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on the supercapacitive performancey
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Fullerene-based carbons have attracted great attention in applications of energy storage and conversion
due to their unique properties and tunable architectures. However, fullerene’s poor long-range conduc-
tivity limits their application performance for supercapacitors. Therefore, developing active fullerene-
based carbons with high capacitances is expected. In this work, mesoporous carbon composites with
various doping amounts of cobalt (Co) and nitrogen (N) were fabricated via manipulation of fullerene
self-assembly with a cobalt tetramethoxy phenylporphyrin (CoTMPP) and pyrolysis. The confined state of
CoTMPPs within the fullerene superstructures facilitates the fixation of Co and N during the carbonation
and leads to a highly homogeneous distribution state within fullerene-based carbon composites. When
used as electrodes for supercapacitors, the doped carbon composite showed significantly improved
electrochemical performance. The specific capacitance could be nearly ten times higher than that of the
fullerene carbons without doping and they have excellent cyclic stability. The work presents new insight
into controllable functional doping of carbon materials. It may also further promote the development of
fullerene superstructures for advanced electrochemical applications.

Introduction

Unlike other kinds of carbon materials, fullerene could be used
as building blocks to assemble into multi-dimensional super-
structures with various morphologies and transform into stable
mesoporous carbon materials after thermal treatments.'® Due
to their unique properties and tunable architectures at the
molecular level, these fullerene-based carbons have attracted
great attention for application in solar cells, energy storage and
conversion.””® However, when used as electrode materials for
supercapacitors, the specific capacitance of the fullerene-based
carbons was still relatively low. Therefore, the search for an
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active fullerene-based supercapacitor with improved perfor-
mance is still needed.

Doping heteroatoms in the structure is one of the best solutions
to overcome the shortcomings of fullerene’s poor long-range
conductivity.'®** It may also improve the structural features of
the fullerene superstructures for electrochemical applications.''*
Almost all the species, metals or non-metals could be doped in
fullerenes. Particularly, metal doping may effectively improve the
electronic properties of fullerene-derived carbons.'>™” The doped
metals could form a binary electron acceptor-donor system and
provide more active sites in the structures.'®

Various strategies have been applied for the metal doping of
fullerene superstructures. For example, Peng et al. fabricated
three-dimensional cross-type Fe-doped fullerene structures by
self-assembly of ferrocene-modified fullerene and achieved
enhanced electrochemical performance.'® Saianand et al. intro-
duced copper into fullerene superstructures by a hard template
and used them as effective catalysts for the oxygen reduc-
tion reaction (ORR).>° We also successfully prepared fullerene
carbon materials with enhanced supercapacitive properties by
regulating the self-assembled structures of ferrocene-modified
fullerenes in our previous work.>! However, these studies still
cannot control the doping ratio of metals. The relationship
between the metal doping content and application performance
of fullerene-derived carbons is thus unclear.

Mater. Adv,, 2022, 3,1539-1546 | 1539


http://orcid.org/0000-0001-5663-9119
http://orcid.org/0000-0001-7810-3438
http://crossmark.crossref.org/dialog/?doi=10.1039/d1ma00937k&domain=pdf&date_stamp=2021-12-23
http://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00937k
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA003003

Open Access Article. Published on 07 December 2021. Downloaded on 10/24/2025 3:11:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

CoTMPP

Ceo

Liquid-liquid
interfacial
precipitation

LA

Cgo/CoTMPP
superstructure

doped
porous carbons

Fig. 1 Scheme for the preparation of Co and N doped carbon composites
by manipulating Ceq assembly with CoTMPP and pyrolysis.

Herein, we fabricated cobalt (Co) and nitrogen (N) doped
mesoporous carbon composites based on the liquid-liquid
interfacial precipitation (LLIP) process of Cg, fullerenes with
a cobalt tetramethoxy phenylporphyrin (CoTMPP) and pyrolysis.
By manipulating the mixing ratios of Cs, and CoTMPP, we
obtained various porous carbon materials with controllable
doping amounts of Co and N (totally 0.30-1.52%) (Fig. 1). Co,
a transition metal, has excellent energy storage capability for
supercapacitors. But unfavorable aggregation may easily occur
during the doping process or their usage.>” The confined state
of CoTMPP within Cgq crystalline structures could prevent Co
agglomeration in the carbon structure and successfully dope
functional Co and N simultaneously. With the homogenous
distribution of Co and N, the resultant mesoporous carbon
composites exhibit excellent energy storage performance, the
specific capacitance value of which could be about ten times
higher than that of the fullerene carbons without doping and
also well maintained 99.5% specific capacitance at least after
5000 cycles.

Experimental part
The assembly process of fullerene superstructures

Csos are dissolved in toluene (about 2.5 mg mL ") by sonication
for 1 hour. The undissolved Cgps in the toluene solution are
removed by filtration. The self-assembly of fullerenes is based
on the liquid-liquid interfacial precipitation (LLIP) process. For
details, 4 ml Cq, solution is placed in a glass bottle (15 mL), and
8 mL IPA is slowly added on the top of the solution to form
an interface. The mixture solution is left undisturbed for
5 minutes and then stored at room temperature for 12 hours
after shaking. The sediment from the process is collected by
centrifugation. In the CsCoTMPP assembly process, Cgo and
CoTMPP with different mixing ratios (5:1, 10:1, 20:1) are
dissolved in toluene by sonication, and then similar procedures
mentioned above are followed. The Cg,COTMPP crystals
obtained from mixing ratios of 5:1, 10:1, and 20:1 are
named CgoCOTMPP-0.2, C¢oCoTMPP-0.1 and Cg,CoTMPP-0.05,
respectively.
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Formation of mesoporous carbons from fullerene
superstructures

The collected precipitate from the LLIP process is dried under
vacuum. The dry samples are then heated to 900 °C with a
heating speed of 10 °C min~ " and kept for 2 hours at 900 °C in a
tubular pyrolysis furnace under a constant nitrogen flow
(120 cm® min™"). The carbonized Cg,COTMPP crystals from
CgoCOTMPP-0.2, C4oCOTMPP-0.1 and C4,CoTMPP-0.05 are named
CsoCOTMPP-0.2_900, CgCoTMPP-0.1_900 and CgCoTMPP-
0.05_900, respectively.

Electrochemical measurements

The electrochemical performance is measured in a three-
electrode system in 1 M H,SO, aqueous electrolyte. A glassy
carbon electrode is used as the working electrode, with a
Ag/AgCl electrode as the reference electrode and Pt wire as
the counter electrode. For the preparation of the working
electrode, one drop of the IPA-water suspension of the porous
carbon samples (5 pL, 5 mg mL™ ") is spread on the surface of
the glassy carbon electrode and dry at room temperature. 2.5 pL
Nafion solution (0.05%) is dropped on the glassy carbon
electrode before the measurement. The specific capacitance (Cj)
is calculated from the cyclic voltammograms (CV) the galvano-
static charge/discharge (CD) curves according to the following
equations:

Cy(weight) = Q/(2AE-v-m)
or Cs(area) = Q/(2AE-v-A)

Cs = I/(m-AE/AY)

in which Q is the area encircled by CV, I is the voltammetric
current or the constant current for charge-discharge, AE is the
potential range, v is the scan rate, 4 is the surface area of the
active material, m is the mass of the active material, and At is
the discharge time, respectively.

Characterization

Field emission scanning electron microscopy (FE-SEM) is
performed at 15 kV on a FEI Quanta 250FEG. Transmission
electron microscopy (TEM) is performed by using a Tecnai
G220 at 200 kV. Nitrogen sorption measurements are con-
ducted on powder samples at 77 K using an Autosorb-1 surface
area and pore size analyzer (Gemini VII 2390). X-Ray diffraction
(XRD) patterns are measured using a Bruker-AXS D8 Advance
diffractometer. Raman spectra are recorded on a Raman scat-
tering spectrometer (Renishaw-invia) using excitation radiation
at 514 nm from an Ar' ion laser and at a power of 10 mW.
Fourier transform infrared (FTIR) spectra are obtained using
a FTIR spectrometer Nicolet S10 (Thermo Fisher). The Co
contents in the carbon samples are determined by inductively
coupled plasma optical emission spectroscopy (ICP-OES) using
Agilent 5110.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Fullerene superstructures from the mixture of C¢o and CoTMPP

According to the solubility of Ceo in solvents, Cgos may self-
assemble into crystalline superstructures at the interface of
good and bad solvents.*® Therefore, various solvent types could
affect the packing of Cgos and lead to different morphologies
of Cgo superstructures. As the driving force of the fullerene
assembly is mainly based on n-r interactions, other m-molecules
may easily intercalate into the Cgos superstructures from the
co-assembly.® In the system with CoOTMPP, a metalloporphyrin
molecule, as its metal ion center could coordinate with carbon
atoms in fullerene,*** it may thus further promote the insertion
into Cg superstructures.

In this work, we use toluene (PhMe)-isopropyl alcohol (IPA)
as the solvent system to carry out the self-assembly of Ces
based on the LLIP process. Without mixing CoTMPP, the
assembly of Cgos at the toluene-IPA interface leads to the
formation of nanorods. As shown in Fig. S1 (ESIt), the nano-
rods are ~400 nm in diameter, ~10 um in length and possess
smooth surfaces. The co-assembly with CoTMPP alters the
packing of Cgos and leads to the formation of Cs,CoTMPPs
with completely different morphologies (Fig. 2 and Table S1,
ESIt). CooCOTMPP-0.2 shows rod morphology with polyprism
structures (Fig. 2a). Its length is ~2.5 pm and its diameter is
~1 pm. CgCoTMPP-0.1 seems to possess microparticles with
lamellar structures (about ~1.9 pm in diameter) and a rough
surface (Fig. 2b). While for Cg,CoTMPP-0.05 with the lowest
mixing amount, similar rod morphology like the nanorods
from pure Cgos is obtained (Fig. 2c), but it shows shorter
lengths (~2.3 pm) and larger diameters ( ~ 1.2 pm). We suggest
that the influence of the COoTMPP amount on the morphologies

Fig. 2 SEM and TEM images of (a, d and g) CgoCoTMPP-0.2; (b, e and h)
CeoCoTMPP-0.1; and (c, f and i) CgoCoTMPP-0.05.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of C¢oCOTMPP superstructures should be caused by the strong
packing inclination between CoTMPPs. CoTMPPs can form
flaky crystals in the solvent mixture of PhMe-IPA (Fig. S2, ESIf).
This aggregation inclination of CoTMPPs may change their
insertion state within Cgos and might also interfere with the
packing of Cgos during the co-assembly process. It thus leads to
distinct structural features of the C¢oCoTMPP superstructures.
It should be mentioned that even higher content of COTMPP is
possible to assemble with Cgos. For example, crystalline
nanosheets of Cg,/COTMPP can be formed at a mixing ratio
of 1:1. However, the Cg,/CoTMPP hybrid structure with mixing
ratios higher than 5:1 may cause serious fusion of Co compo-
nents and destroy the morphology during the following heat
treatment. As the resultant blocks can hardly be used for
further applications, we thus focus on the Cg,/CoOTMPP super-
structures with the mixing ratio lower than 5:1.

The elemental mapping analyses indicate the homogenous
distributions of Co, N, and C elements across the microstruc-
tures for all C4CoTMPP superstructures (Fig. S3, ESIt). HR-
TEM observations prove the changes of Ces packing after the
intercalation of CoTMPPs (Fig. 2g-i). The nanorods from bare
CeoS (Coo-rod) show regular lattices of 1.21 nm and 0.927 nm,
which correspond to the (110) and (101) planes (Fig. S4, ESIf).
The lattice spacing of CsCOTMPP superstructures is inclined to
shrink with the increase of the COTMPP amount. As shown in
Fig. 2g, C¢cCoTMPP-0.2 shows a lattice spacing of 1.16 nm for
the (110) plane, while the spacing of CgCoTMPP-0.1 and
CeoCOTMPP-0.05 turns to be 0.863 nm and 0.882 nm for the
(101) plane, respectively.

The detailed crystalline structures of Cs(CoTMPPs are analyzed
by the X-ray diffraction (XRD) technique (Fig. 3). Similar to Cg
nanorods without CoTMPP, the XRD patterns of Cg,CoTMPPs
also show the characteristic peaks of the HCP phase. However,
with the presence of CoTMPP, a new diffraction peak at 6.2°,
which should arise from the packing of COTMPPs, appeared. The
diffraction peak for the (110) plane (around 7.4°) also shifts to a
little higher degree for C¢cCoTMPPs, which is consistent with the
TEM observations. The intercalation of CoOTMPPs within Cg,s
might strengthen the interactions between molecules and lead
to the spacing shrinkage of Cgs.

To understand the molecular interactions between Cg, and
CoTMPP, FTIR spectra of pure Cgn rods, CoTMPP, and
CeoCoTMPPs were measured (Fig. S5, ESIT). The peaks around
550 ecm ™ t, 1185 ecm ' and 1430 cm™ ! for C4, nanorods and
CeoCOTMPPs can be attributed to the ring stretching and
deformation vibrations of Cges.>® The characteristic peaks of
COTMPP at 750-900 cm ' (p-substituted phenyl groups and
N-H bending), 1510 ecm™ ' (C-C bonds in the pyrrole ring),
1254 ecm ™' (C-N stretching vibration), and 1000 cm ™" (breathing
modes of the pyrrole ring) are found to shift to lower wave-
numbers for CgCoTMPPs.>” This implies the interactions
between the porphyrin moieties and Cgs in the C5oCoTMPPs.

Mesoporous carbon from Cgo/COTMPP crystals

As solvent molecules exist within the fullerene superstructures
from the LLIP assembly process, carbonization of fullerene

Mater. Adv., 2022, 3,1539-1546 | 1541
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Fig. 3 XRD patterns of CgoCoTMPP structures. (i) CgoCoTMPP_0.2,
(ii) CeoCoTMPP_0.1, (iii) CeoCoTMPP_0.05, (iv) Cgg-rods, and (v) CoTMPPs.

superstructures may induce the formation of meso- or micro-
pores in the carbon structures, which is beneficial for their
applications for energy storage. In this work, Cs(CoTMPP crystals
were carbonized through heat treatment at 900 °C under N, flow.

The Raman spectra of the resultant CgCoTMPP_900s
exhibit two strong bands around 1360 and 1580 cm ™", corres-
ponding to the D band from defect-containing or disordered
graphitic carbon and the G band from the in-plane vibration of
sp” carbons (Fig. 4a). The typical peaks from Ce (two A, bands
and six Hg bands), which are observed in Raman spectra of
CeoCOoTMPPs, disappeared (Fig. S6, ESIt). This indicates the
successful structural transformation to carbon materials after
the heat treatment (Fig. 4a). The intensity ratios of the D band
and G band (Ip/Ig) for Ceo_900 (without COTMPP), C¢,COoTMPP-
0.05_900, Cg,CoTMPP-0.1_900 and Cg,CoOTMPP-0.2_900 are
0.76, 1.09, 0.92 and 1.18. This result suggests that the inter-
calation of CoTMPPs in the fullerene superstructures may
induce the formation of more defects in the carbon structures.
But the orders of Ip/Ig for C4CoTMPP_900s are not exactly the
same as the COTMPP amount in C4,CoTMPPs. This implies that
the intercalation state of CoTMPP might also influence the
transforming structures of carbons. In C¢ocCoOTMPP_900s, the
A, vibration mode (690 cm ') of Co components appears and
its intensity is increased with the additional COTMPP amount
in CgCoTMPPs.”®*® This suggests the consistence of the Co
doping amount of CgCoTMPP_900s with the intercalated
CoTMPPs in C,CoTMPPs.

The XRD patterns of CgCoTMPP_900s also indicate that
the characteristic diffraction peaks of C5,CoTMPP disappeared
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Fig. 4 (a) Raman spectra and (b) XRD patterns of Cgo_900s and

CeoCoTMPP_900s. (i) Ce0_900s (i) CeoCoTMPP-0.05_900, (i) CeoCoTMPP-
0.1.900, and (iv) CgoCoTMPP-0.2_900.

after carbonation (Fig. 4b). Unlike the carbonized Cg,_900
(without doping) with only a wide peak in the range of
20-30°, two additional diffraction peaks appeared at 25.8°
and 44.2° for Cg,CoTMPP_900s. The diffraction at 25.8° is
ascribed to the (002) plane of graphite,*® which suggests that
the existence of COTMPP might promote the stacking of gra-
phene sheets during the structural transformation of fullerenes
into carbons. While the diffraction at 44.2° should arise from
the planes of cobalt nitride and cobalt oxide,*"**> which can be
attributed to the (111) plane of CoN, (JCPDS No. 41-0943) and
the (400) plane of Coz0, (JCPDS No. 42-1467) (Fig. S7, ESIf).
Its peak intensity is shown to increase with the mixing amount
of CoTMPP in CgCoTMPPs, indicating again varied doping
amounts of Co and N in Cz,CoTMPP_900s.

The TEM observations directly indicate the formation of the
porous matrix of C¢oCoTMPP_900s from the dense crystalline
nature of Cq,CoTMPPs (Fig. S8, ESI and Fig. 5). Compared
with various Cg,CoTMPP_900s, we can find that Cq,CoTMPP-
0.1_900 has a much looser networked structure, which means
more pore spaces and larger exposure surfaces for active sites.
The elemental mapping analyses based on TEM prove the
existence of Co, N, and C elements (Fig. 5). This also reveals
the maintenance of the dispersion state of Co and N after the
high-temperature heat treatment. With different doping
amounts, CsCoTMPP_900s possess varied Co distribution
states in the structure (Fig. S8, ESIf). CgoCOTMPP-0.01_900
shows tiny nanoparticles of Co components with relatively
scattered distributions. We can also observe tiny nanoparticles
in the structure of Cg,CoTMPP-0.1_900, but it has much more
dense distributions. While for Cg,CoTMPP-0.2_900, nano-
particles can be hardly found, and metal components seem to
aggregate as blocks in the structure.

To understand the molecular transformation during the
pyrolysis, we use thermogravimetric analysis (TGA) to gain
information (Fig. S9, ESIt). The thermograms of Cs,CoTMPPs
show a small weight loss of 5-8% below 150 °C, which should
be attributed to the removal of solvent molecules within the
superstructures. The weak mass loss that occurred between 450

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00937k

Open Access Article. Published on 07 December 2021. Downloaded on 10/24/2025 3:11:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

C

Apm
T

C
500n!|
—

C
500nm
— —

Fig. 5 STEM images and the corresponding elemental mapping images of
CgoCoTMPP_900s. (a) CgoCoTMPP-0.2_900, (b) CgoCoTMPP-0.1_900,
and (c) CgoCoTMPP-0.05_900.

and 600 °C is related to the gradual decomposition of COTMPP.
A significant mass loss at a temperature higher than 700 °C is
observed, which should be associated with molecular changes
from CgoS. Cgos are transferred into carbon networks or decom-
posed by the oxygen within the structures. Comparing the
weight loss ratios of CgCoTMPPs and Cgp-rod, we can find
that the presence of COTMPPs in the Cq, superstructures may
effectively restrain the decomposition of Cgos during the
pyrolysis. The oxygen within the structure might prefer to
combine with Co. This leads to the formation of more oxidized
Co and lower decomposition of Cgos for C4CoTMPPs with a
large mixing amount of CoTMPP.

The chemical states of Co and N in Cz,CoTMPP_900s are
further analyzed based on XPS measurement (Fig. 6 and
Fig. S10, ESIT). Fig. 6a shows the Co 2p spectrum in the binding
energy range from 770 to 810 eV by the Gaussian method.
It contains split spin-orbit 2p;/, (778-785 eV) and 2p;,, (793-
798 eV) regions. The spectrum is fitted into two states, whose
peaks at 779 and 795 eV should belong to Co** (Co-0); peaks at
782 and 797 eV are attributed to Co>" (Co-N,) with satellite
peaks at 786 and 805 eV.**** The N 1s spectra are deconvoluted
into five peaks, which can be assigned to primary pyridine
N (398.5 eV), metal N (399.2 eV), pyrrole N (400.2 eV), graphite
N (401.5 eV), and oxidized N (404.5 eV) (Fig. 6b).>>*® The C 1s
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spectrum shows the existence of a C=N bond (285.8 eV) with
C=C (284.4 eV) and a C-O bond (289.2 eV) (Fig. 6¢).>” These
results indicate that the doped Co and N atoms may form Co-N
and Co-O in the carbon network of the fullerene-derived
carbons.

According to the relative area of each component peak in XPS
spectra, the proportions of different Co states in C4oCoTMPP_900s
are compared (Table S2, ESIf). The Co-N:Co-O ratio is
1.52 (CoCOTMPP-0.05_900), 3.66 (CgoCOTMPP-0.1_900), and
0.5 (CeoCOTMPP-0.2_900), respectively. These results indicate
that the formation of Co-N becomes greatly restrained in the
carbonization of C¢,CoTMPPs when a large amount of COTMPP
is involved. Since COTMPP in large amounts tends to aggregate
themselves during the co-assembly with Cggs, the densely
packed state of COTMPPs in the superstructure and the oxygen
in CoTMPPs may promote the oxidation of Co during carboni-
zation and lead to the formation of less Co-N. ICP measure-
ment was further employed to confirm the Co content in
CgoCOTMPP_900s (Table S3, ESIt). The result indicates that
the mass fraction of the Co element is 1.52% for C4,CoTMPP-
0.2.900, 0.71% for Cg,CoTMPP-0.1_900, and 0.30% for
CoCOTMPP-0.05_900, respectively. In comparison of Co
ratios in CgoCoTMPP (before carbonation), which are 1.26%
(C6oCOTMPP-0.2), 0.57% (CeeCOTMPP-0.1) and  0.26%
(CsoCoTMPP-0.05), there is almost no loss of doped Co during
the heating process. Compared with the theoretical content of
Co in CgCoTMPP (Table S3, ESIt), there are also no big
differences. These results demonstrate that we could precisely
control the doping amount of Co in the fullerene carbon
materials through this assembly process.

The doping influence on the porous structures of
Cs0COoTMPP_900s is analyzed based on nitrogen adsorption/
desorption isotherms (Fig. S11, ESIT). Brunauer-Emmett-Teller
(BET) and Barrett-Joyner-Halenda (BJH) methods are adapted
to calculate the specific surface area and pore size distributions
(Table S4, ESIT). The isotherms of C4,COTMPP_900s are shown
to be of type IV with a H3 hysteresis loop. This indicates the
existence of mesopores and a small part of micropores in
C0COTMPP_900s. CgoCoTMPP-0.1_900 has the highest BET
surface area of about 496 m”> g, while those of C4oCoTMPP-
0.2_900 and C¢,CoTMPP-0.05_900 are 365 m* g and 446 m*g ',
respectively. As the intercalation of CoTMPP in Cgos may bring
more packing disorders in the structure, it might facilitate the

(a) (b) (c)
n . & Graphite-N Pyridine-N| 3 co
B 4} g
g Co?* Co* 8 Pyrrole-, 8
QJ Co* A © @ : 5
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Fig. 6 XPS spectra of CgoCoTMPP-0.1_900. (a) Co 2p spectrum, (b) N 1s spectrum, and (c) C 1s spectrum.
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production of more pores from the decomposition during the
heat treatment. This thus leads to a higher surface area of
CeoCoTMPP_900s than the porous carbon from pure Cgos
(Ce0_900), the surface area of which is 285 m* g~ * (Fig. S12, ESIY).
However, when more CoTMPPs are involved, the presence of more
CoTMPP aggregates and their effect on promoting the stacking of
graphene sheets may diminish part of pores in the carbon
structures, resulting in lower surface areas and also narrower
distribution of pore size for C¢,CoTMPP-0.2_900.

Electrochemical performances of Cgo/CoOTMPP_900s

The porous carbons derived from CseCoTMPP_900s are applied
as electrode materials for supercapacitors. Their electrochemi-
cal supercapacitive properties are measured based on cyclic
voltammetry (CV) and galvanostatic charge-discharge cycles
(GCD) by using a three-electrode configuration in 1 M H,SO,
aqueous electrolyte. Cg,CoTMPP_900s are deposited at the
surface of the glassy carbon electrode. SEM observation of the
CeoCoTMPP_900 layers indicates their uniform coverage states
on the electrode surface with porous nature accessible for
electrolytes (Fig. S13, ESIt). The CV curves of C5,CoOTMPP_900s
at 10 mV s~ ! over the range of 0-0.8 V are shown in Fig. 7a.
All samples display a rectangular-like shape curve, which
proves that C4oCoTMPP_900s could act like a typical double-
layer capacitor. In contrast to the low specific capacitance of
Ce0_900 without doping (32.5 Fg "at 10 mVs 'and 46.9 Fg "
at 1 A g~') (Fig. S14, ESIt),>' C¢,CoTMPP_900s with Co and N
doping all show enhanced capacitive property of fullerene-
based carbons. CscCOTMPP-0.1_900 possesses the highest spe-
cific capacitance of 296 F g ' or 0.1 F cm 2 CgCoTMPP-
0.05_900 and C,CoTMPP-0.2_900 have a specific capacitance of
168 F g~ ' (0.06 F cm %) and 55 F g~ * (0.02 F cm™?), respectively.
That is to say, the capacitance order of Cs,CoTMPP_900s is

(@, (b)
= 0.8
=4 o
o>
< <
>2 206
£ ;
c 14
g0 S o4
£ £ 0.2
34 g
o
-6 0.0
0.0 0.2 0.4 0.6 0.8 0 100 200 300 400 500 600 700
Voltage (V) vs. Ag/AgCI Time (s)
(€)eo (d)
100
50 Emoo g
E1000 <%
=40 i £ 500 S
£ N 5 92
L£30 %0 500 1000 %
N Z'(ohm) o
20 z 8
‘C
@
10 & 84
o
0 80
0 10 20 30 40 50 60 0 1000 2000 3000 4000 5000
Z’ (ohm) Cycle Number

Fig. 7 (a) CV curves of CgoCOTMPP_900s at a scan rate of 10 mV s
(b) CD curves of CgoCoTMPP_900s at a current density of 1 A g%
(c) Nyquist plots of CeoCoTMPP_900s; and (d) cycling stability test of
CgoCoTMPP_900s. (i) CeoCoTMPP_0.2-900, (i) CeoCoTMPP_0.1-900,
and (i) CeoCoTMPP_0.05-900.
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CeoCOTMPP-0.1_ 900 > CgoCOTMPP-0.2_900 > CgoCOTMPP-
0.05_900. This order is consistent with that of the surface area
of CgoCoTMPP_900s and Co-N content in the carbons. This
means that both structural and chemical factors may affect the
performance. The surface area of the electrode is demonstrated
as one major factor for supercapacitor performance.®® It is
related to the ion diffusion ability in the carbon electrode
and the formation of an ion-electron double layer. The
double-layer capacitance is known to be directly proportional
to the surface area.’® But for this system, the capacitance
difference of Cg,CoTMPP_900s is much larger than that of
their BET surface areas. This implies that the doping state of
Co-N should bring great influence on their effective surface
area for ion diffusion and conversion, which leads to a large
difference in the electrochemical performance. However, the
distinct effects from the porous structure and doping state
cannot be evaluated separately. The assembly structures of
fullerenes are sensitive to the assembly conditions. Small
changes in the type and volume of solvents or additives may
alter the structural features of the fullerene superstructures.”**°
Therefore, the intercalation of functional molecules within
the Ceos superstructures will inevitably change the assembled
morphologies. The advantage of tunable architectures for full-
erene assemblies always accompanies the functions.

The GCD curves of CgCoTMPP_900s are all triangular
shapes, which also indicates a typical double-layer capacitor
of the samples. The longer discharge time of Cg,CoTMPP-
0.1_900 means a higher specific capacitance of 416.31 F g~ *
at 1 A g~' (Fig. 7b). Compared with other reported fullerene-
derived carbon materials (Table S5, ESIt), the performance of
CoCOoTMPP-0.1_900 could exceed those of most of the reported
fullerene carbon materials.

To further investigate the mechanism of charge storage for
supercapacitors, electrochemical impedance spectroscopy (EIS)
is performed. The Nyquist plots of CgCoTMPP_900s reveal
good capacitive behaviors (Fig. 7c), which possess a semicircle
in the high-frequency area and inclined linear plot at low
frequencies. The width of the semicircle at high frequencies
can determine charge transfer resistance (R.;), which is asso-
ciated with the charge transfer across the electrode-electrolyte
interface. CoCoTMPP-0.1_900 displays the shortest diameter of
the semicircle, which means the lowest R.. This indicates more
effective charge transfer and better capacitive contribution in
C0COTMPP-0.1_900. The slope inclination in the low-frequency
area is related to internal resistance (R;). As C4oCoTMPP-0.1_900
exhibits the highest inclination degree, a higher electrical con-
ductivity of CsCoTMPP-0.1_900 is suggested. The calculated R
values for CgoCOTMPP-0.05_900, Cg,CoTMPP-0.1_900, and
CgoCOTMPP-0.2_900 are 11.2, 5.6, and 45.4 Q, and the R, values
are 6.2, 4.6, and 8.2 Q, respectively. C¢¢CoTMPP-0.2_900 shows the
highest R.. and Ry values, which suggests that besides the Co
doping amount, the doping state and structural features may also
have a large influence on the electron transfer in the carbon
composites.

From the above results, it is observed that the content of
Co-N in the carbon composites plays the main role in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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improving the electrochemical performance. CqoCOTMPP-0.1_900
possesses unique morphology and highest content of Co-N, and
thus exhibits better capacitance than Cg,CoTMPP-0.05_900 and
CeoCOTMPP-0.2_900. Although Cs,CoTMPP-0.2_900 has the high-
est Co doping amount, more doped Co in the carbon structure
exists as the Co-O state with the least content of Co-N, which
brings an adverse effect on the conductivity of the carbon
composite. The doping influence on the structural features also
affects the electrochemical performance. The doping ratio of
CoTMPP for CsoCoTMPP-0.1 completely changes the inclination
of forming the rod morphology. The homogeneous distribution of
COTMPP in C4,CoTMPP-0.1 also facilitates the formation of Co-N
and the transformation of more porous structures during the
carbonation process. With less doping of COoTMPP, the assembled
structure largely maintains the features of the Cg, superstructures
without doping and shows limited influence on the formation of
pores during the carbonation. While for Ce,CoTMPP-0.2 with
large doping of COTMPP, CoTMPPs are dispersed in the super-
structure as molecular aggregates and may more easily induce the
formation of Co-O and dense packing of graphite carbons during
the heat treatment. These factors make Cg,CoTMPP-0.2_900
exhibit the worst performance. It should be noted that besides
the doping content in C5cCoTMPP_900s, the existence of graphitic
carbons is also important for electrochemical performance. Based
on the TGA result, Cgos will not begin carbon transformation at a
temperature lower than 700 °C. This means that no graphitic
carbons formed for the carbonized Cs,CoTMPPs by 700 °C. The
resultant carbons also show poor electrochemical performance
(Fig. S15, ESIY), in which C¢,CoTMPP-0.1_700 only has a specific
capacitance of 35 F g~ !, similar to fullerene-carbons without
doping.

Considering the best electrochemical performance of
CgoCOTMPP-0.1, we further evaluate its electrochemical stabi-
lity. Fig. S16 (ESI{) shows the CV curves of C5CoTMPP-0.1_900
at different scan rates from 10 to 100 mV s . All curves at
different scan rates display quasi-rectangular shape, indicating
the good maintenance of double-layer capacitor behavior as
well as good rate capability. The capacitance retention is also
excellent, which is shown to keep >99% of the initial capaci-
tance after 5000 GCD cycles (Fig. 7d). In contrast, C¢,COTMPP-
0.05_900 could maintain about 97% of the capacitance, but
CsoCOTMPP-0.2_900 shows a big decrease with the cycles. The
worse electrochemical stability for C¢oCoTMPP-0.2_900 should
be due to the existence of more Co-O in the carbon composite,
since cobalt oxides have disadvantages of poor electrical con-
ductivity, easy polarization, and volumetric expansion during
the charge and discharge processes.*'"*> Therefore, this result
further proves that the control of the CoTMPP intercalation
state in Cgo Structures is essential to both the porous feature
and the doping states of Co in the carbon composites.

Conclusions

In summary, we successfully manipulated the intercalation of
CoTMPP in the Cq, self-assembled structure through the LLIP
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process and fabricated Cg, composite crystals with various
microscopic morphologies. After carbonization, the CoTMPP
confined in the Cg, crystals transformed into active Co-N in the
carbon structures. The content of Co-N is shown to be not only
directly related to the mixing ratio of COTMPP in Cg, crystals
but also the distribution state in the superstructures. The
presence of Co-N in the porous carbon composites improves
the electrochemical properties greatly. The resultant carbon
composite showed an enhanced specific capacitance of
416.31 Fg ' at 1 A g ', which is almost ten times higher than
that of the Cg4, carbons without doping, and could almost show
no activity loss after at least 5000 cycles. This work brings new
insight into controllable functional doping of carbon materials
by fullerene interfacial self-assembly. This may also further
promote the development of fullerene superstructures for
advanced electrochemical applications.
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