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Abstract The ac response of polyaniline thin films on

platinum electrodes was measured at different dc potentials

during the N2-fixation in methanol ? LiClO4 electrolyte

with 0.03 mol L-1 H2SO4 for the first time. The optimum

film thickness was found to be 1.5 lm, N2-pressure 50 bar

and an optimum electrolysis potential of -0.12 V (NHE).

The diffusion coefficients for N2 into the polymer film was

found to be (5 ± 2)910-9 cm2 s-1.

Keywords Polyaniline � N2-fixation � Had formation �
Electrochemistry � Electrochemical impedance

spectroscopy (EIS)

1 Introduction

Artificial dinitrogen fixation under mild conditions is a

chemical challenge of great significance. Because, dinitro-

gen is a simple inert molecule whose great inertness is

reflected in its high bond dissociation enthalpy

(945 kJmol-1), high ionisation potential (15.058 eV) and

negative electron affinity (-1.8 eV). Examination of the N2

molecular orbital diagram and the orbital energies reveal

strongly bonding occupied orbitals (of energies -15.6,

-17.1, -18.7 and -39.5 eV) with a very large energy gap

(22.9 eV) between the highest occupied (HOMO) and

lowest unoccupied (LUMO) molecular orbitals [1].

Generally, the enzymatic reactions need mild conditions

compared to the Haber–Bosch process. With the aim of

having mild conditions chemically, a large variety of

investigations into the synthesis and reactivity of N2-tran-

sition metal complexes were stimulated [2–6]. In all of

these studies, ammonia concentrations were in the range of

1–20 lmol L-1, and excitations by light was necessary. In

an electrochemical study, dinitrogen was reduced at an

extremely negative potential of -4.0 V (Ag|AgCl) on

different metal electrodes in LiClO4 ? THF ? EtOH

electrolyte, where Li acts as a mediator [7]. In further

study, electrochemical reduction of dinitrogen to ammonia

was investigated on ruthenium electrode with a Faradaic

efficiency of 0.0015% [8]. In other study, the synthesis of

ammonia from nitrogen and water was investigated on Ru

cathodes in Solid Polymer Electrolyte Cell at -1.02 V

(Ag/AgCl) with 0.003% of the reaction chemical yield [9].

In further study, electrochemical conversion of N2 to NH3

was investigated at 60 �C and ambient pressure too

reduced on C60 at -0.8 V (Ag/AgCl) [10].

To explore new electrode materials, conductive poly-

mers provide a feasible alternative to well-known metals

and metal alloys. However, investigations of conducting

polymers at the cathodic side of the potential scale are rare.

Polyaniline (PAn) was studied most intensively by EIS

[11–20] to complement and elucidate current–voltage and

mass transport characteristics at the positive side of the

potential scale.

A PAn film modified with platinum microparticles as

electrode material was investigated via EIS between -0.25

and -0.7 V (SCE) to achieve data of various charge

transfer and transport processes involved in the electro-

chemical response of this polymer electrode [21]. EIS

generally has an advantage—among other electrochemical

methods—in systems having large disturbances; the
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studied system is not far from the steady-state. This

advantage is important, when we consider conducting

polymer films which can show perturbations in a large

potential window because of their inhomogeneous struc-

ture. We investigated the impedance spectroscopic behav-

iour of a PAn film by EIS at negative potentials in a

previous work [22].

Previously, we also investigated the dinitrogen reduction

on a PAn-coated platinum electrode at an extremely low

overpotential of -0.12 V (NHE) in methanol ? LiClO4 as

supporting electrolyte under pressure values of 1, 20, 40,

50, 60 and 80 bar and achieved ammonia concentrations up

to 57 lmol L-1 with maximum Faradaic efficiency of 16%

[23]. The aim of this study was to obtain the kinetic data

and reaction mechanism of N2-fixation on a PAn electrode

under high pressure values through the impedance

spectroscopy.

2 Experimental

Polyaniline was synthesized potentiodynamically from a

stock solution of 0.1 mol L-1 freshly distilled aniline

(Fluka) between -0.2 and ?0.85 V (Ag|AgCl) on a Pt-plate

(surface area of 1 cm2) with a thickness of ca. 1.5 ± 0.2 lm

(40 cycles; scan rate 50 mV s-1) in 0.5 mol L-1 H2SO4. The

counter electrode was a Pt-plate (8 cm2) and throughout the

measurements under ambient and higher pressure condi-

tions, a Pb(Hg)x|PbSO4|SO4
2- electrode with a potential of

-50 mV (NHE) was used as a reference electrode [1]. In

order to remove the surplus ions and other impurities in the

polymer film, the electrode was washed carefully with

methanol and transferred into the high pressure cell used for

the impedance measurements. The preparative electrolysis

and the impedance measurements were carried out (CHI

Electrochemical Work Station, Model 660A) in an undi-

vided high pressure cell which was constructed from 316L

stainless steel (Fig. 1). A glass vessel with ca. 80 cm3 of

volume having the same shape like steel mantle was placed

into the cell for electrical isolation. In order to supply con-

stant pressure within the cell, the electrodes were sealed and

electrically isolated from the cell-body by Teflon fittings.

Furthermore, the cell-head had a manometer to monitor

internal pressure (Fig. 1).

The EIS measurements were carried out at 25 �C at

different potentials in a frequency range from 100 kHz to

0.1 Hz (ac amplitude of 10 mV) in MeOH ? 0.1 M Li-

ClO4. The inductance of the leads was measured and could

be neglected (1 lH). As proton source, 1 mol L-1 H2SO4

in methanol (0.03 mol L-1) was added into the electrolyte.

Before each EIS measurement, the electrolyte was satu-

rated with N2. Some of the equivalent circuits proposed

earlier [14, 16, 18–20] were used to fit the experimental

data (software ZView 2.1b, developed by Scribner Asso-

ciates Inc., USA). The fitting results were used for the

calculation of the diffusion coefficient of dinitrogen in the

polymer film.

3 Results and discussion

3.1 Generally

The EIS measurements were carried out systematically

with respect to applied potential, film thickness and applied

pressure to examine the general cathodic impedance

characteristics of a PAn film during the N2 reduction in the

electrolyte. To understand the behaviour of a coated metal

from the point of electrochemical impedance spectroscopic

view, the metal/polymer/solution interface is presented

schematically in Fig. 2.

After coating of a metal plate with a conducting polymer

film, pores remain at the surface of supporting metal. A

representative open pore in which the electrochemical

reaction occurs, provide the contact to electrolyte (Fig. 2)

and the diffusion of the electroactive substrate from the

solution to the metal surface takes place in these open pores

[24]. In that case, the double layer is placed between metal

and the solution in this pore. The polymer film on the

surface is charged during electrochemical polarization and

can act as a capacitor. With this consideration, equivalent

circuits can be proposed for calculation of the EIS curves

(Nyquist curves). The Nyquist curves recorded during the

EIS measurements were fitted by using equivalent circuits

in Fig. 3. The circuit in Fig. 3a is commonly used one for

Fig. 1 High pressure cell used for electrolysis and EIS measure-

ments. In electrolysis the Pan electrode had an area of 8 cm2 (Pt

anode 1 cm2)
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coated metals and described well in the literature [24–32].

The second equivalent circuit in Fig. 3b has a Warburg

impedance (ZFLW) caused through diffusion of the inter-

mediates which formed from N2 hydrogenation. Further-

more, for comparasion of the curves, the ac impedance

response of a PAn film depending on the applied potential

is recorded and presented in Fig. 4.

3.2 Interpretation of the impedance spectra

The obtained Nyquist curves have two semicircles and a

diffusion part at low frequencies. The first semi-circle at

high frequencies may describe the metal/solution double

layer (Fig. 2). This double layer can be characterized as the

sum of the pore resistance R1 and Constant Phase Element

CPE1 (metal/solution double layer capacity).

The impedance of a constant phase element ZCPE is

calculated by Eq. 1

ZCPE ¼
1

C � ðixÞn i¼
ffiffiffiffiffiffiffi

�1
p� �

And x ¼ 2pfð Þ: ð1Þ

Depending on the value of n (-1 \ n \ 1), representing

rotation of the complex plane impedance plot, ZCPE might

be an inductance (n = -1), a resistance (n = 0) or a

Warburg impedance (n = 1/2) [20, 21]. If n = 1, then the

equation is identical to that of a capacitance. Usually, in an

equivalent circuit, a CPE is used instead of a capacitor to

describe non-homogeneities in a system. These non-

homogeneities result from the roughness or porosity of the

surface and in such a case, it is expectable that double layer

may not behave like a capacitor [24–31].

The second semi-circle describes the charge transfer

reaction of intermediates (Fig. 4). In that case, the semi-

circle can be characterized as the sum of R2, CPE2, and

ZFLW and R2 can be considered as a charge transfer resis-

tance of possible intermediates such as •N2H. The constant

phase element CPE2 describes the capacity of the polymer

film (Fig. 2). The Warburg impedance ZFLW added to the

circuit with a time constant TFLW states the presence of N2

in the film. The real part RFLW, describes the transport

phenomena of N2 or intermediates into the polymer film

and can be calculated according to Eq. 2.

ZFLW ¼
RFLW � tanhði � TFLW � xÞ0:5

ði � TFLW � xÞ0:5
: ð2Þ

If the coating material (polymer film) has the optimum

thickness, the low frequencies can penetrate into the bulk

phase completely and create a Finite Length Warburg

element (ZFLW) with transmissive boundary and the ZFLW

value can be calculated with Eq. 2 [26–33]. In Eq. 2 the

Fig. 2 Metal/polymer/solution interface, Cdl Double layer capaci-

tance of metal/solution interface, Cf film capacitance, OHP outer

Helmholtz plane [22]

Fig. 3 Equivalent circuits for the PAn electrode a PAn film in Argon

saturated MeOH ? LiClO4 ? H? electrolyte. b PAn in N2 saturated

MeOH ? LiClO4 ? H? electrolyte. Re electrolyte resistance; R1 pore

resistance; ZFLW Finite Length Warburg impedance; R2 charge

transfer resistance of intermediates; CPE1 constant phase element

of the metal/solution double layer capacitance; CPE2 constant phase

element of the film capacitance (polymer/solution depletion layer)

Fig. 4 The ac impedance response of a PAn film depends on the

applied potential in MeOH ? LiClO4 ? H?. The film thickness was

1.5 lm and the applied pressure was 50 bar N2
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TFLW value is equal to L2D-1 where L is the effective

diffusion thickness, and D is the diffusion coefficient.

The calculated kinetic parameters of the PAn-coated Pt

electrode under 50 bar N2 in MeOH ? LiClO4 electrolyte

is shown in Table 1.

In Table 1, Re value describes the electrolytic resistance

and has a value of ca. 5 Xcm2. The pore resistance R1 is the

sum of charge transfer resistance and the diffusion layer

resistance [24]. At the applied potential range, the charge

transfer resistance results from Had formation on the metal

surface. The variation of diffusion layer with applied

potential leads to a shifting of pore resistance to higher

values. The charge transfer resistance, R2, in the Nyquist

curves changes also with increasing potential in the nega-

tive direction. The highest resistance value is obtained at

0.0 V (NHE) and the smallest at -0.075 V. However, the

preparative electrolysis was done at -0.12 V (NHE) to

keep the current constant [23]. n1 and n2 are the parameters

of CPE1 and CPE2, respectively shown in Eq. 1. The CPE2

with C2 defines film capacity. This capacitance is a func-

tion of the potential, because the width of the depletion

region does also vary with the applied potential. If the

applied potential becomes more negative, the depletion

region extends and the capacity of the film increases con-

tinuously. As the consequence, the time constant value

TFLW, arises, which indicates that the diffusion of N2/•N2H

at potentials from 0.0 to -0.2 V (NHE) becomes more

effective in the film
ffiffiffiffiffiffiffiffiffiffi

TFLW

p
� Lð Þ:

The n2 values decrease at more negative potentials. This

can be explained through the diffusion capacity of the

depletion layer; the diffusion character becomes dominant

while the capacitive character of the film decreases.

3.3 Interpretation of the impedance spectra

of PAn-coated electrodes under N2 and Ar

In addition, to the above mentioned data with N2, to

characterize and to understand the behaviour of bulk PAn

film, the impedance measurements were carried out under

Ar atmosphere as well. The impedance response of the

electrode under Ar and N2 atmosphere is shown in Fig. 5.

The first semi-circle describes the metal–solution double

layer and it is observable by both of the gases employed.

The second semi-circle in the low frequency range may

describe the film behaviour. In case of Ar, all pores of the

polymer are closed and the resistance in the film becomes

higher (Fig. 5). Under dinitrogen atmosphere, the resis-

tance becomes smaller which means, a charge transfer

reaction occurs and it is considerable that N2 molecules are

reduced in this region.

Furthermore, it would be interesting to compare the

impedance characteristics also of the blank Pt at the same

frequency range by employing N2 and Ar. Nyquist and

Bode diagrams of blank Pt and Pt/PAn electrodes at -

0.12 V (NHE) are shown in Fig. 6.

In the high frequency range, the pore resistance of blank

Pt (Fig. 6, curves 1 and 2) is smaller than that of the PAn-

coated Pt electrode (Fig. 6, curve 3). This is an expected

result because a coated Pt has more porosity than the blank

metal surface. In the low frequency range, the second semi-

circle of blank Pt under Ar atmosphere is greater than that

under N2 atmosphere and it is greater than a PAn-coated Pt

electrode in the presence of N2.

In the low frequency range, the charge transfer resistance

on PAn-coated platinum is smaller compared to all other

Table 1 The fitted data of the EIS measurements on a PAn electrode (40 cycles) in the presence of 0.03 mol/L-1 H2SO4 in a MeOH ? LiClO4

solution under 50 bar N2 pressure

Potential/V

(NHE)

R1/Xcm2 CPE1 R2/Xcm2 CPE2 Finite Length Warburg

impedance/ZFLW

C1/lF sn-1 n1 C2/mF sn-1 n2 TFLW/s RFLW/X cm2

0 21.28 (0.19) 0.16 (13.70) 0.87 (1.22) 86.75 (0.73) 0.93 (1.15) 0.89 (0.37) 5.52 (8.46) 82.84 (5.08)

-0.025 22.03 (0.22) 0.22 (13.93) 0.85 (1.27) 29.43 (0.78) 0.90 (2.67) 0.85 (0.67) 3.27 (6.18) 23.47 (3.44)

-0.050 22.63 (0.25) 0.22 (13.41) 0.85 (1.21) 19.76 (1.09) 1.58 (3.96) 0.74 (1.07) 2.86 (5.59) 17.36 (3.02)

-0.075 23.58 (0.29) 0.26 (12.93) 0.84 (1.18) 18.79 (1.58) 3.17 (4.53) 0.63 (1.46) 3.10 (5.83) 17.69 (3.17)

-0.100 26.59 (0.47) 0.86 (14.55) 0.75 (1.46) 19.00 (2.70) 4.56 (6.51) 0.56 (2.45) 3.70 (7.79) 21.71 (4.38)

-0.125 28.04 (0.57) 1.45 (15.04) 0.72 (1.57) 20.37 (3.24) 5.06 (7.10) 0.54 (2.87) 4.23 (8.56) 27.86 (4.93)

-0.150 29.92 (0.76) 2.44 (16.46) 0.68 (1.80) 21.90 (4.17) 5.41 (8.33) 0.51 (3.63) 4.58 (9.26) 35.80(5.43)

-0.175 32.35 (1.16) 3.82 (18.59) 0.65 (2.10) 23.86 (5.68) 5.78 (10.14) 0.47 (4.95) 4.94 (10.11) 45.77 (6.05)

-0.200 34.45 (2.82) 3.95 (25.23) 0.65 (2.77) 28.51 (9.74) 6.44 (13.05) 0.37 (8.78) 5.32 (10.76) 58.35 (6.63)

Data were calculated through equivalent circuit in Fig. 3b

Re 5 Xcm2; n1, n2 correlation coefficients; TFLW time constant of the Finite Length Warburg impedance; RFLW resistance of the Finite Length

Warburg impedance; () Error ± ratio; R1 pore resistance; R2 charge transfer resistance of intermediates

408 J Appl Electrochem (2011) 41:405–413
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resistances visible in the curve (in the presence of dinitrogen).

This behaviour can only be explained through the presence of

intermediates which are formed by hydrogenation of N2 (for

example •N2H). These intermediates can diffuse deep into

the pores and the hydrogenation starts on the metal surface.

In other words, polymer film act as an adsorption place

(mediator) for the intermediates and as a following step, Had

atoms are transferred to the intermediates.

3.4 Dependence on the applied potential

Film capacity CPE2 and charge transfer resistance R2

depends on the applied potential. The CPE2 changes of

blank Pt and PAn-coated Pt under different gas atmo-

spheres versus applied potential is shown in Fig. 7.

In the potential range between -0.05 and -0.12 V

(NHE) the film capacity changes significantly, if N2 is

available in the solution (Fig. 7). This may indicate that the

pores of polymer film contain charged intermediates of the

dinitrogen fixation. Under Ar atmosphere, there is no sig-

nificant increase of the capacity in the same potential

range. This fact leads to the conclusion that under Ar

atmosphere, there is only a film resistance due to fully

filled pores of polymer film by Ar. Under same conditions,

the capacity of blank Pt remains constant under Ar as well

as N2 atmosphere.

Fig. 5 Complex impedance

plots and Bode diagrams of a

PAn electrode at -0.12 V

(NHE) from 100 kHz to 0.1 Hz

in MeOH ? LiClO4 ? H?

under 50 bar argon atmosphere

and 50 bar N2 saturated

solution. The solid lines
represent the best fitting results

according to the equivalent

circuits. Inset diagram Cyclic

voltammograms of the PAn

electrode in

MeOH ? LiClO4 ? H?, under

50 bar argon atmosphere and

saturated (50 bar) with N2.

v = 5 mVs-1

Fig. 6 Nyquist and Bode

diagrams of Pt and Pt/PAn

electrodes at -0.12 V (NHE) in

MeOH ? LiClO4 ? H? and

50 bar Ar and N2 saturated

solution

Fig. 7 The change of CPE2/mF sn-1 values with applied potential

under 50 bar Ar and 50 bar N2 atmosphere on blank Pt and on Pt/PAn

J Appl Electrochem (2011) 41:405–413 409
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The change of charge transfer resistance, R2, versus

applied potential of PAn-coated Pt is shown in Fig. 8.

Under Ar atmosphere, there is a high film resistance for

PAn-coated Pt electrode between 0.0 and -0.1 V (NHE)

and it becomes smaller in negative direction (Fig. 8).

Dropping of R2 values indicates a charge transfer reaction

on Pt/PAn electrode under N2 atmosphere (Fig. 8, inset

diagram). This reaction does not occur on blank Pt. This

fact leads to the conclusion that the hydrogenation reaction

of dinitrogen can take place only in the presence of a

polymer film on the metal surface. We suppose that the

reaction may take place in open pores of polymer film

reaching up to metal surface.

3.5 Dependence on the film thickness

The film thickness is one of the most important parameters

for the N2-fixation and has a direct influence on the

N2-reduction which can also be followed by impedance

spectroscopy (Fig. 9). Electrochemical impedance spec-

troscopic investigations reveal also that the film capaci-

tance CPE2 and R2 values change with the film thickness as

well (Table 2). The lowest R2 value of ca. 20.3 Xcm2 has

been obtained by 40 cycles.

Experimentally, we found out that a polymer film

obtained after 40 cycles gave best product yields and this

appears the optimum film thickness. According to the

calculation of Johnson et al. [19, 27–33], 40 cycles are

equivalent to 1.5 ± 0.3 lm. With the knowledge of film

thickness and by using the TFLW value from Table 1, a

diffusion coefficient of (5 ± 2)910-9 cm2 s-1 was

calculated.

3.6 Dependence on the applied pressure

During the dinitrogen reduction, also the R2 and CPE2

values in the Nyquist curves change with varying pressure.

Under 50 bar N2 atmosphere, the resistance R2 reaches a

minimum. At lower pressures (20 and 40 bar), the R2

values are higher than those at 50 bar and with increasing

pressure, the R2 (at 60 and 80 bar) becomes higher again

(Fig. 10).

The dropping of the resistance R2 from 20 to 50 bar

(optimum value) can be explained through the increasing

solubility of the N2 in the electrolyte solution. At higher

values than 50 bars, the R2 values arises again because of

the (TFLW value decreases again) hindered Had formation at

this pressure value. Consequently, the reaction rate of

hydrogen evolution becomes lower by exceeding optimum

pressure values. The fitting results of the EIS measurements

depending on the applied pressure are presented in Table 3.

3.7 Kinetical and mechanical aspects

The parameters obtained through the Nyquist curves under

N2 and Ar atmospheres were used for further kinetic cal-

culations. The sum of R1 and R2 is called polarization

resistance and the plot of -log(Rpol) versus applied poten-

tial is called EIS–Tafel curve; its slope can be considered as

equal to Tafel slope [34]. In order to compare the results

obtained by the EIS measurements, we recorded also Tafel

curves under same experimental conditions (Fig. 11).

The EIS–Tafel curves and Tafel plots (Fig. 11, inset

diagram) have similar course in the same potential range

(0; -0.05 V). When we consider the curves obtained under

N2 atmosphere in EIS–Tafel diagram and in Tafel plots, the

slopes are almost identical with 122 and 123 mV/dec,

Fig. 8 The change of R2 resistance of Pt/PAn and Pt electrode with

potential under different gas atmospheres

Fig. 9 Complex impedance plots of a PAn electrode depending on

the film thickness at -0.12 V (NHE) from 100 kHz to 0.1 Hz in

MeOH ? LiClO4 ? H? solution under 50 bar N2 atmosphere. The

solid lines represent the best fitting results according to the equivalent

circuit in Fig. 2b
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respectively. In the case of Ar atmosphere the slope gives

almost twice higher values of ca. 230 mV/dec. By con-

sidering the value of 122 mV/dec, a direct electron transfer

from electrode to the N2 molecule is not viable in this

potential range between 0 and -0.05 V. But, this potential

range and 122 mV slope values are for an electron transfer

for a Had formation (Volmer reaction) under our condi-

tions. After the formation of Had, the hydrogenation of N2

molecules to ammonia occurs.

For the mechanism of electrochemical hydrogenations,

there are three possible paths:

i. Volmer reaction:

M + H3Oþ þ e$ MHad + H2O

This is a direct electron transfer reaction to a H? and under

ideal conditions it has a Tafel slope of 118 mV/dec.

ii. Heyrovsky reaction:

MHad + H3Oþ þ e! M + H2 + H2O

This is a combined mechanism. In the first step an electron

transfer occurs to a H? and then two Had recombines to H2.

iii. Tafel reaction:

MHad + MHad ! 2M + H2

This is a chemical recombination reaction [35].

Through the data resulting from EIS and Tafel curves,

we can say that the electrochemical hydrogenation of N2 to

NH3 corresponds to a Tafel slope of 122 mV/dec very well.

In that case the rate-determining step must be the Volmer

reaction. However, if Ar was employed, the slope with

230 mV/dec is almost two times higher than those under

N2 atmosphere. This leads to conclusion that it can only be

a Had recombination reaction under Ar atmosphere.

We propose a mechanism in which dinitrogen was

adsorbed on the polymer modified surface and these leads

to path 1. The electrochemical step for the electroreduction

Table 2 The fitted data of the EIS measurements on a PAn electrode with different number of cycles in the presence of 0.03 mol L-1 H2SO4 in

MeOH ? LiClO4 under 50 bar N2 pressure at -0.12 V (NHE)

Number of

cycles

R1/Xcm2 CPE1 R2/Xcm2 CPE2 Finite Length Warburg impedance/ZFLW

C1/lF sn-1 n1 C2/mF sn-1 n2 TFLW/s RFLW/Xcm2

30 23.79 (0.49) 0.86 (18.93) 0.75 (1.91) 22.02 (1.86) 1.99 (5.92) 0.65 (1.80) 2.77 (6.20) 23.05 (3.40)

35 24.38 (0.45) 1.21 (16.54) 0.73 (1.72) 22.14 (2.20) 3.55 (5.41) 0.61 (1.92) 3.94 (7.01) 30.10 (3.99)

40 28.04 (0.57) 1.45 (15.04) 0.72 (1.57) 20.37 (3.24) 5.06 (7.10) 0.54 (2.87) 4.23 (8.56) 27.86 (4.93)

45 31.43 (1.09) 4.60 (17.80) 0.65 (2.03) 25.6 (4.56) 3.14 (9.96) 0.54 (3.96) 11.16 (283.92) 29.34 (145.54)

Data were calculated through equivalent circuit in Fig. 3b

Re 5 Xcm2; n1, n2 correlation coefficients; TFLW time constant of the Finite Length Warburg impedance; RFLW resistance of the Finite Length

Warburg impedance; () Error ± ratio; R1 pore resistance; R2 charge transfer resistance of intermediates

Fig. 10 Nyquist plots of a PAn electrode changing with applied

pressure at -0.12 V (NHE) from 100 kHz to 0.1 Hz in N2 saturated

MeOH ? LiClO4 ? H? solution

Fig. 11 log (Rpol)-Potential curves of the PAn electrode in Ar and N2

saturated MeOH ? LiClO4 ? H? solution. Inset diagram Tafel plots

of the PAn electrode with the same conditions

J Appl Electrochem (2011) 41:405–413 411
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is the formation of Had. With the addition of a Had to N2,

the species in step 2 is formed and further Had transfers

lead to ammonia (path 3).

H3Oþ þ e! Had þ H2O ðIÞ
N2 þ Had ! N2Had ðIIÞ
N2Had þ 5Had ! 2NH3 ðIIIÞ

The proposed mechanism in Fig. 12 is plausible due to the

low overpotential applied in our studies [23]. A direct

electron transfer onto dinitrogen molecule can not be

possible at these potential values due high energy demand

of this molecule. That is why, the reduction of dinitrogen

occurs via Had atoms which are evoluted in the polymer/Pt

depletion layer.

From the slope of EIS–Tafel and Tafel curves, the

transfer coefficient a can be calculated by Tafel equation

[34].

g ¼ a� b log Rpol � log Rpol � log j ð3Þ

a ¼ 2:303 RT=ðanFÞ and b ¼ �2:303 RT=ðanFÞ

By using Eq. 3 we calculated a value of 0.48.

The exchange current density of the reaction j0, can be

calculated from Eq. 4.

j0 ¼ RT=nFRct: ð4Þ

In the equation n is the number of transferred electrons,

R ¼ 8:314 J=K molð Þ is the gas constant, F ¼ 96487 C=molð Þ
is the Faraday constant and Rct is the total charge transfer

resistance which can be calculated from linear regression in

Fig. 11. The calculated jo value is 2.6 9 10-4 A cm-2.

Summarized the calculated kinetic parameters from

Tafel curves and EIS–Tafel plots from Eqs. 3 and 4 are

shown in Table 4.

4 Conclusion

The N2 fixation was studied on a PAn-coated Pt electrode

at an extremely low overpotential value of -0.12 V. The

mechanism of the reduction was investigated via Electro-

chemical Impedance Spectroscopy under high pressure. It

was found out that the reduction of dinitrogen obeys a

Volmer type hydrogenation reaction. Had atoms formed

electrochemically are transferred to N2 and the intermedi-

ates are formed. In that process, polymer films act as an

Table 3 The fitted data of the EIS measurements on a PAn electrode (40 cycles) in the presence of 0.03 mol L-1 H2SO4 in MeOH ? LiClO4 at

-0.12 V (NHE) under different N2 pressure obtained by using equivalent circuit in Fig. 3b

Pressure/bar R1/Xcm2 CPE1 R2/Xcm2 CPE2 Finite Length Warburg impedance/ZFLW

C1/lF sn-1 n1 C2/mF sn-1 n2 TFLW/s RFLW/Xcm2

20 27.97 (0.48) 2.20 (16.52) 0.69 (1.83) 31.55 (1.74) 1.38 (5.24) 0.74 (1.54) 3.29 (11.07) 23.35 (6.07)

40 25.28 (0.45) 0.48 (15.57) 0.79 (1.48) 24.96 (3.14) 5.21 (5.64) 0.54 (2.25) 3.20 (6.29) 26.37 (3.55)

50 28.04 (0.57) 1.45 (15.04) 0.72 (1.57) 20.37 (3.24) 5.06 (7.10) 0.54 (2.87) 4.23 (8.56) 27.86 (4.93)

60 23.80 (0.39) 0.29 (15.87) 0.83 (1.45) 25.76 (2.59) 4.22 (4.96) 0.58 (1.84) 2.72 (5.58) 24.20 (3.12)

80 23.20 (0.26) 0.34 (15.08) 0.82 (1.42) 36.17 (1.03) 0.98 (2.88) 0.84 (0.77) 2.72 (5.37) 31.59 (2.85)

Re 5 Xcm2; n1, n2 correlation coefficients; TFLW time constant of the Finite Length Warburg impedance; RFLW resistance of the Finite Length

Warburg impedance; () Error ± ratio; R1 pore resistance; R2 charge transfer resistance of intermediates

Fig. 12 The proposed reaction mechanism for the ammonia forma-

tion through the N2 fixation on a Pt/PAn electrode (schematically)

Table 4 The calculated kinetic

parameters from Tafel curves

and EIS–Tafel plots

Tafel EIS–Tafel

j0/A cm-2 a b (slope)

(mV)

j0/A cm-2 a b (slope)

(mV)

Pt/PAn/50 bar N2 1.81 9 10-4 0.48 122 2.6 9 10-4 0.48 123

Pt/PAn/50 bar Ar 1.02 9 10-4 0.26 228 1.33 9 10-6 0.26 230
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adsorption place (mediator) for N2 and for the

intermediates.

Further parameters such as film thickness and pressure

which influence the electroreduction of N2 to NH3 are also

investigated. The optimum polymer film thickness was

determined to be 1.5 lm and optimum pressure 50 bar.

The diffusion coefficient of dinitrogen has a value of

(5 ± 2)910-9 cm2 s-1 in such a polymer/platinum system.

Transfer coefficient a, is found to be 0.48 and the exchange

current density jo, is found to be 2.6 9 10-4 A cm-2.
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