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(XPS), nitrogen adsorption—desorption analyses, transmission
electron microscopy (TEM), and UV—vis diffuse reflectance
spectroscopy. The SnO,—ZnO photocatalyst was made of a
mesoporous network of aggregated wurtzite ZnO and cassiterite SnO, nanocrystallites, the size of which was estimated to be
27 and 4.5 nm, respectively, after calcination. According to UV—visible diffuse reflectance spectroscopy, the evident energy band
gap value of the SnO,—ZnO photocatalyst was estimated to be 3.23 eV to be compared with those of pure SnO,, that is, 3.7 eV,
and ZnO, that is, 3.2 eV, analogues. The energy band diagram of the SnO,—ZnO heterostructure was directly determined
by combining XPS and the energy band gap values. The valence band and conduction band offsets were calculated to be 0.70 +
0.0S eV and 0.20 =+ 0.05 eV, respectively, which revealed a type-II band alignment. Moreover, the heterostructure SnO,—~ZnO
photocatalyst showed much higher photocatalytic activities for the degradation of methylene blue than those of individual SnO,
and ZnO nanomaterials. This behavior was rationalized in terms of better charge separation and the suppression of charge
recombination in the SnO,—ZnO photocatalyst because of the energy difference between the conduction band edges of SnO,
and ZnO as evidenced by the band alignment determination. Finally, this mesoporous SnO,—ZnO heterojunction nanocatalyst

Lime ()

was stable and could be easily recycled several times opening new avenues for potential industrial applications.

1. INTRODUCTION

Over the past two decades, the preparation of nanostructured
nanoporous metal oxide semiconductors has been the subject of
intense research efforts because of their unique chemical, elec-
tronic, and optical properties and their numerous potential or
demonstrated applications. Thus, nanostructured semiconductor
metal oxide photocatalysts, as titanium dioxide (TiO,) or zinc
oxide (ZnO) nanoparticles, have been proposed as an alternative
to the conventional methods (i.e., adsorption, biological degrada-
tion, chlorination, or ozonation processes) for the complete re-
moval of toxic chemicals from the industrial hazards." In this case,
the creation of electron—hole pairs upon UV-irradiation pro-
motes the formation of powerful oxidizing agents on the surface
of metal oxide nanocrystals that favors the decomposition of
organic compounds and pollutants.” Nonetheless, this approach
still suffers from some limitations because of the fast recombina-
tion of the photogenerated electron—hole pairs hampering industrial
application of photocatalytic techniques in the degradation of
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contaminants in water and air.> As a consequence, minimizing
the recombination of photogenerated electron—hole pairs before
their participation in redox processes constitutes a key issue for
enhancing the photocatalytic efficiency of such materials. To
draw a new prospect in this field, heterostructure photocatalysts
combining two metal oxide semiconductors of different electron
affinity and ionization potentials were developed using contact or
core—shell type morphologies (Scheme 1). When such a hetero-
structure is irradiated with UV-light, valence band (VB) electrons
are excited to the conduction band (CB) with simultaneous
generation of the same amount of holes in the VB. Photo-
generated electrons are then injected from the CB of the semi-
conductor with an energetically higher CB edge to the CB of the
semiconductor with lower CB edge. Simultaneously, holes are
injected in the opposite direction for appropriate VB offsets, thus
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Scheme 1. Schematic Representation of the Charge
Separation Processes for the Heterostructure Photocatalysts
in Contact Type (left) and Core-Shell Type (right)
Geometries

B e—

Core/shell structure

Non-core/shell structure

increasing the rate of charge separation and reducing the
electron—hole pair recombination. In both contact type and
core/shell type semiconductors, the charge separation mechanism
is the same. However, both holes and electrons are accessible for
selective oxidation and reduction processes on different particle
surfaces in contact type semiconductor heterostructures, while
only one charge carrier is accessible in the core—shell type ana-
logue leading to selective charge transfer at the semiconductor
electrolyte interface.* In this context, various semiconductor-
based heterostructure photocatalysts have been designed and
investigated such as TiO,~ZnO,’ TiO,—WO,,® and ZnO-WO,.”
Among the binary metal oxides, tetragonal tin dioxide, SnO,, is a
well-known large band gap multifunctional material that found
widespread applications in the fields of Li-batteries,” field emis-
sion,” gas sensing,lo and photovoltaic conversion.'! Because of
its more positive CB edge, SnO, is a better electron acceptor than
TiO, and ZnO that makes it a good candidate for the above-
mentioned heterostructures. As a consequence, associating SnO,
with ZnO has been the subject of several reports for achieving an
efficient charge separation and improving the photocatalytic
properties of both oxides. In this context, various strategies have
been investigated to produce ZnO-SnO, heterostructures includ-
ing co-precipitation method followed by calcination,'* hydro-
thermal or solvothermal routes,' and sol—gel process combined
with electrospinning techniques.'"* ZnO-SnO, heterostructures
with a molar ratio Zn:Sn of 2:1 prepared by the co-precipitation
method showed higher photocatalytic decomposition rates of
methyl orange (MO) than pure ZnO and SnO, analogues.'**" A
similar trend has been also described by Zhang et al. for one-
dimensional ZnO-SnO, nanofibers synthesized by an electro-
spinning technique.'"* However, even though it has been
reported that the enhanced photocatalytic properties found
with ZnO-SnO, heterostructures were related to improved
charge separation, no determination of the band alignment in
such system has been reported so far to confirm this feature.
Thus, the photocatalytic activity of ZnO-SnO, systems still re-
mains largely unexplored. On the other hand, one-pot synthesis
combined with annealing at hi§h temperature can lead to crys-
talline impurities as Zn,SnO,'**~ which requires the develop-
ment of alternative preparation procedures.

As a consequence, we herein report on the characterization
and the photocatalytic properties of SnO,—ZnO materials pre-
pared by a simple two-step procedure. Nanosized SnO, particles
were first prepared by homogeneous precipitation coupled with
hydrothermal treatment and, then, reacted with zinc acetate
in acidic medium followed by calcination in air to grow ZnO
particles. The photocatalytic activity and recycling ability of the
resulting SnO,—ZnO heterostructure were investigated by the
degradation of methylene blue (MB) dye under UV irradiation
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and compared to those of SnO, and ZnO nanopowders. To gain
a deeper insight in the relationship between the electronic prop-
erties and the photocatalytic activity, the band alignment of the
Sn0O,—ZnO photocatalyst was carefully determined by UV—
visible diffuse reflectance and X-ray Photoelectron spectros-
copies. The enhanced photocatalytic properties of the SnO,—
ZnO photocatalysts were rationalized in terms of a better charge
separation related to the effective semiconductor heterojunction.

2. EXPERIMENTAL SECTION

2.1. Preparation of Nanosized Metal Oxide Photocatalysts.
Anhydrous tin tetrachloride (Acros Organic), zinc acetate dihydrate
(Alfa Aesar), sodium bicarbonate (Alfa Aesar), and urea (Sigma Aldrich)
of analytical grade were used without further purification. Nanocrystal-
line SnO, colloids were first prepared by homogeneous precipitation
using a procedure adapted from literature.'® In a typical experiment,
2.08 g (0.04 M) of anhydrous SnCl, and 14.4 g (1.2 M) of urea, used as
the precipitant, were mixed in 200 mL of deionized water. The solution
was then heated at 90 °C for 4 h. The resulting precipitates were filtered
and washed with distilled water. The solids obtained were then dispersed
in 100 mL aqueous solution of acetic acid (pH 2) and subjected to
hydrothermal treatment in an autoclave at 240 °C for 16 h. The result-
ing suspension was then condensed to a final SnO, concentration of
10—15 wt % by a rotary evaporator. The latter suspension was then
divided into two parts. The first one was dried at 90 °C overnight and
then calcined in air at 500 °C for 90 min. To prepare the SnO,—ZnO
heterostructure with a 1:1 molar ratio, 0.437 g of Zn(CH;COO0),-2H,0
was added to S g of the 12 wt % SnO, aqueous suspension. After stirring
for 12 h, the resulting mixture was dried at 90 °C overnight and then
annealed in air at 500 °C for 2 h to yield the hereafter named SnO,—
ZnO photocatalyst. Finally, ZnO was prepared by precipitation method:'®
to a solution of 5.5 g of Zn(CH;COO0),-2H,0 in distilled water (100 mL),
and under continuous stirring, was added an aqueous solution of sodium
bicarbonate until reaching a neutral pH. After filtration of the precipitate,
the latter was dried at 110 °C overnight and subsequently calcined at
500 °C in air for 2 h to give the herafter named ZnO photocatalyst. The
different powders prepared were crushed with pestle and mortar before
further characterization and photocatalytic experiments.

2.2. Characterization. Fourier Transform Infrared (FTIR) studies
(KBr pellets) were performed with a Perkin-Elmer spectrum 100 FTIR
spectrophotometer. Raman spectra were recorded in the solid state on a
Labram 1B spectrometer using a red laser beam (632 nm). X-ray diffrac-
tion (XRD) studies were carried out with a Bruker AXS diffractometer
(D2 PHASER A26-X1-A2BOD3A) using a Cu anode (Ka radiation). A
continuous scan mode was used to collect 26 data from 10 to 80° with a
0.1° sampling pitch and a 2° min™" scan rate. The average crystallite size
of the materials prepared was estimated by fwhm (full width at half-
maximum) according to Scherrer’s formula (applied to the {110}
reflection), D = (0.9 )/(f3,, cos 05), where D is the average grain size, 1
is the wavelength of Cu K, (= 1.5405 A), 8, is the fwhm, and 6} is the
diffraction angle. Transmission electron microscopy was performed
using a Jeol JEM 2100F (Jeol, Tokyo, Japan) operating at an acceleration
voltage of 200 kV (wavelength 4 = 2.51 pm) equipped with a Schottky-
type FEG and an EDS system (Oxford, Wiesbaden, Germany). For
transmission electron microscopy (TEM) sample preparation, the photo-
catalysts were dispersed in an ultrasonic bath (high purity methanol
99.8%, Sigma—Aldrich Co.) and a small droplet of the suspension was
placed on holey carbon (Cu) grid. Upon drying, the samples were lightly
coated with carbon to avoid charging under the electron beam. Nitrogen
sorption isotherms (77 K) were recorded with an Micromeritics
ASAP2010 equipment. Before each analysis, samples were degassed at
120 °C in vacuum for a time interval long enough to reach a constant
pressure (<10 m Hg). The specific surface areas (Sggr) were calculated
using the Brunauer—Emmett—Teller (BET) equation between 0.1 and
0.3 relative pressure (P/P,). Mesopore size distributions were deduced
from the Barrett, Joyner, Halenda (BJH) method z;pplied to the adsorp-
tion branch of the nitrogen adsorption isotherm.'” The calculation was
performed by the Micromeritics software package which uses the
recurrent method and applies the Harkins and Jura equation for the
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multilayer thickness. UV—vis diffuse reflectance spectra were measured
at room temperature in the 200—800 nm wavelength range using an
UV—vis-NIR spectrometer (Lambda 900). Pure powdered BaSO, was
used as a reference sample. X-ray Photoelectron spectra were recorded
using a PHOIBOS 225 (Specs GmbH) spectrometer. Monochromat-
ized X-ray (K,: 1486.61 €V) from an Al anode was used for excitation.
The charge effect was evaluated using the main component of the C 1s
peak, associated with adventitious hydrocarbons with a binding energy
of 284.8 eV as reference for calibration. The base pressure in the sample
during the measurements was less than 3 X 10™® mbar. The energy band
diagram of the SnO,~ZnO heterostructure was determined by X-ray
photoelectron spectroscopy (XPS) using well-known procedures from
the literature.'® The technique consists of first measuring the Sn 3d and
Zn 2p core levels as well as the VB maximum (VBM) Ey of the bulk
SnO, and bulk ZnO, respectively. These values were measured by XPS
acquisitions on each kind of film deposited by the drop-casting method
onto Al substrate. The position of the Sn 3d and Zn 2p core levels of the
Sn0,—ZnO heterostructure was then determined. These last values
were obtained from XPS acquisitions on the film of SnO,—ZnO
heterostructure deposited on Al substrate. The VB offset (VBO) AEy, of
the heterostructure SnO,/ZnO was then calculated according to eq 1"

AEy = (EZ[er - EV-ZnO)%:]? - (Esn-3d - Ev-sno2 Sb:lcl)cz — AEg
(1)
where AEq = (Ezsz — Egn3d)heterostructare 1S the energy difference
between Zn 2p and Sn 3d core levels (CLs), which were measured in the
Sn0,—Zn0 sample. Ey,,,, and Eg;, 34 are the binding energies in the bulk
of ZnO and SnO,, respectively; Ey 7,0 and Ey.g,0, are the VB maxima in

the bulk of ZnO and SnO,, respectively.

2.3. Photocatalytic Experiments. Photocatalytic activities of the
as-synthesized samples were evaluated by the degradation of MB (Alfa
Aesar) dye. The MB was reagent grade and was used as supplied. All
the experiments were conducted at room temperature in air. In each
experiment, 0.1 g of metal oxide catalyst was dispersed in 100 mL of
MB solution (10 mg/L) to obtain the concentration of the catalyst at
1.0 g/L. The experiments were carried out in a Pyrex beaker illuminated
with a 125 W high pressure mercury lamp (Philips, HPL-N 125 W/542
E27) emitting UV light (365 and 313 nm). The UV lamp was positioned
above the beaker containing the solution. Prior to irradiation, the
suspension was stirred in the dark for 30 min to reach adsorption/
desorption equilibrium. The solution was continuously stirred during
the experiments. At given irradiation time intervals, 4 mL of the
suspension were collected, and then centrifuged (4000 rpm, 10 min) to
separate the photocatalyst particles. The MB concentration was eval-
uated by UV—visible Spectrophotometer (Shimadzu, UV-1650 pc)
monitoring the absorption maximum at A, = 664 nm. A calibration
plot based on Beer—Lambert’s law was established by relating the
absorbance to the concentration. In each case, blank experiments were
also conducted with the catalysts in the absence of light and without the
catalysts when the solution containing the dissolved dye was illuminated.
Moreover, reference experiments were performed under the same
conditions with commercial TiO, (Degussa, P-25) used as a photo-
catalytic standard. In some cases, repetitive photodegradation of MB
during four consecutive cycles was performed with 1.0 g/L of catalyst at
10 mg/L dye concentration. After each cycle, the catalyst was washed
with distilled water and a fresh solution of MB was added before each
photocatalytic run.

3. RESULTS AND DISCUSSION

3.1. Particle Characterization. Precipitation of SnO, was
observed when a clear solution of SnCl, and urea was reacted at
90 °C in aqueous medium. The pH of the solution increased
gradually because of the progressive decomposition of urea into
NH; and CO,, leading to the nucleation and growth of uniformly
nanosized particles.20 After annealing in air at high temperature,
FTIR studies revealed the complete elimination of the unde-
sirable organics and the formation of metal oxide species (Figure 1A).
Thus, above 2000 cm ™, a very broad absorption around 3430 cm™
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Figure 1. FTIR (A) and Raman (B) spectra of the as-synthesized
photocatalysts after annealing in air at S00 °C; (a) SnO,, (b) SnO,—
Zn0O, and (c) ZnO.

ascribed to OH stretching vibration modes was observed for each
sample.”' Key features observed below 2000 cm™" include a band
at 1634 cm™ due to the bending vibrations of absorbed
molecular water, and wide bands at 659 cm™! assigned to Sn—0O
stretching modes of Sn—O—Sn (Figures 1Aa-b)** and at 555 cm™
due to Zn—O stretching modes (Figures 1Aa and 1Ac).”®
Furthermore, the Raman spectrum of the as-prepared SnO,—ZnO
photocatalyst showed three main features at 438, 632, and
776 cm™" which could be assigned to the vibration modes E, for
wurtzite ZnO** as well as Ajgand B, for cassiterite Sn0,.*® Bands
at 332 (second-order vibration originating from the zone
boundary phonons)*® and 585 (E;(LO) mode) cm™ were
observed for the pure ZnO sample but were found to be very weak
for the heterostructure. It is also worthwhile to mention that the
broad resonance observed in the SnO, spectrum at 552 cm ™, a
feature that could be related to surface modes,”” has collapsed after
reaction with zinc acetate and further calcination. As a
consequence, the signature of both wurtzite ZnO and cassiterite
SnO, appeared in the Raman spectrum of the SnO,—ZnO
photocatalyst. This was confirmed by the XRD patterns of the
materials calcined at 500 °C (Figure 2). All the diffraction lines in
Figure 2a and 2c were those expected for the standard rutile-like,
that is, cassiterite, crystalline structure of SnO, (space group:
P4,/mmm, JCPDS file no. 41-1445) and the standard hexagonal
wurtzite ZnO (space group: P65/mc, JCPDS file no. 36-1451),
respectively. The diffraction peaks of pure SnO, (Figure 2a) were
considerably broadened revealing a small mean crystallite size
which was estimated to be 5 + 0.5 nm. On the other hand, the
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Figure 2. XRD patterns of the as-synthesized photocatalysts after
annealing in air at 500 °C; (a) SnO,, (b) Sn0,—Zn0O, and (c) ZnO.

diffraction peaks of ZnO (Figure 2c) were rather sharp indicating
a better crystallized sample, with an average crystallite size of
about 18 + 1 nm. ZnO seemed to calcine more easily and, thus,

tends to have larger grain size than SnO,. Furthermore, Figure 2b
shows two sets of diffraction peaks for the SnO,/ZnO sample
ascribed to hexagonal wurtzite ZnO and cassiterite SnO, No
additional peaks were observed in this sample that confirmed that
the sample only contained nanocrystalline ZnO and SnO,
particles. The full-width half-maximum (fwhm) for SnO, in
Sn0O,—ZnO photocatalyst is slightly larger than that found for
pure SnO, showing that the size of the SnO, crystallite, that is, 4.5
+ 0.5 nm, in the SnO,—ZnO photocatalyst was smaller than that in
pure SnO,. On the other hand, the crystallite size of ZnO, that is,
27 + 1 nm, in SnO,—ZnO was larger than that of pure ZnO. As
previously reported for similar heterostructures,'** the presence of
SnO, causes an increase in the crystallite size of ZnO whereas that
of ZnO restrains the growth of SnO, nanocrystals.

Figure 3 shows TEM images of SnO,—ZnO heterostructures
dried at 90 °C (Figure 3a) and calcinated at 500 °C (Figure 3b).
Moreover, HRTEM micrographs of the calcinated materials are
shown to verify the crystallinity of both SnO, and ZnO after the
heat treatment (Figures 3c,d). The shape of the pure SnO,
nanoparticles was spherical and of uniform size (not shown
here). It is worth mentioning that the diameter of the pure SnO,
was about 5 nm which was in good agreement with the crystallite

Figure 3. TEM micrographs of the (a) dried SnO,—ZnO heterostructure and (b) calcinated SnO,—ZnO photocatalyst. The inset SAED patterns reveal
the occurrence of (a) crystalline SnO, and (b) crystalline SnO, and ZnO. HRTEM images (c,d) verify the crystallinity of both SnO, and ZnO after

calcination.
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size deduced from the XRD patterns. The dried SnO,—ZnO
heterostructure was composed of amorphous ZnO and nano-
crystalline SnO,, while upon hydrothermal treatment both phases
were crystalline, as confirmed by the Selected Area Electron
Diffraction (SAED) pattern shown in Figure 3b. According to the
TEM bright field images, the SnO,—ZnO photocatalyst was com-
posed of aggregated ZnO particles of approximately 100 nm in
diameter and nanosized SnO, particles, as also shown in the
HRTEM images in Figures 3c and d. These results were consistent
with those inferred from the above XRD analysis. Furthermore, a
large number of small pores were observed between the nano-
particles suggesting that the SnO,—ZnO photocatalyst is
mesoporous. This feature was then assessed by N, sorption anal-
yses. The N, adsorption—desorption isotherm of the SnO,—ZnO
heterostructure exhibited a type IV-like behavior including a type
H2 hysteresis loop (Figure 4) which is typical of mesoporous
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Figure 4. Nitrogen gas adsorption—desorption isotherms and pore-size
distribution (inset) of the SnO,—ZnO photocatalyst.

materials according to the TUPAC classification.”® The H2-
hysteresis loop indicated the presence of pores of nonuniform sizes
and shapes, characteristic of solids consisting of particles crossed
by nearly cylindrical channels or made by aggregates (consolidated)
or agglomerates (unconsolidated) of spheroidal particles being
fully consistent with the TEM data.*® The BET surface area and
pore volume for this system were estimated to be 77 + 2 m*g~!
and 0.26 + 0.01 cm® g7, respectively; these values lay between
those of pure SnO, and ZnO analogues (Table 1). Furthermore,

Table 1. Nitrogen Sorption Porosimetry Studies” of the
as-Synthesized SnO,, ZnO and SnO,—ZnO Nanomaterials

photocatalyst  Sper (m*g™")  pore volume (cm®g™")  mean pore size (nm)
SnO, 90 +2.5 0.22 + 0.005 10 £ 0.5
ZnO 45+ 15 0.29 £ 0.01 265 +1
SnO,-Zn0O 77 £2.0 0.26 + 0.01 14+ 0.5

“Surface areas were determined by the BET technique, mean pore
diameters by BJH theory (applied to the adsorption branch), and pore
volumes by single-point analysis.

the pore size distribution for the SnO,—ZnO photocatalyst
was rather large with an average pore diameter of 14 & 0.5 nm
(Figure 4, inset). As a consequence, all these data were consistent
with the formation of mesoporous SnO,—ZnO nanocatalyst.
The optical properties of the various samples prepared were
then investigated by UV—Visible diftuse reflectance. The absorp-
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tion edge for the SnO,—ZnO photocatalyst was estimated to
be about 390 nm, which was shifted toward the visible region
compared to that of the pure SnO, sample (Figure SA). The
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Figure 5. UV—vis diffuse reflectance spectra (A) and plots of (F(R)hv)*
versus photon energy (hv) (B) of the as-synthesized materials after
annealing in air at 500 °C; (a) SnO,, (b) SnO,—ZnO, and (c) ZnO.

absorption edges of ZnO and SnO, were determined to be
394 and 355 nm, respectively. Compared to the SnO, sample, the
SnO,—ZnO photocatalyst showed an obvious absorption edge
increment of about 35 nm. The absorption edge at higher
wavelengths revealed that the heterostructure photocatalysts could
more efficiently utilize light for the photocatalytic purpose.*
Nonetheless, it was close to that of ZnO because of the 1:1
composition of the heterostructure, since, to some extent, the
absorption edge of the heterostructure should be the combined
contribution of each component in the SnO,—ZnO composite.*’
Furthermore, it has been shown for a crystalline direct semi-
conductor that the optical absorption near the band edge follows
the equation a(hv) = A(hv — Eg)l/ * where @, , E,, and A are the
absorption coefficient, 1i§ht frequency, band gap energy, and
a constant, respectively.”” It is generally admitted that the
absorption coefficient (a) can be replaced by the remission
function, F(R). The latter can be written in terms of diffused
reflectance (R) according to the Kubelka—Munk theory: a/s =
F(R) = (1 — R)*/(2R) where s is the scattering coefficient.*® The
band gap energies (E, values) of the as-synthesized samples can
then be estimated from a plot of (F(R)hv)* = f(hv), the intercepts
of the tangents yielding the band gap energies of the as-synthesized
samples (Figure SB). The estimated band gap energies of the
resulting samples were therefore about 3.7, 3.23, and 3.2 eV for
Sn0,, Sn0,—Zn0O, and ZnO, respectively. The values for ZnO
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Figure 6. XPS patterns of the SnO,—ZnO photocatalyst (A) XPS survey spectrum; (B) Sn 3d region; (C) Zn 2p region; (D) Ol1s region (full) with the
corresponding fits for OH (dot), O—Zn (dot-dash) and Sn—O—Sn (dash).

and SnO, were in good agreement with those reported by
others.**

3.2. Surface and Interface Analysis. To gain a better
insight into the surface composition and the band alignment in
the SnO,—ZnO photocatalyst, XPS studies were performed on
the SnO,, ZnO, and SnO,—ZnO samples annealed at 500 °C in
air. As shown in the survey spectrum of Figure 6A, the SnO,—
ZnO heterostructure only shows emissions of Sn, O, and Zn
elements with only a very weak C line, the different peaks ob-
served being assigned to Sn 3d, Sn 3p, Sn 4d, Zn 2p, Zn 3s, and
Zn 3p core levels and to Sn MNN, Zn LMM, and O KLL Auger
features. The high resolution XPS spectra for Sn 3d (Figure 6B)
reveals the spin orbital splitting of the Sn 3d;,, and Sn 3d;, core
level states of tin centered at 486.8 and 495.2 eV, respectively,
which were symmetric and were assigned to the lattice tin oxide.
The separation between the Sn 3d;,, and Sn 3d; ), level (8.41 eV)
corresponds to the standard spectrum of Sn>® and of commercial
SnO, reported in the literature.*® The measured emission lines
also correspond to a binding energy of Sn*" ion in SnO,.** Figure 6C
shows the pronounced splitting of the Zn 2p emission into two
symmetric peaks. The peak centered at 1021.8 eV was attributed
to the Zn 2p;/, and the other one at 1044.9 eV to Zn 2p,,,
indicating a normal oxidation state of Zn** in the SnO,—ZnO
photocatalyst. Figure 6D shows the XPS high resolution
spectrum of oxygen. The shape of the spectrum is asymmetric
which indicates that there are several chemical states according to
the measured binding energy. Thus, the region of O 1s could be
deconvoluted into three peaks centered at 530.3, 530.8, and
531.5 eV. The lower binding energy peak at 530.3 eV was attrib-
uted to oxygen in SnO,,%”** while the peak centered at 530.8 eV is
due to the Zn—O binding®” The peak at 531.5 €V could be
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ascribed to adsorbed hydroxyl species.’>***® The results
confirmed that the SnO,—ZnO photocatalyst was actually
composed of SnO, and ZnO entities. To determine the band
alignment of the SnO,—ZnO nanocatalyst, the core level
positions and the VBM positions of bulk SnO, and bulk ZnO
were also determined.*' With these values as reference of the
energy distance (Ey — E¢;) for each sample and the energy dif-
ference (E4° — EZ%) the VB line-up can be determined according
to eq 1. The VBM positions in the VB spectra were determined by
linear extrapolation of the leading edges of the VB spectra of the bulk
SnO, and ZnO samples to the base lines (Table 2). The energy
difference of the Sn 3ds,, CL peak to VBM,(Eg,34 — Ev:sno, Jonle’s Was

Table 2. XPS Binding Energies of the Core Levels and VBM of
Sn0,, ZnO, and SnO,—ZnO Photocatalysts

photocatalyst state binding energy (eV)
SnO, Sn 3ds), 486.70 + 0.05
VBM 3.30 + 0.05
ZnO Zn 2ps, 1021.70 + 0.0
VBM 2.60 + 0.05
Sn0,—Zn0O Sn 3dy), 486.80 + 0.05
Zn 2p;, 1021.80 + 0.05

determined to be 4834 + 0.05 eV while that of Zn 2p;/, to ZnO
VBM,(Ez5p — Evzao)oaiy was 101910 + 0.0S eV. The energy
difference of Sn 3d;/, and Zn 2p;,, CLs, AE¢y, in the SnO,~ZnO
heterostructure was evaluated to be 535.0 + 0.05 eV. According to eq
1, the resulting VB offset (VBO), AEy, was calculated to be 0.7 eV.
Finally the CB offset (CBO) was estimated by the formula AE =
AEy + Eé“o - Eg”ol, where EgZ“O and Eg“ol are the optical band gap of
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ZnO and SnO,, respectively. Using the band gap of SnO, (3.7 eV)
and ZnO (3.2 €V) determined by UV—visible diffuse reflectance
spectroscopy (Figure SB), the AE was calculated to be 0.2 +
0.0S eV that led to the proposed energy band diagram for the
SnO,—ZnO sample shown in Figure 7. This experimentally
determined energy diagram is fully consistent with the formation

={.2
Ecsa0, A =026V * Eczno
S ZnQ
Sn0, Eg =3.2eV
By %=37ev y
FySn AL —07eV Ey zm0
()2 /I‘ py =0.7¢e
SnO2
Esn3d = £y sn0, Ipuai” = 3834V
E 700
Sn3d Ezn2p ™ Ev 200 buik
=1019.1eV
AE gy =535.0¢V
Eznap

Figure 7. Band alignment diagram of the SnO,—ZnO photocatalyst.

of mesoporous SnO,—ZnO type II heterojunction nanomaterials
as already schematically drawn in Scheme 1.

3.3. Photocatalytic Activity. To evidence the photo-
catalytic activities of the as-synthesized SnO,—ZnO nanoma-
terials, the photocatalytic decomposition of MB was performed
as a test reaction according to the literature.*” As depicted in
Figure 8A, the maximum absorption peaks of MB at 664 nm
diminished gradually and disappeared completely under UV

light irradiation for 80 min in the presence of the SnO,~ZnO
nanocatalyst. Meanwhile, the color of the solution changed
gradually, suggesting that the chromophoric structure of MB was
decomposed. Furthermore, blank experiments in the absence of
irradiation with the photocatalyst or in the presence of irradiation
without the photocatalyst, as well as similar experiments with
pure SnO, and ZnO samples were carried out to rationalize the
photocatalytic activity of the as-synthesized SnO,—ZnO photo-
catalyst. The degradation efficiency of the as-synthesized samples
was defined as C/C,, where C; is the initial concentration of MB,
after equilibrium adsorption, and C its concentration during the
reaction. Both blank experiments results showed that MB could
not be decomposed without the photocatalyst and/or UV
irradiation (Figure 8B). In contrast, the degradation efficiency of
the SnO,—Zn0O photocatalyst after 20 min was of about 88%,
whereas values of about 72% and 50% were found after 20 min
for the SnO, and ZnO samples, respectively (Figure 8B). Fur-
thermore, the MB decomposition efficiency found for the SnO,—
ZnO photocatalyst was comparable to that determined under the
same experimental conditions for the reference P-25 catalyst, that
is, 85% after 20 min. As a result, the heterojunction nanomaterial
concept allowed increasing the photocatalytic activities of SnO,
and ZnO up to that of commercial titania that validates the
approach developed in this study. For a better understanding of
the photocatalytic efficiency of the as-synthesized samples, the
kinetic analysis of MB degradation is discussed in the following.
It is generally assumed that reaction kinetics can be described in
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Figure 8. (A) Absorbance changes of MB solution after different irradiation times in the presence of the SnO,—ZnO sample: initial (black), equilibrium
(red), 10 min (blue), 20 min (green), 30 min (magenta), 40 min (brown), and 130 min (cyan). (B) Kinetic of the degradation of MB in the presence of
UV only (square, dot), SnO,—ZnO in the dark (triangle, dash), SnO,—ZnO under UV (square, plain), SnO, under UV (triangle, plain), and ZnO under
UV (circle, plain). (C) In [C/Co] as a function of the irradiation time for calcined SnO, (triangle), SnO,—ZnO (square), and ZnO (circle)
photocatalysts. (D) Cyclic runs in the photodegradation of MB using the SnO,—ZnO photocatalyst under UV-light: 1st cycle (square), 2nd cycle

(triangle), 3rd cycle (circle), and 4th cycle (diamond).
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terms of Langmuir—Hinshelwood model, which can be ex-
pressed following eq 2:*

K.C
K

Cdt 14 KC )

where (—dC/dt) is the degradation rate of MB, C is the
concentration of MB, t is the reaction time, k, is a reaction rate
constant, and K, is the adsorption coeflicient of the reactant. As
the initial concentration of MB is very low (C, = 10 mg/L in the
as-described experiments), K,C is negligible, and eq 2 can be
described as first-order kinetics. Setting eq 2 at the initial con-
ditions of the photocatalytic procedure, when ¢ = 0, C = C,, it can
be described as

C
In — = -kt
Co 3)
where k., is the apparent rate constant, used as the basic kinetic

parameter for different photocatalysts, since it enables one to
determine a photocatalytic activity independent of the previous
adsorption period in the dark, and the concentration of the
remaining dye in solution. This model was then applied to the
present data (Figure 8C), and the apparent first-order rate con-
stants, before and after normalization by the BET surface area, is
reported in Table 3. First of all, the degradation of MB followed a
first order kinetic rate for all samples. Furthermore, the

Table 3. Apparent (k,,,) and Normalized (k) Rate
Constants for the Degradation of MB with the As-Synthesized
Materials®

photocatalysts e min~! Korm g/ (m* min)
$n0,—Zn0O 0.0931 12.1 x 107
SnO, 0.0635 7.1x107*
ZnO 0.0401 89x107*

“Kyorm calculated from k

pp and the BET surface area given in Table 1.

norm

mesoporous Sn0,—ZnO heterojunction nanomaterial was
clearly a much more effective photocatalyst than the SnO, and
ZnO analogues with an apparent MB degradation rate constant
reaching 0.0931 min~". In addition, this nanocatalyst can be
recycled and reused several times without significant loss of
efficiency, which is a key requirement for a possible industrial
application. Thus, the photocatalytic efficiency of the SnO,—
ZnO heterojunction photocatalyst for the 4 cycling reuse were
99.3,99.2,99.3, and 99.0% after 50 min of reaction time, respec-
tively (Figure 8D). Finally, it is also worth mentioning that the
photocatalytic activity collapsed in acidic solution and was
improved in basic medium, the SnO,—ZnO photocatalyst being
always the most efficient.* This behavior can be rationalized on
the basis of the point of zero charge (pH,,.) of SnO, and ZnO
that is about 4 and 9, respectively. Indeed, since MB is a cationic
dye, the dye chemisorption at the oxide surface will be favored by
negatively charged metal oxide nanoparticles, that is, in basic
medium.

In summary, the improved photocatalytic activity found for the
Sn0O,—Zn0 heterostructure can be rationalized on the basis of
the above-determined band alignment as follows (Scheme 1 and 2).
Upon UV illumination, electrons in the VB could be excited to the
CB of both oxides, with the concomitant formation of the same
amount of holes in the VB. According to the type II band
alignment and the heterojunction formed, the electrons were
collected by the SnO, nanosized particles and the holes by the
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Scheme 2. Proposed Mechanism for the Degradation of MB
under UV Irradiation in the Presence of the SnO,—Zn0O
Photocatalyst

(Sn0,-Zn0) + hv ———>  Sn0,e, + ZnOh,*
SnO,e, + O, - = Sn0, + 0,
ZnO.h,~ + OH — oH-
0O,” + H,0 —_— HO,* + OH-
HO,* + H,0 — HO* + H,0,
H,0, - > 2 O
MB + OH" E—— degradation product

ZnO particles as they are transferred to a more stable electronic
state, that is, downward for electron transfer from ZnO to SnO,,
upward corresponding to a more stable bonding situation for
holes from SnO, to ZnO (Comparison between Scheme 1 left,
and Figure 7.). The resulting charge carrier separation (electrons
preferentially on the SnO, particle, holes preferentially at the
ZnO particle) leads to increased carrier lifetime because of
reduced charge recombination. As a consequence, the formation
of hydroxyl OH® radicals by reaction of holes with surface hy-
droxyl groups or physisorbed water molecules at the zinc oxide
surface is enhanced. On the other side, also the reaction of elec-
trons with dissolved oxygen molecules to give superoxide radical
anions, O,°, yielding hydroperoxyl radicals HO,* on protonation
and finally OH® radicals will be more efficient. OH® radicals
are a strong oxidizing agent well-known to decompose organic
substrates as MB dye.** As a result, the enhanced charge
separation related to the SnO,—ZnO heterojunction favors the
interfacial charge transfer to physisorbed species forming OH*
radicals and reduce possible back reactions, and therefore accounts
for the higher activity of the SnO,~ZnO nanomaterials.

4. CONCLUSION

Mesoporous SnO,—ZnO heterojunction photocatalysts have
been successfully prepared using a two-step solution route in-
volving the synthesis of nanosized SnO, particles by the homo-
geneous precipitation combined with a hydrothermal treatment
that were further reacted with zinc acetate followed by calcina-
tion. The UV—vis diffuse reflectance studies showed that the
band gap energy of the heterostructure SnO,—ZnO photo-
catalyst was red-shifted compared to that of pure SnO, and ZnO.
A careful examination of the band alignment by XPS revealed a
type-II band alignment with VBO of AEy, = 0.7 + 0.05 eV and
CBO of AE = 0.2 + 0.05 eV for the SnO,—ZnO heterojunction
photocatalyst. This heterojunction photocatalyst showed higher
photocatalytic activity than the pure SnO, and ZnO nano-
catalysts for the degradation of MB dye under UV light irradia-
tion in neutral and basic media because of improved separation of
photogenerated electrons and holes. Furthermore, the hetero-
structure photocatalysts could be easily recycled without
significant change in the catalytic activity which evidenced the
stability of the catalysts and the reproducibility of the approach.
This concept of semiconducting heterojunction nanocatalysts
with high photocatalytic activity should find industrial
application in the future to remove undesirable organics from
the environment.
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