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Tailoring C—N Containing Compounds into Carbon
Nanomaterials with Tunable Morphologies for

Electrocatalytic Applications

Wenchao Wan,* Yonggui Zhao, Jie Meng, Christopher S. Allen, Ying Zhou,*

and Greta R. Patzke*

Carbon materials with unique sp?-hybridization are extensively researched for
catalytic applications due to their excellent conductivity and tunable
physicochemical properties. However, the development of economic
approaches to tailoring carbon materials into desired morphologies remains a
challenge. Herein, a convenient “bottom-up” strategy by pyrolysis of graphitic
carbon nitride (g-C;N,) (or other carbon/nitrogen (C, N)-enriched
compounds) together with selected metal salts and molecules is reported for
the construction of different carbon-based catalysts with tunable
morphologies, including carbon nano-balls, carbon nanotubes,
nitrogen/sulfur (S, N) doped-carbon nanosheets, and single-atom catalysts,
supported by carbon layers. The catalysts are systematically investigated
through various microscopic, spectroscopic, and diffraction methods and they
demonstrate promising and broad applications in electrocatalysis such as in
the oxygen reduction reaction and water splitting. Mechanistic monitoring of
the synthesis process through online thermogravimetric-gas
chromatography-mass spectrometry measurements indicates that the release
of C—N-related moieties, such as dicyan, plays a key role in the growth of
carbon products. This enables to successfully predict other widely available
precursor compounds beyond g-C;N, such as caffeine, melamine, and urea.
This work develops a novel and economic strategy to generate
morphologically diverse carbon-based catalysts and provides new, essential
insights into the growth mechanism of carbon nanomaterials syntheses.

1. Introduction

Carbon materials with abundant delocal-
ized electrons due to their sp?-hybridization
have been extensively studied for elec-
trocatalytic applications such as the oxy-
gen reduction reaction (ORR) and water
splitting.'-*] However, conventional carbon
materials, such as graphene and carbon
nanotubes (CNTs), with uniform lattice
structures are chemically inactive for cat-
alytic reactions due to their weak adsorp-
tion of reactants.l*! To overcome this draw-
back, the creation of catalytically active sites
on perfect carbon structures has become
a crucial research branch in carbon-based
catalysis.®! To date, three strategies have
been widely reported to activate carbon sur-
faces: first, coupling of materials with cat-
alytically active components, such as met-
als and oxides,”®] second, replacing carbon
atoms with a moderate amount of defects
or dopants, such as N and S atoms,!*3] and
third, atomic dispersion of metal species on
carbon to achieve highly exposed metal ac-
tive sites.l'*-21] All these synthetic strategies
are based on two generally accepted rules:
a) highly conductive carbon can efficiently
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promote electron transfer from catalysts to the electrodes to
boost the redox cycles;??! b) replacement of carbon atoms with
moderate defects or heteroatom-dopants can significantly modify
the electronic structure of the carbon lattice, thus optimizing the
chemisorption of reactants.[*?}] The biggest advantage of these
“carbon to catalyst” synthetic strategies using well-prepared
carbon sources, such as graphene or CNT, is that the conductive
nature of carbon in the final products can be well preserved
through this moderate modification approach. This kind of
approach, however, involves two chemical steps, namely carbon
growth and carbon activation, which are extremely costly and
time-consuming.[24%3

Recently, the one-pot pyrolysis of C/N-containing complexes
to grow carbon-based catalysts has received increasing attention
due to the very simple synthetic procedure.?*-8] In particular,
carbon-based catalysts with abundant metal active sites derived
from metal-organic frameworks (MOFs) and their derivatives
have become one of the most promising materials classes and
have been successfully applied for a wide range of electrochemi-
cal energy conversion processes.[??°! In a typical MOF structure,
metal sites are well-coordinated to their non-metal ligands, which
can efficiently suppress the aggregation of metal atoms during
the pyrolysis, thus leading to the formation of highly dispersed
metal species such as particles, clusters, or even single-atom cat-
alysts (SACs).?% In addition, the pyrolysis of Zn-based MOFs
can directly generate metal-free N-doped carbon materials due to
the evaporation of Zn metal.l>!] However, the synthesis of MOFs
as precursors on a large scale remains challenging due to their
multi-step synthetic procedures and low yields.*?] Additionally,
the pyrolysis of MOFs is a “top-down” strategy. As a consequence,
the morphologies of the final products substantially depend on
the initial morphological features of the MOFs,**] which leaves
little room for the following morphological regulation of carbon
materials during pyrolysis. On the other hand, current studies on
the pyrolysis process of MOFs and other precursors using a real-
time technique to investigate the growth mechanisms of carbon
products remain to be conducted. This need for mechanistic in-
sight has limited the morphological design of carbon products as
well as the exploration of other cheaper and sustainable precur-
sors to scale up the synthesis of carbon-based catalysts.

In the present work, we introduce a “bottom-up” strategy us-
ing g-C;N, (or other C/N-containing precursors) and a series of
specific molecules as precursors to successfully fabricate a series
of carbon materials with tunable 0D, 1D, and 2D morphologies.
g-C;N, can be produced on a large scale via one-step pyrolysis of
dicyandiamide in the air, and it can be further replaced by other
commercial compounds, such as melamine, urea, and caffeine,
which renders this approach very promising for scaling up.l**]

Specifically, the use of glucose molecules reacting with g-
C;N, generates N-doped layered carbon materials, and with an
extra sulfur source, (S, N)-co-doped carbon materials can be
obtained as well. Metal phthalocyanine molecules and g-C;N,
as precursors give rise to the formation of carbon-supported
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SACs. Furthermore, mixtures of metal salts and g-C;N, as pre-
cursors promote the growth of CNTs or carbon nano-balls.
The structures and morphologies of the above carbon mate-
rials were characterized by X-ray diffraction (XRD), Raman
spectroscopy, high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM), and X-ray absorp-
tion spectroscopy (XAS). They demonstrate promising electro-
catalytic performance, such as in the oxygen evolution reaction
(OER), the hydrogen evolution reaction (HER), and the ORR.
In particular, (N, S)-co-doped carbon and carbon-supported Fe-
SAC show impressive ORR performance, while CNTs and car-
bon ball-based catalysts display excellent OER and HER perfor-
mances. Most importantly, for the first time, we investigated the
pyrolysis process and the formation mechanism through online
thermogravimetric-gas chromatography-mass spectrometry (TG-
GC-MS) measurements. We revealed that the generation of hy-
drogen isocyanate and dicyan fragments that contain C/N moi-
eties play key roles in the formation of the above carbon mate-
rials. Based on these mechanistic studies, other molecules with
similar C/N-containing structures have been successfully pre-
dicted as precursors for the fabrication of the above-mentioned
carbon materials. This provides a novel and flexible strategy for
the synthesis of carbon materials with desired morphologies and
offers a profound understanding of the growth mechanism of
carbon materials through pyrolysis routes.

2. Results and Discussion

2.1. Syntheses and Structural Characterizations

The syntheses of the carbon materials with different dimensions
follow a similar protocol, in which g-C;N, powder and specific
small molecules (glucose, phthalocyanine) and metal salts are
physically mixed in certain solvents and subsequently subjected
to a pyrolysis process (Figure 1). The detailed syntheses are de-
scribed in the Supporting Information. Four types of carbon ma-
terials with specific morphologies were obtained after the pyrol-
ysis of three different mixtures. When mixing g-C;N, and glu-
cose, an N-doped layered carbon material with 2D morphology
was produced. Further introduction of sulfur as an additional
element into the synthesis leads to the formation of (S, N)-co-
doped carbon. When glucose was replaced with Ni-, Co-, or Fe-
phthalocyanine molecules, 2D layered carbon-supported single
Ni, Co, and Fe metal atom catalysts were fabricated (referred to
as Ni/Co/Fe-SACs). Except for the 2D carbon materials, 1D CNTs
and 0D carbon balls can be also achieved by pyrolysis of a mix-
ture of g-C;N, and Ni**, Co?*, and Fe* ions with considerable
amounts of metal nanoparticles inside (referred to as Ni/Co/Fe-
CN).

N-doped carbon and (S, N)-co-doped carbon were investigated
through transmission electron microscopy (TEM) and both dis-
played 2D morphological features. Carbon layers are randomly
cross-linked and wrinkled together (Figure 2a—c and Figures S1
and S2, Supporting Information). On the edges of the carbon
nanosheets, typical layered morphologies are present for both
compound types (Figure 2c and Figure S2, Supporting Informa-
tion). X-ray photoelectron spectra (XPS) (Figure 2d—f and Figures
S3-S5, Supporting Information) indicate that the carbon-based
layers are composed of carbon, nitrogen, oxygen, and sulfur (for
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Figure 1. Synthetic scheme of (N, S)-co-doped carbon sheets, carbon-supported single-atoms, CNT, and carbon nano-ball wrapped metal nanoparticles.
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Figure 2. a—c) TEM images of (S, N)-co-doped carbon synthesized from g-C3N, (scale bars = 200, 50, and 5 nm, respectively) d) XP survey spectrum.
e,f) S 2p and N 1s high-resolution XP spectra of (S, N)-co-doped carbon. g,h) Raman spectra and PXRD patterns of N-doped and (S, N)-co-doped
carbon. i) SAED pattern of (S, N)-co-doped carbon prepared at 1000 °C.
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(S, N)-co-doped carbon). The presence of N suggests that struc-
ture motifs of g-C;N, are partially preserved during pyrolysis.
The deconvolution analyses of the high-resolution N 1s spectra of
N and (S, N)-co-doped carbon materials show that the envelopes
are dominated by two major peaks centered at 398.3 and 401 eV,
which can be ascribed to pyridine- and pyrrole-like nitrogen, re-
spectively (Figure 2f and Figure S4, Supporting Information).
The weak peak around 403.5 eV can be assigned to the oxidized
N species. Two S peaks positioned at 164 and 168.5 eV are ob-
served in the S 2p high-resolution spectrum of (S, N)-co-doped
carbon, which can be assigned to “C—S—C” and “C—SO, (x =2,
3)” bonds, respectively, based on the deconvolution of the peaks
(Figure 2e).1°] The fitting of the C 1s demonstrates that sp? and
sp® carbon structures are the main components. The presence of
C—O/N and C=O0 peaks (Figures S4 and S5, Supporting Infor-
mation) indicates that oxygen functional groups remain, which
is also evident from the O 1s spectra. Raman spectra of N and (S,
N)-co-doped carbon contain two typical D and G bands centered
at 1350 and 1620 cm™!, respectively, which have been widely re-
ported for graphene-like materials (Figure 2g).*®) However, the
absence of crystalline signals in the powder X-ray diffraction
(PXRD) together with the blurry pattern of the selected area elec-
tron diffraction (SAED) measurement suggests the amorphous
or defective nature of the carbon materials (Figure 2h,i).[?”:38]
Carbon-supported SACs were prepared using metal phthalo-
cyanine (metals = Ni, Co, and Fe) and g-C;N, as the precur-
sors. Metal phthalocyanine molecules were selected for the fol-
lowing two reasons: first, phthalocyanine molecules contain iso-
lated metal centers with well-defined M-N, coordination which
have been widely considered as the real active sites in carbon-
supported SACs;[***1l second, the phthalocyanine ligand con-
tains carbon atoms with sp? hybridization, which serve as the
basic unit for the polymerization of larger carbon layers together
with the decomposition of g-C;N,. Conventional TEM images re-
veal that the obtained materials are composed of large-area car-
bon nanosheets with a random distribution, which is similar to
the above-discussed N-doped carbon (Figures S6-S8, Supporting
Information). It is worth mentioning that no obvious nanoparti-
cles were observed during the TEM measurements. This is also
evident from PXRD patterns and Raman spectra, wherein only
carbon signals were detected (Figures S9 and S10, Supporting In-
formation). To further identify the structure of the metal species,
HAADF-STEM measurements were performed in which due to
the power law dependence of HAADF-STEM intensity on atomic
number, heavier atomic species appear brighter. Atomically re-
solved Ni, Co, and Fe atoms are imaged as discrete bright dots
on the carbon substrate (Figure 3a—c). More STEM images at
different magnifications and in different areas were acquired in
both dark and bright-field STEM modes shown in Figures S11-
S16, Supporting Information. The compositions of the materi-
als were further determined by XPS and energy-dispersive X-ray
spectroscopy (EDX) (Figures S17-S28, Supporting Information).
Except for the metals, the materials also contain N, C, and O.
The EDX mapping results reveal that the average metal contents
of Ni-SAC, Co-SAC, and Fe-SAC are 5.26, 7.5, and 4.8 wt%, re-
spectively (Figures S20-S28, Supporting Information). The metal
contents in the bulk were also determined by inductively cou-
pled plasma triple quadrupole mass spectrometry (ICP-MS), as
9.5, 12.4, and 10.6 wt%, respectively. These determined metal
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contents are higher than most of the current reported carbon-
supported SACs.[*2*3] The oxidation states of the metal species
were further identified by XPS (Figures S17-S19, Supporting In-
formation). The deconvolution analyses of the high-resolution Ni
2p spectrum of Ni-SAC are dominated by a rather narrow spin-
orbit doublet with Ni 2p; , core level at 855.2 eV, suggesting a dia-
magnetic feature of the Ni species and an oxidation state of Ni?*.
In contrast to Ni-SAC, Co 2p and Fe 2p spectra of Co-SAC and Fe-
SAC contain rather broader 3/2 core levels at 780.8 and 710.3 eV,
respectively, and show significant satellite features, indicating the
paramagnetic character of Co?* and Fe** species.[** The analyses
of N 1s and O 1s spectra show that pyridinic and pyrrolic N are the
main N species, while sp?, sp?, and C—O/N species are dominant
in the carbon signal (Figures S17-S19, Supporting Information).
To further investigate the local structure and oxidation states of
the metal species supported on the carbon matrix, metal K-edge
XAS experiments were performed. As illustrated in Figure 3d, the
presence of a pre-edge peak at 7112.5 eV in the XANES spectrum
of Fe-SAC can be assigned to the 1s to 3d transition, which is
dipole-forbidden but quadrupole allowed by the mixing between
metallic d- and ligand p-orbitals.[*! The pre-edge feature is very
similar to the FePc reference (oxidized in air) and usually indi-
cates unfilled d-orbitals so that the Fe species in Fe-SAC contain
Fe**. However, the shape and position of the pre-edge peak were
slightly changed in comparison to FePc, indicating the oxidation
or changes in the coordination environment of the Fe centers.
There are two possible reasons for the absence of the 1s to 4p,
transition in Fe-SAC: i) the adsorption of O, or H,0 molecules
can lead to distortion of the D, symmetry; ii) partial oxidation
of the Fe species to form a p-oxo derivative of square-pyramidal
symmetry.[*#’] The rising edge of Fe-SAC is located between
FeO and Fe,O;, but approaching that of Fe,O; at a higher en-
ergy range, indicating a main oxidation state of +3. The XANES
of Co-SAC (Figure 3e) shows similar results: the increase of the
pre-edge peak and the disappearance of the 1s to 4p, transition
compared to CoPc suggest distortion or oxidation of the Co cen-
ters after pyrolysis. The overlapping of the rising edge with that
of CoO indicates the dominance of Co?* species in Co-SAC. In
contrast to Fe-SAC and Co-SAC, a slight decrease in the 1s to 4p,
transition and an enhancement in the 1s to 3d transition are ob-
served in Ni-SAC (Figure 3f), suggesting that the D, symmetry
is still preserved in the material. The overlapping of the rising
edge with those of NiPc and NiO suggests that the overall oxida-
tion state of Ni species is Ni?*. Combining both the XANES and
XPS results, it is safe to conclude that Ni**, Co?*, and Fe3* are
the main species in Ni-SAC, Co-SAC, and Fe-SAC, respectively.
The local structures were determined from Fourier-transform
extended X-ray absorption fine structure (FT-EXAFS) spectra
(Figure 3g—i), in which similar backscattering features at 1.4—
1.45 A are present for all samples. Considering that the position
of this signal overlaps with those of M-N paths in Ni-, Co-, and
Fe-phthalocyanine molecules (Figure 3g—i) and that the STEM
images of the SACs clearly show atomic dispersion of the metal,
it is reasonable to assume that the isolated features of metal sites
in the phthalocyanine molecules are still preserved after pyroly-
sis. Therefore, the first coordination shell can be assigned to M-
N paths. However, vertical “out-of-plane” M-O coordination may
also exist as has been discussed in the section on XANES, but
currently, XAS cannot distinguish the M-N and M-O paths. It is
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Figure 3. a—c) HAADF-STEM images of carbon-supported single a) Ni, b) Co, and c) Fe atoms at different magnifications. d—f) K-edge XANES spectra
and g—i) Fourier transform K-edge EXAFS spectra of Fe-SAC, Co-SAC, and Ni-SAC, along with reference samples.

worth noting that a shoulder peak between 2 and 3 A is present
in all of the samples. The position is very close to the M-M path
in their foil references but also overlaps with the M-C/N paths
in MPc references. To shed more light on this issue, the com-
parison of the wavelet transforms of the k?-weighted EXAFS sig-
nals to their corresponding metal foil references was performed
(Figure S29d-f, Supporting Information). The results show that
the scattering signal between 2 and 3 A is not as strong as for
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the foil references, which indicates that these backscattering sig-
nals are from non-metal absorbers. This is also evident from the
comparison of their K spaces. The multiple scattering of M-M in
foils is around 6-8 A~', however, at the same position, the scat-
tering feature in the SACs is completely different (Figure S29a—
¢, Supporting Information). Based on the above analyses, the
M-C path in the second coordination sphere was implemented
in the fitting analysis, and the results fit quite well with the

© 2023 The Authors. Small published by Wiley-VCH GmbH

85U807 SUOWWIOD 3A1ea.D 3|qeojdde 8L Aq peusenob aJe sajoe O ‘88N 4O Sajni 10} A1 8UIUQ /8|1 UO (SUOIPUOD-PUE-SWWLIB}/W0D" B 1M ATe.d 1 [BUI|UO//:SARY) SUORIPUOD Pue SWiB | 8Ly 89S *[202/E0/T0] Uo A%eiqiTauljuo A8|IM ‘B8 L Ad £9970£202 IILUS/Z00T OT/I0P/W0d" A3 | 1M AReaq iUl juo//Sdny Lwoiy papeojumoq ‘. ‘720z ‘6Z89ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

www.small-journal.com

Intensity (a.u.')

|

Intensity (a.u.)

— Ni-CN

10 20

30 40 50 60
20 (degree)

500 1000 1500 2000 2500 3000
Raman Shift (cm™)

Figure 4. a—c) SEM and d-f) TEM images of Ni-CN, Co-CN, and Fe-CN. g) HRTEM image of NiFe-CN. h) PXRD patterns and i) Raman spectra of the

samples.

experimental data (Figures S30-S35 and Table S1, Supporting
Information). Nevertheless, it is still arbitrary to exclude the ex-
istence of minor amounts of clusters or particles since the XAS
analysis is a statistical method, and STEM analysis only provides
insight into limited areas of the materials. However, when com-
bining all these results of XAS, STEM images, and XPS, it is con-
vincing to conclude that the majority of the metal species on the
carbon should be atomically dispersed metal atoms.

CNT and metal nanoparticles encapsulated into carbon balls
were obtained through pyrolysis of different 3d transition metal
ions, including Ni**, Co?*, and Fe3*, together with g-C;N,. Scan-
ning electron microscope (SEM) and TEM images reveal that
the morphologies of the carbon products vary with the use of
different 3d metals (Figure 4a—f and Figures S36-S41, Support-
ing Information). The presence of Ni?* resulted in the formation
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of CNTs (Figures S36-S37, Supporting Information), while Fe3*
gives rise to the formation of ball-like carbon particles (Figures
S40 and S41, Supporting Information). Carbon products ob-
tained in the presence of Co®" contain both CNTs and carbon
balls (Figure 4b and Figures S38 and S39, Supporting Informa-
tion). However, all the above materials show the same morpho-
logical features with metal nanoparticles encapsulated inside the
carbon matrix. Raman spectra display typical D and G bands at
around 1350 and 1580 cm™!, respectively, for all samples, which
are characteristic of graphene-like materials and indicate this
structure of the materials (Figure 4i).13#°! In the PXRD patterns,
only the characteristic peaks of Ni, Co, and Fe metals were ob-
served, suggesting the presence of metallic NPs in these materi-
als (Figure 4h). In addition to the single metal centers, NiFe and
CoFe alloys encapsulated into carbon were also synthesized as
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Figure 5. a) TG and DTG spectra of g-C3N,4. b) Mass spectra of g-C3N, measured with TG-GC-MS.

shown in Figures S42 and S43, Supporting Information. TEM
images show that CNTs were formed in all samples and the
HRTEM images of NiFe-CN clearly show that the NPs are well-
wrapped into the carbon layers (Figure 4g). However, during syn-
theses, we found that only the presence of Ni or Co metal can
successfully promote the formation of CNTs. This implies that
the resulting morphologies are highly correlated to the nature of
the 3d metal. This result is discussed in the following section.

2.2. Formation Mechanism

To investigate the role of g-C;N, and other precursors in the for-
mation mechanism, online TG-GC-MS measurements were per-
formed. It is noteworthy that TG-GC-MS is a synergetic analysis,
wherein the products formed during the synthesis can be suc-
cessively separated and analyzed by TG, GC, and MS (for experi-
mental details please consult the Supporting Information).

The TG analysis of bare g-C;N, shows that its decomposi-
tion starts at around 600 °C and is completed at around 750 °C
(Figure 5a). The decomposition process was further analyzed
by TG-GC-MS. Six main radicals with masses of 18, 27, 28, 43,
44, and 52 were observed (Figure 5b). According to the initial
structure of g-C;N, as well as in line with database informa-
tion of TG-GC-MS, these masses can be assigned to H,O, hy-
drogen cyanide, CO, hydrogen isocyanate, CO,, and dicyan, re-
spectively. The generation of oxygen-containing molecules in-
cluding CO and CO, may arise from the reaction between the
oxygen-related functional groups and the g-C;N, structure. The
hydrogen-related species, such as hydrogen cyanide and hydro-
gen isocyanate, are likely to be generated from the reaction be-
tween dicyan and oxygen or hydrogen-containing groups. These
may potentially arise from the synthesis of g-C;N, since the pre-
cursor dicyandiamide contains abundant hydrogen groups and
the entire synthesis was performed in air.?"! Interestingly, the
structural motifs of all these C/N-containing species, namely hy-
drogen cyanide, hydrogen isocyanate, and dicyan, can be found
in the original structure of g-C;N, (Figure 6a), implying that the
C/N-containing species may provide the actual carbon and nitro-
gen sources for the growth of these three types of carbon ma-
terials. Based on the analyses of both TG and mass spectra, the
whole decomposition process of g-C;N, can be divided into three
parts. First, H,0 (M = 18) and CO (M = 28) are released at around
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100 °C, and this release went on during the whole process. Then
CO, (M = 44) release set in above 500 °C. Finally, the C/N com-
ponents appeared subsequently when the temperature was raised
above 600 °C. It is worth noting that the masses of 17 and 16 were
observed in all measurements and their relative intensities in the
mass spectra were highly correlated to H,O (M = 18). Therefore,
it is reasonable to assign them to oxygen-related groups such as
—OH and —O. Other signals, such as mass 32, with a weaker in-
tensity than helium (carrier gas) may arise from impurities in the
carrier gas since their intensities remain the same.

Based on the above information, we first studied the formation
process of N-doped carbon. TG analysis shows that g-C;N, and
glucose follow two completely different decomposition processes
(Figure S44, Supporting Information). Interestingly, the decom-
position of the mixture of glucose and g-C;N, at around 330 °C
was absent in the TG spectrum, which suggests that the interac-
tion between glucose and g-C;N, in the mixture leads to differ-
ent chemical reactions during the pyrolysis process. Mass spec-
tra demonstrate that the decomposition of glucose only produced
H,0, CO, and CO,. Hydrogen cyanide, hydrogen isocyanate, and
dicyan were only observed in the precursors containing g-C;N,.
Importantly, the intensity of the dicyan peak (M = 52) was signif-
icantly suppressed in the mixture compared to bare g-C;N,, indi-
cating that dicyan was partially preserved within the final product
after pyrolysis (Figure S45, Supporting Information). It is worth
mentioning that even though only 10 wt% of g-C; N, was replaced
by glucose in the mixture, the intensity loss of the dicyan sig-
nal is up to 70%. Considering that all the measurements used
similar amounts of starting materials, the depression of the di-
cyan signal in the mass spectra should not be due to a deficit
of g-C;N,. This is also evident from the XPS results, in which
pyridine- and pyrrole-like nitrogen centers were observed (Figure
S4, Supporting Information). Based on the above discussion, the
formation of N-doped carbon can be attributed to the reaction be-
tween dicyan and glucose, in which dicyan species provide the N
dopant and chemically react with carbon during pyrolysis to form
pyridine- and pyrrole-like nitrogen (Figure 6b).

The decomposition of g-C;N, and metal phthalocyanines to
form SACs displays a very similar result when compared to bare
g-C;N, regarding the TG and DTG spectra (Figure S46, Support-
ing Information). However, mass spectra show significant differ-
ences compared with bare g-C;N, (Figure S47, Supporting In-
formation). First, the signal of hydrogen isocyanate (M = 43) is
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completely absent in the mixtures during the whole pyrolysis pro-
cess. Second, the release of dicyan (M = 52) is dramatically re-
duced in the mixtures. As mentioned in the above section, the
decrease of the dicyan signal caused by loss of g-C;N, can be ex-
cluded since the content of phthalocyanine molecules in the pre-
cursor is only 10 wt% (see the experimental section in the Sup-
porting Information), which is far less than what would account
for the loss of the dicyan signal. Therefore, hydrogen isocyanate
and dicyan are likely to be the reactants to form the final SACs
with MPc molecules. Interestingly, the mass spectra of bare NiPc
only show CO (M = 28) and H,0 (M = 18) signals during the en-
tire decomposition process, implying that the structure was de-
composed due to the adsorbed O, or H,O and that the N-related
structure is well preserved. This may further explain the atomic
dispersion of metal atoms on carbon, where the nitrogen coordi-
nation around the metal sites in the MPc molecules is not com-
pletely affected. With all this information at hand, the SAC forma-
tion process can be considered as the result of reactions between
hydrogen isocyanate, dicyan, and MPcs, where MPcs are partially
decomposed and further connected to C/N containing structures
such as dicyan (Figure 6c).

The growth of CNTs has been widely reported in previous
works.’1°2 Usually the (111) crystal facet in Ni, Co, and Fe metal
is the catalytically most active plane for the growth of CNTs.[%
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This may explain the phenomenon that CNTs are only formed
in Ni-CN and Co-CN in our experiment since they are domi-
nated by the (111) crystal facet in their PXRD patterns, while the
main crystal facet for Fe is (110) (Figure 4k). However, the forma-
tion of CNTs was not observed in Co-CN at the beginning when
evaporation was used to remove the water in the synthesis, al-
though the (111) crystal facet is the dominant reflection in the
PXRD pattern (Figure S48a,b, Supporting Information). We sus-
pect that the size of the metal NPs may also play a crucial role
in the growth of CNTs, which has been observed in our previ-
ous work and in other studies.’*>*! To verify our hypothesis, the
freeze-drying strategy was employed to reduce the particle size of
Co instead of evaporation to remove water during the synthesis.
As expected, notable amounts of CNTs were observed in the sam-
ple (Figure S48c,d, Supporting Information). To shed more light
on the influence of particle size on the growth, a ligand confine-
ment strategy was further applied to control the size of the metal
particles. Ni-containing molecules with different ligands, includ-
ing acetate and acetylacetone, were selected since Ni is the best
candidate for the growth of CNT5 in our case. SEM images show
that the morphologies of CNTs are quite diverse (Figures S49—
S51, Supporting Information). The CNTs prepared with nickel
acetate are more uniform compared to those which were pre-
pared with nickel nitrate, and the average diameter of CNTs is
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about 50 nm as shown in Figure S49, Supporting Information.
The overall diameter of the CNTs prepared with nickel acetylace-
tone is smaller compared to those prepared with nickel acetate
with a range from 20 to 40 nm (Figure S50, Supporting Informa-
tion). In contrast, the diameters of CNTs synthesized by nickel
nitrate ranged from 30 to 100 nm (Figure S51, Supporting In-
formation). In addition, the length of the CNTs synthesized by
nickel acetylacetone is much longer compared to their counter-
parts emerging from nickel nitrate and nickel acetate. The above
investigation indicates that the control of CNT growth regarding
diameter and length via solid-state pyrolysis is possible, which
may provide a guideline for future practical applications of this
approach.

The TG plots of g-C;N, combined with Ni/Co/Fe nitrates are
similar to that of bare g-C;N,, suggesting that the main decom-
position still arises from g-C;N, (Figure S52, Supporting Infor-
mation), which provides evidence that the carbon source for the
growth of CNTs and carbon balls is the decomposition of g-C;N,,.
To understand the growth mechanism and the roles of the pre-
cursors, we designed a control experiment, where g-C;N, pow-
der and a piece of Ni foam were separately placed upstream
and downstream in the furnace, respectively. As expected, CNTs
were grown on the surface of Ni foam. This provides key evi-
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dence that the formation of metal NPs is a prerequisite for grow-
ing CNTs. SEM images clearly show that Ni NPs were present
in the middle or at the tip of the CNTs (Figure S53, Support-
ing Information). It seems that “—~C=N—" fragments from the
decomposition of g-C;N, were first captured by Ni foam and
then reduced by the Ni NPs to form CNTs. Ni NPs were then
dragged out from the surface and pushed away into the CNTs.
This phenomenon agrees well with the mass spectra shown in
Figure S54, Supporting Information, where the release of dicyan
and hydrogen isocyanate was significantly and completely sup-
pressed, respectively, indicating that they are converted into car-
bon at the surface. Based on the above studies, the growth mech-
anism can be described in three steps (Figure 5d and Figure
S55, Supporting Information): first, C/N-containing species aris-
ing from g-C;N, decomposition reach the surface of the foam
with freshly exposed Ni NPs; then the C/N species react with Ni
NPs to form carbon, and meanwhile, Ni NPs are encapsulated
into CNTs. Finally, Ni NPs are further pushed away from the sur-
face along with the growth of CNTs. It also seems that if there
are no further metal NPs dragged from the surface, the growth
process will spontaneously stop. This is also the reason why
metal NPs are present not only at the top but also in the middle
of CNTs.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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2.3. Perspectives

Understanding the mechanisms of solid-state syntheses is ex-
tremely challenging due to the lack of detection options for the
precise reactants released from the precursors. The current TG-
GC-MS studies have revealed detailed decomposition processes
of the precursors and provided abundant structural information
on the actual reactants. The results suggest that the presence of
“—C=N—" fragments in the precursor plays a crucial role in the
formation of carbon materials. This information may provide an
important clue to identifying more convenient molecules as sub-
stitutes for g-C;N, to obtain the above three carbon materials.
Therefore, it is reasonable to propose that other compounds that
contain “—C=N—" units may also be used as the carbon source
for producing carbon materials. To confirm our hypothesis, three
very widely used compounds, namely caffeine, melamine, and
urea, were selected as alternative precursors. As expected, all the
selected compounds successfully generated CNTs as shown in
the SEM images (Figure 7). However, the morphologies of the
CNTs are very different. CNTs produced with caffeine display
two morphologies: bold CNTs with a larger diameter and nest-
like CNTs with a small diameter. CNTs prepared from melamine
also display an irregular morphology and are randomly inter-
twined. Compared to caffeine and melamine, the morphology
of CNTs fabricated via urea is quite uniform, and all CNTs are
straight with similar diameters. The different morphologies of
CNTs may correlate with the original structures of the precursors

www.small-journal.com

and their different diffusion behaviors during the pyrolysis pro-
cess. N-doped carbon and carbon-supported SACs were also suc-
cessfully prepared by using melamine as the precursor together
with glucose and MPcs, respectively (Figures S56-S59, Support-
ing Information).

2.4. Electrochemical Applications

The reported materials with different morphologies show
promise for electrocatalytic applications. N-doped and (S, N)-co-
doped carbon materials display impressive ORR performances
(Figure 8a,b). Particularly, N-doped carbon synthesized at 900 °C
displays the best ORR catalytic performances with a half-wave
potential of 0.82 V versus RHE and a limiting current density of
4.65 mA cm~2. The best ORR performance for (S, N)-co-doped
carbon was obtained for products synthesized at 900 °C. It shows
a similar half-wave as for N-doped carbon (0.83 V vs RHE), how-
ever, the limiting current density (6.5 mA cm~2) outperforms all
of the other catalysts including the commercial Pt/C. The above
results demonstrate that the ORR performances of the studied
carbon materials are very sensitive to the pyrolysis temperature.
This may correlate to the carbonization of carbon and the content
of (S, N) dopants.>®%7] Higher pyrolysis temperatures lead to bet-
ter conductivity of carbon compared to low temperatures (Figure
S60, Supporting Information), which is usually favorable for elec-
tron transfer. However, high synthetic temperatures can also

a b C 1
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Figure 8. Electrochemical ORR and OER performances. ORR polarization curves of a) N-doped carbon, b) (S, N)-co-doped carbon, and c) Fe-, Co-, and
Ni-SAC in O,-saturated 0.1 M KOH at a scan rate of 5 mV s™'. d) LSV curves of Fe-SAC after 5000 and 10000 CV cycles. e) CV curves of Ni-CN, Co-CN,
Fe-CN, CoFe-CN, and NiFe-CN for the OER. f) Stability test of NiFe-CN on carbon cloth at the current density of 10 mA cm=2.
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remove significant amounts of (S, N) dopants. It has been widely
reported in previous works that a moderate content of N and S
dopants in carbon materials can promote ORR performance.*8!
This can explain why the best ORR performances of N-doped
and (S, N)-co-doped carbon materials are not observed for the
same synthesis temperature. The ORR kinetics of the N-doped
and (S, N)-co-doped carbon materials were evaluated by rotat-
ing ring-disk electrode (RRDE) techniques (Figures S61 and S62,
Supporting Information). The K-L plots show good linear and
parallel characteristics, implying first-order reaction kinetics. The
determined average numbers of electron transfer for N-doped
and (S, N)-co-doped carbon materials are 3.8 and 4.15, respec-
tively, which are very close to the four-electron transfer process
of the ORR. The (S, N)-co-doped carbon synthesized at 1000 °C
also shows good stability (Figure S63, Supporting Information).
Carbon-supported SACs demonstrate more promising ORR
performance. In particular, Fe- and Co-SAC exhibit impressive
half-wave potentials of 0.88 and 0.84 V versus RHE, respectively,
which are 20 and 60 mV higher than that of commercial Pt/C.
The stability test of Fe-SAC shows a minor decline in both the
half-wave potential and the limiting current density after 10 000
CV cycles (Figure 8d), and the current only decreases by 6 % af-
ter more than 24 h of chronoamperometry test at 0.5 V versus
RHE. No obvious structural changes were observed based on the
Raman, XAS, and TEM measurements after ORR. Except for the
ORR, the carbon encapsulated series exhibits excellent OER per-
formance as shown in Figure 8e. Among all the catalysts, NiFe-
CN demonstrates the best OER activity with an overpotential of
290 mV versus RHE at the current density of 10 mA cm™2. The
stability test shows that the overpotential barely increased after
around 70 h when holding the current density at 10 mA cm™
(Figure 8f). The SEM images and Raman spectra remain un-
changed after OER compared to the pristine sample, indicating
that the morphology and structure are quite stable during the re-
action. In addition to the OER, NiFe-CN also displays decent HER
performance as shown in Figure S64a, Supporting Information,
and can thus be further used in full-cell setups for overall water
splitting. Only 0.9 V was applied in a two-electrode system to ob-
tain the current density of 10 mA cm™2, and the potential stays
around 0.9 V without any increase even after 45 h (Figure S64b,
Supporting Information).

3. Conclusion

We introduced a convenient molecular tailoring strategy to con-
vert g-C; N, into different carbon materials with controllable mor-
phologies, namely (S, N )-co-doped carbon, SACs supported on
layered carbon, CNTs, and metal nanoparticles encapsulated into
carbon balls. Microscopic and spectroscopic characterizations
were systematically applied to investigate their respective mor-
phologies and structures. Importantly, for the first time, the for-
mation processes were fundamentally investigated through the
online TG-GC-MS and we found that the basic C/N-containing
units in g-C; N, are the key reactants for the growth of carbon ma-
terials. The interactions between the C/N-containing fragments
and different precursors drive the formation of specific structures
and morphologies. Our mechanistic study led to the successful
prediction of other precursors for tailored carbon nanomaterials
beyond g-C;N, such as caffeine, melamine, and urea. Moreover,
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the reported carbon materials with specific morphologies were
further evaluated for electrocatalytic ORR and OER applications.
(S, N)-co-doped carbon and carbon-supported Fe SACs demon-
strate impressive ORR performance. CNT-encapsulated NiFe al-
loy displays both excellent OER and HER activities.

This molecular tailoring strategy provides new and simple
ways to tune the morphologies of carbon materials via solid-
state pyrolysis for a wide range of catalytic applications. We show
that not only the morphologies of the carbon materials but also
the diameter and the length of CNTs can be chemically modu-
lated through different precursor molecules. This provides facile
opportunities to optimize carbon products for practical applica-
tions. On the other hand, the proposed solid-state strategy offers a
very flexible way to functionalize carbon materials. For instance,
the introduction of additional S dopants onto the carbon signifi-
cantly promoted the ORR performance, and the alloying of Ni and
Fe inside the carbon impressively boosted the OER performance.
We expect that our application-oriented synthesis will provide fu-
ture research strategies for carbon materials to rationally design
and synthesize low-cost and highly-performing carbon-based cat-
alysts.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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