
Nano Materials Science 2 (2020) 346–352
Contents lists available at ScienceDirect

Nano Materials Science

journal homepage: www.keaipublishing.com/cn/journals/nano-materials-science/
Facile magnetoresistance adjustment of graphene foam for magnetic sensor
applications through microstructure tailoring

Rizwan Ur Rehman Sagar a,b,***, Min Zhang b,*, Xiaohao Wang b, Babar Shabbir c,
Florian J. Stadler a,**

a Nanshan District Key Lab for Biopolymers and Safety Evaluation, Shenzhen Key Laboratory of Polymer Science and Technology, Guangdong Research Center for
Interfacial Engineering of Functional Materials, College of Materials Science and Engineering, Shenzhen University, Shenzhen, 518055, China
b Tsinghua Shenzhen International Graduate School, Tsinghua University, Shenzhen, 518055, China
c Department of Materials Science and Engineering, ARC Centre of Excellence in Future Low-Energy Electronics Technologies (FLEET), Monash University, Clayton,
Victoria, 3800, Australia
A R T I C L E I N F O

Keywords:
Graphene foam
Magnetoresistance
Porosity
Defects
Surface area
* Corresponding author.
** Corresponding author.
*** Corresponding author. Nanshan District Key
Guangdong Research Center for Interfacial Engine
518055, China.

E-mail addresses: zhang.min@sz.tsinghua.edu.cn

https://doi.org/10.1016/j.nanoms.2020.01.002

Available online 8 January 2020
2589-9651/© 2020 Chongqing University. Product
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
A B S T R A C T

Graphene foam is becoming a material of choice for magnetoelectronic devices due to its large, linear and un-
saturated room temperature magnetoresistance. However, the magnetoresistance of graphene foam is not as large
as that of monolayer graphene. Herein, we describe how magnetoresistance ~ 100% was detected at room
temperature under a magnetic field of 5 T that is comparable to the magnetoresistance in monolayer graphene;
the highest magnetoresistance of ~158% was detected at 5 K under a magnetic field of 5 T. Unlike monolayer
graphene, graphene foam is far more comfortable with producing in gram scale and utilizing in magnetoelectronic
devices.
1. Introduction

The magnetoresistance (MR) of monolayer [1], bilayer [2], trilayer
[3], and multilayer [4] graphene systems have been studied due to their
potential applications in magnetoelectronic devices such as magnetic
sensors [5], biosensors [6] and memory read heads [7]. The lack of
large-area single-crystal monolayer graphene [8–10] is one of the
fundamental challenges for the utilization of sheet-like two-dimensional
(2-D) graphene in magnetoelectronic devices [11,12]. Besides,
gram-scale production, transfer from a metal substrate, and uncontrol-
lable stacking of graphene layers pose problems to its use [13–15].

Graphene foam (GF) can be fabricated at the gram scale [16–18], and
the large magnitude of MR in GF at room temperature is equally essential
[19–21]. However, the MR of GF is notas high as compared to monolayer
graphene, due to the present of defects [22], edge scattering [23], grain
boundaries [24] and the odd stacking of graphene layers [1]. The
magnitude of MR in GF at room temperature is not as high as the MR in
monolayer and bilayer graphene. Therefore, GF should be studied under
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different parameters to tune the magnitude of the MR as several factors
can influence its physical properties [25–28].

In this article, GF samples are fabricated under identical growth
conditions (temperature, vacuum, the flow rate of gases) but with
different pore size distributions and magneto-transport properties. The
largest magnitude of MR is comparable to those in monolayer and bilayer
graphene systems, which makes GF more preferable for device utiliza-
tion. MR ~ 100% is detected at room temperature (300 K) under a
magnetic field of 5 T; MR ~ 158% was observed at 5 K under an applied
magnetic field of 5 T. The best sample had 80 pores per inch (PPI) with a
surface area of 15 m2/g as the highest MR was observed in this sample.

2. Materials and methods

2.1. Fabrication of graphene foam

The GF was synthesized by using the Chemical Vapor Deposition
(CVD-GSL-1700X, MTI, China) method (Fig. S1 in the electronic
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supplementary information (ESI)) [18,29–32]. A rectangular piece of
nickel foam (Goodfellow NI003864, 6 mm thickness, approximately
1 � 5 cm2) was put in an alumina boat and placed in the center of the
CVD furnace tube. A vacuum of ~ 10-1 torr was created inside the furnace
tube. The temperature of the furnace tube was raised from room tem-
perature to 100 �C at a rate of 5 �C/min and a mixture of hydrogen/argon
gas (25% hydrogen and 75% argon) was provided throughout the
experiment at a flow rate of 60 cc/min. The temperature was increased to
1050 �C at a rate of 10 �C/min while keeping a constant flow of hydro-
gen/argon gas mixture of 60 cc/min. The samples were annealed at
1050 �C for 10 min. Ethylene (C2H4) was added at a rate of 100 cc/min
for 8 min. The samples were taken out once the CVD temperature cooled
to room temperature.
2.2. Transfer of graphene foam

The color of the substrate changed from silver to dark grey due to
graphene deposition via CVD (Fig. 1). The graphene/nickel foam was
placed inside a prepared solution of deionized (DI) water and iron-
chloride (FeCl3), which quickly led to a color change of the solution
from reddish to green, indicating that the nickel had started to be etched
away. The initially present graphene/nickel foam sample settled down at
the bottom of the solution; the GF started floating on the surface of the
solution when all the nickel had been etched away from the sample. The
GF samples were washed in DI water, acetone, and ethanol for 30-
10 mins and then dried at 50 �C for 5 h in a vacuum oven.
2.3. Pore size variation in GF samples

Three samples of nickel foam displaying various numbers of pores per
inch (PPI), namely NF1-40 PPI, NF2-80 PPI and NF3-120 PPI were used
for the fabrication of GF under identical growth parameters (tempera-
ture, growth time, and gas flow rate); the different porous nickel foams
allowed comparisons of the GF's magneto-transport properties. These GF
samples,GF1-40 PPI, GF2- 80 PPI, and GF3-120 PPI, were transferred by
etching the NF1, NF2 and NF3. Fig. 2a, 2c, and 2e represent the nickel
foams NF1, NF2 and NF3, respectively; Fig. 2b, 2d and 2f represent GF
samples GF1-40 PPI, GF2-80 PPI and GF3-120 PPI.
2.4. Assembly of metal electrodes for MR of GF

A standard six-probe station was employed for the detection of the
GF's magneto-transport properties using gold-coated copper electrodes
(Fig. S2a in the ESI). This station could be moved approximately 1 cm
from top to bottom depending on the sample's height requirement
(Fig. S2b in the ESI). We used four probes along the x-axis, in which the
middle of two probes were separated by a distance of 4 mm, and the
probes at the ends were separated by a distance of 10 mm (Fig. S2c in the
ESI).
Fig. 1. Transfer of GF from nickel foam via a wet chemical method. Graphene was gr
creating foam-like graphene.
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2.5. Characterizations

The morphology of the samples was observed under scanning elec-
tron microscopy (SEM) (Hitachi, SU-70). High-resolution transmission
electron microscopy (HRTEM), (JEOL-2010) and Raman spectroscopy
(RenishawHR800) were used for the detection of the samples’ structures.
Also, X-ray diffraction (XRD) (Rigaku D, max 2500, λ ¼ 1.54 Å - CuKα)
was utilized for the phase investigation. The electro/magneto-transport
properties were detected via a physical property measurement system
(Quantum Design Inc., PPMS-9 T, USA). The surface area was observed
using a Brunauer-Emmet-Teller (BET) gas sorption analyzer (Quantach-
rome Instruments, Autosorb-iQ2-MP).

3. Results and discussion

The nickel foam was used as a substrate for GF fabrication, and was
first observed under SEM for morphology and elemental mapping
(Fig. 2a, 2c, 2e). The elemental mapping of the GF by the SEM did not
find any traces of impurities (Fig. 2b, 2d, 2f). Thus, pure nickel foam was
used for the fabrication of GF, and pure GFwas obtained after the transfer
from the nickel foam. Multilayer layers of graphene (layer
spacing ~ 0.33 nm) in the GF were observed under HRTEM (Fig. 3a). The
bright dots in the selected area diffraction (SAED) pattern are oriented
randomly due to the presence of the random graphene layers in the GF
(inset of Fig. 3a) [33–36].

The surface of the GF consisted of different connected flakes of gra-
phene, and all these flakes contained different number of graphene layers
(Fig. 3b). Wrinkles can be easily seen at the samples’ surfaces (Fig. 3b).

Three bands (D, G, and 2D) were detected in the Raman spectrum of
the samples, which is in agreement with the previous literature [37]
Moreover, defects can be estimated via the ratio between the intensities
of the D and G bands,– ID/IG; the in-plane crystalline size can be calcu-
lated by La ¼ ð2� 10�10 Þ λ4 ðID ⁄ IG Þ�1 nm [13,38]. The results of ID/IG,
I2D/IG and La are listed in Table 1. The estimated crystallite size of the
GF1, GF2, and GF3 were 13 nm, 7 nm, and 2 nm, respectively. The XRD
patterns of the GF1, GF2, and GF3 show several peaks (002), (101) (004),
and (100), matching the standard JCPDC card # 65-6212 of
graphene-like material (Fig. 2d). However, no other peaks were found in
the XRD pattern, indicating a pure carbon phase was present in the
samples and confirming the energy dispersive X-rays (EDX) results.

The nitrogen adsorption/desorption curves of the BET analysis of
samples GF1, GF2 and GF3 matches with the type II and type III standard
isotherms (Fig. 4a, 4b, 4c). The hysteresis area of sample GF1 is the
largest among the three, indicating that the pores in the GF1 sample were
most difficult for the nitrogen gas to access. The other explanation for this
distinctly different surface chemistry can be excluded based on the other
characterization methods.

The surface areas of the GF1, GF2 and GF3 samples were estimated
using BET analysis and found a non-linear trend in the surface area. The
GF2 showed the lowest surface area among the specimens (Fig. 4d). The
surface area does not only depend upon the size of the pores; it also relies
on the number of pores in the sample. That is why there is no direct
own on the surface of nickel foam; the nickel was etched with the help of FeCl3,



Fig. 2. Morphology of nickel foam samples NF1(a), NF2(b) and NF3(c) and GF samples GF1(d), GF2(e) and GF3 (f). The insets show elements in the nickel foam and
graphene foam. The GF contains only carbon atoms,; the nickel foam contains only atomic nickel.
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relationship between surface area and pore size.
The magneto-transport properties of three samples, GF1, GF2 and

GF3 were detected in the temperature range of 2�~ 300 K under an
applied magnetic field range of 0 ~ 5 T. The MR was calculated by using
the following standard equation [39]:

MR ð%Þ¼
�
RxxðBÞ
Rxxð0Þ � 1

�
� 100%; (2)

in which RxxðBÞ is the longitudinal resistance under an applied magnetic
field of B, and Rxxð0Þ is the longitudinal resistance under a magnetic field
of zero. The MR of 100% is observed in GF2 sample at 300� K and 5 T
(Fig. 5a, b). The GF2 and GF3 samples show 55% and 20% positive
magnetoresistance (PMR) under 300� K and 5 T. (Fig. 5c, 5d 5e, 5f). The
MR in GF2 was the highest for all temperatures and under all magnitudes
of the magnetic field as compared to the GF1 and GF3 samples (Fig. S3 of
the ESI). The magnitude of the MR increased linearly with decreasing
temperature in the GF1 sample.

The MR of the GF2 sample is higher as compared to graphite, petal/
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tree-like graphene, graphene oxide, and both monolayer and bilayer
graphene systems (Table 2). However, the magnitude of the MR for few
layer graphene was highest at 300 K (Table 2). This, of course, raises the
question of what makes these GF-samples so different in their MR
behavior (Fig. 5 and Table 2). After all, these samples were placed side-
by-side inside the CVD for the fabrication of GF; therefore, the growth
conditions are very similar. Of all the synthesis conditions, only the
porosity of the nickel foam and therefore the pore structure of the GF
differ. While this sounds like a relatively straightforward and small dif-
ference, it means that numerous factors vary as a consequence of this
macroscopic change; for example, the number of graphene layers in each
sample, edge boundaries, number of pores in each sample, connections
between pores, and the quality of the material differ because the nickel
foam substrate the GF was grown on was also not homogeneous.

These changes can be attributed to the inhomogeneity of nickel foam
and its pore structure, which influences many kinetic parameters, such as
the diffusion of the gas into the NF and the surface area of the NF, and
setting the overall reaction rate, as nickel catalysis GF-formation.
Furthermore, the transfer of GF (including all the nickel dissolution



Fig. 3. (a) High-resolution image of random GF sample (inset: SAED); (b) surface of random GF sample; (c) Raman signatures; and (d) XRD patterns of GF1, GF2 and
GF3 samples.

Table 1
Raman crystallite size La for GF1, GF2 and GF3 samples.

Samples ID/IG I2D/IG La [nm]

GF1-40 PPI 0.95 � 0.01 0.83 � 0.01 13 � 0.5
GF2-80 PPI 0.49 � 0.01 0.66 � 0.01 7 � 0.5
GF3-120 PPI 0.14 � 0.01 0.65 � 0.01 2 � 0.5
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kinetics) also contributes to the variation of the samples’ electronic
properties. Therefore, the seemingly straightforward question what using
a coarser nickel foam would lead to, other than a coarser graphene foam,
is indeed a highly complicated issue, as many other parameters are also
affected.

The charge carriers are deflected due to the applied magnetic field;
this variation in the path of the charge carriers is due to the Lorentz force,
which results in the large magnitude of the MR. Classically, a quadratic
MR can be expressed as follows [40]:

MR � ðμBÞ2; (3)

where μ is the mobility of the sample (which largely depends upon the
conductivity of the sample), and B is the appliedmagnetic field.

The conductivity of the GF samples depends upon numerous factors.
GF has a complex porous morphology, and it is difficult to get ideal
conductivity. However, the magnitude of the MR also depends on the
conductivity of the samples. We have drawn the MR of all the samples
with respect to B2, and the slope serves as mobility at 5 K (Fig. S4 of the
ESI), the GF2 sample shows the largest slope. The largest MR was
detected in the GF2 sample, but the mobility multiplied by the magnetic
field squared (Eq. (3)) did not replicate the experimental values of the
MR. For instance, the MR at room temperature under 5 T was 100%, but
the estimated mobility multiplied by the magnetic field squared (μB)2

showed about factor 103, due to which the calculated magnitude of the
MR was higher compared to the experimentally observed MR ~ 100% at
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room temperature. However, the mobility of the electrons in the GF is
very difficult to observe experimentally due to its foam-like morphology
and the grain boundaries providing sources of electron scattering. Thus,
the estimated mobility also cannot describe the original mobility of the
GF system. This is why the ordinary magnetoresistance theory (Eq. (3))
might be the best explanation for systems like GF, as the non-linear shape
of the MR curve in the GF3 sample indicates that classical phenomena
played the dominating role. The MR curves of the GF1 and GF2 samples
are linear, indicating that quantum phenomena might play a role as well.

If we consider a homogeneous sample, the pore-density (ς) is directly
proportional to the pore connection density (ξ) in the GF samples. The ξ
can decide the magnitude of the conductivity in the samples to some
extent. However, it is difficult to estimate the magnitude of ξ in the GF
samples. There are several intrinsic and extrinsic factors, which can affect
the conductivity of the samples such as temperature, impurities, elec-
tromagnetic field, and the frequency of an electric current. In the case of
GF, no impurities were observed (Fig. 2), which could explain the sig-
nificant differences in the MR found in GF1, GF2 and GF3. Although the
temperature can significantly affect conductivity, the MR of the GF2 is
more significant in comparison to the other two samples at all temper-
atures, indicating that the temperature is not the decisive factor for the
differences in MR. Furthermore, the magnitude and direction of the
electrical current remained fixed, and therefore excluding the possibility
of an instrument influencing the data.

By assuming second-order approximation, the conductivity ðσÞ of a
GF sample is therefore interrelated as

σ¼ σo þAexp
�
T
To

�
þψðξÞ; ξ¼ ρgb þ ρop: (4)

Here, the σo is the Boltzmann transport conductivity and A is the
fraction of bonds, both dependent upon the specific scattering mecha-
nism. T is the temperature, and To is the characteristic temperature. ψðξÞ
is a function of pore connection density ξ (i.e., GF1, GF2 and GF3 have
different porosity, meaning that these samples have different pore sizes



Fig. 4. Adsorption/desorption curves of GF1 (a), GF2 (b), and GF3 (c) samples and surface areas of all three samples (d).
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and the pores are connected to each other differently), while ξ is the sum
of ρgb is the density of grain boundaries, and ρop is the density of con-
nections due to overlapping pores; and, at threshold χ of a specific
porosity, σ is the maximum, whereas ψðξÞ � χ ; for ψðξÞ < χ and ψðξÞ > χ
conductivity σ will be lower. The decrement in σ of the samples decided
the magnitude of the MR after we applied a magnetic field to the samples.
According to the ordinary magnetoresistance theory (Eq. (3)), mobility is
a crucial factor, and it can be influenced with a specific threshold χ value
of porosity.

Furthermore,

σ¼ nqμ; (5)

where n represents carrier density, q represents the charge of the elec-
tron, and μ represents mobility. Comparing equations (4) and (5),

μ¼
σo þ Aexp

�
T
To

�
þ ψðξÞ

nq
(6)

So, adding Eq. (6) to Eq. (3), we find that:

MR� B2 �

2
64
σo þ Aexp

�
T
To

�
þ ψðξÞ

nq

3
75

2

: (7)

In this way, one can tune the magnitude of the MR in GF, depending
upon the threshold (χ) of the porosity. Thus, the GF2 sample shows the
highest MR, as the threshold χ was achieved in only the GF2 sample. On
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the other hand, the GF1 and GF2 samples follow ψðξÞ < χ and ψðξÞ > χ,
respectively. This ordinary MR model, however, is only valid for porous
bulk materials such as GF due to the presence of the ψðξÞ function.

According to Chuang et al. [46], linear MR is the result of quantum
phenomena. If we assess ordinary theory in terms of quantum physics,
MR turns into the following expression [47]:

MR ∝ ðωcτÞ2 ¼ðeBτÞ2
m*2 ; (8)

where ωc is the cyclotron frequency, τ is the relaxation time, e is the
electron's charge, and m* is the effective electron mass. As is known, τ is
closely related to the scattering interfaces if the magnetic field remains
constant. In case of GF, the porosity of samples GF1, GF2, and GF3 differs,
which results in different scattering interfaces. These scattering in-
terfaces result in classical or quantum phenomena, depending on the
specific porosity, which in turn depends on the pore connection density
ψðξÞ. Therefore, τ is influenced by the differences in the ψðξÞ of the GF1,
GF2 and GF3 samples.

In summary, we have observed the magneto-transport properties of
three different porous samples of GF (GF1-40 PPI, GF2-80 PPI, and GF3-
120 PPI). These samples, GF1, GF2 and GF3, contain different densities of
PPI. These pores were responsible for the overall conductivity of the
samples. Also, the conductivity varied under the application of magnetic
fields due to the differences in porosity, which resulted in different
magnitudes of positive magnetoresistance in these three different GF
samples, although the GF samples were grown under similar conditions.
The GF2-80 PPI specimen showed the largest MR, and thus indicated a
non-monotonic increase in MR. This suggests that a porosity threshold



Fig. 5. MR (%) of three GF1 (a, b), GF2 (c, d) and GF3 (e, f) samples at different
temperatures from 300� Kto 5 K.

Table 2
Comparison of positive magnetoresistance (PMR) in GF to other graphene
systems.

Graphene Systems PMR [%] @ 300 K and
5 T

PMR [%] @
2 K and 5 T

ref.

Graphite 30 70 ~ 80 [41]
Petal/Tree-like graphene <1 2 [42]
Graphene Oxide —— 50 [43]
Multilayer graphene sheets 35 ~ 38 35 ~ 40 [4,44]
Multilayer graphene sheets
from GF

~ 180 ~ 180 [20]

Few layer graphene sheets 60 ~ 300 – [1,3,
45]

Bilayer graphene sheet 100 150 [1]
Monolayer graphene sheet 60 ~ 100 100 ~

110
[1,45]

Graphene foam – GF2 80 PPI 100 158 Present
Study

*MR is calculated by using MR （%） ¼ ðRB =R0 � 1Þ� 100.
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influenced the magneto-transport properties of samples. The different
pore sizes, which are connected differently, and the connections between
these pores resulted in different conductivity under the application of a
magnetic field. These connections serve, as well, for the charge carriers.
Most of the charge carriers are trapped in these connections due to the
large number of scattering on the boundary of the pores. The charge
carriers deviate their path under the application of magnetic field due to
Lorentz forces, and a reduction in the scattering takes place on the con-
nections or boundaries of pores due to the deviation. If porosity of sample
changes, these connections or boundaries also change due to which
resistance of the specimen varies under the application of magnetic field.
This results in a non-monotonic MR due to which GF2 samples show the
largest magnitude of MR while GF1 and, in particular, GF3 shows a lower
magnitude of MR.
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4. Conclusions

In conclusion, the magnitude of MR in GF is tuned, and the largest MR
is observed in the GF2 sample, which is comparable to MR of monolayer
graphene (Table 1, Fig. 5). Different pore sizes in the samples do not only
help to produce a high-quality GF material, but MR in GF also depends
upon ψ(ξ), that can obey two boundary conditions, either maximum
value ψ(ξ)�χ, or ψ(ξ)<χ and ψ(ξ)>χ, where χ is the threshold. In this
way, the largest MR ~ 100 % is observed in GF2-80PPI sample which is
comparable to monolayer graphene. Technologically, large unsaturated
room temperature MR is favourable for highly efficient magneto-
electronic devices.
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