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Abstract: Water electrolysis is currently.-a notable research domain, having the
identification of highly active, stable, and low-cost electrocatalysts as one of its
most important pursuits. Herein,»an As P(V)-centered metalloporphyrin —
(5,10,15,20-tetraphenylporphinato) dichlorophosphorus (V) chloride — was
evaluated in terms of its electrocatalytic water-splitting activity in acidic, neutral,
and alkaline media. The experiments were performed on electrodes modified
with the porphyrin complex using different protocols, and the most
electrocatalytically active sample was the one obtained by applying a catalyst
ink containing the metalloporphyrin and Carbon Black on glassy carbon. The
best results were observed for the strongly alkaline medium (1 mol L' KOH), in
which the electrode exhibited a hydrogen evolution reaction overpotential of
0.77 V.and a Tafel slope of 0.135 V dec?. Its stability was outlined by
chronoamperometry and Raman spectroscopy. The results supplement the
available - data regarding the properties and applicative potential of
metalloporphyrins and outline the implications of using different electrode
manufacturing procedures.

Keywords: electrocatalyst; aggregate; hydrogen evolution reaction; oxygen
evolution reaction; macrocycle.

INTRODUCTION

The ongoing struggles to replace fossil energy sources with renewable ones,
to manage the increasing energy demand, the expanding global economy and the
fast-growing population have led researchers to consider hydrogen as the
auspicious energy carrier of the future.! Because the energy infrastructure is
currently reliant to a great extent on finite and non-renewable energy sources a
global energy crisis can only be delayed but not avoided. Furthermore, it is known
that the use of fossil fuels has a detrimental effect on the environment.? The
problems surrounding them have led to a concerted effort by researchers to study
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the potential of alternative energy sources and to find a suitable energy carrier.®
The scientific literature outlines hydrogen as an environmentally friendly energy
carrier with highly desirable properties.* Hydrogen can be generated via several
methods but only some of them are non-polluting in the sense that they rely on
renewable energy sources (water, biomass, wind power, and solar power).> Since
the goal is to obtain hydrogen in ways that avoid further environmental pollution
the focus is on the eco-friendly approaches. Water-splitting, a method for hydrogen
generation via the direct decomposition of water into its elements is considered by
researchers to be the most promising way for replacing the fossil fuel-based energy
infrastructure.® During water electrolysis pure hydrogen and oxygen are obtained
from the splitting of water molecules using electric current.” Electrocatalysts play
an essential role since they decrease the kinetic energy barrier between the two
half-cell reactions — the hydrogen and the oxygen evolution reactions (HER and
OER) — involved in the process.® Currently, the benchmark electrocatalysts are
based on noble metals that cannot be used for large-scale hydrogen production
because they are costly and scarce.® Many alternatives have been proposed that are
cheaper, less scarce or even abundant, and exhibit fairly high catalytic efficiency
and stability.’® However, none of them have replaced the noble metal-based
electrocatalysts.

Porphyrins are a class of aromatic compounds that have been shown to exhibit
water-splitting catalytic activity.'*** They share a common feature known as the
porphyrin macrocycle, they can be substituted peripherally with a wide variety of
functional groups, and the center of the macrocycle can be metalated with almost
every known metal ion — leading to the formation of metalloporphyrins. Changes
to the chemical structure of porphyrins result in changes to their properties which
can turn them into candidates for different types of applications. Furthermore,
single molecules can associate with neighboring ones to form stable and well-
defined aggregates with features that are often different from those of their
constituents,**1°

The electrocatalytic water-splitting properties of metalloporphyrins have been
investigated at least since 1985.1° Recent publications indicate the persistent
interest in the applicative potential of metalated porphyrin derivatives for the
water-splitting field.*-’

This paper presents the study of the water-splitting properties of a
symmetrically substituted As; P(V)-centered metalloporphyrin, namely
(5,10,15,20-tetraphenylporphinato) dichlorophosphorus (V) chloride, in solutions
covering a wide pH range. Identified publications involving this metalated
porphyrin do not contain investigations of its HER and OER electrocatalytic
properties.’822 The experimental results obtained during the testing of electrodes
modified with the porphyrin complex by employing different protocols
supplement the currently available data regarding the characteristics and
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applicative potential of metalloporphyrins and outline the consequences of using
diverse procedures to manufacture electrodes.

EXPERIMENTAL
Materials and reagents

The porphyrin complex - (5,10,15,20-tetraphenylporphinato) dichlorophosphorus (V)
chloride - was purchased from Porphyrin Systems (Halstenbek, Germany) and used as received.
The chemical structure of the porphyrin complex is shown in Scheme 1.

Scheme 1. The chemical structure of (5,10,15,20-tetraphenylporphinato)

dichlorophosphorus (V) chloride.

Dichloromethane (DCM), tetrahydrofuran (THF), acetonitrile (CH3CN), N,N-
dimethylformamide (DMF) and Nafion® 117 solution were acquired from Sigma Aldrich (Saint
Louis, MO, USA). Ethanol 99.5 % (EtOH) and acetone were obtained from Honeywell
(Charlotte, NC, USA) and Chimreactiv (Bucharest, Romania). Benzonitrile (PhCN),
dimethylsulfoxide (DMSO), KOH, KCI and H,SO, 98 % were purchased from Merck
(Darmstadt, Germany). All reagents were used as procured. GC (glassy carbon) tablets were
received from Andreescu Labor & Soft SRL (Bucharest, Romania) and Carbon Black - Vulcan
XC 72 from Fuell Cell Store (Bryan, TX, USA). Double-distilled water was used to prepare all
aqueous solutions.

Electrode modification protocols

The first protocol employed to manufacture the metalloporphyrin-based electrodes
consists of the drop-casting on the surface of GC tablets of solutions obtained by dissolving the
porphyrin complex in organic solvents having different polarity values. Solvent polarity
decreases in the following order: DMSO > DMF > CH3CN > PhCN > EtOH > THF > DCM. %24
The drop-casted volume was 10 pL and the drying of the covered GC substrates was performed
at 40 °C. The resulting electrodes were modified with one metalloporphyrin layer. Samples with
two and three layers were also prepared by repeating the mentioned procedure. Table | presents
the codes used to identify the electrodes.
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TABLE I. The codes for identifying the electrodes modified utilizing the first protocol
Electrode codes Solvents Porphyrin layers | Electrode codes Solvents Porphyrin layers

GCp1-bmso-1 1 GCryEtoH-1 1
GCpi.omso2 DMSO 2 GCri-Et0H-2 EtOH 2
GCr1- DMms0 -3 3 GCryretoH3 5
GCr1omF1 1 GCrp1tHF-1 1
GCri-pMF2 DMF 2 GCri-THr-2 THF 2
GCri-pMF3 3 GCpi-THF-3 3
GChricHaen 1 1 GCri-pcm1 1
GCprcrzecn2  CH3CN 2 GCpr1ocm-2 DCM 2
GChri-cHacn -3 3 GCpr1ocm-3 3
GCpr1-phcn-1 1

GCpy-phen-2 PhCN 2

GCpri-phen-3 3

Electrode manufacturing was also performed by following a different protocol, based on
a previously reported study.? Catalyst inks containing the porphyrin complex as such or mixed
with Carbon Black resulted after a 30-minute ultrasonication treatment. The surface of the GC
tablets was covered by drop-casting a catalyst ink volume of 10 pL. This stage was followed by
the drying of the modified substrates at 40 °C which led to the obtaining of the modified
electrodes. Table Il shows the codes for identifying the samples and the ink compositions.

TABLE II. The codes for identifying the electrodes modified utilizing the second protocol
Porphyrin amount Carbon black Nafion solution Double-distilled water

Electrode codes

(mg) (mg) (uL) (uL)
GCes 10 - 50 450
GCri.cs 5 5 50 450

Electrochemical study

Three electrodes were connected to a Voltalab potentiostat model PGZ 402 from
Radiometer Analytical (Lyon, France) and were subsequently inserted into a glass cell. One of
the electrodes — a Pt plate with a geometric surface (Sgeom) Of 0.8 cm? — was used as the counter
electrode. The reference electrode was the Ag/AgCl (sat. KCI) electrode. Each
metalloporphyrin-modified electrode served as the working electrode. It was placed inside a
polyamide support that ensured a constant Sgeom 0f 0.28 cm?. Acidic (0.1 mol L H,SO,), neutral
(0.1 mol Lt KCI) and strongly alkaline (1 mol L™ KOH) electrolyte solutions were prepared in
order to cover a wide pH range. Before each HER experiment the electrolyte solutions were
thoroughly deaerated with high-purity nitrogen. The OER and HER linear sweep
voltammograms (LSVs) were IR-corrected and recorded at a scan rate (v) of 5 mV/s.?8 Unless
stated otherwise, the electrochemical parameters j and E are the geometric current density and
the electrochemical potential expressed vs. the Reversible Hydrogen Electrode (RHE). The E
values were represented in terms of the RHE with Equation (S-1) — see the Supplementary
Material. Equations (S-2) and (S-3) were used to calculate the O, and H, evolution
overpotentials (4oer and #uer), While Equation (S-4) is the Tafel equation.?’2
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Analysis by SEM and Raman spectroscopy

SEM analysis was carried out with a tabletop scanning electron microscope, CUBE ||
model, from EmCrafts Co. Ltd. (Kwangju, South Korea). A MultiView-2000 system from
Nanonics Imaging Ltd. (Jerusalem, Israel) equipped with a Shamrock 500i spectrograph from
Andor (Essex, UK) was used to record the Raman spectra.

RESULTS AND DISCUSSION
Tests on the electrodes manufactured using the first protocol

The LSVs recorded in 0.1 mol L H;SO,4 solution during the OER tests
performed on electrodes obtained with the first modificationprotocol evidence
their low electrocatalytic activity, characterized by high overpotentials and low
current densities (Fig. S-1 from the Supplementary Material). Fig. S-1a, Fig. S-1b
and Fig. S-1c present the results obtained for the electrodes modified with one, two
and three metalloporphyrin layers. Relative to the unmodified GC sample (GCo)
only GCpi.pomr1 and GCri-eron-1 €xhibit a slightly higher activity. In the neutral
electrolyte solution (Fig. S-2) several of the modified electrodes display higher
OER activity compared with GCoy, but under these mild conditions the
overpotentials are high and the current densities low. The anodic LSVs recorded
in the strong alkaline solution can be seen in Fig. S-3. The lowest #0er Values were
determined for GCp1.omso-1 (Fig. S-3a). At j = 10 mA cm, a benchmark value at
which the overpotential is often specified, 7ogr = 1.15 V.%

The cathodic polarization curves obtained during the HER experiments
performed on the electrodes modified with the first protocol in the acidic, neutral,
and alkaline media are shown in Fig. S-4, Fig. S-5 and Fig. 1. The lowest 7Her
value in 0.1 mol L™ H,SO4 solution belongs to GCpi-gron-3 (1.54 V at j = —10 mA
cm?) — Fig. S-4¢. In 0.1 mol L KCI solution GCpi.chscn-1 (Fig. S-5a) and GCp;-
ome-2 (Fig. S-5b) have the lowest 7ner Value at j = —10 mA cm?, of ~ 1.38 V. The
best results are observed in the strongly alkaline medium for the electrodes
modified with the porphyrin complex drop-casted from DMF in one layer (Fig. 1a)
and from DMSO in one (Fig. 1a), two (Fig. 1b) and three layers (Fig. 1c). A 7Her
value of ~ 0.90 V was determined in all these cases and it reveals the limits of the
modification protocol used to manufacture the tested electrodes.
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Fig. 1. Cathodic polarization curves recorded on GCo and on (a) GCpi-phen-1, GCpi-bme-1, GCpi-
pmso-1, GCpi.cHaen-1, GCritrE1, GCpi-oem-1, GCpi-eton-1; (0) GCpi-pnen-1, GCp1-omF-1, GCp1-DMsO-
1, GCp1.chacn-1, GCpi-tHr4, GCpi-pem-1, GCri-eron-1 and (€) GCri-phen-1, GCri-omr-1, GCpi-pmso-1,
GCri-chacn-1; GCpi-thr-1, GCpi-pem-1, GCpi-gron-1. Electrolyte solution: 1 mol LTKOH.v=5
mV s,

It was pointed out in the Introduction section that porphyrin molecules can
self-assemble into aggregates. To see if this is also the case with the studied
porphyrin complex, a modified electrode, GCp1-omso-1, Was selected for SEM
characterization. The micrographs recorded in two different areas on the surface
of the sample are rendered in Fig. 2. Both images (Fig. 2a and Fig. 2b) show that
the metalloporphyrin molecules associated as irregular aggregates with dimensions
in the micrometric domain. These structures are sporadic and their distribution is
inhomogeneous. It is known that inhomogeneities act as active site generators
during electrocatalytic processes.?
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Fig. 2. SEM images recorded in two different areas on the surface of the GCpi-pmso-1
electrode. (a) The micrograph obtained for the first-area selected for analysis. (b) The
micrograph obtained for the second area selected for analysis.

Tests on the electrodes manufactured using the second protocol

The anodic LSVs recorded on the metalloporphyrin-modified electrodes
manufactured using the second protocol described in the Experimental section are
shown in Fig. S-6. In the acidic environment (Fig. S-6a) GCpi.cs and GCp; display
low OER activity and features corresponding to oxidation processes are present on
the polarization curves. In the neutral and strongly alkaline solutions (Fig. S-6b
and S-6¢) the 5oer values determined for GCcg are lower than for the other
electrodes, indicating that the presence of the porphyrin derivative negatively
affects the OER activity of the metalloporphyrin-modified electrodes.

Fig. 3 shows the cathodic LSVs obtained during the HER experiments. In the
0.1 mol L* H2SO4 and 0.1 mol L KCI solutions the highest electrocatalytic
activity is displayed by GCcg (Fig. 3a and Fig. 3b), but in the strongly alkaline
medium the lowest overpotential values belong to GCp; and GCpi-cs (Fig. 3¢). The
nrer Value determined for GCpicg at j =—10 mA cm™is 0.77 V and it outlines this
electrode as having the highest HER electrocatalytic activity.
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Fig. 2. Cathodic polarization curves recorded on GCy, GCcg, GCp1 and GCp1.cg in the
following electrolyte solutions: (a) 0.1 mol L™ H,SO4, (b) 0.1 mol L™ KCl and (c) 1 mol L*
KOH.v=5mVs™

The electrochemical properties of GCpi.cs Were further evaluated and the
results are presented in Fig. 4. Fig. 4a shows the plot of the capacitive current
density (Jai) vs. the scan rate for the specified electrode, while the Tafel plot and
the chronoamperogram recorded during its electrochemical stability testing are

rendered in Fig. 4b and Fig. 4c.
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Fig. 3. (a) The ju-v graphical representation for GCps.cs in 0.1 Mol L! Kcl solution. (b) The
Tafel plot for GCpi.cg in 1Mol Lt KOH solution. The current density (jeasa) values from the
plot are EASA-hormalized. (¢) Chronoamperogram obtained on GCpy.cg in 1 mol L** KOH
solution and inset with the LSVs obtained on the same electrode before (GCpi.cg) and after
(GCp1.cp?) the electrochemical stability test (1 mol Lt KOH solution, v =5 mV s%).

The jai values required to represent the plot from Fig. 4a were obtained by
carrying out cyelic voltammetry experiments in 0.1 mol L KCI solution at v
values of 10, 20, 30, 40 and 50 mV s in an E range with no Faradic currents. The
recorded data was subsequently used in equation (S-5) from the Supplementary
Material.3! The linear increase observed in Fig. 4a correlates with the charging and
discharging of the Helmholtz double-layer.®? The absolute value of the plot’s slope
is the electrode’s electric double layer capacitance (Ca) deriving from the stored
charge in the double-layer at the electrode/electrolyte solution interface.® This
parameter is important for the supercapacitors domain in which a higher value is
preferred to a lower one.*® Table 111 presents the Cq value determined for GCpi.cs
together with the R?, Ry (the roughness factor) and EASA (the electrochemically
active surface area) values. The Rs value is equal to the ratio between the real
surface of the electrode and Sgeom and was calculated by dividing Cq to 60 uF cm’
2, which is the specific capacitance of a smooth oxide surface.®* The EASA was
calculated with equation (S-6).%
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TABLE I1l. The Cq, R?, R and EASA values obtained for the GCpy.cg electrode

Electrode Cgq/mF cm? R? Rs EASA / cm?
GCpics 7.05 0.9915 1175 329

There are two reasons why the EASA was estimated. Firstly, it is known that
the value of this parameter is directly proportional to the number of catalytically
active centers participating in an electrocatalytic process, ‘including in water-
splitting.® Secondly, it was used to represent the Tafel plot from Fig. 4b which is
required to determine the Tafel slope — a parameter- relevant to an electrode’s
water-splitting activity, whose lower value indicates faster reaction kinetics.™ The
Tafel slope was found to be 0.135 V dec? (R? = 0.9993). The high pH value of the
electrolyte solution leads to the covering of a high degree of the electrode’s surface
with H; bubbles. These in turn affect the value of the slope by making it higher
than 0.12 V dec™.% A slope between 0.04 and 0.12 V dec? points to the HER
occurring via a Volmer-Heyrovsky mechanism and to the rate of the discharge step
being consistent with that of the desorption step.>” However, under alkaline
conditions when the value exceeds the upper limit of the specified interval a
Volmer-limited mechanism.is usually involved, with the VVolmer step being faster
than the Heyrovsky step.%®

The electrochemical stability test performed on GCpi.cg lasted 6 h and the
chronoamperogram obtained by maintaining a constant E value of 0.77 V vs. RHE
is presented in Fig. 4c. It can be seen that the current density steadily evolves
towards a constant value. At t = 135 min this value is ~—7.8 mA cm. The electrode
is relatively stable throughout the experiment. The inset in Fig. 4c presents the
LSVs recarded on the electrode before and after the test. The two curves overlap
almost perfectly at the current density of —10 mA c¢cm™. This result is a positive
indication of the sample’s stability which is further evidenced using Raman
Spectroscopy. Fig. S-7 shows the Raman spectra recorded on GCpi-cg before and
after the chronoamperometric experiment. The signals identified on the spectrum
obtained before the test are also present on the one obtained afterward, indicating
that the electrode did not undergo notable structural changes.

Discussion regarding the HER properties of GCpi-cs

The P(V)-centered porphyrin-based electrode manufactured using the second
protocol described in the Experimental section and denoted GCpi.cg Was shown to
possess the highest HER catalytic activity. As a metalloporphyrin, its catalytic
center is probably situated in the center of the metalated macrocycle, namely at the
M-N, site.®3° The EASA value obtained for the electrode is high compared to its
geometric surface (EASA = 32.9 cm? and Sgeom = 0.28 cm?), which points to the
presence of inhomogeneities and to the sample benefiting from a relatively large
number of active sites. Charge transport effects also play an important role in the
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electrocatalytic behavior of metalloporphyrins. Aside from the charge transport
occurring between adjacent molecules through non-covalent z-z interactions, there
is also the one taking place at the interface between the molecules and the GC
support.®® The P(V)-metalloporphyrin has a phosphorous metal atom located in the
center of its macrocycle. This atom is hexacoordinated and the macrocycle
possesses a distorted octahedral geometry. The P atom is less electronegative
compared with the C atoms of the GC and induces an electronegative doping effect
on the substrate’s surface. The electron-donating and electron-withdrawing effects
of the functional moieties that porphyrin derivatives are substituted with constitute
another factor influencing their water-splitting properties. Electron-withdrawing
substituents in particular decrease the macrocycle’s electron density leading to a
decrease in the HER overpotential.*® The phenyl groups of the porphyrin complex
exhibit only a weak electron-withdrawing inductive effect which in turn has a weak
impact on the overpotential. The pH of the electrolyte solution should not be
overlooked either since its significant effect on an electrode’s water-splitting
performance is well known.**4! As specified, the strongly alkaline environment in
which GCpics is immersed affects the value of the Tafel slope and is responsible
for slower HER Kkinetics.

What can be concluded about the water-splitting activity of the GCpi.cs
electrode is that even though a relatively large number of catalytically active sites
are probably present on its surface, other factors — such as an electronegative
doping effect, a weak electron-withdrawing effect and the effect of the electrolyte
solution’s pH.— negatively affect this property causing the decrease of the
specimen’s HER catalytic performance. The latter observation is reason to think
the electrode will probably not end up being used in large-scale applications. Table
S-1 from the Supplementary Material compares the HER activity of GCpi.cg With
that of other electrodes modified with free-base or metalated porphyrin derivatives.
Its Tafel slope value is lower than most of the values mentioned in the table. While
this-is an advantage, its #ner Value is among the highest. The result points to the
limitations of the utilized electrode modification strategy. Drop-casting-based
protocols are low-cost and simple, but for improved water-splitting properties
more sophisticated approaches could be required.

CONCLUSION

The water-splitting electrocatalytic properties of a symmetrically substituted
A, P(V)-metalated porphyrin were evaluated in acidic, neutral and strongly
alkaline electrolyte solutions. Metalloporphyrin-based electrodes were obtained by
employing different electrode modification protocols. The results show that the
specimen with the highest electrocatalytic activity is the one manufactured by
drop-casting a catalyst ink containing the P(\V/)-porphyrin and Carbon Black on GC
substrate. In 1 mol L™ electrolyte solution, it displays a HER overpotential of 0.77



TARANU

V (at j =-10 mA cm?) and a Tafel slope of 0.135 V dec™. It is relatively stable.in
the strongly alkaline medium but the high value of the overpotential prevents it
from being used for commercial applications. Manufacturing protocols that utilize
substrate modification techniques more complex than the simple drop-casting
method will be assessed in upcoming investigations.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website:
https://www.shd-pub.org.rs/index.php/JSCS/article/view/13072, or from the corresponding
author on request.
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HU3BOJ

PA3JTMYUTHU [TPOTOKOJIN MOJOUPUKALIUIE ETEKTPOJE P(V)-
METAJITIOPOUPUHVMA 3A UCITIUTUBAILE AKTUBHOCTH 3A PA3JIATAILE BOJE

BOGDAN-OVIDIU TARANU

National Institute of Research and Development for Electrochemistry and Condensed Matter, Dr. A. Paunescu
Podeanu Street, No. 144, 300569 Timisoara, Romania.

Enextponusa Bofe je TPEHYTHO 3HauajHa 0OlacT MCTpakuBamwa, MPU 4YEeMy je jefaH Of
HajBa)KHUjUX 3afaTaka MAEHTU(DUKaLWja BHUCOKO aKTUBHMX, CTaDWIHUX U jeTHUHHX
eJIeKTpoKaTaau3aropa. ¥ 0BOM pagy je ucnutaH As P(V)-ueHTpupaHu MeTanonopdUpHUH
(5,10,15,20-TrerpadpenunnopduHaro) puxnopodocdop (V)-xmopug, Yy CMHCIy Herose
eJIeKTpPOKaTaIUTHYKe aKTHBHOCTH 3a pasJiarame BoJe Y KUCeJI0j, HeyTPaIHoj U a/IKaIHOj CPeSVHH.
ExciepumenTH cy ypaheHn Ha enektpomama Koje cy MopudukoBaHe MNOPGUPHUHCKUM
KOMIUTEKCOM KOpHUIThemeM pPa3IM4YUTHX ITPOTOKOJA, ITPU YeMy Ce Kao eIeKTPOKATATUTHYKU
HajaKTUBHUjU TOKa3ao y30paKk A00MjeH HaHOUIEHEM CyCNeH3Hje MeTalonoppUpHHa U yIjba
pa3BuUjeHe MOBPIINHe Ha CTAKIACTH yIibeHHK. Hajborsu pe3ynraTu cy nodHjeH! Y jako alkalHOM
pacteopy (1 mol L' KOH), y kojeM je enekTpoma Mokasaia MPEHANETOCT Peakiivje H3aBajama
BomoHwuKa ox 0,77 V u Tadenos Harub on 0,135 V dek™!. CrabutHocT oBe enekTpoze je yrephena
XpOHOAMIIEPOMETPHjoM M PaMaHOBOM CIEKTPOCKONMHUjOM. PesynTaTd IpUKasaHH y pany
NpencTaB/bajy HOMpUHOC ToctojehuM mojauMMa O CBOjCTBHMa WU MoOryhoj NIpHUMEHH
MeTasonopUpHuHa Te ykasdyjy Ha YTHIaj NPOTOKOJIA IpUIpeMe eeKkTpofie Ha AoOujeHe
pesyJrare.

(ITpumsseno 4. oxkTodpa; pesuaupaHo 25. Hopemdpa; mpuxsaheno 16. nenemdpa 2024.)
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