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Abstract: Current-voltage characteristics of graphene oxide (GO) films were explored in water vapor as a
function of water content in the film. The films can contain free and bound water. A decrease in current with
time at a constant voltage is associated with the decrease in water content. Reduced GO (rGO) films
exhibited proton and electron conductivity. For the proton conductivity E, = 0.9 eV, for the electron
conductivity induced by thermolysis and chemical exposure E; = 1.15 eV. The rGO films is an example of
mixed electron-proton conductivity when material conductivity can be regulated by external conditions. The
field effect in a graphene oxide transistor for different conductivity types has been discovered and
investigated. The possibility of accumulation and storage of electric charge in Nafion and GO films was
demonstrated for the first time. The storage is governed by humidity of ambient environment. Charge
accumulation occurs directly in Nafion or GO films.

Keywords: Graphene oxide/Nafion film, Current-voltage characteristics, Proton conductivity, Mixed proton-
electron conduction, Diffusion, Field effect, Dry charged battery

1. INTRODUCTION

After isolation of individual graphene nano sheets in 2004, the worldwide interest to graphene and
graphene-like materials was drastically increased. Today, graphene-like materials with graphene
properties are considered be obtained in large amounts from graphene oxide which is easily
synthesized from graphite in ‘mild’ conditions. Graphene oxide (GO) was initially considered as a
source product for the production of grapheme. However, GO itself is the subject of active studies to
be used in various materials and devices [1-8].

A search for new proton conductors is of high interest since such materials can be used for fabrication
of new devices different from those based on conventional electron conductors. Materials with proton
conductivity are used in various devices [9]: fuel cells, electrolysis cells, electrochemical sensors,
electrochemical reactors, electrochromic devices. Proton transport is observed in biological systems.
In the dry state GO is an insulator, and in a humid atmosphere GO demonstrates proton conductivity
[10-12]. On the other hand, GO itself is a promising material for various applications. As a proton
conductor GO is applied in humidity sensors [10, 14], in supercapacitors [15-16], as well as in a field-
effect transistor [10, 17], and nano composite membranes [18-21]. There is a possibility to integrate
GO in graphene electronic devices [22]. Moreover, GO is utilized in hydrogen-accumulating materials
[23]. GO is known to be a dielectric but possesses a proton conductivity. It should be noted, that
properties of GO films are expected to depend markedly on the morphology of the film, especially in
the case when GO flakes contain more than ten nano sheets (n > 10). This peculiarity is determined by
the fact that GO nano sheets are not planar and distributed randomly. In addition, GO films operate at
temperatures at which polymer proton conductors do not operate.

The behavior of interlayer water was studied in detail for graphite oxide [24-26]. By using neutron
scattering, it has been shown [24] that, in the interlayer space, water may exist at high humidity in two
forms: translational motion capable form and translational motion incapable one. The interlayer
distance in graphite oxide was found [25] to abruptly change in the vicinity of freezing point. Talyzin
et al. [25] have also established the presence of two types of water in the interlayer space of graphite
oxide. The same conclusion was also reached by Zhu et al. [26] who investigated the thermal
expansion of graphene layers and explained the negative thermal effect by reversible diffusion of free
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water in the layered assembly of GO: adsorption of water at low temperatures and its desorption at
higher temperatures. GO is also known to contain the bound water. Graphite oxide and graphene
oxide may have different structures: one is formed by ordered graphene layers while another, by
randomly arranged GO nano sheets. But the literature data suggest that water in both interlayer spaces
behaves similarly.

Several phenomena affecting the electrical properties of the films were disclosed in our previous
studies [27, 28] on the photoconductivity of GO films in water vapor. At the initial stages of exposure
to water vapor, the current was found to grow due to the presence of free water in the film. Then,
during experimental run at constant applied voltage and temperature, the current gradually decreased,
which was attributed to changes in the film morphology.

High ion conductivity combined with low electron conductivity is an important parameter of the
electrolyte membrane. The Nafion was developed by DuPont in the 1960s. The proton conductive
Nafion membranes are widely used in fuel cells [29]. Nafion is a polymer with high proton
conductivity and adjustable swelling in water [30, 31]. Commercial cation-exchange membranes have
following characteristics: the typical thickness is 50-200 pum, the conductivity ¢ is 0.005-0.003 S/cm
at 100% relative humidity. Nafion polymer possesses high chemical and electrochemical stability, its
proton conductivity is high after complete hydration; in a dry state, however, Nafion films do not
operate effectively. The state of water in Nafion film was considered in [32], and the film were
concluded to contain water in two states: free and bound water.

In the work [13, 27, 28] the proton conductivity of multilayer films of GO was studied and it was
noted [27, 33] that photoreduction of GO leads to the onset of electronic conductivity accompanied by
concomitant decay of protonic conductivity. Materials with mixed conductivity type are used in
various devices, as discussed in the review articles [34-36]. Electron-ion conductivity in inorganic
materials [34] and electron-proton in conducting polymers [35, 36] is generally regarded as the total
conductivity in these materials. A recent trend is the development of composite materials comprising
of two components exhibiting the proton and electronic conductivity. In such composites, the role of
matrix is usually played by Nafion while that of electron-conducting component, by reduced graphene
oxide [37], carbon nanotubes [38], and metal hydrides [39]. In these materials electron conductor is
actually a foreign body in the Nafion matrix so that the electronic conductivity of the material
depends on the quality of contact between the constituents. In wet conditions the proton conductivity
can be expected to grow while the electronic one, to decrease due to insulation of particles with
electronic conductivity. In contrast to composites, GO is a homogeneous material but in OG films
exhibiting proton conductivity in wet conditions [13, 27, 28] it seems feasible to induce electronic
conductivity under the action of external influences, such as thermal treatment, chemical processing,
and UV irradiation.

Field effect (FE) in transistors with a thin 2D carbon canal up to the graphene monolayer, landed on
the surface of single-crystal plate oxidized silicon was implemented and studied in detail in the
fundamental work K.S. Novoselov, A.K. Geim et al. [40]. The paper was also studied magnetic
phenomena in these transistors. This work caused the explosive interest in objects such as graphene,
and results of researches can be found in review articles [41-43]. Researches of FE transistors based
on graphene and oxidized silicon performed in [45-47]. The article [44] reports about field effect on
the reduced graphene oxide monolayer, and this effect is several percent. In [45] the mobility of
charge carriers was investigated in a wide temperature range. In [46] a shift of the Dirac point for
graphene surface treatment by electron beam of 30 keV is observed. In [47] in FE transistors the
modified graphene (heterostructure) is used that allowing to change the current 4-5 orders of
magnitude by gate voltage. In [48] using of the graphene oxide as an insulating layer is proposed. The
use graphene oxide in the FE transistor considered in [49]: the conductive layer graphene are created
on the layer of GO by hydrogen plasma and GO served as an insulating layer on the gate. Graphene
oxide was also used as an insulating layer in a transistor deposited on a flexible plastic, wherein the
active layer and electrodes graphene are used [50].

2. EFFECT OF INTERLAYER WATER IN GRAPHENE OXIDE ON PROTON CONDUCTIVITY

The GO films deposited onto the electrodes and dried at room temperature exhibited proton
conductivity in water vapor [27, 28]. Figure 1 shows the behavior of current I in a GO film at
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variation in relative ambient humidity (RH). The protonic conductivity linearizes in the log I-RH
coordinates.

The evolution of current I was found to depend on drying conditions, applied voltage, and ambient
humidity (see Figure 2). At room temperature and RH 7%, practically no current was observed (for
U< 10 V, I <1nA), and it arose at RH 100%. The polarization component exhibits a maximum for t
around 200 s, and its magnitude depends on the amount of residual free water in the GO film [27, 28].

1E-3,
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Figurel. Behavior of current | in a GO film at variation in relative humidity (U = 500 mV).

Drying at RH 7% decreases the amount of unbound free water in the film and the polarization current
is gradually decreases down to complete disappearance of polarization peak. Subsequent behavior of
the current is controlled by the diffusion of water molecules in the GO film (proton conductivity [27,
28]), and the current reaches its maximum value and then decreases within a period of several hours.
When dried at RH 7% for above 2 h, the polarization current is virtually absent and the observed
current is due to protonic conductivity due to water diffusion into the GO film and residual bound
water. Prolonged drying at RH 7% reduces the maximum current, thus indicating the removal of
bound water from the GO film during its drying. For example, after drying for 2 h the maximum
current measured at U =1 V and RH 100% is 640 nA,; after drying for 18 h, 240 nA; and after drying
for 42 h, 155 nA. Further drying for 2 h in vacuum (10 Pa), practically no current was found even at
RH 100%. A significant suppression of diffusion caused by elimination of interlayer water can be
regarded as an indication of marked changes in the film morphology, since there were no concomitant
chemical transformations.
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Figure2. Behavior of current | after drying at RH 7% for 1 h (U = 10 V).
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More unusual seems a significant current drop when the cell is placed in water vapor. Such a behavior
can also be explained by the removal of bound water and change in the film morphology. We did not
observe any signs of GO reduction or the appearance of any additional current (electronic conduction)
or sample blackening. After transfer from water vapor to RH 7%, the current dropped down to zero
(I< 10°° A). When returned into water vapor, the current resumed but the back diffusion of water
molecules into the film was slower by one order of magnitude because of some change in the film
morphology.

Figure 3 shows the temporal profiles of current | obtained at different U (RH 100%). The insert shows
the normalized curves. It follows that the kinetic curves at different voltages are markedly different:
the decay time grows with decreasing U. These experiments also imply that we may neglect the
electrolysis of water in the film because the current decline is observed even at U = 0.1 V when
electrochemical reactions [51] can hardly be expected to occur. It should also be noted that similar
processes were also observed in thicker films (200-500 nm), their duration growing with increasing
film thickness.
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Figure3. Temporal profiles of current | (RH 100%) obtained at U = 10 (1), 2 (2), and 0.1 V (3). The normalized
curves are given in the insert.

Figure 4 shows the IR spectra of GO films. It follows that either drying at RH =7% or in vacuum or
passing current had little or no influence on the IR spectra. But we managed to observe some spectral
changes in the presence of free water in the film at U> 5 V (E>150 V/cm) applied for rather long time
periods. This can be associated with partial electrochemical reduction of GO reported for aqueous
solutions [51].
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Figured. IR spectra of GO films: (1) immediately after drying at RH 7% for 18 h; (2) after drying in vacuum
(10 *Pa); and (3) after holding at voltage U = 1V for 6 h.
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We also observed electronic conductivity after GO reduction. The latter was done in several ways: (a)
by UV irradiation, (b) by heating, and (c) by chemical means [27, 28, 51, 52]. In all cases the
electronic conductivity was observed in dry samples. Figure 5 shows the 1-U characteristics of GO
films (RH 7%) after reduction. The characteristics are seen to be linear and this property was also
exhibited by samples subjected to longer reduction times. At initial stages of reduction, some
contribution from proton conductivity could be observed at room-temperature humidity.

The linearity of current-voltage characteristics are consistent with the literature data [53] on oxidation
of multilayer graphene layer (300 nm thick) with oxygen plasma; in this case the conductivity
changed but the current-voltage characteristics remained linear.

It should be noted that the diffusion of hydrazine molecules into the GO film at room temperature was
much slower than that of water molecule. After 10 hours holding in hydrazine vapor, we noticed the
occurrence of film blackening, growing with exposure time, but the conductivity in 100 nm films
appeared only after 70 hours of exposure, when hydrazine molecules reached the near-electrodes
space.

As is seen from Figures 2-3, current | decreases gradually with time. This can be regarded as a
consequence of film "compaction” caused by infiltrated water molecules. This implies that the
diffusivity of water molecules changes during experimental run. In this work, we made an attempt to
solve the inverse problem, that is, by using the equation of diffusion we estimated the diffusion
coefficient of water molecules in the system under study on the basis of our experimental data.
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Figure5. The I-U characteristics of GO films (RH 7%) after GO reduction: (1) by UV irradiation (260-390 nm,
3 h), (2) by annealing at 130°C for 3 h, and (3) by exposure in hydrazine vapor (25 C, 75 h).

Therefore, multilayer GO films can exist in three states: (a) as completely dry, (b) as containing
bound water, and (c) as contains both bound and free water. Water can be eliminated by passing
electric current in a humid atmosphere. There are three levels of hydration in the membrane: (a)
completely dry, (b) minimal hydration; and (c) complete hydration [32]. These states can significantly
affect the membrane diffusivity.

Removal of the interlayer water may also affect the film thickness. However, we did not find any
signs of such influence in the films up to 500 nm thick, neither in Newton's rings nor in color/position
change. Ellipsometric analysis [54] suggests that the removal of interlayer water from multilayer GO
films (n = 1-4) leads to a 20% decrease in film thickness; but in our case (n> 10) this effect was
unnoticeable.

3. MIXED PROTON AND ELECTRON CONDUCTIVITY IN REDUCED GRAPHENE OXIDE
3.1. Proton Conductivity

The GO films deposited on the electrodes and dried at room temperature reveals conductivity in wet
conditions [28], the GO films cast onto a substrate are known to exhibit the electro conductivity of
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typical proton conductors [13, 28, 55]. Figure 1 shows typical behavior of current | in a GO film at
variation in relative humidity (RH). Changes in proton current | at stepwise variation in applied
voltage U (AU =50 mV, RH 53%) are presented in Figure 6. It follows that current | is proportional to
applied voltage U.
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Figure6. Changes in protonic current | upon stepwise variation in applied voltage - U (RH 53%).

The temperature dependence of proton conductivity ¢ was found (Figure 7) to linearize (for 7> 0°C)
in the Arrhenius coordinates with the activation energy E, = 0.9 = 0.05 eV. The latter is close to that
(0.83 eV) reported for the membranes made of GO paper [56]. The close value of E; = 0.78 + 0.03 eV
was found for proton transport through a one-atom-thick graphene layer [57].
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Figure7. Temperature dependence of protonic conductivity o as plotted in the Arrhenius coordinates (RH 75%,
U =300 mV).

3.2. Electron Conductivity

After partial reduction of GO, our films exhibited also electron conduction. Cells with GO film are
dried and reduced in several ways: chemically and thermally: in all cases the electronic component of
current is occurred in the dry samples. Figure 5 shows the 1-U characteristics of GO films (at RH 7%)
after partial reduction of GO: (1) by thermal treatment at 130° C for 3—4 hours, (2) by chemical means
in the pair of hydrazine at 50-75 hours at a temperature of 25-60° C (treatment conditions were
adjusted to get comparable current characteristics).
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The linearity of the /-U characteristics did not depend on the duration of each reduction procedure. At
the initial stages of reduction (when contribution from electron conduction is low), some non-linearity
may be introduced by proton conduction depending on the ambient humidity. The linearity of our I-U
characteristics agrees with the results [53] reported for structurally defected multilayer graphene films
(300 nm thick) after their oxidation with oxygen plasma and the conductivity of the layer has changed
(decreased) in the oxidations process but the current-voltage characteristics remained linear.

The temperature dependence of electronic conductivity ¢ was found (Figure 8) to linearize (for 7<
0°C) in the Arrhenius coordinates, irrespective of the type of reduction method, under these
conditions the water is frozen and there is no proton conductivity. For chemical and thermal reduction
the activation energies were estimated as E,= 1.15 + 0.05eV in both cases. In the temperature range
220-273 K, our conductivity results well fit the exponential dependence ¢ ~ oo exp(-AE/KT). This
implies that the conductivity is governed by a single barrier, which is the case for typical
semiconductors. In amorphous materials, such as conductive polymers the temperature in the
exponent must have a power relationship of the type T*" where n ranges from 1 to 3. But this
dependence is manifested at low temperatures, which is not investigated in our case.
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Figure8. Electron conductivity o vs. 1000/T (7 < 0 <C) for GO films after their reduction.
3.3. Mixed Conductivity

Partially reduced GO films exhibited both electron and proton conduction: in dry conditions at RH 7%
it is electronic conductivity while in wet conditions (RH 35%), it is protonic one (Figure 9). Applying
voltage U to partially reduced GO at RH 7% gives rise to electron current I (Figure 9). After sample
transfer to wet conditions (RH 35%), current | is seen to sharply decrease.

7% 7%RH
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Figure9. Behavior of current I through a GO film partially reduced in hydrazine vapor.
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At the first glance it looks strange since, according to Figure 1, this must be accompanied by the onset
of proton conduction. In contrast to inorganic crystals with mixed electron-hole conduction where the
above currents are summarized, in our case they are deducted. Sample return to ambient humidity
restores the electron current up to its initial level.

Figure 10 illustrates the behavior of current I through a GO film upon variation in RH after chemical
reduction to different starting values of .. As is seen in Figure 10, after the first stage of reduction (to
le = 107 nA) an increase in RH initially decreases current | and then causes its growth: this implies
that the proton conductivity becomes larger than the electronic one. Upon further reduction to I, = 140
nA (Figure 10), the overall view of the I (RH) function markedly changes because the electron
conductivity becomes larger than the proton one even at high 75% RH. The GO is converted in
graphene material after a long reduction and current in the film becomes is due to the electronic
component only and it independent of humidity essentially.
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Figurel0. The dependence of the total current in the GO film on the humidity after GO reduction in hydrazine
vapor: (1) partial reduction in hydrazine vapor to I = 107 nA and (2) additional reduction to I, = 140 nA.

It should be noted that the electronic component is not fully compensated by the proton one. This
means that the channels for electron conduction appear in the GO film after any kind of treatment due
to sp?-hybridization, and such channels cannot be closed by moisture diffusing along the surface of
layers with sp3-hybridization with hydroxy- and epoxy-groups. Tentatively, this can be said and about
proton conduction: after each kind of processing, the GO film still retains some channels with sp*-
hybridization due to the presence of hydroxy and epoxy groups suitable for diffusion of water
molecules and hence for proton conduction. Such channels do not overlap. But in some film areas the
domains of electron and proton conductivities may nevertheless overlap.

Since in wet conditions GO films behave as typical proton conductors [27, 53, 55], the effect of mixed
conduction can be exhibited by other materials with simultaneous electron and proton conductivity.
Similar decrease in electron conduction with increasing humidity observed for composite materials
[37-39] was associated with insulation of GO particles at moisturizing.

4. FIELD EFFECT IN A GRAPHENE OXIDE TRANSISTOR FOR PROTON AND ELECTRON-HOLE
CONDUCTIVITIES

4.1. Relaxation Processes In GO Films

The difference between the properties of the electron and the proton conductivity effects on relaxation
processes. Figure 11 shows the transient current characteristics of a step change of voltage on the
sample. Curve 1 corresponds to the change of the electron current in a partially reduced film of GO
when applying a voltage +1 V and —1 V to the electrodes in one-minute intervals. It can be seen that
the curves of changes in the currents quire, which is typical for the inertia less current component in
the sample. The protonic constituent comparable with electronic conductivity appears when placing
the same sample in a humid atmosphere of 53% RH (curve 2). The transient characteristics manifested
relaxation component of the current. Further increase in humidity to 75% RH (curve 3) significantly
increased the current and the proton relaxation component becomes comparable to stationary current.
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Figurell. Transient current characteristics at a step change in the voltage of +1 and-1 V, the interval of 60
seconds. 1 -electronic conductivity of the GO film RH 7%; 2 - conductivity at 53% RH; 3 - conductivity at 75% RH.

Relaxation (Figure 11) is not described by monoexponential dependence, and the relaxation time (at
half height) is several seconds. Dipole polarization of water molecules and charged fragments with the
attached water may be responsible for such processes. Relaxation is due not only to the electronic
component, but also the structural, that is their rotating and partial displacement. Such fragments
maybe, e.g., H,O,-groups arising during attachment of water molecules to the hydroxy group and the
proton of the group participates in conduction. Our transient characteristics are consistent with the
frequency dependency of the impedance measured for GO films at various humidity [10]: the
amplitude of impedance decreases with increasing of frequency and with increasing of environments
humidity.

4.2. Model of Field Effect Transistor

The presence of two types of conduction in the GO films can be shown by using the GO in the circuit
of field effect transistor. Field effect was studied both for a proton and an electron-hole conductivities
of GO in the transistor circuit shown in Figurel2. The GO film thickness was aboutl um, the
thickness of the SiO, is 0.1 um, the voltage Uy =1 V, the gate (G) was applied step voltage from 0 to
+12Vinl5V.

GO

[Jgg:i- ‘ D —Au

——Si02
G i

Figurel?2. The schematic diagram of transistor.

Figure 13 shows the current characteristics of the proton conductivity of the transistor— it is not
reduced GO is present in the sample only and electronic conductivity is absent. There is no current (I
< 1 nA) even when applied to the gate voltage Ugof —12 to +12 V in a dry atmosphere at the source-
drain voltage Usy =1 V. At placing transistor in a humid atmosphere 75% RH the current appears in a
sample due to proton conductivity (Figure 1). The current reaches saturation after about a minute and
then voltage negative step is applied to the gate. The supply negative voltage substantially increases
the current. At a positive voltage to the gate this current of the transistor begins to decrease (after 300
s) and even changes sign when the U, =6V. As can be seen from Figure 13, every time you switch the
gate voltage relaxation phenomena occur-current peaks with a gradual decline to steady-state current
value.
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The subsequent partial reduce of GO leads to the appearance of electron-hole conductivity (Figure
14). The initial current lg=~ 120 nA and the current depends on the degree of reduction of the GO.
Field effect in this case significantly changes the amplitude of response when applying positive
voltage to the gate the increase in transistor current (right peak in Figure 14) is observed, which
corresponds to the electronic conductivity in the layer of the GO. These currents three orders of
magnitude superior to proton conduction currents. It is seen that the current caused to holes (left peak
in Figure 14) about twice weaker than the one of electrons and this can be explained by differences in
the values of the drift mobility of electrons and holes.

80

0 200 400
t, sec
Figurel3. The proton conductivity. Current transistor characteristics when placed in a humid atmosphere 75%

RH, the gate voltage is changed stepwise in the range 0— (=12 V) —0— (+12 V) —0 step 1.5 V, Ups=1 V. (The
initial section of Figure).

0 300 600 t, sec
Figurel4. The electron-hole conductivity. The current characteristics of transistor in the dry sample (RH <7%)

after partial reducing of the GO film by hydrazines vapor, electron conduction current ~120 nA. Measurement
conditions are the same as in Figure 13. (The initial section of Figure).

Figure 15 shows the line anamorphosis plots shown in Figures 13 and 14. It should be noted
qualitative and quantitative field effect difference between the proton and electron-hole conductivity.
First, there is a change in the direction of current upon variation in the sign of voltage applied to the
gate: a negative voltage enhances the current of the proton conductivity and a positive voltage
increases the electronic conductivity. Secondly, current greatly increases at the electronic conductivity
at the same gate voltages compared with proton conductivity — this effect can be explained by the
different mobility of charges (electrons, holes and protons) in different cases.
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Figurel5. The dependence of the current on the transverse electric field at proton (built from the data in Figure
13) (curve 1) and electron-hole conductivity of the transistor (built from the data in Figure 14) (curve 2).

From Figure 15 (curve 1) it is seen that currents determined by proton conductivity at positive offsets
remain virtually unchanged and are not of interest. The left branch of this figure (negative bias)
allowed us to estimate the concentration of proton conductivity at various displacements. In this case
the value of the drift mobility of the protons is taken to be the value obtained in [58] for ice at a
temperature of -5 °C: p, = 6.4x10° cm?Vs. The concentration of protons at zero bias n, = 0.4x10"
cm =, and Uy =12 V n,= 4.4x10" cm’®, that is, the proton concentration at that off set is increased an
order of magnitude. Analysis Figure 11 bat of electron-hole allows to obtain values of the
conductivity of the drift mobility of electrons and holes at different Ug, based on the total ratio ¢ =
nep and considering that U= 1 V. For example, when a bias voltage Uy =10V, the electron mobility
1= 1.2 x10°cm?Vs) , and hole mobility p, = 0.6 x10°cm?/Vs), which is approximately two times
lower than the electronic one. Note that in [59] the ratio values similar mobility has reversed for the
graphene layer, it being the mobility (u =~ 10* cm?/Vs) significantly higher than our values. This is
quite natural, since the graphene films have a much more perfect structure than thick (tens or even
hundreds of times) films of the GO, which graphene sheets are arranged randomly, and their recovery
is made partially.

Our data are consistent with results of other authors on the measurement of the field effect in
materials with proton conductivity: polysaccharides [60] and Nafion [61]. Significant field effect in a
humid atmosphere is observed in these materials, for example polysaccharides proton conductivity is
shown at humidity RH> 50% [60]. It was shown that at a certain degree of reduction the GO field-
effect transistor can exhibit either proton or electron-hole conductivity. The transistor currents in the
latter case exceed the proton-conductivity currents by about three orders of magnitude. These
phenomena can be used for controlling the transistor properties (for example, in sensor and probe
circuits). At the same time, the environmental humidity may significantly affect the operation stability
of a field effect transistor with GO used as an insulating layer.

5. FIELD EFFECT IN A NAFION FOR PROTON CONDUCTIVITY

The Nafion films that were deposited on electrodes, dried at room temperature, and then placed in
vapor have electric conductivity. A cell with a Nafion film was dried in air and placed in a container
with 7% RH for 10-15 min; in this case, the current was close to zero. When the cell was
subsequently placed in water vapor at 53% RH, a current appeared whose behavior is shown in Figure
16. The maximum current is observed on the initial section due to the polarization component
(electron and dipole polarization of water molecules), and its strength depends on the amount of
residual unbound water in the film, ambient humidity, electrode voltage, and film morphology (this is
considered below). The subsequent increase in the current (Figure 16) is caused by proton
conductivity due to the diffusion of water molecules into the film. The strength of this current mainly
depends on the film morphology (diffusion properties), amount of bound water in the film, and
electrode voltage. At high proton conductivity, the polarization peak is absent, and polarization
conductivity manifests itself as a sharper initial rise of current. Under the given conditions, there is no
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oxidation of electrodes or chemical transformation of the Nafion film; therefore, this behavior can be
explained only by a change in the film morphology, that is, by a change in its diffusion properties
with the passage of electric current, which is the subject of the present study. Let us consider the main
properties of Nafion films.

1004 Polarisation

\ 1 component
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53%RH
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Figurel6. Behavior of the current in the Nafion film when the measuring cell is transferred from a medium at
7% RH into water vapor at 53% RH (U =0.5V).

The dependence of the film conductivity on RH was studied at low electrode voltages, when the
current decay during the measurement was insignificant. Figure 17 shows the experimental curves of
the behavior of the current in the measuring cell; Figure 17 shows the dependence of the current on
RH in logarithmic coordinates. According to Figure 17, the current (and, accordingly, conductivity)
depends exponentially on RH. This dependence agrees with the data of [62-65] on the proton
conductivity of Nafion membranes measured at different humidity values. However, the authors of
these studies did not observe a strict linear dependence of the logarithm of proton conductivity on
humidity, which is possibly associated with differences in the experimental conditions. The transfer of
water in polar polymers at increased water vapor concentrations was considered in [66]. In these
cases, Henry’s law requires some correction because water in the polymer has the form of water
clusters, but not molecular solution [67]; the clusters appear under experimental conditions, for
example, in small-angle X-ray scattering experiments [68].
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Figurel?. Behavior of the current in the Nafion film as a function of humidity (U = 100 mV).

The theory of this process was considered in [69], and a semi-phenomenological expression was given
for describing the diameter of the ion cluster in Nafion, whose typical diameter is 4 nm. The clusters
are connected by short channels (with a diameter of ~1 nm), and this cluster-chain model is
thermodynamically stable. In this case, the ion transport in the membrane should be described by the
percolation model, in which the bonding of ion clusters is critical. At high temperature and humidity,
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the conductivity in the polymer may be unstable. In our case, at room temperature this effect was
observed at RH > 80% and electrode voltage U > 1 V (electric field strength E > 10V/cm, Figure 18).
Below 75% RH, the current increases with humidity and then declines during long-term observation.
When RH further increases to 89%, the current starts to increase noticeably with time; at 100% RH,
nonlinear effects appear, and at U> 1 V, an electrical breakdown is observed, the current abruptly
increasing to a high level. This is due to the formation of large water domains and conducting
channels in the film; this model was considered in [70]. For Nafion membranes, this was already
observed at 80°C and 95-100% RH [71]. The dependence of the proton conductivity of the Nafion
film on electrode voltage is shown in Figure 19. When step voltage of 50 mV is applied to a
measuring cell, the current also increases stepwise, and the dependence of the current on voltage is
linear. At the film thicknesses under study, in the absence of electric breakdown, the linear
dependence in our case was observed up to 2 V.
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Figurel8. Dependence of the current in the Nafion film at high relative humidity (U = 1 V).
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Figurel9. Dependence of the current in the Nafion film on electrode voltage (RH = 35%).

The temperature dependence of proton conductivity of the Nafion film above 0°C is shown in Figure
20. The activation energy of proton conductivity of Nafion films in the temperature range 9-36°C is
E, = 0.89 £ 0.05 eV (E, = 85.7 £ 5 kdJ/mol). For Nafion membranes pretreated in boiling water with
various additives, the activation energy of proton conductivity is only 10.7 kJ/mol [72]. In [62], the
activation energy of proton migration at RH 100% for Nafion membranes treated under different
conditions was 1.1-1.8 kJ/mol. In our case, there was no preliminary thermal treatment of the Nafion
films: they were dried under ambient conditions and placed before the measurements for 10-15 min in
a dry atmosphere with 7% RH.
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Figure20. Temperature dependence of the conductivity of the Nafion film in the range 7-36 °C (RH = 35%, U =
100 mV).
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As mentioned above (Figure 16), when a dry Nafion film was placed in a humid atmosphere, the
polarization peak of conductivity first appeared mainly due to electron polarization and dipole
polarization of water molecules trapped in the film. Let us consider the processes associated with
further current decay during electric measurement. As mentioned above (Figures 16 and 17), the
current decreases with time during the current passage through the Nafion film in water vapor, all
other conditions (humidity, temperature, voltage) being equal. This behavior corresponds to a
decrease in the diffusion coefficient of water molecules in the film, which is equivalent to film
compaction during the measurement. This process depends on electrode voltage (current density), as
shown in Figure 21.
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Figure21. Temporal profiles of current at different electrode voltages: (1) 0.1, (2) 0.2, and (3) 0.5V (RH =
53%). The same curves normalized to equal height are given in the insert.

As mentioned above, the morphology of Nafion films during hydration is usually considered based on
the cluster-chain model [31, 67]: the film contains water clusters with a diameter of ~4 nm connected
by channels with a diameter of ~1 nm and the same length; the water clusters contain acid groups
attached to the polymer chains. Along with the cluster model, the model of parallel water channels in
the Nafion membrane was proposed [73], which also quite adequately describes the current processes
in the membrane. We believe that in our case, the polymer is dehydrated under the influence of
current in a humid atmosphere, and, as a consequence, the cluster size or the diameter of water
channels decreases, which is just responsible for the change in the film morphology (compaction).

6. ELECTRIC CHARGE ACCUMULATION AND STORAGE IN NAFION AND GRAPHENE OXIDE
6.1. The effect of a dry-charged battery based on the graphene oxide and Nafion films

In the measuring cell, which consists of two electrodes there is a proton current in a humid
atmosphere as shown in Figure 22 for GO film (curve 1). Proton conductivity of GO and Nafion films
depends on humidity and voltage on electrodes. Electrical characteristics of these films are similar. If
one places the measurement cell in a dry atmosphere (RH < 7), the current drops to zero.

At the first stage (RH < 7%), a voltage of 0.4 V was applied to the electrodes (Figure 22), and at t =
200 s the sample was placed in a humid atmosphere (RH = 75%). An electric current observed for the
sample (curve 1) is due to proton conductivity [10-12]. After some time (~1300 s) the sample was
transferred to a dry atmosphere, where it can be stored for a long time without applying voltage to the
electrodes. If such a sample is placed in a humid atmosphere, then a negative current arises in the
circuit with U = 0 V, due to the neutralization of charges accumulated during the passage of a positive
current at humidity of RH = 75%. Note that after accumulation of charge and subsequent storage of
the sample in a dry atmosphere (RH < 7%), the charge remains constant for a long time — up to several
days as shown in Figure 23 (curve 3). Experimental results of this process are shown on the example
of Nafion films (Figure 23) [75].

) 400 800 1200
t, sec

Figure22. The kinetics of proton current (curve 1) in GO layer (RH = 75%, U = 0.4 V). The kinetics of
discharge current in GO layer in humid environment after charge storage in dry atmosphere for 0.5 h (curve 2)
and 18 h (curve 3) (RH =75%, U =0V).
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Figure23. Current-time (curve 1) in the Nafion film (RH = 75%, U = 0.5 V). Discharging (curves 2-3)
measured after storage at humidity of RH < 7% for 0.5 h (curve 2) and 70 h (curve 3) (RH = 75%, U =0 V).

It should be noted that the type of charging and discharging curves substantially depends on the
conditions of sample preparation. In a dry sample, after keeping it for more than a day at RH < 7%,
both the charge and discharge occur more slowly. Such dependence is observed, for example, after 18
hours of charge sample storage in dry atmosphere (curve 3 in Figure 22), namely the maximum
discharge current remarkably decreases, although the integrated discharge current decreases slightly,
which can be seen from the slower discharge current decline to zero as compared to curve 2. Such
dependencies seem to be natural, since GO film like other polymer films can swell in a humid
atmosphere and change its morphology, while the accumulated charge in a dry atmosphere can be
stored for a long time, for several days. The same changes are observed in the Nafion film when it
stored in a dry atmosphere (Figure 23) — the discharge curves 2 and 3 are substantially smoothed for
samples with prolonged charge storage. A change in the morphology of the GO film and its
composition was observed in [12] when the film was stored in ambient environment. In that case a
change in the composition of the epoxy/oxy groups was observed in GO films during the month of
storage. The charging curve (curves 1 in Figure 22 and 23) has a characteristic feature with a
maximum in the initial period and a gradual decrease in current to a stationary value in the course of
measurement. Such behavior of the current can be explained by vacancies filling with protons from
the negative electrode and electrons from the positive electrode.

The value of the accumulated charge (discharge current) is proportional to the charging current (as is
seen in Figure 24). In the case of GO with a charging voltage of 0.4 V and a film thickness of about
0.4 pm, the charge is about 10°® C. The charge maximum is limited by the concentration of traps in
the GO layer (OH-groups) and can theoretically be ~ 102 C. Note, the decrease in current of curve 1
(inset Figure 24) is comparable with the discharge current of curve 2 (insert Figure 24). In this case,
their difference (the sum of curves 1 and 2) corresponds to the stationary current in the cell, as can be
seen from curve 3.

0.0 0.2 Uy 04

Figure24. 1 — Dependence of the charging current in GO film on the voltage applied to electrodes. 2 —
Dependence of the discharge current in the GO film at a voltage of 0 V. (Insert: 1 — The kinetics of charge
accumulation in GO film at RH = 75%, U = 0.4 V; 2 — The process of GO film discharge at RH = 75%, U =0
V; 3 — The sum of curves 1 and 2).

The curves of charge-discharge of GO film are more smoothed with an increase in its thickness up to
500-600 nm, which is explained by long time of water diffusion within the film. A significant
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increase in the charge-discharge time was observed with an increase in the film thickness up to 1 pm
while using GO as a sensor for humidity [13].

Such a value cannot be achieved in real conditions, since a large charge requires high currents and
humidity. With high humidity and high voltage on the electrodes non-linear effects can occur — an
uncontrolled increase in the current [74]. At these conditions, the cluster model of conductivity in GO
films [30] is disturbed, the current increases uncontrollably, and electrical breakdowns occur, this is
caused by the development of conducting water channels in GO film.

The processes of accumulation of charge and the kinetics of discharge in GO and Nafion films are
identical, however, in the initial period of time there is some difference in the kinetics curves shown
in Figure 25. The kinetics for GO films shows a more dramatic decrease in the discharge current than
the kinetics for Nafion based films, which may be due to different proton diffusion coefficients in GO
and Nafion films and different concentration of traps in films. It should be noted that protons of sulfo-
groups can be considered as traps (deep traps) in Nafion films, while in OG films the traps are
presented with hydroxyl-groups (smaller traps).
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Figure25. Normalized curves of the discharge current in GO and Nafion films.

Discharge curves 1 and 2 in Figure 25 are not described by an exponential dependence and their
behavior can be divided into two regions: in the initial period a sharp decrease in current is observed,
and further behavior is close to the diffusion dependence.

6.2. Effect of Humidity on Proton Conductivity in Graphene Oxide and Nafion Films

GO and Nafion films are typical proton conductors in water vapor and their conductivity depends on
the humidity of the environment. Figure 26 shows the behavior of the discharge current in Nafion (2)
and GO (1) films in environments with different humidity and this dependence (current maximum) is
a straight line in logarithmic coordinates logl = a (RH), where a is a constant.

601 60 RH % 75 ¢

0 30 60 RH, % 90
Figure26. The dependence of the maximum discharge current in the films of GO (1) and Nafion (2) on the RH.
The inset shows the dependence of the current (maximum) on humidity in logarithmic coordinates.

Our results are consistent with the results of [63-65] on the dependence of proton conductivity of
Nafion membranes on humidity but in the cited works there was no strict linear dependence of the
logarithm of proton conductivity on humidity.
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6.3. Model of Proton Diffusion with an Increase in Humidity

The one-dimensional model for proton conductivity is considered in [9]. A proton trapped on a donor
can jump to an acceptor at their significant approaching, and in our case this means a higher humidity.
The semi-empirical potential EQ (q) for proton transfer along hydrogen bond in the R—-O-He+sO-R
configuration for different distances Q between oxygen atoms (q is the proton coordinate) is shown in
[9]. In our case, the distance between the oxygen atoms Q reflects the humidity of the sample and at
distances of more than 300 pm (low humidity) the barrier for proton hopping becomes more than 1
eV, which virtually eliminates its diffusion in the absence of electric field.

The GO studied in our experiments had the following composition: CgO46H; g(H20)05s, the density of
GO film is 1.2 g/lcm®. The estimated average distance between oxygen atoms (without assigning it to
any groups) is 0.416 nm (416 pm). Such a distance between oxygen atoms makes it impossible for
protons to diffuse in a dry GO film, since the energy barrier exceeds 1 eV [9]. In this case, the GO
film is a high-resistance insulator in a dry atmosphere, since electronic conductivity is impossible due
to the absence of double bonds in the sp*-hybridization of GO, and proton conductivity is absent due
to the large barrier between oxygen-containing groups — proton donors and acceptors. The number of
oxy-groups in the GO is comparable to the number of epoxy-groups [12], and if we assume that only
oxy-groups are involved in the proton transfer, then the distance between them is overestimated yet
and the barrier for proton hopping will increase significantly. Proton conductivity can be assumed to
occur at higher temperatures, as in many proton conductors [9], but this is impossible in practice,
since graphene oxide is reduced to graphene structures at high temperatures and electronic
conductivity appears.

Thus, the observed current behavior is similar to a charged capacitor, but unlike a capacitor, the
charge in GO or Nafion films does not accumulate on the conductive elements, but directly in the film
layer and in the dry atmosphere when a positive or negative potential is applied to the electrodes, and
the current flows only in a humid atmosphere. This effect can also be compared to the behavior of a
dry-charged battery, which is usually used for storing and transporting batteries in car service. In the
case of acid batteries, the charge is stored as a chemical compound accumulated during the charge
process. In our case, the charge is stored directly in the film layer without chemical conversion, which
distinguishes it from acid batteries.

7. CONCLUSION

1. GO films may exist in three distinctly different states: (a) without interlayer water, (b) with
interlayer bound water, and (c) with both bound and free interlayer water. Upon drying of GO films at
normal conditions, free water is retained in the film, thus giving rise to polarization current at RH
100% for U = 0.1-10 V. Upon drying of GO films at RH 7%, the bound water is retained and gives
rise to proton conductivity. After complete removal of water, back penetration of water into the GO
film is not observed even at RH 100%.

2. GO films can exhibit dual proton and electron conductivity. Proton conductivity shows the
exponential dependence on relative humidity and temperature with the activation energy E, = 0.9 +
0.05 eV at the temperature range T > 0°C. For the electron conductivity (220-273 K) induced by
thermolysis and chemical means E,= 1.15 £ 0.05 eV. The GO films can be regarded as a first example
of the mixed electron-proton conduction when sample conductivity can be regulated by external
influence (humidity).

3. It was shown that at a certain degree of reduction the GO field-effect transistor can exhibit either
proton or electron-hole conductivity. The transistor currents in the latter case exceed the proton-
conductivity currents by about three orders of magnitude. These phenomena can be used for
controlling the transistor properties (for example, in sensor and probe circuits). At the same time, the
environmental humidity may significantly affect the operation stability of a field effect transistor with
GO used as an insulating layer.

4. The proton conductivity and the structure of the Nafion film are determined by the presence of free
and bound water in it and the ratio between the amounts of these types of water. The extreme
conditions of the film are completely dry and hydrated. After the Nafion film was dried at 7% RH,
bound water remains in the film, which contributes to the proton conductivity. In the presence of
bound water in the Nafion film in water vapor, the coefficient of water diffusion into the film changes
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significantly under the influence of the current. This is associated with the removal of both free and
bound water from the film when the current passes; Nafion does not undergo any chemical
transformations, but the film morphology changes.

5. The possibility of accumulation and storage of charge in films of typical proton conductors was
shown experimentally using GO and Nafion films. The amount of charge accumulation depends on
the humidity of the environment. In a dry atmosphere the accumulated charge can be stored for up to
several days. Accumulation of charge occurs directly in GO or Nafion film, which significantly
distinguishes proton conductors from electric capacitors and liquid batteries.
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