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A B S T R A C T

Ge-based anodes for Na-ion batteries (NIB) usually suffer from sluggish reaction kinetics, low initial Coulombic
efficiency, poor reversible capacity, and short cycling life due mainly to its rigid diamond-like structure. Here we
report our findings in characterization and application of a GeP anode with a flexible layered structure, syn-
thesized by a simple mechanochemical method. When tested as the anode for NIBs, the GeP undergoes a self-
healing Na-storage process that involves intercalation, conversion, and alloying, as co-revealed by ex-situ X-ray
diffraction, HRTEM, Raman spectroscopy, and X-ray photoelectron spectroscopy analysis. The peculiar self-
healing phenomenon derives from its ultra-low formation energy (�0.19 eV) for reconstruction of the original
layered structure, as confirmed by first-principle calculations. The low formation energy also enables the for-
mation of chemical bonding between layered GeP and graphite, thus achieving unprecedented performances
among all reported anode materials based on Group IVA- and Group VA elements. The structural design strategy
guided by formation energy of desirable phases is also applicable to the development of other energy-storage
materials.
1. Introduction

Na-ion batteries (NIBs) has received increasing attention as an
alternative power source to Li-ion batteries, as Na sources does not have
the geopolitical issues that Li sources might have [1–5]. Si and Ge have
been investigated as anodes for Na-ion batteries (NIBs) on the basis of the
alloying mechanism in the form of NaxM (x< 1, M¼ Si, Ge) [6–9].
However, these anodes with alloying mechanism for sodium storage
usually suffer from sluggish reaction kinetics resulting from close-packed
crystal lattice. Therefore, a variety of methods have been explored to
address the problem. Na-inert metals like Fe, Co, etc. have been intro-
duced into the electrode based on their potential buffer effect as an
inactive matrix and enhanced e� transfer capability during the deep
discharge [10,11]. Nonetheless, these introduced Na-inert metals
severely reduce energy density due largely to its heavy ineffective com-
ponents for Na-storage. Afterwards, the Na-reactive O/S/Se have been
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introduced with the hope of greater reversible capacity [12,13]. Unfor-
tunately, these Ge-based chalcogenide compounds were demonstrated to
be unsuitable for anodes in NIBs due largely to their high working po-
tentials above 1.0 V. In addition, the large polarization loss and poor
initial Coulombic efficiencies are also almost unresolved because of their
intrinsic large formation energy for Na2O/S/Se etc..

Black P, due to its weaker electronegativity than oxygen, have been
used as anode material for Na-ion batteries benefiting from large inter-
layer spacing and fast e�/Naþ transport capability [14–17]. However, the
use of black P as anode material is still challenging because of its poor
heat-management that causes spontaneous degradation into red P above
125 �C. To increase the safety and specific capacity, more attention has
been paid to binary sodium-reactive Ge/Sn-P series [18,19]. Li et al
discovered that a high-P content (70wt.%, GeP5) anode with a black
P-like structure, which exhibits similar Na-storage behavior on the basis
of traditional conversion reaction [18]. However, the structural
ang), meilin.liu@mse.gatech.edu (M. Liu).
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similarity would incur the same issues as that of black P and the cycle-life
is unsatisfactory because of the degradation in the crystal structure after
the initial cycle. In addition, high P content (over 70wt.%) in the com-
posite may cause issues like degradation or spontaneous combustion due
to a highly-reactive phosphide surface to oxygen and electrolyte.
Recently, Park and Wang et al. discovered that layered Ge/SnP3 un-
dergoes an interesting self-healing Na-storage mechanism, thus
achieving high Na-storage performances [19–22]. However, the funda-
mental insights into the structure-property relationship is still unclear.
Therefore, it is important to design a self-healing structure with appro-
priate P content to achieve long cyclability and uncover the primary
structure-performance relationship, which are of vital value to scientific
understanding and practical application.

Here, we introduce 30wt.% cheap P into Ge to form a layered GeP
structure to produce a synergistic effect. When functioned as an anode for
NIBs, the resulting GeP experiences a self-healing three stage Na-storage
mechanism of intercalation, conversion, and alloying unveiled by XRD,
Raman and XPS. The self-healing mechanism is attributed to its ultra-low
formation energy of �0.19 eV, which allows the re-construction of the
original layered structure on the basis of first-principles calculations.
When mixed with graphite, the low formation energy also enables the
strong interaction (P–C bonds) between layered GeP and graphite. Thus,
the composite achieves faster Na-ion and electron transportation and
unprecedented performance among all reported Group IVA- and Group
VA-based anode materials.

2. Experimental section

2.1. Synthetic procedures

The pure GeP powder was prepared via a scalable high-energy me-
chanical ball milling method along with subsequent annealing at 380 �C.
Typically, the Ge and red P powders in a given molar ratio 1:1 were
poured into the steel vessel filled with argon and milled in the speed of
300 rpm for 3 h (Fritsch, Pulverisette-6). The as-milled GeP powder was
then annealed at 380 �C for 0.5 h under argon atmosphere (heating rate
of 2 �C min�1). The GeP/C composite was hybridized by a second milling
of the as-prepared GeP with commercially available graphite.
2.2. Materials characterization

The as-synthesized GeP powder was characterized by X-ray diffrac-
tion (XRD, Bruker D8 ADVANCE) using CuKα radiation. The morphology
and microstructure were measured by the field-emission scanning elec-
tron microscope (FESEM, Hitach SU8220) and field-emission trans-
mission electron microscope (FEI, Thermo Talos F200S TEM),
respectively. The related samples were characterized by X-ray photo-
electron spectroscopy (XPS, Thermo Fisher Escalab 250Xi using Al Kα
radiation). Raman spectroscopy was tested by the Confocal Raman
spectrometer (Raman, WTEC ALPHA300 with a 532 nm excitation laser).
2.3. Electrochemical measurement

The as-prepared GeP powder was blended into a slurry with
conductive agent (carbon black) and binder (Li-PAA) in a mass ratio 7: 2:
1. The as-blended slurry was pasted onto a copper foil and dried for
overnight (12 h) in a vacuum chamber (80 �C). The GeP/C composite
(GeP: graphite¼ 7: 2, mass ratio) was directly mixed with LiPAA with a
mass ratio of 9: 1. The typical loading was 1.2–1.5mg cm�2. The punched
electrode species were assembled into a typical CR2032 coin-type cells in
a glove box (Mbraun, Labmaster 130) filled with Ar atmosphere (H2O,
O2< 0.05 ppm). 1.0M NaCF3SO3 dissolved in diglyme is utilized as
electrolyte. Electrochemical Na-storage measurements were conducted
on an automatic battery testing system named Hokuto Denko
(HJ1001SD8) and Land (Wuhan).
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2.4. Calculations detail

All DFT calculations were performed with the generalized gradient
approximation (GGA) and Perdew-Burke-Ernzerhof (PBE) exchange
correlation function as implemented in CASTEP. The ultrasoft pseudo-
potential was used to describe the electron-ion interaction. The plane-
wave basis was utilized to represent the valence orbitals. The conver-
gence of force, self-consistent field, displacement, energy were
3.0� 10�2 eV Å�1, 1.0� 10�6 eV atom�1, 1.0� 10�3 Å, and
1.0� 10�5 eV atom�1, respectively. The Brillouin zone integration was
sampled within a 1� 4� 1Monkhorst-Pack k-point mesh. A grid spacing
of � 10�2 A�1 was utilized for the density of states (DOS) calculations on
the basis of Monkhorst-Pack special k-point scheme. The complete LST/
QST method was utilized to search transition states, starting with a linear
synchronous transit optimization. The transition states approximation
gained above was further utilized to carry out a quadratic synchronous
transit maximization, and then by a conjugate gradient minimization.
The saddle point can be found via the repeated search cycle. A value of
5� 10�2 eV Å�1 was utilized for all the root-mean-square forces on an
atom in all calculations of transition states.

The formation energy Ef could be calculated on the basis of the
following equation:

Ef ¼ EMP � μM � μX

where EMP is the overall ground state energy of MP, μM is the related
energy per atom in the stable elementary substance of Ge (space group
FD-3M), Fe (space group IM-3M), Si (space group FD-3M) or Co (space
group P63/MMC) atom. The μX is the energy per atom in P (space group
Cmca CMCA) atom.

3. Results and discussion

Among various Group IVA-VA compounds, there exists a special
layered structure in the GeP formula in the monoclinic phase with its
formation energy as small as �0.19 eV based on our calculation.
Generally, the formation energy can be utilized to evaluate the difficulty
of formation or decomposition [23]. The small formation energy means
that as an anode for NIBs, its initial crystal structure is potentially healed
at high charge potentials, which would favor its high performances.
Nevertheless, till now, to our best of knowledge, there is no report about
the unique structure utilized for Na-storage, let alone, the
structure-performance relationship behind. We synthesized GeP by ball
milling of Ge and red phosphorus along with low-temperature heat
treatment, avoiding the severe high-temperature and pressure synthesis
condition in the 1970s [24]. It is noted that the annealing is a vital step
for the successful synthesis of the layered GeP, as confirmed by the XRD
pattern of the GeP precursor before annealing (Fig. S1). The crystal
structure (Fig. 1a) shows a layered framework with a layered tunnel
distance of ~6.3 Å. The open crystal lattice would guarantee the entrance
of Na-ions and they would react with phosphorus atoms first and then
germanium atoms to achieve large quantities of Na-ion storage. The XRD
pattern (Fig. 1b) proves its monoclinic crystalline phase. The GeP ag-
gregates with sizes up to several micrometers with irregular morphology
(Fig. S2a and Fig. S2b). As shown in the SAED pattern (the inset of
Fig. S3a), the well-defined rings with well-distributed spots accord well
with that of the XRD fingerprint peaks. The HRTEM image (Fig. S3b)
indicates that the main exposed crystal planes are (�311), (310), (�111),
and (400) based on the measured d-spacings of 0.324 nm, 0.293 nm,
0.334 nm and 0.371 nm, respectively.

In light of the compositional and structural merits, specifically, two-
fold Na-reactive constituents based on NaxGe (x< 1) and NaxP (x< 3),
and layered crystal structure with ultralow formation energy endowed by
little difference in the electronegativity between Ge and P, we anticipated
the as-synthesized GeP would be highly reactive with Na to deliver great
Na-storage performances with unique features. To demonstrate Na-



Fig. 1. a) the crystal structure of germanium monophosphide;
b) the X-ray diffraction (XRD) pattern of the as-synthesized
germanium monophosphide; c) the initial two discharge/
charge profiles at 50mA g�1 within the potential range of
0.005–3.0 V and their comparison with the first-cycle
discharge/charge profiles of the milled Ge and the mixture
of milled Ge and P (molar ratio of 1:1) electrodes; d) the initial
three cyclic voltammetry curves at a scan rage of 0.05mV s�1

within the potential range of 0.005–2.5 V; e) the rate perfor-
mance comparison of the as-synthesized GeP, with the milled
Ge and the mixture of milled Ge and P electrodes.
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storage advantages of GeP, we compared the discharge/charge profiles
(Fig. 1c) of as-synthesized GeP with the milled Ge and GeþP mixture
anodes. The GeP electrode delivers the smallest potential polarization
loss and highest initial Coulombic efficiency. The GeP delivers an initial
discharge/charge capacity of 900/840 mA h g�1, thus leading to an
initial Coulombic efficiency up to 93%. The Na-storage features shown by
the discharge/charge profiles are well-consistent with CVs depicted by
Fig. 1d. There is only one relatively sharp peak centered at ~0.25 V
during the initial-cycle reduction, which can be assigned to the Na-ion
uptake of the electrode. Reversely, there is one broad shoulder that can
be split into three anodic peaks of 0.55 V, 0.75 V and 1.25 V, that can be
assigned to the de-sodiation reaction of NaGe, Na3P and NaxGeP,
respectively. From the second CV cycle onward, apart from the reduced
polarization due to the initial-cycle activation processes, the CV curves
are well-overlapped. This indicates that GeP has a highly reversible Na-
storage capability [23]. All the CV results can be well-accorded with
the initial two discharge/charge profiles as shown in Fig. 1c. From
Fig. S4, we can see that the as-synthesized GeP anode can run over 40
cycles without obvious decay, which possesses a longer cycle stability
than the mixture anode counterpart. Also seen from Fig. 1e, even at an
aggressive current density of 5 A g�1, the as-synthesized GeP can still
deliver a reversible capacity of 360mA h g�1. This accounts for 40% of
the initial reversible capacity at a current density of 100mA g�1, which is
much better than the single-component milled Ge (41mA h g�1, 13%)
and the mixture (63mA h g�1, 10%) electrode counterparts.

To explore the Na-storage mechanism of GeP, ex-situ XRD, HRTEM,
Raman and XPS were carried out at the selected potential points as
indicated in the discharge/charge profiles (Fig. 2a) operated at a current
density rate of 50mA g�1 within the potential window of 0.005–3.0 V.
The corresponding XRD patterns collected at different states are shown in
Fig. 2b. Stage I (from OCV to 0.38 V): the potential decrease corresponds
well with the shifts of XRD fingerprint peak positions of (�311), (310),
(�511), and (�803) towards the lower 2 theta angles. These relative
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shifts can be assigned to the large lattice expansion of the pristine GeP
after the intercalation of Na-ion into the GeP interlayers along the di-
rection of [010] to form NaxGeP. Stage II: with increasing intercalated
Na-ions, the intermediate NaxGeP began to disintegrate into the mixture
of NaxP (x< 3) and Ge that can be proved by the fingerprint peak
appearance of Ge in the XRD pattern at the potential of 0.18 V. Stage III:
when the anode was fully discharged to 0.005 V, the electrode became
amorphous as shown in the XRD due to the further Na-storage in the form
of NaxGe (x¼ 1). Stage IV: reversely, when charged back to 0.55 V, the
fingerprint peaks of Ge appeared due to the removal of Na-ions from
NaxGe. Stage V: when charged back to 0.80 V, the weak fingerprint peaks
of NaxGeP appeared, therefore suggesting that the Na-ions can be further
extracted from Na3P to form NaxGeP as an intermediate. Stage VI: with
enough Na-ions removed from the NaxGeP intermediate, the fingerprint
peaks of the as-synthesized GeP reappeared, which can indicate the re-
construction of the pristine GeP during charging. To confirm the struc-
tural reversibility during cycling, we performed HRTEM examination of
the samples after cycling. As shown in Fig. S5, the well-defined d-spacing
of 0.63 nm is observed, which is consistent with the interlayer spacing of
[-201] planes. Besides the evidence from the crystallography, we further
performed Raman spectra on the as-synthesized GeP anode accompanied
with the sodiation/desodiation process of the electrode at a current
density 50mA g�1 within the potential range of 0.005–3.0 V. As shown in
Fig. 2c, we can see all the Raman characteristic bands of the as-
synthesized GeP shifted to a lower wavenumber and the corresponding
intensity diminished with the increased discharge depth. These phe-
nomenon in the Raman spectroscopy imply the local structural topotactic
transition induced by the increasing Na-ion intercalation amount into
GeP interlayers to form NaxGeP. In the subsequent discharge stage, the
appearance of the fingerprint Raman peaks of Ge (299 cm�1) indicate the
intermediate phase NaxGeP began to disintegrate into Ge and NaxP based
on traditional conversion reaction. NaxP (x< 3) is invisible in Raman
spectroscopy due largely to its low content and well-distribution within



Fig. 2. a) the discharge/charge profiles
marked for the ex-situ characterizations; b) the
ex-situ XRD patterns at the given potential
during the initial cycle; c) the ex-situ Raman
spectroscopy at the given potential during the
initial cycle; d) the ex-situ Ge 3d high-
resolution spectra comparison of the pristine
GeP and the electrode after the second cycle; e)
the ex-situ P 2p high-resolution spectra com-
parison of the pristine GeP and the electrode
after the second cycle; f) the illustrated Na-
storage process.
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the matrix, its poor crystallinity, or its decomposition when exposed to
the air. As discharge continues, the fingerprint peak of Ge began to shift
and became weaker until it disappeared at the end of discharge. By
contrast, the NaxGe characteristic peaks became stronger as the result of
further sodiation of the resulting Ge. More surprisingly, when charged,
all the corresponding procedures are reversible till the reappearance of
the characteristic Raman peaks of the pristine GeP, which suggests the
local structure of the as-synthesized GeP has been reconstructed.
Therefore, the Raman results accord well with the conclusion of the
crystallography above. In addition, we further performed the XPS con-
trasts of the pristine GeP powder and the electrode counterparts after the
initial two cycles. As shown by the high-resolution Ge 3d spectra (Fig. 2d)
and P 2p spectra (Fig. 2e), the electrode after the cycling look almost the
same as the pristine powder counterparts, indicating the initial structure
of the as-synthesized GeP was reformed.

To recap, the Na-storage mechanism of the as-synthesized GeP can be
described as a three-fold mechanism of intercalation, conversion, and
alloying during the sodiation process. All the reversed de-alloying, de-
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conversion, and de-intercalation process appears to be rather reversible,
until the reappearance of the initial crystalline structure, thus accom-
plishing the ultra-high initial Coulombic efficiency up to 93%. Specif-
ically, the Na-storage mechanism of the as-synthesized GeP can be
illustrated in Fig. 2f and characterized as follows:

during discharging,

intercalation reaction: GeP þ x Naþ þ x e� → NaxGeP (i)

conversion reaction: NaxGeP → NaxP þ Ge (ii)

alloying reaction: Ge þ y Naþ þ y e� → NayGe (iii)

during charging,

de-alloying reaction: NayGe → Ge þ y Naþ þ y e� (iv)

de-conversion reaction: Na3P þ Ge → NaxGeP þ (3-x) Naþ þ (3-x) e� (v)

de-intercalation reaction: NaxGeP → GeP þ x Naþ þ x e� (vi)
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In total: GeP þ 4 Naþ þ 4 e�¼Na3P þ NaGe (vii)
From the analysis above, the Na-storage behaviors and mechanism of
the as-synthesized GeP, we can infer that it is an appealing anode
candidate while hindered by its limited cycles due to its large volume
change during the sodiation/desodiation processes. The large volume
variation caused the cracking of active material, as shown in Fig. S6. As
known, the introduction of low-cost graphite as the buffer matrix is a
general method to prolong the cyclability. Inspired by this, we further
composited the as-synthesized GeP with commercial graphite to form the
highly-encapsulated composite by ball milling [25]. The high-magnitude
FESEM image (Fig. S7a) shows that the composite shows refined
micro-morphology. The halo-like ring within the dot-distributed SAED
pattern (inset of Fig. S7b) further indicates the reduced crystallization of
GeP, implying its strong interaction with layered graphite. The elemental
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mappings (Fig. S7d-Fig. S7f) of GeP/C composite indicate that the three
elements Ge, P and C were well-distributed, similar to the framework
(Fig. S7c). As shown in C 1s spectroscopy (Fig. 3a), the peak at 283.5 eV
in GeP/C (Fig. 3) can be assigned to the P–C bonds [25]. Furthermore, in
the high-resolution XPS spectroscopy of P 2p (Fig. 3b), there are two
extra peaks located at 130.4 eV and 131.28 eV in the GeP/C composite,
which also results from the formation of P–C bonds [25]. In addition, the
P–C bonds can be validated by the extra Raman signal at 600-700 cm�1 in
GeP/C shown in Fig. S8 [25]. As shown in Fig. S9, compared with GeP,
there exist three extra peaks centered at 669 cm�1, 682 cm�1 and
860 cm�1, corresponding to P–C bonds [26]. The strong interaction be-
tween layered GeP and graphite within the electrode strengthens the
electrode integrity during cycling and rate performance by virtue of
faster Na-ion and electron transport. The initial three discharge/charge
profiles of a GeP/C electrode are presented in Fig. S10. Compared with
Fig. 3. P–C bond characterizations within the
GeP/C nanocomposite: a) the high-resolution C
1s survey comparison of the as-synthesized GeP
and GeP/C nanocomposite, respectively. b) the
high-resolution P 2p survey comparison of the as-
synthesized GeP and GeP/C nanocomposite,
respectively. c, d) the cycle and rate perfor-
mances of the as-synthesized GeP/C nano-
composite, e) the performance comparison of the
as-synthesized GeP with other Group IVA- and
Group VA-based anodes reported before in terms
of initial Coulombic efficiency, remaining capac-
ity after 300 cycles at relative small current
density.



Table 1
The formation energy comparison of GeP, SiP, CoP, and FeP based on the first-
principle calculation.

Mater. GeP SiP CoP FeP

Formation Energy/eV �0.19 �0.42 �1.57 �1.9
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that of the pure GeP electrode, the GeP/C electrodes shows slightly
reduced polarization due to enhanced electrical conductivity. Moreover,
the slightly larger capacity is attributed to the contribution of ball-milled
graphite and interfacial Na-storage [27]. The life-span (Fig. 3c) of the
GeP/C electrode is extended to 300 cycles with a reversible capacity
850mA h g�1 at 100mA g�1, which surpasses other reported Group
IVA-based and Group VA-based anodes in terms of remaining capacity
and initial Coulombic efficiency as compared in Fig. 3e [21,22,28–50].
The initial Coulombic efficiency of the GeP/C electrode is also above 90%
and the second cycle is up to 99.5%, comparable to commercial graphite
served for LIBs. The rate performance of GeP/C electrode was also
evaluated and is shown in Fig. 3d, with promoting current density from
0.1 to 0.2, 0.3, 0.5, 1, 2, and 3 A g�1, reversible capacities of 1020, 894,
840, 763, 704, 638, and 592mA h g�1 was achieved. Even at a high
current density of 5 A g�1, the reversible capacity can still maintain up to
533mA h g�1. The high performances can be attributed to the following
three features: 1) the self-healing Na-storage mechanism alleviates the
electrode structure degradation, 2) the Na-intercalation compound Nax-
GeP achieves metallic conductivity, and 3) the formed chemical bonding
(P–C bonds) between layered GeP and graphite not only helps maintain
excellent electrical conduction and Na-ion diffusion, but also accommo-
dates the volume variation during cycling.

To give more in-depth insights into inherent Na-ion diffusion prop-
erties and the effect of chemical bonding (P–C bonds) on Na-ion diffusion
properties and electronic structure of the as-synthesized GeP, a new
anode material without similar crystal structure reported for Na-storage
before, we evaluate the Na-ion mobility together with the corresponding
pathways and electronic structure within the two configurations: 1) pure
GeP phase and 2) GeP/C composite with P–C bonding via the first-
principles calculations at the atomic level [51,52]. Within the GeP
structure, there are three possible diffusion paths, which are along the
[010] direction (Fig. 4a), [102] direction (Fig. S11), and another diffu-
sion direction perpendicular to the interlayer direction (Fig. S12).
Compared with the energy barriers among the three directions above
(Fig. 4c, Fig. S11b, and Fig. S12b), the lowest energy barrier is only
0.28 eV (Fig. 4d) along the [010] direction, which is much lower than the
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Ge counterpart (1.02 eV, Fig. 4c). From the density of state (DOS), as
compared with the pristine GeP (Fig. 4f), the GeP with the intercalation
of Na has metallic conductivity endowed by the co-introduction of
electrons with the Na-ions since the density distribution at fermi level is
not zero, as shown in Fig. 4g. Therefore, these simulation results ratio-
nalize the observed superiority in Na-storage behavior of the layered
GeP, e.g. high rate capability and small polarization loss, compared with
the ball milled Ge and the GeþP mixture electrode counterparts.
Furthermore, we calculated the effect of the chemical bonding on the
Na-ion diffusion (P–C bonds, as shown in Fig. 4b). As compared in
Fig. 4c–e, the Na-ion diffusion energy barrier can be further reduced to
0.10 eV (Fig. 4e) on the GeP/C composite with of P–C bonding. In
addition, the redox sites can receive electrons transferred easily from
hexagon carbon rings. Compared with the total DOS value (Fig. 4f) of the
pristine GeP, the GeP/C composite (Fig. 4h) shows higher DOS near
Fermi level, indicating a metallic electronic property due to the forma-
tion of P–C bonding. To validate the enhanced electronic conductivity,
we performed the electrochemical impedance spectra (EIS) tests. As
shown in Fig. S13, the charge transfer resistance, Rct, of the GeP/C
electrode is significantly smaller than that of the GeP electrode, implying
that the electrical conductivity of the composite electrode is enhanced
[25]. Therefore, GeP/C nanocomposite demonstrates better electro-
chemical Na-storage performance.

To provide an in-depth insight into the mechanism behind the
interesting healing ability of the crystal structure driven by the increasing
potential during the de-sodiation process and the fundamental reasons
for bonding between layered GeP and graphite, first-principles calcula-
tions were carried out to evaluate the difficulty of chemical bond
cleavage or re-construction [23,53] based on formation energy. As listed
in Table 1, GeP has the lowest formation energy (only �0.19 eV)
Fig. 4. a) The simulated model of the as-
synthesized GeP used for Na-ion diffusion along
the [010] direction; b) The simulated model of
the chemical bonding (P–C bonds) between the
layered GeP and layered graphite; c) the Na-ion
diffusion energy barrier of Ge and the inset is
the related diffusion path; d) the Na-ion diffusion
energy barrier along the [010] direction corre-
sponding to the diffusion path shown in a); e) the
Na-ion diffusion energy barrier along the chemi-
cal bonding between the layered GeP and layered
graphite corresponding to the diffusion path
shown in b); f) the density of state (DOS) of the
pristine GeP; g) the density of state (DOS) of the
GeP with Na-ion intercalation within the inter-
layer; h) the density of state (DOS) of the GeP/C
composite with chemical bonding between the
layered GeP and layered graphite.
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compared with other phosphides like SiP, CoP, and FeP. The small for-
mation energy of GeP means that it is relatively easy to synthesize and
decompose under mild experimental conditions. Therefore, the small
driving force like electrochemically charging is sufficient enough to
overcome the energy barrier to re-construct its original bonding chem-
istry. On the other hand, upon the destruction of the crystal structure and
the bonding, the layered GeP was easy to bind with graphite to form P–C
bonds, which would improve Na-ion and electronic transportation.

4. Conclusion

In summary, by introducing a small fraction of P into Ge, we trans-
formed the diamond structure into a layered structure with ultralow
formation energy via a facile two-step method of ball milling followed by
sintering. When functioned as an anode for NIBs, the layered GeP
delivered much better Na-storage performance than its corresponding Ge
and GeþP mixture anodes. The superiority is due to its low activation
energy of 0.28 eV along the [010] diffusion direction, which is lower
than that of Ge (1.02 eV) based on first-principles calculations.
Furthermore, the NaxGeP intermediate product has metallic conductivity
caused by the intercalation of Na-ion. The ex-situ XRD, HRTEM, Raman
and XPS techniques demonstrated that GeP experiences a self-healing
three-step Na-storage mechanism: intercalation, conversion and alloy-
ing reaction. The self-healing capability to re-construct its layered crystal
structure is due to its low formation energy based on first-principles
calculations. When composited with graphite, the low formation en-
ergy also assists to form strong interactions (P–C bonds) between layered
GeP and graphite. These bonds help further enhance the Naþ and e�

transfer based on our simulated calculation, thus accomplishing the best
performances among all the reported Group IVA-based and Group VA-
based anodes for SIBs. The synthesis strategy with atomically designing
a material with low formation energy can be extended to other anode
materials for metal ion batteries.
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