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Introduction

The unbridled industrial expansion and exponential
growth of the world population have led to a signifi-
cant increase in toxic gas emissions, including com-
pounds that can be highly harmful to human health
[1]. For this reason, addressing the emissions of haz-
ardous substances such as volatile organic compounds
(VOCs) is a primary issue in the development of new
and sustainable technologies [2-5].

VOCs are not only dangerous to human health but
are also involved in reaction mechanisms that gener-
ate harmful by-products such as ozone and organic
aerosols. Consequently, there are several research
approaches spanning different technologies focused
on removing these contaminants from industrial
emissions. [6-8]. Strategies commonly applied for the
removal of VOCs from air streams include modifica-
tions to existing equipment or process design, which
are generally of limited efficiency, and the implemen-
tation of additional treatment technologies, which can
be divided into recovery and destructive techniques.
Recovery technologies, such as adsorption, are com-
monly used because of their high removal efficiency,
but the difficulty associated to subsequent treatment
leads to the investigation of less expensive technolo-
gies. In this context, catalytic oxidation emerges as an
advantageous technique due to its potential for direct
degradation of VOCs [3, 8]. Among the emerging tech-
nologies for the catalytic oxidation of volatile organic
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compounds, the use of heterogeneous photocatalysis has
shown increasing success. Heterogeneous photocatal-
ysis is an Advanced Oxidation Process (AOP) driven
by photoactivated semiconductors that operate under
mild temperature and pressure conditions [3-6, 8-11].

As environmental concerns grow, the emergence of
photocatalysis as a sustainable and effective technol-
ogy signals a promising path for the remediation of
industrial emissions, offering several advantages such
as eliminating the need for auxiliary chemicals in treat-
ment processes, operating under ambient temperature
and pressure conditions, and mineralizing hazardous
organic contaminants into carbon dioxide, water, and
harmless inorganic compounds [12]. Titanium dioxide
(TiO,), tungsten trioxide (WO;) [13, 14], and zinc oxide
(ZnO) [15, 16] stand out as remarkable semiconductors
with significant potential as photocatalysts.

The most widely applied photocatalyst is titanium
dioxide, which is attractive due to its low cost, high
stability, simple preparation, and good efficiency in
the degradation of different VOC contaminants [7,
9, 17, 18]. However, its large band gap energy and
high charge carriers recombination rate may reduce
the degradation efficiency and restrict its applica-
tion under visible light [17, 19, 20]. To overcome this
problem, modification of the semiconductors with
metal particles, mainly noble metals, is an interesting
alternative. Noble metal atoms can absorb light about
10* ~ 10° times more than other metals and, conse-
quently, can induce electric fields with 2 ~ 6 orders of
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intensity higher than that of the incident light, which
makes them suitable to be used for photocatalysis
enhancement [21, 22]. Among different metals, silver is
convenient due to its significant electrical and thermal
conductivities, localized surface plasmon resonance
properties, and relatively low cost [14, 20, 23-29]. Fur-
thermore, doping with Ag leads to an increase in the
concentration of oxygen vacancies located on the sur-
face of the anatase grains. These oxygen vacancies give
rise to unpaired electrons associated with Ti®* species,
thereby generating donor levels within the bandgap.
This phenomenon can potentially enhance the sepa-
ration of photogenerated charges and contribute to a
reduction in the bandgap width [30-33].

The degradation of VOCs through gas-phase pho-
tocatalysis relies on a synergistic interaction between
the catalyst, the irradiated light, and the organic con-
taminant [34]. As such, reactor configuration is a cru-
cial factor in promoting improved performance and
possible commercialization. In general, photocatalytic
reactors are designed as flat plate [35], annular [36],
wall-immobilized [37], packed bed [38], and fluidized
bed reactors [39, 40]. Among these reactor types, fluid-
ized bed photocatalytic reactors (FBPR) are particularly
interesting for the treatment of VOC-containing gas
streams, since they operate with low pressure drops
and high throughputs, while providing highly efficient
mass and heat transport properties, promoting good
contact between reactants, allowing light transmission,
and facilitating temperature control [41, 42]. However,
since this type of reactor requires photocatalysts capa-
ble of fluidization, the use of bulk TiO, is not suitable
because its cohesive forces surpass the gas drag forces
[39]. Therefore, finding a suitable support structure to
immobilize the catalyst is essential for the design of
efficient treatment processes. In this regard, silica gel
(5i0,) emerges as an interesting candidate to support
TiO, due to its large specific surface area and chemi-
cal stability, leading to better fluidization quality [42].

Most of the research on the photocatalytic degra-
dation of VOCs in the gas phase focuses on unmodi-
fied TiO,/SiO, materials under UV light [39, 40, 42,
43]. Lee et al. [44] and Lim and Kim [2] also studied
photocatalysts loaded with metals (Cu and Pt) and
metal oxides (CuO) applied in a fluidized bed reactor
for the degradation of volatile organic compounds in
the gas phase. However, both used ultraviolet light as
the irradiation source and neither used silver in the
catalyst formulation. In this way, a recent literature
survey indicates that no studies have considered the
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photocatalytic activity of silver-modified TiO, sup-
ported on silica gel grains in a continuous gas-phase
reactor under visible light. Furthermore, to the best of
our knowledge, no previous studies have investigated
the potential implications of Ag and Ag,O loading
for gas-phase photocatalytic reactions, specifically in
terms of the generation of Ti** crystalline defects and
oxygen vacancies. Therefore, this work aims to con-
tribute to overcome the limitations of the application
of heterogeneous photocatalysis in the degradation of
VOCs under visible light, as well as to demonstrate
how the modification of TiO, with silver also induces
the formation of crucial crystal defects that enhance
the photocatalytic properties of the materials. To this
end, we synthesized fluidizable Ag-TiO,/SiO, photo-
catalysts with different Ag contents and present an
in-depth discussion of their morphological, optical,
crystalline, structural, and paramagnetic properties.
Subsequently, we compare their photocatalytic activ-
ity in a continuous gas—solid photoreactor for the con-
version of a model VOC (n-hexane) under visible light,
relating the discussed properties to the performance
of the modified materials.

Materials and methods
Materials

Titanium IV isopropoxide (TTIP, 97%), silica gel
63-200 pum and AgNO; (> 99%) were purchased from
Sigma-Aldrich. Nitric acid (HNO;, 65%) and n-hexane
(CeHyy 96%) were provided by Merck. These chemi-
cals were used without any further purification. All
solutions were prepared with pure water (18.2 MQ cm)
from a Milli-Q® Direct-Q system (Merck Millipore).

Photocatalysts synthesis

Coating of silica gel particles (specific surface area, 300
m? g™!) with TiO, nanocrystals was carried out using
the acid sol-gel method described by Chen et al. [45],
while Ag-loaded TiO,/SiO, was synthesized using the
same method adapted as follows: First, 8.4 mL of TTIP
was added to 30 mL of 1-mol L™ HNOj, solution. Sub-
sequently, 60 mL of Milli-Q® water was added to the
solution, and the pH was increased to 1.5. After a sta-
bilization period of 1 h, 20 mL of a 1.0 mol L™! AgNO,
solution was introduced. This corresponded to a final
Ag content of 3% relative to the mass of TiO, in the

@ Springer



1218

material. The resulting gel was irradiated by a UV-C
lamp (OSRAM Puritec germicidal lamp HNS 8W G5
G8T5/OF) for 60 min under N, purge to promote silver
photoreduction. Subsequently, the pH was increased
to 2.0, and 2.2 g of silica gel was incorporated, mak-
ing up a 60% TiO,-40% silica gel mass ratio. Finally,
the pH of the solution was adjusted to 3.0, and the gel
was placed in dialysis membrane tubes immersed in
a Milli-Q® water bath for 96 h. The gel obtained was
then dried at 80 °C for 48 h and calcined at 450 °C
for 240 min with a heating ramp of 5 °C min™". The
same synthesis procedure was followed to synthesize
catalysts containing 1, 5, and 10% silver relative to the
mass of TiO, in the final material.

Ag-TiO,/Si0O, samples were prepared using four Ag
contents for the synthesis approach. The synthesized
samples were identified as X_Ag-TiO,/SiO,, in which
X corresponds to the theoretical Ag content (%).

Characterization techniques

The particle size and morphology of the catalysts
were investigated using scanning electron micros-
copy (SEM—FESEM JSM-7401F JEOL) coupled with
energy-dispersive spectroscopy (EDS) (Thermo Sci-
entific NSS spectral imaging). High-resolution trans-
mission electron microscopy (HRTEM) images were
acquired from a TEM JEOL JEM-2100 equipment. For
this analysis, Ag-TiO,/SiO, particles were dispersed
in ethanol and immersed in an ultrasonic bath for
30 min. X-ray diffraction in the range 20 =20-80° at
a scan rate of 0.02° s™! (D8 Focus—Bruker AXS, using
Cu-K,—0.154 nm) was applied to acquire informa-
tion on the crystal structure, e.g., crystal phases, crys-
tal size, lattice parameters, and microstrains. Diffuse
reflectance spectroscopy (UV 2550, Shimadzu Co.) was
used to evaluate the light absorption properties of the
catalysts, while N, adsorption (Micrometrics Gemini
III 2375) was applied to estimate their specific surface
area using the Brunauer-Emmett-Teller (BET) method.
The effective Ag content in the Ag-TiO,/SiO, materi-
als was estimated by X-ray-dispersive energy (EDX)
fluorescence spectroscopy (NEX-RIGAKU). X-ray pho-
toelectron spectroscopy (Thermo Scientific, K-Alpha,
Al Ka 1486.6 eV, X-ray spot size of 400 pum, 10" mBar)
was used to assess the energy states of the elements on
the photocatalytic surface. For this analysis, 5 mg of
the TiO,/SiO, catalysts was adhered to an aluminum
strip and degassed in an ultra-high vacuum (UHV)
chamber at 25 °C. The segregation of Ag on the surface
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was investigated by analyzing the composition of the
leaching water by means of optical emission spectros-
copy with inductively coupled plasma (ICP) using an
iCAP 6300 Duo (Thermo Scientific), after thoroughly
washing the samples in an acidic medium. The pure
Ti0,/Si0O, and 3_Ag_TiO,/SiO, materials were ana-
lyzed by electron paramagnetic resonance (EPR) spec-
troscopy (Bruker —EMX Plus). Finally, photolumines-
cence spectra were acquired at room temperature by a
Fluorolog-3-fluorospectrophotometer equipped with
a Xe lamp as excitation irradiation.

Experimental unit

The photocatalytic activity tests were carried out in a
gas—solid reactor (GSPR), which consists of a borosili-
cate glass tube with a length of 120 mm and an internal
diameter of 10 mm. The ends of the tube were packed
with glass wool to retain the photocatalytic bed. The
irradiated part of the fluidized bed reactor was com-
pletely loaded by solids in all experiments, resulting
in a bed height of 7 cm or an irradiated volume of
1.5 mL. The reactor is housed in an experimental unit
designed for photocatalytic testing as shown in Fig. 1a.

The experimental setup consists of a stream of pure
oxygen supplied by a gas bottle, which is divided
into three separate streams. The first stream passes
through a water bubbler to regulate its humidity.
The second stream consists of pure oxygen. The
third stream passes through an n-hexane diffusion
tube with an inner diameter of 5 mm and a height of
300 mm, immersed in a thermostatic bath set at 5 °C.
The purpose of this stream is to control the n-hexane
inlet concentration by adjusting the temperature
of the thermostatic bath. The flow rates of the three
O, streams are controlled by three mass flow meters
(D6FP0001A1, Omron), which operate in the range of
0-100 mL min". The humidity of the gas stream was
measured by an ITHT2210 hygrometer (Instrutemp),
adjacent to the inlet of the glass reactor. The tempera-
ture of the inlet stream was maintained in a range of
20-25 °C.

The reactor was irradiated by a visible light irra-
diation source in order to evaluate the photocatalytic
activity of the different materials under visible light.
The irradiation source was a 50-W LED chip provided
by LG with wavelength emission centered at around
405 nm. The LED chip was positioned 36.0 cm away
from the reactor to ensure homogeneous irradia-
tion throughout its volume by the light source. The
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Figure 1 a Description of the experimental unit: a oxygen bottle; b humidifier; ¢ n-hexane diffusion tube; d gas—solid photocatalytic
reactor; e light source; f GC-PID/TiD gas chromatograph; g irradiance spectrum on the reactor surface provided by a 50-W LED chip.

irradiance spectra delivered by the LED@450 nm on
the reactor surface were measured with a spectrora-
diometer (SPR-4002, Luzchem Research, Inc.) and are
shown in Fig. 1g.

The experiments were performed by setting the
operating conditions, i.e., humidity, radiant flux, and
n-hexane inlet concentration, to 50%, 1.1 mW cm™2,
and 80 ppm, respectively, and the catalyst sample
inside the reactor was varied to evaluate the influence
of Ag content in Ag-TiO,/SiO, materials on the reac-
tor performance under visible light. The light source
was switched on when adsorption equilibrium was
reached, i.e., when the n-hexane concentration at the
reactor outlet was equal to that at the inlet. This condi-
tion was checked using a bypass line that directly con-
nected the reactor inlet to the gas chromatograph. The
n-hexane concentration at the reactor outlet was moni-
tored continuously by an in-line GC-PID/TiD gas chro-
matograph. The GC-PID/TiD analyzed a 98-uL sample
of air injected from its loop on a Restek RTX-Volatiles
column (30 m, 0.32 mm i.d., 2.0 pm thick) with N, as
carrier gas and an oven temperature of 70 °C with-
out heating ramp. The n-hexane content in the gas
stream was quantified using a photoionization detec-
tor equipped with a Krypton gas lamp (10.6 eV) at
an operating temperature of 200 °C. The performance

of the different photocatalysts was evaluated with
respect to the steady-state n-hexane conversion, X
(Eq. 1), and the apparent reaction rate, R (Eq. 2). In
these equations, C; and C, denote the steady-state
concentrations at the inlet and outlet of the reactor,
respectively; Q is the gas flow rate through the reactor;
and m is the mass of TiO,.

G -C

X=— (M)
x(C; —C

e (m 0) @

Results and discussion

Catalysts characterization

Crystalline properties

Table 1 summarizes all samples synthesized in this
investigation. Figure 2 shows the diffractograms of

the catalysts with different Ag contents, identified
as previously explained in Sect. “Photocatalysts
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Table 1 Crystallite size, lattice parameters, and weight fraction of the crystalline phases, obtained from Rietveld refinement by XRD

analysis
Sample Crystallite size (nm) Lattice parameters (;\) Weight fraction (%)
Anatase  Rutile  Brookite  Anpatase Rutile Brookite Anatase  Rutile  Brookite
a,b c a,b ¢ a b c
TiO,/Si0, 4.76 376 942 - - - - - 100% - -
1_Ag-TiO,/Si0, 5.99 - 3.57 377 945 - - 517 919 546 99.6 - 0.4
3_Ag-TiO,/Si0O, 6.25 - 3.62 376 946 - - 511 949 566 953 - 4.7
5_Ag-Ti0,/Si0, 5.99 - 6.23 377 944 - - 515 919 546 99.6 - 0.40
10_Ag-TiO,/Si0, 4.48 - 2.79 376 942 - - 515 919 546 983 - 1.70
10 Az Tiopsiog ¥ Brookite nucleation sites for specific crystallographic planes,
A v Rule affecting their exposure [46, 47].
—— 1_agTioysio, n In addition, samples 3, 5, and 10_Ag_TiO,/
e 510, showed typical peaks of the brookite phase at
3 - - = - 20 =32.11 and 46.25°, corresponding to planes (121)
] Mf""'/ . X x \,/\w,/\ and (230), according to JCPDS card no. 96-900-4139.
-’g‘ i} - . Although anatase is usually the dominant phase
$ MR v ~ formed during sol-gel synthesis of TiO,, when pre-
= n . - - . cipitation is carried out in acidic medium at low tem-
peratures, brookite can be formed as a by-product [48].
A - - - - This fact can be attributed to preferential deoxolation
over olation in acidic medium. As a result, the sub-
. , . , . , : : : : sequent condensation of the molecules is oriented
10 20 30 40 50 60 along the apical direction, thereby promoting the for-
20/egree

Figure 2 XRD patterns of TiO,/SiO, and 1, 3, 5, and 10_Ag-
TiO,/Si0,.

synthesis.” All materials show peaks referring to
the anatase crystalline phase, with the most intense
peaks at 20 =25.3, 37.5, 48, 55, and 63°, correspond-
ing to the crystalline planes (011), (004), (020), (015),
and (024), respectively, according to JCPDS card no.
96-720-6076.

The intensity ratio between the (011) and (004)
planes remained relatively consistent at around 2 for
all the materials, except for 3_Ag_TiO,/SiO,, which
was measured equal to 2.42 due to the notably higher
intensity of the (011) plane. A similar trend was noted
in the comparison of peaks corresponding to the (001)
plane with those from (020), (015), and (024) for the
materials. The ratio of intensity between two differ-
ent crystallographic planes in anatase can be altered
by various factors, including the presence of crystal
defects, such as oxygen vacancies, which can serve as

@ Springer

mation of both anatase and brookite chains [49]. Due
to the minimal brookite content in the materials, as
indicated by XRD (maximum of 1.71%, estimated by
Rietveld refinement), its presence is assumed to have
no discernible impact on photocatalytic activity. This
implies that any potential effects of brookite are over-
shadowed by other factors, which will be discussed
further below.

Moreover, regarding the XRD results, only the
diffractogram concerning sample 3_Ag_TiO,/SiO,
showed a rutile peak at 20 =27.6°, corresponding to
the crystallographic plane (110). Previous studies
have indicated that the presence of silica as a sup-
port material can hinder the transformation from
anatase to rutile [50]. However, the incorporation of
Ag ions induced the formation of oxygen vacancies in
the anatase grains for 3_Ag_TiO,/SiO,, as will be dis-
cussed later in the section on optical properties. As the
anatase to rutile phase conversion entails the move-
ment of titanium and oxygen ions, the formation of
oxygen vacancies allows space for the reorganization
of ions during phase transition and lowers the energy
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required for structural reordering. Concurrently, the
defects decrease the number of broken Ti-O bonds
and reduces energy consumption, facilitating the
phase conversion. It is worth noting that the genera-
tion of oxygen vacancies for the 3_Ag_TiO,/SiO, mate-
rial was much more intense than for the others, as will
be subsequently presented in the optical properties
section, which explains why only this material exhib-
ited the rutile phase in its diffractogram [33, 51, 52].

The explanation for this phenomenon lies in the size
disparity between Ag" ions (approximately 126 pm)
and Ti* ions (approximately 68 pm). As a result, the
Ag" ions introduced during the sol-gel process can-
not effectively integrate into the lattice of the anatase
phase to establish a solid solution. During the subse-
quent drying stage at 70 °C and the calcination pro-
cess at 450 °C, Ag" ions gradually migrate toward the
surface of TiO,. Importantly, the calcination process
involves high temperatures, which, combined with
the reducing nature of titanium dioxide, facilitate the
reduction of Ag” ions on the surface, causing a par-
tial transformation into metallic Ag. The reduction of
Ag" ions plays a role in the charge balancing, leading
to the generation of oxygen vacancies on the surface
of TiO,, which further promotes the formation of the
rutile phase [51, 52].

Furthermore, due to the weaker bonding strength
of Ag—O compared to Ti-O and Ag-Ag bonds and
the higher surface free energy of Ag atoms compared
to TiO, [33], the calcination process promotes aggre-
gation of Ag atoms into metallic Ag particles and
clusters. The sizes of these aggregates typically range
between 2 and 10 nm. It should be noted that no dif-
fraction peaks corresponding to metallic silver were
observed in the XRD analysis. This absence could be

attributed to the low actual silver content present in
the samples, as indicated in Table 2.

The crystallite sizes, lattice parameters, and
weight fraction of the crystalline phases of TiO, were
determined using Rietveld refinement, as shown in
Table 1.

Regarding crystallite sizes, no significant vari-
ation was observed for the different samples, with
all silver-loaded samples showing subtly larger
crystallite sizes than those of TiO,/SiO,. During the
calcination phase, Ag" ions migrate to the TiO, sur-
face, hindering diffusion, and rearranging the Ti*"
and O? ions required for grain growth. However,
the slight increase in crystal size observed can be
attributed to the early formation of metallic Ag and
agglomerates during the calcination process, which
is accompanied by an increase in Ag + density on the
anatase surface. In this scenario, the inhibitory effect
on crystal growth typically associated with Ag load-
ing is effectively suppressed [33]. The slight variation
in the lattice parameters observed for the different
materials, as shown in Table 1, indicates that there is
no metal substitution occurring in the crystal lattice.
This observation is supported by the difference in
ionic radius between Ti* (74.5 pm) and Ag* (129 pm).
The substantial difference in ionic radii would lead
to a significant distortion of the crystal lattice and
consequently result in a noticeable variation of the
lattice parameters. According to the Hume-Rothery
rule [53], ionic substitution occurs only when the dif-
ference between the ionic radii of the substituents
is less than 15%. In this case, the radius of Ag" is
approximately 73% larger, which further supports
the hypothesis that silver cannot substitute for Ti in
the crystal lattice.

Table 2 Sypr, Ag weight fraction, band gap energy, and band potential energies of all synthesized photocatalyst samples

Sample Theoretical Ag content Effective Ag content  Specific surface Eg1 V) ECB2 (eV) EVB3 (eV)
(% wtiwt TiO,) (% wtiwt TiO,) area (m? g™!)

TiO,/SiO, 0 0 294.6 3.20 -0.26 2.94
1_Ag-TiO,/SiO, 1 0.11 259.9 3.08 -0.20 2.88
3_Ag-Ti0,/Si0, 3 0.27 243.3 3.07 -0.20 2.87
5_Ag-Ti0,/Si0, 5 0.31 238.9 3.09 -0.20 2.89
10_Ag-Ti0,/Si0O, 10 0.79 167.6 3.16 -0.20 2.96

1E, band gap energy,

2Ecy conduction band potential,

3Eyp valence band potential
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Morphology and surface properties

Table 2 shows that the effective silver content in the
synthesized materials, as evaluated by EDX analyses,
was much lower than the nominal silver content used
in the synthesis procedure. Apparently, silver was
retained in the dialysis membrane used in the synthe-
sis, which was initially transparent and visually dark-
ened after the washing step. As the membrane allows
ions to pass through, it is assumed that ionic silver was
retained on its surface, as it was converted to metallic
silver in ambient light. Therefore, to simplify the dis-
cussion of the materials, they are named X_Ag-TiO,/

J Mater Sci (2024) 59:1215-1234

SiO, according to their theoretical X content, but all
discussions were conducted considering the effective
silver content in the samples.

Figure 3 shows SEM images of TiO,/SiO,, 3_Ag_
Ti0,/5i0, and 10_Ag_TiO,/Si0,. In all of them, the
particles exhibit heterogeneous morphology, sub-
stantial variability in mean diameter size, as well as
irregular shapes and rough surfaces. SEM images
show that increasing Ag content favors TiO, agglom-
eration as well as a decrease in particle size. The
elemental EDS spectra (Fig. 3g) at the points high-
lighted in red in Fig. 3d and f indicate the presence
of clusters of Ag NPs on the TiO, surface. The EDS

(g) 10_Ag-TiO,/SiO, (1)
Ag
A Ti
% c O si Ag 9 Ag .
@ |3_Ag-TiO,/SiO, (2)
3 Ag
£ Si Ag Ti
2 ¢ 2 Ag Ag Ti
e |
= |TiO,/si0, (3) i T
o
G ‘ Ti
1 2 3 4 5
keV

Figure 3 SEM and elemental EDS spectra of the samples: a, b TiO,/SiO,; ¢, d 3_Ag-TiO,/Si0O,; e, f 10_Ag-TiO,/SiO,; g EDS spectra.
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spectra also show a low intensity of the silica peak
in sample 10_Ag-TiO,/5i0,, which may suggest the
existence of unsupported TiO, grains.
Transmission electron microscopy (TEM) analysis
was performed for the 3_Ag-TiO,/SiO, and 10_Ag-
TiO,/5i0, samples to obtain more information about
the size and distribution of TiO, crystals and silver
nanoparticles (Fig. 4). Figure 4a, b, and c shows the
TEM and HRTEM images for 3_Ag-TiO,/SiO, It is
possible to see a TiO, cluster supporting Ag nanopar-
ticles of around 20 nm in size with a uniform, spheri-
cal geometry. Noble metal nanoparticles larger than
2 nm are considered to be large positive nuclei sur-
rounded by a cloud of free electrons, allowing local-
ized surface plasmonic resonance (LSPR) to occur [22], a
mechanism that contributes to increased photocata-
lytic activity. This resonance can result in a strong
increase in the local electromagnetic field, which acts
as an energy transfer center through a process known
as plasmonic resonance energy transfer (PRET) [54].
When transferred to TiO,, this energy can be used to
create more electron-hole pairs. This phenomenon is

typically observed in NPs smaller than 30 nm, such
as those found in 3_Ag_TiO,/SiO, [55].

Figure 4b and c shows HRTEM images of the same
material, exhibiting a d-spacing of 3.50 A that corre-
sponds to the crystallographic plane (101) of anatase,
according to JCPDS card no. 21-1272. A d-spacing of
2.3 A is also observed in the image, corresponding
to the crystallographic plane (111) of metallic silver,
according to JCPDS card no. 04-0783. These analy-
ses corroborate the findings discussed earlier that
Ag" during calcination migrated to the surface of the
anatase grains, being reduced to Ag’, which forms
aggregates due to the high surface energy of Ag. The
d-spacing (3.50 A) corresponding to anatase is slightly
lower than the standard value (3.51 A), another indica-
tion that there is no substitution of Ti*" by Ag", since
such a substitution should introduce a compressive
transverse microstrain in the crystal lattice [56], which
would lead to higher d-spacing values than the stand-
ard. The TEM and HRTEM images of the 10_Ag-TiO,/
Si0, sample shown in Fig. 4d, e, and f suggest that the
Ag nanoparticles were mostly segregated and formed
several clusters in the material. The comparison of

Figure 4 a TEM image of 3_Ag-TiO,/SiO,; b, ¢ HRTEM image of 3_Ag-TiO,/SiO,; d, e TEM image of 10_Ag-TiO,/SiO,; f HRTEM

image of 10_Ag-TiO,/SiO,.
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Fig. 4a and d highlights the contrast in the distribu-
tion of Ag NPs in TiO,; while the 3_Ag-TiO,/SiO, sam-
ple presented Ag NPs distributed on the TiO, surface,
large clusters of metallic silver can be observed in
10_Ag-TiO,/Si0,, and most are not anchored to the
TiO, particles. The HRTEM image of 10_Ag-TiO,/
Si0O, (Fig. 4f) exhibited d-spacing values correspond-
ing to different crystallographic planes of metallic sil-
ver, especially (111), (200), and (220). In contrast, no
d-spacing corresponding to crystallographic planes of
anatase was identified.

It is worth noting that the HRTEM images did not
reveal any characteristic d-spacing of the brookite
phase identified in XRD patterns. This discrepancy
can be attributed to the relatively low content of this
phase in the sample, as indicated by the low intensity
of the corresponding diffraction peaks.

Figure 5 schematically illustrates the distribution of
TiO, crystals and silver nanoparticles revealed by SEM
and TEM results. It can be seen that TiO, is dispersed
on the silica gel support. The same material synthe-
sized with an intermediate silver content (3_Ag-TiO,/
5i0,) presented single Ag NPs anchored to TiO,. For
the highest silver content (10_Ag-TiO,/SiO,), Ag NPs
were dispersed on the TiO, surface, but also forming
agglomerates, being segregated from titanium diox-
ide. As discussed earlier, the high surface free energy
of silver promotes the aggregation of this phase rather
than its anchoring to TiO,. This phenomenon is even
more pronounced in sample 10_Ag-TiO,/SiO,, given
its higher silver concentration.

The Sggr analysis results of the synthesized
materials are also summarized in Table 2. The Sggr
reduced as the Ag content increased, due to the

] Mater Sci (2024) 59:1215-1234

larger number of SiO, pores blocked by Ag nano-
particles and Ag clusters [57]. It is suggested that
Ag NPs are arranged not only on the TiO, surface
but also on the support (5iO,). Thus, due to their
average size (~ 20 nm) observed in TEM images, Ag
NPs could not fill the silica pores [34], depositing
on the surface and, consequently, blocking the pores
[58-60].

XPS analyses were carried out on the TiO,/SiO,
material and the 3_Ag_TiO,/SiO, sample to assess the
impact of the presence of silver on the generation of
Ti** (Fig. 6a and b). The spectra obtained revealed a
remarkable rightward shift in the peaks corresponding
to Ti 2p3/2 and Ti 2p1/2 in the loaded sample (Fig. 6b)
compared to the unloaded one (Fig. 6a). By deconvo-
luting the peaks, it was determined that the TiO,/5iO,
sample had 90% Ti** and 10% Ti**, whereas the Ag_
TiO,/SiO, sample showed 15% Ti*" and 85% Ti%". It is
suggested that Ti** was formed to counterbalance the
oxygen vacancies in the crystal lattice resulting from
the photoreduction of Ag on the surface of the anatase
grains, as mentioned above. The Ti** and the oxygen
vacancies can improve the photocatalytic activity of
the material by increasing its electron conductivity
and light absorption [61].

Figure 6¢ and d presents the high-resolution XPS
spectra of the O 1 s electronic state of the TiO,/SiO,
(Fig. 6¢) and 3_Ag-TiO,/SiO, (Fig. 6d) materials. The
bands appearing at 532.8, 532.1, and 529.6 eV cor-
respond to adsorbed water, Si-O, and Ti-O, respec-
tively, for TiO,/SiO, (Fig. 6¢c). As for the 3_Ag-TiO,/
5iO, material, the bands appearing at 533.1, 531.8,
529.6, and 528.4 eV correspond to adsorbed water,
Si-O, Ti-O, and Ag-O bonds, respectively.

Y // (In) : / (1 - .3»_ : *
i ) B2 e e -
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TiO,/si0, 3_Ag-Ti0,/siO, 10_Ag-TiO,/SiO,

Figure 5 Schematic illustration of the distribution of Ag NPs on TiO, for 3_Ag-TiO,/SiO, (II) and 10_Ag-TiO,/SiO, (III).
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Figure 6 XPS high-resolution spectra of: a Ti 2p for the TiO,/
Si0O, sample; b Ti 2p for the 3_Ag-TiO,/SiO, sample; ¢ O 1 s for
the TiO,/SiO, sample; d O 1 s for the 3_Ag-TiO,/SiO, sample;

Figure 6e shows the deconvolution for sample 3_
Ag_TiO,/SiO, of high-resolution Ag 3d XPS spectra
into bands corresponding to Ag (368.1 and 374.3 eV)
and Ag,O (367.6 and 373.6 eV), consisting of 72%
of Ag and 28% of Ag,O [62]. The state Ag" suggests
that, during calcination, silver was partially reduced
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T T T T T T T T T

T T T
900 600 300 0

Binding energy (eV)

e Ag 3d of the 3_Ag-TiO,/SiO, sample; f survey spectrum of 3_
Ag-Ti0,/Si0,.

to Ag®, with part of it remaining as Ag,O on the sur-
face [33].

The survey spectrum of 3_Ag-TiO,/SiO, shown in
Fig. 6f was used to determine the elemental compo-
sition of the surface of the Ag-loaded material. This
analysis aimed to compare the weight fraction of Ag"
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and Ag’ on the surface by means of XPS analysis and
the bulk composition by means of EDX analysis. For
this, an empirical approach based on the estimated
areas of the main species bands was used, according
to Eq. 8, where x; is the molar fraction of element
i, A; is the area of each main band, s; is the relative
sensitivity factor (RSF) [53], and 7 is the number of
elements (n = 4 for this case).

v = Ailsi
T ®

The mole fractions were converted into mass
concentrations, and Table 3 shows that results are
in good agreement with those obtained by EDX
analysis for the same material. It is observed that
the molar percentage of silver obtained from XPS is
higher, which suggests segregation of Ag’ and Ag”
on the catalyst surface. It is worth noting that due
to its working principle, the XPS analysis is more
appropriate to quantify the atomic concentrations
of the elements on the surface of materials, whereas
the EDX is a standard technology for assessing the
overall composition of the sample. The XPS is also
considered a sensitive analytical technique due to
the consideration of the attenuation of X-ray intensi-
ties as a function of the electron escape depth [63].
To enhance the robustness of the findings when
comparing the quantification of elements using XPS
for surface analysis and EDX for bulk analysis, we
conducted a rigorous washing procedure on the 3_
Ag_TiO,/SiO, material. This involved three cycles
of centrifugation with a 1-M HCI solution. Subse-
quently, the resulting supernatant underwent ICP
analysis to ascertain the quantity of silver present on
the surface. As illustrated in Table 3, the reduction in
the mass content of silver after washing strongly sug-
gests that practically all the silver content has been

Table 3 Weight percentage of TiO,, SiO,, and Ag in 3_Ag-TiO,/
Si0O, material by EDX, XPS, and ICP element analysis

Composite Weight percentage (%) Loss
percent-
age (%)

EDX XPS ICP

TiO, 58.2 55.31 -

Sio, 414 46.49 -

Ag 0.162 0.183 0.126

@ Springer

segregated on the surface of the catalyst. This obser-
vation aligns with the results from the quantitative
XPS and EDX analyses.

Optical properties

The band gap energy (E,) was calculated for each pho-
tocatalytic material using the Kubelka—Munk function
[34, 64, 65] (Egs. 5 and 6), in which R is the diffuse
reflectance (%) obtained by UV-VIS analyses, hv is the
photon energy (eV) corresponding to the wavelength
A, as hv =1240/A, and n is the factor related to the type
of electronic transition: as TiO, is an indirect semicon-
ductor, n =2 [66]. The band gap energy is calculated
from the intersection point of a tangent line along the
inflection point of the curve with the horizontal axis
(Fig. S1). Increasing silver content in the photocatalyst
gradually reduced its band gap energy.

_ (1-R?
F(R) = TXR )
(ER) x oy = A(ho — Eg) ©6)

As the band gap energy is a key parameter in photo-
catalytic activity, it is worth discussing which mecha-
nisms triggered by Ag NPs affect the band gap modi-
fications of TiO,/SiO,. The Schottky barrier, which
will be further discussed in this paper, has no effect
on the band gap energy, increasing the photocatalytic
activity only by decreasing charge recombination [55].
The presence of Ti** crystalline defects acts as an effec-
tive method of increasing visible light absorption by
creating additional mid-bandgap states, which are
observed below the conduction band [31]. These mid-
bandgap states, resulting from Ti>* and oxygen vacan-
cies, act as electronic donor states, further contributing
to the overall enhancement of visible light absorption
[30, 31, 67, 68].

As the XPS analysis evidenced the presence of
Ti*" defects on the photocatalytic surface of the
silver-modified material, further investigation of
the oxygen vacancies in the materials was carried
out by means of electron paramagnetic resonance
(EPR) spectroscopy. Figure 7a compares the EPR
spectra of pure TiO,, TiO,/Si0O,, 3_Ag_TiO,/Si0O,,
and 10_Ag_TiO,/SiO,. It is clear that a substantial
increase in the g-factor signal of 1.998, corresponding
to oxygen vacancies, occurs when titanium dioxide
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Figure 7 a EPR spectra of SiO,, TiO,, TiO,/SiO,, 3_Ag-TiO0,/SiO,, and 10_ Ag-TiO,/SiO,; b PL spectra of TiO,/SiO,, 3_Ag-TiO,/

Si0,, and 10_Ag-TiO,/SiO,.

is associated with silica gel [69]. In Ag-loaded sam-
ples, this may also result from the partial photore-
duction of Ag,O to metallic silver on the surface of
anatase grains, which induce the effusion of lattice
oxygen and, consequently, the formation of oxygen
vacancies. It is worth noting that this increase in the
density of oxygen vacancies, when comparing the
EPR spectra of the TiO,/SiO, and 3_Ag_TiO,/SiO,
materials, aligns with the results of the XPS analysis,
which showed an increase in the concentration of
Ti®. However, when the silver content was increased
(10_Ag_TiO,/Si0O,), a reduction in the EPR signal was
observed. This behavior is likely due to the forma-
tion of larger metallic Ag clusters far from the sur-
face of the anatase grains, which may prevent the
formation of permanent crystalline defects in the
semiconductor structure.

Finally, photoluminescence (PL) emission spec-
tra were obtained to investigate the separation and
recombination behavior of photogenerated charge
carriers. The emission spectra were obtained for the
different samples excited at 314 nm at room tem-
perature, as shown in Fig. 7b. The catalyst contain-
ing the optimum Ag content showed much lower
band intensity compared to unloaded TiO,/SiO,.
It is known that the intensity of the photolumines-
cence emission spectra of TiO, is greatly dependent
on the recombination of the photogenerated charges
[70-73]. The result suggests that the Schottky barrier,
which will be discussed later, reduced the charge
recombination rate in Ag-modified photocatalysts

[55], sharply decreasing the intensity of the typi-
cal band of TiO, at 420 nm [74, 75]. On the other
hand, the catalyst containing a silver content above
“optimal” showed a slightly higher intensity band at
420 nm and a larger increase above 550 nm, which is
characteristic of a higher recombination of electrons
in trap energy states (Ag NPs) and positive holes
[76]. This is likely due to the reduction of crystal
defects density on the semiconductor surface, as
already mentioned, which acted as charge recom-
bination suppressors [30, 32]. The presence of crys-
talline defects, specifically Ti*" oxidation states and
oxygen vacancies, as verified through rigorous EPR
and XPS analyses, exerts a direct influence on mini-
mizing charge recombination. These defects have the
ability to capture charge carriers, thereby modulat-
ing the overall performance of the material [30].

Photocatalytic performance

The performance of each composite material was eval-
uated by comparing its reactivity toward the oxida-
tion of n-hexane in a contaminated gas stream. Control
experiments were performed to evaluate the effect of
irradiation on n-hexane concentration as well as the
effect of the material without irradiation; in neither
case was a measurable difference observed between
the inlet and outlet concentrations of the contaminant.
After the light source was turned on, steady-state con-
versions were determined when the contaminant con-
centration stabilized in ten consecutive samples.
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Table 4 Evaluation of the photocatalytic activity of TiO,/SiO,
materials with different Ag contents

Material n-hexane degrada-  Reaction rate
tion (%) (umol.gTiO, ™",

h™h

TiO,/Si0O, 6.2 0.60

1_Ag-TiO,/SiO, 17.4 1.83

3_Ag-Ti0,/SiO, 46.4 4.33

5_Ag-TiO,/SiO, 9.2 0.98

10_Ag-TiO,/Si0, 0.2 0.013

Table 4 compares the reaction rates and n-hexane
conversions obtained for catalysts with different silver
contents under visible light, for a space—time of 4.7 s.
Figure 8a shows the evolution of the n-hexane concen-
tration at the reactor outlet over time before and after
switching on the visible LED for the 3_Ag_TiO,/Si0O,
material, while Fig. 8b compares the photocatalytic
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performance of the materials. Since this is a continu-
ous gas-phase reactor, after switching on the lamp, a
transient regime is observed until the system has not
yet reached steady-state conditions. When comparing
the materials, the presence of Ag nanoparticles signifi-
cantly improved the catalyst photoactivity, increasing
the degradation of n-hexane from 6.0% to 46.2% for
3_Ag_TiO,/SiO,. This behavior can be attributed to the
so-called Schottky barrier. The Schottky barrier is formed
when a n-type semiconductor and a metal with dif-
ferent work functions are in contact. Thus, the flow
of electrons will preferably be from the material with
the lowest work function to the one with the highest.
As Ag® has a work function of 4.74 eV and TiO, of
4.6 eV [1], the preferential flow of electrons is from
the semiconductor to the metal until the Fermi energy
of both reaches equilibrium. This leads to the forma-
tion of a potential barrier that hinders the transfer of
electrons from the semiconductor to the metal. Thus,
the Schottky barrier acts as an electron trap, reducing

~_~
=
~

7]
=
1

46.4%

'S
=
1

n-hexane degradation (%)

hv

(I)  Schottky barrier formation
(II) Induced mid-energy energy
states by crystal defects

Figure 8 a Evolution of the concentration of n-hexane at the
reactor outlet over time for 3_Ag-TiO,/SiO,; b % degradation
of n-hexane obtained for the materials synthesized with 1, 3, 5,
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and 10% Ag; ¢ photocatalytic mechanism proposed for TiO,/SiO,
materials modified with Ag.
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charge recombination and consequently increas-
ing the lifetime of photogenerated electrons by one
to two orders of magnitude [30, 55]. Furthermore, it
is suggested that the photocatalytic performance is
also related to the formation of Ti** crystalline defects
and oxygen vacancies on the anatase surface during
the material synthesis, as evidenced by XPS and EPR
analyses [33].

However, above the optimal value, Fig. 8b shows
a drastic drop-in activity, with the 10_Ag_TiO,SiO,
material showing no appreciable degradation of
n-hexane. Above an optimal metal content, silver
started to have a detrimental effect on the activity of
the material due to the following factors: (i) a high
number of Ag® NPs should reduce the electron den-
sity, due the attraction of electrons by several particles
simultaneously, resulting in a diffuse electric field that
reduces charge separation, which is supported by EPR
analyses; (ii) an excessive number of Ag NPs on the
TiO, surface prevents light from reaching the semi-
conductor surface, consequently reducing the number
of photogenerated charges, which impairs the pho-
todegradation efficiency; and (iii) at higher Ag con-
tents, the high surface free energy of silver promotes
its segregation, thereby suppressing the formation of
crystalline defects, as demonstrated by EPR analysis.
As previously mentioned, this phenomenon prevents
the occurrence of defects on the crystalline structure.
In addition, as discussed from the SEM images (Fig. 3),
at higher concentrations, silver tends to form clusters,
becoming segregated from TiO,, in addition to caus-
ing a reduction in the specific average particle size.
This could also impair the photocatalytic activity of
the material, as the agglomeration and segregation of
silver nanoparticles reduce the specific surface area of
contact between Ag NPs and TiO,, hindering relevant
phenomena for photocatalysis, such as the Schottky
barrier, as well as altering the fluidization mechanics
of the catalyst bed.

Figure 8c shows a schematic illustration of the
Schottky Barrier formation and Ti*" mechanism in
Ag-loaded TiO,. In addition to the mentioned mech-
anisms, the negligible photocatalytic performance
exhibited by the 10_Ag_TiO,/SiO, catalyst indicates
that the photocatalytic activity under visible light is
not driven by Ag NPs alone. As shown in the TEM
and HRTEM images (Fig. 1b), for the 10_Ag_TiO,/5iO,
sample, the excess of Ag NPs caused the segregation
of the nanoparticles, which were agglomerated and,
in low content, on the TiO, surface. If Ag NPs were

the only ones responsible for the photoactivity of the
material, it would be expected that sample 10_Ag_
TiO,/Si0, would exhibit higher photoactivity. There-
fore, its behavior suggests that the Ag NPs worked
together with TiO,/SiO,, through Schottky barrier phe-
nomenon and driving the formation of crystal defects
(Ti*" and oxygen vacancies) as previously discussed.

The photocatalytic oxidation mechanism of n-hex-
ane can be triggered by the reactive species that occur-
ring in the material. Firstly, according to the standard
reduction potentials of HO*/OH™ (1.9 eV vs. SHE)
and HO®/H,O (2.72 eV vs. SHE) [34, 77], the holes in
the valence band of TiO, can oxidize OH™ and H,O
induced by the humidity, generating hydroxyl radi-
cals, since the valence band potential of the materials
(Table 2) is higher than the standard potentials of the
half-reactions. In addition, according to the standard
reduction potential of O,/O,"” (-0.33 eV vs. SHE) [34,
77], the reduction of O, to superoxide radical anions is
not allowed since the conduction band potential of the
materials (Table 2) is higher than the standard reduc-
tion potential of the half-reaction O, +¢~ — O,"".

Conclusions

XPS and EPR analyses showed that Ag drove the for-
mation of crystal defects on the surface of anatase
grains during the reduction of AgO and Ag,O to Ag
metal in the calcination step. XRD results revealed
that Ag loading induced the formation of brookite
crystalline phase and crystal growth. Ag-loading of
TiO,/Si0, resulted in the narrowing of the band gap,
due to the PRET mechanism, induced by the LSPR
phenomenon, and Ti** defects on the anatase surface.
The photodegradation of n-hexane in the continuous
gas-phase photoreactor was efficient under visible
light (> 400 nm), reaching 46.2% for the 3_Ag_TiO,/
Si0, catalyst, while the unloaded material (TiO,/SiO,)
achieved 6.0% n-hexane degradation.

Together with the results of the characterization
analyses, these findings highlight that the increase in
photocatalytic activity is due to the Schottky barrier
and the formation of crystal defects (Ti*" and oxy-
gen vacancies) on the surface of the anatase grains.
Considering the application in a continuous gas-
phase reactor, it is worth mentioning that we have
developed a synthesis method that can be potentially
applied to other photocatalytic materials. Subse-
quently, it was observed that increasing the silver
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content up to 3% was beneficial for the photocatalytic
activity, and above this, a marked decrease in n-hex-
ane degradation under visible light was observed.
Above an optimum Ag content, silver nanoparticles
intensified charge recombination, decreased electron
density, and possibly blocked irradiation of the TiO,
surface.
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