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Nanoporous carbon based thermally chargeable supercapacitors (TCS) are characterized in a set of

experiments for low-grade heat harvesting and storage. A TCS consists of two nanoporous

electrodes immersed in an electrolyte solution. When the temperature of one of the electrodes rises,

its electrode potential increases, and a significant amount of thermal energy is converted to electric

energy. The temperature sensitivity of the electrode potential (jdV/dTj) is highly dependent on the

cation size: with everything else being the same, as the cation diameter (d) decreases, jdV/dTj
increases. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4742748]

Harvesting and storing low-grade heat (LGH) is of both

significant scientific interest and important technological

relevance.1 Usually, LGH refers to the thermal energy of

heat sources below 250–300 �C. Everyday, in the United

States alone, many hundreds of Giga-Watt of power is being

wasted as LGH in coal and nuclear power plants.2 Other

LGH sources include solar thermal energy, geo-thermal

energy, ocean thermal energy, wasted heat in vehicles, and

even body temperature of human beings. If LGH can be uti-

lized with a high energetic and economic efficiency, energy

security can be much improved and energy-related emission

can be greatly reduced.

Conventional thermal energy harvesting and storage

techniques do not work well for LGH.2,3 A major problem is

the low energy density, making direct thermal energy storage

methods, e.g., those based on phase transformations and/or

chemical reactions,4 irrelevant. An intrinsic difficulty of con-

verting LGH to electricity comes from the low temperature,

which leads to the low Carnot cycle limit, fc. Thus, the over-

all energy conversion efficiency f¼ fc � fs tends to be poor,

with fs being the system efficiency. For large-scale LGH

sources, neither direct energy conversion, e.g., thermoelec-

trics, nor indirect energy conversion, e.g., Organic Rankin

Cycle (ORC) machines and turbine engines, can work effi-

ciently.5 To overcome these hurdles, new mechanisms must

be investigated.

Converting thermal energy to electric energy must be

based on processes that are both thermally and electrically

related. Such processes usually involve multiple phases/mat-

ters and take place at their interfaces, and beneficial interface

effects can often be amplified by using nanostructured mate-

rials of ultrahigh specific surface areas (A� 102 to 103 m2/g).

Among all the interfaces, solid-liquid interfaces should be

given a high priority as they are quite controllable. A nano-

structured-materials-based device that uses solid-liquid inter-

faces to store electric energy is essentially a double-layer

supercapacitor (DLS). For instance, when two identical

nanoporous electrodes are soaked in an electrolyte solution

and an external voltage is applied across them, the cathode

would adsorb anions and the anode would adsorb cations.

The stored charge can be assessed as Q¼Qe �A, where Qe is

the effective surface ion density. Due to the large value of A,

Q can be much higher than that of many conventional

capacitors.6

Note that the ion adsorption of DLS is also thermally de-

pendent. It is well known that a “poorly designed” DLS can

lose up to 20% of its capacitance with a small temperature

variation.7 While this is usually regarded as a detrimental

effect, recently we showed that its inverse process can be

employed to harvest and store LGH as electric energy, lead-

ing to the development of the thermally chargeable superca-

pacitor (TCS) technology.8 The basic working mechanism of

TCS is associated with the thermally induced variation of

electrode potential. As depicted in Fig. 1(a)), a possible

structure of TCS consists of two identical half-DLS. Each

half-DLS is formed by immersing a nanoporous electrode in

an electrolyte solution. As they are placed at different tem-

peratures (T), there would be a potential difference (V)

between them, because the effective surface ion density

changes with T. Since the temperature sensitivity of elec-

trode potential, jdV/dTj, is much higher than the Seebeck

coefficients of thermoelectric materials, a TCS can have a

high energy density. Moreover, as the two half-DLS are sep-

arated, direct thermal conduction between them can be mini-

mized, so that thermal shorting, the key factor that causes

the low energetic efficiency of the Seebeck effect,9 is signifi-

cantly reduced.

While the preliminary data have shown encouraging

results, in order to optimize TCS, a large number of technical

and scientific questions must be answered. A critical issue is:

How to choose the electrolyte? A recent experiment showed

that the output voltage of TCS is highly dependent on the

anion size.10 At a large electrode surface, if anions are the

dominant species, the cation effects should be secondary.

However, our experimental data indicate that the cation

effects are even more pronounced, as will be discussed

below.
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The electrode under investigation was formed by Cabot

BP2000 nanoporous carbon (NC). The material was refluxed

in a vertical reactor in acetone for 4 h. The refluxing temper-

ature was kept at 60 �C by a hot mantle. After vacuum drying

at 80 �C for 8 h, the treated NC powders were compressed

into thin disks by a type-5580 Instron machine in a stainless

steel mold. The mass of each disk was nearly 200 mg. The

compression pressure was 400 MPa. By using a Micromet-

rics ASAP-2000 Analyzer, it was measured that the com-

pressed carbon had a broad pore size (D) distribution from

1 nm to 100 nm, with the modal value at about 3 nm. The

smallest nanopores with D< 10 nm contributed to more than

85% of the surface area.

The schematic of the experimental setup is shown Fig.

1(b), which is similar with the one in Fig. 1(a) except that

the counter-electrode and the grounding connections were

replaced by a salt bridge. The diameter of the salt bridge was

5 mm, and the length was 30 mm. The two containers were

made of polypropylene (PP). Each container contained 50 ml

of aqueous solution of electrolyte. The electrolyte concentra-

tion was either 0.1 M or 3.7 M. The electrolyte was either

lithium chloride (LiCl), sodium chloride (NaCl), potassium

chloride (KCl), or cesium chloride (CsCl).

The two NC disks were connected to a National Instru-

ment SCB68 data acquisition (DAQ) system by platinum

(Pt) wires through two Pt charge collectors. One container

was maintained at room temperature by a water bath. The

other container was heated by a Corning PC-220 Hot Plate,

with the heating rate of 3 �C/min. The DAQ system continu-

ously recorded the potential difference between the high-

temperature and the room-temperature NC disks. Fig. 2

shows the typical measurement results. The average dV/dT is

shown in Fig. 3 as a function of the diameter of cation (d)

and the ion concentration (C). According to the literature

data,11 the ion diameters of Liþ, Naþ, Kþ, and Csþ are

0.180 nm, 0.232 nm, 0.304 nm, and 0.362 nm, respectively.

In the control experiment, the NC disks were removed, and

only the Pt plates were tested as electrodes, with everything

else remaining the same.

Figure 2 indicates clearly that the effective electrode

potential is highly sensitive to temperature, T, for all the

tested chloride salts. Initially, when both containers are at

FIG. 1. Schematics of (a) the thermally chargeable supercapacitor (TCS)

and (b) the experimental setup.

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

ature difference (DT). The ion concentration is kept as 0.1 M.

FIG. 3. The average value of jdV/dTj as a function of the cation size, d, (a)

of the Pt electrode and (b) the nanoporous carbon electrode.

063902-2 Lim, Lu, and Qiao Appl. Phys. Lett. 101, 063902 (2012)



room temperature, the potential difference is zero, as it

should be. When the temperature difference (DT) increases,

the electrode potential of the room-temperature NC disk

remains constant, while that of the high-temperature NC disk

rises, causing the measured output voltage (V). The values of

jdV/dTj are on the scale of 0.5–0.9 mV/ �C, higher than that

of solid-state thermoelectrics by at least an order of magni-

tude. The V-T relationship is quite linear, suggesting that the

mechanism of electrode potential variation is the same across

the temperature range under investigation.

Note that Pt and NC electrodes exhibit different charac-

teristics of thermal dependence of electrode potential, as

shown in Figs. 3(a) and 3(b). First, the electrode potential of

NC increases with temperature, while that of Pt decreases.

Usually, at a higher temperature, the effective surface ion

density is lower, as more ions can diffuse away from the

Helmholtz plane.12 The different trends in NC and Pt behav-

iors suggest that ions of opposite charges dominant their

electrode potentials, which may be related to the surface

moieties on the NC surface. During the preparation of the

highly porous NC, significant oxidation takes place,13 as car-

boxylic and/or hydroxyl groups are formed. These surface

groups are negatively ionized in solution, attracting cations

and repelling anions. On the contrary, near the Pt surface,

anions can be adsorbed.14 The preference of the carbon

nanopore for cations makes the cation size effect more pro-

nounced compared to the previously reported anion size

effect.10 The sensitivity of jdV/dTj to the ion size are

0.15� 0.19 mV/Å�K and �0.09 mV/Å�K for cations and

anions, respectively. Second, from Figs. 3(a) and 3(b), it can

be seen that dV/dT of the NC is dependent on the cation di-

ameter, while that of Pt is not. This phenomenon can be

associated with the previous discussion that anion is the

dominant specie for the Pt electrode, and in all the tests, the

anion species and concentration are the same. For the NC

electrode, different cations dominate dV/dT.

In the current study, most of the important system pa-

rameters are maintained the same, including the cation and

anion charge, the ion concentration, the anion specie, the sol-

vent, the electrode material, and the testing condition. The

only major difference is the cation size, varying from Liþ to

Csþ. The experimental data show that jdV/dTj decreases

monotonically as the cation diameter (d) increases. In both

dilute (0.1 M) and high-concentration (3.7 M) solutions, jdV/

dTj is nearly 0.85 mV/ �C for lithium salt and decreases to

about 0.52 mV/ �C for the largest cesium salt, by almost

40%. The relationship between jdV/dTj and d is nonlinear.

When the cation changes from lithium to sodium and from

potassium to cesium, the decrease in jdV/dTj is quite evident.

The difference between sodium and potassium cations is

within the tolerance of measurement.

The electrode potential can be described as:15

/¼ (/e�/IHP)þ (/IHP�/b), where /e, /IHP, and /b are

the potentials of the electrode surface, the IHP, and the bulk

liquid phase, respectively. The potential drops can be

expressed in terms of integral capacities (K); thus, /¼Qe/

KeþQIHP/KIHP, where Q is the surface charge and the sub-

scripts “e” and “IHP” indicate the electrode-IHP system and

the IHP-bulk system, respectively. The overall interface

capacitance is Ci¼ dQe/d/. Note that Qe¼QCAþQIHP, with

QCA being the charge associated with the specifically

adsorbed ions, and, consequently, 1¼ dQCA/dQeþ dQIHP/

dQe. Therefore, 1/Ci¼ 1/Ke� (1/KIHP)(dQCA/dQe). Since the

IHP structure may be simplified as a monolayer, QCA is linear

to the adsorption coverage (h): QCA¼ a � h, with a being a sys-

tem constant. Hence, /¼ (1/Keþ 1/KIHP) adh. As a first-order

approximation, the adsorption behaviors can be described by a

Temkin isotherm:16 h¼ ln bc/f¼ (kBT/B)ln[c�exp(Qo/kBT)],

where kB is Boltzmann constant, B is a system constant

related to the heat of adsorption, and Qo is the heat of

adsorption. Thus, dh/dT¼ (kBln c)/Bþ (dQ0/dT)/B. We can

then derive the equation for the temperature sensitivity

dV

dT

����
���� ¼ � 1

KIHPB
kBA ln cþ dQ0

dT

� �
: (1)

In Eq. (1), the first term in the bracket on the right-hand side

(RHS) is not related to the cation size. The second term

reflects the change in heat capacity of the adsorbate before

and after the adsorption, which can be regarded as the

change in heat capacity (DC).17 Usually, a smaller ion tends

to have a higher degree of hydration, causing a more pro-

nounced change in heat capacity.18 That is, smaller cations

with more hydration molecules would have a higher degree

of freedom than bigger ones.19 Thus, the larger the value of

dQ0/dT, the higher the temperature sensitivity (dV/dT) would be.

The phenomenon that both cations and anions have sig-

nificantly influence on the TCS performance may also be

associated with the confinement effect of the nanopore walls:

As the interior of a nanopore is relatively small compared

with the interface zone, both cations and anions are confined

in the nanoenvironment, somewhat in direct contact with the

inner surfaces.

Another interesting phenomenon is that, when the ion

concentration increases from 0.1 M to 3.7 M by more than an

order of magnitude, the temperature sensitivity of electrode

potential and its dependence on cation size do not vary

much, suggesting that the ion concentration in NC is not the

critical factor affecting dV/dT.

Clearly, detailed analysis on thermally induced ion

adsorption and desorption in nanopores must be carried out

to fully understand the TCS performance. Nevertheless, the

current testing data suggest that using different cations can

significantly affect the TCS behaviors. When the cation size

increases, with everything else being the same, jdV/dTj
decreases. The influence of the cation concentration is

secondary.
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