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Abstract: The preparation of carbon materials usually
involves the decomposition of precursors and the reorganiza-
tion of the as-generated fragments. However, the cleavage of
bonds and the simultaneous formation of new bonds at nearly
the same positions prevents effective yet precise fabrication.
Herein, a supramolecular precursor, cucurbit[6]uril, that
contains multiple bonds with distinct bond strengths is
proposed to decouple the twin problem of simultaneous bond
cleavage and formation, allowing multistage transformations
to hierarchical porous carbon and metal-doped carbon in
a single yet effective pyrolysis step without the need of
a template or additional purification. As a proof-of-concept,
the Fe-doped carbon electrocatalysts realized a Pt/C-like half-
wave potential of 0.869 V vs. RHE and small Tafel slope of
51.3 mVdec™ in oxygen reduction reaction.

Carbon materials is a broad family of easily accessible yet
structurally tunable materials that have been widely
employed in various applications, such as energy storage,
adsorption, and catalysis.!! Enormous efforts have been
dedicated to their controllable synthesis toward specific
structures and properties, that is, porosity and conductivity.?!
Among the preparation methods, the precursor pyrolysis
approach gains the most attention owing to its simplicity and
tunability.”) Generally, this synthetic method involves the
decomposition of precursors and the reorganization of as-
generated fragments, concretely, the cleavage of C—C/C—H/
C—X (X represents a nonmetal element) bonds and formation
of new bonds (mainly sp? C—C bonds for graphitic carbon).!
However, the bond cleavage/formation commonly occurs at
nearly the same rate and position because of the comparable
bond strengths. The simultaneous bond breaking and rebuild-
ing always induces drastic local changes in structure and heat,
resulting structural collapse of pyrolytic intermediates and
final products, as well as loss of desirable features and
properties (such as, high surface area, large pore volume, and
heteroatom dopants).” Various hard and soft templates were
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designed to stabilize the intermediates and control the final
product structure.’! However, the cost of these templates and
complicated multistep fabrication including template removal
always remain a problem for applications. Hence, it is
promising to develop template-free or self-templated meth-
ods toward new carbon materials and of fundamental interest
to decipher the related pyrolysis mechanism.!”!

From a molecular perspective, the template-free synthesis
of carbon materials relies on decoupling the twin problem of
spatio-temporally identical bond cleavage and formation. In
this regard, extra bonds were designed in precursors through
either small-molecule crosslinking or backbone conjugation
to form a rigid precursor framework.® Nevertheless, these
attempts resulted in mostly microporous carbon that hardly
contains mesopores owing to the short distance between these
rigid conjunctions. If long-range interactions with bond
strengths distinct from C—C/C—H/C—X bonds are included
for precursor design, well-designed mesoporous or hierarchi-
cally porous carbon via template-free pyrolysis can be
achieved.

Herein, supramolecular species, in which covalently
bonded organic units are organized in an orderly fashion by
weak intermolecular interactions, serve as the ideal precur-
sors for controllable template-free synthesis of porous carbon
(supramolecule-derived carbon, SC) and metal-doped carbon
materials (SC-M, M represent a transition metal). Cucurbit-
[6]uril (CB6), a supramolecular compound available in
crystalline form, is selected as a proof-of-concept precursor
because of its highly ordered structure and extraordinary
thermal stability.”! CB6 is a bucket-like macrocyclic
oligomer consist of methylene (-CH,-) bridged glycoluril
(=C,H,N,O,=) monomers. The glycoluril carbonyl groups
allow the formation of long-range hydrogen-bonded supra-
molecular framework while the symmetrically distributed
methylidynes are an ideal hydrocarbon precursor for graphi-
tization. Specifically, hydrogen bonds between the carbonyl
oxygen and lateral C—H groups guide a hexagonal structure
with every one-dimensional (1D) micropore channel sur-
rounded by six rows of CB6 (Figure S1). Guest molecules or
ions can be easily encapsulated in these micropores with
atomic dispersion, benefiting further functionalization of
carbon with heteroatoms or atomically dispersed clusters.!

In the as-prepared supramolecular CB6 precursor (Fig-
ure S2a), chemical bonds with various strengths are inte-
grated, including intermolecular hydrogen bonds (several
kJmol ') and covalent bonds (70 to more than 100 kI mol ).
Consequently, as the temperature gradually increased during
the pyrolysis, the cleavage and formation of each class of
bonds can be spatio-temporally decoupled as thermal and
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spectroscopic effects suggest.""! Below 200°C, a dehydration
and degassing process was detected with a weight loss of
7.2%, corresponding to residual water, solvent, and HCI in
the micropores (Figure 1a).""! From 200 to 400°C, only
a minor weight loss of 2.1 % could be detected, corresponding
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and conformal pore reconstitution. Synchronized MS was
employed to monitor the temperature-dependent variation of
gaseous fragments (Figure 1b). These fragments include ions
with m/z of 26-30, 39-43 (except 40 that represents Ar™), 52—
57, and 65-70 to represent residues with 2, 3, 4, and 5 main

atoms (C, N, and O except H). At the first stage

(around 450°C), fragments with low m/z dominate,

a) 10 " b) [z indicating (C, N, O), species including CO* (m/z 28)
5 i L and HCN" (m/z 27) as the main products. (C, N, O);
= 1P = 2os5— species such as CONH™ (m/z 43) could also be
2 %0 - ; E RN 1 detected (Figure S3b). These molecules are departed
® == o g ; b & — from the carbonyl and CH,N groups (Figure 1¢). At
g == 3 3 | the second stage, the intensities of ion fragments are
g ls £ Zoo aumadl relatively stronger, corresponding to the main weight

¥ ) o= loss of 44.1%. Many larger fragments are detected,

including those with 3 and 4 main atoms, such as

W0 w0 60 e °%0 s00 40 00 600 70 CONH' (m/z 43) and CONHCH," (m/z 57), indicat-
Temperature (°C) Tempersturs (°C) ing the ring-opening of CB6 to volatilize N, O-rich

, P fragments and leave C-rich backbones with reactive

c) " 3" X i : ,\-_(4'- ot )(,'i'; 2 ends. These ends attached to each other and formed
N "ir ,{:’: N\ '“(,-)ne, 2 new C—C bonds (Figure S3c). The vigorous volatiliza-

:.. 4&? Sipramisciiar kJ &T Grossinking tion herein thinned the molecular walls within a rigid

I f interaction —_ structure pre-formed framework, effectively resulting in uni-

3 3 form expansion of micropores and their merging into

L

mesopores.

At the beginning of the final stage (after 600°C),
the material was already a carbon material that had
lost the most of volatile elements. The D and G band
in the Raman spectrum of the sample treated at 700°C

ol @%  clearly validate the sp’ C—C structure (Figure S6).1”

Porosity Graphite ~ From 700 to 800 °C, the broad endothermic peak in the

- formeli - L4,/ nanocarbon  DSC curve (Figure 1a), along with a narrowed Raman
‘(_'{ L i e G band, indicates the gradual graphitization. A

Figure 1. The pyrolysis process and mechanism for SC synthesis. a) The
thermogravimetric (TG) curve and corresponding differential scanning calori-
metric (DSC) profile of supramolecular CB6. b) The mass spectrometric (MS)
signal of pyrolytic fragments with different mass-to-charge ratio (m/z) at
different temperatures during the pyrolysis. ¢) Schematic illustration of the

proposed multi-stage pyrolysis mechanism.

to some small molecules like CO and CNH fragments
(Figure S3a). However, the specific thermal capacity
increased simultaneously, indicating a continuous structural
change within the bulk phase. The color of CB6 crystal all
changed from white to yellow brown (Figure S4). This may be
attributed to that at this temperature range, the weak
intermolecular interactions between polar groups at the
edge of CB6 become unstable and are partially cleaved to
reassemble CB6 into a covalent framework through cross-
linking. The main supramolecular structure remained as
indicated by X-ray diffraction (XRD), while minor distortions
are detected by the peak drift and broadening (Figure S5).

From 400 to 500 °C, the bulk phase began to degrade and
shrink steadily, followed by a series of rearrangement of
residual framework. There are two endothermic stages of
weight loss, indicating a step-by-step phase transformation
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slightly increased intensity ratio of the D to the G
band, and a major upshift of the G band from 1562 to
1581 cm ™! further evident the phase change from the
dominant sp”> amorphous carbon towards nanocrystal-
line graphitic carbon (Table S1 in the Supporting
Information).!'”” There is no major phase transforma-
tion and thermal effect but only a slight weight loss
over 900 °C. The continues minor blue shifts in Raman
G band are attributed to the constant loss of dopants
under heating.™™! N, isotherms and corresponding
pore size distribution reveals the dominant mesoporosity with
a pore size of 3-8 nm (Figure 2a,b). However, the volume of
mesoporosity decreased by half for the samples treated up to
from 700 to 900°C, with a decline of the Brunauer-Emmett-
Teller (BET) surface area from 1088 to 738 m*g "', indicating
a slight occlusion corresponding to the graphitization during
the continuous thermal treatment (Table S2). The TEM
images of final product, SC, show it preserved the rhombic
shape of the CB6 precursor (Figure S2b) and exhibited
dominant mesoporosity that is in accordance with N, isotherm
(Figure 2¢,d). Hence, the supramolecular approach well
demonstrates an effective yet robust self-templated synthesis
toward porous carbon that could be further modulated in
structure and surface chemistry owing to the easy function-
alization of supramolecular precursors.

Angew. Chem. Int. Ed. 2019, 58, 4963—4967
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Figure 2. The mesoporosity and morphology of SC. a) The N, isotherm and
b) corresponding pore size distribution of SC materials prepared at different
temperatures [°C]. ¢) The TEM image and d) enlarged image of SC prepared at

900°C.

Recently, atomically dispersed metal in carbon constitutes
an important class of electrocatalysts for key applications,
such as fuel cells, water splitting, and carbon dioxide
fixation.' Compared with bulk metal catalysts, atomically
dispersed metal or metal-doped carbon possesses distinct
electronic structure and fully exposed active sites, rendering
catalytic reactions better reactivity and selectivity.'’! Specif-
ically, M-N-C catalysts exhibited comparable activity to
commercial Pt/C electrocatalysts in oxygen reduction reac-
tion (ORR) that is the cornerstone for fuel cell and metal-air
battery applications.!'’l Nevertheless, the fabrica-
tion of M-N-C is complicated and challenging as
less active bulk metal and metal carbide impur-
ities are usually presented in the product and need
to be removed to fully exert high activity of M-N-
C.['" Considering the superior framework stabil-
ity during pyrolysis, metal-coordinated supramo-
lecules are expected to be an ideal precursor
toward simple yet effective synthesis of high
active metal-doped carbon catalysts without addi-
tional extensive purification.

To synthesize SC-Fe materials, a simple salt
adsorption method was employed during precur-

a)

Fe (0.23at% according to X-ray photoelectron
1000 spectroscopy (XPS) result) has no profound influence
on the pyrolysis thermodynamics (Figure S14, S15,
and Table S3). High-resolution HAADF-STEM
images, as well as corresponding energy dispersive
spectrometric (EDS) mapping, suggest that Fe atoms
are well dispersed and decorated within the carbon
skeleton (Figure 3a,b and Figure S16). The peaks in
line sweeping of HAADF intensity with a width
around 130 pm and synchronized EDS Fe signal well
prove the atomic dispersion of Fe (Figure 3¢). These
Fe species are most likely Fe atoms coordinated with
nitrogen owing to the electron donation from N to Fe,
which is evidenced by that 1) in the fine Fe 2p XPS
spectrum of SC-Fe, the Fe 2p;, peak is located near
Fe*! (710.4 eV) instead of metallic iron (706.8 eV),
and 2)in the fine N 1s XPS spectrum of SC-Fe,
pyridinic nitrogen signal at 398.3 eV is enhanced and
slightly blue shifted compared to SC while other
peaks exhibit no major change (Figure 3d).

The atomically uniform dispersion of Fe active
sites and moderate mesoporosity endowed SC-Fe
with high reactivity for ORR electrocatalysis. The
ORR reactivity of the samples was evaluated using linear
sweep voltammetry (LSV) conducted on a rotating ring-disk
electrode in O,-saturated 0.10m KOH electrolyte at room
temperature with an area mass loading of 0.25 mgcm 2 in all
cases. Commercial 20% Pt/C served as the state-of-the-art
reference electrocatalyst.

Notably, all polarized profiles were calibrated with
profiles tested in N,-saturated electrolyte under otherwise
identical conditions to reveal the real ORR reactivity (Fig-

b)

2

Fe remix

sor preparation while other synthetic steps during ~ €) [anor EDS d) Fe2 N1
. . Fe K peak (6.4 keV) e<p 5
pyrolysis remained the same as those for SC -~ = metallc iron
. . . . . =2 ) I ‘2
(Figure S7-S9). Owing to the coordination with N s & [scre?iie 7! S(=Fe 7\
and O heteroatoms in the CB6 framework, Fe*™ £ z TV Y| [ \
was atomically dispersed in the precursor. Even .§ g : x-“ﬁ\
without acid washing, iron particle was not i = |sc ! ffx_,a
: : Pendmaal| el
observed, along with the absence of crystalline . . i el
. > . . : 0 300 600 900 0 300 600 800 730 720 710 405 400
signals of any iron and iron carbides in XRD Distance (pm) Bistanca o) Binding energy (eV) Binding energy (eV)

patterns of SC-Fe, suggesting uniform dispersion
of Fe (Figure S10 and S11). High angle annular
dark-field scanning transmission electron micro-
scope (HADDF-STEM) and N, isotherms reveal
the uniform mesoporosity similar to SC (Fig-
ure S12 and S13). Accordingly, a tiny amount of

Angew. Chem. Int. Ed. 2019, 58, 4963-4967
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Figure 3. Atomic dispersion of metal in SC. a) The HAADF image of SC-Fe, of which
partial metal atomic sites are circled, b) the EDS mapping corresponding to the
HAADF image, and c) the line sweeping across a metal site (circled in (a)) of Fe K
EDS signal and HAADF intensity. d) XPS Fe 2p and N 1s spectra. The peaks in N Ts
spectra are assigned to pyridinic (398.3 eV), pyrrolic (400.3 eV), graphitic (401.1 eV),
and oxidized nitrogen (404.0 eV), respectively.
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Figure 4. The electrochemical performance of SC-Fe for ORR electrocatalysis.

a) LSV curves, b) Tafel slopes, and c) calculated electron transfer number of
ORR of the SC-Fe, SC, and Pt/C electrocatalysts. d) Stability evaluation of the

SC-Fe and Pt/C electrocatalysts.

ure S17).1%! As exhibited in Figure 4a, SC-Fe affords a half-
wave potential of 0.869 V vs. reversible hydrogen electrode
(RHE), which is very close to the Pt/C electrocatalyst. In
contrast, the half-wave potential of SC is 100 mV lower than
SC-Fe, indicating that atomically dispersed Fe is the active
site for ORR. Tafel slopes afford further evidence that SC-Fe
prominently promotes the ORR kinetics from 109 mV dec™
for Pt/C and 57.7 mVdec™ for SC to 51.3 mVdec™ (Fig-
ure 4b). The electron transfer number of SC-Fe is 3.7 at
0.80 V vs. RHE and stable throughout the ORR potential
range (Figure 4c and Figure S18), comparable with Pt/C and
better than SC that performs a mixed ORR process to
produce peroxide byproduct. In addition, long-term chro-
noamperometric tests suggest SC-Fe with superior ORR
stability with the current density remained 90 % after 30000 s
at the given potential required to reach an initial ORR
current density of 3.0 mAcm 2 much better than the Pt/C
electrocatalyst with only 70 % of the current density remained
(Figure 4d). Atomically dispersed SC-Fe serves as an excel-
lent ORR electrocatalyst with comparable reactivity and
better kinetics and stability than Pt/C. Supramolecular
precursors such as the CB6 exhibit advantages in the
preparation of atomically dispersed electrocatalysts for their
1) chemical bonds with various thermodynamic properties to
arrange the pyrolysis process, 2) uniform and tunable sites for
the dispersion of metal ions, 3) abundant heteroatoms to
mediate the chemical environments of metal sites and inter-
face polarity.

In conclusion, we proposed a concept of using supra-
molecular species to give to self-templated carbon and metal-
doped carbon materials. Mechanistic insights into the pyrol-
ysis of supramolecular CB6 suggest the key role of long-range
hydrogen bonds in stabilizing the intermediate structure
toward controllable template-free synthesis of hierarchical
porous carbon with dominant mesoporosity. The stability of

www.angewandte.org
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