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In the present work we examined the capability of a simple NernstePlanck based model to

predict the proton conductivity of polymeric membranes which contained pristine or

functionalized graphene oxide sheets (GO or F-GO, respectively). A wide comparison with

experimental data on both fluorinated and non-fluorinated membranes has been made. It

was found that the expression employed for calculating the tortuosity factor of the model

played an important role in whether the experimental data was accurately predicted. A

modification of the tortuosity factor expression was proposed to enable the model to

provide the best agreement between the experimental and theoretical values of proton

conductivity. The results showed that in the case of fluorinated membranes at low

amounts of GO or at high test temperatures the modified model was able to represent the

experimental data more accurately than the original model. However, the selection of the

best expression for the tortuosity factor calculations in non-fluorinated membrane sys-

tems depended on the ion exchange capacity values of the host membranes.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are one of

the most promising clean energy technologies due to ad-

vantages such as efficiency, reliability, manufacturability

and cost-effectiveness [1,2]. The performance of a fuel cell is

affected by various parameters including the cell operating

conditions, the electrodes geometric factors, and physical

and kinetic properties of the membrane [3e5]. Among

the cell operating parameters, the operating temperature

plays a critical role in the cell overall performance [6]. The

potential operation of PEMFC at high temperatures (above

100 �C) is beneficial for high tolerance to CO poisoning [7],

water and heat management system and enhanced
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electrochemical kinetics [8,9]. However, currently used

perfluorosulfonic acid membranes (e.g. Nafion) are unstable

at high temperatures, and their proton conductivity de-

creases by the evaporation of water from the membrane

[10]. Various approaches have been employed to develop

proton exchange membranes, capable of being stable above

100 �C. For example, utilizing alternative membrane mate-

rials such as phosphoric acid-doped polybenzimidazole (PBI)

has been proposed for use in high temperature PEMFCs due

to their excellent thermal stability, low gas permeability and

good proton conductivity at elevated temperatures

(100e200 �C) [11]. Moreover, the use of polymeric nano-

composite electrolytes as fuel cell membranes has attracted

much attention in recent years. Actually, incorporation of

inorganic as well as hygroscopic [12] nanoparticles such as
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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SiO2, TiO2, ZrO2, zeolites, and zirconium phosphate into

polymer matrices can substantially enhance water retention

properties of the polymer and, as the result, the perfor-

mance of the fuel cell at high temperatures [13e17].

Recently, a great deal of attention has been paid to graphene

oxide (GO) containing membranes for use in PEMFCs

[18e21]. GO has special characteristics like high surface area

(2630 m2/g) [22], good chemical and mechanical stability and

low cost. The carboxylic acid groups on the edges of gra-

phene oxide sheets can easily convert to eCOO� and Hþ at

room temperature, providing protons to enhance ionic/

protonic conductivity of the polymer matrix [21]. However,

the number of carboxylic acid groups on the graphene oxide

surface is low and it does not exhibit significant enhance-

ment in ionic conductivity [23,24]. Fortunately, the existence

of functional epoxide, hydroxyl and carboxyl groups on the

surface of GO enables it to be functionalized through cova-

lent and non-covalent bonds to obtain versatile new mate-

rials. Therefore, many research groups have used these

functional groups for direct synthesis of functionalized GOs

(F-GO), specially sulfonated GOs, to improve the proton

conductivity of GO containing membranes [18e20].

Despite past efforts on the synthesis and applications of

polymeric nanocomposite electrolytes, few studies have been

devoted to model and predict the proton transport phenom-

enon and conductivity within them. Three approaches are

usually used to construct the proton transport models:

phenomenological models based on the non-equilibrium

thermodynamics [25,26], models based on the Nernste-

Planck equation [27] and those based on the StefaneMaxwell

equation [28].

In the NernstePlanck based models, different diffusion

coefficients of protons are involved; while in the Ste-

faneMaxwell based models, the frictional coefficients for

interaction of components are incorporated.

In this study, we report the results of calculations of

proton conductivity for various GO and F-GO containing

polymeric membranes using a NernstePlanck based model,

developed by Choi et al. (the Choi model) [29]. Moreover, some

modifications of the Choi model parameters are proposed to

account for the exact role of GOs in the proton conductivity

mechanism of the membranes. A wide comparison with

existing experimental data in the literature was made. The

accuracy of the modified model in prediction of proton con-

ductivity of GO/polymer systems was determined by the sta-

tistical parameters and compared with other ones calculated

by the Choi model.
2. Theory

2.1. The Choi model

A general equation for the prediction of proton conductivity of

PEMs was derived by Choi et al. [29] which has been found to

be valid for various neat and spherical nanoparticle-

containing polymeric electrolytes [30]. The equation, leading

to calculation of the overall proton conductivity, sHþ , is based

on the different proton transport mechanisms within a poly-

meric electrolyte:
sHþ ¼ 3is

"
F2

RT

�
D
P
Hþ C

P
Hþ þ DG

HþCHþ þ DE
HþCHþ

�#
(1)

where F is the Faraday constant (96485 Cmol�1), R is themolar

gas constant (8.314 J mol�1 K�1), T is temperature (K) and D
P
Hþ ,

DG
Hþ and DE

Hþ are diffusion coefficients of protons for the sur-

face, Grotthuss and en masse diffusion mechanisms, respec-

tively. Also, C
P
Hþ is concentration of protons participating in

surface diffusion while CHþ is concentration of protons

participating in Grotthuss and en masse diffusion. 3i and s

represent porosity of membrane and the tortuosity factor,

respectively.

2.1.1. Protons diffusion coefficients
In the nanocomposite membranes, surface diffusion coeffi-

cient depends not only on the type of surface acid groups of

the host membrane and nanoparticle, but on their concen-

tration as well [30]:
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where q, KB and h aremoles of acid sites of nanoparticle/moles

of acid groups of membrane, Boltzmann constant and Planck

constant, respectively. lP,M and lP,p are jump length of the

surface proton for acid groups of membrane and nano-

particles, respectively. DGe;0P
;M

and DGe;0P
;p
are effective Gibbs

free energy of activation of surface diffusion around the acid

groups of the membrane and the nanoparticles, respectively

and can be calculated by [29]:

DGe;0P
;i
¼ ðqe� Þ2

4p 30 3r

2
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where qe� , 30, 3r, Rf and Ri are the electrostatic charge, the

permittivity of free space, the relative permittivity of the

medium, jump length of surface proton in the membrane or

nanoparticle, the effective radius of acid groups of the mem-

brane or nanoparticles and the radius of the hydronium ion,

respectively.

The Grotthuss diffusion coefficient of nanocomposite

membranes is the same as for the host membrane ðDG
Hþ Þ [29]:

DG
Hþ ¼ l2Gmw

�
zHþqe�

�
192p2hð 3r 30ÞR3d2

=

"
ln

(
tan

�
qI=2

�
tan

�
qF=2

�
)#

(4)

where lG, mw, zHþ , qI, qF, h, R and d are jump length of proton in

the Grotthuss mechanism, the dipole moment of water, the

charge number of a proton, the initial and the final angle of

rotating water molecule, water viscosity, the hydrodynamic

radius of the water molecules and distance between protons

in the hydronium ion and proton accepting water molecules,

respectively. The Grotthuss diffusion coefficient depends only

on temperature and it is calculated as DG
Hþz7� 10�5 cm2=s at

room temperature [29].
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Also, in en masse diffusion mechanism, hydronium

ions diffuse through components of the membrane system

and for nanocomposite membranes DE
Hþ can be calculated as

follows [30]:

DE
Hþ ¼

8><
>:

ðlw þ 1Þð1þ qÞ
lwð1þ qÞ þ ffiffiffi

2
p �

rM
W

�2
3 þ ffiffiffi

2
p �

r p
W

�2
3
q

9>=
>;Dw

Hþ (5)

where lw, rM=W and rP=W are the moles of water sorbed per acid

site, the ratio of partial molar volume of membrane to that of

water and the ratio of partialmolar volume of nanoparticles to

that of water, respectively. Dw
Hþ is the diffusion coefficient of

hydronium ion through water that may be obtained by Sto-

keseEinstein equation, assuming the hydronium ion as a

diffusing entity in a continuum of water [31]:

Dw
Hþ ¼ KBT

6phRi
(6)

In Eq. (6), Ri is the hydrodynamic radius of a hydronium ion

which can be replaced by R�
H2O

¼ 0:108 nm, where R�
H2O

is the

effective water radius [32]. Therefore,Dw
Hþ is calculated as 2:2�

10�5 cm2=s at room temperature.

2.1.2. The bulk and surface proton concentrations
Protons generated fromdissociation of acid groups are divided

into two groups: protons closed to the channels surfaces that

participate in the surface diffusion mechanism and those

which are in the pore bulk region of the channels and partic-

ipate in the Grotthuss and en masse diffusion mechanisms.

The total concentration of protons, CHþ ;0, in the membrane is

calculated as [29]

CHþ ;0 ¼ 1=lWVW (7)

where VW is the partial molar volume of water. Also, In

nanocomposite membranes, the surface proton concentra-

tion, C
P
Hþ , can be obtained from [30]:
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where n is the number of equilibrium reactions occurred be-

tween the acid groups and water molecules. Also, the equi-

librium constant K1 and K2 are taken as 1000 and 200,

respectively [32]. Furthermore, aw is the activity of water in the

electrolyte membrane. The bulk proton concentration can

also be obtained by subtracting the surface proton concen-

tration from the total concentration of protons.

2.1.3. Porosity
Porosity is a measure of volume fraction of water in a mem-

brane, and for nanocomposite membranes it can be given as

follows [30]:

3i ¼
lw
�
1=EWM þw=MWp

�
lw
�
1=EWM þw=MWp

�þ rM=W=EWM þw$rp=W=MWp
(9)
where EWM is equivalent weight of the host membrane and

MWp is the molecular weight of nanoparticles, estimated by

equivalent weight of the nanoparticles, EWp. Also the solvent

loading, lw, can be obtained by the following expression [32]:
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where lcw,G, S, s and q are the number of chemically bound

water molecules per acid sites of the polymer and nano-

particles, the shear modulus of the membrane, specific pore

surface area, surface tension of water and contact angle of

saturated water vapor in the membrane, respectively.

2.1.4. Tortuosity factor
Tortuosity factor (s), as the ratio of the actual distance to the

shortest distance that a proton travels through a membrane,

can be calculated using different models such as Mack-

ieeMeares [33] Prager [34] and Yasuda [35] models. The

MackieeMeares model is based on the lattice model of poly-

mer solutions and has been used in the case of highly swel-

lable membranes [36]. On the other hand, the Prager, Eq. (11),

and Yasuda, Eq. (12), models, have been frequently used to

calculate the tortuosity factor of proton exchangemembranes

[37e39]:

sP ¼ 2ð1� 3iÞ þ 2 3i ln 3i � 0:5 3iðln 3iÞ2
3ið1� 3iÞ þ 32i ln 3i

(11)

sY;K ¼ expðKðð1= 3iÞ � 1ÞÞ (12)

The parameterK in Eq. (12), is a size coefficientwhose value

has been reported to be 0.7 or 3 depending on the chemical

structure of the membrane and the relative size of the pene-

trant molecules [40]. Inserting K ¼ 0.7 or 3 into Eq. (12) gives

sY,0.7 or sY,3 expressions, respectively.
2.2. The Choi model for prediction of s for GO containing
polymer electrolytes

In order to predict sHþ for GO containing polymer electrolytes

using the Choimodel, one needs to calculate themolar ratio of

acid sites of GO nanoparticles per gram of the polymermatrix,

q, as:

q ¼ 2$w
t$rf GO

EWM$C
�
Hþ ;f GO (13)

where w, t, rf_GO and C�
Hþ ;f GO were amount (g), thickness,

density and effective surface site density of acid groups of GO

(pristine or functionalized), respectively. C�
Hþ ;f GO is given by:

C�
Hþ ;f GO ¼ IECf GO

A
(14)

where IECf_GO is the ion exchange capacity of GO and A is the

surface area of GO. A is obtained from A ¼ 2=ðrf GO$tÞ,
assuming a uniform thickness for all GO layers.
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Table 1 e Parameters required for calculating the proton conductivity of the membrane systems by Eq. (1).

Parameters Values Units Comments

SGO/Nafion1100

SGO properties

t 2.04 nm Thickness of F-GO [45]

rf-GO 2.2 g/cm3 Density of F-GO [45]

lP,f-GO 0.255 nm Jump length of surface proton for acid groups of F-GO

IECf-GO 1.39 mmol/g IEC of F-GO [19]

C�
Hþ ;f GO 3.747 � 10�6 mol/m2 Effective surface site density of acid groups of F-GO

MWf-GO 719.42 g/mol Molecular weight of F-GO

Rf(f-GO) 0.254 nm Radius of acid site of F-GO

a 376.483 Aspect ratio of F-GO layers

3r(f-GO) 6 Relative permittivity of F-GO

rf-GO/W 19.98 Molar volume ratio of F-GO to water

Nafion1100 properties

EWM 1100 g/mol Equivalent weight of the membrane [19]

IECM 0.9 mmol/g IEC of the membrane

rM/W 29.83 Molar volume ratio of the membrane to water

lP,M 0.255 nm Jump length of surface proton for acid groups of the membrane

SGO/Nafion112

SGO properties

t 2.04 nm Thickness of F-GO [45]

rf-GO 2.2 g/cm3 Density of F-GO [45]

lP,f-GO 0.255 nm Jump length of surface proton for acid groups of F-GO

IECf-GO 4.91 mmol/g IEC of F-GO [19]

C�
Hþ ;f GO 11.018 � 10�6 mol/m2 Effective surface site density of acid groups of F-GO

MWf-GO 203.66 g/mol Molecular weight of F-GO

Rf(f-GO) 0.254 nm Radius of acid site of F-GO

a 376.483 Aspect ratio of F-GO layers

3r(f-GO) 6 Relative permittivity of F-GO

rf-GO/W 5.143 Molar volume ratio of F-GO to water

Nafion112 properties

EWM 1100 g/mol Equivalent weight of the membrane [46]

IECM 0.91 mmol/g IEC of the membrane

rM/W 38.639 Molar volume ratio of the membrane to water

lP,M 0.255 nm Jump length of surface proton for acid groups of the membrane

SGO/SPEEK1

SGO properties

t 2.04 nm Thickness of F-GO

rf-GO 2.2 g/cm3 Density of F-GO

lP,f-GO 0.255 nm Jump length of surface proton for acid groups of F-GO

IECf-GO 16.495 mmol/g IEC of F-GO [24]

C�
Hþ ;f GO 37 � 10�6 mol/m2 Effective surface site density of acid groups of F-GO [24]

MWf-GO 60.624 g/mol Molecular weight of F-GO [24]

Rf(f-GO) 0.254 nm Radius of acid site of F-GO

a 376.483 Aspect ratio of F-GO layers

3r(f-GO) 6 Relative permittivity of F-GO

rf-GO/W 1.53 Molar volume ratio of F-GO

to water

SPEEK1 properties

EWM 1333.33 g/mol Equivalent weight of the membrane [24]

IECM 0.75 mmol/g IEC of the membrane

rM/W 56.116 Molar volume ratio of the membrane to water

lP,M 0.255 nm Jump length of surface proton for acid groups of the membrane

SGO/SPEEK2

SGO properties

t 2.04 nm Thickness of F-GO

rSGO 2.2 g/cm3 Density of F-GO

lP,f-GO 0.255 nm Jump length of surface proton for acid groups of F-GO

IECf-GO 1.842 mmol/g IEC of F-GO [23]

C�
Hþ ;f GO 4.133 � 10�6 mol/m2 Effective surface site density of acid groups of F-GO [23]

MWf-GO 542.888 g/mol Molecular weight of F-GO [23]

Rf(f-GO) 0.254 nm Radius of acid site of F-GO

a 376.483 Aspect ratio of F-GO layers

3r(f-GO) 6 Relative permittivity of F-GO

Rf-GO 13.7091 Molar volume ratio of F-GO to water

(continued on next page)
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Table 1 e (continued )

Parameters Values Units Comments

SPEEK2 properties

EWM 584.79 g/mol Equivalent weight of the membrane [23]

IECM 1.71 mmol/g IEC of the membrane

rM/W 24.99 Molar volume ratio of the membrane to water

lP,M 0.255 nm Jump length of surface proton for acid groups of the membrane

GO/SPI

GO properties

t 0.95 nm Thickness of F-GO [46]

rf-GO 2.2 g/cm3 Density of F-GO

IECf-GO 0 mmol/g IEC of F-GO [47]

C�
Hþ ;f GO 0 mol/m2 Effective surface site density of acid groups of F-GO

a 808.447 Aspect ratio of F-GO layers

SPI properties

EWM 384.024 g/mol Equivalent weight of the membrane [47]

IECM 2.6 mmol/g IEC of the membrane

rM/W 14.919 Molar volume ratio of the membrane to water

lP,M 0.255 nm Jump length of surface proton for acid groups of the membrane

General constants used in the model

kB 1.38 � 10�23 J/K Boltzmann constant

h 6.626 � 10�34 J S Planck constant

rf(M) 0.254 nm Radius of acid sites of membranes

rðH2OÞ 0.143 nm Radius of a water molecule

30 8.854 � 10�12 C2/J m Permittivity

3r(M) 6 Relative permittivity of membranes

qe� 1.602 � 10�19 C Electronic charge

lG 0.255 nm Proton jump length in Grotthuss mechanism

S 0 The orientation parameter of the nanosheets

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 1 7 6 0e1 7 6 81764
Moreover, the tortuosity factor, obtained from Eqs. (11 or

12), depends only on the porosity which in turn varies with

water vapor activity (or RH) and equivalent weight of the

membrane (or EW). On the other hand, it is well known that

other parameters such as the nanoparticles content and ge-

ometry significantly affect the overall tortuosity of nano-

composites [41,42]. Therefore, we aimed to take into account

the exact role of graphene oxide nanosheets on the tortuosity

of the GO containing membranes by estimating the overall

tortuosity (s0) via the inverse rule of mixture:

1
s
¼ ð1� 4Þ

s
þ 4

s1
(15)

In this equation, 4, s and s1 are volume fraction of nano-

sheets, tortuosity of the host membrane (calculated by Prager

or Yasuda models) and tortuosity caused by the nanosheets,

respectively. s1 can be calculated as follows [43,44]:

s1 ¼ 1þ a4ð2Sþ 1Þ
6

(16)
Table 2eThe values of lw
a for SGO/Nafion1100membranes, con

and 120 �C at different RHs.

Membrane Test temperature 80

RH %

20 40 60

SGO5/Nafion1100 1.9 5 7.75

SGO10/Nafion1100 2 5.8 9.5

a Obtained from Eq. (10).
where a is the aspect ratio, defined as the ratio of width (w)

to thickness (t) of the nanosheets. Also, S, the orientation

parameter of the nanosheets, depends on the angle

between the sheets normal and the direction of the proton

diffusion (q) [43]:

S ¼ �3 cos2 q� 1
�	

2 (17)

In the case of random sheet orientation S equals zero. The

tortuosity decreases with orientation and diffusion is facili-

tated as opposed to parallel orientation (S ¼ 1). In this study,

we considered random orientation for nanoparticles in the

membranes [40,45].

By substituting Eq. (16) into Eq. (15), an expression for the

overall tortuosity factor is obtained:

s ¼
s
�
1þ a4ð2Sþ1Þ

6

�
ð1� 4Þ

�
1þ a4ð2Sþ1Þ

6

�
þ s4

(18)

The membrane tortuosity factor (s) in Eq. (18) can be taken

from the Prager model, Eq. (11), the Yasudamodel (K ¼ 0.7, Eq.
taining 5 or 10wt% of the SGO, at test temperatures of 80 �C

�C Test temperature 120 �C

RH %

80 100 20 30 40

9.5 13.75 1.6 3.4 6.5

12 15.5 1.8 4.1 5

http://dx.doi.org/10.1016/j.ijhydene.2013.11.046
http://dx.doi.org/10.1016/j.ijhydene.2013.11.046


Table 3 e The values of lw for GO/SPEEK1 and SGO/
SPEEK1 membranes containing different amounts of GO
or SGO, at test temperature of 80 �C [24].

Membrane GO or SGO wt%

SPEEK1 1 3 5 7 10

GO/SPEEK1 41.6 34.153 21.2 18.51 19.91 20.88

SGO/SPEEK1 41.6 33.058 13.71 8.417 6.8 4.6

Table 5 e The values of lw
a for GO/SPI membranes

containing different amounts of the GO, at test
temperature of 90 �C.

Membrane GO wt%

SPI 0.1 0.3 0.5 0.7 0.9

GO/SPI 6 8 11 20 7 5

a Obtained from Eq. (10).

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 1 7 6 0e1 7 6 8 1765
(12)) or the Yasuda model (K ¼ 3, Eq. (12)) to obtain s0P, s0Y,0.7
or s0Y,3 expressions, respectively, as the overall tortuosity

factors.
3. Results

Experimental proton conductivity data of some GO or F-GO

(sulfonated GO or SGO) containing membrane systems were

used to investigate the accuracy of the Choi model, Eq. (1), to

predict the systems behavior. The nanocomposite mem-

brane systems include: SGO/Nafion1100 [19], SGO/Nafion112

[46], GO/sulfonated poly(ether ether ketone), with ion ex-

change capacity (IEC) ¼ 0.75 mmol/g, (GO/SPEEK1) [24], SGO/

SPEEK1 [24], SGO/sulfonated poly(ether ether ketone), with

IEC ¼ 1.71 mmol/g, (SGO/SPEEK2) [23] and GO/sulfonated

polyimide (GO/SPI) [47]. Table 1 shows the necessary pa-

rameters required for calculating the proton conductivity of

the membrane systems by Eq. (1). Also Tables 2e5 provide

the moles of water sorbed per acid site (lw) for the nano-

composite membranes, obtained from the literature or

calculated using Eq. (10). To describe the accuracy of the

Choi model, we calculated the standard deviation (SD) be-

tween the predicted and experimental proton conductivity

values of the above membrane systems, Tables 6e11. It

should be noted that to assess and compare the role of

tortuosity factor on the predictability of Eq. (1), data shown

in Tables 6e11 include the corresponding values of SD ob-

tained by using the tortuosity factors taken from the Prager

equation (sP), Yasuda equations (sY,0.7 and sY,3) and their

modified forms (s0P, s0Y,0.7 and s0Y,3, respectively) in the Choi

model.

Table 6 shows that the use of Prager equation to estimate

the tortuosity factor of the Choi model gives the best agree-

ment (the least SD values) between calculated and experi-

mental proton conductivity values of the Nafion membranes

containing 5 wt% of SGO (SGO5/Nafion1100) at test tempera-

ture of 80 �C and at all relative humidities (RH%) tested.

However, by increasing the test temperature to 120 �C, the
closest values to the experimental points were obtained by

inserting the s0P expression into Eq. (1) to calculate the proton

conductivities (Table 6).
Table 4 e The values of lw for SGO/SPEEK2 membranes
containing different amounts of SGO, at test temperature
of 65 �C [23].

Membrane SGO wt%

SPEEK2 3 5 8

SGO/SPEEK2 21.659 19.4 29.68 30.765
As Table 7 demonstrates, in the case of the SGO10/

Nafion1100 membranes, the experimental proton conductiv-

ity values obtained at 80 �C and at relative humidities up to

40%, could be best predicted when the sP expression was uti-

lized to calculate the sHþ values by Eq. (1), while at the same

test temperature but at relative humidities greater than 40%,

the best prediction was achieved by using the s0P expression

for the conductivity calculations. It is also shown in Table 7

that at the test temperature of 120 �C, the s0P expression

should be inserted in Eq. (1) in order to obtain an accurate

prediction of the experimental sHþ data.

Moreover, Table 8 shows that by incorporating very low

amounts of SGO (0.5 wt%) in the SGO0.5/Nafion112membrane

and at different temperatures under saturated humidity

condition, this is the s0P expression that must be substituted

into Eq. (1) to achieve the best agreement between the

experimental and theoretical values of sHþ .

According to the SD values reported in Table 9, the best

agreement between the calculated and experimental proton

conductivity data of GO/SPEEK1 membranes (containing 1, 3,

5, 7 and 10 wt% of the GO) was achieved by inserting the sY,3
expression into Eq. (1) to calculate the sHþ values. On the other

hand, by incorporating more than 1 wt% SGO in the SPEEK1

polymer, the closest results to the experimental data were

obtained when the s0Y,3 expression was used to calculate the

sHþ values by Eq. (1), Table 9.

Also, as Table 10 shows, for the SGO/SPEEK2 membranes

(containing 3, 5 and 8 wt% of the SGO), the experimental

proton conductivity values were best predicted by inserting

the s0P expression into Eq. (1) to calculate the proton

conductivities.

Finally in Table 11, the experimental proton conductivity

values of the GO/SPI membranes, containing up to 0.5 wt% of

the GO, could be best predicted when the s0Y,0.7 expression was

utilized to calculate the sHþ values by Eq. (1), while at higher GO

loadings (0.7 and 0.9 wt%), the best prediction was achieved by

using the s0Y,3 expression for the conductivity calculations.
4. Discussion

Based on the above results one can conclude that the Choi

model can reasonably predict the proton transport behavior of

GO (SGO) containing membranes, depending on the expres-

sion used for the tortuosity factor in Eq. (1). In Nafion based

membranes the polymer microphases separate into hydro-

philic domains of sulfonic acid groups and absorbed water

imbedded in a hydrophobic matrix of tetrafluoroethylene

(TFE) and perfluoroalkyl ether (PFA) to pass protons through

the network of hydrophilic domains [48]. Therefore, the

http://dx.doi.org/10.1016/j.ijhydene.2013.11.046
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Table 6 e Standard deviations between calculated results and experimental data for SGO5/Nafion1100 membranes at test
temperatures of 80 and 120 �C.

Tortuosity factor Test temperature 80 �C Test temperature 120 �C

RH% RH%

20 40 60 80 100 20 30 40

sp 0.00056 0.00141 0.00071 0.00071 0.01270 0.00190 0.00310 0.00260

s0p 0.00141 0.00242 0.00071 0.00141 0.01410 0.00021 0.00042 0.00014

sY.3 0.00501 0.02758 0.05650 0.07770 0.08410 0.00849 0.02360 0.04950

s0Y.3 0.00311 0.02425 0.05218 0.07250 0.07861 0.00594 0.02001 0.04492

sY.0.7 0.00495 0.02312 0.02744 0.02600 0.01810 0.00840 0.02290 0.03260

s0Y.0.7 0.00311 0.02000 0.02440 0.02320 0.01892 0.00594 0.01923 0.02878

Table 7 e Standard deviations between calculated results and experimental data for SGO10/Nafion1100membranes at test
temperatures of 80 and 120 �C.

Tortuosity factor Test temperature 80 �C Test temperature 120 �C

RH% RH%

20 40 60 80 100 20 30 40

sp 0.00005 0.00233 0.00622 0.00250 0.01760 0.00594 0.00871 0.02581

s0p 0.00141 0.00346 0.00571 0.00049 0.01351 0.00396 0.00650 0.02353

sY.3 0.00566 0.02972 0.06001 0.09150 0.10422 0.01271 0.03352 0.06362

s0Y.3 0.00382 0.02601 0.05533 0.08601 0.09891 0.01012 0.02952 0.05861

sY.0.7 0.00565 0.02061 0.01492 0.01051 0.01982 0.01271 0.03113 0.05643

s0Y.0.7 0.00375 0.01761 0.01341 0.01130 0.01661 0.01012 0.02731 0.05190
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equation derived by Prager [34], assuming a systematic dis-

tribution of the regions for proton diffusion, was the best

choice for tortuosity factor calculations of the Nafion based

nanocomposite membranes. It is also important to note that,

depending on the GO (SGO) content in the Nafion polymer and

the conditions of proton conductivity tests, sP or s0P expres-

sions are suggested for the tortuosity factor calculations. For

example, it is necessary to use the developed Prager equation

(s0P) at very low concentrations of GO (SGO), Table 8, due to the

well dispersion of the nanosheets inside the Nafion mem-

brane, or at high test temperatures (e.g. 120 �C), due to the

drying of the membrane system. In other words, the well-

dispersed nanosheets contribute considerably in the proton

conductivity of the host membrane and the effect can be well

considered by inserting the s0P expression in Eq. (1) to calculate

the sHþ values. Also, the role of the graphene oxide nanosheets

on the proton conductivity becomes more important as the

Nafion membrane loses its water content at high test tem-

peratures, and the s0P expression can take this better into ac-

count than the sP expression.
Table 8 e Standard deviations between calculated results and
different test temperatures under saturated humidity conditio

Tortuosity factor

25 40 50

sp 0.0204 0.0164 0.0155

s0p 0.0199 0.0158 0.0149

sY.3 0.0488 0.0535 0.0587

s0Y.3 0.0483 0.0528 0.0579

sY.0.7 0.0329 0.0328 0.0346

s0Y.0.7 0.0324 0.0321 0.0338
On the other hand, according to the SD values reported in

Tables 9e11 it is reasonable to conclude that the selection of

the best expression for tortuosity factor calculations in non-

fluorinated membrane systems (SPEEKs and SPI) depends on

the IEC values of the host membranes. In the non-fluorinated

membranes, possessing low (SPEEK1) and high (SPI) IEC values

the results obtained by substituting the Yasuda equation in

Eq. (1) are more consistent with experimental data, while in

the case of themedium IECmembrane (SPEEK2), the use of the

s0P expression led to a better agreement between the theory

and experiment. In the SPEEK1 based membranes, the conti-

nuity of transport channels are less than that in the Nafion

system and therefore the equation which was proposed based

on the free volume theory, by Yasuda [35], was the best choice

for tortuosity factor calculations. It should be noted that since

SGO nanosheets could be better dispersed, in comparison

with GO ones, in the SPEEK1 membrane, the use of s0Y,3
expression in Eq. (1) resulted in better agreement between the

experimental and theoretical proton conductivity values of

the SGO/SPEEK1membranes. Also, due to the high IEC value of
experimental data for SGO0.5/Nafion112 membranes at
n.

Test temperature/�C

60 70 80 90 100

0.0151 0.0181 0.0203 0.0167 0.0145

0.0143 0.0173 0.0190 0.0157 0.0133

0.0643 0.0735 0.0800 0.0848 0.0883

0.0634 0.0724 0.0811 0.0835 0.0869

0.0368 0.0425 0.0469 0.0468 0.0470

0.0359 0.0416 0.0458 0.0456 0.0458
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Table 9 e Standard deviations between calculated results
and experimental data for GO/SPEEK1 and SGO/SPEEK1
membranes at test temperature of 80 �C.

Tortuosity
factor

GO or SGO wt%

SPEEK1 1 3 5 7 10

GO/SPEEK1

sp 0.1006 0.0931 0.0714 0.0651 0.0685 0.0707

s0p 0.1006 0.0940 0.0732 0.0669 0.0696 0.0705

sY.3 0.0053 0.0023 0.0001 0.0000 0.0001 0.0001

s0Y.3 0.0053 0.0037 0.0032 0.0039 0.0044 0.0048

sY.0.7 0.1162 0.1011 0.0565 0.0443 0.0508 0.0551

s0Y.0.7 0.1162 0.1019 0.0586 0.0468 0.0527 0.0560

SGO/SPEEK1

sp 0.1006 0.0965 0.0947 0.0884 0.0653 0.0412

s0p 0.1006 0.0971 0.0966 0.0924 0.0687 0.0455

sY.3 0.0053 0.0036 0.00436 0.0059 0.0055 0.0039

s0Y.3 0.0053 0.0047 0.0006 0.0001 0.0031 0.0013

sY.0.7 0.1162 0.1140 0.0848 0.0560 0.0234 0.0016

s0Y.0.7 0.1162 0.1144 0.0869 0.0600 0.0247 0.0038

Table 10 e Standard deviations between calculated
results and experimental data for GO/SPEEK2membranes
at test temperature of 65 �C.

Tortuosity factor GO wt%

SPEEK2 3 5 8

sp 0.0803 0.0370 0.0411 0.0421

s0p 0.0803 0.0370 0.0398 0.0378

sY.3 0.0503 0.0948 0.0849 0.0831

s0Y.3 0.0503 0.0915 0.0821 0.0807

sY.0.7 0.1073 0.0608 0.0750 0.0765

s0Y.0.7 0.1073 0.0612 0.0721 0.0704
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SPI, the dilution effect [49] would be the dominantmechanism

affecting the proton conductivity of the GO/SPI membranes. It

seems that the developed Yasuda equations (s0Y,0.7 and s0Y,3)
could include the above effect in the sHþ values calculated by

the Choi model. However, in the SGO/SPEEK2 system, the

weak continuity of transport channels and the occurrence of

the dilution effect were balanced by the medium IEC value of

the SPEEK2 membrane, and thus the system behaved like the

Nafion based nanocomposites.
5. Conclusions

A simple NernstePlanck based model (the Choi model) was

utilized to predict the proton conductivity of polymeric
Table 11 e Standard deviations between calculated
results and experimental data for GO/SPI membrane at
test temperature of 90 �C.

Tortuosity
factor

GO wt%

SPI 0.1 0.3 0.5 0.7 0.9

sp 0.1383 0.0887 0.0497 0.1789 0.1841 0.1533

s0p 0.1383 0.0891 0.0490 0.1784 0.1858 0.1556

sY.3 0.0701 0.1542 0.3182 0.4257 0.0435 0.0316

s0Y.3 0.0701 0.1536 0.3167 0.4244 0.0408 0.0282

sY.0.7 0.1044 0.0945 0.0065 0.1097 0.1715 0.0963

s0Y.0.7 0.1044 0.0945 0.0059 0.1095 0.1732 0.0989
membranes containing GO or F-GO sheets. The values of sta-

tistical parameters between experimental data points from

literature and calculated proton conductivities showed that

the Choi model could reasonably reproduce and predict the

proton transport behavior of GO (SGO) containing mem-

branes, depending on the expression used for the tortuosity

factor in the model. It was demonstrated that the use of the

modified tortuosity factor derived in the present work to ac-

count for the exact role of GOs in the proton conductivity

mechanism, resulted in the best agreement between theory

and experiment for fluorinatedmembranes at low amounts of

GO or at high test temperatures as well as for non-fluorinated

membranes with high IEC values.
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