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Preface to “Graphene and Other 2D Layered
Nanomaterial-Based Films: Synthesis,
Properties and Applications”

Graphene, one of the most interesting and versatile materials of the last years, is recognized for
its unique properties strongly different from the bulk counterpart. This discovery has stimulated
rapid research activity and other two-dimensional (2D) systems, consisting of a single layer of atoms.
All of the 2D materials have also emerged among the main candidate materials for many next-
generation applications as a result of the considerable and rapid reviews of their properties. In this
issue, we have tried to collect a group of papers which examine some of these new areas of work in
the field of 2D materials.

Federico Cesano, Domenica Scarano

Special Issue Editors
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Abstract: This Special Issue contains a series of reviews and research articles demonstrating actual
perspectives and future trends of 2D-based materials for the generation of functional films, coatings,
and hybrid interfaces with controlled morphology and structure.

Keywords: coatings; 2D materials; layered materials; graphene; reduced graphene oxide; transition
metal dichalcogenides; WS,; MoSy; transition metal carbides; transition metal nitrides; transition
metal carbonitrides; silicene; germanene; stanene; van der Waals heterostructures; interfaces

1. Introduction

Graphene is one of the most interesting and versatile materials of the last several years, especially
since the Nobel prize in physics was awarded in 2010 to Geim and Novoselov for “groundbreaking
experiments regarding the two-dimensional material graphene” [1]. The new material, being “isolated”
in a controlled manner and recognised for its unique properties strongly different from those of the
bulk counterpart, is a matter of interest for both fundamental studies and practical applications. Whilst
the research on graphene has been extremely active since its discovery, a plethora of opportunities has
appeared more recently, when other 2D layered systems and their combinations (i.e., van der Waals
heterostructures) have been taken into consideration [2]. Moreover, two-dimensional (2D) systems,
consisting of a single layer of atoms, have emerged among the main candidate materials for
next-generation applications [3-5]. In general terms, the strict limit of the one atomic layer in
thickness of these 2D crystals does not matter when new properties and applications with respect to
3D counterparts are taken into account. Accordingly, a material exhibiting some unique properties
is, in fact, still considered a 2D material even if it is made of one/two/three or more layers. In such
cases, they are described as being of monolayer, bilayer, three-layer, or few-layer thickness, but these
materials have the potential to revolutionise electronics concepts and make new technologies feasible.

At the time of writing this Special Issue, a few dozen materials made of crystalline and
one-atom-thick systems have been successfully obtained by exfoliation of 3D compounds (top-down
approach) or by synthetic procedures (bottom-up approach) [6], but it is hard to give a more precise
number of the 2D crystals due to the fast advancement in the field. Further, due to the discovery in
2017 of magnetic 2D materials, rapid progress in this field can also be mentioned. On this matter,
significant examples can be highlighted, including magnetic single-layer Crl; (i.e., odd layer numbers,
the magnetisation being absent for an even number of layers due to the antiferromagnetic coupling
between the layers) [7] and ferromagnetic two-layered Cr,Ge;Teg [8]. Notice that, although all 2D
materials are expected to be inorganics, chromium-chloride—pyrazine (CrCly(pyrazine);) is the first
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discovered organic/inorganic hybrid 2D material [9]. Together with its other prominent properties, 2D
CrCly(pyrazine), exhibits magnetic properties.

2. 2D Materials: Quo Vadis?

Recently, Mounet et al. [10] showed that only a very small fraction of possible 2D crystals—belonging
to transition metal carbides, nitrides, or carbonitrides (MXenes) [11]; silicene, germanene,
or stanene (Xenes) [12]; transition metal dichalcogenides (MXy) [6]; and graphene and graphene
derivatives [13]—have been considered so far. Therefore, most 2D materials have not yet been
discovered. In this regard, nothing can be said to be certain about the next one-atom-thick material.
However, some possible highlights can be envisaged, including more simple fabrication techniques [14];
precise control of size and shape; greener production methods; 2D crystal doping [15]; superconducting
properties of 2D crystals [16]; atom-by-atom assembling of 2D materials directly onto the surface
of solids, such as photoactive TiO, polytypes [17]; or an energy breakthrough of 2D crystals
(i.e., graphene) as a source of clean, limitless energy due to the layer motion (e.g., rippled morphology
and temperature-induced curvature inversion) [18].

3. This Special Issue

This Special Issue, entitled “Graphene and Other 2D Layered Nanomaterial-Based Films:
Synthesis, Properties, and Applications”, contains a collection of three reviews and eight research
articles covering fundamental studies and applications of films and coatings based on 2D materials.
Going into detail, the thermal growth of graphene and the advances in the field of free-standing
graphene films for thermal applications are comprehensively reviewed by Tan et al. [19] and
Gong et al. [20], respectively. The first review focuses on the mechanisms and main fabrication
methods (epitaxial growth, chemical vapour deposition, plasma-enhanced chemical vapour deposition,
and combustion), summarising the latest research progress in optimising growth parameters. Besides
synthesis methods, the second review is dedicated to interface properties and the thermal conductivity
of materials based on free-standing graphene nanosheets, as well as their thermal applications
(e.g., heat dissipation materials, wearable flexible materials for thermal control). Along with
surface-enhanced Raman spectroscopy (SERS), 2D-material-coated plasmonic structures are described
in the review article by Xia [21]. In this review, the effects and advantages of combining 2D materials
with traditional metallic plasmonic structures (i.e., higher SERS enhancement factors, oxidation
protection of the metal surface, and protection of molecules from photo-induced damage) have
been highlighted.

The preparation, properties, and applications of some 2D materials (i.e., graphene, graphene
oxide, WS;, MoS;, and 2D carbon nitride nanosheets in a nickel-phosphorus alloy) are discussed
in the eight research papers. Briefly, the fundamental work conducted by Lee et al. [22] provides
a valuable insight into the nondestructive transfer of graphene from the surface of a metal catalyst
to target substrates, without dissolving the metallic catalyst by chemical etching. Tsai et al. [23]
report the preparation of a graphene-coated electrode by a spin-coating technique and the consequent
effect on enhancing bacterial adhesion and increasing the power generation of the deposited film
in microbial fuel cells (MFCs). Lv and Zhao et al. have investigated the preparation by a chemical
vapour deposition (CVD) technique and photoluminescence properties of a WS, monolayer (which is
a direct bandgap semiconductor) [24] in a first article and the preparation of mono- and few-layered
MoS; by a CVD technique using water as a transport agent and growth promoter of the MoS;
sheets [25] in a second paper. Mardle et al. [26] have evaluated the catalytic power performance
of aligned Pt nanowires grown on reduced graphene oxide in proton-exchange membrane fuel cell
(PEMEFC) electrodes, while MoS; nanosheets supported on Pt nanoparticles have been obtained by
Cheng et al. [27] to enhance the power conversion efficiency (PCE) of dye-sensitised solar cells (DSSCs)
up to 7.52%. Alternatively, Shi et al. [28] have grown graphene/few-layered MoS, /Si heterostructures
by a CVD technique, and they investigated the double-junction properties in terms of enhancing the
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photovoltaic performance of van der Waals heterostructures. Finally, Fayyad et al. [29] have obtained
2D carbon nitride (C3Ny) nanosheets in a nickel-phosphorus (NiP) matrix by ultrasonication during
electroless plating of NiP. The microhardness and corrosion resistance of the as-modified coatings have
been evaluated and compared with those of the native NiP alloy.

In summary, this Special Issue of Coatings compiles a series of reviews and research articles

demonstrating the potential of 2D-based materials for the generation of functional films, coatings, and
hybrid interfaces with controlled morphology and structure.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: A common belief proposed by Peierls and Landau that two-dimensional material cannot
exist freely in a three-dimensional world has been proved false when graphene was first synthesized
in 2004. Graphene, which is the base structure of other carbon materials, has drawn much attention
of scholars and researchers due to its extraordinary electrical, mechanical and thermal properties.
Moreover, methods for its synthesis have developed greatly in recent years. This review focuses on
the mechanism of the thermal growth method and the different synthesis methods, where epitaxial
growth, chemical vapor deposition, plasma-enhanced chemical vapor deposition and combustion
are discussed in detail based on this mechanism. Meanwhile, to improve the quality and control
the number of graphene layers, the latest research progress in optimizing growth parameters and
developmental technologies has been summarized. The strategies for synthesizing high-quality and
large-scale graphene are proposed and an outlook on the future synthesis direction is also provided.

Keywords: graphene; epitaxial growth; chemical vapor deposition; plasma; combustion

1. Introduction

The wide knowledge that a strictly two-dimensional crystal cannot exist was disproved when
graphene was first isolated by Geim and Novoselov at the University of Manchester in 2004 [1-4].
Thus, the carbon family consists of each dimensional material: fullerene in zero dimensions [5];
carbon nanotube in one dimension [6]; graphene in two dimensions (2D); and graphite in three
dimensions (3D). Graphene, a one-atom thick layer of sp? hybridized carbon atoms arranged into
hexagonal crystal, has been a topic of interest in nano-science due to its excellent properties and the
prospect of industrial applications [7-10]. Owning to its unique structure, the charge carrier mobility
of graphene exceeds 2.0 x 10° cm?-V~1.s~! at room temperature which is 100 times higher than that
of silicon [11]. Moreover, graphene is one of the strongest materials in the world and its Young’s
modulus is more than 1 TPa [12]. Graphene also shows a good thermal conductivity of 5000 W-mK~!
and optical performance with an opacity of 2.3% per layer [13,14]. However, obtaining graphene with
high quality and large scale is still a difficult problem to solve.

Since the “scotch tape method” [4] which helps to study the properties of graphene, various
kinds of strategies have been developed to synthesize this 2D carbon material. These methods could
be divided into “top-down” stripping methods and “bottom-up” synthesis methods. The stripping
method consists of peeling the stacked graphene sheet from graphite through external force, such as
normal stress and sheer stress. When the external force is bigger than the Van der Waals’ force between
the molecular layers, graphene can be peeled (see Figure 1) [15]. Conversely, the synthesis method relies
on the recombination of carbon atoms. The stripping method mainly comprises of mechanical cleavage
and the oxidation-reduction method. Although graphene achieved by mechanical cleavage method has
better quality and is an easier manufacturing technique, the product only just meets the experimental

Coatings 2018, 8, 40; doi:10.3390/ coatings8010040 5 www.mdpi.com/journal/coatings
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requirement. The oxidation-reduction method can produce graphene with high yield, however the
graphene always has many structure defects. The synthesis method, such as chemical vapor deposition
(CVD) and epitaxial growth, can output high-quality and large-scale graphene. Moreover, graphene
achieved in this way meets the needs of the electronic and optoelectronic industries [16,17].
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Figure 1. Mechanism of stripping method.

Chemical vapor deposition and epitaxial growth are not economic. However, with the
improvement of production process, synthesizing high-quality and large-scale graphene at low
cost is possible. The thermal growth method, as one of the synthesis approaches, has been widely
discussed before. This review provides the research progress of graphene production, studying
not only the thermal growth technology itself, but also the thermal growth mechanism in detail.
Furthermore, the conclusion of the thermal growth method and the development prospects for
producing high-quality and large-scale graphene at low cost are introduced.

2. Thermal Method for Growing of Graphene

The thermal method for growing graphene has the potential to produce high-quality and
large-scale graphene compared to the stripping method. The thermal method is always high yield and
meets requirements of various industries. However, it is expensive, and more complicated equipment
is often needed. The difficult transfer process and high temperature also constrain the development
of the thermal method. Hence, if we want to get high-quality and large-scale graphene with high
benefits, this growth process should be well understood. The mechanism of the thermal method is
shown in Figure 2. Carbon atoms always link with other atoms in different chemical bonds, such as
sp? bonds. In order to achieve graphene, individual carbon atoms should be released initially through
exerting extra energy, and then they nucleate with others in the structure of benzene ring through sp>
bonds. After that, the nucleation grows into graphene. In brief, the mechanism of the thermal growth
method is the split of molecules and recombination of atoms. It should be stated that this mechanism
is adapted to the thermal method for growing of graphene illustrated later, and the only difference
is the way of destroying the molecular bond. based on this growth process, three main methods to
synthesize graphene are proposed and summarized in Table 1.
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Figure 2. Mechanism of thermal method for growing of graphene.
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Table 1. A summary of three different methods to synthesize graphene.

Method Advantage Disadvantage
Epitaxial growth High qu.ahty; highly compatible with High costs of SiC wafers; Low yield;
electronics Hard to transfer
Conventional Large graphene films; Possible to
chemical vapor transfer onto multitudes of materials; Required substrates are often expensive;
Chemical vapor deposition High quality and large-scale production Complicated synthetic and transfer
deposition process; Introducing new defects in the
Plasma-enhanced .
Relative low temperature; Short transfer process

chemical vapor

o, reaction time
deposition

Hard to control the combustible process;

Combustion method Simple facility; Quick synthetic process; Non-uniform distribution; Low quality

2.1. Epitaxial Growth of Graphene

It was reported in 1962 [18] that when silicon carbide (SiC) is heated to a certain temperature,
the silicon carbide shows graphitization and the product always contains amorphous carbon and
multilayer graphite. With the development of the epitaxial technique, graphene can be achieved while
putting the etching SiC substrate into a high temperature and ultra-high vacuum vessel for a relatively
long time. Figure 3 shows the theory of epitaxial growth of graphene. It can be observed that carbide
decomposes in the experimental process, and then the carbon atom recombines while non-carbon
atoms evaporate. This method is almost based on the SiC substrate, thus the products have a good
compatibility with integrated circuits. 6H-SiC and 4H-SiC are often selected to act as the original
carbon sources, because both of them have the same Si-C bilayer structure [19,20]. Table 2 is a summary
of the epitaxial growth method and the main properties of the synthesized graphene.

Scratches

0,50 050 Vapor
cnD 02—
00.°
Ultrahigh
e vacuum Anneal
High temperature /
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Si SiC SiC SiC
NN
9@ @) ®
Graphene Silicon Carbon
atom atom

Figure 3. Mechanism of epitaxial growth of graphene.

Table 2. A summary of epitaxial growth method and the properties of the synthesized graphene.

Precursor Temperature  Charge Carrier Mobility Square Resistance

Substrate Gas Pressure (Torr) ©0) (em2-V-1.s~1) (Q/sq) Ref.
6H-SiC - 1x10°10 1450 1100 (4 K) 15 (4K) [21]
4H-SiC - ultra-high vacuum - 2.5 x 10* (2490 K) 1.41 (30 K) [22]

Ni/6H-SiC - 45x 10710 950 - - [23]
6H-SIC - 45 x 10710 1300 - - [24]
6H-SIiC Argon 750 1550 2000 (27 K) - [25]

Beger and his team [21,26] found that the ultrathin graphene can be synthesized on the surface
of 6H-SiC in ultra-high vacuum with about 1 x 10~!° Torr and high temperature that changed from
1250 °C to 1450 °C. The low-energy electron diffraction (LEED) pattern was used to characterize the
different growth states of graphene in situ, as shown in Figure 4. It can be seen that with the increase in
temperature, the SiC first changes from 1 x 1 pattern to /3 x /3 transition structure, and then a 6,/3
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1.1

X 64/3 unit cell is achieved. Finally, the graphene with charge carrier mobility 1100 cm?-V~!.s~! at

4 K is achieved.
(a)‘ ‘))
@|¢
(C) Graphite (d)

Figure 4. LEED patterns in different temperatures and times (Reproduced from [21] with permission;
Copyright 2004 American Chemical Society). (a) 1050 °C, 10 min; (b) 1100 °C, 3 min; (c) 1250 °C,
20 min; (d) 1400 °C, 8 min.

In order to control the quality of produced graphene, plenty of researchers are dedicated to
various kinds of studies on epitaxial growth, such as the investigations of experimental parameters
and detection means [23,27,28]. The quality of produced graphene in the ultra-high vacuum is
hard to master and has more defects. Meanwhile, excessively high or low temperature also leads
to the reduction of graphene quality. When the temperature is excessively high, the number of
graphene layers increases. The reflective high energy electron diffraction (RHEED) and the atomic
force microscope (AFM) were chosen to study the influence of annealing time, and the results showed
that the number of graphene layers is related to the annealing time [24]. The growth pressure was
well-controlled by introducing argon (Ar) as a buffer gas into the experimental environment, and the
growth mechanism was also discussed by Seyller et al. [25]. They found the charge carrier mobility of
the obtained product can reach 2000 cm?-V~1.s~! at 27 K and explained that the Ar could not only
decrease the growth rate and guarantee the growth temperature, but also decrease the vapor rate of
silicon atoms.

The graphene could be also synthesized by another carbide, such as titanium carbide (TiC) [29]
and tantalum carbide (TaC) [30]. However, these carbides are little studied due to the needs of
particular crystal structures and far higher experimental temperature. With the development of other
2D material, hexagonal boron nitride (h-BN) [31] is also regarded as a substrate to epitaxial growth,
which is a new idea for further research. The expensive materials and complicated transfer process
limit the mass production of graphene. Thus, more attention should be paid to the new carbide than
the existing materials, or the manufacturing technique should be changed to maximize profits.

2.2. Chemical Vapor Deposition Mechanism

Chemical vapor deposition (CVD) has the potential to synthesize high-quality graphene that
can satisfy the needs of industry. Table 3 shows the typical graphene properties for various kinds of
chemical vapor deposition.
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Table 3. Typical graphene properties for various kinds of chemical vapor deposition.

Method Substrate Precursor Gas  Temperature (°C)  Number of Layer ~ Size (cm?) Ref.

CHy; Hy 900; 1000 1-12 2 [32]

Ni CHy; Hy; Ar 1000 1-10 4 [33]

Soyb 800 - 4 34

Conventional chemical vapor deposition oybean (341
CHy; Hy 1000 13 1 [35]

Cu CHy; H, 1000 1 30 (inch) [36]

Polystyrene; Hy; 1000 1 1 1371

Ar
Various CHy; Hy 700 4-6 - [38]
Pl -enhanced
C;S;:;T vinf)er Micro-wave-assisted Cu CHy; Hy <420 1 104 139]
P P Non C,H5sOH; Ar _ - - [40]
eposition

Arc-discharge - H,; graphite; Ar - 2-4 - [41]

Various kinds of materials can be used as substrate to synthesize graphene. Traditional materials,
such as copper (Cu) foils and nickel (Ni) are widely employed. Most recently, researchers have
paid much attention to other 2D materials, including h-BN [42—44] and molybdenum disulfide
(MoS,) [45,46]. Cu and Ni can be seen as the representative of low carbon soluble and high carbon
soluble materials, respectively. The mechanism to grow graphene on Cu is illustrated in Figure 5.
Figure 5a,b show that the surface is etched by hydrogen (H,) at high temperature until there are no
obvious scratches. After that, the carbon source and buffer gas are introduced into the reactive system
(Figure 5¢,d). When the carbon source contacts the Cu at the high temperature, it dissociates into atoms
and carbon atoms deposit on the Cu surface. However, because of the low carbon solubility in Cu with
0.008 wt % in 1084 °C [47], the carbon atoms will not further permeate into the Cu. These deposited
carbon atoms combine with others to form “graphene islands”; the islands enlarge and further unite to
graphene, shown in Figure 5d1,d2.
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Figure 5. Mechanism of CVD growth graphene on Cu: (a) before etching; (b) after etching by
hydrogen; (c) introducing buffer gas and carbon source; (d) synthesis process; (d1) before annealing;
(d2) after annealing.

The high-quality carbon nanotube was grown on the Ni surface using CVD [48]. It was not until
2009 that graphene synthesized on Ni by CVD through improving the experimental parameters and
conditions was reported [32,33]. The mechanism is similar to that of growth on Cu, and the difference
is shown in Figure 6. Graphene growth on Cu is mainly dependent on self-limiting; however, for Ni it
is mainly caused by separating out of the carbon atoms due to the relatively high carbon solubility
in Ni with 0.6 wt. % at 1326 °C [47]. It is clear that a carbon source decomposes at high temperature
when it contacts the Ni surface. After that, the splitting carbon atoms permeate into Ni to form a solid
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solution with Ni. Finally, the supersaturated carbon atoms separate out and synthesize graphene on
the Ni surface after annealing.
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Figure 6. Mechanism of CVD growth graphene on Ni.

2.2.1. Conventional Chemical Vapor Deposition Growth on Ni

Researchers at the Massachusetts Institute of Technology have systematically studied the growth
of graphene on the polycrystalline Ni substrate. Two temperatures, 900 °C and 1000 °C, were studied
in different concentrations of methane (CHy) and Hj. In addition, the Ni surface was analyzed by
transmission electron microscopy (TEM) [32]. As shown in Figure 7, it is clear that the deposited
products are graphene and the number of films mainly range from 1 to 8. In subsequent experiments,
the coverage of about 87% of monolayer and bilayer graphene were achieved in the ambient pressure
by controlling the CHy concentration and cooling speed of polycrystalline Ni substrate [49]. Ar was also
introduced into the CVD method as a buffer gas and a cooling gas [33]. The 300 nm thick nickel layer
on the Si wafer was put in the atmosphere of mixed gases (Ar, H, and CHy) and high temperature of
1000 °C, then the substrate was quickly cooled down to about 25 °C. The number of obtained graphene
layers was less than 10. They found that the quality of produced graphene is positively related to the
cooling rate. Optical image and Raman spectrum were used to identify the film after being transferred
to SiC, as shown in Figure 8. The typical feature for graphene in Raman spectrum is characterized with
a G peak (~1580 cm ™), D peak (~1345 cm ') and 2D peak (~2700 cm~1). In addition, the number of
graphene films can be deduced by the ratio of the intensities of 2D peak and G peak [32].
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Figure 7. TEM images of graphene films grown on the Ni substrate: (a) 1 layer, (b) 3 layers, (c) 4 layers,
(d) 8 layers. (Reproduced from [32] with permission; Copyright 2009 American Chemical Society.)
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Figure 8. Optical image (a) and Raman spectrum (b) of graphene films growth on the 300 nm-thick-nickel

layer on the Si wafer. (Reproduced from [33] with permission; Copyright 2009 Nature.)

Other parameters have also been discussed in recent years. The difference of grain of Ni was
reported by Zhou et al. [50]. They found that because of the atomically smooth surface of single
crystalline Ni, the area of monolayer or bilayer graphene deposited on single crystalline Ni (91.4%)
is much bigger than that for polycrystalline Ni (72.8%) [50]. Choi et al. [51] systematically studied
the mechanism of wrinkle formation and provided optimized parameters to synthesize graphene on
single-crystalline Ni through changing the proportion of precursor gases, experimental temperature
and deposited time. In order to decrease the cost, various kinds of carbon sources, such as soya-bean
oil [34], have been presented.

2.2.2. Conventional Chemical Vapor Deposition Growth on Cu

It is possible to produce high-quality graphene with fewer layers using Cu foil as substrate.
Ruoff et al. [35] have synthesized monolayer graphene on the 25 pum thick Cu foil in high temperature
conditions (1000 °C) and mixture gases (CH4 and Hj). The number of graphene layers is lower than 3,
and the area of monolayer graphene is more than 95%.

Since then, various research has discussed the effect of experimental parameters to deposit
uniform graphene films on the Cu foils, including experimental pressure, time and carbon sources.
At a pressure of 340 Pa, graphene is grown on the surface of Cu foil in different times, i.e., 20 min,
80 min, 120 min and 180 min [52]. The optical images in Figure 9 show that with the increase in
experimental time, the substrate surface becomes much smoother, thus the growth of bilayer graphene
is suppressed and large-scale monolayer graphene is achieved. [46]. Vlassiouk and Smirnov [53]
paid much attention on growth temperature and pointed out that the experimental temperature,
which is similar to the melting point of Cu foil, contributes to the synthesis of high-quality graphene
in the atmospheric pressure. They [53] explained that the sublimation of Cu atoms are restrained
and more energy is used for desorption of carbon clusters in that temperature. The influences of
growth temperature, CH, flow rate and annealing temperature were intensively studied to synthesize
high-quality graphene at ambient pressure. The results showed that higher annealing temperature and
lower growth temperature contribute to the synthesis of monolayer graphene [54]. In order to obtain
graphene at a large scale, roll-to-roll production technology was introduced into the CVD system.
In addition, graphene in one 30-inch layer was produced on the ultra-large copper substrate, which can
be seen in Figure 10 [36]. Polystyrene was chosen to produce carbon atoms, and monolayer graphene
with a coverage of 97.5% on the substrate was achieved in a short time (about 3 min) [37].
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Figure 9. Mechanism of graphene deposition on the Cu in different times and its corresponding optical
images. (a) Mechanism illustration; (b) Optical image after growing 20 min; (c) Optical image after
growing 80 min; (d) Optical image after growing 120 min; (e) Optical image after growing 180 min.
(Reproduced from [52] with permission; Copyright 2014 Elsevier.)
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Figure 10. Synthesized progress when introducing roll-to-roll technology into CVD. (a) CVD;
(b) Roll-to-toll technology; (c) Graphene with 30-inch. (Reproduced from [36] with permission;
Copyright 2010 Nature.)

Meanwhile, researchers focused on the measurement means for exploring the growth progress
to produce high-quality graphene [55-58]. For example, the isotope-labelling method and nano
angle resolved photoelectron spectroscope (Nano-ARPES) were employed by Ruoff et al. [55] and
Asensio et al. [57], respectively. Different substrates, including platinum (Pt) [59], iridium (Ir) [60] and
germanium (Ge) [61,62] have also been mentioned. It was first reported that the graphene deposited
on the Co/MgO substrate has better application prospects for molecular electronics and polymer
composites [63]. To reduce energy consumption and deposit graphene directly on the electronic device,
using low temperature to synthesize graphene has become a research hot spot. Various kinds of CVD
methods, including hydrogen-free chemical vapor deposition (HFCVD) [64], carbon-enclosed chemical
vapor deposition (CECVD) [65], plasma enhanced chemical vapor deposition (PECVD) [66], ultra-high
vacuum chemical vapor deposition (UHVCVD) [67] and oxygen-free chemical vapor deposition
(OFCVD) [68] method, are presented. Cho and Hong et al. [64] tried to decrease the experimental
temperature, however the temperature only reduced from 1000 °C to 970 °C. Jang et al. [68] developed
an oxygen-free chemical method which removed the oxygen and successfully used low activation
energy benzene as carbon source to synthesize graphene on Cu foils at atmospheric pressure at 300 °C.

2.2.3. Plasma-Enhanced Chemical Vapor Deposition

Graphene can be achieved by conventional chemical vapor deposition, and different CVD methods
are explored that have been previously mentioned. Based on the development of plasma technology
and requirements of low energy [69], the plasma-enhanced chemical vapor deposition method has
been studied [70,71].

12
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In the microwave-assisted deposition progress, high-energy electrons can provide enough
activation energy. Once the plasma gases collide with carbon sources, bands of reactive gas are
broken and the chemical activity of precursor gases increases. Thus, the experimental temperature
decreases. Following this, some atoms recombine with other atoms before coming into contact with
the substrate, and some carbon atoms may deposit on the surface of the substrate or permeate into the
substrate. After annealing, graphene is synthesized on the substrate surface.

Graphene has been successfully synthesized by microwave-assisted deposition technology at
low experimental temperature. For example, a few layers of graphene can be synthesized in the
phenomenon of CHy and H, when the temperature is 700 °C [38]. The synthesized graphene is
vertically grown on the substrates, and the number of obtained graphene layers are mainly within
the range of 4 to 6 [38]. Moreover, Boyd et al. [39] used Cu foil as a substrate to grow graphene in
a relative low temperature (below 420 °C) and the deposition time was just a few minutes. Just as
with conventional chemical vapor deposition, different materials that are used as carbon sources are
discussed in the studies. Tatarova et al. [72] chose ethyl alcohol as a carbon source to deposit graphene
on the surface of a cavity wall and found that the contents of monolayer graphene decrease when the
wall’s temperature increases from 60 to 100 °C. In addition, when the temperature is 60 °C, the ordered
crystal edges are observed. However, with the temperature increasing to 80 °C, the contents of
monolayer graphene are clearly reducing. Furthermore, researchers have also paid much attention to
various kinds of growth substrates. For example, Song et al. [73] attempted to grow a few graphene
layers on metal and nonmetal substrates at low temperature.

The size of graphene limits its further application, and large-scale graphene is desperately needed
in many industries. Yamada et al. [74] combined roll-to-roll technology and microwave-assisted
chemical vapor deposition technology to build a new graphene preparation system. The mixed gases
(CH4, Hy and Ar) flowed into this system, and graphene film with dimensions 294 mm x 480 mm was
achieved at 400 °C. Dato at the University of California, Berkeley proved [40,75,76] that graphene can
be synthesized without substrate through presenting a novel microwave-assisted equipment, as shown
in Figure 11. Ethanol droplets flowed through the Ar plasma and graphene was collected in the upper
nylon filter. The deposition velocity reached about 2 mg/min. They also found that this method
is not fit for CHy and isopropanol, and lower velocity contributes to the synthesis graphite instead
of graphene.

Reaction products to
membrane filter

Microwave guide

Quartz tube —p»

Argon e ==

Alumina tube ——p

Argon + ethanol

Figure 11. Schematic of a novel microwave-assisted equipment. (Reproduced from [40] with
permission; Copyright 2008 American Chemical Society.)
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The arc discharge method is another plasma technology that attracts researchers” attentions.
Two graphite electrodes are regarded as the carbon source and arc plasma is generated between the
two graphite electrodes in the presence of Ar, helium (He) or H,. Finally, graphene is deposited
on the cathodic electrode, reactor wall or special substrates. Nowadays, graphene is successfully
synthesized by arc plasma technology, but the control progress should be improved. Rao et al. [41]
used direct current arc to vapor anode graphite rod in the phenomenon of Hy, and the number of
produced graphene layers was less than 4. They also found that the present of H, suppresses the
product, changing from graphene to carbon nanotubes. In order to conveniently distinguish the
carbon nanotubes from graphene, magnetic fields were introduced by Ostrikov et al. [77,78]. Figure 12
shows the schematic diagram of the arc plasma method in the magnetic field. It can be observed that
the carbon nanotubes and graphene are deposited on different area of a magnet. The effects of the
experimental parameters are also discussed. The effect of pressure changing from 400 Torr to 1000
Torr was reported in 2010 and the results showed that with the increase of experimental pressure,
graphene with higher quality would be achieved [79]. In addition, the effect of buffer gas, which acts
as coolant, has already been studied [80]. As mentioned before, the control mechanism should be
further investigated to meet the needs of industrialization.

Vacuum pump

Chamber

Figure 12. Schematic diagram of arc plasma method in the magnetic field. (a) Carbon nanotubes;
(b) Graphene; (c) Experimental structure; (d) Real equipment; (e) Local image. (Reproduced from [77]
with permission; Copyright 2010 The Royal Society of Chemistry.)

2.3. Combustion Method

The combustion method is regarded as one of the greatest potential technologies for producing
carbon materials at a large scale. A homemade set-up was built to synthesize graphene, the mixture
gases of oxygen and ethylene were injected into a hydrostatic column with a press-seal of a maximum
capacity 16.6 L, and then the spark plug was ignited for combustion. After that, graphene was
achieved. Moreover, the different mixture ratios of oxygen and ethylene were investigated, and the
ideal ratio was 0.6. When the combustion temperature is below 4000 K, the synthesized product is
charcoal instead of graphene [81,82]. A much simpler experimental facility was invented in Tsinghua
University, and this set-up consisted of alcohol burner and butane lamp. The alcohol burner was used
to provide a protective flame atmosphere, meanwhile the carbon atoms and the needed temperature
were produced by butane lamp. The graphene finally deposited on the surface of Ni substrate in a
short time [83]. The experimental facility was improved by Tse et al., and the much lower oxygen
content graphene was synthesized [84].

Another combustion method has been studied by Xiao et al. [85], who put magnesium (Mg) into
a carbon dioxide (CO;) atmosphere. After combusting, the black product was analyzed by TEM and

14
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Raman spectrum and the material was proved to be graphene with fewer than 10 layers, as shown in
Figure 13. The mechanism is discussed and the reactive progress is shown as Equation (1). Graphene
can also be achieved by combustion of calcium (Ca) in the presence of CO, and the mechanism is
shown in Equation (2) [86].

2Mg + CO, = 2MgO + C 1)
2Ca + CO, = 2Ca0 + C @)
15000
] (e) fh \ G'-band
3 2000 - G-band J | 2645
&
2 9000
[}
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Figure 13. Characterized images of graphene via combusting Mg in the CO, atmosphere. (a—d) TEM
images under different scales; (e) Raman spectrum. (Reproduced from [85] with permission; Copyright
2011 The Royal Society of Chemistry.)

How to choose these three methods is also a question, thus a comparison of experimental
temperature, energy cost, throughput and electrical properties of different synthesis methods is given
in Table 4. This table is beneficial for further consideration of the cost and the return on investment in
different methods.

Table 4. A comparison of each growth technique in comprehensive condition.

Method Temperature Energy Cost Throughput Electrical Property
Epitaxial growth Medium High Low High
CCVD Medium High Low High
CVD PECVD Low Medium Low High
disg\r;rge High Low High Low
Combustion method High Low - Low

3. Conclusions

The progress in synthesis of high-quality and large-scale graphene is worthy of praise, especially
in the field of fundamental research. However, the challenge still exists in the real world. The structural
controllability and membrane homogeneity are big puzzles that researchers are faced with. In this
paper, the mechanism of the thermal growth method has been discussed in detail and three different
thermal growth methods have been presented. These methods are all based on splitting decomposition
of molecules and recrystallization of atoms. Epitaxial growth of graphene, which synthesize
graphene in relative high quality, is widely used in electronic products due to the possibility of
graphene being directly grown on SiC. Chemical vapor deposition possesses the unique advantage
of producing large-scale graphene, and becomes a research priority. The combustion method has the
lowest requirement for experimental facility and an open experimental environment, which catches
investigators” attentions. However, the quality of graphene made by this method is very poor.
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Nowadays, new 2D materials, such as h-BN and MoS2, have been used to act as a substrate
to synthesize graphene, and these products have much better performance. That is to say, proper
optimizing experimental parameters, such as deposition time and temperature, can improve the
quality of graphene. The introduction of plasma and roll-to-roll technology has proved that new
technology may promote the development of graphene synthesis. Researchers should pay attention
not only to the existing methods, but also to the latest technologies. Novel combinations of existing
technologies are needed. In order to reduce cost and improve the quality of transferred graphene,
it is better to synthesize graphene on target substrates, or a new and undamaged transfer technology
should be presented. More efforts should also be made on the reduction of energy consumption and
the simplification of equipment.
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Abstract: Thermal management in microelectronic devices has become a crucial issue as the devices
are more and more integrated into micro-devices. Recently, free-standing graphene films (GFs) with
outstanding thermal conductivity, superb mechanical strength, and low bulk density, have been
regarded as promising materials for heat dissipation and for use as thermal interfacial materials in
microelectronic devices. Recent studies on free-standing GFs obtained via various approaches are
reviewed here. Special attention is paid to their synthesis method, thermal conductivity, and potential
applications. In addition, the most important factors that affect the thermal conductivity are outlined
and discussed. The scope is to provide a clear overview that researchers can adopt when fabricating
GFs with improved thermal conductivity and a large area for industrial applications.

Keywords: graphene; free-standing films; thermal conductivity; thermal management

1. Introduction

Small yet powerful micro/nano-electronic devices used in electronic, portable, and automotive
products generate a large amount of heat during operation, which may cause damage or failure [1-3].
There is a critical demand for methods and materials that can be used to dissipate the generated heat
from microelectronic devices. As electronic devices become more and more miniaturized, this need is
becoming more and more urgent. The current materials used for thermal dissipation in microelectronic
devices are copper or aluminum alloys, which attain a thermal conductivity of 401 W/m-K and
121 W/m-K, respectively [4]. However, the high cost, poor processing techniques, and high density of
these metals can hinder their broad application in micro- or nano-scale electronic devices.

Graphene, in monolayer or few-layer forms, has been demonstrated to reach ultrahigh
levels of thermal conductivity (up to ~5000 W/m:-K) by both experiments and simulations [5-9].
Nevertheless, there are few reliable approaches to handle such atomically thin materials, which hampers
their device-related applications [10]. Many researchers have worked to incorporate graphene into
polymer matrices for nanocomposites with advanced functionality [11-16]. These nanocomposites
achieve low density and high flexibility, as well as enhanced thermal conductivity, and are processing
technologies that can be implemented fairly easily. Yet, limited by the undesirable thermal conductivity
of polymer matrices (~0.1 W/m-K) and the high interfacial thermal resistance between graphene and
polymer, the thermal conductivity of graphene nanocomposites (~1 W/m-K) is still much lower than
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expected [17-21]. This low thermal conductivity of graphene nanocomposites makes it difficult to
satisfy the requirement of efficient heat dissipation in micro/nano-electronic devices.

Recently, free-standing films obtained from graphene or graphene oxide (GO) have attracted loads
of interest in the thermal management field due to their high thermal conductivity, superior electrical
conductivity, and excellent mechanical properties [22-24]. Free-standing graphene films (GFs) could
inherit the ultrahigh thermal conductivity of graphene, achieving a thermal conductivity above
3000 W/m-K [25]. Compared to the metals commonly used for heat dissipation, GFs possess a much
lower density (<1 g/cm?), superb flexibility as well as lower cost, demonstrating the potential for
effective heat dissipation and use as thermal interfacial materials. In the past few years, numerous studies
have been carried out to fabricate GFs with high thermal conductivity. However, it is noted that through
different synthesis methods the GFs achieved substantially dissimilar thermal conductivity, varying from
30 to 3300 [25,26]. Thus, it is necessary to review recent advances in free-standing GFs to inform the
design of GFs with advanced functionality.

In this review, we summarize the state of the art with regard to free-standing GFs in recent
years. We focus on fabrication approaches as well as the thermal conductivity of the as-prepared
GFs. The factors most influencing the thermal conductivity of GFs are identified and the impact of
these factors is discussed. Several typical applications of the GFs for thermal management are also
epitomized and discussed. The goal is to provide a concise overview of designing free-standing GFs
with improved thermal conductivity.

2. Synthesis of Graphene-Based Films

There are several approaches to obtain graphene films with thickness in microns [27-29]. Similar to
the fabrication of graphene, synthesis of graphene films follows two main procedures: “top-down”
and “bottom-up”. The top-down processes attain graphene films from graphite, including vacuum
filtration [26,27,30-36], direct evaporation [37-39], and diverse coating techniques [28,40]. The bottom-up
processes are based on the synthesis of graphene films from gaseous carbon sources, such as chemical
vapor deposition [23].

2.1. Vacuum Filtration Method

Vacuum filtration is a convenient and widely-used top-down approach to assemble GFs. The pore
size of filter films is controlled to make sure that the solvent molecules can permeate the filter paper
easily, while graphene sheets remain on the surface of filter film. The typical process of the vacuum
filtration strategy is illustrated in Figure 1. Graphite is adopted as the source material. Graphene oxide
(GO) is first obtained from graphite powders via the well-established Hummers’ method or modified
Hummers’ method [41]. Then GO solutions with various GO concentrations are prepared for the
filtration. The thickness of the GO films can be tuned by modulating the GO concentration. The wet
GO films can be fabricated after vacuum filtration for several minutes. Then, the GO film can be easily
peeled off from the filter film after being dried at 80 °C for several minutes. In this stage, GO films show
very low thermal conductivity due to the intrinsic low thermal conductivity of the GO. Thus, the GO
films have to be reduced to GFs via high-temperature annealing. The annealing temperatures are as
high as 3000 °C [28]. Such high temperatures can effectively graphitize the GO to graphene, leading to
improved thermal conductivity of the final GFs. However, the use of such a high temperature for
graphitization may hinder the wide application of GFs.

Not only the GO solution, but also the graphene solution can be directly applied in vacuum
filtration for the GFs. For example, Teng et al. [34] applied a facile ball-milling approach to obtain
large-volume, high-concentration, and plane-defect-free graphene dispersion in N-methyl-2-pyrrolidone
(NMP) from graphite. After the filtration, annealing at 2850 °C for 2 h and a compression at 30 MPa,
the obtained GFs exhibited superb electrical conductivity of 2.23 x 10° S/cm, and high thermal
conductivity of 1529 W/m-K [34].
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Figure 1. Schematic plot of the process of vacuum filtration for graphene films. Graphite can be
oxidized to GO using Hummers’ method, or exfoliated in ball milling. Reproduced and modified
from [34] with permission; Copyright 2017 Wiley Online Library.

2.2. Direct Evaporation Method

The direct evaporation method is another simple approach to GF fabrication. In this method,
the GO solution is poured into a container with a flat bottom, followed by continuous evaporation
by heating the GO solution to a proper temperature. After several hours, the solvent (i.e., water) is
evaporated and a thin film is left on the surface of the container. For instance, Shen et al. [37] used the
direct evaporation method to attain the GFs. The GO solution was obtained by dissolving GO in water
and the GO solution was poured into Teflon dishes for evaporation. Then, the Teflon dishes were
heated to 50-60 °C for 6-10 h to evaporate the water and form GO films. The GO film was annealed
at 2000 °C under argon flow for one hour after peeling off from the dishes. The dark, freestanding,
and flexible GFs were obtained after the high-temperature annealing. The GFs have a superb in-plane
thermal conductivity of about 1100 W/m-K. Similarly, Chen et al. applied the evaporation method to
form GFs at the liquid/air interface [39]. The GO suspension was sonicated to exfoliate GO sheets and
centrifuged to remove impurities. The obtained GO hydrosol was heated to 80 °C for different times
to get films of different thicknesses. The condensed thin film formed very rapidly at the liquid/air
interface. After drying at 80 °C for 8 h, smooth and free-standing GFs were obtained.

The GO solution or graphene solution with high concentration can be directly coated onto
a substrate for the evaporation step, rather than poured in containers. Recently, Peng et al. [28]
scraped a GO suspension (10-20 mg~mL*1) with a thickness of 0.5-5 mm on copper foil and kept
evaporating the water at room temperature for 24 h. The as-prepared GO film was carbonized at
1300 °C for 2 h and graphitized at a high temperature of 3000 °C for 1 h under argon flow. After cooling
slowly to room temperature, the GF was compressed under a pressure of 50 MPa for 15 min, 100 MPa
for 30 min, and 300 MPa for 1 h to form a dense GFE. In this method, GFs with a large surface area can be
easily obtained by utilizing copper foil. The copper foil can also be recycled for low-cost, large-scale
fabrication of GFs [42].

It is noted that in vacuum filtration and direct evaporation, thermal annealing is not the only way
to reduce a GO film to graphene films. Chemical reduction is also a broadly-used approach to reduce
GO to rGO. The reducing agents can be either organic or inorganic chemicals, such as ascorbic acid and
HI acid [43—46]. Yang et al. applied HI acid to reduce the GO/ cellulose composite film from vacuum
filtration [47]. The obtained composite film exhibited an in-plane thermal conductivity of 7.3 W/m-K,
and a strong anisotropy in thermal conductivity. Jin et al. compared the effect of different reduction
methods on the thermal conductivity of the GFs [48]. They used HI acid, thermal reduction at 600 °C
and the combination of HI acid and thermal conduction to reduce the GO films to the GFs. It is
demonstrated that thermal reduction is the best way to achieve GFs with higher thermal conductivity,
compared with other reduction methods.
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2.3. Other Assembling Methods

Besides the aforementioned vacuum filtration and direct evaporation methods, there are also
some other top-down methods to fabricate GFs, such as spray coating [24,49,50], spin casting [51,52],
and roll-to-roll manufacturing [53]. For instance, Xin et al. [40] adopted a novel approach integrating
electron-spray deposition (ESD) and a roll-to-roll device to manufacture the free-standing GFs with
large area; the process is illustrated in Figure 2. In the ESD process (Figure 2a), tiny droplets were
generated by the repulsion force between electrical charges and the droplets, while the size of the
droplets could be controlled by adjusting the flow speed and electric field. The electric field between
nozzle and substrate allowed the droplets to distribute uniformly on the surface of the substrate.
Simultaneously, the heating plate could evaporate the solvent, leaving the GFs on the surface of the
substrate. A roll-to-roll device was employed to obtain GFs with a large area, shown in Figure 2b.
This combined facility opens up the possibility of manufacturing GFs on a large scale, which may be
adopted in the industrial manufacturing of GFs.

In summary, for the top-down strategies for GFs, we can conclude that all of them obtain GFs from
GO or graphene nanosheets via different assembling techniques. To achieve high thermal conductivity
of the GFs, high-temperature thermal annealing or chemical reduction is often conducted.

a Liquid flow b
1
Nozzl )
ozzle * Blank Al foil
Spray Substrate

/ Heatplate
mi— S

Graphene coated|
_|__ Al foil

Ground

Figure 2. Schematic plot of (a) electron-spray deposition and (b) roll-to-roll device with a pump.
Reproduced from [40] with permission; Copyright 2014 Wiley Online Library.

2.4. Chemical Vapor Deposition

Chemical vapor deposition (CVD) is the typical bottom-up strategy to fabricate a high-quality
graphene film with controllable thickness. Ma et al. developed a segregation-adsorption CVD (SACVD)
to grow a well-stitched high-quality monolayer graphene film with a tunable uniform grain size from
200 nm to 1 um on a Pt substrate [23]. They found that the thermal and electrical conductivity of the GF
could be tuned by modulating the grain size of graphene. The high-quality graphene film from SACVD
with tunable thermal and electrical conductivity can be directly used in electronic, optoelectronic,
and thermoelectric applications. However, the transfer of GFs from the Pt substrates may be difficult,
limiting their broad application. Thus, the non-substrate CVD approach is preferred to effectively
fabricate GFs [54]. Hu et al. combined CVD and spray coating to synthesize CNT/graphene composite
films [54]. Spinnable CNT arrays were continuously synthesized and collected by a rotating mandrel
from a CVD furnace. During the collection of CNT arrays, the GO aqueous solution was sprayed onto
the winding manderel, as illustrated in Figure 3. After thermal annealing at 2800 °C, the composite
films achieved a high thermal conductivity of 1056 W/m-K and a superior mechanical strength of
~1 GPa. A combination of CVD and other simple techniques can be used for the large-scale fabrication
of high-quality GFs.
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CNT sheet |
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Figure 3. Schematic plot of CVD and the spray-coating process (a), and the obtained free-standing
CNT array /GO composite films (b). Reprinted from [54] with permission; Copyright 2017 Elsevier.

3. Thermal Transport Properties of Free-Standing Graphene Films

3.1. Macro- and Micro-Scale Morphologies of Free-Standing Graphene Films

The GFs fabricated by different methods normally exhibited different macro-scale morphology,
but similar micro-scale morphology due to the involved high-temperature annealing. As shown in
Figure 4a, after vacuum filtration the GO films displayed a dark brown color and had a rounded shape
due to the filtration membranes used in the process [36]. After reduction using HI acid, the rGO films
had a shiny metallic color (Figure 4b) and excellent flexibility (Figure 4c). Scanning electron microscope
(SEM) images showed that the thickness of the GO films after vacuum filtration was around 10 um
(Figure 4d) and the thickness decreased to ~7.5 pm after the HI reduction (Figure 4e). The layered
structures can be clearly observed in the SEM cross section images. Different from the GFs obtained
via the chemical reduction, the GFs experiencing high-temperature annealing were normally gray and
had wrinkles on the surface [48]. The thermal annealing also caused air pores in the GFs (Figure 5),
decreasing the thermal conductivity of the GFs. Therefore, high-pressure compression is always
conducted to remove air pores from the GFs. Compared to the GFs obtained by the vacuum filtration
method, the GFs from other top-down strategies can have a larger area and a different shape [22].
All these GFs obtained from the top-down strategies show excellent flexibility, as seen in Figure 6,
where the GFs can be folded into complex structures [22].

(2) (b)

Figure 4. Macro-scale morphology of (a) the free-standing dark-brown GO film; (b,c) are HI reduced
shiny metallic and flexible rGO films; (d,e) are cross-sectional SEM images of as-prepared GO and rGO
films, respectively. Reprinted from [36] with permission; Copyright 2015 Elsevier.
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20 pm

Figure 5. Visual (top), low-magnification SEM (middle), and high-magnification SEM (bottom) images
of (a) GO film; (b) rGO film with HI recution; (c) rGO film with HI reduction + 600 °C reduction;
(d) rGO film with 600 °C reduction; (e) rGO film with 800 °C reduction; and (f) rGO film with 1000 °C
reduction. Reprinted from [48] with permission; Copyright 2015 Elsevier.

Figure 6. (a) Large-area and free-standing GF from direct evaporation; (b) sharply folded and twisted
craft from the GF; (c) a piece of GF was folded into a crane without breakages; and (d) the GF in the
states of bending, curling, enwinding, twisting and knotting. (a,b) Reprinted from [22] with permission,
Copyright 2017 Wiley Online Library; (c,d) Reprinted from [28] with permission, Copyright 2017 Wiley
Online Library.

3.2. Thermal Conductivity of Free-Stranding Graphene Films

Graphene has been demonstrated to have ultrahigh thermal conductivity [46,55,56]. Baladin et al.
measured the thermal conductivity of a graphene monolayer and found that it exceeded 3000 W/m-K
near room temperature via optothermal Raman measurement [57,58]. A recent study revealed that
phonons had a mean free path of ~28 pm in CVD-grown graphene, which makes phonons rather than
electrons dominate the thermal conduction in graphene, leading to Ke << K}, [59]. As GFs are composed
of graphene, they are expected to inherit the high thermal conductivity of graphene. However, it is
found that GFs exhibited thermal conductivity in a large range of 30-3300 W/m-K [25,26], which may
be because of the following reasons:
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1. Different fabrication methods: different fabrication methods produced GFs with different crystal
structures. Top-down strategies of fabricating GFs from GO always induced lower thermal
conductivity compared to those obtained from bottom-up strategies, which may produce different
and clean crystal structures of the GFs.

2. Different reduction methods: in top-down strategies, different reduction methods, such as
thermal annealing and chemical reduction, also result in different thermal conductivity of the GFs.
Different temperatures in thermal reduction and different reducing agents in chemical reduction
lead to different thermal conductivity.

3. Different post-treatment methods: GFs with or without compression or compressed under
different pressure exhibited dissimilar thermal conductivity.

Yu and colleagues [26] modified GO with alkaline earth metal ions to fabricate GO films with
tuned thermal conductivity. The GO films modified with Mg?* and Ca®* acquired enhanced thermal
conductivity of 32.05 W/m-K and 61.38 W/mK, respectively, which are more than 8 and 15 times that
of crude GO films (3.91 W/m-K). Gee et al. prepared the GFs through an electrochemical exfoliation
and filtration process [25]. The thermal conductivity of the as-prepared GFs was measured to be
3390 W/m-K by using the thermoelectric method. This is the highest reported thermal conductivity of
GFs, which is even much higher than that of graphite (K; = 2000 W/m-K) [58,60].

Peng et al. obtained the GO films through a scrape coating and direct evaporation [28].
After carbonized at 1300 °C and graphitized at 3000 °C, as well as compressed at 50-300 MPa, the rGO
films exhibited a thermal conductivity as high as 1940 + 113 W/m-K. This may be because (i) the high
temperature (3000 °C) can reduce the functional groups on graphene (transforming the sp® crystal of
GO to the sp? crystal of graphene), and (ii) the high temperature can also promote the self-healing of
the defective graphene, inducing perfect graphene with sp? crystals. Both the functional group-free and
defect-free crystals benefit from the thermal conduction in the GFs. Guo et al. combined blade-coating
and direct evaporation to fabricate self-standing GO films [22]. After being reduced by vitamin C,
the rGO films achieved a high thermal conductivity of 2600 W/m-K. For comparison, the thermal
conductivity of the GFs synthesized using different methods is summarized in Table 1.

Table 1. Summary of the GFs obtained from different synthesis method.

Reduction Thermal Thermal
Materials Fabrication Method Conductivity
Method/Post-Treatment Measurement
(W/m-K)
. Electrochemical exfoliation, Thermoelectric
Graphene film [25] vacuum filtration B method 3300
rGO film [22] Blade-coating, evaporation Vitamin C reduction Laser flash 2600
. . . Annealed at 3000 °C,
rGO film [28] Scrape coating, evaporation compressed at 50-300 MPa Laser flash 1940
X Hydroxide-assisted Annealed at 2800 °C, . g

Graphene film [61] exfoliation, vacuum filtration compressed at 100 MPa Laser flash 1842

rGO film [33] Vacuum filtration L-ascorbic acid reduction Laser flash 1642
. e . . Annealed at 2850 °C, .

Graphene film [34] Ball-milling, Filtration compressed at 30 MPa Self-heating 1529
rGO film [36] Vacuum filtration HI reduction Laser flash 1390 + 65
rGO film [62] Vacuum filtration Annealed at 1200 °C Laser flash 1043.5

°Cin 59
rGO film [42] Evaporation Annealed at 900 °C in 5% Laser flash 902
Hy-Ar gas
rGO film [63] Roller coating Annealed at 2800 °C Laser flash 826
rGO film [48] Filtration Annealed at 1000 °C Laser flash 373
Graphen.e Vacuum filtration Annealed at 120 °C and 340 °C Laser flash 313
nanoplatelet film [35]
rGO film [31] Vacuum filtration Annealed at 1060 °C Angstrom method 220
3 . . . i Mg-modified: 32.05
rGO film [26] Vacuum filtration Metal ion modified Laser flash Camodified: 61.38
rGO film [38] Direct evaporation Annealed at 1000 °C Laser flash 61
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3.3. Parameters That Affect the Thermal Conductivity of Free-Standing Graphene Films

3.3.1. Thermal Annealing Temperature

GO has various functional groups and defects in its surface. Thermal annealing in a proper
temperature may partially reduce GO to rGO, thus leading to the higher thermal conductivity of the
GFs. Previous studies have corroborated that the thermal annealing temperature exerts a significant
impact on the thermal conductivity of the GFs [28,37,38,40]. Renteria et al. [38] studied the effect of
thermal annealing temperature on the thermal conductivity of the rGO films. The in-plane thermal
conductivity of the rGO films dramatically increased from ~3 to ~61 W/m-K (room temperature) when
GO films were annealed up to 1000 °C, as presented in Figure 7a. More recently, Peng et al. also found
that the thermal conductivity of rGO films could be elevated by raising the annealing temperature [28].
The thermal conductivity of the rGO films increased from ~800 to ~2000 W/m-K (close to that of
graphite) as the annealing temperature was raised from 1400 °C to 3000 °C, as displayed in Figure 7c.
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Figure 7. (a) Experimental in-plane thermal conductivity, K, as a function of temperature for rGO
films annealed at different temperatures and a reference GO film. (b) Raman spectra of rGO films
under UV (A = 325 nm) laser excitations. The peaks at 1350 and 1580 cm ™! correspond to the D and
G peaks, respectively. (c) The thermal (red line) and electrical conductivity (black line) of rGO films
annealed at different temperatures. (d) XRD patterns of rGO films annealed at different temperatures.
(a,b) Reprinted from [38] with permission, Copyright 2015 Wiley Online Library; (c,d) Reprinted

from [28] with permission, Copyright 2017 Wiley Online Library.

The thermal conductivity increase with the rise of annealing temperature may be caused by
the removal of the functional groups and defects of GO films, as well as the recovery of the sp?
crystal structures from the sp? crystal. This was substantiated by the decreased Ip/Ig ratio in Raman

28



Coatings 2018, 8, 63

spectroscopy and the different peaks in X-ray powder diffraction (XRD) patterns with raising the
annealing temperature (Figure 7b,d). In addition to the thermal annealing temperature, the gas
atmosphere during thermal annealing also affects the final thermal conductivity of the rGO films.
Introducing a reducing gas, like Hp, could lead to a higher thermal conductivity of the rGO films.
For instance, Liu et al. thermally annealed GO films at 900 °C in a 5% Hj-Ar gas mixture and the
as-prepared rGO films obtained have a thermal conductivity as high as ~1200 W/m-K [64]—much
higher than those annealed without H, at the same temperature [38].

3.3.2. The Lateral Size of Graphene and GO Sheets

Compared to electrons, phonons dominate the thermal conduction in graphene and related
nanomaterials. Phonons exhibited a mean free path (MFP) as long as 28 pm in CVD-grown graphene,
and the heat was found to be transferred through a ballistic mechanism in graphene and rGO [58,65].
The size of graphene or rGO has been demonstrated to greatly affect the thermal conductivity of
the GFs in both experimental and theoretical studies [66-68], especially when the graphene size is
close to or smaller than the MFP. Ma et al. tailored the thermal transport properties of graphene
films by modulating the grain size of graphene [23]. They applied a segregation-adsorption CVD
to grow graphene films with a tunable grain size from ~0.2 um to ~10 um. With increasing the
grain size of graphene, the obtained GFs displayed a dramatic increase in thermal conductivity
(0.5~5.2 x 103> W/m-K). Peng et al. [28] also reported the obvious elevation from ~1000 W/mK to
~1950 W/m K for the thermal conductivity of the as-prepared debris-free graphene films (dfGFs) when
the average size of the graphene sheets increased from ~5 pm to 100 um.

Kumar et al. [36] fabricated small rGO films (rSGO) and a large-area rGO film (rLGO) and
compared their thermal and electrical conductivity. The rSGO films exhibited a thermal conductivity
of 900 W/m-K, while the rLGO films exhibited a thermal conductivity of 1390 W/m-K, indicating that
higher thermal conductivity of rGO films can be achieved by utilizing large GO sheets. Reducing the
size of graphene sheets not only shortens the mean free path of phonons in graphene sheets, but also
increases the phonon scattering probability in the films, thus inducing lower thermal conductivity
of the graphene films. The thermal conductivity of the graphene films may be turned by using the
graphene or graphene oxide with a different size [36,69].

3.3.3. Hybridization with Other Components

To enhance the thermal conductivity of GFs, graphene or GO can be combined with other materials
to form hybrids. Kong et al. randomly deposited carbon fiber (CF) as the porous scaffold on the porous
metal plates through vacuum filtration [27]. Then GO hydrogel was subsequently deposited on the
porous scaffold to form GO-CF composite (G-CF) films. After annealing at 1000 °C in Ar atmosphere,
the as-prepared G-CF films exhibited a superior thermal conductivity of 977 W/m-K, significantly
higher than those of graphene film (318 W/m-K), graphitized polymide (PI) film (743 W/m-K),
and flexible graphite film (137 W/m-K). Hu et al. also combined a carbon nanotube (CNT) film with
GO for hybrid films by applying CVD and a spray-coating method [54]. The as-prepared GO/CNT
composite films were thermally annealed at 2800 °C to reduce GO to rGO. The rGO/CNT films
delivered a high thermal conductivity of 1056 W/mK, a superior mechanical strength of ~1 GPa,
and an excellent electrical conductivity of 1182 S/cm.

Besides CNTs and CFs, other diverse materials have also been used in combination with graphene
for advanced functional properties, such as polymers [70-72] and various 2D materials [73-75].
The graphene/polymer composite films generally attain a lower thermal conductivity compared
to the pure graphene films. This may be due to the ultralow thermal conductivity of the polymer
(~0.1 W/m-K) compared to that of graphene (>100 W/m:K), transforming the ballistic heat transfer in
graphene to the diffusive heat transfer in polymers [76,77]. Moreover, a number of theoretical studies
have demonstrated that the interfacial thermal resistance (often known as the Kapitza resistance)
between graphene and polymer also lowers the thermal conductivity of the composite films [78-81].
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The interfacial thermal resistance arises from poor thermal coupling between graphene and polymer,
and can be significantly decreased by grafting the graphene sheets with polymer chains. However,
excessive loading of grafted polymer may reduce the thermal conductivity of the graphene sheets,
thus inducing lower effective thermal conductivity for the composite film. Therefore, the grafting
density should be well-controlled to achieve a higher thermal conductivity of the composite film than
the conductivity of the polymer matrix [81]. More discussion about nanoscale thermal transport based
on phonon propagation can be found in other reviews [82,83]. When combining graphene and other
nanomaterials with high thermal conductivity, like boron nitride (BN) or CNTs, the composite films
still can achieve a desirable thermal conductivity. This may be due to low interfacial thermal resistances
between graphene and other nanomaterials, owing to the strong phonon—phonon coupling [84,85].
Table 2 is a presentation of the typical hybrid films reported in the past three years, clearly manifesting
the effects of different hybridization components on the thermal conductivity of the hybrid films.

Table 2. Summary of the graphene composite films combined with different materials.

Reduction Thermal Thermal
Materials Fabrication Method M -~ Conductivity
ethod/Post-Treatment ~ Measurement
(W/m-K)
rGO/CNT film [54] CVD, spray coating Annealed at 2800 °C Laser flash 1056
rGO/carbon fiber film [27] Vacuum filtration Annealed at 1000 °C Laser flash 977
rGO/PBO film [86] Dispersion, casting 120 °C to reduce GO Laser flash 50
BN/GO film [87] Vacuum filtration - Laser flash 29.8
GO/polymer/BN film [88] casting - Laser flash 12.62
rGO/cellulose film [89] Vacuum filtration Hydrazine reduction Laser flash 6.17
Graphene/PI film [90] CVD/impregnation - Laser flash 373
Graphene/NRlatex film [91] Ball milling dipping - Hot-disk 0.482
GO/MWNT films [92] Vacuum filtration - Laser flash 0.35

3.3.4. Thickness and Density of the Graphene Films

The thickness of graphene films also plays a significant role in the thermal conductivity of
graphene films. Zhang et al. compared the thermal conductivity of the GFs with different thicknesses
from 20 to 60 pm [33]. They found that the in-plane thermal conductivity of the GFs decreased from
1642 W/m-K to 675 W/m-K as the thickness increased from 20 um to 60 pum. This phenomenon was
due to the enhancement of total defects in graphene films with bigger thickness. More defects would
result in a more significant scattering of phonons, thus hindering the phonon propagation along the
in-plane direction.

Not only the thickness, but also the density of the GFs would influence the thermal conductivity
of the GFs. Xin et al. [40] conducted compaction to remove air pores to fabricate dense GFs, but with
different density. Even at different annealed temperatures, the thermal conductivity of the GFs
significantly elevated with the increase in the GFs’ density. As shown in Figure 8, for the 2850 °C
annealed GFs, when the density increased from 0.4 g/ cm? to 2.0 g/ cm?, the thermal conductivity of
the GFs increased from 200 W/m-K to ~1500 W/m-K. The significant increase of thermal conductivity
of the GFs with the rise of density may be explained as described below:

i.  Higher density means fewer air pores in the GFs, which may reduce the phonon scattering at
air-graphene interfaces, thus inducing the higher thermal conductivity of the GFs.

ii. According to the equation (K = apCp) used to calculate the thermal conductivity of the GFs,
given thermal diffusivity o and specific capacity Cp, the thermal conductivity, K, increases linearly
with density, p. As shown in Figure 8, the values of K show an approximately linear relationship
with p.
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Figure 8. Change of thermal conductivity of free-standing graphene films with different density
under different annealed temperatures. Reprinted with permission from [40]; Copyright 2014 Wiley
Online Library.

4. Applications of Free-Standing Graphene Films in Thermal Engineering

The outstanding thermal conductivity of the GFs contributes to promising applications in diverse
thermal management fields, such as thermal interface materials (TIMs), and heat dissipation materials
(HDMs). For instance, to demonstrate the thermal management capabilities of their rGO films,
Huang et al. applied a 7 W high-bright LED as a hot spot and recorded the temperature changes
by a thermocouple sensor in the systems with and without rGO films [63], as illustrated in Figure 9a.
The rGO films effectively reduced the temperature of the LED hot spot, 3 °C difference after few minutes
shown in Figure 9b, confirming the heat dissipation ability of the as-prepared rGO films.
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Figure 9. (a) Schematic plot of the temperature measurement model of a 7 W LED as the hot spot with
and without rGO films. (b) Real-time temperature profile of the LED hot spot with and without rGO
films. Reprinted from [63] with permission; Copyright 2017 Royal Society of Chemistry.

Guo et al. fabricated ultra-flexible, lightweight, and stretchable rGO films for wearable thermal
management components [22]. They designed the rGO films into kirigami structures and integrated
them into cloth for personal thermal management, as displayed in Figure 10. With a small applied
voltage (3.2 V), a rapid heating-up response to 45 °C from room temperature could be achieved in 6 s.
When the heating stopped, the rGO films cooled down to room temperature in 5 s, manifesting both fast
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electrical heating response and efficient heat dissipating capability. Zhang et al. also demonstrated the
superb performance of the GFs as TIMs in microelectronic devices [33]. When combined with functional
GO (FGO), the GFs exhibited a better TIMs performance due to the reduced thermal resistance between
the GFs and the microelectronic chips by the FGO. Besides thermal management applications, GFs and
related films can also be applied in various other applications, such as electromagnetic interference
(EMI) shielding, gas barriers, and energy storage and sensors [35,36,88,93-100], owing to their superior
electrochemical and mechanical properties.

Figure 10. A demonstration of wearable rGO films for personal thermal management. The rGO films
possessed kirigami structure and were integrated into cloth. A work cycle of heating—cooling can be
implemented within 11 s. Reprinted from [22] with permission; Copyright 2017 Wiley Online Library.

5. Summary and Outlook

In this article, we have reviewed recent advances in the subject of thermal conductivity
of free-standing GFs. Diverse “top-down” strategies, like vacuum filtration, direct evaporation,
and various coating techniques, have been developed to prepare free-standing GFs with large areas.
“Bottom-up” CVD methods can be used to synthesize GFs with high-quality crystals. For GFs obtained
from the GO, thermal annealing is normally required to reduce the GO and even to graphitize the rtGO
films for high thermal conductivity. Higher annealing temperature generally results in heightened
thermal conductivity of the GFs. The thermal conductivity of the GFs can be also enhanced by
hybridizing with other conducting materials, decreasing the GF thickness, increasing the GFs density,
as well as completely reducing the GO. The high thermal conductivity of the GFs enables them to
be utilized in extensive thermal management applications, such as highly efficient heat-dissipating
materials and thermal interfacial materials.

In existing studies, thermal annealing at high temperature, as high as 3000 °C, was carried out to
reduce the GO and, thus, to heighten the thermal conductivity of the GFs. However, thermal annealing
at such a high temperature is not practical, and is also an energy-consuming process, which may
hinder the industrial manufacturing of GFs with this method. Therefore, new reduction approaches
that are low-cost, environmentally friendly, and easily accessible should be the new research direction.
In addition, a lot of previous investigations pursued the high thermal conductivity of the GFs rather
than considering the realistic applications of GFs. For instance, few studies took into account the contact
between the GFs and the hot spot substrates: ineffective contact between the GFs and substrates may
induce high thermal contact resistance, thus significantly lowering the efficiency of the GFs. More effort
should be made to integrate the GFs into the micro-/nano-electronic devices with compact size and low
weight for broader applications of the GFs. Multi-scale theoretical modeling, like molecular dynamics
simulations and finite element methods, can be involved to shed light on the heat transfer mechanisms
in the GFs from the atomic scale to the macro-scale. More attention should also be paid to combining
different techniques, either “top-down” or “bottom-up,” to achieve the large-scale fabrication of the
GFs for industrial applications, for example, acting as packaging materials in high-power battery packs
for whole electrical vehicles.
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Abstract: Two-dimensional (2D) materials, such as graphene and hexagonal boron nitride, are new
kinds of materials that can serve as substrates for surface enhanced Raman spectroscopy (SERS).
When combined with traditional metallic plasmonic structures, the hybrid 2D materials/metal SERS
platform brings extra benefits, including higher SERS enhancement factors, oxidation protection of
the metal surface, and protection of molecules from photo-induced damages. This review paper gives
an overview of recent progress in the 2D materials-coated plasmonic structure in SERS application,
focusing on the fabrication of the hybrid 2D materials/metal SERS platform and its applications for
Raman enhancement.

Keywords: surface enhanced Raman spectroscopy; two-dimensional materials; plasmonic structure

1. Introduction

Raman spectroscopy is an optical analysis technique providing characteristic spectral information
of anlaytes and has a wide variety of applications in chemistry, biology, and medicine [1-4] because
of its capability of providing fingerprints of molecule vibration. One major drawback of Raman
spectroscopy is the low yield of Raman scattering, leading to weak Raman signals in most cases, and
thus ordinary Raman spectroscopy can hardly provide discernable signals of a trace amount of analytes.
Surface-enhanced Raman spectroscopy (SERS) makes up this deficiency via plasmon resonance from
metallic nanostructures. Molecules adsorbed on the nanostructured metallic surface experience a
large amplification of the electromagnetic (EM) field due to local surface plasmon resonance, which
leads to an orders of magnitude increase in Raman yield and greatly enhanced Raman signal. SERS
is capable of ultra-sensitive detection (single molecule detection) and allows for label-free detection
with a high degree of specificity [5-9]. To achieve high SERS enhancement factors, many efforts have
been devoted to developing various metallic (mainly Au and Ag) nanostructures to enhance the
local EM field [10-16]. In addition to the bare metal SERS structure, a hybrid structure comprised of
metal/inorganic materials [14,17-20] is also employed as a SERS sensor.

Two-dimensional (2D) materials, such as graphene and hexagonal boron nitride (h-BN), have
unique electronic and optical properties, and attract widespread interest in potential applications in
electronic devices, sensors, and energy generation [21-25]. In addition, 2D materials have been explored to
enhance Raman signals [26-32]. Since the discovery of graphene’s Raman enhancement capability [33],
extensive research has been conducted to reveal the enhancing mechanism of two-dimensional
materials, as well as their application in Raman enhancement substrates [11,13,30,34-36]. Unlike
traditional SERS substrates, 2D materials provide a non-metallic surface with which to enhance the
Raman signal. Recently, combining 2D materials with metallic plasmonic structures to form a hybrid
SERS platform has become an emerging research field. The 2D materials-coated SERS platform
offers synergetic Raman enhancement from both 2D materials and plasmon resonance, and additional
advantages such as protection of metal from oxidation and protection of molecules from photo-induced
damages. This paper will first give a brief introduction of the Raman enhancing mechanism of 2D
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materials and then discuss the recent process of 2D materials-coated plasmonic structures for SERS
application, including their fabrication, sensitivity, and stability.

2. Raman Enhancement of 2D Materials

This section will briefly introduce the Raman enhancement mechanism of 2D materials,
including graphene, h-BN, and molybdenum disulfide (MoS;). Unlike EM enhancement mechanism
of most metallic SERS substrates, Raman enhancement of 2D materials is due to chemical
enhancement mechanism [26,33,37,38]. Chemical enhancement factor on metallic surface is usually low
(~10-100) [39] compared with EM enhancement factor (~10°~10'1) [5,40,41]. From a broad perspective,
chemical enhancement can be considered as modification of the Raman polarizability tensor of molecule
upon its adsorption, which in turn enhances or quenches Raman signals of vibrational modes [42,43].
In normal Raman scattering process, molecules are excited by external light to a high-energy level (an
intermediate virtual state), and then molecules relax to ground state and emit Raman scattered photons.
If the energy of the intermediate virtual state happens to be the same as one of the real electronic levels
in the molecule, this scattering process is called resonance Raman scattering, which will have higher
scattering efficiency and enhanced Raman signal. Charge-transfer model is often employed to explain
chemical enhancement mechanism when molecules are adsorbed on metallic surface. One scenario of
charge-transfer mechanisms is that molecules and metal form a surface complex by chemical bonding,
which may cause a substantial change in the intrinsic polarizability of the molecule. This new surface
complex creates a new electronic state, which is in resonance with the laser and shows enhanced
Raman signal. This charge transfer model is the so-called excited state charge transfer model [44].
2D materials provide a superior platform to study the chemical enhancement mechanism, because
they have no dangling bonds in vertical direction and have atomically flat surface, and thus offer a
pure system for the study of chemical enhancement effect.

Graphene is the first 2D material used to enhance Raman signals of molecules [33]. Raman
enhancement of pristine graphene is ascribed to the ground state charge transfer mechanism [28,37]
instead of the aforementioned excited state charge transfer mechanism. In ground state charge transfer
process, analyte molecules do not form chemical bond with SERS substrate necessarily, and charge
transfer happens when the substrate and the molecules are in the ground state. The charge transfer
between molecules and graphene is a physical interaction instead of chemical bonding formation,
and thus causes minor change in analytes’ electronic distribution. Ground-state charge transfer can
easily happen between graphene and molecules adsorbed on its surface because of graphene’s two
unique features: abundant 7t electrons on its surface and continuous energy band. Figure 1a shows the
proposed ground state charge-transfer process between a dye molecule and graphene. In this process,
the graphene electrons involvement in the Raman scattered process can enhance the electron—phonon
coupling and thus induce the enhancement of the Raman signals [37]. It has been found that graphene
Raman enhancement is vibration-mode dependent. The vibrational mode involving the lone pair or
7 electrons, which has stronger coupling with graphene, has highest Raman enhancement [29,45].
A more in-depth explanation of graphene-based surface enhancement scattering (GERS) has been
given in [37].

h-BN and MoS,; are other two kinds of 2D materials with different electronic and optical properties
from graphene. h-BN is highly polarized and insulating with a large band gap of 5.9 eV [46].
CuPc molecule Raman signal is found to be enhanced by h-BN substrate. One proposed Raman
enhancement mechanism of h-BN is the interface dipole interaction with analyte molecules, which
causes symmetry-related perturbation in the CuPc molecule [26]. In addition, the Raman enhancement
factor does not depend on the h-BN layer thickness, because the distribution of the intensity is uniform
no matter how thick the h-BN flake is. Atomic layer thin MoS; is semiconductor and also has a
polar bond [47]. For MoS,, both the charge transfer and interface dipole interaction contribute to
the Raman enhancement, but both contributions are much weaker compared with graphene and
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h-BN, respectively. The Raman enhancement of MoS, is not as obvious as that of graphene and h-BN,
as shown in Figure 1b.
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Figure 1. (a) Schematic of the Raman scattered process of graphene-enhanced Raman spectroscopy.
Reproduced from [37] with permission; Copyright ACS 2012. (b) Raman spectra of the CuPc molecule
on the blank SiO, /Si substrate, on graphene, on h-BN, and on MoS; substrates. The numbers marked
on the peaks are the peak frequencies of the Raman signals from the CuPc molecule. Reproduced
from [26] with permission; Copyright ACS 2014.

3. Two Dimensional Materials-Coated Plasmonic Nanostructures

Traditional SERS analysis relies on metallic nanostructures that can generate strong local EM
field. When combining 2D materials with metallic structure, the hybrid SERS substrate can provide
even higher SERS enhancement factor due to the synergic effect of electromagnetic and chemical
enhancement. 2D materials, like graphene and h-BN, could offer chemically inert and biocompatible
surfaces [48-50], which is favorable in bio-detection. With 2D materials as shielding layer on
metallic surface, metallic SERS platforms such as Ag could be protected from oxidation and have
longer shelf life, which can improve the stability and repeatability of SERS analysis. The following
discussion will focus on the fabrication, sensitivity, and stability of 2D materials/plasmonic structure
for SERS application.

3.1. Fabrication

2D materials/plasmonic structures require incorporation of 2D materials and metallic plasmonic
structures that can provide high local electric field upon laser excitation. Common fabrication methods
of 2D materials include mechanical exfoliation, chemical exfoliation, and chemical vapor deposition
(CVD). Summary of 2D materials synthesis [51-53] and metallic SERS substrate [54-56] fabrication
can be found elsewhere. This section will focus on the incorporation of 2D materials with metallic
plasmonic structure.

One simple way to incorporate 2D materials with metallic nanostructure is to transfer CVD grown
2D materials on metal surface. Graphene and MoS; have been proven to be capable of overlapping on
Au nanostructures and generating strong Raman signals of graphene and MoS, [57]. Zhu et al. [58]
fabricated graphene-covered gold nanovoid arrays using CVD grown monolayer graphene and
investigated the SERS performance of graphene/plasmonic structure. Figure 2 shows the graphene
transfer process and the SEM images of graphene-covered gold nanovoid arrays. In this study,
graphene was actually suspended on Au nanovoid arrays instead of being conformally coated on
Au surface. To achieve 2D material conformally coated SERS substrates, metallic structures need to
have certain morphology. For instance, nanopyramid and nanocone structure can be conformally
coated with 2D materials, although some ripples are unavoidable. Figure 3 shows graphene-coated Au
nanopyramid [30] and MoS,-coated SiO; nanocone [59], in which 2D materials are transferred with
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the assistance of poly(methyl methacrylate) (PMMA). Metallic plasmonic structure with conformally
coated 2D materials can be better isolated from air and thus has longer stability.

(a)

Spin-coat PMMA Etch copper

11
ﬂTransfer

Dissolve PMMA

L

Figure 2. (a) Schematic illustrations of the graphene transfer process. (b) SEM image of a large-area
nanovoid array integrated with the transferred monolayer graphene. The dark region is covered
by graphene. The inset shows a SEM image of the cross-section of graphene-covered nanovoids.
Reproduced from [58] with permission; Copyright ACS 2013.

Figure 3. (a) Graphene-coated Au nanopyramid structure. Scale bare is 200 nm. Reproduced from [30]
with permission; Copyright ACS 2015. (b) Tilted false-colour SEM image of the 2D strained MoS;
crystal defined by the nanocone array. Scale bar is 500 nm. Reproduced from [59] with permission;
Copyright Springer 2015.

PMMA -assisted transfer method has advantage of being able to coat 2D materials for plasmonic
structures with various morphologies. However, the drawback is that PMMA residue left on the
surface of 2D materials [60] may generate noisy Raman peaks and prevent analyte molecules directly
adsorbed on the surface of 2D materials. Therefore, special care needs to be paid to avoid large amount
of PMMA residue. Another concern of this transfer method is that the capillary force during the drying
process of 2D materials may tear apart the 2D materials and expose the metallic surface to ambient
environment. Xu et al. [27] developed a novel flexible graphene/plasmonic structure with PMMA as a
carrying substrate for SERS application. In this study, PMMA was used to support a flat graphene
surface instead of a sacrificing transfer layer. Figure 4 shows the fabrication process of the flexible
graphene SERS tape.

Another way to incorporate 2D materials with metallic nanostructure is to use chemically
exfoliated 2D materials to coat metallic nanoparticles. Kim et al. [61] developed a method with
which to sandwich Ag nanoparticles between layers of reduced graphene oxide (rGO) and graphene
oxide (GO) in order to prevent Ag nanoparticle from oxidation and boost Raman signals of analytes.
Compared with CVD grown 2D materials, chemically exfoliated 2D materials are cost effective and
easily to functionalize [61-64]. Figure 5 shows the preparation of SERS substrates with chemically
exfoliated graphene.
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Figure 4. Schematic steps of the preparation route flexible G-SERS tape prepared from CVD-grown
monolayer graphene. Reproduced from [27] with permission; Copyright PNAS 2012.
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Figure 5. Fabrication Process of GO/PAA-AgNP/PAA-RGO films for application as SERS platform.
Reproduced from [61] with permission; Copyright ACS 2012.

Besides ex-situ transferring of 2D materials onto metal surface, in-situ growing 2D materials,
like graphene and MoS;, on metal surface is another attractive approach for incorporating 2D
materials with plasmonic structure. Liu et al. [65] developed a CVD process to grow graphene
shell with controllable thickness on the surface of metal NPs. Figure 6 shows the fabrication process
of graphene-encapsulated metal nanoparticles. In situ-grown 2D materials on metal surface do not
require 2D materials transfer process and have little chance to have polymer residue left on the surface
of 2D materials. CVD in-situ grown 2D materials is a promising method for conformally coating 2D
materials on metallic surface. However, due to the high temperature of CVD process, pre-designed
metallic nanostructure may change its morphology during high temperature process and lose the
pre-designed high local EM field. Low temperature plasma-enhanced CVD method [66-68] could be a
potential choice for in-situ growth of 2D materials on metal surface.

Sio, substrate Metal film Metal nanopamcle

Evaporat|on nnealing

-

» CVD Growth

Graphene encapsulated metal
nanoparticle

Figure 6. Production process for the Metal@Graphene to serve as a SERS-active substrate. Reproduced
from [65] with permission; Copyright ACS 2014.

3.2. Sensitivity

Among various 2D materials, graphene is the most widely explored one for incorporation with
plasmonic structure. Graphene/metal hybrid SERS platform shows superior SERS performance
compared with bare metal SERS substrates. Because of chemical interaction between graphene and
target molecules, certain SERS modes are enhanced or prohibited. Although the chemical enhancement
factor of 2D materials is not as high as metallic nanostructure, several tens’ of times of Raman signal
enhancement could be essential when detecting molecules at single molecular level. Several times
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enhancement determines whether the Raman peaks can be seen or not. Comparisons of enhancement
factors of different types of SERS sensors are summarized in Table 1. It can be seen that pristine
2D materials generally have lower enhancement factors than metallic SERS substrates or hybrid
SERS substrates containing metal. However, a more meaningful comparison between different SERS
platforms would require the same analytes and the same detection approach (laser wavelength, laser
power, accumulation time, etc.).

Table 1. Comparisons of typical types of SERS substrates.

SERS Substrate Type Substrate Materials Enhancement Factor Analytes Ref.
Au nanotriangles 1.2 x 10° Benzenethiol [69]
Metal Ag nanocubes 1.25 x 10° 1,4-benzenedithiol [70]
Ag nanoparticles 10'4-101% Rhodamine 6G [71]
SiO,-coated silver 5 .
Metal/inorganic nanocubes 12510 Rhodamine 6G (72]
hybrid structure Au nanoparticle-coated 1.2 % 107 Rhodamine 6G 119]
Zn0O nanoneedles
Au-coated ZnO nanorods 106 Rhodamine 6G [73]
Monolayer .
Rhodamine 6G and
- 10
2D materials/Metal graphene coat?d Au 10 lysozyme (291
. nanopyramids
hybrid structure
Monolayer
graphene-coated Au 103 Rhodamine 6G [58]
nanovoids
Few layer grapher-\e-coated 9.2-19.4 Cobalt phthalocyanine [65]
Au nanoparticles
Monolayer graphene 2-17 Phthalocyanine [33]
Monolayer MoS, 5 x 104-3.8 x 10° 4-mercaptopyridine [31]
2D materials h-BN 6.9-41 Copper phthalocyanine  [26]
Monolayer WSe; 0.18-4.7 Copper phthalocyanine  [32]
Monolayer graphene on 3.8-78.2 Copper phthalocyanine  [32]

top of monolayer WS,

Wang et al. [29] developed a graphene/Au nanopyramid hybrid SERS platform, which shows
single-molecule detection capability for analytes like R6G and lysozyme. In this study, SERS
performance of graphene/Au nanopyramid hybrid substrate and bare Au nanopyramid substrate were
compared. Table 2 [29] summarizes the average SERS signal enhancement of graphene/Au hybrid
substrates over bare Au SERS substrate. As shown in Table 2, additional graphene layer contributes
extra few times of Raman enhancement for R6G peak intensity compared with bare Au nanpyramid
substrates, which demonstrates the synergic effect of electromagnetic and chemical enhancement
from graphene. Even for molecules with small Raman cross-section, like dopamine and serotonin,
graphene/Au hybrid platform can still achieve detection limit of 10~° M in simulated body fluid [30].
With graphene/Au nanopyramid hybrid SERS substrates, serotonin molecule Raman peak hot spots
and graphene peak hot spots actually coincide, as seen from the Raman intensity mapping of analytes
peak with that of the graphene G peak (Figure 7). The results indicate that the intrinsic Raman signal
of 2D materials in 2D materials/metal hybrid SERS platform can serve as a gauge of the near-field
EM-field intensity to locate hot spots. This unique feature of hybrid platform offers an advantage
for molecule detection at ultra-low concentrations. Actual hot spots of SERS substrates are rare and
random, even for patterned nanostructure. For extremely diluted solution, the spatial coincidence of
molecules and hotspots is rare, leading to long time of up to hours spent on searching for measurable
signals. With 2D materials’ intrinsic Raman peak intensity as a SERS enhancement factor marker, the
hot spots of the 2D materials/metal hybrid SERS platform could be located in advance and speed up
the later detection of target molecules. For 2D materials used in hybrid SERS platform with patterned
metallic SERS nanostructures, graphene is the ideal choice, because graphene only has a few intrinsic
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Raman peaks, and large-area, high quality graphene is easily achievable. In addition, monolayer
graphene has only 2.3% absorption of the incident laser, and its plasmon resonance frequency is the
tetra Hz regime. Therefore, it has little effect on the EM field of metallic SERS substrates.

Graphene G peak

—
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Serotonin 1546 cm™ peak

—
o 250 500

Figure 7. (a) Raman spectra of Serotonin molecules on graphene hybrid structure with 3 different
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°
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Raman shift (cm )
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=

Laser (C)

Graphene/Au Tip Neurotransmitter
Hybrid Platform Molecule

concentrations (107, 1078, and 101° M); (b,c) Raman intensity mapping of graphene G band (green)
and Raman intensity mapping of serotonin peak at 1546 cm ™~ (red) of the same area, scale bar: 10 um;
(d) Schematic of graphene/Au nanopyramid SERS substrate. Reproduced from [30] with permission;
Copyright ACS 2015.

Table 2. Vibration mode dependent enhancement and assignment of Raman peaks in SERS spectra for

R6G [29].
SERS Peaks (cm~1) Peak Assignment Average Enhancement (Igraphene/Au tip/I Au tip)
613 5(C-C-C)ip 10
775 5(C-H)op 5
1187 5(C-H)ip 2
1311 v(C-C)*, v(C-N) 6
1360 v(C-C)*, v(C-N) 6
1506 v(C=C) 4
1577 v(C-0-C) 8

Note: IGraphene/Au tip 15 the R6G Raman intensity obtained on graphene/Au nanopyramid; Iay p is the R6G Raman
intensity obtained on bare Au nanopyramid.

Besides graphene, h-BN also served as coating layer on plasmonic structure for SERS application.
Kim et al. [74] reported h-BN layer-wrapped Au nanoparticles as SERS substrate. h-BN coated Au
SERS substrate can provide sensitive detection of aromatic hydrocarbon (PAC) molecules, such as
B(o)P. PAC molecule Raman detection is very difficult using conventional metallic SERS, because the
weak interaction between polycyclic aromatic hydrocarbon (PAC) molecules and the metal surface
prohibits their adsorption on the metal surface. With h-BN wrapped Au SERS substrates, noticeable
and characteristic bands of B(«)P can be detected (Figure 8a), because the m— interaction between
B(c)P and h-BN enlarges the surface adsorption coverage (Figure 8b).
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Figure 8. (a) SERS spectra benzo(x)pyrene on h-BN/Au/SiO, and Au/SiO; substrates; (b) schematic
mechanism to explain SERS of benzo(o)pyrene on h-BN/Au/SiO, and Au/SiO, substrates. Reproduced
from [74] with permission; Copyright ACS 2016.

3.3. Stability

Ag nano-structure is known to have excellent SERS performance with wider plasmonic spectral
window than other metallic structure made of Au or Al. However, one major weakness of Ag
nanostructure is that it is easily oxidized in ambient environment. The degradation of Ag will lower the
SERS performance and cause uncertainty of analysis. In addition, photo induced damage on analyte
molecules is a well know side effect of metallic SERS substrates. This section will discuss recent process
of using 2D materials as shielding layer to protect SERS metal substrates from oxidation and protect
analyte molecules from photo-induced damages.

2D materials, like graphene and h-BN, are able to protect metal to be oxidized [75,76]. This feature
of 2D materials can also be used in SERS substrate development [65,77]. When single layer graphene
combines with Ag nanostructure, the hybrid SERS platform provides both better SERS performance and
excellent stability in a harsh environment (sulfur) and at high temperatures (300 °C) [78]. Liu et al. [77]
combined CVD grown graphene with silver SERS substrates and demonstrated that with the graphene
as protecting layer, the hybrid graphene/Ag SERS substrate could achieve large-area uniformity
and long-term stability. Li et al. [79] compared the oxidation protection effect between CVD grown
graphene and rGO coated Ag nanoparticles. They found out that CVD-grown monolayer graphene
served as a better protecting layer than rGO to effectively suppress the oxidation of Ag nanoparticles.
As seen from Figure 9, CVD-grown, graphene-coated Ag SERS substrate can provide stable R6G SERS
signals up to 28 days with ambient aerobic exposure, while rapidly decreasing Raman signals are seen
from rGO-coated and bare Ag nanoparticles. Worse performance of rGO-protected Ag nanoparticle
is due to (1) the wide size distribution of rGO results an incoherent thin film and (2) the fact that
cracks and holes on rGO film act as a channel to allow air reach Ag surface, leading to the oxidation of
Ag nanoparticles.
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Figure 9. (a) The normalized intensity of the R6G Raman peak at 1364 cm ™! collected using, respectively,
the unprotected (black), rtGO-protected (green), and CVD graphene-protected (purple) Ag nanoparticles
as substrates, versus the time of aerobic exposure; (b) the normalized intensity of the R6G Raman peak
at 1509 cm ! collected using, respectively, the unprotected (black), rGO-protected (green), and CVD
graphene-protected (purple) Ag nanoparticles as substrates, versus the time of aerobic exposure;
(c) SEM image of the CVD graphene-protected Ag nanoparticles after their 28-day use as the SERS
substrate for the measurement of R6G; (d,e) SEM image of the unprotected Ag nanoparticles after their
28-day use as the SERS substrate for the measurement of R6G. Reproduced from [79] with permission;
Copyright Elsevier 2013.

Another benefit to combine 2D materials with metallic nanostructures is that 2D materials
can help protect molecules from photo-induced damage, such as photobleaching [27,65,80,81].
The photobleaching (or photodegradation) of the Raman anlaytes induced by the laser is a well-known
side effect in SERS experiments, especially for dye molecules. When combining graphene with
metallic nanostructure, the hybrid SERS platform is more stable against photo-induced damage
with an even higher enhancement factor. Liu et al. [65] fabricated graphene-encapsulated metal
nanoparticles for molecule detection and found out that AuNP/graphene hybrid substrate could
significantly suppress photobleaching and fluorescence of cobalt phthalocyanine (CoPc) and R6G
molecules. For instance, within the 160 s measurement period, the 1534 cm ™! peak intensity of CoPc
molecules decreases dramatically for Au NPs, while the same peak intensity almost keeps constant for
Au@Graphene, as shown in Figure 10a,b. Zhao et al. [81] also demonstrated that graphene can enhance
the photostability of R6G molecules with graphene coated Ag SERS substrates during continuous
light illumination. Enhanced photostability of molecules provided by graphene during SERS detection
is attributed to m—7 interactions between graphene surface and molecules [65,81]. Molecule m—m
interaction with graphene allows the charge transfer between graphene and molecules, providing
additional path for the molecules to relax from the excitation state to the ground state [82]. This process
reduces the number of molecules at excitation states and thus decreases photobleaching rate. Similar
protection effect can be achieved by using h-BN layer as well. Kim et al. [74] reported a h-BN film
wrapped Au substrate showing extraordinary stability against photothermal and oxidative damages
during laser excitation, as shown in Figure 10c,d. This outstanding stability against photothermal
damage of h-BN wrapped Au SERS substrate is attributed to the ultrafast heat dissipation through
the h-BN layer. With 2D materials as a shielding layer, hybrid SERS substrates will provide
long-term stability.

46



Coatings 2018, 8, 137

(a) AuNP CoPc
- 632.8 nm ex

(b)

Au@G CoPc

S
S
1450 1500 1550 ™ 1450 1500 1550 ™

p -1
Raman shift (cm™) Raman shift (cm™)

d .
© Awsio, @ h-BN/Au/SiO,
S ‘; 150
60 8 120
50
20 %‘ 9
? 30 5 60 ‘
S :.:_. 30 \
‘_E 5 — — = l537 £ 0 @ S v T T T Time
600 650 700 750 800 (T:‘Tr; 600 650 700 _750 30(: (min)
Raman shift (cm™) Raman shift (cm™)

Figure 10. Stability of SERS signals of monolayer CoPc LB films on (a) Au and (b) Au@G. Reproduced
from [65] with permission; Copyright ACS 2014. Photothermal and chemical stability of 3 L
h-BN/Au/SiO2 substrate; SERS spectra of R6G on the Au/SiO2 substrate (c) without and (d) with
h-BN protection at different time points (laser power = 0.1 mW, time interval = 15 min). Reproduced
from [74] with permission; Copyright ACS 2016.

4. Conclusions and Perspective

In summary, 2D materials’ Raman enhancement is due to the chemical enhancement mechanism,
which differentiates them from metallic SERS substrates. Coating 2D materials on metallic SERS
substrates introduces extra benefits over bare metal substrates. First, adding 2D materials can further
increase the SERS enhancement factor due to the synergic effect of electromagnetic and chemical
enhancement. Second, the atomic thin film of 2D materials can help map out the hot spots of the
metallic nanostructure without affecting the local EM field of the metallic nanostructure underneath.
For example, a Raman mapping of the graphene G peak over the hybrid SERS substrates could give the
precise position of the hot spots. Finally, adding 2D materials as a shielding layer offers a chemically
inert surface and helps to reduce the fluctuation of the SERS signal caused by the degradation of the
metallic nano-structures, photobleaching, or metal-catalyzed site reactions, and thus improves the
long-term stability and repeatability of the SERS analysis.
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Abstract: The separation of graphene grown on metallic catalyst by chemical vapor deposition (CVD)
is essential for device applications. The transfer techniques of graphene from metallic catalyst to target
substrate usually use the chemical etching method to dissolve the metallic catalyst. However, this
causes not only high material cost but also environmental contamination in large-scale fabrication.
We report a bubble transfer method to transfer graphene films to arbitrary substrate, which is
nondestructive to both the graphene and the metallic catalyst. In addition, we report a type of
metallic catalyst, which is 700 nm of Cu on sapphire substrate, which is hard enough to endure
against any procedure in graphene growth and transfer. With the Cr adhesion layer between sapphire
and Cu film, electrochemically delaminated graphene shows great quality during several growth
cycles. The electrochemical bubble transfer method can offer high cost efficiency, little contamination
and environmental advantages.

Keywords: graphene; bubble transfer; electrochemical delamination; Cu film; nondestructive; reusability

1. Introduction

Graphene, a two-dimensional honeycomb structure of carbon isotopes, is receiving worldwide
attention due to its superior quality, such as high carrier mobility, excellent strength and high thermal
conductivity [1,2]. Due to its high electrical conductivity, transparency, and flexibility, high-quality
single-layer graphene with large area has received much attention in the industry [3-5]. However,
the conventional method of transferring graphene essentially involves a chemical etching step to
remove the metal substrate, which causes environmental pollution and damage to graphene, as well
as an increase in the production cost [6]. In addition, it is not appropriate to transfer the graphene
from some chemically inactive metal catalysts such as Ru, Au, and Pt because these types of metals
are hard to remove completely and etching is costly. Recently, bubble-transfer method, which use
electrochemical reaction to delaminate graphene from catalyst metal, was reported [7-10]. In this
way, it is possible to save metal catalyst to synthesize graphene by re-using the catalyst. However,
this method (conventionally using Cu foil of about 25 um thickness) can cause other damages to the
Cu foil during handling such as wrinkling, tearing, and vacuum retention in spin coating, resulting in
defects in synthesized graphene.

Here we report the growth of graphene on three types of Cu catalysts. First, a conventional Cu
foil was used [11,12]. Second, a Cu film deposited on a sapphire substrate without any other layer or
processing was used [13,14]. Finally, we used a Cu film on a sapphire substrate with a Cr adhesive
layer [15]. In these three samples, graphene was grown by CVD and transferred from Cu to target
substrate by bubble transfer method. The sapphire substrate is robust enough to withstand mechanical
damage, preventing Cu from tearing and wrinkling. In addition, the Cr layer between the sapphire
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and the Cu thin film improves the adhesion strength between both surfaces to prevent Cu film from
peeling and tearing. Further, since Cr is more reactive than Cu, it also has an effect of preventing Cu
from being oxidized. Therefore, this non-destructive method makes it possible to use the Cu film
catalyst repeatedly without damages, and the synthesized graphene has almost the same quality as
the original one.

2. Materials and Methods
2.1. Preparation

2.1.1. Catalyst Materials Preparation

(i) Commercial Cu foil (Alfa Aesar, Ward Hill, MA, USA, item no. 13382, 99.8% purity) which
were first immersed for 1 min in 0.1 mole ammonium persulfate (NHy),S,Og, Sigma-Aldrich, St. Louis,
MO, USA, item no. 248614, ACS reagent, 98.0%) solution to clean and etch the contaminants on the
surface of the Cu foil; (ii) 700 nm Cu film on c-plane sapphire and (iii) 700 nm Cu film on adhesion
layer (15 nm Cr) coated c-plane sapphire were prepared by using electron-beam evaporator (substrate
temperature was room temp and chamber pressure was maintained at 0.05 mTorr during deposition).

2.1.2. CVD Process

Each catalyst is loaded into a quartz tube reaction chamber to perform graphene growth.
The pressure in the chamber was pumped to 5 mTorr using a mechanical pump, then hydrogen
(H;) was injected into the chamber at 40 sccm. Then, the Cu film catalysts (Cu/c-sapphire and
Cu/Cr/c-sapphire) temperature increased to 950 °C over 60 min. The reduction step of copper was
done by flowing hydrogen gas at this stage. The pressure in the chamber is maintained at 500 mTorr.
Then, methane (CHy) gas was introduced into the chamber at 10 sccm for 10 min. Finally, furnace
was rapidly cooled to room temperature to precipitate the graphene on the catalyst surface under a
hydrogen gas flow of 40 sccm. For the Cu foil catalyst, the catalyst was heated to 1000 °C for 60 min
and annealed during 30 min to increase grain size of Cu before methane injection, and the other step
was the same with Cu film catalysts.

2.2. Bubble Transfer

After growth, the graphene sample was spin-coated with poly-methyl methacrylate (PMMA)
at 1800 rpm for 40 s and dried in air for 10 min. 1 M NaOH aqueous solution was used in the
electrolyte for constant current and voltage, 40 mA and 3 V. A platinum film was used as the electrode.
The delaminated graphene /PMMA film was transferred to Si/SiO, substrate. The transferred graphene
was heated at 180 °C for 30 min and then cleaned in acetone for 1 h. After that, it was cleaned in
Isopropyl Alcohol (IPA) and Deionized (DI) water for 10 min each.

2.3. Analysis

Scanning electron microscope (SEM) images were taken using a JSM-6700 (JEOL, Tokyo, Japan)
device at 5.0 kV. The Optical Microscope (OM) images were taken with a U-MSSP49 (Olympus, Tokyo,
Japan) microscope. Raman spectra were obtained with a LabRAM HR Evolution—Nicolet iS50 (Jobin
Yvon, Horiba, Kyoto, Japan) spectrometer under He-Ne 532 nm laser wavelength, 5 mm in diameter.

3. Results and Discussion

3.1. Bubble Transfer Method for Transferring Graphene

Figure 1 illustrates the limitations of the conventional graphene transfer method. The OM image
in Figure 1a shows some voids and graphene flakes attached to the graphene. These voids are defects
that occur during the transfer process. When there is an unattached region between the target substrate
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and the graphene, the graphene is teared and scratched during the process to dissolving PMMA [16-18].
For the graphene flakes, since the graphene synthesized on the copper foil grows on both sides of the
foil, if it is not removed by the oxygen plasma, the residue as shown in Figure 1a remains beneath
the surface. The oxygen plasma process is, however, a demanding process and can cause mechanical
damage to the Cu foil during the handling process. The bubble transfer process allows clean graphene
to be obtained without the oxygen plasma process. The bubble transfer method does not cause such
damages to graphene, and only one side of the graphene can be clearly peeled off. Furthermore,
it can also reduce the loss of Cu compared to the conventional chemical etching transfer method.
Since the binding energy between graphene and Cu (0.033 eV per carbon atom) is relatively weak
compared to the inter-planar bond strength of graphite, the graphene can be easily peeled off from Cu
by the bubble transfer method [19-21]. Figure 1c shows a schematic view of bubble transfer. A copper
foil/graphene/PMMA was used as the cathode, a platinum foil was used as the anode, and NaOH
solution was used as the electrolyte. When direct current is applied, water is reduced on the surface
of the Cu foil to generate hydrogen. When this hydrogen bubble occurs in large quantities between
copper and graphene, the graphene/PMMA layer is separated from copper within seconds. PMMA
coatings of sufficient thickness and concentration are needed, since thin PMMA /graphene film can be
damaged by hydrogen bubbles or water [22,23]. The mass change of copper foil was measured during
repeated CVD deposition and shown in Table 1. Compared to the original Cu foil which was 0.0235 g
at first, it decreased by 0.0064 g for seven cycles. There was a decrease of about 0.001 g in one cycle.
A slight reduction of about 4% per cycle is believed to have occurred during the repeated pre-etching
and CVD processes as well as during the bubble transfer process.

(a) () ©)

PMMA PMMA PMMA
Graphene

Y
Chemical Plasma Cu/G/PMMA
etching
*®
PMMA
T T ‘Chemical
etching
‘ OM image PMMA
‘ OM image

Figure 1. (a) Schematic image of chemical etching process of Cu without eliminating graphene below
Cu; (b) Schematic image of chemical etching process of Cu after plasma etching for graphene below
Cu; (c) Schematic image of bubble transfer method.

Table 1. Mass of the Cu during 7 cycles of CVD process.

No. of Cycle 1 2 3 4 5 6 7
Mass of Cu (g) 0.0235  0.0220  0.0210  0.0198  0.0191  0.0181 0.0171

In Figure 2, we analyzed the performance of graphene films made for seven cycles using a
single Cu foil. As shown in Figure 2a, graphene films separated by the “bubble transfer” method
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have a considerably smaller amount of backside graphene residue which can trap the metal catalyst
between transferred graphene film and backside graphene flake. Although not all metal residues can
be eliminated with this method because the metal residues can exist not only at trapped surface but
also at any other morphological feature such as grain boundaries, wrinkles, graphene adlayer, etc.,
it can be relatively reduced [24]. Additional research is needed to eliminate them. Figure 2b shows the
Raman spectrum of seven graphene films with very high 2D /G peak ratio of about 3 to 10. This means
that the synthesized graphene is close to a single layer. In addition, the very low intensity of the
D-peak located at about 1350 cm ™! indicates that the qualities of these graphene films is very good.
However, when Cu foil is used, the Cu foil may be damaged, torn or scratched by other transfer
processes than bubble transfer (it even wrinkled easily with tweezers). Vacuum stamping, which is
inevitable especially when spin coating PMMA, must be removed because it greatly degrades the
performance of the graphene. So, we have grown a copper film on a sapphire substrate that is easy
to handle in process and used it for graphene growth. C-plane sapphire (0001) was used due to low
lattice mismatch with Cu (111) which is the most suitable catalytic surface for the hexagonal shaped
graphene growth.
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Figure 2. (a) OM images of graphene on Si/ SiO, transferred with bubble transfer method; (b) Raman
spectrum of graphene made by a Cu foil used for seven cycles of graphene growth and transferred
with bubble transfer method.

3.2. Effect of Cr Adhesive Layer

As shown in Figure 3, the adhesion between Cu and sapphire is poor, and Cu tends to peel
off even once in bubble transfer. This is because bubble transfer is an electrochemical process that
causes desorption on both sides of Cu. Figure 3b is an Optical Microscope (OM) image of a Cu surface
after short-time electrolysis. As can be seen in the figure, the Cu layer is swollen, and when they
are combined to some extent, they are separated from the sapphire substrate as shown in Figure 3a.
To solve this problem, we added a Cr layer between Cu and sapphire. The Cr layer acts as an adhesive
layer and strengthens the attraction between Cu and sapphire. Figure 3c shows the surface of a sample
having a Cr layer after electrolysis, which is the same process as shown in Figure 3b. It is relatively
more clean and well maintained than the former. We used XRD analysis to understand this effect
(Figure 4). The status of Cu was compared by analyzing the XRD of Cu/Sapphire and Cu/Cr/Sapphire
samples before and after 950 °C CVD graphene growth. The Cu (100)/Cu (200) intensity ratios of the
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two samples were 28 and 2.6 before the CVD process, respectively. Since the sapphire (0001) plane and
the Cu (111) plane are hexagonal planes, the previous sample deposited directly on the sapphire is
deposited in the (111) preferred orientation, unlike the latter where the Cr layer with the BCC structure
is present [25,26]. It changes greatly after the CVD process. At high temperatures, the intensity of the
(111) peak increases and the intensity of the (200) peak decreases due to Cu agglomeration.

Figure 3. (a) Image of bubble transfer method for Sapphire/Cu and Cu which was detached from
sapphire; (b,c) OM images of Sapphire/Cu and Sapphire/Cr/Cu after bubble-transfer.
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Figure 4. (a,b) XRD patterns and SEM images of Cu (a) and Cr/Cu (b) before and after CVD; (c) SEM
images of Sapphire/Cu before CVD: (1), Sapphire/Cu after CVD (2), Sapphire/Cr/Cu before CVD (3)
and Sapphire/Cr/Cu after CVD (4).

This means that Cu does not adhere well to the sapphire surface, and the performance of the Cu
catalyst also deteriorates. The surface roughness of Cu is also expected to increase by agglomeration.
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On the other hand, the sample containing the Cr layer showed no significant change in the intensity
ratio before and after the CVD process. The Cu layer is stable on the Cr layer and it is very useful for
repetitive graphene growth cycles. To ensure that Cu was agglomerated, we observed SEM images
of the Cu surface of each sample [27]. As expected, there was no significant difference in the size of
the surface particles in the sample containing the Cr layer, but samples without the Cr layer showed
waves in the same direction due to the agglomeration of Cu. This is because the Cr located at the
interface between Cu and Cr diffuses to the free surface and dielectric interface during CVD heating at
950 °C to make some Cu more adhesive [28]. It is interesting that small particles were generated from
Cu without Cr after CVD process; they are expected to be generated with Cu oxide or contamination.
The effect of Cr is also an evidence that it not only increases the adhesion but also prevents oxidation
and contamination of Cu. We think that the oxygen in the sapphire substrate during the CVD process
at high temperatures may have diffused and migrated to the Cu and Cr portions. In the absence of the
Cr layer, diffused oxygen ions oxidize Cu, but in the case of the Cr layer, diffused oxygen combines
with Cr to form Cr oxide, which acts as a passivation material [29,30]. This Cr oxide no longer causes
oxygen to oxidize the Cu. The Cr-Cu phase diagram of Figure 5a shows that at 0.0169 wt % of Cr,
which was calculated from our sample that has 700 nm Cu and 15 nm Cr, the two metals did not form
solid solutions with each other at 950 °C.
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Figure 5. (a) Cu Cr phase diagram, Raman spectrum of graphene made at 950 °C (b), 970 °C (c).

3.3. Influence of Temperature

Experiments were performed at 930 °C, 950 °C, 970 °C and 1000 °C, respectively. However, the
thermal energy at 930 °C was too low to dissolve carbon dissociated from methane into copper, so a
complete graphene film could not be obtained. Too high a temperature at 1000 °C makes it difficult
to synthesize complete graphene by evaporating too much copper during the CVD process. Raman
spectra were observed after synthesis of graphene for two cycles at 950 and 970 °C, respectively.
First, Figure 5b shows that the I,p /I ratio of graphene synthesized at 950 °C is higher in the second
synthesized graphene. D peak is also greater in the first synthesized graphene, which means that
the second synthesized graphene has better quality than the former. This is because of the surface
reconstruction of the Cu film at the CVD temperature which is close to the melting temperature of
Cu [7]. This reconstruction makes the grain size of the Cu film large and uniform. The quality of the
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graphene, which is essentially influenced by the surface morphology of catalyst metal, can be increased
by repeated use of the Cu film due to the surface reconstruction that occurred at the previous growth
cycle. At 970 °C, as seen in Figure 5¢, the performance of the second synthesized graphene is also
better. Among them, graphene made at 970 °C has the best quality.

4. Conclusions

This study demonstrates the electrochemical exfoliation of graphene using Cu catalyst deposited
on sapphire with Cr adhesion layer. Using Cr adhesive layer, we were able to produce high quality
graphene films for repeated reuse and higher quality graphene at higher CVD temperatures. However,
since too much Cu was blown off at 1000 °C, the optimum temperature for graphene generation was
970 °C. Other metals besides Cu can also be used as graphene growth catalysts such as nickel and cobalt.
Bubble transfer can separate graphene from these metal catalysts without chemical etching [31-33].
Our next research project is to use the metals for graphene growth and bubble transfer.
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Abstract: Microbial fuel cells (MFCs), which can generate low-pollution power through microbial
decomposition, are a potentially vital technology with applications in environmental protection and
energy recovery. The electrode materials used in MFCs are crucial determinants of their capacity to
generate electricity. In this study, we proposed an electrode surface modification method to enhance
the bacterial adhesion and increase the power generation in MFCs. Graphene suspension (GS)
is selected as modifying reagent, and thin films of graphene are fabricated on an electrode substrate
by spin-coating. Application of this method makes it easy to control the thickness of graphene film.
Moreover, the method has the advantage of low cost and large-area fabrication. To understand
the practicality of the method, the effects of the number of coating layers and drying temperature
of the graphene films on the MFCs’ performance levels are investigated. The results indicate that
when the baking temperature is increased from 150 to 325 °C, MFC power generation can increase
approximately 4.5 times. Besides, the maximum power density of MFCs equipped with a four-layer
graphene anode is approximately four times that of MFCs equipped with a two-layer graphene
anode. An increase in baking temperature or number of coating layers of graphene films enhances
the performance of MFC power generation. The reason can be attributed to the graphene purity and
amount of graphene adhering to the surface of electrode.

Keywords: microbial fuel cells; stainless steel mesh electrode; graphene; graphene suspension;
air-cathode

1. Introduction

In the last decade, renewable energy sources that emit little pollution have been extensively
studied due to shortages of energy and the rise of environmental awareness. Microbial fuel cells (MFCs)
are one solution to this problem. MFCs utilize microorganisms as catalysts to break the chemical
bonds of organic compounds and harvest electrical energy [1]. In the 1910s, the concept of applying
microorganisms as catalysts in fuel cell systems was first explored [2]. The technology of fuel cell
systems was not yet mature, and systems could produce only weak electricity. Thus, MFC technology
did not receive any public attention at that time. Breakthroughs in fuel cell technology and energy
crises have led to renewed interest in the development of MFCs.

The advantage of microbial fuel cells is that they can treat wastewater and produce electricity at the
same time. Different levels of wastewater have been treated using MFCs technology, such as distillery
wastewater [3], industrial wastewater [4], livestock wastewater [5], and domestic wastewater [6,7].
In these studies, bioelectricity generation is mainly achieved using natural microflora. The type of
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natural microflora affects the efficiency of wastewater treatment and electricity generation. Thus, some
studies use cultivated bacteria to reduce biological variability as a source of noise. Escherichia coli
(E. coil) is a commonly used cultivated bacteria for the study of electrode design [8-10].

The high cost of fabrication and low power output may be major obstacles toward the
commercialization of MFCs. Some factors that affect the cost of an MFC include the type of reactor,
the membrane separator, the electrode materials, and catalyst materials [11-13]. Typical MFC
configurations include double-chamber MFCs [8], flat-plate MFCs [6], and single-chamber
MECs [7,9,10,14]. Single-chamber MFC configurations have the advantage of higher power generation
and smaller volume than double-chamber MFCs [15]. Moreover, single-chamber MFC configurations
can reduce cost by eliminating proton exchange membranes (PEMs) [14]. Thus, single-chamber MFCs
have potential for commercial development.

The power output of an MFC is dependent on operational conditions and several factors,
such as microbial inoculation, electrode materials, ionic concentration, catalyst, internal resistance,
and electrode spacing [16-19]. Among these factors, electrode materials exert critical effects on the
active surface utilization. Metal electrodes, such as stainless steel and titanium, have become a research
focus due to their high electrical conductivity, which can effectively collect electrons and reduce
ohmic loss [9,20]. Moreover, in MFC systems, electrons are generated by electrochemically active
microorganisms at the interfaces between anodic surfaces and microbes [21,22]. Microorganisms
grown as a biofilm on the anode surface are crucial for the performance of MFCs. Biofilm is
like an electron acceptor of anode, which directly affects substrate metabolism and electronic
collection capability [23,24]. For facilitating bacterial attachment and subsequent biofilm formation,
three-dimensional metal, for example stainless steel mesh (SSM) [9,18-22], has been used as an electrode
substrate. Electrode surface coatings with nanomaterials have become a reliable and effective approach
for enhancing the power output and reliability of MFCs.

Graphene has been intensively studied as a possible electrode material for MFCs [8-10,25] due
to its properties, namely high electrical conductivity, surface area, and stability. Anodes modified
with graphene can improve the electrode surface area, the adhesion of bacteria, and the efficiency of
electron transfer [8]. For cathode modification, graphene can be used as a catalyst for oxygen reduction
reactions [9,10].

Most published studies have used the soaking method and chemical vapor deposition (CVD)
to coat graphene onto the surfaces of electrodes. Although the soaking method has the advantage
of being a simple process, it is difficult to control the coating thickness of the graphene. Moreover,
during the soaking process, both waste and pollution from the graphene solution are major issues.
CVD easily controls the deposition thickness of graphene and has superior deposition uniformity.
However, expensive equipment and relatively long deposition times are not conducive to commercial
development. Due to this coating process problem, the current study proposed a coating method
for graphene deposition on electrode surfaces. Graphene suspension (GS) is spin-coated on SSM
electrodes to obtain large and uniform graphene films. The effects of the number of coating layers and
drying temperature of the graphene films on the MFCs’ performance levels are the primary research
content required to understand the practicality of this method. The power densities of the MFCs under
different electrode spin coating conditions were evaluated as the performance indices.

2. Materials and Methods

2.1. MFC System and Preparation of Electrodes

The single-chamber MFC that we studied is shown in Figure 1. Figure 1a shows a schematic of the
air-cathode MFC, which is cylindrical with a diameter of 40 mm, a length of 60 mm, and a total reactor
volume of approximately 75 mL. Figure 1b shows a cross-section of the MFC. The cathode electrode and
PEM (Nafion 117, Dupont Co., Wilmington, DE, USA) were fixed on the air-side, whereas the anode
electrode was fixed on the opposite side of the cylindrical chamber. The base material of the electrodes
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was 304 SSM (E Shie Zong Co., Ltd., Taiwan) with an average diameter of approximately 30 um
(400 mesh). The modified material for SSM electrode is GS (S-WB30, Enerage Inc., Yilan, Taiwan).
S-WB30 was prepared using 3 wt % of graphene in water as a solvent. The specific surface area of
graphene was larger than 15 m?/g. The average sheet thickness of graphene sheets was over 5 nm,
and the lateral size of graphene sheets was approximately 20 um. To coat the GS on the surfaces of the
SSM electrodes, we proposed a surface modification method. For anodic modification, the SSM was
washed by acetone, alcohol, and deionized water and then dried by a hot plate at 150 °C. After the
cleaning process, the SSM was spin-coated (1500 rmp, 30 s) with different number of GS layers by
using a spin coater (C-SP-M1-S, Power Assist Instrument Scientific Corp., Taiwan) and dried by
a hot plate at 195 to 325 °C. After drying, graphene adsorbed onto the SSM was stable, and there
was evidence that the carbon metal bonds between the carbon material and steel could be formed
through the heating process [26]. The result was not only affected by the heating temperature but also
by other factors, such as material geometry size. The interaction between nanosize objects and flat
substrates has been reported as size-dependent [27]. According to the coating results in this study,
the most obvious disadvantage of using more than four layers of GS was an overly thick graphene layer.
To avoid shedding a thick graphene layer from the SSM surface, this study focused on the effect of
SSM electrodes with 2—4 GS layers on MFC performance. After the coating process, the sheet resistivity
of the modified electrode was measured by the four-point probe technique (QT-50, Quatek Co., Ltd.,
Taiwan). The aim of this study was to investigate the effect of the number of coating layers and drying
temperature of anodic modification on the performance of MFC.

For cathodic modification, we used the same procedure as the anode electrode to clean and
dry the SSM cathode. After the cleaning process, the SSM was spin-coated (1500 rmp, 30 s) with
one layer of GS and dried by a hot plate at 325 °C. Then, the SSM cathode was spin-coated with
poly-tetrafluoroethylene (PTFE, 60 wt % dispersion in H,O, Sigma-Aldrich, St. Louis, MO, USA) for
waterproofing. The coating speed was maintained at 1000 rpm and a bake temperature of 340 °C.
According to the testing result, the coating process of PTFE had to be repeated four times to provide
excellent waterproofing for the cathode.

SSM Anode Sampling Port

SSM Anode SSM Cathode

Sampling Port

Chamber

SSM Cathode and PEM .: Anode Solution (E. coli, glucose and methylene blue)

() (b)
Figure 1. Schematic (a) and cross-section (b) of the single-chamber microbial fuel cells (MFCs) used in
the experiment.

2.2. Microorganisms and Anode Solution

A single bacterium, Escherichia coli (E. coli) HB101, was used to convert energy to reduce the
experimental variability and precisely estimate the effect of electrode modification of the MFCs’
performance. To facilitate the comparison of data, 9-h cultures of HB101 cell and methylene blue were
used in the MFC system. Glucose was used as fuel, and the anode solution was prepared by dispersing
0.1 g of methylene blue powder and 6.9 g of glucose powder in 102.5 g of E. coli solution.
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2.3. Measurements and Analyses

The morphology of graphene was characterized with scanning electron microscopy
(SEM, JSM-6500, Jeol Co., Tokyo, Japan) at 15 kV. To investigate the effect of the baking temperature
of the electrode on graphene performance, thermogravimetric analysis (TGA, TGA 2950, Du Pont
Instruments, Wilmington, DE, USA), and energy-dispersive X-ray spectroscopy (EDX, JSM-5600,
Jeol Co., Tokyo, Japan) were employed to analyze the weight change of the GS and the surface
composition of graphene at different temperatures.

The electrochemical experiments were carried out on an electrochemical workstation (AUT85126,
Metrohm, Herisau, Switzerland). A three-electrode arrangement was used, consisting of an Ag/AgCl
reference electrode, a working electrode, and a platinum counter electrode. Polarization and power
density curves were used to evaluate the performance of the MFCs. Thus, a linear sweep voltammetry
method was applied to evaluate the overpotential and current production rates at different applied
voltages, and the measurements were performed at a controlled temperature of 30 °C. Power density
P (W m~2) was calculated according to the equation P =V /A, in which I (A) is the current, V (V) is
the voltage, and A (m?) is the projected cross-sectional area of the anode.

3. Results and Discussion

3.1. GS Coated Electrodes

Figure 2 displays the surface of mesh electrodes after two layer (Figure 2a,d) and four layers
(Figure 2e/h) of spin coating with graphene suspension (GS). Increasing the number of coating layers
increased the amount of graphene adhered to the electrodes as well as the uniformity of the graphene.
Figure 3 depicts the resistance of electrodes with 1-4 layers of GS coating. The electrode coated with
four layers of GS demonstrated the optimal resistance of 62 MQ) cm ™. The result indicated that the
increased amount of adhered graphene and the improved uniformity of GS coating due to an increase
in GS coating layers enhanced the electrode conductivity.

Figure 2. Cont.
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(8)

Figure 2. Surface of stainless steel mesh electrodes after one layer (a—d) and four layers (e-h) of spin
coating with graphene suspension (GS).
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Figure 3. Effect of GS coating on electrode resistance

3.2. Effect of Electrode Baking Temperature on MFC Performance

Commercial GS contains dispersants. After GS coating, the electrodes were baked at various
temperatures to examine the effect of residual dispersants on microbial fuel cell (MFC) performance.
Figure 4 provides the linear scan voltammetry (LSV) spectra of MFC electrodes baked at various
temperatures. Specifically, baking temperatures of 195, 250, and 325 °C led to maximal power densities
0f0.27,0.62, and 1.57 mW m 2, respectively (Figure 3b,c and Figure 4a). After the MFC was assembled
using electrodes spin coated with GS and dried at 195 °C, the cell performance notably improved 6 h
after the assembly, but the maximum power density remained lower than those of the MFCs with
electrodes dried at 250 and 325 °C. The aforementioned phenomenon did not occur when drying
temperatures were 250 and 325 °C. At these two temperatures, the MFC power output first increased
with time and then gradually decreased, finally reaching stability. Therefore, this study inferred that
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increasing the electrode drying temperature enhanced the decomposition of dispersants in the GS
coating and improved the power density and cell stability.
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Figure 4. Current-power density curves of MFCs measured between 1 and 7 h after the cells were
assembled; the electrodes were dried at temperatures of (a) 195, (b) 250, and (c) 325 °C.

To further investigate the effect of baking temperature on graphene characteristics, this study
explored the variations in the weight of GS coating and graphene surface composition under different
temperatures using thermogravimetric analysis (TGA) and energy-dispersive X-ray spectroscopy
(EDX). Figure 5a depicts the change in the weight percentage of the GS from room temperature
to 400 °C. Because when the temperature exceeded 100 °C, the change in GS weight percentage
was subtle, the weight change between 125 and 400 °C is separately displayed in Figure 5b. In the
heating process, when the temperature was increased from room temperature to approximately 125 °C,
the water content in GS evaporated rapidly, which led to a rapid decrease of the weight GS. When the
temperature was higher than 125 °C, the weight of GS started to slowly decrease. The water in GS
was expected to have evaporated completely when the temperature exceeded 130 °C, but when the
temperature was increased from 130 to 300 °C, the variation in the weight of the GS was approximately
20%. This variation indicated that a considerable amount of dispersant was retained at 130 °C, and the
small weight loss might be attributable to the decomposition of solid composition in GS. Thus, the result
indicated that increasing the baking temperature of coated electrodes facilitated graphene purification.

EDX (JSM-5600, Jeol Co., Tokyo, Japan) analysis and Raman spectroscopy (IHR550, Horiba Jobin
Yvon, Kyoto, Japan) were used to evaluate the quality and layer stacking of graphene baked at different
temperatures, as illustrated in Figure 6. EDX analysis of Figure 6a indicates that the percentage of the
atomic concentration of carbon increased from 85% to 95% as the baking temperature increased from
195 to 325 °C. The proportion of carbon increased as the baking temperature increased. This result
was illustrated through Raman spectroscopy and can be seen in Figure 6b. Raman spectroscopy is
a reliable tool for evaluating the quality and layer stacking of graphene. The intensity ratio of D

65



Coatings 2018, 8, 243

peak to G peak, I(D)/I(G), provides information regarding the level of disorder in terms of covalent
modification of graphene. When the baking temperature increased from 195 to 325 °C, the intensity
ratio of the D peak to G peak decreased from 0.13 to 0.07. An increase in the proportion of carbon on
the surface of graphene is a result of the decrease in covalent bond characters. The results mean that the
probability of adsorption between graphene surface and with other substances is reduced as the baking
temperature increased. Furthermore, the intensity ratio of 2D peak to G peak, I(2D)/I(G), provides
information regarding the layer stacking of graphene. In our study, the intensity ratio of 2D peak to
G peak was similar and approximately 0.4. The graphene we used was multilayer, and the structure
was not significantly affected by the baking temperature. According to the aforementioned results,
an increase in the baking temperature of GS improved the quality of graphene and improved MFC
performance. In the next two sections, the observation of biofilm formation and effect of the number of
GS coating layers on MFC performance are explored using coated electrodes baked at 325 °C.
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Figure 5. Thermogravimetric analysis (TGA) results: (a) variation in weight percentage of GS coating
from room temperature to 400 °C; (b) subtle variation in weight percentage of GS coating at 125400 °C.
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Figure 6. (a) X-ray spectroscopy (EDX) analysis and (b) Raman spectroscopy were employed to
evaluate the quality and layer stacking of graphene baked at different temperatures.

3.3. Biofilm Morphology

The biofilm morphology was characterized by SEM. Figure 7 shows the surface morphology of
the anode coated with two layers of GS at various times after the cells were assembled. When the cell
operating time was less than 3 h, the number of microorganisms attached to the anode surface increased
as the operating time increased, as exhibited in Figure 7a,b. However, when the cell operating time was
greater than 5 h, the number of microorganisms attached to the anode surface only slightly increased,
as shown in Figure 7c—e. The biofilm formation time in the MFC system was approximately 3 h.
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Figure 7. Surface morphology of the anode at (a) 1 h, (b) 2h, (c) 3h, (d) 5h, and (e) 10 h after the cells
were assembled.

3.4. Effect of the Number of GS Coated Layers on MFC Performance

To investigate the effect of the number of GS coated layers on MFC performance, anodes were
spin coated with 2—4 layers of GS and baked at 325 °C. The substrates for cathodes and anodes were
identical; one layer of GS and polytetrafluoroethylene was spin coated on the surface as the catalyst
and waterproofing layers, respectively. Notably, to ensure all the data were acquired when the cells
were at a stable state, the output voltage variation over time was assessed after all the cells were
assembled with the experimental electrodes. Figure 8 shows the voltage output from the SSM anode
coated with two layers of GS a long period after the cells were assembled. The red line in the Figure 7
illustrates the result of adding E. coli to the anode tank, and the black line shows the result of not
adding E. coli. We considered the MFC system to have reached a stable value when the output signal
variation was less than 5% of its steady-state value. When the SSM anode was coated with two layers
of GS, the MFC system was able to reach a stable state after the cell was assembled for 218 min, and the
steady state value of the voltage output was approximately 40 mV. When E. coli was not added to the
anode tank, the voltage output was approximately 0.7 mV, equivalent to noise. Thus, in the studied
MEC system, the conversion of energy was through E. coli and occurred in a favorable experimental
environment. In addition, the anodes coated with three and four layers of GS required 225 and 232 min
for MECs to reach a stable state, respectively. Increasing the thickness of graphene coated on electrode
substrates only slightly affected MFCs’ stabilizing time. Moreover, the time required for the system to
enter a steady state was similar to the biofilm formation time.

To ensure experimental precision, based on the evaluation results of MFCs, LSV measurement
was conducted 5 h after the cells were assembled. In Figure 9, 2GL, 3GL, and 4GL are the LSV results of
cell anodes coated with two, three, and four layers of GS, respectively. The open circuit voltage (OCV)
of 2GL, 3GL, and 4GL were 0.23, 0.43, and 0.42 V, respectively, whereas the maximum power density
of 2GL, 3GL, and 4GL were 0.44, 0.61, and 1.77 mW m 2, respectively. The maximum power density
of the cell equipped with a four-layer graphene anode was approximately four times that of the cell
equipped with a two-layer graphene anode. Increasing the number of spin coated layers improved the
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amount of graphene adhering to the surface of the stainless-steel mesh. Thus, the specific surface area
and conductivity of the electrodes were effectively increased, resulting in improved MFC performance.
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Figure 8. Effect of E. coli on the voltage output of the MFC system.
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Figure 9. Linear scan voltammetry (LSV) results of anodes coated with two to four layers of GS.

4. Conclusions

This paper proposes an innovative method for stainless steel mesh modification: using GS spin
coating technology to control the number of coating layers and the adhesion amount of graphene
on electrodes. Because commercial GS contained dispersants, a heating process was required for the
thermodecomposition of the dispersants. To explore the effect of residual dispersants on graphene
quality, this study investigated the variation in the weight of the GS coating, the surface compositions
and defect of graphene under various temperatures through TGA, EDX analysis, and Raman
spectroscopy. The results showed that when the baking temperature was higher than 325 °C, the weight
change of the graphene coating was less than 1%, and the carbon proportion on the surface of graphene
exceeded 95%. Moreover, an increase in the baking temperature resulted a decrease in covalent bond
characters of graphene surface. This indicated that this temperature could effectively decompose
the dispersants in graphene and reduce the amount of dispersant residue on the graphene surface,
resulting in an increase in graphene activity.

After deciding the required drying temperature of commercial GS coating on stainless steel
mesh electrodes, this study explored the effect of the number of GS spin coating layers on MFC
performance. By observing the coating using scanning electron microscopy and measuring the
resistance using four-point probes, the increase in the number of coating layers was proved to be
effective in increasing the amount of graphene adhered to the electrodes and the conductivity of
the electrodes. Furthermore, the results of LSV measurements proved that the maximum power
density increased four-fold (from 0.44 to 1.77 mW m~2) when GS spin coating increased from two to
four layers.
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The proposed electrode modification method is simple in its process and substantially reduces
graphene consumption in the coating process. Therefore, this method effectively reduces the cost of
electrode modification. By controlling the number of GS spin coating layers and the drying temperature
of electrodes, this study revealed the effect of the modification parameters on MFC performance and
verified the feasibility of the proposed method. This method can be used to facilitate MFC development.
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Abstract: Tungsten disulfide (WS;) monolayer is a direct band gap semiconductor. The growth of WS,
monolayer hinders the progress of its investigation. In this paper, we prepared the WS, monolayer
through chemical vapor transport deposition. This method makes it easier for the growth of WS,
monolayer through the heterogeneous nucleation-and-growth process. The crystal defects introduced
by the heterogeneous nucleation could promote the photoluminescence (PL) emission. We observed
the strong photoluminescence emission in the WS, monolayer, as well as thermal quenching, and the
PL energy redshift as the temperature increases. We attribute the thermal quenching to the energy or
charge transfer of the excitons. The redshift is related to the dipole moment of WS,.

Keywords: chemical vapor transport deposition; tungsten disulfide; monolayer; photoluminescence

1. Introduction

Tungsten disulfide (WS;) monolayer, a direct band gap semiconductor, shows strong
photoluminescence (PL) emission [1,2]. The PL properties have attracted plenty of research interest.

Yun et al. [3] found the non-uniformity of the PL emission in WS, monolayer. The exciton and
charge carriers form the exciton complexes. Kim et al. [4] suspected that the PL emission originated
from the exciton complexes. The inhomogeneous distribution of the charge carriers resulted in the PL
emission non-uniformity. The PL emission energy shifts as the excitation power or sample temperature
changes. For example, Gordo et al. found the laser irradiation changes the PL emission by introducing
the carrier doping [5]. Rosenberger et al. studied the relationship between the PL intensity and defect
density using conductive atomic force microscopy. They found the PL intensity increases with the
decrease of the defect density. Furthermore, they proposed that the defects act as the nonradioactive
recombination center [6]. The mechanism for PL emission is under exploration. Besides the charge
carrier and defects, chemical doping and surface absorption have an effect on the PL emission. Yao et al.
and Feng et al. found the PL energy changed as the WS, monolayer was immersed into sodium sulfide
(Na,S) solution, or coated with DNA nucleobases [7,8].

Before having full understanding of the PL emission mechanism, successful preparation of
WS, monolayer is challenging. Under this background, various methods have been applied for
the preparation of WS, monolayer/layers, such as exfoliation, atomic layer deposition, and pulsed
laser deposition [9-11]. Since chemical vapor deposition (CVD) has been successfully applied to the
deposition of large-scale two-dimensional materials, such as graphene and hexagonal boron nitride,
the CVD method is carried forward for the synthesis of the WS, monolayer [12-14]. Among various
CVD methods, the sulfurization of tungsten oxide in sulfur vapor is a commonly used CVD method.
Gutiérrez et al. deposited a thin film of tungsten oxide on the SiO, /Si substrate, then heated at 800 °C
under argon and sulfur vapor. The lateral size of the WS, monolayer with triangular shape is ~15 pm.
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Coatings 2018, 8, 205

The WS, showed extraordinary photoluminescence emission at room temperature [2]. Cong et al.
reported the growth of WS, monolayer on the SiO, /Si substrate through sulfurization of tungsten
oxide powders. The lateral size of triangular WS, domain was up to hundreds of micrometers [15].
Before long, Gao et al. [16] reported the growth of WS2 monolayer with millimeter scale using catalyst.
They found the photoluminescence (PL) emission intensity at 612.6 nm was 10> times stronger than
bulk material. Cong et al. [15] and Gao et al. [16] found the PL emission was far stronger in the
edge region, which is opposite to that of Gutiérrez’s observation. Besides the metal catalyst, WS,
monolayer growth is also sensitive to the promoter and surface condition. Li et al. found the addition
of the alkali metal halides reduces the growth temperature (700-850 °C) [17]. In conclusion, the
growth of WS, monolayer is sensitive to the growth process. Much research into the preparation and
photoluminescence needs to be done.

We recently reported the chemical vapor transport deposition of molybdenum disulfide
monolayer [18]. Molybdenum disulfide reacted with the transport agent water vapor to form
molybdenum oxide at high temperature. Then, the molybdenum oxide reacted with sulfur and
transformed into a molybdenum disulfide monolayer at a low temperature. In this method, water
vapor was used as the transport agent and the nucleation promoter. The introduction of water vapor
promoted the molybdenum disulfide monolayer growth. WS; and molybdenum disulfide are both
transition metal dichalcogenides. An interesting question is whether this method can prepare WS,
monolayer. Here, we show that water vapor can promote the WS, monolayer growth. The synthesized
WS, monolayer shows strong PL emission, and the PL is also sensitive to the temperature. Our findings,
therefore, offer important clues to the transition metal dichalcogenides monolayer growth. The PL
change couldalso be used as a detector of temperature change.

2. Materials and Methods

WS, Layer Synthesis

WS; monolayer was prepared by a previously reported chemical vapor transport deposition
method, which was used for the growth of molybdenum disulfide monolayer on a silicon substrate
with a 300 nm layer of oxide (SiO,/Si) [18]. WS, powders (99.5% purity, Aladdin, Shanghai, China)
were used as the precursor. The precursor (0.5 g) was loaded in the center of a one-inch-diameter tube
furnace (Hefei Kejing Materials technology Co., Ltd., Hefei, China), and heated to 1000 °C from room
temperature in 30 min. The substrate was put downstream of the tube furnace. During the above
process, the substrate was heated to 710-850 °C and kept at 710-850 °C for 60 min, before the furnace
was turned off and cooled naturally to room temperature. The water vapor was carried into the tube
by Ar/H, (75 Torr, Ar/H; 70 sccm) during the whole heating stage.

Optical microscope image was carried out on a Jiangnan MV3000 digital microscope (Nanjing
Jiangnan Novel Optics Co., Ltd., Nanjing, China). Tapping mode atomic force microscopy (AFM) was
conducted with an Agilent 5500 (Agilent Technologies, Palo Alto, CA, USA) in the air. Raman spectra
and photoluminescence (PL) were measured on a home-built micro-Raman setup that consists of a
532 nm solid state laser, a Nikon inverted microscope (Ti eclipse, Nikon, Tokyo, Japan), a long pass
edge filter (Semrock, Rochester, NY, USA), and a Raman spectrometer (iHR320, Horiba, Kyoto, Japan)
with an attached thermoelectric-cooled CCD camera (Andor Syncerity, Horiba) at room temperature.
PL mapping was measured on a Nib400 fluorescence microscope (Nanjing Jiangnan Novel Optics
Co., Ltd., Nanjing, China). X-ray diffraction (XRD) was performed on a Thermo ARLXTRA (Thermo
Electron, Waltham, MA, USA).
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3. Results and Discussion

3.1. WS, Monolayer Growth

Figure 1a shows the optical image of the separated triangular WS, monolayer grown on the SiO, /Si
substrate in the presence of H,O vapor. Except for the black circled area which is WS; multilayers,
other areas with a triangular shape are the WS, monolayer. The uniform color contrast indicates that
the thickness of the WS, monolayer is uniform. The lateral size of the monolayer is up to ca. 38 pm.

Figure 1b shows the PL mapping of the WS, monolayer using an excitation wavelength of 485 nm.
PL mapping was measured at the same location as the one in Figure 1a (marked with black square).
We found the WS, monolayer emitted strong PL while the WS, multilayer (circled area) gave out no PL
emission. Intensive PL emission is due to the direct band gap structure of monolayer. The valence band
maximum and the conduction band minimum in the bulk WS, occur at different k (wave vector) values
in the Brillouin zone. While in the monolayer, the valence band maximum and the conduction band
minimum occur at the same position (K point). Therefore, the indirect-to-direct band gap conversion
occurs as the thickness of the WS; is reduced to a monolayer [19]. The direct band gap is ca. 2.05 eV [20].

Figure 1c shows the PL spectrum of the WS, monolayer excited by a 532 nm laser. The peak
energy (~2.0 eV) is lower than the band gap, and is considered to be related to the excitons [4]. In this
paper, the WS; was synthesized by heterogeneous nucleation-and-growth process (discussed in the
section of the mechanism below). The heterogeneous nucleation could promote the crystal growth as
well as the introduction of crystal defects. The crystal defects play a significant role in the PL emission.
Lattice defects act as nonradiative recombination centers in general semiconductor.
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Figure 1. (a) Optical microscopy image of tungsten disulfide monolayer. (b) Corresponding
photoluminescence (PL) mapping. The multilayer was circled in (a,b). (c) Photoluminescence (PL)
spectrum of the tungsten disulfide monolayer, which was taken from the monolayer region labelled
with a box in (a)/(b). The spectrum was fitted with Lorentzian function (green lines). The peaks at 2.00
and 1.98 eV are due to the transition of charged and defect-related excitons, respectively. The scale bars
represent 50 um.
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However, recent investigations revealed that the lattice defects can promote the PL emission by
forming charged exciton and defect-bound excitons with neutral excitons [4,21]. We fit the strong PL
peak at ca. 2.0 eV with Lorentzian lineshape functions, as shown in Figure 1c. The two components at
2.00 eV and 1.98 eV are possibly due to the transition of charged excitons and defect-bound excitons,
respectively. The intensive PL and single emission peak are characteristics for WS, monolayer, and
once again, testify that the thickness of the WS, is monolayer [2,16].

Figure 2a shows the AFM image of the WS, flake edge within the square in Figure 1a. The height
of the edge is 1.0 & 0.1 nm, which is larger than the theoretical value (0.6 nm) of the monolayer
thickness [22]. Considering the tip-substrate interaction and the surface adsorbate, the flake should be
a monolayer [18].

Figure 3 shows the Raman spectrum of the WS, monolayer. The anti-symmetric peak Elzg at ca.
357 cm~! can be fitted with Lorentzian function whose three subpeaks are at 343, 351, and 356 cm ™!,
corresponding to the in-plane vibrational E 1zg(M) mode, the longitudinal acoustic phonon 2LA(M)
mode, and the in-plane vibrational Elzg(F), respectively. The peak at 418 cm ™! (A1g) is assigned to the
out-of-plane vibrational mode of two sulfur atoms [4,20].
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Figure 2. Atomic force microscopy (AFM) image (a) and the corresponding cross-section (b) (along the
blue line marked in (a)) of monolayer WS, grown on the SiO, /Si substrate.
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Figure 3. Typical Raman spectrum of the WS, monolayer.

To study the growth mechanism of the WS, monolayer, we analyzed the residue of the precursor
by X-ray diffraction (XRD). Figure 4 shows the X-ray diffraction (XRD) of the precursor after heating
in water vapor for more than 20 h at 1000 °C. Peaks of tungsten oxides are found in the XRD spectrum.
Therefore, the WS, reacted with water vapor to form tungsten oxides, which further sulfurized and
transformed into the WS, monolayer. Tungsten oxides acted as the heterogeneous nucleation during
the growth process.
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Figure 4. X-ray diffraction (XRD) of WS, powder after annealing in Ar/H; and H,O vapor at 1000 °C for
20 h. The peak positions are indexed to tungsten oxides W1gOys9 (JCPDS No. 05-0392 and No. 65-5468).

3.2. Temperature Dependence of the PL

For the investigation of the in situ PL under different temperatures, we heated the WS, monolayer
from 15 to 63 °C by a temperature-controlled heater.

Figure 5a displays the PL spectra as a function of the temperature. The PL intensity decreases
with the increasing temperature as shown in Figure 5b. The intensity measured at 63 °C was reduced
to 6% of the initial value. The curve in Figure 5b is fitted by an exponential function (Equation (1)).

I(T) = 3.5 x 107 exp(—0.085T) + 5.9 x 10* (1)

where, the I is the PL intensity and T is the temperature. The reason behind the exponential behavior
will be reported in a future work. Note that the value measured at 18 °C is larger than that at 15 °C.
We suspect the exception is possibly due to the experimental error.

Kim et al. [4] found the PL intensity of the WS, monolayer was reduced after annealing at
800 °C. They suggested the decrease of the PL intensity is attributed to the reduction of the number
of the excitons. Su et al. observed the thermal quenching of the WS, monolayer in the range of
room temperature to 400 °C [23]. They attributed the thermal quenching to the thermal activation
of nonradiative recombination processes. In addition, they found the strong interaction between
the WS; and the substrate could quench the PL, and pointed out that the interfacial effect may play
an important role in the understanding of the 2D materials behavior. Besides the abovementioned
possible mechanisms, we suspect another possible reason for the thermal quenching is related to the
dipole moment.

In addition to the quenching, the red shift of the PL energy is clearly observed. The PL peak
energy reduced from 1.98 to 1.92 eV as temperature increased from 15 to 63 °C with an average rate of
~—1.2meV/°C. Strain is reported as a possible reason for the energy shift [23]. If there is strain in the
sample, the Raman peak position should shift. Figure 6a shows the Raman spectra of WS, monolayer
under different temperatures. The Raman spectra were normalized using the Si peak. However, we
found no obvious Raman shift of the Ajg mode in Figure 6a. The Raman spectra were measured near
room temperature, and the small variation of the temperature may not cause an evident strain, even
with a Raman shift. Therefore, we are not sure whether the strain has an effect on the PL energy shift.
However, the Raman data in Figure 6b clearly show that the intensity of A1 has a positive proportional
linear function with the temperature, indicating the out-of-plane dipole moment increases with the
increase of the temperature. As the dipole moment has an effect on the exciton energy, we suspected
the increased dipole moment resulted in the PL energy redshift [24]. Furthermore, the increased dipole
moment may promote the energy transfer or charge transfer from the excitons to substrate or defects
in WS,, resulting the PL quenching.
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Figure 5. (a) Photoluminescence (PL) spectra of the WS, monolayer measured at different temperatures,
showing the decrease of intensity and redshift of the PL energy with the rising temperatures.
(b) Integrated PL intensity as a function of temperature. The PL intensity was calculated by integration
from 1.8 to 2.1 eV. The curve was fit with an exponential function (red line). (¢) Temperature dependence
of the PL peak energy.
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Figure 6. (a) Raman spectra of the WS, monolayer at different temperatures. The Raman spectra were
normalized using the Si peak. (b) Integrated Raman intensity of A;g mode as a function of temperature.
The intensity was calculated by integration from 400 to 434 cm~ . The curve was fit with a linear
function (red line).

4. Conclusions

In summary, we have successfully prepared WS, monolayer in the presence of H,O vapor
deposition, suggesting that HyO vapor could be used as a transport agent for the growth of WS,.
The AFM, Raman, and PL revealed that monolayer WS, with triangular shape was formed. Using XRD,
we showed that tungsten oxides were formed by the reaction between WS, and water, which promoted
the growth of WS,. By heating the WS, monolayer, we showed the PL energy and intensity are
sensitive to the temperature. The increased dipole moment and energy or charge transfer may be
possible reasons for the PL spectra change.
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Abstract: Molybdenum disulfide (MoS;) layers show excellent optical and electrical properties and
have many potential applications. However, the growth of high-quality MoS, layers is a major
bottleneck in the development of MoS;-based devices. In this paper, we report a chemical vapor
transport deposition method to investigate the growth behavior of monolayer/multi-layer MoS, using
water (H,O) as the transport agent. It was shown that the introduction of H,O vapor promoted the
growth of MoS, by increasing the nucleation density and continuous monolayer growth. Moreover,
the growth mechanism is discussed.

Keywords: chemical vapor transport deposition; molybdenum disulfide; monolayer; water; mechanism

1. Introduction

Molybdenum disulfide (MoS;) layers, having unique optical and electrical properties, have
attracted extensive interest in the fields of energy generation, electronics, and sensors [1-7]. The growth
of large-scale, high-quality MoS; layers targeted for silicon integrated device fabrication is still
challenging. Vapor deposition has been the predominant method for the growth of large-scale,
continuous MoS, monolayer or few layers films in recent years [8-10]. Molybdenum oxides and
sulfur are generally used as precursors of MoS,. For example, Lee et al. heated MoO3; powder in
sulfur vapor and obtained MoS, monolayer and multi-layer films [11]. In this method, MoO3 was first
reduced by sulfur vapor to form MoOs_,, which was then further reacted with sulfur vapor to form
MoS; [12]. MoOj acted as a nucleation center promoting crystal growth as well as the introduction of
crystal defects. The introduction of defects plays two important roles; one is to promote nucleation
for multi-layer growth, and the other is to tailor the electrical properties [13-16]. The MoS, domains
grown with this method showed different morphologies, e.g. triangle, hexagon, three-point star, as a
function of the different atomic ratio of sulfur to molybdenum [17,18].

MoS, powder is another commonly used starting material. Wu et al. [19] heated MoS, powder
at 900 °C in the center of a tube furnace and obtained a MoS, monolayer on an insulating substrate
downstream of the precursor in a lower temperature zone (~650 °C). The usage of single-precursor
MoS; powder as the source of Mo and S avoided the introduction of impurities and heterogeneous
nucleation during the growth of MoS; flakes. Therefore, the MoS, monolayer showed a regular
triangular shape and high optical quality. This vapor-solid growth method is suitable for the deposition
of high-quality monolayer single crystal flake. However, in our recent work, we found that the
nucleation is difficult to initiate and the growth temperature window is very narrow, ca. ~50 °C [20].
These issues could be attributed to the low vapor pressure of MoS; powder. The chemical vapor
transport method was generally used for the growth of crystals with a solid precursor that has low
vapor pressure. For example, Pisoni et al. reported the growth of MoS, single crystals using I, Bry,
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and TeCly as transport agents [21]. The transport agent converts MoS; into high vapor pressure
intermediates, which undergo the reverse reaction to deposit MoS; onto the substrate. However,
the vapor transport agents used in this study are highly toxic and reactive, which could limit their
widespread use.

To overcome this limitation, we have investigated ways to improve the nucleation density of
MoS, using various additives. In this paper, we report the chemical vapor transport growth behavior
of MoS; monolayer or multi-layer films by using MoS, powder as the precursor and water (H,O)
vapor as the transport agent. In the nucleation stage, H,O vapor was introduced into the deposition
system and acted as a chemical transport agent. Our mechanistic study suggests that water reacted
with MoS; to form MoO,, which promoted the nucleation of MoS,. In the previously mentioned
growth methods, the sulfur comes from the sublimation of sulfur or MoS, powder and the sulfur flow
rate is out of control. Here, the sulfur was formed through the reaction of MoS, and water, which
provides us a possible way to adjust the sulfur flow rate by controlling the water vapor flow rate. In the
second stage, H,O vapor was cut off and MoS, continuously grew through a simple physical vapor
transport process. This novel approach combined the heterogeneous nucleation and homogeneous
growth to control the crystal size and thickness of the MoS, layer. The thickness of the MoS, film
obtained ranged from a monolayer to multiple layers. The lateral size of the single-crystal domain is
up to 300 pm.

2. Materials and Methods

MoS; Layers Synthesis

MoS; was prepared by modifying a previously reported vapor deposition method using a silicon
wafer with a 300-nm layer of oxide (SiO,/Si) as the substrate [19]. The schematic of the vapor
deposition setup is shown in Figure 1. MoS, powder (99.5% purity, Aladdin, Shanghai, China) was
used as the precursor. Before use, the precursor (0.5 g) was loaded into a small quartz glass boat
(70 mm in length) and put in the center of the tube furnace (1 inch in diameter, Hefei Kejing Materials
technology Co. Ltd., Hefei, China). Before growth, the precursor was flushed under Ar/H; (70 sccm,
H; 5%, total pressure of 75 Torr. sccm: standard cubic centimeter per minute) for 10 min at room
temperature to remove the air and water absorbed on the precursor. The substrate was put downstream
close to the furnace wall.

Ar/H, ]

-

=

r MoS, Substrate
Furnace

Figure 1. Schematic illustration of the MoS, growth setup.

For the MoS, growth, the precursor was heated to 1000 °C from room temperature in 30 min
under Ar/Hj(75 Torr, Ar/H; 70 sccm) and kept at 1000 °C for 1 h. The furnace was then turned off
and cooled from 1000 °C to room temperature. During the above heating process, the temperature
of the substrate ranged from 710 to 850 °C. The water (H,O) vapor was introduced into the furnace
by turning on/off the water valve, which connects the water tube and the Ar/H; inlet. For typical
growth, the water valve was kept open during the whole heating stage. For studies on the influence of
H,0 on the growth of MoS,, we kept the valve open during the heating stage but limited the water
exposure during the synthesis.
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Optical microscope imaging of the sample was conducted with a Jiangnan MV3000 digital
microscope (Nanjing Jiangnan Novel Optics Co. Ltd., Nanjing, China). Tapping mode atomic force
microscopy (AFM) was performed on an Agilent 5500 (Agilent Technologies, Palo Alto, CA, USA) in
air. Raman spectrum and photoluminescence (PL) were acquired on a Renishawin Via micro-Raman
spectroscope (Renishaw, London, UK) with a 532 nm solid-state laser at room temperature. X-ray
diffraction (XRD) was carried on a Thermo ARLXTRA (Thermo Electron, Waltham, USA) and
ultraviolet visible diffuse reflection spectroscopy (UV-Vis DRS, not including specular reflection)
was performed on Shimadzu MPC-3100 (Shimadzu, Tokyo, Japan) with an integrating sphere.

3. Results and Discussion

3.1. MoS; Flakes Grown in the Presence of HyO Vapor

MoS; flakes were prepared on the substrate using H,O and MoS, powder as illustrated in
Figure 2a. Figure 2b shows the separated triangular MoS, flakes grown on the SiO, /Si substrate with
the H,O vapor valve kept open during the heating of the furnace and growth of the MoS, flakes.
The thickness of the flakes ranged from monolayer to multiple layers. The triangles in dim and uniform
color indicate the uniform monolayer MoS,. The bright color triangles are attributed to multi-layer
MoS, with a pyramid-shape structure. The flake lateral size ranged from ca. 20 to 40 um.
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Figure 2. (a) Schematic illustration of the MoS, growth using H,O and MoS, powder; (b) Optical
images of MoS; grown on a SiO, /Si substrate with H,O vapor for 10 min; (c) Typical Raman spectra
and (d) Photoluminescence (PL) spectra of the monolayer (1L-MoS;) and multi-layer MoS, (ML-MoS;)
flakes according images shown in Figure 2b.

The success of the growth and thickness of the MoS, flakes were confirmed by Raman spectroscopy.

Figure 2c displays the typical Raman spectra of monolayer and multi-layer MoS; flakes corresponded
to the images in Figure 2b. The Epy and A1z modes of MoS; were observed. The frequency difference
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between the Epy; and Ajg mode is thickness-dependent. With the increase of the layer number,
the frequency difference valve will increase. The Ej; and Ay peaks positions are at 385.0 cm !
and 404.1 em™! (383.3 cm ™! and 409.1 cm™!) with a frequency difference of 19.9 cm™! (25.8 cm™!),
indicating that the thickness of flakes is monolayer (multi-layer) [22].

Besides Raman spectra, PL is generally used for the identification of the thickness of the MoS,.
Mak et al. studied the relationship between the PL quantum yield and layer number. They found that
the PL quantum yield drops quickly with the increase of the layer number. Bulk MoS, is an indirect-gap
semiconductor showing negligible PL. Few-layer MoS; shows weak PL due to the confinement effects.
Monolayer MoS; is a direct-gap semiconductor giving out bright PL [23]. Figure 2d shows the typical
photoluminescence spectra (PL) both of the monolayer and multi-layer MoS, flakes corresponded to
the images in Figure 2b. The excitation wavelength was 532 nm. The PL peaks of monolayer MoS,
are located at 674.5 nm and 622 nm, which are attributed to the A1 and B1 direct excitonic transition
emission of the MoS; monolayer, respectively [9,17,24]. We observed that the PL intensity of the
monolayer is much stronger than that of the multi-layer sample.

3.2. Effect of HyO Vapor on the MoS; Layers Growth

To investigate the effect of H,O vapor on the MoS, growth, we limited the time the synthesis was
exposed to water vapor. After the precursors were heated to 1000 °C, the water valve was closed after
a fixed amount of time during the growth stage: Figure 3a—d 0 min (least water exposure), Figure 3e-h
10 min, Figure 3i-120 min, and Figure 3m-p 60 min (most water exposure).

Shown in Figure 3a—d, the shape of the MoS; prepared without the introduction of H,O is a
separated island. Meanwhile in Figure 3e,i—k,m—o, continuous, large-area MoS; films were observed.
This may be due to the presence of H,O vapor, which enhanced the diffusibility of molybdenum and
sulfur atoms at domain boundaries, resulting in the continuous growth of monolayer MoS,. The large
optical contrast in Figure 3e—p indicates the formation of multiple layers and/or clusters, which may
be due to the formation of high heterogeneous nucleation density and the Stranski-Krastanov growth
mode. The formation of heterogeneous nucleation will be discussed below. Besides the continuous film
obtained as described above, the domain size of MoS, prepared with H,O (shown in Figure 3f-h,p)
was larger than those prepared without H,O (shown in Figure 3b,c). Figure 4 shows the magnified
optical image of the same sample that is shown in Figure 3e. The lateral size of the triangle-shaped
MoS; flakes ranges from 24 pm to 372 um. The average lateral size of the MoS, flakes prepared
without H,O introduction was 13 & 6 um, while the average size increased to 159 £ 80 um based on
the statistical calculation of the size of the isolated flakes shown in Figure 3a-h, respectively.

The water introduction also has an effect on the thickness of MoS; flakes. Based on the frequency
difference (24.7 cm~!, Figure S1) between the Epg and Aqg mode of MoS; and uniform color contract,
we can conclude that the MoS, flakes prepared without water exposure in Figure 3a—d is multi-layer.
In contrast, in those samples prepared in the presence of water (Figure 3e—p), monolayer MoS, was
observed (as discussed at the end of Section 3.2). Therefore, the introduction of water can reduce the
thickness of the MoS, flakes.

It is reported that water molecules and carbon atoms can intercalate between the two-dimensional
material and the substrate [25-27]. Although we do not have enough evidence to show the presence of
the water intercalation in our sample at high growth temperature (710 °C to 850 °C), we suspect that
the molecular structure of water vapor possibly intercalates into the interlayer of the MoS; flakes or
the interface between the MoS; and SiO, /Si substrate, which affects the absorption, desorption, and
diffusion of the precursor atoms and even the final monolayer growth.

From Figure 3m-o0, we can observe some bright features. The white spots are multi-layer MoS,.
The area with green and yellow color we suspected to be amorphous MoS;, MoO,, or even organic
contamination. To reduce the organic contamination, the silicon wafer substrate was cleaned with hot
piranha solution (7:3 concentrated HyS04:35% H,O;) for 10 min at room temperature, and the vapor
deposition system was flushed under Ar/H, to remove air-borne contamination before MoS, growth.
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Figure 3. Optical images of the MoS, grown on a SiO, /Si substrate with varying the amount of H,O
vapor released into the furnace. The images in each row are of the same sample but measured at
different areas. From the left to right, the deposition temperature decreases as a result of the differences
in the location. The amount of H,O vapor into the furnace is controlled by adjusting the length of
time that the H,O valve is open: (a-d) 0 min; (e-h) 10 min; (i-1) 20 min; and (m-p) 60 min. For (fj k),
we intentionally scratched the sample to show the contrast between the MoS, film and the SiO, /Si
substrate (bright orange color). The scale bars represent 100 pm.

Substrate
Ar/Hs H20 MoSz Powder

—> = SURY L/ =

Figure 4. Magnified optical images of the same sample that is shown in Figure 3e. The images were
measured at different locations. From left to right, the growth temperature was gradually decreasing.

Figure 5 shows the typical UV-Vis DRS of the MoS, film corresponding to the images shown in
Figure 3e-h. The UV-Vis DRS peaks at 665 and 610 nm match the two PL emission peaks (Figure 2d),
and are due to the characteristic A1 and B1 direct excitonic transitions of MoS,, respectively [28].

AFM is a commonly used technique for two-dimensional material thickness measurement. Here,
we conducted multiple scans of the thickness of the monolayer MoS, at an edge of the MoS, flake
by AFM. Figure 6 shows the typical AFM image of the edge of the monolayer MoS; triangle shown
circled in black in Figure 3h. A straight trench with a width of ca. 150 nm was observed on the
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substrate surface, which divided the substrate into two sections. The bottom of the trench is the
Si0O, /Si substrate. The left side of the trench is MoS, particles, and the right side of the trench is
monolayer MoS,. The thickness of the MoS; flake is 0.9 & 0.1nm (Figure 6, Figure S2, and Table S1),
indicating that the flake is monolayer. This thickness value, although it significantly deviates from
the expected thickness of monolayer MoS, (0.615 nm), is consistent with other AFM measurements of
single-layer MoS, deposited on a SiO, substrate [29,30]. In fact, the discrepancy that the measured
value by AFM is larger than the theoretical value is common phenomena in the measurement of
the thickness of two-dimensional monolayer materials, such as graphene [31]. The discrepancy was
attributed to the instrument offset due to tip-substrate interaction as well as adsorbed molecules
between the monolayer and the SiO, substrate [26,31]. From the AFM image in Figure 6, we can see
that monolayer MoS; is smooth and continuous. We measured the root-mean-square (RMS) surface
roughness over a 1 um X 1 pm area. The RMS was 0.22 nm. The trench is probably formed through
the rapid diffusion of MoS; nucleation along the direction perpendicular to the domain edge. Detailed
study of the trench will be reported in future study. In addition to the trench, there are also many
white particles on the surface of the MoS; flake. These particles should be MoS, formed during the
growth of the MoS, flake, or even contaminations formed during the transport of the sample.

25

20 MoS, layers/SiO,/Si

15
1.0 Sio/si

0.5¢

Reflection intensity (%)

0.0 . . -
400 500 600 700 800
Wavelength (nm)

Figure 5. Typical ultraviolet visible diffuse reflection spectroscopy (UV-Vis DRS) of MoS; corresponding
to the images in Figure 3b.

(b)

Height (nm)
N

l0.99 nm
0
0.0 0.1 0.2 0.3
Position (um)
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Figure 6. Atomic force microscopy (AFM) image (a) and cross-section (b) (along the blue line marked
in (a)) of monolayer MoS, grown on the SiO, /Si substrate corresponding to the images in Figure 3h.
The scale bars represent 1 um in AFM image.
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3.3. Mechanism of MoS, Growth in the Presence of H,O Vapor

The results obtained in Figure 3 suggest that HyO vapor promoted the growth of MoS; film.
We hypothesized that the H,O vapor reacted with MoS, powder to give molybdenum oxide. Then the
molybdenum oxide evaporated and deposited on the substrate, acting as heterogeneous nucleation
center, from which the molybdenum oxide reacted with sulfur at a lower temperature and transformed
into the MoS; layer [12]. The following reactions should have occurred during the growth of MoS; [32]:

MoS, + 4H,0 %% Mo, + H,S + SO, + 3H, Q)
2H,S + S0, & 35 + 2H,0 o)
MoO; + 28 + 2H, 3 MoS, + 2H,0 3)

To verify this hypothesis experimentally, we used XRD to test the composition of the precursor
annealed at 1000 °C for 20 h in H,O vapor and Hy / Ar atmosphere. We indeed found that all of the XRD
peaks in Figure 7 were indexed according to the monoclinic molybdenum dioxide (MoO,) (JCPDS NO.
00-032-0671). This result agrees with our hypothesis that molybdenum oxide was formed. The growth
process essentially is a chemical vapor transport process. The H,O vapor acts as transport agent.

7500+
) MoO,
6000}
3
& 4500}
=
3 3000}
E 1500 ‘ (211) (312)
‘ (101)N(210) rh (031) (402)
]| PSSR Y, NS | S N\ T W

15 30 45 60 75
20 (%)

Figure 7. X-ray diffraction (XRD) of MoS; powder after annealing in Ar/H; and H,O vapor at 1000 °C
for 12 h. The peak positions are indexed to monoclinic MoO, (JCPDS NO. 00-032-0671).

4. Conclusions

In summary, we have successfully prepared monolayer/multi-layer MoS, through a H,O
vapor-modified vapor deposition method on a SiO,/Si substrate. The growth of MoS; is highly
sensitive to the presence of HyO. The results reveal that HyO increases the nucleation density of
MoS; flakes. The Raman, PL, and AFM revealed that both monolayer and multi-layer MoS, were
formed. Under extended water exposure, a continuous Mo$S; film was formed. Using XRD, we showed
that MoO, was formed by the reaction between MoS, and water, which resulted in the observed
enhancement in the nucleation and growth.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-6412/8/2/78/s1,
Figure S1: Raman spectra of a multi-layers MoS, growth on the SiO2/Si substrate tested at different locations,
corresponding to the data in Figure 3a—d; Figure S2: AFM image of monolayer MoS, showing the edge of the
domain. Scale bar represents 1 pm in AFM image; Table S1: Average height of the monolayer MoS; corresponding
to the data in Figure S2 and Figure 6.
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Abstract: The stacking and overlapping effect of two-dimensional (2D) graphene nanosheets in the
catalyst coating layer is a big challenge for their practical application in proton exchange membrane
fuel cells (PEMFCs). These effects hinder the effective transfer of reactant gases to reach the active
catalytic sites on catalysts supported on the graphene surface and the removal of the produced water,
finally leading to large mass transfer resistances in practical electrodes and poor power performance.
In this work, we evaluate the catalytic power performance of aligned Pt nanowires grown on reduced
graphene oxide (rGO) (PtNW/rGO) as cathodes in 16-cm? single PEMFCs. The results are compared
to Pt nanoparticles deposited on rGO (Pt/rGO) and commercial Pt/C nanoparticle catalysts. It is
found that the scaffolding effect from the aligned Pt nanowire structure reduces the mass transfer
resistance in rGO-based catalyst electrodes, and a nearly double power performance is achieved as
compared with the Pt/rGO electrodes. However, although a higher mass activity was observed for
PtNW/rGO in membrane electrode assembly (MEA) measurement, the power performance obtained
at a large current density region is still lower than the Pt/C in PEMFCs because of the stacking effect
of rGO.

Keywords: PEMFC; nanowire; graphene; PtPd; 2D

1. Introduction

With the commercial release of the Toyota Mirai and Hyundai ix35 fuel cell vehicles, the viability
of using proton-exchange membrane fuel cells (PEMFCs) as the power source in transport applications
has been demonstrated. However, for the widespread adoption of such vehicles, larger power outputs
and long-term durability are required at a reduced cost [1,2]. Due to the sluggish oxygen reduction
reaction (ORR) at the cathode in PEMFCs, catalysis is required. Platinum group metals (PGM),
and specifically platinum (Pt), are inherently the most active catalysts towards the ORR [3] as well
as the most stable in the acidic conditions of the PEMFC. However, due to their high cost and low
performance compared to theoretical values, much effort has been directed to developing novel
methods of reducing the PGM content while increasing the catalytic activity [4].

One-dimensional (1D) Pt nanostructures such as nanowires and nanotubes have received
increasing interest in recent years [5]. Sun et al. synthesized Pt nanowires supported on carbon
black (PtNW/C) by the simple wet chemical route of using formic acid to reduce chloroplatinic acid to
Pt metal [6]. This catalyst demonstrated enhanced ORR activities as the favored Pt growth along the
(111) crystallographic plane promoted by the slow reduction rate, and the regular arrays improved the
intrinsic catalytic activity and mass transport limitations, respectively. This theory has been supported
by Du’s group, in whose work the synthesis conditions were optimized for the in situ growth of PtNWs
directly on carbon paper gas diffusion layers (GDLs) [7,8].
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To help maximize catalyst utilization ratio in PEMFC electrodes as well as improve stability,
PGM catalysts are commonly supported on carbon blacks [9]. High surface area carbon blacks such as
the Vulcan XC-72R are typically used due to the large catalyst electrochemically active surface areas
(ECSA) obtainable from the provided porous network. However, a caveat of the porous network is
the fact that many PGM catalyst particles can become trapped inside nanopores, where electrolyte
ionomer cannot access them to form effective active sites. Carbon blacks also suffer from carbon
corrosion due to the relatively low oxidation potential of carbon [10]. In an attempt to address
these issues as well as in order to minimize charge transfer resistances in the catalyst layer, various
carbonaceous supports such as carbon nanotubes (CNTs), carbon nanofibers (CNFs) and graphene
have been investigated [11-13]. Of particular interest is the reduced graphene oxide (rGO), wherein the
impurities from incomplete reduction provide much needed nucleation sites on the otherwise pristine
graphene sheets. These functional groups have also been shown to help improve the carbon monoxide
poisoning tolerance of the impurity in fuel cell gases as well as enhance reaction activities [14-16].

In combining the two areas of interest, PtNWs have been grown on rGO supports [14] as
well as sulfur-doped graphene (SG) [17]. Although the latter referenced work showed an even
distribution of nanowires on the rGO supports, branched nanowires formed to the anchoring oxygen
functional groups. To help address this issue, Du et al. [15] introduced palladium (Pd) nanoseeds onto
PVP-functionalized rGO sheets to grow uniform PtNWs. With improved distribution on the entire
rGO surface, uniform nanowires were demonstrated to lead to enhanced catalytic activity.

However, the two-dimensional (2D) nature of the graphene-based catalysts makes them very
difficult to use in practical electrodes in PEMFCs. In the drying process of the catalyst layer made
by coating rGO-based catalyst inks, the rGO nanosheets stack on top of each other to form a dense
catalyst layer, exacerbating the mass transfer limitations for both the reactant fuel and the produced
water diffusing through the layer [16,18]. Considering the encouraging ORR catalytic activities of
PtNWs/rGO, the intention of this work is to evaluate the scaffolding effect of the unique PtNWs/rGO
structure by in situ testing in single PEMFCs. Fuel cells with cathodes from Pt nanoparticles supported
on rGO (Pt/rGO) and commercial Pt/C nanoparticle catalysts are also fabricated as benchmarks to
help understand the stacking effect of rGO nanosheets and the enhanced scaffolding effect from the
nanowire geometry.

2. Materials and Methods

2.1. Materials

Poly(N-vinyl-2-pyrrolidine) (PVP-K30, molecular weight = 30,000-40,000), H,PtClg (8 wt % in
H,0), PdCl,, formic acid HCOOH, Isopropyl alcohol (IPA) and L-Ascorbic acid were purchased from
Sigma-Aldrich (Dorset, UK). The PdCl, was dissolved in water to provide a solution of concentration
0.125 g mL~1. All other chemicals were used as received. The single-layer graphene oxide (GO)
dispersion (thickness 0.43-1.23 nm, diameter 1.5-5.5 pm, dispersed in water at 2 wt %) was purchased
from U.S. Research Nanomaterials, Inc. (Houston, TX, USA). Johnson-Matthey (JM) electrocatalysts
with 20 wt % Pt supported on carbon black (Pt/C 20 wt %) was purchased from Alfa Aesar (Lancashire,
UK). The water used throughout was purified with a Millipore (Hertfordshire, UK) system.

2.2. Preparation of PV P-Functionalized rGO

Two and a half milliliters of the 2 wt % GO suspension were diluted with 197.5 mL of H,O.
The resulting dispersion was sonicated with a 130 W, 20 kHz sonic horn at 40% amplitude for 30 min.
Then 800 mg of PVP were added and the mixture was stirred for 12 h. Next 200 mg of L-Ascorbic acid
were added to the mixture, which was subsequently heated to 95 °C. The mixture was then stirred
for 1 h before centrifugation once with H,O. The rGO was then dispersed in H,O to provide a 25 mL
suspension. Two and a half milliliters of the as-prepared rGO suspension were diluted with 17.5 mL of
H,O. Two separate suspensions were prepared.
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2.3. Preparation of Pt/rGO

The preparation of Pt/rGO followed the process reported [19]. Two milliliters of the H,PtClg
solution were added to one of the diluted rGO suspensions. Separately, 62 mg of NaBH, were dissolved
in 20 mL of H,O, which was added dropwise to the reaction mixture under sonication by a sonic bath.
After 1 h of sonication time, the reaction mixture was left to settle overnight before being washed and
collected by centrifugation in H,O twice, followed by once with IPA. The catalyst was dispersed in
IPA to provide a suspension of concentration 5 mgp; mL 1.

2.4. Preparation of Pt(NW)Pd/rGO

Pt(NW)Pd/rGO was prepared following the procedure previously reported by our group [15].
Typically, 53.3 uL of the stock PdCl, solution was added to one of the diluted suspensions of
rGO. Then 0.8 mL of HCOOH was added and the mixture was left to stir at room temperature for
16 h. Afterwards, a further 40 mL of H,O were added, followed by 2 mL of the HpPtClg solution.
Next 6.64 mL of HCOOH were added and the reaction mixture was left to react for 72 h. Centrifugation
and dispersion of this catalyst in IPA followed the same procedure detailed for Pt/rGO.

2.5. Membrane Electrode Assembly (MEA) Preparation and Physical Characterization

To obtain suitable catalyst loadings of 0.4 and 0.6 mgp; cm~2 within electrodes, sufficient quantities
of commercial Pt/C, Pt/rGO and Pt(NW)Pd/rGO suspensions were added to separate sample vials
and 113 pL of 10 wt % Nafion solution were added to each. In the case of Pt/C, 0.875 mL of IPA
was added to disperse the catalyst black. The catalyst inks were sonicated by a 130 W, 20 kHz
sonication horn for 10 min at 20% power. The gas diffusion electrodes (GDEs) were made by coating
the catalyst inks through painting onto 16 cm? Sigracet 35 BC carbon paper gas diffusion layers (GDLs).
After leaving them to dry at room temperature, the electrodes were hot-pressed to a 36 cm? piece
of Nafion® 212 membrane at 1800 1b load for 2 min at 135 °C with commercial J]M Pt/C anodes
with a catalyst loading 0.4 mgp; cm~2. The GDE surface was imaged using a Philips (Amsterdam,
The Netherlands) XL-30 FEG Environmental SEM operating at 20 kV.

2.6. Single Cell Testing

The MEAs were tested in a PEM fuel cell stand (FCT-50S, PaxiTech-BioLogic, Grenoble, France)
with electrochemical impedance spectroscopy (EIS) capabilities. A polytetrafluoroethylene (PTFE)
gasket of thickness 254 um was used at both the cathode and anode sides. The membrane was hydrated
by holding the cell potential at 0.6 V for 14 h at the cell temperature of 80 °C. The reactant gases were
fully humidified H; /air at the anode and cathode, respectively, with a backpressure of 0.5/0.5 bar and
stoichiometry of 1.3:2.4, respectively. To measure the electrochemically effective surface area (ECSA)
of the catalysts in the electrodes, the cathode gas was then switched to N,. After 30 min, 200 cycles
of cyclic voltammetry (CV) scan were conducted to the cathodes between 0.05 and 1.2 V at a sweep
rate of 50 mV s, followed by three scans at 20 mV s~ L. The third scan at 20 mV s~ ! was used for the
ECSA calculation. The cell potential was then held at 0.5 V for 30 min and the average current obtained
was used for Hy crossover correction in the mass activity measurement in the MEA. The reactant gas at
the cathode was then changed back to air and, after being held stable for 30 min, the cell polarization
curve was recorded at 1 mV s~! between the open circuit voltage (OCV) and ca. 0.3 V. Electrochemical
impedance spectroscopy (EIS) analysis was run at 0.65 V in the frequency range 10 kHz-0.1 Hz with an
amplitude of 10 mV. To measure the mass activity of the catalyst in the electrode, the cathode was then
switched to O, gas and a polarization curve was recorded at 1 mV s~! with fully humidified Hp/O; at
stoichiometry of 2/9.5, respectively.
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3. Results

3.1. SEM Analysis of GDEs

Figure 1 shows the surface SEM images of the GDEs made from Pt/C, Pt/rGO, and
Pt(NW)Pd/rGO. The GDE with Pt/C nanoparticle catalysts displays many large cracks (Figure 1a)
with a land size of several hundred micrometers, which is in agreement with our former research;
these cracks are considered essential for gas diffusion through the whole catalyst layer, together with
the mesoporous network formed by the high surface area carbon support (Figure 1b) [20]. When rGO
is introduced, as shown in Figure 1c,e, the number of cracks significantly decreases. Both GDEs from
Pt/rGO and Pt(NW)Pd/rGO exhibit a very similar structure. This change can be ascribed to the
stacking of the rGO within the catalyst layer and the 2D rGO nanosheets overlapping with each other
to form a much denser coating layer. Comparing with the one from Pt/C nanoparticles shown in
Figure 1a, this dense structure provides much less of a path for the gas diffusion through the catalyst
layer, and thus a larger mass transfer resistance and a lower power performance is expected in the
operation of PEMFCs. Figure 1d,f also show very few large aggregates on the electrode surface,
demonstrating the good distribution of the rGO-based catalysts within the catalyst layer.

T8 WD oy 500 m Z - AoV Spot Mag
50x <" SE 9.7 \ x > 200KV8.0 ~ 25003, Sk

4
AEN-SpgEMan % Det WDAE——— &4 500 m
7H00KV 30.50x SE/ 99

Figure 1. Surface SEM images of gas diffusion electrodes from (a,b) Pt/C 20% (JM); (¢,d) Pt/rGO and
(e,f) PNW)Pd/rGO at a catalyst loading of 0.4 mgp; cm 2.
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3.2. In Situ Testing

The GDEs were tested in H,/air PEMFCs and the polarization and power density curves are
shown in Figure 2. Pt(NW)Pd/rGO shows a much higher power performance than Pt/rGO. At 0.6V,
the conventional operation voltage for PEMFCs in practical applications, the power densities for
the PtNW)Pd/rGO and Pt/rGO electrodes are 0.206 and 0.128 W cm ™2, respectively, at a catalyst
loading of 0.4 mgp, cm 2. The high power density of the PtNW)Pd /rGO electrode demonstrates
the positive scaffolding effect from using nanowires. When increasing the catalyst loading from 0.4
to 0.6 mgpy cm~2, the power performance for the Pt(NW)Pd/rGO and Pt/rGO electrodes increases
very little—by only 9.7% or 3.1% to 0.226 or 0.132 W cm ™2, respectively—indicating the mass transfer
limitations within the practical rGO-based electrodes, as mentioned by Antolini [16]. The increase of
catalytic activities of the catalysts within the electrodes cannot really convert to the improvement of
electrode power performance in PEMFC devices. The enhancement observed for nanowire electrodes
even leads to high power density over the Pt/C nanoparticle electrode at a low current density range
below 0.1 A cm~2. However, the power performance is still much lower as compared with the Pt/C
nanoparticle electrode at the large current density region, where a power density of 0.314 W cm ™2 is
achieved at 0.6 V. The poor power performance with rGO-based electrodes is in line with the dense
electrode structure shown in the SEM analysis in Figure 1.
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Figure 2. (a) Polarization and (b) power density curves obtained at a sweep rate of 1 mV s~ ! at the cell
temperature of 80 °C. The reactant gases are fully humidified H, at the anode and air at the cathode
with backpressure of 0.5/0.5 bars and stoichiometry of 1.3/2.4, respectively.

To further understand the mechanisms behind the obtained performances, detailed analyses were
conducted to obtain the ECSA, mass activity, and EIS of the involved electrodes (Figure 3); the results
are summarized in Table 1. An acceptable ECSA value of 19.84 m? g~! is obtained for the Pt/C electrode,
which is ca. 1/3 of the value obtained in the liquid half-cell rotating disk electrode (RDE) measurement
(ca. 50-70 m? gfl) and in line with values reported in the literature [15,19]. However, the ECSA
values observed for rGO-based electrodes are extremely low. By RDE measurement, the ECSA values
obtained for Pt/rGO are usually similar to or even higher than Pt/C nanoparticle catalysts, but the
value obtained here in the MEA is only 2.65 m? g~!, which is much lower than that of Pt/C in
the electrode. This lower ECSA for Pt/rGO further indicates a very low catalyst utilization ratio
in the electrode (defined by the ratio of the ECSA observed in the electrode to the value by RDE
measurement), ca. 5.45%, taking into account the ECSA value of 48.62 m? g~ ! reported by the RDE
measurement [19], resulting from the stacking and overlapping of the rGO nanosheets in the catalyst
layer. For the PtNW)Pd/rGO, the ECSA value drops from 19.07 m? g~! by RDE measurement [15] to
2.97 m? g*1 here. Although the utilization ratio is still low, ca. 15.59%, it has been much higher than
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Pt/rGO, resulting from the scaffolding effect of the nanowires. However, the utilization ratio is still
much lower as compared with the Pt/C nanoparticles. In addition, an increase of the catalyst loading
from 0.4 to 0.6 mgp; cm~2 leads to slightly reduced ECSA values, resulting from the mass transfer
limitation mentioned above. The mass activity in the MEA was measured under pure O, rather than
air to reduce the influence of the mass transfer resistance in the catalyst layer [1,7]. The standard
measurement protocol defined by the U.S. Department of Energy (DOE) was followed [1]. However,
this test under oxygen still does not work very well for the Pt/rGO electrode, and a much lower
mass activity of 0.016 A mgp; ! is observed as compared with 0.041 A mgp; ! for Pt/C. A similar
value is also obtained for the catalyst loading at 0.6 mg cm~2. For PtNW)Pd/rGO, this value reaches
0.044 A mgpt’l, even higher than Pt/C. The higher mass activity of this nanowire structure in the
electrode can be ascribed to two factors: (i) the scaffolding effect, which partially mitigates the severe
stacking of the 2D rGO nanosheets, thus improving the mass transfer performance; and (ii) the
excellent specific catalytic activity from the special surface properties of the unique nanowires [6,8].
The improvement of the nanowire scaffolding effect and the mass transfer limitation of rGO-based
electrodes are further confirmed in Figure 3b. The mass transfer impedance of Pt(NW)Pd/rGO is
much lower than Pt/rGO, but still higher than Pt/C in the MEAs, as shown in Figure 3c.
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Figure 3. (a) Cathode cyclic voltammetry (CV) scan between 0.05-1.2 V at a sweep rate of 20 mV s I witha
cell temperature of 80 °C. The reactant gases are fully humidified H; at the anode and N at the cathode
with backpressure of 0.5/0.5 bars and stoichiometry of 1.3/2.4, respectively. (b) Resistance and H;
crossover corrected polarization curves obtained at a sweep rate of 1 mV s~ at the cell temperature of
80 °C. The reactant gases are fully humidified H; at the anode and O at the cathode with backpressure
of 0.5/0.5 bars and stoichiometry of 2/9.5, respectively. (c) EIS spectra at 0.65 V with amplitude 10 mV
in the frequency range 10 kHz-0.1 Hz for cells with air as the reactant gas (the same settings as for
Figure 2a).

Table 1. ECSA, specific (S.A.) and mass activities (M.A.) of the catalysts in membrane electrode
assembly in single cells (derived from Figure 3a,b).

Power Densit ECSA . S.A.g9v M.A.o9v
Cathode 06V) Wem—2] [m? a1l 0avImAL A g ]
Pt/C 20% (M) (0.4 mgp, cm—2) 0.314 19.84 263520 208 0.041
Pt/1GO (0.4 mgp; cm™2) 0.128 265 104.480 616 0.016
Pt/rGO (0.6 mgp; cm2) 0.132 222 146.720 689 0.015
P{NW)Pd/rGO (0.4 mgp; cm~2) 0.206 297 278,560 1466 0.044
PENW)PA/rGO (0.6 mgp, cm=2) 0.226 271 453.920 1744 0.047

4. Discussion

In the fabrication of PEMFC electrodes, the catalyst ink is coated onto the GDL or membrane
surface. In the drying process, the organic solvent (e.g., IPA) in the catalyst ink is evaporated, leaving
a porous catalyst layer [1,20]. However, the 2D graphene nanosheets tend to stack on top of each
other and overlap to form a dense structure within the catalyst layer, which blocks the diffusion of
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the reactant gas and the removal of the produced water in operating PEMFCs and causes poor power
performance. Even by increasing the catalyst loading in the electrodes, an effective improvement of
the power performance is not achieved because of the mass transfer limitation. Thus, the conclusion
is usually drawn that 2D graphene-based materials are not suitable as catalyst supports for practical
electrodes in PEMFC devices, despite the much better activities that were observed by the liquid
half-cell RDE measurement, where the influence of the mass transfer can nearly be ignored [16].

Nanowires have a large aspect ratio. When they are grown on a 2D nanosheet surface, the unique
geometry can form scaffold-like structures and thus partially release the stacking influence of the
nanosheets. In fact, in graphene-related research, this function has been used by Si et al. [18] to
exfoliate graphene sheets by the use of Pt nanoparticles. In their work the presence of Pt nanoparticles
impregnated on the surface of graphene showed a surface area (obtained by BET measurements)
around 20 times larger than the graphene without Pt. This scaffolding effect in the nanowire/rGO
electrode similarly improves the mass transfer performance within the catalyst layer and an even higher
power density is achieved than with Pt/C at a low current density range (Figure 2a). However, the rtGO
nanosheets usually have a much larger size (on the micrometer scale, as shown in Figure 1 and [15])
than the length of Pt nanowires (usually 20-200 nm), so, along with the difficulty of nanowires covering
the entire surface of every rGO nanosheet, the stacking of rGO still cannot be fully avoided. Therefore,
the improvement of this scaffolding effect is still limited. The stacking and overlapping effects caused
by the large rGO nanosheets dominates the structures of the electrodes; even with nanowires, large
cracks can still not form as with Pt/C nanoparticle catalysts, and quite similar electrode structures
are observed in SEM for electrodes made of both Pt/rGO and Pt(NW)Pd/rGO (Figure 1). When the
fuel cell is operated at a large current density, as shown in Figure 2a, the amount of reactant gas
required for the reaction and the water produced increased dramatically; thus, the scaffolding space
provided by the aligned nanowires between the rGO nanosheets is insufficient and thus poor power
performance is observed again. This finally causes a clear crossover of the polarization curves of
the two MEAs from Pt(NW)Pd/rGO and Pt/C, as shown in Figure 2a. This also leads to another
suggestion that if a large enough scaffolding effect can be introduced to the electrode structure to avoid
the stacking and overlapping to form similar large cracks as that of Pt/C, e.g., by a further increase of
the nanowire length and the improvement of their distribution on the rGO surface, or by reducing
all rGO nanosheets to a relative smaller size, or through investigating new alternative electrode
preparation methods [21,22], high power performance is still possible for rGO-based electrodes for
PEMFCs in real-life operation. Such pursuits are of particular importance when considering the
improved resistance of nanowires to coarsening in comparison to Pt/C nanoparticle catalysts [23,24]
and the enhanced resistance of rGO supports to carbon corrosion [25], both major limitations in the
commercial viability of PEMFCs.

5. Conclusions

In this work, we evaluated the catalyst electrodes made from Pt(NW)Pd/rGO and Pt/rGO in
PEMEFCs and the results were compared to Pt/C nanoparticle catalysts. The results demonstrated
that the introduction of rGO-based catalysts tended to form a dense structure within the catalyst layer
that limited the mass transfer in fuel cell operation and finally resulted in poor power performance.
The aligned nanowires grown on rGO surface can work as a scaffold, thus improving the mass transfer
limitation. At 0.6 V, power densities of 0.206 and 0.128 W cm~2 were obtained for PtNW)Pd/rGO
and Pt/rGO electrodes, respectively, at the catalyst loading of 0.4 mgp; cm~2. The mass activity for
Pt(NW)Pd/rGO was 0.044 A mgp;~! in MEA, which is much higher than 0.016 A mgp; ! of the
Pt/rGO, and even better than 0.041 A mgp; ! for Pt/C. However, the power density obtained for the
nanowire/rGO electrode is still lower than Pt/C at 0.6 V. Nevertheless, this work demonstrates the
possibility of using graphene-based materials as a catalyst support for fuel cell devices. To really bring
this technology into practical application, further study is required to understand the complicated
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influences of the nanowire length, distribution on rGO, size and structure of rGO, and electrode
preparation method.
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Abstract: This paper reports architecturally designed nanocomposites synthesized by hybridizing
the two-dimensional (2D) nanostructure of molybdenum disulfide (MoS;) nanosheet (NS)-supported
Pt nanoparticles (PtNPs) as counter electrodes (CEs) for dye-sensitized solar cells (DSSCs).
MoS, NSs were prepared using the hydrothermal method; PtNPs were subsequently reduced
on the MoS, NSs via the water—ethylene method to form PtNPs/MoS, NSs hybrids.
The nanostructures and chemical states of the PtNPs/MoS; NSs hybrids were characterized by
high-resolution transmission electron microscopy and X-ray photoelectron spectroscopy. Detailed
electrochemical characterizations by electrochemical impedance spectroscopy, cyclic voltammetry,
and Tafel-polarization measurement demonstrated that the PtNPs/MoS, NSs exhibited excellent
electrocatalytic activities, afforded a higher charge transfer rate, a decreased charge transfer resistance,
and an improved exchange current density. The PtNPs/MoS; NSs hybrids not only provided the
exposed layers of 2D MoS; NSs with a great deal of catalytically active sites, but also offered PtNPs
anchored on the MoS; NSs enhanced I3~ reduction. Accordingly, the DSSCs that incorporated
PtNPs/MoS; NSs CE exhibited an outstanding photovoltaic conversion efficiency (PCE) of 7.52%,
which was 8.7% higher than that of a device with conventional thermally-deposited platinum
CE (PCE = 6.92%).

Keywords: MoS, nanosheets; Pt nanoparticles; counter electrode; dye-sensitized solar cells

1. Introduction

A typical dye-sensitized solar cell (DSSC) is usually fabricated by dye-loaded TiO, nanoparticles
coated on transparent conductive glass to act as the working electrode (WE), a Pt film deposited
on the transparent conductive glass as the counter electrode (CE), and an electrolyte containing
an iodide/triiodide (I” /I3 ™) redox couple between the WE and CE [1]. Recently, considerable efforts
have focused on improving the energy conversion efficiency and long-term stability of the dye,
electrolyte, and working electrode [2-7]. However, a high catalytic material for CE is extremely
important for promoting the charge transfer rate for I3~ reduction. Therefore, a CE with high
electrochemical activity and low internal resistance is crucial to yielding high photovoltaic conversion
efficiency (PCE).
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Recently, inspired by the discovery of graphene—which opened up the new research field
of two-dimensional (2D) nanomaterials [8,9]—studies on 2D nanomaterials have attracted great
attention. As a typical transition metal dichalcogenide, 2D layered nanostructural molybdenum
disulfide (MoS,) is similar to the graphene structure, and is composed of three stacked atomic layers
(a Mo layer sandwiched between two S layers, S-Mo-S) [10]. Layered nanostructural 2D MoS; has
been extensively investigated as a promising catalyst in electrochemical applications in recent years
such as Hj evolution [11], Li-ion batteries [12], and DSSCs [13]. For instance, Jaramillo et al. reported
electrochemical Hj production with MoS, nanocatalysts based on their catalytically active sites for
H; evolution [11]. Very recently, Mohammad et al. reported that the ultrathin MoS, nanostructured
films possessed the outstanding catalytic performance of the CE for DSSCs, with rich catalytic active
sites provided by the MoS; nanosheet crystal structure [13]. Furthermore, due to the high specific
surface area of 2D nanomaterials, zero-dimensional (0D) catalytic nanoparticles anchored on the 2D
nanomaterials to form 0D /2D functional hybrids bring novel properties that are different from those
of their individual intrinsic properties. For example, graphene-supported Pt nanoparticles (PtNPs)
such as PtNPs/graphene hybrids, have been investigated as advanced electrocatalysts for achieving
superior activities of CEs in producing high-performing DSSCs [14-17]. Yanyan et al. reported that
graphene acted as an ideal support for uniformly disperse PtNPs, which was intrinsically important
for an effective CE in DSSCs [14]. Min-Hsin et al. reported that PtNPs/graphene CE displayed larger
realistic electroactive surface areas and a constant higher intrinsic heterogeneous rate to improve the
electrocatalytic abilities for the reduction of I3~, and therefore improved the PCE of DSSCs [15].

In terms of the above considerations, in this study, we report on our investigation of the
performance of DSSCs that used the PtNPs/MoS, NSs hybrid nanoarchitecture as the CE. This hybrid
CE, constituted by 2D layered MoS, NS-supported 0D PtNPs, showed a number of advantages.
The MoS; NSs not only provided exposed-layer active sites for I3~ reduction, but also provided large
surface areas for PtNP anchoring on the MoS, NSs to enhance electrochemical activities. The DSSCs
fabricated with the PtNPs/MoS, NSs CE had an increased exchange current density and reduced
charge-transfer resistance, resulting in a superior PCE of 7.52%, 8.7% higher than that of a conventional
thermally-deposited Pt CE (6.92%).

2. Materials and Methods

2.1. Preparation of MoS, NSs and PtNPs/MoS, NSs

Two steps were used to synthesize PtNPs/MoS, NSs CE. In Step 1, the hydrothermal method
was applied to synthesize the MoS; NSs. Ammonium tetrathiomolybdate ((NH4),MoS,) powder
(99.99% purity, ProChem Inc., Rockford, IL, USA) weighing 0.5 g was added to an aqueous solution with
5mL of HCl in 100 mL deionized water. Subsequently, the aforementioned solution was transferred
into a Teflon-lined autoclave and heated to 250 °C for 12 h. The suspension was then washed and
centrifuged with deionized water and ethanol several times, respectively. The resulting powder was
finally dried in vacuum at 60 °C to obtain MoS; NSs. In Step 2, PtNPs/MoS, NSs hybrids were
prepared using a water—ethylene method [17]. MoS; NSs (50 mg) were ultrasonically dispersed in
a mixture containing 30 mL of deionized water, 100 mL of ethylene glycol (EG), and 1.5 mL of 0.05 M
H,PtClg aqueous solution. This mixture was then heated at 120 °C with stirring for 6 h. Subsequently,
the composite was washed and centrifuged with deionized water and ethanol, respectively, for a total
of six times. Finally, the resulting powder was dried in vacuum at 60 °C to obtain the PtNPs/MoS,
NSs hybrids.

2.2. Fabrication of Various CEs and Assembly of DSSCs

Fluorine-doped tin oxide (FTO) transparent glasses (TEC-7, 2.2 mm, Hartford glass, Hartford,
IN, USA) were used as the substrates for CEs and WEs. Prior to the fabrications of CEs and WEs,
FTO glasses were ultrasonically cleaned sequentially in detergent, acetone (overnight), distilled water
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(DI water, 1 h), and ethanol (1 h). The CEs with MoS; NSs and PtNPs/MoS, NSs hybrids were
fabricated as follows: 5 mg MoS; NSs powder and PtNPs/MoS, NSs powder were added to 5 mL
N,N-dimethylformamide (DMF) for dispersion and then sonicated for 1 h, respectively. Subsequently,
the dispersed solutions were coated on FTO glasses by spin coating technology to control the flatness
and thickness of the films. Finally, the prepared samples were dried in vacuum at 60 °C for 1 h to
obtain the MoS; NSs CE and the PtNPs/MoS, NSs CE. In addition, a thermal deposition Pt (TD-Pt)
CE was also prepared as a reference electrode by dropping a H,PtClg isopropanol solution on a FTO
glass annealed at 450 °C for 20 min [18].

A screen-printing method was carried out to prepare the WEs: 10 um TiO, nanoparticle films
were coated onto the FTO glasses, and were then placed in the furnace for calcination at 550 °C in
ambient air for 30 min. After slowly cooled to room temperature (RT), the TiO, WEs were removed
from the furnace and immersed in a N719 (Solaronix) solution (3 x 10~3 M in a 1:1 volumetric mixture
of acetonitrile and tert-butylalcohol) at RT for 24 h.

The DSSCs were assembled as follows. After the dye adsorption process, the dye-adsorbed TiO,
WE was assembled with various CEs as the sandwich-type cell, and sealed with a 60 um hot-melt
surlyn (5X1170-60, Solaronix, Aubonne, Switzerland) between WE and CE. Then, the commercial
iodide-based electrolyte (TDP-LE-M, Jintex Corporation Ltd., Taipei, Taiwan) was injected into the
space between the two electrodes after the assembling process. A Class A quality solar simulator
with a light intensity of 100 mW-cm~2 (AM 1.5) was used as the light source to illuminate the DSSCs
devices to measure the photocurrent-voltage characteristics.

2.3. Characterizations

Transmission electron microscopy (TEM, JEM-2100F, JOEL, Tokyo, Japan) was used to examine
the nanostructures of the prepared PtNPs/MoS, NSs hybrids. The sample for TEM was prepared
by dropping the sample solution on a copper grid coated with a carbon film. X-ray photoelectron
spectroscopy (XPS) was carried out using a PHI Quantera SXM/AES 650 (ULVAC-PHI Inc., Kanagawa,
Japan) system with a hemispherical electron analyzer and a scanning monochromated Al Ka
(hv = 1486.6 eV) X-ray source to investigate the chemical states of Mo, S, and Pt. To study the
chemical states of the PtNPs/MoS; NSs hybrids, XPSPEAK 4.1 was used for fitting the obtained
curves, peak de-convolution and assignment of binding energies, and referenced to the adventitious
C 1s peak at 284.6 eV. For spectrum analysis, the background signal was subtracted by Shirley’s
method, and curve fitting was performed by using a Gaussian-Lorentzian peak after Shirley
background correction.

The catalytic abilities of the CEs were examined by cyclic voltammetry (CV) measurements,
equipped with a three-electrode configuration using potentiostat/galvanostat (PGSTAT 302N,
Metrohm Autolab, Eco Chemie, Utrecht, The Netherlands) in an acetonitrile-based solution consisting
of 10 mM Lil, 1.0 mM I, and 0.1 M LiClO4. The Pt wire and an Ag/AgNOj3 electrode were employed
as the counter and reference electrodes, respectively. Electrochemical impedance spectroscopy
(EIS) was carried out to study the electrochemical properties of the CEs. The aforementioned
potentiostat/galvanostat—equipped with a frequency response analysis (FRA) module—was used
for the EIS analyses in a frequency range between 10° Hz and 10~2 Hz. Tafel polarization curves
were also measured using the potentiostat/galvanostat equipped with a linear polarization module
to further investigate the catalytic activities at the electrolyte-electrode interface of various CEs.
Both EIS and Tafel-polarization measurements were obtained using symmetrical devices in the dark.
The photocurrent—voltage characteristics of DSSC devices were measured under simulated solar
illumination (AM 1.5, 100 mW-cm ™2, Oriel 91160, Newport Corporation, Irvine, CA, USA), equipped
with an AM 1.5 G filter (Oriel 81088A, Newport Corporation, Irvine, CA, USA) and a 300 W xenon
lamp (Oriel 6258, Newport Corporation, Irvine, CA, USA). The simulated incident light intensity was
calibrated using a reference Si cell (calibrated at NREL, PVM-81).
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3. Results

3.1. Nanostructural Features and Composition

The morphologies and nanostructures were studied using TEM and HRTEM (JEM-2100F, JOEL,
Tokyo, Japan). Figure 1a shows a typical TEM image of the PtNPs/MoS; NSs. As we can see from
Figure 1a, the PtNPs were uniformly dispersed on the MoS, NSs without aggregation. The HRTEM
image in Figure 1b shows the plentifully exposed plans with an interlayer distance of the MoS, of
about 0.64 nm, corresponding to the spacing between (002) planes of MoS,, similar to previous studies
in Reference [12]. In addition, the HRTEM image clearly shows PtNPs with a uniform size on the
MoS; NSs, and particle sizes of the PtNPs in the range of 3-5 nm. The inset in Figure 1b shows a Pt
nanoparticle with the lattice distance of 0.22 nm corresponding to the (111) plane of crystalline Pt.

Figure 1. (a) TEM image of PtNPs distributed over MoS; NSs; (b) HRTEM of PtNPs/MoS, NSs,
the inset showed the lattice distance of 0.22 nm corresponding to the (111) plane of Pt.

Figure 2 and Table 1 show the XPS fitting results of PtNPs/MoS; NSs. Figure 2a shows the
XPS spectrum of the wide spectral region of the MoS; NSs and PtNPs/MoS, NSs, respectively.
The relatively characteristic peaks of the elements are also illustrated in Figure 2a. As seen in Figure 2a,
when compared with MoS, NSs, the Pt 4f peak of PtNPs/MoS; NSs can be clearly seen. Figure 2b—d
show the chemical states of Pt 4f, Mo 3d, and the S 2p orbitals of the PtNPs/MoS; NSs, respectively.
Figure 2b shows the high-resolution Pt 4f spectra, where the main peaks at 71.2 and 74.5 eV correspond
to Pt4f; /, and Pt%4fs, of the metallic Pt. The smaller peaks at the higher binding energies of Pt**4f;
at 72.0 eV, P?*4fs 5 at 75.3 eV, Pt*4f, ; at 73.6 eV, and Pt*4f5; at 76.9 eV, correspond to PtO and
PtO;,, respectively [19]. Figure 2c shows the high-resolution Mo 3d spectra, where the two main
peaks of Mo 3d spectra are at 229.2 and 232.3 eV, which correspond to the Mo**3ds,, and Mo**3d3 >
orbitals, and the revealed Mo** states indicated that the major formation was MoS, [20]. The other
peaks of Mo®*3ds,, at 230.3 eV, Mo®*3d3 , at 233.4 eV, Mo®*3ds, at 231.4 eV, Mo®*3d3,, at 234.5 eV,
Mo®*3ds,, at 232.5 eV, and Mo®*3d;,, at 235.6 eV, corresponded to the minority products of MoSs,
MoS3, and MoQg, respectively [20,21]. The relatively weak peaks of MoO3 may come from the
oxidation of Mo atoms at the edges, or defects on the crystal planes of the MoS; NSs during the
chemical reaction [22]. Figure 2d shows the high-resolution S 2p spectra, the S>~2p3, and S>~2p; o
peaks at 161.9 and 163.1 eV, which corresponds to MoS,. The 822_2p3 /2 and 522_2p1 /2 of binding
energy at 163.2 eV and 164.4 eV might represent the intermediate products of M0,S5 and the MoS3
with a formula of [Mo**(S,)2~52~] [23,24].

Pt is predominantly present as metallic Pt along with surface oxides and hydroxide, as is normally
observed in the case of Pt NPs [19]. Therefore, as above-mentioned, the oxidation groups on the crystal
planes of the MoS, NSs probably act as nucleation sites to reduce the precursor Pt** to Pt>* and Pt in
the mixture solution (H,PtCls-EG-water) for the subsequent formation of PtNPs by EG reduction.
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Figure 2. (a) XPS survey spectra; and high-resolution XPS analysis of (b) Pt 4f, (c) Mo 3d, and (d) S 2p
of PtNPs/MoS; NSs hybrids.

Table 1. Mo 3d, S 2p, and Pt 4f peaks in the XPS spectra of PtNPs/MoS; NSs.

Peak Fitting of the Peak Binding Energy (eV) and Product
Pt af Ptodfzp Ptodfs Pt2+4frn Pt2+4fsn Pt+dfrp Pti+dfsn
71.2 (PY) 74.5 (PY) 72.0 (PtO) 75.3 (PtO) 73.6 (PtO2) 76.9 (PtO:)
Mo#*3ds Mo#*3dsp Mo>*3ds2 Mo>*3dsp Mo¢*3ds2 Mo¢*3dse Mot*3dse Mot*3ds2
Mo 3d 229.2 232.3 230.3 233.4 2314 2345 2325 235.6
(MoS2) (MoS2) (Mo2Ss) (Mo02Ss) (MoSs) (MoSs) (MoOs) (MoOs)
S2p S 2pap S¥2pip 522-2p3p S$22p1p2
161.9 (MoS2) 163.1 (MoS2) 163.2 (Mo2Ss, MoSs) 164.4 (Mo:2Ss, MoS3)

3.2. Electrochemical Properties

EIS measurement was performed in a symmetrical cell comprised of two identical CEs to analyze
the correlation between the electrocatalytic activities of the various CEs. Nyquist plots in Figure 3a
display the impedance characteristics based on the PtNPs/MoS; NSs, MoS, NSs and TD-Pt CEs,
and the corresponding electrochemical parameters obtained from the Nyquist plot were fitted with
the Autolab FRA software (v4.9, EcoChemie B.V.) and are summarized in Table 2. Based on the
equivalent circuit (the inset of Figure 3a), the Rs value was estimated from the intercept on the real
axis in the left region, where Rs corresponded to the series resistance of the electrolyte and electrodes.
The left semicircle in the high-frequency region corresponded to the charge-transfer resistance (Ret)
and the phase angle element (CPE) at the electrolyte-electrode interface, and the right semicircle in
the low-frequency region corresponded to the Nernst diffusion impedance (Zy) in the electrolyte.
It is well known that a smaller R represents a higher conductivity and a smaller Rt brings a faster
charge-transfer rate from the CE to the electrolyte to enhance the electrocatalytic activities. The Rg
value corresponds to the series resistance and includes the sheet resistance of the FTO substrate and
the resistance of the contacts. The Rs of PtNPs/MoS, NSs, MoS; NSs and TD-Pt CEs were 27.8 Q-cm?2,
27.9 O-cm?, and 27.8 Q-cm?, respectively. Based on the R results, all CEs had similar conductivities.
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The Ret of PENPs/MoS, NSs, MoS, NSs and TD-Pt CEs were 0.75 Q-cm?, 12.15 Q-cm? and 3.81 Q-cm?,
respectively. The results demonstrated that PtNPs/MoS; NSs CE had outstanding charge transfer
ability, that the R value of PtNPs/MoS,; NSs CE was 16 times better than that of MoS, NSs CE,
and five times better than that of TD-Pt CE.

In addition, Figure 3b shows the Bode plots used to investigate the charge-transfer kinetics of the
various CEs where the high-frequency peak (f.t) and the low-frequency peak (fx;) corresponded to the
charge-transfer behavior of the catalytic material and the Nernst-diffusion behavior of the electrolyte,
respectively. A higher charge-transfer frequency indicated a lower electron lifetime and led to a lower
Rt value for the charge transfer rate [25]. The charge-transfer frequency of PtNPs/MoS, NSs CE was
4.5 kHz, which was higher than that of MoS, NSs (0.8 kHz) and TD-Pt (4.3 kHz). The highest frequency
of the PtNPs/MoS, NSs CE obtained from the Bode plot coincided with the lowest Rt value obtained
from the Nyquist plot (Figure 3a).

Figure 3c shows the cyclic voltammetry (CV) curves of various CEs, which was measured using
a three-electrode system with the Pt sheet as the CE, Ag/AgNOj as the reference electrode, and various
CEs as the working electrode. The relative peaks in Figure 3c corresponded to the redox reactions
of I3~ /I~ couples (reduction peak current density (I,eq): I3~ + 2~ — 317, oxidation peak current
density (Iox): 3I7 — I3~ + 2e7). The electrocatalytic activity and the redox barrier of I3~ /I couples
was evaluated in terms of its reduction peak current density (I;cq) and the voltage separation (Epp) of
the I ;.4 peak to the oy peak, respectively. The magnitude of I,.4 corresponded to the catalytic activity
of a CE for an I3~ reduction in a DSSC [26], and the value of E,, was negatively correlated with the
standard electrochemical rate constant of a redox reaction [27]. As we can see from Figure 3¢ and
Table 2, the Iq value of the PtNPs/MoS; NSs (—2.17 mA-cm~2) was higher than those of the MoS,
NSs (—1.66 mA-cm~2) and TD-Pt (—1.87 mA-cm~2). The Epp, of the PtNPs/MoS; NSs CE showed
a relatively lower value of 0.23 V when compared to that of MoS, NSs (0.27 V) and TD-Pt (0.24 V) CEs.
Therefore, the higher I,.q and lower Epp, values meant better electrocatalytic activity of PtNPs/MoS;
NSs CE in DSSC. The results obtained from CV indicated that PtNPs/MoS; NSs CE had a better charge
transport rate when compared with MoS; NSs and TD-Pt CEs, which was consistent with the EIS
results and Bode plots (Figure 3a,b).

Tafel-polarization curves were used to further investigate the catalytic activities of the exchange
current densities (Jp) and the limiting current densities (J;i,,) at the electrolyte-catalyst interface
of various CEs. As shown in Figure 3d, the ] was approximately calculated by the Tafel linear
extrapolation method, which was closely associated with the R¢; value (Jg is inversely proportional
to Ret) and the [, is dependent on the intersection of the cathodic branch and the vertical axis
(Equations (1) and (2)) [13].

RT
Jo= nFRcr 1)
1
D = 5 5 im 2

where R is the gas constant; T is the temperature; F is the Faraday constant; [ is the spacer thickness;
C is the concentration of I3~ species; and 7 represents the number of electrons transferred in the
reduction reaction.

As shown in Figure 3d and Table 2, the PtNPs/MoS; NSs CE showed the highest values
for Jo (5.2 mA-cm~2) and Jji,, (12.1 mA-cm~2), which were higher than those of MoS, NSs CE
(Jo = 2.7 mA-cm ™2, Jjim, = 10.2 mA-cm~2) and TD-Pt CE (Jp = 4.4 mA-cm 2, Jjj, = 11.9 mA-cm—2).

According to the results obtained from the Tafel-polarization curves, the highest o and Jjin,
values of the PtNPs/MoS; NSs CE indicated the lowest Rt value at the electrolyte—electrode interface,
which was consistent with the EIS measurements. Furthermore, the highest |y and i, values of the
PtNPs/MoS; NSs CE also coincided with the highest ipC and lowest Epp values obtained from the
CV curves, which strongly agreed with the promotion of the I3~ reduction rate, thus enhancing the
catalytic activity.
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Figure 3. Electrocatalytic properties of various CEs. (a) Nyquist plots; (b) Bode plots; (c) CV curves;
and (d) Tafel curves.

Table 2. Electrocatalytic properties obtained from Figure 3.

Rs Ret ZN fet N Tox Ired Epp Jo Jtim

CE (Q:em?)  (Q:em?)  (Q:em?)  (kHz) (Hz) (mA-cm™2) (mA-cm~?) (V) (mA-cm™2) (mA-cm™32)
PtNIESS/SMOSZ 27.8 0.75 4.03 4.5 0.57 244 —-2.17 0.23 5.2 12.1
MoS, NSs 279 12.15 4.24 0.8 0.55 1.98 —1.66 0.27 2.7 10.2
TD-Pt 27.8 3.81 3.93 43 0.57 2.31 —1.87 0.24 44 119

3.3. Photovoltaic Performance of DSSCs

Figure 4 shows the photocurrent-voltage curves of DSSCs assembled with PtNPs/MoS; NSs,
MoS; NSs, and TD-Pt CEs. The short-circuit current density (Js), open-circuit voltage (V.), fill factor
(FF), and PCE (n) used to characterize the photovoltaic performances of the DSSCs are summarized
in Table 3. The highest Js., Voc, and FF values of the DSSC for the PtNPs/MoS; NSs CE were
17.23 mA-cm~2,0.71 V, and 0.61, respectively, yielding the highest 1 value of 7.52% out of all the CEs
in this work. The Js, Vo, and FF of the DSSC with the reference TD-Pt CE were 17.13 mA-cm ™2, 0.7 V,
and 0.57, respectively, yielding an 1 of 6.92%. The DSSC with the MoS, NSs CE exhibited an 1 of
6.76%, and the corresponding Jsc, Vo, and FF were 16.12 mA-cm~2,0.7 V, and 0.59, respectively. It is
worth noting that the DSSC based on the MoS, NSs CE displayed a comparable performance with that
obtained using the conventional TD-Pt CE, which can be considered indicative of a surface exposed
nanosheet possessing rich catalytic active sites [13].

Table 3. Photovoltaic parameters obtained from Figure 4.

CE Jsc (mA-cm—2) Voe (V) FF 1 (%)
PtNPs/MoS, NSs 17.23 0.71 0.61 7.52
MoS, NSs 16.12 0.7 0.59 6.76
TD-Pt 17.13 0.7 0.57 6.92
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Figure 4. Photocurrent-voltage curves of DSSCs consisted with various CEs.

4. Conclusions

In summary, the PtNPs/MoS, NSs hybrids exhibited excellent catalytic activities, acting as
an outstanding CE for the DSSCs. The two-dimensional nanostructural MoS; NSs played an important
role in this work, as MoS; NSs not only provided the rich catalytic active sites for the redox reactions,
but also displayed a high specific surface area for supporting plentiful Pt NPs. The combination of the
two outstanding catalysts showed superior catalytic behavior and led to the superb redox reaction rate
for the Is~ /I~ couples. The EIS, Bode plots, CV, and Tafel results all explained the good photovoltaic
performance of the DSSCs based on the PtNPs/MoS; NSs CE, where the lowest R value reduced loss
during charge transportation, and the highest redox frequency enhanced the charge transfer efficiency,
thereby displaying the highest iy, Jo, and Jji,, for promoting the charge collection. The superior
catalytic properties described above yielded an excellent PCE of 7.52% under AM 1.5 illumination of
100 mW-cm~2, which was 8.7% higher than that of the conventional TD-Pt CE (6.92%).
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Abstract: This paper presents a study on the photovoltaic effect of a graphene/MoS,/Si double
heterostructure, grown by rapid chemical vapor deposition. It was found that the double junctions of
the graphene/MoS, Schottky junction and the MoS, /Si heterostructure played important roles in
enhancing the device’s performance. They allowed more electron-hole pairs to be efficiently generated,
separated, and collected in the graphene/MoS, /Si double interface. The device demonstrated an open
circuit voltage of 0.51 V and an energy conversion efficiency of 2.58% under an optical illumination of
500 mW /cm?. The photovoltaic effect of the device was partly attributed to the strong light absorption
and photoresponse of the few-layer MoS, film, and partly ascribed to the high carrier-collection-rate
of the double van der Waals heterostructures (vdWHs) in the device.

Keywords: graphene/MoS,/Si heterostructure; chemical vapor deposition; energy conversion
efficiency; photoresponse

1. Introduction

Recently, van der Waals heterostructures (vdWHs), consisting of various two-dimensional (2D)
materials such as graphene, transition metal sulfide (MoS;, WSe,, etc.) and boron nitride (h-BN),
have given rise to many interesting results and phenomena [1-3]. Not only have horizontal and
vertical vdWHSs increased our physical understanding of 2D systems, but can also be used to
fabricate various novel 2D devices, such as vertical transistors, field effect transistors, photodetectors,
and photoresponsive memory devices [4-6]. In particular, the graphene/MoS, heterostructure has
emerged as a potential candidate for various novel optoelectronic devices because of the excellent
optical properties of MoS,, the high transparency of graphene, and the tunability of its Fermi
level [7-9]. Despite the many advantages of the 2D-vdWHs, it was found that the photoelectric
conversion efficiency of such optoelectronic devices is no higher than that of the bulk devices.
For example, Furchi et al. and Gong et al. reported a conversion efficiency of approximately 0.2% [10]
and 0.1% [11] with the MoS,/WSe; and WSe; /MoSe; heterostructures, respectively. 2D devices
also exhibit a pronounced response to optical signals. This is because, although the 2D materials
have good photoresponse characteristics, their weak photoelectron collection ability leads to a high
recombination rate and low conversion efficiency. Therefore, it is necessary to further enhance the
collection rate of the photogenerated carriers, thereby increasing the photoelectric conversion efficiency.
In this work, we designed a graphene/MoS, /Si double heterostructure, that is, the graphene/MoS,
Schottky junction and the MoS, /Si heterostructure. These were used to improve the collection rate of
photogenerated carriers, as well as the photoelectric conversion efficiency. The graphene/MoS, /Si
double vdWHs were prepared by a rapid chemical vapor deposition, and the photovoltaic effect was
investigated. A small Schottky barrier was formed between the few-layer graphene and MoS; layer
due to the difference in their work function, and a large pn barrier was formed between MoS, and Si
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substrate, which accelerated the separation of the photogenerated electron-hole pairs and enhanced
the carrier collection capability, thus providing a better optical and electrical performance.

2. Materials and Experiment

The structure of the studied graphene/MoS,/p-Si vdWHs was composed of a graphene layer,
a MoS; layers, a p-Si, and Ni, Al electrodes; the schematic and the energy band diagram is shown
in Figure 1a,b. In Figure 1b, Ec, Evs, Ers, and Xs are the conduction band, valence band, Fermi level,
and electron affinity, respectively, of Si, while Ecm, Eym, Efm, and xm are the conduction band, valance
band, Feimi level and electron affinity, respectively, of MoS;. For Si, xs = 4.0 eV, Egs = 1.12 eV. For MoS;,
Xm =4.05 eV, Egs = 1.4 eV [12]. Eg is the vacuum level, and gV is the built-in potential between p-Si
and MoS,. The graphene and MoS; layers were fabricated on a p-Si surface by a rapid chemical vapor
deposition (CVD) process. The growth system was made up of a large horizontal quartz tube furnace,
a vacuum system, a gas meter, and an automatic temperature controller. p-Si (100) substrates with a
size of 12 mm x 12 mm x 500 mm were cleaned ultrasonically with a sequence of acetone, ethanol,
and deionized water, blown with N to dry them, and finally placed at the center of the furnace. Prior
to deposition, the furnace was pumped to 102 Pa, and heated to 300 °C for 10 min to remove any
water moisture. 1 g Analytical grade MoS; micro powder and 1 g silver nitrate (AgNO3) powder were
dissolved in 200 mL of 5% diluted sulfuric acid (H,SO4) by stirring for 5 min at 70 °C in a water bath.
Here, H,SO; is a solvent to dissolve MoS, powder to become saturated solution, and AgNO; is a
dopant to dope MoS; film in situ, which can effectively improve the electrical conductivity of MoS,
film [13]. Argon (Ar) gas was passed through the mixed solution at a flow rate of 10 cm®/min to carry
AgNO; and MoS; into the reaction furnace. Growth was carried out for 5-10 min, followed by in situ
annealing at 800 °C for 30 min. Then, a mixture of pure CHy gas (99.999%) and Ar gas with a volume
ratio of 1:10 was introduced into the reactive chamber, where the temperature was kept at 950 °C.
CHy was initially decomposed to give a mixture of C and Hy, and the C atoms condensed to form
graphene film [14]. The growth process was carried out for 5 min, and then the samples were annealed
at 1000 °C for 30 min. Finally, the samples were removed out when the system had cooled down
to room temperature, Ni electrodes (2 mm x 2 mm, 300 nm) were formed by a sputtering method
through a shadow mask at the corner of the graphene film, and Al electrode were deposited on the
backside of the Si substrate.
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Figure 1. (a) The schematics of the grapheme/MoS, /Si heterostructure device; (b) the energy band
diagrams of the MoS, /p-Si vdWHs.

The morphology and structure of the samples were characterized by atomic force microscopy
image (AFM, MultiMode 8, Bruker, Billerica, MA, USA) and Raman spectroscopy (Spex-1403,
INC, Metuchen, NJ, USA). The optical transparency profiles of the graphene and MoS; films were
investigated by UV-Vis spectroscopy (UV3600, Shimadzu, Kyoto, Japan). Finally, the photovoltaic
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characteristics of the graphene/MoS, /p-Si structure were evaluated by a Keithley (Cleveland, OH,
USA) 4200 SCS under white light illumination.

3. Result and Discussion

Figure 2a shows an atomic force microscopy (AFM) image of the deposited graphene film. A large
uniform graphene film was formed on the substrate, on which some newly generated slices were
scattered. From the scale picture in Figure 2b, we can estimate that the thickness of the yellow uniform
graphene is approximately 2.5 nm, equaling a few layers of graphene, the highest height of the film is
about 5.66 nm. Figure 1c shows the Raman spectrum of the deposited graphene film. We can see that
two major scattering peaks appear in the spectrum, a 2D-band peak at 2692 cm~! and a G-band peak
at 1580 cm 1. The intensity ratio of Ig:Iop = 2 confirms that this is a few-layer graphene [15].
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Figure 2. (a) Shows an atomic force microscopy (AFM) image of the deposited graphene film;
(b) the scale bar of the graphene; (c) the Raman spectrum of the deposited graphene.

Figure 3a shows the AFM image of MoS; film deposited on the Si substrate. It is seen that
many MoS; rings with thicknesses of approximately 5 nm are uniformly distributed on the surface,
which is equivalent to ten layers of MoS,. The sublayer MoS, is a homogeneous, continuous film
with a thickness of approximately 5 nm. The rings take a circular shape with an inner and outer
diameter of 50 and 100 nm respectively. They are uniformly scattered on the substrate without any
overlap, dislocation or defect, indicating that they are formed by an excellent self-organized growth
process with a layer-by-layer growth mode. Figure 2b shows the Raman spectrum of MoS, with two
typical strong waving peaks at 385 cm ! and 406 cm !, corresponding to the in-plane (E%g) and the

109



Coatings 2018, 8,2

out-of-plane (A1g) modes respectively [16]. It has been reported that the E%g mode is attenuated and
the Ajg mode is strengthened with increasing layer thickness [16], which is similar to other layered
materials, where the bond distance changes with number of layers [17]. The frequency difference of
the Raman modes of A4 and E%g is about 21 cm !, indicating that the deposited MoS; is few-layered,
based on [18,19].
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Figure 3. (a) The AFM image of MoS; film deposited on Si substrate; (b) the Raman spectrum of MoS,.

The transmittance of the graphene sample in the visible light range of 400-800 nm is shown in
Figure 4a. The optical transparency of the graphene deposited for 5 min was over 80% in the visible
range. Moreover, the transparency increases with wavelength, becoming almost fully transparent for
the range of 600-800 nm. A high transmittance is very useful for making solar cells, because light in
the 400-800 nm range has higher power. Theoretically, the transparency of graphene drops quickly
with thickness [20]. However, the actual measured transparency of graphene does not closely obey this
pattern. Wang et al. reported that the transparency of GO is over 80% in 550 nm light at a thickness of
22 to 78 nm [21]. Figure 3b shows the UV-Vis absorption spectra of the MoS, /Si heterojunction sample
in the wavelength range of 250-900 nm. The absorption peak for the MoS, film, corresponding to the
band gap of MoS, (approximately 1.69 eV), is located at 735 nm, and the absorption peak of Si occurs
at 850 nm. It is clear that the optical absorption of the MoS, /Si heterojunction covered the visible and
near-infrared spectral regions of 350-900 nm, which could help to improve the efficiency of solar cells.

00 o6k

05
80 04}

03}

Intensity (a.u)

60 | o2

Transmittance (%)

01F

0.0

40 L ' L L 1 1 I L 1
450 600 750 900 300 400 500 600 700 800 900

Wavelength (nm) Wavelength (nm)

(@) (b)

Figure 4. (a) The transmittance the visible light range of the graphene sample; (b) the UV-Vis absorption
spectra of the MoS, /Si heterojunction sample in the wavelength range 250-900 nm.

Figure 5a,b shows the current-voltage (I-V) characteristic curves of the graphene/MoS,/Si
heterojunction solar cell under different light energy densities without and with illumination,
respectively. Without illumination, the positive current I increases exponentially with the applied
voltage for V > 0, while the reverse current reduces to almost zero when V < 0. The heterojunction
shows very low reverse saturation current and rectification properties. This shows that the
heterojunction has good interface and contact properties, although there is a large lattice mismatch
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between MoS, and graphene. No reconstruction is expected when they contact closely [22], because
there are few dangling bonds and surface states in the two dimensional films, and they are compacted
by van der Waals interaction with minimum strain. The [-V curves measured with optical power
densities from 100 to 500 mW /cm? are presented in Figure 5b. The reverse current is much higher
here than that during darkness, and all the curves in reverse bias show good saturation characteristics.
Clearly, the current increases with increasing light energy. The heterojunction has a large open circuit
voltage (Voc) of 0.51 V, and a short-circuit current of 0.51 pA at an illumination of 500 mW/ cm?.
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Figure 5. The current-voltage (I-V) curve of the graphene/MoS, /Si heterojunctions in darkness (a),
and illumination with different light energies (b).

A Schottky barrier forms between the graphene and MoS; film, and a pn heterostructure forms
between the MoS; film and Si substrate. Since the graphene layer has high transmission properties,
only a small part of the light will be absorbed by the few-layer graphene, while a large part will
pass through. The transmitted light is further absorbed by the MoS, film and Si substrate, which
produces intrinsic absorption when the photon energy is larger than the optical band gap, giving
rise to photogenerated electron-hole pairs. The holes, being the minority carrier in the MoS; layer,
have a concentration gradient, which will diffuse to the space-charge region boundary of MoS, /Si
heterojunction. Thereafter, they are accelerated to the Si side under the built-in electric field in the
space-charge region. Thus, the photogenerated electrons and holes are separated by the built-in
electric field in the space, and they accumulate on the MoS, and Si sides, respectively, generating the
photovoltaic effect between the MoS; and Si surface.

The short-circuit current (Isc) and the open-circuit voltage (Voc) of the graphene/MoS,/Si
heterojunction solar cell with different light energies are shown in Figure 6a,b, respectively. Voc
represents the voltage when no current is flowing through the device, while Isc shows the current at
zero voltage between the electrodes. Generally, Isc and Voc linearly increase with light energy
because the photogenerated carriers are in direct proportion to the light energy [23]. We can
see that the conversion of optical energy into electrical energy of the graphene/MoS,/Si device
is approximately 2.5%. It is larger than the previously reported values of 2.15% and 1.47%
for a monolayer graphene film/Si-nanowire-array Schottky junction solar cell [16] and graphene
nanoribbon/multiple-silicon-nanowires junctions [24], respectively. Moreover, it is almost ten times
larger than that of the MoS;/WSe; [10] and the WSe;/MoSe, Heterostructures [11]. The high
conversion efficiency in our work may be attributed to the following reason. Firstly, electrons in
the graphene layer have high mobility, which imparts good conductivity and low contact resistance.
Secondly, the double junctions can accelerate the separation process of the photogenerated electrons
and holes, thereby decreasing their recombination. Finally, the bulk Si substrate has high carrier
collection capability, which can effectively enhance the conversion efficiency.
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Figure 6. The parameter dependence of the graphene/MoS, /Si heterojunctions with optical power
density: (a) The short-circuit current (Isc); (b) the open-circuit voltage (Voc)-

From the results, we deposited a large area of uniform graphene and MoS, films by chemical
vapor deposition. The graphene/MoS, /Si heterojunctions have good I-V properties, photovoltaic
effect and high photoelectric conversion efficiency, showing that the heterojunction has good contacting
and interface properties, which could be used to fabricate high-efficiency solar cells, optical detectors,
and other light-response devices.

4. Conclusions

Few-layer graphene and MoS, films were prepared on a Si substrate by rapid chemical vapor
deposition, and the photovoltaic effects of the graphene/MoS, /Si double-junction were investigated.
The graphene and MoS, films have a large-area uniform morphology with a thickness of tens of
monolayers. The graphene/MoS, heterojunction has good interface and photoelectric response
properties. An open-circuit voltage of 0.51 V and an energy conversion efficiency of 2.58% were
achieved under an illumination energy of 500 mW/cm?. The higher conversion efficiency was
attributed to the double junction and Si substrate, which played important roles in collecting carriers
and enhancing the conversion efficiency. The double-junction device can harvest solar light and
generate more electron-hole pairs efficiently.
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Abstract: Dispersion of 2D carbon nitride (C3Ny4) nanosheets into a nickel phosphorous (NiP)
matrix was successfully achieved by ultrasonication during the electroless plating of NiP from
an acidic bath. The morphology and thickness, elemental analysis, phases, roughness, and wettability
for as-plated and heat-treated nanocomposite were determined by scanning electron microscopy,
energy-dispersive X-ray spectroscopy, X-ray diffraction, atomic force microscopy, and contact
angle measurements, respectively. C3Ny showed a homogeneous distribution morphology in the
nanocomposite that changed from amorphous in case of the NiP to a mixed crystalline-amorphous
structure in the NiP-C3Ny nanocomposite. The microhardness and corrosion resistance of the
as-plated nanocomposite and the heat-treated nanocomposite coating were significantly enhanced
compared to the Ni-P. The nanocomposite showed a superior corrosion protection efficiency of ~95%,
as observed from the electrochemical impedance spectroscopy (EIS) measurements. On the other
hand, the microhardness of the nanocomposite was significantly increased from 780 to reach
1175 HVyqg for NiP and NiP-C3Ny, respectively.

Keywords: electroless NiP alloy; carbon nitride; composites coating; corrosion; microhardness

1. Introduction

Enhancing the corrosion protection for oil and gas pipelines continues to motivate intensive
research efforts to find new coatings or modify the existing ones. Electroless deposited NiP coatings,
obtained by an autocatalytic process, are characterized by a combination of many unique properties
such as good wear and corrosion protection efficiency, uniformity of coating thickness, and a higher
hardness [1]. These properties opened the field for NiP to be used in different industries [2]. However,
to improve these properties, the incorporation of nanoparticles in the NiP matrix has been tried
extensively recently [3-8]. The performance of the co-deposition of hard second-phase nanoparticles
such as Al,O3, TiN, B4C, ZrO,, SiC, TiO,, CNT, graphite, and diamond [9-17] with the Ni-P matrix
was investigated, and has shown an enhancement in terms of microhardness, as well as corrosion
and wear resistances. Nevertheless, the Ni-P matrix with the insertion of the carbon nitride (C3Ny)
nano-sheets has not been reported. The prediction of the possible existence of the C3N4 compound
is credited to Cohen and Liu [18,19]. Due to its high hardness and excellent thermal and chemical
stability, C3Ny has attracted significant interest. C3Ny properties are essentially the same as those of
diamond [20], i.e., the mechanical and tribological characteristics, as well as the corrosion resistance of
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its composite coatings, are expected to be excellent [21]. The goal of the present study is to prepare
a new NiP-C3Ny nanocomposite with better corrosion resistance and mechanical properties through
the incorporation of 2D C3N, nanosheets during the electroless deposition of the NiP alloy. In addition,
a comparative study between the new nanocomposite and the original C3Njy-free alloy will be carried
out to show the superior performance of the electroless deposited NiP-C3Ny4 nanocomposite compared
to the NiP alloys.

2. Experimental

2.1. Materials, Solutions, and Preparation

Electroless NiP and NiP-C3N4 nanocomposite coatings were deposited on an API X120 C-steel
that was starting to be used recently in the oil and gas industry. The chemical composition (in wt %) of
the API X120 steel that purchased from Tianjin Tiangang Guanye Co., Ltd., (Tianjin, China) is shown
in Table 1.

Table 1. The chemical composition (in wt %) of the substrate.

C Si Mn Ni Cr Mo Cu A\ Fe
0.129 0101 0541 0.017 0.039 0.0013 0.015 0.25  balance

Prior to the electroless deposition, the specimens were grinded with different grits of emery paper
up to 2000, then polished with micro-polish alumina suspension (1 and 3 um) to obtain a mirror
finishing surface. After that degreasing the specimens in ultrasonicated acetone bath for 15 min was
done, followed by alkaline cleaning for 5 min at 80 °C then electro-alkaline cleaning for 2 min at
70 °C with I = 2 A-cm~2 and acid etching in 15 wt % H,SO, solution for 20 s. The used alkaline
cleaning solution consists of 50 g-L.~! NaOH, 30 g-L~! NayCO3 and 30 g-L~! Na3PO, while that used
in electro-alkaline cleaning consists of 15 g~L’1 NaOH, 25 g~L*1 Na,COj3 and 25 g~L’1 Na3zPOy.

After each of the pretreatment steps, the specimens were washed with deionized water. Pretreated
substrate coupons of 20 x 30 x 10 mm?® were used in the electroless deposition process. All used
solutions are analytical-grade reagents from Sigma-Aldrich (St. Louis, MO, USA).

The electroless bath for the NiP coating contained 15 g-L™! NiSO4-6H,O, 30 gL'
NaH,PO,-H,0, 20 g- L~ lactic acid, 20 g-L’l citric acid, and 0.002 g'L*1 thiourea, while the
electroless NiP-C3Ny nanocomposite coating bath contained 15 g-L’1 NiSO4-6H,0, 30 g-L’1
NaH,PO,-H,0, 15 g- L~! ammonium chloride, 30 g-1.~! sodium citrate, and 0.002 g-1.~! thiourea.
NaOH was used to adjust the pH of the NiP and NiP-C3Ny plating baths to 4.5 and 8, respectively.
The two baths were maintained at 85 °C. To obtain well-suspended C3N4 nanosheets, which are
synthesized and characterized in our previous work [22], in the electroless bath, 0.5 g of C3N4 was
added to a 100 mL of the plating solution that includes also 0.02 g-L ! of sodium dodecyl sulfate as
the surfactant. Then, the solution was mixed with ultrasonic probe for 2 h. Finally, the mixture was
poured into the original plating bath stirred at 300 rpm using a magnetic stirrer. The coupons were
immersed in the bath and the plating process lasted for 2 h. Then, the coupons were removed from
the bath, rinsed with deionized water, and dried with blowing air. After plating, three samples of
each coat underwent heat treatment (HT) at 400 °C for 1 h under vacuum to study the change in the
properties of the NiP and NiP-C3Ny nanocomposite after the HT.

2.2. Characterization

The surface morphology and the elemental analysis of the nanocomposite were performed
using a scanning electron microscope (SEM, Nova NanoSEM 450, Thermo Fisher Scientific,
Eindhoven, The Netherlands) coupled with an energy-dispersive X-ray spectroscopy (EDX, Bruker
detector 127 eV, Bruker, Leiderdorp, The Netherlands). The analysis of the different phases of the
nanocomposite coating was performed using X-ray diffractometry (XRD, Miniflex2 Desktop, Cu K«,
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Rigaku, Tokyo, Japan). A Vickers microhardness tester (FM-ARS9000, Future-Tech Corp., Tokyo, Japan)
was used to measure the microhardness at a load of 200 g for 10 s. The measurements were repeated
five times on each sample and the mean of the results was considered. Atomic Force Microscopy
(AFM) was used to inspect the heterogeneities (surface roughness) of the coated specimens. An MFP3D
Asylum research (Asylum Research, Santa Barbara, CA, USA) AFM equipped with a silicon probe
(Al reflex coated Veeco model-OLTESPA, Olympus, Tokyo, Japan; Spring constant: 2 N-m~!, resonant
frequency: 70 kHz) was utilized for all roughness experiments. Measurements were conducted
at ambient conditions using the Standard Topography AC in air (tapping mode in air). Contact
angle measurements were conducted using a DataPhysics OCA35, DataPhysics Instruments GmbH,
Filderstadt, Germany). Four microliters of deionized water were used as the probing liquid. To achieve
accurate results, at least five contact angles were measured, and their average is reported.

2.3. Corrosion Study

The electrochemical impedance spectroscopy (EIS) was performed using a three-electrode
cell at 25 °C in a 3.5% (w/w) NaCl solution utilizing a Gamry electrochemical workstation
(Gamry Instruments, Warminster, PA, USA). The corrosion resistance of the electroless-plated NiP
and the NiP-C3N; nanocomposite was examined. An area of 2 cm? of the coated specimen was the
working electrode, while an Ag/AgCl electrode and a graphite rod were used as the reference and
the counter electrodes, respectively. A 10 mV AC amplitude was used, and the frequency varied from
0.01 Hz to 100 kHz. All EIS data were recorded after a steady-state, open-circuit potential was achieved.
A 3.5 wt % sodium chloride solution was utilized to expose a 2 cm? area of the surface. Following the
immersion of the specimens in a 3.5% (w/w) NaCl solution for 3 h and keeping them at an open-circuit
potential for 20 min, potentiodynamic polarization tests (Tafel analysis) were performed. A scan rate
of 0.167 mV-s~! and a potential range of 250 mV vs. the open circuit potential was used to acquire
the anodic and cathodic polarization curves.

3. Results and Discussion

3.1. Surface Morphology of the Ni-P and Ni-P-C3N4 Coatings

The SEM surface morphology of the as-plated NiP and NiP-C3N4 nanocomposite layers are
represented in Figure 1a,b, respectively. The surfaces of both coatings exhibit a typical “cauliflower-like”
morphology that shows many grains, and each contains many fine granules. Although the cauliflower
morphology is a common feature for the electroless-plated NiP alloys, it can be observed that there
are spaces between the nodules that facilitate the diffusion of the corrosive media to the substrate,
as shown in Figure 1a. Figure 1b reveals a fine microstructure of the NiP-C3Ny nanocomposite coating
compared to the NiP coatings that are shown in Figure 1a. This may be attributed to the uniform
distribution of the C3N4 nanosheets in the NiP composite coating surface that results in a more fine
compact structure with higher surface roughness, as shown later in AFM measurements. Figure 1c,d
showed the EDX spectra of the as-plated NiP and NiP-C3Ny coatings that illustrate the presence of
nitrogen in the nanocomposite, which proved the successful co-deposition of the C3N4 nanosheets
into the NiP matrix. As seen in Figure 1e, for more illustration, the EDX mapping proves that the C3Ny
nanosheets are uniformly and homogeneously distributed in the NiP matrix.

Furthermore, examination of Figure lc,d shows that the NiP and NiP-C3N4 coatings
contain approximately 10.48 and 8.76 wt % phosphorus, respectively. According to [23,24],
the microstructure of ENP (Electroless NiP) coatings has been reported to be either amorphous
or crystalline, or both, depending on the phosphorous content involved. For instance, crystalline,
mixed amorphous-crystalline, and amorphous structures have been reported for low (1-5 wt %),
medium (6-9 wt %), and high (10-13 wt %) phosphorous ENP coatings, respectively. Therefore,
the microstructure of the NiP coating is amorphous (see XRD results in Section 3.3), whereas that
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of the NiP-C3Ny coating tends to be a mixed crystalline-amorphous, as depicted by XRD results in
Section 3.3.
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Figure 1. (a,b,f,g) SEM micrographs and (c,d,h,i) EDX elemental analysis of the electroless as-plated
(a,c) NiP, (b,d) as-plated NiP-C3Ny, (f,h) heat-treated NiP, and (g,i) heat-treated NiP-C3Ny, respectively;
(e) EDX mapping for the C and N elements on the surface of the NiP-C3N, composite coating.

After HT at 400 °C for 1 h, the granular morphology of the as-plated NiP coating is gradually
diminished and becomes smoother, as shown in Figure 1f. Comparison of the as-plated NiP-C3Ny
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composite coating to the heat-treated composite coating reveals that there is a difference in the
nodular morphology, and the particles become larger and more agglomerated, as shown in Figure 1g.
The change in the morphology with HT may be attributed to the different diffusion coefficients for the
different phases in the composite coatings.

The cross-section morphology of as-plated NiP and NiP-C3Ny coatings was checked using SEM,
as shown in Figure 2. It was revealed that the thickness of the NiP coating is approximately 52 um,
whereas the NiP-C3Ny coating has a thickness of 35 pm. This indicates that the existence of the
reinforcing phase (C3Ny) in the coating decreased the thickness considerably. Decreasing the thickness
reveals the low deposition rate of the NiP-C3Ny coating compared to that for the NiP one. This may be
attributed to the possibility of the physical adsorption of some C3Ny particles on the catalytic surface
that result in the minimization of the available active sites for the deposition process that decreases the
overall deposition rate [25]. In addition, there are no defects or cracks observed at the substrate-coating
interface. This demonstrates the good adhesion of the coatings. The thickness of both coatings does
not change after the HT.

(a) (b)

Figure 2. The cross-sectional SEM-photomicrographs of the (a) Ni-P and (b) NiP-C3N4 nanocomposite coatings.

3.2. Structures of the Ni-P and Ni-P-C3N4 Coatings

XRD patterns of both as-plated and heat-treated Ni-P and Ni-P-C3Ny layers are represented in
Figure 3a,b, respectively. It is observed that the diffraction pattern of both NiP and NiP-C3N4 composite
coatings before the HT has only a single broad peak at 44.5°, which is related to a face-centered cubic
(FCC) Ni (111) plane, as shown in Figure 3a. The peaks representing the C3Ny particles that appear
in the inset of Figure 3a are not detected in the diffraction pattern of the composite coating shown
in Figure 3a. This may be attributed to the low quantity of C3Ny and high density of Ni diffraction
peaks. According to the EDX results, the NiP-C3Ny4 composite coating microstructure is a mixture of
amorphous and crystalline phases. Based on the full width at half maximum (FWHM), it is found that
the FWHM of the NiP and NiP-C3Ny4 composite coatings is 7.63 and 6.34, respectively. Therefore, it is
concluded that the presence of C3Ny in the coating promotes the formation of crystalline phase; see a
similar case in Ref. [26].

After HT, the as-plated NiP coating crystallized mainly as Ni3P particles on the surface. As the
amorphous structure is metastable, its peak decreased after HT and crystalline Ni; also, NizP phases
are formed. It is clear that the diffraction pattern of the C3N4 nanocomposite coating coincides with
that of the NiP coating, i.e., the presence of C3N4 nanosheets in the coating has not affected the phase
angle (peaks positions) of the coating, and new peaks have not appeared. Moreover, it can be observed
that the intensity of the resulted peaks decreases dramatically for the NiP-C3N, nanocomposite coating
compared to C3Ny-free one. This can explained by the decrease in the amount of deposited Ni and
P as a result of presence of C3Ny in the coating. This is illustrated in the EDX charts shown above
in Figure 1h,i, in which the Ni and P contents decreased by 3.2 wt % and 22.9 wt %, respectively.
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In addition, as illustrated in Figure 1h, increasing the P(wt %) in the heat-treated NiP coating results in
smaller Ni diffraction peaks.
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Figure 3. XRD pattern of NiP and NiP-C3Ny coatings (a) before and (b) after HT at 400 °C for 1 h.

3.3. Contact Angle Measurements

The surface roughness of coatings, in addition to its directly related properties, e.g., hydrophilicity
and hydrophobicity, are important properties to be studied. The higher the surface roughness is,
the more hydrophobic and corrosion-resistant the coating will be. Figure 4 shows the water contact
angles (WCAs) of the substrate (API X120 steel), the NiP, and the NiP-C3N4 nanocomposite coatings
before and after the HT at 400 °C for 1 h.

The WCA for steel is 86°, i.e., less than 90°, indicating its hydrophilic nature. Both as-plated
NiP and NiP-C3Ny coatings are hydrophobic, as their contact angles are found to be 105° and 109°,
respectively. After HT, a decrease in the water contact angle is observed for both NiP and the
nanocomposite coatings (Figure 4d,e). Because of the recrystallization of the nickel and a phase
transition that led to the change in the surface chemistry and roughness of the NiP coatings,
the as-plated coatings became hydrophilic after HT [27].

(a) (b)

() (d)

(e)

Figure 4. WCAs of coatings: (a) substrate: CA = 86 & 1°; (b) as-plated NiP: CA =105 & 1°; (c) as-plated
NiP-C3Ny: CA =109 £ 1°; (d) heat-treated NiP: CA = 70.5 + 1°; and (e) heat-treated NiP-C3Ny:
CA =72.8 + 1°. Heat treatment was done at T = 400 °C for 1 h.
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3.4. Surface Roughness of Coatings

The Atomic force microscopy (AFM) was used to measure the surface roughness of the NiP and
NiP-C3Ny coatings before and after the heat treatment, as shown in Figure 5. The surface roughness
of the NiP-C3Ny4 composite coating in the presence of C3Ny nanosheets in the NiP coating increased.
The surface roughness of the as-plated NiP coating is 22 nm, whereas the NiP-C3Ny shows a surface
roughness of approximately 43 nm. This proves the increased hydrophobicity of the NiP-C3Ny coating
relative to that of the NiP coating. It is obvious that the surface roughness of the NiP coating and
the C3N4 composite coating after the heat treatment decreased by about half of their initial values.
This was attributed to the recrystallization of the coatings and the formation of the NizP and Ni crystals
that are more stable and show ordered structures. Therefore, the roughness of the NiP-C3Ny composite
coating is always higher than that of the NiP coating, even after reduction of the roughness upon the
heat treatment.

NiP NiP-CsNa
Surface Roughness: 22 nm Surface Roughness: 43 nm

0504m

NiP @ NiP-CsNa
Surface Roughness: 10.96 nm Surface Roughness: 19.4 nm

(b)

Figure 5. AFM images of electroless NiP and NiP-C3N4 nanocomposite coatings (a) before and (b) after
heat treatment at 400 °C for 1 h.

3.5. Microhardness Measurements

The microhardness of the NiP and NiP nanocomposite coatings before and after the heat treatment
were performed in addition to that of the C-steel substrate for comparison, as illustrated in Figure 6.
The measured microhardness of the substrate is approximately 166 HVyo. The electroless deposition
of the NiP and NiP-C3Ny leads to an increase in the microhardness to 406 and 645 HVy, respectively.
The increase in the microhardness upon the dispersion of the C3N4 nanosheets is attributed to the
dispersion hardening effect caused via the incorporation of the nanoparticles into the composite
coatings. As reported in [28,29], the uniform distribution of the nanoparticles in the matrix could
restrain the growth of the alloy grains and the plastic deformation of the coating, leading to the
stabilization of the dislocation and thus increasing the microhardness.
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Figure 6. The microhardness of substrate, NiP coating, and NiP-C3N4 composite coating before and
after heat treatment at 400 °C for 1 h.

Upon heat treatment of NiP and NiP-C3Ny nanocomposites, the microhardness was increased
significantly to 780 and 1175 HVyq, respectively. At that temperature (400 °C), the P atoms are forced
to adapt to the crystal structure of the Ni. This adaptation resulted in the formation of a coherent
relationship that leads to a distortion of the local stress field. When the Ni/P ratio gathers in a sufficient
quantity, the intermetallic compound Ni3P precipitates and keeps a coherent relationship with the
Ni. The hardness of the NizP is gets higher when the temperature is increased, since it is formed
mainly by metallic and ionic bonds, resulting in a coherent precipitation strengthening effect and
an improvement of the microhardness [30]. Regarding the NiP-C3Ny4 composite, the presence of NizP
as the hard phase in addition to the C3Ny4 provides an extra factor for increasing its microhardness
after the heat treatment. Although the intensity of the NizP peaks in the NiP-C3N4 XRD chart is lower
than the corresponding ones in the XRD chart of the C3Ny—free coating, the hardness is higher in the
case of NiP-C3Ny coating, indicating that the C3N4 compensated for the decrease in the NizP content,
which is an advantage for the new coating. In addition, it worth mentioning that the thickness of the
coating in case of the NiP-C3Ny coating is 30% less than that in case of the NiP one.

3.6. Corrosion Measurements

3.6.1. Electrochemical Impedance Spectroscopy (EIS)

Figure 7a,b show the Bode and the phase angle plots of the EIS spectra that are measured at
open circuit potential for the substrate with the as-plated and heat-treated NiP, as well as NiP-C3Ny
nanocomposite coatings immersed in a 3.5 wt % NaCl solution at the room temperature. The larger
the value of the | Z 1| at low frequencies is, the better the corrosion protection properties of the coating
will be [31]. Inspection of Figure 7a shows that the values of | Z1 at 0.01 Hz for the as-plated NiP and
NiP-C3Ny4 nanocomposite coatings, as well as for the heat-treated coatings, are much higher than that of
the substrate, confirming the corrosion protection properties of both coatings before and after the heat
treatment. The high corrosion resistance is attributed to the presence of phosphorus [32]. Generally,
for a Ni-based coating, when the nickel starts to dissolve in the corrosive media, the phosphorus starts
to react with water to form a film of adsorbed hypophosphite anions, preventing further hydration
of the nickel. Consequently, the corrosion resistance of the coating is increased [33]. Moreover,
the as-plated NiP-C3N4 composite coating offers higher corrosion protection ability compared to that
of the as-plated NiP coating despite the smaller phosphorous content in the former, as seen from the
EDX results. This finding indicates the strong protective ability of the C3N4 nanosheets that enhance
the polarization resistance of the NiP nanocomposite coating in 3.5 wt % NaCl solution to reach
a maximum value of 9225 Q-cm?2, as shown in Table 2. This can be attributed, as mentioned above,
to the uniform distribution of C3Ny nanosheets throughout the coating, which support forming a more
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compact structure, blocking the defects in the NiP coating, inhibiting the diffusion of the chloride ions
to the substrate, and enhancing the corrosion resistance as shown in a similar situation in [10].
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Figure 7. (a) Bode and (b) phase angle plots of the substrate, electroless as-plated NiP and
NiP-C3Ny coatings with and without heat treatment at 400 °C for 1 h in 3.5 wt % NaCl solution
at room temperature.

In addition, in Figure 7a, the Bode plots of the as-plated NiP and NiP-C3N4 nanocomposite
coatings display different shapes in the recorded frequency regions, illustrating that different
fundamental processes occur on their surfaces. This behavior is more conspicuous in the plots of the
phase angle versus frequency (Figure 7b). The Bode and phase angle plots for the NiP coating show two
broad peaks at the analyzed frequency range, which confirms two-time constants behavior. The first
relaxation process is related to the coating layer that can be checked at the higher and intermediate
frequencies, whereas the second relaxation process is observed at the lower frequencies and represents
the electrochemical behavior at the interface of the substrate and the coating [34]. The Bode and phase
angle plots for the NiP-C3Ny nanocomposite coating show one time-constant behavior, as shown
in Figure 7b.

The equivalent circuits that are used in analyzing the EIS measured spectra for both the as-plated
NiP and NiP-C3Ny coatings with and without heat treatment are depicted in Figure 8a,b, respectively.
The circuit in Figure 8a includes the solution resistance (Rs), the high frequency time constant
(Rq-CPEy), and the low frequency time constant (Rp-CPE;). The high frequency time constant (R;-CPE)
corresponds to the areas covered with the coating and can be represented by the coating admittance
(CPEcoat) and the pore resistance (Rpo). The low frequency time constant is assigned to the polarization
resistance (Rp) and the admittance associated with the double layer capacitance (CPEg)). The equivalent
circuit in Figure 8b consists of the solution resistance, the double layer capacity, the polarization
resistance, and the Warburg diffusion element (W). The electrochemical parameters derived from
fitting the measured data using the equivalent circuits are listed in Table 2. As is clearly shown in this
table, the increased polarization resistance is related to the presence of the C3N4 nanosheets. Moreover,
the NiP-C3Ny composite coating has the lowest double layer capacitance (39 pF-cm~2-57") and the
higher value of n (0.9) compared to those of the NiP coating. Taken together, these characteristics lead
to the superior protection efficiency of the composite coating reaching as high as 95%. The protection
efficiency of the NiP coating is approximately 70.9%, which is less than that of the composite due to its
porosity, which allows the aggressive chloride ions to diffuse into the substrate.

After heat treatment, the polarization resistances of both heat-treated NiP and NiP-C3Ny are
decreased compared to the corresponding polarization resistances for the as-plated coatings, but are
still much greater than that of the substrate. The protective ability of the as-plated NiP and NiP-C3Ny
composite coatings decreases after the heat treatment by approximately 11% and 9.5%, respectively,
as shown in Table 2. However, the protection efficiency of the heat-treated NiP-C3N4 composite
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coating is still higher by 13% and 4% than that of the heat-treated and as-plated NiP coatings,
respectively. The decrease in the corrosion protection observed for both heat-treated coatings is
due to the formation of nickel phosphide (NizP) that reduces the phosphorus content of the remaining
material and transforms the coating from amorphous to crystalline. Previous work has shown that
the amorphous alloys have better corrosion resistance than their corresponding crystalline due to the
formation of glassy films that passivate their surfaces [33].

The n values for both NiP and NiP-C3Ny coatings before and after the heat treatment lie
between 0.6 and 0.9 (Table 2). This indicates that the system is far from the ideal capacitive behavior.
The deviation from the ideal capacitive behavior is related to the inhomogeneity of the coating
surface attributed to the roughness and surface porosity of the coating. According to the obtained
values of the CPEy; presented in Table 2, the NiP-C3N4 composite coating before and after the heat
treatment has the most homogeneous surface with a lower porosity compared to that of the NiP
coating. Consequently, a dense NiP-C3N4 composite coating is formed on the substrate that is slightly
affected by high temperatures.

CPEcoat CPEg

||
I

(b)

Figure 8. Equivalent electric circuits for (a) as-plated and heat-treated NiP coating and (b) as-plated
and heat-treated NiP-C3Ny composite coating, in 3.5 wt % NaCl solution.

Table 2. Electrochemical parameters obtained by fitting the measured data shown in Figure 7 using the
equivalent circuits shown in Figure 8 of the substrate, NiP, and NiP-C3N4 composite coatings with and
without heat treatment.

Type of Rs Rpo CPEcoat Rp CPEg4, w IE
Coating (Q-cm?)  (Q-em?)  (uF-em™ 2577  (Q-em?)  (uF-em2.577%) (S-s'2) " (%)
Substrate 224 - - 445 526.5 - - -
NiP 17.6 167.50 284 2336 294 - 0.7 81
NiP-C3Ny 219 - - 9225 39 1.021 x 1073 0.9 95
NiP(HT) 15.6 16.9 35 1597 324.6 - 0.65 72
NiP-C3N4(HT) 234 - - 2990 170.00 3.879 x 1073 0.8 85

3.6.2. Tafel Analysis

The potentiodynamic polarization curves for the substrate and electroless NiP, as well as NiP-C3Ny
coatings before and after the heat treatment in 3.5 wt % NaCl solution at room temperature, are shown
in Figure 9. The electrochemical parameters (corrosion potential (Ecorr), corrosion current density
(icorr), cathodic and anodic Tafel slopes, and corrosion inhibition efficiency IE) are presented in Table 3.
Ecorr of the NiP coating (—542 mV) is shifted significantly in the anodic direction compared to the
C-steel, and that of the NiP-C3Nj is even more anodically shifted to —309 mV. i¢or of the substrate,
NiP, and NiP-C3Ny composite coatings are 21.4, 6.9, and 1.8 uA-cm~2, respectively. The decrease in the
icorr Of the NiP-C3Ny4 composite coating compared to that of the NiP coating reveals a better corrosion
resistance for the new composite coating. After heat treatment, Ecorr of the NiP and the NiP-C3Ny
composite coatings are shifted in the cathodic direction. In addition, the icorr values of the NiP and
NiP-C3Njy coatings are slightly increased compared to those before the heat treatment. This is due to
the formation of crystalline NizP. Consequently, an increase in icorr results in a decrease in the IE to
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60% and 82% for the heat-treated NiP and NiP-C3Ny coatings, respectively. It is worth mentioning
that the IE of the heat-treated NiP-C3Ny4 composite coating is still higher than those of the NiP coating
before and after the heat treatment. This is attributed to the existence of C3Ny, which enhances the
corrosion resistance by forming a more compact composite structure via uniform dispersion into the
NiP matrix (confirmed by EDX mapping) and blocking the defects in the NiP coating [29].
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Figure 9. Polarization curves for the substrate, electroless NiP, and NiP-C3Ny deposits, with and
without heat treatment in 3.5 wt % NaCl solution at room temperature. The scan rate is 0.167 mV-s 1.

Table 3. Electrochemical parameters of different coatings before and after heat treatment derived from
polarization curves shown in Figure 9.

Type of Ecorr icorr ba be Corrosion Rate  IE
Coating (mV) (uA-cm~2)  (V/decade) (V/decade) (mpy) (%)

Substrate —607 21.4 0.1 0.17 3.55 -
NiP —542 6.9 0.09 0.15 291 71.4
NiP-C3Ny —309 1.8 0.15 0.12 1.4 91.5
NiP(HT) —546 8.4 0.04 0.11 6.5 60.4
NiP-C3Ny4(HT) —444 3.8 0.11 0.12 2.26 82

4. Conclusions

The electroless deposition of the NiP-C3N4 nanocomposite coating is successfully achieved
by sonicating the C3N4 nanosheets in the electroless NiP bath under the same conditions used
for NiP electroless deposition. The morphology, structure, roughness, wettability, hardness,
and corrosion resistance of the novel electroless NiP-C3N4 nanocomposite coating in comparison
with the conventional NiP coating before and after heat treatment show superior properties of the
new nanocomposite compared to the NiP alloy. The structure of the as-deposited NiP coating is
amorphous, whereas that of the as-deposited NiP-C3N4 composite coating is crystalline-amorphous.
The microstructure of the NiP coating is affected by the existence of the C3N4 nanosheets, which are
uniformly spread within the NiP matrix. The existence of the C3Ny nanosheets and the heat treatment
significantly enhances the microhardness of the NiP coating. The orderly presence of the C3Ny
nanosheets in the coating led to the increase in the protection efficiency of the as-plated composite
coating in a 3.5 wt % NaCl solution to 95% based on EIS results. After heat treatment, the formation of
the crystalline Ni3P phase slightly decreased the corrosion resistance of both the NiP and NiP-C3Ny
nanocomposite coatings. However, the NiP-C3N4 nanocomposite still shows a corrosion protection
efficiency that is higher than that of the NiP even before heat treatment.
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