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Abstract The photocatalytic preferential oxidation of CO

with O2 in the presence of H2 (photo-PROX) was found to

proceed efficiently on the NiO-loaded TiO2 (NiO/TiO2)

catalyst under UV light irradiation at 293 K. NiO/TiO2

exhibited higher CO conversion as well as CO2 selectivity

for a photo-PROX reaction than the original unloaded TiO2

(P-25). Various spectroscopic investigations have revealed

that the small NiO clusters formed on TiO2 play an

important role in the enhancement of CO oxidation activity

in this reaction.

Keywords NiO/TiO2 � TiO2 (P-25) � Photocatalyst �
Preferential oxidation of CO (PROX)

1 Introduction

In recent years, fuel cell technology has attracted enormous

interest for applications in clean power sources. Especially,

polymer electrolyte fuel cell (PEFC) systems are promising

candidates for residential and industrial use as well as in

automotive applications, although the H2 must be CO-free

to be effectively used as fuel. In this regard, the develop-

ment of thermal catalytic processes for the preferential

oxidation of undesirable CO impurities in H2 (PROX) has

been investigated using noble metal-supported catalysts

[1–4].

Meanwhile, various kinds of photocatalysts have also

been widely investigated for applications in air and water

purification, hazardous waste elimination as well as the

production of clean energy resources [5–8]. Among them,

TiO2 has attracted much attention due to its exceptional

high reactivity, nontoxicity, chemical stability and low

cost. Along these lines, the photocatalytic oxidation of CO

with O2 as well as the photo-assisted water–gas shift

reaction have been investigated on TiO2 and Pt/TiO2 for

the removal of toxic CO [9–11]. Our research has already

shown that the photocatalytic preferential oxidation of CO

with O2 in the presence of H2 (photo-PROX) proceeds

efficiently on single-site photocatalysts such as the highly

dispersed Mo or Cr oxide species loaded on SiO2 or MCM-

41 [12–14], however, the photo-PROX reaction on TiO2

loaded with transition metal oxides has yet to be

investigated.

In the present study, the photo-PROX reaction was

carried out under UV light irradiation at 293 K over tran-

sition metal oxide (MoO3, V2O5 and NiO)-loaded and

unloaded TiO2 (P-25) without the use of any precious noble

metals. In particular, the effect of the local structure as well

as the valence state of the transition metal oxide on CO

conversion as well as CO selectivity for the photo-PROX

reaction have been examined by various spectroscopic

methods.

2 Experimental

Transition metal oxide-loaded TiO2, i.e., Me/TiO2,

Me = MoO3, V2O5, NiO, were prepared by the impreg-

nation of TiO2 (P-25 Degussa; pre-calcined at 723 K for
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6 h in air) with an aqueous solution of

(NH4)6Mo7O24 � 4H2O, NH4VO3 and Ni(NO3)3 � 6H2O,

respectively. After impregnation, the catalysts were cal-

cined at 573 K for 8 h in air. Prior to photocatalytic

reactions and spectroscopic measurements, the catalysts

were calcined in O2 ([2.66 kPa) at 723 K for 1 h, and then

degassed at 473 K for 1 h. The photocatalytic preferential

oxidation of CO with O2 in the presence of H2 (photo-

PROX) was carried out in a closed system using a quartz

reactor under UV light irradiation at 293 K and the reaction

products were analyzed by on-line gas chromatography.

The yields of CO2 for the photocatalytic oxidation of CO

were corrected by subtracting the amount of CO2 formed

under dark conditions. The catalysts were characterized by

various spectroscopic methods such as XRD, UV–Vis,

EPR and XAFS measurements. The XAFS spectra of NiO/

TiO2 were recorded at the Ni K-edge absorption in the

fluorescence mode at the BL12C facility of the high energy

acceleration research organization (KEK) in Tsukuba,

Japan. Curve fitting analysis of the EXAFS spectra was

conducted on k3v(k) in k-space (k range = 3–12 Å-1) with

a REX2000 J program (Rigaku).

3 Results and Discussion

Figure 1 shows the CO2 yields in the photocatalytic pref-

erential oxidation of CO with O2 in the presence of H2

(photo-PROX) on TiO2 and Me/TiO2 (0.5 wt% as metal

oxide, Me = MoO3, V2O5, NiO) under UV light irradiation

at 293 K. The CO2 yield was drastically affected by the

kinds of metal oxides loaded on TiO2. V2O5/TiO2 and

MoO3/TiO2 exhibited lower photocatalytic activity than

that of pure TiO2, while the reaction rate was remarkably

increased by the loading of NiO on TiO2. The CO2 yield on

NiO/TiO2 was about 2.5 times higher than that on pure

TiO2, as shown in Fig. 1. It was also found that the CO2

yields were almost the same in the presence and absence of

H2 in this reaction, suggesting that the CO oxidation

reaction was hardly affected by the presence of H2. After

UV irradiation for 3 h, the production of 3.38 lmol CO2

(CO2 (t = 3 h)) and the consumption of 0.06 lmol H2 (H2

initial-H2 (t = 3 h)) were observed on NiO/TiO2. CO2

selectivity was, thus, determined by the following Eq. 1:

CO2 selectivity(%)

¼
�
ðCO2ðt¼3hÞÞ= ðH2initial�H2ðt¼3hÞÞþCO2ðt¼3hÞ�

� �
�100:

ð1Þ

As shown in Table 1, CO conversion as well as CO2

selectivity on NiO/TiO2 reached 89 and 98%, respectively,

after UV light irradiation for 3 h, showing higher

photocatalytic performance than with pure TiO2 (CO

conversion of 81% and CO2 selectivity of 89% after UV

irradiation for 6 h). These results suggest that NiO/TiO2

can be applied for the photo-PROX reaction at

temperatures as low as 293 K. The initial rate of CO

oxidation on NiO/TiO2 (0.5 wt% NiO) was also

determined to be 0.63 lmol/min g-cat. This value is

lower than those reported for conventional thermal

systems which operate at relatively high temperature [2,

3]. However, NiO/TiO2 photocatalysts provide various

advantages toward thermal catalytic systems such as their

low operation temperature and the use of non-noble metal

elements as their constituents.

The effect of the NiO content on the yields of CO2 in the

photo-PROX reaction has also been investigated. As shown

in Fig. 2, the yields of CO2 increases upon an increase in

the NiO loading while passing through a maximum at

0.5 wt% and then decreasing in the region of NiO loadings

of higher than 3.0 wt%. These results suggest that the rate

of CO oxidation reaction was effectively improved by the

loading of small amounts of NiO on TiO2, especially in the

region of NiO loadings of below 0.5 wt%.
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Fig. 1 Yields of CO2 for the photocatalytic oxidation of CO with O2

in the presence and absence of H2 on TiO2 and Me/TiO2 (0.5 wt%

Me, Me = MoO3, V2O5, NiO) under UV light irradiation at 293 K

(Initial amount of gasses: CO = 3.8 lmol, O2 = 7.5 lmol and

H2 = 24.6 lmol; Amount of catalyst: 50 mg; Reaction time: 60 min)

Table 1 CO conversion and CO2 selectivity for the preferential

photocatalytic oxidation of CO with O2 in the presence of H2 on TiO2

and NiO/TiO2 (0.5 wt%) under UV light irradiation at 293 K

Catalysts Reaction

time(h)

CO

conversion/%

CO2

selectivity/%

TiO2 (P-25) 6.0 81 89

NiO/TiO2 (0.5 wt%) 3.0 89 98

Amount of catalyst: 50 mg
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Characterization studies of NiO/TiO2 were next carried

out by various spectroscopic methods. The absorption edge

of the UV–Vis spectra was scarcely seen to change before

and after the loading of NiO on TiO2. Moreover, the XRD

patterns of NiO/TiO2 (0.5 wt%) were almost the same as

compared to those of pure TiO2, indicating that the Ni

oxide species were highly dispersed on TiO2 without the

formation of large NiO clusters. The TiO2 crystallite size of

the samples was estimated by applying Scherrer’s equation

for the (101) reflection of the TiO2 anatase phase. The TiO2

crystallite size was determined to be about 20 nm for the

series of samples, independent of the kind of the transition

metal oxides loaded on TiO2.

The local structure as well as the valence state of NiO on

TiO2 were also investigated by Ni K-edge XAFS mea-

surements. As shown in Fig. 3, the shapes and the edge

positions of the XANES spectra of the NiO/TiO2 samples

(Fig. 3A–C) were very similar to that of bulk NiO as a

reference compound (Fig. 3D), showing that the divalent

NiO species were supported on TiO2 without the formation

of metallic Ni [15, 16]. Figure 3a–c shows the Fourier

transform of EXAFS (FT-EXAFS) of NiO/TiO2. Two

peaks due to the presence of the neighboring oxygen atoms

(Ni–O) and nickel atoms (Ni–(O)–Ni) were observed at 1–

2 and 2–3 Å, respectively, while the peak corresponding to

the Ni–Ni bond of the Ni metal could hardly be seen at

around 2 Å (without phase-shift correction) [15, 16]. These

results show a good agreement with the XANES results

indicating that the divalent NiO species are supported on

TiO2. The relative peak intensity of the neighboring nickel

atoms (Ni–(O)–Ni) against the neighboring oxygen atoms

(Ni–O) is smaller for NiO/TiO2 (0.5 wt% NiO) than NiO/

TiO2 (3, 10 wt% NiO) and bulk NiO. Furthermore, as

shown in Table 2, curve-fitting analysis of FT-EXAFS

revealed that the coordination number (CN) of both the Ni–

O and Ni–(O)–Ni shells of NiO/TiO2 increased with an

increase in the NiO content [16]. These results clearly

suggest that the particle size of the NiO species is signifi-

cantly reduced for NiO/TiO2 with low NiO loadings of
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Fig. 2 Effect of NiO loading on the yields of CO2 for the

photocatalytic oxidation of CO with O2 in the presence of H2 on

NiO/TiO2 (0, 0.3, 0.5, 3.0, and 10 wt% as NiO) under UV light

irradiation at 293 K (Initial amount of gasses: CO = 3.8 lmol,

O2 = 7.5 lmol and H2 = 4.6 lmol; Amount of catalyst: 50 mg;

Reaction time: 60 min)
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Fig. 3 (A–E) Ni K-edge XANES and (a–e) Fourier transforms of

EXAFS spectra of: (A, a) NiO/TiO2 (0.5 wt%); (B, b) NiO/TiO2

(3 wt%); (C, c) NiO/TiO2 (10 wt%); (D, d) NiO; and (E, e) Ni foil

Table 2 Curve fitting results of the Ni K-edge EXAFS spectra of

NiO and NiO/TiO2 (0.5, 3, 10 wt% NiO)

Samples Shell Ra/Å CNb

Ni foil Ni–Ni 2.47 12

NiO Ni–O 2.07 6.0

Ni–(O)–Ni 2.94 12

NiO/TiO2 (0.5 wt%) Ni–O 2.04 4.07

Ni–(O)–Ni 3.02 4.83

NiO/TiO2 (3 wt%) Ni–O 2.07 5.87

Ni–(O)–Ni 2.96 11.1

NiO/TiO2 (10 wt%) Ni–O 2.07 5.91

Ni–(O)–Ni 2.95 11.4

a Bond distance
b Coordination number
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below 0.5 wt% and these highly dispersed NiO clusters

play an important role as additives for the photo-PROX

reaction.

In order to elucidate the role of the small NiO clusters as

additives to enhance the photo-PROX reaction rate, the

charge separation characteristics of NiO loaded and

unloaded TiO2 were investigated by EPR measurements. It

is known that the Ti3? species are formed on TiO2 by

trapping the photogenerated electrons under UV light

irradiation in vacuum [17, 18]. Up to now, the effect of the

Pt particles supported on TiO2 on the formation of the Ti3?

species have been investigated in detail [19, 20]. It has

been demonstrated that the photogenerated electrons were

efficiently transferred from TiO2 to the Pt particles over the

Pt/TiO2 systems, preventing the formation of the Ti3?

species and electron-hole recombination [19, 20]. Figure 4

shows the EPR spectra of the pure TiO2 and NiO/TiO2

before (dotted line) and after UV light irradiation (solid

line) under vacuum at 77 K for 1 h. Under UV irradiation

at 77 K, the intensity of the signal, which can be assigned

to the Ti3? species in anatase (g\ = 1.991, gk = 1.961)

and rutile (g\ = 1.980) [17, 18], increased with the irra-

diation time. However, in the case of NiO/TiO2, the change

in the EPR signal due to the Ti3? species was small as

compared to those of pure TiO2 after UV light irradiation.

The increased efficiency of CO oxidation on NiO/TiO2 can,

thus, be ascribed to the suppression of the electron-hole

recombination which was realized through electron trap-

ping by NiO, i.e., the transfer of the photoformed electrons

from TiO2 to NiO [16, 21]. On the other hand, femtosecond

pump-probe diffuse reflectance investigations have

revealed that the recombination rate of the photogenerated

electrons and holes on TiO2 is decreased by the loading of

MoO3, V2O5 and CrO3 [22]. In fact, the photocatalytic

activity of TiO2 for the oxidation of 4-nitrophenol was

decreased by the loading of MoO3 and V2O5 on TiO2 [22].

Therefore, it could be considered that the same phenomena

occurred in the present reaction systems, leading to the

decreases in the CO oxidation rate on MoO3/TiO2 and

V2O5/TiO2 as compared to pure TiO2.

The selectivity for the oxidation of CO with O2 in the

presence of H2 was also improved by the loading of NiO on

TiO2 (Table 1). According to these characterization stud-

ies, highly dispersed NiO particles were formed on TiO2 at

low NiO content, leading to the formation of large numbers

of coordinatively unsaturated NiO sites. The thus-formed

unsaturated NiO sites act as efficient adsorption sites for

gaseous CO and increases the surface concentration of CO

on NiO/TiO2 compared with H2. In fact, a CO-adsorbed

species has been observed on various coordinatively

unsaturated Ni cations (Ni2? and Ni?) of NiO at room

temperature by FT–IR investigations [23, 24]. Therefore,

the large difference in the surface concentration of CO and

H2 can be the reason that the CO oxidation rate was hardly

affected by the presence of H2, as shown in Fig. 1.

Moreover, the high reaction rate and CO2 selectivity of

NiO/TiO2 can be ascribed to the higher surface concen-

tration of CO on NiO/TiO2 than the unloaded TiO2 since

CO oxidation on TiO2 proceeds through the reaction

between the photoformed active oxygen species (O-, O2
-,

O3
-) and the CO-adsorbed species formed on the surface

of TiO2 [9]. A more detailed study of the mechanisms

behind the photo-PROX reaction on NiO/TiO2 is now

underway.

4 Conclusions

It was found that the photocatalytic preferential oxidation

of CO with O2 in the presence of H2 (photo-PROX) pro-

ceeded efficiently on NiO/TiO2 (0.5 wt% NiO) with a high

CO2 selectivity under UV light irradiation at 293 K,

exhibiting around 2.5 times higher photocatalytic activity

than pure TiO2. XAFS investigations revealed that the

highly dispersed NiO species on TiO2 at low NiO loadings

of 0.5 wt% acted as efficient additives to improve the

photo-PROX reaction rate. Moreover, EPR investigations

suggested that the highly dispersed NiO species plays an

important role in realizing the efficient charge separation of
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Fig. 4 (a) EPR spectra of TiO2 and (b) NiO/TiO2 (0.5 wt%)

measured at 77 K before (dotted line) and after UV light irradiation

(solid line) in vacuum at 77 K for 1 h

10 T. Kamegawa et al.

123



the photoformed electrons and holes through electron

transfers from TiO2 to NiO, leading to the high photocat-

alytic performance of NiO/TiO2.
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