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Abstract: Conducting polymers have been used as support for catalysts towards distinct 

electrocatalytic reactions. The overall activity of the modified interfaces critically depends on 

both the processes on the catalyst surface and of the charge compensation within the polymer 

matrix. Therefore, understand the coupling between surface and volumetric processes in such 

systems is of utmost importance. In this contribution we report on the experimental 

investigation of the interplay between surface and volumetric processes during the electro-

oxidation of formic acid (and also formaldehyde) on platinum modified polyaniline electrodes. 

The study was performed through in situ nanogravimetry, with the Electrochemical Quartz 

Crystal Nanobalance (EQCN). We have explored the dynamics of charge and mass changes 

along several experimental conditions, including the self-organized potential oscillations. The 

systematic study included the analysis of several configurations: gold electrodes covered with 

a PANI film and dispersed platinum (Au/PANI/Pt); platinum electrodes covered with PANI 

(Pt/PANI); and bare platinum electrodes. The methodology introduced includes the detailed 

analysis of the charge compensation process and of the time-derivative of the mass variations. 

Typical results for the electro-oxidation of formic acid on PANI supported platinum indicate 

that the electrocatalysis itself is reflected in the current profile, whereas the charge 

compensation rules the gravimetric response. This general observation also holds for the 

oscillatory electro-oxidation of formic acid. The physicochemical description of the 

support/catalyst systems described here opens interesting perspectives for the investigation of 

parent systems.  
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INTRODUCTION 

 

Organic conducting polymers (e.g. polyaniline, polypyrrole, polythiophene, poly(3,4-

ethylenedioxythiophene) have been successfully employed in a wide range of applications, 

including functional electrochemical interfaces.1–4 Their use as matrices for immobilization of 

dispersed catalysts was initially motivated by their high conductivity in acidic media, high 

surface area and porous structure.5–7 Among them polyaniline (PANI)3 has particularly attracted 

much attention as catalyst support for low temperature fuel cells applications,1 because of its 

easy processability, high surface area, tunable electrical conductivity, flexibility, environmental 

stability and low cost. In fact, the electrocatalytic activity of interfaces consisting of PANI and 

platinum (Pt) has been considered in the electro-oxidation of several small organic molecules.8–

17 

The high electrocatalytic activity of PANI/Pt modified electrodes towards the electro-

oxidation of small organic molecules has been found to be more promising, mainly because   of 

the suppression of the adsorption of carbon monoxide (CO), which is known to be a poisonous 

species for  the active sites of catalyst. Planes et al.18 investigated the electro-oxidation of 

methanol and CO on platinum electrodes covered with PANI and did not observe the 

characteristic infra-red (IR) signature of the adsorbed CO (COad). Those IR bands were 

observed only when CO was bubbled in the electrolyte solution and oxidized, indicating that 

CO adsorption  was not inhibited by the polymer layer. But the formation of COad during the 

electro-oxidation of methanol was found to be suppressed. These results were extended to Pt 

nanoparticles deposited in the polymer film and the consistence of the results led the authors to 

suggest an alternative, non-COad pathway in the oxidation mechanism of methanol on PANI 

modified electrodes.18 However, in spite of the interesting report on non-COad pathway of 

methanol electro-oxidation, the interaction between volumetric (charge compensation within 

the polymeric matrix) and surface (the electrocatalysis itself) phenomena that takes place in  

electrocatalysts dispersed in electronically conducting polymers, remains apparently 

unaddressed. This is the main contribution of the present report. 

The Electrochemical Quartz Crystal Nanobalance (EQCN) is the technique-of-choice 

for the study of small mass variations at the electrode surfaces due to processes such as  

adsorption/desorption, electrocatalysis, corrosion, volumetric changes in polymer matrices, 

etc.19–24 This technique is based on the piezoelectric effect, property of certain materials to 

generate an electrical field when submitted to deformations or external pressure. In particular, 
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the EQCN uses the inverse piezoelectric effect, where an electrical field is applied through the 

quartz crystal by two metallic films at both sides of the crystal,19,25 see below. Frequency 

changes can be related with mass variations on electrode surface by means of the Sauerbrey 

equation.19,26 Charge compensation process that follow the oxidation/reduction within the 

polymer matrix has been successfully discussed with the EQCN.21,27 In this process, there is an 

insertion/expulsion of ionic species (and also solvent molecules) within the polymeric matrix 

coupled to the electric current that flows through the metal/polymer interface, in order to 

maintain the electroneutrality. Importantly, this process is intrinsically coupled to 

electrocatalytic reactions in modified electrodes. 

Conducting polymers are key materials for applications in actuators, transducers, and 

artificial muscles,28–30 and the coupling with self-organized current/potential oscillations that 

occur along the electro-oxidation of small organic molecules is very attractive.31–34 Inzelt and 

Kertész,12 studied the potential oscillations and the corresponding frequency changes with an 

EQCM (Electrochemical Quartz Crystal Microbalance) in the course of galvanostatic oxidation 

of formic acid on a platinized platinum electrode bare and covered with PANI films. The 

authors analyzed the effect of the pseudocapacitance of the PANI film on the increase of the 

oscillation period, and observed that the periodical mass changes along the oscillations increase 

during insertion/expulsion of counterions within the film.  

In this paper, we investigate the interplay between surface and volumetric processes 

during the electro-oxidation of formic acid (and also formaldehyde) on platinum modified 

polyaniline electrodes. In particular, we explore the dynamics of charge and mass changes along 

several experimental conditions, including the self-organized potential oscillations observed 

under galvanostatic regime. To reach this goal, the systematic study comprises the investigation 

of several configurations: (a) gold electrodes covered with a PANI film and dispersed platinum 

(Au/PANI/Pt); (b) platinum electrodes covered with PANI (Pt/PANI); and (c) bare platinum 

electrodes, for comparison. 

 

EXPERIMENTAL 

 

General. All electrochemical experiments were conducted in a 3-electrode cell developed in 

our Group and it is coupled to the conventional EQCN cell provided by Metrohm, see Figure 

S1 in Supporting Information file for details. Electrochemical and nanogravimetric experiments 

were carried out with commercial working electrodes, provided by Metrohm Autolab. They 
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consisted of quartz crystal (AT-cut with 6MHz) covered with a thin layer of gold or platinum, 

of geometric area 0.36 cm2. In the case of the platinum film, the electrode roughness was 

estimated by the charge of hydrogen adsorption and amounts to about 1.5. The counter electrode 

(gold or platinum plate, according to the working electrode used) with geometric area of 1.6 

cm2 was used and Reversible hydrogen electrode (RHE) was employed as a reference electrode. 

All experimental data were acquired with Autolab PGSTAT320N potenciostat/galvanostat, and 

EQCN modulus with resolution of 0.07 Hz.  

 

Modified electrodes. The procedure to deposit polyaniline on gold and platinum-covered quartz 

crystals was identical in both cases. The electrochemical polymerization was performed by 

sequence of several voltammetric cycles at 50 mV s-1: the first cycle was between 0.05  and 

1.10 V to allow the first aniline molecules to deposit on the surface and promote the 

polymerization; and the forward cycles was stetted between 0.05 and 1.00 V to avoid  the higher 

oxidation of PANI film.8,35,36 An aqueous solution with 0.10 mol L-1 of aniline monomers and 

0.5 mol L-1 of H2SO4 was used. The polymerization procedure was interrupted when the peak 

current density in the voltammogram reached to a certain value, which could be related to the 

desired thickness of 125 nm approximately, roughly estimated by the methodology employed 

by Stilwell and Park.36 Gold and platinum electrodes electrodeposited  of polyaniline films were 

designed as Au/PANI and Pt/PANI, respectively. After polymerization, in order to remove 

traces of aniline and oligomers, the working electrode was gently rinsed with ultrapure water, 

placed in a clean electrochemical cell, and several voltammetric cycles were performed between 

0.05 V and 0.90 V in aqueous 0.5 mol L-1 H2SO4 solution (as a  base electrolyte used in our 

experiments), until a time-invariant electrochemical response is observed. 

Platinum nanoparticles were deposited on Au/PANI electrodes from a solution of 0.2 

mmol L-1 hexachloroplatinic acid hexahydrate prepared in aqueous 0.5 mol L-1 H2SO4 solution. 

The deposition was carried out by applying 0.50 V for 90 seconds. After that, the working 

electrode was rinsed with ultrapure water, the electrochemical cell was replaced with a clean 

one, and several voltammetric cycles were performed between 0.05 V and 0.90 V in electrolytic 

solution. The deposited platinum load  was about 250 ng cm-2; and the platinum domains 

dispersed on PANI film were about 100 – 200 nm in diameter. Those modified electrodes are 

denoted as Au/PANI/Pt. The spongy-like structure of PANI allows a homogeneously deposition 

of platinum nanoparticles. The results indicate a good dispersion of Pt nanoparticles and 

absence of Pt clusters with significant size which can lead to the appearance of characteristics 

of the bulk metal in the voltammograms.  
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All results obtained with PANI electrodes had current values normalized by the 

geometric area. Some Δm data were averaged with the Origin program in order to reduce the 

noise when low mass variations are involved. 

 

Solutions. The following chemicals were used in our experiments: sulfuric acid (H2SO4) (95-

97 %, Merck), aniline (99,5 %, Sigma-Aldrich) (distilled twice before use), hexachloroplatinic 

acid hexahydrate (H2PtCl6.6H2O) (99,9 %, Alfa Aesar), formic acid (HCOOH) (98 %, Sigma-

Aldrich), formaldehyde (HCHO) (37 %, Sigma-Aldrich) and  argon gas (99,996 %, White 

Martins). All solutions were prepared in ultrapure water (Millipore Milli-Q 18.2 MΩcm at 20 

ºC) and deaerated with  argon gas for 15 minutes before each experiment. During the 

experiment, the gas flux was interrupted to avoid interferences in frequency of EQCN 

measurements. Formaldehyde was heated in a water bath at 60 ºC for 10 minutes before the 

experiments to evaporate methanol in solution. 

 

RESULTS AND DISCUSSION 

 

Initial characterization. Stationary voltammetric responses of the platinum and gold films are 

given in Figure S2 in the Supporting Information. The current and mass profiles along the  

electro-polymerization of the aniline monomers at the metallic film on the quartz is given in 

Figure S3 in the Supporting Information file. Figure 1 shows the time-invariant voltammetric 

j/E and Δm/E profiles of the (a) PANI coated gold (Au/PANI) and (b) after immobilization of 

the platinum nanoparticles (Au/PANI/Pt). In addition, the d(Δm)/dt vs. E profile for the mass 

variation curve given in (b) is also presented in plate (c). For both modified electrodes, the 

cyclic voltammogram shows a couple of redox peaks at 0.42/0.30 V, in the forward/backward 

sweep related to the conversion of leucoemeraldine into emeraldine, and vice versa. In the 

present study, all experiments were carried out in the potential range between 0.05 V and 0.90 

V to prevent the overoxidation and degradation of the polymer, and it also guarantee the 

presence of emeraldine state, the most conductive form of PANI. Details of the oxidation states 

of PANI are given in Figure S4 in the Supporting Information.37–39  
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Figure 1: Voltammetric j/E and Δm/E profiles (recorded at 50 mV s-1) for (a) 

Au/PANI and (b) Au/PANI/Pt modified electrodes. (c) d(Δm)/dt vs. E for the mass 

variation profile given in (b). Electrolyte: aqueous solution containing 0.5 mol L-1 

H2SO4. Current and mass were normalized by the geometric area of the electrode. 

 

 

The Δm/E profiles reflect the counter ion + water insertion and expulsion that follow the 

redox changes within the film, see below. Both profiles given in Figure 1 shows a continuous 

increase/decrease along the oxidation/reduction and a slightly higher mass is reached in the 

Au/PANI electrode, which is due to the slightly large charge propagation in the voltammetric 

curve of Au/PANI. The similarity of the current and mass changes profiles in Figures 1(a) and 

(b) suggests that the low amount of platinum is immobilized in the Au/PANI/Pt modified 

electrode. The presence of platinum deposit can be inferred by the slight increase in the current 

density at low potentials due to the hydrogen interaction with platinum, and the slightly smaller 
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redox charge in Figure 1(b).40 In any case, the small thickness of the film deposited on the 

quartz assured that it behaves rigidly, so that the eventual viscoelastic problems are likely to be 

neglected and the Sauerbrey equation holds.19 See Supporting Information for details.  

Therefore, the mass variations presented in Figure 1 are dominated by the redox 

processes within the polymer film in both Au/PANI and Au/PANI/Pt modified electrodes. If 

the overall mass that flow through the composite (polymer/metal)/electrolyte interface to 

compensate the electron exchange at the metal/composite were to be exclusively due to, say, 

anions, the time-derivative of the mass variation would mirror the current profile, see 

Supporting Information for the correspondence between mass changes and charge and thus 

between d(Δm)/dt and current (dq/dt). The same would be true for the -d(Δm)/dt and current 

curves if the mass would be dominated by cations. Figure 1(c) depicts the d(Δm)/dt vs. E curve 

for the Δm profile for the Au/PANI/Pt electrode in Figure 1(b). Despite of some resemblance 

with the current profile, the mismatch is very clear. In particular, the pair of oxidation/reduction 

current peaks at ~ 0.42/0.30 V is shifted to about 0.49/0.35 V for the d(Δm)/dt vs. E curve. This 

discrepancy does not reflect the existence of different processes, but rather the fact that the 

oxidation/reduction of PANI is counterbalanced by the insertion/expulsion of electrolyte 

anions, cations, and, presumably, solvent molecules.41,42 This process is referred to as charge 

compensation and it is analyzed in the following. 

 

Charge compensation within PANI films. The charge and mass balances can be used to 

estimate the flux of ionic species and solvent molecules along the redox processes within the 

polymer matrix. In this context, we used the approach discussed by Torresi and 

collaborators,21,27 to describe this dynamics, and details are given in the Supporting Information 

file. Once there are three species to be considered, i.e., cations, anions, and solvent molecules, 

and only two quantities are determined in the experiments, namely mass and charge, results are 

expressed in terms of the amount of cation + solvent and anion + solvent that enter or leave the 

film. This not necessarily mean that solvent molecules enter/leave film solvating ionic species, 

actually, they are grouped to the ionic flux because of the mathematical impossibility of 

discriminating the individual contributions of these three species. Figure 2 shows the number 

of mols of cation + water and anion + water (in nmol/cm2) as a function of the electrode 

potential for the responses illustrated in Figure 1. The base cyclic voltammograms depicted in 

Figure 1 are also given for reference. Negative values of  are referred to the ejection and 

positive values to the incorporation of species within the film. 
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Figure 2: Estimated number of mols of cations + solvent and anions + solvent 

obtained from the data presented in Figure 1 for the (a) Au/PANI and (b) 

Au/PANI/Pt modified electrodes. See supporting Information for further details.  

 

The increase of the electrode potential results in an increase in Δm, particularly around 

the current peak, as shown in Figure 1, and the charge compensation along this process is 

reached by both counter ion (and water) insertion and proton (and water) expulsion. During the 

negative-going sweep, the reverse occurs and the Δm decrease reflects the insertion of protons 

+ water and the expulsion of sulfate + water. These results are in full agreement with previously 

published data41,43 and attests that both anionic and cationic species take place in the charge 

compensation processes of PANI films. Importantly,  as already anticipated by the j/E and Δm/E 

profiles given in Figure 1, the dynamics of charge compensation remains nearly unaffected by 

the presence of the platinum nanoparticles within the PANI film.  

 

Electrocatalysis on PANI modified electrodes. Figure 3 shows the voltammetric j/E and Δm/E 

profiles of the electro-oxidation of formic acid (HCOOH) on (a) an EQCN electrode coated 

with a Pt film and on (b) Pt modified PANI electrode, Au/PANI/Pt. In the forward scan, on Pt 

electrode, as shown in Figure 3(a), there is a long range of potential characterized by very low 

reaction rates caused by the presence of adsorbed CO, COad, on Pt, which severely poisons the 

surface of the catalyst.44 Besides some detectable current that flows at lower potentials, 
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appreciable reaction rates are found above 0.90 V and starts decreasing again due to the 

oxidation of the platinum surface. Along this region, the Δm shows a slow decrease and then a 

more abrupt one around the main oxidation wave in forward sweep. This behavior is in 

agreement with that obtained by Hachkar et al.45 who have shown that the decrease in mass in 

this potential range is due to the presence of adsorbed CO species which promote the repulsion 

of water molecules. After that the surface oxidation results in a mass increased. In the backward 

sweep, the process is followed by a negative small Δm variation due to CO adsorption until 0.90 

V. From this potential on, COad is oxidized and the mass decreases, releasing the free platinum 

sites for the oxidation of formic acid, which results in a current increase. This reaction generates 

a second oxidation peak followed by an abruptly decrease in mass response due to the reduction 

of the previously formed platinum oxide and the simultaneous oxidation of formic acid. Again, 

COad is formed and Δm increases as the potential is decreased. 
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Figure 3: Voltammetric j/E and Δm/E profiles (recorded at 50 mV s-1) for (a) Pt 

and (b) Au/PANI/Pt electrodes. (c) d(Δm)/dt vs. E for the mass variation profile 

given in (b). Electrolyte: aqueous solution containing 0.5 mol L-1 H2SO4 and 1 mol 

L-1 HCOOH. The current and mass were normalized (a) by the electroactive area 

(Pt hydrogen area, see text for details), and (b) by the geometric area, as in Figure 

1.  

 

 

Figure 3(b) depicts the voltammetric j/E and Δm/E profiles of Au/PANI/Pt electrode for 

the electro-oxidation of HCOOH. The electro-oxidation reaction starts at about 0.10 V, and 

reaches currents about 10 times higher than before the addition of HCOOH,  as shown in Figure 

1(b). Moreover, the ratio between the oxidation peaks in forward and backward scans, on 

Au/PANI/Pt electrode, is approximately 1, whereas on bare Pt the ratio is 0.26. The increase in 

peaks ratio indicates that Au/PANI/Pt catalyst is more tolerant against CO adsorption. In 



11 

 

contrast, the Δm/E profile remains rather unaffected by the presence of formic acid as clearly 

seen in Figures 1(b) and 3(b), indicating the prevalence of the volumetric effects due to the 

charge compensation processes within the film. As already discussed in Figure 1, the use of 

d(Δm)/dt vs. E can be of help in this discussion. Results are given in Figure 3(c) for the 

Au/PANI/Pt system using the data presented in plate (b). As already anticipated by the Δm vs. 

E curves, the similarity in the d(Δm)/dt vs. E profiles in the absence, Figure 1(c), and in the 

presence, Figure 3(c), of formic acid clearly confirm that predominance of the charge 

compensation process in the mass variations. In the light of the individual ionic (+solvent) 

contributions, it must be noted that the data presented in Figure 2(b) are given in nmol, and the 

mass of anion HSO4
- (97 g mol-1) is considerably larger than that of protons, the cationic specie 

available. That is why the anion insertion/expulsion during the oxidation/reduction governs the 

d(Δm)/dt curves. 

Overall, it is clear from Figure 3 that the d(Δm)/dt vs. E profiles can emulate the 

voltammetric response of the volumetric processes, i. e. charge compensation, within the film, 

simultaneously to the conventional voltammetric response, in this case ruled by the surface 

electro-oxidation of formic acid on platinum dispersed in the polymeric matrix. We are not 

aware of similar analysis, and the resulting decoupling can be used to uncover the dynamics in 

several systems, including applications such as supported catalysts for energy conversion 

systems and actuators.  

 

Oscillatory electro-oxidation of HCOOH on Pt and on Au/PANI/Pt electrodes. As in the case 

of many small organic molecules, the electro-oxidation of formic acid (and formaldehyde, see 

below) on platinum is known to undergo kinetic instabilities, such as potential and current 

oscillations, see34 and references therein. Potential oscillations have been particularly explored 

to improve the efficiency of low temperature fuel cells and electrolyzers.46–49 As already 

mentioned, exploring the self-organized current/potential oscillations in modified electrodes is 

important in several applications such as actuators, transducers, and artificial muscles, etc.  In 

the following we discuss some aspects of the potential oscillations, recorded under 

galvanostatic regime, along the electro-oxidation of HCOOH on different electrode surfaces. 

Additional experiments with formaldehyde (HCHO) were also performed. 

Figure 4 shows typical potential oscillations during the electro-oxidation of HCOOH on 

(a) Pt and on (b) Au/PANI/Pt electrodes. Potential oscillations on platinum electrode, Figure 4 

(a), are faster (3.3 Hz), with amplitude of 200 mV, small mass variation per cycle (less than 6 

ng cm-2), E/t and Δm/t evolutions are out-of-phase, i.e., Δm decrease/increase when E 
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increase/decrease. On Au/PANI/Pt electrode potential oscillations, Figure 4(b), are much 

slower (0.01 Hz), with smaller amplitude (around 100 mV), larger mass variations (around 20 

ng) and E/t and Δm/t evolutions are in-phase. 

 

Figure 4: Potential oscillations along the electro-oxidation of HCOOH on (a) Pt, at 

1.29 mA cm-2, and on (b) Au/PANI/Pt, at 0.28 mA cm-2. Electrolyte: aqueous 

solution containing 0.5 mol L-1 H2SO4 and 1 mol L-1 HCOOH.  

 

Potential windows where oscillations in Figure 4 are observed are given in the gray area 

in Figure 3 for both electrodes. Oscillations in the electrode potential in those systems typically 

occur prior to the main oxidation wave, as in the case found here on bare and on PANI-modified 

electrodes. Expectedly, the higher voltammetric activity, as shown in Figure 3(b), of the later 

is also evident in the smaller overpotentials found in the time-series in Figure 4(b). Noteworthy 

differences found in the time-series in Figure 4 are the mass variations and the oscillation 

frequency. On platinum electrode, the mass variations are exclusively due to the surface 

processes, such as (dissociative) adsorption, desorption, and oxidation and reduction of surface 

species, involving a few Pt monolayers at most. In contrast, on Au/PANI/Pt, the electrochemical 

activity strongly depends on the charge compensation already described. Indeed, the larger mass 

changes observed in the Au/PANI/Pt modified electrode is dominated by the volumetric process 

comprising the flux of ionic species and solvent molecules caused by the redox processes within 
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the PANI film. In contrast to that found in during the cyclic voltammetry, c.f. Figure 1, in the 

case of the galvanostatic conditions as depicted in Figure 4(b), the oxidation/reduction of the 

PANI film are driven by the self-organized potential oscillations.  

Given the relative similarities in the mechanism underlying the oscillatory electro-

oxidation of small organic molecules,34 we decided to carry out some experiments with 

formaldehyde (HCHO) on bare platinum in order to compare with those with HCOOH given in 

Figure 4(a). The main idea here is to further investigate the phase between E/t and Δm/t, and try 

to exclude any possible artifact that could be caused by the small variations in Δm for the system 

Pt + HCOOH presented in Figure 4(a). Time-series recorded during the galvanostatic electro-

oxidation of HCHO on platinum at two applied currents are shown in Figure 5. The higher 

potential amplitude typical for this system results in larger mass variations. As in the case of 

HCOOH, oscillations in E and Δm are out-of-phase for both applied currents, corroborating 

thus the qualitative features discussed.  

 

 

Figure 5: Potential oscillations along the electro-oxidation of HCHO on Pt at (a) 

1.45, and at (b) 0.4 mA cm-2. Electrolyte: aqueous solution containing 0.5 mol L-1 

H2SO4 and 0.1 mol L-1 HCHO.  

 

Features of the oscillations observed so far are compiled in Table 1. Results are given 

in terms of potential window visited during oscillations, amplitude of E and Δm, oscillatory 
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frequency and the relationship between E/t and Δm/t; for the oscillatory electro-oxidation of 

HCHO and HCOOH on Pt, and of HCOOH on Au/PANI/Pt. 

 

Table 1: Comparison between features of the potential oscillations obtained for 

different Pt electrodes during the electro-oxidation of HCHO and HCOOH 
 Pt+HCHO Pt+HCOOH Au/PANI/Pt+HCOOH 

potential window 0.35 – 0.95 V  0.60 – 0.80 V 0.34 – 0.46 V 

potential amplitude ~ 0.60 V ~0.20 V ~0.10 V 

Δm amplitude 10 ng cm-2 6 ng cm-2 20 ng cm-2 

oscillatory frequency 0.40 – 0.70 Hz 3.30 Hz 0.01 Hz 

E/t and Δm/t relationship out-of-phase out-of-phase in-phase 

 

Inzelt and coworkers23,50–52 studied the potential and mass variations in the oscillatory 

electro-oxidation of formic acid and 2-propanol on platinum. In both cases, the authors found  

that the E/t and Δm/t relationships are out-of-phase, as in the present case. They used rather 

rough Pt electrodes (f between 45 and 400), and otherwise comparable conditions than that 

adopted here. The same trend was also found by Tian and Conway,53 for the electro-oxidation 

of formic acid on platinum. However, the mass variations along the oscillations in this case is 

far less noisy. Overall, the agreement with those previously published suggests a universal trend 

in the E/t and Δm/t relationship for this type of system, where the dissociative adsorption of CO 

and its further oxidation are central to the emergence of oscillations. Inzelt and Kertész12 also 

studied the simultaneous potential and surface mass variations in the oscillatory electro-

oxidation of formic acid on bare and PANI-modified platinum electrodes. The study was carried 

out in aqueous solution containing 1 mol L-1 HClO4 and 1 mol L-1 HCOOH. Results of mass 

variations on Pt seems rather noisy, as in our case, and not stationary. Nevertheless, the trends 

in the E/t and Δm/t relationships for Pt and PANI-modified Pt systems were identical to that 

found here, cf. Table 1. In the following we deepen the investigation of the contributions of 

surface and volumetric processes in PANI modified electrodes.  

 

Surface and volumetric processes. Figure 6 shows the voltammetric, charge and mass variation 

profiles for the Au/PANI electrode in presence of HCOOH. In addition, the charge and mass 

variations recorded in the absence of HCOOH, already presented in Figure 1(a), are also given 

for comparison.  
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Figure  6: Voltammetric (a) j/E, (b) q/E, and (c) Δm/E profiles (recorded at 50 mV 

s-1) for the Au/PANI modified electrode in the presence of 1 mol L-1 HCOOH. q/E 

and Δm/E in the absence of HCOOH is also given for reference, see also Figure 

1(a). Electrolyte: aqueous solution containing 0.5 mol L-1 H2SO4. Current and mass 

were normalized by the geometric area of the electrode. 

 

The first aspect to be stressed in this figure is the excess of anodic charge evidenced by 

the reaction currents above 0.60 V, due to the electro-oxidation of formic acid on the Au surface 

underneath the PANI film. This further illustrates the porous nature (or nonuniform deposition 

of PANI) of the PANI, through which HCOOH molecules can diffuse and reach the gold 

surface. The electric charges depicted in Figure 6(b) clearly show the excess of charge due to 

the oxidation of HCOOH. Despite this considerable difference, the contribution of the HCOOH 

oxidation barely affects the mass variations, which confirms that the charge compensation 

within the PANI, i.e., a volumetric process, is the main responsible for the Δm/E response. In 

other words, in this experimental arrangement, q/E results reflect the surface electrocatalytic 
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processes, and the Δm/E profile informs the volumetric ones with the PANI film. This result 

can be compared with that for the Au/PANI and Au/PANI/Pt electrodes, as presented above  

but in terms of the q/E and Δm/E profiles, c.f. Figure S5 in the Supporting Information file. 

Differently from the situation just discussed, those experiments were performed in base 

electrolyte, and results in q/E and Δm/E remain nearly unaffected by the presence of Pt and the 

response is dominated by the volumetric processes. 

Following this reasoning, we now discuss the electro-oxidation of HCOOH on PANI-

covered platinum electrode. Figure 7 shows the time-invariant voltammetric and 

nanogravimetric responses for Pt/PANI electrodes before and after addition of HCOOH, results 

on bare Pt is also given for comparison. Data for the platinum electrode were already presented 

in Figure 3, and the results presented here are for a restricted potential window. The narrower 

potential region is necessary to allow the comparison with the Pt/PANI electrode, whose 

structure can be damaged at high potentials, as already discussed. Results in base electrolyte, 

Figure 7(a) and (b), show the hydrogen region on Pt electrode with the characteristic peaks of 

adsorption/desorption of Hupd, while on Pt/PANI the characteristic peaks of oxidation/reduction 

of PANI prevails. The Δm/E responses in Figure 7(b) are completely different and, as in the 

case of the cyclic voltammograms, they reflect volumetric and surface signatures on Pt/PANI 

and Pt electrodes, respectively. 
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Figure 7: Voltammetric j/E and Δm/E profiles (recorded at 50 mV s-1) in (a) and 

(b) aqueous solution containing 0.5 mol L-1H2SO4, and (c) and (d) after addition of 

HCOOH (1 mol L-1), for Pt (black) and Pt/PANI (blue) electrodes. Current and mass 

were normalized by the real area, as determined by the hydrogen region for the bare 

platinum electrode.  

 

Figure 7(c) shows the voltammetric results of the electro-oxidation of formic acid on 

Pt/PANI and on Pt electrodes. As in the case of Au/PANI/Pt electrodes (Figure 3 (b)), the higher 

activity towards the electro-oxidation of formic acid is also observed on Pt/PANI. The high 

currents, the lower onset potential and, importantly, the negligible hysteresis between positive- 

and negative-going sweeps clearly attests the higher activity of the Pt/PANI electrode. The high 

activity of the Pt/PANI electrode towards the electro-oxidation of formic acid, a surface 

process, evidenced in Figure 7(c), does not result in detectable difference in the Δm/E profile in 

Figure 7(d). Indeed, Δm/E responses for the Pt/PANI electrode is dominated by the, volumetric, 

charge compensation processes irrespective to the presence of HCOOH. The Δm/E response for 

the Pt electrode in the presence of HCOOH, Figure 7(d), is completely different and reflects 

mainly the adsorption and adsorbate oxidation, i.e., surface. 

 

Oscillatory electro-oxidation of HCOOH on Pt/PANI electrodes. Planes et al.,18 studied the 

electro-oxidation of methanol Pt/PANI catalyst, using in situ FTIR spectroscopy coupled with 

electrochemical experiments. The authors observed that the presence of PANI considerably 

changes the reaction mechanism by suppressing the formation of COad, the main poisoning 

species that inhibits the overall reaction. Based on this finding we decided to investigate the 
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existence of oscillations in the electro-oxidation of formic acid on Pt/PANI. Results of a slow 

galvanodynamic sweep are given in Figure 8, in terms of the electrode potential and mass 

variations. As in the case of the Au/PANI/Pt + HCOOH system, Table 1, oscillations E/t and 

Δm/t are in-phase, evidencing that the charge compensation within the polymer matrix governs 

the mass variation. 

 

 

Figure 8: Galvanodynamic sweep (1.5 µA s-1) for the electro-oxidation of HCOOH 

on Pt/PANI electrode. Electrolyte: aqueous solution containing 0.5 mol L-1 H2SO4 

and 1 mol L-1 HCOOH. 

 

There is apparently no spectroscopic data for the oxidation of formic acid on Pt/PANI, 

to confirm that the formation of COad is suppressed as the case of methanol,18 but the 

unambiguous increase in the activity is a hint that this process could be inhibited, if not 

suppressed. Indeed, the already mentioned decrease in the onset potential for the oxidation of 

HCOOH and the high ratio between the oxidation peaks in backward and forward scans suggest 

the tolerance of PANI-modified catalysts for the formation of CO. The, previously unreported, 

occurrence of potential oscillations in the electro-oxidation of formic acid on Pt/PANI modified 

arises an interesting question. In fact, there are spectroscopic evidences that adsorbed CO plays 

a central role during the oscillatory electro-oxidation of formic acid on platinum,54 and in all 

models and kinetics analysis, see 55 and references therein, the coverage of CO is considered an 

essential variable. The possibility of the emergence of oscillations in the electro-oxidation of 

formic acid on platinum without the participation of COad can reveal important mechanistic 

details of this system and must be further investigated. 
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CONCLUSIONS AND PERSPECTIVES  

 

Conducting polymers such as polyaniline and polypyrrole have been used as support for 

catalysts towards different electrochemical reactions. The overall activity of the modified 

interfaces depends on both the processes on the catalyst surface and of the charge compensation 

within the polymer matrix. Therefore, understand the coupling between surface and volumetric 

processes in such systems is of utmost importance. Herein we report on the experimental 

investigation of the interplay between surface and volumetric processes during the electro-

oxidation of formic acid (and also formaldehyde) on platinum modified polyaniline electrodes. 

The study was carried out by means of in situ nanogravimetry, with the Electrochemical Quartz 

Crystal Nanobalance (EQCN). We have explored the dynamics of charge and mass changes 

along several experimental conditions, including the self-organized potential oscillations. The 

systematic study included the analysis of several configurations: gold electrodes covered with 

a PANI film and dispersed platinum (Au/PANI/Pt); platinum electrodes covered with PANI 

(Pt/PANI); and bare platinum electrodes. 

The current and mass changes profiles for the redox processes in Au/PANI and 

Au/PANI/Pt modified electrodes in aqueous sulfuric acid solutions are dominated by the charge 

compensation processes within the film. Both the voltammetric profiles and the dynamics of 

charge compensation is only slightly affected by the presence of the platinum nanoparticles 

within the PANI film. 

The Au/PANI/Pt modified electrode was found to be more active than conventional 

platinum electrode towards the electro-oxidation of formic acid. In particular, the high 

reversibility in the cyclic voltammogram on the Au/PANI/Pt electrode suggests that the reaction 

proceeds without the formation of adsorbed carbon monoxide, COad, in agreement with 

previously published data with methanol.18 The Δm/E profile for the Au/PANI/Pt electrode 

remains unaffected by the presence of formic acid, indicating the prevalence of the volumetric 

effects due to the charge compensation processes within the film. This observation was further 

confirmed by the introduced d(Δm)/dt vs. E plots, which nicely emulated the voltammetric 

response of the volumetric processes within the film, recorded simultaneously to the 

conventional voltammetric response ruled by the surface electro-oxidation of formic acid on 

platinum dispersed in the polymeric matrix. The procedure to decouple both processes can be 

employed to the study of several systems, including applications such as supported catalysts for 
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energy conversion systems and actuators. Studies in this direction are currently in progress in 

our Group. 

 The electro-oxidation of formic acid was also studied on Pt/PANI and on Pt electrodes. 

As in the case of Au/PANI/Pt electrodes, the high currents, the lower onset potential and, 

importantly, the negligible hysteresis between positive- and negative-going sweeps clearly 

attests the higher activity of the Pt/PANI electrode. Furthermore, the Δm/E response for the 

Pt/PANI electrode is also dominated by the, volumetric, charge compensation processes 

irrespective to the presence of HCOOH; whereas the j/E response reflects the conventional 

surface electro-oxidation on platinum.  

The use of oscillatory electrochemical reactions is an emergent possibility to control 

films and gels by electrical stimuli in order to generate self-oscillating autonomous mechanical 

response in such systems.28 Furthermore, we have explored the emergence and evolution of 

self-organized oscillations in electrocatalytic systems as a mean to investigate mechanistic 

aspects.55 In the case of PANI modified electrodes, we found that potential oscillations are 

strongly influenced by the charge compensation processes within the electroactive film and we 

were able to decouple the surface and volumetric processes. An intriguing and previously 

unreported result found was the occurrence of potential oscillations during the electro-oxidation 

of formic acid on Pt/PANI, where, in principle, the formation of  that adsorbed CO is 

suppressed. There are abundant evidences that COad plays a central role during the oscillatory 

electro-oxidation of formic acid on platinum.54,55 This, rather surprising, finding certainly 

deserve further investigation.  
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