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Modification of proton-conducting perfluorinated membranes with

graphene oxide
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Composite proton-conducting membranes with graphene oxide based on a perfluorinated copolymer of the

Aquivionr type were obtained by casting a mixture of components onto a substrate with subsequent evaporation

of the solvent. At fractions of CGO ≥ 0.05wt.%, graphene oxide as a modifier in the matrix created large-scale

fibril-type structures (cross size ∼ 1mm) with parallel packing on scales ∼ 10mm. Within the fibrils, scanning

electron microscopy data revealed a parallel packing of graphene oxide sheets alternating with polymer layers. At

CGO = 0.1 and 0.2wt.% tensile tests of samples along the fibrils showed increased elastic modulus and elastic limit

relative to the data for transverse deformation. Less modifier fractions (0.02; 0.05wt.%) caused strengthening, an

increase in the deformation resource and proton conductivity (∼ 10%, data for 22; 50◦C) mainly along the fibrils.

The found relationship between the structure, mechanical and conductive properties of composites with variation

in the modifier fraction will allow for the targeted design of the membranes, regulating their properties and degree

of anisotropy.
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Introduction

Development of polymer-based membrane materials is

important for a wide application range: in hydrogen

energy as proton-conductive polyelectrolytes [1–6], chemical

techniques of liquid (pervaporation) and gaseous molecular

mixture component separation [7–10], medicine (dialysis
and oxygen saturation) [11–20].

Possibility of creating new polymer composite materials

with various nanoparticles: metal, oxide, carbon structures

(fullerenes, nanotubes and nanodiamonds, graphene and

its derivatives), is of paramount importance here [21,22].
For introduction into polymer matrices, carbon structures

are attractive that they, depending on the task, can be

functionalized in multiple ways through grafting atoms

and functional groups to them (H, F, OH, COOH, NH2,

SO3H, etc.) [23–30]. This renders the necessary hydrophilic

(hydrophobic) properties to such nanoparticles to form

a developed interface with the polymer, where a hybrid

diffuse channel network is being created and the desired set

of functional properties of membranes is being formed in

terms of ion conductivity, selective permeability for atoms

and molecules [5–7,21,22,31–35].

Efficiency of nanoparticles as modifiers is defined to

a great extent by their specific surface area (SSP). In

this case, 2D-structures, graphene and its derivatives such

as graphene oxide (GO) with record-breaking parameters,

SG
SP = 2640m2/g [36] and SGO

SP = 2418m2/g [37] are the

leaders among other commercial carbon forms. Thus,

detonation nanodiamonds (DND) have a specific surface

area that is almost by an order of magnitude lower

SDND
SP ∼ 400m2/g [38].

In membranes, graphene and GO sheets can create

a highly developed interface with a matrix polymer at

quite low concentrations due to their high specific surface

area. For this, however, it is necessary to provide a

particular combination of physical and chemical properties

of components such as polarity, availability of functional

groups on both sides that are capable of forming hydrogen

bonds and/or providing association through charge transfer.
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It is particularly important to find methods to form

functional hybrid GO-polymer structures as applicable to

critical tasks of proton-conductive membrane design —
solid polyelectrolytes for hydrogen fuel elements. Currently,

despite numerous various polymer ion-exchange membrane

designs [39–41], Nafionr perfluorinated copolymer is still

the main commercially available material that has long side

chains with terminal sulfonic acid groups. Aquivionr

material with a similar chemical structure is considered

as the nearest alternative [42]. Due to shortened side

chains, Aquivionr has improved functional properties

compared with its predecessor (Nafionr), though the

differences are not fundamental and copolymers have

a common origin of ion channel formation for proton

transfer [42]. The channels are formed through segregation

of sulfonic acid groups that cover the channel interior

and form hydrophilic membrane areas. Non-polar back-

bone copolymer chains form hydrophobic shell around

them [43]. By contacting with their shells, cylindrical

channels are combined into assemblies (bundles) with

locally parallel channel layout, which is supported by

the neutron scattering and synchrotron radiation data and

reflected in structural ordering models of perfluorinated

copolymers [43–53].

Formation of a channel network in perfluorinated copoly-

mers resulting from the interaction of chain fragments

(hydrophobic, hydrophilic) and segregation trends, when

ion grouping is to any extent combined with partial

crystallization of backbone chains, has a probabilistic,

rather than regular, nature. Finally, the channel frag-

ments form a coherent, but random, structure that doesn’t

ensure stability of mechanical and conductive properties

of the membrane in the operating conditions at high

temperatures and physical loads in harsh chemical environ-

ment.

Reinforcement of polymer matrices with 2D-carbon

structures, for which hydrophilic GO is most suitable,

shows promise for improving the functional properties and

increasing their resource and stability. Due to hydroxyl

groups on the surface, GO can form a 2D-conductive

interface with sulfonic acid groups of the perfluorinated

copolymer, and this interface can serve by itself for proton

accumulation and transfer and as an extended platform for

binding copolymer ion channels.

The purpose of this work was, firstly, to develop

a composite membrane preparation procedure using the

Aquivionr type copolymer bound with GO sheets during

fabrication of samples from mixed component solutions

by casting on polished solid substrates with selection

of solvent evaporation modes with a varied amount of

modifier. The prepared film composite materials were

studied using scanning electron microscopy, uniaxial ten-

sion testing, impedance spectroscopy at different tem-

peratures with analysis of possible anisotropic properties

in the film plane due to filler structuring in the mem-

branes.

1. Samples and research methods

1.1. Graphene oxide suspension

The stock material consisted of GO aqueous dispersion

(0.06wt.%) prepared by graphite oxidation and exfoliation

through the modified Hummers method [54,55]. To achieve

the final product, the GO dimethylformamide (DMF)
dispersion, aqueous dispersion were subjected to multiple

centrifugation, and the collected sediment was dissolved

in DMF with water residue removed by centrifugation.

In synthesis conditions, ultrasonic treatment of the GO

suspension was avoided to prevent GO destruction. Finally,

GO DMF dispersions with concentration of 0.81wt.% and

0.76wt.% were made, where GO sheets had a negative ζ -

potential (−43.3 ± 0.8mV and −36± 3mV, respectively).

1.2. Copolymer

Perfluorinated copolymer with short side chains Sh-19

(equivalent weight EW= 910 ± 3 g/mol SO3H) — analogue

of commercially available Aquivionr — was synthesized

by an aqueous emulsion copolymerization method [56]
followed by transfer to sulfonic acid form and preparation of

5% DMF solution to be used in the membrane preparation

process [57].

1.3. Membranes

Sh-19 copolymer was used to prepare composite mem-

branes — ∼ 50µm thin films with small GO additives

(0.02wt.%, 0.05wt.%, 0.1 wt.% and 0.2wt.% with respect

to the copolymer — samples Sh19GO002, Sh19GO005,

Sh19GO01, Sh19GO02). Mixtures of components dissolved

in DMF were casted on the polished glass surface and then

the solvent was evaporated at 70◦C (casting technique) [58].
A membrane from the pure copolymer without filler (sam-

ple Sh19) was prepared in the same way for comparison.

A membrane with GO concentration of 0.05wt.% (sample

Sh19GO005T60) was prepared additionally at 60◦C to

determine the influence of drying temperature on the struc-

ture, mechanical and electrokinetic properties of composites.

1.4. Research methods

Membrane samples were examined by the scanning elec-

tron microscopy (SEM) method and tested for mechanical

and conductive properties. GO surface was tested by SEM

using a multifunctional analytical system with crossed ion

and electron beams equipped with the GEMINIr electron

optical column (Zeiss AURIGA Laser, Carl Zeiss, Jena, Ger-

many) to make SEM images on secondary electron detec-

tors (In-Lens and Everhart-Thornley SE2, (Carl Zeiss, Jena,
Germany). The images were processed using SmartSEMr

software package (Carl Zeiss, Jena, Germany). Mechanical

testing of the membrane films based on the Sh-19 material

(identical to Aquivion) were carried out on the AG-100X

Plus machine (Shimadzu Corp., Japan) in uniaxial tension
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Figure 1. Photographs of membrane surfaces: a — Aquivionr type copolymer without filler, b, c — copolymer composite materials

containing 0.1wt.% and 0.2wt.% GO.

mode at a rate of 100mm/min using samples with a length

of 20mm. Test sample strips were cut from the membranes

in two orthogonal directions to evaluate possible anisotropy

of mechanical properties. Samples’ conductivity was also

measured by the impedance spectroscopy method in two

orthogonal directions on the film surfaces for anisotropy

assessment. Electrokinetic potential analysis of GO particles

in DMFA was performed using the Litesizer 500 analyzer

(Anton Paar GmbH, Austria).

2. Results and discussion

2.1. Membrane structure

The primary copolymer formed a smooth homogeneous

membrane without any visible defects (Figure 1, a). In the

composite membrane, the filler, starting from 0.05wt.%,

formed a regular system of large-scale inhomogeneities —
condensation and rarefaction areas (dark, bright) that are

clearly visible in light, which is illustrated by data obtained

for typical GO fractions equal to 0.1 wt.% and 0.2wt.%

(Figure 1, b, c). The observed dark formations (∼ 1mm

in size),saturated GO regions, grouped into fibrils (linear,
curved), on the ∼ 10mm scale, laid parallelly at ∼ 1mm

intervals. When the GO concentration increased from

0.1wt.% to 0.2wt.%, the intervals decreased and the fibril

packing density increased together with nematic order

strengthening (Figure 1, b, c).
Composite structuring indicates that, during the film

preparation process as the component mixture was concen-

trated, the polymer phase got separated from the GO phase

when the GO sheets were bonded by the polymer into lam-

inated particles (plates). In solutions, plate overlapping gave

rise to fibrils followed by nematic ordering that was fixed

during drying of the samples (Figure 1, b, c). To understand

the nature of the achieved membrane structuring, focus

shall be made on kinetic features of membrane preparation

process.

Regular morphology of composite materials indicates

that, during drying of the samples, solvent diffusion to

their surface was more intense between the GO sheets

compared with slower solvent molecule migration in the

viscous polymer solution. Filler-enriched regions were

induced by the fluctuations of GO distribution density in the

solution where the GO sheets had the increased effective

thickness due to local curving and formed copolymer-

depleted 2D-channels with fast solvent diffusion. As the

solvent was removed, the GO sheets were combined into

flaked aggregates, and this process took place faster than

the polymer solution got dried, and there was enough

time for large GO structures to be formed, that were

detected in the membranes (Figure 1, b, c). At the same

time, it was advantageous for the copolymer chains through

sulfonic acid groups to form the polar interface with the GO

sheets, which was followed by segregation of polar (non-
polar) chain fragments. Hybrid assemblies with alternating

GO sheets and non-polar polymer fragment layers were

consequently formed. This segregation mechanism differs

dramatically from that in the pure copolymer matrix.

Ion groups build there linear channels with hydrophobic

polymer shells. In a composite material with large surface

(GO), plane ion channels shall prevail in lamellas consisting

of alternating GO sheets, interface and non-polar polymer

layers.

Thus, both composite component ordering mechanisms

are associated with the local separation of pure polymer

and mixed phases, which altogether facilitates formation

of the observed regular composite surface morphology

(Figure 1, b, c).

Directly on micron (submicron) scales, GO segregation

in the polymer matrices was examined using the scanning

electron microscopy (SEM) (Figure 2−4). Images of

Aquivionr type membrane film (Figure 2) showed 100 nm

polymer domains that were previously observed by the SEM

and atomic-force microscopy (AFM) methods [57]. Due to

GO introduction into the copolymer (0.1wt.%, 0.2 wt.%),
GO clusters occurred in the membranes between free

polymer domains (Figure 3, 4). The observed irregular GO

particles differed greatly in sizes and geometry due to strong

Technical Physics, 2025, Vol. 70, No. 2
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1 µm 200 nm

a b

Figure 2. SEM image of the primary copolymer film surface on the 1 µm (a) and 200 nm scales (b).

1 µm

200 nm

a b

1 µm

200 nm

c d

Figure 3. Composite film morphology (0.1wt.% GO) according to the SEM data: surface areas with modifier (a) and without modifier (b)
on the 1 µm scale; c, d — areas with modifier on the 200 nm scale.

copolymer influence on the GO sheet conformation. The

GO particles were folded and followed the profile of polar

polymer domain boundaries that were covered with them

(Figure 3, 4). The above-mentioned composite structuring

patterns were also confirmed at low GO concentrations

(0.02wt.%, 0.05wt.%) (Figure 5).

Composite surface with the minimum GO fraction

(0.02wt.%) in Figure 5, a (scale 1µm) shows the flaked

packing with polymer intervals, and the orientation order

in the GO particle layout can be seen (Figure 5, a). GO

fragments that cover the polymer domains are observed on

a smaller scale (200 nm) (Figure 5, b).
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Figure 4. Composite film surface morphology (0.2wt.% GO, SEM data), areas containing GO (a, c) and without filler (b, d) on the

1 µm (a, b) and 200 nm scales (c, d) are shown.

1 µm

a b

200 nm

Figure 5. Morphology of a composite film surface with low GO fraction (0.02wt.%). SEM data on the 1 µm (a) and 200 nm (b) scales.

Enrichment with filler to 0.05wt.% leads to the mem-

brane surface covered with folded micron-scale GO struc-

tures (Figure 6, a) with the presence of areas with small

filler inclusions (Figure 6, b). On a smaller scale (200 nm),
GO-filled surface domains show convolute GO fragments

densely covering the polymer domains (Figure 6, c).

The next experiments found that solvent evaporation tem-

perature plays an important role in membrane morphology

formation, which can be seen from data comparison for the

sample dried at 70◦ (Figure 2−6) and 60◦C (Figure 7).
The example of a sample containing 0.05wt.% GO shows

that drying temperature reduction facilitates composite

Technical Physics, 2025, Vol. 70, No. 2
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Figure 6. Composite film morphology with GO fraction (0.05wt.%). SEM images on the 1µm scale, surface fragments with high content

of GO (a) and low content of GO (b), and on the 200 nm scale (c) .

ordering on the submicron scale (Figure 7). In this case,

GO sheets cover the polymer domains and acquire folded

conformation with a period of ∼ 600 nm (Figure 7).

SEM data and macro-level membrane surface mor-

phology observations identified a component ordering

mechanism in binary GO and Aquivionr type copoly-

mer composites that is defined as tight binding be-

tween the polar fragments of copolymer chains and po-

lar GO surface, thus forming parallel flaked packing of

GO sheets with polymer intervals. Ordering effect is

more strongly expressed in a membrane prepared from

copolymer and GO solution mixture at a lower solvent

evaporation temperature (60◦C). During sample prepara-

tion, component interaction leads to heavy distortion of

GO sheet and formation of a developed GO-copolymer

interface.

Composite structuring after introduction of small amount

of GO into the copolymer matrix affected considerably the

stress-strain (strength) properties and ion conductivity of the

fabricated materials.

Technical Physics, 2025, Vol. 70, No. 2
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1 µm

a b

200 nm

Figure 7. GO ordering in the composite material (0.05wt.%) dried at 60◦C. Data on the 1µm (a) and 200 nm (b) scales.

2.2. Stress-strain properties of composites

Stress-strain curves of membrane films based on Sh-19

(analogue of Aquivionr) are shown in Figure 8.

Data for the series of composites with GO fractions of

0.02−0.2wt.% were compared with the data for the sample

without filler. To detect a possible anisotropy of stress-
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Figure 8. Stress-strain diagrams for membranes: a — film with-

out GO (1), composite materials with GO fractions 0.02wt.% (2)
and 0.05wt.%, (3, 4); b — composite materials with 0.1wt.% (5, 6)
and 0.2wt.% GO (7, 8), measurements in deformation along (5, 7)
and across (6, 8) fibril orientation on the film surface. Data for

films made at 70◦C (1, 2, 4−8) and 60◦C (3).

strain properties of composite materials due to component

segregation, strips were cut from films containing 0.1 wt.%

and 0.2wt.% GO along and across the fibril direction on

the film surface (Figure 1), and then performed the tensile

test. Using the stress-strain curves (Figure 8), the modulus

of elasticity E , plastic limit σy , strength σb and ultimate

deformation to destruction εb were determined (Table 1).
Membranes that consisted of low-modulus materials

( E < 270 MPa) with a relatively narrow deformation

resource variation range ( εb = 205 − 317 %) (Table 1)
demonstrated a common strain behavior with crossing the

plastic limit at ε ∼ 6− 8 % (sharp reduction of the curve

slope) (Figure 8). Curves σ (ε) had no a pronounced

domain of waist spreading through the sample and a local

maximum corresponding to the plastic limit, and further

tension of the samples (ε > 10− 15%) took place with a

gradual stress growth (strain hardening) (Figure 8).
Then behaviors of the variables found in the initial stress-

strain curve segments (modulus of elasticity and plastic

limit) were compared for the samples (Figure 9, a, b). Con-
centration dependences E(CGO), σy (CGO) demonstrated

similarity (Figure 9, a) in the series of measurements on

the strip samples cut along and across fibrils on the

film surface (Figure 9, a). This corresponded to a linear

correlation between the parameters, σy = α + β · E , with

the constant α and coefficient β = dσy/dE comparable

with the elongation at the transition to plastic deformation

(Figure 9, b). In case of longitudinal tension, the coefficient

β = βP = 0.048± 0.015 was 30% as high as that for

transverse strain β = βt = 0.037 ± 0.015. In the first case,

fibrils were stretched together with the polymer between

them, in the second case, it was enough to elongate the

polymer intervals between the fibrils. βP > βt indicates that

the fibrils consist of polymer reinforced with GO sheets.

Therefore, they are harder than the polymer matrix.

These conclusions were supported by the behavior anal-

ysis of other variables — strength and ultimate deformation

to destruction (Figure 9, c, d).

Technical Physics, 2025, Vol. 70, No. 2
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Table 1. Stress-strain properties of membranes measured at a relative ambient humidity (RH) about 50%

Sample Composition, thickness, preparation temperature, RH, % E, MPa σy , MPa σb, MPa σb(e psilon), %
tension direction

Sh19 Sh-19, 55−64 µm, 70◦C 48 252± 11 13.1± 0.4 18.4± 0.6 236± 12

Sh19GO002 Sh-19+0.02wt.% GO, 65−74µm, 70◦C 49 247± 6 12.5± 0.4 23.1± 1.1 298± 18

Sh19GO005T60 Sh-19+0.05wt.% GO, 54− 60 µm, 60◦C 50 24± 12 12.6± 0.5 24.7± 0.8 317± 16

Sh19GO005 Sh-19+0.05wt.% GO, 66− 70 µm, 70◦C 49 264± 9 13.3± 0.4 21.5± 0.9 276± 23

Sh19GO01 Sh-19+0.1wt.% GO, 63− 66 µm, 70◦C, 52 239± 12 12.3± 0.5 17.5± 0.7 227± 15

parallel to fibrils

Sh-19+0.1 wt.% GO, 59− 63 µm, 70◦C, 54 258± 9 12.7± 0.4 17.8± 0.9 254± 12

perpendicular to fibrils

Sh19GO02 Sh-19+0.2 wt.% GO, 60± 63 µm, 70◦C, 51 257± 14 13.5± 0.4 19.0± 0.9 208± 11

parallel to fibrils

Sh-19+0.2wt.% GO, 63± 66 µm, 70◦C, 53 274± 8 13.6± 0.1 18.7± 0.2 205± 12

perpendicular to fibrils

Note: E — modulus of elasticity, σy — plastic limit, σb , σb(eps ilon) — strength and ultimate deformation to destruction.

During destruction of the films, the difference between

the critical parameters (σb, εb) (Figure 9, c) depending on

the sample tension direction is much smaller than that for

the modulus of elasticity and plastic limit because destruc-

tion is more probable in less strong, mainly polymer, areas

of conposite. Thus, in strain along fibrils, the strength (σbp)
is higher on average than in orthogonal tension (σbt), with a

small difference in these quantities (σbp − σbt)/σbt ≈ 2%.

For ultimate strains, the relation is inverse, εbt > εbp,

(εbt − εbp)/εbp ≈ 3%. In both cases, with GO fraction vari-

ation (except the upper limit CGO = 0.2wt.%), correlation
between the parameters is linear, σb = αb + βb · εb, with αb

and βb, values of which for direction along and across the

fibrils are almost the same: βbp = 0.079 ± 0.002MPa/%,

βbt = 0.078± 0.025MPa/% (Figure 9, d).

The main result is that quite a small amount of GO

(0.05wt.%) is sufficient to increase the modulus of elasticity

and plastic limit, 1E/E0 ≈ 4.8%, 1σy/σy0 ≈ 1.5%, with

respect to the pure copolymer and to reinforce the material

by increasing the deformation resource, 1σb/σb0 ≈ 17%,

1εb/εb0 ≈ 17% (Table 1, Figure 9).

Further modification up to 0.1 and 0.2wt.% leads to

high segregation of the carbon component into fibrils

(Figure 1) and anisotropy of material stress-strain properties

(Figure 9, a, b). With such GO fractions, the film’s modulus

of elasticity (Et) in tension across fibrils exceeds that (Ep)
for longitudinal strain, (Et − Ep)/Ep ≈ 7.9 and 6.6%, with

plastic limit difference (σyt − σy p)/σy p ≈ 3.3 and 0.7%

(Table 1).

Critical parameters also show the anisotropy. In com-

posites (0.1wt.% GO), strength and ultimate deforma-

tion to destruction are equal to (σbt − σbp)/σbp ≈ 1.7%,

(εbt − εbp)/εbp ≈ 11.9%. However, in samples with dou-
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Figure 9. Stress-strain properties of membranes: a — modulus

of elasticity E (1−3) and plastic limit σy (4−6) depending on

the filler fraction CGO; b — linear correlation between σy and

E in the membranes strained along or across the fibrils; c —
ultimate deformation to destruction εb (1−3), strength σb (4−6)
of membranes depending on the content of modifier CGO; d —
correlations of σb and εb . Curves 1, 4, 7 and 2, 5, 8 — sample

deformation data along or across fibrils in membrane series with

different content of GO prepared at 70◦C; dots 3, 6, 9 — for the

composite material (0.05wt.%) prepared at 60◦C.
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Table 2. Proton conductivity of membranes (σ ) at maximum moisture level depending on the content of GO (CGO), temperature (t),
content of absorbed water (W), and measurement directions with respect to fibril orientation

Sample CGO, wt.% W , wt.% σ , S/cm Direction

t = 22◦C t = 50◦C

Sh19 0 34.9 0.125± 0.002 0.184± 0.004 −

Sh19GO002 0.02 32.3 0.132± 0.003 0.204− 0.005 −

Sh19GO005T60 0.05 32.8 0.138± 0.004 0.215± 0.007 Along

0.142± 0.004 0.219± 0.006 Across

Sh19GO005 0.05 33.3 0.133± 0.002 0.200± 0.004 Along

0.124± 0.003 0.193± 0.004 Across

Sh19GO01 0.10 32.5 0.123± 0.005 0.197± 0.003 Along

0.123± 0.003 0.193± 0.005 Across

Sh19GO02 0.20 38.8 0.124± 0.005 0.191± 0.006 Along

0.121± 0.002 0.204± 0.006 Across

bled amount of GO, both parameters showed a negative

effect (−1.6, −1.4%, Table 1).

The test results showed that a small GO additive

(0.05wt.%) structured the matrix significantly and improves

the set of stress-strain properties of membranes due to

binding with copolymer, thus, increasing their modulus

of elasticity, plastic limit and strength and extending the

strain-to-fracture range, while a higher amount of additive

(0.1wt.%) provides material anisotropy for these variables.

Further experiments showed that GO used as a modifier

also affects the ion conductivity of membranes just as much.

2.3. Conductivity of composite materials

Proton conductivity of membranes was studied at 22◦C

and 50◦C depending on the content of GO (Figure 10, a,

Table 2). The membranes were preliminary treated with

15% nitric acid solution (30min) and rinsed with distilled

water to neutral reaction. Then conductivity was measured

after boiling of the samples (1 h) with water saturation

to a membrane moisture content of 33−39% (Table 2).
In films with GO concentrations of CGO ≥ 0.05wt.%,

fibrils enriched with carbon component were observed,

therefore measurements on such samples were performed in

directions along and across fibrils for conductivity anisotropy

assessment.

As can be seen from concentration dependences σ (CGO)
(Figure 10, a), at both temperatures sharp growth of the

conductivity (∼ 10%) took place when small amounts of

GO (0.02−0.05 wt.%) were introduced into the matrix. In

the matrix with low GO concentrations, the segregation

mechanism of sulfonic acid group chain fragments was

kept. They formed ion conductivity channels, and the GO

sheets with huge specific surface area bound the channels
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Figure 10. Proton conductivity of membranes: a — measured

conductivities (σ ) with the maximum moisture level depending

on the GO concentration (CGO) at 22◦C (1−4) and 50◦C (5−8);
b — conductivity ratio RT = σ (CGO, 50

◦C)/σ (CGO, 22
◦C) at the

specified temperatures depending on the GO concentration in

composites, the curve corresponds to the average value over two

types of measurements (along and across fibrils). Data 1, 5, 9 was

obtained by means of measurements along, 2, 6, 10 — across fibrils

for the main sample series (70◦C), dots 3, 7, 11 and 4, 8, 12 —
similar measurements on the sample prepared at 60◦C.

efficiently into a conductive network. Similar patterns

were found in perfluorinated copolymer composites with

detonation diamonds [32,33,57]. In this case, even a small

enrichment with modifier up to 0.1−0.2wt.% caused the

effect reduction due to excessive development of the GO-

copolymer interface, which complicated the formation of

intrinsic ion channels in the matrix. With moderate content

of GO (0.05wt.%), this was partly compensated by the

interface contribution, but only in measurements along the

fibrils. In the across direction, the conductivity decreased

dramatically and the anisotropy effect was comparable with
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the peak conductivity growth with the GO fraction of

0.02wt.% (Figure 10, a). Unlike the membrane series dried

at 70◦C, the composite material (0.05wt.%) prepared at

60◦C is more conductive due to better matrix ordering with

more uniform GO distribution, whereby a higher effect

for this sample is observed in the direction across fibrils

(Figure 10, a).
Copolymer modification causes higher temperature

dependence of conductivity according to

RT = σ (CGO, 50
◦C)/σ (CGO, 22

◦C). It increases as GO is

being added and achieves the growth of 1RT/RT(CGO = 0)
∼ 10% for measurements along and across the fibril

orientation (Figure 10, b).
Compared with the primary copolymer in composite

materials (0.1−0.2wt.%), the presence of GO in the

matrix increases the proton diffusion activation energy

EA = ln(RT) · kB/(1/T1 − 1/T2), where kB is the Boltz-

mann constant, T1 and T2 are the absolute temperatures in

measurements at 22◦ and 50◦C. In composite membranes,

the activation energy, EAC ≈ 0.14 eV, is ∼ 20% as high as

EA0 ≈ 0.11 eV in the primary copolymer that is comparable

with the properties of similar perfluorinated membranes [1].
Analysis of electrophysical and strength properties of

membranes with addition of small amounts of GO showed

that all these properties have a common behavior (Fig-
ure 9, c, 10, a). Such similarity is attributable to the fact

that GO binding with polymer to form extended fibril-type

structures induces anisotropy of conductivity and critical

variables (stress and strain to destruction) when the material

conductivity and strength along the fibrils become higher

than those in the across direction. The former is defined

by the developed GO-copolymer interface. It is not only

a proton conductor, but also serves for connection of

matrix ion channels. On the other hand, flaked component

structures reinforce the membrane material, increase its

deformation resource, modulus of elasticity and plastic

limit (Figure 9) and, thus, reinforce and stabilize the

membranes. The obtained results have demonstrated the

capabilities of GO as a perfluorinated copolymer modifier

that can improve considerably the functional properties

of membranes at quite low concentrations due to filler

structuring to form hybrid flaked structures with the matrix

copolymer.

Conclusion

Approaches have been developed and opportunities

have been implemented to prepare Aquivionr type with

carbon modifier (GO) by means of deposition of liquid

component mixtures onto solid substrates to fabricate and

study membrane films containing 0.02−0.2wt.% GO by the

electron microscope, mechanical test and electrophysical

measurement methods.

It has been found that, when the solvent evaporated from

the films being formed, anisotropic structuring of GO took

place by binding with polymer into fibrils packed within

the membranes with polymer intervals in the presence of

nematic order of fibril orientation. Such fibrillar structures

render local anisotropy of stress-strain and conductive

properties to membranes where moduli of elasticity and

plastic limit are higher along the fibrils and lower in the

across direction.

Small modifier fractions (0.02−0.05wt.%) increase sig-

nificantly the critical stress and deformation resource of

the membrane material. At the same time, membrane

conductivity along the fibrils increases due to the developed

conductive GO-copolymer interface that also serves as

the integrator of intrinsic copolymer ion channels into a

coherent stable network for proton migration through the

membranes.

The findings are of interest for the development of new

membrane materials with modifying carbon structures on

the basis of graphene and its derivatives for hydrogen

energy sector, selective separation of liquid and gaseous

molecular mixtures, effective collection of nuclides from

aqueous solutions in nuclear technology.
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