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Carbon-based materials, such as graphite and its functionalized/doped derivatives, are promising
lightweight layered materials for hydrogen activation and storage. Their propensity to control the
thermodynamics of hydrogen binding and the kinetics of hydrogen mobility strongly depends on the
speciation and the arrangement of dopants. In this study, we demonstrate precise control over dopant
speciation and clustering in nitrogen-containing layered carbon materials during hydrothermal synthesis.
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Through extensive spectroscopic characterization and first principles simulations, we demonstrate that the
formation of N-motifs can be controlled by the choice of precursor and synthesis temperature. The distinct
DOI: 10.1039/d5f00064e three-dimensional architecture and porosity in graphene oxide and carbon nitride-derived materials furnish
a synthetic pathway for precise control over the local and global structure of nitrogen-doped carbon

rsc.li/RSCApplinter materials and their activity toward the activation of molecular hydrogen.
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1. Introduction

Heteroatom-doped carbon emerged as a viable low-cost
alternative to Pt catalysts for hydrogen evolution reaction
(HER). The studies of various dopants demonstrated that
nitrogen doping dramatically improves the activity of carbon
materials towards HER and that further improvements can be
achieved by using co-dopants, such as boron and phosphor,
to activate adjacent carbon atoms."™ In addition to the
electrocatalytic HER, nitrogen-modified graphitic carbons
forming motifs with 3 N atom substituting next nearest
neighbor carbons are thermocatalytically productive for the
activation of molecular hydrogen to reduce unsaturated
organics and the activation of carbon-hydrogen bonds in
liquid organic hydrogen carriers (LOHCs).'*'® For example,
recent studies revealed that N-doped carbon materials (NCs)
are efficient catalysts for the dehydrogenation of multiple
N-heterocycles at room temperature.”® Kinetic and
computational studies suggest that C-H bonds are weaker at
3 N sites, which leads to accelerated recombination of
adsorbed hydrogens into H,. Furthermore, these active sites
were predicted to lower energy barriers in every elemental
step of LOHC dehydrogenation when compared to carbon
materials with a random distribution of N-dopants. These
findings open the opportunities for developing NCs for
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catalyzing dehydrogenation, enabling hydrogen storage and
transfer to and from layered materials and LOHCs. However,
due to the strong dependence of activity on N-motifs, it is
critical to understand how to control the distribution of N
during synthesis either through precursor or defect
engineering to enhance the likelihood of the formation of
desired N-motifs.

These findings, in both electrocatalytic HER and
thermocatalytic hydrogen activation, spurred intense research
into the development of synthesis methods for this class of
materials. Hydrothermal synthesis of free-standing NCs uses
various precursors and temperature ranges to produce NCs
with a relatively low N-content of about 5%.'®>* These free-
standing N-doped carbon materials have mainly graphitic
and pyridinic N with the relative ratio of these species varying
depending on the details of the synthesis. Despite a
significant number of reports of CN synthesis the mechanism
for controlling N-speciation remains unknown hindering the
development of these materials for practical applications.
Furthermore, many open questions remain in understanding
the mechanism of hydrogen transfer and activation on
N-doped carbons and its dependence on dopant speciation
and arrangement within graphitic layers.

Here we aim to fill these knowledge gaps through the
detailed study of the dependence of N-speciation in free-
standing layered NC-materials and the role of N-speciation in
thermodynamics of hydrogen activation and transfer.
Through systematic variation of synthesis conditions and
detailed characterization, we demonstrate that N speciation
can be controlled by designing synthesis to facilitate or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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inhibit N-doping of a defect in the graphitic lattice. Through
computational studies, we predict the most energetically
favorable N-motifs and compare with the evolution of 3 N
motifs and of our prepared free standing NC materials.
Finally, we investigate the thermocatalytic activity for
molecular hydrogen activation through an evaluation of
hydrogen-deuterium exchange in mixtures of H, and D, gas
at moderate temperatures, leading to the reversible
chemisorption of molecular hydrogen.

2. Methods

Synthesis

N-GO. All chemicals used in our experiment are analytical
grade and used as received without further purification. The
synthesis of N-doped graphene starts from graphene oxide
(GO), which was synthesized from natural graphite flake
powder through a traditional Hummer's method.>* The as-
prepared GO (30 mg) was dispersed in 10 mL water with 1%
NH;-H, 0, stirring continuously at 80 degrees for 10 min, and
then urea (180 mg) was added to the brown colloidal
solution. After stirring for 2 hours at 80 °C, the hydrogel was
obtained using 7% HNO; and collected after centrifugation
with deionized water twice and then freeze-dried for 24 h.
The dried sample was pyrolyzed at 350, 550, and 800 °C for 3
h under an N, atmosphere.

NC. The NC was prepared using g-C;N, as a template.>
For the synthesis of g-C3;N,, the mixture of 15 g of urea and 1
g of D.I. water were placed in a crucible with a lid and then
wrapped with aluminum foil, subsequently calcining at 550
°C for 3 h with a heating rate of 3 °C min™" in air.

The prepared 0.5 g of g-C3N, was dispersed in 40 mL of
0.3 M p-glucose solution and stirred at 25 °C for 4 h. The
suspension was transferred to a hydrothermal reactor, and
heated at 180 °C for 10 h with a heating rate of 5 °C min".
After cooling down to room temperature, the suspension was
filtered and washed with D.I. water and ethanol. The
produced p-glucose and g-C;N, composite was dried at 85 °C
for 12 h in the oven. Finally, NC was obtained by pyrolysis of
the p-glucose and g-C;N, composite at 700 and 900 °C for 1 h
with a heating rate of 5 °C min™ in N, flow and denoted as
NCX (X is calcination temperature).

Characterization

Powder XRD. Powder XRD of all as-prepared samples was
performed on a Philips X'PERT Multi-Purpose Diffractometer
(MPD) (PANAlytical) equipped with Cu K, radiation operating
at 50 kv and 40 mA within the 26 range from 5° to 100°.

X-ray  photoelectron  spectroscopy  (XPS).  X-ray
photoelectron spectroscopy (XPS) was used to characterize
the chemical properties of CN. XPS was performed using an
Al Ko X-ray source, employing a Thermo Fisher NEXSA
instrument. The C 1s peak at 284.8 eV was used for
calibration.

ToF-SIMS. ToF-SIMS spectra were acquired using a ToF-
SIMS 5 spectrometer equipped with a 25 keV bismuth liquid
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metal ion gun from ION-TOF GmbH (Miinster, Germany).
The analysis was carried out with a Bi** beam as the primary
ion under a vacuum in the range of 10~ mbar during all
measurements.

Raman spectroscopy. Raman spectra were recorded by
using a Horiba LabRam HR spectrometer attached with an
inverted optical microscope (Nikon Ti-E) (40x objective) and a
HeNe laser light source (632.8 nm). All spectra were recorded
in the range 150-4000 cm " using three 60 s exposure times.

Transmission electron microscopy (TEM). Transmission
electron microscopy (TEM) characterization was performed
using the FEI Titan 80-300 keV environmental TEM
microscope. Approximately 10 pL of each TEM sample
suspension was deposited onto holey carbon-coated copper
grids (Lacey Carbon, 300 mesh; Ted Pella, Inc.). After
allowing the carbon grids to air dry, they were mounted on a
double-tilt TEM holder for the morphology observation. The
chemical composition of each sample was analyzed using
STEM energy-dispersive X-ray spectroscopy (EDS) with a
Bruker EDS detector.

Nitrogen physisorption. N, adsorption and desorption
isotherm analysis was performed on Micromeritics ASAP
2020. A 100 mg sample was loaded into the sample tube and
subsequently degassed at 150 °C for 6 h prior to the
adsorption measurements.

ICP. The metal impurity content was measured using
inductively coupled plasma optical emission spectrometry
(ICP-OES) with a PerkinElmer 7300DV.

In situ high-pressure nuclear magnetic resonance (NMR).
In situ monitoring of H/D exchange with NMR spectroscopy
was performed under magic angle spinning conditions
using WHIMS high-pressure NMR rotors developed at
Pacific Northwest National Laboratory. These rotors are
closed with one-way flow valves that allow gas to enter the
rotor in the gas charging apparatus and remain pressurized
during the NMR data collection. Rotors were charged with a
mix of H, and D, gas, then immediately loaded into the
NMR probe, and the temperature was adjusted to that
desired for the experiment. The gas mix was created in our
apparatus by filling at the desired ratio using separate
sources of H, and D,, then the pressure was increased to
the desired experimental pressure with an Isco syringe
pump. Spectra were acquired using a Varian DDR2
spectrometer console and a home-built DR 5 mm probe in
an 11.7 T magnet. 1H spectra are referenced to TMS via the
high-frequency resonance in a solid sample of adamantane
(34.84 ppm), while D,O was used as the reference and
calibration for 2H experiments. Typical 2H spectra are the
average of 256 transients obtained with a n/2 pulse width of
4.25 ps, pulse delay of 5 s, spectral width of 100 kHz,
acquisition time of 150 ms, and spin rate of 4 kHz. All
NMR spectra were processed in MestReNova, commercial
software available from MestReLabs. Typical NMR spectra
shown in this paper received 5 Hz of exponential
apodization, a left shift of two data points, and a zero fill to
16k or 32k points before the FT.
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Density functional theory (DFT) simulations. Density
functional theory (DFT) simulations of the structure of CN
materials were performed using periodic plane wave DFT
implemented in VASP code.”**” Generalized gradient
approximation and projected augmented wave (PAW)
potentials®® were used with PBE exchange-correlation
functional®® and the D2 Grimme dispersion correction.*
Spin polarization was included in all calculations: 6 x 6 x 1
Gamma-centered Monkhorst-Pack grid was used for k-point
sampling of the Brillouin zone. A plane wave cutoff of 400 eV
was used.

CN materials were modeled as a 3-layer graphite slab
with defects and N-substitutions in the top layer using 3D
periodic model. A 15 A vacuum gap between images of the
basal planes was used to avoid interactions between
periodic images. Common defects, such as C vacancy (CV),
5-8-5, and Stone-Wales defects, were introduced in the
basal plane. A series of N-substitutions were considered to
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compare the energetic preference of N substitution. All
atoms were fully relaxed during structural optimization.
The convergence criterion for geometric relaxation was set
to 0.01 eV A",

Core-level XPS simulations. Core-level XPS simulations of
various CN clusters were performed using the Gaussian-basis
GW implementation®* in the NWChem code.** The
geometries of the clusters were first optimized using the r’-
SCAN exchange-correlation functional®® with Grimme's D3
empirical dispersion corrections®®** with Becke-Johnson
damping enabled. Core-level N 1s and C 1s binding energies
were subsequently obtained at the one-shot GoW, level using
hybrid PBEh,*”° with a 45% admixture of exact exchange,
mean-field solutions as starting points. To diminish the
likelihood of (quasi)linear dependencies, all simulations used
a basis set developed to describe crystalline solids, graphene-
dem-TZVP,*” for C atoms combined with the standard def2-
TZVP triple-zeta basis set for N and H.*®
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Fig. 1 Speciation in CN materials derived from their XPS spectra of (A) C 1s, (B) O 1s, and (C) N 1s. (D) Simulated XPS C 1s spectrum and the fitting
of C 1s spectrum of NC700 based on theoretical peak assignment. Peaks at 284.7, 286.2, 288.4, and 290.7 eV in C 1s spectra correspond to C=C,
CN1/C=0, CN2/CN3, and n-n* species, respectively. The O 1s peaks at 530.2, 532.1, and 533.4 eV, corresponding to C=0, C-OH, and C-O,
respectively. The N 1s peaks at 398.5, 399.9, 401.1, and 402.4 eV are assigned to pyridinic N, pyrrolic N, graphitic N, and N-oxide, respectively.
Carbon atoms are shown as cyan spheres and N atoms as blue spheres in the structures of clusters with pyridinic (orange border) and graphitic

(blue border) Ns in (D).
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3. Results and discussion

N-speciation in CN materials

CN materials were synthesized using two approaches
described in detail in the Methods section: conceptually, the
first method uses graphene oxide flakes as a precursor for
graphitic material and urea for N-functionalization. The
second method uses graphitic carbon nitride precursor to
synthesize free-standing layered material. Both methods
produce layered graphitic materials with approximately 7-14
at% N content. The main difference, however, is in the type
of N-doping in these materials (Fig. 1). In graphene oxide-
derived NC (N-GO) most N is pyridinic or pyrrolic and about
20% is graphitic. That is, most N functionalization of
graphene oxide occurs at vacancy sites as evidenced by the
change in composition of the precursor material during
synthesis (Table 1). The composition of GO changes from
75.2% C, 24.7% O, and 0.1% N to 87.7% C, 4% O, and 8.1%
N during its transformation into N-GO550. Urea serves as
both a nitrogen source and a chemical reductant during the
synthesis. The decrease in oxygen content from 24.7% in GO
to 4% in N-GO suggests that a substantial portion of the
oxygen-containing groups in GO, such as hydroxyl, epoxide,
and carboxyl groups, are reduced or react with the NH,
group of urea to form C-N bonds, resulting in nitrogen
doping during the annealing process.’® At
temperatures, the epoxide groups provide reactive
electrophilic sites for reaction with nucleophilic nitrogen in
urea and as the temperature is increased, it is likely that
phenolic groups are reduced, leading to defects that react
with NH; released from decomposition of urea to form
pyridinic N-motifs. Computational analysis (vide infra)
suggests that carbon defects are stabilized by the addition of
multiple nitrogen atoms, providing a pathway for the
production of segregated nitrogen in 2D carbon materials.
The increase in N content to 8.1% in N-GO indicates
successful doping. Nitrogen atoms react with oxygen-
containing groups decorating defects and edges of graphene
oxide to form pyridinic or pyrrolic nitrogen. The relative
pyridinic to graphitic N only weakly depends on annealing
temperature in the range of 350 to 800 °C (see Fig. S1 and
S21 for details), supporting the general nature of the
proposed mechanism.

In carbon nitride-derived material (NC) the percentages of
pyridinic and graphitic N strongly depend on the calcination

lower

Table 1 Composition of precursor and CN materials

C (at%) O (at%) N (at%)
GO 75.2 24.7 0.1
N-GO350 84.0 5.6 10.4
N-GO550 87.7 4.0 8.1
N-GO800 89.9 71 3.0
g-C5N, 43.8 0.7 55.5
NC700 83.9 1.3 14.8
NC900 91.9 1.0 7.1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperature due to the differences in the mechanism of
N-doping within this approach. During N-GO formation, the
enhanced reactivity of vacancy sites functionalized with
hydroxyl and carboxyl groups promote preferential N
incorporation at defects, giving rise to a higher
concentration of pyridinic or pyrrolic N. In contrast,
nitrogen-rich (55% N) g-C3N, is used as a template for the
formation of NC. When g-C3;N,; covered with b-glucose is
heated above 710 °C, it decomposes into nitrogen-containing
compounds such as C,N,, C;3N,, C3Nz, CNH,, and NH;
during the carbonization process.*”*' These nitrogen
sources can substitute carbon atoms in the Ilattice,
producing pyridinic N, pyrrolic N, graphitic N, and N-oxide.
The ratio of pyridinic N to graphitic N can change
depending on the annealing temperature.”>** The nitrogen
content decreased from 14.8% to 7.1% as the calcination
temperature increased from 700 °C to 900 °C. This trend is
consistent with similar results reported in other studies,
which also observed a reduction in N content with
increasing temperatures, likely due to thermal stability
issues at higher temperatures.** This temperature-induced
decrease in N content is accompanied by the reduction in
the pyridinic to graphitic N ratio (Fig. 1). Reflecting this
change in N speciation, the C/N atomic percentage in the
NC materials increased from 5.7% to 12.9% as the
temperature increased from 700 °C to 900 °C. Specifically,
the atomic percentage of pyridinic N decreased significantly
from 7.5% to 2.6%, while the graphitic nitrogen percentage
changed slightly, from 4.5% to 3.3% (Fig. S1}). The decrease
in pyrrolic N content is even more pronounced, dropping
from 15.4% to 9.5%. The observation is consistent with the
reported thermal instability of pyrrolic N,* with
decomposition occurring at temperatures around 700 °C.
Thus, pyrrolic N is more likely to be directly removed from
the carbon structure during high-temperature annealing,
which furnishes a path for controlling N-speciation in CN
materials.

To understand finer details of N-speciation and a possible
formation of stable N-motifs, XPS spectra for various
graphitic and pyridinic N arrangements in graphene flakes
were simulated using the Gaussian-basis GW approach. As
expected, C 1s binding energies increase with the number of
bonded N atoms, regardless of the nitrogen atom type
(pyridinic or graphitic). The 1s binding energy of C atoms
bonded to a single graphitic N (CN1) is shifted by 2.1 eV
from the main peak. For most C atoms bonded to the
pyridinic N CN1, peaks appear at lower binding energies 0.3
eV. For most carbons, the pyridinic CN1 peak is shifted by
0.3 eV down from the graphitic CN1. The effect of the local
environment in the outer coordination sphere of C atoms
also affects the CN1 peak position. The pyridinic CN1s
neighboring graphitic N form a separate peak positioned
between pyridinic and graphitic CN1 peaks. All 1s energies of
C atoms bonded to two (CN2) or three (CN3) N atoms appear
bundled together with an average chemical shift of 3.4 eV
(Fig. 1D).

RSC Appl. Interfaces, 2025, 2,1320-1330 | 1323


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lf00064e

Open Access Article. Published on 11 June 2025. Downloaded on 11/7/2025 4:23:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

These findings indicate N clustering in CN materials, with
about half of the nitrogens forming CN2 and CN3 motifs in
NC700 and NC900. A higher content of vacancies and a
higher fraction of CN1 species in N-GO550 point to the
prevalence of N2 and N3 motifs at vacancy sites. This
conclusion is further supported by the larger fraction of non-
graphitic nitrogen (Fig. 1C).

Relative formation energies of various N-motifs on
graphitic surfaces were calculated using DFT to gain insights
into possible arrangements of pyridinic and graphitic
N-dopants in these materials. Previous studies reported the
comparative analysis of the formation energy of N-motifs on
stoichiometric graphene. They identified that the most
energetically favorable arrangements of graphitic N are N
substituting three nearest neighbors of the surface C."> By
design, this study did not encompass the motifs with
pyridinic N considered here. We studied representative N
arrangements at common defect sites: single vacancy (SV), 5-
8-5, and Stone-Wales (SW) defects. Relative formation
energies for Nx motifs, with x = 1, 2, 3, 4, were calculated
using x graphitic N separated by at least 8 A as reference
states. Simulations predict that pyridinic N is favored at
single vacancy sites and the relative formation energy for
pyridinic N decreases with the increase in the number of N at
the site (Fig. 2). For example, substituting 1, 2, and 3 carbons
with N at the vacancy results in 0.14, 1.2, and 2.21 eV energy
gain per N compared to random substitution at graphitic
sites. The resulting N-motif is similar to the lowest energy
motif of graphitic N (Fig. 2A). However, undercoordinated
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pyridinic N at the vacancy site is expected to be more reactive
towards hydrogen activation and transfer. The most
energetically favorable N-motif at 5-8-5 vacancy contains four
pyridinic N, and the relative energy gain per N is even bigger
than that for SV (Fig. 2A). N substitution at the SW defect,
which produces pyrrolic N, is less energetically favorable than
at other defects (Fig. 2A). In the absence of other defects at
graphite terraces that contain sites for forming pyrrolic N,
the most likely occurrences of such N are at the edges of
graphitic sheets. The result correlates well with negligible
content of pyrrolic N in either N-GO or NC.

Simulations also revealed that 5-8-5 defects stabilize the
CN; motifs with the energetic preference compared to the
same motif at a defect-free terrace of 1.035 eV (Fig. 2B).
Coupled with the 0.08 eV preference for N-substitution at 5-
8-5 vacancy sites, the possible pathway for the sequential
substitution of C with N may involve the initial substitution
of C with N at the hexagons of the 5-8-5 defect, followed by
the substitution of the next nearest neighbor carbons. These
differences in the relative energies predict that the
probability of migrating pyridinic N dopants to graphitic sites
is negligible and, therefore, unlikely in the synthesis
temperature range of 350-800 °C. Specifically, the minimum
energy difference between these species was determined to
be 0.14 eV, corresponding to the thermal energy at 1350 °C.
However, annealing the CN materials at temperatures above
900 °C results in a significant loss of N (Table 1), suggesting
that control over N speciation must be driven by the choice
of precursor and not post-synthesis annealing.
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Fig. 2 Most stable N-motifs at defect sites. (A) Lowest energy configurations for N-motifs at single vacancy, 5-8-5, and Stone-Wales defects. (B)
Relative energetics of a single N-substitution and the formation of CN3z motif at 5-8-5 defect. Carbon atoms are shown as cyan spheres and N

atoms as blue spheres.
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ToF-SIMS experiments support the conclusion of N
clustering in N-GO and, to a lesser extent, NC (Fig. 3). The
SIMS analysis identified the prevalence of graphitic N in both
samples (red symbols in Fig. 3A). However, the N-GO has a
significant fraction of C,N; and CN, clusters, with the C,N;
content only ~10 times smaller than that of graphitic N.
Given that the total N-content is only about 8.1 at% and
about 60% of Ns are pyridinic, SIMS results point to the
prevalence of N clustering at defect sites in N-GO. In contrast,
a clear prevalence of graphitic N is found in NC material,
with most species identified as C;N (Fig. 3).

Structure and porosity of N-GO and NC

Detailed characterization of the N-GO and NC materials
demonstrated overall similar structure and porosity. The
main difference between these materials is the N-speciation
discussed in the previous section and the size of graphitic
domains. The structure of the N-GO was characterized by
powder XRD and TEM. The pristine GO shows sharp peaks at
26 of 13° and 43°, representing the (002) and (100) reflection
of GO structure, which shows the interlayer spacing in
pristine GO is around 7.9 A (Fig. 4). After the reduction of GO
in the presence of urea in the N, atmosphere at 550 °C, the
(002) peak redshifted, indicating a gradual decrease in the
interlayer spacing. The decrease in the interlayer spacing is
more pronounced in samples synthesized at higher
temperatures, likely due to the more efficient removal of
oxygen-containing functional groups from GO.

The g-C3N, shows two peaks at 13.1° and 27.6°,
corresponding to the (100) and (002) plane, which are
attributed to interlayer stacking of aromatic rings and
triazine units.*® The NC700 and NC900 show two peaks at
24° and 44° corresponding to the (002) and (100) phase of
graphite structure with the absence of g-C;N, indicating its
complete decomposition at temperatures above 700 °C.

The defect structure in CN materials was further
characterized using Raman spectroscopy (Fig. 4C). The as-
prepared GO and N-GO exhibited two distinct peaks. The
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typical D band located at around 1350 cm™"' represents the
edges, defects, and disordered carbon sites, and the G band
centered at 1590 cm ' is assigned to the in-plane stretching
of C-C bond between sp>-C atoms. Therefore, the ratio of
the D band and G band (Ip/Ig) intensity for GO materials
indicates the fraction of disordered carbon and defect level.
The intensity ratio (Ip/Ig) of N-GO materials is higher than
that of GO, indicating N incorporation into the graphitic
lattice. N substitution of carbon atoms in the graphitic
lattice can disrupt the regular hexagonal arrangement of
carbon atoms, leading to local distortions and defects in
the lattice. On the other hand, N atoms may also occupy
interstitial sites within the carbon lattice, which can create
additional strain and disturb the regular structure of the
carbon materials. In contrast, NC700 and NC900 exhibit a
higher intensity of the G band than the D band, signifying
a more graphitic structure.>>*” Further analysis using EDS
mapping of the elemental distribution of C, N, and O in
CN materials reveals no clear segregation of species
(Fig. 5). This does not preclude the formation of N-motifs
but rules out predominant N decoration of domain edges
and supports XPS finding of N incorporation into graphitic
TEM micrographs also significant
differences in the mesoscale pore structure of materials
derived using different precursors (Fig. 5). N-GO550 has
elongated pores between large-area two-dimensional
multilayers, while NCs have a more compact structure with
smaller domains. These differences in the mesoscale
structure can be attributed to the impact of the structure
of carbon precursor on CN architecture. N-GO550 was
derived from the GO precursor with large-area two-
dimensional domains. N doping largely preserved this
initial mesoscale structure by mainly reacting with
functional groups of GO. Conversely, NC700 and NC900
were synthesized using g-C3N, as a precursor and nitrogen-
rich structural template. The p-glucose-coated g-C;N, was
dehydrated into  5-hydroxymethylfurfural and then
condensed into hydrochar during hydrothermal synthesis."®
As the temperature increased, the g-C;N, in the hydrochar

structures. reveal

(8)

Fig. 3 N-clustering in CN materials as revealed by SIMS characterization. (A) SIMS data for the reference g-C3;N4, NC900, and N-GO550. (B)

Possible structural motifs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Crystal structure and defects in CN materials. XRD patterns of (A) pristine GO and N-GO550 and (B) g-C3N4, NC700, and NC900. (C) Raman

spectra of GO and CN materials.

Fig. 5 Elemental distribution in CN materials. EDS mapping of (A) N-GO550, (B) NC700, (C) and NC900.

gradually decomposed and formed nitrogen-doping sites
within the carbon lattice with smaller graphitic domains, as
evidenced by TEM characterization (Fig. 5), with the
produced gases contributing to templating the mesoporous
structure with higher surface area and larger pore volume.
The latter effect is less pronounced in NC900 synthesized
at a higher temperature, which likely promoted faster
removal of gases from the voids between graphitic domains
and resulted in mesoporous architecture with a smaller
surface area and pore volume than in NC700.

Surface area analysis using nitrogen physisorption

supports these conclusions and provides further

1326 | RSC Appl. Interfaces, 2025, 2, 1320-1330

quantification of pore distribution inaccessible with TEM
(Fig. 6). The N, adsorption-desorption isotherms of N-
GO550, NC700, and NC900 are type IV with H3 hysteresis
loops, which indicate mesoporous materials and wedge-
shaped pore structures (Fig. 6). The hysteresis loop extends
to higher relative pressure in NC700 than in NC900,
indicating the prevalence of larger mesopores. We observed
that N-GO550 has a surface area and pore volume of 65.6
m? g and 0.19 ecm® g™, respectively, while NC700 and
NC900 exhibit higher surface areas (319.9 and 258.5
m? g™") and larger pore volumes (0.67 and 0.50 cm® g™)
(Table 2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Mesoscale structure of CN materials. (A) N, adsorption-desorption isotherm of N-GO550, NC700 and NC900. (B) Calculated porosity of N-

GO550, NC700 and NC900.

Isotope exchange in CN materials

These differences in porosity and N-speciation between N-GO
and NC materials affect their propensity towards hydrogen
chemisorption. Previously, various carbon blacks - including
nitrogen-doped carbon - have been shown to catalyze H/D
exchange.”® Because the linewidth gas phase spectrum of H,
is of the same order or larger than the splitting of HD,
previous NMR studies used linewidth analysis of the gas
phase spectrum or dissolved the product gas in a solvent
where the spectra are easily separable.’ In this work, we take
advantage of the fact that the gas phase spectrum narrows as
the pressure increases — at 25 bar it is approximately 13 Hz,
while the splitting of the HD doublet is ~40 Hz. We found
the 2H spectrum to be much more useful than the 1H
spectrum, as it had no background from the probe or
residual protons in the sample. Additionally, the doublet of
the HD product (J ~ 40 Hz) was much easier to deconvolute
from the D, starting material than the corresponding HD
triplet from the overlapping singlet of the H, in the 1H
spectrum. The identity of the change in the spectrum was
confirmed to be from HD by recording both 1H and 2H
spectra with and without decoupling the corresponding
nuclei (Fig. S3t%). In initial tests, we compared the
effectiveness of our materials at several temperatures, with
some showing no detectable exchange at 20-80 °C over a day.
Therefore, we chose to compare the relative rate of exchange
at 144 °C (Fig. 7A). Approximately 5 mg (2.5 mg in the case of

Table 2 Structure and porosity of CN materials

Surface area Vineso+macro Vicro Average pore
(m*g™) (em® g™ (em®g™)  diameter (nm)
N-GO550 65.6 0.19 0.01 12.0
NC700 319.9 0.67 0.05 8.0
NC900 258.5 0.50 0.05 8.2

© 2025 The Author(s). Published by the Royal Society of Chemistry

the much less dense N-GO) was placed in a 5 mm rotor and
pressurized with a 2:1 mix of H,/D, to 25 bar. An internal
volume of 140 ml corresponds to 0.048 mmole of D, and
0.096 mmole of H, (for comparison, 5 mg of 12C would be
0.417 mmole). The 2H NMR spectrum was collected every 20
minutes over 12 hours (Fig. 7B and C). The initial rate was
determined by area normalizing the spectra and then
calculating a difference spectrum at the 1 hour time point,
subtracted from the initial spectrum. Loss of D, manifested
as a negative tending peak in the center, while growth in HD
could be seen from a pair of flanking positive peaks in the
difference spectrum (Fig. S47). Integration showed that
positive and negative areas were equal (within the limitations
of S/N). The relative initial rate was calculated as the increase
in the fraction of HD over the first hour, where the change in
reactants was less than 5% to ensure pseudo-first order
conditions.

The results reveal that all nitrogen-doped carbons show
higher reaction rates than a commercial high surface area
carbon black (surface area 230 m” g™).

Previous studies reported the enhancement of the activity
of N-doped carbon materials towards hydrogen and it was
expected that Vulcan carbon, which served as a N-free
reference, would have the lowest exchange rate. The observed
differences in H/D exchange rates in N-GO, NC700, and
NC900 are likely to reflect the differences in N arrangement
and speciation. XPS experimental and theoretical C 1s spectra
indicate higher content of N3-motifs in N-GO550 and NC900
compared to NC700. These motifs create a local electron-rich
environment promoting H/D exchange. XPS spectra of
NC700, in contrast, do not show a significant presence of N3-
motifs with the prevalent N-species are isolated graphitic N
(C-N) and N2-motifs (Fig. 1), hence slower H/D exchange in
NC700. The finer difference between N-GO550 and NC900
stems from the differences in N-speciation within N3-motifs.
In N-GO materials, the largest fraction of N species is

RSC Appl. Interfaces, 2025, 2,1320-1330 | 1327
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spectrum for all reactions (17th hour), NC900 (blue), NC700 (teal), N-GO550 (green), and Vulcan carbon (red). Gray vertical lines show the

position of HD product peaks.

pyridinic N, some of which form an N3-motif around C
vacancy. Instead, in NC900 the N3-motifs are mainly
populated by graphitic N.

4. Conclusions

The study provides insights into synthetic pathways for
controlling the structure and dopant speciation and
clustering in free-standing carbon materials. We showed that
the choice of carbon precursor not only defines materials’
architecture and porosity but also affects the speciation of
N-dopants and clustering to form various N-motifs. The
materials derived from graphene oxide form extended
graphitic domains. N substitution predominantly at defect
sites leads to a large fraction of pyridinic N at vacancy sites,
with the most stable N3 and N4 motifs decorating single
vacancy and 5-8-5 defects, respectively. The most common
motif in carbon nitride-derived materials (NCs) is CN3,
which is analogous to N3 configuration at a single vacancy
site. The increase in annealing temperature results in a loss
of isolated graphitic N, thereby increasing the relative
content of CN3 motifs, enhancing NCs' activity. N3 and CN3
motifs have different local electron-rich environments, which
control hydrogen activation kinetics. These complementary
synthesis approaches, thereby, provide a method for
controlling N speciation at constant N-content for fine-
tuning the activity of N-doped carbon materials for hydrogen
storage.
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