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Abstract: Water oxidation is one of the most important reactions needed for a transition to a green
economy. The reaction relies on extracting electrons from oxygen anions and is commonly studied
using homogenous catalysts based on Ru or Ir metals. Because of Ir scarcity and its relative instability
in acidic environments, metals to replace it are sought after. In this study, we have synthesized Au-Pd-
based catalysts deposited on TiO2 with different ratios in order to mimic IrO2 valence orbitals (Ir5d)
by the hybrid valence orbitals of Au5d and Pd4d and compared their heterogeneous catalytic activity
for the evolution of O2 from water in the presence of cerium ammonium nitrate (CAN). Au-Pd-based
catalysts were found to be active at a particular nominal atomic ratio. At an atomic ratio of 1 Au
to 2 Pd and 1 Au to 3 Pd, the catalysts were active and stable for oxygen production from water.
Long-term runs up to 20,000 min still showed the expected stoichiometry between O2 production
and CAN consumption (1 to 4). However, catalysts with a reverse ratio were not active. Also, the
monometallic catalysts were found to be not active for the reaction. We link the reason for the activity
of Au-Pd with this specific ratio to the shape and energy position of their valence band that might
be similar to those of IrO2 particles. While the turnover numbers of the Au-Pd-based catalysts were
found to be lower than those of IrO2-based catalysts, on the same support in a heterogenous system,
there is considerable potential upon further optimization for these two metals to replace IrO2 for a
water oxidation reaction.

Keywords: Au-Pd/TiO2 catalysts; Ir/TiO2 catalysts; water oxidation; valence band; cerium ammonium
nitrate (CAN); XPS Au5d; XPS Pd4d

1. Introduction

Water splitting into H2 and O2 is a much-needed process for the transition to green
technology. These processes, for H2 and O2 generation, can be divided into two main
reactions. For the reduction of protons to H2 and the oxidation of oxygen anions to O2,
the latter reaction is the most difficult because it involves the transfer of four electrons.
There has been extensive research in this area and a large number of heterogeneous and
homogeneous catalysts were found to be active for O2 production from water [1,2].

There are many comprehensive studies on the evolution of O2 over Ru-based com-
plexes in the presence of Ce4+ as an electron acceptor in an acidic medium using cerium
ammonium nitrate (CAN) [3–5]. Several reaction mechanisms have been proposed for
the generation of O2. In an oxo–water acid base pathway, O-O bond formation takes
place between an oxygen atom bound to a ruthenium center and an oxygen atom from
adsorbed water [6,7]. The other path includes radical coupling of two Ruv = O species to
form an O-O bond. It is also proposed that the oxygen evolution reaction in the presence
of Ce4+ takes place by the coupling of an oxo hydrocerium (IV) radical with an Ruv = O
species. Ce4+ plays an important role, not only as an oxidizing agent but also as a radical,
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by forming hydroxocerium (IV) radical, which takes part in radical–radical coupling with
monoruthenium complex catalyst to form the O-O bond [6].

In a detailed study of iridium-based homogenous catalysts using CAN as an oxidizing
agent, it was found that there is initially no O2 evolution with the addition of CAN, and
when the concentration of CAN is increased gradually in the reaction mixture, O2 evolution
takes place. The authors proposed that the catalyst first undergoes some transformation
and new active sites, most probably IrOx-based, are evolved which catalyze the reaction.
To further support the idea, an acidified IrOx-based catalyst was used in similar conditions
and the O2 evolution reaction occurred without lag, indicating that IrOx-based active
sites were catalyzing the reaction [8,9]. In another work, CAN consumption was found
to be higher than needed for stoichiometric O2 evolution; higher equivalents of CAN are
required to produce an instantaneous generation of O2. When the CAN/catalyst ratio is
small, the O2 evolution takes place a few minutes after the consumption of CAN. These
results suggest that there is an intermediate, which is formed during the reaction. It was
proposed that water oxidation driven by CAN starts with the formation of the Ir catalyzed
phase, which is further transformed to the O-O bond containing moiety, which, in turn, is
further transferred to the Ce species that slowly evolves to O2 [10].

In one of our previous studies, we used Cp*Ir-based Klaüi compound immobilized
over TiO2 with sacrificial electron donors NaIO4 and CAN for the oxygen evolution reaction.
Catalyst leaching took place during the initial reaction and the spent catalyst was found
to be relatively active for further water oxidation reactions. The increase in activity was
explained in terms of the dispersion of Ir nanoparticles during the first run, and also due to
the creation of active sites for O2 evolution [11]. It has been argued by a few researchers
that water oxidation catalysts with Cp*Ir complexes transform into heterogeneous IrOx
nanoparticles when CAN is used as an oxidizing agent [7]. Similar observations were
reported on the Cp*Ir catalyst, namely, that when used with CAN, it transforms into a
better water oxidation catalyst after a first run with higher TOFs. It was later concluded that
iridium hydroxide nanoparticles were formed that increased the water oxidation rate [12].

Metal oxides with high valency show activity as water oxidation catalysts, and they
include RuO2, IrO2, Co3O4, Rh2O3, and Mn2O3 under photoirradiation in the presence of
an electron scavenger [13–15]. For example, it was shown that high valent states of citrate-
stabilized IrO2 oxidize water photocatalytically in the presence of sodium persulphate as
an electron scavenger. One of the reasons invoked for the activity of IrO2-based catalysts
is the position of the valence band with respect to the redox potential of water [16–19].
IrO2 is a metallic oxide, and although its bonds have considerable covalent character, it is
reasonable to consider the O atoms as O2− and the Ir atom as Ir4+. The valence band of
IrO2 is largely composed of Ir5d and O2p orbitals crossing the Fermi level (Ef) up to −9 eV
below it. The Ir5d are close to the Fermi level and have a narrow band [20] around 2–3 eV
below Ef. In a previous work, we showed that IrO2 deposited on TiO2 is active for a water
oxidation reaction [21] in the presence of CAN. IrO2 was found to form small clusters of
less than 1 nm in size highly dispersed on the oxide support. Many other noble metals are
known to have activity in both hydrogen ion reduction and oxygen anion oxidation [22],
particularly, Au, Pd, and Pt. In this work, we focus on Au and Pd because their of their high
miscibility. Au particles have their valence band Au5d extending from 2 to 8 eV below the
Fermi level, with their energy position depending on their particle size [23,24]. The valence
band of Pd particles is composed of Pd4d and is positioned [25] about 2–4 eV below Ef,
which also depends on the particle size. Au and Pd form an alloy that has been studied in
detail by numerous authors [26–29]. The position of the valence band of the Au-Pd alloy
changes depending on the metal compositions, with some overlapping with that of IrO2.
In addition, Au-Pd-based catalysts have shown high activity for oxidation reactions in
general [30–34].

Focusing on water splitting to H2 and O2, IrO2 has been shown to be the most active
metal in an acidic environment. The rates of water electrolysis are better in acidic and
alkaline environments compared to neutral pH (because of ions transport). At present,
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there is no proven technology for membranes working in alkaline environments (although
considerable progress has been made in the last decade [35,36]). Stable membranes in
acidic environments are available, yet, except for IrO2, no other metals, so far, have been
found to combine high activity and relative stability. Because the world production of Ir is
very small (the annual production is about 7 tons, while that of Au is about 3000 tons), a
global-scale technology based on IrO2 is not possible. Therefore, replacing it with other
metals that may have similar activity is needed.

In this study, we focus on the O2 evolution reactions performed over Au-Pd/TiO2 to
compare it with those of IrO2/TiO2 and IrO2/CeO2 heterogeneous catalysts using cerium
ammonium nitrate (CAN) as a sacrificial electron acceptor without photo irradiation.
The reactions were performed by changing the concentrations of CAN and the metal
composition in an effort to find, albeit preliminarily, an optimal range of the ratio of Au to
Pd that performs similarly to IrO2-based catalysts.

2. Results
2.1. Catalysts Composition

The core and valence photoelectron binding energy levels of the series of catalysts were
monitored by XPS. Quantitative data are presented in Table 1. Nine catalysts were analyzed:
two for the monometals Au and Pd and seven for the bi-metals. Figure 1A–C present the
trend in atomic% versus weight% and the relation between the quantified atomic% of Au
and Pd on top of TiO2. It is important to mention that Au and Pd are miscible and easily
alloyed [23,25,28]. This has been seen numerous times for catalysts when both metals are
deposited on top of a support by transmission electron microscopy, for example [37,38].
Also, the presence of alloy results in the damping of the plasmon resonance peak of Au
particles [39,40] (typically, about 3–5 nm) at 500–600 nm. A similar result is presented
here (Figure S2). UV-Vis spectra of TiO2 (anatase + rutile), Au/TiO2, and Pd/TiO2 are also
included as a reference. TiO2 has a wide band gap energy and shows absorbance mainly in
the UV. Due to the presence of rutile (15 wt. %), the absorption edge extends to 410 nm.
The Au-TiO2 catalyst shows the expected localized surface plasmonic resonance (LSPR)
response in the visible region (centered at around 550 nm), with a wavelength depending
upon its particle size, morphology, and dielectric constant of the medium. The absorbance
spectrum of Pd/TiO2 was slightly shifted to 420 nm, which may be due to the presence
of Pd/PdO [41]. In the Au-Pd/TiO2 samples, the Au plasmon peak was considerably
reduced, and also the PdO absorption edge was not visible. This was noticed in particular
for the catalyst containing 2.29 wt. % of Au and where the plasmon is largely absent. These
absorption changes have been explained as being due to a charge transfer from Au to
Pd [42]. We have not conducted a detailed study of the Au-Pd/TiO2 by TEM. However,
a few catalysts of a similar series were imaged in the past [43]. There are two types of
particles. Small ones seem to be exclusively composed of Pd atoms (of about 1.5 nm in
mean size) and large ones contain Au (of about 3 nm in mean size). It is not possible
to identify these large particles as exclusively composed of an Au-Pd alloy, although, as
shown by the UV-Vis spectra, the considerable quenching of the Au plasmon indicates the
likely presence of an alloy.

In this work, there is a good linear relationship between the increase in loading (wt. %)
and the surface and near surface signal from Pd3d (XPS), indicating a good dispersion of
Pd of the Pd-Au/TiO2 series (Figure 1A). While there is, in general, an increase of the Au
signal (XPS Au4f) with increasing Au loading, the relationship is less linear (Figure 1B).
Figure 1C shows the relationship between Au and Pd from their Au4f and Pd3d XPS peaks.
There are two regions, one with a high ratio of Au/Pd (catalysts labeled S1, S2, and S4) and
one with a low ratio of Au/Pd (catalysts labeled S3, S5, and S6). As will be shown later,
these catalysts were found to be active for water oxidation.
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Table 1. Weight and atom% of Au and Pd of the Au-Pd/TiO2 catalysts series, extracted from XPS
Au4f and Pd3d lines.

Catalyst Area
CPS. eV

Sensitivity
Factor

Corrected
Area Atomic% Mol. Wt. Mol. Wt. ×

at.% wt. %

1.96 wt. %
Au–1.06 wt. % Pd

Au 4f 63.80 5.24 12.18 0.33 107.86 35.53 1.64

Pd 3d 36.60 4.60 7.96 0.22 106.42 22.91 1.06

Ti 2p 1318.90 1.80 733.54 19.85 47.87 950.02 43.94

O 1s 1304.10 0.71 1834.18 49.63 16.00 794.03 36.72

C 1s 328.00 0.30 1108.11 29.98 12.00 359.78 16.64

S1 Total 3695.95 100.00 2162.27 100.00

2.38 wt. %
Au–0.65 wt. % Pd

Au 4f 57.80 5.24 11.03 0.31 107.86 33.57 1.66

Pd 3d 2.96 4.60 0.64 0.02 106.42 1.93 0.10

Ti 2p 1083.30 1.80 602.50 17.00 47.87 813.70 40.16

O 1s 1164.80 0.71 1638.26 46.22 16.00 739.55 36.50

C 1s 382.40 0.30 1291.89 36.45 12.00 437.40 21.59

S2 Total 3544.32 100.00 2026.14 100.00

1.45 wt. %
Au–1.575 wt. % Pd

Au 4f 13.70 5.24 2.61 0.08 196.97 15.33 0.68

Pd 3d 67.50 4.60 14.67 0.44 106.42 46.49 2.07

Ti 2p 1292.70 1.80 718.97 21.41 47.87 1024.61 45.65

O 1s 1318.90 0.71 1854.99 55.23 16.00 883.64 39.37

C 1s 227.20 0.30 767.57 22.85 12.00 274.23 12.22

S3 Total 3358.81 100.00 2244.30 100.00

2.54 wt. %
Au–0.46 wt. % Pd

Au 4f 44.60 5.24 8.51 0.24 107.86 25.74 1.27

Pd 3d 1.80 4.60 0.39 0.01 106.42 1.17 0.06

Ti 2p 1102.00 1.80 612.90 17.18 47.87 822.41 40.55

O 1s 1193.00 0.71 1677.92 47.04 16.00 752.58 37.10

C 1s 375.20 0.30 1267.57 35.53 12.00 426.40 21.02

S4 Total 3567.29 100.00 2028.29 100.00

1.15 wt. %
Au–1.86 wt. % Pd

Au 4f 11.70 5.24 2.23 0.06 107.86 7.01 0.34

Pd 3d 95.00 4.60 20.65 0.60 106.42 63.97 3.09

Ti 2p 1049.20 1.80 583.54 16.99 47.87 813.03 39.33

O 1s 1190.50 0.71 1674.40 48.74 16.00 779.80 37.72

C 1s 341.80 0.30 1154.73 33.61 12.00 403.33 19.51

S5 Total 3435.55 100.00 2067.15 100.00

2.29 wt. %
Au–3.72 wt. % Pd

Au 4f 21.10 5.24 4.03 0.12 107.86 13.18 0.58

Pd 3d 155.00 4.60 33.70 1.02 106.42 108.85 4.81

Ti 2p 1210.20 1.80 673.08 20.43 47.87 978.03 43.24

O 1s 1293.70 0.71 1819.55 55.23 16.00 883.76 39.07

C 1s 226.10 0.30 763.85 23.19 12.00 278.25 12.30

S6 Total 3294.20 100.00 2262.08 100.00

0.40 wt. %
Au–0.65 wt. % Pd

Au 4f 2.74 5.24 0.52 0.01 107.86 1.59 0.08

Pd 3d 1.68 4.60 0.36 0.01 106.42 1.09 0.06

Ti 2p 1005.70 1.80 559.34 15.79 47.87 755.67 38.80

O 1s 1128.30 0.71 1586.92 44.79 16.00 716.63 36.79

C 1s 413.20 0.30 1395.95 39.40 12.00 472.79 24.27

S7 Total 3543.10 100.00 1947.77 100.00

3 wt. % Pd

Au 4f 5.24 0.00 0.00 107.86 0.00 0.00

Pd 3d 20.40 4.60 4.43 0.12 106.42 13.13 0.59

Ti 2p 1453.30 1.80 808.29 22.49 47.87 1076.44 48.03

O 1s 1424.50 0.71 2003.52 55.74 16.00 891.87 39.79

C 1s 230.30 0.30 778.04 21.65 12.00 259.76 11.59

S8 Total 3594.28 100.00 2241.20 100.00
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Table 1. Cont.

Catalyst Area
CPS. eV

Sensitivity
Factor

Corrected
Area Atomic% Mol. Wt. Mol. Wt. ×

at.% wt. %

3 wt. % Au

Au 4f 64.80 5.24 12.37 0.37 107.86 40.04 1.71

Pd 3d 4.60 0.00 0.00 106.42 0.00 0.00

Ti 2p 1459.20 1.80 811.57 24.36 47.87 1166.01 49.83

O 1s 1366.00 0.71 1921.24 57.67 16.00 922.66 39.43

C 1s 173.60 0.30 586.49 17.60 12.00 211.24 9.03

S9 Total 3331.66 100.00 2339.94 100.00
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Figure 1. (A) Plot of Pd at. % as a function of wt. % of the series Au-Pd/TiO2 (anatase + rutile) pre-
pared for water oxidation. (B) Plot of Au at. % as a function of wt. % of the same series in (A). (C) 
plot of Au at. % as a function of Pd at. % of the same series in (A). The composition of the catalysts 
S1 to S9 is given in Table 1. Catalysts S3, S5, and S6 (red) are those found to be active for oxygen 
production. 
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of pure Au, Pd, and Au-Pd alloy valence bands are taken from others’ work [24]. Au 5d 
bands change with Au particle size and composition, as do the Pd4d bands. The Pd4d 
bands extend from 1 to 8 eV in binding energy and the Au 5d bands from 1 to 10 eV below 
the Fermi level. When the ratio Au/Pd is 3 to 1 up to 1.5 to 1, the band is closer to that of 
Pd, and when the Au ratio increases, the spectra resemble more those of Au. Figure S3B 
shows the valence band of the monometallic catalysts of this work. The figure is domi-
nated by the O2p bands (the two bands centered at 5 and 8 eV binding energy) of TiO2, 
with the shape of these two bands depending on the phase composition (anatase and ru-
tile) [44] and stoichiometry of TiO2. The contribution of Au 5d in the spectrum of Au/TiO2 
is seen. The positions and shape of the valence band of Au depend on its particle size, 
morphology, and crystallographic direction [45]. The 6s is at the Fermi level, while the 
5d5/2 is located about 3–4 eV below. The separation ∆E (between the Au 5d5/2 and Au5d3/2) 
is also a function of the particle size and increases with increasing size due to the d–d 
interaction [46]. The 5d structure and position also change with the oxidation state of Au 
[47]. In this work, we only consider a qualitative analysis. The high Au/Pd catalyst series 
in this work are shown in Figure 2A, while Figure 2B shows the low Au/Pd series. As seen 
in Figure 2A, there are additional structures to the O2p (of TiO2) when Au loading 

Figure 1. (A) Plot of Pd at. % as a function of wt. % of the series Au-Pd/TiO2 (anatase + rutile)
prepared for water oxidation. (B) Plot of Au at. % as a function of wt. % of the same series in (A).
(C) plot of Au at. % as a function of Pd at. % of the same series in (A). The composition of the catalysts
S1 to S9 is given in Table 1. Catalysts S3, S5, and S6 (red) are those found to be active for oxygen
production.

Figure 2 presents the valance band of the same series of catalysts. In Figure S3, spectra
of pure Au, Pd, and Au-Pd alloy valence bands are taken from others’ work [24]. Au 5d
bands change with Au particle size and composition, as do the Pd4d bands. The Pd4d
bands extend from 1 to 8 eV in binding energy and the Au 5d bands from 1 to 10 eV below
the Fermi level. When the ratio Au/Pd is 3 to 1 up to 1.5 to 1, the band is closer to that of
Pd, and when the Au ratio increases, the spectra resemble more those of Au. Figure S3B
shows the valence band of the monometallic catalysts of this work. The figure is dominated
by the O2p bands (the two bands centered at 5 and 8 eV binding energy) of TiO2, with the
shape of these two bands depending on the phase composition (anatase and rutile) [44] and
stoichiometry of TiO2. The contribution of Au 5d in the spectrum of Au/TiO2 is seen. The
positions and shape of the valence band of Au depend on its particle size, morphology, and
crystallographic direction [45]. The 6s is at the Fermi level, while the 5d5/2 is located about
3–4 eV below. The separation ∆E (between the Au 5d5/2 and Au5d3/2) is also a function
of the particle size and increases with increasing size due to the d–d interaction [46]. The
5d structure and position also change with the oxidation state of Au [47]. In this work, we
only consider a qualitative analysis. The high Au/Pd catalyst series in this work are shown
in Figure 2A, while Figure 2B shows the low Au/Pd series. As seen in Figure 2A, there are
additional structures to the O2p (of TiO2) when Au loading increases in the 4–8 eV region.
This is clear for the S4 catalyst because it has the highest % of Au in the series investigated
(2.54 wt. %). For the series with a high ratio of Pd with respect to Au, there is a pronounced
signal before the onset of the O2p band at about 2–3 eV, and this is due to Pd4d lines. The
most important point is that the shape of the bands for the high Pd-to-Au ratio resembles
those of IrO2 [15,19]. As can be seen below, these catalysts are found to be active for water
oxidation, while those having a high Au-to-Pd ratio (in Figure 2A) were not active.
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Figure 2. (A) Valence band XPS of a series of Au-Pd/TiO2 with 1 to 3 and 1 to 2 Au/Pd nominal
atomic ratios. (B) Valence band XPS of a series of Au-Pd/TiO2 with 3 to 1, 2 to 1, and 1 to 1 Au/Pd
nominal atomic ratios. The composition of catalysts is given in Table 1. The position of the Pd4d lines
is in the shaded area in grey.

Quantitative analyses are based on XPS Au4f and XPS Pd3d, as presented in Table 1.
Qualitatively, it is difficult to obtain information from the binding energy peak position,
full-width half maximum (FWHM), and spin-orbit splitting of Au because of the initial
and final size effects that change with the particle size and the degree of interaction with
the support, in addition to the oxidation state. Figure S4 presents an example of a Au-
Pd/TiO2 catalyst. We do not attempt to correlate the activity of the Au-Pd series to their
initial peak shape or position because of these complexities and because the metal particles’
chemical state would change during the reaction; therefore, limited information that would
be relevant to understanding the electron transfer process may be extracted.
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2.2. Catalytic Activity of Au-Pd Catalysts
2.2.1. Oxygen Production over Au-Pd/TiO2

The 1.45 wt. % Au–1.57 wt. % Pd-TiO2 catalyst was used for an O2 evolution reaction
employing CAN as an electron scavenger. Figure 3 shows the O2 evolution reactions at
different concentrations of CAN using 20 mg of catalyst; the reactions were carried out
in air without light irradiation or heating. Air was preferred, in certain runs, so that the
background signal of O2 (due to air) is constant. The rate of reaction increased by increasing
the concentration of CAN from 0.023 to 0.18 M. The initial O2 evolution rate increased from
3.61 × 10−7 moles/min to 1.96 × 10−6 moles/min.
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The reactions were continued for a longer time to observe the stability of the catalyst 
and to quantify the consumption of CAN. During the reaction, the intense orange color of 
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is colorless [48]. The number of moles of O2 evolved was very close to ¼ of the concentra-
tion of the CAN at the end of the experiment, which shows that four electrons were ac-
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Pd are the active sites for the reaction. Table 2 shows the TONs and TOFs of the reactions: 
the TONs were 13.02, 21.20, 37.75, 71.77, 107.81, and 121.33 after 450 min of reactions and 

Figure 3. O2 evolution reaction over 1.45 wt. % Au-1.57 wt. % Pd/TiO2 (anatase + rutile) using 20 mg
of catalyst. The concentration of CAN ranges from 0.023 to 0.183 M (250–2000 mg) in 20 mL of water.

The reactions were continued for a longer time to observe the stability of the catalyst
and to quantify the consumption of CAN. During the reaction, the intense orange color of
CAN changed to light yellow and, finally, the solution became transparent because Ce(III) is
colorless [48]. The number of moles of O2 evolved was very close to ¼ of the concentration
of the CAN at the end of the experiment, which shows that four electrons were accepted by
four Ce4+ species to form one molecule of O2. The turnover number (TON) and turnover
frequency (TOF) of the reactions were also calculated assuming that both Au and Pd are
the active sites for the reaction. Table 2 shows the TONs and TOFs of the reactions: the
TONs were 13.02, 21.20, 37.75, 71.77, 107.81, and 121.33 after 450 min of reactions and the
TOFs were 0.07, 0.14, 0.16, 0.17, 0.34, and 0.35 min−1 after 150 min for reactions performed
with increasing CAN concentrations. It also shows the initial Ce4+-to (Au + Pd)-atomic
ratio (Table S1 contains an example of the calculations). A similar reaction was performed
using cerium nitrate hexahydrate as the Ce3+ source and did not yield any O2.

Figure 4 shows the O2 evolution reaction over 1.45 wt. % Au–1.57 wt. % Pd/TiO2
catalyst; the concentration of CAN was 0.456 M (5000 mg of CAN in 20 mL of water),
the reaction was started after purging the reactor with N2, the reaction was continued
for 19,000 min, and a continuous O2 evolution was seen. The theoretical volume of O2
that can be formed using CAN by assuming Ce4+ as an electron acceptor to produce O2
is 51 mL (2.28 × 10−3 moles) and the total volume of O2 formed after 19,000 min of the
reaction was 44.57 mL (1.99 × 10−3 moles). This shows that the reaction is catalytic and
the evolution of O2 matches the total amount of CAN used in the reaction. The TON for
this reaction was 448 after the completion of the reaction. The reaction is proposed to take
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place via Equation (1), in which Ce4+ acts as an electron acceptor and is reduced to Ce3+.
The potential of Ce4+ to Ce3+ is lower than the redox potential of H2O/OH, H2O/H2O2,
and H2O/O2 [49].

2 H2O + 4 Ce4+ → 4 Ce3+ + 4 H+ + O2 (1)

Table 2. O2 evolution reactions over 1.45 wt. % Au–1.57 wt. % Pd/TiO2 (anatase + rutile) with increasing
CAN concentrations. The reactions were performed using 20 mg of catalyst in 20 mL of water.

Concentration of CAN (M) [Ce4+]/[Au + Pd] TON TOF (min−1) Moles/min

0.023 105.31 13.02 0.07 2.89 × 10−7

0.046 210.63 21.20 0.14 6.32 × 10−7

0.068 315.94 37.75 0.16 6.96 × 10−7

0.091 421.26 71.77 0.17 7.32 × 10−7

0.137 631.89 107.81 0.34 1.49 × 10−6

0.182 842.52 121.33 0.35 1.57 × 10−6
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Figure 4. O2 evolution reaction over 1.45 wt. % Au-1.57 wt. % Pd/TiO2 (anatase + rutile) with
5000 mg (0.456 M) of CAN using 20 mg of catalyst. Inset: O2 evolution reaction over the same catalyst
and the same CAN concentration using 40 mg of catalyst at different pH. CAN was directly added to
the water and in the second reaction, pH was pre-adjusted to 1 before adding the CAN.

The inset in the figure shows the O2 evolution reactions catalyzed by 1.45 wt. %Au–
1.57 wt. % Pd/TiO2 with 0.456 M CAN using 40 mg of catalyst. In one case, CAN was
directly added to water, which is at pH 7, and in another case, the pH was adjusted to 1 by
adding a few drops of HNO3 prior to adding CAN.

The rate of reaction was 1.37 × 10−6 moles/min and 1.11 × 10−6 moles/min, re-
spectively. Wasylenko et al. conducted the O2 evolution reaction based on a ruthenium
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complex by using different acidic media with CAN. They reported that the evolution rate
of O2 gradually increases in H2SO4, CF3SO3H, HClO4, and HNO3, respectively. The high
reactivity in HNO3 was explained due to the NO3

− ions, which enable fast electron transfer
steps [50]. The rate constant for O-O bond formation was found to be two times faster
in HNO3 at pH 1 compared to other acids. It was proposed that the reaction took place
by assisted atom–proton transfer (APT), in which NO3 acts as a base and accepts protons
from H2O, which results in avoiding the formation of higher energy intermediates [40,51]
[RuIIIOOH2]3+. Also, CAN is usually used in an acidic medium, with pH as low as 1 to
avoid the hydrolysis of Ce4+ species. It was also proposed that some of the hydrolyzed
species such as [Ce(NO3)5OH]2− also take part in O-O bond formation by interacting with
Ruv = O species of the catalyst. In the present study, we did not observe a considerable
difference due to the initial acidification of the medium and this may indicate that in a
heterogeneous system (or at least in the case of Au-Pd on top of TiO2), the metal particles
do not undergo considerable changes at the beginning of the reaction.

2.2.2. Effect of Catalyst Concentration

Figure 5A presents the O2 evolution reactions as a function of catalysts concentration
by keeping the CAN concentration constant at 0.091 M. The total O2 production rate
increased linearly with the increase in catalysts amount. The rates of reactions per catalyst
weight were in the same range. The highest rate was observed when the catalyst amount
was 10 mg, which might be due to an optimal [CAN]-to-[catalyst] ratio (Table 3). The
TONs and TOFs were also found to be in the same range and in all reactions, around
41–42 catalytic cycles were completed.
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Table 3. Effect of catalyst concentration, 1.15 wt. % Au-1.87 wt. % Pd/TiO2 (anatase + rutile), on
O2 production. Reaction time of 250 min. The reactions were performed using 20 mL of water with
0.091 M CAN.

Catalyst Weight (g) TON ([O2]/[Au + Pd]) TOF (min−1) Moles/min Moles/(min/gcatal.)

0.005 43.70 0.15 1.80 × 10−7 3.60 × 10−5

0.01 42.15 0.21 4.87 × 10−7 4.87 × 10−5

0.02 42.87 0.17 8.04 × 10−7 4.02 × 10−5

0.04 41.19 0.15 1.39 × 10−6 3.48 × 10−5

2.2.3. Effect of Catalyst Composition (Au-to-Pd Ratios)

The composition of Au-Pd/TiO2 catalyst was also varied by changing the atomic
ratios of Au to Pd. Figure 5B shows O2 evolution reactions over two active catalysts which
have Au/Pd atomic ratios of 1:2 and 1:3. The rates and composition of the catalysts are
listed in Table 4. The highest rate was observed for 2.29 wt. % Au–3.72 wt. % Pd/TiO2
catalyst with Au/Pd ratio of 1:3. The catalysts with Au/Pd ratios of 1/1, 2/1, and 3/1
were found to be not active for the reaction. An O2 evolution reaction was also performed
using Ce(IV)(SO4)2·4H2O (Ce4+ as an electron acceptor) over 1.45 wt. % Au–1.57 wt. %
Pd/TiO2 as a catalyst (Figure S5). The initial rate of reaction (1.67 × 10−7 moles/min) was
3.6 times slower under similar reaction conditions when CAN was used. Similar trends
were observed in homogeneous catalysis when Ce(NH4)4(SO4)2·4H2O was used instead of
CAN in the presence of a catalyst [6,40]. The sulfate anions form a more stable complex
with Ce4+ compared to nitrate anion in CAN, which causes the decrease in oxidation
potential [52] of Ce4+ to Ce3+.

Table 4. Effect of composition of Au-Pd/TiO2 (anatase + rutile) catalysts on O2 evolution reactions.
The reactions were performed using 40 mg of catalyst in 20 mL of water with 0.091 M CAN.

Au wt. % Pd wt. % Nominal Atomic Ratio of Au/Pd Moles/min

1.45 1.57 1:2 1.00 × 10−6

1.15 1.86 1:3 1.39 × 10−6

2.29 3.72 1:3 2.30 × 10−6

1.96 1.06 1:1 No reaction

2.38 0.65 2:1 No reaction

2.54 0.46 3:1 No reaction

2.3. UV-Vis Absorbance Spectroscopy of the Liquid Phase

To observe the transformation of Ce4+ into Ce3+, liquid samples of the reaction mixture
were analyzed at different intervals of time by UV-Vis for the reaction over IrO2/TiO2
(anatase) catalysts (Figure S6). The peak at 300 nm is assigned to Ce4+ and NO3

−. The UV
spectra of Ce4+ and NO3

− overlap. This was confirmed by taking the absorption spectra
of Ce(IV) sulfate and HNO3 as Ce4+ and NO3

− sources, respectively. The spectra at 0 min
show only one peak at 300 nm assigned to Ce4+ and NO3

−; as the reaction progresses, a
new peak at 250 nm emerges, which is assigned to Ce3+. The peak position of Ce3+ was also
confirmed by taking the absorption spectra of Ce3+ nitrate hexahydrate as the Ce3+ source.
As the reaction time increased, the Ce3+ peak became more distinct, and at the end of the
reaction there were two main peaks, one for Ce3+ and one at 300 nm, which becomes flatter
due to the transformation of Ce4+ to Ce3+, but it did not completely disappear because of
the presence of NO3

−. There was no peak at 350 nm, which is assigned to NO2
−. The peak

assignment for NO2
− was confirmed by taking the absorbance spectra of NaNO2.
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2.4. Oxygen Production over IrO2 Catalysts
2.4.1. Oxygen Production over IrO2/TiO2 (Anatase)

IrO2- and IrOx-based catalysts are known as water oxidation catalysts [53–56]. It was
reported that the mechanistic difference between IrOx and relatively less effective 3d metals
such as Fe2O3 and Mn2O3 OER catalysts was due to the charge accumulation process,
which occurs through valence state changes of the metal center, and was found to proceed
efficiently [57] on IrOx. In this study, IrO2 was deposited on three different supports: TiO2
(anatase), TiO2 (anatase + rutile), and CeO2.

For the oxygen evolution over IrO2/TiO2 (anatase), the reactions were conducted in
air and 20 mg of catalyst was used each time, with the concentrations of CAN kept similar
to the previous studies mentioned above (Figure 6). The rate of reaction increased by in-
creasing the concentration of CAN from 0.023 to 0.182 M. O2 evolution rates increased from
5.98 × 10−7 moles/min to 5.52 × 10−6 moles/min. Figure S7 shows the same reactions that
were continued for longer periods. The turnover number (TON) and turnover frequency
(TOF) of the catalyst were also calculated considering Ir as the active center for the reaction.
The TONs were 81, 170.75, 243.25, 411, 629.8, and 847.7 after 450 min of reactions and the
TOFs were 0.57, 1.05, 1.54, 2.11, 4.12, and 5.30 min−1 after 150 min for reactions performed
with increasing CAN concentration. The initial Ce4+-to-Ir atomic ratios are also included
(Table 5).
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Table 5. O2 evolution reaction over 1 wt. % IrO2/TiO2 (anatase) with increasing CAN concentration.
The reactions were performed using 20 mg of catalyst in 20 mL of water.

Concentration of CAN (M) Ce4+/Ir (Atomic Ratio) TON TOF (min−1) Moles/min

0.023 437.7 81.08 0.57 5.98 × 10−7

0.046 875.5 170.75 1.05 1.09 × 10−6

0.068 1313.2 243.25 1.54 1.60 × 10−6

0.091 1750.9 411.00 2.11 2.20 × 10−6

0.137 2626.4 629.80 4.12 4.29 × 10−6

0.182 3501.9 847.74 5.30 5.52 × 10−6

2.4.2. Oxygen Production over IrO2/TiO2 (Anatase + Rutile)

Oxygen evolution reactions were also performed over IrO2-TiO2 (anatase + rutile)
using similar reaction conditions (Figure 7). The rate of reaction increased with the
concentration of CAN from 0.023 to 0.182 M. The O2 evolution rate increased from
4.14 × 10−7 moles/min to 2.26 × 10−6 moles/min. The rates of O2 evolution were half
compared to IrO2/TiO2 (anatase), although the BET surface areas were approximately the
same for IrO2-TiO2 anatase and IrO2-TiO2 (anatase + rutile). The reactions were continued
for longer periods, as shown in Figure S8. The TONs and TOFs of the reactions were
calculated considering Ir as the active site for the reaction (Table 6). The TONs were 94,
170.75, 254, 343, 450, and 565 after 450 min of reactions and the TOFs were 0.40, 1.08, 1.37,
1.68, 1.81, and 2.17 min−1 after 150 min for reactions performed with increasing CAN
concentration.
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Table 6. O2 evolution reaction over 1 wt. % IrO2/TiO2 (anatase + rutile) with increasing CAN
concentration. The reactions were performed using 20 mg of catalyst in 20 mL of water.

Concentration of CAN (M) Ce4+/Ir (Atomic Ratio) TON TOF (min−1) Moles/min

0.023 437.7 93.95 0.40 4.14 × 10−7

0.046 875.5 170.75 1.08 1.12 × 10−6

0.068 1313.2 253.98 1.37 1.43 × 10−6

0.091 1750.9 343.64 1.68 1.75 × 10−6

0.137 2626.4 450.04 1.81 1.88 × 10−6

0.182 3501.9 565.02 2.17 2.26 × 10−6

2.4.3. Oxygen Production over IrO2/CeO2

Reactions over IrO2/CeO2 under similar conditions were performed (Figure 8). The
O2 evolution rate increased from 3.61 × 10−7 moles/min to 1.67 × 10−6 moles/min at
the lowest and highest concentrations of CAN, respectively. Figure S9 shows the same
reactions that were continued for longer periods to observe the stability of the catalyst
and to quantify the consumption of CAN. The TONs and TOFs are shown in Table 7. The
TONs were 74.65, 196.49, 226.52, 506.67, and 619 after 450 min of reactions and the TOFs
were 0.35, 1.11, 1.19, 1.39, 1.49, and 1.60 min−1 after 150 min for reactions performed with
increasing CAN concentration. CeO2 was considered as an alternative support here since,
as mentioned in previous work, there is a CeO2 deposition during the reaction with CAN
over the catalyst. However, we have shown previously that these did not affect the reaction
rates (at least for the five cycles investigated).
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Table 7. O2 evolution reaction over 1 wt. % IrO2/CeO2 with increasing CAN concentration. The
reactions were performed using 20 mg of catalyst in 20 mL of water.

Concentration of CAN (M) Ce4+/Ir (Atomic Ratio) TON TOF (min−1) Moles/min

0.023 437.7 74.65 0.35 3.61 × 10−7

0.046 875.5 196.49 1.11 1.16 × 10−6

0.068 1313.2 226.52 1.19 1.24 × 10−6

0.091 1750.9 498.52 1.39 1.45 × 10−6

0.137 2626.4 506.67 1.49 1.55 × 10−6

0.182 3501.9 619.50 1.60 1.67 × 10−6

Several other catalysts were also tested in similar reaction conditions but did not yield
any O2. Those catalysts include 3 wt. % Au/TiO2, 3 wt. % Pd/TiO2, 1 wt. %Pt/TiO2, Fe2O3,
1 wt. % Ru/SrTiO3, 1 wt. % Rh–1 wt. % Ru/SrTiO3, and 0.1 wt. % Ag–0.3 wt. % Pd /TiO2
(Table 8).

Table 8. List of catalysts found to be inactive for the O2 evolution reaction using 40 mg of each in
20 mL of water in the presence of 0.091 M of CAN.

Catalyst Remarks

1 wt. % Pt/TiO2 No activity

3 wt. % Au/TiO2 No activity

3 wt. % Pd/TiO2 No activity

1 wt. % Ru/SrTiO3 No activity

1 wt. % Rh–1 wt. % Ru/SrTiO3 No activity

Fe2O3 No activity

0.1 wt. % Ag–0.3 wt. % Pd/TiO2 No activity

Below, we compare the activity of the Ir-based catalysts and the Au-Pd-based catalysts.

2.5. Reaction Kinetics

For a homogenous catalytic reaction, the reaction with CAN is typically first-order
with respect to a catalyst and oxidants [58,59] such as CAN and NaIO4.

The rate of evolution of oxygen is given as:

r = k[CAN]n[H2O]o (2)

r = k[CAN]n (3)

lnr = lnk + nln[CAN] (4)

In Equation (2), r is the rate of evolution of oxygen, k is the rate constant, and n is
the order of reaction with respect to cerium ammonium nitrate concentration. The rate is
zero-order with respect to water because it is in excess. The rate equation can be given
by Equation (3). By plotting Equation (4), the Ln r (rate of evolution of O2) as a function
of Ln [CAN] (cerium ammonium nitrate concentration in moles/gcatal.) is found to be
approximately (within experimental errors, R2 values are given in the figure caption) a
straight line (Figure 9A). The extracted orders of reaction with respect to cerium ammonium
nitrate concentrations over different catalysts are listed in Table 9.
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Table 9. Reaction rates, rates constants (k), and binding constants (K) using the rate law and Langmuir–
Hinshelwood (L–H) equations over Au-Pd- and IrO2-based catalysts.

Catalyst Reaction
Order

BET Surface
Area m2/gcatal.

k (Rate Low)
L/(min. gcatal.)

k (Rate Law)
L/(min. m2)

k (L–H) mol/
(min. gcatal.).

k (L–H)
mol/(min. m2) K (g/mol)

Au-Pd/TiO2
(A/R) 0.8 40 3.07 × 10−4 7.68 × 10−6 1.7 × 10−4 4.25 × 10−6 4.12

IrO2/TiO2
Anatase 1.14 40 1.69 × 10−3 4.23 × 10−5 8.4 × 10−3 2.11 × 10−4 0.15

IrO2/TiO2
(A/R) 0.77 40.5 4.81 × 10−4 1.19 × 10−5 1.4 × 10−3 4.02 × 10−6 0.71

IrO2/CeO2 0.67 30.6 1.34 × 10−4 4.36 × 10−6 6.0 × 10−4 3.27 × 10−6 1.48



Catalysts 2024, 14, 87 17 of 22

The Langmuir–Hinshelwood (L–H) kinetic model was used to observe the relation
between the rate of oxygen evolution and the binding constant of adsorbed cerium ammo-
nium nitrate.

r =
kK[C]

1 + K[C]
or

1
r
=

1
k
+

1
kK[C]

(5)

where r is the rate of evolution of oxygen, C is the concentration of cerium ammonium
nitrate, k is the rate constant of the reaction, and K is the adsorption constant or binding
constant. Plotting 1/r vs. 1/C (equation 5) shows a linear trend, within experimental errors.
The rate constants and binding constants are listed in Table 9. The highest rates of O2
were achieved on IrO2/TiO2 (anatase), which is 2.11 × 10−4 mol/(m2 min), and the lowest
rate was on IrO2/CeO2, which is 3.27 × 10−6 mol/(m2 min). The O2 evolution rates over
Au-Pd/TiO2 (anatase + rutile) and IrO2/TiO2 (anatase + rutile) were in the same range,
4.25 × 10−6 and 4.02 × 10−6 mol/(m2 min), respectively. These results may indicate that,
at least in the case of Ir-based catalysts, the lower the binding constant between CAN and
the support, the faster the reaction rate for water oxidation.

While Au-Pd-based catalysts were found to be less active than Ir-based catalysts,
these were not optimized in terms of particle size, dispersion, ratio, or the nature of the
support. For example, as seen in Figure 10, TOF numbers still increase with increasing Ce4+

concentration. A simple qualitative description would be that the orbitals of the adsorbates
and catalysts are aligned energetically. In other words, the O2p of a surface hydroxyl on
the support(s) at the interface with an Au-Pd nanoparticle (at a ratio between 1 to 2 and 1
to 3) is energetically aligned with the Pd4d/Au5d bands of these nanoparticles, which are
in turn aligned with the Ce4f/Ce4d orbital energy of the Ce4+ cations. This would allow
electrons to flow from the surface hydroxyl to the Ce4+ cations, ultimately leading to Ce3+

and O2 molecules.

(O2p) of OH(s) → [4d(Pd)/5d(Au)]0, −1 → [4f(Ce)/4d(Ce)]+4, +3

reactant catalyst reactant/product
(6)
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Equation (6) is a descriptive mechanism of the direction of electron transfer from
a surface hydroxyl leading to Ce3+ cations and an O2 molecule. The superscripts on
the [Pd/Au] indicate the change in electronic state during the catalytic cycle, while the
superscripts on the Ce cations indicate the initial (reactant) and final (product) states.

3. Experimental
3.1. Catalyst Preparation

TiO2 (anatase + rutile) Sigma Aldrich, HAuCl4·3H2O, and PdCl2 were used as Au and
Pd precursors, respectively. Metals were loaded over TiO2 by the deposition precipitation
method [60]. HAuCl4·3H2O was dissolved in water while PdCl2 was dissolved in 1N HCl
and deposited over TiO2 to obtain different atomic percentages of Au and Pd. Then, 0.4 M
of a urea solution was added to precipitate gold by raising the pH to 10–12. The suspension
was placed into a glass vessel and maintained at 80 ◦C for 24 h to reduce Au3+ to Au0.
After this treatment, the suspension was washed with distilled water, dried, and calcined
at 350 ◦C for 5 h. Then, 1 wt. % IrO2/TiO2 (anatase), 1 wt. % IrO2/TiO2 (anatase + rutile),
and 1 wt. % IrO2/CeO2 catalysts were synthesized, using iridium chloride as a precursor,
by the wet impregnation method. The required amount of solution was impregnated onto
the support and stirred on a heating plate at 80 ◦C until the whole solution evaporated.
The final dried material was calcined at 400 ◦C for 5 h. CeO2 was synthesized using
the precipitation method. In brief, cerium (III) nitrate hexahydrate (Sigma Aldrich, St.
Louis, MO, USA) was dissolved in deionized water. Then ammonium hydroxide, used
as a precipitating agent (70%), was added to the solution while stirring vigorously until
it reached a pH of 9–10. After filtration of the precipitate, it was washed using deionized
water until a neutral pH was obtained. After drying the hydroxide/oxide in an oven at
100 ◦C, it was crushed, loaded into a crucible, and calcined in air at 500 ◦C for 12 h with a
temperature ramp of 15 ◦C min−1.

3.2. Reaction Setup

Experimental work was conducted at SABIC Research Center at KAUST. Reactions
were performed in a 140 mL flat-bottom glass reactor. Catalysts were dispersed in 20 mL of
water and bubbled with N2 to remove dissolved and gas-phase O2. Some reactions were
also performed in air without purging with N2. The final mixture was subjected to constant
stirring during the reaction for better dispersion of the catalyst and CAN in the water. A
gas chromatograph (GC) equipped with a thermal conductivity detector (TCD) was used
for O2 quantification using a molecular sieve 5A column at 80 ◦C, and He was used as a
carrier gas.

UV-Vis absorbance spectra were collected over the wavelength range of 250–900 nm
on a Thermo Fisher Scientific EvolutionTM 300 UV-Vis spectrophotometer. The absorbance
spectra were collected using a quartz cuvette. Solid catalysts were collected over the
wavelength range of 250–800 nm on the same equipment using a Praying Mantis TM diffuse
reflection accessory obtained from Harrick Scientific.

The powder XRD patterns of the samples were recorded on a Philips X’pert-MPD
X-ray powder diffractometer. A 2θ interval between 10 and 90◦ was used with a step
size of 0.010◦ and a step time of 0.5 s. The X-ray, a Ni-filtered Cu Kα radiation source
(Kα = 1.5418 Å), was operated at 45 mA and 40 kV. The XRD of the mixed-phase TiO2 used
as a catalyst support is shown in Figure S1. The peaks at 2θ 25.35 and 27.5 represent the
diffraction peaks of (101) and (110) planes of anatase and rutile TiO2, respectively. The
percentage of rutile in the mixed phase of TiO2 was calculated using the formula given in
Equation (7) and was found [61] to be about 15 wt. %.

% Rutile =
100[(

A
R

)
× 0.884 + 1

] (7)
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X-ray photoelectron spectroscopy (XPS) was conducted using a Thermo scientific
ESCALAB 250 Xi. Spectra were calibrated with respect to C1s at 284.7 eV. The Au4f,
Pd3d, O1s, Ti2p, and valence band (O2p, Au5d/Au6s, and Pd4d) binding energy regions
were scanned. Typical acquisition conditions were pass energy (PE) = 20 eV, with a scan
rate = 0.1 eV per 200 ms. Self-supported oxide disks of approximately 0.5 cm diameter
were loaded into the UHV chamber (typically in the low 10−10 torr range). The analyzed
area was set to 600 × 600 µm2. Data acquisition was achieved using Avantage software,
version 24.

Table S1 shows the method used to calculate the turnover numbers, TON (number of
moles of O2 produced after time t, divided by the number of moles of the metals (Au, Pd,
Au-Pd, or Ir) of the catalyst used) and turnover frequencies, TOF (volumetric molar rate of
O2 production divided by the number of moles of the metals of the catalyst used).

4. Conclusions

In this study, the spontaneous evolution of O2 from water over heterogeneous catalysts
based on IrO2 and Au-Pd was reported. The evolution of O2 was found to be sensitive to
the Au-to-Pd ratios. At a nominal atomic ratio of 1 Au to 2 Pd or to 3 Pd, the Au-Pd-based
catalysts were found to be active and stable for the reaction. At a higher Au-to-Pd ratio, no
activity was seen. The monometallic catalysts were not active for the reaction either. Other
catalysts were also tested and found to be not active, including those based on Pt and Rh.
The reason for the activity of the Au-Pd at a particular ratio is linked to the valence orbitals
of the specific particles that may have the same valence orbital band energy and shape as
those of Ir-based catalysts. The comparison with IrO2 was supported on TiO2 and CeO2,
with both showing good activity and stability for the reaction, indicating that there is a
potential for further development of Au-Pd-based catalysts to replace Ir-based catalysts for
a water oxidation reaction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal14010087/s1, Figure S1. XRD of TiO2. Figure S2. UV-Vis
spectra. Figure S3. Valence band XPS of Pd, Au, and Pd-Au alloy series. Figure S4. XPS Au 4f
and XPS Pd 3d. Figure S5. O2 evolution reaction over an Au-Pd catalyst using Ce(SO4)2. Figure S6.
UV-Vis absorption spectra were obtained at different intervals of time after the addition of IrO2
catalyst. Figures S7–S9. O2 evolution reaction over 1 wt. % IrO2 deposited in different supports.
Table S1. Example for the calculation of TONs and TOFs for a Au-Pd catalyst with different CAN
concentrations.
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