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The thermodynamics and kinetics of heterogeneous electron
transfer (ET) for Co-substituted horse myoglobin (Co� Mb) and
its derivatives with ammonia and imidazole as heme axial
ligands were studied with cyclic voltammetry on a pyrolytic
graphite electrode along with their ability to mediate the
electro-catalytic production of H2. All the proteins experience a
non-diffusive electrochemical regime as electrode-bound spe-
cies. The adsorbed Co� Mb construct carries out the electro-
catalytic reduction of water protons to H2 with a good efficiency
under anaerobic conditions thus yielding a simple and tunable
system for H2 production. Replacement of H2O as Co axial

ligand by ammonia and imidazole significantly lowers the
catalytic currents for H3O

+/H2O reduction to H2. The E°’ values
of the Co(III)/Co(II) redox couple for all species are mainly
determined by the enthalpic contribution. Differences were
found in the kinetics of ET for the different protein adducts due
to changes in the activation enthalpies. However, all species
share the same distance of about 14 Å from the electrode
surface to the Co(III)/Co(II) center determined using the Marcus
model, consistent with a non-denaturing adsorption of the
protein.

Introduction

Alternatives to fossil fuels are highly sought after for obvious
climatic, economic and social reasons. One of the viable options
is the large-scale production of dihydrogen. Indeed, H2 (i) is one
of the carriers with the highest energy density per unit mass, (ii)
produces water as a result of oxidation, (iii) can exploit
infrastructures already available, (iv) is potentially inexhaustible
and (v) can be used by conventional thermic engines.[1,2]

Currently, H2 is produced by steam reforming of hydrocarbons,
which presents obvious sustainability problems, or by water
electrolysis, whose main problem is the high overvoltage for
the discharge of H2, which significantly increases the energy
required for the reaction. This issue is further compounded by
the low efficiency of the solar panels used to produce the
electricity needed for the process. Nevertheless, electrochemical
production of H2 is much more sustainable than steam
reforming. Recently, research has moved towards the produc-
tion of hydrogen by enzyme-catalyzed reactions. These proc-
esses are inspired by the metalloproteins hydrogenases, which

catalyze the reversible conversion of dihydrogen into protons
and electrons:[3–6]

H2 ðÐ Hþ þ H� Þ Ð 2 Hþ þ 2 e�

The breaking of the hydrogen molecule occurs thanks to
the increase in acidity of the active site that induces a
heterolytic rupture of the H� H bond, while the reverse reaction
involves the binding of a hydride ion and an H+ ion.[4]

Hydrogenases are widespread in nature and are classified as
[NiFe], [Fe], [FeFe] hydrogenases, according to the metal ions
forming the active site. They also contain an iron-sulfur cluster
which serves as an electron transfer center. Although the
catalytic activity of these enzymes is very high,[3,4,7] they are very
sensitive to ROS and become inactive in the presence of
dioxygen, which reacts with the metal center.[4,6] Therefore,
attempts have been made to exploit biomimetic systems
containing common transition metals imparted with hydro-
genase activity, working under aerobic conditions.[4,5,8] Cobalt
(III/II) is one of the best candidates in this respect as it lowers
the overvoltage needed for hydrogen reduction and may work
in the presence of dioxygen.[6] Some Co-coordination com-
pounds, such as cobaloximes, have shown such peculiar
catalytic activity mainly in non-aqueous solutions[5,6,9] under
aerobic conditions,[3] while proved not to be particularly
effective in neutral aqueous medium. One viable strategy to
improve the solubility and catalytic activity in an aqueous
environment is the synthesis of compounds in which the
catalytically active Co-center is embedded into a simplified
protein scaffold, consisting of the aminoacidic portion of the
active site of the protein.[10,11] This approach resulted in several
biomimetic catalysts, such as cobalt-peptides[3,7,12–14] and PSI-
cobaloxime complexes,[12] capable of acting through electro-
catalytic and photocatalytic pathways. Despite substantial

[a] M. Meglioli, G. Battistuzzi, M. Borsari
Department of Chemical and Geological Sciences, University of Modena
and Reggio Emilia, via Campi 103, 41125 Modena, Italy
Phone: +39-0592058642
E-mail: gianantonio.battistuzzi@unimore.it

marco.borsari@unimore.it

[b] G. Di Rocco, A. Ranieri, C. A. Bortolotti, M. Sola
Department of Life Sciences, University of Modena and Reggio Emilia, via
Campi 103, 41125 Modena, Italy

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH. This
is an open access article under the terms of the Creative Commons Attri-
bution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

Wiley VCH Mittwoch, 20.03.2024

2407 / 342620 [S. 177/187] 1

ChemElectroChem 2024, 11, e202300821 (1 of 11) © 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem

www.chemelectrochem.org

Research Article
doi.org/10.1002/celc.202300821

http://orcid.org/0000-0002-3187-2210
http://orcid.org/0000-0001-6686-669X
http://orcid.org/0000-0002-5701-5727
http://orcid.org/0000-0002-2700-4154
http://orcid.org/0000-0003-4716-5745
http://orcid.org/0000-0002-3612-4764
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcelc.202300821&domain=pdf&date_stamp=2024-03-13


progress, most of these biomimetic compounds still show poor
solubility in water and require organic solvents to accomplish
their catalytic activity.[10,15–17] An alternative strategy consists in
replacing the heme group (Fe-porphyrin) naturally present in
heme-proteins, with the corresponding Co-derivative, in order
to produce Co-substituted metallo-enzymes catalyzing the
production of H2.

[12,18] These systems show a high solubility in
water, resistance to degradation reactions and can be engi-
neered to control the reactivity by selected point
mutations.[6,9,12,18–25]

In this work, we have studied the ability of Co-substituted
horse myoglobin (Mb), obtained by replacing the native heme
group with cobalt-protoporphyrin IX, to catalyze the electro-
chemical reduction of water to H2. Mb was chosen because the
metal ion is coordinated by the nitrogen atoms of the
tetrapyrrole ring and the proximal His93 nitrogen and the open
distal axial coordination position can bind exogenous
molecules.[6,9] Moreover, replacement of the metal center is
facilitated by the absence of covalent linkages between the
heme group and the protein matrix. The capacity of Co� Mb to
catalytically reduce water to H2 in an electrochemical environ-
ment was studied at different pH and temperature values in
aqueous solution and in the presence of nitrogenous exoge-
nous heme axial ligands (NH3 and imidazole) to test the effect
of the occupancy of the distal axial coordination position on
the catalytic efficiency. It turns out that the presence of the
labile axial water instead of a stronger N-donor ligand facilitates
the catalytic reduction of H+ to H2 although the electron
transfer process is faster in the presence of the axial imidazole
ligand.

Experimental

Materials

Horse skeletal muscle myoglobin (Mb) was purchased from Sigma-
Aldrich. Cobalt protoporphyrin IX was purchased from Porphyrin
Systems Hombrecher e.K. (Halstenbek, Germany). Sodium mono-
hydrogen phosphate, sodium di-hydrogen phosphate, sodium
chloride, sodium perchlorate, hydrochloric acid, sodium hydroxide
and ethyl methyl ketone (Carlo Erba Reagenti) were reagent grade.
Tris and pyridine (PanReac AppliChem) were molecular biology and
synthesis grade, respectively. Sodium dithionite (Sigma-Aldrich) was
reagent grade. Purified water (Milli-Q Plus Ultrapure Water System
coupled with an Elix-5 Kit by Millipore) was used throughout. The
water resistivity was over 18 MΩcm.

Co-Myoglobin Preparation

Lyophilized horse skeletal muscle myoglobin (Mb hereafter) was
dissolved in 50 mM Tris buffer, pH 7.0 and the obtained solution
was centrifuged at 11000 rpm for 10 minutes using Beckman
Coulter AllegraTM V-15R centrifuge, to remove the undissolved
fraction. Mb concentration was estimated from the Soret electronic
absorption band by using a molar extinction coefficient ɛ409=

160000 M� 1 cm� 1. Apo-Mb was obtained by solvent extraction with
ethyl methyl ketone[19,20] at 0 °C at neutral pH. To eliminate possible
traces of ethyl methyl ketone, the solution containing apo-Mb was
dialyzed against two batches of 1 L of 50 mM Tris buffer pH=8.0 at

4 °C for 3 hours and then centrifuged at 11000 rpm for 5 minutes.
To verify iron protoporphyrin IX removal, the electronic absorption
spectrum of the dialyzed solution was recorded. Reconstitution of
holo-Mb with cobalt protoporphyrin IX was carried out with a slight
modification of the published procedures.[21] Cobaltic protoporphyr-
in IX was dissolved in a mixture of water and pyridine 1 :1 and then
a slight excess of sodium dithionite was added to reduce Co(III) to
Co(II). The solution of cobaltous protoporphyrin IX was added
anaerobically to that of Apo-Mb to achieve a Co/Apo-Mb stoichio-
metric ratio of 2 : 1 and kept at 4 °C overnight. The solution was
concentrated using an AmiconTM stirred ultrafiltration cell and then
loaded onto a SephadexTM G-15 gel-filtration column connected to
an AKTA Prime chromatographic system and equilibrated with
50 mm phosphate buffer pH=7.0 plus 0.1 M NaCl, to eliminate
unbound Co-protoporphyrin IX. Fractions containing Co� Mb were
collected and concentrated in an AmiconTM stirred ultrafiltration
cell.

Electronic Absorption and MCD Spectra

Electronic absorption and MCD spectra of Co� Mb and its NH3 and
imidazole derivatives (see below) were recorded using a Jasco J-810
spectropolarimeter using a quartz cuvette of 0.5 cm path length. All
experiments were carried out at 25 °C with protein solutions freshly
prepared before use in 5 mM phosphate buffer and 50 mM sodium
perchlorate at pH 7.2. The magnetic field for MCD measurements
was provided by a GMW Magnet system Model 3470 split coil
superconductivity magnet with a maximum field of 1 Tesla (T).
MCD spectra were measured in θ=mdeg and converted to Δɛ
[M� 1 cm� 1 T� 1] using the conversion factor Δɛ=θ/(32980 · c ·d ·B),
where c is the protein concentration, B is the magnetic field (1 T),
and d is the thickness of the sample (path length, 0.5 cm).[26–28]

Electrochemical Measurements

Cyclic voltammetry (CV) experiments were performed with a
Potentiostat/Galvanostat mod. 273A (EG&G PAR, Oak Ridge, USA)
using a cell for small volume samples (1.5 mL) under argon. A
pyrolytic graphite (PG) electrode, a platinum ring, and a Standard
Calomel Electrode (SCE) were used as working, counter, and
reference electrode, respectively. The chemical-mechanical proce-
dure for cleaning the working electrode surface consisted in the
following steps: polishing with alumina slurry and final rinsing with
distilled water for 2 min; the electrode was then subjected to 15
electrochemical cycles from � 0.6 V to +0.3 V vs. SCE in 1 M H2SO4

and finally rinsed with purified water. All the applied potentials and
E°’ values reported in this work are referred to the standard
hydrogen electrode (SHE), unless otherwise specified. The CVs were
carried out using solutions containing 3 μM Co� Mb (determined
spectrophotometrically) plus 5 mM phosphate buffer and 50 mM
sodium perchlorate as base electrolyte at different pH values. The
adducts of Co� Mb with NH3 and imidazole were obtained upon
addition of 1.2 mM NH4Cl (which yields a NH3 concentration of
approximately 8 μM at pH 7.2) and 1.2 mM imidazole, respectively.
UV-vis spectra indicate that these ligand concentrations warrant
formation of the protein-ligand adducts. Electrochemical measure-
ments were also performed on Cobalt protoporphyrin IX at pH 7.2,
its solubility at pH 7.2 was detected spectrophotometrically and
resulted about 2 μM.

Formal potentials E°’ were calculated as the semi-sum of the anodic
and cathodic peak potentials and resulted almost independent of
scan rate (ν) in the range 0.02–0.5 Vs� 1. The experiments were
repeated at least five times and the E°’ values were found to be
reproducible within �0.002 V. The CV experiments at different
temperatures were carried out with a “non-isothermal” cell in which
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the reference electrode was kept at constant temperature (21�
0.1 °C) in a 1 M NaClO4/Agar salt bridge while the half-cell
containing the working electrode and the Vycor® (PAR) junction to
the reference electrode was under thermostatic control with a
water bath. The temperature was varied from 5 to 45 °C. With this
experimental configuration, the standard entropy change (ΔS°’rc) is
given by:

DS�0rc ¼ S�0red� S
�0

ox ¼ nF ðdE�0=dTÞ (1)

Thus, ΔS°’rc was determined from the slope of the plot of E°’ versus
temperature which turns out be linear under the assumption that
ΔS°’rc is constant over the limited temperature range
investigated.[29–31] The enthalpy change (ΔH°’rc) was obtained from
the Gibbs-Helmholtz equation, namely as the negative slope of the
E°’/T versus 1/T plot. Repeated cycling does not affect the
voltammograms from 5 to 45 °C, indicating that the protein
monolayer is stable. The non-isothermal behavior of the cell was
carefully checked by determining the ΔH°’rc and ΔS°’rc values of the
ferricyanide/ferrocyanide couple.[29,30]

The peak current for the immobilized protein turns out to be linear
with the scan rate (see below), as expected for a diffusionless
electrochemical process. The surface coverage Γ0 for the immobi-
lized electrochemically active protein was calculated from the
overall charge Qtot exchanged by the protein (determined upon
integration of the baseline-corrected cathodic peaks) and the area
A of the PG electrode by applying the relationship:

Z

iðEÞ dE ¼ nðnFAG0Þ ¼ nQtot

where ν is the scan rate (in Vs� 1), n (=1) the number of electrons
exchanged in the redox reaction, and F is the Faraday constant. The
area of the electrode was determined electrochemically using the
Randles-Sevçik equation to the reduction peak of ferrocenium
tetrafluoborate of known concentration in aqueous solution. The
surface coverage for the Co� Mb and its NH3 and imidazole adducts
was found to range between 14 and 18 pmol/cm2, similar to that
reported for cytochromes c under similar conditions.[32–35] CVs at
different scan rates (from 0.02 to 0.5 Vs� 1) were recorded to
determine the rate constant ks for the ET process of the adsorbed
protein, using the Laviron method.[36] The effects of uncompensated
cell resistance were minimized using the positive-feedback iR
compensation function of the potentiostat, set at a value slightly
below that at which current oscillations emerge. The separation
between the anodic and the cathodic peak increases with
increasing the scan rate, while the E°’ values are unchanged. The ks
values were averaged over five measurements with and associate
error of about 10%. The ks values were measured in the range 5–
45 °C to determine the activation enthalpies (ΔH#) using the
Arrhenius equation, namely from the slope of the plot of ln ks
versus 1/T. The catalytic efficiency of the proteins for H2 develop-
ment were measured by evaluating the shifts of the onset potential
and H2 reduction current densities at different pH values.

ResultsElectronic Absorption and MCD Spectra of Co3+-Mb
and its Imidazole and Ammonia Adducts

The electronic absorption spectrum of Co(III)-Mb features a
symmetric Soret band at 424 nm, while the α and β bands are
observed at 567 nm and 533 nm, respectively (Figure 1A). The
spectrum coincides with those previously reported,[23] indicating
the presence of a low-spin hexacoordinate Co3+ with the proximal
histidine and a water molecule as axial ligands. The MCD spectrum

Figure 1. Electronic (black line, left y axis) and MCD (red line, right y axis)
spectra of (A) Co� Mb; (B) Co� Mb adduct with NH3; (C) Co� Mb adduct with
imidazole. Protein solution was made up in 5 mM phosphate buffer and
50 mM sodium perchlorate pH=7.2, T=298 K.
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of Co(III)-myoglobin (Figure 1A) features intense derivative-shaped
signals in the correspondence of the Soret and α/β bands (Table 1)
and is closely similar to those of low spin six-coordinated ferrous
heme proteins, like cytochrome c and b5 and the CO-adduct of
ferrous myoglobin,[37,38] in agreement with the common 3d6

electronic configuration shared by low spin Co3+ and Fe2+.[23,24]

Addition of imidazole and NH3 to the protein solution results in a
1–3 nm red shift of electronic absorption and MCD signals (Fig-
ure 1B and 1C, Table 1). Therefore, it appears that both nitrogen
ligands can replace the H2O molecule as Co3+ distal axial ligand,
without altering the low-spin state of the metal ion.

Thermodynamics and Kinetics for Heterogeneous Co� Mb
Electron Transfer

After repeated (3–5) voltametric cycles, the CV of Co� Mb on a
graphite electrode shows a well-defined quasi-reversible signal
(Sg1) and two irreversible peaks at more cathodic potentials (Sg2
and Sg3) (Figure 2A and 3A).

Very similar responses were obtained also for the ammonia and
imidazole adducts (Figure 2B, 2C and 3B, 3C). The CV of Co-
protoporphyrin IX at the same pH shows only one irreversible
cathodic peak at a more positive potential than those observed for
Co� Mb (Figure 2D), indicating that the signals observed for Co� Mb

Table 1. Wavelengths of the relevant spectral bands in the UV-Vis and MCD spectra of Co(III)-substituted horse myoglobin and its imidazole and NH3

adducts.

Co(III)-Mgb Wavelenghts at pH=7.2

Ligand λ Uv-Vis/nm 2nd Deriv. λ MCD/nm

Soret β α Soret Soret max Soret min Soret zerocross β
max

β
min

α
max

α
min

α
zerocross

H2O 424 533 567 424 418 432 426 525 540 561 578 569

Imidazole 425 535 569 426 421 434 430 524 542 560 576 569

NH3 425 534 570 425 421 434 429 524 538 560 579 568

Figure 2. CV curves on graphite electrode (Sg1 and Sg2) for (A) Co� Mb; (B) Co� Mb adduct with NH3; (C) Co� Mb adduct with imidazole; (D) cobalt
protoporphyrin IX. Protein concentration, 3 μM; cobalt protoporphyrin IX concentration, about 2 μM; base electrolyte, 5 mM phosphate buffer plus 50 mM
sodium perchlorate; pH=7.2; T=278 K.
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and its derivatives originate from the Co-porphyrin center em-
bedded into the protein catalytic pocket.

The signal Sg1 is typical of a quasi-reversible electrochemical
process and consist of one cathodic peak along with its anodic
counterpart. The E°’ values of Sg1 together with Epc of Sg2 and Sg3
for Co� Mb and its NH3 and imidazole adducts at pH 7.2 are listed in
Table 2.

For all species, the cathodic currents of Sg1 and Sg2 linearly
increase with increasing v, as expected for an immobilized electro-
active species, whereas that of Sg3 does not linearly increases with
both v and v1/2 (Figure 4). The peak-to-peak separation for Sg1

increases with increasing v and the E°’ linearly decreases with
increasing temperature.

The plots of E°’ vs. T for the Sg1 signal for Co� Mb and its adducts
with ammonia and imidazole are reported in Figure 5 and the
resulting thermodynamic parameters, ΔS°’rc and ΔH°’rc, listed in
Table 3. The electrochemical irreversibility of Sg2 and Sg3 prevents
the determination of these parameters for the corresponding redox
process. In the presence of dioxygen, the cathodic peak of Sg1
increases, while its anodic counterpart, Sg2 and Sg3 disappear.

The ET rate constants, ks, of Co� Mb and its adducts were
determined only for Sg1, which is the only signal showing adequate
reversibility, using the Laviron method.[36] Measurements of ks at
varying temperature allowed determination of the activation
enthalpy ΔH# and the pre-exponential factor for the ET process
using the Arrhenius equation (Figure 6).

The resulting ks and ΔH# values are of the same magnitude order of
those determined for Fe� Mb immobilized on various functionalized
electrodes.[39–42]

pH Dependence of E°

The E°’ vs pH profiles for the Sg1 signal of Co� Mb and its NH3 and
imidazole adducts are shown in Figure 7. E°’ is almost constant
from pH 5.5 to 8 while it increases linearly below pH 5 with a slope
of about 0.060 V per pH unit, suggesting the coupling of the
reduction process with a proton uptake. Above pH 8, the E°’ values
decrease and do so more markedly at pH above 11. The electron

Figure 3. CV curves for the catalytical reduction of H3O
+ (Sg3) at pH=7.2 for (A) Co� Mb; (B) Co� Mb adduct with NH3; (C) Co� Mb adduct with imidazole.

Protein concentration, 3 μM; base electrolyte, 5 mM phosphate buffer plus 50 mM sodium perchlorate; pH=7.2; T=278 K.

Table 2. E°’ value for reversible Sg1 and cathodic peak potentials (Epc) for
Sg1, Sg2 and Sg3 of Co� Mb and his adducts with ammonia and imidazole
on a graphite electrode.a

Co� Mb Co� Mb+NH3 Co� Mb+ imidazole

E°’(Sg1)/V +0.205 +0.170 +0.174

Epc(Sg1)/V +0.032 +0.058 +0.040

Epc(Sg2)/V � 0.695 � 0.582 � 0.656

Epc(Sg3)/V � 1.066 � 1.074 � 1.081

a Base electrolyte, 5 mM phosphate buffer plus 50 mM sodium perchlorate,
pH=7.2, T=298 K. Average errors on E°’ and Epc are �0.004 V and
�0.002 V, respectively.

Figure 4. Plot of the cathodic peak currents of Sg1 (A), Sg2 (B) and Sg3 (C) vs. scan rate for Co� Mb (~) and its adducts with ammonia (*) and imidazole (x).
Base electrolyte, 5 mM phosphate buffer plus 50 mM sodium perchlorate; pH=7.2; T=298 K.
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transfer process in this pH region is therefore complex and
probably involves structural modifications and/or unfolding of the
protein.

Co� Mb Mediated Electrocatalytic Reduction of H2O� H3O+ to
H2

The ability of Co� Mb and its NH3 and imidazole adducts to catalyze
the electrochemical reduction of H3O

+ to H2 was studied by cyclic
voltammetry (CV) at different pH values. Co� Mb yields an intense
catalytic wave at approximately � 1.1 V in the CV curves (signal Sg3,
Figure 3), covering the potential range corresponding to the
reduction Co(I)/Co(0).[6] The catalytic current density j is strongly
dependent on the pH, as expected for a molecular hydrogen-
generating system (Figure 8). NH3 and imidazole affect the response
in a significant way inducing 20 mV cathodic shift of the onset
potential of the catalytic wave and a decrease of the peak current
(Figure 8).

Figure 5. E°’ vs. T plot for the Sg1 signal of Co� Mb (~) and its adducts with
ammonia (*) and imidazole (×). Base electrolyte, 5 mM phosphate buffer plus
50 mM sodium perchlorate, pH=7.2

Table 3. Thermodynamic (ΔS°’rc and ΔH°’rc) and kinetic (ks at 298 K, ΔH#

and lnA) parameters for the electron-transfer process associated to Sg1 for
Co-myoglobin and his adducts with ammonia and imidazole on graphite
electrode.a

Protein ΔS°’rc/
Jmol� 1K� 1

ΔH°’rc/
kJmol� 1

ks/
s� 1

ΔH#/kJ
mol� 1

lnA

Co� Mb � 62 � 37.8 2.2 16.9 7.8

Co� Mb
+NH3

� 73 � 37.6 2.0 17.4 7.9

Co� Mb
+ im

� 70 � 37.4 4.8 15.1 7.8

a 5 mM phosphate buffer plus 50 mM sodium perchlorate, pH=7.2.
Average errors on ΔH°’rc, ΔS°’rc, ks, ΔH# and lnA are �0.3 kJmol� 1,
�2 Jmol� 1K� 1, �6% (relative error), �0.3 kJmol� 1 and �0.02, respec-
tively.

Figure 6. Arrhenius plots for the Sg1 signal of Co� Mb (~) and its adducts
with ammonia (*) and imidazole (×) on graphite electrode, pH=7.2. Solid
lines are least-squares fits to the data points.

Figure 7. E°’ vs. pH profiles for the Sg1 signal of Co� Mb (~) and its adducts
with NH3 (○) and imidazole (×). T=293 K.

Figure 8. Plots of catalytic current density j vs. pH for Co� Mb (~) and its
adducts with ammonia (*) and imidazole (×). T=293 K.
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Discussion

The E°’ of Co� Mb

Freely diffusing Co� Mb does not show a well-defined voltam-
metric response on graphite electrode but does in the adsorbed
phase on DDAB films.[43,44] In the present case, a reversible signal
(Sg1) is obtained after a 3–5 CV cycles, most likely due to the
formation of a protein film on the electrode that allows for
efficient electron transfer between the adsorbed protein and
the electrode surface. The resulting CV signals, that also include
the irreversible peaks Sg2 and Sg3, are quite different from that
of the Co-porphyrin complex. Therefore the electrochemical
response is due to the Co(III)/Co(II) and Co(II)/Co(I) couples (vide
infra) of the Co-protoporphyrin IX center bound to the protein
matrix, although it cannot be excluded that the adsorption
process causes conformational changes and/or partial leakage
of the porphyrin group, as suggested by the width of the
cathodic and anodic peaks.

The E°’ of Sg1 is about 100 mV more positive than that for
the Co(III)/Co(II) couple of the protein in solution,[44] while the
Epc of Sg2 is about 70 mV more negative than that measured for
the Co(II)/Co(I) pair of Co� Mb adsorbed on DDAB.[43] These
results indicate that Sg1 and Sg2 are related to the Co(III)/Co(II)
and the Co(II)/Co(I) couples of surface immobilized Co� Mb,
respectively, while Sg3, whose current is strongly dependent of
pH, is due to the catalytic reduction of the H3O

+ species.
Accordingly, in the presence of dioxygen the cathodic peak of
Sg1 increase (owing to the catalytic reduction of dioxygen by
Co(II) species generated by electrochemical reduction[45,46]),
while its anodic counterpart, Sg2 and Sg3 disappear. The
significant cathodic shift of the signal in the presence of NH3 or
imidazole is consistent with the replacement of the H2O
molecule acting as distal axial ligand in Co� Mb by the stronger
N-donor ligands, which stabilizes the Co(III) state. Many ET
proteins (ETP) adsorb onto neutral or ionic surface-modified
electrodes,[47–52] often thanks to the same surface patch
responsible for molecular recognition of the physiological
partner(s). The redox properties of ETP are related to adsorp-
tion/interaction phenomena with surfaces or macromolecular
systems (e.g. redox partners). As reported previously,[49,52,53] the
interaction between the protein and ionic or neutral surfaces
most often leads to an E°’ shift indicating that the adsorption
interaction stabilizes preferentially one of the two redox
states.[31,54–58] Various factors contribute to differentiate the free
energy in the two oxidation states of the protein, among which
the alteration of the surface charge due to environmental
factors (e.g. ions in solution, ionic strength), conformational
changes and different interaction modes of the ox/red protein
with the surface are the most relevant.[31,55–58] Graphite has a
virtually neutral surface, but due to exposure to oxidizing
solutions or simply to air, carboxyl and alcoholic groups are
formed at the edge of the graphite sheet, capable of inducing
significant adsorption capacities.[59–61] The resulting negative
surface charge of graphite can determine a relevant contribu-
tion to E°’ (and ΔG°ads). Although Co� Mb is negatively charged
at pH 7.2, it can adsorb on the graphite electrode due to the

presence of extensive positive surface domains (Figure 9),
generating distinct signals related to consecutive oxidation/
reduction processes of the metal center.

Comparison of the data in Table 2 with those reported in
literature[44] reveals that the adsorption process induces a
significant increase in E°’ of the Co(III)/Co(II) couple (by about
100 mV). The primary binding interaction is probably electro-
static in nature. In our case it could involve surface lysine
residues of the protein on one hand and the carboxylate groups
of graphite on the other. Such an electrostatic adsorption
should stabilize the less negatively charged oxidized Co(III)-Mb
thereby resulting in a lower E°’ for signal Sg1 compared to the
freely diffusing species. Therefore, the observed increase in E°’
is possibly due to a decrease in the exposure of the heme to
the solvent following the adsorption on the electrode. Further
contributions to E°’ from other adsorption-induced changes in
the protein conformation cannot be excluded.

The cathodic peak potential of the Sg2 signal (Figure 2,
Table 2) is attributed to the MbCo(II)!MbCo(I) reduction. The
Epc value of about 0.7 V for Co� Mb at pH 7 is in the same range
of the formal potentials of MbCo(II)/MbCo(I) immobilized on
DDAB[43] and the Co(II)L/Co(I)L redox couples of corrin and salen
complexes in DDAB microemulsions.[62] The linear dependence
of the peak current versus the scan rate shows that also this
signal results from an adsorption-controlled process.

The signal Sg3, whose current is strongly dependent on pH,
can be confidently attributed to the catalytic reduction of the
H3O

+ species, as the signal falls in a potential range similar to
that usually reported for H2 evolution catalyzed by Co-proteins
and peptides.[6,14]

Figure 9. Cartoon representation (VMD Visual Molecular Dynamics, Hum-
phrey, W., Dalke, A., Schulten, K., “VMD - Visual Molecular Dynamics”, J.
Molec. Graphics, 1996, vol. 14, pp. 33–38.) of the horse myoglobin structure
(1WLA.pdb). The heme group is represented in light blue, whereas the acid,
basic, polar and non-polar residues are represented in red, blue, green and
white, respectively.
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The Effect of pH on E°’ of Co� Mb

The E°’ value of a redox protein is most often affected by the
solution pH. The pH indeed modifies the local and overall
protonation state of the protein which in turn affect the
electrostatic field acting on the redox center, modulated by
charge distances, dielectric properties of the environment and
solvation properties.[63,64] In turn, the redox state of the metal
center affects the pKa of the various acid-base residues. In the
present case, the E°’ of Co(III)/Co(II)-Mb (signal Sg1) is
influenced by at least two acid-base equilibria, at low and high
pH values. On the basis of previous spectroscopic studies,[65] we
can tentatively assign the equilibrium at acidic pH to the
protonation of the two propionates of the tetrapyrrolic ring of
Co-protoporphyrin IX. The acid/base equilibrium observed for
Co� Mb at alkaline pH (>8) can instead be attributed to the
deprotonation of the water molecule axially bound to Co(III) to
yield an OH� ion.[23,24] In the presence of NH3 or imidazole as
axial ligand, this acid/base equilibrium shifts at a much higher
pH (>11) and is possibly related to the deprotonation of the
imidazole ring of the vicinal axial histidine ligand.

The Reduction Thermodynamics of Co� Mb

The entropy (ΔS°’rc) and enthalpy (ΔH°’rc) changes associated
with the reduction Co(III)/Co(II) in Co� Mb (signal Sg1) and in
the corresponding NH3 and imidazole adducts, in which the N-
ligands replaced the water molecule as sixth (axial) ligand, were
determined at pH 7.2 by measuring E°’ as a function of
temperature (Table 3). It turns out that axial ligand swapping
remarkably affect the reduction thermodynamics.

The ΔS°’rc is negative for adsorbed Co� Mb regardless the
nature of the axial ligand. The study of thermodynamic
parameters associated with electron transfer processes allows
important information to be gained on the factors that control
the reduction potential in ETPs and redox metallo-
enzymes.[31,66–69] The remarkably positive value of E°’ for Co� Mb
has an enthalpic origin. The negative value of ΔH°’rc is most
likely related to the stabilization of Co(II) vs. Co(III) due to the
partially hydrophobic environment and the poor basicity of the
axial H2O ligand. The negative entropic contribution (which,
opposite to the enthalpic term, yields a negative contribution
to E°’) is related to the reduction-induced changes in the
hydrogen bond network at the protein-solution interface and in
the ionic atmosphere (known cumulatively as “solvent reorgan-
ization effects”) and to the variations in the flexibility of the
polypeptide chain or parts of it,[31,66,68,70,71] which changes
significantly due to H2O swapping by the nitrogen-donor
ligands. In general, the adsorbed proteins show negative ΔS°’rc
values, as observed in the present case. A possible interpreta-
tion of these effects could be that the interaction of a more or
less extensive region of the protein with the graphite surface
via electrostatic interactions (involving the carboxylates and
hydroxide groups formed upon oxidation) or van der Waals
interactions causes the reorganization of the solvent at the
contact region, thereby inducing significant conformational

changes or hydrogen bond redistribution on the protein surface
when the oxidation state of the metal center changes, as
proposed for cytochrome c adsorbed on 1-mercapto-pyridine.[72]

Surprisingly, ΔS°’rc and ΔH°’rc are not compensatory within the
series including Co� Mb and its ammonia and imidazole
adducts. Such compensation is observed when the enthalpy
and entropy changes within the series are dominated by
solvent reorganization effects, which involve intrinsically com-
pensatory enthalpy and entropy changes.[31,73] In the present
case the contribution of ΔH°’rc to E°’ does not change
appreciably with changing the axial ligand, but ΔS°’rc does
(Table 3). This indicates that the dominant contribution to the
E°’ change following axial ligand replacement is yielded by the
entropic component.

Kinetics of Heterogeneous Protein-Electrode ET for Electrode-
Immobilized Co� Mb

The kinetics of the electron transfer process for electrode-
immobilized Co� Mb and its axially ligated NH3 and imidazole
adducts, was studied by determining the electron transfer rate
constant ks at pH 7.2 at different temperatures using the
approach developed by Laviron (Table 3).[36] Imidazole turns out
not to significantly influence ks, while NH3 increases the rate of
ET. This effect is due to a significant drop in ΔH#, while the pre-
exponential factor remains constant. This indicates that the
geometric features of ET are unaffected by the axial ligand
swapping, which instead lowers the reorganization energy.

The scarce efficiency of the heterogeneous ET for the
protein is related to both a large activation barrier and pre-
exponential factor. The large ΔH# could be attributed to the
reduction induced distancing or dissociation of the axial ligand
(water, NH3 or imidazole). In the case of imidazole, the energy
barrier of the ET process decreases. This effect can be put in
relation with a different ability of imidazole to create a
hydrogen bonding network involving the sixth axial heme
cobalt ligand. The network of the hydrogen bonds around
imidazole therefore turns out to facilitate heterogeneous ET
with respect H2O and NH3.

According to the Marcus theory and considering that the ks
value obtained with the Laviron method corresponds to the
electron transfer constant at zero driving force,[32,74] it can be
shown that, upon assuming the activation entropy negligible,
the ks value can directly be related to the ET distance, r, by the
equation:[32,74–77]

ln ks ¼ lnn0 þ ½� bðr-r0Þ�� DG#=ðRTÞ

In the present cases, using a β value of 1 Å� 1 and a
frequency factor ν0=6 ·1012 s� 1 (assumed to be kT/h), an (r-r0)
value of about 15.4 Å is obtained. Therefore, if the above
hypotheses are valid and estimating an r0 value (nucleus-to-
nucleus ET distance at donor-acceptor closest approach) of
about 3 Å (generally used for Fe-heme[32,74–76]), in all cases the
Co(III)/Co(II) metal center of the immobilized Co� Mb and its
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ammonia and imidazole adducts turns out to be located about
12–13 Å from the electrode surface.

Electrocatalytic Reduction of H3O
+ to H2 by Electrode-

Immobilized Co� Mb

At neutral pH and room temperature the onset potential for the
reduction of H3O

+ to H2 on bare pyrolytic graphite electrode is
observed at about � 1.28 V (vs. SHE). In the presence of 3 μM
Co� Mb under the same experimental conditions a new
irreversible signal for the reduction of H3O

+ to H2 is observed
featuring an onset potential of � 0.92 V and a cathodic peak at
about � 1.08 V. The onset potential resembles that found for
freely diffusing Co� Mb on glassy carbon,[6] suggesting that
adsorption does not alter mechanism and efficiency of the
catalytic reaction. The onset potential of the catalytic wave for
the reduction of H3O

+ to H2 by immobilized Co� Mb results
therefore about 0.36 V more positive than that of the same
electrode in the absence of the protein. Similarly, onset
potential values of � 0.94 and � 0.98 V are obtained for the
imidazole and ammonia adducts of Co� Mb, respectively.
Co� Mb and its adducts are therefore able to catalyze hydrogen
reduction. This is in agreement with a previous work on Co-
Mb,[6] suggesting a mechanism in which the reduction of Co(I)
to Co(0) and a concerted PCET (Proton-Coupled Electron
Transfer) lead to the catalytic production of H2.

[6,16,78,79] The onset
potential for the catalytic wave of Co� Mb is approximately 20–
50 mV more positive than that observed for water-soluble Co-
porphyrins.[78] The onset potential is very similar to that already
reported for free diffusing Co� Mb on glassy carbon at pH 7.5
under mild aerobic conditions.[6] In our case, however, the
catalytic peak current is almost independent of the concen-
tration of Co� Mb, indicating that the catalytic effect is (mainly)
due to the adsorbed form of the protein. Moreover, the catalytic
current is strongly dependent on the pH of the solution
(Figure 8), as expected for the electrochemical processes of
production of molecular hydrogen. Consecutive scans on
Co� Mb at pH 7.2 showed no significant drop in catalytic
current. The CVs were also repeated in open electrochemical
cell condition (i. e., exposed to the atmosphere), observing a
loss of catalytic current. Similar behaviors are also shown by the
NH3 and imidazole adducts.

The electrocatalytic current density (j) of Co� Mb and its
adducts with N-donors at different pH values (Figure 8) show
that the best catalytic efficiency is yielded by Co� Mb. Imidazole
and NH3 axial ligation induces a significant decrease in the j
values. Nitrogenous ligands, therefore, directly affect the
catalytic mechanism, yielding a remarkable efficiency decrease.

Since the Co(III)/Co(II) reduction currents are very similar for
Co� Mb and its adducts, the drop in current density is not
attributable to a different surface concentration of the protein
(catalyst) on the electrode surface. It is likely that the exogenous
axial ligand limits the accessibility of the substrate (water) to
the heme Co center for steric reasons or because it modifies the
H-bond network in the catalytic pocket or simply disfavors the
reduction of Co(I) to Co(0).

Selected catalytic properties of the studied proteins have
been calculated and reported in Table 4 together with those of
Co-adducts of some heme proteins and peptides that have
similar metal center structures.[7,12,14] Co� Mb and its adducts
show onset potential and overpotential similar or even lower
than those of other known Co-porphyrin/polypeptide electro-
catalysts. In particular, the performance of Co� Mb is completely
comparable with MC6*a, which is one of the most efficient
polypeptides for the production of H2 at pH around neutrality.
Unlike the latter system, however, Co� Mb is rather sensitive to
the presence of O2, likely due to the greater exposure of Co-
heme. Such sensitivity persists also in the presence of
exogenous ligands such as imidazole and ammonia. Rationally-
designed point mutations on Mb that would reduce the
exposure of the Co-heme center to solvent could solve this
problem. The longevity of the catalytic properties of Co� Mb
appears to be rather high, although somewhat lower than that
of Ht-CoM61A which shows a particularly high catalytic stability
thanks to a metal center rather hidden inside the protein
structure.

Conclusions

We exploited electrode-immobilized Co-substituted myoglobin,
a heme oxygen-transfer protein, to electrochemically catalyze
H2 production in the adsorbed state. The catalytic efficiency is
modulated by the nature of the exogenous axial ligand and
decreases in the presence of dioxygen, whose reduction is in
turn activated by the reduction of Co(III) to Co(II). Upon
adsorption on the pyrolytic graphite electrode, Co-substituted
Mb is therefore capable of producing H2 in aqueous solution, a
property not common to cobalt catalysts for hydrogen
production. Since the present system is efficient, stable and
reproducible, it offers the possibility of scalable electrocatalysis
and can be produced in quantities with a relatively simple
procedure.

Table 4. Catalytic parameters of H2 evolving for the investigated proteins
and some selected Co-porphyrin/peptide electrocatalysts.

pH Onset
potentiala/
V

Overpotentiala/
V

longevityb/
V

Co-substituted
MP11c

7 � 0.98 0.852 0.4

MC6*ad 6.5 � 0.87 0.680 1.4

Ht� CoM61Ae 7 � 1.07 0.830 6

Co� Mb 7.2 � 0.92 0.608 2.5

Co� Mb
+ Imidazole

7.2 � 0.94 0.622 3.1

Co� Mb+NH3 7.2 � 0.98 0.646 3.3

a Calculated as reported in [14]. b Calculated as the electrolysis time to the
catalytic peak that retains 80% of the catalytic signal in CV. c From ref. [7].
d From ref. [14]. e From ref. [12].
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Abbreviations

Mb horse myoglobin
Co-Mb cobalt substituted myoglobin
CV cyclic voltammetry
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