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Zinc-nickel citrate microspheres are prepared by a simple aging process of zinc citrate solid microspheres in
nickel nitrate solution. As the concentration of nickel nitrate solution increases, the morphology of the
produced zinc-nickel citrate evolves from solid, yolk-shell to hollow microspheres. The formation
mechanism of different zinc-nickel citrate microspheres is discussed. After annealing treatment of the
corresponding zinc-nickel citrate microspheres in air, three different ZnO-NiO hybrid architectures
including solid, yolk-shell and hollow microspheres can be successfully fabricated. When applied as the
anode materials for lithium ion batteries, ZnO-NiO hybrid yolk-shell microspheres demonstrate the best
electrochemical properties than solid and hollow counterparts. After 200th cycles, ZnO-NiO hybrid
yolk-shell microspheres deliver a high reversible capacity of 1176 mA h g21. The unique yolk-shell
configuration, the synergetic effect between ZnO and NiO and the catalytic effect of metal Ni generated by
the reduction of NiO during discharging process are responsible for the excellent lithium storage properties
of ZnO-NiO hybrid yolk-shell microspheres.

N
owadays, a great deal of efforts have been devoted to explore the advanced electrode materials for
replacing the commercially available graphite anodes in lithium ion batteries in order to meet the ever
growing requirements in various energy consumption devices, such as electric vehicles and hybrid

electric vehicles1–5. Transition metal oxides with porous structures have been extensively synthesized recently
and when used as the electrode materials they show higher theoretical capacity compared to traditional carbona-
ceous materials6–13. Among them, ZnO as one of the fascinating multifunctional semiconductor can contribute to
a high theoretical capacity of 978 mA h g21 both through the conversion and alloying/dealloying reactions and
holds bright prospects as the advanced anode material for next-generation lithium ion batteires14–17.
Unfortunately, the practical application of ZnO in lithium ion batteries has been greatly restricted because of
its drastic volume variation (over 228%) during cycling and intrinsic poor electronic conductivity which would
cause the severe capacity decay and unsatisfactory cyclability18. How to effectively improve the specific capacity
and cycling stability of ZnO electrode become one of the urgent tasks that needs to be resolved currently. Previous
reports have shown that the rational hollow constructing is an effective strategy to strengthen the lithium storage
properties of electrode materials9,10,19–25. For instance, Kang’s group successfully synthesized yolk-shell NiO
microspheres which exhibited significantly enhanced electrochemical properties compared to nano-cubic NiO
powders22. So, it is of great significance to prepare various ZnO hollow structures which may possess the good
lithium storage properties.

On the other hand, mixed metal oxides have been adopted as the anode materials in lithium ion batteries in very
recent years in order to strengthen the electrochemical properties through the synergetic effect between the
different components26–29. For example, double-shelled Fe2O3/Co3O4 hollow microcubes prepared by Yin’s group
demonstrated improved lithium storage properties in comparison with single Co3O4 nanoparticles26. The super-
ior electrochemical properties of hybrid microcubes originate from their special hollow structures, and the
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decoration of Fe2O3 that possesses the better electronic conductivity
than Co3O4, giving rise to the decrease of the charge transfer resist-
ance of hybrid electrodes. NiO has been deemed as the promising
anode candidate in lithium ion batteries because of its special merits
including large theoretical capacity (718 mA h g21), nontoxicity as
well as rich resource in nature30–32. Inspired by the above-mentioned
design concepts, combining ZnO with NiO to prepare ZnO-NiO
hybrid hollow micro/nanostructures towards enhancing the lithium
storage properties has become a very meaningful research work. To
the best of our knowledge, yolk-shell ZnO-NiO hybrid microspheres
used as the anode materials for lithium ion batteries have not been
reported so far.

In this work, various zinc-nickel citrate microspheres can be pro-
duced by aging the zinc citrate solid microspheres in nickel nitrate
solution. The influences of the concentration of nickel nitrate solu-
tion and the aging time on the morphology, composition and micro-
structure of the obtained zinc-nickel citrate are investigated in detail.
ZnO-NiO hybrid solid, yolk-shell and hollow microspheres with
good morphological inheritance can be fabricated via a heating treat-
ment of the corresponding zinc-nickel citrate microspheres. ZnO-
NiO hybrid yolk-shell microspheres manifest the best lithium
storage properties than solid and hollow counterparts when utilized
as the anode materials for lithium ion batteries. The reasons for the
exceptional electrochemical properties of yolk-shell hybrid micro-
spheres are interpreted.

Results
Characterizations of zinc-nickel citrate microspheres. Zinc-nickel
citrate harvested after aging in 0.15 M of nickel nitrate solution for

1 h was measured by SEM and TEM to disclose its morphology and
microstructure. As exhibited in Fig. 1a, the produced zinc-nickel
citrate consists of dispersed microspheres with the average
diameter of 1.5 mm. Many nanoparticles, having the particle size of
approximate 350 nm, attach on the surface of microspheres,
depicting the relatively rough surface (Fig. 1a and 1b). Energy
dispersive spectroscopy (EDS) measurement (Supplementary Fig.
S1a) implies the presence of Zn, Ni, O and C with a Ni/Zn molar
ratio of 0.58. The TEM macrograph shown in Fig. 1c corroborates the
yolk-shell structures of the obtained zinc-nickel citrate microspheres
aged at 0.15 M of nickel nitrate solution. The distinct bright and dark
regions in the center of microspheres indicate that the core material
is packed loosely and contains a lot of pores.

The influence of the concentration of nickel nitrate solution on the
morphology and microstructure of the collected zinc-nickel citrate
was investigated in detail. From Fig. 1d–f, zinc-nickel citrate micro-
spheres with no obvious yolk-shell structures can be prepared when
the concentration of nickel nitrate reduces to 0.1 M. Due to the very
small void space between the core and the shell, we denote these type
of microspheres as solid microspheres in order to distinguish from
above clear yolk-shell microspheres obtained from the concentration
of 0.15 M. Differently, the surface of zinc-nickel citrate solid micro-
spheres is smoother than that of yolk-shell counterparts. Almost no
additional nanoparticles attach on the surfaces of solid microspheres.
The Ni/Zn molar ratio of zinc-nickel citrate solid microspheres is
about 0.093 (Supplementary Fig. S1b). As the concentration of nickel
nitrate solution increases to 0.2 M, zinc-nickel citrate hollow micro-
spheres can be synthesized (Fig. 1g–i). More nanoparticles form on
the surfaces of hollow microspheres at this condition. The Ni/Zn

Figure 1 | The SEM and TEM images of zinc-nickel citrate yolk-shell (a–c), solid (d–f) and hollow (g–i) microspheres.
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molar ratio of zinc-nickel citrate hollow microspheres increases to
1.05 (Supplementary Fig. S1c). The diameters of zinc-nickel citrate
solid and hollow microspheres do not change obviously compared to
above yolk-shell microspheres. Further increasing the concentration
of nickel nitrate solution to 0.3 M, only irregular nanoparticles with
particle size ranging from 300 to 500 nm can be observed
(Supplementary Fig. S2a). The Ni/Zn molar ratio further increases
to 1.60 (see also Supplementary Fig. S2b). Differently, the aging time
do not have a decisive effect on the morphology and composition of
the obtained zinc-nickel citrate (Supplementary Fig. S3 and Fig. S4).

The XRD patterns of the collected zinc-nickel citrate solid, yolk-
shell and hollow microspheres are manifested in Fig. 2a, from which
one can find that all three samples are mainly amorphous. There are
two small diffraction peaks in each zinc-nickel citrate precursor,
differentiating from the initial amorphous zinc citrate solid micro-
spheres, which is attributed to the crystallization of small amount of
zinc citrate33. In our earlier literature, we have demonstrated that the
formed zinc citrate nanocrystals during aging process have a size less
than 10 nm from HRTEM observation33. Moreover, the intensities of
these two peaks strengthen gradually from solid, yolk-shell to hollow
microspheres, hinting that the dissolution-redeposition process of
zinc citrate takes place more intensely as increasing the concentra-
tion of nickel nitrate solution during aging process (discussed below)
and more zinc citrate crystallize in the amorphous matrix. The FT-IR
spectra of all three samples display the similar curves in shape as
illustrated in Fig. 2b. The presence of carboxylate acid groups

(-COO2) is evidenced from the strong peaks located at 1574.5 and
1403.3 cm21 33,34. The peak centered at 3410 cm21 arises from the -
OH groups. All above results suggest that zinc-nickel citrate can be
prepared by aging zinc citrate solid microspheres in nickel nitrate
solution. The concentration of nickel nitrate solution plays an
important role in the morphology and composition of the obtained
zinc-nickel citrate. As the concentration of nickel nitrate solution
increases from 0.1, 0.15 to 0.2 M, the morphologies of the produced
zinc-nickel citrate evolve from solid, yolk-shell to hollow micro-
spheres. The content of Ni in zinc-nickel citrate also increases with
the concentration of nickel nitrate solution. The TG evaluation of
zinc-nickel citrate yolk-shell microspheres obtained at 0.15 M of
nickel nitrate solution for 1 h is exhibited in Fig. 3a. The large weight
loss between 310 and 360uC is caused by the transformation of zinc-
nickel citrate to ZnO-NiO hybrids. So, 500uC is used as the annealing
temperature to completely convert zinc-nickel citrate microspheres
into ZnO-NiO hybrids.

Characterizations of ZnO-NiO hybrid microspheres. The XRD
patterns of the synthesized ZnO-NiO hybrids through heating
treatment of zinc-nickel citrate solid, yolk-shell and hollow
microspheres at 500uC for 2 h are demonstrated in Fig. 3b. In each

Figure 2 | The XRD patterns (a) and FT-IR spectra (b) of zinc-nickel
citrate solid, yolk-shell and hollow microspheres.

Figure 3 | (a) TGA curve of zinc-nickel citrate yolk-shell microspheres.

(b) The XRD patterns of ZnO-NiO solid, yolk-shell and hollow hybrid

microspheres.
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hybrid, the diffraction peaks can be attributed to hexagonal ZnO
(JCPDS card no. 36-1451) and cubic NiO (JCPDS card no. 65-
2901). No impurity peaks can be distinguished, indicating the good
purity of the obtained ZnO-NiO hybrids. Additionally, the NiO
diffraction peaks strengthen gradually, implying the increasing
NiO content from solid, yolk-shell to hollow hybrid microspheres.

ZnO-NiO hybrids fabricated by calcination of zinc-nickel citrate
solid, yolk-shell and hollow microspheres in air were evaluated by
SEM and TEM. As revealed in Fig. 4, ZnO-NiO hybrid solid, yolk-
shell and hollow microspheres can be successfully produced, well
inheriting the morphologies of their respective precursors. The par-
ticle sizes of the hybrid microspheres range from 1.1 to 1.3 mm.
ZnO-NiO hybrid hollow microspheres show the roughest surface,
followed by yolk-shell microspheres and solid microspheres. Many
nanoparticles with the diameter ranging from 150 to 200 nm attach
on the surfaces of ZnO-NiO hybrid hollow and yolk-shell micro-
spheres, while only a few smaller nanoparticles can be seen in ZnO-
NiO hybrid solid microspheres. As increasing the concentration of
nickel nitrate, more zinc-nickel citrate nanoparticles form on the
surfaces of yolk-shell and hollow microspheres due to the enhanced
interactions between the carboxylate acid groups and nickel ions
during aging process (Fig. 1 and Fig. 5). After heating treatment,
zinc-nickel citrate nanoparticles are converted to ZnO-NiO hybrid
nanoparticles which attach on the surfaces of hybrid microspheres,
leading to rougher surfaces of ZnO-NiO hybrid yolk-shell and hol-
low microspheres than solid counterparts. The presence of ZnO and

NiO in all three hybrids is further testified by the corresponding
SAED patterns illustrated in Fig. 4d, 4l and 4t. EDS measurements
suggest that the Ni/Zn molar ratios in ZnO-NiO hybrid solid, yolk-
shell and hollow microspheres almost do no change after calcination
(Supplementary Fig. S5). In order to explore the distribution of Zn, Ni
and O elements in all three hybrid microspheres, high-angle annular
dark-field (HAADF) scanning TEM (STEM) images and the corres-
ponding element distributions of the solid, yolk-shell and hollow
hybrid microspheres are displayed in Fig. 4(e–h), 4(m–p) and 4(u–
x), respectively. Ni element mainly distributes on the outer thin shell
of ZnO-NiO solid hybrid microspheres, while Zn and O elements
have a uniform distribution throughout the whole microsphere. For
ZnO-NiO yolk-shell hybrid microspheres, Ni element still mainly
distributes on the shell of the microspheres. The Ni signal of the
yolk-shell hybrid microspheres is stronger than that of solid hybrid
counterparts, indicating the higher content of NiO in the shell of yolk-
shell hybrid microspheres. Differently, the Zn signal in the center
region is stronger than that in the outer shell region, indicating the
higher ZnO content in the core region than the shell region. O ele-
ment has a homogeneous distribution within the microsphere. From
the different element distributions of Zn, Ni and O, it can be rationally
deduced that the shells of yolk-shell hybrid microspheres are made up
of ZnO and NiO, however, the cores are possibly dominated by ZnO.
In the case of ZnO-NiO hollow hybrid microspheres, Ni, Zn and O
elements have homogeneous distributions throughout the hollow
microsphere as well as in the nanoparticle marked by the white arrow.

Figure 4 | The SEM (a–b, i–j and q–r), TEM (c, k and s) micrographs and SAED patterns (d, l and t) of ZnO-NiO solid, yolk-shell and hollow hybrid

microspheres, respectively. HAADF STEM images (e, m and u) and the elemental mappings of Ni (f, n and v), Zn (g, o and w) and O (h, p and x) of ZnO-

NiO solid, yolk-shell and hollow hybrid microspheres, respectively.
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Discussion
On the basis of above SEM and TEM observations and analysis, a
plausible formation process for various ZnO-NiO hybrid micro-
spheres is proposed and illustrated in Fig. 5. By dispersing zinc citrate
solid microspheres in nickel nitrate solution, Ni21 would interact
with the -COO2 and -OH groups available on the surface of zinc
citrate solid microspheres by means of the electrostatic interplays
during aging process. Then, a very thin zinc-nickel citrate layer
would form on the outermost surface of zinc citrate solid micro-
spheres. Subsequently, this zinc-nickel citrate thin layer would act
as the initial redeposition site and a dissolution-redeposition process
occurs at a particular region underneath the thin layer. The concen-
tration of nickel nitrate solution exerts significant effect on the mor-
phology and composition of the finally obtained zinc-nickel citrate
microspheres. At a low concentration of nickel nitrate solution
(0.1 M), this dissolution-redeposition process proceeds no
obviously, leading to the formation of zinc-nickel citrate micro-
spheres with no obvious yolk-shell structures (named as solid micro-
spheres above). In this concentration, the small amount of Ni exists
on the outermost shell of solid microspheres, evidenced by the Ni
element mapping in Fig. 4f. The produced zinc-nickel citrate solid
microspheres almost maintain the amorphous characteristic (Fig. 2a)
and no additional nanoparticles form. Increasing the aging time to
8 h, no obvious morphology change of zinc-nickel citrate micro-
spheres can be found. As further increasing the concentration of
nickel nitrate solution to 0.15 M, the inner zinc citrate core would
dissolve into nickel nitrate solution due to its larger curvature com-
pared to the outer shell, interact with nickel ions and then redeposite
on the outermost zinc-nickel citrate thin layer of microspheres, giv-
ing rise to the formation of zinc-nickel citrate yolk-shell micro-
spheres. This behavior is similar to the formation of zinc citrate
yolk-shell microspheres reported in our earlier literature33. During
this process, the crystallization of a small amount of zinc citrate takes
place, resulting in the two small diffraction peaks in the XRD pattern
(Fig. 2a). The shell thickness of zinc-nickel citrate yolk-shell micro-
spheres increases at the cost of the consumption of zinc citrate cores.

As a result, the core becomes loosely packing and many pores forms.
In addition, a small amount of zinc-nickel citrate nanoparticles gen-
erate on the surface of yolk-shell microspheres. When the concen-
tration of nickel nitrate solution reaches to 0.2 M, the zinc citrate
cores completely dissolve and disappear, leading to the formation of
zinc-nickel citrate hollow microspheres. More amount of zinc-nickel
citrate nanoparticles generate on the surface of hollow microspheres
at this stage. Further increasing the concentration of nickel nitrate
solution to 0.3 M, the microspherical structures of zinc-nickel citrate
are destroyed, leading to the generation of irregular nanoparticles
with large particle size of 300–500 nm. Finally, zinc-nickel citrate
solid, yolk-shell and hollow microspheres are employed as the
corresponding precursors to successfully fabricate ZnO-NiO solid,
yolk-shell and hollow hybrid microspheres through an annealing
treatment. ZnO-NiO hollow hybrid microspheres possess the largest
surface area (24.1 m2 g21), followed by yolk-shell (18.7 m2 g21) and
solid counterparts (12.8 m2 g21) on the basis of N2 adsorption-
desorption measurements shown in Supplementary Fig. S6. The pore
sizes in ZnO-NiO solid, yolk-shell and hollow hybrid microspheres
are mainly centered at 26.4, 18.3 and 18.9 nm, respectively, indi-
cating the mesoporous structures of all three hybrid microspheres
(the insets in Supplementary Fig. S6). The presence of mesopores in
electrode materials is conducive to the diffusion of electrolyte within
the electrode and can effectively accommodate the volume variation
during cycling, resulting in the improvement of lithium storage
properties19,35,36.

The CV tests of all three ZnO-NiO hybrid microspheres are oper-
ated at 0.1 mV s21 in 0.01–3 V in order to help us to well understand
the electrochemical reaction mechanism during cycling and the cor-
responding results are displayed in Fig. 6a–c. All three ZnO-NiO
hybrids demonstrate the similar curves in shape. In the initial cath-
odic sweep, an intense and sharp reduction peak at around 0.27 V
(where solid microsphere is 0.26 V, yolk-shell microsphere is 0.27 V,
hollow microsphere is 0.33 V) can be seen clearly. This peak is
caused by a combination of several electrode reactions at close poten-
tials, including the reduction of ZnO and NiO to Zn and Ni along

Figure 5 | A schematic formation process of various zinc-nickel citrate microspheres and ZnO-NiO solid, yolk-shell and hollow hybrid microspheres.
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with the generation of amorphous Li2O, the subsequent formation of
Zn-Li alloys as well as the solid electrolyte interphase (SEI)
films17,37–40. In the first anodic scan the oxidation peaks are different
in shape and position in three ZnO-NiO anodes. Three peaks nearby
0.29, 0.54 and 0.67 V arose from the multistep dealloying reactions of
Zn-Li alloys can be observed obviously for ZnO-NiO solid hybrid
microspheres41. In the case of ZnO-NiO yolk-shell hybrid micro-
spheres, these three peaks become weaker. For ZnO-NiO hybrid
hollow microspheres, a broad and weak peak forms instead of the
above three dealloying peaks. The gradually decreasing of ZnO con-
tent from solid, yolk-shell to hollow hybrid microspheres may be
responsible for the above electrochemical phenomenon39. The peaks
centered at 1.34 and 2.23 V in the first anodic curves in all three
hybrid microspheres electrodes are associated with the regeneration
of ZnO and NiO, respectively20,30,31. Moreover, the intensity of the
peak nearby 2.23 V increases gradually, resulting from the gradually
increasing of NiO content from solid, yolk-shell to hollow hybrid
microspheres. The CV profiles almost coincide after initial cycle in
each electrode, implying the good reversibility of electrode reactions
in the subsequent cycles. The electrochemical reactions occurred
during lithiation/delithiation process are concluded below:

ZnO z 2 Liz z 2 e- <Zn zLi2O ð1Þ

NiO z 2 Liz z 2 e- <Ni z Li2O ð2Þ

Zn z x Liz zx e- < LixZn xƒ1ð Þ ð3Þ

The galvanostatic discharge-charge profiles of ZnO-NiO solid, yolk-
shell and hollow hybrid microspheres during the 1st, 2nd, 20th and
50th cycles at 100 mA g21 in 0.01–3.0 V are revealed in Fig. 6d–f.
Taking ZnO-NiO yolk-shell hybrid microspheres as an example
(Fig. 6e), in the first discharging curve the electrode potential
decreases gradually until 0.6 V at which a long and obvious plateau
can be seen. This plateau relates to the reduction of ZnO and NiO to
Zn and Ni along with the generation of Li2O20,30. Subsequently, a very
weak plateau nearby 0.19 V can be discerned carefully, which is
caused by the alloying reactions between Zn and Li as well as the
formation of SEI layer resulted from the decomposition of electro-
lyte20,42. In the first charge curve, there are three weak plateaus
located at 0.31, 1.30 and 2.3 V, which can be attributed to the deal-
loying reactions of Zn-Li alloys, the oxidation of Zn and Ni to ZnO
and NiO, respectively, in good agreement with the above CV results.
The discharge-charge curves of ZnO-NiO solid and hollow hybrid
microspheres are analogous to that of yolk-shell hybrid micro-
spheres, indicating the similar electrochemical behaviors during cyc-

Figure 6 | The first three cyclic voltammogram curves and the galvanostatic discharge-charge profiles ZnO-NiO solid (a,d), yolk-shell (b,e) and hollow

(c,f) hybrid microspheres. (g) The discharge capacities and the corresponding Coulombic efficiencies of ZnO-NiO solid, yolk-shell and hollow hybrid

microspheres at 100 mA g21. (h) The rate capabilities of ZnO-NiO yolk-shell hybrid microspheres at different current densities.
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ling. The first discharge/charge capacities of ZnO-NiO solid, yolk-
shell and hollow hybrid microspheres are 1387/905, 1290/774 and
1463/903 mA h g21, respectively. The corresponding irreversible
capacity losses during the first cycle are 34.7%, 40.0% and 38.3%
for above three electrodes, which are due to the generation of SEI
films20,43.

The discharge capacities and the corresponding Coulombic effi-
ciencies of all three hybrid anodes evaluated at a current density of
100 mA g21 in 0.01–3.0 V are manifested in Fig. 6g. For ZnO-NiO
yolk-shell hybrid microspheres, the discharge capacities decrease
rapidly in the first 10th cycles and then gradually increase until
170th cycles. From 170th cycle onward, the discharge capacity main-
tains stably. ZnO-NiO solid hybrid microspheres show the similar
trend in discharge capacity to yolk-shell counterparts. The increasing
specific capacities can be understood from the following three
aspects. First, kinetically activated decomposition of electrolyte,
resulting in the reversible formation and dissolution of polymeric
gel-like layers on the surface of active materials, can contribute to
extra reversible capacity44–46. Second, ZnO and NiO nanoparticles
contact tightly with each other in the hybrid microspheres. The
synergistic effect between ZnO and NiO is good for the improvement
of specific capacity47,48. Third, the metallic Ni originated from the
reduction of NiO can promote the decomposition of Li2O generated
during the lithiation process to some extent, benefitting to increase
the specific capacity of electrode materials49,50. However, in the case
of hollow hybrid microspheres, the discharge capacity slightly
increases in the first 12th cycles and then decreases gradually from

13th to 80th cycles. After that, the discharge capacity increases again
with cycle number until 200th cycles. The largest surface area of
hollow hybrid microspheres (Supplementary Fig. S6) is capable of
providing the largest contact area between electrolyte and electrode
materials, accounting for the highest specific capacity of hollow
hybrid microspheres in the first several cycles. However, the rela-
tively thin shells of ZnO-NiO hollow hybrid microspheres may be
not enough to guarantee the electrode integrity due to the drastic
volume variation during the repetitive lithium insertion/extraction
process, resulting in the pulverization of electrode along with the loss
of electronic contact between the active materials and current col-
lectors. As a result, the specific capacity of hollow hybrid micro-
spheres decreases rapidly after 12th cycles. In order to confirm the
above hypothesis, all three hybrid anodes after 50th cycles were
demolished and the electrode materials were measured by SEM.
One can apparently find that almost all of ZnO-NiO yolk-shell
hybrid microspheres keep their microspherical morphology after
cycling, demonstrating outstanding structural stability (Fig. 7b).
Some ZnO-NiO solid hybrid microspheres indicated by arrows can
be seen also in Fig. 7a after 50th cycles. However, as shown in Fig. 7c,
ZnO-NiO hollow hybrid microspheres obviously crack and disinteg-
rate, well agreeing with the above hypothesis. After 200th cycles,
ZnO-NiO solid, yolk-shell and hollow hybrid microspheres deliver
the reversible capacities of about 694, 1176 and 865 mA h g21 with
the Coulombic efficiencies upon 99%. ZnO-NiO yolk-shell hybrid
microspheres possess the highest specific capacity and the best cyc-
ling stability than solid and hollow counterparts. For comparison, the

Figure 7 | The SEM images of ZnO-NiO solid (a), yolk-shell (b) and hollow (c) hybrid microspheres after 50th cycles. The white arrows in (a) show some

intact ZnO-NiO solid hybrid microspheres. (d) The electrochemical impedance spectra of ZnO-NiO solid, yolk-shell and hollow hybrid microspheres

before cycling.
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cycling performance of ZnO solid microspheres prepared by calcina-
tion of initial zinc citrate solid microspheres at 500uC for 2 h in air is
also measured and revealed in Supplementary Fig. S7. The discharge
capacity of ZnO solid microspheres decreases quickly to 60 mA h g21

only after 15th cycles, displaying the very poor cycling stability. In
addition, the delivered reversible capacity (1176 mA h g21) of ZnO-
NiO yolk-shell hybrid microsphere after 200th cycles is higher than
its calculated overall theoretical capacity (887.8 mA h g21, showed
below), revealing the advantages of the combination of ZnO and
NiO, and the unique yolk-shell constructing. The rate capability of
ZnO-NiO yolk-shell hybrid microspheres are manifested in Fig. 6h.
When the current density increases from 100 to 300 mA g21, the
discharge capacity changes no obviously. A high reversible capacity
of about 432 mA h g21 can be retained at a large current density of
1000 mA g21, which is still higher than the theoretical capacity of
graphite anode (372 mA h g21). Impressively, as the current density
setting back to 100 mA g21, the reversible capacity can recover the
original values and then gradually increases with cycle number.

The outstanding electrochemical properties of ZnO-NiO yolk-
shell hybrid microspheres can be interpreted from the following
factors, including the NiO content, specific surface area, microstruc-
ture and electronic conductivity. First, the theoretical capacities of
ZnO and NiO are 978 and 718 mA h g21, respectively. The overall
theoretical capacities for ZnO-NiO solid, yolk-shell and hollow
hybrid microspheres are calculated to be 957.6, 887.8 and
850.3 mA h g21, respectively, on the basis of the weight percentages
of ZnO and NiO in the hybrid microspheres. ZnO-NiO yolk-shell
hybrid microspheres with moderate NiO content reveal higher over-
all theoretical capacity than hollow hybrid counterparts. Second, the
larger surface area of ZnO-NiO yolk-shell hybrid microspheres com-
pared to solid hybrid counterparts is capable of providing more
electrochemical active sites, which is conducive to enhance the
lithium storage properties. Three, the void space in the yolk-shell
hybrid microspheres can effectively withstand the mechanical
deformation originated from the huge volume change during cyc-
ling, which is good for the improvement of cycling stability35. On the
other hand, previous reports have revealed that yolk-shell micro/
nanostructures can accommodate the mechanical deformation more
effectively than hollow counterparts during cycling because of the
synergistic effect between the cores and shells, and the enhanced
mechanical strength51,52. Indeed, all of the hollow hybrid micro-
spheres crack after 50th cycles due to their relatively thin shell, while
yolk-shell hybrid microspheres basically keep their spherical
morphology, displaying good structural stability (Fig. 7). Four, the
electrochemical impedance spectra (EIS) of all three hybrid micro-
spheres electrodes before cycling measured at 3 V are illustrated in
Fig. 7d. A depressed semicircle in the high-medium frequency region
and a straight line in the low frequency region can be seen for each
anode. Visibly, the diameter of semicircle increases from hollow,
yolk-shell to solid microspheres. This indicates that ZnO-NiO hol-
low hybrid microspheres possess the smallest charge transfer resist-
ance, followed by yolk-shell and solid microspheres. Accordingly, Ni
nanoparticles derived from the reduction of NiO during discharge
process possess good electrical conductivity, which is beneficial for
the improvement of the overall electrical conductivity of hybrid
microspheres electrodes53,54. Higher contents of NiO in the hybrid
yolk-shell and hollow microspheres would form more Ni nanopar-
ticles during discharge process, accounting for the smaller charge
transfer resistances of ZnO-NiO yolk-shell and hollow hybrid micro-
spheres than solid counterparts. Taking all of above factors into
account, it can be well understood that ZnO-NiO yolk-shell hybrid
microspheres which possess the moderate NiO content, the larger
surface area and smaller charge transfer resistance than solid hybrid
microspheres, unique yolk-shell configuration as well as more robust
structures than hollow hybrid microspheres show the highest specific
capacity and the best cyclability.

In summary, zinc-nickel citrate microspheres were successfully
fabricated through a facile aging process of zinc citrate solid micro-
spheres in nickel nitrate solution at room temperature. As the con-
centration of nickel nitrate solution increases, the morphology of the
obtained zinc-nickel citrate transform from solid, yolk-shell to hol-
low microspheres. ZnO-NiO solid, yolk-shell and hollow hybrid
microspheres with good morphological inheritance could be pre-
pared by calcination of zinc-nickel citrate solid, yolk-shell and hollow
microspheres in air. When applied as the anode materials for lithium
ion batteries, ZnO-NiO yolk-shell hybrid microspheres demonstrate
the best lithium storage properties than solid and hollow counter-
parts. The moderate NiO content, larger specific surface area and
smaller charge transfer resistance than solid microspheres as well as
more robust structures than hollow hybrid microspheres account for
the excellent electrochemical properties of yolk-shell hybrid micro-
spheres. These results highlight the significance of elaborate design
and rational controlling of the morphology and composition of the
electrode materials and simultaneously inspire us to further explore
other ZnO-based electrode materials with superior lithium storage
properties.

Methods
Synthesis of various zinc-nickel citrate microspheres and ZnO-NiO hybrid
microspheres. Zinc citrate solid microspheres were pre-fabricated according to our
earlier literature33. 0.06 g of zinc citrate solid microspheres were dispersed into 30 ml
of 0.15 M nickel nitrate solution and then sonicated to form a uniform suspension.
Thereafter, the obtained suspension was aged at room temperature for 1 h to produce
zinc-nickel citrate yolk-shell microspheres. To synthesize zinc-nickel citrate solid and
hollow microspheres, the concentration of nickel nitrate solution was respectively
adjusted to 0.1 and 0.2 M, maintaining other preparation parameters unchanged. To
investigate the influence of aging time on the morphology and composition of the
obtained zinc-nickel citrate microspheres, the utilized concentration of nickel nitrate
solution was 0.1 M and the aging time increased from 1, 2 to 8 h. The collected zinc-
nickel citrate solid, yolk-shell and hollow microspheres were calcined at 500uC for 2 h
in air to fabricate ZnO-NiO hybrid solid, yolk-shell and hollow microspheres.

Materials characterization. The crystal phases of the acquired zinc-nickel citrate and
ZnO-NiO hybrids were characterized on a PANalytical X’ pert PRO x-ray
diffractometer (Cu Ka radiation 40 kV, 30 mA). Scanning electron microscopy
(Hitachi SU-70) and transmission electron microscopy (JEM-2100, 200 kV) were
used to disclose the morphology and microstructure of the samples. Fourier-
transform infrared (FTIR) spectrum and thermogravimetric (TG) evaluation were
respectively conducted on Nicolet Nexus-670 FT-IR spectrometer and SDT-Q600
thermal analyzer. The specific surface area and pore diameter distributions were
recorded on a TriStar 3020 system.

Electrochemical evaluations. The coin 2025 cells were assembled in an argon-filled
glove box adopting metal lithium tablets and 1 M LiPF6 in ethylene carbonate and
diethyl carbonate (151, v/v) as the counter electrode and electrolyte, respectively.
70 wt% of active materials (ZnO-NiO hybrid microspheres), 20 wt% of acetylene
black and 10 wt% of poly (vinyl difluoride) (PVDF) were uniformly mixed in 1-
methyl-2-pyrrolidinone (NMP) under vigorously magnetic stirring. The formed
slurry was pasted on a copper foil substrate, kept at 80uC for 12 h and then pressed to
fabricate the working electrode. The separator is polypropylene film (Celgard 2400).
Neware multiple battery testers were applied to measure the galvanostatic discharge/
charge capacities of the electrodes. Autolab electrochemical workstation (NOVA 1.9)
was employed for the characterizations of Cyclic voltammetry and electrochemical
impedance spectra.
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