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ABSTRACT: Multivalent chemistry has drawn extensive research
interests because it provides intriguing benefits to develop beyond-
lithium-ion electrochromic and energy storage technologies.
Among the multivalent candidates, the aluminum (Al)-based
electrolyte offers an attractive high capacity for designing
multivalent-ion electrochromic batteries and devices. However,
the understanding of complex electrochemical and mechanical

oo 0.1M

interactions of the electrode/electrolyte interface during cycling is : g PR I ey
extremely limited. Herein, we develop an Al**-based half-cell that stable SEI : Stable SEI'
consisted of a WO thin film cathode, Al(ClO,);-PC electrolyte, WO, Thin Film WO, Thin Film

and Au counter electrode. Electrochemical quartz crystal micro-
balance (EQCM) observations suggest that there is a link between
the interfacial degradation of WOj;/electrolyte and the formation of chelate-like compounds in a high-concentration electrolyte
environment. The intercalation/de-intercalation of the AI** cations in WO; electrodes was directly evaluated through in situ real-
time EQCM. As indicated by the results of EQCM, the formation of chelate-like compounds leads to the irreversible process of
intercalation and de-intercalation in the WO; thin film electrode and the instability of the solid electrolyte interphase. The validated
EQCM-based analysis provides a correlation between solution concentration and cycle stability, which would be expected to reveal
new insights into the electrochemical and electrochromic behavior in many other multivalent systems.

KEYWORDS: solid electrolyte interphase, electrochemical quartz crystal microbalance, chelate-like compounds, cyclic stability,
Al-ion intercalation

1. INTRODUCTION intercalation/de-intercalation cycles due to the complex
electrochemical and mechanical interactions.

To find a solution to mitigating the electrochemical failure, it
is essential to obtain a fundamental understanding for the
electrochemical instability in the electrode active interface
during cycling. In this context, a number of in situ techniques
have been developed to follow the characteristic evolution of
electrode active interfaces including optical microscopy, X-ray
diffraction (XRD), transmission electron microscopy (TEM),
atomic force microscopy, and electrochemical quartz crystal
microbalance (EQCM)."® Among them, in situ EQCM
observation is a powerful tool to understand the local collective
mass changes for the complex electrochemical and mechanical

Within a few decades, batteries with high energy density and
superior cycling life have attracted much more attention than
ever. Multivalent-ions like Zn, Mg, and Al could be potential
candidates owing to their attributes such as environmentally
benign, high power capability, and safety. Currently, there are
two natural advantages currently being accepted in the research
of Al-ion electrolytes. One is that the Al**-based electrolyte
possesses higher volumetric capacity than that of Li or Mg.'
The other is that more electrons can be injected into the host
framework, further improving the coloration contrast in the
electrode of the Al-ion electrolyte.” It is a notable example for
an aluminum metal anode, and a three-dimensional graphitic-
foam cathode is a rechargeable aluminum battery with high

rate capacity.’ Recently, Li et al. have developed an aqueous Received:  October 16, 2021 ot
hybrid Zn**/AI* electrochromic battery.” Although A** has a Accepted:  January 14, 2022 - /
remarkably high capacity of 2980 mAh/g in its native state,” Published: January 26, 2022 e
little is known about the intercalation/de-intercalation and its m
electrochemical stability after the so-called “aluminization”.

Degradation of electrode materials often occurs during the
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interactions during cycling. For instance, a composite electrode
model in the Li-ion electrolyte has been investigated by
EQCM.” By using EQCM technology, it has been verified that
the desolvation of the monovalent Na-ion still should be
required during the discharge process.”” Commonly, redox
reactions are easily hindered by the formation of a complicated
interface known as the solid electrolyte interphase (SEI)."
The formation of an ionically permeable SEI layer has been
confirmed in the Zn**-based electrolyte/electrode interface in
previous literature.'”> However, as far as we know, in situ
EQCM has not been performed during the investigation of the
Al**-based electrolyte for electrochromic batteries or devices.
In situ EQCM could be an important method to verify the key
factors, considering the degradation mechanism of the
electrode/electrolyte interface.

In this article, we develop a novel Al-ion half-cell consisting
of a WO, thin film cathode, Al(ClO,);-PC electrolyte, and Au
counter electrode. The deterioration mechanism of a WOj; thin
film cathode has been depicted according to the experimental
results as listed below. In situ EQCM observation reveals that
AP**-based chelate-like compounds appeared at the active
interface of WOj3/electrolyte in high-concentration solutions,
as depicted in Figure 1. The stability of SEI will be affected by
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Figure 1. Schematic depiction of the influence of aluminum ion
concentration on the stability of the SEI layer.

the appearance of chelate-like compounds because the chelate-
like compounds can inhibit the process of intercalation and de-
intercalation in the WOj5 thin film electrode.

2. EXPERIMENTAL METHODS

2.1. Preparation of Thin Films. The WO, thin films were
deposited on gold-patterned quartz substrates by an electron beam
evaporation technique (MUE-ECO made in ULVAC, Japan). By
using an electron beam of 10 kV, evaporation was performed in a
high-vacuum of less than § X 107 Pa, with a substrate temperature of
200 °C. The thickness of the WO; thin film was set to be 300 nm
(~350 nm measured by SEM in Figure S1) with a deposition rate of
0.10—-0.20 nm/s. Aluminum perchlorate nonahydrate (Al(ClO,)s
9H,0, 99%) (J&K Scientific) was also used with a molar ratio from
1:100 to 1:2 in propylene carbonate (PC, 99%) (Sinopharm Chemical
Reagent Co., Ltd.) solvent.

2.2. Measurements. Micro-FTIR spectroscopy (u-FTIR,
Cary660 + 620, Agilent, Santa Clara, CA, USA) was used for the
Fourier transform infrared resonance (FT-IR) spectrum in the
attenuated total reflectance (ATR) mode in the range of 500 to
4000 cm™". The resolution was 2 cm™', and the spectrum of each
specimen was scanned more than 32 times. The electrochemical
performances of the WOj; thin films were recorded by using a
potentiostat (PGSTAT 204, Autolab, Eco-Chemie, The Netherlands).
For the EQCM tests, a 6 MHz gold-patterned quartz substrate was
deposited with a WOj; thin film as the working electrode. Typically,
the thickness and diameter of the metal layer were 100 nA and 6.6
mm, respectively. A Au wire and a Ag/AgCl served as the counter
electrode and the reference electrode, respectively. The electro-
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chemical experiments were performed in the 0.1 and 0.5 M
Al(ClO,);-PC electrolyte. The electrolyte volume was about S mL.
The EQCM equipment was turned on 1 h before the measurements
to stabilize the frequency signals. Cyclic voltammetry (CV) and
galvanostatic charge—discharge (GCD) were carried out on the
EQCM equipment. All the electrochemical measurements were
performed in the cell reaction tank on the optical shock absorption
platform at room temperature.

2.3. Theory and Calculations. Based on the following Sauerbrey
equation, the mass change (Am, g) was calculated directly from the
resonator frequency change (Af, Hz) by the EQCM:

Vhky

Am = —Y——A
2, / (1)

where p,, jt;, and f, are the density of quartz (2.648 g cm™), the
shear modulus of quartz (2.947 X 10" g cm™ s72), and the resonant
frequency of the fundamental mode of the loaded crystal (Hz),
respectively.'> Thus, EQCM made it possible to measure the mass
change of the WOj thin films deposited on the quartz resonator."*

The data recorded by CV were calculated according to Faraday’s
law. This method allowed the results with the theoretical mass change
as a function of comparing the charge in the so-called mass to charge
ratio diagram:

_AQM

F-z (2)
where AQ, M, F, and z are the charge exchanged (C), the molecular
weight of the insertion/extraction ion (g mol™'), the Faraday’s

constant (96,485 C mol™), and the valence number of the insertion/
extraction ions, respectively.]5

Am

3. RESULTS AND DISCUSSION

3.1. lon—Molecule Interactions in Al(ClO,);-PC Sol-
utions. Figure 2a—c shows the FT-IR absorption spectra of
the pure PC solvent without Al(ClO,); salt and the PC
solutions with different concentrations of Al(ClO,); salt. The
absorption peaks at around 710, 773, 1038, 1173, and 1780
cm™" marked by the vertical dotted lines are attributed to the
intrinsic vibration modes of the pure PC solvent. Among them,
the peaks at 710 and 773 cm™" confirm the ring deformation.
In addition, the peaks at 1038 and 1173 cm™" are due to the
C—0-C stretching mode. Another peak at 1780 cm™ can be
identified as the C=0 stretch.'® It is observed that the IR
frequency shifts of these vibration peaks depend on the
different concentrations of Al(ClO,); salt in the PC solutions.
The increase in the intensity of the ring deformation peak
(Figure 2a) can be attributed to the increase of the fraction of
the ring deformation.'”'® The large shift to shorter wave
lengths in the C—O—C vibration peaks (Figure 2b) (blue
shift) is shown to be mainly due to the Al bonding of the
electrons by the hydroxylic solvent (PC)," which causes a
heightening of the C—O bonds. This blue shift is expected
when the electron lone pairs of the O atoms from the PC
molecule are used to form bonds with the AI*" metallic ions, as
shown in Figure 2d. Moreover, the spectral peak at 1038 cm™
of the C—O—C stretching is perturbed, forming a shoulder
that often appears in such FT-IR vibrational spectra of the
different concentrations of Al(ClO,), salt in the PC solutions.
It can be suggested that there is a strong interaction between
the AI** and PC molecules because the newly formed Al-O
bond affects the C atoms in the PC molecule.”” This
interaction occurs mainly on the carbonyl oxygen atom and
the ring of the PC molecule. The above analysis initially
confirms the complexation of Al(ClO,); with PC. Figure 2c
reveals that there has been a marked increase (blue shift) in the
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Figure 2. (a—c) Evolution of the FT-IR spectrum upon increasing the Al(ClO,); salt concentration. The vertical-dotted lines show the peak
positions in pure PC solvent. As the concentration increases, the color of the arrow represents the red/blue shift, and the direction represents the
increase/decrease of peak intensity. (d) Schematic indicating the strong interaction between the Al-ion and PC solvent.

wavenumber of the C=0 stretch after introducing Al(ClO,),
into PC. Moreover, the half-peak breadth of the C=0 stretch
increases significantly with the increase of the Al(ClO,),
concentration in PC, whereas a shoulder peak at 1739 cm™!
is gradually formed on the lower wavenumber side.
Simultaneously, the intensity of the shoulder peak gradually
increases with the increase of the Al(ClO,); concentrations,
especially for the 0.4 and the 0.5 M AI(ClO,);-PC solutions.
The spectra for the IR at 1780 cm™' exhibit a significant
fluctuation, which originates from a strong interaction between
the AP** cations and PC molecules through the oxygen atom of
the carbonyl group. Besides, the peak at 1120 cm™" is due to
the swing and bending of the C—H."” Based on the FT-IR
observations, it can be concluded that the Al ions can exist in a
free state at low concentrations and form strong interactions
with the PC molecules as the concentrations increase and can
even form chelate-like compounds with PC molecules at high
concentrations. Thus, the 0.1 and 0.5 M Al(ClO,);-PC
solutions are selected as the typical electrolyte to consider
the intercalation and de-intercalation mechanism of aluminum
ions in WO; thin films via EQCM below.

3.2, Electrochemical Quartz Crystal Microbalance.
Figure 3 displays the EQCM curves of the samples stepped
between —0.2 and +0.8 V at a scan rate of 50 mV/s in the 0.1
and 0.5 M Al(ClO,);-PC (CV in 0.02 and 0.05 M Al(ClO,);-
PC can been seen in Figure S2). Due to the intercalation of the
AP* jons during the reduction bias (coloration) process, the
mass response shows an upward trend (the blue curve in
Figure 3a). In the reverse process, the inserted species are de-
intercalated from the WOj; film during the oxidation bias
(bleaching), resulting in a decrease of the electrode mass.”" By
comparing the de-intercalation formal potentials of the two
concentrations of 0.1 and 0.5 M Al(ClO,),-PC solution, a shift
of ~30 mV could be observed based on the Nernst equation”
if AI** is the charge-compensating ion. In contrast, a larger
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Figure 3. (a—b) CV curves of the WOj electrode at a scan rate of S0
mV/s (top) and the EQCM results of the WO; (bottom) in 0.1 and
0.5 M. Orange, cathodic scan; purple, anodic scan. R: reduction peak
position; O: oxidation peak position. Inset: digital photos of WO; in
bleaching or coloration states.

potential transition is obtained in the high-concentration
solution, indicating that the counterions are also involved in
the charge compensation process.”” In addition, a slight
increase in the mass change curve is noted at the beginning of
the discharge process. Previous observations suggest that
during the discharge process, the cations deeply confined in
the micropores/nanopores undergo a charge transfer process
to the wider pores before being released.”* It should be noted
that the net mass gain between the reduction and oxidation
processes for the 0.5 M Al(ClO,);-PC is 138 + 0.3 ng, being
larger than that for the 0.1 M Al(ClO,);-PC of 33.2 + 0.3 ng.
There are two probable causes for the differences between the
two concentrations of solutions. One possible implication is
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that the more intense electrochemical activity of 0.5 M
Al(ClO,);-PC can allow more Al-ions to be intercalated/de-
intercalated. The chelate-like compounds are another potential
component. High-concentration solutions are more prone to
the formation of chelate-like compounds, which affects the
electrode/electrolyte interfacial stability significantly.”’

Figure 4 presents the CV curves and mass change plots
measured at 0.1 and 0.5 M with a scan rate of SO mV/s
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Figure 4. (a—b) Cyclic voltammograms (CVs) at the scan rate of S0
mV/s and (c—d) mass change during SO cycles in 0.1 and 0.5 M.

between —0.2 and +0.8 V during the first 50 cycles. The
essentially identical CV curves of the 0.1 M (Figure 4a)
indicate its reversible redox reaction. In contrast, the CV
curves of the 0.5 M reveal a continuous decrease in
electroactivity (Figure 4b). Correspondingly, Figure 4c,d
shows the simultaneous mass change corresponding to each
CV scan. After the 50 repeated scans, the mass accumulation of
the samples in 0.1 and 0.5 M Al(ClO,);-PC solutions is
estimated to be 1.5 and 10 ug, respectively. This discrepancy
can be partially attributed to the presence of trapped ions
(AP**, ClO,™, and PC molecule) in the WO, thin film, which
could lead to the change of crystallinity.”**” A novel in situ
TEM has been demonstrated to identify the WO; irreversible
transformation to nanocrystalline Li,WO, in our previous
work.”® Another noteworthy aspect of the interface degrada-
tion is SEL”*”*° The formation and stability of the dynamic
SEI are essential to prevent the rapid capacity decay and
continuous consumption of the electrolyte.”’ In terms of our
electrode/electrolyte system, the initial 10 electrochemical
cycles are the essence of the SEI formation process where the
SEI layer is well adhered to the electrode. The SEI layer could
prevent further electrolyte decomposition and maintains the
continued CV cycles for the Al(ClO,);-PC electrolyte, similar
to those reported in previous work.>> To further elucidate the
role of the chelate-like compounds on the active interface of
the WO, electrode and Al**-based electrolyte, the micro-
structure and morphology of the as-deposited and electro-
chemically cycled WO; thin films were investigated by SEM,
TEM, and XRD, as seen in Figures S3—S5. The SEM results in
Figure S3 show that damage of the WO; thin film cycled under
the high-concentration (0.5 M) electrolyte is more severe than
that under the low-concentration (0.1 M) electrolyte. A
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possible reason is that the stable SEI layer buffers impact the
intercalation and de-intercalation in the WO; thin film
electrode under the low-concentration (0.1 M) electrolyte.
Examination of the electrode—electrolyte interface most often
requires further TEM imaging examinations to confirm the SEI
layers. The morphological differences of the SEI layer on the
electrochemically cycled WO; electrodes in the 0.1 and 0.5 M
Al(ClO,);-PC electrolyte are observed in Figure S4b,c,
respectively. The SEI layer on the WO; thin film cycled
under the low-concentration (0.1 M) electrolyte is more
complete and continuous than that under the high-
concentration (0.5 M) electrolyte. It is believed that the intact
and uniform SEI layer on the WO; electrode cycled under the
low-concentration electrolyte can stabilize the structure of the
intercalation electrode material.” The accumulation of mass
during the GCD also verifies this point of view (Figures S6 and
S7). The case of the WOj thin film is very interesting because
the initial decrease in capacity retention is related to a larger
irreversible capacity in several initial cycles. In the subsequent
cycles, the quality of SEI is improved, and the irreversibility of
the capacity is reduced, which stabilizes the capacity retention.
This conclusion is further evidenced in the literature for
multivalent complex transfer through the electrode/electrolyte
interface.”* The physical properties of the SEI may be
significantly affected as the concentration of chelate-like
compounds increases,””*° in our opinion, namely, its thickness
and porosity.”” In an ideal case, the SEI prevents further
degradation of the electrolyte by blocking the electron
transport through it while the Al-ions shuttle back and forth
in the WO; electrode. When a large amount of chelate-like
compounds is present, it could destroy the balance of the SEI
film and affect the stability of the interface,”® as depicted in
Figure 1. It is worth pointing out that the optimized 0.1 M
Al(ClO,);-PC electrolyte has the ability to build highly
reversible aluminum-ion ESSDs with a high coloration
efficiency of 1022 cm™ C™' and an excellent long-term
cycling stability of over 10,000 cycles in our previous work.””

Figure Sa,b shows the electrode mass change vs charge
during the polarization of the WO; thin films in the 0.1 and 0.5
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Figure S. Relationship between electrode mass change and charge of
the WO, thin films in (a) 0.1 and (b) 0.5 M AI(ClO,);-PC
electrolyte. Red-dotted lines are the theoretical mass change of pure
Al-ion calculated from the Faraday’s law.

M Al(CIO,);-PC electrolyte, respectively. The definition of the
red dotted line can vary depending on Faraday’s law."> If

. . ) . A .
strictly involving one species, the F X A—:‘ function should

theoretically be equivalent to the molecular weight of the
species intercalated/de-intercalated. In contrast, these exper-
imental values are actually the average mass of the materials
involved in the electrochemical reaction. According to Figure
Sa, it is considered that the Al**, C10,~, and PC molecules are
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adsorbed to balance the negative or positive charges on the
surface of the WOj; film. What can be obviously seen in Table
S1 are the lower values of the experimental average molar
weight of the adsorbed species than a theoretical possibility (9
g/mol). Obviously, species such as heavier ClO,” ions and PC
molecules are believed to be a significant contributory factor to
the observed difference.”” The findings indicate that there has
been a migration of the Al-ions/ClO,” ions in opposite
directions into/from the interior of the WO, nanoporosity, as
stated by Forse et al."' For the 0.5 M Al(ClO,);-PC electrolyte
(Figure Sb), different kinds of ion exchange mechanisms are
expected at different quantities of electric charges. Based on
the value of the derivative of the plot of electrode mass change
versus charge and the theoretical possibility (9 g/mol), the Al-
ion electrolytes are classified into five broad types: cations
deeply confined (region I), cation-dominated intercalation
(region II), chelate-like compound-dominated intercalation
(region III), chelate-like compound-dominated de-intercala-
tion (region IV), and anion-dominated de-intercalation (region
V). The experimental values of M/z in the five regions are
summarized in Table S1. Starting from the zero charge (AQ =
0), a different behavior is observed during region IIT and region
IV where the electrode mass changes quickly. The fitted value
is much larger than the theoretical possibility (9 g/mol) for
regions III and IV at high ion concentrations, indicating the
appearance of chelate-like compounds at the active interface of
WOj;/electrolyte. The mass change behavior at a low quantity
of electric charge (—1.1 to —2.5 mC) is assigned to the
dominant cation intercalation. Similarly, the values (1.4—2.7
mC) appear to support the assumption that the ClO,~ anions
are more inclined to reversibly intercalate and de-intercalate in
the WOj; thin film electrode at higher charge density, which are
similar to those previously reported by Tsai et al."” In region I,
the mean slope of the experimental plot is close to that of the
theoretical one due to the Al-ions deeply confined to the wider
pores.24 Hence, the most appropriate model for the mass
change characteristic is two ideal ion exchange mechanisms in
the WO; electrode, where cation exchange is dominant at low
charge densities (Q < 0), and anion adsorption dominant
processes can be manipulated at high charge densities (Q > 0).
At the beginning of the electrochromic reaction, the existence
of potential chelate-like compounds can inhibit these processes
of intercalation and de-intercalation by destroying the SEI film,
which can reduce the reversibility of the electrochemical
reaction processes.

4. CONCLUSIONS

In summary, in situ real-time EQCM has been newly used for
detecting the presence of chelate-like compounds in a novel Al-
ion half-cell consisting of a WO; thin film cathode, an
Al(ClO,);-PC electrolyte, and an Au counter electrode. The
mass change of the WO; electrode has been directly measured
by the in situ EQCM during the charge and discharge
processes. The chelate-like compounds formation in the active
interface of WO;/electrolyte has existed in high-concentration
solutions instead of in low-concentration solutions. Quantita-
tive resolution of the mass changes of the electroactive WO,
electrode during cycling enables identification of a hitherto
overlooked ion exchange mechanism. The chelate-like
compounds reduces the stability of SEI and inhibits the
process of intercalation and de-intercalation in the WO; thin
film electrode. We anticipate the new findings and generated
insight to be readily transferable to research in electrochemical
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applications and, more generally, to the various ion
intercalation hosts presently investigated for electrochemical
energy storage and conversion applications.
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