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energy-saving smart windows in build-
ings. [ 1–4 ]  Transition metal oxides represent 
the most typical inorganic electrochromic 
material, the operation of which is based 
on reversible intercalation or deinterca-
lation of ions into the lattice accompa-
nied with valence change of metal ions. [ 5 ]  
The employed ions have so far been 
restricted to the monovalent ions, such 
as H + , Li + , and Na + , probably due to the 
traditional concept that only monovalent 
ions would be easily incorporated into or 
released from the electrochromic mate-
rial lattice, [ 6,7 ]  for which, however, many 
drawbacks are present. When utilizing 
H +  as the insertion ion, the cycle life of 
electrochromic devices has been gener-
ally degraded because acidic H +  has a 
strong tendency to corrode surface of 
metal oxide electrode and additionally H +  
is easily polarized to form H 2  gas bubbles 

due to its low electrode potential. [ 8 ]  While replacing acid with 
lithium (Li + ) salts-based electrolyte can bring enhanced electro-
chromic stability, a slower electrochromic response time (>10 s) 
is mostly an unavoidable cost. [ 9,10 ]  Meantime, the handling of 
lithium-based electrochromic devices requires strict rules on 
environmental conditions because the salts are normally toxic 
and react strongly with air/moisture, in addition to the high-
cost and limited lithium reserves in the earth’s crust, which 
constitutes a big obstacle towards the development of lithium-
based electrochromic devices. [ 11,12 ]  Na + -based device responses 
even slower due to the larger radius dimensions of Na +  com-
pared with that for H +  or Li + . [ 13 ]  Therefore, it would be of par-
ticular importance to search for alternative cheap, stable, and 
rapid insertion ions in electrochromic devices to achieve cost-
effective and rapid electrochromic application. 

 Numerous efforts have been taken to achieve the goal 
from the perspective of designing novel structures or adding 
dopants, with device performance improved to a certain extent 
while leaving the intrinsic problems concerning electrolyte 
optimization remained. [ 14–17 ]  Although the utilization of multi-
valent ions as insertion ions has been largely overlooked, 
multi valent ions are expected to deliver enhanced color-
ation contrast due to the reason that the number of electrons 
injected into the framework per multivalent metal ion multi-
plies that for Li +  or any other monovalent ions. The lack of 
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  1.     Introduction 

 Electrochromism is a process involving controllable color 
change through electrochemical reactions, which is inter-
esting from perspectives of both basic science and technology. 
It has found important applications ranging from electronic 
paper like displays, antiglare rear-view mirrors in cars, to 

Adv. Funct. Mater. 2015, 25, 5833–5839

www.afm-journal.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adfm.201502638


FU
LL

 P
A
P
ER

5834 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

studies probably results from the known great diffi culties for 
the multivalent ions to intercalate because of the strong elec-
trostatic interactions between the ions and the intercalation 
framework. The ever increasing development of nanotech-
nology has spawned a great innovative impact on various tech-
nological sectors, which may also bring new opportunities to 
electrochromic fi eld. [ 16,18,19 ]  The host material in nanostruc-
tured forms possesses many advantages, for example, short 
ion diffusion length, highly porous surface, and good contact 
with the conductive substrate, which could facilitate the inser-
tion of guest ions. In this work, employing the most com-
monly used in organic electrochromic material, [ 20–22 ]  tungsten 
oxide in nanowire morphology as an example, we illustrate that 
the trivalent ion, Al 3+ , as insertion ion can bring the desired 
fast-switch, high-contrast, and high-stability as well to electro-
chromic devices. Al 3+  was adopted because it has advantages 
of low-cost, environment friendly, and of most importance, 
small ionic radius. The fi ndings are important for the basic 
research of electrochromism fi led and open a new direction for 
achieving the long-desired stable, durable, and fast-switching 
electrochromic devices.  

  2.     Results and Discussion 

  2.1.     Sample Characterizations 

 A form of tungsten oxide nanomaterial, W 18 O 49  nanowires, 
was employed as electrochromic host material in the present 
study, because W 18 O 49  nanowires could display a reversible 
color change upon inserting or extracting ions induced by 
applying external voltage, appearing blue in the colored state 
or colorless in bleached state. [ 23,24 ]  The electrochromic W 18 O 49  
nanowires were recently used as components in the design of 
a smart supercapacitor, which functions as a normal superca-
pacitor in energy storage and also communicates the level of 
stored energy through multiple-stage pattern indications. [ 24,25 ]  
Briefl y, the W 18 O 49  nanowires were grown on a fl uorine-doped 
tin oxide (FTO)-coated glass substrate by solvothermal reaction 
of WCl 6  in ethanol solution at 180 °C for 12 h and subsequent 
annealing at 200 °C in argon atmosphere to achieve close 
contact at the interface. The phase identifi -
cation and purity was characterized by X-ray 
diffraction (XRD), shown in  Figure    1  a, for 
which the material was scrapped off the sub-
strate to avoid the interference from refl ected 
signals of FTO on substrate. All the diffrac-
tion peaks could be clearly indexed as mono-
clinic W 18 O 49  ( P 2/ m , JCPDS no. 84-1516). 
The (010) refl ections exhibited obvious nar-
rowing and showed relatively high intensi-
ties, suggesting that the crystals preferably 
grew along the  b -axis as a result of retarded 
growth along the close-packed (010) planes. 
W 18 O 49  has a distorted ReO 3  structure in 
which corner-sharing distorted and tilt WO 6  
octahedra are connected in the  a -,  b -, and 
 c -directions, [ 26 ]  with the projection view 
along the  b -axis illustrated in the inset. The 

sample morphology was examined by scanning electron micro-
scopy (SEM) characterizations (Figure  1 b), which revealed 
that the sample was in nanowire morphology with average 
diameter of 10–20 nm and length of several micro meters. 
The inset depicts the high-resolution transmission electron 
microscopy (HRTEM) image of a single nanowire. Clear lat-
tice fringes were observed, indicating that the nanowire was 
single-crystalline in nature. The fringes were perpendicular to 
the wire axis with spacing of 0.38 nm, corresponding to the 
(010) planes of monoclinic W 18 O 49 . This suggests that the 
nanowires were along the [010] direction, which is consistent 
with XRD results.   

  2.2.     Electrochemical and Electrochromic Behavior in Aqueous 
Electrolyte 

 The electrochemical and electrochromic performance of the 
W 18 O 49  nanowire fi lm in aqueous electrolyte of trivalent ion, 
Al 3+ , was following investigated, using AlCl 3  as an example. 
For comparison purpose, electrode performance in HCl and 
NaCl solutions was also studied. Electrolytes possessing the 
same anion were employed to exclude possible effects of 
anions. The electrode was switched repetitively 50 times with a 
30 s polarity switching interval and electrochemical behaviors 
were examined by collecting cyclic voltammetry (CV) curves. 
The electrochromic color range characterized by transmit-
tance at 633 nm was in situ recorded by time-resolved optical 
measurements. The obtained CV curves and corresponding 
in situ transmittance variation were plotted in  Figure    2  a,b, 
respectively, exemplifi ed with those of the 1st and 50th cycle. 
The solid lines in Figure  2 a depict the typical CV curves of the 
electrode in aqueous solutions of HCl, NaCl, and AlCl 3 , with 
equal concentrations of 1.0  M . The W 18 O 49  nanowire fi lm in 
electrolyte solutions of NaCl only gave a pair of rather weak 
and broad redox peaks, among which potential for one reduc-
tion peak was even close to −1.2 V, indicating that the Na +  
ion was too large to be inserted into the W 18 O 49  lattice frame-
work. In clear contrast, profi les for W 18 O 49  nanowires fi lm 
in aqueous HCl and AlCl 3  exhibited excellent pesudocapaci-
tive behavior and possessed much richer structure, featuring 
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 Figure 1.    a) XRD pattern of the sample prepared from solvothermal reaction of WCl 6  in ethanol 
solution. The samples were scratched off from the substrate before characterizations to mini-
mize the interference of FTO on substrate. All refl ections could be perfectly fi tted in a mono-
clinic cell ( P 2/ m ) of W 18 O 49 . Inset: [010] projection view of W 18 O 49 . b) Typical SEM image of 
the as-obtained sample manifesting a nanowire morphology. Inset: HRTEM image showing the 
nanowire were preferably grown along the [010] direction. 
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well-resolved redox peaks. Furthermore, the anodic and 
cathodic peak potential for the sample in AlCl 3  aqueous 
solution was located at −0.5 V and −0.55 V, only slightly 
negative compared to that for the sample in HCl aqueous 
solution, which suggests that the Al 3+  insertion/extraction 
in the W 18 O 49  lattice was also rather quick, comparable to 
the behavior of H + . Accordingly, the switching time for Al 3+  
and H +  was much narrower than that for Na + , especially in 
the coloring process. The switching time is generally charac-
terized as the required period for 90% of the optical change 
between the steady bleached and colored states. The time 
for bleaching and coloring of W 18 O 49  nanowires electrode in 
AlCl 3  was about 2.2 s and 0.6 s, nearly as speedy as that for 
HCl, bleaching in 0.6 s and coloring in 1.5 s, contrasting obvi-
ously with the slow response for NaCl, 4.5 s and 2.2 s, respec-
tively. In addition, the optical modulation in AlCl 3  and HCl 

was as large as 30%, while the electrode in NaCl solution only 
obtained a much narrowed modulation below 20%.  

 Al 3+  not only gave comparable electrochemical behavior 
properties as H +  in the fi rst cycle, but also largely outperforms 
H +  in cycle stability. The CV curves of the 50th cycle were given 
as broken lines in Figure  2 a. Na +  showed a great capacitive loss 
after 50 switching cycles with nearly complete disappearance 
of the loop feature in CV curve, indicating that Na +  intercala-
tion into W 18 O 49  framework was extremely low after repetitive 
cycles, which would unavoidably deteriorate electrochromic 
properties. Consequently, after cycles the electrode was kept at 
bleached state and could not reverse back to the colored state 
via ion intercalation (Figure  2 b). Such progressive deteriora-
tion also happens to H + , consistent with previous studies. [ 27 ]  
The CV curves for H +  became asymmetric with the occurrence 
of additional redox peaks at −0.41 and −0.59 V, suggesting poor 
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 Figure 2.    a) Solid lines: CV curves of the W 18 O 49  nanowire fi lm in 1.0 M aqueous solutions of HCl, NaCl, and AlCl 3 , scan rate: 10 mV s –1 ; broken lines: 
CV curves after 50 cycles of electrochromism test. b) In situ transmittance variation curves between colored and bleached state for W 18 O 49  nanowires 
fi lm in the three solutions. Solid and broken lines are for the 1st and 50th cycle, respectively. c) Full-range profi les of the transmittance change for the 
fi lm electrode in the three solutions, showing good cycle stability for Al 3+ . d) Plot of in situ OD variation as a function of charge density monitored at 
wavelength of 633 nm.
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reversibility of the H +  intercalation–deintercalation process, 
which may result from the trapping of charge due to irrevers-
ible chemical reactions between tungsten oxide matrix and the 
inserted H +  ions during the cycles. The electrochromic perfor-
mance accordingly became much inferior after 50 cycles. The 
switch time for coloring and bleaching signifi cantly extended, 
from 1.5 to 5 s and 0.6 to >30 s, respectively. Furthermore, 
the modulation range progressively became smaller from 
about 30% to below 20%. In clear contrast, the CV profi les for 
Al 3+  was almost unchanged even after the 50 cycles, demon-
strating that the Al 3+  intercalation–deintercalation process was 
highly reversible and the colored/switched states were stable. 
A close examination of the 50th cycle showed that the colora-
tion/bleaching time for Al 3+  remained short, 1.7/2.2 s, and the 
modulation range was also basically unchanged, remaining 
≈30%. To the best of our knowledge, this is the fi rst time 
that the excellent electrochromic stability has been achieved 
using Al 3+  as insertion ion. The excellent electrochemical and 
electrochromic behavior is probably originated from the rela-
tive small radius size of Al 3+  and the resultant easiness to be 
inserted into the electrode host and high stability of the Al 3+ -
intercalated phase. The improvement in cyclability and sta-
bility makes it possible for Al 3+  ion to be applied to practical 
electrochromic devices. 

 Coloration effi ciency (CE), an important parameter for elec-
trochromic materials, is defi ned as the change in optical den-
sity (OD) per unit of inserted charge [ 28 ] 

     = Δ Δ = ΔQ l g T T QCE OD/ o ( / )/b c   (1) 

 where Δ Q  refers to the inserted charge that yields the ΔOD 
change in the optical absorbance,  T  b  and  T  c  are the bleached 
and colored transmittance at a certain wavelength, respec-
tively. The CE can be accordingly evaluated from the slope of 
the plots of ΔOD versus the charge density (Figure  2 d). The 
calculated CE for Al 3+  (154 cm 2  C −1 ) was almost the same as 
that for H +  (159 cm 2  C −1 ), but notably higher than the value 
found for Na +  (120 cm 2  C −1 ), which suggests that a small 
amount of injected charge in AlCl 3  solution can promotes 
large color change in W 18 O 49  material. For a deeper under-
standing of Al 3+ -insertion kinetics, the diffusion coeffi cient 
( D ), which depicts the ion diffusion rate in W 18 O 49  material, 
can be deduced based on the positive current peaks from a 
series of CV curves at different scan rates according to the 
Randles–Sevcik formula (Supporting Information). The  D  
values obtained for H +  and Al 3+  were 5.29 × 10 −10  cm 2  s −1  and 
2.53 × 10 −10  cm 2  s −1 , respectively. The resulting diffusion coef-
fi cient for Al 3+  was comparable to that for H + , indicating supe-
rior insertion kinetics as H + .  

  2.3.     Electrochemical and Electrochromic Behavior 
in Nonaqueous Electrolyte 

 Aqueous electrolytes, however, generally suffer from narrow 
potential windows and consequently fast device degradation is 
a major problem for electrodes working in aqueous media. [ 29 ]  
Therefore, most practical electrochromic devices utilize lithium 

salt as electrolyte in nonaqueous solvent. To promote the 
understanding of the effect of Al 3+  on the nonaqueous electro-
chromic process, we compared the electrochromic response 
of W 18 O 49  nanowires under electrochemical insertion from 
one of the three different ions: Li + , Na + , and Al 3+  in organic 
polycarbonate (PC) solvent using ClO 4  −  as counter ion under 
ambient conditions. The same characterization procedures as 
those in aqueous electrolyte were employed, through cyclic 
electrochemical and in situ electrochromic test; the behaviors 
of W 18 O 49  electrode in organic electrolyte were examined. As 
the bleaching or coloring in organic electrolyte was relatively 
slow, each cycle was extended to 50 s. The total period was con-
trolled equal as that for study in aqueous electrolytes at 3000 s, 
and therefore the number of cycle was 30. The solid lines in 
 Figure    3  a shows CV curves of the 1st cycle for inserting or 
extracting Li + , Na + , and Al 3+  into/from W 18 O 49  nanowires. The 
anodic potentials for Li + , Na + , and Al 3+  were −1.0, −1.3, and −0.1 V, 
with the one for Al 3+  signifi cantly shifted to the positive direc-
tion, implying that Al 3+  insertion/extraction process in organic 
PC phase is kinetically much faster compared with Li +  and Na + . 
The much negative value for Na +  should be in relation with 
its large ion radius. The fast kinetics of Al 3+  ion leads to a sig-
nifi cant enhancement in electrochromic performance both in 
switching time and in color contrast. The W 18 O 49  nanowire fi lms 
in Al 3+  electrolyte showed short switching time of 5.8 s for the 
bleaching step and 4.1 s for the reverse process, while the time 
period in Li +  and Na +  showed a much slower temporal response 
with bleaching/coloring time of 11.3/4.2 s and 8.3/2.8 s, 
respectively (Figure  3 b). The color contrast of Al 3+  also benefi ts 
from the fast kinetics with a higher modulation range up to 
about 32%, whereas Li +  and Na +  only reached a value of ≈20% 
and 10%, respectively (Figure  3 c).  

 Regarding cyclability and stability, all the three cases deliv-
ered good behaviors as expected without the occurrence of 
asymmetric peaks in H +  or obvious loss of capacitive behavior 
in Na +  electrolyte. It is noteworthy that along with the progres-
sion of electrochemical cycles the high-coloration contrast was 
well maintained only in Al 3+  case, still having ≈30% even after 
30 repeated cycles, which further confi rmed that the supe-
rior cycling stability of Al 3+ . The advantage of utilizing Al 3+  as 
electrolyte in both aqueous and nonaqueous electrochemical 
reactions was obvious, which could bring long-desired charac-
teristics such as fast switching and excellent cyclic stability of 
electrochromic performance. 

 Meantime, the study of CE and ion diffusion rate provided 
addition evidence that Al 3+  could deliver superior inser-
tion kinetics. The CE values of W 18 O 49  nanowires fi lm in 
Al 3+  electrolyte (68 cm 2  C −1 ) was slightly lower than that in 
Li +  electrolyte (89 cm 2  C −1 ) but higher than that in Na +  elec-
trolyte (44 cm 2  C −1 ). The diffusion coeffi cients for Li + , Na + , 
and Al 3+  were calculated to be 2.18 × 10 −10 , 7.12 × 10 −11 , and 
1.59 × 10 −10  cm 2  s −1  for the electrochromic process, respec-
tively (Supporting Information). Apparently, the ion diffusion 
rate of Al 3+  was comparable with that for Li +  but signifi -
cantly higher than that for Na + . The behavior parameters 
were summarized in  Table    1  , demonstrating that the goal of 
fast response, high-contrast and high stability could all be 
achieved utilizing Al 3+  as the electrolyte, in both aqueous and 
nonaqueous solutions.   
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  2.4.     Spectral Study with Al 3+ -Intercalation 

 The electrochromic phenomena in tungsten oxide upon Al 3+  
intercalation can be described by the following equation:

     xe x xW O 3 Al Al W O18 49
3+

18 49+ + ↔−   (2) 

   An attractive aspect of using Al 3+  as insertion ions in elec-
trochromic applications was that the electrochromic cycling sta-
bility was signifi cantly improved in nanostructured metal oxide 
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 Figure 3.    a) CV curves (solid: the 1st cycle, broken: the 30th cycle) of the W 18 O 49  nanowires fi lm at a scan rate of 10 mV s –1  in 1.0  M  PC-Al(ClO 4 ) 3 , 
PC-LiClO 4 , PC-NaClO 4 . b) In situ transmittance variation curve between colored and bleached state for W 18 O 49  nanowires fi lm in 1.0  M  PC-Al(ClO 4 ) 3 , 
PC-LiClO 4 , and PC-NaClO 4 . Solid and broken lines are for the 1st and 30th cycle, respectively. c) Full plot of the in situ transmittance variation in the 
three nonaqueous solutions, a total of 30 cycles. d) In situ OD variation as a function of charge density monitored at wavelength of 633 nm in PC-
LiClO 4 , PC-NaClO 4 , PC-Al(ClO 4 ) 3 .

  Table 1.    A summary of electrochromic behavior of the electrodes. 

Aqueous Nonaqueous

  T  b  [s]

1 st →50 th 

 T  c  [s]

1 st →50 th 

OD

1 st →50 th 

CE

[cm 2  C −1 ]

CE

[cm 2  C –1 ]

OD

1 st →50 th 

 T  c  [s]

1 st →50 th 

 T  b  [s]

1 st →50 th 

 

H + 0.6→>30 1.5→5 30%→20% 159      

     89 20%→15% 4.2→2.6 11.3→10.3 Li + 

Na + 4.5→NA* 2.2→NA* 20%→0 120 44 10%→8% 2.8→4.5 8.3→15.8 Na + 

Al 3+ 0.6→1.7 2.2→2.2 30%→30% 154 68 30%→30% 4.1→3.1 5.8→6.6 Al 3+ 

   The  T  b  and  T  c  for Na +  after 50 repeated cycles were not available (NA) because capacitive behavior was almost completely lost after 50 th  cycles.   
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hosts compared with the conventional monovalent insertion 
ions, while keeping other favorable electrochromic parameters 
such as fast switching, high contrast. We believe the high cyclic 
stability benefi ts from the unique insertion mechanism of Al 3+ . 
The insertion of Al 3+  was verifi ed by X-ray photoelectron spec-
troscopy (XPS) characterizations. XPS survey spectrum of the 
W 18 O 49  nanowire electrodes before and after Al 3+  intercalation 
in  Figure    4  a indicated the sample after intercalation contained 
element Al in addition to W and O. A close scan of Al 3+  in the 
inset detected a broad, asymmetric peak appeared at 76.4 eV, 
corresponding to the Al 2p peak of Al 3+ , [ 30 ]  confi rming that 
Al was intercalated into the W 18 O 49  framework in Al 3+  form. 
A direct consequence of Al 3+  intercalation was that the part of 
W 6+  in W 18 O 49  was reduced chemically, resulting an increase 
in ration of W 5+ /W 6+ , which was evidenced by XPS measure-
ments, [ 31 ]  increasing from 0.57 for original sample to 0.86 
after Al 3+  insertion (Figure  4 b). Meantime, XRD measurement 
showed that Al 3+ -intercalation did not bring signifi cant phase 
change, without the detection of any impurities (Figure  4 c). No 
obvious diffraction broadening was observed, suggesting that 
the crystallinity was also well remained. Noteworthy, accompa-
nying the insertion of Al 3+ , the peak position of (010) shifted 
to high-angle region, suggesting the cell dimension along the 
growth direction,  b -axis, was contracted instead of expansion. 
The intercalation of guest, for example, monovalent ions H + , 
Li + , or Na + , traditionally brought expansion, which would gen-
erally degrade the host materials and limits the life time of 

electrochromic devices. [ 32 ]  The abnormal trend may result from 
the strong electrostatic interactions between Al 3+  and the inter-
calation framework. The contraction along the  b  axis with the 
intercalation of Al 3+  ion was also evidenced by the fact that the 
spacing of (010) plane of a W 18 O 49  nanowires lattice in HRTEM 
images reduced from 0.38 nm to 0.36 nm (in the aqueous elec-
trolyte) and 0.35 nm (in the nonaqueous electrolyte) after Al 3+  
insertion, respectively (Supporting Information). The micro-
structure information of the samples was obtained through 
Raman study with the Raman spectra before and after Al 3+  
intercalation depicted in Figure  4 d. The W – O stretching modes 
at 706 cm −1  and 804 cm −1  in the high wavenumbers region 
and the O – W – O bending modes at 260 and 323 cm −1  in the 
low wavenumbers region were both observed, in good agree-
ment with the previously reported characteristics modes of 
W 18 O 49 . [ 33 ]  After Al 3+  insertion, the W – O stretching modes red 
shifted to 705 and 803 cm −1 , and the O – W – O bending modes 
blue shifted to 262 and 325 cm −1 , implying that the W – O bond 
in WO 6  octahedron became weakened and the O – W – O in the 
WO 6  octahedron became strengthened. The WO 6  octahedra 
were resultantly compressed, which is consistent with the XRD 
observation of contraction along the  b -axis. Therefore, differing 
from the structure degradation by repeated guest intercalation/
deintercalation, the Al 3+  insertion brought structure contrac-
tion along the  b -axis while remaining the crystallinity, which on 
some degree stabilized the crystal structure and consequently 
produced much enhanced cyclability.    
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 Figure 4.    a) Full XPS profi les for original W 18 O 49  nanowire fi lm and the fi lm after Al ion intercalation. Inset: Al2p XPS spectrum indicating the successful 
insertion of Al 3+  ions. b) XPS spectrum of W4f core level peaks showing peaks corresponding to W 6+  and W 5+ , through which the ratio of W 5+ /W 6+  
was evaluated. After Al 3+  intercalation, the ratio increased to 0.86 from 0.57 for the original sample. c, d) XRD patterns and Raman spectra for original 
W 18 O 49  nanowire fi lm and the fi lms after XPS spectrum of W4f core level peaks.
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  3.     Conclusion 

 In summary, breaking the traditional concept of using mono-
valent ions such as H + , Li + , Na +  as the insert ions in EC 
applications, it is the fi rst time that using the trivalent Al 3+  as 
insertion ion to obtain fast switching, high contrast, and highly 
stable electrochromic behavior. The new application of Al 3+  in 
electrochromism makes it possible to overcome the existing 
problems encountered for the conventional insertion ions such 
as strong tendency to destroy the host material, high cost, and 
hard handling, while still exhibits wide optical modulation, fast 
color-switching speed, high CE and good cyclic stability. We 
believe electrochromic research would benefi t from the new, 
low-cost insertion ion to fabricate more stable, more econom-
ical electrochromic devices.  

  4.     Experimental Section 
  Preparation of W 18 O 49  Nanowire Film on FTO glass : The details of the 

growth of W 18 O 49  nanowire fi lms have been described before. [ 24 ]  In a 
typical synthesis, 0.099 g of WCl 6  was dissolved into 30 mL of absolute 
ethanol, which was transferred to a Tefl on-lined stainless steel autoclave, 
holding a vertically oriented FTO glass substrate. The autoclave was then 
sealed and maintained at 180 °C for 12 h. After reactions, the substrate 
was taken out and rinsed thoroughly with distilled water and absolute 
ethanol before being dried at 60 °C for 12 h. The as-prepared product 
was further annealed in argon gas at 200 °C for 1 h, which yielded the 
W 18 O 49  nanowires structure on FTO. 

  Characterization : Field emission scanning electron microscopy 
(FE-SEM) analysis was performed on a FEI Quanta 400 FEG fi eld 
emission scanning electron microscope. TEM images were obtained 
employing JEOL 2010 with beam energy of 100 kV. XRD patterns of the 
prepared samples were recorded on a Bruker AXS D8 Advance X-ray 
diffractometer with a Cu Ka radiation target (40 V, 40 A). Raman spectra 
were collected with a LabRAM HR Evolution instrument using red 
(633 nm) lasers. 

  Electrochemical and Optical Measurement : UV–vis experiments were 
made in transmission geometry on a UV–vis spectrophotometer (V660, 
JASCO) over a wavelength range of 200–900 nm. Electrochemical 
measurements were carried out on an electrochemical workstation 
(Dual Electrochemical Workstation ZIVE BP2) using a conventional 
three-electrode test cell. A platinum wire was used as counter electrode 
and a KCl saturated Ag/AgCl as reference electrode.  
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