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ABSTRACT: Hemin in dimethyl sulfoxide solution has exhibited voltammograms controlled by
diffusion at glassy carbon electrodes for slow scan rates, although it is adsorbed slightly. In
contrast, voltammograms for high scan rates, v > 1V s7L were governed by some kinds of kinetics
judging from the scan rate dependence of peaks. The kinetics is close to that of a ferrocenyl
derivative, in which the currents include the capacitive component with negative values. The
capacitive one can be identified with the proportionality to the scan rates. The variation of the
peak currents with v yielded —200 F cm™. This negative value, being associated with the charge
transfer reaction, makes cyclic voltammograms deviated downward from the diffusion-controlled
behavior, resembling an irreversible reaction of the Butler—Volmer kinetics. Double layer
capacitances are generally formed so that the applied electric field may be relaxed. The reduction
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of hemin forms a dipole coupled with a cation of the salt. The dipole orients from the electrode to the bulk, whereas the solvent
dipoles orients in the opposite direction. Therefore, the capacitance is observed negatively. The capacitance determined by ac
impedance took also negative values when the applied dc potential was only in the potential domain for the charge transfer. These
complications can be avoided in electrocatalysis by use of such slow voltammetry as scan rates of 0.1 V s~ and ac frequency of 0.2

Hz.

B INTRODUCTION

Hemin, known as a natural porphyrinatoiron complex, has
been used to catalyze reductively diongen and hydrogen
peroxide at carbon paste electrodes'™ and carbon fiber
electrodes.” Criteria of the electrocatalysis are enhancement of
the reduction currents and/or positively potential shifts from
the reduction potential of hemin. They can be utilized if
voltammograms of hemin proper are analyzed to determine
peaks without ambiguity. Unfortunately, few reaction mecha-
nisms have been clarified quantitatively”® because of
adsorption and poor solubility.

Hemin has been demonstrated to be adsorbed on carbon
materials,” "' as can be found spectroscopically,'*~"* because
of the high affinity of porphyrin rings to the graphite structure.
However, the adsorption by spectroscopic or visual observa-
tion is not necessarily equivalent to the voltammetrically
predicted behavior of adsorption. If an electrode adsorbs a
redox species so closely packed in monolayer form that the
adsorbed density is 107 mol cm™ or 1 uC mm™> the
adsorbed species is consumed by the faradaic current density, 1
uA mm™> for 1 s. After the consumption, the redox species is
supplied to the electrode from the bulk by diffusion under the
adsorbed state. Therefore, the voltammograms are observed to
show only the diffusion control except for the initial period.
The adsorption information may be revealed in voltammo-
grams at initially short time and/or potential shifts. The hidden
complication in voltammograms resembles the irrelevance of
microscopic surface roughness of electrodes to diffusion-
controlled currents."

© 2020 The Authors. Published by
American Chemical Society
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We try to predict here the voltammetric behavior of hemin
in a wide domain of voltage scan rates, v. The behavior at slow
scan rates may be controlled by diffusion in the bulk without
chemical complications, as was discussed above. This has been
partially demonstrated.”'®'” In contrast, high scan rates may
reveal a surface wave of adsorbed hemin, of which the peak
current is proportional to v. They give rise to charging current,
which is also proportional to v. As a result, the observed
current may be a sum of the two components proportional to
v2 and to v. However, no adsorption wave has been
overlapped with the diffusion current.”® Furthermore, the
peak currents were lower than the diffusion-controlled ones
associated with peak potential shift,"”'*~*" like in complication
by heterogeneous kinetics. This behavior can also be predicted
from the capacitive current brought about by the redox
reactions.”” ** It is important to clarify the true rate-
determining step in order to clarify electrocatalytic criteria
from enhancement of the reduction currents and potential
shifts by scan rates. A key is to characterize an effect of
adsorption on catalysis quantitatively. The present work aims
at solving the complications by fast scan cyclic voltammetry
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and ac-impedance measurements of hemin in dimethyl
sulfoxide at the glassy carbon (GC) electrode and the platinum
one.

B EXPERIMENTAL SECTION

Dimethyl sulfoxide (DMSO), which was distilled under
reduced pressure, was dried with molecular sieves, 3 A.
Hemin (Wako) with nominal 97% purity was stored in a
refrigerator. Tetrabutylammonium perchlorate (TBAP) used
as salt was dried at 60 °C in an oven for 7 h. All
electrochemical experiments were performed in a three-
electrode cell including a Pt wire auxiliary electrode and a
Ag/Ag" reference electrode (0.01 M (M = mol dm™) AgNO,
+ 0.1 M TBAP + DMSO). The working electrode was a
platinum wire 0.5 mm in diameter inserted into the hemin
solution by a given length (ca. 10 mm). The length was
evaluated with an optical microscope. The other working
electrode was a glassy carbon (GC) 3 mm in diameter
commercially available (BAS). The solution was deaerated
with nitrogen gas for 20 min before voltammetry.

A potentiostat used was Compactstat (Ivium, Netherlands)
for cyclic voltammetry and ac-impedance measurements. A
delay of the potentiostat was examined by using a carbon
resistance 1 kQ for a dummy cell, to which cyclic voltammetry
was applied in the voltage domain of 1 V. The maximum
difference in the currents for the forward scan from for the
reverse scan was 3% at 8 V s™'. Ac impedance was obtained at
an ac voltage of 0.01 V in the frequency range from 0.1 Hz to S
kHz.

B RESULTS AND DISCUSSION

Figure 1 shows voltammograms of hemin solution at two scan
rates. The waves in the potential range from —0.5 to —0.3 V
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Figure 1. Cyclic voltammograms of 2.4 mM hemin + 0.15 M TBAP +
DMSO solution at the Pt electrode for (a) v = 0.01 V s™! (in the left
axis) and (b) v = 1.0 V s™' (in the right axis). The arrow means the
direction of the potential scan.

can be attributed to the redox reaction of hemin.”® Not only
the shape of the voltammograms (Figure la) but also the
difference (0.10 V) in the peak-to-peak potential at low scan
rates seems to suggest the diffusion-controlled step (0.06 V).
However, the voltammetric shape for oxidation at high scan
rates (Figure 1b) had a round peak, implying a diffusion-like
process with complications.

Figure 2 shows variations of the peak currents, I, at the Pt
electrode with the square roots of the scan rates in order to
examine whether the current may be controlled by diffusion.
The proportionality of I, for v < 0.15V s7! to v"/% suggests the
diffusion control. The slope of the proportionality for the
reduction peak current enabled us to estimate the diffusion

coefficient, 1.1 X 107% cm® s™'. This value corresponds to a
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Figure 2. Variations of the (a) reduction and (b) oxidation peak
currents with the square roots of the scan rates at the Pt electrode in
2.4 mM hemin + 0.15 M TBAP + DMSO solution.

molecule 1.6 nm diameter in DMSO solution by the Stokes—
Einstein equation for the viscosity of DMSO at 20 °C. From
the ratio (0.9) of the slope for the oxidation currents to that for
the reduction one in magnitude, the diffusion coefficient of
reduced hemin is smaller than that of hemin by 0.8 times. This
fact indicates that the reduced hemin should be solvated to
increase the hydrodynamic diameter. Almost the same
behavior as the above was obtained at the GC electrode.
Therefore, there was no proof of a surface wave by adsorption
even at the GC electrode. For scan rates higher than 0.15 V
s7!, the plots deviated lower from the proportionality. If
faradaic reactions of adsorbed hemin would bring about a
surface wave being proportional to v, the plots might deviate
upward from the proportional line in Figure 2. The lower
deviation indicates that adsorbed hemin should not contribute
to the voltammograms.

In order to demonstrate participation in the adsorption, we
measured voltammograms in the TBAP + DMSO solution at
the electrodes that were immersed into the hemin solution for
2 h in advance. Figure 3 shows the voltammograms at the (a)
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Figure 3. Linear sweep voltammograms in 0.15 M TBAP + DMSO
solution at (a) the GC electrode and (b) the Pt electrode for v=0.1 V
s”! obtained after immersing the electrodes into hemin + DMSO
solution for 2 h.

GC electrode and (b) Pt electrode before (dashed curves) and
after (solid curves) the immersion. The voltammograms take a
frequently observed capacitive shape. Currents at —0.2 V were
proportional to the scan rates less than 0.2 V s™'. The slopes
provided values of the double layer capacitance, 90 and 20 uF
cm™?, for the GC and the Pt electrode respectively. The Pt
electrode showed the overlapped voltammograms, indicating
unrecognized adsorption. In contrast, the GC exhibited the
reduction and the oxidation waves of hemin after the
immersion. Therefore, the GC adsorbs hemin. The area,
denoted as S in Figure 3a, at the reduction wave at —0.4 V
shows the charge density of ca. 107" mol cm™2, suggesting

monolayer adsorption.”>> A possible reason of the adsorption
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of hemin to carbon materials is the high affinity of porphzrrin
rings to the graphite structure, as found by spectroscopy.'”~"*

We examine the faradaic voltammograms of dissolved hemin
at various scan rates rather than adsorbed hemin. Figure 4
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Figure 4. Dependence of (g, c) the reduction and (b, d) the oxidation
peak potentials on the logarithmic scan rates at the Pt (a, b) and the
GC (¢, d) electrodes in 2.4 mM hemin + 0.15 M TBAP + DMSO
solution.

shows variations of the peak potential, E,, with the logarithmic
scan rates. The difference in the two peak potentials becomes
larger with an increase in the scan rates, as similar to the
reported result.'”*® This type of variations has often been
explained in terms of the ohmic loss by solution resistance and
sluggishly heterogeneous charge transfer rates. According to
the ac-impedance measurements to be described later, the
solution resistance was ca. 170 Q, which yields only 12 mV
shift even at I, = 70 yA (for v = 1 V s7"). Therefore, the
solution resistance does not cause such a noticeable peak
potential shift as in Figure 4. The other possibility of the peak
potential shift is sluggish charge transfer rates,”® a typical of
which is a Butler—Volmer-type irreversible reaction. The
theory has stated'” that peak potentials for irreversible
reactions should shift linearly with log v and that the peak
current should be proportional to v/* with the slope less than
that of the diffusion-controlled current. On the other hand, our
experimental results showed that the peak potentials for v > 0.1
V 57" were shifted linearly with log v for v > 1 V's™" at both the
Pt and GC electrodes. The magnitudes of the slopes at the Pt
electrode were 80 and 170 mV for the reduction and the
oxidation peaks, respectively, whereas those at the GC were
150 and 60 mV. Applying the Butler—Volmer kinetics to these
results yields the cathodic and the anodic transfer coeflicients,
0.74 and 0.3S for the Pt, respectively, and 0.39 and 0.98 for the
GC. The validity of the Butler—Volmer kinetic equation can be
verified theoretically not only by the linearity in E;, vs log v
plots but also by the unity of the sum of the anodic and the
cathodic transfer coefficients. However, the sum of the
coefficients for the GC, 1.4, disagrees with the kinetic theory.
Furthermore, non-proportionality (zero intercept with a line)
of I, with v'/% for v > 1.0 V s™! in Figure 2 is inconsistent with
the theory. Therefore, the current is not controlled by
irreversible reactions. Some reports on hemin have explained
the shift in terms of the heterogeneous kinetics.”"*°

The other possibility of both the downward deviation in
Figure 2 and the potential shifts in Figure 4 is the participation
in the negative capacitance associated with the redox
reaction.”””"**” It is based on the following concept.”®
When a potential cathodic enough to reduce hemin is applied
to the electrode, the electric field near the electrode is directed
from the solution to the electrode, as illustrated in Figure S.
Then, dipoles of solvent DMSO, abbreviated as >S*—0O7, are

Electrode

Figure §. Illustration for orientations of DMSO (>S*—0~) dipoles
and a dipole of reduced hemin™ and TBA" cation by the applied
electric field of which the intensity is large enough to reduce hemin.

oriented on the electrode in the direction along the electric
field. The orientation works as relaxing the intensity of the
field. The negative charge on the reduced hemin is necessarily
neutralized by cations, of which the main species is
tetrabutylammonium cation (TBA*), to work as an electric
dipole. The dipole is oriented from the electrode to the
solution, opposite to both the electric field and the DMSO
dipoles. When oriented DMSO dipoles show double layer
capacitive current by time variation of applied voltage, the
dipoles of the reduced hemin should exhibit the opposite sign
of the capacitive current so that capacitive values by DMSO are
suppressed. Only low concentrations of solvent dipoles can be
oriented in the direction of the electric field [30] because of
dipole—dipole interactions. If the concentration of hemin is
higher than that of the oriented DMSO, the capacitive value by
hemin dipoles overcomes that of DMSO in magnitude. Then,
the observed capacitive values are measured to be negative.

The observed reduction peak current including the
negatively capacitive current is represented by22

—I, = 0.446AFc*(FDv/RT)"? + C v 1)

where C, is the negative capacitance by the redox reaction, A is
the geometric area of the electrode, F is the Faraday constant,
c* is the bulk concentration of hemin, D is the diffusion
coefficient of hemin in DMSO, R is the gas constant, and T is
the temperature. Equation 1 means that —Iv ~/2 should be
linear to v /2 Figure 6 shows plots of =L,y '/ at (a) the Pt

N
@ o
(=1 [=]

D
[=1

N
o

-1/2 -1/12_1/2
-l pA Vs

N

o

.

=

0.5 1 1.5
V1/2 / V1/2$-1/2

Figure 6. Variations of —I,v ~12 with v /2 for (a) the Pt electrode and
(b) the GC electrode.

electrode and (b) the GC electrode against v'/% exhibiting
each line as predicted from eq (1), where the values of the
intercept are the same as the slopes of I, vs v'/2 at slow scan
rates. The negative slopes imply that the capacitance should be
negative, —100 uF cm™? for the Pt electrode and —50 yF cm™>
for the GC electrode. The difference in the two values will be
discussed in the ac-impedance section. The former value is
three times larger than the conventional DLCs.””°

The negative capacitance has been able to be observed
accurately with ac impedance.”””" Real, Z;, and imaginary
parts, Z,, of ac impedance were measured at the platinum
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electrode in the hemin solution at various dc potentials. The
Nyquist plots, Z, vs —Z,, in the polarized dc-potential domain
(—0.80 < E/V < —0.48, —0.27 < E/V < 0.0) fell on a line with
a slope of 5.7 + 0.1 and the intercept on the Z, axis, which
corresponds to the solution resistance, R, = 170 Q in the 0.15
M TBAP + 2.4 mM hemin + DMSO solution. First, we pay
attention to the ac current in the polarized potential domain.
The definitions of the capacitance in electromagnetics and the
time derivative of the charge yield the current density””

j=d(CV)/dt = C(dV/dt) + V(dC/dt) = (i + H)wCV

@)
for the ac voltage, V = V, ™, and the power law, C = Cyy,f -
where i is the imaginary unit, @ is the angular rate of ac
voltage, f is the ac frequency (f = @/2x), A is a constant close
to 0.1, and C,yy, is the capacitance at f = 1 Hz. Then, the real
and the imaginary admittances, defined by Y = Y, + iY, = 1/Z,
are represented explicitly as

Yl = ZEACIHzfl_A = (Zl - RS)/{(ZI - Rs)z + ZZZ}
(34)

Y, = 22Cyy, f 7 = =Z,/{(2, = R)* + 2,7} (3B)

Logarithmic plots of Y, and Y, with the frequency exhibit
lines, as shown in Figure 7a,b. The slope and the intercept for

log(f/Hz)

Figure 7. Variations of (a, ¢) Y; and (b, d) Y, with the frequency on
the logarithmic scale for E4. = (a, b) —0.1 V and (¢, d) —0.4 V in 0.1S
M TBAP + 2.4 mM hemin + DMSO solution at the Pt electrode. The
slope of (b) is 0.903 or 4 = 0.097.

the line of Y, can evaluate A and C,3, more accurately than for
Y,. The higher accuracy of Y,, which is larger than Y, by ca.
one order in magnitude, is due to the ac current mainly caused
by the capacitance.

When an electrode reduction occurs at a cathodic potential,
the generation of a negative charge on the electrode conflicts
with the relaxation of the electric field which is brought about
by the orientation of solvent dipoles (see Figure 5). This effect
blocks the orientation of solvent dipoles so that the observed
capacitance decreases. The further decrease makes the
observed capacitance take a negative value, especially at high
concentrations of the redox species.”””’ The diffusion-
controlled ac impedance caused by redox reaction is expressed
by the Warburg impedance, in which the real admittance takes
a same value as the imaginary one does. The difference
between the two cancels the diffusion component of the
admittance, and hence it tends only to the capacitive
component. The difference in eq 3 retains only the
contribution of the capacitive admittance:

Y, = Y, =2a(1 = A)Cpy, f )

Figure 7¢,d shows the frequency dependence of Y, and Y,
observed in the dc potential (E;) domain for the faradaic

reaction. The finding of Y; > Y, implies that (1 — 1)Cyy,
should be negative or C,y, should be. In contrast, we found Y;
<Y, or Cjyy, > O in the polarized potential domain (a, b).
Figure 8 shows variations of log[—(Y, — Y;)] with log f for
three values of E4. in the potential domain for the faradaic

logl(Y; - Y3)/ S]

log(f /Hz)

Figure 8. Variations of —(Y, — Y;) with the frequency on the
logarithmic scale for Eq. = (a) —0.45 V, (b) —0.40 V, and (c) —0.3S
V.

reaction. The plots fall on each line, of which the slope and the
intercept provide A and C,yy,, respectively. The intercept values
become large as the dc potential tends to the standard
potential of hemin. Figure 9 shows the dependence of the

100 T — T T T
@ 5
oo-oo-% N ofoo000 Y

08 06 04 02 0 °

E,. !V vs. Ag|Ag”

Figure 9. Dependence of Cy, and A on Ey at (A) the Pt electrode
and (B) the GC electrode.

determined C,, and A on E,. at (A) the Pt electrode and (B)
the GC electrode. Cyy, in the reacting potential domain
(—0.45 < E4./V < —0.30) takes negative values, whereas it
remains almost a constant close to the conventional values of
the DLCs (22 uF cm™2 at the Pt electrode and 100 uF cm™ at
the GC electrode) in the polarized domain. These potential
domains should be compared with those of the voltammo-
grams in Figure 1. The increase of 4 in the reacting domain
implies that the frequency dispersion should be strong or that
the generated charge in hemin molecules should be fluctuated
by diffusion toward the solution bulk. The minimum values of
C,g, Were ca. —220 at the Pt electrode and —150 uF cm™ at
the GC electrode. The differences between the minimum C,,
and the DLC value are (22 + 220) uF cm ™2 at the Pt electrode
and (100 + 150) uF cm™ at the GC electrode. The common
value (250) indicates that it cannot be attributed to properties
of DLCs depending on surface porosity or roughness but
should be caused by diffusion currents independent of the
porosity or the roughness.'®

https://dx.doi.org/10.1021/acsomega.0c04384
ACS Omega 2020, 5, 29447—-29452


https://pubs.acs.org/doi/10.1021/acsomega.0c04384?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04384?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04384?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04384?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04384?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04384?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04384?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04384?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04384?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04384?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04384?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04384?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c04384?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

We summarize several capacitive values in Table 1, through
which we can discuss effects of the capacitance on electrode

Table 1. Several Values of Capacitances at the Two
Electrodes by the Two Methods

DLC (uF cm™) C, (uF cm™)
electrode AC (Y AC CcvV
Pt 22 20 —200 —100
GC 100 90 —200 -50

materials and the electrochemical methods. The value of the
DLC at the GC electrode was three times larger than that at
the Pt electrode, probably because of pores of the GC surface,
which works as adsorption of hemin. In contrast, the negative
capacitance is caused by the faradaic currents, and hence it
depends only on the diffusion current rather than the
microscopic surface structure of the electrodes. As a result,
the value of C, by the ac impedance is common for the Pt
electrode and the GC electrode. On the other hands, values of
C4 by CV depend on the kinds of electrode materials because
they include values of DLC owing to coupling of the time
dependence with the potential dependence. Especially, the
latter is significant when the scanned voltage domain is wide as
used for current control in charging-discharging processes.””

B CONCLUSIONS

Voltammograms of hemin in DMSO solution exhibited
diffusion-controlled currents both at the GC and Pt electrodes
although adsorption of hemin at the GC electrode is detected
voltammetrically as mono-molecular adsorption. The diffusion
control is not contradicted with the adsorption the observed
current is independent of the amount of adsorbed hemin on
the electrode. The difference in the controlling steps, i.e., the
diffusion being proportional to v'/? while adsorption being to v,
generally makes adsorption waves prominent at fast scans.
However, fast scans suppress the current by the amount of
proportional to v. This can be attributed to the negative
capacitance caused by the reduction of hemin in solution,
which gives rise to peak potential shift and the lower deviation
from the proportionality of the peak current to v'/2 The
negative capacitance can be demonstrated to be caused by the
faradaic reaction because of the observation only in the
potential domain of the redox reaction. The values of the
negative capacitance are common to the Pt and the GC at a
given value of the diffusion current, whereas the two kinds of
the electrodes exhibit individual values of the DLCs. The
potential shifts and the deviation of the peak current from the
proportionality are nonessential to reaction mechanisms of
hemin but belong to an inevitable observation associated with
data acquisition at a short time.

The negative capacitance caused by charge transfer
reduction is responsible for the formation of negative redox
charge on an electrode. The formation enhances the electric
field in the electric double layer, although the field should be
decreased in nature by bringing about DLCs. As a result, it
causes capacitive current in the direction opposite to the
current through the DLCs. This is observed as a negative
capacitance. This concept seems reconstruction of ions at
double layers, but there is no reconstruction of molecules or
charges.
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