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Abstract: Many researches have been devoted to re-
chargeable power generators that can store (but also
release) energy. This availability is ensured through (e. g.)
the oxygen evolution reaction (OER). However, (i) large
values of the overpotentials and (ii) a progressive detri-
ment of the anode (graphite) electrode limit the ultimate
device. In view of enhancing the electrode performances,

graphite was protected by following different strategies,
which oblige to follow precise preparation protocols.
Here, we prove that a thin layer of free-base porphyrin
molecules is able to protect the underneath graphite
electrode from detriment even if many (about 100)
electrochemical cycles are performed.
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1 Introduction

The rising global demand of energy requires new and
economic solutions [1]. In fuel cells, the main problems
are the role of the oxygen evolution reaction (OER)
overpotential and the detriment of some electrodes such
as graphite [1-3].

Generally speaking, polymers are usually adopted to
protect carbon-based materials even if they are unstable
and can produce unwanted contamination in the electro-
lytes. Another strategy foresees the growth of metal
oxides shields (e.g., TiO, nanowires arrays). However,
this protection can be significantly affected by surface
defects, which make the shields vulnerable. An alternative
strategy to solve the latter problem foresees the protec-
tion of the graphite electrode by means of thin and ultra-
thin coatings; the growth of such films enables for
preserving the graphite transport characteristics and
reduces the amount of material required for the electrode
protection [4,5].

In former studies, we observed that even a single over
layer of free-base porphyrin (H,TPP), which is able to
reversibly exchange charges with the surface during the
oxidation of the main tetrapyrrole ring, preserves the
underneath graphite from detriment, when the electrode
is immersed inside an acid electrolyte solution [5]. In fact,
if a freshly prepared highly oriented pyrolytic graphite
(HOPG) crystal is exploited as an electrode in acid
solution (this choice is almost obliged to perform a
microscopic investigation), the basal plane undergoes a
serious detriment when the OER is reached at a proper
positive electrochemical (EC) potential [6]. Solvated ions
can intercalate inside the graphite lamellar crystal struc-
ture and, as well as on the uppermost graphite layer,
oxygen, carbon mono-oxide and carbon di-oxide evolve
within the underneath layers [7]. However, being the
graphite layers (i.e., graphene sheets) not permeable to
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gases, the latter are able to swell the graphite basal plane
and create blisters on the HOPG surface [6,7]. Blisters
generally show a lateral size of hundreds of nanometers
up to the micrometer length scale, while their height is in
the range of some tens of nanometers. Blister evolution
cannot be avoided because they immediately appear
when the electrode EC potential is reduced with respect
to the intercalation/OER one [6]. In addition, if the
HOPG electrode is kept above the OER potential value,
HOPG undergoes a serious carbon dissolution [8].

On the other hand, organic (namely, porphyrin) layers
present interesting electrochemical properties [9,10],
which can be easily tuned by modifying the chemical
structure of the molecules [11]. Indeed, their redox
behavior can be tailored by modifying the structure of the
aromatic ring or by introducing a transition metal ion in
the central tetradentate region of the porphyrin ring [12].
This second option has been widely investigated in the
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literature and the electrochemical properties of the so
called metalloporphyrins are well-known [13]. Further-
more, porphyrins are characterized by a high electro-
magnetic radiation absorption, which allows photoexcita-
tion and direct manipulation of the energetic levels of the
molecule. Thanks to their peculiar properties, they find
application in photovoltaics, energy conversion field [14],
photodynamic therapy [15], catalysis [16] or spintronics
[17].

In a quite recent publication, Singh and co-workers
exploited H,TPP molecules as corrosion inhibitors for
steel electrodes [18]. Porphyrin films can be obtained by
drop-casting [19], Langmuir-Blodgett technique [20] or by
sublimation in vacuum [21]. Following the latter strategy,
well-ordered, continuous, and ultra-thin films can be
observed on inorganic substrates, such as graphite [22]. In
addition, free-base porphyrins can interact with acid
species through the N atoms of the pyrrole rings [23].
Porphyrins oxidation further promotes efficient electron
transfer to the graphite electrode [24,25] and, considering
the well-ordered and continuous array that can be
obtained over a HOPG surface [22], the possibility of
anion intercalation inside the buried electrode could
become negligible.

In this work, we thus compare two graphite electrodes,
one directly exposed to an acid electrolyte, the second
one previously protected by a porphyrin thin film. Our
results will prove that (i) the porphyrin/graphite system
can work as electrode and (ii) the organic protection is
stable after a hundred of cyclic-voltammetries (CVs),
which reach the OER potential. We believe that our
findings can help the research on graphite electrode
protection for application in fuel cells.

2 Experimental Methods

A HOPG substrate, purchased from Optigraph, was used
during the experiments. The specimen (25x25x1) mm®
was exfoliated in air by an adhesive tape before each
experiment. The prepared HOPG was used for the
organic deposition (see below) and transferred to the
different experimental set-ups handling carefully the
substrate but without any particular protocol.

For the preparation of the porphyrin film, a H,TPP
powder (Merck) was placed in a crucible inside an organic
molecular beam epitaxy chamber (Kenosistec KE-500
OMBE, base pressure in low 107 Torr). A quartz micro-
balance (QMC), placed in proximity of the sample, can
monitor the molecular flux from the Knudsen cell. The
OMC can work even during the preparation of the
sample. When a stable flux (0.4-0.5 A/s) was obtained at
about 360°C, the HOPG substrate (always kept at room
temperature) was placed in front of the crucible at a
distance of about 30 cm. The exposure time was decided
in view of obtaining a thin porphyrin film having a
nominal thickness of 20 nm. This substrate burial is
required to avoid domain boundaries in the organic film

www.electroanalysis.wiley-vch.de

© 2022 The Authors. Electroanalysis published by Wiley-VCH GmbH

ELECTROANALYSIS

through which acid ions can percolate inside, so circum-
venting the deposited protective layer.

HOPG is exploited as the working electrode (WE)
inside a three-electrode cell. The WE area was about
0.2 cm®. A Pt wire is inserted inside the cell as the counter
electrode (CE). Despite not being a real reference
electrode, a second Pt wire is inserted inside the cell to
work as a quasi-reference (Pt-QRef) [26]. The possibility
of using only a wire for the EC potential reference is
suitable for in-situ measurements considering that the EC
cell is designed for the coupling with a microscope. The
Pt-QRef is stable in acid electrolytes within few millivolts
and shows a shift of 0.74 V with respect to the standard
hydrogen electrode (SHE). The EC-cell (made in Teflon)
can be filled with 2 ml of 1 mM H,SO, electrolyte. The
latter was de-areated by bubbling Ar inside a funnel for
several hours.

Both HOPG and H,TPP/HOPG samples were also
tested as macroelectrodes performing CVs in 200 ml of
either 1 mM H,SO,, 0.5 M H,SO, or 1 M KOH solutions.
In the case of 1 mM H,SO,, a Pt wire was used as quasi-
reference,again. For 0.5M H,SO, and 1M KOH solu-
tions, on the contrary, a standard saturated KCI silver-
silver chloride (SSC) reference electrode was employed.
In both cases, a platinized titanium net was used as CE. A
constant area of 0.64 cm?® was selected on the samples. No
stirring was employed, and the scan rate was fixed at
25 mV/s. Solutions were de-aerated prior to electrochem-
ical testing by bubbling pure nitrogen inside a funnel for
3 hours.

A commercial Keysight 5500 atomic force microscopy
(AFM) was employed for the in-situ and real-time
characterization of the electrode surface. The scanner
head can be immersed inside the EC cell and the
acquisition can be coupled with the CV, which is driven
by a potentiostat. The images were collected in non-
contact mode in view of preserving possible sulfate
adsorbates. The tips (Nano Sensors, k=30 N/m) were
made of silicon and shown a resonance frequency in air of
about 300 kHz. The latter is reduced at about 1/3 when
the cantilever oscillates inside the electrolyte. The canti-
lever had an Al coating to enhance the reflection of the
laser beam focused on it. Aluminum coatings degrade
when the AFM scanner is immersed inside the sulfuric
electrolyte and the intensity of the reflection beam is
partially reduced. This occurrence, which does not
inquinate or change the quality of the electrolyte, does
not preclude the acquisition of good images during the
scan.

Concerning the X-ray photoelectron spectroscopy
(XPS) analysis, the samples were inserted in the vacuum
system after flushing the surface by air. Samples were
mounted on the substrate holder and transferred to the
fast entry chamber. When the pressure reached 5x
1077 Torr in the fast entry, the sample were transferred to
the ultra-high vacuum system (base pressure of 1x
107" Torr). The XPS analysis was performed with an
unmonochromatized Mg Ko source (photon energy
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1253.6 eV) operated at a power of 200 W. The photo-
emission system consists of a 150 mm hemispherical
analyzer working at a pass energy of 20 eV. The combined
full width at half maximum resolution of the photon
source and the spectrometer was below 1 eV.

Finally, scanning electron microscopy (SEM) images
were acquired at 15kV by a portable TM 4000-I1
(Hitachi) microscope.

3 Results and Discussion

Figure 1a shows the first CV profile of the unprotected
HOPG electrode. A peak at around 1.2V is observed.
This is traditionally interpreted as the intercalation stage
occurring immediately after the OER (0.92 V) [8]. The
cathodic (negative) feature (about 1.0 V) is usually related
to the de-intercalation process. The presence of a positive
and negative signal in the Faradaic current gives a quasi-
reversible character to the overall intercalation process
[7]. Panels b and ¢ report two subsequent CVs acquired
after the first one (panel a). It is clear that the overall
Faradaic current has increased its intensity and the
intercalation feature is now more evident and placed at a
lower EC potential value (1.15 V) because the graphite
electrode presents more damages caused during the first
CV. If the electrode surface shows more defects, the latter
represent preferential paths for the anion intercalation. In

unprotected HOPG in 1 mM H,SO,
scan rate = 25 mV/s

o8ta b LC

| second | third

07 | first

jec X 107 (nA/cm?)

04 08 1.2 04 08 1.2

Vg vs Pt-QRef

04 08 1.2

Fig. 1. subsequent CVs acquired onto a freshly prepared HOPG
electrode. The arrows indicate the direction of the EC potential
sweep.
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addition, the general surface-to-volume ratio is increased
due to the enhancement of the surface roughness.

The changes in the morphological behavior of the
electrode surface can be observed by the in-sifu analysis
performed through AFM and reported in Figure 2.

In panel a, we show the electrode surface topography
acquired when the EC potential is set at a 0.3V vs Pt-
QRef, where no Faradaic currents flow through the
sample. The traditional graphite stepped surface is clearly
observed at this EC potential value. This means that the
electrode surface is preserved from any detriment. The
morphological evolution of the graphite basal plane as a
function of the EC potential, swept during the first CV, is
reported in panel b. The white dashed lines enclose the
topographic interval where the CV is run. The morphol-
ogy suddenly changes as soon as the cathodic peak (white
dotted line, see also Figure la) is reached, in very good
agreement with previous results reported and discussed
by the authors [6]. Now, the basal plane is characterized
by blisters and a general detriment of the electrode
surface is found. Subsequent CVs (please, refer to panels
¢ and d) only show that new blisters can appear while
other vanish probably because of a deflation of the
swelled area.

In Figure3, we report the phase-contrast images
related to those shown in Figure 2. Despite the top-
ography proves that graphite steps are well visible and
stable at 0.3 V, the phase-contrast image (panel a) shows
some roundish objects that are placed on or next to the
steps [29]. Such features are due to some acid depositions
preferentially adsorbed close to defect areas, and they
have not any preferential direction (roundish shape).
These deposits or precipitates can appear because each
AFM frame is acquired within some minutes to avoid
image artefacts caused by a fast tip scan inside the liquid
electrolyte. Comparing with the other panels of Figure 3,
we observe that such roundish deposits are present even
after the first CV and they can change their position.
Blisters can grow close to such features but, in general,
there is not a superposition between them.

Figure 4 shows, on a relative larger scale (150 um), the
surface of the H,TPP protected HOPG electrode as
acquired ex-situ by a SEM. The image proves the coating
high quality due to the porphyrins film: all the explored
areas seem to be homogeneously covered and tiniest
graphite steps are not visible. Only high steps (see the
figure) are clearly visible.

When immersed inside the acid electrolyte, the
H,TPP/HOPG CV is significantly affected by the pres-
ence of the organic film, as reported in Figure 5. Here, a
peak appears at 0.85 V during the anodic potential sweep
while, during the cathodic one, no significant negative
features are detected (in comparison with, e.g., the CV
reported in Figure 6 of ref. 30). In that work, the high
intensity cathodic feature is interpreted in terms of
sulphate species deintercalation that here seems to be
avoided. The positive peak is related to the oxidation
process occurring at the porphyrin tetrapyrrole ring [23].
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d

CV scan start

Fig. 2. topographic analysis of the HOPG electrode immersed inside 1 mM H,SO, electrolyte. The white dashed lines (see, CV scan
start) enclose the region where the CV is acquired. The dotted lines (cathodic peak) highlight when the de-intercalation peak is
reached.

b \ 223

deg

0.0

64.5

deg

0.0

Fig. 3. phase-contrast analysis of the HOPG electrode immersed inside 1 mM H,SO, electrolyte. The white dashed lines (see, CV scan
start) enclose the region where the CV is acquired. The dotted lines (cathodic peak) highlight when the de-intercalation peak is
reached.
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Fig. 4. SEM image of the protected graphite electrode before the immersion inside the electrolyte.

protected HOPG in 1 mM H,SO,
scan rate = 25 mV/s

0.25

0.2 0.4 0.|6 O.I8 1.0 1.2
Vgc vs Pt-QRef

Fig. 5. an electrochemical characterization (CV) performed onto
a protected graphite electrode covered by free base porphyrins.

In addition, we note that the overpotential for the OER is
reduced if compared with the CV of the unprotected
graphite electrode reported in Figure la (0.5V and
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0.92 V, respectively, to obtain the same Faradaic current
density, i.e., 2 uA/cm?).

An inspection of the pristine protected electrode
surface by AFM highlights the presence of porphyrin
crystals [32], as reported in Figure 6a. These crystals were
the topic of another investigation, where we proved their
stability inside sulfuric solutions [31]. However, it is
possible to completely dissolve these crystals by electro-
chemistry [32]. In fact, after few CVs, the electrode
morphology is significantly changed: nanocrystals are not
visible any more, while a residual film seems to homoge-
nously cover the electrode surface (see panels ¢ and d).
This film is stable even when a hundred of CVs are
acquired (see panels e and f). During these CVs (see
Figure 7), which are extended between —1.4V and 1.6 V,
allowing porphyrins to undergo both oxidation and
reduction processes, it is not possible to observe any
characteristic graphite intercalation or deintercalation
feature. This means that solvated anions are not able to
circumvent the residual 2D porphyrin film and the buried
graphite basal plane is thus protected. Only at the end of
these numerous amounts of CVs, we observe a lowering
of the porphyrin features (arrows in the highlighted
regions of Figure 7). Probably, this represents a definitive
detriment of the porphyrin 2D layer that starts to have
holes (see panel ¢ in Figure 6) where solvated anions can
reach the buried HOPG, intercalate and swell its basal
plane.

Finally, the exploited WE is investigated ex-situ by
SEM to observe any other morphological feature on a
wider length scale (about 150 um). In Figure 8, we report
the acquired image, where graphite steps clearly appear
again and some residuals (probably porphyrins with
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Fig. 6. topographic (a, ¢, ) and phase-contrast (b, d, f) analysis of
the H,TPP protected HOPG electrode immersed inside 1 mM
H,SO, electrolyte. Panels a and b refer to the as-prepared sample
immersed inside the electrolyte at 0.3 V. Panels ¢ and d are
acquired after about 10 CVs, when the porphyrin crystals are
completely dissolved while panels e and f are collected after a
hundred of CVs.

sulfate anions and other compounds obtained during the
CVs), are randomly distributed on the electrode surface.

Porphyrin functionalized HOPG was also investigated
as macro electrode in 0.5 M H,SO, and 1 M KOH. The
first electrolyte allowed determining the effect of an
increase in sulfuric acid concentrations with respect to the
1 mM case, while the Ilatter was selected since it
represents a typical choice for the evaluation of OER
performances for electrocatalysts [33,34].

However, before using the 0.5M H,SO, and 1M
KOH electrolytes, the previously EC characterization
performed onto the porphyrin protected graphite elec-
trode (see Figure 5) was repeated on the macro electrode
to verify the data correspondence. Figure 9a depicts the
obtained results (using a comparable potential range
between 0.3 and 1.2V vs Pt). The behavior observed in
Figure 5 is almost perfectly reproduced in panel a, with an
anodic peak visible at around 0.85V during the anodic
potential sweep and no negative features visible in the
cathodic branch. In the second cycle, the anodic peak at
0.85 V almost disappeared due to the practically complete
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protected HOPG in 1 mM H,SO,
scan rate = 25 mV/s

Ve vs Pt-QRef

Fig. 7. subsequent CVs (about 100) acquired onto a protected
HOPG electrode. We report only part of the whole collected data
for a better readability. The arrows in the reduction and
oxidation regions show a lowering of the porphyrin features that
occurs close the end of our cycles.

oxidation of the porphyrin layer present on the surface of
the electrode.

CV cycling was repeated as well on the macro
electrode, yielding the result visible in panel b. In this
case, the scan range was extended to 0.3-1.5 V vs Pt.

In analogy with the behavior observed in Figure 7, the
Faradaic current density increases in the first cycles of the
experiment. Then, all the voltammograms tended to
superimpose at high cycle numbers. This is reasonably
indicative of a progressive stabilization of the electrode
behavior as the residual porphyrin film formed.

After verifying the compliance of the behavior
observed on the macro electrode to the measures
previously carried out, porphyrin functionalized HOPG
was tested in 0.5M sulfuric acid. This solution was
characterized by a much more aggressive environment
with respect to the 1 mM electrolyte, with visible con-
sequences on the stability of the residual porphyrin film
[33]. Initially, the behavior of the electrode was inves-
tigated in the same potential range as the 1 mM H,SO,
case (0.3-1.5V vs SSC, as reported in Figure 10a). 50
cycles were performed in this range.

The electrode showed a diametrically opposed behav-
ior with respect to the 1 mM sulfuric acid case. Faradaic
current values tend to lower by increasing cycles, indicat-
ing a reasonable progressive damaging of the porphyrin
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Fig. 9. electrochemical characterization performed on a protected graphite macro electrode covered by free-base porphyrins in 1 mM
H,SO, (a); 100 CV cycles performed on a protected graphite macro electrode covered by free-base porphyrins in 1 mM H,SO, (b).

layer and a disappearance of the electrocatalytic effect
[33].

The effect of potential scan range was verified by
increasing the range, after the first 50 cycles, to 0.6-1.8 V
vs SSC. The result obtained is visible in panel b. The
electrode withstood the first cycles at the new potential
range without showing any appreciable sign of intercala-
tion. Then, starting from the 70™ cycle, graphite showed
evident signs of intercalation as a progressive growth of
the cathodic peak visible at 1.65 V vs SSC. The attribution
of that peak to graphite intercalation was ensured by
performing a CV on uncoated HOPG. Apparently, the
strongly acidic condition induced by the high concentra-
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tion of sulfuric acid (pH=0.3) badly affected the stability
of the porphyrin layer. However, the latter was surpris-
ingly able to withstand 50 cycles in the 0.3-1.5 V vs SSC
range and 10 in the 0.6-1.8V wvs SSC range without
showing appreciable signs of intercalation.

Contrarily to what observed in the 1mM H,SO,
electrolyte, the overpotential for OER progressively
increased with respect to the CV of the unprotected
graphite HOPG (for example, at a current density of
200 pA/ecm?, it was equal to 1.73 V vs. SSC at the 100th
cycle, which is higher than the value observed for the
unprotected HOPG, 1.66 V vs. SSC). This effect con-
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Fig. 10. 50 CV cycles performed between 0.3 and 1.5 V vs SSC on a protected graphite macro electrode covered by free base porphyrin
in 0.5M H,SO, (a); 50 CV cycles performed between 0.6 and 1.8 V vs SSC on a protected graphite macro electrode covered by free

base porphyrin in 0.5 M H,SO, (b).

stitutes another evidence that HOPG progressively lost its
protective layer and anion intercalation started.

Finally, a porphyrin bearing macro electrode was
tested in 1 M KOH. Like for 0.5 M sulfuric acid, the 0.3—
1.5 V vs SSC potential range was initially used. The result
obtained is shown in Figure 11a.

In analogy with what observed in the 1 mM sulfuric
acid electrolyte, also in 1 M KOH currents progressively
increased by increasing the number of cycles. This
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indicates a progressive stabilization of the electrode as the
residual porphyrin layer formed. To verify the effect of
potential range, the latter was increased to 0.6-1.8 V vs
SCC after the first 50 cycles. In this context, the electrode
showed a relatively stable behavior, with no apparent
signs of porphyrin layer damaging. OER overpotential
was significantly lowered by the presence of the porphyrin
layer (for example, at a current density of 2 mA/cm?, it
was equal to 0.95V vs. SSC at the 100th cycle, which is
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Fig. 11. 50 CV cycles performed between 0.3 and 1.5 V vs SSC on a protected graphite macro electrode covered by free-base porphyrins
in 1 M KOH (a); 50 CV cycles performed between 0.6 and 1.8 V vs SSC on a protected graphite macro electrode covered by free-base

porphyrins in 1 M KOH (b).
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considerably lower than the value observed for the
unprotected HOPG, 1.44 V vs. SSC). To obtain the same
Faradaic current density, i.e., 10 mA/cm? porphyrin
protected HOPG required 1.51V vs SCC, whereas
unprotected HOPG required 1.72 V vs SCC. This effect is
clearly indicative of a catalytic behavior towards OER in
alkaline environment.

It is worth discussing in detail the promising result
obtained in the case of OER in 1M KOH. In general,
porphyrins present active sites able to catalyze a wide
range of multielectron EC reactions. They are active as
electrocatalysts toward hydrogen evolution reaction
(HER) [35] and oxygen reduction reaction (ORR) [36].
In the case of OER, however, stability issues can affect
their performances. Porphyrins, in the specific case metal-
lo-porphyrin monolayers, have been reported to have a
limited stability toward OER in alkaline conditions [37],
since positive potentials induce a rapid decomposition of
the organic backbone of the molecules. However, these
considerations have been done on Au electrodes, which
present a limited interaction with the porphyrin itself. In
the case of carbonaceous electrodes, the interaction is
much stronger, resulting into conjugation of the moiety
with the material (which can be graphite [36], glassy
carbon [35] or even nanotubes [38]). Such conjugation
depends on the type of porphyrin used or on its
substituents [22], it stabilizes the monolayer in contact
with the substrate and it can explain the behavior
observed in Figure 11. In fact, the same coupling that
allows the formation of the residual film may realistically
stabilize the porphyrin itself, allowing stable cycling at
high potentials in 1 M KOH.

4 Conclusions

Graphite electrodes play an important role in fuel cells
even if some limitations are observed, such as the
measured overpotentials in the OER and a general
detriment of the electrode surface quality. Our research
has recently focused its attention on the second topic. In
particular, we observe that free-base porphyrin molecules,
when deposited onto the HOPG surface by evaporation
in vacuum, create a homogeneous film that is able to
protect the buried graphite surface from solvated ion
intercalation. The latter mechanism can swell the graphite
basal plane and induces a general detriment of the
electrode. In this work, we prove that intercalation is
precluded for many (about a hundred) CVs if the HOPG
is protected by porphyrins. The original organic film
morphology (3D crystals) changes after the very first
cycles reaching a condition where no further evolutions
are observed (2D porphyrin film). We believe that these
findings can encourage a systematic investigation on
porphyrin thin films as promising coatings for electrodes
in acid environments.
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