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ABSTRACT: Germanium phosphide is a potential anode
material because of its high theoretical capacity and incredible
rate capability on lithium-ion batteries (LIBs) and sodium-ion
batteries (SIBs). However, the huge volume change that
occurs while germanium phosphide is converted to Na;P or
Li;P directly leads to poor cyclability and limits further
applications. Herein, mesoporous germanium phosphide
(MGeP,) microspheres with diameter size ranging from 0.5
to 1.5 ym were first prepared by a one-step and template-free
approach. MGeP, microspheres were composed of nano-
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particles of around 10 nm with a narrow distribution of pore sizes of around 4 nm. The MGeP,, possessed superior features in
LIBs/SIBs since it shortens the diffusion path of the energy carrier and provides the buffer space for the transport of Li/Na ions.
MGeP, showed attractive electrochemical properties as a potential anode candidate, such as a high first-cycle Coulombic
efficiency of 82.63%, high reversible capacity (1400 mA h g~ after 150 cycles at 0.2 C), excellent ultrahigh rate capacity (370 mA
hg'at72 Ag™, 40 C), and stable cycling performance (450 cycles at 1 C) in the LIBs and high reversible capacity (704 mA h
g~! after 100 cycles at 0.2 C) and stable cycling performance (200 cycles at 0.6 C) in SIBs.

hosphorus (P) is a promising candidate as an anode

material for next-generation batteries because of the low
cost due to its elemental abundance and its high theoretical
capacity (2596 mA h g™') in lithium-ion batteries (LIBs) and
sodium-ion batteries (SIBs) via the formation of Li;P and
Na,P."” However, the volume changes of P converted to Na,P
and Li;P are ~500% and ~300%, respectively, causing the
pulverization of active materials and leading to the poor cycling
performance.””* To address this issue, it is suggested to
synthesize a phosphide compound because of the synergistic
effect between P and its pair element to alleviate strain during
the ion insertion and desertion process.””®

In general, phosphide anode materials react with Li through a
conversion reaction as in the following formula:’

MP, + 3xLi" — M® + xLi,P M = metal

Several ghosphide materials such as Fe,P,” NiP,,'? CuP,,"!
and CoP'” have been explored and shown improved cycle
stability as anodes since these phosphides can mitigate the
tension caused by volumetric changes through the metal
matrixes.”> However, specific capacities less than 1000 mA h
g~ were obtained since the metal matrixes are electrochemi-
cally inert materials with Li ions."*

The phosphide anode materials have active-matrix materials
such as Zn—P-,"> Sn—P-,'® Si—P-,"” and Ge—P-based systems
in which elements are totally reactive toward the Li ion.'® The
concept of an active composite is to have different onset
potentials such that one component is lithiated while the other
one buffered the tension to alleviate the volume change.'” The
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Si-based phosphides are attractive candidates due to their high
theoretical capacity, but the challenge has been found that the
cycle stability for the compound depends highly on the charge
depth, and better reversibility could be achieved only charged
to a limited state.”’ Compared to Si, Ge exhibits ~400 times
greater lithium-ion diffusivity and also 10* times intrinsic
electronic conductivity higher than Si, which makes Ge able to
operate at a high rate performance.”’ In addition, the unique
electrochemical cycling properties (nearly isotropic lithiation)
of Ge mitigating the high stresses were stated in the previous
study, which was to be observed via in situ TEM study.” Unlike
Si’s inert characteristic with sodium, Ge can react with sodium
by forming NaGe, making it a suitable element as a coupled
element with P.

A lot of effort has been put into improving the reversibility
and rate capability of the electrode by using nanostructured
designs, especially porous structures which offer more efficient
energy carrier (ion and electron) transport.”> > Methods to
produce porous structures could be classified as template or
template-free approaches.”*™>’ In this work, we demonstrate
the first example of template-free and one-step chemical
synthesis for uniform mesoporous germanium phosphide
(MGeP,) microspheres composed of nanoparticles of around
10 nm with narrow distribution of pore sizes through a facile
solvothermal approach. The growth route for MGeP, involved
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Figure 1. Mesoporous germanium phosphide (MGeP,) microspheres were synthesized by TOP, DPG, and toluene at 430 °C. (a, b) SEM images for
MGeP,, from low magnitude to high magnitude. (c) Analysis of the void fraction in a MGeP, microsphere via the Image] software. The red color
regions showed the void in the MGeP, microsphere. (d) Statistics of the MGeP, microsphere diameter. (e, f) TEM images for the MGeP,
microsphere; the nanopores on the surface could be observed, and the SAED pattern of the MGeP, microsphere is in the inset of part f. (g—i) EDS

mapping results of MGeP,.

the formation of primary nucleation, diffusion of precursor
monomer, and the good assembly of nanoparticles. More
importantly, MGeP, exhibited outstanding electrochemical
properties for both LIBs and SIBs. High specific capacities of
1812 and 818 mA h g~ could be obtained at 0.2 C for LIBs and
SIBs, respectively. Long cycle reversibility could be maintained
at 1 C without obvious decay in 450 and 200 cycles for LIBs
and SIBs. Moreover, MGeP, showed excellent ultrahigh rate
capacity, i.e, 370 mA h g_1 at 40 C, for LIBs and great high rate
capacity, ie, 130 mA h g_1 at 10 C for SIBs. In brief, high
capacity, stable cycling performance, and ultrahigh rate
capability might be attributed to the high-quality mesoporous
structure that not only effectively buffers the volume change but
also shortens the ion diffusion path via the porous channels.

B RESULTS AND DISCUSSION

MGeP, Characterization. MGeP, microspheres were
synthesized in the titanium reactor by using tri-n-octylphos-
phine (TOP), diphenylgermanium (DPG), and toluene at 430
°C for 10 min. Approximately 40 mg of black brown products
with a high yield of 77% was collected for characterization. The
sphere-shaped structure with rough surface was from the
assembly of nanoparticles (~10 nm) which was observed from
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SEM (Figure lab). Regarding the morphology of MGeP,, the
diameter of microspheres, 0.5—1.5 um, was obtained by
statistical analysis (Figure 1d) over MGeP, microspheres
measured from the SEM image. The fraction of voids in
MGeP, microspheres was roughly estimated via Image]
software in Figure lc. (The software was applied to measure
the intensity of each pixel in an image and show the histogram
of intensity. The pore ratio was determined by calculating the
pixel number in a specified range of intensity.) MGeP,
microspheres were also confirmed by TEM images (Figure
lef). There were obvious porous characteristics, which
provided the structure with larger surface area and superior
ion diftusion path. The SAED pattern of MGeP, microspheres
(Figure 1f) indicates its amorphous structure, and the
corresponding results could be found in the XRD patterns
(Figure S7). The EDS mapping results (Figure 1g—i) shows Ge
and P uniformly distributed on the sphere-shaped structure
which suggested that the elemental dispersion was homoge-
neous. Using the Brunauer—Emmett—Teller (BET) measure-
ments, the quantitative information on the surface area was
obtained in Figure 2. These results showed that MGeP,
microspheres had a large surface area of 258 m* g™, and the
narrow distribution of pore sizes was located at around 4 nm
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Figure 2. BET plot and corresponding pore size distributions (insets)
of MGeP,.

(Figure 2, inset). The composition of MGeP, was investigated
by energy-dispersive spectrometry (EDS) data from STEM,
and thermal gravimetric analysis (TGA) results were obtained.
The TGA result showed that there was a sharp weight loss
(37.2 wt %) between 450 and S00 °C, corresponding to the
commercial red P as shown in Figure 3. The EDS result from
STEM in Table 1 demonstrated that the weight ratio of P to Ge
was 38.3 to 61.7. As a result, the value of x was around 1.5.
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Figure 3. TGA measurement. The heating rate was set as 10 °C min™",
and the flow rate was N, 50 mL min™,

Table 1. STEM EDS Result of MGeP,,

element wt % atom %
P K 38.3 59.26
Ge K 61.7 40.74
total 100.0 100

The reaction process included high-temperature reduction of
DPG into elemental germanium, followed by the catalytic
cleavage of the strong P—C bond, and then the phosphorus was
liberated from TOP, hence the primary germanium phosphide
(GeP,) nucleation.*”*" It is a well-accepted theory for the metal
phosphide to use TOP as its phosphorus source. The
subsequent growth process involved diffusion of the precursor
monomer and the surface reaction of the monomer. Under high
temperature and high concentration, the nucleation and growth
process would be accelerated and give the preferential spherical
morphology products due to the minimization of the free
energy of the whole system.’”*® The occurrences of
aggregation are the particle interactions including nucleation,
growth, collision, and attachment which usually take place in
the reaction solution without agitation.”*™>’ Through the
colloidal synthesis process, the variation in morphology of GeP,,
could be well-controlled by tuning the concentration of the
reactant solution which was a key parameter in the synthesis
system.”®*” The formation mechanism was still not clear, but
the possible growth path of the phenomenon was discussed
(Figure S). Solid GeP, (SGeP,) was produced under
concentrated TOP and DPG solution without adding any
toluene (Figure 4a,b). The optimum reactant concentration
was obtained by introducing 2 mL of toluene in the system
(Figure 4e,f). The primary particle yielded small size (~10 nm),
and narrow size distribution. The reason might be the
coordination with the steric force and van der Waals force;
the former one kept particles from directly coalescing, and the
latter one shortened the distance of particles.” As a result,
nanoscale pores formed during assembly of the primary particle
which was reported in the previous work.”' In Figure 4gh, the
concentration was diluted by adding 3 mL of toluene. The
primary particles had large size and wide size distribution (10—
50 nm). Imbalance of the steric force and van der Waals force
made the aggregation uncontrollable and finally produced the
huge cluster.”” To further confirm these phenomena, the
toluene was replaced with hexane and benzene and
demonstrated the same trends (Figure S1).

The electrochemical properties of MGeP, as anode for LIB
were tested in the coin cells, and a lithium metal foil was used
as counter electrode operating in the voltage window 0.01-3 V
versus Li/Li". Figure 6b shows that the first-cycle discharge and
charge capacity of the MGeP, electrode with a loading ratio 55
wt % were 2126 and 1812 mA h g™" at the current density 0.36

200 nm

400 nm

150 nm

Figure 4. SEM image at low and high magnitude for GeP, synthesis using different amounts of toluene: (a, b) 0 mL, (c, d) 1 mL, (e, f) 2 mL, and (g,

h) 3 mL, respectively.
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Figure S. Schematic illustrations of possible growth routes of SGeP, and MGeP,.
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Figure 6. Electrochemical performance of GeP, as anode for the LIB: 1 C rate = 1800 mA g™". (a) Cycling stability of the MGeP,, and SGeP,, at 0.2
C. (b) Lithiation/delithiation voltage profiles for MGeP, from the st to 150th cycles. (c) Differential capacity versus voltage for the first 3 cycles for

MGeP,.

A g7' (0.2 C), demonstrating the high Coulombic efficiency of
82.63%. These results can be found in Figure 6a for both
MGeP, and SGeP,, indicating that it was not structure-
dependent but corresponding to the material properties. A
similar case has been reported for GePs/C composite, and the
reason was the high conductivity of materials.'® However, the
cycle stability had an extreme difference between MGeP, and
SGeP,. The capacity decay of SGeP, was 31% (1733 to 1200
mA h g7') in 17 cycles (Figure S3a,b) because of the dramatic
volume change during the lithiation/delithiation process. In
contrast, MGeP, exhibited a high reversible capacity ~1400 mA
h ¢! after 150 cycles with fine retention of 76.9% compared to
the specific capacity of the first cycle (1812.9 mA h g™') which
is resulted from the sufficient space of the porous structure that
can buffer the volume change. The corresponding results could
be observed by the cyclic voltammetry (CV) test. SGeP,
(Figure S4a) exhibited the peak at 0.5 V in the negative scan
which gradually shifted to lower voltage with the decaying of
the current density, indicating the overpotential consuming the
energy during the lithiation process. The peak at 1 V in the
positive scan had disappeared after the first cycle which showed
that the active materials lost activity because of the dramatic
volume change during the lithiation/delithiation process. In
contrast, the perfect overlap of the CV profiles in Figure S4b
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showed fine retention of MGeP,. The peaks at 0.5 V (formation
of lithium-rich alloy Li,P) was followed by 0.1 V (formation of
lithium-rich alloy Li,Ge) during the negative scan. The peaks at
0.5 V (delithiation of Li,Ge) and 1 V (delithiation of Li P) are
in the positive scan. All results correspond to the previous
work."®

Figure 6b presents the voltage versus capacity profiles. The
differential capacity versus voltage plot was obtained in Figure
6¢ for the first three cycles of the MGeP, electrode. In the first-
cycle lithiation (discharging process), the major peaks were
quite distinct from the following cycle, which was due to the
formation of the solid—electrolyte interphase (SEI) layer.
Hence, starting with the second cycle, all the peaks were
overlapped. The lithiation peaks at 0.1 and 0.56 V were
attributed to the formation of different LiGe Li,P alloys, and
two obvious peaks at 0.4 and 0.85 V in the delithiation
(charging process) corresponded to the extraction of lithium
from lithium-rich alloys.*>**

The rate capability of MGeP, was studied at various rates by
changing the different discharge—charge rates from 1 to 40 C
(Figure 7a), and its voltage profiles were displayed in Figure 7b.
Furthermore, the comparison among all GeP,-related electro-
des is also presented in Figure S8. MGeP, displayed
outstanding performance at the rate tests, with current densities
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Figure 7. (a) The rate performance of the MGeP, electrode as anode for the LIB at the various current densities from 1 to 40 C and back to 0.1 C.
(b) Corresponding potential profiles for MGeP, to part a. (c) Cycle performance for MGeP, at 1 C rate for 450 cycles. (d) Comparison of the
specific capacities at various current densities for MGeP, with other anode materials related to phosphorus and phosphide in the literature.

of 1.8, 5.4, 9, 18,27, 36, 45, 54, and 72 A g_l, corresponding to
the capacities of 1545, 1376, 1275, 1098, 922, 780, 661, 548,
and 370 mA h g~'. Furthermore, MGeP,, exhibited no obvious
capacity loss after 450 cycles at 1.8 A g~ in Figure 7c. As seen
in Figure 7d, the rate capacity has dominated over the other P-
related anode materials in the LIBs”'"'>'®?%%% [n the
meantime, electrochemical impedance spectroscopy (EIS) was
carried to further study the interfacial electrochemical behavior
of the SGeP,- and MGeP,-based electrode by the full charge/
discharge cycling test at 1.8 A g™' at frequencies ranging from
10 kHz to 10 mHz. Nyquist plots for electrodes at different
cycles are presented in Figure S6. It comprised semicircles
which were associated with a combination of charge-transfer
and ohmic resistance at the high-frequency region. The straight
line slope, at the low-frequency region, represented diffusion
resistance. The proper electric equivalent circuit was fit in the
inset of Figure S6. Comparing the results with SGeP, (Figure
S6a) and MGeP,, (Figure S6b), the fresh electrodes showed a
slight difference between each other. Both electrodes
demonstrated the smaller diameter of the semicircle after 50
cycles, indicating that the cycled electrodes possessed the
smaller charge-transfer resistance than the fresh ones. However,
the huge change for SGeP, in Figure S6a occurred after 75
cycles, which had a much higher impedance in comparison to
the fresh cell. A similar result was reported in the previous work
and led to a huge final capacity fade.*” In Figure S6b, the
charge-transfer resistance of the MGeP, electrode was nearly
constant during cycling after 75 cycles, implicating that the
charge-transfer pathway remained during the cycling process.
Because of the formation of the SEI layer, the slope decreased
continuously after 75 cycles, showing an increase of diffusion
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resistance, but electrodes still maintained high capacities
demonstrating the fine ion diffusion path created by the
porous structures. ™

Germanium phosphide is also a potential anode material for
SIBs because of the alloy formation of NajP and NaGe. As a
result, MGeP, was tested by the half cell using sodium metal
foil as a counter electrode for SIBs with the voltage window
0.01-2.0 V versus Na*/Na. Figure 8ab presents the cycle
performance at 0.2 C (2400 mA g~ ') of the MGeP,; the specific
capacities of the first-cycle sodiation and desodiation were 1268
and 818 mA h g' indicating the first-cycle Coulombic
efficiency of 65.28%. The huge capacity loss of 450 mA h g™
in the first-cycle discharge/charge process corresponded to the
electrolyte decomposition on the electrode surface for the
formation of SEL The high specific capacity 704 mA h g™
could be maintained at 0.2 C over 100 cycles and 278 mA h g™
at 1 C over 200 cycles in Figure 8¢,f, demonstrating that the
superior long cycle performance and the fluctuation of the
capacity might be due to the temperature variations during the
test, which had been mentioned in the previous literature.*”*°
The differential capacity versus voltage plot for MGeP, is
presented in Figure SSb; the sodiation peaks in the 0.11 and
0.61 V could be observed in the first cycle which was attributed
to formation of the SEI, and following cycles showed as well-
overlapped below 0.6 V in the formation of sodium-rich NaGe,
Na,P alloys.”" In the desodiation peak, there were two close
peaks in the 0.54 and 0.86 V which represented the sodium-ion
extraction from the sodium-rich product. A similar result could
be confirmed in the cyclic voltammetry (CV) test (Figure SSa).
Except for the first-cycle negative scan, a perfect overlap in the
positive and negative scan showed the fine reversibility of
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for 200 cycles.

MGeP,. The rate capability of the MGeP, was also tested at the
different discharge/charge rates from 0.1 to 10 C which is
shown in Figure 8¢, and its voltage profile is displayed in Figure
8d. MGeP,, displayed a fine performance at the high rate test,
with the capacity of 977, 840, 692, 400, 340, 320, 308, 230, and
117 mA h ¢! at different current densities of 0.12, 0.24, 0.6,
12, 1.8, 2.4, 3.6, 6, and 12 A g, respectively.

As shown in the LIB and SIB test with the MGeP, anode, it is
a promising anode material for both lithium and sodium
storage. The outstanding electrochemical performance of
MGeP, for Li ions and Na ions could be attributed to the
mesoporous structure for advantages including (I) shorter
diffusion path of the lithium ion and sodium ion in reaction
with the GeP, nanoparticles, (II) high-quality porous structure
providing an environment for electrolyte penetration and
increasing the efficiency of ion transport, and (III) the unique
structure mitigating the volume expansion through the buffer
space produced by the porous channel.

B CONCLUSIONS

By the facile solvothermal method, we are able to synthesize the
controllable porous structure without complex template
fabrication processes. The common agents that are used as
organic solvent (toluene, benzene, and hexane) played as the
key factors making the nanoparticles assemble well and
producing the high-quality mesoporous structure. Therefore,
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MGeP, demonstrates its high performances in both lithium and
sodium storage including high energy density, ultrahigh rate
capability, and superior cyclability. The superior electro-
chemical performance could be attributed to a shortened
diffusion path for energy carriers in the solid phase and high
specific area for facilitating reactivity. Similar reactions could
introduce these kinds of stabilizing agents to fabricate the
porous structure and enhance the performance in the energy
storage, providing new opportunities to employ a more
effective method for electrochemical devices.

B EXPERIMENTAL SECTION

Materials. Diphenylgermane (DPG, 95%) was from Geleste. Tri-n-
octylphosphine (TOP, 90%), anhydrous benzene (99.99%), anhydrous
toluene (99.99%), anhydrous hexane (95%), ethanol (99.8%),
poly(acrylic acid) (PAA, average Mv =~ 300000), and sodium
hexafluorophosphate (98%) were from Sigma-Aldrich. Red phospho-
rus powder (98.9%) was purchased from Alfa Aesar. Celgard
membrane, copper foil (0.01 mm), lithium foil (99.9%), electrolyte
[1 M LiPF, in fluoro-ethylene carbonate/diethyl carbonate (FEC/
DEC; 1:1 vol %)], Super P carbon black, and coin-typed cells
(CR2032) were from SYNergy ScienTech Corp.

Synthesis of Different Morphologies of Germanium
Phosphide (GeP,). Upon tuning of the reactant concentration, the
morphology of the GeP, could be well-controlled. The same
procedure was employed for each experiment. Typically, we prepared
our reactant solution which contained S mL of TOP, 130 uL of DPG,
and 2 mL of toluene in the 10 mL titanium reactor under the argon-

DOI: 10.1021/acs.chemmater.8b01922
Chem. Mater. 2018, 30, 4440—4447


http://dx.doi.org/10.1021/acs.chemmater.8b01922

Chemistry of Materials

filled glovebox. Then, the reactor was taken out, heated to 430 °C, and
kept for 10 min. Finally, the reaction was stopped, and the whole
system was cooled to the room temperature in the water bath. The
products were cleaned with toluene several times until the supernatant
solution was transparent. The residual solvent was removed by the
vacuum-concentrated machine, and then, the final product MGeP, was
stored in the glovebox for the next application. To study the possible
growth mechanism, we conducted a series of experiments with various
amounts of toluene (0, 1, 2, and 3 mL) and species of agents (hexane
and benzene).

Material Characterization. The structural studies of the different
morphologies of germanium phosphide (GeP,) were finished by SEM
(HITACHI-SU8010) with energy-dispersive X-ray spectroscopy
(HORIBA, EX- 250), TEM (TECNAI 20), and XRD (Rigaku Ultima
IV). The composition investigations were carried out by TGA (SDT
Q600) and STEM (JEOL, JEM-ARM200FTH).

Electrochemical Characterization. The well-dispersed elements
containing active materials (55/50 wt %), conductive agent super P
(30 wt %), and PAA binder (15%/20%) in deionized (DI) water and
ethanol were in the formation of a high-quality slurry for the LIB/SIB
anode electrode. Then, the prepared slurry was cast on a Cu foil
uniformly and dried at 150 °C under argon gas for removing residual
water followed by the rolling machine. Upon utilization with 0.1 ug
resolution (Sartorius SE2), the weight of the electrode could be well-
measured, and the loading of active materials was able to be calculated.
The typical mass loading on the electrode was ~0.5 mg cm™ (mass
loadings of active material for LIBs/SIBs on the electrode were
~0.275/0.25 mg cm™2). The coin-type half cell (CR2032), anode
electrode, PP/PE/PP separator, glass fiber separator, and counter
electrode lithium/sodium metal foil were assembled in the argon-filled
glovebox. The electrolytes were 1 M LiPF¢ in fuoroethylene
carbonate/diethylcarbonate (FEC/DEC) (1:1 vol %) for LIBs and 1
M NaPF; in fuoroethylene carbonate/diethylcarbonate (FEC/DEC)
(15:85 vol %) for SIBs. The electrochemical performance of anode
materials was carried out by employing Maccor Series 4000
instruments.**
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