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The effect of interfacial layer (SnOx) on the performance of the complementary electrochromic devices
(ECDs) was examined, revealing that the SnOx/WO3 bilayer cathodes could enhance the electrochromic
performance, such as a superior long-term cycling stability over 10,000 cycles, a high coloration effi-
ciency of 101.61 cm? C ! and a maximum transmittance modulation of 49.27%@633 nm. Moreover,
compared with the single layer W03, the SnOx/WO3 bilayer exhibited improved electrochemical activities
and reaction kinetics. The probable explanation is that the introduced interfacial layer can boost the
double injection of ions and electrons, balance the transport of ions and electrons, and protect the
electrode from degradation by serving as a buffer layer during coloration/bleaching cycles. These results
further provide a valuable insight for improving the electrochromic properties of the films instead of
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relying on conventional methods such as nanostructural or compositional control.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

The interface between nanocrystalline/nanoporous electro-
chromic (EC) materials and electrolytes is crucial in determining
the electrochemical and EC properties [1]. The uniqueness of
nanocrystalline/nanoporous EC materials, different from the con-
ventional dense materials, lies in the large proportion of atoms
located at the interfaces [2]. The nanocrystals embedded in an
amorphous matrix, as a group of multibasic oxide, have attracted
much research interest in recent years [3]. Especially for
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electrochromic applications, this kind of material has the resistance
to the volume change induced by the ion insertion/extraction. A
notable example is that the electrochromic performance of undo-
ped niobium oxide (NbOx) can be greatly improved by introducing
tin-doped indium oxide (ITO) nanocrystals into amorphous NbOy
[3]. The intrinsic properties make nanocrystal-in-glass transition
metal oxides (TMO) material an ideal candidate for EC applications
[4]. The electrochromic and electrochemical properties of such
nanocomposites stem from the reversible redox reactions at the
interface between electrochromic materials and electrolytes, which
becomes especially crucial in double injection/extraction of ions
and electrons in response to the applied voltages [5]. In our pre-
vious work [6], the electrochromic mechanism for nanocrystal-in-
glass WOj3 thin film in various electrolytes has been clarified.
Also, the EC performance of amorphous WOs film can be enhanced
by using the well-dispersed antimony-doped tin oxide nano-
particles [7]. In addition to the fabrication of single layer EC thin

2468-2179/© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zhanghl@nimte.ac.cn
mailto:h_cao@nimte.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsamd.2021.06.001&domain=pdf
www.sciencedirect.com/science/journal/24682179
http://www.elsevier.com/locate/jsamd
https://doi.org/10.1016/j.jsamd.2021.06.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jsamd.2021.06.001
https://doi.org/10.1016/j.jsamd.2021.06.001

K. Wang, D. Qiu, H. Zhang et al.

film, considerable efforts have been undertaken to develop the
bilayer thin film with the interfacial layer involved. For instance [8],
Tap0s5 thin films can play a critical role as a barrier layer for the EC
tungsten oxide (WO3) thin film to prevent the dissolution in acidic
electrolyte. Another example is that the cycle life of the WO3 in
aqueous Li T -based electrolytes is dramatically enhanced by the
self-assembly of a protective layer on W03 [9]. A lot of interfacial
materials have been explored, such as LigTi5013 [10], TiO, [11], SnO,
[12], and so on. Among them, SnO; is relevant owing to its high
conductivity. For example, SnO/WOs3 core—shell nanorods or
nanowires were used in lithium-ion batteries to boost the perfor-
mance [13]. In terms of electrochromism, to the best of our
knowledge, SnOx has not been acted as the interfacial layer and the
understanding of the function of the SnOy interfacial layer is very
limited.

Herein, highly nanoporous nanocrystal-in-glass WO3 cathodes
with or without the SnOy interfacial layer are used to make com-
plementary WO3—NiO electrochromic devices. The main aim of the
present study is to obtain a general understanding of the origins of
the boosting charge-transfer kinetics and cyclic properties via SnOx
interfacial layer.

2. Experimental

2.1. Preparation of thin films and assembly of electrochromic
devices

The WOs thin films were deposited on the ITO-coated glass at a
substrate temperature of 200 °C by electron beam evaporation
technique (MUE-ECO made in ULVAC, Japan). The background
pressure was reduced to less than 2.00 x 1073 pa. Several pure W03
particles with a diameter of ~3 mm in a tungsten crucible were
bombarded by an electron beam of 10 kV in the vacuum of
2.00 x 1073 pa. The deposition rate and thickness of thin films were
0.10 nm/s and 450 nm, respectively. Subsequently, the SnOy ultra-
thin layers (thickness: ~5 nm determined by a quartz-crystal
film-thickness monitor, background pressure: 2.00 x 107> pa)
were in situ grown on the WOs thin films via several SnO, particles,
which ensures the high-quality contact and the excellent adher-
ence between SnOyx and WOs. Similarly, the NiO thin films were
deposited on the ITO-coated glass at room temperature by electron
beam evaporation technique from several NiO particles (deposition
rate and thickness of thin films were 0.10 nm/s and 200 nm in the
vacuum of 2.00 x 1073 pa). The as-deposited NiO thin films were
annealed in air at the temperature of 300 °C for 1 h, and then cooled
down naturally. The complementary ECDs with ITO/WO3/SnOx/Li*-
based electrolyte/NiO/ITO and ITO/WO3/Li*-based electrolyte/NiO/
ITO configurations were assembled by placing Li*-based electro-
lytes (0.10 M LiClO4 dissolved into propylene carbonate) between
two films in the vacuum filling process, similar to the previous
report [14].

2.2. Characterization

The structure and morphology were analyzed by X-ray diffrac-
tion (XRD, Bruker D8 Advance using Cu-Ko (A = 0.154178 nm) ra-
diation and a theta-2theta configuration), X-ray photoelectron
spectra (XPS) (AXIS UTLTRA DLD) using Al Ko (1486.6 eV) radiation
as an X-ray source with a voltage of 15 kV and a power of 120 W at a
pressure of ~5 x 1072 Torr, and high-resolution transmission
electron microscopy (HRTEM, JEOL2100) and field-emission scan-
ning electron microscopy (FESEM, S4800). In situ transmittance
spectra were obtained via UV-VIS-IR spectroscopy (Perkin—Elmer
Lambda 950) and electrochemical workstation (CHI660D, Chenhua,
Shanghai). Electrochemical measurements were conducted in a
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three-electrode cell. A platinum sheet and KCl saturated Hg/HgCl,
were used as counter electrode and reference electrode, respec-
tively. 0.10 M LiClO4 dissolved into propylene carbonate (PC) was
employed as an electrolyte of the ECDs. The chronoamperometry,
chronocoulometry and cyclic voltammetry measurements were
performed by applying voltage between —1.00 V and +1.00 V. The
electrochemical impedance spectra (EIS) were measured on an
electrochemical workstation (Zennium, IM6) with AC voltage
amplitude of 100 mV in the frequency range from 100 mHz to
100 kHz.

3. Results and discussion
3.1. Electrochromic performance of the complementary devices

Fig. 1a and b respectively show the ex-situ and in-situ optical
transmittance spectra of the fabricated devices with or without
using the SnOy interfacial layer. The maximal transmittance mod-
ulation (AT, coloration/bleaching at 633 nm) is estimated to be
35.00% and 49.27% for the ECD without and with the SnOy inter-
facial layer, respectively. Moreover, AT determined by in-situ opti-
cal transmittance spectra at a —1.50 V/+1.60 V voltage for 45 s/45 s
is obtained to be 47.80% and 41.60% for the ECD without and with
the SnOy interfacial layer, respectively. The colored/bleached
response time (the time required to reach 90% of the transmittance
change between bleached and colored state [15]) is estimated to be
respectively about 33 s/6 s and 17/6 s for the ECDs without and with
the SnOy interfacial layer (Figure S1d), indicating that higher
transmittance modulation and the faster colored response are
ascribed to the addition of SnOy interfacial layer. Generally
speaking, the shorter response time is partly dependent on the
higher concentration of the cation ions [16]. Therefore, it is
reasonable that the response time for 0.1 M Li"-based electrolyte is
lower than that of 0.5 M or 1.0 M Li*-based electrolyte reported
previously [17]. Coloration efficiency (n) of the ECD using SnOx
interfacial layer is 101.61 cm? C~!, better than that (65.11 cm? C1)
of the counterpart (Fig. 1¢ and Figure S1a), also higher than the
previous report (90 cm? C~1) [18]. The device with the SnOy layer
exhibits good stability, as reflected by the almost coincident CV
curves in the potential region from —1.50 V to +1.60 V at a scan rate
of 50 mV/s within 100 cycles (Fig. 1d). Figure S1b and Fig. 1le
respectively presents a series of relatively symmetrical galvano-
static charge/discharge curves for the devices with and without the
SnOy interfacial layer at various current densities ranging from
0.10 mA cm~2 to 0.18 mA cm™2, suggesting that the reversible redox
reaction is involved [19]. The capacitance retention ratio after
10,000 cycles is respective to be 124.03% and 103.57% for the ECDs
without and with the SnOy interfacial layer, as illustrated in Fig. 1f.
Specifically, the cyclic retention of more than 100% can be attrib-
uted to a continuous activation at the active interface [20]. The
substantial increase of capacitance retention ratio for the ECDs
without the interfacial layer is probably due to more contact of WO3
with the electrolyte [21]. Moreover, the optical modulation for the
ECDs with the SnOyx interfacial layer is enhanced from the initial
49.27% (at A = 633 nm) to 54.85% at the 10000th cycle (Figure S1c).
The improved optical modulation can be due to the increased
charge density exchange of NiO thin films with continuous cycles,
which leads to more nickel atoms involved in the electrochromic
reaction, as reported previously [22,23]. The optical contrast
retention after 10,000 cycles is calculated to be 111.33% for the ECDs
with the SnOy interfacial layer, which is corresponding with the
capacitance retention. In comparison, the usage of SnOy layer is
believed to have the protective effect on the WOs thin films. The
dissimilar EC performance and cyclic properties indicate that SnOy
interfacial layer controls charge-transfer kinetics and intercalation/
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Fig. 1. (a) Ex situ transmittance spectra and (b) in situ time-dependent optical transmittance spectra at Ag33 nm 0of the WO3—NiO ECD and WO3/SnO,-NiO ECD. (c) Plots of in situ
optical density variation as a function of charge density at Ag33 nm, (d) cyclic voltammograms and (e) GCD curves for the complementary WO3/SnOx-NiO ECD. (f) Cyclic performance

for the WO3—NiO ECD and WO3/SnOx-NiO ECD.

deintercalation processes, which subsequently affects the electro-
chemical activities. To support our anticipation, the electrochromic
and electrochemical performance of WO3 and SnOx/WOj3 cathodes
in Li * -based electrolyte will be discussed in the following.

3.2. XPS of the thin films

In order to investigate the chemical state evolution of the SnOy,
the valence states of Sn are quantitatively analyzed via XPS spectra.
High-resolution spectra of Sn in the WO3/SnOy electrode are given
in Fig. 2a and b, corresponding to the colored and bleached state,
respectively. The Sn 3d signal (Fig. 2a) is consisted of three com-
ponents of 485.17, 486.95 and 487.01 eV, which could be ascribed to
Sn(0), Sn(1l), and Sn(IV) respectively. The ratio of Sn°/Sn?*/Sn** is
calculated to be 1.12%/77.86%/21.02%, confirming the formation of
metallic Sn and SnO by reducing a part of SnO5, as stated previously
[24]. In the bleached state, the Sn 3d signal has two components
centered at 485.08 and 487.01 eV, corresponding to Sn(0) and
Sn(IV), respectively. The concentration ratio of Sn® and Sn** is
respective to be 4.33% and 95.67%, indicating that more metallic Sn
component is formed in the bleaching process [25]:
Sn + xLiT + xe™ < LixSn

(1)

@)

colored
SnO;

Intensity (a.u.)

496 492 488 484
Binding energy (eV)

500

which contributes to the reversibility of the ECDs.

3.3. Electrochemical performance of the thin films

The cyclic voltammetry curves determined by the electro-
chemical measurements in the three-electrode system for the W03
thin film are shown in Fig. 3a. It can be seen that the peak values are
increased accordingly with the scan rate. For the sake of better
conductivity of SnOy, the peak value at the same scan rate of the
WOs thin film with the interfacial layer is larger than that of the
counterpart. The switching speed of electrochromic devices is
essentially dependent on the ion diffusion coefficient and ion
diffusion distance [26]. As illustrated in Fig. 3b, the diffusion coef-
ficient (D, the calculation is described in the Supplementary
Material S3) is respective to be 940 x 107° cm? s! and
2.59 x 1078 cm? s~! for the WOj5 thin film without and with the
SnOy in 0.1 M PC-LiClOg4, and the later one is prominently larger
than the values (1071°-10712 cm? s~ 1) in the previous report [27].
On one side, such large values are attributed to the nanocrystal
embedded amorphous phase (Supplementary Material S2) [4,27].
On the other, the diffusion coefficient is influenced by the steric
resistance associated with ionic radius and electrostatic forces
coupled with the charge of guest ions [28]. Compared with the WO3
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Fig. 2. XPS spectra of Sn 3d5 for the (a) colored and (b) bleached WOs5 thin films with the SnOy interfacial layer.
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Fig. 3. CV profiles at various scan rates for the WO3@SnOy thin films. (b) Dependence of the peak current densities (I,) versus the square root of scan rate (v'2) and (c) power law
dependence of the peak current versus the scan rate for the WO3 and WO3@SnOy thin films. (d) The separation of capacitance and diffusion current densities at a scan rate of
40 mV S~ and (e) separation of contributions from capacitive and diffusion-controlled process as a function of processes at different scan rates for the W0O3@SnOy thin film. (f) The
areal capacitance of the WO3 and WOs;@SnOy thin films at different scan rates. (g) Charge density of the WO; and WO3;@SnOy thin films. GCDs and corresponding in situ time-
dependent optical transmittance spectra of (h) the WOs@SnOy and (i) the WOs5 thin films in the charged and discharged state.

single layer, the larger diffusion coefficient of the SnOx/WOs bilayer
cathode is owing to the dissolution blockage of tungsten-
containing species and higher interface conductivity. In order to
evaluate the electrochemical behaviors, b value can be calculated
from a relationship between the peak current (i) and scan rate (v)
according to the following equation: [29].

j=av?

(2)
where both a and b are adjustable values. The peak current (i) obeys
a law power in response to the scan rate (v), and the slope of log(i)
versus log (v) represents b. The b value of 0.5 and 1 indicates semi-
infinite linear diffusion and surface-controlled (capacitive) elec-
trochemical reaction, respectively [30]. Fig. 3c displays the power
law dependence of the peak current versus the scan rate. The b
value of the WO3 thin film without and with the SnOy interfacial
layer is calculated to be 0.66 and 0.72, respectively, suggesting that
the current depends on both semi-infinite linear diffusion and
capacitive-controlled behavior [31].

For interpreting the effect of the interfacial layer, the surface-

capacitive (kqv) and diffusion-controlled ratio (k,2) are quantita-
tively distinguished using the follow equation [32]:

i(V) =kyv + kou? (3)

where i represents a current at a certain potential of V, and v is
the scan rate. As illustrated in Fig. 3d, the capacitive contribution of

497

the SnOx/WOs bilayer is 60.24% of the total capacity at a scan rate of
40 mV s, suggesting that the pseudocapacitive contribution is
dominant. Furthermore, the surface-capacitive section is increased
from 0.30 to 0.77 and from 012 to 0.20 as the scan rates increase from
20 mV s~! to 60 mV s~! for the WO3 thin film with (Fig. 3e) and
without (Figure S3b) SnOy, respectively. The more capacitive contri-
bution by introducing the SnOy interfacial layer at the same scan rate
isin favor of good cycling stability [33]. In order to further analyze the
effect of SnOx on the electrochemical properties, the areal capacitance
was calculated by the CV curves at different scan rates (Fig. 3f). The
areal capacitance of SnOx/WOs (for detail, please refer to S4 in the
Supporting Information) is always higher than that of single W03 at
whatever scan rates, manifesting enhanced capacitive performance
by addition of SnOy interface [34]. It can be attributed to that SnOx
boosts the electrical conductivity and contributes the redox-based
pseudocapacitance via participating in the redox process. Besides,
the inserted/extracted charges during the colored and bleached
processes can be obtained by a chronocoulometry method, which is
conducted under a square-wave voltage of —1.0 V and +1.0 V with a
pulse width of 45 s. The reversibility of films can be estimated from
the following equation [35]:

Qex

Reversibility = x 100%

(4)

in

where Qqx is extracted charge and Qj, the inserted charge.
Depending on Fig. 3g, the reversibility is increased from 94.17% to
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Fig. 5. A schematic illustration of the operation for WO3/SnOx-NiO ECD in the colored state.

98.66%, indicating that addition of SnOx enhances the reversibility.
Fig. 3h and i exhibit the reversible transient transmittance corre-
sponding to the GCD curve at 1 mA cm 2, demonstrating the one-
to-one relation between the transmittance and the potential. Thus,
the real-time stored energy stage can be visually monitored by the
color changing, in a good agreement with the previous report [36].

3.4. Electrochemical impedance spectra

The Nyquist plots in the frequency region ranging from 100 mHz
to 100 kHz are shown in Fig. 4a. The EIS measurement is charac-
terized by the Randles equal circuit model, as displayed in the inset
of Fig. 4a. Rs and R respectively represents the internal resistance
and the interfacial charge-transfer resistance [37], which are esti-
mated based on the impedance spectra. The observed decrease in
Rs and R, as a hint for improved electrochemical activity and re-
action kinetics, could be mainly attributed to the synergistic effect
of the easier charge transfer at the electrode/electrolyte interface
and the high intrinsic conductivity for SnOx [13]. The knee fre-
quency is estimated respectively to be 9.31 kHz and 27.38 kHz for
the WOs3 thin film without and with the SnOx layer (Fig. 4b),
manifesting prompt electrochemical response when using the
interfacial layer [38]. Fig. 4c presents the relationship between real
resistance (Z') and the angular frequency (v = 27f). Based on Z’ and
w, the Li" diffusion coefficient (D) can be calculated by [39]:

RT

Z =Rs +Rcr +ow /2, D =0.5(

2
AnzeCo) (5)

where o refers to the Warburg coefficient. R, T, A, n, F and C
represent the gas constant, absolute temperature, surface area for
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electrode, number of transfer electron, Faraday constant and ion
concentration, respectively. The Li" diffusion coefficient is calcu-
lated to be 3.42 x 107" em? s~! and 2.59 x 108 cm? s~ ! for the
WOs thin film without and with the SnOy, respectively, almost
identical to those obtained by the cyclic voltammetry method.
Based on EIS analysis, the introduction of SnOx enables the for-
mation of a free channel in favor of ion transfer, similar to the
WO3@SnOy core—shell nanowire arrays [13].

3.5. Discussion on the effect of the SnOy

The origins of boosting charge-transfer kinetics and cycling
stability of complementary WO3—NiO electrochromic devices via
SnOy interfacial layer can be explained in Fig. 5. On one hand, a
possible explanation for faster charge-transfer kinetics is that
higher intrinsic conductivity of the SnOy than that of W03, resulting
in small interfacial charge-transfer resistance. On the other, the
introduced SnOy as a buffer layer could avoid the direct contact
between WO3 and the electrolyte. Based on the aforementioned
XPS results, the valence state change in SnOy suggests that it is
associated with reversible electrochemical processes. Therefore,
the bilayer structure is applied to improve the reversibility and
protect the electrode from degradation. Besides, based on the
contrast summarized in Table S1, it can be observed that the pre-
pared ECDs in this study possess more competitive cyclic stability
(10,000 cycles), optical contrast retention (111.33%) and capacitance
retention (103.57%) via SnOy interfacial layer than those reported
previously, indicating that the SnOx layer seems to play an impor-
tant role in charge-transfer kinetics and the interfacial intercala-
tion/deintercalation processes.
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4. Conclusion

We have demonstrated that enhancement of charge-transfer
kinetics and cyclic stability can be achieved for complementary
WO3—NiO electrochromic devices by incorporating a thin SnOy
(~5 nm) interfacial layer, resulting in shorter colored response time
(17s), competitive cyclic stability (10,000 cycles) and capacitance
retention (103.57%). The higher diffusion coefficient and smaller Rt
of WOs films with the interfacial layer could be attributed to the
synergistic effect of the easier charge transfer at the electrode/
electrolyte interface and the high intrinsic conductivity of SnOy,
which decreases interfacial charge-transfer barrier and the internal
resistance, balances the transport of ions and electrons, and im-
proves cyclic stability and reversibility finally. Most importantly,
the introduction of SnOyx could highlight the capacitive contribu-
tion, causing a higher optical modulation and coloration efficiency,
better capacitance retention and well-performed optical modula-
tion reversibility of ECDs. Therefore, introducing a proper buffer
layer between the EC material and electrolyte is a promising
strategy for boosting charge-transfer kinetics and cyclic stability of
electrochemical and electrochromic devices.
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