microwave plasma enhanced chemical vapor
deposition system (MPECVD) equipped, and ZnO nano-
particles were added through hydro-thermal synthesis method.
SEM micrograph in Figure la indicates that the VAGNs were
arbitrarily interlaced, with each two sheets in the range of
hundreds of nanometers, which is sufficiently wide to prevent
them restacking with one another. The growth process was
described in our previous reports. As illustrated in Figure 1b,
there are no significant differences between the low-resolution
SEM images of VAGNs and ZnO-VAGN composites because
of the ultrasmall size of the ZnO-NPs and their monolayer
dispersion. The high-resolution SEM micrographs clearly
display the pure graphene sheets with smooth surface(Figure
1c) and ZnO-based graphene sheets anchored with a series of
nanosized, regularly arranged and well-dispersed ZnO particles

(Figure 1d, f). The sectional view of the ZnO-VAGNS in Figure
le demonstrates that composite sheets grown vertically to and
tightly adhered with the current collector. The anode ZnO-
VAGNSs grown on Cu was directly characterized by XRD. The
XRD profile in Figure 1g demonstrates that all the diffraction
peaks and their relative intensities coincide with the JCPDS
card no. 36—1451. It should be noted here that the full width at
half-maximum (fwhm) of the first three diffraction peaks were
too wide to distinguish due to the size effect of the ultrasmall
ZnO particles. The XPS spectrum of Zn 2P in Figure 1h further
indicates the success in synthesis of ZnO nanoparticles. The
crystal structure and phase analysis of the composites were
corresponding to the observations in TEM micrographs.
TEM micrographs illustrate the structure details of a single
pure graphene and an integrate ZnO-VAGN sheet. As shown in
Figure 2a and Figure S2a, b in the Supporting Information,
some defects can be identified which are considered to be
beneficial for the nucleation and growth of ZnO nanoparticles.
The mass proportion of ZnO to the composite can be greatly
improved, which will contribute significantly to the improved
capacity. These defects that usually arise from vacancies,
distortions, corrugation, and edges could also be confirmed by
the Raman spectrum in Figure S2 in the Supporting
Information. The growth model of the defects was explained
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Figure 2. Structure characterizations (TEM images) of ZnO-VAGNs composite: (a) low- and (b) high-resolution TEM images of an integrity
graphene nanosheet. (c) High- and (d) low-resolution TEM micrographs of a single graphene nanosheet anchored with ZnO nanoparticles. (e)
High-resolution TEM micrograph of a single ZnO nanoparticle, and (f) the corresponding FFT transformation. (g) Energy-dispersive X-ray

spectroscopy (EDS) analysis of ZnO-VAGNS.

in Figure S3 in the Supporting Information. Approximately
three to five dark lines with an intermediate distance of 0.364
nm can be observed in Figure 2b, identified as two to four
layers of graphene sheets.

Post the ZnO growing process, a monolayer of ZnO
nanoparticles dispersed on a single entire graphene sheet as
illustrated in the low-magnification of ZnO-VAGNSs in Figure
2d. The statistics of the size dispersion of the ZnO-NPs in
Table S1 and Histogram S1 in the Supporting Information
demonstrated that the diameters of ZnO-NPs are mainly sized
3.5—4.5 nm. The high-resolution TEM image in Figure 2c
indicated that the ZnO nanoparticles uniformly anchored on
graphene, no agglomeration existed, whereas the lattice spacing
of 0.28 nm appeared in three directions with included angles of
60°, corresponding to hexagonal crystal structure of ZnO
(Figure 2e). In addition, the energy-dispersive X-ray spectros-
copy (EDS) analysis shows that the ZnO-VAGNs is mainly
composed of Zn, O, and C, which is in accord with the
presence of both ZnO-VAGNSs in the hybrid.

The electrical performance behaviors of the ZnO-VAGNs
anodes were tested by cyclic voltammetry, with the resulting
cyclic voltammograms (C—V) presented in Figure 3a, a voltage
range from 0.01 to 3 V and a sweep rate of 0.1 mV/s were
employed to gain a better understanding of the electrochemical
reaction mechanism in the full voltage range. Ten cycles were
recorded. The oxido-reduction peaks in the second and third
charge and discharge cycles were found to be similar, whereas
different peaks appeared in the first one. In the first cathodic
cycle, a reduction peak appeared at 1.25 V was caused by the
decomposition of electrolyte and the formation of solid
electrolyte interphase (SEI) layers.”****” This peak disap-
peared in the following cycles, and was regarded as one reason
for the irreversible capacity. The wide peak at 0.5—0.75 V was
the first electrochemical process of the active material-ZnO.
This process includes three electrochemical reactions, ZnO was

reduced into Zn and meanwhile the SEI layer formed (0.75 V),
Zn alloyed with Li and formed into Zn,Li, (0.5 V). Another
reversible peak as low as 0.1 V corresponds to the reaction that
the intercalation of lithium into the graphene layers. Three
peaks appeared in the first anodic cycle, the first peak at 0.1 V
was ascribed to the delithiation of graphene layer, and the
second wide peak located at 1.25—1.75 V was caused by the
possible multistep dealloying process Zn,Li, The important
third peak at 2.25 V corresponds to the reversible convention
reaction between Zn and ZnO, which remains in the following
cycles, indicating a high capacity and stable cycle property.
During the following cycles, the shapes of the curves remain
almost the same, verifying the good capacity retention.
Charge and discharge curves for a few typical cycles acquired
at 80 mA g~ and 0—2.5 V are presented in Figure 3b to
describe the discharge voltage plateau position and capacity.
Obviously, the plateaus on the voltage profiles coincide with the
peaks in C—V curve. An obvious slop located between 0.3 and
1.0 V appears in the first discharge cycle. This slop contains an
irreversible capacity caused by the formation of SEI film and the
electrochemical conversion reaction processes of ZnO corre-
spond to the peaks 1.25 V, 0.5—0.75 V in the C—V curve. A
short plateau at 0.1 V is related to the reversible reduction peak
of the lithiation of graphene (0.1 V) in the C—V curve. The
plateaus of delithiation of C,Li, and Zn,Li, occurred at 0.05—
0.2 V and 1.0-14 V, respectively. The short but important
plateau at 2.25 V was ascribed to the reversible oxidation
reaction of Zin related to the oxidation peak in the C—V curve.
After the first cycle, the discharge capacity caused by the
deformation of electrolyte disappeared, so the discharge plateau
was a little shorter. The positions of other plateaus in the
charge and discharge curves maintained unchanged, indicating
good capacity retention. The ZnO-VAGNs delivers a first
discharge capacity of 1560 mAh g™' and a first charge capacity
of 955 mAh ¢!, the Coulombic efficiency is a little lower 61.2%
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Figure 3. Electrochemical properties of ZnO-VAGNS in a voltage range

of 0—2.5 V: (a) cyclic voltammetry (C—V) curves of the ZnO-VAGNs (vs

Li/Li" at a scanning rate of 0.1 mV/s), (b) charge and discharge cycle curves of ZnO-VAGNS as anode in lithium cells at a current density of 80
mAg ™", (c) capacity and Coulombic efficiency versus cycle number for ZnO-VAGNS at a current density of 80 mAg™, (d) capacity of ZnO-VAGNs
anode versus cycle number cycled at 80 mAg™". (e) Capacity over cycling at different current densities.

because of the large surface area. The CE increases to 99.5%
though the charge and discharge capacities decrease to 865
mAh g™ (16.87 mAh m™?) and 869 mAh g™' in the second
cycle. The capacity was a little higher than its estimated
theoretical capacity of 791.5 mAh g™ (The theoretical capacity
is calculated by assuming a mixture of ZnO and graphene:
Ctheoretical = CZnO%mass of Zn0 T CGraphite%mass of Graphite = 978-0.68
+ 372-0.32 = 768.8 mAh g_l).38 The weighing methods are
given in the Supporting Information, Figure SS. Three factors
mainly contribute to the capacity, the conversion reactions of
ZnO with lithium, graphene with lithium; and the interfacial
lithium storage. The charge and discharge curves of the fifth
and tenth cycles almost coincide with each other, indicating
good cycle stability.

The ZnO-VAGNSs anode exhibit outstanding cycling stability
at different current densities in a voltage of 0.001-2.5 V. As
illustrated in Figure 3c, more than 100 cycles were
accomplished at a current density of 80 mAh g~'. The
reversible capacity of the 10th, 50th, 100th cycles could still
remain 834, 810, and 809 mAhg ', displaying good capacity

20593

retention. Despite the obvious decrease in the first three cycles,
the capacity gradually becomes stable after 20 cycles at about
800 mAh g~". The Coulombic efficiency is always between 97.6
and 100% except for the first cycle 61.2%. The composite was
further tested at a larger current density 350 mAh g™ to verify
its good cycling stability. During the accomplished 250 cycles,
the capacity decreases from 513 mAh g! (2nd cycle) to 467
mAh g™' (20th cycle), 451 mAh g' (SOth cycle), and
becoming stable after that except for some minor fluctuations.
For comparison, pure VAGN was also cycled (see Figure $4b in
the Supporting Information), the cycle stability was good but
the capacity was poor, indicating that the VAGN was an
appropriate choice as the supporter of ZnO-NPs.

The rate capability of the ZnO-VAGNs anode was evaluated
by expending the cycling test beyond conventional current rate.
As shown in Figure 3d, the ZnO-VAGNs anode was cycled at
various current rates from 80 mA g~' to extremely high 6.4Ag™"
in the potential range of 0.001-2.5 V. At 80 mA g~', the
discharge capacity (810 mAh g™') was a little lower than the
theoretical capacity of pure ZnO 978 mAh g' and was
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Figure 4. Morphology and structure analysis of ZnO-VAGNs post cycling for 100 cycles at fully charged state 2.5 V. (a, b) Low- and high-resolution
SEM micrographs of ZnO-VAGNS post cycling. The inset in (b) XPS spectrum of Zn 2p3/2 and ZnLM2 in ZnO-VAGNS post cycling. (c, d) Low-
and high-resolution TEM micrographs of an integrate ZnO-VAGNSs sheet post cycling. (e, f) High-resolution TEM micrograph of a single

nanoparticle, and the corresponding FFT transformation.

comparable to estimated theoretical capacity of the composite
791.5 mAh g~ as mentioned above. The ZnO-VAGNs anode
maintains a significant discharge capacity (201 mAh g™') even
at 6.4 A ¢, and an entire charge or discharge process requires
only 40 s, which is comparable to the time required for
supercapacitors, suggesting a promising electrode material for
both LIB and supercapacitor applications. The capacity
recovered when it reduced back to the corresponding initial
current density value, indicating good capacity retention.

The enhanced electrochemical performance, ie., high rate
capacity, long cycle life, and enhanced capacity retention (cycle
stability), were in good agreement with our expectations for the
performance of the ZnO-VAGNSs structure. Two important
factors may relate to the good performance: (1) the size effect
of the active material (ZnO-NPs) enhanced the capacity
retention rate. Compared with larger size particles, the
ultrasmall ZnO particles could supply short transport pathways
for Li* to fully react with ZnO nanoparticles, namely, the
reversible reaction was promoted and all the active materials
could take effect. (2)The reversible interfacial lithium storage
process was another factor that improved the capacity retention
rate. As the analysis in the Supporting Information (Figure
S4a), the capacity contribution from the VAGNs and the

interfacial lithium storage almost remained the same due to the
stable and unbroken physical structure.

To further understand the excellent battery characteristics,
the morphological and structural changes of ZnO-VAGNs
anode were studied post cycling for 100 cycles at fully charged
state. The SEM mircographs in Figure 4a, b illustrated that the
surface of ZnO-VAGNs was much rougher after charging with
Li* due to the contamination of solid electrolyte interface (SEI)
layer, and the average thickness of composite sheets increased
to several nanometers. In addition, the produced SEI film may
serve as a protective membrane to buffer the volume change
during lithiation and delithiation process.***® Despite the
surface and thickness changes, the ZnO-VAGNs remained
intact without breaking into small pieces. Instead of restack, the
ZnO-VAGN:Ss still vertically aligned on the current collector and
appeared to remain in contact well with it. The low resolution
TEM images in Figure 4c further verified that the graphene
sheet remains integrate and the nanoparticles still uniformly
distributed post cycling. Remarkably, the active particles
returned back to the initial ZnO-NPs as shown in the
HRTEM image (Figure 4d—f) and its selected area electron
diffraction (see Figure S6 in the Supporting Information),
which revealing a hexagonal structure of ZnO-NPs. The
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reversible reaction process could be described as follows: (1)
ZnO + 2Li - Zn + Li,O, (2) Zn + Li — LiZn, (3) LiZnoZn +
Li, (4) Zn + Li,0ZnO + 2Li. This analysis was consistent
with the XPS result of the composite post cycling. As illustrated
in the inset spectrum of Figure 4b, the XPS spectrum of Zn 2P
sufficiently attests the success in oxidation conversion of the
active material into a high valence zinc oxide (ZnO) state. The
fully returned oxidation state may be ascribed to the small size
effect of ZnO nanoparticle, which was an indispensible reason
for the enhanced capacity and high capacity retention.

In a word, a vertically aligned ZnO-Graphene composite
structure was fabricated via a facile two-step method. VAGNs
directly grown on Cu current collectors act as supporters for
ZnO nanoparticles and largely enhance their conductivity. ZnO
nanoparticles with a size of 3—6 nm uniformly anchored on
both sides of graphene. ZnO-VAGNSs composites were used as
anode in LIB without adhesives and other complex brushing
process of the active material. The composite material exhibits a
high capacity, long cycle life, good cycle stability, and fast
charge/discharge rate. The vertically aligned structure of the
composites, which could provide large efficient areas, good
conductivity, short transportation length for both lithium ions
and electrons, and ZnO particles small enough to accomplish
the fully reversible electrochemical reaction, contributes to its
notable performance.
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