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Abstract: Carbon nanomaterials with a different character of the chemical bond — graphene (sp?)
and nanodiamond (sp?) are the building bricks for a new class of all-carbon hybrid nanomaterials,
where the two different carbon networks with the sp® and sp? hybridization coexist, interact and
even transform into one another. The unique electronic, mechanical, and chemical properties of the
two border nanoallotropes of carbon ensure the immense application potential and versatility of
these all-carbon graphene — diamond nanomaterials. The review gives an overview of the current
state of the art of graphene — diamond nanomaterials, including their composites, heterojunctions,
and other hybrids for sensing, electronic, energy storage, and other applications. Also, the graphene-
to-diamond and diamond-to-graphene transformations at the nanoscale, essential for innovative
fabrication, and stability and chemical reactivity assessment are discussed based on extensive theo-
retical, computational, and experimental studies.
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1. Introduction

Carbon is one of the essential elements on our planet; not only do all living species
contain carbon but also its pure forms exhibit unique properties. The arrangement of the
carbon atoms are adopted in space can be very different, thus making a number of the
possible structural variants the carbon allotropes (shown in Figure 1(a)) with differing
properties arising from their special chemical bonding and crystal structures. The hybrid-
ization of the carbon atom determines the most prominent types of arrangement — either
sp? giving rise to a strictly planar configuration or sp?® suggesting tetrahedral coordination.
The two border structures represent the most known allotropes: graphite and diamond.

In a diamond, each carbon atom is attached to four other carbon atoms 1.544 A away
with a C-C-C bond angle of 109.5°. It is a strong, rigid three-dimensional structure that
results in an infinite network of atoms. This accounts for the diamond's hardness, extraor-
dinary strength, and durability and gives the diamond a higher density (3.514 g/cm?) than
graphite (2.266 g''cm?). Because of its tetrahedral coordination, diamond also shows ex-
cellent resistance to compression. Diamond is the most rigid material known (designated
as ten on the Mohs scale). It is one of the best conductors of heat, with heat conductivity
up to five times higher than copper. Diamond also conducts sound, but not electricity; it
is an insulator, and its electrical resistance, optical transmissivity, and chemical inertness
are correspondingly remarkable.

The carbon atoms in graphite are also arranged in an infinite array, but they are lay-
ered. Each carbon atom is bonded to three other carbon atoms and positioned at the cor-
ners of a network of regular hexagons with a 120° C-C-C bond angle. These planar ar-
rangements extend in two dimensions to form a horizontal, hexagonal array held together
by weaker forces known as stacking interactions. The distance between the two layers is
longer (3.347 A) than the distance between carbon atoms within each planar layer (1.418
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A). Unlike diamond, graphite can be used as a lubricant because the layers cleave readily.
It is soft and slippery, and its hardness is less than one on the Mohs scale. The planar
structure of graphite allows electrons to move easily within the planes, thus permitting
the graphite to conduct electricity and heat and absorb light.

In addition to the most prominent allotropes incorporating the two border hybridi-
zation possibilities, the carbon atoms form additional configurations in space, especially
when approaching nanoscale (see Figure 1(a). The most explored nanocarbon species are
the graphene (GN) and the nanodiamond (ND), directly derived from the structures of
the macroscopic parent phases. The latter two types of nanocarbons are in the spotlight of
current science thanks to their colossal application potential given by the unique funda-
mental physics behind them corroborated with multifaceted modification possibilities uti-
lizing green chemistry.

Graphene is still believed to be a miracle material due to its straightforwardness [1].
It is the thinnest compound known to man kind (with a single atom thickness), the lightest
material, the strongest compound discovered, the best conductor of heat at room temper-
ature, and the best electricity conductor. Other notable properties of graphene are its
unique levels of light absorption at about 2.3 % of white light. As graphene has been pre-
dicted to be much more efficient at conducting electrons than silicon and can transfer elec-
trons much faster, another utilization of this material is flexible, robust touchscreen de-
vices such as mobile smartphones and wrist watches.

Recently, graphene entered the energy storage scene as an excellent candidate for the
construction of batteries and supercapacitors [2]. In initial tests carried out, laser-scribed
graphene supercapacitors were shown to offer power density comparable to high-power
lithium-ion batteries in use today. Regarding other opportunities, sp? nanocarbon-based
materials have been employed in various types of sensors [3] and nanoelectronics devices
[4,5]. However, the quality of graphene still prevails to be the limiting factor in technolog-
ical applications.

Obviously, the properties of graphene, however unique, are substantially influenced
by their immediate environment—molecules in the surrounding atmosphere as well as
atoms in the substrate transfer charge to the material. The extreme susceptibility to the
ambiance can be a bottleneck and an excellent opportunity to boost these unique materi-
als' applicability further.

Despite a tiny energy difference between the equilibrium structural arrangement of
the graphite and the diamond, the latter is not favored at ambient conditions, regardless
of downscaling the particle size to nanometer dimensions [6]. However, the outstanding
physio-chemical properties of the diamond make this carbon allotrope also a highly de-
manding material for various applications.

The NDs are unique among nanomaterials due to their combination of outstanding
mechanical performance, chemical resistance, biocompatibility, and exceptional optical
and electronic properties [7,8].

NDs also provide unique spectral features unattainable in the molecular world, such
as color centers embedded in nanoparticle crystal lattices, suggesting their use in diagnos-
tic and imaging approaches in biomedicine as sophisticated optical tools. These nitrogen-
vacancy (NV) centers can respond to changes in the nanoparticle environment with ex-
ceptional sensitivity and report on various local variables. Thus the NV centers can be
used to construct attractive nanosensors because NV center offers a unique sensitivity to
the extremely weak electric and magnetic field at a nanoscale resolution [9-11].

Similarly, as in case of the graphene, the performance of NDs is strongly influenced
by structural features such as the particle size, shape, crystallographic order, chemical
functionalization of the surface layer, level of internal defects and dopants, and presence
of sp? carbons in the particle shell [8].

In this vein, mitigation of the effects of physio-chemical limits and sample quality by
creating novel all-carbon nanomaterials appeared to be a very promising direction. Owing
to the exceptional properties of sp2 graphene (like Young’ modulus, strength, thermal and
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electrical conductivity, etc.) and sp® diamond (chemical stability, hardness, thermal con-
ductivity), it is also appealing to combine those nanocarbon allotropes in a new generation
of nanoelectronics and optoelectronic devices, various functional composites, heterostruc-
tures, and networks. The most promising directions are summarized in the scheme pre-
sented in Figure 1(b).

This review aims to summarize important aspects of the current graphene — diamond
nanomaterials’ research. The structure of the review is as follows. First, phase transfor-
mation between the graphene and diamond at the nanoscale is discussed in section 2. This
section also concerns mutual phase transformations and the use of diamond as a substrate
for graphene growth and vice versa. Second, graphene—diamond heterostructures devel-
oped for sensing applications are described in section 3. Third, the graphene-diamond
heterojunctions are discussed from the point of view of tribology and nanoelectronics in
section 4. Graphene — diamond-based nanomaterials developed for other exciting appli-
cations such as energy storage, materials’ processing, detectors, and light sources, cata-
lysts, and nanoscale pressure devices are summarized in section 5. Finally, a summary
and future prospects of the graphene-diamond nanomaterials are given in section 6.
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Figure 1. (a) Different carbon allotropes: (i) graphite, (ii) graphene, (iii) carbon nanotube, (iv) fullerene Cqo,
(v) Cro, (vi) Csao, (vii) amorphous carbon, (viii) lonsdaleite, and (ix) diamond. (b) Schematic presentation of
the application areas of the graphene — diamond nanomaterials.
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2. Graphene - diamond phase transformations at nanoscale

Although the energy difference between the parent bulk carbon allotropes, graphite
and diamond is only 0.02 eV / atom, an activation barrier required for the phase transfor-
mation is 0.4 eV, and the conversion of graphite to diamond occurs under extreme pres-
sures and temperatures. However, for ND particles (3-6 nm), tetrahedral coordination is
preferred, which makes the stabilization of NDs easier [6]. Thus, the sp? — sp? transfor-
mations at the nanoscale are the most important processes governing the final materials’
stability, reactivity, and physical properties. Selection of first principle studies and mod-
eling, and experimental conditions, and difficulties of the peculiar sp? — sp? all-carbon
phase transitions will be discussed in this section.

3.1. First principle calculations and modelling

First, the transformation of graphene and derived systems to diamond-like structures
will be discussed.

Alekseev investigated the transformation of the upper sublayer of carbon atoms in
the lattice of single-crystal diamond into a flat graphene lattice under the influence of the
atoms of a molten copper film on the diamond surface by a quantum-chemical simulation
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[12]. He reported that the stable configuration corresponds to the thermally activated mo-
tion of carbon atoms in the lower sublayer of the interface diamond layer to the position
of graphene, i.e., at the same level as the atoms of the upper sublayer.

Kvashnin et al. explored how few-layer graphene can undergo phase transformation
into a thin diamond film under reduced pressure if the process is facilitated by hydro-
genation of the surfaces [13]. The authors concluded that such a "chemically-induced
phase transition" is an inherently nanoscale phenomenon when the surface conditions di-
rectly affect thermodynamics, and the transition pressure depends greatly on film thick-
ness. They also suggested a pressure-temperature phase diagram of quasi-2D diamond -
multilayered graphene system, which accurately describes the role of film thickness and
shows the feasibility of creating novel quasi-2D materials.

Paul and Momeni studied the mechanochemistry of the phase transformation of the
diamond thin films as a function of the layer thickness at different pressures and temper-
atures for pristine and hydrogenated multilayer graphene [14] theoretically. In agreement
with other studies, the results indicate that the transformation conditions depend on the
number of graphene layers and surface chemistry. Although the pristine multilayer gra-
phene to diamond transformation is reversible, hydrogenated multilayer graphene struc-
tures had formed a metastable diamond film.

Antipina and co-workers reported that depending on the functionalization of few-
layer graphene with H (Hz), F (F2), NH3, and H20, spontaneous conversion to either cubic
or hexagonal diamond films with a specific surface and well-defined properties can be
achieved [14].

Belenkov et al. suggested forming a geometrically optimized structure of ten carbon
diamond-like phases obtained by crosslinking the graphene layers [15]. They also calcu-
lated X-ray powder diffraction patterns, which can be used to identify these new phases.

Reactive molecular dynamics simulations revealed that bilayer graphene transforms
into a diamond-like film, while the three- to six-layer graphene with AB layer stacking fail
to form a diamond-like film up to 200 GPa. The study also suggests that the ABA layer
stacking is directly related to the hindering of the chain structure formation and the sup-
pression of the transformation. Surprisingly, the bond-chain-structure transformation
mechanism is effective in three-layer graphene with ABC layer stacking and five-layer
graphene with ABCAB layer stacking. Thus, the stacking faults are effective catalysts for
the high-pressure transformation of multilayer graphene to diamond [16].

Also, it has been demonstrated that the diamond can be transformed into graphene.

For example, spontaneous graphene-like stripes on the reconstructed surface are ex-
pected to occur on high-index diamond C(331) surface [17]. Van Wijk and Fasolino
demonstrated via molecular dynamics simulations that the transformation from diamond
to amorphous carbon from sliding under pressure could be prevented by having at least
two graphene layers between the diamond slabs [18].

The graphene to diamond transformation may also yield exotic novel phases, see Ta-
ble 1 and Figure 2. For example, Cellini et al. found that under localized pressure, two-
layer epitaxial graphene behaves as an ultra-hard and ultra-stiff coating, showing excep-
tional mechanical properties that far exceed those of bare SiC. DFT calculations indicate
that this unique behavior stems from an sp? to sp® reversible phase transition of carbon
films under compression, leading to a single-layer diamond-like structure, the diamane
[19], Figure 2(a).

Erohin et al. carried out thermodynamic theory coupled with atomistic first-princi-
ples computations to predict the nucleation barriers, definitive for the kinetic feasibility
of diamane formation [20]. They also reported that the optimal adsorbent chair pattern on
bilayer graphene results in a cubic diamond lattice. In contrast, for thicker precursors, the
adsorbent boat structure produces hexagonal diamonds (lonsdaleite). H and F support
graphene to the diamond formation, while Cl appears sterically hindered.
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Table 1. Exotic nanocarbon phases and architectures due to graphene-diamond reconstruction at
the nanoscale.

System Evidence References
Diamane Atomistic first Prmaples [21]
computations
F-diamane XPS/UPS, Raman spectros- 22]
copy
H-diamane Optical absorption, XRD [23]
LA10 phase DFT [24]
Graphene Arch-Bridge First principle calculations [25]
Diaphite DFT, HR TEM [26-28]

The graphene growth directly out of diamond (111) by B doping was studied by Gu
et al. [29]. The spontaneous graphene formation occurred due to the reconstruction of the
diamond surface when the B doping density and profile are adequate. A similar problem
was addressed by Lu et al. [30]. Boron-doping-induced surface reconstruction was also
identified as the critical mechanism responsible for the diamond-to-graphene phase tran-
sition.

Okada investigated the formation of graphene nanostructures on diamond nan-
owires with nanometer-scale diameters up to 4.3 nm by first-principle total-energy calcu-
lations [31]. He suggested that a surface reconstruction results in graphitization of the
outermost shell of the wire, which is expected to cause the structural transformation from
diamond to the multi-shell nanotube or nano-scale graphene ribbons. The electronic struc-
tures of the wires are semiconducting with a moderate indirect energy gap.

A very interesting computational study by Greshnyakov et al. suggests the formation
of a carbon diamond-like LA10 phase, in which all the atomic positions are crystallograph-
ically equivalent [24]. The most probable synthetic way to obtain the LA10 phase is a
strong static compression of graphite, consisting of tetragonal polymorphic variety gra-
phene, perpendicular to the graphene layers. The diamond-like LA10 phase structure can
be theoretically derived by polymerization of tetragonal L4-8 graphene layers, consisting
of four-membered and eight-membered structural units. The LA10 crystalline phase lat-
tice belongs to a tetragonal crystal system with I41/amd space group symmetry. The body-
centered tetragonal unit cell has the following parameters: a = 3.581 A, c=8611A, and Z
=16 atoms. Band structure and electron density of states calculations showed that the di-
amond-like LA10 phase is a wide-gap semiconductor with a band gap of 5.0 eV to 6.1 eV.

Despite their widespread use in high-pressure experiments, little is known about car-
bon-containing materials' physical and chemical properties as they expand and cool to
ambient conditions. Ileri et al. suggested that nanodiamonds can be stabilized when car-
bon-containing materials expand and cool to ambient conditions [32]. Their quantum sim-
ulations investigated such processes during shock compression. Expansions from three
different sets of shock conditions yielded various chain and ring structures, and the rela-
tive amounts of graphite-like and diamond-like particles formed during cooling and equi-
libration were evaluated. Although the graphene sheets are the majority product, increas-
ingly larger amounts of diamond particles are formed [32].
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Figure 2. Examples of graphene — diamond transformations at nanoscale. (a) fully optimized struc-
ture of diamane. Reprinted (adapted) with permission from Hu, Y.X; Li, D.F,; Yin, Y.; Li, S.C.;
Ding, G.Q.; Zhou, H.B.; Zhang, G. The important role of strain on phonon hydrodynamics 1076 in
diamond-like bi-layer graphene. Nanotechnology 2020, 31, doi:10.1088/1361-6528/ab8eel. Copyright
2020 IOP publishing. (b) pressure-induced graphene to H-diamane transformation. Reprinted
(adapted) with permission from Ke, F.; Zhang, L.; Chen, Y.; Yin, K;; Wang, C.; Tzeng, Y.K,; Lin, Y.;
Dong, H.; Liu, Z,; Tse, ].S.; et al. Synthesis of Atomically Thin Hexagonal Diamond with Compres-
sion. Nano Lett. 2020, 20, 5916-5921. Copyright 2020 American Chemical Society. (c) F-diamane
(adapted from https://www.techexplorist.com/converting-graphene-diamond-film/28444/), and (d)
Graphene Arch-Bridge. Reprinted (adapted) with permission from Bai, S.D.; Xu, ] X.; Wang, Y.;
Zhang, Q.; Tsuruda, T.; Higuchi, Y.; Ozawa, N.; Adachi, K.; Martin, ].M.; Kubo, M. Generation 1059
of “Graphene Arch-Bridge” on a Diamond Surface by Si Doping: A First-Principles Computational
Study. J. Phys. Chem. C 1060 2020, 124, 26379-26386. Copyright 2020 American Chemical Society.

The relationship between the deposition condition and quality of diamond-like car-
bon on top of multilayer graphene was also investigated by molecular dynamics simula-
tions [33]. An increase in the number of dangling bonds at the interface between the top
graphene layer and the diamond-like film indicates that a decrease of the incident energy
reduces the adhesion quality of the diamond thin film on graphene. Analysis of radial
distribution function indicates that sp® hybridized carbon atoms tend to grow near already
existing sp? atoms. This explains why the quality of the diamond-like structures grown on
graphene generally has a lower content of sp? C atoms than those produced directly on
the diamond. Ring analysis further shows that a DLC structure grown on the sp2rich
structures like graphene contains a higher fraction of disordered ring structures.

Recently, two new families of diamond-graphene (diaphite) phases constructed from
layered and bonded were reported [26]. These nanocomposite structures are identified
within both natural impact diamonds and laboratory-shocked samples and possess dif-
fraction features that have previously been assigned to lonsdaleite and post-graphite
phases. The diaphite nanocomposites represent a new class of high-performance carbon
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materials that are predicted to combine the superhard qualities of diamond with high
fracture toughness and ductility enabled by the graphitic units and the atomically defined
interfaces between the sp3- and sp>-bonded nanodomains.

Finally, new nanosized architectures linking the structure of graphene and diamond
were also reported. Bai and co-workers suggested a formation of the so-called "Graphene
Arch-Bridge" (Figure 2(d)), which can be stabilized on a diamond (111) surface by Si dop-
ing. Their first principle calculations revealed that the significant stress around the doped
Si atom leads to the transition of the six-membered C ring to a five-membered C ring as-
sociated with the sp® to sp? change. The authors also proposed that the "Graphene Arch-
Bridge" is responsible for the experimentally observed super-low friction of Si-doped di-
amond-like carbon.

3.2. Experimental demonstration and growth mechanism

As discussed in the previous subsection, many first-principle and computational
studies on the transformation of graphene into a diamond-like film were carried out to
date. However, in general, these studies suggest that atomically thin diamond films are
not achievable in a pristine state because diamonds possess a three-dimensional crystal-
line structure and would lack chemical stability when thinned down to the thickness of
the diamond's unit cell due to the dangling sp? bonds. Thus, chemical functionalization of
the surface carbons with specific chemical groups was considered necessary to stabilize
the two-dimensional structure, such as surface hydrogenation or fluorination, and various
substrates have also been used in these synthesizing attempts. A first convincing experi-
mental proof of such a conversion was delivered by Bakharev and co-workers [22]. They
observed that fluorination of Bernal (AB)-stacked bilayer graphene grown by chemical
vapor deposition on a single-crystal CuNi(111) surface results in a fluorinated diamond
monolayer ('F-diamane'), see Figure 2(c). A similar structure, the so-called H-diamane,
was obtained by pressure-induced transformation of few-layer graphene [23], see Figure
2(b).

Carvalho reported on simultaneous growth of graphene and nanocrystalline dia-
mond by the microwave plasma chemical vapor deposition technique on copper. Addi-
tionally, HR TEM analysis permitted to detail the diamond nanocrystalline structure, re-
vealing a close link to the graphene layer on the basis of which a diamond on graphene
nucleation mechanism was proposed [34]. The formation of high-quality graphene layers
on the diamond was also achieved based on a high-temperature annealing method using
a Cu catalyst [35].

Ordered graphene films have been fabricated on Fe-treated SiC and diamond sur-
faces using the catalytic conversion of sp? to sp? carbon. This new approach enabled epi-
taxial graphene to be grown on a diamond surface for the first time. Also, graphene is only
formed on treated regions of the surface, convenient for patterning graphene structures
on SiC and diamond at industrially realistic temperatures [36,37]. Also, multilayer gra-
phene can be grown by precipitation upon cooling of a thin nickel film deposited by e-
beam evaporation on single crystal diamond (001) oriented substrates. The nickel acts as
a strong catalyst inducing the dissolution of carbon from diamond into the metal. Carbon
segregation produces multilayers of graphene on the top surface. This method provides a
venue for the fabrication of large-area graphene films [38]. Multilayer graphene films with
some monolayer coverage were also grown on atomically flat diamond (111) surfaces via
annealing with nickel as a catalyst [39].

Berman and co-workers introduced a direct approach to transforming polycrystalline
diamond into high-quality graphene layers on a wafer scale using a rapid thermal anneal-
ing process facilitated by a nickel thin film catalyst on top [40]. In addition, they demon-
strated the lateral growth of free-standing graphene over micron-sized pre-fabricated
holes, which is a critical technological step for large-scale graphene/diamond-based elec-
tronics production. Surface transformations of carbon deposited on polycrystalline nickel
by hot filaments chemical vapor deposition were experimentally investigated by Rey and
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Normand [41]. First, graphene and a highly graphitic layer form, then multiphase for-
mation with graphitic/carbidic and diamond-like carbon occur. Finally, at a critical tem-
perature that strongly depends on the pretreatment of the polycrystalline nickel surface,
a rapid transition to the diamond island takes place. Whatever the substrate, the diamond
is always the final product, and some graphene layers are the initial product.

Taking advantage of the Ni-assisted diamond transformation, Tsubota et al. pro-
posed a new simple method for fabricating a microchannel covered with a graphene layer
on a diamond substrate [42]. Also, Ni/Fe catalyst-assisted process enables growth of gra-
phene nanowalls directly on diamond particles by a simple heat-treatment process in a
vacuum induction furnace [43].

The iron powder was used as a catalyst for the growth of single-crystalline 3C-5iC
nanowires directly on the surface of the bulk diamond by heating treatment at 1300 °C.
The graphene served as the second carbon source during the reaction. A graphene-as-
sisted growth model to interpret the growth process of SiC nanowires on the diamond
surface was also proposed [44].

A novel approach is proposed by Li et al., which grows diamond on graphene quasi-
homogeneous epitaxial substrate [45]. The high-quality diamond was synthesized on a
quasi homoepitaxial graphene substrate through sp?-sp? hybridization and covalent bond
transformation. An internal space microstructure network of carbon atoms was produced
through different non-covalent interactions. At last, graphene is converted into the dia-
mond. This process can also be used to synthesize hydrophilic porous diamond film. It is
a promising approach to the development of new graphene/diamond-based components
in the future.

Hussain et al. suggested that applying the Hummer method on graphene oxide with
an ultrasound exposure time of 20 min and 2 h can result in graphene oxide formation
and nanodiamond formation, respectively [46]. The diamond-like carbon can also be
transformed into graphene and reduced graphene oxide by nanosecond pulsed laser an-
nealing [47].

Hembram et al. achieved a carbon-pure formation of the diamond via surface hy-
bridization with graphene [48]. Graphene layers (5-50 nm in thickness) were grown verti-
cally onto a polished < 110 > textured polycrystalline diamond plate at similar to 1300 °C
via hydrogen plasma etching in a chemical vapor deposition chamber. Due to the crystal-
lographic relationship, the graphene layers embed at an angle of 30° to the diamond sur-
face comprising the (110) planes.

Interestingly, diamond aerogel was obtained by laser heating graphene aerogel un-
der high pressure in a diamond anvil cell [49]. It was also possible to tune the microstruc-
tures of diamond aerogel by controlling the synthesis of graphene precursors.

The regularities of forming hetero-graphene and hetero-diamond phases were stud-
ied in the pressure range of 4-12 GPa at thermobaric treatment of mixtures of carbon ni-
tride or melamine boron by Filonenko et al. [50]. The authors concluded that phase tran-
sition to a diamond-like phase does not require the use of catalysts. Fukuda and co-work-
ers also suggested that a high temperature and high pressure-driven crystallization of
two-dimensional graphene oxide (GO) nanosheets reveals three-dimensional diamond
[51].

To clarify the graphene formation process on a diamond C(111) surface, changes in
the chemical bonding state caused by annealing in a vacuum were investigated by photo-
electron spectroscopy using synchrotron radiation [52]. The authors found that graphiti-
zation on the diamond C(111) surface began at approximately 1120 K, lower than that for
a SiC substrate. The obtained photoelectron spectra indicated that a buffer layer composed
of sp2-bonded carbon atoms existed at the interface between graphene and the diamond
C(111) surface. The formation of a graphene-on-diamond structure by the graphitization
of a diamond (111) surface was also reported by Tokuda and co-workers [53]. Before the
graphitization, atomically flat diamond (111) surfaces were formed by homoepitaxial lat-
eral growth.


https://doi.org/10.20944/preprints202107.0647.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 July 2021 d0i:10.20944/preprints202107.0647.v1

9 of 29

The transition between the semiconducting and metallic properties of graphene - di-
amond-like carbon heterostructures was investigated by Zhao and co-workers [54]. The
results show that different graphene terminations (N, F) strongly affect the electronic
properties of the graphene heterostructures. GN-F-DLC samples displayed p-type of dop-
ing and considerably higher mobility, while the GN-N-DLC samples supported higher
carrier densities, being almost metallic.

The graphene-induced growth of diamond films can also be achieved on tungsten
[55]. Heterogenous diamond nucleation, assisted by sp? C-W bonds, takes place along the
edge line of graphene on tungsten leading to the deposition of continuous diamond films.

As an unusual alternative, low-energy Ar ion beam modification was proposed to
create graphene on the top of the insulating diamond-like carbon films [56,57]. In such a
low-temperature process, the surface of the amorphous carbon could crystallize to gra-
phene as a result of point defect creation and enhanced diffusion caused by the ion bom-
bardment.

3. Graphene - diamond sensors and biosensors

Graphene and graphene-oxide (GO) based electrodes combined with NDs and more
complex nanomaterials based on the all-carbon networks were identified as great and ver-
satile platforms for the construction of various types of sensors. Among them, the most
recognized are the electrochemical sensors and biosensors. An overview is given in Table
2, and selected cases are discussed hereafter.

Table 2. Overview of graphene-diamond-based nanomaterials for various sensing applications.

System Application References
RGO/BDND Protein sensor [58]
Diamond/G nanoplatelets/Pt L-Glutamate electrochemical [59]
nanoparticles sensor

Ni narzz;::;:;; Sji;ﬁed G Glucose sensor [60]
Plasmonic gold nanostruc-

ture/dian%ond-like film SERS sensor [61]
Vertical G sheets/separated

papillary granules on ND ORR electrode [62]

films
BD diamond/G nanowalls Detection of explosives [63]
electrode

G/diamond electrode Enantiomer recognition [64]

GN/BDND electrodes Epinephrine detection [65]

GO/BD-diamond electrode Tetracycline detection [66]

Electrochemical sensing of

GN/BD-diamond electrodes . [67]
trace Pb?* in seawater
diamond, GN, and polyani- Electrochemical sensing of (68]
line/GC electrode 2,4-dichlorophenol
N-UNCD/MLGN film Electrochemical sensor (Ag*) [69]
(Ag)GN-modified BD-dia-  Electrochemical sensor of
. [70,71]
mond electrode pesticides
Electrochemical f bi-
GN/BD-diamond electrodes ectrochemical sensor of bi [72]
omarkers
Few-1 GN/HPHT dja-
ew-layer GN/ 1@ Dopamine detection [73]

mond electrode
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3.1. Electrochemical sensors

Electrochemical sensors based on graphene-diamond hybrid nanomaterials are
highly competitive for various applications.

Electrochemical determination of nitroaromatic explosives at boron-doped dia-
mond/graphene nanowall electrodes was proposed by Dettlaff and co-workers [63,74].
The limit of detection was as low as 0.52 ppm thanks to the electrochemical performance
of the diamond/graphene composite nanowall surface.

Gao et al. proposed a highly stable and regenerative graphene/diamond electrode as
an enantiomer recognition platform after a simple beta-cyclodextrin drop-casting process
[64]. The proposed enantiomer recognition sensor has been successfully used for D and L-
phenylalanine recognition. In addition, the electrode can be simply regenerated by half-
minute sonication due to the strong interfacial bonding between graphene and diamond.
Therefore, the proposed electrode showed significant potential as a reusable sensing plat-
form for enantiomer recognition.

Also, a series of nanocrystalline diamond and graphene hybridized films with vari-
ous morphologies and compositions of grain boundaries was investigated for application
as an electrode material [75]. The films were grown by adjusting the growth pressure by
hot-filament chemical vapor deposition. It is concluded that the high diamond content is
beneficial to enlarge the potential windows and decrease the background current, and the
graphene components take advantage of improving the redox current. Moreover, the or-
dered and small graphene surrounding the diamond grains is positive to improve the
electrochemical response without the rising background current.

The same authors reported constructing a more efficient air/solid/solution tri-inter-
face for carbon-based oxygen reduced reaction (ORR) electrodes [62]. They have success-
fully assembled vertical graphene sheets with edge defects as catalyst centers on separated
papillary granules formed nanocrystalline diamond films. They also prepared high hy-
drophobic and high sticky carbon-based electrodes with highly efficient ORR perfor-
mance. They demonstrated that hydrophobic to the super-hydrophobic surface can be
tuned by the tilt of the vertical graphene flakes. The study suggests a simple way to con-
struct catalytically active vertical graphene sheets on nanocrystalline diamond films.

Hybrid systems based on graphene and diamond containing another functional na-
nomaterial have also been recognized. For example, close-packed 2D assembly of plas-
monic gold nanostructure was fabricated on a diamond-like carbon film by two-step elec-
trodeposition via reduced graphene oxide modulation [61]. The oxygen functionalities at
the RGO surface which were controlled by changing the electrochemical reduction time
of GO, provided reactive sites for nucleation and growth of gold nanoparticles. The Ra-
man intensity of rhodamine B obtained from the gold assembly showed an 860-fold in-
crease compared with that from Si reference, indicating a coupling of localized electro-
magnetic field enhancement and chemical enhancement. The platforms have potential ap-
plications in biochemical analysis, environmental monitoring, disease detection, and food
safety.

A new electrochemical sensor designed by modifying the commercial boron-doped
diamond electrode with graphene oxide reduced electrochemically and further electrode
coated with silver (Ag/GO/BDD) electrode was selected to detect tetracycline in aqueous
solution.

Pei and co-workers improved the repeatability and lifetime of a sensor for the elec-
trochemical detection of trace Pb?* in seawater using graphene-functionalized self-sup-
ported boron-doped diamond (G/SBDD) electrode [67].

A novel ternary composite electrode made from diamond, graphene, and polyaniline
was designed for the electrochemical determination of 2,4dichlorophenol in aqueous me-
dia [68]. The composite was obtained through oxidative polymerization of aniline in the
presence of graphene and diamond. For the application, a glassy carbon electrode (GC)
was modified with this nanocomposite. The obtained results show that the modified elec-
trode exhibits superior electrochemical properties to the bare GC electrode.
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Electrochemical detection of Ag* using a novel nitrogen-incorporated ultrananocrys-
talline diamond/multilayer graphene (N-UNCD/MLGN) composite carbon films was re-
ported by Peng et al. [69]. The films were deposited on silicon substrates via a microwave
plasma chemical vapor deposition method, in which diethylamine was utilized as the sole
carbon and nitrogen source. In the composite films, MLGNSs are grown vertically on the
substrate surface and interlaced together to build a porous nest-like morphology. These
N-UNCD/MLGN films process large electrochemical double-layer capacitance (EDLC)
and robust cyclic stability, which make them a new class of carbon-based electrodes for
the application in electrochemical energy storage and/or electrochemical sensing.

Novel graphene-modified boron-doped diamond electrode and silver/graphene-
modified boron-doped diamond electrode were obtained to determine carbaryl and par-
aquat pesticides selectively from aqueous solution [70,71]. Compared with the graphene-
modified boron-doped diamond electrode [71], the Ag-boosted electrode exhibited excel-
lent electrocatalytic activity towards carbaryl electrooxidation and paraquat electroreduc-
tion [70]. Also, a proof-of-concept was demonstrated by the application in the real surface
water sample.

To complete the puzzle of the outstanding electrochemical properties of the dia-
mond-graphene nanomaterials, synergistic antibacterial activity of reduced graphene ox-
ide and boron-doped diamond anode in a three-dimensional electrochemical oxidation
system was reported [76].

3.2. Biosensors

Hybrid graphene-diamond-based nanomaterials are also convenient for the fabrica-
tion of various biosensors. Cui et al. reported on the fabrication of accurate, reliable de-
vices for glucose detection [60]. Ni nanoparticle-modified graphene-diamond hybrid elec-
trodes were fabricated via a catalytic thermal treatment, by which the graphene layers are
directly grown on the diamond surface using Ni thin film as a catalyst. The Ni nanoparti-
cles are formed in situ on the graphene surface due to dewetting. The interface between
the Ni nanoparticles and the graphene enables efficient charge transfer during electro-
chemical detection. In addition, this sensor shows great selectivity, suggesting potential
applications for sensitive and accurate monitoring of glucose in human blood.

L-Glutamate electrochemical sensor based on graphene and diamond was reported
by Hu and co-workers [59]. The sensors were fabricated on doped chemical vapor depo-
sition diamond electrodes and graphene nanoplatelet structures. The sensors incorporate
platinum nanoparticles to catalyze the electrooxidation of hydrogen peroxide, glutamate
oxidase to oxidize glutamate, and a layer of poly-phenylenediamine to convey selectivity.

Huang and co-workers reported that reduced graphene oxide and boron-doped dia-
mond demonstrated a special impedance response regarding protein adsorption com-
pared with other materials [58]. Besides the in-depth understanding of protein adsorption
behavior, this study also indicates a potential way to control the orientations of protein
molecules on a solid surface.

The electrochemical behavior of epinephrine at graphene-modified boron-doped di-
amond electrodes was studied by Marcu et al. [65]. It appears that the presence of the
graphene layer promotes the overall oxidation process. Additional investigations carried
out at different pH point out that the best sensitivity of GN/BD-diamond toward epineph-
rine oxidation is obtained at pH 7. Epinephrine detection in the presence of uric acid, with
relevance for the detection of biological compounds, can be achieved at relatively low or
high pH.

Boron-doped graphene and boron-doped diamond electrodes were also tested for
the detection of various biomarkers [72]. The authors demonstrated that even though both
materials exhibit similar heterogeneous electron transfer towards ferro/ferricyanide, there
are dramatic differences towards the oxidation of biomolecules, such as ascorbic acid, uric
acid, dopamine, and beta-nicotinamide adenine dinucleotide.
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Yuan et al. reported on the fabrication of few-layer graphene directly on a high-pres-
sure, high temperature (HPHT) diamond substrate via sp3-to-sp? conversion by catalytic
thermal treatment and using diamond itself as the carbon source [73]. The hybrid elec-
trode prototype was highly conductive and had a linear electrochemical response to do-
pamine. Based on the strong interfacial bonding between graphene and HPHT diamond,
regeneration of the fouled electrode and full performance recovery would be easily
achieved by ultrasonic cleaning.

4. Graphene - diamond interfaces and heterojunctions

The interface between the sp? and sp® nanocarbons, where the two nanoallotropes are
in intimate contact, is the most exciting entity in the graphene-diamond-based nano-
materials. It ensures the two-way communication channel for the charge, spin, molecule,
and phonon transport and provides the fragile stability of the carbon atoms’ in the desired
configuration. Thus, the interface is responsible for the graphene-diamond heterostruc-
tures' outstanding lubrication and mechanical properties; this topic will be discussed in
the first part of this section. In the second part, an essential role in charge and spin transfer
in emergent nanoelectronics applications will be addressed.

4.1. Friction, tribology, and mechanical properties

The achievement of the superlubricity regime is the Holy Grail of many tribological
applications. For example, tribochemical reactions promoted by the oil lubrication gener-
ate structural changes in the carbon hybridization of the ta-C hydrogen-free carbon, with
initially high sp? content. Interestingly, the macroscopic superlow friction regime of mov-
ing mechanical assemblies coated with ta-C can be attributed to a few partially oxidized
graphene-like sheets, with a thickness of not more than 1 nm, formed at the surface inside
the wear scar. The sp? planar carbon and oxygen-derived species are the hallmarks of
these mesoscopic surface structures created on top of colliding asperities as a result of the
tribochemical reactions induced by the oleic acid lubrication. Atomistic simulations eluci-
date the tribo-formation of such graphene-like structures, providing the link between the
overall atomistic mechanism and the macroscopic experimental observations of green su-
perlubricity in the investigated ta-C/oleic acid tribological systems [77].
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Figure 3. Superlubricity of NDs on graphene due to formation of GN@ND scrolls. (a) schematic
presentation of the superlubricity test; (b) TEM image of the resulting GN@ND scrolls with the
electron energy loss spectrum recorded on the ND area. Reprinted (adapted) with permission
from Berman, D.; Deshmukh, S.A.; Sankaranarayanan, S.K.R.S.; Erdemir, A.; Sumant, A. V. Mac-
roscale superlubricity enabled by graphene nanoscroll formation. Science (80) 2015, 348, 1064
1118-1122. Copyright 2015 The American Association for the Advancement of Science.
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It has been also demonstrated that using diamond brings the experimental realiza-
tion of friction-free graphene one step closer [78]. Berman and his colleagues have re-
ported a dramatic reduction in friction on the macroscale using a combination of graphene
flakes and nanodiamond on a SiO:z surface [27]. The superlubricity originates because gra-
phene patches at a sliding interface wrap around nanodiamonds to form nanoscrolls with
reduced contact area that slide against the diamond-like carbon surface, achieving an in-
commensurate contact and substantially reduced coefficient of friction (see Figure 3). At-
omistic simulations elucidate the overall mechanism and mesoscopic link bridging the
nanoscale mechanics and macroscopic experimental observations.

The extreme coefficient of friction (COF = 0.002) was recently achieved on the silicon-
doped hydrogenated amorphous carbon film by lubrication with graphene oxide
nanosheets in ethylene glycol [79].

The origins of low friction of hydrogenated diamond-like carbon films were investi-
gated by Liu et al. [80]. In agreement with the work of Berman and co-workers [27], the
authors concluded that the low friction occurs due to graphene nanoscroll formation de-
pending on the sliding mode as the two-way movements in the reciprocating sliding help
to keep the transfer layer within contact region, enhancing its graphitization.

Chen et al. reported on the tribological performance of as-deposited graphene — dia-
mond films. The unique surface morphology of underneath microcrystalline film was
supposed to play a crucial role in its exceptional friction performance. During the follow-
ing stable sliding phase, graphene scrolls formed by graphene sheets wrapping around
the wear particles they encountered and attributed to the reduction in friction by decreas-
ing the interfacial contact area and creating an incommensurable contact between the gra-
phene scrolls and counterpart surface [81]. The authors also reported this graphene/dia-
mond coating friction and wear behaviors via sliding tests [82].

Enhancement on the tribological performance of diamond films by utilizing gra-
phene coating as a solid lubricant was reported by Shen and co-workers [83]. The same
collective also elucidated the atomic mechanism behind the lubricity performance of gra-
phene-coated diamond surfaces [84]. The flexible lubrication performance of graphene on
the diamond interface was also suggested by DFT calculations [85].

The lubrication behavior of hydrogenated graphene on a substrate of diamond-like
carbon films was investigated via molecular dynamics simulations [86]. Hydrogenated
graphene exhibits excellent lubrication behaviors at low or intermediate normal loads but
loses its lubrication effect at high normal loads. In addition, it is demonstrated that the
friction force is unaffected by the asperities with small periodicity around the substrate
surface. Moreover, the improved lubrication for multilayer hydrogenated graphene is
sensitive to its adhesion interactions with substrate, which is different from previously
reported cases. Although the rigidity of hydrogenated graphene increases induced by
chemical modifications, its larger friction force results from the atomic-level roughness. It
is believed that these findings can provide a guideline for the superlubricity design based
on the chemically modified graphene.

Also, the adhesion of a graphene monolayer onto a non-, B-, or N-doped diamond
(111) surface was investigated by first-principle calculations [87,88]. The authors con-
cluded that the graphene layer kept its aromatic character for all terminations. However,
a minor charge transfer was observed from the graphene adlayer towards the non-doped
and doped diamond (111) substrates.

For applications in space, the tribological properties of graphene and MWCNTs ad-
ditives in diamond-like carbon/ionic liquids hybrid films in different lubricating states at
high vacuum were studied by Zhang et al. [89]. The authors concluded that MWCNTs
and graphene present different nano-scale tribological mechanisms and produce various
lubricating effects.

The frictional properties of the interface between graphene nanoflake and single-
crystalline diamond substrate have been investigated by molecular dynamics simulations
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[90]. Generally, the friction coefficient was lowest when a graphene flake slid along its
armchair direction and the highest when it slid along its zigzag direction.

Another aspect of the graphene-diamond interface has been addressed by Machado
et al. [91]. Using molecular-dynamics simulations of tensile deformation and shear load-
ing tests, mechanical properties of superlattices of diamond-like nanocrystals embedded
in twisted bilayer graphene generated by covalent interlayer bonding through patterned
hydrogenation were investigated. The authors suggested that the mechanical properties
of these superstructures can be precisely tuned by controlling the fraction of sp3-hybrid-
ized C-C bonds in the material, e.g., through the extent of chemical functionalization.

The stability, elastic moduli and deformation behavior of graphene-based diamond-
like phases were also examined by molecular dynamics simulations [92]. The authors
found out that the main mechanisms of non-elastic deformation is the stretching of the
covalent bonds and valent angles.

An interesting problem related to the graphene-diamond lubrication properties is the
frictional contact between a diamond tip and graphene edges during atomic force micros-
copy (AFM) experiments. Molecular dynamics simulation was used to analyze the specific
changes of friction and graphene morphology with different parameters of tip shape. The
results showed that the shape parameters have considerable effects on friction behavior
during the tip slides on the graphene step edges [93].

4.2. Nanoelectronic and spintronic platforms

Electronic properties of graphene-single crystal diamond heterostructures attracted
considerable attention due to their potential exploitation in nanoelectronics, optoelec-
tronic, and spintronic devices. Besides the graphene-single crystal diamond heterostruc-
tures [94,95], the properties of nanocarbon hybrids were also investigated.

The electronic properties of graphene sheets decorated with nanodiamond particles
have been investigated by Wang and co-workers [96]. At the ND-bonded regions, the at-
oms of graphene lattice follow sp3-like bonding, and such areas play the role of conduction
bottlenecks for the percolating sp? graphene network. The low-temperature charge
transport reveals an insulating behavior for the disordered system associated with Ander-
son localization for the charge carriers in graphene. A large negative magnetoresistance is
observed in this insulating regime, and its origin is discussed in the context of magnetic
correlations of the localized charge carriers with local magnetic domains and extrinsic
metal impurities associated with the ND.

Hu and co-workers prepared high mobility n-type conductive hybridized carbon
films with microstructures dominantly comprising of ultrananocrystalline diamond and
graphene nanoribbons via oxygen ion implantation and thermal oxidization annealing.
The O*implanted diamond grains terminated by C=O bonds provide a conductive net-
work surrounding diamond grains. Thus n-type Hall mobility attains high values. These
hybridized carbon films can be applied in the areas of electronic devices, field emission
displayers, and electrochemical electrodes [97].

Bogdanowicz and co-workers reported on the first step towards a low-temperature
diamond-based transistor using thin boron-doped diamond nanosheets grown on tanta-
lum foil substrates transferred to Si/SiOz and graphene [98]. The resulting device exhibits
thermionic conductance and variable hopping above and below 50 K, respectively.

Interaction between graphene and the semiconducting diamond substrate has been
examined with large-scale density functional theory calculations by Hu et al. [99]. No
charge transfer between graphene and diamond (100) surfaces is detected, while different
charge-transfer complexes are formed between graphene and diamond (111) surfaces, in-
ducing either p-type or n-type doping on graphene. The diamond was proposed as a con-
venient substrate for graphene-based nanoelectronics devices. Hu et al. also applied first-
principles calculation and the phonon Boltzmann transport equation to explore diffusive
thermal conductivity of diamond-like bi-layer graphene (diamane, see Figure 2(a)) [100].


https://doi.org/10.20944/preprints202107.0647.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 July 2021 d0i:10.20944/preprints202107.0647.v1

15 of 29

More complex systems - fluorinated graphene oxide, nanocrystalline diamond mul-
tilayer thin films have been proposed for optical and electromagnetic limiting applications
[101].

Konabe et al. investigated the possibility of multiple exciton-generation in graphene
nanostructures using tight-binding calculations [102]. They show that multiple-exciton
generation occurs in graphene nanoribbons with armchair edges wherein photoelectric
conversion efficiency exceeds 100%. They demonstrated that the graphene-diamond hy-
brid structure is a possible and robust nanostructure that can achieve multiple-exciton
generation for various fast optoelectronic applications.

Atomically flat diamond-like carbon films, oabtained by the filtered cathodic vacuum
arc deposition, were used as a dielectric platform for supporting graphene [103]. It was
shown that graphene on these platforms had less doping from the substrate and improved
FET carrier mobility compared with that of graphene on SiO:/Si substrate. High-fre-
quency, scaled graphene transistors on diamond-like carbon were successfully fabricated
by Wu et al. [104].

Gap opening and spin injection was investigated by Ma and co-workers [105]. They
addressed by first-principles calculations the electronic and magnetic properties of gra-
phene adsorbed on the (111) surface of the diamond. They concluded that the graphene
adsorbed on the diamond surface is a semiconductor with a finite gap depending on the
adsorption arrangements due to the variation of on-site energy induced by the diamond
surface, with the extra advantage of maintaining the main characters of the linear band
dispersion of graphene. Moreover, the electronic spin can arise "intrinsically” in graphene
owing to the exchange proximity interaction between electrons in graphene and localized
electrons in the diamond surface rather than the characteristic graphene states. These
predications make this system a viable candidate to overcome all the challenges men-
tioned above of graphene-based electronics.

Graphene FETs with wavelength-dependent multiple optical inputs and one electri-
cal output in response to the charge state of NV centers in diamond have been reported
by Tzeng and co-workers [106]. Negative charge state NV center in diamond serves as the
gate with diamond being the gate dielectric and produces an electric field to enhance the
hole concentration in the graphene channel.

Yu et al. have shown that by replacing SiO: with synthetic diamond, one can sub-
stantially increase the current-carrying capacity of graphene [107]. They also found that
the current-carrying capacity of graphene can be improved not only on the single-crystal
diamond substrates but also on an inexpensive ultrananocrystalline diamond, which can
be produced in a process compatible with a conventional Si technology.

The effect of vacancies on resistance at the graphene-diamond interface was investi-
gated by molecular dynamics simulations [108]. It was observed that the distance of the
vacancy(s) from the diamond-graphene interface is a determinant of the interfacial re-
sistance, suggesting that phonon dynamics around the vacancy contribute to reducing the
interfacial barrier. Also, the change of the interfacial graphene bonds as the vacancy posi-
tion is varied influences the final interfacial resistance.

A first-principles study of the structural and electronic properties of two-dimensional
2D layer/hydrogen-terminated diamond (100) heterostructures was reported by Mira-
bedini et al. [109]. Both the 2D layers exhibit weak van der Waals interactions and develop
rippled configurations with the H-diamond (100) substrate to compensate for the induced
strain. In the graphene/H-diamond (100) heterostructure, the semi-metallic characteristic
of the graphene layer is preserved. On the other hand, the hBN/H-diamond (100) hetero-
structure shows semiconducting characteristics with an indirect bandgap of 3.55eV,
where the hBN layer forms a Type-II band alignment with the H-diamond (100) surface.
The authors concluded that a thin layer of hBN offers a defect-free interface with the H-
diamond (100) surface and provides a layer-dependent tunability of electronic properties
and band alignment for surface-doped diamond FETs.
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Muniz and co-workers presented a theoretical study on gap opening in a new class
of carbon nanostructures formed due to the creation of covalent interlayer C-C bonds in
hydrogenated twisted bilayer graphene (TBG) [110]. The resulting relaxed configurations
consist of 2D superlattices of diamond-like nanocrystals embedded within the graphene
layers. The same periodicity as that of the Moire pattern corresponds to the rotational
layer stacking in TBG. The 2D diamond nanodomains resemble the cubic or the hexagonal
diamond phase. The predicted band gap’s value as wide as 1.2 eV increases monotonically
with the increasing size of the embedded diamond nanodomain in the unit cell of the
superlattice.

Selli et al. investigated the interaction of a graphene monolayer with the C(111) dia-
mond surface using ab initio DFT and quantum transport calculations [111]. They re-
vealed how the buckling of the graphene layer and the associated bonding to the diamond
substrate affect the transport properties. They observed highly anisotropic electrical prop-
erties. The hybrid graphene-diamond system displays high carrier mobility along the
ridges and a wide transport gap in the direction normal to the ridges, which qualify the
system as a viable candidate for electronic nanodevices.

Shiga and co-workers theoretically investigated the electronic, magnetic, and thermal
properties of a graphene-diamond hybrid structure consisting of a graphene nanoribbon
with zigzag edges connected to diamond surfaces [112]. They found that the hybrid struc-
ture is stable and that the ferromagnetically ordered edge state appears. They proposed
that the hybrid structure is a potential candidate for spin-polarized conducting wires with
thermally efficient heat sinks.

Ueda et al. implemented graphene/diamond heterojunctions as photo-controllable
memristors with photoswitchable multiple resistance states and nonvolatile memory
functions [113,114]. The junctions exhibit light wavelength selectivity, and the resistance
states can be switched only by blue or violet light irradiation. The mechanism for the
change in photoconductivity is considered to be caused by oxidation-reduction of the gra-
phene and/or graphene-diamond interfaces through the movement of oxygen ions by bias
with photo-irradiation because they have wavelength selectivity and require air exposure
for several days to exhibit memristive behavior.

Wan et al. investigated polycrystalline graphene transferred onto differently termi-
nated epitaxial layers of boron-doped diamond [115]. Electronic interaction between the
diamond and graphene was observed for n-doped graphene on the hydrogen and oxygen
terminated diamond. They concluded that the wide window of achievable graphene dop-
ing is effectively determined by the diamond surface dipole, easily tuneable with varying
surface functionalization. A Schottky junction using the graphene-diamond structure was
clearly observed with a Schottky barrier height of 330 meV.

5. Other applications

Besides the nanoelectronics and tribology, the hybrid graphene-diamond nano-
materials appeared to be very promising for other areas of applications, such as energy
storage, ultra-fast and efficient detectors, and light sources and cutting or brazing tech-
nologies. In this section, the most important cases with broad application potential will be
discussed.

5.1 Energy storage - supercapacitors

Banerjee et al. presented a one-step synthesis method to produce conductive boron-
doped hybrid carbon nanowalls, where sp2-bonded graphene has been integrated with
and over a three-dimensional curved wall-like network of sp3-bonded diamond [116]. In-
terestingly, these hybrid graphene-diamond electrodes yield a high double-layer capaci-
tance value of 0.43 mF.cm? and electrode retention of 98% over 10 000 cycles of charg-
ing/discharging in 1 M Na250: electrolyte. The remarkable supercapacitive performance
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was attributed to the 3D interconnected network of diamond nanowalls surrounded by
highly conducting graphene.

Boron-doped graphene/boron-doped diamond was synthesized by an electron-as-
sisted hot-filament chemical vapor deposition method, and a symmetric supercapacitor
was fabricated to evaluate the practical application of the hybrid electrode. The superca-
pacitor delivers a high energy density and has a long-term stability advantage at high
operating voltages [117].

Flexible mesoporous graphitic films with onion-like carbon nanoparticles sand-
wiched between thermally reduced graphene oxide (or graphene) sheets were prepared
by Sun and colleagues [118], see Figure 4. The films releaved very high specific surface
area (~ 420 m2g1) due to the presence of mesopores, and they were successfully tested as
the electrodes of supercapacitors without the need for the addition of a polymer binder or
a conductive additive.

Composites of RGO-modified with N particles were also used as efficient electrodes
in electrochemical supercapacitors [119].

3D network of graphene nanowalls on the CVD diamond film has been synthesized
on the diamond by direct-current plasma-enhanced CVD on silicon substrates pre-seeded
with diamond nanoparticles in gas mixtures of methane and hydrogen [120]. The system
shows excellent electrochemical durability with a low background current in a wide elec-
trochemical potential window, which makes it a promising candidate for energy storage
platforms.

Nitrogen-incorporated ultrananocrystalline diamond and graphene nanowalls
coated graphite, and silicon anodes were fabricated to improve the performance of anodes
in lithium-ion batteries [69].
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Figure 4. Example of graphene oxide — diamond composites for supercapacitors. Panels (a) and (b)
present HR TEM images of the morphology at the nanoscale; panels (c) and (d) show typical XRD
patterns of GO, ND particles, chemically converted GN films (CCG), onion-like carbon (OC), and
mesoporous CCG/OC (GOC) composite films; panels (e) and (f) show a cyclic voltammetry and
photograph of the GOC film, respectively. Reprinted (adapted) with permission from Sun, Y.Q.;
Wu, Q.0,; Xu, Y.X,; Bai, H.; Li, C; Shi, G.Q. Highly conductive and flexible mesoporous graphitic
films prepared 1278 by graphitizing the composites of graphene oxide and nanodiamond. J. Mater.
Chem. 2011, 21, 7154-7160. Copyright 2011 Royal Society of Chemistry.
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5.2 Detectors and light sources

A novel kind of detector based on polycrystalline grade diamond substrate and RGO
contacts is reported by Benfante and co-workers [121]. This detector combines some of the
good qualities of diamond with low-impedance contacts. This characteristic, together with
the possibility of patterning the electrodes with standard lithographic techniques, makes
this detector particularly suitable for X-ray beam monitors where the photon beam's in-
tensity and position need to be measured with minimal effect on the beam itself.

Another application related to ultra-fast detection is converting the NV-diamond sig-
nal via coupling to graphene [122]. It has been shown that emitters, such as fluorophores
and NV centers in diamond, can exhibit a strong non-radiative energy transfer to gra-
phene, which can be read out by detecting corresponding currents with a picosecond time
resolution. These results open the avenue for incorporating nitrogen-vacancy centers into
ultrafast electronic circuits and electronically harvesting non-radiative transfer processes.
Liu et al. suggested that the mode values of lifetime and intensity of the fluorescence from
the single NV center in nanodiamond on monolayer graphene are shorter and weaker
than that on bare quartz substrate [9].

For applications in diamond-based cold cathode emission devices, electron field
emission (EFE) properties of ultrananocrystalline diamond films were improved by the
formation of graphene nanoribbons during high-temperature annealing [97]. Also,
GN/UNCD double-layer structures were reported to enhance the EFE [123]. The improve-
ment of the plasma illumination properties and EFE due to the application of nanocrys-
talline diamond-decorated graphene nanoflakes, self-organized multi-layered graphene-
boron-doped diamond hybrid nanowalls, and few-layer graphene-diamond nanorods hy-
brids were investigated thoroughly by Shankaran et al. [124-126]. They concluded that
nanographitic phases in the grain boundaries of the diamond grains form electron
transport networks that lead to improvement in the EFE characteristics. Free-standing
graphene-diamond hybrid films for EF devices have also been fabricated using saturated
hydrocarbon polymers as seeding material by hot filament chemical vapor deposition
technique [127]. EFE in graphene/n-type diamond heterojunctions was also investigated
by Yamada et al. [128,129].

Santos and co-workers also reported that the morpho-structural aspects are critical
regarding the EFE behavior of graphene-diamond hybrids [130]. They suggested emission
from both the background graphene and the protruded NCD clusters.

Interface engineering of a silicon/graphene heterojunction photodetector via a dia-
mond-like carbon interlayer was suggested by Yang and co-workers [131]. The hetero-
junction can simultaneously exhibit improved photoresponsivity and response speed
compared with the counterparts without DLC interlayers. The authors also concluded that
incorporation of the DLC interlayer might be a universal strategy to construct hybrid in-
terfaces with high performance in next-generation optoelectronic devices.

Huang et al. constructed ultraviolet photodetectors based on ultra-nanocrystalline
diamond and dispersed graphene flakes with ZnO nanotubes [132], see Figure 5. The dis-
tribution of graphene and nanodiamonds interlayer enables the new energy levels on the
conduction band, which reduces the barrier height to allow fast charge carrier transporta-
tion during the UV illumination. It is believed that their addition increases the UV adsorp-
tivity and sufficient amount of conducting path within ZnO nanotubes. Therefore, the
present photodetector can be used as an efficient UV photodetection device with high
performance and opening up new opportunities for future optoelectronic devices.

Another type of UV detector based on the heterojunction between graphene and mi-
crocrystalline diamond was demonstrated by Wei et al. [133]. A vertical gra-
phene/MCD/metal structure is constructed as the photodiode device using graphene as
the transparent top electrode for solar-blind UV sensing with high responsivity and gain
factor. Also, Yao et al. reported on a graphene-diamond-metal thin-film system as a UV
light sensor on a flexible substrate [134].
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Weinhold and co-workers demonstrated optoelectronic function in a near-to-mono-
layer molecular architecture approaching atomically defined spatial disposition of all
components [135]. The active layer consisted of a self-assembled terylene-based dye, form-
ing a bicomponent supramolecular network with melamine. The assembly at the gra-
phene-diamond interface shows an absorption maximum at 740 nm whereby the photore-
sponse was measured with a gallium counter electrode.

Zhang et al. reported on fabrication of the RGO/Au electrode on (111)-oriented poly-
crystalline diamond films on Si substrates for alpha particles detectors [136]. The dark
current, photocurrent, and energy resolution of these detectors under 5.5 MeV alpha par-
ticles irradiation from an Am-241 source were observed. The results demonstrated that
fabrication of the RGO/Au electrode on PCD might provide a feasible way to improve its
detection performance under alpha particles irradiation.

() - P

Semi grown UNCD

CVD process ™,
Gr

“—

|1 ZnO nanotubes on
} Gr flakes/UNCD

Fabrication of
UV photodetectors

Figure 5. High-performance photodetector based on graphene flakes, UNCD and ZnO nanotubes.
(a) FESEM image of graphene layer, (b) AFM image of graphene layer, and (c) FESEM images of
semigrown UNCD materials grown for 5 min. (d)-(f) FESEM images of UNCD-ZNT, GrF-ZnTs,
and GrF-ZnTs/UNCD heterostructures. (h) Fabrication flow diagram of the UV photodetector.
Reprinted (adapted) with permission from Huang, B.R.; Saravanan, A.; Lu, H.C. Structural Engi-
neering of Dispersed Graphene Flakes into ZnO Nanotubes on 1316 Discontinues Ultra-Nanocrys-
talline Diamond Substrates for High-Performance Photodetector with Excellent UV Light to 1317
Dark Current Ratios. Adv. Mater. INTERFACES 2020, 7, d0i:10.1002/admi.201901694. Copyright
2020 Jonh Willey and Sons.

5.3 Materials’ processing technologies

The graphene-diamond materials are also important in materials’” processing. For ex-
ample, graphene, GO, and RGO attracted attention in cutting technologies. For example,
the addition of graphene also improves the performance of polycrystalline diamond com-
pact (PDC) [137]. A new type of high-performance diamond composite PDC-G was pre-
pared and compared with PDC without graphene; the hardness and wear resistance of
PDC-G with 0.1 wt% graphene addition were enhanced by 75% and 33%, respectively.
Moreover, the electrical conductivity of PDC prepared by graphene strengthening was
improved 42-fold. The strengthening mechanism of PDC-G mainly occurred as a result of
the lubricating effect of graphene between diamond particles. Graphene pallets are very
efficient in suppressing the chemical wear of the tool in diamond cutting [138].

GO was also used to improve the wear resistance and service life of the epoxy resin-
bonded diamond abrasive tools [139].
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On the other hand, multilayer graphene can help to reduce unfavorable thermal dam-
age of diamonds in the current brazing practice [140,141]. It has also been reported that
colloidal suspensions of graphene oxide mitigate carbon diffusion during diamond turn-
ing of steel [142].

Also, the rheology of mixed nanocarbon dispersions attracted some attention. For
example, Ilyas et al. addressed the use of graphene-diamond materials in thermo-fluid
technologies [143]. They investigated the rheological behavior of hybrid nanosuspensions
containing high thermally conductive diamond and graphene nanoplatelets (1:1) and sup-
ported their results with extensive machine learning methods to predict the viscosity of
hybrid nanofluids based on the three input parameters (temperature, concentration, and
shear rate).

Jiang et al. investigated epoxy composites of graphene and nanodiamond [144]. They
developed a single-step process to cast epoxy composites with high thermal conductivity
and low electric conductivity. They found that the graphene coating improves the disper-
sion of diamond in the polymer matrix. It also decreases the interfacial thermal resistance
between the diamond and epoxy while preserving excellent electrical insulation.

Epoxy thin film composites filled with particulate nanofillers; synthetic diamond and
graphene nanoplatelets were studied by Saw et al. [145]. The influences of these two types
of fillers, especially in terms of their loading, sizes, and shapes, were discussed. It was
found that the epoxy thin-film composites incorporating synthetic diamond displayed op-
timum properties where the addition of synthetic diamond from 0 to 2 vol.% results in
higher elastic modulus, tensile strength, elongation at break, thermal conductivity, and
storage modulus than graphene nanoplatelet composites. Both thin-film composites
showed improvement in the glass transition temperature with increasing filler loadings.
Results on the electrical conductivity of both systems showed that higher conductivity is
observed in graphene nanoplatelets composites if compared to synthetic diamond com-
posites.

Bittencourt et al. carried out a numerical simulation yielding the size distribution of
graphene clusters as a filler of a polymer aiming to obtain the percolation threshold [146].
The probability density of this distribution shows a universal complementary Fermi-Dirac
behavior as a sign of a topological response. Using a tight-binding model for the trans-
mission from the source to the drain, they obtain a smooth transition from an insulator to
a conductor through a dirty metal as the concentration of conductive bonds increases for
small arrays. As the array size increases, the simulation shows a sharp non-metal-to-metal
transition from a pure polymer into a pristine suspended graphene layer

A new thermal conductive poly(vinylidene fluoride) composite has been developed
via a hybrid functionalized graphene sheets - nanodiamonds filler by a simple solution
method. The composite showed different thermal conductivities at different proportions
of hybrid filler [147].

Shul'zhenko and co-workers developed a process for the uniform distribution of n-
layer graphenes in a mixture for sintering polycrystalline diamond at high pressures and
temperatures, providing current-conducting diamond polycrystals [148].

The GO was found to improve the growth rate of CVD diamond coating by increas-
ing the chemical reaction rate [149]. A novel method of dispersing GO particles as adsor-
bent on the substrate prior to deposition was proposed, with which the diamond coating
with large grain size and high thickness was deposited on the silicon nitride under the
normal CVD environment.

Interestingly, nitrogen-incorporated ultrananocrystalline diamond and multi-layer-
graphene-like hybrid carbon films were employed in the construction of biocompatible
carbon-based heaters for possible electrosurgical applications [150].

The diamond and graphene also met on the way to scale up for industrial production
of GO. A combination of fused-deposition-modeling-based 3D printing and highly robust
BD-diamond with a wide electrochemical potential window allowed to fabricate a scala-
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ble packed-bed electrochemical reactor for GO production [151]. The scalability of the re-
actor along the vertical and lateral dimensions was systematically demonstrated to facili-
tate its eventual industrial application, capable of producing electrochemically derived
GO on a multiple-gram scale.

5.4. Catalysis

Graphene-diamond nanomaterials also serve as efficient catalysts or catalyst carriers.
Lan et al. suggested the use of graphene-diamond nanomaterials for catalytic applications
[152]. A defective nanodiamond-graphene material exhibits superior catalytic activity in
acetylene hydrochlorination with an acetylene conversion of 50%, selectivity to vinyl chlo-
ride of up to 99.5%. It is the first example of a metal-free catalyst with comparable perfor-
mance to that of the 0.25% Au/C catalyst.

Graphene aerogels and graphene aerogel-nanodiamond hybrids have been fabri-
cated by a mild reduction/self-assembly hydrothermal method using graphene oxide dis-
persion as a precursor [153]. The aerogels have been used as metal-free catalysts for oxi-
dative dehydrogenation of propane. Reduced graphene oxide aerogels without nanodia-
monds outperformed carbon nanotubes in propene productivity and selectivity, corre-
lated with a higher content of accessible carbonyl-quinone groups and more defective
structures of reduced graphene oxide. Graphene aerogels loaded with low amounts of
nanodiamonds (2 wt%) by a one-pot strategy provided 18% higher activity than RGO aer-
ogels, ascribed to the increase of the sp®/sp? ratio. Hybrid aerogels are freestanding, robust,
and highly porous monoliths, which is a suitable platform for catalysts or adsorbents in
flow systems.

A core/shell structure nanodiamond/graphene (ND/G) was prepared by annealing
ND in a vacuum at temperatures of 1200 and 1500 °C. The prepared ND/G was used as a
support for a platinum electrocatalyst in direct methanol fuel cells. Higher dispersion of
Pt nanoparticles was observed on ND/G compared to pristine NDs, and the material
showed better catalytic activity and greater stability for methanol electro-oxidation than
Pt/ND [154].

5.5. Generation of extreme environments

Graphene and diamond were also suggested in several exotic applications. For ex-
ample, water molecules can be confined in nanobubbles at the hybrid interfaces of gra-
phene and diamond surfaces at varying temperatures [155]. A molecular dynamics simu-
lation revealed that the molecules confined in small nanobubbles at high density are found
to possess very slow relaxation time scales because of stronger hydrogen bonding and
spatial constraints. These water molecules can be considered as essentially irrotational. In
other cases, water molecules confined in nanobubbles at a lower density at supercritical
temperature are found to show very fast relaxation time scales as the thermal energy dom-
inates the dynamics of water molecules in these cases.

Lim and co-workers exploited the hardness and virtual incompressibility of diamond
to be used in miniature high-pressure anvil cells [156]. They reported on a new way to
generate static pressure by encapsulating single-crystal diamond with graphene mem-
brane. Heating the diamond-graphene interface to the reconstruction temperature of dia-
mond produces a high density of graphene nanobubbles that can also trap water. At high
temperatures, chemical bonding between graphene and diamond is robust enough to al-
low the hybrid interface to act as a hydrothermal anvil cell due to the impermeability of
graphene. Superheated water trapped within the pressurized graphene nanobubbles is
observed to etch the diamond surface to produce a high density of square-shaped voids.

6. Summary and outlooks

Graphene-diamond nanomaterials, heterojunctions, and derived hybrid nanosys-
tems are an important class of all-carbon materials. The common denominators of the vast
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majority of technological and fundamental issues are the successful implementation of
two-way communication between the graphene and diamond and the fragile interplay
between the two border arrangements given by the sp? and sp?® hybridization of the carbon
atoms. Rational design and directed modification of the nanointerface and the implemen-
tation of functional nano links thus represent the major challenge in further developing
graphene-diamond-based nanomaterials and devices. Correspondingly, engineering the
interface demonstrates an interesting topological problem - a reorganization can occur at
partial atomic structures or in terms of topographic modulation.

As can be seen even from the concise review, both sp? and sp? carbon allotropes offer
many opportunities, especially when approaching the nanoscale dimensions, and many
physical and chemical properties have already been utilized in practice. Note that the en-
vironment, which hides many pitfalls for implementing these nano-sized compounds into
functional devices, should their exceptional properties not be compromised. Conse-
quently, a next step - the bilateral communication of the nanocarbons and the surround-
ings, through highly efficient channels - the interfaces and the covalent links - must be
promoted and rationalized in the near future.
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