
NANOSYSTEMS: PHYSICS, CHEMISTRY, MATHEMATICS, 2018, 9 (2), P. 266–278

The microstructure effect on the Au/TiO2 and Ag/TiO2 nanocomposites
photocatalytic activity

D. A. Kozlov1, V. A. Lebedev1,2, A. Yu. Polyakov1, K. M. Khazova1, A. V. Garshev1,2,3

1Faculty of Materials Science, Lomonosov Moscow State University, 1-73 Leninskiye gory,
Moscow, 119991, Russia

2Faculty of Chemistry, Lomonosov Moscow State University, 1-3 Leninskiye gory,
Moscow, 119991, Russia

3Baikov Institute of Metallurgy and Material Science RAS, 49 Leninskiy prospekt,
Moscow, 119334, Russia

kozlov@inorg.chem.msu.ru, vasya lebedev@mail.ru, a.yu.polyakov@gmail.com,
khazovakm@gmail.com, garshev@inorg.chem.msu.ru

PACS 61.46.+w,68.37.Lp DOI 10.17586/2220-8054-2018-9-2-266-278

In this work the systematic study of the Au/TiO2 and Ag/TiO2 nanocomposites was evaluated. Aeroxide P25 preparation was taken as a titania

precusor. Composites were obtained using different wet chemistry techniques: impregnation by previously prepared nanoparticles(NPs) sols,

in-situ reduction by sodium borohydride, sodium citrate and UV irradiation. The varying of the synthesis method due to the reduction rate

differences results in the different interaction between metal NPs and titanium dioxide, and hence different metal/TiO2 contacts were observed.

All the obtained samples were analyzed by XRD, TRS, SEM with EDX and TEM with EDX. According to the statistical analysis of the TEM

images the correlation between the metal NPs rate formation and their anisotropy was shown, which may allow us to consider the anisotropy

as a descriptor of the contact quality. Combining the results of the optical spectroscopy with the NPs TEM statistical analysis, we confirmed

the correlation between observable anisotropy and the contact quality. Finally, the effect of the synthesis method on the photocatalytic activity

(PCA) of nanocomposites was shown. Since the work functions of Au and Ag differ, the opposite effects on PCA are expected. Thus, in the

case of the Au/TiO2 nanocomposites, the positive effect associated with NPs anisotropy on the PCA was demonstrated. Alternatively, in the

case of the Ag/TiO2 nanocomposites the PCA evolution was detected only in the case of small NPs formation.
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1. Introduction

Currently, photocatalysis is widely used in numerous light-driven technologies, e.g. for water purification [1],
waste degradation [2–4], water splitting [5] and CO2 reduction [6]. TiO2-based materials are one of the most
popular photocatalysts, demonstrating high PCA due to required energy bands positions and an acceptable band
gap of 3.2 eV, which corresponds to the near UV range [7]. However, the effective wavelength range for the
photocatalysis mediated by pure TiO2 is limited by UV. PCA of titania-based materials in the visible range can be
improved by increasing their absorbance at 400–700 nm wavelengths [8]. For this, the morphology and structure
of photocatalyst can be modified by the introduction of dopant additives [9] or accurate (and rather complicated)
tuning of the shape of titania NPs [10, 11]. At the same time, large-tonnage production of commercial TiO2

catalysts, such as Aeroxide P25, is based on the pyrolysis of titanium compounds [12, 13]. Therefore, post-
processing modification of TiO2 NPs is more economically feasible for production of visible-range photocatalysts.
Such methods include design of the contact titania with other materials, e.g. metal and semiconductor NPs, carbon-
based materials, dye molecules. The main disadvantage of the carbon-modified titania is a significant shading and
loading of the photocatalyst surface, since optimal carbon materials addition is usually 20–30% that can affect on
the absorption ability [8]. Dye-sensitized titania is widely applied for the solar cells [14], but suffers significantly
from the photocatalytic dye degradation.

Loading of the titania surface with semiconductor NPs results in a visible-light induced PCA and increases
the total (UV and visible) PCA in the case of II-type heterojunction formation. As demonstrated in our earlier
article [15], the PCA of nanocomposite based on Aeroxide P25 and WO3·H2O was increased by ca. 30% higher
in comparison with the pristine Aeroxide P25. Similarly, Han et al. [16] reported PCA increasing upon loading
TiO2 with semiconductor Cu2O NPs However, modification of titania with metal NPs (such as Ag, Au, Pd, Pt,
Cu) is known to be much more effective for achievement of PCA in visible range [17–19].
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The formation of the Schottky contact between the metal and semiconductor components of the nanocomposite
may increase PCA due to an interparticle charge carriers transfer [20] leading to the spatial separation and, hence,
longer lifetimes of photogenerated nonequilibrium electrons and holes. The ohmic contact formation does not result
in the charge carriers separation, and hence increase of the PCA is not expected. Moreover, there are few possible
mechanisms [21] of energy transfer from plasmonic NPs to the semiconductor, which beneficially effects PCA.
According to the work functions of bulk gold and anatase, which are 5.23 eV [22] and 5.10 eV [23] respectively,
we can expect Schottky contact formation in this case, whereas Ag/TiO2 contact should be ohmic due to work
function of silver, which is 4.25–4.37 eV [24]. Based on the bulk materials band structure, the principal scheme of
the Au/TiO2 and Ag/TiO2 contacts are presented on the Fig. 1.

FIG. 1. Principial scheme Au/TiO2 and Ag/TiO2 contacts structures based on the bulk materials
work functions

At the same time, many authors declared the positive effect of silver NPs on the PCA of titanium dioxide.
Some recent reports addressing the Ag NPs effect on the PCA of TiO2 are summarized in the Table 1. It should
be noted that a significant increase (1.5–2 times) is observed mainly for the <10 nm NPs. Alternatively, in the
case of larger NPs, the nanocomposites demonstrated decreased PCA. This observation can be explained by a
significant increase of Fermi level in silver NPs, which was confirmed elsewhere [25] by Kelvin probe microscopy
of gold and silver NPs. Similar size effect was observed by Cozzoli et al. [26], namely the PCA increase was
associated with the charge carriers separation observed only in the case of 8-10 nm silver NPs. The measurements
of the equilibrium potential of irradiated Au/TiO2 nanocomposites reported by Subramanian et al. [27] revealed a
size-related shift of Fermi level in Au NPs. The greater shift of the Fermi level was observed in smaller Au NPs
(20 mV for 8 nm diameter, 40 mV for 5 nm and 60 mV for 3 nm Au NPs) and caused the increase of PCA.

The shape and size variations primarily effect on the optical properties of plasmonic NPs due to the changes
of the surface plasmon resonance (SPR) parameters. Particullary, red shift of the SPR wavelength was observed
upon increasing the diameter of gold nanospheres [42]. Eustis et al. [43] showed that the increase of the aspect
ratio of anisotropic elliptical gold particles also leads to an increased SPR wavelength. A number of methods
were developed for mathematical simulation of light scattering and absorption by plasmonic NPs, e.g. Discrete
Dipole Approximation (DDA), Finite Element Methods (FEM). Several analytical methods (Mie theory, quasistatic
theory) [44] were also reported. Kelly et al. [45] used DDA and analytical methods to calculate theoretically the
effect of different factors (size, medium permittivity, aspect ratio) affecting the SPR peak position. Therefore, the
red shift of the SPR peak position can be caused by increasing of the NPs diameter, aspect ratio, refractive index
of the medium, whereas blue shift may be caused by snipping of the non-spherical particles.

As shown above, the effect of plasmonic NPs size on PCA of TiO2 is studied rather well. At the same time,
the impact of the contact between Au or Ag and TiO2 counterparts has insufficient experimental confirmation.
Here we employed different synthesis techniques, namely impregnation with pre-synthesized NPs, reduction of
Ag+ and AuCl−4 ions with sodium borohydride (rapid reaction), as well as sodium citrate and UV irradiation
(slower reactions) to produce the series of Au/TiO2 and Ag/TiO2 nanocomposites. We used TEM to characterize
the NPs morphology and to estimate the shape anisotropy which was chosen as a simplified descriptor of the
contact quality. These data were compared with the measured and simulated UV-visible-NIR absorption spectra of
the nanocomposites. The composition and structure of the nanocomposites was also studied by XRD, SEM-EDX
and STEM-EDX. Finally, we discussed the impact of plasmonic NPs morphology (effective size, shape anisotropy)
and their contact with TiO2 on the PCA of the designed nanocomposites.
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TABLE 1. The articles review data of the metal nanoparticles size effect on the PCA of Ag/TiO2 nanocomposite

Ag NPs size Method of PCA measurement∗ Relative increase of PCA Ref

1–2 nm MO Photodegradation 1.15 [28]
1.5–2 nm Phenol photodegradation 1.5 [29]
2 nm Photodegradation of acetone 1–1.2 [30]
2–4 nm RhB Photodegradation 1.5 [31]
3 nm MB Photodegradation 3.7 [19]
3 nm Photodegradation of Safranin-O 1.6 [32]
3–5 nm Photodegradation pentachlorophenol 2 [33]
5 nm MB Photodegradation 2.8 [19]
5 nm MB Photodegradation Visible light irradiation [34]
7 nm Selective oxidation of benzyl alcohol 2 [35]
7 nm RhB Photodegradation 2 [36]
8 nm MB Photodegradation 2 [19]
9 nm MO Photodegradation 1.2 [37]
7–10 nm MB Photodegradation 1.1 [38]
10 nm Catalytic oxidation of benzene None [39]
20 nm MO Photodegradation 1.5 [40]
24 nm RhB Photodegradation Visible light irradiation [41]
∗MB — Methylene Blue, MO — Methyl Orange, RhB — Rhodamine B

2. Simulation

To determine the SPR peak position position in the media with different permittivity, we calculated the
dependence of the extinction cross sections on the wavelength for gold and silver NPs with a diameter of 20 nm.
The calculation was provided by the Mie theory:

σ(λ) =
24π2a3

√
ε3
m(λ)

λ ln 10
·

[
εi(λ)

(εr(λ) + 2εm(λ))
2
+ εi(λ)2

]
, (1)

where a — a particle size, εi(λ) and εr(λ) — imaginary and real parts of the NPs material permittivity as a function
of a wavelength, and εm(λ) — a permittivity of the medium.

The DDA modelling were performed using the DDSCAT software [46]. Values of the real and imaginary parts
of the complex dielectric permittivity of gold and silver were taken from the article [47] in the both cases. Size of

model particle was chosen at least of 30000 dipoles. Effective size was recalculated as aeff =
1

2
· deff . To reduce

the angular dependency, for each λ, deff nine target orientations were averaged for two incident polarizations.

3. Experimental

3.1. Synthesis

3.1.1. Reduction with sodium borohydride. Aqueous solutions of gold or silver precursors (HAuCl4 or AgNO3,
respectively) were added to reach the metal amount of 5% w.p. in the final nanocomposite. The pH value was
adjusted by drop-wise addition of 2M NaOH or HNO3 solutions and was measured by ESK 10601/7 electrode,
filled with NH4NO3 solution to prevent the seepage of chlorine ions to the mixture. Samples were obtained only
in the acidic media (pH 2–6) due to oxide and hydroxide precipitation possibility in the case of silver and basic
reduction in the case of gold [48]. After the pH adjustment, suspension was stirred for the 30 min, and then a fresh
ice-cold NaBH4 solution was added with 30% molar excess relative to the metal ions concentration. The principial
reactions may be written as follows:

Ag+ +BH−
4 + 4H2O→ B(OH)−4 + 3.5H2 ↑ +H+ +Ag, (2)

AuCl−4 +BH−
4 + 4H2O→ B(OH)−4 + 2.5H2 ↑ +3H+ + 4Cl− +Au. (3)
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The side process of sodium borohydride hydrolysis may be described as follows [49]:

BH−
4 + 4H2O→ B(OH)−4 + 4H2 ↑. (4)

In the case of AuCl−4 reduction, the solution color was changed from light-yellow to dark red-wine over
3–5 min. This corresponds to the relatively rapid formation of gold NPs. In the case of Ag+ reduction, the
colorless solution becomes yellowish brown in a similar timeframe as in the case of gold. The obtained products
were separated by centrifugation (8000 rpm, 15 min), and triple rinsed with the DW (160 ml each time). The final
precipitate was dried at 80◦C during 12 h. It should be noted, that rinse water was colorless, and the absence of
observable concentration of metal NPs in the rinse water is the evidence of the nanocomposite formation. Samples
obtained using this method were labelled as Au/TiO2 (b) and Ag/TiO2 (b).

3.1.2. Reduction with sodium citrate. Syntheses utilizing sodium citrate as a reducing agent were evaluated by
the similar method: DW solution of sodium citrate was added to the titania aqueous suspension with the metal
precursor. During the reduction process temperature was maintained at 90◦C to increase the reaction rate. The
ratio of metal ions and sodium citrate was about 1:9. In the case of gold NPs formation, it took about 20 min to
change color of the reaction solution from yellow to light violet. In the case of silver NPs formation the reaction
was carried out for 6 h and the color of reaction mixture was changed from colorless to dark brown. The principial
reactions of the metal ions reduction by the citrate anions may be written as follows [50–52]:

2Ag+ +C6H5O
3−
7 → C5H4O

2−
5 +CO2 ↑ +H+ + 2Ag, (5)

2AuCl−4 + 3C6H5O
3−
7 → 3C5H4O

2−
5 + 3CO2 ↑ +3H+ + 8Cl− + 2Au. (6)

The obtained products were separated, washed and dried under same conditions. The rinse water was colorless as
well as in the case of reduction by borohydride. Samples obtained using this method were labelled as Au/TiO2

(cit) and Ag/TiO2 (cit).

3.1.3. Reduction with UV light. To functionalize titania with metal NPs under UV light, an aqueous suspension
of titania, included 20 mg titania powder with 100 ml of metal precursor solution (concentration corresponded to
5% w.p. of metal in the final product), was irradiated by the UV lamp MADIX Y1207 (electric power 20 W) under
a vigorous stirring. In the case of Ag/TiO2 nanocomposites, the suspension was irradiated for 20 min, whereas
in the case of Au/TiO2, the reaction could be as long as 3 h. The completion of reaction was indicated by the
finishing of the color changing. Then, samples were separated by the centrifugation, washed and dried under same
conditions. Samples obtained using this method were labelled as Au/TiO2 (UV) and Ag/TiO2 (UV).

3.1.4. Reference samples. Au/TiO2 and Ag/TiO2 nanocomposites were also prepared by mixing of the titania
suspension with previously prepared gold or silver NPs sols. Metals NPs sols syntheses were carried out at
same condition as in the case of citrate reduction, but without the precence of titania. To obtained mixtures
containing metal and semiconductor NPs were freezed using a liquid nitrogen and then freeze-dried by Labconco
Freezone lyophilizer. Dried samples were washed with the centrifugation in DW water. Since rinse water after the
sample precipitation was also colorless, we assume that non-redispersibility of NPs was caused by the formation
of nanocomposite of metal NPs with titania. Samples obtained using this method were labelled as Au/TiO2 (imp)
and Ag/TiO2 (imp).

3.2. Analysis

3.2.1. X-Ray Diffraction. Phase composition of the nanocomposites was investigated by the X-ray Diffraction
(XRD) at CuKᾱ radiation on the Rigaku D/MAX 2500 diffractometer with the rotating anode. X-Ray patterns
were collected at the 10–90◦2θ range, 0.02◦2θ step, with 1 s acquisition in each point. To deconvolute titania, gold
and silver peaks 30–50◦2θ range was investigated with the 10 s acquisition at each point. XRD profile analysis
were performed using Jana2006 [53] software. The coherent scattering region (CSR) sizes dCSR were calculated
by the Sherrer equation.

3.2.2. ζ-potential measurement. ζ-potentials of the aqueous nanocomposite suspensions were measured using
Zetasizer Nano ZS. Titania P25 suspension was adjusted to the required pH value (pH of 3–9 range) by the
drop-wise addition of 2M HCl and NaOH solutions and then 1 ml of obtained suspension was transferred into
the Malvern Instruments DTS1070 cell. Measurement was performed in the transmission geometry using standard
633 nm laser and 17◦ scattering measurement angle.
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3.2.3. Total reflectance spectroscopy. The total reflectance spectra (TRS; both diffuse and specular reflectance) of
synthesized nanocomposites were registered in UVvisible-NIR range using Lambda 950 (Perkin Elmer) spectropho-
tometer (wavelength range of 300–1000 nm, with 1 nm step). The spectra were collected using Spectralon-coated
integrating sphere (150 mm diameter). The samples were placed to the reflectance port of the sphere. White
Spectralon standard was used to collect 100% total reflectance reference. The registered TRS were recalculated to
the absorbance using the standard software of the spectrophotometer.

3.2.4. Electron Microscopy. The Scanning Electron Microscopy (SEM) images and energy-dispersive X-ray spec-
tra (EDX) were recorded on a Supra 50VP (Leo), equipped with EDX X-MAX 80 detector and INCA software
(Oxford Instruments Inc.). Transmission Electron Microscopy (TEM) Bright Field (BF) images and the correspond-
ing EDX maps were obtained on the Libra 200MC (Zeiss) microscope operating at 200 kV and equipped with EDX
X-MAX 80T detector and the AZtec software (Oxford Instruments Inc.). The TEM images were analyzed with the
Gwyddion software [54] to calculate the size and shape distributions of NPs. Observed NPs were approximated as
elliptical particles, so the lengths of a and b pair axes for each ellipse were measured (see the scheme on Fig. 2).

(a) (b)

FIG. 2. (a) Au/TiO2 (cit) TEM BF image with scheme of the particle size measurements,
a and b — elliptical axes. (b) Normalized negative cumulative distribution

For each particle the effective size deff was calculated as a diameter of the sphere with the same volume:

deff =
3
√
a · b2. (7)

After that the deff distributions were calculated with the step of 1 nm using scipy and Matplotlib software [55,
56]. The parameters of Gauss fits for the obtained size distributions are presented in Table 2.

TABLE 2. Statistical parameters of the nanocomposites

Sample CSR, nm deff ,nm ωeff k90% k50% k10% λSPR

Au/TiO2 (imp) 25 30 4 1.02 1.11 1.28 557
Au/TiO2 (b) 7 11 6 1.01 1.12 1.33 544
Au/TiO2 (cit) 17 22 7 1.04 1.17 1.37 537
Au/TiO2 (UV) 15 17 5 1.03 1.16 1.43 550

Ag/TiO2 (imp) 20 16 6 1.02 1.11 1.30 440
Ag/TiO2 (b) 7 13 4 1.01 1.10 1.30 438
Ag/TiO2 (cit) 14 20 11 1.05 1.20 1.52 447
Ag/TiO2 (UV) 23 21 8 1.05 1.22 1.46 453

To reveals the observable anisotropy of metal NPs, the negative cumulative distribution of k = a/b value was
calculated with the step of 0.01. Based on this distribution, there were calculated the k10, k50 and k90 values,
which corresponds to the 10%, 50% and 90% amount of NPs with anisotropy higher than k.
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3.3. PCA measurements

The photocatalytic activity of the samples was measured by the decolorization of a methyl orange (MO) dye
solution. For that, 2–3 mg of the sample were dispersed in 8 ml of DW by the ultrasonic treatment and placed into
the thermostated (40◦C) AceGlass reactor. Part of measurements were repeated with the use of phosphate buffer
(pH 6.9) instead of DW. The 7 ml of 0.3 mM MO solution was added after 10 minutes. The concentrations in the
suspension was of 0.14 mM/l of MO and 130–200 mg/l of catalyst. After the next 10 min, the suspension was
irradiated by 5W high pressure Hg lamp. The photocatalytic experiments were performed for 3 hours. During the
experiment, the reaction mixture was pumped through Malvern Instruments DTS1070 cell, where the absorption
spectra was acquired every 3 s using the xenon HRX-2000 lamp and Ocean Optics QE65000 spectrometer. The
details of experimental setup and data processing are described in our previous articles [15,57]. In the work [57], we
demonstrated, that in the case of this set up the obtained data of the MO decoloration corresponds to the oxidative
photodegradation of MO. The initial titania (Aeroxide P25) was used as a reference in all the measurements. The
PCA value PCAS for the sample S was calculated from the MO decolorization rate rS in the normalization on
the sample weight mS as follows:

PCAS =
rS/mS

rP25/mP25
· 100%. (8)

The value of rP25/mP25 for the used setup was of 0.09 mg−1·h−1 for the buffer solution and of 0.14 mg−1·h−1

for the DW. The use of inorganic buffer solution for PCA measurements allows one to reach the stability of pH
value during the photodegradation process, which is preferrable in the case of the decolorization rate measurements
for the pH-sensitive dyes. Moreover, for the PCA measurements of titania and titania-based nanocomposites, the
phosphate buffer solution significantly improve the suspension stability.

Such effect is not too obvious: it is well-known, that the point of zero charge (PZC) for titania is about of
the pH 6–7, and the pH of phosphate buffer solution is pH 6.9. Besides, due to the adsorption of phosphate
anions on the titania surface and the following changes in ζ-potential, the aggregation ability in the case of DW is
more than in the case of buffer solution. Measured values of ζ-potential for P25 titania suspension with different
pH, compared to the same for phosphate buffer solution are shown in Fig. 3. However, due to the phosphate
anions absorbtion, measured PCA value significantly decrease and it should be taken into the account during the
measurements [58–60].

(a) (b)

FIG. 3. (a) ζ-potential distributions and (b) pH dependency of ζ-potential for the titania suspen-
sion in DW and phosphate buffer solution (red curve). The red dot corresponds to the ζ-potential
value in the buffer solution

4. Results and discussion

Wet chemistry techniques are widely used for silver and gold NPs decorization of titania [8, 27, 35, 41]
and other semiconductors [61]. Among these techniques, the most popular are impregnation of semiconductor
powder by previously synthesized metal NP sols and in situ growth of NPs on the semiconductors surface. The
latter is usually based on reduction of dissolved Au(III) and Ag(I) compounds. The rate of reduction has a
strong impact on the morphology of obtained metal NPs. Additionally, it may determine the type of nucleation
(homogeneous or heterogeneous) and, hence, the contact quality between metal and semiconductor counterparts in
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final nanocomposites, affecting their properties. Therefore, here, we used different rates of HAuCl4 and AgNO3

reduction in the presence of titania suspension. For the rapid reduction we employed sodium borohydride, whereas
slower reduction was provided by sodium citrate and UV irradiation. Moreover, to tune the reduction rate using
citrate anions, the reaction mixture additionally was heated to increase the rate of reduction, whereas in the case of a
borohydride anions in this work used an ice-cold solution to slow it down. The reduction by photogenerated charge
carriers [62] was used to increase the contact effect on the nanocomposites properties via directly NPs formation
on the semiconductor surface. Photoexcited electrons reduce the metal ions adsorbed on the semiconductor surface,
and hence this reduction method leads to heterogeneous nucleation. In the case of the rapid reduction, which
we can observe using borohydride anions, we can expect a homogeneous nucleation and the formation of a weak
metal/semiconductor contact. Therefore, in this case metal NPs have a lower effect on the properties of the obtained
nanocomposites. Using citrate anions and UV irradiation the rate of reduction is low, and hence the heterogeneous
nucleation and a better contact formation should be expected. Au/TiO2 and Ag/TiO2 nanocomposites prepared by
impregnation technique were used as reference samples.

4.1. Size and morphology

The TEM BF images of the synthesized nanocomposites are shown on Fig. 4 and Fig. 5. All the employed
techniques resulted in appearance of gold or silver NPs distributed on the surface of titania NPs (40 nm for both
anatase and rutile phases). The results for Au/TiO2 and Ag/TiO2 nanocomposites obtained by the impregnation
of titania powder with previously synthesized NPs demonstrate that this method results in a narrow distribution
of NPs sizes, but generally, the nanocomposites include aggregated NPs as at Fig. 4a and Fig. 5a. The presence
of suspended titania particles may initiate the aggregation process of the initially stable metal NPs aqueous
colloid suspension. Generally, to prevent the NPs aggregation, it may be reasonable to use well-stabilized water
redispersible metal NPs, stabilized by humate polyanions [50], but the use of stabilizing agents affects on the
metal/semiconductor contact due to the organic interlayer, and hence obtained materials are not applicable in
photocatalysis.

(a) (b) (c) (d)

FIG. 4. TEM BF images of the nanocomposites: (a) Au/TiO2 (imp), (b) Au/TiO2 (b),
(c) Au/TiO2 (cit), (d) Au/TiO2 (UV)

(a) (b) (c) (d)

FIG. 5. TEM BF images of the nanocomposites: (a) Ag/TiO2 (imp), (b) Ag/TiO2 (b), (c) Ag/TiO2

(cit), (d) Ag/TiO2 (UV)
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To quantify the particles size and compare the anisotropy of NPs, a statistical analysis was performed. The
average effective diameters of metal NPs were calculated for all samples and are presented in the Table 2. In
the case of nanocomposites obtained with the reduction by borohydride the averaged diameter of the metal NPs
is significantly smaller both for gold and silver (11–13 nm) that in the case of reduction by citrate and UV
(20–22 nm). According to the calculated cumulative anisotropy distributions k10%, k50%, and k90% values were
determinated and are presented in the Table 2. In the case of reduction with sodium borohydride and deposited
by impregnation metal NPs anisotropies are smaller that in the case of the citrate and UV irradiation syntheses
methods. These differences may be caused by the reduction rate differences. Rapid reduction with the borohydride
results in the high probability of the homogeneous nucleation, but in the case of slow reduction with the citrate
and especially UV irradiation it leads to the heterogeneous nucleation on the surface of titania particles. Therefore,
such anisotropy may indicates the contact quality. The differences in the anisotropies of metal NPs, obtained by
a citrate reduction with and without titania presence may serve as an additional evidence of the heterogeneous
nucleation. In the case of the titania presence, the anisotropy of metal NPs is higher, that in the case of reduction
without the titania, and the size of AuNPs is lower. Ag NPs in the sample Ag/TiO2 (cit) have the size distribution
too wide for such comparison (see Figs. 6, 7 and Table 2). It seems to be caused by the secondary nucleation in
these conditions [63].

(a) (b) (c) (d)

FIG. 6. 2D distributions of gold NPs in the Au/TiO2 nanocomposites: (a) Au/TiO2 (imp),
(b) Au/TiO2 (b), (c) Au/TiO2 (cit), (d) Au/TiO2 (UV)

(a) (b) (c) (d)

FIG. 7. 2D distributions of silver NPs in the Ag/TiO2 nanocomposites: (a) Ag/TiO2 (imp),
(b) Ag/TiO2 (b), (c) Ag/TiO2 (cit), (d) Ag/TiO2 (UV)

In the case of samples, obtained using UV irradiation, high anisotropy were expected due to a reduction of
metal ions directly on the surface of titania, and, hence, the heterogeneous nucleation. According to the obtained
data, NPs size and anisotropy distributions are similar to the particles, obtained by the citrate reduction. The
number of particles of ≥ 75 nm in the Ag/TiO2 (UV) and the corresponding value of k10% higher, that in the
case of all the other samples, seems to be caused by the direct AgNO3 decomposition in the solution under the
UV irradiation. The metal NPs size and anisotropy distributions are presented on Figs. 7, and 6. Summarizing
the TEM statistics results we conclude that the k-values, presented in the Table 2 may be used as an anisotropy
descriptors, and according to the synthesis methods, allows one to estimate the quality of contact between titania
and metal NPs.

4.2. X-ray diffraction

The XRD demonstrates that all samples posses titania with initial anatase-rutile ratio, whereas gold and silver
included in nanocomposites correspond only to fcc phases(Anatase (JCPDS Card no. 21-1272), Rutile (JCPDS
Card no. 21-1276), Gold (JCPDS Card no. 4-784), Silver (JCPDS Card no. 4-783)). Using EDX analysis it
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was confirmed that the metal content corresponds to the 5%w.p. Based on results of the XRD profile analysis,
the coherent scattering regions (CSR) were calculated and shown in the Table 2. Being in the 10–25 nm range
the calculated CSR sizes consistent with with the TEM data: samples, obtained by the borohydride reduction
demonstrate the smaller CSR size of 7 nm in comparison with the case of reduction by citrate (14–17 nm). The
CSR size for impregnated sample Au/TiO2 (imp) is less that the same value for the Au/TiO2 (cit) sample, obtained
by the similar value in the presence of titania. Generally, the XRD results confirm the TEM data and hence we
can consider the TEM statistics sufficient. For the NPs size relations for the samples Ag/TiO2 (imp) and Ag/TiO2

(cit) there are the difference between TEM data and the CSR sizes. These differences potentially caused by the
significant anisotropy of the particles for the Ag/TiO2 (cit) sample (see Fig. 7). Insufficient number of fcc metals
peaks on the XRD patterns and overlapping of reflexes does not allow to resolve the anisotropy of CSR in this
case (Fig. 8), therefore, the TEM data seems to be more informative here.

FIG. 8. XRD patterns of Au/TiO2 (cit), Ag/TiO2 (cit) nanocomposites and the initial Aeroxide P25

4.3. Optical properties

According to the eq. (1) the SPR peak position should be expected to shift to the higher wavelength range
with the increase of the medium permittivity up to the value, corresponding to the core-shell metal@TiO2 NPs.
The results of DDA calculations are exemplified on the Fig. 9. Range of deff and anisotropy values were
taken of 5–100 nm and 1–1.25 correspondingly to be representative for the previously calculated distributions
(Figs. 6,7). It was shown that in the selected range of parameters, there are no significant changes of the SPR
peak position, associated with the size and anisotropy effects. Meanwhile, broadening of the SPR peak increases
with the anisotropy, which may indicates the contact formation analyzing optical absorption spectra. It should
be noted, that the mean value of refractive index varies from one particle to another due to different quantity of
neighboring titania particles. Therefore, the red shift of the SPR peak may be interpreted as a descriptor of the
contact properties.

(a) (b) (c) (d)

FIG. 9. Simulated absorption spectra for Au NPs with the deff value vary from 5 to 100 nm
and the asymmetry coefficient of (a) 1, (b) 1.05, (c) 1.15 and (d) 1.25
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UV-vis TRS allowed collection of optical absorption spectra, which are presented on the Fig. 10 and Fig. 11.
According to this spectra, we can observe the presence of absorption edge at ca. 400 nm, which corresponds to
the titania band gap. Since there are not shift of absorption edge position, initial titania matrix have not changed
in the nanocomposites syntheses. In the range of 535–560 nm for the Au/TiO2 nanocomposites and 435–455 nm
for Au/TiO2 nanocomposites we can find an intense SPR peak. The position of the SPR peaks are between the
extinction maximums for metal NPs in air and in titania media, therefore, changing of the medium permittivity
particularly effect on the spectra.

(a) (b)

FIG. 10. Experimental absorption spectra for Au/TiO2 nanocomposites: (a) synthesized by dif-
ferent reduction methods and (b) synthesized with borohydride reduction at different pH values.
The vertical lines correspond to the simulated SPR peak positions at the different media

(a) (b)

FIG. 11. Experimental absorption spectra for Ag/TiO2 nanocomposites: (a) synthesized by dif-
ferent reduction methods and (b) synthesized with borohydride reduction at different pH values.
The vertical lines correspond to the simulated SPR peak positions at the different media

According to the maximum of absorption presented in the Table 2 in the case of Ag/TiO2 there is red shift of
SPR peaks positions associated with slow reduction in UV and citrate assistance syntheses. As it was shown on
the TEM data, the reduction rate affects on the anisotropy of metal NPs, and the quality of the contact with titania.
According to the results of simulations for the measured range of sizes and anisotropy values, the red shift primarily
caused by the formation of contact between titania and metal NPs. In the case of Au/TiO2 nanocomposites, we also
can observe similar behavior, however in the case of Au/TiO2 (cit) nanocomposite the SPR peak position is lower
than peak position of other nanocomposites. It may be caused by the side process of homogeneously nucleation in
this case.The presence of a minor absorption peak at the 680–700 nm range may be interpreted as the evidence of
the two different reduction processes.

For the silver NPs, the broad peaks are observed in the case of wide size distributions of NPs (Ag/TiO2 (cit),
Ag/TiO2 (UV)), and for the gold NPs SPR peaks has a similar width, except the case of Au/TiO2 (imp) sample,
where the NPs aggregation additionally affects on the optical properties.
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Comparing the absorption spectra of the nanocomposites obtained at different pH values using borohydride
reduction (Fig. 10b and Fig. 11b), it should be noted that the SPR peak position shifts insignificantly. Therefore,
in this case, the pH value does not affect on the absorption spectra or the nanocomposite morphology.

4.4. Effect of synthesis method on the photocatalytic activity

The photocatalytic measurements were performed in phosphate buffer (pH 6.9) in the case of Au/TiO2

nanocomposites, but in the case of Ag/TiO2 nanocomposites the DW was used due the possibility of a silver
phosphate formation during the photocatalytic process. The obtained PCA values are presented on the Table 3.

TABLE 3. The photocatalytic activity of nanocomposites

Sample PCA∗ Sample PCA∗

Au/TiO2 (b) 190 Ag/TiO2 (b) 200
Au/TiO2 (cit) 270 Ag/TiO2 (cit) 95
Au/TiO2 (UV) 280 Ag/TiO2 (UV) 100
∗PCA values correspond to the MO decoloration rate,
normalized using eq. (8)

It should be noted that in the case of Au/TiO2 nanocomposites series (Au/TiO2 (b), Au/TiO2 (cit), Au/TiO2

(UV)) there is the improvement of PCA. These results very closely correlates with the initial assumption that slow
reaction methods like UV and citrate reduction results in better contact formation. According to the TEM statistics
data, the grade of contact is also associated with increasing of the anisotropy k values.

In front of this, in the case of Ag/TiO2 nanocomposites similar behavior is not detected. Slow reduction meth-
ods and demonstrated above increasing of anisotropy do not lead to PCA improvement. Besides, the Ag/T iO2(b)
nanocomposite demonstrate the twice increasing of PCA compared with initial titania, that may be caused by size
effect. As it was reported in articles review (Table 1) small silver NPs, which we can observe in this case, posses
shifted Fermi level, and hence metal/semiconductor contact turns to Schottky type. Therefore, the size effect
dominates in the case of PCA of Ag/TiO2 nanocomposites.

5. Conclusion

In this work, we demonstrated that the various synthetic methods allow one to obtain the Au/TiO2 and
Ag/TiO2 nanocomposites with different morphology and properties. The use of different reducing agents results in
the various quality of the contact between metal NPs and titania, that significant effects on the PCA. Nevertheless
the direct observation of the contact properties is complicated, therefore the metal NPs anisotropy were suggested
as a contact quality descriptor. We proposed the TEM-based quantitative method of anisotropy measurements with
the use of statistical analysis. It was shown that the increase of anisotropy is likely caused by the interaction
of metal NPs and titania in the synthetic process. Thus, in the case of the low reduction rate the better contact
formation and the high anisotropy are observed.

The results of the PCA measurement demonstrated the opposite effects in the case of the Au/TiO2 and Ag/TiO2

nanocomposites, associated with different work functions of gold and silver. For the Au/TiO2 nanocomposites, the
positive effect of the contact on the PCA value was confirmed, and it correlates with the NPs anisotropy. In the
case of Ag/TiO2 nanocomposites the PCA increasing was detected only in the case of small NPs formation.
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