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a b s t r a c t

Electropolymerization of sulfonated phenol was for the first time achieved and studied by cyclic voltam-metry (CV) and chronoamperometry on stainless 
steel substrates. The obtained sulfonated polyphenyl ether was characterized in terms of impedance spectroscopy, nuclear magnetic resonance (NMR), 
energy dispersive X-ray analysis (EDX), X-ray diffraction (XRD) and Fourier-Transform Infrared (FTIR) spec-troscopy. Dense films of micrometer thickness 
can be obtained; the proton conductivity is about 3 mS/cm at room temperature.

1. Introduction

Electropolymerization is a process where a monomer is

polymerized on a conductive or semi-conductive substrate by

application of an electrical voltage or current [1–5]. Phenol and

its derivatives are aromatic molecules that can be easily poly-

merized giving various substituted polyphenyl ethers, including

poly(phenylene) oxide. The electropolymerization of phenol and

its derivatives has been investigated for amperometric and poten-

tiometric sensor applications [6], highly resistive anti-corrosion

coatings for metals [7] as well as for domestic or industrial waste

water treatment [8]. Electropolymerization can be performed in

acid or basic medium on different substrates, including Pt [9], Au

[10], stainless steel [11], Cu [12], or various graphite carbon elec-

trodes [13–15]. The mechanism is generally assumed to begin with

the formation of the unstable phenoxy radical. This radical may be

further oxidized or coupled to form a neutral dimer or a dimeric

radical by attacking another molecule. The neutral or radical dimer

may be further oxidized resulting in the formation of oligomers or

polymers [9]. In the case of insulating polyphenyl ether (PPE), the

electropolymerization is self-limited, resulting in very thin adher-

ent PPE films, because insoluble high molecular weight PPE blocks

the access to the electrode surface and thus the subsequent electro-

oxidation of phenol, leading to a very rapid current decrease after

the first cyclovoltammetry (CV) cycle. Some attempts have been

made by modifying the electrode [16,17] and optimizing the exper-

imental parameters [18].

The introduction of sulfonic acid groups in the aromatic rings

may lead to proton-conducting polyphenyl ethers that would be

useful for fuel cell applications and other electrochemical devices

[19–21]. The increasing demand for various portable electronic

appliances, such as cell phones, laptop computers, digital cameras,

embedded monitors, autonomous sensors, clinic and diagnos-

tic test devices has stimulated the development of micro-sized

power sources, including micro-fuel cells. The electropolymeriza-

tion technique may be a way to obtain micro-sized membranes

for fuel cells. However, the functionalization of PPE with sulfonic

acid groups has not been achieved yet. There are well-known

preparation techniques for sulfonated aromatic polymer mem-

branes using sulfonation of aromatic polymers by electrophilic

aromatic substitution followed by film casting. However, these are

time-consuming processes, including a long washing step after

sulfonation and the evaporation of solvent by thermal treatment

after the membrane casting. The electrochemical deposition of a

thin polymer film can be substantially faster and less expensive.

Furthermore, the possibility of conformal electrodeposition allows

realizing even complicated film shapes for example on nanostruc-

tured electrodes or electrode supports. To fully profit from these

advantages, it is however necessary to develop a one-step elec-

trodeposition process from a single precursor solution without

additional steps.

In this work, the electropolymerization of a sulfonated

phenol monomer on stainless steel substrates was explored

by cyclic voltammetry (CV) and chronoamperometry and

the synthesized polymer film was characterized in terms of



electrochemical impedance spectroscopy (EIS), nuclear magnetic

resonance (NMR), energy dispersive X-ray analysis (EDX), X-ray

diffraction (XRD) and Fourier-Transform Infrared spectroscopy

(FTIR).

2. Experimental

2.1. Materials

Phenol (Sigma–Aldrich) and concentrated sulfuric acid (98%,

Fisher Science) were used as received without further purification.

Sulfonated phenol was prepared by the following procedure: 4.7 g

phenol (0.05 mol) was dissolved in concentrated sulphuric acid

(10 ml, about 0.2 mol) and kept under stirring at room temperature

for 3 h. The obtained solution was diluted to 1 L with pure water.

2.2. Electropolymerization

The electropolymerization was studied by cyclic voltammetry

(CV) and chronoamperometry in a conventional three-electrode

cell with a stainless steel working electrode (304 L, effective area:

0.28 cm2), a platinum sheet as counter electrode and saturated

Ag/AgCl as reference electrode, respectively. The stainless steel

electrode remained inert under the experimental conditions. A

potentiostat/galvanostat (EG&G PARSTAT 2273) was used for all

electrochemical experiments. Impedance spectra of the polymer

were measured from 100 mHz to 100 kHz with an oscillating volt-

age amplitude of 10 mV. All experiments were carried out at room

temperature and atmosphere. The obtained polymer membranes

were rinsed with ultra pure water prior to subsequent characteriza-

tion in order to remove the electrolyte. For comparison, polyphenyl

ether films were obtained by electrodeposition of phenol in Na2SO4

supporting electrolyte.

2.3. Structural characterization

1H NMR spectra were recorded with a Bruker Avance 400

spectrometer operating at 400.13 MHz. Chemical shifts (ppm) are

referenced to tetramethylsilane (TMS). DMSO-d6 was used as sol-

vent for 1H spectra of sulfonated polyphenyl ether. D2O was used

as external lock to analyze spectra of the H2SO4 precursor solution

of sulfonated phenol.

XRD patterns were obtained at room temperature with

a Siemens D5000 diffractometer with CuK� radiation

(� = 0.15406 nm). The scan range was from 5◦ to 25◦ and the

scan rate was 0.3◦/min.

The morphology and EDX spectrum of the polymer were inves-

tigated with a PHILIPS XL-3OFEG Scanning Electron Microscope

(SEM). FTIR analyses were performed in transmission mode from

4000 to 400 cm−1 wavenumber with a Bruker Equinox 55 spec-

trometer.

3. Results and discussion

3.1. Electropolymerization by CV scanning

Fig. 1 shows CV curves (1–5 cycles) during the electropolymer-

ization of sulfonated phenol in acidic medium on stainless steel

electrodes within a voltage window of 0.7–1.4 V (all potentials

are given vs. a saturated Ag/AgCl reference electrode). A well-

defined current peak at about 1.15 V was observed in the first

cycle, corresponding to the electro-oxidation of sulfonated phenol

on the stainless steel surface. No reduction peak can be observed

during negative CV scanning, implying that the oxidation of sul-

fonated phenol is irreversible. Compared with the electro-oxidation

Fig. 1. CV curves (5 cycles) of the electropolymerization of sulfonated phenol on a

stainless steel electrode (scanning rate: 20 mV/s, potential vs. saturated Ag/AgCl).

voltage of pristine phenol at about 1.45 V in nearly neutral medium

[22], a significant shift to lower voltage occurred, implying an eas-

ier and less energy-consuming electropolymerization of sulfonated

phenol. In the second cycle, the peak current decreases by 45%

and the corresponding voltage is shifted in the anodic direction to

about 1.25 V. As mentioned above, electro-oxidation of phenol and

other phenolic compounds always produces a very rapid decrease

of the current after the first cycle, due to formation of a low con-

ductivity film [23–25]. In the following cycles, the CV curves are

reproducible, both the current peak and voltage remained constant

without further decrease. The voltage remains below the anodic

decomposition voltage of water, where oxygen evolution occurs.

The proton conductivity (see below) reduces the insulating nature

of the electropolymerized film and allows further electropolymer-

ization. When the anodic potential is above 1.8 V, the passivity

phenomenon disappears and the iron electrode is quickly oxidized

[26].

3.2. Electropolymerization study by chronoamperometry

From CV curves in Fig. 1, the electropolymerization of sulfonated

phenol occurred at about 1.25 V after the first cycle; therefore, the

constant voltage was set at 1.25 V for the electropolymerization

study of sulfonated phenol by chronoamperometry, as shown in

Fig. 2a. The initial abrupt current decrease, due to formation of a

high resistance coating on the metal substrate, was followed by

a continuous slow current decrease until 3600 s. This part of the

curve between 800 and 3000 s can be described by a square root

time dependence, in agreement with a diffusion-limited growth

process (Fig. 2b).

According to the generally accepted electropolymerization

mechanism of phenol (Scheme 1), the anodic growth occurs

through one-electron transfer to phenol (in acidic solution) to give

free radicals which then undergo C O coupling, while limiting

the direct oxidation reaction from phenol to quinone [26]. The

resulting dimers are further oxidized, leading to high molecular

weight polymers after several steps. Considering that a part of phe-

nol is not sulfonated in the precursor solution (see Section 3.5),

non-sulfonated phenol radicals also take part in the electropoly-

merization.

The charge transfer occurs at the polymer–electrode inter-

face, given that the polymer is an electronic insulator. To sustain

polymer growth, monomers have to diffuse through the polymer

layer, which thickness increases with time. After the early stage of

growth, the current is thus determined by the monomer diffusion

through the polymer film. If the sulfonated phenol concentration at



Scheme 1. Proposed mechanism for the electropolymerization of sulfonated phenol. For simplicity only pathways starting from o-hydroxybenzenesulfonic acid are reported.

the electrode surface is taken as 0, the instantaneous current den-

sity i of potentiostatic electrodeposition is given by Eq. (4), derived

from the first Fick law [27]:

i = dQ

dt
· 1

A
= FDc

d
(4)

Here, Q is the charge, A the electrode area, c is the concentration

of sulfonated phenol in the precursor solution and D the diffusion

coefficient of the monomer in the polymer layer. According to the

growth mechanism (Scheme 1), one electron corresponds to one
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Fig. 2. (a) Typical chronoamperometry curve of the electropolymerization of sul-

fonated polyphenol on a stainless steel electrode. (b) Diffusion-limited polymer

growth shown by the typical square root time dependence of current i = f(t−1/2).

aryl ring (n = 1) [26]. Assuming that the current efficiency is 100%,

like in the case of polyphenyl ether [27], the thickness of the poly-

mer layer d formed at the time t can be expressed as function of the

charge Q according to Faraday’s law:

d = QM

F�A
(5)

� is the density of the polymer, assumed to be 1 g/cm3, given that

the density of PPE was reported to be 1.0 g/cm3 [27]. M is the molar

mass of sulfonated phenol. An average monomer molar mass of

158 g/mol is used, corresponding to a sulfonation degree of 80%

from NMR. Insertion of Eq. (5) into Eq. (4) and integration leads to

the charge–time relation:

Q = FA
(

2�Dct

M

)1/2

(6)

The derivation of this equation gives finally the current

density–time relationship:

i = F
(

�Dc

Mt

)1/2

(7)

This relation can be used to determine the diffusion coeffi-

cient D from the slope of the straight line i = f(t−1/2) (Fig. 2b):

D = 7 × 10−10 cm2/s. Considering that the diffusion coefficient of

phenol in a polyphenyl ether matrix is about 10−8 cm2/s [27] and

that sulfonated phenol is more bulky and diffuses more slowly, this

diffusion coefficient seems quite consistent.

The total electrical charge (Q) of 358 mC for the electropolymer-

ization of Fig. 2a can be obtained by integrating the i–t curve area.

The polymer thickness can be calculated to be 20.9 �m using Eq.

(5).

3.3. EDX analysis of sulfonated polyphenyl ether

In order to evaluate the functionalization of PPE by sulfonic acid

groups, EDX spectra of the polymer-covered stainless steel elec-

trodes (thickness about 1 �m) were collected and compared with

those of uncovered electrodes as shown in Fig. 3. The EDX spec-

trum of sulfonated PPE on steel electrodes presents strong signals

of C, O and S from polymer chains and sulfonic acid groups besides

the signals of Fe, Cr, Ni and Si from the stainless steel. The ele-

ments of the stainless steel substrate can still be observed given

that the thickness of the polymer layer is in the micrometer range



Fig. 3. EDX spectra of (a) sulfonated polyphenyl ether on a stainless steel electrode,

and (b) the uncovered stainless steel electrode.

and considering the typical penetration depth of X-rays in solid

matter.

3.4. XRD pattern of sulfonated polyphenyl ether

Fig. 4 shows a typical XRD pattern of sulfonated PPE. A strong

peak at 2� = 8.5◦ and three weak peaks at 2� = 12◦, 14.5◦ and 21.7◦

can be observed, which can be attributed to the PPE matrix accord-

ing to the literature [28]. One can estimate that the broad peak at

8.5◦ is a superposition of unsubstituted and sulfonated polyphenyl

ether. Compared with the XRD spectrum of PPE powder, the peak

at 2� = 8.5◦ is shifted to lower angles, meaning a larger interplane

distance according to Bragg’s law, due to the presence of sulfonic

acid groups. The introduction of hydrophilic sulfonic acid groups

changes the arrangement of macromolecular chains within the

polyphenyl ether matrix and reduces its degree of crystallinity, as is

well known from other sulfonated aromatic polymers. In addition,

the difference of the sample shape between the powder in liter-

ature and the membrane in this work is also responsible for this

broadening [29].

3.5. NMR analysis

The 1H NMR spectrum of the precursor solution is shown in

Fig. 5a. The spectrum reveals a mixture of phenol (about 20%), o-

phenolsulfonic acid (about 20%) and p-phenolsulfonic acid (about

60%), corresponding to a degree of sulfonation of 80%. Under kinetic

control in the presence of concentrated sulfuric acid at room

Fig. 4. XRD pattern of sulfonated polyphenyl ether on a steel electrode. The arrows

indicate peak positions from Ref. [28].

temperature, the ortho form is formed preferentially and under

thermodynamic control the para form is preferred; in our case, the

presence of water in the reaction medium leads to formation of

both isomers. The peaks of aromatic protons of phenol are situ-

ated at 6.7, 7.1 and 7.6 ppm. The signals assigned to the aromatic

hydrogen atoms at the ortho position to the electron-withdrawing

SO3H groups are situated at 6.9 and 7.6 ppm. The characteristic

doublets of para-phenolsulfonic acid appear at 6.75 and 7.5 ppm.

The spectrum of the polymer (Fig. 5b) shows an extended polymer-

ization due to the large number of unresolved peaks. They offer all

Fig. 5. (a) NMR spectrum of the precursor solution of sulfonated phenol in aqueous

H2SO4. (b) NMR spectrum of sulfonated polyphenyl ether in DMSO.



Fig. 6. (a) FTIR spectra of polyphenyl ether (PPE) and sulfonated polyphenyl ether

(SPPE) and (b) zoom in the fingerprint region.

information about the position of SO3H groups adjacent to ether

bonds [30–32]. The singlet peaks between 7.1 ppm and 7.8 ppm can

be assigned to isolated hydrogen atoms on the aromatic ring bear-

ing SO3H groups in ortho- and para-position, indicating that the

polymerization occurs in the free activated positions.

3.6. FTIR spectra of sulfonated polyphenyl ether and polyphenyl

ether

FTIR spectra between 4000 cm−1 and 500 cm−1 of pristine and

sulfonated PPE on steel electrodes are shown in Fig. 6(a). For more

clarity, the signal-rich fingerprint region between 2000 cm−1 and

500 cm−1 was enlarged as shown in Fig. 6(b). The corresponding

peak attributions are listed in Table 1. In the case of polyphenyl

ether, a broad peak centered at 3400 cm−1 is corresponding to O H

stretching vibration from the ends of polyphenol chain and the

presence of water. The peaks at 1648 cm−1, 1590 cm−1, 1488 cm−1

and 1450 cm−1 can be attributed to aromatic C C stretching vibra-

tions [22]. The strong peak at 1220 cm−1 is due to Ph O Ph

stretching of aromatic ether chains [33], implying chain propa-

gation during the electropolymerization of phenol. The peaks at

834 cm−1, 754 cm−1, and 545 cm−1 correspond to C H bond vibra-

tions. As for sulfonated PPE, beside the peaks mentioned above,

additional peaks appeared between 1200 cm−1 and 600 cm−1.

According to the literature [30,34–37], these peaks can be assigned

to the symmetric stretching vibrations of sulfonic acid groups and

C S bonds, respectively. The absence of the peak at 1700 cm−1

Table 1
Peak assignation of FTIR spectra of polyphenyl ether and sulfonated polyphenyl

ether.

Wave number (cm−1) Chemical bond

3340 O H stretching vibration

1648; 1590; 1488; 1450 Aromatic C C stretching vibrations

1220 Ph O Ph stretching of aromatic ether chain

structure; 1:2:4 substituted phenyl ring

834 C H out to plane deviational vibrations

754 Vibration of aromatic C H

696 C S bond

545 Bending of C H

1176; 1109; 1027 O S O stretching vibrations

968 aromatic sulfonic acid

corresponding to carbonyl groups in both spectra exclude the

presence of quinone moieties and support the formation of only

polyether compounds during the electropolymerization.

3.7. Proton conductivity of polymer films

Fig. 7 shows Nyquist plots before (a) and after (b) electropoly-

merization of sulfonated phenol on stainless steel substrates. Both

plots can be simulated using a Rel(QRct) equivalent circuit model,

where Rel is the resistance of the polymer, Rct is the charge transfer

resistance and Q a constant phase angle element, whose impedance

Z(Q) can be written:

Z(Q ) = (jωY0)−n (8)

Fig. 7. Nyquist plots in the frequency range 105–102 Hz before and after the elec-

tropolymerization of sulfonated phenol on a steel electrode. The electrode area was

0.28 cm2.



Table 2
Electrical parameters from equivalent circuit fitting.

Samples Rel (�) Y0 (S s−1) n Rct (�)

Steel 23.8 3.4 × 10−5 0.90 2.38 × 104

Steel + polymer 26.6 9.5 × 10−6 0.93 5.04 × 105

In this equation, ω is the angular frequency and n a characteristic

exponent. The corresponding parameters of a typical experiment

are listed in Table 2. The values of n and Y0 are consistent with

interface capacities of metallic electrodes. The resistance Rel before

electrodeposition is due to the electrolyte resistance (�(H2SO4,

2%) = 90 mS/cm). The resistance of the polymer film with 20.9 �m

thickness is 2.8 �. According to the equation:

� = L

RelS
(9)

where L is the thickness of the polymer and S is the electrode

area (0.28 cm2), the conductivity (�) of the polymer can be cal-

culated to be 2.7 mS/cm at room temperature. The conductivity of

polyphenyl oxide is in the order of 0.12 mS/cm [38]; the enhance-

ment of conductivity is due to the presence of sulfonic acid groups

in the material.The calculated proton conductivity in fully humidi-

fied conditions is in the same order of magnitude as those of other

sulfonated aromatic polymers with similar degree of sulfonation,

such as SPEEK [39] under these conditions. Further optimization

is possible by increasing the average degree of sulfonation, which

might be obtained by changing the sulfonation conditions, such as

the use of stronger sulfonating agents.

4. Conclusions

Electropolymerization of sulfonated polyphenyl ether on steel

substrates was for the first time performed and studied by CV or

chronoamperometry. The functionalization of phenol with sulfonic

acid groups was confirmed by NMR, EDX, and FTIR spectroscopy.

The obtained sulfonated polyphenyl ether films have micrometer

thickness and proton conductivity in the order of 3 mS/cm at room

temperature. A higher conductivity might be obtained by higher

degree of sulfonation of the polymer. Tests of other relevant prop-

erties, like gas permeability, will be necessary before proposing this

material for fuel cell application.
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