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The photocatalytic activity in hydrogen production from biomass reforming can be significantly
enhanced while keeping ultra-low CO concentration in produced H2 by tuning the anatase–rutile phase
structures of Pt/TiO2 photocatalysts. Compared with Pt/P25, the overall photocatalytic activity for the
photocatalyst with optimized anatase–rutile structure can be enhanced up to 3–5 times, and the CO con-
centration in hydrogen can be reduced from several thousands ppm to 5 ppm. It is proposed that the ana-
tase–rutile phase structure can not only enhance the charge separation, consequently the activity, but
also adjust the surface acid/base property which suppresses the CO formation.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction The photocatalytic hydrogen production from biomass reform-
The depleting of fossil fuel reserves and the increasing environ-
mental pollution promote the exploitation of clean and renewable
energy. As a consequence of this situation, the interest in hydrogen
has significantly increased in recent years. At present, almost 90%
of hydrogen is produced from fossil fuels. Therefore, the develop-
ment of technologies for hydrogen production from renewable en-
ergy sources is a fundamental way to deal with energy crisis and
environmental problem.

Among the various technologies, hydrogen production via bio-
mass reforming is one of the ideal solutions to deal with energy cri-
sis and environmental problem [1–17]. The drawback of
conventionally catalytic reforming biomass for hydrogen produc-
tion is related to the harsh reaction conditions, such as complex
process and the need for high temperature/pressure, resulting in
high energy consumption and low net energy output. In addition,
the complexity of by-products brings difficulties in separation
and purification. More fatally, CO concentration in primary hydro-
gen is relatively high, usually more than 1%. Accordingly, an effec-
tive route of reforming biomass for hydrogen production with
ultra-low CO concentration is cried for, in terms of long-term
development.
ll rights reserved.
ing under mild conditions has been attracting considerable atten-
tion [9–17] due to its potential industrial applications. Most of
the studies on photocatalytic biomass reforming have focused on
TiO2-based photocatalysts [18–23]. Degussa P25, a commercial
TiO2, composed of approximately 80% anatase and 20% rutile
[24,25], is considered as a benchmark model catalyst for its high
photocatalytic reactivity, which is ascribed to the synergistic effect
between anatase and rutile. However, the microstructure of P25
[26,27] and the essential reason for the excellent performance of
P25 in photocatalysis are not well understood and still on contro-
versy. The knowledge of the structure is of great importance in
understanding the intrinsic factors contributing to the enhanced
photocatalytic activity of P25 with anatase–rutile mixed phases.
We have addressed previously that the formation of surface-phase
junctions can make a significant enhancement in the photocata-
lytic activity of TiO2 photocatalyst for hydrogen production [28].
This finding implies that the photocatalytic performance of TiO2

could be further improved by elaborately designing the anatase–
rutile structure.

Herein, we report our recent progress on hydrogen production
in photocatalytic biomass reforming using thermal-treated P25
photocatalysts with tuned anatase–rutile structure. Surprisingly,
we found that the photocatalytic activity for hydrogen production
can be greatly increased, and furthermore, the CO concentration in
H2 can be reduced to an ultra-low level. Compared with P25 with-
out any treatment, the overall photocatalytic activity for hydrogen
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production on thermal-treated P25 can be enhanced up to 3–5
times, and the CO concentration in hydrogen can be reduced at
least by two orders of magnitude, namely from several thousands
ppm to less than 5 ppm. It is proposed that the anatase–rutile junc-
tion structure is mainly responsible for the improved photocata-
lytic performance.
2. Experimental

2.1. Materials

P25 used in this work was obtained from Degussa (rutile frac-
tion is about 12% as estimated from the integrated intensities of ru-
tile (1 1 0) and anatase (1 0 1) diffractions in XRD [29]). Thermal-
treated P25 photocatalysts (denoted as P25-x%R, where x indicates
the rutile content estimated by XRD. For P25-100%R-a, b, c, d phot-
ocatalysts, where a, b, c and d indicate different treatment condi-
tions) with different crystal phase structures were prepared by
subtly tuning calcination temperature and calcination time.

All of the chemical reagents used in the experiments were of
analytical grade: P25 (Degussa Co.); methanol, propanetriol, formic
acid (Kermel Co.); glucose (Shenyang chemical reagent factory);
H2PtCl6�6H2O (Sinopharm Chemical Reagent Co.).

2.2. Characterization

UV Raman spectra were recorded at room temperature with a
Jobin–Yvon T64000 triple-stage spectrograph with spectral resolu-
tion of 2 cm�1. The photoluminescence spectra were measured on
home-built laser-induced luminescence spectrograph, and the sig-
nal was collected with an ellipsoidal collecting mirror and focused
onto a 320-mm monochromator. A 325-nm He–Cd laser was used
as an exciting source for the measurement of UV Raman and pho-
toluminescence spectra. Visible Raman spectra were recorded at
room temperature on home-built Raman spectrograph with the
excitation line at 532 nm. X-ray powder diffraction (XRD) patterns
were recorded from 20–80� at a speed of 5�/min on a Rigaku D/
Max-2500/PC powder diffraction system using Cu Ka radiation
(40 kV and 100 mA). Transmission electron microscopy (TEM)
was performed using a JEOL JEM-2000EX and a FEI Tecnai G2 Spirit
at an acceleration voltage of 120 kV. HRTEM images were obtained
on Tecnai G2 F30 S-Twin (FEI company). The pyridine adsorption
infrared spectra were measured with a resolution of 4 cm�1 using
32 scans on a Fourier transform infrared spectrometer (Nicolet
NEXUS 470) with a DTGS detector. The experiments were carried
out in a special IR cell in conjunction with a water-cooling system
and a vacuum system. There are several steps in the experimental
procedure. The sample, typically 20 mg of titania, was first pressed
into a self-supporting thin wafer (15 mm diameter) and then it was
moved into the sample holder in the special IR cell. The wafer was
evacuated from a vacuum system for 1 h to remove any impurities
in the cell, and then the background spectrum of the sample was
recorded. After the equilibration of the adsorbed pyridine vapor
for 15 min, the wafer was degassed under vacuum conditions at
423 K for 30 min before the spectrum was recorded.

2.3. Photocatalytic reaction

Photocatalytic reaction was performed in a top-irradiation-type
Pyrex reaction cell connected to a closed gas circulation and evacu-
ation system under 300-W Xe lamp. A shutter window filled with
water was placed between the Xe lamp and the reaction cell to re-
move infrared light illumination. Prior to illumination, the reactor
is deaerated by evacuation. The whole system includes reaction sys-
tem, sample chamber and analysis system. It should be mentioned
that the three parts are separated by valves. The sample chamber
is continuous with the reaction system by opening the three-way
valve. After sampling completed, the three-way valve is closed and
the evolved gas is analyzed online by gas chromatography, which
is equipped with a thermal conductivity detector, a flame-ionization
detector and a methanizer. The amount of hydrogen is measured by
the thermal conductivity detector. The flame-ionization detector is
used to analyze CO and CO2, which are converted into CH4 after pass-
ing the methanizer. Once the gas analysis completed, the four-way
valve between the sample chamber and analysis system is closed
and the sample chamber is deaerated by evacuation. In our experi-
ments, the sampling and online analysis was performed per hour.
Typically, photocatalyst (0.2 g) was suspended in 200 mL of aqueous
solution (Cmethanol = 20 vol.%, Cpropanetriol = 20 vol.%, Cformic acid = 20 -
vol.%, C

glucose
= 1.3 mmol/L). Cocatalyst 0.1 wt.% Pt was loaded on

TiO2 by in situ photodeposition from precursor H2PtCl6�6H2O under
irradiation.

In situ photodeposition method: The H2PtCl6�6H2O solution was
added into the 200 mL aqueous solution containing TiO2 photocat-
alyst and biomass model compound under vigorous stir. After the
reaction system deaerated by evacuation, the reaction cell was illu-
minated by the Xe lamp from the top. The precursor H2PtCl6 was
reduced by the excited elections on TiO2 to metallic Pt at the very
beginning of the reaction.

3. Results and discussion

The anatase–rutile structure was tuned by changing the calcina-
tion temperature. As presented in Fig. 1a, the diffraction patterns of
anatase phase gradually diminish in intensity with the increase in
the calcination temperature from 500 to 800 �C for 3 h, suggesting
that the phase transformation from anatase to the rutile progres-
sively proceeds at the elevated temperatures. The rutile contents
estimated from the integrated intensities of rutile and anatase dif-
fraction patterns in Fig. 1a were shown in Fig. 1b. It is obvious that
the anatase gradually transforms into rutile; especially after P25
calcined at 700 �C for 3 h, the rutile content increases distinctly.

Photocatalytic reactions were carried out using methanol, pro-
panetriol and glucose as model compounds of biomass. Fig. 2a
shows the hydrogen production on thermal-treated P25 photocat-
alysts with different anatase–rutile structures. The photocatalytic
activity of hydrogen production on P25 without treatment is in-
cluded for comparison. The rates of H2 production on P25 are about
475, 1492 and 2308 lmol g�1 h�1 for photocatalytic reforming of
glucose, methanol and propanetriol, respectively. However, the
photocatalytic activity of hydrogen production on Pt/P25-x%R
photocatalysts can be greatly enhanced and reaches 749, 7094
and 7784 lmol g�1 h�1 on Pt/P25-74%R photocatalyst from the
photocatalytic reforming of glucose, methanol and propanetriol,
respectively. The photocatalytic activity of Pt/P25-100%R sample
is lower than that of Pt/P25-74%R, but it is still much higher com-
pared to that of Pt/P25.

It is noteworthy that the photocatalytic activity of hydrogen
production from biomass reforming on Pt/P25-x%R outperforms
that on the well-known photocatalyst Pt/P25. The photocatalytic
performance is actually influenced by factors like crystallinity,
crystalline structure, surface area, density of OH groups, surface
acidity, and so on. Generally, the improvement of crystallization
degree plays an important role in the enhancement of photocata-
lytic activity for thermal-treated photocatalysts. Thus, P25 was
deliberately treated for a longer period of time and/or at higher
temperature for the comparison of the surface-specific activity,
i.e., the relationship between the amount of H2 production and
the surface area (lmol h�1 m�2, shown in Fig. 2b). Compared with
Fig. 2a and b suggests that the H2 production against phase content
agrees with the rates normalized for differences in surface area.



Fig. 1. (a) XRD patterns and (b) visible Raman spectra with the excitation lines at 532 nm of P25-x%R photocatalysts (where x indicates the rutile content estimated by XRD).

Fig. 2. (a) Average hydrogen production in photocatalytic reforming methanol, propanetriol and glucose and (b) surface-specific photocatalytic activity for hydrogen
production in photocatalytic reforming methanol on Pt/P25-x%R photocatalysts (where x indicates the rutile content estimated by XRD. For P25-100%R-a, b, c, d
photocatalysts, where a, b, c and d indicate different treatment conditions), the surface areas of P25-x%R photocatalysts are also displayed (dash dot).
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Though the specific hydrogen production of P25-100%R-a (P25 cal-
cined at 800 �C for 3 h) is slightly higher than that of P25-74%R, the
enhancement should be directly related to the decrease in surface
area. P25-100%R-b (P25 calcined at 800 �C for 12 h) sample exhib-
its superior surface-specific photocatalytic activity for hydrogen
production. The rates of hydrogen production on P25-100%R-c
(P25 calcined at 850 �C for 12 h) and P25-100%R-d (P25 calcined
at 900 �C for 12 h) decreases with the increase in the treatment
temperature. Especially, it can be seen from Fig. 2b that the rate
of hydrogen production on P25-100%R-d is far lower than that on
P25-100%R-b, and even lower than that on P25.

In the calcination temperature ranging from 500 to 900 �C, the
specific photocatalytic activity of thermal-treated P25 increases
with increasing calcination temperature and reaches maximum
at ca. 800 �C for 12 h. Further increase in the treatment tempera-
ture does not increase the photocatalytic activity. Instead, the pho-
tocatalytic activity decreases dramatically, even to the level of P25.
Calcination at higher temperature favors the improvement in crys-
tallinity. These results demonstrate that the crystallization degree
is not the major responsibility for the super high photocatalytic
activity of the thermal-treated P25 photocatalysts.
To explore the intrinsic factor contributing to the enhancement
of photocatalytic activity, the microstructures and surface proper-
ties of TiO2-based photocatalysts were investigated.

Fig. 3 displays TEM and HRTEM images of TiO2-based photocat-
alysts. Most particles in P25 exhibit diameters in a range between
20 and 80 nm with particles contacting each other (Fig. 3a). Under
the lower temperature thermal treatment, the phase transforma-
tion is accompanied by the agglomeration of TiO2 particles and
the rutile phase progressively develops into the whole conglomer-
ation by coalescing the neighboring anatase particles (Fig. 3b and
c), while the obvious change of shape and particle size is hardly ob-
served. With the increase in thermal treatment temperature to/
above 700 �C, the particle size grows as large as 200 nm (Fig. 3d
and e), especially TEM images (Fig. 3d) of P25-74%R show that
the small particles (30–90 nm) are highly dispersed on the rela-
tively large particles (�200 nm) with intimate contact. HRTEM
(Fig. 3f) studies further provide crucial information on the spatial
distribution of the phases. As shown in Fig. 3f, the small particles
and larger particles show the atomic planes with a lattice spacing
of 3.503 and 3.225 Å, respectively, which can be indexed into
(1 0 1) atomic plane of anatase and (1 1 0) atomic plane of rutile,



Fig. 3. TEM images of (a) P25, (b) P25-13%R, (c) P25-21%R, (d) P25-74%R, (e) P25-100%R-a and (f) HRTEM images of P25-74%R.
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respectively. In addition, HRTEM displays the combination of sur-
face anatase in intimate contact with rutile. HRTEM images to-
gether with TEM images provided direct evidence for the phase
junction between anatase and rutile phase.

Fig. 4a shows the surface luminescence properties of TiO2 phot-
ocatalysts. P25 displays a visible luminescence band centered at
495 nm. For P25 calcined at 500 and 600 �C for 3 h (noted as
P25-13%R and P25-21%R), the luminescence bands are till located
at 495 nm. By increasing the temperature to 700 �C, a near-infrared
luminescence band centered at 835 nm appears. Upon further
increasing the thermal treatment temperature above 700 �C, the
band at 495 nm was quenched. The bands at 495 nm and 835 nm
are associated with the surface oxygen vacancies of anatase phase
and the intrinsic defects of rutile phase, respectively [30]. Consid-
ering XRD and visible Raman spectra (Fig. 1) of P25-100%R, no ana-
tase phase is observed, it can be concluded that quenching of the
band at 495 nm is actually due to the absence of the anatase phase.
Furthermore, UV Raman spectra (Fig. 4b) indicate that the mixed
phase of both anatase and rutile coexist in the surface region of
P25-74%R, whereas the other samples are in either anatase or rutile
phases. These results confirm that the surface-phase junction be-
tween anatase and rutile was formed in P25-74%R.

The adlineation at anatase–rutile interface facilitates photoin-
duced charge transfer across grain boundaries by spatially trapping
electron and hole in different crystalline phases. Li et al. [31] con-
tended that adlineation at solid–solid interfaces is one of the most
important factors for effective interfacial charge transfer and im-
proved photocatalytic activity. The more the amount of anatase–ru-
tile junctions, the higher photocatalytic activity for hydrogen
production is, as revealed in Fig. 2. There may be only trace amount
of anatase phase remained in P25-100%R, which cannot be sensi-
tively identified, and the relatively low photocatalytic activity might
be related to the decrease in anatase–rutile junction concentration.
The in situ NEXAFS studies [32] indicate that the anatase/rutile



Fig. 4. (a) Photoluminescence spectra and (b) UV Raman spectra of P25-x%R photocatalysts (where x indicates the rutile content estimated by XRD).
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phase boundary suppresses the hole-electron recombination, lead-
ing to improved photoreactivity of TiO2. Thus, the spatial separation
of photogenerated charge carriers explains the enhancement of the
photocatalytic performance in biomass reforming. This effect is
actually attributed to the differentiation in the relative energies of
the two phases resulting in the possible formation of type II-like het-
erojunction, which can promote the photogenerated electron–hole
separation [33,34]. Theoretical study has proved that the wavefunc-
tion for photogenerated electrons and holes will stay in the different
region in type II heterojunction structure [35]. The photogenerated
carriers may also greatly improve transport mobility at the interface
between two oxide structures as reported previously, which could
be the essential reason for the enhanced photocatalytic activity
[36,37]. Crystallographically, three structure types are present [27]
in P25: anatase, rutile and amorphous, which often exist in discrete
units with close proximity. The high photocatalytic activity of De-
gussa P25 should originate from an unusual microstructure consist-
ing of the anatase particles in contact with the rutile particles,
creating interface across which photoinduced charge separation oc-
curs. Under thermal treatment, crystallites are gradually trans-
formed from amorphous to crystalline phase accompanied by the
anatase–rutile phase transformation, owing to thermostimulated
removal of hydroxyl group at higher calcination temperature. Then,
the amount of anatase–rutile interfacial sites served as the active
centers for charge separation increase, and consequently, the photo-
catalytic activity is significantly enhanced. Therefore, the anatase–
rutile phase junction with considerable concentration is a crucial
factor for the enhancement of the photocatalytic activity of the ther-
mal-treated P25.

Using Pt/P25 as a photocatalyst, we found that the CO concen-
tration in hydrogen (expressed as the molar ratio of CO/H2) pro-
duced by photocatalytic reforming of glucose, methanol and
propanetriol was 54,691, 6387 and 6649 ppm, respectively
(Fig. 5a). This limits the application of the produced hydrogen di-
rectly to the fuel cell due to the CO poisoning of the noble metal
catalyst in the fuel cell. However, decrease in CO concentration
in hydrogen to ultra-low level is quite difficult for the biomass
reforming. Interestingly, for photocatalytic reforming reaction on
thermal-treated P25 photocatalysts, the CO concentration is dra-
matically decreased. For example, in Pt/P25-x%R, it is decreased
from 54,691, 6387 and 6649 ppm to 6568, 34.8 and 76.3 ppm in
photocatalytic reforming of glucose, methanol and propanetriol,
respectively. Under an optimized experimental condition, the best
of our TiO2-based photocatalyst can reduce the CO concentration
even to less than 5 ppm, which merrily satisfies the ultra-low CO
concentration requirements for the direct application of the hydro-
gen in the fuel cell technology.

The desired photocatalytic biomass reforming to produce
hydrogen proceeds by the dehydrogenation of oxygenate species
to produce CO2, while this reaction is always accompanied by a
dehydration reaction with the formation of by-product CO. Formic
acid-like species is a common intermediate producing CO2 and H2

or CO and H2O in the photocatalytic biomass reforming. In order to
understand why the CO formation can be dramatically suppressed
on the thermal-treated P25 photocatalysts, the photocatalytic per-
formance of formic acid reforming on P25-x%R photocatalysts was
investigated. As shown in Fig. 5b, the CO concentration in hydro-
gen (denoted as CO/H2) and the proportion of CO to oxycarbide
(denoted as CO/CO2) decrease obviously after the thermal treat-
ment to P25. The CO/CO2 ratio toward dehydration or dehydroge-
nation of HCOOH is related to the acidity/basicity of the oxide
surface [38], that is, basic oxide surfaces are in favor of the dehy-
drogenation pathway and the acidic surfaces tend toward the
dehydration pathway. Thermal treatment to oxides induces the
evolution of acidity/basicity owing to the removal of hydroxyl
groups at the anatase–rutile interfacial sites during phase transfor-
mation from amorphous to crystalline phase and/or from anatase
to rutile. Consequently, the acid strength is decreased, which is
in favor of dehydrogenation reaction. In other words, the change
of surface acidity/basicity at the interfacial site should be responsi-
ble for the suppression of CO in photocatalytic biomass reforming
on thermal-treated P25.

Fig. 6 shows the FT-IR spectra of the pyridine adsorbed on P25-
x%R photocatalysts. The IR bands at 1604 and 1445 cm�1 corre-
spond to the coordinate pyridine adsorbed on Lewis acid sites
and that at 1492 and 1575 cm�1 are assigned to Brønsted and Le-
wis acid site [39], while P25-x%R photocatalysts do not reveal the
Brønsted acidity around 1540 cm�1. It is obvious that the absorbed
pyridine gradually decrease with increasing rutile content, sug-
gesting the decrease in acidity, which further demonstrates that
the suppression of CO should be correlated with the decrease in
surface acidity.

The enhancement of hydrogen production and suppression of
CO concentration on TiO2-based photocatalysts with tuned



Fig. 5. (a) Molar ratio of CO/H2 in photocatalytic reforming methanol, propanetriol and glucose, (b) molar ratio of CO/H2 (square, solid) and CO/CO2 (circle, open) in
photocatalytic reforming formic acid on Pt/P25-x%R photocatalysts (where x indicates the rutile content).

Fig. 6. FT-IR spectra of pyridine adsorbed on P25-x%R photocatalysts (where x
indicates the rutile content). B: Brønsted acid sites; L: Lewis acid sites.
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anatase–rutile structure was further observed in photocatalytic
reforming methanol on P25 calcined at 700 �C for different time
periods (denoted as P25-700-t, in which t indicates the calcination
time). The photocatalytic activity of hydrogen production and CO
concentration in produced hydrogen on Pt/P25-700-t are depicted
in Fig. S2a and b (The corresponding XRD, the rutile content, visible
Raman spectra and photoluminescence spectra are shown in
Fig. S1). The hydrogen production was significantly enhanced by
tuning the anatase–rutile structure, particularly in the formation
of surface anatase–rutile junction. Meanwhile, the CO concentra-
tion in hydrogen was dramatically suppressed.
4. Conclusions

The photocatalytic performance of Pt/P25 photocatalyst for bio-
mass reforming can be greatly enhanced by elaborately controlling
the crystal phase structure of TiO2. The anatase–rutile phase junc-
tion structure is beneficial for photoinduced charge separation and
consequently the enhancement of photocatalytic activity. The by-
product CO can be suppressed to an extremely low level, which
can meet the requirements for the direct application in the fuel cell
technology. Suppressing CO formation in photocatalytic biomass
reforming is possibly attributed to the evolution of surface acid-
ity/basicity at the interface of thermal-treated P25. The interfacial
sites possibly favor the dehydrogenation of oxygenate species to
produce CO2. This work also helps us in understanding the excel-
lent photocatalytic performance of P25.
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