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Bimetallic TiO,-based photocatalysts have attracted considerable attention in recent years as a class of highly active catalysts and
photocatalysts under both UV and Vis light irradiation. Bimetallic noble metal structures deposited on TiO, possess the ability to
absorb visible light, in a wide wavelength range (broad LSPR peak), and therefore reveal the highest level of activity as a result of
utilization of a large amount of incident photons. On the other hand they can enhance the rate of trapping photoexcited electrons
and inhibit the recombination process due to the capability of the storage of photoexcited electrons. Based on literature two groups
of bimetallic photocatalysts were distinguished. The first group includes bimetallic TiO, photocatalysts (BMy), highly active under
UV and Vis light irradiation in a variety of oxidation reactions, and the second group presents bimetallic photocatalysts (BMygp)
exceptionally active in hydrogenation reactions. This review summarizes recent advances in the preparation and environmental
application of bimetallic TiO,-based photocatalysts. Moreover, the effects of various parameters such as particle shape, size, amount

of metals, and calcination on the photocatalytic activity of bimetallic TiO,-based photocatalysts are also discussed.

1. Introduction

Titanium (IV) oxide (TiO,) is one of the most impor-
tant photocatalytic materials in the area of environmental
purification, hydrogen generation, and CO, photoconversion
to methane and low hydrocarbons. The limitation in its
application is resulting from low quantum yield (fast recom-
bination of charge carriers: e /h") and necessity to use UV
irradiation, which may be overcome since modified titania
often possesses higher activity and ability of working under
visible light irradiation. Over the past decades physical,
chemical, and photocatalytic properties of TiO, were inten-
sively investigated to enhance the efficiency of degradation of
organic pollutants [1-7]. Among various organic and inor-
ganic compounds used as dopants or surface modifiers, noble
metal particles especially attracted attention, since they may
enhance the transfer of photogenerated electrons extending
the lifetime of charge carriers [8, 9]. Noble metal nanoparti-
cles, such as gold, silver, platinum, and palladium, possess the
ability to absorb visible light due to localized surface plasmon
resonance (LSPR) [10-12] and therefore may also activate

wide bandgap semiconductors (e.g., TiO,) towards visible
light.

Metallic nanoparticles, particularly these of silver, gold,
and platinum, or a combination of these metals (Ag-Pt, Au-
Pt, and Au-Ag) and various oxides (TiO,, SiO,) are used as
templates for the creation of complex and ordered nanomate-
rials with tailored and tunable structural, optical, and surface
properties [13].

Since the pioneering work of Haruta, Au clusters sup-
ported by oxides (Au/oxides) have perhaps become the most
interesting systems in heterogeneous catalysis because of
their unique catalytic properties at low temperatures for many
reactions. Gold nanoparticles less than 5 nm in size are very
active catalysts. However, large gold nanoparticles supported
on metal oxide with diameter of about 50 nm and more
exhibit photocatalytic activity for hydrogen production, envi-
ronmental pollution degradation, and reduction of nitrogen
oxides [11, 14].

Many reports on this subject using platinum cluster dis-
persions or nanoparticles have been published [15-17]. Plat-
inum is one of the most active metals for photocatalytic
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enhancement, which can produce the highest Schottky bar-
rier among metals that facilitate electron capture and, there-
fore, hinders the recombination rate between electrons and
holes [18, 19].

Although platinum is a very promising metal, which can
increase TiO, activity, it is more expensive than gold [20].
Certain solution is to use bimetallic structure of platinum
with another metal, which can greatly enhance the photocat-
alytic performance, particularly with respect to activity and
selectivity [21]. Bimetallic nanoparticles revealed unique cat-
alytic, electronic, and optical properties distinct from those of
the corresponding metallic particles as used in photocatalysis,
photonics, electronics, optics, drug delivery, and others [22-
27]. The positive effect of metal deposits on TiO, surface
results from the improved separation of electrons and holes
on the surface of the photocatalyst. Additionally, modifica-
tion of TiO, with noble metal nanoparticles (NPs) such as
gold and silver, which exhibit plasmon absorption band at
560 nm (Au) and 410 nm (Ag), is beneficial, due to enabling
the absorption of visible light in a wider range of wavelengths
and thus with higher levels of activity [28]. Bimetallic NPs
deposited on TiO, are expected to display not only the com-
bination of the properties associated with two distinct metals,
but also the new properties due to synergy between two
metals.

Recently, alloying or bimetallization of platinum with
gold has been reported to improve the catalytic activity of
platinum clusters for visible light-induced hydrogen gener-
ation and degradation of organic dyes or phenol [15, 29].
However, the improvement of photocatalytic activity of TiO,
modified with noble metal nanoparticles by bimetallization is
observed not only between platinum and gold, but also
between platinum and palladium [30, 31], palladium and gold
(32, 33], platinum and copper [34], platinum and nickel [35],
platinum and tin [36], platinum and iron [35], palladium and
copper [37, 38], gold and silver [11, 39], and copper and silver
(40].

Reports on preparation of Au/TiO,, Pt/TiO,, Ag/TiO,,
and Cu/TiO, nanocomposites with different morphological
forms are progressively increasing with the focus on prepara-
tion of catalysts and photocatalysts modified with bimetallic
nanoparticles of an alloy or core-shell structure. Several
research targets on TiO, responsive to visible light or to
enhance the photocatalytic efficiency in oxidation and reduc-
tion processes were reported.

The number of papers pertaining to the photocatalytic
activity of modified bimetallic NPs increases, as might be
expected from bimetallic nanocomposites application and
their activity and selectivity, see Figure 1.

Bimetallic nanoparticles of the same size, shape, and com-
position show significant differences in activity when config-
ured into different architectures. Their structure depends on
distribution modes of the two elements, which can be
oriented (see Figure 2):

(i) alloy or intermetallic structure,
(ii) heterostructure,
(iii) core-shell,

(iv) multishell structure,
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FIGURE 1: Number of publications concerning preparation and
properties of photocatalyst modified bimetallic nanoparticles over
the years 2004-2014 (till March), based on database of the Sci-
enceDirect, with search keywords being “bimetallic photocatalyst,
bimetallic modified TiO,”

and depends on the processing parameters, miscibility, and
reduction kinetics of metal ions [41]. The alloy structure
represents homogenous mixture of two metals (Figure 2(a)).
The heterostructure results from independent nucleation and
growth of two different metal crystals (Figure 2(b)). In the
core-shell structure, one metal forms a core and the other
metal surrounds it in the form of a shell (Figure 2(c)). In the
multishell structure, layered stable or metastable alternating
shells exist (Figure 2(d)).

The structure of bimetallic nanoparticles deposited on
TiO, depends on the particle size, the preparation procedure,
the type of support (its size, porosity, BET surface, and
crystallinity), and the calcination temperature of the photo-
catalysts [11, 33].

Among all applications of bimetallic-based nanomateri-
als, the degradation of environmental pollutants, especially
recalcitrant organic compounds, is attracting considerable
attention. From among 180 papers identified in the Science
Direct database (Figure 1) referring to the catalytic activity of
TiO, modified bimetallic NPs published over the years 2004
2014 (till March), 93 articles were published during the last
year (2013 to March of 2014). In most of them, the catalytic
and photocatalytic degradation of organic pollutants in gas
and liquid phases, hydrogen generation reactions, and the
reaction mechanism on modified TiO, nanoparticles were
investigated.

This review focuses on three major research areas men-
tioned above, including crucial operating parameters such as
the size of photocatalyst components, the amount of bimetal-
lic NPs, and the extent of photocatalyst calcination.

2. The Importance of Charge Carriers in
Ti0O,-Based Photocatalysis

Titanium dioxide (TiO,) is a semiconductor with a bandgap
of 3.2eV. The mechanism of heterogeneous photocatalytic
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FIGURE 2: Schematic illustration of bimetallic NPs with different structures (a) alloy, (b) heterostructure, (c) core-shell, and (d) multishell

structure.

oxidation processes has been discussed extensively in litera-
ture [42-47]. The reduction and oxidation reactions make the
foundation for photocatalytic hydrogen production and pho-
tocatalytic water/air purification. Generation of excited high
energy states of electron and hole pairs occurs when TiO,
is irradiated with light of greater energy than the bandgap
energy (wavelengths lower than 390nm) as shown in
Figure 3. An electron is excited (e ) from the valence band
to the conduction band, forming a positive hole (hy ") in the
valence band. Hoffmann et al. [42] have found by laser flash
photolysis studies that the characteristic time scale for this
charge-carrier generation reaction is of the order of femtosec-
onds (fs). The charge carriers generated migrate on the TiO,
surface and react with electron acceptor or electron donor.
An important reaction that competes with the charge-carrier
trapping is the electron-hole recombination reaction, which
can occur either at the surface states of TiO, or in the core of
semiconductor [48]. This is one of the most detrimental
reactions in photocatalysis as it affects the interfacial charge
transfer processes and hence the quantum efficiency of the
photocatalytic process.

3. TiO, Modification Using Monometallic or
Bimetallic Nanoparticles

Attempts to employ semiconductor-metal composite nano-
particles have been made to improve the charge separation
efficiency. The synergy of noble metals and semiconductor
photocatalysts brings in significant changes to many aspects
of photocatalysis. An increase of activity under Vis light after
modification of titania with plasmonic nanoparticles such

as gold, silver, platinum, and palladium results from addi-
tional metal impact on the mechanism of electron transfer.
The photons are absorbed by metallic particles through their
localized surface plasmon resonance (LSPR) excitation [11,
49], see Figure 4. Surface plasmons of a metal are collective
excitations of electrons in the conduction band and they
dominate the electromagnetic responses of the metallic struc-
ture of dimensions in the order of the plasmon resonance
wavelength. The surface plasmon resonance of metallic
nanoparticles occurs when electromagnetic field interacts
with conduction band electrons and induces the coherent
oscillation of electrons. The charge oscillations of noble
metals at the surface take place at optical frequencies, which
depend on the dielectric constant of the material at metal sur-
face. As shown in Figure 5(a) the electron is transferred from
plasmonically excited noble metal (Ag, Au) to conduction
band of titania. Another important feature is the formation
of Schottky junction when noble metal nanoparticles have
direct contact with the semiconductor.

The enhancement in reactivity was first observed for
water splitting using the Pt/TiO, system [50, 51]. Under UV
irradiation noble metal nanoparticles deposited on TiO,
enhance transfer of photogenerated electrons prolonging life-
time of the charge carriers (see Figure 5(b)). Metals (such as
Pt, Au, and Ag) and the semiconductor (TiO,) have different
Fermi level. Electron migration from TiO, to the metallic
nanoparticle occurs until two Fermi levels are aligned, since
the metal has a work function (¢,,,) greater than that of TiO,
(¢5). The electrical contact resulted in a space charge layer,
the Schottky barrier, which trapped electrons and suppressed
electron-hole recombination [9]. Surface of metal acquires an
excess negative charge, while TiO, exhibits an excess positive
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FIGURE 4: Localized surface plasmon resonance (LSPR) of noble metal (Ag, Au) nanoparticles, a collective electron density oscillation caused
by the electric field component of incoming light.
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FIGURE 5: Schematic illustration of TiO, modified monometallic NPs mechanism of organic pollutants degradation under Vis (a) and UV

light irradiation (b).

charge as a result of electron migration from the barrier
region. The height of the barrier (¢,,) makes the difference
between the TiO, conduction band and metal Fermi level.
Electrons drawn across this barrier leave additional positive
holes in TiO, matrix capable of oxidizing more organic
species.

On the other hand, Anpo and Takeuchi [52] observed the
electron transfer from TiO, to Pt particles, using electron spin
resonance (ESR) analysis. It was found that Ti’* signals
increased with irradiation time, while loading of Pt reduced
the amount of Ti>". They found that accumulated electrons
on platinum particles can be transferred to protons adsorbed
on the surface, reducing the protons to hydrogen molecules.
Therefore, noble metals with suitable work function can
enhance electron transfer, leading to higher photocatalytic
activity [52].

For TiO, photocatalysts modified with bimetallic NPs the
mechanism of photocatalyst excitation depends on bimetallic
nanoparticles structure. Based on literature and our own
work we distinguish two groups of the bimetallic photocata-
lysts. The first group includes bimetallic TiO, photocatalysts
(Ag-Au, Ag-Pt, Ag-Cu, Pt-Cu, Pt-Pd, and Au-Cu) (BMyy)
highly active under UV and Vis light irradiation in a variety
of oxidation reactions. The second group is bimetallic (Au-Pt,
Au-Pd, Au-Rh, Au-Ni, Au-Co, and Pt-Ru) modified TiO,
photocatalysts (BMpgp) exceptionally active in hydrogena-
tion reactions.

For alloy structure in oxidation processes the mechanism
is similar to the excitation mechanism of monometallic NPs
deposited on TiO, as shown in Figure 6(a).

It is well known that the work function of metal decreases
by alloying of other metal components with a lower work

function. This suggests that alloying of other metal with Pt
would decrease the work function of Pt nanoparticles. This
may decrease conduction band (¢B) and promote efficient e~
transfer from nanoparticles to anatase. Shiraishi et al.
reported that alloy Pt-Cu particles on anatase surface acti-
vated efficiently transfer of e~ to anatase. This enhances the
reduction of O, by e7, resulting in enhanced aerobic oxida-
tion [53]. The enhanced e~ transfer from the alloy particles
to anatase was confirmed by electron spin resonance (ESR)
analysis of the photocatalysts. It was found that the visible
light irradiation of the sample creates strong signals assigned
to superoxide anion stabilized on TiO, surface. It was
concluded that the transfer of e~ to anatase was more efficient
for Pt-Cu/TiO, than for the monometallic Pt nanoparticles
deposited on TiO, surface [53]. Cu alloying with Pt decreases
the work function of nanoparticles and decreases the height
of Schottky barrier created at the nanoparticle/anatase het-
erojunction. This promotes efficient electron transfer from
the photoactivated nanoparticles to anatase, resulting in
enhanced photocatalytic activity. The Pt-Cu alloy photo-
catalyst is successfully activated by sunlight and enables
efficient and selective aerobic oxidation of alcohols at ambient
temperature.

The promoting effect of bimetal is attributed to either the
improved spatial charge separation in TiO, semiconductor or
charge carrier transfer from metal NPs to conduction band
of TiO,. Based on catalytic, optical, and photocatalytic prop-
erties the synergy between two metals in bimetallic system
is also related to the electronic and geometric effects. A
bimetallic structure formed by metals with lower electroneg-
ativity and other metal with higher electronegativity seems to
perform better activity in photocatalyzed oxidation reactions
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FIGURE 6: Schematic illustration of activation mechanism of TiO, modified bimetallic NPs with alloy (a) and core-shell structure (b).

[54]. The second metal is much more subject to oxidation
than the other, which is enriched on the surface and may form
metal oxide patches or shells on the first metal surface. The
less electronegative metal can participate directly in oxidation
reactions by providing reactive oxygen.

Phase segregation for the combination of two metals may
occur upon treatment in an oxidizing atmosphere in either
reaction or preparation process, as was reported for Ag-
Au/TiO, nanocomposites [11, 39, 54]. In our own XPS analysis
it was observed that silver as Ag,O and gold as Au’ were
the dominant surface forms for Ag-Au alloy-modified TiO,
nanoparticles [11]. The Ag-Au/TiO, nanocomposites showed
more significant visible light photoactivity compared to
monometallic Ag/TiO, and Au/TiO, nanoparticles obtained
using the same preparation procedure. Important results
regarding bimetallic Ag-Au NPs deposited on TiO, were
reported by Kowalska et al. [55]. Ag-Au core-shell structure
NPs on TiO, were obtained by the photodeposition method.
Silver nanoparticles were oxidized and formed a shell on
gold-rich core, while bimetallic Ag-Au nanoparticles with
core-shell structure showed enhanced recombination of
charge carriers. Greater ability of charge generation at the
interface of a bimetallic structure does not mean better pho-
toactivity, since in the core-shell structure plasmonic elec-
trons instead of being transferred from silver to CB (con-
duction band) of titania may sink in nearby gold NP and
vice versa, as shown in Figure 6(b). Plasmonic metals can be
excited at visible range wavelengths via d-to-sp band transi-
tions, recombining upon relaxation; once there is a pair of
metals the relaxation is expected to be more efficient due to
larger available density of electronic states.

The hydrogenation reactions are generally catalyzed by
the transition metals of group VIII of the periodic table. The
improvement of photocatalytic reduction processes in the
presence of bimetallic-based photocatalyst is related to the
enhancement of the rate of trapping photoexcited electrons
and inhibition of the recombination process due to the
capability of the storage of photoexcited electrons by using
bimetallic nanoparticles deposited on TiO, surface. Gao et al.
[56] found that bimetallic Ni-Cu nanoparticles on the semi-
conductor surface can separately trap photogenerated elec-
trons and holes and prevent their combinations, thereby
increasing their life and improving the efficiency of photocat-
alytic reactions [56]. Bowker et al. [57] observed enhanced
photocatalytic activity, using Au-Pd random alloys on TiO,
due to improved rate of trapping photoexcited electrons and
inhibited recombination due to the capability of storage of
photoexcited electrons by using alloy metal nanoparticles.
The photocatalytic activity and properties of the two groups
of bimetallic photocatalysts (BMygp-TiO,) and (BMyx-TiO,)
active in reduction and oxidation processes are discussed in
detail in the next paragraphs.

4. Bimetallic (BMyg,-TiO,) Photocatalysts for
Reduction Processes

Although, platinum and gold nanoparticles deposited on
TiO, revealed the highest photocatalytic activity under Vis
light irradiation, the combination of these two metals does
not provide sufficient increase in photocatalytic activity in
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degradation of organic pollutants. For Au-Pt/TiO, and Au-
Pd/TiO, most of literature data pertains to hydrogen gener-
ation reactions. Gallo et al. [58] reported preparation proce-
dure for bimetallic Au-Pt/TiO, photocatalysts in the process
of hydrogen generation both under UV-A and simulated sun-
light irradiation. Bimetallic-based photocatalysts were pre-
pared by impregnation of nanosized amorphous TiO, with
metal precursors followed by oxidation and reduction treat-
ments. The best photocatalytic performance was obtained for
sample reduced at 500°C, containing bimetallic Au-Pt
nanoparticles with diameters smaller than 2 nm deposited on
TiO, surface. It was found that the synergetic effect under
simulated sunlight and the improved activity under visible
light of Au-Pt/TiO, NPs compared to monometallic Pt/TiO,
and Au/TiO, were the result of the combination of four
contributing aspects [58]:

(i) the presence of Au surface plasmon band absorption
at wavelengths 550-600 nm,

(ii) the presence of bimetallic Au-Pt nanoparticles
which ensures prompt hydrogen evolution as for Pt
nanoparticles and is different from the less active
Au-based catalysts,

(iii) the low total metal loading which leaves a high frac-
tion of TiO, surface available for UV light absorption,

(iv) containing both oxygen vacancies and Ti’" sites.

A brief summary of recent publications on TiO, pho-
tocatalysts modified with bimetallic nanoparticles used in
reduction processes is provided in Table 1, in which one can
observe that among (BMygp-TiO,) photocatalysts Au-based
bimetallic TiO, photocatalysts represent a significant and the
most extensively studied group in a variety of catalytic and
photocatalytic reactions. Many reports in literature focus on
the effect of the preparation procedure and amount of metal
on bimetallic structure and their effect on catalytic and pho-
tocatalytic activity. The structure of bimetallic NPs mainly
depends on the nature of metals such as relative bond
strengths, their surface energies, and atomic size [59]. Strong
heteronuclear bonds between two different metallic species
influence the formation of the alloy structure, while the
strongest homonuclear bonds of one species form the core
and the other metal forms the shell of the structure. Metal
with lower surface energy tends to segregate on the surface of
the other metal [59]. This effect is in particular described in
literature for bimetallic structures of Au-Pd and Au-Pt NPs.

Edwards et al. [60] observed the effect of catalyst calci-
nation and reduction on the optimum composition of Au-Pd
modified TiO, nanoparticles. Under heat treatment, smaller
pure-Au particles sinter and combine with palladium forming
large alloy particles [60]. Cybula et al. [33] observed a similar
effect of the calcination temperature (from 350 to 700°C) and
segregation of metals (Au, Pd) on TiO, surface depending
on the annealing temperature. Microscopic analysis revealed
that for the sample calcinated at 350°C three main fractions of
Au-Pd NPs could be distinguished: small particles in the
range of 1 to 6 nm, anisotropic particles from 15 to 50 nm,
and spherical ones with the diameter of about 50 nm. For the
sample treated at 450°C particles smaller than 10 nm were

not found. Au-Pd particles in the range from 10 to 50 nm
remained spherical, while bigger ones (from 70 to 360 nm)
had irregular shape. Calcination at 700°C resulted in bimodal
distribution of 15-20 nm particles and 65-330 nm particles,
both irregular, as shown in Figure 7. With respect to sample
calcinated at 350°C, it could be observed that the core of
bimetallic NPs was rich in gold, but the shell contained mostly
palladium. Rising the calcination temperature from 350
to 700°C led to alloying of the metals and increased the size
of nanoparticles [33]. The photoactivity of Au-Pd/TiO,
nanoparticles was studied in oxidation of phenol. Therefore,
no spectacular synergistic effect of bimetallic Au-Pd NPs
immobilized on TiO, surface was observed. Regarding the
effect of the calcination temperature for 0.5Pd_1.25Au_TiO,
sample, it was found that for UV-mediated photoactivity
increasing the calcination temperature resulted in improve-
ment of phenol degradation rate from 5.8 to 71 and 6.2
pmol-dm ™~ min~" for the photocatalyst calcinated at 350, 400,
and 450°C, respectively. The highest photoactivity under UV
light was observed for sample calcinated at 500°C. Annealing
temperature of 700°C resulted in the drop of photoactivity to
5.7 umol-dm > min~". The visible light activity was sup-
pressed for the samples treated at an elevated temperature.
Thus, phenol degradation rate under visible light decreased
from 3.8 and 3.4 gmol-dm ™ min~" for the sample calcinated
at 350 and 400°C, respectively, to 0.7 umol-dm™> min™" after
calcination at 700°C. Samples calcinated at 350 and 400°C had
much higher activity than those calcinated at 450 and 700°C.

Previously reported inhibitory effect of a core-shell struc-
ture of bimetallic NPs immobilized on TiO, photocatalysts on
photoactivity under visible light irradiation in oxidation pro-
cesses was not observed in the reduction processes. Moreover,
the authors reported a promotional effect of a core-shell
structure on photocatalytic activity in reaction of hydrogen
generation.

Yu et al. [61] obtained Au-Pd alloy-modified TiO, nan-
otube film by photodeposition of Au and Pd precursors on
self-organized TiO, nanotubes. The photoactivity of bimetal-
lic photocatalysts was evaluated under reducing and oxida-
tion conditions. Compared with TiO, having immobilized
mixture of Au and Pd monometallic nanoparticles, a syner-
gistic effect was observed in photocatalytic hydrogen evo-
lution when TiO, was immobilized with Au-Pd bimetal-
lic nanoparticles. In case of organophosphorus pesticide
malathion, using Au-Pd comodified TiO, nanotube film,
higher photocatalytic degradation rate was observed for Au-
Pd alloy NPs deposited on TiO,. The improvement of pho-
tocatalytic activity resulted from the presence of small metal
clusters on TiO,, which promotes the separation of photogen-
erated charges, and thus more holes could be involved in the
malathion oxidation reactions [61]. Whereas the oxidation
processes require a high content of the second metal in the
bimetallic structure for efficient degradation of organic pollu-
tants, in hydrogen generation processes the basis metal (gen-
erally Au) acts as promotor of the other metal to prevent its
poisoning by intermediates or byproducts. Therefore, in
hydrogen generation only a small amount of the second metal
is required for synergistic effect and improvement of photo-
catalytic activity of nanocomposites.
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FIGURE 7: The effect of calcination temperature on the structure of Au/Pd bimetallic nanoparticles. (a) High resolution HAADF images with
z-contrast for Au/Pd nanoparticles calcined at 350°C, 400°C, and 700°C. (b) The yellow circles show gold-rich areas (palladium gives a light

contrast than gold as a lighter element) [33].

Mizukoshi et al. [32] reported the dependence of the
nanostructure of Au-Pd NPs on photocatalytic activity of the
Au-Pd/TiO, nanoparticles obtained by ultrasonication. The
effect of metal amount in bimetallic structure was inves-
tigated. The authors observed that the best photocatalytic
performance of hydrogen generation could be attributed to
sample containing 75mol% of Pd and 25mol% of Au in
bimetallic core-shell structure. The average diameter of the

particles was from 4 to 5 nm. In hydrogen generation process
the core/shell immobilized photocatalyst exhibits the highest
performance under Vis illumination, whereas the alloy-
modified TiO, sample exhibits the highest performance of
the photocatalysts under UV irradiation. This effect could
be explained based on palladium and gold efficiency in the
reaction of hydrogen generation. It was observed that Pd
produces better yields of hydrogen, and, indeed, the peak
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rate of the production (as a function of weight loading) is
higher for palladium than for gold [32]. It was stated that
bimetallic nanoparticles containing large amounts of Pd can
accept electrons more effectively, as Pd has a larger work
function than Au [62, 63]. However, it was observed that the
amount of H, did not increase linearly with the increase of
Pd amount in the structure. On the other hand Lee et al. [64]
reported that the alloy structure bimetallic photocatalysts had
better photocatalytic efficiency in the reactions of organic
compounds degradation. Au shell-Pd core/TiO, 18-25nm
NPs were obtained by thermal reduction of metal ions in
citrate solution. The core-shell structure of bimetallic photo-
catalysts was less selective in the reaction of crotyl alcohol
oxidation. The photoactivity increased with the increasing
temperature, because elevated temperatures promote alloy-
ing of Au-Pd nanoparticles. The maximum oxidation rate
occurred for 700°C annealed Au (shell)-Pd (core)/TiO, NPs,
which possess a surface alloy composition (Au40Pd60) [64].

Kait et al. [65] obtained copper-nickel bimetallic photo-
catalysts active in hydrogen production under visible light
from glycerol-water mixture. It was found that bimetallic
photocatalyst calcinated at 200°C for 1 h produced the highest
amount of H, similar to that produced by monometallic
Cu/TiO,. The addition of a second metal enhanced the
performance of Ni/TiO, but was not so efficient compared to
Cu/TiO, NPs [65].

Xu et al. [34] reported preparation of Pt-Cu/TiO, pho-
tocatalysts for nitrate reduction in water. Compared to
monometallic Pt/TiO, or Cu/TiO,, which were active in
the reaction of nitrate reduction to ammonia or nitrite, the
obtained bimetallic photocatalyst exhibited a considerable
N, selectivity for photocatalytic nitrate reduction. The photo-
catalytic activity and N, selectivity of the supported bimetal-
lic photocatalyst were dependent on TiO, calcination tem-
perature, Pt-Cu ratio, and metal loading amount. It was found
that high Pt-Cu alloy dispersion as well as small metal particle
size can be achieved over TiO, calcinated at 300°C, which
favors the selective nitrate reduction. Increasing Cu content
in the bimetallic photocatalyst leads to the increased Cu con-
tent in Pt-Cu alloy and enhances nitrate reduction to nitrite,
while high Cu content in Pt-Cu alloy is detrimental to N,
selectivity of the bimetallic photocatalysts [34].

Gao et al. [37] reported application of Ni-Cu/TiO, in
photocatalytic reduction of nitrates. It was found that bimet-
allic photocatalyst Ni-Cu/TiO, showed higher photocat-
alytic activity compared with corresponding monometallic
Ni/TiO, and Cu/TiO, nanoparticles. The photoactivity of Ni-
Cu/TiO, photocatalyst with 3:1 metal weight ratio and
4wt.% total metal content was about 2.5 times and 3.5
times higher compared to monometallic Cu/TiO, and
Ni/TiO, photocatalytic activity, respectively. Compared to
other bimetallic photocatalysts, Cu-Ni/TiO, nanoparticles
revealed about 1.2 times and 2.6 times higher photoactivity
than bimetallic photocatalysts Pt-Cu/TiO, and Pd-Cu/TiO,
obtained using the same preparation procedure.

Oros-Ruiz et al. proposed [66] photocatalytic hydrogen
production using Au-Cu,O/TiO,, Au-Ag,0/TiO,, and Au-
NiO/TiO, photocatalysts. It was found that the presence of
gold and metal oxides like Cu,O or NiO as cocatalysts
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on TiO, surface increased significantly the production of
hydrogen by avoiding the recombination of the hole electron.
The combination of Au-Cu,O/TiO, and Au-NiO/TiO, effec-
tively increased hydrogen production (2064 and 1636
pmol-h™'-g™") compared to Au/TiO, (1204 umol-h~'-g™"). On
the other hand Au-Ag,O system had a detrimental effect
compared to Au/TiO, photocatalyst, inhibiting hydrogen
production. Higher photoactivities of Au-Cu,O and Au-NiO
nanoparticles deposited on TiO, were apparently caused by
enhancement of the electron charge transfer from TiO, to
Au-M, O, systems and the effect of surface plasmon reso-
nance of gold nanoparticles [66].

5. Bimetallic Photocatalysts (BMx-TiO,) for
Oxidation Reactions

The structure of bimetallic catalysts depends on the prepara-
tion conditions, miscibility, and kinetics of the reduction of
metal ions. Silver and gold have almost identical lattice
constants (0.408 for Au and 0.409 for Ag) and are completely
miscible over the entire composition range, which leads to a
strong tendency toward alloy formation [66]. Thus Ag-Au
bimetallic NPs with homogenous composition can be
expected.

It was previously reported by Zielinska-Jurek et al. [11]
that bimetallic silver- and gold-modified TiO, nanoparticles
exhibited improved photocatalytic activity in the oxidation
reactions under visible light irradiation, better than mono-
metallic Ag and Au nanoparticles, respectively. Ag-Au/TiO,
samples obtained using microemulsion method show higher
photodegradation rate in visible region than Ag/TiO, and
Au/TiO, photocatalysts. Greater silver amount was more
beneficial to the photocatalytic activity of the obtained Ag-
Au/TiO, nanoparticles than that of gold. XPS analysis of the
surface layer indicated that both Au clusters and nanoparti-
cles were produced at TiO, surface. However, for the most
active Ag-Au/TiO, sample, the dominant surface form of
silver was Ag,O and gold occurred in the form of Au® but
the presence of metallic Ag” as well as gold in the form of
Au®" and Au®" was also confirmed. Under UV irradiation
silver acts as a promoter to provide reactive oxygen in variety
oxidation reactions as well as facilitates electron-hole separa-
tion and promotes interfacial electron transfer. In addition,
bimetallic Ag-Au alloy nanoparticles possess the ability to
absorb visible light in a wide wavelength range (broad LSPR
peak) and, therefore, reveal the highest level of activity as a
result of utilization of a large amount of incident photons.
The photoactivity efficiency of Ag-Au/TiO, photocatalyst was
measured during the reaction of phenol degradation under
Vis light irradiation (A > 420 nm). The sample modified with
1.5mol% of Ag and 0.5 mol% of Au exhibited 3.0 and 2.0 times
faster degradation rate (3.57 /,trnol-dm%-minfl) compared to
Au/TiO, and Ag/TiO, nanoparticles, respectively [11]. A brief
summary of recent publications on TiO, photocatalysts
modified with bimetallic nanoparticles used in oxidation
processes is provided in Table 2. Ji et al. [39] reported that the
structure of bimetallic NPs on TiO, depends on the prepa-
ration procedure. Bimetallic Ag-Au nanoparticles (NPs) with
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alloyed and core-shell structures were obtained at tempera-
ture (75°C) from gold and silver NPs precursors in aqueous
solution. Based on microscopic and spectroscopic analyses
they stated that both the digestive ripening and Ostwald
ripening were responsible for the formation of alloy or core-
shell structures during the heating process. The structure of
bimetallic NPs depended on Ag and Au molar ratio. Higher
Ag contribution increases silver shell on the surface of Ag-Au
alloy core, while lower Ag amount leads to the formation of
alloy particles [39]. Kowalska et al. [55] proposed two mecha-
nisms for plasmonic titania photocatalysts under visible light
irradiation: (1) charge carrier transfer (electron transfer from
plasmonic metal NPs to CB of titania) and (2) energy transfer
(from plasmonic NPs to titania). Basing on the obtained
results for core/Au-shell/Ag structures immobilized on TiO,,
which exhibited enhanced field at the interface between
titania and metallic nanoparticles, it was stated that the elec-
tronic mechanism for plasmonic photocatalysts under visible
light irradiation is responsible for the enhanced or reduced
visible light activity. Recently, it was reported for TiO,
modified monometallic NPs that nanoparticles size and shape
are critical to the photocatalytic activity [30, 67, 68].

A series of Ag-Cu modified TiO, photocatalysts were
obtained using the microemulsion method [69]. As it
was previously reported for Ag-Au/TiO, photocatalysts
microemulsion method allows obtaining monodisperse alloy
NPs deposited on TiO, surface. For Ag-Cu/TiO, a maximum
in the photocatalytic activity under visible light was observed
for the sample containing 0.5 mol % of Cu and 1.5 mol% of
Ag. Average rate of phenol decomposition was 2.41 ymol/min
and it was higher than for Ag/TiO, and Cu/TiO, NPs.
The photocatalytic activity increased with silver loading up
to 4.5mol% and then decreased. Silver presence was more
beneficial for visible light activation of modified TiO, photo-
catalysts than more copper amount. Hai et al. [70] observed
similar relation as was previously described for the Ag-
Cu/TiO, system, regarding metal amount and composition
in the bimetallic structure assessed for wastewater treatment.
Modification with Cu leads to better enhancement in the
photocatalytic properties compared to modification with Au.
TRMC signals show that bimetallic nanoparticles are better
electron scavengers than Cu and Au NPs [70].

Ou et al. [71] studied the effect of Au/TiO, (2wt.% Au),
Cu/TiO, (2wt.% Cu), and Au-Cu/TiO, (1wt.% Au-1wt.%
Cu) catalysts on partial oxidation of methanol (POM) to
produce H,. The antisintering effect in Au-Cu alloy-modified
TiO, NPs was observed. Copper nanoparticles acted as a
stabilizer and prevented gold NPs from aggregation or sinter-
ing during calcination. The bimetallic Au-Cu/TiO, catalysts
showed higher activity in terms of methanol conversion and
hydrogen selectivity than the monometallic Au/TiO, and
Cu/TiO, catalysts. Bimetallic Au-Cu/TiO, catalysts were
more active and stable and exhibited better hydrogen selectiv-
ity with a smaller amount of CO compared to monometallic
Au/TiO, and Cu/TiO, catalysts. The enhanced activity, selec-
tivity, and stability of bimetallic catalysts are due to the Au-
Cu interaction that creates smaller metal particles, which
consequently stabilize the active component for POM to
produce hydrogen. XPS analysis revealed that this interaction

Journal of Nanomaterials

is caused by the redox properties of Cu, which leads to stabi-
lization of active Au®* and also stabilizes Au particle size [71].

A considerable increase of the photocatalytic activity in
the reaction of phenol degradation was observed for 1to 5 nm
NPs of Pt-Pd deposited on TiO, [30]. The effect of the
crystallite size of TiO, anatase and Pt-Pd bimetallic nanopar-
ticles led to observation that sample of Pt-Pd/ TiO, with
anatase crystallite size of about 30 nm and 8-15 nm bimetallic
particles deposited on TiO, was 2.3 times less photoactive
than Pt-Pd alloy immobilized on TiO, containing 5 to 9 nm
Pt-Pd nanoparticles aggregated with smaller TiO, (~9 nm)
nanoparticles. The results indicate that the rate of phenol
decomposition in the presence of Pt-Pd/TiO, under Vis light
is comparable to the data for commercial TiO, photocatalysts
exposed to UV light. Thus, remarkable step forward in visible
light photocatalysis for Pt-Pd alloy NPs on TiO, was reported
[30]. The average degradation rate of 6.84 gmol-dm™ min™"
for phenol was about 19 times greater than for pure TiO,
obtained using the same preparation procedure and about 4
times higher compared to Pd/TiO,. However, monometallic
Pt/TiO, photocatalyst revealed only slightly lower pho-
todegradation rate of 6.20 ymol-dm™ min™". Thus other less
expensive platinum-based bimetallic structures in photocat-
alytic processes need investigation.

Shiraishi et al. [31] reported preparation of Pt-Cu/TiO,
photocatalysts highly active for aerobic oxidation driven by
visible light. The effect of alloy particle size on photocatalytic
activity in the reaction of benzyl alcohol oxidation was
investigated. The photocatalytic activity of the photocatalysts
with larger alloy particles was much lower than that prepared
at 673K which contain alloy particles 2 to 6 nm of diame-
ter. Bimetallic Pt-Au/anatase, Pt-Ag/anatase, Pt-Pd/anatase,
and Au-Cu/anatase alloy particles, often used for aerobic
oxidation, showed activity much lower than that of the Pt-
Cu/anatase alloy.

6. Challenges and Prospects

Significant progress has been achieved in recent years in the
field of heterogeneous photocatalysis, particularly in noble
metal nanoparticles as surface modifiers, which enhanced
photocatalytic activity in visible light. Alloying a parent metal
with a second metal can lead to efficient charge separation by
trapping or removing electrons from TiO,. Although signifi-
cant progress has been made in the application of TiO, mod-
ified bimetallic NPs the development of bimetallic is still an
attractive research aim. The most challenging problems are
expected physicochemical properties such as monosize, uni-
form size, and even distribution of metal nanoparticles over
the photocatalyst support. The photocatalytic and opti-
cal properties of bimetallic modified TiO, photocatalysts
directly depend on the preparation procedure. Different pre-
paration methods may result in different defect structures,
surface morphology, and bimetallic NPs structure. Table 3
represents the bimetallic photocatalyst prepared via different
preparation methods and their application for photocatalytic
processes. Most of TiO, modified bimetallic NPs reported in
literature were prepared by the coprecipitation and impreg-
nation method. However, most commonly used inexpensive
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methods allow to obtain metallic NPs with particles size
from 5 to10 nm. It is well known that smaller monodispersed
silver nanoparticles ranging from 5 to 10 nm exhibit the
best photocatalytic and antimicrobial activity. Recently it
was also reported that fine platinum nanoparticles in the
size range 0.8 to 2nm revealed the highest activity under
visible light irradiation among all monometallic plasmonic
nanoparticles. Therefore, preparation of monodisperse and
very small monometallic and bimetallic NPs is a very impor-
tant task. Another challenge regarding bimetallic modified
TiO, is preparation of bimetallic-based nanomaterials with
a well-controlled shape [72]. It was reported that the shape
of bimetallic NPs determines surface atomic arrangement
and the optical properties. In this regard, nanoarchitecture
arrangement (shape and size of metals) as well as the selection
of noble metal and titania form may allow to prepare photoac-
tive catalysts under overall solar spectrum. A photocatalyst
with very high efficiency is not practical if the cost of its
modification with metals is too high.

Although platinum is a very promising catalyst which can
increase TiO, activity its amount in the photocatalyst need
to be lowered by orders of magnitude to keep it econom-
ical. The presence of more abundant second metal could
contribute to decreasing the overall costs. Therefore, more
research is needed to identify low-cost metals with acceptable
enhancement of photocatalytic activity.

Recently, preparation of Pt-Fe or Pt-Co nanoparticles
[73,74] for catalytic processes was reported. Moreover, prepa-
ration of Pt-shell and Co (Fe)-core NPs with fine particle size
allows to enhance charge separation and facilitates separation
and recycling of the photocatalyst. Hsieh et al. [35] reported
preparation of bimetallic Pt-M (M = Fe, Co, and Ni) catalysts
active in electrooxidation of methanol, using oxidized CNTs
as the catalyst support. The particle size of Pt-Co NPs was
within 5 to 10 nm. The Pt-Co/CNT catalyst exhibited the best
electrochemical activity, CO tolerance, and long-term cycle
ability [35]. Chen et al. [75] obtained Fe-Pt nanoparticles with
controlled composition and the particle size below 9 nm. The
size of the particles was controlled by the molar ratio of stabi-
lizers to platinum acetylacetonate and the heating conditions.
In the first step of particle formation mechanism Pt-rich
nuclei were formed by reduction of platinum acetylacetonate.
In the next step more Fe atoms coat over the existing Pt-rich
nuclei, forming larger clusters. Exposition of clusters to the
air leads to the formation of Pt-rich Fe-Pt/Fe;O, followed by
heating the clusters to 300°C, which leads to atomic diffusion
and formation of fcc-structured Fe-Pt nanoparticles [75].

Another embodiment in the preparation of active pho-
tocatalysts under visible light may be combination of large
plasmonic particles of gold or palladium with fine (1 to 2 nm)
particles of platinum, silver, or copper which allows to absorb
light in a wider wavelengths range.

Summarizing, although intensive development has led to
preparation of highly active bimetallic photocatalysts in the
reactions, the number of papers dealing with bimetallic NPs
applications in catalysis is still greater than the number
of publications in the area of photocatalysis. Many aspects
are not fully covered yet, particularly a low-cost prepara-
tion methods, the control of particle size, and increased

Journal of Nanomaterials

absorption of visible light which seems to be crucial for
technological application of photocatalysts.
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