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A B S T R A C T   

In this work, 3D-structured nanocomposites were synthesized in one pot by electrochemical deposition of 
alternating layers of an azo type polymer (polyazure-A) with platinum and nickel nanoparticles. The hybrid PtNi/ 
poly(AzA) film was electrochemically deposited on screen-printed carbon electrodes by layer-by-layer assembly 
as a function of the number of cyclic voltammograms for electrodeposition of the conducting polymer and the 
electrode potential applied for electro-reduction of the metal salts. The physicochemical characteristics of the 
resulting films were studied using electrochemical and microscopic techniques. The 3D molecular nano-
architecture presents a hollow porous structure dependent on the electrode potential set for the electro-reduction 
of Pt and Ni nanoparticles. The electrochemical sensor was validated in terms of sensitivity, limit of detection, 
stability and repeatability, exhibiting a highly sensitive H2O2 detection, with LoD 68.5 nM (S/N = 3) at 0.05 V vs. 
Ag-SPCE for the electrode modified with 20 cycles for the conducting polymer electrodeposition and − 2.0 V for 
metal ions reduction. The aim of this work also included the outcome of the electrochemical sensor after 
incorporating the room temperature ionic liquid 1‑butyl‑2,3-dimethylimidazolium tetrafluoroborate within the 
PtNi/poly(AzA) film, which notably improved the analytical parameters of the system, with LoD 14.5 nM at the 
same potential. Therefore, as proof of concept, the PtNi/poly(AzA) film-based electrode was explored towards 
the suitability of an electrochemical sensor for the determination of hydrogen peroxide in aerosol phase. The 
outstanding features of the PtNi/poly(AzA) film-based electrode modified with the aforementioned ionic liquid 
allowed for the continuous monitoring of H2O2 in an aerosol stream generated with an ultrasonic diffuser at the 
low applied potential of 0.05 V. In addition, monitoring H2O2 samples through a series of ON/OFF switches for 
over 3 h, the sensor provided a fast and reproducible response.   

1. Introduction 

In recent years, interest has grown in the design of advanced mate-
rials capable of being tuned for specific applications, with the focus 
being on the synthesis, characterization and functionalization of mate-
rials with hollow architectures and mesoporous nanostructure. The most 
recent trend is to pay attention to the development of new porous ma-
terials, including porous electrodes [1,2], hollow-structured meso-
porous materials [3], hierarchical systems with interconnected pores 
[4], porous organic materials [5] and polymer frameworks [6]. 

Over the last few years, the synthesis of particulate polymeric matrix 
nanocomposites has attracted intense research attention since, due to 
their versatility, large specific surface area, ordered mesostructure, and 
variety of frameworks, among other factors, polymeric nanocomposites 
can be used for multiple purposes [7,8]. As a result of the large 
surface-to-volume ratio, one of the most significant applications of these 
nanostructured materials lies in the development of ultrasensitive sen-
sors in the detection of analytes in vapor/gas phase [9,10]. Conducting 
polymer composites containing metallic or metal oxide nanoparticles 
have also attracted particular attention in the field of electrochemical 
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sensing and, most notably, functional π-conjugated organic polymers, 
such as poly(azure-A), which exhibits unusual electrochemical proper-
ties [11,12]. As has been previously shown by our research group, this 
azo-type polymer presents excellent properties, such as high surface 
area, stability and electroconductivity [13–15] in addition to valuable 
catalytic response and biocompatibility [16]. Materials with these 
properties have proved promising in application prospects in various 
fields. 

Different assembly methods have been applied to the combining of 
polymers and nanoparticles of noble metals [17] or transition metal 
oxides [18], manipulating the specific interactions in an ordered 
manner, to investigate the potential range of applications [19]. Elec-
trochemical methods offer the possibility of better morphological and 
chemical control of nanoparticulate systems [20]. Layer-by-layer (LbL) 
electrodeposition is a straightforward methodology enabling the 
simultaneous combination of different nanocomponents to produce 
hybrid materials that can be deposited on a broad variety of supports 
[21]. With this approach, it is possible to combine properties of several 
types of materials and modulate their structure, as well as control 
thickness to develop new and specific nanocomposites. As a result of the 
versatility of the technique, its use has increased significantly in recent 
years, particularly in the assembly of inorganic nanoparticles together 
with polymers [22,23]. 

The preparation of polymeric matrix nanocomposites can be per-
formed by the consecutive combination of potential scan for the elec-
trosynthesis of the polymeric film coupled with the electrodeposition of 
the metallic electrocatalyst, using the corresponding salts under 
controlled potential. The above electrochemical procedure, which can 
be defined as LbL co-electrodeposition, yields three-dimensional (3D) 
templates with homogeneous distribution of the metals inside the 
polymeric film [24] due to: (i) direct deposition of the metal nano-
particles, (ii) the presence of oxidized metal formed during the poly-
merization process [7] and (iii) the partially reduced state of the metal 
ion, embedded in the growing polymeric matrix [25]. It has been 
observed that, as reported by Wysocka-Zołopa [26], morphology and 
redox properties of conjugated polymers are also affected by metal 
clusters through delocalization of π-bonding electrons of this type of 
metallized polymer. Additionally, this synthesis method will not only be 
useful for assembling inorganic nanoparticles with diverse polymers but 
can also be extended to address specific functions [27]. 

This paper examines the fabrication of a new functional hybrid 
polymeric nanomaterial obtained by LbL electrodeposition in one pot 
from an electrolytic bath containing both a precursor monomer of the 
redox polymer Azure A and metal salts. In particular, Pt/Ni nano-
particles (NPs) were co-deposited with the conductive azopolymeric 
films by consecutively coupling the polymer oxidation and metal ion 
reduction, using different electrodeposition potentials and varying the 
number of cycles in order to construct the polymeric complexes with 3D 
nanostructure, PtNi/poly(AzA). In this regard, using conducting poly 
(azure-A) as a charge-transfer medium has the advantage of tailoring 
its characteristics to suit any given conditions [28]. 

As a result of the hollow void created within the 3D-like polymer 
matrix nanocomposite, confinement effects using a room temperature 
ionic liquid (RTIL) will also be investigated to analyze the potential of 
these modified surfaces for H2O2 electrosensing at very low concentra-
tions, in the nanomolar range. The combination of Pt/Ni nanoparticles, 
the nanoporous structure of the conducting polymer and the presence of 
the RTIL have demonstrated high stability and reproducibility, as well as 
enhanced current response at the low oxidation potential of 0.05 V for 
H2O2 detection. Finally, the modified electrode was successfully applied 
for the real-time monitoring of H2O2 released from an ultrasonic diffuser 
in aerosol phase as a first step towards evaluating its suitability for air 
samples, with excellent results. 

The development of techniques to measure H2O2 in the aerosol phase 
is currently under great demand for many reasons, including its role as a 
biomarker in breath analysis for the detection of respiratory diseases 

[29] and for the detection of peroxide-based explosives [30]. It is also a 
widely used indoor disinfectant and sterilizing agent (especially since 
the COVID-19 pandemic [31]) and is commonly used as an additive in 
water for crop irrigation to increase the dissolved oxygen concentration 
and so increase the ability of plants and roots to absorb nutrients from 
the soil [32], as well many other applications. Additionally, measuring 
H2O2 in atmospheric aerosols is of great importance because it is a key 
oxidant and provides insight into the oxidative potential of atmospheric 
particles, which has implications for human health and climate change 
[33]. 

2. Experimental 

2.1. Materials 

Azure A (80%), potassium hexachloroplatinate (IV) (≥99.99%), 
H2O2 (35%), nickel (II) acetate tetrahydrate, sodium dodecyl sulfate 
(SDS 95%), 1‑butyl‑2,3-dimethylimidazolium tetrafluoroborate 
([BDMIM][BF4]), N,N-dimethylformamide (DMF) (99%) and titanium 
(IV) oxysulfate (1.9–2.1%) for determination of hydrogen peroxide 
(according to DIN 38 409, part 15 DEV-18) were purchased from Sigma- 
Aldrich. KH2PO4, K2HPO4 and K4[Fe(CN)6] were acquired from Merck 
and KNO3 from Fluka. All the chemicals were of analytical grade and of 
the highest purity available. Liquid oxygen solution for plants (aqueous 
11.9% hydrogen peroxide solution) was purchased from Growth Tech-
nology (Taunton, UK). H2O2 solutions were freshly prepared, and their 
concentration was checked by measuring the absorbance at 240 nm (ε =
43.6 M − 1 cm− 1) [34]. The electrodes herein used as support were 
disposable screen-printed carbon electrodes (SPCEs, DRP-110) from 
Metrohm DropSens (Spain). 

2.2. Synthesis of PtNi/poly(AzA) film by LBL electrodeposition 

After a first step of SPCE electrochemical activation [35], poly(azure 
A) (poly(AzA)) containing platinum/nickel-nanoparticles was electro-
deposited, using the one-pot approach. Firstly, a poly(AzA) layer was 
electrodeposited onto the SPCE working electrode in an aqueous solu-
tion containing 0.02 M SDS, 1 mg/ml monomer azure A, 3.2 mM K2PtCl6 
and 3.2 mM Ni(CH3CO2)2⋅4 H2O by cyclic voltammetry (CV). The initial 
potential was set to +0.5 V with a potential window between +1.0 V and 
− 0.25 V versus Ag-SPCE (scan rate 0.01 V/s). After running each cycle, 
the electrodeposition of Pt/Ni-nanoparticles then took place onto the 
poly(AzA) layered electrode by applying a constant potential for 30 s. 
The reduction potentials tested in this work were − 0.5, − 1.0, − 1.5 and 
− 2.0 V. Such electrodeposition sequences were alternately repeated 5 or 
20 times to prepare the nanocomposite with the as-desired number of 
PtNi/poly(AzA) layers. 

2.3. Characterization of the modified SPCE electrodes 

CV, chronoamperometry and electrochemical impedance spectros-
copy (EIS) experiments were performed using an AUTOLAB PGSTAT 
128 N (Eco Chemie B.V.) equipped with a frequency response analyzer 
(FRA) module controlled by the NOVA 2.0 software package. 

The one-pot electrodeposition process and the evaluation of the films 
formed were gravimetrically monitored using an electrochemical quartz 
crystal microbalance (EQCM), Metrohm AUTOLAB, with AT-cut piezo-
electric quartz crystals (Au/TiO2 crystal) with 6 MHz resonance fre-
quency. The EQCM was calibrated following the methodology in 
Ref. [36]. The experimental Sauerbrey’s constant obtained was 
2.0294⋅108 Hz⋅g − 1⋅cm2. The EQCM system for preparation and inves-
tigation of the properties of the nanocomposite was completed with a 3 
M Ag/AgCl reference electrode and a platinum counter electrode. 

For high-resolution images of the modified surfaces, a Zeiss high- 
resolution scanning electron microscope (HRSEM) operating at 2.00 
kV under high vacuum conditions was used. For SEM cross section 
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images, the electrodes were cut with pincers to ensure an even cut. TEM 
images were taken using a JEOL JEM-1400 Plus microscope (JEOL, 
Akishima, Tokyo, Japan) working at 120 kV. For this analysis, the sur-
face of the electrodes was scraped and samples were dispersed in ab-
solute ethanol, dropped onto a Lacey-covered copper grid and 
evaporated in the air at room temperature. 

X-ray photoelectron spectroscopy (XPS) was performed using a K- 
Alpha spectrometer (Thermo Scientific, Waltham, MA, USA). Each 
spectrum was recorded using Al-Kα radiation (1486.6 eV), and mono-
chromatized by a twin crystal monochromator, generating a focused X- 
ray spot with a diameter of 400 nm, at 3 mA × 12 kV. The alpha 
hemispherical analyzer was set to the constant energy mode with survey 
scan pass energies of 200 eV to access the whole energy band and 50 eV 
in a narrow scan. 

Spectrophotometric measurements were taken by a UV/Vis Perkin- 
Elmer Lambda 35 (PerkinElmer Instruments, Waltham, USA) spectro-
photometer. The titanium (IV) oxysulfate solution was added to H2O2 
samples and the absorbance was measured at 407 nm [37]. 

2.4. H2O2 sensing in aerosol phase 

The modified SPCEs with PtNi/poly(AzA) were electrochemically 
tested for the determination of H2O2 in aerosol phase. For this purpose, 
H2O2 solutions in phosphate buffer (PB) were atomized, using a common 
ultrasonic oil/water diffuser. The modified SPCE was held at 2 cm from 
the outlet of the atomized stream (Scheme 1). Before the measurement, 
the electrode surface was moistened with 10 μL PB. The diffuser, which 
initially contained PB, was then immediately turned on. Once the steady 
current was reached, H2O2 at the desired concentration was injected into 
the system with a Hamilton syringe through a septum. 

3. Results and discussion 

3.1. Electrodeposition of Pt and Ni into the conductive polymer 

Hybrid nanocomposites PtNi/poly(azure A) were obtained by elec-
trodeposition of an initial poly(AzA) thin film by CV on a previously 
activated SPCE, followed by the cathodic electrodeposition of the 
metallic nanoparticles, from a bath containing both the monomer azure 
A and the metal salts. This procedure was performed multiple times to 
produce the multilayered nanocomposite. The potential range for the 
poly(AzA) formation, the cathodic potential for Pt/Ni electrodeposition 

and the number of cycles are key factors to control the amount of ma-
terial deposited and notably influence the physicochemical and 
morphological features of the new surfaces developed, and so must be 
fine-tuned [38]. 

Therefore, a set of experiments were first carried out, using CV to 
establish the most adequate conditions for the layer-by-layer electro-
synthesis of the hybrid nanocomposite in one pot. The potential window 
typically used for the polymerization of AzA [39] was herein extended to 
check for subsequent oxidation of either Pt or Ni nanoparticles, since 
that would lead to re-dissolution of metals back into the bath. Fig. 1 
shows the voltammetric responses obtained in the presence of AzA and 
SDS solutions in the absence of metal salts (CV a), in the presence of 3.2 
mM Ni(II) (CV b), 3.2 mM Pt(IV) (CV c) and simultaneous presence of 
both salts at the same concentration (CV d). Plot a displays the typical 
profile of poly(AzA) synthesis in SDS, which has previously been shown 
to provide the polymer with better electrocatalytic properties than other 
inorganic anions, as well as special sensitivity to the electrocatalysis of 
H2O2 [39,40]. Plots b and c correspond to the CVs obtained when the 
metallic salts were individually present, in which the cathodic peaks 
associated with the reduction of Ni(CH3CO2)2 and K₂PtCl₆ can be 
appreciated, close to − 1.4 V and − 0.5 V, respectively. Both scans 
simultaneously exhibit an increase in the current at the highest reduc-
tion potentials. Finally, plot d shows the curve obtained when both Pt 
and Ni salts were simultaneously added into the electrolyte solution. A 
marked cathodic current was noticed at negative potentials starting 
from − 1.0 V, related to hydrogen evolution together with the electro-
deposition of Ni, whilst the peak at − 0.45 V was attributed to PtCl2−6 
reduction [41]. The voltammetric response displayed in d also shows an 
unusual crossed voltammogram, where the anodic scan crosses over the 
reverse scan within the potential range of − 1 V and − 2 V. This note-
worthy feature has been extensively studied in the literature, being 
associated with electrochemical nucleation when active sites are present 
in a 3D structure [42]. 

Therefore, and according to Fig. 1, applied potentials for the electro- 
reduction step of Pt/Ni were first established at − 0.5, − 1.0, − 1.5 and 
− 2.0 V, with a potential pulse duration of 30 s, whereas the number of 
CV cycles was set at 5 and 20 with a potential window between +1.0 V 
and − 0.25 V, in order to explore the electrochemical response of the 
PtNi/poly(AzA) films on hydrogen peroxide oxidation. Consequently, a 
total of eight PtNi/poly(AzA) films were prepared (see processing in 
Table 1). 

Scheme 1. Experimental setup for generation and electrochemical detection of 
H2O2 in aerosol phase. 

Fig. 1. Cyclic voltammograms obtained in azure A (SDS) aqueous solutions 
between 1.5 V and − 2.0 V. The voltammetry cycle was started at 0.5 V. Scan 
rate: 10 mV s − 1. 
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3.2. Electrochemical characterization 

Fig. 2A reports the CV response of the PtNi/poly(AzA) electrodes in 
the presence of the redox probe K4[Fe(CN)6] as a function of the number 
of CV cycles and reduction electrode potentials. The solid lines show the 
CVs obtained upon 20-layer nanocomposites, PtNi/poly(AzA)− 20l, 
while the dotted lines (inset) display the CVs obtained with those of 5 
layers, PtNi/poly(AzA)− 5l. In both cases, the highest peak current in-
tensities for the redox couple and the fastest redox kinetics (with lower 
ΔEP values, see Table 1) were obtained when the electrodeposition of 
metals Pt/Ni took place at − 2.0 V, which indicates the presence of a 
larger number of reactive sites in these electrodes [43]. 

The growth of the PtNi/poly(AzA) nanocomposite film was also 
evaluated by electrochemical impedance spectra (EIS) analysis. Fig. 2B 
depicts the EIS spectra obtained in a frequency range from 0.1 Hz to 20 
kHz by applying 0.125 V, fitted to the Randles circuit (inset) [44,45]. 
The Rct values varied from 307 Ω to 560 Ω for PtNi/poly(AzA)− 5l 
electrodes and between 1262 and 6067 Ω for PtNi/poly(AzA)− 20l 
electrodes (Table 1). The trend of ΔEP and Rct values was markedly 
influenced by the reduction potential applied in the construction of the 
nanocomposite. It was observed that the more negative the potentials 
applied were, the more the electrical conductivity improved, as indi-
cated by peak currents, ΔEP and Rct values (Fig. 2A and 2B). 

For further evaluation, the electron transfer rate constant, k0, of the 
different modified electrodes was determined from the Rct values ob-
tained from EIS data, using the following well-known Eq. (1) [46]: 

Rct = RT
/

n2F2ACk0 (1)  

where Rct is the charge transfer resistance, R is the universal gas con-
stant, T is the absolute temperature, n is the number of electrons 

transferred, F is the Faraday constant, A corresponds to the area of 
electrode (see Table S1 in the Supplementary Data) and C is the con-
centration of the redox probe K4[Fe(CN)6]. The k0 values obtained for 
the PtNi/poly(AzA)− 20l electrodes were found to vary from 1.27⋅10− 4 

cm⋅s − 1 for the electrodes generated when − 0.5 V was applied for the 
metal ion reduction steps, to 3.40⋅10− 4 cm⋅s − 1 for the electrodes 
generated by applying − 2.0 V in these steps (Table S1). 

All these results, taken together, suggest a high surface area 
morphology linked to porous electrodes and 3D electroactive features, 
as proposed by several authors [47,48]. From Tables 1 and S1, it can be 
concluded that the surfaces are more conductive (increased heteroge-
neous electron transfer rate) as the potential applied during the elec-
trodeposition of metals was more negative. 

3.3. Surface characterization. High resolution scanning electron 
microscope (HRSEM) and X-ray photoelectron spectroscopy (XPS) 

The PtNi/poly(AzA)− 20l electrodes obtained by applying − 0.5 V 
(Fig. 3A) and − 2.0 V (Fig. 3B and 3C) in the electro-reduction steps were 
characterized by HRSEM. Depending on the reduction potential applied, 
nanocomposites display significantly different morphologies according 
to the images. Fig. 3A depicts a smoother, more uniform film with less 
roughness and a compact and homogeneous surface. In contrast, Fig. 3B 
verifies the presence of a 3D network within the polymeric matrix filled 
with nanoporous cavities. The presence of metallic nanoparticles 
embedded in the polymeric matrix can also be clearly observed in 
Fig. 3C. Pore distribution and inorganic nanoparticle size were also 
analyzed. Fig. S1 shows pores ranging from 36 to 140 nm in diameter 
and a metal nanoparticle size in the order of ~20 nm. Considering the 
difference in morphology of the two nanocomposites and taking into 
account the results previously obtained through CV and EIS, it is possible 

Table 1 
ΔEP and Rct values obtained by CV and EIS for the different polymeric films herein obtained.  

PROCESSING  CV IMPEDANCE PROCESSING  CV IMPEDANCE 
CV 
Cycles 

Potential applied 
(V) 

Electrode number 
* 

ΔEP 

(V) 
Rct (Ω) CV 

Cycles 
Potential applied 
(V) 

Electrode 
number* 

ΔEP 

(V) 
Rct (Ω)

5 − 2.0 1 0.093 307 20 − 2.0 2 0.123 1262 
5 − 1.5 3 0.115 450 20 − 1.5 4 0.137 1969 
5 − 1.0 5 0.125 490 20 − 1.0 6 0.140 4857 
5 − 0.5 7 0.128 560 20 − 0.5 8 0.193 6067  

* Electrode number as indicated in the legend to Fig. 2. 

Fig. 2. (A) CVs obtained in 0.1 M KNO3 containing 5 mM K4[Fe(CN)6] for the surfaces constructed by applying twenty (solid lines) or five cycles (dotted lines, inset) 
and four negative potentials: − 2.0 V (black), − 1.5 V (red), − 1.0 V (green) and − 0.5 V (blue). Scan rate: 20 mV⋅s − 1. (B) EIS spectra of the aforementioned surfaces 
obtained at 0.125 V. Electrodes: 1_gray: − 2.0 V/PtNi/poly(AzA)− 5l; 2_black: − 2.0 V/PtNi/poly(AzA)− 20l; 3_pink: − 1.5 V/PtNi/poly(AzA)− 5l; 4_red: − 1.5 V/PtNi/ 
poly(AzA)− 20l; 5_dark green: − 1.0 V/PtNi/poly(AzA)− 5l; 6_light green: − 1.0 V/PtNi/poly(AzA)− 20l; 7_light blue: − 0.5 V/PtNi/poly(AzA)− 5l; and 8_dark blue: 
− 0.5 V/PtNi/poly(AzA)− 20l 
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Fig. 3. HRSEM images of the polymeric films obtained at two different reduction potentials: − 0.5 V (A) and − 2.0 V (B and C). HRSEM cross-section image of − 2.0 V/ 
PtNi/poly(AzA)− 20l film over the ceramic electrode support (D). 

Fig. 4. High-resolution XPS spectra of Pt (4f) (A) and Ni (2p) (B), and the corresponding difference spectra after subtracting the metallic contribution. Evolution of 
platinum (C) and nickel (D) XPS peaks for the surfaces studied. 

R. Jiménez-Pérez et al.                                                                                                                                                                                                                         



Electrochimica Acta 461 (2023) 142683

6

to conclude that the deposition of Pt and Ni particles inside the 3D 
polymeric structure is more efficient when the potential applied in the 
reduction step is − 2.0 V, which will improve the electrochemical per-
formance of the resulting nanocomposite. Fig. 3D shows a cross- 
sectional image of the electrode obtained at − 2.0 V, supported on the 
ceramic substrate. From this image, the multilayer thin film is approx-
imately 13 µm thick on average. Fig. S2 shows two TEM micrographs of 
this surface obtained by scraping the working electrode at two different 
magnifications. 

To track the distribution of metal nanoparticles, EDS imaging and 
elemental mapping were performed. As shown in Fig. S3, Pt and Ni 
nanoparticles were homogeneously dispersed in the coatings. As can be 
seen, the application of more negative potentials for the reduction steps 
led to an increase in the quantity of nanoparticles deposited for both 
metals. 

The surface chemical states of the two metals were also analyzed by 
XPS for PtNi/poly(AzA)− 20l obtained by applying the four reduction 
potentials previously indicated. The deconvoluted spectrum of Pt 4f 
reveals that the binding energies of the Pt 4f7/2 and Pt 4f5/2 peaks appear 
at about 72.7 and 74.4 eV, respectively (Fig. 4A), which indicates the 
preferential formation of metallic platinum. Nonetheless, the peaks at 
~74.5 and ~77.2 eV, corresponding to the oxidized states of Pt, prove 
an important contribution of the formation of Pt2+ and Pt4+ in all the 
electrodes [15]. The XPS spectra displayed in Fig. 4C show the change in 
the profile of the binding energies as a function of the potential applied 
for the reduction of metal ions. The binding energies move up-shift as 
the applied reduction potential is less negative, resulting in a pro-
nounced asymmetry due to an increase in the Pt4+ contribution [49]. 
This evolution suggests the preferential formation of Pt2+ to the most 
negative potentials. 

The Ni XPS spectra of the composites are shown in Fig. 4B and D. The 
peaks corresponding to the binding energies linked to Ni0 (~855 and 
~873 eV) revealed that the main contribution to the spectrum is related 
to the zero-oxidation state (Fig. 4B) [50]. Furthermore, other oxidation 
states were clearly present on these surfaces depicted by the peaks fitted 
at ~857 (Ni2+) and ~860 eV (Ni3+) in Ni 2p3/2, and ~874 (Ni2+) and 
~878 eV (Ni3+) in Ni 2p1/2 core level [51]. As shown in Fig. 4D, no 
significant changes were observed for the four potentials applied, except 
for an increase in the peaks at 855 and 873 eV in − 2.0 V/PtNi/poly 
(AzA)− 20l electrode, ascribed to the preferential formation of Ni0. 

The morphological and electrochemical characteristics of − 2.0 V/ 
PtNi/poly(AzA)− 20l made this electrode the most suitable option for 
sensing applications. Hereafter, only the nanocomposites thus obtained 
will be termed PtNi/poly(AzA). 

3.4. Electrochemical quartz crystal microbalance (EQCM) monitoring 

The EQCM was employed to monitor the growth of the hybrid films 
using an AzA solution containing Pt and Ni salts. The electro-
polymerization of AzA was performed by CV in a potential window 
between − 0.25 V and 1.0 V, with 0.5 V as the initial and final potential, 
followed by the application of a constant potential of − 2.0 V for 30 s for 
the metal nanoparticles deposition. To understand the hybrid composite 
formation, we shall separately analyze poly(AzA) and nanoparticle 
formation. 

Fig. 5A (black line) shows a representative and typical CV of poly 
(AzA) electrogeneration [52,53]. As can be seen, the polymer was 
deposited on the electrode surface between 0.7 V and 1.0 V since mass 
increased in this potential interval (red line). At these potentials, AzA 
monomers are oxidized to radical cations that react to each other to form 
the polymeric film on the electrode surface. As the film formed is 
oxidized, anions in solution will incorporate into the polymer structure 
to keep the electroneutrality, also contributing to the mass increase. The 
observed electrochemical response between 0.20 and − 0.25 V corre-
sponds to the redox activity of the deposited film, which induces mass 
changes in this potential interval [53]: the reduction of the film from 
0.20 to − 0.25 V drives a loss of mass due to the expulsion of anions, 
whereas the oxidation of the film from − 0.25 to 0.2 V recovers the mass 
by insertion of anions to maintain the electroneutrality inside the film. 
The anions exchanged are difficult to identify since the electrolyte so-
lution is composed of dodecyl sulfate, acetate and hexachloroplatinate 
anions. In any event, the polymerization was unaffected by the metal 
salts in solution because the growth of poly(AzA) in the absence of these 
salts showed similar mass responses under the same experimental con-
ditions (Fig. S4). 

When the potential is changed from 0.5 V (the CV endpoint) to − 2.0 
V (the potential used for Pt/Ni electrodeposition), the amount of charge 
consumed depends on several simultaneous electrochemical processes: 
i) the electrodeposition of Pt/Ni nanoparticles by reduction of their 
corresponding ions in solution [20,54], ii) the reduction of poly(AzA) 

Fig. 5. (A) Representative cyclic voltammogram and (B) amperometric signal at − 2.0 V plotted alongside the EQCM responses (black: current, red: mass) obtained 
during polymerization LbL of AzA in SDS solution containing 3.2 mM Ni(CH3CO2)2 and 3.2 mM K2PtCl6. C) Mass evolution during the construction of PtNi/poly(AzA) 
film; the blue dots represent the increase in mass after each layer is formed. The arrows indicate the number of the layer. 
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[53,55], iii) the reduction of monomers in solution, and iv) hydrogen 
evolution. It is expected that the last two processes involve no significant 
mass change on the EQCM electrode. 

Fig. 5B shows current (black line) and mass evolution (red line) when 
− 2.0 V was applied for 30 s. As can be seen, mass increased during the 
first 4 s through preferential metal electrodeposition, then decreasing 
due to poly(AzA) reduction during the remaining 26 s. This is because, at 
this negative potential, poly(AzA) was being reduced, involving anion 
expulsion and proton insertion [53], with anions having a greater mass 
than protons. 

Fig. 5C shows the mass evolution during the growth in PtNi/poly 
(AzA) composite for 20 steps. We observed a slow rate of deposition in 
the first steps that increased as the composite was accumulated on the 
EQCM electrode. Finally, the mass increased up to ~24 μg•cm− 2 as the 
polymer and nanoparticles were deposited on the electrode surface. 

3.5. Tunable morphology of the as-prepared 3D nanocomposites 

The 3D nanostructure of the polymeric matrix can be usefully 
employed to tailor morphology and electrocatalytic activity, aiming to 
improve the sensitivity and selectivity of the nanocomposite to enhance 
the performance of the modified surface. The literature reports that ionic 
liquids (ILs) confined within nanopore networks manifest an anomalous 
enhanced efficiency, with multiple applications [56,57]. This increase in 
the performance has been extensively studied by computer simulation 
and has been interpreted in terms of confinement of the ions and in-
teractions between ILs and pore walls. This is accompanied by partial 
desolvation of ions [58] as well an increase in diffusion coefficients [59]. 
Other authors have pointed to the existence of “superionic states” within 
nanopores, which indicates an easier packing of ions of the same sign 
[60,61]. Several studies have also demonstrated that ILs can 
self-assemble in a systematic order at electrode interfaces, with a sig-
nificant impact on their electrochemical behavior [62–64]. 

This was the motivation for performing a series of tests with 
[BDMIM][BF4] to study its possible effect on the electrocatalytic prop-
erties of the nanocomposite. To this end, the modified electrodes were 
immersed in the RTIL solution (0.5 mg IL in 1 mL DMF) and a CV was 
then recorded. 

Fig. 6A compares the CV response of the IL-treated electrodes with 
that of PtNi/poly(AzA) in K4[Fe(CN)6]. The highest peak current den-
sities and the fastest redox kinetics were obtained in IL/PtNi/poly(AzA). 
The heterogeneous electron transfer rate constant k0 for the electrodes 
thus obtained was also calculated using Eq. (1). A value of 3.96⋅10− 4 

cm⋅s − 1 was found, which is higher than that obtained for the same 
electrode in the absence of the IL (Table S1). The electrodes were then 

tested by linear scan voltammetry in H2O2 solution to check their suit-
ability for H2O2 detection (Fig. 6B). Electroactive features for the 
adsorbed IL confined in the pores exhibited the best electrochemical 
responses. The H2O2 signal could be observed at potentials even below 
0.2 V in both cases, which will considerably minimize the effect of 
possible interfering species in real samples. The current intensity was 
significantly higher on IL-treated surfaces (orange line) than on non- 
treated ones. Additionally, it is possible to notice a slight shift of the 
oxidation peak potential towards even fewer positive values for IL/PtNi/ 
poly(AzA). Compared with previous tests, the values of ΔEP and Rct 
(Table S2) for IL-treated electrodes demonstrated even better electrical 
conductivity. 

3.6. Analytical performance of PtNi/poly(AzA) for the determination of 
hydrogen peroxide 

Fig. 7A shows the calibration curves of current intensity vs H2O2 
concentration for PtNi/poly(AzA) electrodes, measured at four different 
potentials: 0.3 V (black), 0.2 V (red), 0.1 V (green) and 0.05 V (light 
blue). The best signal was obtained for the experiments performed at 0.3 
V and 0.2 V, with a linear range from 50 nM to 500 µM, followed by the 
curves at 0.1 V and 0.05 V (linear ranges from 100 nM to 500 µM and 
250 nM to 500 µM, respectively). Sensitivity decreased from 51.15±0.09 
nA/μM at 0.3 V to 3.28±0.06 nA/μM at 0.05 V vs. Ag-SPCE. However, it 
was possible to increase the sensitivity up to 19.22±0.08 nA/μM at 0.05 
V with a quick, simple treatment with an RTIL as previously explained 
(dark blue line). The limit of detection (LoD) obtained at this potential 
for PtNi/poly(AzA) was 68.5 nM (S/N = 3), while it was 14.5 nM for IL/ 
PtNi/poly(AzA). Chronoamperograms obtained by adding different 
concentration ranges of H2O2 for this last electrode are shown in Fig. 7B. 

Five PtNi/poly(AzA) nanocomposites synthesized on different days 
over the course of a month showed a high level of reproducibility with a 
relative standard deviation (RSD) value of 3.2%. These electrodes can be 
stored (before or even after use) in dry conditions at room temperature 
for at least two months with no change in their analytical response. 
Furthermore, the proposed sensor exhibited high signal stability during 
the measurement, enabling continuous monitoring of H2O2 over time 
with an RSD of 1.9% in long measurements for more than 3 h. It was 
possible to reuse the electrodes for H2O2 sensing up to ten times and/or a 
total use time of 15 h by simply rinsing them with water. 

Table S3 shows a comparison of the main analytical parameters for 
different PtNi-based electrodes towards H2O2 detection. Based on this 
information, we can conclude that the proposed IL/PtNi/poly(AzA) 
performed excellently when compared with other previously reported 
sensors, especially considering it is a normal screen-printed carbon 

Fig. 6. Electrochemical characterization of PtNi/poly(AzA) and IL/PtNi/poly(AzA). (A) CVs obtained in 0.1 M KNO3 containing 5 mM K4[Fe(CN)6]. Scan rate: 20 
mV⋅s − 1. (B) LSVs performed in 0.1 M PB containing 10 mM H2O2. Scan rate: 50 mV⋅s − 1. 
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electrode. Moreover, IL/PtNi/poly(AzA) is easy to manufacture, reus-
able and low-cost. 

3.7. H2O2 monitoring in aerosol phase 

H2O2 detection and continuous monitoring in aerosol phase was 
performed by exposing the IL/PtNi/poly(AzA) sensor to an aerosol 
stream generated with a commercial ultrasonic diffuser. Once a steady 
current was attained under a continuous flow of PB, a known concen-
tration of H2O2 was injected into the diffuser through a septum. The 
sensor showed a very fast response (<10 s since the addition of H2O2 to 
the diffuser) until a linear increase was obtained with time (Fig. 8). The 
same measurement was performed with a real sample of “liquid oxygen” 
for plants (an aqueous solution of H2O2 11.9%, appropriately diluted to 
attain the same concentration inside the diffuser). The results were very 
similar to those obtained with analytical-grade H2O2 and corroborate 
the excellent reproducibility of the sensor. 

To check the results obtained with the electrochemical sensor, a well- 
known standard colorimetric method involving Titanium (IV) oxysulfate 
[65] was used to measure the same samples at the same time. This 
compound forms a yellow complex upon reaction with H2O2, which 
facilitates the latter’s determination by spectrophotometric methods. 
For this purpose, a diluted peroxide stream generated with the diffuser 
was focused onto 50 ml water by means of a gas trap under agitation (see 
Scheme S1 in the Supplementary Data). Samples were withdrawn at 

different times and were simultaneously measured using the two tech-
niques (Fig. S5). Note that the LoD obtained with the spectrophoto-
metric method was significantly higher (2.2 µM, Fig. S6) than that 
obtained with the electrochemical sensor (Fig. 7A), which is consistent 
with data from the literature [37] and means that the lowest H2O2 
concentrations (< 7.5 µM) could only be determined by the electro-
chemical method. Using both methods, the H2O2 sensing results differed 
by less than 2.8%. 

A simple comparison of the two methods indicates the main advan-
tages of the electrochemical vs the colorimetric method: 1) it allows for 
continuous real-time measurement of the H2O2 signal, 2) it presents a 
fast response time (< 10 s), and 3) the lower H2O2 concentration 
required to induce a change in the electrochemical signal, which is 
clearly reflected in the values of LoD obtained. 

Furthermore, the electrochemical sensor was also tested to check the 
possibility to make multiple accurate spot measurements over long pe-
riods with the same electrode (Fig. 9). Once a steady current was 
reached in phosphate buffer, a series of ON/OFF switches of the diffuser 
loaded with H2O2 500 μM in PB were conducted. Each time the diffuser 
was turned on, a linear increase of the H2O2 signal appeared after ~10 s. 
Monitoring intervals of 25 s were then applied. When the diffuser was 
turned off, the current dropped back to the steady current level. This 

Fig. 7. (A) Calibration plots obtained by amperometry corresponding to H2O2 
sensing in PB with PtNi/poly(AzA) electrodes under stirring conditions. Inset: 
magnification of the calibration curves in the lower concentration range. (B) 
Chronoamperometric response of IL/PtNi/poly(AzA) at three different H2O2 
concentration ranges. Red: high concentration range, green: medium concen-
tration range, orange: low concentration range. Eapplied = 0.05 V vs Ag-SPCE. 

Fig 8. Real time chronoamperometric response obtained after the addition of 
250 μM H2O2 (analytical grade (right) and liquid oxygen solution for plants 
(left)) into the diffuser pre-loaded with 100 mL 0.1 M PB. Eapplied = 0.05 V vs 
Ag-SPCE. 

Fig. 9. Dynamic chronoamperometric response of IL/PtNi/poly(AzA) in an 
intermittent aerosol sample exposure system (subtracted baseline). The diffuser 
was loaded with 500 μM H2O2 in 0.1 M PB. Eapplied = 0.05 V vs Ag-SPCE. 
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process was repeated many times over more than 3 h without a loss of 
signal, which makes this sensor a potential option for continuous real 
detection of H2O2 in aerosol samples. 

4. Conclusions 

In summary, we have demonstrated a facile strategy for the synthesis 
of hollow-structured hybrid nanocomposites through a novel layer-by- 
layer approach. To do so, we alternated the electrodeposition of a con-
jugated polymer (polyAzure A) with electrochemical reduction of metal 
ions (Pt and Ni) by means of a simple one-pot method, which consid-
erably reduces the time and complexity involved in the modification of 
electrodes. The composition and uniformity of the nanocomposites ob-
tained was controlled by applying the appropriate reduction potential 
during manufacturing. Four reduction potentials were herein investi-
gated for metal electrodeposition, with − 2.0 V being the optimal value. 
The microscopy imaging of the surfaces thus created and the electro-
chemical results revealed a 3D structure with Pt/Ni nanoparticles 
embedded in the polymeric matrix. 

The present study also explored the effect of a room temperature 
ionic liquid confined within the porous material, with the result of 
enhanced electrochemical activity compared to the case with no RTIL. 
The sensor also showed outstanding capacity for storage over two 
months and for reuse by simply rinsing the modified surfaces with water. 
These exceptional features allowed for the continuous monitoring of 
H2O2 in aerosol phase, as well as the measurement of multiple aerosol 
pulses at short time intervals over more than three hours. 

The notable performance of the prepared IL/PtNi/poly(AzA) nano-
composite indicates its wide range of promising applications in the field 
of (bio)sensors. Future work should explore the potential application of 
this methodology for the development of low-cost sensors for the 
detection of hydroperoxides in aerosols under more realistic environ-
ments and scenarios with enhanced performance. 
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