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Thermal energy is abundantly available, and especially low-grade heat
is often wasted in industrial processes as a by-product. Tapping into this
vast energy reservoir with cost-attractive technologies may become a
key element for the transition to an energy-sustainable economy and
society. We propose a novel heat-to-current converter which is based
on the temperature dependence of the cell voltage of charged super-
capacitors. Using a commercially available supercapacitor, we observed
a thermal cell-voltage rise of around 0.6 mV K~ over a temperature
window of 0 °C to 65 °C. Within our theoretical model, this can be used
to operate a Stirling-like charge-voltage cycle whose efficiency is
competitive to the most-efficient thermoelectric (Seebeck) engines.
Our proposed heat-to-current converter is built from cheap materials,
contains no moving parts, and could operate with a plethora of
electrolytes which can be chosen for optimal performance at specific
working temperatures. Therefore, this heat-to-current converter is
interesting for small-scale, domestic, and industrial applications.

Introduction

With ever-increasing worldwide energy demand, together with
the depletion of fossil fuels, there is an urgent call for innova-
tive renewable energy sources.' One highly attractive candidate
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Broader context

In times of ever-increasing worldwide energy demand, innovative
renewable energy sources must be developed. One highly attractive
candidate is exploiting thermal energy, as it is abundantly available for
instance in the form of waste heat. Thermocapacitive devices have the
potential to harvest low-grade heat and to convert it directly into electric
energy. They can be constructed from cheap and sustainable materials
and are highly tunable to their specific field of application. Especially at
small temperature differences, they reach efficiencies close to the most
efficient Carnot efficiency and could compete with thermoelectric engines
of ZT > 20. Our work also impacts on the field of large-scale energy
storage, where the thermal voltage rise can be used to easily increase the
already installed storage efficiency or even harvest energy directly from
the storage conversion.

is thermal energy, as it is abundantly available for instance in
industry, power plants, data centers, combustion engines, or as
solar or geothermal heat in nature. Yet, the efficient conversion of
(low-grade) heat into electric energy is still a great technological
challenge.?

In a straightforward conversion, a heat engine converts heat
into mechanical energy, which is subsequently used to drive an
electric generator. More direct heat-to-current converters
(HTCCs) avoid the intermediate mechanical step and directly
convert thermal into electric energy. In recent years, continuous
power-generating thermoelectric engines have been intensely
studied.>® These devices work on the temperature difference
between two heat reservoirs and they often exploit the Seebeck
effect, the generation of a potential difference due to a temperature
gradient.’> Other thermoelectric engines are based on the
temperature-dependence of electrochemical cells, called the thermo-
galvanic effect,” on the thermoionic, and on the thermoelectronic
effect.” Recently even a single ion heat engine’ and a thermoelectric
engine with ultracold atoms® attracted interest. However,
thermoelectric engines are typically expensive and flawed with
a poor efficiency.®

Contrary to continuous power generation, the thermogalvanic
effect has also been used in thermally regenerative electrochemical

This journal is © The Royal Society of Chemistry 2015
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9 . .
cycles,” where the connection to only one of two heat reservoirs

at the same time is alternated in a cyclic fashion. The conver-
sion of heat into electricity while operating in the cyclic
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Fig.1 (a) Schematic drawing of the charging—heating—discharging—
cooling cycle of the proposed heat-to-current converter. The inset shows
the supercapacitor immersed in hot water. (b) The supercapacitor is
composed of an electrolyte reservoir and two porous electrodes, each
modeled as a parallel plate capacitor. Furthermore, a section of the
positive electrode and its electric double layer is sketched for all four
states of the proposed cycle ABCDA at high (H) and low (L) temperatures T
and charges Q of the device. (c) Canonical charging curves predicted by
our theoretical model supercapacitor at different temperatures. In addi-
tion, the operation cycle ABCDA is indicated as sketched in (a), where A
and D are positioned at zero charge. The enclosed area of this thermo-
capacitive cycle indicates the available work. The corresponding efficiency
n of the cycle is shown in the inset for fixed T, = 0 °C and three different
recuperation efficiencies 5. together with the Carnot efficiency nc and
the approximative eqn (3). For further details see ESI.¥

This journal is © The Royal Society of Chemistry 2015

View Article Online

Energy & Environmental Science

charging-cooling-discharging-heating mode can even be per-
formed without a membrane'® or without external voltage
source.'! This cycle resembles the Stirling and Carnot cycle of
a heat engine that generates mechanical work via a heating-
expansion-cooling-compression cycle.>™*?

Recently, in two new HTCC designs, nanoporous carbon
electrodes with an internal surface area exceeding >1000 m* g~
were used: in a first design, supercapacitors coated with ion-
exchange membranes exploit the so-called thermal membrane
potential, the voltage across an ion-exchange membrane subject
to a temperature gradient;'® a second design used a thermally
driven distiller to create a difference in salt concentration
between two solutions to subsequently feed them in a capacitive
mixing (Capmix) engine."” Such capacitive devices perform a
cyclic charging/discharging cycle to harvest the mixing free
energy of the involved solutions at different concentrations."®*°
This energy would dissipate if both solutions would mix sponta-
neously. Crucial to the working of these Capmix engines is the
ion concentration dependence of the electrostatic potential of an
electrified surface with an adjacent electrolyte. In particular, with
decreasing salt concentration a higher electrostatic potential is
required to attract counter-ionic charges which form the electric
double layer and screen the charge on the electrode. Moreover,
the electrostatic potential also shows a near-linear increase with
temperature, because a temperature rise leads to increased
thermal motion of the ions, which, at fixed electrode charge,
again must be compensated for by an increased cell potential.
This thermal voltage rise (TVR) can significantly enhance the
Capmix performance.”**!

Interestingly, the TVR can be isolated to create a new HTCC
for capacitive thermal energy extraction. Similar to the thermally
regenerative electrochemical cycles (TREC),” the new HTCC
approach exploits the temperature dependence of the electrostatic
potential in a thermocapacitive charging-heating-discharging—
cooling cycle to convert thermal into electric energy (Fig. 1(a)). Note
that whereas TREC uses the thermogalvanic effect, capacitive
thermal energy extraction is based on increased thermal motion
and a related entropic change in the electric double layer as
sketched in Fig. 1(b). Apart from local rearrangements, no current
flows during the heating/cooling steps, which significantly differs
from thermoelectric (Seebeck) engines.

Using (classical) density functional theory,>* well established in
previous work,">?° we predict a charge-potential cycle which uses
the TVR to convert heat into electric work. Moreover, we experi-
mentally demonstrate the facile nature of harvesting thermal
energy using the TVR with readily available system technology.

Materials and methods

All measurements were done using a commercially available
10 Farad supercapacitor (YEC Pl series) because it has a very
low cell resistance compared to laboratory cells. We attached a
Pt-100 temperature sensor and welded together both parts in a
piece of plastic (Fig. 1(a)) to avoid any shortcut in the water bath
used for temperature regulation. The cold bath consists of an
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ice/water mixture at constant temperature 7y, = 0 °C; the second
water bath was heated to a certain temperature Ty using a
laboratory heater (IKA). The cell was completely charged in
galvanostatic mode with potential limitation to 2.5 V cell
voltage at a temperature of 0 °C for two days in order to have
a fully charged system. After charging, the system was put to
open circuit potential mode and the cell voltage was recorded
while the cell was transferred to the heated reservoir. Here, we
always started from 77, = 0 °C and increased the temperature to
several values (up to 70 °C) for Ty, listed in the ESI, Table S1.
To avoid any degradation of the electrolyte at elevated tempera-
tures we preferred a cell voltage of 2.5 V over the maximum
specified one of 2.7 V.

Similar to previous work, we modeled the porous carbon
supercapacitor with an electrolyte of tetraethylammonium tetra-
fluoroborate (TEA-BF,) solvated in acetonitrile (ACN) by a dielectric
solvent within infinite parallel-plate pores, see Fig. 1(b). We deter-
mined a mean plate-separation of H = 1 nm from gas-sorption
measurements (shown in ESLT Fig. S2) and ensured that the
description with just one mean pore size approximates a more
detailed description with a set of differently sized pores within a
few percent. Additionally, we connected the pores to a finite-size
reservoir of three times the total pore volume of the device to take
account of large pores and inter-electrode space. Within our
restricted primitive model (charged hard spheres), the TEA" and
BF,~ ions at a bulk reference concentration ¢, = 1 mol L™* carry
unit charges +e; for simplicity, we chose the same effective solvated
ion diameter of d = 0.6 nm for both species.”® Furthermore, we
incorporated the acetonitrile solvent by a dielectric constant ¢ = 35,
neglecting its temperature dependence® (see ESIY).

We calculated concentration profiles and the electrostatic
potential ¥(Q,T) as a function of temperature 7 and electrode
charge +Q within a fundamental measure density functional
theory involving the mean spherical approximation.'®> This
theory excellently describes the complex interplay between
electrostatic interactions and packing effects due to finite ion
sizes. To achieve charging curves, we fixed the number of ions
at zero electrode potential and, for each given potential ¥,
adjusted the reference concentration c., that enters our grand
canonical theory.

15,20

Results and discussion
Working principle

The new thermocapacitive engine is based on the rise of the

electrostatic potential ¥ with increasing temperature, which is

attributable to the increased thermal motion of ions in the electric

double layer. This thermal voltage rise (TVR) is characterized by a
oY (0,T)

pseudo-Seebeck coefficient IT(Q, T): = —ar which, next to

the temperature T, depends on the charge Q stored on each
electrode of the thermocapacitive HTCC.

The electric potential ¥Y(Q,7) enters the thermodynamic
internal energy state function U(Q,S), which describes the
system. Its differential dU = ¥dQ + TdS, involving the entropy
S of the capacitive system, describes the flow of energy during
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the operation of the HTCC: while the electrodes charge up, a
positive amount ¥YdQ of work is done on the device by its
surrounding, such that the work W delivered by the engine is
given by the differential dW = —%¥dQ. In a reversible (closed)
cycle as depicted in Fig. 1 this differential integrates to the total
amount of work

W:]de:—ftde:des, (1)

where we use § dU = 0. To characterize the performance of this
cycle, its efficiency # is measured as the relation between the
amount of delivered work W and consumed heat,

w w

= 2
1 QO Qpc+Qcp @)

In this cycle ABCDA, the consumed heat Qy is the total heat flow
from the reservoir at temperature Ty to the device and consists
of the heat flows during the dissipative heating step BC and the
isothermal discharging step CD, as illustrated in Fig. 1(a).

Fig. 1(c) shows a cycle ABCDA as calculated within our
restricted primitive model. It shows the HTCCs temperature-
dependent charging behavior from which the pseudo-Seebeck
coefficient [1(Q,T) can be estimated (see ESIL,T inset of Fig. S4).
Furthermore, eqn (1) and (2) allow to determine the cycle
efficiency, shown in the inset of Fig. 1(c).

The HTCCs efficiency can be improved by recuperating heat
from the cooling process (mainly step DA) back to the heating
process (inset of Fig. 1(b)). In this case, the heat flow Qp¢ into
the engine is (partially) fed with a fraction #.. of the heat flow
Qpa out of the engine such that the amount of consumed heat
from the reservoir diminishes by the amount Q,e. = #rec@pa Of
recuperated heat. This affects the working efficiency in eqn (2),
where the denominator must be replaced by Qy — pec.
Currently, #r.. = 80% can be realized experimentally.9

For a better understanding of the TVR-based cycle, the
efficiency n can be well approximated (as shown in the inset
of Fig. 1(c)) by (for a derivation see ESL T eqn (513))

* ¢
=~ = 3
Uy 3)
in terms of the Carnot efficiency nc = 1 — Tp/Ty and a

dimensionless figure of merit ¢ = AQCy '1(Q,Ty), in terms

of the uptaken charge AQ = Qc — Qp, the heat capacity Cy =

oS

pseudo-Seebeck coefficient I1(Q,T). The figure of merit ¢ is the
ratio of the change in electrostatic energy due to varied tem-
perature and the heat capacity of the engine and must be
maximized in order to achieve a high efficiency. Thus, it could
be used as a selection guideline for materials with low heat
capacity, high pseudo-Seebeck sensitivity, and large charge
capacity. Furthermore, the efficiency in eqn (3) increases when
the amount of charge AQ involved in a cycle rises. For this
reason, we have chosen points A and D in Fig. 1(c) to be located
at vanishing charge Q = 0. The figure of merit associated to the

> of the device material, and the system-dependent
¥
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cycle ABCDA is £ = 0.066. Note that ¢ is a quality factor which
cannot be compared directly to the figure of merit ZT' known
from thermoelectric devices.>®> However, efficiencies are com-
parable and a thermocapacitive engine with ¢ = 0.066 reaches
the same efficiency in the investigated range of temperatures as
a thermoelectric device with ZT = 2 (. = 0) or even ZT =~ 20
(Hree = 80%) (see ESI,T Fig. S6).

Experimental results

To gain insight into the supercapacitor, we recorded a scanning
electron micrograph (ESI,¥ Fig. S1(f)) which shows common
activated carbon consolidated by polymer binder. We derived
the carbon’s specific surface area of ca. 1200 m* g~ " by applying
the Brunauer-Emmett-Teller equation on data from gas-
sorption measurements (ESLf Fig. S2). After fully charging
the system to an equilibrium state at 77, = 0 °C, the cell voltage
of 2.5 V remained essentially unchanged within 0.2 mV as seen
from the open circuit potential measurement depicted in
Fig. 2(a). This is a unique feature at low temperatures since at
higher temperatures we see a nearly linear decay of the cell
voltage over time. This decay is well-known for supercapacitors
and an even stronger (exponential) decay of the open circuit
potential has been observed for low-charged systems.”® The
decay can be related to either charge loss via self-discharge or
ion redistribution but, since our system was fully charged at low
temperature, the decay of cell voltage is dominated by ion
redistribution.””

Most noticeably in Fig. 2, when increasing the temperature
from 0 °C to 65 °C by placing the device in a hot water reservoir,
the TVR instantaneously sets in, reaching a maximum of
+36 mV after 2 min. This increase, however, does not reflect
the maximum increase caused by thermal effects on the electric
double layer, as we see the discussed subsequent decay of
the cell voltage in the hot cell. By keeping the system in the
hot state for about 40 min, we determined a decay rate of
ca. —1.5 mV min~" from the measured overall decay of 67 mV.
Considering the period of ca. 2 min of heating to observe the
TVR, the voltage decay lowers the TVR by around 3 mV such
that a TVR of 39 mV seems to be more reasonable to assume for
AT = 65 °C (when starting at 0 °C). Thus, the decay rate gives a
timescale in which experiments should be performed. We
furthermore measured the TVR as a function of the high
temperature Ty with a fixed 7;, = 0 °C and listed results in
Table S1 (see ESIt). Visualized in Fig. S5 (ESIt), the data show a
corresponding pseudo-Seebeck coefficient Iy, ¢5°c = 0.6 mV K 2.,

The increase in cell voltage with an increase of temperature
is mirrored by a decrease in cell voltage when the system is
cooled again (Fig. 2(a)). We measured a drop of the open circuit
potential by 43 mV. When we correct for the 2 min cooling
period again with the voltage decay of ca. —1.5 mV min~ ", we
obtain a TVR of ~40 mV. This is in perfect agreement with the
initial cell voltage increase such that II¢s5.¢c_, 0°c = Hooc - e5°C-

In a follow-up experiment with a faster heating rate, shown
in Fig. 2(b), we corroborated a TVR of ~40 mV for AT = 65 °C.
Furthermore, Fig. 2(b) illustrates a half cycle BCD (see Fig. 1)
for thermocapacitive energy extraction: the system at Y5 =2.5V

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) Open circuit potential measurements when cycling the fully

charged cell between 0 °C and 65 °C. We kept the device at each
temperature for about 40 minutes to clearly present the effect of self-
discharge at the respective temperatures (almost zero at T = 0 °C and
around —1.5mV min~tat T = 65 °C). (b) Full half-cycle measurement of the
thermal voltage rise (I — Ill) and discharging to 0 V (lll - V). Again, steps |,
I, and V just show that the open circuit potential stays almost constant in
the respective states. For application this time can be reduced to a
minimum.

at 0 °C in point B is rapidly heated to 65 °C in open circuit
potential mode and then discharged to 0 V. Considering the
voltage change AY of 40 mV, we estimate the energy-harvesting
ability of the commercial 10 F supercapacitor device from (for a
derivation see ESL T eqn (S3))

W=1C,VpAY (@

to be 500 mJ which with the mass of the device (2.7 g) results in
185 mJ g '; here, Cy; = 10 F denotes the (high) capacitance at
0 °C. Accordingly, the total energy density of the supercapacitor
increases by ~1.6% during heating.

In order to compare the experimental findings with our
theoretical data as shown in Fig. 1(c), we determined the

Energy Environ. Sci,, 2015, 8, 2396-2401 | 2399
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electrode charge density of the charged 10 F supercapacitor at
2.5 V: charged with around 25 C (also measured from the
integrated current during charging) and with a surface area of
440-600 m* (see ESIT), the surface charge density is 0.0417-
0.0568 C m™2 = 0.260-0.355 e nm ™2, a factor 7 lower than our
theoretical model predicts. These values lead to a corre-
sponding experimental figure of merit .., = 0.0039 (for a cycle
between ¥, = 0 V and ¥y = 2.5 V), which is one order of
magnitude lower than those of the theoretical model, &podel =
0.066, obtained from a TVR of ~1.7 mV K" (ESL,t inset of Fig. S4).
Even though structural effects due to finite ion sizes are included in
our model, there are several features missing in our theory. For
example, polarization®*?® and (de)solvation of ions***' could play a
major role inside the narrow pores of the electrodes material, leading
to highly inhomogeneous dielectric permittivities. Furthermore, the
description of image charges in the pore walls®® and the complex
geometry of the pores could be necessary to describe the properties
of the porous electrodes in more detail. Finally, a dynamical
description of the cycle is required to optimize its power.

The biggest obstacle to overcome for the facile exploitation
of the TVR will be cell design and operation optimization. In
particular, our data clearly establishes that the TVR can only be
maximized for a supercapacitor near charged equilibrium at given Q.
Incidentally, having the system initially at low temperatures with
corresponding low ion mobility helps, since the notorious issue of
voltage decrease (“self-discharge”) is negligible. Yet, the target must
be to rapidly heat and subsequently discharge the system because
the voltage drop over time rivals the TVR effect.

Towards application

We have shown, both theoretically and experimentally, that
common supercapacitors can be used to construct a new type of
HTCC. The proposed engine effectively isolates the “thermal
voltage rise” (TVR), introduced in earlier work to boost the work
output of capacitive mixing engines.>*** Compared to a method
which combines Capmix and a distiller,"” our thermocapacitive
HTCC device has a less complex lay-out, since it consists solely of
the supercapacitor. The engines proposed in this study can work
with (but are not restricted to) very low-temperature heat, which
makes them especially interesting for the use of non-combustion
waste heat of, for example, data centers, geothermal reservoirs,
bio-mass heat or ocean thermal energy. Moreover, in our HTCC
no solvents or electrolytes must be exchanged, as necessary in
Capmix.”" Instead, the whole sealed device at once is succes-
sively connected to heat reservoirs at different temperatures. The
resulting cyclic change of the ionic entropy, and hence of the
double layer capacitance, causes a change in the open circuit
potential of the charged device (this is the TVR) and represents
the driving mechanism of the thermocapacitive HTCC.

Other thermoelectric HTCCs operating in the low-grade
heat regime typically reach efficiencies not higher than a few
percent.> *** Even though in this first study we are not yet
able to surpass these values, the experimental figure of merit
lexp = 0.0039 leads to an efficiency of the same order of
magnitude with the possibility to be optimized in future work;
the efficiency would for instance benefit greatly from reducing
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the dead-space reservoir volume which is heated and cooled
without contributing to the performed work. In comparison to
the experimentally found value, the figure of merit extracted
from the theoretical model (results shown in Fig. 1(c)) is an
order of magnitude higher with &y04e1 = 0.066 and has an
associated efficiency of # ~ 5%. For low-grade thermocapacitive
heat conversion, this value compares to the figure of merit ZT ~
2 of a thermoelectric device. Note that an even higher efficiency
of around 13% (ZT = 20) is possible if the heat flowing out of the
system during dissipative cooling is recuperated by 80% (see
ESL 7 Fig. S6). In fact, even Carnot efficiency could be achieved
just by construction, when instead of the dissipative heating step
an adiabatic heating by charging step is considered.>*** Finally,
the TVR will also appear in flowing-electrodes, which could
provide continuous power generation.**?>

In summary, the proposed thermocapacitive HTCC operates
without chemical reactions or moving parts and can be optimized
by choosing ideal and cheap electrode and electrolyte materials,
including sodium-chloride in water, organic solvents, lithium salts,
multivalent ions, or ionic liquids. By this, the system is tunable to
work within a wide range of different temperatures, including the
commercially interesting low-grade heat regime as well as tempera-
tures around 200 °C.>® Using a supercapacitor designed for high
power application employing a different carbon material might
lead to faster cycle times, because the equilibration time to have a
fully charged system is much smaller (reduced time for period “I”,
¢f Fig. 2). Facilitating a modified cell design with high outer
surface area’” and, hence, very fast heat transfer in addition
would lead to shorter cycle times and more cycles per hour,
meaning higher power output. In both cases, the time for period
“IT” in Fig. 2 can be largely reduced and the voltage loss in that
period might get negligible. Most importantly, the supercapacitor
used in the experiments is cost-attractive and readily available
compared to typical thermoelectric devices. Thus, scaling our
thermocapacitive approach is facile. It is this simplicity, along with
the low cost of all components, that makes the TVR-based HTCC a
candidate for a sustainable-energy future.
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