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ABSTRACT Low efficiencies and costly electrode materials have limited harvesting of thermal energy as electrical energy using thermoelectrochemical cells (or “thermocells”). We demonstrate thermocells, in practical configurations (from coin cells to cells that can be
wrapped around exhaust pipes), that harvest low-grade thermal energy using relatively inexpensive carbon multiwalled nanotube
(MWNT) electrodes. These electrodes provide high electrochemically accessible surface areas and fast redox-mediated electron transfer,
which significantly enhances thermocell current generation capacity and overall efficiency. Thermocell efficiency is further improved
by directly synthesizing MWNTs as vertical forests that reduce electrical and thermal resistance at electrode/substrate junctions. The
efficiency of thermocells with MWNT electrodes is shown to be as high as 1.4% of Carnot efficiency, which is 3-fold higher than for
previously demonstrated thermocells. With the cost of MWNTs decreasing, MWNT-based thermocells may become commercially
viable for harvesting low-grade thermal energy.
KEYWORDS Thermo-electrochemical cells, thermogalvanic cells, thermocells, carbon nanotubes, thermal energy harvesting,
low-grade waste heat
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ow-grade heat (temperature below 130 °C), from such
sources as industrial waste streams, geothermal activity, and solar heating, is projected to be a major
sustainable energy source.1,2 For many years the research
community has focused on using solid-state thermoelectrics
and Stirling engines to efficiently harvest low-grade heat as
electrical energy. However, despite much progress over the
past decades, current thermoelectric energy conversion
technology is not very cost-effective and is constrained by
physical and material limitations,3 and Stirling engine technology is disadvantaged by high initial cost and problems
with long-term reliability.4 Thermo-electrochemical cells
(otherwise known as thermogalvanic cells or thermocells)
that utilize the temperature dependence of electrochemical
redox potentials (i.e., the Seebeck effect) to produce electrical power may become an attractive alternative for harvesting low-grade heat, given their simple design, direct thermalto-electric energy conversion, continuous operation, low
expected maintenance, and zero carbon emission.5-7

The electrochemical Seebeck effect was first demonstrated over 100 years ago.8,9 For a hypothetical redox
system B S ne- + A, the Seebeck coefficient, S, can be
expressed as

S)

(1)

where V is the electrode potential, T is temperature, n is the
number of electrons involved in the reaction, F is Faraday’s
constant, and ∆SB,A is the reaction entropy for the redox
couple.10,11 Thermocells using aqueous potassium ferrocyanide/ferricyanide redox solution have been studied by many
groups because this redox system reversibly exchanges one
electron per iron atom and produces a large reaction entropy, yielding Seebeck coefficient (>1 mV/K) and high
exchange current.11-16 However, to obtain efficiencies of
reasonable interest noble metals such as Pt are usually
required as electrode materials in thermocells, and this
restricts commercial viability.14-18 Also, the best prior-art
thermocells typically have efficiencies of ∼0.40% of Carnot
efficiency (when efficiency is correctly evaluated, as discussed below).15,16 In fact, it was previously predicted that
a power conversion efficiency of 1.2% of the Carnot efficiency would be difficult to achieve.15
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FIGURE 1. (a) Schematic of a thermocell with nanostructured electrodes showing concentration gradients of the ferri-ferrocyanide redox
ions during power generation. (b) SEM micrograph of MWNT buckypaper. The average MWNT diameter is 10 nm. (c) SEM micrograph of vertical
MWNT forest. The average MWNT diameter is approximately 20 nm. The inset shows coinlike stainless steel substrates fully coated with
vertical MWNTs. Each substrate has a diameter of 2 cm. (d) Gerischer-Marcus model for the thermocell. The Van Hove singularities for MWNTs
are shown close to the Fermi level. E0 is the standard potential of Fe(CN)63-/Fe(CN)64-, λ is the reorganization energy of Fe(CN)63-/Fe(CN)64redox reactions.46

Carbon nanotubes (CNTs) have been of considerable
interest for electrochemical applications, due to their exceptional electronic, mechanical, and chemical properties.19-24
Advanced electrodes that incorporate CNTs have been
shown to provide attractive performance for electrochemical
applications (e.g., batteries, supercapacitors, and fuel
cells25-32), due to their high surface area, ability to carry
large current densities, and fast electron transfer kinetics.33-35
We here describe CNT-based thermocells that utilize the
ferri/ferrocyanide redox couple and electrodes made from
carbon-multiwalled nanotubes (MWNT) buckypaper and
vertically aligned MWNT arrays (see Figure 1). This buckypaper is made by a filtration process that is analogous to that
used for making ordinary paper. The performance of MWNTs
as thermocell electrodes supersedes that of conventional
electrode materials, including Pt foil and graphite sheet. With
a hot-side temperature of 65 °C and a temperature difference of 60 °C, a maximum output power of 1.8 W/m2 was
achieved in a stagnant cell, corresponding to an efficiency
relative to the Carnot cycle efficiency of 1.4%. Different
designs were developed to demonstrate energy harvesting
© 2010 American Chemical Society

in several practical scenarios. Our experiments revealed that
the performance of MWNT-based thermocells is scalable,
and that reduced contact resistance at MWNT electrode/
substrate junctions can significantly enhance efficiency.
The power conversion efficiency of a thermocell is expressed as

η)

1/4VOCISC
Ak(∆T/d)

(2)

and the relative power conversion efficiency is ηr ) η/(∆T/
Th), where VOC is the open circuit voltage, ISC is the short
circuit current, A is the cross-sectional area of the cell, d is
the electrode separation distance, ∆T is the temperature
difference between the two electrodes, k is the thermal
conductivity of the electrolyte (or the effective thermal
conductivity of the electrolyte and separator), and Th is the
temperature at the hot side. The maximum output power,
PMAX, is 1/4VOCISC and Ak(∆T/d) is the input thermal energy
needed to maintain ∆T. ∆T/Th is the Carnot efficiency. As
839

DOI: 10.1021/nl903267n | Nano Lett. 2010, 10, 838-–846

previously described, erroneous assumptions have been
often made in evaluating energy conversion efficiencies.15
Efficiencies are also overestimated if the A in eq 1 is taken
as the cross-sectional area of an electrode, and the effective
area for ionic conduction and heat flow is much larger due
to a larger cross-sectional area of the cell.
The efficiency of the thermocell can be more fundamentally expressed by combining eq 1 and eq 2 to give

η)

1/4∆SB,A jSCRT
nF

surfaces of these coin cells. The MWNT forests were grown
using a trilayer catalyst (30 nm Ti, 10 nm Al, and 2 nm Fe),
plasma-enhanced CVD, and previously reported process
conditions.41 The MWNT forests were approximately 100
µm tall. Vertical alignment of MWNTs and good coverage of
MWNTs on the surfaces of the packaging substrates is
illustrated in Figure 1c. The thermal resistance at MWNT
forest/substrate junctions was measured in previous work
to be less than 0.01 cm2K/W, and the resistance of a solder
joint, the buckypaper electrodes are effectively soldered to
the packaging substrates in the coin cell configuration, is
5-fold higher than this value.41 The electrolyte used for all
thermocells in this work was 0.4 M K3Fe(CN)6/K4Fe(CN)6
aqueous solution, as this was demonstrated to be the
optimum redox couple concentration.
The performance of MWNT buckypaper, Pt foil (SigmaAldrich Co.), and graphite sheet (98% graphite, GrafTech,
Inc.) electrodes were directly compared using a U-shaped
electrochemical cell. The hot side temperature was a constant 65 °C while the cold side temperature was 5 °C, the
two electrodes were 5.0 cm apart, and each electrode sheet
was 1.0 cm × 0.5 cm. Conductive Ag paste was used to
promote good electrical contact between buckypaper electrodes and Pt wire leads. The contacts were then covered
by insulating paint to prevent possible artifacts due to
interaction between the Ag paste and the electrolyte. Every
data point of VOC and ISC was acquired after allowing sufficient time for the values to stabilize. Similar Seebeck
coefficients of 1.4 mV/K were measured for all the electrode
materials, which is expected because the Seebeck coefficient
is governed by the thermodynamics of the redox couple, not
the electrode material, as shown in eq 1.
The jSC and power (PMAX) generated by the MWNT buckypaper electrodes for an optimized electrical load were the
highest among the tested electrode materials, 64.6 A/m2 and
1.36 W/m2, respectively. The normalized current density, jSC/
∆T, was 1.08 A/(m2K) and the normalized area power
density, PMAX/∆T2, was 3.8 × 10-4 W/(m2K2). The Pt electrodes generated a jSC of 48.4 A/m2 and a PMAX of 1.02 W/m2,
corresponding to a jSC/∆T of 0.81 A/(m2K) and a PMAX /∆T2
of 2.8 × 10-4 W/(m2K2). The graphite sheet electrodes
generated a jSC of 36.6 A/m2 and a PMAX of 0.76 W/m2,
corresponding to a jSC/∆T of 0.61 A/(m2K) and a PMAX/∆T2 of
2.1 × 10-4 W/(m2K2). The MWNT buckypaper electrodes
thus produced 33 and 77% higher jSC/∆T than Pt and
graphite sheet electrodes, respectively. Previous work reported jSC/∆T ) 0.5 A/(m2K) and PMAX/∆T2 ) 2.0 × 10-4
W/(m2K2) using Pt electrodes with the same interelectrode
distance and only one side of each electrode exposed to
electrolyte.16 When we blocked one side of the anode and
cathode with Scotch tape, jSC/∆T decreased 26% for the
MWNT electrodes and decreased 28% for the Pt electrodes,
which brings the present jSC/∆T for Pt electrodes into close
agreement with this previous work.

(3)

where jSC ()ISC/A) is the short circuit current density and RT
()d/k) is the thermal resistance of the cell. The ferri/ferrocyanide redox couple, where n ) 1, is known to produce a
relatively high reaction entropy,36 so we here focus on
increasing the parameters that critically limit thermocell
efficiency, jSC and RT. The intrinsically large surface area of
MWNTs and fast electron transfer between MWNT electrodes and electrolyte directly enhance jSC.37-40 Thermal
conduction losses are mitigated (i.e., RT is increased) using
two primary approaches that also enhance jSC, (1) we took
advantage of the highly porous three-dimensional structure
of MWNT buckypaper by using scroll-like electrodes, which
are commonly used in batteries and capacitors, to reduce
cross-sectional area normal to the direction of heat flow
while allowing a high degree of electrolyte exposure to the
electrode surface for redox reactions to occur, and (2) we
directly synthesized vertically aligned MWNT arrays (i.e.,
nanotube forests) to establish electrodes that are in good
thermal and electrical contact with the thermocell packaging.41,42
The MWNT buckypaper was prepared according to procedures described in previous work.43,44 The MWNTs are of
high purity (containing less than 1% catalyst) and hundreds
of micrometers long, with diameters of ∼10 nm. The MWNT
buckypaper is typically ∼35 µm thick and has an electrical
conductivity of 100 S/cm44 and an internal surface area of
278 m2/g by the Brunauer-Emmett-Teller method. Figure
1b shows a scanning electron micrograph (SEM) of the
MWNT buckypaper. Cyclic voltammograms (CV) show quasireversible electron transfer reactions between MWNT buckypaper electrodes and Fe(CN)63-/4- in aqueous electrolyte.
The MWNT buckypaper also shows three times higher
charging current density during CV scans than the same
physical area Pt foil.
The electrical energy output of thermal electrochemical
cells can be optimized by ensuring that the temperature drop
is predominantly between the electrodes, rather than between the heat source and heat sink and the corresponding
proximate electrodes. To reduce temperature drop from
thermal contact resistance for thermal cells based on conventional coin cell battery containers, MWNT forests were
directly synthesized on the internal stainless steel electrode
© 2010 American Chemical Society
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FIGURE 2. (a) The Teflon cell with adjustable interelectrode distance. The cell consists of a HOTWATT heater, a Cu rod sealed in Teflon tape
with cold liquid circulating inside, a glass frit separator, and two OMEGA K-type thermocouples wrapped with Teflon tape. (b) VOC and jSC
versus temperature difference between electrodes. The distance between electrodes, d, was 2.6 cm. Each electrode was 1.8 mg and 1.5 cm
× 0.8 cm × 30 µm. (c) ISC and PMAX versus MWNT electrode area with ∆T ) 47 °C, d ) 2.6 cm, MWNT buckypaper thickness 30 µm. (d) jSC and
PMAX versus buckypaper electrode thickness with the area of each electrode fixed at 1.0 cm × 0.5 cm, ∆T ) 60 °C, d ) 2.6 cm.

Upon reaching equilibrium, jSC in the Nernst-Plank equation consists of diffusion current density jd ) FΣ(znDnDCn/Dx)
and migration current density jm ) F2/RT(DV/Dx)Σ(zn2DnCn),
where zn is the charge, Dn is the diffusion coefficient, Cn is
the ion concentration, R is the gas constant, and x is the
distance from one electrode to the point of interest between
the two electrodes (the other parameters are the same as
defined above). Here jm is similar in all cases because the
potential differences across the electrodes are similar given
the same ∆T. Therefore, jd, or more specifically the concentration gradient, DCn/Dx, must be different for the Pt, MWNT,
and graphite electrodes studied here. One reason for the
relatively large jSC (or jd) generated by MWNT electrodes is
the large number of redox reaction sites established by the
high internal surface area of such electrodes. This surface
area (or concentration gradient) advantage is likely the cause
of MWNT electrodes producing higher current densities than
Pt foil electrodes because the kinetics of the two materials
appears to be similar within the resolution of our experiments (see Figure S1 of Supporting Information). However,
high-surface-area activated carbon fabric (Spectracarb 2225
from Engineered Fibers Technology, LLC with an internal
surface area of 2500 m2/g) yielded a low jSC/∆T of 0.05
A/(m2K) (evaluated using geometric area) when tested in the
U-shaped cell, which implies that surface area enhancements
alone are not sufficient to generate large jSC. The comparisons of the cyclic voltammetry (CV) scans for MWNT and
graphite sheets in Figure S1 of Supporting Information
clearly indicate slower electron transfer on graphite electrodes. It has been suggested that electron transfer at the
© 2010 American Chemical Society

MWNT/electrolyte interface is enhanced as a result of fast
kinetics.39 The improved kinetics over other carbon materials such as graphite sheet is likely the result of the quasione-dimensional crystalline structure of MWNTs and their
resulting highly localized electron density of states near the
Fermi level (i.e., Van Hove singularities).45 The GerischerMarcus model in Figure 1d illustrates this kinetic effect.
The Teflon cell shown in Figure 2a was used to evaluate
performance scaling with ∆T. The distance between two
equivalent size MWNT buckypaper electrodes was set at 2.6
cm. The hot side was maintained at 70 °C using a resistive
heater connected to a temperature controller and the cold
side temperature was adjusted by circulating coolant from
a thermostat bath. As shown in Figure 2b, both VOC and jSC
increase linearly with ∆T, indicating the cell operates within
a linear region. Variation of external load resistance resulted
in linear variation of cell current on the voltage drop across
the load resistor, so output power was optimized when
effective internal cell resistance equaled the external load
resistance. The cell in Figure 2a was also used to test the
feasibility of making larger MWNT-based thermocell devices
(these tests were conducted with ∆T fixed). As shown in
Figure 2c, increasing the electrode area from 0.4 to 1.2 cm2
increased the short circuit current from 0.8 to 2.7 mA and
increased the maximum power output from 16 to 55 µW.
For the given range of electrode sizes, a linear relationship
between thermocell performance and electrode area is
clearly shown, indicating scalability toward larger devices.
When the thickness of buckypaper electrodes with fixed area
was increased from 40 to 280 µm, jSC increased from 47 to
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efficiency is 1.4%, which is 17% higher than a previously
estimated upper bound for thermocells using the ferri/
ferrocyanide redox couple.15
Thin coin-type thermocells with MWNT buckypaper and
vertically aligned forest electrodes, which could potentially
be powered by body heat, were used to evaluate the feasibility of stable long-term performance and scalable device
fabrication (see Figure 4a). The thermocells were constantly
discharged through a resistor load of 10 Ω. For a nominal
∆T of 45 °C, voltage was 51.2 mV and current density
stabilized at 30.4 A/m2 in the coinlike thermocell with
buckypaper electrodes (see Figure 4b). For a nominal ∆T of
60 °C, VOC was 70.4 mV and jSC stabilized at 55.7 A/m2 (jSC/
∆T ) 0.93 A/(m2K)) in the coinlike thermocell with MWNT
forest electrodes (see Figure 4c). Because of vertical nanotube alignment that ostensibly improves electrolyte access
to MWNT surfaces, and because of improved thermal and
electrical contact to the packaging substrates,41,42 the efficiency of coinlike thermocells with MWNT forest electrodes
was approximately 30% higher than the efficiency of coin
cells with buckypaper electrodes (we estimate that approximately 4 °C of temperature was lost across the less
intimate buckypaper/substrate junctions).
Concerns about the stability of potassium ferrocyanide/
ferricyanide, especially upon illumination, have been reported.47,48 Previous work also reported the possibility of mass
transport overpotential leading to detrimental buildup of
concentration gradient in the cell, in particular the establishment of higher electrolyte concentration at the cold side.
Such claims suggest a decline in current if thermocells are
subject to long-term discharge. However, as shown in Figure
4, the coinlike thermocell with buckypaper electrodes was
successfully continuously discharged over a 10 Ω load for
more than three months, and the coinlike thermocell with
MWNT forest electrodes was continuously discharged for a
week with no change in performance. For each test the
circuits were disconnected only when measuring VOC, which
takes about 5 min per data point. Both voltage and the
discharged current were stable during long-term testing,
which demonstrates the stability of the aqueous equimolar
redox solution in closed systems. We posit that this level of
stability occurs because the electrolyte reaches equilibrium
and the MWNTs are very stable in the solution within the
temperature range. The demonstrated stability of MWNTbased thermocells during continuous use suggests that if the
heat source is stable the power generation will always
operate at near 100% capacity.
A thermocell produces its maximum VOC once the difference in redox ion concentration at the electrodes reaches
its highest value and the electron transfer process at the
electrode/electrolyte interfaces reach equilibrium. It can take
as much as 10 min for this to occur in a thermocell where
the electrolyte is stagnant, as shown in Figure 5c. The actual
equilibrium time depends on partially the amount of electrolyte around the electrode with more electrolyte requiring

FIGURE 3. Mark II cell with MWNT scrolls as electrodes. Two
thermocouples (not shown) were used to measure temperature in
the cell near the hot and cold electrodes.

67 A/m2 and PMAX increased from 0.9 to 1.45 W/m2 (see
Figure 2d). The dependencies of jSC and PMAX on buckypaper
sheet thickness were nonlinear and a saturation thickness
was evident during testing, likely because diffusion of the
redox mediator through increasing thickness sheets becomes a limiting factor. To demonstrate voltage and power
scaling, two identical thermocells (as shown in Figure S4 of
Supporting Information) were connected in series. The open
circuit voltage for the combined cells was 140 mV, which is
equal to the sum of the open circuit voltages of the individual
cells. The maximum output power of the combined cells was
101.5 µW, which approximately equals the sum of the
maximum output powers of the two cells when they are
individually operated (see Table S2 of Supporting Information).
The electrode spacing is adjustable in the cell shown in
Figure 2a. When electrode separation distance was decreased, both jSC and PMAX increased because ions could
diffuse quickly over shorter distances, that is, ionic mass
transport was enhanced; yet, efficiency dropped significantly
because a higher thermal energy input was required to
maintain the same ∆T. Similar observations were made in
a previous study.16 We here addressed this trade-off between current density and heat loss by forming MWNT
buckypaper into scrolls and aligning them along the rolling
axis to minimize the heat loss channel and increase jSC. Two
buckypaper scroll electrodes, each having a diameter of 0.3
cm and weighing 0.5 mg, were positioned in a glass tube
with a diameter of 0.3 cm so that the scroll ends faced each
other (this configuration is shown as Mark II in Figure 3). The
distance between the electrodes was d ) 5.0 cm. The hot
side was held at 65 °C by a temperature controller and the
cold side of the cell was immersed in a mixture of ice/water
and had a temperature of 5 °C. A jSC of 85 A/m2, or jSC/∆T of
1.42 A/(m2K), and a PMAX of 1.8 W/m2, or PMAX/∆T2 of 5 ×
10-4 W/(m2K2), were measured based on the cross-section
area of the cell. The power conversion efficiency for the Mark
II thermocell is 0.24%, which is approximately an order of
magnitude higher than values obtained in prior work using
Pt electrodes under similar test conditions.16 The relative
© 2010 American Chemical Society
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FIGURE 4. (a) Schematic assembly of the coinlike thermocell. Each buckypaper electrode is 0.5 cm × 0.5 cm and attached to the package with
Ag paste. The MWNT forest electrodes are grown directly on the caps as shown in Figure 1c. The electrodes are separated by five layers of
Nomex HT4848 soaked with electrolyte. The cells are sealed by pneumatic crimping. The cell diameter is 2.0 cm and height is 0.2 cm. (b)
Voltage and current versus operation time for a coin cell with buckypaper electrodes discharging over a 10 Ω load. The nominal ∆T was 45
°C (variation <3%). (c) VOC and jSC versus time for coin cell with MWNT forest electrodes. The nominal ∆T was 60 °C.

testing, which suggests that stable performance can be
achieved in long-term operation.
Because numerous pipes that carry hot or cold fluids are
installed in facilities such as power and chemical processing
plants, a thermocell wrapped around a pipe is demonstrated
as a candidate technology for harvesting these rich supplies
of energy. Such pipes can serve as hot or cold sources for
thermocells with the ambient regulating the temperature of
the electrode not in contact with the pipe (imagine steam
flowing through a pipe located in Alaska as a potential
scenario for this energy harvesting concept). Here we demonstrate a thin thermocell configuration wrapped around a
stainless steel pipe with cool liquid flowing within (ammonia
flowing through a pipe in a chemical plant in Florida is a
candidate scenario). The pipe assembly consisted of a first
layer of MWNT buckypaper electrode, then two layers of
Nomex HT4848 as separator, and an outer layer of MWNT
buckypaper electrode. A piece of stainless steel sheet was
wrapped around the outer layer buckypaper and two clamps
and glue were used to seal the entire assembly. A resistive
heater was wrapped around the stainless steel sheet. Electrolyte was injected using a syringe, and afterward the
syringe hole was sealed with glue. The schematic layout and
actual assembly of the pipe-wrapped thermocell is shown
in Figure 6. This cell produced a VOC of 21 mV, which
corresponds to a ∆T of 15 °C across the thin layer structure,
and a jSC and PMAX of 7.5 A/m2 (jSC/∆T ) 0.5 A/(m2K)) and
0.039 W/m2 (PMAX/∆T2 ) 1.8 × 10-4 W/(m2K2)), respectively.
The cost of renewable energy technologies per unit watt
of generated power is a metric that greatly affects commercial viability assuming similar product lifetimes. The
material cost of coinlike thermocells includes the cost of the

longer time. After the maximum VOC was reached, shorting
the circuit for the “stagnant” thermocell in Figure 5c decreased jSC from its peak value of 105 A/m2 to approximately
half its peak value, 49 A/m2. To sustain jSC at its maximum
value consumed redox ions must be replenished fast enough
at the electrode/electrolyte interfaces to eliminate the limiting effects of mass transport via sluggish ion diffusion.
Stirring or circulating the electrolyte to quickly deliver fresh
electrolyte to the electrodes can achieve this, and such
approaches have been demonstrated to increase jSC in
thermocells with Pt electrodes.37 A MWNT-based thermocell
with circulated electrolyte (i.e., a “flow” cell) is shown in
Figures 5a,b. A pump located between each compartment
and an electrolyte reservoir associated with each compartment circulated the electrolyte. The temperatures of the hot
and cold reservoirs were held constant by a temperaturecontrolled heater and heat sink, respectively. Each compartment contained one MWNT buckypaper electrode that was
1.2 cm × 0.5 cm. Stagnant and flow MWNT-based thermocells driven by the same ∆T are compared in Figure 5c.
Notably, VOC and jSC were maintained in the flow thermocell
at the stagnant cell peak values because fresh electrolyte was
constantly delivered to the electrodes as discussed above.
For the flow cell with MWNT electrodes, jSC/∆T reached 1.12
A/(m2K), while the stagnant cell provided only 0.6 A/(m2K).
For comparison, the flow cell using Pt electrodes provided
a jSC/∆T of 0.89 A/(m2K), which is close to previously
reported maximum value for a similar Pt electrode flow
cell.37 The PMAX/∆T2 of the MWNT electrode flow cell reached
4 × 10-4 W/(m2K2), as compared with 2 × 10-4 W/(m2K2)
for the stagnant cell. As shown in Figure 5d, the flow
thermocell produced stable VOC and jSC during 8 days of
© 2010 American Chemical Society
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FIGURE 5. (a) Schematic assembly of the Teflon flow thermocell. The two compartments are separated by a cellular ester membrane (Whatman)
and two layers of Nomex fabric. (b) Photograph of the flow thermocell setup. (c) Transitional VOC and jSC in a stagnant and flow cell. (d)
Performance of flow cell with MWNT buckypaper electrodes versus time. Each electrode was 1.2 × 0.5 cm. The nominal ∆T approximately
50 °C.

FIGURE 6. (a) Schematic assembly of the thin thermocell wrapped around a pipe carrying cool, flowing liquid. Two layers of Nomex are used
to separate the two electrodes. The distance between electrodes is approximately 0.2 cm. (b) Photograph of a thermocell wrapped around a
stainless steel pipe to generate power.

these cells operating at a ∆T of 60 °C is estimated to be
$5.14/W, which is slightly higher than the cost per watt of

electrochemically active potassium ferri-ferrocyanide and
MWNTs. The current cost per watt of active materials for
© 2010 American Chemical Society
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photovoltaic modules.49 If current predictions are realized
and the price of MWNTs decreases to $45/kg from today’s
price of ∼$150/kg, we estimate that the material cost of
active materials for coinlike thermocells will reach $2.76/
W. Since the output power of these thermocells increases
quadratically with ∆T, development of electrolytes that can
operate to higher temperatures can substantially increase
applications potential. Though the present continuously
operated thermal cells provided essentially constant output
for the maximum evaluated time period (90 days), operational lifetimes of years or decades will be desirable for some
applications and this might require improvements in the
choice of electrolyte and redox mediator. Also, we are here
assuming that the waste energy is essentially free and
unlimited, since the relatively low conversion efficiencies of
even the presently improved thermocells is a problem if costeffective technologies having higher efficiencies become
available.
In summary, we have shown that MWNT buckypaper and
MWNT forest are efficient electrode materials for thermocells because they offer fast kinetics and large amounts of
electrochemically accessible internal surface area. The efficiency of thermocells with MWNT electrodes was demonstrated to be as high as 1.4% relative to the Carnot Cycle,
which is 3 times higher than the efficiency of conventional
thermocell devices with Pt electrodes. With improvements
in cell design and optimization of MWNT properties and
electrode structure, thermocell efficiency is likely to increase.
Thin coinlike thermocells were fabricated and operated for
three months to provide essentially constant power output.
In such configurations, direct synthesis of MWNT forest
electrodes was shown to provide improved thermal contact
that contributed to a 30% increase in efficiency as compared
to buckypaper electrodes that required secondary attachment to the package substrates. The performance of MWNTbased thermocells was shown to be scalable and amenable
to complex systems. With the cost of MWNTs decreasing,
thermocells with the performance reported here may develop into an economical solution for harvesting untapped
supplies of low-grade heat. Moreover, the enhanced thermocell performance demonstrated in this study using MWNT
electrodes suggests that other nanostructured electrode
materials might also be applied to significantly enhance the
efficiency of thermocell devices.

Supporting Information Available. CV scans of Pt, graphite sheet, and MWNT buckypaper electrodes in Fe(CN)63-/4aqueous electrolyte; U-shaped thermocell; Mark I thermocell
configuration and performance; performance of Mark I
thermocells in series; performance versus electrolyte concentration; effect of interelectrode distance; detailed cost
analysis. This material is available free of charge via the
Internet at http://pubs.acs.org.
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