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Abstract
Tin oxide (SnO2) is one of the important semiconductors used in the applica-
tion of solar cells because of its chemical–mechanical stability and wide band
gap. These properties are very important for the performance development and
photoanode optimization of a dye-sensitized solar cell (DSSC). However, the low
conduction band value of SnO2 reduces the photovoltaic efficiency, which limits
the application of DSSC. Therefore, the doping strategy was used to increase the
sensitivity to the visible light spectrum and change the light absorption prop-
erties of SnO2. In this paper, pure SnO2, Ag/SnO2, Pt/SnO2, and Pt/Ag/SnO2

nanoparticles were synthesized at the nanoscale by a simple chemical sol–gel
method. To characterize the structure, morphological/chemical properties, opti-
cal properties, and surface properties of the synthesized SnO2 nanoparticles,
X-Ray Diffraction (XRD), ultraviolet–visible, Brunauer–Emmett–Teller, Scan-
ning Electron Microscopy (SEM)/Energy Dispersive X-Ray Spectroscopy (EDX),
TransmissionElectronMicroscopy (TEM), and particle size analysiswere respec-
tively used. XRD results showed that the crystal sizes varied between 8.8 and
12.2 nm depending on the doping. Doping processes resulted in reductions in
particle sizes. Optical studies resulted in decreases in the band gap with the dop-
ing process. The conclusions obtained have shown that Ag doping, and Pt–Ag
co-doping can be promising for use as photoanode materials in semiconductor
technology and especially in DSSC applications.
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1 INTRODUCTION

One of themost common application areas of semiconduc-
tor oxides is dye-sensitized solar cell (DSSC) technology.1–3
DSSCs have interested researchers and industries due to
their lowmanufacturing costs, high power conversion effi-
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ciency, easy and environmentally friendly fabrication pro-
cess, and good optical and electrochemical properties.4–6
Despite all this, their productivity, stability, and industrial
production still need to increase. SnO2 photoelectrode,
new organic photosensitizers, and new electrolytes, for
efficient catalyst materials encompass diverse changes
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that have emerged within DSSC recently.5 The basic con-
stituents of a typical DSSC are a dye-anchoredmesoporous
photoanode, an electrolyte, and a counter electrode.5,6
Among these components, the photoanode material plays
a significant role in improving the performance of DSSCs.7
The photoanode is liable for providing active sites for
dye adsorption and the proper transport mechanism of
photo-generated electrons.8 To achieve high-performance
DSSC, photoanodes are required to have a large surface
area, high electron transfer efficiency, and low electron
recombination. Tin oxide (SnO2), one of the DSSC pho-
toanodes, is used as an alternative semiconductor oxide to
conventional photoanodes.5 SnO2 has an optical (direct)
transition corresponding to ∼3.6 eV due to its n-type
semiconductor crystal structure. Compared to other pho-
toelectrode materials, a wide band gap, higher electron
mobility, and low sensitivity to UV make SnO2 more sta-
ble for a long time, making it promising for photoanode
materials.5,9 This indicates faster transport of photogener-
ated electrons and longer-term stability of the electrons.
However, the conduction band value of SnO2 is relatively
low. Its photovoltaic efficiency is low due to inadequate
dye adsorption and the low energy value of the conduc-
tion band, which restricts its practice in DSSCs. Although
it is advantageous inmanyways, it has some disadvantages
such as wide band gap and increased charge carrier recom-
bination. However, recently these problems have begun to
attract considerable attention in the literature. Researchers
have used many strategies to modify the light absorption
properties of SnO2 to extend its sensitivity to the visi-
ble light spectrum. A particularly effective way includes
metal doping. Significant changes can be observed in
the optical and electrical properties of SnO2 after doping
with anionic and cationic dopants. The incorporation of
cationic dopants into SnO2 can cause the formation of
new electronic bands or changes in electronic energy lev-
els by overlapping bands, and these alterations can develop
the photoresponse in the visible region.8,10 To change the
band gap of the photoanode, doping efforts with suit-
able metal that can modulate the optical properties of the
photoanode have been studied in the literature.11–15 Pan-
neer et al. synthesized aluminum (Al) doped tin oxide
nanoparticles, containing different concentrations (.5, 1,
and 5 mol) of Al. X-Ray Diffraction (XRD) results showed
the uniform crystal structure of the samples prepared for
Al-doped SnO2 nanoparticles, Field Emission Scanning
Electron Microscopy (FESEM) analysis revealed that the
particle size was narrowed during doping with Al, and the
optical and surface characteristics of SnO2 nanoparticles
increased significantly.16 Khan et al. obtained Ni-doped
SnO2 nanoparticles at different nickel concentrations by
the sol–gel method. They examined transmittance, par-
ticle size variation, band gap, and optical properties. It
was been reported that doping did not affect morphologies

and structures while changing the particle size and reduc-
ing the band gap.17 Lachore et al. synthesized undoped
SnO2, Cu-doped and (Ni, Cu) co-doped SnO2 nanopar-
ticles via the sol–gel method. The XRD study supported
that the prepared samples had the tetragonal rutile crys-
tal structure for all mono-doped/co-doped and undoped
SnO2 nanoparticles. By ultraviolet–visible (UV–vis) diffu-
sion reflection spectroscopy analysis, it was declared that
the optical band gap reduced from 3.38 to 3.27 eV when
dopant concentrations were raised.18
As an alternative to SnO2, semiconductor materials

such as TiO2, ZnO, and BaSnO3 are also used as pho-
toanodes in DSSC.5 Dhonde et al. synthesized pure and
copper/nitrogen (Cu/N) doped TiO2 nanoparticles via the
sol–gel method. The results showed that adding appro-
priate amounts of Cu and N ingredients to TiO2 could
change its optical and electrical properties by increasing
the absorption in the visible region and decreasing the
band gap. It was also mentioned that adding a sufficient
amount of Cu/N to TiO2 could cause smaller particle size,
higher specific surface area, enhanced dye adsorption, and
delayed charge carrier recombination.19 Mahajan et al.
synthesized pure and Zn-doped BaSnO3 micro rods with
varying doping concentrations. Structural analysis verified
the presence of a pure body-centered cubic phase in bar-
ium stannate, while morphological investigation disclosed
the formation of micro rods accompanied by surface parti-
cle aggregation. Optical examination showed an important
reduction in reflection intensity and band gap values
with growing Zn concentration.20 Ünal et al. synthesized
undoped ZnO and 5 wt% Gd/K co-doped ZnO compounds
at the nanoscale to increase photocatalytic activity. In their
photocatalytic activity test results, it was reported that
Gd/K-doped ZnO showed ∼66% degradation in 60 min,
while undoped ZnO showed∼52% degradation at the same
time.21
Among various methods, the sol–gel method has advan-

tages such as being easily reproducible, using simple
laboratory equipment (does not require any high-tech
equipment), having a low impurity rate, taking less time,
being low-cost, and being easy to process.9,22
Pure SnO2 cannot be excited by visible light due to its

wide band gap of ∼3.6 eV. Therefore, doping processes
aim to narrow the band gap of SnO2 and increase light
absorption.23 In this paper, the effect of doping was
examined by investigating the use of synthesized SnO2
nanoparticles as photoanode material. Thus, it was aimed
to enlight the effect of Ag and Pt doping on the struc-
tural, morphological, and optical properties of SnO2, and
targeted a significant contribution to the literature by
revealing the complex interaction between the dopant
and the host matrix. The doping strategy was used to
prepare Ag/Pt-doped and Pt–Ag co-doped SnO2 as pho-
toanode, while the sol–gel technique was chosen for
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F IGURE 1 XRD graph of the SnO2 samples.

the synthesis of SnO2 nanoparticles due to the
above-mentioned advantages. The structures, mor-
phological/chemical compositions, optical properties, and
surface characteristics of the obtained nanoparticles were
investigated.

2 METHODS

2.1 Materials

Tin(II) chloride (SnCl2) was supplied from Sigma–Aldrich
having a molecular weight of 189.62 (≥99.99% pure).
Platinum(IV) chloride (PtCl4) was supplied from Sigma–
Aldrich having a molecular weight of 336.89 (≥99.99%
pure). Silver chloride (AgCl) was supplied from Sigma–
Aldrich having a molecular weight of 143.32. Citric acid
monohydrate was supplied from Sigma–Aldrich having a
molecular weight of 210.14 (≥98% pure). 2-Propanol was
purchased from Sigma–Aldrich. Distilled water was used
as the solvent.

2.2 Synthesis

2.2.1 SnO2 synthesis

To obtain SnO2 nanoparticles, precursor solutions were
prepared using the sol–gel method. To prepare a .25 M,
100 mL SnCl2 solution, 5.64 g of SnCl2 was weighed, and
then propanol-2 was added up to the volume line of the
100mL volumetric flask. The SnCl2 solution taken into the
beaker was continuously mixed in amagnetic stirrer for 30
min. Thus, 100 mL of SnCl2 solution was prepared. Then,
a propanol-2 solution of citric acid monohydrate was pre-
pared. 100 mL of .25 M citric acid monohydrate solution
was added dropwise into the SnCl2 solution and allowed to

mix for another 30min. The temperaturewas fixed at 80◦C.
It was allowed tomix in this way for approximately 90min.
At the end of this period, when the necessary evaporation
processes were completed, the SnO2 mixture turned into a
gel. The resulting gel was allowed to dry in the furnace at
120◦C for 20 h. The dried gel was calcined in the oven at
450◦C for 150 min and turned into powder.

2.2.2 Doped SnO2 synthesis

Pt-doped SnO2 nanoparticles were synthesized by the sol–
gel technique. .25M SnCl2-containing 50mL of propanol-2
solution (A) was prepared. .0025 M, .042 g Pt(IV) chloride-
containing 50mLof solution (B)was prepared in a separate
volumetric flask. .25M citric acidmonohydrate-containing
100mL of propanol-2 solution (C) was prepared in another
volumetric flask. Solution B was added dropwise to the
obtained solution A, and then mixed in a magnetic stirrer
for 30 min. The temperature was gradually increased from
room temperature to 80◦C. Then, solution C was added
dropwise to the obtained solution. The temperature was
fixed at 80◦Candmixingwas continued until the finalmix-
ture turned into a gel. The oven and furnace process for
pure SnO2 was repeated. A similar process was applied for
Ag-doped SnO2.

2.2.3 Co-doped SnO2 synthesis

Pt and Ag co-doped SnO2 nanoparticles were synthe-
sized by the sol–gel technique. .25 M, 5.64 g SnCl2-
containing 50 mL of propanol-2 solution (A) was pre-
pared. .25 M citric acid monohydrate-containing 100 mL
of propanol-2 solution was prepared in a separate volu-
metric flask. .0025 M, .042 g Pt(IV) chloride-containing
50 mL propanol-2 solution (B) was prepared in another
volumetric flask. .0025 M, .0179 g silver chloride (AgCl)-
containing 50 mL propanol-2 solution (C) was prepared in
another volumetric flask. B and C solutions were added
dropwise to solutionA andmixed for 30min on amagnetic
stirrer. Then, the temperature was gradually increased.
Meanwhile, the citric acid solution was joined dropwise to
the resulting final solution andmixing was continued. The
temperature was fixed at 80◦C and mixing was continued
on the magnetic stirrer until the final mixture became a
gel. Drying and baking steps were performed in the same
way as for pure SnO2.

2.3 Characterization

XRD diffractometer (PANalytical Empyrean) with a
Cu Kα1 (λ = 1.54059 Å) radiation source was used to
elucidate the structures of the powders. Morphological
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TABLE 1 XRD parameters of the SnO2 nanoparticles.

Samples
Planes
(h k l) 2θ (deg)

FWHM
(deg)

Dislocation density
(δ) (lines m−2)

Crystallite
size (nm) Microstrain (ε)

SnO2 1 1 0 26.66 .97152 .012980558 8.777146 .017888
1 0 1 33.94 .88917 .010505446 9.756471 .012713
2 1 1 51.87 .88962 .009296001 10.37175 .00798

Ag/SnO2 1 1 0 26.62 1.04237 .014945379 8.179873 .018162
1 0 1 33.90 .92846 .011456911 9.342567 .01616
2 1 1 51.85 .91497 .009835557 10.08325 .015867

Pt/SnO2 1 1 0 2.61 .7035 .006807823 12.11981199 .012978
1 0 1 33.90 .73739 .00722647 11.76350886 .010555
2 1 1 51.83 .71184 .005954075 12.9596373 .006392

Pt–Ag/SnO2 1 1 0 26.65 1.023 .017097 7.987682463 .019676
1 0 1 33.95 1.023 .013681 8.932871302 .013897
2 1 1 51.89 1.023 .011551 9.72163306 .008516

Abbreviation: FWHM, Full width at half maximum.

TABLE 2 Summary of structural properties of the pure SnO2, Pt-doped, Ag-doped, and Pt and Ag co-doped SnO2 nanoparticles.

Samples
Average crystallite
size (nm)

Average
microstrain (ε)

Average dislocation
density (δ) (lines m−2)

SnO2 9.635121 .01286 .010927
Ag–SnO2 9.201897 .01673 .012079
Pt–SnO2 12.28099 .009975 .006663
Pt–Ag/SnO2 8.880729 .01403 .01411

and chemical properties of SnO2 powders synthesized
at the nanoscale were examined by SEM/EDX (Scan-
ning Electron Microscopy/Energy Dispersive X-Ray
Spectroscopy, Zeiss Sigma 300) and TEM (Transmission
Electron Microscopy, JEOL JEM-1400 Plus) analyses. The
UV–vis absorption characteristic of sample nanoparticles
was made by a UV–vis spectrophotometer (Shimadzu
UV-3600 Plus). The Brunauer–Emmett–Teller (BET)
surface area of nanoparticles was obtained by a sur-
face area analyzer (Micromeritics 3Flex). The particle
size characteristics of SnO2 nanoparticles were made
by a particle size analysis (Malvern Zetasizer Nano
ZSP).

3 RESULTS

3.1 Structure properties

3.1.1 XRD analysis

To characterize the crystalline structures and crystallite
size of the synthesized doped SnO2 nanoparticles, XRD
analysis was done using a Cu-Kα source (with a 2θ range
of 20◦–90◦, a scanning speed of 2◦ min−1, a voltage of
45 kV, and a current of 40 mA). The obtained XRD pattern

of SnO2, Ag/SnO2, Pt/SnO2, and, Pt-Ag/SnO2 is shown
in Figure 1. The prominent diffraction peaks at 26.58◦,
33.86◦, 38.1◦, 51.76◦, and 64.7◦ are determined to (1 1 0),
(1 0 1), (2 0 0), (2 1 1), (2 2 0), (3 1 0), (1 1 2), (3 0 1),
(2 0 2), and (3 2 1) diffraction planes of the SnO2 crystal
structure, respectively. These consequences are in agree-
ment with the tetragonal (rutile) crystal phase of SnO2
nanoparticles.24,25 According to the XRD pattern, it can be
seen that there is no peak shift in the pattern of synthe-
sized SnO2 when compared to pure SnO2. This indicates
that pure and doped SnO2 was successfully synthesized
using the sol–gel method. This result is in agreement with
the literature. It was reported by Setiadji et al. that there
has been no peak shift in the XRD pattern of synthesized
SnO2. It has been stated that the crystal structure of the
synthesized SnO2 has a tetragonal crystal structure, which
is the structure of the SnO2 standard. Therefore, it has
been declared that SnO2 was successfully synthesized by
the hydrothermal method.26
It is seen that there are some small peaks in all of the

samples representing various miller indices of the tetrag-
onal phase of SnO2 and the obtained XRD pattern is
compatible with the literature.27 The lack of extra peaks
above the standard peaks verifies that the synthesized
SnO2 nanoparticles are single-phase and do not embody
any impurities.24
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F IGURE 2 SEM images of synthesized (A) SnO2, (B) Pt/SnO2, (C) Ag/SnO2, and (D) Pt–Ag/SnO2.

Grain sizes, dislocation densities, andmicrostrain values
of the SnO2 nanoparticles were calculated using XRD pat-
tern data. The crystal size of the SnO2 samples examined
by the XRD method was determined with the help of the
Debye–Scherrer equation given in Equation (1):

𝐿 = 𝑘𝜆∕𝛽 cos 𝜃, (1)

where “L” symbolizes crystallite size, “K” is the shape fac-
tor having a value of .9, λ is the wavelength of the applied
X-rays a constant value (1.54059 Å), “β” demonstrates full-
width at half-maximum of the peak, and θ is the Bragg
angle at which the plane is observed.28 The crystallite
sizes of SnO2 samples were computed with the help of
Equation (1).

𝜀 = 𝛽∕4tan 𝜃. (2)

Microstrain (ε) values were calculated from
Equation (2).

𝛿 = 1∕𝐿2 (3)

Information about crystallization levels can be obtained
by looking at the dislocation density (δ) value, which
offers the length of dislocation lines per unit volume
of the crystal. Since dislocation in the crystal structure
affects the morphological feature of the material, the

formation of particles, and particle size, dislocation den-
sities (δ) were computed using the Williamson–Smallman
relationship.29,30 Dislocation densities (δ) were computed
with the formula given in Equation (3).
The XRD parameters obtained for prominent (1 1 0), (1 0

1), and (2 1 1) planes of synthesized SnO2 nanoparticles are
given in Table 1.
Table 2 summarizes the average values of the parame-

ters of SnO2 nanoparticles. While Pt doping increased the
average crystal size, Ag and Pt–Ag doping decreased the
average crystal size. Especially in co-doping (Pt–Ag/SnO2)
the lowest average crystal size was obtained. A coher-
ent narrowing of the peaks of the Pt-doped sample was
observed (Figure 1). This narrowing reflects a reduction in
full width at half maximum (FWHM). This narrowing of
the peaks is attributed to the increment in the average crys-
tallite size of the nanoparticles.24,31 Therefore, the average
crystallite size of the Pt-doped SnO2 was obtained higher
than other SnO2 samples. While the average microstrain
values decreased with Pt doping, they increased with Ag
and Pt–Ag doping. It was concluded that the average dis-
location density diminished with Pt doping and increased
with Ag and Pt–Ag doping. A small dislocation density
value indicated that the crystallization level was good.32,33
It was observed that the crystallite size, dislocation den-
sity, and microstrain values calculated in this study were
compatible with the literature.34
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F IGURE 3 EDX analysis of synthesized (A) SnO2, (B) Ag/SnO2, (C) Pt/SnO2, and (D) Pt–Ag/SnO2.

3.2 Morphological and chemical
properties

3.2.1 SEM/EDX analysis

The morphological properties of the synthesized SnO2
samples were investigated with the Scanning Electron
Microscopy (SEM) image given in Figure 2A–D. From

the images obtained, it is clear that the pure SnO2
sample (Figure 2A) has rod-like structures and agglomer-
ates. While the morphological properties almost did not
change with Pt doping (Figure 2B), the rod-like struc-
ture tended to have slightly circular-shaped particles with
Pt–Ag (Figure 2C) and especially Ag doping (Figure 2D).
Moreover, the homogeneity in the structure and agglom-
erations tended to rise with Ag and Pt–Ag doping. Since
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F IGURE 3 Continued

Ag and Pt/Ag doping has less tendency to agglomerate
than pure SnO2 and Pt doping, it was observed by SEM
analysis that the average particle size decreased further
with Ag and Pt/Ag doping, and this was confirmed by
XRD analysis and nanoparticle size obtained from BET
analysis. Guo et al. synthesized Ag-doped SnO2 nanoparti-
cles hydrothermally. The morphology and microstructure
of Ag/SnO2 were examined by the SEM. It was stated
that the prepared films showed agglomeration with an

irregular morphology. Additionally, it was been shown
via SEM images that the samples consist of irregularly
shaped sphere-like structures. It has been reported that
the morphology of Ag-doped SnO2 samples is similar to
the pure SnO2 morphology even with different Ag doping
amounts.35
The Energy Dispersive X-Ray Spectroscopy (EDX) sys-

tem added to the SEM device was used to evaluate the
elemental composition of the samples. Figure 3A–D shows

 17447402, 2025, 1, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/ijac.14916 by A
L

A
N

Y
A

 A
L

A
A

D
D

IN
 K

E
Y

K
U

B
A

T
 U

N
I, W

iley O
nline L

ibrary on [06/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 of 15 AYDIN ÜNAL

F IGURE 4 TEM images of (A) pure SnO2, (B) Pt/SnO2, (C) Ag/SnO2, and (D) Pt–Ag/SnO2 nanoparticles.

the weight% and atomic% of the elements corresponding
to the synthesized SnO2 samples. In the analysis, it was
observed that Sn and O peaks were mostly available in
suitable proportions. This confirmed the presence of SnO2
samples. At the same time, the presence of Ag, Pt, and Pt–
Ag doping in the analysis showed that the doping process
was successful.

3.2.2 TEM analysis

To better explain the shape and size of particles in the
synthesized SnO2 samples, TEM images were investigated.
The TEM images of pure SnO2, Pt/SnO2, Ag/SnO2, and
Pt–Ag/SnO2 nanoparticles are shown in Figure 4A–D,
respectively. All the synthesized nanoparticles showed
highly aggregated structures because of small particle
sizes.6 It can be observed from TEM images that both pure
and doped/co-doped SnO2 nanoparticles led to aggrega-
tion as particle size was smaller. The SnO2 nanoparticles

have partially irregularly shaped particles with a size rang-
ing from 8 to 20 nm. The obtained TEM results confirm
the SEM images and particle size analyses. Sery et al. TEM
images of SnO2-based samples synthesized using sol–gel
and sonochemical methods and then calcined at 250◦C,
500◦C, and 750◦C were examined. An increase in particle
sizewas observedwith increasing calcination temperature.
It has been reported that based on the surface area and
TEM particle size values, tin oxides calcined at 250◦Cwere
expected to show higher photocatalytic activity in among
all samples and were selected for further photocatalytic
experiments.36

3.3 Physical properties

3.3.1 BET analysis

For the synthesized SnO2 samples, nitrogen adsorption–
desorption measurements were performed to get
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F IGURE 4 Continued

nitrogen physisorption isotherms at 77 K. Surface
areas were defined by the BET techniques. Figure 5
represents the N2 adsorption–desorption isotherm of
the as-synthesized SnO2 nanoparticles. This isotherm
provides insights into the adsorption–desorption process
occurring on the surface of the nanoparticles and indicates
the pore structure of the adsorbent. Applied Chemistry
(IUPAC), the as-prepared SnO2 nanoparticles exhibit an
isotherm of Type IV and display a mesoporous nature with
H3 hysteresis.37
Pore size distribution curves of synthesized SnO2 sam-

ples were obtained using Barrett–Joyner–Halenda (BJH)
techniques. Figure 6 indicates the relationship between
the dV/dw pore volume and pore width. SnO2, Ag–SnO2,
Pt/SnO2, and Pt–Ag/SnO2 samples had one peak in the
pore width range of about 17, 16, 13, and 12.5 nm, respec-
tively. Isotherm of all the samples resembled the type IV
(IUPAC) isotherm and it signified that the materials were
mesoporous.

One of the main factors that increase the photocatalytic
activities of a material is the specific surface area and pore
size distribution.35 The plot of the BET function versus rel-
ative pressure is shown in Figure 7. The solid line seen here
shows the characteristic properties of mesoporous solids.
Photocatalysts in the form of low-dimensional nanos-

tructures have important advantages such as high surface
area for redox reactions, fast electron and mass transfer,
and high stability. It has been reported by Sathishkumar
et al. that SnO2 nanorods synthesized with large spe-
cific surface areas show good photocatalytic degradation
performance.38
The BET surface areas of the as-prepared pure and

doped SnO2 nanoparticle are summarized in Table 3. It
has been observed that Ag/SnO2 nanopowder, which has
the smallest particle size, also has the highest surface
area value. When these results were examined together
with the particle size results, it was seen that there
was an inverse relationship between surface area and
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F IGURE 5 BET adsorption–desorption isotherm graph of the SnO2 nanoparticles.

F IGURE 6 dV/dw pore volume and pore width computed by the BJH adsorption model.
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TABLE 3 Physical properties of SnO2 nanoparticles (surface areas, pore volumes, and average pore diameters).

Samples
BET surface
area (m2 g−1)

Single-point surface
area at p/po (m2 g−1)

Horvath–Kawazoe
maximum pore
volume (cm3 g−1)

Pore size
(nm)

Sample density
(g cm−3)

Nanoparticle
size (nm)

SnO2 33.02 31.66 .013021 15.2 1.0 181.70
Ag/SnO2 46.22 42.09 .016680 13.03 1.0 129.8
Pt/SnO2 34.03 29.88 .011503 13.37 1.0 176.29
Pt–Ag/SnO2 32.20 29.93 .012068 13.71 1.0 186.32

F IGURE 7 The plot of BET function vs. relative pressure.

nanoparticle size.39 Additionally, it was determined that
the SnO2 surface had the most porous structure among
the four analyzed samples. These results indicated that
doped SnO2 nanoparticles will improve photocatalytic
properties with smaller particle sizes and larger surface
areas.40
It was stated byMao et al. that the adsorption capacity of

dye molecules is related to their surface area and pore vol-
ume. It has been stated that ultra-small SnO2 nanoparticles
not only produce smaller pores but also expand the surface
area of the composite. It has been reported that the addi-
tion of SnO2 nanoparticles will cause the surface of TiO2
films to be rougher, which will benefit the higher loading
of dye molecules.41
The characteristic properties of SnO2 nanoparticles syn-

thesized with different combinations affected the specific
surface area. In other words, it turns out that the specific
surface area of the SnO2 nanoparticle increases as the aver-
age particle size decreases. The observed high BET surface
area for the Ag/SnO2 nanoparticles is due to its lower par-
ticle size (129.8 nm) than pure SnO2 (181.70 nm), Pt/SnO2
(176.29 nm), and Pt–Ag/SnO2 (186.32 nm) nanoparticles.
The obtained results verify the relationship between sur-
face areas and particle size of nanomaterials. These out-
comes indicated that the physical and electrical properties

of Ag/SnO2 nanoparticles with lower particle size and
higher surface area improved.42

3.3.2 Particle size analysis

Figure 8 displays the size distribution of SnO2 nanopar-
ticles synthesized in different compositions. While the
average particle size of the pure SnO2 size was 222 nm,
other doped Ag/SnO2, Pt/SnO2, and Pt–Ag/SnO2 sam-
ples were 84, 121, and 115 nm, respectively. These results
are in agreement with XRD, BET, and TEM analy-
ses. As a result, doping processes led to particle size
reductions.

3.4 Optical properties

3.4.1 UV−visible optical spectroscopy and
band gap determination

The optical features of the synthesized SnO2 nanopar-
ticles were examined by UV–vis spectrophotometer.
For this, the wavelength range from 200 to 800 nm
was preferred. Figure 9 shows the obtained absorp-
tion spectrum of the synthesized SnO2 nanoparticles.
The first absorption maxima (λmax) of the synthesized
SnO2, Ag/SnO2, Pt/SnO2, and Pt–Ag/SnO2 nanopar-
ticles were observed as 242.5, 267, 272.5, and 277 nm,
respectively. The synthesized SnO2 nanoparticles dis-
played a consistent increase between 800–400 nm. This
trend demonstrated that there was no absorption in
the visible region which is typical for wide band gap
semiconductors.43
Optical band gap energy is given in Equation (4) and

calculations were made using the Tauc relation.44

(𝛼ℎ𝑣) = 𝐴
(
ℎ𝑣 − 𝐸𝑔

) 𝑛

2 . (4)

In this equation, ‘α’ is the optical absorption coefficient,
‘h’ is Planck’s constant, ‘A’ is a constant, ‘ν’ is the frequency
of the incident photon, ‘hν’ is the energy of the incident
photon, and ‘Eg’ is the energy of the optical band gap. The
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F IGURE 8 Particle size distribution of SnO2 nanoparticles synthesized in different combinations.

F IGURE 9 Absorbance spectrum of SnO2 nanopowders.

exponent “n” is 1/2 for the direct and 2 for the indirect
allowed transitions. The plot (αhν)2 versus (hν) is occurred
from it.24
In the Tauc plot graph, the linear part of the curve is

extrapolated to (αhν)2 = 0. The direct and indirect band
gap of the synthesized SnO2 nanoparticles is extracted, as
shown in Figure 10.
Band gap values are calculated by extrapolating the

linear part of the curve obtained between (αhν)2 and hν.
From the graphs drawn for SnO2, Ag/SnO2, Pt/SnO2,
and Ag–Pt/SnO2 samples, band gap values were deter-

mined for each sample, and the relevant graph is given
in Figure 11. According to the results obtained, the band
gap observed in the pure SnO2 sample was measured
as 3.37 eV. Band gap values in doped samples (Pt/SnO2,
Ag/SnO2, and Pt–Ag/SnO2) were observed as 3.3, 3.09, and
3.15 eV, respectively. Therefore, the lowest band gap value
was obtained from the Ag/SnO2 sample. This decrease
in the band gap is ascribed to the synergistic effect of the
hybriding of the doped Ag metals with Sn. This causes
a reduction in the conduction band minimum and an
increment in the valence band maximum in the SnO2
band structure.19 In conclusion, the redshift in the energy
gap and the appearance of a weak absorption shoulder
in Ag-doped SnO2 nanoparticles is due to charge transfer
between SnO2 and Ag atoms.45,46 In general, doped SnO2
samples have lower band gap values compared to the pure
SnO2 nanoparticular (Figure 11). This situation expresses
that the doped metals doped the SnO2 not only surface
but also in the lattice of SnO2.43
These conclusions are consistent with studies reported

in the literature. They synthesized SnO2 doped with Zn at
different molar ratios (1%, 2%, 3%, and 4%). With increas-
ing Zn2+ concentration, changes in the optical band gap
were observed.While the optical band gap energy obtained
for undoped SnO2 was 3.68 eV, the band gap decreased
to 3.41 eV with the increase of the Zn doping content in
SnO2 nanostructures. The reason for the decrease in the
band gap is attributed to the formation of new energy lev-
els between the conduction band and the valence band due
to Zn substitution.47
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F IGURE 10 Tauc plot analysis indicates the (a) direct and (b)
indirect band-gap transitions for synthesized SnO2 nanoparticles.

F IGURE 11 Direct and indirect optical band gaps of
synthesized SnO2 nanoparticles.

4 CONCLUSIONS

In the study, doped SnO2 samples were successfully syn-
thesized by the sol–gel technique. It was determined by
XRD patterns that the rutile phase nanoparticles had a
tetragonal structure. The results showed that the crys-
tal size was inversely proportional to the microstrain and
dislocation density. Accordingly, while the average crys-
tal size of the nanoparticles increased with Pt doping,
it decreased especially with Ag doping and Pt–Ag co-
doping. Therefore, the smallest average crystal size was
acquired from the Ag-doped SnO2 and Pt–Ag co-doped
SnO2 nanoparticle samples. These variations in particle
size were also supported by the SEM and TEM analy-
sis. These differences in the average crystallite sizes of
the synthesized SnO2 samples also led to a change in the
band gap. Since SnO2 is a compound with a complex elec-
tronic structure, its band gap decreased with doping. Pore
width and dV/dw pore volumewere computed by the BJH-
adsorption. It has been determined that the pore width
decreaseswith doping processes.While themaximumBET
surface area was obtained with Ag doping, no significant
change was observed in other dopings. Particle size anal-
ysis showed that the particle size decreased with doping
processes, and the lowest particle size was obtained for
the Ag/SnO2 sample. It was confirmed that the synthe-
sized samples were nanosized by XRD, SEM/EDX, TEM,
BET, and particle size analyses. The small crystal size
of the synthesized doped SnO2 nanoparticles and high
purity make them an ideal nominee as photoanode mate-
rial in DSSC applications. These results are compatible
with the literature and are promising for photoanode
materials used in semiconductor technology, especially in
DSSCs. Generally, the incorporation of metal ions into the
SnO2 nanostructure results in lower band gap values. This
results in increased visible light absorption and therefore
facilitates higher photocurrent.48–50 The Ag/SnO2 sample
displays an important change in the band gap value of
SnO2 from 3.37 to 3.09 eV, allowing it to respond in the
visible region. This decrease in the band gap is fatigued
to the synergistic effect of hybriding of Pt and Ag species
with Sn. Thus, localized defect levels are produced just
above the valence band maximum of SnO2. The com-
bined effect of both the hybriding events results in a
decrease in the band gap energy and development in the
redshift.6,51 These results show that Ag mono-doping and
Pt/Ag co-doping shift band gap energies of SnO2 to the
longer wavelength side.6 Moreover, metal doping like Ag
in SnO2 ensures higher surface area, stability, higher dye
absorption, and retarded charge carrier recombination.
Accordingly, Ag doping and Pt–Ag doping combination of
metals can produce highly stable and efficient DSSCs.43
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For this reason, it can be used as a convenient alter-
native nanomaterial for DSSC photoanode applications
and photocatalysis processes.20 This research, addressing
the structural, morphological, and optical aspects of pure
and Ag–Pt doped/co-doped SnO2 nanoparticles, goal to
convey useful information to the growing field of nano-
materials. The findings offered herein are expected to
guide the optimization of SnO2-based materials for DSSC
applications.10
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