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Abstract: Hydrogen peroxide (H,O;) is an important chemical as it is an environmentally friendly
oxidant for organic synthesis and environmental remediation as well as a promising candidate for
the liquid fuel. Photocatalytic generation of HyO, is sustainable, and many efforts have been put
into the development of new catalysts to gain high H,O, yields. In this investigation, Au/ZnO,
Ag/Zn0O and Au-Ag/ZnO catalysts were prepared by the simultaneous impregnation of HAuCly
and AgNOj3 and they were used to generate HyO, from a methanol/O; system. It was demonstrated
that Au/ZnO had the best performance at generating HyO,. The presence of Au on ZnO accelerated
the generation of HyO, on ZnO and facilitated H,O, adsorption onto the catalyst surface, which
resulted in the reaction kinetics changing from zero-order to first-order. Ag atoms on Ag/ZnO were
unstable and would strip from the surface of ZnO during irradiation, decreasing the yield of HyO;.
The stabilization of Ag on Au-Ag/ZnO depended on the ratio of Auand Ag. Aug1Agpo/ZnO was a
stable catalyst and it showed that the presence of Ag promoted the formation and decomposition of
peroxide, simultaneously.

Keywords: photocatalysis; oxygen reduction; hydrogen peroxide; Au/ZnO; Au-Ag/ZnO

1. Introduction

H,0; is widely used in industry as an oxidant, as it possesses a significant content
of active oxygen (47.1 % w/w) and emits only water as a by-product [1]. Recently, it has
been found that HyO, can act as a clean energy carrier to replace Hj in fuel cells or even
one-compartment cells for the generation of electricity [2]. Moreover, H,O; is easier to
store and transport, and has less explosion risk, so HyO; is a promising complementary
energy source for the future. Oxidation of anthraquinone is the prevalent process for the
industrial production of H,O, but it involves many steps, requires a high energy input
and organic solvents and generates solid waste [3]. Many efforts, therefore, have been
devoted to developing new methods for H,O, generation which have the potential to be
more environmentally friendly.

The application of photocatalysis for the generation of H,O; has gained significant
attention since 1988 [4]. This process is conducted in mild conditions (room temperature
and atmospheric pressure) and needs only water and oxygen as raw materials, sunlight
or UV light as the energy supply, and semiconductors as catalysts [5]. Photocatalytic
generation of HyO, on the photocatalyst contains several steps: dissolved oxygen will
be adsorbed on the photocatalysts surface; electrons in the valence band (VB) will be
excited into the conduction band (CB) when they gain enough energy from the light; e~

Catalysts 2022, 12, 939. https:/ /doi.org/10.3390/ catal12090939

https:/ /www.mdpi.com/journal/catalysts


https://doi.org/10.3390/catal12090939
https://doi.org/10.3390/catal12090939
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0001-6064-6653
https://orcid.org/0000-0002-5217-661X
https://doi.org/10.3390/catal12090939
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal12090939?type=check_update&version=2

Catalysts 2022, 12,939

20f12

will react with oxygen on the photocatalyst surface forming H,O, (Equation (1)). TiO;
is the most frequently-used photocatalyst, and while many researchers have used TiO,
to generate H,O,, the yields on pure TiO, remain low [6]. One of the main reasons
that TiO; is incapable of stable and sustainable H,O, synthesis via photocatalysis is the
formation of peroxy species (Ti-OOH) between the H,O, and TiO,, which mediates the
decomposition of HO, [7]. Loading novel metal particles onto TiO; (e.g., Pt, Pd, Au) is
an efficient way to improve the photocatalytic production of HO, and some studies have
shown that irradiation of the metal/TiO; photocatalysts with UV light in an O,-saturated
ethanol/water mixture can produce significantly more H,O; [8,9]. The presence of Au on
TiO, has been found to increase production of HyO; as a result of the increased electron
transfer from TiO; to Au through a Schottky junction, and led to an increase in the two-
electron reduction of O, (Equation (1)) [10]. Some researchers have investigated the effect
of loading two metals, such as Au and Ag onto TiO, to promote the H,O, formation [11].

2e” +2H" + 0O, - HyOy (1)

Graphite-like carbon nitride (g-C3Nj) is a metal free polymer n-type semiconductor,
and it is seen as a potential candidate to produce H,O, [12]. Even though the photocatalytic
activity of g-C3Ny is still low, many efforts have proven to be successful at promoting
H,O, yield. For example, Li et al., introduced carbon vacancies on g-C3Ny and those
vacancies helped it generate more H,O; [13]. Additionally, various other inorganic-based
photocatalysts have also been explored for the generation of H;O,. Hirakawa et al,,
investigated the performance of bismuthvanadate (BiVOy) to generate H,O, under visible
light [14]. Another common commercial photocatalyst, ZnO, has been reported to result in
higher H,O; yields compared to TiO; [4]. There have however been fewer investigations
into the effect of metal loading onto the surface of ZnO for HyO, production. Meng
et al. [15] synthesised an Au/ZnO material and found that H,O; yields on Au/ZnO
were significantly higher compared to those obtained on Au/TiO,. Kawano et al., [16]
subsequently reported that the enhanced performance of Au/ZnO for generation of HyO,
was a result of both effective charge separation and the lower adsorptivity of H,O, to the
surface of catalysts. There has been little research performed around the loading of alloys
on ZnO to generate HyO»,.

In this paper, the assessment of bimetallic loaded ZnO photocatalysts for HyO, produc-
tion is reported. Au-Ag/ZnO catalysts with alloy particles consisting of Au and Ag were
prepared by simultaneous impregnation of HAuCly and AgNO;. Au/ZnO and Ag/ZnO
were also made using the same methods. For comparison, P25 TiO, with the same loadings
were prepared and their efficiency for HyO, generation was also tested.

2. Results and Discussion
2.1. Characterization of Catalysts

A typical SEM_EDX image of Aug1Ago4/Zn0O is shown in Figure 1a. From the SEM
image of the Aug1Agp4/ZnO material the particle size was determined to be 309 nm.
Energy dispersive X-ray spectroscopy (EDX) of metal particles on the catalyst determined
the average Au/Ag ratio as 0.16 (mol/mol). The XRD pattern of ZnO and Aug1Agp4/ZnO
is shown in Figure 1b. The exact amount of Au and Ag on the ZnO photocatalyst was
determined by Inductively coupled plasma—optical emission spectrometry (ICP-OES) and
was found to be 0.21 (mol/mol). The EDX also shows that the Au and Ag components in
the metal particles were mixed homogeneously (not shown in the manuscript). The Ag and
Au loadings and particle size of the modified ZnO and TiO, materials are summarized in
Table 1.
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Figure 1. (a) Typical SEM_EDX image of Aug 1Ag4/Zn0O; (b) XRD pattern of ZnO Aug1Ag 94/ZnO

nanoparticle.

Table 1. Summary of metal loadings on catalysts.

Au Content/mol% ? Ag Content/mol% ? Particle Size/nm
Aug1Ago4/ZnO 0.14 0.68 309
AuO.lAgO.4 /TIO2 0.14 0.73 65
Aug1/ZnO 0.15 - 411
Aug,/ZnO 0.26 -
Au0,3 /ZI’IO 0.37 -
Agp2/ZnO - 0.27 235
Ago2/ZnOP 0.14

@: amount of Au and Ag was determined by ICP-OES; ®): catalyst recovered after 1 h reaction.

The UV-vis spectra of the metal modified ZnO photocatalyst materials are shown in
Figure 2. As shown, adding Au onto ZnO enabled the catalysts to adsorb photons in the
visible portion of light. This work, however, focused on the photocatalytic generation of
H,0O, under UV light.
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Figure 2. Diffuse reflectance UV-vis spectra of respective catalysts (a): ZnO and Au/ZnO;

(b): Ag/ZnO; (c): Au-Ag/ZnO.

2.2. Photocatalytic Generation of HyO;

The photocatalytic activity of HyO, generation on catalysts was tested under UV
light by adding 50 mg of photocatalyst into 100 mL 0.1 M methanol solution. Methanol
reacts with h™ on the CB, replacing water as the electron donor and, due to its lower oxida-
tion potentials and faster reaction kinetics, strongly inhibits other oxidation processes [6].
Formaldehyde was also detected in the system and was found to increase linearly during
the reaction (not shown in the manuscript). At the same time, oxygen was reduced on the

CB to form H,O,.

After one hour of UV illumination, the yield of H,O, was recorded, Figure 3. It
showed that when the Au loading changed from 0 to 0.2 mol%, the HyO, yield increased
from 1117.91 pM to 1281.93 uM. When the Au loading was further increased to 0.3 mol%,
the H,O, yield decreased to 1266.59 uM. Previous research also reported that a load-
ing of 0.1 mol% Au on ZnO facilitated an increased generation of HyO, compared to

bare ZnO [15].
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Figure 3. H,O; yield on ZnO loaded photocatalyst after one hour illumination (50 mg catalyst in
100 mL 0.1 M methanol solution).

Au loading on photocatalysts is believed to enhance HyO, generation as a result of
reduced recombination in ZnO particles occurring, due to the transfer of photoexcited
electrons to the metal nanoparticles [17]. The charge separation is effectively assisted by the
interfacial electron transfer from the CB of ZnO (e~ cp) to Au (e ay) [8]- The accumulated
electrons (both e~ cp and e~ zy) on the catalysts, however, decompose H,O,. If H,O, was
not adsorbed onto the catalyst, however, it would not be decomposed by electrons, as
demonstrated on bare ZnO. It was found that H,O,, however, can adsorb onto the Au/ZnO
surface (adsorption of HyO, on modified ZnO will be illustrated in Section 2.3) and thus
can be decomposed through the reduction reaction with e” (Equation (2)) [18,19]. This

illustrated that Au particles could promote the simultaneous formation and decomposition
of HyO, in a similar manner to what happens with TiO, materials.

(H, Oy +e7 - OH + OH™) 2)

From Figure 3, it can be seen that when Ag was loaded on ZnO, the H,O; yield
decreased significantly with increasing Ag loading. Specifically, when Ag loading increased
from 0 to 0.8 mol%, the H,O, yield decreased from 1117.91 uM to 74.18 uM. When both
Au and Ag were loaded onto ZnO, and the metal loading changed from Aug1Agg> to
Aug1Agp g, the HyO, yield decreased from 824.27 uM to 234.77 uM. This observation may
be explained by the fact that Ag particles on ZnO promoted significant adsorption of
HyO; to the photocatalyst surface (the effect of adsorption is described in Section 2.3).
Furthermore, photoexcited electrons from the ZnO photocatalyst may also be trapped on
the surface of the Ag atoms, which would subsequently decompose the H,O, (Equation (2)).
Another reason for the lower levels of Hy;O, generation on Ag/ZnO may be that the Ag on

Ag/7ZnO was not stable and this again is illustrated in Section 2.3.

Photocorrosion of ZnO has previously been extensively reported in the literature, and
this process not only required UV irradiation, but also resulted from the photocatalytic
reaction [20]. The photostability of ZnO was also assessed in this study and the results are
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summarized in Table 2. The solution was filtered after the reaction and the concentration of
Zn?* was determined using ICP. Accordingly, the loss of catalyst can be calculated, which
was determined to be 0.97%. The loss of Zn on Ag/ZnO and Au/ZnO was 0.74% and 1.63%,
respectively. As the amount of catalyst loss was minimal, it was considered negligible.
On the other hand, this data also illustrated that the loading of Au helped to improve the
photostability of ZnO, while the loading of Ag decreased the photostability of ZnO.

Table 2. The photocorrosion of different ZnO catalyst.

ZnO Auo.Z/ZnO AgO.ZIZnO Auo'l Ago_Z/ZnO
2+
Zn™ after 3.9 3.0 65 33
reaction/ppm
ZnO loss/ % 0.97 0.74 1.63 0.82

For a comparison with the ZnO materials, TiO; catalysts with the same metal loadings
were prepared and used for the generation of HyO, under the same conditions. The results
from the study of the metal modified TiO, for generation of H,O, are summarized in
Figure 4. When pure TiO, was used, approximately 10 uM H,O, was generated (red bar in
Figure 4), which was significantly lower than the ZnO catalysts. When Au and Ag were
loaded on TiOj, the yield of HO, increased from 40 uM to 130 uM depending on metal
loadings. These results suggested that loading with both Au and Ag metals promotes
two-electron reduction of O, and hence facilitates HyO, production. It was observed
(Figure 4) that when only Au was loaded onto TiO,, the Aug,/TiO, material showed the
best photocatalytic activity (79.26 uM) and when only Ag was loaded onto TiO;, Agg 4/ TiO,
demonstrated the best activity for HyO, generation (111.13 uM). Comparison of Au-Ag

bimetallic catalysts demonstrated that AugAgg.2/TiO, was the best material at generating
H,0, (133.22 uM).

140

112

3 M
en‘\.‘fa“Of\! I
W0, conc

Figure 4. H,O, yield on modified TiO; after one hour illumination (50 mg catalyst in 100 mL 0.1 M
methanol solution).
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It is important to note that with the same metal loading, compared with the modified
TiO, photocatalyst, modified ZnO generated almost one order of magnitude higher yields
of HyO,. Specifically, Augy1Agp2/TiO; generated the most H,O, which was only 133.22
uM, while the yield on Aug,/ZnO was 1281.93 uM.

2.3. Kinetics of HyO, Formation on Modified ZnO

The time-concentration profiles of the photocatalytic generation of H,O; on ZnO with
different Au loadings are summarized in Figure 5.

1400 |- _
| B no Au loading 5
1200 | Au,.ZnO
i Auo_zzno v
= 1000 v Au,ZnO ¢ .
= i
2 800} 7
o [ =
2 600+ v ®
9 | ._ ] -
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Figure 5. Time-concentration profile of H,O, generation on different Au-ZnO.

The rates for formation and decomposition of H,O; on TiO; follow zero- and
first-order kinetics toward H,O, concentration, respectively (Equations (3) and (4)) [6].
Combining Equations (3) and (4), the profile of ¢c(H,O,) and time can be described in
Equation (5). Considering [HyO3]p = 0, in this case, the Equation (5) can be simplified
into Equation (6) [6].

g = Pplps = kg (©)]
rp = Op [HyOp)laps = kp[Hr05] 4)
k
[H202] = = (1= e7") 4 [HyOy]y - ! 5)
D
_ kF _ —kpt
[HyO,] = o (1 e ) (6)

The generation of HyO, on pure ZnO followed zero-order reaction kinetics (kp = 0),
which has previously been reported by others [4]. This is believed to be due to the fact that
the photocatalytically generated H,O, does not adsorb onto the surface of the unmodified
ZnO photocatalyst (black square in Figure 5) [21]. When Au was loaded onto the ZnO
material, the kinetics for HyO, generation were observed to change to a first-order process.
In this case the Au particles on the ZnO surface allowed adsorption of H,O;. The specific
influence of Au loading on the adsorption of H,O, will be discussed below. From these
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results it can be seen that H,O, was generated quickly (within 1 h) on the Au/ZnO
photocatalyst. During irradiation, however, the generation rate of H;O, on Au/ZnO
became slower, and consequently the yield of HyO;, on unmodified ZnO was expected
to surpass that of the Au/ZnO material at some point. In Figure 5, the yield of HyO,
on unmodified ZnO was almost the same as that observed for the Aug1/ZnO material,
while the HyO; yield on the unmodified ZnO surpassed that observed for the Aug 1 /ZnO
photocatalyst following 2 hours illumination.

As the kinetics of HyO; generation follow first-order profiles for the modified materials,
the generation rate constant (kp) and decomposition rate constant (kp) could be calculated
from Equation (6). Parameter kg explains the ability to generate HyO, while parameter kp
demonstrates the ability of degrade H,O, on the surface of catalysts. The apparent quantum
yield or photonic efficiency (&) was calculated from Equations (7)—(8). Accordingly, kr and
kp and photonic efficiencies on different Au loadings are summarized in Table 3.

Table 3. Summary of kg, kp and & of different Au/ZnO during H,O, generation.

Au Loading 0 0.1 mol% 0.2 mol% 0.3 mol%
 Yield after 1 h 1117.97 1160.00 1281.93 1266.59
illumination/uM

kp/pM min—! 18.633 23.496 33.213 32.586
kD/mirf1 0 0.0137 0.0118 0.0134
&/ % 3.41 4.30 6.08 5.97

From Table 3 it can be seen that kg for Aug,/Zn0O (33.213 uM min~!) was higher
than that for different Au loadings and at the same time, its kp was lower than the other
modified catalysts. This would suggest that all three of these Au loadings are effective in
promoting H,O, formation. This data indicated that Au particles on ZnO facilitated both
the formation and decomposition of H,O5.

To determine the adsorption of H,O, on the photocatalysts, 50 mg of photocatalyst
was added to 100 mL 1000 uM H,O; and stirred in the dark for one hour. The percentage
of HyO, adsorbed onto modified ZnO is summarized in Figure 6. On bare ZnO, no adsorp-
tion of HyO, was observed. After one-hour dark adsorption, the concentration of H,O,
increased slightly, which may be due to water evaporation. Upon modifying the ZnO mate-
rials with Ag, it was observed that the percentage of H,O, adsorbed onto the photocatalyst
increased with increasing Ag loading. When Ag loadings changed from 0 to 0.8 mol%,
the percentage of HyO, adsorbed onto the catalyst increased from —3.74% to 38.48%. The
loading of Au onto ZnO materials also facilitated H,O, adsorption, with greater loading
of Au resulting in higher levels of H,O, adsorption. As Au loadings increased from 0 to
0.3 mol%, the percentage of H,O, adsorbed onto the photocatalyst increased from —3.74%
to 7.94%. The Au loading, however, did not promote H,O, adsorption as strongly as Ag
loadings. For the same 0.2 mol% metal loading, Aug/ZnO and Agg»/ZnO adsorbed 5.58%
and 8.66% HO;, respectively. On the Au-Ag Bimetallic catalyst, H,O, adsorption was
enhanced significantly. For example, 57.65% HyO, was adsorbed onto the AugAgg/ZnO
catalyst (Figure 6).

These results showed that with greater Au loadings, the Au/ZnO photocatalyst
materials would adsorb more of the photocatalytically generated H,O, onto its surface,
which would in turn would promote the decomposition of the HyO;.

The time-concentration profiles of the photocatalytic H,O, generation on Ag/ZnO are
summarized in Figure 7a. From this figure it can be seen that the concentration of H,O,
increased sharply during the first 5 min to around 250 uM and then it dropped off until
20 min of photocatalysis, after which the concentration of H,O, starts to increase again.
Additionally, increasing yields of H,O, were obtained after 120 min of photocatalysis as Ag
loadings decrease. For example, when the Ag loading increased from 0.2% mol to 0.8% mol,
the yield dropped from 1082.57 uM to 225.29 uM. This would suggest that the Ag/ZnO was
not a stable catalyst with this simultaneous impregnation of HAuCly and AgNO3; method.
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It was assumed that Ag atoms may separate from the surface of the catalyst. Table 1 showed
that following the photocatalytic reaction, the amount of Ag in Agg,/ZnO decreased from
0.27% to 0.14%. Additionally, EDX detected the presence of Ag on Agj,/ZnO, while it
did not detect the presence of Ag on the Agj,/ZnO material which had been used in a
photocatalytic reaction. It is proposed that the Ag metals which shed from the ZnO surface
could decompose H,O; in the solution or the Ag particles could also adsorb H,O, onto
their surface, hence decreasing the concentration of H,O, in the aqueous solution.
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Figure 6. Percentage of H,O, adsorbed on modified ZnO after 1 h dark stirring (50 mg catalysts in
100 mL 1000 uM H, O, solution).
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Figure 7. (a), Time-concentration profile of generation of HyO, on Ag/ZnO. (b), Time-concentration
profile of generation of HyO, on Au-Ag/ZnO.

The time-concentration profiles of the photocatalytic generation of HyO, on different

Au-Ag/Zn0O materials are summarized in Figure 7b. This figure shows that when both Au
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and Ag were loaded onto ZnO, the presence of Au helped to stabilize the Ag atoms. For
Aug 1Agps/Zn0O, the generation of HyO, increased during the first 5 min of photocatalysis,
then the yield decreased until 20 min of irradiation before starting to increase again. The
yield had declined at 20 min of photocatalysis time by 45%, compared to that observed
at 5 min of irradiation time (from 136.41 uM to 77.29 uM). On Ags/ZnO, however, this
decrease was much greater at approximately 75% (from 227.03 uM to 57.74 pM). The level
of decline in H,O, generation during the photocatalytic process was found to increase
with increasing Ag loadings. Interestingly, the Aug1Agp2/ZnO material was proved to be
a stable catalyst for peroxide production, with the generation of HO, not following the
‘first rise and then fall” pattern observed with other materials. This material followed the
first-order kinetic profile and the kp and kp of HyO, on Aug 1Agp2/ZnO were calculated as
25.056 uM min~! and 0.021 min ! using Equation (6). The corresponding kp and kp values
for Aug/ZnO were 23.496 uM min ! and 0.014 min~!. It is assumed that the inclusion
of the Au atoms could stabilise the Au-Ag/ZnO material. Compared with Aug;/Zn0O,
higher kg and higher kp were observed that demonstrated that the presence of Ag could
promote the formation and decomposition of HyO, simultaneously. It should be noted that
if Au-Ag/ZnO is going to be further explored for H,O, production, the ratio of Au/Ag
should be carefully monitored.

3. Materials and Methods
3.1. Materials

TiO, P25 (80% Anatase and 20% Rutile) and ZnO were purchased from Evonik Aerox-
ide and Fisher Chemical, respectively. HAuCly-3H,O and AgNOj3; were purchased from
Sigma Aldrich. Syringe filters (0.22 um) were purchased from Merck Millipore Ltd. Fluores-
cent reagent contained POHPAA (8 mg, Tokyo Chemical Industry) and lyophilized powder
of HRP (2 mg, Alfa Aesar), which were both dissolved in TRIS buffer (25 mL, 1.0 M, pH 8.8,
Alfa Aesar). A Millipore Waters Milli-Q purification unit was used to provide ultrapure
water (18.2 M()/cm) in all experiments. A UV-LED (Series ILH-Xx01-Sxxx-5C211-WIR200,
Intelligent LED Solutions) with a peak wavelength at 370 nm and 65° viewing angle was
used (I =0.25 A and V = 14 V). Potassium ferrioxalate was purchased from Alfa Aesar.

3.2. Preparation of Photocatalyst

TiO; (1.0 g) or ZnO (1.019 g) was added to water (50 mL) containing HAuCly-3H,O
(5.6 mg) and AgNOs (1.6, 3.9, 7.9, 11.9, or 15.9 mg). The pH of solution was adjusted to
about 7 with a NaOH solution (1 mM), and water was evaporated at 80 °C with stirring.
The powders were dried at 100 °C for 12 h, calcined in air at 400 °C for 2 h, and reduced
with 5% Hj at 500 °C for 3 h, affording Aug1Agy,/TiO, (y = 0.1, 0.2, 0.4, 0.6, 0.8) and
Aug1Agy/Zn0O (y =0.1,0.2,04, 0.6, 0.8). Aux/TiO, (x=0.1,0.2,0.3), Aux/ZnO (x=0.1, 0.2,
0.3), Agy/TiO; (y =0.2,0.4, 0.6, 0.8), Agy/ZnO (y = 0.2, 0.4, 0.6, 0.8) catalysts were prepared
in a similar manner using AgNO3, HAuCly-3H,O as metal precursors.

3.3. Photocatalytic Generation of HyO;

Catalyst (50 mg) was suspended in 100 mL 0.1 M methanol solution and stirred
continually with a magnetic stirrer. Samples were taken from the reaction solution and
filtered through a syringe filter (0.22 um). The H,O, concentration of the samples were
analysed using the horseradish peroxidase (HRP)-catalyzed stoichiometric dimerization
of p-hydroxyphenylacetic acid (POHPAA) method which yields a fluorescent product
(Aex =315 nm, Aery =406 nm) [11]. A sample (2 mL) containing H,O, (diluted if needed),
and 0.25 mL fluorescent solution were analysed by a luminescence spectrometer fluorime-
ter (PerkinElmer LS 50 B Luminescence Spectrometer Fluorimeter) after 30 min reaction
(Aex = 315 nm, Aem, = 406 nm). The concentration of H,O, was calculated from a calibration
of known H,O, concentrations.
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The photon flux was determined using the potassium ferrioxalate actinometrical
method and by replacing the photocatalytic solution with actinometry solution under the
same conditions of H,O, generation, Equation (7) [22].

] Fe2+
Photonic flux = pE T ()

oFe?* was set at 0.97 and t was the time (min) the actinometry solution was irradiated
for. In this system, photon flux was calculated as 1.092 x 10~# mol min~! and the photon
flux density was then 1.092 x 10~3 M min~! accordingly. The photonic efficiency was then
determined based on Equation (8) [6].

- 2k )
~ Photon flux density

& (%) 100 ®)

where & (%) is the photonic efficiency, kg is the H,O, formation rate (M min~1). As the
H,0O, formation is a 2-electron step, the kr was multiplied by 2.

3.4. Adsorption of HyO, on Catalysts

To determine the adsorption of H,O, on the photocatalysts, 50 mg photocatalyst was
put in 100 mL 1000 uM HO; solution and stirred in the dark for 60 min. Samples were
taken from the solution and filtered through a syringe filter (0.22 um) and the concentration
of H,O, was determined as detailed above.

3.5. Characterization of Photocatalyst

The scanning electron microscope (SEM) was a Field Emission Hitachi SU5000. The
accelerating voltage is stated on image (10 kV was used for all images) and analysis was
conducted under high vacuum pressure of ~10-8 bar. The SEM was equipped with a
dispersive energy X-ray (EDX/EDS) analyser and conducted with an accelerating voltage
of 10 kV. The images were recorded with a backscattered secondary electron detector and
performed with the Aztec software provided with the instrument. The EDX was used to
confirm the presence of Au and Ag. The particle size of the catalysts was obtained from the
SEM figure. The exact amounts of Au and Ag in the catalysts were determined by induc-
tively coupled plasma-optical emission spectrometry (ICP-OES). Diffuse reflectance UV-vis
spectra were measured on a UV-vis spectrophotometer (KONICA MINOLTA SENSING,
INC. CM-2500d) with BaSOy as a reference. XRD data was recorded in Bruker AXS, 5465
East Cheryl Parkway, USA (40 kV, 25 mA).

4. Conclusions

In this paper, Au/ZnO, Ag/ZnO and Au-Ag/ZnO catalysts were prepared by
simultaneous impregnation of HAuCly and AgNOj; and their ability to generate H,O,
in a methanol/O; system was assessed. The results showed that the Aug,/ZnO
material generated the greatest quantities of HyO; after one hour illumination. The
presence of Au on ZnO resulted in greater quantities of H,O, being adsorbed onto
the photocatalysts compared to the unmodified ZnO material. This resulted in the
kinetics for H,O, generation changing from zero-order for the unmodified material to
first-order reaction for the Au/ZnO materials. Ag atoms on Ag/ZnO were found to
be unstable and separated from the surface of ZnO during irradiation, also resulting
in decreasing yields of HyO,. The stabilization of Ag on Au-Ag/ZnO was believed to
have been improved due to the presence of Au particles. While Aug 1Agp2/ZnO was a
stable catalyst, the generation of H,O; was not as high as that on Aug1/Zn0O, as the
presence of Ag in the Au-Ag/ZnO material promoted the formation and decomposition
of H,O,, simultaneously.
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