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ABSTRACT: Hierarchical ZnO—Ag—C composite porous
microspheres are successfully synthesized by calcination of
the preproduced zinc—silver citrate porous microspheres in
argon. The carbon derives from the in situ carbonization of
carboxylic acid groups in zinc—silver citrate during annealing
treatment. The average particle size of ZnO—Ag—C composite
porous microspheres is approximate 1.5 gm. When adopted as
the electrode materials in lithium ion batteries, the obtained
composite porous microspheres display high specific capacity,
excellent cyclability, and good rate capability. A discharge
capacity as high as 729 mA h g™' can be retained after 200
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cycles at 100 mA g~'. The excellent electrochemical properties of ZnO—Ag—C are ascribed to its unique hierarchical porous

configuration as well as the modification of silver and carbon.
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B INTRODUCTION

In recent years, rechargeable lithium ion batteries have received
more and more attention for use as the predominant power
sources for personal electronic devices such as mobile phones,
laptop computers, cameras, and so on in view of their special
merits of high energy and power density, no memory effect,
long cycle time, as well as environment benignity.' ® The
conventional carbonaceous anodes deliver a low theoretical
capacity of 372 mA h g~ which cannot meet the increasingly
high energy requirements in electric vehicles or hybrid electric
vehicles in future. Moreover, the very low operating potential
after Li complete intercalation would give rise to the formation
of the dendritic lithium on the surface of carbonaceous
electrodes during subsequent deintercalation process, which is
an unavoidable safety problem.”® Over the past decade,
transition metal oxides have been widely investigated as the
alternative anode materials in lithium ion batteries because of
their higher theoretical capacity and safety in comparison with
traditional carbon materials.”™* Among them, ZnO holds
bright prospects as the advanced electrode materials since it can
react with Li both through the conversion reaction and alloying
reaction to contribute to a large theoretical capacity of 978 mA
h g_l, besides the advantages of rich resource, friendliness to
environment, easy fabrication, and nontoxic."> However, ZnO
electrodes always suffer the severe capacity fading and bad
cycling stability which originated from the huge volume
variation during Li insertion/extraction process and the
intrinsic poor electronic conductivity. These fatal shortcomings
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would greatly hamper its potential applications in lithium ion
batteries. So, it is of great significance to improve the specific
capacity and cyclability of ZnO anodes.

Previous studies have demonstrated that the specific capacity
and cycling stability of transition metal oxide anodes can be
effectively strengthened through appropriate morphological
construction and metal and/or carbon modification.'*™*! Also,
considerable attention has been paid to enhance the electro-
chemical properties of ZnO electrodes.'"**™>® For example,
Shen et al. successfully synthesized ZnO—C powders by a facile
solvothermal route, which showed a high reversible capacity of
654 mA h g™! after 100 cycles at 100 mA g~'.>* Zhu’s group
reported that the hierarchical flower-like Au—ZnO hybrid
nanoparticles possessed better electrochemical performance
than single ZnO powders.”® In our previous work, ZnO—C
yolk—shell microspheres delivered the highest discharge
capacity as compared to hollow and solid counterparts after
150 cycles."" Although some progress has been made, there is
still a great deal of space to further improve the electrochemical
properties of ZnO electrodes in specific capacity and cyclability.

In this work, hierarchical zinc—silver citrate porous micro-
sphere precursors were synthesized through a facile aging
process of the preproduced zinc citrate solid microspheres in
silver nitrate solution at room temperature. Afterward, the
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Figure 1. SEM (a—d), TEM (e), and EDS (f) images of hierarchical zinc—silver citrate porous microspheres. The inset in part e is the SAED pattern

of an individual microsphere.

acquired precursor was annealed at 500 °C in argon to generate
hierarchical ZnO—Ag—C porous microspheres with good
morphological inheritance. The carbon derives from the in
situ carboxylic acid groups in zinc—silver citrate during
carbonization treatment. When employed as the anode
materials for lithium ion batteries, hierarchical ZnO—Ag—C
porous microspheres reveal exceptional electrochemical per-
formance which is attributed to their hierarchical porous
structures and decoration of silver and carbon.

B EXPERIMENTAL SECTION

Synthesis. In a typical fabrication process, zinc citrate solid
microspheres were first prepared according to our previous report.”’”
The presynthesized 0.06 g of zinc citrate solid microspheres was added
to 30 mL of silver nitrate (0.003 mol) solution under ultrasonication
and then aged at room temperature for 1 h. Thereafter, hierarchical
zinc—silver citrate porous microspheres could be collected by
centrifugation and rinsed thoroughly with deionized water along
with subsequent drying treatment at 60 °C overnight under vacuum
condition. The collected zinc—silver citrate porous microspheres were
heated at 500 °C for 2 h in argon to synthesize the hierarchical ZnO—
Ag—C composite porous microspheres.

Characterizations. X-ray diffraction was collected on a PAN-
alytical X’ pert PRO X-ray diffractometer (Cu K radiation 40 kV, 30
mA). The SEM and TEM images of the acquired products were gained
from scanning electron microscopy (Hitachi SU-70) and transmission
electron microscopy (JEM-2100, 200 kV). Fourier-transform infrared
(FTIR) spectrum of zinc—silver citrate was collected from a Nicolet
Nexus-670 FT-IR spectrometer. N, adsorption—desorption measure-
ment was carried out on a TriStar 3020 system. The carbon content of
ZnO—Ag—C composite microspheres was determined by the
thermogravimetric (TG) characterization implemented on a SDT-
Q600 thermal analyzer. PHI QUANTUM 2000 was employed for XPS
tests.

Electrochemical Measurements. The active materials (the
produced hierarchical ZnO—Ag—C composite porous microsperes,
70 wt %), acetylene black (20 wt %) and poly(vinyl difluoride)
(PVDF, 10 wt %) were dispersed in 1-methyl-2-pyrrolidinone (NMP)

to form a homogeneous slurry which was subsequently coated on a
copper foil (d = 16 mm) to prepare the working electrode. The
loading density of active materials on the copper foil is about 1 mg
cm™2 Lithium foil was adopted as the counter electrode and reference
electrode. The coin cells (2025-type) were manipulated in an argon-
filled glovebox using Celgard 2400 and 1 M LiPF4 dissolved in a
mixture consisting of ethylene carbonate (EC) and diethyl carbonate
(DEC) (1:1, v/v) as the separator and electrolyte, respectively. Cyclic
voltammetry evaluations and electrochemical impedance spectroscopy
were performed on an Autolab electrochemical workstation (NOVA
1.9). The galvanostatic discharge—charge investigations were con-
ducted on a Neware battery tester.

B RESULTS AND DISCUSSION

The SEM and TEM characterizations were carried out to
disclose the morphology and structure of the acquired zinc—
silver citrate precursor. From the panoramic SEM observation
shown in Figure la, the zinc—silver citrate precursor has the
microspherical morphology with good dispersion. The average
diameter of the microspheres is about 1.9 pym. The high-
magnified SEM images (Figure 1b,c) indicate the coarse and
loose surface of zinc—silver citrate microspheres, differentiating
from the initial zinc citrate solid microspheres which have the
rather smooth surfaces (shown in our earlier literature”).
Interestingly, the inner free cavities can be obviously
distinguished from a broken microsphere revealed in Figure
1d, suggesting the hierarchical porous configuration of the
synthesized zinc—silver citrate microspheres. Energy dispersive
spectroscopy (EDS) measurements (Figure 1f) provide
evidence for the presence of Zn, Ag, O, and C elements with
a Ag/Zn molar ratio of about 0.047, implying the very low
content of silver in the hierarchical zinc—silver citrate porous
microspheres. Shown in Figure le is the TEM image of zinc—
silver citrate microspheres. The contrast between the pale and
the dark regions within the microsphere further verifies its
hierarchical porous structure. The SAED pattern (the inset in
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Figure le) demonstrates the amorphous characteristic of the
hierarchical zinc—silver citrate porous microspheres, agreeing
well with the XRD result shown in Figure 2. This phenomenon
hints that the initial amorphous nature of zinc citrate solid
microspheres does not change after silver decoration.

Zn0-Ag-C
Zinc-silver citrate
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10 20 30 40 50 60 70 80
20/degree

Figure 2. XRD patterns of zinc—silver citrate porous microspheres (a)
and ZnO—Ag—C composite porous microspheres (b).

The FT-IR investigation of zinc—silver citrate was performed,
and the corresponding result is revealed in Figure 3a. Two
intense peaks near 1576.7 and 1398.2 cm™" are associated with
the stretching vibrations of carboxylate acid groups
(—=COO07).*”*® The broad peak around 3400 cm™' derives
from the —OH groups. The presence of Zn, Ag, O, and C
elements in zinc—silver citrate is further corroborated from the
full XPS spectrum plotted in Figure 3b. Two high-resolution
peaks around 1044.6 and 1021.5 eV result from Zn 2p,/, and
Zn 2p,,, of Zn**, respectively (Figure 3c). Peaks at 367.2 and
373.2 eV in Figure 3d are ascribed to Ag 3d;,, and Ag 3d;,, of

Ag', respectively.”® With all of the above observations and
analysis under consideration, it is reasonable to conclude that
amorphous hierarchical zinc—silver citrate porous microspheres
can be successfully synthesized through a facile aging process of
amorphous zinc citrate solid microspheres in silver nitrate
solution at room temperature.

After heat treatment of the obtained hierarchical zinc—silver
citrate porous microspheres at 500 °C for 2 h in argon, ZnO—
Ag—C composite microspheres with good morphological
inheritance can be produced for the first time. Figure 2
displays the XRD pattern of the acquired ZnO—Ag—C
composites, from which all the diffraction peaks can be
assigned to hexagonal ZnO (JCPDS card no. 36-1451). No
diffraction peaks originating from Ag and C can be discerned,
which may be due to the very low content of Ag (the EDS
results shown in Figures 1f and 4j) and the amorphous nature
of such derived carbon using carboxylic acid groups as the in
situ carbon sources during carbonation process, respectively.
The absence of other additional diffraction peaks indicates the
good purity of the ZnO—Ag—C composites. The crystallite size
of ZnO is about 13.7 nm calculated by the Scherrer equation.
The SEM and TEM images of ZnO—Ag—C composites are
demonstrated in Figure 4. The sample is dominated by well-
dispersed microspheres with particle size on the order of 1.5
um (Figure 4a). The obtained ZnO—Ag—C composite
microspheres have a slight contraction in size compared to
hierarchical zinc—silver citrate porous microsphere precursors.
A close-up SEM image displayed in Figure 4b implies the rough
surfaces of the microspheres which are made up of numerous
nanoparticles with size ranging from S to 30 nm. Figure 4c
exhibits a cracked microsphere, from which the interior void
cavities can be visibly distinguished, indicating the good
morphological inheritance of the sample after calcination.
From the TEM images (Figure 4 d,e), the hierarchical porous
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Figure 3. (a) FT-IR spectrum of zinc—silver citrate. The full XPS spectrum (b), high-resolution spectra of Zn (c), and Ag (d) for zinc—silver citrate.
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Figure 4. SEM (a—c), TEM (d—e), and HRTEM (f) micrographs of hierarchical ZnO—Ag—C composite porous microspheres. HAADF STEM
image (g) and the elemental mappings of Zn (h) and Ag (i) of an individual ZnO—Ag—C porous microsphere. The EDS image (j) of ZnO—Ag—C
composite porous microspheres. The inset in part f is the SAED pattern of an individual ZnO—Ag—C composite porous microsphere.

configuration of ZnO—Ag—C composite microspheres can be
further carefully visualized by the pale and the dark contrast
difference throughout the microspheres, regardless of the big
size of the microspheres. The SAED pattern shown in the inset
in Figure 4f suggests the polycrystalline characteristic of ZnO—
Ag—C composite porous microspheres. HRTEM micrograph in
Figure 4f manifests the lattice fringes with the interplanar
distances of about 0.281, 0.260, and 0.235 nm which can be
assigned to the (100) and (002) planes of ZnO and (111)
planes of Ag, respectively. The HRTEM results verify the
formation of metallic Ag. The carboxylic acid groups in zinc—
silver citrate may convert Ag" to metallic Ag due to their
reduction ability during the annealing process. The presence of
carbon is further corroborated by the TG measurement
displayed in Figure 6a which manifests a mass loss of about
11.0% during heating treatment in air. The high-angle annular
dark-field (HAADF) scanning TEM (STEM) image (Figure
4g) and the element mappings (Figure 4h,i) reveal the
homogeneous distribution of Zn and Ag on the surface of
the microsphere. Compared to zinc—silver citrate precursor, the
Ag/Zn molar ratio in ZnO—Ag—C composites almost does not
change after calcination (Figures 1f and 4j). The accurate
contents of ZnO, Ag, and C are 87.62, 1.03, and 11.35 wt %,

respectively, measured by the inductively coupled plasma mass
spectrometry. According to the above observations and analysis,
a schematic formation process of ZnO—Ag—C porous
microspheres is illustrated in Figure S. First, the —OH and
—COO™ groups on the surfaces of zinc citrate solid
microspheres (FT-IR results in Figure 3a) would adsorb Ag*
due to the electrostatic interactions during the aging process of
zinc citrate solid microspheres in silver nitrate solution. Then, a
very thin zinc—silver citrate layer would form at the outermost
surface of the microsphere. The smooth surface of micro-
spheres becomes rough and loose at this stage. Further
increasing the aging time, the incomplete Ostwald ripening
process occurs at a particular region underneath the coarse and
loose zinc—silver citrate layer of the solid microspheres, giving
rise to the generation of the hierarchical zinc—silver citrate
porous microspheres. By calcination of the obtained zinc—silver
citrate porous microspheres at 500 °C in argon, hierarchical
ZnO—Ag—C composite porous microspheres with good
morphological inheritance can be prepared successfully. The
carbon derives from the in situ carbonization of carboxylic acid
groups in zinc citrate during annealing treatment. The surface
of the composite porous microsphere consists of ZnO, Ag, and
C nanoparticles, which contact each other tightly. Also, the
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Figure S. Schematic formation process of ZnO—Ag—C composite porous microspheres.

inner part of the microsphere is made up of ZnO and C
nanoparticles, which also contact closely.

N, adsorption—desorption investigation at 77 K was
performed to elucidate the specific surface area and pore
characteristic of the produced hierarchical ZnO—Ag—C porous
microspheres. The representative type IV isotherm profile
(Figure 6b) suggests the mesoporous structures of ZnO—Ag—
C composite microspheres. The specific surface area of the
composite microspheres is approximately 103.5 m*> g~'. The
pore size distribution (Figure 6c) calculated by the Barrett—
Joyner—Halenda method shows two type pores, including the
micropores centered at 1.7 nm and mesopores located at 7.3
nm. These pores may be caused by the release of gas that
originated from the decomposition of organic groups (citrate
acid groups, —C¢H;07,”) during the carbonation process. It is
well-known that the high surface area and porous structures of
the active materials can increase the contact area between the
electrode and the electrolyte and offer pathways for electrolyte
diffusion to the interior surfaces of the active materials, with the
consequent benefit of strengthening the electrochemical
performance of electrode materials.***~>

The electrochemical measurements of the hierarchical ZnO—
Ag—C composite porous microspheres were implemented. To
shed light on the electrode reactions during Li insertion/
extraction process, cyclic voltammetry (CV) characterization
was carried out at 0.1 mV s~ in 0.01—3 V. As shown in Figure
7a, a large and broad cathodic peak centered at 0.29 V can be
seen distinctly in the first lithiation process, arising from the
reduction of ZnO to Zn, the alloying reaction between Zn and
Li to generate the Zn—Li alloys, and the formation of solid
electrolyte interphase (SEI) films.”>**** In the following cycles,
this cathodic peak shifts to the higher potential, which may be
interpreted by the enhanced kinetics of the electrode reactions
after the initial cycle.** > There are three anodic peaks located
at 0.30, 0.55, and 0.69 V in the first delithiation process, relating
to the multistep dealloying reactions of Zn—Li alloys.”” The
regeneration of ZnO is corroborated by the oxidation peak near
1.34 V in the first anodic sweep.® No redox peaks resulting

from Ag can be detected because Ag is inactive to Li and only
serves as the electronic additive to enhance the electronic
conductivity of the electrode materials.®® After first cycle, the
CV profiles have a good superposition in shape, representing
that the electrochemical reactions proceed reversibly in the
following cycles. On the basis of the above results and analysis,
the electrode reactions taken place during the repeated Li
uptake/removal process can be concluded as follows:

ZnO + 2Li" + 2¢” < Zn + Li,O (1)

Zn + xLiT + xe” © Li,Zn (x < 1) (2)

Figure 7b displays the galvanostatic discharge—charge curves
of hierarchical ZnO—Ag—C composite porous microspheres
tested at a current density of 100 mA g~ in 0.01—3.0 V. There
are two obvious plateau located at 0.7 and 0.5 V in the initial
discharge profile. The plateau near 0.7 V corresponds to the
SEI formation caused by the decomposition of electrolyte, and
the plateau around 0.5 V is associated with the generation of Zn
and Li,O by the reduction of ZnO, which is similar to other
ZnO electrodes containing carbon or carbonaceous materi-
als.*>***! The small plateau around 0.2 V may be caused by the
alloying reactions of Zn and Li to form Zn—Li alloys.*"** In the
initial charge curve, two weak plateaus near 0.3 and 0.55 V are
related to the dealloying process of Zn—Li alloys, while the
weak plateau around 1.3 V corresponds to the reformation of
ZnO. These electrochemical phenomena are in accordance with
the above CV results (Figure 7a). Hierarchical ZnO—Ag—C
composite porous microspheres deliver the first discharge and
charge capacities of 1471 and 894 mA h g™', respectively,
producing a Coulombic efliciency of approximate 60.8%. The
generation of SEI layers accounts for the irreversible capacity
loss during the first cycle, which is the characteristic of most of
metal oxide anodes.™** In the subsequent cycles, the similar
potential curves concomitant with the increasing Coulombic
efficiencies from 91.0% (second cycle), to 93.9% (third cycle),
to 98.8% (10th cycle) enlighten us that the electrode reactions
take place more reversibly upon cycling. Compared to yolk—
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Figure 6. TGA curve (a), N, adsorption—desorption isotherms (b),

and the pore size distribution (c) of ZnO—Ag—C composite porous
microspheres.

shell ZnO—C microspheres reported in our earlier literature,
the as-produced ZnO—Ag—C porous microspheres revealed
the higher Coulombic efficiency and smaller irreversible
capacity lost during the first cycle.'’ The modification of Ag
is capable of suppressing the degradation of solvent on the
surface of the anode, which is responsible for the increased
Coulombic efficiency of ZnO—Ag—C porous microspheres
during the first cycle.**

The cycling performance of the hierarchical ZnO—Ag—C
porous microspheres was investigated at 100 mA g_1 in 0.01—
3.0 V. Apparently, there is a large capacity fading in the first 10
cycles. However, in the subsequent cycles, the specific capacity
decreases slowly (Figure 7c). Interestingly, the specific capacity
of ZnO—Ag—C porous microspheres slightly increases from 75
cycles until 200 cycles. This phenomenon may be ascribed to
the reversible generation and dissolution of polymeric gel-like
film caused by kinetically activated electrolyte decomposition
during cycling, which contributes to extra specific capacity.*’~*
A high reversible capacity of 729 mA h ¢! can be retained for

hierarchical ZnO—Ag—C porous microspheres after 200 cycles,
which are superior to most of the reported ZnO or ZnO-based
anodes summarized in Table 1. For example, flower-like Au—
ZnO powders prepared by Zhu’s group delivered a specific
capacity of 392 mA h g! after 50 cycles at 120 mA g~'.*° In our
previous work, ZnO—C yolk—shell, hollow and solid composite
microspheres were synthesized by a facile strategy, which
revealed the discharge capacities of 520, 427, and 341 mAh g™,
respectively, after 150 cycles at a current density of 100 mA
g " Recently, Shen et al. reported that a high specific capacity
of 654 mA h g™ can be achieved for ZnO-loaded/porous
carbon composites after 100 cycles at 100 mA g~>* In
addition, the cycling performance of the hierarchical ZnO—Ag—
C porous microspheres at a high current rate of S00 mA g~ in
0.01—-3.0 V is also investigated. From Figure 8, one can clearly
observe that the specific capacity decreases quickly in the first
12 cycles and then changes slightly in the following cycles,
indicating the good cycling stability of ZnO—Ag—C porous
microspheres even at high current rate. After S0 cycles, a
specific capacity of about 443 mA h g™' can be retained, which
is still higher than the theoretical capacity value (372 mAh g™")
of the conventional carbonaceous anodes.

The outstanding rate capability of the hierarchical ZnO—Ag—
C composite porous microspheres can be found from Figure
7d, wherein the reversible capacity gradually decreases as
increasing the current rate. Hierarchical ZnO—Ag—C compo-
site porous microspheres deliver the average discharge
capacities ranging from 806, 627, 556, 484, 432, to 306 mA h
g_1 as the current densities increasing from 100, 200, 300, 400,
500 to 1000 mA g". A discharge capacity as high as 626 mA h
g~' can be still retained with the current density returning to
100 mA g~'. Compared to yolk—shell ZnO—C composite
microspheres prepared in our early work, hierarchical ZnO—
Ag—C composite porous microspheres exhibit significantly
enhanced rate capability, especially in high current rate.'' In
order to show the merits of the modification of Ag, the
electrochemical impedance spectra (EIS) of ZnO—-Ag—C
porous microspheres and yolk—shell ZnO—C microspheres
before cycling are tested, and the results are displayed in Figure
9a. A depressed semicircle in the high-to-medium frequency
and a slope in the low frequency region can be seen visibly. The
diameter of the semicircle represents the charge transfer
resistance (R,). Distinctly, after decoration of metal Ag, the
charge transfer resistance of the active materials is reduced
greatly, implying the improvement of electronic conductivity of
ZnO—Ag—C porous microspheres. The enhanced electronic
conductivity is conducive to the fast transport of electron in the
microspheres and ensures better electrical contact of active
materials with the current collector, which leads to the good
lithium storage properties of ZnO—Ag—C porous microspheres
at high current rate. Furthermore, the electrochemical
impedance spectra (EIS) of ZnO—Ag—C electrodes after
different cycles are tested and demonstrated in Figure 9b,
wherein all the Nyquist plots have similar shape. Apparently,
the R value of electrodes increases obviously with the cycle
number increasing from 5 to 40 cycles. However, there is only a
slight increase in R, value when the cycle number further
increases from 40 to 80 cycles. The increased charge transfer
resistance over cycling may originate from the dissolution of the
organic polymeric constituents in the initially formed SEI layers
into the electrolyte, resultantly decreasing the conductivity of
the electrolyte.’> The structural stability of the electrode
materials after cycling was evaluated by SEM. As manifested in
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Figure 7. (a) First three cyclic voltammogram curves of ZnO—Ag—C composite porous microspheres measured at 0.1 mV s™" in the potential
window 0.01—3 V. (b) The galvanostatic discharge—charge profiles of ZnO—Ag—C porous microspheres at 100 mA g~". The cycling properties (c)
and rate capabilities (d) of ZnO—Ag—C composite porous microspheres.

Table 1. Electrochemical Performances of Various ZnO or ZnO-Based Anode Materials

materials morphology reversible capacity/mA h g™ cycles ref
ZnO ultrathin nanotubes 386 S0 25
ZnO dandelion-like nanorod arrays 310 40 33
ZnO flower-like nanospheres 381 30 43
ZnO porous nanosheets 400 100 24
ZnO-C nanorod arrays 330 NU 23
ZnO-C yolk—shell/hollow/solid microspheres 520/427/341 150 11
ZnO-C particles 654 100 22
ZnO—graphene nanodisc—nanosheet composites 460 100 S0
ZnO—Se nanocomposites <400 100 S1
ZnO—Au flower-like nanostructures 392 S0 26
ZnO—-Ag—-C hierarchical porous microspheres 729 200 this work
1400 100 mA g_l. Meanwhile, no obvious agglomeration and
- . pulverization of the active materials can be observed. These
21200 . 500 mA g behaviors suggest the good structural stability of the
Emoo- hierarchical ZnO—Ag—C composite porous microspheres
= during the repeated lithium insertion/extraction process.
§ 800 The exceptional electrochemical properties of ZnO—Ag—C
3 . composites can be rationally interpreted by its unique
£ 600; '-._ hierarchical porous construction and the incorporation of silver
g e, o and carbon. First, as we all know, ZnO anode reveals a large
o 4001 ) volume change (about 228%) during the repeated lithium
0 10 20 30 40 50 intercalation/deintercalation process. The mechanical stress

Cycle number

Figure 8. Cycling properties of ZnO—Ag—C composite porous
microspheres at a high current rate of 500 mA g™ in 0.01-3 V.

Figure 10, the original microspherical morphology of ZnO—
Ag—C composites was basically maintained after 50 cycles at

19901

resulted from the huge volume variation would lead to the
shedding of active materials from the current collector and the
pulverization of electrodes, which is fatal for specific capacity
and cycling stability of electrodes.>* The porous structures of
the as-obtained ZnO—Ag—C composite microspheres can
effectively accommodate the volume change by providing
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Figure 9. Electrochemical impedance spectra of (a) ZnO—Ag—C
composite porous microspheres and yolk—shell ZnO—C microspheres
before cycling and (b) ZnO—Ag—C composite porous microspheres
after different cycles under a frequency range from 0.1 Hz to 100 kHz.

Figure 10. SEM image of ZnO—Ag—C composite porous micro-
spheres after 50 cycles. The black arrows show some of the intact
ZnO—Ag—C composite porous microspheres.

some space for expansion during cycling, consequently
benefiting the improvement of lithium storage properties. In
addition, the micropores and mesopores in the microspheres
can facilitate the diffusion of electrolyte into the inner area of
the active materials and provide a short Li* diffusion pathway,
giving rise to the enhanced cyclability.*** Second, the high
specific surface area of the hierarchical ZnO—Ag—C composite
porous microspheres can offer a large contact area between the

electrode materials and the electrolyte and enhance the charge-
transfer rate, consequently favoring increase of the specific
capacity and rate performance.'”>® Third, it is well-established
that the decoration of silver and carbon is propitious to
strengthen the electronic conductivity of active materials,
benefiting an improvement of the kinetics of electrochemical
reactions.>' 7>>*° In addition, the carbon can also increase the
structural tolerance of electrode materials during Li inter-
calation/deintercalation process, which is good for the cycling
stability.***° Finally, ZnO—Ag—C composite porous micro-
spheres are made up of numerous nanoparticles. Such
hierarchical secondary construction is favorable to reduce the
side reactions in the electrodes and ensure good electrical
properties.””> Combining all of the above advantages, the
hierarchical ZnO—Ag—C composite porous microspheres show
high specific capacity, excellent cycling stability, and good rate
capability when used as the anode materials for lithium ion
batteries.

B CONCLUSIONS

In conclusion, hierarchical ZnO—Ag—C composite porous
microspheres were successfully prepared by a facile aging
process of zinc citrate solid microspheres in silver nitrate
solution with subsequent annealing treatment at 500 °C for 2 h
in argon. The carbon derives from the in situ carboxylic acid
groups in zinc—silver citrate during the carbonization treat-
ment. The obtained hierarchical ZnO—Ag—C composite
porous microspheres possess a large surface area of 103.5 m®
g”' and numerous nanopores. When applied as the anode
materials for lithium ion batteries, ZnO—Ag—C composite
porous microspheres deliver a reversible capacity as high as 729
mA h g™ after 200 cycles. The hierarchical porous structures
and the modification of silver and carbon are responsible for
the excellent electrochemical properties. This facile synthesis
strategy can be employed for the fabrication of other ZnO-
based porous micro/nanostructures which may hold great
promise for advanced anode materials in next-generation
lithium ion batteries.
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