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Electrical Power From Nanotube and Graphene
Electrochemical Thermal Energy Harvesters

Tae June Kang, Shaoli Fang, Mikhail E. Kozlov, Carter S. Haines, Na Li, Yong Hyup Kim,*

Yongsheng Chen, and Ray H. Baughman*

Nanocarbon-based thermocells involving aqueous potassium ferro/ferricya-
nide electrolyte are investigated as an alternative to conventional thermo-
electrics for thermal energy harvesting. The dependencies of power output
on thermocell parameters, such as cell orientation, electrode size, electrode
spacing, electrolyte concentration and temperature, are examined to pro-
vide practical design elements and principles. Observation of thermocell
discharge behavior provides an understanding of the three primary internal
resistances (i.e., activation, ohmic and mass transport overpotentials). The
power output from nanocarbon thermocells is found to be mainly limited by
the ohmic resistance of the electrolyte and restrictions on mass transport

in the porous nanocarbon electrode due to pore tortuosity. Based on these
fundamental studies, a comparison of power generation is conducted using
various nanocarbon electrodes, including purified single-walled and multi-
walled carbon nanotubes (P-SWNTs and P-MWNTs, respectively), unpurified
SWNTs, reduced graphene oxide (RGO) and P-SWNT/RGO composite. The
P-SWNT thermocell has the highest specific power generation per electrode
weight (6.8 W/kg for a temperature difference of 20 °C), which is comparable
to that for the P-MWNT electrode. The RGO thermocell electrode provides a

typically available at temperatures below
100 °C and can only be converted into
electricity at relatively low efficiencies.!'”!
More commonly, waste heat is released
to the environment by means of cooling
towers or by exchanging thermal energy
with river or ocean water. Other examples
of utilizing low-grade heat are geothermal
energy and solar thermal systems.[289

An alternative conversion process
utilizes an electrochemical pathway to
provide thermogalvanic energy conver-
sion.[610-16] A thermocell, also known as a
thermogalvanic cell, is an electrochemical
cell in which electrical energy is generated
by the temperature difference between
two half-cells. Using an aqueous elec-
trolyte, a thermocell can operate at low
temperatures (below 100 °C) to provide a
voltage originating from the temperature
dependent electrochemical redox poten-
tials of hot and cold electrodes.

substantially lower specific power generation (3.9 W/kg).

1. Introduction

Power plants and various industrial processes produce large
amounts of by-product waste heat. This thermal energy is
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Numerous advances have been made in
small-scale thermal energy harvesting using
thermoelectrics, metal/semiconductor
thermocouples, ferromagnetic materials

and Stirling engine technology, etc.*'7-1% However, physical and
material limitations and cost have prevented the wide applica-
tion of current thermal energy harvesting technology.l®!”! Despite
present low energy conversion efficiencies, thermocells have the
potential advantages of simple design, direct thermal-to-electric
energy conversion, continuous operation, low expected mainte-
nance, zero carbon emissions and low cost.

Nanocarbon-based thermocells using Fe(CN)g*/Fe(CN)¢>~
aqueous electrolyte are here investigated. The dependence of
performance on thermocell parameters, such as cell orienta-
tion, electrode size, electrode spacing, electrolyte concentration
and temperature, was examined and the discharge behavior of
the thermocell was investigated to provide an understanding
of the three primary internal resistances that limit output elec-
trical power. Based on these fundamental studies, a comparison
of power generation was carried out using various nanocarbon
electrodes, including purified single-walled and multi-walled
carbon nanotubes (P-SWNTs and P-MWNTSs, respectively),
unpurified SWNTs, reduced graphene oxide (RGO) and a
P-SWNTs/RGO composite.

The goal of the present work is to provide fundamental
understanding, rather than to demonstrate a high performance
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thermoelectrochemical energy harvesting device. Hence, the
inter-electrode separations are large, the used inter-electrode
temperature differences are small (20 °C), the electrolyte concen-
tration was low, and no attempt is made at optimizing electrode
thickness and structure to provide a vascular structure that can
optimize power output. Efforts to provide such initial optimiza-
tion have been previously described.l®! The resulting decrease
in the number of independent valuables enable evaluation of
dependences that have been largely ignored in evaluation of
the power output of nanocarbon-based thermo-electrochemical
energy harvesters. These include the effects of different relative
areas of hot and cold electrodes, gravimetrically generated tem-
perature gradients, inter-electrode spacing, and electrode com-
position for similarly prepared sheets.

2. Theoretical Background

2.1. Principle of Operation

A thermocell is a non-isothermal electrochemical cell used to
convert thermal energy directly into electricity. Two nanocarbon
electrodes were presently placed at different temperature zones
and the electrodes were in contact with electrolyte with or
without a permeable membrane interposed in the electrolyte.
The inter-electrode temperature difference generates an elec-
trical potential difference because of the temperature depend-
ence of electrode redox potential, even though the electrodes
may be identical and immersed in the same solution. When
the cell is connected to an external electrical load, the thermally
generated potential drives electrons in the external circuit and
ions in the electrolyte so that electrical current and power can
be delivered. Continuous operation of the thermocell requires
diffusion of the reaction product formed at one electrode to the
other electrode, where it can then become a reactant.

2.2. Open-Circuit Potential

The thermoelectric potential in a thermocell is generated by the
temperature dependence of the free energy difference between
reactant and product of a reaction taking place at the electrolyte-
electrode interface. The origin of this potential is analogous to
that of potentials produced by thermocouples. A minor effect
arises from the thermal diffusion potential, which is due to
ion migration driven by the temperature difference in the
electrolyte (Soret effect).l'%20.21] However, for most systems of
interest, the electrode potentials dominate and the thermal dif-
fusion potential can be neglected for practical purposes, since
it is about three orders of magnitude lower than the electrode
potential, making only negligible contribution to the total elec-
tromotive force (EMF).[1422]

Strictly speaking, processes occurring during thermo-
cell power production are not thermodynamically revers-
ible. Therefore, they have been used to develop the theory of
thermodynamics of irreversible processes.'#?22] The eatly
literature on thermogalvanic cells is mainly concerned with
the dependence of open-circuit potential difference on the
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temperature difference between the electrodes.10222325] In
particular, the presented theory calculates the thermoelectric
coefficient, 9 E/dT which represents the temperature depend-
ence of the open-circuit potential produced by the cell. If the
redox reaction for a hypothetical redox system (A + ne <> B)
in the thermocell is given, then the thermoelectric coefficient
can be expressed as:

nF (0E/QT)—. = (Sz + S5) — (Sa+ Sa)—nS, = Sy — S,
(1)

where n is the number of electrons involved in the above
hypothetical redox reaction, F is Faraday constant, the sym-
bols S, and Sp are the partial molar entropies of species A
and B, and their respective Eastman entropies are denoted by
Sx and $g, accordingly.?*2! The Eastman entropy of transport
arises from the interaction of an ion and its hydration shell
with the solution. Thus, when an ion is transported from one
half cell to another in a thermocell system (or is destroyed in
one and formed in the other), it carries both its partial molar
entropy and the Eastman entropy of transport into the half cell.
The sum of these two contributions is often designated as the
total transported entropy, which is thus given by 5, = 5, + §;.
The quantity S, is the transported entropy of the electrons in
the metallic electrodes and the leads which are maintained at
different temperature. This term usually makes only a neg-
ligible contribution to (dE/8T);—, and is typically only 1%
of thermocell potential.'*?2] It should be noted that the sub-
script 0o, in Equation 1 implies that sufficient time has been
allowed for the system to reach a steady state. Initially, the
thermoelectric coefficient is a little (ca. several percent) above
the long-term steady-state value. The fall of the initial value is
attributed to the Soret effect, which arises because the mole-
cules around the hot electrode diffuse more readily than those
around the cold electrode, thus the initially homogeneous
solution slowly develops a concentration gradient between the
hot electrode and the cold electrode (i.e., the concentration
being higher at the cold electrode). The concentration gradient
may take even days for the final steady value of dE/dT to be
achieved because the Soret effect is quite small.') Moreover,
the transported entropy of the electrons, §,, is also negligible.
Therefore it is common to use the initial temperature depend-
ence, which corresponds to deletion of the Eastman entro-
pies of transport and transported entropy of the electrons in
Equation 1.

However, the above thermodynamic results for thermo-
cells can only be applied to open-circuit potential conditions—
they are not able to predict the discharge behavior when a
net current is flowing through a cell as electric power is pro-
duced.*?223] The power output from thermocells depends not
only on 9 E/dT but also on the current delivery characteristics
of the cell (i.e., the three primary internal resistances, such as
activation, ohmic and mass transport overpotentials). Experi-
mental measurements may be the only reliable way to deter-
mine power generation rates and efficiency of a thermocell.
Hence, many observations (such as the time and the output
current dependence of the cell potential) can be explained only
by incorporating measured electrochemical kinetic parameters
into the theoretical analysis.

Adv. Funct. Mater. 2012, 22, 477489
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2.3. Figure of Merit and Power Conversion Efficiency

The efficiency parameter commonly used to describe thermo-

electric performance is the figure of merit, Z, which is defined
.126]
as:

Z=(E/3T)0/k 2)

where §E/dT (the thermoelectric coefficient) is the tempera-
ture dependence of the inter-electrode potential difference, o
is the electrical conductivity, and k is the thermal conductivity
of the electrolyte. Thus, the ratio o/k shows the relative influ-
ence of electrical and thermal conductivities on thermocell
operation. Electrical conductivity is mainly attributed to ionic
conduction through the electrolyte materials between hot and
cold electrodes. Electrolyte thermal conductivity is due to con-
duction and convection of heat through the redox couple and
background solution.

The power conversion efficiency (PCE), @, of a thermocell is
defined as the ratio of electrical power output (P) from the cell
to thermal power flowing (3Q/dt) through the cell:

® = P/[kADT/dx) + IATAS/(nF)] = Puu/kA(T/0%) (3)

The first term in the denominator, kA(dT/dx), is the rate
of heat flow from the hot electrode to the cold electrode and
the second term, ITAS/(nF), is the reversible heat of the cell
reaction. The symbol, k, represents the thermal conductivity of
the electrolyte, dT/dx is the temperature gradient between the
cell electrodes, and A is the cross-sectional area of the thermo-
cell. The quantities I and AT are the current and the absolute
temperature differences, respectively. The entropy change for
the cell reaction is denoted by AS and » is the number of elec-
trons transferred in the cell reaction. Note that inclusion of the
reversible heat of reaction, i.e., IATAS/(nF), in Equation 3 is
appropriate only in a thermocell system which involves net con-
sumption of electrolyte. Hence, this term can be eliminated for
a thermocell that operates to provide continuous conversion of
thermal energy to electricity.

The electrical output power in Equation 3 is commonly
expressed as the maximum value, P,,,, which occurs when the
external load resistance is set equal to the internal resistance of
the cell. P,., in Equation 3 can be obtained from experimental
characteristic curves of potential difference, E, versus current, L.
In the simplest case, in which such E-I curves are linear, it is
easy to show that P,,,, is given by the rectangle of greatest area
under the E-I curve. Hence P, = 0.25EF, L., where E,. is
the open-circuit potential difference and I is the short-circuit
current delivered by the thermocell. When the E-I character-
istic curves are non-linear, P,,,, can conveniently be determined
from the maximum of a graph of I’R against R, where R is a
variable load resistance.

Finally, the most useful parameter for describing the effi-
ciency of power conversion devices is ®,(®/d,), the power con-
version efficiency relative to that of a Carnot engine. The max-
imum efficiency for the conversion of heat energy to electrical
energy is given by the Carnot expression, ®, = (I, — T1)/ T,
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Figure 1. Experimental setup for the thermocell measurements and the
results of thermoelectric coefficient measurements for 0.4 m ferro/ferri-
cyanide (Fe(CN)g*/Fe(CN)¢3") redox couple. a) Schematic drawing of the
measurement setup and photograph of the thermoelectrochemical cell. b)
The dependence of open-circuit potential on the temperature difference
between the hot and cold electrodes. These results are for P-SWNT elec-
trodes with an area of 0.25 cm? and an inter-electrode spacing of 4 cm.

where T; and T, are the lower and higher absolute tempera-
tures of the respective electrodes.

3. Results and Discussion
3.1. Experimental Setup

Figure 1a shows a schematic diagram and photograph of a
thermocell. The hot side temperature was controlled using
a resistive heater connected to a temperature controller and
the cold side temperature was adjusted by circulating coolant
from a thermostatic bath. The cell body with 3 cm internal dia-
meter was constructed from Teflon and the electrode spacing
was adjustable in the range from 1 to 7 cm. A glass frit sepa-
rator was employed at the center of the cell to provide a stable
temperature gradient. The temperature of each electrode was
monitored using a thermocouple probe. The inter-electrode
temperature difference was 20 °C for a cold electrode tempera-
ture of 26.4 °C.

A ferro/ferricyanide (Fe(CN)¢*/Fe(CN)¢>") redox couple in
water was used as the electrolyte in the thermocell. Various
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other redox couples have been proposed for thermocells, such
as Cu”*/Cu, Fe**/Fe, Pu**/Pu** and Np*/Np** systems.[121>22.27]
Thermocells with the ferro/ferricyanide redox couples have
been investigated intensively due to their relatively high ther-
moelectric power (~1.4 mV/K) and the large exchange current
density associated with this couple 141528 which allows high
currents to be drawn from the cell. Furthermore, the ferro/fer-
ricyanide couple is not as vulnerable to electrode poisoning by
impurities as compared with other redox couples, such as the
Fe’*/Fe?* system.[’]

The thermoelectric coefficient of the ferro/ferricyanide redox
couple with a concentration of 0.1 M was investigated by meas-
uring the temperature dependence of the potential difference
over a temperature range from 0 to 20 °C with an increment
of £2 °C. P-SWNT electrodes with an area of 0.25 cm? and
electrode spacing of 4 cm were used. As shown in Figure 1b,
the measured thermoelectric coefficient (~1.43 mV/K) is in
good agreement with previous reports (1.4 to 1.6 mV/K).[1>28-30
Using the measured thermoelectric coefficient and Equation 1,
the entropy change for the ferro/ferricyanide reaction is
—-138 J/mol K.

3.2. Cell Orientation Effect

For continuous thermocell power generation, mass transport is
required to transfer reaction product formed at one electrode
to the other electrode. Therefore, fast transport of ions is one
of the most important parameters for continuously generating
high output power. In general, mass transport in thermocells
results from both (1) diffusion processes based on electrical
potential, thermal gradient (Soret diffusion), and concentration
gradient (Fickian diffusion) and (2) convective process based on
density gradient. Diffusional transport is relatively slow; how-
ever natural convection can be a useful mode of transport in
thermocells. The effectiveness of convection in maintaining
solution homogeneity may depend on cell orientation and
geometrical design; hence these factors may affect the power
generation capabilities of the cell. Three types of cell orienta-
tions are used in the present study; a thermocell (i) with parallel
vertical electrodes (Vertical Hot and Cold), (ii) with horizontal
parallel electrodes having the cold electrode above the hot elec-
trode (Cold above Hot), and (iii) with horizontal parallel elec-
trodes but with the hot electrode above the cold electrode (Hot
above Cold). For the measurements in Figure 2, SWNT sheet
electrodes were tightly clamped between a type 316 stainless
plate and fine mesh (woven wire cloth with a mesh size of 58 x
58 and a wire diameter of 0.045 in.) and attached to the hot and
cold sites using thermally conductive but electrically insulating
epoxy, and then the cell was completely sealed. The glass frit
separator was removed to exclude other effects on transport.
SWNT electrodes with an area of 0.25 cm? are utilized, the tem-
perature difference between two electrodes was maintained at
20 °C, the electrode spacing was set to 4 cm and 0.1 m concen-
tration of Fe(CN)4*~/Fe(CN)¢*~ redox couple was used. The time
needed to collect data for each time coordinate in the resistance
plots shown in Figure 2a, c and d was negligible.

It is clear from Figure 2a, ¢ and e that the open-circuit poten-
tial is independent of the cell orientation, which is expected if

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

leselS
Mot oS
www.MaterialsViews.com

the open-circuit potential originates from the partial entropy
change of redox media. However, short-circuit current and
discharge behavior can be significantly affected by the cell ori-
entation. When the “Hot above Cold” orientation is employed,
the lower density electrolyte is on top, so convective transport
due to the density gradient will be insignificant. In this case
the internal resistance, i.e., the slope of E-I curve, continues
to increase during cell discharge, reaching steady-state after
10 min (Figure 2a). The maximum electrical output power in
steady state was 0.75 uW (Figure 2b). However, in the cases of
“Cold above Hot” and “Vertical Hot and Cold” orientations (2c
and 2e, respectively) the increase of the internal resistance is
relatively small and settles down to a steady state within 60 sec.
The steady state internal resistance of the cell is 100 Q, which
is 57% lower than that of the “Hot above Cold” orientation (as
shown in the insets of Figure 2c and 2e). Moreover, the max-
imum output power was increased to 1.8 uW, which is 140%
higher than that of the “Hot above Cold” orientation (Figure 2d
and 2f). These observations of the internal resistance and the
short-circuit current for different orientations can be explained
by considering the various types of convection which occur in
each case. In particular, the maintenance of a relatively high
and steady current generation in the “Cold above Hot” and
“Vertical Hot and Cold” orientations is clearly the result of con-
tinuous convective mixing which homogenizes the solution so
that significant concentration gradients of products and reac-
tants are not formed in the interface between the electrolyte
and electrodes. This convective mixing affects the time depend-
ence of internal resistance of the thermocells by contributing to
ion transport.

The most important advantage of nanocarbon electrodes is
the characteristic high internal surface area, which can increase
the number of available reaction sites per unit external area,
resulting in increased power density. However, high surface area
is by itself not sufficient to guarantee high performance, since
actuated fibers having a BET surface area of 2500 m?/g provide
poor performance in the electrochemical thermocells.[®! Highly
tortuous ion paths in a nanocarbon electrode may decrease the
power density by decreasing ion transport rates within the elec-
trode.B132 Also, such factors as the catalytic properties of the
nanocarbon for electron transfer and the electrochemical acces-
sibility of surface can likely not be ignored. The development of
an equilibrium concentration in the porous nanocarbon elec-
trode is likely responsible for the time dependence of internal
resistance of the thermocells, which has not been observed for
platinum electrodes.[>33]

The thermocells with “Cold above Hot” and “Vertical Hot and
Cold” orientations show similar values in the maximum output
power and the internal resistance at steady-state operation.
However, “Cold above Hot” orientation shows a slight fluctua-
tion of the internal resistance due to vigorous mixing of electro-
lyte. Therefore, the “Vertical Hot and Cold” orientation will be
used to evaluate cell design parameters in the present study.

3.3. Electrode Size Effect

The capability for power generation in a thermocell is deter-
mined by the cell potential and the output current. The cell

Adv. Funct. Mater. 2012, 22, 477489
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Figure 2. E-I curves, time-variant internal resistance, and output power of SWNT electrode thermocells having different cell orientations. In a) and
b) “Hot above Cold”, c) and d) “Cold above Hot”, and e) and f) “Vertical Hot and Cold” orientations were used, respectively. Cell voltage versus cell

current at different times from the start of energy harvesting are shown in

(a), (c), and (e), where the figure insets show the thereby derived depend-

ence of cell internal resistance on time. b), d), f) The steady state dependence of cell voltage on cell current (solid squares) and the dependence of

output power on cell current (open squares).

potential is proportional to the temperature difference and the
thermoelectric coefficient of the redox couple. For a given tem-
perature difference, however, the output current may be greatly
affected by the internal resistance of the cell. Especially, an
increase of electrode size can directly increase the number of

Adv. Funct. Mater. 2012, 22, 477489
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available reaction sites, so that the thermocell generates a higher
current, as shown in Figure 3a. Increasing the SWNT sheet
electrode area from 0.25 to 1.0 cm? increased the short-circuit
current from 0.38 to 0.72 mA and increased the maximum
power output from 0.4 to 0.74 uW. For the given range of
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Figure 3. a) Cell voltage and power output versus cell currant and
b) the maximum power generation as a function of SWNT electrode area
when both electrodes have identical area. c) The effect of symmetric and
asymmetric sheet areas on the dependence of cell voltage and power
generation on cell current. “Vertical Hot and Cold” electrode orientations
were used, the temperature difference between the two electrodes was
maintained at 20 °C, the inter-electrode spacing was 4 cm, the glass frit
separator was employed at the center of the cell and 0.1 m concentration
of Fe(CN)¢*"/Fe(CN)¢*~ redox couple was used.

electrode sizes, a linear relationship between thermocell per-

formance and electrode area is evident from Figure 3b. How-
ever, the power does not linearly go to zero when electrode size
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approaches zero. It may imply that transport of redox mediator
into a porous electrode is limiting currents. The ion transport
can be enhanced for a smaller size electrode by increasing ion
accessibility through the edges of the SWNT sheet electrode.

Power generation of the thermocell with asymmetric elec-
trode size was evaluated to determine the rate-limiting elec-
trode. As expected, the power generation of the cell was lim-
ited by the smaller area electrode and power output was little
affected by the size of the larger area counter electrode, as
shown in Figure 3c. When the size of the hot electrode was
increased 4 times from 0.25 to 1 cm? (to match the area of the
cold electrode) there was no significant change in power gen-
eration. However, a 4-fold increase in cold electrode area (to
match the area of the hot electrode) increased the power output
of a thermocell by ~10%. With increasing temperature differ-
ence between hot and cold electrodes, the importance of the
cold electrode area (relative to the importance of hot electrode
area) is expected to increase, since overall redox processes at
the two electrodes must be matched to provide a steady state
current (and an increased temperature difference reduces the
redox rate per electrode surface area for the cold electrode rela-
tive to that for the hot electrode).

3.4. Electrode Spacing

The ohmic overpotential in a thermocell is mainly developed
by the series resistances of electrode and electrolyte. The resis-
tivity of aqueous electrolyte is generally 2-3 orders of magni-
tude higher than that of nanocarbon sheets,?*l thus the ohmic
overpotential of thermocell can be dominated by the electrolyte
resistance when inter-electrode separations are large. However,
the situation is much more complicated, series resistances are
also provided by the redox rates for electron transfer at the
electrolyte-nanocarbon interfaces and the effect of nanocarbon
tortuosity on reducing diffusion of the redox mediator within
the electrode

As the electrode spacing between two electrodes decreases,
the output power increases due to the decrease of ohmic and
mass transport overpotentials as shown in Figure 4a. How-
ever, increased input thermal energy is required to maintain
the temperature difference between two electrodes because of
increased inter-electrode heat transport, which decreases the
power conversion efficiency (Figure 4b). The power conversion
efficiency is defined by the output electrical power for a given
thermal energy flowing into the cell from Equation 3).

3.5. Effect of Electrolyte Concentration

Increasing the concentration of the potassium ferro/fer-
ricyanide redox couple dramatically decreases cell resist-
ance and increases power output of SWNT thermocells, as is
expected from the Bulter-Volmer equation.'2*?l The relation-
ship between cell performance and electrolyte concentration
was investigated by changing the concentration of Fe(CN)s*/
Fe(CN)¢*~ redox couple from 0.5 mm to 0.2 M. As shown in
Figure 5a, the maximum output power increased from 7.6 nW
for a 0.5 mm electrolyte to 5.03 pW for a 0.2 M electrolyte. This
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Figure 4. The effects of inter-electrode separation on cell voltage and
power output and on cell efficiency for a SWNT thermocell. a) Cell voltage
and output power versus cell currant for different inter-electrode spac-
ings and b) the maximum power generation and power conversion effi-
ciency as a function of the inter-electrode separation. “Vertical Hot and
Cold” electrode orientations were used, the SWNT electrodes had areas
of 0.25 cm?, the temperature difference between the two electrodes was
20 °C, the glass frit separator was employed at the center of the cell and
0.1 m concentration of Fe(CN)g*/Fe(CN)g>~ redox couple was used.

dramatic improvement originates from the increased concen-
tration of redox ions that can react at the electrodes, as well as
the increased electrical conductivity of the electrolyte. In a mass
transfer controlled electrode reaction, there have been some
reports that high concentration of electrolyte may impede ion
movement, leading to depletion of reactants (or accumulation
of products) at the reaction sites. The mass transport overpo-
tential is prevalent at relatively high current and can decrease
power generation in a cell. However, in the present study, it is
clear that higher concentration can generate higher power elec-
trical power as shown in Figure 5b.

When we used low concentration of redox mediator in the
electrolyte, an increased open-circuit potential was observed
and a correspondingly higher thermoelectric coefficient was
measured (1.43 mV/K — 1.77 mV/K), as shown in Figure 5c.
The maximum value of the thermoelectric coefficient can be
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Figure 5. Effect of electrolyte concentration on a) cell voltage and output
power versus cell currant, b) maximum output power, and c) the See-
beck coefficient for a SWNT thermoelectrochemical cell. “Vertical Hot and
Cold” electrode orientations were used, each SWNT electrode had an area
of 0.25 cm?, the temperature difference between the two electrodes was
20 °C, the inter-electrode spacing was 4 cm and the glass frit separator
was employed at the center of the cell.

attained at infinite dilution, and was 1.72 mV/K for 0.5 mwm
concentration of the redox mediator. The variation of the ther-
moelectric coefficient with electrolyte concentration has been
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previously reported for other electrodes.?>-7! The variation is in
agreement with a Debye-Hiickel treatment of the electrostatic
interactions between ions, as shown in the inset of Figure Sc,
which predicts a linear variation of the Eastman entropy of
transport with the square root of the ionic strength.*®¥ How-
ever, the generated power is small for low concentrations of the
redox mediator. For an electrolyte concentration of over 0.1 M,
the thermoelectric coefficient remains constant (~1.43 mV/K
in Figure 5c), and this thermopower is of interest for practical
applications.

3.6. Temperature Effects

The open-circuit potential in a thermocell is basically determined
by the temperature difference (AT) between the two electrodes,
and the proportionality between these two quantities provides
the thermoelectric coefficient of the electrolyte. As the tem-
perature difference increases from 5 to 20 °C, the open-circuit
potential and output current increase as shown in Figure 6a,
resulting in an increase of the maximum power generation from
0.012 pW for AT =5 °C to 2.47 pW for AT = 20 °C (Figure 6b). It
is clear from the results of Figure 1b that the open-circuit poten-
tial is linearly proportional to the inter-electrode temperature
difference, which is expected from Equation 1. However, the dis-
charge behavior of the thermocell, and therefore the maximum
power output, has a more complicated dependence on tempera-
ture. If the internal resistance of the cell were largely tempera-
ture independent in the relevant temperature range, then power
output should increase quadratically with AT. However, the
data in Figure 6a shows that the slope of cell voltage versus cell
current (i.e., the internal resistance of the cell) depends on AT.
Since the cell internal resistance decreases with increasing AT,
this means that the power output is enhanced compared with
the expected AT? dependence. Furthermore, even with the same
AT, the cell internal resistance decreases with increase in the
average temperature between the two electrodes (i.e., the oper-
ating temperature). More specifically, as the operating tempera-
ture increases from 36.4 °C to 46 °C with the same temperature
difference of 20 °C, the internal resistance of the cell decreases
by 12% (from 71.3 to 62.8 Q) as shown in Figure 6c.

Increasing the temperature of both electrodes in the thermo-
cell will increase the redox reactivity at these electrodes, as well
as increase the ionic conductivity of the electrolyte and diffusion
processes within the porous nanocarbon electrodes. Changing
the temperature has an exponential effect on the exchange cur-
rent density as described by the Bulter—Volmer equation. More-
over, charge-transfer, ohmic and mass transport resistances can
be simultaneously reduced by increasing electrode temperatures.

3.7. Performance Comparison of Various Nanocarbon Materials
and Discussion

The purpose of the present section is to compare the per-
formance of various nanocarbons as thermal cell electrodes.
Scanning electron microscopy (SEM) images of the nano-
carbon electrodes are shown in Figure 7. These nanocarbons
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Figure 6. Effect of temperature difference between hot and cold
electrodes on a) the dependence of cell potential and output power
on output currant and b) the maximum power generated. c) The affect
of average cell electrode temperature (i.e., operating temperature) on
the dependence of cell potential on cell current and the thereby derived
internal resistance of the cell for an inter-electrode temperature differ-
ence of 20 °C (see insert). “Vertical Hot and Cold” electrode orienta-
tions were used, each SWNT electrodes had an area of 0.25 cm?, the
electrode spacing was 4 c¢m, the glass frit separator was employed at
the center of the cell and a 0.1 m concentration of Fe(CN)¢*"/Fe(CN)g>~
redox couple was used.
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Figure 7. SEM images of nanocarbon electrodes, including a) P-SWNT, b) unpurified SWNT, ¢) P-MWNT, d) RGO and e) P-SWNT/RGO composite
(with identical weight percent of both components). The plate-like layered structure of RGO sheets is clearly shown in the inset of Figure 7d.

(including P-SWNTs, P-MWNTs, unpurified SWNTs, RGO
and a P-SWNTs/RGO composite) were used to fabricate ther-
mocell electrodes in the form of sheets via a filtration process.
The specific power generation (per one electrode weight) of
thermocells based on electrodes of various nanocarbons are
shown in Figure 8 (see also Supporting Information). “Vertical
Hot and Cold” electrode orientations were used, the electrode
area was 0.25 cm?, the temperature difference between two
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electrodes was 20 °C with a temperature of the cold electrode of
26.4 °C, the electrode spacing was 4 cm, the glass frit separator
was employed and 0.2 M concentration of Fe(CN)¢*/Fe(CN)¢>
redox couple was used.

The thermocells based on a P-SWNT electrode generated
a specific power density of ~6.8 W/kg, which is ~32% higher
than that obtained for SWNT electrode and ~11% higher than
obtained for P-MWNT electrodes. Electrochemical impedance
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Figure 8. Comparison of power generation by thermocells with nano-
carbon electrodes. “Vertical Hot and Cold” electrode orientations were
used, the electrode area was 0.25 cm?, the temperature difference between
the two electrodes was 20 °C, the electrode spacing was 4 cm, a glass frit
separator was employed at the center of the cell and 0.2 m concentration
of Fe(CN)¢*~/Fe(CN)¢*~ redox couple was used. All errors represent 95%
confidence intervals.

spectroscopy (EIS) was used to better understand electrode per-
formance and associated ohmic resistances. The complex plane
impedance plots of P-SWNT, SWNT, and P-MWNT electrodes
have the general features expected for a porous electrode. The
P-SWNT thermocell electrode had a slightly lower ohmic resist-
ance (~21 Q) than for the unpurified SWNT electrode (~22 Q)
(see Supporting Information). Moreover, the impedance of the
purified electrode has a smaller constant phase element com-
pared to the unpurified SWNT electrode at higher frequen-
cies, which indicates enhanced ion penetration in a diffusion-
limited electrode.’) Hence, the P-SWNT electrodes are
expected to provide higher performance in the thermocell than
the unpurified SWNT electrode, which is consistent with obser-
vations. The P-MWNT thermocell electrode has a lower ohmic
resistance (~18 Q), compared to that for the P-SWNT electrode
(~21 Q), which can result in reduced ohmic overpotential for
the thermocell. Apparently, the higher specific surface area for
the P-SWNT electrode compensates for the lower resistance of
the P-MWNT electrode, thereby providing a slightly higher spe-
cific power output for the P-SWNT electrode.

Highly reduced GO sheets and the composite sheets con-
taining 1:1 by weight RGO and P-SWNT were investigated as
electrodes for thermocells. RGO is a fascinating material having
interesting features such as potentially extremely high specific
surface area and unpaired electrons and surface polarizations
that can be observed electrochemical experiments.*%*! How-
ever, the thermocell with the RGO electrode generated a specific
power of 3.87 W/kg, which is only ~57% of the specific power
generation of the P-SWNT electrode. The ohmic resistance of
the RGO thermocell electrode (35.6 Q, which is ~55% higher
than that of the P-SWNT electrode) explains this lower per-
formance of the RGO electrodes. This higher ohmic resistance
may be due to the partially irreversible degradation in graphene
structure as a result of the oxidation, and incomplete return to
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reduced state after reduction. Semicircular impedance response,
which typically indicates a resistive electrochemical reaction at
the interface, was observed in the EIS study (see Supporting
Information), which is consistent with Faradic resistance from
residual functional group blocking the reversible electrochemical
reaction. Moreover, the plate-like structure RGO sheets (shown
in the inset of Figure 7d) is expected to interfere with redox
mediator diffusion, so that concentration gradients are ampli-
fied inside the RGO electrode. These concentration gradients
should decrease power generation in a thermocell because the
diffusion flux must exactly balance the reaction flux within the
electrode at steady state. Consistent with this hypothesis,
the thermocell with a 1:1 weight ratio of P-SWNT and RGO
generates ~37% higher specific power (~5.3 W/kg) than the
RGO electrode, and shows comparable power generation capa-
bility in the thermocell as the SWNT electrode (~5.2 W/kg). This
improved performance is likely because the P-SWNTs interfere
with the stacking of RGO plates.Since various graphene-based
materials derived from GO have quite high capacitances,**~#4
especially those activated using KOH,*! the prospects for using
forms of RGO as electrodes for improving thermocell perform-
ance are high.

To improve overall thermocell performance, it is important
to understand the relationship of discharge behavior to the dif-
ferent sources of internal resistance. Irreversible losses occur
during thermocell operation as a result of activation, ohmic
and mass transport overpotentials. Activation overpotential rep-
resents voltage which is sacrificed to overcome the activation
barrier associated with the reactions at the electrode. Various
kinetic parameters are important, such as transfer coefficient
and exchange current density, which can be analyzed using the
Butler—Volmer equation. At the same activation overpotential,
higher exchange current density gives a larger net current den-
sity. Therefore, improving kinetic performance usually focuses
on increasing exchange current density. Utilizing an increased
number of possible reaction sites (Figure 3), higher reactant
concentration (Figure 5) and increasing the temperature dif-
ference and operating temperature (Figure 6) can improve the
exchange current density between the nanocarbon electrode and
electrolyte. Decreasing the activation barrier can be achieved by
using a catalytic electrode, such as possibly a nitrogen-doped
CNT electrode. However, the various nanocarbon electrode
materials in the present study generally have low activation
overpotential between the electrodes and the ferro/ferricyanide
in aqueous electrolyte, giving fast electron transfer character-
istics and a quasi-reversible reaction.l®*14¢l Especially note-
whorthy, a MWNT sheet shows three times higher charging
current density during CV scans than a platinum electrode with
the same external sheet area.[% Therefore, the most effective
approaches for improving the thermocell performance would
be reducing the ohmic and mass transport overpotentials
shown in Figure 8.

Ohmic overpotential occurs due to resistive loss in the cell.
The ionic contribution to ohmic resistance tends to dominate
in nanocarbon electrode thermocells, rather than the resist-
ance of the electrode material, as described in Figure 4. Since
the resistance obeys Ohm's law, the amount of voltage lost in
order to force ion conduction varies linearly throughout the
electrolyte. Therefore decreasing the electrode spacing, i.e., thin
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thermocells, can improve power generation even though the
power conversion efficiency of the cell will be decreased. The
cell orientation, operating temperature, and electrolyte concen-
trations can also affect the ohmic overpotential.

Mass transport or concentration polarization results when
the electrode reactions are hindered by mass transfer effects.
The mass transport process is needed to transport the reaction
product formed at one electrode to the other electrode for con-
tinuous operation in a thermocell. As soon as the thermocell
begins producing current, the electrochemical reaction leads
to depletion of reactants (and accumulation of products) at the
electrode. Then, the reactant and product concentration profiles
drop linearly with distance across the electrode, i.e., diffusion
layer, at steady state. The mass transport overpotential is gen-
erally prevalent at relatively high current discharge in an elec-
trochemical cell; however, the development of a concentration
profile can be significant in nanocarbon based thermocells due
to highly porous and tortuous electrode structures (see also the
time-variant internal resistance change as shown in Figure 2).
Therefore, an electrode structure with low tortuosity as well as
high surface area is highly desired to provide high power gen-
eration for the nanocarbon electrode thermocells.

Various methods have been proposed for the conversion of
waste heat to electrical, mechanical, or chemical energy and
for the useful storage of waste heat.36-19471 Of these methods,
thermoelectric conversion of waste heat to electrical energy is
especially attractive.

While semiconductor-based solid-state thermoelectrics can
reach at least ~20% of Carnot efficiency, the power conversion
efficiencies of thermocells are presently no higher than about
~1.4% of Carnot efficiency (obtained for thermocells based on
MWNT electrodes, which were operated with a AT of ~60 °C
using the Fe(CN)¢*/Fe(CN)¢>~ redox couplel®). While major
increases in the power conversion efficiencies are possible,
based on increase of the effective thermo-electrochemical See-
beck coefficient and the ratio of ionic conductivity to thermal
conductivity, it seems doubtful that electrocemical will ever
exceed the thermal energy conversion efficiencies achievable
for solid-state thermoelectrics. However, conventional solid-
state thermoelectrics are expensive and inflexible, so they seem
unsuitable for such applications as wrapping around a hot pipe
that exits a chemical plant. In these applications, and many
others where the thermal energy would otherwise be lost, the
target is to maximize energy output as expressed as Wh/dollar,
and in this regime the electrochemical thermal cells might have
major advantages (as suggested in a very preliminary way by
previous comparisons of Wh/dollar of solar and electrochem-
ical thermocells.l%])

4, Conclusions

In summary, nanocarbon electrode thermocells with potassium
ferro/ferricyanide aqueous electrolyte have been investigated
for harvesting low grade thermal energy. The performance
dependency on thermocell parameters, such as cell orientation,
electrode size, electrode spacing, concentration of electrolyte
and temperature was examined. The discharge behavior of the
thermocell was also investigated, resulting in an understanding
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of the three primary internal resistances. Based on these funda-
mental studies, a comparison of power generation was carried
out using various nanocarbon materials. The power output from
the nanocarbon thermocells was found to be mainly limited by
the ohmic resistance of the electrolyte and the mass transport
in a porous nanocarbon electrode due to high tortuosity of the
pore structure. Thin thermocells with low ohmic overpotential
can be promising candidates to improve power generation from
waste thermal energy. Especially, a nanocarbon electrode struc-
ture with low tortuosity as well as high surface area is highly
desirable to provide high power generation for the nanocarbon
electrode thermocells. The nanocarbon thermocell may become
an attractive alternative for harvesting low-grade heat, given
their simple design, direct thermal to electric energy conver-
sion, continuous operation, low expected maintenance, and
zero carbon emission.

5. Experimental Section

Material Preparation: The origins and characteristics of the carbon
nanotubes used for electrode fabrication are as follows: The unpurified
SWNT powders (ASA-100F, Hanwha Nanotech) were produced by arc
discharge, had an average nanotube diameter of ~1.3 nm and low purity
(comprising 20-30 wt.% nanotubes, 40 wt.% of carbon nanoparticles,
20 wt.% of catalyst metal, and 10 wt.% of amorphous carbon and
graphite).l8l P-SWNT powders (ASP-100F, Hanwha Nanotech) were
commercially purified by thermal and acid treatments of ASA-100F.
After purification, this product has a nanotube content of 60-70 wt.%
and contains approximately 10 wt.% of metal catalyst and 20 wt.%
of graphitic impurities. The P-MWNT powder (SMW100, SouthWest
NanoTechnologies, Inc.) contains approximately 98 wt.% carbon, mostly
as MWNTs containing 3 to 6 walls that have a median diameter of
6.6 nm.

Nanocarbon materials, including purified P-SWNT, P-MWNT,
unpurified SWNT, RGO and P-SWNT/RGO composite (with identical
weight percent of both components) were used to fabricate thermocell
electrodes in the form of sheets via a filtration process. This involved
vacuum filtering a nanocarbon suspension in anhydrous N,N-
dimethylformamide (N,N-DMF, Sigma Aldrich) onto a membrane filter
(Millipore PTFE filter, 0.2 um pore size, 47 mm diameter), washing with
deionized (DI) water and methanol, drying in vacuum, and removal of
the formed sheet from the filter.

Graphene oxide (GO) was synthesized using a modified Hummers
method.l*04 In this process 300 mg of graphite flakes (GF, Sigma
Aldrich) were dispersed in 36 mL of sulfuric acid (H,SO,) and stirred for
an hour. Afterwards, 4 mL of phosphoric acid (H;PO,) was added to the
solution and stirred for 15 min. This addition of phosphoric acid facilitated
the ultimate production of graphene oxide having decreased disruption of
the graphitic basal planes. Then, 1.8 g (600 wt.%, relative to the 300 mg
GF) of potassium permanganate (KMnO,) was added as an oxidizing
agent and the solution was stirred at 50 °C for 12 h. After the oxidation
process, the solution was placed in an ice bath and 15 mL of hydrogen
peroxide (H,0,) was added and stirred for 5 min. This GO dispersion was
subjected to vacuum filtration and the GO was collected on the membrane
filter. To remove manganese dioxide (MnO,) present as a by-product of
oxidation, the GO sheet was re-dispersed in hydrogen chloride (HCl) and
was filter-collected as before. Finally, the collected GO sheet was washed
with methanol and DI water until neutral pH was obtained.

The solvent (anhydrous N,N-DMF) used to obtain nanocarbon
sheet electrodes is well-known medium for the dispersion of CNTs and
RGO.1*050 The CNT powders were added into N,N-DMF to produce
a concentration of 0.2 mg/mL, which could be readily dispersed by
sonication for 5 h to debundle the CNTs. Then the CNTs were collected
on a membrane filter, using vacuum filtration, and washed successively
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with DI water and methanol. The CNT sheet electrode was then removed
from the filter and dried in a vacuum oven at 80 °C for 48 h.

The preparation of RGO dispersion was carried out using the reported
procedure.l*% Briefly, the GO produced by the above described method
was added to water to produce 3.0 mg GO/mL water mixture, which was
bath sonication for 1 h to obtain dispersion. Then, N,N-DMF solution
was added to the dispersion to produce a 9:1 volume ratio of N,N-DMF
and water, resulting in a concentration of 0.3 mg GO/mL. Chemical
reduction of the suspension of GO sheets was accomplished using
hydrazine monohydrate (N,H,-H,0) (1 uL/3 mg GO) for 12 h at 80 °C
with stirring, creating a homogeneous black suspension. The resulting
suspension was neutral to a pH of ~7. The agglomerated particles could
be re-dispersed with a short sonication of less than 5 min. After the
preparation of RGO suspension, the RGO was collected on a membrane
filter and dried in a vacuum oven chamber in the same manner as the
CNT materials. However, chemical reduction using hydrazine may not
be sufficient to fully reduce GO due to the presence of the hydroxyl,
carbonyl, and carboxyl groups.*1:*1 Therefore, thermal annealing was
additionally used to effectively reduce GO sheets. Thermal reduction of
the GO paper was carried out under 5% hydrogen in argon gas using
the following temperature profile: 20-900 °C at 10 °C/min, 900 °C for
1 hour, and cooling down to room temperature overnight.

Various aqueous 1:1 concentrations of potassium ferricyanide
(K3Fe(CN)g, Sigma Aldrich) and potassium ferrocyanide (K,Fe(CN)4-3H,0,
Sigma Aldrich) electrolyte solutions were used for the thermocells.
Provided concentrations here and elsewhere are total molar
concentrations. All solutions were prepared using water from a high
purity deionization system (Millipore, milli-Q Water Purification System)
and were degassed before use by bath sonication. The effects of any
long-term decomposition of stock solution were monitored for a period
of over three weeks, by measuring the performance of cells fabricated
using aged dispersions, and performance degradation was found to be
negligible when electrolyte with relatively low total concentration (<0.1 m)
was used. However, some decomposition and aggregation was observed
at a higher concentration, especially 0.4 m, which is close to saturation.
To avoid the effect of electrolyte degradation, the freshly prepared
electrolytes were immediately incorporated into the thermogalvanic cell
before the commencement of a series of measurements.

Instrumental: All nanocarbon electrodes were formed into 30 pum
thick sheets (to place performance comparisons on the same scale,
when normalized to sheet area). These electrodes were connected to
a 0.5 mm diameter platinum (Pt) wire using silver paste, which was
used to minimize contact resistance. The contact was then covered by
insulating paint to prevent possible artifacts due to interaction between
the silver paste and the electrolyte. The potential and current output
from the cell was measured using a voltage-current meter (Keithley
2000 multimeter) with 0.002% DC voltage accuracy from 100 nV to 1 KV.
Electrode temperatures were measured using thermocouple probes (Sper
Scientific, Type K) that were placed close to each electrode. A standard
load resistor array (Tenma 72-7270) was used for characterizing power
output versus resistive load. A conventional three-electrode cell was used
for all electrochemical experiments that complemented measurements
for the complete thermocell. The working electrode was a 0.25 cm? area
sheet of nanocarbon electrode, the reference electrode was Ag/AgCl
stored in 3.0 m NaCl, and the auxiliary electrode consisted of a sheet of
Pt foil that was several times larger in area than the working electrode.
The cyclic voltammetry (CV) data was obtained using a potentiostat
(Gamry Potentiostat, v4.35) and cell impedance measurements as a
function of the frequency of applied AC potential were conducted using
a commercially available instrument (EIS, Gamry Echem Analyst, v5.5).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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