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SUMMARY

Photocatalytic oxygen reduction has garnered attention as an emerging alternative to traditional

anthraquinone oxidation process to synthesize H2O2. However, despite great efforts to optimize pho-

tocatalyst activity, the formation rate has been largely limited by the deficient accessibility of the

photocatalysts to sufficient O2 in water. Here we boost the reaction by reporting an air-liquid-solid

triphase photocatalytic system for efficient H2O2 generation. The triphase system allows reactant

O2 to reach the reaction interface directly from the ambient atmosphere, greatly increasing the inter-

face O2 concentration, which in turn simultaneously enhanced the kinetics of formation constant and

suppressed the unwanted electron-hole recombination and the kinetics of H2O2 decomposition

reaction. Compared with a conventional liquid-solid diphase reaction system, the triphase system

enables an increase in H2O2 formation by a factor of 44. The triphase system is generally applicable

to fundamentally understand and maximize the kinetics of semiconductor-based photocatalytic oxy-

gen reduction for H2O2 generation.
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INTRODUCTION

Hydrogen peroxide (H2O2) is a valuable chemical with rapidly growing demand in a wide variety of

industrial areas, including fuel cells, chemical oxidation, environment protection, and paper and textile in-

dustries (Campos-Martin et al., 2006). The global H2O2 market demand is expected to reach 6,000 kilotons

in 2024 (www.gminsights.com/pressrelease/hydrogen-peroxide-market). Currently, industrial processes

for H2O2 synthesis involve the multistep anthraquinone oxidation, which requires complex large-scale

infrastructure and large amounts of energy. Thus, developing efficient and cost-effective alternative routes

for H2O2 generation is of ongoing importance (Edwards et al., 2009; Freakley et al., 2016; Jung et al., 2018;

Lu et al., 2018; Siahrostami et al., 2013).

The photocatalytic reduction of oxygen to H2O2 has received great attention as it requires only light, water,

and O2 (Baur and Neuweiler, 1927; Cooper and Zika, 1983; Kaynan et al., 2014; Kofuji et al., 2016; Kormann

et al., 1988; Liu et al., 2014; Moon et al., 2014; Nakata and Fujishima, 2012; Shiraishi et al., 2014; Sorcar et al.,

2018; Teranishi et al., 2010, 2016; Wang et al., 2015). During the reaction photogenerated conduction band

(CB) electrons reduce O2 to produce H2O2; O2 + 2e�CB + 2H+
aq/H2O2 [(O2/H2O2) = 0.695 V versus normal

hydrogen electrode (NHE)]. However, to date resultant product concentrations have been quite limited.

The low production rate can be ascribed to the following aspects, which may not be strictly independent

of one another: first, the low concentration and slow diffusion rate of O2 in liquid phase results in deficient

accessibility of the photocatalysts to reactant; second, the recombination of electrons and holes limits the

electron utilization efficiency, and such limitation becomes more serious in the presence of higher charge

carrier concentrations associated with greater light intensities; third, the degradation of H2O2 by photo-

generated charge carriers also reduces the product yield.

The performance of interfacial catalytic reactions is generally governed by the interface environment. Here-

in, we simultaneously address these limitations by demonstrating a reaction system possessing an

air-liquid-solid triphase reaction interface as illustrated in Figure 1A, where the nanostructured semicon-

ductors are deposited on the top surface of a porous superhydrophobic substrate. Learning from nature,

based on the cooperative effect between the low surface energy and rough surface structure, superhydro-

phobic substrates have been fabricated and used in a wide variety of fields (Aebisher et al., 2013; Deng

et al., 2012; Feng et al., 2002; Feng and Jiang, 2006; Hong et al., 2007; Lafuma and Quéré, 2003; Lei
iScience 17, 67–73, July 26, 2019 ª 2019 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

67

http://www.gminsights.com/pressrelease/hydrogen-peroxide-market
mailto:shengxia@suda.edu.cn
mailto:xjfeng@suda.edu.cn
https://doi.org/10.1016/j.isci.2019.06.023
https://doi.org/10.1016/j.isci.2019.06.023
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2019.06.023&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Schematic Illustration of the Triphase Photocatalytic Reaction System

(A) Photocatalysts are immobilized on the porous superhydrophobic substrate.

(B) Enlarged view of the solid-liquid-air triphase reaction zone. Reactant O2 is rapidly delivered from the air to the reaction

interface resulting in a significantly enhanced rate of H2O2 production.
et al., 2016; Su et al., 2016; Wooh et al., 2017; Wu et al., 2014; Yohe et al., 2012). When immersed in water the

superhydrophobic substrate traps air within atmosphere-linked air pockets, resulting in an interface where

solid, liquid, and air three phases coexist (Feng et al., 2002; Lafuma and Quéré, 2003). The triphase system

allows reactant O2 to diffuse directly from the air phase to the reaction interface, rather than by slow diffu-

sion through the liquid. Benefiting from this interface architecture the accessibility of the photocatalyst to

O2 is greatly increased, which in turn (1) enhances the reaction rate between O2 and photogenerated elec-

trons, (2) suppresses the electron-hole recombination and increases the charge utilization efficiency, and (3)

reduces the degradation reaction between H2O2 and photogenerated electrons, thus leading to much

enhanced rates of H2O2 production.

RESULTS AND DISCUSSION

As a proof of concept, we constructed a triphase photocatalytic interface architecture by immobilizing Au-

decorated TiO2 nanoparticles (Au-TiO2 NPs) (Teranishi et al., 2010) onto a polytetrafluoroethylene-treated

superhydrophobic porous membrane composed of carbon fiber (see the ‘‘Methods’’) as shown in Figures

1A and S1 (Supplemental Information). Oxygen can diffuse perpendicularly through the membrane, via air

phase, to the reaction interface. Upon UV light illumination the photogenerated electrons transfer from

TiO2 to the Au co-catalyst to react with O2 via two-electron reaction, in turn producing H2O2 (Figure 1B).

A structural analysis of the Au-TiO2/triphase system is shown in Figure 2; the anatase TiO2 NPs (Figure S2)

have an average size of about 200 nm. The hydrophobic carbon fiber substrate has a water contact angle

(CA) of 148� (Figure 2A), whereas after photocatalyst deposition (see top of Figure 2A) the surface becomes

hydrophilic with a CA of 47�. In such a case, water can wet the hydrophilic photocatalysts but cannot pene-

trate into the porous hydrophobic substrate, leading to the formation of a triphase reaction interface

microenvironment. Imaging by transmission electron microscopy (TEM, high-resolution TEM), see Fig-

ure 2C, indicates that the Au NPs are uniformly distributed upon the TiO2 surface. Fringe spacing of

0.204 and 0.352 nm, respectively, corresponding to the d-spacing of Au (200) and TiO2 (101) planes, can

be observed in Figures 2D and 2E. Figure 2F shows that the average size of the Au NPs is about 5.2 nm.

Photocatalytic synthesis of H2O2 was carried out under UV light with a wavelength of 367G 5 nm (Figure S3).

Control experiments based on a diphase photocatalytic system where the same amount of photocatalyst

was dispersed in 1.5 mL water was also conducted. The photocatalytic performances of diphase and

triphase reaction systems were first evaluated under UV light of different intensities. Figure S4 shows the

H2O2 concentration ([H2O2]) after 1-h reaction under UV light illumination using the triphase reaction sys-

tem. The reactions initially demonstrate zero-order kinetics, with [H2O2] increasing linearly with time. The

formation and degradation of H2O2 are generally considered to follow, respectively, zero- and first-order

kinetics (Kaynan et al., 2014; Kormann et al., 1988; Teranishi et al., 2010). Thus it can be assumed there is

negligible H2O2 degradation within the first 1 h, allowing the production rate to be calculated as d

[H2O2]/dt. Figure 3A shows the relationship between the calculated H2O2 formation rate and light inten-

sities varying between 1 and 120 mW cm�2. Using the triphase system (Figure 3A, red line), the rate of
68 iScience 17, 67–73, July 26, 2019



Figure 2. Surface Morphologies and Microstructure Characterizations of the Triphase Reaction System

(A) Scanning electron microscopic (SEM) image of polytetrafluoroethylene-treated superhydrophobic carbon fiber

substrate immobilized with Au-TiO2 nanoparticles; inserts are photographs of water droplets placed on the substrate

(bottom) and Au-TiO2/substrate (top).

(B) SEM image of the carbon fiber and Au-TiO2 nanoparticles.

(C) TEM image of one individual Au-decorated TiO2 nanoparticle.

(D and E) High-resolution TEM images of (E) TiO2 and (D) Au nanoparticles.

(F) Size distribution of the Au nanoparticles.
production increased with light intensity up to about 60 mW cm�2, whereas in the diphase reaction system

(Figure 3A, dark line), the production rate saturates at a light intensity of 3 mW cm�2. The rate of production

reaction of the triphase system at a light intensity of 60 mW cm�2 was about 18 times faster than that of the

diphase reaction system.

The difference in the reaction rates of the diphase and triphase systems can be attributed to their

fundamentally different reaction interfacial architectures. With the diphase system O2 is delivered to the

photocatalyst surface through the liquid phase with a slow rate of diffusion. Even with air being continu-

ously fed into the solution (Figure S5) the enhancement in H2O2 production with the diphase system is

limited (see Figures 3B-I and 3B-II). In contrast, the triphase architecture enables sufficient O2 to be deliv-

ered directly from air to the reaction interface. Because the diffusion coefficient of O2 in air (2.03 10�1 cm2

s�1) is approximately four orders of magnitude higher than that in water (2.13 10�5 cm2 s�1) (Cussler, 1997),

O2 consumed at the photocatalyst surface is rapidly resupplied, with O2 concentration in the liquid phase

having little impact on the reaction kinetics. As seen in Figure 3B, when O2 levels in water are decreased by

feeding the solution with nitrogen (Figure 3B-I) and increased by feeding the solution with air (Figure 3B-iii),

the rate of H2O2 formation is essentially unchanged (Figure 3B-ii), indicating that the triphase photocata-

lytic reaction kinetics is air phase dependent. To confirm that the activity enhancement was due to the

enhanced access of the photocatalyst to O2, O2 in the air phase was replaced with N2 as illustrated in Fig-

ure S6. The significantly enhanced production rate indicates that rapid mass transport of O2 from air phase
iScience 17, 67–73, July 26, 2019 69



Figure 3. Performance of the Triphase Photocatalytic System for H2O2 Generation

(A) Rate of H2O2 formation under different light intensities using the triphase (red line) and diphase (dark line) systems.

(B) H2O2 formation rates based on different operational conditions using these two systems under illumination of 60 mW

cm�2. The bottom panel presents a schematic illustration of the four operational conditions.

(C) IAQYs for the two systems under 1 mW cm�2, 9 mW cm�2, and 60 mW cm�2 illumination. Data of IAQYs for 1, 9, and

60 mW cm�2 illumination are 17.29 G 0.44, 15.23 G 0.57, and 5.49 G 0.21, respectively, in the triphase system and

2.45 G 0.64, 0.55 G 0.08, and 0.08 G 0.009, respectively, in the diphase system.
to the triphase interface plays a key role in enhancing oxidase kinetics. Increasing interface O2 partial pres-

sure can further increase the rate of H2O2 production; as an example, Figure 3B-iv indicates the effect of

replacing air by (pure) oxygen.

The higher O2 levels at the triphase interface significantly enhance the reaction kinetics between O2 and

electrons, whereas suppressing electron-hole recombination leads, in turn, to higher charge utilization ef-

ficiency and quantum yields. The apparent quantum yield (AQY) is defined as the number of electrons used

to produce H2O2 molecules per unit time to the number of incident photons (Kato et al., 2013). The calcu-

lated initial AQY (IAQY) based on triphase system is much higher than that of diphase system over the

whole range of light intensities. As shown in Figures 3C and S7, under light intensities of 1 mW cm�2,

9 mW cm�2, and 60 mW cm�2, the IAQYs of the triphase system are, respectively, approximately 7, 27,

and 66 times higher than those of the diphase system. From Figure 3C it can also be seen that the IAQY

of the diphase system decreases rapidly from 2.45% to 0.55%, a factor of four, as the light intensity is

increased from 1 to 9mW cm�2. The rapid decrease in the IAQY suggests that electron-hole recombination

is the dominant process even at modest light intensities. With the triphase system the IAQY decreases only

from 17.29% to 15.23% as the light intensity is increased from 1 to 9mW cm�2, whereas even at 60 mW cm�2

the IAQY of the triphase system is still much higher than that of the diphase system at 1 mW cm�2. The

effective suppression of electron-hole recombination enables the triphase system to be operated at

high light intensities with the large amount of photogenerated electrons efficiently utilized for H2O2

production.

The steady-state concentrations (SSC) of H2O2 produced using the two interfacial architectures were

further investigated. As seen in Figure 4A, an SSC of 26.5 mM was achieved with the triphase system,

approximately 44-fold higher than that obtained with the diphase counterpart (0.6 mM). Using our triphase
70 iScience 17, 67–73, July 26, 2019



Figure 4. Formation and Degradation Behavior of H2O2

(A) The steady-state concentration of H2O2 produced using the triphase system (red line) and diphase system (dark line)

under illumination of 60 mW cm�2.

(B) Schematic illustration of formation and degradation reactions of H2O2 at the triphase interface.
system a steady state H2O2 yield of 59 mmol per unit photocatalyst weight (mg) can be achieved, a value

much higher than that of other group reports (Table S1). The SSC of H2O2 depends on the kinetics of

both formation and degradation reactions. Generally, the reaction kinetics can be analyzed using the

following equation (Kim et al., 2016; Kormann et al., 1988; Teranishi et al., 2010):

½H2O2�=
�
kf
kd

��
1� expð�kdtÞ

�

where kf and kd are, respectively, the formation and degradation rate constants for H2O2 and t is the reac-

tion time. The [H2O2] formation and degradation reaction rates follow, respectively, zero- and first-order

kinetics, where kf is expressed in mM h�1 and kd in h�1.

As clearly shown in Figure 4A, the experimental data are quite accurately modeled using the equation. The

calculated kf and kd values of the triphase system are 5.06 mM h�1 and 0.18 h�1 (Table 1), whereas for the

diphase system the kf and kd values are 0.26 mM h�1 and 0.43 h�1, respectively. We note that for both sys-

tems, under 60 mW cm�2 illumination, the calculated kf values are in good agreement with the results from

Figure 3A (kf is equal to the formation rate for zero-order kinetics). With the triphase system not only the kf
was greatly increased but also the kd was effectively suppressed. As illustrated in Figure 4B the photoca-

talytic degradation of H2O2 is initiated by its reaction with CB electrons: H2O2 + e�CB / OH� +$OH

[(H2O2/$OH) = 0.71 V versus NHE] (Nakata and Fujishima, 2012; Sheng et al., 2014), which competes with

the reaction between O2 and electrons (Zhuang et al., 2015). By providing significantly greater amounts

of reactant oxygen to the photocatalytic interface, the triphase system suppresses the degradation reac-

tion and enhances the formation reaction, in turn leading to greater H2O2 production.

The stability of the triphase reaction systemwas further evaluated.We have conducted water breakthrough

pressure measurement on Au-TiO2/substrates before and after continuous 24-h UV illumination

(60 mM cm�2), in each case achieving a comparable water column height (�89 cm), suggesting a good

substrate photostability during photocatalysis of H2O2, of crucial importance to practical applications.

The triphase system demonstrated here is applicable to enhance the performance of other photocatalysts.

We have studied the activity of photocatalyst ZnFe2O4 (Su et al., 2012) for H2O2 generation. As shown in

Figure S8, an SSC of 3.3 mM was achieved based on the triphase system, which is about seven times higher

than that of the diphase system under air mass (AM) 1.5 simulated sunlight. This result indicates that the

triphase system provides an exploratory platform, on which different kinds of photocatalysts can be

applied for efficient H2O2 generation.

In conclusion, we have constructed a photocatalytic system with a triphase solid-liquid-air reaction

interface for efficient H2O2 synthesis. The triphase interface allows reactant O2 to be rapidly delivered to
iScience 17, 67–73, July 26, 2019 71



kf (mM h�1) kd (h�1) kf/kd (mM)

Triphase System 5.06 0.18 28.11

Diphase System 0.26 0.43 0.60

Table 1. Calculated kf, kd, and kf/kd Values of Triphase System and Diphase System
the photocatalyst surface, greatly enhancing the formation reaction and reducing the degradation

reaction. The rapid accessibility of O2 to the photocatalyst surface effectively suppresses electron-hole

recombination, enabling the triphase system to efficiently utilize the larger amounts of electrons obtained

at higher light intensities to, in turn, produce more H2O2. Our results reveal that rational interface micro-

environment (wettability and architecture) design is crucial for achieving efficient photocatalytic reaction

system for H2O2 generation. The triphase reaction system is general; for practical applications, photocata-

lysts of much lower cost could presumably be used for efficient synthesis of the desired products.

Limitations of the Study

The Au NPs play a vital role in H2O2 generation. In this article, the size and density of Au NPs was not

adjusted. In our future work, we will adjust the amount and the size of Au to further optimize the H2O2

photocatalytic synthesis.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.06.023.
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Figure S1. Experimental setup for photocatalytic synthesis of H2O2 using the triphase reaction 
system, related to Figure 1a. Because the backside of the porous membrane is superhydrophobic, it 
can trap atmosphere linked air phase. Consequently, oxygen can thus diffuse through the membrane, 
from the via air phase, to the reaction interface. 
  



 
 

 

 
Figure S2. XRD patterns of TiO2 with and without Au nanoparticles, related to Figure 2a. The 
standard PDF card numbers for Au and TiO2 are given in the inset of the Figure. The peak position 
of Au (111) (38.18o) is very close to that of TiO2 (112) peak (38.57o). Besides that, the peaks of Au 
(200), Au (220), Au (311) and Au (222) can be easily seen and well fitted with the standard PDF card, 
indicating the presence of Au on the catalyst. 
  



 
 

 

Figure S3. Emission spectrum of the UV lamp used in the experiments, related to Figure 3a. 
  



 
 

 

 
Figure S4. Using the triphase system, H2O2 concentration as a function of reaction time under 
different UV light intensities. Related to Figure 3a. 
  



 
 

 

 

Figure S5. Schematic illustration of the two diphase operational conditions, related to Figure 3b. 
  



 
 

 

 
 

Figure S6. Schematic illustration and H2O2 production rate of triphase reaction system when 
operated in: air (2), and nitrogen (1) atmospheres, related to Figure 3b.The significantly enhanced 
production rate observed in air indicates that rapid mass transport of O2 from air phase to the triphase 
interface plays a key role in enhancing oxidase kinetics.  
  



 
 

 

 
 

Figure S7. Initial (1 h) apparent quantum yield (AQY) under different UV light intensities for the 
triphase system (red squares) and diphase system (black circles), related to Figure 3c. The AQY is 
defined as the number of electrons used to produce H2O2 per unit time to the number of incident 
photons, which represents the utilization efficiency of the photogenerated electrons. The AQY values 
of triphase system are much higher than that of diphase system over the whole range of light 
intensities, indicating the electrons utilization efficiency is much higher in triphase system. Despite 
the AQY values decrease in both systems with the increase in light intensity, their decreasing speeds 
are different. Under low light intensity, such as 1 mW cm−2, the AQY values of these two systems has 
about 7-ford difference, whereas, under high light intensity, such as 60 mW cm−2, the AQY value of 
triphase system is over 62-ford higher than that of diphase system. Based on the triphase system, the 
fast delivery of O2 improves the electron utilization efficiency and the photocatalytic reaction kinetics. 



 
 

 
Figure S8. The steady state concentration of H2O2 produced using a visible light response 
photocatalyst ZnFe2O4 based on the triphase system (red line) and diphase system (dark line) under 
AM 1.5, related to Figure 4. 
  



 
 

Table S1. Comparison of the performance between triphase reaction system and previous reports 
about photocatalytic H2O2 generation, related to Figure 4a 

 

Photocatalyst Light Atmosphere 
Yield 

(µmol/mg) 

Initial rate 

(µmol/mg·h) Reference 

Au-BiVO4 λ > 420 nm O2, 1 atm 0.024 (10 h) 0.009 ACS Catal. 2016, 6, 4976. 

g-C3N4/PDI51 λ > 420 nm O2, 1 atm 0.0306 (48 h) / Angew. Chem. Int. Ed. 2014, 53, 13454. 

g-C3N4 λ > 420 nm O2, 1 atm 1.5 (12 h) / ACS Catal. 2014, 4, 774. 

GCN λ > 420 nm O2, 1 atm 4.5 (24 h) 0.19 ACS Catal. 2015, 5, 3058. 

KPD (K2HPO4) -CN λ > 420 nm O2 Saturated 6 (12 h) 0.5 ACS Catal. 2017, 7, 2886. 

CdS-SNC/GOND λ = 635 nm O2 Saturated 0.2 (1 h) 0.2 Energy Environ. Sci. 2016, 9, 1063. 

Au-TiO2 λ > 430 nm / 1 (1 h) 1 Angew. Chem. Int. Ed. 2016, 55, 12773. 

Pd/APTMS/TiO2 Sunlight (AM 1.5) O2, 1 atm 1.2 (4 h) 0.375 ACS Catal. 2019, 9, 626. 

ZnFe2O4 Sunlight (AM 1.5)  6.3 (8 h)   2.7 This work (Triphase system) 

TiO2 λ > 280 nm O2, 1 atm 4 (12 h) / ACS Catal. 2013, 3, 2222. 

Ag/TiO2-P λ > 320 nm O2 Saturated 12 (3 h) 6 Energy Environ. Sci. 2014, 7, 4023. 

Au0.1Ag0.4/TiO2 λ > 280 nm O2, 1 atm 3.4 (12 h) 0.5 ACS Catal. 2012, 2, 599. 

Au-TiO2 λ > 300 nm / 14 (24 h) 1.8 J. Am. Chem. Soc. 2010, 132, 7850. 

F-TiO2 λ = 360 nm Air Saturated 12 (2 h) 8.4 Chem. Commun. 2005, 2627. 

Au-TiO2 λ = 367 nm  59 (16 h) 12.3 This work (Triphase system) 

 

Initial rate (µmol/mg·h) is calculated when [H2O2] increases linearly with time. 

  



 
 

TRANSPARENT METHODS 

Photocatalyst preparation and immobilization: 

Au particles were loaded on TiO2 particles with a crystal form of anatase and a specific surface 

area of 8.1 m2 g-1 (A-100, Ishihara Sangyo) by the deposition precipitation method10 using HAuCl4 

as a starting material. The pH of 4.86 mM aqueous solution (100 mL) of HAuCl4 was neutralized by 

NaOH (1 M) to 6.0, and 10 g of the TiO2 particles were added to the solution. The resulting suspension 

was stirred at 343 K for 1 h. The particles were washed with distilled water three times and dried 

under vacuum. Then the post-heating was carried out at 873 K for 20 h to obtain Au/TiO2. To preclude 

the influence of the crystallinity, change on the photocatalytic activity of TiO2, all the TiO2 particles 

were used as a support of Au particles after heating 923 K for 4 h. Photocatalyst ZnFe2O4 

nanoparticles was prepared according to a previous report. (Su et al., 2012) 

Polytetrafluoroethylene (PTFE) treated porous membrane composed of carbon fibers was used 

as substrate to immobilize the TiO2 nanoparticles. One side of the PTFE-treated porous membrane 

was rinsed by short-term O2 plasma prior to the photocatalyst immobilization. An Au/TiO2 or 

ZnFe2O4 suspension (5 g L-1) was ultrasonic processed for 4 min, then immobilized on the substrate 

surface by dripping a 0.134 mL suspension forming an area about 0.5 cm2 and dried at 353 K for 30 

min. Finally, the photocatalyst-immobilized substrate was heated in a box-furnace at 673 K for 1 h 

then allowed to cool to room temperature. 

Characterization  

Morphologies were observed by scanning electron microscopy (SEM, HitachiS4800, Japan) and 

transmission electron microscopy (TEM, Tecnai G2 F20 S-Twin, America). The structure and 

crystallization of the particles were characterized by X-ray diffraction (XRD, Bruker AXSD8 

Advance, Germany). Oxygen plasma treatment was performed using a plasma cleaner (Ming Heng, 

PDC-MG, China). Photocatalytic degradation was measured by a UV-Vis spectrophotometer 

(EVOLUTION 220, Thermo, America).  

Photocatalytic H2O2 synthesis 

The photocatalytic reactions using Au-TiO2 were conducted in a quartz cell (1.0 cm × 1.0 cm × 

4.5 cm) containing a mixed solutions of 1.5 mL aqueous solution (4% EtOH and 0.1 M NaF) and 

0.175 mL PBS solution (pH=3). The portion of substrate that immobilized with TiO2 was immersed 

in solution, while another part of substrate (without photocatalysts) was exposed to air. Oxygen can 



 
 

thus diffuse through the membrane, via air phase, to the reaction interface. Control experiments based 

on a diphase photocatalytic system where the same amount of photocatalyst was dispersed in water 

was also conducted. The photocatalytic system was then irradiated with a UV lamp at a wavelength 

of 367 ± 5 nm with different light intensities. The photocatalytic reaction using ZnFe2O4 was carried 

in a quartz cell (1.0 cm × 1.0 cm × 4.5 cm) containing 1.5 mL aqueous solution of 4% formic acid 

under AM 1.5 simulated sunlight. The diphase reaction system was fabricated by immobilizing the 

same amount of ZnFe2O4 photocatalysts on a ground glass substrate. Magnetic stirring of the 

suspension was continued throughout illumination. The temperature of the quartz cell was kept at 298 

K. The concentrations of generated H2O2 were determined by iodometric titration using the UV-Vis 

spectrophotometer. 
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