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Steam Reforming of Methane by Titanium oxide Photocatalysts 

with Hollow Spheres 

Akira Yamaguchi,*a Tomoki Kujirai,a Takeshi Fujita,b Hideki Abec and Masahiro Miyauchi*a

Steam reforming of methane (SRM) is one of the most useful techniques for methane (CH4) conversion because of the large 

hydrogen yield per CH4 molecule. However, this process is not commercially viable due to the high reaction temperature 

and associated energy costs. To decrease the SRM reaction temperature, the introduction of photochemical energy has 

been proposed; however, the charge recombination of photo-generated carriers must be suppressed to achieve higher 

activity. Here, TiO2 photocatalysts with a hollow sphere structure are synthesized and loaded with spatially separated co-

catalysts to achieve high charge separation in an attempt to improve SRM efficiency. The highest SRM activity is observed 

for hollow-sphere structured TiO2 with Pt and Rh2O3 co-catalysts selectively deposited on the inner and outer TiO2 surfaces, 

respectively. In-situ electron spin resonance and photo-luminescence measurements clearly demonstrate that photo-

excited electrons and holes are trapped at Pt and Rh2O3 sites, respectively, of Rh/hollow TiO2/Pt, resulting in efficient charge 

separation and increased SRM activity. Taken together, these findings support our hypothesis that the spatial separation 

and heterogeneous loading of co-catalysts is a promising design strategy for photocatalytic methane conversion reactions.

Introduction

Methane (CH4) is an earth-abundant natural resource found in 

natural and shale gases and in the form of methane hydrate; 

however, CH4 is recognized as a major greenhouse gas with the 

second largest contribution to emissions behind carbon dioxide 

(CO2)1. According to the U. S. Energy Information Administration, the 

production of dry natural gas is increasing annually with the aid of 

recent advances in mining technology and predicted to exceed 35 tcf 

by 20252. To utilize CH4 as an energy resource, several CH4 

conversion techniques, such as dry reforming of methane (DRM: CH4 

+ CO2 ? 2CO + 2H2, @0298K = +247 kJ/mol), steam reforming of 

methane (SRM: CH4 + H2O ? CO + 3H2, @0298K = +205 kJ/mol) and 

partial oxidation of methane (POM: CH4 + 1/2O2 ? CO + 2H2, @0298K 

= D'A kJ/mol) have been developed3,4 5. Among these techniques, 

SRM generates the highest amount of hydrogen (H2), which is widely 

used as a fuel and feedstock for methanol and ammonia production, 

from one CH4 molecule. The SRM process has been industrialized to 

produce H2
6,7 and generates approximately half of the H2 used 

worldwide is8. However, because SRM is a highly endothermic 

reaction and requires a high reaction temperature (>800 �), nickel 

(Ni) and ruthenium (Ru)-based catalysts have been adopted to 

facilitate industrial SRM reactions 9–11, while CH4 can be reformed at 

the temperature range of 350 - 450 K by lowering the pressure to 

10D= Pa 12.

One strategy to promote SRM at lower temperatures is the 

utilization of photocatalysts to harness solar energy 13. The current 

challenge and future prospects of photocatalysis systems are 

summarized in recent review articles14,15. Our group has explored 

photocatalytic DRM using various kinds of photocatalysts16–22. For 

example, Shoji et al.18 demonstrated that Rh/SrTiO3 catalyzes DRM 

under ultraviolet (UV) irradiation with a conversion efficiency that 

cannot be achieved by thermal reaction18. Additionally, isotope 

experiments showed that the O2- ion in SrTiO3 functions as a reaction 

mediator between the oxidation (CH4 + O2- ? CO + 2H2 + 2e-) and 

reduction (CO2 + 2e- ? CO + O2-) reactions during the DRM process. 

In addition, Cho et al. demonstrated photocatalytic DRM under 

visible-light irradiation using Rh/TaON as a photocatalyst19. Photo-

promoted SRM has been also examined by other research groups,23–

35 including Yoshida et al., who first reported photocatalytic SRM 

using Pt/TiO2
24. Although photocatalytic DRM and SRM is thought to 

proceed via bandgap excitation, the photo-assistance of a photo-

excited hot carrier in the metal nanoparticles of the catalysts is also 

proposed to promote photocatalytic SRM36. Although these reports 

have shown that photo-promoted SRM is a useful strategy to 

promote CH4 conversion under ambient temperature and pressure, 

the use of particle-type catalysts is an obstacle for clarifying the SRM 

reaction mechanism due to the existence of oxidation and reduction 

sites on the same particle.

To study photocatalytic DRM, our group recently constructed a 

gas-phase photoelectrochemical (GPEC) system to separate the CH4 

oxidation and CO2 reduction sites using an oxygen ion-conductive 

solid electrolyte 20. The separation of catalytic active sites in the GPEC 
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SRM activity test

The SRM test was next conducted with hollow TiO2-based samples to 

demonstrate the active site separation was promising strategy for 

SRM activity enhancement (Figure 3). First, the SRM activity among 

samples with different co-catalyst loading methods was first 

compared. To evaluate the effect of the loading method, only Rh was 

used as a co-catalyst in this experiment. Here, a sample designation 

of “i” indicates that an impregnation method was applied to co-

catalyst loading, whereas “pd” indicates that the co-catalyst was 

photodeposited. For example, Rh_pd/hollow TiO2/Rh_i indicates Rh 

was loaded on the outer surface of hollow TiO2 by photodeposition 

and an impregnation method was used to deposit Rh on the inner 

surface. The H2 production rate for SRM using the various co-

catalyst-loaded hollow TiO2 photocatalysts was measured (Figure 

3a). As the H2 production activity of Rh_i/hollow TiO2 was less than 

Rh_pd/hollow TiO2, and Rh_i/hollow TiO2/Rh_i was less than 

Rh_pd/hollow TiO2/Rh_i, photodeposition appears to be the more 

suitable deposition method to achieve high SRM activity. The same 

tendency was observed for non-hollow TiO2, as samples with 

photodeposited Rh had higher SRM activity than impregnated Rh co-

catalyst samples (Figure S5). Further, the highest activity was 

observed for Rh_pd/hollow TiO2/Rh_i, indicating that the hollow 

sphere structure contributed to the higher photocatalytic activity. 

The higher activity of the hollow sphere structure is likely 

attributable to the increased number of reaction sites resulting from 

deposition of co-catalysts on both of outer and inner surfaces of 

hollow TiO2. Furthermore, because Rh2O3 was formed on the outer 

surface of hollow TiO2, as revealed by the XPS analysis, and only 

metallic Rh was present on the inner surface by H2 reduction, it was 

anticipated that charge recombination would be suppressed. 

Specifically, photogenerated electrons would tend to move to 

metallic sites on the inner surface and holes would relocate to Rh2O3 

sites on the outer surface55, thereby enhancing charge separation.

The effect of heterogeneous co-catalyst loading on SRM 

activity was examined by comparing the photocatalytic activity of 

hollow TiO2 loaded with Rh and Pt as co-catalysts on the outer 

surface using photodeposition (Figure 3b). The SRM activities of 

Pt/hollow TiO2/Rh and Pt/hollow TiO2/Pt were lower than those of 

Rh/hollow TiO2/Pt and Rh/hollow TiO2/Rh, indicating the 

photodeposited Pt is not an efficient co-catalyst for SRM. In contrast, 

the highest SRM activity of 4.95 �mol/min was achieved with 

Rh/hollow TiO2/Pt and was two times higher than that of Rh/hollow 

TiO2/Rh (2.02 �mol/min). The outer quantum efficiency was 

calculated to be 3.51 % for H2 production on Rh/hollow TiO2/Pt. The 

detailed calculation procedure is described in Supporting 

Information. The apparent color of the samples didn’t change after 3 

hours of SRM test, indicating samples were free from deactivation by 

coking. As discussed above, the presence of a metallic co-catalyst on 

the inner TiO2 surface and an oxidized co-catalyst on the outer 

surface enhanced charge separation. Because Pt has highest work 

function among noble metals, it is a suitable co-catalyst for capturing 

photogenerated electrons62,63, resulting in more efficient charge 

separation and higher SRM activity than photocatalysts modified 

with only Rh-based co-catalysts. To further evaluate the 

stoichiometry of the reaction, the product distribution generated by 

Pt and Rh-loaded hollow TiO2 photocatalysts during SRM was 

evaluated (Figure S6). The total amount of H2 produced by both 

Rh/hollow TiO2/Pt and Rh/hollow TiO2/Rh was calculated based on 

the amounts of CO and CO2 generated and equaled the expected sum 

from SRM (CH4 + H2O ? CO + 3H2) and water gas shift (CH4 + 2H2O ? 

CO2 + 4H2) reactions, indicating that both reactions proceeded on 

these photocatalysts. Comparison of the production ratios of CO2/H2 

and CO/H2 by Rh/hollow TiO2/Pt (0.090 and 0.22, respectively) and 

Rh/hollow TiO2/Rh (0.11 and 0.20, respectively) suggests that the 

water gas shift reaction was suppressed on Rh/hollow TiO2/Pt.

The dependence of the SRM activity on the co-catalyst loading 

amount was investigated for the Rh/hollow TiO2/Pt sample (Figure 

S7). The influence of the Pt loading amount on photocatalytic SRM 

activity was examined by varying the amount of Pt loaded onto 

Rh/hollow TiO2/Pt from 0.1 to 2.5 wt% and using 1.0 wt% Rh for all 

samples (Figure S7a). Notably, the 1.0 wt% Pt-loaded sample 

exhibited the highest SRM activity, whereas the other samples 

exhibited similar activities. Based on this result, the Rh loading 

amount was optimized for the 1.0 wt% Pt loaded sample (Figure S7b). 

The SRM activity increased as the Rh loading amount was increased 

from 0.1 to 1.0 wt%, but a slight decrease in activity was observed 

for the sample loaded with 2.5 wt% Rh. This tendency can be 

explained by the trade-off between an increase in active sites and 

the enhancement of photo-excited charge recombination. Overall, it 

was determined that the optimized loading amount for both Rh and 

Pt was of 1.0 wt%.

The temperature dependence of photocatalytic SRM activity on 

Rh/hollow TiO2/Pt was next investigated. Under dark conditions 

(Figure S8, blue line), H2 was not detected in the temperature range 

from 100 to 250 �, but H2 was generated from 300 �. In contrast, 

under UV irradiation (Figure S8, red line), H2 generation was detected 

at 100 �. Furthermore, the H2 generation rate was higher under UV 

irradiation conditions in all temperature regions compared to dark 

conditions, indicating that a lower reaction temperature was 

permissible for uphill SRM under UV irradiation with the Rh/hollow 

TiO2/Pt photocatalyst.

Examination of reaction mechanism
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Figure 3. Photocatalytic SRM activity of hollow sphere-structured 

TiO2 loaded with co-catalysts. (a) Comparison of the H2 production 

rate by various Rh co-catalyst loading conditions and (b) between 

Rh and Pt as co-catalysts. The operation temperature was 300 �.
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Before discussing the potential reaction mechanism of 

photocatalytic SRM on hollow TiO2 system, the effect of photo-

irradiation on surface temperature was evaluated (Figure S8). When 

Rh/hollow TiO2/Pt was irradiated with UV light at an operation 

temperature of 300 �, the surface temperature increased to 396 �. 

Thus, the SRM activity at an operation temperature of 300 � under 

UV irradiation (Figure S8, red line) was re-plotted against SRM 

activity at 396 �  (Figure S8, black line) and revealed that the H2 

production rate under UV irradiation was larger than that under dark 

conditions, even at the same surface temperature, over the entire 

temperature range examined. This result indicates that the 

enhancement of SRM activity by photo-irradiation of Rh/hollow 

TiO2/Pt originated from not only a photothermal effect, but also due 

to a photocatalytic mechanism triggered by bandgap excitation of 

TiO2.

To validate the possibility that a photochemical process 

contributed to the enhancement of SRM activity, the action 

spectrum of Rh/hollow TiO2/Pt was examined.  The wavelength 

dependence of photocatalytic SRM activity by Rh/hollow TiO2/Pt was 

plotted on the UV-Vis absorption spectrum of hollow TiO2 (Figure 4), 

showing that the action spectra was consistent with the absorption 

spectrum of hollow TiO2. This finding indicates that the photo-

generated electron-hole pairs resulting from bandgap excitation with 

UV irradiation are involved in the SRM on Rh/hollow TiO2/Pt.

To prove our hypothesis that the charge separation of photo-

excited electron-hole pairs was promoted by the selective deposition 

of Pt and Rh2O3 co-catalysts on the inner and outer surfaces, 

respectively, of Rh/hollow TiO2/Pt, in-situ ESR and PL measurements 

were conducted. The ESR spectra of hollow TiO2, hollow TiO2/Pt, and 

Rh/hollow TiO2/Pt were measured under N2 and UV light irradiation 

conditions (Figure 5). Under UV irradiation, hollow TiO2 (Figure 5, 

black line) exhibited a large signal at g = 2.00, with the signal intensity 

being drastically decreased in this region for hollow TiO2/Pt (Figure 

5, blue line) and no signal was observed for Rh/hollow TiO2/Pt (Figure 

5, red line). This signal at g = 2.00 is assignable to O- species64–66, 

which originate from the capture of photo-excited holes by lattice O2- 

65. In our previous work on photocatalytic SRM using Pt/Yttria-

stabilized zirconia powder, we demonstrated that photo-excited 

holes were consumed in the CH4 oxidation reaction37. The absence 

of an O- signal for Rh/hollow TiO2/Pt indicates that photo-excited 

holes were captured by Rh2O3 on the outer surface of Rh/hollow 

TiO2/Pt, thereby suppressing the generation of O- species. This result 

demonstrates that the presence of Rh2O3 on the outer TiO2 surface 

contributed to the enhancement of charge separation by capturing 

photo-excited holes, resulting in the increased SRM activity observed 

for Rh/hollow TiO2/Pt. The PL spectra for hollow TiO2 photocatalysts 

loaded with co-catalysts and excited at 380 nm exhibited a peak 

intensity order of hollow TiO2 > Rh/hollow TiO2 > Rh/hollow TiO2/Rh 

> Rh/hollow TiO2/Pt (Figure 6). The peak intensity decrease in the PL 

spectra indicates that charge recombination between photo-excited 

electrons and holes had decreased 4. Compared with bare hollow 

TiO2 (Figure 6, black line), hollow TiO2 loaded with co-catalyst 

exhibited lower peak intensity, indicating that the co-catalysts played 

important roles in charge separation. In the case of Rh/hollow TiO2 

(Figure 6, red line), both metallic Rh and Rh2O3 were present on the 

outer surface and served as electron- and hole-capturing sites, 

respectively. Although Rh sites would promote charge separation, 

adjacent sites between metallic Rh and Rh2O3 can serve as 

recombination sites, resulting in the larger PL peak intensity that was 

observed for Rh/hollow TiO2 compared to that of Rh/hollow TiO2/Rh 

(Figure 6, green line). In Rh/hollow TiO2/Rh, Rh particles were 

deposited on both the inner and outer surfaces, and the inner Rh 

particles were reduced to the metallic state by H2 treatment. As 

discussed previously, because Pt is more suitable as an electron-

capturing site than Rh, Rh/hollow TiO2/Pt exhibited the lowest PL 

300 400 500300 350 400 450 500 550

0.5

1.0

1.5

2.0

2.5

A
b

s
o

rb
a

n
c

e
 (

a
.u

.)

Wavelength (nm)

hollow TiO2

H
2  p

ro
d

u
c

tio
n

 ra
te

 (�
m

o
l/m

in
)

H
2
 production rate

Figure 4. Wavelength dependence (action spectra) of 

photocatalytic SRM activity on Rh/hollow TiO2/Pt, as measured by 

the H2 production rate (red circles), plotted on the UV-Vis 

absorption spectrum of hollow TiO2 (black line).
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spectrophotometer (F-7000, HITACHI) with an excitation wavelength 

of 380 nm. In-situ ESR measurements were conducted using an 

operand electron spin resonance instrument (EMX nano, Bruker) 

under N2 conditions at 100 K with UV light irradiation using an Hg-Xe 

lamp.
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