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Cation-Disorder Zinc Blende Zn0.5Ge0.5P Compound and Zn0.5Ge0.5P-
TiC-C composite as High-Performance Anode for Lithium-ion 
Batteries
Guoping Liu,‡ a, c Lei Zhang,‡b Yucun Zhou,b Luke Soule, b  Yangchang Mu,a Wenwu Li*a and Zhicong 
Shi*a

Designing a novel anode material with suitable elemental composition and bonding structure for improving the limited 
capacity and poor lithium-ion conductivity of lithium-ion batteries (LIBs) is still challenging. Here, guided by the first-
principles calculations, we report a higher crystal symmetric, cation-disordered zinc blende Zn0.5Ge0.5P anode material with 
high-capacity and high-rate capability owing to superior electron and lithium-ion transport compared to the parent allotrope 
chalcopyrite ZnGeP2. The Zn0.5Ge0.5P anode exhibits a large specific capacity of 1435 mA h g-1 with a high initial Coulombic 
efficiency of 92%. An amorphization-conversion-alloying reaction mechanism is proposed based on ex-situ characterizations 
including X-ray diffraction (XRD), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and 
Raman spectroscopy. During lithiation, the material phase-changes through Li3P, LiZnGe, β-Li2ZnGe, and α-Li2ZnGe 
intermediates that provide suitable transport channels for fast diffusion of lithium ions. During delithiation, LiZn, Li15Ge4, 
and Li3P nanoparticles reassemble into Zn0.5Ge0.5P. A Zn0.5Ge0.5P-TiC-C composite with finer particle size and enhanced 
electronic conductivity exhibits an initial specific capacity of 1076 mA h g-1 and a capacity retention of 92.6% after 500 cycles.

Introduction 
Recent increases in technology electrification require the 
development of lithium-ion batteries (LIBs) with higher specific 
energy densities than are currently available.1, 2 Intercalation 
reaction-type anode materials, e.g. LiC6

3, 4 and Li4Ti5O12,5, 6 do 
not have sufficient Li-ion storage capacities to meet these 
requirements.7 Research efforts have been devoted to using 
alloying reaction-type anodes due to their higher capacities.8, 9 
Single elemental anodes, such as Si, experience large volume 
changes and poor lithium-ion transport that limits their rate-
capability.10 Multi-element anodes have reduced volume 
changes during lithiation and have more suitable lithium-ion 
transport than single-element anodes, giving them high energy 
densities, high power capabilities, and high stability on repeated 
cycling.11, 12 

Lithium alloying materials such as Zn,13, 14 Ge,15, 16 and P17, 18 
have been investigated as potential candidates due to their high 
theoretical capacity (LiZn: 409 mA h g-1, Li3.75Ge: 1381 mA h g-

1,Li3P: 2591mA h g-1). Zn has a lithium reaction potential of 0.2 

V (vs. Li+/Li). The reaction proceeds through four intermediate 
phases giving rise to  four voltage plateaus that hinder lithium 
diffusion.13 Ge has a higher storage capacity than Zn as it can 
react with 3.75 Li. However, pure Ge anodes experience a 
volume change of up to 343% that results in particle cracking.19 
P exhibits a reaction potential of 0.7 V (vs. Li+/Li) due to its high 
electronegativity. Additionally, it has been found that the Li3P 
facilities lithium diffusion.20 

To fully benefit from the properties of each element, they can 
be combined in binary or tertiary compounds. Binary 
compounds, such as ZnP2,21, 22 Zn3P2,23, 24 GeP,25, 26 GeP3,27, 28 and 
GeP5,29, 30 have been widely studied for lithium storage. When 
these binary compounds react with lithium, P first reacts to 
form LixP then Li reacts with Zn/Ge to form metal alloys such as 
LiZn and Li15Ge4. For ternary compounds, cation ordering can be 
used to modulate the intrinsic properties and electrochemical 
characteristics of the anodes during lithiation.31, 32 

The Zn-Ge-P compounds are a member of the ternary AIIBIVCV
-

2 materials family and have two allotropes: chalcopyrite ZnGeP2 
and zinc blende Zn0.5Ge0.5P.33-35 Through suitable processing, 
ordered chalcopyrite ZnGeP2 (I-42d) and disordered zinc blende 
Zn0.5Ge0.5P (F-43m) can be synthesized.35 

In this work, first-principles calculations were used to 
compare the electron and lithium-ion transport capabilities of 
ZnGeP2 and Zn0.5Ge0.5P. Zinc blende Zn0.5Ge0.5P has metallic 
conductivity with no band gap while chalcopyrite ZnGeP2 is a 
semiconductor with a band gap of 0.93 eV. Zinc blende 
Zn0.5Ge0.5P exhibits a lower average lithium-ion diffusion energy 
barrier (~ 0.20 eV) than chalcopyrite ZnGeP2 (~ 0.45 eV). In light 
of these findings, zinc-blende Zn0.5Ge0.5P was synthesized using 
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high-energy ball milling and investigated as an anode material 
for LIBs. Reaction mechanisms were investigated using 
electrochemical techniques such galvanostatic charging and 
discharging and the galvanostatic intermittent titration 
technique (GITT), and phase structure analysis using X-ray 
diffraction (XRD), high-resolution transmission electron 
microscope (HR-TEM), X-ray photoelectron spectroscopy (XPS), 
and Raman spectroscopy. It was found that zinc-blende 
Zn0.5Ge0.5P experiences an amorphization-conversion-alloying 
reaction mechanism with Li3P, LiZnGe, β-Li2ZnGe, and α-Li2ZnGe 
reaction intermediates. TiC and C were used with Zn0.5Ge0.5P to 
fabricate a Zn0.5Ge0.5P-TiC-C nanocomposite with enhanced 
electrochemical performance.14, 36, 37 

Experimental

Materials synthesis

Zn0.5Ge0.5P was synthesized using mechanochemical methods. 
Stoichiometric amounts of Zn (600 mesh, 99.99% metals basis, 
Aladdin), Ge (≥ 200mesh, 99.999% metals basis, Aladdin), red P 
(100 mesh, 99% metals basis, Alfa Aesar), and stainless steel 
balls with a diameter of 10 mm were added to a stainless steel 
grinding bowl (capacity of 500 mL) with a powder-to-ball weight 
ratio of 1:25. The bowl was filled in an Ar filled glovebox. High-
energy ball milling was conducted using a Planetary-Mono-Mill 
(Fritsch P6) at the speed of 450 rpm. The milling time was 30 
min with 25 min rest between each cycle, giving a total milling 
time of 0.5 h, 1 h, and 8 h depending on desired synthesis. 
Zn0.5Ge0.5P-C, Zn0.5Ge0.5P-TiC, and Zn0.5Ge0.5P-TiC-C composites 
were prepared by a similar ball-milling condition with a milling 
time of 3 h in a mass ratio of 70:30 (Zn0.5Ge0.5P:C, 
Zn0.5Ge0.5P:TiC) or 70:15:15 (Zn0.5Ge0.5P:TiC:C).  Carbon used for 
the composites was synthesized by ball milling commercial 
graphite (≥ 100mesh, 99.95% metals basis, Aladdin) for 20 h 
under the same condition as that of Zn0.5Ge0.5P. 

Materials characterization

Phase characterization was performed using X-ray diffraction 
(XRD) on a Bruker-D8 Advance powder diffractometer equipped 
with Cu Kα radiation (λ = 1.541 Å). The morphology and 
structure of the materials were observed using a field-emission 
scanning electron microscopy (SEM) Hitachi-SU8220 
microscope and transmission electron microscopy (TEM) on a 
FEI Talos F200S microscope with selected area electron 
diffraction (SAED). Raman spectra were collected on a micro-
confocal Jobin Yvon LabRAM HR Evolution Raman spectrometer 
with a 532 nm excitation laser. The chemical composition and 
the bonding structure were determined using X-ray 
photoelectron spectroscopy (XPS) on a Thermo Fisher Escalab 
250Xi.

Electrochemical measurements

Zn0.5Ge0.5P electrode films were prepared by mixing Zn0.5Ge0.5P, 
acetylene black, and Li-PAA binder in a weight ratio of 70:20:10 
followed by casting onto a Cu foil. The composite Zn0.5Ge0.5P-C, 
Zn0.5Ge0.5P-TiC, and Zn0.5Ge0.5P-TiC-C electrode films were 

prepared by mixing the composite with Li-PAA in a weight ratio 
of 90:10 followed by casting on Cu foils. Electrode films were 
dried under vacuum at 100 °C for 10 h. The electrodes mass 
loading was 1.5 – 2 mg cm-2. Electrochemical properties of the 
electrodes were tested using coin cells (CR2032) with lithium 
metals as both counter and reference electrodes and using 1 M 
LiPF6 in EC-DEC (1:1 mixed volume) as the electrolyte. 
Galvanostatic discharge/charge tests of the coin cells were 
conducted using LAND battery tester (Wuhan LAND Electronics 
Co. Ltd., China). The galvanostatic intermittent titration 
technique (GITT) test of the Zn0.5Ge0.5P electrode was 
conducted at a pulse of 50 mA g−1 for 0.5 min with a 4 h 
relaxation period between each pulse on a LAND battery tester. 
Electrochemical impedance spectroscopy (EIS) was measured in 
the frequency range of 10 mHz - 100 KHz with an AC potential 
amplitude of 5 mV using a Solartron electrochemical 
workstation.

First principles calculation

First principles calculations of Zn0.5Ge0.5P and ZnGeP2 were 
conducted in the Vienna ab initio simulation package.38 The 
calculation details can be found in The Electronic 
Supplementary Information (ESI). 

Results and discussion
There are two ternary Zn, Ge, and P compound allotropes, 
ZnGeP2 and Zn0.5Ge0.5P. Zn0.5Ge0.5P has a zinc blende cubic 
structure with Zn and Ge ions randomly distributed on the 
cation position. ZnGeP2 has an ordered tetragonal chalcopyrite 
structure in which the Zn and Ge ions occupy different metal 
sub-lattice. The cubic zinc-blende structure Zn0.5Ge0.5P is more 
challenging to synthesize than ZnGeP2 because it is typically only 
stable under high-pressure or high-temperature.39 To get 
insights into the influence of structural transformation on their 
properties, first-principles calculations based on density 
functional theory (DFT) were used to study the electronic 
structure, elastic properties, and Li-ion diffusion mechanism of 
Zn0.5Ge0.5P and ZnGeP2. Firstly, as shown in Fig. 1a, the total 
electronic density of state (DOS) results suggest that there is no 
band gap for Zn0.5Ge0.5P, showing metallic conductivity, while 
ZnGeP2 is a semiconductor with a band gap of 0.93 eV. As a 
result, the Zn0.5Ge0.5P exhibits a much better electronic 
transport capability than that of ZnGeP2. Secondly, regarding 
elastic properties, as seen in Fig. 1b, Zn0.5Ge0.5P has smaller 
elastic moduli values than ZnGeP2 in all directions, which 
indicates a softer bond binding of Zn0.5Ge0.5P, and this is 
beneficial to lithium-ion transport. Thirdly, the Li-ion transport 
paths and corresponding energy barriers of Zn0.5Ge0.5P and 
ZnGeP2 were calculated, as shown in Fig. 1c and 1d. It is seen 
that the Li-ion diffusion energy barriers of Zn0.5Ge0.5P are only 
0.26 eV and 0.13 eV. The same barriers have a value of 0.3 eV 
and 0.61 eV in ZnGeP2. To recap, both electron and lithium-ion 
transport capability in Zn0.5Ge0.5P are better than those in 
chalcopyrite structured ZnGeP2. Also, Zn0.5Ge0.5P has a higher 
symmetry than ZnGeP2 (F-43m compared to I-42d), which 
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indicates a more homogenous volume change upon reaction 
with lithium. 

Based on the theoretical calculation results, Zn0.5Ge0.5P was 
selected and tested as an anode material in LIBs. As shown in 
Fig. 2a, Zn0.5Ge0.5P was synthesized mechanochemically by 
combining hexagonal-structured Zn, cubic-structured Ge, and 
amorphous red P. Under high-energy ball-mill conditions, 
pressures of up to 6 GPa and temperatures up to 200 °C can be 
generated.40 As shown in Fig. 2b, in the first 20 minutes of 
milling, Zn0.5Ge0.5P was formed with the phase purity increasing 
with increasing ball-milling time. Crystalline Zn0.5Ge0.5P was 
investigated using XRD and Rietveld refinement, as shown in 
Fig. 2c. Diffraction peaks can be well indexed to zinc blende 
structured Zn0.5Ge0.5P phase with the space group of F-43m 
(PDF #04-001-5192) and lattice parameters of a = b = c = 5.442 
Å and α = β = γ = 90°. Selected-area electron diffraction (SAED) 
pattern of the synthesized Zn0.5Ge0.5P is shown in Fig. S1. A 
series of concentric circles are consistent with the above XRD 
result. The average grain size of the synthesized Zn0.5Ge0.5P is ~ 
13.5 nm as calculated by the Scherrer formula according to the 
low diffraction angle plane of (111), This is consistent with the 
HR-TEM analysis result shown in Fig. S2. As observed in TEM 
(Fig. S3) and SEM (Fig. S4) images, the primary Zn0.5Ge0.5P nano 
particles tend to aggregate into micro-sized particles with a size 
ranging from 200 nm to 20 μm.

To exploring the electrochemical performances of Zn0.5Ge0.5P, 
galvanostatic charge and discharge tests were performed in 
half-cells vs. Li foil. As shown in Fig. 2d, the first discharge shows 

a specific capacity of 1,435 mA h g-1 with an average working 
potential of 0.46 V, which is lower than that of pure P (0.7V vs. 
Li/Li+). The discharge curve of Zn0.5Ge0.5P is smoother than of a 
pure Zn anode, indicating a more moderate phase 
transformation process between the potential-dependent 
intermediates during the lithiation process. During the first 
charge process, Zn0.5Ge0.5P exhibits a reversible capacity of 
1,309 mA h g-1 giving an initial Coulombic efficiency (ICE) of 92%. 
The first discharge specific capacity of the Zn0.5Ge0.5P is close to 
the theoretical capacity of 1,438 mA h g-1 calculated based on 
the formation of LiZn, Li15Ge4, and Li3P phases, which suggests 
a high utilization. Fig. 2e and 2f show the cycling performance 
and EIS plots of Zn0.5Ge0.5P compared with mixed Zn-Ge-P 
powder and ball-milled intermediate products of Zn-Ge-P@3h, 
Zn-Ge-P@1h. Zn0.5Ge0.5P shows the best cycling performance 
and the lowest charge transfer resistance among the 
compositions. Fig. S5 shows the extended cycling performance 
of Zn0.5Ge0.5P, where a 50% (718 mA h g-1) capacity retention is 
found after 30 cycles with a capacity retention of 20% (278 mA 
h g-1) after 200 cycles. Such rapid capacity fade can be attributed 
to the massive volume change and side reactions between the 
anode material and electrolyte.

To getting a deeper understanding of the lithiation and 
delithiation mechanism, electrochemical techniques and phase 
structure analysis were performed on Zn0.5Ge0.5P to study the 
material’s reaction with Li. According to the dQ/dV plot shown 
in Fig. 2g, the lithiation reactions occur in three potential 
ranges, (I): a small peak region at 2 - 0.6 V, (II): a broad, strong 

Fig. 1 (a) DFT calculation results on the electronic density of state (DOS) of zinc blende Zn0.5Ge0.5P and chalcopyrite ZnGeP2. (b) DFT calculation results of the total elastic moduli of 
Zn0.5Ge0.5P and ZnGeP2. Lithium-ion diffusion path and corresponding energy barrier of Zn0.5Ge0.5P (c) and ZnGeP2 (d).
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peak at 0.6 - 0.25 V, and (III): a small peak at 0.25 - 0 V. During 
delithiation, three potential ranges are also observed, (IV): a 
stable current region of 0 - 0.65 V, (V): a strong oxidation peak 
region of 0.65 - 1 V, and (VI): a final delithiation region of 1-2 V. 
These regions are marked accordingly on the first charge-
discharge curve shown in the inset of Fig. 2g. 

  To further investigate the reactions and intermediates in 
these regions, ex-situ XRD, Raman, TEM, and XPS were 
conducted. According to the ex-situ XRD results shown in Fig. 3a 
and 3b, the pristine electrode shows the main diffraction peaks 
of the zinc blend structure located at 28.4°, 32.9°, 47.2°, and 
56.0° under open circuit voltage (OCV). When discharged to 0.6 
V, the intensity of these peaks decrease and disappear at 0.53 
V, indicating that the crystalline Zn0.5Ge0.5P amorphizes when 
forming LixZn0.5Ge0.5P (0 ≤ x ≤ 1, calculated from the 
corresponding specific capacity). After being discharged to 0.4 - 
0.3 V, new diffraction peaks generated are indexed to Li3P, 
LiZnGe, β-Li2ZnGe and α-Li2ZnGe. When fully discharged to 0 V, 
LiZnGe, α-Li2ZnGe, β-Li2ZnGe diffraction peaks disappear and 
LiZn and Li15Ge4 phases formed, suggesting that LiZnGe, α-
Li2ZnGe, and β-Li2ZnGe intermediates further react with Li. It 
should be noted that the diffraction peaks of Li3P are obvious, 

but the peaks of LiZnGe, α-Li2ZnGe, β-Li2ZnGe, LiZn and Li15Ge4 
were shown with broad peaks. This is because there are many 
kinds of lithiated phases at 0.4 V or 0 V, and their standard 
diffraction peaks, as shown in Fig. S6, are very closed or 
overlapped. During charging, the LiZn and Li15Ge4 phases 
gradually disappear and LiZnGe, α-Li2ZnGe, and β-Li2ZnGe 
intermediates reform when charged to 0.7 V. After charging to 
1.1 V, the electrode becomes amorphous again. Finally, 
crystalline Zn0.5Ge0.5P is reformed when fully charged back to 3 
V. Ex-situ XRD results indicate that Zn0.5Ge0.5P exhibits a high 
specific capacity due to the formation of the LiZn, Li15Ge4, and 
Li3P reaction intermediates.

The lithium-ion diffusion coefficient (DLi) is an important 
parameter to qualify reaction kinetics.41, 42 The potential-
dependent DLi was investigated and obtained using the GITT 
test. The calculation details of DLi is mentioned in the Electronic 
Supplementary Information (ESI). The results are shown in Fig. 
3c. At the beginning of the discharging process, the DLi 

decreases with the increasing x value of LixZn0.5Ge0.5P, which 
can be attributed to the increasing lithium concentration within 
the Zn0.5Ge0.5P electrode. The reduced lithium concentration 
difference makes further Li-ion intercalation and diffusion more 

Fig. 2 (a) Schematic diagram of zinc blende Zn0.5Ge0.5P combining from hexagonal Zn, cubic Ge, and amorphous red P by high-energy ball milling; (b) XRD patterns evolution of 
Zn0.5Ge0.5P during the synthesis process; (c) XRD Rietveld refinement of the as-synthesized zinc blende Zn0.5Ge0.5P phase; (d) Galvanostatic discharge-charge profiles of Zn0.5Ge0.5P vs. 
Li using 1 M LiPF6 in EC-DEC as the electrolyte; (e) The cycling performance comparison of the zinc blende Zn0.5Ge0.5P, Zn-Ge-P@3h, Zn-Ge-P@1h, and the Zn-Ge-P mixed powder 
anodes; (f) The EIS comparison of the zinc blende Zn0.5Ge0.5P, Zn-Ge-P@3h, Zn-Ge-P@1h, and the Zn-Ge-P mixed powder anodes; (g) First lithiation and delithiation dQ/dV plot of 
zinc blende Zn0.5Ge0.5P vs. Li with corresponding voltage profile insert.
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difficult until all Zn0.5Ge0.5P is transformed to the amorphous 
state with an x value equal to 1. Within 1 ≤ x ≤ 2, LiZnGe and 
Li3P intermediates are formed, resulting in bond breaking of Zn-
P and Ge-P with P then reacting with Li to form Li3P and Zn and 
Ge reacting to form LiZnGe. This process is kinetically limited,43 
and thus within the 1 ≤ x ≤ 2, the DLi drops. When x ≥ 2, the 
new phases of Li3P, LiZnGe, α-Li2ZnGe, β-Li2ZnGe gradually 
generated, and all these electrochemical intermediates are 
lithium-ion conductors,42, 44 thus accelerating the Li-ion 
diffusion. When x ≥ 3.4, DLi keeps steady at a high level until 
discharged to 0 V. During the charging process, the DLi gradually 
decreased until x ≤ 2.4, which can be attribute to the reduced 
amount of the Lithium-ion conductors of the Li3P, LiZnGe, α-
Li2ZnGe, and β-Li2ZnGe. Additionally, two semi-circular 
evolutions of DLi versus x is observed at the 1 ≤ x ≤ 2.3 and 3 ≤ 
x ≤ 5. This phenomenon is commonly observed in layered 
structure solids and can be explained in terms of ion-ion 

repulsion in the interlayer space. Therefore, the semicircle at 3 
≤ x ≤ 5 is related to the Li3P, and the semicircle at 1 ≤ x ≤ 2.3 is 
associated with the LiZnGe and β-Li2ZnGe.42

The ex-situ Raman and XPS results further demonstrate the 
structural reversibility of the reaction of Zn0.5Ge0.5P with Li. As 
shown in Fig. 3d, the Raman peaks of the pristine Zn0.5Ge0.5P are 
located at 122, 130, 197, 243, 292, 344, and 356 cm-1.45 These 
peaks reappear after first cycling, validating the high 
reversibility of the Zn0.5Ge0.5P anode. The ex-situ XPS results 
show the structural reversibility of Zn0.5Ge0.5P. As shown in Fig. 
3e-g,  Zn (2p), Ge (3d), and P (2p) binding states of the pristine 
Zn0.5Ge0.5P are consistent with the previous reports.46 When 
discharged 0 V, the binding energy of the Zn (2p), Ge (3d), and 
P (2p) become consistent with the lithiation products of LiZn, 
Li15Ge4, and Li3P respectively. Due to the high reactivity of the 
Li15Ge4 species with air, some germanium oxide is also detected. 
When charged to 3 V, the binding energy of the Zn (2p), Ge (3d), 

Fig. 3 (a) and (b) Ex-situ XRD results of the Zn0.5Ge0.5P electrode during the first cycle with the voltage curve and corresponding potential regions and points; (c) Log of the lithium 
diffusion coefficient in Zn0.5Ge0.5P anode determined via GITT test with respect to lithium content during first discharging-charging cycle and the voltage curve obtained from GITT 
test; (d) Ex-situ Raman spectroscopy of the Zn0.5Ge0.5P electrode during the first discharging-charging cycle; (e), (f), and (g) Ex-situ XPS results of Zn 2p, Ge 3d, and P 2p of Zn0.5Ge0.5P 
electrode during the first discharging-charging cycle.
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and P (2p) shift back to the original position that is consistent 
with Zn0.5Ge0.5P. The XPS results indicate that Zn-P and Ge-P 
bonds of Zn0.5Ge0.5P are broken after lithiation, and Li-Zn, Li-Ge, 
and Li-P bonds are seen due to the formation of the LiZn, 
Li15Ge4, and Li3P species.

We further performed ex-situ HR-TEM and fast Fourier 
transform (FFT) to identify the intermediate phases. As shown 
in Fig. 4a-l, the potential-dependent HR-TEM images with FFT 
spot patterns were collected during the first discharging-
charging cycle. When the cell was discharged to 0.4 V, there are 
two phases generated, Li3P and LiZnGe. As shown in Fig. 4a, the 
lattice fringes show a characteristic spacing of 3.79 Å for (002) 
lattice planes of hexagonal-structured Li3P and the FFT spot 
pattern of the selected area can be indexed to [ 00] zone axis. 1
In Fig. 4b, lattice fringes with the lattice spacing of 3.12 Å and 
3.70 Å match well with (003) and (010) planes of hexagonal 
LiZnGe and the FFT spot pattern of the selected area can be 

indexed to the [100] zone axis.44 Both of the Li3P and LiZnGe are 
a layer-structured Li-ion compound which were considered as 
lithium-ion conductors that help to improve the reaction 
kinetics. After being discharged 0.35 V, β-Li2ZnGe was observed, 
as shown in Fig. 4c. The lattice fringes with a lattice spacing of 
5.49 Å match well with the (003) plane of hexagonal β-Li2ZnGe 
and the FFT spot pattern of the selected area can be indexed to 
[100] zone axis.42  When discharged to 0.3 V, the cubic α-
Li2ZnGe is generated, as shown in Fig. 4d. The lattice fringes 
with the lattice spacing of 3.12 Å match well with (111) and (111
) planes at 71° of the cubic Li2ZnGe phase, and the FFT spot 
pattern of the selected area can be indexed to [1 0] zone axis. 1
When fully discharged to 0 V, as shown in Fig. 4e, 4f, and 4g, the 
discharging products are LiZn, Li15Ge4, and Li3P, which are 
consistent with the XRD results. During charging, as shown in 
Fig. 4h, 4i, 4j, and 4k, LiZn and Li15Ge4 phases disappear. LiZnGe, 
α-Li2ZnGe, and β-Li2ZnGe phases are reformed at 0.7 V. When 

Fig. 4 Ex-situ HR-TEM images and corresponding FFT patterns of Zn0.5Ge0.5P electrode collected at various discharge-charge states during the first cycle. Discharging: (a) Li3P, (b) 

LiZnGe, (c) β-Li2ZnGe, (d) α-Li2ZnGe, (e) LiZn, (f) Li15Ge4, (g) Li3P; Charging: (h) LiZnGe, (i) β-Li2ZnGe, (j) α-Li2ZnGe, (k) Li3P, and (l) Zn0.5Ge0.5P with SAED patterns. (m) Schematic 
illustration of electrochemical reaction mechanism between Zn0.5Ge0.5P and Li.
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fully charged back to 3 V, Zn0.5Ge0.5P is reconstructed. For the 
phases of LiZnGe, α-Li2ZnGe, and β-Li2ZnGe, all of them show 
the metallic conductivity with a bandgap of 0 eV. LiZnGe and β-
Li2ZnGe with lithium-ion transport channel crystallized in 
layered hexagonal structure and the α-Li2ZnGe crystallized in 
cubic structure. The electrochemical transformation between 
the α-Li2ZnGe and β-Li2ZnGe was reported previously.42, 47, 48 
These intermediates of Li3P, LiZnGe, α-Li2ZnGe, and β-Li2ZnGe 
with lithium-ion transport channels will benefit the transfer of 

lithium-ion transfer and improve the lithiation/delithiation 
process. 

From these experiments, a reaction mechanism is suggested 
in Fig. 4m and is given by the following equation:
Zn0.5Ge0.5P + Li+ + e- ⇌ LixZn0.5Ge0.5P, (Amorphization, 0 < x ≤ 1)    

(1)
LixZn0.5Ge0.5P + Li+ + e- ⇌ LiZnGe + α-Li2ZnGe + β-Li2ZnGe + Li3P, 
(Conversion)                                (2)
LiZnGe + α-Li2ZnGe + β-Li2ZnGe + Li3P + Li+ + e- ⇌ LiZn + Li15Ge4 
+ Li3P, (Alloying)                          (3)

Fig. 5 Schematic diagram formation process of (a) Zn0.5Ge0.5P-C, (b) Zn0.5Ge0.5P-TiC, and (c) Zn0.5Ge0.5P-TiC-C; (d) The XRD results of the Zn0.5Ge0.5P, Zn0.5Ge0.5P-C, Zn0.5Ge0.5P-TiC, and 
Zn0.5Ge0.5P-TiC-C electrodes; (e) SEM images of the Zn0.5Ge0.5P-TiC-C; (f) and (g) TEM image of Zn0.5Ge0.5P-TiC-C nanocomposite; (h) The EDS mapping images of each element of Zn, 
Ge, P, Ti, and C.
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To enhancing the electrochemical performances of 
Zn0.5Ge0.5P, TiC and amorphous carbon (C) were used to 
synthesize Zn0.5Ge0.5P-TiC-C nanocomposites. As illustrated in 
Fig. 5a-c, the introduced milled C acts as a matrix to disperse 
the agglomerated Zn0.5Ge0.5P particles and reduce the particle 
size during the milling process (Fig. 5a). The introduced super-
hard TiC can be a milling aid to reduce the particle size and 
improve the uniformity of the Zinc blended Zn0.5Ge0.5P (Fig. 5b). 
These additives also prevent the agglomeration of Zn0.5Ge0.5P 
particles (Fig. 5c).

The XRD patterns of the synthesized composite are shown in 
Fig. 5d. No noticeable graphite peaks are shown since carbon 
stays in the amorphous state. All patterns show Zn0.5Ge0.5P 
peaks, which means that Zn0.5Ge0.5P remains the crystalline 
state after milling with C and TiC. For the Zn0.5Ge0.5P-TiC and 
Zn0.5Ge0.5P-TiC-C composites, several peaks, corresponding to 

TiC (PDF #65-8805) at 35.9°, 41.7°, are detected in addition to 
Zn0.5Ge0.5P peaks, which proves that the introduced TiC remains 
crystalline state after milling. SEM images of Zn0.5Ge0.5P-TiC-C 
(Fig. 5e) reveal that it consists of many primary particles with 
the size of 50 - 100 nm, and forms the secondary particles with 
sizes ranging from several hundred nanometers to microns. 
Zn0.5Ge0.5P-TiC-C shows smaller particle size than that of the 
synthesized Zn0.5Ge0.5P, Zn0.5Ge0.5P-C and Zn0.5Ge0.5P-TiC (show 
in Fig. S7 a, b, and c). TEM images (Fig. 5f) also show that the 
Zn0.5Ge0.5P-TiC-C nanocomposite particles consist of many 
aggregated primary small particles. The HRTEM image (Fig. 5g) 
clearly shows the lattice fringes of the Zn0.5Ge0.5P phase with an 
interplanar spacing of 0.314 nm and 0.192 nm, which is well-
matched to the (111) and (220) planes respectively, and a grain 
size of the Zn0.5Ge0.5P is about 5-10 nm. The selected area 
electron diffraction (SAED) patterns of the Zinc blended 
Zn0.5Ge0.5P-TiC-C is shown in Fig. 5g. Polycrystalline Zn0.5Ge0.5P 
and TiC are revealed by the diffraction rings. Also, energy-
dispersive spectroscopy (EDS) mapping images (Fig. 5h) show 
that the Zinc blended Zn0.5Ge0.5P nano-crystallites are uniformly 
dispersed within the amorphous carbon matrix with TiC as a 
backbone to maintain the structure. 

To evaluate the electrochemical performance of Zn0.5Ge0.5P, 
Zn0.5Ge0.5P-C, Zn0.5Ge0.5P-TiC, and Zn0.5Ge0.5P-TiC-C electrodes, 
galvanostatic charge and discharge experiments were 
performed within a voltage range of 0 - 3.0 V (vs. Li+/Li). The 
voltage profiles of those four electrodes are shown in Fig. 6a, 
Fig. S8a, 8b, and 8c, respectively. The results show that the 
charge-discharge curves of Zn0.5Ge0.5P-based anodes become 
smooth after the modification with TiC or C. The cycling 
performance and Coulombic efficiency of these four electrodes 
are shown in Fig. 6b and 6c, respectively. Zn0.5Ge0.5P-TiC-C 
shows the best cycling performance with a capacity retention of 
92.6% (vs. first discharged 1076 mA h g-1) after 500 cycles. 
Zn0.5Ge0.5P-C, Zn0.5Ge0.5P-TiC and Zn0.5Ge0.5P show poor capacity 
retention of 71.8%, 63.4% and 11.6% after 247, 151, and 30 
cycles, respectively. 

To explaining and understanding the differences of the 
cycling performance, the electrode surface morphology 
changes as a function of cycle number are observed. As shown 
in Fig. 7, all four types of electrodes show a smooth surface 
before cycling. After 50 cycles, obvious cracks are shown in 
Zn0.5Ge0.5P-TiC and Zn0.5Ge0.5P-C Zinc blended Zn0.5Ge0.5P 
particles start to agglomerate. Zn0.5Ge0.5P-TiC-C maintains the 
same morphology as before cycling. After 200 cycles, the 
Zn0.5Ge0.5P anode shows a loose and porous structure which 
leads to severe side effects and poor electrical contact, resulting 
in poor cycling performance. With the addition of TiC and C, the 
morphology of the Zn0.5Ge0.5P-TiC-C electrode remains stable 
and dense during cycling, preventing material agglomeration 
and maintaining electrical contact, resulting in improved cycling 
performance. Fig. 6d shows the rate capacity of the Zn0.5Ge0.5P-
C, Zn0.5Ge0.5P-TiC, and Zn0.5Ge0.5P-TiC-C electrodes. Zn0.5Ge0.5P-
TiC-C shows the best performance with a specific capacity of 
520 mA h g-1 maintained at a high current density of 10 A g-1. 
The specific capacity can be recovered to 1025 mA h g-1 as the 
current density further decreases to 0.1 A g-1. 

Fig. 7 Surface morphology change of Zn0.5Ge0.5P, Zn0.5Ge0.5P-C, Zn0.5Ge0.5P-TiC, and 
Zn0.5Ge0.5P-TiC-C electrodes after different cycle number (vs. Li using 1 M LiPF6 in EC/DEC 
as electrolyte).

Fig. 6 (a) Galvanostatic discharge-charge profiles of Zn0.5Ge0.5P-TiC-C electrode vs. Li 
using 1 M LiPF6 in EC/DEC as electrolyte; (b) Comparison of cycle performance with the 
corresponding Coulombic efficiency of (c); (d) The rate performance of Zn0.5Ge0.5P, 
Zn0.5Ge0.5P-C, Zn0.5Ge0.5P-TiC, and Zn0.5Ge0.5P-TiC-C electrodes.
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The superior rate capability of Zn0.5Ge0.5P-TiC-C draws our 
attention to understand the kinetics origin. Fig. S9a displays the 
cyclic voltammetry (CV) of the Zn0.5Ge0.5P-TiC-C electrode from 
0.1 to 1.2 mV s-1, and the shape is well preserved with increasing 
scan rate. The degree of capacitive effect can be qualitatively 
analyzed according to the relationship between measured 
current (i) and scan rate (v) from the CV curves: i = avb, where 
a and b both are constants. The value of b is between 0.5 and 1, 
which is determined from the slope of the log i versus log v plot 
(Fig. S9b). It is well known that for a diffusion-controlled process 
b approaches 0.5, while for a surface capacitance-dominated 
process b is close to 1. Hence the b value of the Zn0.5Ge0.5P-TiC-
C electrode suggests favored capacitive kinetics of 
pseudocapacitive lithium-ion storage. As shown in Fig. S9c, With 
the increase of the scan rate, the diffusion contribution is 
depressed, while the capacitive contribution increases as 
expected. 

Conclusions
In summary, we have synthesized Zn0.5Ge0.5P using 
mechanochemical synthesis. First-principles calculations reveal 
that high-symmetry Zn0.5Ge0.5P shows superior electron and 
lithium-ion transport characteristics compared to ZnGeP2, a 
related chalcopyrite allotrope. Based on these theoretical 
results, experiments were carried on the Zn0.5Ge0.5P anode 
material, which exhibited a specific capacity of 1438 mA h g-1 
with an initial Coulombic efficiency of 92%. Zn0.5Ge0.5P 
experiences an amorphization-conversion-alloying reaction 
mechanism with Li. Crystallized Zn0.5Ge0.5P gradually converted 
to amorphous LixZn0.5Ge0.5P at the beginning of lithiation, then 
to LiZnGe, β-Li2ZnGe, and α-Li2ZnGe phases sequentially, finally 
formed alloyed phases of LiZn, Li15Ge4, and Li3P. TiC is 
introduced and is able to refine the grain size of Zn0.5Ge0.5P, 
while C is introduced as a matrix to disperse Zn0.5Ge0.5P particles 
and buffer volume change during cycling. The Zn0.5Ge0.5P-TiC-C 
composite anode exhibited an initial specific capacity of 1076 
mA h g-1 and a capacity retention of 92.6% after 500 cycles. This 
work advances the development of high-energy, high-rate, and 
stable anodes for lithium-ion batteries.
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