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Annika Buchheit,* [a] Britta Teßmer, [b] Marina Muñoz-Castro, [c] Hartmut Bracht, [c] and Hans-Dieter 

Wiemhöfer * [a], [d] 

 

Abstract: This work examines the proton intercalation in vanadium 

pentoxide (V2O5) thin films and its optical properties in the near-

infrared (near-IR) region. Samples were prepared via direct current 

magnetron sputter deposition and cyclic voltammetry was used to 

characterize the insertion and extraction behavior of protons in V2O5 

in a trifluoroacetic acid containing electrolyte. With the same setup 

chronopotentiometry was done to intercalate a well-defined amount of 

protons in the HxV2O5 system in the range of x = 0 and x = 1. These 

films were characterized with optical reflectometry in the near-IR 

region (between 700 and 1700 nm wavelength) and the refractive 

index n and extinction coefficient k were determined using CAUCHY’s 

dispersion model. The results show that a clear correlation between 

proton concentration and n and k is evident. 

Introduction 

Nowadays there is a high demand for materials with well-defined, 

tunable optical properties to realize new optical modulation 

devices, e. g. optoelectronic switches and phase or intensity 

modulators [1,2] as optical data processing is getting more and 

more important for communication and information technologies. 

Silicon photonic integrated circuits (PICs) are getting more and 

more important in this field in which the near-IR region is of great 

interest[3]. Recently, self-holding optical actuators for silicon 

photonic waveguides have been proposed, these activators can 

maintain the switching state without a constant supply of energy. 

Different types of materials have been exploited which comprise 

phase change[1], insulator−metal phase transition[4], memristor-

like plasmonic structure[5] and electrochromic materials[6]. 

Electrochromic materials are able to reversibly change their 

optical properties, i.e. refractive index and absorption coefficient 

by inserting charge which causes redox reactions in the material[7]. 

Intercalation is commonly done using lithium cations or protons 

since excellent reversible coloration of the materials in the visible 

range can be effected with these ions. Some well-known 

electrochromic oxides for the visible range are tungsten trioxide 

(WO3)
[8,9], niobium pentoxide (Nb2O5)

[10], molybdenum trioxide 

(MoO3)
[11] and vanadium pentoxide (V2O5)

[12,13,14]. 

V2O5 has been used in a broad field of different applications, for 

example as catalysts in oxidation reactions[15], in sensors as gas 

sensing material[16], as insertion electrodes for lithium ion 

batteries[17] and as already mentioned above for smart window 

applications as electrochromic material. There, the 

electrochromic effect has only been studied with lithium 

intercalation and in the visible range of the electromagnetic 

spectrum. In previous works we examined the electrochromic 

properties of lithiated V2O5 in the near-infrared (near-IR) region[18]. 

Nevertheless, there is only few information available regarding 

insertion of protons. WRUCK et al.[14] and OTTAVIANO et al.[13] 

describe that the insertion of a proton is possible in V2O5 and that 

it is similar to Li+-intercalation but they only give details about the 

lithiation. 

In 1998, a solid-state proton battery was introduced by PANDEY et 

al.[19] where vanadium pentoxide was used as cathode material 

within a mixture of carbon and lead dioxide. Therefore, it is 

already known that V2O5 may serve as a reversible proton 

intercalating material. 

LIU et al. presented insertion of hydrogen in the form of 

intercalated protons accompanied by excess electrons in the 

conduction band of vanadium pentoxide by treating it in a 

hydrogen containing atmosphere[20]. In their work, they 

investigated the optical properties of V2O5 in the visible range in 

dependence of the hydrogen content in the gas mixture in a 

Pd/V2O5 device. Thus, they showed that vanadium pentoxide 

irreversibly changes in a first formation cycle of insertion and 

extraction of hydrogen but then remains optically passive for the 

subsequent cycles. By electrochemical insertion of protons, V2O5 

has never been tested before as an optically active and tunable 

material. 
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In 2013, MALINI et al. presented electrochromism of thin films of 

CeVO4, a mixed oxide consisting of cerium dioxide and vanadium 

pentoxide[21]. They inserted and extracted protons 

electrochemically via hydrochloric acid containing electrolyte and 

measured the transmittance in the ultraviolet and visible range in-

situ. They showed that there is a decrease of the transmittance 

with rising H+ content, giving a clear hint that V2O5 can act as an 

electrochromic active material. 

To conclude, previous research has been focused on 

characterizing the electrochromism of vanadium pentoxide mainly 

in relation to lithiation, there is still a lack of information about the 

electrochromic properties of pure vanadium oxide with 

electrochemical proton intercalation especially in the near-IR 

region. Accordingly, it is of interest to investigate the 

electrochromic behavior as a function of concentration of 

intercalated protons.  

Therefore, we prepared vanadium pentoxide thin films via direct 

current magnetron sputter deposition and investigated in detail 

their electrochemical and electrochromic properties in the near-IR 

region in terms of proton insertion and extraction. 

Results and Discussion 

The sputtered and annealed V2O5 films all exhibit an orthorhombic 

structure well matching literature data[22]. An x-ray diffraction 

(XRD) spectrum of an as prepared V2O5 film (600 nm thickness) 

on bare silicon is presented in Figure 1. No representative reflex 

of vanadium dioxide (VO2)
[23] can be found so we conclude that 

all produced thin films consist of pure crystalline V2O5. 

Figure 1. XRD spectrum of a V2O5 thin film on a bare silicon wafer. 

 

In a next step we investigated the electrochemical performance in 
a proton containing electrolyte. Therefore, we have chosen 
trifluoroacetic acid in a solution of tetrabutylammonium 
perchlorate in propylene carbonate for the following reasons: In 
contrast to many other acid solutions, this composition does not 
dissolve the V2O5 thin film. Nevertheless, trifluoroacetic acid is a 
strong acid with a pKa-value of 0.23[24], its solubility in various 
organic solvents is excellent and in our case it is serving as proton 
source. Tetrabutylammonium perchlorate is needed as 
conducting salt to guarantee good conductivity of our electrolyte 
system, whereupon especially the cation is too big to be 
intercalated in the structure of V2O5. As solvent propylene 
carbonate was chosen, because it is a well-known solvent for 
electrolytes in lithium-ion batteries[25], exhibiting good 
electrochemical stability. 

According to OTTAVIANO et al.[13] and TONG et al.[26], in an 
electrochemical experiment the intercalation and deintercalation 
mechanism of protons in V2O5 can be described as 

While intercalating a proton, V5+ is reduced to V4+ and the proton 
should coordinate with the oxygen atom to form a hydroxyl 
species. 

Figure 2 shows a cyclic voltammetry (CV) measurement of a V2O5 
thin film (1.2 µm thickness) in the voltage range between 0.1 and 
1.3 V versus silver chloride electrode (Ag/AgCl) and a scan rate 
of 1 mV·s-1. A well-defined reduction peak and two oxidation 
peaks are observable, which indicate that at least the 
deintercalation of protons is taking place in a two-step mechanism, 
whereas a second peak in the reduction area could not be 
observed. 

Figure 2. CV of a V2O5 thin film (1.2 µm) with 0.1 molal trifluoroacetic acid and 

0.4 molal tetrabutylammonium perchlorate in propylene carbonate as electrolyte, 

Pt as counter electrode and Ag/AgCl as reference for 10 cycles. 
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Figure 3. Chronopotentiometric cycling of a V2O5 thin film (300 nm) for 40 
cycles; applied current ±0.5 µA; load capacity of H+ x = 0.05. 

The overall coulombic efficiency of the system is 89%, indicating 
that the intercalation and deintercalation process is not fully 
reversible. This assumption is supported by the fact that the peak 
current densities are decreasing with repeated cycling. Regarding 
the relatively high amount of protons intercalated (x = 0.5 
according to calculated flowed charge) in one cycle of the CV, 
reversible intercalation and deintercalation of protons could still 
be possible by focusing on smaller values of x. 

For this purpose, a 300 nm thin film of V2O5 was investigated with 
chronopotentiometry. The film was reversibly loaded with ±0.5 µA 
to a state corresponding to H0.05V2O5 and back to H0V2O5 for 
40 cycles. After a total of five formation cycles the complete 
system reacts reversible by constantly ranging between 1.15 V 
(deintercalated, x = 0) and 0.55 V (intercalated, x = 0.05) vs. 
Ag/AgCl, as shown in Figure 3. By this means, repeated cycling 
of vanadium oxide films in proton conducting electrolyte has 
proven to be fully reversible in a well-defined range of x at least 
to x = 0.05. Comparable results can also be obtained for higher 
constant currents up to 50 µA, which enables faster switching 
between different values of x (in the case of a 300 nm thick 
1x1 cm film less than one minute), making HxV2O5 a promising 
system for switches or tuning devices. Graphs of 
chronopotentiometry measurements done with higher currents 
than 0.5 µA (5 µA and 50 µA) can be found in the supplementary 
data. 

After proving the electrochemical functionality of the HxV2O5 
system, the optical behavior of the thin films was investigated as 
a function of the proton content. Therefore, chronopotentiometry 
was used with a constant current of ±0.5 µA for a well-defined 
period of time to set an accurate value of x, before and after each 
experiment the cell voltage was measured until open circuit 
potential (OCP) was reached (OCP values see table 1). Between 
every intercalation and deintercalation the cell was dismounted 
and the thin film was cleaned with ethanol. The sample was 
investigated with reflectance spectroscopy before and after the 
intercalation and additionally after the deintercalation. 

 

Table 1. OCP values of the cell with V2O5 thin film as working electrode, Pt as 

counter electrode and Ag/AgCl as reference. 

x in HxV2O5 OCP 

vs. Ag/AgCl 

0 1.20±0.12 V 

0.05 0.54±0.04 V 

0.1 0.48±0.02 V 

Figure 4. Left: Chronopotentiometry of a HxV2O5 thin film from x = 0 to x = 0.1 

and back to x = 0. Right: Reflectance measurement of the intercalated and 

deintercalated sample. Proton insertion shows a significant effect on the optical 

properties, while proton extraction allows returning to the state of x = 0. 

Figure 4 shows two chronopotentiometry graphs, one for the 
intercalation and one for deintercalation. The belonging 
reflectance graphs of the same sample with x = 0, x = 0.1 and 
deintercalated back to x = 0 are also shown in the same figure. It 
is visible that there is a definite deviation between intercalated and 
the deintercalated state. Furthermore, a very good reversibility of 
the intercalation and deintercalation process is evident since the 
reflectance spectrum after the deintercalation step matches very 
well to the spectrum measured before intercalation. This proves 
also the reversibility of the electrochemical process up to x = 0.1. 

Not only the reversibility, but also the stability or the maintaining 
of the optical properties of the intercalated state is of great 
importance for use as an optical switch. Therefore, a sample of 
H0V2O5 was intercalated to H0.1V2O5, the sample was cleaned and 
the reflectance was measured directly afterwards. Then, the 
sample was allowed to rest in ambient conditions, whereas the 
reflectance was measured after six, nine and twenty days. In 
figure 5 the reflectance curves are shown and it is observable that 
the reflectance changed a little bit between the freshly intercalated 
sample and the curve measured after six days. One reason for 
this could be the non-ideal cell-setup, as it was not possible to 
contact the whole area of the V2O5 thin film with liquid electrolyte 
without contacting directly the current collector (see also in figure 
7). It is assumed that shortly after intercalation the layer is not yet 
in total equilibrium. This is also the reason why we decided not to 
examine the time response of the thin films with additional 
chronoamperometric measurements. Nevertheless, the 
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reflectance curves after six, nine and twenty days are in good 
accordance to each other, no change in the reflectivity can be 
seen on further storage. Thus, the intercalated films are stable for 
the whole period of 20 days and are able to maintain their optical 
properties in the intercalated phase. 

Figure 5. Reflectivity spectra of a HxV2O5 thin film which was intercalated to 

x = 0.1. The sample was then stored at ambient conditions for several days. 

Figure 6. Reflectance measurement of a HxV2O5 thin film (300 nm) with different 

amounts of protons inserted. Small values of x (x = 0.02-0.08) are not shown 

due to clarity. 

Figure 7. HxV2O5 thin films (300 nm) with different amounts of protons inserted 

(from left to right: x = 0; x = 0.2 and x = 0.6). The area of sputtered V2O5 is 

approximately 1x1 cm. 

In a next step we investigated if a systematic trend in the change 
of the optical properties can be seen by varying the concentration 
of protons. For this reason, the sample was intercalated to a 
certain amount of x in several steps from x = 0 to x = 1. Between 
the intercalations the sample was always taken out of the 
electrochemical cell and the reflectance was measured. We 
discovered that there is a clear correlation between the amount of 
protons intercalated in the V2O5 thin film and the optical properties 
which can be seen in Figure 6 (for small proton concentrations, 
x = 0.02 to x = 0.08 see the supporting information). 

Overall, the reflectance decreases with increasing proton 
concentration. In addition, the maxima and minima of the 
reflectance curves are shifted to lower wavelengths on the x-axis 
indicating a change in the refractive index n value with proton 
intercalation. The intercalation and deintercalation process is 
reversible up to a proton concentration of 0.1<x<0.2. With higher 
amounts, the reflectance graph of the proton free state (x = 0) 
cannot be obtained anymore and is shifted to lower reflectance 
values (reflectance graphs are shown in the supporting 
information). Figure 7 gives an impression of the irreversible 
change of the optical properties in the visible range of the 
spectrum, showing photographs of a HxV2O5 thin film sample 
without protons and with a proton concentration of x = 0.2 and 
x = 0.6. There is a clear color change observable in the whole 
area where the sample was in direct contact with the electrolyte. 
It was impossible to reach the initial state again. In the following 
the focus is concentrated on lower amounts of x, namely in the 
range between x = 0 and x = 0.2 to stay in the reversible range of 
intercalation, which is especially interesting for optical devices. 

To determine the refractive index n and the absorption coefficient 
k of the measured samples, CAUCHY’s dispersion model was used 
according to equations (3) and (4). Figure 8 shows the CAUCHY fit 
for a reflectance measurement done on a V2O5 thin film with a 
proton concentration of x = 0.1. As can be seen the fit accuracy is 
excellent and reaches a goodness of fit value higher than 99%. 
The received graphs for the n and k values dependent on the 
wavelength are presented in the inset. It is observable that the 
values for the refractive index n are constantly decreasing in a 
wavelength range between 700 and 1700 nm while the graph of 
the absorption coefficient k exhibits a maximum at 850 nm. At 
higher wavelengths the values are also decreasing. According to 
this example of fitting all other measured reflectance graphs were 
evaluated. 

Figure 8. Reflectance data of H0.1V2O5 fitted with CAUCHY model resulting in a 

goodness of fit higher than 99%; the inlet shows the resulting n and k graphs. 
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Figure 9. n and k values of HxV2O5 films in the range of x = 0 and x = 0.2 fitted 

with CAUCHY model. 

The obtained graphs for n and k are summarized in Figure 9, 
where it can be seen that there are just results for samples with 
an amount of intercalated protons between x = 0 and x = 0.2. 
Beyond that no additional values for n and k could be obtained. It 
is noticeable that the limit of reversibility was determined between 
0.1<x<0.2 and the reflectance curves can only be fitted up to 
x = 0.2, whereas the goodness of fit is dramatically decreased for 
x = 0.2. The shape of the obtained curves of n and k in 
dependence of the wavelength is comparable for all values of x 
and a clear trend can be observed. The n curves are decreasing 
with increasing wavelengths. A maximum for k is observable 
before the values are also decreasing with increasing wavelength 
for all obtained data curves of different intercalated amounts of x. 
In general, the refractive index n is decreasing with higher 
amounts of x incorporated in the structure of V2O5 and the 
absorption coefficient k is increased. 

This trend can be seen more clearly by plotting the n and k values 
against the x values of HxV2O5 for different wavelengths (cf. 
Figure 10). There, a nearly linear behavior of both n and k is 
clearly visible. For comparison with literature values of e.g. 
lithiated V2O5, it is helpful to determine ∆n/∆x and ∆k/∆x at a 
distinguished wavelength. According to [18] ∆n/∆x is -1 and ∆k/∆x 
is 1.43 for LixV2O5 at a wavelength of 1550 nm. For our 
investigated system HxV2O5 ∆n/∆x is round about -0.93 and ∆k/∆x 
round about 0.15 at the same wavelength. Comparing both 
systems, the change in n is a little bit lower for HxV2O5, but in the 

same order of magnitude, whereas the change in k is smaller for 
HxV2O5. 

Conclusions 

V2O5 thin films were successfully prepared with dc magnetron 
sputter deposition and following annealing. It has been proven 
that V2O5 is an excellent material for electrochemical proton 
intercalation and that the system HxV2O5 can be used as an 
electrochromic cathodic material in the near-IR region. The 
reflectivity and therefore the n and k values of the material can be 
influenced systematically with proton insertion. The behavior of 
HxV2O5 is comparable with LixV2O5

[18] although the absolute 
change of the optical constants, especially the absorption 
coefficient k, is smaller with proton intercalation than with lithiation. 
However, one advantage over LixV2O5 is that it is easier to handle 
in non-inert environments, as there is no need for moisture-
sensitive materials like metallic lithium. To conclude, HxV2O5 is a 
material which is excellent for use in future optical devices. 

Figure 10. n and k values in dependence of proton concentration in HxV2O5 for 

different wavelengths relevant for telecommunication purposes. 
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Experimental Section 

Thin Film Preparation 

V2O5 thin films were prepared by dc magnetron sputter deposition. A two-

inch vanadium metal target (HMW Hauner, 99.95% purity) was used with 

additional oxygen as the reactive gas component. Polished silicon (111) 

wafers with a 100 nm sputtered platinum layer were used as substrates. 

Before the deposition of V2O5, the sputter chamber (Bestec) was 

evacuated to a base pressure of 10-8 mbar and the vanadium metal target 

was pre-sputtered in argon for 60 s to get rid of possible impurities on the 

target surface. Afterwards the Ar / O2 ratio was fixed to 40% oxygen 

content and the total working pressure was set to 5·10-3 mbar. For the 

deposition of V2O5, a dc sputtering power of 2.4 W·cm-2 was used. These 

parameters resulted in a sputter rate of 1.5 nm·min-1 of V2O5. After 

sputtering, the obtained V2O5 thin films were annealed at 250 °C for 24 h 

to ensure crystalline structure. Verifying structure and stoichiometry, XRD 

measurements were done using a D5000 X-ray diffractometer (Siemens) 

in θ/2θ configuration with Cu Kα radiation and an angular resolution of 

0.05 °·s-1. To determine the thickness of the samples, a Dektak XT stylus 

profilometer (Bruker) was used. 

Electrochemical Measurements 

Cyclic voltammetry (CV) and chronopotentiometry measurements were 

performed to investigate the electrochemical behavior of the V2O5 thin 

films and the insertion / extraction properties of H+ in V2O5 layers in a 

proton containing electrolyte. Therefore, a standard three-electrode-setup 

was used consisting of the V2O5 sample as working electrode (the Pt layer 

underneath served as current collector) and a Pt foil (chempur, 99.9% 

purity) as counter electrode. As reference an Ag/AgCl reference electrode 

(EDAQ ET072) was used. Thus, all potentials in this paper are given 

versus Ag/AgCl. A solution of 0.1 mol·kg-1 trifluoroacetic acid (Acros 

Organics, 99.0% purity) and 0.4 mol·kg-1 tetrabutylammonium perchlorate 

(Sigma Aldrich, 98.0% purity) in propylene carbonate (Merck SelectiLyte®, 

99.9% purity) served as electrolyte, slightly modified after DINI et al[8]. All 

electrochemical experiments were carried out with an Autolab 

PGSTAT302N (Metrohm) potentiostat at room temperature. For the 

chronopotentiometric measurements, a constant electric current of 

±0.5 µA was applied to the samples to be examined, whereupon the 

amount of intercalated protons x is correlated with the inserted charge Q 

according to 𝒙 =
𝑸∙𝑴

𝒆∙𝝆∙𝑨∙𝒅∙𝑵𝑨
 (1), being M the molar mass, e the elementary 

charge, ρ the density of V2O5, d the thickness and A the area of the film 

and NA the Avogadro constant. 

Optical Characterization 

Optical properties of the protonated and deprotonated V2O5 thin films were 

determined using a F40-EXR reflectance spectrometer (Filmetrics) within 

a wavelength range between 400 and 1700 nm. A tungsten halogen lamp 

served as light source, whereby a beam of the light was focused on the 

sample surface with a spot size of 289 µm2. For determination of the 

complex refractive index 𝒏′(𝛌) = 𝒏(𝛌) + 𝒊 ∙ 𝒌(𝛌) (2). CAUCHY’s dispersion 

model was used according to 𝒏(𝛌) = 𝑨𝐧 +
𝑩𝐧

𝛌𝟐
+

𝑪𝐧

𝛌𝟒
 (3) and 𝒌(𝛌) = 𝑨𝐤 +

𝑩𝐤

𝛌𝟐
+

𝑪𝐤

𝛌𝟒
 (4) whereas n is the real part (refractive index), k is the imaginary 

part (absorption coefficient) of the complex refractive index. A, B, and C 

are the CAUCHY parameters and λ the wavelength. 
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