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Abstract: We present an efficient and easily implemented approach for creating stable electrocatalyti-
cally active nanocomposites based on polyaniline (PANI) with metal NPs. The approach combines in
situ synthesis of polyaniline followed by laser-induced deposition (LID) of Ag, Pt, and AgPt NPs. The
observed peculiarity of LID of PANI is the role of the substrate during the formation of multi-metallic
nanoparticles (MNP). This allows us to solve the problem of losing catalytically active particles from
the electrode’s surface in electrochemical use. The synthesized PANI/Ag, PANI/Pt, and PANI/AgPt
composites were studied with different techniques, such as SEM, EDX, Raman spectroscopy, and XPS.
These suggested a mechanism for the formation of MNP on PANI. The MNP–PANI interaction was
demonstrated, and the functionality of the nanocomposites was studied through the electrocatalysis
of the hydrogen evolution reaction. The PANI/AgPt nanocomposites demonstrated both the best
activity and the most stable metal component in this process. The suggested approach can be consid-
ered as universal, since it can be extended to the creation of electrocatalytically active nanocomposites
with various mono- and multi-metallic NPs.

Keywords: laser-induced deposition; polyaniline; noble metal nanoparticles; AgPt nanoparticles;
nanocomposite; hydrogen evolution reaction

1. Introduction

The hydrogen evolution reaction (HER) plays a critical role in electrochemistry and
has attracted attention for both application and fundamental research. This reaction is
one of the most important in developing new technologies for creating environmentally
friendly energy sources [1,2]. Moreover, the hydrogen evolution reaction is useful as a test
reaction for the development of new types of catalysts. As a catalyst for HER, mono- and
multi-metallic nanoparticles (MNPs) have been widely studied [3,4]. In spite of the research
devoted to the creation of catalysts on the basis of less expensive metals such as Ni, Cu,
Fe, etc. [5–8], noble metal (mainly Pt) catalysts are still preferred. One way of improving
catalysts’ efficiency is related to the use of metal nanostructures with different shapes [9].
Another approach is based on the use of bimetallic NPs [10–13]. This approach relies on
the redistribution of the local electron density on the surface layer of NPs, which leads to
less destruction of the catalysts by changing the reaction kinetics. Therefore, diversifying
the strategies used for the synthesis of various multi-metallic NPs with electrocatalytical
potency remains an urgent scientific problem. Up to now, different combinations of metals
have displayed HER activity, such as PtCo [13], PtBi [14], PtIr/IrOx [15], PtRu [16], and
RhRt [17]; however PtAg systems are of high interest because of the good miscibility of
these metals and their selective corrosion in an acidic medium, caused by a large difference
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in their standard redox potentials [18]. Altogether, this results in less corrosion of PtAg
systems during HER reaction.

The redox properties of polyaniline (PANI) make it an attractive material for creating
electrochemical devices based on it. The addition of MNPs to the system significantly
expands the range of possible applications such as sensors [19–21], supercapacitors [22–24],
and fuel cells [25,26]. Combining PANI electrodes with metal nanoparticles has proven
their efficacy in the development of sensors for hydrogen peroxide [27], glucose [28,29],
nitrate ions [30], etc. In such systems, PANI often plays the role of a conducting matrix,
while the electrocatalytic reaction occurs directly on the MNPs. Taking this into account,
the rational choice of the metal NPs provides the final functionality of the electrode.

Polyaniline can be considered as a promising competitor to carbon nanotubes, graphene
oxide, reduced graphene oxide, Nafion, etc., as a prospective matrix for electrode systems
due to its conductivity, high chemical stability, high material porosity, and the possibility of
surface functionalization. The combination of these features is promising for creating stable
PANI/MNP nanocomposite electrodes because of the possibility of PANI interacting with
MNPs and its effect on the reaction kinetics. In spite of PANI’s prospects as nanocomposite
matrix, there are still several challenges in connection with the incorporation of catalytically
active nanoparticles onto the surface of PANI.

Nowadays, wet chemistry methods are widely used for the creation of various MNPs.
However, these approaches require a further step of immobilization of the synthesized NPs
on the electrode’s surface. For immobilization, drop-casting or spin-coating methods are
typically used. These methods are attractive because of their experimental simplicity, but
the obtained samples demonstrate weak adhesion to the substrate. As an alternative, one
could consider electrochemical methods of synthesizing multi-metallic NPs, but this is a
multi-step process because the deposition of different metals requires the application of
different voltages. In most cases, the main problem limiting the practical use of the newly
developed nanocomposite electrodes is the loss of catalytically active particles from the
electrode’s surface. Therefore, the development of an efficient strategy for the creation of
stable PANI/MNP nanocomposite electrodes based on bimetal NPs with electrochemical
potency is a current scientific task. In the current work, we suggest an advanced approach
for obtaining electrocatalytically active nanocomposite electrodes based on PANI synthe-
sized by in situ oxidative polymerization followed by a one-step laser-induced synthesis of
MNPs with simultaneous immobilization on PANI.

Laser-induced deposition (LID) is an attractive method for synthesizing NPs. The
method is based on the photochemical decomposition of the metal-containing precursor
under laser irradiation, followed by reduction of the metal and the formation of NPs [31]. As
possible precursors, an extensive list of laboratory-synthesized and commercially available
compounds were successfully demonstrated, such as organometallic complexes, inorganic,
and organic salts [32–39]. It was found that LID allows the user to control the coating
density, morphology, and composition of the MNPs deposited on the substrate’s surface.
To date, various mono-, bi-, and trimetallic nanoparticles (Ag, Au, Pt, Cu, Ru, AgPt, and
AgAuPt) have been deposited on 2D and 3D amorphous, crystalline, and polycrystalline
substrates [35,40–42].

The main attractiveness of LID for electrochemical applications is the good adhesion of
NPs to the substrate, as the nucleation and growth of NPs is a heterogeneous laser-induced
process taking place directly on the surface of the substrate. Another important feature of
the LID method is the use of low-intensity laser radiation, which avoids the decomposition
of the NPs and substrate. because of the abovementioned factors, the aim of the current
research was laser-induced deposition of MNPs on the surface of a polymer substrate
(PANI) and the subsequent characterization of the obtained PANI/MNP nanocomposites
as electrodes for HER. NPs of Ag, Pt, and their combination were chosen. The LID synthesis
of NPs on polyaniline surfaces and the electrochemical characterization of the PANI/MNP
nanocomposite are presented here for the first time. We demonstrated that the LID of MNPs
onto a polymer’s surface not only is possible but also allows the interaction of PANI and
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MNPs, which is of great importance for the creation of stable functional nanocomposites
for electrochemical applications.

The high interest in studying multicomponent systems is determined by the wide
range of various processes within the system, resulting in new physicochemical and func-
tional properties. Moreover, such systems are characterized by the synergistic effect of the
components’ interactions. The novelty of the present work is provided by its consideration
of a multicomponent system, i.e., conductive polymer PANI and catalytically active metals
(Ag and Pt). This multicomponent system was examined in different combinations, namely
Ag/PANI, Pt/PANI, and AgPt/PANI. Such an approach allowed us to observe and ana-
lyze complex processes in multicomponent systems with electrocatalytical potency, which
have not been studied before. Consistent consideration of these systems from a unified
standpoint made it possible to conduct a thorough analysis of the features of the interfacial
interactions in terms of their chemical structure and functionality (electrocatalysis). The
chosen approach allowed us to discover the processes that are important for the functioning
of the nanocomposites as electrocatalytically active systems. The observed processes were
(i) the effect of PANI in the formation of Pt NPs in the course of LID; (ii) the formation
of bimetallic PtAg NPs, which is a complex process initiated by LID of the Ag phase and
followed by galvanic Pt replacement; (iii) LID of MNPs allowed a PANI–MNP interaction.
All the observed characteristics of the studied multicomponent system are important for
the creation of stable electrocatalytically active nanocomposites.

2. Experimental procedures
2.1. Materials and Methods

Menzel cover slips with a size of 20 mm x 20 mm were used as substrates. The elec-
trical contacts were formed from gold (99.99%). The chemicals were purchased from Alfa
Aesar, (Ward Hill, USA) and Reachem (Saint-Petersburg, Russia). For the synthesis of the
polyaniline, doubly distilled water, chloric acid, ammonium persulfate, and aniline were
used. The aniline was purified preliminarily by a standard procedure. The ammonium
persulfate was kept in darkness in the presence of desiccant and used as received. The
aniline was purified before synthesis according to a standard procedure [43]. For LID, the
following reagents were used as metal precursors: silver benzoate (silver salt C6H5COOAg,
containing Ag 47.1 wt%) and tetra-ammine platinum(II) hydroxide (Pt(NH3)4(OH)2, con-
taining Pt 52.8–63.7 wt%). The solvent was doubly distilled water. A 0.1 M HClO4 solution
was used for the electrochemical measurements. Polyimide Kapton tape was used for
preparation of the masks.

2.2. PANI Synthesis

The cover glasses were purified with isopropanol by ultrasound treatment for 5 min
and dried in flowing air. Then glasses were covered with 10 nm of Ti and 25 nm of Au by a
resistive evaporation method in a vacuum. Next, the substrates were used for in situ PANI
synthesis, for which we diluted 5.71 g of the ammonium persulfate solution in 50 mL of
water and 1.86 mL of aniline in 50 mL of 0.2 M HCl. The solutions were shaken, and the
temperature was stabilized at 25 ◦C for 1 h. Next, 300 µL of each solution was placed in an
Eppendorf tube, rapidly mixed, and immediately dropped on the substrate. In situ PANI
synthesis took 30 min. After synthesis, the substrate was cleaned in flowing 0.2 M HCl and
isopropanol, then additionally with 0.2 M HCl. The samples were dried overnight under
ambient conditions.

2.3. LID

The scheme of the LID experiment has been presented elsewhere [44]. In the current
work, we used the following compounds as precursors for LID: silver benzoate and tetra-
ammine platinum (II) hydroxide. LID was performed with aqueous solutions of silver
benzoate (0.6mg/mL) and tetra-ammine platinum (II) hydroxide (0.5 mg/mL). The concen-
trations of the precursors were chosen accordingly to their solubility. For the deposition
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of bimetallic AgPt NPs, mixed aqueous solutions of silver benzoate and tetra-ammine
platinum (II) hydroxide were prepared. For the preparation of the solutions, a certain
amount of the precursor was diluted in water and ultrasonicated for 5 min. Next, 200 µL of
the solution was dropped to the PANI substrate, and the sample was placed under a laser
beam for 40 min. As the laser source, a continuous wave MBD-266 laser (from Coherent,
Santa-Clara, USA) with a wavelength of 266 nm was chosen. The laser beam was defocused
to a diameter of ~1 cm, and the laser’s power density was 15 mW/cm2. Such a low intensity
allowed us to avoid decomposition of the PANI. As a result of the LID process described
here, monometallic Ag and Pt NPs, and bimetallic AgPt NPs were obtained on the surface
of the polyaniline.

2.4. Sample Characterization

The samples’ morphology was investigated using a scanning electron microscope
(SEM) Zeiss Merlin (from Karl Zeiss, Oberkochen, Germany) equipped with a field emission
cathode, a GEMINI-II electron-optics column, and an INCAx-act energy dispersive X-ray
spectrometer (EDX), all in an oil-free vacuum system (Oxford Instruments, Abingdon, UK).

The samples’ structure was investigated by Raman spectroscopy using a confocal
spectrometer Senterra (Bruker, Billerica, MA, USA). The Raman spectra were excited by
a 785-nm solid-state laser (1 mW power) using a 20× objective with a 200 s acquisition
time, and the spectra were collected four times. For each sample, we recorded the spectra
in three different areas of the sample and presented the average spectrum.

In addition, XPS measurements were performed using a photoelectron spectrometer
(Escalab 250Xi, Waltham, MA, USA) with AlKα radiation (photon energy = 1486.6 eV).
Spectra were recorded in the constant pass energy mode at 100 eV for the survey spectrum
and at 50 eV for the element core level spectra; the XPS spot size was 650 µm.

2.5. Electrochemistry

Electrochemical measurements were performed in a three-electrode cell with the
sample operating as a working electrode, an Ag/AgCl (KCl3M) electrode featuring a
redox potential of +0.21 V versus a standard hydrogen electrode (SHE) as a reference
electrode, and a Pt mesh as a counter-electrode. Measurements were carried out with
potentiostat/galvanostat Gamry Reference 600 (Gamry Instruments, Warminster, USA).
Measurements were carried out in 0.1 M perchloric acid. The cyclic voltammetry (CV)
measurements were recorded at Vscan = 50 mV/s; the third cycles are presented unless
otherwise specified. The impedance spectroscopy (EIS) measurements were performed
across a range from 100 kHz to 0.01 Hz in potentiostatic mode with the application of the
peak potential for the studied process or at −0.5 V otherwise. The amplitude of the applied
sinusoidal voltage was ±10 mV. The stability tests were performed by continuous cycling
(100 cycles) and chronoamperometry for 1 h at the chosen voltage (as specified below).

3. Results and Discussion
3.1. Characterization of the Samples

As a first step, polyaniline was synthesized by in situ oxidative polymerization, as de-
veloped earlier by our group [45]. As a result of the synthesis, a green film on the substrate
was obtained. The synthesized polymer was characterized by Raman spectroscopy. The
results are presented in Figure 1a.
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Figure 1. Characterization of the PANI synthesized by in situ polymerization: (a) Raman spectra;
(b) cyclic voltammetry.

The Raman spectrum allowed us to identify the synthesized polymer as polyaniline in
the form of emeraldine salt [46–48]. The detailed interpretation of the observed peaks was
in accordance with the published data and is presented in Table 1.

Table 1. Main characteristic vibration bands of the synthesized PANI.

Band, cm−1 Vibration Reference

420 Out-of-plane ring deformation [49,50]
520 Out-of-plane ring deformation [49]
572 Vibration of phenoxazine-type units [49,51,52]

720 Amine deformations reported for the bipolaronic form of
emeraldine salt [49]

780 shoulder Ring deformation in the emeraldine base [53]

808
Substituted benzene ring deformations;out-of-plane C-H

deformation of thequinonoid ring; ring deformation of the
SQ ring

[48,49]

865 shoulder Substituted benzene ring deformations [49]

1170 Bending vibrations involving C-H bonds in
semiquinonoid rings [48–50]

1254 C–N stretching in quinonoid structures [47,53]
1335 Polaron-associated vibrational mode C-N+. [50,53,54]
1373 Bipolaron [53,54]
1506 N-H deformation in the semiquinonoid structures [50,53]
1595 C–C stretching vibration in the semiquinonoid structures [48,50,53]

The obtained PANI films were also characterized by cyclic voltammetry; the results
are presented in Figure 1b. As shown in the figure, there are two pairs of waves in the
CV curves, which correspond to two types of redox processes. One pair of waves in
the region of higher potential (maximum at +0.6 V in the cathodic curve, minimum at
+0.7 V in the anodic curve) corresponds to the emeraldine–pernigraniline transition, and
the pair in the region of lower potential (+0.05 V in the cathodic curve, +0.25 V in the
anodic curve) corresponds to the leucoemeraldine–emeraldine transition [55]. Both Raman
spectroscopy and cyclic voltammetry confirmed the formation of polyaniline in the form of
emeraldine salt.

Next, laser-induced deposition of metal NPs on the PANI was performed. In the
first stage, adaptation of the LID method to polyaniline surfaces was carried out. It was
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necessary to find appropriate parameters for laser irradiation to avoid destroying the
polymer. The destruction of PANI may be caused by local heating of the substrate as a
result of PANI absorbing the laser’s radiation and its reflection from the gold layer below.
The absence of destruction was checked by the Raman spectra recorded before and after
irradiation. If there were no changes in the PANI spectrum after laser irradiation, the
polymer was considered stable under the level of laser radiation used. The polymer was
found to be stable under laser irradiation with a power density of up to 15 mW/cm2. The
intensity of 15 mW/cm2 was used for further LID experiments on PANI. The SEM and
EDX data for the NPs deposited on PANI are displayed in Figure 2.
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Figure 2. SEM images of LID on PANI with (a) C7H5AgO2, (b) Pt(NH3)4(OH)2, and
(c) C7H5AgO2+Pt(NH3)4(OH)2 solutions. EDX analysis of LID on PANI with (d) C7H5AgO2,
(e) Pt(NH3)4(OH)2, and (f) C7H5AgO2+Pt(NH3)4(OH)2 solutions.

The data presented here confirmed the formation of NPs on PANI (Figure 2a–c). The
brighter areas in the SEM images are associated with metal NPs and the darker areas are
associated with the polymer. In case of LID with the C7H5AgO2 solution, NPs with sizes
of up to 100 nm could be observed (Figure 2a). EDX analysis confirmed the formation of
silver NPs (Figure 2d). In the case of deposition with the Pt(NH3)4(OH)2 solution, one can
observe smaller NPs (30–50 nm) with a high degree of agglomeration. The diffusivity of
the SEM image may be associated with the high agglomeration of metal NPs on the PANI
film (Figure 2b). The EDX analysis confirmed that in this case, Pt NPs were deposited
(Figure 2e). In contrast, for deposition with a mixed solution of silver and platinum
precursors, the obtained NPs (~40 nm) were uniformly distributed on the PANI matrix;
EDX confirmed the presence of both metals (Figure 2c,f). Our previous results on the
deposition of multi-metallic nanoparticles by LID revealed the formation of structures
representing monometallic crystallites and areas of alloys of the respective metals [42]; this
allowed us to assume the formation of similar AgPt structures.

To study the role of PANI in the LID process, the structural changes in PANI as a
result of the deposition of Ag, Pt, and AgPt NPs were investigated by Raman spectroscopy
(Figure 3).
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magenta and blue lines, respectively).

Changes in the Raman spectra of PANI as a part of the nanocomposites in comparison
with pure PANI were observed. It is interesting to note that the PANI/AgPt sample had a
minimal difference from the structure of pure PANI. The main difference can be found in
the spectral region at about 1300–1500 cm−1.

Moreover, for the samples with monometallic NPs, there were changes in the spectral
ranges at about 600 and 800 cm−1. In case of PANI/Ag, the intensity of the peak at 572 cm−1

increased significantly. This peak is related to the vibration of phenoxazine-type units
(Table 1). The increase in the intensity of the phenoxazine-related peak may be related to
the redistribution of the electron density caused by the attraction of silver by oxygen. This
assumption was confirmed by the appearance of a peak at 248 cm−1, which is assigned to
the vibration of Ag-O formed as a result of the adsorption of silver by oxygen-containing
fragments [56].

One can also observe the growth in the band’s intensity at 1375 cm−1 for PANI/Ag.
This testifies to an increase in the contribution of bipolaron to the structure of PANI after
the deposition of Ag. The peak related to N-H deformation in the semiquinonoid structures
shifted from 1509 to 1511 cm−1, and the peak related to the C–C stretching vibration in the
semiquinonoid structures shifted from 1594 to 1600 cm−1. These changes in the spectra
testify to a slight shift in the electron density between NPs and the PANI substrate, and
may be also assigned to the adsorption of NPs on PANI.

In case of PANI/Pt, the spectrum of the composite differed significantly from the spec-
trum of pure PANI. There was a shift from 520 to 533 cm−1 (out-of-plane ring deformation),
a shift from 720 to 752 cm−1 (deformation of amine fragments), a shift from 808 to 790 cm−1

(out-of-plane C-H deformation of the quinonoid ring), a shift from 865 cm−1 to 849 cm−1

(substituted benzene ring deformations), a shift from 1254 to 1227 cm−1 (C–N stretching in
quinonoid structures), and a decrease in the peak intensity of polaron at 1336 cm−1. The
band with maxima at 1424 and 1456 cm−1 may be interpreted as the result of the shift and
the increase in the intensity of the bipolaronic band (1375 cm−1) and the band related to
N-H deformation in the semiquinonoid structures (1509 cm−1). Such significant changes
in the spectra testify to the partial modification of PANI as a result of the deposition of Pt
NPs. Mainly, the peaks associated with nitrogen atom bonds shifted, which testifies to the
change in the surrounding nitrogen and weakening of the bonds in PANI. This allowed us
to assume that the nitrogen in PANI acted as a reducing agent for the platinum ions in the
process of NPs forming.
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In case of PANI/AgPt, the impact of the bipolaron (1375 cm−1) band slightly increased,
and the polaron band shifted from 1340 to 1350 cm−1. The peak related to N-H deformation
in the semiquinonoid structures shifted from 1509 to 1513 cm−1, and the peak related to
C–C stretching vibration in the semiquinonoid structures shifted from 1594 to 1603 cm−1.
Moreover, the peak related to Ag-O vibrations shifted from 248 cm−1 to 262 cm−1, which
indicated an increase in the interactions. All these changes in the spectrum testify to a
slight shift in the electron density between NPs and PANI, thus pointing at the adsorption
of NPs on PANI. No signs of PANI’s participation in the reduction process of metal ions
were found.

Summarizing the results of Raman spectroscopy, we can conclude that for all the
composites, the impact of the bipolaron band increased in comparison with pure PANI.
This shown by charge localization increasing in the structure of the composites, which
allowed the interaction between PANI and NPs. The data presented here also allowed us
to draw the conclusion that in case of the deposition of platinum, PANI acted as a reducing
agent, unlike composites with silver (PANI/Ag and PANI/AgPt).

The effect of PANI on MNPs was also studied by XPS spectroscopy. Figure 4 shows
the XPS spectra for Ag, Pt, and AgPt NPs. To evaluate the impact of PANI, additional data
for NPs deposited on a glass substrate by LID are presented for comparison.
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An analysis of the presented data showed that the presence of PANI influenced the
signals of both silver and platinum. When comparing the spectra of monometallic silver
NPs on glass and PANI (Figure 4a,c), one can see that the bands have shifted toward lower
energies in the presence of PANI, which indicated the redistribution of the electron density
between PANI and silver. At the same time, for the Ag3d signal in monometallic and
bimetallic systems on PANI (Figure 4c,e) there was a reverse shift, indicating that the effect
of PANI on silver in a bimetallic system was less than in the case of a monometallic one.
A comparison of the position of the Ag3d signal in bimetallic NPs on PANI and on glass
showed an insignificant shift in the presence of PANI (Figure 4e,g). Thus, the presence of
PANI affects the position of silver lines in monometallic NPs but has almost no effect in
case of bimetallic NPs.

In the Pt4f spectrum of the monometallic Pt sample (Figure 4b), in addition to the
main metal peak of Pt0, there were components with higher binding energies, which may
be associated with the oxidation states of platinum 2+ and 4+. The presence of PANI
significantly affected the shape of the spectrum (Figure 4b,d) and resulted in an increase
in the high-energy components. In addition, a shift in the peaks towards higher energies
was observed, which indicates a shift in the electron density from PANI to platinum. When
comparing the Pt4f spectra for monometallic and bimetallic NPs on PANI, one can see
that despite no change in the position of the peaks in the total spectrum, there were shifts
in the Pt0 and Pt2+ bands in deconvolution towards lower energies. The observed shifts
indicated a redistribution of the electron density between Pt4f and Ag3d, and confirmed
the formation of the Ag-Pt alloy phase. The formation of bimetallic AgPt NPs on glass was
also observed previously and confirmed by TEM analysis [42].

The comparison of the Pt4f spectra for bimetallic NPs on PANI and glass (Figure 4f,h)
showed that in presence of PANI, the position of the peaks shifted towards lower energies,
and the contribution of low-energy components was higher. This shift indicates a redistri-
bution of the electron density between PANI and platinum. The data demonstrate the effect
of PANI on the formation of NPs. In the case of bimetallic NPs, the interaction between
PANI and platinum was higher than that between PANI and silver.

Thus, the comprehensive analysis based on Raman spectroscopy, SEM, EDX, and
XPS allowed us to suggest the following peculiarities of the nanocomposites’ formation,
depending on the composition of the MNPs. For PANI/Ag, silver NPs formed as a result
of LID, and the interaction of Ag NPs with PANI due to adsorption was observed. In the
case of nanocomposite PANI/Pt, we can assume that PANI played a role in the reduction
in Pt during LID processes. Formation of PANI/AgPt nanocomposites takes place via the
following mechanism. As the first step, the formation of silver NPs took place through the
photoinduced process of LID. Next, the galvanic exchange process occurs [57], in which
silver NPs acted as reducing agent, resulting in partial replacement of Ag by Pt. The
reduction potential of silver Ag+/Ag0 is +0.78 V, and the reduction potential of Pt2+/Pt0

is +1.2 V versus NHE, so this process is possible. If the galvanic exchange takes place,
two silver atoms are replaced by one platinum atom. Therefore, the size of bimetallic NPs
should be smaller than that of Ag NPs; this is exactly what we observed according to the
SEM analysis in Figure 2a–c. In the process of galvanic exchange, silver acts as a reducing
agent more effectively than PANI, which is why there is an insufficient interaction between
PANI and Pt in a bimetallic system. This was reflected in the Raman and XPS measurements:
the spectra of the PANI/Ag and PANI/AgPt composites were close to each other. Thus,
the Raman spectroscopy and XPS data also testify in favor of the proposed mechanism.

3.2. Electrochemical Studies of the Composites

After structural characterization, the obtained PANI/Ag, PANI/Pt, and PANI/AgPt
composites were studied by cyclic voltammetry. The results are presented in Figure 5a. The
mass activity of the PANI/AgPt samples is presented in the insert in Figure 5a.
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PANI/AgPt (blue); the insert shows the mass activity of the PANI/AgPt samples. (b) Impedance
spectroscopy data for PANI/AgPt.

In the CV data presented here, pairs of oxidation and reduction waves typical of
polyaniline could be observed: the leucoemeraldine–emeraldine transition (+0.1 V in the
cathodic curve, +0.4 V in the anodic curve) and the emeraldine–pernigraniline transition
(+0.7 V in the cathodic curve, +0.9V in the anodic curve). The hydrogen reduction signal
(negative potential region) was insignificant for the PANI/Ag sample; however, it was
pronounced for PANI/Pt. For this sample, the contribution of the capacitive current was
observed, which may be related to the partial destruction/modification of PANI discussed
above. This effect was leveled out for the bimetallic system, which also confirmed our
previous conclusions. The start of the reaction on bimetallic samples was observed at
an overpotential of ~150 mV. The current density in the case of a bimetallic system was
higher than in the case of a PANI/Pt system; thus, a bimetallic system demonstrated higher
activity than a monometallic one. This effect was caused by the presence of silver in the
NPs’ composition [58], as no other parameters of the system were changed. The presence of
silver changed the electronic structure of the NPs’ surface [59]. This led to a change in the
adsorption energy of hydrogen [60] and may have been the reason for the higher activity
of the bimetallic system. Moreover, the activity of various Pt sites may have changed in
the presence of silver, which made the bimetallic system more effective. Additionally, as
shown in Figure 2, the distribution of AgPt NPs on the surface of PANI was more uniform
than that of Pt NPs. The combination of all the factors listed here may be the reason for the
higher activity of bimetallic system in comparison with the monometallic one.

The obtained PANI/AgPt nanocomposite system was also studied by impedance
spectroscopy (Figure 5b). The measurements were carried out at −0.5 V vs. an Ag/AgCl
electrode, with amplitude fluctuations of ±10 mV/ms. The results and the fitting model
are presented in Figure 5b. The uncompensated electrolyte resistance was 120.2 ohms. The
value of resistance caused by charge transfer was Rct = 736.6 ohms. The contribution of the
diffusion component was negligible. We assumed that the reaction on the electrode is the
limiting stage.

To study the stability of the bimetallic system, chronoamperometric measurements
were carried out at various overpotentials. The results are presented in Figure 6a. As can
be seen, the samples demonstrated high stability over a wide range of overpotentials. The
relative change in the current during the measurements was not greater than 6%.
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To identify the effect of the overvoltage applied during chronoamperometry on the
structure of the samples, cyclic voltammograms were recorded after each step of the
chronoamperometric measurements (Figure 6b–f). As can be seen from the data, the cat-
alytic current increased significantly after the first (application of −0.3 V overpotential)
and the second (application of −0.4 V overpotential) hours of chronoamperometric mea-
surement, and almost did not change after the third (application of −0.55 V overpotential)
and fourth (application of −0.7 V overpotential) hours. This indicated the electrochemical
activation of the system at low overpotentials and demonstrated high stability at high
overpotentials. After activation, a current density of 10 mA/cm2 was achieved at an over-
potential of η = 0.50 V. It can be concluded that PANI/AgPt samples obtained by the LID
method from a solution of the precursor C7H5AgO2+Pt(NH3)4(OH)2 are stable over a wide
range of overvoltages. The destruction of neither metal NPs nor PANI was observed.

Additional stability measurements were carried out with continuous cycling. Figure 7
shows the CVs for Cycles 3 and 100 of the PANI/AgPt sample.

From the data presented here, it can be seen that the density of the catalytic current
was stable, while changes were observed in the region of the redox transitions of PANI. In
particular, the currents of the emeraldine–leucoemeraldine transition decreased. Thus, it
can be concluded that the polymer matrix was modified during prolonged cycling, but the
metal NPs were not washed out from its surface.
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4. Conclusions

The current study presents a perspective approach to crating nanocomposite elec-
trodes based on laser-induced deposition of metal NPs on polyaniline structures. Here, we
performed LID of Ag, Pt, and bimetallic AgPt NPs from aqueous solutions of commercially
available precursors on the surface of a PANI film synthesized in situ. Comprehensive
characterization of the nanocomposites with different techniques (SEM, EDX, Raman spec-
troscopy, and XPS) allowed us to uncover the mechanisms of the formation of PANI/MNPs,
which were found to be different, depending on the NPs’ composition. Thus, for PANI/Ag,
silver NPs formed as a result of LID. The interaction of Ag NPs and PANI was demonstrated
by the adsorption observed by the change in the Raman spectra of the PANI structure,
which allowed us to infer its participation in the reduction in P. If we take the XRS data into
account, this also indicates the interaction of PANI and Pt NPs. In the case of a bimetallic
system, the process is more complex. As the first step, the formation of silver NPs occurred
via a photoinduced process (LID). Next, a galvanic exchange process took place, where
silver acted as a reducing agent and was partly replaced by Pt, resulting in formation of
AgPt NPs.

We demonstrated that the LID of MNPs onto a polymer surface is not only possible
but also allows PANI–MNP interactions. The interesting feature of LID on PANI is the
participation of the substrate in the formation of the MNPs, which is of great importance
for the creation of stable functional nanocomposites for electrochemical applications.

PANI/MNP composites were tested by electrocatalysis of the hydrogen evolution
reaction. The PANI/AgPt composites demonstrated the onset overpotential of hydrogen
evolution reaction at ~150 mV, leading to a current density of 10 mA/cm2 at an over-
potential of η = 0.50 V, and showing the high stability of the metal component during
continuous cycling.

As LID can be realized using an extensive list of metals, the presented approach to the
formation of stable electrocatalytically active nanocomposite electrodes is universal, as it
can be extended to various electrochemical reactions and applications.
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