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Abstract: Decoupage-like carbon sheets (DLCSs) were obtained on a large scale by pyrolysis of
tetrachloroethylene and ferrocene in an autoclave at 600 °C for 10 h. The scanning electron
microscopy (SEM) images show that the thickness and the width of DLCSs are about 20~40 nm,
100~200 nm, respectively. The nitrogen adsorption/desorption isotherm experiments reveal that
the Brunauer-Emmett-Teller (BET) specific surface area of the product is 1 209 m?/g and the
pore-size distribution is concentrated in the range of 0.58 ~ 1.2 nm. A series of comparative
experimental results demonstrate that the most favorable temperature, amount of ferrocene and
reaction time are 600 ‘C, 0. 093 g and 10 h for synthesis of DLCSs. By adjusting reaction
parameters, hollow carbon spheres and carbon sheets can also be selectively prepared using one-
pot reactions. A possible formation mechanism for the DLCSs was proposed based on the
diffusion-limited aggregation(DLA) model. The adsorption behavior of DLCSs were evaluated by
the removal of phenol and Rhodamine B (RB), which can remove about 82% of phenol and 48 %
of RB without any other additives. A possible reason for this phenomenon was also discussed.
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0 Introduction

Recently, there have been numerous reports
about the formation of two-dimensional (2-D)
carbon nanostructures owning to their remarkable
surface area, smooth surface morphologies and
thin edges, flexibility and elasticity, high thermal
and chemical stability, and lightness®?. The
carbon nanostructures with 2-D structures may
have potential applications, such as promising

candidates for adsorbentt™, hydrogen storage

catalyst supportst™, sensorst™

electrode materials for lithium-ion batteriest™.

materialst™, or

Up to now, various approaches have been
carried out to prepare 2-D carbon nanostructures.
For example, carbon sheets with a thickness of
300~500 nm composed of two layer planes were
synthesized at 600 °C by solvothermal process™!.
Well-separated carbon sheets on a variety of
substrates were synthesized by a radio frequency
plasma enhanced chemical vapor deposition
method™ and by a hot filament chemical vapor
deposition method™ ", The flower-like carbon
nanosheet aggregations with 2~4 pm in diameter
were prepared by reacting ferrocene and carbon
disulfide at 800 C, in which the composed carbon
nanosheets were 5.1 ~ 8.0 nm in thickness!'?.
Leaf-like carbon sheets using Cu ribbons as
substrates were obtained by ferrocene and
methylene dichloride in 300 ~ 600 C, and the
thickness of the sheets could be controlled from 50
to 200 experimental

nm by adjusting the

parameters[l'ﬂ.
Herein, we report the one-pot synthesis of
DLCSs with a flake in the middle and some ribbon

around the flake by an easy pyrolysis process at

600 C. The thickness of DLCSs is about 20 ~ 40
nm. It is worth noting that the value of BET
specific surface area is 1 209 m*/g and the pore size
is concentrated in the range of 0.58 ~ 1.2 nm.
Besides 2-D DLCSs, hollow carbon spheres and
carbon sheets could also be selectively prepared by
adjusting reaction parameters. Moreover,
adsorption behavior of DLCSs have also been

studied.

1 Experimental

1.1 Preparation of DLCSs

All the chemical reagents were of analytical
purity and purchased from Shanghai Chemical
Reagents Company. In a typical procedure,
Tetrachloroethylene (2 mL, 97.0%) and ferrocene
powders (0.093 g, 99.5%) were mixed in an
autoclave of 20 mL capacity. The autoclave was
sealed and heated in an electric stove with a heating
ramp rate of 10 C/min and maintained at 600 °C
for 10 h. Afterwards, the autoclave was cooled to
room temperature naturally. A dark powder was
collected and washed with hydrochloric acid,
distilled water and ethanol. The final product was
dried in vacuum at 60 °C for 10 h.
1.2 Adsorption experiment

20 mL of phenol solution (100 mg * L™') was
mixed with 30 mg of DLLCSs product in the volume
of 50 mL glass bottle, and the mixture was
maintained for 120 min while stirring. Then it was
filtered with filter paper and residual phenol
concentration in the filtrate was determined. The
standard absorption of phenol at 270 nm was
chosen for monitoring the adsorption process. For

comparison, Rhodamine B (RB) was also used as

an adsorbate repeating the former experiment. The
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standard absorption of RB at 553 nm was chosen
for monitoring the adsorption process.
1.3 Characterization

The final
powder X-ray diffraction (XRD) (Philips X’'pert
diffractometer with Cu Ka; radiation(A=1. 541 78
A, ( SEM.
HITACHIX-650 and JEOLJSM-6700F ), high-

electron  microscopy

products were characterized by

scanning electron microscopy

resolution  transmission
(HRTEM, JEOL
of 200 kV),

spectrometer,

2010 using an accelerating
A TU-1901 UV/Vis
spectroscopy (RS,

voltage
Raman Spex
1 403 Raman spectrometer with an argon ion laser
at an excitation wavelength of 514.5 nm) and the

Brunauer-Emmett-Teller (BET, ASAP 2020).

2 Results and discussion

2.1 Structure and morphology

The XRD pattern of the products is shown in
Fig. 1(a). It is observed that the broad diffraction
peak (~23.8°) with low diffraction intensity could
be the (00 2) of
turbostratic, and polyaromatic The
position of the (002) peak shifts from 26. 48° for
23.8°, which

increase in the spacing between the sp®-carbon

indexed to diffractions

carbon.
graphite to corresponds to an
layers from 0. 337 nm for graphite to 0. 372 nm for
the The to the
observation of other related carbon materialst"'.

In addition, the broad peak around 43 ~45° could
be attributed to (1 0) diffractions of carbon. The

product. result is similar

broad peaks in the XRD patterns indicate the
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Fig.1 (a)

existence of highly disordered structures in the
products.

The typical Raman spectrum of the product in
Fig. 1(b) shows that there are two strong peaks at
1340 em™" and 1597 em™', respectively. The
peak at 1 340 cm™', named D-band, corresponds
to the vibration of carbon atoms with dangling
bonds for the in-plane terminations of disordered
graphite. The peak at 1 597 cm™', named G-band,
could be assigned to an E2g vibration mode of
graphite and is related to the vibration of sp?-
bonded carbon atoms in a 2-D hexagonal lattice.
These results prove that the existence of carbon
materials in the as-obtained products. It is worth
mentioning that, the intensity of the D-band higher
than that of the G-band is due to the defects and
of the

product, suggesting that the products have lots of

partially disordered crystal structure
defects, in accordance with the results of XRD
pattern.

The morphologies of the as-prepared samples

SEM. A

magnification SEM image of the sample is shown in

were observed by typical low-
Fig. 2(a). It can be seen that DLCSs account for
the majority of the product, and few irregular
particles are observed. Fig. 2(b) and inset of Fig. 2
(b) show the high-magnification SEM image of
sample, which indicates that the typical product is
composed of a flake in the middle with some
The thickness of the flake is
about 20~40 nm, and the width of the ribbon is

about 100~200 nm. HRTEM and SAED pattern

ribbons around it.
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Typical XRD patterns of the product, and (b) Raman spectrum of the product at room temperature
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of the product in Fig.2 (c¢) indicate that these
DLCSs are highly disordered

accordance with the results of XRD and Raman

structures, In

spectrum. Inset of Fig.2 (c¢) presents the SAED
pattern of the products, in which relatively weak
circles can be indexed to (0 0 2) and (1 0) planes
of carbon.
2.2 Influencing factors

A series of relevant experiment have been
carried out to investigate the effect of reaction
conditions on the formation of DLCSs. It is found
that temperature, amount of ferrocene and reaction
time are important factors influencing the yields of
DLCSs. When the temperature was lower than
400 °C, there were no DLCSs in the product. If

the temperature was raised to 500 °C, the main
products were carbon nanosheets and only a small
quantity of DLCSs, just as shown in Fig. 3 (a).
When the temperature was increased to 600 C,
the sample was almost entirely DLCSs (as shown
in Fig. 2(a)). Even if the temperature was elevated
to 700 °C, a large amount of DLCSs could also be
observed in the product. Those experiments show
that the morphologies of the product vary from
carbon nanosheets to DLCSs by adjusting the
Fig.3 (b)) ~ d)
morphologies of the product synthesized at 600 “C

temperature. show the
for 10 h using different amounts of ferrocene.
When the amount of ferrocene was 0. 050 g, a lot

small amounts of

of carbon nanosheets and

(a) low magnification

(b) high magnification

(¢) HRTEM and SAED of the products

Fig. 2 FESEM images of the products

20 nm

(a) SEM of products at 500 C for 10 h, (b)~(d) SEM of the products when the amount of the ferrocene is 0. 005,

0.186, 0.279 g. respectively, (e) TEM of the products when the amount of the ferrocene is 0. 279 g (inserted in Fig. 3(d)) .

(f) ~(g) SEM images of the products obtained at 600 ‘C for 4 h and 8 h, respectively

Fig. 3 SEM images of the products from comparative experiment
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irregular particles could be obtained (Fig. 3 (b)).
When increasing the amount of the ferrocene to
0.093 g, it was observed that almost all the
products are DLCSs (Fig.2 (a)). When the
amount of the ferrocene increased to 0.186 g, the
made up of carbon

nanospheres besides DLLCSs (Fig. 3(¢)). When the

product  was some
amount of ferrocene was 0.279 g, the product
nanospheres  with

diameters about 100 ~ 200 nm (Fig.3 (d)).

was dominated by carbon
Interestingly, the spheres in the Fig.3 (d) was
mostly hollow (Fig.3 (e) inserted in Fig. 3 (d))
All the

above experiments indicate that the transformation

which is similar to the previous workM®.

from DLCSs to hollow carbon nanospheres could
be achieved by adjusting the amount of ferrocene.
The SEM images of the corresponding sample
obtained at different reaction times are shown in
Fig. 3(f) ~(g). After 4 h, the main products were
irregular flakes (Fig. 3(f)). As the reaction time
many ribbons appeared at

the edge of the flake,

observed in Fig. 3(g). If the reaction time reached

increased to 8 h,

which can be clearly

10 h, almost all of the products were DLCSs
(Fig.2 Ca)). Therefore,
temperature, amount of ferrocene and reaction
time were 600 °C, 0.093 g and 10 h for synthesis
of DLCSs.

Based on the above experimental results, we

the most favorable

try to explain a possible mechanism on the basis of

the diffusion-limited aggregation(DLA) modelt'™.
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With the temperature rising, at first, Fe(cp); and

C;Cl; are decomposed, C and Fe atoms are

[13.18] ‘

form which undergo a “random walk” due to
Brownian motion, and these C atoms would
aggregate to form fractal (Fig.3 (f)) due to
growth and

their inherently anisotropic

asymmetric condensation in  stainless  steel

U9 In the second step, residual carbon

autoclaves
atoms start to extend along one direction under
lower vapor pressure for minimizing the energy of

099 as seen in Fig. 3(g). In the end,

the reaction
DLCSs are formed. In addition, the ring structures
of the ferrocene may contribute to the formation of
two dimensional structures. When Fe atoms
exceed threshold by increasing the amount of
Fe(cp)s, these Fe atoms would aggregate to form

clusterst™

, which act as a template and catalyst
for the initial carbon hollow sphere formation. As
the reaction proceeds, the inner Fe core is etched
away by Cl atoms to form the carbon hollow sphere
(Fig. 3(d), (e)).
2.3 The N, adsorption-desorption isotherm and
pore diameter distribution
The BET specific surface area and pore size

DLCSs are

nitrogen adsorption/desorption isotherm ( Fig. 4

distribution of determined from

(a)), which exhibits type IV characteristics. The
curve displays a hysteresis loop at a relative
pressure ( P/P,) being 0.4~ 1.0, which means
that the resultant product may possess framework

[13]

structures Meanwhile, the large volume
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Fig. 4 (a) Typical N, adsorption-desorption isotherm of DLCSs obtained at 600 C ,
and (b) pore size distribution of DLCSs obtained by DFT method
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adsorbed at the lower P/ P, being 0~0. 2 suggests
the presence of lots of microporosity?®?. The loop
does not close below the relative pressure P/ P, =
0.42. It is possible to the deformation of a
nonrigid porous structure or to the irreversible
adsorption of molecules in extremely small
micropores. The BET surface area of DLCSs
calculated from the results of nitrogen adsorption
reach about 1 209 m®/g, which is much higher
than that of leaf-like carbon sheets of 398 m?/gM*.
The total pore volume and micropore pore volume
are 0. 74 cm®/g and 0.51 cm®/g, respectively. At
the same time, pore size distribution of the DLCSs
is analyzed based on the density functional theory
(DFT) method. As seen in Fig. 4(b), the pore size
of the DLLCSs is concentrated in the range of 0.58
~1.2 nm, in which more than 60% of the pore
size 1s 0. 58 nm.
2.4 Adsorption behavior
Carbon materials are commonly used as
adsorbent for the removal of organic waste from

adsorption  at  relatively  low

[21-22]

water by

temperature Herein, wusing the prepared

DLCSs as

application in water treatment.

adsorbent, we investigated their

Phenol was selected for the adsorption
experiment due to its presence in the wastewaters
of some industries (such as leather, jute, textile
and food industries )? . To eliminate it and

develop low-cost adsorbents has become more and

240 260 280 300 320 340 360 380 400 420
wavelength / nm

(a) the spectrum of phenol before and after treatment

%41 %
more important. UV/Vis absorption
spectroscopy™  was applied to record the

adsorption behavior of the solution before and after
treatment by DLCSs (Fig.5). The standard
absorption of phenol at 270 nm was chosen for
monitoring the adsorption process. The result
demonstrates that the as-prepared DLCSs can
remove most of the phenol at room temperature as
shown by the UV/Vis absorption spectra in Fig. 5
(a), with a removal capacity of 82% of phenol
without any other additives, which showed a much
better removal capacity than previous reports on
commercial activated carbon ( 33.3%)"4.  For
comparison, we also used Rhodamine B (RB) as an
adsorbate repeating the former experiment. The
standard absorption of RB at 553 nm was chosen
for monitoring the adsorption process. It is found
that the removal capacity of RB was 48% (seen in
Fig.5(b)). It is obvious that the amount of RB
adsorbed onto the DLCs is much less than the
amount of phenol onto the DLCs under the same
conditions. Since the molecular size of RB (L.; 1.8
nm; B: 0.7 nm)PY is larger than the dominant
pore size of the DLCSs (0.58 ~ 1.2 m),
pore has adsorbed RB

molecules at the opening, it will hinder the

Therefore, after the

subsequent entrance of RB molecules and cannot
diffuse into small micropores. However, phenol
with smaller molecular size was able to diffuse

more easily into the pores of the DLCSs than RB.
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Fig.5 UV/Vis absorption spectra of phenol and RB
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3 Conclusion

In summary, DLCSs were synthesized by
ferrocene at

600 °C. The specific surface area of DLCSs reaches

mixing Tetrachloroethylene and

as far as 1 209 m*/g. Temperature, amount of the
ferrocene and reaction time are found to play
important roles in the formation of DLCSs. The
adsorption behavior of DLLCSs were evaluated by
the removal of phenol and RB, which can remove
about 82% of phenol and 48% of RB without any
other additives. This may be attributed to the
different molecular sizes of phenol and RB.
Therefore, they might have potential applications

in many areas, such as adsorbents, catalyst

supports, electrode materials, and energy-storage

media.
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