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Tin and mixed tin/germanium thin films hold great potential for
a variety of different applications such as anodes for lithium ion
batteries or optical components in new LED developments.
While the physical and chemical properties of these materials
are promising, the fabrication of nanostructures with tunable
composition and electronic properties is eminently important
to overcome several problems in application. In this work we
report on the preparation and characterization of inverse opal-

structured Sn and Sn/Ge thin films with a pore size of 200 nm
on a wide variety of substrates obtained by a simple, up-
scalable wet-chemical synthetic route involving soluble [Sn9]

4� ,
[Ge9]

4� and mixed Sn/Ge Zintl clusters. The resulting honey-
comb structures are characterized by SEM, EDX, XPS, and
Raman spectroscopy. Their porous structure and tuneable
composition makes them attractive candidates for electro-
chemical applications such as anode materials.

Introduction

In the last years, elements of the fourth main group of the
periodic table have drawn attention in a wide field of studies.
Silicon and germanium are well known as potential anode
materials for lithium ion batteries due to their higher theoretical
gravimetric capacities (Si: 3579 mAhg� 1, Ge: 1385 mAhg� 1)
compared to commercial graphite.[1] They also find application
in optical circuits for everyday electronic systems, were silicon-
and germanium-based optical components are already
established.[2]

Inclusion of the heavier homologue tin opens up new
perspectives in the field of potential applications. Like the
before mentioned silicon and germanium, tin also shows a high
theoretical gravimetric capacity as anode material in lithium ion
batteries (991 mAhg� 1), but this property arises together with a
much higher electric conductivity (9.17×106 Sm� 1 compared to
2.17 Sm� 1 for Ge and 1.56×10� 3 Sm� 1 for Si at 20 °C).[3] Tin also

finds application as anode material in sodium ion batteries due
to its high theoretical gravimetric capacity (846 mAhg� 1,
Na15Sn4).

[4] The main hindrances for application of alloy-based
anodes for lithium and sodium ion batteries are the significant
volume changes these materials undergo during the charge
and discharge process.[1a,5]

To overcome the issue of massive volume changes (up to
310% for silicon),[6] porous nano-sized materials are needed.
These have been obtained in the form of nanowires,[7] hollow
nanospheres[8] and 3D porous particles.[9] While such morpholo-
gies allow for a sustainable performance regardless of volume
changes, they are lacking volumetric or areal capacity. Another
approach are porous morphologies with inverse opal structure
which allow for volume changes due to their highly flexible
networks. Such structures can be obtained for example for
silicon by electrodeposition on SiO2 opals as template
materials,[10] or via chemical vapor deposition (CVD) with
disilane as precursor.[11] The opal templates can afterwards be
removed by hydrofluoric acid treatment. Similar strategies were
used to obtain germanium nanostructures. Endres et al.
performed electrodeposition,[12] while Paik et al. used CVD to
get inverse opal-structured germanium morphologies.[13]

Recently, our group obtained germanium inverse opal
structures by a simple wet-chemical synthesis starting from
anionic germanium Zintl clusters.[14] Zintl clusters, formed by
polyanionic cages, show various beneficial properties if used as
precursors in our synthesis.[15] They allow for compositional
variety, shape control and element mixing on a molecular
level.[16] Starting from [Ge9]

4� clusters, films with controllable
morphology obtained via anodic deposition,[17] while other
groups succeeded in the formation of semiconducting
nanostructures.[18]

Inverse opal structures of SnO2 are well known in the
literature,[19] but there are not many reports on non-oxidic tin
thin films. Tolbert et al. fabricated mixed Sn/Se and Sn/Te thin
films by solution-phase coassembly of Zintl clusters,[18h] whereas
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electrodeposition allowed for the formation of thins films of
Sn� Co alloys.[18i] Otherwise, most articles are focusing on
different types of tin nanostructures like nanoparticles,[20]

-wires,[21] -pillars,[22] and -rods.[23]

In this work we present inverse opal-structured Sn and
mixed Sn/Ge thin films, synthesized by a straightforward wet-
chemical method, using a poly(methylmethacrylate) (PMMA)
template scaffold. Our synthetic route is based on the good
solubility of [Sn9]

4� , [Ge9]
4� and mixed Sn/Ge clusters in organic

solvents which allows for potential up-scaling via different
coating techniques like drop-casting, spin-coating or spray-
coating.[14,24] The resulting honeycomb structures are very
appealing for a wide bandwidth of potential applications. As
mentioned earlier, Sn and Ge are attractive anode materials for
lithium ion batteries, where our highly porous inverse opal
structures can help to overcome the problem of volume
changes during the charge-discharge process, thereby allowing
for longer battery lifetimes. Our thin films can also play an
important role in the development of new optical components,
where Sn/Ge nanostructures are highly desired.[25]

Results and Discussion

Scheme 1 shows the synthesis route to Sn and mixed Sn/Ge
inverse opals. The PMMA template was deposited on a silicon
substrate by dip-coating. Size variation of the PMMA spheres
during the emulsion polymerization allows for an adjustment of
the pore size according to the desired application. Dynamic
light scattering (DLS) was used for monitoring the PMMA
particle size. After a drying step, the cavities in between the
PMMA opals were treated with the Zintl cluster-containing
precursor solutions, consisting of either K4Sn9/en, a mixture of
K4Sn9/en and K4Ge9/en or a solution of a ternary precursor with
the nominal composition “K4Ge5Sn4” in en. A photograph of the
K4Sn9/en precursor solution is shown in Figure S1. Cluster cross-
linking was carried out using either GeCl4 or SnCl4, depending
on the desired thin film composition. Inverse opal-structured
thin films were obtained after solvent-assisted removal of KCl
and PMMA. Profilometry shows that the obtained films exhibit a
thickness of around 1.5–2.0 μm.

By this method, inverse opal-structured Sn and mixed Sn/Ge
thin films could be obtained (Figure 1). Figures 1a and 1b show
Sn films obtained from a K4Sn9/en precursor solution and SnCl4
as cross-linker. Mixed Sn/Ge thin films were prepared in two
different ways. The first option involved a mixture of K4Sn9/en
and K4Ge9/en (Figure 1c), while in the second option a
“K4Ge5Sn4”/en precursor solution was applied (Figure 1d). GeCl4
was used for cluster cross-linking for both mixed film variants.
To confirm the successful cross-linking, two additional thin films
were prepared: A pure Sn film was linked by GeCl4 and a pure
Ge film was linked by SnCl4. EDX and Raman measurements
show the presence of Sn and Ge in both films, proving that the
introduction of the linking agent had taken place as planned
(see Table S1 and Figure S2). In all films, the desired porous
structures with a pore size of 200 nm were received across a
large area showing a dark-red opalescence. EDX measurements

of the thin film depicted in Figure 1c show a Ge/Sn ratio of
1.4 :1.0 and in Figure 1d a ratio of 1.5 : 1.0. Both Ge/Sn ratios are
according to the synthesis procedure.

Scheme 1.Wet-chemical synthesis of inverse opal-structured Sn or
Sn/Ge thin films using a PMMA template. (i) Casting of a tetrel
cluster solution in ethylene diamine (en) on a PMMA template (grey
spheres), (ii) solvent removal by evaporation, (iii) impregnation of a
cross-linker (GeCl4 or SnCl4, depending on the desired film
composition), (iv) drying step under vacuum, (v) removal of KCl and
the PMMA template opals via washing with dimethyl sulfoxide
(DMSO) and tetrahydrofuran (THF) resulting in an inverse opal-
structured Sn or mixed Sn/Ge thin film.

Figure 1. SEM images of inverse opal-structured thin films. (a) Sn
thin film, 2000x magnification. (b) Sn thin film, 85000x magnifica-
tion. (c) Mixed Sn/Ge film using K4Sn9 and K4Ge9 as precursors,
10000x magnification. (d) Mixed Sn/Ge film using “K4Ge5Sn4” as
precursor, 10000x magnification.

Journal of Inorganic and General Chemistry

Zeitschrift für anorganische und allgemeine Chemie

RESEARCH ARTICLE

Z. Anorg. Allg. Chem. 2022, 648, e202100362 (2 of 6) © 2022 The Authors. Zeitschrift für anorganische und allgemeine Chemie published by Wiley-VCH GmbH.

Wiley VCH Donnerstag, 04.08.2022

2215 / 232671 [S. 100/104] 1



To get a better insight into the processes taking place
during the synthesis, the precursor solutions were dried in a
vacuum, and the residues were investigated by Raman spectro-
scopy and XRD measurements.

Figure 2 shows the Raman spectrum (Figure 2a) and the
powder X-ray diffractogram (Figure 2b) of a dried residue of
K4Sn9/en. It can clearly be seen that the [Sn9]

4� clusters are
intact after solvent removal, and an undesired oxidation has not
taken place as no β-Sn or Sn oxides can be detected.

As already reported by Sevov et al.,[24] a mixture of K4Ge9/en
and K4Sn9/en contains both [Ge9]

4� and [Sn9]
4� clusters. Here we

show that both clusters are unchanged after solvent removal
(Figure 2c). The XRD pattern (Figure 2d) is less straightforward
to interpret, as the reflections of both cluster types overlap in
the 2θ range of 10–15°, making a precise assignment impos-
sible. The X-ray diffractogram also shows reflections of β-Sn
indicative of a partly oxidation of the [Sn9]

4� units. In Figures 2e
and 2 f, the Raman spectra of the dried residue of a “K4Ge5Sn4”/
en solution are displayed. The signals in Figure 2e are in the
expected range for [Tt9]

4� clusters, but cannot be assigned to
either [Sn9]

4� or [Ge9]
4� . Signals of β-Sn would be expected at

127 cm� 1,[26] while a-Ge shows a broad signal at 270 cm� 1, and

α-Ge exhibits a sharp signal at 300 cm� 1.[14a,27] This leads to the
assumption that the Raman spectrum in Figure 2e contains
signals of a mixed Sn/Ge cluster. This is in agreement with
studies by Sevov et al., who detected heteroatomic Ge9-xSnx

Zintl ions in solutions of tertiary precursors in ethylene
diamine.[24] Figure 2f shows X-ray diffractograms of the precur-
sor “K4Ge5Sn4” and the dried residue of “K4Ge5Sn4”/en. After
solvent removal, the cluster reflections in the 2θ range of 10–
15° have changed compared to that of the precursor, and
reflections of β-Sn occur, indicating partial oxidation. It seems
that the tertiary precursor “K4Ge5Sn4” cannot be fully retained
upon solvent removal, even though there are reflections of
supposedly mixed Sn/Ge clusters in the diffractogram.

Similar studies have been performed on thin films prepared
from the before mentioned precursor solutions. Figure 3 shows
Raman spectra of the different inverse opal-structured films. In
Figure 3a a film obtained from a K4Sn9/en precursor solution is
depicted. The spectrum was taken before the addition of SnCl4
as cluster cross-linker and without application of the final
washing steps mentioned in Figure 1. The detected signals
match those of the literature-known clathrate-I K8Sn46.

[28] If the
oxidation would take place already upon the removal of the
solvent, Figure 2a should not contain signals of the [Sn9]

4�

cluster units. Accordingly, it can be assumed that the [Sn9]
4�

cluster gets oxidized by casting onto the PMMA template to
form the clathrate-I type structure. Application of the cross-
linking agent SnCl4 leads to a thin film mainly consisting of β-Sn
(Figure 3b). The signal at 219 cm� 1 indicates the presence of
Sn� Cl bonds.[29] After washing of the thin film in a final step,
only β-Sn can be detected (Figure 3c).

Figure 3d shows the Raman spectrum of a thin film
obtained from a mixture of the precursor solutions K4Sn9/en
and K4Ge9/en, before the addition of a cross-linking agent and
without the application of washing steps. Other than in
Figure 2c, where under these conditions signals of the two
clusters [Sn9]

4� and [Ge9]
4� can be detected, the spectrum in

Figure 3d shows the presence of β-Sn and a-Ge. Similar to what
happens to the pure Sn films, an oxidation process takes place
when casting the precursor solution onto the PMMA template-
coated substrate. In case of this mixed Sn/Ge film, we directly
end up with β-Sn and a-Ge, even without application of a cross-
linker. The spectrum in Figure 3e is obtained from a film after
the addition of GeCl4 and after the final washing steps. There is
still the intensive signal of a-Ge at 274 cm� 1, but it shows a
shoulder at 245 cm� 1, which could also be seen in Figure 3d,
although with much lower intensity, and a new signal at
161 cm� 1. This signal and the one at 245 cm� 1 cannot be
assigned to any literature-known pure Sn or Ge phases, and
thus we assume that a mixed Sn/Ge phase has been formed on
the substrate. The presence of Sn is confirmed by EDX measure-
ments, as mentioned earlier.

Figure 3f shows a thin film obtained from a “K4Ge5Sn4”/en
precursor solution after cluster cross-linking and washing. The
signals at 74 cm� 1, 116 cm� 1 and 279 cm� 1 are very broad and
cannot be assigned to literature-known Sn or Ge phases.
Especially the area between 116 and 279 cm� 1 looks like a very
broad signal which covers the expected range of all known Sn

Figure 2. Raman spectra (left) and X-ray diffractograms (right) of
dried residues. (a) Raman spectrum of the dried residue of a K4Sn9/
en solution, (b) PXRD of the dried residue. (c) Raman spectrum of
the dried residue of a mixture of K4Sn9/en and K4Ge9/en, (d) PXRD of
the dried residue, (e) Raman spectrum of the dried residue of a
“K4Ge5Sn4”/en solution, (f) PXRD of the dried residue. Reflections
marked with * can be assigned to diamond used as internal
standard.
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and Ge cluster compounds. Preliminary measurements without
cross-linking and washing did not result in any detectable
signals so that we could not keep track of the different stages
of our synthetic procedure. Though, as shown before in
Figures 2e and 2 f, we detected a mixed Sn/Ge cluster
compound after solvent removal, and since EDX measurements
also indicate the presence of both Sn and Ge, we conclude that
the obtained thin film consists of an amorphous mixed Sn/Ge
phase.

Additionally, X-ray photoelectron spectra have been meas-
ured for inverse opal-structured thin films, prepared using the
before mentioned precursor solutions. All samples have been
cross-linked and washed as described in Scheme 1. The spectra
are shown in Figure 4. The results of the XPS measurements are
consistent with our previous suggestions. Each thin film sample
mainly contains Sn(0) or Ge(0), and only small amounts of
oxides can be detected (for exact values, see Table S2). The fact
that both variations of mixed Sn/Ge films mainly consist of non-
oxidized species other than β-Sn and a-Ge supports the
assumption that mixed Sn/Ge phases have been formed on the
substrates.

Conclusions

We have recently introduced the PMMA assisted wet-chemical
process using anionic Zintl clusters to form porous germanium
anodes.[14b] We show here that inverse opal-structured Sn and
mixed Sn/Ge thin films can also be obtained via this simple
wet-chemical synthesis procedure starting from tetrel Zintl
clusters. The so-prepared nanostructured thin films are macro-
porous and are promising candidates for electrochemical
applications.[32]

Experimental Section
Synthesis of PMMA opals: The polymethylmethacrylate (PMMA)
opals with desired size were prepared by emulsion polymerization
as described by Smarsly et al.[30] 35.5 g Methylmethacrylate (MMA)
and 5.0 mg sodium dodecyl sulfate (SDS) were added under stirring
to water (98.0 mL). The water had been purged with nitrogen under
reflux conditions for 0.5 h beforehand. After stirring at 90 °C for 1 h,
56.0 mg potassium persulfate dissolved in 2 mL water was added.
The reaction mixture was stirred at 90 °C for another 2.5 h. The
reaction was stopped by ice cooling and the mixture further stirred
at room temperature over-night. The colorless PMMA product was
filtered and washed by several centrifugation and redispersion
steps. The particle size was determined by dynamic light scattering

Figure 3. Raman spectra of inverse opal-structured thin films. (a) Thin film obtained from K4Sn9/en as precursor solution, before applying
SnCl4 and following washing steps. (b) Sn film after cluster cross-linking via SnCl4, without washing steps. (c) Sn film after cross-linking and
washing. (d) Thin film obtained from a mixture of K4Sn9/en and K4Ge9/en, before applying GeCl4 and washing steps. (e) Thin film obtained
from a mixture of K4Sn9/en and K4Ge9/en after using GeCl4 and washing steps. (f) Thin film obtained from “K4Ge5Sn4”/en, after cross-linking
and washing.

Figure 4. XPS spectra of measured thin films. Sn 3d5/2 on the left,
Ge 2p3/2 on the right. (a) Thin film obtained from K4Sn9/en as
precursor solution. (b) and (c) Thin film obtained from a mixture of
K4Sn9/en and K4Ge9/en. (d) and (e) Thin film obtained from
“K4Ge5Sn4”/en.
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(DLS). A dispersion of 15 wt.–% PMMA in water was used for thin
film preparation.

Synthesis of K4Ge9: A stoichiometric mixture of potassium (Merck,
99%) and germanium (ChemPur, 99.9999+) with a 10 mol-% excess
of potassium was filled into a stainless-steel tube.[31] The mixture
was heated at 650 °C for 46 h. The purity of the product was
checked via powder X-ray diffraction.

Synthesis of K4Sn9: A stoichiometric mixture of potassium (Merck,
99%) and tin (ChemPur, 99.9999+) with a 10 mol-% excess of
potassium was filled into a stainless-steel tube.[31] The mixture was
heated at 550 °C for 46 h. The purity of the product was checked
via powder X-ray diffraction.

Synthesis of the precursor with the nominal composition
K4Ge5Sn4: The synthesis was carried out according to Sevov et al.[24]

Stoichiometric amounts of potassium (Merck, 99%), germanium
(ChemPur, 99.9999+) and tin (ChemPur, 99.9999+) were filled into
a tantalum ampoule. After sealing, the ampoule was placed in an
evacuated fused-silica container. The mixture was then heated at
950 °C for 48 h. The purity of the product was checked via powder
X-ray diffraction.

Preparation of the K4Sn9/en solution: 61.2 mg (0.05 mmol) K4Sn9

was added to 1 mL ethylenediamine (en) and stirred at room
temperature for 10 min. The dark red solution was then filtered
through a glass fiber filter.

Preparation of the K4Sn9/K4Ge9/en solution: 61.2 mg (0.05 mmol)
K4Sn9 was added to 1 mL en and stirred at room temperature for
10 min. 40.5 mg (0.05 mmol) K4Ge9 was added to 1 mL en and
stirred for 1 h at room temperature. Both solutions were filtered
through glass filter fibers and dropwise combined. The combined
mixture was then stirred for another 45 min at r.t. The resulting red
solution was filtered through a glass fiber filter.

Preparation of the K4Ge5Sn4/en solution: 49.7 mg (0.05 mmol)
K4Ge5Sn4 was added to 1 mL en and stirred at room temperature for
15 min. The dark red solution was then filtered through a glass fiber
filter.

Thin film preparation: Silicon substrates (1.0×1.5 cm) were cleaned
with water/surfactant, ethanol and acetone via ultrasonication for
15 min at r.t. and then held in an oxygen-plasma for 10 min at
room temperature. After application of the PMMA spheres via dip-
coating, the substrates were dried under vacuum for 4 h at 100 °C.
The PMMA template was then treated with the respective precursor
solution and dried under vacuum at 80 °C for 1 h. Cluster cross-
linking was done by treating the substrates with either SnCl4 or
GeCl4 vapor for 3 days. An additional drying step was performed at
80 °C for 1 h under vacuum. Finally, the thin films were washed
with dimethyl sulfoxide (DMSO) and tetrahydrofuran (THF) and
dried under vacuum.

Analytical methods

Scanning electron microscopy: Scanning electron microscopy
(SEM) was performed using an FEI Helios NanoLab G3 UC scanning
electron microscope equipped with a field emission gun operating
at 3—5 kV. SEM specimen prepared on silicon substrates were
glued onto an aluminum sample holder using silver lacquer.

Energy dispersive X-ray spectroscopy: EDX measurements were
carried out at an operating voltage of 20 kV with an X-MaxN Silicon
Drift Detector with 80 mm2 detector area (OXFORD INSTRUMENTS)
and AZTec acquisition software (OXFORD INSTRUMENTS).

Dynamic light scattering: Dynamic light scattering (DLS) was
measured with a Malvern Zetasizer.

Raman Spectroscopy: Raman spectroscopy was performed using a
Renishaw inVia Raman microscope equipped with a CCD detector
and three different lasers (532 nm, 633 nm and 785 nm) with a
maximum power of 500 mW. The software WiRe 4.2 (build 5037,
Renishaw 2002) was used for operating the device. For character-
ization of the dried residues of the precursor solutions, the solvent
was removed under vacuum at room temperature, and the
resulting powders were filled into sealed glass capillaries.

Powder X-ray diffraction PXRD was performed on a STOE STADI P
device (Cu-Kα1 radiation, Ge monochromator, detector: IP-PSD) in
transmission mode. Samples with higher tin content were meas-
ured on a STOE STADI P diffractometer with a Ge(111) monochrom-
atized Mo-Kα1 radiation coupled to a Mythen 1 K detector. Sample
preparation for measurements of dried residues was carried out as
described for Raman spectroscopy.

X-Ray photoelectron spectroscopy (XPS): X-Ray photoelectron
spectra were recorded on a Leybold-Heraeus LHS 10 spectrometer
using a non-monochromatized Al-Kα source (1486.7 eV). All thin film
samples were cleaned by argon sputtering (E=2 keV, 90 min).The
analyzer was operated at a constant pass energy of 100 eV leading
to an energy resolution with a full width at half maximum (fwhm)
of �1.2 eV. For details on data treatment, see Supporting
Information.

Profilometry: The film thickness and roughness were determined
with a Veeco Dektak profilometer.
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