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Editorial

Advanced 2D Materials for Emerging Applications

Maiyong Zhu

School of Materials Science & Engineering, Jiangsu University, Zhenjiang 212013, China; maiyongzhu@ujs.edu.cn

Since the discovery of graphene in 2004, two-dimensional (2D) materials have received
increasing attention owing to their unique electronic, optical, mechanical, and chemical
properties. To date, the family of 2D materials has been greatly enlarged by developing
numerous emerging members, including graphdiyne, transition metal dichalcogenides
(TMDs), graphitic carbon nitride (g-C3N4), hexagonal boron nitride (h-BN), black phospho-
rus (BP), MXenes, metallene, etc.

The Special Issue “Advanced 2D materials for emerging applications” represents
a significant contribution to the field of 2D materials, showcasing 10 innovative studies
covering a broad description of the various synthetic approaches and emerging applications.
This collection offers a multidisciplinary perspective on the future of 2D materials.

The motivation behind this Special Issue is rooted in constructing various devices
that take advantage of 2D materials which possess tunable interlayer spacings, adjustable
terminal surface groups, and abundant surface areas to accommodate guest species, all
while environmentally sustainable. The manuscripts featured in this Special Issue cover the
general principles and applications of 2D materials in a wide range of devices, including
supercapacitors, reconfigurable electronics, zinc-ion batteries, and radiofrequency devices.
The materials discussed in the collection include graphene, TMS, MXene, and high-entropy
alloys. Additionally, some papers focus on advanced manufacturing processes and strate-
gies to improve the performance of 2D materials, such as constructing heterojunctions and
introducing vacancies. Each contribution emphasizes the significance of 2D materials in
boosting long-term stability, biocompatibility, and the need to be environmentally friendly.

We will now summarize these contributions in this editorial of this Special Issue. Pan
et al. [1] provide a comprehensive review, discussing the applications of 2D-material-based
reconfigurable electronics in logic operation and artificial intelligence summarizations
by focusing on the working principles of 2D material devices used for reconfigurable
electronics. Rahimi et al. [2] developed an automated pipeline for the prediction of an-
tibacterial potential based on graphene–polymer composites. Hwang et al. [3] reported a
radio frequency antenna device using single-layer graphene, which is capable of changing
resonant frequency. Yang et al. [4] developed a hybrid consisting of meso-Cu-MOF and
GO-COOH, in which GO-COOH serves as a substrate to support meso-Cu-MOF. When
evaluated as a supercapacitor electrode, the resulting meso-Cu-MOF@GO-COOH hybrid
delivers a higher capacitance of 292.5 F g−1. Moreover, an asymmetric supercapacitor
device is further assembled in order to verify the potential for practical application, which
offers a capacitance of 63 F g−1 (0.5 A g−1), an energy density of 27.7 Wh kg−1, and a power
density of 496.8 W kg−1. Furthermore, the same group [5] also extended the principle to
Ti3C2Tx, another important 2D material. In order to improve the structural stability of the
hybrid, 2,6-diaminopyridine (DAP) and urea pyrimidinone isocyanate (UPy-NCO) units
are introduced to modify the structure and properties. An electrochemical investigation
indicates that the Cu-MOF@Ti3C2TX-20%DAP-UPy hybrid exhibited excellent performance
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in terms of specific capacitance (148 F g−1 at 1 A g−1), capacitance retention (88% as the
current density increased from 0.2 to 5 A g−1), and cycling stability (91.1% after 5000 cycles
at 1 A g−1).

Another important 2D material discussed in this Special Issue is metallic sulfide.
Currently, much attention is focused on aqueous zinc-ion batteries due to the safety is-
sues of lithium-ion batteries. Xu et al. [6] developed an oxygen-assisted method to syn-
thesize phosphorus (P)-atom-embedded, three-dimensional marigold-shaped 1T MoS2

structures (P-MoS2), demonstrating excellent performance in a rechargeable zinc-ionic
battery. The resulting P-MoS2 possesses S vacancies (Sv). Owing to the embedment of P, the
interlayer spacing of P-MoS2 is expanded, leading to the strengthening of Zn2+ intercala-
tion/deintercalation. Furthermore, the three-dimensional marigold-shaped structure with
1T phase retains an internal free space, can adapt to the volume change during charge and
discharge, and improves the overall conductivity. Owing to the unique layer structures, 2D
materials show great potential in the fabrication of van der Waals (vdW) heterojunctions,
leading to many fascinating properties. Li et al. [7] investigated group-III selenide van
der Waals (vdW) heterojunctions consisting of 2D α-In2Se3 and α-Ga2Se3 ferroelectric
(FE) semiconductors employing first-principles calculations, including structural stability,
electrostatic potential, interfacial charge transfer, and electronic band structures. Li et al. [8]
fabricated a saturable absorber (SA) for a bulk Er:SrF2 laser based on a few-layer SnS2.
When the average output power was 140 mW, the passively Q-switched laser achieved
the shortest pulse width at 480 ns, an optimal single pulse energy at 3.78 μJ, and the
highest peak power at 7.88 W. The results of the passively Q-switched laser revealed that
few-layer SnS2 had an admirable non-linear optical response, nearing a 3 μm mid-infrared
solid-state laser.

For any application, the fabrication of materials is critical. For 2D materials, the fabri-
cation at a wafer-level scale is always sought after, which allows reliable and reproducible
fabrication of a large volume of devices with predictable properties. Taking this point in
mind, Silva et al. [9] presented the fabrication steps for a process that allows the on-wafer
fabrication of active and passive radiofrequency (RF) devices enabled by graphene. In their
work, two fabrication processes are involved. In the first one, graphene is transferred to
a back gate surface using critical point drying to prevent cracks in the graphene. In the
second process, graphene is transferred to a flat surface planarized by ion milling, with
the gate being buried beneath the graphene. In recent years, high-entropy alloys have
attained much attention due to their unique properties. Traditional synthesis processes
suffer from several drawbacks. Firstly, samples must be recast and pressed several times
under vacuum to achieve homogeneity. Secondly, even after these processes, the elements
do not mix with complete miscibility and form amalgamations in certain microscopic
regions. In order to improve the synthesis efficiency and the quality of high-entropy alloys,
Usman et al. [10] developed a high-vacuum radiofrequency magnetron (HVRF) sputtering
process to synthesize a Co30Cr20Ni20Mo20Ti10 high-entropy alloy.

This Special Issue is intended to serve as a valuable resource for a wide audience
of researchers, engineers, industry professionals, and students who are engaged in 2D
materials. I am confident that the readers will enjoy these contributions and may be able to
find inspiration for their own research within this Special Issue. This series of manuscripts
will provide maximum impact and will allow researchers in other areas to apply the same
methodologies in order to understand the mechanisms of self-assembly in their systems.

I am grateful to all the authors for submitting their studies to the present Special Issue
and for its successful completion. I also thank the Nanomaterials reviewers for enhancing
the quality and impact of all submitted papers. Finally, I sincerely thank the editorial
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staff of Nanomaterials for their support during the development and publication of this
Special Issue.

Conflicts of Interest: The author declares no conflict of interest.
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Hierarchical 2D Cu-MOF@Graphene-Based Hybrids for
Supercapacitor Electrodes
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2 State Key Laboratory of NBC Protection for Civilian, Beijing 102205, China
* Correspondence: yepw2001@163.com (P.Y.); li_sm@ujs.edu.cn (S.L.)

Abstract

Recently, two-dimensional metal–organic framework (2D MOF) hybrids are attracting much
attention in supercapacitors. However, their performance is limited by the insufficient
utilization of active sites and poor conductivity. Notably, the full utilization of active sites
highly depends on the fast transport and diffusion of ions. Here, a Cu-MOF@GO-COOH
hybrid was constructed, with GO-COOH as the substrate, to promote electron transfer,
and Meso-Cu-MOF@GO-COOH was further obtained by introducing mesopores inside
nanosheets to optimize the transportation paths for ions. The GO-COOH substrate im-
proves the capacitance by enhancing the surface capacitive behavior, while the mesopores
improve the charge-storage capacity by enhancing the diffusive behavior. The as-obtained
Meso-Cu-MOF@GO-COOH exhibits a higher capacitance of 292.5 F g−1 compared with
Cu-MOF@GO-COOH (193.7 F g−1) and 2D Cu-MOF (141.4 F g−1) at a current density
of 1 A g−1. Moreover, the prepared Cu-MOF@GO-COOH//AC device delivers a capaci-
tance of 63 F g−1 (0.5 A g−1), an energy density of 27.7 Wh kg−1, and a power density of
496.8 W kg−1, showing a great potential for practical applications.

Keywords: Cu-MOF; GO-COOH; soft-template; supercapacitor

1. Introduction

Benefiting from their high-power density, rapid charge–discharge process, greenness,
and long lifetime, supercapacitors are gaining great attention as next-generation energy
storage devices. To enhance their electrochemical performance, various materials, including
traditional materials (carbon-based, conducting polymers, and metal oxides) and novel
nanomaterials (quantum dots, transition metal dichalcogenides, Mxenes, etc.), have been
developed as supercapacitor electrodes [1,2]. Metal–organic frameworks (MOFs) are a
novel porous material, formed via the coordination reaction between metal ions and
organic ligands. Benefiting from their diverse pore architecture, high surface area, and
tunable functionality, MOFs are being intensively investigated in energy storage [3–8],
detection [9–13], sensing [14–18], and adsorption [19], etc. Notably, owing to the highly
accessible active sites, two-dimensional MOFs (2D MOFs), which are prone to producing
capacitance, are drawing much attention in the field of supercapacitor electrodes [20–25].

However, the electrochemical performance of 2D MOFs is restricted by their unsatis-
factory conductivity, stacking problems, and insufficient utilization of active sites, limiting
their application as energy-storing electrodes. To overcome these shortcomings, some

Nanomaterials 2025, 15, 1628 https://doi.org/10.3390/nano15211628
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conductive materials, such as graphene-based and Ti3C2Tx substrates, are preferred to
construct MOF-based hybrids [26–28]. By combining the merits of 2D MOFs with those
of conductive materials, the electrochemical performances of MOF hybrids have been
certainly enhanced [29–31].

To further shorten the gap between the practical and theoretical performance of 2D
MOFs, maximizing the utilization of active sites is imperative. Notably, the hierarchically
porous architecture has been proved to be an effective strategy to enhance electrode perfor-
mance by promoting ion transport and diffusion [32–36]. By promoting the accessibility of
ions to micropores and small-sized mesopores, the utilization of active sites is improved.

In this paper, to optimize the transport paths and to promote the movement of ions
directly through 2D MOF nanosheets rather than around them, a soft template was used to
produce mesopores inside MOF nanosheets, thus providing convenient channels for ion
transport. Moreover, as a low-cost and environmentally friendly material, Cu-based MOFs
present great potential in developing high-performance electrodes [37].

As an amphiphilic block copolymer, polystyrene-b-poly(ethylene oxide) presents a
prominent merit, in that it has adjusting pore sizes, in which changing lengths of hydropho-
bic chain segments lead to various pores [38,39]. Here, a polystyrene-b-poly(ethylene
oxide) (PS102-b-PEO114) was chosen as the soft template to produce mesopores inside MOF
nanosheets. Benefiting from the ample carboxyl groups on the surface of GO-COOH,
hydrogen bonds can be formed between GO-COOH and the micelles to promote micelles
to arrange on the GO-COOH surface and to further guide the growth of Cu-MOF. After the
micelles were removed, mesopores were left inside MOF nanosheets to obtain hierarchi-
cal Meso-Cu-MOFs@GO-COOH, in which new transport channels are provided for ions
and their diffusion ability is enhanced, improving the effective utilization of active sites
inside MOFs.

2. Experimental Methods

2.1. Synthesis of Materials

The synthetic methods of 2D Cu-MOF, GO-COOH, and BCP@GO-COOH are described
in the Supplementary Materials Section.

Synthesis of Cu-MOF@GO-COOH. Firstly, 20 mg of Cu(OAc)2•H2O (>98%) was
dissolved in a mixed solvent containing 2 mL of N, N-dimethylformamide (DMF, 99.5%),
and 4 mL of ethanol absolute (EtOH, 99.7%). Next, 20 mg of H2BDC-NH2 (98.6%) and
10 mg of GO-COOH were added to another solvent containing 10 mL of DMF and 5 mL of
EtOH to form a mixture. The copper–salt solution was slowly added to the mixture and
stirred continuously for 30 min. After that, the product was collected, washed with DMF
and EtOH, and dried at 60 ◦C for 24 h, to obtain Cu-MOF@GO-COOH.

Synthesis of Meso-Cu-MOF@GO-COOH. Firstly, 20 mg of Cu(OAc)2•H2O was dis-
solved in a mixture containing 2 mL of DMF and 4 mL of EtOH. Next, 20 mg of H2BDC-NH2

was added to the BCP@GO-COOH solution and stirred continuously for 60 min to form
a mixture. Subsequently, the copper–salt solution was slowly added to the mixture and
stirred continuously for 30 min. After that, the product was collected, and then washed
with DMF, tetrahydrofuran (THF, 99.5%), and EtOH. At last, the as-obtained product was
dried at 60 ◦C for 24 h to obtain Meso-Cu-MOF@GO-COOH (Figure 1).

Notably, the Cu-MOF@BCP@GO-GOOH can be obtained by washing with just DMF
and EtOH, without THF.

5



Nanomaterials 2025, 15, 1628

 
Figure 1. Schematic illustration of preparing Meso-Cu-MOF@GO-COOH.

2.2. Structural Analysis

Scanning electron microscopy (SEM, JEOL JXA-840A) and transmission electron mi-
croscopy (TEM, JEOL JEM-2100 PLUS) were used to analyze the surface morphology of
samples. Fourier transforms infrared (FTIR) and X-ray diffraction (XRD) were performed
to investigate the elemental composition of materials. The specific surface area and pore
characteristic of samples were analyzed via a physisorption analyzer (ASAP 2020M).

2.3. Electrochemical Characterization

The electrochemical performances of samples were tested on an electrochemical work-
station (CHI760E), including cyclic voltammetry (CV), galvanostatic charge–discharge
(GCD), and electrochemical impedance spectroscopy (EIS). Using a three-electrode sys-
tem to estimate the performance of single electrode, in which a working electrode (the
as-prepared materials), counter electrode (Pt plate), and reference electrode (Ag/AgCl)
were used. Additionally, 3 M KOH aqueous solution was used as the electrolyte.

The specific capacitance of electrode was calculated based on the following for-
mula [40]:

C (F g−1) = I
∫

(1/m × V(t)) dt = I Δt/m ΔV (1)

in which I, Δt, and ΔV correspond to the current, discharge time, and voltage, respectively,
while m is the mass of active materials.

An asymmetric supercapacitor (ASC) was prepared using Meso-Cu-MOF@GO-COOH
and activated carbon (AC) as electrodes. The preparation process of working electrodes is
displayed in the Supplementary Materials. The loading mass of the active material was
1–1.5 mg cm−2. To maximize the performance of device, the optimal mass ratio of two
electrodes was calculated according to the following formula:

m+

m−
=

C− × ΔV−
C+ × ΔV+

(2)

in which m, C, and ΔV correspond to the mass, specific capacitance, and voltage of the
positive and negative electrodes, respectively. Moreover, the capacitance value of the as-
assembled ASC device can also by estimated according to Equation (1), except, in that case,
m would refer to the mass of two electrodes. The energy density (E) and power density (P)
of the ASC device are calculated via the following formulas [41]:

6
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E =
C × ΔV2

2 × 3.6
(3)

P =
3600 × E

Δt
(4)

in which E is the energy density, P is the power density, Δt is the discharge time, and ΔV is
the potential window.

3. Results and Discussion

3.1. Structural Characteristics

The microstructure of GO-COOH is shown in Figure 2a; many wrinkles can be noticed.
Furthermore, when using GO-COOH as the substrate, promoted by the hydrogen bonding
force, the soft template (PS102-b-PEO114) self-assembled into uniform spherical micelles
(Figure 2b), and covered the surface of GO-COOH substrate. Notably, when the length of
the hydrophobic chain segment in PSn-b-PEO114 (n = 70, 90, 102 and 150) was changed,
micelles with different sizes were obtained (Figure S1), by which the sizes of mesopores can
be regulated. Figure 2c displays the morphology of pristine 2D Cu-MOF, in which uniform
nanosheets with a size of 100~200 nm can be seen. For the Cu-MOF@GO-COOH sample,
the size of the nanosheets (Figure 2d) is somewhat larger than that of the pristine 2D
Cu-MOF, presenting an average size of about 300 nm, which may be related to the induced
growth originating from the functional groups on the GO-COOH surface (Figure S2). When
using BCP@GO-COOH as the substrate to prepare 2D Cu-MOF, large numbers of spherical
micelles could still be identified (Figure 2e). During the preparation of MOF nanosheets,
the coordination force could be produced between the hydrophilic segments of micelles
and Cu2+, forming the nuclear and further guiding the growth of MOF nanosheets, and,
simultaneously, wrapping the micelles. THF was used to remove the BCP micelles, leaving
abundant pores inside the MOF nanosheets (Figure 2f).

 

Figure 2. SEM images of samples: (a) GO-COOH, (b) BCP@GO-COOH, (c) 2D Cu-MOF, (d) Cu-
MOF@GO-COOH, (e) Cu-MOF@BCP@GO-COOH, and (f) Meso-Cu-MOF@GO-COOH (the insert is
high-resolution SEM image).
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To further understand the crystal structure of different samples, XRD analysis was
performed. As shown in Figure 3, the peaks at 10.3, 11.8, 16.7, 20.8, and 24.8◦ correspond
to the (001), (100), (120), (121), and (131) crystal planes, respectively, which is basically
consistent with those of the simulated MOF-46 crystals, proving the success synthesis of 2D
Cu-MOF [42,43]. After combining 2D Cu-MOF with GO-COOH, though the corresponding
peak intensity decreased slightly, the peak position of Cu-MOF@GO-COOH showed no
obvious difference with that of the 2D Cu-MOF. Similarly, compared with Cu-MOF@GO-
COOH, Meso-Cu-MOF@GO-COOH presented a very similar peak position except for a
slight decrease in peak intensity, which suggests that the crystal structure of Cu-MOF
was not obviously changed during the introduction of the mesoporous structure using a
soft template.

 
Figure 3. XRD patterns of samples.

The pore characteristics of samples are displayed in Figure 4. The materials exhibit type
I isotherms as well as obvious hysteresis loops, indicating the architecture of hierarchical
pores. The type I isotherm shape in low pressure suggests the presence of micropores, while
the obvious H3-type hysteresis loop in higher pressure suggests the presence of large-sized
slit pores caused by the accumulation of 2D Cu-MOF nanosheets. As displayed in Figure 4b,
similar pore distribution, including micropore (1.2 nm), mesopores (18 and 34 nm), as well
as macropores (51 and 69 nm), can be noticed. The proportion of the micropores (1.2 nm)
decreased greatly while a new mesopore (14 nm) was formed in Meso-Cu-MOF@GO-
COOH. Upon the removal of the BCP micelles, a new mesopore was produced inside the
2D Cu-MOF nanosheets (Figure 2f), which could provide interpenetrated channels for ion
transport and subsequently make it easier to access the active sites in MOF.
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Figure 4. (a) N2 adsorption–desorption isotherms and (b) corresponding BJH pore distribution plots
of samples.

The infrared spectra of samples are shown in Figure 5. Obviously, for GO-COOH,
the broad peak at 3666~3245 cm−1, corresponding to the stretching vibration of -OH,
was strengthened compared with GO, which is associated with the introduction of
-COOH [44–47]. For 2D Cu-MOF and its hybrids, the two peaks at 3364 and 3486 cm−1

correspond to the symmetric and asymmetric stretching vibrations of the N-H groups
in H2BDC-NH2, respectively. The peak of C=O in 2D Cu-MOF presented a blue shift to
1669 cm−1 compared with that in GO and GO-COOH, which is related to the coordination
with Cu2+ ions, also proving the success synthesis of 2D Cu-MOF. Because the characteristic
functional groups of PS102-b-PEO114 are similar to those of H2BDC-NH2, the character-
istic peaks of Cu-MOF@BCP@GO-COOH presented no obvious difference to those of
Cu-MOF@GO-COOH and Meso-Cu-MOF@GO-COOH. However, in the above-mentioned
SEM analysis (Figure 2), the difference in the microstructure of the as-prepared samples
has been clearly displayed.

 
Figure 5. FTIR spectra of samples.
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3.2. Electrochemical Performance of 2D MOF Hybrid Electrodes

The electrochemical performances of the prepared materials are shown in Figure 6.
According to the CV and GCD curves, the energy storage process of the hybrids consists of
pseudocapacitive and double-layer behaviors. The enclosed region in CV curves (Figure 6a)
reveals the ability of the samples to store charges. Furthermore, at a current density of
1 A g−1 (Figure 6b), the capacitance values of 2D Cu-MOF, Cu-MOF@GO-COOH, and
Meso-Cu-MOF@GO-COOH were calculated to be 141.4, 193.7, and 292.5 F g−1 (1 A g−1),
respectively, which can be explained by the Nyquist plots and equivalent circuit in Figure 6c.
Clearly, the two hybrids exhibit a smaller intercept at the real axis compared with 2D Cu-
MOF, implying lower internal resistance (Rs) owed to the introduction of GO-COOH
substrate. The pi-pi interaction between 2D Cu-MOF and GO-COOH nanosheets could
enhance carrier transport, which is conducive to improving conductivity. Moreover, in
the low-frequency region, Meso-Cu-MOF@GO-COOH presents a steeper slope of the
straight line than those of the other samples, suggesting faster ion diffusion rates [48–
50], which is attributed to the convenient channels for ion transport stemming from the
interpenetrated holes inside MOF nanosheets. For the equivalent circuit, Rs means the
electrolyte resistance, Cd presents the double-layer capacitance, Rct is the polarization
resistance stemmed from charge transfer, and Zw is the Warburg resistance associated
with ion diffusion. For Meso-Cu-MOF@GO-COOH, with the increased scan rates, the
shapes of the CV curves present no obvious change (Figure 6d), suggesting fast electron
transport inside the active material [51]. According to the GCD curves (Figure 6e), the
specific capacitance values of Meso-Cu-MOF@GO-COOH were calculated to be 307.3
and 286.1 F g−1 as the current density increased from 0.2 to 5 A g−1, presenting a 93%
capacitance retention (Figure 6f). The as-obtained Meso-Cu-MOF@GO-COOH presents
enhanced performance compared with some reported Cu-MOF electrodes (Cu3(HHTP)2,
110–114 F g−1 at 0.04–0.05 A g−1 [52]; Cu@BTC, 228 F g−1 at 1.5 A g−1 [53]; and Cu-MOF,
37.91 F g−1 at 0.8 A g−1 [54], etc.).

 

Figure 6. Electrochemical performances of samples: (a) CV curves at a scan rate of 100 mV s−1,
(b) GCD curves at a current density of 1 A g−1, and (c) Nyquist plots of samples. (d) CV curves at
various scan rates, (e) GCD curves at various current densities, and (f) the specific capacitance as a
function of current density of samples.
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To further investigate the cycling stability of the Meso-Cu-MOF@GO-COOH hybrid,
2000 cycles were performed at a current density of 2 A g−1 and the results are shown in
Figure S3, delivering an 82% capacitance retention.

3.3. Energy Storage Mechanism

By integrating GO-COOH into 2D MOF to construct 2D MOF hybrids and subse-
quently producing pores inside MOF nanosheets, Cu-MOF@GO-COOH and Meso-Cu-
MOF@GO-COOH were endowed with enhanced capacitive properties. To further investi-
gate the energy storage mechanism, the b-value model [55] and Dunn method [56] were
used to reveal the kinetic behaviors. The peak current (i) and scan rate (v) can be described
in the following formula in the b-value model:

i = a · νb (5)

Here, b is a variable with a range of 0.5~1.0, and the 0.5 value corresponds to the
diffusive-controlled behavior, while the 1.0 corresponds to the surface capacitive behavior.

As shown in Figure 7a,d, for Cu-MOF@GO-COOH, the b-values of both oxidation and
the reduction peaks are close to those of 2D Cu-MOF, implying that the two samples present
similar charge-storage behaviors. Differently, the b-values of Meso-Cu-MOF@GO-COOH
are closer to the critical value of 0.5, indicating that the diffusive-controlled behavior is
enhanced, which can be confirmed by the Dunn method’s results. The contributions of the
two charge-storage behaviors can be identified via the Dunn model [57,58]:

i(V) = k1ν + k2ν0.5 (6)

where k1v and k1v0.5 correspond to the surface capacitive current and diffusive current,
respectively, by which the charge-storage process of electrode materials can be investigated.
Clearly, at a scan rate of 10 mV s−1 (Figure 7b,e,h), the surface capacitive ratios of 2D
Cu-MOF, Cu-MOF@GO-COOH, and Meso-Cu-MOF@GO-COOH are 44%, 46%, and 36%,
respectively. For 2D Cu-MOF and Cu-MOF@GO-COOH, the surface capacitive percentages
increased greatly with the increased scan rates, obtaining 77% and 86%, respectively, at a
scan rate of 200 mV s−1. Utilizing GO-COOH to construct 2D MOF hybrids accelerates the
charge transfer, thus lowering the internal resistance (Figure 6c), and thereby enhancing the
surface capacitive behavior, which may be the main reason for the improved capacitance
value of Cu-MOF@GO-COOH. Notably, for Meso-Cu-MOF@GO-COOH, even when the
scan rate reached 50 mV s−1, the ratio of diffusive current was still higher than that of
surface capacitive current, implying the dominant diffusion-controlled behavior. Owing
to the interpenetrated pores, ions could diffuse adequately inside Meso-Cu-MOF@GO-
COOH, allowing the active sites to be utilized more fully and conducting sufficient redox
reactions inside MOF nanosheets. Thus, benefiting from the enhanced diffusion behavior,
the electrochemical performance of Meso-Cu-MOF@GO-COOH was further improved.
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Figure 7. The b-value and Dunn model analysis of (a–c) 2D Cu-MOF, (d–f) Cu-MOF@GO-COOH,
and (g–i) Meso-Cu-MOF@GO-COOH. (a,d,g) Plots of log(i) against log(v), (b,e,h) surface capacitive
and diffusive contributions at a scan rate of 10 mV s−1, and (c,f,i) capacitance contribution ratios at
different scan rates.

3.4. Electrochemical Performance of ASC Device

An ASC device was prepared using Meso-Cu-MOF@GO-COOH and activated carbon
(AC) as the positive and negative electrodes, respectively. Combining the capacitance
values of AC, calculated via the GCD curves, with the potential ranges of two electrodes
(Figure S4), the optimal mass ratio (m+/m−) of 1.2 was chosen to prepare the ASC device.
Furthermore, CV tests under various voltage windows showed that the curve shape
presented no deformation even at 1.8 V (Figure 8a), exhibiting a broad working voltage
window. With the scan rate was increased to 100 mV s−1 (Figure S4), no obvious changes
can be noticed, indicating fast charge transfer and ion transport.

The capacitance values corresponding to 0.5, 1, 2, 3, and 5 A g−1 were calculated to
be 63, 60.9, 57.2, 54.3, and 50.9 F g−1, respectively, and the 81% capacitance retention rate
shows a relatively good performance rate (Figure 8b,c). The device delivers a maximum
energy density of 27.7 Wh kg−1 at a power density of 496.8 W kg−1, which are figures
comparable to or surpassing many of the recently reported MOF devices mentioned in
Figure 8d [51,59–62]. Moreover, the cycle performance was investigated at a current density
of 3 A g−1, delivering a capacitance retention of 84.2% after 2000 cycles (Figure 8e,f).
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Figure 8. Electrochemical performances of the ASC device. (a) CV curves at different potential
windows, (b) GCD curves at different current densities, (c) specific capacitance under various current
densities, (d) Ragone plots, (e) cycling GCD curves, and (f) cycling performance.

4. Conclusions

Here, a hierarchical Meso-Cu-MOFs@GO-COOH was synthesized and used as super-
capacitor electrode. The introduction of GO-COOH accelerates electron transfer, lowers
the internal resistance of the hybrid, and thus enhances the charge storage capacity by
promoting the surface capacitive behavior. Additionally, the interpenetrated mesopores
inside MOF sheets optimize the diffusion paths of ions, improving the energy storage ca-
pacitance via enhancing the diffusive behavior. The Meso-Cu-MOFs@GO-COOH exhibited
an increased capacitance of 292.5 F g−1 (1 A g−1), which is 1.5 and 2.1 times as high as
that of Cu-MOFs@GO-COOH and 2D Cu-MOF, respectively. When the current density
increased from 0.2 to 5 A g−1, an excellent capacitance retention of 93% was obtained.
Furthermore, the assembled Cu-MOF@GO-COOH//AC supercapacitor exhibited a capaci-
tance of 63 F g−1 (0.5 A g−1), an energy density of 27.7 Wh kg−1, and a power density of
496.8 W kg−1, showing its practical potential in energy storage applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano15211628/s1, Figure S1: SEM of BCP@GO-COOH sam-
ples. (a) PS70-BCP@GO-COOH, (b) PS90-BCP@GO-COOH, (c) PS102-BCP@GO-COOH and (d) PS150-
BCP@GO-COOH; Figure S2: TEM image of Cu-MOF@GO-COOH; Figure S3: Cycling test of Meso-
Cu-MOF@GO-COOH: (a) GCD curves at a current density of 2 A g-1 and (b) cycling capacitance;
Figure S4: (a) GCD curves of AC electrode, (b) CV curves of AC and Meso-Cu-MOF@GO-COOH,
and (c) CV curves of Meso-Cu-MOF@GO-COOH at different scan rates.
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Abstract

Two-dimensional (2D) materials have been proposed for use in a multitude of applications,
with graphene being one of the most well-known 2D materials. Despite their potential
to contribute to innovative solutions, the fabrication of such devices still faces significant
challenges. One of the key challenges is the fabrication at a wafer-level scale, a fundamental
step for allowing reliable and reproducible fabrication of a large volume of devices with
predictable properties. Overcoming this barrier will allow further integration with sensors
and actuators, as well as enabling the fabrication of complex circuits based on 2D materials.
This work presents the fabrication steps for a process that allows the on-wafer fabrication
of active and passive radiofrequency (RF) devices enabled by graphene. Two fabrication
processes are presented. In the first one, graphene is transferred to a back gate surface
using critical point drying to prevent cracks in the graphene. In the second process,
graphene is transferred to a flat surface planarized by ion milling, with the gate being
buried beneath the graphene. The fabrication employs a damascene-like process, ensuring a
flat surface that preserves the graphene lattice. RF transistors, passive RF components, and
antennas designed for backscatter applications are fabricated and measured, illustrating
the versatility and potential of the proposed method for 2D material-based RF devices.
The integration of graphene on devices is also demonstrated in an antenna. This aimed to
demonstrate that graphene can also be used as a passive device. Through this device, it
is possible to measure different backscatter responses according to the applied graphene
gating voltage, demonstrating the possibility of wireless sensor development. With the
proposed fabrication processes, a flat graphene with good quality is achieved, leading
to the fabrication of RF active devices (graphene transistors) with intrinsic fT and fmax of
14 GHz and 80 GHz, respectively. Excellent yield and reproducibility are achieved through
these methods. Furthermore, since the graphene membranes are grown by Chemical Vapor
Deposition (CVD), it is expected that this process can also be applied to other 2D materials.

Keywords: graphene; radiofrequency; GFET; antennas; nanofabrication

1. Introduction

Graphene has been widely presented as a wonder material with extraordinary proper-
ties, with a wide range of applications and the potential to revolutionize various industries.

Nanomaterials 2025, 15, 1119 https://doi.org/10.3390/nano15141119
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One possible application of graphene is electronic circuits, more specifically for RF ap-
plications. Graphene’s properties originate from its unique honeycomb lattice that is
formed by a single sheet of sp2-hybridized carbon atoms, resulting in a zero-bandgap
semiconductor. This allows graphene to have a relatively high conductivity, low resistance,
sustain a high current density [1], and possess high carrier mobility that can reach up
to 200,000 cm2 V−1s−1 [2]. Graphene RF transistors have the potential to achieve cutoff
frequencies in the hundreds of GHz [3]. It becomes apparent that, by integrating graphene
and exploring its properties, it should be possible to improve electrical circuits [1,4,5].

However, there are various limitations in the fabrication of graphene-based devices.
An example of this is transistors, whose performance is typically severely degraded. One
of the reasons for this is the fact that high-κ gate dielectrics are required to maximize the
RF performance. However, it is difficult to grow a high-κ oxide on top of graphene due to
the lack of reactive sites for Atomic Layer Deposition (ALD), especially when thin oxide
layers are required. Another reason is the high contact resistance between graphene and its
metal contact [6].

To improve RF performance, several techniques can be implemented: the use of physi-
cal gates to increase the fmax of the transistors [7], or complex gate structures designed to
reduce parasitic and access resistances [8]. Self-aligned structures are also being developed
to minimize access resistance, thereby improving the RF performance of GFETs [9], which
is a critical parameter for achieving high-performance graphene RF oscillators.

A comprehensive review on graphene applications in the design of RF building blocks,
their performance, and challenges is presented by the authors in [6]. Additionally, this
review approaches RF transistor state of the art, detailing applications such as oscillators,
multipliers, and mixers. Finally, the review also discusses fabrication techniques and issues,
providing a comprehensive overview of graphene for RF applications.

In this work, the design and fabrication of graphene devices is discussed. Two fabrica-
tion approaches are presented: a buried bottom-gate graphene device fabrication process
without surface planarization, using a critical point dryer to achieve crack-free graphene
transfer, and a surface planarization technique employing ion milling prior to graphene
transfer. These techniques have the objective of preserving the graphene lattice so that high
carrier mobilities can be achieved. In both cases, Chemical Vapor Deposition (CVD)-grown
graphene is used, as well as the PMMA-assisted transfer method. The performance of
devices produced with both fabrication approaches is assessed and compared, allowing for
a better understanding of the performance differences between the two approaches.

To demonstrate the development of graphene RF devices, the surface planarization
technique with ion milling prior to graphene transfer is used to fabricate an inverter and a
nonlinear block. Finally, to demonstrate the application of the fabrication process on the
development of RF electronics, graphene is included as a passive element on an antenna,
allowing for a backscatter readout that can be implemented in electronic sensors.

The manuscript is organized as follows. Section 1 is an introduction. Section 2 de-
scribes two graphene RF device fabrication techniques. Section 3 contains the experimental
validation of the RF graphene transistors fabricated with both the methods proposed in
Section 2. Section 4 describes the development of RF circuits, such as an oscillator, with
graphene transistors, as well as the development and testing of passive RF graphene
components. Section 5 presents this work’s conclusions.

2. Methodology

As previously discussed, two approaches to fabricating active devices (RF graphene
transistors) and passive devices such as coils, antennas, and capacitors will be presented
in this work. First, we present a bottom-gate graphene device fabrication process without
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surface planarization, along with a detailed discussion of the associated challenges. To
achieve a crack-free graphene transfer, a critical point-drying process was developed and
employed to dry the samples containing the devices, preserving the graphene lattice
characteristics. In the other approach, a surface planarization technique using ion milling
prior to graphene transfer was applied, resulting in the successful fabrication of a buried
gate RF graphene FET, demonstrating the effectiveness of the planarization process.

The diagram of the two fabrication processes reported in this manuscript can be seen
in Figure 1.

Figure 1. Diagram of the two main processes reported in this work, with and without planarization,
(a,b), respectively. (a) (i) high resistivity (HR) silicon wafer with chromium + gold and alumina on
top; (ii) e-beam lithography to define source, drain, and gate contacts by ion milling; (iii) device after
ion milling; (iv) e-beam lithography to define the gate oxide after the growth of fresh alumina by ALD
(after the resist removal by O2 plasma, and alumina by wet etch); (v) result after the patterning of the
gate oxide by ion milling; (vi) final device with graphene. (b) (i) device after e-beam lithography and
inductively coupled plasma (ICP) reactive ion etching (RIE); (ii) after the chromium gold deposition;
(iii) after the lift-off, showing the ears to be removed by ion milling, to planarize the device; (iv) after
the graphene transfer; (v) after the e-beam lithography and copper + gold deposition to define the
source/drain electrodes by lift-off; (vi) final device.

2.1. Graphene Device Fabrication Process with CPD

The fabrication of the bottom-gate devices without planarization began with an HR
silicon wafer, used to minimize parasitic capacitances from the substrate, on which 500 nm
of SiO2 was grown via plasma-enhanced chemical vapor deposition (PECVD). Subsequently,
3 nm of chromium and 97 nm of gold were deposited by sputtering. To define the contacts
using ion milling, 10 nm of alumina was sputtered on top of the gold to facilitate the removal
of the photoresist. After alumina deposition, the sample was prepared for electron beam
(e-beam) lithography. The wafer was coated with AR-N 7520.18, and e-beam lithography
was performed to pattern the source, drain, and gate contacts. The contacts were then
patterned using ion milling at an angle of 130 degrees, followed by 165 degrees (relative to
the surface) to remove redeposited metal “ears”. The photoresist was stripped using an
oxygen plasma, and an aluminum etchant (Fujifilm 16:1:1:2 aluminum etch) was employed
to remove the alumina, resulting in a clean surface devoid of resist residues. These steps
are shown in Figure 2.

Next, 10 nm of Al2O3 was deposited by ALD to serve as the gate dielectric. The dielec-
tric was patterned using ion milling after an e-beam lithography with AR-N 7520.18. The
photoresist was then removed using an oxygen plasma, as illustrated in Figures 3 and 4.
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Figure 2. First steps of the fabrication process with (a,b) showing an optical image of the lithography
and (c,d) showing the optical micrograph after the ion milling and the resist removal by an O2 plasma
(intermediate step between (iii–iv) in Figure 1).

Figure 3. (a,b) An optical image of the lithography performed to pattern the gate dielectric (alumina),
and (c,d) show the optical image after the ion milling. To note, since the gate is very thin, some e-beam
resist was left to act as anchor of the e-beam resist responsible for the patterning of the gate dielectric.

CVD graphene grown on copper foil was transferred onto the top of the structures
using a PMMA-assisted wet transfer, as reported by our group in [10]. Shortly prior to the
transfer, an O2 plasma treatment was applied to the back side of the copper foil (which
contains the graphene protected with the PMMA) to remove the graphene from that side.
The copper foil was then etched in an iron chloride solution (0.5 M). Subsequently, the
graphene-PMMA stack was transferred to an HCl (2%) solution to remove iron chloride
contaminants and then to water before the final transfer to the substrate. Before this, the
substrate surface was dehydrated and primed using a vapor prime oven to promote the
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adhesion of the graphene to the final substrate. After the transfer, the graphene was dried at
room temperature. The PMMA was then removed using acetone. Finally, the graphene was
patterned using an O2 plasma beam following optical lithography with AZ1505. The resist
was removed using acetone overnight. In Figure 5, it is possible to observe the graphene
lying in the graphene channel.

Figure 4. (a,b) Optical photograph of the device after the resist removal with the oxygen plasma.

Figure 5. Optical image of the graphene lying in the channel of the device.

Due to the small gaps between the source and drain contacts (as shown in Figure 6,
mandatory for RF devices), the drying process is critically important. Two approaches
were tested with the continuous graphene film after patterning (using O2 plasma, as it
was discovered that graphene only breaks after patterning, i.e., after the removal of the
photoresist, not after the removal of the PMMA used for transfer).

In the first approach, the sample was dried in air. In the second approach, critical
point drying was used. In the first approach, the surface tension of acetone (during the
drying process) resulted in damage to the graphene at some sites, making it unsuitable for
RF device fabrication (see Figure 6c,d). For thicknesses above approximately 500 nm, the
graphene tends to conform to the surface of the contacts rather than remaining suspended
(see Figure 6b), which mitigates the impact of the drying process. This observation supports
the use of coplanar structures in sensor fabrication, where graphene on the sidewalls
enhances sensor sensitivity [11]. The performance of the fabricated devices is shown in the
next section.

In contrast, the second approach, using critical point drying, allowed the graphene to
remain suspended due to the uniform drying process (see Figure 6e) and Figure 6f.

Since the use of critical point drying (CPD) poses significant challenges in handling
delicate samples, increases the risk of contamination, and as will be shown later, results
in devices with limited performance, a new method is proposed. Furthermore, because
the graphene must remain immersed in ethanol after the graphene transfer and cannot
be allowed to dry at any stage, the transfer and immersion steps become complex and
increase the risk of damaging the graphene. To address these issues, a planar bottom-
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gate topology was developed, offering greater robustness, compatibility with standard
lithographic techniques, and improved scalability.

Figure 6. SEM images of graphene after the transfer at 1 kV. (a) After the transfer without the pattern-
ing, (b) after the patterning with graphene following the topography of the contacts, (c,d) suspended
graphene patterned and dried in air, evidencing the cracks, and (e,f) after the patterning and dried
with critical point dryer.

2.2. Graphene Device Fabrication Process with Surface Planarization

The gate contact was buried within the SiO2, and its surface was partially planarized
using ion milling at a grazing angle, leading to a reduction in topography by a scale factor
of 10. In this way, the graphene is transferred onto a flat surface, avoiding mechanical
stress or rupture and thus preserving its characteristic and essential properties—such as
high electron mobility—that are crucial for the optimal performance of RF devices. Initially,
500 nm of SiO2 was grown on a high-resistivity silicon wafer via PECVD. The gate contact
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was defined using e-beam lithography, involving the sequential spin coating of AR-P 617.03
and AR-P 6200.09 resists. These resists were selected to simplify the lift-off process for the
gate metal. An Inductive Coupled Plasma Reactive Ion Etching (ICP RIE) was performed
to open the SiO2 trenches without compromising the resists for the lift-off process. Without
removing the resist mixture, 3 nm of chromium and 67 nm of gold were sputtered onto
the sample. The metal was subsequently lifted off using a solution of N-ethylpyrrolidone
(NEP) with ultrasonic agitation. Due to the lift-off process, lift-off ears were observed, as
shown in Figure 7a. These lift-off ears were removed by ion milling at a 174-degree beam
angle (relative to the surface, resulting in a flat surface suitable for graphene transfer (see
Figure 7b,c). Note that in (c), it is possible to see only small ears around 4 nm, which could
be assumed as a flat surface for graphene.

 

Figure 7. SEM images of the gate structures showing the metal ears (a) and after the planarization (b).
(c) Profilometer measurement of the gate after the planarization.

After planarization, 10 nm of alumina were deposited using ALD. Standard optical
lithography was then employed to selectively remove the alumina via wet etching (Fujifilm
16:1:1:2 aluminum etch) to expose areas for probe contact. Graphene was subsequently
transferred onto the surface and patterned with the previously described method. The
source/drain electrodes were defined using e-beam lithography with a Poly (methyl
methacrylate) (PMMA) bilayer (AR-P 617.03 + AR-P 679.04). Following this, 5 nm of copper
and 50 nm of gold were sputtered and then lifted off using acetone. Copper was chosen as
the adhesion layer because sputtered chromium, when used with gold, exhibited higher
contact resistance compared to copper. The final device can be observed in Figure 8. It is
important to note that after the graphene transfer in both fabrication processes, the quality
of the graphene was assessed via Raman spectroscopy, as shown in Figure 9.
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Figure 8. (a) Optical image of the final device, and (b) SEM image of the final device showing
graphene without cracks.

Figure 9. Raman spectra of the monocrystalline graphene used in the fabricated devices, (a) Raman
spectra sites, and (b) Raman spectra acquired with a 532 nm laser (0.5 mW) using a confocal Raman
microscope and a 50× objective. D: defect. G: graphene. 2D: 2D peak. It is possible to evaluate the
correct patterning since, out of the graphene channel, there is no graphene signature.

3. Performance Assessment of the Proposed Wafer-Level Fabrication

The proposed fabrication methods were employed to produce sets of GFETs. The
performance assessment of these transistors is reported in this section of the manuscript.
Graphene purity assessment is performed by resorting to Raman spectroscopy. Then, the
electrical performance of the transistors is verified for low- and high-frequency signals.

3.1. Graphene Quality Assessment

In the previously reported fabrication processes, monocrystalline graphene was used
to achieve a high yield in the fabricated devices. The graphene was carefully transferred
onto the substrates to maintain its crystalline integrity. To ensure the quality and continuity
of the graphene layer, Raman spectroscopy was employed. The Raman spectra of the
graphene layer can be observed in Figure 9.

As observed in the Raman spectra, a blue shift occurs, specifically with the G peak
shifting to a higher wavenumber. This shift indicates the presence of p-type doping [12].
The p-doping may originate from the fabrication process (PMMA contaminants or photore-
sist [10]) or from contaminants in the ambient environment that interact with the graphene
surface [13]. Furthermore, the Raman spectra confirm that the graphene is predominantly
monolayer (evidenced by the I2D/IG > 2), although defects are present, as evidenced by
the appearance of the D peak. The successful patterning of the graphene is demonstrated
by the absence of graphene outside the designated channel region, as seen both in the
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corresponding images and Raman spectra. The graphene mobility was extracted through
the transfer curve fitting method, being 900 cm2 V−1 s−1 for holes and 1100 cm2 V−1 s−1

for electrons [14].

3.2. Low-Frequency Electrical Performance
3.2.1. Graphene Device Fabrication Process Without Surface Planarization (CPD)

The DC measurements were performed to obtain the IDS and the respective gm. To do
this, two DC sources were required, one connected to the source and drain contacts and
another to the gate and source contacts, as shown in Figure 10. The measurements were
performed by measuring the IDS, changing one of the DC sources, and keeping the other
constant. The results for a device with W = 34 μm and L = 1.100 μm are shown in Figure 11.
The maximum extracted gm is 4 μS.

Figure 10. Measurement setup to extract the transfer curve of GFET transistors.

Figure 11. IDS vs. VGS and gm characteristic curves of a device with W = 34 μm and L = 1.100 μm
(0.95 μm of gate channel and 0.075 μm of drain/gate and source/gate overlap) measured at a VDS of
100 mV.

3.2.2. Planar Buried Bottom-Gate Topology Improved

The low-frequency electrical properties of GFETs fabricated with the planar buried
bottom-gate topology were evaluated with the same procedure as the previously reported
CPD-fabricated GFTETs. The data derived from these measurements (transfer curves) are
illustrated in the following figure for a device with L = 1.101 μm and W = 33.82 μm, similar
dimensions to the previously shown device in Figure 12.
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Figure 12. Transfer curve of a device with L = 1.102 μm and W = 33.82 μm. VGS vs. IDS curve for a
VDS of 10 mV.

The Dirac voltage of the device is observed at approximately 4.5 V (positive voltage),
indicating p-type doping, as previously suggested during the Raman evaluation. A gm of
10 μS was obtained, which is bigger than the one achieved in 3.2.1, showing an increase
in the device performance for DC applications. To note that due to the different graphene
sample used to fabricate the devices, the p-doping is more prominent in the planar buried
bottom-gate topology process, as shown in the shift of the Dirac point in Figure 12 when
compared with Figure 11.

3.3. High-Frequency Electrical Performance

The electrical performance is evaluated through the extraction of the figure of merit
(FOM) for graphene field-effect transistors (GFETs). This setup incorporates two bias tees
to separate direct current (DC) and radio frequency (RF) signals, enabling the simultaneous
application of a DC bias voltage and an RF signal to the device. A DC power supply is
employed to provide the necessary gate and drain bias voltages, thereby biasing the GFET
into the desired operational region. A E5071C VNA (Keysight, Santa Rosa, CA, USA) is
used to generate and measure high-frequency RF signals, allowing for the determination of
the device’s scattering parameters (S-parameters), which are critical for the calculation of
the transistor’s FOM. Additionally, a control computer interface is employed to regulate
the gate’s DC voltage and to facilitate the extraction and analysis of the S-parameters. The
measurement setup is represented in Figure 13.

Figure 13. Measurement setup used to extract the FOMs of the GFETs.

3.3.1. Graphene Device Fabrication Process with CPD

To evaluate the performance of the devices fabricated using the CPD method, extrinsic
RF characterization was performed. Figure 14 illustrates measured S-parameters (a) and
the extracted FOMs (b). In this device, an extrinsic cut-off frequency (fT) of 5.5 GHz and a
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maximum oscillation frequency (fmax) of 0.7 GHz, measured at a VDS of 3 V and a VGS
of 5 V, were demonstrated. These values were obtained without employing a global back
gate, suggesting a high level of p-doping in the graphene membrane. This fabrication
method achieved a high yield of operational devices, with approximately 70% exhibiting
RF functionality.

Figure 14. Gain (dB) vs. Freq (GHz) of a device with W = 34 μm and L = 1.100 μm and a La (access
length) of 85 nm and the extracted fT and fmax.

3.3.2. Planar Buried Bottom-Gate Topology

Considering the DC performance of the devices, the RF performance was also evalu-
ated. Notably, de-embedded structures were fabricated to extract both the intrinsic fT and
extrinsic fmax, isolating the contributions from parasitic elements external to the device that
significantly impact its performance. The open structure consisted of a device similar to the
fabricated transistors but without graphene in the channel. The short structure, in contrast,
was fabricated with all electrodes connected. Figure 15 shows the RF performance of two
distinct devices after the de-embedding, showing the extrinsic and intrinsic performance of
the transistors. As concluded earlier, and as expected, the device with a small La exhibited
a better performance than the one without La.

Figure 15. RF performance of the de-embedded devices. H21 and MUG of a device with an
L = 1.101 μm (a,b) of a device with a L = 1.136 μm and a La of 54.35 nm. The fmax and fT of (a) are
11 GHz and 44 GHz, respectively, and in (b) are 14 GHz and 80 GHz, respectively.

4. Performance Assessment of Fabricated RF Building Blocks

To assess the viability of the proposed methodology, both active and passive devices
were fabricated and integrated into more complex circuits, demonstrating the potential of
this process for use in systems capable of performing advanced functions.
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4.1. Performance Assessment of Fabricated Active Devices

The fabricated devices underwent validation through integration into various circuits
built with active devices to demonstrate their suitability for real-world applications. The
circuits were selected to cover a representative range of functionalities, from basic logic
operations to more complex nonlinear applications. For instance, standard inverters were
implemented to evaluate the devices’ switching capabilities and overall performance in
digital applications. Additionally, the devices were tested in nonlinear circuits, such as
mixers and frequency doublers, which are critical in RF and communication systems.
Mixers were employed to analyze the devices’ behavior in frequency conversion, and
frequency doublers were tested to provide insights into harmonic generation and efficiency
under nonlinear conditions. These tests helped characterize the devices under different
operating conditions, providing a comprehensive understanding of their potential for
practical use.

4.1.1. Transistor Integrated to Perform Digital Operations

The graphene inverters, which serve as the fundamental building blocks for RF
graphene oscillators, were fabricated and validated to evaluate their RF performance and
suitability for integration. To test the inverter, a square wave with a 1 V amplitude swing
centered at 5.7 V (chosen because of the Dirac voltages since VDirac are far from 0 V) was
applied to the inverter’s input (Vin). The schematic of the inverter is shown in Figure 16a,
while the fabricated device is depicted in Figure 16b. The inverter was powered by a supply
voltage (VDD) of 8 V. For the applied Vin, the measured output voltage (Vout) was 500 mV,
corresponding to an inverter gain (Av) of 0.5. The output signal is centered at 0 V due to the
use of a bias tee, which isolates and recovers the AC component of the output. Figure 16c
presents the oscilloscope capture, displaying both the input and output signals, further
confirming the inverter’s operation and performance.

Figure 16. (a) Inverter schematic with GFET. (b) Equivalence of the fabricated device with the
schematic shown in (a). (c) Measurement of a graphene inverter with a VDD of 8V showing a Vout of
500 mV of amplitude swing (channel 2) for a Vin of 1 V swing centered in 5.7 V.

Despite the favorable fT and fmax reported earlier, the measured inverter did not
exhibit a gain greater than 1 (Av = 0.5), a criterion essential for oscillation according to
Barkhausen’s stability criterion. This limitation may arise from the selected device or the
design of the inverter itself. Efforts were made to measure the fabricated ring oscillator
to validate its functionality; however, no output was observed when using the RF probes.
To ensure proper operation of the ring oscillators, it is necessary to increase the gain of
the inverter. However, due to the high p-doping observed in the fabricated transistors,
increasing the supply voltage (VDD) to boost the gain is not a viable solution, given the
breakdown field of the materials. In fact, the scaling of electronic circuits typically involves
a reduction in the supply voltage to ensure that the electric field in scaled devices remains
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below the breakdown field of the material [15]. In the following subsection, some nonlinear
blocks, such as a frequency doubler and a mixer, will be analyzed.

4.1.2. Transistor Integrated to Perform Analog Operations

Based on the RF performance of the transistors presented in the previous sections,
both an RF mixer and an RF frequency doubler were implemented to further validate their
suitability for GHz-range signal processing. To demonstrate the mixer functionality, the
device was biased with a drain-source voltage (VDS) of 4 V. Two RF signals, 3.2 GHz and
3.0 GHz, each with a power level of 0 dBm, were combined and applied to the gate of the
transistor using a bias-tee, which enabled the superposition of RF and DC signals while
preventing direct interaction between the DC and RF sources. A DC gate voltage of 2.5 V
was applied, corresponding to the Dirac point of the device.

The output spectrum exhibited the expected frequency components resulting from the
mixing of the two input signals. Specifically, signals were observed at 6.0 GHz (−76.3 dBm),
6.2 GHz (−67.2 dBm), and 6.4 GHz (−68.35 dBm), confirming the feasibility of using the
proposed device architecture as an RF mixer. The RF power levels were carefully selected
to ensure device integrity, considering the sensitivity of the graphene-based active layer.

The frequency doubler was characterized using a similar experimental setup, with the
primary distinction being the use of a single RF source and the absence of a signal combiner.
The input signal was directly injected into the gate via an RF probe, while the output was
collected through a second probe. The device was again biased at VDS = 4 V with a gate
voltage of 2.5 V. An input signal of 3 GHz at 0 dBm produced an output component at
6 GHz with a measured power of −72.24 dBm, demonstrating the device’s capability to
operate as an RF frequency doubler.

4.2. Performance Assessment of Fabricated Passive Devices

RF systems are comprised of both active and passive components. After testing
and validating active components in the previous sections, the focus now shifts towards
passives and the study of the viability of graphene as an enabler for passive RF devices. In
recent years, biomedical engineering has experienced remarkable advancements, which
were fueled by the integration of emerging materials and wireless technologies. One
of those materials is graphene, where, in biosensing, for example, using functionalized
graphene has allowed for the development of ultrasensitive biosensors [16–18]. These
advancements can revolutionize the field through highly sensitive, real-time detection of
biological analytes.

An application of functionalized graphene can be its implementation within anten-
nas. Antennas are necessary for wireless communication, information exchange, and
even wireless power transfer. Through the integration of functionalized graphene as the
biosensing element in antennas, it should be possible to obtain a wireless biosensor. When
functionalized graphene is exposed to a target analyte, that interaction leads to changes
in its electrical properties. These changes, in turn, modulate the signal transmitted by the
antenna, allowing for the detection and quantification of the target analyte. Through this
technique, it should also be possible to combine the benefits of both and obtain a wireless
backscatter biosensor. The development of such a system should allow to enable wireless,
remote, and non-invasive biosensing with high sensitivity and accuracy.

In this section, the development of a graphene backscatter antenna will be discussed.
The design and fabrication of the device will be discussed, as well as the underlying
principles and shedding light on the future prospects of such a device.
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4.2.1. Wireless Sensing Readout Working Principle

Since graphene is a material with tunable electrical properties that can be controlled
by adjusting its chemical potential, it is possible to tune its properties as previously demon-
strated and characterized. The interaction of graphene with its surrounding environment,
such as target analytes in the case of biosensors, causes its chemical potential to change,
thus also changing its impedance. This means that changing the chemical potential of
graphene provides valuable information about the interaction between the environmental
properties and the graphene surface. By monitoring the impedance change in the graphene
biosensor, it is possible to detect and quantify these changes, as is the case with analytes
in biosensors.

The tuning of graphene’s chemical potential can be achieved through several methods.
In the example of biosensors, the most relevant ones are the target analytes coupling
with graphene and the voltage gating. Therefore, the change in impedance of graphene
biosensors can be effectively modeled or translated by a corresponding change in the gate
voltage applied to the graphene layer. These changes in impedance can later be correlated so
that a relationship between impedance and gate voltage through experimental calibration
can be established, allowing us to interpret the electrical responses of biosensors.

Using RF for wireless power transfer with the objective of powering a biomedical de-
vice or sensor and receiving a readout has been the focus of various research works [19–22].
An example is shown in [20], where a solution of wireless power with tracking is presented.
It should be possible to implement a biosensor readout by modulating the feedback signal.

In this section, an antenna is implemented with a load that is graphene. To mimic
the graphene biosensing capability, graphene will be tuned through voltage gating. Since
gating graphene changes its impedance, it should be possible to modify and control the
reflected power. Therefore, since graphene is directly connected to the antenna, the amount
of reflected power should change according to graphene’s impedance. For this experience,
the device was fabricated with the surface planarization technique with ion milling.

4.2.2. Sensing Antenna Design

The antenna is similar to a dipole, where two stub-like structures are added on each
dipole arm to increase its frequency range. To limit the total size of the antenna, the chosen
minimum operation frequency was 3 GHz. To control the resistance of graphene through
gating, at least two DC contacts are necessary: a reference and a gate. The antenna is shown
on the left side of Figure 17, as well as its dimensions.

Figure 17. On the left is shown the dipole antenna designed with graphene to obtain a backscatter
readout; the inset shows the area with the graphene, as well as its gate and dimensions. On the right
is shown the simulated radiation diagram of the antenna.
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This antenna was simulated, allowing us to determine its operation frequency at
3 GHz. On the right side of Figure 17, the cross-section of the E-plane radiation dia-
gram at this frequency is shown, where a maximum gain of −14.35 dBi (−11.827 dBi at
6 GHz) can be observed, while its directivity is approximately 3.5 dBi across the simulation
frequency range.

4.2.3. Backscattering Antenna Readout

To measure this variation in reflected power, the VNA was calibrated with the Short-
Open-Load-Through (SOLT) calibration. To more easily measure the variation in the
reflection of the DUT, the load standard was replaced by the antenna. The objective of this
modification was to set the reference (the zero reflection) to the background environment.
In this way, any change in the graphene load placed at the antenna port will be less difficult
to detect. The measurement antenna used was the PE9887-11 horn antenna (Pasternack,
Irvine, CA, USA), which has an operating frequency from 4.9 GHz to 7 GHz. The fabricated
sample was placed on a wooden table, the horn antenna was placed on top of it, and the
DC pads were contacted with needles. The measurement setup block diagram is shown in
Figure 18.

Figure 18. Diagram of the measurement setup used for the measurement of the backscatter of the
antenna with graphene on the bottom.

The measurement was performed by changing the gate voltage and measuring the S11

through the VNA. The applied voltage ranged from 0 V to 4 V, and the measurement was
performed in 1 V steps. The measured values are shown in Figure 19.

 

Figure 19. Measured S11 in dB of the backscatter by changing the graphene voltage from 0 to 4 volts
in the working range of the measurement antenna.
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These results show the measured S11 for different applied voltages. The inset shown
allows us to observe that there is a change in the S11 for different applied voltages. At
around 4.95 GHz, it is possible to observe that the S11 changes from around −65 dB (red
curve) up to around −50 dB (light blue curve). The same behavior can be observed for the
remaining frequency points, although with a lower variation. These results show that it is
possible to control the backscatter of the device by applying a gating voltage to graphene.

5. Conclusions

This work demonstrated the successful development and implementation of two
wafer-scale fabrication processes tailored for graphene-based RF devices. The fabricated
GFETs exhibited promising RF performance, with intrinsic fT reaching 14 GHz and fmax
up to 80 GHz. The compatibility of the proposed processes with CVD-grown graphene
reinforces the scalability of the technology and opens the possibility of extending the
methodology to other 2D materials, such as MoSe2. The flexibility of the approach allows
for the development of hybrid systems and heterogeneous integration, particularly in
applications requiring conformal or biocompatible electronics.

The process flow, device topologies, and layout designs developed in this work provide
a viable path forward for integrating graphene RF devices with sensing and actuation
functionalities. In particular, the fact that graphene remains exposed throughout much
of the fabrication process enables direct functionalization, making the proposed platform
highly attractive for biosensing and bio-interfacing applications. An antenna with graphene
was developed, enabling passive wireless readout. Through this work, it was demonstrated
that the measured S11 changed according to an applied gate voltage, allowing it to mimic a
graphene sensor. The backscatter readout achieved a maximum variation of around 15 dB.

This study represents a significant step toward enabling reliable, reproducible, and
scalable integration of graphene into RF systems. It contributes to the broader effort of
transitioning 2D materials from laboratory-scale demonstrations to real-world technologies
with impact across communications, sensing, and biomedical domains.
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Abstract: To date, two-dimensional metal–organic frameworks (2D MOFs) have attracted
much attention in many fields. Owing to their ultra-high porosity and specific surface
area, great structural diversity and functional tunability, as well as feasible precision
design at the molecular level, 2D MOFs have won rapid development in the field of
energy storage. However, as a coordination compound, MOFs possess poor structural
stability and are prone to structural collapse in electrochemical reactions, which seriously
limits their electrochemical performance. Therefore, there is an urgent need to improve
the structural stability of MOF electrode materials. In this study, a 2D MOF@Ti3C2TX

hybrid was constructed, in which urea pyrimidinone isocyanate (UPy-NCO) units were
introduced via a condensation reaction with the active functional groups on MOFs, thus
forming multiple hydrogen bonds among MOF frameworks to strengthen their structural
stability. Importantly, 2,6-diaminopyridine was utilized to modulate the structure and
properties. Initially, the mono-coordination model of the N atom on a pyridine ring with
metal ions could create defects and form further pores. Two −NH2 groups helped to
improve the grafting reaction degree of UPy-NCO, leading to an increased ratio of forming
quadruple hydrogen bonds (H-bonds), further strengthening the structure of the hybrid. As
expected, the Cu-MOF@Ti3C2TX-20%DAP-UPy hybrid exhibited a specific capacitance of
148 F g−1 at 1 A g−1, which is 45% higher than that of Cu-MOF@Ti3C2TX-UPy (102 F g−1).
A good capacitance retention of 88% was obtained as the current density increased from
0.2 to 5 A g−1. Moreover, excellent cycling stability (91.1%) was obtained at 1 A g−1 after
5000 cycles.

Keywords: 2D MOF; multiple hydrogen bonds; hybrid; supercapacitors

1. Introduction

With the rapid development of portable electronics, supercapacitors have attracted
much attention due to their fast charging and discharging, high power density, green envi-
ronmental protection, and long lifetime [1–6]. Due to their ultra-high porosity, large specific
surface area, and structural tunability [7–15], MOFs have received widespread attention in
supercapacitor and other energy-storage applications [16–19]. In particular, owing to their
exposed active sites and higher electrical conductivity, as well as regular and well-ordered
pore structure [20–27], 2D MOFs are more conducive to achieving high performance as
electrode materials. However, the weak coordination bonds between metal ions and or-
ganic ligands make MOF frameworks unstable and even prone to collapse, leading to poor

Nanomaterials 2025, 15, 864 https://doi.org/10.3390/nano15110864
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cycling stability [28–34], thus restricting their practical applications. Therefore, enhancing
the cycling stability of MOF energy-storage materials needs to be addressed urgently.

Self-healing ability provides a novel design idea for improving the service life of
energy storage devices. Currently, two self-healing categories are mainly investigated:
externally assisted self-healing and intrinsic self-healing [35–37]. Externally assisted self-
healing is realized by incorporating self-healing agents into the materials [38–40]. For
example, Guo [41] et al. investigated epoxy matrix microencapsulated self-healing ma-
terials. However, most microcapsule-based self-repairs exhibit only onetime self-repair
properties, which severely limits their practical applications. Intrinsic self-healing materials
can repair by themselves through the introduction of reversible chemical bonds [37,41–45]
(e.g., boronic acid diester bonds, hydrogen bonds, etc.). For example, in 2023, Wang [45]
et al. sprayed hydrophobically modified CNT and NiO/CoO nanoparticles onto the surface
of a hydrogel (PVA) to construct electrodes, which utilized the dynamic hydrogen bonds
formed between PVA and HCl through physical cross-linking to provide the self-healing
ability. The as-prepared supercapacitor achieved a capacitance retention of 75.4% after
2000 cycles. Both the introduction of self-healing agents and reversible chemical bonds can
give energy storage devices self-healing abilities, which is important for prolonging their
service life [46–51]. However, traditional self-healing materials are usually polymers, which
are not electrochemically active and thus unfavorable for producing capacitance, leading to
the decreased electrochemical performance of electrodes or energy storage devices [52–58].

We have proposed an innovative strategy to enhance the structural stability of MOFs by
introducing quadruple hydrogen bonds directly into MOF frameworks [23]. Here, to further
enhance the structural stability and performance of MOF-based electrodes, a modulated
linker, 2,6-diaminopyridine, was utilized. On the one hand, the mono-coordination model
of the N atom on a pyridine ring with metal ions could produce defects and form further
pores. On the other hand, the two −NH2 groups help to improve the grafting reaction
degree of UPy-NCO units, improving the ratio of forming quadruple hydrogen bonds,
further strengthening their structure stability.

2. Materials and Methods

2.1. Preparation of Samples

The materials, reagents, and synthesis of Ti3C2TX, copper oxide nanosheets (Cu-ONS),
Cu-MOF@Ti3C2TX, and UPy-NCO are displayed in the Supporting Information (SI).

Synthesis of Cu-MOF@Ti3C2TX-DAP: H2BDC-NH2 (30 mg), 2,6-diaminopyridine (0, 3,
6, 9 mg), and PVP (50 mg) were dissolved in a mixed solvent containing 1.1 mL of DMF,
1.1 mL of deionized (DI) water, and 1.1 mL of ethanol, obtaining a mixed solution. Cu-ONS
(25 mg) was dispersed in 5 mL of DI water under stirring, and then Ti3C2TX (10 mg) was
added, forming another solution. Then, the two solutions were together transferred to a
reactor and remained at 100 ◦C for 20 h. Lastly, the sample was washed and dried, and
denoted as Cu-MOF@Ti3C2TX-X%DAP (X = 10, 20 and 30).

Synthesis of Cu-MOF@Ti3C2TX-DAP-UPy: 40 mg of Cu-MOF@Ti3C2TX-DAP was
dissolved in 20 mL of DMF and 30 mg of UPy-NCO was dissolved in 10 mL of DMF. Then,
the two solutions were mixed, followed by the addition of 2 drops of dibutyltin dilaurate.
The mixed solution was maintained at 90 ◦C for 20 h under stirring. Finally, the sample
was washed with ethanol, dried at 40 ◦C, and denoted as Cu-MOF@Ti3C2TX-DAP-UPy, as
described in Scheme 1.
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Scheme 1. Schematic illustration of Cu-MOF@Ti3C2TX-DAP-UPy.

2.2. Electrochemical Characterization

The working electrode material consisted of acetylene black, polyvinylidene chloride
(PVDF) and active material. The three materials were mixed (mass ratio of 8:1:1) with
N-methylpyrrolidone to form a homogeneous paste. Then, the paste was coated on a piece
of Ni foam (1 × 1 cm2) current collector, followed by a drying process at 80 ◦C for 12 h,
thus obtaining a working electrode (the loading amount was 1.5~2 mg cm−2).

An electrochemical workstation (CHI760E) was used to perform electrochemical
experiments including cyclic voltammetry (CV), constant current charge–discharge (GCD)
and electrochemical impedance spectroscopy (EIS). A three-electrode system was used to
investigate the performance of single electrodes, in which the working electrode, counter
electrode, and reference electrode were the as-prepared material, Pt plate, and Hg/HgO,
respectively. A 1 M KOH aqueous solution was used as the electrolyte. The capacitance (C,
F g−1) values were evaluated by calculating the integral of the area under the charging and
discharging part of the curves as follows [48]:

C = I
∫
(1/m × V(t)

)
dt = IΔt/mΔV (1)

where I (A g−1) is the current density, Δ t (s) is the discharge time, m (g) is the mass of the
active material, and ΔV (V) is the potential.

In addition, the energy density (E, Wh kg−1), power density (P, W kg−1) and Coulom-
bic Efficiency (CE) of the prepared device was investigated using the following formu-
lae [56]:

E =
C × ΔV2

2 × 3.6
(2)

P =
3600 × E

Δt
(3)

CE =
Idtd
Ictc

× 100% (4)

where Δt (s) is the discharge time, ΔV (V) is the potential window, Id (A) is the discharge
current, td (s) is the discharge time, Ic (A) is the charge current, and tc (s) is the charge time.
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3. Results

3.1. Structural Characterization

The SEM images of the samples are shown in Figure 1 and Figure S1. As displayed in
Figure S1a, lots of nanosheets with a size of about 1 μm were observed in Cu-MOF@Ti3C2TX.
With the addition of 2,6-diaminopyridine, the microstructure of the samples changed
obviously. The size of the lamellar structure became smaller with the increasing 2,6-
diaminopyridine content. The mono-coordination model of the N atom on the pyridine
ring with metal ions created defects and formed further pores, leading to the decrease in
size of the nanosheets (Figure S1b,c). For Cu-MOF@Ti3C2TX-30%DAP, lots of irregular
fragments can be seen (Figure S1d), caused by the large number of defects in the nanosheets
due to the excess of 2,6-diaminopyridine [59]. After the UPy-NCO units were grafted via
a condensation reaction with the −NH2 active groups on the MOFs, the morphology of
the Cu-MOF@Ti3C2TX-DAP-UPy samples (Figure 1) were further changed. Especially, the
Cu-MOF@Ti3C2TX-30%DAP-UPy (Figure 1c) exhibited a completely different morphology
compared with Cu-MOF@Ti3C2TX-30%DAP (Figure S1d), showing a thinner layer and
cross-linked network structure. As the amount of 2,6-diaminopyridine increased up to 30%,
more −NH2 active groups were introduced onto the MOFs, leading to an improvement
in the grafting reaction degree of UPy-NCO and a further increase in the ratio of forming
quadruple hydrogen bonding, subsequently promoting the formation of a cross-linked
network structure. The EDS elemental analysis (Figure 1d) shows that the elements, N, O,
Cu, and Ti, are uniformly distributed in Cu-MOF@Ti3C2TX-20%DAP-UPy sample.

Figure 1. SEM images of the samples. (a) Cu-MOF@Ti3C2TX-10%DAP-UPy, (b) Cu-MOF@Ti3C2TX-
20%DAP-UPy, (c) Cu-MOF@Ti3C2TX-30%DAP-UPy, and (d) EDS images of Cu-MOF@Ti3C2TX-
20%DAP-UPy with the corresponding elemental distributions of N, O, Cu and Ti.

The N2 adsorption–desorption tests were performed to investigate the pore charac-
teristics of the prepared materials, as shown in Figure 2. All the samples exhibit type
IV curves (Figure 2a), indicating the co-existence of micropores and mesopores [60]. The
hierarchical pores, including micropores (1.5 nm), mesopores (8, 17, 37 and 50 nm), and
macropores (50–86 nm), are clearly displayed in Figure 2b,c. Most importantly, an 8 nm
mesopore can be noticed in both Cu-MOF@Ti3C2TX-20%DAP and Cu-MOF@Ti3C2TX-
20%DAP-UPy, which might be due to the defect originating from the mono-coordination
model between 2,6-diaminopyridine and Cu2+. Moreover, the specific surface areas of
Cu-MOF@Ti3C2TX, Cu-MOF@Ti3C2TX-20%DAP, and Cu-MOF@Ti3C2TX-20%DAP-UPy
are 43.1, 27.4, and 14.6 m2 g−1, respectively. As a modulated linker, 2,6-diaminopyridine
participated in the growth of MOFs, as well as the grafting reactions with UPy-NCO units,
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resulting in a decrease in the proportion of 1.6 nm micropores, thus causing a decrease in
the specific surface area.

 

Figure 2. (a) N2 adsorption–desorption isotherms, (b) DFT pore-size distribution curves and (c) BJH
pore-size distribution curves of the samples.

The XRD patterns of the samples are displayed in Figure S2. Compared with Cu-
MOF@Ti3C2TX-UPy, the samples containing 2,6-diaminopyridine exhibit new diffraction
peaks at 2θ of 5.9◦, 11.9◦, 25.3◦, 26.8◦, and 43.2◦, which is due to the formation of new
crystal structures stemming from the coordinate reactions between Cu2+ and N atoms on
the pyridine rings [61].

Figure 3a shows the FT-IR spectra of the samples. For Cu-MOF@Ti3C2TX, the two
peaks at 3237 and 3142 cm−1 are ascribed to the −NH2 stretching vibrations [62], while
the strong and sharp characteristic peak at 1689 cm−1 is caused by the C=O stretching
vibrations. For the samples grafted with UPy-NCO, several obvious changes can be noticed
in the peaks. First, the broad peak at 3454 cm−1 associated with the −OH is strengthened
in intensity, which is attributed to the formation of intermolecular H-bonds (C=O···H−N).
Second, the characteristic peaks at 2936 and 2861 cm−1 can be noticed, which are caused
by the −CH2 stretching vibrations, implying that the UPy-NCO units were successfully
grafted onto the MOFs. Most importantly, the characteristic peak corresponding to the
C=O stretching vibrations exhibited a redshift in wavenumber and presented a blunt shape
in profile, which is also associated with the intermolecular H−bonds (C=O···H−N). As
the content of 2,6-diaminopyridine increased, the characteristic peak of C=O gradually
became broader, proving that more hydrogen bonds were formed. Particularly, for Cu-
MOF@Ti3C2TX-30%DAP-UPy a broad adsorption band at around 1640–1380 cm−1 was
formed, caused by the peak shift of C=O, as well as the peak overlap of different groups
including C=C and C=N. It is worth stressing that the −NH bonds are also an important
component taking part in the formation of quadruple hydrogen bonds, which can be
further identified by the variable FT-IR spectra (Figure 3b). When the temperature was
increased from 25 ◦C to 125 ◦C, with the dissociation of hydrogen bonds, the peak associated
with the stretching vibration of the −NH bonds shifted slightly from 3147.8 cm−1 to
3152.7 cm−1 [63,64].

Figure 4 shows the XPS spectra of Cu-MOF@Ti3C2TX and Cu-MOF@Ti3C2TX-20%DAP-
UPy. As displayed in Figure 4a, with the introduction of 2,6-diaminopyridine, the peak
intensity of the N element in Cu-MOF@Ti3C2TX-20%DAP-UPy is highlighted compared
to that of Cu-MOF@Ti3C2TX, which is attributed to the increase in grafting density of
the UPy-NCO units. Moreover, in the N 1s spectra of Cu-MOF@Ti3C2TX-20%DAP-UPy
(Figure 4b), the peak corresponding to the Cu−N (399.3–399.7 eV) can be observed, further
confirming the coordinate reaction between the N atoms on the pyridine rings and Cu2+

ions. The other two peaks are assigned to C−N on pyridine (400.3–400.7 eV), and C−N
formed on the amide bond (398.3–399 eV) [65].
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Figure 3. (a) FT−IR spectra of samples and (b) temperature-variable FT-IR spectra of Cu-
MOF@Ti3C2TX-20%DAP-UPy.

Figure 4. XPS spectra of samples: (a) survey spectrum, (b) high-resolution XPS spectra of N 1s.

3.2. Electrochemical Performance

The electrochemical properties of the prepared samples are shown in Figure 5. The CV
curves of different samples at a scan rate of 50 mV s−1 are shown in (Figure 5a). Obvious
redox peaks can be observed in CV curves, which stems from the redox reactions of Cu−O
clusters in the Cu-MOF as follows:

Cu−O + OH− ↔ CuOOH + e− (5)

Moreover, the introduction of Ti3C2TX could also produce pseudo-capacitance [66,67].
The combination with non-ideal triangles in the GCD curves (Figure 5b) suggests the
two electrochemical behaviors coexist: pseudo-capacitance and double-layer capacitance.
Moreover, the longer discharging times indicate that the samples with the addition of
2,6-diaminopyridine exhibit higher capacitances compared with Cu-MOF@Ti3C2TX-UPy.
As mentioned above, the mono-coordination model of the N atom on the pyridine ring
with Cu2+ ions could create defects and form further pores, exposing more active sites
and facilitating redox reactions, leading to enhanced capacitances. However, abundant
defects and pores prolong the ion transportation path and reduce the ion diffusion rate,
which can be demonstrated by the lower slope of the straight lines in the low-frequency
region (Figure 5c). Notably, the Cu-MOF@Ti3C2TX-20%DAP-UPy exhibits the best electro-
chemical performance, delivering a specific capacitance of 148 F g−1 at 1 A g−1. With the
increased scan rates (Figure 5d), similar shapes of CV curves were maintained, indicating
good reversibility.
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Figure 5. Electrochemical performances of samples: (a) CV profiles at 50 mV s−1, (b) GCD pro-
files at 1 A g−1, (c) Nyquist plots, (d) CV profiles of Cu-MOF@Ti3C2TX-20%DAP-UPy, (e) specific
capacitances at various current densities, and (f) cycling performances at 1 A g−1.

The calculated capacitances investigating the effect of 2,6-diaminopyridine on the per-
formances of the samples are shown in Figure 5e. With the current density increased from
0.2 to 5 A g−1, the capacitance retentions of Cu-MOF@Ti3C2TX-UPy, Cu-MOF@Ti3C2TX-
10%DAP-UPy, Cu-MOF@Ti3C2TX-20%DAP-UPy, and Cu-MOF@Ti3C2TX-30%DAP-UPy
are 73.6%, 76.8%, 88%, and 86.8%, respectively. Furthermore, the cycling performances
were investigated, as shown in Figure 5f. After 5000 cycles, the capacitance retentions of
the above samples are 79.9%, 88.2%, 91.1% and 87.1%, respectively. The participation of
2,6-diaminopyridine not only improves the storage capacitance of the samples, but also op-
timizes their rate performance and cycle stability. The −NH2 group on 2,6-diaminopyridine
helps to facilitate the grafting reaction of UPy-NCO, and promotes the formation of quadru-
ple hydrogen bonding, thus strengthening the structural stability of the hybrid. However,
excessive 2,6-diaminopyridine accordingly produces more defects, weakening the crystal
structure of the MOF; thus, the Cu-MOF@Ti3C2TX-30%DAP-UPy shows a decrease in the
rate and cycle performances. As shown in Figure 6, compared with the other two sam-
ples, the Cu-MOF@Ti3C2TX-20%DAP-UPy presents a relatively complete surface structure.
The Cu-MOF@Ti3C2TX-20%DAP-UPy exhibits a high capacitance retention of 91.1% after
5000 cycles, which is superior to some other MOF-based electrodes in the literature (e.g.,
Table 1).

Figure 6. SEM images of (a) Cu-MOF@Ti3C2TX-10%DAP-UPy, (b) Cu-MOF@Ti3C2TX-20%DAP-UPy,
and (c) Cu-MOF@Ti3C2TX-30%DAP-UPy electrodes after cycling tests.
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Table 1. Cycle stability of MOF-based electrode materials.

Electrode Materials Electrolyte Cyclic Stability Ref.

Ni3(HITP)2 0.5 M Na2SO4 84% (after 10,000 cycles 0.1 mA cm−2) [68]
Cu-CAT NWAs 3 M KCl 80% (after 5000 cycles 0.5 A g−1) [69]

Ni/Co-BTC (2:1) 6 M KOH 60% (after 3000 cycles 5.0 A g−1) [70]
NiCo-MOF 2 M KOH 76.3% (after 5000 cycles 5.0 A g−1) [71]

Ni@Cu-MOF 6 M KOH 63% (after 5000 cycles 1.0 A g−1) [72]
Cu-MOF/rGO 1 M Na2SO4 83.3% (after 4000 cycles 10 A g−1) [73]

Cu-MOF@Ti3C2TX-20%DAP-UPy 1 M KOH 91.1% (after 5000 cycles 1.0 A g−1) This work

The kinetic mechanism of the as-obtained hybrid was investigated by using the b-value
model as follows [69]:

i = aνb (6)

where i is the peak current and v is the scan rate. Especially, b is an adjustable parameter
and has two critical values of 0.5 and 1.0, referring to the diffusive-controlled behavior and
surface capacitive-controlled behavior, respectively.

In addition, to reveal the energy-storage mechanism in detail the Dunn’s model
was also used, in which the contributions of diffusive-controlled behavior and surface
capacitive-controlled behavior are descripted as follows [70]:

i(V) = k1ν + k2ν0.5 (7)

where k1ν and k2ν0.5 correspond to the capacitive and diffusion-controlled currents, re-
spectively. As shown in Figure 7a, for the Cu-MOF@Ti3C2TX-20%DAP-UPy, the calculated
b values of the oxidation and reduction peaks are 0.66 and 0.74, respectively, indicating
that the charge storage process includes both diffusive-controlled behavior and surface
capacitive behavior. Combining the calculated contributions of the two charge storage
behaviors (Figure 7b,c), it is obvious that the diffusive contribution is superior to the sur-
face capacitive contribution even at 50 mV s−1. The formation of defects derived from the
coordination reaction between 2,6-diaminopyridine and Cu2+ ions could promote ions to
thoroughly penetrate materials, making full use of active sites to produce more capacitance.
With the increased scan rates, the ions cannot diffuse sufficiently inside active materials
in time, thus the diffusive-controlled proportion decreased while the surface capacitive
contribution increased.

Figure 7. (a) Plots of log(i) against log(ν), (b) surface capacitive and diffusive contributions at scan
rate of 10 mV s−1, and (c) capacitance contribution ratios.

3.3. Electrochemical Properties of ASC Device

An asymmetric supercapacitor (Cu-MOF@Ti3C2TX-20%DAP-UPy//AC) was assem-
bled using Cu-MOF@Ti3C2TX-20%DAP-UPy as the positive electrode, activated carbon
(AC) (Figure S3) as the negative electrode, and 1 M KOH aqueous solution as the
electrolyte, respectively.
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The CV curves of the device under different voltage windows from 0–1.0 to 0–1.8 V
are displayed in Figure 8a. When the voltage window was set as 1.7–1.8 V, a slight
polarization phenomenon can be observed, thus the 0–6 V was chosen as the appropriate
working voltage. The CV curves at different scan rates are shown in Figure 8b, exhibiting
similar shapes without obvious deformation, indicating that the device possesses good
capacitive behavior even under fast charging/discharging. Based on the GCD curves
of the device (Figure 8c), the specific capacitances were calculated and are displayed in
Figure 8d. At 0.5 A g−1, the device delivers a specific capacitance of 50 F g−1, exhibiting a
capacitance retention of 85% as the current density was increased to 5 A g−1. A maximum
energy density of 17.9 W h kg−1 was obtained (Figure 8e), which is superior to that of
some reported MOF-based devices [64,74–78]. The cycle stability of the device is shown
in Figure 8f: a capacitance retention of 85% was delivered after 5000 cycles at 2 A g−1.
Moreover, the calculated coulombic efficiency was 90%.

Figure 8. Electrochemical performance of Cu-MOF@Ti3C2TX-20%DAP-UPy//AC device. (a) CV
profiles at various voltage windows at scan rate of 50 mV s−1, (b) CV profiles at various scan
rates, (c) GCD curves under different current densities, (d) specific capacitances at different current
densities, (e) Ragone plots [72–75], (f) cycling stability and coulombic efficiency at current density of
2 A g−1.

4. Discussion

To enhance the structural stability of MOF-based electrodes, we have explored a
strategy of introducing quadruple hydrogen bonds onto MOFs. Here, to further pro-
mote the introduction of quadruple hydrogen bonds and optimize the performance of 2D
MOF electrodes, 2,6-diaminopyridine was used as a modulated linker to participate in
the growth of MOF and the grafting reaction of UPy-NCO. Due to the mono-coordination
reaction between the pyridine ring and Cu2+ ions, new mesopores (8–20 nm) were intro-
duced, enriching the pore architecture of the MOF@Ti3C2TX hybrid. Profiting from the
enhanced grafting reaction between the −NH2 groups and UPy-NCO units, quadruple
hydrogen bonds among frameworks were increased, leading to the formation of hierarchi-
cal cross-linked networks. The as-obtained Cu-MOF@Ti3C2TX-20%DAP-UPy presented a
capacitance of 158 F g−1 at 0.2 A g−1, delivering a capacitance retention of 88% at 5 A g−1,
while the Cu-MOF@Ti3C2TX-UPy exhibited a capacitance of 128 F g−1 at 0.2 A g−1, pre-
senting a 73.6% retention at 5 A g−1. Furthermore, the Cu-MOF@Ti3C2TX-20%DAP-UPy
delivered a 91.1% capacitance retention after 5000 cycles, which is much superior to that of
Cu-MOF@Ti3C2TX-UPy (79.9%), presenting an apparent increase in cycling performance.
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The prepared ASC device presented a specific capacitance of 50 F g−1 at 0.2 A g−1, an energy
density of 17.9 Wh kg−1, and a capacitance retention of 85% after 5000 cycles at 2 A g−1.
Our strategy not only provides ideas for designing novel and efficient MOFs, but also
provides innovative ideas for exploring novel porous frameworks with self-healing ability.

5. Conclusions

In this study, the structural stability and electrochemical performance of two-
dimensional MOF electrodes were optimized by introducing a quadruple hydrogen bond-
ing strategy; 2,6-diaminopyridine (DAP) was employed as a moderating ligand involved in
MOF growth, and the quadruple hydrogen bonding network was strengthened by the graft-
ing reaction of its amino group with UPy-NCO. It was found that the mono-coordination
of the pyridine ring with Cu2+ formed 8–20 nm new mesopores, which enriched the pore
structure of MOF@Ti3C2TX composites; the modified material, Cu-MOF@Ti3C2TX-20%
DAP-UPy, reached a specific capacity of 15.5 mm at 0.2 A g−1 with a specific capacity
of 158 F g−1 (23% enhancement), 88% capacity retention at 5 A g−1 (control 73.6%), and
91.1% capacity retention after 5000 cycles (control 79.9%); and the assembled asymmetric
supercapacitor (ASC) had an energy density of 17.9 Wh kg−1 and 85% capacity retention
after 5000 cycles. This strategy not only improves the conductivity and cycling stability of
MOF electrodes by constructing a hierarchical cross-linking network, but also provides an
innovative idea for the design of porous framework materials with a self-healing function.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano15110864/s1, Figure S1. SEM images of the samples. Figure S2.
XRD patterns of the samples. Figure S3. (a) CV curves of AC and Cu-MOF@Ti3C2TX-20%DAP-UPy
at 50 mV s−1 and (b) GCD curve of AC at 1 A g−1.
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Abstract: The advent of two-dimensional (2D) ferroelectrics offers a new paradigm for
device miniaturization and multifunctionality. Recently, 2D α-In2Se3 and related III–VI
compound ferroelectrics manifest room-temperature ferroelectricity and exhibit reversible
spontaneous polarization even at the monolayer limit. Here, we employ first-principles
calculations to investigate group-III selenide van der Waals (vdW) heterojunctions built up
by 2D α-In2Se3 and α-Ga2Se3 ferroelectric (FE) semiconductors, including structural sta-
bility, electrostatic potential, interfacial charge transfer, and electronic band structures.
When the FE polarization directions of α-In2Se3 and α-Ga2Se3 are parallel, both the
α-In2Se3/α-Ga2Se3 P↑↑ (UU) and α-In2Se3/α-Ga2Se3 P↓↓ (NN) configurations possess
strong built-in electric fields and hence induce electron–hole separation, resulting in carrier
depletion at the α-In2Se3/α-Ga2Se3 heterointerfaces. Conversely, when they are antipar-
allel, the α-In2Se3/α-Ga2Se3 P↓↑ (NU) and α-In2Se3/α-Ga2Se3 P↑↓ (UN) configurations
demonstrate the switchable electron and hole accumulation at the 2D ferroelectric inter-
faces, respectively. The nonvolatile characteristic of ferroelectric polarization presents
an innovative approach to achieving tunable n-type and p-type conductive channels for
ferroelectric field-effect transistors (FeFETs). In addition, in-plane biaxial strain modulation
has successfully modulated the band alignments of the α-In2Se3/α-Ga2Se3 ferroelectric
heterostructures, inducing a type III–II–III transition in UU and NN, and a type I–II–I
transition in UN and NU, respectively. Our findings highlight the great potential of 2D
group-III selenides and ferroelectric vdW heterostructures to harness nonvolatile sponta-
neous polarization for next-generation electronics, nonvolatile optoelectronic memories,
sensors, and neuromorphic computing.

Keywords: group-III selenides; 2D ferroelectrics; polarization engineering; band alignments;
strain modulation

1. Introduction

With the advancement in semiconductor technology, high-density storage, and com-
puting integrated applications, ferroelectric materials and devices are continuously pursu-
ing miniaturization. However, as dimensions shrink, traditional ferroelectrics, including
BiFeO3 [1], BaTiO3 [2], PbTiO3 [3], etc., encounter the challenge of size effects. As a re-
sult, the exploration of ultrathin ferroelectric materials remains the key issue in this field.

Nanomaterials 2025, 15, 163 https://doi.org/10.3390/nano15030163
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Two-dimensional ferroelectrics possess inherently stable layered structures, characterized
by strong intralayer bonding, weak interlayer vdW interactions, and high electron mobility
due to their unique quantum size effects. These attributes offer novel opportunities for
advancing the exploration of 2D ferroelectricity and its extensive applications at the atomic
scale. The symmetry breaking of 2D ferroelectrics has been achieved through various
strategies, such as stacking vdW heterostructures, applying strains, and engineering Janus
structures [4,5]. Recently, 2D ferroelectrics such as 1T-MoS2 [6], α-In2Se3 [7], CuInP2S6 [4],
and MX (M = Ge, Sn; X = S, Se, Te) [8] have gained tremendous interest due to their
unique features in contrast to 3D counterparts. The breakthrough of 2D ferroelectricity has
driven emerging applications in 2D ferroelectric field-effect transistors [9,10], ferroelectric
tunnel junctions [11], and high-photosensitivity and rapid-response photodetectors [12].
As we are entering into the post-Moore era, the discovery of 2D ferroelectrics with de-
sired performance characteristics becomes crucial for advancing the frontiers of electronic
device technology.

As part of the 2D ferroelectric family, 2D III–VI layered semiconductors have garnered
extensive attention. Specifically, they exhibit five distinct structural phases (α, β, γ, δ, κ).
Among these, α, β, and γ are common phases [13,14], and δ and κ are uncommon
phases [15,16]. The γ phase is identified as a three-dimensional material with a hexagonal
defect wurtzite crystal structure. In contrast, the other phases including α, β, δ, and κ

exhibit a layered structure [17]. For instance, α-In2Se3 is the most stable layered structure
with spontaneous ferroelectric polarization at room temperature [7]. Two-dimensional α-
In2Se3 has been experimentally and theoretically confirmed to possess a robust out-of-plane
ferroelectric and piezoelectricity polarization [18–20]. The monolayer α-In2Se3 is alternately
composed of Se and In atomic layers through covalent bonding to form a quintuple-layer
structure of Se–In–Se–In–Se [21]. The unequal interlayer distances between the middle Se
layer and its adjacent In layers lead to the breaking of symmetry. Several research groups
have subsequently confirmed the spontaneous in-plane and out-of-plane ferroelectricity of
ultrathin α-In2Se3 at room temperature [19,22] and fabricated high-performance rigid and
flexible optoelectronic detectors [23]. Similar to other polar materials, symmetry breaking
in α-In2Se3 leads to the misalignment of positive and negative charge centers, producing a
dipole moment and spontaneous polarization. The out-of-plane intrinsic polarization is
reversible, permitting the manipulation of ferroelectric polarization in both upward and
downward directions by laterally shifting the central Se layer. When integrated with other
polar semiconductors, 2D α-In2Se3 can induce charge redistribution and further manipulate
electronic energy properties. It was found that the interfacial dipole interaction plays a cru-
cial role in the external electric field modulation, with a direct correlation to the charge dis-
tribution at α-In2Se3/GaN polar heterointerfaces [24]. The asymmetric metal/α-In2Se3/Si
crossbar ferroelectric semiconductor junctions have been demonstrated to enhance the
modulation of the effective Schottky barrier height by the ferroelectric polarization [25].
The inherent nonvolatile ferroelectric switching and semiconducting characteristics of
α-In2Se3 show versatile fields including nonvolatile memory, neuromorphic computing,
optoelectronics, and thermoelectric applications [15,26]. As another member of 2D III–VI
layered semiconductors, α-Ga2Se3 has been demonstrated to possess excellent structural
stability, which is obtained by replacing In of α-In2Se3 with Ga. The first-principles calcu-
lations have indicated that α-Ga2Se3 similar to α-In2Se3 is a semiconductor with Young’s
modulus of less than 100 N m−1 in a deformation range of up to about 30% [27]. The
switched polarization was observed in 2D α-Ga2Se3 nanoflakes of approximately 4 nm
with a high switching temperature of up to 450 K [28]. Such polarization switching
could arise from the displacement of Ga vacancy between neighboring asymmetrical sites
by applying an electric field [28]. In the graphene/α-Ga2Se3 vdW heterojunctions, the

48



Nanomaterials 2025, 15, 163

presence of spontaneous polarization reveals intriguing interfacial characteristics by con-
trolling contact types and external disturbances for the multifunctional design of high-
performance Schottky devices [29]. The ferroelectric nature of α-Ga2Se3 has opened av-
enues for its use in nonvolatile memory devices and non-linear optical applications. Other
studies have also reported that α-Ga2Se3 exhibits significant piezoelectric performance,
showing broad prospects in ultrathin piezoelectric sensors and nanogenerators [30]. Al-
though the α-In2Se3 and α-Ga2Se3 layered materials have been extensively studied, the
limitation of 2D ferroelectric multilayers and complex stacking heterostructures impedes a
comprehensive understanding of their intricate polarization interactions, polarity modula-
tion mechanisms, and synergistic effects. Therefore, the exploration of 2D group-III selenide
ferroelectrics and polar vdW heterostructures holds profound significance, extending 2D
ferroelectrics and semiconducting optoelectronics by offering novel functionalities and
characteristics that surpass those of traditional 3D ferroelectrics.

In this study, we have proposed 2D α-In2Se3/α-Ga2Se3 ferroelectric vdW heterostruc-
tures and investigated the ferroelectric polarization modulation by first-principles calcu-
lations. Considering the reversible ferroelectric polarization of α-In2Se3 and α-Ga2Se3,
the positive and negative c-axes are defined as polarity up (P↑) and polarity down (P↓),
respectively. In terms of polarity manipulation, there are switchable ferroelectric polar-
ization configurations including α-In2Se3/α-Ga2Se3 P↑↑ (UU), α-In2Se3/α-Ga2Se3 P↑↓
(UN), α-In2Se3/α-Ga2Se3 P↓↑ (NU), and α-In2Se3/α-Ga2Se3 P↓↓ (NN). Our calculations
demonstrate that the UN and NU configurations exhibit a pronounced accumulation of
holes and electrons at the ferroelectric heterointerfaces of α-In2Se3/α-Ga2Se3, facilitat-
ing ferroelectric modulation of conductivity types between the p-channel and n-channel
within FeFETs. In addition, the electronic band structures of the α-In2Se3/α-Ga2Se3 polar
heterostructures have been effectively manipulated by employing in-plane biaxial strain
modulation. From compressive to tensile strains, their band alignments undergo a type
III–II–III transition in UU and NN configurations, and a type I–II–I transition in UN and
NU configurations. Strain engineering provides a versatile approach for controllable en-
ergy band transformation, facilitating the charge separation, transfer, recombination, and
redistribution processes in 2D α-In2Se3/α-Ga2Se3 ferroelectric heterostructures. There-
fore, 2D group-III selenides and ferroelectric vdW heterostructures provide atomic-level
platforms that integrate electronic, optical, and memory functionalities for nonvolatile
multifunctional applications.

2. Calculation Methods

First-principles calculations were carried out using the Vienna ab initio Simulation
Package (VASP) simulation method based on density functional theory (DFT) [31,32]. To cal-
culate the electron exchange–correlation interactions, we employed the meta-generalized
gradient approximation (meta-GGA) and the Strongly Constrained and Appropriately
Normed (SCAN) functional to calculate the geometry optimizations and electronic band
structures [33,34]. Compared to the local density approximation (LDA) and the Perdew,
Burke, and Ernzerhof (PBE) method, meta-GGA SCAN has been tested in diversely bonded
systems, where it was shown to be sophisticated enough to model a wide range of physical
structures without being fitted to any bonded system [35]. It can describe an interme-
diate range of dispersion via the kinetic energy density and can be proven to deliver
sufficiently accurate ground-state properties for diversely bonded systems [36,37]. The
projector-augmented wave (PAW) method was used to describe the ion–electron interac-
tions [38,39]. For the calculations, we constructed α-In2Se3/α-Ga2Se3 (hexagonal, space
group R3m) unit cells with different polarity configurations, as depicted in Figure 1. Their
2D ferroelectric polarization modulation has been investigated on the structural stability,
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electrostatic potential, interfacial charge transfer, and electronic band structures by both the
ferroelectric polarization reversals of α-In2Se3 and α-Ga2Se3, which serve as a foundation
for the exploration of 2D ferroelectric/optoelectronic multifunctional applications. We
utilized a plane-wave basis expansion with a cutoff energy of Ecut = 500 eV and employed
a 12 × 12 × 1 Monkhorst–Pack K point grid in the Brillouin Zone. And, Grimme’s DFT-D3
vdW corrections were incorporated based on the semiempirical GGA-type theory [40]. A
vacuum layer of 15 Å along the c direction was adopted to ensure decoupling between peri-
odically repeated systems. For the relaxation of the unit cells at zero strain, all atoms were
fully relaxed with a convergence accuracy of 1 × 10−8 eV. The interaction force between
atoms was found to be less than |0.02| eV/Å. When considering the strain modulation on
the α-In2Se3/α-Ga2Se3 ferroelectric heterojunctions, the in-plane biaxial strains ( )) in the a
and b directions are defined as follows: )= 100% × (a1 − a0)/a0, where a1 and a0 represent
the lattice parameters with and without applied biaxial strains, respectively.

Figure 1. Two-dimensional α-In2Se3/α-Ga2Se3 ferroelectric heterostructures: top views of (a) UU
and UN, (b) NU and NN, and side views of (c) UU, (d) NU, (e) UN, and (f) NN. The purple, orange,
and green represent In, Ga, and Se atoms, respectively. The black arrow represents the direction
of polarization.

3. Results and Discussion

3.1. Polarity Configuration and Structural Stability

To investigate the electronic properties of 2D α-In2Se3/α-Ga2Se3 ferroelectric het-
erostructures, the fully-optimized lattice constants are a = b = 4.03 Å for α-In2Se3 and
a = b = 3.84 Å for α-Ga2Se3, respectively, which are in good agreement with previous
reports [9,41]. The small lattice mismatch between α-In2Se3 and α-Ga2Se3 is 4.8%, demon-
strating good feasibility to construct their vdW heterointerfaces with low strains and few
defects. In addition, different stacking orders between α-In2Se3/α-Ga2Se3 need to be
considered, as shown in Figure 1, including the In–Se, In–Ga, and Se–Se alignments. The
structural stability of each stacking order has been examined by calculating the binding
energy (Eb) of 2D α-In2Se3/α-Ga2Se3 ferroelectric heterostructure systems as follows:

Eb = EIn2Se3/Ga2Se3 − EIn2Se3 − EGa2Se3,
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where EIn2Se3/Ga2Se3, EIn2Se3, and EGa2Se3 are the total energies of α-In2Se3/α-Ga2Se3 het-
erostructures, α-In2Se3, and α-Ga2Se3, respectively. As shown in Figure 1a,b, it is found that
the In–Ga alignment has the smaller binding energy in α-In2Se3 (P↑)/α-Ga2Se3 configura-
tions, while the In–Se alignment has the smaller binding energy in α-In2Se3 (P↓)/α-Ga2Se3

configurations. The stacking order has a direct change from In–Ga to In–Se due to switching
the α-In2Se3 polarization from upward to downward. Based upon the above results, the
four most stable α-In2Se3/α-Ga2Se3 ferroelectric heterostructures have been achieved in
Figure 1c–f by stacking α-In2Se3 (P↑) on α-Ga2Se3 (P↑) (UU), α-In2Se3 (P↑) on α-Ga2Se3

(P↓) (UN), α-In2Se3 (P↓) on α-Ga2Se3 (P↑) (NU), and α-In2Se3 (P↓) on α-Ga2Se3 (P↓) (NN),
respectively. It should be noted that the NN configuration has the shortest vdW interlayer
distance. Therefore, it demonstrates that the stacking order in combination with ferroelectric
polarization plays an important influence in 2D interfacial interactions, such as polarization
coupling, electrostatic interaction, charge transfer, photoelectric conversion, etc. [42,43].

3.2. Band Structures and Density of States

As shown in Figure 2a,b, the projected electronic band structures and density of states
(DOS) of monolayer α-In2Se3 and α-Ga2Se3 have been firstly calculated by using the SCAN
function. Both of them have similar band structures with the conduction band minimum
(CBM) located at the Γ point and the valence band maximum (VBM) positioned between
the Γ and M points. The bandgaps of α-In2Se3 and α-Ga2Se3 are 1.14 eV and 1.27 eV,
respectively, and both exhibit an indirect bandgap. According to the DOS results, the
electronic states at both the CBM and VBM are predominately attributed to the Se atoms,
in good consistence with the previous results [23].

 

Figure 2. Projected band structures and DOS of (a) α-In2Se3 and (b) α-Ga2Se3. The Fermi level is set
as 0.

When two different materials (namely, A and B) contact each other, the band align-
ment types are based on the classification of semiconductor heterostructures. They are
categorized into three types: type I (Straddling gap), type II (staggered gap), and type III
(broken gap). In type I, the conduction band minimum (CBM) of band B is higher in energy
than the CBM of band A, and the valence band maximum (VBM) of band B is lower in
energy than the VBM of band A. This results in a straddling gap where the energy levels
of bands A and B overlap. In type II, both the CBM and VBM of band B are higher in
energy than the CBM and VBM of band A, respectively. A staggered gap is formed where
their energy levels do not overlap. In type III, the conduction band minimum of band A
is lower in energy than the VBM of band B, resulting in a broken gap. To further clarify
the ferroelectric polarization interactions, Figure 3 shows the projected band structures
and DOS of 2D ferroelectric α-In2Se3/α-Ga2Se3 heterostructures. The red and blue lines
correspond to the projected weights of electrons for α-Ga2Se3 and α-In2Se3, respectively.
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By switching the ferroelectric polarization state of α-Ga2Se3 from P↑ to P↓, the electronic
energy bands of α-Ga2Se3 and α-In2Se3 experience pronounced downward and upward
shifts in opposite trends, respectively. They are both observed during the configuration
transitions from UU to UN in Figure 3a,b and from NU to NN in Figure 3c,d. Consistently,
upon reversing the ferroelectric polarization state of α-In2Se3 from P↑ to P↓, the electronic
energy bands of α-Ga2Se3 and α-In2Se3 undergo similar bandshifts from UU to NU or from
UN to NN, as depicted in Figure 3a and c or Figure 3b and d, respectively. The UU, UN,
NU, and NN configurations have indirect bandgaps of 0.51 eV, 0.85 eV, 0.63 eV, and 0.08 eV,
respectively. Although all of them exhibit type-II alignments, the CBM and VBM originate
from different ferroelectric layers of α-In2Se3 and α-Ga2Se3. Specifically, the heterojunction
bands come from the CBM of α-In2Se3 and the VBM of α-Ga2Se3 in UU and from the VBM
of α-In2Se3 and the CBM of α-Ga2Se3 in NN. As a result, the tunable type-II alignments can
not only drive the spontaneous separation of free electrons and holes but also determine the
charge transfer directions by reversing the 2D ferroelectric polarization field. It is noted that
the CBM of α-Ga2Se3 and VBM of α-In2Se3 in NN approach the Fermi level, resulting in
the largest bandshifts, as shown in Figure 3d. This highlights the significant role of polarity
manipulation in controlling the electronic energy bands of 2D ferroelectric heterojunctions.

Figure 3. Projected band structures and DOS of the α-In2Se3/α-Ga2Se3 heterojunctions in (a) UU,
(b) UN, (c) NU, and (d) NN. The blue and red marks represent the contributions of the α-In2Se3 and
α-Ga2Se3 layers on projected band structures and projected density of states, respectively. The Fermi
level is set as 0.

3.3. Electrostatic Potential and Charge Transfer

The electrostatic potential and charge transfer distribution are intricately linked to
the ferroelectric polarization interactions at the 2D α-In2Se3/α-Ga2Se3 heterointerfaces,
which in turn significantly impact their electronic energy bands and electrical transport
behaviors. Figure 4 calculated the electrostatic potential distribution along the z-axis for
α-In2Se3, α-Ga2Se3, and α-In2Se3/α-Ga2Se3 ferroelectrics in four stacking configurations,
respectively. As an indicator of ferroelectric polarization strength, the electrostatic potential
differences (ΔΦ) are 1.32 eV and 1.11 eV for α-In2Se3 and α-Ga2Se3, as shown in Figure 4a
and b, respectively. So, α-In2Se3 has a more robust ferroelectric polarization than α-Ga2Se3,
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in consistency with the different electronegativity between In and Ga. After contacting
each other, the α-In2Se3/α-Ga2Se3 heterostructures in Figure 4c–f obtain the electrostatic
potential differences of 2.07 eV (UU), 0.22 eV (UN), 0.24 eV (NU), and 1.69 eV (NN), respec-
tively. In the UU and UN configurations, the electrostatic potential of α-Ga2Se3 P↑ or P↓ is
higher than α-In2Se3, indicating that the polarization-induced electric field is directed from
α-In2Se3 to α-Ga2Se3, as shown in Figure 4c,d. As shown in Figure 4e,f, when switching the
ferroelectric polarization state of the α-In2Se3 layer from P↑ to P↓ in the NU and NN con-
figurations, the electrostatic potential of α-Ga2Se3 P↑ or P↓ becomes lower than α-In2Se3,
thereby reversing the direction of the polarization-induced electric field. When α-In2Se3

and α-Ga2Se3 are polarized in the same directions, the electrostatic potential differences of
the UU and NN configurations are higher than that of each single material but are lower
than the sum of both. In contrast, when polarized in opposite directions, the electrostatic
potential differences of the UN and NU configurations are greatly reduced. In addition, the
UN and NU ferroelectric heterointerfaces display markedly weaker polarization-induced
fields compared to their UU and NN counterparts. It demonstrates that there exists a
certain charge transfer, which partially offsets the electrostatic potential difference. Under
the manipulation of ferroelectric polarization, the net charge transfer is also substantial to
the electrostatic potential difference at ferroelectric heterointerfaces, thereby mitigating the
total ferroelectric polarization strength. Therefore, it is noted that the opposite UN and NU
polarization configurations may manifest strikingly distinct characteristics in ferroelectric
interlayer interactions, charge accumulation or separation, and carrier transport behaviors
compared to the identical UU and NN configurations. Based on Figure 5a,d, it can be ob-
served that the accumulation and dissipation of charges at the interface are approximately
equal for both UU and NN configurations. This suggests that the redistribution of charges
primarily occurs at the interface.

The phenomenon of spontaneous polarization arises in both α-In2Se3 and α-Ga2Se3 as
a direct consequence of central symmetry breaking. It is attributed to the spatial displace-
ment of positive and negative charges, leading to a non-uniform charge distribution within
these materials. Upon the formation of a heterojunction, the charge redistribution occurs
across the entire α-In2Se3/α-Ga2Se3 ferroelectric heterointerfaces, leading to the formation
of an interfacial dipole moment. The presence of the interfacial dipole moment induces a
built-in polarization field at the 2D ferroelectric interface, which in turn affects the energy
band alignments and the motion behaviors of electrons and holes. Specifically, to ana-
lyze the interfacial charge transfer after α-In2Se3 and α-Ga2Se3 contact together, Figure 5
presents the charge density differences (Δρ(z)) of 2D α-In2Se3/α-Ga2Se3 heterostructures
in different stacking configurations. It is defined as

Δρ(z) =
∫

ρhetero(x, y, z)dxdy −
∫

ρIn2Se3(x, y, z)dxdy −
∫

ρGa2Se3(x, y, z)dxdy,

where ρhetero(x, y, z), ρIn2Se3(x, y, z), and ρGa2Se3(x, y, z) are the charge densities of
α-In2Se3/α-Ga2Se3 heterostructures, α-In2Se3, and α-Ga2Se3 at the (x, y, z) position, re-
spectively. The blue and red colors represent the charge accumulation and depletion,
respectively. The ferroelectric polarization is directed from the negatively charged cen-
ter to the positively charged center. In the UU configuration of Figure 5a, the negative
polarization surface of α-In2Se3 is in contact with the positive polarization surface of
α-Ga2Se3 at its 2D ferroelectric interface. And, the interfacial dipole interaction prompts
the electrons and holes to separate apart from each other and accumulate at both ends of
the UU heterojunction. It facilitates the rapid separation of photogenerated electron–hole
pairs, causing the electrons in the α-Ga2Se3 layer to be repelled to the bottom surface and
accumulate there. At the same time, the positive charge center of the α-Ga2Se3 layer is
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adjacent to the α-In2Se3 layer, causing the electrons of the α-In2Se3 layer to be attracted
and accumulate near the interface. In contrast, due to the positive polarization surface
of α-In2Se3 being adjacent to the negative polarization surface of α-Ga2Se3, the internal
built-in polarization field drives the electrons and holes in the opposite direction, as shown
in the NN configuration of Figure 5d, which are finally accumulated on the top and bottom
surfaces of α-In2Se3 and α-Ga2Se3, respectively. On the other hand, both the UN and NU
configurations demonstrate quite weak built-in polarization fields at 2D α-In2Se3/α-Ga2Se3

heterointerfaces. As depicted in Figure 5b, there exist the negatively polarized charges of
both α-In2Se3 (P↑) and α-Ga2Se3 (P↓) at the interface of the UN configuration, which results
in a hole potential well to capture the massive holes and accumulate there. According to
Figure 4d, the electrostatic potential barrier also causes the electrons to be repelled from
the interface of the UN configuration. Conversely, the interface of the NU configuration ex-
hibits the positively polarized charges of both α-In2Se3 (P↓) and α-Ga2Se3 (P↑). As shown
in Figure 5c, it is capable of capturing and accumulating a substantial amount of electrons
at the interface. There presents an electron potential well as observed in Figure 4e. As a
result, the switchable accumulation of electrons and holes has been successfully achieved at
2D α-In2Se3/α-Ga2Se3 heterointerfaces by manipulating nonvolatile ferroelectricity. This
method provides valuable insights into the conversion of channel conductivity types from
electrons to holes for 2D FeFETs.

As is well known, FeFETs offer low power consumption during writing/reading
operations with high rapidity and high scalability that is compatible with CMOS technol-
ogy. Note that the ferroelectric polarization has been experimentally demonstrated to be
reversible by an electric field [18,19]. By utilizing the reversible out-of-plane ferroelectric po-
larization, 2D α-In2Se3/α-Ga2Se3 FeFETs have been proposed in Figure 6. By leveraging the
charge transfer properties of the NU and UN configurations, a ferroelectric reconfigurable
FeFET device model has been developed, where the top gate and bottom gates are used to
independently control the polarization states of α-In2Se3 and α-Ga2Se3, and the source and
drain terminals are positioned on both sides of the α-In2Se3/α-Ga2Se3 heterointerfaces.
When the polarization electric field is applied, the polarization state of the ferroelectric layer
exhibits ferroelectric hysteresis, which remains unchanged even after removing the electric
field. For the NU configuration in Figure 6a, the channel carriers are electrons, indicating
an n-channel FeFET. At Vgs = 0, the FeFET is conductive due to the presence of electrons
in the channel. When increasing the negative bias voltage Vgs < 0, the n-channel starts
to narrow, and ultimately enters the cut-off state once approaching the threshold voltage.
Conversely, by reversing both the top and down gates, the ferroelectric polarization of 2D
α-In2Se3/α-Ga2Se3 FeFETs is changed to the UN configuration. As shown in Figure 6b,
the p-channel FeFET is in a conductive state due to the presence of holes in the channel
at Vgs = 0. When further increasing the positive bias voltage Vgs > 0, the p-channel
starts to narrow, gradually approaches the threshold voltage, and eventually enters the
cut-off state. By switching the polarization states from NU to UN, it is worth mentioning
that the FeFET channel current flows in opposite directions. As a result, the nonvolatile
nature of ferroelectric polarization enables a stable transition between the n-channel and
p-channel of 2D α-In2Se3/α-Ga2Se3 FeFETs, which helps to achieve fully complementary
logic components. The ferroelectric modulation strategy provides significant guidance
and opportunities for advanced data storage and processing technologies in nonvolatile
electronic logic and memory applications.
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Figure 4. Planar average electrostatic potentials of (a) α-In2Se3, (b) α-Ga2Se3, (c) NN, (d) UN, (e) NU,
and (f) NN configurations heterostructures along the z-direction, respectively. In (c–f), the blue and
red parts of the electrostatic potential curves correspond to α-In2Se3 and α-Ga2Se3, respectively. The
arrows indicate the directions of the polarization-induced electric fields. The vacuum levels and
Fermi levels are marked with blue, red, and gray dashed lines, respectively.

55



Nanomaterials 2025, 15, 163

Figure 5. Plane-averaged charge density differences of the α-In2Se3/α-Ga2Se3 heterostructures in
(a) UU, (b) UN, (c) NU, and (d) NN configurations along the z-direction, respectively. The red dashed
lines represent the α-In2Se3/α-Ga2Se3 interface boundaries.

Figure 6. (a) The n-channel and (b) p-channel FeFET devices based on NU and UN configurations,
respectively. The red arrow represents that the FeFET channel current flows in opposite directions.
The “P” represents the ferroelectric polarization directions controlled by the top and bottom gates.
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3.4. Strain Modulation on α-In2Se3/α-Ga2Se3 Polar Heterostructures

Owing to the exceptional mechanical flexibility and intrinsic piezoelectric charac-
teristics of 2D ferroelectrics, strain engineering has emerged as a crucial technique for
modulating their electronic band structures. In this study, we explored the modulation
of the electronic characteristics of α-In2Se3/α-Ga2Se3 polar heterostructures by applying
in-plane biaxial strains. Figure 7 shows the projected energy bands of α-In2Se3/α-Ga2Se3

polar heterostructures in UU, UN, NU, and NN configurations from −10% (compressive)
to +10% (tensile), respectively. Because of belonging to the same III–VI family, it is noted
that α-In2Se3 and α-Ga2Se3 have similar trends of electronic band structures on in-plane
biaxial strains. As tensile strains increase, the CBMs of α-In2Se3 and α-Ga2Se3 decrease
obviously while their VBMs gradually increase. It leads to decreasing bandgaps of both
α-In2Se3 and α-Ga2Se3. In addition, the valence bands distinctly shift upward at the K
point when applying tensile strains, leading to the VBM transition from the Γ point to the K
point. On the other side, the bandgaps of α-In2Se3 and α-Ga2Se3 become narrower under
high compressive strains. The substantial structural transformation results in changing the
atomic interactions and making a distinct shift in charge distribution and band structures.

Figure 7. Projected band structures of (a) UU, (b) UN, (c) NU, and (d) NN heterostructures under
biaxial strains of −10%, −6%, 0%, 6%, and 10%, in which the blue and red colors indicate the
contributions of α-In2Se3 and α-Ga2Se3, respectively.

Furthermore, the band alignments of α-In2Se3/α-Ga2Se3 polar heterostructures are
highly sensitive to the ferroelectric polarization configurations. When changing the
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configurations from UU to UN, NU, and NN in Figure 7, the electronic energy bands
of α-Ga2Se3 and α-In2Se3 shift downward and upward significantly in opposite trends,
respectively. As the compressive or tensile strain increases in Figure 8a,d, the CBM of
α-In2Se3 becomes lower than the VBM of α-Ga2Se3 in the UU configuration, whereas the
CBM of α-Ga2Se3 becomes lower than the VBM of α-In2Se3 in the NN configuration. As
shown in Figure 8a,d, both the UU and NN configurations experience a band alignment
transition spanning from type III to type II and back to type III. Conversely, in UN and NU
configurations, the CBM and VBM of α-In2Se3 are positioned intermediately between those
of α-Ga2Se3 under compressive strain, and the CBM and VBM of α-Ga2Se3 are situated
between those of α-In2Se3 under tensile strain. Figure 8b,c demonstrate that both the
UN and NU configurations undergo a band alignment transition covering type I→II→I.
Consequently, strain can profoundly influence the shape of electronic band structures, mod-
ulate the bandgap values and their direct or indirect types, and tune the band alignment
relationships in the α-In2Se3/α-Ga2Se3 ferroelectric heterostructures. The controllable
transformation of energy bands facilitates the charge separation, transfer, recombination,
and redistribution processes in the α-In2Se3/α-Ga2Se3 ferroelectric heterostructures. As a
result, 2D III–VI ferroelectric junctions integrate electronic, optical, and memory capabilities
for nonvolatile multifunctional applications.

Figure 8. CBM and VBM values of α-In2Se3/α-Ga2Se3 heterostructures in (a) UU, (b) UN, (c) NU,
and (d) NN configurations as a function of the in-plane biaxial strain, respectively. The red (blue)
solid lines and dashed lines represent the CBMs and VBMs of α-Ga2Se3 (α-In2Se3), respectively. The
orange, gray, and light green regions denote type-I, type-II, and type-III band structures, respectively.

4. Conclusions

In summary, the structural stability, electrostatic potential, interfacial charge transfer,
and electronic band structures of 2D α-In2Se3/α-Ga2Se3 ferroelectric heterostructures have
been thoroughly investigated by using first-principles calculations. The results indicate
that α-In2Se3 has a stronger ferroelectric polarization compared to α-Ga2Se3. The polar-
ization reversal of α-In2Se3 facilitates the nonvolatile manipulation of the built-in electric
field within α-In2Se3/α-Ga2Se3 ferroelectric heterointerfaces, allowing for the reversible
field directions. The pronounced built-in electric field in the UU and NN prompts the
electrons and holes to separate apart from each other, leading to free carrier depletion. Con-
versely, the switchable accumulation of electrons and holes has been successfully achieved
at the 2D ferroelectric interfaces of NU and UN. The nonvolatile nature of ferroelectric
polarization enables a novel approach for modulating the electrical conductivity transi-
tion between the n-channel and p-channel in 2D α-In2Se3/α-Ga2Se3 FeFETs. Moreover,
the band alignments of the α-In2Se3/α-Ga2Se3 ferroelectric heterostructures have been
modulated by in-plane biaxial strains, achieving a type III–II–III transition in UU and NN,
and a type I–II–I transition in UN and NU, respectively. Our findings demonstrate that 2D
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ferroelectric vdW heterostructures open promising avenues to utilize nonvolatile sponta-
neous polarization for the development of advanced data logic, optoelectronic memory,
and computing techniques.
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Abstract: Two-dimensional (2D) materials own unique band structures and excellent optoelectronic
properties and have attracted wide attention in photonics. Tin disulfide (SnS2), a member of group IV-
VI transition metal dichalcogenides (TMDs), possesses good environmental optimization, oxidation
resistance, and thermal stability, making it more competitive in application. By using the intensity-
dependent transmission experiment, the saturable absorption properties of the SnS2 nanosheet nearly
at 3 μm waveband were characterized by a high modulation depth of 32.26%. Therefore, a few-layer
SnS2 was used as a saturable absorber (SA) for a bulk Er:SrF2 laser to research its optical properties.
When the average output power was 140 mW, the passively Q-switched laser achieved the shortest
pulse width at 480 ns, the optimal single pulse energy at 3.78 μJ, and the highest peak power at
7.88 W. The results of the passively Q-switched laser revealed that few-layer SnS2 had an admirable
non-linear optical response at near 3 μm mid-infrared solid-state laser.

Keywords: 2D SnS2; TMDs; non-linear optical materials; mid-infrared laser

1. Introduction

Mid-infrared lasers have numerous practical applications due to their ability to
cover multiple atmospheric windows, their capacity for strong absorption of a variety
of molecules, and their ability to effectively concentrate thermal radiation energy [1,2].
Particularly, lasers with 3 μm wavelengths possess a superior capability when it comes
to water absorption compared to other mid-infrared lasers [3]. K. S. Bagdasarov et al.
produced the first 2.94 μm laser output at room temperature using an Er:YAG crystal in
1983, which paved the way for the study of the 3 μm laser [4]. According to research, highly
doped Er ions are necessary to generate an efficient laser output when YAG-like oxides are
used as the laser hosts [5,6]. However, it is challenging to generate crystals with high dop-
ing concentrations due to the limitations of the growing techniques. Fortunately, Er:SrF2
crystals, with low doping concentrations, have a high specific capacity to generate a 3 μm
laser, which could avoid the difficulty of highly doping Er:YAG materials. In this study,
bulk Er:SrF2 crystals were adopted as the gain material which was grown by the simple
and cost-effective temperature gradient technique (TGT). And the doping concentration
of Er ions was only 3%. Meanwhile, Er:SrF2 crystals, as the gain material, have excellent
optical, mechanical, and thermal properties [6,7].

Passively Q-switched lasers could generate high-energy pulses up to several milli-
joules with a simple laser structure. They gained significant applications in scientific
research and medical treatment. Recently, researchers have shown that two-dimensional
(2D) materials have the capacity to act as excellent saturable absorber (SA) materials,
which further enhances the potential development and application prospects of pulse
lasers [8–12]. Owing to their strong interaction with light, relatively high-charge carrier
mobilities, exotic electronic properties, and excellent mechanical characteristics, transition
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metal dichalcogenides (TMDs) have attracted in-depth investigation and developed ex-
traordinary applications [13–15]. Especially in the laser field, TMDs commonly possess a
large modulation depth which is advantageous for great Q-switched pulse lasers [16,17].
Until now, many kinds of 2D TMDs, such as MoS2, SnS2, SnSe2, ReS2, and MoTe2, have
been developed to apply in pulse lasers as SA materials [17–22]. Among them, Tin disulfide
(SnS2) belongs to the IV-VI group TMDs with the CdI2 crystal structure [21]. Two layers
are combined through van der Waals forces, which makes it easy to prepare 2D structures.
Furthermore, 2D SnS2 owns excellent optical and electrical properties, making it widely
used in the fields of ultrafast photonics and lasers [22–24]. Moreover, SnS2 consists of Sn
and S elements which are abundantly stored elements in nature, and they own excellent
properties of environmental optimization, low-cost, and nontoxicity [25]. Furthermore,
SnS2 has oxidation resistance and thermal stability, which is beneficial to improve the
application stability of devices made of SnS2 materials [26].

Research has shown that SnS2 was a direct bandgap semiconductor having a value of
2.24 eV [27]. Based on the Planck formula, the bandgap determines the absorbed photons
by SnS2 in the visible optical energy region [27]. However, SnS2 SA has been achieved in
near-infrared lasers, which mainly focus on the Yb-doped and Er-doped fiber laser in the
wavelength range of 1–2 μm [25–28]. Compared with fiber lasers, solid-state lasers have
the advantages of high power, simple structure, and excellent efficiency. So far, whether 2D
SnS2 could be used as a SA in 3 μm solid-state lasers has not been verified yet.

In this study, the passively Q-switched Er:SrF2 lasers have been investigated with the
few-layer SnS2 nanosheets employed as SA, which possess near 3 μm saturable absorption
characteristics. Based on few-layer SnS2 nanosheets, the Er:SrF2 pulse laser was investigated
using three kinds of resonators. When the output mirror had a radius of 100 mm and
transmission of 1%, the shortest pulse width was 480 ns with a repetition rate of 37 kHz.
Under the maximum absorbed power of 2.87 W, the laser acquired a single pulse energy
of 3.78 μJ and a peak power of 7.88 W. At the output mirror of a radius of 100 mm and
transmission of 4%, the Q-switched laser obtained the shortest pulse width of 820 ns, the
maximum average output power of 87 mW, the single pulse energy of 2.18 μJ, and the peak
power of 2.65 W. While the output mirror had a radius of 200 mm and transmission of 1%,
the maximum average output power, repetition rate, pulse width, single pulse energy, and
peak power were 149 mW, 40 kHz, 760 ns, 3.73 μJ, and 4.90 W, respectively.

2. Characterization of SnS2 SA

The morphologies were observed with scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), shown in Figure 1. Figure 1a depicts the SEM
image assembled by a large number of thick nanosheets. Therefore, SnS2 needs to be
prepared into a thin layer structure. A total of 50 mg of SnS2 powder was added to a
10 mL centrifuge tube filled with alcohol. Through 24 h ultrasonic and 15 min centrifugal
treatment, the resulting supernatant was dropped onto a YAG-substrate with a diameter of
12.7 mm and left to air dry for 12 h. After the ultrasonic exfoliation method, the few-layer
nanosheet structures were confirmed, as shown in Figure 1b.

The Raman spectrum was characterized for the SnS2 sample in Figure 2a. The peaks
that are highlighted at 316.65 cm−1 and 206.04 cm−1 are attributed to the A1g and Eg
intralayer modes [28]. The absorption spectrum is measured when the wavelength is
changed from 1.8 μm to 3 μm. As seen in Figure 2b, the SnS2 nanosheets show a relatively
low, flat, and broad absorption, which indicates that SnS2 nanosheets are a promising
broadband optical SA. The high transmission, in the mid-infrared band, is approximately
80–85%.

The non-linear saturable absorption was characterized in an intensity-dependent
transmission experiment using a homemade laser with a repetition rate of 1 kHz and a
pulse width of 1 μs at the wavelength of about 2.7 μm. Based on the Formula (1),

T(I) = 1 − Tns − ΔT ∗ exp(−I/Isat) (1)
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where T(I): transmission; I: input intensity of the 2.7 μm laser; Tns: non-saturable ab-
sorbance; ΔT: modulation depth; Isat: saturation intensity. The experimental data and the
fitted function are shown in Figure 3. The non-saturable absorbance was 23.07%, and the
saturation intensity was 0.56 mJ/mm2. Moreover, the modulation depth was high, up to
32.26%, which indicates that the SnS2 materials have the capability as SA for the 2.7 μm
passively Q-switched laser.

 

Figure 1. (a) SEM and (b) TEM images of the SnS2 sample.

Figure 2. (a) The Raman spectrum and (b) absorption rate for the SnS2 sample.

Figure 3. The function between transmission and energy intensity of SnS2 SA.
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3. Pulse Laser Experiments

The Er:SrF2 passively Q-switched laser experiments were pumped by a laser diode
(LD), emitting a continuous wave (CW) at a central wavelength of 976 nm. The pump laser
was coupled by a fiber with a 105 μm radius. Using an optics system of 1:1, the laser was
converged to the Er:SrF2 crystal with dimensions 3 mm × 3 mm × 10 mm. The Er:SrF2
crystal was mounted on a Cu holder. And the Cu holder was cooled with water to remove
the excess heat and thus reduce the thermal effect. Mirrors M1 and M2 formed the resonator
of the laser (shown in Figure 4). M1, working as an input mirror, was a plane mirror. M2 was
the output mirror with a different radius and transmission. Three pulse laser experiments
were investigated, when M2 had a radius of 100 mm with a transmission of 1% (T = 1%,
R = 100 mm), a radius of 100 mm with a transmission of 4% (T = 4%, R = 100 mm), and a
radius of 200 mm with a transmission 1% (T = 1%, R = 200 mm), respectively. When M2
had a radius of 100 mm, the length between M1 and M2 was the same as 80 mm. The
Er:SrF2 laser was first operated as a CW laser; then, the SnS2 sample was placed into the
resonant cavity. After carefully adjusting M1, M2, and the SnS2 sample, the passively
Q-switched lasers were constructed. At this time, the SnS2 SA was 32 mm away from M1,
and the spot size on the SA was calculated to be about 145 μm. While the radius of M2
was 200 mm, the cavity length was changed to 180 mm. When SnS2 SA was located 40
mm away from M1 with a spot size of approximately 170 μm, the stable Q-switched laser
was obtained.

Figure 4. Experimental design of Er:SrF2 passively Q-switched laser.

After the SnS2 SA was employed in the laser cavity, the Er:SrF2 passively Q-switched
laser was successfully set up. For three laser cavities (T = 1%, R = 100 mm; T = 4%,
R = 100 mm; T = 1%, R = 200 mm), the average output power and the absorbed pump
power, shown in Figure 5a, all had a linear relationship. And the slope efficiencies were
5.22%, 4.28%, and 5.22%, respectively. When the absorbed pump power was increased to
2.87 W, the maximum average output power was 140 mW, 87 mW, and 149 mW, respec-
tively. Comparing different transmittances, the average output power and slope efficiency
acquired at a transmittance of 1% were higher than those of 4%, and the threshold absorbed
pump power was lower because higher transmittance caused more loss. And, as shown
in Figure 5b, when the transmittance was 1%, the passively Q-switched lasers were both
dual-wavelength, located at 2729 nm and 2747 nm. At a transmittance of 4%, the central
wavelength was 2728 nm.

As the absorbed pump power was increased from 0.53 W to 2.87 W, the pulse repetition
rate gradually increased. To the three Q-switched lasers ((T = 1%, R = 100 mm), (T = 4%,
R = 100 mm), and (T = 1%, R = 200 mm)), the highest pulse repetition rates were 37 kHz,
40 kHz, and 40 kHz, respectively. The detailed change rule is shown in Figure 6a. As
shown in Figure 6b, the pulse widths were reduced with the increase of absorbed pump
power. Three Q-switched lasers obtained the minimum pulse widths of 480 ns, 820 ns, and
760 ns. Comparing the results, the difference in repetition rate was small. Under the same
transmission of 1%, the compact cavity design contributed to the compression pulse width.
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Figure 5. (a) Average output power versus absorbed pump power and (b) the Q-switched spectra.

Figure 6. Repetition rate (a) and pulse width (b) as a function of absorbed pump power.

Under the absorbed pump power of 2.87 W, the pulse shape, using three laser cavities,
is shown in Figure 7. As can be seen, the pulse train exhibits fine repeatability. The
single pulse has a good Q-switched waveform at 480 ns, 820 ns, and 760 ns, respectively.
Comparing the results of pulse width, the short cavity length and low transmittance result
in higher intracavity power density, effectively compressing laser pulse width. When
Er:SrF2 laser absorbed the pump power of 2.87 W, the experiment acquired the single pulse
energy of 3.78 μJ, 2.18 μJ, and 3.73 μJ. And the peak power was 7.88 W, 2.65 W, and 4.90 W,
respectively. To sum up, when the radius of M2 was 100 mm with a transmission of 1%, the
Er:SrF2 passively Q-switched laser obtained superb results.

 

Figure 7. Pulse train and a single pulse of Er:SrF2 pulse laser at an absorbed pump power of 2.87 W.
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Table 1 lists the data of some experiments using 2D SA materials for 2.7–3 μm pulse
lasers in recent years. Owing to the exotic photoelectric properties, many 2D materials,
working as SAs, have been researched for mid-infrared lasers, such as graphene, Bi2Se3,
MoS2, BP, and so on. Due to its wide variety, 2D TMDs materials have received widespread
attention, like TiSe2, WSe2, and ReS2. In this paper, the SnS2, belonging to TMDs, has
proved a suitable SA for all-solid-state 2.7 μm lasers, having promoted the development of
mid-infrared lasers. Moreover, compared with the other 2D SAs, SnS2 owns a modulation
depth of up to 32.26%, making it an excellent SA material for Q-switched lasers.

Table 1. Experimental results of bulk Q-switched lasers at near 3 μm by different 2D SAs.

SA Gain
Modulation

Depth
/%

Output
Power
/mW

Pulse
Width

/ns

Repetition
Rate
/kHz

Pulse
Energy

/μJ
Wavelength/μm Ref.

TiSe2 Ho,Pr:LLF 9.2 130 160.5 98.8 1.32 2.95 [29]
BP Er:Lu2O3 8 755 359 107 7.1 2.84 [30]
TiC Er:Lu2O3 5.5 896 266.8 136.9 6.5 2.85 [31]

WSe2 Er:Lu2O3 5.3 776 280 121 6.6 2.85 [32]
Nb2CTx Er:Lu2O3 7.1 542 223.7 142.9 3.79 2.85 [33]
Ti4N3Tx Er:Lu2O3 8.6 778 278.4 113.7 6.84 2.85 [34]

MoS2 Er:Lu2O3 20.7 1030 335 121 8.5 2.84 [35]
ReSe2 Er:YAP 7.5 526 202.8 244.6 2.2 2.73 + 2.80 [36]
ReS2 Er:SrF2 3.8 580 508 49 12.1 2.79 [37]

Bi Er:SrF2 1.82 226 980 56.2 4.02 2.73 + 2.75 [38]
SnS2 Er:SrF2 32.26 140 480 37 3.78 2.73 + 2.75

This workSnS2 Er:SrF2 32.26 87 820 40 2.18 2.73
SnS2 Er:SrF2 32.26 149 760 40 3.73 2.73 + 2.75

4. Conclusions

Through experimental research, 2D SnS2 has been proven to have exceptional saturable
absorption characteristics in near 3 μm mid-infrared laser. According to the intensity-
dependent non-linear optical absorption theory, non-saturable absorbance, modulation
depth, and saturation intensity were 23.07%, 32.26%, and 0.56 mJ/mm2, respectively. The
diode-pumped Er:SrF2 laser adopted a compact plane-concave cavity. The laser operation
realized the highest pulse energy of 3.78 μJ and a pulse peak power of 7.88 W, when the
maximum average output power was 140 mW, and the shortest pulse duration was 480
ns at a repetition rate of 37 kHz, under M2 with a radius of 100 mm and transmission of
1%. Employing M2 with a radius of 100 mm and transmission of 4%, the Q-switched laser
obtained the shortest pulse width of 820 ns, single pulse energy of 2.18 μJ, and peak power
of 2.65 W. Using an M2 with a radius of 200 mm and transmission of 1%, the maximum
average output power, the single pulse energy, and the peak power of the Er:SrF2 pulse
laser were 149 mW, 3.73 μJ, and 4.90 W. The experiment results demonstrated that SnS2,
having a high modulation depth, could act as a SA of solid-state laser with nearly 3 μm,
which improves the selectivity of mid-infrared SA.
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Abstract: To counter the rising threat of bacterial infections in the post-antibiotic age, intensive efforts
are invested in engineering new materials with antibacterial properties. The key bottleneck in this
initiative is the speed of evaluation of the antibacterial potential of new materials. To overcome this,
we developed an automated pipeline for the prediction of antibacterial potential based on scanning
electron microscopy images of engineered surfaces. We developed polymer composites containing
graphite-oriented nanoplatelets (GNPs). The key property that the algorithm needs to consider is
the density of sharp exposed edges of GNPs that kill bacteria on contact. The surface area of these
sharp exposed edges of GNPs, accessible to bacteria, needs to be inferior to the diameter of a typical
bacterial cell. To test this assumption, we prepared several composites with variable distribution of
exposed edges of GNP. For each of them, the percentage of bacterial exclusion area was predicted by
our algorithm and validated experimentally by measuring the loss of viability of the opportunistic
pathogen Staphylococcus epidermidis. We observed a remarkable linear correlation between predicted
bacterial exclusion area and measured loss of viability (R2 = 0.95). The algorithm parameters we
used are not generally applicable to any antibacterial surface. For each surface, key mechanistic
parameters must be defined for successful prediction.

Keywords: antibacterial; bacterial exclusion area; graphene flakes; algorithm; vertical

1. Introduction

Misuse of antibiotics and the global rise of antibiotic resistance is heralding a post-
antibiotic era in which humanity will need to find alternatives to classical antibiotics. One
venue that is being extensively explored is the discovery of new materials resulting in
surface structures with antibacterial properties. These comprise natural and artificial fab-
ricated surfaces. Natural biocidal surfaces include insect wings with nanopillars (cicada
wing [1–3]) and animal skins with nanostructures (shark and gecko skins [4,5]). In addition
to these, a variety of chemical and mechanical methods were used to replicate these natu-
rally occurring surfaces [6–9]. Nanostructures on metals such as Cu, Al, Ti, and Au [10–15],
TiO2 [16], silica and Al2O3 [17], black silicon [18], polymers [19], and nanocomposites such
as Ti/Au [20] and Ag/polylactide [21] are examples of these fabricated surfaces. All these
nanostructures have various mechanisms of antibacterial action but summarily result in
reduced attachment of bacterial biofilms. The key limitation in this process is our ability
to measure the antibacterial efficiency of newly developed surfaces rapidly and reliably.
Proper microbiology assays which involve assessment of cell viability are needed for this,
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and these typically require days to weeks. SEM imaging is a valuable tool to assess sur-
faces modified by nanostructures. However, the information that we can provide by SEM
observation is only qualitative information on the density and positioning of the flakes.

To address this bottleneck, we attempted to develop an automated pipeline for the
prediction of antibacterial potential of a surface based on scanning electron microscopy
(SEM) images. We propose that in order to be efficient, such algorithms cannot be overly
generic and must take into account a certain level of mechanistic understanding of the
antibacterial properties of the specific surface. To test this assumption, we developed an
example involving a polymer composite containing oriented exfoliated graphite nanoflakes,
recently reported by our group [7]. The orientation and density of distribution of exfoliated
graphite nanoplatelets within our polymer nanocomposite can be controlled in such a way
as to reduce bacterial viability by a factor of 99.9999%, which is currently the benchmark in
the field [7]. The key antibacterial property of this material is the density of sharp exposed
edges of exfoliated graphite flakes that are accessible on the surface and kill bacteria on
contact. The mechanism of interaction of graphene-based materials, including exfoliated
graphene, with bacterial cells includes mechanical damage, electron transfer, insertion,
lipid extraction, pore formation, and wrapping of cells [22]. Graphene material insertion,
lipid extraction, and pore formation are classified as mechanical damage to the cell. Lipid
peroxidation and electron transfer cause oxidative stress. Masking mode could also be the
underlying basis of the wrapping mechanism.

In general, larger size, sharper edge, and aggregation are advantageous to insert-
ing/cutting, lipid extraction, and pore formation modes, resulting in stronger destabiliza-
tion of membrane [23]. The size of graphene nanosheets positively correlated with the
extent of lipid extraction. Larger graphene flakes had more phospholipid extraction power,
thereby demonstrating stronger antibacterial activity compared to smaller flakes [24]. Small-
sized graphene materials induce oxidative stress because the density of defects increases
with reduction of the size of the materials [23]. The wrapping or masking mechanism
also requires large lateral size, specifically, of micrometer-sized graphene materials [25],
as smaller graphene could easily pierce the phospholipid membrane [26]. Wrapping can
basically be ruled out with nanoflakes embedded in a polymer matrix. The orientation of
graphene materials could also be engineered to confer superior antibacterial property [27].
Magnetic field and chemical vapor deposition methods are used to control the orientation of
graphene materials [28,29]. Our group demonstrated that vertically aligned graphene ma-
terials are more lethal for bacteria than randomly orientated ones [7]. This might be due to
the synergistic effect of physical puncturing of cell membrane and effective electron transfer,
as vertical graphene and cell membrane are in contact with each other efficiently [30].

In a nutshell, for a particular antibacterial surface to work, the surface area of sharp
exposed edges of exfoliated graphite flakes accessible to bacteria needs to be inferior to the
diameter of a typical bacterial cell (Figure 1).

To develop and test our predictor of the antimicrobial effectiveness of these poly-
mer nanocomposites, we devised an algorithm that analyzes SEM images of the surface,
identifies exposed (accessible) edges of exfoliated graphene, predicts bacterial exclusion
areas around the edges (based on bacterial diameter), and calculates the remaining area
available to bacterial cells (Figure 1). Next, we prepared six composite samples in which
the distribution and orientation of exfoliated graphite nanoflakes varied considerably, and
we measured the loss of bacterial viability on each surface. SEM images of those same
surfaces were randomly obtained and analyzed by our algorithm. The correlation between
predicted bacterial exclusion area and the measured loss of viability for each surface turned
out to be proportional, with an R2 coefficient of 0.95. An overview of the analysis presented
in this study is shown in Figure 1. We concluded that prediction of antibacterial potential
from SEM images is possible for this type of material. We argue that our approach is
generally applicable; however, for other types of surfaces, the approach will be valid only
if the antibacterial mechanism is understood well enough to include the key parameters in
the prediction.
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Figure 1. Overview of our comparison of prediction with experimental results. SEM image analysis
of the materials is the input. Antibacterial testing, based on counting of colony-forming units (CFUs),
can require days to weeks. Prediction based on SEM image analysis and assessment of bacterial
exclusion area is carried out in minutes. Predicted and measured antibacterial effect for each tested
surface is compared and correlated. Figure was created with BioRender.com.

2. Results and Discussion

2.1. Algorithm Predicts Bacterial Exclusion Areas from SEM Images of Composite Surface

We fabricated 6 polymer composite samples with varying density of graphene flakes
(5, 10, 15, 20%) sliced in a longitudinal (L) and/or transversal (T) direction (Table 1). For all
samples, SEM images were randomly obtained and submitted to computational analysis.
To assess the antibacterial property of the samples, software was developed to implement
an algorithm for predicting and quantifying the bacteria exclusion area, defined as a fixed
radius around each detected graphene edge (Figure 2). The algorithm identifies flake
edges (Figure 2a), identifies zones in which flake edges are vertically oriented and exposed
enough to have antibacterial effects (Figure 2b), defines the exclusion zone as a perimeter
around each edge that is not accessible to the bacteria (Figure 2c), and, finally, predicts
the bacterial exclusion area as a % of the surface not accessible to bacteria (Figure 2d).
It should be noted that the graphene-integrated area is not necessarily the same as the
bacterial exclusion area of the graphene-integrated polymer surface. In fact, the bacterial
exclusion area is the area where the attachment of bacteria is impossible due to the exposed
edges of exfoliated graphene, and not due simply to the presence of graphene within the
polymer. The boundary of bacterial exclusion area is determined based on geometrical
assumptions that the bacteria are not able to attach in the vicinity of these exposed sharp
graphene edges. Thus, the radius of the nonattachment area is determined based on the
average size of bacteria, which is 0.9 μm in the case of Staphylococcus epidermidis. The basic
concept behind the bacterial exclusion area in the algorithm is that the area with exposed
sharp graphene edges is a “killing zone” for bacteria since the graphene edges disrupt the
membrane of bacterial cells and thereby confer an antibacterial property to the material.
The concept might be generalized to other materials if they exhibit the same mechanism of
physical damage to bacterial cells as graphene.
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Table 1. Comparing loss of viability of S. epidermidis from entire surface with varying density of
graphene flakes (5, 10, 15, 20%) sliced in longitudinal (L) and/or transversal (T) direction. The average
of predicted bacterial exclusions was calculated from several images characterized by graphene flakes
randomly obtained at different magnifications. The generated outputs were measured using these
parameters: minimum_edge_area = 5 and exclusion_radius = 0.9. SEM images were obtained from
random positions on 8 different samples. The first four images from two samples have no proper
orientation. The loss of viability of S. epidermidis measured from whole surface of sample was
obtained from our previous study [7]. The data represent the mean ± SD of independent replicates
with repetitions.

Image
Contrast

Threshold for a
Valid Edge

Average of Predicted
Bacterial Exclusion
from Images from

Different Positions
in One Sample (%)

Magnification
Measured Loss
of Viability (%)

M25-6.tif 50
9.73 ± 1.45

1000×
−16 ± 42.4

M25-2.tif 50 1000×
23.tif 80

20.61 ± 5.62
1000×

13.518 ± 19.49
11.tif 90 1400×

5%-L2.tif 40

35.97 ± 3.7

1000×

28.18 ± 7.3

5%-L-3.tif 40 500×
5%-L-5.tif 40 650×
5%-L1.tif 40 1000×
5%-L4.tif 20 1000×
5%-T1.tif 25

30.58 ± 0.58

2500×
40.80 ± 10.485%-T2.tif 15 5000×

5%-T4.tif 20 5000×
10%-L1.tif 30

61.85 ± 4.46

800×

61.12 ± 4.9
10%-L2.tif 28 800×
10%-L3.tif 20 1500×
10%-L4.tif 20 1500×
15%-T1.tif 25

73.85 ± 6.84

1500×

78.54 ± 7.98

15%-T2.tif 10 5000×
15%-T3.tif 25 1000×
15%-T4.tif 7 5000×
15%-T6.tif 12 2500×
20%-T1.tif 15

84.23 ± 5.33

2500×

94.51 ± 0.66

20%-T2.tif 8 5000×
20%-T3.tif 23 1000×
20%-T4.tif 10 2500×
20%-T5.tif 8 5000×
15%-L1.tif 30

89.86 ± 2.91

1000×

99.99 ± 0

15%-L2.tif 30 1000×
15%-L3.tif 22 1200×
15%-L4.tif 20 1200×
15%-L5.tif 25 800×
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Figure 2. Automated prediction of bacterial exclusion areas. (a) Detection of graphene flake edges,
(b) definition of areas with correct graphene orientation (marked in blue), (c) the exclusion zone
around each edge (dotted line with exclusion radius = 0.9 μm) that is not accessible to the bacteria
(tan disc shows a schematic S. epidermidis cell with 1.5 μm diameter), and (d) predicted bacterial
exclusion areas (marked in white) on the analyzed surface.

The software is available from this link: https://github.com/SysBioChalmers/bacter
ial-exclusion-prediction (created on 21 February 2023). There are different versions of the
software for different operating systems, such as Linux, MacOS, or Windows, that can be
installed as explained in the installation section. The input for the algorithm is an image in
“tif” format. The software makes use of Tesseract, a robust text recognition algorithm [31],
and can automatically read the text showing the magnification written on SEM images.
Thus, the software can adapt the results to the scale and the estimated size, provided in
μm, of the flakes.
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Several parameters can be controlled in the “Bacteria exclusion” section of the web
interface. One can adjust the contrast threshold and the minimum area (pixel2) for identify-
ing an edge. The radius around the graphene edge (μm) to exclude bacteria can also be
adjusted to accommodate bacterial cells of different sizes or shapes [23]. We recommend
using images with magnification between 1000×–2500×. The algorithm can be run in batch
mode, allowing the user to specify a directory from which all existing images are analyzed
together, and the output is stored inside an automatically generated subdirectory, “output”,
so as not to clutter the working directory.

Flake sharpness, properly oriented flakes, and predicted areas contributing to bacterial
exclusion from the surface could be visualized in the algorithm output files, including
“edge_sharpness.png”, “graphene.png”, and “bacteria-exclusion.png” files, respectively
(Figure 2a, Figure 2b, and Figure 2d). The “edge_sharpness.png” is derived by calculating
the sum of the absolute contrast for each pixel in each of the four directions (as explained in
the section covering the bacterial exclusion area in Materials and Methods). This provides
an image of the sharpness at each pixel. The “graphene.png” image is derived from the
contrast by using a threshold and then identifying connected regions. These regions, or
flakes, are then filtered by minimum area to remove smaller noise. Finally, the “bacteria-
exclusion.png” image is created by calculating if the distance to the closest flake is below a
threshold or not. The algorithm also visualizes the percentage of excluded bacteria area
(the percentage of white pixels in Figure 2d) in relation to the terminal.

2.2. Predicted Bacterial Exclusion Areas Correlate Well with Experimental Measurements of
S. epidermidis Viability

The percentage of bacterial exclusion areas predicted by the algorithm was compared
to measured antibacterial effects for all tested surfaces [7]. While the CFU counting method
provides an aggregate measure for the entire tested surface (typically a sample area of
0.5 cm2), for practical reasons, the algorithm prediction was obtained from a sample of SEM
images that are representative, but do not cover the entire sample surface (5 SEM images
from random positions, covering a total area of 0.1–0.2 mm2). The average % of bacterial
exclusion from these SEM images was compared with the measured aggregate % of loss
of viability. As shown in Figures 3–5, to obtain the proper bacterial exclusion value, the
user is required to adjust the “contrast threshold for a valid edge” to cover all the flakes, as
indicated in Table 1. It is recommended to choose a lower contrast threshold, in the range
of 7–25, for images with higher magnification (2500×–5000×) (Table 1). However, a higher
contrast threshold, of 20–40, would be required for images obtained at lower magnification
(500×–1500×) (Table 1).

As we previously investigated [7], the ratio of graphite nanoplatelets to total surface
was significantly different among longitudinally (L) and transversally (T) sliced sam-
ples with ≥15% integrated graphite nanoplatelets. The ratio of graphite nanoplatelets to
total surface was significantly higher in longitudinally (L) sliced samples compared to
transversally (T) sliced samples with the same density of graphite nanoplatelets used for
fabrication. Subsequently, there was an clear difference in loss of Staphylococcus epidermidis
viability among these samples, as longitudinally (L) sliced polymers with ≥15% graphite
nanoplatelets showed higher loss of viability compared to the transversally (T) sliced sam-
ples. Thus, the increased ratio of graphite nanoplatelets to total surface in longitudinally (L)
sliced polymers could result in increased loss of viability. Interestingly, these results were
clearly reflected by our prediction and, as it was shown (Table 1), the average predicted
bacterial exclusion of 15%-L images was 89.86% ± 2.91%, which was significantly higher
than that of 15%-T images (73.85% ± 6.84%).

75



Nanomaterials 2023, 13, 1605

Figure 3. Prediction of areas contributing to bacterial exclusion from 2 different images at different
magnifications from 5%-L and 5%-T samples. Proper graphene-oriented areas on original image
(left) marked in cyan (middle) and predicted bacterial exclusion areas marked in white (right) on
the surface of samples. The original images were adapted with permission from Ref. [7]. 2023, Shadi
Rahimi.
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Figure 4. Prediction of areas contributing to bacterial exclusion from 2 different samples of 10%-L
and 15%-T. Two images at random locations and at different magnifications were obtained from each
sample. Original image is shown on left, proper graphene-oriented areas on the surface of samples
are marked in blue in middle image, and predicted bacterial exclusion areas are marked in white on
the right side. The original images were adapted with permission from Ref. [7]. 2023, Shadi Rahimi.
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Figure 5. Prediction of areas contributing to bacterial exclusion from 2 different samples of 20%-T
and 15%-L. Two images at random locations and at different magnifications were obtained from each
sample. Original image is shown on left, proper graphene-oriented areas on the surface of samples
are marked in blue in middle image, and predicted bacterial exclusion areas are marked in white on
the right side. The original images were adapted with permission from Ref. [7]. 2023, Shadi Rahimi.
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As indicated in Table 1, the average % of bacterial exclusion area predicted by the
algorithm matches the trend of the measured loss of viability of S. epidermidis cells in all
six samples. In addition to the six samples, we have included the first two samples in
Table 1. The surfaces of the latter have no proper orientation and show low loss of viability.
High heterogeneity on the surface of these samples results in high standard deviation in
measured loss of viability; thus, we excluded them from the correlation plot. Based on
the results from Table 1, a linear correlation plot was drawn for the predicted bacterial
exclusion versus measured loss of viability of S. epidermidis (Figure 6). The predicted
bacterial exclusion and the measured loss of viability of S. epidermidis correlate extremely
well, with an R-squared value (R2) of 0.95. Our conclusion was that the algorithm can be
used to provide reliable estimates of antibacterial protection offered by this specific type of
composite surface.

 
Figure 6. The linear correlation plot for the predicted bacterial exclusion versus measured loss of
viability of S. epidermidis.

3. Conclusions

In this study, we propose that the key parameter for the antibacterial activity of this
type of material is the density of distribution of sharp exposed edges of exfoliated graphite
flakes that are accessible on the surface and can kill bacteria on contact. Based on this
assumption and using SEM images of the surface, we designed an in silico predictor of
the antibacterial potential of various exfoliated graphite nanocomposites. The predictor
demonstrated a very strong correlation between the actual antibacterial potential of dif-
ferent surfaces (measured experimentally) and the density and orientation of exposed
nanoflakes. We propose that the presented approach has the potential to drastically speed
up the investigation of new materials with integrations with the potential to prevent bacte-
rial attachment. Thus, it is possible to devise an algorithm that can automatically detect key
surface properties from SEM images and, based on this, accurately predict the potential of
the surface to offer antibacterial protection. Such in silico predictions based on SEM images
can be used to screen a large number of materials before selecting the most promising ones
for antibacterial testing (which typically lasts from days to weeks). While we would like to
argue that this approach can be of general utility in the field of antibacterial surfaces, we
wish to stress that its proper use critically depends on two factors. Firstly, the antibacterial
mechanism of the given surface must be sufficiently understood to program the algorithm
to recognize the key surface properties. In the presented case, these key features were
the orientation and distribution of exposed graphene edges. Secondly, the uniformity of
the surface features across the entire sample may play a key role. For materials with less
uniform features, it would be advisable to cover larger areas with SEM analysis, which
may constitute a tradeoff regarding time (acquisition of SEM images) and computational
resources. Within these limits, we would argue that the presented approach has the poten-
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tial to speed up the investigation of new materials with integrations with the potential to
prevent bacterial attachment and curb bacterial infections [4].

4. Materials and Methods

4.1. Polymer Integration with Graphene Nanoplatelets and Scanning Electron Microscopy
(SEM) Imaging

The low-density polyethylene (LDPE) graphene nanoplatelet nanocomposites were
prepared as described previously [7]. LDPE was utilized as the composite matrix. M25
graphene nanoplatelets from 2D Fab (Sweden) with average particle diameter of 25 microns
and thickness of 6–8 nm were used as a filler. LDPE pellets were cryogenically ground into
powder form and mixed with well-dispersed and homogenized suspension of graphene
nanoplatelets with acetone. This process was followed by drying at 60 ◦C. Then, the extru-
sion process of nanocomposites was carried out using a circular die by Brabender 19/25 D
single-screw extruder (Duisburg, Germany) by means of a compression screw (diameter
D = 19 mm and screw length of 25 × 19, compression ratio 2:1). Samples for antibacterial
analysis and SEM imaging were collected. SEM imaging was performed randomly from
the entire surface using Supra 60 VP microscope (Carl Zeiss AG, Oberkochen, Germany).

4.2. Evaluation of Antibiofilm Potential

The antibacterial activity of graphene-integrated materials was tested against the
opportunistic bacterial pathogen S. epidermidis as a model for Gram-positive bacterium [7].
The overnight culture of S. epidermidis bacteria was diluted in fresh tryptic soy broth (TSB)
(Sigma Aldrich, Stockholm, Sweden) to obtain the final inoculum of 2–5 × 106 CFU/mL
and seeded in the pre-sterilized integrated and nonintegrated surfaces. Samples with
bacterial inoculum were incubated at 37 ◦C for 6 h without agitation for the formation of
biofilms. After 24 h of growth, samples were collected in 5 mL of 0.89% of sodium chloride
solution for viability test. The biofilms were detached from the surface and homogenized
by sonication probe at 10% for 30 s. The homogenized biofilm suspensions were serially
diluted into 0.89% of sodium chloride solution and plated onto the LB agar plates. Agar
plates were incubated at 37 ◦C for 24 h and the number of colonies was counted. The
number of colonies grown on integrated surfaces divided by the number of colonies grown
on control nonintegrated surfaces multiplied by 100 were expressed as the percentage of
viability; 100 minus the percentage of viability equals percentage of loss of viability.

4.3. Development of SEM Image Analysis Algorithm

A software implementing an algorithm for analyzing SEM images from surfaces with
graphene orientation was developed. The algorithm was written in the Rust programming
language (rust-lang.org) (accessed on 20 June 2022). The algorithm is packed with a
graphical user interface for simple parameter testing and a batch analysis feature for
efficient screening through a web interface which can be reached through http://127.
0.0.1:8080 once the algorithm is up and running. The software is available from this
link: https://github.com/SysBioChalmers/bacterial-exclusion-prediction (created on 21
February 2023).

4.4. Bacterial Exclusion Area Determination

The source pictures for the analysis were obtained by means of SEM at the fixed
settings. Due to different surface topology and conductivity (due to different conductive
filler dispersion), the pictures had different values of contrast and brightness. All source
pictures were provided in 8-bit pixel form (values ranging from 0 to 255).

The bacterial exclusion area is the area where the attachment of bacterial film is
impossible. It is determined, based on geometrical assumptions, that the bacteria will not
be able to attach in the vicinity of the sharp graphene edge. The radius of nonattachment is
determined by the average size of bacteria; for example, S. epidermidis size was determined
as 0.9 μm.
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The algorithm operates as following:
1. Graphene edge detection. This procedure searches for the “sharp” contrast area

in the image. Pixel intensities, I, of surrounding pixels were obtained and the absolute
intensity difference of pixels positioned opposite from each other with respect to the
analyzed pixel was averaged as shown in Figure 7. Value ranging from 0 to 255 was
obtained for each pixel, which represents the “absolute” gradient of the intensity of the
image and is denoted as C further on:

C =
1
4
(|IN − IS|+ |IW − IE|+ |INW − ISE|+ |INE − ISW |) (1)

Figure 7. Schematic representation of intensity calculation for edge detection.

2. Thresholding is carried out by filtering pixels with a preset value of intensity C0.
This value can be set by user. Binary image is the output of this operation.

3. Denoising is performed according to the following subroutine:

a. The binary image enables us to define groups of connected white pixels isolated from
other pixels by black pixels as individual groups. Each group represents a detected
graphene flake.

b. Calculation of the area of each group by counting the pixels in the group.
c. Remove group if the area is below a threshold set by the user.

4. Calculation of the Euclidean distance for every pixel of the image to the closest
white pixel. Next, the threshold determined by the size of the bacteria is applied to the
calculated value. This operation results in a binary image.
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Abstract: A reconfigurable passive device that can manipulate its resonant frequency by controlling
its quantum capacitance value without requiring complicated equipment has been experimentally
investigated by modifying the Fermi level of large-area graphene using an external electric field.
When the total capacitance change, caused by the gate bias in the passive graphene device, was
increased to 60% compared to the initial state, a 6% shift in the resonant frequency could be achieved.
While the signal characteristics of the graphene antenna are somewhat inferior compared to the
conventional metal antenna, simplifying the device structure allowed reconfigurable characteristics
to be implemented by using only the gate bias change.

Keywords: reconfigurable passive device; resonant frequency; graphene; capacitance change;
frequency shift

1. Introduction

Graphene is a monolayer material but acts as an interface for bonding with other
materials. Consequently, the primary area of study regarding the constant voltage condition
has been the analysis of the resistance change of a device due to the interface charging
phenomenon. For radio frequency (RF) applications, the inductance and capacitance of the
device greatly affect the operating characteristics. Moreover, unlike metal, most signals
applied from the outside would be transmitted, rather than absorbed or reflected, owing
to graphene’s thinness (theoretically ~0.3 nm) and possibly being due to the frequency
dependence of skin depth. This suggests that the material with a thickness in nm is more
reactive in the THz region [1–3].

Early studies regarding the RF characteristics of graphene devices primarily focused on
applied research, using a high cutoff frequency and the frequency-doubling effect in field-
effect transistor (FET)-type active devices [4–8]. Graphene FET (GFET)’s ground–signal–
ground (GSG) pad structure, used for rapid signal propagation and amplification, was used
for studying frequency ranges in the THz and optical domains. For these studies, exfoliated
graphene or small-patterned chemical vapor deposition (CVD) graphene was used [4,9].
Passive RF devices have been investigated using graphene [10–23]. Most of the reports
on passive devices using graphene, such as antennas and RF filters, analyzed them using
theoretical approaches [20,21] because the size of graphene required to fabricate the passive
devices was not available. For example, the size of an antenna resonating at 1 GHz requires
a ~30 cm wire. For practical applications, GHz signals can be transmitted and received using
shorter antennas by utilizing the multiple resonance phenomena and signal amplification
techniques [11]. The drawback of this approach is the higher energy consumption required
for signal processing. If a graphene antenna is too small compared to the wavelength,
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it cannot distinguish between ambient noise and signals. Thus, large-scale, high-quality
graphene with an area of only a few millimeters is necessary for RF applications.

In this work, two dipole antennas integrated on the same plane were fabricated using
a four-inch wafer-scale graphene sheet. When graphene was used as an antenna, a 2%
level of resonance-frequency modulation was observed, according to the 10% change in
capacitance. In addition, when the graphene was used as a ground plane, a 6% level of
resonance-frequency modulation was successfully achieved due to the 60% capacitance
change achieved via the quantum capacitance of the graphene sheet. For reconfigurable
passive devices requiring resonant frequency control [24,25], a resonant frequency change
rate corresponding to 2.5~9.6% of the capacitance change rate in the passive graphene
device was possible.

2. Methodology: Structure of the Passive Graphene Device and Fabrication

To create the graphene-antenna device, a 50 nm oxide trench pattern was formed on a
SiO2 (300 nm)/Si substrate using a reactive ion-etching process. Subsequently, a 50 nm Pt
electrode was deposited inside the trench by using an E-beam evaporation system to form
a buried-gate electrode with significant advantages over the other structures in terms of the
uniformity of the electric field applied to the channel region. To achieve planarization of
the gate electrode, using chemical and mechanical polishing processes, 20 nm of Al2O3 was
deposited using an atomic layer deposition (ALD) process and a 300 ◦C vacuum-annealing
process for 1 h. Subsequently, the 4-inch-scale CVD graphene sheets (Alphagraphene
Inc., Pohang, Republic of Korea) were transferred using a vacuum-transfer method to
ensure a stable and consistent device operation, considering that this method can reduce
impurities, such as oxygen and moisture, between the graphene and the substrate [26].
To prevent PR residues from appearing on the graphene channel, which may occur when
patterning the graphene channel using the O2 plasma, the graphene area was patterned via
a photolithography process using a metal hard mask (Au). Finally, the top electrode (Au)
was formed using an E-beam evaporation process and wet etching.

A passive device with a transmitter and receiver of two basic dipole antennas inte-
grated on the same plane was fabricated to study the reconfigurable passive device using
graphene. Device 1 consisted of 100 μm pitch ground–signal–ground (GSG) pads, as
shown in Figure 1a, with a graphene antenna width of 50 μm and length of 450 μm. The
thickness of the Al2O3 gate dielectric was 20 nm (dielectric constant = 6). The antenna itself
was simply designed to operate at approximately 660 GHz, with resonance at 10–20 GHz.
The ground plane was made of metal and platinum (Pt) to control the Fermi level of the
graphene. The spacing between the transmitter and the receiver was alternated between
10 and 150 μm to observe the changes in signal-transmission characteristics. The Fermi
level of the graphene could be controlled using the bias applied to the Vg contact shown in
Figure 1a. Device 2, shown in Figure 1b, was a variation of Device 1 in which the ground
plane was replaced with graphene. As the device capacitance was determined by the
overlapping region of the metal and graphene, the total capacitance was expected to be
similar to that of Device 1. As a reference, a similar device made of a metal (Au) film was
fabricated, as shown in Figure 1c.

Its characteristics in the RF domain were analyzed using a network analyzer (Agilent
8510C) and a two-port probe system in the 1–40 GHz range. The S-parameters, reflections
(S11, S22), and transmissions (S12, S21) were measured using a network analyzer. A
constant voltage applied to the ground plane modulated the Fermi level of the graphene.
Then, the S-parameters were measured as a function of the Fermi level of the graphene.
First, we observed the appearance of signal reflections and transmissions when the spacing
between the three antennas physically changed. The Fermi level of the graphene for the
graphene antenna was assumed to be at the Dirac point. The observation of the Dirac
point, based on the doping condition of graphene devices, can generally be obtained by
measuring the Id–Vg (drain current–gate voltage). In a passive device, such as Device 1, a
DC current does not flow. Hence, the gate voltage value for accurate Dirac point setting
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was unknown during the RF measurements. Moreover, Dirac point analysis in graphene
devices is possible using C–V measurements instead of Id–Vg measurements. However,
reconfiguring the four electrodes into one electrode for correct C–V measurements would
be necessary, as two dipole antennas were patterned with graphene during the formation
of Device 1. A capacitance measurement was carried out using the top electrode and
buried electrode on the same substrate of the antenna device. Consequently, the Fermi
level change in the graphene at the S-parameter measurement was set to a point where
the Dirac point appeared at a gate voltage of 0 V. In this case, the estimated carrier density
existing at the charge neutrality point was 3.1 × 1011cm−2. This value is very important
because the quantum capacitance of graphene is generally more clearly observed when
it has a lower carrier density than the classical capacitance of the device, and this is the
ultimate reason for the tunability of the resonance frequency in these devices [27].

Figure 1. Optical images of the RF passive devices. Two dipole antennas are integrated on the same
plane, and the ground plane is used as a gate to control the graphene Fermi level. (a) Device 1: has an
antenna consisting of graphene patterns and ground metal. (b) Device 2: Graphene is used as the
ground plane and the antenna is made of a metal film to increase the signal transmission rate of the
device and induce a quantum capacitance change in graphene. (c) Reference device fabricated with
Au patterns.

3. Results: RF Characteristics of the Reconfigurable Passive Graphene Device

Figure 2 shows the S-parameter values that were measured while alternating the
antenna spacing between 10μm and 150μm. In the case of S11, the metal–metal structure
showed a gradual decrease as the frequency increased. The graphene–metal structure
showed a resonant peak at ~18 GHz. The inset of Figure 2a for the graphene–metal structure
shows a gradual peak shift towards a higher frequency with wider gaps. On the other hand,
the metal–graphene structure showed similar behavior as that of the metal–metal reference.
As the distance between the antennas in Device 1 increased, the resonant frequency shifted
towards a lower frequency and the overall transmittance decreased. The characteristics
of the reference passive device were also measured under the same conditions. When the
distance between the antennas was small, the resonance phenomenon was not clear, unlike
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with the graphene RF device. However, when the distance between the antennas was more
than 100 μm, the resonant frequency became apparent. The reference device exhibited
a higher transmittance value than Device 1 (by approximately 15 dB), but its reflectance
value (S11) did not exhibit any resonance phenomena.

Figure 2. S-parameter measurement results based on the distance between the three antennas.
(a) Reflectance (S11) and resonant frequency increase as the gap increases. (b) Transmittance (S12)
and resonant frequency decrease as the gap increases.

In the case of S12, as shown in Figure 2b, as the antenna spacing increased, the resonant
frequency shifted to lower frequencies and its value decreased, i.e., as the antenna spacing
increased, signals of lower frequencies were transmitted better, while the signals of higher
frequencies were mostly reflected at the input port. Consequently, as the distance between
the antennas widened, the size of the ground plane increased, i.e., the capacitance of the
entire device increased, and the high-frequency components were filtered.

The S-parameter measurements of the RF operating characteristics of Device 2 did not
exhibit resonance at a specific frequency as they did in Device 1 or in the reference device.
For Device 2, analysis was conducted based on the characteristic changes at 4.5 GHz. When
the distance between the metal antennas was increased in Device 2, a change in the S-
parameter value over the entire frequency range, rather than a resonant frequency shift,
was observed. In particular, S12 or S21 showed signal transmission attenuations of more
than 15 dB when the distance was increased. Simultaneously, in S11 or S22, the reflection
amount increased as the distance between the antennas increased.

Next, the RF characteristics were investigated while applying the external bias to the
graphene to modulate the Fermi level of the graphene. Using a gate electrode as a ground
plane, measurements were made at −5, −3, −1, 0, 1, 3, and 5 V; different polarities were
applied to observe the changes in the graphene carrier types in the graphene layer.

As resonance was most apparent when the antenna spacing was at 100 μm, the
characteristics based on the gate bias change were observed in the device at that spacing.
The results, based on changing the gate bias, did not differ much compared to those
obtained when the antenna spacing was changed, as shown in Figure 3. As the value of
the gate bias increased, the reflection decreased and the resonant frequency shifted to a
lower frequency band. However, since there was no change to S11 over a frequency range
of 15.5 GHz, it is difficult to appreciate that the resonant frequency shift is similar, i.e., the
increase in the resonance bandwidth could be predicted. In S12, as shown in the Figure 3b
inset, a parallel shift in the resonant frequency was observed, unlike in S11. As the Vg
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increased, the resonant frequency shifted towards the lower frequencies. The frequency
shift range was approximately 150 MHz. The change in characteristics due to the Vg was
shown in that the degree of the shifting of the resonant frequency was proportional to the
absolute value, regardless of the polarity of the Vg, i.e., when the Fermi level of graphene
changed via the gate bias, the carrier type and carrier concentration changed based on this
value and the polarity of the gate bias. However, as seen from the Id–Vg measurements
of the graphene device, the same conductance could be seen even if the absolute value of
the gate bias was the same, regardless of the carrier type. Therefore, as shown in Figure 3,
the change in resonant frequency in the passive graphene device was independent of the
graphene carrier type but was related to the carrier concentration. As the voltage applied
to regulate the graphene Fermi level was constant, the charge trap at the graphene interface
in the device could be sensitive to certain carrier types and affect the device’s performance.

Figure 3. S-parameter measurement results with gate bias control. (a) Reflectance (S11) and
(b) transmittance (S12).

Although Device 1 and the graphene RF device exhibited similar resonance char-
acteristics to those of the reference passive device under its operating conditions, their
transmittance values were low and their reflectance values were very high, possibly due
to the significantly high contact resistance between the graphene and the graphene–metal
contact. Therefore, improving the structure of the passive device would be necessary to
secure its basic performance while facilitating the movement of resonant frequency by con-
trolling the quantum capacitance of the graphene. The changes in the resonant frequency
and measured S-parameter values due to changes in the Fermi levels of graphene, used
as a ground plane by the gate bias, were more apparent than those in Device 1. As the Vg
increased, the signal transmission improved by 3 dB and the reflectance reduced by 1 dB,
as shown in Figure 3.

Under the same conditions, the measured values of Device 1, Device 2, and the
reference device were compared to analyze the cause of different signal transmissions and
reflection characteristics, as shown in Figure A1. For S11, the response of the reference
device and Device 2 were similar when using metal antennas. For S12, the reference
device and Device 1 exhibited similar responses when both used metal as the ground plane.
Consequently, the reflection value of the device significantly influenced the impedance
value of the antenna, and the transmission value significantly influenced the condition of
the ground plane. The graphene antennas exhibited resonance at 15 GHz, but they have a
very high reflection value in the remaining frequency range.
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Conversely, in the case of signal transmission (S12, S21), the impedance value of the
passive device itself and the space for transmitting the RF signal were important [25]. The
RF signal was not transmitted through the surface of the metal, but rather through the
space between the metal and ground plane such that a specific energy wavelength was
emitted. Therefore, the state of the ground plane was an important aspect of the operating
characteristics of the passive device. The problem arises from the graphene being used
as an electrode, where the energy absorption rate of the electric field is low. However,
graphene used as an electrode (ground) in actual passive devices has not been able to
fulfill the role of a metal film. The electric field associated with graphene’s Fermi level
control is the same energy corresponding to this bias frequency. Therefore, examining how
RF signals in the GHz range can be applied to graphene from a different perspective is
necessary. Previous research has found that if graphene is placed in a floating state without
any electrical contact, approximately 20% of the RF signal is absorbed and the remainder
is reflected or transmitted [23]. Therefore, independent of the Fermi level control using a
DC bias, 20% of the RF signal energy can be expected to be absorbed from the graphene
ground plane, and the remaining part should be reflected, i.e., the RF signal will not be
radiated properly between the antennas and the ground plane. In Device 1, this problem
was eliminated as the RF signals were emitted from the graphene antennas, and the flow of
the surface current was formed based on the graphene pattern.

Consequently, the degree of resonant frequency variation regarding the reflectance
and transmittance due to the Vg was compared, as shown in Figure 4a,b. For the reference
passive device, no resonant frequency change due to the Vg could be observed. However, a
change in resonant frequency could be seen when the graphene was used. For S11, when
Device 1 was exposed to a larger Vg value, an approximately 100 MHz shift towards the
lower frequency was observed. However, for Device 2, the resonant frequency increased
by approximately 200 MHz. The analysis results of Figure 4 show that the impedance of
the antenna was affected more by a change in the S11 characteristics. An increase in the
resonant frequency bandwidth indicated an improvement in signal transmission in the
15 GHz band. In Device 2, the resonant frequency shift and reflection decrease in the 4 GHz
band could be attributed to an increase in carrier concentration caused by changes in Fermi
levels. This resulted in improved signal transmission through the graphene ground plane.
For S12, the shift width of the resonant frequency was more than that of S11, as shown in
Figure 4. For both Device 1 and 2, the resonant frequency changed due to the Vg occurring
approximately 1.5 times more, i.e., Device 1 and Device 2 exhibited a resonant frequency
change of approximately 200 MHz and 300 MHz, respectively.

Increasing the carrier concentration of graphene in passive devices improved the
RF signal transmission, and the quantum capacitance changes induced a change in the
resonant frequency. The capacitance value of each passive device was measured to examine
the correlation between the S-parameter characteristics and the capacitance changes in the
passive device, as shown in Figure 4c. For Device 2 (Figure A2a), where graphene was used
as the ground plane, a capacitance change of approximately 15 pF was measured due to the
graphene quantum capacitance changes. Although the capacitance of the reference passive
device (Figure A2b) was higher than that of Devices 1 and 2, the capacitance variation
by the Vg was approximately 0.5 pF, which is approximately 30 times lower. Figure A2c
compares the capacitance measurement results of Device 1, which used graphene as the
antenna, and Device 2, which used graphene as the ground plane. The Dirac point not
appearing near 0 V implies that the graphene was doped. As the Dirac point of Device 1
appears near −2.5 V, the graphene could be considered to be n-type. Since the Dirac point
of Device 2 was measured by directly applying Vg to the graphene, the Fermi level shift
was observed in the direction opposite to the graphene Fermi level shift in Device 1, i.e., as
the Fermi level moved in the positive (p-type) voltage direction in Device 2, it mirrored
the capacitance measurement value of Device 1. Figure 4c shows the rate of capacitance
change. Owing to the changes in the quantum capacitance of the graphene, the capacitance
value changed by approximately 120% as the Vg increased.
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Figure 4. (a) For S11, the resonant frequency shift in reflectance is shown to be opposite when using
graphene as an antenna and as a ground plane. As the graphene Fermi level increases in Device 1,
the signal reflection in the low-frequency band increases. When the graphene Fermi level increases
in Device 2, the signal reflection in the high-frequency band increases. Conversely, (b) for S12, all
of the resonant frequency shifts were towards the lower frequency, exhibiting approximately twice
the level of change in Device 1 compared to Device 2. (c) The capacitance variation according to
the gate voltage change is plotted. When graphene is applied to the device, a capacitance change of
approximately 120% is observed.

4. Discussion

In this experiment, we changed the resonant frequency in a passive device using
graphene. The relationship between the rate of resonant frequency shift and the rate of
capacitance change was investigated based on Vg = 0 V. As shown in Figure 5, 6% of
the rate of transmittance resonant frequency shifted in correspondence with the rate of
capacitance change that could be observed, regardless of the applied structure of graphene
in the passive device. Additionally, the reflectance S-parameter value of the graphene
RF devices changed minimally when compared with the reference device, and the rate of
reflectance resonant frequency showed a 2% level shift, regardless of changes in the carrier
concentration of graphene based on gate bias. Therefore, we can conclude that graphene RF
devices can be reconfigured by gate bias without energy loss. When the total capacitance
change of the passive device was 60% due to the graphene Fermi level change, a resonant
frequency shift corresponding to 6% of the original resonant frequency value occurred.

Figure 5. (a) Analysis of the relation between reflectance resonant frequency shift and graphene
Fermi level change. (b) Analysis of the relation between transmittance resonant frequency shift and
graphene Fermi level change.
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5. Conclusions

To design a reconfigurable passive device using graphene, we fabricated integrated
passive devices with two dipole antennas and analyzed their RF characteristics, aiming
to analyze the use of graphene in passive devices and the amount of resonant frequency
change possible based on the changes in Vg. When graphene was used as an antenna, char-
acteristics similar to those of a passive device using a conventional metal film were observed,
suggesting that graphene could be applied as a passive device based on the patterning.
However, when a graphene ground plane was used, small-signal RF transmission was
compromised and an accurate passive device operation could not be performed. Nonethe-
less, changes in quantum capacitance and carrier concentration due to graphene Fermi
level changes affected the resonant frequency control and signal propagation. For reconfig-
urable passive devices requiring resonant frequency control, a resonant frequency change
rate corresponding to 2.5~9.6% of the capacitance change rate in the passive graphene
device was possible. Although these changes are insufficient for the practical application
of graphene in reconfigurable passive devices, they indicate the potential to explore and
positively contribute to their development.
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Appendix A

Figure A1. The measured values of Device 1, Device 2, and the reference device, under the
same conditions, were compared to analyze the cause of different signal (a) reflection and
(b) transmission characteristics.
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Figure A2. Comparison of capacitance variation of passive devices. (a) In Device 1, the capacitance
value increases as the distance between the antennas increases. (b) For the reference device, there is
no capacitance change due to quantum capacitance because graphene is not applied to the device.
(c) Comparison of capacitance values of Device 1 and Device 2.
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Abstract: Structural unsteadiness and sluggish diffusion of divalent zinc cations in cathodes during
cycling severely limit further applications of MoS2 for rechargeable aqueous zinc-ion batteries (ZIBs).
To circumvent these hurdles, herein, phosphorus (P) atom embedded three-dimensional marigold-
shaped 1T MoS2 structures combined with the design of S vacancies (Sv) are synthesized via the
oxygen-assisted solvent heat method. The oxygen-assisted method is utilized to aid the P-embedding
into the MoS2 crystal, which can expand the interlayer spacing of P-MoS2 and strengthen Zn2+

intercalation/deintercalation. Meanwhile, the three-dimensional marigold-shaped structure with 1T
phase retains the internal free space, can adapt to the volume change during charge and discharge, and
improve the overall conductivity. Moreover, Sv is not only conducive to the formation of rich active
sites to diffuse electrons and Zn2+ but also improves the storage capacity of Zn2+. The electrochemical
results show that P-MoS2 can reach a high specific capacity of 249 mAh g−1 at 0.1 A g−1. The
capacity remains at 102 mAh g−1 after 3260 cycles at a current of 0.5 A g−1, showing excellent
electrochemical performance for Zn2+ ion storage. This research provides a more efficient method
of P atom embedded MoS2-based electrodes and will heighten our comprehension of developing
cathodes for the ZIBs.

Keywords: interlayer-expanded MoS2; sulfur vacancies; phosphorus embedding; aqueous Zn-ion batteries

1. Introduction

Due to the distinct characteristics of zinc metal, such as high theoretical capacity (820
mAh g−1), low redox potential (−0.76 V concerning standard hydrogen electrodes), non-
toxicity, low cost, and intrinsic safety, as well as high reversibility in aqueous electrolytes,
ZIBs hold promising potential for large-scale energy storage [1–4]. However, Zn2+ in
aqueous solution is hard to intercalate between layers because it exists as hydrated zinc
ions ([Zn(H2O)6]2+) with a size of 0.404 nm~0.43 nm, making ([Zn(H2O)6]2+) intercala-
tion and deintercalation put forward higher requirements on the interlayer spacing and
other properties of the cathode material [5–7]. In addition, divalent Zn2+ usually exhibits
strong electrostatic interactions with the host lattice, inhibiting the diffusion process of
Zn2+, resulting in few cathode materials available for ZIBs, which are mainly confined to
manganese-based materials, vanadium-based materials, and Prussian blue [8–10]. There-
fore, the sluggish intercalation dynamics of divalent Zn2+ enable the search for appropriate
cathode materials to be very important for the development and application of ZIBs.

Molybdenum disulfide (MoS2) is a typical layered transition metal sulfide, and the
covalently bonded S-Mo-S layers are stacked together by weak van der Waals forces, which
is conducive to the intercalation of foreign guests [11–14]. Unfortunately, due to the strong
electrostatic interaction between inserted Zn2+ with a large hydrated radius (4.3 Å) and
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host structures, Zn2+ is challenging to intercalate/deintercalate from the host frame, greatly
affecting the reversible capability and rate characteristic of MoS2 as cathodes arousing from
its smaller layer spacing and the large inert base with fewer active sites [15–18]. Moreover,
MoS2 also has problems such as poor conductivity, poor hydrophilicity, agglomeration,
and volume expansion, which limits the application of MoS2 in ZIBs. Therefore, some
pioneering efforts, including introducing phase transition engineering and tailoring nanos-
tructures, have been made to improve the Zn2+ storage capability of MoS2 cathodes [19–22].
One available strategy to resolve such challenges is to intercalate foreign elements into
MoS2 to enlarge layer spacing [15,23,24]. Experimental and calculation results indicate
that P dopants could not only modify the surface electronic state of MoS2 and increase its
inherent conductivity but also lead to MoS2 expansion and induce a partial phase transition
of MoS2 from hydrophobic (2H phase) to hydrophilic (1T phase); the 1T-MoS2 has lower
Zn diffusion energy barriers [25]. However, due to the spontaneous formation of MoP,
resulting in P atom doping is inherently difficult and has lower P content [26,27]. Despite
substantial achievements having been made, P-embedding 1T-MoS2 to achieve extended
layer spacing for enhancing the ability of Zn2+ intercalates/deintercalates is very necessary,
thus requiring a facile method.

Additionally, vacancy engineering has been in the spotlight as a feasible strategy
to enhance the zinc ions storage capability considerably. Especially based on previous
reports [28], sulfur vacancies can provide abundant active sites as additional ion storage
sites for Zn2+ as well as offer a fast electrochemical response. For example, Hu et al. [29]
developed a few-layered MoS2 anchored on an N-doped carbon flower with Sv as anode
material for sodium-ion batteries, exhibiting excellent performance. Wang et al. [30]
improved the performance of hydrogen evolution reaction (HER) by regulating the S-
vacancy distribution and concentration in MoS2. Xu et al. reported that the preparation
of defect-rich MoS2 accelerated the diffusion kinetics of Zn2+ to the active center [31].
Therefore, the rational S vacancy modulation strategy is essential to improve the reaction
kinetics of Zn2+ for realizing its application in ZIBs.

Herein, an oxygen-assisted(O) strategy is used to aid the P-embedding into the MoS2
crystal; the MoS2 layer spacing is expanded, and the marigold-shaped 1T-MoS2 nanosheets
with rich S vacancies are prepared. In this process, oxygen played a key role in aiding
the successful embedding of P into the lattice of 1T-MoS2. The intercalation of P in MoS2
achieves the desired effect, significantly enlarging MoS2 interlayers (from 0.62 to 0.98 nm)
and enhancing hydrophilicity. In addition, these S vacancies defects as active sites can
make it easier for Zn2+ adsorption and desorption. The synergistic effect of P-embedding
induced and extended the marigold-shaped 1T-MoS2 layer spacing and caused the Sv to
form an active center in the basal plane of MoS2, effectively reducing the Zn2+ diffusion
resistance. It provides an easier channel for the insertion of [Zn(H2O)6]2+, resulting in rapid
reaction kinetics. As expected, the P-MoS2 electrode achieves a remarkably high capability
of 249 mAh g−1 at 0.1 A g−1, which is five times higher than the specific capacity of pristine
MoS2. In comparison to the pristine P-MoS2 counterpart with minimal capacity delivery,
P-MoS2 can achieve a high reversible capacity of 105 mAh g−1 at 0.5 A g−1 with 3260 cycles
and excellent capacity retention of 70 mAh g −1 at 1 A g−1. This study will provide more
efficient avenues for investigating more electrode materials with poor intercalation kinetics
in ZIBs.

2. Methods

2.1. Experimental Section

Synthesis of P-MoS2: In a representative procedure, 1 mmol (1236 mg) ammonium
molybdate tetrahydrate ((NH4)6Mo7O24·4H2O, AR) and 30 mmol (2284 mg) thiourea
(CH4N2S, AR) were added into 35 mL deionized water on the basis of a beforehand
report with slight adjustment [32]. After being stirred for 30 min, an amount of sodium
hypophosphite monohydrate (NaH2PO2·4H2O, AR, 400 mg) was dissolved into a mixed
solution with magnetic stirring for 2 h. Then, the precursor solution was heated to 180 ◦C
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for 24 h in a 50 mL Teflon-lined stainless steel autoclave. After cooling the reaction system
to air temperature, which was collected by centrifugation, cleaned multiple times with
water, and then dried at 80 ◦C. As a contrast, pristine MoS2 was also prepared without
NaH2PO2·4H2O following a similar synthetic route.

2.2. Material Characterizations

The morphology of materials was evaluated with a scanning electron microscope (SEM,
Hitachi S-4800, Tokyo, Japan) and a transmission electron microscope (TEM, Tecnai G2 20
TWIN, FEI, Hillsboro, OR, USA). An energy dispersive spectrometer (EDS S-00123, USA)
connected to the SEM was used to study the elemental composition and elemental analyses
of the composites. At −196 ◦C, N2 adsorption/desorption isotherms were measured with
an automated SSA and porosity analyzer (asap2460). Brunauer–Emmett–Teller (BET) and
Barrett–Joyner–Halenda (BJH) adsorption techniques were used to determine the SSA and
mesopore size distribution of each sample. All samples’ crystal phases and compositions
were determined using X-ray diffraction (XRD, MiniFlex-600, Rigaku, Tokyo, Japan) and
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, Waltham, MA, USA).
Raman spectra at 532 nm were measured with a Horiba Scientific LabRAM HR Evolution
Raman spectrometer. The TGA/DTA was tested by thermogravimetric analysis equipment
(SDT Q600, USA) from room temperature to 750 ◦C at a heating rate of 10 ◦C/min. A
hydrophilicity test was measured using a contact angle test device (Dataphysics OCA20,
Filderstadt, Germany).

2.3. Electrochemical Characterization

Zn served as the anode, glass fiber membrane served as diaphragms, and 3 M
Zn(CF3SO3)2 served as the electrolyte in CR2016-type coin cells used to investigate the Zn2+

storage properties of P-MoS2. To manufacture the working electrode, P-MoS2 (70 weight
percent), super p carbon (20 weight percent), and polyvinylidene fluoride (10 weight
percent) were thoroughly blended in N-methyl-2-pyrrolidone for 15 min. Finally, the
aforementioned slurry was distributed over a clean stainless steel mesh and dried for 24
h at 60 ◦C. On a Neware battery tester (CT4008), galvanostatic charge/discharge mea-
surements and galvanostatic intermittent titration technique (GITT) experiments were
carried out continuously between 0.25 and 1.25 V (vs. Zn/Zn2+). An electrochemical
workstation was used for the cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) experiments (CHI-660D). When the batteries were completely charged,
impedance measurements were taken (zinc extraction). At room temperature, all tests were
conducteddw.

3. Results and Discussion

3.1. Composition and Structure

Figure 1 depicts the synthesis process of P-MoS2 and pristine MoS2. The phosphorus
embedded three-dimensional marigold 1T MoS2 was obtained by controlling the crystal-
lization process. In a nutshell, an oxygen-rich atmosphere plays a vital role in decreasing
the formation energy of P-embedding in MoS2 [26]. The reaction process becomes more
inadequate as the synthesis temperature decreases, resulting in the leftover oxygen in-
herited from the molybdate precursor, thus realizing the oxygen-rich atmosphere [32].
Additionally, most of the Mo4+ ions form ionic bonds with S2−, which are self-assembled
in the form of nanocrystals connected into three-dimensional marigold-shaped structures.
Excess thiourea could be adsorbed on the surfaces of initial nanocrystallites and impede
the formation of orientated crystals, which results in abundant Sv being produced amid the
flat structure [33]. The SEM and TEM were utilized to explore the morphology evolution
of as-prepared P-MoS2 further. As shown in Figure 2a,b, the SEM of P-MoS2 displays the
magnificent marigold structure with an internal diameter of almost 1 μm, which was self-
assembled from curved thickness nanosheets with transverse dimensions of 400–500 nm.
In comparison, pristine MoS2 has a rather formidable nanosheet microstructure, which is
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much larger in transverse size (diameter almost 4–5 μm) and displays severe aggregation
in the absence of a well-tuned morphology (Figure S1). The relatively smaller size of
the beautiful marigold structure should help to shorten the Zn2+ diffusion duration. The
uneven nanostructure of P-MoS2 with evident ripples and bending wrinkles is depicted
in TEM images (Figure 2c,d), in which nanosheets are haphazardly joined and formed
into three-dimensional structures. The TEM images in Figure 1e,f reveal a distinct lattice
structure with some disorder and abundance of Sv (Figure S2), resulting in an incomplete
lattice that may accommodate a host of unsaturated S atoms as active sites. Furthermore,
the TEM images reveal that dozens of pristine MoS2 layers are heavily stacked together
with an interlayer spacing of 0.62 nm (Figure S3), whereas the stacking of the P-MoS2 layers
is significantly relieved with the interlayer distance strikingly expanding to 0.98 (Figure S4)
and 0.86 nm. The results show that P-embedding can enlarge the layer spacing of P-MoS2,
which is advantageous to strengthen Zn2+ intercalates/deintercalates. Figure 2h–k displays
the mapping images of P-MoS2, which expressly demonstrate that Mo, O, S, and P elements
are distributed uniformly. Meanwhile, Figure S5 shows the elemental content of P-MoS2.

Figure 1. Schematic illustration of synthesis P-MoS2.

 

Figure 2. (a,b) SEM; (c,d) TEM; (e,f) HRTEM; (g–k) EDS of P-MoS2.
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The structural information of the two obtained samples was studied by X-ray diffrac-
tion (XRD) analysis (Figure 3a). Compared with the highly crystalline pristine MoS2 in the
2H-MoS2 phase (JCPDS card number 37–1492), all peaks of the P-MoS2 are broadened due
to nanoscale effects and crystal structural defects. The weakening of the (002) diffraction
peak of P-MoS2 indicates a low stacking height along this direction [34,35]. Meanwhile, the
(002) peak of P-MoS2 slightly shifts to a lower angle (14.2◦ → 13.96◦), indicating the forma-
tion of sulfur vacancies in MoS2 [36,37]. In addition, a new peak appeared at 9.8◦, which is
related to the presence of P, leading to the formation of a stacking layer, thus extending
the c-axis of MoS2. According to Bragg’s law, the lattice spacing of the stacking layer at
9.8◦ is consistent with the spacing in TEM. Due to P’s larger atomic radius than S, P atoms
were introduced into the MoS2 matrix, causing the lattice to expand and contributing to the
widening of interlayer spacing [25,38,39]. Figure 3b exhibits the Raman spectra of P-MoS2.
Three typical Raman scattering peaks at 280 cm−1 (E1

g), 234 (J2) cm−1, and 334 cm−1 (J3)
are attributed to the octahedral coordination of metal 1T-MoS2 [40–42]. P-MoS2 exhibits
two typical characteristic peaks at 376 cm−1 and 394 cm−1, corresponding to the in-plane
(E1

2g) and out-of-plane (A1
g) modes of 2H MoS2, which are clearly distinct from pristine

MoS2. The distance between the E1
2g and A1

g peaks is 18 cm−1 for P-MoS2 and 23 cm−1

for bulk MoS2. Thus, the moving peak of A1
g might represent the substantial out-of-plane

vibration, indicating that the decreased van der Waals force, together with the enlarged
interlayer spacing of MoS2 caused by P-embedding, is favourable for Zn2+ movement and
storage [5,43]. The weaker intensity of the E1

2g peak in P-MoS2 is weaker compared to
other samples, thereby proving the presence of Sv in the crystal structure [44].

Figure 3. (a) XRD patterns of P-MoS2 and pristine P-MoS2. (b) Raman spectra of P-MoS2 and
pristine MoS2. (c) TGA and DTA curves of P-MoS2. (d) N2 adsorption/desorption isotherm and
corresponding pore size distribution of P-MoS2 and pristine MoS2.
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The TGA-DTA results for the P-MoS2 shown in Figure 3c show the initial mass loss
of 11.05 wt% at 135 ◦C due to surface-adsorbed water evaporation. The mass loss of
12.01 wt% between 135 and 350 ◦C corresponds to the water loss integrated into the crystal
structure, implying that the enlarged layer spacing of P-MoS2 is probably caused by water
insertion [45]. The additional weight loss of 9.69% over 350 ◦C may be caused by O atoms,
which are utilized to aid P atoms embedded in the MoS2 structure, with the unsaturated S
atoms resulting In the reaction 2MoS2 + 7O2 → 2MoO3 + 4SO2 [46,47]. The first derivative
curve of the related DTA curve shows a visible endothermic peak at 350 ◦C. This peak
is caused by the transformation of the crystal structure of MoS2, which is confirmed by
XRD analysis. Moreover, the cumulative pore volume and BET surface area of P-MoS2
and pristine MoS2 were also measured. As shown in Figure 3d, P-MoS2 and pristine MoS2
exhibited typical type IV isotherms with hysteresis loops, indicating mesopores between
MoS2 nanosheets. Nevertheless, the hysteresis of P-MoS2 starts at a lower pressure region
(P/P0 ≈ 0.5) than that of pristine MoS2 (P/P0 ≈ 1), showing their different porous nature.
Furthermore, the wide hysteresis of P-MoS2 indicates its increase in porosity. According
to the pore volume–pore size distribution curve, P-MoS2 has more abundant mesoporous
structures, which is conducive to electron transport. The increased specific surface area of
P-MoS2 is 51.572 m2 g−1, which is significantly more than pristine MoS2 (11 m2 g−1). The
increased specific surface area improves the interaction between the material’s exposed
active sites and the electrolyte, which favors increasing the number of active sites for Zn2+

storage. These results clearly show that the P-embedding strategy can greatly increase
the surface area and pore volume of MoS2. To evaluate the hydrophilicity of P-MoS2, we
performed a contact angle test. Water contact angles of P-MoS2 drop from 54.46◦ to 38.8◦
(Figure S6), suggesting improved hydrophilicity and beneficial to the diffusion of Zn2+ [6].

X-ray photoelectron spectroscopy (XPS) reveals detailed valence states and chemical
contents of manufactured materials. The survey XPS spectra for P-MoS2 and is displayed
in Figure S7. As shown in Figure 4a, the XPS spectra of the Mo 3d scan contain two sets
of doublet peaks (228.55 and 231.76 eV; 229.5 and 232.75 eV), which belong to Mo 3d5/2
and Mo 3d3/2 of Mo4+ for 1T-MoS2 and 2H-MoS2 [19,48,49]. This suggests the coexistence
of 2H and 1T in P-MoS2, which is compatible with Raman data. Similarly, differences can
be observed in the S 2p spectra in Figure 4b, where peaks at 161.4 (S 3d3/2 of S2−) and
162.7 eV (S 3d1/2 of S2−) attributed to 1T MoS2, while peaks at 162.0 and 163.1 eV ascribed to
2H-MoS2 [49]. After fitting S 2p spectrum, an extra peak can be seen at 164.19 eV, according
to the relevant literature, ascribed to the edge S [50]. Furthermore, using deconvolutions
of Mo 3d, the proportion of 1T is estimated at 53% (Table S1), which is equivalent to the
product obtained from chemical exfoliation [21]. Meanwhile, the existence of the O 1s
signal offers conclusive proof of oxygen-assisted P-embedding in P-MoS2 (Figure 4c). It
can be deconvoluted into three peaks at 530.42, 531.94, and 533.44 eV, which is ascribed
to the P-O bond, Mo-O bond, and adsorbed water, respectively. The analysis shows that
oxygen plays an auxiliary role in P-embedding and can also make P-MoS2 form a three-
dimensional beautiful marigold structure in a bonding manner. P 2p signals were detected
at 134.02, 130.99, and 130.06 eV (Figure 4d), confirming the existence of P. The dominant P
signal at 134.6 eV can be allocated to the PO4

3− species, whereas the remaining two should
be attributed to Mo-P, indicating that P atoms are embedded in the MoS2 lattice [44,51].
Furthermore, elemental composition analysis reveals that the Mo/S ratio is around 1:1.73
(Table S2), which is much lower than the 1:1.95 for MoS2 by XPS. This finding implies that
P-MoS2 has a substantial number of S vacancies [5,20,45].

3.2. Electrochemical Performance of Aqueous Zn-Ion Batteries and Kinetic

To investigate the Zn2+ storage capacity of the prepared samples as stand-alone
cathodes for AZIBs, CR2016 coin cells were manufactured in the air environment (see the
experimental section for details). Cyclic voltammetry (CV) curves in a voltage window
of 0.25 to 1.25 V of 0.1 mV s−1 are shown in Figure 5a,b. In contrast to pristine MoS2,
P-MoS2 has two redox peaks: the cathodic peak at 0.65 V linked to Zn2+ insertion (possibly

99



Nanomaterials 2023, 13, 1185

overlapping or merging with the reduction in Mo6+/Mo4+) and an anodic peak at 0.98 V is
associated to Zn2+ inlay removal [23]. Furthermore, the second and third CV cycles of the
two electrodes practically coincide, showing high reversibility. Surprisingly, the peak area
of P-MoS2 is considerably larger than that of pristine MoS2, showing that the enlarged layer
spacing and Sv can significantly boost volume capacity. The P-MoS2 charge/discharge (CD)
curves are comparable with the CV data (Figure 5c), which shows an intercalation plateau
of P-MoS2 approximately 0.6 V. In addition, the specific capacity of P-MoS2 is 249 mA h g−1,
which is more than five times that of pristine MoS2 (50 mA h g−1), significantly better
than the well-known Zn2+ intercalation host, i.e., the Chevrel Phase Mo6S8 (60 mA h g−1

at 0.06 A g−1) [52,53]. Meanwhile, the capacity of several modified MoS2 materials is
compared at 0.1 A g−1 in Table S3. Figure 5d shows display ratio capability with the
volumes of P-MoS2, which are 249, 158, 125, 97, and 75 mAh g−1 at 0.1, 0.2, 0.5, 1, and
2 A g−1, respectively, and Figure 5e shows the charge/discharge curves of the first cycle
capacity. P-MoS2 capacitance achieves 143 mAh g−1 (91% capacity retention) when it
reaches 0.2 A g−1. These hint at the excellent rate characteristic and rapid dynamics of P-
MoS2. In contrast, pristine MoS2 offers rather low capacities (0–45 mAh g−1) at a variety of
current densities. P-MoS2 demonstrates a consistent capacity of 70 mAh g−1 after 200 cycles
at 1 A g−1 to further illustrate its outstanding working life (Figure 5f). The stability was
further investigated at 0.5 A g−1 in Figure 5g.

Figure 4. XPS spectra of P-MoS2: (a) Mo 3d, (b) S 2p, (c) O 1s, and (d) P 2p.
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Figure 5. Electrochemical performance of P-MoS2 and pristine MoS2 (a) CV curves at 0.1 mV s−1.
(b) CV at 0.1 mV s−1 rate of P-MoS2 and Pristine MoS2. (c) Discharge/charge curves at 0.1 A g−1.
(d) Rate performance. (e) First cycle capacity at different cycles. (f) Two hundred cycling stability at
1 A g−1. (g) Long-term cycling stability at 0.5 A g−1.

P-MoS2 maintains a capacity of 102 mAh g−1 after 3260 cycles, achieving capacity
retention of 70%, with the efficiency of the electrode being close to 100%. However, the
cycling stability of the P-MoS2 electrode seems rather poor after 2000 cycles, which is
attributed to the irreversible structural damage, volume changes, and unstable 1T phase
during the continuous charging and discharging process [54,55]. In comparison, pristine
MoS2 has almost zero capacity, which is related to its poor conductivity and unstable
structure [16,23].

The results show that P-MoS2 outperforms pristine MoS2 in terms of reversible ca-
pacity, cycle stability, and rate capacity. To better understand the electrochemical reaction
behavior of the P-MoS2 electrode, CV curves at varied scan speeds (0.1–1.0 mV s−1) are
tested (Figures 6a and S8). The oxidation peak gradually shifted toward high potential with
an increasing scan rate, and the reduction peak shifted toward low potential because the
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electrode polarization broadened at a high scan rate. Whether pseudocapacitive behavior
is present or absent depends on the kinetic equation of the reaction:

i = avb (1)

Figure 6. Electrochemical kinetics characterization for the P-MoS2 electrode. (a) CV curves at
various scan rates. (b) Log (i) versus log (v) plots of the redox peaks corresponding to the CV
data. (c) Capacitive separation curves at 0.5 mV s−1 (d) Capacitive separation curves at 0.5 mV s−1.
(e) Capacitive separation curves at 1 mV s−1. (f) EIS spectra, insert image is the fitted equivalent
circuit models. (g) Discharge/charge GITT profiles and corresponding DZn. (h) Schematic diagram
for Zn-storage mechanism of P-MoS2.

In between, i is the peak current, the unit is A, v is the sweep speed, the unit is mV/s, a
and b are the adjustment parameters, and b is the slope value of the log (i) vs. log (b) graph.
In particular, b = 0.5 indicates that the discharge-specific capacity belongs to the diffusion
process control, and b = 1 implies the pseudocapacitance control. When b is between 0.5–1,
there is both diffusion and pseudocapacitance behavior [56]. Obviously, Figure 6b indicates
the b-values of peak 1 and peak 2, which are 0.76 and 0.70, showing that the redox reaction
of the P-MoS2 electrode consists of diffusion and capacitive processes. Additionally, the
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capacitive contribution and diffusion contributions of P-MoS2 may be evaluated based on
the equation proposed by Dunn [57,58]:

i(V) = k1v + k2v1/2 (2)

i(V)/v1/2 = k1v1/2 (3)

At a certain voltage (v), i is the total current response, where k2v1/2 and k1v are
diffusion-controlled and capacitance-dominated contributions. Figure 6c–e reveals the
respective contribution rates at different scan rates. Notably, the capacitive contribution
increases from 21.7% at 0.1 mV s−1 to 50.1% at 1 mV s−1. The pseudocapacitance effect is
slowly dominant, indicating that the surface reaction is faster than the internal diffusion
reaction, which accelerates the intercalation and extraction of Zn2+ in the material. More-
over, the diffusion characteristics of P-MoS2 are more obvious, which can be attributed
to the marigold-shaped structure and wide layer spacing [59]. The impedance of P-MoS2
and pristine MoS2 is evaluated by EIS, as shown in Figure 6f. The magnitude of the charge
transfer resistance is reflected in the semicircle radius of the high-frequency zone (Rct,
Table S4). Clearly, results show that the charge transfer impedance of P-MoS2 is measured
at 42.82 Ω, which is lower than the pristine MoS2 under the same conditions. In addition,
Rcts of pristine MoS2 are markedly over 180 Ω, indicating that expanded layer spacing
and S vacancies improve charge-transfer dynamics. Because of the activation of the active
material, the charge transfer impedance of P-MoS2 was lowered during the first ten cycles.

To examine the solid-state diffusion kinetics of Zn2+ intercalation in P-MoS2, we
investigated GITT, which has been widely used to assess ionic diffusivity, offering insight
into electrode kinetics. Figure 6g shows the GITT of P-MoS2 before and after 100 cycles,
respectively; obviously the P-MoS2 cell mainly provides a low Zn2+ diffusion coefficient
of around 10−15–10−10 cm2 s−1 at the 1st cycle. After 100 cycles, the diffusion coefficient
stability was increased to 10−12–10−10 cm2 s−1, which is attributed to the activation of the
electrode and the opening of ion channels during the numerous discharging/charging
progress [60,61]. The above electrochemical analysis shows that the Zn2+ insertion kinetics
of P-MoS2 is accelerated, leading to a higher specific capacity. When the P atoms are
embedded in the MoS2 lattice, the expanded layer spacing of MoS2 allows for easy Zn2+

desertion. In addition, the P-embedding induces 1T-MoS2 and abundant sulfur vacancies.
The material has excellent electrical conductivity and facilitates electron transfer. In

addition, P-MoS2 possesses a large amount of interlayer water and substantially increased
hydrophilicity. As demonstrated in previous studies, interlayer water can act as an electro-
static shield, weakening the interaction of Zn2+ with the host material’s framework, lower-
ing the diffusion energy barrier, and accelerating the migration efficiency of Zn2+ [62,63].
Benefiting from these synergistic effects, P-MoS2 exhibits satisfactory performance. On the
basis of the aforementioned tests and analysis, the electrochemical mechanism of P-MoS2
proposed in Figure 6h is shown, and the various electrochemical reactions that may occur
with P-MoS2 and Zn are classified as the following:

Cathode : xZn2+ + 2xe− + P − MoS2 ↔ ZnxP − MoS2 (4)

Anode : xZn2+ + 2xe− ↔ xZn (5)

where x is the Zn2+ content per unit of P-MoS2 in the insertion state. Figure S9 shows that
the Faraday equation may calculate 0.65 Zn2+ per unit based on the discharge curve at
100 mA g−1. Furthermore, 0.65 Zn2+ per unit was removed from the P-MoS2 during the
charging procedure.

4. Conclusions

In summary, marigold-shaped 1T-MoS2 material with rich S vacancy and expanded
interlayer spacing to 0.98 nm was fabricated via the oxygen-assisted method, which found
the 1T phase content (53%) and extensively analyzed their performance as cathode materials
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for ZIBs. Meanwhile, the electrochemical investigation revealed that the S vacancy and
interlayer spacing generated by P-embedding are particularly advantageous to the rapid
diffusion of Zn2+ in P-MoS2 and boost the Zn2+ storage capacity of the marigold-shaped
nanosheets. In comparison to the pure MoS2 equivalent, P-MoS2 nanosheets have a great
specific capacity and display outstanding continuous cycle capabilities in ZIBs. When the
current density is 0.1 A g−1, the discharge capacity can reach 249 mAh g−1. In particular, it
displayed a high specific discharge capacity of 105 mAh g−1 with a capacity retention of
70% after 3260 cycles at the current density of 0.5 A g−1 and an excellent capacity retention
of 70 mAh g−1 at 1 A g−1. This work offers new ideas for designing MoS2 as cathode
materials for ZIBs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13071185/s1. Figure S1. SEM images of the sample of Pristine
MoS2; Figure S2. TThe corresponding atomic intensity profile along the dotted red line for P-
MoS2; Figure S3. TEM images of (a,b) Pristine MoS2; Figure S4. Line scan of the HRTEM image;
Figure S5. EDS spectrum; Figure S6. Contact angles with water for (a) P-MoS2 and (b) Pristine
MoS2; Figure S7. XPS spectra of full scan for P-MoS2; Figure S8. The initial five CV curves of
(a) Pristine MoS2 and (b) CV curves at various scan rates of Pristine MoS2; Figure S9. Inital charge-
discharge profile of P-MoS2 nanosheets at 0.1A g-1; Table S1. Phase content of Mo 3d in each
sample; Table S2. Atomic percentages of P-MoS2 by XPS measurement; Table S3. Comparisons of
performance of MoS2 synthesized under different conditions in neutral media; Table S4. Charge
transfer resistance of MoS2 samples. References [64,65] are cited in Supplementary Materials.

Author Contributions: Conceptualization, X.L. and Y.C. (Yong Cheng); methodology, X.L. and Q.X.;
software, L.W.; validation, L.W. and Z.Z.; formal analysis, L.L.; investigation, Z.Z.; resources, X.L.;
data curation, Y.C. (Yong Chen); writing—original draft preparation, Q.X.; writing—review and
editing, X.L.; visualization, Y.C. (Yong Chen); supervision, Y.C. (Yong Cheng); project administra-
tion, L.L.; funding acquisition, X.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (12164013,
51662004).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Pan, H.; Shao, Y.; Yan, P.; Cheng, Y.; Han, K.S.; Nie, Z.; Wang, C.; Yang, J.; Li, X.; Bhattacharya, P.; et al. Reversible aqueous
zinc/manganese oxide energy storage from conversion reactions. Nat. Energy 2016, 1, 16039. [CrossRef]

2. Kundu, D.; Adams, B.D.; Duffort, V.; Vajargah, S.H.; Nazar, L.F. A high-capacity and long-life aqueous rechargeable zinc battery
using a metal oxide intercalation cathode. Nat. Energy 2016, 1, 16119. [CrossRef]

3. Huang, Y.; Chang, Z.; Liu, W.; Huang, W.; Dong, L.; Kang, F.; Xu, C. Layer-by-layer zinc metal anodes to achieve long-life zinc-ion
batteries. Chem. Eng. J. 2022, 431, 133902. [CrossRef]

4. Zeng, X.; Hao, J.; Wang, Z.; Mao, J.; Guo, Z. Recent progress and perspectives on aqueous Zn-based rechargeable batteries with
mild aqueous electrolytes. Energy Storage Mater. 2019, 20, 410–437. [CrossRef]

5. Li, H.; Yang, Q.; Mo, F.; Liang, G.; Liu, Z.; Tang, Z.; Ma, L.; Liu, J.; Shi, Z.; Zhi, C. MoS2 nanosheets with expanded interlayer
spacing for rechargeable aqueous Zn-ion batteries. Energy Storage Mater. 2019, 19, 94–101. [CrossRef]

6. Liang, H.; Cao, Z.; Ming, F.; Zhang, W.; Anjum, D.H.; Cui, Y.; Cavallo, L.; Alshareef, H.N. Aqueous Zinc-Ion Storage in MoS2 by
Tuning the Intercalation Energy. Nano Lett. 2019, 19, 3199–3206. [CrossRef]

7. Tansel, B. Significance of thermodynamic and physical characteristics on permeation of ions during membrane separation:
Hydrated radius, hydration free energy and viscous effects. Sep. Purif. Technol. 2012, 86, 119–126. [CrossRef]

8. Xia, C.; Guo, J.; Li, P.; Zhang, X.; Alshareef, H.N. Highly Stable Aqueous Zinc-Ion Storage Using a Layered Calcium Vanadium
Oxide Bronze Cathode. Angew. Chem. Int. Ed. 2018, 57, 3943–3948. [CrossRef]

9. Li, C.; Xie, X.; Liang, S.; Zhou, J. Issues and Future Perspective on Zinc Metal Anode for Rechargeable Aqueous Zinc-ion Batteries.
Energy Environ. Mater. 2020, 3, 146–159. [CrossRef]

10. Zhang, X.; Tang, Y.; He, P.; Zhang, Z.; Chen, T. Edge-rich vertical graphene nanosheets templating V2O5 for highly durable zinc
ion battery. Carbon 2021, 172, 207–213. [CrossRef]

104



Nanomaterials 2023, 13, 1185

11. Lee, W.S.V.; Xiong, T.; Wang, X.; Xue, J. Unraveling MoS2 and Transition Metal Dichalcogenides as Functional Zinc-Ion Battery
Cathode: A Perspective. Small Methods 2021, 5, 2000815. [CrossRef]

12. Sarkar, D.; Das, D.; Das, S.; Kumar, A.; Patil, S.; Nanda, K.K.; Sarma, D.D.; Shukla, A. Expanding Interlayer Spacing in MoS2 for
Realizing an Advanced Supercapacitor. ACS Energy Lett. 2019, 4, 1602–1609. [CrossRef]

13. Liu, X.; Zhang, G.; Zhang, Y.-W. Thermal conduction across the one-dimensional interface between a MoS2 monolayer and metal
electrode. Nano Res. 2016, 9, 2372–2383. [CrossRef]

14. Jin Jang, Y.; Park, S.-K. Rational design of hierarchical Ni-Mo bimetallic Selenide/N-doped carbon microspheres toward high–
performance potassium ion batteries. Appl. Surf. Sci. 2022, 583, 152491. [CrossRef]

15. Zhao, C.; Yu, C.; Zhang, M.; Sun, Q.; Li, S.; Norouzi Banis, M.; Han, X.; Dong, Q.; Yang, J.; Wang, G.; et al. Enhanced sodium
storage capability enabled by super wide-interlayer-spacing MoS2 integrated on carbon fibers. Nano Energy 2017, 41, 66–74.
[CrossRef]

16. Liu, W.; Hao, J.; Xu, C.; Mou, J.; Dong, L.; Jiang, F.; Kang, Z.; Wu, J.; Jiang, B.; Kang, F. Investigation of zinc ion storage of transition
metal oxides, sulfides, and borides in zinc ion battery systems. Chem. Commun. 2017, 53, 6872–6874. [CrossRef]

17. Khan, M.F.; Miriyala, N.; Lee, J.; Hassanpourfard, M.; Kumar, A.; Thundat, T. Heat capacity measurements of sub-nanoliter
volumes of liquids using bimaterial microchannel cantilevers. Appl. Phys. Lett. 2016, 108, 211906. [CrossRef]

18. Oh, H.G.; Park, S.-K. Co-MOF derived MoSe2@CoSe2/N-doped carbon nanorods as high-performance anode materials for
potassium ion batteries. Int. J. Energy Res. 2022, 46, 10677–10688. [CrossRef]

19. Shao, F.; Huang, Y.; Wang, X.; Li, Z.; Huang, X.; Huang, W.; Dong, L.; Kang, F.; Liu, W.; Xu, C. MoS2 with high 1T phase content
enables fast reversible zinc-ion storage via pseudocapacitance. Chem. Eng. J. 2022, 448, 137688. [CrossRef]

20. Liu, J.; Gong, N.; Peng, W.; Li, Y.; Zhang, F.; Fan, X. Vertically aligned 1 T phase MoS2 nanosheet array for high-performance
rechargeable aqueous Zn-ion batteries. Chem. Eng. J. 2022, 428, 130981. [CrossRef]

21. Acerce, M.; Voiry, D.; Chhowalla, M. Metallic 1T phase MoS2 nanosheets as supercapacitor electrode materials. Nat. Nanotechnol.
2015, 10, 313–318. [CrossRef]

22. Liu, F.; Li, L.; Xu, S.; Guo, J.; Ling, Y.; Zhang, Y.; Gong, W.; Wei, L.; Wang, C.; Zhang, Q.; et al. Cobalt-doped MoS2·nH2O
nanosheets induced heterogeneous phases as high-rate capability and long-term cyclability cathodes for wearable zinc-ion
batteries. Energy Storage Mater. 2023, 55, 1–11. [CrossRef]

23. Li, S.; Liu, Y.; Zhao, X.; Shen, Q.; Zhao, W.; Tan, Q.; Zhang, N.; Li, P.; Jiao, L.; Qu, X. Sandwich-Like Heterostructures of
MoS2/Graphene with Enlarged Interlayer Spacing and Enhanced Hydrophilicity as High-Performance Cathodes for Aqueous
Zinc-Ion Batteries. Adv. Mater. 2021, 33, 2007480. [CrossRef]

24. Li, S.; Liu, Y.; Zhao, X.; Cui, K.; Shen, Q.; Li, P.; Qu, X.; Jiao, L. Molecular Engineering on MoS2 Enables Large Interlayers and
Unlocked Basal Planes for High-Performance Aqueous Zn-Ion Storage. Angew. Chem. Int. Ed. 2021, 60, 20286–20293. [CrossRef]

25. Wang, S.; Zhang, D.; Li, B.; Zhang, C.; Du, Z.; Yin, H.; Bi, X.; Yang, S. Ultrastable In-Plane 1T–2H MoS2 Heterostructures for
Enhanced Hydrogen Evolution Reaction. Adv. Energy Mater. 2018, 8, 1801345. [CrossRef]

26. Huang, X.; Leng, M.; Xiao, W.; Li, M.; Ding, J.; Tan, T.L.; Lee, W.S.V.; Xue, J. Activating Basal Planes and S-Terminated Edges of
MoS2 toward More Efficient Hydrogen Evolution. Adv. Funct. Mater. 2017, 27, 1604943. [CrossRef]

27. Nipane, A.; Karmakar, D.; Kaushik, N.; Karande, S.; Lodha, S. Few-Layer MoS2 p-Type Devices Enabled by Selective Doping
Using Low Energy Phosphorus Implantation. ACS Nano 2016, 10, 2128–2137. [CrossRef]

28. Zhou, M.; Cheng, L.; Han, B.; Zhang, H.; Chen, J.; Xie, F.; Wang, N.; Jin, Y.; Meng, H. Cobalt-doped molybdenum disulfide with
rich defects and extended layered structure for rechargeable zinc-ion batteries. J. Alloy Compd. 2022, 916, 165487. [CrossRef]

29. Hu, J.; Yuan, J.; Zhao, L.; Li, G.; Chen, D.; Han, W.; Chu, Y.; Cui, X.; Li, C.; Zhang, Y. Few-layered MoS2 with S-vacancies anchored
on N-doped carbon flower for high performance sodium storage. J. Alloy Compd. 2022, 895, 162514. [CrossRef]

30. Wang, X.; Zhang, Y.; Si, H.; Zhang, Q.; Wu, J.; Gao, L.; Wei, X.; Sun, Y.; Liao, Q.; Zhang, Z.; et al. Single-Atom Vacancy Defect to
Trigger High-Efficiency Hydrogen Evolution of MoS2. J. Am. Chem. Soc. 2020, 142, 4298–4308. [CrossRef]

31. Xu, W.; Sun, C.; Zhao, K.; Cheng, X.; Rawal, S.; Xu, Y.; Wang, Y. Defect engineering activating (Boosting) zinc storage capacity of
MoS2. Energy Storage Mater. 2019, 16, 527–534. [CrossRef]

32. Xie, J.; Zhang, J.; Li, S.; Grote, F.; Zhang, X.; Zhang, H.; Wang, R.; Lei, Y.; Pan, B.; Xie, Y. Controllable Disorder Engineering in
Oxygen-Incorporated MoS2 Ultrathin Nanosheets for Efficient Hydrogen Evolution. J. Am. Chem. Soc. 2013, 135, 17881–17888.
[CrossRef]

33. Xie, J.; Zhang, H.; Li, S.; Wang, R.; Sun, X.; Zhou, M.; Zhou, J.; Lou, X.W.; Xie, Y. Defect-Rich MoS2 Ultrathin Nanosheets with
Additional Active Edge Sites for Enhanced Electrocatalytic Hydrogen Evolution. Adv. Mater. 2013, 25, 5807–5813. [CrossRef]

34. Wang, D.; Pan, Z.; Wu, Z.; Wang, Z.; Liu, Z. Hydrothermal synthesis of MoS2 nanoflowers as highly efficient hydrogen evolution
reaction catalysts. J. Power Sources 2014, 264, 229–234. [CrossRef]

35. Nguyen, T.P.; Kim, I.T. W2C/WS2 Alloy Nanoflowers as Anode Materials for Lithium-Ion Storage. Nanomaterials 2020, 10, 1336.
[CrossRef]

36. Song, H.; Li, T.; He, T.; Wang, Z.; Fang, D.; Wang, Y.; Li, X.L.; Zhang, D.; Hu, J.; Huang, S. Cooperative catalytic Mo-S-Co
heterojunctions with sulfur vacancies for kinetically boosted lithium-sulfur battery. Chem. Eng. J. 2022, 450, 138115. [CrossRef]

37. Ma, D.; Li, Y.; Mi, H.; Luo, S.; Zhang, P.; Lin, Z.; Li, J.; Zhang, H. Robust SnO2−x Nanoparticle-Impregnated Carbon Nanofibers
with Outstanding Electrochemical Performance for Advanced Sodium-Ion Batteries. Angew. Chem. Int. Ed. 2018, 57, 8901–8905.
[CrossRef]

105



Nanomaterials 2023, 13, 1185

38. Leng, K.; Chen, Z.; Zhao, X.; Tang, W.; Tian, B.; Nai, C.T.; Zhou, W.; Loh, K.P. Phase Restructuring in Transition Metal
Dichalcogenides for Highly Stable Energy Storage. ACS Nano 2016, 10, 9208–9215. [CrossRef]

39. Liu, H.; Su, D.; Zhou, R.; Sun, B.; Wang, G.; Qiao, S.Z. Highly Ordered Mesoporous MoS2 with Expanded Spacing of the (002)
Crystal Plane for Ultrafast Lithium Ion Storage. Adv. Energy Mater. 2012, 2, 970–975. [CrossRef]

40. Shi, S.; Sun, Z.; Hu, Y.H. Synthesis, stabilization and applications of 2-dimensional 1T metallic MoS2. J. Mater. Chem. A 2018, 6,
23932–23977. [CrossRef]

41. Guo, Y.; Sun, D.; Ouyang, B.; Raja, A.; Song, J.; Heinz, T.F.; Brus, L.E. Probing the Dynamics of the Metallic-to-Semiconducting
Structural Phase Transformation in MoS2 Crystals. Nano Lett. 2015, 15, 5081–5088. [CrossRef]

42. Fang, Y.; Pan, J.; He, J.; Luo, R.; Wang, D.; Che, X.; Bu, K.; Zhao, W.; Liu, P.; Mu, G.; et al. Structure Re-determination and
Superconductivity Observation of Bulk 1T MoS2. Angew. Chem. Int. Ed. 2018, 57, 1232–1235. [CrossRef]

43. Yin, Y.; Han, J.; Zhang, Y.; Zhang, X.; Xu, P.; Yuan, Q.; Samad, L.; Wang, X.; Wang, Y.; Zhang, Z.; et al. Contributions of Phase,
Sulfur Vacancies, and Edges to the Hydrogen Evolution Reaction Catalytic Activity of Porous Molybdenum Disulfide Nanosheets.
J. Am. Chem. Soc. 2016, 138, 7965–7972. [CrossRef]

44. Xue, H.; Meng, A.; Chen, C.; Xue, H.; Li, Z.; Wang, C. Phosphorus-doped MoS2 with sulfur vacancy defects for enhanced
electrochemical water splitting. Sci. China Mater. 2022, 65, 712–720. [CrossRef]

45. Liu, H.; Wang, J.-G.; Hua, W.; You, Z.; Hou, Z.; Yang, J.; Wei, C.; Kang, F. Boosting zinc-ion intercalation in hydrated MoS2
nanosheets toward substantially improved performance. Energy Storage Mater. 2021, 35, 731–738. [CrossRef]

46. Angamuthu, G.; Rengarajan, V. MoS2 mediated nitrogen enriched composite material for high and fast Li-ion storage. Appl. Surf.
Sci. 2020, 525, 146437. [CrossRef]

47. Sheng, Z.; Qi, P.; Lu, Y.; Liu, G.; Chen, M.; Gan, X.; Qin, Y.; Hao, K.; Tang, Y. Nitrogen-Doped Metallic MoS2 Derived from a
Metal–Organic Framework for Aqueous Rechargeable Zinc-Ion Batteries. ACS Appl. Mater. Interfaces 2021, 13, 34495–34506.
[CrossRef]

48. Eda, G.; Yamaguchi, H.; Voiry, D.; Fujita, T.; Chen, M.; Chhowalla, M. Photoluminescence from Chemically Exfoliated MoS2.
Nano Lett. 2011, 11, 5111–5116. [CrossRef]

49. Cho, J.; Ryu, S.; Gong, Y.J.; Pyo, S.; Yun, H.; Kim, H.; Lee, J.; Yoo, J.; Kim, Y.S. Nitrogen-doped MoS2 as a catalytic sulfur host for
lithium-sulfur batteries. Chem. Eng. J. 2022, 439, 135568. [CrossRef]

50. Liu, J.; Wang, Z.; Li, J.; Cao, L.; Lu, Z.; Zhu, D. Structure Engineering of MoS2 via Simultaneous Oxygen and Phosphorus
Incorporation for Improved Hydrogen Evolution. Small 2020, 16, 1905738. [CrossRef]

51. Wu, W.; Zhao, Y.; Li, S.; He, B.; Liu, H.; Zeng, X.; Zhang, J.; Wang, G. P doped MoS2 nanoplates embedded in nitrogen doped
carbon nanofibers as an efficient catalyst for hydrogen evolution reaction. J. Colloid Interface Sci. 2019, 547, 291–298. [CrossRef]

52. Chae, M.S.; Heo, J.W.; Lim, S.-C.; Hong, S.-T. Electrochemical Zinc-Ion Intercalation Properties and Crystal Structures of ZnMo6S8
and Zn2Mo6S8 Chevrel Phases in Aqueous Electrolytes. Inorg. Chem. 2016, 55, 3294–3301. [CrossRef]

53. Cheng, Y.; Luo, L.; Zhong, L.; Chen, J.; Li, B.; Wang, W.; Mao, S.X.; Wang, C.; Sprenkle, V.L.; Li, G.; et al. Highly Reversible
Zinc-Ion Intercalation into Chevrel Phase Mo6S8 Nanocubes and Applications for Advanced Zinc-Ion Batteries. ACS Appl. Mater.
Interfaces 2016, 8, 13673–13677. [CrossRef]

54. Zhang, K.; Jin, B.; Gao, Y.; Zhang, S.; Shin, H.; Zeng, H.; Park, J.H. Aligned Heterointerface-Induced 1T-MoS2 Monolayer with
Near-Ideal Gibbs Free for Stable Hydrogen Evolution Reaction. Small 2019, 15, 1804903. [CrossRef]

55. Xu, J.; Dong, Z.; Huang, K.; Wang, L.; Wei, Z.; Yu, L.; Wu, X. Flexible design of large layer spacing V-MoS2@C cathode for
high-energy zinc-ion battery storage. Scr. Mater. 2022, 209, 114368. [CrossRef]

56. He, P.; Yan, M.; Zhang, G.; Sun, R.; Chen, L.; An, Q.; Mai, L. Layered VS2 Nanosheet-Based Aqueous Zn Ion Battery Cathode. Adv.
Energy Mater. 2017, 7, 1601920. [CrossRef]

57. Augustyn, V.; Come, J.; Lowe, M.A.; Kim, J.W.; Taberna, P.-L.; Tolbert, S.H.; Abruña, H.D.; Simon, P.; Dunn, B. High-rate
electrochemical energy storage through Li+ intercalation pseudocapacitance. Nat. Mater. 2013, 12, 518–522. [CrossRef]

58. Augustyn, V.; Simon, P.; Dunn, B. Pseudocapacitive oxide materials for high-rate electrochemical energy storage. Energy Environ.
Sci. 2014, 7, 1597–1614. [CrossRef]

59. Cai, C.; Tao, Z.; Zhu, Y.; Tan, Y.; Wang, A.; Zhou, H.; Yang, Y. A nano interlayer spacing and rich defect 1T-MoS2 as cathode for
superior performance aqueous zinc-ion batteries. Nanoscale Adv. 2021, 3, 3780–3787. [CrossRef]

60. Yao, J.; Jin, T.; Li, Y.; Xiao, S.; Huang, B.; Jiang, J. Electrochemical performance of Fe2(SO4)3 as a novel anode material for
lithium-ion batteries. J. Alloy Compd. 2021, 886, 161238. [CrossRef]

61. Yao, J.; Yang, Y.; Li, Y.; Jiang, J.; Xiao, S.; Yang, J. Interconnected α-Fe2O3 nanoparticles prepared from leaching liquor of tin ore
tailings as anode materials for lithium-ion batteries. J. Alloy Compd. 2021, 855, 157288. [CrossRef]

62. Wu, T.; Zhu, K.; Qin, C.; Huang, K. Unraveling the role of structural water in bilayer V2O5 during Zn2+-intercalation: Insights
from DFT calculations. J. Mater. Chem. A 2019, 7, 5612–5620. [CrossRef]

63. Yan, M.; He, P.; Chen, Y.; Wang, S.; Wei, Q.; Zhao, K.; Xu, X.; An, Q.; Shuang, Y.; Shao, Y.; et al. Water-Lubricated Intercalation in
V2O5·nH2O for High-Capacity and High-Rate Aqueous Rechargeable Zinc Batteries. Adv. Mater. 2018, 30, 1703725. [CrossRef]

106



Nanomaterials 2023, 13, 1185

64. Zhang, N.; Cheng, F.; Liu, Y.; Zhao, Q.; Lei, K.; Chen, C.; Liu, X.; Chen, J. Cation-Deficient Spinel ZnMn2O4 Cathode in
Zn(CF3SO3)2 Electrolyte for Rechargeable Aqueous Zn-Ion Battery. J. Am. Chem. Soc. 2016, 138, 12894–12901. [CrossRef]

65. Shaju, K.M.; Subba Rao, G.V.; Chowdari, B.V.R. Li ion kinetic studies on spinel cathodes, Li(M1/6Mn11/6)O4 (M = Mn, Co, CoAl)
by GITT and EIS. J. Mater. Chem. 2003, 13, 106–113. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

107



nanomaterials

Article

The Surface Properties of Implant Materials by Deposition of
High-Entropy Alloys (HEAs)

Khalid Usman 1,†, Doori Kang 1,†, Geonwoo Jeong 1, Khurshed Alam 1, Athira Raveendran 1, Jinhui Ser 1,

Woohyung Jang 2,* and Hoonsung Cho 1,*

1 School of Materials Science & Engineering, Chonnam National University, Gwangju 61186, Republic of Korea
2 Department of Prosthodontics, School of Dentistry, Chonnam National University, Gwangju 61186, Republic of Korea
* Correspondence: awj568@jnu.ac.kr (W.J.); cho.hoonsung@jnu.ac.kr (H.C.)
† These authors contributed equally to this work.

Abstract: High-entropy alloys (HEAs) contain more than five alloying elements in a composition
range of 5–35% and with slight atomic size variation. Recent narrative studies on HEA thin films
and their synthesis through deposition techniques such as sputtering have highlighted the need
for determining the corrosion behaviors of such alloys used as biomaterials, for example, in im-
plants. Coatings composed of biocompatible elements such as titanium, cobalt, chrome, nickel, and
molybdenum at the nominal composition of Co30Cr20Ni20Mo20Ti10 were synthesized by means of
high-vacuum radiofrequency magnetron (HVRF) sputtering. In scanning electron microscopy (SEM)
analysis, the coating samples deposited with higher ion densities were thicker than those deposited
with lower ion densities (thin films). The X-ray diffraction (XRD) results of the thin films heat treated
at higher temperatures, i.e., 600 and 800 ◦C, revealed a low degree of crystallinity. In thicker coatings
and samples without heat treatment, the XRD peaks were amorphous. The samples coated at lower
ion densities, i.e., 20 μAcm−2, and not subjected to heat treatment yielded superior results in terms
of corrosion and biocompatibility among all the samples. Heat treatment at higher temperatures led
to alloy oxidation, thus compromising the corrosion property of the deposited coatings.

Keywords: high-entropy alloys (HEAs); sputtering; corrosion; implants; biomaterial

1. Introduction

High-entropy alloys (HEAs) are emerging advanced materials, and they are also called
multicomponent alloys, multi-principal-element alloys, and compositionally complex
alloys (CCAs). These alloys were first reported in 2004 by two independent research
groups, namely Yeh et al. [1] and Cantor et al. [2]. The alloy reported by the latter group
was composed of an equimolar mixture of Cr, Mn, Fe, Co, and Ni (i.e., Cantor alloy [3]).
Owing to the synergic property of HEAs, they appear to be a better alternative to existing
biomaterials such as 316 L stainless steel, titanium, and its derivative alloys such as Ti 6Al
4V, as well as conventional alloys (CAs) such as ASTM F75, F90, and F562 (HS251-Haynes
Stellite), also called Vitallium [4], in terms of corrosion and biocompatibility.

Over a broad temperature range, slow diffusion, lattice distortion, and high entropy are
the defining characteristics of HEAs as compared to conventional alloys (CAs). The mixture
of these properties affects the corrosion resistance, tribocorrosion, strength, hardness,
ductility, wear, and erosion of HEAs [5]. HEAs have the potential for application in various
industries, including aerospace, energy, refractory materials, and three-dimensional (3D)
printing, in addition to their use as biomaterials in implants or surgical equipment.

The constituent materials of the Co30Cr20Ni20Mo20Ti10 HEA were selected from the
perspective of biological compatibility. Co-Cr and its oxide states, e.g., Cr (VI), are consid-
ered CMR substances and cause lung cancer [6]. Ni sensitization is frequently accompanied
by Co sensitization. There was no indication of Ti-specific hypersensitivity [7]. To ensure
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the neoformation of tissues and organs and the cells in a scaffold, the surface must be
compatible anatomically, physiologically, and histologically. New bone formation can be
reinforced by using bioactive signals such as genes, tethered agents, soluble factors, total
growth factor (TGF-β), and its subgroups such as bone morphogenetic protein (BMP) [8,9].
Protein adhesion initiates the initial phases of corrosion in human implants. Proteins either
adhere permanently to metallic implants or depart from them through flow assisted by
human bodily fluids, carrying some metallic fragments in the process. The disadvantage of
conventional Ti-metallic implants is that it has strength ductility mismatch with bones and
also release extra low interstitial (ELI) of Ti-6Al-4V leading to phosphorus deficiency in
blood and bones [10].

To synthesize the HEA, a few basic parameters must be considered, including the
Hume-Rothery rule [11,12], intrinsic properties such as entropy and enthalpy of mixing [13],
valence electron configuration (VEC) [14], and rules for single phase, crystalline, intermetal-
lic materials [3,15,16]. HEAs can be designed by evaluating the properties of materials
that constitute HEA [17,18]. Alternatively, they can be synthesized by using computing
techniques such as the phase-diagram calculation [19]. The principal equations that govern
the properties of HEAs are as follows:

ΔSmix = R ∑n
i ci ln ci (1)

VEC = ∑n
i=1 ci(VEC)i (2)

δ = 100%

√√√√∑n
i=1 ci

(
1 − ri

∑n
j=1 cjrj

)2

(3)

ΔHmix = ∑n
i=1,i �=j Ωijcicj (4)

Ω =
TmΔSmix
|ΔHmix| (5)

where ΔSmix is the entropy of mixing, R is the universal gas constant, VEC denotes the
valence electron configuration, delta (δ) is a unitless value indicating atomic size difference,
ΔHmix is the enthalpy of mixing, Ω is a dimensionless parameter that denotes energy gain,
Tm is the melting point, and ci is the atomic composition. These mathematical expressions
are used to evaluate the alloy systems.

In conventional methods such as casting and powder metallurgy, samples must be
recast and pressed several times under vacuum to achieve homogeneity [20]. Moreover,
even after these processes, the elements do not mix with complete miscibility and form
amalgamations in certain microscopic regions. By contrast, sputtering, a type of physical
vapor deposition (PVD) method, involves more spontaneous mixing of the constituent
materials. Moreover, it does not require additional recasting and pressing steps. With
sputtering, the layer thickness of HEA, which impacts the corrosion resistance and bio-
compatibility of the underlying substrate, can be controlled easily. In this work, corrosion
analyses of sputtered HEA thick and thin films in simulated body fluid (SBF) are performed,
whereas in existing studies, the corrosion properties of HEA were studied in NaCl, H2SO4,
and seawater. During sputtering, the films are subjected to a metastable-phase energy
barrier of E~0.25 eV before their final adhesion to the substrate surface, and this metastable
phase is the transition region between the gasification and substrate phases [21].

2. Materials and Methods

The top-down configuration of an Artec system magnetron sputtering machine was
used for HEA deposition. This machine is equipped with a target holder measuring
4.25 in. The target holder was upgraded to accommodate 20 pieces. In total, six cobalt,
two titanium, and four nickel, chromium, and molybdenum were cut by means of electron
discharge machining (EDM). Approximately 99.99% pure elemental discs were procured
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from THIFINE (the film and fine materials ©). To avoid charge accumulation at the
target, the radiofrequency (RF) sputtering process was used, as illustrated in Figure 1a.
The frequency ranged from 5 to 30 MHz, and the typical frequency was 13.56 MHz;
electron densities ranged from 109 to 1011 cm−3, and discharge pressure ranged from 0.5
to 10 mTorr [22]. Rare-earth magnets were used in the RF magnetron sputtering process.
Figure 1b depicts how the magnetic field triggered a spiral momentum of the electrons
around the target. This momentum increases the probability of sustained plasma, even at
low pressures [23]. A 5 × 10−2 mbar vacuum was created before turning on the main valve
(M/V). The samples were prepared at two different ion current densities of 2 × 10−5 A/cm2

and 5 × 10−5 A/cm2 [24]. Lower ion current densities reduce the likelihood of substrate
oxidation [25]. After the thin HEA films were deposited by means of sputtering, the
samples were post-treated in a multifunctional vacuum furnace (Ajeon Heating Industrial
Co., Ltd., Namyangju-si, Republic of Korea) for 1 h at three different temperatures of 400 ◦C,
600 ◦C, and 800 ◦C. In this treatment, the maximum temperature was attained with a low
heating curve rate, i.e., 5 ◦C per minute, to avoid large temperature gradients that result in
tensile stresses and lead to the Kirkendall effect in coatings [26]. The treated samples were
then cooled in a furnace under a 0.14 SCCM argon flow.

Figure 1. (a) Line diagram of radiofrequency (RF) magnetron sputtering; (b) Inside view of HEA
sputtering process in the chamber.

Thermodynamic calculations were performed using mathematical expressions. From
Equation (3), the average atomic radius ravg of the prepared HEA Co30Cr20Ni20Mo20Ti10

was calculated as 1.2931 Å. The atomic size difference was 9.4%. By applying Equation (2)
to the XPS composition analysis result of the sample (Table 1), the nominal valence electron
configuration (VEC) was calculated as 7.15. The enthalpy of mixing was calculated using
Equation (4) (ΔHmix was taken as −4.07 KJ/mol) [27,28].

Corrosion experiments were conducted using BioLogic’s VSP 300 potentiostat and EC-
Lab software (v11.33). For corrosion testing, the Metek-designed flat cell K0235 was used,
which exposes 1 cm2 of the working electrode surface for greater accuracy. The cell was
designed according to ASTM G5 with constant argon purging [29]. The fact that the oxygen
in electrolytes reaches the surface of HEA affects the rate of oxidation on the HEA. By
combining Fick’s law for diffusion and Faraday’s law, one can calculate the cathodic current
associated with oxygen diffusion [30]. A simulated body fluid called Ringer’s solution was
selected as the electrolyte for corrosion testing, and Bode plots were constructed to analyze
the electrochemical impedance of the synthesized HEA [31–34].

Cellular metabolic activities were monitored by developing a 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay of osteoblast cell type (3T3 cells).
MC 3T3 (osteoblast cells) were taken from a cryogenic freezer and grown in an incubator
for one month in regular alpha-minimum essential medium (MEM) without L-ascorbic acid
and phenol red at 37 ◦C and with 5% CO2 supply. After the cells grew to 80% confluence in
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a T-75 flask, they were sufficiently populated. Twice each week, the medium was changed,
and the MTT assay was developed when the cell confluence exceeded 1 × 105 cells/mL [35].

Table 1. Elemental composition and orbital configuration of deposited Co30Cr20Ni20Mo20Ti10 HEA.

Element
Atomic

Percentage (%)
Binding Energy (eV) FWHM (ΔeV)

Chi-Square
(×106)

Cobalt 31.89 777~794
3.25Co 2p3/2 80.41 of 31.89 778.42 1.10

Co 2p1/2 19.59 of 31.89 793.29 1.52

Chromium 17.42 573~585
5.74Cr 2p3/2 74.20 of 17.42 574.46 1.77

Cr 2p1/2 25.80 of 17.42 583.58 1.75

Molybdenum 21.93 227~231
3.65Mo 3d5/2 62.60 of 21.93 227.59 0.79

Mo 3d3/2 37.40 of 21.93 229.46 1.16

Nickel 20.51 869~852

4.08
Ni 2p3/2 62.24 of 20.51 852.70 1.29
Ni 2p3/2 7.29 of 20.51 859.60 2.46
Ni 2p1/2 30.47 of 20.51 871.69 2.01

Titanium 8.24 455~462
0.34Ti 2p3/2 59.52 of 8.24 455.02 1.50

Ti 2p1/2 40.48 of 8.24 461.67 1.83

Thin-Film Characterization

X-ray diffraction analysis (XRD, using Cu-K radiation) was performed to examine
the crystallinity and phase structure of the synthesized HEAs. A low scan rate (1◦/min)
was employed to obtain a higher resolution. The step size, 2θ, and omega range of the
goniometer were 0.02, 5–90◦, respectively, and a voltage of 45 kV was used. By means of
field-emission scanning electron microscopy, the thicknesses of the deposited thin films
were measured (Model: Gemini 500). By using an Al Kα X-ray analyzer in conjunction
with XPS (Model: K-ALPHA+) with a spot size of 400 μm, excitation energy of 4.36 keV,
energy step of 0.05 eV, and pass energy of 100 eV, the surface chemistries of the produced
HEAs were determined. Argon etching was performed before characterization, and the C1
s peak was set to 284.6 eV.

3. Results and Discussion

After sputtering with varying ion densities, SEM was used to determine the coating
thickness, as shown in Figure 2. Higher ion density (5 × 10−5 A/cm2) had more argon ions
inside the sputtering chamber, resulting in thicker samples (the samples synthesized by
this parameter are called thick hereinafter), and samples prepared at low ion density, i.e.,
2 × 10−5 A/cm2, had less thickness with a difference of approximately 250 nm w.r.t thick
coating, labeled as thin hereinafter.

For XRD characterization, the amorphous peak of the thin films was absorbed because,
according to Equation (3), the atomic difference of Co30Cr20Ni20Mo20Ti10 was 5.57%, which
is in the amorphous region for HEAs, as depicted in Figure 3 [36].

The heat treatment temperature range was 300–1000 ◦C for the HEA without copper.
In this temperature range, the compositional difference between the dendritic ends and
the center was eliminated, except in the case of the HEAs with copper in them because, in
this temperature range, copper tended to segregate [37]. So, the prepared HEAs were heat
treated within given temperature ranges.

The lattice distortion effect of the HEA with varying atomic sizes led to a signifi-
cant loss of crystallization, which simplified its XRD patterns at high temperatures and
atypically lowered the peak heights of the (310) and (200) planes at 600 ◦C and 800 ◦C,
respectively [36].
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Figure 2. SEM analysis of HEA thin films synthesized at two different ion densities of (a) 20 μAcm−2

(thin film) and (b) 50 μAcm−2 (thick film). (c) Statistical differences between these two coatings.

Figure 3. Amorphous XRD peaks of (a) thin and (b) thick HEA films without heat treatment (WHT)
and heat treated at 400 ◦C, 600 ◦C, and 800 ◦C, respectively.

The XPS results of the alloy are depicted in Figure 4, along with the corresponding
Gaussian peak fitting results. The XPS results were obtained using a sample that was not
heat treated (Table 2) [38–42]. Figure 4a depicts the XPS survey spectrum, which confirms
the coexistence of all deposited elements in the Co30Cr20Ni20Mo20Ti10 HEA. By means of
Ar etching for 17 min before the XPS examination, we decreased the heights of the O1s
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and C1s peaks considerably. Figure 4b depicts the XPS peaks of Cr at 574 eV and 583.5 eV,
which correspond to Cr 2p3/2 and Cr 2p1/2, respectively [41,43]. These peaks were further
deconvoluted into two binding energies. In Figure 4c, cobalt has two prominent peaks at
778 and 793 eV, which correlate to Co2p3/2 and Co2p1/2, respectively. These intensities are
further split into two regions in each peak [39,44]. The peak at 230.8 eV corresponds to
(Mo3d3/2) Mo+4 [45] in Figure 4d, and in the same proximity, the peak centered at 227.5 eV
corresponds to Mo3d5/2 [38,40].

Figure 4. (a) XPS analysis of Co30Cr20Ni20Mo20Ti10 HEA-synthesized through magnetron sputter-
ing and the corresponding peak fitting of (b) chromium, (c) cobalt, (d) molybdenum, (e) nickel, and
(f) titanium.

The nickel peaks in Figure 4e were discretized into Ni2p3/2 peaks with spin-orbital
characteristics at 852 and 859 eV and an Ni2P1/2 peak centered at 870 eV [40,44]. Similarly
in Figure 4f, the Ti peaks are split into a Ti2P3/2 peak centered at 455 eV and two Ti2P1/2
peaks centered at 461 eV [42].

The results of the XPS studies confirmed that Mo6+ (Mo 3d5/2) and Mo4+ (Mo 3d3/2)
were present in the synthesized coatings, and these ions were an integral part of the passive
Cr2O3 films, in which Mo 3d5/2 controlled the film stability. MoO4

2− and MoO2 in these
films, which had binding energies of around 227 eV and 230 eV, respectively, as listed in
Table 1, acted as healers of any defects in the passive films [34].

113



Nanomaterials 2023, 13, 1123

Table 2. Electrochemical properties of HEA with reference to uncoated titanium CP-II.

Property Uncoated Thin Coat
Thin Coat

400
Thin Coat

600
Thin Coat

800
Thick
Coat

Thick
Coat 400

Thick Coat
600

Thick Coat
800

Ecorr (mV) −363.08 −347.46 527.04 522.49 −318.95 −698.23 163.09 −297.67 −463.64
Icorr (μA) 0.313 0.040 0.111 0.122 0.108 1.851 0.145 0.126 0.088

Corrosion rate
(mmpy) 0.0108 0.0014 0.0038 0.0042 0.0037 0.0641 0.0050 0.0043 0.0030

Resistance (Ω) 1.16 × 106 8.69 × 106 4.74 × 106 4.28 × 106 2.96 × 106 3.77 × 105 1.12 × 106 2.36 × 106 5.26 × 106

Epit (V) – 0.569 0.575 0.629 0.434 0.486
Log Ipass (mA) – 0.010 0.033 0.029 0.080 0.433

For corrosion analysis, the open-circuit potential was stabilized for 3 h, and polar-
ization curves were drawn between −0.5 V and 1.5 V at a scan rate of 10 mV/min on
titanium (CP-II) substrate. The reference electrode for the electrochemical process was
Ag/AgCl with 3M NaCl/saturated AgCl filling solution, and the electrode potential of
the Ag/AgCl electrode is 0.02 V against the standard calomel electrode (SCE) [46]. The
electrochemical impedance spectroscopy (EIS) experiment was run before drawing the
Tafel plots in Figures 5 and 6 because EIS is a non-destructive analysis. Moreover, the
electrochemical properties of the synthesized HEA are summarized in Table 2.

Figure 5. Polarization curves of Co30Cr20Ni20Mo20Ti10 alloy versus Ag/AgCl electrode in Hank’s
solution. Working electrode was deposited at 2 × 105 ion density (thin coat) without heat treatment
and with heat treatment at 400 ◦C, 600 ◦C, and 800 ◦C.

As a biomaterial, the synthesized HEA surface coating must be characterized elec-
trochemically to understand its behavior on implants from the perspective of avoiding
inflammation through the release of ions into the human body. This is because the synergic
effect of HEA and its corrosion characteristics vary significantly from those of known
electrochemical processes.

The pitting corrosion on the coating surface is considered a major disadvantage for
biomedical implants. In the discussion of the corrosion, we can add the fact that in the
trans-passive region of the potentiodynamic curve, potential considerably greater than the
corrosion potential pitting occurs (ref: ASTM-F746-0), as illustrated in Figures 5 and 6.

The uncoated sample was a substrate of commercially pure titanium grade II substrate.
The polarization curves represented in Figures 5 and 6 were measured against the open-
circuit potential. Ag/AgCl, and a Pt mesh were used as a reference and counter electrodes,
respectively. Table 2 lists the current densities, corrosion resistance, and other important
values obtained from the Tafel plots after fitting in EC-Lab software.
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Figure 6. Polarization curves of Co30Cr20Ni20Mo20Ti10 alloy versus Ag/AgCl electrode in Hank’s
solution. Working electrode was deposited at 5 × 105 ion density (thin coat) without heat treatment
and with heat treatment at 400 ◦C, 600 ◦C, and 800 ◦C.

The atomic arrangement of synthesized HEA was amorphous, and high temperature
leads to thermally active movement of atoms resulting in the formation of a small-ordered
crystal structure, as depicted in Figure 3. Due to this movement, the compactibility of the
coating is compromised, resulting in high current densities at elevated temperatures [47],
as shown in Table 2. In the synthesized thin film, Mo-O and Cr-O generate a passivation
mechanism by providing a healing effect to the coating. Therefore the amounts of molyb-
denum and chromium in the coating gives a passivation mechanism by the Cr-rich sigma
(σ) phase [16]. This is corroborated by the high corrosion resistance of 8.69 × 109 Ω of the
thin film [34]. Cr (VI) is released from an alloy. It is only present for a very limited time
because it is quickly reduced to the trivalent state in vivo [48].

Electrochemical impedance is a measurement of the resistance of coating for a given
frequency and phase of alternating current. The higher the potential of a material, the lower
its electron density at that potential, which means that there is more space for electrons
to flow, and the surface is therefore resistant to oxidation. Electrochemical impedance
characterization was performed by analyzing the Bode plots of the samples, as depicted
in Figure 7. The frequency range used for the EIS measurements was 10 kHz to 1 mHz,
and 1 sinusoidal wave was composed of 10 nodes of data points. Constant phase elements
(CPEs) were determined using the following equation.

ZCPE(ω) = ω
1

(iω)αQ
(6)

where ω is the angular frequency 0 ≤ α ≤ 1. At higher and lower frequencies, the circuit
acted as capacitive and resistive, respectively.

The Bode plots show the variation of the impedance modulus and the phase angle of
the CPEs in the film at the applied frequency of the sinusoidal signal. HEAs have higher
impedance owing to the presence of metals that generate more ions in the resistive region,
that is, at low frequencies ranging from 10−2 to 10−1, the thick and thin 400 ◦C samples
show less contribution of charge transfer because their magnitudes are greater than 102 to
103 Ω on a logarithmic scale.

MTT dye was analyzed using a wavelength of 570 nm to perform a cell viability
analysis. Osteoblast 3T3 cells were grown on processed Co30Cr20Ni20Mo20Ti10 HEAs, and
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their compatibility is shown in Figure 8. MTT analysis was performed at a significance
level of 0.05 and a mean square value of 0.16. The sample heat treated at 600 ◦C indicated
a significant difference in variability (S = 0.05). This HEA sample contained 10% Ti in
three structural forms, namely alpha, beta, and alpha-beta phases, depending on the heat
treatment condition and alloying additions. At 600 ◦C, the Ti was mostly α-Ti, leading
to reduced cell viability [49]. Mo and Cr also functioned as beta stabilizers, for instance,
in ASTM F 2066. Moreover, the biocompatibility of the samples decreased as their heat
treatment temperature increased, as the electrical current started to flow within the cells [50].
The samples heat treated at 800 ◦C exhibited little crystallinity in the XRD (Figure 3), and
accordingly, their biocompatibility was poor.

Figure 7. Impedance plots (Bode curve) of Co30Cr20Ni20Mo20Ti10 alloy versus Ag/AgCl electrode
in Hank’s solution. Working electrode was deposited at (a) 2 × 105 ion density (thin coat) without
heat treatment and with heat treatment at 400 ◦C, 600 ◦C, and 800 ◦C (b); (a) 5 × 105 ion density (thin
coat) without heat treatment and with heat treatment at 400 ◦C, 600 ◦C, and 800 ◦C.
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Figure 8. MTT analysis of uncoated titanium surface, coated Co30Cr20Ni20Mo20, and heat treated
surfaces. The significant difference between thin coat and samples heat treated at 600 ◦C is marked
with hysteric.

4. Conclusions

In this work, the thin HEA coating of 419 nm produced by sputtering at 2 × 10−5 A/cm2

ion density and without heat treatment outperformed all the other samples in terms of
corrosion resistance of 8.69 × 106 Ω-cm2 (Table 2) and biological cell viability (Figure 8). In
our analysis, we studied an HEA by considering two variables, namely coating thickness in
nanoscale and heat treatment temperature. In our analysis of the EIS property of the deposited
HEA thin films, the WHT thin film formed a resistive circuit that protected biological cells
and allowed current flow in the extracellular region. Therefore, this coating must have had a
compacted passive layer. If the chromium content of the HEA exceeded 12%, molybdenum
eliminated hydroxide ions from chromium. Similarly, nickel and cobalt enhanced the strength
of the passivation layer, which increased its resistance to pitting corrosion [51], as shown in
Table 2 [34]. The samples coated with Co30Cr20Ni20Mo20Ti10 at low ion density and without
heat treatment produced relatively good osteoblast cell viability and corrosion resistance, as
illustrated in Figure 9. This finding is solely attributable to the fact that coated samples tend
to have less structure distortion than the other samples, and atomic mobility is noticeable in
the XRD results from the remaining samples.

Figure 9. Effect of heat treatment and coating thickness on electrochemical property and osteoblastic
cell viability.
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Abstract: With the advances in edge computing and artificial intelligence, the demands of
multifunctional electronics with large area efficiency are increased. As the scaling down
of the conventional transistor is restricted by physical limits, reconfigurable electronics
are developed to promote the functional integration of integrated circuits. Reconfigurable
electronics refer to electronics with switchable functionalities, including reconfigurable
logic operation functionalities and reconfigurable responses to electrical or optical sig-
nals. Reconfigurable electronics integrate data-processing capabilities with reduced size.
Two-dimensional (2D) semiconductor materials exhibit excellent modulation capabilities
through electrical and optical signals, and structural designs of 2D material devices achieve
versatile and switchable functionalities. 2D semiconductors have great potential to develop
advanced reconfigurable electronics. Recent years witnessed the rapid development of
2D material devices for reconfigurable electronics. This work focuses on the working
principles of 2D material devices used for reconfigurable electronics, discusses applications
of 2D-material-based reconfigurable electronics in logic operation and artificial intelligence,
and further provides a future outlook for the development of reconfigurable electronics
based on 2D material devices.

Keywords: two-dimensional materials; two-dimensional semiconductors; reconfigurable
electronics; reconfigurable logic; artificial intelligence

1. Introduction

Over the past decades, the trend of promoting the complementary metal-oxide-
semiconductor (CMOS) technology integration level along with the predictions of Moore’s
Law [1] has been facilitating the boost of computation power and the prosperity of artificial
intelligence (AI). However, the rising demands of the data throughput and scaling down
with the rapid development of big-data-processing and edge-computing scenarios are
increasingly hard to be met, as conventional integrated circuit (IC) technology approaches
its physical limit [2,3]. Therefore, extensive works have been conducted for innovative
architectures, including devices based on silicon nanowires or nanosheets [4,5], carbon
nanotubes [6,7], and two-dimensional (2D) semiconductor materials [8,9].

2D semiconductor materials have drawn increasing attention in recent years. 2D semi-
conductor materials are free of dangling bonds with ultra-thinned thickness and have less
mobility degradation effects than silicon in the same thickness scale. 2D semiconductors
with reduced thickness exhibit enhanced control of the channel current when the channel
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length is down to 10 nm, which promotes the transistor channel length scaling down [10,11].
The ultra-thinned bodies of 2D semiconductors enable easy electrostatic gating control
of 2D semiconductor channels and channel polarity tuning between p-, n-, and intrinsic
types [12]. 2D materials exhibit prominent physics properties, including confinement
effects [13], optical responses [14], etc., which are promising for developing devices with
extended functionalities. Large-area growth technologies of 2D semiconductor materials,
including chemical vapor deposition [15], have been investigated to promote the applica-
tions of 2D semiconductors to large-scale integrated circuits. Recently, transistor structures
in advanced nodes, including FinFETs [16] and GAAFETs [17], based on 2D semiconductor
materials have been investigated to further enhance gate control, and three-dimensional
(3D) integration designs of 2D material devices with higher area efficiency have been devel-
oped to validate the feasibility of 2D semiconductors for 3D stacking technology [18–20].
2D materials are promising for the next-generation computational devices [21,22].

Recently, reconfigurable electronics based on 2D semiconductor materials have been
investigated to overcome the physical limit and promote the area scaling down. 2D semi-
conductor channels with ambipolar characteristics can be easily doped as p-type or n-type
channels by the gate voltage, and the channel current control dimension is increased at
the device level [23–25]. 2D heterojunctions exhibit physical properties that modulate the
transfer or output characteristics of channels and extend the functionalities of devices [26].
Reconfigurable electronics utilizing the properties of 2D semiconductors can change their
functionalities to integrate multiple operations into circuit or device components, thereby
reducing the number of transistors and increasing area efficiency [27,28]. Reconfigurable
logic circuits based on 2D semiconductors have been developed to perform multiple types
of logic operations, including basic logic like “AND” and “OR” gates and combinational
logic like “multiplexer”, by highly simplified circuit forms, which largely reduces the
required number of devices needed for reconfigurable logic operations [29–31]. 2D ma-
terial devices with memory properties can switch their functions between transistor and
memory, thereby integrating logic operation and data storage functions into the same
device prototype [32]. Apart from digital logic operations, reconfigurable electronics based
on 2D material devices have been investigated for analog computing of AI algorithms.
Artificial synapses based on reconfigurable 2D material devices have been designed to
emulate brain synaptic functions at the device level, which can be used for neuromorphic
computing architectures [33]. 2D semiconductor channels with adjustable optical responses
can be used to develop in-sensor computing architectures to reduce the data transmission
pathway. Those architectures have been used for analog computing of artificial neural
networks [34,35].

This work discusses reconfigurable electronics based on 2D semiconductor materials
and their recent progress. Section 1 introduces the properties, preparation and growth
technologies, and polarity control strategies of 2D semiconductor materials. Section 2
discusses 2D material devices with different mechanisms for reconfigurable functionalities.
Sections 3 and 4 analyze recently developed 2D-material-based reconfigurable electronics
for logic operations and artificial intelligence, respectively. Finally, the future outlook of
the development of reconfigurable electronics based on 2D material devices is given in
Section 5.

2. Overview of 2D Semiconductor Materials

2.1. 2D Semiconductor Material Properties

2D semiconductor materials have atomically thin bodies in each layer. Common 2D
semiconductor materials include transition metal disulfide (TMDCs) (Figure 1a) [36] and
black phosphorus (BP) (Figure 1b) [37]. Compared with bulk materials, 2D semiconductor
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materials have several prominent physical properties. With the reduction in channel mate-
rial thickness for bulk materials like silicon, the degradation in mobility is severe due to
the state of the surface trap and dangling bonds. On the contrary, the atomic arrangement
of ultra-thinned 2D material layers has a pristine interface. The density of trap states is
minimized, and scattering at channel–dielectric interfaces is reduced [38]. Therefore, 2D
materials maintain good intrinsic mobility in atomical thickness. The reduction in channel
thickness leads to the increase of the gate control capability in ultra-scale channel length,
so 2D semiconductors with ultra-thinned thickness can be used to achieve short-channel
transistors [39]. The thin body also enables easy electrostatic gating control to tune the
energy band of the channel and change the polarity of materials [29]. 2D materials have
good flexibility and mechanical strength to enable flexible electronics [40,41]. 2D semicon-
ductors like MoS2 have ultra-high sensitivity in response to optical information [42], and 2D
semiconductors can be used for high-performance photoelectric devices, including photo-
diodes [43] and spectrometers [44]. Two-dimensional semiconductor materials have drawn
attention in the development of post-silicon transistor design and manufacturing [45].

Figure 1. 2D semiconductor structures. (a) The structure of MoS2 as a 2D TMDC material. The
single-layer thickness is 6.5 Å. Reproduced with permission [36], copyright 2011, Springer Nature.
(b) The structure of BP. The single-layer thickness is 5 Å. Reproduced with permission [37], copyright
2014, Springer Nature.

2.2. Preparation and Growth Methods of 2D Semiconductor Materials

Early discoveries and investigations on 2D materials are based on the mechanical ex-
foliation method [36,46]. Nowadays, mechanical exfoliation is commonly used to fabricate
single or small-scale 2D material devices. The steps of mechanical exfoliation are shown
in Figure 2a. First, the bulk crystal is pressed onto Scotch tape. Then, the Scotch tape is
lifted to take 2D material flakes away from the bulk crystal, and few-layer 2D material
flakes are located and transferred to the substrate by polydimethylsiloxane (PDMS). The
transferred 2D material layer can be patterned by etching, and other fabrication processing
like metal deposition can be conducted in the following steps. Mechanical exfoliation
is a straightforward method to obtain thin-layer 2D materials. There are no chemical
damage or high-temperature effects, and 2D materials made from mechanical exfolia-
tion have excellent electrical and optical response properties and retain intrinsic physical
properties [47].

Since there are problems of large device-to-device variability and hardness to achieve
large-area synthesis, other methods have been developed for large-scale integration of 2D
semiconductors. CVD is regarded as one of the most promising methods for the synthesis
of large-area and single-layer two-dimensional materials [48]. CVD is an atomic-level sur-
face modification process where a thin solid film is deposited on an underlying substrate
through a chemical reaction from the vapor or gas phase. It usually has two steps, mass
transport and a surface kinetics reaction [49]. CVD includes various branch methods, such
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as metal–organic CVD (MOCVD), plasma-enhanced CVD (PECVD), low-pressure CVD
(LPCVD), etc. The schematic diagram of MOCVD is shown in Figure 2b. The high tempera-
ture used in CVD enables the high migration ability of atoms and molecules and promotes
the growth of crystalline domains, which results in large domain sizes and good unifor-
mity [50]. Main stream CVD growth methods have to use high temperatures to achieve
good crystalline, while back-end-of-the-line technologies have maximum temperatures of
about 500 ◦C [51]. A widely used solution is to transfer 2D material layer fabricated by CVD
on a sapphire substrate to the chip. The transfer method of CVD 2D materials can be used
for back-end-of-the-line technologies for wafer-scale production. Low-thermal-budget
CVD synthesis approaches have also been developed in recent years [52]. Apart from
mechanical exfoliation and CVD, other methods, including liquid phase exfoliation [53]
and epitaxial growth [54], have been also used for the preparation and growth of 2D
semiconductors.

Figure 2. 2D semiconductor fabrication methods. (a) Steps of mechanical exfoliation. Reproduced
with permission [55], copyright 2019, MDPI AG. (b) Schematic diagram of MOCVD. Reproduced
with permission [56], copyright 2021, Wiley-VCH.

2.3. Polarity of 2D Semiconductor Materials

Due to versatile physical properties of 2D semiconductors, different 2D semiconductor
materials exhibit n-type, p-type, or ambipolar transport behaviors, thereby promoting the
energy band engineering, and can achieve various operation functionalities. As shown in
Figure 3a,b, the n-type MoS2 channel can be used for “OR” logic operation, the p-type BP
channel can be used for “NOR” operation, and the ambipolar WSe2 channel can achieve
“XNOR” logic operation [57]. Proper designs of device structures based on 2D semiconduc-
tors with different polarity properties can develop various reconfigurable electronics.

Polarities of 2D semiconductors, including WSe2 [58], MoTe2 [59], and BP [60], can be
easily tuned since 2D semiconductors have ultra-thinned bodies. 2D semiconductor layers
can exhibit ambipolar, unbalanced ambipolar, p-type, or n-type transport behaviors [61–63].
Various strategies can be applied to tune the mobilities and carrier densities of electrons
and holes and change the semiconductors. For example, the atomic layer deposition (ALD)
of high-k dielectric, including Al2O3, can enhance n-type behavior (Figure 3c,d).

To promote the applications of 2D materials in integrated circuits and very-large-
scale integration, the performance of 2D semiconductor channels with both p- and n-
type polarities should be enhanced to build complementary circuits. The development
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progress of high-performance n-type 2D channels like CVD-grown MoS2 is relatively
advanced [64,65], but the development of pure p-type 2D channels is limited. There exits
Fermi-level pinning near the conduction band caused by the interfacial defects induced by
evaporation of the contact metal. Strategies to obtain high-performance p-type 2D channels
have been developed in recent years by the stable evaporation of high-work-function
metals [66]. Complementary circuits with n-type and p-type 2D material channels for 2D
integrated circuits have been developed recently (Figure 3e,f) [67].

Figure 3. The polarity control of 2D semiconductor materials. (a) Different polarity properties of
2D semiconductor materials and (b) their corresponding operation applications. Reproduced with
permission [57], copyright 2021, Springer Nature. (c,d) BP transistors with tunable polarities by the
Al-donor doping technique of Al2O3 ALD processes. (c) The inverter with p-type BP and n-type
Al-doped BP transistors. Reproduced with permission [62], copyright 2018, Wiley-VCH. (d) Transport
curve of p-type and n-type BP transistors. Reproduced with permission [62], copyright 2018, Wiley-
VCH. (e) The schematic and (f) scanning electron microscopy image of the complementary circuits
composed of p-WSe2 and n-WSe2 by evaporations of contact metal with different work functions.
Reproduced with permission [67], copyright 2024, Springer Nature.

3. Working Principle of Reconfigurable Devices

Various strategies have been investigated for the implementation of reconfigurable
devices to achieve different functionalities, including homojunction, heterojunction, and
defects. Homojunction is formed by a 2D semiconductor material layer, which is more
easily fabricated, and has fewer defects at the junction interface. The positions of junctions
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and the positions of gate boundaries are self-aligned. Heterojunctions are formed by the
stacking of 2D materials. With proper structural designs, the modulation functions of
heterojunctions can be tuned by a single gate. Heterojunctions deliver various physical
properties due to the interactions of multiple 2D semiconductors. Defects in 2D material
layers or 2D material device structures induce a charge trapping/de-trapping effect to
implement programming or memory functionalities of reconfigurable electronics.

3.1. Homojunction

A tunable homojunction can change the relations between the gate voltage and the drain
current and therefore change the functionalities of devices. p–n homojunctions are widely
used in 2D-material-based reconfigurable devices. A p–n homojunction with switchable
polarities for ambipolar 2D materials can be used to build structures or circuits with various
reconfigurable functions. A switchable p–n homojunction can be applied to device structures
for circuits with reconfigurable logic computing (Figure 4a,b) [68,69]. Since photocurrents can
be generated at p–n junctions, a switchable p–n homojunction can also change the direction of
a photocurrent induced by light information and can be used for reconfigurable optoelectronic
devices [70,71]. The doping of 2D materials can be conducted by ion implantation [72,73], but
the polarity is unchanged after doping. Due to the ultra-thin body of 2D materials, electrostatic
gating is an effective strategy to tune the energy band in a sufficiently large range and can
dynamically change the polarity of the gate-controlled channel [12]. Other strategies for a
switchable p–n homojunction have also been investigated. For example, Peng et al. proposed
a single-gate reconfigurable device based on graded doping by the absorption and desorption
of gas molecules (Figure 4c) [74]. The graded doping strategy can form a p–n homojunction
for ambipolar MoTe2 with a single gate, which simplifies the device complexity (Figure 4d).
Apart from a p–n homojunction, junctions with the same polarities, including n+–n− or p+–p−

homojunctions, can also be used to achieve reconfigurable functions [75]. An n+–n− or p+–p−

homojunction achieves various functionalities with less demand for the energy band tuning
range. The integration of multiple forms of junctions can further enhance the functionality
of reconfigurable structures. Pan et al. developed a multibarrier collaborative modulation
architecture (Figure 4e,f) through interactions of p–n, n+–n−, and p+–p− homojunctions
(Figure 4g) and integrated combinational and reconfigurable logic computing functions at the
device level [31].

3.2. Heterojunction

Heterojunctions have versatile electric modulation properties that can be applied to
reconfigurable electronics. The unequal band gaps between two semiconductor materials
induce more control dimensions for the transfer or output characteristics of devices. A
commonly applied property is negative differential resistance (NDR). The energy bands of
channels are variable by gate voltages, and the potential differences of the valence bands and
conduction bands between two materials at the heterojunction are tunable [76]. When the
tunable range is sufficiently large, the polarities of the potential differences can be altered,
which can change the type of the major carrier in the channels or switch the relation between
gate voltage and the carrier density [77,78]. Therefore, the curves of I–V characteristics exhibit
different polarities of derivatives in different voltage intervals. 2D heterojunctions can be used
for electronics with multi-valued logic operations. Huang et al. proposed a multifunctional
device based on a BP/MoS2 heterojunction (Figure 5a) [79]. The NDR transfer characteristics
enable the device to be used for a reconfigurable inverter that can process binary and ternary
logic controlled by the supply voltage (Figure 5b). Types of logic operation functions can
also be reconfigured by 2D heterojunctions. Seo et al. presented a BP/ReS2 heterojunction
reconfigurable device [80]. NDR property is induced by the type-III BP/ReS2 heterojunction,
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and electron trapping/de-trapping is induced to tune the layer resistance. Reconfigurable
circuits for ternary inverter and latch are built by the heterojunction. Another widely used
property of a 2D heterojunction is negative differential transconductance or anti-ambipolar
characteristics. The current is relative large for gate voltage that at the middle of the interval,
and when increasing or decreasing the gate voltage, the current is reduced [81]. Shingaya
et al. proposed a dual-gate anti-ambipolar reconfigurable device based on a ReS2/WSe2

heterojunction (Figure 5c,d) [82]. The anti-ambipolar device can achieve two-input logic
operations of AND, OR, XOR, NAND, NOR, and XNOR (Figure 5e).

Figure 4. 2D-material-based reconfigurable electronics based on homojunction structures. (a) The
schematic symbol and (b) band diagrams of the electrically tunable two-dimensional homojunction for
reconfigurable logic computing. Reproduced with permission [29], copyright 2020, Springer Nature.
(c) The device schematic and (d) polarity switchable characteristics of the single-gate 2D material
device implementing reconfigurable functions by graded doping. Reproduced with permission [74],
copyright 2023, Springer Nature. (e) The device structure, (f) schematic symbol, and (g) band
diagrams of the multibarrier collaborative modulation device. Reproduced with permission [31],
copyright 2024, American Chemical Society.
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Figure 5. 2D-material-based reconfigurable electronics based on heterojunctions. (a) A multifunc-
tional BP/MoS2 heterojunction-based device for (b) tunable multi-value logic operations. Reproduced
with permission [79], copyright 2017, Springer Nature. (c) A ReS2/WSe2 heterojunction-based re-
configurable device exhibiting (d) anti-ambipolar characteristics. Reproduced with permission [82],
copyright 2022, Wiley-VCH. (e) Logic operations of the anti-ambipolar reconfigurable device to
perform “NAND”, “NOR”, “XOR”, and “XNOR” logic. Reproduced with permission [82], copyright
2022, Wiley-VCH.

3.3. Charge Trapping/De-Trapping of Defects

Defects in 2D material devices have been utilized in reconfigurable electronics. In 2D
material layers, defects refer to structural abnormalities in a material due to the absence
or irregular arrangement of atoms such as atomic vacancies or heteroatoms [83]. The
defects of 2D TMDs are often expressed as intrinsic sulfur vacancies [84]. Defects of 2D
material layers significantly affect the materials’ physical properties, including optical
characteristics [85], electrical [86] and thermal [87] conductivity, etc. A widely applied
design of utilizing the defects of 2D material layers is the control of charge trapping/de-
trapping to or from the 2D material layer defects (Figure 6a) [80]. The 2D material layer
conductivity is thereby adjusted (Figure 6b), and the I–V characteristics curves are tunable
to achieve reconfigurable functionalities. Apart from defects in 2D material layers, charge
trapping/de-trapping processes can be generated by interfaces of 2D material devices.
Tsai et al. proposed a reconfigurable device based on a hBN/ReSe2/hBN heterostructure
(Figure 6c) [32]. The non-volatile programmable functions of the device were based on
the defect states in hBN and photoinduced trapping at the hBN/SiO2 interface. Under the
control of the program gate voltage, holes or electrons tunneled through the hBN layer
when the light signal was on and were trapped at the hBN/SiO2 interface (Figure 6d).
The trapped charge exhibited non-volatile behavior when the light signal was off and
electrostatically tuned the polarization states of the ReSe2 channel.
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Figure 6. Defect functionalities in reconfigurable 2D material devices. (a) A reconfigurable device
exhibiting tunable channel resistance by the charge trapping/de-trapping processes to or from
vacancies in the ReS2 layer. Reproduced with permission [80], copyright 2022, Wiley-VCH. (b) The
resistance change of the ReS2 layer by charge trapping/de-trapping under positive or negative
electrical pulses. Reproduced with permission [80], copyright 2022, Wiley-VCH. (c) A reconfigurable
transistor and memory with photoinduced trapping property at the dielectric interface. Reproduced
with permission [32], copyright 2023, Springer Nature. (d) A schematic of the photoinduced trapping
at the hBN/SiO2 interface. Reproduced with permission [32], copyright 2023, Springer Nature.

4. Two-Dimensional Semiconductor Reconfigurable Devices for
Logic Operations

Recent research on logic devices based on two-dimensional semiconductor materials
is of various functions and application scenarios. Reconfigurable logic devices have ad-
vantages, including area saving, low power consumption, etc. This section discusses the
applications of 2D-material-based reconfigurable electronics for logic circuits.

4.1. Reconfigurable Logic Operation Circuits

Designs of reconfigurable electronics based on 2D material devices are investigated to
promote the functionalities of reconfigurable logic circuits. Pan et al. proposed an electri-
cally tunable homojunction device based on WSe2. The direction of the p–n junction and the
drain current can be controlled by a combination of gate and drain voltage input polarity.
When the polarities of the gate voltages were the same, the device channel appeared as
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n–n- or p–p-type doping. When the polarities were opposite, n–p or p–n junctions were
formed, and multiple different current states were achieved. The device was used to build
modules that have reconfigurable logic operation functions of two-input logic operations
and multiplexer, d-latch, and adder/subtractor [29]. Wu et al. proposed a reconfigurable
transistor based on a BP channel to build complementary logic gates (Figure 7a) [12]. This
device exhibited programmable p-type and n-type transistor modes by adjusting the po-
larity gate voltage. Logic circuits were achieved to perform reconfigurable functions of
“NAND/NOR” or “XOR/XNOR” operation functions (Figure 7b). Apart from increasing
circuit functionalities, designs of 2D-material-based reconfigurable devices to increase area
efficiency are also developed. Pan et al. reported a multibarrier collaborative modulation
device for device-level high-density reconfigurable logic computing. Interactions of multi-
ple forms of potential barriers were introduced to enhance the logic operation functionality
at the device level. A percentage of 58.8% and 71.4% area is saved for combinational and
reconfigurable logic operations [31]. To meet the demand for greater power saving and
the reduction of system complexity in binary logic circuits, multi-valued logic circuits are
attracting attention [88,89]. Yi et al. proposed a double-gate transistor architecture based
on a MoS2 homojunction (Figure 7c) [90]. In the double-gate structure, the combination of
top gate and bottom gate voltages controlled the charge-doping states of the channel. By
adjusting the voltages, the charge-doping state had depletion, neutral, and accumulation
modes. The device can be used as a circuit that can change the function between binary
and ternary logic inverters by a gate voltage (Figure 7d).

4.2. Reconfigurable Logic and Memory Circuits

Strategies to integrate multiple-data-processing functionalities have been realized.
Devices integrating logic operation and non-volatile memory were developed. Sun et al.
developed a reconfigurable logic-in-memory architecture based on an ambipolar WSe2

homojunction and graphene partial floating gate (Figure 8a) [91]. The partial floating gate
was used to store charge under specific voltage conditions. Homojunctions were formed
between the channels controlled by the partial floating gate and the top gate, and the on/off
states of the channel current were determined by the equality between the stored charge
polarity and the top gate voltage. Reconfigurable circuits were developed to perform
logic-in-memory operations of two-input logic (Figure 8b). Zeng et al. reported a side-
gate reconfigurable device based on a MoS2 channel and hBN dielectric (Figure 8c,d) [92].
The conductivity of the channel was selectively regulated by side-gate voltages. Charge
storage and erase at the top Au floating gate were implemented to achieve non-volatile
memory. The device performed multiple functionalities, including diode, reconfigurable
logic transistor, and floating-gate memory functions. Designs for the integration of multi-
valued logic operations and memory functions were also proposed. Wang et al. proposed a
semi-floating-gate-controlled 2D InSe homojunction (Figure 8e) [93]. A multilayer graphene
floating gate performed charge storage. By applying a voltage pulse to the control gate
of the silicon substrate, charge carriers tunneling through the hBN layer changed the
carrier polarities of the charge stored in the multilayer graphene floating gate, forming
different types of junctions in the InSe channel (Figure 8f). The structure implemented
dynamic conversion between logic rectifiers, memories, and multi-valued logic inverters.
Non-volatile memory functions have also been used for device programming to extend the
logic operation functionalities of reconfigurable devices. Seo et al. proposed a ternary logic
reconfigurable device latch based on a BP/ReS2 heterojunction [80]. Ternary logic operation
is implemented by the NDR characteristics of the heterojunction, and electron trapping/de-
trapping effects at ReS2 layer interfaces are utilized for logic function reconfiguration
between ternary inverter and ternary latch operations.
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Figure 7. 2D-material-based reconfigurable electronics for logic operation circuits. (a) Device char-
acterizations and (b) NAND/NOR and XOR/XNOR polymorphic gates of the double-gate BP
Schottky-barrier field effect transistor and circuits. Reproduced with permission [12], copyright
2020, Springer Nature. (c) Device characterizations and (d) logic functions of the double-gate transis-
tor based on a MoS2 homojunction performing reconfigurable binary and ternary inverter circuit.
Reproduced with permission [90], copyright 2021, Wiley-VCH.
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Figure 8. 2D-material-based reconfigurable electronics for reconfigurable logic and memory circuits.
(a) A partial-floating-gate architecture and (b) reconfigurable logic-in-memory circuits. Reproduced
with permission [91], copyright 2022, Springer Nature. (c) The device schematic and (d) optical image
of the side-gate BN-MoS2 transistor for reconfigurable operations of diode, reconfigurable logic, and
memory. Reproduced with permission [92], copyright 2023, Wiley-VCH. (e) A semi-floating-gate
transistor based on InSe homojunction with reconfigurable functions of rectifier, memory device, and
ternary inverter. Reproduced with permission [93], copyright 2023, Wiley-VCH. (f) A schematic of
electron and hole tunneling by voltage pulses. Reproduced with permission [93], copyright 2023,
Wiley-VCH.

4.3. Reconfigurable Optoelectronic Logic Circuits

Emerging optoelectronic technologies have made it possible for 2D semiconductor
reconfigurable devices to be applied in the field of optoelectronic logic and memory devices.
Ma et al. reported an optoelectronic reconfigurable logic device based on vertical field-
effect transistors with a graphene/MoS2/WSe2/graphene heterojunction (Figure 9a) [94].
The device exhibited a reconfigurable modulation of photoresponse by gate and drain
voltages. Optoelectronic reconfigurable logic gates of “XNOR”, “NOR”, “NAND”, “AND”,
“OR”, and “Inhibit” were achieved (Figure 9b). Apart from defining optical responses as
the outputs of logic gates, optical signals can also be the input of logic gates, where the
optical signal and electrical signal are two of the logic gate inputs, and logic operations are
implemented by combining the optical and electrical control to the device channel current.
Bach et al. proposed a reconfigurable floating-gate optoelectronic memory that can be
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optically and electrically programmed by laser pulses and gate voltage pulses, respectively
(Figure 9c) [95]. Based on the combined electrically and optically controllable charge storage
properties, reconfigurable optical logic circuits, including “AND” and “OR” gates, were
achieved, where laser and gate voltage pulses were two of the logic inputs, and the channel
current was the output signal (Figure 9d). Optoelectronics logic operations are compatible
with other functionalities, including optoelectronic artificial synaptic computing. A design
to combine reconfigurable optoelectronics logic operations of “AND” and “OR” gates with
optoelectronic artificial synapses was investigated to achieve a higher function integration
of reconfigurable electronics [96].

Figure 9. 2D-material-based reconfigurable electronics for optoelectronic logic circuits. (a) A
graphene/MoS2/WSe2/graphene heterojunction device for (b) optoelectronic reconfigurable logic
gates. Reproduced with permission [94], copyright 2023, American Chemical Society. (c) A
ReS2/hBN/2D Te floating-gate optoelectronic memory device for (d) optoelectronic logic oper-
ations of “OR” and “AND” logic. Reproduced with permission [95], copyright 2024, American
Chemical Society.

5. 2D Semiconductor Reconfigurable Electronics for Artificial Intelligence

Reconfigurable electronics based on 2D materials have integrated functionalities and
are compatible with the analog operations of AI algorithms. Therefore, extensive work
has been conducted to develop reconfigurable electronics for AI operations to perform
artificial synaptic computing or in-memory and in-sensor computing neural networks. For
artificial synapse implementations, 2D material devices respond to the stimuli and output
spike and pulse signals to emulate the electric signals of synapses. The output signals can
be varied by the reconfiguration of the devices to emulate the variation of inhibitory and
excitatory states of synapses. Artificial synapses can be integrated as an operation system
to implement neuromorphic computing networks, including spiking neural networks. For
in-memory and in-sensor computing neural network implementations, crossbar arrays
composed of 2D material devices perform matrix-vector multiplications to implement
analog computing. The states of the devices can be independently reconfigured in order
to program the weight values of each cell in the network. This section analyzes the recent
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advances in 2D-material-based reconfigurable electronics for artificial synapses and in-
memory/in-sensor computing neural networks.

5.1. 2D-Material-Based Reconfigurable Electronics for Artificial Synapses

Artificial synapses aim to simulate the structure and function of biological neurons to
process information in a parallel, pulse-driven manner, and 2D materials are promising
for the hardware implementation of basic units of synapses [97,98]. Sahu et al. proposed
a MoS2 optoelectronic artificial synapse based on a photoelectric cooperative stimulation
mechanism (Figure 10a) [96]. The light pulse with different wavelengths was irradiated on
the monolayer MoS2 material, which activated the photogenerated electron–hole pairs as
charge carriers. Gate voltage was introduced to modulate the transport characteristics of
charge carriers. Through photoelectric cooperative stimulation, this device imitated multi-
ple biological neuromorphic behaviors, including long-term potentiation (LTP), and was
used as neuromorphic computing architecture units. Hu et al. proposed a reconfigurable
neuromorphic unit based on MoS2/Gr/hBN heterostructure, which emulated the function
of key neural elements of the synapse, neuron, and dendrite (Figure 10b) [99]. The function
of synapse and dendrite were stimulated by optical stimulation on a MoS2 photosensitive
layer. The graphene electrode and the back gate electrode were used to receive excitatory
and inhibitory input signals at the same time. The function of the neuron was stimulated
by the Ag filament silver through the hBN layer to imitate the integrate-and-fire behavior
of biological neurons, which showed the spike-based information coding ability. Yao et al.
proposed a reconfigurable artificial synapse with a WSe2 channel and MoTe2 floating gate
(Figure 10c) [100]. By adjusting the control voltage, the charge states in the floating gate
were changed. The device exhibited properties of excitatory and inhibitory postsynaptic
current, paired-pulse facilitation, and long-term potentiation and depression to emulate
the functionalities of biological synapses.

5.2. 2D-Material-Based Reconfigurable Electronics for In-Memory and In-Sensor Computing
Neural Networks

The rapid development of artificial intelligence and edge computing brings grow-
ing demands for computational electronics. Conventional von Neumann architecture
applied to most computational electronics is confronted with large time latency and power
consumption due to the redundant pathway for information sensing, conversion, trans-
mission, storage, and computing [101–103]. To address this problem, 2D material devices
with reconfigurable functionalities have been investigated to enhance the performance
of neural network processing by combining the functionalities of sensing, memory, and
computing. Mennel et al. proposed an analog vision sensor based on a WSe2 homojunction
(Figure 11a) [34]. The p–n homojunction direction was tunable with gate voltages, and
the photocurrent direction can be programmed through gate voltage configuration. An
analog computing architecture for image processing was established, and the directions
of photocurrents were the weights of the neural network. The vision sensor implemented
ultra-fast image processing with 40 ns. Wu et al. further extended the device-level function-
alities of reconfigurable electronics and integrated sensing and memory functions into the
device level through the MoTe2 layer with an organic ferroelectric poly(vinylidene fluoride)
and trifluoroethylene (P(VDF-TrFE)) layer (Figure 11b) [35]. An in-memory sensing and
computing architecture was developed. The applications of 2D-material-based reconfig-
urable electronics for in-memory and in-sensor computing have also been extended from
static object recognition to motion detection. Zhang et al. proposed a 2D retinomorphic
hardware based on a BP channel and WSe2 floating gate (Figure 11c) [104]. Based on the
photoconductivity properties of WSe2, the device generated adjustable positive and nega-
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tive responses to light stimuli and achieved moving target detection through inter-frame
difference calculation.

Figure 10. Artificial synapses based on 2D-material-based reconfigurable electronics. (a) 2D MoS2

artificial synapses for in-memory neuromorphic computing. Reproduced with permission [96],
copyright 2022, Wiley-VCH. (b) Reconfigurable neuromorphic computing devices with multiple
neural-information-processing functions. Reproduced with permission [99], copyright 2024, Ameri-
can Chemical Society. (c) A WSe2/hBN/MoTe2 artificial synapse emulating reconfigurable excitatory
and inhibitory synaptic plasticity. Reproduced with permission [100], copyright 2023, American
Chemical Society.
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Figure 11. In-memory and in-sensor computing based on reconfigurable 2D material device. (a) Ultra-
fast vision sensor based on WSe2 homojunction. Reproduced with permission [34], copyright
2020, Springer Nature. (b) In-memory sensing and computing neural network based on MoTe2

homojunction and (P(VDF-TrFE)) ferroelectric layer. Reproduced with permission [35], copyright
2023, Springer Nature. (c) All-in-one 2D retinomorphic device for motion recognition based on BP
channel and WSe2 floating gate. Reproduced with permission [104], copyright 2022, Springer Nature.

6. Conclusions and Outlooks

Reconfigurable electronics can be applied to promote the function integration level
and extend the data-processing functionalities for hardware performing logic operations
and AI algorithms. 2D semiconductor materials can be used to develop high-performance
reconfigurable electronics. This work reviews the basic properties of 2D materials, prin-
ciples of 2D material devices for reconfigurable functionalities, and applications of 2D
reconfigurable electronics. Presently, multiple structural designs of 2D-material-based
reconfigurable electronics have been reported. The mainly utilized fundamental mecha-
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nisms of present reconfigurable electronics include homojunctions, heterojunctions, and
the charge trapping/de-trapping of defects. In order to extend the functionalities of re-
configurable electronics, future research should exploit further physical properties of 2D
semiconductors that have the potential to be used for function reconfiguration. One of
the promising properties is the quantum effects of 2D semiconductors that may help to
develop low-power or high-speed reconfigurable electronics. Reconfigurable 2D material
devices have been investigated to be used for digital operations, including high-density
reconfigurable logic circuits and hardware security modules and analog operations, in-
cluding neuromorphic computing or in-sensor memory and computing. Research works
have predicted the advanced performance of 2D-material-based reconfigurable electronics,
including large area efficiency and low power consumption. Most presently proposed
device or circuit prototypes were fabricated on relatively large sizes. In the future, fab-
rications of 2D-material-based reconfigurable electronics in advanced technology nodes
should be developed to validate the performance advantages and the potential in practical
applications. To achieve this objective, the stabilities of reconfigurable operations need to
be further increased to meet the requirement of practical applications, and the variability of
device units and different cycles should be reduced. Most present designs of reconfigurable
2D material devices are based on mechanical exfoliation. Large-area fabrication strategies
of 2D-material-based reconfigurable electronics should be proposed to realize large-scale
reconfigurable circuits.
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