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Abstract

The adsorption and oxidation behavior of rutin was studied by in-situ UV spectroelectrochemistry in a long optical-path thin-layer
electrochemical cell with a graphite-wax electrode. The dynamic UV spectra of rutin under potentiostatic oxidation were recorded, which
indicated the formation of o-quinonic structure. During the repetitive cyclic potential scans, cyclic voltabsorptomogram was recorded at the three
characteristic wavelengths 346, 254 and 296 nm, respectively. The profiles obtained showed two types of concentration fluctuation of species in
solution, resulting from adsorption/desorption and redox reaction, respectively. Using derivative cyclic voltabsorptometry the contribution of the
species in solution to the total current was estimated, and then the current of every step involved in the proposed redox mechanism was obtained
for the first time. The result shows that rutin underwent a nearly reversible redox reaction in which the total current is mostly due to the
contribution of adsorbed species. The present work developed cyclic voltabsorptometry into a useful tool for investigating redox process involving

coupled adsorption/desorption steps.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Flavonoids, a large group of naturally occurring polyphenols,
are widely distributed in plants, fruits, and vegetables and are
important constituents of the human diet. The oxidation of
flavonoids is of great interest because of their action as antioxidants
with the ability to scavenge superfluous superoxide free radicals in
human body [1,2] by means of electron-transfer processes. Owing
to the antioxidant ability, they can prevent DNA and cells from
oxidative damage [3], and then possess a wide range of
pharmacological activities such as antitumor, anti-inflammatory
and antiaging, etc. Rutin (Scheme 1) is one of the most abundant
flavonoids in the human diet. Up to the present, rutin has been used
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clinically as the therapeutical medicine [4,5], and over 130
preparations containing quercetin or rutin are registered as drugs
worldwide [6].

Electrochemical methodologies have been widely used for
investigating flavonoids mainly on oxidation mechanism [7—10],
electrochemical determination [11,12], metal-chelating properties
[13], interaction with DNA [14], evaluation of antioxidant capacity
[15], and superoxide-scavenging ability [16], etc. Brett and her co-
workers detailedly studied the oxidation mechanism of rutin [8],
quercetin [9] and catechin [10] using various voltammetries, and
discovered that all these flavonoids and their oxidation products
can adsorbs strongly on the electrode surface. From this it can be
known that adsorption probably plays an important role for the
oxidation activity of flavonoids, which attracts us to explore the
contribution of adsorbed species to the total redox current.
However, it is difficult experimentally to distinguish between the
signals from adsorbed species and from the same species in
solution. In theory it also has to be assumed that the rate of reaction
of adsorbed species is much greater than of species in solution
because of the mathematical difficulty.
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The combination of cyclic voltammetry and spectrophotom-
etry offers the possibility of recording simultaneously the
changes in current and absorbance with potential [17,18]. The
latter can reflect the change in concentration of the species in
solution. Based on this it is possible to subtract the contribution
of the species in solution from the total current. For this
objective the multi-cycle cyclic voltabsorptomograms were
recorded at three characteristic wavelengths of rutin in a simple
and reliable long optical-path thin-layer electrochemical cell. A
graphite-wax electrode (GWE) was used as working electrode
because the carbon-wax electrode has advantages of low
background currents, low noise and fast base line stabilization
[19]. Using derivative cyclic voltabsorptometry [17], the
contribution of the species in solution to the total current was
estimated, and then the current of every step involved in the
proposed redox mechanism was obtained for the first time.

2. Experimental
2.1. Chemicals and solutions

Rutin is reagent-grade materials from Shanghai Chemical
Works (Shanghai China). Spectrograde graphite powder (320
meshes, Shanghai Chemical Works) was used for construction
of GWE. Doubly-distilled water from an all-glass distillatory
apparatus was used. High pure N, was used for solution
deaeration. All other chemicals were of analytical grade from
Shanghai Chemical Works (Shanghai China).

The 0.2 M Britton-Robinson buffered solutions (BRS)
containing 0.5 M KCI with various pH values were prepared
as the supporting electrolytes. With the aid of ultrasonication,
1.0 mM stock solution of rutin was prepared with ethanol, and
stored at 4 °C in a refrigerator before used. Before used it was
diluted to various convenient concentrations by mixing with
buffer supporting electrolyte.

2.2. Apparatus

UV-—Vis absorption spectra and kinetic curves were
measured using a model UV-2500 spectrophotometer with
UV probe data software (Shimadzu, Japan).

Electrochemical measurements were carried out on a model
CHI 660 microcomputer-based electrochemical analyzer
(CHENHUA, Shanghai, China). Three-electrode system was
used, which is consisted of a graphite-wax disk working
electrode (GWE), a platinum grid counter electrode, and a Ag/
AgCl/KClg, reference electrode.

2.3. Cell design

A long-path length thin layer UV—Vis spectroelectrochemical
cell (shorted as SE-cell) was constructed as shown in Fig. 1. The
cell was a commercial available quartz photometric cell (1) with an
optical path length of 10 mm, containing three electrode system. A
graphite-wax plate working electrode was used, the detailed
structure of which is shown in Fig. 1B. Dry graphite powder and
pre-molten wax were mixed (5:2 w/w) thoroughly in an agate
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Scheme 1. Molecular structure of rutin.

mortar, then crammed into the quadrate hollow space
(8 mmx9.6 mm) on a polyethylene strip plate (2) and led out
with an embedded copper foil (3). The GWE was polished to a flat
surface with emery papers and then covered with a PTFE plate (4),
on which 9 holes of 0.1 mm diameter (5) were drilled
symmetrically against the GWE. The slit (6) of 0.2 mm for light
path was formed using two spacers (7). The surface area of the
GWE and the thin-layer solution can be estimated as 77 mm? and
16 pL, respectively. A counter electrode (8) was placed in the cell
outside the PTFE plate (4), and led out the electrolysis current from
the GWE through the holes on the PTFE plate. The reference
electrode (9) was placed in the other side of solution (referred as the
reference chamber), which was connected to the thin-layer solution
through a small slot (10) lies on the side edge of the GWE.

2.4. Procedure

Before experiment, the electrochemical cell was washed with
water and ethanol successively for 1 min under ultrasonication. All
the experiments were carried out at room temperature (22+1 °C).

Rutin solutions were bubbled with N, for about 15 min to
remove dissolved oxygen before put into the cell. The GWE
was degreased with ethanol for 3 min and then washed with
water before each measurement.

For spectroelectrochemical experiment, a 1.0-ml portion of
rutin solution was injected into the SE-cell through the thin-
layer chamber and then infiltrated into the two side chambers,
ensuring no gas bubble in the thin layer compartment. An in-situ
UV-Vis absorption spectrum was measured during the thin-
layer solution was electrolyzed at a steady potential. On the
other hand, kinetic absorbance monitoring coupled with CV
scans were taken at certain wavelengths to follow the
concentration changes of species in the thin layer solution.

Considering the strong adsorption of rutin on GWE, a pre-
accumulation step was always performed in open circuit. The
accumulation time of 400 s was used in this work.

3. Results and discussion
3.1. Thin-layer behavior of the spectroelectrochemical cell

The performance of the thin layer cell was tested by obtaining
cyclic voltammogram (CV) of a known reversible redox couple.
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Fig. 1. Long optical-path thin layer spectroelectrochemical cell. (A) Front view of the cell; (B) Side view of the GWE and (C) Side view of the PTFE counter plate:
(1) 1-cm quartz cell; (2) GWE plate; (3) copper foil lead; (4) PTFE counter plate; (5) current channels (¢ 0.1 mm) on the plate; (6) slit for light path; (7) thin-layer
spacers (0.2 mm thickness); (8) Pt grid counter electrode; (9) Ag/AgCl/KClg,, reference electrode; (10) reference channel.

Fig. 2A illustrates a multi-circle CV profile recorded in a aqueous
solution of I mM Fe(CN); *~ plus 1.0 M KCI. The peak-to-peak
separation, AE,, is 43 mV at a scan rate of 1 mV s '. This small
value of AL, less than the 57 mV expected for the le  process in
the bulk CV experiment, indicates that even at the relatively large
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Fig. 2. Multi-cycle thin layer CV (A) and CVA (B) of I mM K;3Fe(CN)g.in the
SE-cell with a GWE working electrode. Supporting electrolyte: 1.0 M KCI; scan
rate: | mV s~ '; wavelength: 420 nm.

layer thickness (0.2 mm), the cell shows characteristics tending
toward the theoretical value (AE,=0 mV) predicted for a thin
layer. Small edge effects were present as shown by the fact that the
current largely approached the baseline after electro-reduction.
Fig. 2B was the cyclic voltabsorptomogram (CVA) recorded
simultaneously with Fig. 2A; it shows the typical variation of
absorbance with potential in a thin layer cell. The characteristics of
exhaustive electrolysis can be seen in Fig. 2B — the below
horizontal line means that the electroactive species has fully
transformed to its reduced form, K4Fe(CN)g, and the above to its
oxidized form, K3Fe(CN)g. Comparison of Fig. 2B with Fig. 2A
clarifies real-time response of absorbance to concentration
variation of the species in the thin layer during the electrode
process.
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Fig. 3. CVs of 10 pM rutin recorded at scan rate 100 mV s~ '. pH: (1) 1.8; (2) 3.3;
(3)5.7;(4)7.0; (5) 8.0; (6) 8.7; (7) 9.2. Inset: pH-dependencies of peak potentials
of Al (a) and its counterpart peak C1 (b).
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Fig. 4. Thin-layer UV absorption spectra of rutin during potentiostatic oxidation
at 0.60 V in 0.1 mM rutin (pH 1.8). Spectral tracing was repeated every 50 s
after the potential was applied. The first line was recorded before electrolysis.

3.2. Adsorption characteristic of CV peaks

The CVs of rutin (Ru) were recorded in a conventional cell
with the GWE working electrode, as shown in Fig. 3. A couple
of well-shaped CV peaks A1/C1 appeared corresponding to the
redox of the 3’,4’-dihydroxyl groups at B-ring of rutin [8,11].
The slope of peak potentials (£,) vs. pH was found to be
—57 mV/pH for Al and —58 mV/pH for C1 (Fig. 3, inset),
respectively, indicating an equal number of electron and proton
involved. At the same time the currents of both the peaks
decreased obviously with the increase of pH. Since acidic
medium is advantageous to the oxidation of rutin, pH 1.8 was
selected for the following investigation.

It is worth while to discuss the small peak-to-peak separation
(AE,) of A1/C1 couple. For example, AE, was only 18 mV
when pH=1.8. This separation decreased further with the
decrease in scan rate. At scan rate of 5mV's™ ' AE, was as small
as 7 mV. Such a small AE, in a conventional cell suggests a
couple of nearly reversible adsorption waves [20]. The
adsorption of rutin on the GWE was also demonstrated by
measuring the absorbance of the thin-layer solution in open
circuit — the absorbance decreased with time until approaching
a stable value. About 400 s was needed for adsorption equi-
librium in open circuit, so a pre-accumulation time of 400 s was
used in this work.

3.3. Dynamic UV spectra at constant potential

The thin layer UV—Vis spectra of rutin (0.1 mM, pH 1.8)
were measured repeatedly before and during controlled-
potential electrolysis at 0.60 V to investigate the oxidation
process in peak Al (Fig. 4). Rutin exhibits two characteristic
absorption bands of flavonoid compounds at 346 nm (band I)
and 254 nm (band II), along with a very weak band at 296 nm
(band III). By means of theoretical investigation of the
molecular structure, band I of flavonoids was considered to be
primarily due to the HOMO-LUMO transition, for which the
electronic charge density is mainly withdrawn from the B-ring

to C(4)=0O bond [21]. It is well-known that the band I of
flavonoids corresponds to the B-ring portion (cinnamoyl
system) and band II corresponds to A-ring portion (benzoyl
system) (Scheme 1) [22]. In addition, hydroxyl groups at the
carbon rings have more or less influence on these two char-
acteristic bands in both intensity and location, depending on the
position and number of hydroxyl groups. As for band III few
reports and analyses are available, since it is either absent or
considerably diminished in intensity for many flavonoids.
Presumably the band III may be related to the keto-hydroxyl
tautomerism between 4- and 7-positions of rutin molecule,
leading to a quinonic resonant structure as suggested for
quercetin [23].

Fig. 4 shows that band I of rutin decreased largely during
electro-oxidation at 0.60 V, simultaneous with a few rise of
bands II and III. It is well known that the 3’,4’-OH groups at B-
ring can enhance band I but weaken band II. Contrarily, the OH
groups at A-ring (especially 5-OH) usually intensify band II and
weaken band I. For a flavonoid compound with OH groups only
at A-ring, band 1 is generally a very weak shoulder peak.
Therefore, the spectral change shown in Fig. 4 supports the
carbonylation of the 3’,4’-OH groups at B-ring, which causes
the loss of the electron donating ability of B-ring. In addition,
band II of rutin is a superposed double-peaks (Fig. 4, the first
line), due to the effect of 3/,4’-OHs at B-ring. It became a single
peak after subjected to the electro-oxidation, also suggesting the
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Fig. 5. Multi-cycle thin layer CVs (A) and CVAs (B) and DCVAs (C) of 0.1 mM
rutin (pH=1.8). Scan rate: 5 mV s '; wavelength: (I) 346 nm, (II) 254 nm, (III)
296 nm.
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Table 1
Current of each step in rutin redox mechanism during 4-cycle CV scan (original
data from Fig. 5)

Step Current Current value (pnA)
type 1 2 3 4

(1) iad,(l)b 0.21 0.17 0.18 0.20
2) i ad,(2) 27.7 31.3 344 36.8
3) i dif,3) 2.52 2.19 1.92 1.81
“4) p dif,(4) 291 2.79 2.54 2.40
(5) ip ad,(5) -26.0 —34.1 —38.8 —41.1
(6) p dif,(6) -2.04 -1.72 -1.62 -1.56
(7) i dif,(7) —1.60 -1.31 -1.30 -1.24
®) fad(8) —0.18 -0.17 —0.18 -0.19

“The number of cycling, 7cy..
® °The rate of adsorption or desorption (see Eq. (2)), expressed in current form.

variation of 3/,4’-OH groups at B-ring. The carbonylation of
3’,4'-OHs was probably favorable to the quinonic resonant
structure, leading to stronger absorbance in band III.

In the following investigation, the absorbances at all three
bands (4346, A>54 and A,9¢) were utilized to follow the change
in concentration of Ru and its oxidation product RuQ in the thin
layer solution during the cyclic potential scan.

3.4. Thin-layer cyclic voltammetry—voltabsorptometry

During the repetitive CV scans between 0.0 and 0.7 V the
CVAs were recorded at three wavelengths, 346 nm, 254 nm and
296 nm, respectively, as shown in Fig. 5B along with the
corresponding CV in Fig. 5A for comparison. Whichever
wavelength was set, the absorbances presented two periodical
waves within one circle of scan. One of the waves, which was
marked with sign “O/R”, corresponded to the anodic switching
of scan. In the left branch of wave O/R, 4344 decreased at
relatively fast rates whereas 4,54 and 4,94 increased, indicating
the decrease of rutin and the increase of product (RuQ) in the
thin layer due to the oxidation reaction in peak A1. The contrary
changes in absorbances occurred in the right branch of wave O/
R, associated with the reduction of RuQ in peak Cl1.

Another absorbance wave, marked with sign “D/A”,
occurred synchronously with the cathodic switching of scan.
No CV peak appeared in this potential range, so the wave D/A
can be attributed to the effect of potential on the adsorption/
desorption phenomenon. After regenerated in peak CI1, rutin
was driven away from the electrode surface into the thin layer
by interfacial electric field with the potential negative-going,
and re-adsorbed onto electrode after the potential was reversed.
This Desorption/Adsorption step led to the increase and
decrease in absorbance at all three wavelengths before and
after the cathodic switching of potential, respectively.

On the basis of above analysis, it is clear that both the pre-
adsorbed species and those in solution were involved in the
reactions of peaks Al and CI, via the adsorption/desorption
steps in series with the electron transfer step. The interfacial
process during CV scan may be described as follows:

(1) adsorption

Rusor et prior to peak Al

Ruyq

2)—2H"—2e~
Rugg 27272 RuQyy | ()desorption
(3)—2H"—2¢" Apsi 296346 1 RuQo at Al
Rus, RuQ 254,296,346
SOl 4554296346 | ad
5)+2H" +2¢”
RuQ,4 Hﬂ Ruyg (7)desorption
RuQ M Ru. Aas4296346 1 RuSOI at C1
SOl 454206346 ) ad
(8)desorption ft k
Ruy p— Rug after peak C1

From the Lambert—Beer’s law it can be known that the
change of absorbance (A4) is proportional to that of volume
concentration (c) of species in solution:

dA4 de
-4y (1)

where ¢ is the molar extinction coefficient at characteristic
wavelength, / is the pathlength of the light through the solution.

For the pure adsorption and desorption steps (1) and (8) of
Ru, we can deduce the rate of adsorption/desorption under the
action of potential scan:

dr Ru chu
dt dt

_
T erdd dt

(2)

where IR, is the extent of adsorption of Ru on the surface of
electrode, Vis the cell volume. In order to obtain the derivative
of absorbance 4 with respect to time f, the corresponding
derivative cyclic voltabsorptomogram (DCVA) was computed
from the CVA data in Fig. 5B, as shown in Fig. 5C, which
shows an excellent agreement with the CV data in Fig. 5A. In
the potential ranges where adsorption step (1) or desorption step
(8) occurred, the DCVAs showed roughly a negative or positive
plateau, respectively. Here dIly,/df was estimated from the
d A,96/dt plateau value via Eq. (2) by putting V'=16 uL, /=1 cm,
€206(Ru)=1.046x 10" cm® mol " (All & values in this work are
from experiment). By a transformation using the Faraday’s law,
the result was expressed in current form (see Table 1), iyq1) and
ipa,s), for comparison with the rate of other steps.

Each profile in Fig. 5C presents two differentiated waves, A1’
and C1’, corresponding to the CV peaks Al and C1, respectively.
Both pre-adsorbed species and those in solution contribute to the
total current in these two peaks. The adsorption contribution results
from steps (2) and (5) while that of diffusion is from steps (3) and
(6). The latter is possible to be estimated from the differentiated
waves. Because both Ru and its product RuQ in solution contribute
to the absorption at three characteristic bands (see Fig. 4), the
superposition of signal should be considered. At wavelength
346 nm and 254 nm, respectively, we have

d4 dcra dcgry
% = 8346,Ruld—l; + 3346,Rqu%Q (3)
dA4 de dc

dZtS4 = &54,Rul Tl;u + €254 RuQ! %UQ (4)
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By solving these simultaneous equations we get

dery _ 8346 RuQ dAss  €54RuQ dA4346 (5)
dt [Aee  dt [Age  dt

deru _ €2s4rudA346  &346,Ru dd2s4 (6)
dt [Aee dt [Age  dt

where A&&=€346 RuQ8254,Ru~ €346,RuE254,RuQs> 1N WhiCh €346,r0=
1.663x 107 em” mol ™', &554,r,=1.982x 107 cm® mol ™', e346,ru0=
0.645x10" em®* mol™' and e54,ru=2-225%10" cm” mol .
Combining Egs. (5) and (6) with the Faraday’s law [24] leads to

. e346,RuQ 4254 €254 RuQ dA346
: = 2FV - 7
it 3)/() : ( [Aee  dt [Aee  dt @

Esa.ru dA346  E346,Ru dA254) (8)

Lit,(4)/(6) = ZFV( [Ace  dr [Aee  dt

where igir(3)(7) 1s the diffusion contribution from step (3) or (7), igit
@y 18 that from step (4) or (6), other symbols have their usual
meanings.

Reading the peak values of differentiated waves A1’ and C1’
in the DCVAs, (dA346/df), and (d45s4/d?),, and substituting in
Egs. (7) and (8), we obtain the peak currents of steps (3), (4), (6)
and (7), iy qirj) (j=3, 4, 6, 7), respectively. On the other hand,
the peak current of adsorption reaction (2), ipaq2), can be
obtained by subtracting that of step (3), 7, gif,(3), from the total
peak current 7,(Al) (after background correction) in Fig. 5A.
Also, for adsorption reaction (5), iy ad,(s)=ip(Cl) =i} dif(6)-
Results are also listed in Table 1, from which we can know:

L ip,ad,(2) > l'p,dif,(g,), ip,ad,(S) > ip,dif;(G), that iS, the contribution of
adsorbed species to the total current was much greater than that
of the species in solution, whether oxidation in peak Al or
reduction in peak C1. This is consistent with the fact thatthe CV
of rutin in a conventional cell exhibited the characteristic of
adsorption wave, as discussed in Section 3.2.

e The diffusion contribution (ip 4if,(3) and iy 4ir(s) decreased
with the number of cycling, 7.y., therefore, the increase of
the total current (i,(Al) and i,(C1)) with ny. was due to the
increase of the adsorption contribution (i, aq,2) and iy aq (s))-

® i, qif6) <ip.air4) suggests that the oxidation product RuQ in
solution could not be reduced completely at peak C1. Thus,
RuQq, accumulated slowly in solution with the increase of
Neye, leading to the slow ascending trend of A,s4 and A6
along with the repeated CV scan (see profiles II and III in
Fig. 5B). On the other hand, i, 4if,3)>1, gif,7) Suggests that the
concentration of Rug, in solution decreased simultaneously.

The thin-layer cyclic voltabsorptometric behavior of rutin was
also investigated at faster scan rates. Unexpectedly, during the
repeated CV scan both 4,54 vs. E(f) (Fig. 6) and A,9¢ vs. E(7)
(not shown) presented a minimum at a certain time (about 100 s).
The same data processing as described above was made for the

| J0.05

0 100 200 300 400 500 600
t/'s

Fig. 6. Chronoabsorptomograms of 0.1 mM rutin (pH=1.8). Potential scan
range: 0.0-0.7 V; wavelength 254 nm; scan rate: (a) [0 mV's™'; (b) 50 mV's™';
(c) 100 mV s~ '; (d) 500 mV s~ .

profile (a) in Fig. 6. The result obtained definitely reveals the
cause of the minimum point. On the initial several cycles of the
scan, the rates of desorption steps (4), (7) and (8) were small,
leading to the increase in adsorption extent of Ru on the electrode
surface with ny and then the decrease in absorbance at all three
characteristic wavelengths. In other words, because the adsorp-
tion rate of Ru could not keep up with the faster scan rate during
the positive-going scan, several cycles were needed for
equilibrium adsorption. The faster scan rate was, the more cycles
were needed. On the other hand, with the increase in adsorption
extent of Ru on electrode, the desorption rate of step (4) increased
with 7.y (contrary to the change under slower scan shown in
Table 1), leading to the accumulation of RuQ in solution and then
the increase of both A,s4 and A,gs. Thus, a minimum point
appeared on the profiles of both 4,54 vs. E(f) and Asoe vs. E(?).

4. Conclusions

The adsorption and oxidation of antioxidant rutin has been
investigated on a graphite-wax electrode by in-situ thin layer
UV spectroelectrochemistry. During the electro-oxidation the
absorbance bands of rutin at 346, 254 and 296 nm showed
changes in intensity, suggesting the formation of o-quinonic
structure at catechol moiety. Two types of concentration
fluctuation of species in solution, resulting from adsorption/
desorption and redox reaction respectively, were observed from
the multi-cycle cyclic voltabsorptomograms at three character-
istic wavelengths. The contribution of the species in solution to
the total current was estimated using derivative cyclic
voltabsorptometry, and then the current of every step involved
in the proposed redox mechanism was obtained. The result
shows that rutin underwent a nearly reversible redox reaction in
which the total current is mostly due to the contribution of
adsorbed species Ru,q and RuQ,q. In this way, the present work
developed cyclic voltabsorptometry into a useful tool for
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investigating electrochemical process involving coupled ad-
sorption/desorption steps.
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