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1. Introduction

The electrochromic materials, whose 
optical properties (transmittance, reflec-
tance, and absorbance) reversibly change 
with transitions in polarity and intensity 
of an applied electric field,[1] show increas-
ingly broad prospects due to their huge 
commercial application potential in the 
fields of variable reflection mirrors, smart 
windows, displays, flexible wearable fabric 
and so on.[2–4] As the promising electro-
chromic material that can display both 
cathodic and anodic coloration, vanadium 
pentoxide (V2O5) has received tremendous 
research attention owing to its layered 
structure and several oxidation states (V2+ 
to V5+).[5,6] Both amorphous and crystal-
line layered V2O5 thin films enable revers-
ibly electrochemical conduction cations 
intercalation and deintercalation enjoy 
multi-electrochromic performance,[5,7] 
accompanying a reversible redox reac-

tion from V2O5 to MxV2O5 (M = Li, Na, Zn).[1,8,9] For instance, 
the nanocrystal-in-glass (nanocrystals embedded amorphous 
matrix) V2O5 thin films with large interlayer spacing can with-
stand stress caused by intercalation/deintercalation of con-
duction ions into/from the host structure, thereby avoiding 
the collapse of the host structure of the film and realizing the 
reversible insertion of lithium ions.[8,10] The interface between 
the V2O5 thin films and electrolytes has been shown to be cru-
cial in determining the electrochemical and electrochromic 
properties. While ex situ methods have yielded a great deal of 
information for understanding electrochemical lithium inter-
calation and deintercalation processes,[11–13] the operation 
dynamics of the V2O5-electrolyte system can be best revealed 
via in situ methods. Recently, various state-of-the-art in situ 
analysis methods have been utilized to uncover the structural 
changes in electrochemical interface of V2O5 electrodes such 
as in situ X-ray diffraction, in situ transmission electron micro
scopy, and in situ Raman.[9,14–16] Among them, in situ spec-
troscopic Raman detection is a powerful and sensitive tool to 
understand local structural variations of the electrode-electrolyte 
interface for the complex electrochemical interactions during 
cycling. A notable example is in situ spectroscopic Raman 
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characterization of lithium intercalation and deintercalation  
in thin film Li-ion battery electrodes to monitor the microstruc-
tural evolution of the LiVO system, which indicates fully 
reversible structural changes from the α- to δ-phase, irrevers-
ible γ-phase with the permanent bond breaking, and weakly 
crystallized ω-phase.[17] In terms of nanocrystal-in-glass V2O5 
thin films, we have proposed ex situ Raman spectroscopic anal-
ysis to identify a distinct difference of three vibrational modes 
of OVOVO, VO3 bending, and VO stretching 
between colored and bleached states in our previous work.[10] 
Although such ex situ Raman spectroscopic characterization of 
the V2O5 thin films has been widely considered, designing in 
situ strategy to uncover the dynamically structural transforma-
tion of nanocrystal-in-glass V2O5 electrode in real-time during 
its electrochemical lithium intercalation and deintercalation still 
needs to be experimentally explored further.

In this work, the Raman spectroscopy combined with cyclic vol-
tammetry (CV) method in an electrochemical cell was performed 
to probe dynamically structural transformation induced by electro-
chemical lithium intercalation and deintercalation from the V2O5 
thin films. Combining in situ Raman and UV-vis spectroscopy 
allows for the reversible structural transformation of VO, V3O, 
and VO bonds and reversible redox from V2O5 to lithium vana-
date (LixV2O5) to be identified for the multi-electrochromic V2O5 
thin films with a superior optical modulation of 75.41%.

2. Results and Discussion

To dynamically investigate ion transfers at the electrode-electro-
lyte interface, in situ Raman characterization coupled with CV 

measurements were performed in three-electrode cells. Figure 1a  
shows the schematic diagram of an in situ Raman measure-
ment system, where WE, CE, and RE refer to the working  
electrode, counter electrode, and reference electrode, respec-
tively. Figure 1c,d respectively exhibit the in situ Raman spectra 
of the V2O5 films during the negative-going and the positive-
going sweeps, which is monitored by the CV (Figure  1b) in 
0.1  M lithium perchlorate-propylene carbonate (LiClO4-PC) 
solution at the scan rate of 4 mV s–1. The potential sweep started 
from +2.0 V in a negative-going sweep and then swept back at 
−1.0  V in the positive-going sweep. As shown in Figure  1c,d, 
the broad, low-intensity Raman peaks compared to the classic 
Raman spectra of crystalline V2O5 indicate that the Raman 
response arises from the amorphous state of the V2O5 thin 
film,[18] as confirmed in a previous report.[10] The broad band 
at 300–350 cm–1 (P2) is associated with the vibration mode of 
the interchain V3–O bond.[13,19] And the broadband at 530 cm–1 
(P3) can be traced to the stretching vibration mode of the intra 
V3–O bonds in a V2O5 unit cell.[12] There are two broad peaks 
at around 223 (P1) and 800 cm–1 (P4), which are related to the 
valence changes in vanadium ions (between V3+ and V4+).[20–22] 
The peaks located at 994 cm–1 (P5) and 1090 cm–1 (P6) can be 
identified as the V–O and V–O bonds stretching vibration 
mode, respectively.[11,23]

Figure 2 gives the detailed evolution of the in situ Raman 
spectra measured at various potentials during CV process. As 
shown in Figure 2a, the intensity of broad peaks at 300–350 cm–1  
(P2) and 530 cm–1 (P3) significantly decreases in reduction pro-
cess (i-x, disappear at “v”) and then increases to the original state 
in oxidation process (x-xix, appear at “xvi”), underscoring the 
reversible alteration of V3–O bonding character and disorder 

Figure 1.  a) Schematic diagram of the in situ Raman Characterization under a three-electrode mode. b) CV curves of the V2O5 thin film in 0.1 M PC-
LiClO4 solution at the scan rate of 4 mV s–1. In situ Raman spectra of V2O5 thin film during CV process in c) negative-going and d) positive-going sweeps.
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degree in the V2O5 film during the electrochemical process, 
which can be due to the reversible intercalation/deintercalation 
of lithium ions into/from the V2O5 thin film. For Figure  2b, 
the intensity of two new broad peaks located at around 223 (P1) 
and 800 cm–1 (P4) enhances greatly in the negative-going sweep 
(i-x) and then completely disappear when the potential reaches 
the first oxidation peak (xvi) in CV process. The result can be 
attributed to the reversible redox transition of vanadium ions 
(according to the reaction equation[1]: V2O5 + xLi+ + xe ↔ LixV2O5)  
caused by the reversible insertion/extraction of lithium ions.[1,20–22]  
Figure  2c shows that the intensity of Raman spectra at  
994 cm–1 (P5) and 1090 cm–1 (P6) diminishes substantially when 
the potential tends to be more negative (i-x), which results from 
an increase of disorder within the V2O5 thin film and a fairly 
sharp weakening of the V–O and V–O bonds at deep insertion 
of lithium ions.[12] Moreover, the intensity of peaks assignment 
at 994 cm–1 (P5) and 1090 cm–1(P6) grows from the first oxidation 
peak (xvi) and recovers to the original level after the potential 
reaches the second oxidation peak (xvii) in the positive-going 
sweep during CV process, indicating the reversible extraction of 
lithium ions from the V2O5 thin film. In fact, the intercalation 
and de-intercalation of lithium ions in the V2O5 thin film can 
be further supported by the X-ray photoelectron spectra (XPS) 
results (Figure S1, Supporting Information). An estimation of 
Li1.96V2O5 (Table S2, Supporting Information) at a typical colored 
voltage (−1.0 V) is confirmed, indicating intercalation of lithium 
ions. No distinct difference of Li1s component in the V2O5 thin 
films between the typical bleached state (+2.0  V) and the as-
deposited state is observed. In other words, Li1s component with 
a content close to 0 (Table S2, Supporting Information) confirms 
that the intercalated Li ions were de-intercalated from the V2O5 
thin films driven by the positively bleached state (+2.0 V).

For further understanding of the kinetic process of lithium-
ions diffusion, the CV curves of the V2O5 thin film were tested 
at various scan rates from 2 to 10 mV s–1 in the 0.1 M LiClO4-PC 
solution. As shown in Figure 3a, all the curves exhibit a similar 
shape, revealing the reversibility of the V2O5 electrode.[24] The 
dynamic behavior of lithium ions during electrochemical pro-
cess can be further investigated according to the diffusion coef-
ficients (D) calculated by the peak current (i) and scan rate (v),[25] 
as shown in Figure 3b. Apparently, the diffusion coefficient of 
reduction peak is about 2.5 and 1.2 times larger than that of 
oxidation peak 1 and 2, respectively, suggesting that intercala-
tion is easier than deintercalation for lithium ions. The most 
plausible explanation can be concluded that the intercalation of 
lithium ions into the V2O5 thin film during the reduction pro-
cess leads to the transformation from a semiconductor (V2O5) 
to a conductor (LixV2O5),[8] and thus the V2O5 thin film in the 
reduced state exhibits faster ion transfer kinetic compared to 
the V2O5 thin film in the oxidized state.[26] Furthermore, the 
diffusive effect of lithium ions at different redox peaks can be 
characterized by the following Equation (1)[27]

i a bv= 	 (1)

where a and b (the slope of the “log v − log i” line) are param-
eters, i and v are the peak current and scan rate in CV curves, 
respectively. Commonly, the diffusion behavior and capaci-
tive behavior (pseudo-capacitance and electric double layer 
capacitance) dominate the redox process respectively when the 
b-value approaches 0.5 and 1.0.[24,28] As shown in Figure 3c, the 
value of b in reduction state is determined to be 0.63, indicating 
the coexistence of the diffusion behavior of lithium ions inter-
calation into the V2O5 thin film and the capacitive behavior.[28] 

Figure 2.  Enlarged view of the in situ Raman spectra at peak a) P2 or P3, b) P1 or P4, and c) P5 or P6 during the cycling process.
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The values of b at peak 1 and 2 during oxidation process are 
respectively calculated to be 0.39 and 0.79, revealing that the 
measured current in the first oxidation peak is primarily due to 
the diffusion of lithium ions extraction, and the ratio of capaci-
tive behavior increases at the second oxidation peak. Most of 
the lithium ions intercalated in the V2O5 thin film during the 
reduction process are extracted after the first oxidation peak. As 
mentioned above, the Raman peak intensities of the VO bonds 
return to the initial level after the first oxidation peak during 
CV process due to the extraction of the lithium ions.

In addition, the contribution of diffusion behavior to the 
total charge in the CV curve can be determined by the following 
Equation (2)[29]

1/2νν= + ×νν( )
−Q Q kc

	
(2)

where k is a parameter, Q(ν) is the total charge storage, Qc and 
k  × ν−1/2 respectively present the capacitive charge and diffu-
sion-controlled charge. And Qc is the capacitive charge when 
the scan rate (ν) tends to infinity (Figure  3d). The calculated 
result in Figure 3e indicates that the diffusion-contributed ratio 
decreased from 67% at 2  mV s−1 to 47% at 10  mV s−1, origi-
nating from the shortened diffusion time of lithium ions.[30] 
Figure 3f can be obtained by defining the relationship between 
v1/2 and i/v1/2 (Detailed calculation and figure (Figure S2,  
Supporting Information) are given in the Supporting Infor-
mation),[31] showing that 59% of the total charge storage of 
the V2O5 thin film at 4  mV s–1 is derived from the diffusion 
behavior of lithium ions.

Figure 4a illustrates a series of in situ transmittance spectra 
by applying various potentials in the wavelength range of 
300–850  nm to investigate the electrochromic performance of 
the V2O5 thin film. The bleached V2O5 thin film at +2.0 V shows 
a higher optical transmittance compared with the as-deposited 
V2O5 thin films. Compared with the as-deposited state, the V5+ 
proportion of the bleached V2O5 thin film obviously increases 
from 75.91% to 81.15%, and correspondingly V4+ decrease 
from 18.01% to 10.78% (Table S1, Supporting Information). It 
is reported that the concentration of free carriers in the film 
decreases with the increase of the proportion of high-valent 
vanadium (V5+).[32] Consequently, the film can change from 
the strong absorption characteristics of metalloids to the weak 
absorption characteristics of oxide-like films, and consequently 
the refractive index and extinction coefficient decrease.[33] Thus, 
the bleached V2O5 thin film at +2.0  V shows a higher optical 
transmittance at λ  = 800  nm compared with the as-deposited 
V2O5 thin film. The V2O5 thin film displays a superior optical 
modulation (ΔT) of 75.41% at λ  = 800  nm than V2O5-based 
thin films on ITO/PET (67.01% at 700 nm), FTO/glass (50% at 
780 nm), and ITO/glass (42.6% at 800 nm) substrates.[1,8,34] The 
outstanding optical modulation capability of the V2O5 thin films 
on ITO/Ag/AZO/PET (IAA/PET) substrate can be explained as 
follows. On one hand, the higher refractive index of IAA sand-
wich structures relative to ITO results in an excellent antireflec-
tion effect of the V2O5/IAA/PET thin films,[35] which enables 
the V2O5 thin films to obtain a transmittance of up to 93.89% 
in the bleached state. On the other hand, the deepening of the 
colored state can be attributed to the low resistance of the IAA 

Figure 3.  a) CV curves of the V2O5 thin film in 0.1 M PC-LiClO4 solution at the scan rates of 2, 4, 6, 8, and 10 mV s–1, respectively. b) the relationship 
between the peak current densities (Ip) and the square root of scan rate (v1/2) and c) power law dependence of the peak current versus the scan rate 
for theV2O5 thin film in 0.1 M PC-LiClO4 solution at oxidation (peak 1 and peak 2) and reduction states. d) Capacitive capacity. e) The contribution of 
diffusion-controlled behavior at different scan rates of the V2O5 thin film. f) Diffusion storage (blue) corresponding ratio at 4 mV s–1.
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substrate that can reduce the obstacle of lithium ions diffu-
sion at electrode-electrolyte interface, providing greater oppor-
tunities for more lithium ions intercalation into the V2O5 thin 
film. Besides, the cross-sectional image of the V2O5 thin film  
(Figure S4, Supporting Information) confirms that the V2O5 
thin film possesses a multilayered characteristic, and the 
thickness of the thin film is estimated to be ≈2.82  µm. It is 
well-known that the layered structure of the V2O5 thin films  
facilitates the intercalation of lithium ions,[10,36] and the optical 
contrast increases with increasing film thickness within a cer-
tain range of film thickness.[37,38] In fact, on the basis of the afore-
mentioned in situ Raman results, the obvious reversible trans-
formation from V2O5 to LixV2O5 caused by the intercalation and 
deintercalation of lithium ions can contribute to reversible high 
optical transmittance change of the V2O5 thin films. It is well 
known that the color change of the V2O5 thin films is caused 
by the reversible intercalation and deintercalation of lithium 
ions.[39] Also, to further understand the change of V2O5/LixV2O5 
and the electrochromic color change of the V2O5 thin film in 
the colored and bleached states, the lithium-to-vanadium (Li/V) 
atomic ratios calculated by considering the XPS peak areas 
were respectively found to be 1.96:2 for −1.0 V, 1.44:2 for −0.6 V, 
0.82:2 for −0.2 V and 0.68:2 for +0.4 V, compared with the near-
zero values of Li/V for +2.0 V and as-deposited state (Figure S5,  
Supporting Information). The values of x in various colored and 
bleached states can be summarized in Table S2, Supporting 
Information. The digital photographs of the flexible V2O5 thin 
films at different states are shown in Figure S6, Supporting 

Information. In addition, Figure 4b exhibits their enlarged CIE 
1931 chromaticity coordinates with an X range from 0.33 to 0.47 
((x, y) values are listed in Table S3, Supporting Information). 
The V2O5 thin films display multi-color changes from blackish-
green to reddish-orange due to the intercalation and deinterca-
lation of lithium ions in the voltage range of −1.0 V to +2.0 V. 
As Figure 4c shows, the colored and bleached switching times 
of the V2O5 thin film, which is stipulated the time required for 
the change in transmittance of the film to reach 90% between 
the colored and bleached states, are respectively calculated to 
be 36 s and 33 s in the in situ optical transmittance spectra at 
λ = 800 nm. In addition, the coloration efficiency (η), which is 
defined as the change in optical density (ΔOD) caused by the 
charge stored per unit area of the V2O5 thin film at a specific 
wavelength during the coloration process, can be calculated by 
the following standard Equation (3)[40]

/ log / /bleached coloredOD q T T qη ( )= ∆ = 	 (3)

where Tbleached and Tcolored respectively denote the transmittance 
of the V2O5 thin film in bleached and colored states. The value 
of coloration efficiency of the V2O5 thin film is estimated to be 
17.95 cm2 C−1 at 800 nm, as shown in Figure 4d.

As revealed in Figure 5, the electrochemical impedance spec-
troscopy (EIS) was carried out to investigate the electrochem-
ical behavior and interfacial properties of the V2O5 thin film 
at different potentials with a signal amplitude of 10  mV over 
a frequency range of 100 mHz-100 kHz. Figure 5a–c depict the 

Figure 4.  a) In situ transmittance spectrum of the V2O5 thin films at different constant potentials of +2.0 V, +1.5 V, +1.0 V, +0.2 V, −0.2 V, −0.6 V, and 
−1.0 V. b) CIE color coordinates of the V2O5 thin film under different color states. c) Switching time and in situ transmittance spectrum at λ = 800 nm 
(−1.0 V/+2.0 V, 100 s per cycle). d) Variation of the optical density (ΔOD) and charge density (Q) at λ = 800 nm.
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Nyquist plots of the V2O5 thin film in the potential region −1.0 
to +2.0 V. A semicircle part related to the charge transfer and 
an inclined line correlated with ions diffusion constitute the 
Nyquist plot.[41] The inset in Figure 5b presents the equivalent 
circuit used to fit the EIS spectra,[42] and detailed fit data are 
given in Table S4, Supporting Information The Warburg imped-
ance, W, reflects the diffusion kinetics of lithium ions in the 
V2O5 thin films.[43] Rct is the interfacial charge transfer resist-
ance at the electrode-electrolyte interface, which can be defined 
as the semicircle diameter at high frequency of the Nyquist 
plots.[43] The electrolyte resistance (Rs) can be obtained from the 
intersection of the spectra with the real axis at high frequency 
of the Nyquist plots.[43,44] Figure 5d shows the variation of the 
fitted values of Rct at different potentials. It is worth noting that 
the values of Rct at negative bias voltages are much lower than 
that in forward bias voltages, from 76.97 to 7648 Ω, as listed in 
Table S4, Supporting Information. While the linear slopes in the 
low-frequency region negatively correlated with semi-infinite  
Warburg diffusion processes show the opposite variation 
trend.[1] As analysis of the in situ Raman above, under nega-
tive bias voltages, the intercalation of a large amount of lithium 
ions into the V2O5 thin film changes its VO bonding character-
istic, resulting in the transformation of the V2O5 thin film from 
the semiconductor (V2O5) to the conductor (LixV2O5).[8] And 
the improvement of conductivity of the V2O5 thin film acceler-
ates the migration of lithium-ion at electrode-electrolyte inter-
face,[26,42,45] which is consistent with the above analysis of the 
diffusion coefficient (D) of lithium ions. Besides, the value of 
Rct is greatly decreased with the increase of forward or negative 

bias potential, indicating that the electrochemical reaction pro-
ceeds more easily at high voltage.[46]

3. Conclusions

In summary, we develop and apply in situ spectroscopic 
methods combined with electrochemical techniques to relate 
the structure and performance evolution of the V2O5 thin 
films on the ITO/Ag/AZO/PET substrates to the behavior 
of lithium-ion intercalation and deintercalation. The in situ 
Raman spectroscopy and electrochemistry tests suggest that 
the reversible insertion/extraction of lithium ions can lead 
to the reversible transformation of the V2O5 thin films from 
V2O5 to LixV2O5. Furthermore, the vibrational modes of V–O, 
V3–O, and V–O bonds can be Raman active and silent revers-
ibly induced by the reversible insertion/extraction of lithium 
ions. The optical transmittance spectra combining with direct 
in situ Raman evidences demonstrate that the multi-color 
electrochromic characteristic with a superior optical modu-
lation of 75.41% can be benefited from both the reversible 
V2O5/LixV2O5 transformation and the reversible evolution of 
VO bonding characteristic. On the basis of the further elec-
trochemical analyses and in situ Raman results, it is uncov-
ered that the intercalation of lithium ions can convert the 
V2O5 thin films from a semiconductor (V2O5) to a conductor 
(LixV2O5), which facilitates the migration of lithium ions. 
This work deploys and provides a unique and more granular 
investigation approach for revealing the ion transfer kinetics 

Figure 5.  a,b, c) Nyquist plots of the V2O5 thin film at various constant potentials, the insets show the enlarged Nyquist plots in the high-frequency 
region (a and c) and equivalent circuit model (b), respectively. d) The fitted results of interfacial charge transfer resistance (Rs).
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at electrochemical interface and the evolution of thin film per-
formance with ion migration.

4. Experimental Section
Synthesis: The V2O5 thin films were prepared by two-electrode 

electrochemical deposition. The ITO (40  nm)/Ag (10  nm)/AZO 
(40  nm)/PET transparent flexible substrate was used as the working 
electrode and a platinum sheet was used as the counter electrode. 
The transmittance and sheet resistance of the ITO/Ag/AZO (IAA) thin 
film electrode are about 83% (at 550  nm) and 15 Ω sq−1, respectively. 
Details of the experimental procedure have been reported elsewhere.[10] 
After electrodeposition, the absolute ethyl alcohol was used to rinse the 
loosely bounded particles on the surface of the V2O5 thin films. Finally, 
the samples were dried at 60 °C for 12 h in air.

Measurements: In situ Raman spectra were measured with a Renishaw 
inVia Reflex confocal microscopy Raman system (532 nm laser source) 
and an electrochemical workstation (CHI660D, Chen Hua Shanghai), 
where the Raman spectra were recorded one by one during a CV process 
(4 mV s–1) in the potential range from −1.0 V to +2.0 V and were captured 
every 15  s. The chemical states and elements were analyzed by X-ray 
photoelectron spectra (XPS) (AXIS UTLTRA DLD). The morphological 
characteristic of the thin film was characterized by the field emission 
scanning electron microscope (FESEM, S4800). In situ optical 
spectroscopy measurements were performed using electrochemical 
workstation (CHI660D, Chen Hua Shanghai) and UV-vis spectroscopy 
(Perkin–Elmer Lambda 950). The electrochemical property experiments 
of V2O5 film were tested with an electrochemical workstation (CHI660D, 
Chen Hua Shanghai). CV measurements of the V2O5 thin films were 
carried out by a standard three-electrode system, where a platinum 
sheet served as the counter electrode, KCl saturated Hg/HgCl2 as the 
reference electrode, and 0.1  M LiClO4-PC solution as the electrolyte. 
The EIS were measured by utilizing an electrochemical workstation 
(Zennium, IM6) over a frequency range of 100 mHz–100 kHz.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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