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1. Derivation of the rate of exergy loss 

As a result of the second law of thermodynamics, the thermal energy of Etherm (J) located in a 

heat-releasing object at Tobj (K) has an exergy (EX,obj (J)) ofS1 

ଡ଼,୭ୠ୨ܧ ൌ ୲୦ୣ୰୫ܧ ൬1 െ
்౬

்ౘౠ
൰,       (S1) 

where Tenv is the temperature of the environment (300 K). Similarly, the exergy of the same 

amount of thermal energy when it is located in the coolant liquid at the temperature Tliq (K), 

denoted EX,liq (J),  is 

ଡ଼,୪୧୯ܧ ൌ ୲୦ୣ୰୫ܧ ൬1 െ
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Therefore, the exergy loss caused by the transfer of Etherm as a heat Q (i.e., Q = Etherm) from the 

heat-releasing object to the coolant liquid is equal to 
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To make this equation a per-unit-time representation, Q (J) is replaced by ሶܳ  (J/s). Thus, the rate of 

exergy loss, EX,loss (J/s), is expressed as 

ଡ଼,୪୭ୱୱܧ ൌ ሶܳ ்౬

்ౢ౧்ౘౠ
൫ ୭ܶୠ୨ െ ୪ܶ୧୯൯ ∝ ሶܳ ൫ ୭ܶୠ୨ െ ୪ܶ୧୯൯,    (S4) 

which is the relationship used in Section 1 of the main text. 

 

2. Experimental details 

Preparation of the working liquid 

The preparation, handling, and storage of the working liquid (0.06 M solution of 

CoII/III(bpy)3(NTf2)2/3 in [C2mim][NTf2]) were carried out in a glovebox equipped with a 

circulation gas purifier (OMNI-LAB, Vacuum Atmospheres Company). In this glovebox, the 

moisture and oxygen concentrations were kept below 1 ppm. First, as-received [C2mim][NTf2] 
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was dried under vacuum at 110 C for 3 h in an open glass vessel with the liquid surface height 

below ca. 5 mm to facilitate the escape of moisture. The powders of CoII(bpy)3(NTf2)2 and 

CoIII(bpy)3(NTf2)3 were then dissolved in [C2mim][NTf2] in an open-top glass bottle by stirring 

the mixture on a hot-plate stirrer at 50 C for 15 h. This process was conducted in the glovebox to 

further remove moisture from the liquid. The complete dissolution of the redox couple was 

checked by irradiating the liquid with a laser beam (wavelength: 632.8 nm), which confirmed the 

absence of light scattering from powder particles. This check was also performed before and after 

each experiment to confirm that the redox species did not precipitate from the solution. The 

working liquid was stored in the dark in the glovebox. Just before the experiment, the liquid was 

degassed in a vacuum oven at 50 C for about 40 min. We found that this degassing treatment was 

important to prevent the emergence of gas bubbles during experiments. 

 
Liquid circulation and flow rate measurement 

The working liquid was circulated using a roller tubing pump (Masterflex, Cole-Parmer) 

equipped with a PTFE-tubing pump head (HV-77390-00, Cole-Parmer). The liquid flow rate was 

modulated by the rotation speed of the head. The actual flow rate or G was measured for each 

experiment by introducing an air plug into the loop from a manifold junction in the middle of the 

loop and recording a digital movie to determine the progression rate of the air plug. 

 

Fabrication and treatment of the electrodes 

The anode was processed from a Pt plate (thickness: 0.3 mm; purity: > 99.98%) to dimensions 

of 29.5 × 25 mm for the directions parallel and perpendicular to the flow, respectively, by discharge 

cutting using an electrical wire. Cathode #13 (cf. Fig. 3c in the main text) were fabricated by 
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machine processing of a nickel block (purity: > 99.8%). The surfaces of the cathodes were sputter-

coated with a Pt layer with a thickness of 100130 nm to form a reversible electrode. Before each 

experiment, the anode was polished using a water slurry of alumina powder, rinsed with ultra-high 

purity water with a resistance of 18.2 Mcm, and dried well in an oven at 70 C. After each series 

of experiments, the cell was deconstructed and the electrodes were carefully cleaned by repeated 

ultrasonication first in acetone and then in methanol. Using these electrode treatments, we attained 

data reproducibility within 5%. 

 

Heater and temperature control 

The temperature of the cathode was set at a target value using a ceramic heater (BVP-004, Bach 

Resistor Ceramics GmbH, Germany) tightly contacted with the top plane of the cathode (cf. Fig. 

3b in the main text). The heater body was composed of silicon nitride with dimensions of 18  18 

 3 mm. A sheathed thermocouple with a diameter of 1 mm was embedded inside the ceramic 

heater and this output was used for fast feedback control at a frequency of 50 Hz. The electric 

power consumption by the heater was measured in each experiment using a power meter (Model 

3333, Hioki, Japan). This value was used to calculate the amount of Q (see below). Tcathode was 

measured using a teflon-coated T-type thermocouple. This junction was embedded inside a hole 

with a diameter of 1.4 mm and depth of 2.5 mm drilled in the top plane of the cathode. The hole 

was located on the centerline and near the downstream end of the cathode (see Fig. S6 below for 

the exact position). The thermocouple junction was fixed at the bottom of the hole filled with a 

heat-conductive resin. 
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Calculation of heat removed by the working liquid 

The rate of heat removal by the working liquid Q was calculated from the power consumption 

of the ceramic heater measured by the power meter (Model 3333, Hioki) minus the amount of the 

heat escaped from the cell surface to the ambient air. The latter was obtained using a pre-calibrated 

relationship between the surface temperatures and the steady-state power consumption in the 

ceramic heater with G = 0 (i.e., no liquid flow). It should be noted that we did not calculate Q using 

Q =   G  C  (Tout  Tin), where  and C are the density and specific heat of the working liquid, 

respectively. Although this process also yielded quantitatively similar values to those obtained by 

the aforementioned method, we did not adopt the latter approach because we found that the 

multiplication of the four factors on the right-hand side of this relation caused intolerably large 

errors. 

 

UV-vis optical absorption spectrum of the working liquid 

Figure S1 shows the optical absorption spectrum of the working liquid (0.06 M solution of 

CoII/III(bpy)3(NTf2)2/3 in [C2mim][NTf2]) prepared using CoII/III(bpy)3(NTf2)2/3 supplied by Nippon 

Kayaku, Japan (black curve). To check the quality of the redox couple, we also purchased 

CoII/III(bpy)3(NTf2)2/3 from a different supplier (Dyenamo, Sweden) and compared the optical 

absorption spectrum of the solution (pink dashed curve) with that used in this report. Figure S1 

shows that the agreement between these two spectra was excellent in terms of both the spectral 

shape and quantitative absorbance values, supporting the high purity of the redox couple used in 

this report.  

 

 



  6

 

 

 

  

Fig. S1 Optical absorption spectrum of the working liquid (0.06 M solution of 
CoII/III(bpy)3(NTf2)2/3 in [C2mim][NTf2]) used in this report (black curve) compared with that of 
a working liquid prepared using CoII/III(bpy)3(NTf2)2/3 purchased from a different supplier
(Dyenamo, Sweden; pink dashed curve). Both spectra were measured after 200-fold dilution with 
methanol. The optical path length was 1 mm. 
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UV-vis optical absorption spectrum of [C2mim][NTf2] 

Figure S2 shows the optical absorption spectrum of the ionic liquid used in this report, 

[C2mim][NTf2] supplied from IoLiTec, Germany (see also Section 2 in the main text). The 

observed weak optical absorption in the UV region and the absence of absorption in the visible 

region supported the high purity of [C2mim][NTf2] certified by the supplier (> 99.5%). All optical 

absorption measurements in this report were conducted using a UVvisnear-infrared 

spectrophotometer (UV-3600, Shimadzu) with a 1 mm-thick quartz cell. 

 

 

Physical properties of [C2mim][NTf2] 

Table S1 summarizes the physical properties of [C2mim][NTf2] relevant to the present study 

from 20 to 180 C, which covers the entire temperature range used in this study. In Table S1, “Fit 

to eqn” means that these values were obtained using the fitting function shown in the footnote of 

Fig. S2 Optical absorption spectrum of [C2mim][NTf2] used in this report. The optical path 
length was 1 mm. 
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this table. In the simulations, temperature-dependent viscosity experimentally measured by us 

(shown in Table S2) was used along with the , cp, and k values stated in this table. 

 

Table S1. Temperature dependence of the physical properties of [C2mim][NTf2] 

Temperature, T 
(K) 

Density,  (kg/m3) Specific heat, cp (J/kgK) Thermal conductivity, k 
(W/mK) 

Viscosity,  (mPas) 

 Experimenta Fit to eqna,b Experimentc Fit to eqnc,d Experimente Fit to eqne,f Experimentg Fit to eqng,h

293.15 [20 C] 1525.0 1524.2 1165.32 1172.21 0.1202 0.1203 41.6 40.7 
303.15 [30 C] 1515.1 1513.5 1193.43 1190.46 0.1215 0.1201 27.3 26.9 
313.15 [40 C] 1505.3 1503.0 1211.32 1208.70 0.1195 0.1198 19.1 18.8 
323.15 [50 C] 1495.5 1492.5 1226.65 1226.95 0.1184 0.1195 14.4 13.9 
333.15 [60 C] 1485.8 1482.1 1244.54 1245.19 0.1190 0.1193 11.3 10.6 
343.15 [70 C] 1476.1 1471.8  1263.44 0.1194 0.1190 8.3 8.4 
353.15 [80 C] 1466.4 1461.5  1281.68 0.1191 0.1187 6.8 6.8 
373.15 [100 C] 1447.0 1441.2  1318.17  0.1182 4.8 4.7 
393.15 [120 C] 1427.4 1421.2  1354.66  0.1177 3.7 3.5 
413.15 [140 C] 1407.5 1401.5  1391.15  0.1172  2.8 
433.15 [160 C] 1387.3 1382.0  1427.64  0.1166  2.2 
453.15 [180 C] 1366.6 1362.8  1464.13  0.1161  1.9 

a M. Tariq et al., Fluid Phase Equilibria, 2010, 294, 131138. 
b   1000  exp(0.62639  6.991512  10–4 T) 
c E. Gómez et al., Ind. Eng. Chem. Res., 2013, 52, 21032110. 
d cp  637.36 + 1.8245 T 
e A. P. Fröba et al. Int. J. Thermophys., 2010, 31, 20592077. 
f k  0.1281 – 2.65  10–5 T 
g A. Hofmann et al., J. Chem. Eng. Data, 2016, 61, 114123. 
h   1.82  10–4  exp(654.36/(T – 172.2)). 

 

 

Setup of the cell in the holder 

The cell was suspended in the air using a holder made of aluminum to reproducibly suppress 

the physical contact between the cell unit and the surrounding environment. The cell unit was lifted 

up from the inner bottom of the “holder (bottom)” by a few millimeters using four PTFE screws 

(“lifting screws” in the side view of Fig. S3b) that penetrated from the bottom of the “holder 

(bottom)”. The “holder (top)” was used to apply a downward force onto the thermal insulator and 

the ceramic heater so that the latter closely contacted the top plane of the cathode. By tightening 

the three plastic screws (“tightening screws” in Figs. S3a and b) that penetrated the “holder (top)” 



  9

plate, a downward force was applied constantly to the thermal insulator, affording a thermal 

contact between the heater and cathode during experiments. 

 

 

  

Fig. S3 (a) A photograph of the cell in an aluminum holder mounted on four 0.5-diameter SUS
rods. (b) Photographs of the top (left), front (middle), and side (right) of the setup. The
photographs in (a) and (b) were taken during an experiment. Light-green arrows indicate the
flow direction and the brown wires are teflon-coated thermocouple wires. 
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SMU settings 

We found that proper choice of the measurement parameters in the source measure unit (SMU) 

was important for acquiring sound I-V curves. In particular, we found that improper choice of the 

parameters can cause artifacts, which are falsely better I-V curves and higher generated powers. 

Therefore, we present here the settings of the SMU used in this report. The SMU used in this study 

was a Model 2450 from Keithley. This SMU has two main parameters, “filter count (FC)” and 

“number of power line cycles (NPLCs)” that set the signal averaging time. As these values become 

larger, the time to complete an acquisition of one I-V curve becomes longer. 

Figure S4 shows the dependences of Pmax acquired in preliminary experiments carried out at G 

= 0.12 and 0.45 mL/s on the values of NPLCs and FC. The choice of small FC and NPLCs resulted 

in a falsely larger Pmax, which was presumably caused by the transient current due to insufficient 

achievement of the steady state of the electrode reactions. Throughout this report, we used NPLCs 

= 10 and FC = 50, with which the steady state of the electrode reactions was sufficiently achieved 

and aforementioned artifacts could be avoided. 

Fig. S4 Dependence of Pmax obtained from the I-V curves acquired using the SMU on the 
parameters of (a) NPLC and (b) FC measured under FC = 50 and NPLCs = 10, respectively, at
flow rates of 0.12 (circles) and 0.45 mL/s (squares). 
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3. Cross-sectional view of the computational graphic of the cell 

Figure S5 shows the cross-sectional graphic of the cell used in this report with the computational 

meshes employed in our simulations for cathode #1. This computational graphic reflects the actual 

structure and dimensions of the present cell. Figure S5a also shows the position of the 

thermocouple hole in the cathode. Figure S5b indicates the position of Tchannel,in. Figure S5c shows 

the color-contour map on the center cross section obtained from our simulation with Tcathode = 170 

C and G = 0.5 mL/s.   
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Fig. S5 Graphic of the cross section of the cell unit showing the meshes used in our simulations 
for cathode #1. This cross section is on the center plane of the cell cut parallel to the direction of 
the liquid flow. (a) The whole cross-section, (b) a magnified view around the entrance of the 
interelectrode channel, and (c) the temperature color-contour plot on the same cross section for 
Tcathode = 170 C and G = 0.5 mL/s. In panel (b), the position of Tchannel,in is indicated. 
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4. Theoretical basis for the use of narrow channel widths 

A hydraulic diameter (Dh) is often used in evaluations of convection heat transfer.S2,S3 Dh of a 

rectangular duct with cross-sectional dimensions of a  b is 2ab/(a + b).S2 In the case of forced 

convection cooling using a laminar flow in a channel, the heat transfer coefficient h (W/(m2K)) is 

inversely proportional to Dh of the channel. This is because the Nusselt number (Nu = hDh/k, where 

k is the thermal conductivity of fluid)S2 for a fully developed flow is almost constant (usually 

somewhere between 3.5 and 4.5) regardless of the boundary conditions and the channel cross-

sectional geometry.S2,S3 Therefore, the easiest method to enhance h is to decrease Dh; this is the 

concept used in microchannel heat sinks, as mentioned in the main text. 

A high h corresponds to a thin thermal boundary layer on a solid wall, which is a spatially steep 

temperature gradient in the liquid flowing along the wall.S2 Such thin thermal boundary layers are 

beneficial for establishing a large steady-state temperature difference between two closely spaced 

electrodes in the present study (cf. Fig. 3 in the main text). For the same liquid flow rate (G), the 

use of cathode #1 results in a higher liquid velocity in the interelectrode channel than that in the 

case when cathode #2 is used because of the smaller cross-sectional area of the former than that of 

the latter, which also contributes to the formation of a thin thermal boundary layer in the case of 

cathode #1. Therefore, the use of cathode #1 is expected to result in a higher h and thus a higher 

heat removal rate than the use of cathode #2; this expectation was proven by the results shown in 

Figs. 4a and b in the main text. However, as a side effect of the smaller Dh, the cell with cathode 

#1 is expected to experience a larger pressure drop (P) than the case for the cell with cathode #2. 

For the same G, a larger P results in a larger pumping work (GP (W)) necessary to force the 

liquid through the cell. This point is discussed in Section 3.5 of the main text. 
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5. Assessment of temperature non-uniformity on the cathode surface 

Here we assess the extent of the temperature non-uniformity on the liquid-contacting plane of 

the cathode based on a theoretical analysis and computational simulation. We carry out a 

simulation for the cell with cathode #1 at G = 0.5 mL/s and Tcathode = 170 C, corresponding to the 

conditions that gave the maximum temperature non-uniformity in cathode #1. Figure S6 presents 

the simulated temperature distribution on the liquid-contacting plane of the cathode. This figure 

indicates that the temperature variation over most of the area (corresponding to the colors between 

red and light green) falls within ca. 6 K, or ca. 3 K around the temperature at the thermocouple 

position (which is in the orange region in the color contour plot). This non-uniformity was 

sufficiently smaller than the temperature difference between the cathode and anode (ca. 130 K for 

these conditions; see the main text for details). Therefore, we assume that the temperature of the 

cathode can be represented by the temperature measured by the thermocouple embedded in the 

cathode throughout this report. 

Fig. S6 Simulated temperature distribution on the liquid-contacting plane of cathode #1 for Tcathode

= 170 C and G = 0.5 mL/s. In this graphic, the liquid flow was from left to right. The position of 
the hole for the thermocouple used to measure Tcathode is indicated by a circle. 



  15

6. Temperature dependence of the viscosity of the working liquid 

The temperature dependence of the viscosity of the working liquid was measured using a cone-

plate rheometer equipped with a thermoelectrically controlled temperature stage (R/S Plus, 

Brookfield). The measurements were carried out under dry nitrogen gas to avoid the effect of 

moisture on the viscosity of the working liquid. Figure S7 shows the results along with the 

theoretical fit by the Vogel–Fulcher–Tammann (VFT) equationS6 

ሺܶሻߟ ൌ exp	ܣ ቀ


்ି
ቁ,        (S5) 

where A, B, and C are the parameters. Our fit yielded A = 7.2  104 Pas, B = 496.4 K, and C = 

179.7 K. These parameters were used to calculate the viscosity of the working liquid in our 

simulations. It should be noted that the viscosity obtained in Fig. S7 was higher than that of the 

neat [C2mim][NTf2] ionic liquid. 

Fig. S7 Temperature dependence of the viscosity of the working liquid used in this report
measured under dry nitrogen gas. The error bars represent 5% uncertainty in the measurements. 
The black curve is a theoretical fit by the VFT equation. 
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Table S2 shows the temperature dependence of the viscosity from 20 to 180 C. The values of 

“Fit to eqn” were obtained using eqn (S5) along with the VFT parameters obtained above. 

 

Table S2. Temperature dependence of the viscosity of the working liquid 

Temperature, T (K) Viscosity,  (mPas) 
 Experimenta Fit to eqnb 
293.15 [20 C] 57.47 57.3 
303.15 [30 C] 40.06 40.2 
313.15 [40 C] 29.61 29.7 
323.15 [50 C] 22.85 22.9 
333.15 [60 C] 18.38 18.3 
343.15 [70 C] 15.13 15.0 
353.15 [80 C]  12.6 
373.15 [100 C]  9.4 
393.15 [120 C]  7.4 
413.15 [140 C]  6.0 
433.15 [160 C]  5.1 
453.15 [180 C]  4.4 

a See Fig. S7. 
b   7.21  10–4  exp(496.37/(T – 179.7)), which is eqn (S5). 

 

 

7. Simulation details 

Boundary conditions 

The boundary conditions used for the outer surface of the cell unit were as follows: 

Natural convection  Heat transfer coefficients for the natural convection towards ambient 

air (23 C) were estimated using the experimental correlation equations reported by S. W. 

Churchill and H. H. S. Chu, Int. J. Heat and Mass Trans., 1975, 18, 1323–1329 for vertical 

planes and W. H. McAdams, “Heat Transmission, 3rd ed.”, McGraw-Hill, 1954; Chapter 7 for 

horizontal planes. 

Thermal radiation  Emissivity values of 0.7 and 0.15 were used for PTFE and stainless-steel 

surfaces, respectively. The temperature of the surrounding environment was 23 C. 
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Model type and settings 

The following model type and settings of Fluent were used for the simulations: 

Type = pressure-based 

Velocity formulation = absolute 

Gravity = ON (9.8 m/s2) 

Multiphase = OFF 

Energy = ON 

Viscous = laminar 

Solidification & melting = OFF 

Electric potential = OFF 

 

Grid independence study 

To show that our simulation results were independent of the density of the grid (or mesh) used, 

we carried out a grid independence study. As shown in Fig. S8, the results of our simulations were 

independent of the mesh density. 
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Governing equations 

The governing equations for the simulations in this report are listed below: 

Mass conservation law:  ⋅ ሺݑߩሬԦሻ ൌ 0 

Momentum conservation law:  ⋅ ሺݑߩሬԦݑሬԦሻ ൌ െ   ⋅ ሺ߬̿ሻ  ߩ Ԧ݃ 

Energy conservation law: ܿߩ୮ݑሬԦ ⋅ ܶ ൌ  ⋅ ሺ݇ܶሻ 

Fig. S8 Results of the grid independence study for the simulations in this report for (a) P, (b) Tout, 
(c) Tanode,ave, and (d) Tchannel,in. For definitions of the symbols used here, refer to the main text. 
Downward arrows indicate the mesh condition used in this report (4.5 million mesh). 
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Here,  is density, ݑሬԦ is the velocity vector, p is static pressure, ߬̿ is the stress tensor, Ԧ݃ is the 

gravity vector,  is viscosity, cp is specific heat, and k is thermal conductivity. 

 

8. Derivation of the small-signal mass transfer resistance Rmt 

Full details of a semi-empirical model for steady-state mass transfer have been given in Section 

1.4 of a textbook by Bard and Faulkner.S4 In this model, a redox reaction on the electrode surface 

O + ne  R (O: oxidized form; R: reduced form; n: the number of electrons involved) is considered 

for the situation where a steady-state flow of an electrolyte parallel to the electrode plane (which 

may be caused by stirring or forced convection) has formed a Nernst diffusion layer on the 

electrode,S4 as depicted in Fig. S9. This figure depicts an example situation of a reaction O + ne 

 R where the electrode is a cathode. The concentration of the redox species (O in this case) 

outside the diffusion layer of thickness O is maintained at the bulk concentration (CO*) because 
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of the steady flow of the electrolyte, whereas the concentration on the electrode surface (CO(x = 0)) 

is lower than CO* because of the steady consumption of O by the Faradaic reaction occurring at 

the electrode. CO varies with the distance (x) from the electrode in the diffusion layer. 

Because the details of this mass transfer model have been described elsewhere,S4 here we only 

briefly introduce this model to derive a solution (eqn (3) in the main text). First, the current–

potential (I-E) relationship for the case where both O and R are present initially is given byS4 

ܧ ൌ ᇱܧ െ ோ்

ி
ln ቀ

O

R
ቁ 

ோ்

ி
ln ൬

ூlim,cିூ

ூିூlim,a
൰,     (S6) 

where E0 is the formal potential, R is the gas constant, T is the absolute temperature, F is the 

Faraday constant, Ilim,c is the cathodic limiting current, and Ilim,a is the anodic limiting current. Here, 

the variables mX (X: O or R) are defined by 

݉X ≡

ఋ

,         (S7) 

Fig. S9 Concentration profile for species O near the electrode. The electrode surface is x = 0. The 
solid curve represents the concentration profile and the dashed lines represent the diffusion layer 
approximation. O and CO(x = 0) are the diffusion layer thickness and concentration of O on the 
electrode, respectively. This figure was drawn based on Figure 1.4.1 of ref. S4. 
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where Dx is the diffusion coefficient of species X. In eqn (S6), the signs of Ilim,c and Ilim,a are defined 

to be opposite to each other.S4 From eqn (S6), the equilibrium potential Eeq, which is the potential 

at I = 0, can be expressed by 

୯ୣܧ ൌ ᇱܧ െ
ோ்

ி
ln ቀ

O

R
ቁ 

ோ்

ி
ln ൬െ

ூlim,c

ூlim,a
൰,     (S8) 

Then, the mass transfer overpotential mt can be expressed asS4 

୫୲ߟ ൌ ܧ െ ୯ୣܧ ൌ
ோ்

ி
ln ൬

ூlim,cିூ

ூିூlim,a
൰ െ

ோ்

ி
ln ൬െ

ூlim,c

ூlim,a
൰.    (S9) 

As a result of the subtraction in eqn (S9), the parameters mX (and thus DX and X) are eliminated 

from this equation. For the conditions of small deviations of E from Eeq (i.e., E  Eeq), the “small-

signal” mass transfer resistance Rmt
S4 can be defined as 

ܴ୫୲ ≡ ቀ
డఎౣ౪

డூ
ቁ
ூୀ

.        (S10) 

By substituting eqn (S9) into eqn (S10), Rmt is obtained as follows 

ܴ୫୲ ൌ
ோ்

ி
൬
ூlim,aିூlim,c

ூlim,aூlim,c
൰.       (S11) 
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Equation (S6) is the representation for the situation of Fig. S9 and thus the terms “Ilim,c” and “Ilim,a” 

have been defined for one electrode. However, in the present forced-flow thermocell, because the 

mass transfer resistance contained contributions from both the cathode and anode, an overall Rmt 

has to be determined. To consider this point, the pair of terms representing the two limiting currents 

above (Ilim,c and Ilim,a) are replaced by a new pair of terms, Ilim,forward and Ilim,backward. Here, “Ilim,forward” 

is the limiting current found from Figs. 5d and 6a in the main text, where our “cathode” and “anode” 

literally work according to their names. Conversely, “Ilim,backword” is the limiting current that would 

be measured when our “cathode” and “anode” work as an anode and cathode, respectively; i.e., 

when the current flows inversely to the intended design by applying an inverse potential between 

the electrodes. Using the SMU, such an inverse measurement was possible. Figure S10 shows the 

I-V curves acquired for the normal and inverse scans obtained using cathode #2 with Tcathode = 170 

Fig. S10 I-V curves acquired by scans in both the normal and inverse directions using cathode 
#2 with Tcathode = 170 C and G = 0.5 mL/s (circles). These normal and inverse scans were carried 
out on the same day. As a comparison, the I-V curve scanned only for the normal direction for 
the same experimental conditions is also shown (triangles), which is also presented in Fig. 5d of 
the main text. The acquisition of the former was carried out a few months later than that of the 
latter, demonstrating the high reproducibility of the experimental results. 
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C and G = 0.5 mL/s. Figure S10 shows that Ilim,backward was equal to Ilim,forward in the present cell, 

and therefore the following relation can be used for the present situation 

୪୧୫,୭୰୵ୟ୰ୢܫ ≅ െܫ୪୧୫,ୠୟୡ୩୵ୟ୰ୢ ≡ ሺ	୪୧୫ܫ 0ሻ.     (S12) 

By substituting eqn (S12) into eqn (S11), Rmt can be expressed as 

ܴ୫୲ ≅
ோ்

ி

ଶ

ூౢౣ
,        (S13) 

which is eqn (3) in the main text. 

Next, the reason for the factor “2” in eqn (S13) is briefly mentioned. As stated in the main text, 

Rmt in this work is the overall mass transfer resistance containing contributions from diffusion 

layers on both the cathode and anode. However, the factor “2” in eqn (S13) did not originate from 

this aspect. The essential feature of eqn (S6) is that the magnitude of Rmt near E  Eeq (or I  0) 

contains contributions from both the limiting current for the forward reaction and that for the 

reverse reaction when the reduced and oxidized species coexist in a liquid electrolyte.S4 Therefore, 

the factor “2” in eqn (S13) originates from the relationship in eqn (S12). 

As briefly mentioned in the main text, Abraham et al.S5 previously used the same theoretical 

framework in their report to obtain Rmt but they followed a different route from ours presented 

above. In their route, Ilim was calculated using 

|୪୧୫ܫ| ൌ
ி

ఋ
,        (S14) 

which is equation (1.4.17) in the textbook authored by Bard and Faulkner.S4 Specifically, Abraham 

et al.S5 used the value of D separately obtained from their experiments while treating  as an 

adjustable parameter in eqn (S14). In our case, Ilim was obtained experimentally and thus it was 

not necessary to use D or  in our route described above. We believe that both routes are equally 
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important because one can choose to use whichever is the better route depending on the available 

experimental data. 

Back to our analysis, eqn (S9) can be rewritten using eqn (S12) as 

ܧ ൌ ୯ୣܧ 
ோ்

ி
ln ቀ

ூౢౣିூ

ூౢౣାூ
ቁ,       (S15) 

which describes the relationship between the voltage and current as a function of Ilim. An example 

of the fit to the experimental I-V curves in Fig. 6a of the main text with eqn (S15) is shown in Fig. 

S11. Further discussion and analyses of eqn (S15) are beyond the scope of the present report. 

 

 

 

  

Fig. S11 Example fits of eqn (S15) to the I-V curves shown in Fig. 6a of the main text. 
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9. Arrhenius plots of the working liquid viscosity and Rct
1 

Figures S12a and b show two Arrhenius plots to support the discussion in the main text. Figure 

S12a is the Arrhenius plot for the viscosity of the working liquid, which was generated from our 

data presented in Fig. S7. The slope represents the activation energy of the viscosity, Ea(). Figure 

S12b is the Arrhenius plot for the inverse of Rct (data shown in Fig. 6d of the main text), where the 

slope represents the apparent activation energy.S7 For the temperature for the latter, the average 

temperature of Tcathode and Tanode,ave was used, where Tanode,ave was obtained from our simulations. 

In agreement with the results of Tachikawa et al.,S7 who investigated the electrode kinetics of 

several ion complexes in an ionic liquid similar to [C2mim][NTf2] used in the present report, these 

activation energies are similar to each other. 

 

 

  

Fig. S12 Arrhenius plots of (a) the viscosity of the working liquid and (b) the inverse of Rct

obtained from the temperature-dependent experiments shown in Fig. 6 of the main text. 
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10. Dependence of Tanode,ave on G 

To support the explanation given for the increase of VOC with increasing G found in Fig. 7a of 

the main text, corresponding simulations were carried out for the condition of Tcathode = 170 C. 

Figure S13 shows the simulated relation between Tanode,ave and G. As expected, Tanode,ave decreased 

with increasing G, supporting our explanation for the observed increase of VOC with G in the main 

text. 

 

 

  

Fig. S13 Simulated Tanode,ave vs. G for the experimental conditions in Fig. 7 in the main text. 
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11. Randles plots generated from the results of AC impedance measurements 

Using the results of AC impedance measurements, plots of impedance vs. 1/2 (: AC 

frequency), often called Randles plots, can be generated. Randles plots are useful for analyzing the 

electrochemical processes.S4 As described in Section 10.3 of ref. S4 as well as Section 3.4 of the 

main text, the slope of a Randles plot is related to the diffusion coefficient of the redox species in 

the solvent (eqn (4) in the main text). Figure S14 shows the Randles plots for different G generated 

from the data presented in Fig. 7d of the main text. In all the panels in Fig. S14, the plots for both 

the real (ZRe) and imaginary (Zim) components are linear and have a common slope, which indicates 

that the present system can be described by the equivalent circuit model.S4 

 

Fig. S14 Randles plots generated from the results of the AC impedance measurements shown in
Fig. 7d of the main text. 
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