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A multilayer-graphene nanosheet film deposited
on a ceramic substrate without a catalyst for
constructing an electrochemiluminescence
imaging platform+

’ '.) Check for updates ‘

Cite this: Nanoscale, 2019, 11, 12132

Jiannan Wang, Pengxiang Shang, Jiangyan Zhong, Shan Lin and Yuwu Chi

Chemically and electrochemically stable conducting films are very desirable in the electrochemical indus-
try and electrochemical sensing. In this work, ethanol was used as the carbon source to synthesize a
multilayer-graphene nanosheet (MLGNS) film on ceramic substrates by a catalyst-free chemical vapor
deposition (CVD) method at 900 °C and under ambient pressure. The developed CVD method is simple,
economical and safe and avoids damage to the graphene nanosheet film during its transfer from the metal
substrate to the non-metal substrate. The synthesized MLGNS film was well characterized by various tech-
niques, including scanning electron microscopy (SEM), transmission electron microscopy (TEM), atomic
force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and Raman
spectroscopy. The prepared MLGNS film has good chemical and electrochemical stability and satisfactory
electrical conductivity thus can be used as a new type of electrode material. The MLGNS film on the ceramic
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substrate has been fabricated into an electrochemiluminescence (ECL) imaging platform to investigate the
oxygen reduction reaction (ORR) and evaluate the activities of ORR catalysts, such as PtNPs. The established
MLGNS film-based ECL imaging platform may have promising applications in the study of catalysts for fuel
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Introduction

Graphene, an atomically thin two-dimensional carbonaceous
material, has attracted tremendous attention in the scientific
community. Graphene is closely arranged in a two-dimen-
sional crystal structure using sp> hybridized carbon atoms,
similar to a honeycomb network." Due to the special structure
of graphene, it has many excellent physical and chemical
properties,>* for example, very high carrier mobility, thermal
conductivity and light transmittance, excellent impermeability,
and superior mechanical stability.*® Therefore, graphene is
very interesting in both science and technology and has wide
applications in various fields, such as solar cells,” super-
capacitors,'® fuel cell catalysis,'" photocatalysis,’*> and
sensors.'*1°

Many recent reports on the preparation of graphene by
chemical vapor deposition (CVD) have indicated that almost
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cells, high throughput immunoassay in the clinic, and fast screening of anti-cancer drugs.

all transition metals in the periodic table can be used as cata-
lysts for the preparation of graphene by CVD.">* Therefore,
for the CVD preparation, the growth of graphene is generally
realized by using a metal or a plated metal as a substrate.
However, transferring graphene from a metal substrate to a
non-metallic substrate, such as glass, ceramic or plastic for
further applications is a complicated and skilled job.>*?®
Inappropriate operation may easily destroy graphene, and the
residual metals may contaminate the graphene materials.
Therefore, it is of considerable interest if graphene film can be
prepared directly on chemically or electrochemically inert and
insulating substrates, such as ceramic and glass chips rather
than metallic substrates. Particularly, for the applications of
graphene film in electrochemical studies and industry and
electronics industry, metal-free and transfer-free CVD methods
for preparing graphene film are highly desired.

To overcome the drawbacks of the metal catalyst-based CVD
methods mentioned above, thermal decomposition of SiC into
graphene on its surface has been intensively studied lately as a
promising method to obtain graphene film with high quality
for electronic applications.>”*® Compared with the classic CVD
methods, the SiC decomposition-based method has the
obvious advantage that graphene film may be directly prepared
on a semiconducting or semi-insulating substrate, such as SiC,
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and thus no transfer operation is needed for further electro-
chemical applications. However, the method may suffer from
the necessary use of very high temperature®® or ultra-high
vacuum (UHV),*° and from high cost for using a special
furnace and SiC material, which may limit the extensive
studies and applications of graphene/SiC. Besides SiC, other
insulating substrates, such as SiO,,*'* sepiolites,*® and other
insulating materials (Al,O;, sapphire and mica),** have been
used to deposit and support graphene in the absence of
catalysts. These graphene/insulating substrate composites
may be very attractive in electrochemistry; however, they suffer
from the drawback that easily explosive gas sources such as
CH, and H, are still needed in most of these CVD preparation
methods.

Recently, we have tried to synthesize graphene conducting
film on insulting substrates for use in electrochemistry by an
easy, economical and safe method. Herein, we have found that
multilayer-graphene nanosheet (MLGNS) film can be well de-
posited on a ceramic substrate by the CVD method without
using a catalyst, by using ethanol/Ar gas as the carbon source,
and under relatively gentle CVD conditions (900 °C and
ambient pressure). The developed CVD method is simple,
economical and safe because easily available and relatively safe
ethanol acts as the carbon source, and very cheap ceramic is
used as the substrate. The prepared MLGNS film/ceramic has
excellent chemical and electrochemical stability, satisfactory
conductivity, and excellent electrochemical responses when
used as working electrodes. Finally, the MLGNS film/ceramic
has been fabricated into electrochemical and electrochemilu-
minescent (ECL)***” cells with bipolar array electrodes to con-
struct an ECL imaging platform for investigating the oxygen
reduction reaction (ORR), and evaluating the activities of the
ORR catalysts, such as PtNPs. It is envisioned that the MLGNS
film-based ECL imaging platform may have promising appli-
cations in high throughput screening of fuel cell catalysts and
anti-cancer drugs, and in clinic immunoassay.

Results and discussion
Synthesis and characterization of MLGNS

The CVD preparation of the MLGNS film on a ceramic sub-
strate from ethanol was carried out by a device as described in
Fig. S1, which was composed of an ethanol/Ar gas source
(section (A) in Fig. S11) and a quartz tube furnace (section (B)
in Fig. S17). The ethanol/Ar gas was provided by bubbling
ultrapure Ar gas into absolute ethanol. CVD was operated
using the following procedures.

Firstly, a ceramic boat was cleaned by being ultrasonically
washed in acetone, ethanol and double-distilled water each for
10 min and was then dried in a vacuum oven at 70 °C before
use. The quartz tube for CVD was first physically cleaned by a
brush at room temperature to remove dust on the inner wall,
then it was heat-treated in air at 950 °C until any possible
organic impurity was burned out, and was naturally cooled to
room temperature for further use.
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Then, the cleaned ceramic boat was placed in the middle of
the quartz tube, followed by blocking two ends of the quartz
tube to ensure that the CVD system is airtight. The quartz tube
was initially heated at 80 °C under vacuum for 80 min followed
by slowly introducing ultrapure Ar into the chamber for CVD.
The temperature program of the tube furnace was set as
follows: 25 °C to 80 °C for 30 min, 80 °C for 30 min, to 500 °C
within 60 min, to 900 °C within 25 min, 900 °C for 30 min, to
room temperature by natural cooling. During the temperature
programming, an ethanol/Ar gas stream was introduced into a
quartz tube after the temperature reached 500 °C to cause gra-
phitization,®® and the ethanol/Ar stream at a flow rate of
100 mL min~" (under 1 atm) was continuously passed through
the quartz tube for 45 min, after which ultra-pure argon was
again introduced into the CVD chamber until the temperature
fell to room temperature. Thus, the deposition of the MLGNS
film on the ceramic substrate was completed.

After the CVD treatment with ethanol/Ar, the white ceramic
boat (Fig. 1a) was deposited with a uniform, smooth and black
film with somewhat metallic luster (Fig. 1b). The film is quite
dense and difficult to be wiped off by soft objects such as
rubber and a finger. MLGNS/ceramic chips with a desired
shape and scale can be obtained by cutting them from the
ceramic boat with a 355 nm laser beam (Fig. 1c). The MLGNS
film is very stable to all organic solvents and inorganic sol-
vents, such as concentrated H,SO,, HNO;, and mixed acids
(e.g. HySO, + HNO; or HNO; + HCI), even upon heating.

Fig. 1 Photos of the ceramic boat before (a) and after (b) deposition
with the MLGNS film by the CVD method. Photo of an MLGNS/ceramic
chip cut from the MLGNS/ceramic boat with a 355 nm laser (c). Photo of
a 1064 nm laser-fabricated MLGNS/ceramic chip (d).
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However, the MLGNS film can be peeled off from the ceramic
substrate by being immersed in HF solution for 12 h
(Fig. S2t), which should be due to the reaction between SiO,
contained in the ceramic substrate and HF. The MLGNS film
can be easily fabricated into the desired patterns such as elec-
tronic circuits and electrodes by a 1064 nm laser beam without
cutting the ceramic substrate (Fig. 1d).

The SEM images were obtained for the MLGNS film, which
was peeled off from the ceramic substrate by HF-etching
(Fig. S21).

Under low-magnification conditions, the MLGNS film
loaded on a piece of Si wafer is very uniform in thickness and
has some narrow wrinkles in the middle (Fig. 2A), implying
that the film is quite thin. The thickness of the MLGNS film
was found to be (501.0 + 1.0) nm from the SEM images
obtained for the fracture surfaces of the MLGNS film/ceramic
substrate blocks (Fig. S51). At a higher magnification, the
MLGNS film is flat and smooth (Fig. 2B) and consists of par-
ticles with a lateral size of around 80 nm (Fig. S31). The AFM
images show that the prepared MLGNS film is composed of
multilayer nanoparticles (sections (a) and (c) in Fig. S47), with
a lateral size less than 100 nm. The average thickness of the
nanoparticles can be estimated to be ca. 7 nm by the data of
the height profile (section (b) in Fig. S47). Apparently, the
thickness (several micrometers) of the obtained MLGNS film is
too large for TEM measurement. Therefore, the site at the edge
rather than that in the middle of the MLGNS film was chosen
for TEM imaging (Fig. 2C). The recorded high-resolution TEM
image shows that the nanoparticles in the MLGNS film have
clear crystal structures with a lattice spacing of 0.34 nm
(Fig. 2D), which is associated with the (002) facet of multi-

Fig. 2 SEM images of the peeled MLGNS film placed on a Si wafer with
low-magnification (A) and high-magnification (B). TEM images of the
MLGNS film with low-resolution (C) and high-resolution (D).

12134 | Nanoscale, 2019, 11, 12132-12138

View Article Online

Nanoscale

layered graphene, i.e. the distance between two graphene
layers. Moreover, Fig. 2D indicates that one MLGNS particle
may have tens of graphene layers. No lattice spacing of
0.24 nm corresponding to the (1120) facet of graphene can be
found,® which might result from the fact that the MLGNS film
is too thick to observe the (1120) facet of MLGNS therein.
Overall, the above morphology characterization studies by
SEM, AFM and TEM suggest that the prepared MLGNS film
consists of multilayers of graphene nanosheets with a lateral
size less than 100 nm and a thickness of around 7 nm.

In addition to the morphology characterization studies,
various spectroscopic technologies were used to analyze the
components and structures of the MLGNS film. The XPS
survey spectrum of the MLGNS film/ceramic substrate shown
in Fig. 3(A) indicates that the MLGNS film/ceramic composite
material mainly contains C and O elements and has a small
amount of Si element. All Si element and some O element
should be from the ceramic substrate under the MLGNS film.
No metal elements, such as Fe, Co, Ni and Cu are found, indi-
cating that no metal element participates in the growth
process of the MLGNS film, i.e. graphene nanosheets can be
directly prepared on a ceramic substrate without any metal as
a catalyst. The high-resolution XPS spectra (Fig. 3(B)) show
that the MLGNS film has three types of binding carbons,
including a large amount of SP> C-C (284.7 eV), and relatively
small amounts of C-O (286.4 eV) and C=O0 (288.4 eV). It is ver-
ified that the MLGNS film mainly consists of graphitic carbon
(i.e. SP* C-C) with some C-0O and C=O0 groups on the surfaces.
The XRD data shown in Fig. 3C verify that the MLGNS film
consists of multilayer-graphene nanosheets since a very broad
(002) peak appearing at around 25° can be found. Apparently,
the (002) facet observed by XRD is consistent with that found
in the HRTEM image (Fig. 2D). The Raman spectrum of the
MLGNS film/ceramic substrate shows a strong D band (related
to the defects in graphene) at 1345 cm™, a strong G band
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Fig. 3 XPS survey spectrum (A); high resolution XPS spectra (B); XRD

pattern (C); and Raman spectrum (D) of the MLGNS film/ceramic
substrate.
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(associated with order structures of graphene) at 1589 cm™'
and a small 2D band at 2689cm ™" (Fig. 3D). The intensity of
the D band is almost the same as that of the G band,
suggesting that there are many disorder or defect structures in
the MLGNS film. The abundant disorder structures can be
explained by the fact that the MLGNS film consists of multi-
layer graphene sheets, thus it has many edges or defect
states.”® In addition, there is a weak peak at 791 cm™" corres-
ponding to SiC,*" which means that a small amount of SiC
may form at the interface between the MLGNS film and
ceramic substrate during the CVD process.

Electroconductivity and electrochemical performances

Before evaluating the electrochemistry of the prepared MLGNS
film, it is necessary to investigate the electroconductivity of the
MLGNS film with metallic luster on the ceramic substrate. The
sheet resistance was found to be (360.3 + 4.0) Q O, and thus
the electroconductivity was calculated to be (5541 + 73) S m™,
by knowing the thickness of the MLGNS film (501.0 + 1.0 nm)
(Fig. S57).

Then, the MLGNS film was fabricated into a working elec-
trode (Fig. 4A), followed by the investigation of the cyclic vol-
tammetric (CV) response for the MLGNS film working elec-
trode immersed in K;[Fe(CN),] solution (Fig. 4B). The obtained
cyclic voltammograms have one electroreduction peak and one
electrooxidation peak respectively at potentials of +0.17 V and
+0.32 V, and almost the same oxidation and reduction peak
currents, showing a basically reversible redox process of [Fe
(CN)]’~ at the MLGNS film electrode. Additionally, the cyclic
voltammograms are almost the same at the following continu-
ous potential scans, suggesting very stable electrochemistry of
the MLGNS film. The above CV investigation indicates that the
MLGNS film is suitable for acting as electrodes in electro-
chemical cells.

Compared with other types of electroconductive films, such
as an indium tin oxide (ITO) film, Au film, and Pt film, our

(A) | (B)

06 04 02 0
E/V (vs. Ag/AgCI)
Fig. 4 (A) The fabricated MLGNS film working electrode; (B) cyclic vol-
tammogram of Ks[Fe(CN)g] (1 mM) in 0.5 M KCl obtained at the MLGNS
film working electrode at a scan rate of 20 mV s™*. The reference elec-

trode and counter electrode were a Ag/AgCl (3 M KCl) electrode and Pt
wire electrode, respectively.
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prepared MLGNS film may have the following advantages of
being used as electrodes: first, the MLGNS film is very stable
in various solutions, whereas ITO can be dissolved by acid,
and Au and Pt film can be destroyed by mixed acid (e.g. HNO;
+ HCl). Second, the MLGNS film is electrochemically stable,
while ITO may be degraded under electroreduction conditions,
and Au and Pt film may be electrochemically oxidized and
even dissolved in the presence of halogen anions (e.g. CI” and
Br7). Third, a MLGNS film-based electrode may have a rela-
tively large potential window, i.e. —2.0 to +2.0 V in a neutral
medium (Fig. S61). Therefore, the MLGNS film may become
ideal electrode material in electrochemical
applications.

various

Electrochemiluminescence (ECL) imaging platform based on
MLGNS electrode arrays

Apparently, the MLGNS film with satisfactory conductivity,
very nice chemical and electrochemical stabilities, and good
electrochemical performances is very suitable to be fabricated
into electrode arrays for high throughput electrochemical
sensing. Herein, we demonstrate a potential application of the
MLGNS electrode array in the ECL imaging platform for inves-
tigating the catalysis of Pt nanoparticles (PtNPs) towards the
oxygen-reduction reaction (ORR). First, the MLGNS electrode
array-based ECL imaging platform for the catalytic ORR is
designed and shown in Fig. 5A, in which 4 bipolar array elec-
trodes named as “H”, “A”, “C” and “B” are fabricated with
cathodic ends (labeled as E.,) immersed in the electrolyte
solution of the investigated electrochemical (EC) reaction cell,
and anodic ends (labeled as Egyqp) immersed in the ECL
imaging cell containing Ru(bpy);>* and TPrA. A shared
anode with a “cross” shape (labeled with E,,oqe) is fabricated
in the EC reaction cell, while a shared cathode with a
“right bracket” shape (labeled as E.ymnode) is fabricated and
placed in the ECL imaging cell. The EC reaction cell is
connected serially with an ECL imaging cell by the bipolar
array electrodes. At the cathodic ends of the bipolar electrode
array, O, is electroreduced into H,0, and then into H,O by
two-step two-electron transfer in the absence of a catalyst
(eqn (1a) and (1b)):*?

0, +2H" +2¢~ — H,0, (1a)
H,0, +2H" +2e¢~ — 2H,0 (1b)

or O, is directly electroreduced into H,O by one-step four-
electron transfer in the presence of a catalyst, such as PtNPs

(eqn (2)):*

0, +4H" +4e” =% 2H,0 (2)

At the anodic ends, ECL reactions happen when the cur-
rents of the ORR in the EC cell flow through the ECL imaging
cell (Fig. 5B, and eqn (3)~(6)):**

Ru(bpy),*" — e~ — Ru(bpy),*" 3)

TPrA —e” — TPrA” + H' (4)
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Fig. 5 (A) Design of the MLGNS electrode array-based ECL imaging
platform for the catalytic ORR; (B) principle of ECL imaging for the
PtNP-catalyzed ORR.; (C) fabricated MLGNS electrode array-based ECL
imaging platform.

Ru(bpy),*" + TPrA” — Ru(bpy),*"* + Product (5)

Ru(bpy);*"* — Ru(bpy);*" + hv (6)

According to our previous study on the ECL imaging plat-
form,* in which Cu wire-connected glassy carbon disk electro-
des and Pt disk electrodes were used as the bipolar electrode
array, the applied potential (E,pp) on the two cells can be used
to evaluate the catalytic activity of Pt NPs towards the ORR:

Eapp = Eanode - Ecatal + ERu(II) - Ecathode + EIR (7)

where Ejnode and Ecammode are the potentials of the anode and
cathode in the EC reaction cell and ECL imaging cell, respect-
ively. E.aca1 1s the potential of the catalytic ORR at the cathodic
end of a bipolar electrode, while Egy) is the potential of the
Ru(bpy);**-TPrA ECL system at its maximum ECL emission.
Eir is the IR drop. Under certain experimental conditions,
Eanodes Ecathoder Eru(iny, and Err can be all regarded as constants,
then we can obtain a simple relationship between E,,, and
Ecatal (as shown in eqn (8)):

Eapp =K — Ecatal (8)

where K = Eanode — Ecathode T Eruan t Er
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Apparently, eqn (8) can be used to evaluate the catalysis
activity of catalysts such as PtNPs. The smaller the E,p, value,
the larger the E.. value, ie. the easier the reduction of O,.
This means that the catalysis activity of an ORR catalyst can be
evaluated by the applied potential turning on ECL.

According to the schematic structure of the ECL imaging
platform shown in Fig. 5A, bipolar array electrodes and an
anode and a cathode were fabricated on a piece of the MLGNS/
ceramic substrate (Fig. 5C). After modifying the PtNPs
(Fig. S71) on the cathodic ends of the bipolar array electrodes
and adding pH 7.0 PBS solution on the EC reaction cell, and
adding the Ru(bpy),>*-TPrA-PBS solution on the ECL imaging
cell, the ECL imaging platform for the PtNP-catalyzed ORR was
tested. First, the four bipolar array electrodes, i.e. “H”, “A”, “C”
and “B” were investigated without the modification of the
PtNPs at their cathodic ends. The four bipolar electrodes give
the brightest red ECL at an applied DC potential (E,p,) of 5.8 V
(Fig. 6a) and have similar brightness at the potential, indicat-
ing that the four MLGNS film bipolar electrodes have the same
performances in ECL imaging for the ORR in the absence of
the PtNPs. Subsequently, the four bipolar electrodes were
divided into two groups: two electrodes (i.e. “A” and “C”) were
modified with the PtNPs, while the other two electrodes (i.e.
“H” and “B”) were unmodified. The experimental results show
that both of the two PtNP-modified bipolar electrodes have
maximum ECL emission at E,p, of 4.6 V, whereas none of the
unmodified bipolar electrodes give visible ECL emission
(Fig. 6b). Apparently, in the presence of the PtNPs, the ORR is
obviously catalyzed with a 1.2 V decrease in the reduction

Fig. 6 The MLGNS film-based ECL imaging platform for investigating
the oxygen reduction reaction (ORR) in the presence and absence of the
PtNPs. (a) The four bipolar electrodes were all unmodified, and the
applied potential was 5.8 V; (b) bipolar electrodes “A” and “C" were
modified with the PtNPs, while bipolar electrodes “"H” and “B" were
unmodified, and the applied potential was 4.6 V; (c) experimental con-
ditions were the same as those of (b) except that the applied potential
was raised from 4.6 V to 5.8 V; (d) experimental conditions were the
same as those of (b) except that the applied potential was decreased
from 5.8 V to 4.5 V. On the EC reaction cell, a drop of 20 mM pH 7.4 PBS
solution was used, while on the ECL imaging cell, a drop of 5.0 mM Ru
(bpy)s>* and 25.0 mM TPA in 0.1 M pH 7.4 PBS was used.
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potential. Further raising the applied potential to a higher
value (e.g. 5.8 V) can turn on the unmodified bipolar electrodes
of “H” and “B” (Fig. 6¢). Finally, when the applied potential is
decreased from 5.8 V to a lower value (e.g. 4.5 V), the ECL of
the unmodified polar electrodes is turned off, while the PtNP-
modified polar electrodes are still at “turn on” states (Fig. 6d).
It is evident from the above experimental results that the
MLGNS film-based ECL imaging platform can be used to
investigate the ORR and evaluate the catalytic activities of the
ORR catalysts, such as PtNPs, and the ECL imaging is reprodu-
cible and reversible.

Conclusions

Without a catalyst, and using easily obtained ethanol as the
carbon source, the multilayer-graphene nanosheet (MLGNS)
film on the ceramic substrate has been prepared by a CVD
method at 900 °C and under ambient pressure. The MLGNS
film is smooth and uniform in thickness, very stable in terms
of chemistry and electrochemistry and has good electrocon-
ductivity, thus it can be used as a new type of electrode
material. With the laser beams, it is easy to fabricate the
MLGNS film/ceramic substrate composites into electrode
arrays, electrochemical cells, conducting wires, and ECL
imaging cells for electrochemical sensing. The MLGNS film-
based ECL imaging platform can be applied in investigating
the ORR, and evaluating the activities of ORR catalysts, such as
PtNPs. It is envisioned that the MLGNS film-based ECL
imaging platform may have promising applications in screen-
ing catalysts for fuel cells, carrying out high throughput
immunoassay, and studying cancers and related anti-cancer
drugs, and the attractive chemical, electrical, and mechanical
properties of the MLGNS film enable its various applications
other than sensing, such as in the electrochemical industry,
modern electronics, and anti-corrosion coating.
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