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Abstract: Photocatalysis combined with membrane technology could offer an enormous potential for
power generation in a renewable and sustainable way. Herein, we describe the one-step hydrogen
and oxygen evolution through a photocatalytic membrane reactor. Experimental tests were carried
out by means of a two-compartment cell in which a modified Nafion membrane separated the
oxygen and hydrogen evolution semi-cells, while iron ions permeating through the membrane
acted as a redox mediator. Nanosized Au/TiO, and Au/CeO, were employed as suspended
photocatalysts for hydrogen and oxygen generation, respectively. The influence of initial Fe3*
ion concentration, ranging from 5 to 20 mM, was investigated, and the best results in terms of
hydrogen and oxygen evolution were registered by working with 5 mM Fe®*. The positive effect of
gold on the overall water splitting was confirmed by comparing the photocatalytic results obtained
with the modified /unmodified titania and ceria. Au-loading played a key role for controlling the
photocatalytic activity, and the optimal percentage for hydrogen and oxygen generation was 0.25 wt%.
Under irradiation with visible light, hydrogen and oxygen were produced in stoichiometric amounts.
The crucial role of the couple Fe** /Fe?" and of the membrane on the performance of the overall
photocatalytic system was found.

Keywords: water splitting; Z-scheme; photocatalysis; photocatalytic membrane reactor

1. Introduction

Photocatalytic water splitting to generate hydrogen from solar light is a process that can play
an important role for the future development of clean and renewable energies alternative to fossil
fuels [1-8]. The combination of photocatalysis, which allows converting solar energy into chemical
energy, and membrane-based operations could offer the possibility to achieve one-step hydrogen
generation from water splitting at ambient temperature without needing further energy inputs.
Hydrogen attracted increasing interest as a valid candidate for fossil-fuel substitution, enough to
give rise to create the so-called “hydrogen economy” in 1970 [9-12].

From a thermodynamic point of view, hydrogen oxidation can offer three times the energy per
gram in comparison to fossil fuels as gasoline. Moreover, hydrogen oxidation leads to the formation of
water, making it a zero-emission fuel. Hydrogen also finds applications in the chemical industry as a
reagent in fine-chemical synthesis [12].
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Since Fujishima and Honda discovered photocatalytic water splitting by means of TiO, electrodes
in 1972 [13], noticeable works were carried out in order to investigate photocatalytic-based hydrogen
generation from water via both photocatalysis and photoelectrochemistry [14]. Particular attention was
paid to semiconductor oxides, due to their simple preparation through calcination and their stability
toward oxygen generation [15-19]. The water-splitting pathway involves a series of radical reactions
initiated by light-driven photocatalyst activation, as deeply described in the literature [3].

Among the well-known semiconductors, nanosized TiO; is attracting more and more interest,
due to its unique properties of physico-chemical stability and inertness, low cost, biocompatibility,
durability, long-term photo-stability, and potent oxidative power under ultraviolet (UV)-light
irradiation [20-22]. Despite its numerous advantages, the use of TiO, still presents a limitation,
i.e.,, only UV light, representing ~4% of total solar energy, can be absorbed by titania nanoparticles.
Therefore, extending TiO; light absorption to the visible fraction represents a challenging target
for photocatalysis applications. Various techniques, such as noble-metal and non-metal doping,
dye sensitization, and coupling with carbon materials were adopted in order to modify the electronic
band of titania [23].

In a previous work, we reported that gold nanoparticles supported on titania (Au/TiO,)
represent a suitable photocatalyst for the generation of hydrogen with visible light using methanol
and ethylenediaminetetraacetic acid (EDTA) as sacrificial electron donors [14]. A remarkable
overall efficiency of approximately 5% measured at 560 nm was determined [14]. In this system,
gold nanoparticles act as a durable and stable photosensitizer, absorbing visible light and injecting
electrons in the conduction band of the TiO,. Using 0.25 wt% gold loading on titania and methanol as
a sacrificial agent, ~98 umol of hydrogen was obtained (catalyst content 2 g/L) after 4 h of irradiation
with visible light [14].

Also, we showed that ceria of small average particle size can behave as a semiconductor with
a remarkably high efficiency for the photocatalytic generation of oxygen from water using Ag* or
Ce®* as a sacrificial electron acceptor [24]. The best performing CeO, sample was that prepared
using a biopolymer “alginate” as a templating agent to synthesize about 5 nm of average particle size
with a Brunauer-Emmett-Teller (BET) surface area of 93 m?-g~! [24]. Also, in this case, visible-light
photocatalytic activity was implemented by depositing gold nanoparticles on CeO, (Au/CeO;),
which allowed achieving ~50 umol of oxygen when the aqueous suspension containing 0.25 wt% gold
deposited on CeO, was irradiated for 4 h with visible light in the presence of AgNOs as a sacrificial
agent [24].

Considering the above precedents and the visible-light photocatalytic activity for independent
hydrogen and oxygen generation using Au/TiO; or Au/CeO,, respectively, in the presence of an
appropriate sacrificial agent, it occurs that these two photocatalysts could also work in a system to
perform the simultaneous generation of hydrogen and oxygen in the absence of sacrificial agents
using a Z-scheme [25-28]. In this Z-scheme methodology, hydrogen and oxygen are generated
photocatalytically in different cells that are irradiated and separated by a membrane [5,29-34].
An electrolyte is used to ensure the electroneutrality in each cell and to allow charge transfer from one
compartment to the other.

Li et al. [5] reported concomitant hydrogen generation and phenol degradation in a photocatalytic
twin reactor under simulated solar light. In the proposed system, Pt/STO:Rh was used as a
photocatalyst for hydrogen evolution, while WO3; was chosen for phenol oxidation. A Nafion
membrane separated the two compartments of the cell. Fe**/Fe?* pairs were used for electron
transfer. The obtained data evidenced a hydrogen generation rate of 1.90 umol-g~'-h~!. Moreover,
by employing a phenol initial concentration of 200 umol-L~!, hydrogen yield reached a value of
11.37 umol-g~! after 6 h of irradiation, corresponding to an increase of 20% compared to that of
pure water splitting. Fujihara et al. [35] studied water splitting in a two-compartment cell using
Pt/ TiO,-anatase as a catalyst for hydrogen generation suspended in a Br, /Br~ aqueous solution and
Pt/TiO,-rutile for simultaneous oxygen evolution in an Fe** /Fe?* redox couple solution. Yu et al. [33]
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also reported the experimentation of a twin reactor for the synchronized formation of hydrogen,
through the photocatalytic activity of BiVOy, and oxygen using Pt/SrTiO3;:Rh. A Nafion membrane
was inserted in the two-side system to assure the separate generation of the two gases. Similarly to the
above mentioned works, the Fe3* /Fe2* redox couple was also selected in this case as a redox mediator.

Hydrogen and oxygen in a stoichiometric ratio (2:1) were obtained, with a maximum hydrogen
formation rate of 0.65 umol-g~1-h~1. Lo et al. [31] investigated the water-splitting process for the
one-step Hy and O, generation by means of a membrane twin reactor under visible-light irradiation.
Pt/SrTiO3:Rh and WO;3; were designated as hydrogen- and oxygen-evolution semiconductors,
respectively. The formation of the two gases reflected their stoichiometric ratio, with an average
hydrogen evolution rate equal to 1.59 umol-g~1-h~1.

Nafion represents a valid choice as a membrane material, since it is characterized by outstanding
chemical and physical resistance [36] and an affinity for iron species. Ramirez et al. [37] investigated
the uptake characteristics of different cations (Fe3*, Cu?*, and Ni%*) by Nafion 117, which is commonly
used as a separator for different chemical processes. The membrane exhibits its affinity in the order
Fe3* > Ni?* > Cu?*, similar to that reported in a previous study [38]. In another study [39], it was
reported that a Nafion/Fe membrane was resistant to the attack of the highly oxidative radical «OH
(E°eOH/-OH = 1.90 eV vs. normal hydrogen electrode (NHE)) and did not allow leaching of the
Fe exchanged on the sulfonic groups within the 3000-h testing period. Kiwi et al. [40] demonstrated
that iron compounds supported on a Nafion membrane gave good results in a photo-Fenton water
treatment process, where the Fe ions were fixed and remained active in H;O, decomposition.

In the present work, we studied the overall photocatalytic water splitting using Au nanoparticles
as a sensitizer of TiO; and CeO, semiconductors irradiated with visible light in combination, a Nafion
film as a membrane separating two cells, and ferric sulfate as the electrolyte. Diffusion tests on the
iron-modified Nafion membrane were performed to determine its ability to allow diffusion of iron
species. The influence on system performance of initial Fe** concentration and of Au loading on the
O, and Hj; evolution photocatalysts was determined. Finally, the photocatalytic activity of the pairs
(Au/TiO, and Au/CeOy) for the photocatalytic water splitting through a Z-scheme under visible light
was demonstrated.

2. Materials and Methods

TiO; (particle size: 20 nm; rutile/anatase: 85:15, 99.9%) was a commercial P25 sample supplied by
Degussa. CeO, was prepared starting from an aqueous solution of alginate that was flocculated with
cerium nitrate followed by calcination as previously reported [24]. Gold nanoparticles were deposited
on TiO, and CeO; via the deposition—precipitation method starting from AuHCly and maintaining
pH = 10 as described in Reference [14]. TEM images were recorded with a Jeol 200 Cx microscope
operating at 200 kV.

2.1. Photocataytic Tests

The photocatalytic membrane reactors (PMRs) experimented in the present work for simultaneous
generation of hydrogen and oxygen from water splitting mimic the Z-scheme mechanism used by
plants for natural photosynthesis. The Z-scheme (Figure 1a) basically includes two photocatalysts:
(i) the oxygen evolution photocatalyst (Au/CeO; in this study) leading to O, formation via water
oxidation, and (ii) the hydrogen evolution photocatalyst (Au/TiO; in this study) which promotes Hj
formation via water reduction. The aqueous suspensions containing the two photocatalysts need to
be separated by a membrane able to transports electrons via a redox couple (Fe>* /Fe?* in this study)
acting as an electron redox mediator.

The experimental set-up (Figure 1b) consisted of a two-compartment Pyrex cell, each with a
volume of 50 mL, separated by a Nafion modified membrane with an exposed membrane surface
area of 3.14 cm?. Each compartment, containing 60 mg of photocatalyst suspended in 30 mL of
Milli-Q water (corresponding to 2 g-L~! photocatalyst concentration), was irradiated with a 125-W
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medium-pressure mercury lamp (DLU, HDLM E27) equipped with a Pyrex glass jacket which allows
maintaining the system at a temperature of 20 °C. The suspensions were purged with argon flow for
at least 30 min before irradiation in order to remove dissolved air. For polychromatic visible-light
irradiation, an Fep(SO4)3 solution (3% w/v), circulated into the Pyrex glass jacket of the lamp, was used
as a cut-off filter (A > 400 nm). Hydrogen and oxygen generation was determined by injecting 0.1 mL
of each Pyrex cell headspace gas in a gas chromatograph (GC; Agilent 7890A) equipped with a thermal
conductivity detector. The GC determination was carried out by operating in isothermal conditions
(50 °C), with a capillary column (CP-PoraPLOT Q, molecular sieve, 530 um inner diameter, 15 m
length) and argon as a carrier gas.

UV-Vis light 4
H, irradiation

UV-Vis light
irradiation

o Au/Ce0, Au-TiO,
N '
O, evolution Modified H, evolution
photocatalyst nafion photocatalyst
membrane

Auw/CeO,

E  FeorFe*ions
A& 5-Transport of Fe?' ions
=227, __AF Transport of Fetions

IX Sampling valve

Nafion
Modified
Membrane

(b)

Figure 1. (a) Diagram of the Z-scheme overall water splitting using Au/CeO, as a photocatalyst for
oxygen generation, Au/TiO, for hydrogen generation, and Fe>* /Fe?* as a redox couple. (b) Conceptual
scheme of the set-up used for photocatalytic experiments.
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2.2. Membrane Modification

The Nafion 117 membrane (Aldrich, thickness of 178 um) was modified using the procedure
described herein before its use. In the first step, the membrane was boiled in a 1 M HNOj3 solution for
2 h to remove any contaminant; then, it was washed with Milli-Q water, immersed in a 1 M NaOH
solution, and subsequently in a 1 M H,SOj4 solution for 4 h, each for conditioning the membrane [41].
Finally, the Nafion membrane was immersed in a 0.5 M Fe;(SO4)3 solution for 24 h to change its
functional groups (H*) with Fe?* ions.

2.3. Iron Spectrophotometric Determination

Spectrophotometric analyses were performed using 1,10-phenanthroline (Fluka, Aquanal Plus
kit) and potassium thiocyanate (Aldrich), for total iron (A = 510 nm) and ferric ion (A = 477 nm)
determinations, respectively. Ferrous iron ion concentration present in solution was calculated by the
difference between total and ferric iron concentration.

3. Results and Discussion

3.1. Diffusion Test

The iron-containing modified Nafion membrane was tested to determine its ability to allow
diffusion of iron species. Similar concentrations of Fe>* and Fe®* as that utilized in the photocatalytic
experiments were used in one compartment and, then, the presence of corresponding iron species over
time was determined in the other compartment. The corresponding profiles of iron species diffusing
through the membrane are provided in Figure 2.
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Figure 2. Fe?* (M) and Fe3* (0J) transport over time through the Nafion membrane in the compartment
cell with no initial salt.

It was observed that, while Fe3* diffusion could be fitted by a straight line, i.e., the concentration
of Fe3* in the chamber without it grew linearly over time, similar experiments with Fe?* salt
clearly revealed two regimes. These results might be explained considering that, in the first regime,
ion exchange of Fe** and Fe?* occurred in the Nafion membrane concomitantly to the diffusion. In the
second regime, the Nafion membrane behaved essentially as a Fe?" exchanger.

The iron content in the membrane before and after its use was estimated by SEM energy dispersive
X-ray spectroscopy (EDX) analysis. The results showed an iron weight loading of ~1.3% and this value
did not change after using the membrane (Figure 3).
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Figure 3. SEM picture of Nafion membrane used for the photocatalytic test (A) and energy-dispersive
X-ray spectroscopy (EDX) analysis of ferric ion-modified membrane (B).

Figure 4 reports TEM pictures of the Au/TiO, and Au/CeO, photocatalysts. The average
particle size of photocatalyst nanoparticles, determined by considering a statistically relevant number
of particles in the TEM images of the samples, resulted in 2.7 and 5.0 nm for Au/TiO; and
Au/CeO,, respectively.

Figure 4. TEM images of Au/TiO, (A) and Au/CeO; (B).

3.2. Photocatalytic Tests

For the irradiation of the suspensions, a 125-W medium-pressure mercury lamp was used.
This lamp exhibited emission peaks at a discrete wavelength, mostly in the visible region (total
irradiation 2133 mW/m? with 61% in the visible range). The inset of Figure 5 shows the emission
peaks in the spectrum of the lamp used.

Preliminary photocatalytic tests were carried out evidencing the crucial role of the couple
Fe®*/Fe?* on both hydrogen and oxygen generation. Indeed, by starting the working of the
cell with Fe?* ions in the cell containing Au/TiO; and Fe3* ions in the cell containing Au/CeQO,,
oxygen generation in both cells was observed during the first 30 min. We suggest that the reason
why oxygen was generated in Au/TiO; cell instead of the expected hydrogen was because Fe** was
formed by Fe?* oxidation, in the presence of oxygen by air, during the preparation of the work-up
cell. Analysis of the Fe3* concentration in the Au/TiO; cell confirmed that about 22% of Fe?* ions
were oxidized to Fe3* during this stage. The formed Fe®** quenched the generation of hydrogen and
promoted the formation of oxygen, owing to the preferential reduction of Fe>* by photogenerated
electrons with respect to the photoreduction of water. As a consequence, during the first 30 min,
oxygen generation (instead of hydrogen) was observed into the Au/TiO; cell before changing to
continuous hydrogen generation.
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On the basis of these preliminary results, to avoid the presence of Fe>* ions in the Au/TiO, cell,
the iron ions were initially added to the system only in the form of Fe3* at different concentrations,
as reported in Table 1, in the cell containing Au/CeO,, while, in the Au/TiO; cell, the initial iron
concentration was zero. Figure 5 shows the temporal evolution of hydrogen in the Au (0.25 wt%)/TiO,
cell and oxygen in the Au (0.25 wt%)/CeO; cell when 5 mM Fe?* was added in the Au/CeO, cell.
Operating under these conditions, the reaction started on Au/CeO, with oxygen evolution via water
oxidation coupled with the reduction of Fe** to Fe?*. The so-produced Fe?* ions permeated across
the Nafion modified membrane starting hydrogen evolution in the Au/TiO, compartment. As a
consequence, during this early stage of the reaction (approximately 5 min), the ratio Hy:O, was
about 1:1 (see Figure 5) and evidenced that H, generation was promoted by Fe?* which permeated
through the membrane. After this initial stage, two regimes can be observed: a first one, until 60 min,
and a second one, from 60 to 300 min. This trend can be explained considering that, in Figure 2,
a similar trend with the same two regimes can be observed for Fe?* permeation through the membrane.
It could be deduced that Fe?* ion diffusion during the first regime was faster than that during the
second regime (0.043 vs. 0.022 umolg.Z* min~1) and this behavior affected the photocatalytic reaction.
Indeed, the Fe?* ions produced in the Au/CeOj cell permeated across the membrane and promoted
a generation of hydrogen in the Au/TiO; cell. After 300 min, a very low hydrogen production was
detected, probably because of the negligible permeation of Fe>* ions across the membrane (see Figure 2)
which blocked the Z-scheme mechanism. However, it should be observed that both photocatalysts
efficiently worked during these two regimes (slopes of 1.25 umoly,-min~! during the first regime and
0.41 umoly,-min~! during the second regime), promoting the simultaneous generation of hydrogen
and oxygen in a stoichiometric amount in the Au/TiO; and Au/CeO; cells, respectively, and that
blocking was only caused by Fe?" ion permeation through the membrane.
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Figure 5. Hydrogen production (M) using Au (0.25 wt%)/TiO, and oxygen production () using Au
(0.25 wt%)/CeO, compared with hydrogen production (®) using TiO, and oxygen production (O) using
CeO; only (initial Fe?* concentration was 5 mM in the Au/CeO, cell and initial Fe2* concentration
was zero in the Au/TiO; cell).

The initial concentration of Fe>* ions in the Au/CeO, cell varied in the range from 2 to 50 mM,
and it was found that 5 mM gave the best photocatalytic performance with the highest initial reaction
rate (Table 1).
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Table 1. Photocatalytic activity (initial reaction rate, ry, evolved hydrogen and oxygen at 7 h) of the
series of ferric aqueous solutions (initial Fe3* concentration, Cg) under study, using Au (0.25 wt%)/TiO,
and Au (0.25 wt%)/CeO, for hydrogen and oxygen generation, respectively.

Co Fe3* Evolved Hy 71, Evolved Oy 71, H, ry x 10% 0, 1y X 102
(mM) (umol) (umol) (umol-min—1) (umol-min—1)
2 56.2 28.1 34.2 20.7
5 166.1 75.6 114.0 53.4
10 86.2 43.0 96.3 32.5
20 43.2 24.2 34.8 21.1
50 255 16.3 334 23.5

Au/CeO; was selective for oxygen generation as it was found to be unable to generate hydrogen.
The reason for this behavior might be related to the energy of the electrons in the conduction band of
Au/CeO,, which was not sufficient for water reduction (see Figure 1). In contrast, these electrons were
able to reduce Fe3* to Fe?*.

The influence of gold on the photocatalytic performance of the Z-scheme overall water splitting
by TiO; and CeO, was determined by comparing the photocatalytic activity of the gold-containing
semiconductors in comparison with the same semiconductors without gold (Figure 5).

As expected, despite the irradiation source used not permitting exclusively visible-light emission,
a positive effect of the presence of gold was observed.

The gold loading plays an important role in the photocatalytic efficiency of the system.
To demonstrate this point, we performed some photocatalytic tests with equal gold loading on titania
and ceria varying from 0.25 to 1.0 wt%. By measuring the initial rate of hydrogen generation, it was
concluded that the optimum gold loading under these conditions was the lowest (0.25 wt%) (Table 2).

Table 2. Photocatalytic activity (initial reaction rate, r, evolved hydrogen and oxygen at 7 h) of the
series of gold-containing samples under study, using a 5 mM ferric solution and TiO; and CeO, as
photocatalysts for hydrogen and oxygen generation, respectively.

Au Loading Evolved H, 7, Evolved O, 7, H, ry X 102 0, 1y X 102
(wWt%) (umol) (umol) (umol-min—1) (umol-min—1)
0.25 166.1 75.6 114.0 53.4
0.6 152.0 61.3 112.1 70.8
1.0 71.0 25.1 67.0 322

Au content in the aqueous reacting environment after the reaction was below the detection limit
(0.1 ppm).

In a precedent work it was also observed that Au loading is a key parameter controlling the
photocatalytic activity of Au/TiO, and that an optimal Au percentage exists. Since the presence
of Au nanoparticles is detrimental for the efficiency of TiO; photocatalysis under UV irradiation,
but enhances the photocatalytic efficiency for visible-light irradiation, the observed beneficial effect
of Au might be explained considering that, by operating under our conditions, visible light gave the
largest contribution to the total photocatalytic water splitting. In view of the above data, we propose
the water-splitting mechanism shown in Figure 6.

Upon light absorption (mostly visible), electrons (in the conduction band) and holes (in the
valence band) were generated in Au/CeO,. It was found that electrons in Au/CeO, were inefficient to
generate hydrogen and, therefore, they were captured by Fe**, forming Fe?* ions that diffused through
the Nafion membrane to the Au/TiO; cell. The holes located on Au of the Au/CeO; photocatalyst had
sufficient oxidation power to generate oxygen via water oxidation as previously proven [42]. In the
Au/TiO; cell, similar charge separation as in the Au/CeO; cell would occur upon photon absorption;
however, in this case, the reduction potential of the TiO, conduction band had enough energy to form
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hydrogen via water reduction. The holes on Au were, in this case, quenched by oxidation of Fe?*
diffusing through the Nafion membrane from the Au/CeO; cell.

UV-Vis light
irradiation

Figure 6. Elementary steps occurring in the photocatalytic reaction upon irradiation of a
gold-containing photocatalyst sample under ultraviolet (UV) irradiation: (1) photon absorption;
(2) electron migration from Au to semiconductor conduction band; (3) electron quenching by P;
(4) Q oxidation by H* mediated by Au.

To demonstrate the photocatalytic activity of the pair Au/TiO; and Au/CeO, for the overall
water splitting through a Z-scheme under visible light, analogous photocatalytic experiments were
performed by filtering light to almost completely remove the irradiation wavelength below 400 nm
(Figure 7). Under these conditions, the irradiance decreased from 2133 mW-m~2 to 570 mW-m 2.
In Figure 7, the two regimes previously observed in Figure 5 were not present. This can be ascribed to
the lower irradiance (3.6 times lower for the visible light compared to UV irradiation), which decreased
the H, /O, generation rate (slopes of 0.08 umolipp-min~! and 0.04 pmolpy-min~1), thus requiring a
lower Fe?* ion diffusion rate.
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Figure 7. Hydrogen production (M) using Au (0.25 wt%)/TiO, and oxygen production () using Au

(0.25 wt%)/CeO,, under visible-light irradiation (initial Fe3* concentration was 5 mM in the Au/CeO,
cell and initial Fe?* concentration was zero in the Au/TiO; cell).

Also under these conditions, hydrogen and oxygen generation was observed in stoichiometric
amounts in the Au/TiO, and Au/CeO; cells, respectively (Table 3).
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Table 3. Photocatalytic activity (initial reaction rate, ry, evolved hydrogen and oxygen at 7 h) of the Au
(0.25 wt%)/TiO, and Au (0.25 wt%)/CeO, samples using a 5 mM ferric solution for hydrogen and
oxygen generation, respectively, under visible-light irradiation.

Au Loading Evolved H, 7,, Evolved O, 71, Hj ry x 102 0, 1y X 102
(wWt%) (umol) (umol) (umol-min—1) (umol-min—1)
0.25 30.36 14.89 11.0 42

4. Conclusions

In the present article, we combined the high activity of Au/TiO, to photocatalytically generate

hydrogen with the high activity of Au/CeO, to promote oxygen evolution from water. Thus,
overall water splitting was obtained by operating through a Z-scheme using a Nafion membrane and
Fe3* /Fe?* as an electrolyte.

The obtained results showed the following:

The employed photocatalysts promoted simultaneous hydrogen and oxygen generation;

The optimal content of ferric ions in the Au/CeO, compartment was 5 mM;

Gold operated as a photosensitizer allowing photocatalytic hydrogen and oxygen formation
under visible light;

A gold loading of 0.25 wt% led to the best results in terms of hydrogen and oxygen evolution
(166.1 and 75.6 umol, respectively, after 7 h of UV-visible-light irradiation);

Hydrogen and oxygen were produced in stoichiometric amounts, i.e., 30.36 and 14.89 umol,
respectively, after 7 h of irradiation with visible light;

The decrease in permeation rate of iron ions through the Nafion membrane affected the
photocatalytic performance, slowing the generation rates of both hydrogen and oxygen.
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