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ABSTRACT: P-postmodified polyaniline was obtained by reacting phosphorus trichloride (PCl3) and 

chlorodiphenylphosphine (PPh2Cl) and polyaniline (PANI), under mild conditions. The reaction was 

found to be very selective, as only the imine groups were involved in the P-functionalization, and efficient 

as well, affording a P-loading of 3 at.% and 5 at.% for PPh2Cl and PCl3, respectively. All the polymers 

were characterized by different techniques and the results were endorsed by theoretical calculations. 

Experimental and Density Functional Theory results proved that the reaction occurs through the imine 

groups and the phosphorus atoms, generating N-P bonds. The electrochemical properties of the N-P 

modified materials were evaluated and the catalytic activity towards oxygen reduction reaction was 

measured. It was found that a high concentration of phenyl groups from PPh2Cl (about 3 at.%) affected 

negatively the activity of the catalyst since they prevented the access of the oxygen molecules to the 

catalytic active sites. However, a lower amount of -PPh2 groups (1 at.%) or the use of PCl3 avoided this 

hindrance and resulted in an improved catalytic activity with respect to pristine PANI.
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1. Introduction

Over the past decades, the synthesis of new nanostructured functional materials with useful properties has 

garnered great attention in the scientific community. In particular, conducting polymers (CPs) have 

generated great interest from a fundamental and applied research points of view because of their promising 

electrical, electrochemical, optical and biocompatibility properties[1,2]. Polyaniline (PANI) was 

discovered in 1977 and, among CP, it is one of the most studied due to its high electrical conductivity, 

environmental and thermal stability and low-cost synthesis[1–3] that makes PANI a useful material in 

many different applications like biological sensing[4,5], corrosion protection[6,7], charge storage[8], 

catalysis[9–12], organic light emitting diodes[12] and as a precursor of N-doped carbon materials[13–

15], among others.

One of the most investigated applications of PANI is as catalyst of different reactions, such as synthesis 

of 2-substituted benzothiazoles[9], 2-substituted benzimidazoles[10,11] and bio-esters transesterification 

and esterification reactions[12]. Indeed, polyaniline was also used in electrocatalytic reactions such as 

hexavalent chromium reduction[16] or CO2 reduction[17].

An interesting feature of most CPs is that their properties can be tailored by derivatization of the pristine 

polymer or of the parent monomer. In particular, in the case of PANI, the possible modifications may be 

listed into three groups[1]: (i) homopolymerization of substituted anilines[18,19], (ii) copolymerization 

of aniline with substituted anilines[20–24] and (iii) functionalization of the final polymer (PANI post-

modification)[25,26]. 

Interestingly, the rational post-modification of PANI is actually one of the most challenging targets of the 

scientific community and consists in improving the material performance by modifying, through specific 

chemical reactions, the nature of the pristine polymer and thus its properties[2]. This approach implies a 

controlled modification of the polymer backbone via chemical reactions on the post-synthesized 

polymer[2]. In this sense, the most common post-modification of the PANI is the de-doping process of 

the amine group, aimed to eliminate or replace the counterion resulting from the PANI synthesis, thus 

triggering different properties[27,28]. It has also been shown that there is a wide range of modifications 
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of polyaniline by nucleophilic or electrophilic reactions through acid-base chemistry, chemical 

modification by charge transfer groups, electrochemical modification, photo modification or, even, 

modification by charge injection[29–32].  All these post-modification of PANI have led to a wide range 

of applications; for instance, reversible capture of Hg[33] or Li-ion batteries[34].

Another type of post-modifications of polyaniline is the derivatization with different functional groups, 

such as thiols, amines, boranes, halogens and cyanides[1].  Moreover, some preliminary P-modification 

polyaniline studies have been carried out. Plesu et. al.[7] evaluated the influence of different organic 

phosphorus acids during the synthesis of PANI in order to improve its solubility in organic solvents. 

Furthermore, Eftekhari et. al.[35] used phosphoric acid as an electrolyte in the PANI polymerization. 

Although the polymerization was not successful, they demonstrated that the phosphoric acid promotes the 

formation of various phosphorus-containing functional groups on the aniline rings. However, to the best 

of our knowledge, no selective and efficient phosphorus-based chemical post-modification of PANI has 

been reported yet. 

In this context, the objective of this work is to propose a novel and efficient route for the post-modification 

of PANI with phosphorus-containing groups, by selective chemical reactions between polyaniline and 

different phosphorus precursors, under mild conditions. The resulting functionalized materials have been 

characterized by X-ray photoelectronic spectroscopy (XPS), transmission electronic microscopy (TEM), 

cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and evaluated as 

electrocatalysts towards oxygen reduction reaction (ORR) by rotating ring-disk electrode (RRDE). For 

this purpose, phosphorus trichloride (PCl3) and chlorodiphenylphosphine (PPh2Cl) were used as 

derivatizing agents. Theoretical calculations based on Density Functional Theory (DFT) were also 

performed with the aim of understanding the functionalization reactions. The combination of experimental 

and computational results led to a better understanding of the reactivity of PANI, and of the effects of the 

introduction of phosphorus-based functional groups on its electrochemical properties. 
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2. Experimental 

2.1 Materials and reagents

Aniline was purchased from Sigma Aldrich and was distilled under reduced pressure prior to its use, in 

order to remove the impurities (e.g. aniline oligomers formed by oxidation during the storage). 

Phosphorus trichloride and chlorodiphenylphosphine were purchased from Sigma Aldrich. Triethylamine 

(NEt3) was purchased from Fluka. Dichloromethane (CH2Cl2) was purchased from Panreac. Ammonium 

persulfate ((NH4)2(S2O8)), ammonium hydroxide (NH4OH) and potassium hydroxide (KOH) were 

purchased from Sigma-Aldrich. Sulfuric acid (98%) was purchased from VWR-Chemicals Prolabo. All 

the solutions were prepared using ultrapure water (18 MΩ.cm from an Elga Labwater Purelab system). 

The N2 (99.999%) and O2 (99.995%) were provided by Air Liquide and were used without any further 

purification or treatment.

2.2 PANI synthesis

Polyaniline was prepared by chemical polymerization from a solution of 1 M HCl containing 0.067 M of 

aniline and ammonium persulfate in a stoichiometric ratio. The mixture was kept under stirring (500 rpm) 

during 3 h at 0 ºC. After 3 h of polymerization, doped-polyaniline was treated with 1 M of NH4OH for 24 

h with the aim of obtaining the de-doped polyaniline. The synthesized PANI was washed several times 

with distilled water and dried at 120 ºC overnight. 

2.3 PANI modification

Three different post-modification routes have been used. The mildest synthesis of P-modified PANI 

consisted in the reaction between 1 g of PANI, 1.2 g of PPh2Cl as derivatizing agent and 5 mL of NEt3, 

in 25 mL of CH2Cl2, at 25 ºC, during 24 h in an inert atmosphere. 

The second route consisted in the use of the same phosphorus precursor, atmosphere and duration but in 

stronger conditions: without a base, at 120 ºC and solvent free.
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Lastly, in order to study the influence of the phosphorus precursor, the last route of PANI post-

modification consisted in the use of an excess of PCl3 that worked as both reactant and solvent at 60 °C 

during 24 h in an inert atmosphere. 

After each functionalization, the materials were washed with isopropanol several times and dried in an 

oven at 100 ºC. In the case of PCl3, the development of some gaseous HCl was observed during the 

washing step. This was due to the reaction of the P-Cl species with the alcohol that produces the 

corresponding, most stable, P-OC3H7 groups (XPS analysis evidences, see discussion below and Scheme 

1) with simultaneous formation of HCl. 

All post-modifications were carried out three times in order to check the reproducibility of the resultant 

materials.

Table 1 summarizes the different PANI post-modification routes and their nomenclature.

Table 1. Nomenclature and conditions of each phosphorus postmodification

Precursor Temperature 

(°C)

Solvent Nomenclature

PPh2Cl 25 CH2Cl2 PANI_PPh2Cl_25

PPh2Cl 120 No PANI_PPh2Cl_120

PCl3 60 No PANI_PCl3

2.4 Physicochemical characterization

The samples were characterized by Transmission Electron Microscopy (TEM) coupled to EDX with 

JEOL JEM-2010 microscope operating at 200 kV with a spatial resolution of 0.24 nm. PANI and PANI 

samples after post-modification were subjected to thermogravimetric analysis in air atmosphere 

conditions using a thermobalance (SDT 2960 instrument, TA) in order to check the influence of the 

phosphorus functional groups in the gasification of the polyaniline, that is, in the reactivity towards 

oxygen.
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The surface composition and oxidation states of the elements of the prepared materials were studied using 

XPS in a VG-Microtech Multilab 3000 spectrometer with an Al Kα radiation source (1253.6 eV). The 

deconvolution of the N1s XPS spectra was done by least squares fitting using Gaussian-Lorentzian curves, 

the full-width at half-maximum (FWHM) was maintained between 1.4 and 1.8 eV, while for P 2p XPS 

spectra analysis was performed using Gaussian functions with Lorentzian component, considering the 

two doublet peaks (P 2p1/2 and P 2p3/2) separated by 0.84 eV, an area ratio of 0.5 and the same FWHM, 

in all cases, below 1.9 eV. In all cases, a Shirley line was used for the background determination. 

2.5 Electrochemical measurements

The electrochemical characterization of the materials was performed in an Autolab PGSTAT302 

(Metrohm, Netherlands) potentiostat. A rotating ring-disk electrode (RRDE, Pine Research Instruments, 

USA) equipped with a glassy carbon disk (5.61 mm diameter) and an attached platinum ring was used as 

the working electrode. The carbon disk was modified with the samples using 120 µL of a 1 mg·mL-1 

dispersion (0.02% Nafion ® in ethanol) of each polymer, obtaining a catalyst loading of 0.5 mg·cm-2. A 

catalyst loading of 0.1 mg/cm2 was also used for comparison purposes. The electrochemical behaviour 

was studied by cyclic voltammetry (CV) in 0.1 M H2SO4 between 0.0 and 1.0 V vs RHE. These 

measurements were performed using graphite as a counter electrode and Ag/AgCl electrode as a reference. 

In this study, all potentials are referred to the reversible hydrogen electrode (RHE) in order to make easy 

the comparison with ORR tests. The samples were also characterized by electrochemical impedance 

spectroscopy (EIS). Impedance spectra were measured at 0.5 V vs RHE in the frequency range of 10 mHz 

to 100 kHz with an amplitude for the voltage signal of 10 mV in 0.1 M H2SO4 and 0.1 M KOH solutions 

using Ag/AgCl electrode as a reference. However, all potentials have been referred to the reversible 

hydrogen electrode (RHE).

The study of the electrocatalytic activity towards ORR was also performed in the rotating ring-disk 

electrode. A graphite rod was used as a counter electrode, while a reversible hydrogen electrode immersed 

in the same electrolyte without oxygen was used as a reference electrode. The electrocatalytic activity 
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towards ORR was studied by linear sweep voltammetry (LSV) in an O2 saturated 0.1 M KOH and 0.1 M 

H2SO4 aqueous solutions, in a potential range comprised between 0.0 and 1.0 V (vs RHE), at different 

rotation rates, from 400 to 2025 rpm and at a scan rate of 5 mV·s-1. The potential of the ring was held 

constant at 1.5 V (vs. RHE) during all measurements. The number of transferred electrons implied in the 

reaction was calculated from the hydrogen peroxide oxidation at the Pt ring electrode as follows:

𝑛 =  
4𝐼𝐷

𝐼𝐷 +
𝐼𝑅

𝑁

where IR and ID are the current measured at the ring and the disk, respectively, and N is the collection 

efficiency of the ring, which was experimentally determined to be 0.37. 

2.6 Computational calculations

Density functional theory (DFT), applying the B3LYP/6-31G(d) method[36–39], through Gaussian 09 

software[40] was used in this study. The self-consistent-field (SCF) energies of transitions were 

determined and are reported in kcal/mol (1 Hartree = 627.5095 kcal/mol).

The reaction energies have been calculated using the differences between the energies of the optimized 

structures of products and reagents.

𝐸𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 =  ∑
𝑛

𝐸(𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠) ‒  ∑
𝑚

𝐸(𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑠)

being n and m the number of products and reactants, respectively, and E is related to the SCF energy of 

the compounds. The results show the free energies.

3. Results and discussion

3.1 Physicochemical characterization

The post-modification of polyaniline with phosphorus groups was successfully carried out by three 

different methodologies. Table 2 shows the final weight obtained by the different routes. This final/initial 

weight ratio is always higher than 100% because of the introduction of new functional groups in the 
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pristine material. Comparing the same precursor (i.e., PPh2Cl), when stronger reaction conditions were 

applied, the obtained sample presented higher weight, what is consistent with a higher functionalization 

degree.

Table 2.  Final weight of sample (%) and atomic percentage obtained by XPS of carbon, nitrogen, oxygen, 

phosphorus and chlorine

Sample
Final 

weight / %
C / % N / % O / % P / % Cl / %

PANI - 83.1 11.7 3.5 - 1.7

PANI_PPh2Cl_25 105 85.4 9.6 2.9 1.1 1.0

PANI_PPh2Cl_120 131 84.6 6.6 4.0 3.7 1.1

PANI_PCl3 124 67.1 7.7 15.2 4.8 5.1

The morphology of the prepared materials was characterized by transmission electron microscopy (TEM). 

Figure 1 shows the TEM images for each modified-PANI and the pristine PANI. In general, polymer 

nanostructure is determined by the ratio between the intra- and interchain interactions, what can result in 

globular, laminar or fibre structures[41,42]. In our case, both PANI and post-modified PANI present 

laminar arrangement.
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Figure 1. TEM images of (a-b) pristine PANI, (c-d) PANI_PPh2Cl_25, (e-f) PANI_PPh2Cl_120 and (g-

h) PANI_PCl3 at different magnifications.

20 nm 5 nm

20 nm 5 nm

5 nm20 nm

20 nm 5 nm
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Figure 2. N1s spectra of pristine PANI, PANI_PPh2Cl_25, PANI_PPh2Cl_120 and PANI_PCl3.

In order to get a better understanding of the nature of the phosphorus-modified PANI and the mechanism 

through which the modification process occurs, XPS analysis has been performed. Table 2 shows the 

atomic percentage obtained by XPS and the N1s and P2p spectra of all materials are shown in Figures 2 

and 3. 
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Figure 3. P2p spectra of all phosphorus doped PANI samples

PANI and post-modified PANI present important differences in their elemental composition. The main 

difference, when PCl3 is used as a phosphorus precursor, is the lower amount of carbon, what is indicative 

of a higher functionalization (Table 2). Moreover, the oxygen content increases from 3% in pristine PANI 

to 15% in PANI_PCl3. This can be explained by the substitution of some chloride atoms in the P-Cl 

bonds, by isopropanol during the washing, which would lead to the formation of P-OC3H7 groups, 

together with HCl formation (Scheme 1). This is supported by the gas observed during the washing step. 

It is also important to highlight the modification level; the higher the temperature used during the 

functionalization, the higher the phosphorus content obtained using PPh2Cl as a reagent (Table 2). On the 

other hand, the maximum phosphorus content is obtained by the modification with PCl3, even though the 

temperature used is lower than in PANI_PPh2Cl_120, what points out the relevance of the modification 

agent.
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Figure 2 highlights some differences in the nature of nitrogen species present in the samples, depending 

on the phosphorus precursor and temperature used during the functionalization. Pristine PANI was also 

studied for comparison purposes. In this sense, PANI shows two peaks at 398.5 and 399.5 eV, associated 

with the presence of imines and amines, respectively[43–45]. The N1s spectra of PANI_PPh2Cl_25 is 

similar to that of the pristine PANI, probably because of the low amount of phosphorus (1.1%, see Table 

2), which did not produce significant changes in the N species of the polyaniline. Only a small peak 

appears at 399.1 eV, which could be related to N-P species[46,47], and a slight reduction of the imines 

contribution is produced (from 41 to 33%). On the other hand, when stronger experimental conditions 

where applied (sample PANI_PPh2Cl_120), important chemical changes are observed in the N1s 

spectrum. Indeed, the peak associated with the amines (399.5 eV) is still present in the spectrum; however, 

the imines peak has completely disappeared, and the new signal associated with N-P is clearly observed 

in the N1s spectrum at 399.1 eV. This suggests the selective interaction of the imine species with the 

phosphorus precursor through the formation of N-P bonds. This selectivity towards the imine groups also 

explains the no need of a base during the functionalization reaction. Furthermore, a new peak appears at 

higher binding energies (400.6 eV), which could be related with the presence of positively-charged N 

produced as a consequence of the high temperature used in the modification procedure[48]. Then, the 

chloride anion, which has been eliminated by the nucleophilic attack between the nitrogen and the 

phosphorus atom, interacts with these positively-charged N groups. Scheme 2 illustrates this proposed 

route and Table 2 supports the presence of chlorine atoms in the polymer chain.

In the case of PANI_PCl3 sample, the peak associated with the imine groups also disappears and the 

creation of the N-P species is observed at similar binding energies as well. In this case, the N-Cl peak is 

smaller than using PPh2Cl as a precursor.

Figure 3 shows the P2p spectra from the XPS analysis of all materials. The first important difference 

among samples is that the reaction with PCl3 produces a shift of the P2p spectrum of 1.4 eV to higher 

binding energies. Considering that both precursors produce X2P-N type groups (where X = Ph, OC3H7), 
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this shift in the binding energy can be ascribed to the different nature of the phosphorus substituents (X 

in Scheme 3a).

The P2p spectra of PANI_PPh2Cl_25 and PANI_PPh2Cl_120 contain one peak at 132.5 eV, which can 

be related to Ph2P-N species[49]. There are no qualitative differences between the two P2p profiles when 

different temperatures were applied for the modification with this precursor. In fact, the higher 

temperature of the functionalization with PPh2Cl only increases the phosphorus loading (see Table 2). 

PPh2Cl contains one chloride atom; then, only one nucleophilic substitution may occur, what explains the 

appearance of a unique peak in the P2p spectra for the materials obtained with this phosphorus precursor. 

P
ClCl

N

-2 HCl

OH

N
H

N
H

P
OO

N

N
H

N
H

n n

Scheme 1. Reaction of PANI_PCl3 with 2-propanol during the washing step

Scheme 2. Proposed reaction between the phosphorus precursor (PCl3) and pristine PANI.

a

b
b

a b
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HN
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NH

NH

Scheme 3. (a) Chemical structure of the two possible X2-P-N groups in modified PANI and (b) scheme 

of the cross-linking in PANI_PCl3.

In the case of PANI_PCl3, two peaks are observed in the P2p spectrum. The peak at 134.0 eV lies in the 

typical range of binding energies for P-O compounds[50,51] and can be associated with (C3H7O)2P-N 

species. A smaller peak at 132.9 eV is also observed. This lower binding energy is characteristic of 

phosphorus atoms surrounded by a more electropositive environment. This suggests the presence of some 

inter and/or intrachain cross-linking, in which the phosphorus atom acts as a bridge between two imines 

moieties through the formation of N-P(OC3H7)-N bonds (Scheme 3b). 

XPS for Cl 2p has also been analysed and some differences are observed between the different polymers. 

Firstly, the presence of two peaks (doublets) at around 197.4 and 200.2 eV for PANI suggests the presence 

of chloride species and covalently bonded chlorine[52], respectively. These peaks are also observed in 

the P-modified polyaniline (PANI_PCl3 and PANI_PPh2Cl_120); however, in these modified polymers, 

the peak associated with covalently bonded chlorine increases in comparison to PANI. These features are 

in agreement with the scheme of reaction proposed in Scheme 2, where this increase might be related with 

a Michael addition to carbon atom[53][54]. Interestingly, the peak associated with chloride (red peak in 

Figure 4) has different binding energies depending on the sample. This points out and supports that the 

chlorine atoms are in a different chemical environment. 
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Figure 4. Cl2p spectra of all phosphorus doped PANI samples

3.2 Computational calculations

In order to better understand the reaction products obtained and to discern whether the previously 

proposed routes are reasonable, Density Functional Theory (DFT) simulations have been carried out. The 

energy involved in all reactions previously proposed has been evaluated. For that purpose, B3LYP/6-

31G(d) energies of the pristine PANI, phosphorus precursors and possible final products have been 

calculated, optimizing their structures, testing that all frequencies have positive values. Table 3 shows the 

free energies of each proposed reaction between the PANI and the phosphorus precursors.

By using PCl3 as a precursor, the reaction could proceed through two different routes (generating Cl2-P-

N groups, or N-P(Cl)-N bridging bonds, see above). The free energy of the reaction where the phosphorus 

is bonded through a nitrogen atom has the lowest value, suggesting that the formation of the Cl2-P-N 

species is the most probable mechanism. This justifies the higher amount of (C3H7O)2P-N than N-

P(OC3H7)-N species in the post-modified polyaniline. 
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Furthermore, during the discussion of the XPS analysis, it was highlighted the importance of the washing 

of the final material. In this regard, the energy evaluation of the reaction between the isopropanol with 

the modified PANI was also studied and confirmed a decrease in the total energy after the washing. 

Therefore, the DFT calculations support the interpretation of the P2p XPS for PANI_PCl3, where the 

main peak is associated with the (C3H7O)2-P-N bond, and the minor peak in the same spectrum (132.9 

eV) is related to the N-P(OC3H7)-N species.

Table 3. B3LYP/6-31G(d) free energies of the possible reactions between polyaniline and PCl3 or PPh2Cl

PHOSPHORUS 

PRECURSOR

REACTION 

PRODUCT

∆Gº REACTION

/ kcal·mol-1

∆Gº WASHING

/ kcal·mol-1

∆Gº TOTAL

/ kcal·mol-1

N-P-Cl2 23.51 -0.90 22.61PCl3

N2-P-Cl 57.55 -2.17 55.38

PPh2Cl N-P-Ph2 46.79 - 46.79

It is important to highlight the differences in the DFT energies using both phosphorus precursors. The 

reaction between PANI and PPh2Cl always has higher energy than with PCl3 and, therefore, the reaction 

to form PANI_PCl3 is most favourable from a thermodynamic point of view. This is coherent with the 

higher phosphorus content obtained by PANI_PCl3 and the need of using higher temperatures and high 

concentration of PPh2Cl to achieve a significant degree of reaction.

3.3 Thermogravimetric analysis

Thermogravimetric analyses (TGA) were also performed with the aim of evaluating the reactivity of the 

polymers towards the gasification in air atmosphere. In this sense, all polymers were subjected to a heat 

treatment of 5ºC/min until 900ºC in air (100 mL/min). 
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Figure 5. Thermogravimetric analysis profile of all polymers in air atmosphere.

Figure 5 displays the TGA profiles, where it can be observed that the P-containing samples exhibit lower 

reactivity and, consequently, higher resistance towards gasification in air. This hindrance towards the 

oxidation by phosphorus groups has already been studied extensively in P-doped carbon materials and it 

has been related to the presence of C-O-P and C-P-O species[50,55,56]. However, Figure 5 also shows 

differences depending on the kind of phosphorus precursor used in such modifications. In fact, 

PANI_PCl3 is the material with lowest reactivity and does not achieve the complete burn-off until 

temperatures near 700 ºC, whereas PANI_PPh2Cl_120 and PANI_PPh2Cl_25 are completely gasified at 

650 ºC.

Not only the amount of phosphorus, but also the nature of the phosphorus precursor seems to have an 

effect on the reactivity of the materials.

3.4 Electrochemical results

Figure 6 shows the cyclic voltammograms of the post-modified PANI samples in 0.1 M H2SO4 aqueous 

solution for two loadings (i.e., 0.1 and 0.5 mg/cm2). There are important differences in the electrochemical 

behaviour of the samples. Pristine PANI presents different peaks, which are indicative of the redox 
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process associated with its changes in the oxidation state. The peak corresponding to the leucoemeraldine-

emeraldine transition appears at around 0.30 V vs Ag/AgCl[57,58]. On the other hand, the second peak, 

which is associated with the emeraldine-pernigraniline, is not well defined (0.7 vs Ag/AgCl[59]). This is 

probably due to the used synthetic process. The peaks are observed for both mass loadings (Figure 6a and 

b) although they are broader for the highest loading used due to the increased thickness of the layer.

When the mass loading is 0.1 mg/cm2, that is for a thin layer of sample, PANI_PCl3 and 

PANI_PPh2Cl_25 show voltammograms similar to that of pristine PANI but with lower current, whereas 

PANI_PPh2Cl_120 displays a voltammogram without any significant peaks. This observation could be 

due to different reasons. The phenyl groups may produce an important steric hindrance, which would 

prevent the accessibility of the ions, making the redox reaction less probable. Furthermore, the phenyl 

groups increase the hydrophobicity of the polymer surface, thus, the interaction between the polymer and 

the electrolyte is less efficient as well. In fact, steric hindrance[60–62] and the hydrophobic character[63] 

are known to be responsible for poor electrochemical properties. These differences are much more 

important when a thicker sample layer is used, what emphasizes that the mass transfer within the polymer 

layer is very much affected by the functionalization.

Although a larger amount of phosphorus has been introduced in PANI_PCl3 (P ≈ 5 at.%), the sample 

PANI_PPh2Cl_120 (with P ≈ 4 at.%) shows the most important differences with the electrochemical 

behaviour of the pristine PANI. In this case, the main difference is that hydrophilic and less steric 

hindrance species (i.e., (C3H7O)2P-N) are present in PANI_PCl3 sample, what permits a more efficient 

electrochemical response in the aqueous electrolyte. Therefore, both the amount of phosphorus and the 

nature of the precursor play an important role in the electrochemical properties of the P-postmodified 

polyaniline. 
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Figure 6.  Steady-state voltammograms for the different materials obtained by the post-modification of 

polyaniline with a loading of (a) 0.1 mg·cm-2 and (b) 0.5 mg·cm-2. V= 5mV·s-1, 0.1 M H2SO4

Figure 7 shows the Nyquist plots of the three post-modified PANI and the pristine PANI at 0.5 V vs RHE 

in 0.1 M KOH and 0.1 M H2SO4 solutions, measured for the highest loading of polymer (i.e., 0.5 mg/cm2). 

In alkaline conditions, the plots are very similar for all the samples. All of them exhibit a similar intercept 

at high frequencies, which is determined by the electrolyte resistance. The slope in the medium-lower 

frequency region, that determines the Equivalent Distributed Resistance (EDR), are similar. The slope of 

the low frequency region is not vertical because of a distribution in macroscopic path lengths, for example 

due to a lack of uniformity in the active layer thickness[64]. Since at these conditions PANI and the 

modified polymers are not electroactive, the contribution from the charge transfer resistance is not 

observed.

In the Nyquist plots obtained in acidic electrolyte, the differences among samples are remarkable and 

reflect the differences observed in electroactivity that were described from the CV (see Figure 6 and 

discussion). There are important differences in the semicircles/arcs observed for the different materials. 

In the case of PANI the smallest semicircle is observed, what reflects the faster charge transfer occurring 

for this material, whereas the largest is found for sample PANI_PPh2Cl_25 in which the effect from the 

hydrophobic and large phenyl groups is evident. Interestingly, the sample PANI_PPh2Cl_120 with the 

highest content of phenyl groups do not show any evidence for charge transfer and its profile is similar to 

that obtained in alkaline conditions.
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3.5 Electrocatalytic activity towards oxygen reduction reaction

The electrocatalytic activity towards oxygen reduction reaction (ORR) of all materials was studied in O2-

saturated 0.1 M KOH and 0.1 M H2SO4 solutions. Linear sweep voltammetry analysis was performed 

using RRDE at different rotation rates. The ORR can take place with a 2 electrons path to produce H2O2, 

through a 4 electrons route to produce H2O or through a 2+2 electrons multi-steps path that results in the 

production of H2O. The next equations summarize the reactions through which the ORR may occur. 

𝑂2 + 2𝐻2𝑂 + 4𝑒 ‒ →4𝑂𝐻 ‒ (1)

𝑂2 + 𝐻2𝑂 + 2𝑒 ‒ →𝐻𝑂 ‒
2 + 𝑂𝐻 ‒ (2a)

𝐻𝑂 ‒
2 + 𝐻2𝑂 + 2𝑒 ‒ →3𝑂𝐻 ‒ (2b)

All materials do not show electrocatalytic activity towards oxygen reduction reaction in 0.1 M H2SO4 (not 

included) between 0.0 and 1.0 V vs RHE; however, they have in alkaline medium. In this sense, Figure 8 

compares the electrocatalytic behaviour in 0.1 M KOH solution of PANI and all materials obtained from 

the post-modification of the polymer. The behaviour of glassy carbon electrode has been added for 

comparison purposes. LSV curves of PANI_PCl3 and PANI_PPh2Cl_25 show an improvement in the 

catalytic activity towards oxygen reduction reaction in comparison with pristine PANI; however, 

PANI_PPh2Cl_120 has a similar behaviour to the original polymer with a performance close to the glassy 

carbon electrode. The reason that can explain the lower catalytic activity of PANI_PPh2Cl_120 could be 

strongly related to the already mentioned steric hindrance or hydrophobic character of the phenyl groups 

that impede the redox process. So, the new active sites created by the phosphorus functionalization are 

probably physically blocked by the high amount of -PPh2 groups and only when the amount of phosphorus 

loading is lower (e.g. PANI_PPh2Cl_25) or the phosphorus precursor does not contain such substituents 

(e.g. PANI_PCl3) the P- active sites are accessible to the oxygen molecule. 
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Figure 7. Nyquist plot of all post-modified polyanilines and pristine polyaniline in 0.1 M KOH (left) and 

0.1M H2SO4 (right).
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Figure 8. Linear sweep voltammetry curves and number of transferred electrons for the prepared materials 

in O2 saturated 0.1 M KOH at 5 mV·s-1 and 1600 rpm

These results suggest that the post-modifications, which maintain the redox properties of the pristine 

PANI, result in the highest activities towards ORR due to the higher catalytic activity promoted by the 
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N-P species, which have been proposed as efficient active sites towards oxygen reduction reaction in other 

materials[59]. 

Figure 8 also includes the number of transferred electrons during the oxygen reduction reaction. Pristine 

PANI shows a number of electrons close to 3, which means a yield of 50% towards hydrogen peroxide 

formation and 50 % towards water generation. However, PCl3 based post-modified polyaniline produces 

new catalytic species, which favour the reaction through 2 electrons pathway. Despite a different 

phosphorus precursor is used, PANI_PPh2Cl_25 also shows high selectivity towards hydrogen peroxide.

Regarding PANI_PPh2Cl_120, although it exhibits the same catalytic activity and number of transferred 

electrons-profile as pristine PANI, the number of electrons is also lower than PANI. This reflects that the 

active sites activity does not depend on the type of phosphorus precursor used during the functionalization, 

but it depends on the nature of the new generated N-P species. 

All post-modifications of polyaniline with phosphorus groups make the catalysis of oxygen reduction 

favoured towards hydrogen peroxide generation. The hydrogen peroxide is a very useful product in the 

chemical industry. It is an environmentally friendly oxidizing agent that does not generate hazardous 

residues and, then, its production is also very important[65]. In this sense, the phosphorus post-synthetic 

modification of polyaniline makes this polymer more active and selective towards hydrogen peroxide 

formation.

4. Conclusions

Phosphorus functionalized PANI has been prepared by post-synthetic modification strategies involving 

the direct reaction of PANI and two phosphorus precursors, PCl3 and PPh2Cl in different experimental 

conditions. In this functionalization process, the imine groups in the PANI react selectively with PPh2Cl 

precursor to form N- PPh2 species and with PCl3 to form terminal moieties N-P(OC3H7)2 and cross-linked, 

bridging N-P(OC3H7)-N groups.  

Electrochemical characterization allows us to conclude that the phenyl groups of PPh2- species prevent 

the electrolyte mobility because of their steric hindrance and their hydrophobic character. However, this 
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does not occur when PCl3 is used since the reaction with isopropanol during the washing step forms N-

P(OC3H7) species. 

Such steric hindrance and hydrophobicity provided by phenyl groups also affect negatively the oxygen 

reduction reaction. Therefore, materials which present a higher content of -PPh2 moieties (4 at.%) 

displayed poor catalytic activity, almost comparable to pristine PANI and bare glassy carbon. However, 

if the -PPh2 concentration is lower (1 at.%) or the phosphorus precursor does not have phenyl groups 

(such as P(OC3H7)2) the resulting catalytic activity is higher than the pristine PANI due to the presence 

of N-P species. 

Furthermore, irrespective of the phosphorus precursor, the oxygen reduction reaction occurs through a 2 

electrons pathway, where hydrogen peroxide is the main product, thus indicating that they are good 

candidates as catalysts for hydrogen peroxide production, in contrast with pristine polyaniline, which 

displays a lower activity and selectivity. 
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Highlights

-Efficient methodology for post-synthetic functionalization of polyaniline with phosphorus-
containing compounds

- The electroactivity of modified polyaniline depends on the phosphorus precursor

- DFT results proved that the reaction occurs through the imine groups and the phosphorus 
atoms.   


