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getting rid of this strain.

It is found that crystalline nanoporous Ge can only partially store sodium, with amorphous Na,Ge as the sodiation
product. Electrochemical dilatometry techniques were used to measure the corresponding (de)sodiation-in-
duced strains. The capacity and strain amplitude were found to exhibit the same decay trend during long-term
cycling, which is expected since the capacity fades because of the volume changes arising during cycling. How-
ever, viewed from a different perspective, the similarity between capacity fading and strain decay suggests
that one way to mitigate this capacity fading might be by preventing the initial strain from decaying, instead of

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

The high abundance of raw Na resources has led to extensive research
efforts on Na-ion batteries (SIBs) as alternatives to Li-ion batteries (LIBs)
for large-scale electrical energy storage applications [1-19]. High-
capacity alloy-type sodium compounds such as NasP (2596 mAh g~ 1),
Na;sSns (847 mAh g '), NasSb (660 mAh g_l), crystalline NaGe
(369 mAh g~ ') and amorphous Na; ¢Ge (590 mAh g~ ') have been pro-
posed as negative electrode materials for SIBs [20-23]. However, phase
transformations arising during alloying reaction of Na with P, Sn, Sb and
Ge to make the corresponding NasP, Na;sSng, NasSb and Na,Ge (x = 1,
and 1.6) compounds give rise to large stresses and huge volume changes,
resulting in rapid capacity fading [14,24-30]. In the present work,
nanoporous Ge was prepared by selective alloy corrosion; the dimen-
sional changes and capacity fading in this material arising during (de)
sodiation cycles were investigated in real-time using electrochemical dila-
tometry techniques. In the following section, we present our experimen-
tal methods and procedures.

A Ge-Mn parent material with nominal composition Ge;oMngg at.%
was made by melting pure Mn chips (Fisher Scientific, 99.99%) and
pure Ge powder (Fisher Scientific, 99.999%) using an electric arc-
melter (EQ-SP-MSM207 from MTI). The Ge-Mn binary equilibrium
phase diagram predicts the formation of a single face-centered cubic
(fcc) phase at the composition of Ge;gMng (see the yellow highlight
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in supporting Fig. S1) [31], which is ideal for the fabrication of
nanoporous materials by selective alloy corrosion [32,33]. After melting,
the Ge-Mn ingot was cut into thin slices with thickness ~0.2 mm for
dealloying, during which the sacrificial Mn is selectively removed by
free-corrosion in 1 M HCl aqueous solution for 30 min, resulting in
nanoporous Ge in the powder form, used to prepare a Ge-based slurry
for Na-ion battery electrodes. All the slurry electrode preparation
steps were carried out in an argon-filled glovebox (MBraun) with
water and oxygen content below 0.1 ppm [34]. During this process,
the synthesized nanoporous Ge was further crushed into fine powder,
and mixed with conductive additives (carbon black, carbon nanofibers
and graphene nanosheets mixture) and with the 40 mg ml~! PVDF/
NMP solution used as the binder [23,35]. Details on the slurry prepara-
tion and coin cell assembly are added in section 2 in the supporting in-
formation. At the end of this process nanoporous Ge-based composite
electrodes with 1 cm diameter, for coin cells experiments, and 6 mm di-
ameter, for in situ dilatometry, were made onto a 9 um-thick copper
current collector. Specific details on equipment and setup used for mor-
phology and electrochemical characterizations are found in sections 3.1
and 3.2 in the supporting information. The macroscopic dimensional
changes in the composite electrode (i.e. nanoporous Ge grains embed-
ded in carbon matrix) were measured in situ during (de)sodiation cy-
cles using a high-precision electrochemical dilatometer (ECD-3-nano)
with ~5 nm resolution [36]. This dilatometer is made of an electrochem-
ical unit for strain measurements referred to as E-Cell (see Fig. S2a),
which can be removed from the main setup (see Fig. S2b) and (dis)
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assembled in an argon-filled glovebox. Specific details on strain mea-
surements during in situ dilatometry are found in section 3.3 in the
supporting information. In the following sections, we present our ex-
perimental results and discussion.

Energy-dispersive X-ray spectroscopy (EDX) suggests that the
atomic ratio between Ge and Mn changes from ~11:89 before dealloying
(Fig. 1a), to ~93:7 after dealloying (Fig. 1b). The very small oxygen sig-
nal from the EDX in Fig. 1b suggests that the fabricated nanoporous Ge
was not converted into its oxide during dealloying and post-dealloying
characterization. The residual carbon signal before and after dealloying
comes from the carbon conductive tape substrate used during EDX
characterization. Fig. 1c shows the XRD patterns of the Ge-Mn parent
material before (red) and after (blue) dealloying. The XRD pattern of
the starting Ge;oMngg parent alloy is similar to that of y-Mn fcc struc-
ture with Fm-3m space group from the Materials Project's database
(https://materialsproject.org/materials/mp-8634/), which is in agree-
ment with the prediction from the Ge-Mn equilibrium phase diagram
(see yellow area in Fig. S1) [31]. After dealloying, the corresponding
nanoporous Ge is crystalline with fcc crystal structure (Fd-3m
space group, ICCD PDF no. 04-0545), as depicted by the blue XRD
pattern in Fig. 1c. Typical scanning electron microscopy (SEM) im-
ages of nanoporous Ge are shown at low and high magnifications in
Fig. 1d and e, respectively. A porous morphology is observed with a
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broad ligament size distribution in the range between ~100 and
300 nm. Additional SEM images are included in Fig. S3.

XPS analysis was carried out to study the surface chemical composi-
tion of the synthesized nanoporous Ge (see Fig. 2). The following ele-
ments were detected from the XPS survey, in agreement with EDX
data: Ge, Mn, O and C. The near-surface Ge-to-Mn ratio was found to
be ~96:4, which is close to the bulk ratio of ~93:7 obtained from EDX
data. GeO and MnO, were detected near the surface of nanoporous
Ge as it can be seen from Fig. 2 (see also section 3.4 in the supporting in-
formation for specific details). These residual oxides are unavoidable
since an aqueous corroding medium was used to prepare these
nanoporous Ge. However, the fact that no strong oxygen signal was de-
tected from the EDX of dealloyed nanoporous Ge, suggests that the
amount of residual surface oxide is negligible, meaning that the impact
of surface oxide on the electrochemical performance of nanoporous Ge
should be minimum [23,35].

Prior to strain measurements, the electrochemical performance of
the nanoporous Ge composite electrodes was investigated in a coin
cell configuration. The SEM images in Fig. S4a and b show the typical
cross sections of the nanoporous Ge composite electrode consisting of
nanoporous Ge powder embedded in a carbonaceous matrix, made of
conductive additives and binder, cast onto on a ~9 pm-thick Cu foil
used as current collector. The slurry thickness for strain measurements
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Fig. 1. (a) EDX spectrum of Ge;oMng at.% before dealloying and (b) corresponding EDX spectrum of nanoporous Ge after dealloying. The strong Mn signal in the parent alloy almost
completely disappears after the dealloying process. (c) XRD patterns of the Ge;oMngy at. % parent alloy before dealloying (red pattern) and after dealloying (blue pattern). (d) Low and
(e) high magnifications SEM images of nanoporous Ge (additional SEM images can be found in Fig. S3).
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Fig. 2. Analysis of the surface chemical composition of the synthesized nanoporous Ge.

was ~25 um as measured from SEM images (see Fig. S4b). The typical cy-
clic voltammogram (CV) of the nanoporous Ge composite electrode re-
corded in the voltage range between 0.02 V and 1.6 V versus Na/Na™*, at
the scan rate of 0.1 mV s~ !, is shown in Fig. 3a (blue curve). For compar-
ison, the CV of a similar electrode, but made without nanoporous Ge, is
also shown (black curve in Fig. 3a). These two CVs suggest that most of
the capacity of the composite electrode comes from nanoporous Ge.
Thus, in the case of nanoporous Ge composite slurry electrode (blue
curve in Fig. 3a), the negative current observed in the broad voltage
window between ~1 V down to ~0.03 V during the cathodic sweep is as-
sociated with the sodiation of Ge to form Na,Ge compound. The positive
current (anodic peak around 0.7 V) observed during the anodic scan is
associated with desodiation of NayGe back to Ge. Fig. 3b displays the
(de)sodiation galvanostatic curves of nanoporous Ge for cycles # 1, 2,
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Deconvoluted high-resolution (a) Ge 3d and (b) Mn 2p core level spectra, respectively.

5, 10, 30, 50 at the C-rate of C/5. The irreversible capacity during
the first sodiation step can be attributed to the formation of solid-
electrolyte interphase (SEI) [37-41]. The reversible capacity of
the nanoporous Ge composite electrode initially increases from
~217 mAh g~ ! during the 1st desodiation step to ~260 mAh g~!
during the 2nd desodiation, but gradually decreases down to
~128 mAh g~ ! after 50 cycles. The initial increase in capacity can
be rationalized by the exposure of more active surfaces, as a conse-
quence of sodiation-induced materials pulverization in the 1st
cycle [23,34,35]. Such materials pulverization will result in gradual
capacity fading during subsequent cycles as illustrated in Fig. 3c,
which shows the capacity and Coulombic efficiency as a function
of the number of cycles. Fig. 3d shows the Nyquist plots recorded
during the first three cycles. The semicircle diameter associated
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Fig. 3. (a) CVs of nanoporous Ge-based composite electrodes with (blue) and without (black) nanoporous Ge, recorded between 0.02 V and 1.6 V at the scan rate of 0.1 mV s~ .
(b) Galvanostatic (de)sodiation curves of nanoporous Ge-based composite electrode at C/5. (c) Corresponding capacity and Coulombic efficiency versus number of cycles at C/5 and
(d) Nyquist plots for the first 3 cycles.
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with charge transfer resistance significantly decreases from ~800 Q
during the first cycle down to ~270 Q for the 2nd and 3rd cycles,
suggesting that charge transfer during sodiation/desodiation is rel-
atively much easier in the 2nd and 3rd cycles than in the 1st cycle,
which is in agreement with surface film (SEI) formation and mate-
rials pulverization during the first cycle. The maximum reversible
capacity of ~260 mAh g~ ! achieved in the 2nd cycle in nanoporous
Ge is lower than the theoretical capacity of 369 mAh g~ ! and
590 mAh g~ ! expected for crystalline NaGe and amorphous
Na, ¢Ge, respectively [22]. Therefore, ex situ XRD of (de)sodiated com-
posite electrodes was performed to get more insights into the process
(see Fig. S5 in supporting information). The red spectrum in Fig. S5 cor-
responds to the XRD pattern of as-prepared nanoporous Ge pristine
slurry electrode before electrochemical cycling. The green and blue
spectra represent the corresponding XRD patterns after the first
sodiation, and after the first desodiation, respectively. The intense dif-
fraction peak marked with a black stick pattern at the 26 value of
~26.5° corresponds to carbonaceous additives in the slurry. This red
XRD pattern shows that nanoporous Ge in the pristine slurry exhibits a
crystalline structure (see also Fig. 1c). After the first sodiation, the dif-
fraction peaks of Ge remain (red stick pattern Fig. S5), but a broad
peak associated with amorphous phase is detected at the 26 value of
~38° (blue stick pattern Fig. S5). This suggests that the starting crystal-
line nanoporous Ge is partially converted into an amorphous material
(NayGe) during the first sodiation. Next, after the first desodiation, the
broad peak remains, suggesting that amorphous Na,Ge partially formed
during sodiation becomes electrochemically inactive, and cannot be
desodiated back to Ge. This is most likely because the huge sodiation-
induced volume expansions pulverize the electrode materials, damag-
ing the electrical contacts between the electrochemically active slurry
component, the carbon additives and current collectors [37]. As the re-
sult, part of the active material becomes electrochemically “dead” during
subsequent cycles, which may justify the gradual capacity decay within
the first 50 cycles. Materials pulverization may also justify why the
starting nanoporous Ge is only partially converted into amorphous
Na,Ge during the first sodiation, resulting in the coexistence of both
crystalline Ge and amorphous Na,Ge during (de)sodiation, as shown
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by the green and blue XRD pattern in Fig. S5. In turn, the partial conver-
sion of nanoporous Ge into Na,Ge may justify the low reversible capac-
ity of ~260 mAh g~ achieved in the second cycle in nanoporous Ge,
compared to the theoretical capacity of 590 mAh g ! expected for amor-
phous Na,Ge (x = 1.6) [20]. These sodiation-induced dimensional
changes are investigated in the next section.

Electrochemical dilatometry techniques were used to study the
macroscopic dimensional changes in the nanoporous Ge composite
electrode in real-time during (de)sodiation cycles. Further details on
this procedure are found in the experimental section (see Section 3.3
and Fig. S2). Fig. S6a shows the typical raw electrochemical dilatometry
data when the change in thickness of the nanoporous Ge composite
slurry electrode is measured simultaneously during long-term (de)
sodiation cycles up to ~200 cycles (corresponding to ~280 h). The over-
all strain pattern in Fig. S6a exhibits an irregular deformation wave at-
tributed to sensor drift over time, an unavoidable phenomenon caused
by continuous fluctuations in temperature during long-term strain mea-
surements [1,36,42]. Interestingly, nearly reversible strain amplitudes
associated with the sodiation/desodiation process are superimposed to
the irregular deformation wave, as illustrated by the randomly selected
and magnified four areas in Fig. S6-al1, S6-a2, S6-a3 and S6-a4. Two of
these selected areas are displayed in Fig. 4a and b below. The average re-
versible linear strain at the beginning of (de)sodiation process is about
6%, (see Fig. S6-a1), but decreases down to ~0.2% after 50 cycles. It should
be emphasized that the carbon-based matrix without nanoporous Ge ex-
hibits a reversible strain below ~0.2%. This suggests that strains above
0.2% measured in our composite electrode come from the dimensional
changes in nanoporous Ge. At the start of the process, a reversible strain
amplitude of ~6% is recorded in the composite electrode (i.e. nanoporous
Ge + carbon-based matrix). Since the contribution of the carbon-based
matrix to this 6% strain is negligible (<0.2%), it can be concluded that
the effective strain in nanoporous Ge is significantly higher than the
~6% strain recorded in the all composite. In general, the overall relative
volume expansion AV/V, for a pure Na; ¢Ge phase has been reported
to be ~300% [22], corresponding to a linear strain amplitude of ~100%.
To further investigate the relationship between the capacity fading and
the observed decrease in strain amplitude from ~6% to ~0.2%, both strains
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Fig. 4. (a,b) Reversible strains (red) during sodiation-desodiation cycles (blue). The two areas in (a) and (b) are randomly selected from the overall strain data in Fig. S6a. The nearly
reversible (de)sodiation-induced strain amplitude decreases from ~6% at the beginning of the process down to ~0.2% after 11.7 days. Trends of the (c) sodiation and (d) desodiation
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and capacities were plotted as a function of the number of cycles as illus-
trated in Fig. 4c and d for the first 100 cycles, where the red data repre-
sent the maximum relative expansion and contraction recorded during
sodiation and desodiation as a function of the number of cycles, respec-
tively. The blue data in Fig. 4c and d represent the corresponding
sodiation and desodiation capacities as a function of the number of cy-
cles, respectively. Both strain amplitudes and capacities decrease in a
similar manner during long-term cycling, which is in agreement with
the fact that capacity fading is primary caused by the volume expansions
in the electrode. In other words, looking from a different perspective, re-
ducing the capacity fading in battery electrodes may require developing
electrode materials that will undergo stable reversible volume changes
during cycling (i.e. the strain amplitude does not decrease during cy-
cling), instead of designing structures that undergo minimum volume
expansion as it is currently the case. Since capacity fading and strain
decay are proportional, the rate of strain decay should also be propor-
tional to the capacity fading rate. Specifically, for common alloy-type
battery electrode materials which exhibit rapid capacity fading at low
C-rates, the strain is also expected to rapidly decay at low C-rates.

In summary, nanoporous Ge-based composite electrodes were
fabricated and investigated as Na-ion battery anodes. Ex situ XRD
data of (de)sodiated electrodes suggest that nanoporous Ge does
not undergo full sodiation, possibly because of materials pulveriza-
tion during the first sodiation step. As a consequence, a relatively
low reversible capacity of ~260 mAh g~! was achieved after the
2nd desodiation, which represents only ~44% of the theoretical ca-
pacity of 590 mAh g~ ! expected for the Na; ¢Ge phase. In subse-
quent cycles, this reversible capacity gradually decreased from
260 mAh g~ ! down to ~128 mAh g~ ! after 50 cycles. This poor cy-
cling stability was further investigated using electrochemical dila-
tometry techniques, during which the dimensional changes in the
electrode were measured in situ during (de)sodiation cycles. Linear
strain amplitudes of the order of 6% were recorded in the composite
electrode at the beginning of the (de)sodiation process. As the elec-
trode was cycled, these strain amplitudes further decayed down to
~0.2% after 50 (de)sodiation cycles. During this long-term cycling,
both capacity fading and the decrease in strain amplitudes were
found to be proportional, which is expected since the high-
capacity in alloy-type battery anodes is directly associated with
huge volume changes. View from a different perspective, the simi-
larity between the trends of capacity fading and strain decay sug-
gests that one way to restrict the initial high-capacity from fading
might be by preventing the initial reversible strain from decaying,
instead of attempting to get rid of these strains as it is currently
the case.
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