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Herein, we electrografted the free-base 5,10,15,20-tetrakis(4-aminophenyl)porphyrin, (H,TAPP) and the
cobalt-based porphyrin (CoTAPP) onto the surface of glassy carbon electrodes (GCE) which results in a
H,TPP-GCE and CoTPP-GCE polymer, respectively. Electropolymerization forms a stable, covalently
bonded network, enhancing the electrochemically active surface area (to 47.7 cm?, 29.2 cm?, respect-
ively) and lowering the charge transfer resistance during OER and HER based on EIS data. H,TPP-GCE
exhibits a Tafel slope of 113 mV dec™ for HER, while CoTPP-GCE achieves 80 mV dec™ for OER. The
overpotentials are 511 mV (HER) and 540 mV (OER), with both electrodes remaining stable over 20 hours.
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Introduction

Hydrogen, known for its high energy density (120 MJ kg™*),
and carbon-free nature, has been identified as a promising
power alternative energy source."” It can be generated through
electrochemical water splitting with two half-reactions: hydro-
gen evolution reaction (HER), and oxygen evolution reaction
(OER), which require two and four electrons, respectively.
Thermodynamically water electrolysis requires 1.23 V vs. RHE.
Nonetheless, water splitting exhibits sluggish kinetics requir-
ing electrocatalysts to speed up the reaction. Benchmark
materials consist of noble metals such as Pt, RuO,, and IrO,,
however, their practical application is hindered by the cost,
scarcity, and corrosion.>® Therefore, the development of
efficient and cost-effective non-noble metal-based catalysts is a
key research focus.”

Porphyrins are a class of macrocycles that in their metal-
free or metalated forms exhibit vibrant colors, multi-electron
redox chemistry, and the ability to electrochemically generate
H, and 0,.%° Under acidic conditions, the pyrrole rings and N
lone pairs in the core of metal-free porphyrins act as active
sites for H, generation."®'’ In metalated porphyrins, the
central metal ion (in which the axial positions are often avail-
able for coordination) is the active site for the generation of
metal-oxo species for OER or metal hydride during HER."> ™
Our research group has been investigating stabilization strat-
egies of molecular catalysts such as intercalation and por-
phyrin polymerization, demonstrating improved stability and
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encouraging overpotentials.®>'®> Another method to stabilize
molecular catalysts is through electrochemical synthesis of
electrocatalytic materials onto electrode surfaces, which
ensures strong chemical binding. Common electrochemical
synthesis strategies are high-temperature sintering, solvent
thermal, and vapor deposition.'®™® On the other side, electro-
grafting of molecular catalysts onto surfaces can create electro-
chemically modified electrodes (ECME) with polymeric struc-
tures, enhancing their application in energy conservation.'®>°
The in situ reduction of catalyst materials onto glassy carbon
electrodes (GCEs) is considered efficient, economical, and
rapid.*!

In this study, we show the electrografting of both meso-tetra
(4-aminophenyl)porphyrin (H,TAPP) and cobalt tetra(4-amino-
phenyl)porphyrin (CoTAPP) onto GCE. This process was per-
formed by the electrochemical reduction of the respective por-
phyrin diazonium salts generated in situ to create strongly
bonded polymeric films. The modified electrodes reveal sig-
nificant improvements in both HER and OER compared to
unmodified GCE. These findings contribute to the advance-
ment of ECME, offering the potential for scalable and efficient
water-splitting technologies.

Results and discussion

The synthesis of H,TAPP and CoTAPP was performed as pre-
viously described,® and used without further purification for
the electrografting purpose. The UV-Vis spectrum of H,TAPP
(Fig. S17) exhibits a characteristic Soret band at 435 nm and 3
Q-bands between 525 and 665 nm. After metalation, the UV-vis
spectrum of CoTAPP displays the expected loss of a Q-band.
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Electrografting of H,TPP and CoTPP was carried out follow-
ing the reported procedures with some modifications.”*** The
experiment was performed in a 10 mL electrochemical cell
using a three-electrode setup (Ag/AgCl as reference electrode,
platinum mesh counter electrode, and GCE working electrode).
For the electrografting of H,TPP-GCE, a solution containing 0.1
M HCI, 0.5 mM H,TAPP, and 0.5 mM NaNO, was used. NaNO,
was first dissolved in 0.1 M HCI, and this solution was then used
to dissolve H,TAPP while stirring under nitrogen gas for 10 min.
The electrografting was conducted at a scan rate of 50 mV s~ in
the potential range from 0.2 to —0.4 V vs. Ag/AgCl. For the
CoTPP-GCE, 1.2 mM CoTAPP was dissolved in 0.5 mL DMF and
0.5 mL of acetonitrile and sonicated to ensure complete dis-
solution. Under an inert nitrogen atmosphere, the prepared solu-
tion was combined with a 100 pL NaNO, solution (1.4 mg in
20 pL DI water and 80 pL acetonitrile) which was added drop-
wise. After purging for 15 minutes, 0.1 M of tetrabutyl-
ammonium tetrafluoroborate (TBATFB) in acetonitrile (830 uL)
along with trifluoroacetic (TFA) (170 pL) was added and stirred
for 5 minutes under nitrogen. The electrografting was then per-
formed at a scan rate of 50 mV s~ in the potential range of —0.4
to —0.85 V vs. Ag/AgCL

The topography of H,TPP-modified GCE was examined
using atomic force microscopy (AFM), as shown in Fig. 1,
revealing an average surface thickness of approximately 74 nm.
Additionally, X-ray photoelectron spectroscopy (XPS) surveys
(Fig. S3 and S4t) indicate that H,TPP-GCE is composed of
carbon and nitrogen, while COTPP-GCE contains carbon, nitro-
gen, and cobalt. The high-resolution XPS spectrum of H,TPP
(Fig. S3t) shows N 1s peaks corresponding to pyrrolic nitrogen
bonding. In contrast, the CoTPP spectrum (Fig. S4t) displays N
1s peaks associated with Co-N coordination, further con-
firmed by the Co 2p region, which exhibits two main peaks at
binding energies of 780 and 795 eV, characteristic of Co*".

The in situ generation and electrochemical reduction of por-
phyrin-diazonium salts requires low reduction potentials to
generate the reactive species (e.g., free radicals, Por’) which

can readily attach to the glassy carbon surface.****
73.61 nm
0 4 8 12 16 0.00 nm

X (um)

Fig. 1 Atomic force micrograph of H,TPP-GCE. The film thickness is
approximately 70 nm.
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Additionally, the anchored molecules can continuously react
with Por’ giving rise to multi-layered films.*® As depicted in
Scheme 1, the covalent binding of both H,TPP and CoTPP to
the glassy carbon surface was performed by cyclic voltammetry
(CV). Fig. S5t shows the CV cycles of 0.5 mM H,TPP as diazo-
nium salt. After the first cycle, cathodic peaks at —0.07 V and
—0.15 V vs. Ag/AgCl are observed, which suggest electroactive
film formation and reduction of the protonated porphyrin
(H,TAPP").”” After five cycles, a peak shift from —0.07 V to
—0.215 V vs. Ag/AgCl and an increase in the current response
are observed. The rise in voltammetric current and potential
shift can be associated with the build-up of the electropoly-
merized H,TPP.*® By repeating the cycling around the cathodic
potential range leads to the reduction of the functional group
and electroactive polymer deposition. In the case of CoTPP
electrografting, Fig. S67 shows an irreversible electrochemical
reduction process (peak Ic) at —0.73 V vs. Ag/AgCl, corres-
ponding to the reduction of the CoTPP diazonium salt. After
25 consecutive cycles, the faradaic current decreased until it
reached a baseline level. This suggests the electrogeneration of
reactive intermediates that covalently bond to the glassy
carbon surface which leads to the formation of a CoTPP thin
film on GCE. The electrografting of both H,TPP and CoTPP
was also performed using the diazonium linker, formed in situ
from the para-amino phenyl group of the porphyrin ring. This
strategy allows for the covalent attachment through carbon-
carbon coupling between the aryl moiety and the carbon
surface.”>?® The only distinction between H,TPP and CoTPP is
the presence of Co with no significant structural differences
between them.

We investigated the competition between electrode inhi-
bition and coupled chemical reactions of the electrogenerated
CoTPP porphyrin radical (Por’), following reactions eqn (1)

and (2).
I + por KA L I~Por (1)

k . .
Por" — products in solution (2)

The Por’ intermediate can either graft to the electrode
surface or react in solution. Electrode inhibition is governed
by the heterogeneous grafting rate constant (k,), while the
solution-phase reaction is described by the homogeneous rate
constant (k). The model tracks fractional surface coverage (6,

Por—NH. —>H' P K]—N
— =—N=l
N

Products in

Por—ﬁ:N *& » port —
- o solution

N
2 J+ GCE

7 Por*
I»Por JRor

Scheme 1 Electrografting experiment of H,TAPP and CoTAPP on glassy
carbon electrodes by the in situ generation of diazonium salts.

Por—Por
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and 6,_,) across cycles, approaching a current near zero as
shown in eqn (3):**

0, =0, +pj (1 0,)%°dy (3)

This equation relates the dimensionless current ¥° (in the
absence of inhibition) and parameter p, which quantifies com-
petition between surface and solution reactions®® shown in

eqn (4):
— ka C_O RTD (4)
P e+ /D 0\ by

Using: @ = 0.62 D = 107> em® s7*, I'® = 20 x 107'° mol cm™
we calculated p = 0.92, indicating that 92% of Por" graft to the
electrode, while 8% react in solution.

The electrografted layers of H,TPP and CoTPP on GCE were
studied in a 4 mM [Fe(CN)]*"*~ solution as a redox probe.
Fig. S7 and S8t show the cyclic voltammogram of the bare
GCE, which corresponds to an electrochemically reversible
system. Upon electrografting, the CV response of both
H,TPP-GCE and CoTPP-GCE lack the anodic and cathodic
peaks, instead, exhibiting a capacitive current response
suggesting the presence of chemisorbed films covering the
GCE. The interface of H,TPP-GCE and CoTPP-GCE was studied
by electrochemical impedance spectroscopy (EIS), as shown in
Fig. S9 and S10.T The Nyquist plot for bare GCE shows a semi-
circle corresponding to the electron-transfer reaction next to a
45° back slope suggesting a diffusion-controlled system.*'
H,TPP-GCE and CoTPP-GCE depict an incomplete loop with a
larger diameter, indicating the presence of chemisorbed
species on the surface of the electrode that hinders the charge
transfer process. EIS parameters were modelled using a
Randles equivalent circuit and a double-circuit (Fig. S117) to
measure the dielectric effects of the H,TPP and CoTPP layers
on the GCE surface (Table S1t). The surface coverage of the
GCE surface coated with H,TPP and CoTPP films was calcu-
lated by comparing the charge transfer resistance (R.) values
of the unmodified GCE (R,) and the modified GCE (Ry), as
shown in equation:

o

R
f=1-—=-4 5
Rt ®)

The calculated 6 value is 99.9% and 98.3% for H,TPP-GCE
and CoTPP-GCE, respectively which shows the efficiency of
this surface electrografting method.

The performance of the modified electrodes during HER
was tested in a 0.5 M H,SO, solution. Prior to use, the electro-
des were pretreated by performing 15 CV cycles at a scan rate
of 100 mV s, The LSV curves in Fig. 2a show that H,TPP-GCE
exhibits a higher current response (j = 51.5 mA cm™>) and
lower overpotential (17,0 = 511 mV, where 75, is the overpoten-
tial at j = 10 mA cm™?) when compared to the bare GCE. The
H,TPP-GCE has an HER Tafel slope of 113 mV dec ™" which is
significantly lower than that of the bare GCE 342 mV dec ™"
(Fig. S127) suggesting a Volmer-Heyrovsky mechanism.*” The
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Fig. 2 Linear sweep voltammetry at a scan rate of 50 mV s~* in 0.5 M
H»SO, for HER, and 1 M KOH for OER. (a) HER LSV. (b) OER LSV.

CoTPP-modified electrode was also tested under identical HER
conditions (Fig. S13at); however, it exhibited negligible cata-
lytic response, with a current density of only 3.82 mA cm™2.
Therefore, no further experiments were conducted for this
electrode under HER conditions. The charge transfer resis-
tance of H,TPP-GCE Fig. 4a measured with EIS is 98 kQ, which
is also much lower than the bare electrode (718 kQ) indicating
enhanced conductivity of the electrografted film.

OER measurements were evaluated in 1 M KOH solution
following a pretreatment step, during which 30 CV cycles were
performed at a scan rate of 100 mV s~' prior LSV measure-
ments. Fig. 2b demonstrates that COTPP-GCE has a smaller 7,
540 mV and an improved current response (57 mA cm™?) com-
pared to bare GCE. The Tafel slope in Fig. S141 demonstrated
that COTPP-GCE has fast catalytic kinetics (80 mV dec™)
which is comparable with reported OER materials.”’>**"*” The
H,TPP-GCE (Fig. S13b¥) exhibits an overpotential of 650 mV
and a current density of 13 mA cm™>, which is significantly
lower than that of CoTPP-GCE, indicating that the metal-free
porphyrin polymer has poor OER activity. This reduced per-
formance is attributed to the linker connecting the free-base
porphyrin units in the polymer. This highlights our previous
work, which demonstrated that the nature of the linker plays a
critical role in determining the OER activity of metal-free por-
phyrin polymers.®?®

To investigate the overall water splitting reaction, a three-
electrode setup was employed in which CoTPP-GCE served as
the working electrode and H,TPP-GCE was used as the counter
electrode, with the OER experiment shown in Fig. 3. The CV

Dalton Trans.
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Fig. 3 Overall water splitting in 1.0 M KOH in a three-electrode
configuration (CoTPP-GCE - working electrode, H,TPP-GCE counter
electrode, Hg/HgO alkaline reference electrode).

measurement revealed improved reaction kinetics, as evi-
denced by a significantly enhanced current response.
Additionally, under these conditions the #;, was 532 mV, indi-
cating that the combined use of both modified electrodes
benefits the overall water splitting performance. The EIS in
KOH solution (Fig. 4b) shows that CoTPP-GCE has a signifi-
cantly smaller semicircle 44.2 Q, compared to bare GCE (1.38
kQ), indicating an enhanced electron transfer upon modifi-
cation of the electrode.
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Fig. 4 Study of the charge transfer kinetics through Electrochemical
impedance spectroscopy (EIS). (a) In 0.5 M H,SO,4 and (b) in 1 M KOH.
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The ionic mobility in the modified surfaces was evaluated
by measuring the double-layer capacitance (Cg4;) of H,TPP-GCE
and CoTPP-GCE. Fig. S15 and S161 show the CV curves in the
non-faradaic region, while Fig. 5a and b illustrate the linear
correlation of current density (j) with scan rate (v) used to
determine Cg. In 0.5 M H,SO,, H,TPP-GCE has a Cgq of
1.672 mF, compared to 0.340 mF for bare GCE, while in 1 M
KOH, CoTPP-GCE has 1.167 mF, compared to 0.5123 mF of the
bare GCE. Since Cgq; is proportional to the electrochemically
active surface area (ECSA), H,TPP-GCE and CoTPP-GCE show
significantly higher ECSA values (47.7 ecm? and 29.2 cm?,
respectively) than bare GCE (9.72 cm? and 12.83 cm?).

Chronoamperometry experiments were conducted to assess
the stability of the electrografted films. Both H,TPP-GCE and
CoTPP-GCE maintain stable currents over a 20 h period, in
acid and basic conditions, respectively (Fig. S17 and S18%)
with faradaic efficiencies of 90%. To benchmark the catalytic
performance of H,TPP-GCE and CoTPP-GCE, the turnover
number (TON) and turnover frequency (TOF) were calculated
using eqn (6) and (7):

TON = TOF x ¢ (6)
J

TOF = —— 7

nCq AV ( )

The TON, shown in eqn (6), measures the total amount of
reactant molecules converted into products by a single catalyst
molecule before it is consumed.*® Here ¢ denotes duration of
the controlled potential bulk electrolysis experiment. The TOF,
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Fig. 5 AJ plotted against different scan rates yielding the double layer
capacitance (Cgq). (@) In 0.5 M H,SO,4 and (b) in 1.0 M KOH.
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illustrated in eqn (7), reflects the catalytic activity by quantify-
ing the amount of reactant transformed into products per cata-
lyst site per unit of time. Given that the porphyrin layer is
expected to be in the vicinity of the electrode surface, within
Inner Helmholtz Plane, the number of active sites can be esti-
mated from the Cgy values. In this context, j is the average
current density (A em~?) recorded during the bulk electrolysis
experiment, n is the number of electrons involved in the
overall reaction (n = 2 for HER, and n = 4 for OER), and AV is
the potential window (V) used to determine Cy within the
non-faradaic region employed.*’ In acidic media, H,TPP-GCE
exhibits a TON over 20 h of 21 960 and a TOF of 0.305 s, and
CoTPP-GCE a TON of 48 096 and a TOF of 0.668 s~ in basic
media.

Conclusions

In summary, we successfully electrografted metal-free por-
phyrin (H,TAPP) and cobalt porphyrin (CoTAPP) onto GCE via
in situ diazonium salt formation and electropolymerization,
enhancing ECSA and charge transfer kinetics. This process
stabilizes the porphyrins, creating a well-dispersed network of
active sites that improves HER and OER efficiency. When used
as both anode and cathode, the modified electrodes enhance
overall water-splitting performance in KOH. These results
highlight the stabilization of porphyrins and advancement of
electrochemically modified electrodes, offering the potential
for efficient water splitting technologies applications, and in
electrocatalysis in general.

Experimental

Materials

Sodium nitrite (NaNO, > 97%), trifluoroacetic (C,HF;0,), and
tetrabutylammonium tetrafluoroborate (TBABF,) were pur-
chased from Sigma Aldrich. Acetonitrile (C,H;3N), dimethyl-
formamide (C;H,NO, 99.5%), and hydrochloric acid (HC],
36%) were purchased from Fisher Scientific and used without
further purification.

Electrochemical methods

All measurements were performed in a two-compartment
electrochemical H-cell using a CHI760E potentiostat. A glassy
carbon electrode (3 mm diameter) was used as working elec-
trode, Ag/AgCl as reference electrode, platinum mesh counter
electrode. Prior to the electrochemical modification, the glassy
carbon electrodes were polished using 0.30 and 0.05 pm
alumina slurr on microcloth pads. Later the electrodes were
then ultrasonicated with DI water, ethanol, and acetone, then
dried with N, gas.

Electrografting of CoTPP-GCE

The electrografting of CoTPP was carried out via a diazonium-
based modification approach. For this purpose, 7 mg of

This journal is © The Royal Society of Chemistry 2025
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COTAPP was dissolved in 0.5 mL DMF and 0.5 mL acetonitrile,
followed by sonication for 5 minutes and stirring under an N,
atmosphere for 10 minutes to ensure complete dissolution
and prevent oxidation. Subsequently, 100 pL of an ice-cold
NaNO, solution (1.4 mg in 20 pL DI water and 80 pL aceto-
nitrile) was added dropwise and stirred under N, for
15 minutes, facilitating the conversion of amine-functionalized
CoTAPP into its corresponding diazonium salt. Next, 170 pL
trifluoroacetic acid was mixed with 830 pL of TBABF, in aceto-
nitrile (36.2 M) and added to the reaction mixture to stabilize
the diazonium ion. After stirring for 5 minutes, an additional
6 mL of TBABF, in acetonitrile (36.2 M) was introduced, and
the final solution with 1.2 mM CoTPP radical was stirred for
another 10 minutes under continuous N, purging. The electro-
grafting process was performed using a three-electrode system
consisting of an Ag/AgCl reference electrode, a Pt mesh
counter electrode, and a glassy carbon working electrode
(3 mm diameter). Cyclic voltammetry was applied to reduce
the diazonium salt of the porphyrin, generating aryl radicals
that covalently bonded to the glassy carbon electrode surface.
The potential was scanned between —0.4 V and —0.85 V vs. Ag/
AgCl for 25 cycles. The modified electrode was rinsed with
DMF to remove any residual reagents and stored for further
characterization.

Electrografting of H,TPP-GCE

The electrografting of H,TPP-GCE, was performed using a
solution containing 0.1 M HCl, 0.5 mM of H,TAPP and NaNO,.
The weighed NaNO, was dissolved in 0.1 M HCI, and this
mixture (8 mL) was then used to dissolve H,TAPP.
Subsequently 2 mL of 0.1 M HCI were added to make a 10 mL
total solution. The mixture was stirred under N, gas for
10 min. The electrografting was conducted using standard 3
electrode setup consisting of Ag/AgCl reference electrode, a Pt
mesh counter electrode, and a glassy carbon working electrode
(3 mm diameter) at a scan rate of 50 mV s~" in the potential
range of 0.2 to —0.4 V vs. Ag/AgCl for 35 cycles.
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