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ABSTRACT. Driven by the perspective of large-scale, high-quality graphene production via
chemical routes, the investigation of electrochemical anion intercalation between the basal
graphite planes has seen a renewed interest among the scientific community. At relatively high
electrochemical potentials, when oxidation occurs, graphite electrodes undergo significant anion

intercalation processes. The latter swell the uppermost graphite layers (i.e. graphene sheets),



reduce the inter-plane interaction and favor the graphite delamination in liquid. Different
intercalation stages are observed in a perchloric acid electrolyte, which are usually interpreted in
terms of different perchlorate penetration depths. Nonetheless, the understanding of the
morphological changes occurring at the electrode surface during the different intercalation stages
is still not completely clear. We combine different microscopy techniques including optical,
scanning electron and electrochemical atomic force microscopies to analyze the morphological
evolution of the graphite surface at different length scales as a function of the applied
electrochemical potential. Whereas both carbon dissolution and blisters affect the surface on the
micrometer scale as soon as intercalation starts, we find that the graphite surface is cracked on the
sub-millimeter scale only when intercalation at a higher potential is reached, inducing a significant

aging of the electrode surface.

INTRODUCTION. Perchloric acid (HC1O4) has been traditionally exploited as the electrolyte for
electrochemical graphite delamination'. Chlorate anions, surrounded by water molecules
(solvated anions), percolate within the graphite crystal through defects on the surface and inside
the stratified crystal. At relative high electrochemical (EC) potentials, oxidation occurs and is
accompanied by the formation of gas (namely CO, COz, O2), which swells the uppermost
graphite layers and produces blisters on the electrode surface®**°. The presence of solvated
anions in the graphite inter-layer spaces screens the layer-layer interaction favoring crystal
delamination; the latter usually occurs after a gentle sonication®, which results in an electrolyte
containing small graphene flakes (lateral size of the order of several um)’. Currently, this

electrochemical protocol represents one of the cheapest ways to produce large amounts of



graphene sheets. Consequently, there is a strong interest in its further optimization, i.e. in
maximizing the number of single graphene flakes, reducing the number of defects as well as the
production costs. The main research direction involves the use of different electrolytes, which
can fulfill the above requirements®’®. Another strategy exploits standard diluted oxoacids as
electrolytes, tuning the chemical and/or EC conditions®!%!112_In this respect, the morphological
and structural evolution of the pristine graphite crystal, after the immersion in the EC cell at
different EC potentials, plays a key role to understand intercalation and delamination processes.
Following this idea, we have recently studied the early stages of anion intercalation in a highly
oriented pyrolytic graphite (HOPG) crystal by EC scanning tunneling and atomic force
microscopy (EC-STM and EC-AFM, respectively)'’. These techniques enable to follow the
changes of the graphite basal plane directly inside the EC cell!®!!. Cyclic voltammetry (CV)!° or
normal pulse voltammetry (NPV)!? have been exploited to activate the intercalation processes
(CV)! and/or induce specific reactions on the graphite surface (NPV)!2. Very recently, HC1O4
has been used to produce graphite oxide with a fine control in the oxidation level'? or to dissolve
a carbon-based material and obtain a high carbon concentration solution'*. Such results need a
further investigation in view of a better control of the HOPG evolution in acid environments

under EC conditions.

To this goal, here we present and discuss a detailed microscopic investigation of HOPG
immersed in HC1O4 not only focused on the early intercalation stages [at 0.95 V vs. a Pt quasi-
reference (PtQRef)]'°, but extended towards the oxygen evolution reaction at high EC potentials
(namely 1.3 V vs. PtQRef). The CV demonstrates a clear evolution as a function of the EC
potential but a corresponding morphological characterization of the electrode surface is still

missing. By combining an investigation by in-situ optical microscopy and EC-AFM together



with a scanning electron microscopy (SEM), we succeeded in following the surface changes at
different length scales (from millimeters down to a few micrometers). We observe carbon
dissolution, blisters and fractures formation, which represent a progressive detriment for the
crystal as higher EC potentials are applied. The surface chemistry was monitored by Raman
spectroscopy focusing, in particular, on the electrode cracks appearing on the surface when the

EC potential reaches 1.0 V vs PtQRef.

MATERIALS AND METHODS. A diluted (2 M) HCIO4 (Sigma-Aldrich S.R.L.) electrolyte was
prepared and purified by argon bubbling in a separate flask for several hours. A z-grade HOPG
(Optigraph GmbH) (20 x 10 x 1) mm?® was exfoliated by an adhesive tape along the 20 mm edge
and used as working electrode (WE) in a three-electrodes cell. A 0.5 mm-thick Pt wire was
placed along the wall of the cell and used as a counter electrode (CE). A Pt wire was also
exploited as a quasi-reference electrode (PtQRef)!>!®. The latter possesses a stability down to a
few mV and a well-characterized energy shift with respect to the standard hydrogen electrode
(AV =0.743 mV). A 5500 Keysight Technology EC-AFM was used in contact mode for the
sample analysis in-situ. A CCD camera allows for the tip alignment on the immersed sample and
was exploited to acquire in-situ images on the sub-mm scale. An Olympus BX41 optical
microscope was used to characterize different areas of the sample after the intercalation process.
The sample was removed from the EC cell, dried with nitrogen and placed below the microscope
objective. The same protocol was used before acquiring the SEM images with a ZEISS Supra 40
field emission SEM, using an in-lens detector for secondary electrons; a very low accelerating
voltage (800 V) and a very short working distance (less than 3 mm) were employed in order to
avoid electron beam-induced surface damage while maintaining a good resolution. Finally,

Raman spectra were recorded with a Jobin Yvon Labram HR800 Raman spectrometer coupled



with an Olympus BX41 microscope. Spectra were acquired in backscattering geometry
(averaging 4 acquisitions of 60 s each) using a 50x objective. The 632.8 nm excitation laser
line(He-Ne), focused on a spot of approximately 3 um?, was kept at 0.5 mW to prevent possible

photo and/or thermal degradation of the samples.

RESULTS AND DISCUSSION. Figure 1 demonstrates four voltammograms representative of

the different intercalation stages of HOPG in 2 M HClOa.
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Figure 1. Cyclic voltammetry of HOPG in diluted (2 M) HCIOs electrolyte (vscan = 25 mV/s). a) first scan up to 0.95 V; the IV
intercalation stage is labeled. b) second scan up to 1.0 V; the III intercalation stage appears. c¢) third scan up to 1.05 V, where the

11 intercalation stage is labeled. d) since the fourth scan, the CV shows the same voltammogram up to 1.3 V.



The different peaks are attributed to various intercalation stages (IV, III and II), as reported in the
literature!”. When the N"-stage (here, IV, III or II) is reached, the solvated anions layers are
statistically separated by (N-1) graphite layers**!7. With 2 M perchloric electrolyte, the II stage
is the last one, because the final intercalation stage (I) requires such a large potential that side
reactions take place instead!”. The 2 M acid concentration is usually chosen in EC-SPM
investigations since, on the one hand, it ensures a good anion intercalation and, on the other

hand, it avoids a complete graphite dissolution, which would prevent data acquisition.

We observe that during the different cycles (panels a to d in Fig. 1) the ratio between the areas
subtended below the anodic (positive) and cathodic (negative) peaks (i.e. the ratio between the
anodic and cathodic exchanged charges) is close to 1, suggesting that the EC process is quasi-

reversible, as reported in the literature!’.

Optical microscopy analysis. In a potential range where no Faradaic currents flow through the
sample, the graphite basal plane is morphologically stable in the electrolyte solution (see Figure
2a). At EC potentials below the III intercalation stage, the surface of the electrode remains
unaffected (panel b). Conversely, its morphology significantly changes when the stage III is
reached. At this stage, we observe the formation of a textured surface with ‘cracks’ on the

electrode, homogenously affecting the whole surface (panel C).



Figure 2. In-situ optical microscopy images acquired at different intercalation stages. Scale bar = 200 um. a) unperturbed basal
plane at 0.75 V. b) After a cyclic voltammetry up to 0.95 V (IV intercalation stage). ¢) After a cyclic voltammetry up to 1.0 V (III
intercalation stage). Surface cracks are visible in the image. d) After a cyclic voltammetry up to 1.05 V (Il intercalation stage). In
these conditions, cracks continue to affect the electrode surface.

No further significant surface modifications are recorded at larger EC potentials (Fig. 2d). The

surface morphology of the electrode is stable also when the electrode is extracted from the cell.

Figure 3 shows an image acquired in air with a higher magnification.



Figure 3. Optical microscopy image acquired after the III intercalation stage. Surface cracks appear bright, due to the diffusion of

white light used to shine the samples. Scale bar = 15 um.

Scanning Electron Microscopy (SEM) analysis. After the extraction of the sample from the EC
cell, Scanning Electron Microscopy has been performed in order to assess the nature of the features

described above and to acquire high-resolution images of the graphite surface at an intermediate



spatial scale between that of the optical microscopy analysis (from a few micrometers up to
millimeters) and that of Atomic Force Microscopy (down to the nanometer scale, see below).

Figures 4 and 5 show images at different magnification of a graphite electrode surface after EC
cyclesupto 1 Vor 1.1 V (i.e., after reaching the III intercalation stage, like the conditions of the

sample analyzed in Figs. 2-3). Different features can be observed:

Figure 4. SEM images of the graphite surface after the III intercalation stage. a) scale bar =20 um; b) scale bar = 10 um.

- At a smaller magnification (Fig.4) the surface is characterized by the presence of ‘tiles’
(with typical linear size of the order of tens of um) separated by cracks or fractures, which
reasonably correspond to those observed by optical microscopy (Fig. 2¢ or d and Fig. 3).
These cracks are often decorated with brighter spots (Fig. 4b), which we identify as blisters.
We note that such a surface cracking is not observed when the graphite surface is in the
cell without any applied EC potential (not shown).

- At a larger magnification (Fig. 5) the surface presents straight parallel ‘lines’ (red arrows
in Fig. 5) corresponding to the steps of the graphite surface, together with irregular,
randomly oriented ‘cracks’. The interpretation of the cracks as surface fractures is now

corroborated, together with the observation of the blister decoration (white arrow in Fig.
5b).
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Figure 5. SEM images of the graphite surface after the III intercalation stage; panels a) (scale bar =4 pm), b) (scale bar
=2 um) and d) (scale bar = 1 um) represent details of the same surface region at different magnifications. Panel c)

represents a different region of the surface (scale bar = 2 pm).

A closer inspection of the blisters enables their identification as ‘bubbles’, which seem to
be protruding from the underlying surface (Fig. 5d). The typical size of these blisters is
around few um?. Similar blisters have already been observed by AFM in our previous
work!? and will be analyzed in more detailed in the next section.

Interestingly, most of the blisters are stable as it can be observed by acquiring images at
different time intervals. Only those blisters that have been subjected to the SEM e-beam
irradiation appear to have become unstable. As a matter of fact, they tend to disappear, or
to ‘deflate’ (see Figure 6a and 6b, taken on the same region a few minutes after each other),
especially if a high acceleration voltage is applied. A possible interpretation is that the
gases produced during the anion intercalation and entrapped inside the layered structure of

graphite can escape through defects on the basal plane.
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Figure 6. SEM images of the graphite surface after the III intercalation stage; panels a) and b) represent the same
surface region (acquired about 1 min later with respect to the previous panel) before and after the ‘disappearance’ of a

blister. Scale bars =2 pum.

Raman spectroscopy analysis. In Figures 7 and 8 we report the Raman spectra of a graphite
electrode after a cyclic voltammetry up to the III intercalation stage compared with the Raman
spectrum of the pristine (uncycled) HOPG electrode. The spectra were acquired focusing on

the uniform region (tile), on a fracture line, and outside the electrochemically cycled region.
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The absence of the D line (ascribed to presence of disorder
modifications of the graphite layers) indicates that the EC treatment produces surface blistering
with no associated damage of the graphene layers at the nanometer scale. This is in agreement
with the structural analysis of the blisters, which shows that the graphite lattice is largely
preserved!’.

The main feature observed in the spectra of the cycled sample is the well-resolved doublet in
the G line region at ~ 1600 cm™!, which agrees with the literature on graphite intercalated
compounds?!?2, In our cycled sample (Fig. 8) we observe two sharp and well resolved
components at 1587 cm™ (G) and 1608 cm™ (G’, intercalation marker). Interestingly, after the
intercalation processes associated with the electrochemical treatment, the D band (1250 — 1350

cm™!) does not appear, while the 2D feature in the second order region (2400-2800 cm™) shows

an overall reduced intensity with respect to pristine HOPG (Fig. 8).
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Figure 7. Raman spectra recorded at 632.8 nm in the range 1000 — 2800 cm’!, after reaching the III intercalation stage during

the CV. Red line: fracture; purple line: tile, blue line: pristine HOPG.
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Since the G’ line is observed after the EC treatment, we infer that a residual anion intercalation
remains. Following refs. 21 and 22, the occurrence of the G-G’ doublet is related to the presence
of graphene layers in different local environments. The G line originates from stacks of graphene
layers, while the G’ line originates from graphene layers directly interacting with the anion
intercalation layers®!*2. This interaction leads to charge transfer on the graphene layers, which
affects its electronic and vibrational structure, thus leading to the appearance of G’. This evidence
is compatible with the structure of intercalation stages IV, III and II, where there are graphene
planes both in contact with a layer of anions (G’ line) and stacked graphene planes (G line).

The G’ line of the fractured region slightly shifts towards lower wavenumbers with respect to that
observed for the tile. This indicates a slightly different structure of the intercalated material in the

region close to the fracture.

Raman Intensity (a.u.)
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Figure 8. Raman spectra recorded at 632.8 nm in the range 1475 — 1750 cm™!. Red line: fracture; purple line: tile, blue line: pristine
HOPG. Enlargement of the G-G’ region.

Another peculiar feature of the spectra obtained on the cycled material is the remarkable
sharpening of the G line, with a FWHM that is almost half of the one in the pristine HOPG case.

A sharpening of the G lines is reported for doped few-layer graphene?® and has been related to a
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change in the electronic structure of the doped layers, resulting in a shift of the Fermi energy level
(EF). This is consistent with the charge transfer effect discussed above. Similar effects on the shape
of the G line in metallic and semiconducting nanotubes, ascribed to the modulation of the

electronic structure, are also discussed in ref. 24.

EC-Atomic Force Microscopy (EC-AFM) analysis. AFM is used for an in-situ morphological
characterization of the electrode surface. Figure 9 reports the graphite evolution at different EC
potentials. Below 0.95 V (panel a), the image confirms that the immersed sample is stable inside
the electrolyte at the (sub-)micrometer scale. Figure 9a demonstrates the presence of flat terraces
and sharp step edges, which appear to be stable as a function of time suggesting a negligible
carbon dissolution at these applied potentials. Blisters appear in the acquired image (panel b) as
soon as the IV intercalation stage is reached (at 0.95 V). These structures have an average lateral

size of the order of 1 um with a height in the 15-20 nm range.
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Figure 9. In-situ EC-AFM acquired at different intercalation stages. a) unperturbed basal plane at 0.75 V. b) after a CV up to
0.95 V (IV intercalation stage). Blisters are observed affecting the electrode surface. c) after a CV up to 1.0 V (III intercalation
stage). d) after a CV up to 1.05 V (Il intercalation stage). For all images: ERROR SIGNAL (down) vs TOPOGRAPHY (up),

scale bar =1 um.

When the CV potential reaches 1.0 V (III intercalation stage, panel c), damages of the electrode
surface are evident. The evolution of the blisters is accompanied by carbon dissolution affecting
the graphite electrode at such high EC potentials'®!2, Interestingly, we observe new zig-zag

features formed along or close to the step edges (see the HOPG crack in the figure). These
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fractures seem to be an armchair crack with additional branching that probably evolves along
grain boundaries, monoatomic steps and defects®. At even higher applied potentials (see Figure
4d), the surface appears more eroded and affected by many wrinkles, to the detriment of the

electrode.

EC-AFM offers the possibility to study the evolution of the electrode crack as a function of time
(Figure 10). The sample was cycled up to the III intercalation stage (1.0 V) and then kept at 0.3
V, during the EC-AFM acquisition (panels from a to g). The fracture propagation evolves in

some minutes, probably assisted by the carbon dissolution favored by the electrolyte solution?®.
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Figure 10. In-situ EC-AFM 4 x 4 um? acquired after a CV extended up to the III intercalation stage (1.0 V). Panels from a) to g)
are acquired in sequence. The interval (At) reported in each image refers to the time delay in the image acquisition with respect to
the image of panel a). h) and i) EC-AFM acquisition is synchronized with a CV up to the III intercalation stage. j) image

acquired at a EC potential of 0.3 V after the CV. The arrows on the right side of the images show the scanning direction.

Blisters are known to evolve due to the development of CO, CO2 and Oz!234

produced during
the oxidation of the graphite. In panels a-d, a blister is clearly visible and it remains stable in the
same position for ~45 minutes. In panel e, the abrupt disappearance of the blister can be
interpreted in terms of the removal of gas through a microscopic vent, in analogy with the
reported SEM analysis (see Fig. 6). After the blister deflation, the EC-AFM image reveals flat
terraces in which only fractures and erosions are visible. This suggests that HOPG undergoes an
elastic deformation during the surface blistering. In panels h and i, the EC potential is
synchronized with the microscopy acquisition. This means that each AFM scan line is acquired
at a different potential, as indicated. Interestingly, we note that the carbon dissolution is very fast
along the fracture, while terraces are much more stable. In panel j, we observe that despite the
EC potential is again set at 0.3 V (a value where the HOPG basal plane is largely stable) the
carbon dissolution continues and graphite seems to be dissolved by the electrolyte. After further

30 minutes at 0.3 V, the dissolution process is spontaneously blocked and can be activated only

when the EC potential is tuned again to the III intercalation stage (not shown).

CONCLUSIONS. The increasing request in the optimization of chemical graphene production
pushes towards a better comprehension of the molecular mechanisms involved in the graphite
delamination process. A renewed interest has been reported in the electrochemical strategies for
the production of graphene, where the intercalation of anions inside the graphite electrode is
followed by a delamination of the crystal. Researchers have focused their studies on oxoacid

electrolytes used for intercalation®!%!"!2, Among them, the effects on the quality of the electrode
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surface morphology when diluted perchloric solutions are used at different EC potentials are still
partially unknown. For this reason, we combined different microscopic and spectroscopic
techniques to observe the electrode evolution at different intercalation anion stages. We find that
the graphite basal plane maintains good elastic properties even after the surface deformation
induced by blisters occurs. On the contrary, as soon as the III intercalation stage is reached
surface cracks are observed, caused by the heavy carbon dissolution process acting at these
potentials. Even when the graphite potential is turned back to that of the IV intercalation stage or
below, the electrode detriment continues for about half an hour starting from the crack edges and

continuing towards the HOPG terraces.
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