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ABSTRACT: Metal-free heteroatom-doped carbonaceous materials such as carbon
nitride (CN) with secondary/tertiary nitrogen-rich catalytic centers as well as
chemical and thermal resilience can potentially serve as catalysts for many organic
reactions. However, because of the stable alternate Csp’—Nsp? configuration of N-
linked heptazine units (C¢N,), the chemical modification of CN via doping and
functionalization has been a critical challenge. Herein, we report an exceptional 9.2%
sulfur content in CN with sulfonate/sulfate functional groups (CNS) via a one-step
in situ synthesis approach. When used as a catalyst for the dehydration/hydration of -\ \_‘/\/\
glucose, CNS catalysts demonstrate a relatively high yield and selectivity toward 2 acs ( RS IS W
levulinic acid, LLA, (~48% yield with 57% selectivity) production. CNS’s high %3:;;? RS 7/ ‘\‘ig =
activity of direct conversion of glucose to LLA can be attributed to the synergistic Emr';e FootPuoid
catalytic effects of multiple sulfur functionalities, better dispersibility, and
microstructural porosity. The synthesized CNS catalysts offer an energy efficient
direct LLA production route to bypass the multistep process of sugar to LLA
conversion.
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Major product

/%‘,’ g~

Levulmlc acid Formlc acld

Glucose

KEYWORDS: carbon nitride, sulfonate/sulfate functionalization, biomass conversion, glucose dehydration, levulinic acid

B INTRODUCTION

Biomass conversion can offer a green solution to produce
chemicals and fuels from inexhaustible renewables, substituting
the deleterious petroleum processes. Photosynthesis, nature’s

Currently, the production of LLA at the industrial scale is
achieved by using hexose (mainly glucose, fructose, and so
forth) and starchy/cellulosic biomass using 1—5% mineral
acids (sulfuric acid and hydrochloric acid) at 210—-230 °C.°

meticulous assembly, traps sunlight and CO, to transform into
organic carbon of the most abundant lignocellulosic biomass
(1.3 billion tons per year)." Cellulose constituted of (1 — 4)
linked p-glucose, which represents half of the organic carbon
pool on the earth (annual production of 7.5 X 10" tons), can
serve as a feedstock for the production of fuel and
biodegradable chemicals.” Acid and enzymatic hydrolysis of
cellulose to glucose are mature technologies, which can be
symbiotized with chemocatalytic conversion of glucose to
make platform and fine chemicals. Direct valorization of
glucose to levulinic acid (LLA), which is listed in the top ten
platform chemicals by the US Department of Energy (DOE),”
is appealing for many applications. LLA has significant direct
applications in pharmaceuticals, polymers, cosmetics, herbi-
cides, pesticides, and the synthesis of chemicals such as y-
valerolactone, GVL (fuel extender, food additive), 2-methyl
tetrahydrofuran (green solvent), diphenolic acid (replacing
toxic blséphenol A), p-amino LLA (DALA) (pesticides), and so
forth.*"® The global market of LLA was $186.3 million in
2020, which is expected to increase up to $379.7 million by
2026.
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This process includes the removal of intermediate S-
(hydroxymethyl)furfural (HMF) followed by the recovery of
LLA from the acids, which incurs extra separation processes
and energy penalties, making the process expensive. To
overcome the challenges with product separation, reactor
corrosion,’ homogeneous organic acids such as toluene
acidic ionic liquids,'" heterogeneous metal
oxide/phosphide/silicate-based solid acid catalysts, either in
the pristine form'> or functionalized with acidic groups
(sulfuric/sulfonate/phosphoric/acidic —OH/COOH), have
been employed for the conversion of glucose to LLA.
Additionally, the use of salts such as NaCl, KC], CaCl,"?
various solvent media such as choline chloride, or NaCI-THF/

. 110
sulfonic acid,
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Sulfonate/sulfate functionalized carbon nitride (CNS)

synthesized using (NH,),S,0,

Figure 1. Schematic diagram of (a) solid-state synthesis of sulfonate/sulfate-functionalized S-doped CN (CNS) using dicyandiamide and
ammonium persulfate in a quartz ampoule. Atoms color: C: dark gray, N: blue, O: red, S: yellow, H: white; (b) sulfonated CN (S-GCN)
synthesized using CISO;H as reported in the literature®” and (c) CNS synthesized using ammonium persulfate in the current study.

H,O biphasic solvent'* has also been widely explored to
increase the product yield. However, the rapid deactivation of
active sites, use of expensive metals, labile nature of functional
groups, and contamination of reactants impede their viability at
an industrial scale.

In recent years, metal-free catalysts employing doped/
codoped (especially nitrogen) carbonaceous materials are
gaining momentum because of their easy synthesis from
earth-abundant materials, exclusion of expensive and toxic
metals, high surface area, excellent thermal and chemical
stability, and easy processing.'”'® Graphitic carbon nitride (g-
C;N,, CN) with intriguing physicochemical and optical
properties has been widely investigated for various applications
such as CO, reduction, water splitting, photo-organic trans-
formation, and so forth.'”'® The catalytic performance of CN
arises from the primary/secondary N—H/:NC, nitrogen, face-
terminated electron localization, and high surface area.'””’
Various modification strategies such as surface area mod-
ification and functionalization have been adopted to further
amplify the catalytic performance of CN. Despite the high
theoretical surface area of CN, intensive stacking between the
hydrogen-bonded heptazine (tris-s-triazine) scaffold leads to
poorly exposed catalytic sites. The surface area of CN can be
improved by using organic soft (Triton X-100, Pluronic P123)
and inorganic hard (SiO,) templates to boost the photo/
catalytic performance.”’ Among functionalization strategies,
the noncovalent modification of CN with various ligands/
metal complexes has been extensively explored, which utilizes
the electron-rich surface of CN and possible 7—x interactions.
However, the leaching of surface-bound functionalities/metal
complexes in actual reaction conditions limits their real-life
applications. The covalent functionalization of CN not only
offers robust binding of various molecules on the CN surface

to make them recyclable but also influences charge
distribution, which improves the catalytic activity in many
cases.”” For example, Gong et al. reported pyrene-function-
alized CN (Py-PCN) via condensation polymerization of
cyanuric chloride-modified pyrene, which displayed enhanced
photocatalytic performance for the CO, reduction and
cyclohexene oxidation.*

CN and variable valence metals/CN composites have been
explored for many biomass conversion reactions, including
photo/catalytic oxidation (HMF to 2,S-furandicarboxylic acid
(FDCA) and 2,5-diformylfuran (DFF), fructose to DFF,
furfural (FF) to maleic acid, oxidation of lignin model
compounds, reduction (HMF to 2-dihydroxymethylfuran,
LLA to GVL), esterification (FF to methyl furane carboxylate
(MFEC)), and so forth.”*~* The applicability of CN catalysts
can be further increased by functionalization with acidic sites
(e.g., sulfonate group), which can promote dehydration of
large sugar conjugates to employ it for complex biomass.””*"
The existing protocol of sulfonate group functionalization of
CN relies on toxic, corrosive, and expensive chlorosulfonic acid
(CISO,H) in the moisture-free chlorinated solvent, dichloro-
methane, which restrict their scalability.”” The limited
functionalization degree and weak surface adsorption of the
—SO;H group on the CN skeleton make them vulnerable to
degradation over the course of the catalytic reaction.
Furthermore, when employed for glucose dehydration, they
usually produce furanics such as HMF, which needs an
additional step for the conversion to LLA.

Here, we present a one-step approach to synthesize
sulfonate/sulfate-functionalized S-doped carbon nitride
(CNS) with high (~9.2 at%) sulfur content by thermal
annealing of dicyandiamide and ammonium persulfate
precursors in a sealed quartz ampoule (Figure 1a). We used
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Figure 2. SEM images of CN (a) and CNS (b) particles; TEM images of CN (c) and CNS (d) with the corresponding SAED patterns in the figure
inset. The TEM image of CNS clearly shows the porous structure; () HAADF-STEM image and corresponding elemental mapping for C, N, and

S for a porous flakelike structure of CNS.

a low-cost precursor, that is, ammonium persulfate (APS,
(NH,)S,05 ~$390/Mt) that disproportionates into —SO;
and —SO, radicals at elevated temperatures to bond chemically
with the growing polymeric CN skeleton. Sulfonated CN (S-
GCN?) was also synthesized with CISO;H (~$940/Mt) to
compare the catalytic performance (Figure 1b,c). When used
for glucose dehydration under hydrothermal conditions, CNS
selectively and directly produced LLA as the main product in
contrast to S-GCN, which resulted in HMF. This flipped
selectivity of CNS was attributed to a high degree of chemical
functionalization, increased ordered porosity, and the syner-
gistic role of sulfate/sulfonate in CNS.

B RESULTS AND DISCUSSION

Synthesis of CNS with a High Degree of Functional-
ization of Sulfonate/Sulfate. The sulfonate/sulfate func-
tionalized CN was synthesized by a thermal polymerization
condensation reaction of dicyandiamide and ammonium
persulfate in a sealed quartz tube at S50 °C (Figure la,
Supporting Information (SI) for detailed synthesis). In this
synthesis protocol, dicyandiamide works as a source of carbon
and nitrogen to make an N-linked heptazine polymeric
network while ammonium persulfate provides sulfur for S
doping and functionalization with sulfate/sulfonate groups.

The polymerization of dicyandiamide begins at about 240 °C,
forming melamine followed by further polymerization to
melem at 390 °C and finally CN (melon) at 525 °C.*°
Because of the low boiling point of ammonium persulfate (120
°C), the conventional synthesis protocols in the semiclosed
systems hardly lead to the synthesis of S-doped/functionalized
CNs. However, inside the closed quartz ampoule and
pressurized system, the sulfur functionalities remain inside
the reaction system and ultimately react with the polymerizing
CN network, resulting in CNS. At elevated temperatures,
ammonium persulfate degrades and produces the sulfate/
sulfonate radical anion (SO,*/SO5"7), which can easily react
with the CN framework, resulting in sulfate and sulfonated
CNS.31—3

It is well documented in the literature that ammonium-
containing ionic liquids participate in the heptazine (C¢Ny)
ring formation, leading to counter ion doping/functionaliza-
tion in the CN scaffold.**** Previous reports on the synthesis
of triazine (C;N;)-based graphitic CN (TGCN) and heptazine
(CeN,)-based CN using ampoule synthesis and molten salts
suggest that a closed system with a high temperature and
pressure improve the crystallinity/periodicity of the CNs,
giving rise to better electronic properties.’”*’ To know the
optimum precursor concentration, four CNS samples with 5,
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Figure 3. (a) Direct excitation 50.33 MHz *C ssNMR spectra of CN and CNS (b) evolution of *C NMR signals with different contact times for
CN and CNS (c) 20.28 MHz 'H-"*N CPMAS spectra of pristine CN obtained under the same conditions except for different contact times: (i) te
=3 ms, (ii) t,, = 6 ms, and (jii) ¢, = 10 ms. The spectra are plotted with the same level of baseline noise to facilitate comparison. (d) 20.28 MHz
'H-1SN CPMAS spectra of CNS obtained under the same conditions except for different contact times: (i) tp = 3 ms, (ii) tp = 6 ms, (iii) tp = 10
ms. The spectra are plotted with the same level of baseline noise to facilitate comparison. (e) (i) 20.28 MHz 'H-'>N CPMAS spectrum of pristine
CN obtained with a contact time t., = 6 ms. 20.28 MHz 'H-"’N CPPI MAS spectra of CN obtained with t., = 6 ms and a subsequent polarization
inversion time ¢t of (ii) 40 s, (iii) 100 us, (iv) 160 us. (f) (i) 20.28 MHz 'H-">N CPMAS spectrum of CNS obtained with a contact time tp =3
ms. 'H-'SN CPPI MAS spectra (20.28 MHz) of CNS obtained with t., = 3 ms and a subsequent polarization inversion time  of (ii) 40 ps, (iii) 75

us, (iv) 100 us.

10, 15, and 20 wt % of ammonium persulfate with respect to
dicyandiamide were synthesized and denoted as CNS-5, CNS-
10, CNS-15, and CNS-20, respectively. In the following
sections, the acronym CNS would refer to sample CNS-15.
Furthermore, for comparison, pristine CN (CN) was also
synthesized by thermal annealing of dicyandiamide at 550 °C.

Catalyst Characterization. The morphological character-
istics of the samples were determined using field emission
scanning electron microscopy (FESEM). The SEM image of
bulk CN shows an agglomerated sheet structure (Figure 2a).
At relatively high magnifications, the crumpled sheet structure
is more apparent, suggesting well-constituted CN sheets
(Figure S1). As expected, the energy-dispersive X-ray spec-
troscopy (EDS) mapping of the CN shows the presence of
well-distributed C, N, and O substantiating the C—N scaffold
with residual oxygen functionalities/adsorbed water (Figure
Sld—g). Interestingly, the SEM image of CNS shows a
nanocolumnar structure, which might be due to the formation
of the relatively more crystalline structure under self-
pressurized conditions (Figure 2b). The EDS elemental
mapping of the samples shows uniform distribution of C, N,
O, and S elements corroborating the presence of S-
functionalities throughout the sample (Figure S2d—h).

The HRTEM image of CN (Figure 2c) shows a crumpled
graphitic sheet structure with morphology that can be
attributed to the formation of the H-bonded bulk structure
during the NHj; evolution in the polymerization reaction. The
selected area electron diffraction (SAED) pattern of CN does
not show any sharp spots/rings demonstrating its amorphous

nature. Interestingly, the TEM images of CNS show an
intriguing porous graphitic structure (Figures 2d and S3). The
polymerization of dicyandiamide proceeds with the evolution
of NHj gas, while at the same time, ammonium persulfate also
disproportionates, and the resulting gaseous mixture gives rise
to a porous structure. The SAED pattern of CNS shows some
diffraction spots, which might be due to increased crystallinity
of the materials in closed system solid-state synthesis (inset of
Figure 2d). Furthermore, STEM elemental mapping (Figure
2e) displays a uniform distribution of each constituting
element (C, N, and S) in the material.

Solid-state *C and "N NMR studies were performed on
CN and CNS to obtain additional information. Direct *C
pulse, MAS spectra are shown in Figure 3a. Pristine CN
exhibits signals of nearly equal intensity at 156 and 164 ppm.
The relative signal intensities are meaningful, as they remain
the same within experimental error when the relaxation delay is
lengthened from 10 to 30 s. The signal at 156 ppm can
confidently be attributed to the three bridgehead CNj; carbons
of the heptazine units (C4N-), and the signal at 164 ppm can
confidently be attributed to the three carbons bonded to the
NH groups connecting heptazine units based on calcula-
tions”*” and the relative rate of cross-polarization of the two
signals in a separate series of experiments with different contact
times.*”*' The same assignments have been reported for other
samples of CN.*>*

For our sample of pristine CN, the signal at 164 ppm cross-
polarizes significantly faster than the signal at 156 ppm,
consistent with stronger "H-"*C dipole—dipole interactions for
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Figure 4. (a) FT-IR spectra of CN and CNS; (b) Raman spectra of CN and CNS showing specific D and G bands for the graphenic structure; (c)
NH;-TPD spectra of CN and CNS; only the CNS peak is deconvoluted for simplicity. Component peak fitting of XPS spectra of the synthesized
CN (d—f) and CNS (g—i): (d and g) C 1s region, (e and h) N 1s region, (f) O 1s region of CN, and (i) S 2p region of CNS.

the carbons bonded to the NH groups resulting from closer
proximity to protons. Specifically, in a multiple contact time
experiment with 18 contact times ranging from 0.1 to 10.0 ms,
the intensity of the signal at 164 ppm reaches a maximum at a
contact time of 4.5—5.5 ms, while the intensity of the signal at
156 ppm is still increasing at a contact time of 10.0 ms (Figure
3b). These observations closely parallel those for model
C4N,(NH,); (melem).”” Even with a contact time of just 0.2
ms, the S/N for the weaker signal at 156 ppm is comparable to
the S/N in the direct *C pulse experiment obtained with a 30
s relaxation delay in experiments taking 3.4 and 52.8 h,
respectively. The CP experiment with a contact time of 10.0
ms provides relative signal intensities that come closest to
those obtained in the direct *C pulse spectrum (Figure 3a)
only because 'H spin—lattice relaxation in the rotating frame
reduces the intensity of the signal at 164 ppm while the
intensity of the signal at 156 ppm continues to increase.
Previous work has shown that the '*C nuclei of CN relax very
slowly.*

The direct *C pulse spectrum of CNS clearly differs from
that for pristine CN. The signal for the bridgehead CNj
carbons (155 ppm) is noticeably weaker than the more

downfield signal (165 ppm) in spectra obtained with a 10 or
30 s relaxation delay. The two signals cross-polarize at very
different rates, just as with pristine CN. The intensity of the
more downfield signal (165 ppm) in CNS reaches a maximum
at a contact time of 2.0—3.0 ms; the intensity of the more
upfield signal (155 ppm) reaches a maximum at a contact time
of 7.0—10.0 ms (Figure 3b). Again, even with a contact time of
just 0.2 ms, the S/N for the weaker signal at 156 ppm is
comparable to the S/N in the direct *C pulse experiment
obtained with a 30 s relaxation delay in experiments taking 2.7
and 64.0 h, respectively. The CP experiments with short
contact times (up to about 0.8 ms) provide relative signal
intensities that come closest to those obtained in the direct '*C
pulse spectrum (Figure 3a).

The spectroscopic differences compared to pristine CN are
readily apparent. We believe that the most likely explanation is
the incorporation of sulfur, instead of nitrogen, into the
heptazine framework during its formation, resulting in a C—S—
C group instead of a C=N—C group. Support for the presence
of a C—S—C group comes from the strong S 2p signal in the
XPS spectrum at 163.6 eV (Figure 4i).**~** The shoulder on
the signal can be attributed to the signal resulting from the
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superposition of the S 2p;,, and S 2p,,, components.* The
absence of quaternary aliphatic carbon signals in the spectrum
of CNS is noteworthy because such carbons would be
generated if —SO;H or —OSO;H groups were added to
framework carbon. There is the possibility of the aliphatic *C
signal being severely broadened by being bonded to three
(quadrupolar) '*N nuclei and one **S nucleus, although it is
clear that the aromatic "*C signal for either type of carbon
bonded to three '*N nuclei in pristine CN can be detected.

MAS N NMR has been extensively used to characterize
various forms of CN before and after functionaliza-
tion*>**75¢ a5 well as 5precursors such as melamine,**°7%
functionalized melamine,”” melam,’® melem,*****® function-
alized melem,’*™® other heptazine structures,”*"°® melon,***!
and functionalized melon.” The '*N chemical shift assign-
ments in many of these reports facilitate analyzing the spectra
of our samples of pristine CN and sulfurized CNS. Because
N is a low abundance nucleus (0.37%) of low sensitivity
(3.85 x 107 relative to 'H at natural abundance), 'SN-
enriched rea§ents were used in some of the previous
studies,® > 3154555967 yhile the extraordinarily sensitive
DNP MAS technique was used in another.*

Pristine CN and CNS were initially studied by 'H-N
CPMAS with contact times (t;,) of 3, 6, and 10 ms in order to
get at least qualitative information on the relative rates of
cross-polarization of the different types of nitrogen environ-
ments. These spectra are shown in Figure 3c (CN) and Figure
3d (CNS). Sulfurization has an obvious effect. The signals in
the "H-""N CPMAS spectra of CN can reasonably be assigned
in light of prior work. The most downfield signals (from about
—170 to —210 ppm) can reasonably be assigned to C=N—C
on the periphery of a condensed ring system. These signals
become proportionately stronger as the contact time is
lengthened. The weak signal at —226 ppm can reasonably be
assigned to the interior NC; of a melem-type environment.
Because this nitrogen is relatively far from protons, it cross-
polarizes much more slowly. The signal is not visible above the
noise with a contact time of 3 ms. The signal is barely
detectable with a contact time of 6 ms. The signal is clearly
above the noise with a contact time of 10 ms. The signal at
—24S ppm can reasonably be assigned to NH groups bridging
two condensed ring systems. The most upfield signals (from
about —260 to —290 ppm) can reasonably be assigned to NH,
groups attached to condensed ring systems.

The 'H-N cross-polarization, polarization inversion
(CPPI) experiment’®>%°1387606665,08770 1 qvides  strong
support for these assignments. In this experiment, the
polarization inversion period ¢ following the traditional
cross-polarization period f., allows the >N signals to decay
through 'H-"N dipole—dipole coupling. A value of tep is
chosen to try to maximize the '*N signal intensity. The phase
of either the 'H or '*N spin locking rf field is then shifted by
180° during the t period to allow magnetization decay. In
general, ""NH, signals decay the most quickly; *NH signals
decay somewhat more slowly, and signals from fully
substituted N nuclei decay much more slowly. Potential
complications arise from variations in molecular motions and
in the local proton environment (e.g., variations in hydrogen
bonding in nominally the same nitrogen environment).*>*>”!
Previous studies on '’N-enriched melamine and melem,*®
functionalized melamine,”” a melamine-melem adduct and a
melam-ZnCl, complex,58 I5N-enriched C/N/ H-graphite,39 and
a heptazine structure® facilitated estimating ¢, values to use in

setting up a series of experiments to differentiate '"NH, signals
from "*NH signals in the CN and CNS samples.

Figure 3e shows the standard 'H-'""N CPMAS spectrum of
CN obtained with a contact time ¢, = 6 ms and the CPPI MAS
spectra obtained with the same contact time and subsequent
polarization inversion periods ¢ of 40, 100, and 160 us. The
CPPI spectra confirm the assignments above. The signals
upfield of —255 ppm rapidly become weaker (f = 40 pus),
become just slightly inverted (#, = 100 us), and become much
more inverted (t = 160 us), consistent with “NH,. The
relatively sharp signal at —245 ppm more slowly decreases in
intensity, exhibiting a null at t;, = 160 s, consistent with ""NH.
The weak signal at —226 ppm and the band of signals from
about —170 to —210 ppm much more slowly decrease in
intensity, consistent with fully substituted 'N. The rates of
signal decay for *NH,, *'NH, and fully substituted '*N are
completely consistent with those observed for a tricyanome-
laminate,”” a melam-ZnCl, complex,”® and a C/N/H-graph-
ite.”” The 'H-""N' CPMAS spectra of CNS (CNS, Figure 3d
clearly differ from those of pristine CN obtained with the same
contact time (Figure 3c). The differences are much greater
than those in a comparison of the corresponding 'H-"*C cross
polarization spectra and thus demonstrate the utility of N
NMR.

As with sample CN, the CNS signals downfield of —220
ppm can be assigned to C=N-—C on the periphery of a
condensed ring system and become proportionately stronger as
the contact time is lengthened. The weak signal at —232 ppm
can again reasonably be assigned to the interior NC; of a
melem-type environment. However, it is not obvious if the
CNS signals from about —270 to —30S ppm result only from
NH, environments, as the presence of any unusually shielded
bridging NH groups after sulfur treatment could not be ruled
out. (For reference, the NH groups in the two crystallo-
graphically independent melam molecules exhibit NH signals
at —252.0 and —254.8 ppm;”* the NH group in a melam-ZnCl,
complex exhibits a signal at —254 ppm;”® and the NH group in
a C/N/H-graphite exhibits a signal at —245 ppm.””) However,
the CPPI MAS spectra of CNS obtained with a contact time £,
= 3 ms and subsequent polarization inversion periods t; of 40,
75, and 100 s lead us to believe that all of the signals upfield
of about —270 ppm result from '*NH, environments, as these
signals rapidly weaken (¢ = 40 ps), null (, = 75 us), and invert
(t, = 100 ps) at very similar rates (Figure 3f). The signals null
even faster (at ; = 75 us) than do the corresponding signals for
the "'NH, groups in CN (t = 100 us). For NH groups to be
present in CNS and null at t; = 75 ps, they would have to be in
very rigid environments, resulting in uncommonly strong
'H-B5N dipole—dipole interactions. However, it is not obvious
how the incorporation of sulfur instead of nitrogen into the
heptazine framework during its formation, that is, the
formation of C—S—C groups instead of C=N-C groups,
would result in very rigid and unusually shielded environments
for the NH groups of CNS. Thus, sulfur treatment apparently
cleaves a C—N bond of the bridging NH group for all Ar-NH-
Ar units in pristine CN (where Ar = condensed heteroaromatic
ring system), resulting in much smaller molecular entities in
CNS. In light of prior work,*?*#6667 the long BN spin—lattice
relaxation times T that would be expected for CN and CNS,
particularly for ring nitrogens, preclude using direct N pulse
experiments with these natural abundance materials to try to
determine the relative amounts of the different nitrogen
environments present in CN and CNS. In general, significant
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differences in the 'H-""N cross-polarization rates Tyy among
the different types of nitrogens and significant differences in
the "N spin—lattice relaxation rates R, among the different
types of nitrogens make it difficult to accurately determine the
relative amounts of the different nitrogen environments in CN-
type materials.

The infrared-active vibrational features specific to the
functional groups and N-linked heptazine ring structure of
CN and CNS were identified using Fourier transform infrared
spectroscopy (FT-IR) (Figure 4a). The FT-IR spectra of
pristine CN exhibits an intense peak at 806 cm™" specific to the
triazine (C;N;) ring bending vibration of the heptazine (C4N,)
moiety.”” The FT-IR bands extending from 1163—1460 cm™
have arisen from the cumulative symmetric and asymmetric
C—N stretching vibrations of the heptazine (C¢N;) nucleus.”
The FT-IR signals at 1554 cm™" are originated from the C=N
(vc—n) stretching and H,O (6,0) bending vibrations while
another peak at 1632 cm™ is ascribed to the C=0 (vc—o)
stretching vibration of the terminal uncondensed function-
alities and surface-adsorbed water molecules.”* The vibrational
bands with some splitting ranging from 3050 to 3320 cm™' in
the FT-IR spectra of CN appeared from the combinational
vibration of terminal uncondensed —NH,/NH (vy_y) and
—OH (vo_y) stretching vibrations of residual oxygen-carrying
functionalities and adsorbed water.”> The vibrational spectra of
CNS display all the signature stretching/bending vibrations of
the N-linked C4N, long-range order structure corroborating
the presence of an intact CN network. Additionally, because of
S doping and sulfonate/sulfate functionalization on the CN
network, some new peaks also appeared. The new FT-IR peaks
ranging from 982—1124 cm™' originated from the C—S and
S—O stretching vibrations of C-linked sulfonate/sulfate
groups.”””” An intense peak at the 2065 cm™! appeared due
to uncondensed —C=N groups from the dicyandiamide
precursor.”® Because of the restricted vibrational degree of
freedom, the C=N stretching vibration appeared much
sharper than the other peaks.79 Furthermore, in addition to
the vibrational stretch of the uncondensed —NH,/NH (vy_y)
and —OH (vo_p), additional peaks at the higher frequency
(3328—3430 cm™!) are attributed to chemically functionalized
—OH stretching of sulfonate (—SO,-OH) and sulfates (SO-
OH).*" The functionalization can further be confirmed with
Raman and X-ray diffraction analyses (Figures 4b, S4, and
Section 4.0 of the Supporting Information). It is worth
mentioning that CNS showed enhanced dispersibility in water
compared to CN, which might be due to the presence of plenty
of hydrophilic sulfonate/sulfate functionalities and relatively
small fragments of the heptazine network as evidenced by
NMR. This is indirect evidence of the surface functionalization
of CN. To probe the better dispersibility due to sulfonate/
sulfate functionalization, the sample surface charge was
determined calculating apparent zeta potential ({) particle
size distribution (Section 4.3, Figure S5—S7 in the Supporting
Information) The zeta potential of CNS was found to be
—38.1 mV, which was much higher than CN (—29.1 mV)
suggesting the presence of polar functionalities on the surface
of CNS.

To validate the presence of acidic sulfonate (—SO,-OH) and
sulfate (SO;-OH) sites, ammonia temperature-programmed
desorption (NH;-TPD) analysis was performed on CN and
CNS samples (Figure 4). The NH;-TPD of CN displayed a
small desorption peak around 190 °C because of the release of
physiosorbed NH;. No other desorption peak was observed to

substantiate the absence of any acidic sites and complied with
plenty of Bronsted/Lewis base sites on the CN scaffold.*' CNS
also displayed a physisorption peak of almost equal strength at
190 °C, indicating a similar heptazine constituted network.
However, after 270 °C, strong desorption of NH; was
observed to be extended up to 450 °C. Similar desorption
profiles have been previously reported for acidic sites
containing CNs.*” Noteworthy, the desorption profile of
CNS was significantly different than sulfonated SGCN, which
displayed distinct NH; desorption in between 200—350 °C
(centered at 270 °C).””** Compared to SGCN where sulfonic
acid groups were physisorbed on CN scaffold, the CNS
contains chemically bound —SO;H/SO, groups, resulting in
the observance of TPD signals at a relatively higher
temperature. Furthermore, the distinction between —SO;H/
SO, desorption signals was not possible, probably due to the
almost identical chemical nature, resulting in NH; desorption
in the same temperature range. Peak deconvolution shows
maximum desorption around 325 °C, and after that, sharp
NH; desorption was observed. As CNS has smaller fragments
with relativity freer NH/NH,, the sharp changes might be due
to the evolution of NH; during the condensation of residual
amino functionalities. The thermal stability and nature of
surface chemical functionalities were also determined using
thermogravimetric analysis (TGA)—differential scanning calo-
rimetry (DSC), which demonstrate weight loss corresponding
to the degradation of sulfonate/sulfate moieties (Section 4.4,
Figure S8 in the Supporting Information).

The XPS elemental survey scan of CN exhibits all the core-
level peaks corresponding to C, N, and O elements (Figure
S9a). The high-resolution XPS spectra of CN in the C 1s and
N 1s regions show all signature peaks associated with tertiary
(C—(N),), secondary (N—C=N) carbons and sp*-hybridized
secondary N’s (C=N—C), tertiary nitrogens (N—(C),), and
uncondensed/hydrogen-bonded terminal nitrogens (—NH,/
NH) (Figure 4d,e).”"*> A weak signal around 405.9 €V can be
ascribed to the 7—7* electronic transitions in the sp* N-linked
CN skeleton.”® The O 1s HR-XPS of CN in the Ols region
was deconvoluted in two peak components with a BE shift of
532.3 and 533.5 eV assigned to C=0/N=C-O0 and surface-
adsorbed water and adventitious —OH oxygens (Figure 4f).*”

Similarly, the elemental XPS survey scan of CNS exhibits all
the core-level peaks of C, N, and O along with additional peaks
of S (S 2s and S 2p, etc.), demonstrating the integration of S
doping/functionalities in the C(sp?)—N(sp?) core structure of
CN (Figure S9b). The reaction of ammonium persulfate with
polymerizing dicyandiamide at elevated temperatures under
pressure in a closed system leads to an exceptionally high sulfur
doping/functionalization (S content: 9.2 at%). To the best of
our knowledge, such a high amount of S-doping and
functionalization in the CN structure has not yet been
reported in the literature. The HR-XPS spectra of CNS in
the C 1s region show four peaks (Figure 4g). The peak
centered at 284.6, 285.8, and 288.7 eV can be assigned to the
adventitious sp®> C, sp*-hybridized tertiary (C—(N);), and
secondary (N—C=N) carbons, respectively. Additionally, a
new peak centered at 287.5 eV also appeared because of the
presence of C—S type of carbons in the CN network.**™"° The
CNS structure shows a relatively high C—C peak intensity
compared to CN, which might be due to the partial
condensation and introduction of sulfonates/sulfates. The
three peak components in the N 1s XPS of CNS positioned at
398.3, 399.6, and 400.6 eV are assigned to sp>-hybridized
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secondary N’s (C=N-C), tertiary (N—(C);), and primary
sp> nitrogens (Figure 4h), respectively.”' Interestingly, for
CNS, the peak intensity of secondary (C=N-C) N’s
decreased, which might be due to the functionalization of
peripheral C=N-C with the —S0,/SO, groups.”>”’
Furthermore, the 7—z* transition peak was almost disappeared
for the CNS, suggesting a reduced conjugation degree due to
the functionalization. The S 2p XPS spectra of CNS show two
major peaks, which can be further deconvoluted into four peak
components (Figure 4i). The intense peak centered at 163.6
eV associated with a weak shoulder peak at 161.9 eV originated
from the S 2p,,, and S 2p;/, components of S atoms doped
inside the heptazine (C¢N,) nucleus by replacing N atoms
(C=$—C).>*** Calculations by others®**’ indicate that
replacement of N by S on the periphery of the heptazine
framework appears to be energetically more favorable than the
replacement of the central N bonded to three C. Replacement
of the central N would result in a positively charged, three-
coordinate sulfur environment. The doping of S atoms inside
the heptazine units was also evident from the increased visible
absorption and uplifted valence band positions (Figure S11—
12). The peak positioned at 167.7 eV of the S 2p XPS spectra
of CNSS can be ascribed to the presence of sulfur in the form of
—S0, (sulfonate), while the second peak component centered

at 168.86 eV is assigned to —SO, (sulfate) groups bonded to
the heptazine structure.”* Because doping of the S atom in the
heptazine unit by the replacement of N is not isoelectronic, it
will also lead to the oxidation of C—S—C moieties to a
sulfoxide C—S(=0)—C. The XPS S 2p signal for C—S(=
0O)—C has been reported at 168.0 eV, resulting from the
overlap of the S 2p;/, and S 2p;/, components.*® It should be
noted that the carbons in the resulting C—S(=0)—C group
would still be aromatic. Because the peak components at 168.9
and 167.7 eV is originated from the combinational
contribution of —SO;H/SO, and S 2p,,, and S 2p;3),
components of C—S(=0)-C, the exact quantification of
—SO;H/SO, is not possible.”>>® The relative at% ratio of
—803/—S0, or C—S(=0)—C S 2p;,,/S 2p,, was calculated
to be 35/65, demonstrating a significant amount of sulfate
moieties in the structure. It is worthy to mention here that
SO;/SO, peak components were not further deconvoluted
into 2p;/, and 2p;,, peak components because the exact
contribution of C—$(=0)—C and SO,/SO,, groups cannot be
determined. Two peak components in the O 1s spectra of CNS
at 531.4 and 532.5 eV are assigned to oxygen atoms present in
—S0,/S0, groups (S is less electronegative than N) and
residlﬁl/ adventitious N=C—0O/C=0/—-OH groups (Figure
$10).
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Figure 6. A plausible mechanism of glucose dehydration to LLA.

Analyzing the structure of CNS by various techniques
indicates that multiple forms of sulfur are incorporated: sulfide
(C—=S—C), sulfoxide [C—S(=0)—C], sulfonate (SO;H), and
sulfate (SO,H). However, the replacement of N by S in the
heptazine CN scaffold is not isoelectronic and therefore
requires structural modification (e.g, radicals in two fragments
combining through the formation of a new single bond).
Furthermore, functionalizing C in the scaffold with sulfonate or
sulfate would generate a quaternary aliphatic carbon bonded to
S (sulfonate) or O (sulfate) and three N, but there do not
appear to be any readily available model compounds with such
environments to use as reference materials for the character-
ization of CNS by IR, XPS, and NMR. Additional work will be
required before trying to propose a structure of CNS
consistent with all of the analytical results.

Catalytic Performance. The catalytic performance of
synthesized materials was evaluated for hydrothermal dehy-
dration of glucose. Previous studies on the modification of the
CN structure using chlorosulfonic acid (CISO;H, to form
sulfonated CN) suggest that the presence of plenty of acidic
sites promotes the dehydration of glucose to furanics.”**’
Beyond glucose conversion, sulfonated CNs (S-GCN) also
promote the dehydration of other monosaccharides such as
xylose and fructose to furanics (i.e,, HMF) (Figure 5a)*® and
transesterification of fatty acid to form biodiesel conjugates.””
Interestingly, in our study, LLA was observed as the dominant

product when CNS was used as a catalyst for glucose
dehydration (Figure Sb). This was supplemented with formic
acid (FA), erythrose, and acetic acid (AA) as minor products.
The reaction was run at different temperatures (120, 150, and
200 °C) to investigate its impact on product selectivity (Figure
Sc and Table S1). At lower temperatures (120 °C), the
selectivity of LLA was only 28%. As the bond breaking of C6
glucose to LLA (CS) proceeds via the elimination of FA, an
equal concentration of FA (Cl1) in the reaction product was
expected. However, the FA selectivity in the reaction mixture
was found only 7%. This low yield of FA can be due to further
oxidation of formic acid to CO, and water under catalytic
hydrothermal conditions.”®”” Another major product observed
at 120 °C was erythrose (C4 sugar) which forms via the
elimination of AA (C2). The relative yield of the erythrose and
acetic acid was calculated to be 28% for each component. The
presence of C4 erythrose and C2 acetic acid in equal amounts
strengthens the formation of these products via glucose bond
cleavage at the C2 position.”® As the temperature of the
reaction was raised to 150 °C, the LLA selectivity was raised to
36% along with a slight increment of FA yield from 7 to 8.1%.
The yield of erythrose and AA decreased to 16.5 and 19.0%,
respectively. The optimum temperature for glucose dehydra-
tion to LLA was found to be 200 °C, leading to an LLA yield
of about 48%. At 200 °C FA, erythrose and AA were found to
be 10.5, 11.6 and 14.0%, respectively. In all the reactions, ~4—
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5% lactic acid with a trace of fructose were also observed,
which suggest that the dehydration of glucose proceeds
through isomerization of glucose to fructose with the
subsequent formation of lactic acid as a side product via
retro-aldol reaction.”” No glucose was observed in the reaction
products, indicating 100% conversion of glucose. However,
this 100% conversion cannot be directly correlated to product
yield because a significant fraction in the hydrothermal process
gets transformed to humus (a polymerization product of
furanics).'”

To validate that the sulfate/sulfonate functionalization of
CNS is the active catalyst, we have run control experiments
using CN as a catalyst under identical conditions (200 °C),
which only exhibited ~20% yield for the LLA. Interestingly,
pristine CN alone gives a significantly high AA yield reaching
up to 60%, suggesting a different reaction mechanism by
sulfate/sulfonate functional groups. Using CNS as a catalyst,
the LLA yield was almost 2.5 times higher than that of CN.
Furthermore, sulfonated CN (S-GCN)*”* was also prepared
and tested for glucose hydration, which yielded HMF as a
major product with a small amount of erythrose and acetic
acids (Figure Sa and Table S2). The CNS catalysts were also
tested for the fructose conversion to LLA, which yielded 35%
LLA, demonstrating that the scope of these catalysts is
applicable for different monomer sugars (Table S2). The
reaction without any catalyst at 200 °C does not give any
significant product.

Furthermore, the effect of ammonium persulfate precursor
concentration on the LLA yield was studied. The CNS
catalysts, CNS-5, CNS-10, CNS-15, and CNS-20, were tested
toward hydrothermal glucose dehydration at 200 °C (Figure
5d). The CNS-S gave 12% of LLA, while for samples CNS-10,
the yield almost doubled, reaching 23%. Interestingly, CNS-15
showed 48% LLA yield with 57% selectivity, and further
increment of ammonium persulfate to 20% did not enhance
the LLA selectivity. This shows that the CNS-15 is the
optimum catalyst for the direct conversion of glucose to LLA.
The performance of CNS catalysts was compared to the
reported catalytic systems in the literature (Table S3). Indeed,
a few catalysts showed higher LLA yield compared to CNS;
however, they rely on toxic chemicals and tedious synthesis
protocols, leaving secondary/trace contaminations. CNS
presents significant advantages over these catalysts because of
its metal-free nature, synthesis from earth-abundant elements,
high functionalization degree, relatively cheap precursors, and
possibilities of further optimization by chemical route. After
the reaction, the solid residue was collected by centrifugation
and washed several times using THF and reused for the
dehydration of glucose. Unfortunately, the catalytic perform-
ance was significantly decreased (negligible) after recycling,
which might be due to the formation of polymeric humus
during the first dehydration reaction. Because both humus and
CNS has a polymeric structure, they remain bounded via 7—n
interactions, resulting in the blocking of active sites on CNS.
To validate the presence of humus in recycled catalysts, FT-IR
analysis was performed on recycled catalysts, which demon-
strates diminishing of characteristics triazine (C;N;) ring
bending vibration at 806 cm™, and new peaks associated with
carbonaceous materials appeared (Figure S13a). Furthermore,
Raman spectra of the recycled catalyst exhibited intense D and
G bands attributed to the presence of polymeric carbonaceous
materials from humus (Figure S13b).

Plausible Mechanism. According to the obtained results
and the existing literature, the following mechanism can be
proposed for the glucose to LLA reaction (Figure 6). The
hydrothermal treatment of glucose can lead to several
reactions, namely, (i) reversion reaction to form cellobiose
and levoglucosan,'®" (ii) degradation polymerization reaction
to form humus, (iii) glucose epimerization to form fructose
and mannose, and (iv) dehydration of C6 to C5 HMF.">'”* It
should be noted that each C5—C6 component can either
decompose or polymerize to produce humin. Thus, catalysts
with minimum humin production are desirable. Previous
studies suggest that the conversion of glucose to LLA proceeds
through dehydration of glucose to HMEF, followed by
rehydration of HMF to form LLA.'” The CNS catalysts can
facilitate the conversion of glucose to LLA via synergistic
catalysis because of the presence of sulfonic/sulfate groups
working as Brensted/Lewis acidic sites while the terminal/
uncondensed NH, and secondary N’s (C=N:—C) work as a
Bronsted/Lewis base.'’"'” The first step of glucose
conversion is the isomerization of glucose to fructose in the
presence of the Brensted/Lewis basic sites on the CN (Figure
6, step-1).' The observance of a small amount of fructose
suggests that the conversion of glucose to LLA proceeds
through the isomerization step.'”” This was further evinced by
using fructose as the substrate, which also gave LLA as the
main product (35%) (Table S2). Glucose exists in two
tautomeric forms: (i) glucopyranose (99%) and (ii) open-
chain (0.25%) structure. The open-chain structure participates
in the isomerization to form fructose. Because of the
continuous consumption of the open-chain state, the
tautomeric equilibrium shifts toward the open-chain to sustain
fructose supply. The formed fructose further transforms to
HMEF in the presence of sulfonate/sulfate groups acting as a
Bronsted/Lewis acid (Figure 6, step-2).'” The glucose to
HMEF transformation proceeds via the stepwise release of three
water molecules and the formation of enol and keto tautomeric
intermediates.'” Ultimately, the rehydration/ring-opening
reaction of HMF followed through the 2,5-dioxo-3-hexenal
and $,5-dihydroxypent-3-ene-2-one intermediate, leading to
the release of formic acid and production of LLA (Figure 6,
step-3)."'" The observed high LLA selectivity for the CNS is
associated with its unique features, namely, (i) the presence of
plenty of sulfonate/sulfate functional groups compared to S-
GCN, (ii) the high water dispersibility arising from the surface
functionalization, and (iii) the structure which facilitate the
better adsorption—desorption of reactant products.

B CONCLUSIONS

A CN structure with an exceptional degree of functionalization
with sulfate/sulfonates was originally synthesized by thermal
condensation of dicyandiamide and ammonium persulfate, as a
source of C—N structures and S-functionalities, respectively.
This was achieved under a self-pressurized condition in a
quartz ampoule. The ssNMR and XPS displayed that
functionalization of the CN structure proceeds with the
transformation of the Csp® to Csp® structure, while the overall
structural features of CN remain preserved. Because of the
presence of plenty of Bronsted/Lewis acid/base catalytic
centers, CNS catalysts can promote the direct conversion of
glucose to LLA under hydrothermal conditions. The catalyst
synthesized by using 15 wt % of ammonium persulfate in the
dicyandiamide precursor displayed optimum catalytic perform-
ance at 200 °C for glucose dehydration/hydration to produce
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LLA (~48% yield). The proposed approach in this study
provides an opportunity to synthesize new carbon/CN and
even organic—inorganic hybrid materials that will make a
significant advancement in the field of catalysis.
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