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Introduction

Direct dehydrogenation (DDH) of alkanes is a vital process for
producing commodity chemicals (olefins,
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Temperature-Driven Reaction Pathways in Alkane Direct
Dehydrogenation over Metal-Free Nitrogen Doped Carbocatalysts

Jie Zhang™®, Ranjan K. Behera™, Vy T. Nguyen', Zhenhao Liu®, Juan D. Jimenez®, Kasala Prabhakar
Reddy?, Jorge Moncada®f, Cherno Jaye®, Jinsu Oh? Chao Meng*®, Lin Zhou*®, Dr. Sanjaya D.
Senanayake?, Bin Wang*<, Long Qi**, Wenyu Huang*?®°

Metal-free heteroatom-doped carbocatalysts are promising alternatives to precious metals for alkane direct
dehydrogenation/hydrogenation and reversible hydrogen storage, yet the nature of their active sites remains poorly
understood. This study investigates a nitrogen assembly carbocatalyst (NAC) for efficient and selective hydrocarbon
dehydrogenation. For ethylbenzene, NAC maintains a selectivity of >99% towards styrene at a conversion of >20% for 120
hours at a weight hourly space velocity of 0.4 h1. Theoretical studies suggest that closely spaced graphitic nitrogen sites are
the active sites for the chemisorption and dehydrogenation of ethylbenzene, and the robustness of these sites is supported
by ambient-pressure X-ray photoelectron spectroscopy. Kinetic analysis reveals a temperature-dependent reaction profile,
with distinct activation energies and reaction orders at 300 and 500 °C. Isotope-labeling studies indicate that
dehydrogenation primarily proceeds via initial cleavage of the benzylic C-H bond, and the faster desorption of ethylbenzene
at higher temperatures contributes to the difference in kinetic behavior. Importantly, the NAC catalyst also enables efficient
hydrogenation of styrene back to ethylbenzene at 250 °C, allowing for reversible hydrogen storage using a single catalyst at
moderate temperatures. These findings underscore the significance of constructing high densities of closely spaced graphitic
nitrogen in carbocatalysts for enhanced activity and selectivity.

especially those containing precious metals, are commonly
used in catalytic DDH reactions,[* 5] but metal sintering and
coking are frequently encountered (typically at 400 to 700 °C).¢é-
9 In addition, very few reports used the same catalysts to

aromatics, and ) . )
achieve reversible hydrogen storage for dehydrogenation and

hydrogen).l1l In particular, the DDH of propane and ethane is
highly desirable with the surging supply of shale gas.[2l DDH is
also a key transformation for reversible hydrogen storage using
liquid organic hydrogen carriers (LOHCs), such as
methylcyclohexane.3] The liquid nature and chemical stability
of LOHCs at ambient conditions make them unique and
desirable for long-term storage, long-range transportation, and
global trading, in contrast to compressed or liquefied hydrogen.

The acceptorless DDH of alkanes typically requires high
temperatures and thus significant energy input to achieve
satisfactory conversions. Transition metal-based catalysts,
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rehydrogenation.[19 Therefore, developing alternative catalysts
for DDH and reverse reactions with higher stability and activity
is critical to advancing efficient hydrocarbon transformation
and reducing energy consumption.

Recently, metal-free carbon-based catalysts, including
nanodiamonds, activated carbon, carbon nanotubes, or
heteroatom-doped carbon materials, have been widely studied
for DDH reactions of alkanes and oxygenates.[11-13] For example,
the nanodiamond catalyst exhibits high activity for
ethylbenzene DDH reaction with a styrene yield of 40% at 550
°C, higher than that of the commercial potassium-promoted
Fe,03 catalyst.['4l The oxygen-containing functional groups
(e.g., ketone, lactone, etc.) on the carbon surface have been
proposed as the active sites for alkane activation.[*5! Besides
oxygen species, doping with heteroatoms (in particular
nitrogen) also enhances catalytic activity for non-oxidative
alkane dehydrogenation.[16-18]

In our previous work, nitrogen assembly carbocatalysts
(NACs) exhibited outstanding DDH activity toward various
molecules containing N-heterocycles, and full dehydrogenation
products can be achieved even at room temperature.[!8] The
closely spaced graphitic nitrogen atoms (or graphitic nitrogen
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Figure 1. NAC catalyst synthesis and structural characterization. (a) Scheme of the synthetic method for the NAC catalyst. (b, c) Transmission electron microscopy images of the NAC

catalyst. (d-g) Aberration-corrected high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images and energy dispersive spectroscopy (EDS)

mapping of the NAC catalyst. Carbon element is presented in green and nitrogen in red in the EDS mapping. (h) Nitrogen K-edge Near-edge X-ray absorption fine structure (NEXAFS)
spectra of NAC catalyst (TEY refers to total electron yield, a detection mode that is more bulk-sensitive, while PEY refers to partial electron yield, which is more surface-sensitive). (i)

N 1s and C 1s X-ray photoelectron spectroscopy (XPS) spectra of the NAC catalyst. Showing pyridinic N (blue), pyrrolic N (purple), graphitic N (green), and pyridine N-oxide (red) in N
1s spectra and C-C/C=C (red), C-N (blue), and C=N (green) in C 1s spectra. Intensity is reported in arbitrary units (a.u.).

assembly) were proposed as the most plausible active sites for
DDH; however, the lack of suitable characterization techniques
makes it difficult to decipher the DDH reaction mechanism and
pathway on NAC catalysts at the atomic level. Herein, we
investigated the NAC catalyst for the gas-phase
dehydrogenation of four hydrocarbon substrates. The NAC
catalyst exhibits high and stable dehydrogenation activity,
allowing for detailed kinetic, spectroscopic, and mechanistic
interrogation to elucidate the active site structures and surface
reactions. Kinetic studies and isotope-labeling experiments
reveal distinct temperature-dependent reaction pathways,
resulting from the different reactivities of surface chemisorbed
intermediates, as supported by theoretical studies. The same
catalyst can effectively transform styrene back into
ethylbenzene at 250 °C, which lays the foundation for efficient
and reversible hydrogen storage and release using a single
catalyst under mild conditions.

2 | J. Name., 2012, 00, 1-3

Results and discussion
Synthesis and Characterization.

The nitrogen-assembly carbon (NAC) catalyst was synthesized
utilizing a hard templating method.[18-20] As illustrated in Figure
la, ethylenediamine and carbon tetrachloride were cross-
polymerized in the mesopores of SBA-15 silica (a surface area of
=780 m2/g and a pore diameter of =7.5 nm, Figure S1). The
resulting mixture was then pyrolyzed at 800 °C under flowing
argon, followed by silica etching to obtain the carbon catalyst.
The wide-angle powder X-ray diffraction (XRD) patterns showed
only two broad peaks, centered at 25° and 43° (Figure S2), which
were assigned to diffraction from the (002) and (004) planes of
the graphitic carbon, respectively.l?2ll Transmission electron
microscopy (TEM) images of the NAC catalyst are presented in

This journal is © The Royal Society of Chemistry 20xx
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Figures 1b-1c and S3. Low-magnification TEM images reveal
that the catalyst exhibits ordered parallel mesopores (Figure
S3), corroborated by the high surface area of the NAC materials
(670 m2/g) measured by the N, physisorption (Figure S4). In
addition, high-magnification TEM images reveal that the
catalyst features parallel mesoporous with a
periodicity of 8.2 nm (Figure 1c).

channels

High-angle annular dark field (HAADF) imaging using an
aberration-corrected scanning transmission electron
microscopy (STEM) combined with electron energy
spectroscopy (EELS) was used to investigate the distribution and
coordination environment of elements. The EELS spectrum
(Figure S5) displays two types of carbon K-edge peaks: (1)
1s->m* transition at 285 eV and (2) 1s->0* transition at 290 eV.
Additionally, two peaks between 396 eV and 421 eV indicate the
presence of nitrogen atoms. No significant energy loss between
520 and 560 eV, indicating the amount of oxygen species, which
are frequently viewed as active sites in carbocatalysts for direct
dehydrogenation reactions, is below the detection limit.[22l The
homogeneous spatial distributions of carbon and nitrogen
elements in the NAC catalyst were visualized by EELS mapping
based on the intensity variation of their energy loss peaks
(Figure S6a) and energy dispersive spectroscopy (EDS) mapping
of the NAC catalyst (Figures 1d-1g).

loss

Near-edge X-ray absorption fine structure spectroscopy
(NEXAFS, Figure 1h) has been applied to determine the chemical
environment of the NAC catalyst. N K-edge NEXAFS spectra
illustrate that the N atoms are incorporated into the graphene
lattice as pyridinic and graphitic Ns, with peaks at approximately
398.5 eV and 401.2 eV, respectively. Another pronounced mt*-
resonances at 399.9 eV is attributed to pyrrolic N. The oxidized
nitrogen species could be responsible for a shoulder at the high-
energy side of the peak (=403.0 eV).[23] The peak at =408.0 eV is
assigned to the o* C-N-C or C-N bonds.['2] The signals were
collected in partial electron yield (PEY) and total electron yield
(TEY) detection modes, which are surface- and bulk-sensitive,
respectively.24l The fact that PEY and TEY spectra are nearly
identical further confirms that all N and C species are
distributed evenly in the bulk and surface of the material.

Furthermore, the quantities of individual carbon and nitrogen
species in the NAC catalyst can be assessed by X-ray
photoelectron spectroscopy (XPS). The total carbon and
nitrogen content of the NAC catalyst is 91 and 9 at%,
respectively, equivalent to a C/N ratio of 10.3. Based on the
results of N K-edge NEXAFS, the N 1s XPS peak can be
deconvoluted into four peaks assigned to pyridinic, pyrrolic,
graphitic, and pyridine N-oxide species, with the relative ratio
of 31, 19, 40, and 9 %, respectively. The C 1s peak region in the
XPS spectrum (Figure 1i) was deconvoluted to three peaks at
around 284.6 eV, 285.2 eV and 285.7 eV, assigned to C-C/C=C,
C-N, and C=N with the relative ratio of 36, 42, and 22 %,
respectively, further confirming the presence of abundant
nitrogen dopants in the carbon network.

The wide XPS survey showed no metal species of detectable
quantity. (Figure S7). The metal-free nature of the NAC catalyst

This journal is © The Royal Society of Chemistry 20xx
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was also validated by inductively coupled plasma..mass
spectrometry (ICP-MS) analysis (Table S1P@oWtiol ¥hperivhetits
(Figure S8) using a metal-free activated carbon and an empty
reactor (no catalyst) were performed to confirm that the
observed activity originates primarily from the active sites of
NAC.

Overall, the characteristics of the NAC catalyst, including high
nitrogen content, homogeneous dispersion, large surface area,
and ordered mesoporosity, not only provide a high density of
accessible active sites but also permit the molecular-level
investigation of the structures of active sites and reactive
intermediates together with the bond activation mechanism.

Catalytic studies.

The direct dehydrogenation of ethylbenzene over the NAC catalyst
was carried out in a plug-flow reactor at various temperatures, using
a feed rate of 0.4 geg-geat1-h"1 and a partial pressure of 56 Pa (Figures
2a and S9). Styrene formation is observed as low as 180 °C, which is
a rare occurrence for metal-based or metal-free catalysts.[25 26]
Considering the thermodynamic limitation (equilibrium conversion =
1 % at 180 °C, Figure S10), this highlights the NAC catalyst’s superior
activity, making it a promising candidate for LOHC applications. At
300 °C, a steady-state conversion of 10 % was achieved at long
contact time (0.07 ges'8catl-h’l, Figure S11) and a steady-state
reaction rate of 0.2 mmol-g1-h-1 at short contact time (0.4 geg-gcat 1h"
1, Figure 2a). At 550 °C, reactions at different contact times were
investigated (Figure 2b). The steady-state reaction rate of 6.0
mmol-g't-h-1 was achieved at the weight hourly space velocity
(WHSV) of 8.0 h'! (Figure S12), ranking it among the top-performing
carbon-based metal-free catalysts (1 to 7 mmol-g1-hl, Table S2)
reported for the ethylbenzene DDH reaction.[12 22]

Ethylbenzene conversion remained nearly constant at 300 and 400
°C. A similar phenomenon was also observed in a temperature-
programmed reaction (TPR) when ethylbenzene conversion initially
rises to 8 % at 250 °C, remains steady up to 350 °C, then increases to
40 % at 550 °C (Figure S13). To understand temperature-dependent
behavior, the temperature-programmed desorption (TPD)
experiment was performed for ethylbenzene and styrene, showing
desorption peaks at 274 and 310 °C, respectively (Figure S14). The
higher  desorption temperature indicates that stronger
chemisorption of product styrene over reactant ethylbenzene, which
inhibits the reaction in the temperature range of 300 to 400 °C.

Over a time-on-stream study of 120 h at 550 °C (Figure 2c), styrene
selectivity remained >99%, which demonstrates that the NAC
catalyst does not induce typical side reactions common to metal
oxide and activated carbon catalysts, such as dealkylation.[*4 The
conversion initially drops from 40 % to 20 % in the first 20 h, and then
remains stable in the next 100 h. The thermal stability of active sites
under reaction-relevant conditions is probed by in situ ambient-
pressure X-ray photoelectron spectroscopy (AP-XPS), conducted
from 25 °C to 370 °C in both vacuum and hydrogen atmospheres
(Figure S15). The absence of apparent changes to nitrogen species
indicates the robustness of the graphitic nitrogen based active sites
under elevated temperature and exposure to H,. EELS study of the
used catalyst after the 120-h reaction (Figure S16) shows the C K-

J. Name., 2013, 00, 1-3 | 3
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Figure 2. Catalytic performance for ethylbenzene dehydrogenation over the NAC catalyst. (a) Ethylbenzene dehydrogenation at different reaction temperatures. Conditions: catalyst
20.0 mg, ethylbenzene 56 Pa, WHSV of 0.4 g8t -h2, and He 50 mL-mint (STP) at variable temperatures. Initial and steady states were calculated based on results at the time-on-
stream of <10 min and 10 h, respectively. (b) Ethylbenzene conversion and reaction rate as a function of WHSV. Conditions: catalyst (1.0 to 20.0) mg, ethylbenzene 56 Pa and WHSV
of (0.4 to 8.0) gep'8eat -h! at 550 °C. (c) Stability of ethylbenzene dehydrogenation reaction. Conditions: catalyst 20.0 mg, ethylbenzene 56 Pa, WHSV of 0.4 ggz-gco-hl, and He 50
mL-min-1 (STP) at 550 °C. (d) Arrhenius plots for NAC catalyst at (270 to 300) °C and (520 to 550) °C. Conditions: Catalyst (10.0 to 20.0) mg, ethylbenzene 56 Pa, ethylbenzene feeding
rate of 0.15 pL-min-t, and He 50 mL-min! (STP); the ethylbenzene conversion was maintained at levels significantly below equilibrium, less than 10 % at high temperatures and below
5 % at low temperatures. (e) Effect of temperature, ethylbenzene concentration, and hydrogen on the ethylbenzene reaction orders. Conditions: (10.0 to 20.0) mg catalyst, He 50
mL-min- (STP), H, 17.5 mL-min-! (STP), at 300 or 500 °C. Low and high ethylbenzene concentrations were measured at (0.15 to 1.5) pL-min-t and (2.0 to 5.0) pL-min-, respectively.

The catalyst was initially allowed to equilibrate for 40 min to 10 h at a given reaction temperature.

edge 1s — m* signal (~285 eV, from sp? carbon) slightly decreases in
relative intensity, while the 1s — * peak region (onset ~290 eV,
from both sp? and sp3 carbons) increases. The slight increase of
sp3/sp? ratio likely results from the irreversible adsorption of sp3-rich
molecular intermediates onto highly active surface sites in the
absence of graphitic coke formation during the reaction, which will
lead to enrichment of sp? carbon in contrast.

The activation energies were assessed over two different
temperature ranges (270 to 300 °C and 520 to 550 °C). As shown in
Figures 2d and S17, the apparent reaction barriers (Ea,app) are 49
kiJ/mol and 86 kJ/mol, respectively, suggesting distinct reaction

4 | J. Name., 2012, 00, 1-3

kinetics in these two temperature regimes. Furthermore, we
measured the reaction order for ethylbenzene by varying the partial
pressure of ethylbenzene at 300 and 500 °C, with and without H,
(Figure 2e). At 300 °C, the reaction order with respect to
ethylbenzene slightly decreases from 0.4 to 0.3 as the partial
pressure increases from low (56 to 560 Pa) to high (747 to 1867 Pa)
concentrations because of active site saturation by the reactant.
When co-feeding 26 kPa H; at high ethylbenzene coverage, the rate
order drops to 0.1. The further decrease in ethylbenzene rate order
is likely caused by hydrogen-induced suppression of the net reaction
rather than decreased coverage of chemisorbed ethylbenzene, and

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Identification of reaction pathways for ethylbenzene DDH over NAC Catalyst. Isotope labelling experiments with ethylbenzene-d;oand hydrogen were performed at variable
temperatures, with the effluent analyzed using offline 'H NMR (a, b) and online MS (c) and FID. Conditions: catalyst 20.0 mg, ethylbenzene 56 Pa, WHSV of 0.4 geg-gcar°h%, He 32.5
mL-min (STP), and H2 17.5 mL:min-t (STP). The H/D exchanged species are denoted as o,B,, where x and y represent the number of deuterium atoms at the a and B carbons,
respectively. Cis- and trans-isomers of partially H/D-exchange styrene are labelled as Z and E, respectively. (d) Proposed main reaction pathway.

thus, the reaction becomes less sensitive to the ethylbenzene partial
pressure. At 500 °C, the reaction order also decreases from 0.5 to 0.2
as the ethylbenzene partial pressure increases. However, in the
presence of 26 kPa H,, the reaction order for ethylbenzene increases
to0 0.5, suggesting reduced coverage of chemisorbed ethylbenzene by
hydrogen at elevated temperatures. A clear understanding of the
distinct kinetic behaviors demands molecular-level mechanistic
studies of surface intermediates and bond activation.

Mechanistic Studies.

Isotope labeling experiments are a powerful tool to indirectly
identify surface intermediates and their reactivities when direct
experimental observation is not possible. Here, we conducted
experiments by co-feeding per-deuterated ethylbenzene

This journal is © The Royal Society of Chemistry 20xx

(CsD1o) and H; at variable temperatures (150, 300, 500 and 550
°C) and monitored the effluents using a cascade of offline and
online monitoring methods, including off-line solution nuclear
magnetic resonance (NMR) spectroscopy (*H and 3C), online
gas chromatography with flame ionization detector (GC-FID),
and online mass spectroscopy (MS) with the experimental setup
illustrated in Figure S18. Hydrogen/deuterium (H/D) scrambling
can occur to both ethylbenzene and styrene because of the
reversible chemisorption of all reaction species. H/D
distributions in different chemical environments of reaction
species can be assigned in H and 13C NMR spectra of the gas
effluent dissolved in dimethylsulfoxide-ds, based on spectra of
authentic samples and literature results.27. 281 GC results
showed similar conversions and yields at variable temperatures

J. Name., 2013, 00,1-3 | 5
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for deuterated and naturally abundant ethylbenzenes,
indicating that reactant deuteration did not significantly
influence the catalyst’s activity (Figure S19). In the MS spectra
(Figures 3c and S20), all H/D-exchanged isotopologues exhibit
higher intensities as the temperature increases from 300 °C to
500 °C; further increasing the temperature to 550 °C increases
the signal intensity for styrenes but not for ethylbenzenes.
Under all conditions, H/D exchange only occurs at the aliphatic

positions based on NMR and MS results.

At 150 °C, styrene formation was not detected in the TH NMR
spectra, confirming that the conversion was below 1 % based
on the GC analysis. The partially protonated ethylbenzene
signals in the TH NMR spectra primarily originated from residual
protons in the starting CsD1o (commercially procured, 97% D).

At 300 °C, the 'H NMR and MS results clearly reveal the
formation of H-incorporated styrene isotopologues (o180 and
a1B1). H/D exchange at the styrene only occurs to B- but not a-
position, suggesting that ethylbenzene chemisorption occurs
through cleavage of a single Co-H bond, forming intermediate 11
(Figure 3d). Interestingly, MS results show the formation of a
substantial amount of H-incorporated styrene isotopologues
(a1Boand aiBs; m/z=111and 110, respectively), suggesting that
the rate for Cg-D activation (k2) and H/D exchange via
intermediate 12 is fast compared to that for ethylbenzene
desorption (k-3) to enable multiple H/D exchange. Despite a high
surface coverage of ethylbenzene, the absence of H
incorporation into deuterated ethylbenzene by both 1H and 13C
NMR (Figures 3b and S21) suggests that the chemisorption of
ethylbenzene is irreversible with a very slow reaction rate for 11
desorption versus for 11 formation (k.1<<ki) while trace MS
signals corresponding to ethylbenzene (m/z = 114 and 115) is
attributed to residual protons in the starting CsDio as well,
rather than to newly formed products.

At (500 to 550) °C, in addition to the aiBy (y = 0,1) styrene
isotopologues previously observed at 300 °C, protonation at
styrene C, position occurs, as evidenced by the detection of
new aofy (y = 0,1) species shown in the 'H NMR spectra. The
formation of styrene-aofy can be attributed to three pathways:
(1) formation of intermediate 13 (Figure S22a) by abstraction of
one more Co-H/D from 11, (2) reversible styrene chemisorption
(Figure S22b), and (3) reversible ethylbenzene chemisorption
(Figure 3d). While the 1st pathway is ruled out by the
significantly higher activation barrier indicated by the
theoretical study (discussed in the section below, Figure 4b),
H/D scrambling occurs unselectively to both C4-H and Cg-H of
ethylbenzene in the 2nd pathway but selectively at the Cq
position of ethylbenzene in the 3 pathway (Figure S22). The
13C NMR spectra can clearly show the extent of deuteration at
each carbon due to negligible through-bond coupling (Figure
S21). A much lesser extent of H/D scrambling in ethylbenzene
isotopologues (axPy) observed at Cp (y=2,3) versus Cq (x=0,1,2)
positions indicates that ethylbenzene chemisorption becomes
reversible (k.1= or >k;) and ethylbenzene desorption rate (k.1) is
faster than that for Cg-D activation (k2). As discussed above, the
two-slope Arrhenius behavior (E, = 49 kJ-mol-1 at 300 °C and Ea
=86 kJ-mol-1 at 500-550 °C) supports a temperature-dependent

6 | J. Name., 2012, 00, 1-3

shift in the apparent rate-controlling process. In this scenarie.
the measured E, reflects contributions fréi 18otRReSIHIPRISIE
surface temperature-dependent
adsorption/coverage terms. Under high-coverage conditions at
low temperature, adsorption (and the associated site-blocking
effects) dominates the temperature dependence of the
observed rate, yielding a lower apparent E,. At higher
temperature, surface coverage decreases and vacant sites are
restored, so the intrinsic surface reaction becomes rate limiting
and the apparent E, approaches the true kinetic barrier for
dehydrogenation.

reaction and

In summary, at 300 °C, ethylbenzene dehydrogenation
initiates with irreversible cleavage of C4-D to form the surface
sorbed intermediate 11 (chemisorbed ethylbenzene), and 11
further undergoes multiple Cg-D bond activations via 12 prior to
slow styrene desorption. At 500-550 °C, the ethylbenzene
chemisorption is reversible, resulting in more pronounced H/D
scrambling at C, position of ethylbenzene and styrene. The
temperature-dependent reversibility  of  ethylbenzene
chemisorption, forming 11, is corroborated by H-induced
changes in the ethylbenzene rate order (Figure 2e).

Theoretical studies.

Density functional theory (DFT) calculations were performed to
gain molecular-level insights into the bond activation
mechanism of ethylbenzene dehydrogenation on the NAC
catalyst. Our previous DFT study revealed a sharp peak near the
Fermi level in the density of states (DOS), indicating the high
reactivity of carbon atoms near nitrogen sites, where desorbed
hydrogen preferentially adsorbs.l21] Experimental evidence
suggests the presence of two intermediates, 11 and 12 (Figure
3d). Consequently, energy diagrams for ethylbenzene
dehydrogenation were constructed on four potential nitrogen
assembly sites with 2-4 graphitic nitrogens (Figure 4a).

The adsorption energy of ethylbenzene on all four NAC sites
is —1.14 eV, indicating strong adsorption that leads to high
coverage and reduced reaction order in ethylbenzene. During
Co-H cleavage to form intermediate 11, the computed intrinsic
activation barriers for 2N, and 3N are 2.25 eV and 1.44 eV,
respectively, whereas for 2N, and 4N, this step proceeds
barrier-free with reaction energies of 1.83 eV and 0.61 eV,
respectively. The second step, Cg-H cleavage to form styrene,
exhibits very comparable intrinsic activation barriers among all
different nitrogen configurations (1.07 eV for 3N). These
findings suggest that the investigated configurations with 2-4
closely-spaced graphitic nitrogens show low activation barriers
for ethylbenzene dehydrogenation, in particular with 3N, which
demonstrates the highest catalytic activity because of the
enhanced stability of the partially dehydrogenated
ethylbenzene. The calculated activation energy for
ethylbenzene dehydrogenation on 3N is lower than on iron
oxide catalysts (ca. 1.69 eV),[2°] corroborating the superior
performance of the NAC catalyst at mild reaction conditions.

In addition, we also considered another reaction path on I1,
involving the cleavage of a second C4-H to form intermediate 13

This journal is © The Royal Society of Chemistry 20xx
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(labelled as 13’ in Figure 4b). This path was calculated using the
most active 3N substrate, illustrated as a dashed line in Figure
4b. Apparent barriers for the additional Co-H and Cg-H cleavage
to form 12’ and 13’ (2.06 eV and 2.81 eV, respectively) are
significantly higher than the formation of physiosorbed styrene
(12, —0.15 eV), suggesting these additional C-H activation steps
of 11 are energy-prohibitive. By ruling out other potential C-H
activation steps, we refine the hypothesis for the observed H/D
scrambling at the styrene C, position only at 500-550 °C to the
reversible ethylbenzene chemisorption pathway (Figure 3d),
which is further evidenced by similar energy barriers for the
interconversion of the physiosorbed and chemisorbed
ethylbenzene (10 and 11, respectively).

nical Sciencer:|j= i

ARTICLE

To further demonstrate the versatility of the NAG,catalyst we
explored its catalytic performance on the: DDPESEREEIEAZE ST
three other alkanes (cyclohexane, decalin, and tetralin) as
promising LOHCs. The NAC catalyst effectively catalyzed C-H
bond activation of all three six-membered ring LOHCs at 550 °C
(Table 1 and Figure S23), typically requiring transition metal
ensembles.[10. 301 For cyclohexane, 34 % conversion was
achieved with 85 % selectivity for cyclohexene and 15 % for
benzene. As for decalin, the conversion was 35 %, with
selectivities over 88 % and 12 % for tetralin and naphthalene,
respectively. For tetralin, 40 % conversion was observed with 97
% selectivity towards naphthalene. These results highlight the
alkane DDH activity of NAC catalysts comparable to transition

(a) Compare the reaction pathway over different substrates
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Figure 4. Reaction pathway of ethylbenzene direct dehydrogenation over the NAC catalyst. (a) Energy diagrams for ethylbenzene dehydrogenation to styrene on different NAC
substrates. The insets show the calculated structures of reaction intermediates and transition states for the reaction on the 3N configuration. (b) Energy diagram of ethylbenzene

dehydrogenation on the 3N configuration. The solid line represents the low-temperature reaction route as shown in Figures 3d and 4a, while the dashed line represents the pathway

where intermediate /1 undergoes second C,-H bond cleavage and further dehydrogenation/hydrogenation to form styrene. "I" denotes the intermediate, and "TS" denotes the
transition state. Note: To reduce computational costs, the substrate is assumed to be pristine, and the hydrogen at the middle C is involved in the second step. The NAC model used

in our DFT calculations is an idealized representation introduced to probe the local catalytic role of graphitic N configurations, and therefore it should not be interpreted as reflecting
the exact nitrogen-to-carbon ratio or the precise distribution of N species in the experimental NAC catalysts.

Substrate scope study of dehydrogenation.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Substrate scope study for LOHCs dehydrogenation.2

Entry LOHC Conv. Product Selec. (%)
(%)
@ +Ha 85.0
1 O 338
@ +3H, 15.0
C@ +3H, 87.9
2 C() 35.1
+5H; 12.1
3 (Ij 39.9 +2H; 97.2

a Reaction conditions: 10.0 mg catalyst, 550 °C temperature, 5 mL-:min-1 He through
a saturator for alkane substrates, and a total He flow rate of 50 mL-min-1.

Reversible hydrogen storage.

A process using the same catalyst to achieve both dehydrogenation
and rehydrogenation has unique techno-economic benefits for
reversible hydrogen storage. Thus, for a proof of concept, the same
NAC catalyst was evaluated for the rehydrogenation of styrene to
ethylbenzene. The NAC catalyst converts styrene to ethylbenzene
with 100% selectivity and ca. 45% conversion at a feeding rate of
0.218styrene'8cat. 2-ht @t 250 °C (Figure S24). The fact that NAC can
catalyze both the hydrogenation and dehydrogenation reactions
makes it possible to use a single catalyst to perform reversible
hydrogen storage at a moderate temperature (250 °C, Figure S25).

Conclusions

In this work, we demonstrate a highly effective metal-free
nitrogen assembly carbon (NAC) catalyst for direct
dehydrogenation (DDH) of alkanes (ethylbenzene, cyclohexane,
decalin, and tetralin), exhibiting superior activity and selectivity.
Notably, the catalyst is also capable of efficiently hydrogenating
styrene back to ethylbenzene at 250 °C, demonstrating its
potential for reversible hydrogen storage using a single, metal-
free catalytic system. AP-XPS characterization confirmed the
stability of nitrogen species for DDH across the temperature
range and DFT calculations revealed that carbon atoms near
closely spaced graphitic nitrogen sites are critical for hydrogen
and C-H bond activation. The apparent reaction barriers differ
at low (=300 °C) and high temperatures (=500°C), which can be
explained by changes to the reversibility of surface reactions
elucidated by isotope labeling experiments and cascade
reaction monitoring. This work advances the molecular-level
understanding of surface sites, bond activation mechanism, and
reaction kinetics of metal-free carbocatalysts in direct
dehydrogenation reactions, offering valuable insights into
prospective design of catalysts alternative to precious metals
for reversible hydrogen storage.
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