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Synthesis of carbon nanomembranes through
cross-linking of phenyl self-assembled monolayers
for electrode materials in supercapacitorsy

Youfu Wang, Rulin Xiong, Luhua Dong and Aiguo Hu*

A bottom-up synthesis of three-dimensional (3D) carbon nanomembranes (CNMs) was developed through
Friedel-Crafts cross-linking of phenyl self-assembled monolayers (SAMs) on silica nanospheres (SNSs)
followed by high temperature treatment and template removal. The CNMs show a hierarchically 3D
connected porous structure and the pore sizes are facilely tuned by varying the sizes of SNS templates.
CNMs with high surface area (>1500 m? g3, large pore volume (~3 cm® g™ and partially graphitized
frameworks exhibited good performances as supercapacitor electrode materials. The specific
capacitance of the porous 3D CNMs reached 202 F g~* at a current density of 0.5 A g~ in an aqueous

www.rsc.org/MaterialsA electrolyte.

1. Introduction

Challenges of environmental deterioration and the limited
availability of fossil fuels have greatly affected the world
economy and ecology. With a fast-growing market for portable
electronic devices and the development of hybrid electric vehi-
cles, there has been an ever increasing and urgent demand for
environmentally friendly high-power energy resources. Electro-
chemical capacitors (EC), based on the electrochemical charge
accommodation at the electric double layer (EDL) (in the case of
EDL capacitors, EDLCs) and/or the occurrence of Faradaic
reactions (in the case of pseudocapacitors), have attracted much
attention because of their pulse power supply, long cycle life,
simple principle, and high dynamic of charge propagation.'”
The development of electrode materials for high performance
EDLCs has attracted much research interest in recent years, and
porous carbon materials are regarded as first-candidate elec-
trode materials for EDLCs owing to their high surface areas,
tunable structures, and good conductivities.®™**

It is well acknowledged that the performance of an EDLC is
related to the accessible specific surface area (SSA) of the porous
electrode material.' Only the mass exposed to the electrolyte is
able to contribute to storing electricity according to the Helm-
holtz equation. Following this line, ultrathin porous carbons
including 3D graphene'*** have got more and more attention
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because of their more accessible and available mass than
traditional carbon materials within which the carbon
embedded inside cannot be fully used. 3D graphene can be
formed either through chemical vapour deposition (CVD) on 3D
skeletons™ or by reduction of graphene oxide in the presence of
pore-generating templates.’®"” The success of 3D graphene in
energy storage and electrical applications has encouraged the
development of another kind of carbon material, carbon
nanomembranes (CNMs).

CNMs are conductive membranes with a thickness of roughly
one nanometre. They are generally formed by crosslinking of
surface-bound monolayers of carbon-rich molecules. Golzhauser
et al."** developed an approach to fabricate free-standing CNMs
by stripping off hydrogen atoms of biphenyl self-assembled
monolayers (SAMs) with electron irradiation. After annealing at
high temperature, ultrathin, strong, conductive CNMs were
obtained with nanocrystalline graphitic structures. Nishihara et al.
introduced 2,3-dihydroxynaphthalene (DN) on the pore surface of
SBA-15 (ref. 21) and mesoporous silica films (MSFs)** through the
condensation of the hydroxyl groups of DN with the silanol groups
of the silica at 573 K. The obtained carbon coated porous silica
showed good electrical conductivity, but poor electric storage
performance because the carbon coating could not self-support
after the silica was removed.” Recently, we reported the fabrication
of porous 3D CNMs through Bergman cyclization of enediyne
SAMs on silica nanoparticles* and SBA-15.° The pore structure
and pore size were varied by adjusting the texture parameters of
the silica templates. The 3D CNMs exhibited large surface areas
and good electrical conductivities, they were further used as cata-
lyst supports in heterogeneous catalysis*® and conductive supports
for electrode materials in pseudocapacitors.” In this work, we
developed a facile approach to bottom-up synthesize 3D CNMs
through the Friedel-Crafts cross-linking reaction of phenyl SAMs

This journal is © The Royal Society of Chemistry 2014
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on silica nanospheres (SNSs) followed by pyrolysis. The pore sizes
of the CNMs were easily tuned by varying the sizes of the SNS
templates. CNMs with high surface area (>1500 m> g ') and good
conductivity showed good performances as supercapacitor elec-
trode materials. The specific capacitance of the 3D CNMs reached
202 F g~ ' ata current density of 0.5 A g~ * in an aqueous electrolyte.

2. Experimental section

Materials

Tetraethylorthosilicate (TEOS), FeCl; (anhydrous) and 1,2-
dichloroethane (DCE) were obtained from National Medicines
Corporation Ltd. of China. 1-Lysine, phenyltriethoxysilane
(PTES), and polytetrafluoroethylene (PTFE) were obtained from
Aladdin Reagent Inc. Formaldehyde dimethyl acetal (FDA) was
obtained from Alfa Aesar Co. All of these chemicals were of
analytical grade and were used as received. Deionized water was
used in all the experiments.

Synthesis of phenyl SAMs on SNSs (Ph-SNSs)

Ph-SNSs with different diameters and phenyl functional degrees
were prepared in a one-pot reaction according to literature
procedures®®?® with minor modifications. In a typical synthesis
of SNS-20-18, TEOS (50 mmol) was added to an r-lysine (1 mmol)
solution in water (146 mL) at 90 °C with a stirring rate of 600
rpm. After 48 h, PTES (9 mmol) was added to the mixture in one
portion and further stirred for 24 h. The suspension was
hydrothermally aged at 100 °C for another 24 h without stirring
and then filtered and dried under vacuum at 80 °C. The obtained
white powder is denoted as SNS-X-Y, where X is the size of the
SNSs and Y is the percentage phenyl functional degree (the
molar ratio of PTES to TEOS). The SNS-10-Ys were synthesized by
simply changing the reaction temperature to 60 °C and the
reaction time to 24 h in the step of condensation of TEOS.

Cross-linking the phenyl groups on the surface of Ph-SNSs

Cross-linking of the phenyl groups was performed according to
literature procedures through the Friedel-Crafts reaction.*>*" In
a typical cross-linking of SNS-20-18, FDA (45 mmol) was added
to a mixture of SNS-20-18 (4 g) and FeCl; (45 mmol) in 200 mL
DCE. After degassing by nitrogen bubbling, the mixture was
stirred at 45 °C for 5 h to build up the preliminary polymeric
network, and then heated at 80 °C for 19 h to complete the
cross-linking. The resulting precipitate was washed three times
with methanol and HCI (v/v = 15: 1), then Soxhlet extracted
with methanol for 24 h, and finally dried under reduced pres-
sure at 60 °C for 24 h. The product is denoted as CL-SNSs.

Carbonization of CL-SNSs

Carbonization of CL-SNSs was performed in a tube furnace with
a continuous mixed gas flow (H,/Ar 10%). CL-SNSs were heated
in the furnace from room temperature to 500 °C at a heating
rate of 2 °C min~* and kept for 2 hours and then to 900 °C and
maintained for 1 h. After naturally cooling down to room
temperature, a black powder was obtained, which is denoted
as C-SNSs.

This journal is © The Royal Society of Chemistry 2014
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Removal of the SNS template

The removal process of the silica nanosphere template was
performed in a polytetrafluoroethylene (PTFE) beaker with good
ventilation. The obtained C-SNSs were treated with HF solution
(40 wt%) to remove silica at ambient temperature. After washing
with deionized water and drying under vacuum, CNMs were
obtained as black powders, which are denoted as CNM-X-Y,
where X and Y have the same meaning as stated above.

Characterization

Transmission electron microscopy (TEM) and high-resolution
TEM images were taken using a JEOL TEM-1400 and JEOL TEM-
2100 microscope operating at 100 kv and 200 kV, respectively.
For the TEM measurements, samples were dispersed in absolute
ethanol and then dried on a holey carbon film Cu grid. Raman
measurements were performed on an inVia-reflex Raman spec-
trometer (Renishaw, 514 nm). Nitrogen sorption isotherms were
obtained at 77 K using a Micromeritics Tristar 3000 analyser.
Before measurements, the samples were degassed under
vacuum at 200 °C for at least 6 h. The surface area of the samples
was determined from the Brunauer-Emmett-Teller (BET)
equation and analysed with the Barrett-Joyner-Halanda (BJH)
method; the pore volumes and pore size distributions were
derived from the desorption branches of isotherms.

Electrochemical tests

All the electrochemical measurements were done using a two-
electrode setup with a titanium mesh coated with the CNMs as
the working electrodes. For the preparation of working elec-
trodes, 80 wt% of the CNM powder, 15 wt% of carbon black and
5 wt% of PTFE were mixed with a few drops of ethanol. After
grinding for 2 hours, a homogeneous black slurry was obtained.
Then, the mixture was tailored to a little circle slice (2-3 mg)
and pressed onto a titanium mesh current collector (1 cm x 1
cm) and dried at 100 °C for 12 h to fabricate the electrode.
Electrochemical performance was tested by cyclic voltammetry
(CV), galvanostatic charge-discharge (CD) and electrochemical
impedance spectroscopy (EIS) on a CHI 660D electrochemical
workstation using two-electrode sandwich-type cell super-
capacitors at room temperature. The cell supercapacitors were
composed of two symmetrical working electrodes sandwiched
by a separator and the aqueous electrolyte solution of 6 M KOH.
The potential range for CV and CD experiments was 0-1 V. The
EIS test was carried out in the frequency range of 10° to 10> Hz
with 5 mV amplitude corresponding to open circuit potential.
The cycling stability was tested using two-electrode cell super-
capacitors on a LAND CT2001A program testing system.

The specific capacitances (Cs, F g ') of the electrode mate-
rials were obtained from the CD curves. The specific capaci-
tance of the electrode can be calculated according to the
following equation:

721><At
ST mx AV
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where I (A) is the loaded current, A¢ (s) is the discharge time, AV
(v) is the potential drop during discharge, and m (g) is the mass
of active material in a single electrode.

3. Results and discussion

Fig. 1a illustrates the preparation of the porous 3D CNMs from
Ph-SNSs. The procedure consists of four steps: (i) formation of
phenyl SAMs on silica nanospheres (Ph-SNSs) in a one-pot
reaction, (ii) cross-linking the phenyl SAMs on Ph-SNSs through
the Friedel-Crafts reaction, (iii) carbonization and (iv) removal
of the silica template. The optical pictures of the material at
each stage are shown in Fig. 1. The ultra-small spherical SNSs
were synthesized with r-lysine as the catalyst and the structure-
directing agent®*** in a weak basic solution (pH = 9.2). Direct
addition of PTES to the solution of the as-prepared SNSs allows
the slow condensation of PTES to form phenyl SAMs on SNSs.
The lysine molecules may serve as structure-directing agents in
this step as well. With more PTES added at this stage, the SAMs
are more compact and the final CNMs are stronger, until they
are strong enough to self-support after the template removal.
However, when a large amount of PTES is added, the excess
PTES may self-condense to form gels. A considerable amount of
precipitates appeared when the phenyl functional degree is over
20%. TEM images (Fig. 2a and b and S11) of all these Ph-SNSs
clearly illustrate this structural evolution. When the phenyl
functional degree is below 20%, the Ph-SNSs are well separated
by a clear interface between each other. When this ratio reaches
20%, TEM shows abundant agglomerates with a fuzzy interface.
The cross-linking of phenyl SAMs on silica nanospheres was
performed with a low-cost versatile Friedel-Crafts type “knit-
ting” strategy recently developed by Tan et al.*® Using FeCl; as a
catalyst and FDA as a cross-linking agent, this reaction gener-
ates a rigid aromatic network in a facile manner, with the only
by-product methanol. After the reaction, the nanospheres
turned from white to brown (Fig. 1b and c), the same as many
other microporous polymers, showing the complete cross-
linking of the phenyl SAMs. After carbonization at 900 °C and
silica removal, the final CNMs were obtained as black powders
(Fig. 1e). Fig. 2c-d and S21 show TEM images of the 3D CNMs,

Fig. 1 Schematic illustration of the preparation of CNMs through
cross-linking and carbonization of phenyl SAMs on SNSs (a) and optical
pictures of the materials at each stage (b—e).
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Fig. 2 TEM images of (a) SNS-10-18, (b) SNS-20-18, (c) CNM-10-18
and (d) CNM-20-18.

foam-like structures are present in all the samples with phenyl
functional degrees between 10% and 20%. When this number is
below 10%, no CNM was formed probably due to the incom-
plete formation of phenyl SAMs at the first stage. When this
number reaches 20%, a structurally ill-defined matter appeared,
which may have originated from the agglomerate of PTES self-
condensate (vida supra). The high resolution TEM image
(Fig. S31) of CNM-10-18 clearly shows the foam structure and
the partial graphitization of the pore wall.

Nitrogen sorption isotherms (Fig. 3a and S4t) of the porous
CNMs show a representative type-IV curve with a hysteresis loop
at high relative pressure. The amount of adsorbed N, gradually
increased in the region of middle P/P, and increased in the
region of high P/P, (>0.8 P/P,) rapidly. This adsorption behav-
iour is attributed to the capillary condensation of N, in the
mesopores of the porous CNMs between the adjacent hollow
carbon cavities. With the increase of the phenyl functional
degree during the formation of Ph-SNSs, the total pore volume
of the CNMs first increases and then decreases, which illus-
trates the evolution of the porous structure of CNMs. The
porous structure of the CNMs is gradually built-up with the
improvement and perfection of the phenyl SAMs at the first
stage, however, when an excess of PTES was added, the less
porous carbon that originates from the self-condensate of PTES
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Fig. 3 (a) Nitrogen adsorption and desorption isotherms and (b) pore
size distributions of CNM-10-18 (black line) and CNM-20-18 (red line).
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(vida supra) appears, resulting in the decrease of the specific
pore volume. The pore size distributions of the mesopores of
the CNMs were calculated by the BJH method from the
desorption branches. The hierarchical distribution of meso-
pores in a wide range is due to the intrinsic micropores of the
CL-SNSs that expand to mesopores during carbonization, the
adjacent hollow carbon cavities* and the expanding replica of
the SNSs. Table 1 shows the texture parameters of these CNMs.
The BET surface areas of the CNM-10-18 and CNM-20-18 are
1305 and 1521 m*> g, respectively, and the total pore volume
are 2.55 and 1.96 cm® g7, respectively.

Raman spectroscopy was employed to examine the graphi-
tization degrees of the CNMs. As shown in Fig. 4 and S5, all of
these CNMs exhibit similar curves, with two characteristic
peaks at ~1339 and 1593 cm™ ', which correspond to the D and
G bands of carbonous materials, respectively. It is well
acknowledged that the D band is attributed to the defects,
curved graphite sheets, and lattice distortions in carbon struc-
tures, whereas the G band is characteristic of the graphitic
structure.** The fact that these samples with different sizes and
different phenyl functionalization degrees show similar Raman
spectra indicates that the graphitization degree of CNMs is
independent of their morphology as they underwent a similar
carbonization process. The intensity ratios Ip/Ig of these CNMs
are around 0.95, suggesting a moderate degree of graphitization
obtained during the carbonization process. Because of the low
thickness of the carbon walls, the three-dimensional connected
porous structure and moderate graphitization degree, all of
these CNMs show high specific surface areas, large pore
volumes and good conductivities, which are essential for the

Table 1 Texture parameters of CNMs

Samples Surface area (m* g ") Pore volume (cm?® g™ 7)
CNM-10-10 1138.95 0.96
CNM-10-15 1095.24 1.17
CNM-10-18 1305.17 2.55
CNM-10-20 1238.36 2.07
CNM-20-10 1170.68 1.21
CNM-20-15 1331.71 2.86
CNM-20-18 1521.59 1.96
CNM-20-20 1315.69 1.96
1600 G ——CNM-10-18
D —— CNM-20-18
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Fig. 4 (a) Raman spectra of CNM-10-18 (black line) and CNM-20-18
(red line).
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accommodation of the electrochemical charge for super-
capacitor electrode materials.

The electrochemical performances of the porous CNMs were
evaluated with cyclic voltammetry (CV) and galvanostatic
charge-discharge (CD) tests. As shown in Fig. 5a, the CV curves
of CNM-10-18 and CNM-20-18 at a high scan rate of 50 mV s~ *
are characteristic of a relatively regular rectangle and a rapid
current response to voltage reversal at each potential end. The
obvious increase of current with the scan rate (Fig. S6a and
S7at) suggests good rate capabilities for these porous electrode
materials. The CD curves of these CNMs (Fig. 5b, S6b and S7bt)
at a current density of 1 A g~ exhibit nearly mirror-like trian-
gular-shaped charge-discharge curves with no perceptible
voltage drop, both indicating typical electrical double-layer
capacitance. Fig. 5c presents the specific capacitance as a
function of the current density of CNM-10-18 and CNM-20-18.
With the increase of current density from 0.5 to 20 A g~ ", CNM-
10-18 exhibits specific capacitance from 143 to 104 F g~ ', with a
capacitance retention of 72.7%, and CNM-20-18 shows specific
capacitance from 202 to 132 F g~ ', with a capacitance retention
of 65.3%. These high rate capabilities are essential for super-
capacitors. Both of CNM-10-Y and CNM-20-Y series (Fig. S6c and
S7ct) show an increase in the specific capacitance with the
increase of the phenyl functional degree from 10% to 18% and
then a decrease when excess of PTES (20%) was added at the
first stage. This trend is consistent with the structural evolution
observed in TEM and pore structure analysis, implying that the
structural perfectness of the CNMs is important to their ability
of accommodating the electrolyte ions. The larger the accessible
surface area of the CNMs, the higher the capacitance, arguably
agreed with the Helmholtz equation.

Electrochemical impedance spectroscopy (EIS) is a powerful
tool to understand the fundamental behaviours of electrode
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Fig. 5 Electrochemical capacitive behaviour of CNM-10-18 and
CNM-20-18 measured in a two-electrode system by usinga 6 M KOH
aqueous solution as an electrolyte within the potential range: 0 to 1.0
V: (a) cyclic voltammetry curves at a scan rate of 50 mV s™2, (b) gal-
vanostatic charge—discharge curves at a current density of 1 A g2, ()
specific capacitance as a function of current density ranging from
0.5 to 20 A g%, (d) impedance Nyquist plots, the inset is a magnifi-
cation of the high frequency region. All the calculations are based on
the mass of the active material on a single electrode.
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Fig. 6 Capacitance retention of CNM-20-18 measured at a current
density of 4 A gt in a two-electrode system by using a 6 M KOH
aqueous solution as the electrolyte.

materials. The EIS spectra of these porous CNMs are obtained in
a frequency range of 100 kHz-0.01 Hz at open circuit potential
with an alternating current perturbation of 5 mV. In the low
frequency range, the straight line is attributed to the ion diffu-
sion in the electrolyte, called the Warburg impedance. The linear
parts (Fig. 5d) of CNM-10-18 and CNM-20-18 tend to be vertical
lines while CNM-10-18 shows a larger Warburg slope, indicating
the faster ion diffusion and higher capacitive retention in the
CNM-10-18. At the high frequency end, the intercept at the real
axis represents the ohmic resistance (Rs), including the ionic
resistance of electrolyte, the intrinsic resistance of substrate and
contact resistance. The semicircle corresponds to the charge
transfer resistance (Rcr) at the electrode/electrolyte interface.
The Rs of CNM-20-18 (0.39 Q) is greater than that of CNM-10-18
(0.29 Q), however, the Rt of CNM-20-18 (1.58 Q) is smaller than
that of CNM-10-18 (1.81 Q). The CNM-20-18 shows higher
capacitance at low current density due to the faster charge
transfer at the interface. When the current density increases, the
higher ohmic resistance of CNM-20-18 hinders the dynamic
accommodation of the hydrated ions at the surface of the elec-
trode, resulting in lower capacitance retention at high current
density.** The EIS of CNM-10-Ys and CNM-20-Ys series (Fig. S6d
and S7dt) show similar ohmic resistance for these electrode
materials probably due to the similar graphitization degrees.
The charge transfer resistance decreases first and then increases
with the increase of the phenyl functional degree in the first
stage, consistent with the structural evolution (vida supra).

Fig. 6 shows the long-term cycling stability result of CNM-20-
18 at a current density of 4 A ¢! in 6 M KOH solution. After
10 000 cycles, the capacitance retentions of CNM-20-18 are up to
90%. The high capacitance retention at high current density
suggests that supercapacitors based on these 3D porous CNMs
are able to function as long-term energy storage devices.

4. Conclusions

A series of 3D porous CNMs were synthesized through Friedel-
Crafts cross-linking of phenyl SAMs on ultra-small SNSs fol-
lowed by pyrolysis. TEM and pore structure analysis showed the
structural evolution of CNMs with the phenyl functional degree
at the first stage. When these numbers are between 10 and 18%,
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foam-like 3D porous CNMs were formed with high specific areas
and large pore volumes. Raman spectroscopy showed that all
these CNMs were carbonaceous materials with similar graphi-
tization degrees. A supercapacitor material based on these
CNMs exhibited a maximum specific capacitance of 202 Fg ™" in
aqueous electrolytes. After 10 000 consistent cycles, 90%
retention of the initial capacitance was observed, suggesting the
excellent electrochemical stability of these electrode materials,
which are essential for supercapacitor applications.
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