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In recently developed thermally chargeable supercapacitors, temperature dependent capacitive

effect is employed to harvest and store low-grade heat as electric energy, for which a key factor

dominating the system performance is the thermal sensitivity of electrode potential (dV/dT). In the

current study, the influence of electrode material properties, particularly the work function, is ana-

lyzed through a set of thermal-to-electric energy conversion experiments. The testing data suggest

that dV/dT increases monotonously with the work function. This finding sheds light on electrode

materials selection. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921769]

To enhance energy security and to reduce energy-related

greenhouse gas emissions, it is critical to better utilize the

energy that is currently being wasted and/or regarded harm-

ful. One of the important energy sources is low-grade heat

(LGH), thermal energy with the temperature (T) lower than

300 �C–400 �C,1 such as the waste heat in coal and nuclear

power plants, solar thermal energy, and geo-thermal energy.

If LGH can be harvested with a high efficiency, from coal

power plants alone, many Giga-Watt of additional power can

be generated in U.S.2 For another example, today’s best solar

panels can convert only �16% of solar energy to electricity;3

the rest of energy is eventually dissipated as LGH. The

Carnot cycle limit for un-concentrated solar thermal energy

is �10%. If the waste LGH can be harvested with an effi-

ciency of 5%–8%, the overall solar to electrical energy con-

version efficiency of solar panel can be increased by nearly

50%.

However, the relatively low temperature associated with

LGH demands a high system efficiency, which cannot be

achieved by conventional thermal-to-electric energy conver-

sion (TEEC) technologies, including the direct TEEC techni-

ques based on the Seebeck effect and the indirect TEEC

techniques such as organic Rankin cycle (ORC) machines.4

The major issue of the indirect methods is the high cost, typi-

cally more than a few dollars per Watt,5 due to the high in-

stallation, maintenance, and operational costs. The main

technical difficulty of thermoelectric materials is thermal

shorting, i.e., as electrons move from the high-temperature

side to the low-temperature side, heat conduction also

occurs.6

Searching for better TEEC techniques for LGH has been an

active area of study for the past decade.7 A TEEC process must

be based on one or multiple physical and/or chemical phenom-

ena that are both thermally and electrically sensitive. Recently,

in a research on thermally induced capacitive effect,8–13 we

developed thermally chargeable supercapacitors (TCS). In a

TCS, two half-supercapacitors are placed at different tempera-

tures, as depicted in Fig. 1. Each half-supercapacitor consists of

an electrode immersed in an electrolyte solution. At the

solid-liquid interface, the solvated ions are subjected to ani-

sotropic force fields and form a double layer. Thus, a certain

amount of electric energy is stored as surface charges. A

potential difference is generated between the electrode and

the liquid phase, which is referred to as electrode potential.

As temperature varies, accompanied by the change in effec-

tive surface ion density, the electrode potential becomes

different. Consequently, when the two electrodes are con-

nected, a net output voltage can be measured. If the electrode

is a nanoporous material of an ultrahigh surface area

(102–103 m2/g), the capacitance can be quite high, leading to

a high energy density. The TCS works in the LGH tempera-

ture range, below 100 �C if the liquid phase is aqueous. Due

to the high mobility of the surface ions, even with a small

temperature difference of only a few tens of �C, the output

voltage (V) can be on the scale of 102 mV, higher than that of

thermoelectric materials by more than an order of magni-

tude. With a constant internal impedance, the harvested and

stored electric energy by a TCS are proportional to V2. It is

FIG. 1. Schematic of a TCS, formed by two identical electrodes separately

immersed in an electrolyte solution.
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clear that, in order to enhance the TCS performance, the

thermal sensitivity of electrode potential, dV/dT, must be as

high as possible.

The experimental setup is shown in Fig. 1. Two identical

electrodes were immersed in 21 wt. % formamide (FA) solu-

tion of lithium chloride (LiCl). The electrodes were made of

foils of platinum (Pt), nickel (Ni), copper (Cu), or indium

(In). The rational of choosing these materials will be dis-

cussed below. The two electrodes were placed in two 50 ml

containers, separately. The containers were connected by a

salt bridge, with the diameter of �5 mm and the length of

�30 mm. By using a cold water bath, one of the containers

was kept at room temperature (Tr). The other container was

heated by a Corning PC220 heat plate, with the heating rate

of �3 �C/min. The temperatures of the two electrodes were

monitored by type-K thermocouples connected to a National

Instrument HH-20A Reader.

As the temperature difference between the two electro-

des (DT) increased, a significant output voltage, V, was

measured between the two electrodes by a National

Instrument SCB68 data acquisition (DAQ) system. Figure 2

shows typical V-DT curves for the four materials under

investigation, based on which the average thermal sensitivity

of electrode potential, dV/dT, was calculated, as shown in

Fig. 3. For self-comparison purpose and for the sake of sim-

plicity, the average dV/dT was taken as Vmax/DTmax, where

Vmax and DTmax are the maximum potential difference and

the maximum temperature difference, respectively. It quali-

tatively describes how rapidly the output voltage increases

with temperature.

The electrode materials are so-chosen in order to test

our hypothesis that the thermal sensitivity of electrode

potential is related to the work function (WF). Work func-

tion is a concept in solid state physics, defined as the mini-

mum energy that is required to remove an electron from the

Fermi level to vacuum.14 For the metallic materials investi-

gated in the current study, the conduction band is partly

filled and the Fermi level is inside the band.15 The value of

WF is typically a few eV, depending on a number of factors

such as the packing mode of atoms and the crystallographic

orientation. Work function is closely correlated to the

ionization energy and insensitive to the surface charges. It

can be calculated as WF¼Wd�EF, where Wd is the poten-

tial difference caused by surface dipole and EF is the Fermi

energy. According to the literature data,15 the values of WF

of In, Cu, Ni, and Pt are 4.1 eV, 4.8 eV, 5.2 eV, and 5.5 eV,

respectively.

In the classic Gouy-Chapman model,16 the adsorbed

ion structure at a solid-liquid interface is simplified as an

electric double layer, consisting of two capacitive compo-

nents: One from the Helmholtz layer, CH, and the other

from the diffusion layer, CD, as depicted in Fig. 4. While

this model is useful to explain many surface phenomena,

e.g., the temperature dependence of electrode potential and

surface tension, it does not directly capture the influence of

the solid phase. According to the Jellium model,17 a third

capacitive component, CM, may be taken into considera-

tion. It comes from the electron spillover over the electrode

surface and can result in an asymetric electron distribution,

leading to the formation of a relatively strong dipole

moment. Due to the shielding effect,16 when the electrode

phase varies, the major changes take place in the CM layer,

and the variations in CH and CD are secondary.

FIG. 2. Typical results of the output voltage (V) as a function of the temper-

ature difference (DT).

FIG. 3. The relationship between the thermal sensitivity of electrode poten-

tial (dV/dT) and the work function.

FIG. 4. Schematic of surface ion structure.
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The change in potential difference between the bulk liq-

uid phase and the electrode surface (MDSu) is over all the

three capacitive components;17 that is,

MDSu ¼ Q

Ctotal

¼ Q

CM

þ Q

CH

þ Q

CD

; (1)

where Q is the effective surface charge and Ctotal is the effec-

tive capacitance of the double layer structure caused by the

three capacitive components. The distribution of the surface

charge is determined by the temperature and the electric field

within the diffusion layer, which can be described by the

Poisson-Boltzman equation.18 If the temperature in the dou-

ble layer changes, the effective density of the ionic charges

in the diffusion layer should vary accordingly, by an amount

of DQ. At the equilibrium condition, the changes in effective

charges in all the capacitive components are the same. The

contribution of the electrode phase to the temperature

induced change in potential difference can be written as

d
�

MDSu
�

M

dT
¼ d

dT

Q

CM

� �
¼ 1

CM

�
dQ

dT
� MDSu
� �

M

dCM

dT

�
;

(2)

where the subscript “M” indicates the contribution from the

CM layer. From Eq. (2), it can be seen that the derivative of

the potential difference with respect to temperature change is

proportional to 1/CM. The Jellium model describes the con-

tribution of the electrode phase to the overall capacitance of

the double layer,17 in which CM is highly dependent on the

density of positive ions in the electrode (nþ)

1

CM

¼ � 8pnþe0

a3

@a
@q

; (3)

where a, e0, and q are semi-empirical parameters capturing

the effects of the electronic density profile, the electronic

charge, and the surface charge density, respectively. From

Eqs. (2) and (3), it can be derived that the partial potential

change is proportional to the density of positive ions (nþ),

which is correlated to the work function: A metallic material

that has a high nþ value usually also has a large WF.

The four electrode materials under investigation have

quite different work functions,15 among which In has the low-

est WF. According to Fig. 2, when temperature changes by

nearly 50 �C, the measured electrode potential of In is quite

random, probably reflecting the drifting of the internal

grounding. The average temperature sensitivity (dV/dT) is

only 0.4 mV/K, as shown in Fig. 3. When the electrode mate-

rial is changed to Cu, the WF value increases to 4.8 eV, and it

is evident that the electrode potential increases with the tem-

perature. The average temperature sensitivity is 1.4 mV/K.

For Ni and Pt, the WF values are even much higher, and dV/

dT are 4.1 mV/K and 6.5 mV/K, respectively, both higher than

that of Cu. It is clear that dV/dT is positively correlated to

WF, fitting well with the prediction of the Jellium model.

Note that except for In, for which the voltage change

is quite small and the measurement results are governed

by data scatter, for the rest of the three electrode materi-

als (Cu, Ni, and Pt) dV/dT is relatively linear to WF

(Fig. 3), suggesting that the first order approximation

used in the above analysis is plausible.

Note that our definition of dV/dT does not capture the

nonlinearity in the V-DT relationship. Figure 2 shows that

the temperature dependence of electrode potential is quite

nonlinear. For Cu, Ni, and Pt, the increase in electrode poten-

tial is relatively slow when the temperature is low, and V
rises increasingly fast with temperature. The change in elec-

trode potential is related to the variation in the effective

adsorption coverage, which can be promoted as T is higher.9

In summary, as temperature changes, due to the associ-

ated charge motion, the potential difference across the dou-

ble layer of an electrode-electrolyte interface would vary.

The temperature sensitivity of electrode potential is higher if

the electrode material has a higher work function. This effect

may be explained by the Jellium model, having important

relevance to the optimization of the electrode materials in

thermally chargeable supercapacitors for harvesting and stor-

ing low-grade heat.
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