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Carbon nanotube-reduced graphene oxide composites for thermal energy
harvesting applications

Abstract

By controlling the SWNT-rGO electrode composition and thickness to attain the appropriate porosity and
tortuosity, the electroactive surface area is maximized while rapid diffusion of the electrolyte through the
electrode is maintained. This leads to an increase in exchange current density between the electrode and
electrolyte which results in enhanced thermocell performance.
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One possible solution to the world’s growing energy problem is to improve the
efficiency of energy conversion processes by harnessing their waste heat.”™! At present, 70 %
of the energy generated in cars is dissipated into the environment through hot exhaust pipes
and brakes. Even the most efficient internal combustion engines only operate at ~50 %
efficiency, with the remainder ending up as waste heat.!” A popular method by which
conversion of thermal to electrical energy can be achieved is through solid-state
thermoelectrics. However, due to the high cost and inflexible nature of thermoelectric devices
their applications have been limited.?!
Thermogalvanic systems, also known as thermocells, are simple devices that allow
direct transduction of thermal to electrical energy. The recent development of a flexible
thermocell allows this system to be employed on curved surfaces wherein waste heat may be

sourced, such as automobile exhaust pipes or cooling/heating pipes in factories and power

plants.[! A schematic diagram of the thermocell used in this study is shown in Figure 1. This



device consists of two electrodes, immersed in an aqueous solution of ferri/ferro cyanide, that
are exposed to different temperatures. The thermal gradient causes a difference in the redox
potential of the electrolyte at the electrodes, thus allowing power generation.”! Electrons
extracted at the anode by oxidation of Fe(CN)s"—Fe(CN)s> travel through an external circuit
to be consumed at the cathode via reduction of Fe(CN)¢>—Fe(CN)s"". This electrochemical
pathway that thermocells utilize to attain energy conversion allows continuous operation
without any moving parts./! Convection and diffusion in the cell prevent excessive build-up
of reaction products at either half-cell thus facilitating long term stability.!"!

Initial research on thermocells focused on platinum electrodes, the archetypal non-
reactive catalytic material.l”* In order to make thermocells commercially viable, the electrode
material needs to be replaced such that the price per Watt is minimized and an efficiency
between 2-5 %, relative to a Carnot engine, is attained.’) Carbon nanotubes (CNTs) and
reduced graphene oxide (rGO) are ideal candidates for thermocell electrodes as they exhibit
fast electron transfer Kkinetics and Nernstian behavior with the ferri/ferro cyanide redox
couple.l' Said redox couple is often employed in thermocell applications because of the large
voltage that can be induced upon exposure to a thermal gradient.® ** Individually, CNTs and
rGO yield promising results in thermocells owing to the porous nature of the resulting
electrodes, more so in CNTs than rGO.™ @ Porous materials are desirable as they have a
larger active area as opposed to flat electrodes, allowing the possibility of a higher exchange
current density between the electrode and electrolyte.[*®! Thus porous electrodes facilitate the
generation of larger net current densities than flat materials.' However, ion accessibility
must also be considered. To ensure continuous generation of power in a thermocell, reaction
products formed at one half-cell must be transported to the opposite side. If either electrode is
not supplied with the redox species needed for electron generation or consumption then power
production will diminish. This mass transport problem is exacerbated in pure CNT and rGO

electrodes owing to the tortuous nature of the former and sheet restacking in the latter.* In



this study we aim to enhance the porosity of the thermocell electrode through the use of CNTSs,
more specifically single walled nanotubes (SWNT), and rGO composites produced from a
dispersion in 1-cyclohexyl-2-pyrrolidone (CHP). CHP was selected as only mild sonication
conditions are necessary in order to facilitate SWNT exfoliation thus reducing the damage to
the tubes by cutting.[15] We show that by controlling the composition and thickness of the
SWNT-rGO electrode, we are able to tailor the porosity for thermocell applications. The areal
power density (Parea) O mass power density (Pmass) 1S normalized to the temperature gradient
(AT?) to take into account the difference in AT of thermocells run at different operating
temperatures.””! By using our optimized SWNT-rGO electrode in a novel stacked electrode
configuration, we attain a Paea/AT? that is ~380 % higher and Ppass/AT? that is ~280 % larger
than previously achieved using SWNT-rGO composite electrodes.** More importantly, the
thermocell efficiency we achieved is 2.63 % relative to a Carnot engine, almost double the
highest reported value and within the range for commercial viability of these devices. *!

1 um thick electrodes of pure SWNT, pure rGO and SWNT:rGO composites (95:5,
90:10, and 80:20 weight ratio) were investigated to determine the optimum composition for
thermocells (electrode preparation details can be found in experimental and Figure S1). The
addition of rGO to SWNT does not affect the quality of the SWNT dispersion as evidenced by
the peaks that appear in the low frequency of the Raman spectra (Figure S2). Said peaks
(~219.74 cm™, ~258.41 cm™, and ~284.20 cm™) correspond to the radial breathing mode and
arise due to the vibration of carbon atoms along the SWNT tube/bundle diameter.™® As there
is very little variation in peak position, it may be inferred that bundle diameter is the same
across the different compositions of SWNT-rGO samples (Table S1). Measurement of the
defects in the rGO structure may be done by comparing the D (~1350 cm™) - to - G (~1600
cm™) band intensity ratio (Io/lg).”! The D band is indicative of defects that may be may be
associated with the edges of the sheet or defects on the basal plane and is linked with the

degree of disorder of the sample.™® Raman spectra of the rGO sample reveal that rGO has
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I/l =1.316. This value indicates that the sample has structural imperfections that may be
attributed to topological defects (introduced during thermal reduction) and residual oxygen
containing functional groups (introduced during the oxidation step of rGO synthesis) that act
as defects on the basal plane and edges of the rGO sheets.™ Raman spectra of the SWNT-
rGO composites are similar to that of pure SWNT as the composites used were predominantly
composed of SWNTSs. It is worth noting that comparison of Ip/lg (Table S1) indicates a slight
increase in the ratio (from 0.104 for pure SWNT to 0.155 for 80% SWNT) as the amounts of
rGO added to the sample is increased. The rise in Ip/lg is caused by the increase in defective
sites associated with the rGO sheets.

The cross section of the vacuum filtered SWNT film (Figure 2a) depicts a uniform,
dense mat of tubes. Figure 2b shows that the gaps are generated at the SWNT-rGO interface;
I.e. gaps are generated between SWNT mats, presumably due to the presence of rGO sheets.
The enhanced porosity of the SWNT-rGO composite as compared to pure SWNT films may
improve electrolyte diffusion and increase catalytic surface area.

This last point is confirmed with cyclic voltammetry (CV), as the peak current density
gives insight to the electroactive surface area (ESA).[ZO] Cyclic voltammograms shown in
Figure S3 clearly indicate an increase in faradaic peak current for the various carbon
materials as compared to platinum. Also, the SWNT-rGO composites have larger faradaic
peak currents compared to SWNT and rGO individually. Since all the electrodes used exhibit
reversible kinetics, the rise in faradaic peak current can be attributed to increased ESA when
the two different carbon materials are combined, as given by Equation 1.1
L,_; < VDvC,A (1)
Where I, is the faradaic peak current, D the diffusion coefficient, v the scan rate, C, the
initial concentration, and A the ESA. The largest ESA (Figure S4) was obtained using the
90 % SWNT-10 % rGO composite (henceforth referred to as 90-10). At a 10 mV s™ scan rate,
the peak separation for the various carbon materials are similar to that of platinum; indicating
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that the carbon electrodes drive the electron transfer reaction at roughly the same rate as that
of platinum.

In general, CV run at low potential scan rates approximate electrochemical
equilibrium at electrode surfaces. When the scan rate is increased the rate of electron transfer
may become competitive with the potential sweep rate. Under these conditions, the potential
difference between the oxidation and reduction peak may provide qualitative insight to the
kinetics of the electron transfer process.?? Sluggish electrode kinetics translates to greater
potential or time to deplete all the ions at the electrode surface resulting in larger peak
separations. CV run at 200 mV s (Figure 2c) shows that the peak separation of the 90-10
(this composite was selected as it resulted in the largest peak currents) versus that of SWNT
and rGO is smaller, implying that the composite possesses the fastest electron transfer kinetics.
The tortuous nature of the SWNT film hinders the flow of ions through the electrode which
accounts for its much more sluggish kinetics. This is reflected in the Nyquist plot (Figure S5),
which shows that the charge transfer resistance (R, diameter of the semicircle[23]) is larger for
the SWNT film as compared to the 90-10. The slower kinetics of the rGO film may be
attributed to the defects introduced during synthesis; evidenced by the D-band in the Raman
spectra (Figure S2) and the larger series resistance (the intercept of the left side of the curve
with the x-axis of the Nyquist plot!*”! in Figure S5) as compared to the 90-10. Defects act as
electron scattering sites thereby decreasing conductivity.?!

Thermocell testing (Figure 2d and 2e) reveals both rGO and SWNT achieve Pgrea
~30% higher than platinum. This increase can be attributed to the larger ESA of the carbon
materials as evidenced by their morphology and cyclic voltammograms. More importantly, by
controlling the amounts of SWNT and rGO, thermocell performance is further enhanced. The
90-10 composite showed the best performance, generating 0.327 W m?at AT = 31 °C. The
higher Paea generated through the use of the 90-10 may be attributed to its fastest kinetics

(Figure 2c) and largest ESA (Figure S4) among all carbon electrode compositions tested. A



greater amount of rGO may lead to restacking of the sheets due to van der Waals interactions
thus reducing the ESA.®) On the other hand, having less than 10 wt % rGO results in a
structure that is more tortuous as evidenced by the larger R of the pure SWNT film
(Figure S5). A greater degree of tortuosity impedes ion movement through the electrode
resulting in lower thermocell performance.™!

In order to improve thermocell performance it is desirable to further increase the
exchange current density between the electrode and electrolyte; as this yields a larger net
current density. An obvious approach to achieving this is to increase the electrode thickness of
the 90-10 (1.0, 1.5, 2.5, 4.5, 6.6 and 10.5 um) to facilitate an increase in electroactive sites.
Surface images (Figure S6) of the 90-10 show the typical SWNT-rGO interface wherein a
more “open” structure surrounding the rGO sheets can be seen. Selected cross-sectional
images, Figure 3a and b (detailed comparison is shown in Figure S7), depict similar
morphologies where the interaction of SWNT and rGO generates a layered and “open” cross
section. The Nyquist plot (Figure S8) indicates that R scales with film thickness. R for the
1.0 pm is indistinguishable whereas it is 27.5 and 34.8 Q for the 4.5 and 10.5 um films
respectively. The degree of tortuosity of the films is directly proportional to its thickness
owing to the random nature of the pores. We believe that this increased tortuosity restricts ion
accessibility resulting in larger R¢. Cyclic voltammograms (Figure 3c) indicate that the ESA
plateaus beyond a thickness of 4.5 um. These findings are consistent with thermocell testing
(Figure 3d and e) with Pae Up to 0.46 W m™. The film density (Figure 3e) increases initially
then tapers off at the 4.5 um film. This trend may provide insight as to how the film porosity
changes with increasing thickness; i.e. the balance between porosity and film thickness is
attained at the 4.5 um film. For continuous power output in thermocells, reactants at the
cathode need to be replenished by the reaction products formed at the anode and vice versa.”
Electrodes must be structured so as to facilitate this diffusion process and thus minimize the

mass transport resistance. Extended tests of the 4.5 um film (Figure S9) indicate a stable



power output over a period of 48 hours, suggesting that detrimental build-up of concentration
gradients in the thermocell doesn’t occur. As film thickness is increased, the random
orientations of the pores leads to increased tortuosity of the film thus exacerbating the
problems associated with reactant/product diffusion, especially through the electrode; i.e.
thicker materials have longer diffusion paths. Films thicker than 4.5 um will only lead to a
waste of material as not all sites may be accessed by the electrolyte thus will not participate in
the redox processes required for thermal harvesting.

Using the optimized electrode, we employ a stacked electrode configuration (Figure
3f) to take further advantage of the ESA of the SWNT-rGO film. Stainless steel mesh placed
between the stacked SWNT-rGO films provides electrical conductivity and also facilitates
ionic diffusion between stacked electrodes. Preliminary tests involving ten stacked films (per
side) yield a four-fold increase in Pae (1.85 W m™) than that of a single electrode (non-
stacked) configuration (0.46 W m™, Figure 3g). Previous work using SWNT-rGO composite
electrodes yield Paea/AT? of 0.4 MW m? K2 and Pras/ AT? of 13 mW kg K22 We attain
~380% and ~280 % improvements in Puea/AT? (LOMW m? K?) and Ppas/AT?
(49 mW kg™ K2), respectively. These results demonstrate enhanced thermocell performance
using significantly less active material. These developments imply a lower price per Watt,
thus making thermocells more cost effective to produce. More importantly, the combination
of the optimized electrode composition, thickness, and the new stacked electrode
configuration resulted in efficiency of 2.63 % relative to a Carnot engine (®,, Figure S10).
This @, is a remarkable 88 % improvement compared to the highest reported ®; in
thermocells (1.4 %).1!

In conclusion, by optimizing electrode composition and thickness, we have attained a
delicate balance between porosity and tortuosity that favors rapid electrolyte diffusion and
more efficient access of the electroactive surface area of the electrode. Using the optimized

SWNT-rGO electrode in a novel stacked electrode configuration achieved a record thermocell



performance that is already within the range for commercial viability (i.e. @, between 2 to
5 9).!

Experimental

SWNT-rGO synthesis and characterization: Figure S1 outlines the process used to prepare the
carbon films used. Briefly, SWNTSs (HiPco, Continental Carbon Nanotechnologies Inc.) were
dispersed using CHP at a concentration of 1 mg ml™ using a combination of bath (Branson
B1500R-MT) and probe sonication (Branson probe sonifier). The dispersion was left
overnight for reaggregation to occur after which it was centrifuged (Eppendorf Centrifuge
5415 D) for 90 minutes at 2500 rcf. The concentration of the supernatant was determined via
Ultra Violet-Visible Spectroscopy (Shimadzu UV-1800) then diluted to 0.4 mg ml™.
Graphene oxide (GO) was synthesized using a modified Hummers method developed by
Marcano et al [27]. The dried GO was exfoliated using a commercial 1200 W microwave. The
resulting powder was dispersed in CHP following the procedure on SWNT dispersion.

For electrode composition optimization, films with a thickness (VeecoDektak 150) of 1 pm
and compositions of 100-0, 95-5, 90-10, and 80-20, 0-100 weight percent SWNT-rGO were
made. This was done by mixing dispersions of SWNT and rGO via bath sonication for 90
minutes followed by vacuum filtration on Millipore PVDF membrane with a pore size of 0.1
um. Electrodes were then prepared with a geometric area of 0.785 cm?. Films of thickness 1.0,
1.5, 2.5, 45, 6.5, and 10.5 pm were fabricated using 90-10 after it was shown to be the best
ratio. All films were plasma treated in air for 20 minutes to ensure wetting of the electrode
(Figure S11).

The structure of the electrodes was probed using Raman JY HR800. Sample morphology was
investigated using a JEOL JSM-7500FA Field Emission Scanning Electron Microscope
Cyclic voltammetry and electrochemical impedance spectroscopy (EIS) were completed using
an EDAQ Potentiostat e-corder 401 and Gamry Instruments V.5.58 respectively. Three

electrode tests were run at 20 °C with a Ag/AgCl reference electrode and platinum mesh
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counter electrode. EIS was measured in the frequency range of 100 kHz-10 mHz with an AC
amplitude of 10 mV (rms). Both CV and EIS were run using 0.01 M KsFe(CN)s with
0.1 m NaNOs as the supporting electrolyte in aqueous media in order to reduce the ohmic
overpotential in the cell.
Thermocell testing: Thermocell testing was done using a T-Cell (Figure 1) at AT~31 °C with
an electrode separation of 2 cm. One half of the cell was cooled using circulating coolant and
the other half was heated using an Omegalux Rope Heater (accuracy + 1 °C) connected to a
TCA Control Box. The electrolyte wused in all thermocell tests was
0.4 M K3Fe(CN)s/K4Fe(CN)g in aqueous media. This concentration was selected as it has the
ideal combination of thermal and electrical conductivity for thermocells; i.e. low thermal and
high electrical conductivity [12]. J-V curves were measured using a Keithley 2400
sourcemeter and customized LabView software.
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increasing thickness. f) Schematic of the stacked electrode configuration. g) J-V and P-V
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By controlling the SWNT-rGO electrode composition and thickness so as to attain the
appropriate porosity and tortuosity, the electroactive surface area is maximized while rapid
diffusion of the electrolyte through the electrode is maintained. This leads to an increase in
exchange current density between the electrode and electrolyte which results in enhanced
thermocell performance.
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