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Abstract: In this study, nitrogen-doped nickel graphene core cells (N-NiGR) are synthesized using the
thermal chemical vapor deposition method. The structural, morphological, and chemical composition
properties of N-NiGR are investigated using X-ray diffractometry (XRD), transmission electron
microscopy (TEM), and X-ray photoelectron spectroscopy (XPS), respectively. N-NiGR has shown
potential as a material that can assist charge carrier transportation in the photoactive a layer of planar
hybrid solar cell (PHSC) owing to its high charge carrier mobility and stability with the solution
process. Here, we investigated for the first time an enhancement of the solar cell efficiency (by up to a
2% increase) in PHSCs by incorporating the charge selective N-NiGR into the device’s photoactive
layer. Synthesized N-NiGR with different concentrations are incorporated into the active layer of the
devices as charge transport material. The device structure of an ITO-coated glass/Hole transport
layer/(PBT7+N-NiGR+SnS)/Electron transport layer/Cathode is fabricated and the maximum power
conversion efficiency of the device was observed to be about 4.35%.
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1. Introduction

Colloidal quantum dots (Qdots) are wet solution-synthesized nanoparticles of most
any semiconductor materials, and their optical electronic properties are tunable by the
shape, size, and surfactant. Conventionally, Qdots are prepared as colloids in organic
solvents using the hot injection method [1]. Initial investigation of the Qdots-based photo-
voltaics involved planar hybrid solar cells (PHSCs) of CdSe nanocrystals with conducting
polymer poly(3-hexylthiophene) (P3HT) as the p-type material [2]. Recently, many types of
Qdots have been synthesized, such as CdS, CdSe, PbS, PbSe, and SnS, and have been used
in the development of hybrid solar cells [3-5]. Tin sulfide (SnS and SnS,) quantum dots are
the first class of solution-processed semiconductor nanoparticles that are used as acceptor
materials in thin film solar cells with high-conducting polymers. However, the device
efficiency was still low for many reasons, such as the presence of surface-related defects,
trap states, and charge trapping [6-8]. Low charge carrier mobility and low Ohmic contact
between the photoactive layer and the electrodes are the main factors to the underlying
low efficiency of device performance. To address these problems, several materials, such as
MoOs3, NiO, V,0s5, and WO3, have been used as hole transport buffer layers (HTBL) [9].

Graphene is an appropriate material to add into a solar cell’s photoactive layer because
of its high charge mobility, solution processability, and thermal stability [10-13].
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The incorporation of graphene oxide (GO) (or reduced-GO) as a HTBL system has
been applied to organic solar cells [10]. The incorporation of GO (or reduced-GO) into
HTBL plays an important role in increasing the power conversion efficiency and stability
of the organic polymer solar cells. The authors concluded that the solution-processed GO
incorporated into HTBL is a promising interfacial material for use in organic photovoltaics.

When the nitrogen-doped graphene is incorporated in the photoactive layer
(N-GR/polymer:PCBM), it provided a penetration pathways of charge carriers through
the modulation of the band gap structure, which led to an improvement of the device
efficiency [11]. The number of electrons transported in the active layer is higher than the
number of holes transported. The incorporation of N-GR for better electron transport makes
the overall charge transport more imbalanced, and the extraction of electrons prevented
the recombination of electrons and holes.

Recently, nickel graphene (NiGR) core-shell nanostructures were synthesized and
added to the composite layer of the inorganic planar hybrid photovoltaic [12,13]. The solar
cell device with NiGR showed a better performance because NiGR was used as an electron
transport material, supporting electron transport between n-type inorganic materials. The
incorporation of NiGR enhanced the power conversion efficiency of the hybrid solar cells
owing to the higher charge carrier mobility of the nickel graphene core-shell (NiGR) with
carrier charge selectivity.

In this study, nitrogen-doped nickel graphene core-shell (N-NiGR) was synthesized and
characterized. The chemical composition of graphene in the NiGR CSNPs was investigated
using the Raman spectroscopy technique. The synthesized Ni-NGR was applied to planar
hybrid solar cells as an electron transport material. Tin sulfide (SnS) was used as accep-
tor material and poly [4,8-bis(2-ethylhexyloxyl) benzo[1,2-b:4,5-b']-dithiophene-2,6-diyl-alt-
ethylhexyl-3-fluorothieno[3,4-b] thiophene-2-carboxylate-4,6-diyl] (PBT7) was used as donor
material. The device with a structure of ITO-coated glass/PEDOT:PSS/(SnS+N-NiGR+PBT7)
/7ZnO/E-Galn was fabricated.

2. Materials and Methods
2.1. Nitrogen-Doped Ni-Graphene Core-Shell Nanoparticles Preparation

The effects of the NHj3 flow (0, 150, 200, 250, and 300 sccm) on the formation of
graphene shells on Ni NPs were studied to evaluate the properties of the nitrogen-doped
core-shell structure. The NiO NPs were selected for a short synthesis time of graphene shell
formation of ~1 min at high temperature (~1000 °C). The nitrogen-doped Ni-graphene CSs
were synthesized by thermal chemical vapor deposition on NiO NPs using a gas mixture.
The gas mixture comprised carbon source gas (CoHy), carrier gas (Ar), reduction gas (Hy),
and nitrogen doping gas (NH3). An alumina boat (40 mm x 120 mm X 10 mm) loaded
with NiO nanoparticles was placed on the side (non-heated cooling zone) of a quartz tube
furnace, and the furnace was pumped down to 0.67 Pa. After increasing the temperature
up to 1100 °C, a gas mixture of C;H; (20 sccm), Ar (500 scem), and H; (500 scem) was
introduced into the heated furnace. At the same time, to control the nitrogen doping ratio,
NH; was used with volumes of 0, 150, 200, 250, and 300 sccm, respectively. The synthesis
time of N-NiGR CSNPs was 60 sec for all synthesis condition. After synthesis, the NiGR
NPs were rapidly moved to a cooling zone at room temperature under a gas mixture of Hp
and Ar.

2.2. Characterization of Nitrogen-Doped Ni-Graphene CSNPs

The structural property analysis of the nitrogen-doped Ni-graphene CSNPs was
performed by X-ray diffraction (PANalytical MPD). The XRD analysis was measured
using 0-20 mode in the range 10° < 20 < 80° by scanning in increments of 0.01°. The
surface bonding states of the nitrogen-doped Ni-graphene CSNPs were performed by
X-ray photoelectron spectroscopy (ThermoFisher, KA1149). The Raman analysis (Thermo
Scientific Nicolet Almega XR) was performed with 532 nm wavelength incident light and
the vibrational properties of the N-NiGR CSNPs were evaluated. The surface morphology
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and microstructure of the nitrogen-doped Ni-graphene CSNPs were obtained using a
transmission electron microscope (FEI Tecnai G2 F20).

2.3. The Electron Transfer Layer Preparation for Planar Hybrid Solar Cells Application

The N-NiGR (at 300 sccm) NPs with different weights were added to 3 mL of chloroben-
zene (CB) and stirred overnight. Then, a mixture of SnS+ PBT7 (weight ratio (1:4), loading
amount: 10 mg/mL) in CB-N-NiGR NPs solvent was prepared. The composite films ((IN-
NiGR) + SnS + PBT7) were coated on top of the PEDOT:PSS layer (2000 rpm, 60 s). The planar
hybrid device with a structure of glass/ITO/PEDOT:PSS/(PBT7+N-NiGR+5nS)/ZnO/E-
Galn was fabricated. A hole transport layer of PEDOT:PSS (~70 nm) was deposited on
the glass/ITO (4000 rpm, 30 seconds) and dried at 100 °C for 30 minutes. The thin layer
of (SnS+N-NiGR+ PTB7) was deposited onto the glass/ITO/PEDOT:PSS layers (2000 rpm,
60 seconds) then dried at 140 °C for 30 min to form the composite layers. Finally, the cath-
ode (E-Galn) was coated using a none vacuum method to complete the cell structure of
the Glass/ITO/ /PEDOT:PSS/(PBT7+N-NiGR+5nS)/ZnO/E-Galn. The device’s parameters,
such as the short circuit density (Js), fill factor (FF), open circuit voltage (Voc), and power
conversion efficiency (PCE) were measured using a solar simulator (Keithley 69911) under
AM1.5G illumination conditions.

3. Results and Discussions

XRD measurements were performed to study the structure and phase composition
of synthesized N-NiGR CSNPs samples according to the NHj flow amount. The XRD
pattern results of the nitrogen-doped Ni-graphene CSNPs, synthesized at different NHj
flow amounts, are shown in Figure 1a. Before the graphene CS synthesis of Ni-graphene
CSNPs (bottom figure in Figure 1a), the NiO had a phase structure with crystal planes of
(111), (200), (220), and (311) corresponding to the peaks of 37.2°, 43.3°, 62.8°, and 75.3°,
respectively, which is in accordance with that of the standard spectrum (JCPDS card no.
47-1049). After the graphene CS synthesis of Ni-graphene CSNPs, the characteristic peaks
of the NiO planes disappeared, and Ni crystal planes appeared for all Ni-graphene CSNP
samples prepared at NHj; flow rate amounts of over 150 sccm. These transformations in the
XRD pattern results indicate the changes of crystallinity and phase due to the reduction by
Hj annealing at high temperature in NiO NPs [14,15]. The diffraction peaks were located at
44.4°,51.8°, and 76.3°, which are respectively attributed to the (111), (200), and (220) of Ni
planes in the face-centered cubic phase of crystalline Ni (JCPDS card no. 04-0850). When
the NHj (0 sccm) flowed, the Ni-graphene CSNPs was confirmed to be a carbon peak. The
diffraction peaks located at 26.5° can be attributed to the (002) crystal plane of the graphitic
structure (JCPDS card no. 41-1487); the (002) carbon peak refers to a crystalline carbon
structure such as graphite, carbon nanotubes, or graphene sheets [16,17]. The carbon (002)
peak was not confirmed by the NHj flow amount. Figure 1b shows the (111) peak of Ni
diffraction peak positions. The XRD diffraction peaks of NH3 flowed Ni-graphene CSNPs
showed additional peaks with a negative shift of 0.1° from the pure Ni metal peaks. These
additional shift diffraction peaks, which are due to the expansion of the Ni crystal lattice,
provide further evidence for the incorporation of N atoms by NHj into the crystal lattice of
the Ni metal [18]. Additional peaks by these N atoms were also confirmed as Ni (200) and
(220) peaks.

Figure 2 depicts the N 1 s of XPS spectra for the N-NiGR core-shell particles synthesized
according to the NHj flow amount. The N 1 s XPS spectra intensity and area gradually
increased with an increasing of NHj flow amount, as shown in Figure 2a. This means that
there are various carbon bonds by nitrogen in the NiGR CSNPs, and there are variations
in the contained quantity of each bond upon changing the NHj3 flow amount. There
are five possible N-C bonding configuration groups of N-doped graphene, and these are
classified as quaternary (or graphitic), pyrrolic, oxidated-N, nitrile-N, and pyridine nitrogen
bonding [19]. Quaternary carbon bonding is by a nitrogen atom that substitutes for carbon
atoms position in the carbon hexagonal rings. The pyrrolic carbon bonding is done by a
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nitrogen atom that substitutes into the five-membered ring and contributes two p electrons
to the 7t system, while pyridine carbon bonding is by a nitrogen atom that substitutes
within the two carbon atoms position at the edges or defects of graphene and contributes
one p electron to the 7t system [20,21]. Under non-NHj3 flow amount, the Ni-graphene
CSNPs were not confirmed to have all three kinds of nitrogen bonding. The Ni-graphene
CSNPs synthesized according to the a NHj flow amount contain all three types bonding
by carbon and nitrogen atoms, as shown in Figure 2b. Among these bonds, pyrrolic and
pyridine carbon-nitrogen bonds are noticeably increased in a NH3 flow of over 150 sccm.
The ratio of quaternary nitrogen bond increased for a NHjz flow of 300 sccm compared to
different NH3 flow amount. Figure 2c shows the total concentration of nitrogen compared
to carbon for synthesized NiGR CSNPs according to the NHj3 flow amount. The nitrogen
concentration in synthesized NiGR CSNPs gradually increased with an increasing NH3
flow amount. This means that synthesized N-NiGR CSNPs have various carbon bonds
between carbon and nitrogen atoms, and there are variations in the N/C concentration
of each carbon bond upon changing the NH3 flow amount. Thus, the changing of the
NHj; flow amount significantly impacts the N-doping concentration of the synthesized
Ni-graphene CSNPs.
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Figure 1. (a) XRD patterns of the nitrogen-doped Ni-graphene CSNPs synthesized at different NH3
flow amounts and (b) magnification and peak separation of Ni (111) peak positions in Figure 1a.

The purity of graphene layers in the synthesized N-NiGR CSNPs was obtained using
the Raman spectroscopy technique. Figure 3 shows the Raman spectroscopy result of the
synthesized N-NiGR CSNPs according to the NH3 flow amount. Bands in the range of
2400-3230 cm ! correspond to the overtone modes of the D- and the G-bands of sp2 carbons
bonds. The main components of the carbon material sp2 bond in the Raman spectra was
confirmed to be the D-band (~1350 cm 1) and G-band (~1580 cm ™). The vibrations of the
six-membered rings in carbon bonds are related to the D-band, whereas the vibrations of the
C=C chain clusters are related to the G-band. The 2D bands at ~2700 cm ! are the result
of second-order Raman scattering at almost twice the frequency of the D-band [14,22]. The
intensity ratio of D- and G-bands (Ip/Ig) has been widely used as an indicator of the degree
of disorder in various carbon materials. The Ip /I appears in direct proportion to the degree
of disorder and is inversely proportional to the crystallinity in carbon materials. Figure 3b
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shows that I /Ig increases with an increasing NHj3 flow amount, indicating a decrease in the
degree of crystallinity of the graphene layers in the synthesized N-NiGR CSNPs. This is due
to the doping effect in graphene layers by nitrogen atoms. The nitrogen atoms bind to the
carbon bonds and result in a decrease in the degree of crystallinity of the graphene layers in
the synthesized N-NiGR CSNPs. The intensity ratio of the 2D and G peaks (I;p/Ig) depends
on the number of graphene layers [14,23]. Typically, the I,p/Ig ratio is ~2-3 for monolayer
graphene, 2 > I,p /I > 1 for bilayer graphene, and I,p/Ig < 1 for multilayer graphene [14].
An Ip/Ig of ~0.8 is reported to correspond to a few-layered graphene [14,24]. The I,p/Ig
ratio of the N-NiGR CSNPs decreases from 0.79 to 0.43 with an increasing NHj3 flow amount
(Figure 3c). This indicates that the number of graphene layers increases according to the
increasing NH3 flow amount in the synthesized N-NiGR CSNPs.
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Figure 2. (a) N 1 s XPS spectra of the nitrogen-doped Ni-graphene CSNPs, (b) peak area according to
nitrogen bonding, and (c) N/C ratio for different NH3 flow amounts.

Figure 4 depicts the TEM and C, N, and Ni mapping images of the N-NiGR CSNPs
at an NHj3 flow amount of 300 sccm. Figure 4a shows a low-resolution image of N-NiGR
CSNPs, and the inset of Figure 4a clearly shows a high-resolution image of N-NiGR CSNPs
surface. The Ni NP of synthesized N-NiGR CSNP was wrapped with multiple layer (12 layer)
graphene. The distance between two graphene layers is approximately 0.34 nm (Figure 4a
inner box), which is agreement with the theoretical interlayer distance of (002) planes of
hexagonal graphite (d002 = 0.335 nm) [14,25]. The size of Ni NPs inside N-NiGR CSNPs and
the number of layers of graphene on the Ni NPs surface were not uniform even in synthesized
N-NiGR CSNPs at the same NHj flow rate.

The transmission electron microscope and high-resolution (HR-TEM) images of Ni-
NGR CSNPs are shown in Figure 4a, revealing the successful preparation of high-quality
Ni-NGR CSNPs. Figure 4b—e further shows that the elemental mapping of nanostructures
confirms the uniformity of the Ni-NGR nanocrystalline structure. The chemical composition
and structural properties were investigated in the above results using XPS, Raman, and
XRD, and confirm the uniform distribution of N elements throughout the N-NiGR CSNPs.
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Figure 3. (a) Raman peaks of the synthesized nitrogen-doped Ni-graphene CSNPs with different
NHj3 flow amounts, (b) the intensity ratio of the D- and G-bands, Ip /Ig, and (c) the intensity ratio of
the 2D- and G-bands, I,p/Ig.

Figure 4. (a) High resolution (H-TEM) image, and (b-e) elemental mapping of the N-doped Ni-
graphene CSNPs for an NH3 flow amount of 300 sccm.
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The synthesized N-NiGR NPs with different concentrations were applied to planar hybrid
solar cells as electron transport material, as shown in the Figure 5 and Table 1. Figure 5 depicts
the J-V curves characterization of the device without and with N-NiGR NPs with different
of loading amount (wt%). The cells with a structure of Glass/ITO/PEDOT:PSS/(PBT7 +
N-NiGR + SnS)/ZnO/ E-Galn depict an efficiency of 1.53% (Jsc = 3.40 mA /cm?) for devices
without N-NiGR, 2.12% (Jsc = 4.40 mA /cm?) for devices with N-NiGR (0.25 mg of wt.%), 3.78%
(Jsc = 6.80 mA /cm?) for devices with N-NiGR (0.5 mg of wt.%), 4.35% (Jsc = 7.60 mA /cm?)
for device with N-NiGR (0.75 mg of wt.%), and 3.16% (Jsc = 6.30 mA/ cm?) for devices with
N-NiGR (1 mg of wt.%).
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Figure 5. (a) Cell’s structure of Glass/ITO/PEDOT:PSS/(SnS + PBT7 + N-NiGR)/ZnO/ EGaln and
(b) the J-V curves of the cell without and with N-NiGR NPs with different of concentration (wt.%).

Table 1. Device parameters such as PCE (power conversion efficiency), Voc (open circuit voltage), Jsc
(short circuit current density), and FF (fill factor) from J-V characteristics without and with different
of N-NiGR concentration under illumination at 100 mW /cm?.

Device Structure (m A{}tmz) X}’; (lj/f) (]::,Zf)
Without N-NiGR 341 0.73 61.70 1.53
With N-NiGR (0.25 mg) 4.42 0.73 67.0 2.12
With N-NiGR (0.5 mg) 6.80 0.77 71.2 3.78
With N-NiGR (0.75 mg) 7.61 0.77 72.1 4.35
With N-NiGR (1.00 mg) 6.32 0.77 66.4 3.16

Figure 5 shows that the efficiencies of the cell were increased from 2.12 to 4.35% as the
concentration of N-NiGR varied from 0.25 to 1 mg. The PCE values of these cells were also
larger than that of the cell using the (PBT7:5nS) layer without N-NiGR NPs. The results show
that the N-NiGR NPs, which functioned as the electron transport material that supported the
improvement in the electron transport between the tin sulfide molecules, led to an improvement
of the penetration pathway and charge transport rate, and a decrease of the recombination at
the electrode, thus, improving the cell performance was improved [11,26-28]. The cell PCE was
enhanced because of the increase of the current density from 4.40 to 6.30 mA /cm?.

We have fabricated SnS quantum dots solar cells based on an N-NiGR/PBT7/SnS
hetero-junction structure with a PCE of up to 4.35%. This is the highest achieved efficiency
value of SnS solar cells, compared with a recorded efficiency of 3.0% which was reported
by Dong Ding et al. [6]. The performance of the devices was found to be enhanced by the
incorporation of N-NiGR, which functions as electron charge transport material. Further,
the low band gap polymer as PBT7 was used as light absorption material, which can
improve of the optical property of the device’s active layer.
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4. Conclusions

The N-NiGR NPs were successfully synthesized, characterized, and applied to the
SnS/PBT7 planar hybrid solar cells as electron transport material. The device with N-NiGR
NPs showed a larger PCE than the device without N-NiGR NPs. The device with 0.75 mg of
N-NiGR NPs showed a highest power conversion efficiency of about 4.35% (Vo = 0.77 (V),
Jsc = 7.60 mA /cm?; FF = 72). We believe that the incorporated functionality of charge selectiv-
ity in conductive nitrogen graphene gives a better penetration pathway of charge carriers to
increase the efficiency of hybrid planar solar cells by further optimizing the device nanostruc-
ture. Furthermore, N-NiGR NPs can be used as an electron transport material for other kinds
of solar cells, such as organic solar cells and perovskite solar cells, and these are discussed in a
future report.
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