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Abstract  

In this work, the synthesis and catalytic activity of bimetallic Ag-Au nanoparticles (NPs) supported 

in TiO2 mesoporous thin films (MTF) are presented. The composite materials were obtained through 

a two-step procedure, performed at room conditions. In the first step, Ag NPs were grown inside 

the MTF by photoreduction. Then, a galvanic replacement reaction with Au was carried out, yielding 

the bimetallic NPs. The composites were characterized by UV–vis spectroscopy, transmission 

electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and X-ray reflectometry (XRR), 

which show that the alloyed Ag-Au NPs are present inside the mesopores. Moreover, Ag and Au 

composition relationship can be controlled by adjusting the reaction times of the photoreduction 

and galvanic replacement reactions, respectively. Pores remain accessible after NPs synthesis, a 

feature that ensures their possible applications in any device that requires the contact between the 

NPs and the medium. Catalytic activity of the composites towards 4-nitrophenol reduction by 

sodium borohydride was evaluated. Although all the bimetallic systems exhibit improved catalytic 

properties in comparison with the monometallic Ag composite, the sample with lower Au-Ag 

relationship is the most effective. For the first time, to the best of our knowledge, bimetallic Au-Ag 

NPs are encapsulated inside mesoporous TiO2 films, paving the way towards a wide variety of 

applications. 
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Introduction  

Metallic nanoparticles (NPs) have unique optical and catalytic properties resulting from their high 

surface to volume ratio and their easily tunable sizes and shapes.[1] These properties make metallic 

NPs attractive for a wide variety of applications in very diverse fields such as plasmonic sensing, 

optoelectronics, bioimaging and catalysis. In the last decades, a way to tune NPs properties has been 

developed by means of combining different metals in a nanoparticle, the so called bimetallic NPs.[2] 

The chemical and physical properties of bimetallic NPs are unique in comparison to monometallic 

and bulk metal alloys, due to the synergistic effects derived from the combination of different 

metals.[3] In fact, bimetallic NPs show excellent characteristics for applications in the fields of 

optics,[4] electrochemistry,[5] electroanalytic,[5] bioelectrochemistry,[6] biosensing,[7] and 

catalysis.[8],[9] 

Among bimetallic NPs, the Au–Ag metal nanostructures have been extensively explored due to their 

simple synthesis procedures and their tunable localized surface plasmon resonance (LSPR) bands in 

the visible region.[2] The formation of such bimetallic composites helps to overcome the poor 

chemical and structural stability of Ag NPs, that have limited their practical applications.[10] 

Nanoparticles with high stability and excellent properties can be obtained by alloying Ag with 

chemically inert Au.[10] Au-Ag bimetallic nanostructures include alloys and core-shell NPs such as 

Ag@Au and Au@Ag, and have been employed successfully as catalysts[11] and SERS substrates.[12] In 

most cases, such bimetallic NPs were obtained in colloidal solutions, limiting their uses. A step 

further in the design of bimetallic NPs is to use a support in order to confine the particles,  increment 

their stability and avoid their aggregation under operation conditions. Among all the proposed 

supports,[13] mesoporous oxides are very promising since they present a high specific area and well-

defined monodisperse mesopores with diameters in the 2-50 nm range in which NPs can be 

formed.[14] Such oxides are obtained by the combination of sol-gel chemistry, used to generate the 

inorganic framework, and self-assembly of amphiphilic molecules, that act as pores template. A 

characteristic well-ordered array of mesopores is obtained after template removal by either 

calcination or solvent extraction.[15] There are several examples in the literature of the use of these 

oxides as supports for bimetallic nanoparticles, not only to prevent aggregation and improve the 

NPs stability, but also to enhance their catalytic activity.[14a, 16] Interestingly, most of reported the 

bimetallic composites are based on colloidal mesoporous SiO2, a very inert oxide that, in principle, 
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does not interact with the supported NPs. In many cases functionalization of the oxide structure 

was necessary to ensure the NPs formation.   

Having in mind the applications of the bimetallic NPs – mesoporous oxides composites, preparing 

them as thin films has several advantages. In fact, mesoporous thin films can be synthesized on top 

of almost any flat substrate. They can be designed to be partially transparent in the visible region, 

are portable and can be easily introduced and extracted from reaction media. Moreover, they may 

be integrated inoptoelectronical devices.[17] Several examples of composite materials obtained by 

combining pure metallic NPs and mesoporous thin films (MTF) have been recently shown.[18] 

However, despite the aforementioned interest on bimetallic Au-Ag NPs, only one example of a 

composite of Au-Ag bimetallic NPs included within a MTF has been reported.[19] Although the results 

presented by Chassagneux et al. are very interesting in terms of the NPs composition control, the 

SiO2 used as support was only mesostructured (i.e. the pores were filled with the template) and, as 

a consequence, the application of the composites is very limited due to instability issues. TiO2 as 

support represents a clear advantage in terms of chemical and mechanical stability[20] and can also 

provide new features to the composite, due to the well-known synergy between metals and 

semiconductors.[21] In fact, a recent article presented the promising photocatalytic activity of 

composites prepared by plasma deposition of Au-Ag bimetallic particles on top of a TiO2 porous film 

prepared by magnetron sputtering.[22]  

In this work, a two-step method to obtain bimetallic Au-Ag NPs entrapped inside TiO2 MTF is 

presented. In a first step, Ag NPs were grown inside TiO2 MTF by photoreduction and afterwards, a 

galvanic replacement reaction with Au (III) was used to produce Au-Ag bimetallic NPs. All reactions 

take place at room temperature conditions, making the process very simple. The Au-Ag bimetallic 

NPs – Ti2O MTF composites were characterized by several techniques, and evaluated as catalysts for 

the reduction of 4-nitrophenol. The interplay among synthesis conditions, metallic loading and 

catalytic activity was evaluated, in order to better understand the potentiality of the composites. 
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Results and Discussion  

Synthesis of bimetallic NPs inTiO2 MTF 

Bimetallic Au-Ag NPs were synthesized inside the pores of the TiO2 mesoporous thin films. These 

films were prepared by dip coating, using a previously reported EISA based procedure, with Pluronic 

F127 as template agent.[23] The obtained TiO2 MTF presented a pore diameter of 8 ± 1 nm 

(determined by TEM, see Figure S1, SI), a porosity of 34 % and a thickness of 180 ± 4 nm (both 

determined by XRR, Figure S2, SI).  

The first step to generate the bimetallic NPs was the confinement of the Ag NPs inside the MTFs, 

through a two-step procedure, previously reported, comprising Ag+ adsorption and UV induced 

photoreduction.[24] Two UV irradiation times (30 and 60 minutes) were tested, in order to vary the 

amount of Ag NPs incorporated within the oxide; samples are identified as Ag30 and Ag60 according 

to the time used for the procedure. After irradiation, a change in color can be observed in the TiO2 

MTFs, independently of the irradiation time used: the originally colorless MTFs turned brownish 

(see Figure S3a, SI). Such color change is a consequence of the Ag NPs formation. In fact, the UV–vis 

spectrum shows a broad absorption band with a maximum around 480 nm, which can be attributed 

to localized surface plasmon resonance (LSPR) band of the metallic Ag NPs. An increase in the 

intensity of the Ag LSPR band as a function of the irradiation time was observed, due to the 

formation of more Ag NPs inside the pores, as expected (see Figure S3b, SI).  

After Ag NPs formation, a galvanic replacement reaction was used to obtain the bimetallic Ag-Au 

NPs. Since the AuCl4- / Au standard reduction potential is at 0.99 V (vs SHE), while Ag+ / Ag pair is at 

0.80 V, the Ag NPs react with a HAuCl4 solution to form metallic Au, according to the reaction 

presented in equation 1. 

3Ag + AuCl4- → Au + 3Ag+ + 4Cl-        (1)  

As outlined, the galvanic replacement reaction consists of a redox process between a metal, 

employed as a sacrificial template (in this case Ag) and metal ions in solution (Au(III) in our 

experiments). The reduction potential between the Ag NPs and Au (III) is the driving force for the 

oxidation and dissolution of the Ag NPs, taking place in parallel with Au reduction, which deposits 

on the Ag NP.  The galvanic replacement reaction has been widely employed in the synthesis of 

bimetallic NPs and offers a particularly effective and versatile approach, since allows tuning the 

composition and structure of the final particles.[25] 
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Thus, the Ag NP MTF composites were immersed for different times in a HAuCl4 solution. Samples 

were denominated AgxAuy, where x and y denote the reaction times in each step, measured in 

minutes.  

After film immersion, a color change was observed, indicating that a reaction has occurred. Samples 

change their color from dark brown (the color coming from the supported Ag NPs) towards a pink 

color whose final tone depends on the reaction time, as can be seen in Figure 1d. 

 

Figure 1. UV-visible spectra of samples (a) Ag30Auy and(b) Ag60Auy. (c) LSPR band position as a 

function of the reaction time for galvanic replacement. (d) Optical images of obtained samples. 

This change in color was also followed by UV-vis spectroscopy, as shown in Figure 1a and Figure 1b. 

The first clear observation is that only a single LSPR band is present after the galvanic replacement, 

for all systems. Moreover, a shift in the LSPR peak from ~480 nm (corresponding to the Ag NPs) 

towards longer wavelengths is observed when the reaction time increases for both Ag30 and Ag60 

samples. The band maximum position ad a function of galvanic replacement reaction time is 

presented in Figure 1c. Interestingly,  after 60 minutes of reaction, the LSPR band’s position is close 

to the one observed for Au NPs entrapped inside TiO2 mesoporous films.[26] Both the presence of 

0 10 20 30 40 50 60
470

480

490

500

510

520

530

540

550

560

570

 

 

 Ag30

 Ag60L
S

P
R

 b
a

n
d

 p
o

s
it
io

n
/n

m

time/min

400 500 600 700 800 900 1000

A
b

s
o

rb
a

n
c
e

 (
a

. 
u

.)

Wavelength (nm)

 Ag60

 Ag60Au10

 Ag60Au30

 Ag60Au60

400 500 600 700 800 900 1000

A
b
s
o
rb

a
n

c
e
 (

a
.u

.)

Wavelength (nm)

 Ag30

 Ag30Au10

 Ag30Au30

 Ag30Au60

a b

c d
Ag30 Ag30Au10 Ag30Au30 Ag30Au60

Ag60 Ag60Au10 Ag60Au30 Ag60Au60

Ag30 Ag30Au10 Ag30Au30 Ag30Au60

Ag60 Ag60Au10 Ag60Au30 Ag60Au60

10.1002/ejic.201901186

A
cc

ep
te

d 
M

an
us

cr
ip

t

European Journal of Inorganic Chemistry

This article is protected by copyright. All rights reserved.



only one LSPR band and its shift when the reaction time increases points towards the formation of 

alloyed rounded NPs, with an increasing amount of Au in the alloy as the reaction proceeds.[2b, 27] 

 

Figure 2 TEM images of (a) Ag30Au2.5, (b) Ag30Au30, (c) Ag60Au10 and (d) Ag60Au30 samples. 

 

Figure 2 presents TEM images of selected Ag30Auy and Ag60Auy samples. The NPs can be seen as 

darker spots, included within the pores and well distributed along the sample. High resolution 

images confirm the absence of core-shell NPs, since this type of structures is not seen (Figure S4, 

SI). Thus, the images confirm UV-vis results that pointed towards the formation of a Ag-Au solid 

solution or alloy inside the TiO2 MTF. Moreover, the average NPs size decreased from 7.3 ± 0.8 nm 

to 6.2 ± 0.7 nm for Ag30Au2.5 and Ag30Au30 samples respectively. This result is in agreement with 

the fact that three Ag atoms are replaced by one Au atom, with the consequent decrease in final 
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NPs volume. Similar results were obtained for the Ag60Auy system. The crystallinity of NPs was 

studied by grazing incidence XRD measurements (Figure S5, SI).A single and very broad peak can be 

seen in all Ag60Auy samples. This single peak appears at 38.2° (2θ) and can be assigned to the (111) 

reflection of the face-centered cubic (fcc) structure of both Au and Ag.[28] These results indicate that 

the obtained NPs are crystalline, a fact that is coincident with HRTEM observations (Figure S4, SI). 

However, the similarity of the characteristic lattice parameters of metallic Ag and Au (a = 4.0782 Å 

for Au and 4.0862 Å for Ag) and the small size of the NPs does not allow a complete characterization 

of the alloy by means of XRD.[29]  

XPS was employed to determine the Au and Ag concentrations and the valence state of the metals 

in the samples. The obtained spectra in the Ag 3d and Au 4f regions are presented in Figure 3. 

 

 

Figure 3.XPS spectra of AgxAuy samples in the Ag 3d (a and c) and Au 4f regions (b and d). 
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As expected, the intensity of Ag peaks decreases while the intensity of Au peaks increases as the 

galvanic replacement reaction proceeds. In the Ag region, the peaks at 367.9 and 373.9 eV can be 

assigned to the 3d5/2 and 3d3/2 levels of metallic Ag, respectively. On the other hand, the peaks 

around 83.6 and 87.3 eV can be assigned to the 4f7/2 and 4f5/2 levels of metallic Au, respectively. The 

observed positions are in agreement with the values obtained for other bimetallic systems reported 

in literature.[16a, 30] The composition ratio of the Ag and Au measured by XPS are reported in Table 1. 

 

Table 1 Au:Ag Atomic ratios obtained from XPS spectra. 

Sample Au:Ag Atomic Ratio Sample Au:Ag Atomic Ratio 

Ag60 0 Ag30 0 

Ag60Au10 0.51 Ag30Au10 0.57 

Ag60Au30 0.67 Ag30Au30 0.77 

Ag60Au60 0.73 Ag30Au60 0.83 

 

It can be seen that the Au:Ag atomic ratio increases with the galvanic replacement reaction time, 

for the two tested initial Ag concentrations. However, a no linear relationship with the time can be 

observed, indicating that the major part of the galvanic replacement occurs during the first 10 

minutes of reaction. 

Finally, XRR measurements were performed to determine changes in the film electronic density and 

accessibility after AuAg NPs formation inside of the pores.  
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Figure 4 XRR results for (a) empty TiO2, Ag30 and Ag30Au10 samples, obtained at low RH; and (b) 

Ag30Au30 sample measured at low and high RH. 

 

Figure 4a shows the changes in the critical angle (θc) after the different synthesis steps. An increase 

in the θc is observed when TiO2 pores are filled with Ag, due to the increase in the electronic density 

of the composite material, in accordance with previous results.[31] When the galvanic replacement 

takes place for 10 minutes, the θc of the obtained composite decreases. This observation is in 

agreement with the above mentioned decrease in the NPs volume due to the galvanic replacement 

reaction stoichiometry. When the reaction time was increased, the θc of Ag30Auy systems increases, 

but not exceeding θc of the system with only Ag NPs (see Figure S6, SI). The tendencies observed for 

the Ag60Auy systems (Figure S7) were equivalent, indicating that the behavior was not related to 

the original amount of Ag incorporated within the TiO2. Interestingly, the XRR patterns confirm that 

the Ag NPs and Ag-Au NPs are deposited inside the TiO2 MTF pores, since only one critical angle is 

observed, the one corresponding to the composite. 

The reflectograms of the composites were also measured at low (<5%) and high (>95%) relative 

humidity, in order to characterize the accessible porosity after each reaction step. An example of 

the obtained results is presented in Figure 4b for Ag30Au30 sample. More information can be found 

in Figures S6 and S7, SI. In all cases, an increment in θc due to water condensation inside the pores 

is observed. Thus, all the synthesized composite samples displayed accessible porosity after NPs 

incorporation and can be used in applications that require the entrance of reagents inside the 

porous structure, as in catalysis. 
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Catalytic activity 

The catalytic activity of the composites was studied using the well-known reduction of 4-nitrophenol 

(NIP) to 4-aminophenol, using NaBH4as reductive agent.[32] For this purpose, pieces of the different 

samples were immersed in NIP solution and its degradation was followed by UV-visible 

spectrometry. In all cases, the reaction proceeds immediately after the introduction of the films in 

the reaction media[33] and a discoloration of the originally yellow NIP solution is observed. An 

example of the spectra evolution as a function of time is presented in Figure 5a. In contrast, when 

a TiO2 film is immersed, under the same conditions, in the reaction mixture, no discoloration of the 

NIP solution is observed (Figure S8, SI). This result indicates that the metallic particles are the 

responsible of the catalytic activity. 

Moreover, the stability of samples used for catalytic experiments was confirmed by EDS 

measurements (see Table S1, SI). 
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Figure 5 (a) Time-dependent UV–vis absorption spectra of the NIP reduction by NaBH4 in presence 
of the Ag30Au10 sample. Plot of ln(At/A0) as a function of time for the reaction catalyzed by (b) 

Ag30Auy and (c) Ag60Auy samples. Each group of data is presented with the correspondent linear 
fitting. 
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ln(At/A0) = -kt           (2) 

 

where k is the pseudo first-order rate constant, t is the reaction time and At and A0 are the 

absorbance of NIP at λ = 400 nm at time t and 0, respectively.[34] The ln(At/A0) vs time charts for all 

tested samples are presented in Figure 5b and c, with the corresponding linear fittings. For all 

samples, a linear behavior is observed, corroborating the pseudo first-order kinetics. The slope of 

each linear adjustment corresponds to k, from which the apparent constant rate normalized per 

geometric area (kapp) was calculated dividing the k value by the geometric area of the sample used 

for each experiment. The obtained results are reported in Table 2.  

 

Table 2 kappvalues for the different tested samples 

Sample kapp  / min−1 cm−2 Sample kapp  / min−1 cm−2 

Ag30 0.033 Ag60 0.038 

Ag30Au10 0.078 Ag60Au10 0.055 

Ag30Au30 0.070 Ag60Au30 0.045 

Ag30Au60 0.050 Ag60Au60 0.039 

 

All tested composites present catalytic activity towards the 4-nitrophenol reduction to 4-

aminophenol. However, the kapp values clearly depend on the composition of the samples. In 

particular, for both families, it can be seen that the catalytic activity of all the bimetallic composites 

is better than for the Ag NPs loaded TiO2 MTF. This improvement in the catalytic activity of Ag-Au 

NPs in comparison with the Ag NPs has been previously observed[9, 16a, 32b, 35] and has been associated 

with electronic charge transfer effects between Ag and Au,[16a, 35d] changes in the metals atomic 

distribution on the surface[16a] and/or to the modification of the metals electronic structure.[9] 

Moreover, larger kapp values were observed for Ag30Auy composites than for Ag60Auy ones. 

Additionally, for both Ag30 and Ag60 families, the larger kapp values were obtained for the bimetallic 

particles with lower Au content, i.e. Ag60Au10 and Ag30Au10 samples. Since the size and the 

composition of the NPs vary in each sample, it is not simple to analyze those variables separately. 

However, it seems that Au improves catalytic activity in low amounts and the inclusion of a higher 

concentration of this metal is counterproductive. The existence of an ideal Ag:Au ratio has been 

observed before, and was attributed to a complex interplay between  the effects of surface 
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composition, the presence of interfaces with different characteristics and the NPs size.[28, 36] More 

detailed studies taking into account these factors are planned. However, it can be concluded that 

the Ag30Au10 system is the most effective for the catalytic degradation of NIP. Moreover, 

preliminary reuse experiments indicate a fair stability of this sample (see Figure S9, SI). More 

experiments are being conducted in order to understand and improve the catalyst stability. 

 

Conclusions 

In this work, the synthesis, characterization and catalytic efficiency of bimetallic Ag-Au NPs 

supported in TiO2 MTF were presented. Ag-Au NPs – TiO2 MTFs composites were synthesized by 

means of a two-step procedure that involves Ag photodeposition inside the TiO2 MTF pores and the 

subsequent galvanic replacement by Au, which results in the formation of bimetallic structures 

inside the pores. All experiments were performed at room temperature, avoiding harsh reaction 

conditions. 

UV-vis and TEM analysis proved that alloyed NPs were obtained inside the mesopores of the MTF. 

Moreover, by adjusting reaction times, both Ag and Au loading could be controlled, as demonstrated 

by XPS analysis. XRR results demonstrated that a portion of the mesoporosity remains accessible 

after the NPs synthesis, a feature that ensures the possible applications of the composites in any 

device that requires the contact between the NPs and the medium. As a first test, the catalytic 

activity of the composites towards 4-nitrophenol reduction by sodium borohydride was studied. The 

catalytic performance of the bimetallic systems was different for each of the tested composites, but 

in all cases the catalytic performance was better for the bimetallic composites than for the 

monometallic Ag NPs - MTF composites, in agreement with previously reported results for colloidal 

suspensions or powder supported bimetallic NPs.   

The presented results demonstrate for the first time, to the best of our knowledge, the feasibility of 

producing bimetallic Au-Ag NPs inside mesoporous TiO2 films, paving the way towards a wide variety 

of applications. 

Experimental  

TiO2 Mesoporous Thin Films Synthesis 
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TiO2 mesoporous thin films were produced by combining a sol−gel chemistry route with self-

assembly of surfactant templates, using the strategy known as Evaporation Induced Self Assembly 

(EISA).[37] In a typical synthesis, Pluronic F127 (PEO106PPO70PEO106, Sigma) was added to an ethanol 

solution of titanium tetrachloride (TiCl4, Merck). Water was subsequently added under stirring. The 

final molar ratio TiCl4:EtOH:F127:H2O was 1:40:0.005:10.[23] Glass slides were used as substrates for 

the deposition of the films. The glass slides, previously washed with water, acetone, and ethanol, 

were dipped into the sol heated up to 32°C, and then extracted at a constant withdrawal rate of 2 

mm·s−1, using a dip coater. Freshly prepared films were submitted to a stabilization process in 

several steps, as follows: 24 h in a chamber at 50 % Relative Humidity, 24 h in an oven at 60ºC, 24 h 

in an oven at 130ºC and a calcination for 2 h at 350ºC (heating rate: 1ºC·min-1). 

Metallic loading 

Ag NPs were synthesized inside the MTF by adapting a previously reported procedure.[24] The films 

were immersed in a 0.087 M AgNO3 solution, prepared in a 1:1 water:ethanol mixture for 10 

minutes. Then, the AgNO3 loaded films were irradiated with a UV lamp (15W), for 30 minutes 

(sample Ag30) or 60 minutes (sample Ag60) and finally washed with MilliQ water. The TiO2 MTF 

loaded with Ag-Au bimetallic NPs were obtained by immersion of Ag30 or Ag60 samples in 3ml of 

0.1 mM HAuCl4 aqueous solution, for different times: 10, 30 and 60 minutes. Then, samples were 

washed with MilliQ water and dried under air flow. Samples were denominated AgxAuy, where x 

and y denote the reaction times in each step, measured in minutes. As an example, Ag60Au30 

sample was irradiated for 60 minutes to form the Ag NP and was subsequently immersed for 30 

minutes in the Au (III) solution. 

Characterization 

UV-visible spectra were obtained using an Agilent 8453 UV-visible spectrophotometer. Pore 

structure and metallic loading were studied by Transmission Electron Microscopy (TEM) using a JEOL 

JEM-1400PLUS microscope equipped with a GATAN US1000 CCD camera and by high resolution TEM 

(HRTEM) using a CM 200 Philips microscope equipped with an ultratwin objective lens and an 

acceleration voltage of 200 kV (CAB−CNEA). TEM samples were prepared by scratching the films 

from the substrate and depositing the fragments onto carbon and Formvar coated Cu grids.  

X-ray reflectometry (XRR) measurements were performed using a PanAnalytical Empyrean X-Ray 

diffractometer with a Cu K radiation source (1.54 Å). Films thicknesses, porosities and metallic 
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filling were determined from XRR data. Details about these calculations are presented in the 

Supporting Information. The same equipment was used to perform X-Ray diffraction (XRD) 

measurements using a 1° incident beam angle, a 0.38 mm divergence slit and a 10 mm mask. 

Diffraction patterns were collected from 29 to 42° (2θ) with a step size of 0.05° and time per step of 

10 s. 

X-ray photoelectron spectroscopy (XPS) data were recorded using a SPECS Sage HR 100 

spectrometer equipped with a 100 mm mean radius PHOIBOS analyzer and a non-monochromatic 

X-ray source (Magnesium Kα line of 1253.6 eV energy and 250 W). Such source is placed 

perpendicular to the analyzer axis and was calibrated using the 3d5/2 line of Ag with a full width at 

half maximum (FWHM) of 1.1 eV. The selected resolution for the high resolution spectra was 15 eV 

of pass energy and 0.15 eV/step. All measurements were performed in an ultra-high vacuum 

chamber at a pressure around 8·10-8mbar. An electron flood gun was used for charge neutralization. 

Measurements were conducted directly on the films, which were previously washed with absolute 

ethanol and cut into pieces of 1 cm2. The spectral analysis was performed with CasaXPS 2.3.15dev87 

software. Satellite removal and Shirley background subtraction were applied; binding energies were 

calibrated assigning 285 eV to the C 1s C-C peak and peaks were fitted with Gaussian-Lorentzian line 

shapes to determine the atomic percentages of the elements present in the samples. 

Catalytic measurements 

The catalytic activity of the composites towards 4-nitrophenol reduction was evaluated using UV–

vis spectroscopy. For this purpose, a 3 mL quartz cuvette cell was used. 10 μL of an aqueous solution 

of 4-nitrophenol (0.01 M) and100 μL of a freshly prepared aqueous solution of NaBH4 (0.5 M) were 

mixed with 2.5 mL of milliQ water. A piece of ∼1 cm2 of the sample was introduced in the cuvette 

filled with a reaction solution. The slide was positioned in such a way that it did not block the beam 

path. The absorbance of the solution was recorded in a scanning range of 200–800 nm, every two 

minutes until reaction completion.  
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