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The proton-exchange polymer Nafion has practical applications in various fields of science and technology, such

as electrochemical systems, ion-exchange water purification systems, production of ultrapure materials, and more.

The durability and stability of this polymer are important for expanding its application range. Nafion/few-layer

graphene composites demonstrated enhanced thermal stability of the proton-exchange polymer Nafion compared

to the pure material. The gravimetric method was used to study the free-radical attack of −OH radicals formed in

the Fenton reaction on substrates made of different materials (silicone, polyethylene, glass, silicon) and composite

films of Nafion/few-layer graphene on them. Based on experiments and statistical analysis of the experimental data

array, the conditions (substrate material, error margin, sensitivity) for the applicability of the stability measurement

method for the composite via mass loss were determined. The data of the study of the stability of Nafion/few-layer

graphene composites of different component compositions are presented.
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Introduction

Ion-exchange polymer materials of the Nafion type,

including its modifications, have been widely and long used

for various technical purposes [1]. The most well-known

areas of use include:

1) Membranes in energy storage devices, such as in flow

batteries [2];

2) Membranes in the chemical industry for the separation

of impurities in the production of semiconductors and high

purity materials [3];

3) Acid catalysts [4];

4) Waste management: Nafion membranes reduce waste

during maintenance and cleaning of electroplating baths, as

well as during recovery of waste solutions and washing

waters [5];

5) Use in harsh conditions of chlorine and alkali pro-

duction: Nafion membranes provide high efficiency of the

electrochemical process, high reliability of production, high

product quality [6];

6) Ion exchange: Nafion granules serve as long-lasting

perfluorinated cation exchange resins that, unlike other non-

fluorinated resins, can operate under extreme temperatures

and chemical environments [7];

7) Membranes and proton-conducting medium in hydro-

gen energy [8], in water electrolyzers for the production of

hydrogen and oxygen [9];

8) Application in biosensors [10];

9) The use of Nafion as an antimicrobial supplement [11].

It is obvious that the resistance of Nafion to various

influences plays an important role in the practical application

of the polymer and the materials containing it [12–14].

One of the types of such effects is the free radical

attack of a polymer in electrochemical devices due to

the formation and decomposition of hydrogen peroxide

or for other reasons [15,16]. To assess the resistance of

polymer membranes to this effect (free radical attack),
it is customary to use the Fenton reaction [17], which

results in the formation of free radicals −OH, which

act on the tested material. In this case, the degree

of degradation of Nafion is usually determined by the

concentration of the fluoride ion converted into a solution

as a result of decomposition. For this purpose, the

potentiometric method with a fluorine-selective electrode

or other physical and physico-chemical detection methods

are often used [18–21]. Most of the works published in

the scientific literature are devoted to the study of Nafion

degradation in the form of membranes. Accelerated testing

techniques are relatively well developed for such facilities.

At the same time, for composite materials containing

Nafion as one of the components, such a direction has

been developed significantly less. The specific feature

of such objects is the presence of components other

than Nafion. These components can also be corroded

or simply emit from the composite when the Nafion

is destroyed. The assessment of the stability of such

composites requires other approaches, since measuring

the concentration of F−-ions gives an idea only of the

fraction of decomposed polymer (Nafion), i.e., only one

of the components of the composite, and does not reflect

the overall picture. The method does not allow us to

determine how much of the rest of its components is

washed out of the composite, i.e. how the entire composite

collapses.
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One of the approaches to assessing the stability of a com-

posite is to measure the loss of its mass during treatment

with Fenton’s reagent. Combining these two approaches

(measuring fluorine emission and weight loss) it allows a

comprehensive assessment of the ongoing degradation. In

the scientific literature, studies of the stability of proton-

exchange polymers using gravimetry are mainly focused on

bulk membranes with sufficient mass [22–24]. The method

involves weighing the sample before and after processing.

Since in these cases the mass of the object of study can be

quite large, there are no special difficulties in performing

the method and in obtaining reliable values of mass loss

(they are well measured due to their sufficient magnitude).
When it comes to composites, multicomponent systems,

two question arise that need to be resolved before using

the gravimetry method. The first question is how to

ensure the solidity of the studied composite sample during

the experiment? The second question is how to ensure

a sufficiently low error in the results when using small

amounts of composite?

For studies of small quantities of composite materials, it

is advisable to form monolithic films on inert substrates,

which will ensure convenience in handling such structures.

At the same time, in order to ensure good reproducibility

of experimental data on the weight loss of the composite

film, the effect of an aggressive medium on the substrate

should be either insignificant in relation to the effect on

the composite film, or precisely controlled. In addition, the

substrate material must ensure the formation of a uniform

composite film, the film must have high adhesion to the

substrate and not peel off during the experiment. It is

desirable that the substrate does not contain fluorine so that

a combined method can be used, including measuring the

mass loss and concentration of fluoride ions transferred to

the solution.

The Nafion-graphene composite (G) is interesting for

its thermal stability [12]. In this composite, the Nafion

polymer begins to lose sulfogroups at significantly higher

temperatures than in its pure form. However, there are

practically no studies of composite’s resistance to radical

attacks in scientific publications.

The purpose of this study was to establish the conditions

(substrate material, film weight, sensitivity, and error) of the
applicability of the composite stability measurement method

by weight loss and to study the stability of Nafion-G-Pt/C

composites of various component compositions.

1. Materials and methods

The following reagents and materials were used as

precursors for the preparation of the composite:

1) Nafion DE1021 aqueous solution (DuPontTM, Wilm-

ington, Delaware, USA);

2) isopropanol (99.80%, JSC
”
EKOS-1“, Russia);

Table 1. Some characteristics of the substrates used to form films

of Nafion-G composite material

Material Size, cm2 Thickness,
Weight, g

µm

Polyethylene 3.08 (14×22(±0.5)mm) 35 0.0076−0.012

Glass 17.5 (26×76(±0.5)mm) 1000 4.80−4.85

Silicon 3.08 (14×22(±0.5)mm) 350 0.210−0.230

Silicone 3.08 (14×22(±0.5)mm) 480 0.177−0.180

3) Thermally expanded graphite (TEG) (NPO
”
Graphene

Materials“ LLC, Russia), obtained using the technology

described in the patent [25];
4) Platinum carbon black E-TEK (40% Pt) [26].
To test chemical stability, a 10% solution of hydrogen

peroxide was used, prepared from 30% solution of hy-

drogen peroxide grade 8−4 (
”
Lega“, Russia) by dilution

with water. Deionized water with a resistivity at room

temperature ρ ≥ 18M� · cm was used.

2. Characteristics of media for film
formation of the studied materials

The following materials have been tested as substrates

for film formation: silicon wafers (Si KDB 7.5(100)),
76× 26mm slides of the TEGET type, polyethylene film

(high-pressure polyethylene), silicone film.

Table 1 shows the characteristics of the media used to

form films of the studied materials.

3. Preparation of the dispersion

Dispersions of the Nafion-G and Nafion-G-Pt/C systems

with different component ratios (Table 2) defined set

gravimetrically were prepared for the study.

2−8mg of TEG, estimated amount mg 2% of the work-

ing solution of Nafion (the working solution was obtained by

dilution of 20% commercial solution in deionized water),
calculated amount of Pt/C (E-TEK 40% Pt) (if required),
10 cm3 of isopropanol−water mixture, taken in a ratio of

1 : 1, were taken in a 10 cm3 polystyrene tube with cap.

The tube was closed with a cap, placed in a Branson 3510

ultrasonic bath, and was subjected to ultrasonic dispersion

until a homogeneous dispersion was obtained that did not

delaminate for 3min. A portion (1 drop) of the dispersion

was periodically sampled for studies of the dispersion

process by ultraviolet (UV) spectroscopy.

4. Preparation of samples for research

The substrates were pre-washed in isopropyl alcohol, and

the mixtures were dispersed for 15min before application.
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Table 2. Compositions of the studied composites

Initial composition: Nafion:TEG:Pt/C, % Resulting composite

100 : 0 : 0 Nafion

20 : 80 : 0

50 : 50 : 0 Nafion-G

80 : 20 : 0

10 : 45 : 45

Nafion-G-Pt/C

14 : 56 : 30

35 : 35 : 30

40 : 30 : 30

46 : 24 : 30

60 : 20 : 20

80 : 10 : 10

A dispersion of a given composition was pipetted drop

by drop onto the surface of a substrate thermostatically

controlled on a plate of the heating brand
”
C-MAG HP 7“

at 80 ◦C−85 ◦C. The next portion was applied after the

previous one had dried. A layer with a weight of 2−3mg

was formed. The amount of applied material was controlled

gravimetrically.

To apply the film, a portion of the dispersion was taken

and diluted approximately 1:3 with an isopropanol−water

mixture (1 : 1 by volume). During application, an uncoated

edge was left on the substrate to handle it with tweezers.

5. Measurement procedure

5.1. Microscopic studies

Optimization of analytical measurements was carried

out within the framework of the previously described

approach [27]. Before imaging, the dispersion of the

samples was dried on a copper mesh with a diam-

eter of 3mm, which were fixed in a special holder.

The microstructure of the samples was studied by scan-

ning transmission electron microscopy with field emis-

sion (FE-STEM) on a Hitachi SU8000 electron mi-

croscope. The images were recorded in bright-field

scanning transmission electron microscopy (bright field

mode) mode at an accelerating voltage of approximately

30 kV.

5.2. Recording of UV-visible absorption spectra
of dispersions

The absorption spectra were recorded in a quartz cuvette

with an absorption layer length of 1 cm using a two-beam

Specord 210 type spectrophotometer (Analytik Jena) with

WinAspect software. A mixture of isopropanol−water taken

in a volume ratio of 1 : 1 was used as the reference solution.

The following conditions for recording the spectra were

used: step 0.1 nm; scanning speed 5 nm/s. The spectral

width of the slit was 1 nm. The light source was switched

from a deuterium lamp to an incandescent lamp at 370 nm.

The measurements were carried out at room temperature

∼ 25 ◦C and atmospheric pressure.

5.3. Study of resistance to radical attacks

Repeated treatment with Fenton’s reagent of pure sub-

strates was used to study the possibilities of the method

and the choice of a substrate for the formation of films

of composite material. Composite films were formed on a

selected substrate at the second stage of the work.

The samples were treated in Fenton’s reagent as fol-

lows. A Fenton solution was prepared, as described

in Ref. [28] immediately before the experiment. To do

this, a 0.2 cm3 solution of Mohr salt with a concentration

of 7 g/l was taken into a measuring cylinder with a

capacity of 50 cm3. 40 cm3 of distilled water were added,

followed by 5 cm3 of 30% solution of H2O2, and the

solution was made up to a final volume of 50 cm3. Thus,

50 cm3 3% solution of H2O2 containing 4 ppm Fe was

obtained.

To study the stability to radical attacks, a freshly prepared

Fenton solution was poured into a glass-carbon beaker, it

was thermostated at 80 ◦C and samples were placed in it

for 2 h. After that, the samples were washed with water

and dried in air. The samples were weighed on analytical

scales Mettler Toledo XP 205 (
”
Mettler-Toledo International

Inc“, Greifensee, Switzerland).

6. Calculations

6.1. Calculation of porosity

The thickness of the films was measured with a thickness

gauge with a resolution of 0.5µm at 10 layer points. The

resulting thickness value was taken as the arithmetic mean.

The area of the electrodes was 1 cm2. The porosity of

the films was calculated based on the known component

composition, thickness and area by the ratio

P = 1−
6n

i=0
ωi G
di

V
, (1)

where P is the porosity (volume fraction of pores) of the

film; V is the volume of the film (in this case, with a length

and width of the film of 1 cm, the volume is numerically

equal to the thickness); ωi is the mass fraction of ith

component; G is the mass of electrode; di is the density

of ith component.
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6.2. Statistical processing of results

The standard deviation (SD) and the standard error (SE)
were calculated using known ratios

SD =

√

6(x i − µ)2

N
, (2)

SE = SD/
√

N, (3)

where x i is the current weight loss value; µ is the average

weight loss; N is the sample size.

The film sample weight loss 1m on the substrate was

calculated based on the total weight loss 1msum of the

substrate with the film and the preset weight loss of the

pure (without film) substrate at a similar processing time in

Fenton’s reagent 1msub :

1m = 1msum − 1msub/2. (4)

7. Discussion of the results

7.1. UV spectroscopy

UV spectroscopy of was used to control the process of

TEG peeling in the prepared dispersions [29–32].
Fig. 1 shows the characteristic absorption spectrum of a

sample of Nafion-G dispersion after ultrasonic treatment.

It can be seen from the figure that the spectrum

contains absorption peaks at ∼ 230, ∼ 265 and ∼ 310 nm,

characteristic of low-layer G and its oxide [32]. The shorter-

wavelength peak is responsible for the π → π∗ transition,

while the longer-wavelength (310 nm) is responsible for

n → π∗ . The peak at ∼ 265 nm is characteristic of the

reduced oxide of G GO); it is noted in Ref. [29] that

there is a peak at 235 nm on the absorption spectra of

the aqueous dispersion of GO in the UV-visible region,

200 250 300

λ, nm

A
b
s
o
r
b
a
n
c
e
, 
a
. 
u
.

350 400

230 nm 265 nm 310 nm

Figure 1. Absorption spectrum of Nafion-G dispersion in

isopropanol-water medium in 1 : 1 volume ratio; concentration of

Nafion 0.33 g/l.

which corresponds to π → π∗ electronic junction of s p2-

bonds C=C. This peak shifts towards a longer wavelength

(265 nm) after the restoration of GO to G. This effect is

explained by an increase in the π-conjugation [30]. Less

energy is required for the transition as the π-conjugation

increases, which corresponds to the observed shift of

absorption to a longer wavelength region.

The article [31] shows that variances containing a low-

layer (1−3 layers) GO can be distinguished from variances

containing a multi-layer (4−10 layers) and GO with a large

number of layers (> 10) by the intense peak in their UV-

visible spectra at 230 nm. GO with 1−3 layers has a single

peak, and GO with 4−10 layers has a weak peak in the

form of a shoulder. As the number of layers increases, the

shoulder intensity of the multilayer GO tends to decrease.

There is no peak or shoulder for GO with a large (> 10)
number of layers. In our case, the peak at 230 nm is well

expressed. Thus, our system contains a mixture of G and

partially oxidized G (i.e., GO) with a small number of layers

of (1−3).

7.2. Formation of films of composite material of

the Nafion-G-Pt/C system on various

substrates

Fig. 2 shows microimages of the composite of the Nafion-

G-Pt/C system with varying degrees of magnification. The

dried sample (Fig. 2, a) is a porous material consisting of

separate agglomerates. Particles of graphene material with

a lateral size of the order of 50µm are visible with a higher

magnification (Fig. 2, b). Fig. 2, c shows spherical particles

of platinum carbon black located on a graphene sheet.

500 µm 50 µm

2 µm

a b

c

Figure 2. Microimages of the Nafion-G-Pt/C composite of the

initial composition 40 : 30 : 30 ( it a–c).
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a b

c d

Figure 3. Appearance of Nafion-G composite samples on various

types of substrates: a — polyethylene; b — glass; c — silicon;

d — silicone.

Composite films on various substrates are shown in Fig. 3.

The samples on a polyethylene substrate (Fig. 3, a) were

structures with alternating areas covered and uncovered

with the material. The samples on the glass demonstrated

delamination of the dispersion with segregation of G

particles in the form of separate clusters along the edges

of the coating area, the films turned out to be visually

heterogeneous (Fig. 3, b). The films on the surface of the

silicone substrate (Fig. 3, d) formed visually uniformly and

had good adhesion (they did not peel off during subsequent

processing in Fenton’s reagent). The formation of composite

films on the silicon surface initially led to the formation of

an island structure, which subsequently merged into a single

film with an increase in the amount of applied material

(Fig. 3, c).
During the subsequent processing of silicon samples in

Fenton’s solution, the composite film peeled off from the

substrate, which made it impossible to measure the loss of

sample weight after processing. In this regard, silicon and

glass substrates were rejected as not providing uniformity of

the studied samples and the possibility of measuring mass

loss due to radical attack of the material.

7.3. Dependence of porosity of Nafion-G-Pt/C
composite samples on Nafion content

Individual samples of composites of different composi-

tions were made in order to study the dependence of the

porosity of the samples on the percentage of Nafion in them.

Table 3 summarizes the data on the porosity of samples

of the Nafion-G-Pt/C system. The values given in Table 3

Table 3. Data on the porosity of composite materials

Initial composition of Nafion : TEG : Pt/C,% Porosity,%

10 : 45 : 45 62

40 : 30 : 30 59

60 : 20 : 20 16

80 : 10 : 10 < 5

indicate that the Nafion polymer strongly affects porosity.

As the polymer content increases, monolithic structures

containing a very small number of pores are formed. Such

structures are obviously difficult to access for radical attacks

in the thickness of the film and are attacked only from the

surface.

In the case of a relatively small proportion of Nafion in

the composite (the first and second samples with a polymer

fraction of 10 and 40%), the porosity is quite large and

amounts to 62 and 59%, respectively. This makes the highly

developed inner surface of the film accessible to the Fenton

reagent.

7.4. Stability study of polyethylene and silicone

substrates

Fig. 4 shows photographs of the substrates before and

after treatment in Fenton’s reagent.

a c

e f

b

d

Figure 4. Appearance of the substrates after treatment in

Fenton’s reagent. Polyethylene: a — before treatment; b —
after one treatment; c — after five treatments. Silicone: d —
before treatment; e — after one treatment; f — after five

treatments.
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Figure 5. Dependences of the decrease in the mass of polyethy-

lene and silicone substrates and on the number of treatment steps

with Fenton’s reagent. The duration of one processing step is 2 h.

The images show that the polyethylene substrate has

deteriorated significantly, while the original shape of the

silicone substrate has remained virtually unchanged after

processing. At the same time, the color of both substrates

changed, and a yellowish tint appeared, which indicates a

noticeable effect of Fenton’s reagent on both substrates.

To assess the sensitivity of the method used and the

reproducibility of the results obtained, a series of parallel

experiments were conducted on the processing of substrates

in Fenton’s reagent.

Data on the weight loss of the substrates as a result of

treatment in Fenton’s reagent are shown in Fig. 5.

The dependences of the decrease in the mass of the

substrates (Fig. 5) are approximated by straight lines with

a slight negative slope. At the same time, the initial value

and slope are higher for silicone substrates. This can be

explained by their greater thickness and mass. With a ten-

hour total treatment, the weight loss of these two materials

is practically comparable.

The distribution curves of the mass loss values (1msub) in
the data arrays of multiple parallel experiments are shown

in Fig. 6. It can be seen from the figure that the random

variable 1m has a distribution close to normal. This makes

it possible to use variance statistics in relation to it.

Table 4 shows the results of statistical processing of mass

loss data after repeated exposure to Fenton’s reagent for two

types of substrates.

The
”
three sigma“ criterion was used to evaluate the

sensitivity of the method. Fig. 7 shows the dependences

of three standard deviations on the number of substrate

treatments with Fenton’s reagent. The points are well

approximated by straight lines.

Dependencies 3SD(N) have a slight negative slope as

follows from Table 4 and Fig. 7. In the case of silicone

substrates, the slope is greater, i.e., the sensitivity of

the method when using both polyethylene and silicone

substrates increases slightly with an increase in the number

of pretreatments. The sensitivity was about 8 · 10−5 g

during five preliminary treatments of the substrates. This is

probably due to the leaching of the most active component

of the substrate. It follows from this that pretreatment of

empty substrates in Fenton’s reagent is necessary to stabilize

the results of the study and to obtain more reproducible

data.

7.5. Study of stability of Nafion-G

and Nafion-G-Pt/C composites

The appearance of the Nafion-G-Pt/C composite film

before and after treatment with Fenton’s reagent is shown

in Fig 8. It can be seen that the film retains adhesion to

the substrate after processing, but local deformations are

present.

Table 5 and Fig. 9 show data on the destruction of films

of various compositions as a result of exposure to Fenton’s

reagent.

0 0.02 0.04 0.06
0

2

4

∆m , mgsub

C
o
u
n
t

6

a

0 0.05 0.10 0.15

0

2

4

∆m , mgsub

C
o
u
n
t

6

b

–0.05

Figure 6. Distribution curves of the data sample (N∼ 20) by loss

of substrate mass after the first treatment for 2 h in Fenton’s

reagent: a — polyethylene; b — silicone.
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Table 4. Statistical characteristics of the data sample (N 20) decrease in the mass of the substrates during sequential treatment with

Fenton’s reagent for 2 h each

Sample Treatment No. N Weight Loss, g Standard Deviation (SD) Standard Error (SE) 3SD, g

1 18 3 · 10−5 2 · 10−5 6 · 10−6 7 · 10−5

2 19 2 · 10−5 2 · 10−5 5 · 10−6 6 · 10−5

Polyethylene 3 19 3 · 10−5 2 · 10−5 4 · 10−6 5 · 10−5

4 20 2 · 10−6 9 · 10−6 2 · 10−6 3 · 10−5

5 19 3 · 10−5 3 · 10−5 6 · 10−6 8 · 10−5

1 21 7 · 10−5 6 · 10−5 10−5 2 · 10−4

2 19 9 · 10−5 10−6 2 · 10−5 3 · 10−4

Silicone 3 19 3 · 10−5 4 · 10−5 8 · 10−6 10−4

4 19 2 · 10−5 2 · 10−5 6 · 10−6 7 · 10−5

5 19 4 · 10−5 2 · 10−5 5 · 10−6 6 · 10−5

1 2 3

0

0.1

0.3

N

3
S

D

0.4

4 5

Silicone

Polyethylene

0.2

Figure 7. Dependences of the three standard deviations

(3SD) of the mass loss during one treatment for 2 h on the

number of treatments with Fenton’s reagent for various substrates

(polyethylene, silicone).

Materials with low and high Nafion polymer content have

the greatest stability as follows from Table 5 and Fig. 9.

The decrease of weight (the proportion of the destroyed

film) is the greatest with a polymer content of about 50%.

This can be explained by the influence of the composite

structure on vulnerability to Fenton’s reagent. In the case of

commensurate amounts of components, a porous structure

is formed with good accessibility of the polymer surface to

attacking radicals. With a low polymer content, even when

completely destroyed, it makes a small contribution to the

weight loss of the film.

It also follows from Fig. 9 that the content of platinum

carbon black does not significantly affect the film’s resis-

a b

Figure 8. Photos of the Nafion-G-Pt/C composite film of the

initial composition 14 : 56 : 30 before (a) and after (b) treatment

with Fenton’s reagent.

tance to radical attacks. The rather strong point spread

can be explained by small values of the analytical signal,

the measured values of the mass loss are not far from the

sensitivity of the method (∼ 0.1mg).

Conclusion

A gravimetric method for studying the resistance of small

samples of composites based on a proton-exchange polymer

of the Nafion type to free radical attacks is proposed.

Of the tested substrates, a silicone substrate is the most

suitable for forming films of the Nafion-G-Pt/C composite

system. It has the most stable form during exposure

to Fenton’s reagent and exhibits good adhesion to the

composite film.

Gravimetric measurement of mass loss has a sensitivity

limit of about 0.1mg, and pretreatment of the substrate with

Technical Physics, 2025, Vol. 70, No. 11
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Figure 9. Dependence of the degree of destruction of composite

films by Fenton’s reagent on the content of Nafion polymer.

Table 5. Decrease in the mass of composite films of various

compositions during treatment with Fenton’s reagent

Initial composition Weight Loss of weight Proportion of loss

Nafion : TEG : Pt/C, of film, films after of weight

% mg treatment, mg of film

100 : 0 : 0 2.28 0.35 0.15

20 : 80 : 0 2.2 0.24 0.11

50 : 50 : 0 2.15 0.63 0.29

80 : 20 : 0 2.29 0.61 0.27

14 : 56 : 30 2.15 0.31 0.14

35 : 35 : 30 2.15 0.16 0.074

46 : 24 : 30 2.18 0.72 0.33

Fenton’s reagent leads to a decrease in the rate of mass

loss of the substrate during processing and a decrease in its

dispersion.

The studied composites of the Nafion-G-Pt/C system

showed the following patterns. Materials with low and high

Nafion polymer content demonstrate the greatest stability.

The highest degree of film destruction is observed with

a polymer content of about 50%. This is because the

composite’s structure in this case makes it particularly

susceptible to the effects of Fenton’s reagent. When the

content of the components is commensurate, a porous

structure is formed, characterized by good accessibility of

the polymer surface to attacking radicals. With a low

polymer content, even when completely destroyed, it makes

a small contribution to the weight loss of the film. The

introduction of platinized carbon black does not significantly

affect the film’s resistance to radical attacks.
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