Method of carbon-based electrode analysis by conductive-atomic force microscopy
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A novel method of the characterisation of composite materials for electrochemical capacitor electrodes by conductive-atomic force microscopy
is reported. The method allowed the analysis of the structure and the distribution of the non-conductive or less conductive additives dispersed
in the carbon conductive matrix, which affect the surface conductivity of the electrodes. The composites of activated carbon with nickel (II)
oxide, as well as activated carbon or carbon nanotubes with three different conducting polymers — polyaniline, poly(3,4-
ethylenedioxythiophene) and polypyrrole — were prepared and tested and analysed by the reported method.

1. Introduction:  Electrochemical capacitors (also called
supercapacitors or ultracapacitors) are devices developed to store
and deliver electrical energy in high-power pulses. They are
characterised by high-power density, high efficiency and long
shelf and cycle life. In a typical electric double layer (EDL), the
supercapacitors’ energy is stored as a charge separated in a double
layer, which is formed at the interface of the carbon electrode and
the electrolyte. Materials such as activated carbon [1], mesoporous
carbon [2] and carbon nanotubes (CNTs) [3] are usually used
because of their good electrical conductivity and chemical and
thermal stability. However, the capacitance of EDL
supercapacitors is limited by the microstructure of the electrode. It
can be increased by a pseudo-capacitive charge storage
mechanism [4] because of the fast surface redox reactions on
electroactive materials. A pseudo-capacitive effect can occur,
for example, in transition metal oxides [5] and conducting
polymers [6, 7]. Recently, polyaniline — PANI [8-10], poly
(3,4-ethylenedioxythiophene) — PEDOT [11-13] and polypyrrole —
PPy [14-17] composites with various carbon materials were
extensively investigated as good candidates for supercapacitor
electrodes. The appropriate morphology of the composite and the
carbon/polymer ratio has a significant effect on the
electrochemical properties of these materials. A high specific
surface area (in the range of hundreds m? per gram) gives the
possibility to obtain a high Coulomb capacity at the EDL [18, 19].
However, in the pseudo-capacitive additives such as transition
metal oxides or electrically conducting polymers, not only the
surface but also the total mass and the volume of the material
participated in the charge storage [14], hence their morphology,
homogeneity of distribution and electrical contact are essential.

It is known that the methods of preparation of a filler and a matrix
and the technique of their mixing determine the properties of the
composite. In the case of the CNT/polymer composite, the addition
of only a small amount of CNT can drastically increase the elec-
trical conductivity of such nanocomposites by the formation of a
conductive CNTs network in a polymer matrix [20]. The conduct-
ivity of such composites is limited by the contact resistance between
the CNTs which can be influenced by the thickness of the insulating
polymer layers that cover the CNTs which specifies the tunnelling
resistance between the two nanotubes [21, 22]. A tool providing the
possibility of nanometre resolution analysis of the carbon/polymer
composite structure could be conductive-atomic force microscopy
(C-AFM) [20, 23]. By means of this technique, in a more efficient
way than by the other scanning probe microscopy modes, the or-
ganisation of the carbon materials inside a composite can be
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determined. The structure of the composite can be analysed in the
context of the carbon paths which are connected into the conductive
network and therefore participate in the process of the electrons
transfer.

Here, we report a C-AFM-based method of the analysis of the
carbon-based composites organisation, which allows us to analyse
the content of the less conductive filler and its distribution. In par-
ticular, it can extend the analysis capabilities of the electrochemical
capacitor electrodes, filling the gap of the lack of methods for the
pseudo-capacitive additives distribution examination.

2. Materials and methods: The method was tested by several types
of nanocomposite electrodes. Measured electrodes were designed for
the asymmetric electrochemical capacitors. The first approach has
been performed by using electrodes consisting of 5% carbon black,
10% of binder (PVDF, Kynar Flex 2801) and active material
which was a composite of the activated carbon (AC, NORIT®
SX2) and nickel oxide. As a second approach, the unmixed
composites of carbon [AC or multiwalled CNTs (MWNTS)] and
the conducting polymers (PANI, PEDOT and PPy) have been
used. All these materials were compressed into thin pellets.

2.1. Preparation of the AC/NiO composites: The AC/NiO composite
was obtained by a chemical method by the direct precipitation of
nickel hydroxide onto activated carbon from the Ni(NOs), solution
by NaOH. The molar ratio of Ni(NO3), and NaOH was 1:2. The
precipitation material was washed and dried at 80°C and at the next
step was calcination at 300°C at an air atmosphere for 2 h. The
X-ray diffraction analysis (not shown in this Letter) confirmed the
full conversion of the precipitate from nickel hydroxide (B-Ni
(OH),) to nickel (II) oxide (NiO). The amount of NiO at the
composite was 17%. For comparison, another composite was
obtained by a mechanical method of simple mixing of the AC and
the NiO components in the same ratio in a mortar.

2.2. Preparation of the carbon/polymer composites: Carbon/
polymer composites have been obtained by a polymerisation of
the suitable monomers in the presence of the carbon materials.
Activated carbon (AC, NORIT® SX2) and MWNTS with a
diameter of 110-170 nm and length of 5-9 pm and purity 90+%
(Sigma-Aldrich®), respectively, were used as the carbon materials.

Carbon/PANI composites were obtained by aniline polymerisation
in an acid solution. In particular, aniline (2 ml) was dissolved in 1 M
HCIL. Next, 1 g of a proper carbon material was added. The mixture
underwent vigorous stirring. Excess of the K,CrO, oxidant was
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Figure 1 Sketch of C-AFM experimental setup

dissolved in 100 ml of 1 M HCI and added dropwise under vigorous
stirring. The polymerisation took 2 h. After that, the composite was
washed out by distilled water to remove the residual oxidant until the
pH became neutral. The composite was dried at room temperature
for 24 h.

The synthesis of the carbon/PEDOT composites was conducted
in acetonitrile solvent. One gram of carbon material was added to
the monomer PEDOT (1M solution in acetonitrile), and the
mixture was vigorously stirred. An exact amount of the Fe(ClO4);
oxidant (25%) solution in acetonitrile was added dropwise under
vigorous stirring. The product was washed by acetonitrile and
dried at room temperature for 24 h after 2 h of polymerisation.

Carbon/PPy composites were obtained similarly to carbon/PANI
composites. Pyrrole as a monomer and iron (III) chloride as an
oxidant were used. In particular, 1.4919 g of pyrrole was dissolved
into 100 ml of chilled 0.1 M HCI solution. 0.5133 g of carbon ma-
terial was added to the solution and the mixture was vigorously
stirred. An exact amount of the FeCl; oxidant (10.7379 g) was dis-
solved in 0.1 M HCI solution and added dropwise to the above so-
Iution. After 2 h of polymerisation, the product was washed with
distilled water and dried at room temperature for 24 h.

In all the cases, the percentage of the carbon material was in the
range of 40-60% depending on the sample which is over the perco-
lation threshold.

2.3. Atomic force microscopy (AFM) measurements: AFM
imaging was performed by using the Easy Scan 2 AFM
(Nanosurf) in the C-AFM mode and using the Innova scanning
probe microscope (Bruker) in the TappingMode®. A sketch of the
C-AFM experimental setup is shown in Fig. 1. The force of the
cantilever-sample interaction during the experiment was kept as
low as possible and it did not exceed 5 nN. This value of a force
allows for non-destructive surface analysis. The topography and
the C-AFM current map were measured simultaneously. The
macroscopic bulk sample of the nanocomposite pellet was fixed
and connected to the ground. The bias voltage was applied
between the conductive tip and the sample and set at 100 mV.
The circuit was protected by a 100 kQ resistor connected in series
and the current did not exceed 1 pA. Pt/Ir coated PPP-ContPt
probes (Nanosensors™) were used. All the AFM data analysis
was performed by WSxM software [24].

3. Results and discussion: We measured the unadulterated carbon
materials for further comparison with our measurement results.
The structure of the AC surface is shown in Fig. 2. The porosity
of the AC is clearly noted. In the range of tens and hundreds of
nanometres, the pores can be imaged by AFM and in the range of
several nanometres by a scanning tunnelling microscope (STM).
The transmission electron microscopy (TEM) image of the used
CNTs is shown in Fig. 3 and the AFM image of the single
nanotube at the mica surface is shown in Fig. 6a. Their
dimensions are in good agreement with the producer data. The
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Figure 2 AFM topography of AC surface (Fig. 2a) and STM image of single
micropore (Fig. 2b)

declared dimensions are 110-170 nm in diameter and 5-9 pm in
length, respectively.

3.1. Structure of the AC/NiO composites: The topographies and the
C-AFM current maps of the AC/NiO composites obtained by chemical

Figure 3 TEM image of multiwalled CNTs of 110-170 nm diameter

topography

C-AFM current map

Figure 4 Topographies (Figs. 4a, ¢) and C-AFM current maps in inverted
scale (Figs. 4b, d) of AC/NiO composites obtained by chemical (Figs. 4a, b)
and mechanical (Figs. 4c, d) way
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Figure 5 Topographies (Figs. 5a, ¢, e) and C-AFM current maps in
inverted scale (Figs. 5b, d, f) of AC/PANI (Figs. 5a, b), AC/PEDOT
(Figs. 5c, d) and AC/PPy (Figs. Se, f) composites

precipitation are shown in Fig. 4a — topography, Fig. 4b — current map
and obtained by mechanical mixing in Fig. 4¢ — topography, Fig. 4d —
current map, respectively. In the topography, the images NiO
crystallites or precipitates are not admittedly seen. However, the

178 nm
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current maps clearly show the conductive spots (black areas) at the
non-conductive background (white area). Current distribution
images indicate the conductive spots in the xy-plane, which means
that their maps show places where the conductive network of the
AC is not covered by the additives and appears at the surface. The
non-conductive spots indicate the presence of NiO at the surface of
the AC matrix. It is obvious that the non-conductive part is
dominating over a small amount of the non-covered, conductive
areas. On comparing both the composites, we can note that the
composite obtained by the chemical method is characterised by
bigger conductive areas, especially at the grains’ boundaries,
contrary to the composite obtained by the mechanical way. This
suggests a more homogeneous distribution of the NiO at the surface
of the composite obtained by the mechanical process than by the
chemical precipitation.

3.2. Structure of the carbon/polymer composites: In the following
discussion, all the samples are treated as a conductive matrix of
the carbon material mixed with or covered by the much less
conductive polymer (PANI, PEDOT and PPy). Fig. 5 presents the
topographies (Figs. 5a, ¢ and e) and the current maps (Figs. 5b, d
and f) of the AC/polymer composites. Fig. 6 represents
the topography images obtained in the TappingMode® of the
individual MWNTS deposited at the mica (Fig. 6a) and the
MWNTS taken from the PANI (Fig. 6b), PEDOT (Fig. 6¢) and
the PPy (Fig. 6d) composite, deposited at the highly ordered
pyrolytic graphite (HOPG) surface. We can see that the PANI
and the PEDOT additives do not affect the topography of the
bulk AC composites in a major way. The differences are
inconsiderable and they are difficult to analyse because of the
poorly defined activated carbons’ morphology. Only in the PPy
topography does an image somewhat bigger than typical AC
grains appear, but it is difficult to analyse. In the case of the
MWNTS composites, their analysis of form in which the polymer
is attached to the carbon is much easier thanks to the well
characterised nanotubes’ structure. This is especially noted after
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Figure 6 Topography of single multiwalled CNT deposited on mica and single CNT from the composite (Fig. 6a); with PANI (Fig. 6b); with PEDOT (Fig. 6¢);

with PPy (Fig. 6d) at HOPG
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depositing the individual nanotubes on an atomically flat surface.
However, this does not always reflect in the surface conductivity.
Despite the fact that the topography images of the
nanocomposites are difficult to analyse, the C-AFM current maps
in all the cases give essential information about material
distribution in the obtained composites.

The current map of the AC/PANI composite is shown in Fig. 5b.
As seen, there is no current detection at the practically whole
surface besides several negligible small conductive areas (black
spots). That result suggests a nearly complete coverage of the AC
by the polymer. This is confirmed by the topography of the
single nanotube from the MWNTS/PANI composite presented in
Fig. 6b. We can find that the PANI has a morphology similar to
the spheres with a diameter of tens of nanometres. The same morph-
ology of the PANI was reported earlier by Chen et al. [9]. PANI
spheres are affixed to the nanotube and increase its height from a
nominal 110-170 nm up to 250 nm. From the comparison of
these two results, we can suggest the presence of a strong affinity
of the PANI to carbon. This affinity enables covering the carbon
by a thin layer of the polymer spheres which were incorporated
into every free space and made the surface much less conductive,
which can be proved by the C-AFM.

The PEDOT current map is shown in Fig. 5d. In contrast to the
composite with the PANI, the PEDOT left some conductive parts
on a surface (dark areas) and they are more or less linked with
the grain structure of the composite (Fig. 5¢). When we look at
the way the PEDOT covers the single nanotube (Fig. 6¢) we can
find that the PEDOT makes thick, uniform shell surrounding nano-
tubes, increasing their diameter by up to more than 300 nm. This
suggests that the AC grains were also quite fully covered by the
PEDOT at the given stage of the polymerisation reaction. As a
result, a majority of the grains became poorly conductive and prob-
ably only those spots of the carbon surface where the polymerisa-
tion process did not occur are highly conductive.

The current map of the AC/PPy composite is shown in Fig. 5f. The
percentage of the surface with the current detection in the AC/PPy com-
posite is much higher than in the AC/PANI and the AC/PEDOT com-
posites, despite nearly the same amount of the polymer addition (about
50%) in the composite. There are some non-conductive spots within
the conductive area at the top of the C-AFM current image, which
are located at the grain boundaries. Fig. 64 shows the single CNT
with the PPy polymer. We found that there is only a slight increase
in the observed nanotube diameter by the addition of the polymer.
PPy does not surround the whole nanotube, but it is visible as a fibre
attached to the CNT. The same fibres should be attached to the AC
grains, filling some free spaces between them.

4. Conclusion: In the case of conductive matrix/non-conductive (or
less conductive) filler nanocomposites, imaging by means of the
C-AFM is an efficient method to analyse the composite structure,
the morphology, the homogeneity of the distribution and
the electrical contact between the components of the composite. We
have presented a novel method for the characterisation of the
carbon composites by C-AFM, especially dedicated for the
electrochemical capacitor electrodes. It was proven that the method
is useful for the analysis of the homogeneity of the distribution of
the non-conductive nanocomposite additives such as NiO, which
are used as the pseudo-capacitive components. In the case of the
polymer additives, the method shows the possibility to determine
the coverage of the carbon material by the polymer. The method
can also provide information on how the polymer is attached to the
carbon materials such as the CNTs or activated carbon. It can help
to find the proper preparation method of the nanocomposites with
carbon as the main component. Also, it could be useful for the
analysis of the electrical conductivity of the electrodes, which is the
one of their crucial parameters. In particular, the utility of this
method can be noted for the electrochemical capacitor and the
lithium-ion batteries electrodes.
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