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Abstract: Metal phosphides have been studied as prospective anode materials for sodium-ion batteries (SIBs) due to
their higher specific capacity compared to other anode materials. However, rapid capacity decay and limited cycle life
caused by volume expansion and low electrical conductivity of phosphides in SIBs remain still unsolved. To address
these issues, GeP; was first prepared by high-energy ball milling, and then Ketjen black (KB) was introduced to
synthesize composite GeP;/KB anode materials under controlled milling speed and time by a secondary ball milling
process. During the ball milling process, GeP; and KB form strong chemical bonds, resulting in a closely bonded
composite. Consequently, the GeP;/KB anodes was demonstrated excellent sodium storage performance, achieving a
high reversible capacity of 933.41 mAh-g ' at a current density of 0.05 A-g"' for a special formula of GePy/KB-600-40
sample prepared at ball milling speed of 600 r/min for 40 h. Even at a high current density of 2 A-g™' over 200 cycles,
the capacity remains 314.52 mAh-g ' with a retention rate of 66.6%. In conclusion, this work successfully prepares

GeP;/KB anode-carbon composite for electrodes by high-energy ball milling, which can restrict electrode volume

expansion, enhance capacity, and improve cycle stability of SIBs.
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SIBs are gaining attention as an attractive alternative
or supplement for lithium-ion batteries (LIBs) because of
high abundance of raw materials, low cost, widespread
global distribution, and similarity in physical and
chemical properties of Li and Nal'!. However, sodium
has larger ionic radius, heavier atomic mass, and higher
standard electrode potential than lithium, leading to
unsatisfied electrochemical performance in SIBs!®®|
which is mainly influenced by the structure and qualities
of the electrodes. Therefore, researchers increasingly focus
on seeking electrode materials with exceptional sodium

storage properties’”’

. Phosphorus-based anodes achieve
exceptionally high theoretical capacity (2596 mAh-g™)
through the alloying reaction. However, low electrical
conductivity (10 S-cm™) and large volume expansion
during sodium storage resulted in poor cycling stability
and rate capability!"”"¥. Recently, several studies
demonstrated that the metal phosphides M,P, (M = Co,
Ni, Ge) can enhance the reversibility,

conductivity, and stability of phosphorus-based anode

electrical
[14]

Metal phosphides M,P, (M = Co, Ni, Ge) have
significant advantages including extra alloying reaction
between metal and Na', improved conductivity and
appropriate redox potential (~0.3 V for Na/Na")!">"'7,
leading to performance.
Germanium phosphide (GeP,) is germanium-phosphorus
alloy and possesses different forms (GeP, GePs;, GePs,

enhanced electrochemical

etc.). Since Li et al.!"® synthesized GePs by high-energy
ball milling and applied it in LIBs, it has been widely
investigated for energy storage. Compared with GeP and
GePs, GeP; has higher capacity and softer bonding
properties, which can effectively adapt to the mechanical
stress and deformation during sodiation/desodiation!'?),
However, similar to other metal phosphides, GeP;
possesses the problem of capacity decay during cycling
caused by volume expansion and poor conductivity as
well® ' 21 Ty solve this problem, general strategies
including nanosizing of the metal phosphides and combining
with carbonaceous materials have been applied'?%. The
incorporation of carbon materials, such as graphene,
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conductive carbon, and carbon nanotubes (CNTs), is able
to buffer the volume change and further increase the
conductivity of the phosphides>*!. In addition, a carbon
matrix is ideal to prevent the agglomeration of nanosized
materials, maximizing the electrochemical performance.

High-energy ball milling is an efficient, economical
and large-scale technique for preparing nanocomposites
of carbon-based alloy-type anode materials. It has been
widely used to enhance the capacity and improve the
cycle stability of alloy-type anode materials to alleviate
the huge volume changes. Ouyang et al*®" prepared
Ge@FLG nanocomposite by plasma assisted ball milling.
After 50 charge/discharge cycles at 0.4C, Ge@FLG
nanocomposite retained a capacity of 846.3 mAh-g', and
the capacity retention rate was 86% of the initial value.
Nam et alB% synthesized layered GeP; and GePs/C
nanocomposites by high-energy ball milling, and then
studied their electrochemical properties and reaction
mechanism as SIB anodes. The GeP;/C anode showed a
capacity of 984 mAh-g ' with a capacity retention rate of
95% after 30 cycles at 50 mA-g ', and a rate performance
of 520 mAh-g ' after 30 cycles at a current density of
50 mA-g"'. A germanium phosphide composite modified
with two carbon species (GeP;/C@rGO) was prepared by
high-energy ball milling. The carbon layer effectively
stabilized the internal GeP; nanoparticles, while the
graphene network protected the outer surface from
electrolyte erosion. The synergistic effect between two
carbon matrices resulted in higher conductivity, provided
the maximum surface area to ensure the rapid diffusion
of Na" and electrons, and effectively inhibited the
volume change and loss of active materials during the
cycle. As a result, GeP;/C@rGO had a high reversible
capacity of 1084 mAh-g™" at 0.05 A-g"' and 823 mAh-g"'
after 400 cycles at 0.2 A-g'®' The carbonaceous
material in these composites not only improves the
electrical conductivity, but also acts as a substrate to
buffer the volume expansion of GeP;.

GeP, exhibits low conductivity and large volume
expansion during charge and discharge, resulting in poor
rate performance and cycle stability. Therefore,
improving its structural stability and suppressing volume
expansion are key to enhancing the electrochemical
performance of GeP,. This study used germanium
powder and red phosphorus powder to synthesize GeP;
by high-energy ball milling, and then followed by
secondary ball milling to prepare GeP;/C composite
anode with KB.

1 Experimental

GeP3/KB composites were prepared by a two-step

high-energy mechanical milling (HEMM) process.
Germanium powder (99.999%, =200 mesh (74 pm),
Aladdin Chemical Co., Ltd.) and red phosphorus
(98.9%, Alfa Aesar) in a molar ratio of 1:3 were
weighed in an argon-filled glove box and placed into a
ball milling tank. The mixture was then subjected to
planetary milling (QM-3SP4, Nanjing NanDa Instrument
Plant) with a ball-to-powder mass ratio of 20:1 at a
speed of 600 r/min for 48 h. GeP; was then mixed with
KB (EC600JD, Suzhou Sinero Technology Co., Ltd.) in a
mass ratio of 7 : 3, and the milling speed and time were
adjusted in the same atmosphere. The mixture was
ground at 300, 500, and 600 r/min for 10 and 40 h,
respectively, to obtain the final GeP3/KB nanocomposite
product, labeled as GeP;/KB-x-y (x: speed of ball milling,
r/min; y: time of ball milling, h).

Characterization methods can be found in supporting
materials.

2 Resultsand discussion

2.1 Sructureand morphology characterizations
Fig. 1(a) shows the preparation process of GeP; and
GeP5/KB. GeP; was prepared by high-energy ball milling,
and then KB was introduced at controlled milling speed
and time, and the composite GeP3/KB anode material
was synthesized by a secondary ball milling process. The
structures of bare GeP; and GeP3;/KB composites were
examined by XRD (Fig. 1(b)) and Raman spectra
(Fig. 1(c)). The bare GeP; prepared by mechanical
alloying reaction using high-energy ball milling shows
peaks at 26=34.5°, 47.2°, 51.8°, corresponding to (202),
(024) and (220) crystal planes, respectively. The result is
consistent with the previous report, indicating that bare
GeP; was synthesized””. The GePs/KB composites also
present the characteristic peaks of bare GeP;, albeit with
decreased intensity, which indicates that hybridization
with carbon does not affect the crystal structure of
GeP;PY. All GePy/KB composites show the characteristic
peak of carbon material at 26=26°, corresponding to (002)
crystal plane. The uniform mixing of GeP; and carbon
matrix is also evidenced by weakened intensity of GeP;
(202) peak. Higher rotation speeds and extended milling
durations facilitate the formation of nanosized particles. As
shown in Raman spectra (Fig. 1(c)), four characteristic
peaks of bare GeP; in the range of 200-400cm '
correspond to A,'+ By, Bsg and A,” modes, respectively” .
After combined with carbon, D and G bands of carbon are
near 1350 and 1590 cm™. D band is the defect of carbon
atom lattice, and G band is caused by in-plane tensile
vibration of carbon atom sp” hybridization, which indicates

that the carbon in GePs/KB is amorphous!®*.
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(a) Schematic diagram of GeP3/KB synthesis; (b) XRD patterns of GeP; and
GeP3/KB composites; (¢c) Raman spectra of GeP; and GeP3/KB composites

In addition, the disorder and defect degree of GeP;/KB
structure can be reflected by I/IPY. Ip/lg  of
GeP3/KB-300-10, GeP3;/KB-300-40, GeP3;/KB-500-10,
GeP3/KB-500-40, GeP3/KB-600-10 and GeP3;/KB-600-40
were 1.00, 1.01, 1.03, 1.04, 1.01 and 1.05, respectively.
GeP3/KB-600-40 presents the highest Ip/lg. It is shown
that high rotation speed and long time of ball milling
result in an increase in the disorder of C—C bonds and an
increase in the sodium ion storage sites in GeP;/KB.

The XPS survey spectra (Fig. S1) confirm the
existence of P, C, O and Ge. In addition, the oxygen
of the composites milled for 40 h are
significantly higher than those of the composites milled
for 10 h. GeP3/KB-600-40 has the highest oxygen
content of 38.92% (in atom) among composites. The
oxygen content of GeP3/KB samples increases with
prolonged ball milling time. Cls XPS spectrum of
GeP3/KB-600-40 (Fig. 2(a)) can be deconvolved into
four different peaks: C—C, C—P, C-O and C=0. C-O and
C=0 bonds are formed due to the absorption of oxygen
by exposure to air’®'l. The peak at ~129.2 eV in P2p XPS
spectrum (Fig. 2(b)) is attributed to phosphide, and the
peak at ~133.3 eV can be deconvolved into P-O and
P—O-C bonds. GeP;, a black phosphorus analogue, forms
P-O bonds due to inevitable surface oxidation, and
strong P—-O—C bonds between carbon materials and bare
GeP; during ball milling"®*!. With the milling time of 40 h,
P2p XPS spectra (Fig. 2(c, d)) of GeP3;/KB-300-40 and
GeP3/KB-500-40 show a significant increase in the
strength of the P-O—C bonds. This indicates that the

contents

combination of GeP; and KB, as well as the formation of
P—O—C bonds, is more favorable at higher rotating speed
with the same milling time, which is attributed to the
high temperature and high pressure induced by
high-energy mechanical milling, promoting the
formation of P-C and P-O-C bonds between KB and
GeP;. As a result, the inherent conductive pathway and
well-defined structure are ensured, leading to increased
durability of the GeP;/KB structure and consequently
improved cycle stability and electrochemical reversibility
of the electrode during electrochemical cycling!*>*¥.
From the SEM image and EDS mappings of GeP;
(Fig. 3(a-c)), it can be observed that phosphorus and
germanium are uniformly distributed in GePs, indicating
that GeP; was synthesized. In addition, due to the further
refinement of particles by secondary ball milling, the
average particle size of GeP;/KB-600-40 (Fig. 3(d)) is
obviously smaller than that of GeP;. Furthermore,
during the ball milling process, the powder particles
undergo repeated deformation, fracture, and cold
welding, forming GeP;-KB nanoparticle clusters. From
EDS mappings of GeP;/KB-600-40 (Fig. 3(e-i)), it can
be observed that C, O, Ge, and P elements are uniformly
distributed in the composites. The microcrystalline
structure of GeP3;/KB-600-40 was further analyzed by
TEM (Fig. 4(a)). Similar to SEM images, GeP3/KB
composite presents nanoparticle cluster structure. In
the higher-resolution TEM image (Fig. 4(b)), GeP;
particles are embedded in carbon matrix. The interlayer
distance of GeP; is 0.26 nm, consistent with (202)
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Fig. 2 High resolution XPS spectra of GeP3;/KB nanocomposites
(a) Cls XPS spectrum of GeP3/KB-600-40; (b-d) P2p XPS spectra of (b) GeP3/KB-600-40,
(c) GeP3/KB-300-40 and (d) GeP3/KB-500-40. Colorful figures are available on website

Fig. 3 SEM images and EDS mappings of (a-c) GeP; and (d-i) GeP3/KB-600-40
(a) SEM image of GePs; (b, ¢) EDS mappings of P and Ge in GePs; (d) SEM image of
GeP3/KB-600-40; (e-i) EDS mappings of C, O, P and Ge in GeP3/KB-600-40

lattice spacing of GeP; phase. These results further
provide evidence for the existence of nanocrystalline

GeP; in GeP3/KB composites. The SAED pattern of GeP;
region in GeP3;/KB (Fig. 4(c)) shows a typical
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Fig. 4 (a, b) TEM images and (c, d) SAED patterns of
GeP3/KB-600-40

polycrystalline structure with clear diffraction rings,
which are assigned to (110), (202), (104) and (220)
planes of GeP; phase. The SAED pattern in the carbon
region shows several wide and diffused diffraction rings
(Fig. 4(d)), which are attributed to the fact that the
carbon (002) and (100) planes are consistent with its
amorphous feature.
2.2 Electrochemical performance

The charge-discharge curves of initial two cycles for
all electrodes obtained at a current density of 50 mA-g"'
and a voltage range of 0.1-2.5 V are presented (Fig. 5(a, b)).
The bare GeP; electrode shows a high initial discharge
capacity up to 1366.19 mAh-g'. A higher initial
discharge capacity is demonstrated by GeP3;/KB
composite electrodes, for instance, 1504.61 mAh-g™' by
GeP3/KB-600-40. The initial Coulombic efficiency (CE)
of all electrodes is in the range from 45% to 60%. The
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GeP3;/KB composite electrodes exhibit no significant
improvement in the initial CE, which may be due to the
nanosizing of the particles during secondary ball milling.
Regarding CE of the second cycle, the GePs;/KB
electrodes demonstrate the clear advantage. CE of bare
GeP; electrode is only 69.3% in the second cycle, which
is due to the huge volume change of active materials. By
sharp contrast, the second cycle CE is 87.7% for
GeP5/KB-300-10, and further improved to 93.8% for
GeP3/KB-600-40. The increased milling speed at the
same milling time reduces the size of GeP; and
strengthens the combination with KB to accommodate
the volume expansion of GeP;. The same effect can be
achieved by appropriately prolonging the milling time at
the same milling speed. CE of GeP3/KB-600-40 is
superior to other GeP3/KB composite electrodes.

As shown in Fig. 5(c), the rate performance of
GeP3;/KB composite electrode is significantly improved
compared with that of bare GeP;. The capacity of bare
GeP; electrode decays rapidly after several cycles even at
a low current density of 0.05 A-g' and decreases to
<10 mAh-g"' at 0.5 A-g'. It is caused by the rapid
volume expansion and shedding of bare GeP; during
sodium storage. With the milling time of 40 h, the
difference in performance of GeP;/KB composite
electrodes with different rotation speeds is observed.
With the increase of rotation speed, the rate performance
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Fig. 5 Electrochemical performance of GeP; and GeP;/KB composites
(a) Initial and (b) second charge-discharge curves of bare GeP; and GeP;/KB electrodes; (c) Rate performance of bare
GeP; and GeP3/KB electrodes at 0.05, 0.1, 0.5, 1 and 2 A-g™'; (d) Cycling performance of all electrodes at 2 A-g™'
Colorful figures are available on website
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of GeP3/KB composite electrode improved. GeP;/KB-600-40
composite electrode delivers reversible capacities of
926.12, 898.91, 616.85, 538.49 and 418.16 mAh-g ' at
current densities of 0.05, 0.1, 0.5, 1 and 2 A-g’,
respectively. When the current density decreases to
0.05A-g, it recovers a reversible capacity of 933.41 mAh-g ",
which exhibits excellent rate performance. The improvement
of rate performance is due to the increased sodium
storage sites and the formation of P-O—C bonds in the
GeP3;/KB-600-40 electrode, which effectively inhibit
volume expansion and refine particles during high-energy
ball milling®®. As XPS spectra revealed, GePy/KB-600-40
possesses higher oxygen content compared with other
composite electrodes, which is beneficial to the
formation of P-O—-C bonds, resulting in excellent rate
performance. In a long-term cycling test at a higher
current density of 2 A-g”' (Fig. 5(d)), the GePy/KB-600-40
composite electrode maintains a capacity of 314.52 mAh-g '
after 200 cycles with a capacity retention rate of 66.6% of
the initial value. In contrast, the capacity retention rates of
other GeP5;/KB composite electrodes range from 22.59%
(GeP3/KB-500-40) to 8.58% (GeP3;/KB-300-10). The bare
GeP; electrode exhibits a capacity of only 9.18 mAh-g ' after
25 cycles, indicating severe capacity decay. The unique
structure of GeP3/KB significantly enhances the cycling
performance of the electrode.

As shown in Fig. 6(a, b), the irreversible broad peak at
0.5 V during the first cycle of the CV curve is attributed
to the formation of the solid electrolyte interface (SEI)
film®"), which disappears in the second cycle. The two
reduction peaks at 0.25 and 0.15 V in GeP3/KB electrode
are attributed to the formation of Nas;P and NaGe in the
alloying process, while the two oxidation peaks on the
forward scanning curves correspond to the dealloying
process. The CV curves of GePs/KB composite electrodes
show much improved reversibility compared to GeP;.

To further investigate the electrochemical mechanism
of GeP3;/KB-600-40 electrode, CV tests were performed
at different scan rates (Fig. S2). Furthermore, b is
calculated using Eq. (1) to characterize the specific
electron/ion transfer behavior.

i=a’ )
Where i is the peak current (mA); v is the scan rate
(mV/s); a and b are variable parameters. The electron/ion
transfer is associated with the diffusion-controlled
“battery behavior” mechanism with b close to 0.5 and the
surface-controlled “pseudocapacitive behavior” mechanism
with b close to 1. In Fig. S3(a), b of GeP3;/KB-600-40
is 1.15, exhibiting partial pseudocapacitive behavior.
Generally, the contribution of Faraday reaction to
capacity gradually decreases with the increase of current

density, whereas the contribution of pseudo capacitance
remains unchanged, which is one of the reasons for the
superior rate capacity of GeP3/KB-600-40").

To quantitatively analyze the contribution proportion
of the sodium-ion storage behavior, the CV curve was
further calculated by the following formula:

i) = kv + k"2 ()

where i(v) is the current at a specific voltage (mA); kv
12

and kyv'© refer to the surface control capacity and
diffusion  control  capacity, respectively®®.  The
capacitance contribution of sodium storage in

GeP;3;/KB-600-40 increases from 47% to 82% as the CV
scan rate increases (Fig. S3(b)). The enhancement of
capacitance storage can accelerate the diffusion of Na'
and prevent excessive volume expansion of active
materials during high-rate charge and discharge, thus
obtaining good rate performance.

The Nyquist plots of bare GeP; and GeP3;/KB
composite electrodes, obtained in the frequency range
from 0.01 Hz to 100 kHz, are shown in Fig. 6(c). The
charge transfer impedance (R) is indicated by the
diameter of the semicircle in the intermediate frequency
region. Among the GeP;/KB composite electrodes,
GeP3/KB-600-40 exhibits the smallest semicircle
diameter with R, of 41.1 Q. R, values of other GeP;/KB
composite electrodes are relatively higher, ranging from
57.5 Q (GeP3/KB-500-10) to 44.8 Q (GeP3;/KB-500-40).
In contrast, the bare GeP; electrode has the largest
semicircle diameter with R, of 447.6 Q. The lower
charge transfer resistance of GeP3;/KB-600-40 accounts
for its excellent electrochemical performance. These
results indicate that the GeP;/KB electrode synthesized
by the high-energy ball milling method enhances ion
exchange between the electrode and electrolyte,
providing faster and more efficient transport channels for
the sodium insertion/extraction process.

The morphological changes of GeP; and GeP;/KB
electrodes before and after 100 cycles at 2 A-g™' were
investigated by SEM. The formation of dense structure
on the surface of the GeP; electrode after 100 cycles
is related to the volume expansion of the active
material during Na' intercalation/deintercalation, thus
hindering the diffusion of Na', resulting in poor rate
and cycling performance (Fig. S4(a, b)). In contrast, the
GeP3/KB-600-40 electrode can maintain
integrity to a large extent after 100 cycles compared to
the original electrode®”’ (Fig. S4(c, d)). Therefore,
compared with the bare GeP; electrode, the electrochemical
performance of the GeP;/KB-600-40 electrode is greatly
improved.

structural
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Colorful figures are available on website
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Structure characterization

The purity and crystal structure of the samples were
analyzed using an X-ray diffraction (XRD) spectrometer
(Bruker D8 Advance). Diffraction data in the range of
20=10°-80° were recorded using CuKa radiation
(4=1.5418 A) with a step size of 26=0.05° and analyzed
using MDI Jade software. Raman spectroscopy (THEM
DXRxi) was performed with a 532 nm laser. The sample
morphology was examined using high-resolution field
emission scanning electron microscopy (SEM, FEI Verios
460, USA) equipped with energy-dispersive spectroscopy
(EDS) module. Microcrystalline structure images and
selected area electron diffraction (SAED) patterns were
collected using a transmission electron microscope (TEM,
FEI Tecnai G2 F20). X-ray photoelectron spectroscopy
(XPS) measurements were conducted using a
PerkinElmer PHI 1600 ESCA system to analyze the
bonding state and elemental composition of the material.
Electrochemical measurement

The active material, conductive carbon, and
polyvinylidene fluoride (PVDF) binder were mixed in a
mass ratio of 8:1:1. After thorough grinding,
N-methyl-2-pyrrolidone (NMP) solvent was added to
form a slurry. The slurry was coated onto copper foil,
dried in a vacuum oven at 60 ‘C for 12 h, and then cut
into circles with a diameter of 14 mm. The mass of the

active material was maintained at 1-1.5 mg-cm 2,

1 mol/L NaClOy electrolyte was prepared with a solvent
mixture of dimethyl carbonate (DMC) and ethylene
carbonate (EC) in a volume ratio of 1 : 1. CR2032 coin
cells were assembled in an argon-filled glove box, using
sodium foil as the counter electrode and glass fiber filter
paper as the separator. Constant current charge and
discharge tests were conducted in a voltage range of
0.01-2.5 V at different current densities using a battery
test system (Neware CT-4008, China). Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS)
studies were performed using a potentiostat (CHI660E).
The EIS tests covered a frequency range of 0.01-
100000 Hz with an amplitude voltage of 5.0 mV. CV
curves were recorded at a scan rate of 0.1 mV-s ' within
a voltage range of 0-2.5 V.
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Fig. S1 XPS survey spectra of GeP;/KB
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Fig. S3  (a) Relationship between peak current and scan rate in logarithmic format and (b) capacitance contribution
at different scan rates of GeP;/KB-600-40

Fig. S4 SEM images of (a, b) bare GeP; and (c, d) GeP3;/KB-600-40 (a, c) before and (b, d) after 100 cycles



