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ABSTRACT

Aiming at the production of light, porous, conductive, biosafe composites, in

this paper we are presenting a novel fabrication method for monolithic, three-

dimensional (3D) graphene foam (GF)/porous polymer composites. The syn-

thesis adopts a novel process architecture by using Ni foam templates in an

inductive heating chemical vapor deposition growth process, and by removing

Ni chemically while retaining graphene integrity by the reversible application of

cyclododecane (CD); finally, nondestructive coating procedures with poly-

caprolactone (PCL) solutions have been developed. The composites can be

optimized to enhance electrical conduction, flexibility and mechanical proper-

ties, while mixing PCL and CD allows to coat the GF with a novel mesoporous

polymer coating. By tuning the GF properties, the typical electrical resistance of

the 3D forms can be reduced to a few 10 s of Ohms, values that are maintained

after the PCL coatings. The current study achieved a GF fraction ranging

between 1 and 7.3 wt%, with even the lower graphene content composites

showing acceptable electrical and mechanical properties. The properties of these

conductive 3D-GF/PCL composites are in line with the requirements for

applications in the field of nerve tissue engineering.
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GRAPHICAL ABSTRACT

Introduction

Graphene and graphene-based materials are cur-

rently under study for many different applications in

diverse fields such as batteries [1], solar cells [2],

corrosion prevention [3], chemical sensors [4] and

water purification [5]; among these, fields biomedi-

cine and tissue engineering [6] show excellent pre-

mises. The addition of nanosized carbonaceous

fillers, including graphene family nanomaterials, to

polymers may lead to a large enhancement in

mechanical, conductive and barrier properties over

the pristine polymers [7–9]. Some methods were

developed to produce graphene/polymer composite

scaffold with complex shapes [10, 11]: Focusing on

biomedical applications, a graphene/poly (lactic-co-

glycolic acid) composite containing 60 wt% graphene

was prepared as a bioink for 3D printing to fabricate

a nerve guide conduit [10].

Poly–caprolactone (PCL) is a common polymer

frequently used in materials for biomedical applica-

tions because of its biodegradability, biocompatibil-

ity, ease of fabrication, low processing costs and high

solubility in a wide range of organic solvents [12].

The addition of a graphene material to PCL as an

electrically conducting and biocompatible filler

makes numerous applications possible [13, 14].

However, when graphene materials are randomly

distributed in the polymeric matrix in the form of

powders or flakes, the electrical conductivity of the

composite strongly depends on the electron percola-

tion across different conductive flakes: If the density

is low, few conductive paths are available, and the

composite exhibits a low overall conductivity [15]. In

general, polymer composites based on graphene

materials flakes can be prepared also in the form of

porous scaffolds by various methods such as solvent

casting, gas foaming, phase separation, melt molding

technique, emulsification, freeze-drying/lyophiliza-

tion, electrospinning, microfluidic technique, photo-
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polymerization, micromolding and bioprinting; each

technique leads to composite scaffolds with different

properties [16].

In contrast, when applying fillers made of inter-

connected and monolithic networks of graphene (3D-

graphene) where electrons can move freely, the

electrical conductivity is higher [11, 17, 18] and

almost independent of graphene loading. Due to this

attractive feature, the preparation of 3D-graphene/

polymer composites has been investigated and sev-

eral different preparation methods have been repor-

ted [15, 17, 19].

The chemical vapor deposition (CVD) growth of

3D-graphene on Ni templates [17] is currently a

general strategy for the preparation of the filler

structure of continuous matrix composites [20–22].

However, a 3D graphene polymer composite with the

same open-pore structure of the Ni template, that is, a

3D-graphene foam (3D-GF), is desirable in many

ways: It can be light, strong, flexible and electrocon-

ductive while also allowing the passage of liquids

and gases [23–25].

During CVD, the precursors decompose on the hot

Ni surface and carbon atoms dissolve into the Ni bulk

to form a solid solution [26], and then, upon cooling,

the carbon solubility drop forces out carbon atoms to

precipitate on the surface and form a thin, nanome-

ter-thick, graphite layer generically referred to as

‘‘graphene’’ [27, 28].

The separation of graphene, or extraction, from the

growth catalyst requires the use of etchants (such as

FeCl3), and the help of a temporary support to avoid

damage and to ease the handling of a few atom-thick

material is required. Polymethyl methacrylate

(PMMA) is frequently applied since it is easy to

handle and readily available [29]: However, its

removal requires the use of a solvent bath which

poses a challenge to the sample integrity. It has also

been documented that the PMMA procedure is rather

complex if one has to remove all its residues [30]. In

order to avoid the solvent bath, problematic for the

sample integrity, we rather applied cyclododecane

(CD) [31] as a temporary protective layer. This waxy

solid easily coats graphene materials to assist the wet

etching of nickel, and it is removed by mild thermal

processes only.

As stated, the 3D-GFs grown by CVD on nickel

templates show higher electrical conductivity than

those made by chemical process such as freeze-dry-

ing, hydrothermal gelation, vacuum filtration and

sugar blowing [32]. However, for a device to be

conductive, the GF must be continuous over the full

size and one of the main challenges for making

devices on the scale of several centimeters is the

handling capability and survival of GF when

deployed. In conclusion, the practical application of

3D graphene must be in the framework of composites

[33], where a polymer provides some mechanical

strength to the GF.

In the current paper, the fabrication of three-di-

mensional, monolithic and interconnected GF tubes

and slabs coated with PCL and a length of several cm

is presented for the first time. First, the 3D-GF

structure is grown by CVD on Ni templates. Then, Ni

is removed by applying CD as a temporary protective

layer to protect the tenuous graphene frame during

the wet etching of Ni in repeated FeCl3, HCl and

distilled water baths. CD is then easily removed by

mild thermal processes without the use of solvents,

leaving no residues and requiring no further pro-

cessing [31]. Finally, PCL is applied to the free-s-

tanding 3D-GF.

Experimental methods

Synthesis of 3D-graphene by ICVD

The 3D scaffold templates (Figure S.1.a) are made of

nickel foams, with 130 PPI pore density and 1.5 mm

in thickness (Henzen Group, China,[ 99.8,

320 g m-2 in areal density); dichloromethane (CH2-

Cl2, Merck), ethyl acetate (C4H8O2, Applichem), FeCl3
(Sigma) and HCl (Merck) were used, all chemicals

being technical grade. For making 3D-GF tubes,

nickel foams were cut to size and rolled around a

3-mm polytetrafluoroethylene (PTFE) tube template

and their edges crimped (Figure S.1.b). Graphene was

grown in an inductive heating CVD (ICVD) system,

based on the remote heating of a graphite susceptor

sample holder placed inside the quartz reactor

chamber. To ensure accurate temperature regulation,

the power supply implements a closed-loop control

with a type-K thermocouple buried inside the sus-

ceptor. Digitally controlled mass flow meters (MKS),

a progressive manual leak valve and a rotary vane

pump provide control on precursor flow and pres-

sure. ICVD was adopted due to its advantageous

features like fast heating and cooling, along with high

throughput and reduced contamination.
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Figure S.2.a shows the schematic arrangement of

the ICVD apparatus. Figure S.2.b elaborates the T-t

diagram of the process that comprises several growth

steps. The prepared growth samples are placed in the

susceptor crucible and inside the quartz vessel, and

after evacuation, they are set under flowing Ar (20

standard cubic centimeter per minute, SCCM) and H2

(20 SCCM) and heated at 280 �C for degassing under

low pressure for 5 min. In the next stage, the tem-

perature is increased to the desired level for graphene

growth, followed by an annealing process under

constant temperatures to eliminate possible contam-

inations and reduce the surface for 10 min. The

mixture was replaced by CH4 and H2 with the gas

flow adjusted, respectively, at 14 and 7 SCCM for the

growth that was carried out at the three growth

temperatures selected for this work: 880 �C, 980 �C
and 1080 �C. The last stage rapid cooling was carried

out while filling the chamber under Ar and H2 with

750 SCCM and 50 SCCM, respectively.

The as-grown samples are taken to further pro-

cessing to extract graphene. First, CD is applied to the

surface by dip coating, and after that, they are

immersed in FeCl3 water solution with the concen-

tration of 100 g l-1 for 12 to 48 h at 4 �C to dissolve

the Ni and then in 10% v/v HCl solution for at least

1 h to remove possible iron (Fe) residues. A small

commercial Nd magnet can be employed to test the

complete etching, when floating samples stop mov-

ing in its field. The CD is finally removed by subli-

mation under mild heating (60 �C) leaving the free-

standing 3D graphene samples. The 3D-GF tube

sample integrity is promoted by the use of a semi-

rigid polytetrafluoroethylene (PTFE) tubing inner

support.

3D-GF and PCL composites fabrication

In the current research, the fabrication of 3D-GF/PCL

composites is processed through several processing

routes as shown in Fig. 1. Investigations were per-

formed using PCL CAPA 6500 (84,500 MW), sup-

plied from Perstorp Co., UK .

To evaluate the behavior and characteristics of PCL

scaffold samples, investigations were performed also

without 3D-GF. For the latter case, a clean tube-

shaped Ni foam is directly dip coated with PCL in

dichloromethane (DCM). After drying the solvent,

the sample is further dip coated with CD in ethyl

acetate (ETAC) to protect PCL during Ni etching.

Finally, the sample was dried at up to 60 �C for

16–20 h to get rid of CD and solvents.

Samples are evaluated for their electrical and

mechanical characteristics in the following sections.

Ni foam/3D graphene deposited at various growth

temperatures was applied using four processing

routes to evaluate their impacts on the electrical and

mechanical characteristics of the graphene/PCL

composite.

Route-1 (Drop–dip): successive drop and dip coating

with PCL, after extraction

In this method, 3D-GF was extracted from Ni foam/

3D-graphene sample by applying CD on it, initially.

Then, Ni is removed by FeCl3 and HCl solutions as

already explained. After Ni removal, the free-stand-

ing 3D-GF was coated with PCL in DCM in several

successive steps, first by drop and then by dip

technique.

Route-2 (PCL-CD): successive PCL and CD dip coating,

before extraction

In this process, Ni foam/3D-graphene sample was

first dip coated with PCL in DCM and, after drying,

further protected by a CD layer deposited via dip

coating with CD in ETAC prior to Ni removal (PCL

does not dissolve in ETAC). Ni is then removed by

FeCl3 and HCl.

Route-3 (Mix): PCL and CD mixed solution dip coating,

before extraction

In this procedure, before Ni removal step, the Ni

foam/3D-graphene sample was dip coated in a

mixed PCL and CD, DCM solution. Ni is then

removed by FeCl3 and HCl.

The identification codes for all samples are listed in

Table 1, and a photographic image of different sam-

ples is shown in Fig. 2.

Characterizations of 3D graphene and 3D
graphene/polymer composites

Several characterization techniques were applied

systematically to evaluate the process impacts on

mechanical and electrical properties. Raman scatter-

ing measurements were carried out at room temper-

ature by a HORIBA Scientific LabRAM HR Evolution
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Figure 1 Schematic of

fabrication processes of 3D-

GF/PCL composites.

Table 1 3D-GF/PCL composites code and processing method

3D-GF/PCL composite code Processing route Graphene growth temperature, �C

Drop and dip-980 1- Successive drop and dip coating with PCL after extraction 980

Drop and dip-1080 1- Successive drop and dip coating with PCL after extraction 1080

PCL-CD-880 2- Successive PCL and CD, dip coating before extraction 880

PCL-CD-1080 2- Successive PCL and CD, dip coating before extraction 1080

Mix-1080 3- PCL and CD mixed solution, dip coating, before extraction 1080

PCL scaffold 2- Successive PCL and CD, dip coating before extraction No growth

Figure 2 A photographic

image of 3D graphene

structures prepared by

different methods.
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Raman spectrometer equipped with an integrated

Olympus BX41 microscope. Laser excitation wave-

length of 532 nm, (2.33 eV) was focused on the sam-

ple surface using a 100 9 objective with a spot size of

approximately 1 lm. Low laser power (below 1 mW)

was used which minimized sample heating and

avoid sample damage. The morphology and struc-

ture of samples were studied by scanning electron

microscope (Zeiss, Gemini-LEO 1530).

Uniaxial tensile tests were conducted on the hollow

tube-shaped samples by using an electromechanical

universal testing machine, model Instron 3366

(Figure S.3.a).

The X-ray photoelectron spectroscopy (XPS) anal-

ysis was performed to evaluate the surface chemical

composition of samples and to assess the complete

removal of Ni. All XPS spectra were taken in a

Vacuum Generators Escalab MK II, equipped with

oil-free pumps. Spectra were acquired in a vacuum of

3.10 -9 torr with MgKa line source at 1253.6 eV.

The weight percent of carbon on Ni foam was

calculated by measuring the weight of samples before

and after graphene growth (Eq. 1):

Carbon weight percent ¼
WGr=Ni �WNi

WNi

� 100 ð1Þ

where WNi and WGr=Ni are Ni foam weight and gra-

phene/Ni foam weight, respectively. Standard devi-

ation was calculated based on three samples

measurements.

The thermal analysis has been carried out in SDT

Q600 (TA Instruments) with a linear heating rate of

10 �C/min-1 from room temperature to 500 �C in N2

atmosphere. The N2 purge flux was 100 mL/min.

The measurements have been carried out in an Al2O3

crucible, and the initial weights have been main-

tained about 4–4.5 mg for all samples.

Results and discussion

3D-Graphene characterization

Characterization on the samples by Raman spec-

troscopy confirms that the 3D-GF is made of thin

graphite, i.e., the different graphene layers appear to

have a stacking order and are not independently

oriented to each other. The Raman spectra of gra-

phitic carbon are dominated by two main peaks:

G-peak at * 1582 cm-1 due to the in-plane bond

stretching of all pairs of sp2-carbon atoms in both

rings and chains and 2D-peak at * 2670 cm-1 that

originates from a double resonance Raman process

[34]. The presence of disorder and defects in gra-

phene materials activates the D-peak at * 1350 cm–1

due to a breathing mode of six-atom rings, and the

D0-peak at * 1620 cm–1 [35].

Commonly, the D-to-G intensity ratio (ID/IG) is

used as Raman indicator of crystalline quality

[36, 37], where small values are indicative of a low

defect density. The 2D-to-G intensity ratio (I2D/IG) is

regarded as a qualitative parameter to evidence the

presence of very few sheets of graphene: Single layer

(1L) or bilayer (2L) is characterized by I2D/IG[ 1,

while in multilayer graphene I2D/IG\ 1 [38]. The

frequency, the shape and the full width at half max-

imum (FWHM) of the 2D-peak provide further

information on the number and on the stacking order

of graphene layers [39]. A single Lorentzian compo-

nent (FWHM * 24 cm-1) well reproduces the 2D-

peak of single-layer graphene, whereas the Raman

spectrum of multilayer graphene (number of lay-

ers[ 5) is hardly distinguishable from that of the

bulk material. In turbostratic multilayer graphene,

where there is no stacking order between adjacent

graphene layers, the 2D-peak is again described by

one Lorentzian component but with a larger line

Figure 3 Raman spectra of 3D graphene samples grown on

nickel foam at 880 �C (black), 980 �C (blue) and 1080 �C (red).

The spectra are normalized to the G-peak. The corresponding

optical micrographs are on the right side of the figure.
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width (FWHM * 45–60 cm-1) and with a frequency

upshifted with respect to the 1L graphene [39, 40].

The Raman spectra of the samples grown in the

880–1080 �C temperature range and their corre-

sponding optical images are reported in Fig. 3. At

980 �C and 1080 �C, the 3D graphene samples show

similar Raman spectra. The asymmetrical shape of

the 2D-peak closely resembles that of highly oriented

pyrolytic graphite (HOPG) [39] and, together with its

relative intensity with respect to the G-peak, points to

the structure of thin graphite [20]. The absence of D

peak and the sharp G-peak (* 14 cm-1) witnesses

the high crystalline quality of these 3D-GF samples.

At 880 �C, the peaks become very broad and a large

D peak appears indicating a more disordered

material.

Figure 4 presents scanning electron microscopy

(SEM) micrographs of the 3D graphene networks as

grown on the Ni foam at the different temperatures.

The Ni foam is entirely covered, but on the micro-

scale, the coating is not entirely homogenous, as

revealed by the presence of patches of different

intensities in the SEM micrographs. They show that

the Ni surface consists of a patchwork of crystalline

grains and of grain boundaries that favor the for-

mation of inhomogeneous graphene deposits [26].

Furthermore, some wrinkles and ripples can be

observed on the surface attributed to the different

thermal contraction of Ni and graphene [17, 21] upon

cooling.

With the increase in growth temperature, the Ni

surface becomes ‘‘darker’’ in the micrographs, indi-

cating electron absorption by thicker carbon, while

for graphene grown at 880 �C, the graphene layer is

thinner and less evident by SEM (Fig. 4a). The surface

appears homogeneous, and only some narrow wrin-

kles (white arrows in Fig. 4b) hint to the presence of

graphene. From a practical point of view, this

observation corresponds to the fact that at such

temperature, after removing Ni from graphene, it

was hardly possible to achieve free-standing GF.

Figure 4 SEM micrographs

of graphene grown on nickel

foam at (a), b 880 �C; c,
d 980 �C; e, f 1080 �C.
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The weight changes of samples after CVD growth

were also measured. The results are displayed in

Table 2 (and plotted in Figure S.4). The mass of dis-

solved carbon in Ni increases when the deposition

temperature is raised. It can be found from the Ni-C

phase diagram that the weight percent of carbon in

880 �C, 980 �C and 1080 �C is 0.15, 0.24 and 0.33 wt%,

respectively [41]. The measured weight increase in

this study at 980 and 1080 �C is higher than that of

dissolved carbon in Ni, as calculated from the normal

solubility of the C-Ni phase diagram (Table 3). This

implies that the growth on Ni is not simply due to C

dissolution during heating and precipitation during

cooling [26, 27], but that it occurs during the heating

phase due to instabilities and possibly by a surface

growth mechanism [21]. In practical terms, at higher

temperature a ‘‘bulkier’’ GF is grown and imple-

menting free-standing 3D-GF becomes easier.

The GF was further characterized by XPS, before

and after the removal of Ni. After the growth, the

spectra only showed C and Ni, with some O (\ 4%),

both adsorbed and Ni bonded (spectra not reported

here). After the separation, in the free-standing

samples only C and O (O * 15%) were detected

without any amount of Ni and Fe as catalyst and

etchant residues. Figure S.5 displays the C1s peak for

graphene grown at 1080 �C which is typically gra-

phitic (sp2) with some oxidized features. Most of the

O component in free-standing GF then originates

during the strongly oxidizing Ni etching procedure.

Table 2 Weight percent of carbon by experimental and calculation from Ni-C diagram phase

Graphene growth temperature ( �C) Weight percent of carbon, experimental Weight percent of carbon, phase diagram

880 0.17 ± 0.05 0.15

980 0.42 ± 0.12 0.24

1080 0.57 ± 0.05 0.33

Table 3 Mechanical properties of 3D graphene/polymer composites

3D-GF/PCL composite code Young’s modulus (MPa) Ultimate tensile stress (UTS) (MPa) Strain at failure (%)

Free-standing GF [33] 0.34 0.0048 5

PCL scaffold 0.62 0.06 11 ± 1.4

Drop and dip-980* 2.92 0.41 18

Drop and dip-1080* 4.50 1.80 20

PCL-CD-1080* 0.01 0.45 11

*For these samples, there was no repetition. The statistical approach is not adopted in the current study which is extended to the future

study

Figure 5 a SEM micrographs of PCL scaffold by Route-2 and

b higher magnification.
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Morphology of the 3D-GF composites

Figure 5 shows the SEM micrographs of PCL scaffold

prepared by Route-2. When Ni is taken off by etch-

ing, some voids are created as highlighted by the

arrows in Fig. 5b. Although PCL mostly preserves the

Ni foam structure, some of the foam pores were also

filled by the polymer

Figure 6a, b indicates, respectively, the inner and

outer surface of a foam tube sample prepared by

Route-1 with the graphene grown at 980 �C. Here the

coating process of the bare and free-standing GF with

polymer solution leads to the visible collapse of the

structure porosity which finally is lower in the inner

than in the outer tube surface. Besides, in Fig. 6b,

boundary-like features are visible that are the rem-

nants of the collapsed wires of the foam.

Another composite made by Route-1 with 1080 �C
GF is presented in Fig. 7. In this case, a mechanically

stronger graphene framework limited the tube col-

lapse and some open pores are maintained both on

the inner and outer surface of the tubes. The ability to

tune the composite structure is encouraging for

biomedical applications since porosity should be

tuned to exchange oxygen, waste materials and cells.

It is reported that closed pores do not promote

smooth cell migration through the scaffold structure

[14].

Optical micrographs of 3D-GF composites by

Route-1 with 880 �C GFs are shown in Fig. 8. SEM

micrographs of 3D-GF composites by Route-2 with

Figure 6 a SEM micrographs of inner surface of 3D-GF composites by Route-1 with GF grown at 980 �C, and b outer surface.

Figure 7 a SEM micrographs of inner surface of 3D-GF composites by Route-1 with GF grown at 1080 �C, and b higher magnification.

Figure 8 Optical micrographs of 3D-GF composites by Route-2,

with 880 �C grown GFs.
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1080 �C GF are shown in Fig. 9. At 880 �C (Fig. 8), the

graphene struts are thinner, indicating the collapse of

the hollows left by the individual Ni strut wires. The

overall 3D structure of the 1080 �C graphene foam is

shown in Fig. 9. Some elongated needle-shaped

structures are visible on the PCL surface (white

arrows in Fig. 9b) related to the footprints of CD

crystals after sublimation, suggesting the possibility

of structuring the polymer by the use of sacrificial CD

inclusions.

Figure 10 displays SEM micrographs of samples

prepared with the mixed CD/PCL solutions (Route-

3), where different relative concentrations were

applied as detailed in the caption. Interestingly, in all

cases the polymer coating on each strut was itself

porous with the presence of polygonal hollow cells.

When the solvent (DCM) evaporates, it leaves behind

a PCL foam mesh network with small CD volumes

(i.e., nucleated CD crystals) analogous to the needle-

shaped footprint structure shown in Fig. 10d, which

in their turn were hollowed out by the sublimation of

CD. Such novel mesoporous polymeric structure,

which was discovered in the course of this study, is

porous on several different dimensional scales:

(i) Large pores, about several hundred micrometers,

derive from the Ni template; (ii) small pores are due

to sublimation of CD crystals and have a typical

micrometer size. The geometric properties of this

structure can be changed by varying the relative

PCL/CD concentrations from 50%PCL-50%CD

(Fig. 10a, b) to 80%PCL-20%CD (Fig. 10c, d). The 3D-

graphene/PCL composite with 80%PCL-20%CD

composition is clearly less ‘‘microporous’’ and

Figure 9 a SEM micrograph of 3D-GF composites by Route-2, with 1080 �C grown GFs, and b higher magnification.

Figure 10 SEM micrographs

of mixed samples (method 3).

a, b 50%PCL-50%CD and c,

d 80%PCL-20%CD.
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qualitatively had better mechanical properties which

made it somehow easier to handle.

Mechanical properties of the 3D-GF
composites

The test results of the samples prepared in this work

have been evaluated by comparison with data for

free-standing GF and for some animal nerves from

other published works, as presented in Table 3.

Samples made by applying mixed PCL/CD solutions

(Route-3) did not have sufficient strength, and they

were all broken during handling or fixing to the jaws.

Samples prepared by drop and dip technique (Route-

1) exhibited superior mechanical characteristics and

flexibility. The samples prepared by PCL-CD (Route-

2) showed also good mechanical properties, but the

flexibility and handing capability were inferior due to

the rigidity of the intact (i.e., not collapsed) 3D-GF

geometry. It can be concluded that the collapse of the

porous structure observed when applying Route-1

apparently improves the overall mechanical proper-

ties and the flexibility of the scaffolds.

Nieto et al. measured the mechanical properties of

the free-standing GF. They reported its elastic mod-

ulus and ultimate strength in tension 339 and 4.8 kPa,

respectively [33]. Table 3 shows that the 3D-GF/PCL

composite developed in this work has the UTS and

Young’s modulus much higher than PCL sample

without graphene (bases on three samples, UTS =

0.06 MPa and Young’s modulus = 0.62 MPa) and

also free-standing GF (UTS = 0.0048 MPa and

Young’s modulus = 0.34 MPa [33]).

By in situ SEM observations, it was demonstrated

that the strength in tension of GF can be attributed to

the alignment of graphene struts, or ‘‘branches’’,

which entwines the high in-plane mechanical prop-

erties of graphene [33]. However, since the struts of

the 3D graphene structure are not aligned in our

foams (they are in fact about 110� from each on

average in the case of tetrahedral strut vertices) [33],

alignment requires bending of a rather large angle

which fatally collapses the rigid monolithic thin

graphite structures, breaking the struts one by one

(Figure S.3.b). We suggest that this is why 3D-GF

fabricated by Route-1, where the GF collapses during

polymer coating into a thin cylinder, effectively

aligning the struts, exhibited better mechanical

behavior. Therefore, making a Ni foam structure pre-

aligned along tension lines could be a general

strategy to improve the mechanical performance of

the 3D graphene composites.

Graphene loading and foam density

To determine the graphene loading in the 3D-GF

composites, two methods were applied: (a) measur-

ing the sample weight at different processing stages

during fabrication (i.e., before and after growth);

(b) thermogravimetric analysis (TGA) of the final

samples.

Figure S.4 shows the relative mass increase in the

Ni foam samples after growth. Figure S.6 illustrates

TGA, together with derivative thermogravimetry

(DTG) spectra for PCL-CD-980 (Route-2) sample.

All samples analyzed by TGA showed that the

graphene loading of the 3D-GF/PCL composites is

between 2.5 and 7.3 wt%. The carbon mass derived

from the weighting method also leads to a graphene

content ranging from 1 to 7% depending on the

method for making the composite and on the gra-

phene growth temperature. In conclusion, the gra-

phene loading derived by (a) and that directly

measured by (b) are good agreement.

By measuring the sample dimensions and mass,

the average foam density can be estimated for the 130

PPI foams employed in the current study. Depending

on the processing, density ranged from 0.2 g/cm3 for

the Route-1, –0.1 g/cm3 of Route-2, –0.08 for Route-3.

Electrical properties

The presence of a monolithic 3D-GF filler provides a

parallel (i.e., redundant) network of continuous con-

ductive paths. The electrical resistivity and electrical

conductivity were calculated by measuring the elec-

trical resistance and taking into account the dimen-

sions of samples, as listed in Table 4. Instead in all the

composites samples prepared in this study, the elec-

trical resistance of the tube or slab samples ranged

from 17 to 550 X depending on the fabrication pro-

cess. Qian et al. prepared a conductive nerve guide

conduit by layer-by-layer coating method. They used

two solutions for different layers coatings: PCL and

single-layer graphene (SG) or multi-layer graphene

(MG) solution and polydopamine (PDA) and

arginylglycylaspartic acid (RGD) solution. The elec-

trical conductivity of PDA/RGD SG/PCL and PDA/

RGD MG/PCL is 0.89 and 0.637 S m-1, respectively

[11]. These reported conductivity values are much
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lower than those of the current study, even for our

worst 880 �C grown 3D-GF/PCL composite case. In

conclusion, the 3D-GF provides an excellent con-

ductive frame which it leads to higher electrical

conductivity composites.

It is worth noting that the weight percent of gra-

phene material (with respect to biodegradable filler

such as PCL) in biomedical applications is extremely

important. Tabish et al. synthesized graphene foams

by CVD and implanted then in carp fishes at low

(5 mg L-1), medium (10 mg L-1) and high

(15 mg L-1) graphene doses. For the low dose, there

was no sign of toxicity or any change in blood system

[42]. In our work, the weight percent of 3D-GF in a

composite tube with about 35 mm in length and

3 mm in inner diameter was between 0.4 and 4 mg,

depending on the growth temperature. We conclude

that the low carbon loading along with the high

electrical conductivity makes the 3D-GF composites

developed in this study extremely promising for

biomedical applications.

It should be also mentioned that we could prepare

the 3D-GF conductive composite by the sample

which graphene has grown at 880 �C via Route-2

only, while it was not possible by the drop and dip

coating (Route-1). These ‘‘low temperature’’ graphene

composites, which showed more than one order of

magnitude lower conductivity , were easily broken

during handling, and their mechanical properties

could not be measured.

Conclusions

The current research work focuses on a method to

fabricate three-dimensional graphene material foam,

3D-GF composites. Open-pore polymer composite

tubes and slabs, on the scale of a few cm, have been

fabricated based on monolithic 3D-GF structures, and

CVD has grown on Ni foam templates. The 3D-GF

was synthesized at different temperatures by induc-

tion heating chemical vapor deposition (or ICVD)

and consists of a thin graphite layer covering homo-

geneously the Ni template, as evidenced by Raman

and microscopy techniques. Cyclododecane was

applied as a protective layer during the nickel

removal to retain integrity, and shape of the mono-

lithic 3D-GF (Routes-1–3) was developed for prepar-

ing these composites. The results show that the

composites made by drop and dip coating (Route-1)

were more flexible and exhibited better mechanical

properties. Also, these monolithic 3D-GF/PCL com-

posites are highly conductive, an excellent premise

for nerve tissue engineering applications. Moreover,

also a novel mesoporous polymer structure was

produced by applying mixed of cyclododecane to

PCL, whose properties can be changed by varying the

solution composition. Furthermore, the graphene

loading in the composites samples ranged between 1

and 7.3 wt% and we demonstrate that even the low

graphene-loaded composites can be fabricated

retaining good electrical properties.
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Table 4 Electrical resistance and conductivity of 3D graphene/polymer composites

3D-GF/PCL

composite code

Electrical resistance

( X)
Cross section area

(mm2)

Tube length

(mm)

Electrical resistivity q
(X�m)

Electrical conductivity

(S m-1)

PCL scaffold ? – – – –

Drop and dip-980 440 1.07 25 0.0188 53.2

Drop and dip-1080 25 1.07 27 0.0010 1000

PCL-CD-1080 30 14.13 25 0.0170 58.8

PCL-CD-880 550 14.13 25 0.3109 3.2

Mix-1080 17 14.13 26 0.0092 108.7
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