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obility, separation and charge
transfer in black SnO2–TiO2 structures with co-
catalysts: the key step for the photocatalytic
hydrogen evolution† ‡

Ángeles Mantilla,a Diana Guerrero-Araque,*b Jhon Harrison Sierra-Uribe,c

Luis Lartundo-Rojas, d Ricardo Gómez,c Héctor A. Calderon, e

Rodolfo Zanella f and David Ramı́rez-Ortega *ag

Oxygen vacancies and co-catalysts enhance photocatalytic hydrogen production by improving the charge

carrier separation. Herein, the black SnO2–TiO2 structure (BST) was synthesized for the first time by two

consecutive methods. First, the sol–gel nucleation method allowed TiO2 to form on the SnO2

nanoparticles, creating a strong interaction and direct contact between them. Subsequently, this

structure was reduced by NaBH4 during thermal treatment, generating (Ti3+/Sn2+) states to form the BST.

Then, 2 wt% of Co, Cu or Pd was impregnated onto BST. The results showed that the activity raised with

the presence of Ti3+/Sn2+ states, reaching a hydrogen generation rate of 147.50 mmol g−1 h−1 with BST

in comparison with the rate of 99.50 mmol g−1 h−1 for white SnO2–TiO2. On the other hand, the

interaction of the co-catalysts with the BST structure helped to increase the photocatalytic hydrogen

production rates: 154.10 mmol g−1 h−1, 384.18 mmol g−1 h−1 and 480.20 mmol g−1 h−1 for cobalt-BST,

copper-BST and palladium-BST, respectively. The results can be associated with the creation of Ti3+/

Sn2+ at the BST interface that changes the lifetime of the charge carrier, improving the separation of

photogenerated electrons and holes and the co-catalysts in the structures move the flat band position

and increasing the photocurrent response to having electrons with greater reducing power.
Introduction

In recent years, some studies have focused on producing an
efficient and clean source of energy as an alternative to fossil
fuels.1–3 In this sense, different semiconductors have been
probed in the photocatalytic generation of hydrogen.3 White
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
TiO2 is one of the materials widely studied as a photocatalyst;
nevertheless, its high recombination of charge carriers has been
reported.2–4 Among the alternatives for optimizing the activity of
white TiO2, this material has been coupled with other metal
oxides (e.g., ZnO, WO3, ZrO2) to create heterojunctions. In that
sense, recent research suggests that coupling white TiO2 with
SnO2 could improve photocatalytic hydrogen production and
decrease carrier pair recombination due to heterojunction
formation.5 Another alternative is to decorate white TiO2 with
co-catalyst nanoparticles (e.g., Pd, Cu or Co) to enhance the
activity.6,7 Previously, we reported the degradation of 4-chlor-
ophenol using SnO2–TiO2 heterojunctions synthesized from
white TiO2 and different SnO2 contents; the results showed that
the material with 6 mol% of SnO2 had the best behaviour.8 In
another study, a SnO2–TiO2 heterojunction with Cu or/and Co
as co-catalysts in the form of CuO and CoO species was studied,
showing that the SnO2–TiO2 heterojunction material coupled
with CuO–CoO exhibited higher photoactivity for hydrogen
production.9

Conversely, the reduction of white TiO2 to obtain black TiO2

has been reported, garnering attention for its superior proper-
ties in photochemical applications compared to white TiO2.10

Also, it has been reported that the generation of oxygen
RSC Adv., 2024, 14, 26259–26271 | 26259
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Fig. 1 XRD patterns of the obtained materials: (i) BST, (ii) Co-BST, (iii)
Cu-BST and (iv) Pd-BST.
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vacancies in black SnO2–TiO2 enhances the photocatalytic
activity. In this regard, Yang et al. reported the transformation
of Sn4+–Ti4+ to Sn2+–Ti3+ in the formation of a SnO2–TiO2 het-
erojunction.11 Hence, this study investigates the semi-
conducting properties of Cu, Pd or Co co-catalyst nanoparticles
deposited by the impregnation method on black SnO2–TiO2

partially reduced structure by NaBH4 and their correlation with
the photocatalytic hydrogen production.

Experimental
Synthesis of black SnO2–TiO2 (BST)

The white SnO2–TiO2 (WST) structure was obtained through
sol–gel synthesis. Briey, titanium butoxide, butanol, nitric
acid, and nanoparticles of SnO2 were mixed under vigorous
stirring (6 mol% of SnO2), as reported elsewhere.8 Then,
a solution of methanol–water (1 : 1 molar ratio) was added
dropwise andmaintained at 80 °C for 24 hours under reux and
stirring. The solid obtained was washed and dried at 80 °C.
Aerward, the black SnO2–TiO2 structure was prepared by
reduction using NaBH4.12,13 Initially, WST structure and NaBH4

(molar ratio of 1 : 3) were taken and ground for 30 min. Then,
the blend was thermally treated at 400 °C under a nitrogen
atmosphere for 30 min. Finally, the structure obtained was
washed with an ethanol–water mixture 1 : 1 (molar ratio) to
remove the NaBH4, and then it was dried to 80 °C. The black
SnO2–TiO2 structure obtained was labelled as BST.

Synthesis of MxOy-BST (M: Cu, Co or Pd)

Copper, cobalt or palladium nanoparticles on BST material
were deposited employing the incipient wetness impregnation
method. The required amount of copper, cobalt or palladium
nitrate was dissolved in water containing BST in suspension
and stirred for 4 hours (metal content was kept at 2 wt%). The
materials were dried at 80 °C. Then, the materials were mixed
with NaBH4 and thermally treated as mentioned above. The
solids were labelled as Cu-BST, Co-BST and Pd-BST.

Characterization

The crystal structure of the materials was analyzed in a Bruker
D-2 Advance diffractometer employing Ka radiation with l =
0.154 nm. The UV-vis diffuse reectance spectroscopy was per-
formed to establish the band gap energies using a Cary 100
spectrophotometer. Surface areas were performed on a 3P meso
222 instrument device. The XPS measurements of the synthe-
sized materials were carried out on an X-ray photoelectron
spectrometer with monochromatic Al Ka from a Thermo Fisher
Scientic K-Alpha; for details of the measurement conditions,
see the ESI.‡

Transmission electron microscopy (TEM) was performed on
a model JEM2100 (criotem) microscope, LaB6 200 kV in high-
resolution mode. Images are taken under low-dose conditions
to avoid beam damage to the samples.

The (photo)electrochemical measurements were performed
in an AUTOLAB 302 N potentiostat; for details of the measure-
ment conditions, see the ESI.‡ Fluorescence measurements
26260 | RSC Adv., 2024, 14, 26259–26271
were performed in a Fluorolog-3 spectrouorometer with a Xe
lamp at room temperature, using a 218 nm excitation wave-
length with an excitation slit width of 5 nm. Emission spectra
were collected from 300 to 700 nm with emission slit width at
5 nm.

Photocatalytic activity

The photocatalytic hydrogen generation was evaluated in
a homemade reactor using as irradiation source a UV-Pen Ray
lamp (254 nm wavelength and 3.6 mW cm−2 intensity) 12 mg of
photocatalyst and a methanol : water solution (1 : 1 ratio). The
solution was stirred, maintained at room temperature, and
irradiated for 5 hours. The hydrogen generated was quantied
employing a gas chromatograph GOW-MAC Series 580 equip-
ped with a column of SiO2 and a thermal conductivity detector
(TCD) .

Results and discussion
Structure and textural properties of the synthesized materials

XRD was used to study the crystalline structure of the synthesized
materials. Fig. 1 displays the XRD patterns of all materials; the
peaks at 2q = 25.3°, 37.9°, 47.8°, 54.6°, 62.7° and 69.3° were
indexed to the crystal planes (101), (004), (200), (105), (204), (116)
of anatase-TiO2 phase.14 The brookite phase of TiO2 was detected
by a peak at 2q = 30.8°, associated with the (211) plane.15,16 It has
been observed that anatase can be directly transformed into
brookite under similar reduction and thermal conditions.16 Also,
the SnO2 peaks detected at 2q = 26.5°, 33.9° and 51.7° were
assigned to the (110), (101) and (211) planes, respectively.17,18 The
cobalt, copper and palladium nanoparticles peaks were not
observed, which might result from the low loading of co-catalyst
nanoparticles.19

The average crystallite size of the BST structures with co-catalyst
was estimated by applying the Scherrer equation to the dominant
peak (101) of the anatase-TiO2 phase of the XRD patterns (see
Fig. 1 and Table 1). The average crystallite size of the BST structure
was 5.64 nm. The impregnation of Cu, Pd and Co led to a slight
decrease in average crystallite size, whichmay be related to the fact
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Real co-catalyst content, structural, textural and optical properties of the synthesized materials

Materials Real co-catalyst contenta (wt%) Crystal sizeb (nm) SBET
c (m2 g−1) dpore

c (nm) Vpore
c (cm3 g−1) Band gap energyd (eV)

BST __ 5.64 81 3.55 0.072 2.98
Co-BST 2.08 5.37 84.58 3.80 0.080 2.67
Cu-BST 2.14 5.47 122.47 3.69 0.113 3.04
Pd-BST 1.83 5.39 75.84 4.56 0.086 3.07

a Average content estimated by EDS and XPS analysis. b Estimated by XRD analysis. c Estimated by the BETmethod of N2 adsorption.
d Estimated by

diffuse reectance spectra.
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that they are highly dispersed and that their presence on the
semiconductor inhibits the crystallization.20

High-resolution transmission electron microscopy was used
to conrm the interfacial interaction between SnO2 and TiO2 in
the BST structure. In Fig. 2, the image shows the lattice fringes
of the (101) plane of TiO2 and the (100) plane of SnO2 with
spacings of 0.37 and 0.47 nm, respectively.21,22 These results
conrm the formation of the heterojunction between SnO2 and
TiO2.

To evaluate the impact of copper, cobalt, and palladium on
textural properties of BST structure, we conducted a compre-
hensive collection of N2 adsorption isotherms at 77 K. The BST
structure showed a specic surface area of 81 m2 g−1, pore size
of 3.55 nm, and a pore volume of 0.072 cm3 g−1. This value
increased for the presence of Cu and Co co-catalysts; however,
the specic surface area decreased slightly for Pd-BST material.
These results may be associated with the fact that the Pd crystals
were deposited in some of the pores of TiO2, as has been
observed in other studies under different TiO2 crystal
phases.20–23 Also, depending on the type of co-catalyst incorpo-
rated in the BST structure, a variation was observed, indicating
an inuence of the co-catalyst on the BST crystallization and its
textural properties. The crystal sizes decrease for all samples,
and pore volumes increased in the following order: Cu > Pd z
Co. The presence of metal atoms obstructs the mobility of Ti
ions20 and the unrestrained growth of BST crystals when
carrying out calcination, causing an inefficient packing of
subunits and the rearrangement of the crystals and their co-
catalysts, creating pores between molecules that give rise to
Fig. 2 HR-TEM image of black SnO2–TiO2 structure.

© 2024 The Author(s). Published by the Royal Society of Chemistry
an increased in extrinsic porosity24 and, therefore, a slight
increase in pore volume. These ndings are detailed in Table 1.

Despite this, it is important to highlight that the specic
surface area of the synthesized materials is high enough to have
the active sites necessary to carry out the redox processes on the
surface of the BST structures.
Optical properties and chemical environment

The optical properties of materials were studied to establish the
effect of copper, palladium and cobalt nanoparticles on BST
structure. Fig. 3a exhibits the UV-visible absorption spectra of
the white SnO2–TiO2 (WST) vs. BST structures. The band gap
energies (Eg) of WST and BST, which were estimated from Tauc
plots derived for an indirect transition, are shown in Fig. 3b. It
can be seen that the band gap energy of the BST structure was
2.98 eV, which was signicantly narrowed compared with the
WST structure (3.30 eV) and can be associated with the Ti3+ and
Sn2+ atoms/oxygen vacancies (intra-band states) originated
during the reduction process.25,26

In the case of the BST structure, it is possible to observe
a broad absorption tail in the visible light region that does not
occur with the WST structure. Also, the higher absorption at
a wavelength of 337 nm in BST compared with WST is associ-
ated with the reduction of Ti4+ to Ti3+ ions and the creation of
oxygen vacancies.16

Furthermore, it can be seen that the absorption spectrum of
the BST structure occurred a red shi compared to the WST
structure, and the extended absorption is consistent with the color
change of the structure from white to black (as seen in Fig. 3c).

Hence, the Ti3+ states/oxygen vacancies and Sn2+ states/oxygen
vacancies provoked a modication in the electronic structure of
BST material. Therefore, Ti3+ states in TiO2 can introduce energy
levels in the band gap localized below the conduction band.26

Also, in the case of SnO2, Sn
2+ states introduce energy levels at the

top of the valence band.27–29 Consequently, the band gap nar-
rowing is related to the presence of Ti3+/Sn2+ states and oxygen
vacancies, which induce the formation of intermediate energy
levels in the band gap, as shown in Fig. 3d.

Furthermore, the impregnation of BST with copper, cobalt
and palladium species causes a slight increase in the adsorption
visible region and a slight blue shi (as seen in Fig. 3e). This
shi is related to inserting the metal 3d orbitals within the
forbidden band and the charge transfer between the metal
transitions 3d electrons and the conduction band of the BST
structure.30–32 The band gap energy values calculated for BST
RSC Adv., 2024, 14, 26259–26271 | 26261
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Fig. 3 (a) UV-visible spectra of: (i) WST and (ii) BST, (b) insert of the bandgap energy (Eg) estimation of: (i) WST and (ii) BST, (c) images of white and
black SnO2–TiO2 powders, (d) schematic diagram of WST and BST (the presence of Ti3+ and Sn2+ states), (e) UV-visible spectra of: (i) Co-BST, (ii)
Cu-BST and (iii) Pd-BST and (f) insert of the bandgap energy (Eg) estimation of: (i) Co-BST, (ii) Cu-BST and (iii) Pd-BST.
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with co-catalyst are listed in Table 1. The band gap energy values
were slightly modied with the Cu and Pd co-catalysts
compared to those reported for the BST structure (see Table
1). However, in the case of Co species, the band gap energy
changed from 2.98 to 2.67 eV. This modication may be related
to higher interaction between the band electrons and the
localized d electrons of the Co2+ ions substituting Ti4+ cations.
The interactions of the p–d and s–d exchange led to the upward
transformation of the valence band edge and the downward
transition of the conduction band edge, which reduced the
band gap.33

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed in order to identify the differences between WST and
BST structure on the surface, electronic states and the impact of
the reduction process with NaBH4 during the thermal treatment
at 400 °C in N2 atmosphere.

Fig. 4a shows the high-resolution XPS spectra for the Ti 2p
region. Regarding the WST structure (Fig. 4a(i)), two peaks were
identied with the binding energies at 458.9 and 464.7± 0.2 eV,
corresponding to Ti 2p3/2 and Ti 2p1/2, respectively. Aer being
reduced to form BST structure, the characteristic peaks of Ti
2p3/2 and Ti 2p1/2 showed a noticeable shi toward lower
binding energies at 458.4 and 464.2 ± 0.2 eV, conrming the
formation of Ti3+ states, indicating that oxygen vacancies are
generated in the BST structure during the reduction process.34–38
26262 | RSC Adv., 2024, 14, 26259–26271
Regarding the high-resolution Sn 3d spectra (Fig. 4b),
a similar result is observed, i.e., the two peaks identied with
the binding energies corresponding to Sn 3d3/2 and Sn 3d5/2 are
also shied to lower energies, from 495.4 and 487.0 ± 0.2 eV
(WST) to 494.9 and 486.4 ± 0.2 eV (BST), respectively. The
presence of oxygen vacancies near the Sn atoms can generate
this displacement. Therefore, the BST structure is rich in oxygen
vacancies and contains some reduced Sn cations (Sn2+ states),
but maintains the rutile structure, as reported in several
works37,39,40

To determine the chemical composition and to conrm the
oxidation states of titanium and tin in the BST structure, high-
resolution XPS spectra were analyzed in the Ti 2p and Sn 3d
regions (Fig. 5). The Ti 2p spectra can be deconvoluted by
assuming contribution from Ti3+ and Ti4+ as shown in Fig. 5a.
In this spectrum, two dominant peaks located at 458.8 and
464.5 ± 0.2 eV were observed, which correspond to the Ti 2p3/2
and Ti 2p1/2 signals characteristic for the TiO2 with oxidation
state 4+.41,42 Besides, two peaks located at 459.38 and 465.1 ±

0.2 eV could be attributed to the Ti–O bond or Ti–O–Sn inter-
action at the interface between TiO2 and SnO2 nanoparticles43,44

On the other hand, the smaller doublet contribution in the
binding energy at 457.28 for Ti 2p3/2 and 462.82 ± 0.2 eV for
Ti 2p1/2, is characteristic of Tix–Oy species, specically in the
TiO form. This sub-oxide titanium species is commonly
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS high resolution spectra of (a) Ti 2p energy zone of: (i) white
SnO2–TiO2 (WST) and (ii) black SnO2–TiO2 (BST), and XPS high reso-
lution spectra of (b) Sn3d energy zone of: (i) white SnO2–TiO2 (WST)
and (ii) black SnO2–TiO2 (BST).

Fig. 5 XPS high-resolution spectra of: (a) Ti 2p region and (b) Sn 3d
region for black SnO2–TiO2 structure.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reported with Ti2+ oxidation state, with a binding energy of
approximately 455.1 ± 0.2 eV for Ti 2p3/2 signal.45–48 However, it
presents a shi of 2.2 eV. This shimay be due to the instability
of TiO, which begins to transform into other sub-oxides (TiOy)
until it becomes Ti2O3, which is more stable, obtaining an
average oxidation state of Ti3+, as reported in other works.49–52 In
addition to this, two extra signals with binding energies at 458.0
and 463.7± 0.2 eV are consistent with the characteristic Ti 2p3/2
and Ti 2p1/2 peaks corresponding to Ti2O3 form with oxidation
state of Ti3+.53–55 The presence of Ti3+ in the nonstoichiometric
Ti oxide species (Tix–Oy) emerged due to the reduction of Ti4+

(TiO2) induced by the thermal decomposition of NaBH4 and
lead to the formation of oxygen vacancies.12,56 Finally, it is
possible to observe a last contribution in two signals with
binding energies at 460.1 and 465.95 ± 0.2 eV, corresponding to
TiO(OH)2 species formed due to the conversion of titanium
butoxide, butanol and other OH− species adsorbed during the
sol–gel method.57

Fig. 5b presents the narrow scan of the Sn 3d spectra, it can
be seen that the shape of the spectrum is asymmetric. Thus, it is
evident that the Sn ions are present in different oxidation states.
The main contribution was observed in the binding energies at
486.6 and 495.05 ± 0.2 eV, which are consistent with the char-
acteristic Sn 3d5/2 and Sn 3d3/2 peaks. The binding energy
difference between these two peaks is 8.5 eV, which conrms
themain oxidation state of tin as 4+.58–62 In addition, two signals
with binding energies at 485.9 and 494.5 ± 0.2 eV are consistent
with the characteristic Sn 3d5/2 and Sn 3d3/2 peaks. These peaks
are associated with the presence of Sn2+ in the form of SnO and
are conrmed by the binding energy difference of ∼0.7 eV
between the Sn2+ and Sn4+ (Sn 3d5/2) peaks.63–65 The smaller
contribution in the two peaks with binding energies at 485.20
and 496.6 ± 0.2 eV are characteristics of metallic tin (Sn0).66–69

Moreover, the peaks that are centered at the binding energies of
487.4 and 495.8 ± 0.2 eV, corresponding to Sn 3d5/2 and Sn 3d3/
2, respectively, are associated with the Na2SnO3 species that are
formed due to the presence of NaBH4 during the thermal
reduction to obtain the black structure.70,71 Likewise, the double
contribution with the binding energies at 488.3 for Sn 3d5/2 and
496.8 ± 0.2 eV Sn 3d3/2 can be attributed to the Sn4+ valence
state of Sn–O bonds and/or Sn–O–Ti interaction between SnO2

and TiO2 nanoparticles.72,73

Hence, these results conrm that the presence of Ti3+/Sn2+

states and oxygen vacancies on the BST structure contribute to
the decrease in the band gap energy, as it was previously
proposed by the analysis of the optical properties.

To identify the oxidation states and species of the Pd, Cu and
Co on the BST structures, the high-resolution spectra of these
co-catalysts were evaluated (Fig. 6).

For the Pd-BST structure, the high-resolution Pd spectrum is
shown in Fig. 6a. A small double contribution, with binding
energies at 335.5 and 340.7 ± 0.2 eV for Pd 3d5/2 and Pd 3d3/2, is
related to the presence of metallic Pd (Pd0) nanoparticles.74,75

The other observed peaks at binding energy positions of 336.5
and 341.7 ± 0.2 eV show Pd 3d5/2 and Pd 3d3/2 spin doublet due
to the formation of PdO with an oxidation state of 2+.76,77
RSC Adv., 2024, 14, 26259–26271 | 26263
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Fig. 6 XPS high-resolution spectra of: (a) Pd 3d of Pd-BST structure,
(b) Cu 2p of Cu-BST structure, (c) Co 2p of Co-BST structure.
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Furthermore, the peaks with binding energies at 337.2 and
342.6 ± 0.2 eV for Pd 3d5/2 and Pd 3d3/2 can be related to the
formation of a mixture of palladium oxides PdO/PdO2 with
oxidation states Pd2+/Pd4+.78 On the other hand, other peaks are
detected at 338.5 and 343.7 ± 0.2 eV for Pd 3d5/2 and Pd 3d3/2,
but their assignment is more complex. These signals have been
assigned to the presence of Pd2+ species in the form of
Pd(NO3)2, which can be a residue of the impregnation process
used in this work or Pd cationic species that have a strong
interaction with BST structure.79,80 In the end, it is possible to
observe the signals at 339.5 and 344.8 ± 0.2 eV for Pd 3d5/2 and
Pd3d3/2, which correspond to the satellites of the Pd2+ species.

In the case of Cu-BST structure, the narrow scan of the Cu 2p
region was identied in three different oxidation states of
26264 | RSC Adv., 2024, 14, 26259–26271
copper (Fig. 6b). First, two small signals located at 932.2 and
951.5 ± 0.2 eV were associated with metallic copper (Cu0)
nanoparticles, corresponding to Cu 2p3/2 and Cu 2p1/2, respec-
tively.81 Besides, Cu1+ in the form of Cu2O is identied with
peaks centered at 932.8 and 952.6± 0.2 eV, attributed to Cu 2p3/
2 and Cu 2p1/2. In like manner, the main contribution of the Cu
species in the BST structure is in the form of CuO dispersed on
the surface, as indicated by the characteristic peaks at the
binding energies in 933.5 and 953.5 ± 0.2 eV, associated with
Cu 2p3/2 and Cu 2p1/2.81 On the other hand, other Cu2+ species in
the structure are in the form of Cu(OH)2 and Cu(NO3)2, which
may correspond to remnants of the impregnation process.
These signals are centered at 934.6 and 954.4 ± 0.2 eV for
Cu(OH)2, and 935.8 and 955.7 ± 0.2 eV for Cu(NO3)2.82 Finally,
some shake-up satellite peaks are observed at higher binding
energies (937–950 eV), which conrm the presence of Cu2+, the
main oxidation state of copper on the structure.82

Fig. 6c shows the high-resolution spectra of Co 2p region for
the Co-BST structure. A detailed analysis of the region with
deconvolution demonstrates the presence of three different
oxidation states of cobalt in the structure. The rst two signals
centered at 778.6 and 794.2 ± 0.2 eV, related to Co 2p3/2 and Co
2p1/2, respectively, indicate the presence of cobalt metallic
nanoparticles (Co0).83 In addition, there are two peaks at
binding energy positions of 779.6 and 795 ± 0.2 eV, associated
with Co 2p3/2 and Co 2p1/2, which can be attributed to CoO with
oxidation state 2+.83 Similarly, the characteristics signals for
Co3+ in the form of Co3O4 spinel are found at binding energies
of 780.3 and 795.8 ± 0.2 eV.84 The presence of shake-up satellite
peak at binding energies of 787.4 and 802.8 ± 0.2 eV, related to
Co 2p3/2 and Co 2p1/2, conrms the presence of a mixed phase of
cobalt oxides (CoO/Co3O4) on the Co-BST structure.85,86 Addi-
tionally, the characteristic peaks of Co(OH)2 species are
observed at 781.2 and 796.7 ± 0.2 eV, corresponding to Co 2p3/2
and Co 2p1/2.87 It is important to mention that most cobalt
oxides and hydroxides (e.g., CoO, Co3O4 and Co(OH)2) have
similar binding energy values. Thus, determining the oxidation
states of cobalt solely through the Co 2p main peaks is chal-
lenging. For this reason, the other unmentioned peaks are
considered multi-satellites and satellites, conrming the pres-
ence of the cobalt species already mentioned above.
Photocatalytic hydrogen generation

Photocatalytic hydrogen generation was evaluated in a home-
made reactor employing 12 mg of photocatalyst and a meth-
anol–water solution (1 : 1 ratio). The suspension was irradiated
for 5 h. The results of all materials are shown in Fig. 7.

The photocatalytic hydrogen generation without photo-
catalyst under UV-light irradiation (photolysis) was investi-
gated. The hydrogen generation in the photolysis process is very
low compared to that generated with the synthesized materials,
reaching 2.44 mmol at 5 h, which corresponds to a hydrogen
generation rate of 0.48 mmol h−1.

The photocatalytic hydrogen generation with WST structure
was 497.49 mmol g−1 with a hydrogen generation rate of 99.49
mmol g−1 h−1, demonstrating better photocatalytic performance
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Hydrogen generation of: (i) Degussa P25, (ii) WST, (iii) BST, (iv)
Co-BST, (v) Cu-BST and (vi) Pd-BST and (b) hydrogen generation rate
of structures with co-catalyst.

Table 2 Hydrogen generation rate and apparent quantum yields of
the synthesized materials

Materials
Hydrogen generation
rate (mmol g−1 h−1)

Apparent quantum
yield (AQY %)

Evonik P25 73.80 0.54
WST 99.50 0.73
BST 147.50 1.08
Co-BST 154.10 1.13
Cu-BST 384.18 2.83
Pd-BST 480.20 3.54
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than that obtained with TiO2 Evonik P25, 368.99 mmol g−1, with
a hydrogen generation rate of 73.80 mmol g−1 h−1, (Fig. 7a and
b). The improved hydrogen generation can be attributed to the
synthesis method (sol–gel-nucleation) used in the present work
to form the SnO2–TiO2 structure. The formation of TiO2 over the
SnO2 nanoparticles during the hydrolysis establishes a deep
bond between SnO2 and TiO2 and strong interaction is guar-
anteed to increase the separation of photogenerated electron–
hole pairs (e−–h+) and improve the photocatalytic behavior of
the raw materials, as discussed in detail in previous studies.8,9

Simultaneously, enhanced photocatalytic hydrogen genera-
tion for BST compared with WST structure is observed. As seen
in Fig. 7a and b, BST exhibits a hydrogen generation rate of
147.50 mmol g−1 h−1 (737 mmol g−1), this value is 1.5 times
higher than the results obtained for the WST, evaluated under
the same experimental conditions. This increase in the photo-
catalytic activity of BST is not only related to the deep interac-
tion between SnO2 and TiO2 caused by the synthesis method
used in this work. Moreover, the presence of the Ti3+/Sn2+ states
and the oxygen vacancies in the structure (as has been estab-
lished in UV-vis and XPS measurements) can help improve the
efficiency in the mobility, separation and transport of photo-
generated (e−–h+) for hydrogen generation.88,89

Furthermore, the photocatalytic activity increased in pres-
ence of the co-catalysts, compared to the BST structure.
Although the content of the co-catalyst deposited on the BST
© 2024 The Author(s). Published by the Royal Society of Chemistry
structure was the same, the hydrogen generation rate was
480.20, 384.18, and 154.10 mmol g−1 h−1 for Pd-BST, Cu-BST,
and Co-BST, respectively. While the impregnation using Co
nanoparticles does not signicantly increase activity, the
notable impact was reected with Cu and Pd nanoparticles.
These results can be attributed to different factors: (i) the nature
of the co-catalyst, (ii) the redox potential, (iii) the surface energy,
and (iv) the transformation of the chemical medium of the
synthesized structures and their interaction with the solution to
generate hydrogen.90,91 However, it is noticeable that all the
deposited materials showed greater activity than the BST
structure and this improvement in the separation and transport
of photogenerated (e−–h+) may be related to the formation of n–
p structure between the BST and the co-catalyst.

In addition, the apparent quantum yield (AQY %) is another
key factor in evaluating the hydrogen generation performance
of a photocatalyst. In this way, AQY % was obtained following
the methodology described in detail in this previous study.92

The AQY % for the materials is shown in Table 2.
With these efficiency values, we can conclude two crucial

points: (i) the impact of the Ti3+/Sn2+ states generation and
oxygen vacancies on the photocatalytic activity, as evidenced by
the improved H2 generation, when comparing BST and WST
structures and, (ii) the effect of the co-catalyst on the mobility,
separation, and transport of the photogenerated (e−–h+), with
higher efficiency observed in the case of the Pd-BST material.

According to these results, the reproducibility and photo-
stability of Pd-BST material (the most active photocatalyst) for
hydrogen production was evaluated in three consecutive cycles.
Only aer more than 20 h of irradiation, the hydrogen genera-
tion decreased slightly, obtaining a minimal percentage of
activity loss of ∼3.9% and the production rate was 461.38 mmol
g−1 h−1, which is close to the initial value (480.20 mmol g−1 h−1),
conrming the extraordinary stability and reusability of the
photocatalyst (see Fig. 8).
(Photo)electrochemical characterization

To further investigate the mobility, separation and transfer of
(e−–h+) between these n–p structures and elucidate the inu-
ence of the co-catalyst on the BST structure in photocatalytic
hydrogen generation, the semiconductor properties of the
synthesized materials were evaluated using Mott–Schottky
curves. The at-band potential (E) values, as shown in Table 3,
were obtained by extrapolating the linear region of the curves to
the potential axis in Fig. 9.
RSC Adv., 2024, 14, 26259–26271 | 26265
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Fig. 8 Reuse cycles of Pd-BST material.

Table 3 Flatband potential (Efb) of the synthesized materials

Materials E versus (Ag/AgCl SAT) (V)

BST −0.65
Co-BST −0.70
Cu-BST −0.63
Pd-BST −0.85

Fig. 9 Mott–Schottky plots of: (i) BST, (ii) Co-BST, (iii) Cu-BST and (iv)
Pd-BST. The Csc was obtained at 400 Hz in a methanol–water solution
(1 : 1 ratio) with 0.05 M KClO4.

Fig. 10 (Photo)electrochemical measurements were conducted,
including (a) open circuit potential (OCP) and (b) photocurrent
measurements in irradiation (on) and dark (off) cycles for: (i) BST, (ii)
Co-BST, (iii) Cu-BST, and (iv) Pd-BST.
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The Mott–Schottky results revealed an n-type semiconductor
behavior for all synthesized materials, consistent with the
typical n-type behavior of TiO2, which comprises the largest
proportion in the BST structure. When the co-catalyst (Co, Cu,
or Pd) was impregnated on the surface of the BST structure, the
at band potential (E) and the semiconductor properties were
modied depending on the co-catalyst. The incorporation of Co
and Pd altered the E values of the structure toward more
negative values, as observed in Table 3 and Fig. 6. The Cu co-
26266 | RSC Adv., 2024, 14, 26259–26271
catalyst deposited on the BST structure exhibited a contrast-
ing behavior, with a less negative shi in E (refer to Table 3).
The phenomenon above is attributed to the alignment of the
Fermi level across the composite. It is understood that the shis
in the E values in the BST with co-catalyst are associated with
the presence of energy states formed at the interface between
the BST structure and the co-catalyst.9,91,93 The existence and
distribution of these energy states induce a shi in the E
potential, thereby promoting the hydrogen evolution reaction
(at −0.62 V versus Ag/AgCl with 3.0 M KCl) under neutral pH
conditions.

Further (photo)electrochemical measurements were per-
formed to assess the semiconductor properties and the inu-
ence of energy states induced by the co-catalyst nanoparticles
(Co, Cu, and Pd) on charge carrier generation, separation, and
transport. In this context, open circuit potential (OCP)
measurements depicted in Fig. 10a were conducted under dark
and irradiation conditions. When all synthesized materials
were irradiated, the photoexcited electrons accumulated in the
conduction band and/or in energy levels below it, causing a shi
in the OCP towards more negative values, which is typical
behavior of n-type semiconductors. All BST lms with a co-
catalyst exhibit a signicant potential shi compared to BST
in its pristine state, indicating a higher availability of electrons
for the hydrogen reduction reaction.9,91,93 This behavior is most
pronounced for Cu-BST and Pd-BST materials. During constant
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 PL spectra of: (i) white SnO2–TiO2 (WST), (ii) black SnO2–TiO2

(BST), (iii) Co-BST, (iv) Cu-BST and (v) Pd-BST.
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irradiation, more photogenerated electrons accumulate in the
conduction band, while more holes accumulate in the valence
band, indicating efficient separation and transport of (e−–h+) in
all structures. By interrupting the irradiation of the lms, the
OCP slightly changed toward a less negative potential, indi-
cating a recombination or trapping process suggestive of the
recuperation of the lms. The Pd-BST lm presents better
recuperation than Cu-BST, indicating less energy lost in hot or
related forms. The OCP measurements were repeated for three
cycles, and the analysis indicates that all samples exhibit
outstanding stability.9,91,93

The photocurrent measurements of the BST structure with
and without co-catalyst shown in Fig. 10b were conducted to
evaluate the (photo)electrochemical behavior. The presence of
co-catalysts enhanced the photocurrent mainly due to the more
efficient (e−–h+) separation they promoted. The coupling of Pd
and Cu co-catalysts with the BST structure improves the
generation, separation, and transfer of photogenerated elec-
trons, resulting in higher photocurrent values for these
samples.

Thus, the presence of these co-catalysts considerably
improved the photocatalytic hydrogen production, creating the
active sites necessary for the reduction reaction to generate
hydrogen, which is conrmed by photoelectrochemical anal-
ysis. These results show that the nature of the Co co-catalyst is
expected to catalyze oxidation reaction more efficiently than the
reduction reaction.9,94,95

Therefore, the increase in the photocatalytic activity of the
BST structures with the co-catalysts can be attributed to: (i) the
oxygen vacancies (Ti3+/Sn2+) formed during the reduction
process, which helps the separation and transport of (e−–h+)
and, (ii) the presence of co-catalysts that help create the active
sites to improve the oxidation–reduction reactions and likewise
to improve the mobility, separation and transport of (e−–
h+).9,94,95

In this way, photoluminescence (PL) spectra were used to
evaluate the separation efficiency of photogenerated charge
carriers in photocatalysts. These measurements were carried
out to verify the effect of oxygen vacancies and co-catalysts on
the separation of charge carriers. Fig. 11 shows the PL spectra of
the synthesized materials. Commonly, a lower emission inten-
sity implies a decrease in the recombination process and,
therefore, a higher and faster separation of (e−–h+) for
a photocatalyst.96–98 In the case of the BST structure, it is
observed that there is a higher separation of the photogenerated
(e−–h+) compared to the WST structure (See Fig. 11i and (ii)).

It was observed that the PL intensity of Pd-BST was much
lower than that in the other deposited co-catalyst, due to higher
delocalization of charge carriers, which reduced the reduction
in the recombination rate. Since the lifetime of the charge
carriers and the presence of energy states are key factors
determining the photocatalytic efficiency of the photocatalysts,
it has been concluded that Cu and Pd helped to improve the
separation of photogenerated (e−–h+) and the creation of more
active sites, as evidenced by their higher photocatalytic
activities.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Thereby, it is conrmed that the transfer and internal
separation of electrons is accelerated due to oxygen vacancies
and the presence of co-catalysts. First, by irradiation of the BST
structure, the presence of states (Ti3+/Sn2+), oxygen vacancies
and energy states at the SnO2–TiO2 interface helped to decrease
the recombination process (e−–h+) and increased the photo-
catalytic efficiency of the material to generate hydrogen (see
Scheme 1a). Aerward, the interactivity between the metallic
species and the BST material is analyzed as follows: By irradi-
ating the BST impregnated with cobalt species, the holes pho-
togenerated in the valence band (VB) of BST material are
transferred to Co species in order to catalyze the oxidation
reaction and the electrons migrated to the BST surface and
carried out the reduction reaction9,95–99 (see Scheme 1b).

In the case of BST and copper species, electrons are separated
and moved throughout the structure and can take 2 paths: (i)
move to the surface of BST and perform the photocatalytic
hydrogen generation or (ii) move to the Cu species. In the second
path, the electrons increase their mobility and are transferred
rapidly with the help of the Cu species on the surface, creating the
active sites to catalyze the hydrogen generation or/and reduce
Cu2+ to Cu+ (reaction (1) and Scheme 1c).9,91

2CuO + H2O + 2e− / Cu2O + 2OH− (1)

Cu2O + 2OH− + 2h+ / 2CuO + H2O (2)

In the case of photogenerated holes in the structure, these
can be reoxidize Cu+ to Cu2+ species or the methanol–water
solution.9,91 Besides, the presence of Cu0 nanoparticles in the
BST material helped to improve the mobility, separation and
transport of electrons, thus increasing its photocatalytic
activity.

On the other hand, in the interaction between the BST
structure with the Pd species aer irradiation, the electrons are
separated and can take three routes: (i) move to the BST surface
and catalyze the reduction reaction in order to generate
RSC Adv., 2024, 14, 26259–26271 | 26267

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03731f


Scheme 1 Representation of the mobility, separation and charge transfer in: (a) black SnO2–TiO2 structure, (b) black SnO2–TiO2 with cobalt
species, (c) black SnO2–TiO2 with copper species and (d) black SnO2–TiO2 with palladium species for photocatalytic hydrogen generation.
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hydrogen, (ii) move to the surface of BST and reduce Pd2+ into
Pd0 species (see Scheme 1d and reaction (3)) or (iii) move to Pd0

nanoparticles, improving the mobility, separation and trans-
port of electrons and catalyzing hydrogen generation.91–100

Besides, the photogenerated holes can also take two routes:
(i) move to the surface of the BST material and carry out the
oxidation reaction or (ii) migrate towards the metallic Pd
species and carry out its in situ oxidation (see reaction (4) and
Scheme 1d).

PdO + H2O + 2e− / Pd0 + 2OH− (3)

Pd0 + 2h+ + 2OH− / PdO + H2O (4)

Conclusion

The inclusion of SnO2 nanoparticles during the formation of
TiO2 (sol–gel nucleation method), establishes a deep bond
between SnO2 and TiO2 and a strong interaction, forming
a white SnO2–TiO2 structure. Aerward, this structure was
reduced by NaBH4 during the thermal treatment, generating
(Ti3+/Sn2+) states and oxygen vacancies to form the black SnO2–

TiO2 structure. Compared to the non-reduced one (white SnO2–

TiO2), the black structure improved the separation and trans-
port of electron–hole pairs, increasing the photocatalytic
hydrogen generation. The interaction of a co-catalysts onto the
surface of black SnO2–TiO2 caused an increase in the surface
26268 | RSC Adv., 2024, 14, 26259–26271
area, creating active sites for reduction reaction, additional
defect states, and decreasing the recombination process of
photogenerated charge carriers.

The photocatalytic activity for H2 generation showed that the
use of cobalt species favored the oxidation process and there-
fore, a substantial increase in the photocatalytic production of
hydrogen was not observed. This behavior was veried with
photoelectrochemical characterization through open circuit
potential and photocurrent measurements. In contrast, the
interaction with copper and palladium on black SnO2–TiO2

favors hydrogen generation because these co-catalysts improve
the separation, mobility and transfer of electrons to the solution
in order to catalyze the hydrogen reaction.
Data availability

The authors conrm that the data supporting the ndings of
this study are available within the article. These data were
derived from the following resources: an X-ray diffractometer
(Bruker D-2 Advance), a UV-vis diffuse reectance spectroscopy
Cary 100 spectrophotometer, a 3P Meso 222 Instrument Device,
an X-ray photoelectron spectrometer withmonochromatic Al Ka
from a Thermo Fisher Scientic K-Alpha; for details of the
measurement conditions, see the ESI,‡ transmission electron
microscopy (TEM) was performed on a model JEM2100 (crio-
tem) microscope, LaB6 200 kV in high-resolution mode. Images
were taken under low-dose conditions to avoid beam damage to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the samples. The (photo)electrochemical measurements were
performed in an AUTOLAB 302 N potentiostat; for details of the
measurement conditions, see the ESI.‡ Fluorescence measure-
ments were performed in a Fluorolog-3 spectrouorometer with
a Xe lamp at room temperature, using a 218 nm excitation
wavelength with an excitation slit width of 5 nm. Emission
spectra were collected from 300 to 700 nm with the emission slit
width at 5 nm. The data supporting this article have been
included as part of the ESI.‡
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