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ARTICLE INFO ABSTRACT

Keywords: Ge is considered a promising anode candidate for Li-ion batteries (LIBs); however, its practical applicability is
Self-healing hindered by the relatively slow Li-ion diffusion owing to the stiffness of the diamond-like structure. Inspired by
Layered structure little difference in electronegativity between Ge and P, we have designed a novel layered GeP anode for LIBs,
izj’;;ed which can be readily synthesized using a mechano-chemical method and a subsequent low-temperature an-

nealing. In particular, GeP demonstrates the best performances among all Ge-based anode materials studied,
attributed to its fast Li-ion diffusion compared to Ge counterpart and a unique Li-storage mechanism that in-
volves intercalation, conversion, and alloying, as confirmed by XRD, TEM, XPS, and Raman spectroscopy.
Specially, the initial layered crystal structure of GeP can be reconstructed during charging due to its low for-
mation energy, thus offering remarkable reversibility during cycling. Further, this study implies that the for-
mation energy of crystal structures could be an important parameter for strategic design of large-capacity anode

Li-ion batteries

materials for LIBs.

1. Introduction

Although Ge has comparable volumetric capacity to that of silicon,
its application is still hindered by its relatively low Li-ion, electron
transportation capability and large volume expansion during cycling for
rechargeable lithium-ion batteries (LIBs) due to the inherent stiffness of
its diamond-like crystal structure. To overcome these problems, a
number of Li-inert transition metals (like Fe) and Li-reactive com-
pounds (like oxides, and sulfides) have been extensively studied [1].
Unfortunately, the former severely reduces energy density and the
latter has been proven to only contribute to capacity above a potential
of 1.1V, inappropriate for anodes. Moreover, oxygen and sulfur have
poor energy efficiency in full cells caused by low initial coulombic ef-
ficiency and large polarization losses due to the large formation energy
of Li,O, and the dissolution of the electrochemical intermediate Li,S
into conventional electrolytes. In addition, other strategies have also
been applied to optimize Ge-based materials, such as the application of
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a thin carbon coating, reducing the particle-size, forming micro/me-
soporous structures, and preparing self-standing thin-films or hier-
archical nanowire/nanotube arrays [2,3]. Unfortunately, these ap-
proaches often require complicated synthetic procedures and/or high
fabrication costs which prevent their commercialization even though
the as-designed nanomaterials exhibit enhanced Li-storage perfor-
mances in some aspects, compared to pure Ge electrodes.

Considering the weaker electronegativity of P than that of O and S,
black P has been used as an anode material for rechargeable metal ion
batteries; it has delivered excellent electrochemical energy-storage
performances attributed to its fast transport capability of the Li-ion and
electron endowed by the layered structure. However, it still has a long
way to go due to difficulty in heat-management resulting from its
spontaneous degradation into red P above 125°C [4,5]. To ensure
safety, more attention has been devoted to binary phosphides [6-13],
especially for Fe/Sn-P series. Unfortunately, most of them usually suf-
fered from serious capacity decay and low initial coulombic efficiency
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due to their electrode structure destruction especially for their initial
crystal structures [6-9,13]. During the lithiation of these conversion-
based anode materials, the initial crystal structures were broken and
difficult to be reconstructed even after Li-ion release. The resulting
electrodes degraded into the mixture of the metal and phosphorus other
than original phosphides with structural advantages after the initial
cycle. Their cycle stability was only marginally extended via the ele-
vated cut off potential to alleviate the structural degradation at the
expense of the valuable capacity. Therefore, searching for a novel
phosphide, which enables self-healing during cycling to ensure long
operational life without sacrificing capacity and finding out the fun-
damental reason behind this at the atomic level are still of great sci-
entific importance and practical value.

In view of the above-mentioned facts and the small difference in
electronegativity between Ge and P, here we propose to introduce
30 wt.% cheap P into Ge to develop a novel layered Ge-based anode
material for LIBs via facile ball milling, along with a low-temperature
annealing, expecting Li-storage merits and synergistic effect brought by
P. The characterization techniques and first-principle calculations co-
validate the as-synthesized Ge-based electrode obtained superior Li-
storage reaction kinetics to Ge. Furthermore, an interesting Li-storage
mechanism that involves intercalation, conversion with alloy is co-va-
lidated using XRD, HRTEM, selected area electron diffraction (SAED),
X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and
electrochemical measurements. Surprisingly, we find that the as-syn-
thesized GeP anode has an outstanding self-healing ability in terms of
re-constructing its original layered crystal structure during charging,
due largely to its low formation energy, according to the first-principle
calculations. This special healed phenomenon helps regain layered Li-
storage merits and alleviates electrode structural degradation, thus
enabling GeP/C composite with the best performances among Ge-based
anodes studied, in terms of cyclability, energy efficiency, and reaction
kinetics.

2. Experimental and calculation section
2.1. Material synthesis

The GeP sample was synthesized via a facile mechanical milling
(Fritsch Pulverisette-6) by sealed Ge and amorphous red P powders in a
given molar ratio of 1:1 into a steel vessel (Volume: 500 ml) filled with
Argon, using a milled speed of 350 rpm. (2.0 h), together with a sub-
sequent calcination at 370°C for 0.5h under argon to enhance its
layered crystallinity (heating rate of 2 °C/min). The milling balls are
steel balls with the radius of 1.0 cm, and the ball to material weight
ratio is 20:1. Each run contains 5g powder. The GeP/C composite was
prepared in a similar manner by a second milling of the lab-prepared
GeP and commercial graphite (mass ratio is 7:2) under the speed of
350 rpm. for 1.0 h. Similarly, the corresponding anode materials uti-
lized for comparisons such as milled Ge, milled P, Ge/C and P/C are ball
milled at the same experimental conditions.

2.2. Material characterization

The as-synthesized phases were characterized via X-ray diffraction
(PANalytical X’pert PRO-DY2198 with Cu-Ka radiation). The
morphologies and micro-structures of the above-synthesized products
were observed by field-emission scanning electron microscope (FEI
Quanta650), transmission electron microscope (JEOL JEM 2100). The
valence and composition analysis of GeP, its carbon composite and
corresponding discharge/charge products were also performed by X-ray
photoelectron spectroscopy (Thermo Fisher ESCALab250 with the
monochromatic 150 W Al Ka radiation), and confocal Raman spectro-
meter (Raman, WTEC ALPHA300 with the 532 nm excitation laser).
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2.3. Electrochemical characterization

For pure phase GeP, Ge + P mixture, milled Ge and milled P
electrodes, the active materials were blended with carbon black as well
as binder of lithium polyacrylic acid (Li-PAA) in 7:2:1 (mass ratio). The
slurry was pasted on the copper foil and then dried at 90 °C in vacuum,
overnight. For GeP/C, Ge/C and P/C electrodes, the active materials
were directly blended with the binder in 9:1 (weight ratio) without any
conductive agent. Loading active material is about 1.5-2.0 mg cm ™2
The electrolyte is LiPFg (1.0 mol L™ 1) dissolved in the mixed solvents of
dimethyl carbonate, ethyl methyl carbonate and ethylene carbonate in
a volume ratio of 1:1:1. The coin-typed cells (CR2032) were assembled
in the glovebox (Mbraun, Labmaster 130) with the H,O and O, con-
centrations below 0.01 ppm. The Li metal was used as counter and re-
ference electrodes. The Li-storage discharge/charge tests were carried
out on the testing system (Hokuto Denko, HJ1001SD8) and the cyclic
voltammetric tests were carried out on the electrochemical workstation
(Autolab, Pgstat 302N).

2.4. Calculations details

All DFT calculations were performed by CASTEP, with the gen-
eralized gradient approximation (GGA) and Perdew-Burke-Ernzerhof
(PBE) exchange correlation function. The ultrasoft pseudopotential was
used to describe electron-ion interaction and a plane-wave basis set
with a cut off energy of fine quality (544.2 eV) was applied to represent
the valence orbitals. The convergence criteria were set to a fine quality.
Electronic energies were calculated with a self-consistent-field (SCF)
tolerance of 1.0 x 10~ ®eV atom ™. Structural optimizations were
performed until the energy and force of the system converged to within
1.0 x 10" %eV atom™' and 3.0 x 10 2eVA~', respectively. The
Brillouin zone integration was sampled by Monkhorst-Pack k-point
mesh with grid spacing of 7 x 10~2 A~ . The transition-state structure
was obtained using by the complete LST/QST method to calculate the
minimum-energy profile along the prescribed Li diffusion pathways,
with the tolerance for all root-mean-square forces on an atom of
5 x 10~2eV A~ L. For the calculation of band structure and density of
states (DOS), the first Brillouin zone was sampled with grid spacing of
3 x 1072 A~ on the basis of Monkhorst-Pack special k-point scheme.
To calculate the formation energy, the following equation was used:

Ef = Emp - UM - Up

where Eyp is the energy of MP in one unit cell, i, is the related che-
mical potential of Ge atom (space group FD-3M) or Fe (space group IM-
3M) atom. The pp is the related chemical potential of P (space group
CMCA) atom.

3. Results and discussion
3.1. Preparation and characterization of layered GeP

Among Group IVA-VA compounds, Ge and P could crystallize into
an interesting monoclinic phase in the formula of GeP under extreme
experimental conditions like high-temperature and high-pressure in
1970s [14]. As shown in Fig. Sla, its crystal structure has an open
layered framework with interlayer spacing of ~6.3 A, large enough for
Li-ion transport and storage (the radius of Li ion is only 0.73 A). Spe-
cifically, as shown in Fig. S1b-Fig. Slc, within each layer, Ge-Ge pairs
are surrounded by six P atoms forming a distorted trigonal antiprism,
while each P atom is coordinated by three Ge atoms and the layers stack
through lone-pair interaction between the P atoms that are confined
within the adjacent two layers. Considering existing covalent Ge-Ge,
and Ge-P bonds within the layered structure, the formation energy of
GeP must be low, which would favor reconstruction of its initial crystal
structure upon its de-lithiation process when served as an anode for
LIBs. As shown in Fig. la, the interesting GeP phase have been



W. Li, et al.

» |

P (30 wt.%) GeP
©)

Ge (70 wt.%)

o
—~

2 362

73 300
\ 247 75310 GeP

464

Intensity (a.u.)

milled P

Ly
60 150 300

10 20 30 40 50 L 450
2 Theta (Degree) Raman Shift (cm™)
PR 3 R

Fig. 1. a) the synthesis procedure of layered monoclinic phase GeP; b) XRD
pattern of the as-synthesized sample; c) the Raman spectra of the as-synthesized
sample with that of milled P for comparison; d) the high-magnitude field-
emission scanning electron image of layered GeP phase; e) the high-resolution
transmission electron image of layered GeP phase. Note that HEBM means high-
energy mechanical ball milling.

synthesized originally by high-energy mechanical ball milling the
mixture of P and Ge powders in the molar ratio of 1: 1, together with
subsequent low-temperature calcination at 370 °C. Fig. 1b presents the
XRD pattern of the as-prepared GeP phase, which corresponds to the
monoclinic phase GeP, much different from the raw material of Ge, P,
as well as the mixture as shown in Fig. S2. Moreover, we carried out
XRD analysis of the precursor before annealing (Fig. S3). Clearly, the
layered structure of GeP has not yet been formed before annealing;
thus, the annealing is a necessary step to obtain the desired phase. To
further validate its successful preparation, we conducted the Raman
Spectroscopy. As exhibited in Fig. 1c, the Raman signals of the as-
synthesized GeP differ from that of the milled P at the same experi-
mental conditions, while well-consistent with that of the single crystal
of monoclinic phase GeP prepared by high-temperature chemical vapor
transportation, suggesting that this novel phase have formed [15]. The
computed vibrational modes (as shown in Fig. S4), consistent with the
experimental Raman spectrum of GeP, revealed that the two intense
peaks at 362 and 200 cm ™~ ' (computed as 362/352 and 203/200 cm ™ *,
respectively) are assigned for P-Ge and Ge-Ge stretching modes, re-
spectively. The other three observable peaks in the region of 300-310,
247, and 135cm ™' (computed as 320/324, 252/244 and 131cm ™',
respectively) correspond to the Ge-P-Ge skeleton stretching, rocking,
and plane deformation, respectively. The Raman spectrum of as-syn-
thesized GeP is notably different from that of the as-milled P, where the
three observable peaks are centered at 464, 436 and 361 cm ™! (the P-P
stretching modes, Fig. S5), confirming that the synthesized GeP sample
is not a physical mixture of Ge and P (Fig. S6). To observe its mor-
phology and micro-structure, the field-emission scanning electron mi-
croscope (FESEM) and low-magnitude TEM have been performed, as
shown in Fig. 1d and Fig. S7, the as-prepared secondary GeP aggregates
obtain large bumpy shapes with particle size up to several micrometers.
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More detailed microstructure probed by the HRTEM image (Fig. S8)
indicates the d-spacings of 0.324 nm and 0.301 nm, which corresponds
to the crystal planes of (—311) and (—603), respectively. Its clear ring-
like selected area electron diffraction pattern (inset in Fig. S8), well-
consistent with corresponding XRD crystal plane indexes without any
other superstructure, further validates that its pure phase and existence
in the form of small nanocrystals with their sizes of 20-50 nm based on
the Scherrer equation (d = 0.9A/fcosB) calculation, low-magnitude
dark-field TEM (Fig. S9), and HRTEM observation. Moreover, the
layered crystal structure of GeP can be directly observed. As shown in
Fig. le, the d-spacing (Fig. Sla) of ~0.63nm can be well-observed,
corresponding to the crystalline plane of (—201).

3.2. Li-storage behaviour superiority of layered GeP

Inspired by advantageous structural and compositional features,
specifically binary Li-reactive components, layered structure and small
differences in electronegativity between its two constituents, we an-
ticipated that GeP anode would exhibit excellent Li-storage perfor-
mances with unique electrochemical behavioural characterizations. To
prove this point, we compared the first-cycle electrochemical Li-storage
behaviors of GeP with that of Ge and P mixture electrode (a mixture
with milled Ge and milled P in a molar ratio of 1:1, denoted as Ge + P).
And their initial-cycle galvanostatic discharge/charge profiles were
plotted together, as presented in Fig. 2a, at a current density of
100mA g, over potential window of 0.005-3.0 V. As seen clearly,
this novel layered GeP delivers an initial coulombic efficiency up to
93%, surpassing that of most reported Ge-based anodes and even
comparable to that of commercial graphite. While the Ge + P mixture
electrode only delivered 79%, compromising that of milled Ge (86.5%)
and milled P (26.5%) electrodes, as shown in Fig. S10. Moreover, the
discharge/charge profiles of GeP appear to be much smoother with a
smaller over-potential, compared with that of Ge + P mixed electrode.
These special electrochemical phenomena accord well with the initial
current-potential curves (CVs) of the as-prepared GeP and Ge + P
mixture electrodes shown in Fig. 2b. All these electrochemical beha-
viours exhibited by the layered GeP electrode would be propitious to
high energy efficiency, when served in full cells. From Fig. 2c, we can
see that GeP anode could deliver a large reversible capacity of
1800mAh g™ !, cycling over 60 cycles without decay, longer cycle-life
than the Ge + P mixture, or milled Ge electrodes prepared by the same
experimental conditions. The larger reversible capacity and better cycle
stability of GeP than that of Ge mainly derived from the introduction of
P and smaller volume expansion. Specifically, as calculated in Table S1,
the volume expansion of GeP is only 330%, smaller than that of Ge,
370%, based on final discharge products, respectively. Also seen from
Fig. 2d, even at an aggressive current density of 5A g~?, the layered
GeP can still deliver ca. 800 mAh g™~ !, approaching 46% initial capa-
city retention at a current density of 100 mA g~ !, much better than the
Ge + P mixture (24%), and milled Ge (25%) electrodes. The superior
Li-storage rate performances of GeP mainly benefit from its faster
transfer of the Li-ion and electron endowed by inherent structural su-
periority as discussed below.

3.3. Li-ion, electron transportation calculation of layered GeP

To obtain more insightful understanding of Li-ion mobility and
migration pathways within the interlayers of GeP, a new Li-storage
anode material without similar structural characteristics reported be-
fore, atomic-scale simulations into local structure and Li-ion transport
properties are of vital importance. Therefore, we evaluated Li-ion dif-
fusion energy barriers for various possible Li-ion transport mechanisms
at the atomic level based on density function theory (DFT). The theo-
retical XRD pattern corresponding to the as-simulated model is well
consistent with the experimental results shown in Fig. S11, which in-
dicated the rationality of the simulation. Fig. 3a and Fig. S12 presented
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the energy profiles mapped out by calculating the Li-ion diffusion en-
ergy barrier along the [010], [102], and Z-axis diffusion paths within
the crystal structure of GeP, respectively. As seen clearly, it is much
easier for Li-ion transport along the [010] direction, where the energy
barrier is only 0.34eV, less than that of Ge (0.66eV, as shown in
Fig. 3b). These simulation results prove that Li-ion diffusion rate is
faster within the interlayers of GeP, profiting from its lower migration
energies, which helps rationalize the observed superiority in Li-storage
behaviors like excellent rate capability, fast reaction kinetics and small
polarization to its single-component or Ge + P mixture electrodes.
More interestingly, as shown band structure in Fig. 3¢, we find that Li-
ion intercalation into the interlayers of GeP excites the metallic band
structure featured by no band gap from initial semiconductor of GeP
with a band gap of 0.426eV (Fig. 3d). Also, the superior metallic
conductivity of Li,GeP to that of the initial GeP can also be clearly seen
from their density of state (DOS) profiles mapped out in Fig. S13. The

total DOS value of the intermediate Li,GeP at Fermi Level is calculated
to not be zero, and also much larger than that of initial GeP, further
confirming the metallic conductivity of the intermediate Li,GeP. The
simulated models of Li,GeP used for the calculation were shown in Fig.
S14. Accompanied with increasing Li-ion intercalation amount into the
interlayers of bulk GeP, the extra electrons were also inserted into the
conduction band, which could improve the electron transfer capability
substantially [16]. To validate the enhanced electronic conductivity, we
performed electrochemical impedance spectra measurements of GeP
and Ge electrodes. As shown in Fig. S15, the charge transfer resistance
(Ret = 31 Q) of GeP electrode is much smaller than that (65 Q) of Ge.
Moreover, the Li-ion diffusion coefficient of GeP is ca. one order of
magnitude larger than that of Ge [17]. The dramatically improved
electronic conductivity excited by the Li-ion intercalation presented the
structural superiority of layered GeP, which would further enhance its
prominent Li-storage performances.

Fig. 3. a) the calculated energy barrier-diffusion co-
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Fig. 4. a) the initial discharge/charge profile of monoclinic phase GeP and the inserted letters and crystal structures showing the corresponding discharge/charge
states and phase-evolution processes, respectively; b) XRD patterns collected at various selected potential states accompanied by the initial lithiation/de-lithiation
process; ¢) Raman spectra captured during the initial discharge/charge process. Both XRD and Raman results prove the high reversibility of layered crystal structure

of monoclinic phase GeP electrode.

3.4. Li-storage mechanism investigation of layered GeP

To observe the structural evolution of the as-synthesized microsized
GeP anode accompanied by lithiation/delithiation process, we further
conducted various characterization techniques including XRD, TEM,
XPS, and Raman Spectroscopy. From the XRD patterns (Fig. 4b) col-
lected at various potential points as indicated in the discharge/charge
profiles (Fig. 4a) operated at a current rate of 100 mA g~ * within the
potential window of 0.005-3.0 V, we can see that in stage I (from the
open circuit potential to 0.68V, lithiation), with increasing Li-ion in-
tercalated into the GeP electrode, the initial fingerprint peak positions
of (—311), (310), (—511), (—803), (—913) begin to shift towards the
lower 2 theta angle and simultaneously their peak intensities begin to
diminish, as shown in Fig. 4b-ii. These shifted peak positions and re-
duced intensities can be attributed to the lattice expansion of the as-
synthesized microsized GeP incurred by the Li-ion intercalation into the
interlayers of GeP to form into Li,GeP. Note that each deviation of these
peaks is different, to some degree, as exhibited in Table S2, which can
be ascribed to anisotropic expansion due to various Li-ion diffusion
capability along different directions as calculated above (Fig. 3a and
Fig. S12) [18]. The visualizations of expanded crystal plane distances of
(—311), (310) further validate the Li-ion intercalation into the inter-
layers of GeP, compared with that of initial GeP, as shown HRTEM by
Fig. 5a-ii. Subsequently, as shown in Fig. 4b-iii and Fig. 5a-iii, we can
detect the amorphous state of Li,GeP, corresponded to the discharge
capacity of 400 mAh g™, and thus the x value can be evaluated to be
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one, namely LiGeP. Stage II: on further lithiation, from the corre-
sponding XRD pattern shown by Fig. 4b-iv, we can observe typical
fingerprint peaks of Ge, namely, (111), (220), and (311), which indicate
the intermediate product Li,GeP has decomposed. Also, the decom-
position can also be validated by the HRTEM results shown in Fig. 5a-
iv. The typical crystal plane d-spacings of 0.326 nm, and 0.20 nm cor-
responding to crystal plane of (111) and (220) of the separated Ge,
respectively, as well as 0.19nm and 0.33 nm corresponding to (004)
and (101) of the produced LisP, can be observed, which further proved
the electrochemical intermediate product LiyGeP degraded into the
mixture of Ge and LisP. Note that no observation of LisP phase in the
XRD pattern can be ascribed to the low P content within GeP or low
crystallinity caused by lithiation. Stage III: when the anode was fully
discharged to the state of 0.005V, as shown in Fig. 4b-v, the new
diffraction pattern can be identified to be LiyGe (x = 3.75, PDF card
NO. 89-2584), indicating the separated Ge during the conversion re-
action continues to contribute to the larger capacity. The further li-
thiation of Ge can also be confirmed by detecting Li,Ge signals in the
HRTEM shown in Fig. 5a-v. Stage IV: upon charging to 0.68V, the
Li,Ge fingerprint peaks disappeared while Ge peaks emerged (Fig. 4b-
vi), indicating that Li-ions were first extracted from the Li,Ge alloys.
The results can also be validated by HRTEM results shown in Fig. 5a-vi.
Stage V: as the de-lithiation potential increased to 0.85V, the char-
acteristic signals of the LisP have vanished with regard to HRTEM
shown by Fig. 5a-vii. This indicates the Li-ions were further extracted
from LizP and subsequently the electrode became amorphous (Fig. 4b-
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Fig. 5. a) the ex-situ HRTEM images along with SAED and the selected potentials as marked in Fig. 4a; b), c) the ex-situ XPS data of the as-synthesized GeP anode and
their contrasts with the raw material of red P and Ge. The similarity after cycling indicate the as-synthesized GeP anode is highly reversible.

vii). The amorphous transformation indicated the electrode experi-
enced the structural readjustment to form Li,GeP intermediate as
shown by Fig. 4b-viii and Fig. 5a-viii, due to the self-healing ability
endowed by this special structure. The phenomenon has also been ob-
served in transition metal chalcogenides before [19]. Stage VI: with
further Li-ion extracted from the Li,GeP intermediates, surprisingly, the
characteristics of the as-synthesized GeP have re-appeared again in
terms of XRD (Fig. 4b-ix), HRTEM (Fig. 5a-ix) and XPS (Fig. 5b-c,
discharge/charge profiles shown in Fig. S16), implying its original
crystal structure has been re-constructed with increased potential
driving force during charging. Besides the evidences from XRD and
TEM based on crystallography together with XPS, we further performed
Raman to confirm whether the above-mentioned Li-storage mechanism
exists. As shown in Fig. 4c-ii, we can see that all the Raman char-
acteristic bands of the layered GeP just shifted to a lower wavenumber
and the corresponding intensities became weaker until it almost dis-
appeared, which corresponds to discharge depth to ca. 400mAhg™?!
corresponding to stage I above. The deviating phenomenon in the
Raman spectra can be assigned to the delicate change in the stretching/
bending modes of Ge-P and Ge-Ge bonds by the reason of structural
topotactic transition of GeP corresponding to Li,GeP. Therefore, the
transition resulted from increasing Li-ion intercalation amount into the
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interlayers of GeP to form Li,GeP (x < 1.0). In the subsequent dis-
charge stage (Fig. 4c-iii), the Raman fingerprint peak of the separated
Ge appears at the wavenumber of 299 cm ™!, which indicates that the
Li-ion intercalation compound Li,GeP began to decompose into Ge,
corresponding to conversion reaction. With increased Li-ion uptake
amount, the inherent signal of the separated Ge became stronger until
the discharge capacity reached ca. 800mAhg™!, where the Li,P was
completely lithiated into LisP. No observation of Raman characteristic
signals of the Li,P can be attributed to the low P content within GeP. As
discharge continues (Fig. 4c-iv), the fingerprint peaks of the separated
Ge began to shift and became weaker until the peaks disappeared at the
end of discharge. By contrast, the characteristic peaks of Li,Ge became
stronger (Fig. 4c-v) as the result of further lithiation of separated Ge.
More surprisingly, when charged, all the processes (from Fig. 4c-vi to
Fig. 4c-ix) are highly reversible until the re-appearance of characteristic
peaks of GeP, which suggests the local structure of GeP has been re-
constructed. Therefore, the Raman results accord well with the con-
clusion of crystallography and XPS, and this further confirms the ra-
tionalization of Li-storage mechanism proposed above for the as-syn-
thesized GeP. Furthermore, in terms of electrochemical behaviors, from
the initial 20-cycle CV curves of monoclinic GeP as shown in Fig. 2b and
Fig. S17, we can clearly see the corresponding six-stage mechanism
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Fig. 6. a) The charge density difference of the as-synthesized layered GeP; b) the self-healing-ability schematics of layered GeP endowed by low formation energy (Ex:
-0.19 eV) during charging; c) the charge density difference of the non-layered FeP phase; d) the degradation schematics of FeP caused by large formation energy (Eg

-1.9 eV) during charging.

process. For the initial CV curve, during the reduction, there exists a
broad shoulder in the potential range from 1.25 to 0.66 V, which im-
plies the Li-ion intercalation into the interlayers of GeP to form Li,GeP
and little solid electrolyte interface formation due to low specific sur-
face area because of ball milling together with calcination. With po-
tential reduced to 0.4V, the formed electrochemical intermediate pro-
duct Li,GeP began to decompose into LizP and Ge [20]. As the cell is
further scanned to 0.06V, another reduction peak appears, which
means that the separated Ge is further lithiated into Li,Ge (x < 3.75).
When reversely scanned to the positive potential of 0.41 and 0.53V,
there appears two oxidation peaks, which corresponds to Li-ion ex-
traction from Li,Ge (x < 3.75); as potential is further increased to
0.85V, the Li-ions would be extracted from LisP and meanwhile the
electrode probably starts to form into the intermediate electrochemical
product Li,GeP [21,22]. At the peak centred at 1.15V, Li,GeP experi-
enced the de-lithiation process. Finally, the initial monoclinic phase
GeP has re-formed again when arrived at the cut-off potential of 3.0 V.
Evidently, the CV profiles (Fig. S17) remain almost the same from the
second cycle onward, implying a highly reversible six-stage electro-
chemical Li-storage process and a well-re-constructed crystal structure
of the as-synthesized microsized GeP. The discharge/charge curves
basically show continuous trend instead of any significant plateaus or
potential changes when transitioning from one Li storage stage to an-
other. This is originated from the relatively overlapped redox potentials
for Li-storage in Ge and P.

To recap, the proposed six-stage Li-storage mechanism of the as-
synthesized microsized GeP are: (i) the intercalation reaction (GeP —
Li,GeP, 2.5-0.68V); (ii) conversion reaction (LiyGeP — Ge + LisP,
0.68-0.40V); and (iii) alloy reaction (Ge — Li,Ge, 0.40-0.005V).
Conversely, (iv) de-alloying reaction (Li,Ge — Ge, 0.005 — 0.68 V); (v)
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de-conversion reaction (Ge + LisP — Li,GeP + (3-x) Li* + (3-x)e™,
0.68V — 1.07V); and (vi) de-intercalation of Li,GeP to form GeP
crystal phase (Li,GeP — GeP + x Li" + xe™, 1.07V — 3.0V). Also,
the reversed de-alloy, de-conversion and de-intercalation processes
appear to be reversible, giving rise to the high initial coulombic effi-
ciency up to 93%, while the little irreversible capacity loss mainly arises
from SEI formation in the initial cycle. Considering the XRD, TEM, XPS,
and Raman results along with the electrochemical Li-storage beha-
vioural characteristics, Li-storage mechanism of the as-synthesized
microsized GeP can be characterized by combined intercalation, con-
version with alloy reactions as follows:
Intercalation stage:

GeP + xLi* + xe” — Li,GeP (> 0.68V) @
Conversion stage:

LiyGeP + (3-x) Li* + (3-x) e~ — LisP + Ge (> 0.40 V) (i)
Alloy stage:

Ge + yLi* + ye™ — Li,Ge (> 0.05V) (iii)
The reverse reactions (iv-vi) occur during the charge process.
De-alloy stage:

Li,Ge = Ge + yLi* + ye™ (< 0.68V) >iv)
De-conversion stage:

LisP + Ge — Li,GeP + (3x) Li* + (3x) e™ (< 1.07V) W)

De-intercalation stage:
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Fig. 7. GeP/C nanocomposite characterization: a) the
low-magnitude transmission electron image (TEM)
and its corresponding selected area electron diffrac-
tion (SAED, inset); b) the frame used for elemental
mapping; ¢) Ge, P, and C integrated elemental map-
ping image from STEM mode; d) the long cycle-life of
the as-prepared GeP/C composite; e) the high-rate
performance of the GeP/C composite. f) the perfor-
mance comparison with all reported high-perfor-
mance Ge-based anodes in terms of initial coulombic
efficiency, reversible capacity and cycle stability at
relatively small current density, note that the area of
circle denotes the reversible capacity retention at the
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3.5. The formation energy-structural reversibility relationship

To further explore underlying mechanism behind the structural self-
healing-ability of GeP at the atomic level, DFT calculation was further
performed in the viewpoint of formation energy, which can be utilized
to evaluate the difficulty of chemical bond cleavage or re-construction
[17]. As known, traditional established Li-inert transition metal oxides,
sulfides, and phosphides anodes, usually suffer from large initial ca-
pacity loss, polarization and little chemical bonding reversibility during
their Li-storage processes. Having little chemical bonding reversibility
means that their initial crystal structures were disabled to re-construct
and the electrode would degrade into a mixture of their corresponding
constituent elements rather than forming back into their initial com-
pounds [6-9,23-25]. On the other hand, to our surprise, this newly
found GeP, without a similar crystal structure reported as anodes be-
fore, has been validated to experience a special self-healing crystal
structure process driven by the high potential during charging. How-
ever, the underlying mechanism behind this unusual phenomenon still
lacks fundamental insights at the atomistic level. Herein, we take GeP
and FeP as an example to investigate endopathic factors in the

formation energy based on DFT calculation. The charge density dif-
ferences in the schematics of GeP phase and FeP phase are exhibited in
Fig. 6a and Fig. 6¢, respectively. We can see clearly that most electrons
(red region) of GeP are located at the middle of Ge-Ge or Ge-P bonds,
compared with that of the FeP phase. This demonstrates that the GeP
phase has lower polarity, weaker interactions, and lower bonding en-
ergy within its crystal structure, compared with FeP. Therefore, it is
reasonable that Ge-P bonds could be re-constructed by the increased
potential driving force during the charge while FeP does not. Specifi-
cally, formation energy of GeP (Fig. 6b) was calculated to be —0.19 eV,
ten times smaller than that of FeP (—1.9eV as presented in Fig. 6d),
based on formation energy equation: Ef = Eyp - [y - Hp, Where Eyp is
the overall ground state energy of MP, p is related chemical potential
of Ge or Fe atom, and i is related chemical potential of P atom. For
GeP electrode, the small formation energy of Ge-Ge and Ge-P bonds
would favor their re-construction and further heal the local structure of
GeP with increasing Li-ion extraction from GeP electrode at high po-
tential, as schematically illustrated in Fig. 6b. The healed local structure
would further re-construct the initial layered crystal structure of GeP
rather than degrade to a mixture of Ge and amorphous P via electro-
chemical aggregation. As a result, a small driving force like relative
high charge potential can excite structural recovery of GeP. Meanwhile,
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for FeP anode, the large formation energy means that Fe-P bonds are
rather stable and very difficult to reform once converted by lithiation.
The charge potential driving force is not sufficient to conquer energy
barrier to re-construct Fe-P bonds and thus little initial bonding
chemistry of FeP can be re-covered after Li-ion extraction. With in-
creasing charge potential driving force, Fe domains would become
larger and eventually form large aggregations, as presented in Fig. 6d.
Note that self-healing-ability of all these crystal structure involve cer-
tain similarities: e.g., approaching atomic electronegativity, special
layered structure and excellent transfer capability of the Li-ion and
electron configurations.

3.6. The Li-storage performance enhancement of GeP/C composite

From above analysis on Li-storage performance and mechanism, we
conclude that layered GeP is a promising anode material candidate with
a special Li-storage mechanism while hindered by its limited cycle-life.
As known, carbon composite is an effective way to promote cycle-life
and rate performances, dramatically [26]. Herein, to enhance its cycle
stability to a practical level, we further composited the lab-prepared
GeP with low-cost commercial graphite by a facile second ball milling.
As exhibited morphology by low-magnitude FSEM (Fig. S18a) and TEM
images (Fig. 7a), the as-synthesized GeP/C composite was combined
with each other densely. The high-magnitude FSEM image (Fig. S18b)
exhibits the composite obtains refined micro-morphology and the halo-
like ring with dot-distributed SAED pattern (inset of Fig. 7a) further
indicates the slightly reduced crystallization of GeP. As observed in the
elemental mappings of GeP/C composite presented in Fig. 7b—c, three
elements Ge, P and C are well-overlapped, similar to the scanning
transmission electron microscope (STEM) image framework (Fig. 7b) of
GeP/C composite, indicating that the layered GeP was highly compos-
ited with layered graphite. The highly composited electrode would
strengthen the electrode integrity during repeated discharge/charge
process to enhance cycle-life and endow faster transport of the Li-ion
and electron. As expected, the life-span (Fig. 7d) of the composited
GeP/C electrode can be substantially extended to 600 cycles with a
reversible capacity over 1750mAhg~! at a current density of
200 mA g~ . The cycle stability is the best among all reported Ge-based
anodes at similar current density, as compared with other Ge-based
anode summarized in Fig. 7f [2,3,27-51]. The initial coulombic effi-
ciency of GeP/C electrode is also above 90%, and the second is up to
99.5%, comparable to that of commercial graphite, which indicates
high reversibility of the electrode. Also, seen from the comparison with
other Ge-based anodes shown in Fig. 7f, this value is also the best. Apart
from superior reversibility, large capacity and long cycle-life, rate
performance of GeP/C was also highly expected. As shown in Fig. 7e,
with promoting current density from 0.1 to 0.2, 0.3, 0.5, 1, 2, 3A g’l,
the reversible capacity can be retained at 1750 (100%, the capacity
retention rate, compared with the initial reversible capacity), 1695
(97%), 1640 (94%), 1565 (89.4%), 1430 (82%), 1295mAh g~ (74%),
1210mAhg~! (69%), respectively. Even at an aggressive current
density of 5Ag~"! (50 times larger than initial current density), the
reversible capacity can be still be maintained up to 63%. The ultra-high
rate performance and ultra-long life span of GeP/C composite mainly
benefit from the following factors. 1) The self-healing Li-storage me-
chanism not only regain initial structural advantages of GeP like fast
transfer of the Li-ion and electron but also effectively mitigate electrode
structural degradation. 2) the intercalation compound Li,GeP achieves
metallic conductivity and faster Li-ion transportation than that of Ge,
and upon the following in-depth lithiation stage, the produced LisP can
serve as the shielding matrix to alleviate aggregation issues and provide
Li-ion transfer channel for further lithiation of Li,Ge (x < 3.75). 3) The
carbon matrix and reduced particle size of GeP could boost the elec-
trolyte infiltration, shorten Li-ion diffusion length and accelerate reac-
tion kinetics, thus improving rate performance.
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4. Conclusion

In summary, a novel layered Ge-based GeP anode material and its
carbon composite have been originally synthesized using a facile ball
milling process followed by low-temperature annealing. When initiated
as an anode material for LIBs, the layered GeP anode shows much better
performance than Ge, due not only to faster transport of the Li-ion and
electron but also to the interesting Li-storage mechanism that involves
intercalation, conversion, and alloying reaction, as co-confirmed by
XRD, TEM, XPS, Raman spectroscopy, and electrochemical measure-
ments. The layered crystal structure of GeP can be re-constructed
during charging, thus regaining its structural advantages after each
cycling, offering excellent reversibility. The GeP/C composite demon-
strates the best performances among Ge-based anodes in terms of re-
versibility, cyclability and reaction kinetics. The special healing phe-
nomenon was derived from low formation energy, according to first-
principle calculations. It is believed that formation energy could be an
important parameter for rational design of better anode materials for
LIBs.
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