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Abstract

natural convection, based on the Cottrell’s theory.

Electrochemical measurements using an agarose hydrogel as a solid electrolyte and ferrocyanide as a redox probe
were conducted to analyze transport properties and natural convection effects. The mass transport properties and
diffusion coefficients of ferrocyanide were studied using various macroelectrodes and ultramicroelectrodes via cyclic
voltammetry. The experimental results confirmed that the mass transfer behavior in agarose was similar to that in
solution. The good linearity of the square root of the scan-rate-dependent peak current demonstrated that diffu-

sion is dominant during mass transfer in agarose hydrogel owing to a reduction in other mass transport effects (i.e,,
migration and convection). Furthermore, chronoamperometry (CA) was performed to estimate the effects of natural
convection in the solution and agarose hydrogel. CA curves and plots of current as a function of the inverse square
root of time yielded irregular and irreproducible responses in the solution for relatively long-term electrochemistry.
However, in the agarose hydrogel, the CA response was more regular and reproducible for >300 s because of reduced
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Introduction

Hydrogels are promising materials for diverse applica-
tions, including energy storage and conversion (Feig
et al. 2018; Lopez et al. 2018), drug delivery (Vash-
ist et al. 2014; Dreiss 2020), biosensors (Khajouei et al.
2020; Kim and Shin 2021), and electrochemical devices
(Wang et al. 2015, 2018), owing to their high electronic
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conductivity (Zhu et al. 2015; Wu et al. 2013; Zhong et al.
2015), structural tunability (Zhao et al. 2017), and mass
transport properties (Kim and Park 2022). Hydrogels are
three-dimensional (3D) networks of hydrophilic polymer
chains that can contain a large amount of water without
dissolving (Lee and Mooney 2001). Hydrogel polymers
can be classified into three categories based on their
composition (Peppas et al. 2006): (1) synthetic polymers,
(2) natural polymers, and (3) hybrid materials prepared
from both synthetic and natural sources. Among natu-
ral hydrogels, agarose with a linear polysaccharide con-
sisting of 1,3-linked -D-galactopyranose and 1,4-linked
3,4-anhydro-a-L-galactopyranose as a repeating unit is
commonly used because of its biocompatibility, nontox-
icity, low cost, and good experimental properties (Fatin-
Rouge et al. 2003; Hou et al. 2020).

Mass transfer (e.g., diffusion, migration, and con-
vection), which is the movement of material from
one location to an electrode surface, is crucial for

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40543-023-00375-4&domain=pdf
http://orcid.org/0000-0003-1028-7773

Han et al. Journal of Analytical Science and Technology (2023) 14:10

W.E

Page 2 of 8

R.E
C.E |

Au disk electrode ’

S,

Agarose
Hydrogel

R

Teflon cell

Cell configuration

I or UME ;," OHOH 2 N
o o iy

Agarose hydrogel

Potentiostat

EC analysis

Scheme 1 Schematic of the electrode configuration for the electrochemical measurements

electrochemical reactions. Therefore, gaining insights
into transport properties is essential for electrochemi-
cal applications using the solution phase and hydrogels.
The mass transport behavior in polymeric hydrogels has
rarely been reported. Recently, we examined the mass
transport properties of redox molecules at the interface
between an agarose hydrogel and a gold electrode and its
slow-scan voltammetry without natural convection (Kim
and Park 2022). The minimization of natural convection
and migration using hydrogels is beneficial for long-term
electrolysis to obtain good reproducibility and ensure
compliance with fundamental theories (e.g., Randles—
Sevcik, Cottrell, and Shoup and Szabo equations) (Kim
et al. 2020; Tsierkezos 2007; Foster et al. 1989; Shoup and
Szabo 1982). The controlling nanoparticles such as size,
morphology, and crystal structures are very important
features in electrochemical deposition. Therefore, hydro-
gel media is expected to be a good template for the elec-
trodeposition of metal nanoparticles due to the reduced
irregular transport (e.g., natural convection) of solute.

An ultramicroelectrode (UME) is defined as an elec-
trode with at least one of the critical dimensions (e.g.,
disk electrode radius or width and length of the band
electrode) smaller than ~25 um (Faulkner and Bard
2000). Since its introduction in the late 1970s, UMEs
have been widely used for electrochemical analysis
because their unique behavior differs from that of con-
ventional macroelectrodes. The advantageous properties
of UMEs are as follows.

1. UMEs exhibit higher signal-to-noise ratios, lower
detection limits, and enhanced sensitivity for elec-
trochemical analysis than macroelectrodes. The noise
signal is proportional to the electroactive area of the
electrode, whereas the Faradaic response related
to the redox reaction of the analyte is proportional
to the total electrode area, including the active and
inactive areas (Tomcik 2013).

2. The ohmic drop or iR drop caused by the solution
resistance between the working and reference elec-
trodes is negligible because of the low current flow
at the UME (typically on a nA to pA scale) (Walsh
et al. 2010). These properties render them as particu-
larly versatile tools for analytical purposes, includ-
ing electrochemical measurements in solutions with
low electrolyte concentrations, organic solvents, and
solid or gas phases (Heinze 1993).

3. UMEs can operate in the early transient state because
of the low cell time constant (RC) and in the steady-
state regime owing to enhanced mass transfer prop-
erties. Consequently, UMEs are particularly suited
for the study of rapid homogeneous or heterogene-
ous reactions (Zoski 2002).

Previous studies using UMEs have been generally per-
formed in the solution phase, and electrochemical phe-
nomena were rarely examined at the hydrogel/UME
interface.

Herein, the mass transfer properties of agarose hydro-
gels (particularly convection) were examined on mac-
roelectrodes and a UME. Cyclic voltammetry (CV) and
chronoamperometry (CA) were performed under macro-
disk-electrode and UME conditions, and the diffusion
coefficient (D) of the redox species was calculated using
the measured current values. Based on the results, the
concentration of agarose hydrogel optimal for each elec-
trode is presented. The homemade cell and electrode
setup are shown in Scheme 1.

Experimental

Materials

Potassium chloride (99.9%), agarose powder, and potas-
sium hexacyanoferrate(Il) trihydrate (99.9%) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). An Au
disk electrode (1.6 mm diameter) was obtained from BAS
Inc. Prior to the experiment, the Au disk electrode was
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polished using MicroPolish alumina (0.3 and 0.05 um)
powders and a polishing micro-cloth pad obtained from
Buehler. Au (99.99%) microwires (25 pum diameter)
were purchased from Goodfellow (Devon, PA, USA).
All chemicals and reagents used herein were of reagent
grade. Deionized water (> 18 M) cm) was obtained using
a Millipore Milli-Q purification system.

Preparation of the agarose hydrogel for electrochemistry
Various concentrations of aqueous agarose (9.1, 4.8, 3.2,
and 2.4 wt% agarose) were prepared in heat-resistant
containers with caps. The containers with agarose solu-
tion were placed in a water bath at 90 °C for 1 h until the
agarose was completely dissolved. Air bubbles, which can
disrupt solute transport in the gel, were removed using
a vacuum pump. The prepared melted agarose solution
was poured into a glass mold. Before the agarose solidi-
fied, the Au disk electrode was inserted into the agarose
solution, fixed vertically with a clamp, and slowly cooled
in a controlled humidity chamber. After gelation, aga-
rose hydrogel exhibited a rigid and insoluble polymer
network and was reusable. For electrochemical measure-
ments, the Au disk electrode-equipped agarose hydrogels
were immersed in an aqueous solution containing redox
molecules and supporting electrolytes for 24 h to achieve
complete equilibrium.

Fabrication method of the UME

The Au UME was fabricated using the following process
(Lee et al. 2021): The Au microwire was washed sev-
eral times with ethanol and distilled water. The cleaned
Au microwire was subsequently placed on one side of
the capillary and sealed. A metal wire was inserted into
the opposite hole and bonded to an Au microwire using
silver paste. The capillary was then polished so that the
Au microwire was exposed to the capillary surface. The
Au microwire was polished until a mirror surface was
obtained, and the electrode surface area was calibrated
using a ferrocene—methanol solution.

Electrochemical measurements

The electrochemical cell consisted of a conventional
three-electrode setup with an Au disk electrode and
UME as the working electrode, Pt wire as the counter
electrode, and Ag/AgCl as the reference electrode. Both
the working and counter electrodes were positioned
inside the agarose hydrogel. The electrochemical experi-
ments were performed using a CHI 60le potentiostat
(CH Instruments, Austin, TX, USA) in a Faraday cage.
CA was performed to examine the effect of natural con-
vection by applying 0.3 V (vs. Ag/AgCl) to the working
electrode.
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Results and discussion

To analyze the mass transport properties of the sol-
ute in solution and at various concentrations of hydro-
gel, Fe(CN)64’ was selected as an electrochemical redox
probe that performs one-electron transfer and exhibits
good electrochemical reversibility. Figure 1a shows the
CV curves of Fe(CN)64’ on the Au disk electrode in solu-
tion as a function of scan rate. In solution, the measured
peak-to-peak separation (AE) is ~63 mV, which is simi-
lar to the theoretical AE value of a one-electron revers-
ible system (57 mV at 25 °C) (Faulkner and Bard 2000).
Additionally, both the anodic and cathodic peak currents
increase with increasing scan rate, and a linear relation-
ship between the square root of the scan rate and peak
current is shown in Fig. 1b. This linearity demonstrates
that mass transport is mainly controlled by diffusion in
the solution phase (Amatore et al. 2001).

The agarose gel possesses a porous structure with
a wide distribution of pore sizes ranging from 1 to
900 nm depending on the gel concentration (Maaloum
et al. 1998). The transport of redox probes through gel
channels/pores to the electrode surface is crucial for
their electrochemistry. As the concentration of aga-
rose increases from 2.4 to 9.1 wt%, both the anodic and
cathodic peak currents (Ip) decrease compared with
those of the solution phase. Additionally, with increasing
agarose concentration, the voltammograms are slightly
anodically shifted to approximately 10-12 mV. This
anodic shift implies a higher degree of interaction and
stabilization between the charged Fe(CN)* molecule
and hydrophilic moieties of the agarose polymer back-
bone. From these results, the redox probe is sufficiently
small to move freely in the hydrogel networks at the gel
composition tested herein (Kaniewska et al. 2020). In
addition, from the plot of scan rate (v) vs. I, (see Addi-
tional file 1: Fig. S1), it was confirmed that redox species
in solution and agarose hydrogel were transported to the
electrode by freely diffusion without any hindering of
adsorption.

To confirm the diffusion properties of the redox mol-
ecules, the D of Fe(CN),*~ in the agarose gel was cal-
culated using the Randles—Sevcik equation at room
temperature(Faulkner and Bard 2000).

I, = (2.69 x 10°)n*/?ADY2Cy!/2 (1)

where I, is the net peak current (A); # is the number of
electrons transferred in the redox event; A is the elec-
trode area (cm?); D is the redox diffusion coefficient
(cm?/s); C is the bulk redox concentration (mol/cm?); and
v is the scan rate (V/s). The D of Fe(CN)64’ in the solu-
tion phase determined using Eq. (1) was 6.34x107% cm?/s.
Based on this value, the D values of Fe(CN)/*" are
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Fig. 1 CV curves of the Au disk electrode in aqueous solution and at various concentrations of agarose hydrogels, and plots of the peak current
(/p) as a function of the square root of the scan rate b, d, f, h, i containing 1 mM Fe(CN)64’ and 0.1 MKCl. a and b In solution phase; cand d 9.1 wt%
agarose; e and f 4.8 wt% agarose; g and h 3.2 wt% agarose; and i and j 2.4 wt% agarose.
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compared at various agarose concentrations, as shown
in Fig. 2. The D values in agarose are approximately the
same order of magnitude as those in the solution, but the
mass transport properties deteriorate with increasing
agarose concentrations. These results possibly originate
from the hindered permeability of the solute in agarose,
which is assumed to be caused by steric hindrance and
interactions between the solute and agarose polymer net-
work (Ciszkowska and Guillaume 1999; Crumbliss et al.
1992). However, at 2.4 wt% agarose, the D of the solute
is 5.15x107° cm?/s (Fig. 2a). This slight difference in the
D value can be explained by the good permeability of the
solute through the water portion of the agarose gel, even
in the polymer. At agarose concentrations of <2.4 wt%,
transport through the hydrogel for electrochemistry is
difficult, since agarose concentrations below 2.4 wt% are
considered too dilute and hard to form a rigid polymer
structure.

Figure 2b shows the dependence of I, on v''* in solution
and at various agarose concentrations. I, increases with
increasing scan rate, and a linear relationship between I,
and v'/? is observed. Additionally, the slope related to the
solute D decreases with increasing agarose concentra-
tion due to the increased steric hindrance between solute
and agarose polymer fibers. The linearity of this process
generally indicates that the redox molecule mass trans-
fer is mainly governed by a diffusion-controlled process.
Therefore, regardless of the agarose hydrogel concentra-
tion, diffusion is a dominant factor in mass transfer.

Mass transfer in agarose hydrogels in the UME was also
examined. A UME is an electrode with a diameter of sev-
eral tens of micrometers or less and is a good electrode
for observing electrochemical phenomena in a small area.
For UMEs, because mass transfer follows hemispherical
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diffusion, a current decrease does not occur even at
potentials exceeding the E, value, as opposed to the trend
in macroelectrodes. Therefore, it is a more convenient
method for calculating the D values of the redox species.
As shown in Fig. 3a, it is confirmed that a steady-state
current (/) is achieved at various agarose hydrogel con-
centrations. The I of the UME can be described using
the following equation: (Faulkner and Bard 2000; Kim
et al. 2021)

Iss = 4nFDCr (2)

where r denotes the UME radius. Using Eq. (2), the D of
Fe(CN)64’ can be calculated. The D values of Fe(CN)64_
calculated at various agarose hydrogel concentrations are
shown in Fig. 3b. In the 2.4 and 3.2 wt% agarose hydro-
gels, the D of Fe(CN),*"is similar to the value measured
at the macroelectrode. However, the D deviates from lin-
earity under high-concentration agarose hydrogel con-
ditions (4.8 and 9.1 wt%). This can be attributed to the
inhomogeneity of the part of the agarose hydrogel in
contact with the UME inside the gel. Agarose hydrogel
homogeneity generally decreases at high agarose concen-
trations. The surface area of the UME is 0.000491 mm?,
which is very small compared to that of the macroelec-
trode (~2.01 mm?; 1/4096). Therefore, the current of the
UME is affected by the inhomogeneity of the high-con-
centration agarose hydrogel, and the D of Fe(CN)*~ must
be calculated differently. Therefore, agarose hydrogels
with agarose concentration exceeding 4.8 wt% are not
recommended for use in conjunction with UMEs.

CA was conducted using a macroelectrode and UME
with various agarose hydrogel concentrations. CA is a
potential step technique that is essential for the analy-
sis of adsorption, chemical reactions, and diffusion
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Fig. 2 a D of Fe(CN);* as a function of the agarose concentration in the gel. Error bars are obtained based on three independent measurements. b

Plots of the anodic peak current as a function of v/

at various agarose concentrations
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Fig. 3 a CV curves of the Au UME (25 um diameter) in the agarose hydrogel depending on the agarose concentration (colored line) and in solution
(black line) containing 0.5 mM Fe(CN)64’ and 0.1 M KClI. Scan rate: 10 mV/s. b D of Fe(CN)G“’ as a function of the agarose concentration. Error bars are

obtained based on three independent measurements

processes. However, long-term CA frequently provides
irregular and irreproducible results owing to unexpected
natural convection, causing deviations from theoretical
results. The CA for test durations >20 s may include con-
vective hindrance, and that for >300 s is no longer con-
trolled by diffusion (Faulkner and Bard 2000). The natural
convection that occurs from the density gradient (Gao
et al. 1995), thermal convection (Novev et al. 2016), and
mechanical vibration (Amatore et al. 2001) can disrupt
the diffusion layer and generally produces a larger cur-
rent than those predicted by the Cottrell equation.

Figure 4a shows the CA curves of Fe(CN),*~ in solu-
tion (black line) and in various agarose concentrations

4.0
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(colored lines). The current curves obtained in the aga-
rose hydrogel represent smooth and reproducible current
decay, but the current in the solution phase is irrepro-
ducible and larger than those in the agarose hydrogel at
>30 s. Figure 4b shows the plots of I vs. t 1/ of Fig. 4a. In
the agarose hydrogel, regardless of the agarose concen-
tration, a good linear relationship between the current
and £ V2 is established over a long time (>100 s), dem-
onstrating a diffusion-controlled process for the electro-
chemical reaction and the effective prevention of natural
convection. However, the steady-state current in solution
(black line) shows deviation from linearity, and the irreg-
ular curve is assumed to arise from natural convection
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172 of (a) and highlighted long-term domain (inset). The

gray dotted circle showed the current fluctuations due to the natural convection
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natural convection

effects (Labille et al. 2007). Natural convection is con-
sidered to play a dominant role at this time scale. These
CA results indicate that natural convection can be suc-
cessfully reduced using the agarose hydrogel, even during
long-term electrolysis.

The CA measurement results for 0.5 mM Fe(CN)64’
obtained using the UME are shown in Fig. 5a. Very low
currents (e.g., nA to pA scale) are generally measured
in a UME. Because the nA level is significantly affected
by background current noise, the electrochemical cell
is generally placed in a Faraday cage when using a UME
for electrochemical measurements. Faraday cages reduce
background current noise and unexpected vibration or
convection. As shown with the black line in Fig. 5a, the
current fluctuations measured in solution are reduced
compared to the macroelectrode measurements.

However, small fluctuations are observed in the long-
time region (>100 s). The use of agarose hydrogels can
further suppress these fluctuations. Figure 5b provides
further insights into this phenomenon. In the long-time
region, the current fluctuations are hardly observed
in the agarose hydrogel (red and blue lines in Fig. 5b).
Therefore, agarose hydrogels present a promising option
for minimizing unexpected convection, even under UME
conditions.

Conclusions

This study confirmed the solute mass transport proper-
ties within an agarose hydrogel using a macroelectrode
and UME. CV curves obtained in various agarose con-
centrations demonstrated diffusion-controlled behavior
in the hydrogels, despite the reduced diffusional prop-
erties compared to the solution phase owing to steric

hindrance between the solute and agarose polymer net-
work. The electroactive molecule was sufficiently small
to freely penetrate the hydrogel pores at the hydrogel
compositions tested herein. Additionally, the CA of the
agarose hydrogel showed a more regular and reproduc-
ible current for >300 s based on the Cottrell’s theory,
owing to reduced natural convection. The results pre-
sented herein suggest that hydrogels as solid electrolytes
are ideal mediums with negligible interference for long-
term CA and slow-scan voltammetry (e.g., migration or
convection).
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