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1. Introduction

Within the last two decades, science moved from the micro- to
the nanoscale cosmos for the fabrication of novel materials. With
this approach, interface areas increased by several orders of mag-
nitude, which added new functions. Moreover, it enabled a min-
iaturizing of devices, which opened up new applications but also
recently gained interest as device components energy consump-
tion shifts more andmore into the focus of many applications. As
one prominent example, industrial demands appear for nanoen-
gineered sensors, optics, solar cells, and Li-ion batteries in the

case of a silicon (Si) fabrication with nano-
scale precision.[1–4] Without any doubt, the
semiconductor industry sets benchmarks
for homogeneous high-precision compo-
nents for electronic devices in the nanome-
ter regime. However, this is also associated
with disadvantages, such as high produc-
tion costs, highly elaborated fabrication
techniques, and high time consumption.
Accordingly, other methods appear better
suited for the synthesis of porous materi-
als.[5,6] For example, porous materials were
successfully achieved by chemical etching,
magnesiothermal reduction, or solvother-
mal synthesis.[7–9] However, bottom-up
approaches are better suited for mass pro-
duction based on printing, spraying, and

doctor-blading.[10–12] With these wet chemical deposition techni-
ques, high yields with easy processability and low costs are pos-
sible. Among the many different bottom-up approaches, sol–gel
synthesis routines were successfully widely used, resulting in a
manifold of different porous materials.[13–15] Perhaps, the most
widely used porous material is porous titania, which is used in
various fields like energy materials, e.g., solar cells, water
splitting, or CO2 reduction.[1,16,17] Importantly, other porous
metal oxides also gained attention as promising energy materials
like porous iron, tin, and zinc oxides.[18–20] Contrary, studies
about porous mixed semimetal films are relatively rare up to
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now.[21–23] In this regard, especially Si and germanium (Ge) as
anodes in Li-ion batteries (LIBs) show huge benefits such as
high theoretical specific capacities (Si: 4200mAh g�1, Ge:
1600mAh g�1) and high diffusion coefficient paired with good
cycling performance compared to graphite (372mAh g�1).[3,24]

Among the alternatives, Li-metal batteries (3862mAh g�1) and
lithium-titanium-oxide (LTO) batteries (175mAh g�1) stand
out. However, each of these materials faces certain challenges.
Li-metal batteries are susceptible to Li dendrite growth, which
can compromise their performance, while LTO batteries offer
good safety and stability but have a lower specific capacity.[25,26]

Additionally, porous anode materials have several advantages,
such as efficient ionic and electronic transport or minimized vol-
ume expansion effects.[27,28] Furthermore, the incorporation of
Ge into the Zintl phase increases solubility and therefore facil-
itates the fabrication of anode materials out of them. Pure macro-
porous Ge films were already prepared and applied as anode
materials in LIBs.[29,30] Mixed C/Si/Ge and Ge/Sn films have
been recently reported as materials for energy storage, but their
potential has remained largely unexplored so far.[14,31]

Within this work, we present a novel synthesis route for
porous mixed Si/Ge/K/C thin films. A sol–gel synthesis with
the amphiphilic diblock copolymer poly(styrene60-b-ethylene
oxide36) (PS60-b-PEO36) is used to template the dissolved Zintl
phase K12Si12Ge5 to gain mesoporous hybrid thin films.[29,30]

In general, block copolymer templated sol–gel synthesis was
already used to produce anode materials for lithium-ion batter-
ies.[32] For example, Lee et al. reported about sol–gel derived
TiO2/carbon composite coatings for LIBs with high-rate
use.[33] Moreover, Yue et al. synthesized polymer-templated
mesoporous Li4Ti5O12 as high-rate and long-life anodes.[34]

Furthermore, Jo et al. studied the performance of block
copolymer-directed TiNb2O7 thin films in LIBs.[35] Also,
Hohn et al. demonstrated a sol–gel routine to synthesize
high-performance anodes with the Zintl phase K4Ge9 and
the structure-directing agent PS-b-PEO.[22] In this work, we
demonstrate the tuning of the morphology with a solvent vapor
annealing step further to enhance the microphase separation of
the hybrid thin film. While previous studies used chloroform
(trichloromethane) as an annealing solvent, we selected dichloro-
methane (DCM) as it provides a higher volatility.[36]

Ten different sample types with varying toluene content and
an additional solvent vapor annealing step with DCM are studied.
Finally, we also show an application of these Si/Ge/K/C thin
films as an anode in Li-ion batteries to emphasize the application
potential of the solution-based synthesis routine.

2. Results and Discussion

To acquire information whether the solvent of the Zintl phases
ethylenediamine (en) is also a suitable solvent for the two
monomers of the diblock copolymer PS60-b-PEO36, the relative
energy differences (RED) are calculated with the three cohesive
energy densities, also known as Hansen solubility parameters
(HSPs), for dispersion δd, polarity δp and hydrogen bonding
δh, and the interaction radius of the polymer (Ro) (Table S1,
Supporting Information). The solubility of the polymer in the
solvent can then be evaluated with the HSP distance (Ra)

(Equation S1, Supporting Information) by dividing it by Ro from
the Supporting Information.[37,38] This results in three regimes
related to RED= Ra/R0 (Equation S2, Supporting Information).

The border condition with RED= 1 is supposed to be the
swelling regime. For RED values smaller than one (RED< 1),
the solvent well dissolves the polymer. However, chemicals with
a RED value above one (RED> 1) cannot dissolve the polymer.[38]

From the solution theory, we can estimate that toluene and
DCM are suitable solvents for both monomers of the diblock
(Table 1). As expected, also from the Hildebrand solubility
theory, en does not dissolve the polymer at all.[14] It must be
mentioned that temperature also plays a significant role in this
regard. For example, by increasing the temperature, the HSPs
decrease and the solubility of the system changes (Equation
(S3)–(S5), Supporting Information).[37] Here, we evidence exper-
imentally that the polymer becomes transparent after reaching a
temperature of about 70 °C in pretests. This also matches the
findings of the HSP theory that the HSP sphere of the PEO block
starts to intersect with the temperature-dependent HSP values of
en at elevated temperatures (Figure S1, Supporting Information).
This finding can be directly interpreted as a dissolution of the
PEO block of the polymer. Unfortunately, increased tempera-
tures negatively influence the Zintl clusters as oxidation followed
by precipitation is observed. Therefore, we decided on a solvent
tuning route, as en can be blended with tiny amounts of toluene
to reach similar effects.[39] The intermixing of both solvents is
already done in various other works and does not result in struc-
tural changes of the Zintl cluster.[40] No phase separation is
observed during the mixing of toluene in ethylenediamine or
vice versa. Additionally, an azeotrope is formed at a molar
fraction of roughly Xen= 0.38, which corresponds to a volume
fraction of about 28 vol% of en (en28).[41,42] The most interesting
area is when the polymer setup gets close to the swelling state
with a RED value of 1 (Figure S2, Supporting Information).
From these calculations, it can be estimated that volumetric
toluene ratios of above 10% should have significantly different
morphologies in the sol–gel synthesis than values below
10 vol%. It has to be said that the precursor probably also influ-
ences the solubility of the hybrid solution. Since the values for Ro

and δi are extracted from the literature, a slight deviation can be
expected for the experiments.[38,43]

Within this work, we analyze a concentration series of toluene
as an additive in the stock solution (constant concentration of
precursor to polymer ratio for all toluene variations) and
also monitor changes in the thin film morphology when the
samples undergo an additional solvent vapor annealing step with

Table 1. Interaction parameter (Ro) with calculated HSP distances (Ra) in
MPa1/2 and RED values for each polymer/solvent (solv) system used in
this work: toluene (tol), ethylenediamine (en), and DCM (Equation (S1)
and (S2), Supporting Information).[38,43]

PS PEO

Ro 12.7 10.8

solv tol en DCM tol en DCM

Ra 3.4 15.2 3.7 9.3 12.1 4.5

RED 0.27 1.20 0.29 0.86 1.12 0.42
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dichloromethane (DCM). Both, toluene and DCM are supposed
to have an influence on the morphology, which is theoretically
predicted from the HSP theory. The sample abbreviations, which
apply throughout the whole manuscript, can be extracted from
Table 3.

SEM images picture the surface morphology evolution when
varying the toluene content after pyrolyzing and washing the thin
films (Figure 1). Without toluene addition, the images of the en
100 films show a porous morphology with rather random void
sizes for both types of films (ref and DCM films, Figure 1a,b,
respectively). This finding indicates an inhomogeneous

intermixing of the polymer/precursor in the thin film before
pyrolysis. Additionally, one can observe an insufficient surface
coverage of the silicon wafer at decreased SEM magnifications
(Figure S3a,b, Supporting Information). Neither PS nor PEO
seem to be nicely dissolved and therefore do not organize in a
self-assembled continuous matrix which is in good agreement
with the calculations presented before. However, microphase
separation occurs and a porous structure can be synthesized.
One possible reason can be the partial complexation of the potas-
sium cations during the blending of the diblock with the precur-
sor solution, as the PEO can act like the [2.2.2]-cryptand, which
was used in a former study.[14] By adding an overall volume of 5%
toluene (en 95 films), a homogenous surface coverage is reached
with only minor variations in the film thickness (Figure S3c,d,
Supporting Information). In particular, after DCM posttreat-
ment, an increased homogeneity on a large scale is found
(Figure S3d, Supporting Information). At an increased magnifi-
cation, the porous structure contains large worm-like voids and
large holes with sizes of about 100–150 nm, which still indicates
an incomplete dissolution of the polymer (Figure 1c,d).[44] By
increasing the toluene content to 10 vol% (en 90), worm-like
voids start to disappear, and spherical-shaped voids dominate
the thin films. In the porous structure, small-scale holes
in the regime below 20 nm are significantly more prominent
in the DCM films than in the ref films (Figure 1e,f ). Also, on
the large scale, the films are homogeneous and DCM posttreat-
ment does not affect the homogeneity (Figure S3e,f, Supporting
Information). No significant structural changes can be evidenced
from the SEM images for toluene contents above 15 vol%
(Figure 1g–j and Figure S3g–j, Supporting Information). Also,
the DCM-treated films do not show any further morphology
changes for SEM-accessible magnifications. This behavior
exactly matches the estimations of the HSP theory, which pro-
poses a significant increase in homogeneity of the thin films
for toluene ratios above 15 vol%. Further, at a ratio of 10 vol%
(en 90) an increased film quality is observed, at such ratio likely
an intermediate regime is reached. In this regime, PEO is already
well dissolved, but the swelling regime of PS still contributes to
some larger aggregates in the final thin films (Figure 1e,f ).

In contrast to SEM, which provides surface structure informa-
tion, grazing incidence small-angle X-Ray scattering (GISAXS)
probes the inner film morphology in a noninvasive way.[45]

The 2D GISAXS data are shown in Figure S4 (Supporting
Information). Comparing the 2D GISAXS data of each column
(left = ref, right = DCM) from top to bottom (en 100 to en 80), a
significant intensity reduction of the vertical streak at
qy= 0 nm�1 can be seen. This high-intensity vertical streak
represents the resolution limit and scattering in this region arises
from large-sized structures, which cannot be resolved in
GISAXS. The incomplete coverage of the Si substrate with the
hybrid thin film for the spin-coated samples gives rise to such
large-scale structures (Figure S4a,b, Supporting Information),
whereas the porous morphologies are on a smaller scale and well
resolved in the GISAXS measurements. This trend has already
been evidenced by the SEM measurements (Figure S3,
Supporting Information). Additionally, a second Yoneda peak
is clearly seen for qz� 0.55 nm�1, which starts to appear for
15 vol% toluene (Figure S4g, h, Supporting Information). This
peak is attributed to a low-density nanostructure in the thin

Figure 1. SEM images of thin films without (ref; a, c, e, g, i) and with DCM
treatment (DCM; b, d, f, h, j). The corresponding vol% of en in the solution
is given in the lower left corner of each image. Colored circles and triangles
refer to the color code used in the entire work for the different volumetric
en ratios.
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film.[15] For clarification, vertical line cuts at qy = 0.0 nm�1 are
provided (Figure 2a,b). Only minor deviations can be detected by
comparing the line cuts of the ref and DCM samples with iden-
tical toluene ratios (same color in the figure). In addition, another
Yoneda peak appears from a volumetric toluene content of 10%
on in the case of the ref and DCM films.[46] As already observed
with SEM, toluene-mediated swelling of the PEO occurs in the
diblock copolymer at such toluene contents.

Both types of films, the ref and DCM films, show this effect,
which can be related to increased polymer chain mobility.[44,47]

As the dominant monomer in the diblock copolymer is PS, the
addition of toluene has a significant effect on the final morphol-
ogy, as already evidenced in the SEM images and proposed with
HSP theory. However, it should be mentioned that this phenom-
enon is easier to assume in the case of the DCM films, as a more
distinct Yoneda peak separation is seen for the DCM film com-
pared to the ref film (blue lines in Figure 2a,b). Additionally, the
low-qz Yoneda peak for the en 80 film exceeds the other Yoneda
peak for en 80 of the DCM film. This second peak, which is typi-
cally more significant in the DCM films, can be attributed to
increased porosity.[48] Explanations for this phenomenon are
improved microphase separation and structural reorganization
during the SVA process. As a result, there is an increase in
the presence of low-density structures, leading to a more substan-
tial Yoneda peak in the low-qz region. Former experiments
showed that the high volatility and optimum HSPs of DCM lead
to a complete solvent penetration through the thin film, which
was already proven with the similar solvent chloroform in former
studies on PS-b-PEO (Table 1).[49]

To enable the structural analysis of the thin film’s bulk
morphology, horizontal line cuts are extracted from the
Yoneda position at qz�0.6 nm�1. Under the assumption of the
local monodisperse approximation (LMA) and the distorted
wave-born approximation (DWBA), the data are then
modeled.[50,51] Best fits are achieved using three forms and

two structure factors. The smallest objects are uncorrelated,
which means that the smallest form factor is not modeled with
a structure factor.[13] The horizontal line cuts with the corre-
sponding best fits are shown in Figure 3a for ref and
Figure 3b for the DCM films. The corresponding size distribu-
tions of the radii are normalized to the smallest form factor in the
thin film (Figure 3c,d), to visualize structural changes of radii
above 10 nm. In Figure 3c,d, the black arrow indicates a signifi-
cant decrease of void radii between en 100 and all other samples.
This observation is in good agreement with the findings of the
local SEM data (Figure 1). By exchanging 5 vol% of en with tol
(sample en 95), the whole film shows a general increase in the
radii above 6 nm (Figure 3c). The most significant changes
through the solvent series are seen for the largest radii as indi-
cated by the black arrow. A minor variation is also visible for
voids with radii between 6 and 20 nm (blue arrow). A further
increase in the toluene content then only shows another shift

Figure 2. Vertical line cuts of the 2D GISAXS data at qy= 0 nm�1 for ref-
erence a) and DCM b) thin films with different toluene concentrations. The
gray bars denote regions shadowed by the beam stop to avoid oversatu-
ration of the detector and the detector gap located between two detector
arrays. The curves are shifted along the y-axis for clarity of the presentation.

Figure 3. Horizontal line cuts of the 2D GISAXS data with their corre-
sponding best fits (cyan) for ref a) and DCM b) films with different toluene
content (color code). The resolution limit of the corresponding measure-
ment is indicated with a gray bar. The purple arrow in both plots indicates
structural changes visible in the line cuts. The curves are shifted along the
y-axis for clarity of the presentation. From the modeling, the normalized
size distributions of the radii for different toluene ratios of ref c) and DCM
d) films are shown together with black and blue arrows to indicate the thin
film morphology changes.
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to smaller radii of the largest structure as a reduction of larger
voids, which relates to a reduction of larger holes in the thin film.
This finding again matches the SEM images (Figure 1). Thus,
increasing the toluene content leads to larger voids in combina-
tion with a reduction of large-scale inhomogeneities. At toluene
contents of about 15–20 vol%, the amount of larger defects is
minimized as both PS and PEO are entirely dissolved. The
amount of larger defects generally decreases as the intersection
with the radii axis with the distribution curves results in reduced
values for the DCM films compared to the ref films (Figure 3c,d).
Additionally, DCM seems to be beneficial for controlling the
structure sizes in the radii range of 6–20 nm. A possible expla-
nation can be the drying kinetics of the thin films. Toluene has a
lower boiling point than en and evaporates first during drying,
which freezes then the morphology. This effect may lead to simi-
lar sizes in the range of 6–20 nm. Additionally, the dissolution of
the polymer before thin film synthesis also plays a dominant role,
as we can see aggregate formation at radii above 20 nm.
Contrarily, the DCM films undergo an additional SVA step,
where both blocks are simultaneously dissolved and polymer
chain mobility is maximized. As there is no drying with a tem-
perature treatment, residues of tol/en remain in the thin film.
Then, depending on the remaining tol/en ratio in the stock solu-
tion, the polymer/hybrid is reassembled in the thin film in a con-
trolled way. Generally, it is apparent that an increasing toluene
content shows a higher scattering signal in this range, which is
indicated by the blue arrow (Figure 3d).

Overall, the additional solvent vapor annealing step with DCM
leads to a minimization of large-void defects for all toluene con-
tents and increases the appearance of structures with radii
between 20 and 36 nm for films with toluene contents above
10 vol% (Figure S5, Supporting Information). The modeled
structure factors only show differences when toluene is used
or not (Figure S6, Supporting Information). By comparing the
noncontaining toluene films with each other (en 100), one can
see that the DCM leads to a significant decrease in the center-
to-center distance D2. This finding supports that the voids with
sizes below 15 nm move closer together. Also, the values for D1
are strongly decreased, which suggests an increased order in the
film for mean radii sizes of 16.5 nm.

The pretest with the pure precursor with DCM solvent vapor
annealing shows the appearance of crystalline Ge (Figure S8a,
Supporting Information). The data also indicate remaining
amorphous carbon residues from the solvent in the final powder.
Accordingly, the influence of toluene and DCM on the film crys-
talline structures is analyzed with grazing incidence wide-angle
X-Ray scattering (GIWAXS). Since the detector has a planar
rectangular geometry, the GIWAXS data are reshaped into q
space (Figure S7, Supporting Information). Integration into a
pseudo-XRD cut enables to extract the position of the character-
istic Bragg peaks, such as Ge reflexes (Figure S8b, Supporting
Information). Contrary to the only-precursor powder-XRD, the
polymer-templated films show reflexes for SiO2. Oxidation obvi-
ously happens for these films with PEO acting as the oxygen
source, as no other O2 source is present. Additionally, the thin
films are exposed to air during the GISAXS/GIWAXS measure-
ments. Not all reflexes could be identified. Our primary focus is
on analyzing the toluene-dependent Ge crystallinity. The sam-
ples without toluene (Figure S7a,b, Supporting Information)

clearly show circularly distributed reflexes due to the polycrystal-
linity. No preferred orientation is seen for the film. The scatter-
ing intensity of the reflexes is significantly increased for DCM-
treated samples. By increasing the toluene content in the thin
films, the reflexes show a decreased intensity for all toluene con-
tents. Thus, the crystallinity correlates with the toluene content
for both ref and DCM films.

To further quantify the toluene-dependent intensity distribu-
tion, cake cuts of the 2D GIWAXS data are performed in the rel-
evant areas. A bare silicon substrate is measured to subtract the
local background of the substrate and a biexponential fit turned
out to best describe the Si wafer contribution (Figure S9,
Supporting Information). The q-space data are plotted together
with the position of Bragg reflexes from potential materials
occurring in the films as extracted from the Crystallography
Open Database (COD).[52] Crystalline Ge and Si oxides are
clearly referenced in the thin films (Figure S8b, Supporting
Information).[53–55] Not all peaks could be identified, but all
reflexes decrease with an increasing toluene content
(Figure S10, Supporting Information). Gaussian fits for amor-
phous silica/carbon and amorphous silicon are used to describe
the local background for a 2θ range between 18° and 36°
(Figure S10, Supporting Information). By comparing the ref
with the DCM films qualitatively, the intensity of the Ge (111)
reflex is increased for all DCM thin films compared to the local
amorphous silica/carbon background at around 21°. This obser-
vation suggests an increased probability of crystallization or a
reduction of amorphous material in the film bulk due to the
DCM SVA.

Estimates about crystal sizes are extracted from the FWHM by
using the Scherrer equation.[13] Best fits are achieved by using
two Gaussian fits in the 2θ-range of Ge. The sharp reflex is attrib-
uted to a crystallite size of about 93 nm (Figure S10, Supporting
Information). This finding is explained by the absence of toluene,
which leads to a decreased intermixing and, therefore, an
increased precursor-rich domain formation. As a result, larger
crystallites are formed from these domains. This finding also
explains the reduced intensities of the SiOx reflexes, which
are significantly decreased for increasing toluene content for
ref and DCM films. One has to be cautious to attribute broad
reflexes with small intensity to crystallite sizes below one nm,
as this could also be identified as an amorphous material.
Nevertheless, due to the increased intermixing of the
polymer/precursor solution, we assume that there might also
be nanocrystals in the lower sub-nm range. However, since this
is the subject of controversial discussions in the relevant litera-
ture, the authors have restricted themselves to an analysis of crys-
tal sizes below 5 nm. For the ref thin films, no dependency
between Ge crystallite size and toluene content can be extracted
(Figure 4a). Contrarily, the data of the DCM-treated thin films
suggest the formation of larger crystallites, which can be attrib-
uted to the increased chain mobility of the polymer during the
SVA step.

As former studies show that templating the cluster with
PS-b-PEO leads to carbon residues, this material is promising
for binder-free Li-ion batteries.[14] Additionally, the battery
performance depends on the stability of the scaffold, which is
controllable with the polymer templating mentioned above. As
void and scaffold sizes can be engineered with this technique,
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improvements in Li-ion diffusion and electron mobility can be
expected. Therefore, we manufacture half cells by drop casting
the solution on copper current collectors. As surface-to-volume
ratio plays a crucial role, galvanostatic cycling tests are carried
out with toluene-free (en 100) films for ref and DCM samples
(Figure 5a,b). Generally, the observed characteristics are similar
to silicon dioxide, with additional peaks for Ge-related pro-
cesses.[24,56,57] In the first cycle of the cyclic voltammograms,
three cathodic peaks are present for the ref and DCM batteries.
The first peak is located at 0.02 V, which is attributed to the lith-
iation of Si and LixSiy alloy formation.[58] For both samples, this
peak significantly decreased within the first three cycles for ref
and DCM batteries. In contrast, a shoulder grows from the first to
the third cycle at a voltage of 0.2 V, which indicates the lithiation
of Ge (Figure 5a,b (1)).[24] The reduction of GeO2 over a lithiation
process to Ge amplifies this behavior.[59] The cathodic peak at
around 0.8 V is characteristic of the reduction of Si oxides. As
the peak begins to vanish and forms a plateau for the subsequent
cycles, we suggest an irreversible lithiation reaction. Additionally,
a broad peak is visible at voltages of about 1.3 V (4), which is
assigned to the formation of the solid-electrolyte interface
(SEI) with the FEC additive at the initial cycle.[60] It vanishes
as the formation of the SEI is completed after the first cycle.
On the oxidation (charge), a superposition of peaks starts to arise
in the range between 0.4 and 0.5 V (2), which increases within
the first three cycles. This superposition can be related to the deli-
thiation reaction of LixSiy to Si as well as the reaction of LixGey to

Ge.[58,59] As the oxidation and reduction peaks of Si and Ge
(1, 2) show no change in the peak position, the material is well
suited as an anode. The decrease at 0.02 V suggests a loss of
amorphous Si in the anode. Tiny peaks are also visible at around
1.0 V, where the reoxidation of Ge/Li2O to GeO is supposed to
happen and get less pronounced in the 2nd and 3rd cycle.[61] The
last reaction occurs at around 1.8 V, which is attributed to an irre-
versible process as the peak intensity decays with an increasing
cycle number.

The discharge curves show a good agreement with the find-
ings from the cyclic voltammograms, as the discharge capacity
is dominated by electrochemical reactions below 0.5 V, which
is the range where the lithiation of Ge and Si happens
(Figure 5c,d).[61,62] Fluctuations of the corresponding slopes
are attributed to irreversible reactions of Si/Ge oxides and the
formation of the solid-electrolyte interface (SEI). The discharge
plateau formation at a voltage range of 0.8 V (3) is assigned to the
reversible insertion reaction of SiO2 with lithium.[63] In the
charging curves, there is a significant change in the slope
characteristics at 0.4 V, which is assigned to the reoxidation of

Figure 5. Cyclic voltammetry a,b) and galvanostatic cycling c,d) graphs of
ref a,c) and DCM b,d) cells. The names and scales of the ordinates and
abscissas are only depicted once but hold for both subplots. In a) and b),
the purple and red arrows indicate charge and discharge, respectively.
Black arrows with corresponding numbers [(1), (2), (3), (4)] in the inset
indicate electrochemical processes in the anode. Galvanostatic cycling
curves are shown for the 1st, 5th, 10th, and 20th cycle, respectively. The
battery retention for the last cycle is indicated with a dotted line and
the corresponding value.

Figure 4. The Scherrer analysis of the pseudo-XRD GIWAXS cuts for ref
a) and DCM b) samples with the related color code.
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LixGe and is in complete agreement with the CV analysis (2).
Finally, a high retention rate for both ref and DCM anodes of
about 97% is achieved during the cycling process. Thus, we
can summarize that the half-cell stabilizes within the first 15
cycles as Si and Ge oxides deliver additional Si and Ge for the
following lithiation processes in an irreversible electrochemical
process. The increasing specific capacity within the first cycles
and the following stabilization of the ref (�550mAh g�1) and
DCM (�800mAh g�1) is also evidenced in the charge/discharge
with the coulombic efficiency plots and can be attributed to
material activation and sufficient infiltration of the electrolyte
(Figure S11, Supporting Information).[64] As the DCM treatment
does not deliver any additional peaks in the CV analysis, the
increased specific capacity can be ascribed to the morphology
change during reassembly in the SVA process, evidenced in
the GISAXS analysis. Generally, the performance within the first
20 cycles is reduced compared to other works on porous Si ano-
des, which are in the range of 1000–3000mAh g�1.[3] However,
compared to their corresponding synthesis techniques, the
easy morphological and compositional tunability of the
polymer-templated Zintl cluster anodes are a promising
high-yield alternative when applied to printing or spraying,
which is restricted to chemical synthesis routines.

The DCM anode’s increased performance can have several
reasons, like an enhanced morphology or more pronounced
reversible electrochemical processes. Another crucial parameter
is the lithiation kinetics during charge and discharge. Therefore,
electrochemical impedance spectroscopy data are collected
(Figure S12, Supporting Information). Data evaluation leads to
the charge-transfer resistance Rct values summarized in Table 2.

Generally, charge transfer resistances are decreased for DCM-
treated anodes, which can originate from several reasons. As the
cell chemistry for both types is nearly identical, this performance
boost can be attributed to the additional DCM treatment. Follow-
up parameters still originate also based on this major difference.
As we investigated with GISAXS, there is a beneficial morpho-
logical change in the thin films. Increased homogeneity and the
reduction of larger aggregates are evidenced in the GISAXS anal-
ysis. Additionally, an increased amount of crystalline Ge can have
a beneficial impact on Rct. Contrary, it is not entirely proven
which effect plays the dominant role in the performance boost
in the elated batteries. After the cycling, charge transfer resistan-
ces rise �59% for the DCM and �33% for the ref batteries. This
degradation can be referred to as the formation of the SEI,
Li-trapping, and volume expansion effects during lithiation.[65]

However, Rct values are still significantly decreased by compar-
ing it with Si and Ge nanoparticles, which are about 700 and
600Ω, respectively.[59,66]

3. Conclusion

We demonstrate a sol–gel routine with PS60-b-PEO36 and the en
soluble Zintl phase K12Si12Ge5 to synthesize porous Si/Ge/K/C
thin films with controllable morphology. Based on SEM, we show
that toluene plays a significant role in improving the thin film
surface coverage and homogeneity by minimizing the amount
of larger aggregates in the bulk. Furthermore, with GISAXS,
the structural changes in the bulk are determined with statistical
relevance. Additionally, the scattering data for films with high
toluene content show the appearance of low-density q-regions
in the vertical line cuts, which relate to small-scale porosity in
the thin film. The usage of an additional solvent vapor annealing
step with DCM further improves this. GIWAXS shows that the
toluene content is not directly linked with the size of the Ge
nanocrystallites. However, a reduction of amorphous material
combined with slightly increased crystallite size is caused by
the DCM treatment. The very first use of this synthesis route
for the application in Li-ion batteries already shows promising
results. The cycling performance with the DCM-treated anodes
outperforms the reference anodes. The cyclic voltammetry data
show typical SiO2 behavior with additional Ge-based electro-
chemical processes.

Since the properties of the polymer and precursor can be
adjusted according to needs, the presented synthesis route is
by far not limited to an application in Li-ion batteries. Also,
applications in other areas are highly recommended, as mass
production with printing techniques is conceivable.

4. Experimental Section

General: All thin film synthesis procedures were performed under
standard Schlenk line or glovebox techniques under an oxygen and
water-free, inert gas atmosphere. Manufacturing steps for coin cell assem-
bly were performed in an argon glovebox. Ethylenediamine was refluxed
over calcium hydride for 72 h prior to use. All other solvents were purified
by an MBraun Grubbs apparatus, degassed by three cycles of freeze pump
thaw, and stored over a 3 Å molecular sieve. The starting material
K12Si12Ge5 was prepared according to the literature.[14]

Synthesis of K12Si12Ge5: With tuned literature values of the Zintl phase
synthesis, the Si/Ge precursor was produced as described before.[14,30]

The purity of the phase was confirmed with powder PXRD (Figure S13,
Supporting Information).

Thin Film Synthesis: The precursor K12Si12Ge5 (35mg, 30 μmol) was dis-
solved in 1 mL water-free ethylenediamine (en) with a concentration of
35mgmL�1 and stirred for 3 days for optimal phase dissolution. The pre-
cursor solution was filtered with a 0.7 μm glass fiber filter to remove any
undissolved material. Due to the lower likelihood of Si dissolution in en,
the Si/Ge ratio was effectively decreased from 12/5 of the initial phase to a
measured value of 7.2/5 as probed with energy-dispersive X-Ray spectros-
copy. Additionally, the Zintl phase is composed of four and nine atomic
clusters in the ratio 1 to 2. Therefore, the phase can also be written as
[K4Si2.8Ge1.2]2*[K4Si6.4Ge2.6]. Generally, the four atomic clusters show
weak to no solubility in en. Consequently, an atomic K/Si ratio of
1/1.6 can be assumed. However, the measured amount of K in the film
is about 1/2. Reasons for this can be related to the pyrolysis and
subsequent washing process. The amphiphilic diblock-copolymer
poly(styrene-b-ethylene oxide) (PS-b-PEO) (20mg, 0.2 μmol)
(Polymer Source Inc. polydispersity= 1.09, Mn(PS)= 60.0 kgmol�1,
Mn(PEO)= 36.0 kgmol�1) was used as the organic template of the
thin films. With a concentration of 20mgmL�1, the stock solutions of
polymer/toluene and polymer/en were stirred for one day (500 rpm).

Table 2. Charge transfer (Rct) and series resistance (R0) values extracted
from electrochemical impedance spectroscopy measurements for ref and
DCM anodes before and after galvanostatic cycling.

R0 [Ω]
Before cycling

Rct [Ω]
Before cycling

R0 [Ω]
After cycling

Rct [Ω]
After cycling

ref 1.43� 0.06 106.80� 3.12 0.94� 0.07 142.45� 4.18

DCM 1.41� 0.02 79.49� 0.99 1.04� 0.05 126.50� 1.97
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After that, a concentration series with different volumes of en and
toluene was prepared from the two stock solutions by a constant ratio
of precursor/polymer, as described in Table 3.

Subsequently, solutions with different en/toluene ratios were inter-
mixed with the precursor solution. After mixing for 2 h, 20 μL of the
polymer/precursor solution was statically spin-coated (1000 rpm, 30 s)
on precleaned Si substrates (10mm� 15mm), which were cut out
of full size wafers (Si-Mat, p-doped, <100>, diameter= 100mm,
0.005–0.02Ω cm, thickness= 525� 25 μm). The substrates were pre-
cleaned with an alkaline bath, and treated with oxygen plasma to gain
a deprotonated surface. Subsequently, half of the hybrid thin films
were stored for 12 h in a sealed container under the presence of
dichloromethane (DCM), whereas the used amount of solvent here
was 10 μL/substrate. Meanwhile, the other half of the thin films remained
in the glove box without any further treatment and therefore are named
reference samples (ref ) (Scheme 1). Subsequently, a pyrolysis step up to
500 °C was performed to evaporate the organic template and establish the
mesoporous hybrid thin film. A further increase to 600 °C for 10min led to
an increased crystallinity of the mesoporous hybrid thin films. Subsequent
cleaning steps (30 min each) with dimethyl sulfoxide (DMSO) and tetra-
hydrofuran (THF) removed the remaining organic residues.[14]

Thin Film Battery Anodes: Circular copper sheets with a diameter of
14mm (99.9%, 100 μm) were punched out mechanically for the anodes.
Cleaning steps stayed the same without applying the oxygen plasma as
copper heavily oxidates. After drop-casting of 20 μL, the samples were
treated equally compared to the Si-substrate thin films. Additionally,
the liquid electrolyte and coin cell (CR2032) manufacturing was prepared
in an argon glove box to avoid lithium-nitrogen interactions. An amount of
80 μL of the mixed electrolyte was used, which consists of a blend of 1.0 M

LiPF6 in ethylene carbonate (EC))—dimethyl carbonate (DMC)–diethyl
carbonate (DEC) (1:1:1 vol%) with 5 wt% of fluoroethylene carbonate
(FEC) (all purchased from Zhangjiagang Guotai-Huarong Commercial
New Material Co., Ltd.). Polypropylene (PP)/polyethylene (PE) separators
from Celgard with a thickness of 16 μm were used in the half cells. Pure
lithium (Li) foil (99.9%, 500 μm, Dongguan Shanshan Battery Materials
Co., Ltd) with a diameter of 16mm was used as the counter electrode,
with a stainless steel plate (500 μm) and a spring between the current
collector and the case. The cell stack (lower case/copperþhybrid
material/separator/Li-foil/current collector/spring/upper case) was final-
ized by applying a pressure of 1000 PSI in a specially designed coin cell
press to seal the coin case and provide good contact between the layers.

Scanning Electron Microscopy (SEM): Surface analysis was performed
with a scanning electron microscope from Zeiss (Gemini NVision 40).
With working distances of about 4 mm and a voltage of 5 kV, images with
magnifications of 10 k� and 80 k� were made. Adjusting brightness and
contrast was then done before inserting the scale bar with a self-written
Python script with the libraries of numpy, scipy, matplotlib, and scikit-
image.[67–70]

Energy-Dispersive X-Ray Spectroscopy: The electron source utilized in this
study was a Zeiss EVO MA10 scanning electron microscope. The acceler-
ation voltage was adjusted to 20 kV. Compositional information was
acquired using a Bruker X Flash 6–30 detector. The obtained data
were evaluated through the application of Bayes deconvolution and
Phi-Rho-Z quantification methods.

Grazing Incidence Small-/Wide-Angle X-Ray Scattering (GISAXS/
GIWAXS): X-Ray scattering experiments were conducted at the
Deutsches Elektronen Synchrotron (DESY) facility in Hamburg. All the
samples were measured at the beamline P03 of PETRA III with an incident
angle of αi = 0.4° and an X-Ray wavelength of 0.95 Å.[71,72] The sample-
detector-distance (SDD) was set to 4169.0mm for GISAXS. The 2D scat-
tering data were collected with a Pilatus 2M (Dectris Ltd.) with
1475� 1679 pixels and a pixel size of (172� 172) μm2. Beam stops were
set to the direct and specular beam position to avoid oversaturation of the
corresponding pixels and detector damage. To increase the signal-to-noise
ratio, 20 individual frames of each sample were summed up. Horizontal
and vertical line cuts were performed at the corresponding Yoneda peak
positions with the software DPDAK.[73] While for GIWAXS, the angle and
wavelength remained identical to the GISAXS measurements, the SDD
was set to 300mm to observe the high-q region. The detector used for
GIWAXS was the Lambda 9M (X-Spectrum) with 4227� 2490 pixels
and a pixel size of (55� 55) μm. Image processing steps such as geometry
calculations, intensity corrections for path attenuation, detector absorp-
tion, photon polarization, q-space transformations, and solid angle correc-
tions were done with the Python package INSIGHT.[74,75] To get
information about the crystallinity of the thin films, cake cuts were

Table 3. Sample code of the solution series with different volume
percentages of ethylenediamine and toluene in the thin films. The
abbreviation for solvent vapor annealing with dichloromethane is DCM
and for the reference samples, which did not undergo the SVA step, is ref.

Sample code en 100 en95 en90 en85 en80

vol% en 100 95 90 85 80

vol% tol 0 5 10 15 20

SVA DCM reference ref

Scheme 1. Thin film synthesis of the porous Si/Ge/K/C thin films com-
prising steps of a) alkaline substrate cleaning, b) precursor/polymer solu-
tion preparation, c) solution intermixing, d) spin coating on precleaned Si
wafers, e) SVA with DCM, f ) pyrolysis at 600 °C to remove the polymer and
crystallize Ge, and g) substrate washing with DMSO and THF to remove
organic residues as described in the text.

www.advancedsciencenews.com www.advenergysustres.com

Adv. Energy Sustainability Res. 2023, 4, 2300096 2300096 (8 of 10) © 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advenergysustres.com


performed with χ= [0°, 35°] and qr= [0.3 Å�1, 4 Å�1]. The Ge (111) peak
was used to correct the SDD. Finally, the q-space was recalculated to the
corresponding 2theta angles of the Kα line of copper (pseudo-XRD) and
could be easily compared to crystal data from the Crystallography Open
Database (COD).[52] Already published crystal phases were used to simu-
late the XRD pattern with VESTA for comparison.[76]

Powder XRD (PXRD): The pyrolyzed and washed precursor was sealed
in glass capillaries (MARK-Kapillaren, outer diameter: 0.3mm, wall thick-
ness: 0.01 mm, Müller & Müller OHG) and measured in Debye–Scherrer
geometry with a Stoe STADIP diffractometer [Ge(111) monochromator;
Cu Kα radiation], including a linear position-sensitive detector
(Mythen). The collected data were compared with generated diffracto-
grams (VESTA) from the COD.[14,76]

Galvanostatic Cycling: Cycling tests were performed at room tempera-
ture (25 °C) in the range of 0.005 V–3.0 V (V vs Li/Liþ) with the model
CT-ZWJ-4S-T-1U from NEWARE. The current used was related to 0.1 C
of the half cell. The mass of the porous hybrid thin film was determined
by balancing the copper anodes three times before the thin film deposition
and after the final washing step. The mass was estimated by several bal-
ancing steps of each anode and a subsequent calculation of the corre-
sponding mean values.

Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy:
The CV and impedance measurements were done with the VMP-300
from BioLogic SAS. For the CV analysis, the applied potential is
dE/dt= 0.1 mV s�1. With this parameter, the cycling was finished in
25 h with a repeat number of two. The CV potential range was chosen
between 0.005 and 3 V. The impedance data were recorded with the same
device, a frequency range between 0.1 Hz and 1MHz, and an excitation
amplitude of 10mV. The collected data were then transferred into the
Nyquist plot, which displays the real versus the imaginary part of the
impedance.
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