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Abstract 

Organic molecules have been proposed as promising candidates for electrode protection in 

acidic electrolyte solutions, but few results are available to confirm this hypothesis. The use 

of porphyrins as graphite surface protecting agents in sulphuric acid (H2SO4) is one of the 

newest. With the aim of unveiling the mechanism of such a protective effect, in this paper 

we test the stability of a H2TPP thin film when immersed in perchloric and phosphoric acid 

electrolyte solutions. In particular, both perchloric and phosphoric acids are well-known to 

interact with porphyrins, but only the perchloric acid is reported to directly degrade and 

oxidase the molecules. 

The protective role of porphyrins is tested in the potential range where the pristine graphite 

undergoes an oxidation process that erodes the surface and eventually exfoliate the stratified 

crystal. The electrochemical analysis is obtained in a three-electrode cell, while the surface 

morphology is monitored ex-situ and in-situ by atomic force microscopy. Electrospray mass 
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analysis is employed to investigate the surface chemical degradation of H2TPP. We find that 

the organic film is not stable in perchloric acid solution. Conversely, in phosphoric acid, the 

porphyrin film holds on the graphite surface avoiding corrosion.  

At least at such high anodic potentials, these results provide a rationale and evidence the limits 

offered by free-base porphyrins in graphite protection. The protective action is limited to 

specific electrolytes (like sulphuric and phosphoric acids) and appears that the protection 

mechanism resides in the stability of the central cavity of the porphyrin molecule towards strong 

oxidants. 

1. Introduction 

Graphite is a long-established electrode in batteries thanks to its good mechanical properties 

and chemical stability. [1-3] Nevertheless, the demand for improving next generation batteries in 

terms of cost reduction, stability, high performances, and life span remains very high. In this 

frame, organic molecules have been proposed as candidates to fabricate protective layers on the 

electrode surfaces. [4] Notably, organic molecules can be specifically designed and 

functionalized to optimize graphite protection in different electrodic solutions. Moreover, 

organic molecules can be deposited on a surface by exploiting different techniques, some of 

which are cheap and easy to implement in an industrial process (e.g. drop casting) or to integrate 

in a production chain involving high vacuum systems. [5] Nevertheless, only few results are 

available in this research topic: in particular, the existence of a class of molecules with a clear 

protective role has not yet been proven and researchers are still exploring a broad range of 

possible candidates. Among them, porphyrin and porphyrinoid compounds attracted the 

attention because the porphyrin/graphite interface shows interesting assembling, [6] optical, [7] 

electronic and [8] chemical [9] properties. Recently, the authors proved that metal-free tetra-

phenyl porphyrin (H2TPP, Figure 1) grows following a Stransky-Krastanov mode on graphite 

[10] and they succeeded in controlling both the regime and methods to grow 2-D or 3-D phases 
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as well as [11] in finding a protocol to remove the excess of porphyrin clusters (the 3-D phase). 

[12] The H2TPP 2-D phase covers almost uniformly the graphite surface. 

Despite the electrochemical properties of porphyrins have been widely investigated in solution, 

[13,14] their stability when deposited onto an electrode surface is still under debate. We recently 

showed that the H2TPP 2-D phase acts as a protective film for a graphite electrode in a 

conventional three-electrode cell. [15] In the work, a highly oriented pyrolytic graphite (HOPG), 

with or without a protective porphyrin overlayer, was immersed in a sulphuric acid (H2SO4) 

solution, which is the typical electrolyte in lead-acid batteries. On pristine HOPG, H2SO4 

intercalates between graphite planes and produces CO, CO2 and O2 gases during carbon 

oxidation, leading to the swelling of the basal plane of graphite (blistering), as reported in the 

literature. [16-19] The presence of porphyrins on the electrode surface inhibits this process. The 

protective role of H2TPP is noticeable considering that sulphuric acid solutions can be used as 

“solvents” to dissolve free-base porphyrin aggregates. [20] The protective action on the graphite 

electrode is due to the 2-D wetting layer. [15] Perchloric acid (HClO4, typically employed in the 

exfoliation of the graphite) as well as other oxidizing agents are usually reported to affect the 

conjugated structure of pyrrole rings or methin bridges of the H2TPP molecule; [19, 21] 

Phosphoric acid, on the other hand, is able to corrode the pristine graphite basal plane (without 

showing a clear blistering) [22, 23] and it also behaves as a porphyrin “solvent” similar to H2SO4.
 

[20,21] Comparing the behaviour of protected HOPG in these three mineral acids (H2SO4, HClO4, 

H3PO4), where only the perchloric one should be able to destroy the porphyrin system, allows 

more insight into the chemistry of graphite protection in acid solutions. To this end, we test a 

thin (nominally 12 Å-thick) H2TPP film on graphite immersed in an electrochemical cell 

containing a 2 M solution of either HClO4 or H3PO4. The 12 Å-film shows a widespread 

porphyrin 2-D phase, covered by 3-D crystals. [15] We observe that the porphyrin film is not 

stable in a HClO4 solution soon after a single electrochemical scan performed by cyclic-

voltammetry (CV): some areas of the sample result exposed and blisters immediately appear on 
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the graphite surface. Conversely, the porphyrin 3-D phase is still recognizable on the sample 

surface after the immersion in the H3PO4 solution during the AFM measurements. In this case, 

the CV treatment precluded a direct “in situ” analysis of the porphyrin film due to the formation 

of tars caused by phosphates. [23] Nonetheless, a comparison of morphological images with 

electrospray mass analysis, employed to investigate the surface chemical degradation of H2TPP 

(in the Supplementary Information), allows proving the stability of the porphyrin film in 

phosphoric electrolyte.   

2. Experimental Section  

z-grade HOPG (Optigraph) is mechanically exfoliated with adhesive tape. H2TPP is 

grown by physical vapour deposition (PVD) from a Knudsen Cell (KC) fitted on a Kenosistec 

KE500 system. The KC is filled with 30 mg of H2TPP powder purchased from Sigma-Aldrich. 

The powder is degassed in vacuum until the base pressure of the PVD chamber (1-2 × 10-6 

mbar) is restored. The graphite substrate is kept at room temperature during the deposition. A 

quartz-microbalance, placed close to the sample, monitors the molecular flux, which is kept 

constant at 0.6 Å/s. Calibration of the film growth is described elsewhere. [15] 

The HClO4 and H3PO4 electrolyte solutions (2 M) are prepared and deaerated by bubbling argon 

for several hours prior the use. The electrolyte solution is placed in a three-electrode cell where 

the HOPG is the working electrode (WE), a Pt wire acts as counter electrode (CE) and a second 

Pt wire is used as a quasi-reference electrode (QRef). The WE can be easily implemented inside 

the three-electrode cell and placed in contact with the electrolyte solution without any 

contamination. [24] Being a single Pt wire, the QRef is not at thermodynamic equilibrium, which 

can in principle shifts the reference potential. [24] The authors tested the stability of the Pt-QRef 

within the experimental conditions (time, temperature, solvent, etc.) and found a fixed and 

stable shift of + 0.740 ± 0.010 V with respect to the normal hydrogen electrode. [19] 

A single cyclic-voltammetry (CV; scan rate 25 mV/s) sweep is acquired on the samples. In CV, 

the WE electrochemical (EC) potential is ramped linearly in time and the current flowing 
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through the WE is accordingly measured. With a scan rate of 25 mV/s, a good compromise 

between charge transfer and mass transport is obtained, as reported in the literature. [16-19] When 

extracted from the electrochemical cell, the sample is dried accurately with a stream of pure 

nitrogen. 

Electrochemical atomic force microscopy (EC-AFM) has already proved its potentialities and 

versatility when in-situ analysis of surface electrode is required. [25,26] In particular, EC-AFM 

is used in combination with HOPG electrodes [27,28] and/or with organic molecules at the 

liquid/solid interface. [29,30] In this study, a commercial 5500 Keysight system is used for the 

ex-situ and in-situ atomic force microscopy (AFM) measurements. The AFM images are 

acquired in non-contact mode, to preserve the quality of the organic film. 

3. Results and discussion 

After the deposition of a nominal 12 Å-thick film of H2TPP on HOPG, the surface 

topography is characterized by 3-D structures with sharp edges on top of a 2-D porphyrin phase 

(see Figure 2a). [10] The thickness of the 3-D crystals is about 2 nm, as indicated in the figure. 

These structures are stable in air. The different adhesion forces characterizing the molecular 

assembling of either 3-D or 2-D phases are distinctively resolved by the AFM cantilever in 

tapping mode and the phase-contrast image (Figure 2b) allows to distinguish both of them. [31] 

The light blue areas are assigned to the 3-D phase, while the dark blue parts to the 2-D phase, 

in agreement with our previous results. [15] 

Samples are then immersed in the EC cell and subjected to a single CV scan either in HClO4 

or in H3PO4 electrolytes (2 M concentration). Typical voltammograms are reported in Figure 

3. Panel a shows the data acquired for the HClO4 solution. The positive and negative features 

above 0.70 V, observed even on the pristine graphite, [17,19] are related to the anion intercalation 

process. [19] The ratio between the charge transfer during the cathodic (negative) and anodic 

(positive) currents is about 0.25, suggesting an irreversible electrochemical process caused by 
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solvated ClO4
- intercalation (fully reversible processes require a charge ratio equal to 1 and a 

0.59mV difference between forward and reverse peak potentials). [16-19] 

The presence of H2TPP molecules at the graphite-electrolyte interface is ensured by specific 

anodic peaks, appearing in the CV at potentials between 0.4 - 0.6 V. In particular, two peaks 

(labelled as I and II in the figure) appear at Ep,a,I = 0.45 V and Ep,a,II = 0.55 V, respectively. 

These are related to the two one-electron oxidation processes of the porphyrin macrocycle 

(usually called E1
ox and E2

ox, respectively and mostly correlated to the activity of the N atoms). 

[32-34] Their presence in the voltammogram confirms also the good conductivity of the molecular 

film.  

Similar redox peaks are also observed during the CV sweep in phosphoric acid solution (Figure 

3b). Here, the position of the peaks is different with respect to the previous case (i.e. Ep,a,I = 

0.40 V and Ep,a,II = 0.70 V) [34, 35] and peak I is barely visible with respect to peak II. The weak 

intensity of the former could reasonably support the different ability of the H3PO4 acid to 

protonate H2TPP molecules due to the more acidic environment (H3PO4 is potentially a triprotic 

acid, contrary to the monoprotic HClO4). 
[34] When the EC potential is tuned to higher values 

(up to 1.6 V), the EC current enhancement is ascribable to the formation of an oxidized layer 

on the sample surface in phosphoric acid. This process [19,23] is completely irreversible, as 

proven by the fact that only positive features are detected by CV in the chosen EC potential 

range.  

After a single CV cycle in HClO4, the sample is extracted and dried accurately. The film 

morphology is then studied ex-situ by AFM. Figure 4a reports the morphology observed on the 

sample surface after the treatment in HClO4 solution. Conversely to what previously observed 

in H2SO4, 
[15] HClO4 dissolves and degrades both the molecular 2-D phase and the 3-D 

structures, resulting in the exposition of the HOPG electrode directly to the effect of the acid 

environment. It is not possible to find areas where the HOPG substrate appears unaffected by 

the anion intercalation. [15] Here, blisters, produced by gases developed during the 
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decomposition of the intercalated anions underneath the graphite surface, [16-19] are found 

randomly on the surface. This proves that ClO4
- anions succeed in reaching the HOPG basal 

plane, passing through the damaged 2-D phase, in contrast to former observation in H2SO4 

under comparable conditions. [15] We also observe some round-shaped masses that could be 

molecular re-crystallizations, consequent to the immersion of the initial 3-D porphyrin crystals 

in the liquid or degraded porphyrin residues. This hypothesis is supported by the phase-contrast 

image (Figure 4b) that enhances a clear difference between the masses (in blue) and the 

remaining bare graphite areas (in yellow). In order to investigate the processes by which 

porphyrins degrade, after the CV scan, the colourless HClO4 electrolyte solution was analysed 

via direct infusion into a mass spectrometer with electrospray ionization (ESI, see Supporting 

Information). ESI spectra reveals the presence of several peaks, with masses between 300-520 

Da, which may be ascribed and are compatible with chemical fragmentation of the H2TPP 

scaffold due to oxidation/degradation processes (Figure SI3; a possible interpretation of the 

peaks is reported in table SI1); interestingly, the ESI analysis evidences the absence of any 

detectable trace of residual H2TPP in solution.  

The microscopic analysis is more complicated when a phosphoric acid solution is employed. In 

fact, after a single CV in H3PO4 solution, the ex-situ AFM measurement does not allow to 

clearly distinguish any porphyrin structures (see Figure 5a). The topography reveals a densely-

structured surface, with a high roughness (Rq = 0.883 nm), while the weak contrast in the phase 

signal (Figure 5b) cannot be unquestionably assigned either to the presence of porphyrin areas 

or to an oxidized layer, in analogy to previous studies on the pristine HOPG. [19,23] Considering 

that phosphoric acid should not affect the porphyrin macrocycle (other than promoting 

protonation at the N atoms similarly to a sulphuric acid electrolyte), [15] the high surface 

roughness points to consider the coexistence, on the sampled surface, of deposits of oxidized 

material and porphyrins; dubious is the dissolution of the molecular H2TPP film. Thorough 

ESI–mass analyses were performed and the results (Figures SI4-SI6) indeed reinforce the 
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hypothesis described. In fact, ESI spectra of just the clean and fresh electrolyte solution 

evidence that phosphoric acid produces oligomers with m/z up to 600Da (SI4); similarly, no 

significant peaks appear analysing the ESI spectra of the electrolyte solution after a single CV 

scan, on bare HOPG (other than those due to phosphate oligomers). These findings would 

explain the formation of insoluble deposits on the electrode surface as observed by AFM. 

Analogously, ESI spectra of the electrolyte used to perform a CV scan on the HOPG electrode 

covered with the 12 Å-thick H2TPP do not show any additional significant peak (implying 

absence of porphyrin degradations). Even if peaks near the background noise could be 

perceived, they are not as intense as those seen in figure SI3 (i.e. the one referring to the 

perchlorate solution). This would prove the chemical stability of porphyrins in the phosphoric 

electrolyte.  

With these information, the evolution of the 12 Å-thick film of H2TPP is tested when 

simply immersed in phosphoric acid (i.e. without any applied anodic potentials). We noted that 

the substrate steps (see Figure 5) are sharper, in strong contrast to what previously observed 

with pristine HOPG in H3PO4 electrolyte, where carbon dissolution of the basal plane is 

unquestionably detected. [23] This represents a congruent, yet indirect, evidence that the 

porphyrin layer acts as a partially protecting surface agent. In Figure 6, we report the in-situ 

AFM investigation of the sample surface as immersed in H3PO4, before the application of any 

EC potential. Some porphyrin structures are still recognizable in the topography (panel a), 

showing a thickness which is about 2/3 of the one measured in air and stable during the 

microscope acquisition time. [36] In agreement with the topography, the phase-contrast 

measurement (panel b) detects a different signal at correspondence with the 3-D structures (in 

blue), with respect to the substrate (in yellow). Noticing, from these results, we can confirm the 

similar behaviour of H3PO4 and H2SO4 as porphyrin-solvent. [15,20]  

 

4. Conclusion 
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We have further explored the protective “anti-aging” property of H2TPP films in preserving 

graphite electrodes during a single and highly oxidative electrochemical process. A thin H2TPP 

film deposited on graphite is immersed in an electrochemical cell containing either perchloric 

or phosphoric acid electrolyte solutions. HClO4 shows comparable oxidative properties as the 

sulphuric acid on the pristine HOPG basal plane, being, at the same time, an oxidant able to 

degrade the tetrapyrrole macrocycle. H3PO4, instead, behaves as a porphyrin-solvent similar to 

sulphuric acid. An ex-situ AFM study shows different changes on the porphyrin film 

morphology induced by the above-mentioned electrolytes. Results suggest a crucial role of the 

porphyrin-electrolyte chemistry. In fact, the perchloric electrolyte damages the porphyrin 2-D 

phase (through molecular degradation as evidenced by the mass spectrometry studies) allowing 

blisters formation on graphite electrode. Conversely, the non-oxidizing H3PO4 electrolyte 

preserves the porphyrin 2-D phase, and its protective role. In this case polyphosphate deposits 

form on the surface burring both the HOPG and the porphyrin layer.  
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Figure 1. Free-base tetra-phenyl-porphyrin (H2TPP). A meso phenyl substituted tetrapyrrolic 

macrocycle (carbon atoms: black spheres; hydrogen atoms: silver spheres; nitrogen atom: 

blues spheres).  

 

 

 

 
 

Figure 2. AFM non-contact image (4 x 4 m2) of the nominal 12 Å-thick porphyrin film 

before the electrochemical treatment. (a) Topography (4 x 2 m2). The profile scan (white 

line) of the 3-D structures is reported in the image. (b) Phase-contrast image (4 x 2 m2). We 

attribute the light blue areas to the 3-D phase, while the dark blue parts can be ascribed to the 

2-D phase. 
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Figure 3. Cyclic-voltammetries acquired on the nominal 12 Å-thick porphyrin film with a 

scan rate of 25 mV/s. The faradaic current density (JEC) is plotted as a function of the applied 

EC potential (VEC) at the WE. (a) HClO4 electrolyte. The two features (I and II) below 0.6 V 

are related to porphyrins, while the positive (anodic) current enhancement (above 0.85 V) 

indicates that the ClO4
- anion intercalation occurs. The negative (cathodic) feature, centered at 

0.80 V, suggests that graphite undergoes a partial de-intercalation process. (b) H3PO4 

electrolyte. The two peaks (I and II) between 0.4 - 0.6 V are related to porphyrin 

electrochemical activity (dashed lines, currents are multiplied by a factor 15 for better clarity), 

while the anodic current enhancement (above 1.2 V) indicates processes at the graphite basal 

plane. The absence of any cathodic feature suggests that the chemical reaction is irreversible. 

 

 

 

 
 

Figure 4. AFM non-contact image (4 x 4 m2) of the nominal 12 Å-thick porphyrin film after 

the treatment in a 2 M HClO4 solution. (a) Topography (4 x 2 m2). The profile scan (white 

line) of the blister is reported in the image. (b) Phase-contrast image (4 x 2 m2). The 

porphyrin residual masses show a different signal (blue) with respect to the exposed graphite 

(yellow). 
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Figure 5. AFM non-contact image (4 x 4 m2) of the nominal 12 Å-thick porphyrin film after 

the treatment in a 2 M H3PO4 solution. (a) Topography (4 x 2 m2). The profile scan (white 

line) acquired across the graphite steps, is reported in the image. (b) Phase-contrast image (4 x 

2 m2). The porphyrin residual masses uniformly cover the sample surface and an almost 

constant phase value is measured. 

 

 

 

 
 

Figure 6. In-situ AFM non-contact image (4 x 4 m2) of the nominal 12 Å-thick porphyrin 

film in 2 M H3PO4 solution. (a) Topography (4 x 2 m2). The profile scan (white line) of the 

porphyrin crystals is reported in the image. (b) Phase-contrast image (4 x 2 m2). The 

porphyrin 3-D phase shows a different signal (blue) with respect to the 2-D phase (yellow). 

 
 


