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Editorial

Editorial for Special Issue “Functional Graphene-
Based Nanodevices”

Qijin Cheng 1,* and Jian Zhou 2
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jianzhou@hnu.edu.cn
* Correspondence: qijin.cheng@xmu.edu.cn

As a typical ultra-thin two-dimensional nanomaterial, graphene has many excellent
properties, including, but not limited to, mechanical, optical, thermal and electrical prop-
erties. For example, it possesses a high Young’s modulus of 1 TPa, a high transmittance
of 97.7%, a high thermal conductivity of 5 × 103 W/m.K, and a high carrier mobility of
2 × 105 cm2/V.s [1–5]. In particular, owing to its distinct electronic properties, graphene
exhibits several electron transport phenomena, including the single-electron tunneling
effect, the electron coherence effect, and the anomalous quantum Hall effect [6–9]. These
unique properties endow graphene with a broad range of potential applications in transis-
tors, sensors, photodetectors, energy storage devices, solar cells, transparent conductive
electrodes, biomedicine, etc. [10–20].

This Special Issue, entitled “Functional Graphene-Based Nanodevices”, focuses on the
synthesis, modification and functionalization of graphene-based nanomaterials and their
applications in nanodevices. It contains ten articles, as outlined below.

Graphene-based transistors are considered in contribution 1,2. In contribution 1, the
integrated structure of a graphene single-electron transistor and nanostrip electrometer
is prepared using the semiconductor fabrication process; the transistor is able to deplete
the electrons in the quantum dot structure at low temperatures, while the nanostrip elec-
trometer coupled with the quantum dot can be used to detect the quantum dot signal. In
contribution 2, the use of trilayer graphene scrolls in the channel material of field effect
transistors for a self-powered tribotronics and mechanosensation matrix is reported; the
fabricated transistor is extremely stretchable, has excellent temperature sensitivity and
is highly transparent, while the fabricated mechanosensation matrix possesses the tactile
sensing properties of high sensitivity (1.125 mm−1), a rapid response time (~16 ms), and a
durable operation over thousands of cycles.

Graphene synthesis and its application in heterojunction photodetectors are considered
in contribution 3,4. In contribution 3, a remote plasma-enhanced chemical vapor deposition
is proposed to directly grow graphene nanowalls (GNWs) at a low radio-frequency power,
effectively enhancing the growth rate and reducing the number of structural defects; the
fabricated GNWs/HfO2/Si photodetector features a low dark current of 3.85 × 10−10 A,
with a responsivity of 0.19 AW−1, a specific detectivity of 1.38 × 1012 Jones and an external
quantum efficiency of 47.1% at zero bias. Contribution 4 reports a facile approach to the
selective synthesis of MoS2 on graphene via the application of laser-based photothermal
treatment, enabling the direct formation of graphene/MoS2 heterostructures; the fabricated
graphene/MoS2 photodetector is highly responsive to the incident pulsed light, with
excellent stability and reproducibility over multiple cycles.

Graphene-based energy storage devices are considered in contribution 5,6. In contri-
bution 5, a novel structure of lithium-ion capacitors (LICs), using LiBETI as the electrolyte
and a self-synthesized graphene/single-walled carbon nanotube composite as the cathode,
is successfully assembled; the fabricated LIC has excellent performance, with a specific

Nanomaterials 2024, 14, 417. https://doi.org/10.3390/nano14050417 https://www.mdpi.com/journal/nanomaterials1



Nanomaterials 2024, 14, 417

capacitance of up to 85 F g−1, a capacity retention of up to 72% after 10,000 cycles, and
a maximum energy density of 182.6 Wh kg−1 at a power density of 2678.0 W kg−1. In
contribution 6, high-performance graphene-based solid-state hydrogen storage devices are
created through the mechanical exfoliation of expanded graphite and functionalization
with palladium nanoparticles, revealing that the nanoparticle size and dispersion play a
crucial role in the uptake and release of hydrogen.

The applications of graphene in sensors are considered in contribution 7,8. Contri-
bution 7 reports a novel crossbeam structure with a graphene varistor protected by Si3N4
for nano/micro–electro–mechanical system (N/MEMS) mechanical sensors; this structure
substantially overcomes the poor reliability of previous sensors with suspended graphene.
The fabricated sensor displays excellent performance, with a gauge factor, sensitivity, hys-
teresis error, nonlinear error, and repeatability error of ~1.35, 33.13 mV/V/MPa, 2.0119%,
3.3622%, and 4.0271%, respectively. In contribution 8, a sensitive and rapid electrochemi-
cal method for the detection of paraquat in environmental water samples using a glassy
carbon electrode modified with vertically ordered mesoporous silica films and a nanocar-
bon composite is proposed; the proposed sensor has a superior analytical sensitivity and
anti-fouling ability compared with that based on the bare glassy carbon electrode.

The synthesis and relevant applications of graphene derivatives are considered in
contribution 9,10. In contribution 9, the optical characteristics (optical transitions, optical
bandgap, absorption coefficient, and absorbance spectrum width) of graphene oxide (GO)
and reduced graphene oxide (rGO) are investigated by tailoring the drying time and
reduction time at two different temperatures; importantly, the absorption coefficients of the
synthesized GO and rGO surpass those reported for exfoliated graphene dispersions by
two to three times. In contribution 10, a seeded emulsion polymerization is firstly employed
to synthesize polystyrene microspheres, and the uniform monolayer of the polystyrene
microspheres is prepared on the substrate via the dipping method; moreover, a single-
electron transistor is successfully fabricated based on self-assembled gold nanoparticles
and using the polystyrene microsphere template as a mask.

Overall, this volume provides a collection of selected papers addressing the synthesis
and relevant applications of graphene-based nanomaterials, and we hope that the readers
find this useful.

Conflicts of Interest: The author declares no conflicts of interest.
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Achieving High-Energy-Density Graphene/Single-Walled
Carbon Nanotube Lithium-Ion Capacitors from
Organic-Based Electrolytes

Hang Yin 1,2, Jie Tang 1,2,*, Kun Zhang 1, Shiqi Lin 1, Guangxu Xu 1,2 and Lu-Chang Qin 3
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2 Graduate School of Pure and Applied Sciences, University of Tsukuba, 1-1-1 Tennodai,
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Abstract: Developing electrode materials with high voltage and high specific capacity has always
been an important strategy for increasing the energy density of lithium-ion capacitors (LICs). How-
ever, organic-based electrolytes with lithium salts limit their potential for application in LICs to
voltages below 3.8 V in terms of polarization reactions. In this work, we introduce Li[N(C2F5SO2)2]
(lithium Bis (pentafluoroethanesulfonyl)imide or LiBETI), an electrolyte with high conductivity and
superior electrochemical and mechanical stability, to construct a three-electrode LIC system. After
graphite anode pre-lithiation, the anode potential was stabilized in the three-electrode LIC system,
and a stable solid electrolyte interface (SEI) film formed on the anode surface as expected. Meanwhile,
the LIC device using LiBETI as the electrolyte, and a self-synthesized graphene/single-walled carbon
nanotube (SWCNT) composite as the cathode, showed a high voltage window, allowing the LIC to
achieve an operating voltage of 4.5 V. As a result, the LIC device has a high energy density of up to
182 Wh kg−1 and a 2678 W kg−1 power density at 4.5 V. At a current density of 2 A g−1, the capacity
retention rate is 72.7% after 10,000 cycles.

Keywords: lithium-ion capacitor; graphene; asymmetric capacitor; LiBETI; three-dimensional structure

1. Introduction

Electrochemical energy storage devices, such as lithium-ion batteries (LIBs) and electric
double-layer capacitors (EDLCs), have made great strides in the past decade [1–3]. Commer-
cial LIBs can store energy densities of 150–200 Wh kg−1 [4,5]. However, their power output
(<1 kW kg 1) and lifetime (<10−3 times) are not as satisfactory as expected [6,7]. Conversely,
EDLCs can achieve power densities and lifetimes of >5000 W kg−1 and >100,000 cycles,
respectively [8,9]. However, the energy densities in EDLC with organic electrolytes are less
than 10 Wh kg−1 [10–12]. Therefore, combining the high energy density of batteries and
the high power density and cycle life of EDLCs, hybrid lithium-ion capacitors (LIC) have
received great attention in recent years [13–15].

In recent years, many efforts have been made to obtain higher energy-density LIC
devices for fabrication, cathode and anode electrode material synthesis and electrolyte syn-
thesis. Capacitor-type cathode materials are mainly composed of carbon-based materials
such as activated carbon [16], template carbon [17], graphene [18], and their composites.
Graphene-based carbon materials are widely used in LIC cathodes due to their unique two-
dimensional structure, porous structure, superior electrical conductivity, and much larger
specific capacitance. However, Graphene sheets can severely aggregate and reaccumulate,
decreasing capacity after several charge/discharge cycles. There have been many efforts to

Nanomaterials 2024, 14, 45. https://doi.org/10.3390/nano14010045 https://www.mdpi.com/journal/nanomaterials4
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solve this issue, and one effective method is to form 3D nanostructures by using carbon
nanotubes as spacers in the graphene sheet layers. This structure can provide enough space
for charge storage and numerous paths for ion transport [19,20]. For example, Xiao and
co-workers prepared graphene/CNT 3D composite structural materials using microwave
irradiation. When used as the cathode and anode of LIC, graphene/CNT showed a high
energy density of 232.6 Wh kg−1 at 226.0 W kg−1 [21].

The other factor that affects energy density and power density is the mismatch in
kinetics between the cathode and anode. Generally, the anode kinetics based on Li-ion
intercalation/ deintercalation is much slower than the cathode based on the EDLC model,
leading to lower energy densities at relatively high power densities [22]. This means that
when the power density is high, the energy density is low. Therefore, finding an electrolyte
that matches the kinetics of the cathode and anode is vital to address the high energy and
power density demands of LICs. Li[N(C2F5SO2)2] (LiBETI) has superior ionic conductivity
and capacity retention compared to conventional LiPF6 used in lithium-ion batteries [23].
In an LIC, superior ionic conductivity provides the reaction kinetics, and LiBETI can also
maintain the stability of the anode after pre-lithiation. So far, few reports have investigated
using LiBETI as an electrolyte for lithium-ion capacitors.

In this work, a 3D porous structure is achieved using SWCNTs as spacers inserted
into the graphene sheets. It can effectively prevent the stacking of graphene sheets. The
synthesized graphene/SWCNT composite is used as the LIC cathode, and the pre-lithiated
graphite is used as the anode to assemble a three-electrode system LIC device. The results
show that using LiBETI as the electrolyte, the LIC devices have better conductivity and
higher specific capacity than the general lithium salt electrolyte, such as lithium hexafluo-
rophosphate (LiPF6) and lithium difluorosulfimide (F2LiNO4S2 or LiFSI). Analyzing the
anode potential in the three-electrode system shows that the anode potential remains
almost constant at all charge and discharge voltages (at 3.8–4.5 V). It indicates that LiBETI
can make the anode form a stable SEI film. As will be described in detail in this report,
the hybrid LIC device has a high energy density of up to 182 Wh kg−1 and a 2678 W kg−1

power density at 4.5 V. At a current density of 2A g−1, the capacity retention rate is 72.7%
after 10,000 cycles.

2. Materials and Methods

2.1. Materials
2.1.1. Reagents

Graphite flakes with a size of about 10 μm were purchased from NSC, Japan. Hy-
drazine hydrate was purchased from Wako Pure Chemical Industries, Tokyo, Japan. The
single-walled carbon nanotube was purchased from Nippon Zeon Co., Ltd. (Tokyo, Japan).
The anode electrode material P5B was purchased from Nippon Carbon Co., Ltd. (Tokyo,
Japan) The electrode film conductive agent, Ketjen Black, was purchased from Nippon
Ketjen Co., Ltd. (Tokyo, Japan) The electrode film binders polyvinylidene difluoride (PVDF)
and the electrolytes lithium salt used lithium hexafluorophosphate (LiPF6), lithium difluo-
rosulfimide (LiFSI), and LiBETI from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) The
solvent ethylene carbonate (EC) and diethyl carbonate (DEC) were from Tokyo Chemical
Industry Co., Ltd.

2.1.2. Synthesis of the Graphene/CNT Composite

Graphene oxide (GO) was synthesized from graphite flakes using a modified Hum-
mers method. Details of the method have been reported in our previous publications [24].
5 g of natural graphite, 3.75 g of NaNO3, and 310.5 g of H2SO4 were placed in a beaker and
stirred in an ice bath at 0 ◦C for 30 min. Under stirring, 22.5 g of KMnO4 was slowly added
to the above solution, and the temperature was kept below 10 ◦C. The resulting mixture
was then stirred at room temperature for 2 days, after which 1 L of concentrated H2SO4
was added dropwise over a 1 h period. The mixture was stirred until it cooled down. After
that, 150 g of H2O2 (30%, Aldrich, Tokyo, Japan) was added to the mixture to change the
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color of the suspension from reddish brown to yellow. Specifically, after obtaining the GO
solution, the GO suspension was diluted with 0.1 mol L−1 HCl, centrifuged five times,
diluted with deionized water, and continuously centrifuged (30,000 rpm/min) until the pH
of the supernatant reached 7 to remove impurities. Graphene/SWCNT composites were
prepared by mixing SWCNT and GO in the ultrasonic rod. The SWCNT was well dispersed
in GO suspension and reduced by adding hydrazine hydrate for 24 h. The mixture was
then filtered to obtain graphene/SWCNT slurry. The mixture suspension was then filtered
to obtain an SG slurry. Subsequently, the slurry was washed with distilled water and
vacuum-dried to obtain the SG composite as dry powder. Pure graphene without adding
carbon tubes was also produced using the same method.

2.2. Material Characterization

The morphology and structure of the synthesized graphene/SWCNT were charac-
terized using scanning electron microscopy (SEM, JSM-7001F, JEOL, Tokyo, Japan) and
transmission electron microscopy (TEM, JEM-2100, JEOL, Tokyo, Japan). In addition, the
structure was investigated with powder X-ray diffraction (XRD, Rigaku SmartLab (Kyoto,
Japan), Cu-Kα radiation, λ = 1.5418 Å). The functional groups on GO and graphene were
characterized by X-ray photoelectron spectroscopy (XPS, ULVAC-PHI Quantera SXM, Kana-
gawa, Japan) and Fourier transform infrared spectroscopy (FTIR, Shimadzu, IRTracer-100,
Kyoto, Japan). Raman spectroscopy (RAMAN-11 with a 532 nm laser source, Nanophoton)
was used to analyze the D-band and G-band peaks associated with the graphite structure in
the composites. Nitrogen adsorption–desorption data (Quantachrome Autosorb iQ) were
collected to calculate the specific surface area using the Brunauer–Emmett–Taylor (BET)
method and density Functional Theory (DFT) calculations to obtain the pore size distribu-
tion.

2.3. Electrochemical Measurement

The three-electrode system’s working electrode (cathode) is graphene/SWCNT, the
counter electrode (anode) is graphite, and the reference electrode is lithium foil. All the
electrodes were prepared using the traditional slurry electrode fabrication route and dried
in a vacuum. The cathode and anode were made with 85 wt% active materials, 10 wt% of
PVDF, and 5% Ketjen Black. The anode electrode material was coated on a porous copper
foil and the cathode electrode material was coated on an aluminum foil. The lithium foil
was fixed to the copper foil as a reference electrode by pressing it with a roller. Next,
1 mol/L electrolyte was prepared with LiPF6/LiFSI/LiBETI as lithium salt solute and EC
and DEC (EC/DEC 1:1, v/v) mixed solution as solvent. To explore the cathode capacity, a
symmetrical EDLC pouch cell was assembled using the above electrolyte and a 25-micron
cellulose separator. Pre-lithiated graphite anode: the graphite electrode was connected to
the lithium electrode to form a half cell, which was discharged to 0.08 V at 20 mA g−1 and
then kept at the potential for 30 h to reach the lithiated state. To prevent over-discharge
of the anode, the LIC was tested at a potential of 2.2~4.5 V. Electrochemical impedance
spectroscopy (EIS) measurement was also performed over a frequency range from 20 kHz
to 0.2 Hz. All electrochemical tests were performed using an electrochemical workstation
(Biologic VSP-300).

The specific capacitance, energy density, and power density of the material were
calculated from the constant current charge/discharge curve at different current densities.
Electrode mass calculates the total mass of the cathode and anode. The calculation formula
is as follows:

C =
I × t

m × ΔV
(1)

where I is the discharge current, m is the cathode’s and anode’s total active mass, t is the
discharge time, and ΔV is the voltage difference between charge and discharge.
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The formula for calculating energy density (E Wh kg−1) and power density (W kg−1)
is as follows:

E =
∫ t2

t1
IVdt =

1
2

C(Vmax + Vmin)(Vmax−Vmin) (2)

P =
E
t

(3)

where Vmax and Vmin are the values of voltage at the end and the start of the discharge
process.

3. Results and Discussion

To investigate the morphology of the synthesized graphene/SWCNT and whether the
SWCNTs were efficiently inserted into the graphene sheets, TEM and SEM of graphene
oxide, graphene, and graphene/SWCNT was carried out, respectively. Figure 1a shows
that the graphene oxide microstructure is relatively flat. After chemical reduction, graphene
(Figure 1b) exhibits multiple wrinkles and stacking, making it disadvantageous for ion
transport in electrochemical reactions. With the addition of single-walled carbon tubes
(Figure 1c), it is observed that the graphene state is re-flattened. Moreover, the single-walled
carbon tubes, which are very difficult to disperse as nanostructures, are also uniformly
distributed among the graphene sheets (Figure 1c,d). This phenomenon occurs because
the three-dimensional (3D) network-structured graphene/SWCNT composites reduce
the re-stacking.

 

Figure 1. TEM image of (a) graphene oxide, (b) graphene, (c) graphene/SWCNT, and SEM image of
(d) graphene/SWCNT.

To further explore the microstructure of graphene/SWCNT composites, the XRD
results are shown in Figure 2a. Graphene oxide (GO) has the smallest diffraction angle
and the smallest half-peak width, and is inferred to have the largest layer spacing. This is
due to the preparation of GO using the oxidation method, which has functional groups
such as hydroxyl and carboxyl on the surface of graphene oxide. The (002) diffraction
peak of graphene/SWCNT is centered at 2θ = 24.2◦, which is slightly shifted to a lower
angle compared to graphene (2θ = 23.9◦), suggesting that the addition of SWCNT slightly
increases the layer spacing of graphene. FT-IR spectra (Figure 2b) show that graphene oxide
has more functional groups than graphene, such as C-O, C=O, and -OH, on the surface,
which is consistent with the XRD results. After co-reduction, there are almost no functional
groups on graphene/SWCNT composites, indicating that graphene is sufficiently reduced.
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In Raman spectroscopy, the G peak at ~1580 cm−1 represents the material’s carbonization
degree, and the D peak at ~1350 cm−1 represents the defects and disordered structure in
the hexagonal lattice of graphene. The D and G peaks’ intensity ratio (ID/IG) can usually
be used to assess the degree of defects in carbon materials [25]. Figure 2c shows the Raman
spectra of GO and graphene/SWCNT. Due to the removal of oxygen-containing functional
groups, graphene restores the structure of the hexagonal lattice [26]. Thus, the G peak
moves from 1592 cm−1 for GO to 1573 cm−1 for graphene/SWCNT. Compared to the
ID/IG value of 1.03 for GO, the ID/IG ratio of reduced graphene/SWCNT increases to 1.31,
indicating that more lattice defects are introduced during the reduction process. Although
the reduced graphene restores the conjugated sp2 carbon structure, some vacancies are
left at the positions bound to the carbon atoms with the removal of oxygen-containing
functional groups. These defects eventually lead to an increase in the ID/IG value [27].

Figure 2. (a) XRD patterns of GO, graphene, and graphene/SWCNT; (b) FT-IR spectra of GO and
graphene/SWCNT; (c) Raman spectra of GO and graphene/SWCNT showing the D-band and G-
band; (d) XPS spectra of graphene/SWCNT. (e) analysis of C1s XPS of graphene/SWCNT. (f) Nitrogen
adsorption/desorption isotherms of graphene and graphene/SWCNT.

XPS (Figure 2d) experiments were carried out to verify the functional group content
of the graphene/SWCNT surface. The C1s peak was split, and the fitted curve is shown
in Figure 2e. At 284.4 eV, significantly firm peaks were attributed to the graphite carbon
(C-C/C=C bond). The weak peaks at 285.2 eV and 288.0 eV, 290.7 eV are due to C-O
and C=O, π-π satellite bonds, respectively [28–30]. The π-π satellite bonds were caused
by the shake-up process of the pi electrons of graphene and CNTs. The specific relative
contents of each chemical bond are shown in Figure S1. The relative content of C-C/C=C
bonds is as high as 94.01%. The other carbon–oxygen bonding contents were calculated
to be 4.43% C-O and 1.56% C=O. The high content of carbon-carbon bonds implies that
hydrazine effectively reduces GO to graphene. To characterize the variation in the specific
surface area after SWCNT incorporation, nitrogen adsorption/desorption isotherms were
obtained, and the results are shown in Figure 2f. According to the IUPAC classification, all
the curves showed typical type IV isotherms [31], indicating the presence of micropores
and mesopores. The surface areas of graphene/CNT and graphene were 512 m2 g−1 and
467 m2 g−1, respectively. It is evident from the shape of the hysteresis loop that under
high pressure, graphene/SWCNT has a more mesoporous structure compared to graphene,
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indicating that the carbon nanotubes are effectively incorporated between the graphene
sheets, preventing the graphene sheets from re-stacking. The graphene/SWCNT composite
exhibits a larger specific surface area, which is more beneficial for absorbing electrolytes
and obtaining high-capacity cathode materials.

LICs, as asymmetric electrochemical devices, have different charging and discharging
mechanisms for the cathode and anode. LICs’ full cell capacity is related to cathode and
anode capacity by the following equation, where C is the capacity.

1
Ccell

=
1

Ccathode
+

1
Canode

(4)

Since the anode is pre-lithiated and has a capacity much larger than the cathode, the
capacity of the LIC full cell depends on the cathode [32]. Therefore, we first investigated
the non-Faradaic process of the cathode, which works similarly to EDLC.

To evaluate the electrochemical behavior of graphene/SWCNT composites as cathodes
with the LiBETI, LiFSI, and LiPF6 electrolyte, symmetric capacitor cells were assembled
(Figure S2). The cyclic voltammograms (CV) of the LiBETI capacitor within the potential
window of 0 to 2.0, 2.5, 3.0, 3.2, and 3.5 V are shown in Figure 3a. The CV curves are nearly
rectangular. The galvanostatic current charge/discharge curve is shown in Figure 3b, and
the specific capacitance at each voltage is calculated from the discharge curve, as shown in
Figure 3c. With increasing voltage, the specific capacitance of graphene/SWCNT can reach
123 F/g at 3.5 V. At a high voltage of 3.5 V, the charge/discharge curves remain parallel
to those at low potentials, indicating that the electrolyte exhibits stable electrochemical
performance at high voltages. In addition, the EIS (Figure 3d) was tested after charging
and discharging at various voltages. The series resistance (Rs), defined as the internal
resistance of the electrode in the electrolyte, is typically taken from the high-frequency
region of the Nyquist plot. The charge transfer resistance (Rct), measured between the
electrode and electrolyte, is taken from the diameter in the Nyquist plot [33,34] with the
voltage increasing from 2.0 V to 3.5 V, The Rs is 6.6 Ω, 6.6 Ω, 6.7 Ω, 6.8 Ω, 7.3 Ω. To
explore the difference in electrochemical behavior between LiBETI and the commonly used
LIC electrolyte LiPF6, LiFSI, the CV curves with scan rate 10 mV/s at 3.5 V are shown in
Figure 3e. At a high voltage of 3.5 V, the CV curves of both LiPF6 and LiFSI cannot maintain
a parallelogram, attributed to the polarization reaction of the electrolyte [35]. Therefore,
LiBETI electrolytes can be used at higher voltages compared to LiPF6 and LiFSI. Compared
to the rate performance of the three electrolytes shown in Figure 3f, it is proven that LiBETI
has a larger specific capacitance and better rate performance.

In addition, the outstanding capacity (compared with the commercial active carbon
capacity of 100 F/g at 3.0 V) of graphene/SWCNT composites in EDLC is attributed to their
unique three-dimensional network structure. The main advantages of the composites are as
follows: (1) the graphene/SWCNT composites have a large specific surface area and a rich
mesoporous structure that can effectively absorb the electrolyte; (2) the use of single-walled
carbon nanotubes as spacers prevents graphene from re-stacking; and (3) the integration
of carbon tubes enhances the electrical and thermal conductivity of the composites. As
discussed by Yuan et al., the electrical conductivity of SWCNT in its axial direction is very
high, which makes SWCNT an excellent conductive binder in composites [19,36,37].

A three-electrode LIC full cell was assembled to characterize the electrochemical
performance. The cell structure was shown in Figure 4a. The mass ratio between the cathode
and anode is 7:3. Lithium foil was used as the reference electrode, graphene/SWCNT as
the cathode, and graphite (type P5B, pitch coated graphite) as the anode. The discharge
curves for anode pre-lithiation are shown in Figure 4b. The graphite anode exhibits a higher
capacity in LiBETI at the same pre-lithiation current and voltage (LiPF6: 452 mAh/g, LiFSI:
668 mAh/g, LiBETI: 700 mAh/g). In the LiBETI electrolyte, the electrode color change
before and after pre-lithiation is shown in the illustration, and the electrode changes from
black to brownish-yellow, which indicates that after pre-lithiation, the solid electrolyte
interface (SEI) film is generated, and the Li ions are intercalated in the graphite [38,39]. To
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prevent anode over-discharge [40], the LIC has a discharge cutoff potential of 2.2 V. We
also set up experiments at different measurement potential with 2.2~3.8 V (commercial
LICs potential 2.2~3.8 V), 2.2~4.2 V, 2.2~4.5 V. First, in LiBETI, the shape of the CV curves
(Figure 4c) is well maintained at different voltages for the LIC full cell, indicating the
superior reversible property. As shown by the charge and discharge curves in Figure 4d,
the specific capacitance of LIC full cell with 3.8 V, 4.2 V, and 4.5 V at 0.1 A g−1 current
density is calculated to 58 F g−1, 61 F g−1, and 85 F g−1, respectively. The cathode-specific
capacitance was calculated using the full cell, (Equation (4)), and it was found that the
cathode-specific capacitance was 83 F/g, 88 F/g, 121 F/g, at 4.5 V in LiPF6, LiFSI, and
LiBETI, respectively. This is consistent with its EDLC specific capacitance at 3.5 V. The rate
performance is shown in Figure 4e. The specific values are shown in Table S1. It was found
that in LIC full-cell devices, LiBETI electrolytes show the highest specific capacitance and
better rate performance.

Figure 3. Cathode electrochemical EDLC performance of graphene/SWCNT materials in different
electrolytes: (a) cyclic voltammograms (CV) curves in LiBETI with scanning rate 10 mV/s, (b) gal-
vanostatic charge–discharge curves under different voltages in LiBETI, with 0.1 A/g (c) specific
capacitance of graphene/SWCNT in LiBETI with different voltage, (d) EIS performance of the
Nyquist plot under different voltage in LiBETI, (e) CV curves, and (f) rate performance in LiPF6,
LiBETI, and LiFSI at 3.5 V.

To investigate the resistance of LIC full cells in LiPF6, LiFSI, and LiBETI, Figure 4f
compares Nyquist curves. The slope LiBETI > LiPF6 > LiFSI in the low-frequency region
indicates that LiBETI has the fastest ion diffusion rate and more optimal capacitive behavior.
In the high-frequency part, the arc radius in high-frequency area LiBETI < LiPF6 < LiFSI,
indicating that the electrode has lower charge transfer resistance and a faster ion transfer
rate in the LiBETI electrolyte. The equivalent circuit was fitted using EC-Lab; the included
circuit is shown in the inset of Figure 4f, and the fitting result is shown in Figure S3.

To investigate the electrochemical behavior of the cathode and anode further, a three-
electrode system was used to explore the potential changes in the cathode and anode. As
shown in Figure 5, the potential of the anode remained constant as the charging voltage
increased during the charging and discharging process. When the voltage was increased to
4.5 V, the anode potential was close to that achieved when charging to 3.8 V, with a drop of
only 0.01 V. From this phenomenon, it can be inferred that the generation of an anode SEI
film was sufficiently stable.
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Figure 4. (a) Schematic diagram of LIC full cell structure. (b) Anode pre-lithiation discharge curves
in different electrolytes to 0.08 V at 20 mA g−1. The inset shows the anode comparison before and
after pre-lithiation in LiBETI electrolyte. The LIC full cell electrochemical performance: (c) CV curves
in LiBETI with scanning rate 10 mV/s, (d) galvanostatic charge–discharge curves under different
voltage in LiBETI, with 0.1 A/g. (e) Rate performance in LiPF6, LiBETI, and LiFSI at 2.2~4.5 V. (f) EIS
performance of Nyquist curves in LiPF6, LiBETI, and LiFSI, and the inset shows the fitted circuit
in LiBETI.

Figure 5. Three-electrode LIC charge/discharge curve with lithium as a reference electrode. Cathode,
anode, and LIC full-cell potential at a current density of 0.1 A g−1 with different voltages (a) 3.8 V;
(b) 4.0 V; (c) 4.2 V; and (d) 4.5 V.
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To confirm whether the anode SEI film was stable, after 50 charging and discharging
cycles at 2.2–4.5 V voltage, we performed an SEM test on the anode electrode film to
confirm the surface morphology of the electrode film. The anode in the LiPF6 electrolyte
(Figure 6a) was arranged evenly and the graphite block with the size about 3–6 μm. How-
ever, compared with the graphite anode in LiPF6, in LiFSI, the surface of the anode graphite
material was not flat, and cracks were observed in Figure 6b) [41]; the size of the block
did not change significantly, indicating that the anode deteriorated in the LiFSI electrolyte
as a result of high voltage cycling. Significantly, a dense SEI film was generated on the
anode surface in the LiBETI electrolyte, which can be observed in Figure 6c. It was also
verified that the LiBETI electrolyte can help to form a stable SEI film during the anode
prelithiation process. As shown in Figure 6d, the LIC full cell presents a typical hybrid
charging and discharging mechanism that combines battery and capacitor energy storage.
During charging, anions (BETI−) in the electrolyte are adsorbed to the cathode due to
electrostatic interaction, and Li+ intercalates into the anode. When the cell is discharged
from the maximum voltage, the BETI− ions desorb from the cathode and the Li+ ions
de-intercalate from the anode into the electrolyte. In LIC, lithium storage in graphite is
achieved through intercalation between graphite layers, and the LiCx structure is shown in
Figure 6e.

Figure 6. SEM images of graphite anode film after 50 cycles (a) with LiPF6, (b) with LiFSI, (c) with
LiBETI, (d) charge and discharge mechanism schematic in LIC, and (e) schematic diagram of graphite
anode structure after pre-lithiation.

The power density and energy density of the graphene/SWCNT LIC are shown
in Figure 7a in comparison with the previously reported LICs. With the potential of
2.2–4.5 V, it can be revealed that the graphene/SWCNT LIC achieves a high energy den-
sity of 182.6 Wh kg−1 at a power density of 2678.0 W kg−1. Even at a high-power den-
sity of 23,437.1 W kg−1, the graphene/SWCNT LIC maintains a high energy density of
102.7 Wh kg−1, which exhibits excellent rate performance. Compared with others’ work,
for example, the previous work Graphene ‖ Graphene/SnO2 LIC shows a density of
186.0 Wh kg−1 at a power density of 146.3 W kg−1. It offers a similar energy density to
us, but the power density is much lower. The specific energy density and power density
values of other works are in Table S2 [42–45]. Moreover, the cycling performance of the
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assembled graphene/SWCNT LIC was also investigated (Figure 7b). It showed excellent
cycling stability at high voltage from 2.2 to 4.5 V with a current density of 2 A g−1 and
exhibited a high-capacity ratio of 72.7% after 10,000 cycles, which was attributed to the
stabilized anode SEI film that kept the anode potential constant and stabilized the LIC
voltage window at high potential. The assembled high-voltage, high-energy-density LICs
show broad prospects for practical applications.

Figure 7. (a) Ragone plot of graphene/SWCNT LIC with LiBETI in comparison with previously
reported LICs, (b) cycle performance of graphene/SWCNT LIC with LiBETI in 2.2~4.5 V.

4. Conclusions

In conclusion, we synthesized graphene/SWCNT 3D structure nanocomposites, in
which SWCNT effectively prevents graphene re-stacking and provides a large specific
surface area, which offers additional active sites for ion adsorption. The three-electrode
system was explored to investigate LiBETI as an electrolyte with high conductivity and
excellent electrochemical and mechanical stability. As a result, the asymmetric LIC device
assembled using graphene/SWCNT as the cathode and pre-lithiated graphite as the anode
has a specific capacitance of up to 85 F g−1 and maintains a capacity retention of up to
72% after 10,000 cycles. In addition, it exhibits a maximum energy density of 182.6 Wh
kg−1 at a power density of 2678.0 W kg−1. Significantly, this work opens up a new avenue
for the practical application of low-cost, advanced carbon materials for next-generation
energy-storage technologies.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/nano14010045/s1, Figure S1: The specific relative contents of each
chemical bond of graphene/SWCNT. Figure S2: Schematic diagram of symmetrical capacitor struc-
ture. Table S1: Specific capacitance of LIC in different electrolytes with different current densities.
Figure S3: LIC fitting equivalent circuit in LiBETI electrolyte. Table S2: The performance of the
previously reported LICs comparison to Graphene/SWCNT LIC.
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Abstract: Implementing a heterostructure by vertically stacking two-dimensional semiconductors is
necessary for responding to various requirements in the future of semiconductor technology. How-
ever, the chemical-vapor deposition method, which is an existing two-dimensional (2D) material-
processing method, inevitably causes heat damage to surrounding materials essential for functionality
because of its high synthesis temperature. Therefore, the heterojunction of a 2D material that directly
synthesized MoS2 on graphene using a laser-based photothermal reaction at room temperature was
studied. The key to the photothermal-reaction mechanism is the difference in the photothermal ab-
sorption coefficients of the materials. The device in which graphene and MoS2 were vertically stacked
using a laser-based photothermal reaction demonstrated its potential application as a photodetector
that responds to light and its stability against cycling. The laser-based photothermal-reaction method
for 2D materials will be further applied to various fields, such as transparent display electrodes,
photodetectors, and solar cells, in the future.

Keywords: selective laser annealing; graphene; molybdenum disulfide (MoS2); photothermal
reaction; heterostructure; photodetector

1. Introduction

With the development of next-generation devices and the introduction of new func-
tionalities, the primary objective for semiconductor technology is to increase integration
density while achieving various form factors through downscaling and ultra-thinning
techniques [1–3]. Pioneering research has highlighted the potential of thinning traditional
materials such as silicon and oxide semiconductors to improve mechanical flexibility with-
out compromising their quality; however, the innate three-dimensional (3D) crystalline
structures of class materials imply inevitable limits to continuous downscaling strategies
owing to several challenges such as increased surface energy, quantum effect-induced prop-
erty changes, and thermal instability. In contrast, 2D crystalline materials, characterized by
atomic interconnections in a 2D lattice, inherently retain their electrical, mechanical, and
physical properties, even at the atomic scale [4,5]. For these reasons, they have attracted
considerable attention as potential core materials for future electronic devices [6]. Notably,
these 2D materials are highly compatible [7] with traditional Si-based complementary
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metal-oxide semiconductor (CMOS) manufacturing processes, leading to promising results
in devices with hybrid structures [8,9].

Methods such as metal-organic chemical-vapor deposition (MOCVD), molecular-beam
epitaxy, and atomic layer deposition have led to significant progress in the synthesis of
transition-metal dichalcogenides, which are representative 2D semiconductors, on various
substrates [10–13]. Even though these methods achieve high-quality materials capable of
synthesizing single crystals or controlling the number of layers at the wafer scale, they
rely on high synthesis temperatures (>700 ◦C) [14,15], post-thermal treatments, or specific
substrates. Such dependence inevitably necessitates a transfer to the target substrate post-
synthesis. Unfortunately, this transfer process typically results in unforeseen chemical
contamination, physical wrinkles, and damage, making the prediction of the post-transfer
quality and uniformity of the synthesized materials [16,17] increasingly challenging. To
this end, laser-assisted synthesis methodologies have been proposed as potential solutions
to overcome the limitations of conventional techniques [18–22]. Because of the monochro-
matic, coherent, and collimated nature of laser sources, photothermal reactions on materials
can be systemically controlled by selectively [23–26] inducing lattice vibrations. This allows
targeted thermal annealing even when the device chip comprises thermally fragile parts. In
this context, the effectiveness of laser-assisted synthesis has been proven through research
on the selective synthesis of 2D materials using lasers or the partial modulation of the
interface properties of electronics [20–22]. Moreover, significant findings are emerging,
demonstrating the direct synthesis of 2D heterostructures beyond the scope of individual
materials [27–31]: This is accomplished by integrating distinct 2D materials, particularly n-
type MoS2 with p-type WS2, eliminating the need for a transfer process. Therefore, various
heterojunction structures based on 2D materials need to be implemented and validated by
exploiting the universal applicability of selective-laser photothermal reactions.

Herein, we implement a graphene/MoS2 heterojunction structure by integrating n-
type MoS2 on semi-metallic graphene via a laser-assisted selective photothermal-reaction
method by optimizing the photothermal and laser parameters. For the synthesis of MoS2, a
thermally decomposable (NH4)2MoS4 precursor was mixed with an organic solvent, and a
fiber laser ( λ = 1.06 μm) with a high absorption rate for the MoS2 precursor was selected
to prevent damage to the underlying graphene and substrate. Unlike the traditional CVD
synthesis method, controlling the thermal-spreading range using the laser parameters sup-
pressed damage to the surrounding layers, such as the underlying graphene and SiO2/Si
wafer, which provided a means to implement a graphene/MoS2-based photodetector with
a robust interface.

2. Experimental Section

2.1. Materials

Poly(methylmethacrylate) ((C5O2H8)n; PMMA), ammonium tetrathiomolybdate
((NH4)2MoS4), CAS No. 15060-55-6), and hexamethyldisilazane((CH3)3SiNHSi(CH3)3,
CAS No. 999-97-3) were purchased from Sigma-Aldrich (St. Louis, MI, USA). A pho-
toresist (AZ 5214-E; PR, LOT NO. USAW417063) and Developer (AZ 300 MIF developer,
LOT NO. KR387425) were purchased from Merck (Rahway, NJ, USA). Dimethyl sulfoxide
((CH3)2SO, CAS No. 67-68-5) and ammonium persulfate((NH4)2S2O8, CAS No. 7727-54-0)
were purchased from Daejung Chemicals (Siheung, Republic of Korea).

2.2. Graphene Synthesis and Transfer

Monolayer graphene was grown via CVD on 25 μm-thick copper foils [32] at temper-
atures close to 1000 ◦C using CH4 (125 sccm) as a carbon source and H2 (100 sccm) as a
reactant gas [33]. The PMMA solution was spin-coated onto the graphene at 3000 rpm for
30 s to serve as a supporting layer. the specimen was annealed on a hot plate at 100 ◦C for
1 min. The surface of the graphene/copper foils was treated with an O2 plasma process
(power 150 W, time 30 s) to improve the copper foils’ wettability. Subsequently, graphene
was separated by etching the Cu foil in an ammonium persulfate solution (2 g ammonium
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persulfate in 100 mL deionized (DI) water) for 4 h. Once all of the copper was etched away,
only the PMMA/graphene film remained, which was lifted using a glass slide and rinsed
twice in DI water. The PMMA/graphene layer was then transferred to a 300 nm SiO2/P+
Si substrate. Finally, to remove PMMA from the graphene, it was immersed in acetone in
two steps: first for 30 min and then for an additional 90 min.

2.3. Graphene Patterning, Thermal Cleaning, and Doping

The formation of the graphene-patterned array was achieved using typical photolithog-
raphy and oxygen plasma etching methods. The graphene was uniformly covered by the
PR solution, spinning at 3000 rpm for 30 s, and then baked at 95 ◦C for 2 min. Subsequently,
the sample was exposed to aligner UV light for 15 s, creating a graphene-pattern array with
a size of 100 μm × 300 μm. The samples were rinsed with a developer, followed by a rinse
with deionized water, and then dried using nitrogen. The exposed graphene regions, not
protected by PR, were etched through a reactive ion etching process. The sample was then
soaked in acetone for about 30 min to remove the PR from the graphene. As a result, a
graphene-pattern array was obtained. To thoroughly remove the PMMA and PR residues
that remained after the acetone treatment, the patterned graphene underwent hydrogen
annealing (H2) at 300 ◦C for 20 min, ensuring a clean surface [34–36]. Then, the patterned
graphene was doped for 12 h to be completely submerged in a hexamethyldisilazane
(HMDS) solution. Additionally, the doped specimen was dried with nitrogen gas.

2.4. MoS2 Synthesis on Graphene

To create a vertically stacked MoS2 heterostructure on patterned graphene, a 0.633 M
solution was formulated by mixing 1.0 g of (NH4)2MoS4 precursor with 6 mL of dimethyl
sulfoxide (DMSO). A multistep coating technique ensured uniform coverage of the precur-
sor solution on the graphene. SiO2/Si wafers (with a 300-nm-thick SiO2 layer) underwent
two spin-coating stages: an initial 10 s spin at 500 rpm, followed by a 30 s spin at 2500 rpm.
Subsequently, the specimen was annealed on a hot plate at 150 ◦C for 3 min to evaporate
any remaining solvent. A fiber laser with a 1.06 μm wavelength and 20 W output was
employed to selectively anneal the precursor layer, thereby synthesizing MoS2. The param-
eters for optimizing MoS2 synthesis via the laser were as follows: (i) laser power (from 1 W
to 20 W), (ii) scan speed (from 10 mm/s to 500 mm/s), and (iii) frequency (from 20 kHz to
200 kHz). After the selective synthesis of MoS2, the untreated parts were washed away by
immersion in DMSO solvent.

2.5. Device Characterization

The I–V characteristics of the device were measured under low-vacuum conditions
(5 × 10−3 Torr) using a probe station connected to a parameter analyzer (4200, Keithley,
Cleveland, OH, USA). To confirm the optoelectronic characteristics, the devices were
illuminated using a white-light halogen lamp, and the light intensities were measured
using a power meter (PM 100d, Thorlabs, Newton, NJ, USA).

3. Results and Discussion

Figure 1a,b illustrates a schematic of the graphene/MoS2-heterostructure fabrica-
tion through laser-based photothermal synthesis, complemented by the corresponding
optical-microscopy images for each step. Initially, graphene was synthesized using the
conventional CVD method [33,37], which enabled the uniform production of monolayer
graphene over a large area. The graphene was then transferred to a SiO2/Si wafer using
a PMMA supporting layer. Following the removal of the supporting layer, a rectangular
graphene pattern (100 μm × 300 μm) was defined using photolithography and reactive
ion etching with O2 plasma [38]. During these transfer and patterning stages, water
molecules may be trapped between the graphene and substrate, or contamination from
organic compounds may occur. Therefore, the patterned graphene was annealed via a
thermal-cleaning process at 300 ◦C in a hydrogen atmosphere for 20 min. Furthermore, a
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self-assembled monolayer (SAM) of HMDS was applied as a buffer layer to the graphene
via a dipping process. This layer mitigated unintended doping effects on the graphene
and protected the graphene from the subsequent laser-synthesis step. Subsequently, an
ammonium tetrathiomolybdate ((NH4)2MoS4; ATM) precursor solution was spin-coated
onto the patterned graphene. Considering the contrasting nature of the graphene pattern
(hydrophobic) and SiO2 surface (hydrophilic), achieving a uniform precursor coating on
this nonuniform surface is challenging. The optimization strategies for these coatings are
discussed in Figure 2. After forming a uniform precursor film, we employed a fiber laser (λ
= 1.06 μm) to synthesize the MoS2 pattern on the preformed graphene pattern. We chose a
fiber laser among the laser sources with various wavelengths because of its low optical ab-
sorption in the surrounding materials, such as graphene, SiO2, and Si; however, it has high
optical absorption only in the (NH4)2MoS2 precursor. Therefore, only the precursor layer
could be selectively heated and thermally decomposed into MoS2 [39]. In addition, the fiber
laser had a low absorption rate in MoS2, even if MoS2 was synthesized after the precursor
was thermally decomposed; therefore, the laser penetrated the MoS2 [23] without thermal
damage. This was the key principle for realizing the graphene/MoS2 heterostructure by
synthesizing MoS2 without damaging graphene in the lower layer. More importantly, this
direct-synthesis method can realize a vertically stacked layer structure without using a
conventional transfer method, thereby fundamentally avoiding problems such as wrinkles
or contamination traps at the interface. The optimized laser conditions on the SiO2/Si
substrate were as follows: a laser power of 10.8 W, scan speed of 100 mm/s, and frequency
of 20 kHz. Finally, the source and drain were affixed using shadow masks to analyze the
electrical properties of the graphene/MoS2 heterojunction. Figure 1c shows Raman spectra
obtained from each region of the material at an excitation wavelength of 532 nm. The
G and 2D peaks were observed at ~1599 cm−1 and ~2700 cm−1, respectively (marked in
red). The 2D peak exhibited a sharp, single Lorentzian line shape and was considerably
more intense than the G peak, which is a characteristic feature of monolayer graphene.
Additionally, the D peak (~1360 cm−1), which indicates defects and imperfections within
the graphene crystal, was barely discernible. The Raman spectra of MoS2 synthesized via
the laser-based photothermal reaction are shown in blue. Two prominent MoS2 peaks, E2g

and A1g, could be distinctly observed at 383 cm−1 and 409 cm−1, respectively. A Raman
characteristic of MoS2 is the narrowing of the gap between these two peaks as it transitions
from the bulk state to that of a single layer [40,41]. This allowed the determination of the
number of MoS2 layers present. The gap between these peaks was approximately 26 cm−1,
confirming the few-layered nature of MoS2. Atomic force microscopy (AFM) analysis has
substantiated that the synthesized molybdenum disulfide (MoS2) exhibits a consistent and
uniform film-like structure with a measured thickness of 10 nm. The thickness control
of the MoS2 film can be achieved through the regulation of solvent concentration and
the adjustment of spin-coating velocity. The critical aspect to consider is that to achieve
uniform synthesis of MoS2 in film form, it is necessary to adjust the laser scanning speed in
accordance with changes in the thickness of the precursor film (Supplementary Material
Figure S2). Specifically, thicker precursor layers demand a greater amount of photothermal
energy for complete thermal decomposition into MoS2, thereby necessitating a reduction
in the laser scanning speed. According to previous research results that analyzed the
surface of MoS2 synthesized using this method, the MoS2 yields a root mean square (RMS)
surface roughness of 1.15 nm [23]. Interestingly, these major peaks were also maintained
in the heterojunction where graphene and Mos2 overlapped (green dot in Figure 1b), as
evidenced by the green colored Raman spectra. The strength of the D peak was also similar
to that of graphene at its initial intensity. For comparison, we prepared a graphene/MoS2
control sample in which MoS2 was thermally decomposed from the (NH4)2MoS4 precursor
using thermal CVD, and we analyzed its Raman characteristics. A comparison between
the Raman peak of the graphene/MoS2 structure synthesized by laser irradiation (marked
in green) and that of the graphene/MoS2 structure created by thermal chemical vapor
deposition (T-CVD) (marked in black) showed that the Raman characteristics of MoS2
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were similar, whereas those for graphene exhibited a pronounced difference. When MoS2
was directly synthesized using general T-CVD, the underlying graphene sustained ther-
mal damage, leading to an amplified D peak and diminished 2D peak. Therefore, our
research demonstrates that the laser-based selective thermal-treatment method can be
used to directly synthesize MoS2 layers on a graphene monolayer without causing dam-
age. This mechanism, when paired with other 2D materials that are amenable to thermal
decomposition, holds promise for the assembly of diverse heterojunction structures.

Figure 1. (a) Schematic diagram of the device manufacturing process, showing the stacking of MoS2

on graphene; (b) OM image of patterned graphene, MoS2, and a device made by a graphene/MoS2

heterostructure; (c) Raman spectra for CVD graphene (red), MoS2 synthesized with a laser (blue),
vertically stacked MoS2 (synthesized with a laser) on graphene (green), and vertically stacked MoS2

(synthesized with CVD) on graphene (black).

The uniform deposition of the (NH4)2MoS4 precursor layer on graphene is essential
to demonstrate a MoS2/graphene-heterojunction structure. In addition, a uniform and
continuous pinhole-free thin film with a large area enabled the fabrication of a device array
with a high yield. However, because graphene has a hydrophobic-surface characteristic
owing to its unique atomic-crystal [42] structure, a difference was observed in the surface
homogeneity between the spin coating of the ATM solution on the SiO2 substrate and the
graphene-transferred SiO2 substrate, as shown in Figure 2a. To enhance the surface unifor-
mity of the ATM film on graphene, three different solvents—dimethylformamide (DMF)
mixed with 2-aminoethanol, a Triton X-100 mixture, and DMSO—were studied. In the case
of the SiO2/Si substrate, the surface of the wafer was treated with an O2 plasma process
(power 150 W, time 30 s) prior to spin-coating the ATM solution to improve the surface
wettability. As shown in the optical-microscopy images in Figure 2b–d, a monotonous and
uniform color indicated that the ATM solvent was evenly distributed in all types of samples.
However, plasma treatment is not preferred for graphene surfaces because activated oxygen
ions can severely damage the graphene, degrading its electrical performance. Therefore,
we attempted to overcome this problem by adjusting the interactions between graphene
and the solvent. In dissolved ATM solutions, balancing the viscosity and surface tension
of the precursor is important. Initially, DMF and 2-aminoethanol were employed as the
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solvent and additive [43], respectively. DMF has been used as a common organic solvent
to dissolve ATM precursors [39], and amine group-based additive molecules have been
used to stabilize ionic thiomolybdate (MoS4

2−) clusters. However, as a result of numerous
mixing control experiments between solutions, when DMF + 2-aminoethanol-based solvent
was used, obtaining stable coating conditions was difficult as most of the graphene layers
rolled after peeling from the substrate as indicated by the arrow in Figure 2e. Although
we attempted to use another amine-based additive (n-butylamine), a similar phenomenon
occurred when the solvent penetrated the substrate and graphene, resulting in delamina-
tion. As an alternative, the surface tension of the solution was controlled by adding Triton
X-100 surfactant to the ATM solution. As a non-ionic surfactant, the hydrophobic group
of Triton-X-100 engaged in interactions with the carbonaceous surface, leading to its ad-
sorption onto the graphene surface. This adsorptive phenomenon enhanced the wettability
of the graphene substrate, thereby facilitating a more uniform dispersion of the solvents
on its surface [44]. Figure 2f appears to show improved homogeneity; however, complete
homogeneity across the graphene surface was not achieved. As a result, the graphene was
partially peeled off from the substrate as indicated by arrow. Interestingly, although DMSO
is a polar organic solvent similar to DMF, experimental observations indicated that the
ATM solution uniformly coated the graphene without causing any damage when DMSO
was used as the solvent [45]. Based on previous experimental procedures, it is speculated
that the balance between the surface tension of DMSO, the ionic thiomolybdate cluster, and
the van der Waals forces [46] between the graphene and SiO2 interface may allow for an
even coating of the ATM precursor without peeling off the graphene (Figure 2g). Finally,
when the ATM solution was spin-coated onto the SiO2 substrate, it was confirmed that
the DMF, Triton X-100 mixture, and DMSO were homogeneously coated on the surface.
However, to spin-coat the graphene-transferred SiO2 substrate, it was confirmed that the
surface could be coated homogeneously using the DMSO solvent.

The electrical-junction properties of the fabricated graphene/MoS2 were investigated.
First, an HMDS layer was deposited on the graphene surface to minimize the unintentional
doping effect caused by the Cu etchant and supporting polymer during the transfer process
of the CVD graphene. That is, the hydrophobic SAM including HMDS suppressed the
charge-impurity scattering effect caused by the impurity and simultaneously improved
overall uniformity [47,48]. In addition, the HMDS buffer layer prevented damage to
graphene from additional processes such as metal deposition [49] and laser annealing.
Figure 3a illustrates the HMDS-doped graphene-based back-gate transistor on the Si/SiO2
substrate. The HMDS treatment was conducted for 12 h on the graphene transferred onto
the SiO2/Si substrate prior to the deposition of the contact electrodes. The Raman spectra
of graphene before and after HMDS doping are shown in Figure 3b. The Raman-frequency
values of the G and 2D modes were sensitive to charge impurities and strains in graphene,
enabling us to confirm the influence of HMDS. The G and 2D peak positions of pure
graphene were 1600 cm−1 and 2695 cm−1, respectively (marked in black); however, after
HMDS formation, both peaks shifted down to 1595 cm−1 and 2686 cm−1, respectively
(marked in red). The Raman shift indicated that although the surface of graphene had
hydrophobic characteristics, the entire surface was covered well with HMDS because some
existing defects or oxidized species in graphene played a role in nucleating the SAM [49].
Moreover, the extracted value of Δ2D/ΔG was less than 2 [50], which indicates that no
effective stress was applied to graphene after HMDS deposition. A comparative assessment
of the Fermi energy and carrier mobility of pristine and HMDS-doped graphene is shown
in Figure 3c. For the bare graphene, a gate voltage (Dirac point) was observed at 33.1 V.
However, after the HMDS-doping process, a pronounced Dirac-point shift to lower gate
voltages was repeatedly observed (VG: 22.2 V) [48,51–53]. Based on the electronic structure
of graphene, the Dirac-point shift may be associated with the change in Fermi energy.
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Because of the linear band structure of graphene, the shift in Fermi energy caused by the
HMDS dipole can be described as follows [54]:

ΔE = �vF

√
πn(V2 − V1),

where νF is the Fermi velocity previously reported as 1.1 × 106 m/s, n is the intrinsic carrier
density per volt with a typical value of approximately 7.2 × 1010 cm−2 V−1, and V1 (V2)
is the Dirac point of devices without (with) HMDS treatment. The calculation confirmed
that the HMDS treatment shifted the Fermi-energy level of graphene by 0.11 eV closer to
the vacuum level. The field-effect carrier mobility of graphene was additionally calculated
from the maximum slope near the charge-neutrality point, as follows:

μFET =
Lchgm

WchCoxVD

where Lch and Wch are the channel length and width, respectively, gm is dID/dVG, Cox
is the gate oxide capacitance per area, and VD is the applied drain-source voltage. As
plotted in Figure 3c, the hole and electron carrier mobilities of HMDS-treated graphene
showed values of ~450.8 cm2/Vs and ~297.9 cm2/Vs, respectively. This represents a sig-
nificant enhancement in mobility compared to bare graphene (μhole: ~86.5 cm2/Vs and
μelec: ~95.4 cm2/Vs). The electrical properties of MoS2, interfaced with graphene, were
also analyzed via transfer characteristics (Supplementary Materials, Figure S3). The MoS2
synthesized via laser based photothermal processing demonstrated comparatively lower
electron mobility, ranging from 1 to 5 cm2/Vs, than that synthesized through chemical
vapor deposition (CVD) methods, with an observed on/off ratio of 103. These moderate
properties can be attributed to the fine-grained structure of the laser-synthesized MoS2. De-
termining the electronic band structure of the synthesized graphene/MoS2 heterostructure
is necessary for analyzing its electrical characteristics and understanding its charge-transfer
dynamics. The work function of each material was experimentally measured using ul-
traviolet photoelectron spectroscopy. The work function was calculated as follows [33]:

Φ = hν − (ESECO − EVB),

where hν is the energy of the incident UV photons (He I line = 21.21 eV), ESECO is the
secondary electron-cutoff energy, and EVB is the onset of the valence band. As expected,
bare graphene exhibited significant fluctuations in the analysis value, ranging from 4.3 eV to
5.2 eV depending on the measurement position, whereas HMDS-doped graphene exhibited
a stable value of approximately 4.5 eV. Furthermore, MoS2 synthesized by laser treatment
exhibited a uniform work function of approximately 4.2 eV, which was in good agreement
with that of the few-layered MoS2 [21]. Figure 3f illustrates the band alignment of the
graphene/MoS2 heterojunction, delineated according to the positions of the respective
band structures. In a thermal-equilibrium state, the band structure bends at the interface
due to the difference in work functions between graphene and MoS2, creating a Schottky
barrier (ΦB) and built-in potential (Vbi) on the semiconductor side. For an applied external
bias, the Fermi level of graphene shifted downward during the application of a reverse bias
owing to the decrease in negative charges moving toward the graphene, whereas the Fermi
level of the n-type MoS2 shifted upward, as illustrated in Figure 3g. This upward shift
of the MoS2 Fermi level relieved the band bending, leading to a decrease in the built-in
potential. Conversely, when a forward bias was applied to the graphene/MoS2 Schottky
junction, the Fermi level of graphene shifted upward, whereas that of the MoS2 shifted
downward. This occurred because more positive charges were localized in the MoS2 and
more negative charges were transported to the graphene, as depicted in Figure 3h. Unlike
the scenario under reverse bias, the value of the built-in potential increased during the
application of a forward bias. When a reverse bias was applied, the majority carriers
of MoS2 and graphene easily overcame the lowered built-in potential and transferred to
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the counter materials beyond the junction. However, in the case of a forward bias, the
barrier at the junction was high; therefore, the charges were greatly restricted when moving
toward each other. Therefore, owing to the aforementioned charge-transfer dynamics, the
graphene/MoS2 junction, which was MoS2 directly synthesized on graphene using a laser-
assisted methodology, exhibited rectification characteristics that depended on the applied
forward-to-reverse bias. However, when MoS2 was grown via the thermal CVD process
on the graphene, the underlying graphene experienced pronounced thermal degradation.
These harsh synthesis conditions led to a substantial decline in conductivity, or in certain
instances, a failure to establish a Schottky barrier, thereby inhibiting any rectifying behavior,
as shown in Figure 3e.

 
Figure 2. (a) Schematic illustration of the coating process for the (NH4)2MoS4 precursor on SiO2

and graphene/SiO2 surfaces. Optical-microscopy images showing the (NH4)2MoS4 precursor spin-
coated onto a SiO2 surface with different solvents: (b) DMF + 2-aminoethanol, (c) Triton X-100
mixture, and (d) DMSO. Optical-microscopy images of the (NH4)2MoS4 precursor spin-coated onto a
graphene/SiO2 substrate using the following solvents: (e) DMF + 2-aminoethanol, (f) Triton X-100
mixture, and (g) DMSO.

The developed graphene/MoS2-based Schottky junction was characterized in terms of
its optical responsiveness to external light by periodically turning the light on and off. To this
end, the optoelectronic device employs the configuration mentioned in Figure 1b, wherein the
intersection of the graphene and MoS2 patterns spans an area of 100 μm × 100 μm. Detailed
specifications of the device dimensions are described in the Supplementary Materials,
accompanied by illustrative schematics. We used a commercial visible-light halogen lamp
(FOK-100 W, Fiber Optic Korea Co., Ltd., Cheonan, Republic of Korea) with a peak wave-
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length of 650 nm as the light source. As shown in Figure 4a–d, a difference in photocurrent
was observed depending on the bias strength even under a consistent light intensity of
1.92 mW/cm2. To clarify, the optoelectronic device we have constructed incorporates
two Schottky junctions encompassing both the graphene/MoS2 junction and MoS2/metal
electrode junction. We assessed the photocurrent induced in each region utilizing a focused
monochromatic laser beam (refer to Supplementary Material, Figure S4). The result of
Figure S4 confirmed that the photocurrent generated at the MoS2/metal electrode junction
was markedly lower than that at the graphene/MoS2 junction. The dominant mechanisms
that influenced the photocurrent in graphene/MoS2-based optoelectronic devices were
photoconductivity and photogating [55]. The difference in photoconductivity appeared
as an increase in the number of free charge carriers owing to photon absorption. Addi-
tionally, charge trapping occurred owing to disorders and defects, resulting in differences
in photogating. We plotted the change in photocurrent upon light activation against the
photocurrent variation in darkness (I/I0), testing two distinct bias voltages under forward
and reverse biases. A larger photocurrent is observed in the case of forward bias. This can
be considered to be due to the effect of the internal barrier depending on the direction of
the applied bias as mentioned in Figure 3.

Figure 3. (a) Three-dimensional schematic diagram of an HMDS-doped graphene transistor; (b) Ra-
man peak shift of graphene before and after HMDS doping; (c) transfer characteristic of graphene
transistor with and without HMDS; (d) comparison of hole and electron carrier mobility before and
after HMDS doping; (e) comparison of the rectification characteristics between graphene/MoS2

produced by the laser method and graphene/MoS2 produced by the T-CVD method. (Inset: de-
tailed current characteristics of the device fabricated by T-CVD: (f) band diagram of graphene/MoS2

heterostructure; (g) reverse-bias condition; (h) forward-bias condition.
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Figure 4. (a) Photocurrent characteristic of graphene/MoS2 heterostructure under reverse bias; (b) cy-
cle stability under reverse bias; (c) photocurrent characteristic of graphene/MoS2 heterostructure
under forward bias; (d) cycle stability under forward bias; (e) current–time characteristic with power
of light source; (f) current–time characteristic with frequency.

When considering the rise time (τrise) and decay time (τdecay) of the charge carrier,
which represent the duration of charge transfer and production of the maximum output
current (ranging between 10 and 90% intensity), respectively, we extracted the following
values: τrise = 10.3 s (τdecay = 8.49 s) at −0.7 V, 10.96 s (8.9 s) at −0.2 V, 4.6 s (7.26 s) at 0.2 V,
and 6.41 s (7.74 s) at 0.7V [56,57]. From an on/off photoresponsivity-ratio perspective, the
reverse bias exhibited enhanced light reactivity. However, the forward bias demonstrated
swifter responsiveness. For a comparative analysis, we fabricated graphene/MoS2-based
junction devices using the CVD method and evaluated their characteristics. Upon ana-
lyzing the photoresponse under the same illumination conditions, it was found that the
device fabricated using CVD synthesis exhibited negligible photocurrent generation. A
detailed examination of the individual components revealed that the graphene had almost
entirely lost its conductivity. These findings suggest that the graphene underwent signif-
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icant damage during the MoS2 synthesis process (process temperature > 700 ◦C), which
accounts for the absence of the rectifying effect as presented in Figure 3e. The tendency of
currents to respond to light was shown to increase monotonically and proportionally as
the intensity of the light increased linearly with no evidence of hysterysis (Figure 4e). We
also investigated the temporal photoresponse, which indicated the potential of a photode-
tector, by monitoring the photocurrent under pulsed illumination in the frequency range of
0.05–1 Hz (Figure 4f). The graphene/MoS2-based Schottky diode was highly responsive to
the incident pulsed light, with excellent stability and reproducibility over multiple cycles.

4. Conclusions

In this study, we introduced a facile approach for the selective synthesis of MoS2 on
graphene by employing laser-based photothermal treatment, which enabled the direct
formation of graphene/MoS2 heterostructures. Notably, this innovative technique offered
a means of designing heterostructures from thermally sensitive materials by confining the
heat treatment to the intended layer, effectively addressing the challenges that existing
T-CVD methodologies cannot overcome. Central to our study is the understanding that the
choice of the laser source is crucial. It must efficiently induce the thermal decomposition
of the precursor without compromising the structural integrity of the synthesized MoS2
and graphene. This balance was achieved by harnessing the differential light-absorption
rates of the ATM precursor and MoS2. Furthermore, we provided solutions for mitigating
the surface irregularities introduced by graphene, thereby paving the way for achieving
a uniform coating. The introduction of an HMDS buffer layer was a pivotal step that
safeguarded the electrical characteristics of graphene throughout the fabrication sequence.
Comprehensive evaluation of the electrical properties of the synthesized graphene/MoS2
heterostructures yielded encouraging results. Although this study did not specifically
address contact resistance issues, it expects that the optimization of contact resistance
between the two-dimensional semiconductor and the metal electrode could significantly
enhance the operational efficiency of the photoelectric device [58–63]. As we venture deeper
into the expansive field of this pioneering synthesis technique, we anticipate its widespread
adoption and its pivotal role in driving next-generation devices and technologies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13222937/s1, Figure S1: Schematic diagram of Graphene/MoS2
based optoelectronic device; Figure S2: AFM measurement; Figure S3 Transfer/ouput characteristics
of MoS2 FET; Figure S4: Photocurrent Comparison between Graphene/MoS2 and MoS2/Cr/Au
Junctions; Figure S5: Schematic diagram for manufacturing a CVD type device array; Figure S6:
Photo-responsiveness of CVD type device.
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Abstract: Hydrogen is a promising green fuel carrier that can replace fossil fuels; however, its storage
is still a challenge. Carbon-based materials with metal catalysts have recently been the focus of
research for solid-state hydrogen storage due to their efficacy and low cost. Here, we report on the
exfoliation of expanded graphite (EG) through high shear mixing and probe tip sonication methods
to form graphene-based nanomaterial ShEG and sEG, respectively. The exfoliation processes were
optimized based on electrochemical capacitance measurements. The exfoliated EG was further
functionalized with palladium nanoparticles (Pd-NP) for solid-state hydrogen storage. The prepared
graphene-based nanomaterials (ShEG and sEG) and the nanocomposites (Pd-ShEG and Pd-sEG) were
characterized with various traditional techniques (e.g., SEM, TEM, EDX, XPS, Raman, XRD) and the
advanced high-resolution pair distribution function (HRPDF) analysis. Electrochemical hydrogen
uptake and release (QH) were measured, showing that the sEG decorated with Pd-NP (Pd-sEG,
31.05 mC cm−2) and ShEG with Pd-NP (Pd-ShEG, 24.54 mC cm−2) had a notable improvement
over Pd-NP (9.87 mC cm−2) and the composite of Pd-EG (14.7 mC cm−2). QH showed a strong
linear relationship with an effective surface area to volume ratio, indicating nanoparticle size as a
determining factor for hydrogen uptake and release. This work is a promising step toward the design
of the high-performance solid-state hydrogen storage devices through mechanical exfoliation of the
substrate EG to control nanoparticle size and dispersion.

Keywords: hydrogen storage device; graphene-based nanocomposites; liquid phase exfoliation; high
shear mixing; probe tip sonication; palladium nanoparticle

1. Introduction

The reliance of fossil fuels as a fuel source has had clear effects on environmental
pollution and threatens human health due to the emission of greenhouse gases. An
attractive alternative fuel carrier is hydrogen, which only produces water as a product of
its combustion [1]. In addition, hydrogen has a remarkable gravimetric energy density
of 142 MJ/kg, which is larger than other fuels such as gasoline, which has a gravimetric
energy density of 47 MJ/kg [2]. One challenge with the use of hydrogen as a fuel carrier
is its storage. This is due to hydrogen being gaseous at room temperature and having a
low volumetric energy density. The current traditional methods of storage for hydrogen
include pressurized gas and cryogenic compression which both have intrinsic issues such
as safety concerns, low volumetric density, and boil off [3]. However, materials-based
storage processes involving physical adsorption onto a material constitute a more attractive
storage method that has been under the recent focus of research [4–6].
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In recent years, the use of nanomaterials has been efficacious in various energy ap-
plications as well as hydrogen storage applications [7,8]. Carbon-based materials and
nanomaterials such as graphene [9,10], graphitic carbon [11], carbon nanotubes [12,13],
and activated carbon [14] are all of particular interest to hydrogen storage applications.
Graphene specifically has unique properties including low cost, lightweight, fast reaction
kinetics, and high specific surface area [10,15]. To further improve the hydrogen sorption
abilities of graphene, various metal nanoparticles such as Pd, Ni, and Ti have been used
due to the hydrogen spillover mechanism [9,10,16]. The spillover mechanism involves
the sorption of dissociated hydrogen onto the metal nanoparticles followed by migration
and diffusion onto the supporting material [17]. Of particular interest is the use of Pd due
to its high affinity for hydrogen sorption as well as its low cost compared to other metal-
lic catalysts [18]. A common approach therefore would include the use of Pd-decorated
graphene nanomaterials and nanocomposites [19]. The Pd acts to absorb high amounts
of hydrogen, which diffuses as atomic hydrogen onto the supporting graphene-based
nanomaterials via the spillover process.

The use of high shear force mixing and sonication for the liquid phase exfoliation
(LPE) of graphite has recently been the focus of research to prepare graphene and improve
the properties of the prepared graphene [20–24]. LPE has attracted considerable research
interest due to several advantages. Firstly, in traditional chemical exfoliation techniques,
such as Hummer’s method, a large amount of harsh acids is utilized, which causes envi-
ronmental issues [25]. In contrast, the LPE techniques are commonly conducted in aqueous
solutions without the need for use of acids [24,26–28]. Furthermore, chemical methods
introduce oxygen functional groups and defects in the graphene sheet, which may reduce
the electrochemical activity of the formed graphene-based materials [29,30]. To overcome
this issue, a reduction step is often required to reduce the oxygen functional groups, which
is not needed in LPE methods as they do not create oxygen functional groups. Another
reason that LPE has been the focus of research is the scalability and simplicity [20].

In the case of sonication, two separate mechanisms for the exfoliation of graphite are
involved. The primary mechanism involves cavitation caused by the ultrasonic vibration,
acting upon the graphite layers and generating tensile stress followed by exfoliation. The
secondary mechanisms include the wedge effect, where a microjet is produced acting as
a wedge driven between graphite layers causing exfoliation, and a shear effect caused by
opposing forces acting on adjacent sheets [31]. Meanwhile, the high level of shear forces
generated in high-shear mixing is from the low clearance between the rotor and stator
of roughly 100 μm. For the exfoliation of graphite, the opposing shear forces acting on
individual graphite sheets cause exfoliation, separating the sheets laterally. The use of LPE
may facilitate a more uniform distribution and the formation of smaller nanoparticles [32].

Commonly, one method for solid-state hydrogen storage is the use of physisorption
onto materials with the aid of high pressures. As extreme high pressures are required
for hydrogen storage which also commonly include extreme low temperatures, notable
energy requirements give poor efficiency generally reporting less than 1 wt.% hydrogen
storage under ambient conditions [5]. In contrast, an alternative method of solid-state
hydrogen storage utilizes electrochemistry as the method for hydrogen sorption. The use
of electrochemistry has been an attractive method due to the ability for in situ hydrogen
uptake, where up to 2.2 wt.% has been reported under ambient conditions [33].

This work reports on the effects of the high shear force mixing and the probe soni-
cation on the exfoliation of expanded graphite (EG) as a pretreatment for the deposition
of Pd nanoparticles (Pd-NP). The synthesized nanomaterials and nanocomposites were
characterized through several techniques including scanning electron microscopy (SEM),
transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX),
X-ray photoelectron spectroscopy (XPS), X-ray diffraction crystallography (XRD), high-
resolution pair distribution function (HRPDF) analysis, Raman spectroscopy, and various
electrochemical techniques. To the best of our knowledge, the use of high shear mixing and

31



Nanomaterials 2023, 13, 2588

probe sonication prior to the deposition of Pd for the use in hydrogen storage has not been
previously reported.

2. Materials and Methods

2.1. Materials

Graphite was obtained from Zentek Ltd. (Guelph, ON, Canada). Phosphoric and sul-
furic acid were purchased from Fisher Scientific. Iron (III) chloride hexahydrate, potassium
permanganate, palladium (II) nitrate, sodium borohydride, and Nafion perfluorinated
resin solution (5 wt% in lower aliphatic alcohols and water) were all used as received
from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure argon gas was also used as received
from Linde Canada. Purified water (18.2 MΩ) was obtained by a ThermoFisher Scientific
(San Diego, CA, USA) Barnstead NANOpure Diamond UV ultrapure water system. Pow-
dered diamond nanoparticles were obtained from Sigma-Aldrich for the calibration in the
HRPDF analysis.

2.2. Synthesis of EG

EG was prepared as previously described [19]. Briefly, using an ice–water bath for
cooling, 40 mL of a 4:1 v/v acidic solution of phosphoric and sulfuric acid was added to
1 g of graphite powder and was stirred using a magnetic stir bar for 5 min. Then, 4 g of
potassium permanganate was added while mixing. After 30 min, 0.5 g of iron (III) chloride
was added, and the solution was left to stir for an additional 1 h. The solution was then
centrifuged and rinsed with purified water. The obtained sedimented graphite intercalated
compound (GIC) was left to dry completely in an oven at 60 ◦C. The GIC was crushed with
a mortar and pestle, loaded into a ceramic crucible, covered with a steel lid, and thermally
expanded at 600 ◦C for 5 min to produce EG.

2.3. Synthesis of Mechanically Exfoliated Nanomaterials

To prepare the mechanically exfoliated materials, a 4 mg/mL suspension of EG was
prepared in a solvent ratio of 30% v/v EtOH in pure water. The experiments were conducted
using a 50 mL centrifuge tube cut to 75 mm tall and 29 mm diameter.

2.4. Synthesis of ShEG Nanomaterials

For the high-shear exfoliation of EG, a Silverson L5M-A rotor stator mixer was used.
The mixer head was lowered into the suspension, roughly 10 mm from the bottom of the
vessel, and shear mixed for 30, 45, 60, and 75 min at 10,000 RPM to determine the optimum
mixing time (ShEG-XX where XX denotes the time shear mixed). To prevent excessive
heating and to improve exfoliation as reported by previous studies [26], the experiment
was conducted with the vessel partially submerged in an ice water bath.

2.5. Synthesis of sEG Nanomaterials

For the probe sonication exfoliation of EG, a Fisher Scientific Model 705 sonic dismem-
brator was used with a 127 mm replaceable tip probe. The probe was lowered into the
EG suspension in the same manner as the shear mixing procedure, roughly 10 mm from
the bottom, and was sonicated at 50% amplitude for various times using a 3 s on and 3 s
off pulse for total sonication times of 10, 15, 20, 25, and 30 min to determine the optimum
sonication time (sEG-XX where XX denotes the period of time sonicated). The pulse was
used to avoid excessive heating or evaporation of solvent along with submerging the vessel
in an ice–water bath. The solution was also monitored by a temperature probe to keep
the solution below 65 ◦C. The ShEG and sEG samples were freeze dried (Buchi Lyovapor
L-200, Buchi Corporation, New Castle, DE, USA). The purpose of the freeze drying was to
attempt to retain the separation of the graphene sheets [34,35].
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2.6. Synthesis of Pd-Decorated Nanocomposites

Palladium (II) nitrate was added to 4 mg/mL of ShEG and sEG solutions with a target
of a 20 wt.% Pd loading and stirred for 15 min. Sodium borohydride was then added in
excess and stirred for an additional 30 min. The solution was centrifuged, rinsed 3 times
and then left to dry in a 50 ◦C oven. As a control sample, EG that was not treated with
the mechanical exfoliation was first bath sonicated to be dispersed in the same solvent
ratio of 30% v/v ethanol/water for 25 min; then, it was subjected to the same procedure
as previously described to prepare Pd-EG. Furthermore, Pd-NP was prepared in the same
approach but without the addition of EG.

2.7. Structural Characterization

Scanning Electron Microscopy (SEM) (FEI Quanta FEG 250, FEI Company, Hillsboro,
OR, United States) and Transmission Electron Microscopy (TEM) (FEI Titan 80-300 LB, FEI
Company, Hillsboro, OR, USA) were used to investigate the morphology of the synthe-
sized materials. Energy-dispersive X-ray spectroscopy (EDX) (Oxford XMax20, Oxford
Instruments Group, Concord, MA, USA) was employed to investigate the elemental com-
position and distribution. X-ray photoelectron spectroscopy (XPS) (Scienta Omicron Inc.,
Colorado, MA, USA) was used to investigate the elemental composition as well as the
valence states of the materials. C 1s, O 1s, Pd 3d, and Pd 3p high-resolution XPS spectra
and survey spectra were obtained for all samples. The XPS data were analyzed using
CasaXPS V2.3.23 software. All XPS spectra were corrected by the C 1s sp3 peak which was
set to 285.0 eV. X-ray diffraction (XRD) crystallography was conducted on a PANanalytical
Empyrean powder diffractometer with a Cu Kα (λ = 1.5405 Å) radiation source. Diffrac-
tion patterns were obtained using a spinner stage with a 2θ range of 10 to 90◦. XRD
patterns were analyzed using X’Pert HighScore Plus V2.2.4 software. Raman spectroscopy
(Renishaw InVia, Renishaw, Mississauga, ON, Canada) was conducted using a 532 nm
laser from a range of 1200 to 2800 cm−1.

Further X-ray diffraction experiments were performed at the Canadian Light Source
using the Brockhouse sector high-energy wiggler beamline [36]. All samples were measured
at a temperature of 80 K using 55 keV X-rays. The total scattering patterns were collected
using the Varex XRD 4343CT (Varex Imaging, Salt Lake City, UT, USA) flat-panel area
detector. The detector was positioned at an inclined geometry bisected by the vertical
scattering plane with a pitch angle of 30◦. The detector was then translated such that the
incident X-ray beam strikes the pixels along the bottom edge and 125◦ scattered X-rays
impinge on the center-most pixel along the top edge. The scattering area used in the
analysis was a wedge covering 90◦ in the azimuthal scattering angle χ and 40 Å−1 in Q.
The collected total scattering patterns are simultaneously integrated to one-dimensional
patterns in Q and corrected for measurement distortions using custom python code. The
measurement distortions were quantified for the inclined geometry using a procedure
outlined previously [37]. G(r) data analysis was performed using the PDFGUI [38].

2.8. Electrochemical Measurements

All electrochemical experiments were conducted using a CHI Potentiostat (CHI660E,
CH Instruments, Inc., Bee Cave, TX, USA) with a three-electrode system. Cyclic voltam-
metry (CV) was conducted in a single chamber cell at 0.010 V/s, while linear sweep
voltammetry (LSV) and chronoamperometry (CA) were conducted in a two-chamber U-cell
with a cation exchange membrane separating the counter electrode from the working and
reference electrode. A standard calomel electrode (SCE) (Hg/Hg2Cl2) filled with a 3 M
KCl solution was used as a reference electrode, and a cleaned platinum wire was used as
the counter electrode. To prepare the working electrode, 4 mg of the prepared materials
was mixed with 100 μL Nafion binding agent (5 wt.%), 300 μL ethanol, and 600 μL pure
water and sonicated for 20 min in a bath sonicator to disperse the mixture. Graphite foil
was cut and pretreated by bath sonication for 10 min each in the sequence of pure water,
0.1 M HCl, pure water, and ethanol. Then, 70 μL of the nanomaterial ink was then drop
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cast on the pretreated carbon paper to have a geometric surface area of 1 cm2 and then left
to dry overnight. Prior to each measurement, the electrolyte (0.5 M H2SO4) was purged
with ultrapure argon for 20 min. The double-layer capacitance of the ShEG and sEG was
calculated by CV using a potential window of 0.00 to 0.10 V at different scan rates varied
from 0.010 to 0.100 V/s. The change in current at 0.05 V vs SCE was plotted against the scan
rate, and the generated linear slope was used to calculate the double-layer capacitance.

3. Results and Discussion

3.1. Capacitance Studies of Mechanically Exfoliated EG

To determine the optimum period of processing time for the LPE procedure, the
electrochemical double-layer capacitance in materials processed for different periods of
time were compared. The samples which underwent high-shear for different times were
compared first using CVs, as shown in Figure 1A. In Figure 1B, ShEG-45 is used as a
representative sample in CV and shows sweeps at varying scan rates from 0.010 to 0.100 V/s
where the difference in current density between the oxidative and reductive sweeps at 0 V
was taken and is used to determine the capacitance of each material. It can be observed that
45 min has a higher capacitance than the other shear exfoliation times, as seen in Figure 1C,
and thus was used for further experiments. The same experiments were conducted for
the probe sonication exfoliation method. The CV curves shown in Figure 1D demonstrate
that sEG-25 has the highest double-layer capacitance. Representative CV curves are shown
in Figure 1E for the determination of the capacitance in the same manner as previously
described. To confirm the highest capacitance, the same calculation as the ShEG materials
was conducted and is shown in Figure 1F. Capacitance is commonly used to compare the
performance of graphene. Additionally, the shape of the curve can also be used to describe
the electrochemical behavior of the material, where a more rectangular CV curve implies
higher capacitive performance [39]. The comparison in Figure 1B,E shows that sonication
has a more rectangular CV shape. The electrochemically active surface area (ECSA) is
associated with the capacitance. As shown in Table S1, sEG-25 exhibits the highest ECSA.

Figure 1. (A) Shear duration time study comparing the double-layer capacitance of bare graphite foil,
EG, and EG after shearing for 30, 45, 60, and 75 min. (B) Cyclic voltammetry sweeping scan rate used
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to determine capacitance of ShEG after shear mixing for 45 min. (C) Summary of capacitances of the
shear mixed materials. (D) Sonication duration time study comparing the double-layer capacitance
of bare graphite foil, EG, and EG after high-powered tip sonication for 10, 15, 20, 25, and 30 min.
(E) Cyclic voltammetry sweeping scan rate used to determine capacitance of ShEG after shear mixing
for 45 min. (F) Summary of capacitances of the sonicated materials.

3.2. Morphological Characterization of Graphene-Based Nanomaterials

SEM and TEM were used to investigate the morphology of the synthesized nano-
materials and nanocomposites. Representative images of EG, ShEG, sEG are shown in
Figure 2. The starting material EG in Figure 2A had a porous sponge-like structure which is
comparable to untreated graphite flakes but with higher interlayer distances. The increase
in interlayer distance between the carbon sheets was a result of the oxidative chemical
procedure and the intercalation of ions followed by thermal treatment, which caused an
expansion and mild exfoliation of graphite. The mechanical LPE process was successful
in producing characteristic crumpled graphene sheets, as seen in Figure 2B,C. Figure 2D
displays the EDX spectra of the samples, where the presence of C and O was confirmed
for the EG, sEG and ShEG samples. The atomic percentages of C and O for each sample
were calculated and are listed in Table S2. It is confirmed that the mechanical exfoliation
procedures do not introduce oxygen content to the nanomaterials. Further TEM images
of ShEG and sEG are shown in Figure 2E,F, respectively, where characteristic graphene
wrinkled sheets were observed. The ShEG showed a lower degree of exfoliation with
darker areas representing a thicker stack of interconnected graphene sheets while sEG
exhibited a lighter and more exfoliated material.

Figure 2. SEM images of (A) EG, optimized (B) ShEG, (C) sEG samples. (D) EDX of the prepared
graphene-based nanomaterials where the carbon and oxygen peaks are labeled and the substrate
silicon peak labelled with *. TEM images of optimized (E) ShEG and (F) sEG samples.

Further elemental analysis in XPS also confirmed the presence of C and O in the
nanomaterials. Figure 3A survey scans reveal that each sample has a C 1s peak at roughly
284 eV and an O 1s peak at roughly 532 eV. In Figure 3B,C, high-resolution scans of the
C 1s peak are shown for the optimized sEG and ShEG nanomaterials. Peaks at roughly
284, 286, 287, 289, and 290 eV are attributed to C=C/C-C, C-O-C/C-OH, C=O, O-C=O, and
π-π*, respectively. Similar results were seen in Figure S3B. The primary peak observed is
the C=C peak, which is characteristic of graphitic materials.
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Figure 3. (A) XPS survey scan of the synthesized nanomaterials. (B) XPS high-resolution C1s scan of
the prepared sEG nanomaterial and (C) ShEG.

Radial distribution function R(r) analysis of the substrates can provide unique infor-
mation about the degree of defects and quantity of functional groups which conduct the
dispersion and size of the nanoparticles grown in situ within the substratum. In Figure 4A,
the R(r) for all substrates is shown. Each R(r) shows a similar pattern with slight variations
in intensity. Taking the differential radial distribution functions ΔR(r) between substrates,
more information is gleaned about the changes that each of the LPE techniques introduce
into the substrate. In Figure 4B, the ΔR(r) was calculated between the LPE substrates (ShEG,
sEG) and the untreated EG. The LPE substrates show increased and sharper correlations
in the characteristic graphene C-C basal-plane nearest-neighbor (NN) distances of 1.43,
2.45 and 2.84 Å. These changes are in conjunction with a decrease in intensity around the
respective peaks. The correlations around the characteristic graphene NN distances are a
result of functional groups such as O-H, C-H, C-O and C-C defects from pristine graphene
locations. In concert, these changes indicate a reduction in the basal–plane defects and func-
tional groups for both LPE substrates, as compared to EG. Furthermore, comparing the LPE
substrates to one another, ShEG shows an increase in only the 1st and 2nd nearest-neighbor
distances at 1.43 and 2.45 Å, respectively. This indicates that defects are reduced in degree
but are not completely removed due to the missing 3rd nearest-neighbor distance at 2.84 Å.
Defects which could explain the missing intensity of the 3rd NN include intrinsic graphene
defects such as Stone–Wales, single and multiple vacancy. Conversely, sEG produces a
similar trend; however, additional intensity is observed at the 3rd NN distance, indicating
a mix of partial and complete reduction in defects occurred as compared to ShEG. The
changes between ShEG and sEG substrates are further highlighted in Figure 4C.

Figure 4. (A) Experimental R(r) of the substrates EG, optimized ShEG and sEG samples. (B) Experimental
ΔR(r) of ShEG and sEG by subtraction of EG substrate. (C) Experimental ΔR(r) of sEG by subtraction
of ShEG substrate. The increased intensity for the characteristic graphene C-C basal-plane nearest-
neighbor (NN) distances are shaded in red, blue and green while the reduced functional group
intensities are shaded in gray. (D) XRD patterns of nanomaterials prepared through mechanical
exfoliation using shear and sonication. (E) Raman spectroscopy of the various prepared nanomaterials
with the defect density, ID/IG, listed for each nanomaterial.
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Further investigation of the nanomaterials was conducted with XRD measurements to
probe the structural and crystallite characteristics. Each pattern shows a characteristic C
(002) plane peak at roughly 2θ = 25◦ in Figure 4D. The samples presented show evidence of
successful exfoliation of the graphite sheets into graphene sheets from the broadening of
the C (002) peak.

Through Raman spectroscopy, the relative number of defects in the samples can also
be investigated. By taking the intensity of the D-band (ID) at roughly 1350 cm−1 and
dividing the intensity of the G-band (IG) at roughly 1600 cm−1 as seen in Figure 4E, the
ID/IG ratio is obtained, where higher ratios imply an increased number of defects in the
graphene sheet. A third peak is also present at roughly 2700 cm−1 known as the 2D-band,
which is an overtone of the D-band. The G-band relates to the in-plane stretching of the
graphene sheet, while the D-band relates to the in-phase vibrations of the hexagonal ring
of carbon atoms in a radial direction [40]. The change in ID/IG from the starting material,
EG, to the mechanically exfoliated samples demonstrates that the process did not introduce
any additional defects but produces graphene with reduced defects. This trend agrees well
with the reduction in graphene defects observed in the R(r) analysis of the substrates.

3.3. Characterization of Palladium Nanoparticle Functionalized Nanocomposites

Similar to the non-functionalized nanocomposites, the Pd-NP functionalized nanocom-
posites were investigated through SEM, EDX, and TEM. The decoration of Pd on EG did
not change the morphology but had a notably larger sized Pd-NP on the edges of the EG
structures as seen in Figure 5A. In contrast, small Pd particles were seen for both Pd-ShEG
(Figure 5B) and Pd-sEG (Figure 5C), showing that the higher degree of exfoliation produced
by the sonication was favorable for the uniform distribution of the Pd-NP. EDX was also
used to investigate the elemental composition of the prepared nanocomposites in Figure 5D.
The presence of C, O, and Pd was confirmed for all materials with similar compositions
as listed in Table S1 and had a consistent Pd-NP atomic percent of roughly 2%. In the
case of EDX mapping (Figure S1), the uniform distribution of Pd on the sEG surface was
observed. Further imaging using TEM was conducted, showing finely exfoliated graphene
with Pd-NP functionalized on the sheet. Further analysis allowed for the determination of
particle sizes, where smaller Pd-NP sizes in Pd-sEG (~3.8 nm) were found compared to
Pd-ShEG (~7.0 nm).

Figure 5. SEM images of (A) Pd-EG (B) Pd-ShEG (C) Pd-sEG nanocomposites. (D) EDX spectra of
Pd-functionalized nanocomposites with the carbon, oxygen, and palladium peaks are labelled and the
substrate silicon peak labelled with *.TEM images of (E) Pd-ShEG and (F) Pd-sEG nanocomposites.
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XRD analysis was also conducted on the nanocomposites. In Figure 6A, Pd-NP
is shown and compared to the Pd-NP functionalized nanocomposites. In each pattern,
the peaks present are at roughly 40, 45, 67, and 80◦, which are attributed to the Pd (111),
Pd (200), Pd (220), and Pd (311) planes, respectively, with Pd (111) being the dominant plane
observed. The characteristic C (002) peak is still observed at θ = 25 ◦. As the FWHM of the
C (002) peak was consistent with non-functionalized samples, the functionalization process
did not affect the degree of exfoliation. To confirm EDX results, XPS was also conducted on
the nanocomposites. Using the material with the highest activity, Pd-sEG, as an example,
the high-resolution scan of C 1s (Figure 6B) shows that the carbon structure is similar to
non-functionalized materials, as seen in Figure S3B. Furthermore, a high-resolution XPS
scan of Pd 3p (Figure 6C) confirms the presence of Pd metal. In the survey scan (Figure S2),
the Pd-NP-decorated samples also contain Pd 3d peaks at roughly 340 and 344 eV, which
imply the presence of metallic Pd, as seen in Figure S3A in high-resolution scans of the Pd
3d peaks. Furthermore, for these samples, the Pd 3p3/2 peak is deconvoluted from the O 1s
intensity using the Pd 3p1/2 peak, which results due to spin orbit coupling. The Pd 3p1/2
peak intensity is known to have a 1:2 ratio to the Pd 3p3/2 such that the remaining area of
the convoluted peak can be attributed to oxygen intensity [41], as seen in Figure 6C.

Figure 6. (A) XRD patterns of Pd-functionalized nanomaterials with peaks attributed to the Pd (111),
Pd (200), Pd (220), and Pd (311) planes. (B) XPS high-resolution scan of Pd-sEG C 1s. (C). XPS
high-resolution scan of the Pd 3p and O 1s peaks of Pd-sEG nanocomposite.

Nanoparticle size determination is conducted through Bragg diffraction, TEM images,
and G(r) analysis. Specifically, through modeling of the G(r), accurate mean spherical
nanoparticle diameters can be determined for each sample. Methods such as TEM images
and Bragg diffraction can often under-represent smaller-sized particles [42]. For accurate
size determination, the instrument broadening factors are first determined through G(r)
modeling of a Sigma-Aldrich powdered diamond sample. The palladium mean diameter
was refined to values of 8.4 ± 0.13, 5.6 ± 0.12, 4.2 ± 0.11 and 3.5 ± 0.09 nm for nanoparti-
cles deposited in ex-substratum, EG, ShEG and sEG substrates, respectively. This trend in
nanoparticle size is observed between all methodologies and is listed in Table S2. Addi-
tionally, the trend follows that of the defect and functional group concentration observed
within the substrates from Raman and R(r) analysis. As the defect density decreases and
functional groups are reduced, there are fewer binding sites available, resulting in smaller,
more well-dispersed nanoparticles [32].

Pd-NP has a high affinity for hydrogen sorption, making them an ideal additive to
EG for solid-state hydrogen storage. Total scattering studies of Pd-NP using pair G(r)
and radial R(r) distribution function analysis can provide unique information about the
structural characterization, deformation, and composition of these nanoparticles. Total
scattering studies were performed for all palladium nanoparticles grown in situ for all
investigated LPE methodologies. Additionally, total scattering studies were performed for
all substrates prepared using all LPE methodologies. Through subtraction of the substrate
signal from the respective Pd deposited substrates, the total scattering from only the Pd
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nanoparticles is isolated. We observed the formation of core–shell PdHx nanoparticles
in all cases. The core component is found to be nanocrystalline, while conversely, the
shell component is disordered. PdHx has previously been shown to form core–shell
structures [43–45]. Commonly, the nanocrystalline component is reported as face-centered
cubic (FCC) PdHx. Here, both core and shell components are fit to a strained FCC PdHx

phase. The strain occurs along the <110>c slip direction for the cubic {111}c slip plane.
Similarly strained pseudo-cubic systems have been observed through X-ray and neutron
powder diffraction [46–49]. To simplify the unit cell distortion caused by the strain, a
hexagonal convention of FCC can be chosen. The strain along the <110>H direction is then
accounted for by producing a pseudo-hexagonal unit cell with an α, β angle of 89.25◦ for the
core and 81.65◦ for the shell, which produces a tilt angle Φ of 1.5◦ and 16.7◦, respectively.
The tilt angle is found to be constant for all nanoparticle sizes. The conversion from cubic
to hexagonal convention used is shown in Figure 7A. Expansion of the aH and bH axes and
the compression of the cH axis are found to be proportional to the surface area to volume
ratio. Conversely, the lattice constants of the shell phase were found to be constant for all
nanoparticle sizes. The comparison of the core component lattice constants to the surface
area to volume ratio is shown in Figure 7B.

Figure 7. (A) Diagram highlighting the choice between cubic and hexagonal conventions for the
face-centered cubic PdHx unit cell. (B) Comparison of the pseudo-hexagonal lattice constants and
the surface area to volume ratio. Inset shows the pseudo-hexagonal unit cell convention. Blue
arrows represent the compression along the cH axis, red arrows represent expansion along aH, bH

axes and black is the strain of the cubic {111}c plane in the <110>c or equivalently <110>H direction.
Additionally, the tilt angle Φ is shown.

Using the pseudo-hexagonal unit cell, the experimentally measured G(r) for palladium
nanostructures grown in situ in each substrate were modeled. The calculated G(r) core–shell
model for β-PdH0.23/sEG is shown in Figure 8A. The phase fractions of the core and shell
components were found to be proportional to thesurface area to volume ratio as expected
for a core–shell system. The phase fractions are shown in Figure S4 in the supplemental
materials. The core and shell components are separated, and the total model error is split
between each component by a phase fraction.
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Figure 8. (A) Experimental G(r) of the remaining Pd structures after subtraction of the sEG substrate.
Experimental G(r) is fit to the theoretical core–shell model using a β-PdH0.23 pseudo-hexagonal
core and a disordered PdHx pseudo-hexagonal outer shell. (B) Experimental R(r) of PdHx core
components grown in situ on ex-substratum, EG, ShEG and sEG substrates. The R(r) highlights the
distortion which is occurring from the ideal PdHx FCC unit cell with decreasing nanoparticle size
and increased hydrogen content.

The appearance of a small peak in the G(r) as observed in Figure S5C,D for Pd-ShEG
and Pd-sEG at 2 Å confirms the presence of hydrogen within the system, and that hydrogen
content is increasing as the nanoparticle size decreases. The hydrogen content of the
PdHx is often calculated as a function of the cubic lattice constant b [50–52]. Here, the
system is pseudo-cubic; to account for this, the relationship provided [51] is recalculated
as a function of pseudo-hexagonal unit cell volume, as shown in Figure S6A. Using this
relationship, the hydrogen content for each group of palladium nanoparticles is calculated.
The calculated hydrogen content is found to be proportional to the surface area to volume
ratio, as observed in Figure S6B. The remaining experimental G(r) values are presented
in the supplementary materials in Figure S7. The aforementioned HRPDF results were
consistent with the hydrogen uptake measured by the electrochemical technique.

3.4. Hydrogen Uptake and Release Performance of Pd-EG Nanomaterials

To test the material’s hydrogen uptake and release ability, CV curves of the palladium-
decorated nanomaterials were conducted in the same conditions as previously stated.
Figure 9A compares Pd-NP vs. the prepared nanomaterials from a potential range of
−0.3 to 0.6 V vs. SCE with two clear peaks. The peaks are interpreted as the adsorp-
tion of hydrogen from roughly 0 to −0.3 V and desorption of hydrogen from roughly
−0.3 to 0.05 V. The material with the highest adsorption and desorption is Pd-sEG, which
demonstrates that sonification exfoliation has the ability to improve hydrogen storage.
Similarly, Pd-ShEG, high shear mixing exfoliation is also shown to improve the adsorption
and desorption of hydrogen over the base Pd-EG material. Moreover, Pd-NP with their
electrochemical activity normalized by Pd wt.% demonstrates that a synergistic effect oc-
curred when they were combined with EG in Figure 9A. The mechanism for the hydrogen
uptake and release can be derived based on the Volmer process [53]. The process can there-
fore be explained through the scheme M + e− + H+ � Had − M , where M represents
the material or sample. Further analysis was conducted by taking the integration of the
anodic desorption peak to calculate the hydrogen desorption charge, QH, which gives a
measure of how much hydrogen is released after uptake. Figure 9B confirms that Pd-sEG
has the highest hydrogen desorption charge (31.05 mC cm−2) as compared to Pd-ShEG
(24.54 mC cm−2), Pd-EG (14.70 mC cm−2) and Pd-NP (9.87 mC cm−2). This demonstrates
again that sonication is effective in improving the hydrogen storage ability. The improve-
ment might be explained by the effective exfoliation caused by the sonication and high
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shear mixing process and increase in surface area allowing for a higher availability of
Pd-NP for hydrogen uptake and release.

Figure 9. (A) Cyclic voltammetry of the various nanomaterials prepared without mechanical exfoli-
ation, with sonication and shear, as well as Pd-NP, EG, and bare carbon paper. (B) The associated
integration of the curve for the desorption charge for nanomaterials with Pd deposition. (C) LSV
after holding the potential at −0.300 V for 5 min and varying the starting potential from −0.300 to
−0.040 V. (D) Overall hydrogen desorption charge, QH, obtained from integration of LSVs of the
various nanomaterials including Pd-NP, Pd-EG, Pd-ShEG, and Pd-sEG.

Further electrochemical testing was conducted using a U-cell with the working elec-
trode separated from the Pt wire counter electrode with a cation exchange membrane. The
use of a U-cell to separate the working electrode from the counter electrode is to address
concerns relating to the deposition of Pt on the working electrode. Pt deposition is more
likely to occur in experiments with held potentials and repeated cycling [54]. As a result,
this effect was only considered for the following analysis. First, the time required to achieve
maximum hydrogen storage capacity was determined using LSV and CA. CA was con-
ducted by holding the potential at −0.3 V for 1, 3, 5, 7 and 10 min. After each hold time, an
LSV was conducted sweeping from −0.3 to 0.6 V at a 0.010 V/s scan rate. It was seen that
the current density was increased to a maximum. To determine the optimum holding time,
the integration of the anodic sweep was calculated for each curve for each nanocomposite
and compared against the hold time. It is seen that across all materials, there is a plateau
of QH after 3 min, indicating a complete saturation of hydrogen. To ensure a maximized
hydrogen sorption, CA was conducted for 5 min for all further experiments. In a different
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set of experiments, after a 5-min CA hold was conducted at different potentials, LSVs
were immediately run at the held potentials from −0.3 to −0.04 V to a consistent 0.4 V
upper potential. The set of LSV scans for Pd-sEG is shown as a representative graph in
Figure 9C. For each material, the QH was determined for each different held potential
shown in Figure 9D.

For the scans shown, a major desorption peak is seen with a shoulder peak present.
The two desorption peaks can be attributed to different phases of Pd-hydride, which are
dependent on the applied potential. The α-phase hydride is associated with hydrogen
sorption at lower concentrations as a solid solution, while the β-phase hydride relates to
higher concentrations of hydrogen in the material as a hydride. Furthermore, an interme-
diate α-β or α’ phase exists between the α and β phases [19,55,56]. It is shown that over
the range of the different potential sweeps, Pd-sEG had the highest QH (50.40 mC cm−2),
while Pd-ShEG showed slightly lower activity (41.20 mC cm−2), and both LPE samples
had notably improved activity over the base materials (29.60 mC cm−2 for Pd-EG and
19.15 mC cm−2 for Pd-NP). From Figure 9D, insight into the phases of Pd-hydride can
also be obtained. The slight increase in QH in the potential range from −0.040 to −0.190 V
is attributed to increased capacity for α-phase hydride, while the range from roughly
−0.200 to −0.260 V would be the α-β phase hydride transition phase. Finally, the higher
potential range of roughly −0.280 to −0.300 V can be attributed to β-hydride formation.
For Pd-NP and Pd-EG, it is also seen that a plateau of QH is seen from −0.220 to −0.300 V,
which implies a maximized hydrogen sorption, while there is continued increase for the
LPE samples. This increase in hydrogen sorption could be attributed to the increased
hydrogen spillover caused by the higher exfoliation as evidenced in SEM and XRD as well
as higher capacitance. In previous studies, it has been reported that the transition between
the α-β phase hydride affects the hydrogen sorption as the rate-determining step [57]. It
can therefore be inferred that a higher α-β phase also implies a higher hydrogen uptake.
The PdHx was also calculated and listed in Figure 9D based on QH.

It was previously confirmed in Table S1 that the exfoliation methods increased the
surface area of materials. The increase in surface area can therefore be correlated to the
hydrogen uptake and release ability of materials. It has been seen that samples that have
increased surface area allow for a more uniform distribution of Pd-NP and higher QH.
This could be due to a higher number of active sites allowing for more effective hydrogen
spillover effect through a more effective diffusion of H [33].

Stability testing was also conducted on the Pd-functionalized nanocomposites through
repeated cycling of cyclic voltammetry. The experiments were conducted at a 0.020 V/s
scan rate with a potential window of −0.3 to 0.6 V. As previously stated, due to concerns
regarding the deposition of Pt from the counter electrode, the experiments were conducted
using a U-cell with a cation exchange membrane separating the working and reference
electrode from a Pt wire counter electrode. The electrolyte utilized was the same as
previous experiments: 0.5 M H2SO4 initially purged with Ar gas. The cycling stability tests
demonstrated there is a only slight decrease in activity, as shown in Figure S8.

4. Conclusions

To conclude, the use of mechanical liquid phase exfoliation of expanded graphite
increases the surface area to allow for a more dispersed decoration of Pd-NP compared
to the base material. The increased surface area and higher dispersed Pd-NP allows for
more accessibility for H-sorption due to a higher number of active sites. This is confirmed
based on morphological and electrochemical characterization demonstrating the efficacy
of the utilized high-shear mixing exfoliation and probe-tip sonication as pretreatments.
The optimized processing time for both high-shear mixing and probe-tip sonication was
determined through the use of capacitance studies. After the mechanical exfoliation of
graphite to graphene, the use of freeze drying was used to prevent the agglomeration of the
carbon sheets prior to the decoration with Pd-NP. The hydrogen storage uptake and release
of Pd-sEG was the highest when compared to the base materials of Pd-EG and Pd-NP,
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while Pd-ShEG also improved the capacity. The advanced HRPDF analysis confirmed
the formation of PdHx and provided insights in the enhancement of hydrogen storage of
Pd-sEG and Pd-ShEG. The strong linear relationship with effective surface area to volume
ratio revealed nanoparticle size as a determining factor for the hydrogen uptake and
release. Ultimately, the investigation in this work of using LPE over traditional chemical
methods to improve solid-state hydrogen storage took a notable step away from fossil fuels
toward a hydrogen economy using safer synthesis methods. Future work could include
the use of heteroatom doping, which could further improve the hydrogen uptake/release
of mechanically exfoliated graphene nanomaterials.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nano13182588/s1, Figure S1: EDX element maps of Pd-sEG showing
the distribution of carbon, oxygen, and palladium on the nanocomposite. Figure S2: XPS survey
scans of the Pd-functionalized nanomaterials. Figure S3: (A) High-resolution XPS scans of Pd 3d of
each palladium-decorated nanomaterial and (B) high-resolution XPS scans of each nanomaterial and
functionalized nanocomposite. Figure S4: Comparison of the PdHx nanoparticle core–shell phase
fractions and the particle surface area to volume ratio. Both core and shell phase fractions are found
to be proportional to the nanoparticle surface area volume ratios. Figure S5: Experimental G(r)’s of
the remaining Pd structures after subtraction of the substrates (a) ex-substratum (b) EG, (c) ShEG and
(d) sEG. The experimental G(r) values are fit to a theoretical core–shell model using a nanocrystalline
PdHx pseudo-hexagonal core and a disordered PdHx pseudo-hexagonal outer shell. The core and
shell components are separated, and the total model error is split between each component by phase
concentration. Figure S6: (A) Comparison of PdHx H/Pd ratio and the hexagonal unit cell volume.
The H/Pd ratios are given as a function of cubic lattice constant. Under the hexagonal convention, the
H/Pd ratios can be replotted against unit cell volume. Using this new relationship, the H/Pd ratio of
the palladium nanoparticles in this experiment can be calculated. (B) Comparison of the calculated
PdHx H/Pd ratio and the surface area to volume ratio. The calculated H/Pd ratio is found to be
proportional to the surface area to volume ratio. Figure S7: Experimental G(r) values of the remaining
Pd structures after subtraction of the substrates: (a) ex-substratum, (b) EG, (c) ShEG and (d) sEG.
The experimental G(r) values are fit to the theoretical core–shell model using a nanocrystalline PdHx
pseudo-hexagonal core and a disordered PdHx pseudo-hexagonal outer shell. The mean spherical
diameter is refined to 8.4 ± 0.13, 5.6 ± 0.12, 4.2 ± 0.11, 3.5 ± 0.09 nm for ex-substratum, EG, ShEG and
sEG, respectively. Figure S8: Stability testing of Pd-functionalized nanocomposites (A) Pd-ShEG and
(B) Pd-sEG conducted through repeated CV cycling. Table S1: Capacitances of the graphene-based
nanomaterials. Table S2: EDX results showing the atomic percent of carbon, oxygen, and palladium
of each material and nanocomposite. Table S3: PdHx nanoparticle pseudo-hexagonal core–shell
model parameters.
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Abstract: In this study, we investigate how changing important synthesis-related parameters can
affect and control the optical characteristics of graphene oxide (GO) and reduced graphene oxide
(rGO). These parameters include drying time and reduction time at two different temperatures. We
obtain an understanding of their impact on optical transitions, optical bandgap, absorption coefficient,
and absorbance spectrum width by analyzing these factors. Accordingly, GO has an optical bandgap
of about 4 eV, which is decreased by the reduction process to 1.9 eV. Both GO and rGO display
greater absorption in the visible spectrum, which improves photon capture and boosts efficiency
in energy conversion applications. Additionally, our results show that GO and rGO have higher
absorption coefficients than those previously reported for dispersions of exfoliated graphene. Defects
in GO and rGO, as well as the presence of functional oxygen groups, are the main contributors
to this increased absorption. Several measurements are carried out, including spectroscopic and
morphological studies, to further support our findings.

Keywords: graphene oxide; reduced graphene oxide; citric acid; optical bandgap; absorption coefficient

1. Introduction

The basic building block of carbon-based materials such as graphite is called graphene,
which is made up of a single layer of carbon atoms organized in a hexagonal lattice [1]. The
remarkable physical and chemical characteristics of this two-dimensional (2D) material
include exceptional electrical and thermal conductivity, mechanical strength, and a large
surface area [2]. However, there are some difficulties related to graphene. For instance, it
cannot be further processed because it is insoluble in water and the majority of organic
solvents [3]. Graphene also has a zero bandgap, which makes it act more as a semimetal than
a semiconductor. The functional groups that might be advantageous for bioapplications
are also absent [4].

In this context, it has suggested derivatives such as graphene oxide (GO) and reduced
graphene oxide (rGO) to get around the drawbacks of pure graphene [5]. Graphene is given
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oxygen-containing functional groups, such as hydroxyl (-OH), epoxy (-O-), and carboxyl
(-COOH) groups, to produce GO [6]. With this change, GO becomes hydrophilic and is eas-
ier to manipulate. Additionally, GO develops a finite bandgap due to the presence of oxygen
functional groups, which turns it into a semiconductor or insulating material [7]. However,
reducing GO results in the production of rGO, which partially restores the electrical and
mechanical properties of graphene due to the removal of oxygen functional groups [8].
Both GO and rGO have unique features and have potential in a range of applications, such
as energy storage, water treatment, biosensors, composites, and catalysis [9,10].

On the other hand, the physical and chemical characteristics of GO and rGO are
significantly influenced by the oxidation method [11–13] as well as the reducing agent
(e.g., hydrazine, ascorbic acid, and citric acid [14–16]). Indeed, there are different levels of
oxidation or reduction as a result of these processes. A thorough investigation of crucial
factors such as temperature and contact time with the reducing agent is still lacking,
although much research has been devoted to the synthesis processes and reducing agents
for synthesizing GO and rGO. There has recently been a focus on comprehending the
crucial parameters, such as drying time and reduction time, that enable control over oxygen
functionalization [17]. This is crucial because it may speed up the preparation of GO
and rGO with bandgaps that are comparable to those of silicon, making them ideal for
next-generation devices. [18]

In a previous study conducted by Kumar et al. [19], a straightforward thermal an-
nealing technique was developed, eliminating the need for any chemical treatments to
modify as-made GO. This method successfully converts the mixed sp2–sp3 hybridized GO
phases into distinct oxidized and graphitic phases during annealing, resulting in significant
improvements and a noticeable enhancement in visible absorption characteristics. How-
ever, the study does not specifically address the optical bandgap, electronic transitions, or
absorption coefficient of the material. Also, the study does not cover the manipulation of
rGO. Therefore, further exploration is necessary to fully understand the potential of this
strategy in manipulating the properties of both GO and rGO.

In the present work, we focus on examining the influence of drying time and low-
temperature reduction treatment on the optical properties of various GO and rGO samples.
The optical characteristics are investigated using UV-visible spectroscopy by the absorbance
spectra and Tauc analysis [20]. In addition, energy-dispersive X-ray spectroscopy (EDS),
X-ray powder diffraction (XRD), and scanning electron microscopy (SEM) techniques are
employed to analyze the elemental composition, crystallinity, and morphology of the
materials. The results indicate that increasing the drying time up to 120 h at 80 ◦C leads
to a modification of the optical bandgap of GO from approximately 4 to 2.8 eV. Similarly,
the reduction of GO-using citric acid (CA) at 80 ◦C for 120 h adjusts the optical bandgap
of rGO from approximately 2.5 to 1.9 eV. Additionally, this study discusses in detail the
estimated values of the optical absorption coefficient, shifts in electronic transitions, and
relevant photosensitive characteristics.

2. Material and Methods

Figure 1a summarizes the synthesis of GO and rGO. The reader is advised to study
our earlier work [21] for a more thorough description of the entire procedure. The uses of
GO and rGO in the elimination of pollutants are also extensively covered in our earlier
research [22,23].

2.1. Materials

Without further purification, we used all chemical compounds exactly as they were
given to us. Graphite powder (<150 μm, 99.9%) (Sigma Aldrich, St. Louis, MO, USA),
sulfuric acid (H2SO4, ACS reagent, 95.0–98.0%) (Sigma Aldrich), potassium permanganate
(KMnO4, ACS reagent, 99.0%) (Sigma Aldrich), hydrochloric acid (HCl, ACS reagent, 37%)
(Sigma Aldrich), citric acid (CA, C6H8O7, ≥99.5%) (Sigma Aldrich), and hydrogen peroxide
(H2O2, 30%) (Merk, Rahway, NJ, USA).
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Figure 1. (a) Schematic illustration of the method used to prepare GO and rGO. (b) UV-visible theory.

2.2. Synthesis of GO and rGO

To prepare the mixture (Figure 1a), 3.0 g of graphite powder was combined with 70 mL
of H2SO4 in an ice bath. Then, 9 g of KMnO4 was added while keeping the temperature
below 20 ◦C. After 0.5 h, the mixture was transferred to a water bath and stirred at 50 ◦C
for 0.5 h. Gradually, 150 mL of distilled water was added to the solution, ensuring the
temperature stayed below 90 ◦C. An additional 500 mL of distilled water and 15 mL of
H2O2 were added. After 1 h, the resulting mixture was divided into centrifuge tubes and
washed with a 1:10 solution of HCl and distilled water using several centrifugations at
10,000 rpm for 10 min. The obtained precipitate was dried at 45 ◦C for 48 h in a Teflon
container to obtain graphite oxide powder.

In a typical experiment, 100 mg of graphite oxide powder was sonicated for 0.5 h in
500 mL of distilled water. The suspension was then centrifuged at 500 rpm for 10 min to
obtain a homogeneous GO suspension. This suspension was dried at 80 ◦C for varying
drying times ranging from 0 h to 120 h.

Following the drying process, under vigorous stirring, 500 mg of CA was gradually
added to a 250 mL GO aqueous solution (1:1). Different reduction times from 1 h to 120 h
were tested at 50 ◦C and 80 ◦C. To remove excess CA, the resulting black precipitates were
washed with distilled water through centrifugation at 3000 rpm for 0.5 h. Finally, the
precipitated material was dried at 80 ◦C for 24 h to obtain rGO powder.

We encountered a technical limitation when operating at temperatures exceeding
80 ◦C. Given that water serves as the primary medium for the synthesis process involving
oxidation and reduction, evaporation becomes a significant concern, leading to a reduction
in the initial water volume. Consequently, for example, at 100 ◦C, we must replenish the
water to maintain a constant supply throughout the entire 120 h duration. However, this
adjustment directly affects the initial concentration of GO, thereby impacting the resulting
absorbance spectra. To mitigate this challenge and promote a more uniform procedure, we
deliberately selected these two temperatures, i.e., 50 ◦C and 80 ◦C.

2.3. Characterization

The absorption spectra of GO and rGO were recorded using a Jenway 6850 spectropho-
tometer with a resolution of 0.1 nm in a wavelength window from 190 to 1000 nm. After
the specified drying time or reduction time, the obtained samples were sonicated briefly to
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redisperse GO or rGO before measuring their absorbance spectra. The optical absorption
coefficient was obtained by setting λ = 660 nm. Quartz cuvettes (3.5 mL) with a 10 mm
optical path were used. Spectra were normalized to the maximum of the prominent peak
and conventional Lorentz functions were used to fit the curve. Additionally, absorbance
spectra were smoothed using a 7-point moving average.

Using a scanning electron microscope (SEM, JSM-IT100 InTouchScope, JEOL,
Tokyo, Japan) with an accelerating voltage of 20 kV and tailored with an energy-
dispersive X-ray spectrometer (EDS), the surface morphology of the acquired samples
was examined. Using a Panalytical Pro X-ray diffractometer with Cu K irradiation
with an acceleration voltage of 60 kV and a current of 55 mA, measurements of X-ray
diffraction (XRD) were made.

3. Results and Discussion

To emphasize even more, our team [23] and others [24,25] have successfully shown
how to convert GO into rGO utilizing CA as a less dangerous and more environmentally
friendly reducing agent. Due to the potential health dangers connected with hydrazine,
CA is a preferable choice even though its reduction efficiency is not as high as that of
hydrazine. As a result, the findings of this study can be utilized to compare and extrapolate
the effectiveness of different green or non-green reducing agents.

3.1. Optical Properties of GO

To facilitate an effective comparison, our study initially focused on analyzing the
properties of GO under varying drying times. Figure 2a (Figure S2) displays the absorption
spectra of GO with drying times of up to 120 h. The spectrum reveals two distinct absorp-
tion peaks: one at approximately 230 nm and the other at 300 nm. Based on the UV-visible
theory (Figure 1b), these peaks correspond to the π − π∗ transition of C=C in amorphous
carbon systems, and a broad n − π∗ transition of C=O bonds, respectively. All spectra are
featureless in the visible region.

Notably, a redshift in the primary absorption peak is observed (Figure S1) from
229.6 nm at 0 h to 243.8 nm at 120 h (Table S1), which was not previously reported by
Kumar [19]. This finding is intriguing since the evaporation of surface water molecules
and water molecules within the structure of GO is expected to occur during the drying
process. Such evaporation would result in a decrease in the number of functional groups
and a partial reduction of the material, which could explain the observed redshift.

Our study confirms that increasing the drying time leads to a significant improvement
in absorption in the visible region (Figure 1a, the color bar from 400 to 700 nm), which is a
crucial factor for many applications, such as solar cells. Specifically, an improvement in
photon collection is observed of almost 40% at 400 nm and 15% at 700 nm when the drying
time of GO is increased. This result implies that the optical properties of GO can be tuned
by adjusting the drying time, which could have significant implications for the design and
optimization of various optoelectronic devices.

The Tauc approach is a common method used to estimate the optical bandgap of
GO [26,27]. The Tauc approach involves plotting the absorption coefficient (∝) against
photon energy and extrapolating the linear portion of the curve to the point where it
intersects the x-axis. This enables the estimation of the optical bandgap, which is associated
with the energy of photons that can be absorbed by the material.

With this in mind, the optical bandgap of the GO samples was estimated by fitting the
linear portion between 4 eV and 5 eV for each drying time (Figure S3). It is worth noting
that the optical bandgap of GO at 0 h is located outside the visible region, but as the drying
time increases, the bandgap energy decreases and enters the visible region.
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Figure 2. (a) Absorbance spectra of GO for different drying times at 80 °C from 200 to 800 nm.
(b) Optical bandgap of GO as a function of drying time. (c) Optical absorbance at 660 nm as a func-
tion of concentration, considering three drying times. The color bar in (a) represents the visible region
of the spectrum, spanning from 400 to 700 nm.

The numerical values for the optical bandgap can be observed in Figure 2b and
Table S2. As the drying time increases, a decreasing exponential behavior is observed,
with the bandgap reducing from 4.1 eV at 0 h to 2.8 eV at 120 h. After fitting the data, we
obtained the equation: y = 1.33 Exp

[−4.77 × 10−2 t
]
+ 2.77 (R2 = 0.999), which implies

that the effect of drying time on the optical bandgap diminishes after 120 h, as the maximum
predicted reduction in optical bandgap is 2.77 eV. This result is further supported by the
small rate of decrease observed, which is −4.77 × 10−2 s−1. The largest impact of drying
time is observed between 0 and 24 h, resulting in a decrease of 0.91 eV.

To calculate the absorption coefficient, we followed the Lambert–Beer law (A = α660·c·l)
and prepared multiple GO dispersions with varying concentrations ranging from 0.01 to
0.05 mg mL−1. This method is commonly used for exfoliated graphene dispersions in water or
alcohols [28,29] and has now been applied to GO samples at different drying times. The linear
relationship between concentration (c) and absorbance (A), which is independent of drying
time, is confirmed by Figure 2c. Additionally, it can be observed that the ratio of A/l increases
as the drying time increases, indicating a rise in the absorption coefficient. The absorption
coefficient of GO at different drying times was found to be 3932.22 mL mg−1 m−1 at 0 h,
4586.71 mL mg−1 m−1 at 48 h, and 5507.15 mL mg−1 m−1 at 120 h (Table S3). These values are
significantly higher than those reported for exfoliated graphene dispersions, which typically
have an absorption coefficient of around 2460 mL mg−1 m−1 [28].
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The higher absorption coefficient of GO compared to exfoliated graphene is likely
due to the presence of oxygen functional groups in its structure [30]. These functional
groups create defects in the carbon lattice, which can interact with photons at a wider
range of energies than exfoliated graphene. Additionally, the oxygen functional groups
on the surface of GO can induce dipole moments and charge transfer, further enhancing
the absorption of electromagnetic radiation. It is crucial to note that as the drying time
increases (from 0 h to 120 h) (Figure 2d), the absorption coefficient also increases. This
observation suggests that while the number of oxygen functional groups may decrease,
a disordered and defective structure might prevail due to the increase in the number of
vacancies [30].

With these results in mind, GO seems useful in applications such as photovoltaics,
photocatalysis, and optoelectronics where high absorption coefficients are required.

On the other hand, we have noticed a quasi-linearity in the position of the main
absorption peak (π − π∗ transition) as a function of drying time (Figure S4a) as well as the
optical bandgap as a function of the position of the π − π∗ transition (Figure S4b). Perfect
linearity is also observed between the optical bandgap and the full width at half maximum
(FWHM) (Figure S4c). Beyond these interesting results, we can note something important:
as the drying time increases, the FWHM significantly increases (Table S1).

3.2. Optical Properties of rGO Reduced at 80 ◦C

We now proceed to analyze the properties of rGO (Figures 3 and 4). For the reduction
and seeing the potential scalability of the process, we focused on the GO samples dried
at 80 ◦C for 24 h, which showed the most efficient result of the drying process. These GO
samples resulted in a bandgap of 3.2 eV (Table S2) and a π − π∗ transition at 233.3 nm
(Table S1). However, it is worth considering the possibility of utilizing the samples dried
for 120 h, which would result in a partially reduced material due to the thermal reduction
treatment. This would undoubtedly impact the reduction time required or even the choice
of reducing agent. This concept serves as a motivation for future extensive studies aimed
at optimizing the process and evaluating the cost-benefit of employing a material subjected
to prolonged drying time.

 

Figure 3. (a) Absorbance spectra of rGO reduced at 80 ◦C from 200–800 nm. (b) Position of π − π∗

transition as a function of reduction time. The color bar in (a) represents the visible region of the
spectrum, spanning from 400 to 700 nm.
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Figure 4. Optical bandgap of rGO reduced at 80 ◦C as a function of: (a) reduction time, (b) position
of π − π∗ transition, and (c) full-width at half maximum (FWHM). (d) Optical absorbance at 660 nm
as a function of concentration, considering three reduction times.

Figure 3a displays the absorption spectra of rGO reduced at 80 ◦C using CA under
various reduction times ranging from 1 h to 120 h. Notably, all the spectra appear fea-
tureless in the visible region, indicating that the reduction process did not introduce any
extra species (Figure S6). Additionally, it is noteworthy that only the π − π∗ transition is
observed, while the n − π∗ transition is absent in all the spectra.

In Figure S5, a redshift of the π − π∗ transition is observed, which shifts from 261.7 nm
at 1 h of reduction with CA to 273.9 nm at 120 h of reduction (Table S4). This shift is much
more significant compared to the one observed in GO, indicating that the reduction process
has occurred, and the structure and properties of graphene are progressively recovering.

Upon careful analysis of Figure 3a, an important rise in absorption in the visible region
can be observed, with up to a 22% increase at 400 nm and a 9% increase at 700 nm as the
reduction time increases. Although these results are lower than those observed for GO, the
improved absorption in the visible region makes rGO a promising material with several
potential applications.

On the other hand, the position of the π−π∗ transition follows a clear linear trend until
48 h of reduction time, after which it starts to plateau because the point at 120 h strongly
deviates from this linearity and the position of this peak cannot increase indefinitely
(Figure 3b). It is worth noting that the maximum position of the π − π∗ transition for
exfoliated graphene dispersions is around 280 nm [31]. Similar to GO, the FWHM of
the π − π∗ transition observed in rGO also increases as the reduction time progresses,
indicating a broadening of the main absorption peak (Table S4).
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We now focus on discussing the optical bandgap (Table 1 and Figure S7) and absorption
coefficient (Table 2) of rGO. Figure 4a shows a decrease in the optical bandgap from 2.52 eV
at 1 h of reduction to 1.94 eV at 120 h of reduction, which can be described by a decreasing
exponential function (y = 0.63 Exp

[−4.04 × 10−2 t
]
+ 1.93, R2 = 0.999). The total drop in

the optical bandgap through the reduction process at 80 ◦C via CA is 0.58 eV. Compared
to GO at 0 h of drying time and GO at 24 h of drying time, the optical bandgap decreases
down to 2.15 eV and 1.24 eV, respectively. The most significant decrease in the optical
bandgap occurs during the first 24 h of reduction, with a difference of 0.37 eV. Beyond this
point, the effect of the reducing agent on the optical bandgap continues to slightly decrease
with a small decreasing rate of −4.04 × 10−2 s−1, leading to a minimum optical bandgap of
1.93 eV by using CA.

Table 1. Estimated optical bandgaps of rGO reduced at 80 ◦C under different reduction times ranging
from 0 to 120 h.

Reduction Time (h) Optical Bandgap (eV) R2

1 2.52 0.999
6 2.45 0.999

12 2.33 0.999
24 2.15 0.999
48 2.03 0.999
120 1.94 0.999

Table 2. The estimated optical absorption coefficient of rGO reduced at 80 ◦C, considering three
reduction times.

Material Absorption Coefficient (mL mg−1 m−1) R2

rGO @ 1 h/80 ◦C 5803.89 0.997
rGO @ 48 h/80 ◦C 6534.43 0.989
rGO @ 120 h/80 ◦C 7638.10 0.989

Figure 4b shows a linear relationship between the optical bandgap and the position
of the π − π∗ transition up to 24 h of reduction time, which can be expressed by data
fitting (Table 1) as y = −9.27 × 10−2 t + 26.80 (R2 = 0.995). The plot demonstrates that
the data points at 48 h and 120 h of reduction do not align with the linear fit, indicating
that both the optical bandgap and the position of the π − π∗ transition have reached a
saturation point, and the reduction with CA has almost entirely taken place. The slope is
−9.27 × 10−2 eV nm−1, indicating that the reduction of the optical bandgap for each nm of
the redshift of the π − π∗ transition is slow but steady.

Figure 4c shows a linear relationship between the optical bandgap and the FWHM,
which can be described by the following equation: y = −4.32 × 10−3 t + 3.66 (R2 = 0.989).
Although the slope is very small (−4.32 × 10−3 eV nm−1), the impact of reduction time
on the FWHM is significant. For instance, rGO reduced for 1 h has an optical bandgap of
2.52 eV and an FWHM of 271.57 nm, while rGO at 120 h of reduction shows an optical
bandgap of 1.94 eV and an FWHM of 406.23 nm. These results further highlight the
importance of controlling the reduction time to obtain rGO with desirable features.

Figure 4d shows the ratio of A/l, which exhibits a linear increase with increasing
the concentration of rGO, regardless of the reduction time. By fitting the data, absorption
coefficient values of 5803.89 mL mg−1 m−1 at 1 h, 6534.43 mL mg−1 m−1 at 48 h, and
7638.10 mL mg−1 m−1 at 120 h were attained (Table 2). These values are almost three times
larger than those reported for exfoliated graphene dispersions (∼2460 mL mg−1·m−1 [28]),
indicating the superior light absorption capability of rGO. Compared to GO, the absorption
coefficients of rGO show an increase of nearly 28%.

To gain a deeper understanding of these results, we propose the following idea: the
superior absorption coefficient of rGO can be attributed to the reduction process, which
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removes oxygen functional groups and restores the sp2 hybridization of carbon atoms
in certain regions of the graphene lattice. This restoration leads to a significant increase
in the number of confined π− electrons perpendicular to the plane, thereby enhancing
light absorption. This effect is well-documented in the field of graphene plasmonics [32].
Additionally, it is worth noting that the reduction process may induce defects and vacancies
in certain regions of the graphene lattice, which also contribute substantially to increased
light absorption [30].

3.3. Optical Properties of rGO Reduced at 50 ◦C

Similar to the previous section, we now analyze rGO reduced at 50 ◦C (Figures 5 and 6).
Figure 5a shows the absorbance spectra of rGO for different reduction times. Although
the spectra do not present significant features in the visible region (Figure S9), the broad
structure of the π − π∗ peak remains remarkable. On the other hand, Figure S8 shows
a slight redshift from 260.33 nm at 1 h of reduction to 269.36 nm at 120 h of reduction
(Table S5). This smaller displacement of the π − π∗ peak can be attributed to the fact that
reduction temperature critically affects the kinetics of the reduction process.

 

Figure 5. (a) Absorbance spectra of rGO reduced at 50 ◦C from 200 to 800 nm. (b) Position of π − π∗

transition as a function of reduction time. The color bar in (a) represents the visible region of the
spectrum, spanning from 400 to 700 nm.

Additionally, Figure 5a demonstrates an increase in light absorption in the visible
region for rGO reduced at 50 ◦C, but the enhancement is significantly less when compared
to GO. At 400 nm, the improvement is only around 10%, and at 700 nm, it is about
5%. Nonetheless, these findings showcase the adaptability of GO and rGO in adjusting
their interaction with light by manipulating various parameters, including the oxidation-
reduction processes and the reducing agents employed.

A plateau in the position of the π − π∗ peak is observed in Figure 5b at 120 h of
reduction time, even at 50 ◦C, indicating that the peak position reaches saturation after
48 h of reduction where a clear linearity is observed from 1 h to 48 h of reduction. This
behavior is similar to that observed for rGO reduced at 80 ◦C. Additionally, the FWHM of
the absorbance spectrum also increases as the reduction time increases (Table S5) in rGO
reduced at 50 ◦C. However, the increase is much lower compared to rGO reduced at 80 ◦C.
As an example, at 1 h, the FWHM is 208.94 nm, and at 120 h, it is 271.41 nm.
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Figure 6. Optical bandgap of rGO reduced at 50 ◦C as a function of: (a) reduction time, (b) position
of π − π∗ transition, and (c) full-width at half maximum (FWHM). (d) Optical absorbance at 660 nm
as a function of concentration, considering three reduction times.

Interestingly, when rGO is reduced at 50 ◦C for 1 h (Figures 6a and S10a), the resulting
optical bandgap is 2.40 eV (Table 3), which is a more efficient outcome than the one obtained
at 80 ◦C for the same duration (2.52 eV). The reason for this observation is not yet clear,
but it is possible that at higher temperatures, secondary reactions such as oxidation or
degradation of GO occur, leading to structural defects. At lower temperatures, more stable
reduction products with fewer defects may be formed. In the case of reducing GO at 50 ◦C,
it is possible that at the lower temperature, the reducing agent used has a stronger affinity
for the oxygen functional groups of GO, leading to a more efficient reduction in a shorter
time. However, further research is needed to determine the specific factors that influence
the efficiency of the process. Notably, after 120 h, the optical bandgap is 2.03 eV (Table 3,
Figure S10f), which is higher than the value observed in the reduction of GO at 80 ◦C at the
same duration (1.94 eV).

Table 3. Estimated optical bandgaps of rGO reduced at 50 ◦C under different reduction times ranging
from 0 to 120 h.

Reduction Time (h) Optical Bandgap (eV) R2

1 2.40 0.999
6 2.34 0.999

12 2.27 0.999
24 2.19 0.999
48 2.11 0.999
120 2.03 0.999
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A good linear relationship can be observed between the optical bandgap and the
position of the π − π∗ peak (Figure 6b) for up to 24 h. However, the data points at 48 h and
120 h deviate from this linear trend, indicating that a saturation point is approaching. A
strong linear relationship can be observed between the optical bandgap and the FWHM
(Figure 6c).

The absorbance coefficients of rGO reduced at 50 ◦C for various reduction times are
shown in Figure 6d and Table 4. The acquired values are lower than those seen for rGO
reduced at 80 ◦C (Table 2) but greater than those reported for dispersions of exfoliated
graphene and GO (Table S3), demonstrating the major influence of the reduction tempera-
ture on the final optical characteristics of the resulting oxidized graphene derivative.

Table 4. The estimated optical absorption coefficient of rGO reduced at 50 ◦C, considering three
reduction times.

Material Absorption Coefficient (mL mg−1 m−1) R2

rGO @ 1 h/50 ◦C 5294.11 0.993
rGO @ 48 h/50 ◦C 5975.30 0.983
rGO @ 120 h/50 ◦C 6540.53 0.999

3.4. Spectroscopic and Morphological Measurements

To clarify and support our findings, we have conducted additional measurements
using EDS (Figure 7), XRD (Figure 8), and SEM (Figure 9). Notably, we placed particular
emphasis on samples subjected to 24 h of drying time for GO and 24 h of reduction time
for rGO at both 50 ◦C and 80 ◦C. These specific conditions were chosen to strike a balance
between production time and achieving the desired optical bandgap, thereby exploring
the potential for scalability as discussed in earlier sections. We would like to highlight
that our EDS study encompasses a comprehensive range of drying times, spanning from
0 to 120 h, as well as different reduction times at 80 ◦C or 50 ◦C, ranging from 1 to 120 h.
The corresponding results for these variations can be found in Figures S11–S13 of the
Supplementary Material. Additionally, we have included the numerical data associated
with these measurements in Tables S6–S8.

Figure 7a displays the EDS measurement of graphite, which presents a single peak
and a mass percentage of 99.6% (Table S6). This peak confirms the presence of only carbon
atoms in the sample, which is consistent with the expected composition of graphite. The
mass percentage of 99.9% indicates that the sample is highly pure. Figure S11a shows the
EDS measurement on GO at 0 h of drying time, where two peaks are observed for carbon
and oxygen with percentage masses of 41.47% and 58.53%, respectively (Table S6). These
results indicate that the sample is primarily composed of carbon and oxygen, which is
expected for GO regardless of the method used for oxidation.

Figure 7b displays the EDS measurement of GO at 24 h of drying time, which reveals
two peaks for carbon and oxygen, indicating the presence of both elements. The carbon
peak with a percentage mass of 51.42% suggests that carbon is the major constituent of the
sample, while the oxygen peak with a percentage mass of 48.58% indicates a significant
amount of oxygen is present. The decrease in the percentage of oxygen from 58.53% (0 h) to
48.58% (24 h) confirms that the drying process has removed some of the oxygen functional
groups from GO.

The EDS measurements on rGO at 80 ◦C (Figure 7c) and 50 ◦C (Figure 7d) for 24 h of
reduction time show two peaks for carbon and oxygen, indicating the presence of both
elements in the samples. The peak for carbon in both cases has a higher percentage mass,
with 68.53% at 80 ◦C (Table S7) and 68.17% at 50 ◦C (Table S8), suggesting that carbon is
the major constituent of the sample. Meanwhile, the peak for oxygen in both cases has a
lower percentage mass, with 31.47% at 80 ◦C and 31.83% at 50 ◦C, indicating a significant
amount of oxygen is still present in rGO.
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Figure 7. EDS measurement of (a) graphite, (b) GO dried at 80 ◦C for 24 h, (c) rGO reduced at 80 ◦C
for 24 h, and (d) rGO reduced at 50 ◦C for 24 h. C and O denotes the chemical elements of carbon
and oxygen, respectively.

 

Figure 8. (a) XRD measurements on power graphite, GO, and rGO. (b) Variation of the 2θ peak
position as a function of reduction time. (c) Variation of interlayer distance as a function of the
reduction time. The spectra were normalized to the maximum of the prominent peak.
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Figure 9. SEM measurements of (a) power graphite, (b) GO dried at 80 ◦C for 24 h, (c) rGO reduced
at 80 ◦C for 24 h, and (d) rGO reduced at 50 ◦C for 24 h.

These results suggest that the reduction process has not completely removed all of the
oxygen functional groups from GO. However, the decrease in the percentage of oxygen
confirms that the reduction process has successfully converted GO into rGO. The higher
percentage of carbon in both cases of rGO compared to GO indicates that the reduction
process has resulted in the restoration of some of the sp2 hybridized carbon bonds, which
is a characteristic of graphene. Additionally, Figures S12 and S13 depict the evolution over
time of the mass percentage of carbon and oxygen in rGO samples subjected to different
reduction times and different temperatures. Similarly, the evolution over time of the mass
percentage of carbon and oxygen in GO samples subjected to different drying times can be
observed in Figure S11.

To support EDS results, Figure 8 shows the XRD measurements on the same samples.
For comparison purposes, Figure 8 shows XRD measurements of graphite, which displays
the (002) peak at 26.73◦ and the (004) peak at 55.17◦, indicating the high crystalline structure
of graphite. In particular, the (002) peak corresponds to the d-spacing between adjacent
carbon planes in the graphite structure, which is approximately 3.35 Å.

The XRD measurement of GO dried at 80 ◦C for 24 h exhibits a single peak at 12.95◦,
indicating the presence of an interlayer spacing distance between adjacent GO layers of
6.12 Å. This value is significantly larger than the interlayer spacing distance of graphite
(3.35 Å) and can be attributed to the presence of intercalated oxygen functional groups. Fur-
thermore, this single peak in the XRD pattern suggests that GO has a disordered structure.

For rGO, a relatively narrow peak is observed at 23.57◦ in rGO reduced at 80 ◦C,
indicating a recovered highly ordered structure with a narrow distribution of interlayer
spacing distances between adjacent graphene sheets. On the other hand, the broad peak
observed at 23.38◦ in rGO reduced at 50 ◦C suggests a less ordered structure with a wider
distribution of interlayer spacing distances.

The variation of the 2θ peak position and interlayer distance in rGO as a function
of reduction are shown in Figure 8b,c, respectively. In particular, the values of interlayer
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distance ranging from 4.18 to 3.78 Å are significantly smaller than the interlayer spacing
distance in GO and can be attributed in fact to the reduction of oxygen functional groups
and the restoration of the sp2 hybridization.

The XRD results are complemented by SEM measurements, as shown in Figure 9. The
SEM image of graphite (Figure 9a) displays a regular and layered structure. Conversely,
GO dried for 24 h at 80 ◦C exhibits a distinct structure, characterized by numerous folds
in the plane and on the edges (Figure 9b). The surface is also corrugated and lacks a
homogeneous structure.

Instead, rGO reduced at 80 ◦C for 24 h (Figure 9c) exhibits a relatively regular structure
with folded edges and a moderate degree of surface roughness. In contrast, rGO reduced at
50 ◦C (Figure 9d) displays a stacked and disordered structure with numerous folds on the
edges, but also with a relatively smooth surface. Notably, rGO reduced at 50 ◦C exhibits
a micro- and mesoporous structure, which may be attributed to the presence of residual
oxygen functional groups and defects resulting from the reduction process.

4. Conclusions

In conclusion, we have carefully studied the optical characteristics of GO and rGO
by considering various oxidation–reduction process parameters, such as drying time,
reduction time, temperature, and reduction by employing CA as a green reducing agent.
The key findings of our study are summarized below:

• According to our research, GO has an optical bandgap of around 4 eV at 0 h of drying
time, which gradually drops to 2.77 eV after 120 h. On the other side, rGO shows a
bandgap reduction with longer reduction times. After 120 h of reduction time, the
optical bandgaps of rGO at 80 ◦C and 50 ◦C were 1.94 eV and 2.03 eV, respectively.

• The π − π∗ transition predominately defines the absorbance spectra of both GO and
rGO. Significantly, the aforementioned oxidation–reduction process parameters have a
strong influence on this transition. For instance, the π − π∗ transition in GO occurs at
about 230 nm at 0 h of drying time. On the other hand, regardless of the temperature
at which the reduction is carried out, these transitions occur for rGO with only 1 h of
reduction at wavelengths larger than 260 nm.

• Our study further validates that extending the drying time yields a notable enhance-
ment in absorption within the visible region. Specifically, we observed a substantial
improvement in photon collection of approximately 40% at 400 nm and 15% at 700 nm
when increasing the drying time of GO. Similarly, in the case of rGO reduced at 80 ◦C,
we observed a significant increase in absorption within the visible region, with up to a
22% rise at 400 nm and a 9% increase at 700 nm as the reduction time is extended.

• We measured high absorption coefficients in both GO and rGO, surpassing those
reported for exfoliated graphene dispersions by two to three times. These findings
confirm the superior optical properties of oxidized graphenes, highlighting their
improved capacity for absorbing light.
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Abstract: Graphene/silicon (Si) heterojunction photodetectors are widely studied in detecting of
optical signals from near-infrared to visible light. However, the performance of graphene/Si pho-
todetectors is limited by defects created in the growth process and surface recombination at the
interface. Herein, a remote plasma-enhanced chemical vapor deposition is introduced to directly
grow graphene nanowalls (GNWs) at a low power of 300 W, which can effectively improve the
growth rate and reduce defects. Moreover, hafnium oxide (HfO2) with thicknesses ranging from 1 to
5 nm grown by atomic layer deposition has been employed as an interfacial layer for the GNWs/Si
heterojunction photodetector. It is shown that the high-k dielectric layer of HfO2 acts as an electron-
blocking and hole transport layer, which minimizes the recombination and reduces the dark current.
At an optimized thickness of 3 nm HfO2, a low dark current of 3.85 × 10−10, with a responsivity of
0.19 AW−1, a specific detectivity of 1.38 × 1012 as well as an external quantum efficiency of 47.1% at
zero bias, can be obtained for the fabricated GNWs/HfO2/Si photodetector. This work demonstrates
a universal strategy to fabricate high-performance graphene/Si photodetectors.

Keywords: hafnium oxide; graphene nanowalls; plasma-enhanced chemical vapor deposition;
photodetectors

1. Introduction

Graphene is a two-dimensional material with excellent optical and electrical properties,
such as extremely high carrier mobility and ultra-broadband optical absorption. The high
carrier mobility enables graphene to travel for micrometers without scattering at room tem-
perature [1]. These properties make graphene have a wide range of potential applications,
including energy storage [2], polymer composites [3], biomedical science [4,5], photoelectric
devices [6–11], etc. Junctions formed by graphene and silicon (Si) can function as Schottky
diodes, which are widely used in solar cells and photodetectors [6–9]. The graphene/Si solar
cell was first reported in 2010 with a photovoltaic conversion efficiency (PCE) of 1.5% [6],
and the PCE of the graphene/Si solar cell has reached 16.2% [7] within a few years of
development. Graphene has also been reported to gain significant achievements in the field
of photoelectric detection, including ultrahigh photoresponsivity, ultrafast photoresponse,
and ultrawideband response [8–11].

The methods of preparing graphene include mechanical exfoliation [12], chemical
vapor deposition (CVD) [13], heat-induced epitaxial growth on silicon carbide (SiC) [14], etc.
In 2004, Geim et al. [12] successfully exfoliated and observed a monolayer of graphene
from high-directional thermal cracking graphite for the first time by mechanical exfoliation
method, but mechanical exfoliation with low controllability is difficult to obtain large
areas of high-quality graphene. The CVD-grown graphene, which is synthesized at a
high growth temperature, high vacuum, and selective substrate, requires a catalyst that is
difficult to remove, and the transfer process for the following device fabrication is fussy
and complex [15]. Multilayers of graphene sheets have been prepared by catalyst-free
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radio-frequency (RF) plasma-enhanced chemical vapor deposition (PECVD) technique [16].
These multilayers of graphene sheets are approximately perpendicular to the surface of
the substrate, forming a wall network with a corrugated surface. Therefore, this graphene
network with vertical stacking can also be called vertically oriented graphene nanowalls
(GNWs). GNWs with unique characteristics of ultra-sharp edges, high aspect ratio, high
specific surface area, and high stability feature an excellent electrode network, which could
collect photo-generated carriers quickly [17–19]. PECVD is a catalyst-free direct growth
method, which can avoid the complex transfer process for the following device fabrication.
So far, GNWs have been reported to successfully grow by PECVD on Cu [20], SiO2 [21],
Al2O3 [22], etc. In comparison with the traditional growth methods of graphene, PECVD
growth of GNWs has several advantages, such as a relatively low growth temperature, a
fast growth rate, and no selectivity toward substrates, which can facilitate the application
of GNWs in photodetectors and photovoltaic devices.

However, a zero bandgap and a uniform 2.3% optical absorption of the intrinsic
graphene [23] result in fast recombination and a low photoresponsivity, which limits its
deeper and wider application in the optoelectronics [24]. To improve the performance of
graphene photodetectors, the construction of heterojunction devices through the combina-
tion of other semiconductors, such as Si, is a simple and feasible method (it is noteworthy
that a lot of work has been reported on the combination of Si with other low-dimensional
materials (such as WS2, Ag nanowalls, etc.) to form a heterojunction for the optoelectronic
devices [25–28]). However, the existence of numerous defects, such as dangling bonds
on the Si surface, leads to carrier recombination, which seriously affects the photoelectric
performance. Modification of the contact between graphene and Si with an interfacial
layer is the most popular technique for reducing the charge recombination [29]. It has been
reported that the deposition of an oxide layer on the Si surface as an interfacial layer can
effectively reduce the effect of surface defects [30]. Among various oxides, including SiO2,
Al2O3, etc., hafnium oxide (HfO2), with a band gap of ~5.5 eV and a high dielectric constant
(~25), has a relatively lower effective tunneling mass and lower valence band offset, which
leads to a higher tunneling probability than SiO2 and Al2O3 [31].

In this work, we report a direct way to fabricate GNWs/HfO2/Si photodetectors.
The GNWs are obtained using remote PECVD at a low-power (300 W) and catalyst-free
moderate temperature (900 ◦C). In a typical PECVD process for the growth of graphene,
both the dissociation process of the precursor gases and the growth process of graphene
occur on the substrate surface at the same time. The particles with high energy often cause
damage to the surface of the substrate in the process of GNWs deposition, and an unwanted
ion bombardment often introduces defects and degrades the performance of the fabricated
photodetectors. The low-power remote PECVD proposed in our work can be used to
avoid unwanted ion bombardment. In addition to the direct deposition of GNWs without
using any catalyst, both lower growth power and faster growth offer more possibilities
for the large-scale production of graphene. Furthermore, to improve the photoelectric
performance of the pristine GNWs/Si photodetector, we introduce a HfO2 interfacial layer
grown by atomic layer deposition (ALD) to increase the Schottky barrier height, suppress
the recombination in the interface, and passivate the dangling bonds on the Si. HfO2 also
acts as an electron-blocking and hole transport layer in the GNWs/HfO2/Si photodetector,
which plays an important role in reducing the dark current. To further investigate the
influence of HfO2 on the performance of GNWs/HfO2/Si photodetectors, we optimize
its thickness. The optimized thickness of HfO2 is 3 nm, and at this thickness, a low dark
current of 3.85 × 10−10 A with a high responsivity of 0.19 AW−1, a specific detectivity
of 1.38 × 1012 Jones, as well as an external quantum efficiency of 47.1% under the bias
of 0 V for the fabricated GNWs/HfO2/Si photodetector, can be obtained. Moreover, we
systematically analyze the band diagram of the device and the physical mechanism of
device performance improvement.
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2. Materials and Methods

2.1. Growth of HfO2 by Atomic Layer Deposition

Since GNWs are generally p-doped in the atmosphere environment, we choose n-type
Si as a starting material for the fabrication of photodetectors [15]. The n-type (100) single
crystalline Si with a resistivity of 1–10 Ω·cm and a thickness of 600 μm was cleaned by
RCA (Radio Corporation of America, New York, NY, USA) cleaning to remove organic
contaminants and natural oxide layer and then was purged with nitrogen gas and stored
under vacuum to avoid reoxidation. Before the deposition of HfO2, one-third area of the
Si substrate was covered with heat tape to prevent the growth of HfO2 in this area. A
series of HfO2 with different thicknesses were directly deposited on the Si substrate at a
temperature of 150 ◦C using Tetrakis dimethylamido hafnium (TDMAHf) as the precursor
of hafnium and H2O as the precursor of oxygen. In this process, N2 with a flow rate of
50 sccm was used as the carrier gas, and the temperature of TDMAHf was held at 75 ◦C
while the temperature of H2O was at room temperature.

2.2. Growth of GNWs

GNWs were directly grown on the Si substrate that had already been deposited
with a layer of HfO2 by remote PECVD. Specifically, a remote radio-frequency plasma-
enhanced horizontal tube furnace deposition system has been used to grow GNWs (shown
in Figure 1a). The plasma is generated at the coil position, and the frequency of the plasma
generator is 13.6 MHz. It is worthwhile to mention that the plasma generator is away from
the center of the tube furnace where the Si substrate was placed (the distance between the
plasma generator and the center of the tube furnace is 40 cm). Before the synthesis process
of GNWs, the entire tubular furnace was pumped to a pressure of approximately 10−3 mbar
by a vacuum pump, and thereafter, the tube was heated to 900 ◦C. Then we introduced a
mixture of methane (CH4) with a flow rate of 10 sccm and argon with a flow rate of 40 sccm.
The plasma was turned on to grow GNWs under an RF power of 300 W (the power density
was 0.093 W/cm3) with a growth time of 60, 90, 120, and 150 s, respectively. After the
growth of GNWs, the sample was naturally cooled to room temperature.

Figure 1. (a) A schematic and photo of a remote radio-frequency plasma-enhanced horizontal tube
furnace deposition system, respectively. (b) Schematic structure of the GNWs/HfO2/Si photodetec-
tor.

2.3. Fabrication of Photodetectors

The GNWs grown for 120 s were used to fabricate GNWs/HfO2/Si photodetectors.
GNWs were spin-coated with UV-positive photoresist (AZ 5214) and then dried at 96 ◦C
for 4 min. Then we used a metal mask to shield the 2/3 area of the sample grown with
HfO2. Afterward, the sample was exposed to UV light with a power of 1 W for 15 s and
immersed in the developer. In this process, a photoresist, which had not been removed
by the developer, was used to protect the graphene on the HfO2 in our experiment. After
removing the excess photoresist, we purged it with oxygen plasma (60 sccm O2 and 80 W
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RF power) for 5 min to remove extra GNWs without the protection of the photoresist on
Si. At this time, GNWs were only retained on the side of HfO2. Then, acetone was used to
remove the remaining photoresist. After that, we used physical vapor deposition (PVD)
to sputter metal electrodes (Cr/Au). The electrodes both kept quasi-ohmic contacts with
Si and GNWs (the corresponding contact characteristic curves can be found in Figure S1).
The schematic structure of the GNWs/HfO2/Si photodetector is shown in Figure 1b. The
overall fabrication process of the GNWs/HfO2/Si photodetector is shown in Figure 2. In
addition, the real apparatus and intermediate fabrication products are shown in Figure S2.

Figure 2. Fabrication process of the GNWs/HfO2/Si photodetector: (a) one-third of the Si substrate
was shielded with heat tape; (b) HfO2 was grown by ALD on two-thirds of the Si substrate that
has not been covered by heat tape; (c) GNWs were grown by PECVD; (d) photoresist was coated to
protect GNWs on HfO2; (e) GNWs were removed by plasma bombardment, and photoresist was
removed by acetone; (f) electrodes were deposited by PVD.

2.4. Characterization Technique

Xplora Raman Spectroscope was used to measure the Raman spectra of the GNWs
with a 532 nm line of the semiconductor laser. A Zeiss Supra 55 field emission scanning
electron microscope (SEM) was used to observe the surface morphology of the synthesized
GNWs. The optical transmittance of GNWs was measured by UV-Vis-NIR spectrometer
(UV-2600) in the wavelength range from 300 to 1400 nm. The electrical properties of
the GNWs were measured by the Hall effect measurement system (HMS 5000). High-
resolution transmission electron microscopy (HRTEM) images were taken on a JEOL
2100 TEM microscope operated at 300 kV. The thickness of HfO2 was measured using a
profilometer (Bruker, DektakXT-A). The surface roughness of GNWs was characterized by
S600LS atomic force microscope (AFM). The capacitance–voltage (C–V) of the fabricated
Al/HfO2/p-Si metal–oxide–semiconductor (MOS) capacitor was measured using a Keithley
4200 semiconductor parameter analyzer. The current–voltage (I–V) characteristics of the
fabricated photodetectors were measured by Keithley 4200 source meter. Illumination was
generated using a light-emitting diode (LED) with a beam diameter of 4 mm and a spectral
wavelength of 532 nm in air.

3. Results and Discussion

The surface morphology of GNWs plays an important role in the performance of the
GNWs/HfO2/Si photodetector. Figure 3a–d shows the SEM images of GNWs grown on
the Si substrate with different growth times of 60 s (a), 90 s (b), 120 s (c), and 150 s (d),
respectively. As shown in Figure 3a, for the GNWs prepared at a deposition time of 60 s, the
density of the GNWs on the substrate is very low, and the size of the GNWs is very small.
Moreover, one can notice that the GNWs do not form a continuous film at a growth time of
60 s. Both the size and the density of GNWs have been found to increase significantly with
the increase in the growth time from Figure 3a–d. Particularly, when the growth time is
150 s, we can find that all the substrate has been covered with the GNWs and that all the
GNWs are interconnected. It is generally considered that with the increase in the growth
time, more C2 radicals, which were produced from CH4 precursor, could have enough time
to deposit on the Si substrate for the synthesis of GNWs, which made GNWs have a larger
size and density [32].
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Figure 3. SEM images of GNWs grown on the Si substrate with different growth times: (a) 60 s;
(b) 90 s; (c) 120 s; (d) 150 s; (e) Raman spectra of GNWs on HfO2/Si with different growth times (the
spectra have been displaced vertically for clarity); (f) a typical HRTEM image for the GNWs grown
for 120 s; (g) transmittance spectra of GNWs grown on the clean quartz substrate with different
growth times.

Figure 3e shows the Raman spectra of GNWs grown on HfO2/Si with different growth
times of 60, 90, 120, and 150 s, respectively. From Figure 3e, we can’t detect any Raman
peak in the GNWs when their growth time was 60 s, while all other samples show the three
most prominent Raman peaks, i.e., D (~1350 cm−1), G (~1580 cm−1), and 2D (~2700 cm−1).
Additionally, the Raman peak of D’ (~1620 cm−1), which presents as a shoulder of the G
peak in Raman spectra for GNWs prepared with 90, 120, and 150 s, can be associated with
the defects and edges of graphene [33]. All samples do not have an obvious peak of D’,
indicating a small amount of inter-crystalline defects [34]. The strong D peak originated
from sp3 carbon clusters of the GNWs, indicating the main sources of defects in our
samples [35–37]. The graphitized structure and the sp2 hybridization of carbon atoms in the
synthesized GNWs are mainly shown in the sharp G peak of all samples [36]. Furthermore,
the 2D peak represents the band structure of graphene and originates from a two-phonon
double resonance process [35].

To identify the number of layers of the GNWs, we carried out HRTEM measurements.
Figure 3f shows a typical HRTEM image for the GNWs grown for 120 s. One can notice
that GNWs consist of multi-layered graphene. It is noteworthy that we don’t use 2D/G
to determine the number of layers of the GNWs in our work. This is because 2D/G is
used to calculate the number of layers in graphene materials grown in very well-controlled
conditions where well-defined and homogeneous materials with very few layers (and a
very narrow distribution of a number of layers) are synthesized [38]. In our case, using
such a growing time in the fast-growing process used, very dense graphene material is
produced, and thus, it is quite difficult to extract information from 2D/G.

Figure 3g displays the transmittance spectra of GNWs grown on clean quartz sub-
strates with varying growth times from 60 to 150 s. As observed in Figure 3g, the transmit-
tance of GNWs gradually decreases with an increase in the growth time. For example, the
transmittance of GNWs at an incident wavelength of 550 nm, denoted as T550, is 96.4% for a
growth time of 90 s and 91.5% for a growth time of 150 s. Table 1 presents the electrical and
optical properties of GNWs grown for 90, 120, and 150 s. One can notice that the carrier
concentration, mobility, and conductivity increase, while the sheet resistance decreases
with an increase in the growth time. Specifically, as the growth time increases from 90 to
150 s, the sheet resistance of GNWs decreases from 254.3 to 123.5 Ω/sq., while the mobility,
conductivity, and carrier concentration increase from 1.08 cm2V−1s−1, 0.131 Ω−1cm−1,
1.18 × 1016 cm−3 to 2.62 cm2V−1s−1, 0.270 Ω−1cm−1, and 6.42 × 1017 cm−3, respectively.
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The electrical properties of GNWs grown for 150 s are superior to those of the other two
samples due to a large amount of interconnected graphene. However, the T550 for GNWs
grown for 150 s is lower than the other two samples. The properties of GNWs grown for
120 s achieve a compromise between sheet resistance and transmittance.

Table 1. Electrical and optical properties of GNWs prepared with different growth times of 90, 120,
and 150 s.

Time (s)
Sheet Resistance

(Ω/sq.)
Mobility

(cm2V−1s−1)
Conductivity
(Ω−1cm−1)

Carrier Concentration
(cm−3)

Transmittance at
550 nm

90 254.3 1.08 0.131 1.18 × 1016 96.4%
120 211.7 1.77 0.157 5.55 × 1017 93.1%
150 123.5 2.62 0.270 6.42 × 1017 91.5%

Figure 4 shows the AFM images of GNWs grown on the Si substrate with different
growth times of 90 s (a) and 120 s (b), respectively. From Figure 4, one can notice that
the growth time can affect the surface roughness of GNWs. The root mean square (RMS)
roughness of the GNWs with a growth time of 90 s is about 4.231 nm, while the RMS
roughness of the GNWs with a growth time of 120 s is about 16.890 nm. The edges of
GNWs are significantly larger with a longer growth time, which makes the surface rougher.

Figure 4. AFM images of GNWs grown on the Si substrate with different growth times: (a) 90 s;
(b) 120 s.

Let’s now briefly discuss the benefits of remote PECVD on the growth of GNWs.
Generally, in the typical PECVD growth of GNWs, there exist two main processes, i.e., the
process of gas phase reaction and the process of surface reaction. During the process of
gas phase reaction, the dissociation process of the precursor gases is always accompanied
by the unwanted ionization process of the precursor gases under the glow discharge. This
complex reaction process would generate various free radicals (such as CH, CH2), ions
(such as CH+, H+), and electrons [39]. Afterward, the deposition of the reactive carbon
dimer C2 in the process of surface reaction contributes to the formation of the graphene. At
the same time, active hydrogen ions (H+, etc.) have an etching effect on grown graphene.
Remote PECVD decouples these two processes (the process of gas phase reaction and the
process of surface reaction) and effectively reduces the ion bombardment, which leads to
a lower defect density in GNWs [32] (optical emission spectroscopy (OES) measurement
shown in Figure S3 demonstrates that the ion bombardment by Ar-related radicals and
the etching effect by H-related radicals are lower at the position of the surface reaction
in comparison with those at the position of the plasma generation). Compared with the
traditional CVD growth of graphene, there exist a large number of free radicals in the
remote PECVD process, which makes it possible to grow GNWs within a few minutes.

The properties of HfO2 also play an important role in the GNWs/HfO2/Si photode-
tector in this work. Figure 5a,b shows height profiles of HfO2 grown on the Si substrate
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measured by profilometer for 200 and 400 cycles of ALD growth, respectively. The thickness
of HfO2 in Figure 5a is about 21 ± 1 nm, and the thickness of HfO2 in Figure 5b is about
43 ± 2 nm. It is concluded that the thickness of the obtained HfO2 is approximately linear
with the number of growth cycles. The growth rate deduced from Figure 5a,b is approxi-
mately 1.07 Å/cycle (the cross-sectional SEM image of HfO2 grown on the Si substrate for
500 cycles presented in Figure S4 further confirms that the growth rate is approximately
1.07 Å/cycle). Figure 5c shows the AFM image of HfO2 grown on the Si substrate for
400 cycles. The RMS roughness of HfO2 films is about 0.718 nm, indicating that the HfO2
film is rather smooth. Figure 5d shows the UV-visible absorption spectrum of HfO2 grown
on the clean quartz substrate for 400 cycles. For HfO2 with an indirect band gap, the band
gap of HfO2 can be estimated using the following formula [40]:

(αhυ)
1
2 = B(hυ − Eg) (1)

where α is the absorption coefficient, which is derived from the absorption spectrum; hυ
is the photon energy; Eg is the band gap, and B is a constant. The inset of Figure 5d
shows the plot of (αhυ)1/2 versus hυ to extract the band gap of HfO2, which is roughly
estimated to be 4.88 ± 0.12 eV. The C–V characteristic curve of the Al/HfO2/p-Si MOS
capacitor is shown in Figure 5e. The dielectric constant of HfO2 can be obtained using the
following formula [41]:

Cox = A
∣∣∣∣dQG
dVox

∣∣∣∣ = A
ε0εr0

dox
(2)

where A is the area of electrode (A is 10−8 m2 in this work); QG is the total gate charge;
Vox is the oxide voltage; ε0 is the vacuum permittivity (ε0 is 8.854 × 10−12 F/m2); Cox is
the capacitance of gate oxide (Cox is 2.78 × 10−10 F obtained from Figure 5e); dox is the
thickness of HfO2 (dox is 10 nm in this work), and εr0 is the dielectric constant of HfO2.
Based on Equation (2), εr0 of HfO2 can be calculated as 31.398 in this work.

Figure 5. Height profiles of HfO2 grown on the Si substrate for (a) 200 cycles and (b) 400 cycles
of ALD growth. (c) AFM images of HfO2 grown on the Si substrate for 400 cycles. (d) UV-visible
absorption spectrum of HfO2 grown on the clean quartz substrate for 400 cycles, and the inset shows
the plot of (αhυ)1/2 versus hυ (α is the absorption coefficient of HfO2). (e) C–V characteristic curve
of the Al/HfO2/p-Si metal–oxide–semiconductor capacitor.
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In this work, GNWs grown for a deposition time of 120 s were selected to fabricate the
GNWs/Si photodetector due to the highest photo-to-dark current ratio (I–V curves of the
fabricated GNWs/Si photodetectors for GNWs grown for 90, 120, and 150 s are shown in
Figure S5). For photoelectric characterization, Figure 6a shows the I–V characteristics of the
GNWs/Si Schottky junction photodetectors with or without HfO2 under the condition of
darkness and illumination. From Figure 6a, we can find that with the introduction of HfO2,
the dark current shows a pronounced drop from 10−9 to 10−10 A, while the photo-generated
current shows an increase from 10−8 to 10−7 A under the bias of 0 V. The photo-to-dark
current ratio (PDCR) of our devices with or without HfO2 under the bias of 0 V are 617 and
69, respectively. Clearly, our device exhibits a distinct self-powered characteristic, and this
characteristic has been enhanced with the introduction of HfO2.

Figure 6. (a) I–V characteristics of the GNWs/Si Schottky junction photodetectors with or without
HfO2 under the condition of darkness and illumination. (b) Time-dependent photoresponse of the
GNWs/Si photodetectors with or without HfO2 under the bias of 0 V.

Figure 6b shows the time-dependent photoresponse of these two devices under a
bias of 0 V and an incident power of 5 μW/cm2. From Figure 6b, we can find the rise
time (τr, which is defined as the time of the current ranging from 10–90%) and the decay
time (τd, which is defined as the time of the current ranging from 90–10%) both decrease
slightly with the introduction of HfO2. Specifically, the rise time and the decay time of
the GNWs/HfO2/Si photodetector are 0.13 and 0.14 s, respectively, while the rise time
and the decay time of the GNWs/Si photodetector are 0.16 and 0.15 s, respectively. The
introduction of this interface layer makes it more difficult for electrons to transport through
the barrier [42]. Therefore, the recombination of holes and electrons at the interface is
reduced, and the strong built-in electric field in the GNWs/HfO2/Si heterojunction can
greatly improve the separation of the photo-generated carriers [43]. The introduction of the
HfO2 layer here passivates the surface states of the Si, and the defects of GNWs could be
reduced, resulting in the shortening of the rise time [42]. It should be noted that the time
response characterization shown in Figure 6b was limited by the acquisition time resolution
and that the actual response time is expected to be faster than what is shown in Figure 6b.
Additionally, the carrier lifetime in GNWs is expected to be longer than in graphene, which
could lead to a longer time for carriers to be collected by the electrodes [44]. Despite the
promising results, the response time of the device still needs to be improved.

On the basis of previously obtained data, we can calculate the responsivity (Rλ) of the
fabricated photodetectors using the following formula [45]:

Rλ =
Iph

A ∗ P
(3)

where Iph is the photocurrent generated under light illumination, which is calculated
by subtracting the current measured in the dark from the current measured under light
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illumination (Ilight–Idark); A is the active area of the device (A is 6.25 × 10−2 cm2 in our
work), and P is the power density of the incident light (P is 5 μW/cm2 in our work). The
calculated responsivity of the device without HfO2 is about 0.058 A/W, and the calculated
responsivity of the device with HfO2 is about 0.19 A/W.

Specific detectivity (D∗) is also an important indicator to evaluate the performance of
the photodetector, and we can get it from the following formula [25]:

D∗ ≈
√

ARλ√
2eIdark

(4)

where e is the electronic charge, and Idark refers to the dark current. The calculated values
of D∗ of the fabricated photodetectors without HfO2 and with HfO2 are about 4.2 × 1011

and 1.38 × 1012 Jones at zero bias, respectively. One can notice that, after the introduction
of HfO2 as an interfacial layer, D∗ has a significant increase.

External quantum efficiency (EQE) is also an important parameter to evaluate the per-
formance of the photodetector. It can be interpreted as the ratio of the number of the photo-
generated electron–hole pairs, which contributes to the photocurrent, to the total number of
the incident photons. The EQE can be obtained by the following formula [45]:

EQE =
Rhc
eλ

(5)

where h is the Planck’s constant (6.626 × 10−34 m2·kg/s); λ is the wavelength of the incident
light (λ is 532 nm in our work); and c is the speed of light. The EQEs of the GNWs/Si and
GNWs/HfO2/Si photodetectors are about 13.5% and 47.1%, respectively.

From the above analysis, one can notice that in comparison with the photodetector
without HfO2, the GNWs/HfO2/Si photodetector has a lower dark current, a higher
PDCR, and a faster response time. To explain the underlying physical mechanism behind
this phenomenon, the energy band diagrams for the GNWs/Si and GNWs/HfO2/Si
photodetectors are shown in Figure 7. Without a HfO2 interfacial layer, photo-generated
electrons of Si can easily move toward GNWs through thermal emission because of the
low built-in potential between GNWs and Si, as shown in Figure 7a. Then, the unwanted
recombination occurs immediately as the short lifetime of the carriers in the GNWs [46],
giving rise to the poor performance of the GNWs/Si photodetector. The existence of a
HfO2 interfacial layer modifies the band alignment, resulting in a band bending in the
valence band of Si and an increased Schottky barrier height in the interface, as shown
in Figure 7b. When a thin HfO2 interfacial layer is introduced, the movement of the
photo-generated electrons from Si toward GNWs would be significantly blocked by the
increased ϕSBH (the Schottky barrier height), while photo-generated holes can tunnel
through HfO2 due to its higher probability of tunneling (after the introduction of a HfO2
interfacial layer, the barrier height for photogenerated electrons is significantly higher
than that of photogenerated holes, leading to a higher probability of photogenerated
holes than photogenerated electrons). Therefore, the recombination of the carriers in
GNWs can be suppressed effectively [15,42,47,48], leading to the excellent performance
of the GNWs/HfO2/Si photodetector. However, if the thickness of HfO2 is too thick, the
tunneling probability of holes through HfO2 decreases, and therefore, holes accumulate at
the interface. This will result in a higher recombination rate of photo-generated carriers
and deteriorate the performance of the GNWs/HfO2/Si photodetector. At this time, the
quasi-Fermi level for holes in the silicon shows obvious bending due to the accumulation
of the holes, as shown in Figure 7c. Our experimental result demonstrates that the optimal
thickness of HfO2 is 3 nm in our work, which will be presented later.
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Figure 7. Energy band diagrams of the GNWs/Si photodetectors (a) without a HfO2 interfacial layer,
(b) with a thin HfO2 interfacial layer, and (c) with a thick HfO2 interfacial layer under illumination
conditions. Here ϕSBH represents the Schottky barrier height; ΔE is the difference between GNWs
Fermi level and quasi-Fermi energy level for holes in Si; Ec and Ev are the energy levels of conduction
band and valence band for Si, respectively; Efn and Efp are quasi-Fermi energy levels of electrons and
holes for Si, respectively.

The increase in ϕSBH can be confirmed by thermionic emission theory according to
the following equation [49]:

JdarkV = Js

[
exp

(
eV

nkT

)
− 1

]
(6)

where Js is the reverse saturation current density; e is the elementary charge; V is the
applied voltage; n is an ideality factor; k is a Boltzmann constant, and T is the temperature.
Furthermore, Js also satisfies the following equation [47]:

Js(T) = A∗T2 exp
(
− e(ϕSBH)

kT

)
(7)

where A∗ is Richardson constant (252 A·cm−2K−2 for n-type Si). Taking the logarithm of
both sides of the Equation (6), with the assumption that exp

(
eV

nkT

)
	 1, we can obtain n

and ϕSBH by fitting the linear part of the curve based on the Equations (6) and (7). Figure 8a
shows the I–V characteristics of the GNWs/Si photodetectors with and without a HfO2
layer. Figure 8b shows the lnJ–V curves of photodetectors with and without a HfO2 layer.
The results of the barrier height for photodetectors with and without HfO2 are 0.87 ± 0.02
and 0.82 ± 0.02 eV, respectively. According to a previous study [47], there is a strong
positive correlation between build-in potential (Vbi) and ϕSBH . For Schottky heterojunction
photodetectors, the photo-generated carriers can be separated by the built-in electric field
in the depletion region [50]. A larger Vbi and ϕSBH could facilitate the separation and
migration of photo-generated carriers, which enhances the transfer of the photo-generated
holes at the interface. Moreover, the increase in ϕSBH blocks the thermal emission of the
photo-generated electrons from the side of Si toward the side of GNWs. As a result, both
the leakage current and the recombination at GNWs can be greatly reduced. The ideality
factor n is also a critical factor that needs to be taken into consideration. The ideality
factor decreases from 1.32 ± 0.02 to 1.17 ± 0.02, as shown in Figure 8b, indicating that the
fabricated photodetector with HfO2 has a better junction quality and the recombination of
the carriers has significantly reduced. Through calculation and comparison, it is found that
the barrier of our devices is slightly higher than other graphene/Si-based devices [15,42]
and that the value of n is slightly higher than an ideal Schottky junction (n = 1). The increase
in ϕSBH and the decrease in n further confirm the improvement of our devices due to the
introduction of HfO2.
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Figure 8. (a) I–V characteristics of the GNWs/Si photodetectors with and without a HfO2 layer. (b) lnJ–
V curves of the GNWs/Si photodetectors with and without a HfO2 layer under dark conditions.

Last but not least, the optimization of the thickness of HfO2 must be taken into account
for the achievement of high-performance photodetectors. Figure 9 shows the I–V curves
of the GNWs/HfO2/Si photodetectors with different thicknesses of the HfO2 interface
layer. Table 2 lists the calculated parameters of the GNWs/HfO2/Si photodetectors with
different thicknesses of HfO2. The result of the experiment is consistent with previous
theoretical analysis. The introduction of HfO2 increases the height of the Schottky barrier
and blocks the transport of electrons toward graphene when the interface layer is thin.
As shown in Figure 9a, the dark current of our devices under 0 V bias has only a slight
difference with different thicknesses. Meanwhile, a thicker HfO2 results in a lower dark
current. The current under illumination condition keeps rising under zero bias until the
thickness of HfO2 reaches 3 nm due to the enhancement of ϕSBH , as shown in Figure 9b.
However, there is a slight decrease when the thickness continuously increases up to 5 nm.
From Table 2, the ideal factor has been reduced from 1.35 ± 0.02 to 1.17 ± 0.02, and the
ϕSBH increases from 0.82 ± 0.02 to 0.87 ± 0.02 eV when the thickness of HfO2 increases
from 0 to 3 nm. However, with a further increase in the HfO2 interface layer to 5 nm,
n increases to 1.33 ± 0.02, at which point the recombination of the carriers is no longer
suppressed, and the ϕSBH doesn’t show a continuous increase (the detailed n and ϕSBH of
the GNWs/Si photodetectors with the thickness of 1 and 5 nm HfO2 layer can be found in
Figure S6). As a result, the PDCR of the photodetector with 5 nm thick HfO2 is worse than
the photodetector with an ideal thickness (3 nm) of HfO2. Although an interface layer with
thin thickness enhances the built-in potential and reduces the interface trap state density,
an excessively thick oxide layer also limits the transport of the photo-generated holes. A
large number of holes accumulate at the interface, resulting in the recombination at the
interface and the increase in n. The variation tendencies of PDCR and responsivity are
the same as n, according to Table 2. The above discussion further confirms that when the
thickness of HfO2 is 3 nm, we can get better photodetector performance.

Performance parameters of typical graphene/Si-based photodetectors with different
structures are compared in Table 3. One can notice that the specific detectivity and re-
sponsivity of our photodetector are comparable to those reported works. The reasons for
the performance improvement of the GNWs/HfO2/Si photodetector in this work are as
follows. Firstly, the remote plasma decouples the whole process of GNWs growth and
independent control of precursor gas dissociation and other growth parameters. Secondly,
the introduction of the HfO2 interface layer passivates the surface of Si and reduces the
density of interface states, enhancing the junction characteristic of the GNWs/HfO2/Si
photodetector. Finally, the precise control of the thickness of the interface layer effectively
maintains a balance between electron blocking and hole transporting.
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Figure 9. (a) I–V characteristic of the GNWs/HfO2/Si photodetectors under dark conditions and
(b) under illumination of the devices with varying thicknesses of HfO2.

Table 2. The calculated parameters of the GNWs/HfO2/Si photodetectors with different thicknesses
of HfO2.

Thickness
(nm)

PDCR
@ 0 V

Responsivity
(A/W)

Ideal Factor
Schottky Barrier

Height (eV)

0 69 0.058 1.35 ± 0.02 0.82 ± 0.02
1 113 0.18 1.24 ± 0.02 0.85 ± 0.02
3 617 0.19 1.17 ± 0.02 0.87 ± 0.02
5 425 0.08 1.33 ± 0.02 0.86 ± 0.02

Table 3. Performance comparison of different graphene/Si-based photodetectors.

Ref. Device Structure
Responsivity
(A/W)

Response Time
(τrise/τdecay)

Specific Detectivity
(cm·Hz1/2/W)

[44] GNWs/Si 0.012 @0 V - 7.85 × 106

[51] GNWs/Si 0.015 43/69 μs 1.5 × 1011

[52] GNWs/Si 0.52 @0 V 40 μs 5.88 × 1013

[53] Graphene/Si 0.225 @−2 V - 7.69 × 109

[54] GQDs/WSe2/Si 0.707 @−3 V 0.2/0.14 ms 4.51 × 109

[55] Graphene/Si 1.38×10−4 @0 V 0.37 ms 1.6 × 109

[56] GNWs/DLC/Si 2400 13/36 μs 1.07 × 1011

This work GNWs/HfO2/n-Si 0.19 @0 V 0.13/0.14 s 1.38 × 1012

4. Conclusions

In this work, we successfully grew GNWs using a remote PECVD and fabricated self-
powered GNWs/Si photodetectors with different structures to systematically explore the
possible influencing factors of the GNWs/HfO2/Si photodetector. Remote plasma enhances
the deposition rate and reduces structural defects of GNWs. After the introduction of the
HfO2 interface layer with a thickness of 3 nm, the dark current decreases from 10−9 to
10−10 A, the PDCR increases from 69 to 617, and the specific detectivity increases from
4.2 × 1011 to 1.38 × 1012 Jones at the bias of 0 V. Based on the experimental result, we have
also proposed a physical mechanism to shed light on the improvement of the photoelectric
performance of the GNWs/Si photodetector after introducing HfO2 as an interface layer
with an appropriate thickness. The approach of using HfO2 as an interfacial layer for the
improvement of GNWs/Si photodetectors can be applied in other heterojunction-based
photoelectric devices. Our work offers effective guidance for fabricating GNWs-based
photodetectors and pushes forward the application of graphene in photodetectors.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13101681/s1. Figure S1: Ohmic contact of (a) GNWs and (b) Si.
Figure S2: (a) Photograph of the Si substrate with a 3 nm HfO2 layer (the two-thirds area of the Si
substrate was covered with a 3 nm HfO2 layer). (b) Photograph of the GNWs/HfO2/Si photodetector.
(c) Photograph of lithography equipment. (d) Photograph of ALD equipment. Figure S3: OES spectra
at different positions of the remote PECVD system: (a) at the position of the plasma generation
and (b) at the position of the surface reaction. Figure S4: A cross-sectional SEM image of HfO2
grown on the Si substrate for 500 cycles. Figure S5: I–V characteristic curves of the GNWs/HfO2/Si
photodetectors with different growth times of GNWs (a) 90 s, (b) 120 s, and (c) 150 s, respectively.
Table S1: Photoelectric parameters of the GNWs/HfO2/Si photodetectors with different growth
times of GNWs. Figure S6: lnJ–V curves of the GNWs/Si photodetectors with the thickness of (a) 1
nm and (b) 5 nm HfO2 layer.
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Abstract: The integrated structure of graphene single-electron transistor and nanostrip electrometer
was prepared using the semiconductor fabrication process. Through the electrical performance
test of the large sample number, qualified devices were selected from low-yield samples, which
exhibited an obvious Coulomb blockade effect. The results show that the device can deplete the
electrons in the quantum dot structure at low temperatures, thus, accurately controlling the number
of electrons captured by the quantum dot. At the same time, the nanostrip electrometer coupled with
the quantum dot can be used to detect the quantum dot signal, that is, the change in the number of
electrons in the quantum dot, because of its quantized conductivity characteristics.

Keywords: graphene; nanodevices; single-electron transistor; electrometer

1. Introduction

Due to its exceptional electronic properties, graphene displays various electron trans-
port phenomena, such as the single-electron tunneling effect [1], the anomalous quantum
Hall effect [2,3], and the electron coherence effect [4]. Among them, graphene single-
electron transistors (GSETs) based on single-electron tunneling and the Coulomb block-
ade effect can realize quantum computing functions at the nanoscale or in single-charge
ultra-high sensitivity electrical quantity detection. It has wide application prospects in
ultra-sensitive electrometers [5,6], single-photon detectors [7–9], high-density information
storage [10,11], and quantum information devices [12,13].

Plenty of jobs have been performed toward GSET fabrication and electronic mea-
surement studies. Ponomarenko et al. prepared GSET by electron beam lithography,
oxygen plasma etching, and other processes [14]. The narrow graphene region between
the graphene quantum dots and the source or drain electrode forms a quantum tunnel
barrier. At low temperatures, the conductance of GSET shows a periodic function of the
gate voltage, which is caused by the Coulomb blockade effect. When the diameter of
graphene quantum dots in the device is reduced to ~15 nm, the width of the quantum
barrier is only ~1 nm. By tuning the source, drain, and gate voltages, a clear Coulomb
diamond image can be obtained. Even at room temperature, the device still has good
switching-off performance.

Ihn et al. carried out extensive and in-depth research on GSET [15]. They fabricated
GSET with a multi-gate structure and studied the energy gap in graphene nanoribbons [16],
the electron–hole inversion effect of graphene quantum dots in the case of a vertical
magnetic field [17], and the spin state of graphene quantum dots. Under the action of a
planar magnetic field, Zeeman splitting of the spin state occurred, with a g factor of 2 [18].
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The conductance of quantum point contact (QPC) is quantized. In the transport be-
tween quantum conductance platforms, it is very sensitive to the electrostatic environment,
including the number of electrons n on the nearby quantum dot. This characteristic makes
it possible to determine the absolute number of electrons on the quantum dot even if the
electron tunneling is so weak that the current passing through the quantum dot cannot
be detected. Moreover, Kouwenhoven et al. took the lead in realizing charge-sensing
measurements in quantum dots by using quantum point contact (QPC) in two-dimensional
electronic gas (2DEG) quantum dot devices [19]. J. Güttinger et al. performed charge
detection experiments on graphene quantum dots at a low temperature of 1.7 K [5], with a
45 nm wide graphene strip as a charge detector, which is 60 nm apart from the Coulomb
island with a diameter of ~200 nm. L. Lv et al. [20] and G. P. Guo et al. [21–24] have
also carried out a lot of research on GSET devices. They have successfully realized the
coupling of graphene quantum dots quantum bits and superconducting microwave cavity
quantum data bus, which takes an important step toward the realization of integrated
quantum chips.

Inspired by previous work, we fabricate an integrated structure of GSET and nanostrip
electrometer based on the chemical vapor deposition (CVD) growth of graphene using semi-
conductor fabrication techniques, such as electron beam exposure, ultraviolet lithography,
oxygen plasma etching, and electron beam evaporation. Combined with low-temperature
and low-noise phase-locked amplification measurement technology, the electrometer is able
to detect the change in the number of charges in the coupled quantum dot, thus, achieving
sensitivity detection of a few electrons or even a single charge. Using graphene grown by
CVD to design and prepare devices, the sample survival rate is not high, so we prepare a
large number of devices for testing in the laboratory, but we explore the future of the mass
production of devices. Perhaps, this sensing and detection technology will play a role in
the research of two-dimensional material quantum information.

2. Method

2.1. Device Preparation

Figure 1A shows a scanning electron microscope (SEM) image of a graphene quantum
dot device chip. The pattern of device electrodes is shown in Figure 1B, which corresponds
to the electrodes in the SEM image of the quantum dot and nanostrip electrometer struc-
ture shown in Figure 1C. The device was based on ~500 μm thick doped silicon with an
oxide insulating layer of ~300 nm (Figure 1D). Graphene was grown on copper foil using
the chemical vapor deposition (CVD) method before being transferred and patterned by
electron beam lithography (EBL) and oxygen plasma etching. Metal graphene contact
resistance is one of the main limiting factors of graphene technology development in elec-
tronic devices and sensors [25]. Ohmic contact electrodes such as source electrodes, drain
electrodes, gate electrodes, and nanostrip electrometers were prepared using ultraviolet
lithography and evaporation processes. We used Ti/Au with a thickness of 10/300 nm to
form ohmic contact with graphene. The metal evaporation rate was 0.5/3 Å/s, the sample
fixture rotation speed was 8 rpm, and the metal evaporation time was 20 min. During the
evaporation process, the substrate temperature rose from 27 ◦C to 45 ◦C. The back gate was
used to adjust the Fermi energy level of graphene to control the electron injection ability of
the device.

Graphene nanostrip showed quantized conductance due to the quantum confinement
effect. We used a graphene nanostrip near quantum dots as an electrometer (Figure 1C).
Similar to QPC, it can realize the function of charge sensing. The tunnel barrier of the
nanostrip is determined by its size, the gate voltages, and other auxiliary mechanisms.

For the preparation of CVD graphene quantum dot devices, the process flow can be
divided into the following steps: making nested marks, etching graphene mesas, depositing
ohmic contact electrodes, etching quantum dot structures, preliminary screening of devices,
fragmentation, bonding, and packaging. Before adhering the chip to the socket for bonding,
we used a diamond knife to cut the oxide layer of the silicon substrate, applied silver glue,
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and cured it at 180 ◦C for 30 min to complete the fabrication of the back gate. Finally, in
order to reduce the influence of the residual impurities on the surface of graphene, control
the introduction of scattering sources, and improve the electrical performance of the device,
we annealed graphene at 300 ◦C in a mixed atmosphere of hydrogen and argon (at flow
rates of 400 and 200 sccm, respectively).

 
Figure 1. (A) SEM image of graphene quantum dot device chip; (B) electrode arrangement; (C) SEM
image of quantum dot and nanostrip electrometer structure; and (D) device cross-section diagram.
The source and drain are connected with the quantum dot via graphene nanoribbon.

2.2. Device Test

Before device chip packaging, a preliminary screening at room temperature should
be carried out. Under the protection of photoresist, we used a probe table to measure the
resistance of the source and drain channels and measure the continuity of the test system
circuit and its corresponding relationship with the device pins. For devices with source–
drain channel resistance greater than 26 kΩ and in the order of 100 kΩ, the devices marked
as possibly qualified can enter the next step of bonding packaging and testing. Secondly,
we conducted a leakage test of the device gate. With the source and drain grounded, the
leakage current of the device’s back gate and plunger gate electrodes was measured. Next,
we tested the control ability of the device back gate. On the one hand, we set different back
gate voltages to measure the source and drain current of the device by scanning the source
and drain bias voltage. On the other hand, we set a certain source–drain bias voltage and
measured the source–drain current of the device by scanning the back gate voltage to find
the range of the Dirac point. Then, the control performance of the device plunger gate
was tested. We set the back gate voltage in the Dirac point range, the source and drain
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bias voltage to certain values, and scanned the plunger gate voltage to measure the source
and drain current of the device. After this, we tested the source–drain I–V characteristics
of the device. We ground the device gate, adjusted the source meter, and determined
the source and drain voltage range within ±10 nA of the source and drain current; then,
data acquisition software was used to repeatedly scan the source leakage voltage range
and collect the source leakage current data. Using the same method, we measured the
I–V characteristics of the nanostrip electrometer. Finally, the charge stability diagram of the
device was tested. The differential conductance of source–drain was measured by scanning
the back gate and source–drain bias voltage at the same time by setting the plunger gate
voltage to a certain value; alternatively, the source–drain differential conductance was
measured by scanning the plunger gate and source–drain bias voltage by setting the back
gate voltage in the Dirac point range.

3. Results

As graphene grown by CVD is transferred from copper foil to a Si substrate, its
adhesion is not strong, and graphene is very vulnerable to damage or fall off during the
process, thus, affecting the survival rate of samples. After etching the worktops of the three
samples, we made statistics on the intactness and damage of the graphene worktops. The
survival rates of the worktops were 29%, 40%, and 53%. The yield of graphene used to
prepare quantum dot single-electron devices is not high, and the damage to graphene by
the process is one of the important reasons. Using paraffin instead of polymer for transfer
can effectively reduce wrinkles and polymer residues and reduce defects and damage [26].
In addition, in the process, acetone immersion and ultrasonic cleaning may also cause
pollution or damage to the surface of graphene, which needs to be improved.

The integrated device of graphene quantum dots and nanostrip prepared based on
the semiconductor process was placed in the He3 closed-cycle cryostat (Cryo Industries of
America, Inc., Manchester, NH 03103, USA) shown in Figure 2A for testing. The chip was
fixed on the socket with silver glue (Figure 2B), and the pins correspond to the individual
device electrodes. The core structure of the device is a graphene quantum dot, nanostrip,
and other structures obtained by semiconductor processes, such as oxygen plasma etching
(Figure 2C). Figure 2D,E show SEM pictures of one single quantum dot device and one
integrated device of quantum dot and nanostrip, respectively.

3.1. Source–Drain Channel Resistance and Back Gate Leakage Test

As shown in Figure 3A, the source–drain channel resistance of the device measured
by the four-probe method at room temperature is about 37.5 kΩ, which is greater than
the quantum resistance (~26 kΩ) and less than 1 MΩ, indicating that the tunnel barrier
resistance of the device is in a reasonable range. In the device structure design, the ~500 μm
thick Si sheet is the substrate, and there is a 300 nm oxide layer on the surface. The substrate
silicon is the back gate, and the oxide layer is the back gate insulation layer. The back gate
leakage characteristic curve at ~7.7 K is shown in Figure 3B. The insulation layer resistance
of the back gate electrode is 6.0 × 109 Ω. This indicates that the back gate insulating layer
of the device has good performance and no leakage occurs.

3.2. Test of Regulation Capability of Back Gate and Plunger Gate

The ability of gate regulation is very important for quantum dot single-electron devices.
Coulomb blocking can be removed by changing the gate voltage. For graphene quantum
dot devices, the back gate voltage can effectively adjust the Fermi level shift in the entire
graphene nanostructure, while the plunger gate electrode can be used to locally adjust the
chemical potential level in the quantum dot [27]. The performance of the device can be
checked by testing the regulation ability of the gates.
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Figure 2. (A) He3 closed-cycle cryostat cold head for device test; (B) the chip carrier matched with
the cold head. After the chip is fixed on the tube base, each electrode of the device is led to the
corresponding pin by means of gold wire ball welding; (C) SEM images of graphene functional
areas in the device; (D,E) SEM image of photoresist mask on graphene mesa before etching quantum
dot structure.

As shown in Figure 4A, the back gate is set with different voltages Vbg, the source–
drain electrode is connected to the source meter, the source–drain bias voltage Vds is
scanned, and the source–drain current Ids is measured at 250 K, as shown in Figure 4B.
The results show that the slope of the source–drain I–V characteristic curve of the device
changes significantly with the change in the back gate voltage Vbg, indicating that the
back gate voltage effectively regulates the graphene energy level and changes the carrier
concentration of the graphene channel. When Vbg is in the range of 0 V to 40 V, the
equivalent resistance of the source–drain channel increases with the increase in voltage;
however, as Vbg changes from 40 V to 60 V, the source–drain channel equivalent resistance
decreases. This is the result of the back gate regulating the potential barrier of graphene
nanoribbons and the discrete energy levels of graphene quantum dots. It shows that the
back gate voltage changes the carrier concentration of the graphene channel, and the Dirac
point is near 40 V.

Then, we set the source–drain bias voltage as the fixed value Vds = 75 mV, the current
preamplification factor as 10−9 A/V, and the rise time as 300 ms. Under a temperature
of ~8K, the regulating curve of the device back gate to the source–drain current can be
obtained, as shown in Figure 4C.

The results show that the back gate can fully adjust the Fermi surface of graphene
in the device and change the carrier concentration involved in transport. We adjusted
the transmission from the hole (left side) to the electronic state. The back gate voltage
can inhibit transmission in the range of 19 mV < Vbg < 46 mV (ΔVbg ≈ 27 mV). In the
region of the restraining current, there are a lot of sharp resonances because there is an
effective energy gap in the bias direction within the transmission gap of the back gate
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voltage. Outside the suppression area, the current peaks a~e, as shown in Figure 4C, are
the Coulomb oscillation peaks obtained by back gate regulation.

  

A B 

Figure 3. (A) I–V curve of device source–drain channel measured by four-probe method. The device
source is connected to the source meter YOKOGAWA GS200 and a digital multimeter Agilent 34461A,
and the back gate and drain are grounded. At room temperature, two points A–B on the outside of
the source–drain channel are connected to a constant current source, and the voltage of two points
a–b on the inside is measured. (B) Leakage characteristics of device back gate. The source–drain
was grounded, the leakage current of the back gate electrode was measured with a Keithley 2410 at
~7.7 K. The red and green curves represent the leakage current obtained when the back gate voltage
was scanned from −100 V to +100 V and +100 V to −100 V. The curves with different colors represent
the data obtained by different scans, with good repeatability.

The edge configuration of graphene quantum dots and nanoribbons has a great
influence on their properties. Uncontrolled factors, such as the size of graphene quantum
structures and the location and concentration of surface defects (vacancies and impurities),
will also affect the energy gap. Because graphene quantum dots and nanoribbon structures
have different quantum confinement effects at different positions, as well as the local states
caused by rough edges [16], the back gate electric field will have different effects on the
discrete energy levels of quantum dots and the potential barriers of nanoribbon structures
at the same time (Figure 4E). This edge-induced disordered potential energy will affect the
transport of graphene nanoribbons. With the increase in the scanning range of the back gate
voltage, the discrete energy levels of the quantum dots will be located in the source–drain
bias window. At this time, the equivalent resistance of the source–drain channel decreases,
the current increases, and Coulomb oscillation occurs.

In the range of −70 mV to 100 mV, we set the source–drain bias voltage Vds to a series
of determined values at equal intervals (10 mV), scanned the back gate voltage Vbg, and
measured the current Ids passing through the quantum dot, and we obtained the results
shown in Figure 4D under a temperature of ~8 K. The I–V characteristic curve shows the
rudiment of the Coulomb diamond.

As shown in Figure 5A, the source–drain bias voltage is set to Vds = −7.4 mV, the back
gate electrode is grounded, and the source–drain current Ids is measured by scanning the
plunger gate voltage Vpg at ~6.9 K to obtain the curve shown in Figure 5B. The repeated
test results show that the device has obvious Coulomb oscillation characteristics under
plunger gate control. The current peak indicates that there is an electrochemical potential
level corresponding to the continuous ground state transport, which is located between
the source and drain and generates a single-electron tunneling current. The wave trough
indicates that the Coulomb blocking effect has occurred, and the number of electrons on

83



Nanomaterials 2023, 13, 889

the quantum dot is stable. By adjusting the plunger gate voltage, the current can move
from one trough to the next so that the number of electrons on the quantum dot can be
accurately controlled.

 

   

 

A 

B C D 

E 

Figure 4. (A) Circuit diagram of back gate regulation test. The source–drain current Ids is measured
with a current preamplifier (DL Instrument 1211; amplification factor, 10−5 A/V; rise time, 300 ms)
and a digital multimeter. (B) Source–drain I–V characteristic curves under different back gate voltages
intersect at Vds ≈ −2 mV, and the source–drain current has a bias current of ~4.26 nA, which is
introduced by the preamplifier test circuit. Back gate regulation characteristics under (C) a certain
source–drain bias and (D) different source–drain bias voltages. (E) Diagram of potential energy
along the graphene source–drain channel. The blue solid line represents the potential energy curve
of graphene source and drain channel. The movement and change of different positions under the
control of the back grid are different, and may finally have the shape of red dotted line.
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Figure 5. (A) Circuit diagram of plunger gate regulation test; (B) plunger gate regulation curve under
certain source–drain bias voltage. The different color curves of red, green and blue represent the test
curves obtained by different scanning, and the data repeatability is good.

3.3. Source–Drain I–V Characteristic Test

Coulomb repulsion between electrons on a quantum dot causes an external electron to
consume energy when entering the quantum dot. This phenomenon is called the Coulomb
blockade effect. When the external magnetic field is zero, for a quantum dot system
containing a certain number of electrons in an equilibrium state, the electron transmission
can only occur when the electron level in the quantum dot corresponding to the transport is
in the source–drain bias window. If this condition is not satisfied, the number of electrons
on the quantum dot will be fixed. Coulomb blockade can be removed by changing the
source–drain voltage.

The electrical circuit of the device measurement is shown in Figure 6A. The resistance
R1 = R2 = 1 MΩ on the source–drain channel plays the role of current-limiting protection
and voltage division. The resistance R3 = 1 kΩ, R2, and R3 form a voltage divider to
improve the voltage resolution and achieve the effect of improving the test signal-to-noise
ratio. Assuming that the source–drain channel resistance R0~105 Ω (R0 >> R3), then
Va = R3Vds/(R2 + R3). Since R2 >> R3, the voltage of the input device can be obtained as
Va ≈ Vds/R2 = Vds/1000, thus, realizing the 1000-time subdivision of the DC bias voltage.

The back gate and plunger gate are grounded. By scanning the source–drain voltage
Vds and simultaneously measuring the current passing through the quantum dot Ids, the
curve shown in Figure 6B can be obtained. The results show that the device shows an
obvious Coulomb blocking effect at a low temperature of ~8.4 K. It can be obtained that
the voltage width of the blocking area near Vds = 0 V is about 103 mV. It is believed that
the charging energy EC of the device Coulomb island is 103 meV, which is far greater than
the thermal energy at 8.4 K (≈0.72 meV). The total capacitance of the Coulomb island is
e2/EC ≈ 1.55 aF.

The constant current part of the current step shows that the Coulomb blockade effect
occurs and the number of electrons on the quantum dot is stable. However, the quantum
dot has an electrochemical potential level corresponding to the continuous ground state
transport, which is located between the source and drain and can continuously generate
a single-electron tunneling current. The rising section of the current step shows that by
adjusting the source–drain voltage, the number of electrochemical potential energy levels
of the quantum dot at the source–drain bias window changes, the number of electrons on
the quantum dot changes, and the current moves from one step to the next. Based on this,
the number of electrons on the quantum dot can be precisely controlled.
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Figure 6. (A) Electrical connection of device test. In the measurement, the current preamplification
factor is 10−9 A/V, and the rise time is 300 ms; (B) I–V characteristic test curve of source–drain. The
red curve corresponds to the left ordinate, indicating the source leakage current; The green curve
corresponds to the ordinate on the right, indicating the differential conductance.

3.4. Charge Stability Diagram Test

The finite size of quantum dots in three dimensions will affect the electronic dynamics,
resulting in quantum effects, thus, forming the discrete energy spectrum of quantum dots.
Therefore, Coulomb blocking, Coulomb oscillation, and Coulomb prisms can be measured
and single-electron states can be prepared in quantum dot single-electron devices. When
the gate voltage and the source–drain voltage are changed at the same time, the Coulomb
step effect and the Coulomb oscillation effect work together; thus, we can observe the
Coulomb diamond of the conductance of the quantum dot device. The diamond area
indicates that the conductance is zero, and the charge cannot tunnel through the dot. Each
diamond corresponds to a stable charge configuration of several occupied electrons on the
quantum dot. The difference in the number of charges on the quantum dots represented by
adjacent diamonds is one.

Using the standard electrical transport measurement method of quantum dot single-
electron device shown in Figure 7A, the results shown in Figure 7B can be obtained. The
device was placed in a vacuum cryogenic dewar, and the electrical test was carried out
only after the system temperature dropped to 2.7 K. The device gate was connected to the
DC voltage source meter through a 1 MΩ protection resistor, and the scanning range was
10 V to 20 V; the AC voltage reference signal (0.265 V rms at 177 Hz) given by the lock-in
amplifier (Stanford Research Systems, Inc., SR830, Sunnyvale, California 94089, USA) and
DC voltage (−28 mV ↔ +28 mV) given by the source meter was added to the source end
of the device, and the current flows out of the drain and enters the current preamplifier
(amplification factor, 10−8 A/V; rise time, 0.01 ms), which is converted into a voltage signal
and enters the phase-locked amplifier for correlation operation (time constant, 500 ms) and,
finally, is read by a digital multimeter.

In the circuit shown in Figure 7A, the capacitance C = 1 μF acts as a DC isolation.
According to the Kirchhoff current conservation law, the node voltage Vb meets

Vb =
R5

∣∣∣
∣∣∣( 1

jwC + R3

∣∣∣
∣∣∣Rdev

)

R4 + R5

∣∣∣
∣∣∣( 1

jwC + R3

∣∣∣
∣∣∣Rdev

) Vout (1)
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Figure 7. (A) AC phase-locked differential conductance current amplification test circuit. Differential
conductance diagram of (B) the single-electron transistor and (C) nanostrip integrated with quantum
dots measured at 2.7 K liquid helium temperature.

The resistance R5 = 1 Ω, the AC signal amplitude of the phase-locked amplifier is
1 V, and the frequency is 137 Hz. Since R2, R4, 1/(jwC) >> R3, R5, Equation (1) can be
simplified as:

Vb ≈ R5||(1/jwC + R3)

R4 + R5||(1/jwC + R3)
Vout ≈ R5

R4 + R5
Vout ≈ R5

R4
Vout (2)

Thus, the voltage divider composed of R4 and R5 realizes the purpose of obtaining a
small signal from the reference signal of the lock-in amplifier and inputting it to the device.

Further analysis shows that the current at node Va meets the following formula:

Vds − Va

R2
+ jwC(Vb − Va) =

Va

R3
+

Va

Rdev
≈ Va

R3
(3)

Calculated as Va ≈ (Vds + j1.37 × 10−4 Vout)/(1001 + j0.137), which realizes the
addition and subdivision of the DC bias voltage and the AC signal.

It can be seen from Figure 7B that the plunger gate voltage variation in the adjacent
rhombus is ΔVpg ≈ 1.78 V; thus, the gate capacitance is Cpg ≈ 0.09 aF. The slope of the two
edges of the Coulomb diamond is kd = −Cpg/Cd = −0.027 and ks = Cpg/(Cpg + Cs) = 0.045,
so Cd = 3.33 aF and Cs = 1.91 aF. As Cs �= Cd is asymmetric, it shows that the source and
drain tunneling resistances are different, and their junction capacitances are different, so
the Coulomb diamond is inclined.

When the source–drain voltage is large enough, more energy levels in the quantum
dot will participate in electron tunneling, and more excited state energy levels will be
located in the bias window, which will lead to the transition from single-electron tunneling
to multi-electron tunneling. In Figure 7B, we can observe the excited state energy spectrum
of the single-electron transistor. The absence of charge transfer on the left side of Figure 7B
shows that the electrons in the quantum dot structure are completely depleted, that is, the
number of free transfer charges on the quantum dot is zero. With this area as a reference,
the absolute number of electrons in the area of interest can be known. If the gate voltage
and source–drain bias voltage are changed, the number of electrons on the quantum
dot will change, and the conductance can go from one diamond to the next. The gate
voltage changes by ΔVpg = |e|/Cpg, so the number of electrons on the quantum dot can
be precisely controlled.
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Figure 7C shows that the nanostrip exhibits Coulomb-blocking transmission charac-
teristics because the fluctuation in the strip edge causes the change in tunneling ability,
making the nanostrip behave like quantum dots in series.

The integrated structures of the quantum dot and nanostrip are jointly tested at
310 mK. The results shown in Figure 8 indicate that the device has a sensitive charge de-
tection capability. The single-electron transport in the quantum dot will certainly cause a
change in the number of charges in the quantum dot. The electrometer is very sensitive
to the electrostatic potential in its neighborhood and can measure the change in the elec-
trostatic potential caused by the change in the number of single charges in the quantum
dot. This is because the nanostrip electrometer has quantized conductivity due to the
quantum confinement effect, and its function is similar to that of quantum point contact.
The transport between adjacent conductive steps is extremely sensitive to the electrostatic
environment of its neighborhood, thus, realizing the single-charge ultra-high sensitivity
electricity detection.

 

Figure 8. Comparison diagram of conductance curve of quantum-dot–nanostrip-integrated device.

In these measurements, the back gate voltage is set to 5.0 V, where the quantum dot
is nearly electrically neutral and within the transmission gap of the electrometer. We
manipulate the electrometer under the condition that strong resonant interaction can be
obtained between electrons and energy levels in the nanostrip so as to use the steep slope
of conductance regulated by the gate to detect a single-charge event of the quantum dot.
At this time, the detection sensitivity is the highest.

Because the low-energy particles in graphene are Dirac fermions, which have the
Klein tunneling effect, graphene is usually patterned to nanoribbon to form a potential
barrier that constrains electrons in order to obtain quantum dot structures. The nanoribbon
should not be too wide; otherwise, the resistance is small and cannot act as a potential
barrier; the nanoribbon should not be too narrow; otherwise, the resistance is small and the
barrier has no tunneling function. At the same time, the strip length should not be too long;
otherwise, an effect similar to that of multiple quantum dots in a series may be formed due
to irregular edges.

The integration of the graphene quantum dot structure and the nanostrip electrometer
can be realized by using EBL and oxygen plasma etching technology. By reasonably
designing the length and width of graphene nanoribbons connecting graphene quantum
dots with source and drain electronic libraries, the tunnel barrier between the quantum dots
and source and drain electrodes can be controlled to ensure that the conduction impedance
between source and drain is in the range of 50~500 kΩ at room temperature. The single-
electron transport properties of the quantum-dot- and nanostrip-integrated structure and
the gate-controlled conductivity of the electrometer were measured, and the sensitivity of
the nanostrip electrometer to the electrostatic environment was verified.
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4. Conclusions

In summary, we used electron beam exposure and reactive ion etching (oxygen flow,
50 SCCM; RF power, 500 W; pre-stage power, 200 W; air pressure, 100 mTorr; and etching
time, 20 s) and other techniques to pattern CVD graphene, obtained graphene quantum
dots with a diameter of ~100 nm, and connected to the source and drain electrodes through
a narrow nanoribbon with a width of ~40 nm to prepare back gate graphene quantum dot
devices. We used plasma cleaning, high-temperature annealing, and other measures to
effectively reduce the interaction between graphene and the substrate, remove the residue
on the surface of graphene, and control the introduction of impurity scattering sources to
ensure the performance of the device.

The electrical properties of graphene quantum dot devices were tested, and the precise
control of the number of electrons captured by the quantum dots was realized. In the charge
stability diagram, the absence of charge transfer indicates that the electrons in the quantum
dot structure are completely depleted. It can be seen that by adjusting the gate voltage
and the source–drain bias voltage, the number of electrons on the quantum dot can be
accurately controlled, and the preparation of single-electron states in the quantum dot can
be realized. The electron transport can change the number of charges in the quantum dot
and affect the electrostatic potential of the electrometer. The conductivity-quantized nano-
strip electrometer is very sensitive to the electrostatic environment in the neighborhood
and realizes sensitive charge detection.

The limit of traditional current measurement is ~10 fA, and the lower limit of the
corresponding tunneling probability is ~100 kHz. To measure the quantum dot signal
with the tunneling probability of the electronic library of less than 100 kHz, using the
electrometer- and quantum-dot-integrated structure is an optional method. The electrome-
ter is integrated near the quantum dot as a charge detection mechanism, which can detect
the number of electrons in the quantum dot without affecting the electron transport in the
quantum dot and has high measurement sensitivity. It is expected that this technology will
play an important role in the research of quantum information.
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Abstract: Owing to highly desired requirements in advanced disease diagnosis, therapy, and health
monitoring, noncontact mechanosensation active matrix has drawn considerable attention. To
satisfy the practical demands of high energy efficiency, in this report, combining the advantage
of multiparameter monitoring, high sensitivity, and high resolution of active matrix field-effect
transistor (FET) with triboelectric nanogenerators (TENG), we successfully developed the tribotronic
mechanosensation active matrix based on tribotronic ion gel graphene scrolls field-effect transistors
(GSFET). The tribopotential produced by TENG served as a gate voltage to modulate carrier transport
along the semiconductor channel and realized self-powered ability with considerable decreased
energy consumption. To achieve high spatial utilization and more pronounced responsivity of the
dielectric of this transistor, ion gel was used to act as a triboelectric layer to conduct friction and
contact electrification with external materials directly to produce triboelectric charges to power
GFET. This tribopotential-driving device has excellent tactile sensing properties with high sensitivity
(1.125 mm−1), rapid response time (~16 ms), and a durability operation of thousands of cycles.
Furthermore, the device was transparent and flexible with the capability of spatially mapping touch
stimuli and monitoring real-time temperature. Due to all these unique characteristics, this novel
noncontact mechanosensation GSFET active matrix provided a new method for self-powered E-skin
with promising potential for self-powered wearable devices and intelligent robots.

Keywords: tribotronic; mechanosensation; ion gel; graphene scrolls

1. Introduction

The great progress of flexible electronic skins (E-skins), epidermal electronics, and
mechanosensation active matrix, with the aim of miming perceptive functions of human
skin, has inspired great research interests for potential applications in robotics, prostheses,
and wearable healthcare monitoring devices [1]. The above devices function through con-
verting the external stimuli into quantified physical signals and further provide feedback
instructions [2–7]. Mechanosensation matrix array are employed for imitating the human
somatosensory system to perceive diversifying mechanical stimuli [8–11]. Scientists and
researchers dedicated their great efforts in materials design and structures optimization [12–14]
toward a mechanosensation active matrix array to realize high sensitivity, fast response
time, mechanical flexibility, and durability multimodal sensing for practical noninvasive
applications requiring long-term durability, multimodal sensing, and highly integrated,
simplified fabrication processes and minimized the power consumption [15–18].

As a powerful means to monitor the physiological status of the human body, electronic
skins (E-skins) based on the field-effect transistor (FET) active matrix array are capable of
mimicking the functions of human skin, monitoring activity and sensing and adjusting, and
demonstrating their large development horizon and research value by transducing external
stimuli to electronic signals. To realize demands of wearing conformally on human skin,
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transparent stretchable electronic devices have inspired extensive research interests. Three
main available strategies to achieve stretchability for electronic device are (1) fabricating
the device matrix with stretchable interconnectors [19–23]; (2) designing buckled- [24],
spring- [25], or mesh- [26,27] shaped device configurations; and (3) developing intrinsically
stretchable devices [28]. The third strategy prevails over the other two for stability and
compatibility. For developing intrinsically stretchable devices, conventional intrinsically
stretchable semiconductors, in general, are organic semiconductors, which may bring
about detriments of a toxic, thorny procedure. As a promising alternative, a transparent
stretchable electronic star material, graphene, exhibits highly desirable properties of atomic
thickness, high transparency, and high conductivity [29–31]. However, its application in
highly stretchable applications has been limited by its susceptibility to cracking at small
strains [32]. For example, Seoung-Ki Lee et al. reported a stretchable, printable, and
transparent transistor based on monolithically patterned graphene films but showed only
7% stretchability. Therefore, overcoming the above limitations of graphene is of great
significance for new functional stretchable transparent devices. Fortunately, Bao et al.
have designed highly stretchable graphene devices by intercalating graphene scrolls (the
CVD graphene sheets with PMMA/front-graphene/Cu/back-graphene structure directly
immersed into the Cu film etching liquid to dissolve Cu without traditional corrosion of
back graphene prior to dissolving Cu). Then, the back graphene is transformed into a
scroll-shaped configuration (~1 to 20 mm long, ~0.1 to 1 mm wide, and ~10 to 100 nm
high) [33], with stretchability up to 120% strain (parallel to the direction of charge transport)
and the ability to retain 60% of its original current output. However, in Bao et al.’s previous
work, the referred graphene scrolls were limited to being employed as electrodes, as a
semiconductor channel has not been reported yet. It can be anticipated that adopting
graphene scrolls as the channel material of FET for E-skin not only to take advantage
of their considerable evaluated stretchability but also their other special characteristic
for monitoring humans’ physical parameters. We, for the first time, demonstrated that
graphene scrolls possessed higher responsiveness toward temperature variations, which
unprecedentedly broadened the sensing application of the graphene-based electronic
devices and removed the need for external active material for temperature monitoring with
a stretchable, transparent, and nontoxic center on the device.

Given graphene scrolls as the channel of FET and active element for E-skin, self-
powering has also been emphasized to address issues of mobility restriction and undesired
high energy consumption. That is, harvesting mechanical energy from the human’s body
to drive personalized electronics for tactile sensing functions. Fortunately, the triboelec-
tric nanogenerator (TENG), coupling triboelectrifriction and electrostatic induction, has
been demonstrated to be a powerful means to convert mechanical energy into electricity.
The high voltage output of triboelectric nanogenerators (TENG) facilitates its converting
mechanical energy into electrical energy with high productivity [34–38], as well as its
combining with sensors to monitor velocity, temperature, humidity, and the other physical
parameters by means of converting movement into electrical signals [39–41]. The TENG
can also being integrated into FET Matrix as tribotronics FET to further merge the merits
of FET: multiparameter monitoring, high sensitivity, and high resolution [42–45]. With
respect to the tribotronics-based active matrixes, tribopotential replaces of the gate voltage
source to modulate the carrier concentration along the conductive channel, allowing a
direct control drain–source current by means of the external mechanical stimulus [46–48].
The tribotronics shows great prospects for applications as personal healthcare [49] and
human–machine interaction [50]. In our previous work, we presented a self-powered
noncontact mechanosensation active matrix based on an ion gel double-layer gate dielectric
GFET powered by triboelectric potential form ion gel and external friction layers [51] for
detecting spatial contact distances and visualizing a 2D map.

In this manuscript, we first report a highly stretchable graphene scrolls field-effect tran-
sistor (GSFET) for self-powered tribotronic distance–temperature dual-modes mechanosen-
sation application. In this mechanosensation active matrix, tribopotential stemming from

92



Nanomaterials 2023, 13, 528

the dielectric layer of ion gel and other friction material acted as the gate voltage. This
transparent tribopotential-driven device has extremely stretchable properties (up to 120%
strain (parallel to the direction of charge transport) and kept 35% of its original current
output) compared to inherent graphene and layer-stacking style graphene sheets; excellent
temperature sensitivity (precision as low as 1) and tactile sensing properties including high
sensitivity (1.125 mm−1); fast response time (~16 ms); and excellent durability (over 1000
cycles test). Combining all these merits, this graphene scrolls mechanosensation active
matrix achieved spatial distance and temperature dual-mapping and achieved real-time
monitoring. These outstanding performances of graphene scrolls mechanosensation active
arrays not only hold great potential for noncontact sensation but also will open an avenue
for advanced flexible electronics both the fundamental research and practical applications.

2. Experiment

Graphene Growth on a Cu Foil by CVD

According to previous procedures [52], monolayer graphene films of high quality were
prepared on a Cu foil (thickness 25 μm, 99.8%) via CVD: first, a Cu foil (25 μm) was cleaned
by a mixed solution containing 98 wt% H2SO4 and 30 wt%H2O2 for 15 min. Then, Cu foil
was immersed into DI water and dried under a nitrogen flow. The Cu foil was inserted into
a quartz tube prior to pumping air in the chamber. Upon the pressure in the quartz tube
reaching 5 × 10−3 Torr, the Cu foil was annealed by flowing H2 (10 sccm) atmosphere and
heating under 1000 ◦C for 30 min, under a flowing H2 (10 sccm) atmosphere continually; 5
sccm CH4 was introduced to allow graphene growth. After 30 min, the CH4 flow shutoff,
and under the same H2 flow conditions, the tube was cooled to room temperature. Thus,
large-area (10 × 10 cm2) monolayer graphene was obtained on a Cu foil.

3. Preparation of the Active Matrix GFET Array

3.1. Electrodes Fabrication

A layer of Cr/Au as the source/drain electrodes (5 nm/50 nm) was thermal evapora-
tion, which was prior to patterning using UV-photolithography (AZ 5214 as photo-resistor,
exposure time 10 s, 275 W) and etching using Au and Cr etchants, respectively.

3.2. The Graphene Patterns Fabrication

The preparation of graphene patterns involved the following: Poly(methyl methacry-
late) (PMMA) supporting layer was spin-coated at 4000 rpm for 5 s onto the graphene
patterns on the Cu foil. Prior to being transferred onto a PDMS substrate (thickness of
500 μm), the Cu foil was chemically etched using an aqueous 0.2 M ammonium persulfate
solution. Subsequently, the supporting layer was removed by dipping into the hot acetone
(~60 ◦C) for 5 min. To fabricate trilayer graphene scrolls, the above procedure was repeated
3 times, followed by UV-photolithography (AZ 5214 as photo-resistor, exposure time 10 s,
275 W) and oxygen plasma etching (O2 20 sccm, 150 W, 5 s) of the graphene film.

3.3. The Ion Gel Patterns Fabrication

Ion gel gate dielectrics were patterned by a UV-photolithography. The ion gel consist-
ing of 1-ethyl-3-methylimidazolium bis(trifluoromethyl sulfonyl)imide ((EMIM) (TFSI))
ion liquid, the poly(ethylene glycol) diacrylate (PEGDA) monomer, and the 2-hydroxy-
2methylpropiophenone (HOMPP) photo-initiator (weight ratio of 90:7:3) were cast onto
the patterned graphene. Under UV exposure, polymerization of PEGDA was initiated
by the reaction between monomers and radicals originated from HOMPP to produce the
cross-linked structure. The nonexposed areas that failed to cross-link could be washed
away using DI water. The graphene area in contact with the ion gel served as the active
channel (L = 300 μm and W = 50 μm), whereas the other region functioned as the source/
drain electrodes.
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4. Fabrication of the Triboelectric Generator

The fabricated TENG is based on the contact/separation between a PTFE film (pulling
at 5000 V 5 min, connected with an Al electrode) and a cupper film, which was connected
to the ground.

5. Device Characterization

UV-vis measurements were carried out on an ultraviolet spectrophotometer (HOPBA).
The electrical performance and triboelectronic performance of the GFETs were measured
by a Keysight B1500A Semiconductor Device analyzer. A displacement motor driven by a
computer-controlled stepping motor was connected with a probe station for the triboelectronic
performance test. All above measurements were conducted under ambient conditions.

6. Results and Discussion

Figure 1a,b show the schematic illustration of the graphene scrolls FET (GSFET)
array (4 × 4 pixels) with a coplanar geometry on a stretchable substrate PDMS and the
corresponding circuit diagram.

Figure 1. (a) Schematic illustration of the noncontact mechanosensation active matrix based on
the tribotronic planar graphene transistors array. Inset is the zoomed-in schematic diagram of the
single sensing unit. (b) Structure and microscopy image of the trilayer graphene scrolls. (c) UV-
vis transmittance spectrum of PDMS, trilayer graphene scrolls on PDMS, and GSFET on PDMS,
respectively. Inset is the photo image of transparent trilayer graphene scrolls.

We pioneeringly adopted graphene scrolls as a semiconductor stretchable channel
to substitute for conventional monolayer/multilayer graphene. The fabrication process
of graphene scrolls is according to Bao et al.’s previous work. It is well-established that
CVD growth of graphene on both sides of the copper film forms Gr/Cu/Gr structures.
In regard to transferring graphene, a thin layer of poly(methyl methacrylate) (PMMA)
was spin-coated to protect the front side of the graphene; followed by that the entire film
(PMMA/front graphene/Cu/back graphene) was floated on (NH4)2S2O8 solution to etch
away the Cu foil. The backside graphene without the PMMA coating inescapably had
cracks and defects that allowed an etchant to penetrate through [53,54]. It was observed
that the released graphene domains rolled up into scrolls originated from surface ten-
sion and immediately attached to the remaining front-G/PMMA film. The as-prepared
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front-G/G scrolls could be transferred onto pre-UV/O3-treated PDMS, and PMMA was
given away by using acetone and repeating the transfer to another layer subsequently.
The obtained monolayer graphene scrolls had similar characteristics to the monolayer
back-etched graphene (Figure S1 left panel), while there was evident discrepancy between
the obtained monolayer graphene scrolls and the monolayer back-etched graphene (Figure
S1 right panel). As shown in Figure S1 left panel, Raman spectra of the monolayer back-
etched graphene (black curve) and monolayer graphene scrolls (blue curve) exhibited two
characteristic peaks of G band at ~1597 cm−1 and ~1569 cm−1, respectively, and 2D band at
~2694 cm−1 and ~2696 cm−1, respectively. The monolayer characteristic of graphene was
verified by both the full width at half-maximum (~29 cm−1) of the symmetric 2D band and
the 2D/G intensity ratio (~2.5). As shown in Figure S1 right panel, the Raman spectra of
trilayer graphene scrolls (blue curve) have similar positions of G (1581 cm−1) and 2D (2687
cm−1) peaks as the monolayer characteristic of graphene (black curve) but with a distin-
guishing variation of the 2D/G intensity ratio (~0.22) for the 2D/G intensity ratio of the
monolayer characteristic of graphene, which is about (~2.5). It is worth noting that no other
surplus peak exists in the Raman spectra of trilayer graphene scrolls, suggesting no newly
generated structure besides graphene. Ion gel (composed of 1-ethyl-3-methylimidazolium
bis(trifluoromethyl sulfonyl)imide ((EMIM)(TFSI)) ion liquid, poly(ethylene glycol) di-
acrylate (PEGDA) monomers, and 2-hydroxy-2-methylpropiophenone (HOMPP) photo-
initiator in a weight ratio of 90:7:3), acting as both the gate dielectrics of GSFET and a
tribo-electrification layer, was patterned by photolithography above the graphene channel.
(The specific fabrication procedure is the same as our previous work, as shown in Figure S2).
The graphene layer was applied as the transistor channel (in contact with the ion gel), as
well as serving as the source and drain electrodes due to its semimetal characteristic. The
width and length of the graphene channel were 100 μm and 1000 μm, respectively. The
microscopy image of trilayer graphene scrolls is presented in Figure 1b. The GSFET array
also exhibited good optical transparency, being substantiated by UV-vis spectroscopy. As
shown in Figure 1c, the PDMS film exhibited a transmittance of 91.5% in the visible and
near-infrared region. In the cases of the monolayer graphene film on PDMS and graphene
scrolls film with ion gel on PDMS, the transmittance are almost consistent with values of
88% and 83.2%, respectively. Photographs of the flexible GSFET array inserted in Figure 1c
demonstrated its flexibility and transparency.

To demonstrate advantages of graphene scrolls as the active element for mechanosen-
sation application, we comprehensively investigated the properties of graphene scrolls.
Bao et al. justified that the scrolls are rolled graphene in nature by methods of studying
on the monolayer front-G/G scroll structures by high-resolution transmission electron
microscopy (TEM) and electron–energy loss (EEL) spectroscopy [33]. The atomic force
microscopy (AFM) images provide insight into the monolayer graphene (Figure S3 left
panel) and the distribution of graphene scrolls in microstructure (Figure S3 right panel).
As shown in Figure S3 right panel, the scrolls are arbitrarily distributed on the surface,
and their in-plane density increases proportionally to the number of stacked layers. The
length and the width are about 1 to 10 mm and 0.1 to 0.8 mm, respectively. By contrast, the
monolayer graphene exhibits plat configuration.

Besides structure characterization, the electrical properties of graphene scrolls were
also investigated by making comparison to monolayer and layer-stacking styles of graphene
(during the transferring of the graphene procedure, corrosion of back graphene prior
to dissolving Cu). Different styles of graphene films, trilayer graphene scrolls, trilayer
graphene, bilayer graphene scrolls, and monolayer graphene were transferred onto Ecoflex
and patterned into 500 μm-wide and 2000 μm-long channels by photolithography. Two-end
resistances as a function of strain deformations and bending deformations were tested
under ambient conditions. As shown in Figure 2a (left panel), when strain deformations
were perpendicular to the direction of current flow, trilayer graphene scrolls realized the
highest relative strain before breaking: up to 120%, exceeding trilayer graphene (110%) and
bilayer graphene scrolls (90%) and standing out be far superior to monolayer graphene
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(7%). More importantly, the resistance tolerance toward strain deformation of trilayer
graphene scrolls was almost up to 120%, outweighing other styles of graphene. Figure 2a
right panel depicts strain-dependent two-end resistances when strain deformations were
parallel to current flow, basically the same trend as the aforementioned perpendicular to
current flow. Trilayer graphene scrolls realized the highest strain rate before breaking: up
to 120%, exceeding trilayer graphene and bilayer graphene scrolls (90%) (trilayer graphene
and bilayer graphene scrolls showed exactly the same values) and prevailing much more
over monolayer graphene (7%). The results of Figure 2a demonstrate the outstanding
resistance tolerance toward strain of trilayer graphene scrolls.

Figure 2. Electrical properties of GFET/GSFET under deformation. (a) Normalized relative resistance
change of monolayer graphene, bilayer graphene scrolls, trilayer graphene, and trilayer graphene
scrolls as a function of perpendicular (left panel) and parallel (right panel) stretch and strain to
the direction of current flow. (b) I-V curve of trilayer graphene scrolls (top panel) and monolayer
graphene (bottom panel) at varied strain deformations. (c) Transfer curve of trilayer graphene scrolls
(top panel) and monolayer graphene (bottom panel) at varied strain deformations (at given VD

of 0.1 V). (d) I–V curve of trilayer graphene scrolls (top panel) and monolayer graphene (bottom

panel) at varied bending deformations. (e) Transfer curve of trilayer graphene scrolls (top panel) and
monolayer graphene (bottom panel) at varied bending deformations.

To explore the underlying reason behind excellent electrostretchability properties
of trilayer graphene scrolls, Raman spectra of trilayer graphene scrolls and monolayer
graphene were compared under strain (Figure S4). Figure S4 depicts the Raman spectra of
monolayer graphene (left panel) and trilayer graphene scrolls (right panel) in free-standing
state (blue curve) and strain state (green curve). It can be observed that the Raman spectra
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of monolayer graphene experienced more pronounced variation compared with that of
trilayer graphene scrolls.

Report-referred graphene scrolls proposed by Bao et al. are limited to application as
the electrode; application as the semiconductor channel has not been reported yet. We,
for the first time, investigated properties of GSFET based on trilayer graphene scrolls
as a semiconductor channel, demonstrating their superiority. The width and length of
graphene channel of the single GFET were 50 μm and 300 μm, respectively, with a 100
μm distance between gate and channel. The I–V character and transfer characteristic
of trilayer graphene scrolls under variation of relative strain deformation and bending
deformation were compared against those of monolayer graphene. As depicted in Figure 2b
(output curve of GFET), as strain was given at the magnitude of 5%, the resistance of
GSFET (FET based on trilayer graphene scrolls) increased 40% while the resistance of GFET
(FET based on monolayer graphene) increased 10 folds. Trilayer graphene scrolls possess
good resistance retention until experiencing strain up to 31%, while monolayer graphene
undergoes breakdown when strain increased to only 7%. Figure 2c shows the transfer
characteristic of GSFET (top panel) and GFET (bottom panel) under varied relative strain
deformation. It can be clearly observed in Figure 2c top panel that the transfer characteristic
of trilayer graphene scrolls changed a little.

Figure 2d,e display the I–V character and transfer characteristic of GSFET and GFET
under varied relative bending deformation. The case is the same as the strain deformation:
trilayer graphene scrolls possess good resistance retention toward deformation. It is worth
noting that it was beyond our expectation that the transfer curves turned out to be same as
when the monolayer graphene was the channel, with Dirac point being around 0.6.

Apart from comparing trilayer graphene scrolls with monolayer graphene, comparison
of trilayer graphene scrolls and trilayer stacking graphene (during transferring graphene
procedure, corrosion of back graphene prior to dissolving Cu) was also conducted.

As shown in Figure S5, as the GSFET undergoes 31% strain, both output characteristic
and transfer characteristic of trilayer graphene scrolls displayed little changed (retaining
50% electrical properties) while trilayer graphene experienced electric breakdown as strain
exceed 31%. The excellent electrostretchability properties of trilayer graphene scrolls
demonstrate its potential application for E-skin.

In practical application of E-skin, multiple functional integrations are also highly
required to simultaneously perceive the realization of biomimetic function of E-skins.
Given widespread of temperature responsiveness and large in-plane thermal conductivity
of graphene [55], we attempted to probe into the temperature responsiveness of trilayer
graphene scrolls. The I–V character of trilayer graphene scrolls under varied temperature
were compared with that of monolayer graphene (graphene films transferred on Ecoflex
were patterned into 500 μm-wide and 2000 μm-long channels by photolithography). Obvi-
ously, the trilayer graphene scrolls displayed more distinct temperature-dependence than
that of the counterpart monolayer graphene: every 1 ◦C induced a 0.7% current variation
amount (Figure 3a top panel), while monolayer graphene almost was immune to tem-
perature variation (every 1 ◦C induced 0.13% current variation) (Figure 3a bottom panel).
Correspondingly, we calculated the relative resistance variation (R − R0)/R0 toward temper-
ature variation of trilayer graphene scrolls (Figure 3b top panel) and monolayer graphene
(Figure 3b bottom panel), verifying the more pronounced temperature-dependence of
graphene scrolls. To investigate temperature responsiveness of FET based on trilayer
graphene scrolls, we used two graphene field-effect transistor: the width and length of
trilayer graphene scrolls and monolayer graphene channels were 50 μm and 300 μm,
respectively, with a 100 μm distance between gate and channel.

Considering E-skin application, we conducted measurement near the human body’s
core temperature. Comparison of the transfer characteristics of GSFET and GFET under
variation of temperature evidently shows that the GSFET exhibits more sensitivity to
temperature variation (Figure 3c). To be specific, as the IDS is fixed at 0.5 V, IDS of GSFET
increases from 252 μA to 277 μA when the temperature increases from 25 ◦C to 45 ◦C
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with the relative variation (Figure 3c top panel) more distinct than that of the counterpart
of GFET (IDS of GSFET increases from 78.5 μA to 82.4 μA as the temperature increases
from 25 ◦C to 45 ◦C (Figure 3b bottom panel))P. To verify feasibility of GSFET for E-
skin, real-time temperature monitoring is shown in Figure 3d. Compared to the real-
time temperature monitoring of GFET (right panel), GSFET (left panel) exhibited more
pronounced output variation, suggesting its better feasibility for temperature monitoring.
Importantly, the stability of output current upon temperature, achieving balance and
reversibility, suggested GSFET as an ideal candidate for E-skin for monitoring physiological
temperature. The hysteresis is one of graphene’s characteristics that is relative to defect
and doping, here indicated by strain and bending deformation: the defect could occur
and change graphene properties. Therefore, the hysteresis probably influences GSFET and
brings about temperature fluctuation to some extent.

Figure 3. (a) The IV character of trilayer graphene scrolls (top panel) and monolayer graphene
(bottom panel) (graphene films transferred on Ecoflex were patterned into 500 μm-wide and 2000
μm-long channels by photolithography). (b)The extracted relative resistance variation (R − R0)/R0

of trilayer graphene scrolls (top panel) and monolayer graphene (bottom panel). (c) Transfer charac-
teristic of GSFET (top panel) and GFET (bottom panel) under varied temperature. (d) The real-time
temperature monitoring of GFET (right panel) and GSFET (left panel).

To elucidate the mechanism of more pronounced temperature-dependence of GSFET
than that of the counterpart GFET, Raman spectra of trilayer graphene scrolls and mono-
layer graphene were compared under varied temperature (Figure S6). It can be observed that
Raman spectra of trilayer graphene scrolls (Figure S6 right panel) underwent greater variation
toward high temperature compared to that of monolayer graphene (Figure S6 left panel).

Considering the energy consumption and based on our previous work, self-powered
GFET array extends to the self-powered GSFET array. It is worth noting that ion gel dielec-
tric is directly served as the electrifriction layer to carry out friction with external materials
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to simplified fabrication procedure with high spatial compaction. Prior to studying GFET
array, single tribotronic GSFET was comprehensively explored. The basic layout of the single
FET is schematically illustrated in Figure 4a. The width and length of the graphene channel
were 50 μm and 300 μm, respectively, with a 100 μm distance between gate and channel.

Figure 4d left panel and right panel display output characteristic and transfer charac-
teristic of tribopotential-gated GSFET by electrification between ion gel and skin, separately.
Due to skin being a positively triboelectric material relative to the ion gel, ID experienced
increase gradually as the distance between ion gel and skin increased, corresponding to
the GFET performing under a negative gate voltage. This linear relationship between ID
variation and contact distance can be divided into regions I and II. ID variation behavior
was divided into two parts: when the contact distance increased from 0 to 1 mm, ID was
increased from 20.0 μA to 22.5 μA with variation gradient of 2.5 μA/mm; when the contact
distance increased from 1 to 3 mm, ID was increased from 22.5 μA to 23.8 μA with gradient
of 0.65 μA/mm. The 1 mm distance variation induced ID variation of 2.5 μA, equivalent to
a gate voltage of 0.66 V. The variation ratio is about 1.125 mm−1 (2.5 μA/mm/20.0 μA) (as
the contact distance increased from 0 to 1 mm), suggesting the excellent sensitivity of the
triboelectric properties and offering sound fundamentals for the sensor application.

On basis of the triboelectric series [54], electrons transferred from the skin to ion
gel, leaving net negative electrostatic charges on the surface of the ion gel layer and
positive electrostatic charges on the skin. The produced triboelectric charges in opposite
polarities were fully balanced and had no effect on the graphene channel. As the skin
leaves the surface of the ion gel, the un-offset negative charges on the surface of the ion
gel attract anions in the ion gel and produce an EDL at the interface between ion gel
and the skin, leaving anions at ion gel/graphene interface, corresponding to applying a
negative voltage on the GFET. Consequently, the Fermi level of graphene channel was
upped downward, leading to an increase in the drain current. To investigate the dynamic
triboelectric, real-time tests for the triboelectronic GSFETs were performed under repeat
electrification between ion gel and skin. To demonstrate the endurability for practical
application, a cyclic durability test was conducted by ion gel and skin’s repeated contact–
separation with triboelectric distance of 1 mm (Figure 4e left panel). One contact and
separation was regarded to be one cycle. Over 3000 cycles, a consistent output current was
kept during repeated triboelectrification. It is worth mentioning that the current level was
kept at a constant value for a long time after stopping triboelectric termination (Figure 4e
right panel). The above results support the durability and reliability of the GFET for
noncontact mechanosensation E-skin practical applications.

This GSFET was compared with our previous work triboelectric GFET based on
monolayer graphene (same configuration and size, friction between ion gel and PTFE as
gating) (Figure S7). For GFET’s triboelectricity, the 200 μm distance variation between PTFE
and ion gel induced ID variation of 3.63 μA, equivalent to a positive gate voltage of 0.31 V,
while for trilayer graphene scrolls FET’s triboelectricity, the 200 μm distance variation of
between PTFE and ion gel induced ID variation of 1.1 μA, equivalent to a positive gate
voltage of 0.24 V. It was indicated that trilayer graphene scrolls as the channel was less
susceptible to triboelectric.

EDLT analysis can provide deeper insight into the lower susceptibility of trilayer
graphene scrolls toward triboelectric than monolayer graphene. According to ion gel
EDLT’s equivalent circuit [56,57], the total capacitance C is defined as (1/CG + 1/CQ)−1.
CQ and CG in multilayer graphene act as a function of the layer number [58]. The value
of CQ increases with increasing layer number because of increasing density of states and
saturation as the layer number reaches six. The bilayer and trilayer show anomalies in their
transfer curves, which can be ascribed to a second sub-band in presence at approximately
0.5 eV above the Dirac point and is generated by interlayer interactions (the features of
multilayer graphene). Figure S8 shows schematic illustration of degradation of triboelectric
responsiveness of trilayer graphene scroll FET.
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Figure 4. Triboelectric properties of the tribotronic GSFET. (a) Schematic illustration of the GSFET
device. (b) Circuit diagram of tribotronic GSFET sensor contact with skin. (c) Output characteristic
(left panel) and transfer characteristic (right panel) of GSFET by triboelectric driving. (d) Output
characteristic (left panel) and transfer characteristic (right panel) of trilayer graphene scroll transistor
by tribotronic potential (right panel). (e) Durability test over 3000 cycles of contact and separation (left
panel) and retentivity during the last cycles (right panel). For E-skin application, ion gel dielectric
was carried out friction with skin. Figure 4b shows the scheme of the working principle of ion
gel-triboelectric gated GSFET. The tribo-potential, induced by friction between the ion gel and skin,
causes the accumulation of negative charges on the surface of the ion gel, attracting compensating
cations in the ion gel, while the anions in the ion gel migrate to the ion gel/graphene interface, acting
as a negative gating potential for the graphene channel. Consequently, the electrons accumulate in
graphene channel. The output characteristic of GFET under an applied gate (Figure 4c left panel)
displays that the drain current (ID) exhibits a linear relationship with drain voltage VDS and increases
values as gate voltage VG increases (from 68.7 μA to 98.5 μA with VG increased from 0 V to 2 V
at a VD of 0.5 V). The transfer curve (Figure 4c right panel) displays that the ID values increased
with increased VG in both positive and negative directions, indicating an ambipolar charge transport
property of graphene. The GFET operated at a low gate voltage (<2 V) due to the extreme high
capacitance of the ion gel gate dielectric (6–7 μF/cm2).
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Compared to monolayer graphene FET, the higher-lying sub-bands are generally
unreachable by conventional solid-gated FETs but were reached for the first time by utilizing
ion gel (electron double layer effect EDLT), owing to the high-density charge accumulation.
Taking the higher-lying sub-band into consideration, a significant capacitance increase with
increasing VG is understood.

Because the capacitance of diffuse layer is negligible, the interfacial capacitance of ion
gel can be recognized as a serial combination of an electric double layer capacitance (CEDL)
and a quantum capacitance of the graphene (CQ) [59]. With respect to EDLT in ion gel, the
potential difference between EDL capacitance and quantum capacitance of the graphene is
conformed to the following equation:

|VG − VG,min| = �nF
√

πn
e

+
ne
C

(1)

VG = V − V(R) = − Q
Sε0

(d0 + x(t)) +
σx(t)

ε0
− V(R) (2)

where � represents the reduced Planck’s constant, νF is Fermi velocity (1.1106 m/s), e is
the electron charge, and n is the charge density. VGmin is the gate voltage corresponding
to Dirac point. According to Equation (2), the carrier concentration is closely associated
with VG and CEDL. VG is the effective voltage that triboelectric is posed on; according to
Equation (2), the value of VG is equal to that of the open voltage of the TENG substrate.
The resistance consumption V(R) and open voltage of TENG followed a linear function as
distance between two triboelectric materials increased.

In light of Equation (1), the increment of layer number change VG further changes
the relationship of VG and triboelectric distance, unambiguously explaining the lower
susceptibility of trilayer graphene scrolls toward triboelectric than monolayer graphene.

The working principle of tribopotential characteristic of this GSFET is the same as our
previous work: noncontact mechanosensation active matrix based on tribotronic planar
graphene transistors array [60]. There is no need to repeat it here.

Our highly stretchable GSFET also possesses excellent rapid dynamic response. As
shown in Figure S9, the ID response time upon application and release of the triboelectric
was only 15 ms, calculated from the vertical rising and dropping of ID. The rapid response
time demonstrates the outstanding sensitivity of the device. The ID increased upon the
contact–separation cycles commenced between skin and the ion gel (under applied drain
voltage of 0.1 V).

Given that the ultimate goal of triboelectric-driving GFET was applied for noncontact
mechanosensation, GSFET array on substrate of PDMS was fabricated with a 4 × 4 GSFETs
matrix configuration, as shown in the circuit diagram in Figure 5a. Prior to mapping the
spatial temperature and distance applied to the active matrix, the electrical performances of
the 16 GSFETs were characterized. The output sensing current signals from different sensors
under presenting temperature were collected and plotted to obtain the corresponding 2D
color maps.

The triboelectric distances applied to the active matrix were spatially mapped, as
shown in Figure 5b. Two edges or two corners of the matrix were fixed, and only a 0.1 V
potential was applied to the bit lines. The 2D color mapping (Figure 5c) of the temperature
distribution and distances distribution on the active matrix showed the potential appli-
cation of monitoring spatial interaction of human skin. Figure 5d displays the real-time
temperature monitoring and distance monitoring between the ion gel and skin. The stable
curves demonstrate the feasibility of the device for non-mechanosensation active matrix
application. As a small application, the GSFET active matrix was conformally attached
onto the knee joint of the test subject. The 2D color mapping of the distances distribution
(Figure 5e) and the temperature distribution (Figure 5f) on the active matrix can reflect in
real-time the situation of the human knee joint. Notably, the monitored temperature is a
little lower than body temperature for body parts such as knee joints.

101



Nanomaterials 2023, 13, 528

Figure 5. Characterization of GSFET noncontact mechanosensation active matrix. (a) Schematic
illustration of the mechanosensation matrix for sensing the distance information and temperature.
(b) 2D mapping of the distance sensing output currents for the matrix. (c) 2D mapping of the
temperature sensing output currents for the matrix. (d) The real-time temperature monitoring and
distance monitoring between the ion gel and skin. (e) 2D mapping of the distance sensing output
currents for the matrix as the device is attached onto the human’s knee joint and conforms to it. (f)
2D mapping of the temperature-sensing output currents for the matrix as the device is attached onto
the human’s knee joint and conforms to it.

In conclusion, we pioneeringly employed trilayer graphene scrolls as FET channel
material for a self-powered tribotronics and mechanosensation matrix. This novel structure
of trilayer graphene scrolls transistor endowed the triboelectronic FET with extremely
stretchable properties (up to 120% strain parallel to the direction of charge transport and
the ability to retain 35% of its original current output) compared to intrinsic graphene and
stacking graphene sheet; excellent temperature sensitivity (precision as low as 1); and high
transparency. Meanwhile, for tribotronics GSFET, both the output performances powered
by distance-dependent tribopotential were in good agreement with applied gate voltage,
verifying that tribotronics could serve as an effective power source to drive a mechanosen-
sation active matrix. The mechanosensation matrix possessed tactile sensing properties of
high sensitivity (1.125 mm−1), rapid response time (~16 ms), and an endurability operation
over thousands of cycles. Owing to all these merits, this graphene scrolls mechanosensa-
tion active matrix were spatially distance and temperature dual-mapping and achieved
real-time monitoring. We can demonstrate that this device holds promising prospects for
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self-powered mechanosensation matrix for application of for advanced disease diagnosis,
therapy, and health monitoring.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13030528/s1, Figure S1: Left panel: Comparison of Raman
spectrum of the CVD single-layer graphene (blank line) and monolayer graphene scroll (blue line).
Right panel: Comparison of Raman spectrum of the monolayer graphene scroll (blank line) and
trilayer graphene scrolls (blue line); Figure S2: Fabrication procedure of the tribopotential-gated
GSFET array.; Figure S3: AFM (atom force microscopy) of the monolayer graphene (left panel) and
trilayer graphene scrolls (right panel); Figure S4: Raman characteristic of graphene under strain.
Left panel: comparison of Raman spectrum of the CVD single-layer graphene under no strain (blue
line) and under a 5% strain (green line). Right panel: comparison of Raman spectrum of the trilayer
graphene scrolls under no strain (blue line) and under a 5% strain (green line); Figure S5: Electrical
properties of GFET/GSFET under strain deformation (a) Output curve (left panel) and transfer
curve (at the given VD = 0.1 V, right panel) of GSFET under no strain deformations. (b) Output
curve (left panel) and transfer curve (at the given VD = 0.1 V, right panel) of GSFET under 5% strain
deformations. (c) Output curve (left panel) and transfer curve (at the given VD = 0.1 V, right panel) of
GFET under no strain deformations. (d) Output curve (left panel) and transfer curve (at the given VD
= 0.1 V, right panel) of GFET under 5% strain deformations; Figure S6: Left panel: comparison of
Raman spectrum of the CVD single-layer graphene under room temperature (blue line), 30 °C (red
line) and under a 5% strain (green line). Right panel: comparison of Raman spectrum of the tri-layer
graphene scrolls under room temperature (blue line), 30 °C (red line) and under a 5% strain (green
line); Figure S7: Triboelectrical performances of GFET/GSFET by tribo-potential between ion gel and
PTFE (a) Circuit diagram of tribotronic GFET/GSFET sensor contact with PTFE. (b) Output curve (left
panel) and transfer curve (at the given VD = 0.1 V, right panel) of GFET powered by tribopotential
between ion gel and PTFE under no strain deformations. (c) Output curve (left panel) and transfer
curve (at the given VD = 0.1 V, right panel) of GSFET powered by tribopotential between ion gel and
PTFE under no strain deformations; Figure S8: Schematic illustration of degradation of triboelectric
responsiveness of trilayer GSFET comparing to monolayer graphene FET; Figure S9: The ID response
time of the GSFET.
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Abstract: Herein, we demonstrate a sensitive and rapid electrochemical method for the detection
of paraquat (PQ) using a glassy carbon electrode (GCE) modified with vertically ordered meso-
porous silica films (VMSF) and a nanocarbon composite. The three-dimensional graphene-carbon
nanotube (3DG-CNT) nanocarbon composite has a 3D network structure, a large electroactive area
and oxygen-containing groups, promoting electron transfer between PQ and the underlying electrode
and providing a suitable microenvironment for the stable growth of VMSF. This VMSF/3DG-CNT
nanocomposite film could be prepared on the GCE’s surface by a two-step electrochemical method
with good controllability and convenience. Owing to the synergistic effect of the electrocatalytic
ability of 3DG-CNT and the electrostatically enriched capacity of VMSF, the proposed VMSF/3DG-
CNT/GCE has superior analytical sensitivity compared with the bare GCE. Furthermore, VMSF has
excellent anti-fouling ability that makes the fabricated sensor exhibit satisfactory performance for
direct analysis of PQ in environmental water samples.

Keywords: paraquat; electrochemically reduced graphene oxide; carbon nanotubes; vertically or-
dered mesoporous silica films; electrochemical detection

1. Introduction

Paraquat (1,1-dimethyl-4,4-bipyridine dichloride, PQ) is a kind of herbicide that has
been widely used in a variety of applications, such as broad weed control and desiccants
on crops [1,2]. Paraquat, also known as methyl viologen, is one of the active components
of dipyridine compounds [3], which are easily reduced to stable free radicals and cause
severe toxicity to humans and animals [4]. It has been proven that PQ may cause serious
damage to the lungs, liver, kidney and heart, and also lead to neurodegenerative diseases
such as Parkinson’s disease [5,6]. Overuse of PQ in agriculture will produce pollution in
the environment (mainly the aquatic system). The maximum residue limit (MRL) for PQ in
water is 3–200 nM [7]. Therefore, it is very important to realize the sensitive detection of
PQ. Currently, many analytical methods have been devoted to the detection of PQ, such as
chromatography [8], spectrophotometry [9], surface-enhanced Raman spectroscopy [10]
and electrochemistry [11]. By contrast, electrochemical sensors have the advantages of
high sensitivity, easy operation, rapidity and low cost, and have received considerable
attention. Traiwatcharanon et al. [12] prepared lead oxide nanomaterials on SPE (PBO-
NPs /SPE) by using the room-temperature spark method for electrochemical detection of
PQ. Wachholz et al. [11] reported that a copper-based metal–organic framework/reduced
graphene oxide-modified electrode (CuMOF/rGO/Au) could be used to detect PQ. Jiang
et al. [13] deposited Au and Cu2O on the surface of an indium tin oxide (ITO) electrode for
PQ detection. However, a complex electrode preparation process and sample pretreatments
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are often required, limiting the application of electrochemical sensors in real samples.
Therefore, it is necessary to develop a simple, sensitive and anti-fouling electrochemical
sensing interface for the detection of PQ.

Porous materials have been used as important functional building blocks for the
development of various high-performance sensors and nanofluidic osmotic power gen-
erators [14–16], taking advantage of the high porosity and surface area [17,18], efficient
enrichment ability [19,20] and rapid mass transfer [21], as well as their ease of hybridiza-
tion [22–24]. In particular, vertically ordered mesoporous silica films (VMSF) consisting
of ultrasmall and uniform pores (2~3 nm), perpendicular silica nanochannels and high
porosity exhibit unique characteristics in terms of their good molecular accessibility, high
permselectivity (e.g., size [25], charge [26] and lipophilicity [27]) and excellent anti-fouling
capacity [28]. These have emerged as attractive electrode materials for the construction
of electrochemical sensors [29–31]. Generally, Stöber solution growth approaches and
electrochemically assisted self-assembly (EASA) are two simple and commonly used meth-
ods for the fabrication or further surface functionalization of VMSF onto the surface of
electrodes [32–34]. In comparison with the former method, EASA is faster (around several
seconds) and easier to operate, and the obtained VMSF has a better long-range order.
Moreover, EASA can prepare VMSF on the surface of many conductive electrodes, such as
gold, platinum, copper, indium tin oxide (ITO) and glassy carbon electrodes (GCE) [35–37].
Among these, GCE is one of most commonly used commercial electrodes and displays
good electrochemically activity [38]. However, VMSF have poor adhesion on the untreated
carbon-based electrodes. To overcome this issue, adhesive layers (e.g., organosilanes [39]
and reduced graphene oxide [40]) and pretreatment process (e.g., electroactivation [41]
and O2-plasma treatment [42]) are used. As our group reported, graphene with oxygen-
containing groups, π-π structures and electrochemical activity could effectively improve
the stability between VMSF and GCE, and simultaneously promote the electrode perfor-
mance [40]. Furthermore, combining graphene with other nanomaterials (e.g., carbon
nanotubes [43] and boron nitride [44]) could synergistically increase the specific surface
area, conductivity and electroanalytical performance.

In this work, a three-dimensional nanocarbon composite composed of electrochem-
ically reduced graphene oxide and carbon nanotubes (3DG-CNT) was used as a highly
electroactive support for the stable growth of VMSF. These VMSF/3DG-CNT were prepared
on the GCE’s surface by a two-step electrochemical method combining the electroactive
ability of the inner 3DG-CNT layer and the electrostatic amplification effect of the outer
VMSF layer, showing excellent electroanalytical performance towards PQ. The fabrication
process of VMSF/3G-CNT/GCE sensors is simple, time-saving and controllable. Further-
more, owing to the good anti-fouling and anti-interference capacity of VMSF, the proposed
VMSF/3DG-CNT/GCE sensor showed satisfactory results in environmental water samples,
with improved stability and sensitivity.

2. Materials and Methods

2.1. Chemicals and Materials

All the chemicals and reagents were of analytical grade and were used as received
without further purification. An aqueous solution of graphene oxide (GO) (1 mg/mL,
3~5 μm, evenness 99%, oxygen content 30~40%) was purchased from Hangzhou Gaoxi
Tech. Multiwalled carbon nanotubes (CNT, OD < 8 nm, length~30 μm, 95%) were ordered
from Chengdu Institute of Organic Chemistry, Chinese Academy of Sciences. Sodium per-
chlorate (NaClO3), sodium phosphate dibasic dodecahydrate (Na2HPO4·12H2O), sodium
phosphate monobasic dihydrate (NaH2PO4·2H2O), paraquat (PQ), tetraethoxysilane (TEOS,
98%), potassium hydrogen phthalate (KHP), potassium ferricyanide (K3[Fe(CN)6]), cad-
mium nitrate (CdNO3·4H2O), catechol (CC), sodium dodecyl sulfate (SDS), starch and
humic acid (HA) were bought from Aladdin. Hydrochloric acid (HCl) was obtained from
Hangzhou Shuanglin Chemical reagent. Cetyltrimethylammonium bromide (CTAB), hydro-
quinone (HQ) and p-aminophenol (p-AP) were purchased from Macklin, and p-nitrophenol
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was obtained from Sarn Chemical Technology (Shanghai). Ethanol, sodium chloride (NaCl),
calcium chloride (CaCl2), potassium chloride (KCl), ferric chloride (FeCl2) and magnesium
chloride (MgCl2, 95%) were received from Hangzhou Gaojing Fine Chemical Industry.
Bovine serum albumin (BSA) and hexaammonium ruthenium chloride (Ru(NH3)6Cl3, 98%)
were ordered from Sigma Aldrich (Shanghai, China). All aqueous solutions were prepared
with ultrapure water (18.2 MΩ cm). Pond water and soil were obtained from the campus
of Zhejiang Sci-Tech University.

2.2. Measurements and Instrumentations

Scanning electron microscopy (SEM) measurements were performed on an SU8100
scanning electron microscope (Hitachi, Japan) with an accelerating voltage of 10 kV. X-
photoelectron spectroscopy (XPS) data were obtained from a PHI5300 electron spectrometer
(PE Ltd., Waltham, MA, USA) at 250 W, 14 kV and Mg Kα radiation. All electrochemical
tests, including cyclic voltammetry (CV) and differential pulse voltammetry (DPV), were
carried out on a PGSTAT302N Autolab electrochemical workstation (Metrohm, Herisau,
Switzerland). The test adopted a conventional three-electrode system, including bare
or modified GCE as the working electrode (the electrode’s size was 0.5 cm × 0.5 cm), a
platinum sheet as the counter-electrode and an Ag/AgCl (saturated with KCl solution)
electrode as the reference electrode. DPV test parameters were as follows: the step potential
was 5 mV, the pulse amplitude was 25 mV, the pulse time was 0.05 s and the time interval
was 0.2 s.

2.3. Preparation of 3DG-CNT/GCE and VMSF/3DG-CNT/GCE Electrodes

According to a previous literature report [45], 3DG-CNT were prepared on the GCE’s
surface by using the electrochemical method (Scheme 1). GO-CNT dispersion was first
achieved by mixing GO (3 mg mL−1) and CNT (0.3 mg mL−1) into 0.2 M NaClO4 with
further sonication for 30 min. After being polished with 0.3 μm and 0.05 μm alumina
powders and ultrasonically washed with ethanol and distilled water for 1 min each, a
clean GCE was obtained. The GCE was soaked into the above GO-CNT dispersion and
underwent a constant cathodic voltage of −1.2 V for 300 s with a platinum sheet electrode
as the counter-electrode and an Ag/AgCl electrode (saturated with KCl) as the reference
electrode. In this process, the GO was reduced to electrochemically reduced graphene oxide
(ErGO), and a 3D nanocarbon composite consisting of graphene and CNT (termed 3DG-
CNT) was deposited onto the GCE’s surface. Note that the CNTs, as electronic conducting
wires or spacers, could not only facilitate the electrochemical reduction of GO but also
greatly increased the active area of the electrode. The obtained 3DG-CNT/GCE had the
advantages of both graphene and CNT.

 

Scheme 1. Illustration of the preparation of VMSF/3DG-CNT/GCE and the direct detection of PQ in
complex environmental samples.
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VMSF were then grown on the 3DG-CNT/GCE using the EASA method [33]. Origi-
nating from the oxygen-containing groups of 3DG-CNT, VMSF formed a chemical bond
with 3DG-CNT and displayed good stability on the GCE’s surface using 3DG-CNT as the
adhesive nanolayer. Briefly, TEOS (2.833 g) and CTAB (1.585 g) were added to a mixed
solution of ethanol (20 mL) and NaNO3 (20 mL, 0.1 M, pH = 2.6), followed by stirring
for 2.5 h to prepare a silica precursor solution. Next, the platinum sheet, the Ag/AgCl
electrode (saturated with KCl) and the 3DG-CNT/GCE were used as the counter-electrode,
reference electrode and working electrode, respectively. These three electrodes were soaked
in the precursor solution and the VMSF were prepared by applying a constant cathodic
current density (–0.74 mA/cm2) to the 3DG-CNT/GCE for 10 s. Thus, a surfactant mi-
celle (SM)-templated VMSF formed on the surface of 3DG-CNT/GCE after being washed
with distilled water and aged at 80 ◦C for 10 h, termed SM@VMSF/3DG-CNT/GCE. The
SM@VMSF/3DG-CNT/GCE was immersed in a 0.1 M HCL–ethanol solution and stirred
for 5 min to remove SM, finally achieving the VMSF/3DG-CNT/GCE with open channels.

3. Results

3.1. Characterization of 3DG-CNT/GCE and VMSF/3DG-CNT/GCE

The process of reducing GO to ErGO was studied by XPS and the results are shown
in Figure 1a,b. As demonstrated, the high-resolution C1s spectra of both GO and ErGO
revealed three types of carbon bonds, including C–C/C=C (sp2 carbon, 284.4 eV), C–O
(286.2 eV) and C=O (287.2 eV). When GO was electrochemically reduced to ErGO, the
C-O peak could not be observed and the intensity of the C=O peak decreased, suggesting
that the oxygen-containing functional groups of GO had been successfully reduced in
the electrochemical process, and thus the graphene sheet had been reduced and removed.
Figure 1c,d shows the SEM images of 3DG-CNT/GCE with different amplifications. As
seen, there are many crumples perpendicularly aligned to the electrode’s surface in the
3DG-CNT, indicating the increased effective specific surface area of the electrode and the
improved accessible mass transfer. In the high-resolution SEM image shown in Figure 1b, a
small amount of CNT can be observed, showing the successful preparation of 3DG-CNT.

 

(a) (b) 

  
(c) (d) 

Figure 1. (a,b) The XPS C1s spectra of the GO (a) and ErGO (b). (c,d) SEM images of the 3DG-CNT
network electrodeposited under a potential of −1.2 V for 300 s.
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To investigate the structure and morphology of the VMSF on the 3DG-CNT/GCE,
TEM measurements were performed. As shown in Figure 2a, the VMSF had uniform pores
with a long-range order and the diameter was 2~3 nm. The pores were hexagonally aligned
and very regular over a large domain. Cyclic voltammetry (CV) is considered to be an effec-
tive method to evaluate the intactness and permselectivity of VMSF [46]. Figure 2b displays
the CV curves of bare GCE, SM@VMSF/3DG-CNT/GCE and VMSF/3DG-CNT/GCE in a
0.05 M KHP solution containing 0.5 mM Ru(NH3)6

3+. Due to the hinderance effect of the
SM confined inside the silica nanochannels, only the charging current could be observed
in the SM@VMSF/3DG-CNT/GCE. The VMSF/3DG-CNT/GCE with open channels pro-
duced a more obvious redox current peak compared with the bare GCE, showing the
enrichment effect of cationic Ru(NH3)6

3+. This arose from the negative surface of VMSF
with deprotonated silanol groups, which confirmed the potential of VMSF for the detection
of cationic species.

 

(a) (b) 

Figure 2. (a) Top-view TEM image of the VMSF. The inset is the corresponding magnified im-
age. (b) CV curves obtained for different electrodes in a 0.05 M KHP solution containing 0.5 mM
[Ru(NH3)6]3+.

According to previous literature reports [47], the effective electroactive areas of bare
GCE and VMSF/3DG-CNT/GCE could be calculated by using the Randles–Sevcik equation

Ip = 0.4463nFAc(nFνD/RT)1/2 (1)

where Ip reflects the peak current, n is the number of transferred electrons, F is the Faraday
constant (96,485 c·mol−1), A is the effective surface area, c is the concentration of K3[Fe(CN)6]
(mM), ν is the scan rate (ν·s–1), D is the diffusion coefficient (6.67 × 10−6 cm2·s–1), R is the
gas constant (8.314 J·mol–1K–1) and T is the Kelvin temperature (298 K).

Figure 3a shows the CV curves of the bare GCE and the VMSF/3DG-CNT/GCE in
0.1 M PBS (pH = 6). The pair of redox peaks around 0 V is due to the electrochemical
reaction between the quinone and hydroxyquinone moieties in the 3DG-CNT. The cathodic
current peak displayed at around –0.5 V is ascribed to the reduction of oxygen (Figure S1).
As a comparison, the surface area of the VMSF/3DG-CNT/GCE is about 8.5 times larger
than that of bare GCE, which is due to the formation of the 3D network structure of the
3DG-CNT nanocomposite. The effective surface area of bare GCE was calculated to be
0.0935 cm2, according to the data shown in Figure 3b and Equation (1). Thus, the effective
surface area of the VMSF/3DG-CNT/GCE was about 0.790 cm2.

110



Nanomaterials 2022, 12, 3632

 
(a) (b) 

Figure 3. (a) CV curves of bare GCE (black) and VMSF/3DG-CNT/GCE (red) in PBS (0.1 M, pH = 6).
The inset depicts the normalized electroactive surface area of each electrode. (b) Relationship between
the peak currents and the square root of the scan rate derived from the CV curves of bare GCE in
0.05 M KHP containing 0.5 mM K3[Fe(CN)6].

3.2. Electrochemical Behavior of PQ on the VMSF/3DG-CNT/GCE

In order to verify the feasibility and performance of the VMSF/3DG-CNT/GCE for
the determination of PQ, we compared the CV and DPV responses of the bare GCE,
3DG-CNT/GCE and VMSF/3DG-CNT/GCE electrodes to PQ, and the results are shown
in Figure 4. As displayed in Figure 4a, PQ showed a weak or no electrochemical re-
sponse by the bare GCE and 3DG-CNT/GCE, but showed a pair of obvious reversible
redox peaks with the VMSF/3DG-CNT/GCE, which involve a single-electron transfer
reactions (Scheme 2) [48]. Moreover, the magnitude of the anodic peak current of PQ on
the VMSF/3DG-CNT/GCE was around 15-fold greater than that of 3DG-CNT/GCE and
was much higher than that of the bare GCE (Figure 4b). This excellent performance of
the as-prepared VMSF/3DG-CNT/GCE is attributed to the electrocatalytic ability of the
3DG-CNT and the electrostatically enriched capacity of VMSF.

 
(a) (b) 

Figure 4. (a) CV and (b) DPV curves obtained with different electrodes in 0.1 M PBS (pH = 6)
containing a 10 μM PQ solution.

Scheme 2. Schematic diagram of PQ’s reaction process.
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3.3. Electrochemical Detection of PQ Using a VMSF/3DG-CNT/GCE Sensor

In order to achieve a highly sensitive performance for the detection and preparation
PQ, the detection conditions, including the electrodeposition time of the 3DG-CNT, the
growth time of the VMSF, the pH and the concentration of the supporting electrolyte and
preconcentration time, were optimized. These results are shown in Figures S2.1–2.5 in
the Supplementary Materials. As seen, a 3DG-CNT electrodeposition time of 300 s, a
VMSF growth time of 10 s, 0.1 M PBS (pH = 6) and mechanical stirring for 180 s were the
optimal experimental conditions. Next, the VMSF/3DG-CNT/GCE sensor was used to
electrochemically detect PQ at various concentrations under optimized conditions. As
revealed in Figure 5, when the PQ concentration varied from 2 nM to 10 μM, the anodic
peak current (I) gradually increased and had a good linear relationship with the PQ’s
concentration (CPQ), yielding two linear ranges of 2 nM–10 nM and 10 nM–10 μM. The
linear regressive equations in the low and high concentration ranges are I = 45.83 CPQ + 2.317
(R2 = 0.987) and I = 8.129 CPQ + 2.675 (R2 = 0.997), respectively. The limit of detection (LOD)
was 1.17 nM when the signal-to-noise ratio was 3 (S/N = 3). Table 1 lists the performance
of different electrochemical sensors for the detection of PQ. By comparison, our sensor has
a rather lower LOD and a wider linear range, showing good analytical performance.

 
(a) (b) 

Figure 5. (a) DPV curves of the VMSF/3DG-CNT/GCE obtained in PBS (0.1 M, pH = 6) containing
different concentrations of PQ. The inset is the magnified view of the DPV curves in the low concen-
tration region. (b) The calibration curve for PQ. The inset in (b) shows the calibration lines in the low
concentration range. The error bars represent the standard deviation (SD) of three measurements.

Table 1. Comparison of the determination of PQ among different methods.

Electrode Materials Method
Detection Range

(μM)
Sensitivity

(μA μM–1 cm–2)
LOD
(nM)

Refs.

AuNP-MWCNT/GCE SWV 1–2 – 32 [49]
VMSF/GCE SWV 0.01–0.05 42 12 [48]
BW-CB/GCE DPV 0.5–7.5 0.487 – [50]

BN/MoS2/Au NPs/GCE DPV 0.1–100 4.44 × 10−5 74 [3]
SPCE-CNT/Nafion DPV 0.54–4.3 – 170 [1]
PPY-g-NGE/GCE DPV 0.05–2 – 41 [51]

Micro-Cu2O/PVP-GNs/GC-RDE DPV 1–200 3.00 × 10–5 260 [52]

VMSF/3DG-CNT/GCE DPV 0.002–0.01
0.01–10

0.0578
0.0103 1.17 This work

AuNP, Au nanoparticle; MWCNT, multiwalled carbon nanotubes; SWV, square wave voltammetry; BW, beeswax;
CB, carbon black; DPV, differential pulse voltammetry; BN, hexagonal boron nitride; MoS2, molybdenum
disulfide; SPCE, screen-printed carbon electrode; SI-DPV, sequential injection-differential pulse voltametric;
PPY-g, polypyrrole-grafted; NGE, nitrogen-doped graphene; Micro-Cu2O, cuprous oxide sub-microparticles; PVP,
polyvinyl pyrrolidone; GNs, graphene nanosheets; GC-RED, glassy carbon-rotating disk electrode.
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3.4. The Anti-Interference and Repeatability of the VMSF/3DG-CNT/GCE Sensor

The anti-interference ability of the VMSF/3DG-CNT/GCE electrode was investigated.
Common interfering substances in the environment, such as metal ions (Na+, K+, Cd2+,
Mg2+ and Cu2+), and other possible small electroactive molecules and environmental
pollutants (hydroquinone (HQ), catechol (CC), p-aminophenol (p-AP) and p-nitrophenol
(p-NP)) were added to the detection solution containing 1 μM PQ. As shown in Figure
S3.1A, when 100 μM of metal ions or 10 μM of electroactive molecules was present in
the detected solution, almost no effect on the detection of PQ was observed. It was
found that Cu2+, HQ, CC, p-AP and p-NP had no anodic current peaks in the detected
potential window of paraquat and the voltammetric peak of Cd2+ was around −0.77 V,
which is far from that of paraquat (−0.58 V), indicating the good anti-interference ability
of VMSF/3DG-CNT/GCE. In addition, the repeatability of the VMSF/3DG-CNT/GCE
electrode was evaluated. VMSF/3DG-CNT/GCE was used to repeatedly detect 1 μM
PQ, and the anodic peak currents obtained from five measurements were almost same
(Figure S3.2), showing the excellent repeatability of the proposed sensor. After 5 days of
storage, our VMSF/3DG-CNT/GCE sensor displayed good stability (Figure S3.3).

3.5. Real Sample Analysis

The anti-fouling ability of the VMSF/3DG-CNT/GCE is very important for the anal-
ysis of real samples. Surfactants (sodium dodecyl sulfate, SDS), protein (bovine serum
albumin, BSA), polysaccharide (starch) and macromolecular substances (humic acid, HA)
commonly exist in complex samples and may produce severe surface fouling of an elec-
trode. These were used to verify the anti-fouling ability of the VMSF/3DG-CNT/GCE.
We compared the anodic peak currents of PQ on the VMSF/3DG-CNT/GCE and 3DG-
CNT/GCE with (I) and without (I0) fouling substances. As exhibited in Figure 6, the
presence of fouling substances could generate surface fouling of the 3DG-CNT/GCE and
passivate the sensor, leading to remarkably decreased peak currents (only 20~40% of the
initial values) and much wider current peaks. However, 95% of the initial values still re-
mained for the VMSF/3DG-CNT/GCE, indicating the excellent anti-fouling capacity of the
VMSF/3DG-CNT/GCE and the great potential for the detection of PQ in complex samples.

  

(a) (b) 

 
 

(c) (d) 

Figure 6. Normalized oxidation peak current ratio of the VMSF/3DG-CNT/GCE and 3DG-CNT/GCE
towards PQ (1 μM). I and I0 represent the currents obtained in the present and absence of 20 μg/mL
of SDS (a), BSA (b), starch (c) or HA (d) in 0.1 M PBS (pH = 6). The insets are the corresponding DPV
curves obtained for the 3DG-CNT/GCE and VMSF/3DG-CNT/GCE in the absence and presence of
the fouling species.
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Environmental water samples including pond water and a soil leaching solution were
used to examine the applicability of the proposed VMSF/3DG-CNT/GCE. Pond water was
diluted 10-fold with 0.1 M PBS (pH = 6). Moreover, 0.05 g of soil was added to 50 mL of
PBS (pH = 6) to obtain a soil dispersion and the supernatant was directly used as a soil
leaching solution for analysis of a real sample. The detection samples were first spiked
with several known concentrations of PQ and examined by our VMSF/3DG-CNT/GCE
sensor. By comparing the ratio of the concentration detected and the known concentration
(recovery), we found that the recoveries achieved are 94.5–109% and the relative standard
deviations (RSD) were within 2.3% (Table 2), suggesting the good accuracy and reliability of
the VMSF/3DG-CNT/GCE for the determination of PQ in environmental water samples.

Table 2. Determination of PQ in pond water and soil leaching solution samples.

Sample
Spiked
(μM)

Found
(μM)

RSD
(%, n = 3)

Recovery
(%)

Pond water
0.0500 0.0499 1.8 99.8
0.100 0.109 1.8 109
0.200 0.199 2.3 99.5

Soil leaching solution
0.100 0.100 2.3 100
0.200 0.189 3.3 94.5
0.300 0.313 3.3 104

4. Conclusions

In summary, VMSF/3DG-CNT were prepared on the GCE’s surface by using a simple
and controllable electrochemical method. The obtained VMSF/3DG-CNT/GCE sensor
had several advantages. Firstly, the 3DG-CNT nanocarbon composite with a 3D network
structure, good conductivity and oxygen-containing functional groups not only displayed
a high electroactive area and excellent electrocatalytic ability, but also provided a suitable
microenvironment for the stable growth of VMSF. Second, the electrocatalytic capacity of
the inner 3DG-CNT layer and the electrostatic enrichment ability of VMSF were combined,
showing superior analytical performance regarding PQ in terms of a low LOD and a wide
linear range. Thirdly, given the inherent anti-fouling ability of VMSF, the VMSF/3DG-
CNT/GCE was successfully applied for the detection of PQ in environmental water samples.
Lastly, the fabrication of VMSF/3DG-CNT/GCE sensors is easy, economic and controllable,
and could be extended to detect other varieties of analytes by simple functionalization of
the 3DG-CNT or VMSF.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/nano12203632/s1. Figure S1: CV curves of bare GCE and VMSF/3DG-
CNT/GCE in deoxygenated PBS; Figure S2.1: Optimization of electrodeposition time of 3DG-CNT;
Figure S2.2: Optimization of growth time of VMSF; Figure S2.3: Optimization of pH of supporting elec-
trolyte. Figure S2.4: Optimization of concentration of supporting electrolyte; Figure S2.5: Optimization
of preconcentration time. Figure S3.1: Anti-interference ability of VMSF/3DG-CNT/GCE; Figure S3.2:
Repeatability of VMSF/3DG-CNT/GCE; Figure S3.3: Stability of VMSF/3DG-CNT/GCE.
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Abstract: In this paper, polystyrene microspheres were firstly prepared by seeded emulsion polymer-
ization, and the uniform monolayer of polystyrene microspheres was prepared on the substrate by
the dipping method. Then, polystyrene monolayer film was used as a mask and a low dimensional
array structure of gold was prepared by bottom-up self-assembly process. After that, the method of
solution etching and annealing was used, and the gold nanoparticle array was post-processed. As a
result, gold nanoparticles were recrystallized, with an average diameter of about 50 nm. Subsequently,
the semiconductor process was adopted, with focused ion beams induced deposition and electron
beam evaporation, and single electron transistors were fabricated, based on self-assembled gold
nanoparticles. Finally, the devices were fixed in a liquid helium cryostat and Coulomb blockade was
observed at 320 mK. It is a novel fabrication of a single electron transistor based on gold nanoparticle
array template and prepared with polystyrene nanospheres.

Keywords: single electron transistor; gold nanoparticle; self-assemble; Coulomb blockade

1. Introduction

As early as 1951, Cornellis Gorter, who is a member of the Kamerlingh Onnes lab-
oratory in the Netherlands, reported Coulomb blocking, studying the single electron
phenomenon [1]. Nanoparticles have long been prepared by physical or chemical methods.
These nanoparticles served as a Coulomb Island and a single-electron transistor could
be prepared by this bottom-up method, to study the single electron phenomenon. In
1995, Chen et al. prepared AuPd nanoparticles with dimensions of 2–3 nm. The single
electron transistor constructed exhibited a significant Coulomb blocking effect at 77 K
and nonvolatile voltammetry features even at room temperature [2]. In 1996, David L.
Klein et al. used a size~5.8 nm Au nanoparticle and CdSe nanoparticles to construct a
single electron transistor, and a clear Coulomb step curve was observed at a temperature of
77 K [3]. In 1997, Toshihiko Sato et al. used the molecular self-assembly method to locate
Au quantum dots with a diameter of ~10 nm on silicon substrates and prepared a single
electron transistor. Coulomb steps and Coulomb oscillations were observed at 4.2 K [4].
In 2010, Hidehiro Yamaguchi et al. used an oligothiophene pentamer to assemble Au
quantum dots between nanoelectrodes and measured the differential conductance image
at 12 K, the image showed a typical Coulomb diamond, indicating that the device was a
single electron transistor [5].

There are three key technical problems in the preparation of existing single-electron
transistors: controllable preparation of a small-sized Coulomb Island; controlled position-
ing assembly of the Coulomb Island; precise control of the size of tunneling barrier between
the Coulomb Island and electrode. This is related to the device’s operating temperature
and its performance consistency. Therefore, researchers have long been eager to develop a
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method that can precisely control the size and location of the Coulomb Island, and control
the size of the barrier between the Coulomb Island and the electrode to greatly facilitate the
preparation and application of single-electron transistors. For example, by fabricating a nar-
row gap between the source and drain electrodes, the access resistance is reduced and the
number of dots involved in the SET operation also diminishes [6]. Willing S. et al. adopted
the method of self-assembly of colloidal metal nanoparticle strips, and, since the size of
metal nanoparticles and the tunnel barrier width are adjustable, the transistor showed
controllable characteristics [7]. In this paper, we propose a method for preparing single
electron transistors. The size of Au particles can be controlled by controlling the particle
size in a PS microsphere template, the coating time, wet etching and annealing. The thick-
ness of the barrier layer can be precisely controlled by controllable thin film preparation
methods, such as double beam deposition or atomic layer deposition. In the double beam
system, the in-situ device preparation and the assembly and positioning of the Coulomb
island and electrode for the regular periodically arranged Au particle array also becomes
simpler. The electron tunneling characteristics of single electron transistors with quantum
dots as the core structure have been the frontier and hotspot of the research. Based on this
characteristic, it is possible to develop highly sensitive single photon detection devices.

2. Materials and Methods

2.1. Preparation of Polystyrene Microspheres

Monodispersed polystyrene (PS) microspheres were prepared by seed emulsion poly-
merization. First, the styrene was washed with sodium hydroxide, dried with anhydrous
calcium chloride, and then heated to about 50 to 60 ◦C in a vacuum distillation apparatus
to complete the purification of the reagent. Then, the preparation of monodispersed PS
microspheres started. Nitrogen gas was introduced into a three-necked round bottom flask
in the presence of a reflux device and equipped with a mechanical stirrer. Then, deionized
water and alcohol were added, the mixture was stirred and rapidly added to the styrene,
reacting for 8 h to obtain a seed emulsion. The effect of the temperature and the stability of
the stirring speed were relatively large. Alternatively, it could be stirred for a while, and
the initiator reaction added after the system stabilized.

2.2. Preparation of Polystyrene Microspheres Monolayer

After preparation of the PS microsphere emulsion, the substrate was subjected to
hydrophilic treatment, and then the PS microsphere template was prepared by the pulling
assembly [8,9]. PS microsphere mixed liquor was applied to the washed and dried quartz
substrate, and it was observed that the white mixed liquor spread evenly on the substrate.
A certain amount of distilled water was then trickled into the culture dish and the substrate
sank slowly into the water. The white nanosphere suspension spread evenly on the liquid
surface and formed a large area of the film floating on the liquid surface. After a period
of time, 2% of the sodium dodecyl sulfate solution was dropped on the liquid surface to
change the surface tension of the liquid surface. The liquid surface dropped from the center
to the surrounding sudden diffusion so that the film was more closely arranged. When
the liquid surface was stable, the substrate fixed on the moving rail was moved down at
a certain speed from the blank surface until the substrate sunk into the water. A small
amount of sodium dodecyl sulfate solution was added dropwise to “drive” the selected
film onto the substrate until the liquid level was stabilized and pulled at a uniform and
slow rate to transfer the film onto the substrate completely dry. Then the PS microsphere
monolayer film template, shown in Figure 1a, was obtained.
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Figure 1. Schematic diagram of the process for SET preparation. (a) The PS microsphere monolayer
was prepared on Si wafer; (b) Triangular gold array was prepared by the PS microsphere template;
(c) Gold nanoparticle array was prepared by means of solution etching and annealing; (d) After 6
nm-thick-SiO2 was deposited on the gold nanoparticle array, typical electrodes were prepared.

2.3. Preparation of Gold Nanoparticle Arrays

Furthermore, we used monolayer polystyrene microsphere templates as masks to
prepare gold nanoparticle arrays [10]. The metal was deposited on the substrate on which
the PS microsphere template was assembled by means of electron beam evaporation coating.
After deposition, the mixture was ultrasonically cleaned in an anhydrous ethanol and
chloroform mixed solution (volume ratio 1:10) for 5 min to wash away the mask plate, then
the metal nano-array structure, shown in Figure 1b, was obtained. The metal nanostructure
was post-treated by solution etching or annealing to obtain a recrystallized nanoparticle
array (Figure 1c). The temperature was 800 ◦C, the atmosphere was Ar:H2 = 2:1 (volume
ratio), the flow rate was Ar/H2, 500/250 sccm, the temperature control process was 60 min
uniform from room temperature to 800 ◦C, and then constant temperature for 1 h, and then
natural cool down.

2.4. Preparation of Single Electron Transistors Based on Gold Nanoparticles

On the samples of gold nanoparticle arrays that were obtained, a gold nanoparticle
was selected as the Coulomb Island, and SiO2 was deposited with a focused ion beam to a
thickness of 6.0 nm in a dual beam system (FEI Helios Nanolab 600i). The ion beam source
voltage and current were set at 30 kV and 40 pA, respectively. It could also be achieved
by using ALD. Then, using the Coulomb Island as the center, deposition of platinum for
the preparation of electrodes was induced. The organ metallic precursor (CH3)3Pt(CpCH3)
resulted in platinum incorporated carbon-rich samples. To remove the C and Ga elements
in the sediments, the platinum metal content was increased. The samples were placed in
H2O2:H2SO4 = 1:1 solution for 60 s to remove the C and other substances. Then the samples
were rinsed with deionized water and dried with N2. The samples were then allowed to
stand in a high-temperature combustion tube furnace at a rate of 20 ◦C/min and annealed
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at 500 ◦C for 30 min under an O2 atmosphere (flux 30 sccm) [11]. Finally, the device was
bonded to get the single-electron transistor device (Figure 1d).

3. Results and Discussion

3.1. Template of PS Microsphere Monolayer

After the preparation of the PS microsphere emulsion, we first carried out the hy-
drophilic treatment of the substrate, and then prepared the PS microsphere template by
the pulling assembly method. Then, electrons were deposited on the PS microsphere
template by electron beam evaporation coating, and the results are shown in Figure 2a.
The mask of coated PS spheres was lifted off with a mixed solution of absolute ethanol
and chloroform to obtain a gold nanoparticle array structure, as shown in the illustration
of Figure 2a. The nanoparticle array obtained was in the form of a hexagonal array of
triangular structures with side lengths of 90 mm. We further controlled the shape and size
of the gold nanoparticles by means of post-treatment, such as wet etching and annealing.
According to the geometrical relationship (inset of Figure 2a), many triangular spaces
implanted among the six-angle dense pile. The circles in the triangular spaces touched the
neighboring polystyrene spheres. The relationship between the radius of the circles and the
polystyrene spheres could be written as

√
3(r + R)/2 = R. So, the radius of the circle r was

equal to 30.9 nm when the radius of the polystyrene sphere R was 200 nm. If we wanted to
get gold nanoparticles with a size less than 10 nm, the diameter of the polystyrene sphere
would need to be less than 65 nm. As shown in Figure 2b, after 800 ◦C annealing, the
triangular nano gold was converted into granular form. Since the gold nanoparticles were
annealed at high temperatures, the particles could release stress to recrystallize and, thus,
became spherical.

  

Figure 2. SEM images of (a) polystyrene sphere mono-film covered with a 300 nm-thick gold film,
and (b) gold nanoparticle array after post treatment. The left up inset of (a) shows triangular gold
array. The right down inset of (a) shows the geometrical relationship of polystyrene sphere and
gold nanoparticle. The inset of (b) shows that the gold nanoparticle formed after annealing is well
crystallized with a diameter of about 60 nm.

In the preparation of PS template, we obtained the monolayer template. However, in
some local areas there were also cases of bilayer films. As shown in Figure 3, the shape
and geometry of the gold nanoparticles array fabricated by the bilayer PS microsphere
array template were quite different. The gold nanoparticle array template prepared by
monolayer PS microsphere array template had a triangular honeycomb layout (Figure 3c).
In contrast, the gold nanoparticle array template prepared by bilayer PS microsphere array
template had a point array triangle layout (Figure 3e).
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Figure 3. (a) SEM image of gold nanoparticles arrays template-fabricated by monolayer and bilayer
PS microspheres array template on the same substrate; (b) Monolayer PS microspheres array template;
(c) Gold nanoparticles arrays fabricated by the template as (b); (d) Bilayer PS microspheres array
template; (e) Gold nanoparticles arrays fabricated by the template as (d).

3.2. Device Preparation

As shown in Figure 4a, there was an insulating layer of silicon oxide on gold nanopar-
ticles, which was deposited by focused ion beams induced deposition (FIBID). Successively,
platinum was deposited for electrodes preparation by the method of focused electron beam
induced deposition (FEBID) and FIBID. Then, taking post-processing measures, such as
annealing, to complete the preparation of the device, a single electron transistor device
was the result, as shown in Figure 4c. The compositional changes of the wet etching and
thermally annealed FIBID and FEBID materials were investigated before in [11]. EDX
results are shown in Table 1. The results implied that the wet etching method was not
effective. However, the platinum purity of the calcined sample was higher. It was possible
that carbon and gallium reacted with oxygen during the annealing, and carbon dioxide
molecules escaped with the gas flow. Therefore, the platinum content would be relatively
increased and the conductivity would be enhanced. In addition, the annealing treatment
was an alternative method to avoid current leakage.

 

Figure 4. (a) Band diagram of electrode-dielectric-gold nanoparticle junction; (b) Schematic diagram
of the side view of the SET device; (c) SEM image of the top view of the SET device.
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Table 1. The atomic concentrations of the dual beam-induced resultants.

Element
FIBID FEBID

Deposition Wet Etching Calcination Deposition Wet Etching Calcination

C (K) 73.74 70.72 24.23 91.68 90.76 /
O (K) / / 34.70 / / 75.90
Ga (L) 10.16 9.39 14.61 3.73 2.15 /
Pt (M) 16.10 19.88 26.46 4.59 7.09 24.10

The tunneling resistance if electrons go from the drain to the gold nanoparticle can
be calculated. The corresponding band diagram of electrode–dielectric–gold nanoparticle
junction under a bias V is shown in Figure 4b, where d is the channel length, eϕ is the work
function, EF is the Fermi energy and Evac is the vacuum level. When a battery lowers the
energy levels in the gold nanoparticle with respect to the drain contact, and maintains
them at distinct electrochemical potentials separated by eV, the numbers of electrons can
be given by different Fermi functions: f (E, EF − eV, T) and f (E, EF, T). Supposing that the
tunneling probability of electrons inflow from the drain to the gold nanoparticle is the same
as the one of electrons outflow in the opposite direction, we can write the current through
this junction as follows [12]:

I = − 2e
h

N
∑

n=1

∫ +∞
−∞ ( f (E, EF − eV, T)− f (E, EF, T))Tn(E)dE

= 2e2V
hkBT

N
∑

n=1

∫ EF
0

exp
(

E−EF
kBT

)
(

1+exp
(

E−EF
kBT

))2 exp
(
− 4

√
2m

3eε� (eϕ − (E − EF))
3
2
)

dE
(1)

where e and m are the electron charge and mass, respectively; h is the Planck constant
(h̄ = h/2π); N is the total number of sub-bands below Fermi energy; E is the electron
energy; kB is the Boltzmann constant; T is the Kelvin temperature and ε is the electric field
intensity. Tn is the tunneling probability of electrons in the energy level of n, in the form of
Fowler-Nordheim tunneling formulation.

The resistance of the channel determines the current that flows between the drain
and the gold nanoparticle when a voltage Vds is applied. According to Equation (1), an
equivalent tunneling resistance R with varying thicknesses of potential barrier length d
could be calculated. As Table 2 shows, the tunneling resistance between the metallica
electrode and a gold nanoparticle at 320 mK and 2 K were calculated. The following
parameters were used in the calculations: Fermi energy EF = 5.51 eV (gold); modified
work function eϕ = 4.1 eV (interface of gold-SiO2); cross section dimension of the drain
50 × 50 nm2. The results showed that when the thickness of the silicon oxide layer was in
a thickness range of 3.0–6.5 nm, the magnitude of the tunneling resistance was in the range
of 104–1013 Ω. This was a proper value for the electron tunneling, while larger resistance
would lead to much lower tunneling probability and feebler tunneling current.

Table 2. Equivalent resistance of barrier with different thickness.

d (nm) 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

R
(100 kΩ)

@2 K 0.64 10.89 185.23 3.15 × 103 5.36 × 104 9.13 × 105 1.55 × 107 2.64 × 108

@320 mK 0.10 1.74 29.64 5.04 × 102 8.58 × 103 1.46 × 105 2.49 × 106 4.23 × 107

3.3. Device Test

Coulomb blockade oscillations can be seen clearly in the electrical characteristics of
the SET measured at 320 mK. The dependence of the Coulomb blockade on Vds and Vg was
investigated. Differential conductance versus Vg and Vds is shown in Figure 5a. The blue
diamond indicated that the electrons had a Coulomb blockade and the number of electrons
on the gold nanoparticle island kept constant. However, the red region indicated that single
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electron tunneling occurred, which is a typical characteristic of a single electron transistor.
The slopes of the two bevel edges of the prismatic when gate voltage was equal to −16
V were ks = kd = 7.2 × 10−3, respectively. The Coulomb diamond had symmetry along
the Vds = 0 direction, which indicated that the source and drain tunneling junctions of the
single electron transistor were symmetrical, and if the junction capacitance of the source
and drain was different, the Coulomb diamond would tilt. Figure 5b shows the source–
drain current curve and its corresponding differential conductance when gate voltage was
set at −16 V. The Coulomb blockade effect could be clearly seen, both in the Ids-Vds and
Gds-Vds curves. The length of the low conductive region ΔVds was about 29.25 mV and
the charging energy of the Coulomb Island was estimated to be 29.25 meV, which was
much larger than the thermal energy of 138.1 × 10−4 meV at 320 mK. The capacitance Cd
of 2.74 aF was achieved with a zero-biased resistance of ~1.05 GΩ. The corresponding
thickness of the silicon oxide barrier was calculated to be about 6.3 nm. It was in agreement
with the device preparation, as before. There was also a capacitance between the Coulomb
Island and the gate, and the source of either. According to the relationships ks = Cg/(Cg +
Cs) and kd = Cg/Cd, Cg = 0.02 aF and Cs = 2.72 aF, the total capacitance was C∑= Cs + Cd
+ Cg = 5.48 aF. If we assumed that the capacitance of a spherical Coulomb Island with a
radius r was given by C∑ = 4πεrε0r, the dot diameter was calculated to be 24.6 nm with
the dielectric constant of SiO2 εr = 4. It was consistent with the range of island diameter
observed in the SEM image of GNPs.

 

 
Figure 5. (a) Source–drain differential conductance as a function of source drain bias Vds and gate
bias Vg at T = 320 mK; (b) The measured source–drain current curve and its corresponding differential
conductance when gate voltage was set at −16 V; (c) The measured source-drain current curve as a
function of gate bias Vg, when source drain bias Vds was set at different valuea, from bottom to top
of 0 mV to 9 mV.
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When the source drain voltage did not change, the source leakage current changed
with the change of the gate voltage, which is called the Coulomb oscillation effect. As
shown in Figure 5c, with increase of the source drain voltage, the values of the Coulomb
oscillation peaks increased. This was because, as the source drain voltage increased, the
number of levels that fell into the source drain potential window increased, and each time
the number of electrons tunneling through the source–island–drain increased; thus. the
tunneling current became larger.

Considering the double quantum dot systems in series, their electrochemical potential
was independently controlled by their respective side gate electrodes. When there was a
capacitance coupling between the quantum dots, adding an electron to one of the quantum
dots changed the electrostatic energy of the other quantum dot. Moreover, the gate pressure
of the quantum dots was generally capacitive coupled to the quantum dots. The charge
stability diagram shows a hexagonal honeycomb. Figure 6a shows a local part of the
honeycomb lattice. The point of the honeycomb lattice is called the triple point. At a
triple point, the energy of different charge states is degenerate. The distance between the
triple points is determined by the coupling strength between the quantum dots. When
the coupling between the two quantum dots was very strong, as shown in Figure 6b, the
separation of the three state points reached the maximum, and the behavior of the double
quantum dots became like that of only one quantum dot.

 
Figure 6. Double quantum dot systems are controlled by gate pressure with different coupling
intensities. (a) There is capacitive coupling between quantum dots, one electron on one quantum dot
changes the electrostatic energy of the other quantum dot; (b) The coupling capacitance evolves to
the main capacitance, and the separation of the triple point reaches the maximum.

4. Conclusions

In this paper, we used the seed emulsion method to prepare polystyrene microspheres
of specific size, and then, by using the dip coating method, a PS microsphere monolayer
film was prepared, and it was used as a template for metal evaporation. After removing
the template of PS microspheres, the periodic array of gold nanoparticles was obtained.
The size of the gold nanoparticles could be controlled and the crystallinity of the parti-
cles improved by the method of solution etching and annealing, helping to improve its
electrical performance. Based on this, 6 nm thick silicon oxide was deposited on the gold
nanoparticles using double beam equipment, and deposition of the source, drain and gate,
subsequently. Due to the presence of impurities, such as C and Ga, in the material obtained
by the focused ion beam induced deposition, it was necessary to improve the conductivity
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of the material by high temperature annealing in an oxygen atmosphere. Finally, the differ-
ential conductance test was carried out using the liquid helium cryostat. While changing
the gate voltage and sweeping the source drain voltage, under the interaction effect of
the Coulomb step effect and the Coulomb oscillation effect, the Coulomb diamond of the
single electron transistor conductance was observed. A single electron transistor was made
by a novel bottom-up self-assembly method. On the basis of the platform, single electron
phenomena, such as single photon assisted tunneling, can be further studied.
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Abstract: A graphene membrane acts as a highly sensitive element in a nano/micro–electro–mechanical
system (N/MEMS) due to its unique physical and chemical properties. Here, a novel crossbeam
structure with a graphene varistor protected by Si3N4 is presented for N/MEMS mechanical sensors.
It substantially overcomes the poor reliability of previous sensors with suspended graphene and
exhibits excellent mechanoelectrical coupling performance, as graphene is placed on the root of the
crossbeam. By performing basic mechanical electrical measurements, a preferable gauge factor of
~1.35 is obtained. The sensitivity of the graphene pressure sensor based on the crossbeam structure
chip is 33.13 mV/V/MPa in a wide range of 0~20 MPa. Other static specifications, including hysteresis
error, nonlinear error, and repeatability error, are 2.0119%, 3.3622%, and 4.0271%, respectively. We
conclude that a crossbeam structure with a graphene sensing element can be an application for the
N/MEMS mechanical sensor.

Keywords: graphene; N/MEMS; displacement sensor; pressure sensor

1. Introduction

Graphene, a two–dimensional material, has excellent mechanical, thermal, optical,
and electrical properties. With its Young’s modulus of up to 1 TPa [1], thermal conductivity
reaching 5 × 103 W/m·K [2], light transmittance as high as 97.7% [3], and an ultrahigh
carrier mobility of 200,000 cm2·V−1·s−1 [4], it has become the preferred material for the
sensing element in various sensors. Moreover, graphene will be suitable for MEMS and
NMES mechanical sensors in the future due to two primary factors: the piezoresistive effect
because of graphene microstructure changing under external stress and high compatibility
between graphene transferring patterning and micro–nano process technology [5,6].

In previous research, graphene sensors have been used to detect multiple different
mechanical parameters, such as pressure [7,8], acceleration, and strain [9–12]. The first
typical graphene pressure sensor was proposed by Smith et al. [13,14]. A monolayer
graphene membrane was suspended on a cavity in SiO2/Si substrate, and a sensitivity
of 3.95 μV/V/mmHg was obtained as pressure ranged from 200 to 1000 mbar. There
is also an unfavorable phenomenon where liquid remains in the square cavity during
the graphene wet transferring process. Subsequently, the electrical property of graphene
is inevitably affected, which leads to poor stability of the suspended graphene pressure
sensor. A new type of graphene pressure sensor was developed by Zhu et al. [15]. A folded
graphene ribbon was placed on the maximum strain region of a suspended square Si3N4
film, and sensitivity reached up to 8.5 mV/bar with pressure ranging from 0 to 700 mbar.
In addition, a more sensitive graphene pressure sensor was developed by Wang et al. [8].
Suspended Si3N4 for supporting graphene was etched to form substantial numbers of
through hole arrays. Owing to the increased strain on the graphene membrane, the
pressure sensor showed a sensitivity of 2.8 × 10−5 mbar−1 under a pressure of 0~400 mbar.
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Although residual liquid in the cavity can be resolved by the suspended Si3N4 approach,
the measurement range is below 1 MPa due to the process limitations of the suspended
Si3N4 structure. In the past few years, some researchers have also made great progress in
graphene based accelerometers. A suspended graphene high–g accelerometer made by
Hurst et al. has a high repeatable response to a wide range of 1000~3000 g [16]. Another
NMES accelerometer with a suspended double layer graphene ribbon with attached silicon
proof mass was fabricated by Fan et al. and could measure an effective acceleration
of 20~30 g [10]. These suspended graphene mechanical sensors are simple in structure
and exhibit excellent electrical performance. Structural stability and reliability, however,
require further improvement. For example, suspended graphene is prone to collapse
and rupture [17], and an ultra–thin graphene beam has high processing difficulty and
low natural frequency. A crossbeam structure, with its excellent mechanical properties,
is commonly used in large impact and high–load environments [18,19]. In addition, the
sensitivity of graphene mechanical sensors is related to the effect of stress or strain on the
sensing element. Compared with the ordinary ribbon of graphene, the fold pattern can
capture multiple responses and improve the detection capability of a sensor.

As the core element of a pressure sensor, the quality of graphene directly affects
the piezoresistive performance of the device. Improper operation during the graphene
transferring process can easily introduce some defects and residues, such as wrinkling,
cracking, and photoresistance [20]. This can cause a risk of Dirac point shift and lead to poor
resistivity stability [21–23]. Combined annealing for van der Waals force enhancement and
water bath heating for cleaning, the performance of graphene can be effectively improved.
Another concern is that covering suspended graphene with a passivation layer becomes
more difficult. When graphene is exposed to air during fabrication or employment, it is
easily contaminated by gas adsorption (e.g., N2, O2, CO2, H2O, etc.) or other impurities,
causing n–/p–type doping in graphene [24,25]. As a result, graphene resistance sharply
changes, sensor reliability shows large decreases, and serving life noticeably shortens [26].
Generally, materials with a strong affinity, such as polymer, h–BN, Al2O3, and Si3N4, are
used to protect the graphene sensing element and can improve the electrical properties and
long–term stability of sensors [27–32]. Compared with Al2O3, depositing and etching Si3N4
are relatively convenient methods [33,34], and Si3N4 processing is also highly compatible
with N/MEMS technology, avoiding risk of oxidation under high temperature [35–37].
Additionally, it is beneficial for covering Si3N4, rather than organic polymer or h–BN, on
graphene to reduce organic residue pollution in subsequent processing. In this paper, a
novel crossbeam structure with a graphene sensing element is presented for N/MEMS
mechanical sensors. The core graphene varistors are encapsulated with Si3N4 film to
achieve highly sensitive pressure detection.

2. Materials and Methods

2.1. Fabrication of N/MEMS Crossbeam Structure

The fabrication process is shown in Figure 1. A passivation layer of Si3N4 with a
thickness of 200 nm was first deposited on 2” Si wafer by plasma enhanced chemical
vapor deposition (PECVD). The electrode, 15 nm/25 nm thick Cr/Au, was followed by
magnetron sputtering [Figure 1a]. A square 900 × 900 μm cavity was then created on the
back of the wafer by deep reactive ion etching (DRIE) [Figure 1b]. Subsequently, the Si
wafer was diced into small 17 × 17 mm dies, and the CVD–grown monolayer graphene
(TTG, ACS Material, LLC, Pasadena, CA, USA) was transferred and patterned by PMMA
assistance and oxygen plasma etching, respectively [Figure 1c]. A thin 150 nm thick Si3N4
film was also deposited by PECVD to protect the graphene from undesired doping and
pollution in the ambient environment. Reactive ion etching (RIE) was used to remove
Si3N4 on the Pad, and Cr/Au with a thickness of 25/100 nm was sputtered on the Pad
[Figure 1d]. Finally, four square cavities with dimensions of 350 × 350 μm were etched by
DRIE to create a crossbeam with a length of 900 μm, width of 200 μm, and thickness of 40
μm [Figure 1e].
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Figure 1. Fabrication process and SEM images of crossbeam structure with graphene sensing element.
(a) Sputtering Cr/Au electrode. (b) Etching deep square cavity on the back of wafer. (c) Transferring
and patterning monolayer graphene. (d) Depositing protective layer of Si3N4 and etching Si3N4 to
leak out the Pad and sputtering Cr/Au on it. (e) Release crossbeam structure. (f) Top view of whole
chip. (g) Top view of single graphene element. (h) Tilt observation of whole chip. (i) Tilt observation
of single graphene element.

The crossbeam structure with the graphene sensing element was firstly measured using
a scanning electron microscope (Quanta 250, FEI, Inc., Hillsboro, OR, USA). Figure 1f,g
shows the top view of the whole chip and single graphene element, respectively. Four
identical graphene piezoresistors were arranged at the root of crossbeam. Measurement
results of the crossbeam, 900 μm in length and 200 μm in width, confirmed the consistency
with the design. The size of the folded graphene ribbon was determined as 30 μm long and
10 μm wide. As shown in Figure 1h,i, the crossbeam structure was also inspected using a
SEM with a tilt angle. It is clear that the crossbeam thickness at the root was thicker than
that in the middle because of the universal feature of the DRIE process. Nevertheless, it
had almost no influence on the mechanical properties of crossbeam.

2.2. Schematic of Transfer Process of Graphene Layer

Single–layer graphene (Gra) was grown on a Cu substrate. After being cropped into
a 1.5 × 1.5 cm sample, we coated the graphene on Cu foil with polymethyl methacry-
late (PMMA) using a spin coater at speeds of 600 rpm/5 s and 4000 rpm/30 s. The
PMMA/Gra/Cu/Gra sample was placed on a hot plate at 130 ◦C for 20 min. Then, the
backside graphene of the sample was etched by O2 plasma, and the Cu substrate of sup-
porting Gra was etched with 40% FeCl3 solution for about 6 h. After, the PMMA/Gra
sample was transferred to the target substrate and heated on a hot plate at 85 ◦C for 30 min.
The PMMA layer was dissolved in acetone (CP) solution at 50 ◦C for 10 min, and the target
was cleaned with alcohol (EA) solution and deionized (DI) water. Finally, photolithography
technology and O2 plasma etching were used for patterning graphene. The parameters of
the O2 plasma etching were as follows: the power was 60 W, gas flow rate was 30 sccm,
and etching time was 3 min. The schematic of transferring the graphene layer to the target
substrate is shown in Figure 2.
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Figure 2. Schematic of transferring graphene layer to target substrate (including patterning graphene).

3. Results and Discussion

3.1. Physical and Electrical Characteristics of the N/MEMS Graphene Units

Raman spectra (HR–800, Horiba Scientific, Inc., Paris, France) were used to analyze the
stacking and defects of graphene before and after depositing Si3N4. As shown in Figure 3a,
the characteristic G and 2D peaks, as well as a weak D peak (defect-related), originating
from the CVD–grown monolayer graphene were clearly visible. After depositing the
Si3N4–protected layer, the intensity of the D peak rapidly increased; meanwhile, the
intensity ratio of the 2D peak to the G peak (I2D/IG) decreased immensely from 3.08
to 0.60. Moreover, a slight shift in the G and 2D peaks was also observed [38,39]. The
main explanation for the above phenomena is that the introduction of external atoms
disrupts the lattice structure of graphene. Current–voltage (I–V) characteristics were
precisely demonstrated by a probing station united with a semiconductor parameter
analyzer (B1500A, Keysight, Inc., Santa Rosa, CA, USA). The measurement results are
shown in Figure 3b. Compared with the resistance of the open face graphene sensing
element from 497.5 to 502.4 Ω·sq−1, Si3N4−encapsulated graphene resistance ranged from
566.1 to 570.8 Ω·sq−1. This indicated that graphene can retain high quality and consistency
after overlaying a Si3N4 protective layer.

 

Figure 3. Physical and electrical characteristics of graphene sensing element. (a) Raman spectra of
graphene sensing element before and after depositing Si3N4. (b) I−V curve of graphene sensing
element with open face and Si3N4 protective layer.
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To further investigate the effect of a Si3N4 layer on the stability of the graphene
sensing element, samples with and without the top Si3N4 layer were placed in ambient
air (20~25 ◦C and relative humidity 40~60%). From Figure 4a, after 7 days, the graphene
resistance without top Si3N4 increased by ΔR/R0 = 25.8%, where R0 is the initial resistance.
In contrast, the relative resistance protected with a Si3N4 layer was almost unchanged,
showing higher stability. The main reason is that Si3N4 can effectively isolate graphene
and avoid water or air doping [38]. After 35 days, the unprotected graphene resistance
continued to increase, while the protected one remained only slightly increased, as shown
in Figure 4b. The corresponding changes in resistance were 7.4% and 46.3%, respectively.
We confirmed that the stable performance of graphene resistance is well preserved due to
the Si3N4 protecting graphene from serious environmental pollution or doping [36].

 
Figure 4. Stability of graphene sensing element with and without the top Si3N4 layer: (a) 7 and
(b) 35 days later.

3.2. Mechanical and Electrical Characteristics of Displacement Sensor

Tests of the piezoresistive effect for the graphene sensing element on the crossbeam
structure were then performed in an uncomplicated experiment. The setup schematic
is shown in Figure 5a. There were eight independent sensing units of the same size,
distributed on the surface of chip. Four of them were arranged outside the crossbeam as
references and did not sense mechanical signals such as strain, on which electrical tests
were mainly performed during fabricating to judge the compatibility and reliability of the
process. Other graphene sensing units were located at the root of the crossbeam and were
utilized to detect the beam strain signal. A piezo actuator with subnanometer resolution (P–
841, Physik Instrumente, Inc., Karlsruhe, Germany) was then used to compress the center of
the crossbeam. As the actuator simulated external force to produce a tiny displacement, the
bend deformation of the crossbeam correspondingly occurred; meanwhile, the graphene
sensing element was affected by stress and strain. The resistances of the four graphene
varistors were recorded through a digital multimeter (34461A, Keysight Technologies, Inc.,
Santa Rosa, CA, USA). Measurement results are shown in Figure 5b. After three cycles of
the load–unload experiment, with displacement ranging from 0 to 4.5 μm, the changes in
resistance and displacement exhibited an apparent positive linear correlation. Moreover,
the output results of the four detection units had high consistency, which further verified
that the strain generated at the root of the crossbeam remained the same as when the
pressure was applied at the center. The piezoresistive effect of graphene is independent of
random crystal orientation and multigrain graphene flake [13].

131



Nanomaterials 2022, 12, 2101

 

Figure 5. Experimental characterization of crossbeam structure with graphene sensing element.
(a) Schematic of experimental setup. (b) Measurement results of displacement resistance. (c) Strain–
displacement diagram of crossbeam root by FEA. (d) Strain--resistance results of the detection unit 1.

The piezoresistive effect of the graphene sensing element, through the strain−induced
resistance change, was further investigated by finite element analysis (FEA). During FEA
simulation, differential displacement load, ranged from 0 to 4.5 μm with a step of 0.5 μm,
was applied on the center of the crossbeam structure. Although the maximum displacement
was located at the center of the crossbeam, the maximum stress (i.e., strain) appeared at
the root of the crossbeam. As shown in Figure 5c, the typical surface maximum strain
distribution at the root of a single beam was extracted under different displacements. The
internal illustrations showed the strain distribution within the range of 110 μm at the
root and the Y component of the surface strain tensor under the applied displacement of
4.5 μm. The X component of the tensor was the same as that of the Y component, and they
were perpendicular to one another. We found that the effective strain region was located
within 110 μm of the root of the crossbeam. In our work, the graphene sensing element
was arranged within 15 μm, which included the position of maximum strain. Because
strain was the main factor causing the piezoresistive effect of graphene, the maximum
strain parameter was used instead of the displacement parameter. Because the output
characteristics of the four detection units were basically similar, only one of them was
analyzed in detail. The corresponding result of strain–resistance is shown in Figure 5d. The
gauge factor (G) of the graphene piezoresistor was defined as the rate of resistance change
to strain (ΔR/R0/ε). Finally, G = 1.35 was obtained in this work, which is similar to the
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G = 1.6 for CVD graphene obtained in previous research [15]. This also demonstrates the
feasibility of arrangement of the graphene sensing element.

3.3. Mechanical and Electrical Characteristics of Pressure Sensor

A new type of graphene pressure sensor was developed by stacking an elastic di-
aphragm, crossbeam chip, and substrate through bonding technology. Figure 6a shows a
schematic diagram of the pressure sensor packaging and actual sensor chip. Furthermore,
the chip was assembled on the shell, and the signal was led out by wire bonding. In addi-
tion, a wheatstone bridge with a constant current supply was used to detect the electrical
conductivity changes in a graphene nanofilm caused by external pressure, as shown in
Figure 6b. The pressure sensor was then tested by using a self–made oil pressure calibration
machine. Figure 6c shows the voltage output results of 10 cycles in the range of 0~20 MPa,
with an interval of 1MPa. The graphene sensing element was not only directly covered by
Si3N4, but also isolated from the environment by multistack bonding. Double protection
for graphene can greatly improve the repeatability and stability of a sensor. The results of
three reciprocating cycles were extracted, as shown in Figure 6d. The calculated sensitivity
of the sensor was 33.13 mV/V/MPa. Correspondingly, the hysteresis error, nonlinear error,
and repeatability error reached 2.0119%, 3.3622%, and 4.0271%, respectively.

 
Figure 6. Packaging and testing of graphene pressure sensor based on crossbeam. (a) Packaging
schematic and actual chip of sensor. (b) Shell assembling and electrical connection of sensor. (c) Test
results of 10 load–unload cycles in full–range condition. (d) Test results of 3 reciprocating cycles.

133



Nanomaterials 2022, 12, 2101

4. Conclusions

In conclusion, a novel crossbeam structure was employed for graphene N/MEMS
mechanical sensors in this work, which significantly overcomes some disadvantages in
the performance stability and fabrication process of a suspended structure. Defect free
structure and high–quality graphene was demonstrated by a SEM inspection, Raman
analysis, and I–V measurement. The results of stability tests further confirmed that Si3N4
protection can prolong the working life of graphene devices. The piezoresistive effect of
the graphene sensing element was gradually confirmed through displacement resistance
measurements and strain–resistance analysis. In the end, a gauge factor of 1.35, near to
that of CVD graphene, was reached. Based on the crossbeam structure chip, the sensitivity
of the graphene pressure sensor was as high as 33.13 mV/V/MPa under a wide range of
conditions. Other static specifications also demonstrated high repeatability and reliability.
This indicates that the crossbeam structure is an extremely useful application for graphene
N/MEMS mechanical sensors.
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