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Abstract

Highly oriented pyrolytic graphite (HOPG) is one of the most used host mate-
rials for obtaining and investigating graphite intercalated compounds, because
of the high degree structural order of this polycrystal. Experiments on elec-
trochemically intercalated HOPG in sulphuric acid have a model character, as
the results obtained can be usefully generalised, not only with respect to other
graphite compounds but also for the intercalation of other layered host lat-
tices. In addition, the HOPG/H,SO, system has an attractive potential for the
possibility of electrochemically producing graphite oxide, ideally, by reversible
oxidation/reduction cycles, which is of interest for energy storage and graphene
production on an industrial scale. However, the oxidation/reduction cycles in
such electrochemical intercalation process are not reversible and topotactic, so
that the HOPG structure is considerably altered. This alteration may affect, for
instance, the quality of the electrochemically produced graphene. In particular,
the impact the electrochemical intercalation has on the conductivity of basal
planes of HOPG, and so on graphene sheets, is still debated. In this work, we
investigated both the macroscopic and microscopic electron transfer (ET) kinet-
ics of the HOPG surface, before and after the intercalation of 1 M H,SO, to
obtain graphite intercalated compound, by using cyclic voltammetry (CV) and
scanning electrochemical microscopy (SECM), respectively. The heterogeneous
kinetic constant (k°) of the HOPG was evaluated quantitatively by using the
redox systems [Fe(CN)q >4~ and [Ru(NH;)s **/>*. The morphology of the sam-
ples was also investigated by atomic force microscopy (AFM), which revealed a
widespread formation of blisters and precipitates during the HOPG intercalation
process. The CV and SECM results indicate that, upon intercalation, the electro-
chemical behaviour of the HOPG changes sensibly and the ET decreases sensibly.
However, this effect depends on the redox mediators employed and it results
more dramatic for the [Fe(CN)s |*~/4~ system, for which a decrease of k° by orders
of magnitude was obtained. The decrease of ET can be correlated to the blisters
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1 | INTRODUCTION

Intercalation in graphite consists in a charge transfer reac-
tion between electron donors or acceptor species (termed
intercalants) and the layers of graphite. The intercalants
accommodate in the interlayer spaces of graphite and
lead to the expansion of the inter-sheet distance.'* The
charge transfer complex with graphite obtained in this
reaction is called graphite intercalated compound (GIC).”
Due to the dual nature of GICs, which can act as donor-
type or acceptor-type materials,”> GICs have been used
in many applications, since the middle of the XIX cen-
tury. Examples include electrical wiring® and rechargeable
metal-ion batteries,” oxide-mixed super-conductors® and
graphene production by exfoliation.” HOPG is one of
the most used graphite host for obtaining GIC, given its
well-ordered crystalline structure. Many efforts have been
made to improve the conductivity of lamellar compounds,
formed by the intercalation of pure acids in HOPG, as
potential conductors of electricity.'*!" Even more attrac-
tive has been the high 2D character of these compounds,
in which the intercalants reduce the interplanar cou-
pling in the HOPG and ease delamination into isolated
graphene sheets.”””'> Understanding whether the interca-
lated HOPG can be considered as the parallel contribution
of relatively independent doped graphene sheets and
interpreting the phenomenology at the graphite/graphene
boundary in terms of in-plane conductivity properties
are still challenging.®!® The expansion along the c-axis
of HOPG layers, due to the intercalation of ions in the
interlayer spaces, is already known to affect the conduc-
tivity of the HOPG basal plane; more specifically, many
studies in the past investigated the relative increase of
the in-plane conductivity with respect to the conductiv-
ity along the c-axis of HOPG as a consequence of its
intercalation by donor or acceptor species. Those studies
were intended to demonstrate, by measuring the properties
of the whole crystal, that conductivity of the interca-
lated HOPG increases to values comparable to the ones
in copper.>'”"'° However, considering the staging process
to create GIC, conductivity properties of the intercalated
HOPG crystal can be more complex. In fact, accord-
ing to Hathcock-Murray model,’*?' the intercalation of
species, typically solvated anions, leads to formation of

and precipitates, which occur during the HOPG intercalation, as observed by

AFM, GIC, HOPG, intercalation, SECM

graphene oxide in between the layers, whose impact on
the in-plane conductivity, especially of the surface layer
of HOPG, has not been clarified yet. In addition, some
of the authors demonstrated that during the intercalation
step, the surface layer itself is involved in different oxida-
tion processes, which strongly modify the morphology®*?*
and, possibly, the conductivity. The possibility to exchange
charges from the surface of intercalated HOPG and the
environment (e.g., liquid solutions), and the kinetics with
which it occurs must be investigated in view of applica-
tions of 2D products obtained from intercalated HOPG
(e.g., graphene) in electronic or storage devices.'***? For
this reason, a direct measurement of the in-liquid charge
transfer from the surface of 2D source materials is a fun-
damental preliminary step. To this aim, scanning probe
microscopies techniques are useful and, among others,
scanning electrochemical microscopy (SECM) can provide
direct information on conductivity/reactivity of the sample
surfaces.?6-28

Scanning electrochemical microscopy (SECM) is a
contactless scanning probe technique, in which a micro-
electrode (tip diameter < 25 um) is used as the probe.’*?’
The microelectrode is connected to piezoelectric elements
or step motors to precisely control the probe position in
the x-, y-, and z-directions, in proximity of a substrate
immersed in a solution. Typically, in SECM operations,
a faradaic current, generated at the SECM probe from
the electrochemical conversion of a free-diffusing species
(i.e., redox mediator), is recoded as a function of the
tip-to-substrate distance. The current is modulated by the
presence of the substrate and depends on the topography,
conductivity and chemical reactivity of the substrate
itself [see Section S1 of Supporting Information (SI) for
further details].’® Because of these characteristics, SECM
has found application on a variety of fields,” including
biology,>*! catalysis,*>** corrosion,>* sensors,”> and
energy storage systems.’® In the latter field, SECM has
been employed to characterise the performance of anodes
and cathodes of metal-ion batteries and accumulators dur-
ing intercalation/de-intercalation processes of the metal
ions. Related techniques, such as scanning electrochemical
cell microscopy and combined scanning electrochemical
microscopy-atomic force microscopy (SECM-AFM) have
been successfully employed to investigate the local surface
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electron transfer (ET) of pristine HOPG crystals, of
different grades, to elucidate the electrochemical
behaviour of basal planes and edges.”’*® Instead, rel-
atively less attention has been devoted to the investigation
of the local surface EC behaviour of intercalated HOPG.
Herein SECM, supplemented by cyclic voltammetry
(CV) and AFM measurements, is employed to explore the
surface conductivity and EC activity of HOPG samples
subjected to EC anion intercalation from the basal plane,
performed in sulphuric acid solutions. GICs produced in
such a way typically afford to topographic changes, which
can be responsible for the decrease of surface conductiv-
ity. However, this effect seems somewhat related to the
redox system employed to characterise GICs. Therefore,
for HOPG materials, the choice of the redox mediator plays
arelevant role in the determination of their surface charac-
teristics. Here, the two redox mediators, Ru(NHj;)Cl;) and
K,[Fe(CN)¢], which are often employed to investigate the
electrochemical behaviour at solid-solution interface,’”-3®
are used in the measurements. The SECM approach, hav-
ing resolution in the order of tens of microns, allowed
to identify variations and local changes in activity of the
surfaces, expressed as heterogeneous electron transfer rate.

2 | MATERIALS AND METHODS

2.1 | Chemicals and samples
Hexaammine ruthenium (IIT) chloride (Ru(NH;)sCls),
potassium ferrocyanide K,[Fe(CN),], potassium chloride
(KCl), sulphuric acid (H,SO,), purchased from Sigma-
Aldrich, were of reagent grade and used as received. All
aqueous solutions were prepared using Milli-Q water. A
diluted (1 M) H,SO, electrolyte was prepared and de-
aerated by argon bubbling in a separate flask for several
hours.

The EC anion intercalation was conducted on (20 X 20
x 1) mm? sized HOPG ZYH (i.e., with 3.5°+1.5° mosaic
spread) crystals from Optigraph GmbH, previously exfoli-
ated along the 20 mm edge by using an adhesive tape. For
more details, see Figure S1 of SI.

2.2 | Instrumentation and electrodes

The intercalation process was performed using a 5500
Keysight Technology EC-AFM instrument, which allowed
performing both cyclic voltammetry (CV) and AFM mea-
surements. The EC cell in Teflon was mounted on top of
the HOPG surface, which was used as a working electrode
(WE); an O-ring created a seal against leaks of the lig-
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uid solution. A Pt coil, placed along the wall of the cell,
was used as a counter electrode (CE), and another Pt wire
was used as a quasi-reference electrode (PtQRef). The lat-
ter showed adequate stability (down to 10 mV) and in 1 M
H,S0, displayed a potential of + 0.52 V versus Ag/AgCl,
(KCl saturated) electrode. AFM images were acquired in
tapping-mode and in attractive regime, with silicon tips
from Bruker (cantilever spring constant: 37 N/m; v, =
320 kHz) and using scan rates of about 1.5 Hz. Once inter-
calated, the liquid was removed from the EC cell and the
samples were dried with nitrogen for the ex situ mea-
surements by AFM. After that, the HOPG samples were
moved into another EC cell, to perform both CV and SECM
measurements.

SECM and CV experiments were performed using a
CHI920C workstation (CH instruments, USA) and an
EC cell in Teflon, assembled in the three-electrodes con-
figuration (Figure S3 of SI). The HOPG samples were
immobilised at the bottom of the cell by an O-ring (thus
leaving a circular surface area of ~0.079 cm? (as defined
by the inner O-ring diameter) in contact with the solu-
tion. For CV and SECM measurements, the RE and CE
were an Ag/AgCl (KCl saturated) and a Pt wire, respec-
tively. In SECM measurements, Pt microelectrodes were
used as SECM tips. They were prepared by a standard pro-
cedure, by sealing platinum wires of 25 um in diameter into
glass capillaries.’®?” The tip ends were tapered to a coni-
cal shape, such that the overall tip radius (R) to microdisk
electrode radius (a) ratio (i.e., RG = R/a)*® was comprised
in the range 5-10. Prior use, the microdisks were polished
with graded alumina powder of different sizes (1, 0.3 and
0.05 um) on a polishing microcloth.

The effective radius of the tip was determined from the
steady state limiting current (Ir;,s) recorded in the bulk
solution of 1 mM [Ru(NH;)s]Cl; in 0.1 M KCl, by using
Equation (1):*

Iring =4nF D C? q, )

where n is the number of electrons, D is the diffusion coef-
ficient (for [Ru(NH;)¢]>*, D = 7.0x107° cm? s71),*0 C? is
the bulk concentration. The RG value of the SECM tip was
evaluated by fitting experimental and theoretical SECM
normalised current (i.e., I5/Ir;,s, Where I; is the current
recorded at the tip-to-substrate distance, d) against nor-
malised tip-to-substrate distance (L = d/a) plots (so called
approach curves, Section S1 of ST).?

Unless otherwise stated, all SECM measurements were
performed in air-saturated aqueous solutions and at room
temperature (23+ 1°C). Furthermore, the HOPG samples
were either kept unbiased or were biased at different
potentials, as discussed in detail in Section 3.3.
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FIGURE 1
HOPG sample immersed in 1 M H,SO, solution. The red arrows
indicate the direction of the potential sweep.

Typical voltammogram recorded at 25 mV s™! on

3 | RESULTS AND DISCUSSION

3.1 | Intercalation process and surface
characterisation by AFM

A HOPG sample was intercalated by performing CVs,
using a procedure reported previously.*! In brief, a freshly
exfoliated HOPG crystal was used as the WE in the EC
cell containing 1 M H,SO, solution. The intercalation of
anions was activated over the potential range 0.7-1.8 V
versus Ag/AgCl at 25 mV s7!, and a typical voltammo-
gram recorded is shown in Figure 1. Here, the anodic
peak at 1.7 V is due to the occurrence of intercalation of
‘guest’ anions such as solvated HSO,~ and SO,~ into the
interlayer spaces of graphite (i.e., GIC formation).?® Alter-
nation of occupied/unoccupied layer gaps by the solvated
anions in the graphite crystal forms a regular array, called
‘stage’. Together with the stage formation, at potential val-
ues higher than 1.5 V, the relatively low concentration
of the acid in the system induced side reactions such as
the production of O,, CO, and CO, the effect of which
on the graphite crystal will be discussed below. Also,
due to the overoxidation process, intermediate compounds
such as acid graphite salts undergo a partial hydrolysis to
electrochemically(produced) graphite oxide (i.e., EGO).!

According to this, the peak recorded at about 1.4 V in
the cathodic scan of the CV is commonly assigned to
both the processes of partial reduction of EGO and partial
de-intercalation of anions.?**?

Worthy of note is that all the reactions occurring in
the anodic scan of the CV are not completely reversible,
as can be inferred by the fact that the cahodic to anodic
charge ratio involved in the peaks of Figure 1 is much larger
than 1. This result is consistent with previous voltammetric
investigations of HOPG in various acid electrolytes.?!

The intercalated HOPG sample was examined ex situ
by AFM and Figure 2A,B shows the morphology of the
HOPG surface, before and after the voltammetric treat-
ment, respectively. The pristine HOPG surface (panel A)
is flat and covered by steps with well-defined and sharp
edges (see the cross-section along the white dashed line),
in accordance with previous reports.** After the inter-
calation process, the surface strongly modifies, because
of all the not fully reversible reactions occurring in the
anodic scan of the CV.*** In particular, the surface of
HOPG crystals, which have undergone the intercalation
in sulphuric acid, typically shows three main discernible
morphological features: (1) faceting, due to carbon dis-
solution starting from the early stages of intercalation
and visible on the nanoscale’” and (2) bubble-like bumps,
known as blisters,??! with characteristic dimensions of
tenths of nanometres in height and from hundreds of
nanometres to few microns in width. An example of blister
is shown in the inset of Figure 2C, where the cross-section,
plotted in the 1 pm scale (horizontal dashed line), shows
the characteristic rounded profile, about 15 nm high and
800 nm wide.

Blisters, as local swellings of the graphite uppermost
layers, origin from the gases produced by the EC chemical
reaction between intercalants and carbon planes, and
are trapped within the interlayer spaces of the graphite
crystal. More details about structure, time-formation and
mechanics have been widely discussed elsewhere.*4

Precipitates with various sizes and irregular shapes (see
the cross-section shown in inset of Figure 2B) are also
formed, whereof the origin and composition are not clearly
understood, although certainly different from the ones of
blisters.*! Precipitates are observed on the HOPG surface
only after removing the solution from the cell and dry-
ing the EC-treated sample. They are conceivably due to
the hydrolysis of graphite acid salts to EGO (during the
overoxidation process)*’ or to the accumulation of carbon
compounds originated from the dissolution of the HOPG
surface during the CV.*® In this regard, noteworthy is the
(5 x 5) um? phase image shown in Figure 2D, in which the
indication of different mechanical properties and chem-
ical compositions between blisters and precipitates is
clearly pointed out by the colour contrast: that is, blue for
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FIGURE 2 Topography AFM images [(80 X 70) um2] of the HOPG surface immersed in 1 M H,SO,, in pristine conditions (A), and after
the CV treatment (B); insets show cross-sections of steps and precipitates, respectively, acquired along the horizontal white dashed lines.
Topography (C) and the phase contrast signals (D) acquired on a smaller [i.e., (5 X 5) um2] area of the HOPG surface after the CV treatment;
inset in C shows the cross-section of a blister, acquired along the horizontal white dashed line. The white rims (dashed line) mark the blister

and some precipitates, visible in both the topography and the phase contrast image. The false colour ruler in D is a guide towards the phase

contrast between blisters (in blue) and precipitates (in yellow).

blisters and yellow for precipitates (see, in particular, the
area marked by the white rim). It can be anticipated that
both blisters and precipitate, conceivably, affect the con-
ductivity/ reactivity of the GIC surface, as will appear from
the CVs and SECM results (vide infra).

3.2 | Voltammetric characterisation

Preliminarily, pristine HOPG samples were charac-
terised by cyclic voltammetry using the redox mediators
[Ru(NH;)s]** and [Fe(CN)s]*~, which behave as outer-
sphere redox probes,*’ and are widely used to characterise
HOPG materials.”*® Typical CVs recorded at 50 mV s
at a just exfoliated HOPG sample are shown in Figure 3
(black lines in panels A and B). At this and lower scan
rates, both redox mediators displayed an appreciable
reversibility, as was verified by the peak-to-peak potential
separation (AE,) which were 60 (+ 1) mV and 65 (+1)
mV for [Ru(NH;)s]*+/2* and [Fe(CN)¢]>/4~, respectively.
These AE, values are close to the theoretical value of

59 mV, predicted for a one reversible electrode process,
and suggest rather fast kinetics.*

The voltammetric behaviour changed markedly when
the measurements were performed using the GIC sample.
In fact, as is shown in Figure 3 (coloured lines panels A
and B), the current-potential profiles became more drawn
out, AE, increased and depended on the scan rate (Table 1).
In addition, at the same scan rate (i.e., 50 mV s™!), both
forward and backward peak currents decreased. The above
effects were more dramatic for the [Fe(CN)q*~/4~ system.
These results indicate that the activity of GIC is reduced
compared to pristine HOPG. Based on AE), values shown
in Table 1, the electrode processes at the GIC sample can
be classified as totally irreversible for [Fe(CN)]>~/4~ and
quasi-reversible for [Ru(NH;), /2.5

The analysis of potential parameters of the CVs of the
type shown in Figure 3 allowed obtaining information
on ET Kkinetics, in terms of heterogeneous rate constant
(k°, cm s71) for the two redox probes. In particular, the
Nicholson and Shain approach (Equation 2),”' extended
by Lavagnini et al.””> and Kingler et al.>* (Equation 3), was
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Cyclic voltammograms recorded in a solution containing (A) 1 mM [Ru(NH;)]** + 0.1 M KCl and (B) 1 mM [Fe(CN)¢]*~ +

0.1 M KClI. The measurements were performed using a HOPG substrate at a scan rate of 50 mV s~! (black line), and a GIC substrate at 5 mV

s71 (red line), 20 mV s7! (green line), and 50 mV s~ (blue line).

TABLE 1

Redox mediator Scan rate (mvs™!) Surface
[Fe(CN)¢ ]+~ 50 HOPG
[Fe(CN)g]*~ 50 GIC
[Fe(CN), |4~ 20 GIC
[Fe(CN)g ]+~ 5 GIC
[Ru(NH,), ** 50 HOPG
[Ru(NH,), |** 50 GIC
[Ru(NH,), ** 20 GIC
[Ru(NH,), ** 5 GIC

Voltammetric parameters obtained from replicate CVs,* as those shown in Figure 3A,B.

E, (V) E,a(V) AE, (V) Ey (V)
0.195 0.260 0.065 0.228

—0.240 0.565 0.805 B
—0.210 0.536 0.746 b
—0.200 0.511 0.712 B
—0.181 —0.121 0.060 —0.151
—0.227 —0.089 0.138 —0.158
—0.211 —0.106 0.105 —0.159
—0.192 —0.115 0.077 —0.153

The values refer to at least three replicates and are within + 10 mV error. E, . and E,, , correspond to the cathodic and anodic peak potential, respectively. Ey, is
the half-wave potential, obtained as (Ep, + Ep;,)/2,° using the CVs for reversible or quasi reversible redox systems.

YE,,, cannot be determine as indicated above for irreversible electrode process.

used to estimate k” values for CVs having AE,, in the range
0.065-0.200 V, by using Equations (2) and (3):

= 0.5
Dg \ 2 R1
— 10 R -0.5
Y=k x(P> <’1R > X7, 2

—0.6288 + 0.0021 X n X AE),

1-0.017 X n X AE,, @)

For the [Fe(CN)¢]>/4 system at the GIC surface, in
which AE, was larger than 0.200 V, the relationship
(4), which holds for a totally irreversible system, was
employed:*’

F a /
, = 0.227FA cokoe w52 | 4

Iy

The symbols in the above relationships have the fol-
lowing meaning: 9 is a dimensionless parameter linked to
AE,, Dg and Dp are the diffusion coefficients of the reagent
and product of the electrode reaction, respectively; « is the
transfer coefficient; n is the number electrons (in our cases
n = 1); v is the scan rate; F and R are the Faradaic and
gas constant, respectively; T'is the temperature (in Kelvin);

I,, and Eg are the anodic peak current and peak potential,
respectively; A is the surface area of the investigated sam-
ple; C? is the concentration of the electroactive species in
the bulk solution; E¥ is the formal potential (here assumed
to be equal to the half-wave potential, Ej,; see Table 1).>°

The above equations were not used in the case in which
AE, was lower than 63 mV, as they are very close to
the reversible limit, and would not provide meaningful
k° values. This was the case for the CVs obtained for the
[Ru(NH;),+/?* system at the HOPG sample.

Table 2 (first column) shows kinetic parameters for
the two redox systems at the pristine and intercalated
HOPG samples. These values are, in general, consistent
with literature reports of pristine HOPG or a variety of
graphite samples subjected to chemical or electrochemical
treatments.””>*> In particular, using the [Fe(CN)y]*/4~
redox couple, k° values were found to vary over sev-
eral orders of magnitude (i.e., 107 to 1 cm s7!) for
the [Fe(CN)g]>/4~ system at various types of HOPG. **
In most of earlier works,* these inconsistencies were
attributed to the poor electrode kinetics of basal plane
compared to step-edges.’’**~’ However, more recently,
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TABLE 2 k% (cm s™) values obtained with the two redox mediators at the HOPG and GIC substrate by CV and SECM.
CvV SECM
Redox system HOPG GIC HOPG GIC
[Ru(NH,), >*/>* a 3.7(+ 0.1)x1073 b 3.6 (+ 0.2)x1073
[Fe(CN) >4~ 3.2 (% 0.1)x1072 3.1 (% 0.2)x107° D 7.4x107°

aReversible limit at 50 mV s~

bDiffusion controlled. Where it was the case, the following diffusion coefficients were employed: [Ru(NH; ), ]** and [Ru(NH; )¢ ]**, 7.0 X10~¢ cm?s~; [Fe(CN)g]*~,

6.7 X107° cm?s7!; [Fe(CN)s >~ 7.6 X107¢ cm?s™.

by using microscale electrochemical techniques, it was
shown that fast kinetics can occur on both basal and
step edges, and that HOPG history does affect the ET
process.* For instance, it was reported that extended expo-
sure of the HOPG to the ambient environment or repeated
CVs strongly decreased the heterogeneous electron trans-
fer kinetics, compared to a freshly exfoliated HOPG.**
This was especially true when using the [Fe(CN)¢]>"/4~
system. Instead, with the [Ru(NH;)s]>*/2* redox couple,
high values of k° (even higher than 0.1 cm s™1) at pris-
tine HOPG have been reported.”® However, also with
the latter redox couple, treatments or long-term expo-
sure to the ambient environment of the HOPG sample
resulted in a decrease the activity/conductivity.*® There-
fore, from the results shown in Table 2, it can be concluded
that while the pristine HOPG investigated here behaves
essentially as a metallic substrate and provide fast RT
kinetics, the intercalation process led to sensible deteri-
oration of conductivity, although this is most evident for
the [Fe(CN)g]>/#~. As for the marked difference on the ET
found with the [Fe(CN)q]*/4~, it was conceivably due to
the surface adsorption of material on the HOPG surface
(i.e., Prussian blue),*® which somehow further passivates
the surface.

3.3 | SECM characterisation

In order to obtain spatial resolved information on con-
ductivity of the samples, SECM measurements were per-
formed in feedback mode. As illustrated in the scheme
in Section S3 of SI, the microelectrode tip was biased at
a potential at which the reduction or oxidation of the
redox mediators occurred under diffusion control, while
the substrate was either unbiased or biased at different
potentials. Typical approach curves recoded above the
unbiased pristine HOPG, and, for control, above the insu-
lating Teflon surface surrounding the sample, with both
[Fe(CN)¢]*~ and [Ru(NH;)s]**, are shown in Figure 4A.
As is evident, above the insulating material, negative feed-
back is observed with both redox mediators (cyan and
orange lines), due to the inhibition of the mass transfer
towards the surface of the microelectrode, and fits the

theory for a diffusion-controlled process (black line).?
Instead, above the pristine and just exfoliated HOPG,
positive feedback (blue and red lines), overlapping the
theoretical diffusion-controlled response (black line), is
observed. Similar approach curves were recorded in dif-
ferent zones of the HOPG surface. Furthermore, the 1D
and 2D scans (Figure 4B,C, respectively), which allowed
larger areas of the samples surface and homogeneity to be
imaged, provided similar information. These results there-
fore indicate that the pristine HOPG behaves as a metal
electrode (e.g., Au and Pt) at which positive feedback at
the unbiased substrate occurs through lateral ET,?® and are
consistent with the results obtained by CV.

Similar SECM measurements, performed above the
unbiased GIC substrate, displayed different results, which
also depended on the redox system employed. As is shown
in Figure 5A, [Ru(NH,),|**/2* exhibited both positive and
attenuated negative feedback responses, upon varying the
location of the sample investigated. Instead, [Fe(CN)q |>~/+-
provided only negative feedback at any location of the
surface investigated. These results indicated that the inter-
calation process led to passivation of the HOPG surface,
although it has less influence on [Ru(NHs),]>*/2*. A sim-
ilar different behaviour of the two redox couples has been
reported in the literature®® and was explained as due, in
part, to the faster ET kinetics of the [Ru(NH;)¢]>*/?* sys-
tem compared to that of [Fe(CN)s]>”4"; in part, also due
to possible adsorption of the latter redox probe onto the
HOPG surface and even to the formation of passivating
Prussian blue.*

In order to address how the intercalation process
affected quantitatively the heterogeneous ET process,
series of measurements were performed with the two redox
mediators above the GIC sample biased at different poten-
tials. Family of approach curves recorded with the two
redox mediators are shown in Figure 6A,B.

As is evident, positive feedback is observed for the
[Ru(NH;)e]>+/2* system with application of even small
overpotentials, almost achieving the diffusion-controlled
behaviour at higher overpotentials. This indicates a
rather fast regeneration of the redox mediator and the
occurrence of fast kinetics at the substrate. Instead, for
the [Fe(CN)]>/4 probe, rather high overpotentials are
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required to obtain positive feedback, which however never
achieves the diffusion-controlled behaviour. This result
indicates the occurrence of slow regeneration of the redox
mediator, due to slow Kkinetics at the substrate. These
results, again, are consistent with those obtained by CVs,
although the latter reflect an average surface condition.

Theory exists to obtain quantitative kinetic informa-
tion by SECM. In particular, analytical relationships were
derived for both negative and positive feedback approach
curves for a range of SECM tips with various RG and
L0 The shape of the approach curves depends on the
dimensionless parameter A, defined as:

k-a

In this equation, k depends on the overpotential and

is related to k° as described by the Butler-Volmer type

model:*°

In(A) = In (A) —a-%-(E—E°'>, 6)

where the symbols have their usual meaning. The fit
of experimental and theoretical approach curves allows
obtaining A values for a range of overpotentials (E — E”).
Figure 6A,B with symbols shows that a good fit was
obtained for both redox mediators. Relevant A value thus
obtained were used to construct the plots of In(A) ver-
sus (E — EO') shown (Figure 6C,D). The linear regression
analysis of experimental points provided the following
relationships:

In(A) = 18.96(E — E¥) — 0.44
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and
In(A) = —5.80(E — E®) — 4.43

for the [Ru(NH;)g]>*/2* and [Fe(CN)g]*/*~ system, respec-
tively.

From Equation (5) and considering the diffusion coef-
ficients of [Ru(NH;)¢]** (7.0 x 107® cm? s71)*° and
[Fe(CN)6]*~ (7.6 x 1076 cm? s71),”" that is, the species being
involved in the redox process at the substrate, kO values
shown in Table 2 (second column) were obtained. The val-
ues found by SECM are close to those found by CV for the
[Ru(NH;)¢>*/2* system. Instead, for the [Fe(CN)s]>/*
system, k values are larger (about an order of magni-
tude) compared to those found by CV (Table 2). The larger
value can be explained by considering that the theoretical
approach curves employed are sufficiently accurate for A
> 0.01.°%% On the basis of k° found by CV and consid-
ering Equation (5), for the [Fe(CN)]>”/*" system, A <<
0.01. Therefore, the k° value found by SECM for the latter
system can be considered as an upper limit of the ET kinet-
ics. Instead for the [Ru(NH;)s]>*/>* system the A value

equal to 0.6 falls well in the range 0.01-10 of validity of
the theoretical equations employed to fit theoretical and
experimental approach curves.>%"

Beyond the considerations set above, some discrepan-
cies between ET kinetics found by CV and SECM may
arise from the fact that while CV provides average infor-
mation for the entire surface examined, SECM furnishes
information on smaller surface areas, thus highlighting
some heterogeneity of the conductivity/activity across the
surface. This is especially true for the HOPG intercalated
sample. To get insights on the latter aspect and also to
confirm that the intercalated HOPG was less electro-
chemical active compared to the pristine material, 1D
and 2D SECM scans were performed at the boundary
of an HOPG sample intercalated for only half of its
surface. These measurements were performed by using
the [Ru(NH;)s]**/?* system, which is less affected by
surface deterioration due to eventual adsorption or other
surface passivation phenomena. Figure 7 shows typical
1D and 2D images thus obtained. As is evident, a sharp
drop of the normalised current occurs when the tip from
the pristine HOPG reaches the intercalated zone. This
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trend is reproducible as was verified by performing 1D
scan in the forward and backward directions (black and
red lines). Both images are consistent with the transition
from a more active to a less active zone. In addition, above
the GIC surface, local heterogeneity in the activity can be
observed as indicated by the small humps with higher nor-
malised currents. A similar level of heterogeneity was also
recorded above the pristine HOPG over a scale of (50%150)
um? (Figure 4B,C) and this can be attributed to an intrinsic
variability of the activity of the pristine HOPG surface,
due to crystallographic properties of the sample, such
as the mosaic spread, and related topological/structural
characteristics (see the bulges and hollows of Figure S1
of SI).

However, the results obtained by both CV and SECM,
overall, indicate that the conductivity, and consequently
the electrochemical behaviour of intercalated HSO,~ and
SO,2~ HOPG samples is quite different from the pristine
material.

It must be considered that the SECM tip employed
here, although provided some spatial resolved information
on the heterogeneity of the surface conductivity, reflects
also changes in the surface topography.”®?”*> A way to
surmount the overlapping information is the use of the
combined SECM-AFM technique,’®°% which allows the
deconvolution of the responses related to topography and
conductivity/reactivity of the sample and, at the same
time, provides much higher spatial resolution. Work in this
direction on anions-intercalated HOPG is ongoing in our
laboratory.

4 | CONCLUSION

In this paper, the effect of the electrochemical intercalation
of HSO,~ and SO,?~ in HOPG samples on the conduc-
tivity of the pristine material has been investigated using
the microscopic techniques of AFM and SECM, together
with CV, the latter providing macroscopic information. In
particular, the ET kinetics of both pristine and interca-
lated HOPG have been studied by using the redox systems
[Ru(NH;),>*/2* and [Fe(CN)¢]>/*". The results indicated
that the conductivity and, consequently, the ET kinetic
of the intercalated samples is diminished, compared to
the pristine one. However, the extent of the ET decrease
markedly depended on the redox couple employed, and
it was larger for the [Fe(CN)¢]>/4~ system. SECM images
obtained by using [Ru(NH;)s]**/?>* evidenced some het-
erogeneity in the surface activity, while AFM images
revealed a profound change in surface topography. Overall,
the preliminary results reported in this work suggest that
a correlation exists between electrochemical activity and
crystallographic/topographic characteristics of the materi-
als. However, to put on quantitative basis this correlation,
the intercalation of the HPOG and its subsequent charac-
terisation by both AFM and SECM need to be performed
adopting an approach in which all steps, that is, electro-
chemical intercalation, AFM and SECM characterisation
of the HOPG are performed in the same cell and apparatus.
Moreover, the spatial resolution of both AFM and SECM
(essentially related to the tip size) should be made com-
parable. In perspective, working with an operando system
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based on the use of an AFM-SECM probe shall overcome
the above limitation.
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