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Over recent years, photocatalytic biomass reforming for hydrogen production has gained research

attention as an alternative to the inefficient water-splitting reaction, which requires a standard Gibbs free

energy of 237 kJ mol−1. In this study, anatase-phase titanium dioxide (TiO2) particles were successfully

synthesized by employing a sol–gel method, and silver oxide (Ag2O) nanoparticles with different weight

percentages were loaded on the surface of TiO2 via an incipient wet impregnation method to form

composite photocatalysts. The structural and optical properties, specific surface areas, and morphology of

the photocatalysts were investigated using X-ray diffraction (XRD), UV-vis diffuse reflectance spectroscopy

(UV-vis DRS), Brunauer–Emmett–Teller (BET), and scanning electron microscopy (FESEM) analyses. The

photocatalytic hydrogen activity of the prepared photocatalysts was studied under visible light irradiation,

and it was found that varying the Ag2O loading influenced this activity. Furthermore, it was found that the

calcination temperature and reaction parameters, such as pH and initial butanol concentration, influenced

the photocatalytic activity of the prepared photocatalysts for efficient hydrogen production. The highest

photocatalytic hydrogen production efficiency was achieved with 0.5 wt% Ag2O/TiO2 composite

photocatalyst (290 mmol gcat
−1). This activity was attributed to 100% anatase crystallite TiO2 particles that

are highly active in terms of the photogeneration of charge carriers; the uniform distribution of Ag2O on

the TiO2 surface enhanced the suppression of charge-carrier recombination. Finally, the slightly acidic

conditions of the butanol mixture facilitated the efficient adsorption of butanol on the surface of the

photoexcited photocatalysts, resulting in the simultaneous rapid oxidation of butanol and the efficient

production of hydrogen molecules.

1. Introduction

For decades, the world has been highly dependent on non-
renewable energy sources, such as fossil fuels, for energy.
However, the combustion of fossil fuels emits greenhouse gases,
such as carbon dioxide (CO2), that affect the environment
negatively.1–3 Due to the huge concerns of a shortage of fossil
fuels in the next few years from extensive utilization,4,5 there
has been a strong research focus on developing alternative
processes for clean energy sources to replace fossil fuels to avoid

their negative effects on the environment. Among other
alternatives, hydrogen has been promoted as an alternative
renewable energy source for the future, which is produced from
renewable sources such as biomass and water.6

Various commercial methods have been explored to yield
hydrogen including steam reforming, pyrolysis, and
gasification.5–7 However, the disadvantages of these methods
include the emission of toxic greenhouse gases and the demand
for a huge amount of energy, which makes them very expensive.
Fujishima and Honda discovered photoelectrochemical water
splitting via photocatalysis, which paved the way for extended
studies in photocatalytic hydrogen production. However, the
challenges of water splitting include the requirement for high
Gibbs free energy (237 kJ mol−1 and 1.23 eV) for separating the
hydrogen and oxygen and a backward reaction between both
gases.8 Butanol has been explored for improved photocatalytic
reforming and simultaneous efficient hydrogen production due
to its high density, low volatility, diminished flammability, and
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hygroscopicity.9–12 Butanol is a readily made reactant obtainable
from renewable sources, by fermentation and other routes.13–16

Among other semiconductors used in photocatalysis, TiO2

is considered one of the most favorable semiconductors,
owing to its nontoxicity, low cost, and impressive stability
under the reaction conditions.17 The photocatalytic process
on the surface of TiO2 begins with the generation of charge
carriers (e−/h+) upon photoexcitation with an energy equal to
or greater than the band gap of TiO2. The excited electrons in
the conduction band move to the surface and reduce the pre-
adsorbed species, while holes in the valence band are
involved in surface oxidation reactions. The photo-excited
charge carriers can collapse by recombining on the surface of
TiO2 materials or migrate to the surface, therefore generating
split charge carriers, which can engage in the redox reactions
occurring on the surface.18

Besides TiO2, the most promising semiconductor used in
photocatalysis, bare TiO2 that results in low activity for
sufficient production of hydrogen can be used, mainly
because of the large band gap limiting the absorption of light
in the UV region, which is only 3–5% in the energy spectrum,
and the recombination of the charge carriers.19–21 To
overcome this, metals, non-metals, dyes, and other
semiconductors are incorporated on the surface of TiO2 to
reduce the TiO2 bandgap and enhance the absorption of
visible light, thereby enhancing the energy range of
photoexcitation and the photocatalytic activity of TiO2.

2–26

The doping of metal nanoparticles such as Ag2O into TiO2

has been reported to enhance the photocatalytic efficiency,
which acts as an electron trap, promotes the separation of
charge carriers, and therefore delays the recombination of
charge carriers.4,27

The doping of Ag nanoparticles assists in sensitizing
Schottky nanodiodes in the visible light region because of the
surface plasmon resonance (SPR) effect28–30 and facilitates
the formation of hot electrons of high kinetic energy under
photoirradiation due to the low electron heat capacity of
metals, allowing easy and non-adiabatic energy transfer.29

The incorporation of Ag nanoparticles into TiO2 with a huge
band gap exhibits more efficient stability; however, it displays
lower visible light absorption. Therefore, much interest has
been focused on developing metal nanoparticle-loaded TiO2

with various band gaps and surface areas for enhanced
photocatalytic hydrogen production activity.6,21,31–35 To the
best of our knowledge, there are limited reports based on the
photocatalytic butanol reforming to produce hydrogen. While
our prior study36 systematically investigated the impact of
different titania (P25 vs. sol–gel) and silver (nitrate vs. oxide)
precursors on the physicochemical and photocatalytic
properties of Ag2O/TiO2 composites, the present work focuses
on the optimization of a single, well-defined composite
system. Specifically, we herein report a detailed study on (i)
the effect of Ag2O loading (0.5–6 wt%) on an anatase TiO2

matrix, (ii) the critical role of calcination temperature (300–
600 °C) on crystallinity and activity, and (iii) the optimization
of reaction parameters (pH and butanol concentration) for

hydrogen production via butanol photoreforming. This
comprehensive parametric study provides fundamental
insights for designing efficient TiO2-based photocatalysts for
biomass-derived alcohol valorization.

The overall photocatalytic reforming of butanol can be
represented by the following reaction:

C4H9OHþ 6H2O →
hν

4CO2 þ 12H2; ΔG° > 0:

This process involves the oxidation of butanol and the

reduction of protons as follows:

Oxidation (hole-mediated): C4H9OH + 6H2O → 4CO2 + 18H+

+ 18e−,

Reduction (electron-mediated): 18H+ + 18e− → 9H2.

The role of the photocatalyst is to provide photogenerated
charges (e− and h+) to drive these half-reactions.37,38

To the best of our knowledge, there are limited reports
based on the photocatalytic butanol reforming to produce
hydrogen. However, we have recently published a study on
the same topic with a focus on the effects on titania and
silver precursors.

Therefore, in this study, we present the preparation of
Ag2O/TiO2 composite catalysts for photocatalytic hydrogen
production via butanol reforming under UV-visible light
irradiation. More importantly, we present the effect of Ag2O
loading and calcination temperature on the activity of the
prepared composite catalysts, as well as the effects of
reaction parameters (butanol initial concentration and pH of
the solution) on the production of hydrogen. This research
describes the utilization of butanol for producing renewable
hydrogen, and it can be extended to examine a variety of
feedstock such as biomass products.

2. Materials and methods

All reagents were used as received without any additional
purification. Butan-1-ol, methanol, P25 (TiO2), silver nitrate,
titanium isopropoxide, and titanium(IV) oxide were sourced
from Sigma Aldrich. Sodium phosphate dodecahydrate was
obtained from SISCO Research Laboratories. All samples were
prepared using ultrapure water from Millipore Direct Q3,
supplied by Microsep, South Africa. It is important to note
that the methodology used in this study was adapted from
our recently published work;36 however, this study explores
different specific objectives compared to the previously
published paper.

2.1. Preparation of TiO2 nanoparticles and AgO2/TiO2

composites

Pure TiO2 nanoparticles were prepared by a sol–gel method.36,39

Titanium isopropoxide (TTIP) was used as the titania precursor.
The molar ratios of titanium isopropoxide (50 mL), methanol,
and deionized water were set at 1 : 1 : 65. The liquid resultant
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was obtained by mixing TTIP with methanol, followed by
sonication for 5 min. To the solution, distilled water was added
dropwise, while the mixture was stirred vigorously in a beaker
under reflux conditions at 80 °C for 3 h. The remaining liquid
mixture was allowed to cool, filtered using a centrifuge, and
then washed twice with methanol. The final product was dried
at 80 °C for 12 hours and subsequently calcined at 450 °C for 3
hours. An incipient wet impregnation method was employed to
load different amounts of Ag2O (ranging from 0.5% to 6% by
weight) onto the surface of TiO2 particles. The prepared
composites were dried at 80 °C overnight and then calcined at
450 °C for 3 hours. The catalysts containing 0.5%, 1%, 2%, 3%,
4%, 5%, and 6% Ag2O loaded onto TiO2 are labeled as 0.5 wt%
Ag2O/TiO2, 1 wt% Ag2O/TiO2, 2 wt% Ag2O/TiO2, 3 wt% Ag2O/
TiO2, 4 wt% Ag2O/TiO2, 5 wt% Ag2O/TiO2, and 6 wt% Ag2O/
TiO2. Additionally, the 0.5 wt% Ag2O/TiO2 photocatalyst was
further calcined at 300 °C, 400 °C, 500 °C, and 600 °C for 3
hours.

2.2. Characterization

The crystal structures of the samples were recorded using an
X-ray diffractometer (Rigaku SmartLab) with Cu-Kα radiation
(λ = 0.15405 nm), operating at a current of 200 mA and 45 kV.
The BET (Brunauer–Emmett–Teller) surface areas and
porosity properties of the photocatalysts were obtained using
the Autosorb-I (Quantachrome) equipment through N2

adsorption at −196 °C. Before this analysis, the samples were
degassed at 150 °C for 24 hours. Additionally, the UV-vis
diffuse reflectance spectra were recorded using a Lambda
750S UV-vis spectrophotometer over a wavelength range of
200–800 nm. The band gap of the semiconductor was
determined using a Tauc plot. To analyze the morphologies
and chemical compositions of the samples, a scanning
electron microscope (SEM-EDS JEOL JSM-7800F) equipped
with an EDS detector was utilized.

2.3. Photocatalytic activity testing procedure

The visible light-driven photocatalytic butanol reforming for
hydrogen production activity tests was carried out using a solar
simulator (HAL3200 compact xenon lamp light source). The
prepared composite photocatalyst, together with the butanol
solution and a magnetic stirrer bar, was added to a 50 mL
quartz reactor, which was enclosed with a silicone rubber
septum to prevent the escape of generated gas. The helium gas
was then bubbled in the mixture for 30 minutes to purge the
dissolved oxygen and air to create an anaerobic environment in
the reactor. The reactor was then placed on the magnetic stirrer
to keep the composite photocatalyst in suspension, and the
reactor was subjected to photoirradiation using a solar
simulator. A syringe (Gerstel) was used to extract 0.5 mL sample
of the evolved gas at an hour interval for four hours from the
quartz reactor through the silicone rubber septum; and the gas
sample was subsequently injected into the GC (Shimadzu GC-
2010) fitted with a Stabilwax column and a BID detector, using
helium as a gas carrier, to quantify the generated hydrogen

from butanol reforming. The GC was first calibrated using a
five-point calibration method by GC until a calibration curve
with R = 0.999 was achieved. Thereafter, a 0.5 mL sample of gas
was extracted from the photocatalytic reactor and injected into
the GC to determine the hydrogen concentration.36

3. Results and discussion
3.1. SEM analysis

Fig. 1(a and b) displays the SEM images of bare nano TiO2

and 0.5 wt% Ag2O/TiO2 samples, all of which were calcined
at 450 °C. No significant differences in surface morphology
were observed among the samples. Each sample exhibited a
spherical morphology, with dense structures distributed
uniformly throughout. Energy-dispersive X-ray (EDX) analysis
was conducted to detect the presence of silver (Ag) on the
surface of TiO2 nanoparticles. Fig. 1(c) illustrates the peaks
for titanium (Ti) and oxygen (O), and Fig. 1(d) shows similar
peaks plus a silver (Ag) peak in the optimized 0.5 wt% Ag2O/
TiO2 sample, confirming the presence of Ag within the TiO2

nanoparticles. The small peaks in the analysis can be
attributed to the low concentrations of Ag dopants on the
surface of TiO2. The observed carbon peaks are attributed to
the carbon coating applied to minimize the charging effects
during SEM-EDX analysis, whereas the oxygen peak is
ascribed to residual oxygen introduced during the sample
preparation process, which involved the use of water.

3.2. XRD analysis

Fig. 2 shows the XRD patterns of bare nano TiO2 and Ag2O/
TiO2 composite samples with different Ag loadings, which
were calcined at 450 °C. All samples show sharper diffraction
peaks, which are evidence of the crystallinity of the samples
that can be readily indexed for their heterostructures. The
photocatalysts visibly exhibit the characteristic planes of the
anatase phase by a series of strong peaks at 2θ = 25.3° (101),
37.8° (004), 48.0° (200), and 62.6° (204) (JCPSD, No. 21-
1272).20,41,42 No distinct diffraction peaks corresponding to
crystalline Ag2O phases were detected, which may be
attributed to its high dispersion, low crystallinity, or small
particle size below the XRD detection limit.40

3.3. N2 adsorption/desorption isotherms

To investigate the surface area properties and pore size
distribution of the photocatalysts, we performed a nitrogen
(N2) adsorption–desorption analysis using the BJH method.
Fig. 3 shows the N2 adsorption–desorption isotherms for the
catalysts, which display type IV (a) isotherms and H2 (b)-
shaped hysteresis loops for both bare nano TiO2 and 0.5 wt%
Ag2O/TiO2, according to the IUPAC classification.41,42

Notably, the 0.5 wt% Ag2O/TiO2 sample demonstrated an H3
hysteresis loop. All photocatalysts exhibited mesopore
characteristics, evidenced by the type IV (a) isotherms.42 The
presence of a small hysteresis loop may indicate that the Ag
oxide particles are blocking pore channels and/or degrading
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the TiO2 heterostructure. The BJH pore size distribution plots
in Fig. 4 reveal a narrow distribution, indicating homogeneity
in pore sizes. Table 1 summarizes the BET specific surface
areas, pore volumes, and particle sizes for the bare nano
TiO2 sample and the Ag2O/TiO2 samples. The BET results
showed that the bare nano TiO2 sample has a high surface
area of 218 m2 g−1, which can be attributed to its
nanoparticle size.25,38 In contrast, the Ag2O/TiO2 samples
exhibited decreased surface areas ranging from 209 to 29

m2 g−1, likely due to pore blockage in TiO2 caused by the
deposition of Ag oxide.43–45

3.4. UV-visible diffuse reflectance spectroscopy (UV-vis DRS)

The diffuse reflectance spectroscopy (DRS) technique was
used to identify the optical properties of the prepared
photocatalysts. Fig. 5a shows the DRS spectra of bare nano
TiO2 and Ag2O/TiO2 samples with different Ag2O loadings.
Bare nano TiO2 shows an absorption edge of approximately
398 nm due to the charge transfer from the valence band to
the conduction band.46 The absorption spectrum of Ag2O/
TiO2 samples shifted further to the visible light spectrum
(400–500 nm), which is attributed to Ag2O loaded onto the
TiO2 surface. It was observed that the absorption edge shifted
further to the visible range with the increase in Ag2O loading.
The loading of Ag metal onto the TiO2 surface causes
impurity, thereby narrowing the band gap between the
conduction and valence bands.46 The shift of the absorption
edge to longer wavelengths for Ag2O loaded onto nano TiO2

indicates excellent interaction between the TiO2 and Ag
particles, thereby improving the photocatalytic activity of the
catalysts in the visible light. This shifts the band edge into
the visible region due to the red shift.47

The energy band gaps of the photocatalysts were
determined from the UV-vis spectra using the Tauc plots, as
shown in Fig. 5b. The energy band gap of bare nano TiO2

was measured to be 3.16 eV. In contrast, a decrease in the
energy band gap of the Ag2O/TiO2 catalysts, ranging from
3.13 eV to 2.9 eV, was observed. This reduction is attributed

Fig. 1 SEM images of (a) bare TiO2 and (b) 0.5 wt% Ag2O/TiO2. EDS analysis plots of (c) bare TiO2 and (d) 0.5 wt% Ag2O/TiO2.

Fig. 2 X-ray diffraction patterns of the bare nano TiO2 and Ag2O/TiO2

samples with different Ag loadings, which were calcined at 450 °C.
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to the incorporation of silver (Ag) metal onto the surface of
TiO2.

48

4. Photocatalytic H2 evolution activity

The studies on photocatalytic hydrogen production were
conducted over Ag2O/TiO2 catalysts calcined at 450 °C, fixed at
1% (v/v) butanol :water mixtures under UV-vis light. Fig. 6
shows the effect of Ag2O loading on the photocatalytic hydrogen
production activity of the prepared samples. The rate of
hydrogen production rapidly increased from 16 mmol gcatalyst

−1

to 255 mmol gcatalyst
−1 with 0.5 wt% Ag2O. However, the rate of

hydrogen production decreases with the increase in Ag2O
loading. The high activity of 0.5 wt% could be attributed to the

high surface area that traps more sacrificial butanol molecules
into the active site of TiO2 and the reduced band gap (3.13 eV),
which enhance butanol reforming and the successive reduction
of H+ into H2.

49 The lower rate of hydrogen production with a
higher metal loading could be attributed to aggregation and
metal dispersion, allowing them to serve as recombination
centers for charge carriers.50 This was also confirmed by the
photoluminescence analysis of TiO2 composites with different
metal loadings reported in our previously published work.40 We
demonstrated that with the low loading of the metal
nanoparticles on the surface of TiO2, the metal nanoparticles
trap the photoinduced electrons, thereby suppressing the
electron/hole pair recombination rate on TiO2. Furthermore,
this suppression of the electron/hole recombination rate allows

Fig. 3 Nitrogen adsorption–desorption isotherms of (a) bare TiO2; (b) 0.5 wt% Ag2O/TiO2; (c) 1 wt% Ag2O/TiO2; (d) 2 wt% Ag2O/TiO2; (e) 3 wt%
Ag2O/TiO2; (f) 4 wt% Ag2O/TiO2; (g) 5 wt% Ag2O/TiO2 and (h) 6 wt% Ag2O/TiO2.
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the oxidation of the sacrificial agent, such as butanol, efficiently
for rapid production of H+, and subsequently, enhances the

production of hydrogen molecules.40 The hydrogen yield peaks
at 0.5 wt% Ag2O loading (255 mmol g−1) and then decreases.

Fig. 4 BJH pore size distribution plots of (a) bare TiO2; (b) 0.5 wt% Ag2O/TiO2; (c) 1 wt% Ag2O/TiO2; (d) 2 wt% Ag2O/TiO2; (e) 3 wt% Ag2O/TiO2; (f)
4 wt% Ag2O/TiO2; (g) 5 wt% Ag2O/TiO2 and (h) 6 wt% Ag2O/TiO2.

Table 1 Physical characteristics of the prepared Ag2O/TiO2 materials

Catalysts Calcination temperature (°C) BET surface area (m2 g−1) Pore volume (cm3 g−1) Nanoparticle size (nm)

Bare nano TiO2 450 218 0.49 27.56
0.5 wt% Ag2O/TiO2 450 199 0.43 30.21
1 wt% Ag2O/TiO2 450 130 0.30 46.00
2 wt% Ag2O/TiO2 450 144 0.27 41.63
3 wt% Ag2O/TiO2 450 141 0.25 42.69
4 wt% Ag2O/TiO2 450 134 0.36 44.77
5 wt% Ag2O/TiO2 450 97 0.29 61.75
6 wt% Ag2O/TiO2 450 94 0.25 64.13
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The non-linear decline between 1 and 4 wt% likely reflects a
complex interplay where the detrimental effect of decreasing
surface area (Table 1) is partially offset by increased visible light
absorption (Fig. 5a). However, beyond 4 wt%, severe pore
blockage/aggregation (Table 1) and the dominance of Ag species
as recombination centers lead to a pronounced activity decrease.

4.1. Effects of calcination temperature

Fig. 7 shows the hydrogen production activity studies of 0.5
wt% Ag2O/TiO2 with different calcination temperatures at 5%
concentration of butanol solution under UV-visible light. The
photocatalysts were calcined at 300 °C, 400 °C, 450 °C, 500
°C, and 600 °C. High hydrogen production activity of 289
mmol gcatalyst

−1 was achieved using 450 °C calcination
temperature. Low photocatalytic activity is attributed to low
surface area. The 0.5 wt% Ag2O/TiO2 sample was concluded

to be a highly active catalyst and used for further studies.
The characterization of the effect of calcination temperature
can be found in the supplementary material. The highly
active catalyst was further confirmed by BET results provided
in Table S1, which attributes the enhanced activity to the
high surface area of the catalyst as well as the complete
anatase phase of the composite material.51

4.2. Effects of reaction parameters

The photocatalytic performance for hydrogen production
activity was tested to study the effect of the initial pH of the
butanol solution under UV-vis light. The influence of pH was
studied. Fig. 8 shows the pH of the butanol solutions.52 The
highest activity was observed at a pH of 5.5 (290
mmol gcatalyst

−1), attributed to the more positive H+/H2 redox
potential, which resulted in efficient hydrogen photocatalytic
generation.53 Furthermore, this enhanced activity at pH 5.2

Fig. 5 (a) DRS spectra and (b) Tauc plots of the prepared Ag2O/TiO2 materials.

Fig. 6 Photocatalytic production of hydrogen from butanol reforming
using the prepared Ag2O/TiO2 materials.

Fig. 7 Photocatalytic hydrogen production activity over 0.5 wt%
Ag2O/TiO2: effect of different calcination temperatures.
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can be attributed to the interplay between surface charge
(PZC of TiO2 ≈ 6.2) and butanol adsorption.54

Fig. 9 shows the rate of hydrogen production with
different initial butanol concentrations over 0.5 wt% Ag2O/
TiO2 catalysts calcined at 450 °C. An increase in the
concentration of butanol resulted in a significant increase in
hydrogen production. A rapid increase was observed with 5%
(v/v) butanol concentration. Furthermore, the figure shows a
clear increase up to 5% (v/v) butanol, followed by saturation,
indicative of active site limitation at high concentrations.40

The hydroxylic absorption sites become saturated as the
reactant concentration increases. The production of a
respective number of reactive species on the surface of the
catalyst does not increase, which could be due to the
constant light intensity and the amount of catalyst.55,56

Nonetheless, at a higher concentration, the reaction at the

interface influences the entire process owing to the
adsorption saturation of butanol on the catalyst surface.

5. Conclusions

In summary, Ag2O/TiO2 composite catalysts with different
Ag2O loadings were successfully prepared using both the sol–
gel method and the incipient wet impregnation method. It
was observed that incorporating Ag nanoparticles onto the
surface of anatase TiO2 enhanced the photocatalytic activity
of the composite catalyst by suppressing the recombination
of electron–hole pairs. However, the photocatalytic activity
tended to decrease as the Ag loading increased. This decline
is attributed to the Ag nanoparticles inhibiting the efficient
excitation of the surface of TiO2 by light photons, acting as
recombination centers. The highest photocatalytic activity of
the Ag2O composite catalysts was achieved with 0.5 wt% Ag
loading. Additionally, it was demonstrated that the
calcination temperature is crucial in catalyst preparation. The
activity of the composite catalyst increased with higher
calcination temperatures, up to 450 °C, after which it
decreased.

Above 450 °C, the composite catalyst begins to develop the
rutile phase, which is less active than the anatase phase.
Reaction parameters such as the initial concentration of
butanol and its pH play a crucial role in the photocatalytic
hydrogen production process. The hydrogen production activity
of the composite catalyst depends on how the pH affects the
surface charge of both the catalyst and the butanol solution.
The maximum rate of hydrogen production occurs when the pH
of the butanol solution is slightly acidic (pH 5.5). This is
because the surface charge of the TiO2 particles is nearly
neutral, allowing for the efficient adsorption and oxidation of
butanol molecules and, consequently, the reduction of H+ ions
to hydrogen molecules. Furthermore, an increase in butanol
concentration leads to a slight increase in hydrogen evolution;
however, this effect levels off when the concentration exceeds
5% (v/v). This study has opened new frontiers for further
research into enhancing TiO2-based photocatalysts for hydrogen
production through butanol reforming. While the observed red-
shift in DRS and enhanced activity strongly suggest improved
charge separation, direct spectroscopic evidence (e.g.,
photoluminescence and transient absorption) of reduced
recombination kinetics would further solidify the proposed
mechanism, which is recommended for future work. The
proposed and detailed photocatalytic butanol reforming for
photocatalytic hydrogen production is reported in our
previously published work.36
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