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Smart Hybrids of Zn,GeO, Nanoparticles and Ultrathin
g-C;N, Layers: Synergistic Lithium Storage and Excellent

Electrochemical Performance

Xiaodan Li, Yi Feng, Meicheng Li,* Wei Li, Hao Wei, and Dandan Song

Smart hybrids of Zn,GeO, nanoparticles and ultrathin g-C;N, layers
(Zn,GeO,/g-C3N,4 hybrids) are realized by a facile solution approach, where
g-C3N, layers act as an effective substrate for the nucleation and subsequent
in situ growth of Zn,GeO, nanoparticles. A synergistic effect is demonstrated
on the two building blocks of Zn,GeO,/g-C3N, hybrids for lithium storage:
Zn,GeO, nanoparticles contribute high capacity and serve as spacers to
isolate the ultrathin g-C3N, layers from restacking, resulting in expanded
interlayer and exposed vacancies with doubly bonded nitrogen for extra Li-ion
storage and diffusion pathway; 2D g-C;N, layers, in turn, minimize the strain
of particles expansion and prevent the formation of unstable solid electrolyte
interphase, leading to highly reversible lithium storage. Benefiting from the
remarkable synergy, the Zn,GeO,/g-C3N, hybrids exhibit highly reversible
capacity of 1370 mA h g at 200 mA g~' after 140 cycles and excellent rate
capability of 950 mA h g™' at 2000 mA g~'. The synergistic effect originating
from the hybrids brings out excellent electrochemical performance, and thus
casts new light on the development of high-energy and high-power anode

and high-power density Li-ion batteries
(LIBs)."¥1 However, current commer-
cialized graphite anodes suffer from low
energy density (372 mA h g),P! which
cannot meet the demand of next-genera-
tion, high-energy, and high-power LIBs.
Therefore, significant research efforts
have been devoted to searching alterna-
tive anode materials, such as Si,® Ge/”
and their oxides®1% to solve the contradic-
tions. Among these alternatives, Ge and
its oxides are expected to act as both high-
energy and high-power anodes due to the
unique, fascinating features of Ge such
as the relatively high theoretical specific
capacity of 1600 mA h g7!, high conduc-
tivity, and fast lithium-ion diffusivity.1:12!
In particularly, nanostructured Ge-based
ternary oxides also have advantages of low
cost, moderate volume change, and more
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materials.

1. Introduction

Nowadays, the energy crises and environmental pollution
deriving from the overdependence of fossil fuels have inspired
the worldwide attention to hybrid electric vehicles and renew-
able energy. The developments of future hybrid electric vehicles
and renewable energy storage rely heavily on the high-energy
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importantly, enhanced electrical conduc-

tivity originated from a conductive matrix

formed by Ge and the second metal,[3-17]
which makes nanostructured Ge-based ternary oxides to be
competitive candidates for high-performance LIBs.'® Despite
the merits mentioned above, nanostructured Ge-based ternary
oxides suffer from two detrimental deficiencies which prohibit
their practical applications: agglomeration and volume changes
during lithiation/delithiation processes. To overcome these
obstacles, a universal strategy is to immobilize active materials
into/onto substrate matrices to construct composites.'*24 Tt is
believed that such immobilization or embedment can greatly
limit the agglomeration of nanoparticles and accommodate the
volume expansion during the charge—discharge processes, then
higher specific capacity and better cycling performance could
be achieved.

Recently, it has been reported that pyrrolic N “hole” defect
should be responsible for the high rate capability and high
capacity of N-doped graphene due to short-distance order-
ings formed on edges and profound surface defects during
discharging.®) Opportunely, the natural structure of graphitic
carbon nitride (g-C3N,) contains large amount of pyrrolic N
“hole” defect in the lattice and doubly bonded nitrogen at the
edges of the vacancy, which are beneficial for the adsorption
and diffusion of lithium ion;?*?%! meanwhile, g-C;N, is inex-
pensive and nontoxic, and can be rapidly synthesized by the
facile and scalable heating method,?%3! avoiding the tedious
pretreatment, multisteps, large quantities of toxic oxidants or
reductants which are necessary for graphene preparation. On
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Figure 1. lllustration of the synthesis process of the Zn,GeO,/g-C3N, hybrids.

the other hand, in order to adequately expose pyrrolic N “hole”
defect of g-C3N, for lithium storage, it is suitable to immobi-
lize nanoparticles into g-C3N,, where nanoparticles serve as
spacers to isolate g-C3Ny layers. Zn,GeO, nanoparticle is one of
the most promising candidates among various Ge-based mate-
rials, because a) ZnO has a high capacity for lithium storage
and b) the mass percentage of Ge in Zn,GeO, is only 27%,
much lower than that in other Ge-based materials, lowering the
cost. On the basis of above conception, we propose and design
Zn,Ge0,4/g-C3N, hybrids as high-performance anode materials
for LIBs, where Zn,GeO, nanoparticles would be immobilized
into large-area g-C3N, and act as spacers to isolate ultrathin
g-C3N, layers. In this case, the advantages of Zn,GeO, (high con-
ductivity, high capacity) and g-C3N, (large-area scaffold, pyrrolic
N “hole” defects) are expected to be integrated within this hybrid
system, resulting in complementary and synergistic effect.

In this study, the Zn,GeO,/g-C3N, hybrids have been suc-
cessfully synthesized by a facile, low-cost, and scalable solution
approach, which exhibit the synergistic effect on their lithium
storage. The Zn,GeO, nanoparticles were grown in situ between/
on large-area g-C3N, to isolate ultrathin g-C3N, layers from
restacking and expand the interlayer of g-C3N, layers. Benefiting
from the remarkable synergy, the Zn,GeO,/g-C3N, hybrids exhib-
ited highly reversible capacity of 1370 mA h g™! at 200 mA g!
after 140 cycles and excellent rate capability of 950 mA h g™! at
2000 mA g 1. The synergistic strategy of Zn,GeQ,/g-C;N, hybrids
could be applied to guide the rational design of similar hybrid
system, such as SnO,/g-C3N, and Co;0,/g-C;N,, as promising
anode materials for high-performance lithium ion batteries.

2. Results and Discussion

In order to realize the Zn,GeO,/g-C3N, hybrids, Zn,GeO, NPs
were encapsulated by large-area g-C3N, layers via a facile, low-
cost, and scalable solution approach, as illustrated by Figure 1.
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First, the g-C3N, bulk was protonated in the
HCI solution to promote the exfoliation of
g-C3N, bulk into layers under ultrasonica-
tion, providing large-area scaffold for the
hybridization with Zn,GeO, NPs. Then, the
g-C3N, layers were washed and dispersed in
deionized (DI) water. With the addition of
Zn(CH;CO00),-2H,0, free Zn*" were electro-
statically adhered onto the surface of g-C;N,
layers. And the size of pyrrolic N “holes” defect on g-C;N, layers
is much bigger than that of ion, so they may provide more
pathways for the diffusion of ions. When GeO;? species were
added, the gradually formed Zn,GeO,4 nanoparticles, as shown
in Equations (1)-(4), could act as spacers to further expand the
interlayers of g-C3N, layer and isolate these ultrathin layers. At
last, Zn,GeO, nanoparticles were encapsulated by large-area
g-C3N, layers after removal of the moisture

Zn,Ge0,/g-C;N,
hybrids

GeO} + H,0 — HGeO; + OH- (1)
HGeO; + H,0" — Ge(OH), (2)
Zn*+20H — Zn(OH), 3)
2Zn(OH), + Ge(OH), = Zn,GeO, + 4H,0 (4)

The crystal structures and composition of the as-prepared
samples were examined by X-ray diffraction (XRD), as shown
in Figure 2a. The XRD pattern of g-C3N, presents a main dif-
fraction peak at 27.4°, which indicates that the as-prepared
g-C3N, is graphite-like carbon nitride plates with exposed (001)
surfaces.[’?l The diffraction peaks of the as-prepared Zn,GeO,
NPs can be assigned to rhombohedral Zn,GeO, (JCPDS No.
11-0687) with lattice constants a = b = 1.423 nm, ¢ = 0.953 nm,
o= f=90° and y= 120°. In the XRD pattern of hybrids, an
obvious (001) diffraction peak of g-C3;N, appeared except the
standard peaks of Zn,GeO,, demonstrating that the as-prepared
hybrids are a mixture of graphite-like carbon nitride (g-C3Ny)
and rhombohedral Zn,GeO,.

In the typical Zn,GeO,/g-C3N, hybrids, we found that large
amounts of nanoparticles are homogeneously encapsulated
by large-area g-C;N, layers, as shown in Figure 2b. From a
magnification image in Figure 2¢, it is revealed that Zn,GeO,

——

Figure 2. Composition and morphology characterization. a) XRD patterns of bare g-C3N,, Zn,GeO,4/g-C3N,_10, and pure Zn,GeO, NPs and standard
pattern of JCPDS Card No. 11-0687. b) Low- and c) high-magnification SEM images of Zn,GeO,/g-C3N4_1o.
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Figure 3. Detailed structural characterization. a) TEM image of Zn,GeO,4/g-C3N,4_10, b,c) HRTEM and corresponding FFT pattern of the hybrids,
respectively, and d) TEM image of Zn,GeO,/g-C3N4_1o and the corresponding electron spectroscopic images of e) carbon and f) nitrogen. The element

content increases from dark color to light color.

nanoparticles in the hybrids are 100-200 nm in diameter.
And the large-area g-C;N, layers are wrinkled. The wrinkled
feature of g-C3N, layers in the hybrids is due to the flexibility
of ultrathin g-C3N, layers isolated by Zn,GeO, nanoparticles,
whereas g-C3N, bulk is very hard. Different mass ratios of
Zn,Ge0, and g-C3N, were also prepared (Figure Slab, Sup-
porting Information), whereas only an optimal ratio (Zn,GeO,/
g-C3N,_jo, Figure 2b,c) enables the maintenance of ultrathin
g-C3N, layers and well-dispersed nanoparticles in the hybrids.
The Zn,GeO,/g-C3N, hybrids with excess g-C3N, (Zn,GeO,/g-
C3Ny4_30, shown in Figure S1b, Supporting Information) pre-
sent thickened and restacked g-C;N, layers. Figure 3a and
Figure Sle (Supporting Information) show a typical transmis-
sion electron microscopy (TEM) image of the Zn,GeO,/g-C3N,
hybrids. It can be seen that Zn,GeO, nanoparticles grew in
situ on the outer surface of g-C;N, layers and in the interlayer
of the g-C3N, layers. The former are tightly anchored on the
g-C3N, layers and the latter could be regarded to be interca-
lated/embedded into the g-C;N, layers. Thus, the agglomera-
tion of particles is suppressed due to the existence of g-C3N,
layers compared to pure Zn,GeO, NPs (Figure Slc, Supporting
Information). For the pure Zn,GeO, NPs, the high-resolution
TEM (HRTEM) images (Figure S1d, Supporting Information)
show lattice fringes with a spacing of 0.28 nm, corresponding
to the (113) plane of rhombohedral Zn,GeO,. When hybrid-
ized with g-C;N, layers, Zn,GeO, NPs expose the (110) plane
with a lattice spacing of 0.71 nm (Figure 3b) except (113) plane
(Figure Sle,f, Supporting Information). Thus, a Zn,GeO, (110)/
g-C3N, (001) heterojunction interface was formed,*2 which
demonstrates that the g-C3N, substrate has effect on the in situ
growth of Zn,GeO,. The corresponding fast Fourier transform
(FFT) pattern (Figure 3c) of the Zn,GeO,/g-C3N,_j, suggests
that each crystalline region of Zn,GeO, NPs is composed of a
single crystalline domain while g-C;N, was polycrystalline.l?2
Furthermore, electron spectroscopic images of Zn,GeO,/g-
C3N, show that the C and N elements mainly contribute to the

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

formation of matrix part in these hybrids, demonstrating the
hybridization of Zn,GeO, NPs and ultrathin g-C3;N, layers.

The chemical states of elements on the surface of Zn,GeO,4/
g-C3N,_;o were investigated by X-ray photoelectron spectroscopy
(XPS). The high-resolution XPS spectra (Figure 4a—c) show that
the binding energies of Zn 2py;,, Zn 2p;);, Ge 3d, and O 1s
peaks in the Zn,GeO,/g-C3N,_, are located at 1045, 1022, 32,
and 531.2 eV, respectively, which are consistent with those of
general Zn,Ge0,.3>33 The high-resolution N 1s XPS spectrum
of Zn,GeO,/g-C3N, hybrid could be deconvoluted into three
peaks, as shown in Figure 4d. The peak at 399.9 eV can be
attributed to the sp>-bonded N atoms in N(-C); or N atoms
bonded with H atoms.?!] The two peaks at 399.3 and 398.8 eV
correspond to N-O bonds and C-N=C, respectively.’"*4l The
high-resolution XPS spectrum of C 1s (Figure 4e) can be decon-
voluted into four peaks (centered at 284.8, 285.9, 288.3, and
289 eV), which correspond to reference C=C, C-O, sp*bonded
C atoms in the g-C;N, layers and C-N, respectively.[?:31:3]

The as-prepared samples were then assembled into Li
half-cells to investigate their electrochemical performance.
Figure 5a shows the cyclic voltammetry (CVs) curves of the
Z1n,Ge0,/g-C3N,_;o, which were collected at a slow scan rate
of 0.05 mV s7! for the first three cycles followed by a fast scan
rate at 0.5 mV s™! for the subsequent two cycles in a potential
window of 0.01-3.0 V versus Li*/Li. In the first cathodic pro-
cess (discharge process), two sharp peaks at 0.75 and 1.15 V
can be attributed to a multiple electrochemical reaction pro-
cess, which includes the formation of solid electrolyte inter-
face (SEI) layers and the decomposition of Zn,GeO, into Zn,
Ge, and Li,O (Equation (5)).'*3¢1 Another small cathodic peak
at 0.25 V indicates the alloying reactions of Li-Zn and Li-Ge
(Equations (6) and (7)).'"*'] In the first charge process, two
broad anodic peaks at 0.4 and 1.35 V can be assigned to the
delithiation of Li-metal alloys (Equations (6) and (7)) and the
reoxidation of metal (Equations (8) and (9)), respectively. Note
that a pair of redox peaks located at about 1.55 and 2.4 V in
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Figure 4. XPS spectra of Zn,GeO,4/g-C3N,_10: @) Zn 2p peak, b) Ge 3d peak, c) O 1s peak, d) N 1s peak, and e) C s peak.

the CV curves of the Zn,Ge0O,/g-C;N,, hybrids and g-C;N, does
not appear in those of pure Zn,GeO, (Figure 5c), which should
result from the existence of g-C;N, layers (Equation (10)). This
pair of reversible peaks in pure g-C3N, (Figure S2a, Supporting
Information) is much weaker than those in Zn,GeO,/g-C3N,
hybrids even though the content of g-C3N, in former is much
higher than that in latter, indicating the synergistic lithium
storage of Zn,GeO,/g-C3N, hybrids. In the subsequent cycles,
the main cathodic peak at about 0.75 V first shifts to about
0.9 V due to the irreversible decomposition of Zn,GeO, and the
new lithiation process of metal oxides. Then the main cathodic
peak gradually shifts to low potentials, which is a common phe-
nomenon in Zn,GeO, anodes.?%?2l The peak shift is related
to reversible degree of metal oxidation accompanied by the
decomposition of Li,0.'"] When the scan rate of CV measure-
ments increases from 0.05 to 0.5 mV s7!, the three pairs of
well-defined anodic/cathodic peaks at 0.25/0.4, 0.75/1.35, and
1.55/2.4 V correspond to the reversible redox reactions of M/
LiM (M = metal), M/MO,, and C;N,/Li,C3N,, respectively.
Thus, the electrochemical reactions of the Zn,GeO,/g-C;N,
hybrids occur as follows

7Zn,Ge0, + 8Li*+ 8 — 27Zn + Ge + 4Li,0 (5)
Ge + xLi'+ xe” < Li,Ge(0< x <4.4) (6)
Zn+yli'+ye” SLi,Zn(0< y <1) (7)
Zn + Li,0 <= ZnO + 2Li"+ 2e” (8)

Adv. Funct. Mater. 2015, 25, 6858—6866
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Ge + 2Li,0 = GeO, + 4Li* + 4e” 9)
C3N, +zLi"+ ze” 5 Li,CN,(0< 2 <4) (10)

In order to better understand the lithium storage occurred
in Zn,Ge0O,/g-C;N, hybrids, a molecular structural region for
initial Li-insertion process was demonstrated in Scheme 1.
Large amounts of pyrrolic N “hole” defects with doubly bonded
nitrogen exist in the natural structure of graphitic carbon
nitride (g-C3;N,) and the distance between two N “hole” defects
on the g-C;N, layers are about 7.13 A.?® The Li-N bond length
is about 1.96 A, and the distance between two Li atoms is
2.97 AP7l according to Li bulk. Theoretically, Li tends to occupy
the defects on g-C3;N, layers and the interlayers besides these
two doubly bonded nitrogen atoms in g-C;N, layers.?!! How-
ever, for experimentally reported bulky g-C;N, anode,*® these
N “hole” defects on the g-C3N, layers were barely exposed to
electrolyte, thus Li reacted with a C3N species on the g-C3N,
layers, which destroyed the crystallinity of g-C3N, and resulted
in low intercalation capacity and poor stability, as shown in
Scheme 1a,b. In the as-prepared Zn,GeO,/g-C;N, hybrids,
Zn,GeO4 NPs are designed as spacers to isolate the ultrathin
g-C3N, layers from restacking, which enlarge the spacing dis-
tances but also increase the exposure of “hole” defects on
the g-C3N, layers (Scheme 1c). In this case, Zn,GeO,/g-C3N,
smart hybrids could provide more active sites for Li insertion
and bring much larger Li adsorption energies at the defects, ]
leading to a low energy barrier for stable Li intercalation
into defects (C,N species), as shown in Scheme 1d. Mean-
while, these Zn,GeO, NPs spacers would react with most Li*
and be decomposed into Zn and Ge highly dispersed on the
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Figure 5. a) Representative C-V curve of the Zn,GeO,/g-C3N4_y, for the first, second, and third cycles at a scan rate of 0.05 mV s™" and fourth and fifth
cycles at a scan rate of 0.5 mV s7; b) galvanostatic charge-discharge voltage profiles of the Zn,GeO4/g-C3N,_1q at a current density of 200 mA g™;
c) representative CV curve for the first, second, third, fourth, and fifth cycles of pure Zn,GeO, nanoparticles at a scan rate of 0.05 mV s7'; d) galva-
nostatic charge—discharge voltage profiles of pure Zn,GeO, nanoparticles at a current density of 200 mA g~'; e) comparative cycling performance of
bare g-C3Ny, pure Zn,GeO, NPs, the Zn,GeO,4/g-C3N, 1o, and Zn,GeOy4/g-C3N,_30 at a current density of 200 mA g™'; and f) rate performance of the
Zn,GeO,/g-C3Ny_19 and pure Zn,GeO,4 NPs at different current densities.

g-C3N, layers, which largely enhance the electrical conduc-
tivity of the hybrids anode. Furthermore, the 2D structure of
g-C3Ny layers could effectively accommodate the strain of the
volume change of Zn,GeO, NPs and prevent the formation of

6862  wileyonlinelibrary.com
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unstable SEI during cycling. The affinity between g-C3;N, layer
and Zn,GeO, NPs restrains the aggregation and pulverization
of Zn,GeO, upon lithiation/delithiation. The synergistic effect
between Zn,GeO, and g-C3N, originating from the structural

Adv. Funct. Mater. 2015, 25, 6858-6866
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advantages of Zn,GeO,/g-C3;N, smart hybrids is expected to
bring out excellent electrochemical performance.

Figure 5b presents the galvanostatic discharge—charge (GDC)
voltage profiles of the Zn,GeO,/g-C;N,;, in the potential
window of 0.001-3 V at a current density of 200 mA g~!. Upon
initial discharge, two apparent voltage plateaus at 1.5-0.5 V are
attributed to the formation of SEI layers?! and the decomposi-
tion of Zn,GeO, into Zn, Ge, and Li,O (Equation (1)), while
the sloped profile at <0.5 V corresponds to the alloying pro-
cess of Li-Zn and Li-Ge (Equations (6) and (7)). Compare to
the GDC profiles of pure Zn,GeO, and bare g-C;N, layers
(Figure 5d and Figure S2, Supporting Information), the revers-
ible voltage plateaus at >1.5 V could be due to the lithiation of
g-C3N, layers (Equation (10)). These GDC results are well con-
sistent with the CV results. Moreover, the initial discharge and
charge specific capacities of Zn,GeO,/g-C3N,_j, are 1068 and
626 mA h g!, respectively, leading to a Coulombic efficiency
(CE) of 58.6%. The initial irreversible capacity loss could be
ascribed to the formation of SEI and the incomplete reduc-
tion of Li,0.1%22 Note that the second discharge curve is very
similar to the initial one, indicating that some reactions have
not occurred timely, which is likely due to the slower activa-
tion process of Zn,GeO4/g-C;N, 1o at 200 mA g'. After the
first two cycles, the as-prepared Zn,GeO,/g-C3N, ;o exhibits
a highly reversible electrochemical performance, for example,

Adv. Funct. Mater. 2015, 25, 6858—6866
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the subsequent capacity fading of specific
capacity is less than 5% from 2nd to 140th
cycle. In contrast, pure Zn,GeO, NPs exhibit
normal initial discharge and charge specific
® capacities of 1479 and 941 mA h g™ (Figure
5d), but relatively fast capacity fading with a
value of as much as 40% from 2nd to 140th
cycle. Therefore, the unique hybrid nano-
structure of Zn,Ge0,/g-C3N,_ ;o could effec-
X tively accommodate the volume changes
and maintain high reversible capacity, high-
lighting the synergistic effect between the
two components of the hybrids.

The synergistically enhanced lithium
storage of the Zn,GeO,/g-C3N, hybrids
is further demonstrated by the differenti-
ated cycle behaviors of as-prepared sam-
ples, as shown in Figure 5e. During the 140
charging—discharging cycles, the specific
capacity of Zn;GeO,/g-C3N, ;o remains
stably above 1300 mA h g! at the current
density of 200 mA g}, and the CE quickly
stabilizes at =99% from the second cycle
(Figure S3a, Supporting Information).
Zn,Ge0,4/g-C3N, 3, shows lower initial spe-
cific capacity of 939 mA h g! but the specific
capacity keeps increasing gradually, indi-
cating longstanding activation process pos-
sibly due to the excess existence of g-C3N,.
In contrast, the specific capacity of the bare
Zn,GeO,4 NPs decreases quickly from 1229 to
711 mA h g7! at 200 mA g! after 140 cycles,
and the CE is still around 98% from second
cycle (Figure S3b, Supporting Information).
Apparently, Zn,GeO, NPs suffer from severe capacity degra-
dation and unstable SEI formation upon charge—discharge
cycling which can be attributed to the large volume change of
Zn,Ge0, materials and the pulverization of Zn,GeO, nanopar-
ticles, causing electrical disconnection from current collectors
during lithium ion insertion and extraction. The bare g-C3N,
layers deliver specific capacities of 200 mA h g at 200 mA g!
with rapid stabilization of CE at >99% (Figure S3c, Supporting
Information). The low specific capacity of bare g-C;N, layers
may be due to the aggregation of layers without the anchorage
force of nanoparticles. But the cycling stability of g-C3N, layers
demonstrates the potential advantage of g-C;N, as fine sub-
strate matrix for lithium storage. In summary, according to
these cycle behaviors, the lithium storage capacity of Zn,GeO,/
g-C3N,_;o exceeds that of either individual component, demo-
nstrating the synergistic capacity enhancement. Besides the
improved cycling performance, the Zn,GeO,/g-C3N,
hybrids show outstanding rate capability (Figure 5f). Even at
2000 mA g1, Zn,GeO,/g-C3N, 4, still delivers a high specific
capacity of 950 mA h g1, whereas pure Zn,GeO, NPs can only
deliver the capacity of 520 mA h g! at the same current density.
When the current density is recovered to 100 mA g, the revers-
ible capacity of Zn,GeO,/g-C3N, ;, returns to 1400 mA h g!
immediately, revealing the good capacity recovery and stable
composite structure.
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Figure 6. Electrochemical impedance spectra (100 kHz to 100 mHz) of Zn,GeO,/g-C3N,_;0 and pure Zn,GeO, NPs: a) before cycling and b) after
140 cycles at the delithiation state. Two insets are the corresponding equivalent circuits.

Table 1. Kinetic parameters of Zn,GeO,/g-C3N, 19 and pure Zn,GeO,
NPs anodes before and after cycling.

Samples Voltage [V] R[] R [Q]
Fresh Zn,GeO, 3.29 96.1 104.7
Fresh hybrids 2.99 153 136.1
Postcycled Zn,GeO, 2.2 4.3 33.7
Postcycled hybrids 2.39 7.6 8.5

Electrochemical impedance measurements of Zn,GeO,/g-
C3N,_19 and pure Zn,GeO, anodes were carried out to under-
stand the charge transfer in the fresh and cycled cells. A whole
Nyquist plot is composed of one semicircle at the high and
medium frequency zone, followed by a slope line at the low-fre-
quency region. The high-frequency zone is a representation of
contact resistance (Ry), and the medium frequency semicircular
can be explained as the charge-transfer resistance (R.) of the
electrode/electrolyte interface, while the low-frequency sloping
straight line is equivalent to the Warburg impedance (Z,), cor-
responding to the solid-state diffusion of lithium ions in the
bulk electrode (R.). Therefore, an equivalent circuit can be
applied to analyze the impendence spectra (Figure 6), and the
fitting results are given in Table 1. As displayed in Figure 6a,
Zn,GeO,4/g-C3N,_;o shows a larger semicircle diameter com-
pared to pure Zn,GeO, NPs before cycling due to the unacti-
vated g-C3N, layers for lithium storage, resulting in a higher
charge transfer resistance. After repeated lithiation/delithiation
processes, the Zn,GeO, NPs decomposed into well-dispersed

metal/metal oxide nanoparticles on ultrathin g-C;N, layers,
sharply decreasing the charge transfer resistance of Zn,GeO,/
g-C3N, hybrids anode. In the subsequent charge/discharge
processes, large-area g-C3;N, layers could suppress the volume
change, pulverization, and aggregation of these nanoparti-
cles, and hence charge-transfer resistance R (8.5 Q) of the
Zn,Ge0y4/g-C3N, hybrid is much smaller than that (33.7 Q) of
Zn,GeO, NPs after 140 cycles.

Table 2 summarizes all the recent works on the Zn,GeOy,
based composite as anodes for lithium-ion batteries. The
specific capacity of Zn,GeO,/g-C;N, hybrids in this work is the
highest among the reported values for Zn,GeO, based com-
posite at similar current densities. Besides the high capacity,
Zn,GeO,4/g-C3N, hybrids also exhibit excellent rate capability
and cycling stability. The outstanding electrochemical per-
formance of Zn,Ge0O,/g-C;N, hybrids can be attributed to its
unique hybrid architecture and synergistic effects between the
constituents of the composite. First, Zn,GeO, nanoparticles
contribute to high specific capacity and act as spacers to expand
the interlayers of g-C3N, layer for extra Li-ion storage and
diffusion pathway. Meanwhile, the isolated ultrathin g-C3;N,
expose more abundant pyrrolic N “hole” defects, which fur-
ther contribute high capacity to the hybrids electrode. Second,
metal Zn and Ge, arising from decomposition of Zn,GeO, after
the first lithiation, are highly dispersed on the g-C;N, layers,
which largely enhance the electrical conductivity of the hybrid
nanostructures. Finally, the large-area g-C3N, layers could
effectively accommodate the strain of the volume change of
active materials and restrain the aggregation and pulveriza-
tion of nanoparticles upon lithiation/delithiation. Therefore,

Table 2. Comparison of electrochemical cycling and rate performance of Zn,GeO, based anode materials.

Anode materials Capacity after 100 cycles Rate performance ref.
Zn,GeO,/N-doped graphene 1044 mAh g @ 400 mA g™ 909, 846, 773,678,531 mAhg' @ 0.2,0.4,0.8,1.6,3.2A g™’ [19]
Amorphous Zn,GeO, nanoparticles 1000 mAh g' @ 400 mA g™ 860, 810, 700, 610, 470 mAh g ' @ 0.4,0.8,1.6,3.2, 6.4 A g™ [14]
Zn,GeO,/graphene oxide 1150 mAh g @ 200 mA g™ 1096, 1009, 896, 736, 538 mAh g™' @ 0.2,0.4,0.8,1.6,3.2A g™ 18]
Zn,GeO, nanorods 616 mAh g™ @ 400 mA g™ 700, 600, 530,480 mAh g™' @ 0.4,0.8,1.6, 4 A g™ [15]
Zn,GeO, nanowires/carbon textiles 1080 mAh g™ @ 400 mA g™ 800, 500, 400, 280,200 mAhg' @ 0.4,1,2,5, 8 Ag™' [33]

Zn,GeO,/g-C3N, hybrids

1304 mAh g @ 200 mA g

1433, 1355, 1243, 1004, 947 mAh g' @ 0.1,0.2,0.5,1.0,2.0A g This work
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Zn,GeO4/g-C;N,  hybrids demonstrate enhanced kinetic
performance, cycling stability, and improved conductivity and
Coulombic efficiency, highlighting the synergistic effect.

3. Conclusions

In summary, smart hybrids of Zn,GeO, NPs and ultrathin
g-C3N, layers have been successfully developed by a simple and
cost-effective low-temperature solution method. As the anode
materials for LIBs, the cooperation of the two active compo-
nents in the Zn,GeO,/g-C;N, hybrids generates a synergistic
enhanced effect on the electrochemical lithium storage. The
2D g-C3N, layers effectively accommodate the volume changes
and prevent the formation of unstable SEI, while monodisperse
Z1n,Ge0O, NPs prevent ultrathin g-C3N, layers from restacking,
promote lithiation/delithiation kinetics, and contribute to the
high specific capacities. As the anode materials for LIBs, the
well-designed Zn,GeO,/g-C3;N, hybrids exhibit a high charge
capacity of 1370 mA h g™! at 200 mA g! after 140 cycles. The
Z1n,Ge0,/g-C3N, hybrids also display an excellent rate perfor-
mance (950 mA h g! at 1000 mA g!), making it a promising
anode material for high-performance LIBs.

4. Experimental Section

Raw Materials: The chemicals were used as received without further
purification process. They include GeO, (purity 299.99%, trace metals
basis, Sigma-Aldrich, Australia), dicyandiamide (C,H4N,) (purity
>99.99%, Sigma-Aldrich, Australia), Na,CO; (purity =99.99%, Sigma-
Aldrich, Australia), Zn(CH3COO),-2H,0 (purity 299.99%, Sigma-Aldrich,
Australia), 1-methyl-2-pyrrolidone (NMP) (purity 299%, Sigma-Aldrich,
Australia), polyimide (Pl) (Sigma-Aldrich, Australia) and hydrochloric
acid (HCl) (ACS reagent, 37%, Sigma-Aldrich, Australia).

Preparation of g-C3N, Bulky g-C3N, was prepared by heating
dicyandiamide to 550 °C with a ramp rate of 2.3 °C min™' for 4 h under
static air.3" To protonate the obtained bulk g-C;Ny4, 1 g of such material
was vigorously stirred in 25 mL of 10 m HCl for 1 h at room temperature.
The mixture was washed via centrifugation repeatedly to remove the
superfluous HCl. And then the protonated g-C3N, was dried at 60 °C
until further use.

Synthesis of Zn,GeO,/g-CsN, Hybrids: 10 or 30 mg protonated
g-C3N4 was ultrasonicated in 10 mL DI water for 2 h to obtain g-C3N,
layer followed by the addition of 219 mg Zn(CH3COO),-2H,0. Such
mixture was further ultrasonicated for another 2 h (labeled as solution
A); meanwhile, 83 mg Na,GeO; (Na,GeO; solid powder was prepared
by heating stoichiometric mixture of Na,CO; and GeO, at 900 °C for
12 h) was dissolved in 10 mL DI water (labeled as solution B). And then,
solution B was added into solution A and the mixture was vigorously
stirred at 100 °C for 3 h. Then, the mixture was washed by ethanol
and DI water and dried in oven at 80 °C. The as-prepared hybrids
with addition of 10 and 30 mg g-C3N, were named as Zn,GeO,/g-
C3N,4 10 and Zn,GeO,4/g-C3N, 30, respectively. For comparison, pure
Zn,GeO,4 nanoparticles were prepared according to the same method as
mentioned above, except for the addition of g-C3N, layers.

Characterization: The distribution, size, and morphology of
the as-prepared samples were characterized by scanning electron
microscopy (SEM) (Magellan SEM, FEI, USA). TEM and HRTEM
measurements were conducted on a Zeiss Libra 200FE microscope.
The chemical compositions and structures of the as-prepared samples
were analyzed by XRD (Bruker D8 Advance X-ray diffractometer, Cu Kot
radiation r = 0.15406 nm) and XPS (AXIS Ultra-DLD, Kratos Analytical,
Manchester, UK, using monochromated Al Ka radiation).
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Electrochemical Measurements: The working electrodes were fabricated
by coating a slurry containing 70 wt% of active materials (Zn,GeO,/g-
C3N, hybrids, Zn,GeO, NPs, or g-C3Ny4), 20 wt% of acetylene black
(Super-P), and 10 wt% of PI dissolved in N-methyl-2-pyrrolidinone onto
a copper foil and dried at 60 °C for 4 h in a vacuum (1073 Torr). Then
the samples were sintered in Ar at 300 °C for 2 h with the heating rate
of 10 °C min~' and dried at 100 °C in vacuum for 12 h before pressing.
Standard CR2032-type coin cells were assembled in an Ar-filled glovebox
(KIYON, Korea) by using the as-prepared anode, Li metal foil (0.4 mm
thick) as the counter electrode, and a separator (Solupor 7P03A). The
electrolyte was 1 m LiPFg dissolved in a mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) (v/v = 1:1). The cells were aged
for 12 h prior to the electrochemical measurements. GDC experiments
were performed at different current densities in the voltage window of
0.01-3.00 V with a multichannel battery tester (Maccor, Inc., USA). CV
measurements were conducted by using an electrochemical workstation
(Solartron Potentiostat and Impedance Analyser, UK). Electrochemical
impedance spectra (EIS) were recorded using the same electrochemical
workstation by applying an AC voltage of 10 mV amplitude over the
frequency range from 100 kHz to 100 mHz. The battery GDC cycling
and rate tests were performed with a mass loading of active electrode
materials of =0.85 mg cm~2.
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Supporting Information is available from the Wiley Online Library or
from the author.
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