Downloaded viaNASA AMES RESEARCH CTR (JOURNALS) on April 4, 2024 at 16:01:56 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEJAPPLIED MATERIALS

XINTERFACES

www.acsami.org

Research Article

Three-Dimensional Graphene Sheet-Carbon Veil Thermoelectric
Composite with Microinterfaces for Energy Applications

Vamsi Krishna Reddy Kondapalli, Oluwasegun Isaac Akinboye, Yu Zhang, Guillaume Donadey,
Justin Morrow, Kyle Brittingham, Ayush Arun Raut, Mahnoosh Khosravifar, Bashar Al-Riyami,

Je-Hyeong Bahk, and Vesselin Shanov*

Cite This: ACS Appl. Mater. Interfaces 2024, 16, 13150-13160

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

e Supporting Information

ABSTRACT: Over the years, various processing techniques have
been explored to synthesize three-dimensional graphene (3DG)
composites with tunable properties for advanced applications. In
this work, we have demonstrated a new procedure to join a 3D
graphene sheet (3DGS) synthesized by chemical vapor deposition
(CVD) with a commercially available carbon veil (CV) via cold
rolling to create 3DGS-CV composites. Characterization techni-
ques such as scanning electron microscopy (SEM), Raman
mapping, X-ray diffraction (XRD), electrical resistance, tensile
strength, and Seebeck coefficient measurements were performed to
understand various properties of the 3DGS-CV composite.
Extrusion of 3DGS into the pores of CV with multiple
microinterfaces between 3DGS and the graphitic fibers of CV
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was observed, which was facilitated by cold rolling. The extruded 3D graphene revealed pristine-like behavior with no change in the
shape of the Raman 2D peak and Seebeck coefficient. Thermoelectric (TE) power generation and photothermoelectric responses
have been demonstrated with in-plane TE devices of various designs made of p-type 3DGS and n-type CV couples yielding a
Seebeck coefficient of 32.5 £V K™'. Unlike various TE materials, 3DGS, CV, and the 3DGS-CV composite were very stable at high
relative humidity. The 3DGS-CV composite revealed a thin, flexible profile, good moisture and thermal stability, and scalability for
fabrication. These qualities allowed it to be successfully tested for temperature monitoring of a Li-ion battery during charging cycles

and for large-area temperature mapping.
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1. INTRODUCTION

Since its discovery in 2004, graphene has been a highly studied
nanomaterial due to its exceptional properties. Various
synthesis techniques were explored to enhance the quality
and quantity of graphene.” Two-dimensional (2D) graphene
materials like graphene, graphene oxide (GO), and reduced
graphene oxide (rGO) have been used as reinforcing agents in
metals, polymers, ceramics, or a mixture of materials.>”
Alternatively, graphene-coated composites have been synthe-
sized by depositing graphene directly on three-dimensional
(3D) metal alloy catalysts and ceramic substrates.”~” These
composites demonstrated enhanced electrical, mechanical,
electrochemical, and thermal properties when compared to
the base materials but suffer from the requirement for larger
chemical vapor deposition (CVD) systems. The bonding
between graphene materials and the matrix phase plays a
crucial role in the properties of the above-mentioned
composites. Interfacial bonding including 7—n and electro-
static interactions, hydrogen bonding, and mechanical keying/
interlocking is the most common means of bonding between
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graphene materials and the matrix phase where covalent
bonding was also found in a small number of polymer-
graphene composites.”*”

Due to the 2D nature of graphene, agglomeration, stacking,
and nonuniform distribution were observed, thus decreasing
the effectiveness of graphene in these composites. Large
variations in the properties across the dimensions of the
composites and between composites from the same batch were
observed.”'® Alternatively, graphene-laminated composites
were developed by transferring large-area CVD synthesized
graphene or laser-induced graphene onto polymers or metals
via a simple lamination process involving folding or
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Figure 1. SEM image of (a) 3DGS; (b) 0.3 g/cm? carbon veil. Plots comparing (c) thickness and strength and (d) electrical conductivity and
Seebeck coefficient of 3DGS and CVs of various densities 0.2 g/cm® (0.2 CV), 0.3 g/cm® (0.3 CV), and 0.5 g/cm® (0.5 CV).

compression with heat. The layer structure can be repeated
according to the requirement, thus altering the properties. The
laminated composites demonstrated superior tensile strength
and electrical conductivity.'' ™"

Highly porous and lightweight 3D graphene monoliths like
foams, aerogels, and hydrogels with graphene flakes held
together via covalent linkages or hydrogen bonding can
overcome all the issues faced by 2D graphene.'*™'® Graphene
foam possesses superior electrical and thermal properties than
its graphene 3D counterparts but it is mechanically weak."”
Techniques like dip coating/casting, electro- and electroless
deposition, electrostatic spray deposition, vacuum infiltration,
etc. were used to incorporate polymers in 3D graphene.®
Metals and ceramics were deposited on 3D graphene materials
via electro- and electroless deposition, hydrothermal, and
solvothermal techniques.” Various 3D graphene composites
were synthesized via freeze-drying or 3D printing of graphene-
based solutions stabilized by polymers.®

In our recent work, we demonstrated the ability of our
CVD-synthesized 3D graphene to accommodate stress via
extrusion. 3D graphene behaved like a bulk material and
demonstrated no cracks or failure under compressive stress.'®
Based on the found extrusion property theoretically, 3D
graphene can be joined with any porous material by cold
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rolling together without the requirement for a high temper-
ature or chemical processing. In this work, we test this
hypothesis by joining a CVD-synthesized 3D graphene sheet
(3DGS) with a highly porous commercial carbon veil (CV) via
simple cold rolling. The expectation is that 3DGS extruded
into the pores of CV will create good interfacial bonding, thus
resulting in a new material called 3DGS-CV composites. For
exploring potential advanced applications of this material, a
wide variety of characterization techniques were employed,
which were expected to help us understand the ultimate
properties of these composites. Testing the effect of various
structural aspects on the photothermal, thermoelectric, and
photothermoelectric behavior of 3DGS-CV composites with
potential applications in temperature sensing and mapping is
an additional objective of this work.

2. EXPERIMENTAL SECTION

2.1. Material Characterization. Scanning electron microscopy
(SEM) images of composites were acquired using an FEI Apreo
microscope. The sample cross-sectioning was achieved by a focused
ion beam (FIB) using a Ga liquid metal ion source (LMIS), and the
respective imaging was acquired by a SCIOS dual beam SEM. A very
thin film of platinum was deposited as a mask to secure the cutting of
the sample by the FIB within the desired areas. A nanosecond solid-
state 532 nm laser milling instrument from Oxford Lasers was used to
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cut the 3DGS, CV, and composite samples for various character-
izations. Rigaku SmartLab XRD system with a Cu Ka radiation source
was employed to study the 3DGS and composite samples at room
temperature by scanning them within the 26 range from 10° to 90°.
MDTI’s JADE software was implemented to analyze and identify the
peaks in the XRD spectra. The tensile testing of the materials was
performed using an Instron 5940 Single Column Frame equipped
with a 100 N load cell, where the samples were mounted on a paper
frame. Thermogravimetric analysis (TGA) of the samples was
conducted using a TA 550 instrument from TA Instruments. Thermal
images were captured with an FLIR T640 thermal camera. The sheet
resistance was measured using a Delcom 873 Interface Module
noncontact instrument. The room temperature in-plane Seebeck
coeflicient measurements were carried out with a custom-built setup.
Detailed step-by-step procedures used to measure the Seebeck
coeflicient and electrical conductivity are provided in the Supporting
Information (SI). The voltage and current measurements and the
related data storage were conducted by using Keithley 2450 Source
meters.

2.2. Materials and Synthesis of 3DGS. 3DGS was synthesized
via a CVD process as described in detail in our previous publication.'®
In brief, a nickel polymer slurry was prepared in two steps. First, 5.5 g
of polystyrene (Scientific polymer products Mw 210,000 GPC) was
mixed with 1.6 mL of di(ethylene glycol)dibenzoate (TCI SG 1.18)
and 17 mL of toluene (Sigma-Aldrich) in a glass vial followed by
heating and continued stirring for 6 h to dissolve the polystyrene and
to increase the consistency. About 40 g of nickel powder (3—7 ym
from Fisher Scientific) was mixed in parts and hand-stirred to prevent
nickel agglomeration and to remove bubbles from the slurry. The
slurry was knife-cast on a Teflon block with a cast gap of 1.3 mm. The
cast was air-dried for around 8 h and was cut into desired shapes and
sizes. The cut nickel—polymer cast was used as catalysts for 3DGS
synthesis in an ET 1000 CVD reactor (First Nano). The catalysts
were heated from room temperature to 1000 °C at a heating rate of
25 °C/min in an argon (1000 sccm) and hydrogen (325 sccm) gas
mixture. After reaching 1000 °C, the reactor was held in the same
state for S min to stabilize the thermal conditions followed by the
introduction of methane (25 sccm) for 10 min. At the end of this step,
the samples were cooled to below 100 °C where the obtained nickel—
graphene composite was taken out of the reactor followed by etching
nickel in a 15 M hydrochloric acid bath. Finally, the sample was rinsed
in DI water and ethanol bath followed by drying overnight between
Kim wipes thus yielding pristine 3DGS. On the other hand, CV is
commercially available with 0.2, 0.3, and 0.5 g/cm3 densities are
purchased from ACP Composites Inc.

3. RESULTS AND DISCUSSION

3.1. Material Characterization of 3DGS-CV Compo-
sites. 3DGS is highly porous with graphene flakes arranged in
random orientations covalently connected, forming a globular
morphology, as shown in the SEM image in Figure la.
Furthermore, CV is highly porous with graphitic fibers
arranged randomly and glued together via a polyester binder.
The SEM image of 0.3 g/cm® CV is shown in Figure 1b. FTIR
spectra of CVs of 0.2, 0.3, and 0.5 g/ cm? densities are shown in
Figure S1 of the SI and compared with carbon paper for
reference. Figure S1 confirms the presence of polyester with
pronounced signature peaks whose intensities increased with
the density of the carbon veil.'”*’

The structural and transport properties of CV and 3DGS
such as thickness, tensile strength, electrical conductivity, and
Seebeck coeflicient are measured and shown in Figure 1d,c.
The stress—strain plot for the 0.3 g/cm® CV is shown in Figure
S2 of the SI, which highlights two different failure regions. The
network of the graphitic fibers starts failing at the end of the
proportionality limit, thereby increasing the electrical resist-
ance. The CV was found to elongate further due to the plastic

deformation of the polyester binder, followed by complete
failure at higher stress. In this work, the graphitic fiber network
failure point was considered as the strength of the CV material.
CVs of different densities are named 0.2 0.3, and 0.5 CV,
where 0.2, 0.3, and 0.5 indicate their densities.

The procedure used to measure the Seebeck coeflicient and
electrical conductivity is shown in Section S1 (Figures S3 and
S4) and Section S2 of the SI. The raw data obtained for the
Seebeck measurement of all the materials are displayed in
Figure SS of the SI. As shown in Figure 1d, with an increase in
density of CV, electrical conductivity increased while no trend
was observed for both tensile strength and Seebeck coeflicient.
All CVs demonstrated an n-type thermoelectric behavior with
a negative Seebeck coefficient. The average Seebeck value of
~(=7) uV/K was obtained for 0.3 CV. Due to the superior
properties of 0.3 CV among the CVs; this material was our
choice here for the fabrication of 3DGS-CV composites.

A similar rolling compression procedure, as described in our
publication was implemented here to create the 3DGS-CV
composites.® MSK-HRP-01 electric hot rolling press from
MTI Corporation was used for rolling compression. 3DGS and
CV were arranged in various orientations between two kitchen
baking sheets (S0 um thick each) and stainless steel (SS)
shims of S0 pm thick each and were cold rolled only once at
various rolling gaps. The baking sheets prevented the adhesion
of the 3DGS or the composite to the SS shims. Here, the
overall thickness of the sandwich (2 SS sheets, 2 baking sheets,
3DGS, and CV) before cold rolling was approximately 450 ym.
A schematic illustrating the cold rolling procedure used in this
work is shown in Figure 2a. The approach and steps employed

a Steel

Rollers
Baking Sheet

3DGS- CV
composite

Ccv
3DGS

Figure 2. (a) Ilustration of the cold rolling process used to create
3DGS-CV composite; (b) CV side of the composite; and (c) 3DGS
side of the composite.

for estimating the force during cold rolling compression are
shown in Figure S6 and Section S3 of the SL After cold rolling,
the composites were carefully peeled off from the baking
sheets.

A rolling gap lower than 250 um locally damaged the
graphitic fibers in the CV. Furthermore, rolling gaps above 300
pum did not cause extrusion of 3DGS into the pores of CV
resulting in a weak bond or no joining between them. As
expected, the force experienced by the composite increased
with a decrease in the rolling gap. SEM imaging of the
composite processed at a 200 ym gap is shown in Figure S7 of
the SI revealing multiple failures of the graphitic fibers. Hence,
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for this study, a rolling gap of 250 ym was chosen to enable the
extrusion of 3DGS without damaging the CV. The optical
images of the 3DGS-CV composites are shown in Figure 2,
where the CV side and the 3DGS side of the composite are
displayed in Figure 2b,c, respectively. Both images show a very
uniform surface without any damage. The cold rolling
parameters used in this study are summarized in Table 1.

Table 1. Parameters Used for Cold Rolling Processing of
the 3DGS-CV Composite

parameter values/details
temperature room temperature
force ~12 + 0.5 N
duration ~3.3 mm/s
rolling gap 250 + 10 ym

SEM images on the CV side of the composite at two
different magnifications are shown in Figure 3a,b. These

Figure 3. (a) SEM image of the CV side of the 3DGS-CV composite.
(b) SEM image of the interface between graphitic fibers and 3DGS.
(c) SEM image of the 3DGS side of the composite. (d) FIB-cut cross-
section of the 3DGS-CV composite. The red arrow points in the
direction of extrusion.

images highlight extrusion of 3D graphene into the pores of
CV resulting in the formation of interfaces between 3DGS and
the graphitic fibers of CV. On the other hand, as shown in the
SEM image from the 3DGS side of the composite (Figure 3c),
the rough surface morphology of 3DGS displayed in Figure la
disappeared resulting in a flat surface. The cross-sectional SEM
image shown in Figure 3d reveals a graded morphology where
more squishing of the pores with high flake alignment can be
seen at the bottom. The direction of extrusion is highlighted
with a red arrow, where the extruded 3DGS is still porous. This
observation suggests that the pores of CV offer stress relief
areas for 3DGS thus enabling extrusion. The XRD spectra of
the composite shown in Figure S8a support the SEM
observations where only 002 and 004 peaks are present due
to the domination of graphene flake stacking and alignment. In
contrast, randomly oriented graphene flakes are found in
3DGS with multiple XRD peaks in Figure S8b.

A prototype system from Thermo Fisher Scientific that
combines confocal Raman mapping with SEM was used to
precisely study the quality of the extruded graphene. A 532 nm
laser with a 20X objective and a pixel size of 1 yum?* was chosen

for Raman mapping in a 20 X 20 ym® area with 400 spectral
points. The SEM image of the mapped area is shown in Figure
3b, where the D/G peak intensity ratio map is shown in Figure
4a. Four different spectra were extracted from different areas of

200 700 1200 1700 2200 2700 3200
Raman Shift (cm-1)

Figure 4. (a) Raman I(D)/I(G) map of the composite. (b) Raman
spectra from four different points on the map as pointed out in Figure
4a.

the map and are shown in Figure 4b. Spectra 1 and 4 represent
the extruded 3D graphene, and spectra 2 and 3 are from the
graphitic fibers. A highly pronounced D peak was observed for
the graphitic fibers where, due to the defect-free nature of
extruded 3DGS, no D peak or relatively smaller D peak was
observed. VOIGT peak fitting of the 2D peak from 1 and 4
spectra was performed and is shown in Figure S9a,b with the
related adj. R* fit values. The adj. R values of both spectra are
greater than 0.98, whereas for compressed graphene, the fit
value is less than 0.98, as shown in Figure S9c of the SI. These
results corroborated by the SEM observations that the pores in
CV acted as stress relief spaces where the extruded graphene
preserved its pristine state and did not experience stress
accumulation.'”"%*!

Furthermore, the tensile properties and thermal stability of
the 3DGS-CV composite were compared with other materials
tested in this work, and the results are shown in Figure Sa and
Figure S10 respectively. The tensile strength of 3DGS was
lower than that of the other materials due to its high porosity
and random alignment of the graphene flakes. 3DGS was
compressed between two SS shims at a 100 ym rolling gap
followed by dipping in an ethanol bath to separate the
compressed 3DGS called here (C3DGS). The latter
demonstrated greater tensile strength due to the high
alignment of graphene flakes as discussed in detail elsewhere."®
The blending of 3DGS with CV by cold rolling slightly
increased the strength of the resultant material compared with
CV alone (from 3.08 to 3.3 MPa). The partial compression
and extrusion of 3DGS within the CV lowered the percentage
of aligned graphene flakes, thus resulting in a lower strength of
3DGS-CV composite than C3DGS. The TGA data shown in
Figure S10 highlights the good thermal stability of 3DGS- CV
composite where no weight change was observed till 260°C.
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Figure S. (a) Tensile strength of various materials studied in this work and compared with the 3DGS-CV composite, where C3DGS indicates
compressed 3DGS. (b) Effect of bending radius on the electrical resistance of the 3DGS-CV composite.

Both 3DGS and C3DGS are more flexible than CV as the
brittle graphitic fibers limit the flexibility of the CV when they
bend over a smaller radius of curvatures. As shown in Figure S2
in the SI, the polyester binder kept the CV structure intact
after the failure of the graphitic fibers. 3DGS-CV composite of
3 ecm X 1 cm in dimensions is bent over a wide range of
radiuses and the resistance change is shown in Figure Sb. No
change in the resistance for radii above 60 mm was observed.
On the other hand, bending radii below 60 mm damaged some
graphitic fibers in the CV thus increasing the overall resistance
of the composite. Further, the 3DGS-CV composite was bent
manually to 80, 60, and 20 mm radii multiple times, where no
change in the electrical resistance was observed for bend radii
of 60 and 80 mm after 30 bends. However, when bent at a 20
mm radius, resistance increased due to the failure of the brittle
graphitic fibers, as shown in Figure S11 in the SL

To summarize, the material characterization supported our
hypothesis that extrusion of 3DGS into CV is possible and is
the reason behind the lamination of these two materials.
Furthermore, the arrangement and orientation of 3DGS and
CV in the composite can be altered to harness the properties of
the respective laminated structures for various applications. For
example, one CV can be joined with one 3DGS via cold
rolling, resulting in a lateral thermoelectric (TE) device
without using a conductive medium like silver paste. More
details and experimental results are described in the
subsections below.

3.2. Thermoelectric and Photothermoelectric Char-
acterization of 3DGS-CV Composites. 3DGS-CV Thermo-
electric (TE) devices with various single or multiple P—N
couples in different designs were fabricated and are shown in
Figure 6. These designs are named here as TE1 (Figure 6a),
TE2 (Figure 6b), and TE3 (Figure 6¢), respectively. TE1 is a
simple elbow-shaped joint between 3DGS and CV with the
overlap area serving as a P—N couple where 3DGS and CV
represent the legs of the TE composite. Figure 6b displays TE2
with two 3DGS legs welded to one common CV sheet,
resulting in two P—N couples. Figure 6¢ shows a traditional Pi
(1) style lateral TE device, TE3 with three P—N couples.

TEL with a 1 cm” couple area is heated or cooled during
testing where the 1.5 cm long 3DGS and CV legs are kept
outside the heating/cooling zone at room temperature and are
used to record the open circuit voltage (Voc). The Vi is
plotted against the temperature difference (AT) and is
displayed in Figure 6d. This plot revealed a linear thermo-
electric voltage output with an increase or decrease in the AT.
For a P—N couple, a Seebeck coefficient of ~ 32.5 yV K™ was
obtained using the created composites. This value is
approximately equal to the Seebeck Coefficient of p-type
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area; (b) 3DGS-CV TE2 with two 3DGS legs; (c) I1-shape (Pi) TE3
with 3 TE junctions; (d) Seebeck voltage vs temperature difference
for TE1 shown in Figure 6a.

3DGS (S, of +25 4V K™') minus the Seebeck coefficient of n-
type CV (S, of —6.8 4V K™') within the data uncertainty level
of ~+2 uV K7\,

Furthermore, the effect of the couple area and the length of
the legs on the TE behavior was tested. TE1 with 0.5, 1, and 2
cm? couple areas and leg lengths of 1.5 cm were exposed to AT
of ~16K (41.5 £ 1 °C at the couple) where the resultant V¢
from the fabricated devices is shown in Figure S12 of the SI
An increase in the overlap area required longer legs to maintain
comparable AT and yielded similar V¢ to the composites
with smaller overlap areas. The Vg vs AT for the 0.5 cm”® TE1
with 1.5 cm legs and 2 cm® TEI with 3 cm legs are shown in
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Figure 7. (a) Schematic illustrating the light beam focusing on the CV side of the composite for photothermoelectric response. (b) Voltage output
from the 3DGS-CV composite when heated on the CV side of the composite using focused light.

Figure S13 of the SI. The data there revealed no influence of
the P—N couple area on the thermovoltage.

Furthermore, the microinterfaces formed between 3DGS
and CV were locally heated at random positions using a
focused light source (spot size <S5 ym?) created by a Renishaw
Raman microscope, as illustrated in Figure 7a. The light was
concentrated by changing the focus from the top part of the
CV toward the interface between 3DGS and CV. The voltage
output due to the AT between the heated spot and the
surrounding area was plotted and is shown in Figure 7b. The
results from this experiment corroborated our hypothesis that
every interface between graphitic fibers and 3DGS (as shown
in Figure 3b) acts as an independent micro-TE couple.

When heated to ~41 °C, all tested composite devices
yielded a AT of ~16 K. The power output and linear I-V plot
of TE1 with an overlap area of 1 cm® at an AT of 16 K are
shown in Figure 8. The maximum power output (
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Figure 8. I-V characteristics of TE1 with 1 cm® overlap along with
power output.

P = 025 X Ic X Vo°»*?) recorded was 0.93 nW. Dis-
cussion on the thermoelectric power output for the composites
TE1l, TE2, and TE3 when heated with commercial TE
modules is presented in Section S4 and Figure S14 of the SI In
summary, all the composites exhibited a similar thermovoltage
of 535 uV at a AT of ~16 K. Though the overall overlap area
for the TE2 shown in Figure 8 was 1 cm” (2 X 0.5 cm?® overlap
areas), a higher short circuit current of 9.25 uA was observed
resulting in the highest power of 1.23 nW among all the tested
devices.

It is published knowledge that both 3DGS and graphitic
fibers are capable of absorbing electromagnetic (EM) radiation
and demonstrate photothermoelectric (PTE) effect due to the
photothermal-electrical transformation.””*> As shown in
Figure S15 of the SI, no significant effect of the polyester
binder in CV on the photothermal behavior of the 3DGS-CV
composite was observed, since both sides revealed similar
temperatures of about 61 °C when exposed to sunlight.
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Composites TE1, TE2, and TE3 shown in Figure 6 were
exposed to 1 Sun, ie, 100 mW/cm? artificial radiation
(generated by a Newport Solar simulator 67005) to under-
stand the effect of design and overlap area on the PTE effect. A
description of the test setup and the power output data is given
in Section S$ of the SL. As shown in Figure S16a, TE2 revealed
highest AT followed by 1 cm® TE1, TE3, and 0.5 cm® TE1
composites. This is due to the greater photoexposed area
which resulted in a higher measured temperature. The V¢ of
the II composite, TE3 showed the highest value as illustrated
in Figure S16b, which was expected due to the “in series”
arrangement, as discussed earlier. However, it suffered from
higher resistance, causing a lower short-circuit current. The
lower resistance of the double welded composite enhanced the
short circuit current along with higher AT resulting in the
highest power output of 1.19 nW, whereas the power output
for TE3 was only 0.39 nW (Figure S16c). Furthermore, TE3
was slightly modified, as shown in Figure S16d, and referred to
here as the Pi (II) device. Such a design allowed only exposure
of the TE junctions, thus insulating the rest. The achieved
better insulation slightly lowered the temperature of the legs by
about 1.7K, resulting in the highest open circuit voltage with
increased short circuit current and power of 0.57 nW.

The power output and other properties of 3DGS-CV
composites have been compared with those of various carbon-
based TE materials when heated or exposed to electromagnetic
radiation. The gathered-from-the-literature information along
with data from this work are shown in Tables S1 and S2 of the
SI. There, one can notice that our 3DGS-CV composite
revealed better performance than many graphene and CNT-
based materials. However, 3DGS-CV fell short in comparison
with various “chemically doped” graphene and CNT
composites. Increasing the Seebeck coefficient of 3DGS by
doping, also decreasing the interfacial weld resistance, and
creating multiple P=N couples may result in a higher power
output.

3.3. Effect of Moisture on the Performance of the
3DGS-CV Composite. When exposed to oxidizing or
reducing environment, a change in electrical and thermo-
electric behavior of graphene, reduced graphene oxide (rGO),
and carbon nanotubes (CNT) has been reported due to the
created deficiency of either holes or electrons. The moisture
content in the air significantly affected the thermoelectric n-
type behavior.”*™** Water molecules adsorbed on carbon
materials induce a p-type behavior due to the electron-
withdrawing groups where n-type rGO develops a p-type
characteristic when exposed to moisture.”” ! Further, the
severe effect of moisture on the poly(ethylene imine) (PEI)
doped CNT was also reported.”” Here, the thermoelectric
stability of hydrophobic 3DGS, CV, and TE1 was tested in a
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controlled environment with varying relative humidity (RH).
Details about this experiment are given in Section S6 of the SI.

Thermovoltage and AT across the 3DGS and 0.3 CV with
changing RH are shown in Figure S17 of the SI. Furthermore,
the test results for the TE1 are displayed in Figure 9. 3DGS
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Figure 9. Effect of relative humidity (RH) on the thermovoltage and
AT of the TE1 3DGS-CV composite at room temperature.

and CV demonstrated high stability at a wide range of RH. It
should be noted that 3DGS is a p—??e material with a good
amount of moisture adsorbed on it***'; hence, there may not
be a huge effect on its TE behavior. Further, unlike various n-
type materials from the literature, CV revealed a stable n-type
behavior, even at a high RH of 81%. This may be due to the
polyester binder protecting the CV from humidity.

With an increase in RH, no significant change in the TE
behavior of TEl was observed. Above ~73% RH, the
thermovoltage of the composite decreased, which could be
either due to an increase of hole density in a CV or because of
its wetting causing a lower AT. A similar trend was also
observed for CV (Figure S17b) where above 72.2% RH, a
decrease in thermovoltage was recorded. From these tests, it is
clear that 3DGS, CV, and 3DGS-CV composites are stable at a
wide range of temperatures and RH. The aging stability of the
3DGS-CV composite in an ambient environment was tested
every week for a month and the obtained data are shown in
Figure S18. The results there corroborate the high stability of
the composite where no change in its thermovoltage or
Seebeck coefficient was observed after a month.

3.4. Flexible and Thin 3DGS-CV Composites as
Thermal Sensors. Various carbon materials were explored
as thermal sensors relying on either a change in electrical
resistance or the Seebeck effect. Table S3 in the SI lists a few of
them. The composites resistance can be altered by varying
stress/strain and temperature. Complex situations involving
stress/strain and higher temperature to change the electrical
resistance may not be a very reliable approach for measuring
the temperature. On the other hand, measurement based on
the Seebeck effect is trustworthy as the V¢ depends on the
AT and not on the change in resistance. Stress and strain may
not affect the measured output unless the structure of the
material is highly altered. 3DGS-CV composites appear to be a
good candidate for temperature sensing and mapping because
of the earlier indicated advantages including ease of 3DGS
synthesis, commercial availability of CV, high resistance to
humidity, pronounced TE/PTE response to temperature
change, and thin, flexible profile enabling straightforward
design and patterning. 3DGS-CV thermocouples (TC) with
single or double welds were manufactured and are shown in

Figure 10a,b. The CV legs were aligned along the length of a
cardboard piece where the 3DGS legs were folded behind the

Figure 10. (a) Double weld TC. (b) Single weld mini-TC.

cardboard. Both legs were connected to copper conductors for
measuring voltage/current. Here cardboard was used to
prevent the heating of graphene legs.

The response of the 3DGS-CV TC to heat was
instantaneous. A fast voltage response (1 s) due to tapping
and briefly touching the P—N junction with a finger covered
with a glove was observed, as displayed in Figure S19a. This
reaction suggests the potential application of TCs as a heat flux
or touch sensor. Further, 3DGS-CV TCs can be embedded
into various types of fabric by using a variety of sewing
techniques including ultrasound sewing. A mini version of the
TC with a single P—N couple and legs insulated by Kapton is
displayed in Figure 10b. In this work, the composite TCs were
tested for two applications: tracking of human breath and
battery temperature monitoring. For the first application, the
composite was kept inside a medical facemask near the upper
lip where the temperature during “breath-in” and “out”
resulted in a generation of thermovoltage, as illustrated in
Figure S19b. Cooling due to air intake during “breath-in”
decreased the temperature, while warm air during “breath-out”
raised the temperature, resulting in a decrease and increase of
thermovoltage, respectively. Figure S19b shows a reduction in
thermovoltage when the P—N couple is moved away from the
nose due to the decrease in temperature of the breath.

With the current expansion in the use of electronic devices
and vehicles, there is a huge demand for batteries with a higher
energy density, long battery life, and faster charging speeds.
Batteries undergo mechanical, electrical (overcharging and
overdischarging), and thermal (high-temperature work con-
ditions) abuse often leading to thermal runaway, which is a
major reason behind batteries catching fire.*>** The temper-
ature of the batteries is used as a key factor to examine their
health and prevent thermal runaway. Here by taking advantage
of the thin composite profile along with the ability to
customize the P—N couple area and the length of the legs,
we were able to demonstrate using 3DGS-CV TC for surface
temperature monitoring of a 500 mA h Li-ion battery
(purchased from Adafruit Industries) during charging and
discharging at constant currents. The battery was cycled at a
charge—discharge rate of 1C (0.5 A), 1.5C (0.75 A), and 2C (1
A) between 4.5 and 2.7 V using a Gamry Interface 1000.
Before the test, the battery was completely discharged at 1C.
The current used for charging and discharging the battery and
the respective voltage vs time plot are shown in Figure 11a,b,
respectively.
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Figure 11. (a) Current profile used to charge and discharge the battery. (b) Voltage profile of the battery during charging and discharging. (c)
Temperature of the battery during the charge—discharge cycles recorded using a standard K-type TC. (d) Thermoelectric response of the single
weld TC attached on a Li-ion battery during the charge—discharge cycles.

The temperature profile from the K-type thermocouple
along with the voltage output from the TE composite are
shown in Figure 1lc,d, respectively. From these plots, the
performance of the composite TC is good where small
temperature changes are also captured. An increase in
temperature with C rate is observed which is expected due
to faster reaction kinetics.”” High temperatures with sharp
peaks were observed at the end of each discharge curve
(highlighted black dotted lines in Figure 1lc,d) due to an
abrupt3 5sudden drop in voltage reaching the minimum value of
2.7 V.

3.5. 3DGS-CV Composites with Multiple P—N Couples
for Temperature Mapping. Furthermore, the composites
with multiple P—N junctions shown in Figure 12a,b were
studied for two-zone temperature mapping. During the testing
of both the composites, as highlighted with red dotted boxes,
P—N junctions were kept on two separate TE heaters, where
the legs highlighted with white dotted boxes were retained
away from the heaters at room temperature. In the first
arrangement shown in Figure 12a, the CV legs are connected
via one 3DGS and are connected to two different terminals. In
the second arrangement shown in Figure 12b, the 3DGS legs
were connected to two separate probes of the same terminal,
where the CV leg was connected to other terminals to
complete the circuit for voltage/current recording. The P—N
junctions of the TE composite shown in Figure 12a were
heated separately to two different temperatures, and the
acquired voltage output is shown in Figure 12¢,d. The heating
pattern described in Table 2 was used for the conducted tests.

The heating pattern from Table 2 was repeated multiple
times, which resulted in a similar voltage output profile, as
shown in Figure 12c¢. Furthermore, a complex heating pattern
was also tested where the resultant voltage output along with
the PN1 and PN2 temperatures for the individual profile zones
is displayed in Figure 12d. Based on these voltage output
profiles, the composite shown in Figure 12a displayed an NP-
PN device behavior. On the other hand, the voltage output
profile along with the respective temperatures (heating pattern
discussed in Table 2) of PN1 and PN2 with the same
composite design, as shown in Figure 12b and a 3 cm gap
between the junctions, is displayed in Figure 12e. From the

13157

voltage output plots, it is obvious that this composite exhibited
a distinct behavior than the earlier one.

Although both designs can map different temperatures
across two heating zones, the composite shown in the first
arrangement is limited to two terminals and is not scalable.
The second design can be scaled to larger dimensions with
multiple P—N junctions to monitor numerous independent
temperature zones. This opportunity is explored here, and the
results are displayed in Figure 12f. A 3DGS-CV composite
with 3 P—N couples with a 1 cm gap between the couple was
used to map temperatures across an aircrafts wing of an F16
toy to detect ice formation. The CV was connected to the
negative terminals where the individual graphene legs were
wrapped under the wing and were connected to the positive
terminals individually to enable temperature mapping. The
testing of the shown composite was done separately where
small cool packs, purchased from Uline, were used to simulate
icing and to locally cool individual/multiple TE 3DGS-CV P—
N junctions. The voltage output when one vs two vs three
junctions were cooled is shown in Figure 12g.

4. CONCLUSIONS

This work demonstrates a new processing approach to join
three-dimensional graphene (3DGS) with a commercially
available carbon veil (CV) via cold rolling. Extensive
characterization revealed bulk extrusion of 3DGS into CV
caused by this procedure and the formation of many
microinterfaces due to compressive stress. The fabricated
3DGS-CV composite exhibited good flexibility, thermal
stability, and tensile strength. Due to the P-type and N-type
behaviors of 3DGS and CV, respectively, the 3DGS-CV
couples with a Seebeck coefficient of 32.5 uV/K were
recorded. The microinterfaces showed independent thermo-
electric behavior with a very good response to light and heat.
The simple cold rolling procedure allowed the making of
scalable composites with large dimensions and multiple P—N
couples. Though a relatively lower power output was observed,
the ease of synthesis and fabrication including high stability at
a wide range of temperatures and relative humidity make the
3DGS-CV composite a good candidate for energy applications,
particularly for low-power and wearable electronics. Further-
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Figure 12b due to the heating profile discussed in Table 2. (f) F16 toy plane with the 3DGS-CV composite for temperature mapping across the
wing. (g) Voltage output from different TE junctions when cooled independently.
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Table 2. Heating Pattern Used To Change the Temperature
of P—N Junctions PN1 and PN2 of the Composites

temperature (°C)
PN junction step 1 step 2 step 3 step 4 step S

PNI RT 41 41 RT RT
PN2 RT RT 41 41 RT

more, the simple 3DGS-CV devices created here enabled
reliable and reproducible temperature monitoring of a Li-ion
battery including large area multizone temperature mapping.
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