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Germanium-based materials possess promising potential as novel anode materials for high performance lithium-
ion batteries (LIBs). However, the considerably huge volume change causes rapid capacity fade during the
charge-discharge process. A simple strategy was devised to prepare porous GeO, nanoparticles via thermal
decomposition of (Hbipy),[Ge(C204)3]-2H,0 in air atmosphere. As an anode material for LIBs, it shows superior
electrochemical performance in comparison with commercial GeO, microparticles. The initial discharge capacity
of porous GeO, nanoparticles is high to 2578.8 mA h/g, and it still retained 581.9 mA h/g after 100 cycles. Even

at 2 A/g, a reversible discharge capacity of 184.2 mA h/g is yet obtained. The superior lithium storage perfor-
mances should be chalked up to the positive synergism of nanoscale, porous structure and low crystalline nature,
which effectively retard the huge volume change of GeO, and are beneficial for fast diffusion of lithium ions

during cycling.

1. Introduction

Nowadays, the disadvantages of LIBs are narrow operating tem-
perature range and low energy density [1]. Currently, fully charged
electric vehicles using LIBs is only power to run up to 150 kilometers,
which can’t meet the requirement of much high energy/power density
[2]. Consequently, many work focused on increasing the specific ca-
pacity to elevate the energy density of the anode materials in LIBs
[3-5].

Recently, metal oxides with nanostructures [6-12], such as SnO»,,
V,0s, MnO,, are extensively studied based on the high theoretical
specific capacities and volume energy densities compared with graphite
anode materials for LIBs. However, they can’t fully satisfy the energy
density requirements for high-performance LIBs because of relatively
low conductivity and poor rate capability. Several materials with higher
Li storage capacity are good candidate anode materials, such as Si and
Ge [13,14]. Compared with Si anode material, Ge rarely gets attention
owing to its higher cost. Nonetheless, it has merits on better lithium
diffusion and higher electronic conductivity. Some groups have devoted
to Ge-based materials with different structures that are considered as an
alternative to commercial graphite owing to the high theoretical ca-
pacities (such as 1623 mA h/g for Ge anode material) and faster charge

transfer properties [15-17]. The GeOy is also an attractive candidate,
and GeO, is able to deliver the specific capacity of 2152 mA h/g if it
stores 8.4 Li™ reversibly. GeO, has some other advantages over pure
Ge, such as lower cost, better chemical and cyclical stability [18].

It’s well known that most of the GeO, anodes are afflicted with poor
cycling life, which is a tough conundrum for GeO, anodes. Similar to
alloy anodes, GeO,, anodes are afflicted with large volume expansion in
charge-discharge processes, causing pulverization of GeO, and in-
stability solid electrolyte interface (SEI) [19,20]. Numerous efforts have
been focused on exploring for addressing this issue, such as hy-
bridization, reducing size, amorphization and rational fabrication of
nanostructures [21-28]. Recently, the common strategy is devoted to
hybridization of GeO, material with carbonaceous materials. Carbon as
buffer layer will reduce the weight content of GeO, material in the
electrode, thus the specific capacity of the total material will be reduced
partly. Small particle size can alleviate the pulverization of GeO, par-
ticles, but also reduce the diffusion path of Li*, thereby improving the
lithium storage performance. Porous structures can well relax the me-
chanical strain from huge volume expansion during cyclic process, and
exhibit large surface area that increases electrode-electrolyte interface,
and have nanometer thick walls, which are beneficial for fast diffusion
of Li*. Nevertheless, the controllable preparation of porous GeO,
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Fig. 2. XRD pattern of GeO, nanoparticles through thermolysis of germanium precursor
at 500 °C for 3 h.

nanostructures is urgent but challenging as a result of the lack of effi-
cient synthetic methods.

Here, a simple and novel strategy was proposed to fabricate porous
GeO, nanoparticles by annealing (Hbipy),[Ge(C204)3]-2H,0 under air
atmosphere, which have the merits of excellent cycling performance,
environmental friendliness, and simple manufacturing process. The
porous GeO, nanoparticles with mesoporous structure was synthesized
firstly, and have an increased surface area compared with commercial
GeO, microparticles, which provides an effective buffering environ-
ment to alleviate the huge volumetric expansion of GeO, nanoparticles
in the cycle process. The porous GeO, nanoparticles exhibit excellent
reversible capacity and rate capacity as an anode material for LIBs.
Therefore, the simple method promotes the tremendous potential of
germanium based anodes for further spread applications. Meanwhile,
these nanomaterials will be more widely used in other intelligent en-
ergy storage devices in the future [29-32].

2. Experimental section

2, 2’-bipyridine was purchased from Aladdin Chemical Co.
Polyethylene glycol-2000 (PEG-2000, analytical grade) was obtained
from J-K Reagent Co. Ltd (China). Oxalic acid (H,C>042H,0, = 99.0%)
and germanium dioxide (GeO,, = 99.99%, = 200 mesh) were from
Sinopharm Chemical Reagent Co., Ltd.

2.1. Synthesis of (Hbipy),[Ge(C204)3]-2H,0 precursor

Firstly, 1.0 mmol of commercial GeO, microparticles, 3.0 mmol of
H>C>042H50, 1 mmol PEG-2000 and 2.0 mmol 2, 2’-bipyridine were
added into 15 mL deionized water. Subsequently, the mixture was
agitated vigorously to form homogeneous suspension, which was
transferred to a Teflon autoclave, sealed and put into an air dry oven at
room temperature, and the furnace temperature was increased to
100 °C and maintained for 78 h. After the autoclave cooling down
naturally, the solid precipitate was collected and washed by distilled
water and air-dried under room conditions.
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Fig. 1. Schematic preparation route of porous GeO, nano-
particles.

Porous GeO, nanoparticle

2.2. Preparation of porous GeO, nanoparticles

The Ge-based complex precursor was transferred into the pipe fur-
nace followed by annealing at 400, 500, 600, 800 °C under air for 3 h to
prepare GeO, nanoparticles with different crystallinity and size.

2.3. Characterization

Single crystal X-ray diffraction (SXRD) studies for Ge-based complex
precursor were carried out on a Bruker SMART APEX IT with graphite-
monochromatic Mo Ka radiation (A = 0.71073 A). Data processing
including empirical adsorption correction was performed using
SADABS. Thermal stability was investigated using a Mettler Toledo
TGA/SDTA851 thermal analyzer in O, atmosphere with a heating rate
of 10 °C min . The morphologies and detailed structures of the pro-
ducts were observed by field emission scanning electron microscopy
(FESEM, ZEISS Merlin Compact), transmission electron microscopy
(TEM, JEOL JEM-2100F, 20 kV). The elemental mappings were ob-
tained using the energy dispersive spectroscopy (EDS, Oxford X-Max).
The phase and composition of GeO, nanoparticles were investigated by
power X-ray diffraction (XRD, Shimadzu XRD-6000) with Cu-Ka ra-
diation (0.15406 nm). N, adsorption-desorption isotherms of the sam-
ples were conducted at 77 K in a Micromerities ASAP 2020 instrument.
The surface electronic states were studied by X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific Escalab-250Xi using Al-Ka
radiation).

2.4. Electrochemical measurements

The lithium storage performance was evaluated via a coin-type half
cells (CR2032) using the porous GeO, nanoparticles as working elec-
trode, which was made up by blending porous GeO, nanoparticles
(80 wt%), polyvinylidene fluoride (10 wt%) and acetylene black (10 wt
%), and was dispersed in N-methyl pyrrolidone, uniformly overlayed on
copper foil and then dried in a vacuum box at 85 °C overnight. LiPFg
was dissolved in mixed solvents (1:1 v/v) of ethylene carbonate and
dimethyl carbonate to form 1 mol L.~ solution as electrolyte. Li foil and
Celgard 2400 micro-porous film were served as the counter electrode
and separator. Cyclic voltammetry (CV) test was performed on a
CHI660D electrochemical workstation between 0.01 and 3.0V at
0.2mV s~ . Galvanostatic charge-discharge cycles were measured on a
battery tester (LAND CT 2001A). Electrochemical impedance spectro-
scopy (SEI) was assessed with frequency range from 100 kHz to
10 mHz.

3. Results and discussion

Fig. 1 presents schematic preparation route of porous GeO, nano-
particles, which was mainly based on the complex and thermal de-
composition of germanium precursor using GeO, as Ge source and
oxalic acid as coordination agent in the presence of 2, 2’-bipyridine,
which can promote the growth and stabilization of germanium com-
plex. Additionally, PEG-2000 as surfactant can promote the dispersion
of GeO,, particles in solvent [33-38]. Commercial GeO, microparticles
with low cost were used, which size was about several micrometers and
the surface of microparticles was rough, shown in Fig. S1. Fig. S2a
shows that the appearance of germanium precursor is cuboid with the
length of 35 pm. The crystal structure of the germanium precursor was
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Fig. 3. (a) FESEM images of the product obtained at
500 °C; (b) TEM image of single porous GeO, nano-
particle; (¢c) HRTEM image and SAED pattern (inset)
of porous GeO, nanoparticles; (d) EDS and the cor-
responding TEM image of the porous GeO, nano-
particles; (e) elemental mapping of Ge; (f) elemental
mapping of O.
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affirmed by SXRD, and Crystal data for the germanium precursor are
consistent with those of the previous report [39]. Structure schematic
drawing has been made by the software package crystal diamond,
which indicated that the complex is (Hbipy),[Ge(C204)3]-2H,0, as
shown in Fig. S2b. Fig. 2c is FTIR spectroscopy of the germanium
precursor. Selected FTIR data (in cm ™ 1): v(N-H) = 3211w; Veym(C-H) =
3106m, 3055, 2955w; V(C=0) = 1746S; Vasym(-CO2~) = 1674m,
1591m, 1529m; Veym(-CO2™) = 1470m, 1437m, 1330s; »(C-O0) =
1233m, 1184m; v(C-H) = 1089w, 992w, 953w, 895m; y(C-H) =
609m; p[(C=0)-0] = 471m, 439w. The thermal stability of the pre-
cursor was performed by TGA under air atmosphere, as shown in Fig.
S2d. The thermal degradation includes two steps from 248 °C to 335 °C.
The first one occurs between 246 °C and 275 °C with the weight loss of
38.1%, which is from the removal of 2, 2’-bipyridine and partial oxalic
acid. The second weight loss of 45.2% between 300 °C and 335 °C could
be ascribed to the oxidation of oxalic acid. The total loss (83.3%)
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consists with the calculated value (83.9%) of the exhaustive decom-
position of organic fraction and formation of GeO, with corresponding
stoichiometric ratio. Based on the result of TG, the complex was de-
composed at 400, 500, 600 and 800 °C for 3 h in air, and the obtained
GeO, nanoparticles were assembled to coin-type half cells to study the
electrochemical performances for LIBs as anode material.

Fig. 2 is a XRD pattern of obtained product at 500 °C. The result
indicates that the diffraction pattern can be indexed to hexagonal GeO,
(PDF # 36-1463), and no impurity peaks are observed, suggesting
germanium precursor has been completely transformed into GeOs.
Combining with the above result, Fig. S3 illuminate that the diffraction
peak intensity of GeO, is increased continually with increasing the
annealing temperature, indicating the crystallinity was affected by the
decomposition temperature. Fig. 3a is the FESEM image of GeO, ob-
tained at 500 °C, displaying that the uniform GeO, nanoparticles are
assembled by smaller nanoparticles, and the GeO, nanoparticles is
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Fig. 4. (a) FT-IR spectra of the porous GeO, nanoparticles; (b-d) XPS spectrum of the porous GeO, nanoparticles: (b) a wide scan spectrum; (c) a spectrum of Ge3d; (d) a spectrum of Ols.

about 200 nm in Fig. 3b. The FESEM image in Fig. S4a displays that the
GeO, nanoparticles obtained at 400 °C have the diameter of about
600 nm and there are some smaller nanoparticles on the surface of
particles from Fig. S4b. When the decomposition temperature is risen to
600 °C, the products in Fig. S4c are a large number of irregular parti-
cles, and Fig. S4d shows that the size of particles is further reduced to
less than 100 nm. When the decomposition temperature is further risen
to 800 °C, the FESEM images of GeO, are presented in Fig. 3f, which
show that the products are irregular and nonuniform particles, and Fig.
S4e shows that the size of most particles is more than 400 nm.

The porous GeO, nanoparticles at 500 °C was selected and further
investigated through TEM, HRTEM, selected area electron diffraction
(SAED) and element analysis. The TEM image of GeO, nanoparticle
(Fig. 3b) reflects a similar particle size with the SEM characterization.
Meanwhile, it is clearly observed that the as-obtained GeO, nano-
particle at 500 °C has mesoporosity. Fig. 3c shows a HRTEM image,
revealing that no clear lattice spacing is observed, indicating its low
crystalline nature [16]. The diffuse scattering SAED pattern (inset in
Fig. 3c) also reveals the obtained GeO, with low crystalline structure,
which agrees with the results of HRTEM image. Besides, Fig. 3d-f show
the EDS, TEM and elemental mapping images of porous GeO, nano-
particles, which reveal the existence of Ge and O, wherein Cu is from
copper grid. The elemental mapping images in Fig. 3e and f show a
highly uniform distribution of Ge and O. More interestingly, the two
elements are overlapped uniformly across the whole particles, revealing
the homogeneous distribution of Ge and O in the porous GeO, nano-
particles.

The structure of porous GeO, nanoparticles was further studied
through FTIR spectrum. In Fig. 4a, the bands at 519, 554, 586, 882 and

964 cm ™! correspond to six characteristic stretching vibration of a-
GeO,, which always appear at higher wave number, suggesting the low
crystalline of the porous GeO, nanoparticles, in agreement with XRD
results. The peaks at 1638, 2352, 2856, 2923 and 3447 cm ! are from
H,0 and CO,, which are introduced in the synthesis process [40]. The
above characterizations clarify that the sample is pure GeO, nano-
particles. Meanwhile, the surface composition of GeO, was further
studied by XPS in Fig. 4(b-d). A wide scan spectrum is displayed in
Fig. 4b, the peaks correspond to C 1s, O 2s, 1s and Ge (3d, 3p, 3s, 2p),
and O KLL and Ge LMM Auger peaks are also observed. The peaks of Ge
3d and O 1s are observed at 32.78 and 531.8 eV, as shown in Fig. 4c
and d, declaring that O and Ge elements exist in 0> and Ge** oxidation
state, respectively.

The surface structure has a significant effect for lithium storage
performances of electrode active materials. The adsorption-desorption
isotherm of the porous GeO, nanoparticles in Fig. 5a is the type IV
profile with an obvious adsorption-desorption loop at P/P, of
0.83-0.99, suggesting that the products are mesoporous structure [14].
Fig. 5b is the pore size distribution that the mesoporous with broad pore
size distribution is centered between 2.5 and 12 nm. The porous GeO,
nanoparticles exhibit bigger BET surface area of 74.0 m?/g and large
total pore volume of 0.208 cm>/g. In contrast, the commercial GeO,
microparticles only exhibit a BET surface area of 33.6 m?/g and a total
pore volume of 0.041 cm®/g (Fig. 5¢) and no mesopores exist (Fig. 5d).
The large surface area and suitable pore size provide more active sites
and insure an efficient transportation pathway between electrode ma-
terials and electrolyte [41]. The mesoporous structure inside the porous
GeO, nanoparticles also facilitate to alleviate the volume expansion and
improve the energy storage performance.
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Fig. 5. (a) N, adsorption-desorption isotherm of porous GeO, nanoparticles; (b) Pore size distribution of porous GeO, nanoparticles; (c) N, adsorption-desorption isotherm of commercial

GeO, microparticles; (d) Pore size distribution of commercial GeO, microparticles.

Considering that the porous GeO, nanoparticles have some favor-
able features as LIB anode materials, such as porous structure, na-
noscale, higher BET surface area and larger pore volume, the lithium
storage performances were tested in 2032 coin-type half-cells at 25 °C.
Fig. 6a is the 1st and 2nd cycle voltage profiles of the porous GeO,
nanoparticles at 100 mA/g. Initial discharge and charge capacities are
about 2578.8 and 1624 mA h/g, and Coulombic efficiency is about
62.97%. Significantly, the 1st discharge capacity is larger than the
theoretical capacity (2152 mA h/g), and the reason should be the for-
mation of SEI layer on the surface of GeO, active material and reox-
idation [42]. The large capacity loss in the 2nd cycle can be ascribed to
the irreversible reaction of GeO, during the Li insertion process by
formation of Li,O [43]. It’s well known that improving rate capability is
a very important task for anode materials used in electric vehicles [44].
Fig. 6b presents the 1st discharge/charge curves of the porous GeO,
nanoparticle anode at various rates of 100-2000 mA/g, which exhibit
that the porous GeO» nanoparticles have a fairly good rate capability.
Even the current density is high to 2000 mA/g, the porous GeO, na-
noparticles still maintains a reversible discharge capacity of
184.2 mA h/g. Fig. 6¢ displays the remarkable rate capability of porous
GeO, nanoparticle anode, and the charge capacity is 968, 579, 398,
283, 161 mA h/g at different current densities from 100 to 2000 mA/g.
Importantly, after high-rate measurements of 2000 mA/g, the specific
capacity reversibly recovers to 727 mA h/g once it is restored to
100 mA/g, declaring excellent electrochemical reversibility and struc-
ture stability. Fig. 6d presents the cycling performances of the com-
mercial GeO, and porous GeO, nanoparticles at 100 mA/g. The results
show that the specific capacity of commercial GeO, microparticles fast
decline to 256.5 mA h/g, and present a capacity retention of 12.1%
after 100 cycles. In contrast, the porous GeO, nanoparticles exhibit a
stable capacity of 1349 mAh/g up to the 5th cycle, and fades

decreasingly to 581.9 mA h/g after 100 cycles. The mesoporous in
porous GeO, nanoparticles could effeciently alleviate the volumetric
change in circle process, and be propitious to electrolyte penetration
and electron transfer [45,46].

The lithium storage mechanism of porous GeO, nanoparticles was
investigated using CV and EIS, and the results are shown in Fig. 7. Three
CV cycles in Fig. 7a were tested for the porous GeO, nanoparticles at
0.2mV s~ . A distinct reduction peak at ~ 0.41 V in the first cathodic
scan, shifting to ~ 0.38 V in the following cycles, which is in connection
with the production of non-crystalline Li,GeO» [47]. The peak at about
0.23 V in the 2nd cycle is ascribed to the formation of SEI. With the
charge and discharge, the peaks gradually die down and disappear,
indicating cycle performance will be stabilization. The peak at ~ 0.05 V
owns to Li-Ge alloying reaction [48]. In the anodic scan process, the
broad peak at ~ 0.58 V corresponds to dealloying of Li,Ge and oxida-
tion of Ge. The obvious peak at ~ 1.24 V has been confirmed to be
reoxidation of Ge to GeO,, leading to be higher capacity than that of
commercial GeO, [44]. Nyquist plots of commercial GeO, micro-
particles and porous GeO, nanoparticles are provided in Fig. 7b. The
semicircle in high-frequency region is attributed to charge transfer re-
sistance and Li* migration through the electrolyte interface, which in
this case take place at the similar intermediate frequencies. At the low
frequencies the straight line manifests a combination of electrolyte
diffusion and slow changes in the active film due to the lithiation
[49,50]. As a result, the porous GeO, nanoparticle electrode exhibited
smaller charge transfer resistance than commercial GeO, micro-
particles, suggesting that the porous GeO, nanoparticles can short dif-
fusion pathway for electron and electrolyte ion, promote the electrolyte
to penetrate into electrode material, and improve the diffusion effi-
ciency of Li* ions.
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4. Conclusions

In summary, GeO, nanoparticles was devised and prepared via an-
nealing (Hbipy),[Ge(C204)3]-2H,0 precursor in air atmosphere. The
obtained porous GeO, nanoparticles at 500 °C showed average size with
200 nm, mesoporous with 4 nm, BET surface area with 74.0 m?/g and
total pore volume with 0.208 cm®/g, which could mitigate the pulver-
ization of the electrode materials and reduce the diffuse route of Li™,
elevating electrochemical performance. Serving as an anode for LIBs,
the GeO, nanoparticles with mesoporous structure displayed a high
discharge capacity of 2578.8 mA h/g at 100 mA/g. Excellent reversible
capacity of 581.9 mA h/g for lithium storage was obtained after 100
cycles. Even at 2 A/g, it still retained a capacity of 184.2 mA h/g. Our
facile strategy can successfully address the current challenge of

controllable synthesis of GeO, nanostructures, and this strategy can also
be applied to controllably prepare other metal oxides.
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