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Abstract

Two-dimensional heterostructures of graphene (Gr) and metal/semiconducting elements convey
new direction in electronic devices. They can be useful for spintronics because of small spin orbit
interaction of Gr as a non-magnetic metal host with promising electrochemical stability. In this
paper, we demonstrate one-step fabrication of magnetic Ni-particles entrapped within Gr-flakes
based on simultaneous electrochemical exfoliation/deposition procedure by two-electrode system
using platinum as the cathode electrode and a graphite foil as the anode electrode. The final product
is an air stable hybrid element including Gr flakes hosting magnetic Ni-nano-crystals showing
superparamagnetic-like response and room temperature giant magnetoresistance (GMR) effect at
small magnetic field range. The GMR effect is originated from spin scattering through
ferromagnetic/non-magnetic nature of Ni/Gr heterostructure and interpreted based on a
phenomenological spin transport model. Our work benefits from XRD, XPS, Raman, TEM, FTIR
and VSM measurements We addressed that how our results can be used for rapid manufacturing

of magnetic Gr for low field magneto resistive elements and potential printed spintronic devices.

1 Introduction

Spintronics aims to utilize the spin degree of freedom of electrons for new forms of information
storage, logic devices, sensors, etc [1]. Recently, this field circumvents challenges with new
concepts regarding spin-dependent phenomena in new materials, e.g. graphene (Gr) [2-4],
transition metals chalcogenides (TMDs) [5-7] and topological insulators [8-10], etc. Application
of Gr in spintronics and magnetism is one of open horizons for future research [11-14] based on
the weak spin-orbit interaction of Gr. It means that spin can transport for a long range of a few
microns at room temperature as a potential spin current channel for magnetoresistive [2,15-17],
magnonic elements [18-21] and additionally has shown application in gate-tunable carrier
concentration and high electronic mobility devices [22,23]. For example, exceptional magnetic
response is very recently seen in Gr being adjusted to NiFe magnetic metal for magnetoresistance
(MR) effect with 100% spin filtration [24], and YIG magnetic insulator, as proximity induced
magnetic effect [25,26].

Gr family provides a supportive planar structure to bind with nanoparticles (NPs) for multi-
functional purposes [27-30]. Formation of assembly of magnetic NPs on Gr or Gr—oxide flake

surface exhibits novel magnetic properties [17,31-36] with highly promising application for bio-



medicine [37,38], microwave absorption [39,40], sensors [41-43] and environment. Nevertheless,
there are still open doors to invest fundamental studies on combination of magnetism and Gr for
many practical applications especially toward making stable magnetic elements for printed
spintronics. As the printed electronics with Gr has shown to be highly promising [44-46], however
print technology for spintronics circuits requires electrical conductivity and large content of
magnetic specimen, that cannot be achieved by only using materials highly dominated by magnetic
NPs with small production yield, long synthesis time and costly. Additional issues such as
agglomeration of magnetic NPs and their small conductivity are major drawbacks. To suggest
alternative solution, Gr hosting magnetic elements fabricated based on electrochemical synthesis

that we introduce here can convey new direction in this area.

Electrochemical exfoliation of graphite has found upsurge attention to be scalable for Gr
production [47] in simple and ambient conditions [48]. Exfoliation based this method has shown
high quality and gram quantity of Gr in short time within several minutes to few hours. That shows
easily alteration of Gr functionality through variation of precursors, electrolytes and voltage for
supercapacitors [49,50], battery [51] photodetectors [52], transparent electrodes [53], mechanical
elements [54], etc.

Recently, exfoliation of graphite into Gr flakes [49] with controlled metal doping,
electrochemically stable and alternative electrical conductive [55] have shown promising scientific
impact. Fabrication of heterostructure of metal based elements with Gr can provide
dimension/scale matched into all 2D heterostructures, instead of commonly used volume-shaped
three dimensional NPs adjacent to Gr layers. For example, GMR effect was seen in magnetic
NPs/Gr composite made by hydrothermal effect [56]. It was proved that Gr contribution as a shell
around magnetic NP core can highly increase the GMR response. However, fabrication technique
for such GMR materials is complex and requires high temperature and long synthesis process as
Gr and materials for magnetic NPs should be individually prepared from the beginning and
transferred to form of composite dominant with large volume of magnetic NPs. Nevertheless,
heterostructure materials could potentially represent alternative GMR results based on dominant
interface effects. Therefore, such hybrid heterostructures made of planar geometry of Gr and
magnetic metals show potentially interesting media for spintronic applications [57]. Nonetheless,
fabrication of GMR elements including Gr and magnetic metal is usually based on single common

microelectronic device [24,58] with high risk of manufacturing, expense and reproducibility.



However, their manufacturing into other state of the art of elements, i.e. in form of powders or ink,

could be potentially demanding for many applications.

In this work, for the first time we report the one-step electrochemical synthesis of heterostructures
of magnetic nano-crystals of Ni compounds deposited within exfoliated Gr flakes in an aqueous
solution of NiCl.. TEM images show that Ni-based elements are formed as nano-plate crystals
faced with Gr flakes. Samples show superparamagnetic response at room temperature. Such
heterostructures show GMR effect at room temperature in small magnetic field interval. The GMR
effect is interpreted based on phenomenological scattering model. Our fabrication method as well
as final products convey a path for application of novel magnetic and metal based Gr materials for
printed electronics of spintronic devices and useful composite/materials for other purposes

requiring metal based Gr heterostructures.

2 Sample preparation and experimental methods

Electrochemical exfoliation of graphite was performed in a two-electrode system using platinum
(0.5x10 cm?) as the cathode electrode and a graphite foil (2x10 cm?) as the anode electrode. The
purity of used electrodes was higher than 99%.The distance between two electrodes was kept fix
at 2.7 cm. The electrolyte was prepared by dissolving NiCl2.6H20 powder (98.0% Merck) in water
(concentration of 0.05 M and pH ~6.5—7.0). The voltage of 10 VV was applied to provide expansion,
exfoliation of graphite and deposition of Ni. During the whole process, to avoid accumulation of
the product on cathode, the Pt electrode was washed every 20 min with HCI then water. Finally,
the products collected using vacuum filtration and washed with water. The resulted product was
dispersible for sonication in water (Fig. 1).

the mechanism of electrochemical exfoliation depicted is explained in Fig. 1. Firstly, by applying
the voltage between electrodes, hydroxyl ions (OH™) are produced in the cathode region and then
accelerate towards the anode and hit the graphite surface. The collision of graphite with OHions
initially occurs at each side and grain boundaries (Fig. 1a). The oxidation at the edge side and grain
boundaries leads to expansion of the graphite layers and Cl~ions can penetrate through them and
reduction of Cl~ions produce Cl gas (Fig. 1b). The gas can exert excessive force to graphite layers
which results in separation of the graphite layers [47,57] (Fig. 1c). In continue, Gr sheets
distributed in the solution can trap Ni%* ions (Fig. 1d). Since such sheets have been partially
positive charged, and because of polarization of Gr in electric field they can accelerate towards the



negative electrode under electric field and create black composite on Pt electrode. As known the

hydroxyl generation occurs at cathode by ionization of water as follows [60]:

2H,0 + 2" —H, + 20H" 1)

The OH™generation together with other electrons and ions can form Ni and Ni(OH)2 on Gr sheets.
Based on all above process, we finally have Ni and Ni(OH). deposited as crystalline layers on Gr
flakes (Fig. 1e).

The final product in form of powder was pressed (under pressure of 5 MPa for 30 min) into pellets
for MR measurements. Samples dimension were 6.5 mm (radius) and 1 mm (thickness),
approximately. The MR was measured at room temperature using a standard two probe method.
The Ni-Gr composite samples were characterized by X-ray diffraction (XRD, Cu Ka A = 0.154
nm) radiation, Raman spectroscopy (RM N1-541, 532 nm laser beam), X-ray photoelectron
spectroscopy (XPS, ESCA/AES, CHA, Specs model EAL10 plus), Fourier transform infrared
spectroscopy (FTIR, Bruker Tensor 27, resolution of 1 cm™ in transmission mode), tunneling
electron microscopy (TEM-Philips model CM120), vibrating sample magnetometer (VSM,
Meghnatis Daghigh Kavir Co.) and dynamic light scattering (DLS, Malvern Instruments Ltd,

Worcestershire).
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Fig. 1 Schematic illustration of the proposed mechanism for magnetic Gr production, a representation of OH™ ions

between graphite sheets which increases the interlayer distance, b presence of the Cl ions between graphite sheets, ¢
Exfoliated Gr sheets under pressure due to Cl gas, d trapping Ni ions by Gr flakes and their movement towards Pt
electrode under electric field, e arrival of Gr and Ni ions to Pt and formation of Ni based elements. Gr-Ni
heterostructure composites are dried and dispersed in water.

3 Results and discussion

Figure 2 displays the XRD pattern of Gr-Ni sample compared with graphite. As can be seen, the
major diffraction peak of graphite at 20 = 26.31° indicates an interlayer d-spacing of 3.38 A, while
in the final sample the (002) diffraction peak is appeared at 26.16° with an interlayer d-spacing of
3.40 A. The slightly smaller 26 angle of exfoliated Gr with large d-spacing compared to that for
graphite suggests the Gr-Ni contains only a small amount of functional groups [49] In addition,
we speculate that as Ni crystals are entrapped within Gr flakes with dominated intensity in XRD
pattern, any signature of Gr in XRD is undetectable [54]. There are some diffraction peaks that
belong to Ni(OH)2. Those peaks at 26 = 18.76°, 20 = 32.80°, 20 = 38.19°, 20 = 62.32°, 20 = 69.28°
and 26 =72.55° belong to (001), (100), (101), (111), (200) and (201) planes of the B-phase (JCPDS
No: 001-1047) [61]. Peaks at 20 = 44.1° and 51.58° correspond to (111) and (200) planes of face
centered cubic (fcc) Ni with lattice constant of 3.54 A (JCPDS No: 001-1258). Peaks at 26 = 58.72°
is related to (012) plane of hexagonal structure of Ni (JCPDS No: 045-1027). The monoclinic



crystalline NiCl(H20)e phase has two main peaks at the diffraction angles of 15.88- and 64.49-
(JCPDS No: 073-0496) which are related to the initial salt used in experiment. The average crystal
size of deposited Ni and Ni(OH). nano-crystals calculated based on Scherrer equation were found

at 43 and 32 nm, respectively, values are close to those observed in TEM images that will be

explained later.
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Fig. 2 XRD results of a Gr-Ni sample and b graphite foil.

High-resolution XPS spectra of Gr-Ni structures are shown in Fig. 3 a, b. The C 1s (Fig. 3a) and
Ni 2p (Fig. 3b) peaks were decomposed into multi-peaks analyzing with distribution of C—C/C—
0O/C=0 and Ni—O/ Ni—OH bonds [62]. Results of XPS measurement are very briefly discussed
here and we leave detail analyses of this measurement in the supplementary note. The peak data
are presented in Table 1. Most of peaks related to Ni 2p show presence of Ni(OH). and Ni-oxides
and no Ni, contrary to those seen in XRD measurements. The former statement reconfirms the
presence of Ni compounds at surface of layers which is expected as the XPS is able to probe the
surface only. Therefore, these analyses together with those peaks in XRD potentially suggest that
Ni-crystals are sandwiched between flakes and other crystals which remain electrochemically
stable, as reconfirmed by magnetization measurements. The Raman scattering is a well-accepted
characterization method for evaluating the structure of initial used graphite foil and Gr-Ni

structures. The Raman spectra clearly show peaks at the wave numbers of 1583, 1358 and 2705



cm?, indicating the presence of the G peak, D peak and 2D band characteristics of Gr, respectively
(Fig. S2), hence the incorporation of Gr in the Gr-Ni composites. Further details of XPS
measurement results together with FTIR also Raman measurements are addressed in

supplementary details. They show decreasing layer number of initial graphite foils and sign of
presence of Ni-based layers in the final sample.
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Fig. 3 XPS of Gr-Ni sample a C1s core-level and b Ni 2p core-level.

Table 1 Peak positions and FWHM values from high-resolution XPS spectra of C 1s and Ni 2p core level of Gr-Ni

sample.
ol cts cls cts Ni2ps2(Ni?")  Ni2pa2(Ni**)  Ni2pi(Ni%*)  Ni2pyo(Ni*)
(C-Al) (C=C) (C-0) (C=0)
B.E. 855.9 873.6
ev) 2825 2848 2859 278.6 853.7 857.4 871.9 875.1
FWHM 2.3 1.8
V) 2 1.3 1.7 4.1 1.9 2.7 1.9 1.7

TEM image of Gr-Ni samples shown in Fig. 4a represents crumpled Gr layers decorated with
particle-like elements. There are spherical and hexagonal structures and other crystal geometries
which some are rolled up (shown by arrows) are presumed to be related mainly to Ni and Ni-based

nano-crystals (Fig. 4b). Also XRD results prove that fcc and hexagonal structures of this Ni based



elements are formed. Comparing all features dictates small thickness of such crystal, as they look
to have thin planar geometry. The nano-crystals (Ni, Ni(OH)., Ni-oxides) are randomly distributed
on Gr sheets which are supposed to be the reason of their superparamagnetic like response. The
size of nano-crystal is obtained by TEM and XRD patterns in range of 30-40 nm. The brightness
of Gr sheets appearing in these images shows their small thickness. The image in Fig. 4a shows
micron boundary size formation of Gr sheets which is in agreement with DLS result that
determined to be about 1.2 um in the solution. We can conclude that our one-step fabrication
method, reported for the first time, is capable of yielding Gr/(magnetic nano-crystal)

heterostructures.

Fig. 4 TEM images of a micron boundary size of Gr sheets and b different geometry of Gr-Ni samples.

As depicted in Fig. 5, we performed magnetic measurements of the Gr—Ni composite by VSM at
room temperatures. Those Ni-crystals distributed between Gr flakes have small interaction and
hence sample shows superparamagnetic-like response, similar to many reports [63,64] which have
been reported superparamagnetic behavior in nanoparticles with sizes bellow 100 nm. The
magnetic moment of approximately 1 emu/g, not though large, confirms contribution of Ni content
as none of Ni-oxide and Ni-hydroxide compounds have net magnetic moment at room temperature.

Interestingly, the magnetization changes a little for the same sample measured after one year



dictating electrochemical stability of this structure after leaving in air for a long time. As depicted

in inset, there are no indeed changes in coercive field in a small field interval.

0-81 0,006
0.6
S 0.a] 000
2 o
5 o2
-0.006
c
o 0.0 -100 0 100
I
N
5 -0.2
c
8 .04
g 0
06 — One year after
' — As prepared
-0.8

-7500 -5000 -2500 O 2500 5000 7500
Applid Field (Oe)

Fig.5 Room temperature VSM magnetization of Gr-Ni samples measured immediately and one year after. The inset

shows the low-field area.

These Gr-Ni crystalline composites are more similar to granular ferromagnetic (FM) metal/
nonmagnetic (NM) metal complexes that show granular GMR [65]. Positive linear
magnetoresistance (LMR) effect was seen earlier in Carbon (graphite) based Nix-Cix granular
composites [66] at large fields up to 5T at room temperatures. Here, Gr flakes contain FM Ni-
based nano-crystal 2D-plates distributed between Gr sheets as NM spacer, as represented
schematically in Fig. 6a. It is expected to observe negative GMR effect, similar to that recently
seen in single device [24] and contrary to the observed LMR in Nix-C1x. For GMR measurement,
2-point contacts placed on Gr-Ni palette sample and magnetic field applied between £1.2 kOe by
electromagnet. Results of GMR measurement is shown in Fig. 6b, represents absolute value of
GMR ratio to be ~0.5% against magnetic field. Here, similar to what is shown in Fig. 6a, resistance
is high at zero field originated from high spin scattering rate through magnetic cites as they are
randomly magnetized. Resistance decreases with increasing applied magnetic field as magnetic
cite are being ferromagnetically aligned and spin scattering rare decreases. We believe that our



result can address the applicability of using electrochemical exfoliation-deposition method for

developing magnetic graphene based materials in spintronic elements.

To provide insight to the behavior of GMR of the Gr-Ni sample, we describe the magnetic
properties of the system at first. From XRD and TEM results, Ni-crystals are nanometer in size
and they are single magnetic domain planar particles. For simplicity, we suppose that the coercivity

is negligible and there is no magnetic coupling (both exchange and dipolar) between magnetic

particles. The GMR in such systems is an even function of net magnetization (Mﬂ) and the GMR

ratio is given by [65]

(%) _ p(H) ~ Pmax — _AF (ﬂ)
p Pmax Mg

)
Where p(H) is the resistance of sample at a given field strength H and p,,,, IS the maximum
resistivity of sample, A is the magnitude of GMR, F(x) is an even function of x. Based on the first
order approximation [65], F = (M/M;)?2. Figure 6¢ shows the GMR ratio versus net magnetization
of the system. Filled black circles are experimental data extracted from GMR and magnetization
curves, for a given magnetic field. The GMR ratio is obtained by the magnitude of resistivity at
remanence. Red solid line is the fit of experimental data by equation (2). An excellent consistency
between experimental data and fitted curve occurs for A=0.05495 which leads to a MR% value of
0.5%. For a comparison, one can define a MR rate as

MR% _ MR% ©)
AH =~ Hpgy

T =

in which, MR% is the magnetoresistance ratio defined by Eq. 2 and AH = H,,,, is the maximum
field applied in the measurement. For our Gr-Ni crystalline composites we find a value of r =4.1

which is better than » = 2 for LMR reported on Nix-C1.x [66] at room temperature.
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Fig. 6 a Schematic illustration of magnetic elements on Gr sheets, and spin scattering through the system with or
without applied magnetic field, b GMR measurement against applied magnetic field and ¢ GMR versus

magnetization.

4 Conclusion

In conclusion, we demonstrate one step facile fabrication of Gr flakes decorated in face with
magnetic nano-crystals in heterostructure form. FTIR shows a number of oxygen functionalities
and this may be because of the residual functional groups in Gr. The Raman scattering address
lower number of layers for obtained samples rather than graphite foil and the peak located at (500
cm™1) in Gr-Ni structures is attributed to Ni(OH)2. Our final products, as seen in TEM images, as
in face to face stacking of Ni-metal/hydroxide elements with Gr sheets can be potentially useful

for many applications. Potential ability of such unique hybrid stack is explored as heterostructure



of FM/NM design for GMR element. The statement of randomly magnetized nano-crystals as spin
scatterers at zero field changes to that of well-defined scattering mechanism at higher field within
Gr flakes that interprets the GMR effect. We examined our final materials one year after their
production and have not seen significant changes in their magnetization, revealed by VSM,
dictating that they are highly stable materials for application in normal environment. Such air
stable material is highly promising for application of inkjet printed spintronic elements, and other
state of the art of Gr-based metal/semiconductor devices for electronics, energy harvesting and Gr-

metal-decorated wiring devices.
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