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Abstract

We report a simple and straight forward approach for the synthesis of Cu-Ni graphene hybrid
nano-composites. These nano-composites have been characterized by AFM, XRD, FTIR and
HRTEM. The characterization data clearly shows a uniform decoration of Cu-Ni nano-
particles on graphene layers. A thin film of these nano-composites was found to exhibit
unique electrical and photo-response properties, which may be attributed to photo-
thermoelectric and photovoltaic effects. The photo-current measurements indicate superior

light absorption and a long life time of this device.
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1. Introduction

-2 has fascinated sizeable

The optoelectronic properties of two-dimensional graphene
attention because of its unique band structure, electron-hole symmetry' and conversion of
photonic energy into photocurrent. Single layer graphene has a capacity to absorb ~ 2.3% of
incident radiation over a broad wavelength of light'. Moreover, one atom thick nano-

6, 7
1%

materials play a valuable role for its electronic*, thermal’, optica and mechanical®

applications. Hybrid forms of graphene have been used as a foundation for several

: . : 910 1 11,12
transformative technologies ranging from energy harvesting™ ", biosensors

, targeted drug
delivery'® ', flexible microelectronics'® and electromagnetic interference shielding'®. Semi-
metallic'” properties of hexagonal honeycomb graphene are useful for nanoelectronics'™ and
photon-electron conversion' in photovoltaic applications. However, the decoration of
metal/alloy on a nanostructured allotrope of carbon can expand their potential use for novel
applications'® such as, gas sensors®’, hydrogen storage'’and lithium ion battery*"*%. Tt is also
proposed that decorated graphene can also play a significant role in photonics® due to its
enhanced capacity to convert photonic energy into electronic excitation. Multiple evidences
in the literature have proved that multiple electron-hole pairs can be created from single
photon absorption during the photo-excited operation in decorated graphene derived
devices*. More recently, Dali Shao et al. have reported zinc oxide nanoparticle graphene
core shell based ultraviolet photo-detector with a very good photo-response and photocurrent
to dark current ratio”.

An ideal photosensitive material possesses either good absorption efficiency or long

26, 27

life time of photo-excited carriers Monolayer graphene derived photo-detectors have

low absorption thereby generating very few photo-carriers resulting in poor quantum

efficiency. On the other hand, metal nano-particle decorated graphene sheets are known to

28, 29

exhibit metal impurity controlled localisation properties , that are expected to influence
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the absorption efficiency as well as the life time of generated photocurrent carriers™. In
optoelectronics, electron-hole pair generation in semiconductor depend on excitation from
valance to conduction band, where density of state at Fermi level plays a significant role. In
case of metal doped graphene, combined properties of both semiconductor and metal are
inherited as its Fermi level is detuned away from the Dirac pointSO. In graphene, the
photovoltaic and photo-thermoelectric (PTE) mechanism take place via photocurrent
generation at the p-n junction formed near metal graphene contacts, thereby enhancing the
hot carriers in the system®" *2. Recent studies have observed that secondary hot carrier
generation in metal doped graphene occurs via PTE phenomenon, which can be controlled by
radiation-induced temperature gradient®. In these composites, the presence of disorder in
terms of defects, edge roughness and nanostructure considerably reduces the thermal
conductivity due to increased phonon scattering®, vacancies®” and substitutional impurities™.
This is an alternate strategy to reduce lattice thermal conductivity of graphene, either by
metal/alloy doping or their nanosized decoration leading to increase scattering centers®’ and

this phenomenon may promote creation of effective temperature gradient in doped graphene.

Bimetallic composites possess very exciting physical as well as chemical
applications™. Cu-Ni alloy as such possess some exciting properties™, like, low temperature
coefficient of expansion, low electric resistivity, thermoelectric property, good corrosion and
wear resistance etc. Theoretical evidences have shown that Ni has good cohesive energy,
strength and electronic structure, which can be correlated directly with graphene atomic
geometry®”. On the other hand, Cu has better electrical, thermal and optical properties
compared to Ni. The hybrid nature of both the elements combined together with graphene,
may turn out to be more suitable metal-graphene nano-composites for advanced

optoelectronic applications.
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In the present study, we demonstrate the synthesis, morphological characterization,
electrical and photo-sensitive response of Cu-Ni nano-particles decorated reduced graphene
sheets. The fabrication process employed is economical, fast and reproducible, wherein the
synthesis of Cu-Ni (Cu/Ni ratio 1:1, please see supplementary Fig. 2S) nano-particles and its
decoration on graphene takes place in situ. Simple chemical reduction chemistry has been
used for this purpose, where ammonia acts as complexing agent and hydrazine hydrate as a
reducing agent*'. We investigate the photo-response of Cu-Ni graphene hybrid nano-
composite in presence of white light (halogen lamp) as a photodetector. This hybrid nano-
composite shows improved light absorption and enhanced life time of photo-excited carriers.
2. Experimental
2.1 Materials

Graphene oxide (GO), used in the present study, was prepared in-house (CSIR-NPL,
New Delhi). Graphite powder (Ultra carbon, 99.99%) was used as a starting material to
obtain GO by using modified Hummer’s method*. Chemicals, namely, copper sulphate
(CuS0O45H,0), nickel chloride (NiCl,.6H,0), ammonia water and hydrazine hydrate
(NH,NH;.2H;0, 99.99% pure) were procured from Merck, India. This is a fast and simple
technique to fabricate the device rather than other expensive methods, but using this
technique it is very difficult to control the number of graphene layers for a direct comparison

with other similar devices.

2.2 In-situ synthesis of Cu-Ni nanoparticles on graphene oxide by electroless technique
A homogeneous mixture of CuSO4.5H,0 and NiCl,.6H,0 (molar ratio 1:1, 0.5g each)

was prepared in de-ionized (DI) water with constant stirring at room temperature. Solution of

liquid ammonia was added as a complexing agent in the above mixture to form a complex of

copper [Cu(NH;)s]*" and nickel [Ni(NH;)s]*" and stirring was continued. In this mixture,
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dispersed GO was added and the temperature was maintained to ~ 60-70°C. Hydrazine
hydrate (10ml) was then added as a reducing agent41 to form reduced graphene (r-graphene)
and r-graphene was allowed to interact with Cu and Ni complexes. This reaction was
allowed to continue (~2hrs) for the growth of Cu-Ni nano-particle on r-graphene surface.
The resulting Cu-Ni nano-particles decorated r-graphene hybrid nano-composite (referred as
Cu-Ni GrHNC in subsequent discussion) and r-graphene (as such) was used for further
characterization.
2.3 Device fabrication for electrical and photoconductivity measurements

A drop casting method was used to form a thin film of Cu-Ni GrHNC on SiO,
substrate. First, SiO, substrate was cleaned and heated to 120°C on hot plate. Drops of Cu-Ni
GrHNC suspended in ethyl alcohol were deposited and allowed to evaporate in a fume hood
for 20-30 minutes®. Silver paste was used to make source and drain contacts on this film for
electrical and photoconductivity measurements.

2.3 Material Characterization

Phase identification and crystallite size measurements were carried out by X-ray
powder diffraction (XRD) (Rigaku, MiniFlexIl) and Fourier Transform Infra-Red
Spectroscopy (FTIR, model Nicolet-5700). The surface morphology was studied using
Atomic Force Microscopy (AFM, model Multimode-V, VEECO). High resolution imaging
was done using transmission electron microscope (TEM, FEI, Tecnai T30) to investigate the
microstructural characteristics and crystallographic orientation. A film of r-graphene and Cu-
Ni GrHNC was also prepared using drop casting method on quartz slide for Raman analysis
(Macro Raman, Renishawin Via) with 514 nm laser for excitation. The photo-response and
electrical characterization of Cu-Ni GrHNC under dark and white light (halogen lamp) were
carried-out using Keithley-2400 source meter.

3. Results and discussions
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The synthesis mechanism of Cu-Ni GrHNC has been schematically shown in Fig.1.
The AFM image of synthesized GO (see Fig. 2A) shows a topographic height of 0.83 nm,
suggesting that it comprises of about two graphene layers**. Fig. 2B shows the atomic scale
HRTEM image of r-graphene with inter-planar spacing of 3.1A. Inset of Fig. 2B shows the
TEM image of single, double and triple layered r-graphene (marked by arrows). The X-ray
diffraction patterns of synthesized GO, r-graphene and Cu-Ni GrHNC are plotted in Fig. 2C.
The hump observed in GO at 20 = 20-30° clearly indicates the presence of nanosized
hexagonal graphene. An additional peak at 26=12° marks the existence of GO which
disappears in case of r-graphene, thereby confirming complete conversion of GO to r-
graphene. The characteristic peaks representing FCC structure of Cu-Ni alloy are seen at 26
=43.74°, 50.99°, 75.03° with a crystallite size of ~ 1 1nm (calculated using Hall-Williamson

techniques with 111, 200, and 220 planes)45.
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Figure 1: Schematic showing mechanism for synthesis of Cu-Ni nano-particle decorated

reduced-graphene hybrid nano-composite (Cu-Ni GrHNC)
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The Fig. 2D shows the FTIR spectra observed for GO, r-graphene and Cu-Ni GrHNC. In case

of GO, the peaks at position 865, 1038, 1623, 1711, and 2923 cm’! corresponds to -C-H, -C-

0O-C-, C=C- (for aromatic), -C=0O (a,p unsaturated keton) and —C-H (cycloalkane),

respectively (marked in the figure). However, for r-graphene and Cu-Ni GrHNC no such

additional peaks were observed suggesting that the

prominent functional groups®'.

chemical reduction removes most of the

—Cu-Ni GrHNC
r-graphene
—— Graphene Oxide
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Figure 2 : (A) AFM image of graphene oxide (GO) and height profile (inset); (B) HRTEM of

reduced graphene (r-graphene) and its low magnification TEM (inset) indicating three layers

of graphene; (C) X-ray diffraction patterns and (D) FTIR spectra observed for GO, r-

graphene and Cu-Ni GrHNC
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The crystallographic structure of Cu-Ni GrHNC was determined by TEM and these
microstructures are shown in Fig. 3A. The inter-planar spacing of r-graphene and Cu-Ni
alloy are observed to be 3.1 and 2.1 A, respectively, as seen from the atomic scale image
(Fig. 3A) of Cu-Ni GrHNC. The size of the Cu-Ni nano-particles was observed to be around
8nm. The selected area electron diffraction (SAED) pattern, shown in the left inset of Fig.
3A, reveals that the entire plane is a single crystalline hexagonal lattice with 110 planes of
graphene and the corresponding ring patterns are generated due to polycrystalline Cu-Ni
nano-particles. The low magnification TEM image (right inset of Fig. 3A) depicts a dense
network of Cu-Ni nano-particles uniformly decorated on r-graphene.

The physical and chemical nature of Cu-Ni GrHNC and r-graphene, investigated by
Raman spectroscopy, are shown in Fig. 3(B-C). Two prominent bands were observed in both
spectra at 1587 cm ™' and 1354 cm ™' corresponding to G and D band, respectively, confirming
the presence of graphene derived carbon material. It can also be inferred from this figure that
the intensity ratio (Ip/Ig) decreases from 1.63 for r-graphene to 1.45 for Cu-Ni GrHNC. This
may perhaps be due to the electron doping in graphene honeycomb structure, which is
responsible for local defects and disorder, thereby creating an effective change in E2g photon
corresponding to sp2 atoms (G band) and k-point photon of Alg symmetry (D bands)*.
Raman shift peaks at 2697 cm™' (2D band) and 2940 cm™' (D + G band) indicate a complete

reduction of GO into r-graphene.
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Figure 3: (A) Atomic scale HRTEM images of Cu-Ni GrHNC. Lleft and right insets show
SAED patterns and low magnification TEM image, respectively. Raman spectra observed for
(B) Cu-Ni GrHNC and (C) r-graphene

The photo response of Cu-Ni GrHNC is shown in Fig.4. The inset of this shows the I-
V curves of r-graphene (blue curve) and Cu-Ni GrHNC (red curve) at room temperature. The
linear nature of [-V curves is typical of ohmic behavior and the same is observed for both r-
graphene and Cu-Ni GrHNC. A marginal change observed in the linearity of I-V curve
indicates that Cu-Ni doped graphene is more metallic than r-graphene. It was observed that
Cu-Ni GrHNC exhibits a quick photo-response when illuminated under white light (halogen
lamp). The photo-response of biased (5.0V) device was recorded to be ~ 0.27 mA at 2.1
mW/cm?, which increases to ~ 0.53 mA when the power of halogen lamp is changed to 5.9
mW/cm?®. The origin of photo-current generation, as seen from the photo response (Fig. 4) of
Cu-Ni GrHNC, may be attributed to temperature gradient across two different materials, i.e.
Cu-Ni alloy and r-graphene, due distinct difference in their thermoelectric coefficients. It has
also been reported earlier, that conductive two dimensional honeycomb carbon material is
highly photosensitive at metallic contacts® when metallic nano-particles are decorated on
graphene layers. The photo-thermoelectric response of metal doped graphene through hot
carrier transport®, suggests that graphene-metal contacts are capable of generating a sizeable
photocurrent™.

Other phenomena contributing to photo-current generation are the midgap state band
(MGB) and multi excitation generation (MEG)®'. In graphene, the boundary and electron
scattering centers create a defect, which acts as a MGB™ trapping centers due to quantum
confinement. In the first photo-excitation, electrons move to valance band from conduction

band. These electrons then return to valance band by Auger recombination and impact

10
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ionization process and thus via this phenomena these electrons transfer excess energy to
another electron in valance band, which upon excitation move to conduction band. This
multi-excitation process results in generation of more and more secondary electrons. Finally,
the generated photo and secondary electrons get trapped in MGB** and may contribute as

charge carrier for photo-current generation.

Ir
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Figure 4: Photocurrent generated by Cu-Ni GrNHC device plotted as a function of time at
different powers, 2.1 and 5.9 mW/cm?, with constant bias voltage (5V). The inset shows I-V

characteristics of r-graphene and Cu-Ni GrHNC measured at room temperature.

The response time is an important property of the photodetector perforrnance53. The
observed growth and decay of photo-current at a constant power of 2.ImW/cm? and 5V bias
for thin film of Cu-Ni GrHNC are separately plotted in Fig.5 and the corresponding response
time is calculated. The growth (Fig.5A) data has been fitted using bi-exponential fitting
whereas, mono-exponential fitting®* is employed for decay (Fig. 5B). The equations used for

calculating the growth and decay response time are:

11
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t

I(t) =1, + Aje7 (H

t

](t) = Idark + A2e i (2)

where 4o« denotes dark current; A; and A, are scaling constant; T and t’ are growth and
decay time constants, respectively, and t refer to observation time when halogen lamp is
switched on and off. The decay and growth time constants have been extracted from the
experimental data using equation 1 and 2, respectively. The photocurrent growth (Fig. 5A),
can be explained by specifying three time constants. Initially, photocurrent rises very fast
with time constant T; = 0.84 sec followed by relatively slow growth (T2 = 31.73 sec). Later,
the photocurrent increases negligibly and appears to saturate. As the power is switched off, a
quick decay in current (to 1/e™ of its initial value) has been observed with T, = 2.22 sec,

which further decays slowly (t', = 93.19sec).
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Figure 5: (A) Measured growth of photocurrent as a function of time when Cu-Ni GrNHC
device was illuminated with 2.1 mW/cm® power along with its bi-exponential fitting (B)
measured decay of photocurrent as the power is switched off; the experimental data was fitted

using mono-exponential fitting

The growth time constant (t;) is found to be less than decay time constant (t’1), which
may be due to the electrons trapped in MGB and multi excitation process. We hypothesize
that the photo-thermoelectric phenomenon may also be responsible, where temperature
gradient is generated between graphene and metal nano-particles. Several studies support the
fact that graphene p-n junction works as a photodetector”. The photo-response is found to
depend on the generation of secondary photo-emission by Cu-Ni nano-particles produced via
photo-thermoelectric effect’® and multiple electron-hole pair generation in graphene by single

photonic excitation®” °'.

It has been observed that the photo-thermoelectric effect may
provide an useful insight to the majority charge carriers in Cu-Ni nano-particle decorated
hybrid graphene based nano-composite. However, the entire network of Cu-Ni GrHNC,
fabricated in the present study, behaves as a p-n junction at metal-graphene contacts

exhibiting an enhanced photocurrent generation and a quick response time, making it a

suitable candidate for future photovoltaic applications”.

4. Conclusion

We report the synthesis of Cu-Ni reduced graphene hybrid nano-composite by employing a
simple reduction chemistry process, which is quick and economical. The microscopy results
of synthesized r-graphene nano-layers confirmed a graphene honeycomb network. The
decoration of Cu-Ni nano-particles on r-graphene via chemical route show uniform

distribution. The electrical properties exhibit an ohmic behavior of Cu-Ni reduced graphene

13
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hybrid nano-composite and exhibited photosensitive response. The hybrid nano-composite is
found to be sensitive towards photon to electron conversion and total current variation of
0.537 mA has been measured. The photocurrent grows with time constant t;=0.83sec which
is less than initial decay time constant, t’,= 2.22sec, indicating superior light absorption and
long life time of device. Owing to the structure and improved properties it is suggested that
Cu-Ni nanoparticles decorated r-graphene hybrid nano-layers could be a promising material

for energy harvesting devices.
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