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Abstract

Electrically heated microelectrodes have gained much attention in electroanalytical chemistry in recent years. It has
been shown that the promotion of mass transport and reaction kinetics at high-temperatures often results in increased
current signals. However, there is no study about the heat transfer inner the microelectrodes which is necessary for
the design and operation for microsensors. This report introduces a finite element software (COMSOL) to analyze the
factors that influence the surface temperature (T;), which is crucial for the heating ability of micro-disk electrodes with
coils. Distances between the electrode surface and the bottom of the heated copper wire also have a good linear
relationship with T, (R* = 1). Considering the cost, 25-mm length of the gold wire is enough to obtain a relatively high
Ts. In addition, the highest T, can be obtained when the electrode material is gold and the diameter of the gold disk is
0.2 mm. The relationship of diameters of heated copper wires with currents to obtain different temperatures has also
been studied. It is expectable that the simulation results can be used to significantly help the design and operation of
electrically heated microsensors in practical applications.

Keywords: Electrically heated microelectrodes; Heat transfer; Micro-disk; Coil-heated; Model; COMSOL; Tempera-
ture distribution

1. Introduction reviews [7—11]. There are many advantages for

them, such as affecting thermodynamic and kinetic

During the last two decades, electrically heated
microelectrodes invented by Griindler's group
have attained considerable attention in electroan-
alytical chemistry [1—3]. The symmetrical con-
struction of the electrode allows one to raise the
electrode temperature to several tens of degrees
centigrade or more above the solution boiling
point, while keeping the solution temperature
almost unchanged by using a high frequency
alternating current, and to perform electroanalyt-
ical measurements by applying a direct current
polarization at the same time [4—6]. Principles and
analytical applications of them can be found in

parameters of the electrode reaction, accelerating
the redox reaction rates, fast control of electro-
chemical reaction temperature. In addition, no
organic electrolyte, which is harmful for human
body, is needed in studying the electrochemical
reaction on the electrode surface temperature (T;)
higher than boiling point, and energy saving can
be realized [12—21].

Coil-heated micro-disk electrodes have been
used as micro-biosensors in bioanalytical area. The
dramatic temperature effect on the adsorptive
accumulation of luteolin has been demonstrated
using a pencil lead micro-disk electrode [22]. The
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greatly enhanced electrocatalytic activity of hemin/
G-quadruplex horseradish peroxidase-mimicking
DNAzyme for H,O, reduction with elevated elec-
trode temperature has also been reported by using
gold particle modified heated copper [23] and gold
electrodes [24]. In addition, Exonuclease III for
signal amplification with an elevated temperature
in electroanalytical chemistry has been achieved
using a heated gold disk electrode [25]. However,
there is no study about the heat transfer for elec-
trically heated microelectrodes which is necessary
for the design and operation of electrodes, espe-
cially for the application in bioanalysis.

In contrast to electrochemical experiments which
usually provide only information about the
average temperature of the electrode surface or the
bulk solution, numerical simulations give more
details for the electrode surface. Griindler has
explored the heat transfer and mass transfer
coupling process for a direct continuous heating
wire electrode by establishing a hot wire electro-
chemical model [26]. The mass transfer and heat
transfer for high-frequency AC heated microelec-
trode solutions have been studied by Baranski and
Boika's group through theoretical calculations and
numerical simulations [27—29]. The heat transfer
inner a temperature controllable electrode with a
relatively large electrode surface (3—5 mm in
diameter) has also been studied [19]. In addition,
many other works have been done for temperature
calculations and simulations of heated electrodes
[30—35].

In this work, we introduce a finite element soft-
ware (COMSOL) to analyze the factors that influ-
ence the surface temperature (T;). Heat transfer in
a coil-heated micro-disk electrode (CHMDE) that
works in a three-electrode electrochemical cell is
analyzed and modeled. This could lead to much
more reliable and sensitive heated micro-disk
sensors.

2. Materials and methods
2.1. Materials

Chemical agents of analytical grade, polyoxy-
methylene, gold wire (thickness ca. 0.5 mm) and
copper wire (thickness ca. 70 pm) were purchased
from Sinopharm Chemical Reagent Co. Ltd.
Electric wires were obtained from Shenzhen
Zaoxin Electronics Co., Ltd. Aqueous solutions
were prepared with purified water (>18 MQ-cm)
from a Millipore Milli-Q system (Research Scien-
tific Instruments Co., Ltd., China). Thermal grease
(YS910), as a good thermal conducting and Insu-
lating material, was bought from Shenzhen Hua-
nengzhiyan Co., Ltd. Epoxy resin (DEYI) was

purchased from Changsha Baxiongdi Adhesive
Co., Ltd.

2.2. Apparatus

Digital multimeter (VC890D) was obtained from
Xi'an victor Instrument Co., Ltd. Direct current
power (TPS300P) was bought from Shenzhen Atten
Technology Co., Ltd. Electrochemical measure-
ments were performed with an electrochemical
potentiostat (CHI660D, Chenhua, China). COM-
SOL5.3a software was purchased from the COM-
SOL Corporation (Shanghai, China). An
electrochemical cell with a traditional three-elec-
trode configuration was used (Fig. 1b). A coil-
heated micro-disk electrode (Fig. 1a) was used as
the working electrode. A platinum wire electrode
(Jinhuice.com, Nanjing, China) was used as the
counter electrode and a saturated calomel elec-
trode (Jinhuice.com, Nanjing, China) as the refer-
ence electrode. The cell was kept in ice-water bath,
maintaining the temperature of the bulk solution.

2.3. Temperature calibration

The relationship between time and potential of a
gold coil-heated micro-disk electrode (Au-CHMDE)
in 5 mmol-L™'-K3Fe(CN)s + 0.1 mol-L™*-KCl so-
lution is shown in Fig. 1c. The temperature of the
electrode surface was measured by following the
temperature-dependent change of the open-circuit
potential of a reversible redox couple [4], and the
temperature potential coefficient of this redox
couple is 1.56 mV-K ! [3]. The temperature rise of
the electrode surface can be calculated using
Equation (1) as follows,

AT, = (E—E)/1.56 (1)

where AT; (°C) is the temperature rise, E (mV-K™1)
is the potential applied to the electrode when the
current is presented, while E, (mV-K™) is the po-
tential applied to the electrode when the current is
Zero.

3. Results and discussion

3.1. Geometric model and characterization of Au-
CHMDE

The fabrication of Au-CHMDE was similar to the
heated gold disk electrode designed by Wu et al.
[25]. Its geometric model can be described sche-
matically (Fig. 1a) as a graphic of axial symmetry
constituting four distinct areas. An electric copper
wire with its rubber coat was in the upper part of
the Au-CHMDE. The polyoxymethylene coat was
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Fig. 1. The structure and experiment setup of a gold coil-heated micro-disk electrode (Au-CHMDE). (a) Schematic description of the heat gold wire
electrode (1: the rubber sleeve of the electric copper wire, 2: the electric copper wire, 3: polyoxymethylene, 4: epoxy resin, 5: the heated copper wire,
6: the gold wire, D1 and D, represent the diameters of the gold wire and heated copper wire, respectively. D3 and Dy represent the diameters of the
electric copper wire and its rubber sleeve, respectively. D5 and Dy represent the diameters of the epoxy resin and polyoxymethylene, respectively.
L; represents the distance from the bottom of the heated copper wire to the electrode surface. L represents the length of the gold wire. L represents
the length of the polyoxymethylene coat. Ly represents the length of the copper wire out of the polyoxymethylene coat; (b) The Au-CHMDE setup.
W, R, and C represent the working electrode, the reference electrode, and the counter electrode, respectively; (c) Potential-time curve of the heated
gold wire electrode (Au-CHMDE) in 5 mmol-L™" K3Fe(CN)g + 0.1 mol-L™" KCI solution. (Inset: Relationship between temperature rise (AT,) at
Au-CHMDE (D; = 0.5 mm) and the square of heating current in the solution).

in the lower part of the Au-CHMDE. A gold wire
was contacted with the bottom of the copper wire.
A thinner double parallel copper enameled wire
connected with a direct current power was twined
around the gold wire as the heater. The resistance
of the copper wire was detected to be ca. 2.0 Q by
using a digital multimeter. The epoxy resin was
fully filled in the gap between the gold wire and
the polyoxymethylene coat.

The experiment setup of Au-CHMDE is shown
in Fig. 1b, the Au-CHMDE was placed in the
electrolyte solution surrounded by ice-water bath
to keep the temperature of the bulk solution
approximately 0 °C.

The open-potential for Au-CHMDE was
changed when applying different direct currents to
the heated copper wire. T can be calculated by
monitoring the change in the potential in
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potassium ferricyanide with the temperature-po-
tential coefficient (Fig. 1c). The result (the inset in
Fig. 1c) depicts that the temperature rise is linear
with the square of the heating current. And the
equation of the fitting curve is AT; = —
0.7462 + 85.8742I% (R* = 0.998), and AT, (°C) is the
temperature rise, I (A) is the current applying to
the electrode.

3.2. Heat transfer in Au-CHMDEs

3.2.1. The establishment of the theoretical model

To verify the robustness of the numerical
model, a comparison between the experiment
data and the simulated data were carried out. The
physical dimensions and environment of the
electrode are detected as D; = 0.5 mm,
D, =70 um, D3 =1 mm, Dy =1 mm, Ds =5 mm,
Dg=6 mm, L; =2 mm, L, = 15 mm, L3 = 80 mm,
L; = 350 mm. The temperature of the water under
the electrode surface is assumed to be 0 °C due to
the use of the ice-water bath. Because of the low
temperature, the convective heat transfer coeffi-
cient between the electrode surface and the water
is supposed to be 200 W-m 2K~ '. When the
applied current for the heated copper wire is
larger than 0.4 A, leading to the rise of tempera-
ture, the convective heat transfer coefficient be-
tween the electrode surface and the water is
supposed to be 300 W-m 2K '. And the
convective heat transfer coefficient between the
electrode surface and the water is supposed to be
125 W-m 2K '. The temperature around the
electrode side is assumed to be 18.5 °C which is
the average of the bottom temperature of elec-
trode side (12 °C) and top temperature of elec-
trode side (25 °C). And the temperature around
the copper wire is the room temperature (25 °C).

Then the model is solved using COMSOL, which
was bought from the COMSOL Corporation. The
simulated temperature rise AT, can be defined as
follows,
AT, = T-Ty ()
wherein T is the temperature when applying
different currents to the heated copper wire. Tj is
the temperature simulated to be 2.8 °C when
applying no current to the heated copper wire.

When applying different currents, different
temperatures were calculated as shown in Fig. 2a.
And the comparison between the temperature rise
(4T,) obtained by the experiment and the tem-
perature rise (4T,) simulated by COMSOL is
implemented. The linear slope of the fitting line of
k is 0.9964 (R* = 0.9924), which shows excellent
consistence with those of the model and experi-
ment on the error below 0.4%. Thus, T, and the

heat transfer inside the electrode based on this
model can be studied.

As shown in Fig. 2b, Ty, is the bottom tempera-
ture of the heating copper wire and T is the tem-
perature of the electrode surface. The temperature
difference (4T3 = Ty, — Ts) between the bottom of
the heating copper wire and the electrode surface
has a good linear relationship with the square of
heating current (I?). And the fitting line for the
relationship can be described as follows,

AT; = 0.098 + 3.65451° (R*> = 0.9977) 3)

Hence, the temperature difference between the
bottom of the heating copper wire and the elec-
trode surface can be calculated according to the
heating current, which is helpful for the design of
electrodes in

electrically heated
applications.

practical
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Fig. 2. (a) The comparison between the temperature rise (4T;) ob-
tained by experiment and the temperature rise (AT,) simulated by
COMSOL when applying different currents to the heated copper wire.
From a to g, the currents varied from 0.1 A, 0.2 A, 0.3 A, 04 A, 0.5 A,
0.6 A, 0.7 A; (b) The relationship between the simulated temperature
difference (4T3) and the square of heating current. (Inset: the graphic
representation showing Ty, Ty, and AT3.)
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3.2.2. Temperature distribution for the Au-CHMDE

When the heating current was 0.7 A, the heating
power was 0.98 W owing to 2 Q resistance of the
heated copper wire. The convective heat transfer
coefficient between the electrode surface and the
water is assumed to be 300 W-m 2K ! as dis-
cussed before. And the temperature distribution
for the Au-CHMDE is shown in Fig. 3, which is
helpful for understanding the heat transfer in the
inner electrode.

The area around the heated gold wire is the
hottest and the temperature decreased from the
center to the side (Fig. 3a and b). Fig. 3¢ depicts
the temperature profile along the surface radius
direction and the temperature distribution at the
electrode surface, indicating that the temperature
of the whole bottom face of the gold wire is equal.
In addition, the temperature decreased from the

center to the edge as same as in Fig. 3a and b. As
shown in Fig. 3d, the temperature raised and then
decreased to the room temperature from the
bottom to the top of the electrode along the axle
wire. AT; is approximately 1.9 °C and the tem-
perature difference between the electrode surface
and the top of the gold wire is approximately
11.1 °C.

3.3. Factors that influence the electrode surface
temperature

Fig. 4 shows the factors that influence T, when
applying constant current to the heated copper
coil. All the parameters used in the heat transfer
model are the same as above except the changing
factors. Studying the distance between the electri-
cally heated copper coil and the electrode surface
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Fig. 3. Temperature distribution for the Au-CHMDE when 0.7 A current (0.98 W) was applied to the heated copper wire. (a) The temperature
distribution for the Au-CHMDE at longitudinal section; (b) The temperature contour lines for the Au-CHMDE as indicated by the dashed box in
Fig. 1a at longitudinal section; (c) Temperature profile along the surface radius direction (the inset: the temperature distribution at the electrode
surface), Dy is the diameter of gold wire; (d) Temperature profile along the axle wire of Au-CHMDE (Inset: the graphic representation showing Ly

and Ly).
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is necessary to the fabrication of the electrode.
Therefore, its effect on T was studied. T has a very
good linear relationship with the distance L; (mm)
between the bottom of the heating copper wire and
the electrode surface (Fig. 4a). In addition, the
equation of the fitting line is T, = 54.6 — 4.8L,,
(R? = 1). Therefore, when there is no distance be-
tween the electrode surface and the heated copper
wire, which indicating L; = 0, thus, T is 54.6 °C.
When L, increases per 1 mm, T, decreases 4.8 °C.
Therefore, within the range suitable for multiple
polishing of the electrode, reducing the distance
between the electrically heated copper coil and the
electrode surface as much as possible helps to
obtain a higher T.

Gold is a commonly used electrode material and
is relatively expensive. Studying the effect for the
length of the gold wire (L,) on T can help save cost
and achieve the best heating effect. Fig. 4b shows
the relationship between T and L,, indicating that
L, has little impact on T, when L2 varies from
15 mm to 45 mm. As L, increasing, T is increasing
gradually. However, when L, is 25 mm, T; tends to
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be stable. In addition, the Boltzmann fit of the
curve is described as,

419.4

L=471-1— o (4)

Similarly, studying the effect for the diameter
of the gold wire on the surface temperature of the
electrode can also help to save cost and achieve the
best heating effect. The relationship between T,
and the diameter of the gold wire (D;) is shown in
Fig. 4c. When D; is 0.2 mm, the electrode surface is
hottest. Three factors may be considered: the heat
capacity of the gold wire, the heat conduction of
the gold wire and the convection cooling between
the gold wire and the water. Since D; = 0.2 mm is
thinner, resulting in the smaller heat capacity, the
gold wire could be heated to a higher temperature.
In addition, the cross-sectional area is moderate, it
has the faster heat conduction ability and the
convection cooling with water is slower. In the
future work, when making a CHMDE, 0.2-mm
gold wire should be chosen as the electrode ma-
terial if needing a higher T..
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Fig. 4. Factors that influence Ts when applied constant power to the heated copper wire. (a) The relationship between L; and T;. (Inset: the graphic
representation of Ly); (b) The relationship between L, and T;. (Inset: the graphic representation of Ly); (c) The relationship between D; and Tj.
(Inset: the graphic representation of D1); (d) The relationship of diameters of heated copper wires and currents to obtain different temperatures.

(Inset: the graphic representation of D).
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Due to its good thermal conductivity and large
thermal resistance, copper coil is often used to heat
the electrode. To investigate the acquired currents
to achieve a certain T for different heated copper
wires, the relationship of diameters of heated
copper wires and currents to obtain different
temperatures was studied as shown in Fig. 4d.
They all have a good linearity as evident in the
figure. At different electrode surface temperatures,
the increase in the diameter of the copper wire
requires a higher heating current. The diameter of
the heated copper coil has a good linear relation-
ship with the heating current as listed in Table 1.

The higher T, the better the linearity. The data
can be used to guide the selections of a suitable
size for the heated copper wire and appropriate
current for an electrode to achieve a certain T,. The
results of the theoretical simulation can be used to
assist the design and operation of heated gold disk
electrodes in practical applications.

The electrode material has a significant influence
on the electrochemical reaction and the electrode
heating ability. Therefore, it is useful for researchers
to choose a proper electrode material to study the
relationship between the T and the electrode ma-
terial. Table 2 shows the T, for different electrode
materials when applied constant power to the heated
copper wire. The gold electrode obtained the highest
Ts (45 °C), while the silver, copper and graphite
electrodes achieved the T, higher than 44.5 °C.
However, the T, values of nickel and platinum elec-
trodes were relatively lower.

This may be explained by two factors. One is that
the lower thermal conductivity results in the worse
heat dissipation ability from the heating copper
wire to the aqueous solution. Because of the lowest
thermal conductivity, the T, of the platinum elec-
trode can reach 54.5 °C, which is the highest tem-
perature for all the electrodes with different
electrode materials. On the other hand, the lower
thermal conductivity results in the process of heat
transfer from the heating copper wire to the elec-
trode surface to be slow, therefore, the AT becomes
larger. The AT of the platinum electrode can reach
11.9 °C, which is the largest among the different
electrode materials. Through the Tj, of platinum is
the highest, the AT is also the largest, leading to a

Table 1. Fitting equations for different electrode surface temperatures.

T, (°C) Fitting Equation R?

40 I = —0.008 + 0.009D, 0.9960
60 I = -0.020 + 0.012D, 0.9960
100 I = -0.028 + 0.0145D, 0.9995
120 I = -0.028 + 0.0154D, 0.9999
150 I = —-0.031 + 0.0166D, 0.9999

Table 2. Summary of electrode surface temperatures for different
electrode materials.

Electrode R Ts Th SAT
material (W-m—2.K?) (@) °C) Q)
Silver 429 44.7 47.6 2.9
Copper 400 44.8 47.9 3.1
Gold 317 45.0 48.7 3.7
Graphite 150 44.5 51.7 7.2
Nickel 90.7 435 53.5 10
Platinum 71.6 42.6 54.5 11.9

1. A represents thermal conductivity of the electrode material. 2.
Ty, represents the highest temperature inner the electrode. 3. AT
represents the temperature difference between T}, and Ts.

relatively low T,. Combining the above two factors,
the thermal conductivity of gold is moderate,
therefore, the T is the highest.

4. Conclusions

In summary, this report introduces a finite
element software (COMSOL) to analyze the factors
that influence the surface temperature (T;). Heat
transfer in the inner CHMDEs that work in a three-
electrode electrochemical cell is analyzed and
modeled. The results are consistent with the
measured data for the determination of T rise. The
simulated results show that the temperature dif-
ference between the electrode surface and the
bottom of the heated copper wire has a good linear
relationship with the square of heating current.
Distances between the electrode surface and the
bottom of the heated copper wire also exhibited a
good linear relationship with T,. Considering the
cost, 25-mm length of the gold wire is enough to
obtain a relatively high T.. In addition, the highest
Ts can be obtained when the electrode material is
gold and the diameter of the gold disk is 0.2 mm.
The relationship of diameters of heated copper
wires with currents to obtain different tempera-
tures has also been studied. It is expectable that the
simulation results be used to significantly help the
design and operation of electrically heated micro-
sensors in practical applications.
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