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Abstract

In this study, a novel green synthesis of tungsten trioxide (WO;) nanoparticles from ammonium paratungstate,
(NH,)oW,,0,4,-5H,0) and aqueous leaves extract of Spondias mombin was explored. The effect of solution pH (1, 4, 7,10,
13) and calcination temperature (250°, 350°, 450°, 550°, 650 °C) on the morphological characteristics and surface area of
the nanoparticles were examined. The prepared WO; nanoparticles were characterized using High-Resolution Scanning
Electron Microscopy (HRSEM), Energy-Dispersive X-ray Spectroscopy (EDX), X-ray Diffraction (XRD), Brunauer Emmett
and Teller (BET), and X-ray Photoelectron Spectroscopy (XPS). The HRSEM analysis showed the formation of highly dis-
persed less agglomerated spherical-shaped structures at each studied pH and calcination temperature except at pH 13. The
particle size of the WO; nanoparticles increased with increase in pH in the order of 13.8 < 14.3<16.7<17.6 nm for pH 1, 4,
7, and 10, respectively. While there was no evidence of formation of WO; nanoparticles of definite size at pH 13. XRD pat-
terns confirmed the existence of only monoclinic phase of WOj; irrespective of the solution pH and calcination temperature
with average crystallite sizes of about 27.14 nm, 14.39 nm, and 5.90 nm at pH 1, 3, and 5, respectively. The BET analysis
established that as-synthesized samples had higher surface area (352.59 m?/g) at pH 1 and calcination temperature (550 °C)
than a commercial available WO, (19.42 m?/g). It was also found that the specific surface area of the samples decreased
from 352.59 to 223.67 m%/g, as the solution pH increased from 1 to 10. While for calcination temperature over the range
of 250-650 °C, the surface area increased from 156.34 to 352.59 m%*g. XPS demonstrated the presence of W atom in the
oxidation state of +6 and lattice oxygen as O*~. The facile green route to prepared WOj; nanoparticles was accomplished
and calcination temperature and solution pH play crucial role on the shape, size, and surface area of the material.

1 Background

Tungsten (VI) oxide (WO;) nanoparticles have attracted spe-
cial interests in the field of photocatalysis among research-
ers due to its strong adsorption within the solar spectrum
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(<500 nm), stable physico-chemical properties, as well as
its resilience to photo-corrosion [33, 53]. Nanostructured
tungsten trioxide (WO3) is a semiconductor metal oxide with
a bandgap of between 2.4 and 2.8 eV and exhibits a cubic
perovskite-like structure based on the corner sharing of
regular octahedral with the O atoms at the corner and the W
atom at the center of each octahedron [39]. The remarkable
feature of crystalline WO; is its various polymorphs, such as
triclinic [15], monoclinic [23], orthorhombic [54], tetragonal
[11], hexagonal [36], and cubic [54]. Other phases include
mixed crystal frameworks, such as monoclinic—tetragonal
[50], monoclinic—triclinic [25], monoclinic—hexagonal [28],
orthorhombic—hexagonal [27], orthorhombic—monoclinic
[40], and orthorhombic—cubic [4]; Most of these crystal-
line phases exhibit excellent photocatalytic activity under
visible light [3].

Several methods sol—gel [23], acidification [44], chemical
vapour deposition [30, 46], low-temperature hydrothermal
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method [47], solid-state sintering method [16], microwave-
assisted hydrothermal method [18, 42], co-precipitation
[29], urea-assisted combustion [52], spray pyrolysis [31],
hydrothermal [21], electrodeposition [5], template-assisted
growth method [41], thermal evaporation [24], electro-
spinning [34], and pulsed laser deposition [12] have been
employed to synthesize WO; nanomaterials. The prepara-
tion procedure of nanoparticles through conventional physi-
cal and chemical methods is complicated, time consuming,
generates toxic byproducts, and is costly [7]. Tungsten (VI)
oxide, also known as tungsten trioxide or tungstic anhydride,
can equally be deposited in the form of thin films using vari-
ous deposition techniques and can be used for diverse sci-
entific and technological applications [17]. Each deposition
technique produced different properties on different sub-
strates in terms of composition, structure, and morphology
[14]. Researchers have employed different methods to pre-
pare WO; nanoparticles. For instance, Aminian [2] synthe-
sized WO; nanoparticles using peroxo tungstic acid solution
as a precursor via hydrothermal and precipitation methods
and calcined cake obtained at 500 °C for 2 h. The prepared
material nanoparticles, nanorods, and nanosheets were char-
acterized by XRD, UV-Vis, SEM, and BET and found that
the samples composed of nanostructures with an average
lateral thickness of 20—47 nm. Wicaksana et al. [49] syn-
thesized WO; nanobundles, nanocubes, and nanoparticles
using hydrothermal method at 200 °C for 10 h. The samples
were characterized using ICP-AEC, SEM, BET, UV-Vis,
and XPS and the results showed particle size between 100
and 200 nm, surface area in the range of (8.3—44.4 m%/g)
for the monoclinic- and orthorhombic-phased nanomateri-
als. Vamvasakis et al. [47] employed combination of sol-gel
and precipitation methods followed by hydrothermal treat-
ment to synthesize WO; nanoparticles. The authors exam-
ined the influence of synthesis method and calcination tem-
perature and found that the surface area and morphological
characteristics were dependent on the nature of the tungsten
precursors.

In recent years, there has been growing interest in the
synthesis of nanoparticles through environmentally benign
protocol that utilizes plant extracts or microbes than con-
ventional physical and chemical methods. In this case, the
extract is simply mixed with a solution of the metal precur-
sor at room temperature and the reaction is usually complete
within minutes [32]. The same methods have been used in
the production of silver, gold, palladium, and many other
metal nanoparticles [22]. The nature of the plant extract,
its concentration, the concentration of the metal salt, the
pH, temperature, and stirring time are known to affect the
rate of production of the nanoparticles, their quantity, and
other characteristics [10]. This method is considered more
economical, energy saving, and eco-friendly and does not
require complex procedures [22]. The review of available
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literature showed that there is little or no information on
the green synthesis of WO; using plant extracts and opti-
mization of solution pH and calcination temperatures on
the shape and size of WO; nanoparticles has not been thor-
oughly investigated. The plant Spondias mombin is a fructif-
erous tree that belongs to the family Anacardiacae and grows
in the coastal areas, typically rain forest into a big tree of up
to 15-22 m in height. It is commonly available in Nigeria,
Brazil, and several other tropical forests of the world with
high genetic variability among populations. All parts of the
tree are ethno-pharmacologically important. Phytochemical
screening of Spondias mombin extract revealed the presence
of alkaloids, reducing sugars, cardiac glycosides, flavonoids,
tannins, saponins, steroids, and terpenoids [1, 35]. To the
best of the authors’ knowledge, this is the first green syn-
thesis of WO; nanoparticles, where aqueous leaf extract of
Spondias mombin aqueous was explored as reducing, cap-
ping, and stabilizing agent. The structural, morphological,
surface chemical oxidation states, and surface area of the
as-synthesized WO, nanoparticles were examined.

2 Experimental section
2.1 Materials

(NH,) (W ,0,,-5H,0 (98%), NH,OH (24.01%), and HNO;
(70.3%) were supplied by Sigma-Aldrich (USA). All chemi-
cals and reagents were used without any further purifica-
tion. Fresh leaves of Spondias mombin (Plum Hog) were
randomly collected from Bida, Niger State, washed, sun
dried in the open air for a week, and crushed to a fine pow-
der using a mechanical blender.

2.2 Extraction of Spondias mombin extract

Powdered leaves of Spondias mombin (50 g) were refluxed
with 400 cm® of distilled water for 2 h. The resulting mixture
was filtered using Whatman No 1 filter paper and the filtrate
concentrated and dried over a water bath at 50 °C. The dried
extract was weighed, placed in a sterile bottle, and labelled
aqueous extract of Spondias mombin. This extract was used
both as a reducing and stabilizing agent for the preparation
of the WO; nanoparticles from the ammonium paratungstate
(NH,),oW,04,-5H,0 precursor.

2.3 Qualitative and quantitative screening
of Spondias mombin extract

The extract was subjected to phytochemical (qualitative)
screening for the presence of flavonoids, tannins, and total
phenols using standard methods. The quantity of these
secondary metabolites in the aqueous extract of Spondias
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mombin was further determined using established standard
procedures. The Folin—Ciocalteau method was used to deter-
mine the total phenolic content [8], while quantity of flavo-
noids and Tannins was both determined by method described
by Chang et al. [6].

2.4 Green synthesis of WO, nanoparticles

A known volume (10 cm?) of aqueous leaf extract of Spon-
dias mombin (see Fig. 1a) was added slowly to 100 cm? of
0.06 M ammonium paratungstate solution (see Fig. 1b). The
mixture was gently heated at 120 °C under continuous stir-
ring at 150 rpm for about 30 min. Subsequently, 10% HNO,
was added drop wisely to adjust pH value to acidic range
between 1 and 4, while 0.5 M NH,OH was added to increase
the pH to between 7, 10, and 13. The solution was further
stirred for 30 min. A change in colour from rusty brown to
yellow (see Fig. 1c¢) accompanied the formation of white
precipitates, as shown in Fig. 2d. The resultant solution was
allowed to age for 24 h after which the white precipitate
was separated from the aqueous extract, first by decantation,
and then washed severally to remove any residual aqueous
extract or impurities (Fig. 1e). The resultant white precipi-
tate obtained under the applied conditions was dried at 80 °C
in a moisture extractor for 6 h (see Fig. 1f). The obtained
WO, cake was annealed at 550 °C in a furnace under air
environment for 2 h. The step-by-step procedure used to pre-
pare WO nanoparticles is presented in Fig. 1.

N @
Spondias mombin leaf
extract

(b)

WO; after calcinations
at optimal temperature
and 2h

0.06 Mof (NH) ‘W O,

100cm’ distilled water

WO s cakes after oven

drying at 80 ° C overnight

2.5 Effect of calcination temperature on the size
and morphology

The effect of calcination temperature on the size and shapes
of WO; nanoparticles was investigated by subjecting the as-
prepared WO; nanoparticles to different temperatures from
250 °C, 350 °C, 450 °C, 550 °C, and 650 °C in the furnace
for 2 h each.

2.6 Characterization of the as-synthesized WO,
nanoparticles

The morphology, microstructure, and elemental composition
of the as-synthesized WO; nanoparticles were determined
using a Zeiss Auriga High-Resolution Scanning Electron
Microscope and High-Resolution Transmission Electron
Microscope (HRTEM) coupled with Energy-Dispersive Spec-
troscopy (EDS). Approximately 0.05 g of the each synthesized
sample was sprinkled on a carbon tape which was fixed onto
an aluminium stub. The HRSEM microscope was operated at
5 keV for imaging and 20 keV for EDS, while Zeiss Auriga
HRTEM was operated at 200 kV. The mineralogical phase and
the crystalline nature of the as-prepared WO; were examined
using powder X-ray diffraction (XRD, Bruker D8 advance)
operated under the following conditions: diffraction angle 26
in the range of 20-90°, a step size of 0.028°, applied voltage
45 kV, applied current 40 mA, monochromatic radiation, and
CuKa radiation with a wavelength of 0.154 nm was used as
the X-ray source. The surface area of the as-synthesized WO,

Leaf extract +

(NH4)10W12041.5H20

0,-5HOin

WO 5 precipitate left to age at
ambient temperature for 24 h

Fig.1 Step-by-step green synthesis of WO; nanoparticles based on the variation of solution pH and calcination temperature
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Fig.2 HRSEM images of WO; nanoparticles ata pH 1, bpH 4, ¢ pH 7, d pH 10, and e pH 13

nanomaterials was determined using nitrogen adsorption—des-
orption (NOVA 2400) at 77K in a Micromeritics ASAP2020
prior to degassing at 120 °C for 2 h to remove any residual
impurities blocking the pores. The surface oxidation states of
the synthesized nanomaterials were determined using X-ray
Photoelectron Spectrometer (XPS PHI 5400) with an X-ray
source of Mg Ko non-monochromatic and a photoelectron
take-off angle for all measurements at 45° with a pass energy
of 178.95 eV in steps of 0.5 eV and scan rate of 5 eV/s with no
charge correction. High-resolution analyses were done with a
pass energy of 44.75 eV, step size 0.125 eV, and scan rate of
0.625 eV/s. Charge correction was done by referencing to the
adventitious carbon peak at 284.8 eV.
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3 Results and discussion

As can be seen in Table 1, the amount of phenolic con-
stituents in the aqueous leaves extract of Spondias mombin
is high in the aqueous extract of Spondias mombin. This
implies that the plant sample with greater amount of poly-
phenolic compounds can serve as stabilizing, reducing, and

Table 1 Qualitative and quantitative phytochemical screening of
aqueous leaves extract of Spondias mombin

Phytochemical constituents Qualitative Quantita-
tive (mg/
ml)

Total flavonoids + 0.9674

Total phenols +++ 13.0842

Total tannins ++ 3.5022

+ present, ++ moderately, +++ highly present
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capping agents for the green synthesis of WO; nanoparticles.
This is evident in the formation of light brown coloration,
as indicated in Fig. 2, after interaction with the tungsten
precursor.

3.1 HRSEM analysis of the WO nanoparticles
synthesized at different pH

HRSEM was utilized for the structural and morphological
properties of the as-synthesized WO; nanoparticles at dif-
ferent pH values (1, 4, 7, 10, and 13) and the images are
shown in Fig. 2. The pH values were adjusted to the desired
value using NaOH or HCI. The mechanism of formation
of nanoparticles via variation of pH may be explained in
terms of point of zero charge of WO;. The point of zero of
charge of WO; nanoparticles is 1.5, and below or above this
value, there is an existence of attractive force between posi-
tive and negative particles, and as such, the particles collide
with each other and aggregate and precipitate owing to van
der Waals interaction. In the light of this background, at
pH 1, well-defined agglomerated spherical shape with par-
ticle size in the range of 10—13 nm, which is similar to pure
monoclinic phase. The formation of pure spherical shapes
of the as-synthesized WO; nanoparticles at pH 1 may be
due to strong electrostatic repulsion between hydroxonium
ion and the tungsten salt precursor [49]. While at pH 4,
a purely hexagonal shape was observed, while at pH 7, a
mixture of hexagonal-spherical morphology, resembling
monoclinic—orthorhombic phase, was formed, although the
hexagonal morphology dominated. The particle sizes at pH
4 and 7 were in the range of 12-14 nm and 13-16.7 nm,
respectively. The thick and large clusters observed at pH
7 may be linked to the coupling and aggregation of small
particles during the aging process. At pH 10, a slight
change in structure was observed, and agglomerated purely
cuboid morphology corresponding to orthorhombic—hex-
agonal crystalline phase was formed with the particle sizes
14-17.6 nm. In contrast, no nanoparticle and phase trans-
formation was noticed at pH 13 as confirmed by HRSEM
analysis (Fig. 2e). In general, it was noticed that the parti-
cle size of the WO; nanoparticles increased with pH in the
order of 13.8<14.3<16.7<17.6 nm for pH 1, 4, 7, and 10,
respectively.

A plausible explanation for the small particle size and
spherical nature at low pH value may be attributed to the
occurrence of super saturation reaction between the ammo-
nium paratungstate and plant extract reacts to form para-
tungstate ions, such as [W,,0,,]'°~ and [H,W,0,,]°" in
solution. The super saturation process was probably respon-
sible for the homogeneous nucleation that generated large
numbers of small WO; nuclei [48]. This nucleation, how-
ever, reduces as the solution pH increases resulting to the
consumption of most of the tungsten precursor by the plant

extract. Conversely, at pH 13, there was no occurrence of
nucleation and coalescence mechanism, which is probably
responsible for none-formation of the nanoparticles. Zhao
and Miyauchi [53] found that the solution pH value influ-
enced the morphology of WO; and acidic condition of pH
of 5 favoured the formation of a tubular structure. In this
study, the morphologies of the synthesized WO; nanopar-
ticles were pH dependent. The observed morphological
changes of WO; nanoparticles at different pH values sup-
port the findings of Zhao and Miyauchi [53] who observed
cuboid to hexagonal morphology at pH 7 though without
the addition of an acid or a base. While pure granular and
spherical shapes corresponding to a monoclinic phase were
observed at low pH of 1. In view of the small grain size and
the pure monoclinic phase nature of the synthesized WO,
nanoparticles, pH 1 was selected as the optimum.

3.1.1 HRSEM of WO, nanoparticles synthesized at different
temperatures

The morphology of the WO; nanoparticles calcined in the
furnace at temperatures between 250 and 650 °C at constant
holding time of 2 h is represented in Fig. 3.

The HRSEM images of as-prepared WO; nanoparticles
at a lower calcination temperature of 250 °C (Fig. 3a) reveal
the formation of highly agglomerated small densely distrib-
uted WO; nanocrystals with no definite or irregular shape.
The presence of small agglomerates of smaller size particles
may be responsible for the porous morphology noticed in the
HRSEM image (Fig. 3a). In addition, the observed morphol-
ogy could be ascribed to the binding, capping, and stabiliz-
ing effects provided by biomolecules of Spondias mombin
aqueous extract on the prepared WO; nanoparticles.

In contrast at 350 °C, roughly spherical shape with
larger agglomerates of big particles formed from the cou-
pling effect of the small nanoparticles. At 450 °C, thick
but spherical and less agglomerated particles were formed.
HRSEM micrograph shown in Fig. 3d for the samples cal-
cined at 550 °C was spherical, more granular in nature and
possesses a less dense structure. At 650 °C, closely packed
spherical-shaped WO; nanoparticles were observed. In addi-
tion, it can be concluded that the growth of WO; nanopar-
ticles leading to the formation of spherical shapes followed
the conventional mechanism of Ostwald ripening and ori-
ented attachment [33]. In this case, the WO; nuclei were
formed from tungsten and plant extract precursors due to
the annealing process. It is obvious that as the sintering tem-
perature increases from 250 to 650 °C, the nanoparticles
become more visible and the sizes of WO; nanoparticles
also increase, while the rate of agglomeration reduces. It
is noteworthy mentioning that the degree of porosity of
the nanoparticles also reduced with temperature except
at 550 °C possibly due to the destruction of the hollow
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Fig.3 HRSEM images of WO; nanoparticles prepared at optimum pH of 1 and calcined at temperature a 250 °C, b 350 °C, ¢ 450 °C, d 550 °C,

and e 650 °C at constant holding time of 2 h

structure. Between calcination temperatures of 350-550 °C,
it was observed that the porous structure gradually disap-
peared and the crystallites’ growth of WO; becomes more
visible. In addition, it can be seen from these micrographs
that the morphology and crystallite sizes’ arrangement of
the nanoparticles were a function of the applied temperature.
For instance, the size of the WO; nanoparticles calcined at
250 °C was found to be in the range of 13.9-14.5 nm. While
for the sample calcined between 350 and 450 °C, the particle
size was in the range of 15.3-28.0 nm. A similar trend of
large grain sizes between 27.8 and 36.0 nm was observed
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for the sample calcined between 550 and 650 °C. The direct
linear relationship between the particle size and calcination
temperature may be linked to the stepwise disappearance
of crystal defects resulting to the formation of highly crys-
talline WO; nanoparticles [5]. These findings are in good
agreement with the crystallite size obtained from the XRD
analysis. Zhao and Miyauchi [53] reported that the morphol-
ogy of synthesized WO; nanoparticles was dependent on
calcination temperature. For instance, Zhao and colleague
obtained discrete bowl-like hollow sphere for WO; calcined
at 180 °C, solid spheres at 140 °C, and plate-like structures
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at 100 °C and attributed the difference in morphological
arrangement to the reduction in agglomeration as a function
of calcination temperature. The results indicated that appro-
priate optimization of calcination temperatures is crucial to
control the size and shape of the WO; nanoparticle. This is
because low temperature may not be sufficient to reduce the
tungsten hydrolysis products to the metallic state, while a too
high temperature will cause rapid nucleation and coagulation
of particles [51].

3.1.2 Elemental composition of the WO, nanoparticles
synthesized at different pH values

EDS analysis was done to investigate elemental composi-
tion of the synthesized WOj; nanoparticles at various pH
values. The principle energy lines of all the elements seen
on EDS spectra of the WO, synthesized at various pH values
and annealing temperatures are shown in Fig. 4. The EDS
spectrum indicates the synthesized materials composed of
mainly W and O, as shown in Fig. 4, while other elements
such as Mg, Ca, and K were present as impurities at different
binding energies.

Figure 4 shows that the percentage of W at pH 1 was
about 78% which is slightly higher than at other pH val-
ues. For pH 7, 10, and 13, other elements such as calcium,
potassium, and magnesium were present, which suggest con-
tamination of the WOj;. These elements were not detected
at pH 4; however, the atomic percentage of W was lower
than at pH 1. The EDS analysis confirmed that the as-syn-
thesized materials under acidic conditions were pure due
to the absence of other elements. Thus, pH 1 was chosen
as the optimal pH to synthesize WO; nanoparticles from
ammonium paratungstate, (NH,),,W,,0,,-5H,0) and Spon-
dias mombin plant extract. The C detected in the sample
may originate from the carbon holey grids used to hold the
sample or the plant extract.

< 100
:g 80 B Tungten
8 60 B Oxygen
%
g 40 m Carbon
% 20 M calcium
£ o
M potassium
pH4 pH7 pH10 pH13 .
I magnesium

pH

Fig.4 Elemental composition of WO; nanoparticles prepared at dif-
ferent pH values

3.1.3 XRD analysis of WO; nanoparticles synthesized
at different pH

X-ray diffraction analysis was done to determine the crys-
tal structure and the crystallite size of the as-prepared WO;
nanoparticles at different pH solutions. Figure 5 illustrates
XRD diffraction patterns of WO nanoparticles synthesized
at various pH values.

The XRD spectra for materials obtained at pH 1, 4, 7,
and 10 demonstrated the presence of three intense diffrac-
tion peaks at 26 values of 23.18°, 23.66°, and 24.38° with
their corresponding crystal planes of (002), (020), and (200).
The as-produced WO; nanoparticles were assigned body-
centered tetragonal which is in agreement with the Joint
Committee on Powder Diffraction Standards (JCPDS No
83-0951) for monoclinic structure and further confirmed
that the obtained material exists in a single phase [33]. The
intensity of the (002) facets was much stronger than that
of the other facets observed in the XRD spectrum, which
implies that the crystals were mainly dominated by the
(002) facet and major growth existed in that direction. On
the contrary, for sample prepared at pH 13, the peaks are not
well resolved and not fully developed but the XRD shows a
degree of crystalline material with peaks corresponding to
the previous measurements, which meant that no WO; nano-
particles were produced at pH 13 or probably amorphous
phase was produced instead of crystalline. The XRD results
in Fig. 5 shows the presence of clear, sharp and intense dif-
fraction peaks as well as increase in the Full Width at Half
Maximum (FWHM) irrespective of the solution pH except
for materials synthesized at pH 13 with not well resolved
peaks. Furthermore, it was noticed that the crystal growth
of the WOj; structures preferentially oriented along the (002)
direction, and according to Debye—Scherrer’s formula, the
average crystallite size calculated for materials prepared at
pH 1, 4, 7, and 10 were 7.1, 14.7, 28.30, and 38.90 nm,

N o
o & 9
o~ o~
14000 - 93 S g & 8
] =
{2000 |8 17
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mooo] SIS i \/
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T a0 ] L N
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€ 8000
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= 6000 ©
— 5000
4000 - )
3000 J
i I A (d)
s R VG T
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o e MU A e (e)
: 7 T 7 T T T .
0 10 20 30 40 50 60 70 80
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Fig.5 XRD patterns of WO; nanoparticles prepared by optimizing at
apH1,bpH4,cpH7,dpH 10, and e pH 13
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respectively. The XRD results revealed that the crystalline
size increased with increasing solution pH. The particle size
calculated from XRD results match well with the HRSEM
results. This similarity in sizes could be due to increment
in coalescence and coagulation process under the applied
acidic and alkaline medium. Kavitha et al. [19] reported an
average size of 42 nm for the biosynthesized WO; nanoparti-
cles based on Fusarium solani fungus extract in an acidic pH
region. The particle size obtained by Kavitha and colleague
is, however, seven times greater than the size obtained at pH
1 in this study and the differences in the particle size may
be attributed to the nature of the reducing agents and other
applied environmental conditions. Gu et al. [13] reported
pH values over the range <0.5, 1.0-1.4 and 1.5-2.0 for WO,
nanoparticles, nanobundles and nanowires, respectively.
Conclusively, the pH of 1 was taken as the optimum pH for
this synthesis of WO; nanoparticles.

3.1.4 XRD analysis of WO; nanoparticles synthesized
at different temperatures

Sintering temperature influences the nucleation and crystal
growth which determined the morphology of the synthe-
sized particles. As the calcination temperature is gradu-
ally increased, the adsorptive property of photocatalysts
decreases, while the photocatalytic activity increases [20].
Therefore, the optimum calcination temperature which
provides the moderate adsorptive capacity and excellent
photocatalytic activity of the photocatalysts is required. On
the other hand, further increase of calcination temperature
decreases the photocatalytic performance of photocatalyst
due to destruction of the hollow-crystalline structure [45].
The XRD patterns of the as-obtained materials at different
annealed temperatures are shown in Fig. 6.

Studies have shown that WO exists in different allotropic
forms such as orthorhombic, triclinic, monoclinic, and hex-
agonal and that it fundamentally varies from each other

S§8 s o
20000 . S ®
< ( 8 § 7 (e)
~ )
wooo AT AT Sl T
16000 | H
14000 | l]
£ 12000 (d)
g -
S 10000 -
= ()
= 8000 -
6000 - f
o N, (6)
4000 - D ALY L S AW AW —
2000 A A A (a)
e _(J MU AN o N —
0 T T T T 1
0 20 40 60 80 100
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Fig.6 XRD patterns showing WO; nanoparticles at an optimum pH
of 1 calcined at a 250 °C, b 350 °C, ¢ 450 °C, d 550 °C, and e 650 °C
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based on the distortion of WO, octahedral [25]. However, in
this present work, the diffraction peaks observed in the XRD
pattern shown in Fig. 5 matched well to the crystal compo-
sitions of pure monoclinic polymorph of WO, (JCPDS No.
83-0951). The most dominant diffraction peaks appeared at
20 values of 23.18°, 23.66°, and 24.38° with Miller indexes
of (002), (020), and (200), respectively. The intensity of
the diffraction peak with these miller indices is stronger
than other crystal planes. The XRD results supported the
results from morphological analysis, as shown in Fig. 3. It
was observed that the intensity of the other diffraction peaks
and the degree of crystallinity of WO; changed with increas-
ing calcination temperature from 250 to 650 °C. Neverthe-
less, for the material calcined at 250 °C has broad diffrac-
tion peaks which further corroborated HRSEM results (see
Fig. 3a). The broadening may be a result of many parameters
like the change in particle size or due to instrumentation. In
spite of the amorphous nature of the material, XRD results
confirm that the as-synthesized materials at this temperature
are in good agreement with the standard JCPDS card No.
83-0951 for monoclinic structure of WO; [33]. This shows
that the calcination temperature influenced the crystalliza-
tion and nucleation of the material prepared without neces-
sarily causes phase changes. The average crystalline sizes of
WOj; nanoparticles prepared at different temperatures were
calculated by Debye—Scherrer’s formula. The average crys-
talline size was found to be 13.1, 14.7, 25.2, 27.1, 29, and
31 nm for WO; nanoparticles calcined at 250°, 350°, 450°,
550°, and 650 °C. The broadening of diffraction peaks at
250 °C may be responsible for the observed relatively small
crystallite size compared to others. It can be noticed that
there is a direct linear relationship between the crystallites
size and the calcination temperatures. The observed trend
closely agrees with the previous findings on the WO; sam-
ples prepared by different workers with different synthetic
techniques especially electrochemical deposition technique
and a gas evaporation method [9, 33]. This suggests that the
calcination temperature affects the particle size of the mate-
rials, however, thereby enhanced its crystalline nature. With
an increase in calcination temperature from 350 to 650 °C,
the relative intensity of the peaks increases, while the degree
of peak broadness reduces. The presence of sharper and
intense peaks as a function of calcination temperature is an
indication of good crystallinity of the prepared materials and
by extension the observed increasing size of the particles.
Similarly, Bamwenda and Arakawa [3] opined that the pres-
ence of clear sharp peaks due to temperature increment was
an evidence of disappearance of crystal defects and enhance-
ment of crystallinity and particle sizes. In the same vein, Jin
and Liu [16] found that the crystallite sizes also increase
with increasing in calcination temperature from 41.9 nm at
200 °C to 47. 1 nm at 600 °C. Conversely, Sun et al. [43]
and Prabhu et al. [37] independently reported a reduction
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of crystallite size upon increase in calcination temperature
for WO; samples prepared by spray pyrolysis method and
solvothermal chemical method. The authors attributed the
decrease in the crystallite sizes to the destruction of the hol-
low structures of WO; at higher temperature. It is logical to
conclude that these differences in the particle size may be
due to the different synthetic methods employed.

3.2 BET results for the synthesized WO,
nanocomposites

The surface area of the synthesized WO; nanoparticles at
different pH and calcination temperature was determined
using multiple-plot BET analysis. Table 2 shows the surface
area for the synthesized nanomaterials in comparison with
the commercial WO;.

According to Table 2, it is obvious that the BET sur-
face area of WO; nanoparticles prepared at pH 1 is higher
than other pH values. This means that the surface area of
WO; reduces with increasing pH and may be ascribed to the
supersaturation process followed by homogeneous nuclea-
tion in the acidic medium than neutral and alkaline pH,
respectively. In addition, the higher surface area obtained
for material prepared at pH 1 can be ascribed to a higher
rate of electron transfer in an acidic medium than in a neu-
tral or basic medium. In general, WO; is known as a low
surface area material; for instance, Rajagopal et al. [38]
reported BET surface area of 11.1 m%/g for synthesized WO,
nanoparticles by simple chemical precipitation method of
tungstic acid and sodium hydroxide under acidic region.
Mu et al. [33] obtained BET surface area of 19.42 m2/g for
WO; prepared by a low-temperature hydrothermal method
containing Na,WO,-2H,0 precursor. It was noticed that the
surface area obtained in this study irrespective of the pH
is higher than the commercial type and even the reported
value in the literature. The possible reasons may be linked
to the method of synthesis and nature of the tungsten pre-
cursor. In this study, where green synthesis was used, the
plant extracts probably capped and stabilized the WO, nuclei
during growth, thereby enhanced its surface area. The high

Table 2 Surface areas of WOj; nanoparticles prepared at different
solution pH and calcination temperature

Solution pH Surface area  Calcination tem-  Surface
(mz/g) perature (°C) area
(m*/g)
352.59 250 156.34
331.45 350 212.56
7 245.12 450 337.29
10 223.67 550 352.59
13 15.78 650 18.13
Commercial WO, 19.42

surface area can also be linked to the doping effect of carbo-
naceous species from the polyphenolic in the Spondias mom-
bin aqueous leaves’ extract. Furthermore, it can be seen from
Table 2 that calcination temperature influenced the specific
surface area of the WO; particles. As shown in Table 2, the
BET surface area increased with increasing calcination tem-
perature and may be attributed to the fast nucleation process
which aided the transformation of WO; from amorphous to
crystalline form. This shows that BET surface area of WO;
nanoparticles is directly proportional to calcination tempera-
ture, but inversely related to the solution pH.

3.3 XPS analysis for the synthesized WO,
nanomaterials

The chemical composition and oxidation state of W and O
in synthesized WO, at optimum pH and sintering tempera-
ture were examined by XPS. Figure 7a depicts the general
XPS survey of WOj;, and it was noticed that the material
prepared contained W, O, and C elements at different bind-
ing energies and theirs corresponding orbital types were 4f,
1s, and 1 s, respectively. The high-resolution XPS scan of
the W (4f) core level (Fig. 7b) shows the doublet peaks with
binding energies of 35.6 eV and 37.6 eV which correspond
to W4f;, and W4f;, respectively. It should be mentioned
that the detailed W scan in Fig. 7b is typical for all speci-
mens and that there were relative small changes in the ratios
between the stoichiometric and nonstoichiometric W. This
ratio was approximately 4:1 except for the synthesized WO,
nanoparticles at pH 13. The energy positions suggested that
W existed in oxidation states of + 6 [26]. Another set of
double peaks though of low intensity at binding energies
of 34.9 and 37.0 eV were assigned W in 5 + oxidation state.
However, the peaks’ intensity of W®* outweighs that of W>*.
Figure 7c depicts the deconvoluted XPS scan of the O 1 s
region of WO; and one prominent peak was noticed at the
binding energy of 530.5 eV and corresponds to the lattice
oxygen in the form of (O>7). In the same vein, peaks of low
intensity were found at the binding energies of 532. 5 eV and
533.1 eV were assigned absorbed oxygen and Wi-O bond,
respectively. Based on the XPS spectra, it is logical to con-
clude that W (4f) and O (1 s) peaks with binding energies at
35.7 eV and 530.5 eV agreed well with WO; nanoparticles
reported in the literature [38].

4 Conclusion

In summary, WO; nanoparticles with controllable morphol-
ogies and sizes were synthesized from ammonium paratung-
state, (NH,),oW,,0,,-5H,0) and Spondias mombin aqueous
extract by a simple, low-cost, and appropriate green route.
Besides, solution pH and calcination temperature played a

@ Springer
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Fig.7 a XPS survey of green-

synthesized WO; nanoparticles.

b XPS survey W (4f,,,) and
(4f5),) photoelectronic peak. ¢
XPS survey O (1 s) region
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crucial role in the morphological arrangement and structural
properties such as average crystallite size and surface area. It
was established that crystallite sizes increase with solution
pH and calcination temperature. There was no alteration of
WO, phase type under the applied solution pH and calcina-
tion temperatures, instead only monoclinic polymorph was
obtained. An acidic medium favours the formation of pure
monoclinic symmetry of WOj;. In conclusion, all characteri-
zation techniques employed in the present work confirmed
successful synthesis and formation of monoclinic phase of
WO; nanoparticles with higher specific surface area and
small crystal size compared to other preparation techniques
in the literature.
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