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Abstract

We describe experiments which elucidate the reaction mechanism of electrochemical oxygen
reduction reaction (ORR) on a glassy carbon electrode modified with hemoglobin in an aqueous
environment but with the hemoglobin physically separated from the electrode by a porous Nafion
layer. Catalytic amplification of the current signal from the reduction of oxygen in a first electron
transfer step is observed in the presence of hemoglobin immobilized within a Nafion coating. An
overall four electron ORR mechanism is inferred and validated.

1 Introduction

As the production of renewable energy must rise there is a growing need for the storage of the generated
energy. Electrochemical approaches are an attractive option due to scalability, large capacity and
potentially low cost. [1] The oxygen reduction reaction in particular is of immense technological
importance for the development of fuel cells. [2, 3] However the slow kinetics of reduction on carbon
electrodes is a major limitation to its practical adoption and application. Typically platinum has been
employed as a cathode catalyst in order to overcome the kinetic limitations but leads to higher costs
and potential long term unsustainability. As a result a search for alternative catalysts is warranted.
Hemoglobin is known for its interactions with oxygen and as a result is a suitable potential candidate
catalyst.

The schematic structure of the hemoglobin protein is shown in Figure 1. It consists of four protein
subunits, each with a redox active Fe centre, which is mainly responsible for the binding of oxygen [4].
Each subunit is arranged mostly in an alpha helical structure. The surrounding protein structures serve
to ‘protect’ the redox centre against potentially fatal CO and CO2 binding to the Fe redox centre [5]
and also supports the cooperative oxygen binding, as discussed thoroughly in the literature. [4] The
redox active centre heme, can be extracted from Hemoglobin and in the oxidized form is known as
Hemin.
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Figure 1: Schematic structure of hemoglobin showing four protein subunits and the inset shows the
active Fe (heme site). (Structure source: Wolfram Mathematica 10.4)

There is significant controversy regarding the actual oxidation state of iron, when bound to dioxy-
gen. The oxygenated form of hemoglobin (oxy-Hb) is known to be diamagnetic, while dioxygen and
iron (Fe(II)) are both paramagnetic. Currently accepted models suggest that the oxidation state of Fe
is +III. [6] The literature contains several reports of direct Fe-Hb electrochemistry generally made via
different forms of electrode modification. Unmodified electrodes generally show poor response towards
hemoglobin and a wide range modifications have been adopted ranging from relatively simple cystine
modifications [7] to complex multi-layered structures. [8]. This observation could possibly be explained
by the efficient shielding of the redox centre by the surrounding proteins and as a result direct electron
transfer is hindered. [9] So despite over a hundred publications (see Section 1.1) little progress has
been made towards the understanding of the electrochemistry of hemoglobin or practical applications
towards sensor development. [9] The main debate stems from whether the Fe core is accessible for
direct electrochemical redox activity and the results appear to be highly electrode-sensitive. [7] We
distinguish two approaches to hemoglobin electrochemistry: direct electron transfer with the Fe core
and indirect interaction of oxygen with Hb within close proximity to the electrode and focus on the
indirect path as a means to catalyse the oxygen reduction reaction. In the following work we modify
the electrode using a procedure developed Pumera et. al [10] in which the Hb is physically ‘sand-
wiched’ between two layers of oxygen permeable Nafion so as to eliminate the possibility of direct
electron transfer between the electrode and Hb and allow us to study the effect of Hb on the oxygen
reduction reaction itself.

In general the use of electrochemistry, more specifically voltammetry to study the hemoglobin/
oxygen system whilst intrinsically sensitive and qualitative, presents a significant challenge when ap-
plied in practice. These difficulties arise primarily from two sources. First the reaction is a multistep
process involving a sequence of electron transfer steps, chemical reactions and creating several chem-
ical intermediates of differing lifetimes. Second the layers of Nafion supported hemoglobin on the
electrode surface display significant and significant levels of porosity, so that the mass transport of
the reactants, intermediates and products does not follow the simple semi-infinite diffusive character
of flat, planar surfaces, which is widely used to generate the basic equations employed in analysing
much voltammetry. The above points can be well illustrated by the study of the oxygen reduction
using so-called Koutecky-Levich (K-L) analysis of data obtained at a rotating disk electrode. This
requires the measurement of a current-voltage curve as a function of the electrode rotation speed and
an extrapolation of the transport limited current to induce rotation speed to overcome (semi-infinite)
diffusion effects. The method was introduced to analyse a single one-electron transfer coupled with
a preceding first order chemical step. Although Koutecky-Levich analysis has become widely used
to study the ORR this is considered as unreliable since the underpinning theoretical analysis does
not embrace multi-step processes including intermediates of a finite lifetime. This was first clarified
by Johnson and co-workers [11] in a much cited paper and more recently re-emphasised by Qiao
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Table 1: Range of hemoglobin complexes oxidation states with biological significance

Hemoglobin Complex Active Centre Name Biological function
Fe(II) Hemoglobin Able to bind oxygen (active form)
Fe(III) Methemoglobin Unable to bind oxygen (Inactive form)
Fe(III)O.−

2 Oxy-hemoglobin Hemoglobin with bound oxygen, oxygen transport mechanism
Fe(IV )O Ferryl-hemoglobin Oxidized form of hemoglobin, by-product of cell reactions
Fe(IV )O. Oxo-ferryl Hb Reactive form of Hb with radical in the globin group

and colleagues in ACS Catalysis. [12] Further the K-L analysis has been theoretically shown to be
inapplicable to rough and/or porous surfaces. [13] In order to study the hemoglobin/oxygen system
alternative voltammetric approaches are needed. A second approach commonly, but questionably,
applied to the ORR is the use of a double working electrodes (generator-collector) systems most com-
monly in the form of rotating-ring disc electrode (RRDE) as introduced by Frumkin and Nekrasov [14]
in Moscow, although other geometries (such as channels or wall-jets) have been occasionally used. In
this method the current signals on a second electrode are used to infer information about the process
taking place on the first electrode with a knowledge of the convective-diffusive regime linking the two
electrodes. [15] In the context of the ORR the RRDE has been used to distinguish between a two
and a four electron transfer process which would respectively lead to the formation of either hydrogen
peroxide (H2O2) or water (H2O). The RRDE setup allows these products to be distinguished un-
der some conditions using so-called collection efficiency measurements but again the multistep nature
of the reaction on both the generator and collector electrodes leads to significant complications in
many cases as fully summarized by Qiao. [12] The latter explicitly conclude that platinum collector
electrodes are unreliable, but with a knowledge of the likely reaction pathway, concluded that in alka-
line media, at least, gold (ring) collector electrodes may be reliable. Nonetheless their data analysis
presumes semi-infinite diffusion-convection at the disc (generator) electrode so that if the latter is
modified with a porous surface layer the reliability of the RRDE method is also in question. Most
generally Qiao et al. state future studies are extremely desirable to develop a correct and accurate
method [to detect the number of electrons transferred ]. In the present paper we attempt to accept
this challenge, eschewing the use of double electrode, convective systems but driven by the desire to
develop a relatively simple method, which does not require the construction of elaborate electrode
systems or the use of flowing solutions. To this end we show how cyclic voltammetry allied with a
knowledge of solubilities, diffusion coefficients and chemical reactivities together with Tafel analysis
can be used to powerful effect in the analysis of electrodes modified with porous layers which include
coupled catalytic activity.

An innovative,powerful approach introduced by Pumera et al. [10] is applied and a mechanism is
proposed for the catalytic oxygen reduction reaction. By using the Nafion ‘sandwich structure’ we
physically separate Hemoglobin from the electrode surface in order to simplify the system and investi-
gate the reduction of oxygen in the presence of hemoglobin, rather than the direct Hb electrochemistry
which has been reported previously.

1.1 Electrochemistry of hemoglobin

In this section we overview previous work on hemoglobin electrochemistry and a brief discussion of
pathways of electrochemical oxygen reduction at glassy carbon electrodes.

1.1.1 Oxidation states of hemoglobin

Table 1 summarizes the oxidation states of Fe redox centre commonly encountered experimentally
and of biological relevance. It is known that hemoglobin by itself without bound oxygen can have
Fe(III) or Fe(II) oxidation states. [16] The Fe(III) form is known as methemoglobin and it is unable
to bind oxygen. [17, 18] The oxygen binding form of hemoglobin has an iron oxidation state of
Fe(II). [19, 20] The nature of the bonding within the oxy-hemoglobin complex is currently accepted
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to be the Fe(III) oxidation state combined with a dioxygen radical with a degree of covalent bonding.
[20] Other oxidation states are often by-products of hemoglobin decay and reactions with reactive
superoxide species within cells. [21, 22]

1.1.2 Direct hemoglobin electrochemistry

A reversible electrochemical response from hemoglobin was claimed by Salimi et al. using a glassy
carbon modified with nickel oxide nanoparticles. Two redox peaks were observed voltammetrically.
Scan rate vs peak current analysis indicated a surface-confined redox process. The presence of the
peaks was attributed to direct electron transfer of hemoglobin with the electrode. [23] Amreen et
al. have reported an electrochemically reversible response of red blood cells on a glassy carbon
electrode modified with dropcast graphitized mesoporous nanocarbon (GMC) and Nafion. [24]. For
the case of GMC modified electrodes the authors have trialed various forms of carbon; however
only one specific form of mesoporous nanocarbon produced a reversible response. Most importantly
the reverse oxidative peak was only observable with a Nafion layer (Naf) but not on a pure GMC
modified electrode, which is indicative of a complex process taking place. In both cases the authors
have attributed the observed response to the Fe(II)/Fe(III) redox couple and asserted the need for
suitable electrode materials in order to allow direct electron transfer to take place. Additional works
include a wide variety of electrode modifications [25–27] and the interested reader is referred to a
review by Scheller et al. [9]

1.1.3 Indirect hemoglobin electrochemistry

The main biological function of hemoglobin is binding and transportation of oxygen. [28] As a re-
sult it is important to study the interaction of Hb and dioxygen in the solution phase. A suitable
method involves monitoring the oxygen reduction reaction at a hemoglobin functionalized electrode
and observing the resultant reductive current response. [10] The basis for such a method is described
in section 1.2.

1.2 Oxygen reduction reaction on glassy carbon electrode (ORR)

ORR on a glassy carbon electrode typically leads to the formation of hydrogen peroxide involving a
two electron transfer (Reaction 1). [2, 3, 29]

O2(aq) + 2H+ + 2 e− −−→ H2O2 (1)

The four electron conversion to water (Reaction 2)is kinetically slow and requires significant over-
potential and is generally unfavourable on a glassy carbon electrode. [30,31] As a result this reaction
on a glassy carbon can be used as a baseline for the efficiency of oxygen reduction reaction and
measurement of subsequent catalytic activity for different electrode modifications.

O2(aq) + 4H+ + 4 e− −−→ 2 H2O (2)

2 Experimental

All chemicals were purchased from Sigma Aldrich unless stated otherwise and used without further
purification. A µAutolab II potentiostat (Metrohm-Autolab BV, Utrecht, The Netherlands) was
used to control the electrochemical experiments with the software NOVA 1.10. The electrochemical
cell was shielded by a single-wall Faraday cage. A three electrode setup was used with a glassy
carbon working electrode (diameter=3.05 mm), a Saturated Calomel Electrode [32] as the reference
electrode (0.241 V vs Standard Hydrogen Electrode) and platinum mesh as a counter electrode. The
experiments were performed under thermostatted conditions (25.0 ± 0.1 C◦). Before all experiments
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and between experimental repeats the electrode was polished using a diamond spray (Kemet, Kent,
UK) in the size sequence of 3.0 µm, 1.0 µm and 0.1 µm to a mirror-like finish to ensure clean and
reproducible surface before subsequent functionalization. Phosphate saline buffer (PBS) was used for
all experiments. PBS buffer was prepared as the following solution; 139.7 mM KCl, 10 mM Na2HPO4

and 1.8 mM KH2PO4. The pH was adjusted to 7.4 using hydrochloric acid and confirmed using a
pH probe (Hanna Instruments pH 213 meter). UV-vis spectroscopy experiments were conducted in
the same buffer media using a Shimadzu spectrometer UV-1800. For optical microscopy a Carl Zeiss
Examiner A1 microscope with a 20x air objective was used.

2.1 Electrode modification

The electrode was prepared via a modified procedure originally innovated by Pumera et al. [10]
The modification was performed using the following general procedure: individual layers (Nafion or
hemoglobin) were sequentially dropcast on the glassy carbon electrode and allowed to dry under
nitrogen flow. The effect of layer thickness was investigated by individually varying the concentration
of Nafion and hemoglobin used in a particular layer. Nafion 117 solution (5% in a mixture of lower
aliphatic alcohols and water) was used for the film preparation. Hemoglobin was dissolved in deionised
water and dried under nitrogen gas flow. The optimized procedure involved 2µL of Nafion 117 solution
( 5% in a mixture of lower aliphatic alcohols and water), 10µL of Hb solution (0.002 g mL−1 dissolved
in deionised water), 4µL of Nafion 117, dropcast sequentially, leading to layered films,subsequently
referred to as Naf-Hb-Naf. This procedure has shown the best hemoglobin immobilization as well as
high reproducibility. The Nafion film thickness was estimated to be few microns in accordance with
Equation 3.

t =
m

Aρ
(3)

where m is the mass of dropcast Nafion, A is the area of the film, ρ is the approximate density of
the film. From that, an estimated thickness of a few microns for each Nafion layer was calculated.

3 Results

UV-vis spectroscopy was used to determine the oxidation state of hemoglobin and to provide a starting
point for the investigation. The effect of Nafion presence on the ORR was evaluated by adjusting the
thickness of the films. Subsequently The Naf-Hb-Naf films were investigated using optical microscopy
for evidence of agglomeration and porosity. Having established the stability of the films a series
of electrochemical experiments were performed in PBS buffer under air and oxygen atmospheres.
The obtained results allowed us to infer the mechanism of oxygen reduction and its interaction with
hemoglobin.

3.1 UV-vis spectroscopy

In order to determine the oxidation state of hemoglobin solution used for subsequent dropcasting
(0.002 g mL−1), the UV-vis absorption spectrum of hemoglobin solution was recorded and is shown
in Figure 2. A variation of the oxidation state of Fe is known to produce a significant change in the
observed spectra. [33,34] The main oxidation states are Fe(III) known as methemoglobin (inactive form
unable to bind oxygen) and Fe(II) (active form, able to bind oxygen to form a Fe(III)O2

·– complex).
These forms (see above) can be distinguished spectroscopically. The spectrum of hemoglobin used
for subsequent dropcasts (black line) in Figure 2 corresponds to methemoglobin Fe(III) in accordance
with the characteristic peak at 406 nm [33,34]. In order to further confirm the hypothesis, the solution
was treated with potassium cyanide (KCN), which according to literature [9] leads to formation of
stable FeCN complex with the Fe(III) oxidation state, since the CN– ligand binds preferentially to
Fe(III). As a result a broad peak is observed at ≈ 530 nm, consistent with literature reports. [35]
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Additionally to probe the other possible oxidation state Fe(II) the methemoglobin Fe(III) solution was
treated with sodium dithionite Na2S2O4 which leads to a reduction of Fe(III)+e– −−→ Fe(II). A color
change from dark brown to pink was observed and the UV-vis spectrum reveals the appearance of two
peaks in the 500 nm region, which is consistent with the formation of oxy-Hb Fe(III)O2

·– complex.

Figure 2: UV-vis absorption spectra of different oxidation states of Hb

3.2 Optical microscopy

Dropcast films of Nafion hemoglobin were initially investigated using bright field optical microscopy
via identical sample preparation to the electrode functionalization (Figure S1). It can be seen that
hemoglobin forms aggregates and/or agglomerates. Further there is evidence of porous structure
in the Nafion layers. The diameter of a single Hb molecule is approximately 5 nm [36] assuming a
spheroidal shape. Nafion layers are known to possess a complex structure with structural heterogeneity
on multiple spatial scales from 0.1 to 100 nm with a wide range of pore sizes and channel structure.
[37,38] As a result it is experimentally very difficult to define the exact location of hemoglobin within
such layers as it may occupy some of the larger pores. Nevertheless resulting from the 3 step drop-
casting procedure a large amount will remain embedded between the two Nafion matrices, within the
‘sandwich’.

3.3 Electrochemical Experiments

3.3.1 Effect of dissolved dioxygen

The focus of the present work is the interaction of dioxygen with hemoglobin. The voltammetric
response from Naf-Hb-Naf film was initially evaluated under two sets of conditions in order to deter-
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Figure 3: Effect of degassing on the observed current response for Naf-Hb-Naf modified electrode;
black line degassed, red line non-degassed solution (PBS buffer pH 7.4). All potentials were measured
against the SCE electrode (+0.250 V vs Standard Hydrogen Electrode). Scan rate: 250 mV s−1.

mine the effect of oxygen presence in the solution: deaerated under nitrogen atmosphere and normal
aerated (air saturated) conditions. Figure 3 shows the current response obtained under these two
conditions, a peak is evidenced at 0.25 V vs SCE which is consistent with previous reports. [10] It
is clear that under deaerated conditions virtually no oxygen reduction current response is observed
(except for slight residual oxygen remaining after the degassing procedure), while aerated conditions
provides a clear oxygen reduction response. Hence subsequent experiments were conducted using
variable oxygen concentrations.

3.3.2 Effect of Nafion thickness on the current response

As outlined above Nafion ionomer was used to immobilize hemoglobin on the electrode surface. Ini-
tially the effect of Nafion modification was evaluated by adjusting the thickness of the Nafion layers
and comparing the resultant response to the bare unmodified glassy carbon electrode in the absence
of hemoglobin. The resultant cyclic voltammograms (CVs) are shown in Figure S2 and no significant
deviations were observed in comparison to the bare glassy carbon electrode, which is consistent with
previous literature reports of high Nafion porosity and gas permeability. [31, 39]

3.3.3 Effect of the hemoglobin concentration

In order to test the hypothesis of the observed oxygen reduction rather than direct electrochemistry
of (Fe(II)/Fe(III) couple) a variable amount of Hb was dropcast on a glassy carbon electrode. The
results are shown in Figure S3. It can be seen that higher concentrations of dropcast hemoglobin leads
to a decrease in current magnitude and is indicative of a partial blockage of the electrode. This is the
evidence of the indirect nature of the hemoglobin reaction since as for direct Hb redox processes an
increase in signal with increasing amount of Hb would be anticipated.
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Figure 4: Effect of the modification procedure on the observed response in the air atmosphere for the
oxygen reduction (PBS buffer pH 7.4). All potentials were measured against SCE electrode (+0.250
V vs Standard Hydrogen Electrode) Scan rate: 250 mV s−1.

3.3.4 Comparing the modified electrode responses

Having established the impact of the presence of oxygen and the suitable thickness of Nafion and
hemoglobin layers, the effect of electrode modification on the observed current response was next
investigated. The comparison between bare glassy carbon, Nafion modified, hemoglobin and Nafion-
Hb-Nafion electrode is given in Figure 4. For the unmodified glassy carbon electrode the peak potential
was -0.75 V, the Nafion-modified peak potential was -0.80 V, hemoglobin-modified -0.50 V and for the
Naf-Hb-Naf electrode -0.27 V (all potentials reported vs SCE). A clear potential shift to less negative
potentials is observed for the hemoglobin-modified (green line) and Naf-Hb-Naf (blue line) electrode,
which is indicative of oxygen-hemoglobin interaction. The largest potential shift is observed for the
Naf-Hb-Naf electrode.

Further experiments involved saturating the solution with dioxygen. The comparison of oxygen
saturated and normal aerated conditions for the Naf-Hb-Naf modified electrode is shown in Figure 5.
The peak current potential is shifted to a more negative values at higher concentrations of oxygen. An
inflexion (approximately -0.275 V vs SCE) is observed for the oxygen saturated solution in comparison
to normal aerated conditions. The potential of the inflexion corresponds to the peak potential observed
for the aerated solution. A comparison of all the electrode modifications is shown in Figure 6. For
the unmodified glassy carbon electrode the peak potential was -0.75 V, the Nafion-modified peak
potential was -0.80 V, that of hemoglobin-modified -0.75 V and for the Naf-Hb-Naf electrode -0.51 V
(all potentials reported vs SCE).

3.3.5 Hemin Cyclic Voltammetry

In order to compare the response of hemoglobin and determine the effect of the surrounding protein,
the observed response was compared to a Hemin modified electrode in air atmosphere (see supple-
mentary Figure S4). Similar ORR catalytic activity was observed for the Hemin modified electrode.
The similarity of the observed responses for the Hemoglobin and Hemin electrodes emphasises that it
is the iron active site that plays a key role for the catalytic response.

3.3.6 Scan rate study

It is important to consider the nature of the observed process and in particular distinguish between
surface bound or diffusional processes. For that purpose a scan rate study was conducted. Figure 7
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Figure 5: Comparison between voltamograms measured for the Naf-Hb-Naf electrode in air atmosphere
(black line) and under a pure oxygen atmosphere (red line) at a scan rate 250 mV/s. All potentials
were measured against the SCE electrode (+0.250 V vs Standard Hydrogen Electrode)

Figure 6: Effect of the electrode modification procedure on the observed response in a pure oxygen
atmosphere (PBS buffer pH 7.4). All potentials were measured against SCE electrode (+0.250 V vs
Standard Hydrogen Electrode) at a scan rate of 250 mV/s.
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Figure 7: Effect of the scan rate on the observed current response for Naf-Hb-Naf electrode, measure-
ments conducted under air atmosphere (PBS buffer pH 7.4). All potentials were measured against
SCE electrode (+0.250 V vs Standard Hydrogen Electrode) at a scan rate of 250 mV/s.

Figure 8: Voltammetric scan rate study of a pure oxygen saturated solution on Naf-Hb-Naf electrode
(PBS buffer pH 7.4). All potentials were measured against SCE electrode (+0.250 V vs Standard
Hydrogen Electrode)
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and Figure 8 show the observed current response with variable scan rate for the aerated and oxygen
saturated cases. A plot of the peak current versus the square root of the scan rate is clearly linear
with a zero intercept for both cases, which is indicative of a diffusional process taking place. [40, 41]
This is a further evidence that indirect oxygen-hemoglobin interaction is being observed as for the
surface bound film linear peak current vs scan rate dependence would be anticipated. In Section 3.5,
the peak current magnitude will be compared with the response predicted for an unmodified glassy
carbon electrode.

3.4 Tafel Plots

In order to gain insights about the electron transfer process for the modified electrodes, Tafel plots
were plotted for unmodified (Figure S5), Nafion-modified (Figure S6), Hb modified (Figure S7) and
Naf-Hb-Naf modified electrodes (Figure S8). The averaged value over three measurements at a scan
rate of 250 mV/s were recorded and the errors estimated. Transfer coefficient [42,43] ,α, for unmodified
glassy carbon and Nafion modified electrode were 0.30± 0.05 and 0.23± 0.04 respectively, consistent
with previous literature reports. [44,45] For the hemoglobin modified electrode an α value of 0.35±0.05
was observed. The highest α was observed for Nafion-Hb-Nafion modified electrode of 0.57 ± 0.07.
This is indicative of an altered transition state for the irreversible heterogeneous electron transfer
process in which in all cases the initial electron transfer is evidently rate-determining.

3.5 Comparison of experiment with theoretical predictions

Having established the nature of the signal is due to dissolved oxygen further insights can be gained
through theoretical predictions of the current response through the use of the Randles-S̆evc̆́ık equation
(Equation 4). [41]

Ipeak = 2.99× 105n(n∗ + α)1/2AD1/2Cv1/2 (4)

where n is the overall number of electrons transferred, n∗ is the number of electrons involved prior
to the rate determining step, α is the transfer coefficient, A is the area of the electrode, D is the
diffusion coefficient of oxygen, C is the concentration of oxygen in bulk solution and the temperature
is 25.0± 0.1 C◦ . In the present work n∗ denotes the number of electrons transferred before the rate
determining step. The first electron transfer to O2 is rate determining hence, the preceding number of
electrons transferred is zero and the assumption was used for subsequent calculations. Note that this
approach follows the IUPAC [42, 43] nomenclature for Tafel analysis and updates the nα approach
which appears for example in the first edition of the Bard and Faulkner Electrochemical Methods
Fundamentals and Applications textbook. [41]

3.5.1 Aerated atmosphere

Figure 9 shows the experimental results (scatter points) and theoretical predictions (dashed line)
relating to a solution equilibrated with air based on the following parameters: concentration of oxygen
0.26 mM, [46] A = 7.3 × 10−6m2 , Doxygen = 1.96 × 10−9m2s−1 [44, 47], n∗ = 0. Different transfer
coefficient values (α = 0.26 and α = 0.57) and number of electrons transferred (n=2 and n=4) were
used to simulate the different reaction mechanisms (Reaction 1 and Reaction 2). It can be seen that
for the Nafion modified electrode excellent agreement is observed with the theoretical prediction for
the bare glassy carbon electrode and Reaction 1 leading to formation of hydrogen peroxide and overall
two electron transfer and the Nafion modified electrode. Good agreement was observed between the
unmodified glassy carbon electrode in accordance with previous observation of the permeability of
the Nafion film to oxygen. [31, 39] The current at the Naf-Hb-Naf modified electrode significantly
exceeds the peak current predicted for the two electron oxygen reduction. This is indicative of a
changed reaction pathway. The best agreement is observed for a four electron transfer and the transfer
coefficient value of 0.57, the latter corresponding with the experimental value (section 3.4).
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Figure 9: Comparison between experimentally observed currents and theoretical predictions by
Randles-S̆evc̆́ık equation under air atmosphere (PBS buffer pH 7.4)

3.5.2 Oxygen atmosphere

Having observed the behaviour under an air atmosphere, the oxygen saturated solution was analyzed.
Figure 10 shows the theoretical predictions (indicated by label ”theoretical” dashed line)for the oxygen
saturated solution case. The following parameters were used for all theoretical calculations: CO2 =
1.26 mM, [46] A = 7.3 × 10−6m2 , Doxygen = 1.96 × 10−9m2s−1, [44, 47] n∗ = 0. Different transfer
coefficient values (α = 0.26 and α = 0.57) and number of electrons transferred (n=2 and n=4) were
used to simulate the different reaction mechanisms. For the Nafion functionalised electrode excellent
agreement is observed to the theoretical prediction for a bare glassy carbon electrode (n=2, α = 0.26),
this indicates that Nafion does not provide a diffusional barrier for the dissolved oxygen and it is likely
that Reaction 1 takes place. It can be seen that a significantly higher current magnitude for the Naf-
Hb-Naf modified electrode is observed in comparison to the theoretical prediction based on Reaction 1
which leads to formation of hydrogen peroxide. The observed experimental current is most consistent
with a four electron transfer process and the transfer coefficient value of 0.57 which corresponds to
the Reaction 2. The experimental current magnitude is a little lower in comparison to the theoretical
prediction, which could be possibly explained by the fact that some of the oxygen formed by the
breakdown of hydrogen peroxide may diffuse away resulting in a lowered current response.
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Figure 10: Comparison between experimentally observed currents and theoretical predictions by
Randles-S̆evc̆́ık equation under pure saturated oxygen atmosphere (PBS buffer pH 7.4)

3.5.3 Hemoglobin hydrogen peroxide reactions

It has been suggested in the literature [48] that Hb can react with the H2O2 formed by electrochemical
oxygen reduction and initiate a catalytic cycle. In order to test this hypothesis hydrogen peroxide
(c = 5 mM) was added to the degassed solution (nitrogen bubbled for 20 min) and the resultant
process was investigated through a scan rate study. The behaviour appears to be diffusionally limited
in accordance with current against the square root of scan rate plot giving a straight line and is
shown in Figure 11. Note: no hydrogen peroxide reduction was observed in the potential window
shown at an unmodified glassy carbon electrode due to slow kinetics significantly higher overpotential
is required. [49] According to literature [22] the following reaction may take place in the presence of
hemoglobin:

Fe(III)O2
·− + H2O2 −−→ Fe(IV)O−− + O2 + H2O (5)

It is evident that Naf-Hb-Naf is able to react with hydrogen peroxide and as a result this reaction is
likely to contribute to the observed enhanced current response for the case of oxygen reduction. From
the results above, a peroxidase reactivity of haemoglobin has been shown using voltammetricaly. This
activity is known to occur naturally within the red blood cells, but is masked by the more efficient
activity of catalase and glutathione peroxidase. [50]

3.6 Proposed Mechanism of ORR on Naf-Hb-Naf electrode

Having investigated the current response of Naf-Hb-Naf films under variable oxygen concentrations it
is necessary to account for the observed current magnitudes. It is clear that presence of Hemoglobin
leads to an altered reaction pathway for the oxygen reduction. Through combination of the obtained
experimental data and previous literature reports [21,48,51] we propose the following mechanism for
the oxygen reduction at Naf-Hb-Naf modified electrode. Oxygen is known to permeate the Nafion
membranes and so can be reduced at the electrode surface. As a result the proposed mechanism
does not require hemoglobin to be in electrical contact with the glassy carbon electrode surface.
Indeed the Nafion layer between the electrode and the hemoglobin layer likely prevents this. At the
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Figure 11: Scan rate study of degassed 5 mM hydrogen peroxide solution on Naf-Hb-Naf electrode
(PBS buffer pH 7.4). All potentials were measured against SCE electrode (+0.250 V vs Standard
Hydrogen Electrode)

surface of glassy carbon electrode dioxygen superoxide radical (O2
·–) is generated (Eq. 5) electron

transfer from the GC electrode. Hemoglobin adjacent to the electrode may likely provide adsorption
sites for the dioxygen superoxide radical (O2

·–) as a result of the stabilization effect the potential
for the reduction is shifted positively compared to the O2/O2

·– couple. Possible further steps of
the mechanism involve disproportionation [52] of the generated superoxide species into hydrogen
peroxide and oxygen species followed by subsequent reaction leading to a formation of a range of
hemoglobin complexes. The resultant activated complex is equivalent to oxyhemoglobin and can
participate in subsequent reactions. It is worth noting that the formation of the Fe(III)O2

·– species
has been clearly demonstrated previously using spectroelectrochemistry on various electrodes. [53,54]
The Fe(III) bound dioxygen superoxide accepts a second electron from the superoxide species and
this leads to formation of hydrogen peroxide (Eq. 7). The formed hydrogen peroxide that is in close
proximity to the electrode can participate in further enzymatic reactions resulting in catalytic oxygen
formation and subsequent oxygen reduction at the electrode (Eq. 8). It is not possible to further
probe the intermediates due to the fast rates of the reaction (Eq.9-10). The proposed mechanism is
consistent with an overall four electron reduction

O2 + e−electrode −−→ O2
·− (6)

Fe(III) + O2
·− −−→ Fe(III)O2

·− (7)

Fe(III)O2
·− + e−

O.−
2

+ 2 H+ −−→ Fe(II) + H2O2 + O2 (8)

Fe(III)O2
·− + H2O2 −−→ Fe(IV)O + H2O + O2 (9)

Fe(III) + H2O2 −−→ Fe(IV)O· + H2O (10)

Fe(IV)O· + H2O2 −−→ Fe(III) + O2 + H2O (11)
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4 Conclusions

ORR on the Naf-Hb-Naf modified electrode proceeds via a four electron pathway through catalytic
reduction of hydrogen peroxide. The disproportionation of hydrogen peroxide produced by oxygen
reduction reaction at the electrode by trapped hemoglobin leads to an increase in the current output
and leads to a significant catalytic efficiency. The highest amplification is observed for the layered
structure, which can be potentially ascribed to beneficial effect of Nafion leading to favourable con-
formation of trapped hemoglobin, evidenced by a change in transfer coefficient value. In addition a
clear demonstration of the effect of the dissolved oxygen on the resultant current response is shown.
The Nafion-protein layer was investigated in a solution under various oxygen concentrations or hy-
drogen peroxide concentrations. From the experimentally observed peak currents, a mechanism for
the catalytic reaction on a glassy carbon electrode is elucidated. The work highlights the need for an
efficient support for the catalyst which in the present case is provided by the Nafion layer structure.
The methodological approach taken may have generic value.
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