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Abstract: Pt/TiO, with Pt loading ranging from 0.5 to 2% were prepared by wet impregnation method. CO, hydrogenation
over PU/TiO, was investigated under light irradiation and thermal conditions respectively. Results indicated hydrogenation of
CO, could be catalyzed by Pt/TiO, under both conditions, but the reaction occurred in the different ways. Under thermal
condition, CO, was converted to CO and CH, , the main product was CO at low temperature (100% of CO selectivity at 250
C over 0.5% P/TiO, ). Increase of reaction temperature led to increase of CH, selectivity from 0 to 60.94% when reaction
temperature rose from 250 to 450 °C over 1.5% Pt/TiO,. The increase of Pt loading also resulted in the increase of CH, se-
lectivity. On the contrary, CH, was the only product under light irradiation. The CO,-TPD results indicated Pt served as CO,
adsorption centers. CO, adsorbed on Pt site via carbonyl group. Under light irradiation, excited electrons were trapped by Pt
and reduced surface adsorbed carbonyl species to form CH, via formic acid intermediate. However, under thermal condition,

H, was first decomposed into H atoms over Pt, then reduced the carbonyl species adsorbed on Pt to form CO, and hydrogena-

ted CO to produce CH,.
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Nowadays, with the fast development of industry
and economy, traditional energies are confronted with
depletion and global warming problems caused mainly
by CO, emission have become a serious problem affec-

') €0, hydrogenation has been

ting the ecosystem
regarded as one of the most promising method solving
this problem if the driving power is provided by sus-
tainable energy ®™.

So far, CO, hydrogenation is usually investigated
under thermal and light irradiation conditions. The
photocatalytic reduction of CO, attracts extensive atten-
tion since it can be driven by inexhaustible solar ener-
gy, forming some valuable chemicals, such as metha-
[10]

nol or methane, under mild conditions Many ef-
forts have been made to develop highly efficient photo-

catalysts for the photocatalytic reduction of CO, , inclu-

Received date; 2014-04-11; Revised date; 2014-05-04.

11-15] 16-18]

, doping' , cou-
[22-26]

ding noble metal loading'
pling'""" | changing the morphology of supports
and addition of co-catalysts'”’’. However, mechanism
of photocatalytic CO, hydrogenation still remains un-
clear. Lo et al. '® investigated photoreduction of car-
bon dioxide with H, over TiO, and ZrO,. They pro-
posed that CO, reacted with + H from H, to form
HCOOH, and then dehydration of HCOOH to HCOH
proceeded via reaction with - H. Followed by further
dehydration of HCOH with - H to - CH,;, - CH; re-
acted with + H to form CH, and C,H;. Zhang et
al. ") proposed a possible pathway for photocatalytic
reduction of CO, with gaseous H,0 to generate CH, on
Pt/TiO, catalyst. Photo-generated electron transferred
to Ti center to form excited state [ Ti*"-0] " species,

and the excited hole h" oxidized H,0 to + OH and
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H*, and OH radicals further oxidized h* and H,O to
0, and H*. CO, dissociated to CO and O, via reaction
with [Ti’*-0] " species, and CO could generate - C
and O,. Finally, - C reacted with H" and e to form
CH,. However, Yu et al. ™ suggested that the disso-
ciative adsorption of CO, or the reduction of CO, with
H, led to the formation of CO. Then CO is hydrogena-
ted to produce CH,.

Unlike photocatalytic reaction, CO, hydrogenation
under the thermal condition refers to reduce CO, under
high temperature and sometimes even high pressure. In
order to obtain better activity and selectivity, it usually
needs rigorous conditions and huge energy consump-
tion. To overcome these problems, hydrogenation of

CO, has been intensively investigated by promotion via

[31-32] [30, 33-35]
, de-

metal loading , support modification

velopment of catalysts preparation methods ™" and

%) Up to date, two major mechanisms of

co-catalysts
CO, hydrogenation under the thermal condition have
been proposed. One involves CO, first dissociation into
CO and then CO hydrogenation to form methane. Over
Rh/y-AlL O, catalyst at low temperature and atmosphe-
ric pressure, CO, first chemisorbs on the surface, and
then dissociates into CO and O. Finally, CO and O re-
act with H, to produce CH, and H,0'*. Marwood et
al'®) investigated reaction intermediates of CO, metha-
nation over Ru/TiO, catalyst via steady-state transient
measurements. Results indicate that CO and formate
are main intermediates. Here, CO is a key intermedi-
ate which hydrogenates to form CH,, while formate is
only intermediate to produce CO. Another is that CO,
reacts with hydrogen to generate methane without form-
ing CO as intermediate. CO, rapidly adsorbs on the
surface of the catalysts and then is reduced to surface

formate'*"

. Subsequently, surface formate reacts with
hydrogen to form methane directly.

Even though much effort has been devoted to the
heterogeneous reduction of CO, and great progress has
been achieved in both the activity and selectivity of the
catalysts, mechanisms of catalytic hydrogenation of

CO, are still controversial. At the same time the effect

of reaction conditions on selectivity of the products is

unknown. In tis paper, the CO, hydrogenation under
thermal and irradiation conditions were conducted over
Pv/TiO, separately. The selectivity difference of pro-
ducts under different reaction conditions was focused
and the reasons for this difference were discovered.
Our work allow us to deeply understand the influence of
reaction conditions on selectivity of products in CO, hy-
drogenation, and afford new ideas to design better cata-
lysts for CO, hydrogenation. Under the thermal condi-
tion, CO, was converted to CO and CH,, the main
product was CO at low temperature (100% of CO se-
lectivity at 250 °C over 0. 5% Pt/TiO, catalyst). In-
crease of reaction temperature led to increase of selec-
tivity to CH,, from O to 60. 94% when reaction tempera-
ture rose from 250 to 450 °C over 1.5% Pt/TiO, cata-
lyst. The increase of Pt loading also resulted in the in-
crease of selectivity of CH,. On the contrary, methane
was the only product under irradiation condition. The
possible photo and thermal reaction mechanism were

discussed.

1 Material and methods

1.1 Catalyst synthesis

Commercial P25 TiO, ™/ (specific surface area
of 50 m*g™", the weight ratio of anatase to rutile is 70
to 30% ) from Degussa was used as received. All other
chemicals used in this work were AR reagents. TiO,
was prepared by the hydrothermal method'*'. Briefly,
5 ¢ PVP ( polyvinylpyrrolidone, average molecular
weight 10 000) powder was dissolved with 18 mL of
absolute ethanol. Subsequently, 15 g tetrabutyl titanate
was added into the above mixture, and magnetic stir-
ring for 1 h under ambient temperature. Afterwards, a
mixture of 30 mL distilled water and 11 mL absolute
ethanol was added into the above results dropwise and
magnetic stirring for 2 h under ambient temperature.
Then the mixture was placed in a 100 mL Teflon-lined
stainless steel autoclave and heated at 130 °C for 24 h.
The obtained suspensions were extracted filtration and
washed by ethanol and water several times. The cata-
lysts were dried at 100 °C and to evaporate water,
followed by calcined at 400 °C for 3 h to obtain the
synthesized TiO,

hydrothermally powders, named



438 7 A (1

28 %

TiO,(HT).

TiO, supported Pt catalysts ( Pt/TiO,) with Pt
loading ranging from 0. 5% to 2% were prepared by
wet impregnation method according to reference[ 45 ].
A certain amount of hexa chloro platinic acid solution
(H,PtCl; - 6H,0) was taken based on Pt content in
the sample (0.5% ~2.0% ).
2 g P25. The resulting slurry was stirred at ambient
temperature for 24 h and dried at 120 °C for 24 h to
evaporate the water completely. The solid residue was
calcined in air at 450 C for 3 h. Prior to the CO,

(CO) photo and thermal catalytic reduction reaction

It was then mixed with

the calcined catalysts were reduced at T = 450 °C
(heating rate 10 C/min) for 3 h, under a 50% H, in
N, stream (flow rate 60 ml./min). P25 supported Pt
is entitled Pt/P25 in the experiment. Pt loaded on
TiO, synthesized by the hydrothermal method is deno-
ted as Pv/TiO,( HT).

1.2 Catalyst characterization

The X-ray diffraction patterns ( XRD) of samples
were recorded to verify the species in the catalysts on
an X Pert Pro multipurpose diffractometer ( PANalyti-
cal, Inc. ) using Cu K « radiation in the scanning an-
gle range of 15° ~85° at 40 mA and 40 kV. Transmis-
sion electron microscopy ( TEM ) images were taken with
a Tecnai-G2-F30 field emission transmission electron
microscope operating at an accelerating voltage of 300
kV. The samples were dispersed in absolute ethanol by
moderate sonication. A Lacy carbon-coated 200 mesh
TEM micro-grid was dipped into the sample suspension
and then dried under vacuum at given temperature for a
while prior to analysis.

The nitrogen adsorption and desorption isotherms
at =196 °C were performed on an adsorption apparatus
( Micromeritics ASAP 2020 M ). Prior to the tests,
samples were degassed at 110 °C for 4 h. The specific
surface areas were calculated via the BET method in
the relative pressure range of 0.05 ~0.3. UV-VIS dif-
fuse reflectance spectra were obtained with a Shimadzu
UV-3600 UV-VIS-near-IR spectrophotometer. BaSO,
was used as a reflectance standard. Thermogravimetric-
different scanning calorimetry ( TG-DSC) measure-
ments were carried out on a NETZSCH STA 449F3

thermogravimetric analyzer from room temperature to
800 °C with the rate of 10 C/min under air atmos-
phere. X-ray photoelectron spectroscopy (XPS) analy-
sis was performed using a VG Scientific ESCALAB210-
XPS photoelectron spectrometer with a Mg Ko X-ray
resource. CO, temperature programmed desorption
(TPD) measurements were carried out on an AMI-100
unit ( Zeton-Altamira instrument). The sample (100
mg) was pretreated at 200 °C for 15 min in a He
stream (50 mL/min). After being cooled down to 20
°C, the pretreated sample was exposed in CO, atmos-
phere for 40 min. Then the sample was purged with He
gas stream at 20 °C until the baseline of CO, in the
mass spectrum was steady. Finally, the CO,-TPD was
carried out with a ramp of 20 °C/min from 20 °C to the
needed temperature under He stream.

1.3 Catalytic activity

Photocatalytic reduction of CO, with H, was per-
formed in a sealed quartz flask "**' (about 120 mL) with
a flat window (an efficient irradiation area of about 12
em’) under ambient conditions and using 200 W Hg
lamp as light source. In a typical photocatalytic experi-
ment, 0.3 g reduced Pt/P25 (0.5% ~2.0% ) was
added into the flask and degassed by bubbling Ar gas
for 40 min prior to the introduction of the reactant gases
(i.e., CO, and H,). Before light irradiation, 10 mL
high purity CO, and 40 mL H, were led into the photo-
reduction system. Photocatalytic reduction of CO with
H, was similar to that of CO, except that 30 mL H, was
introduced into the CO photoreduction system. In our
photoreduction experiments, methane was detected as
the only gas product by gas chromatography. The prod-
uct mixtures were analyzed on a GC112A gas chroma-
tography equipped with a capillary pora-Q column (30
mX0. 53 mmX10 pm) and a flame ionization ( FID)
detector using N, as gas carrier !,

CO, hydrogenation under the thermal condition
was carried out in a fixed-bed continuous flow quartz
reactor (i. d. 8 mm) at atmospheric pressure and in
the temperature range of 250 to 500 “C. Typically,
0.3 g of catalyst (0.5% ~2.0% ) was used in each
run and H,/CO, mixture (4 : 1) were introduced into

the catalyst bed at a total flow rate of 50 mL/min using
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N,(30 ml/min) as the carrier gas and internal stand-
ard for gas analysis. The separation and quantification
of the gas phase effluents were realized on two on-line
chromatographies equipped with thermal-conductivity
detectors (TCD). In our experiments, both methane
and CO were detected as the gas products by gas chro-
matography. Thermal catalytic activity was defined in
terms of conversions of CO, and selectivity to the
products. The conversions of CO, were denoted as CO,
conversion in the figures. While the selectivity to the
products (CH,, CO) were denoted as S which
were calculated according to the corresponding equa-
tions: S(CO) (% )= 100x(moles of CO production)/
(moles of CO, consumed) ; the calculated method of S
(CH,) were similar to that of S(CO). However, CO

hydrogenation was similar to CO, hydrogenation except

product »

that CO was introduced into the system instead of CO,
and H,/CO molar ratio was 3.

2 Results and conclusions

2.1 Catalyst characterization
2. 1.1 XRD analysis
analysis ( Fig. 1) shows the XRD patterns of Pt/P25
(0.5% ~2.0% ) and 0.5% Pi/TiO,(HT) catalysts
reduced at 450 C. The peaks at 26 = 25.3°, 37.9°,

Powder X-ray diffraction

* Anatase o Rutile

- )'\ . . 0.5%Pt/TiO,(HT)
_.lf N U N
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Fig. 1 XRD patterns of 0.5% ~2% Pt/P25 and
P/ TiO,(HT) samples

48° are identified as anatase phase of TiO,, and the
other diffraction peaks at 26 = 27.4°, 36°, 41.2° are
representative of rutile phase of TiO, structure, which
coincides exactly with the reference' "> * 7! These
results show that the P25 TiO, consists of both anatase
and rutile, while TiO, ( HT) exists only in anatase

phase'*'. However, no detectable crystallite of Pt spe-

cies can be observed in either Pt/P25 or Pt/TiO,( HT)
catalysts. The absence of diffraction lines in the Pt
phase for the Pt supported catalysts is probably due to
the high dispersion of Pt. From Fig. 1, it can be seen
that loading Pt does not change the phase of P25. The
crystallite size of the Pt/P25 samples calculated by the
Scherrer’s formula is found out to be 34 nm. The mass
fraction of anatase phase (FA) is calculated via the
usually accepted quantitative method ) as Eq. (1)
with the strongest peak intensity IA and IR of the ana-
tase (101) crystal face and the rutile (110) crystal
face, respectively. According to equation (1), the
content of anatase phase in the P25 TiO, sample is
72.09% , which is close to 70% "*'. This difference
could be caused by the combination effect of loading Pt
on P25 and calculation of the Pt/P25 at high tempera-
ture. The crystallite size of the Pt/TiO,( HT) samples is
calculated to be 30 nm. Smaller size of Pt/TiO,( HT)
than Pt/P25 broadens the XRD peaks of Pt/TiO,(HT).
1
“1+1.26(IR/IA) (0
2.1.2 TEM analysis
investigate the morphology of Pt/P25 (0. 5% ~
2.0% ) reduced at 450 °C for 3 h; and the result is
displayed in Fig. 2. As shown in Fig. 2, small dark

FA

TEM analysis is performed to

spots on the TiO, particles represent the Pt-metal parti-
cles. It clearly demonstrates that Pt particles are small
and uniformly dispersed throughout the support P25
Tio,""".
0.5%,1.0%, 1.5%, 2.0% Pt/P25 are 1.35, 1.8,
2.4,3.65nm

It is also observed that average sizes of

vely. Moreover, no obvious

, respec - ti
i i

Fig.2 TEM images of the reduced 0.5% ~2.0%
(weight percentage) Pt/P25 powders
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agglomeration phenomenon is observed at the Pt sites.
A high dispersion of Pt species might be due to the high
surface area of the P25 TiO, and the low Pt loading. As
shown in the XRD picture Fig. 1, it is supposed that the
high dispersion of Pt species probably leads to the ab-
sence of diffraction lines in the Pt phase for the Pt sup-

[29]

ported catalysts™ . The high dispersion of Pt might re-

sult in a good activity of CO, hydrogenation.

The BET
surface area, volume of pores and average pore diame-
ter of P25, Pt/P25(0.5% ~2.0% ), TiO,(HT) and
0.5% Pt/TiO,( HT) catalysts are displayed in Table 1.

2.1.3 N, adsorption-desorption analysis

Table 1 Physicochemical properties of the supports and
Pt catalysts reduced at 450 °C

Catalyst Metal loading Sper Ve dpm,.,
/(wt. %) /(m® -g") /(em’ - g') /nm

TiO,(HT) - 118.4 0.32 10.7
Pi/TiO,( HT) 0.5 132.8 0.29 8.7
P25 - 50.5 0.54 44.4
Pt/P25 0.5 48.9 0.31 24.7
Pv/P25 1.0 47.1 0.29 24.4
Pv/P25 1.5 47.4 0.24 20.2
Pv/P25 2.0 47.7 0.21 17.3

The BET surface area of the support P25 is close to 50
m’ + ¢”' | which accords with the real character of com-
mercial P25/ All the surface areas of Pt/P25
(0.5% ~2.0% ) are a little smaller than that of P25,
which might arise from the impregnation of Pt. It is in-
dicated that loading Pt does not lead to any evident
structural changes of the support P25. 1t is also the
case with TiO,( HT) and 0. 5% Pt/TiO,( HT) cata-
lysts. According to Table 1, Pt/TiO, (HT) has large
surface area more than twice as that of Pt/P25 catalyst.
Generally speaking, larger surface area can provide
more active sites. The relationship between surface area
and activity will be discussed in the next section.

2. 1.4 UV-vis diffuse reflectance spectra analysis

Fig. 3 shows the UV-VIS absorption spectra for P25,
TiO,(HT), 0.5% Pt/P25 and 0.5% Pv/TiO,( HT)
catalysts reduced at 450 °C. The P25 TiO, absorbs
light of wavelength below 400 nm because of its wide

band gap energy. Compared to the support P25, Pt/
P25 has a similar absorption, but it shows a slightly
red-shift in the spectrum' ** | which is attributed to the
light absorption of Pt metals on the surface of support
P25 TiO,. Whereas, the absorption edge of Pt/TiO,
(HT) is almost in the same position as that of TiO,
(HT). According to Fig. 3, It shows that Pt/P25 has
a stronger absorption than Pt/TiO, ( HT) at wave-
lengths less than 400 nm, and a little red-shift in the
spectrum (A>400 nm). Stronger absorption in the UV
spectrum indicates a good light harvesting for UV light,
which suggests Pt/P25 is more likely to have an en-

hanced photocatalytic activity than Pt/TiO,( HT).
10

— 0.5%Pt/P25
— 0.5%Pt/TiO,(HT)
— P25
—— TiO,(HT)

Absorbance/a.u.
=
T

200 300 400 500 600 700 800
A/mm

Fig.3 UV/Vis diffuse reflectance spectra for P25,
TiO,(HT), 0.5% Pt/P25 and Pt/TiO,( HT)

2. 1.5 TG-DSC analysis The TG-DSC curve of
TiO,( HT) prepared by the hydrothermal method and
dried at 100 °C for 2 h is represented in Fig. 4. As ob-
served in the figure, there is an endothermic peak and
an exothermic peak in the curve. The narrow and weak
endothermic peak at 58 °C or which extends to 80 °C is
attributed to the evaporation of the absorbed water in

the sample. The appearance of this peak is due to the
102 — . : : — 0.5

100

98

9

§ o | Exothermic

Fo2t

9 f

88

86

1 =
= =
wn

i
=
DSC/(mW - mg™)

|
=
w

0 200 400 600 800
Temperature/’C

Fig. 4 Thermal analysis (TG-DSC) curves of TiO,( HT) ,

prepared by hydrothermal method with template with
drying for 3h at 100 C
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fact that TiO,( HT) is not dried completely. The sharp
and strong exothermic peak in the 266 ~ 500 C tem-
perature range is caused by the decomposition of PVP
(template agent) left in the sample in the process of
the preparation. Therefore, theoretically it could be
ensured that most PVP could be removed after calcined
at 400 °C for 3 h. In fact, due to the encapsulation be-
tween the catalyst particles, a small amount of PVP is
left inevitably in the TiO,( HT) after calcined. Then
residual PVP particles might act as defective sites to
affect the activity of the catalyst.

2.1.6 XPS analysis
particles on Pt/P25 (0.5% ~2.0% ) reduced at 450
°C is investigated and confirmed by XPS, and the re-
sults are shown in Fig. 5. For Pt/P25 with different Pt
loading, it can be found that the binding energies of Pt
4f,,, and 4{;,, electrons are all at about 70.9 and 74.2

The chemical state of Pt nano-

eV, respectively, which can be assigned to Pt’ based
on the standard binding energy data™ ™', In addi-
tion, co-existence of neither Pt** nor Pt*" is observed.
Accordingly, the Pt particles on Pt/P25 are all in the
metallic state, Pt’. Thus, it can be concluded that

Pt oxides species loaded on the support P 2 5 TiO, are

Ptaf,, Ptdf,

709 742
: \/
\:) 2.0%Pt/P25
= 1.5%Pt/P25
S
g 1.0%Pt/P25
A

65 70 75 80 85 90
Binding energy/eV

Fig. 5 XPS spectra of 0.5-2.0% Pt/P25

completely reduced by H,. To the best of our knowl-
edge, noble metal loaded on the support is usually
used for hydrogenation catalysts because of its feature
in dissociating H,"”’. In our study, Pt metal supported
on P25 is regarded as one of the active components for
CO, hydrogenation.

2.1.7 CO, TPD analysis Fig. 6 presents the CO,-
TPD profiles of P25 and 0.5% Pt/P25. As shown in
Fig. 6, there exist four and five desorption peaks for
P25 and Pt/P25, respectively, which means that there
are four and five kinds of adsorption centers on the sur-
face of P25 and Pt/P25, respectively. It is known that
different CO, desorption peaks represent different car-
bonaceous species. For P25, these four desorption
peaks are noted as C1, C2, C3, C4, respectively. Af-
ter loading Pt on P25, all the four types of desorption
don’t change significantly, but a new desorption peak
appears, which is expressed as C5. Fig. 7 shows possi-
ble forms of five kinds of carbonaceous species, which
is in good agreement with the studies reported by Kat-

%) Compared the amount of desorbed

sumi Tanaka'
CO, of Pt/P25 with that of P25, there is almost no
change for the LT (low-temperature, ~200 °C) peak
and HT (high-temperature, >600 °C) peak after Pt
loading. As a result, it is speculated that LT and HT
peak are caused by CO, adsorption on the support
P25. The clear difference is that Pt loading leads to
significant change of MT ( medium-temperature, 200 ~
600 °C ) peaks. It is obvious that the desorbed amount
of CO, from C2 and C3 is enhanced after the loading of
Pt on P25, which is indicated that Pt loading promotes

CO, adsorption of moderate intensity on P25. It is also

(a) 375 ,j‘ (b) (©
—Pt/P25
\— I 2x10®
3 g3 5
= = =
=} =4 <
5 5 5
7] L) C1 B
2] ) 2]
= = /\ P
o o Cé o
C C3
/ \_&_sA\
1 1 1 1 1 ¥ 1 1 1 1 1 1 1
0 200 400 600 800 0 200 600 800 0 200 400 600 800
Temperature/°C Temperature/’C Temperature/°C

Fig.6 a. CO,-TPD profiles of P25 and 0.5% Pt/P25, b. The deconvolution of CO,-TPD on P25.
c. The deconvolution of CO,-TPD on 0.5% Pt/P25.
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Fig. 7 Possible forms of CO, adsorption
on P25 and 0.5% Pv/P25

observed that C5 appears after Pt loading. Therefore,
it suggests that the Pt particles supported on the P25
could act as adsorption centers to form C5, leading to a

higher capacity of CO, adsorption'*.

This phenome-
non might arise from the dissociative adsorption of CO,
on the Pv/P25"**"%) In addition, C3 and C4 desorp-
tion peak maximum of Pt/P25 as compared to the sup-
port P25 move toward lower temperature direction in
Fig. 6, which might be caused by Pt loading. The
lower CO, desorption temperatures are due to the wea-
ker adsorption of CO, on the P25, which is caused by
the strong interaction of Pt and the support.

2.2 Activity experiment
2.2.1 Photocatalytic activity A series of blank ex-
periments are performed. No product is detected under
dark conditions or under UV irradiation without the
photocatalyst when the other reaction conditions remain
the same. This indicates that the presence of both pho-
tocatalyst and UV irradiation is necessary for CO, hy-
drogenation. In addition, CH, is not detected without
CO, as the reactant, confirming that CH, is derived
from CO,.

2.2.1.1 Comparison of Pt/P25 and Pt/TiO,( HT) as
catalyst for CO, photocatalytic reduction In our
photo experiment, P25 (TiO, ( HT)) is inactive in
photocatalytic reduction of CO, with H,. However, Pt/
P25 (Pv/TiO, (HT) ) promotes drastically the reduc-
tion of CO, with H,'™ */.

are important active sites. Owing to the higher work

This suggests Pt particles

function of Pt-metal than TiO,, excited electrons trans-
mit from conduction band of TiO, to the Pt-metal and
the holes still stay in the valance band of TiO,. There-
fore, the recombination between electrons and holes is
effectively suppressed. The increased electron density
on the Pt particles may be in favor of the formation of

CH,, which requires eight electrons.

Fig. 8 shows the variation of CH, yield with UV ir-
radiation time over 0. 5% Pt/P25 and Pt/TiO,( HT)
reduced at 450 °C. The CH, yields on both photocata-
lysts increase with the increase of the UV irradiation
time, and accumulate to about 23. 81 and 5. 52 pmol

- ¢ for Pt/P25 and Pt/TiO, (HT) under the UV
light of 144 h, respectively. It can be obviously found
that Pt/P25 enhances the amount of CH, evolution by a
factor of 3.3 compared to Pt/TiO,( HT).

30
_ 24t
ko
— 18} —=—0.5%Pt/TiO,(HT)
g ——0.5%Pt/P25
2 nf
g
I _,-/'/
0 L

0 50 100 150 200 250
Time/h

Fig. 8 Variation of CH, yield with UV irradiation
time over 0.5% Pt/P25 and Pt/TiO,( HT) at

ambient temperature,H,/C0,=4 : 1

Three factors may affect the activity of the two
catalysts. First of all, light adsorption is an important
factor. Although the BET surface area of Pt/TiO,( HT)
is more than twice as large as Pt/P25, Pt/P25 has a
stronger adsorption of ultraviolet light than Pt/TiO,
(HT). It indicates that specific surface area is not the
main factor that affects the activity of photocatalyst, but
light adsorption is also an essential aspect. In our ex-
periment, light adsorption seems to be more important.
Secondly, XRD results of the two catalysts indicate that
P25 is composed of anatase and rutile TiO, , while TiO,
(HT) contains mainly anatase. To the best of our
knowledge, mixed phases of TiO, are more active than
a single phase of TiO,. This is because anatase and ru-
tile TiO, have different band-gap positions. The former
has a more positive conduction band and the latter has
a more negative valence band, which results in the fact
that photo-generated electrons tend to move to the con-
duction band of anatase, and the holes remain in the
valence band of rutile. This would separate electrons

and holes spatially, thus efficiently suppressing the re-
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combination of them. Thirdly, the residual template
agent PVP in the catalyst may act as the recombination
centers for electrons and holes. According to the TG-
DSC profile of TiO, ( HT) (Fig.4), the template
(PVP) could be removed completely via the calcina-
tion at 400 °C for 3 h theoretically. However, some
PVP particles might be wrapped around the catalysts
particles in the process of preparation. These PVP re-
maining in the bulk phase of the catalyst become the
recombination centers of electrons and holes, thus de-
creasing the activity of Pt/TiO,( HT).

2.2. 1.2 CO, photocatalytic reduction over Pt/P25
(0.5% ~2.0% ) Fig. 9 shows that CH, yield in
photocatalytic reduction of CO, with 0. 5% ~ 2. 0%
loaded Pt-metal on P25. The CH, yields on these four
photocatalysts all increase with the UV irradiation
time, and 1.5% Pt/P25 catalyst exhibits the highest
activity on CH, yield with 113.51 pmol - g™ after 96 h
UV irradiation. It is noteworthy that the amount of Pt

loading has a great influence on the activity of the cat-

1.5%Pt/P25
~100} 2.0%Pt/P2
[

s 75+

E_ 1.0%Pt/P25
= 50+

g

=l 0.5%Pt/P25

12 24 36 48 60 72 84 96
Time/h
Fig. 9 Variation of CH, yield with UV irradiation

time over 0.5-2.0% Pt/P25 at ambient temperature ,

alyst, and a moderate amount of Pt on the P25 can u-
sually improve activity. However, overloaded Pt may
serve as recombination center of electron and hole,
which is bad for photochemical reaction.

Fig. 10 shows the
conversion of CO,, selectivity of CH, and CO over the
Pt/P25 (0.5% ~2.0% ) catalyst at reaction tempera-
ture from 200 to 500 °C. As shown in Fig. 10a, an al-

most linear relationship between CO, conversion and

2.2.2 Thermal catalytic activity

temperature is observed. A higher reaction temperature
results in a higher conversion of CO,. In Fig. 10b, for
0.5% Pt/P25, in the range of 250 ~500 °C , CO selec-
tivity is always larger than 80% , even though it decrea-
ses when the temperature is increased. For 1. 0% ~
2.0% Pt/P25, the main product transforms from CO to
CH, with the increase of the temperature to about 450
°C. This is due to the increase of Pt loading. Pt parti-
cles facilitate a high exposure of active sites, which ac-
celerate the formation of surface-dissociated hydrogen
and the subsequent hydrogenation of surface Pt carbonyl
species, accounting for the resulting enhanced CH, se-
lectivity. At low temperatures (<250 °C) no formation
of CH, occurs for 0. 5% ~ 1.5% Pt/P25 catalyst as
shown in Fig. 10c. An increase in the CH, production is
also observed with the increase of the temperature. CO
methanation is exothermic and will be inhibited theoreti-
cally at high temperature. In fact, more CO converts to
CH, with the increase of temperature because high tem-
perature is beneficial to activate reactants and improve
reaction rate. As RWGS is endothermic, more CO will

be produced from CO, with the increase of the reaction

H,/CO,=4:1
temperature.
80
60 | (a) 100 (b) (c)
—=—0.5% Pt/P25 ——0.5% PYP25
19 —o—1.0% Pt/P25 = 360 —o—1.0% Pt/P25
S4B e 15%PuP2s S0t s ——1.5% PYP25
1 ——2.0% P/P25 S S —v—2.0% Pt/P25
a0} £ Lat
s £ 0 o 0.5%Pup2s ki
g < ——1.0% Pt/P25 3
w -
s 15 + o ——1.5% Pt/P25 =20
2 SO ——20%Pup2s 3 e
| % \ ol ._,é:////
L L s s 20 L L L 1 L L L L
200 300 400 500 200 300 400 500 200 300 400 500

Temperature/’C

Temperature/’C

Temperature/’C

Fig. 10 a. Conversion of CO,, b. CO selectivity c. CH, selectivity over the
0.5-2.0% Pt/P25 catalyst at different temperature. H,/CO,= 4 : 1
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In our thermal experiment, P25 is inactive CO,
hydrogenation under the thermal condition. However,
Pt/P25 enhances substantially the reduction of CO,
with H,. CO,-TPD shows that C5 species appears after
Pt loading. In CO, hydrogenation, unlike CO,-TPD,
in the presence of reductant H,, active carbonaceous
species would transform into specific species. C5 spe-
cies converts into carbonyl Pt. This indicates that car-
bonyl Pt are important intermediate precursor, which
promotes the activity of Pt/P25.

From the above figures, it is found that compared
to CO, hydrogenation under the thermal condition,
photocatalytic reduction of CO, attains totally CH,,
whereas the former obtains CO and CH,. The main
product transforms from CO to CH, with the increase of
the temperature, the increase of Pt loading also results
in the increase of selectivity of CH,.

2.3 Reaction mechanism

Our results indicated that CO, hydrogenation ge-
nerated CO and CH, under the thermal condition. CH,

selectivity increased with the temperature, and the in-
crease of Pt loading also resulted in the increase of se-
lectivity of CH,; while methane was the only product
under irradiation condition. To explain this difference
of product selectivity, it’s necessary to study mecha-
nisms of CO, hydrogenation. Even though considerable
work has been conducted to establish mechanism of
CO, hydrogenation, so far many researchers still can’t
reach an agreement on it, especially on the nature of
the intermediate. Goguet et al. ") considered that the
interfacial site (Pt and Ce0,) and the reducible CeO,
site are the main active sites of the Pt/Ce0, catalyst. It
was suggested that the RWGS reaction proceeded via
mainly surface carbonate intermediates, Pt-carbonyl
species and the formate species. Like CeO,, TiO, ex-
hibits redox characteristics as well. According to
Kim"*'' | Pt sites assist in activating the active sites by
activating H, in the RWGS reaction rather than acting
directly as an active site. TiO,( reducible TiO, and Pt-
0,-Ti** sites) active sites participated directly in the
reaction. According to the results of Panagiotopoulou et
al. ") the new active sites located at the metal-sup-

port interface after Pt loaded on reducible metal oxides

like TiO, and CeO, exhibited exceptional electron-do-
nating properties and promoted the reaction activity.
Tanaka et al. >/ investigated the adsorption of CO, on
TiO, and Pt/TiO, by Auger electron spectroscopy
(AES) and X-ray photoelectron spectroscopy ( XPS)
in 1984. The dissociation of CO, on Pt/TiO, was con-
firmed by the observation of CO adsorbed on Pt. This
result implies that CO, dissociates into CO and oxygen,
after which the oxygen atoms react with adsorbed CO,
molecules to form CO,” species. Lo et al. investigated
photoreduction of carbon dioxide with H, and H,O over
Ti0, and Zr0,".
nism for CO, photo reduction by H,.

They proposed a possible mecha-

2.3.1 Photocatalytic CO, hydrogenation mechanism
The variation of CH, yield of CO hydrogenation with

UV irradiation time over 0. 5% Pt/P25 is investigated

as shown in Fig. 11. The CH, yield on Pt/P25 increa-

ses with the increase of the UV irradiation time within

30
—=—CO, Methanation

24| —e—CO Methanation
TUD
= 18}
g
<
= 12}
g
= 6k

0 hd L L L
0 50 100 150 200
Time/h

Fig. 11 Variation of CH, yield of CO hydrogenation

with UV irradiation time over 0.5% Pt/P25 at ambient
temperature, H,/CO= 3 : 1

the first 36 h, subsequently tends to be stable. Com-
pared with CO, methanation, the activity of Pt/P25 to-
ward CO methanation is quite lower. According to Kat-

. 54-55
sumi Tanaka' ]

, at room temperature the dissocia-
tive adsorption of CO, on reduced Pt/TiO, can generate
CO and chemisorbed oxygen atoms. In our photo ex-
perimental results, however, CO is not observed. Con-
sidering the fact that Pt/P25 can catalyze CO methana-
tion, thus, it is likely that a small amount of CO is
formed and then hydrogenates to produce CH, in our
experiment. It is generally known that the active sites

of reduction reaction over metal supported photocatalyst

are metal sites where electrons are trapped. Thus, in
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this work , Pt sites are reactive sites providing electrons
for activating CO, and H,. Electron excited by the light
of UV transmits from the valence band to the conduc-
tion band of TiO,. Owing to the higher work function of
Pt-metal than TiO,, excited electrons transfer from
conduction band of TiO, to the Pt-metal. H, is dissoci-
ated to H atoms by Pt. CO, is activated by electrons
and H atoms on Pt to form formic acid. Because the
activity of CO methanation is significantly lower than
that of CO, methanation. Therefore CO cannot be an
important intermediate, only formic acid is important
intermediate. It is proposed that photocatalytic CO,
methanation proceeds via formic acid intermediate over
Pt/TiO,. The possible reaction pathway for photocata-
lytic CO, hydrogenation is shown in Fig. 12.

2°:H 2:H
CO; —— HCOOH ————HCOH+H,0
2:H

2-H
CH, «———- CH,+H,0

Fig. 12 Reaction pathways of photocatalytic CO, hydrogenation

2.3.2 Thermal CO, hydrogenation mechanism Fig. 10
shows at low temperature CO is the main product, at
high temperature a large amount of CO transforms into
CH, and CH, becomes the main product. It is sup-
posed that CO is an important intermediate. CO,-TPD
shows that carbonyl Pt appears after Pt loading, which
is responsible for the high activity of Pt/P25. This in-
dicates that carbonyl Pt is important intermediate pre-
cursor. It is speculated that CO is form carbonyl Pt hy-
drogenation. Fig. 13 shows the conversion of CO, se-
lectivity and yield of CH, and CO, over the 0.5% Pt/
P25 catalyst at different temperatures. Comparing Fig.
10 with Fig. 13, Pt/P25 catalyst shows a comparable
CO,(CO) conversion, CH, selectivity and yield at the
same reaction temperature. This means the result of
CO, hydrogenation is similar to that of CO hydrogena-
tion. It is considered that CH, is produced from the hy-
drogenation of CO, and CO hydrogenation is the rate-
determining step.

According to the discussion above, a possible

mechanism for CO, hydrogenation under the thermal

100

—=— CO Conversion/%
—e— CO, Selectivity/%
—+— CH, Selectivity/ %

751

200 300 400 500
Temperature/’C

Fig. 13 Conversion of CO, selectivity and yield of CH, and
CO, over the Pt/P25 catalyst at different temperature.
H,/CO=3:1

condition is proposed. Firstly, CO, adsorbs on the sur-
face of Pt/P25 catalyst to form carbonyl Pt intermedi-
ate precursor, and then transform into CO. Finally,
CH, is formed via CO hydrogenation. The possible re-
action pathway for thermal catalytic CO, hydrogenation
is shown in Fig. 14.

H H
CO, —— Carbonyl Pt —————» CO + H,0
Pt/P25 Pt/P25 |
4H

o
Ty

Fig. 14 Reaction pathways of thermal catalytic CO, hydrogenation

2. 4 Selectivity difference of products of CO, hydro-
genation under irradiation and thermal condi-
tion
In the photocatalytic CO, hydrogenation, it shows

that loading Pt onto TiO, can enhance the production of

CH,. As shown in Fig. 5, the Pt particles on Pt/P25

reduced at 450 °C are all in the metallic state. Accord-

ing to our experiment results, P25 is inactive, while

Pt/P25 has a higher activity in photocatalytic CO, hy-

drogenation. It is indicated that Pt metal serves as ac-

tive site. Owing to the higher work function of Pt-metal
than TiO,, excited electrons transmit to the Pt-metal
and the recombination between electrons and holes is
effectively suppressed. Pt metal highly dispersed on
the support shown in Fig. 2 leads to effective active
metal surface area, which can promote trapping elec-

trons. For this reason, the electron density on the Pt
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particles is increased, which benefits for the formation
of CH,'®. Pt active sites selectively catalyze CO,
methanation rather not RWGS. Even though a little CO
is produced, it is transformed to CH, by enough elec-
trons. As a consequence, photocatalytic CO, hydrogen-
ation favors the formation of CH, over Pt/TiO,.

In contrast, in the CO, hydrogenation under the
thermal condition, at low temperature, CO is the main
product, so, the reverse water-gas-shift reaction
(RWGS) is the main reaction at low temperature, only
a small amount of CO produced can further hydrogenate
to CH,. In our thermal experiment, P25 is inactive in
thermal catalytic CO, hydrogenation. ~ However,
Pt/P25 enhances substantially the reduction of CO,
with H,. This suggests that the role of Pt is very impor-
tant, because Pt activates both CO, and H,. At high
temperature, the amount of CH, increases, while CO
decreases. This indicates CO, methanation takes up a
large part of the total reaction. The main active sites
are Pt sites, and carbonyl Pt is the main intermediate
precursor.

Based on the discussion above, it is supposed that
different active intermediates work under different reac-
tion conditions. In the photo experiment, excited elec-
trons were trapped by Pt and led to reduction of surface
adsorbed carbonyl species to form CH, via formic acid
intermediate. However, under the thermal condition,
H, was decomposed into H atoms by Pt, adsorbed car-

bonyl species on Pt surface were reduced by H atoms to

form CO, and CO hydrogenated to produce CH,.

3 Conclusions

The carbon dioxide hydrogenation over these cata-
lysts was investigated under photocatalytic and thermal
conditions respectively. Results indicated that hydro-
genation of carbon dioxide could be catalyzed by Pt/
TiO, catalysts, but the reaction occurred in the diffe-
rent ways. Under the thermal condition, CO, was con-
verted to CO and CH,, the main product was CO at
low temperature (100% of CO selectivity at 250 °C
over 0. 5% Pt/TiO, catalyst). Increase of reaction
temperature led to increase of selectivity to CH,. For

example, CH, selectivity increased from 0 to 60.94%

when reaction temperature was raised from 250 to 450
C over 1. 5% Pt/TiO, catalyst. The increase of Pt
loading resulted in the increase of selectivity of CH,.
On the contrary, methane was the only product under
irradiation condition. Reasons resulting in this differ-
ence selectivity tendency of products might be as fol-
lowing: It is supposed that different active intermedi-
ates work under different reaction conditions. In the
photo experiment, excited electrons were trapped by Pt
and led to reduction of surface adsorbed carbonyl spe-
cies to form CH, via formic acid intermediate. Howev-
er, under the thermal condition, H, was decomposed
into H atoms by Pt, adsorbed carbonyl species on Pt
surface were reduced by H atoms to form CO, and CO
hydrogenated to produce CH,. It is quite interesting to
observe the difference in the selectivity of CO, photo
and thermal reduction process. In the future, intensive
study on this difference will be done to better under-
stand CO, hydrogenation.
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