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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� A 3D sea urchin-like W18O49 nano-
structure is prepared by solvothermal 
route. 
� W18O49 shows high capacitance in Al3þ

electrolyte due to ions intercalation. 
� Al3þ ions intercalate/de-intercalate to 

cause lattice contraction/expansion. 
� Al3þ electrolyte as substitute for corro-

sive acidic electrolyte for W18O49.  
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A B S T R A C T   

Intercalation pseudocapacitance is of essential significance for designing high performance electrode materials, 
which offers exceptional charge storage characteristics. In this study, we elucidate the pseudocapacitive behavior 
of Al3þ ions intercalation within the distinctive tunnels of monoclinic W18O49 nanostructure. 3D sea urchin-like 
W18O49 is synthesized through one-step solvothermal approach. Its physicochemical properties are investigated 
by X-ray diffraction, X-ray photoelectron spectroscopy, Field emission scanning electron microscopy and 
Brunauer-Emmett-Teller surface area analysis. Cyclic voltammetry, galvanostatic charge-discharge and electro-
chemical impedance spectroscopy techniques are used to investigate the electrochemical characteristics of 
W18O49 electrode in different electrolyte systems. It shows high specific capacitance of 350 F g� 1 at 1 A g� 1, 
superior electrochemical long-term stability in the Al3þ electrolyte with 92% capacitance retention at 8000 
cycles. The excellent electrochemical performance is predominantly due to the Al3þ ions intercalation/de- 
intercalation with W18O49 nanostructure that is proven by ex situ X-ray diffraction analysis. The work marks a 
notable achievement in the effort of substituting commonly acidic proton electrolyte for W18O49 supercapacitor.   

1. Introduction 

The global industrialization activities require enormous energy 
supply that can be sustainably fulfilled by renewable energy sources 

such as solar, wind and hydro energy. However, the intermittent supply 
of these energy sources can be the major challenge. In this context, 
energy storage system can be the solution for the uninterrupted energy 
supply chain. Among different types of energy storage systems, 
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supercapacitors draw great interest due to their high power density, 
rapid charge-discharge process and theoretical infinite cycle life [1,2]. 
Nevertheless, their moderate energy density has made them under the 
great challenge which directly restricts their industrial applications for 
mass energy supply. This is due to the fact that conventional electrode 
materials for supercapacitors such as carbon materials are often limited 
by the non-faradaic process for the charge storage [3–5]. Therefore, 
substantial research efforts have been devoted to overcoming this lim-
itation [6–8]. The pseudocapacitive materials are under the research 
spotlight as they offer higher charge storage via fast and reversible 
faradaic reactions at the electrode surface [9,10]. However, such high 
charge storage behavior is often accompanied by low cycling stability 
due to structure degradation after prolonged redox reactions. Re-
searchers discovered that by utilizing the intercalation/de-intercalation 
of ions within the crystal structure, the negative impact of prolonged 
charge/discharge process can be minimized as this process does not 
involve any chemical phase transformation [11–13]. This intercalation 
pseudocapacitance is demonstrated by niobium oxides [14,15], vana-
dium oxides [13], and tungsten oxides [16]. 

Tungsten oxides are the n-type semiconducting materials of transi-
tion metal oxides, with band gap in the range of 2.4–2.8 eV. They are 
characterized by multi-phase structures which are classified as stoi-
chiometric and sub-stoichiometric oxides based on the lattice distortions 
that occur to it [17,18]. Amongst different phases, hexagonal phase WO3 
is commonly used as the supercapacitor electrode, due to its distinctive 
hexagonal and triangular tunnels within the structures. Those tunnels 
create good cation accommodation, which provides a smooth pathway 
for charge movement and thus offering rise to the charge storage 
capability. For instance, Yao et al. [19] reported the electrochemical 
performance of WO3 nanorods as the electrode material for super-
capacitors and achieved a capacitance of 319.26 F g� 1 at 0.7 A g� 1. Qiu 
et al. also studied pseudocapacitive performance of electrodeposited 
WO3 nanoflowers on Ti foil substrate (196 F g� 1 at 10 mV s� 1) [20]. 
Recent years, tungsten oxide phase in monoclinic W18O49 was also 

discovered as the emerging electrode material for supercapacitors. Apart 
from hexagonal and trigonal tunnels, W18O49 crystal structure offers 
additional quadrilateral tunnels that are useful for ions intercalation. 
Furthermore, the higher oxygen vacancies content in W18O49 structure 
may enhance the electrical conductivity by accelerating electrons 
diffusion [21]. The charge storage of reduced tungsten oxide was first 
reported by Yoon et al., which showed the specific capacitance of 
199 F g� 1 in H2SO4 electrolyte [22]. Following that, numerous studies 
also reported W18O49 to possess high charge storage ability in Hþ based 
electrolytes [23,24]. In spite of the remarkable charge storage behavior, 
it is noteworthy that the strong acidic Hþ based electrolytes may corrode 
the electrode surface after prolonged usage, thus limiting its electro-
chemical stability [25,26]. Besides, Hþ reduction could occur to form H2 
gas, which imposes safety issue for supercapacitors [25,27]. 

Hence, there is urgent need to explore other electrolyte systems for 
the application of W18O49 as supercapacitors electrode. Recently, Al3þ

ion-based electrolytes receive more interests due to their merits such as 
low-cost, small ionic radius, high capacity with three-electron redox 
process and safety for practical applications [28–30]. As compared to 
the previous report focuses on the electrochemical performance of 
W18O49 and carbon nanotubes composites [26], our current work re-
ports on the electrochemical performance of pure W18O49 in different 
electrolyte systems (LiCl, NaCl, MgCl2 and AlCl3), with detailed eluci-
dation of charge storage mechanisms. Understanding of the charge 
storage mechanism of pure W18O49 in Al3þ electrolyte could facilitate 
the replacement of common acidic electrolyte by the Al3þ electrolyte. 

2. Experimental section 

2.1. Synthesis of the W18O49 nanostructure 

All chemical reagents (Sigma-Aldrich) were of analytical grade and 
used as received without further purification. The W18O49 nanostructure 
was prepared through one-pot solvothermal route like previously 

Fig. 1. (a) XRD pattern, (b) XPS wide scan spectrum, (c) XPS narrow scan W4f core level and (d) XPS narrow scan O1s core level of the W18O49 nanostructure.  
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reported method [31]. WCl6 as precursor (W6þ, 0.175 g) was first dis-
solved in an absolute ethanol (30 mL). Next, the solution was sonicated 
for 10 min at room temperature to form a transparent yellow solution. 
Subsequently, the solution was carried into a Teflon-lined autoclave 
which was heated at 200 �C for 10 h. A deep-blue precipitate was finally 
collected and washed repeatedly with absolute ethanol, followed by 
vacuum drying at 50 �C overnight. 

2.2. Materials characterization 

The phase identification of crystalline sample was done by a X-ray 
diffraction (XRD) diffractometer (Rigaku Miniflex II, Japan), equipped 
with an automatic divergent slit (Cu-Kα radiation, λ ¼ 0.15418 nm) in 
the diffraction range from 10� to 80�. The chemical oxidation states of 
the sample were investigated by X-ray photoelectron spectrometer (XPS, 
PHI 5000 VersaProbe II, monochromatic Al Kα X-ray source with wide 
and narrow scan energy of 117.40 eV and 29.35 eV, respectively). The 
morphology of the sample was observed through a field emission 
scanning electron microscope (FESEM, JEOL JSM-7800F, USA) oper-
ating at 30.0 kV. The N2 adsorption-desorption isotherms were 
measured to calculate the Brunauer-Emmett-Teller (BET) surface area 
and Barrett-Joyner-Halenda (BJH) pore size distribution by a surface 
area analyzer (Micromeritics ASAP® 2020). 

2.3. Electrochemical characterization 

The electrochemical measurements were performed at room tem-
perature by a potentiostat-galvanostat (PGSTAT M101, Metrohm Auto-
lab B.V.) in 3-electrode configuration. The working electrode was 
prepared by thoroughly mixing the active material (W18O49 powder, 
90 wt%) together with 5 wt% of carbon black and 5 wt% of poly-
vinylidene difluoride (PVDF) in N-methyl-2-pyrrolidinone (NMP) sol-
vent until it formed a homogenous slurry. The resulting paste was then 
coated onto a piece of nickel foam electrode as current collector and was 
dried for 24 h. The electrode was subsequently pressed under 5 MPa to 
form working electrode with 3–5 mg of active material. A platinum mesh 
electrode and an Ag/AgCl electrode were used as the counter and 
reference electrodes, respectively. 1 M LiCl, 1 M NaCl, 1 M MgCl2 and 
1 M AlCl3 aqueous solutions were utilized as the electrolytes. Cyclic 
voltammetry (CV), galvanostatic charge-discharge (GCD) and electro-
chemical impedance spectroscopy (EIS) tests were conducted to 

investigate the electrochemical performance of working electrode in 
different electrolytes. The long-term cycling stability was also per-
formed using GCD measurement at the current density of 5 A g� 1 for 
8000 cycles in AlCl3 electrolyte. 

3. Results and discussion 

3.1. Structural characterization of W18O49 nanostructure 

The as-synthesized sample was examined by XRD. As shown in 
Fig. 1a, the diffraction peaks could be indexed to the monoclinic phase 
(JCPDS card no. 71-2450, P12/m1) with the lattice constant of 
a ¼ 17.76 Å, b ¼ 3.80 Å and c ¼ 15.37 Å. The diffraction peaks at 2θ of 
23.38� and 47.77� correspond to the (010) and (020), respectively. This 
indicates the crystal structure growth along b-direction.The sharp peak 
(010) also indicates the close-packed plane of W18O49 crystal and it is in 
agreement to the previous studies [32–34]. 

XPS was carried out to identify the elements and their valence states 
in the as-prepared sample. The fully scanned XPS spectrum confirms the 
presence of W and O elements without any impurities other than C1s at 
the binding energy of 284.2 eV which is used as a reference, as seen in 
Fig. 1b. On the other hand, W4f core level spectrum (Fig. 1c) exhibits 
three doublet peaks after fitting which are related to the three oxidation 
states of W atoms. 

The first doublet peaks with strong intensity at the binding energies 
of 35.3 eV and 37.4 eV are attributable to 4f7/2 and 4f5/2 for W6þ, 
respectively. The second doublet peaks observed at 36.1 eV and 37.8 eV 
are resulted from the emission of W4f7/2 and W4f5/2 core levels from the 
atoms in an oxidation state of W5þ. The third doublet peaks with low 
intensity at the binding energies of 34.1 eV and 36.9 eV are attributable 
to W4þ. As a sign of the formation of oxygen vacancies, the O1s core 
level spectrum was further explored through the presence of three peaks 
(Fig. 1d). A peak is found at the binding energy of 530.3 eV, corresponds 
to the oxygen bonds with W atom (W–O–W). On the other hand, the 
second peak at the binding energy of 531.6 eV is attributed to the oxygen 
atoms in the region of oxygen vacancies which are connected to the 
reduced W, while the low intensity peak at the binding energy of 
533.6 eV corresponds to W–OH. Similar oxidation states of W4f and O1s 
have been reported in other studies, which confirms the formation of 
W18O49 in this work [35,36]. By examining the FESEM image of the 
as-synthesized W18O49 (Fig. 2a), we observe that it presents as the 

Fig. 2. (a) FESEM image of the 3D sea urchin-like W18O49 nanostructure, (b–d) typical FESEM-EDX elemental mapping images for the W18O49 nanostructure, (e) N2 
adsorption-desorption isotherm analysis with BJH pore size distribution plot (inset) for the W18O49 nanostructure. 
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accumulated nanowires (with the average diameter of ca. 30 nm), 
forming sea urchin-like 3D structure. Furthermore, energy dispersive 
x-ray analysis (EDX) confirms the presence of W and O only in the 
as-prepared sample, as shown in Fig. 2b–d. The elemental maps also 
display the well-distribution of both W and O elements with the atomic 
proportions of 26.83% and 73.17% for W and O elements, respectively 
(Fig. S1). 

Good surface area properties are expected from the distinctive 
morphology of W18O49. As shown in Fig. 2e, the N2 adsorption- 
desorption isotherm curve of the W18O49 shows the Type (IV) 
isotherm with BET surface area and pore radius of 68.23 m2 g� 1 and 
4 nm, respectively. The mesoporous W18O49 could provide sufficient 
ions diffusion channels to enhance the electrochemical performance. 

3.2. Electrochemical characterization 

The electrochemical performance and charge storage mechanism of 
W18O49 were investigated using CV, GCD and EIS techniques in different 
aqueous electrolytes (LiCl, NaCl, MgCl2 and AlCl3). The optimal elec-
trochemical window was determined by choosing open circuit potential 
as the upper potential limit; and the lower potential limit was deter-
mined by stepwise decreasing the lower potential before any electrolyte 
decomposition was observed [37]. Fig. 3a reveals the optimal CV win-
dows of W18O49 in different electrolytes at scan rate of 10 mV s� 1. 
Bubbling due to electrolyte redox reaction was observed if the potential 
was applied beyond the optimal CV windows. All CV curves show 
rectangular shape, which indicates the highly capacitive behavior of 
W18O49 (Fig. S2). It is worth noting that for AlCl3 electrolyte, the W18O49 
shows the CV curve with larger capacitive window and an oxidation 
peak at ca. � 0.5 V, which is more obvious at lower scan rates Fig. 3b. 
This possible pseudocapacitive behavior motivates us to further inves-
tigate the charge storage mechanism of W18O49 in AlCl3 electrolyte, via 

Trasatti’s analysis. 
The total amount of stored charges (QT) in the electrode material are 

united between two components, as shown in Eq. (1) [38,39]: 

QT ¼ QC þ QD (1)  

Where QC is the capacitive charge storage from both double layer and 
pseudocapacitive behaviors and QD is the diffusive charge storage. On 
the basis of Eq. (1), the dominant charge storage process can be esti-
mated by the following Equations: 

QV ¼ QC þ αυ� 1=2 (2)  

1
QV
¼

1
QT
þ αυ 1=2 (3)  

Where QV is the total measured voltammetric charge, α is a constant and 
υ represents the scan rate. 

Based on Eq. (2), the QC can be obtained as intercept by extrapolating 
the plot of QV vs. υ� 1/2, with deeming infinite-diffusion during charging/ 
discharging processes. Fig. 3c shows the plot of QV vs. υ� 1/2 for W18O49 
electrode in AlCl3 electrolyte at scan rates between 1 and 300 mV s� 1. 
The linear zone (zone 1: >5 mV s� 1), which the QV is sensitive to the 
change of scan rates, represents the diffusion behavior. On the other 
hand, the second zone (zone 2: <5 mV s� 1) represents the capacitive 
contribution, which is independent of the scan rates. As a result, the 
extrapolation of QV in zone (2) produces QC to indicate the capacitive 
process. The QC values of W18O49 in AlCl3 electrolyte is measured to be 
54.31 C g� 1 and it is higher than that of the other three electrolytes, 
which are 21.11 C g� 1, 24.40 C g� 1 and 24.93 C g� 1 for LiCl, NaCl and 
MgCl2 electrolytes, respectively (Fig. S3a). This could be associated to 
the higher charge density of Al3þ ions. 

In order to confirm the dominant charge storage mechanism, QT is 
obtained as intercept (υ approaching 0) through extrapolation of the 

Fig. 3. CV curves of W18O49 electrodes in (a) various electrolytes at the scan rate of 10 mV s� 1 and (b) in AlCl3 electrolyte at different scan rates, (c) normalized QV 
versus υ� 1/2 and (d) the plot of the reciprocal normalized QV versus υ1/2 for the W18O49 electrodes in AlCl3 electrolyte. 
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plot 1/QV vs. υ1/2 as Fig. 3d. The QT for W18O49 in AlCl3 electrolyte is 
132.98 C g� 1, which is higher as compared to that of LiCl, NaCl and 
MgCl2 of 24.40, 27.70 and 32.53 C g� 1, respectively (Fig. S3b). As Eq. 
(1), the QD values can be obtained and their contribution in QT is sum-
marized as Fig. 4. It can be clearly seen that the charge storage of W18O49 
in LiCl, NaCl and MgCl2 are mostly contributed by capacitive charge 
storage (>76% of total charge storage), which involves the adsorption of 
ions on electrode surface. On the contrary, diffusive charge storage 
contributes 59.2% of the total charge storage of W18O49 in AlCl3 elec-
trolyte. This indicates that apart from ions adsorption, the ions diffusion 
within the electrode material also contributes to its charge storage, 
which can be associated to the ions intercalation within the electrode 
[40,41]. 

Fig. 5 shows the optimal GCD curves of W18O49 electrode in different 
electrolytes. Similar potential range as CV was adapted to avoid redox 
reaction of the electrolytes. The GCD curves of W18O49 electrode are 
unequivocally reversible in different electrolytes. However, significant 

iR drop can be observed in the range of (� 0.40 to � 0.45 V) for GCD 
curves in LiCl, NaCl and MgCl2 electrolytes. This could be associated to 
the low molar ionic conductivity and ionic mobility of LiCl, NaCl and 
MgCl2 electrolytes, as tabulated in Table S1. The high iR drop is unfa-
vorable for the industrial application as it could lead to huge power loss. 
W18O49 electrode in AlCl3 electrolyte exhibits GCD curves with insig-
nificant iR drop and longest discharge time, as compared to that in other 
electrolytes. Meanwhile, a small potential plateau is observed for GCD 
curve of W18O49 electrode in AlCl3 electrolyte at 1 A g� 1, which can be 
attributed to the Al3þ ions intercalation into W18O49 crystal lattice [42, 
43]. This potential plateau is insignificant at higher current densities, 
possibly due to the fast charging that limits the intercalation process. 

The specific capacitance was calculated from GCD curves [44] and 
summarized in Fig. 6a. The highest specific capacitance of 350 F g� 1 is 
attained in AlCl3 at 1 A g� 1, followed by low specific capacitance values 
in LiCl (36.0 F g� 1), NaCl (42.5 F g� 1) and MgCl2 (40.0 F g� 1). This can 
be explained by the intrinsic properties of AlCl3 electrolyte. As 
compared to other electrolytes, AlCl3 has the highest molar ionic con-
ductivity of 9.38 mS m2 mol� 1 and ionic mobility of 
6.50 � 10� 8 m2 s� 1 V� 1, which promotes charge transfer and convection 
mass transfer, respectively. Furthermore, in strong acid (pH < 3), the 
octahedral structure of hydrated Al(H2O)6

3þ ion is dominant through the 
hydrolysis process and Al3þ ions exist almost entirely in the solution 
[45]. In current work, the pH value of 1 M AlCl3 electrolyte is 2.13, 
which reflects total Hþ concentration of 7.413 � 10� 3 M. Hence, CV and 
GCD tests had been conducted in 7.413 � 10� 3 M HCl electrolyte 
(pH ~ 2.13), as shown in Fig. S4. It is clear that the Hþ intercalation 
contributes insignificantly in the current Al3þ system where [Hþ] is 
merely 7.413 � 10� 3 M. 

It should be noted that Al3þ possesses the lowest hydrated ionic 
radius of 1.89 Å, which accommodates higher ions adsorption on elec-
trode surface for charge storage [46,47]. Its lowest hydrated ionic radius 
also motivates further investigation of possible insertion of Al3þ into 
W18O49 crystal structure during charge/discharge process. Fig. 6b shows 
the ex situ XRD investigation of W18O49 electrode during fully char-
ged/discharged processes in AlCl3 electrolyte. It is worth mentioning 
that the [010] peak of W18O49 shifts to higher diffraction angle after 

Fig. 4. The ratio of the charge storage contribution (capacitive and diffusive) 
for the W18O49 electrodes in different electrolytes. 

Fig. 5. Galvanostatic charge/discharge profiles for W18O49 electrodes in (a) LiCl, (b) NaCl, (c) MgCl2 and (d) AlCl3 electrolytes at different current densities.  
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fully charged process, indicating interlayer spacing decrease 
(d ¼ 3.73 Å). When Al3þ ions intercalate into the interlayers of W18O49 
crystal structure, there is electrostatic interaction between the positive 
Al3þ ions and polar atoms in the crystal structure, leading to the lattice 
contraction and the interlayer spacing decrease [48]. On the other hand, 
the [010] peak shifts to lower diffraction angle with higher interlayer 
spacing (d ¼ 3.75 Å), upon fully discharged process. The interlayer 
expansion is attributed to the de-intercalation of Al3þ ions from the 
W18O49 crystal structure. Such phenomenon is illustrated as Fig. 6c and 
it is also corroborated by the Trasatti’s analysis to suggest diffusive 
charge storage as the dominant energy storage mechanism. All these 
analyses suggest that the high capacitance of W18O49 in AlCl3 electrolyte 
is due to the intercalation of Al3þ ions into various tunnels in the 
monoclinic W18O49 crystal lattice. On the other hand, the low 

capacitance values of Liþ/Naþ/Mg2þ systems could be due to their 
larger hydrated ionic radii, as compared to that of Al3þ system. The 
larger ionic radii causes the hydrated ions to diffuse slower and they are 
too big (hydrated ionic radii for Liþ (2.10 Å); Naþ (2.43 Å) and Mg2þ

(2.10 Å)) to intercalate within W18O49 crystal structure (d-spacing 
of ¼ 3.80 Å). The absence of intercalation pseudocapacitance in 
Liþ/Naþ/Mg2þ system causes them to exhibit lower charge storage 
behavior. 

EIS testing was carried out to acquire charge kinetics of W18O49 
electrode in different electrolytes. As shown in Fig. 7a, the quasi- 
semicircle at the high-frequency region in Nyquist plots corresponds 
to the interfacial charge transfer resistance (RCT), while the first inter-
section point at the real impedance (Z0) represents the equivalent series 
resistance (ESR) which is the combination of ionic resistance of the 

Fig. 6. (a) Specific capacitance of W18O49 electrodes in different electrolytes as a function of current density, (b) Ex situ XRD investigation of W18O49 electrode after 
fully charged and discharged in AlCl3 electrolyte, (c) schematic illustration of interlayer expansion/contraction of W18O49 after Al3þ de-intercalation/intercalation 
during GCD process. 

Fig. 7. (a) The Nyquist plots (the insets show the high frequency region) and (b) Bode plots for W18O49 electrodes in different electrolytes.  
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electrolyte and intrinsic resistance of the electroactive material. From 
the insets of Fig. 7a, it can be clearly seen that the ESR value of W18O49 
electrode in AlCl3 electrolyte is the lowest as compared to those in LiCl, 
NaCl and MgCl2 electrolytes, which can be associated to the higher ionic 
conductivity of AlCl3 electrolyte. Furthermore, the W18O49 electrode 
also experiences lower Warburg impedance in AlCl3 electrolyte, by 
having shorter impedance line at low frequency region. This signifies the 
lower diffusion resistance of Al3þ ions in W18O49 crystal structure. 

The EIS data are further analyzed to obtain the electrochemically 
active surface area of the electrode material (SE), using Eq. (4) [49,50]: 

SE ¼ Cdm=Cd (4)  

Where, Cdm ¼ (2πfmZ")� 1, Z00 is the imaginary impedance from Nyquist 
plots at the frequency (10 mHz) and Cd is a constant value of 60 μF cm� 2 

for metal oxide electrode. The SE value for W18O49 is the highest in AlCl3 
electrolyte with 166.2 m2 g� 1, which is higher than those in LiCl 
(81.80 m2 g� 1), NaCl (79.30 m2 g� 1) and MgCl2 (67.50 m2 g� 1). The 
smallest hydrated Al3þ ions could adsorb more onto electrode surface, in 
addition to its ability to diffuse and intercalate within W18O49 structure, 
contributing to higher electrochemically active surface area. The rela-
tionship of the phase angle on the frequency using different electrolytes 
is illustrated in Fig. 7b. For the AlCl3 electrolyte, the phase angle of 
W18O49 electrode reaches 74.4�, which is higher than 72.4�, 71.3� and 
66.9� for the MgCl2, LiCl and NaCl electrolytes, respectively. This in-
dicates a good capacitive performance as the ideal capacitor phase angle 
is 90� [51]. Moreover, additional evaluation on the frequency response 
can be obtained by comparing the characteristic frequency (f* at a phase 
angle of 45�) which is corresponding to the minimum time needs to 
discharge all the energy from the device with an efficiency of greater 
than 50%. The relaxation time (τ) was calculated using Eq. (5) [52]: 

τ ¼ 1=2πf * (5) 

W18O49 electrode exhibits the lowest τ value of 0.59 s in AlCl3 
electrolyte, which is much lower than that in LiCl (2.55 s), NaCl (1.76 s) 
and MgCl2 (1.47 s). It also demonstrates the potential of AlCl3 to be used 
as the electrolyte for high performance W18O49 supercapacitor 
electrode. 

W18O49 supercapacitor electrode cycling stability in AlCl3 electrolyte 
is tested for 8000 GCD cycles at 5 A g� 1. As shown in Fig. 8a, the W18O49 
electrode maintains at 92% capacitance retention at the end of 8000 
GCD cycles. In addition, the GCD curves shape also maintain, as shown 
in Fig. 8a insets. The high stability of W18O49 electrode in AlCl3 elec-
trolyte renders it to be the supercapacitor for long term usage. 
Furthermore, the structural stability of W18O49 electrode before and 
after GCD process were investigated by XRD and found that it maintains 
its original crystal structure without significant collapse, as shown in 
Fig. 8b. 

4. Conclusions 

A comprehensive study has been conducted to investigate different 
electrolytes (LiCl, NaCl, MgCl2 and AlCl3) performance as the electrolyte 
for W18O49 supercapacitor electrode. The distinctive crystal structure of 
W18O49 (d-spacing ¼ 3.8 Å) allows the intercalation of small size Al3þ

ions, contributing to the highest electrochemical performance. The 
findings suggest the alternative electrolyte to replace highly corrosive 
acidic electrolyte for the W18O49 supercapacitor electrode. 
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