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Abstract: Molecular metal oxides, so-called polyoxome-
talates (POMs), have shown outstanding performance as
catalysts and lately attracted interest as materials in
energy conversion and storage systems due to their
capability of storing and exchanging multiple electrons.
Here, we report the first example of redox-driven
reversible electrodeposition of molecular vanadium
oxide clusters, leading to the formation of thin films.
The detailed investigation of the deposition mechanism
reveals that the reversibility is dependent on the
reduction potential. Correlating electrochemical quartz
microbalance studies with X-ray photoelectron spectro-
scopy (XPS) data gave insight into the redox chemistry
and oxidation states of vanadium in the deposited films
in dependence on the potential window. A multi-
electron reduction of the polyoxovanadate cluster, which
facilitates the potassium (K+) cation-assisted reversible
formation of potassium vanadium oxide thin films was
confirmed. At anodic potentials, re-oxidation of the
polyoxovanadate and complete stripping of the thin film
is observed for films deposited at potentials more
positive than � 500 mV vs. Ag/Ag+, while electrodeposi-
tion at more negative cathodic potential reduces the
electrochemical reversibility of the process and increases
the stripping overpotential. As proof of principle, we
demonstrate the electrochemical performance of the
deposited films for potential use in potassium-ion
batteries.

Introduction

The steadily growing demand for electrochemical energy
storage systems in mobile applications, grid storage, and
electric vehicles is driving the need to design novel materials
for effective and energy-dense electrochemical energy
storage.[1] Metal oxides are chemically suitable and econom-
ically viable materials class for energy technologies including
batteries,[2] fuel cells,[3] and water electrolysis.[4]

Molecular metal oxides, so-called polyoxometalates
(POMs) combine physicochemical similarity to solid-state
metal oxides with molecularly well-defined structures (Fig-
ure 1).[5] POMs are anionic metal oxo clusters of high-valent,
early transition metals (often molybdenum (Mo), tungsten
(W), and vanadium (V)), which form spontaneously in
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Figure 1. Polyhedral illustration of POM anions, used so far for cation
—POM interaction studies. (a) Preyssler polyoxoanion,
[NaP5W30O110]

14� ; (b) Dawson anion [P2M18O62]
6� ; (c) Keggin anion

[PM12O40]
3� ; (d) Lindqvist alkoxide cluster [V6O7(OCH3)12]; (e) Decava-

anadate anion [V10O28]
6� ; (f) Dodecavanade anion [V12O32Cl]

n� ; (g) top
and side view of K5{V12}. Colour Scheme: W (blue); O (red), V (teal),
C (clack), P (orange), Cl (green), metal coordination (pink), K (plum).
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solution by self-assembly.[5b] Particularly, Mo- and W-based
POMs have attracted widespread attention in catalysis and
sensing,[6] energy conversion and storage,[7] and increasingly
as building blocks for supramolecular assemblies and nano-
structured materials.[8] In contrast, molecular vanadium
oxides (polyoxovanadates, POVs) have only recently gained
substantial attention due to their rich electrochemistry.[9]

Additionally, the targeted synthesis of heterometal-function-
alized POVs has enabled systematic studies on the con-
trolled structural[10] and electrochemical tuning[11] of POVs,
which led to the application of POVs in (post-) Li-ion
batteries,[12] water oxidation catalysis,[13] and as metal-oxide
surface models.[14]

Recently, the interaction between alkali cations and
POMs has been studied, and how these interactions can
affect the structure and influence the electrochemical
behavavior of POMs, especially POVs.[15] Matson and co-
workers investigated the interaction of a Lindqvist-type
POV alkoxide cluster ([V6O7(OCH3)12], Figure 1d) with
different hard and soft cations. Hard ions (e.g., Li+) exhibit
specific binding and strong interaction with POVs clusters,
whereas softer cations (e.g., nBu4N

+ or K+), show non-
specific binding and weaker interactions. Further, they
showed that the identity and concentration of the charge
compensating cations modulate the redox behavior of
([V6O7(OCH3)12]) in solution.[15a] In this context, Schimpf
and co-workers demonstrated, how the concentration of
charge compensating K+ ions influences the phase of a
polyoxotungstate-based coordination network using a Prey-
ssler-type polyoxoanion, [NaP5W30O110]

14� (Figure 1a)
cluster.[16] Also, the cation-controlled reversible storage of
up to 18 electrons of Dawson-type polyoxotungstates (Fig-
ure 1b) in solution has recently been reported.[17]

As a final step for the deployment of POMs in
technological applications, the transition from soluble spe-
cies to solid materials and the immobilization on functional
substrates remains a challenge. While most strategies so far
focus on encapsulation or electrostatic interaction, the
growth of supramolecular films enables a bottom-up
approach towards functional (nano-) materials.[18] Addition-
ally, electrochemical deposition enables controllable film
growth. For example, the Keggin-type [H3PW12O40] (Fig-
ure 1c) was deposited on TiO2 nanotube arrays via electro-
deposition, and the deposited films were used for photo-
catalytic degradation of nitrobenzene.[19] Recently, Hwu and
co-workers reported the electrochemical crystal growth of
decavanadate-based organic-inorganic hybrids (Fig-
ure 1e).[20] The applied potential was used as the driving
force for the phase nucleation and thus enabled the
deposition of a polyoxometalate-organic framework (PO-
MOF).

In recent studies, we reported the polymerization and
formation of 1D chains of dodecavanadate clusters (Fig-
ure 1f) bridged with alkaline earth metal ions.[11d,21] Dodeca-
vanadate clusters are derived from (H2NMe2)2[V12O32Cl]

3�

(= (H2NMe2)2{V12}), where two open binding sites are
occupied by organic (H2NMe2)

+ cations. One or both
placeholders can be replaced by s-,[21] d-,[22] or f-block[23]

metal cations. Thereby, the magnetic, redox, catalytic, and
photocatalytic properties can be tuned.

This approach was subsequently expanded by introduc-
ing K+ ions,[21] leading to a complex 3D framework by
coordination of K+ ions inside and next to the predeter-
mined binding site. Thereby, coordination of more than two
K+ ions was achieved leading to a cluster with the sum
formula K5(CH3CN)3[V12O32Cl] (=K5{V12}, Figure 1g). In
contrast to earlier di-metal functionalized clusters, no
reduction was required to introduce a second heterometal
cation. In this current study, we investigated a possible
reduction of K5{V12} that may lead to an increased
interaction between the negatively charged POM and the
charge compensating K+ cations enabling electrodeposition.

Consequently, we report here reduction-induced electro-
deposition of POV-derived thin films directed by the
inclusion of alkali cations. Our detailed electrochemical
investigations of the underlying processes indicate a multiple
electron reduction of the cluster. The electrochemical
studies are accompanied by the characterization of the
obtained films regarding their morphology and thickness of
the deposited films.

Results and Discussion

Electrochemical characterization

Comparing K5{V12} with related di-functionalized {V12}-
analogues, the fully oxidized vanadium centers as well as the
complex 3D structure of K5{V12} are the most striking
differences.[21] We hypothesized that reduction of the cluster
framework could increase the electrostatic attraction be-
tween the K+ ions and the vanadate cluster. This may
decrease the solubility and induce the deposition of thin
films. Therefore, we investigated the electrochemical behav-
ior of K5{V12} in water-free, de-aerated acetonitrile (contain-
ing 0.1 M (nBu4N)PF6 as electrolyte salt, which has been
used as a standard electrolyte in our previous studies.[11d] For
most of the presented studies, glassy-carbon electrodes
(Ø: 3 mm) have been used in a three-electrode cell
configuration (with a Pt wire counter electrode and a silver
wire in a glass frit, containing electrolyte solution as quasi-
reference electrode). The cyclic voltammogram (CV) of
K5{V12} in a potential range of � 250–500 mV vs. Ag/Ag+

(Figure 2a) shows a reduction process that starts at
� 120 mV vs. Ag/Ag+, which appears to be the reminiscence
of plating behavior. Indeed, a deposited film becomes visible
at the working electrode. Additionally, a sharp oxidation
peak at Epeak= � 50 mV vs. Ag/Ag+ is observed suggesting
stripping of the deposited material. Further reduction of the
cluster is observed upon decreasing the cathodic potential to
� 500 mV vs. Ag/Ag+. Moreover, a second convoluted
reduction process can be identified as a shoulder, which
might be related to further reduction of the already
deposited film. The oxidation is shifted anodically by
~30 mV, and a new oxidative peak appears at Epeak=

220 mV vs. Ag/Ag+ indicating that the second reduction
step decreases the reversibility and slightly increases the
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overpotential of the stripping process. This behavior is
consistent with the reduction of the cluster and associated
charge compensation as the electron transfer is coupled with
cation transfer, where the reduced cluster has a higher
affinity for K+ cations and is therefore more difficult to re-
oxidize.

A further extension of the cathodic potential window to
� 900 mV vs. Ag/Ag+ resulted in an anodic shift of the
oxidation potential by 130 mV and an incomplete stripping
of the deposited film. We hypothesize that at a potential
lower than � 500 mV vs. Ag/Ag+, successive reduction
occurs across the deposited film resulting in structural
changes of the vanadate clusters stabilizing the film and
affecting its stripping reversibility.

Interestingly, the CV of the non-functionalized {V12} in
(nBu4N)PF6 containing electrolyte shows a quasi-reversible
redox process at E1/2= � 150 mV vs. Ag/Ag+ but no electro-
deposition of a film,[11d] indicating that the presence of K+ is
crucial for the electrodeposition process. These observations
prompted further investigation of the electrochemical be-
havior of {V12} at different K

+ concentrations. The CV of
the non-functionalized {V12}; (H2NMe2)2[V12O32Cl]

3� in
acetonitrile (containing 0.1 M (nBu4N)PF6 as electrolyte
salt) shows a quasi-reversible redox process at E1/2=

� 150 mV vs. Ag/Ag+ (Figure 2b, inset) and additional
irreversible reduction processes were observed at lower
potentials, indicating cluster decomposition upon further
reduction. The CV changed by the addition of 1 eq KPF6
salt, revealing a broad reduction peak centered at � 350 mV
vs. Ag/Ag+ with a shoulder at ~ � 170 mV vs. Ag/Ag+ and
one oxidation wave at Epeak= � 123 mV vs. Ag/Ag+ (Fig-
ure 2b). Notably, the absence of irreversible reduction peaks
at lower potential indicates that the presence of K+ in
solution stabilized the reduced clusters and prevented their
decomposition. With addition of 2 eq K+, a peak shift
towards less cathodic potentials was observed; the subse-
quent additions were then resulting in an increase of the
cathodic current. This indicates that the presence of more
K+ ions in solution facilitates the electrodeposition process
during the reductive cycle. Further, this increase in current
is also associated with a peak broadening, which may result
from an overlap of multiple reduction steps of the cluster in
a narrow potential range.[15a] Additionally, a shift of the
oxidation peak to higher anodic potentials, in addition to an
increase of anodic current is observed after each addition of
KPF6. This positive shift might be attributed to the stronger
interaction between the reduced form of the cluster and K+

ions, which reduces the electrochemical reversibility of the
oxidation process.

Film electrodeposition

To further investigate the electrodeposition behavior of the
K5{V12} upon reduction as observed in the CV, bulk
electrolysis (BE) was performed in a 0.5 mM acetonitrile
solution of K5{V12} (containing 0.1 M (nBu4N)PF6) at
� 250 mV vs. Ag/Ag+. After electrolysis (~6 h), UV/Vis
spectroscopy of the bulk solution (Supporting Information,
Figure S1) shows no intervalence charge transfer (IVCT)
absorbance in the Vis-to-near-IR region, indicating that no
detectable amounts of reduced vanadates (i.e., VIV-contain-
ing) are present in the solution. At the same time, film
formation was observed on the glassy carbon electrode. This
provides further evidence that the reduction of K5{V12} leads
to film formation, while no reduced species are detected in
the electrolyte solution, given the limit of detection (LOD)
of the method.

The electrodeposition behavior and reversibility of the
process were further investigated via electrochemical quartz
microbalance (EQCM) analysis to determine the relation
between deposited mass and transferred charge at three
different potentials, i.e., � 250 mV, � 500 mV and � 900 mV

Figure 2. a) CVs of K5{V12} at different cathodic switching potentials in
anhydrous, de-aerated acetonitrile containing 0.1 M (nBu4N)PF6 as
supporting electrolyte salt, [K5{V12}]=0.5 mM. b) CVs of {V12};
(H2NMe2)2[V12O32Cl]

3� (containing 0.1 M (nBu4N)PF6 as electrolyte
salt) with different concentrations of KPF6; scan rate: 100 mVs� 1; inset:
CV of {V12}; (H2NMe2)2[V12O32Cl]

3� in acetonitrile in absence of K+

ions.
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vs. Ag/Ag+. Applying a constant potential of � 250 mV vs.
Ag/Ag+ resulted in a linear increase of deposited mass per
transferred charge (Supporting Information, Figure S2). The
slope of the deposited mass-to-charge ratio suggests deposi-
tion of approximately one K8.64[V12O32Cl] per 3.46 e

� (sum
formula derived from XPS data).

In the next step, CVs at three different cathodic switch-
ing potentials in combination with EQCM (Figure 3a–c)
were recorded. The CVs with a potential limit of � 250 mV
vs. Ag/Ag+ show full reversibility with the expected plating
and stripping behavior visible by the increase and decrease
of the observed mass change. However, when the cathodic
potential was changed to � 500 mV vs. Ag/Ag+, a deviation
from the linear behavior of the transferred charge versus
deposited mass was observed (Figure 3d), indicating that the
deposited film was further reduced as noted by an apparent
higher electron count per deposited cluster (4.9 e� per
K9.36[V12O32Cl], sum formula derived from XPS data). It
should be noted that up to a lower switching potential of
� 500 mV vs. Ag/Ag+ during cycling the potential, the plated
films can still be completely stripped (visible in the masso-
gram). An additional oxidative peak becomes visible, which
is in line with the initial CV measurements. In case, the
potential was cycled to a cathodic switching potential of

� 900 mV vs. Ag/Ag+, the deposited mass per charge curve
shows a significant flattening which indicates that the
deposited film undergoes a further reduction as the domi-
nant electrochemical process (6.32 e� per K11.64[V12O32Cl],
sum formula derived from XPS data). Additionally, the
deposited mass was no longer fully stripped (re-oxidized)
when the potential was swept anodically (to 500 mV vs. Ag/
Ag+), suggesting irreversible electrodeposition, possibly due
to structural changes during further reduction. At the fifth
cycle, a strong decrease in current was observed, which is in
line with the absence of a frequency change, i.e., indicating
that the electrode surface of the quartz sensor was blocked
by an insulating film.

In the next step, pulsed electrochemical depositions
(PEDs) were performed at three different potentials
� 250 mV, � 500 mV and � 900 mV vs. Ag/Ag+, respectively,
to study the influence of the reduction potential on film
formation in more detail. All pulsed electrodeposition
experiments were carried out in two distinct steps, the
potential of 0 mV vs. Ag/Ag+ was applied to the working
electrode for 60 seconds known as relaxing period (toff) to
establish the bulk concentration of the dissolved cluster ions
near the electrode surface. Then the desired reduction
potential e.g., � 250 mV vs. Ag/Ag+ was applied for a period

Figure 3. EQCM measurement of K5{V12} (0.5 mM in acetonitrile containing 0.1 M (nBu4N)PF6 while using cyclic voltammetry (scan
rate=100 mVs� 1) in the potential ranges of a) 500 mV to � 250 mV, b) 500 mV to � 500 mV, and c) 500 mV to � 900 mV vs. Ag/Ag+ with the
corresponding mass changes for the first and fifth cycle, respectively. d) Deposited mass vs. transferred charge during the first half cycle for the
three potential ranges shown in a), b), and c).
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of 120 seconds known as deposition period (ton) to induce
the reduction of the clusters. The deposition period (ton) and
the relaxing potential (toff) were repeated alternately to
accomplish 10 successive reduction pulses.

The potentiostatic pulse profile at � 250 mV vs. Ag/Ag+

resulted in a gradually decreasing current response over
10 reduction pulse cycles (see Supporting Information, Fig-
ure S3), which may be associated with film formation and
associated with that limited electron transfer for further
reduction of the clusters. The pulse sequence with a cathodic
potential of � 500 mV vs. Ag/Ag+ shows a higher reduction
current, which is most likely due to the deposition of more
K5{V12} clusters and possibly additional reduction of the
plated material.

Upon further decreasing the cathodic potential to
� 900 mV vs. Ag/Ag+, the potentiostatic pulse profile reveals
a fast decay in current response, which is assigned to a
reduced electrical conductivity of the film at this potential.
At the same time, a comparatively small oxidative current
response shows that the deposition has become mostly
irreversible, and the deposited film could not be completely
re-oxidized (stripped). These findings are consistent with
our EQCM results, which show irreversible POM electro-
deposition when the applied potential is more negative than
� 500 mV vs. Ag/Ag+. In sum, fully reversible electro-
deposition of K5{V12} is possible up to a cathodic potential of
� 500 mV vs. Ag/Ag+, while irreversible electrodeposition
occurs when more negative cathodic potentials are used. We
hypothesized that this change of behavior could be due to
chemical and/or structural changes of the deposited films at
sufficiently low potentials. Thus, the thin films were
characterized via scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDX) element map-
ping, Fourier transform infrared-attenuated total reflection
spectroscopy (FTIR-ATR), and X-ray photoelectron spec-
troscopy (XPS) to elucidate the key differences of films

which were pulse-deposited at the different reduction
potentials (� 250 mV, � 500 mV and � 900 mV vs. Ag/Ag+).

Characterization of the electrodeposited thin films

SEM images of the three films deposited at � 250 mV,
� 500 mV and � 900 mV vs. Ag/Ag+ show that uniform films
with similar morphologies are formed (Supporting Informa-
tion, Figure S4b–d). EDX element analyses (Supporting
Information, Figure S5) reveal the presence of vanadium,
potassium, oxygen, and chlorine as expected from the
K5{V12} clusters, which appear to be homogeneously dis-
tributed (Supporting Information, Figure S4b–d). To deter-
mine the film thickness and roughness (arithmetic mean
height, Sa), atomic force microscopy (AFM) measurements
were performed in acetonitrile for the three pulse-deposited
films (at � 250 mV, � 500 mV and � 900 mV vs. Ag/Ag+).
Figure 4a–c shows the topography images of the films, where
defined areas of the films were partially removed to
determine the film height. Especially, the deposition at
� 250 mV vs. Ag/Ag+ resulted in uniform coatings with
roughness values (Sa) of 9�2 nm (n=5, areas of 625 μm2

were evaluated), whereas films deposited at more negative
potentials (� 500 and � 900 mV vs. Ag/Ag+) appear less
uniform (Sa=45�13 nm and 32�19 nm; n=4 and 5,
respectively, areas of 625 μm2 were evaluated). Extracted
line profiles (Figure 4d–f) obtained from the topography
images (marked with dotted lines in Figure 4a–c) show film
thicknesses of 73�27 nm (� 250 mV vs. Ag/Ag+), 71�
27 nm (� 500 mV vs. Ag/Ag+) and 37�18 nm (� 900 mV vs.
Ag/Ag+) (n=30, profiles from three different areas were
evaluated, respectively).

The reduced thickness of the film deposited at � 900 mV
vs. Ag/Ag+ might be attributed to the formation of a film
that effectively blocks electron transfer and with that further

Figure 4. AFM topography images of K5{V12} films deposited on glassy carbon via PED at a) � 250 mV, b) � 500 mV and c) � 900 mV vs. Ag/Ag+;
images were recorded in contact mode in acetonitrile. Corresponding line scans (d–f ) extracted from the topography images at the position marked
by the dotted lines; dotted black lines represent average film thicknesses with standard deviations depicted as gray area (n=30 profiles).
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deposition which is in line with the EQCM measurements.
In addition, this deviating behavior compared to the other
films implies a structural change of the film, which may
attribute to changes in film morphology.

We also conducted FTIR-ATR spectroscopy studies to
get further insights into structural integrity and possible
structural changes of the K5{V12}-based films. For the films
deposited at � 250 mV and � 500 mV vs. Ag/Ag+, a shift of
the characteristic V� O� V (820 cm� 1, 767 cm� 1, 686 cm� 1 and
633 cm� 1)[24] and V=O (988 cm� 1)[24b] bands towards lower
wavenumbers (by ~20 cm� 1) and a slight shoulder, which
may originate from a peak splitting due to the further
reduction of the film was observed when compared with the
non-reduced, native K5{V12} cluster (Supporting Informa-
tion, Figure S6). The presence of only minor changes
suggests that the {V12} molecular structure is retained, while
the cluster environment (i.e., K+ ions bound to the cluster)
might be arranged in a different fashion compared to the
native compound. The IR spectra of the film deposited at
� 900 mV vs. Ag/Ag+ show minute differences compared to
the films deposited at more positive potentials; peak shifting
is less pronounced (~10 cm� 1 towards lower wave numbers),
while the splitting of the 988 cm� 1 band still occurs. Also,
new bands at 1033 cm� 1 and 736 cm� 1 were observed, the
one at 736 cm� 1 might indicate further structural changes of
the deposited species, while the one at 1033 cm� 1 might
indicate deposition of new vanadium oxide species that
could be one reason for the observed irreversibility of the
electrodeposition.

Additionally, UV/Vis spectroscopy was used to probe
spectral changes before and after deposition of K5{V12}. To
this end, a film deposited on a glassy carbon electrode at
� 250 mV vs. Ag/Ag+ was transferred to a fresh electrolyte
containing 0.1 M KPF6 (to avoid cation exchange with
nBu4N

+). The film was stripped using a pulsed potential of
500 mV vs. Ag/Ag+ (applied for a period of total 20 mi-
nutes) resulting in re-oxidation and dissolution of the film.
UV/Vis spectroscopy of the electrolyte with the stripped
sample (Supporting Information, Figure S7) shows that the
characteristic absorption signals of the native K5{V12} are
present in solution. This indicates that the structural
integrity of K5{V12} is retained during deposition and
subsequent stripping. Also, no intervalence charge transfer
bands in the Vis region were observed, indicating the
complete re-oxidation of the cluster to all VV species.[11d,21]

We further studied the films by using XPS to gain
insights into the elemental composition and metal oxidation
states in the deposited K5{V12} films. Survey XPS spectra of
the films deposited at � 250 mV, � 500 mV and � 900 mV vs.
Ag/Ag+ show peaks corresponding to V, K, O, Cl, C as
major components (see Supporting Information, Fig-
ure S8a). Moreover, small peaks corresponding to N and F
present in the spectra originate from residual electrolyte and
solvent from the electrodeposition process. XPS data for the
native K5{V12} cluster revealed the exclusive presence of V

V

centers (see Supporting Information, Figure S8b). In con-
trast, the films electrodeposited at � 250 mV and � 500 mV
vs. Ag/Ag+ showed a sharp signal in the V2p3/2 region at
binding energies of ~517 eV (assigned to V5+),[25] as well as

weak signals at ~516 eV (indicative of V4+),[26] which
confirms the reduction of the cluster during the electro-
deposition (Supporting Information, Figure S8c–e). For the
films deposited at � 250 mV vs. Ag/Ag+, the V:K atomic
ratio is 1 :0.72, indicating that each {V12} cluster interacts on
average with ca. 8.6 K+ cations and resulting in an average
reduction degree of 3.6 electrons per {V12} (as the native
compound features five K+ per {V12}). The estimated V

4+

:V5+ ratio from the curve data fitting of the V2p3/2 is 0.3 : 1
indicating that the {V12} cluster is reduced on average by
3.6 electrons. The film deposited at � 500 mV vs. Ag/Ag+

showed a slightly higher V:K atomic ratio (1 :0.78), corre-
sponding to 9.4 K+ ion per {V12}, and a reduction degree of
4.4 electrons per {V12}) and V4+ :V5+ ratio (0.4 : 1), which
corresponds to a reduction degree of 4.8 electrons per {V12}.
These data are in excellent agreement with the EQCM
results, which show that the film is further reduced following
electrodeposition. The XPS data for the film deposited at
� 900 mV vs. Ag/Ag+ shows the largest K+ content (V:K,
1 :0.97, corresponding to 11.6 K+ per {V12}, and a reduction
degree of 6.6 electrons per {V12}), which is also in line with
our EQCM results, indicating further reduction processes at
this potential. Surprisingly, the film deposited at � 900 mV
vs. Ag/Ag+ shows the lowest V4+ to V5+ ratio (0.18 :1).
While current work focuses on the reversible plating and
stripping of the molecular vanadium oxides, future research
will also continue to study the structure of the irreversibly
deposited films.

Proof-of-concept: K5{V12} films as potential battery electrode
material

To assess the storage capacity of the deposited K5{V12} films
as active cathode material in a prototype potassium-ion
battery (PIB), the films deposited at � 250 mV, � 500 mV
and � 900 mV vs. Ag/Ag+ on carbon-coated Al-foil sub-
strates were tested via galvanostatic charge/discharge cycling
in a voltage range between 1.5–3.8 V vs. K/K+ at 50 mAg� 1.
The film deposited at � 250 mV vs. Ag/Ag+ delivered an
initial discharge capacity of 55 mAhg� 1 (Figure 5a) which
corresponds to the storage of 3.06 e� per K8.64[V12O32Cl] (all
sum formulas are derived from XPS data) according to the
following equation:

Q ¼ ðnFÞ=ð3:6 MWÞ ¼ ðn � 26,800Þ=MW

where Q is the reversible charge/discharge capacity, n is the
number of electrons transferred, Mw is the molecular weight
and F is the Faraday constant.

The film deposited at � 500 mV vs. Ag/Ag+ shows a
slightly higher capacity of 59 mAhg� 1, which corresponds to
the storage of 3.37 e� per K9.36[V12O32Cl]. While the film
deposited at � 900 mV vs. Ag/Ag+ shows a significantly
lower capacity of ~11 mAhg� 1 (see Figure S10), which
corresponds to the storage of only 0.68 e� per K11.64-
[V12O32Cl]. This low storage capacity of the film deposited at
� 900 mV vs. Ag/Ag+ might be due to the more insulating
nature of the film, which effectively hinders electron trans-
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fer; again this behavior is in line with our EQCM measure-
ments. Similarly, Pyo and co-workers previously reported
the potassium-vanadium-based composite (KVP2O7) for
high voltage cathode for PIBs and achieved the maximum
discharge capacity of 60 mAhg� 1.[27]

All deposited films reveal a capacity fading during
cycling, which might be attributed to partial dissolution of
K5{V12} into the battery electrolyte or structural rearrange-
ments due to the intercalation/deintercalation of K+ ions in
the electrode material. Therefore, future work will focus on
advanced deposition processes, targeting stable and homo-
geneous thin films with tunable morphology and thickness
to enhance the overall capacity and address the observed
capacity fading.

Conclusion

We report here the first example of reversible electro-
deposition of molecular vanadium oxide clusters as a new

approach towards multi-electron storage. We demonstrate
that uniform films based on potassium-stabilized, reduced
{V12} clusters can be formed on electrode surfaces. Within a
given potential range, the deposition of the film is fully
reversible, so that an electrochemical electron storage and
release device can be envisaged. Mechanistic structural
studies indicated that at increasingly negative deposition
potentials (e.g., as shown here � 900 mV vs. Ag/Ag+),
structural changes of the film occur, which affects the
reversibility of the deposition process. Initial investigations
of the electron storage capacity of the deposited films as
future active cathode material in PIBs show promising
results and will hopefully foster further investigations of this
material class for electrochemical energy storage systems.
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