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Abstract: Nano-sized Ni particles on TiO2-SiO2 were synthesized by the two methods of photo-assisted deposition (PAD) and impregnation. 

H2, which is a promising energy carrier, with a low CO concentration was produced by the photocatalytic reforming of glucose (a model 

biomass) on the Ni/TiO2-SiO2 catalyst. The supported Ni enhanced the rate of H2 production while it suppressed CO selectivity. The catalysts 

were characterized by X-ray diffraction, X-ray absorption fine structure, transmission electron microscope, and nitrogen adsorption analysis. 

Both H2 production and CO selectivity were strongly dependent on the preparation method, and PAD-Ni/TiO2-SiO2 was the better catalyst 

for H2 production with the lowest CO concentration. 
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Hydrogen has been identified as an ideal energy carrier 
for sustainable energy development [1–4]. Hydrogen can be 
used in a fuel cell to generate electricity with high effi-
ciency. It is extremely clean because the only byproduct is 
water. In order to support a sustainable hydrogen economy, 
it is crucial to produce hydrogen cleanly and renewably. In 
the past two decades, most investigations have focused on 
photocatalytic hydrogen production and the electronic 
structures of semiconductor catalysts containing d0 metal 
ions [5–11] such as Ti4 +, Zr4+ , Nb5+ , and Ta5+ . However, the 
photocatalytic efficiency of most semiconductor photocata-
lysts is too low for them to be applied in industry. This is 
mainly caused by photogenerated electron-hole recombina-
tion in the bulk or at the surface of the photoexcited catalyst 
particles. Therefore, considerable efforts have been devoted 
to improving the efficiency of H2 production by modifying 
the nanostructures of the metal oxides [12–15], as well as 
developing new photocatalysts [16–20]. Furthermore, 
semiconductor metal oxides are also often the photocata-
lysts for the light induced photo-oxidation of water.  

Titanium dioxide is a very well studied UV-responsive 
photocatalyst because of its energy band gap in the range of 
3.0–3.2 eV [21]. Anatase and rutile are the two polymorphic 
forms of TiO2 that are relevant to photocatalytic applica-
tions [22]. Anatase is generally more photocatalytically 
active than rutile [23–27]. Anatase is a well-known and 
studied photocatalyst, [28] but its polymorphic transforma-

tion to rutile often limits its usefulness. A high specific sur-
face area [29] and crystallinity [30] enhance photocatalytic 
activity.  

The supporting of metal oxides on oxide carriers can re-
sult in an enhancement of the activity for oxidation. For 
example, when vanadia was supported on TiO2-anatase, the 
resulting complex was more active for both the selective 
oxidation of various hydrocarbons [31,32] and for the selec-
tive catalytic reduction of NOx by ammonia (SCR reaction) 
[33].  

In the literature, several metal oxides, such as Al2O3, 
ZrO2, and SiO2 [34–36], have been added to titania to im-
prove its UV photocatalytic activity. The addition of silica 
to TiO2 resulted in properties such as the ability to maintain 
a charge and is particularly attractive because silica is a 
low-cost, non-toxic, and readily available material. More-
over, titanium dioxide is compatible with the processing of 
silicate body mixes, and the possibility of obtaining photo-
catalytically active building materials could be another way 
to fight rising environmental pollution.  

The full environmental benefit of moving towards a hy-
drogen society will be realized only when H2 is produced 
from renewable resources, such as biomass and water. The 
technologies for generating hydrogen from biomass, such as 
gasification and steam-reforming of bio-oils, suffer from 
huge heat use, and complex processing requirements 
[37,38]. Dumesic et al. [39,40] recently reported that hy-
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drogen can be generated by the catalytic reforming of bio-
mass-derived hydrocarbons in aqueous solution at tempera-
tures near 500 K in a single reactor, aqueous phase reform-
ing process. Some byproducts, such as gaseous alkanes, 
were present in the H2 and the reaction took place under 
high pressure. The photocatalytic reforming of biomass, 
which preserves solar energy as chemical energy, is a prom-
ising way to produce hydrogen. Kawai et al. [41,42] have 
demonstrated photocatalytic H2 production from decompo-
sition of protein, algae, dead insects, excrement, and sugars 
on TiO2 catalysts, where only CO2 was the byproduct. 

Glucose, which is the major energy resource in plants and 
animals, was taken as a model for biomass in this work. CO 
selectivity, besides H2 production, is of concern because CO 
easily poisons the noble metal based catalysts in fuel cells at 
even very low concentrations. In this work, two preparation 
methods were used to synthesize Ni/TiO2-SiO2, and for 
comparison, the photocatalytic and textural properties of the 
Ni/TiO2-SiO2 catalysts were evaluated. The influences of 
various factors on the photocatalytic activity were corre-
lated. 

1  Experimental  

1.1  Synthesis of TiO2-SiO2 

The TiO2-SiO2 complex was synthesized using titanium 
tetrabutoxide (TBOT, ≥ 98%) and tetraethyl orthosilicate 
(TEOS, ≥ 98%). TBOT was mixed in a solution of acety-
lacetone and anhydrous ethyl alcohol, while TEOS was 
dissolved in a solution of water, ammonia, and ethyl alcohol 
with vigorous stirring. Next, the resulting sols were added 
dropwise into a solution of anhydrous ethyl alcohol while 
stirring to avoid metal hydroxide precipitation. The hydro-
lyzed alkoxides were aged at room temperature for 72 h. 
The samples obtained were dried under vacuum at room 
temperature, followed by calcination at 550 °C for 5 h under 
a air atmosphere. 

1.2  Photocatalyst synthesis  

Ni was loaded onto TiO2-SiO2 (5 wt% Ni content) using 
two different methods: photo-assisted deposition (PAD) and 
impregnation. For the PAD method, the deposition of Ni on 
TiO2-SiO2 was conducted in an aqueous solution of nickel 
nitrate with UV-light irradiation. For impregnation method, 
the deposition of Ni was conducted in the absence of light in 
an aqueous solution of nickel nitrate. The impregnation and 
PAD precursors with 5 wt% Ni content were oven-dried at 
378 K followed by H2 reduction (20 ml/min) at 473 K for 2 
h. These samples are referred to according to their prepara-
tion routes: PAD-Ni-TiO2-SiO2 or img-Ni-TiO2 -SiO2. 

1.3  Photocatalyst characterization 

For the morphology observation of the prepared samples, 
transmission electron microscopy (TEM) using a Hitachi 
H-9500 apparatus operated at 300 kV was used. The crys-
talline phases were identified by X-ray diffraction (XRD) 
using a Rigaku RINT 2000 diffractometer with Cu Kα radia-
tion, λ = 0.15406 nm).  

The textural properties of the samples were evaluated 
from the adsorption-desorption isotherms of nitrogen using 
a Nova2000 series apparatus (Chromatech). The specific 
surface areas of the materials were calculated using the BET 
method and the 0.005–0.3000 range of relative pressure 
(p/p0). Prior to adsorption, the samples were degassed under 
vacuum at 270 °C for 5 h.  

Diffuse reflectance ultraviolet-visible absorption spectra 
(DRS UV-Vis) were collected with the aim to detect 
whether nickel addition had shifted the titania absorption 
edge. Spectra were acquired in the UV-Vis range (200–800 
nm) with BaSO4 as reference and recorded on a Shimadzu 
UV-2450 spectrophotometer at 295 K. They were converted 
from reflection to absorbance by the standard 
Kubelka-Munk method. 

The X-ray absorption fine structure (XAFS), X-ray ab-
sorption near edge structure (XANES), and extended X-ray 
absorption fine structure (EXAFS) spectra were measured at 
the BL-7C facility of the Photon Factory at the National 
Laboratory for High-Energy Physics, Tsukuba. A Si(111) 
double crystal was used to monochromatize the X-rays from 
the 2.5 GeV electron storage ring. The Ni K-edge absorp-
tion spectrum was recorded in the fluorescence mode at 298 
K. The normalized spectra were obtained by a reported lit-
erature procedure [43], and Fourier transforms were per-
formed on ĸ3-weighted EXAFS oscillations in the range of 
0.3–1 nm–1.  

1.4  Photocatalytic activity 

The photocatalytic reaction was performed in an inner ir-
radiation reactor connected to a closed gas circulation and 
evacuation system. Typically, 0.5 g powder of catalyst was 
dispersed in the reactor containing 800 ml glucose aqueous 
solution. A 300 W high pressure Hg lamp inside the reactor 
irradiated the reaction system. To avoid heating of the solu-
tion during the reaction, cooling water was circulated 
through a cylindrical quartz jacket located around the light 
source to remove the infrared (IR) light illumination from 
the Hg lamp. Prior to the reaction, the suspension was 
deaerated by evacuation. The gaseous products were peri-
odically analyzed by an online gas chromatograph (Shang-
hai GC-920, TDX-01 carbon molecular sieve packed col-
umn, Ar carrier gas). The chromatograph was equipped with 
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a thermal conductivity detector, a flame ionization detector, 
and a methanizer. H2 concentration was measured by the 
thermal conductivity detector. The flame ionization detector 
was used to analyze CO, which was converted into CH4 by 
the methanizer. The detection limit of CO was 5 × 10−6. The 
response factors for the gas products were obtained by using 
appropriate standards. 

2  Results and discussion 

2.1  Synthesis and characterization 

2.1.1  XRD results 

The XRD patterns of the samples are shown in Fig. 1. All 
samples had a single phase that was identified as anatase. 
This indicated that all the samples from the PAD and “imp” 
experiments were converted to the anatase phase. No Ni 
oxide peaks were found in the patterns from the Ni-doped 
samples. The absence of Ni signals can be attributed to the 
low Ni doping content (ca. 5 wt%). The data indicated that 
Ni was well dispersed within the TiO2-SiO2 phase. 
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Fig. 1.  XRD patterns of the TiO2-SiO2 (1), PAD-Ni-TiO2-SiO2 (2), 

and img-Ni-TiO2-SiO2 (3). 

2.1.2  DRS UV-Vis results 

UV-Vis measurements were made to determine the en-
ergy band gap. The UV-Vis diffuse reflectance spectra for 
the samples are shown in Fig. 2. An intense absorption onset 
in the range of 350–400 nm was found for Ni/TiO2-SiO2, 
while TiO2-SiO2 only absorbed UV-light with wavelengths 
less than 300 nm.  

The Kubelka-Munk function, F(R), is considered propor-
tional to the absorption of radiation [44]. On this basis, the 
band gap of the semiconductor, Eg, can be derived from the 
spectra by plotting (F(R)·hν) 1/2 against hν [45]. The Eg val-
ues obtained are summarized in Table 1. These values were 
influenced by various factors in the synthesis procedure, 
such as the existence of doping impurities, crystalline net-
work, and average crystal size of the semiconductor. In ad-

dition, different methods for calculating Eg from UV-Vis 
reflectance spectra can give discrepancies. For example, 
some authors have calculated Eg values by a direct extrapo-
lation from the F(R) spectrum, whereas others have reported 
the wavelength corresponding to maximum absorption [47]. 
Consequently, the reported Eg values for rutile and anatase 
samples vary widely in the literature. For anatase-based 
materials, threshold wavelength values of 370 [46], 380 
[48], 387 [49], 393 [46], and 403 nm [50] corresponding to 
a band gap range from 3.08 to 3.35 eV have been reported. 
In the case of rutile-based materials, an absorption wave-
length as high as 437.4 nm (Eg = 2.84 eV) has been given 
[50]. In the present study, the values calculated for 
TiO2-SiO2, PAD-Ni-TiO2-SiO2, and img-Ni-TiO2-SiO2 were 
3.35, 2.85, and 3.05 eV, respectively. Therefore, the order of 
the band gap energy is PAD-Ni-TiO2-SiO2 < 
img-Ni-TiO2-SiO2 < TiO2-SiO2. These data clearly indicate 
that the use of UV-Vis absorption constitutes an important 
tool for evaluating the changes produced in semiconductor 
materials by different preparation methods. 

2.1.3  Specific surface area  

The textural properties of the samples were evaluated us-
ing N2 adsorption-desorption isotherms. Specific surface 
area (SBET), total pore volume (Vp), and average pore di-
ameter (r) data are reported in Table 2. The incorporation of 
Ti4+ ions into SiO2 had multiple effects on the final textural 
properties of the samples, which were probably based on the 
nature of the precursors [51]. 

The BET surface area measurements revealed that the 
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Fig. 2.  UV-Vis diffuse reflectance spectra of TiO2-SiO2, PAD-Ni/ 

TiO2-SiO2, and img-Ni/TiO2-SiO2. 

 
Table 1  Calculated band gap energy of TiO2-SiO2, PAD-Ni-

TiO2-SiO2, and img-Ni-TiO2-SiO2 

Sample Band gap energy (eV) 

TiO2-SiO2 3.35 

PAD-Ni-TiO2-SiO2 2.85 

img-Ni-TiO2-SiO2 3.05 
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loading of Ni by either of the two methods gave a signifi-
cant increase in the surface area of img-Ni-TiO2-SiO2 and 
PAD-Ni-TiO2-SiO2 compared with TiO2-SiO2 (Table 2). The 
surface area changed from 510 (parent TiO2-SiO2) to 550 
and 660 m2/g for img-Ni-TiO2-SiO2 and PAD-Ni-TiO2-SiO2, 
respectively. This corresponded to 7.8% (img) and 29% 
(PAD) increases in the surface area as compared to the par-
ent TiO2-SiO2.  

The N2 adsorption isotherms (not shown here) for the 
parent and the Ni/TiO2-SiO2 samples were typical of 
mesoporous solids (Type IV). However, the addition of Ni 
ions resulted in an increase in the adsorption capacity. Fur-
thermore, the total pore volumes of the two Ni/TiO2-SiO2 
complexes were higher than that of TiO2-SiO2. The values 
of SBET and St were very similar for all samples, indicating 
the presence of mesopores. Finally, the values of Smic were 
high compared to those of Smes, implying that the main sur-
faces were in the mesopores in agreement with the iso-
therms. The correlation between the surface textural data 
and catalytic activity will be discussed in a later section.  

2.1.4  EXAFS analysis  

The Fourier transforms of the Ni K-edge EXAFS spectra 
for PAD-Ni-TiO2-SiO2, img-Ni-TiO2-SiO2, and two refer-
ences (Ni foil and NiO) are displayed in Fig. 3. The pres-
ence of the peaks assigned to the Ni–Ni and Ni–O bonds at 
0.2 and 0.16 nm, respectively, indicated the formation of 
nano-sized Ni and NiO. The intensity of the Ni–Ni peak of 
the PAD-Ni-TiO2-SiO2 catalyst was less than that of the 

img-Ni-TiO2-SiO2 catalyst. This suggested that the size of 
the Ni metal particles depended on the preparation method 
and that smaller Ni particles were formed on the 
photo-deposited catalyst (PAD-Ni-TiO2-SiO2). 

2.1.5  TEM observation 

The TEM images of PAD-Ni-TiO2-SiO2 and 
img-Ni-TiO2-SiO2 catalysts are displayed in Fig. 4. The 
particle distributions obtained from the TEM images are 
displayed in Fig. 5. These data are in good agreement with 
the results obtained from XAFS measurement. Nano-sized 
Ni metal particles having a narrow size distribution (2–8 
nm) were found on the PAD-Ni-TiO2-SiO2 catalyst, whereas 
aggregated Ni metal particles of larger sizes (10–25 nm) 
were observed on the img-Ni-TiO2-SiO2 catalyst. These data 
provide further evidence that the size of the Ni metal parti-
cles depended on the preparation method. 

2.2  Evaluation of the catalytic activity 

The photocatalytic activities of the samples were evalu-
ated by photocatalytic H2 production in an aqueous glucose 
solution under UV light irradiation. Figure 6 shows the 
amount of H2 produced with illumination time in the photo-
catalytic reforming of glucose on the TiO2-SiO2 and 
Ni/TiO2-SiO2 catalysts. H2 production on TiO2-SiO2 was 
negligible compared with that on the Ni/TiO2-SiO2 cata-
lysts. The rate of H2 production (slope of the lines in Fig. 6) 
was very much dependent on the preparation method and 
increased in the order, TiO2-SiO2 < imp-Ni/TiO2-SiO2 < 
PAD-Ni/TiO2-SiO2. This order is in agreement with the re-
sults obtained by the characterization tools: the smaller band 

Table 2  Textural parameters of TiO2-SiO2, img-Ni-TiO2-SiO2, and PAD-Ni-TiO2-SiO2 

Sample 
SBET 

(m2/g) 

St 

(m2/g) 

Smicro 

(cm2/g) 

Smeso 

(cm2/g) 

Sext 

(cm2/g) 

Vp
6 

(cm3/g) 

Vmicro 

(cm3/g) 

Vmeso
8 

(cm3/g) 

r9 

(nm) 

TiO2-SiO2 510 507 400 100 400 0.400 0.093 0. 307 2.95 

img-Ni-TiO2-SiO2 550 554 440 110 440 0.426 0. 105 0.321 2.94 

PAD-Ni-TiO2-SiO2 660 655 550 108 555 0.481 0. 102 0.379 2.85 

SBET—BET-Surface area; St—surface area derived from Vl-t plots; Smicro—surface area of micropores; Smeso—surface area of mesopores; Sext—external 

surface area; Vp—total pore volume; Vmicro—pore volume of micropores; Vmeso—pore volume of mesopores; r—mean pore radius. 
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gap gave the higher photocatalytic activity (UV-Vis), the 
smaller particle size gave the higher surface area and 
photocatalytic activity (EXAF, TEM, and BET results).  

From the consideration that pure Ni oxides do not possess 
photocatalytic oxidation properties, the variation in activity 
must be due to the same differences in the interaction be-
tween Ni and TiO2-SiO2 that led to the several changes in 
physical properties such as band gap, particle size, and sur-
face texture. More importantly, we observed that the cata-
lytic activity of TiO2-SiO2 increased with the addition of Ni. 
The maximum activity was obtained with PAD-Ni- 

TiO2-SiO2. 
The correlation between the photoactivity and physical 

properties, such as band gap, surface area, and pore volume, 
is depicted in Fig. 7. Since the photocatalytic activity was 
highest in the case of PAD-Ni-TiO2-SiO2, this showed that 
maximizing the surface area and pore volume while mini-
mizing the band gap provided the optimal result. It is be-
lieved that the lack of electron scavengers (surface Ti4+) and 
hole traps (surface hydroxyl groups) were responsible for a 
rapid recombination rate of e–/h+, which leads to lower 
photocatalytic activity. The importance of decreasing the 
size of the band gap can be attributed to the lower energy 
needed to transfer an electron from the valance band to the 
conduction band. Therefore, PAD-Ni-TiO2-SiO2 exhibited 
the highest photoactivity because it has the smallest band 
gap and particle size and the highest surface area and pore 
volume.  

Figure 8 shows the selectivity for CO (expressed as the 
molar ratio of CO/H2). Much more CO was produced on 
TiO2-SiO2 than on the Ni/TiO2-SiO2 catalysts, indicating 
that CO production was greatly depressed on the supported 
Ni. CO selectivity, as was H2 production, was largely de-
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pendent on the preparation method of the Ni/TiO2-SiO2 
catalysts. The concentration of CO in H2 was the lowest for 
the PAD-Ni/TiO2-SiO2 catalyst. Img-Ni/TiO2-SiO2 catalyst 
exhibited a much higher CO selectivity than PAD-Ni/TiO2- 
SiO2 catalyst, although the rate of H2 production on Img-Ni/ 
TiO2-SiO2 was relatively high. The fact that the photocata-
lytic activity was strongly dependent on the preparation 
method of the Ni/TiO2-SiO2 catalysts may be interpreted in 
terms of semiconductor theory. When Ni metal was depos-
ited on TiO2-SiO2, the migration of excited electrons from 
the semiconductor TiO2-SiO2 to the Ni metal occurred until 
the two Fermi levels were aligned. The Schottky barrier 
formed at the Ni metal and TiO2-SiO2 interface can serve as 
an efficient electron trap that prevented photo-generated 
electron-hole recombination, which greatly enhanced the 
efficiency of the photocatalytic reaction. At the same time, 
the Ni metal is important because of its own catalytic activ-
ity. The Ni metal deposited on TiO2-SiO2 provided active 
sites for H2 production, where trapped photogenerated elec-
trons are transferred to protons to produce H2 [52]. The CO 
selectivity of the Ni metal/TiO2-SiO2 catalyst can be ex-
plained by the mechanism of the photocatalytic reforming 
of glucose on TiO2-SiO2. John et al. [53] suggested that the 
hydroxyl and aldehyde functional groups in glucose under-
went photocatalytic oxidation on a Pt/TiO2 catalyst with the 
simultaneous production of carboxyls and protons. A formic 
acid species is formed in the reaction solution owing to the 
glucose molecule being continually oxidized and the C–C 
bond being broken. Therefore, it was assumed that the for-
mic acid species is one of the intermediates in the glucose 
decomposition. It was suggested in a previous work that CO 
was produced via the decomposition of the intermediate 
formic acid species derived from methanol in the photo-
catalytic reforming of methanol [54,55]. When Ni metal 
was loaded on TiO2-SiO2, the catalyst promoted the 
HCOOH decomposition reaction to mainly H2 and CO2 
products which suppressed the CO and H2O products, re-

sulting in much less CO being produced on Ni/TiO2-SiO2 
than on TiO2-SiO2. On the other hand, the Ni actually modi-
fied the photocatalytic process of the semiconductor by 
changing the semiconductor surface properties [52]. The 
migration of excited electrons from the semiconductor 
TiO2-SiO2 to the Ni metal decreased the electron density of 
the semiconductor, leading to an increase in the hydroxyl 
group acidity [56]. This would affect the adsorption of glu-
cose on TiO2-SiO2 surface. This in turn affects the photo-
catalytic process on the TiO2-SiO2 surface, which would 
result in enhancing or depressing a particular product, such 
as CO, or the rate of photocatalytic reaction. Different 
Fermi levels and other characteristic properties of the vari-
ous metals lead to the CO selectivity being dependent on the 
kind of metal deposited on TiO2.  

The mechanism of the photocatalytic reforming of glu-
cose is described in Fig. 9. This includes (a) photogenera-
tion of excited electrons, e– and holes, h+; (b) electron trans-
fer to metal particles that reduce protons to form hydrogen 
molecules; (c) the holes continually oxidize H2O, glucose, 
and its reaction products adsorbed on TiO2-SiO2, namely 
from H2O and/or glucose to form various oxygen-containing 
species, CO, CO2, and H+.  
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Fig. 9.  Schematic of the photocatalytic reforming of glucose on Ni/ 

TiO2-SiO2 catalysts. 

3  Conclusions 

Ni-TiO2-SiO2 catalysts were prepared by impregnation 
and photo-assisted deposition methods. The preparation 
method had a large effect on the size of the Ni metal parti-
cles. Both PAD- and img-Ni-TiO2-SiO2 were more active 
than the parent TiO2-SiO2 in photocatalytic oxidation and 
reduction. H2 with a low CO concentration was produced by 
the photocatalytic reforming of glucose on TiO2-SiO2 and 
Ni/TiO2-SiO2 catalysts. The PAD-Ni/TiO2-SiO2 catalyst was 
very active for H2 production with an ultra-low CO concen-
tration due to its small band gap and large surface area, 
which was because the use of the PAD preparation method 
together with the TiO2-SiO2 material led to the deposition of 
nano-sized Ni metal particles on tetrahedrally coordinated 
titanium (IV) oxide with a well-controlled particle size and 
high dispersion.  H2 production from the photocatalytic 
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Ni-TiO2-SiO2 (B), and PAD-Ni-TiO2-SiO2 (C). Reaction conditions: 

0.5 g catalyst, 300 ml 1.25 × 10−3 mol/L glucose solution, 300 W Hg 

lamp, irradiation 1 h. 
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reforming of biomass on PAD-Ni/TiO2-SiO2 is promising 
for producing hydrogen for fuel cells. 
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