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ABSTRACT: We describe the successful fabrication of a
three-dimensional branched (NH,),WO; nanowire array film
on fluorine-doped tin oxide coated glass by a facile one-step
hydrothermal method. The porous WO; nanorod array film
formed after heat treatment and recrystallization. Specifically,
the branched (NH,),WO; nanowire array film has very thin
nanowires that were about 10 nm in diameter. The results of
an optical and photoelectrochemical test show that the
branched (NH,),WO; nanowire array film could be used as
a near-infrared shielder, while the porous WO; nanorod array
film can be used as a photoanode for water splitting. Moreover,

the morphology, structure, and composition of the as-prepared films are revealed, and the related changes caused by heat

treatment are discussed in detail.
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B INTRODUCTION

Three-dimensional (3D) branched nanostructures have at-
tracted much attention because of the unique characteristics
that include large specific surface, hierarchy structure, excellent
light-trapping characteristics, and direct electron-transport
pathways."”” Particularly, 3D branched nanostructures exert
more influence in many nanoscale device applications.>* For
example, a photoanode with branched nanostructure has
photocatalytic abilities superior to those of bare nanorods
without branches, owing to the large contact area with the
electrolyte and excellent light-trapping characteristics.” Fur-
thermore, the branched a-Fe,O;/SnO, composite anode
material exhibited relatively low initial irreversible loss and
high reversible capacity when used for lithium-ion batteries.®
Additionally, a asymmetric supercapacitor based on 3D
hierarchical MnMoQO,/CoMoO, heterostructured nanowires
that could im;)rove the electrochemical properties has been
demonstrated.

So far, various materials and techniques have been
demonstrated to form 3D branched nanostructures.* '* To
the best of our knowledge, there are few articles on the
fabrication of branched tungsten bronze compounds (M,WO,).
Most M,WO; compounds were formed in nanoparticles or
one-dimensional (1D) nanostructures.'>™° Among them,
some M,WO; (M = Cs, K, and NH,) powders were prepared
by liquid deposition and exhibited excellent near-infrared
(NIR) shield properties."*™° Moreover, hydrogen tungsten
bronze (H,WO;) could be used as the electrocatalyst’' or
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decoking agent for solid oxide fuel cells.”* Besides, (NH,),WO,
and HWO; with special nanostructures could also serve as
intermediates for the fabrication of WO, nanostructures.”>~>°
Because of superior photocatalytic, electrochromic, and electro-
catalytic properties, WOj;-based photoelectrodes are used
extensively.”*™>° Thus, if branched tungsten bronze com-
pounds were employed in these areas, the performance may be
better.

In this article, we present a facile one-step hydrothermal
process for the fabrication of a 3D branched (NH,),WO,
nanowire array film. The purpose of this study is to discuss the
morphology, structure, and composition of this novel 3D
branched nanowire array film and reveal the related changes
during heat treatment. In addition, the optical and photo-
electrochemical (PEC) properties of the films were investigated
to provide reference material for potential applications.

B EXPERIMENTAL SECTION

Film Synthesis. Before deposition, the substrate, fluorine-doped
tin oxide (FTO)-coated glass, was cleaned in acetone, deionized water,
and ethanol ultrasonically and then dried with a stream of nitrogen. An
ammonium wolframate (H,N;q0,;W;,-xH,0) solution in lactic acid
was heated for dissolution, and the concentration was controlled at 10
wt %. Then, the seed layer precursor solution was prepared by diluting
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the ammonium wolframate solution 10 times by volume with ethanol.
Subsequently, the precursor solution was deposited on the substrate
via a spin-coating process. The coated substrate was annealed at 500
°C for 3 h in a muffle furnace to form the WOj; seed layer.

The hydrothermal precursor solution was prepared by mixing 1.25 g
of an ammonium wolframate solution (10 wt %) with 8.75 g of lactic
acid, 20 g of ethanol, and 0.1383 g of iL-glutathione reduced
(C1oH;N304S). This solution and the seed-layer-coated substrate
were placed within a Teflon-lined stainless steel autoclave and then
maintained at 200 °C for 4 h. After the synthesis process, the resulting
film, a branched (NH,),WO; nanowire array film, was cleaned with
ethanol. Furthermore, the porous WO; nanorod array photoanode can
be achieved by annealing the as-prepared branched (NH,),WO,
nanowire array films in air at 350 or 550 °C for 1 h, while the
temperature rise rate was kept at 25 °C/min.

Characterization. The surface chemical components and states of
the films were determined by X-ray photoelectron spectroscopy (XPS)
measurements, which were conducted by using a Kratos spectrometer
(Axis Ultra®P) with monochromatic Al Ka radiation (hv = 1486.69
eV). The binding energies were calibrated against the C Is signal
(adventitious carbon), which was centered at 284.8 eV. X-ray
diffraction (XRD) analysis was conducted on an X’pert PRO
diffractometer [PANalytical, using Cu Ka irradiation (4 = 154184
nm)]. The morphology and structure were characterized using
transmission electron microscopy (TEM; FEI Tecnai G2 F30) and
scanning electron microscopy (SEM; JEOL JSM-7800F). Thermog-
ravimetric (TG) analysis was performed with a STA 449C thermal
analyzer from NETZSCH. The optical properties were analyzed by a
double-beam UV4100 UV—vis—NIR spectrophotometer.

PEC Measurement. The PEC measurements were carried out in a
three-electrode system. The sample, a platinum foil, and a saturated
calomel electrode (SCE) were used as the work, counter, and
reference electrodes, respectively. A 0.5 M Na,SO, solution in water
was used as the electrolyte. A S00 W xenon lamp coupled with an
AML.S filter was used as the light source, and the light intensity was set
at 100 mW/cm?. The photocurrent densities were measured by a CHI
760D scanning potentiostat (CH Instruments).

B RESULTS AND DISCUSSION

After a hydrothermal process, a blue transparent film was
achieved on a FTO-coated substrate. It can be seen in the
Experimental Section that all elements in the precursor solution
are W, O, C, N, H, and S. XPS was used to further characterize
the chemical composition of the as-prepared film. However, O,
C, and H cannot be determined accurately by XPS because O
and C may come from the atmosphere and XPS is sensitive to
all elements except H and He. The survey-scan XPS spectrum
is shown in Figure 1 and indicates that the elements W and N
certainly exist in the film. Moreover, no peak of S can be found,
which demonstrates the inexistence of element S. Thus, from
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Figure 1. Survey-scan XPS spectrum of the branched (NH,) WO,
nanowire array film.
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the survey-scan XPS spectrum results, we can infer that the
elements W and N certainly exist, while the elements O, C, and
H are potential candidates.

Figure 2a displays the XRD pattern of the blue transparent
film. On the basis of elemental analysis of XPS, all peaks were
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Figure 2. (a) XRD pattern of the branched (NH,),WO; nanowire
array film. The dark-blue line represents the complete pattern, while
the light-blue line represents an amplified pattern along the vertical
axis. (b) Projection on the ab plane of the hexagonal M,WO,
framework.

indexed to standard card JCPDS 42-1286, which corresponds
to hexagonal (NH,)3;WOs3, and no any other characteristic
peak for impurity WO; or WO;_, exists. However, the
quantitative analysis of surfaces (Figure 1) shows that the
ratio of atomics N/W is 0.24. The ratio of atomics N/W for
(NH,)033WO; does not match the result of XPS for the blue
transparent film. Is the formula of the as-prepared sample
(NH,)33WO; (based on the current analysis), or is something
wrong? Previous works show that this “noncorrespondence”
was due to a rigid W—O framework existing in hexagonal
ammonium tungsten bronze.'>***" The framework is built of
layers that are made of the corner-sharing WOq octahedra, and
the layers are stacked along the c¢ axis, as shown in Figure 2b.
Because the WOg octahedra are arranged in six-membered
rings, the superposition of vacancies in the corner-sharing WOgq
octahedra leads to 1D hexagonal channels randomly occupied
by ammonia ions and creates an uncertainty of “x” in
(NH,),WO;. Hence, the formula of the as-prepared blue
transparent film is (NH,),WO,.

The surface morphology of the (NH,),WO; film is shown in
Figure 3a—c from different perspectives. The uniform and
densely branched nanowires grew regularly on the FTO layer
like a “forest”. The thickness of the film was about 1.5 gm. Each
trunk was made up of a bunch of nanowires. The diameter of
the branch looks extremely small. Of note is that the branches
preferred to grow along the diagonal directions of the
hexagonal prism in nature, as shown in the enlarged SEM
photographs (Figure 3c).

The TEM and HRTEM images depicted in Figure 2d—g
provide a clear presentation of the growth direction of the
trunks and branches. In the direction parallel to both the trunks
and branches, the distance of the planes was calculated as 0.378
nm, which was consistent with the interplanar spacing of the
(002) planes, confirming that both trunks and branches grew
along the ¢ axis. Meanwhile, the XRD pattern in Figure 2a also
shows that the peak area of the (002) planes was extremely
higher than the other peaks, also suggesting the preferential
growth of nanowires along the ¢ axis. Both results can be
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Figure 3. (a—c) SEM, (d and f) TEM, and (e and g) HRTEM images
of the branched (NH,),WO; nanowire array film.

confirmed mutually. Moreover, the TEM image shows that the
diameter of the branches was around 10 nm.

To study the branched nanowire growth process, SEM
images were taken for the films with different preparation
conditions, as shown in Figures S1 and S2 in the Supporting
Information (SI). Figure S1 in the SI shows morphologies of
FTO, the seed layer, and the branched (NH,),WO; nanowire
array film without the seed layer or glutathione. Before
hydrothermal treatment, the WO; nanoparticles in the seed
layer were difficult to recognize (Figure S1b in the SI).
However, Figure Slc in the SI indicates that the absence of the
seed layer can lead to conglobation of the branched nanowires.
Thus, we can conclude that the seed layer really did exist and
had a significant influence on the crystal growth. Moreover,
Figure S1d in the SI shows that the branched structure still
formed without glutathione. Thus, the branched structure was
not caused by glutathione. Previous works showed that the
biomolecules of glutathione could be used as capping agents by
being adsorbed onto some specific crystal planes.*”* In this
work, glutathione significantly inhibited the growth of the
(100) planes and, hence, contributed to the thin branch, the
unevenness top, and the large surface area. Figure S2 in the SI
shows the SEM images of the branched (NH,),WO; nanowire
array film for different growth periods. At the beginning of the
growth period, the branch started to grow as soon as the trunk
grew. As time went on, the trunk grew in length, while the
original branch (close to the FTO substrate) stopped growing
because of limited space. This is the reason why the surface of
the film presents a forestlike structure and the bottom of the
film presents a more dense structure. Additionally, the inset
SEM image at low magnification in Figure S2c¢ in the SI
indicates that an excessively long hydrothermal time could
make the film fall off easily from FTO.

On the basis of the above analysis, the schematic illustration
of the growth of the branched (NH,),WO; nanowire array film
is displayed in Figure 4. In particularly, as both trunks and
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Figure 4. Schematic illustration of the growth of the branched
(NH,), WO, nanowire array film.

branches grew along the ¢ axis, it is reasonable to expect that
there should be a “transition point” that joined the (001) and
(100) crystal planes together. Although it is difficult to clearly
show this “transition point” by means of instrument measure-
ment, we believe lactic acid might dominate the formation of
this “transition point” by promoting the formation of crystals
on the (100) crystal plane. Therefore, branches grew in all six
directions that denote the family of {100} planes.

As mentioned above, “x” is a variable in (NH,),WO,. To
study the related changes of the morphology, structure, and
composition of this novel branched (NH,),WO; nanowire
array film during heat treatment, TG analysis was investigated
in an air atmosphere. Figure S displays the TG plot. The
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Figure 5. TG plot of the branched (NH,),WO; nanowire array film
recorded in air.

heating rate was 10 °C/min. According to the plot, an initial
weight loss was found up to around 252 °C, which may be
ascribed to the departure of surface-absorbed water and
structural water elimination,’>'® while the weight loss in the
temperature range of 252—515 °C may be attributed to the
release of NH, from (NH,),WO,."> However, a gradual weight
increase was detected in the temperature range of 515—700 °C.
The extra weight ought to come from the air atmosphere and
may be caused by residual oxygen deficiency.'>'® As shown in
the previous works, the removal of residual oxygen deficiency
can be expressed as WO;_, - WOj; and thus increase the
oxygen content in the film while the tungsten content remains
constant.">"°

To be clear about the changes revealed in the TG plot, two
branched (NH,), WO, nanowire array films were annealed with
a muffle furnace in an air atmosphere at temperatures of 350
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and 550 °C for 2 h. The annealed temperature was selected in
the middle of two transformation sections (252—515 and 515—
700 °C). Figure 6 shows the XRD patterns of the branched
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Figure 6. XRD patterns and digital photographs of (a) the branched
(NH,),WO; nanowire array film, (b) the 350 °C annealed film, and
(c) the 550 °C annealed film.

(NH,),WO; nanowire array and the two annealed films. After
annealing at 350 °C, theres appeared to be a slight but obvious
shift to the lower angle in the character peaks. On the basis of
the previous analysis, this shift was caused by the release of
NH;. Meanwhile, this shift also indicates an increase of the
lattice parameter. When the annealed temperature was 550 °C,
some new peaks appeared. All of these new peaks were indexed
to standard card JCPDS 43-1035, indicating the formation of
monoclinic WO3;, while no other secondary WO; phase existed.
The results of XRD analysis are consistent with those of the TG
plot.

The valence states of the elements W and N in the films were
performed by high-resolution XPS, as shown in Figure 7.
During deconvolution of the W 4f levels, the full width at half-
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Figure 7. High-resolution XPS spectra of N 1s and W 4f and
schematic illustrations of lattice evolution for (a) the branched
(NH,),WO; nanowire array film, (b) the 350 °C annealed film, and
(c) the 550 °C annealed film.
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maximum ratios of the 4f;, to 4f;, levels were fixed at 1.0, and
the spin—orbit splitting of the doublet was 2.1 eV (with an area
ratio of 4:3).""7*%* The ratio of atomics N/W changes from
0.24 to 0.073 to O as the annealing temperature increases,
confirming the release of NH;. For the unannealed film and the
350 °C annealed film, two pairs of W 4f peaks exist that index
to W and W** separately. The peaks of W' indicate the
existence of oxygen deficiency, and low-temperature annealing
cannot remove the oxygen deficiency entirely. Therefore,
residual oxygen deficiency existing in the film led to a weight
increase in the temperature range of 515—700 °C during TG
analysis. Moreover, the binding energy of W' expresses an
obvious shift to low energy. Because the binding energy can
intuitively reflect the circumstances of the atom, this shift, we
believe, should be contributed by the combined effect of a
larger lattice parameter, the release of NHj;, and the
disappearance of oxygen deficiency. The schematic illustration
of lattice evolution is illustrated in Figure 7.

Figure 8 shows the SEM images of the two annealed films.
There is no significant difference in the unannealed film and the

Figure 8. SEM images of (a and b) the 350 °C annealed film and (c—
e) the 550 °C annealed film.

350 °C annealed film. However, the 550 °C annealed film has a
porous structure, while the branched nanowire array disappears
and transforms into vague 1D nanorods. Moreover, on the
surface of the 550 °C annealed film, many nanosteps (pointed
out by the arrows) can be observed clearly. This may be caused
by the crystal slip at the interface between the layers during
recrystallization. So far, the related changes of the morphology,
structure, and composition during heat treatment are clear. To
provide a more detailed review, Figures S3 and S4 in the SI
display the XRD patterns and high-resolution XPS spectra of
250 and 450 °C annealed films, and the results well
reconfirmed the conclusions about the crystallization process
and chemical changes upon calcination.

Before the optical properties were investigated by the relative
instruments, the films were observed visually. The inset digital
photograph of Figure 9 indicates that the films present distinct
color changes. The blue faded and a fine yellow appeared as the
annealing temperature rose. However, the unannealed film and
the 350 °C annealed film exhibited good transparent properties.
The UV—vis—NIR spectra were used to provide further insight
into the optical properties of the films. Figure 9 displays the
transmittance and reflectance spectra of the films. From the
transmittance spectra, it can be seen that the branched
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Figure 9. Optical images of (a) the branched (NH,),WO; nanowire
array film, (b) the 350 °C annealed film, and (c) the 550 °C annealed
film.

(NH,),WO; nanowire array film exhibited a relatively low NIR
transmittance (lower than 20% in 900—1250 nm and almost
0% in 1250—2600 nm) but a considerable luminous trans-
mittance (60%). This phenomenon indicates that the as-
prepared branched (NH,),WO; nanowire array film can be
used as a NIR shielder.

After annealing at 350 °C, both the transmittance and
reflectance in the vis—NIR range obviously increase. The above
analysis suggests that the main changes were the reduction of
W (oxygen deficiency) and NH,*. Although oxygen
deficiency was considered to be very important in NIR
absorption of the WO;, films, the effect of NH," cannot be
ruled out because of the absorption band of NH," in IR
light.**~** Thus, the different performances of the unannealed
film and the 350 °C annealed film in the vis—NIR range
absorption should be due to the joint influence of both NH,"
and W'

The fine yellow color and the porous nanorod array structure
of the 550 °C annealed film indicated that the as-prepared
monoclinic WO; film may have pretty good PEC properties.
The photocurrent density performance of the films was tested
under a simulated light source, as shown in Figure 10. Before
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Figure 10. Current—potential curves of (a) the branched (NH,) , WO,
nanowire array film, (b) the 350 °C annealed film, and (c) the 550 °C
annealed film.

annealing, the branched (NH,),WO; nanowire array film
exhibited a weak response to light illumination. After annealing
at 350 °C, although an obvious photoelectric response
appeared, the photocurrent density was still quite low.
However, the 550 °C annealed film showed a pretty good
photoelectric response. The photocurrent density could reach
1.05 mA/cm® at an applied potential of 1.1 V versus SCE,
which is comparable with the reported WO, photoanodes.* >’
However, different light sources, electrolytes, and counter
electrodes can influence the current—potential performance of
the films.>® For the purposes of comparison and practical
applications, the global standard spectrum (AML.S) is
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commonly used as the light source in research. Despite
Na,SO, (neutral, used in this work), some acidic or alkaline
solution is also often used as the electrolyte. For WO;-based
photoelectrodes, the commonly used electrolytes are Na,SO,
(neutral)*****® and H,SO, (acidic)**”* solutions, while
WOj; is more likely to encounter photocorrosion in a neutral
electrolyte than in an acidic electrolyte. Additionally, the
photostability test on the porous WO; nanorod array film is
displayed in Figure SS in the SL

B CONCLUSIONS

In summary, the branched (NH,),WO; nanowire array film
was successfully fabricated via a facile one-step hydrothermal
treatment. The chemical composition of the as-prepared blue
film was determined by XPS and XRD. As the annealing
temperature increased, NH," and W*" gradually faded away
from the film, and the hexagonal (NH,),WO; transformed to
monoclinic WO;. The SEM and TEM images display the
(NH,),WO; film has a 3D branched nanostructure, and the
WO; film has a porous nanorod array structure. Combination
analysis of HRTEM and XRD shows that both trunks and
branches of the branched nanowire array preferred to grow
along the ¢ axis. Moreover, on the basis of the results of an
optical and PEC test, the branched (NH,),WOj; nanowire array
film exhibits fine NIR shield properties and can be used as a
NIR shielder, while the porous WO; nanorod array film has
pretty good PEC properties and can be used for water splitting.
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SEM images for the films with different preparation conditions,
XRD patterns and high-resolution XPS spectra of 250 and 450
°C annealed films, current—time curves of the porous WO,
nanorod array film, and optical images and PEC performance of
the branched (NH,) ,WO; nanowire array film before and after
2 months of exposure in the atmosphere. This material is
available free of charge via the Internet at http://pubs.acs.org.
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