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1 Introduction

Energy-harvesting devices are a significant technology from the
viewpoint of achieving sustainable development goals (SDGs).
Among these devices, thermoelectric devices using redox
reactions' have a simple device structure and are promising.
The device is composed of an electrolyte containing a redox pair
and two identical electrodes. The device utilizes the thermo-
galvanic (TG) effect at each electrode to convert temperature
differences AT between the electrodes into the electromotive
force V. Recently, it has been reported that electrolytes con-
taining gelatin or other substances cause a huge temperature
coefficient («) of the electrode potential E in thermoelectric
devices. In Table 1, we summarize materials for the electrode,
solute, and additive of thermoelectric devices together with
their . o of these devices is several tens of mV K ', and is much
larger than that of conventional devices containing Fe**/Fe*” or
[Fe(CN)g]* /[Fe(CN)s]>~ redox pairs (1-2 mV K" [ref. 11]). The
enhancement of « was usually ascribed to the thermodiffusion
(TD) effect,****° or the so-called Soret effect. However, the TD
effect of a redox pair has only an effect of ~0.01 mV K " on «,°
and hence is negligible. Thus, the origin of the enhanced « is
still controversial even though it is important from an engi-
neering perspective.

The additives, such as gelatin and polyvinyl alcohol (PVA), in
the electrolyte significantly enhance «, i.e., the temperature
coefficient of E. Then, do these additives affect the absolute
value of E? Generally, E is governed by the redox potential of the
redox pair contained in the electrolyte. Does this also hold true
for electrolytes containing additives? If the additive contributes
to a shift in E, the finding could lead to a new method that
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several hundred millivolts. Through systematic experiments with various electrolytes, we ascribed the
reduction in E to the positive surface charge of gelatin.

generates electromotive force independent of AT. It would
contribute to a new device that generates electric energy even
though it is not a thermoelectric one. Actually, in the present
investigation, we observed a potential difference V between the
additive-coated and non-coated electrodes at the same electrode
temperature.

In general, particles dispersed in an electrolyte have surface
charge that is strongly dependent on pH. This is because the
functional groups at the surface can adsorb/desorb ions, such
as H'. The surface charge tends to be positive in acidic solutions
(low pH) and negative in alkaline solutions (high pH). In an
electrolyte, the surface charge is screened by the electric double
layer, and hence, the electric potential decreases with distance r
from the surface. In particular, the potential ({) at the slip
surface of the particle is usually called the { potential. { is an
important physical quantity that governs the degree of particle
dispersion and aggregation. From the perspective of the {
potential, polymers are classified into four types: amphoteric,
cationic, nonionic, and anionic. Among them, amphoteric
polymers have both cationic and anionic groups within a single
molecule. { varies greatly from positive to negative, or even
neutral (isoelectric point), depending on the pH. Gelatin is an

Table 1 Materials used in thermoelectric devices and their « values.
PEO, Eim, PVA, and PNA represent polyethylene oxide, imidazolium-
based cations with ethyl chains, polyvinyl alcohol, and P(N-acryl-
oylsemicarbazide-co-acrylic acid), respectively

Electrode  Solute Additive  a/mVK " Origin
Au NaOH PEO 10 (ref. 4) TD

Pt NaOH Cellulose  24.0 (ref. 5)

Cu KCI, [Fe(CN)s]* >~ Gelatin ~ 17.0 (ref. 6)  TD + TG
Metal EimCl PVA 10 (ref. 7)

Cu Csl PVA 52.9 (ref. 8)  TD
Au/Cu KCl, [Fe(CN)s]*™*~  Gelatin 20 (ref. 9) TD + TG
Pt Fe*'*" PNA 40.1 (ref. 10) TD

RSC Adv, 2026, 16, 18931-18936 | 18931


http://crossmark.crossref.org/dialog/?doi=10.1039/d6ra00040a&domain=pdf&date_stamp=2026-04-09
http://orcid.org/0000-0001-6584-7489
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00040a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016021

Open Access Article. Published on 10 April 2026. Downloaded on 6/19/2026 7:16:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

amphoteric polymer and shows a high { value (=15 mV at pH ~
3 [ref. 12]). On the other hand, nonionic polymers have no
dissociable groups, and the { value is very low. PVA is a nonionic
polymer, whose |¢| value (=2 mV at pH = 8 [ref. 13]) is very low.
From this perspective, we chose the amphoteric gelatin and
nonionic PVA as additives to be studied.

In this paper, we investigated the additive effect on E. We
coated one of the two identical electrodes with an additive and
measured the potential difference V in the electrolyte at the
same electrode temperature. We observed a negative V(—0.52 V)
with the gelatin-coated electrode in an aqueous electrolyte
containing 0.1 mol L' Fe(ClO,),/Fe(ClO,);. Based on system-
atic experiments with various electrolytes, we ascribed the
negative V to the positive surface charge of gelatin.

2 Experimental section
2.1 Electrode and electrolyte

The measurements were performed with a two-pole cell,* which
consists of a 7.3-mm-¢ polytetrafluoroethylene (PTFE) cylinder,
whose ends were sealed with Al bases. The cylinder was filled
with electrolyte. The inner surfaces of the bases were completely
covered with commercially available graphite sheets (GS; 220
pm in thickness). The electrode distance d and area s were
10 mm and 42 mm?, respectively. One of the GS electrodes was
coated with alkali-processed gelatin or PVA, as shown in Fig. 1a.
The mixture of gelatin and water (gelatin:water = 20:3 in
weight ratio) or that of water and PVA (PVA: water = 1:3) was
applied to the electrode and allowed to dry thoroughly in air.
The coating thickness ¢., was ~30 um unless otherwise speci-
fied. The temperatures of both electrodes were fixed at room
temperature (=20 °C). Then, the potential difference V between
the coated and uncoated electrodes corresponds to the poten-
tial shift induced by gelatin or PVA. The gelatin was purchased
from FUJIFILM Wako Corp. and used as received. The viscosity,
pH, and jelly strength are 4.6 mPa s, 5.6 (50 g L', 35 °C), and

a b
/ . 0.1M Fe’'/Fe’’
N
\
| \
=
electrolyte N
Gelatin or PVA 05 .
’ gelatin GS | GS
——PVA GS|GS
GS ----GS|GS
1
0 500
1(s)
Fig.1 (a) Schematic configuration of the electrode and electrolyte. (b)

Potential difference V between the coated and uncoated GS elec-
trodes at the same electrode temperature against time t. GS stands for
graphite sheet. The electrolyte was an aqueous solution containing
0.1 mol L™ Fe(ClO,),/Fe(ClO4)s. The broken curve represents the
value of V between two uncoated GS electrodes at the same electrode
temperature.
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260 g cm™ %, respectively. The PVA (CAS: 9002-89-5) was
purchased from MP Biomedicals and used as received. The
viscosity and molecular weight are 5 mPa s and ~22 000,
respectively.

We evaluated the { potential of gelatin at pH = 3 and 23 °C
with the use of a {-potential meter (ZV-3000; Kyowa Co., Ltd).
The gelatin powder was added to distilled water, and the pH was
adjusted to 3 with 1.0 mol L™" HCI. The mobility U of the gelatin
particles was evaluated by tracking the movements of 1000
particles under an applied voltage. { (23.3 mV) was evaluated

. . . vU
using Smoluchowski’s equation, { = o where v = 1.00 mPa s

and ¢ = 77.6¢, (Where ¢, is the dielectric constant of vacuum) are
the viscosity and dielectric constant, respectively. The positive {
at pH = 3 is consistent with the literature."

The electrolyte was an aqueous solution in which the
concentrations of Fe(ClO,),/Fe(ClO,)s, K4[Fe(CN)s]/Ks[Fe(CN)¢],
NaClO,, and NacCl, were systematically varied. The solutes were
purchased from FUJIFILM Wako Corp. and used as received. All
electrolytes contained a redox pair, i.e., Fe(ClO,),/Fe(ClO,4); or
K,[Fe(CN)g]/K;[Fe(CN)]. The concentrations of the two solutes
of the redox pair, e.g., Fe(ClO,), and Fe(ClO,)s;, were set to the
same value. The redox pairs were selected because they are the
most prototypical ones in thermoelectric devices.'* In addition,
they exhibit high electric conductivity and high stability.

2.2 Electrochemical impedance spectroscopy

We further characterized the coated and uncoated GS electrodes
by means of electrochemical impedance spectroscopy (EIS) with
the use of a potentiostat (Vertex.one.EIS, Ivium technologies) at
20 °C. The EIS measurement was performed with the two-pole
cell composed of two identical electrodes at the same temper-
ature. The electrolyte was an aqueous solution containing
0.1 mol L™" Fe(ClO,),/Fe(ClO,);. The obtained EIS data were
analyzed with a Randles equivalent circuit’® composed of the
solution resistance R, charge-transfer resistance R, constant

1
phase element (Q = ———; where Y, and n are frequency-
Y()(l(/))
independent constants while w is the angular velocity), and
Aw

Warburg impedance (Zw = —; where Ay is the Warburg

V21w

coefficient). Q becomes pure capacitance when n = 1.

3 Results and discussion
3.1 Electrode potential induced by gelatin

Fig. 1b shows V between the coated and uncoated GS electrodes
at the same electrode temperature against time ¢. The electrolyte
was an aqueous solution containing 0.1 M Fe(ClO,),/Fe(ClO,)s.
The gelatin-coated electrode (red curve) shows a high negative V
(—0.52 V) at the initial stage. The absolute value of V, however,
drops steeply with ¢. The PVA-coated electrode (blue curve) also
shows a negative V, even though the magnitude (—0.04 V) is low.
We confirmed that V between the two uncoated GS electrodes
was always zero (broken curve), indicating that there were no
problems with the measurement system. Therefore, the

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00040a

Open Access Article. Published on 10 April 2026. Downloaded on 6/19/2026 7:16:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

observed finite V should be ascribed to the contact with the
gelatin or PVA and is not related to the TD effect.

To explore the origin of the negative Vinduced by gelatin, we
investigated V for various electrolytes. Fig. 2 shows V between
the gelatin-coated and uncoated GS electrodes against ¢. In the
electrolyte containing only Fe(ClO,),/Fe(ClO,); (Fig. 2a), the
initial potential difference V, is —0.52 V at 0.1 mol L' and
—0.60 V at 0.01 mol L. We note that the stability of V is much
improved at 0.01 mol L™'. We investigated the effect of the
gelatin coating thickness t., on V in 0.01 mol L™" Fe(ClO,),/
Fe(ClO,4);. We found that V is almost independent of t.,: V =
—0.60 mV at t.,, = 30 pm, —0.62 mV at 50 um, and —0.68 mV at
128 pm. V was unstable for the gelatin-coated electrode with ¢,
= 10 um. In the electrolyte containing x mol L™ Fe(ClOy),/
Fe(ClO,); and 0.1 mol L™ NaClO, (Fig. 2b), a curious concen-
tration dependence was observed. With decreasing x, V,
increased from —0.32 V at 0.05 mol L' to 0.71 V at
0.005 mol L™'. With a further decrease of x, however, V, was
steeply suppressed to —0.19 V at 0.001 mol L™" and —0.15 V at
0.0001 mol L. A similar concentration dependence of V, was
observed in the electrolyte containing x mol L™" Fe(ClOy),/
Fe(ClO,); and 0.1 mol L™* NaCl (Fig. 2c). With decreasing x, V,
enhanced from —0.49 V at 0.05 mol L™' to —0.80 V at
0.01 mol L. With a further decrease of x, V, was suppressed to
—0.46 V at 0.005 mol L ", In the electrolyte containing x mol L *
K4[Fe(CN)g)/K3[Fe(CN)g] and 0.1 mol L~ NaClO, (Fig. 2d), V,
was small at both 0.01 mol L' and 0.001 mol L.

A e R b [Fe” /Fe
0 0l__*+0.1 M NaClO, |
5 3
g4 N
| | =0.05M =0.001 M
-1F :8611‘%4 -1 =0.01 M =0.0001 M
R <0.005M , |
0 (9 1000 0 f(s) 1000
¢ 2 d pl 3
Fe? /Fe’” [Fe(CN)s]*/[Fe(CN)sJ*
+0.1 M NaCl +0.1 M NaClO,
0 0 e
3 3
N RN
T —o0sM ,
-1F ~001M | -1} o
_=0.005M oo
0 r(s) 1000 0 /(s 1000

Fig. 2 V between the gelatin-coated and uncoated GS electrodes at
the same electrode temperature against t. The electrolytes were (a)
x mol L™t Fe(ClO4),/Fe(ClOy)s, (b) x mol L™t Fe(ClO4),/Fe(ClO4)s and
0.1 mol L™ NaClOy, (c) x mol L™ Fe(ClO,),/Fe(ClO4)s and 0.1 mol L~*
NaCl, and (d) y mol L™ K4[Fe(CN)gl/Ks[Fe(CN)gl and 0.1 mol L™t
NaClOyg.
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Here, let us discuss the curious x-dependence observed in
(Fig. 2¢) and (Fig. 2d). As discussed in the following subsections,
Vo is negatively correlated with pH, while the relaxation time of
Vis negatively correlated with x. On the low-x side, V, decreases
with decreasing x. The decrease is ascribed to the enhanced pH
at smaller x. On the high-x side, V, decreases with increasing x.
This decrease is perhaps related to the reduced relaxation time.
The measurement of V begins ~30 seconds after the electrolyte
injection. If the relaxation time is less than several tens of
seconds, V, is apparently evaluated as being smaller.

3.2 Correlation between V, and pH

Vo changes in a complex manner depending on the concentra-
tion and type of solute. We tried to search for the physical
quantity that scales well with V,,. The quantities we investigated
were the pH of the electrolyte, the concentration x of Fe(ClO,),/

.. 1
Fe(ClO,4)3, and the ionic strength (I = EE,'miziZ; where m; and z;

are the concentration and formal charge of the i-th ion,
respectively). The pH of the electrolyte significantly depends on
the solute type and concentration because Fe(ClO,),/Fe(ClO,);
is strongly acidic, while the other solutes are neutral. On the
other hand, I is mainly governed by the concentration of ionic
species with large formal charges, i.e., Fe** and Fe*". Therefore,
I shows a positive correlation with x.

Fig. 3 shows V, against (a) pH, (b) x, and (c) I. We found that
the pH-V, plot shows a unified curve (Fig. 3a), in sharp contrast
to the scattered x-V, (Fig. 3b) and I-V; (Fig. 3c) plots. With
increasing pH, V, steeply decreases from —0.8 V to —0.2 at pH ~
2, and then gradually decreases to 0 V at ~6. Importantly, high
Vo values are observed in the low pH region irrespective of x and
I. The small V, values observed in the electrolytes containing
K,[Fe(CN)g]/K;[Fe(CN)g] can be associated with their high pH.
We note that the x-V, (Fig. 3b) and I-V, (Fig. 3c) plots are
roughly similar, because I shows a positive correlation with x.

The closed circles in Fig. 3a represent —{ of alkali-processed
gelatin.” We note that, in the range of 2 = pH = 6, the pH
dependence of V, resembles that of —{. Using the data for pH =
2, the correlation coefficient p between V, and { was determined

[m] Fef‘fFef‘
O Fe] /Fe, +0.IMNaClO 4
v Fe"/Fe"tn.ll\INaCI |
O [Fe(CN)1*/[Fe(CN)g]

Azarmi et al.
- +0.1IM NaClO

=

20§
peed S cg —a
-20

i

[=3

=l 7 = & 7 & 7
- v 4 2l v
= io =~lo Y ? =lo Y ?
== &5 o
v v
1o 5 ) o1 o 05 1
pH X (M) 10V

Fig. 3 Initial potential difference V, against (a) pH, (b) Fe(ClO,),/
Fe(ClO4)3 concentration x, and (c) ionic strength /. Red (blue) means
that the redox pair is Fe(ClO4),/Fe(ClO4)s (K4[Fe(CN)gl/K3[Fe(CN)gl).
Squares and triangles mean that the electrolyte contains 0.1 mol L™!
NaClO, and 0.1 mol L™ NaCl, respectively. The closed circles in (a)
represent —¢ of alkali-processed gelatin.*?
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to be —0.79. The { value corresponding to each V, value was
estimated by interpolation. This similarity strongly suggests
that V, originates from the surface charge of gelatin, which is
positive in the region of pH = 5.

3.3 Possible origin of V,

For a particle in an electrolyte, the positive surface charge is
screened by solute ions within the electric double layer. Then,
the electric potential decreases with distance r from the surface.
What we can observe using experimental methods such as the
Doppler method is the { potential at the slip surface, within
which the solvent moves with the particle. In other words, the
potential, which becomes 0 at » — o, is much smaller than the
potential at the surface. For a particle on a metal, the surface
charge is screened by free electrons within the metal. The
accumulated electrons at the metal surface cause a negative
shift of the potential. We will call such a potential shift (n) the
potential, considering the similarity with the { potential. In
other words, the n potential originates from the shielding by
free electrons, while the { potential originates from the
shielding by solute ions. We note that 7 is constant and does not
depend on the distance r from the surface, as it is the potential
inside the metal. n becomes zero if the surface charge of the
particle becomes zero. We ascribed the observed high and
negative V, to the n potential of gelatin. This scenario well
explains the low V, for the PVA-coated electrode (see Fig. 1). [{]
(=2 mvV at pH = 8 [ref. 13]) of nonionic PVA is much smaller
than that of amphoteric gelatin. Thus, the resultant small
surface charge of PVA causes the low V, of the PVA-coated
electrode.

Unlike the { potential, the » potential originates from the
shielding by free electrons in the metal. Then, the electrons with
the same density as the surface charge density can accumulate
at the gelatin/metal interface. This high density of electrons at
the interface is the origin of the high 7. Note that the { potential,
which is the potential at the slip surface, is much smaller than
the surface potential. Therefore, || can be much larger than [Z].

In addition to the surface charge of gelatin, several factors
may contribute to the shift in E. For example, if solute ions are
adsorbed by gelatin, they can contribute to the surface charge of
the gelatin. With the use of a scanning electron microscope and
energy-dispersive X-ray spectroscopy (SEM-EDX), we investi-
gated the ionic species adsorbed onto gelatin. We found that
a small amount of ClO,™ and Fe ions is adsorbed onto gelatin,
which may contribute to the shift in E. As discussed in the
following subsection, the charge transfer rate at the gelatin/
electrode interface is much faster than that at the GS/
electrode interface. Thus, other possible factors are the local
pH changes near the electrode surface and modification of the
redox potential. The redox reaction of Fe ions (Fe*" + e~ < Fe”")
and hydroxide ions OH™ can couple with each other, because
Fe** and Fe®* ions react with OH™ to form precipitates of
Fe(OH), and Fe(OH);. The resultant pH change near the elec-
trode surface may modify the { value of gelatin. In addition, the
precipitation of iron hydroxides may modify the redox potential
via a variation of the Fe**/Fe*" concentration.

18934 | RSC Adv, 2026, 16, 18931-18936
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Fig. 4 Nyquist plots of the complex impedance of (a) gelatin GS |
gelatin GS, (b) PVA GS | PVA GS, and (c) GS | GS configurations. The
electrolyte was an aqueous solution containing 0.1 mol L1 Fe(ClO4),/
Fe(ClO4)s. s and d were 42 mm? and 10 mm, respectively. Solid curves
are the results of least-squares fits with a Randles equivalent circuit
composed of Rs, Re Q, and Zw. The reliability factor
v i (Re z@ — Re Z)* + (Re z% — Re 2)*
= Re Z2 + Im Z2
10 and 1.0 x 10~* for (a), (b) and (c), respectively.

was 0.9 x 1074, 7.8 x

Fig. 4 shows Nyquist plots of the complex impedance of (a)
gelatin GS, (b) PVA GS, and (c) GS electrodes. The plot of GS
(Fig. 4c) shows prototypical behavior, i.e., a semicircle on the
left side and a straight line with an inclination of 45° on the
right side. The resistances on the left and right sides of the
semicircle correspond to R and R + R, respectively. A similar
feature is observed in PVA GS (Fig. 4b). In the plot of gelatin GS
(Fig. 4a), however, the corresponding semicircle structure is
unclear, reflecting small R.. The solid curves are the results of
least-squares fits with a Randles equivalent circuit composed of
Rs, Ret, Q and Zy. The observed features are well reproduced by
the equivalent circuit.

Table 2 shows the obtained parameters. We found that R,
for the gelatin-coated GS (9.4 Q) is much smaller than that for
the uncoated GS electrode (60.1 Q). This means that the charge
transfer rate at the gelatin/electrolyte interface is much faster
than that at the GS/electrolyte interface. In an actual gelatin-
coated electrode, various interfaces such as gelatin/electrolyte,
GS/electrolyte, and gelatin/GS coexist. The equivalent-circuit
analysis suggests that the charge transfer reaction mainly
occurs at the gelatin/electrolyte interface. In the picture of the 7
potential, the potential shift n occurs at the gelatin/GS interface
and is constant within the GS region. Fortunately, n has little
effect on the charge transfer reaction at the gelatin/electrolyte
interface, because the interface is spatially separated from the
GS region and is free from the potential shift.

3.4 Stability of Vv,

Finally, we consider the stability of V. For simplicity, we define
the relaxation time 74, as the time it takes for V to decrease to
80%. Fig. 5 shows 1g, against (a) pH, (b) x, and (c) I. Some data
for which g, could not be accurately estimated were omitted.
We note that the x-t5, (Fig. 5b) and I-tg, (Fig. 5c) plots are
roughly similar, because I shows a positive correlation with x.
Looking at Fig. 5b, tg9 decreases with x. Unfortunately, the
correlation between pH and tg, (Fig. 5a) is difficult to evaluate
because the pH range is very narrow. In the following, we will
consider the correlation between x and tg,.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Parameters of the coated and uncoated electrodes. The electrolyte was an aqueous solution containing 0.1 mol L™t Fe(ClO,),/
Fe(ClO,)s. s and d were 42 mm? and 10 mm, respectively. n for gelatin GS was fixed at 1. The numbers in parentheses indicate the error. The

N (Re z¢ — Re 7)* + (Re z% — Re Z)*
reliability factor x* was defined by x> =
abiity factor x=w =2 Re Z2 +Im 22
\/z 1/2 -1
Electrode R (Q) Rec (Q) Yo (105" Q7Y n G 2o X2 (1079
Gelatin GS 60.8(2) 9.4(3.1) 0.98(7) 1 0.000168(1) 0.9
PVA GS 57.9(7) 347(9) 64(6) 0.70(1) 0.0038(2) 7.8
GS 51.5(2) 60.1(9) 75(7) 0.70(1) 0.0082(1) 1.0
a = b c charge, respectively. Keeping in mind that the two resistances
D Fe e, 10 IMNacldly are connected in series in the EIS measurement, i, is calculated
10'; 10'; 10tk to be 5.4 mA at 293 K and 0.1 mol L™ ". The exchange of electrons
210° 93 2103 % 1o % between the iron ions and gelatin is considered to promote the
E og F o < e desorption of H" from the gelatin surface. For example, the
107, we “10eL B} reduction reaction of Fe ions (Fe’" + e~ — Fe**) may couple with
10tk % 10'L T ° 1ol e the oxidation reaction of chemisorbed protons (H* — H' +e”)
\ . T or the desorption of H'. The larger i, becomes, the faster the
0 5 0 01 0 0.5 1 desorption occurs. The resultant reduction of the gelatin
pH x (M) ™M)

Fig. 5 Relaxation time g against (a) pH, (b) x, and (c) /. Squares and
triangles indicate that the electrolyte contains 0.1 mol L™* NaClO,4 and
0.1 mol L™t NaCl, respectively.

As discussed in the previous subsection, the charge transfer
reaction mainly takes place at the gelatin/electrolyte interface
since R, of the gelatin-coated GS is much smaller (9.4 Q). Even
in an equilibrium state where the oxidation and reduction
reactions are balanced, a finite exchange current i, flows to
exchange electrons between the iron ions and gelatin. Thus, i,
which is proportional to x, is considered to be the origin of the

T
;' where kg, T, and e
ct

(=0) are the Boltzmann constant, temperature, and elementary

. . . k
relaxation of V. iy is expressed as iy =

=7

gelatin GS | GS . ‘ - b
0.IM NaClO,+0.01M Fe™ /Fe™ 0.03

20 A

(V)

o
W
T

SAN O Whane

0 LA without curren 0 uA
1 1 1 1
0 100 200 300 0 100 200 300

1(s) t(s)

Fig. 6 (a) Potential difference V between gelatin-coated and
uncoated GS electrodes, with (solid curve) and without (broken curve)

1
current i, plotted against time t. (b) Rate of change <P =-7 dl) of V

V dt
with i against t. s and d were 42 mm? and 10 mm, respectively. The
electrolyte was an aqueous solution containing 0.1 mol L™ NaClO,4
and 0.01 mol L™t Fe(ClO,4),/Fe(ClO4)s. i was increased in steps of 5 pA.

© 2026 The Author(s). Published by the Royal Society of Chemistry

surface charge decreases |V,| with .

We further investigated V under a constant faradaic current i
as a function of ¢. Fig. 6a shows Vwith (solid curve) and without
(broken curve) i against time t. s and d were 42 mm? and 10 mm,
respectively. The electrolyte was an aqueous solution containing
0.1 M NaClO, and 0.01 M Fe(ClO,),/Fe(ClO,);. i was increased in
steps of 5 pA. With an increase in i, V shows a step-like drop that
follows the change in i. We further observe a continuous voltage
drop with ¢, especially at high i. To quantitatively examine the
temporal change of V, we further plotted in Fig. 6b the rate of

Vv dt

a steep peak followed by a gentle tail. In the nearly flat region of
the tail, p increases with increasing ; p = 0.002 s " at i = 0 pA,
0.005 s™' at 5 pA, 0.016 s~ at 10 pA, 0.036 s~* at 15 pA, and
~0.09 s~ at 20 pA. This observation indicates that V is also
dependent on i. We note that i, is much larger (530 pA at
0.01 mol L") than the i values examined (maximum 15 pA).
Nevertheless, p due to i is much larger (p = 0.005-0.09 s~ ') than
that due to iy (p = 0.002 s~ ). In short, faradaic current reduces V
more quickly than exchange current. When faradaic current
flows, the potential shifts toward the oxidation (positive) side to
promote the oxidation reaction of Fe ions (Fe*" — Fe** +e7) at
the gelatin/electrolyte interface. The potential shift also
promotes the oxidation reaction of chemisorbed protons (H* —
H' + e7) or desorption of H". The resultant reduction of the
gelatin surface charge decreases |V,| with .

1dv
change (p =—— —) of V against t. In each i region, p showed

4 Conclusions

In conclusion, we investigated the effect of gelatin on the elec-
trode potential E. We observed a negative potential shift of
several hundred millivolts when the electrode came into contact
with the gelatin in the electrolyte. Based on systematic experi-
ments with various electrolytes, we ascribed the negative shift of

RSC Adv, 2026, 16, 18931-18936 | 18935
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E to the positive surface charge of gelatin. The potential shift is
dependent on the faradaic current as well as the exchange
current.
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