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ediated charge transfer in redox
behavior of hemin at GaAs(100) electrodes†

Mirela Enache, a Catalin Negrila b and Valentina Lazarescu *a

EIS and XPS investigations on the interaction of hemin with p- and n-doped GaAs(100) electrodes in PBS

solution revealed significant differences concerning both the adsorbed species and the mechanism of

the redox process caused by dopant nature. XPS data show that hemin is adsorbed on p-GaAs(100) by

its carboxyl groups and adopts a vertical position favorable to a polymeric film formation whereas on n-

GaAs(100), the adsorbed hemin is monomeric and has a rather planar configuration involving mainly the

OH groups of the organic molecule. Hemin gives rise to a reversible redox process at the p-GaAs(100)

electrode whereas at n-GaAs(100), there is only one reduction wave of a considerably lower current

density appearing at a more negative potential. The effects of the applied potential on the phase angle

measured at p-GaAs(100) point out major changes not only in the insulating properties of the adsorbed

layer, as found at n-GaAs(100), but also in the electronic properties of the semiconductor triggered by

the hemin redox process. Analysis of the experimental data points to a mechanism of charge transfer

through surface states, the observed differences being related to the location of the surface states with

respect to the formal potential of the hemin redox couple.
1. Introduction

Hemin (iron protoporphyrin IX) is an important biological
substance, being the active center of several families of heme
proteins, such as C-type cytochromes, hemoglobin and
myoglobin. Having a planar porphyrin ring containing four
nitrogen atoms that may easily coordinate the iron ion capable
of six-fold coordination, hemin is an attractive candidate for
both basic and applied studies. The two additional coordina-
tion positions available above and below the porphyrine plane
and the two carboxylic groups bring the possibility of different
reaction sites playing a crucial role in determining its chemical
binding and activity on solid surfaces. Chemical functionali-
zation with hemin was thereby used to tune the substrates
electronic properties for various applications. Hemin adsorbed
on carbon substrates proved to be sensitive for the detection of
hydrogen peroxide,1,2 superoxide radicals3 and oxygen,4 and
showed high electrocatalytic activity for reduction of nitrosa-
mine5 and hydroxylamine at low potentials in buffered neutral
aqueous solutions.6

Functionalization of some III–V semiconductor compounds
such as, GaAs, InAs and InP, with hemin is considered
a promising route for new NO sensors design7–9 due to the
lescu”, Spl. Independentei 202, P.O. Box
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strong binding affinity of hemin to this small molecule. In this
perspective, information concerning the charge transfer
processes occurring at semiconductor/hemin contact can be
exploited for using such hybrid organic–inorganic interfaces as
sensors or detectors.10

Studying the redox behaviour of hemin on differently doped
GaAs electrodes might be, therefore, relevant for understanding
better the factors controlling this charge transfer process. Our
previous investigations pointed out signicant differences
between the p- and n-doped GaAs electrodes in this respect.
Cyclic voltammetry (CV) and impedance spectroscopy investi-
gations (EIS) performed at p-GaAs(100) electrodes in phosphate
buffer solutions with pH 7.45 revealed a pair of reversible peaks
at �0.44 and �0.32 V vs. SCE resulting in stable adsorbed
species11 that turned out to be responsible for signicant
changes in the surface state population and the potential drop
distribution between the semiconductor space charge region
and the Helmholtz layer. The same combination of CV and EIS
measurements on the redox behavior of hemin at n-GaAs(110)
electrodes, but in a different solvent, dimethylsulfoxide, indi-
cated, however, a pronounced irreversibility of the electro-
reduction process which was related to different chemical
bonds of the reactant and the reaction product. The further
examination of the hemin-covered GaAs electrodes by second
harmonic generation, X-ray photoelectron spectroscopy and
atomic force microscopy pointed to a possible change in the
spin conguration of the iron ions preceding the charge
transfer step originating in the mutual interactions between
solvent, hemin and surface sites.12 Since surface states and eld
This journal is © The Royal Society of Chemistry 2020
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effects were found to depend signicantly at GaAs electrodes on
both the surface orientation13 and the charge carrier type,14–17

the comparison between the redox behaviour of hemin on Si-
and Zn-doped GaAs(100) in the same electrolyte should give
a good hint about the role played by the charge carrier type in
this charge transfer process. It is the aim of this paper to present
the results of our electrochemical impedance spectroscopy (EIS)
and X-ray photoelectron spectroscopy (XPS) investigations in
this respect.
Fig. 1 Cyclic voltammograms of p-GaAs(100) (magenta line) and n-
GaAs(100) (blue line) taken at 50 mV s�1 in 2 mM hemin in 0.1 M PBS.
2. Experimental

EIS investigations were performed in a three-compartment
electrochemical cell having a saturated calomel electrode
(SCE) as a reference electrode and a platinum foil as a counter
electrode. The working electrodes were prepared from Zn doped
(p ¼ 1/1.1 � 1019 cm�3) and Si doped (n ¼ 1.2/4 � 1018 cm�3)
GaAs(100) wafers supplied by AXT Company (GEO Semi-
conductor (UK) Ltd. and Wafer Technology Ltd. (UK), respec-
tively) mounted on Teon holders with the rear part and the
edges sealed by epoxy resin. Back ohmic contacts to the sample
were provided by alloying with Au–Zn alloy (p-doped) and Au–
Ge–Ni alloy (n-doped) using the thermal evaporation technique.
The GaAs electrodes were previously degreased in acetone,
washed with deionized water (Direct-Q 3UV System, Millipore)
and etched in a mixture (5 : 1 : 1) H2SO4 : H2O : H2O2 prior to
each experiment. Measurements took place in dark and at room
temperature in well deaerated 2 mM hemin in 0.1 M phosphate
buffer solution (PBS). The impedance spectra recorded by
applying a sinusoid signal with 10 mV amplitude in a frequency
interval from 0.3 to 3 � 105 Hz with an IM6 Zahner frequency
analyzer have been tted using the ZView soware (Scribner
Associates Inc., Southern Pines, N.C.).

XPS investigations were performed with a SPECS spectrom-
eter equipped with a monochromatized Al Ka-anode radiation
source operated at 400 W. The wide survey and detail spectra
were taken at pressures lower than 2 � 10�9 mbar with pass
energy of 100 eV and 10 eV, respectively. The binding energy
scale was referenced to the C 1s peak at 285.00 eV. Peaks were
resolved with the SDP v7.0 soware (XPS International) and
assigned by considering reliable literature reports. The spectra
were tted using Voigt peak proles and either a linear or
a Shirley background depending on the background shape.
3. Results and discussion
3.1 Electrochemical investigations

Although the interfacial chemistry at both conduction types of
GaAs in various electrolytes is expected to be similar,18 the
proles of the cyclic voltammograms taken for the p- and
n-doped GaAs(100) electrodes in hemin containing PBS solu-
tions show a striking difference. As one may see in Fig. 1, hemin
gives rise to a reversible redox process at p-GaAs(100) electrode
whereas at the n-doped one, there is only one reduction wave of
a considerable lower current density appearing at potential
shied by about 300 mV to more negative values.
This journal is © The Royal Society of Chemistry 2020
The formal potential of �0.36 � 0.02 V estimated by (Epc +
Epa)/2 for p-GaAs(100) is similar to that obtained with glassy
carbon19 and pyrolitic graphite20–22 suggesting that chemical
nature of the electrode surface does not really inuence the
formal redox potential of hemin. The differences observed at p-
and n-GaAs(100) electrodes may arise from orientation and/or
aggregation of hemin molecules adsorbed on the semi-
conductor surface that could affect the electron transfer rate.3,4

Hemin may exist in aqueous solution in monomeric or dimeric
form causing different adsorption states and thereby different
redox potentials in the CV curve.23–26

The successive increases in the oxidative and the reductive
peak currents at p-GaAs(100) observed during repeated cycling
point to the growth of a conductive lm on the electrode
surface. The surface coverage increases steadily through
approximately 30 scans aer which the further growth is
limited. The lms adhere strongly to the electrode surface11 and
are stable to rinsing with aqueous solvents. Similar effects
found for the hemin redox process at glassy-carbon or optically
transparent SnO2 electrodes27 were assigned to a radical
cationic polymerization of the peripheral vinyl groups resulting
in formation of the polymeric lm.28 Dong and Jiang29 pointed
out that the two vinyls linked to the porphyrin ringmay be easily
oxidized to radical cationic vinyls on the electrode resulting in
a macrocyclic conjugated system since the radical cationic
vinyls are conjugated with the porphyrin ring. By collision with
another porphyrin molecule it may easily initiate a radical
cationic vinyl polymerization. Having a good electro-
conductivity due to the porphyrin macrocycle conjugation, the
polymerized iron porphirin lm may facilitate the electron
transfer via the Fe(III)/Fe(II) couple coordinated to the porphyrin
ring on its axes.

Another type of lm develops, however, during the repeated
scans at n-GaAs(100) electrode. The peak potential shi to more
negative values and the rather limited increase of the peak
intensity suggest a more resistive constitution and/or another
mechanism of formation. Other distinct properties of the lms
formed at the two types of electrodes were revealed by the EIS
investigations on these hemin-modied electrodes. The effect
of the applied potential on the phase angle measured at p- and
RSC Adv., 2020, 10, 12318–12325 | 12319
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n-GaAs(100) electrodes in hemin solution aer the formation of
a stable lm illustrated in Fig. 2 reveals a clear distinction
between them. The phase angle is a highly sensitive indicator of
the ionic insulating properties of the organic overlayer.30–32 At n-
GaAs(100), the potential induced changes in the phase angle
appear only in the frequency range (0.3–102 Hz) where the
contributions of the dielectric properties of the organic over-
layer are expected to prevail.33,34 The low values of the phase
angle in this frequency window over the entire potential range
attest the preponderant resistive contributions of the hemin
layer formed at n-GaAs(100) electrode to the interfacial imped-
ance in good agreement with the cyclic voltammetry data.

At p-GaAs(100), the phase angle undergoes changes only
within a rather narrow potential range close to the current peak
observed in the cyclic voltammograms but in the entire
frequency range. Such a pronounced dip in the angle phase–
frequency plot accompanying the interfacial charge transfer
points to major changes not only in the insulating properties of
the overlayer but also in the electronic properties of the semi-
conducting electrode caused by the hemin redox process.

Electron transfer processes at semiconductor electrodes in
contact with a redox couple in dark usually occur via one of the
energy bands depending on the position of the formal potential
of the latter one provided that levels of equal energy exist on both
sides of the interface.35,36 The band edges of the clean p-GaAs(100)
and n-GaAs(100) in PBS solution (pH 7.5) are situated approxi-
mately at the same energy levels since the at band potential, EFB,
of the p-doped one is�0.04� 0.02 V and that of the n-doped one
is �1.43 � 0.03 V, the difference between them being equal with
the semiconductor bandgap. The formal potential of the redox
couple of hemin of �0.36 � 0.02 V is closer to the valence band
edge but, according to Kelly and Notten37 and Schroeder and
Memming,38 its position cannot provide an optimal overlap with
the empty states of this couple since LUMO level of hemin is
estimated at �4.68 eV, i.e. ��0.06 V vs. SCE.39 Surface states
localized within the semiconductor bandgap, originating either
Fig. 2 Effect of the applied potential on the phase angle measured for
hemin-covered p-GaAs(100) (left side) and n-GaAs(100) (right side) in
2 mM hemin in 0.1 M PBS during the cathodic (top) and anodic
(bottom) scan.

12320 | RSC Adv., 2020, 10, 12318–12325
in defects or adsorbed species, may be, however, as well involved
in the charge exchange being able to mediate electron trans-
fer.36,40–43 Electron transfer occurs, in this case, through pop-
ulation of such levels by either the conduction band in n-type or
valence band in p-type semiconductor, yielding different currents
for n- and p-GaAs since the concentrations of electrons and holes
are dopant dependent.44 The higher currents found at p-
GaAs(100) than at n-GaAs(100) (Fig. 1) might be thus related
with the higher dopant concentration of Zn doped GaAs(100)
wafers (p ¼ 1/1.1� 1019 cm�3) than that of the Si doped (n¼ 1.2/
4 � 1018 cm�3) ones, suggesting that the charge transfer involves
the valence band in the rst case and the conduction band in the
latter one.

The presence of the surface states in the GaAs bandgap is
notorious. Our previous investigations revealed an important
group of donor-like surface states centred at about 0.4 eV above
the semiconductor valence band edge,15,17 at p-GaAs(100) and of
another one of acceptor-like surface states located at about
0.7 eV below the conduction band edge at n-GaAs(100).15,17,45

Quite similar to the deep surface states reported in litera-
ture,46–50 they were associated with a missing Ga defect, AsGa-
antisite, considered responsible for the Fermi level pinning on
p-GaAs(100),47 and with an As decit, GaAs, regarded as themain
electron trap in n-GaAs(100),51 respectively. The difference in
their energetic position of 0.3 eV is similar to the difference of
about 0.3 V between the potential values at which occurs the
cathodic reduction of hemin at the p- and n-GaAs(100) elec-
trodes as seen in Fig. 1. We have analysed the impedance data
with the equivalent circuit in Fig. 3, proposed for such a charge
transfer process through surface states by Hens36 and success-
fully applied by Hens and Gomez42 at Fe3+/Fe2+ reaction at n-
GaAs electrode with the only difference that the Warburg
impedance is replaced by a constant phase element with CPE-p
taken constant (0.5).

As seen in Fig. 4, Mott–Schottky plot is signicantly shied
to more negative potentials at the hemin-covered p-GaAs(100)
Fig. 3 The equivalent circuit used to model the EIS spectra and
a typical example of the fitting parameters, where CSC is the semi-
conductor space charge capacitance and the subcircuit consisting of
Rf, Cct, Rct, and CPE describes the charge transfer,42 solid lines
correspond to the nonlinear least-squares fit and symbols represent
the experimental data (, for |Z| and B for phase angle) for n-
GaAs(100) electrode in hemin solution at �0.6 V.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Mott–Schottky plots and j/E profiles recorded during the EIS
measurements for p-GaAs(100) and n-GaAs(100) in 2 mM hemin in
0.1 M PBS during the cathodic (filled symbols) and anodic (open
symbols) potential scans.
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electrode but it remains unchanged at the n-doped one before
the onset of the potential-induced charge transfer. In principle,
the inuence of a redox couple on the apparent at band
potential, EFB, could be due either to adsorption of the redox
components52 or to Fermi level pining at the redox potential of
the solution couple.53–57 The shi of EFB up to the redox
potential of the hemin/hem couple found at the p-doped hemin-
modied electrodes is considered to be the result of the elec-
tronic equilibrium between the redox potential of the couple
and the semiconductor surface states situated above the valence
band edge. In the j/E proles recorded during the EIS
measurements illustrated in Fig. 4a, one may see that when the
bias is applied at the p-doped electrode, the current increases
proportionally to the bias, with no threshold. The origin of this
highly conductive feature should be indeed the large conduc-
tance at the redox process equilibrium and the strong coupling
between the electronic states of the adsorbed species with the
electrode wave functions. A reversible reaction can only occur if
both forward and back reactions via one energy band are fast
which may happen just for redox systems with the standard
potential sufficiently close to one of the energy bands.58 The
observed reversible reaction at hemin covered p-GaAs(100) is
explained thus for hemin/hem redox couple by the pining of the
semiconductor Fermi level at its standard potential.

The band edge position on the potential scale is clearly
a critical parameter for the hemin reduction at GaAs electrodes.
A schematic energy diagram is shown in the ESI† in order to
provide a suggestive description of the relative position of the
conduction (CB) and the valence (VB) band-edges on the elec-
trochemical scale for the bare and the hemin-covered n- and p-
GaAs(100) with respect to the formal potential, E0, of the hemin
redox process in PBS solution. The negative shi of the at band
potential caused by the electronic equilibrium between the
redox potential of the hem/hemin couple and the semi-
conductor surface states located above the valence band edge at
p-GaAs(100) allows an optimal overlapping of the molecular
orbitals of the organic molecule and the valence band of p-
This journal is © The Royal Society of Chemistry 2020
GaAs(100) which facilitates the electron capture from the
semiconductor valence band within a limited potential range.

At n-GaAs(100) electrode, the band edges remain unchanged
before the onset of the charge transfer process. As seen in
Fig. 4b, the steep increase of the cathodic current starts around
the formal reduction potential of hemin and it is accompanied
by a progressive shi to the le of the Mott–Schottky plot. Since
the position of the band edges is shied in the cathodic direc-
tion, the matching of energy levels of the redox system with the
electronic states of the valence band is expected to be improved
suggesting that hemin reduction might proceed in this case
directly via the valence band electrons. However, the direct hole
injection is an unlikely charge-transfer mechanism, at least in
this potential range, since it would involve an anodic shi of the
atband potential, as Notten59 reported for Fe(CN)6

3+ reduction
at n-GaAs due to accumulation of positive charge at the semi-
conductor surface. Therefore, the shi to more negative
potentials of the Mott–Schottky plot accompanying the
pronounced increase of the cathodic current is rather a result of
the charge transfer from the conduction band through surface
state as Hens and Gomez42 found as being the most plausible
reaction mechanism for the cathodic shi observed at n-GaAs
electrodes during the electrochemical reduction of Fe3+ to
Fe2+ ions.

The shis of EFB upon generation of the reduced species of
the redox couple are consistent with Fermi level pinning53

brought about by surface states localized within the bandgap,
and closely related to the changes in the Helmholtz double
layer.60 Vanmaekelbergh41 demonstrated that for such surface
state mediated transfers, it is not possible to separate the
electrical impedance in discrete components, due to the strong
coupling between the relaxation of the surface state occupancy
and the potential drop over the Helmholtz layer. However, the
further shi of the Mott–Schottky plot to more negative
potential observed at p-GaAs(100) as well the hysteresis found
during the anodic potential scan at n-GaAs(100) below �0.6 V
suggests changes in the electrical contribution of the Helmholtz
double layer to the interfacial impedance, coming from changes
in its chemical composition. The potential drop brought about
by applied potential at a semiconductor/electrolyte interface is
shared by both the semiconductor space charge layer formed
beneath the electrode surface and the Helmholtz double layer
developed over the electrode surface. As long as the latter one is
independent of the applied potential, because either it is much
lower than that in the depletion region or its interaction with
the semiconducting electrode is weak, changes in the applied
potential across the semiconductor solution/interface are
primarily reected in the potential drop across the space charge
layer within the semiconductor. However, when the current ow
results in signicant changes in the Helmholtz double layer
composition,61 these may yield shis of the energy bands at the
semiconductor/electrolyte interface reected by the at band
potential position. The XPS investigations on the chemical
composition of the hemin covered GaAs electrodes brought
valuable information in this respect.
RSC Adv., 2020, 10, 12318–12325 | 12321
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3.2 XPS investigations

XPS investigations carried on the GaAs substrates aer their
contact with hemin dissolved in PBS, subsequently rinsed with
water and dried in air, revealed signicant differences in the
chemical bonding of this organic compound with the semi-
conductor surface driven by the dopant type. The presence of
the iron–protoporphyrin adsorbed species on both substrates is
certied by the Fe 2p core level region shown in Fig. 5a. The
peak of lower binding energy (BE ¼ 711 � 0.2 eV) is assigned to
the Fe(III) 2p3/2 spin component while that at higher binding
energy (BE ¼ 724 � 0.2 eV) is assigned to Fe(III) 2p1/2 according
to the previous literature reports.62,63 High broad peak widths at
half height are generally characteristics of paramagnetic
transition-metal ions due to both the multiplet splitting and the
shake-up and the shake-off processes.64,65 The similar intensity
of the Fe 2p core level lines observed on both substrates
suggests comparable amounts of adsorbed hemin. Useful
information concerning the amount of adsorbed hemin is also
provided by the N 1s core-level line (Fig. 5b) coming exclusively
from the porphyrin ring. Although the N 1s spectral region is
superposed to an Auger structure (Ga L2M45M45) when excited
by Al X-ray,8 the N 1s signal evidences quite well the presence of
the hemin species on the sample surface as the signal-to-noise
ratio of the 4 nitrogen atoms in the hemin molecule is signi-
cant. One may see that besides the species with BE ¼ 398.5 �
Fig. 5 Fe 2p (a), N 1s (b), Ga 3d and As 3d (c) core level regions for
hemin adsorbed on p-GaAs(100) (magenta lines) and n-GaAs(100)
(blue lines).

12322 | RSC Adv., 2020, 10, 12318–12325
0.2 eV, typical for the nitrogen atom in hemin resident on GaAs
substrates,39 there is another one, with a lower binding energy
originating in Ga-Auger emission. The intensity of the Ga-Auger
signal in the N 1s spectral region (Fig. 5b) as well as that of the
main substrate core-level lines, As 3d and Ga 3d (Fig. 5c), are
much lower at p-GaAs(100) than at n-GaAs(100) pointing to
a thicker overlayer that may come only from a different
adsorption geometry. Taking into account the large difference
between the molecular dimensions of hemin, with a height of
1.7 nm and a thickness of 0.3 nm (ref. 66) it is reasonable to
suppose a vertical position of the adsorbed molecule on p-
GaAs(100) and a planar one on n-GaAs(100).

This conclusion is further supported by comparing the
proles of the As 2p and Ga 2p core level lines taken for hemin
adsorbed on p- and n-GaAs(100) substrates illustrated in Fig. 6.

In order to distinguish better the contributions of the hemin
bonding, the proles of the same core-level regions taken for
the two substrates aer their simple contact with PBS are also
shown. The lower kinetic energy of the 2p-lines considerably
increases their surface sensitivity as compared to the 3d-lines.
One may see that hemin adsorbed on p-GaAs(100) completely
suppressed both the substrate core-level lines Ga–As (BE ¼
1117.3 � 0.1 eV)/As–Ga (BE ¼ 1323.4 � 0.1 eV)67–70 and those of
Ga–O (BE ¼ 1118.5 � 0.1 eV) and As–O (BE ¼ 1326.1 � 0.2 eV)
species,67–70 which were replaced by two new species with higher
binding energies, BE ¼ 1327.1 � 0.1 eV and BE ¼ 1119.2 �
0.1 eV, assigned to the carboxylate species As–COO and Ga–
COO,12 respectively. These data suggest that hemin is bound on
p-GaAs(100) by its carboxyl groups, known to be responsible for
the self-assembled iron porphyrins on the GaAs surfaces.7,71,72
Fig. 6 As 2p and Ga 2p core-level regions for hemin adsorbed on p-
GaAs(100) (a) and n-GaAs(100) (b) (red lines); black lines represent the
same profiles taken after the contact with PBS.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Cl 2p core-level region for hemin adsorbed on p-GaAs(100) (a)
and n-GaAs(100) (b) in air (black lines) and at the end of the cathodic
potential scan (�1.15 V) (blue lines) and at the end of the anodic
potential scan (�0.2 V) (magenta lines).
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Such species do not appear, however, in the correspondent
spectral region on n-GaAs(100), where the adsorbed hemin
causes only a decrease in intensity of the substrate core-level
lines, As–Ga/Ga–As and a change in their ratio to the oxida-
tion species, As–O and Ga–O, which points to a planar cong-
uration involving only the OH groups of the organic molecule.

The examination of the Fe 2p spectral region of the two
GaAs(100) electrodes removed from hemin solution at the two
limits of the potential window brings more information con-
cerning their particular interaction with the redox couple. As
seen in Fig. 7, each of the two Fe 2p core-level lines is split in two
components on p-GaAs(100) electrode. Fe2+ and Fe3+ species co-
exist at both limits of the potential window, the reduced one
with a relatively higher weigh aer the cathodic potential
excursion, the oxidized one having a relatively higher weigh
aer the anodic potential scan. At n-GaAs(100) electrode,
however, there is a balance between the two iron species only
aer the cathodic excursion, whereas aer the anodic one, Fe3+

species are clearly prevailing.
Surprising is the presence of Cl� ions on n-GaAs(100) elec-

trode, more pronounced at the negative end of the potential
window, as seen in Fig. 8b, unlike the p-GaAs(100) electrode
surface where they do not survive the rinsing with water
following emersion from the electrolyte solution, no matter the
value of the potential is. The Cl 2p spectra recorded in air or
Fig. 7 Fe 2p core-level region for hemin adsorbed on p-GaAs(100) (a)
and n-GaAs(100) (b) at the end of the cathodic potential scan (�1.15 V)
(blue lines) and at the end of the anodic potential scan (�0.2 V) (red
lines).

This journal is © The Royal Society of Chemistry 2020
aer the cathodic and anodic bias is split into 2p3/2 (BE ¼ 198.1
� 0.1 eV) and 2p1/2 (BE ¼ 199.7 � 0.1 eV) components with
1.6 eV separation73 representing Cl� ions.74

The presence of Cl� ions strengthens the conclusion that
Fe2+/Fe3+ ions adsorbed at n-GaAs(100) have a quite different
adsorption conguration than on p-GaAs(100). The stronger
power to attract Cl� ions suggests a lower spin conguration,
that might be favoured by the at orientation of the adsorbed
hemin revealed by lower attenuation of the main substrate core-
level lines, As 3d and Ga 3d (Fig. 5c) discussed above. Fe3+ ion,
which is a d5 system, may exist in one of four possible spin
states: high spin (S ¼ 5/2), intermediate spin (S ¼ 3/2), low spin
(S ¼ 1/2) or spin mixed-state,75,76 depending largely on the axial
ligand. Most of the 5-coordinate ferric porphyrins are known to
form high-spin complexes with chlorine anion as axial ligand,
having the iron atom shied out of the porphyrin plane toward
the ligand.76,77 The low spin congurations where the ferric
atom is located closer to the porphyrin plane provide, however,
better overlap with the metal orbitals resulting in an increased
bond order and shorter iron–ligand bond lengths, and hence,
a high stability.76 Low-spin ions are expected to bind ligands
stronger than high-spin ions not only because they afford better
orbital overlap with the pyrrole rings78 but for there are fewer
antibonding eg electrons too.79

4. Conclusions

CV and EIS investigations on the interaction of hemin with
GaAs(100) in PBS solution revealed signicant differences
between p- and n-doped electrodes. Hemin gives rise to
a reversible redox process at p-GaAs(100) electrode whereas at
the n-doped one, there is only one reduction wave of consider-
able lower current density appearing at potential shied to
more negative values. The effect of the applied potential on the
phase angle pointed out major changes at p-GaAs(100) not only
in the insulating properties of the adsorbed layer, as found at n-
GaAs(100), but also in the electronic properties of the
RSC Adv., 2020, 10, 12318–12325 | 12323
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semiconductor caused by the hemin redox process. Analysis of
the experimental data points to a mechanism of charge transfer
through surface states,36 the observed differences being related
to the location of the surface states with respect to the formal
potential of the hemin redox couple.

XPS data proved that hemin is bound on p-GaAs(100) by its
carboxyl groups and adopts a vertical position favourable to
a polymeric lm formation whereas on n-GaAs(100), the
adsorbed hemin has a planar conguration involving mainly
the OH groups of the organic molecule which may promote
a lower spin state conguration of the Fe ions. Such differences
in molecular orientation and spin state conguration are ex-
pected to control the coordinating properties of the iron ion and
yield signicant differences in its catalytic/electrocatalytic
reactivity so closely related to the steric and electronic effects
of the axial ligands. Therefore, further investigations on the
catalytic/electrocatalytic activity of the hemin-functionalized n-
and p-GaAs(100) toward NO binding,7–9 reduction of H2O2,1

hydroxylamine6 or nitrosamines5 might open new routes for
sensor design approach.
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