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ABSTRACT: Earlier, various attempts to develop graphene structures using chemical
and nonchemical routes were reported. Being efficient, scalable, and repeatable, 3D
printing of graphene-based polymer inks and aerogels seems attractive; however, the
produced structures highly rely on a binder or an ice support to stay intact. The
presence of a binder or graphene oxide hinders the translation of the excellent
graphene properties to the 3D structure. In this communication, we report our efforts
to synthesize a 3D-shaped 3D graphene (3D’G) with good quality, desirable shape,
and structure control by combining 3D printing with the atmospheric pressure
chemical vapor deposition (CVD) process. Direct ink writing has been used in this
work as a 3D-printing technique to print nickel powder—PLGA slurry into various
shapes. The latter has been employed as a catalyst for graphene growth via CVD.

Porous 3D?G with high purity was obtained after etching out the nickel substrate. The ‘
conducted micro CT and 2D Raman study of pristine 3D’G revealed important

features of this new material. The interconnected porous nature of the obtained 3D*G

combined with its good electrical conductivity (about 17 S/cm) and promising electrochemical properties invites applications for
energy storage electrodes, where fast electron transfer and intimate contact with the active material and with the electrolyte are
critically important. By changing the printing design, one can manipulate the electrical, electrochemical, and mechanical properties,
including the structural porosity, without any requirement for additional doping or chemical postprocessing. The obtained binder-
free 3D’G showed a very good thermal stability, tested by thermo-gravimetric analysis in air up to 500 °C. This work brings together
two advanced manufacturing approaches, CVD and 3D printing, thus enabling the synthesis of high-quality, binder-free 3D’G
structures with a tailored design that appeared to be suitable for multiple applications.
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1. INTRODUCTION

Graphene, a two-dimensional (2D) allotrope of carbon, is an
extensively studied material due to its high electrical and
thermal conductivity, huge specific surface area, and light-

elevated synthesis temperatures during CVD cause decom-
position of the hydrocarbon precursor, followed by diftusion of
the liberated carbon atoms into the metal catalyst, which offers
limited carbon solubility. When cooled down, the dissolved

weight.'™” These excellent properties make graphene appro-
priate for applications like gas sensors, energy storage devices,
coatings, and so forth.>™'' After the successful exfoliation of
graphene from graphite using the popular scotch tape in
2004, various synthesis techniques have been explored. Top-
down approaches involve the separation of graphene from
graphite using different forms of energy. A bottom-up
approach like chemical vapor deposition (CVD) is very
popular for the synthesis of graphene, employing a metal
catalyst substrate exposed to a gaseous carbon precursor at
elevated temperatures in inert or reducing atmospheres.'”"*
Top-down approaches result in graphene with a lot of
structural defects along with high cost and inconsistent
results.'”” On the other hand, CVD produces defect-free
high-quality graphene with almost zero interfacial resistance
between graphene flakes within the 2D graphene plane as all
the carbon atoms are bonded via strong sigma bonds. The
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carbon precipitates out, resulting in graphene formation on the

16

surface of the substrate.” Furthermore, the properties of

graphene can be manipulated by making modifications to the
metal catalyst or to the CVD reactor environment.'>'”"®
Nonetheless, the practical applications of graphene are limited
by its 2D nature. Thus, there is an urge to fabricate three-
dimensional (3D) graphene structure which can be easily
handled and can preserve the exceptional properties of its 2D

form.

Received: July 30, 2021
Accepted: October 1, 2021
Published: October 22, 2021

https://doi.org/10.1021/acsomega.1c04072
ACS Omega 2021, 6, 29009—29021


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vamsi+Krishna+Reddy+Kondapalli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xingyu+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mahnoosh+Khosravifar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Safa+Khodabakhsh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Boyce+Collins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergey+Yarmolenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergey+Yarmolenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ashley+Paz+y+Puente"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vesselin+Shanov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c04072&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04072?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04072?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04072?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04072?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04072?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/43?ref=pdf
https://pubs.acs.org/toc/acsodf/6/43?ref=pdf
https://pubs.acs.org/toc/acsodf/6/43?ref=pdf
https://pubs.acs.org/toc/acsodf/6/43?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c04072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

The first 3D graphene, described as a graphene foam, was
reported in 2011 and synthesized via CVD using a nickel foam
catalyst."” Graphene foam ensures reasonable electron mobility
due to its interconnected porous structure; however, it suffers
from the high cost of nickel foam, poor mechanical properties,
and absence of shape control. The graphene pellet approach
overcomes the high cost of nickel foam by using compacted
inexpensive nickel powder.”’ The requirement for compression
force and the high cost of the used compression tools/dies
increase the process cost and make this approach susceptible
for the synthesis of 3D graphene with shape and structure
control. Furthermore, our recent work on the CVD synthesis
of 3D graphene using a knife-casted nickel—polymer catalyst
produced a high-quality and scalable 3D graphene sheet, thus
avoiding the compression of catalyst particles.'> The nickel—
polymer catalyst precursor is cost-effective and scalable and
can be cut into various shapes and sizes to fit the CVD reactor.
However, it is limited by the prolonged drying times of the
nickel—polymer cast and the limited control on the 3D
graphene shape, which is mostly produced as a thin sheet. On
the other hand, various nonCVD bottom-up techniques were
developed to synthesize graphene-based foams using chemical
routes. These processes are scalable and cost-effective but
suffer from low repeatability and poor structure, porosity, and
shape control.”’ Moreover, the presence of additives strongly
influences the properties of these foams.

With the development of advanced manufacturing processes,
various additive-manufacturing techniques have been explored
to fabricate 3D graphene without the requirement for CVD or
chemical routes. Additive manufacturing brings in a lot of
flexibility due to its ability to produce various complex
structures with very fine details along with multimaterial
compatibility. 3D graphene foams were printed on a nickel—
sucrose powder catalyst using laser irradiation by converting
the solid sucrose to graphene layers.”” The laser tool brings
good precision to the process, but it is limited by the laser spot
diameter, size of the nickel powder, cooling rate via laser-head
movement, and distribution of sucrose. The presence of solid
sucrose in the final structure is reported by the authors, which
could be due to the nonoptimized laser processing. A larger
powder size requires higher laser power to process the metal
catalyst. Also, nonuniform sucrose distribution on the nickel
powders may result in nonuniform graphene distribution in the
structure.”® Laser-induced graphene (LIG) has overcome these
limitations by replacing the nickel—sucrose substrate with
inexpensive polyimide films. Laser irradiation converts the
polymer surface into graphene.”* Furthermore, 3D LIG
structures are formed by stacking individual LIG films,
followed by a laser milling process to carve various shapes
from the 3D cube/cuboid structures.”> In general, laser
processing reveals some limitations when it comes to scaling
up. This approach limits the manufacturing of complex and
curved 3D structures as the coherent photon beam travels
preferably in a straight line.

Additive manufacturing of composite inks known as direct
ink writing (DIW) has very good potential to 3D print
complex objects with a controlled shape and structure. The
composite inks are printed using pneumatically driven nozzles,
followed by postprocessing. Various graphene oxide aerogel
structures have been 3D-printed using DIW with remarkable
shape and structure control.”® The requirement for an ice
support while printing and the long freeze-drying postprocess-
ing make this approach complex and time-consuming.

Graphene structures printed by using graphene—polymer
inks can eliminate the requirement for an ice support and
freeze-drying in liquid nitrogen thanks to the highly volatile
solvent used which evaporates rapidly leaving behind a solid
structure. The polymer binds the graphene flakes together and
keeps the structure strong and intact.”” On the other hand, the
interface polymer resistance between the graphene flakes
hinders fast electron mobility, thus reducing the overall
electrical conductivity of the resulting graphene—polymer
composite. Furthermore, the temperature-sensitive polymer
binder makes the composite unstable and weak at elevated
temperatures limiting its application.

With a prime goal to overcome most of the above-
mentioned limitations faced by 3D graphene produced via
chemical, CVD, and additive-manufacturing routes, we report
here the synthesis and characterization of binder-free high-
quality 3D graphene with a complex and controlled, free-
standing structure. An inexpensive nickel—polymer slurry was
prepared based on a modified recipe described in ref. 28. The
slurry was 3D-printed into various complex shapes using DIW,
and the obtained structures were employed as Ni catalyst
precursors for graphene synthesis by CVD. The pristine
structures acquired after etching out the catalyst were named
here 3D-shaped 3D graphene (3D’G). 3D’G structures are
macroporous with pore sizes ranging from a few micrometers
(internal porosity) to hundreds of micrometers (structural
porosity). Due to the absence of a polymer in the 3D*G, this
material is very stable at elevated temperatures. Furthermore,
its electrical and electrochemical properties and porosity can
be altered by changing the design through the computer code
controlling the motion of the 3D-printing nozzle. The pristine
nature of 3D’G allows additional posttreatment options for
surface modification and doping by employing atmospheric
pressure plasma functionalization.

2. MATERIALS AND 3D PRINTING

2.1. Preparation of Nickel-PLGA Slurry. 3D-printed
nickel-PLGA slurry was used as a catalyst for the synthesis of
3D?G, as mentioned above. The slurry consisted of 8.9 g of
nickel powder (Alfa Aesar, 3—7 pm particle size and 1.8—2.7
g/cm?® apparent density), 7.5 mL of dichloromethane (DCM,
Fisher Scientific), 0.76 mL of dibutyl phthalate (DBP, Sigma-
Aldrich), and 0.56 g of poly lactic-co-glycolic acid (PLGA)
(PolySciTech, L/G 85/15, MW 65,000—75,000 Da). All the
components of the slurry play a specific role, where PLGA acts
as a binder for the nickel particles, DCM, an organic solvent,
helps in the dissolution of PLGA, and DBP is a plasticizer
enhancing the flowability of the slurry through the needle
while 3D printing.

The slurry was prepared by mixing nickel suspension with
PLGA solution. For the preparation of nickel suspension, 8.9 g
of nickel powder and 0.38 mL of DBP were mixed in a 15 mL
glass vial along with 3.75 mL of DCM. The procedure for the
formulation of PLGA solution included the mixing of 0.56 g of
PLGA and 0.38 mL of DBP and pouring the mixture into
another 15 mL glass vial containing 3.75 mL of DCM. Both
the nickel suspension and PLGA solution were homogenized
separately using a vortex mixer (Fisher Scientific, model
955404) for S min each. Next, the PLGA solution was emptied
into the nickel suspension. The resultant mixture was treated
using a bath sonicator (Branson, model 3800) with 100%
power at room temperature for S min. Furthermore, for the
evaporation of excess DCM and to thicken the mixture, the vial
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was rested in a fume hood overnight with its lid open. Before
the 3D printing of the slurry, DCM was added to the nickel—
PLGA slurry until the targeted viscosity of 10 + 2 Pa s was
reached, as measured by an MTT slurry viscosity tester MSK-
SFM-VT. The viscosity obtained here was lower than what was
reported by others for DIW, which could be due to the usage
of PLGA with lower molecular weight in our shurry.”**’

DIW of nickel-PLGA slurry has been performed in four
steps as follows: (i) designing solid structures, (ii) infill, slicing,
and tool path (G-code) generation, (jii) simulation of 3D
printing, and (iv) 3D printing of nickel-PLGA slurry. Steps
from i—iii are explained in detail in the Supporting Information
(Sections S1—S3). In brief, these steps involve designing solid
models, followed by slicing and G-code generation. Fur-
thermore, simulations of the generated G-codes to understand
the printing process.

2.2. 3D Printing of Nickel-PLGA Slurry. Before 3D
printing, the nickel-PLGA slurry was vortexed and hand
stirred to make sure it is homogeneous and is without any
lumps. Then, the slurry was loaded carefully into a 10 mL BD
(Becton Dickinson) Luer-lock syringe and was assembled
inside one of the extruders of a bioprinter, Allevi 2 (Allevi,
Inc.). The G-code files developed in the previous step (Section
S3) were uploaded to the web-based Allevi Bioprint Pro
software to adjust various 3D-printing parameters such as
printing speed, extrusion pressure, and layer height. Nickel—
PLGA structures were 3D-printed at pressures ranging from 7
to 17 PSI using various Luer-lock stainless steel blunt needles
(BSTEAN) with internal diameters ranging from 250 to 430
um at a printing speed of 6—10 mm/s. Various 3D-printed
nickel-PLGA structures are shown in Figure 1.

Figure 1. 3D-printed Ni—PLGA samples placed in a glass Petri dish.

3. CVD SYNTHESIS OF 3D%G

The presence of PLGA and DBP in the 3D-printed structures
may interfere with the synthesis of graphene by hindering the
exposure of nickel to the carbon precursor during CVD. For
the complete removal of the polymers and to design the
temperature profile for the CVD synthesis of 3D*G, under-
standing the thermal degradation of PLGA and DBP is
important. A 4.36 mg (measured using Sartorius MeS) piece
was cut from a 3D-printed nickel-PLGA structure and used
for thermogravimetric analysis (TGA) conducted in air at a
heating rate of 5 °C/min using a NETZSCH STA 409 PC.
The thermogram shown in Figure 2a shows the reduction in
the sample’s weight with an increase in temperature reaching
the least weight percentage of 87% by 350 °C, which indicated
a complete degradation of the polymers in the sample at this

temperature. This thermal behavior in air is reasonable having
in mind that PLGA is more thermally stable and degrades at
around 350 °C while DBP disintegrates at about 200 °C.***!
Any further increase in temperature resulted in a rise in weight
due to the formation of nickel oxide (NiO) which confirmed
the exposure of nickel to air and complete degradation of the
polymers.””

Based on the thermal degradation data acquired from TGA,
a similar temperature profile used in our previous works'**’
was employed for the CVD synthesis of 3D*G. An ET-1000
First Nano reactor was used for the CVD synthesis and the
procedure was described elsewhere."””* In brief, the CVD
synthesis was conducted in four steps. After loading the sample
inside the reactor, it was heated from room temperature to
1000 °C in 40 min in the presence of argon (1000 sccm) and
hydrogen (325 sccm) gas mixture. After reaching 1000 °C, the
reactor was held at this temperature for S min to stabilize the
thermal conditions by maintaining the same gaseous environ-
ment. Immediately after that, methane was introduced for 7
min at 25 sccm along with argon and hydrogen at the same
temperature. Finally, an optimized cooling step was applied in
the presence of argon and hydrogen at the same flow rates.
The various steps of the CVD synthesis are illustrated using a
colored temperature profile in Figure 2b.

The resultant composite after CVD was transferred to a 15
M hydrochloric acid (HCI) bath to etch the nickel skeleton.
Large samples were etched at temperatures in the range of 30—
50 °C for 5—6 h and small samples with four layers or less were
etched at room temperature overnight to preserve their
sensitive structures. Finally, the etched samples were trans-
ferred to a DI water bath and rinsed for the removal of residual
acid and salts, followed by an ethanol bath treatment for the
removal of the residual water from the samples. On the other
hand, large samples were dried using a Yamato DX 300 drying
oven at 70 °C for 1.0—1.5 h, while the small samples were
dried by lint-free KIMTECH Kimwipes for around 6 h. The
resulting structure was 100% pristine graphene which was a
highly porous freestanding state and is called here 3D’G.
Figure 3 summarizes the entire process with the related steps
involved in the synthesis of 3D°G. Figure 3a shows the 3D-
printing steps in detail, Figure 3b is an image of a 3D-printed
nickel-PLGA mesh before CVD, and Figure 3c is the resultant
3D’G obtained after the Ni etching and drying process.

4. RESULTS AND DISCUSSION

Various characterization techniques like scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDX), SEM image analysis, microcomputed tomography
(uCT), X-ray diffraction (XRD), Raman spectroscopy, Raman
spectral analysis, TGA, electrical measurements, and cyclic
voltammetry (CV) were used to expose various properties of
3D’G.

4.1. SEM and EDX. A high-resolution scanning electron
microscope, Thermo Scientific Apreo, was used to study the
morphology and to analyze the bulk porosity of 3D*G. For the
conducted SEM imaging, a small piece was cut from the
porous 3D’G sheet (8 layers, printed with a 23G needle),
shown in Figure 3¢, using a SS roller blade. The presence and
retention of structural porosity in pristine 3D*G inherited from
the 3D-printed catalyst can be seen in the top-view image,
Figure 4a, while the cross-sectional image, Figure 4b, shows
stacked 3D’G layers (bulk graphene) with good alignment.
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Figure 2. (a) TGA of 4.36 mg of the Ni—PLGA sample performed in air at a S °C/min heating rate. (b) Temperature profile used for the CVD

synthesis of 3D*G.

Slice

3D Printing

G-Code

EVI

E2.78740.....

CAD .
;Layer 1 = ':[
Gl X9.790 Y-
= —) l -

A

Nickel suspension

229245 97um )

1[ 2004640,

PLGA Solution

Nickel-PLGA slurry

Figure 3. (a) Illustration of various steps involved in the 3D-printing process; (b) 3D-printed catalyst in a mesh shape with dimensions of 30 mm X
30 mm; and (c) resultant 3D>G with dimensions of around 22 mm X 23 mm, obtained after etching of the nickel catalyst and drying.

Furthermore, high-resolution SEM images of the bulk 3D*G
surface, displayed in Figure Sab, showed a scaffold of
interconnected hollow globules yielded due to the etching of
the sintered nickel powder catalyst. Also, irregular pores
resulted from the removal of the polymer can be observed in
the same SEM images. These pores in the image in Figure Sb
are highlighted in red color using FIJI (Fiji Is Just Image])
software, as shown in Figure Sc.

From Figure 4b, it was evident that the cut made using the
SS roller blade created a shear on the sample resulting in
bending of the overhanging struts in that area, hindering the
cross-sectional microstructure details and related image
analysis. To overcome this issue, samples with less than five

29012

layers were cut using a pulsed solid-state 532 nm laser milling
system from Oxford Lasers. The samples were placed between
two glass slides and were cut applying 80% power with 15
passes from one to the other side, followed by careful
separation using tweezers. Figure 6a—d shows the cross-
sectional view of the laser-cut samples at various magnifica-
tions, revealing the open porous structures created by laser
postprocessing. Figure 6e displays the sample at an angle and
highlights a line cut using 50% laser power which cuts the
sample only halfway through.

Due to the tight focus of the laser, layers close to the focal
point (top layers) were cut easily. The beam diverged past the
focal point and more laser power is needed to cut the bottom
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Figure 4. (2) Top view of the sample used for SEM analysis with a 1
mm scale bar; (b) side view of the sample used for SEM analysis with
a 500 pum scale bar.

Figure 5. SEM images of bulk 3D’G at different magnifications. (a)
40 pm scale bar and (b) 20 um scale bar. (c) Colored SEM image
obtained by processing the image (b) using FIJI software highlighting

irregular pores created due to polymer removal.

layers, resulting in melting and redeposition of material in the
top layer, which can be noticed in the bottom left corner of
Figure 6d.

EDX data of 3D*G were dominated by carbon, as shown in
Figure 7. A very small amount of oxygen, nickel, and chlorine
was detected, which could be due to residual nickel salts left
after hydrochloric acid etchin% of nickel.

4.2. TGA and XRD of 3D”G. A 2.51 mg (measured using
Sartorius MeS) sample was cut from a 3D*G and used for TGA

Figure 6. Cross-sectional view of the sample cut by a laser with a 532
nm wavelength at different magnifications. (a) 500 ym scale bar, (b)
50 um scale bar, (c) 10 um scale bar, and (d) S um scale bar. (e)
View of the sample at an angle showing a half-cut line created by the
laser.

conducted in air at a heating rate of 5 °C/min by a NETZSCH
STA 409 PC instrument. The obtained thermogravimetric data
were plotted using OriginPro 9.0 and are displayed in Figure
8a.

In Figure 8a, the TGA curve is represented in black color,
and its first derivative (DTG) is plotted as a blue curve. A large
peak was observed between 550 and 780 °C, reaching a
maximum of around 700 °C, illustrating the start and end of
the oxidation and burning of crystalline carbon in the
sample.">*? No other peaks were observed except for a steady
decrease in weight percentage with an increase in temperature.
The TGA curve also interprets the stability of 3D*G at higher
temperature considering only a loss of around 5% weight by
500 °C. In contrast, other 3D-printed graphene structures
reported in the literature start disintegrating shortly above 150
°C due to the presence of the polymer/gel phases in their final
constructions.”” After the complete burning of crystalline
carbon, our sample reached an overall weight percentage of
0.9% at 800 °C, which may be related to residual nickel in the
sample being converted to NiO.

A Rigaku SmartLab XRD system with a Cu Ka radiation
source was used to study pristine 3D’G at room temperature,
scanning within the 26 range from 10 to 90°. Figure 8b shows
an XRD spectrum of 3D’G. A large peak was observed at a 20
value of 26.57° along with other common peaks characteristic
of multilayered carbon materials. No shift of this peak was
noticed, implying the absence of any doping with external
elements or stress accumulation, thus corroborating the
pristine nature of 3D?G. No nickel, nickel chloride, or NiO
peaks were observed in the XRD spectra due to the limited
sensitivity of this analytical technique. The presence of nickel
products with a very low quantity (0.9 wt % as analyzed by
TGA) is the reason for the absence of nickel peaks in the final
XRD spectra.
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Figure 7. EDX analysis of 3D’G with an SEM image of the analyzed area.
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Figure 8. (a) TGA data of a 2.51 mg 3D*G sample heated in air at
5°C/min; (b) XRD of pristine 3D*G.

4.3. SEM Image Analysis Using FlJI and MATLAB. The
interconnected pores of 3D’G offer a favorable environment
and functionality of this material for various advanced
applications. The size of the structural pores of 3D’G is in
the range of hundreds of microns, as shown in Figures 3, 4a,
and 6e, and can be estimated using the scale option in FIJI. To

find out the average pore size in the bulk sample, the high-
resolution cross-sectional SEM images shown in Figure 6b—d
were used. As the pore size is nonuniform as shown in Figures
S and 6, measuring the individual pore size takes more time
and may involve human error. For this reason, FIJI and
MATLAB porosity modules®* were used. The high-resolution
SEM image shown in Figure 6b was chosen as a sample for the
image analysis.

FIJI was eficient in identifying and segmenting large pores;
however, it failed to recognize small pores, which can be
observed in Figure S4b (Supporting Information). For this
reason, the same image shown in Figure 6b was used as a
sample for porosity analysis employing an advanced MATLAB
module. MATLAB performed better in identifying and
segmenting pores that were processed and color-coded, as
shown in Figure 9c. This procedure yielded an average pore
size of around 6.5 pm.

4.4. Micro X-ray-Computed Tomography. During
CVD, the 3D-printed nickel-PLGA catalyst is exposed to
1000 °C for 13 min as discussed earlier. Optimal sintering of

Figure 9. (a) Binary segmentation map, (b) depth map, and (c) pore
segmentation maps of the SEM image shown in Figure 6b created
using MATLAB analysis.
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nickel powder in the structure is very crucial to reach the
desired internal porosity (bulk) and to avoid structural failure
of 3D’G. Understanding the sintering behavior plays a key role
in obtaining the integrity and perfect stacking of the printed
graphene struts (bulk graphene layers) in 3DG. The latter is
displayed in Figures 4b and 6a. Hence, forming the nickel—
graphene composites in each layer (in-plane and perpendicular
to the plane) and at the junctions between the struts was
analyzed by X-ray-computed tomography (4CT) using a GE
Phoenix Nanotom-M, Waygate Technologies. Various cylin-
drical and cuboid Ni—graphene structures were studied after
CVD and the 3D scans of the same are displayed in Figure
10a,b, highlighting very good stacking of the layers in the

Figure 10. yCT scan of 3D-printed nickel—graphene after CVD. (a)
Cuboid; (b) cylinder; and (c) zoomed-in image showing the stacking
of the sintered layers.

zoomed-in view of the sintered structure shown in Figure 10c.
The large structures were imaged at 130 kV source voltage, 100
HA source current (mode 0) using a tungsten-diamond target,
and a 0.3 mm copper filter with a 500 ms exposure time at 9
um isotropic voxel resolution. Data were collected from 1440
projections over 360° (0.25° steps) with three averaged images
per rotation position.

Though the scanned samples gave a good overview of the
layer stacking, the low-resolution scans did not provide insights
into the sintering of the nickel powder within the structure. To
resolve this, a small piece was cut from an edge of the 3D-
printed sample shown in Figure 10a with the length of the
struts aligned along the X-axis, the Z-axis represented the
direction of the height of the sample, and the Y-axis coincided
with the other perpendicular direction. This sample was
imaged at 130 kV source voltage, S5 yA source current (mode
2) using a tungsten-diamond target, and a 0.3 mm copper filter
with a 500 ms exposure time at 0.83 um isotropic voxel
resolution. A total of 2160 projections were collected over
360° (0.17° steps) with two averaged images per rotation
position.

The volume reconstructions were performed using Phoenix
Datos software. The 3D scan of the sample with the coordinate
axis is displayed in Figure 11a, highlighting the area used for
high-resolution analysis. Zoomed-in images of the analyzed
area are highlighted in Figure 11b,c.

From images in Figure S5 of the Supporting Information, a
complete sintering of the nickel catalyst particles in the form of
a 3D metal scaffold can be observed, which offered a large Ni

surface for exposure to the carbon precursor during the CVD
process. Figure S6 shows uCT scans of the nickel—graphene
composite sample in three different scan directions (X, Y, and
Z). These scans are discussed in detail in Section S5 of the
Supporting Information. In brief, the yCT scans in that section
suggest a very good sintering of nickel inside each layer and
between the layers, which is the reason behind the good
structural integrity of 3D*G.

4.5. Raman Spectroscopy and Raman 2D Mapping.
Raman spectroscopy emerged as an important nondestructive
tool to study and evaluate nanostructured carbon materials.
The three signature Raman peaks of graphene D, G, and 2D
are frequently used to track the presence of doping,*
strain,”””” and the number of layers within the graphene
flakes.***” The presence of the D peak can be related to the
breathing modes of sp* carbon atoms in the rings. It represents
the defects or disorder in the structure and helps in
differentiating graphene from its derivatives. The G peak
exemplifies the stretching of the in-plane C—C bonds, while
the 2D peak is the overtone of the D peak.'”***' A 514 nm
argon-ion laser having a 1 yum? spot diameter and an output of
8 mW of power was used to study the Raman spectra of 3D*G
employing a Renishaw inVia Raman spectroscopy instrument.
Various random spots on the samples were probed, and the
spectra were plotted using OriginPro 9.0. The obtained spectra
are shown in Figure 12, highlighting the signature D, G, and
2D peaks of graphene at two different points.

From the Raman data obtained, a very small D peak was
observed in all the spectra, representing the least amount of
surface defects in the samples.”” Furthermore, a wide range of
2D and G peak intensities were observed, as shown in Figure
12. The intensity ratio of G and 2D peaks [I(G)/I(2D)] can
help in estimating the number of layers present within the
probed graphene flake.”® A higher intensity ratio is expected
and observed considering the relatively high solubility of
carbon in nickel and the polycrystalline nature of the nickel
powder used, indicating the presence of multilayer graphene.*
If only the I(G)/I(2D) intensity ratio is considered, Figure 12a
shows a probed point with fewer layers than the point whose
spectrum is shown in Figure 12b.*® Furthermore, the
estimation of the number of layers using the intensity ratio
cannot apply when more than one variety of graphene layer
stacking is present. CVD-grown graphene on polycrystalline
nickel may yield multilayer graphene with Bernal stacking
(ABAB...) or rotationally faulted layers and a combination of
these two. The I(G)/I(2D) intensity ratios may mislead the
number of layer estimations in the presence of layer
rotation.”**> The intensity ratio along with the 2D peak full
width at half-maximum (FWHM) may help in developing a
better understanding of the 3D’G Raman spectrum. The
spectrum with I(G)/I(2D) in the range 0.2—0.4 and a 2D
fwhm in the range of 26—38 cm ™' is considered as monolayer
graphene. The spectrum with I(G)/I(2D) in the range of
0.45—1.4 and a 2D FWHM ranging from 39 to 70 cm™' is
regarded as bilayer graphene, and the spectrum with I(G)/
I(2D) > 1.4 and 2D FWHM > 70 cm™ is viewed as few or
multilayer graphene.”

It is obvious from the above discussion that representing
Raman spectra of the CVD-grown 3D’G on nickel using a
single probing point is not comprehensive considering the
possible variations in the intensities of the respective peaks
from point to point. For this reason, the so-called 2D Raman
spectroscopy can provide more comprehensive data. Such a
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Figure 13. (a) I(G)/I(2D) ratio map of 3D?G with a 10 ym scale bar; (b) 2D peak fwhm of 3D?G with a 10 ym scale bar; (c) 2D peak Voigt peak
fit in the red area; (d) 2D peak Voigt peak fit in the yellow area; and (e) 2D peak Voigt peak fit in the green area. (c—e) 2D peak from the image
shown in (a).

Raman spectral analysis (mapping) enables an aerial analysis In this study, a 532 nm laser was used for confocal Raman
with thousands of points within the studied area. The obtained mapping enabled by a HORIBA LabRam Aramis instrument. A
Raman maps combined with data analysis and statistical 2D area of 100 X 100 ym® on a 1 cm X 1.2 cm rectangular
approaches can better interpret the Raman spectrum of 3D*G. 3D’G-printed sample was used for the spectral analysis at S0x
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Figure 14. (a) Electrical conductivity of 3D*G with various infill densities; (b) CV curves of 3D*G with 20 and 40% infill at a 500 mV/s scan rate;
(c) CV curves of 3D*G with 40% infill at various scan rates; and (d) Nyquist plot for 20 and 40% infill samples. The insets in (d) show the high-
frequency range of the EIS curve (top) and the equivalent circuit diagram (bottom).

magnification. The sample was printed using a 410 ym straight
SS blunt needle with a rectilinear infill and an infill density of
30. Each analyzed area consisted of 10,201 spectra data points.
The spectral analysis was carried using two different samples
representing two stages of the sample preparation. The first
one was the nickel—graphene composite obtained after CVD.
The second sample was pristine 3D’G obtained after acid
etching of the nickel catalyst. All the maps were cleaned, and
the peaks were fitted using the GaussLor function (a
convolution of Gaussian and Lorentzian functions) in LabSpec
6. Then, the data were exported as a text file, and histograms
were plotted in Excel. The individual spectra and 2D peak
analysis were done in OriginPro 9.0.

29018

Figure 13a,b shows the distribution of the I(G)/I(2D) ratio
and 2D peak FWHM, respectively, across the analyzed area on
3D*G with the obtained mean values of 1.8 and 66.6 cm™ for
the intensity ratio and 2D peak FWHM maps. From these
figures, it is obvious that a wide range of intensity ratios exist,
dominated by high I(G)/I(2D) ratios (>1.4) and 2D peak
fwhms (>55 cm™), indicating the presence of multilayer
graphene in the 3D’G. Spectra with high-intensity ratios
(>2.3) revealed a graphite-like very short 2D peak and a tall G
peak with a 2D peak FWHM below 70 cm™' without a
shoulder, which is not typical for a graphite Raman spectrum.
For further analysis, three random points representing three
different intensity ratios (>2.2) were chosen. The spectral data
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were exported, and the 2D peak was fitted using a Voigt profile
(convolution of Gaussian and Lorentzian functions)* in
OriginPro 9.0. The 2D peak profile shown in Figure 13c—e
represents the spectra within the red, yellow, and green areas of
the intensity ratio map. In all these points, the Voigt profile fits
perfectly with the 2D peak profile. The obtained adj. R* value
was close to 1, resembling a nongraphitic 2D peak without a
shoulder.*” The observed tall G peak with a small nongraphitic
2D peak may represent rotation in multilayer CVD graphene
synthesized on the nickel catalyst, as reported earlier.>****’

The 2D Raman data of the nickel—graphene composite are
shown in Figure S7ab in the Supporting Information. A
comparison of the intensity ratio I(G)/I(2D) and 2D peak
FWHM of 3D*G and the nickel—graphene composite is shown
as bar graphs in Figure S6c,d.

4.6. Electrochemical and Electrical Characterization.
Three different 3D>G samples with 1.7 mm X 1.2 mm X 0.5
mm dimensions were prepared to measure their electrical
conductivity. The samples were 3D-printed using a 430-um
needle, yielding rectilinear infill with an infill density of 20, 30,
and 40%, respectively. SEM images of the 30% infill sample
have been already shown in Figure 6a—d. A van der Pauw
(Keysight Technologies 34460A) 4-point instrument was used
to analyze the electrical conductivity of the samples. All corners
of the samples were coated with silver paste, and the four
terminals of the probe were slightly compressed on the silver-
coated spots of the specimens for measurement. The sample
with 40% infill showed the highest electrical conductivity of
17.66 S/cm and the sample with 20% infill exhibited the least
electrical conductivity of 5.35 S/cm, as displayed in Figure 14a.
This trend was expected since the samples with lower infill had
larger pores with less material in them. Here, the amount of
material and the pore size have a synergetic effect on the
electrical conductivity. The 20, 30, and 40% infill samples
showed an electrical conductivity of %2.43, ~2.8, and ~3.4 S/
cm mg, respectively, after normalizing by mass. The higher
conductivity of the 40% sample after normalizing is due to the
presence of smaller structural pores when compared to those
with 20 and 30% infill.

Furthermore, the electrochemical performance of 3D*G was
analyzed using a Gamry Interface 1000 in a three-electrode
arrangement where a platinum wire was used as the counter
electrode and an Ag/AgCl electrode was employed as the
reference electrode in a 1 M sodium sulfate (Na,SO,)
electrolyte. The voltage window was set from 0.0 to 1.0 V,
and the measurements were conducted at various scan rates of
25, 50, 100, 200, and 500 mV/s at room temperature. The
obtained curves showed a typical electric double-layer
capacitor behavior, as shown in the resultant CV graphs in
Figure 14b,c. Figure 14b shows a comparison of CV curves
obtained from two samples with 20% infill and 40% infill
density at a scan rate of 500 mV/s. Figure 14c shows the CV
curves of the sample with 40% infill at various scan rates. A
relative comparison of the areas within the curves in Figure
14b revealed that the capacitance of the 40% infill sample was
around four times the capacitance of the 20% infill sample at a
500 mV/s scan rate. This can be attributed to more surface
areas created due to the higher mass present in the 40% infill
sample.

The results of the electrochemical impedance spectroscopy
test over a frequency range of 10° to 107> Hz at an amplitude
of 10 mV are plotted in Figure 14d, with an inset showing the
high-frequency region (top). It is clear from this inset that an

29019

unnoticeable semicircle was present with a diameter of around
2-3 Q for both samples (20 and 40% infill), showing a low
interfacial resistance between the electrolyte and the electrode.
This was represented by R, as shown in the equivalent circuit
diagram in the inset of Figure 14d.

5. CONCLUSIONS

A comprehensive procedure to synthesize 3D’G is reported
along with its material characterization. Initial data on the
electrical and electrochemical properties of 3D*G have been
presented. The conducted detailed Raman study on the quality
of 3D’G revealed its good quality and multilayered nature.
According to the DTA data, this material is of high purity and
thermally very stable. The synthesized 3D>G can be
customized into any shape or size according to the application
requirements without losing its quality and structural integrity.
By simply changing the printing design, various properties such
as porosity, electrical conductivity, and capacitance can be
tuned to fit the desired application. The obtained binder-free
3D’G appears to be a good candidate for application as a
material for gas sensors, energy storage electrodes, gas filters,
thermal electric components,so EMI shielding,51 and other
thermally and electrically related applications where surface
area, porosity, electrical conductivity, and structural design
matter.
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