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Thermopower waves convert chemical energy into electrical power using nanostructured thermal conduits like carbon nano-
tubes (CNTs) by taking advantage of their high thermal conductivity to propagate the heat released by an exothermic reaction
of a fuel layer coated around the conduit. Electron-phonon coupling in the CNTs then leads to an electrical output. Previous
work using cyclotrimethylene-trinitramine coated around multiwalled CNTs has shown electrical output as high as 7 kW kg™ ".
This phenomenon has potential to aid the manufacture of nanoscale power sources capable of releasing large power pulses
for specific applications. Researchers have studied the effects of other system properties, including the conduit thermal conduc-
tivity, the chemical properties of the fuel, and the coupling of the reactions to inorganic thermoelectric materials. An analytical
solution for the governing heat and mass balance equations has also been derived. Here, we review the progress made in the

field of thermopower waves. © 2013 American Institute of Chemical Engineers AIChE J, 59: 3333-3341, 2013
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Introduction

Neal R. Amundson (1916-2011) is considered to have been
one of the most prominent chemical engineering educators in
United States. He is known for his pioneering work in the field
of modeling chemical reactors, separation systems, and com-
bustion of coal." The concept of thermopower waves has bene-
fited enormously from progress in these areas. Thermopower
waves involve coupling the exothermic nature of a chemical
reaction with advantageous electrical and thermal properties of
the conduit on which the reaction is carried out. It is a novel
means of obtaining electrical output using a thermal gradient,
beyond what is possible via the conventional thermoelectric
effect.

The conventional Seebeck effect or thermoelectric effect
describes the phenomenon of electric output generated by a
temperature difference across the ends of a thermoelectric
material. The output voltage AV as a function of the temper-
ature gradient is given by the relation

Tngm
AV=J I, VT (1)
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where I'y is the Seebeck coefficient. Exploiting the tradi-
tional Seebeck effect requires thermoelectric materials hav-
ing high electrical conductivity ¢ to enhance electron
transport, but low thermal conductivity k to maintain the
temperature difference across the ends of the device. The
suitability of a material for thermoelectric applications is
measured by means of “the figure of merit” ZT, defined as”

I T
7T = “Z (@)

The higher the value of ZT, the better suited is the mate-
rial for thermoelectric applications.

Basics of Thermopower Waves

Thermopower waves rely on exploiting the effect of carry-
ing out an exothermic chemical reaction on a conduit with
improved electrical and thermal properties. Thermopower
waves were first demonstrated using carbon nanotubes
(CNTs) as the conduit material. CNTs are one-dimensional
molecular structures having high thermal conductivity of the
order of 3000 W m ' K~ and possessing electrical conduc-
tivity of around 10° S m~'.? The high thermal conductivity
renders CNTs less effective for traditional Seebeck applica-
tions. However, the phenomenon of thermopower waves
effectively exploits this property to drive the heat from the
exothermic fuel reaction along the length of the nanotubes.
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Figure 1. Schematic of the production of CNT-based thermopower wave generators using TNA solution in acetoni-

trile.2

Reproduced and adapted from Ref 2, with permission from Elsevier Ltd. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

The preparation of a thermopower generator (TWG)
device involves coating a layer of fuel (cyclotrimethylene-
trinitramine (TNA) in the example of Figure 1) onto a con-
duit. The schematic depicts multiwalled carbon nanotubes
(MWCNTs) as the conduit, although single-walled nano-
tubes (SWNTs) also support thermopower waves.>® The
fuel, TNA, is dissolved in acetonitrile, impregnated into
the MWCNT array, and allowed to dry.> A small amount
of an initiator, in this case sodium azide (NaNj), is also
added because it reacts exothermically with a lower
energy of activation, thus requiring less input energy. The
chemical structures of fuels, NaNs3, and acetonitrile used
in TWGs are shown in Figure 2. As shown in Figure 3,
in a TWG, the fuel-coated conduits are connected to cop-
per tape electrodes with silver paste.

A thermopower wave is initiated with an external ignition
source such as a butane torch, joule heater, or laser, helping
the sodium azide overcome its reaction barrier.” Exothermic
reaction of sodium azide provides initiation for the fuel reac-
tion. The fuel reacts and releases heat, which is then acceler-
ated forward because of the high thermal conductivity of the
CNTs. This heat now ignites the fuel that lies in its path,
and thus a continuous reaction wave is sustained. Figure 4
shows a schematic of how heat propagates in a CNT-TNA
system once a self-propagating TNA reaction wave is
launched.

Because of electron-phonon coupling exhibited by CNTs,
we also obtain an electrical output.> Examples of experimen-
tally obtained voltage outputs are shown in Figure 5.
Depending on the direction of the wave propagation, the
polarity of the voltage can be positive or negative.’

NO,

Covalently Functionalized CNTs as Thermopower
Conduits

Diazonium chemistry was used to synthesize single-walled
CNTs decorated with mono-, di-, and trinitrobenzenes, with
the purpose of increasing the energy density of the CNTs.*
Differential scanning calorimetry revealed the effect of cova-
lent functionalization of nanotubes on the reaction activation
energy, which was lower at lower values of conversion.
Covalent bonds to the nanotube lattice can create defects
that tend to scatter electrons and phonons, and thus, reduce
electrical and thermal conductivity, both of which are essen-
tial for thermopower wave propagation. Figure 6 shows the
increase in the disorder (D) mode in Raman spectroscopy
due to covalent functionalization of nanotubes. Fourier
Transform -Infrared (FT-IR) spectra confirmed attachment of
nitro groups on these CNTs.*

Work by Chakraborty et al. shows that electrical resistivity
of single-walled CNTs increases almost three-fold post func-
tionalization by mononitrophenyl (MNP). Heating the sam-
ples to 500°C under ultra-high vacuum showed the electronic
changes caused by functionalization to be reversible.” Ther-
mopower experiments, however, showed that it was possible
to launch thermopower waves and produce electrical power
from such nitrobenzene functionalized conduits. The electrical
power generated was affected little by functionalization. Also,
both the reaction wave velocity and the specific power did not
show a drastic decrease after functionalization. Thus, though
the electrical’ and thermal conductivities of functionalized
CNTs might be lower than that of bare CNTs, the values are
still high enough to allow propagation of a thermopower
wave. Raman spectroscopy on functionalized conduit samples

<) d) &
NO, 'T' Na
H—Cli—CEN
H N=N=N

Figure 2. Chemical structures of compounds used for thermopower waves experiments.

(a) Nitrocellulose (b) 2, 4, 6-Trinitroaniline or picramide (c) Acetonitrile (d) Sodium Azide.
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Figure 3. A typical TWG consisting of fuel-coated
CNTs.*

Silver paste is used to connect CNTs to copper tape
electrodes, through which an oscilloscope can measure
voltage output. Reproduced and adapted from Ref 4,
with permission from American Chemical Society.
[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

before and after thermopower wave reaction shows a reduc-
tion in the ratio of intensity of D peak to G peak, that is, D/G
ratio after the reaction wave has passed over the conduit. D/G
ratio is indicative of the number of defects present in the sam-
ple being analyzed. Through this Raman analysis, we can
infer that reaction wave breaks the covalent bonds attaching
the functional groups to the CNTs, thus leading to fewer
defects after reaction.

The Effect of Thermal Conductivity of
Thermopower Conduits

The effect of thermal conduits of different values of thermal
conductivity has been studied. Terracotta (k=1 W m ! Kil,
low thermal conductivity) and alumina, Al,O; (k=20 W m !
K™, comparatively higher thermal conductivity) were chosen
for the comparison.® Additionally, a layer of Bi,Te; (bismuth
telluride), a thermoelectric material, was deposited on top of
the thermal conduit to generate voltage from its high Seebeck
coefficient (287 uV K™') and high electrical conductivity on
the order of 10° S m™'.®7 The Bi,Tes layer must be thin for
the heat transfer to be dominated by the thicker conduit layer

Heat release
My
ey .

sl

Ignition

beneath it. The fuel layer is deposited on top of the BiyTe; for
direct heating and maximal voltage generation. These devices
are shown schematically in Figure 7.

Thermopower wave experiments using both the conduits
were carried out and the voltage output and wave velocity
studied. Bi,Te; films were sputtered onto both the conduits.
Nitrocellulose was used as fuel and NaN5 was used as initia-
tor for the reaction.® Experiments using the Al,Os; conduit
showed oscillations in velocity and voltage. The average
velocity of these waves was around 0.01-0.9 m sfl, with the
median value being around 0.4 m s~ '.° These large velocity
devices generated voltages in the range of 40—150 mV, with
power output up to 10 mW. Experiments with varying mass
of fuel showed 24-27 mg of fuel to be the optimum range to
obtain maximum voltage and power.6 Study of systems using
terracotta as conduit showed no oscillations in wave velocity,
with average value of velocity around 0.01 m s '.° Thus,
wave velocity of the self-propagating reaction wave and
presence or absence of oscillations in velocity and voltage
output was found to be highly dependent on the thermal con-
ductivity of the conduit being used. In the forthcoming sec-
tion, we discuss the analytical solution studying the
dependence of wave velocity on thermal conductivity of the
conduit and how well it matches with the experimental
observations. Also, a study of effect of thickness of the ther-
moelectric layer showed that both 10 ym and 5 pm thick
Bi,Tej; films showed similar trends in the voltage generated.
Voltage output from the 10 um Bi,Te; device was slightly
higher because of increased sheet resistance as compared to
the thinner Bi,Te; layer.6 Bi,Te; layers thicker than about
30 um when sputtered onto Al,O; reduced the overall ther-
mal conductivity leading to no oscillations in the voltage
output.

Effects of P-type and N-type Thermoelectric
Materials in Thermopower Conduits

To exploit thermoelectric materials with higher Seebeck
coefficients than that of CNTs, TWGs were made with bis-
muth telluride (Bi,Te;), an n-type thermoelectric (Seebeck
coefficient = 287 uV K1), and antimony telluride (Sb,Te3),
a p-type thermoelectric (Seebeck coefficient =243 pV K1),
referring to their majority carriers of electrons and holes,
respectively.® Here again, experiments were repeated with
two base thermal conduits, alumina and terracotta. The

Figure 4. Schematic of the principle of thermopower waves.

A self-propagating reaction wave is initiated by means of a heat source and is sustained because of high thermal conductivity of
CNTs.? Reproduced and adapted from Ref 3, with permission from Nature Publishing Group. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Electrical output obtained by operation of a thermopower wave device.

(a) Schematic of a thermopower waves device and dependence of the voltage output polarity on the reaction wave direction. (b)
Actual voltages obtained during thermopower waves experiments.3 Reproduced and adapted from Ref 3, with permission from
Nature Publishing Group. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

experimental setup is similar to that shown in Figure 7a.
Changing the type of thermoelectric reverses the polarity of
the voltage output. As observed before, using nitrocellulose
with sodium azide as the fuel and alumina as the conduit
generated oscillating voltage for the duration of wave propa-
gation.6 Figure 8 shows typical voltage outputs from both
thermoelectric materials. Reaction waves on Sb,Te; are
faster, with mean reaction propagation velocities of about
660 mm s ' compared to about 210 mm s ! for Bi,Tes
devices.” This was attributed to Sb,Te; having a thermal
conductivity that is almost 2.5 times that of Bi,Tes.

Both Sb,Te; and Bi,Te; systems produced high-power
pulses, 0.6 kW kg~ ' and 1.0 kW kg ', respectively.” This
work shows that certain conduit properties can lead to oscil-
lating voltage.®” It also opens avenues for generating alter-
nating voltage output from thermopower wave devices by

(a)

TNP-SWNT

(b)

using p-type and n-type semiconductors simultaneously as
conduits.

Zn0O Thermal Conduits

Recent work incorporated zinc oxide in a TWG device.
ZnO has a high Seebeck coefficient of about —360 uV K ™!
at 85°C, high thermal conductivity of about 15 W m~' K~'
at 300°C, and high electrical conductivity at elevated tem-
peratures.® A ZnO film was deposited on an alumina conduit,
followed by a fuel layer of nitrocellulose and sodium azide.
The reaction was initiated using a fine-tip butane torch, and
produced voltage pulses as large as 500 mV.® Here again,
wave propagation gave rise to oscillating voltage output.
Power output from some devices was as high as 1 mW with
device efficiencies around 0.2%.*
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Figure 6. Raman and FT-IR analysis of energetically decorated SWNTSs.

(a) Raman spectra show an increase in disorder modes (i.e. peak at ~1350 cm™Y) after covalent functionalization with any of three nitro-
phenyl species. (b) FT-IR spectra using ATR (attenuated total reflectance) confirmed presence of nitro groups in thin films. MNP-, DNP-,
and TNP-SWNTs stand for mono-, di-, and trinitrophenyl-functionalized SWNTs, respectively.* Reproduced from Ref 4, with permission
from American Chemical Society. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(a) Schematic of experimental setup. (b) Schematic of heat conduction from the fuel to the conduit layer and the effects of conduit
thermal conductivity.® Reproduced from Ref 6, with permission from John Wiley and Sons.

The efficiency of a TWG device is the ratio of the electri-
cal power output to the heat energy released from the exo-
thermic chemical reaction.

% Efficiency
_ Electrical energy output 100
Energy released due to the fuel chemical reaction
J (X—z) dt
= m X 100
3

Here, V is the voltage output, R. is the circuit load, m is
the mass of the fuel reacting and (—AH) is the exothermic
heat of reaction. Although the overall energy conversion effi-
ciency of TWG devices is <1%, they are able to provide
large voltage pulses for applications requiring energy to be
released over short durations, unlike batteries or fuel cells.

Analytical Solution of Equations Governing
One-Dimensional Thermopower Waves
The governing analytical equations of thermopower waves

have been further studied. For solid fuels, the mass diffusion
is negligible, and hence, that term can be neglected. Using a

AIChE Journal September 2013 Vol. 59, No. 9
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reaction term with a first-order Arrhenius form for the fuel
and using Fourier’s law for heat diffusion, coupled heat and
mass balance equations can be set up as below:

or 0T E

—Ea
= = RT
PCp 5, =k —(AH. k,Y)e (4)
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Figure 8. Oscillatory voltage output from thermopower
waves devices using Sb,Te; on alumina and
using BiyTez on alumina.

Adapted from Ref 7. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Here, p is the fuel density, T is the temperature, Cp, is the
specific heat of the fuel, £ is fuel thermal conductivity, x is
the distance or space coordinate, (—AH) is the exothermic
heat of reaction, ko is Arrhenius prefactor, E, is the activa-
tion energy of the fuel reaction, R is the universal gas con-
stant and Y is mass concentration of the fuel.” Coupled heat
and mass balance equations are widely applicable to many
other fields, such as high-temperature self-propagating syn-
thesis reactions. Nondimensionalizing the above set of equa-
tions simplifies them:

ou 0%u .
T e 6
7 o8 ye (6)
8y _ _1
90 Bye (7N

Here, u=(R/E,)T is the nondimensional temperature and
y=Y/p is the nondimensional fuel concentration. Similarly,

- /2 . .
4 =x{(pTC,") (%)} is the nondimensional space coor-
vEa
: — ((=AH)k
dinate and 7= (T
new parameter that arises due to this nondimensionalization

)z is the nondimensional time. The

is f= =Xz B corresponds to the (dimensionless) inverse

adlabatlc reactlon temperature rise, the temperature behind
the wave front during steady-state adiabatic reaction wave
propagation. Thus, ideally, the temperature difference that
leads to the traditional Seebeck voltage output from thermo-
power wave generators is 1/f. Solving the above nondimen-
sional Eqgs. 6 and 7 using numerical methods and assuming
ideal adiabatic boundary conditions showed the temperature
profiles u(¢) to be unchanging in shape with respect to
time.” ! Examples of the numerically calculated temperature
profile as a function of time and space are shown in Figure 9.

The waves propagate with constant velocity for certain
values of f3. In order to solve this equation, a new variable 5
was introduced to combine the time and distance of
propagation.

n=_¢—ct ®)

Here c is the constant wave velocity.
A logistic wave function can describe the wave form
observed during numerical simulations. Thus, we set

2500 — , .
\ — —
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| Self-jropaba irlﬁg *herrdlal wave
|
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500; \ \ \

Figure 9. Examples of numerically simulated tempera-
ture waves. The different color curves in the
diagram represent the temperature at differ-
ent time points.
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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“max
)= e ©)

Here, um,x is the maximum temperature behind the reac-
tion wave front, and s is a parameter that affects the slope of
the u growth. Q is a symmetry parameter and affects the cur-
vature of the function near asymptotes. As mentioned before,
Upax = | / g, which corresponds to the maximum possible
temperature behind the wave front in event of adiabatic
boundary conditions. On substituting this in the above set of
nondimensional equations, an equation for wave velocity
was obtained:

c:e@)v*@é\/ (5)(-1as ) a0

This equation holds for first-order fuel reactions. One can
then solve for Q(f5). An expression was obtained by empiri-
cal fitting.”

0 =0.00615>—0.0774>+1.25315—0.208 (11)

The temperature profiles obtained from numerical solution
and from the logistic form analytical solution are compared in
Figure 10. A coupled system of heat and mass transfer equa-
tions under adiabatic boundary conditions is well described by
the logistic functional form, especially for smaller f values.
Above ff =06, the logistic form becomes less accurate as the
wave velocity is no longer constant.

Temperature (u)

0.1 p=6

0.0 il o o T T
-70 -60 -S0 -40 -30 -20 -0 O 10 20 30 40 S0 60 70

Scaled wave coordinate (n=¢-c1)

Figure 10. Analytical and numerical solutions using a
logistic temperature profile.

Analytical solutions are represented by lines, numeri-
cal solutions by points. The profiles match closely for
several different values of p.° Reproduced from Ref 9,
with permission from American Chemical Society.
[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Velocity Oscillations in Thermopower Waves

The system of coupled heat and mass transfer equations
shown above is a simplified set of equations considering the
balances for only the fuel. A more rigorous approach incor-
porates the heat balance for the conduit as well. The nondi-
mensional equations used here are:

ou Ou i
At (1—w)ei— y,(u— 12
G oo )02
Ou 0 u
_612 =g —6522 + yy(u—u) (13)
Jw 1
~=B(1—w)e « 14
O —p(1-w)e (14)

Here, u is the fuel temperature, u, is the conduit tempera-
ture and o is the fuel amount that has been consumed i.e.
w=1-y. 7, £ and f have same meaning as before. y,, 7,,
and oy depend on system properties like fuel and conduit ther-
mal conductivities, interfacial conductance between the fuel
and the conduit, conduit diameter, diameter of the fuel-conduit
system, f3, their densities and their molecular weights.'?

Terms for heat transfer between the fuel layer and the
CNTs must be included with a term for interfacial energy
exchange.l2 With added complexity, the analytical solution
above does not hold and the equations must be solved numeri-
cally to evaluate the wave velocity. This analysis shed light on
the interesting phenomenon of oscillating wave velocity.
Increasing f§ leads to increased amplitude of velocity oscilla-
tions but decreased fundamental frequency.'”” Wave front
velocity simulations were carried out on a system of CNT
wrapped by a TNA layer. Figure 11 shows results from this
study where wave front velocity is studied as a function of f.
As can be seen from the figure, the average velocity decreased
with increase in f§ from 4 to 9. The nature of the velocity pro-
file also undergoes drastic change as f§ changes. Starting with
low amplitude velocity oscillations, the velocity becomes
almost constant at about § = 6. Beyond f§ = 7, the wave veloc-
ity starts showing oscillations with varying regions of velocity
having different frequencies of oscillations.

Experimentally, f can be adjusted by changing the fuel.
Experiments with TNA on MWCNTs confirmed the theory of
velocity oscillations,'? followed by nitrocellulose with NaNj3
on Bi,Tes/alumina.® The output voltage and wave velocity
were correlated, with voltage oscillating during wave propaga-
tion, followed by a smooth return to baseline during conduit
cooling. These results provide scope for developing nanoscale
power sources with oscillating single polarity voltage by using
appropriate combinations of fuel and conduit.

To explore the effects of the thermal conduit on the magni-
tude of voltage oscillations, the earlier work using Bi,Tes/alu-
mina and Bi,Tes/terracotta conduits was also studied
analytically with a system of nondimensional heat and mass
balance equations, similar to Egs. 6 and 7.° However, this
analysis also included a parameter accounting for heat transfer
from fuel to the conduit and the surroundings, so the system
was not adiabatic. The modified nondimensional equations are:

ou _0%u

e yei—I(u—

o o2 ye i—I(u—u,) (15)
By__ 1
i Bye (16)
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Here, [ is a parameter for nondimensional heat transfer
and u, is the ambient nondimensional temperature. Also,

hSE,

I R (A a7

Here, h is the heat-transfer coefficient from the fuel to the
surrounding and S/V is the surface area to volume ratio for
the fuel.® Theoretical calculations yielded the combination of
p and [ values that lead to oscillations. Simulations showed
that the conduit with higher thermal conductivity (alumina)
showed oscillations in velocity, unlike the lower thermal
conductivity conduit (terracotta). Also, an analytical expres-
sion obtained from literature was used to predict the wave
velocity for terracotta conduit systems.®

[ 1 :
c——=—e_ﬂ(e2’ﬁ/‘2—e_ﬂ) (18)
c c

Here, ¢ is the wave velocity in m s~!. Predicted and
experimental wave velocities matched to an order of magni-
tude. Using Eq. 18, average wave velocity was estimated to
be around 0.007 m s ! for Bi,Tes/terracotta system used
with nitrocellulose and sodium azide fuel. As predicted by
theory, experiments showed low and nonoscillating reaction
wave velocities for fuel/Bi,Tes/terracotta systems, with wave
velocity of the order of magnitude of 0.01 m s 1.° Thermo-
power waves propagate at 0.4 m s~ ! in the Bi,Tes/alumina
system, with oscillations observed for samples with lower
thickness of Bi,Tes layers.6

Theory of Excess Thermopower: Advantages
of Thermopower Waves Over Traditional
Thermoelectric Materials

In most TWG devices, despite using conduits such as
CNTs with a relatively low Seebeck coefficient, the See-
beck effect still contributes somewhat to the output volt-
age during the exothermic fuel reactions. For T, ~1100
K, which is representative of theoretical temperatures
attained during thermopower experiments using nitrocellu-
lose fuel, a traditional Seebeck effect alone would pro-
duce about 11 mV using CNTs."? This is much lower
than typical voltage outputs of thermopower waves devi-
ces, which can generate voltage up to 220 mV using
CNT conduits."? Mathematically, the Seebeck effect
expression is derived from Boltzmann transport equation
for carriers:

A
J=ah( E+7“)— LoVT (19)

where J is current density, g, is electrical conductivity, E is
electric field, p is chemical potential, e is the elementary
charge, L, is an Onsager coupling coefficient, and T is tem-
perature. In the conventional thermoelectric treatment, in the
limit of zero current density, we obtain

V=J (%—ﬁ VT) dx (20)

e Oh
XL
Here, V is the voltage difference and x;, and xg represent
the positions for electrical measurements at the two ends of
the device. Most of the experiments in thermoelectricity do

DOI 10.1002/aic 3339



36

m N e

E 3

= —

S 32 B =4

E T T

- 000002 000003
Time (s)

& 22

@

£ 2

£ 18 5

= —

2u R

0.00002 0.00004 0.00006

Time (8)
@ 6
£
2
5 5 _
g =6
> 04 : . v
0.0002 0.0004 0.0006
Time (s)
L B e S N NN
£y
> B=7
g 2
o
> 0 - v
0.00005 0.00010
Time (s)
gs B=
£, 8
=
g
2o . . .
0.000 0.002
Time (s)
@ B
€ B=9
= 4
=
Q
a & __,P\
g 0 \__./\_ :
0.000 0.002
Time (s)

1.004
0.75-
0.504
0.26

ono. -JUJA

10

Power(normalized)

Frequency(Hz)

Power (normalized)
=]
O
L=

0.25- \‘
0.00 . ==
3 +

10 10 10° 10
Frequency (Hz2)

1.00 4
0.75 4
0.50 -

0.25 4

Powver (normalized)

0.00

S— ,
10*  10° 10°
Frequency (Hz2)

10
1.00
0.75-
0.50 -
D.25-

Power (normalized)

0.00 A -
10* 10°
Frequency (Hz)

10%
1.00
0.75
0.50

0.25

Power (normalized)

0.00

E

10 10° 10"

1.00- Frequency (Hz2)
0.75 4
0.50 4

0.254

Power (normalzed)

0.00

10* 10% 10%

Frequency (Hz)

10?

Figure 11. Variation of wave velocity over time and frequency spectra from different values.'?

Reproduced from Ref 12, with permission from American Chemical Society.

not involve changing chemical potential and thus lead us to
a simplified equation for voltage generated as
XR

Vig = (— L VT)dprJAT) @1

Oh
XL

The “excess power” observed during thermopower waves
experiments was found to be correlated to doping in the
CNTs. CNTs coated in fuels showed shifts in the G™ peak
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position of Raman spectra, correlated to changes in carrier
concentration, which in turn affect the chemical potential.
Excess power observed during thermopower waves can be
described as

Ve Vi
Pys = Pow— P = RL:“_ RLCE (22)

Here, V,, is the actual voltage output, Vg is the thermo-
electric prediction and R, is the circuit load. The G~ peak
position shifted by as much as 5 cm ' when comparing
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Figure 12. Excess thermopower from fuel doping.

(a) A shift of about 5 cm™' in G~ peak position is
observed on fuelling the CNTs (left to right). Boxes
show the middle quartiles of the Raman measurements,
and the arms show the maxima and minima. (b) Excess
peak voltage generally increases with increased fuel
loading (defined as ratio of fuel mass to SWNT mass),
which could stem from increased doping from the
fuel."® [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

fueled and bare CNTs, which translates to about 25 holes/
um doping and up to 100 mV additional voltage differ-
ence.'” Figure 12 shows the shift in position of the G~ peak
during the process of making thermopower devices. As can
be seen, addition of the fuel picramide (PA) and the initiator
(NaN3) leads to a shift in the position of G~ peak. Also,
from Figure 12, experiments studying the ratio of the mass
of the adsorbed fuel to the mass of CNTs show a rough
increasing trend for improved maximum voltage with
increasing adsorption ratio.

Thus, a possible explanation for excess thermopower is
that the change in chemical potential because of adsorption
of the fuel followed by desorption during the chemical reac-
tion leads to changing chemical potential across the electrical
measurement terminals. A TWG exploits non-zero A p to
lead to additional voltage output.'?

The theory of excess thermopower tries to explain how the
voltage generation of thermopower wave devices exceeds that
of a comparable thermoelectric device and suggests methods
for improving efficiency by suitably doping the conduits.

Conclusions

We have reviewed thermopower waves, a new approach
to using chemical reactions to produce electricity. Current
experiments have been predominantly carried out using
highly exothermic fuels like TNA and nitrocellulose and
conduits with high thermal and electrical conductivities.
Experiments have been conducted exploring different fuels
and conduits with varying thermal and electrical properties,
which influence the voltage output’s magnitude and oscilla-
tory behavior. The logistic function was found to be a good
analytical solution describing these self-propagating thermal
waves. Thermopower waves look to be a promising technol-
ogy for nanoscale power sources providing high power in
short periods of time.
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