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Dual frustrated pairs on GaN surfaces achieve both high catalytic activity and high propylene selectivity for propane
dehydrogenation. The Ga::N pairs promote C-H cleavage in propane, whereas Ga--Ga pairs enable facile desorption of
propylene.
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ABSTRACT: Propane dehydrogenation to propylene represents a key route for replacing traditional petroleum-based processes. However,
conventional Pt-based catalysts are limited by an intrinsic scaling relationship between C—H activation capability and propylene adsorption
strength, such that enhancing catalytic activity would lead to the reduction of propylene selectivity and even coking. Herein, we demonstrate
that the cooperative frustrated Ga---N and Ga---Ga pairs on GaN can effectively break the linear scaling relationship. The frustrated Lewis
pairs (Ga---N) facilitate the rate-limiting step of the first C—H bond dissociation in propane, with a Gibbs free energy of activation of 1.63 eV,
slightly lower than that on the conventional Pt—Sn catalyst (1.81 eV). The frustrated metal pairs (Ga---Ga) are responsible for 1-propyl
dehydrogenation, exhibiting weak propylene adsorption and further suppressing the deep dehydrogenation of propylene. Kinetic Monte Carlo
simulations based on the overall reaction network indicate that GaN exhibits excellent catalytic activity, with a turnover frequency of 18.33 s7!
for propylene production, significantly higher than that of Pt-based catalysts. This study not only elucidates how the cooperation of frustrated
Ga N and Ga---Ga pairs breaks the linear scaling relationship, but also provides insights for the design of novel catalysts for propane

dehydrogenation.

KEYWORDS: breaking scaling relationship, propane dehydrogenation, frustrated Lewis pairs, frustrated metal pairs, gallium nitride

1 Introduction

Propane dehydrogenation (PDH) provides a non-petroleum-
based route for propylene production by utilizing low-cost
byproduct propane from shale gas, thereby significantly
enhancing the economic efficiency.[1-3] The PDH process is
also environmentally sustainable, with carbon emissions of only
2.2 kg-COzeq/kg-propylene, which is significantly lower than
that from traditional coal-to-propylene routes (16.4 kg-
COzeq/kg-propylene).[4] However, the PDH reaction is highly
endothermic (AH = +124 kJ/mol) with an increase in the number
of gas molecules, which thermodynamically favors propane
conversion at high temperatures or low propane partial
pressures.[S] Consequently, the PDH reaction is typically
conducted at high temperature of 550-600 °C and atmospheric
pressure to achieve significant propane conversion. Since the
1980s, two commercial processes have become the most widely
adopted for industrial PDH. One commercial technology is the
Oleflex process developed by UOP, which employs a moving-
bed reactor with Pt-Sn/Al,Os catalysts.[6] In contrast, the
Catofin process, developed by Lummus, utilizes a fixed-bed
reactor with Cr203/Al,O; catalysts.[7] Despite successful
industrial implementation, the high temperatures required for
PDH accelerate side reactions, leading to low propylene
selectivity and coke formation, consequently causing rapid

catalyst deactivation.[8-10]

Current catalyst design strategies primarily aim to enhance
existing industrial Pt- and Cr-based catalysts.[11] However, as
commercial Cr-based catalysts are hindered by toxicity and
rapid deactivation,[12] research has shifted toward Pt-M
bimetallic catalysts, in which the secondary metal modifies the
electronic  structure of Pt and improves catalytic
performance.[13] For example, Zhao and Gong identified Pt;In
as a promising candidate through systematic screening of Pt-M
catalysts, which exhibited only a minor decrease in catalytic
activity while significantly improving propylene selectivity.[14]
In addition, support optimization represents another strategy to
improve catalytic performance, as the support can both stabilize
metal dispersion and tune the electronic structure of Pt.[15-18] A
notable example from Corma et al. demonstrates that confining
PtSn clusters within a K-MFI zeolite enhances metal dispersion,
shifts the Pt d-band center, and thus achieves high propylene
selectivity and long-term stability.[19] Similar strategies have
also been reported by Bao and co-workers, with the Pt—-Sn@S-1
catalyst achieving long-term stability of up to 4500 h under
reaction conditions.[20] Overall, these studies demonstrate that
the rational design of both the bimetallic composition and
catalyst support can effectively enhance propylene selectivity
and suppress coke formation in propane dehydrogenation.

Despite significant achievements, propane dehydrogenation
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remains a key challenge due to the intrinsic trade-off between
activity and selectivity.[14, 21, 22] Specifically, lowering the C—
H activation barrier to enhance activity inevitably strengthens
propylene adsorption, which leads to undesired deep
dehydrogenation and ultimately coke formation.[23] Therefore,
simultaneously improving activity and selectivity on Pt-based
catalysts remains challenging. To break this scaling relationship,
a Pt/Cu single-atom alloy catalyst has been explored as a
promising strategy.[24] Isolated Pt single atoms dispersed in Cu
promote propane dehydrogenation and suppress the further
dehydrogenation of propylene to the CsHs* intermediate. The
suppression occurs because a single Pt atom provides only a
single adsorption site, preventing multiple Pt—-C bonds on Pt
surfaces from stabilizing the Cs;Hs* intermediate. However,
single-atom catalysts inevitably aggregate as isolated metal
atoms migrate and coalesce under high-temperature conditions,
which underscores the urgent need for alternative types of
catalysts.[25, 26]

Ga-based catalysts have attracted considerable attention for
PDH due to their remarkable selectivity and stability.[27-30]
Among these Ga-based systems, gallium nitride (GaN) has
emerged as a promising candidate for PDH with propylene
selectivity up to 90%.[31-33] A notable feature of the GaN
surfaces found in our previous work is the presence of frustrated
Lewis pairs (FLPs),[34-37] which are characterized by the
proximity of Lewis acid and Lewis base sites that do not form a
chemical bond. Solid FLPs on GaN possess frontier orbitals that
are in close proximity, enabling cooperation between the Lewis
acid and Lewis base sites for C—H bond activation.[34, 35]
However, the detailed mechanisms underlying the specific roles
and synergistic interactions of different active sites throughout
the entire catalytic cycle remain unexplored. Herein, we report
that the cooperation between frustrated Ga---N and Ga‘--Ga
pairs on GaN surfaces can break the intrinsic linear scaling
relationship. The Ga--N FLP efficiently promotes the rate-
limiting cleavage of the first C-H bond, with a Gibbs free
energy of activation of 1.63 eV, slightly lower than that of the
industrial Pt3Sn catalyst. Importantly, the frustrated Ga---Ga pair
is identified as the active site for the dehydrogenation of 1-
propyl to propylene, exhibiting weak propylene adsorption and
suppressing the transformation of the coke precursor CsHs*.
Furthermore, kinetic Monte Carlo simulations based on the
constructed reaction network show a turnover frequency of
18.33 s7! for propylene production, demonstrating outstanding
catalytic performance for propane dehydrogenation.

2 Results and Discussion

The GaN(100) surface was chosen to investigate the PDH
reaction because of its low surface energy and high catalytic
performance.[38, 39] Bader analysis shows that surface Ga
carries a positive charge of 1.46 |e|, whereas surface N carries a
negative charge of —1.48 |e| (Figure la), indicating that Ga and
N atoms can function as Lewis acid and Lewis base sites,
respectively. The adsorption energies of probe molecules on Ga
and N sites were calculated to further evaluate the intrinsic
reactivity. PCl; preferentially adsorbs on Ga sites with an
adsorption energy of —0.92 eV, whereas Cl; binds to N sites with
an adsorption energy of —1.08 eV (Figure 1b). The individual
acid and base sites further combine into distinct Lewis pairs.[34,
36, 37] Specifically, surface Ga and neighboring N atoms can
form classical Lewis pairs (CLPs) characterized by short bonds

(1.78 A, as shown in Figure 1a). COHP analysis of the Ga-N
bonds reveals significant bonding states below the Fermi level
(Figure 1c), which is consistent with the thermal stability of
GaN reported in the literature.[40, 41] In contrast, Ga atoms can
also combine with next-neighboring N atoms to form FLPs with
a longer acid-base distance of 3.33 A (Figure 1a). Beyond these
acid-base pairs, adjacent Ga---Ga pairs with a distance of 3.12 A
are termed frustrated metal pairs and are considered potential
active sites (Figure 1a). Previous studies have identified FLPs as
the dominant active sites due to their higher activity over
CLPs,[34] whereas the catalytic potential of Ga---Ga pairs has
received less attention.
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Figure 1. Structural and electronic properties of active sites on GaN(100). (a)
Atomic structure and charge distribution of the GaN(100) surface. (b) The
adsorption energies probe molecule on Ga and N sites. (c) COHP analysis of
the surface Ga-N bond.
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2.1 Breaking the Linear Scaling Relationship over GaN Surface

A detailed analysis of propane dehydrogenation was conducted
to understand the roles of different active sites on the GaN
surface.
Propane can dissociate at the Ga---N FLPs with a G, of 1.63 eV
to produce 1-propyl (Figure 2a) and a AG of 0.53 eV (Figure 2c¢).
Notably, the G, value for propane dissociation to 2-propyl is
higher (1.71 eV, shown in Figure S1). In contrast, propane
dissociation at the frustrated Ga---Ga pair is thermodynamically
highly unfavorable (AG = 3.01 eV). A comparison with the
CLPs shows a significantly higher activation energy for C-H
bond cleavage than the corresponding value on FLPs (Figure
S2), indicating the Ga--*N FLPs serve as the active site for
propane dissociation. As a reference, PtzSn(111) was used as a
model for Pt-Sn catalysts due to its widespread use in
computational PDH studies and well-defined surface structure.
The Pt—Sn system is well-characterized and industrially relevant,
providing a commonly used benchmark for evaluating new
catalysts.[42, 43] The G, for propane dissociation on Pt3Sn(111)
is 1.82 eV (Figure Sl1), slightly higher than that on GaN. The
rate constants are calculated to be 5.66 x 10>s™ ! for Pt;Sn(111)
and 7.08 x 10° s~ ! for GaN at 873 K, indicating superior
activity of GaN, consistent with the excellent C—H bond
activation performance reported experimentally for GaN.[44, 45]

The second C-H dissociation on Ga:-*N FLPs is both
kinetically and thermodynamically unfavorable (G. = 1.43 eV,
AG = 0.93 eV, Figure S3). In contrast, the frustrated Ga---Ga
pair facilitates this step with much lower Gibbs free energies of
activation and reaction (G. = 0.92 eV, AG = 0.58 eV). In
summary, the first C-H activation of propane to 1-propyl
possesses the higher intrinsic barrier, identifying it as the rate-
determining step for the PDH reaction. Overall, propane
dehydrogenation occurs at the Ga--*N FLP site, while
dehydrogenation of the 1-propyl intermediate proceeds at the
frustrated Ga---Ga pair.

Adsorption energies (FEa.ss) directly reflect the intrinsic
molecule—surface binding strength, as they avoid the significant
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errors caused by entropic contributions present in Gibbs free
energies, especially for weakly adsorbed molecules. Importantly,
the adsorption of propylene is weaker on GaN (=0.79 eV) than
on Pt:Sn (-1.08 eV, Figure S1). Moreover, the Ga—C distance
increases from 1.98 A to 2.66 A during the dissociation of 1-
propyl to propylene on the frustrated Ga---Ga pair (Figure 2c¢),

indicating that the Ga—C bond is broken and propylene is
physically adsorbed on the surface. In contrast, propylene is
chemically adsorbed on the Pt site of Pt:Sn(111), with two Pt—C
bond lengths of 2.22 A and 2.28 A (Figure 2d). Overall, weak
propylene adsorption is facilitated by frustrated Ga---Ga pairs,
enabling GaN to outperform Pt3Sn in propylene desorption.
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Figure 2. (a) Free energy profile for propane dehydrogenation at 873 K. The zero-point energy reference corresponds to the sum of Gibbs free energies of gas-

phase propane and the clean surfaces. (b) Linear relationship between the activation energy of the first C—H bond cleavage and adsorption energy of propylene.
The energy data of Pd, Pt, Pt:/AO3; (n = 3 and 4) are cited from previous studies.[46-48] Optimized structures of the intermediates and transition states on (c)
GaN(100) and (d) PtsSn(111) surfaces. The numbers below the frames represent Gibbs free energies in eV, and the numbers inside the frames represent

distances in A.

To benchmark the catalytic performance of GaN among other
catalysts, we established a linear scaling relationship between
the activation energy for the first C—H bond cleavage in propane
and the adsorption energy of propylene (Figure 2b). The first C—
H bond activation of propane is the rate-determining step for the
PDH reaction (Figure 2a), with its activation energy serving as
an activity descriptor, while the adsorption energy of propylene
is related to product selectivity and thus functions as a
selectivity descriptor. As shown in Figure 2b, the scaling
relationship shows that catalysts with weaker propylene
adsorption generally exhibit higher activation energy for
propane dissociation, indicating the inherent activity-selectivity
trade-off. However, on GaN, the low activation energy of the
first dehydrogenation step at Ga:-*N FLPs enables high activity
comparable to Ni and Co, while propylene adsorption is
significantly weaker than on these metals. Overall, these
findings demonstrate that GaN can simultaneously achieve high
activity and weak propylene adsorption, thus overcoming the
intrinsic scaling relationship of traditional catalysts. These
results indicate that the construction of neighboring dual active
sites with distinct electronic properties could be an effective
strategy to circumvent the linear scaling relationships.

2.2 Mechanistic Insights into Breaking Scaling Relationship

To further elucidate the mechanism by which FLPs and Ga---Ga
pairs break the linear scaling relationship on GaN, a detailed
mechanistic investigation of propane dehydrogenation was
conducted. To clarify the role of frustrated Ga---N and Ga---Ga
pairs in C—H activation, a combination of electronic structure
analyses and constrained ab initio molecular dynamics (AIMD)
simulations was performed to investigate their interactions with
propane. The charge density difference reveals electron
accumulation between Ga and C accompanied by electron
depletion around H (Figure 3a), which is indicative of
heterolytic C—H bond cleavage of propane at the FLPs. Notably,
the ELF map in Figure 3b exhibits a region with values
exceeding 0.5 between C, H, and N atoms, indicating covalent
interactions in both C—H and N-H bonds. Projected density of
states (PDOS) analysis reveals pronounced peaks for both
propane and the N site at —1.2 eV (Figure 3c¢), suggesting orbital
overlap and electron transfer from the N 2p orbitals to the
antibonding orbitals of the C—H bonds in propane. Meanwhile, a
back-donation of electrons from the bonding orbitals of propane
to the unoccupied states of the Lewis acid (Ga) site is observed
at —3.6 eV, revealing a cooperation between Lewis acid and
Lewis base sites within FLP for the first C—H bond activation of
propane.

Constrained AIMD simulations were performed to elucidate
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the roles of its Lewis acid and base sites on the first C-H bond
activation of propane. As shown in Figures 3d and 3e, propane
initially adsorbs at the Ga site, with the Ga---C distance
decreasing from approximately 3.5 A to around 2 A.
Subsequently, while the Ga---C distance remains nearly constant,
the N---H distance decreases from 2.5-3.5 A to approximately 1

(a) ()

0.002

(b)

Free energy (eV) =

4
d(N--H) (A) 50

GaN

d(Ga---C) (A)

A, corresponding to the C—H bond cleavage and the N-H bond
formation. These results indicate that the Ga site is primarily
responsible for propane adsorption, whereas the strongly basic N
site facilitates C—H bond activation by donating electrons to the
antibonding orbital of the C—H bond.

GaN-C,H, C,H,

C2pandH1s

d(Ga--C) (A)
|

0 1 2 3 4 5
d(N---H) (A)

Figure 3. (a) Charge density difference (Ap = p(TS) — p(surface”) — p(CsHs")) map, (b) ELF map, and (¢) PDOS analysis at the TS for propane dehydrogenation.
The (d) 3D and (e) 2D free energy profiles as functions of the controlled variables of d(N---H) and d(Ga---C).

As another key step in propane dissociation, 1-propyl
dehydrogenation was analyzed to elucidate the role of the
frustrated Ga---Ga pair. The charge density difference map in
Figure 4a reveals a significant increase in electron density
around the H; atom, accompanied by depletion around the Cy
atom, indicating partial electron transfer from the carbon to the
hydrogen. The ELF map shows values between 0.5 and 1.0
around H; (Figure 4b), suggesting that the hydrogen atom gains
electrons and forms a hydride species on the Gay site. The Gan
site, possessing empty 4p orbitals (Figure 3c), acts as an electron
acceptor, while the adjacent Gay site also gains electron density
from the 1-propyl intermediate (Figure 4a), highlighting the
cooperative role of the Ga---Ga pair in facilitating this
dehydrogenation step. A more detailed investigation of the 1-
propyl dehydrogenation process was conducted using

(a) (c)

1.0 -0.002 0.000  0.002
Free energy (eV)

0.5

LS d(Ga,C,) (A)

d(Ga,-H) (A)

constrained AIMD simulations (Figure 4, ¢ and d). The local
minimum in the upper-left region of the potential energy surface
corresponds to 1-propyl adsorption at the Gay site, with the Ga—
Ci bond maintained at approximately 2 A and the Gay---H
distance ranging from 2 to 3 A (Figure 4, ¢ and d). Along the
reaction coordinate, the Ga—C; bond gradually elongates to 2.5—
3.0 A, which can be regarded as indicative of bond cleavage.
Subsequently, the Gay---H; distance decreases from 2.0-2.5 A to
about 1.6 A, indicating the formation of a Ga—H bond. Overall,
our calculations show that the N site within FLPs facilitates the
rate-limiting cleavage of the first C-H bond whereas the
Ga---Ga pair governs propylene adsorption, thereby revealing
how GaN simultaneously achieves high C-H activation
capability and weak propylene adsorption.

1 2 3 4
d(Ga;-C) (A)

Figure 4. (a) Charge density difference (Ap = p(TS) — p(surface”) — p(CsH;*)) map at the TS for 1-propyl dehydrogenation. (b) ELF map at the TS for 1-propyl
dehydrogenation. The (c) 3D and (d) 2D free energy profiles as functions of the controlled variables of d(Gar--Cr) and d(Gan---Hi).

4/9



Nano Research | Vol. XX, No. XX

Yu et al.

As discussed above, propylene is physically adsorbed at the
Ga site of GaN, whereas it binds chemically to the Pt3Sn surface
(Figure 2). To further elucidate the origin of this difference, the
electronic interactions were analyzed through charge density
difference, ELF, and PDOS calculations. As shown in Figure 5a,
charge density difference indicates that the electron density
around the propylene molecule decreases, while the Ga atom
gains electrons, suggesting the m electrons of propylene transfer
to the empty orbitals of Ga**. Furthermore, the ELF analysis
reveals a negligible electron localization between the Ga atom
and the C atoms of propylene, consistent with physical
adsorption of propylene at the Ga site. In good agreement with
the ELF map, the PDOS shows only a few overlaps between
propylene and the Ga 4p orbitals, indicating that their interaction

is dominated by weak electronic coupling (Figure 5c). In
contrast, the charge density difference indicates an accumulation
of electron density on the n* antibonding orbitals of propylene,
accompanied by a depletion of electron density around the Pt
atoms (Figure 5b). PDOS analysis exhibits significant orbital
overlap between propylene and the Pt 5dy, orbitals (Figures 5d
and S4), further confirming the strong electronic interaction
between Pt and propylene. In summary, the electron-rich Pt in
Pt3Sn catalysts enables the donation of electrons to the n*
antibonding orbitals of propylene, leading to strong adsorption
of propylene. In contrast, the adsorption of propylene on the Ga
site is dominated by van der Waals interactions, with only a few
electron transfers from its n orbitals to the empty Ga 4p orbitals
(Figure 5, e and f).

S d
g © Ga-CH, ¢ Pt—C,H,
g 4 ] Il Pt 5d x?>-y?
N I Pt 5d xy
8 1 B Pt 5d xz
i Pt 5dyz
° ~h W Pt 54 22
o
= 2 -
w
| |
W -4
3 -6
: 5
Il C2pandH1s
g 101
g (e (f)
T Ga-C,H, Pt-C,H,

Figure 5. Analysis of propylene adsorption on GaN(100) and Pt:Sn(111) surfaces. Electron density difference (Ap = p(surface CsHs") — p(surface”) — p(C3Hs"))
map and their corresponding electron localization function map for propylene adsorption on (a) GaN(100) and (b) Pt3Sn(111). Projected density of states of
C3Hs and its adsorption sites on (¢) GaN(100) and (d) Pt3Sn(111). Interaction modes between C3Hs and active sites on (¢) GaN(100) and (f) PtsSn(111).

2.3 Coke-resistance Analysis

The deep dehydrogenation of propylene on GaN(100) was
investigated to elucidate the coke-resistance ability of GaN, with
Pt:Sn(111) serving as a reference for comparison. At 8§73 K,
propylene desorption into the gas phase is thermodynamically
favorable on both GaN(100) and PtsSn(111), with Gibbs free
energies of desorption of —1.30 eV and —1.08 eV (Figure 6, a
and c), respectively. By comparison, propylene dehydrogenation
to form C3Hs* (i.e., CH3C=CH>*) is much less favorable than
propylene desorption. Although only a small fraction of
propylene  undergoes  dehydrogenation, the resulting
CH3;C=CHy* intermediate is critical, as it is a key coke
precursor.[20, 49, 50] On GaN, further dehydrogenation of
CH;C=CH,* requires a kinetic barrier as high as 1.92 eV,

whereas hydrogenation to regenerate propylene requires only
1.01 eV. The rate constant for CH;C=CH,* hydrogenation to
CH;CH=CH»* reaches 2.69 x 107 s !, whereas
dehydrogenation proceeds at 1.50 x 10? s~ !, roughly five
orders of magnitude lower than the hydrogenation rate. In
contrast, on the Pt3Sn(111) surface, the barrier for further
dehydrogenation of CH;C=CH:* is only 0.58 eV, 0.29 eV lower
than that for hydrogenation to regenerate propylene. The rate
constants are 8.16 x 10° s™! for dehydrogenation and 1.7 x 108
s7! for hydrogenation to CH3;CH=CH,*, corresponding to a rate-
constant ratio of dehydrogenation to hydrogenation of 47 on
Pt:Sn(111). To elucidate the origin of the distinct catalytic
performance, the adsorption configurations of CH3C=CH:* on
both GaN(100) and Pt3Sn(111) surfaces were analyzed. On GaN,
CH3C=CHx* adopts a c-bonded adsorption configuration with a

5/9



Nano Research | Vol. XX, No. XX

Yu et al.

C=C bond length of 1.34 A (Figure 6b). In contrast, on
Pt:Sn(111), the CH3C=CH,* intermediate forms three Pt-C
bonds with the surface, and its C=C bond is significantly
elongated to 1.48 A (Figure 6d). Charge density difference
analysis shows electron donation from Pt to the n* orbitals of

CH;C=CH.*, resulting in substantial activation of the adsorbed
intermediate. Overall, the high barrier for deep dehydrogenation
of the coke precursor CH;C=CHx* on GaN contributes to coke
resistance and product selectivity.

(b) Coke precursor

CH,C=CH,*

(d)

(a) GaN(100)
, | cricH=CH; H*,CH,C=CH,* = 2H*, CH,C=CH"
T [3)
< %)
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> 1 4
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| .
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o 0
(]
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"
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*CH,CH=CH,(g)
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(c) Pt,Sn(111)
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[}] =
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Reaction Coordinate

Figure 6. Potential energy surfaces for propylene desorption and dehydrogenation on (a) GaN(100) and (c) PtsSn(111). The zero of the energy scale is
referenced to the energy of a propylene molecule adsorbed on the surface. Adsorption configurations and charge density difference maps of the CH3C=CH»*
intermediate on (b) GaN(100) and (d) PtsSn(111). The iso-surface of the charge density difference maps are plotted at a contour value of 0.003 e/Bohr?.

2.4 Reaction Network and Microkinetic for PDH over GaN

Apart from the direct dehydrogenation of propane to propylene,
a series of side reactions was computed to construct the overall
reaction network, as illustrated in Figure 7. These side reactions
can be classified into three major categories. The first class
involves stepwise dehydrogenation of CsHy* intermediates. For
instance, 1-propyl and 2-propyl intermediates can undergo
further dehydrogenation to form CHCH>CH;3* and CH3;CCH3*.
The corresponding G, values are 1.49 eV and 1.41 eV, with AG
of 1.24 eV and 0.90 eV (Figures S5-S6), indicating that these
pathways are thermodynamically and kinetically unfavorable
under reaction conditions. Collectively, the G, values for deep
dehydrogenation of Cs;Hi* intermediates are 0.42 eV for
CH;CH,CH*, 1.60 eV for CH;CH=CH*, and 1.92 eV for
CH3;C=CH,* (Figure 7b), suggesting that some of the deep
dehydrogenation steps are kinetically hindered. The second class
comprises C—C bond cleavage of Cs;Hy* intermediates,
producing C1 and C2 fragments. The kinetic barriers for C—C
bond dissociation of the four CsHy* intermediates, CH;CH,CH*,
CH3CH=CH*, CH3CCH3*, and CH3;C=CH,*, are 1.84, 2.52,
1.90, and 2.57 eV, respectively, all higher than the activation
energies of their dehydrogenation steps. The third class includes
further dehydrogenation of the C1 and C2 fragments, which may
ultimately contribute to coke formation. As for the CHs*
dissociation pathways, formation of CH,* CH*, and C*
requires activation barriers of 3.01, 2.47, and 1.71 eV,
respectively. For the C, species, the highest barrier along the

C,Hs* dehydrogenation pathway to C=C* is 4.16 eV. In
summary, a comprehensive reaction network containing 37
elementary steps (Tables S1-S4) was constructed by
incorporating these pathways, along with H, desorption and
intermediate migration.

Following the construction of a comprehensive reaction
network for propane dehydrogenation, a microkinetic model was
built based on the energetic parameters of all elementary steps.
The temperature was set at 873 K with a propane partial
pressure of 1 bar. As illustrated in Figure 8a, propylene
formation on the GaN surface occurs predominantly via the 1-
propyl pathway, which accounts for 98.265% of the total
propylene yield. In contrast, the 2-propyl pathway contributes to
only 1.735% of the total propylene yield. These results originate
from the DFT-based energetic parameters: the G, values for
propane to propylene through the 1-propyl pathway are lower
than those for the 2-propyl pathway (Figures 2 and S1). It was
found that the CHCH>CH3* and CH3;CCH3* intermediates were
not observed, which 1is attributed to the kinetic and
thermodynamic unfavourability for the 1-propyl and 2-propyl
dehydrogenation (Figure 7). In good agreement with the facile
propylene desorption and hindered CH;CH=CH?* transformation
(Figure 6), microkinetic analysis reveals that 99.997% of the
surface propylene desorbs into the gas phase. A trace amount
(0.003%) of propylene converts to CH;CH=CH*, which does
not proceed to further reaction, thus effectively preventing coke
formation. The kMC simulation further demonstrates that the
turnover frequency of propylene production can reach up to
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18.33 s! (Figure 8b), significantly higher than that of performance of GaN, characterized by a high TOF and excellent
conventional Pt-based and Cr-based catalysts.[51, 52] Overall, resistance to coking.
the microkinetic simulations confirm the superior catalytic

(a)

CH,=CH,* + CH,* CHCH;* + CH,*

C=CH,* + CH,*

=

DR
64080

—— propane dehydrogenation to propylene —— deep dehydrogenation ——— C-C cleavage
(b) 5
I C-C cleavage 416
4 A I  deep dehydrogenation

CH,CH,CH* CH,CH=CH* CH,C=CH* CH,CCH,* CH,C=CH,* CH,=CH,*CH,=CH*CH=CH* C=CH* CH,} CH,* CH; CH*

Figure 7. (a) Reaction network of propane dehydrogenation for microkinetic modeling. (b) G. values for dehydrogenation and C—C bond cleavage. The
optimized structures are shown in Figures S7-S8.
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CH, CH
(|:"I3 H HC™ H He”
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s \ H HC=CH 99.997% H i
PN | . H  HC=C
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HC_H _CH, e (@ @ |
'f'. i/ j1 735% \ Hzc\c/cm
) | | H
1.735% HC_ CH, 0.000% | O Ga
\ H e e & |
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0.000% s
(b) 50 T 1 L] 1 1 T 1
40 -
» 30} |
[T
2 20 " ;
10 4
0 L 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

Time/s
Figure 8. (a) Flux calculation for propane dehydrogenation at 873 K over the GaN(100) surface. (b) Time-dependent evolution of turnover frequency for
propylene production.
In conclusion, this work demonstrates that the cooperation of
3. Conclusion
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frustrated Ga---N and Ga---Ga pairs on GaN surfaces breaks the
inherent linear scaling relationship of propane dehydrogenation,
enabling high activity and propylene selectivity simultaneously.
The rate-limiting step, propane dissociation to 1-propyl, is
promoted by the frustrated Ga---N Lewis pairs with a Gibbs free
energy barrier of 1.63 eV, lower than that on Pt:Sn. The
frustrated Ga---Ga metal pairs are responsible for 1-propyl
dehydrogenation and ensure the facile desorption of propylene.
The high barrier (1.92 eV) for coke formation demonstrates the
remarkable coke-resistance ability of GaN. Kinetic Monte Carlo
simulations based on the constructed reaction network confirm
the excellent performance of GaN, with a turnover frequency of
18.33 s7! for propylene production. These results uncover the
role of frustrated Ga'--N and Ga---Ga pairs in breaking the
scaling relationship and provide insights for designing more
efficient catalysts for propane dehydrogenation.

Electronic Supplementary Material: Supplementary material
(please provide the brief detail of the ESM) is available in the online
version of this article at
https://doi.org/10.26599/NR.2026.94908714.
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Computational details

First-Principles Calculations

All the spin-polarized density functional theory (DFT) calculations were performed using Vienna Ab initio Simulation Package
(VASP).[1-3] The projector-augmented wave (PAW) method was adopted to describe electron-ion interactions.[4] The Perdew-Burke-
Ernzerhof (PBE) functional within the generalized gradient approximation (GGA) framework was employed to treat exchange-
correlation effects.[5] The DFT + U method was implemented for Ga 3d orbital, with an effective U parameter of 3.9 eV.[6] Van der
Waals (vdW) interactions were accounted for using Grimme's D3 dispersion correction with zero damping.[7] A plane-wave cutoff
energy of 400 eV was employed for all the calculation, and the Brillouin zone was sampled using a I'-centered k-point grid of 2 x 2 x
1 for the GaN(100) surface.[8] The GaN(100) surface was modeled as a 3 x 2 supercell with six atomic layers. The PtzSn(111) surface
was modeled using a four-layer slab with a 4 x 4 supercell, with a I'-centered 3 % 3 x 1 Monkhorst—Pack k-point mesh. The bottom
two atomic layers were fixed, and a vacuum layer of 15 A was introduced along the surface normal. Dipole corrections were applied in
the same direction. The electronic relaxation reaches converged when the total energy change between successive steps fell below
10" % eV, and ionic optimizations proceeded until forces on all atoms were less than 0.02 eV/A. Gaussian smearing with a width of
0.05 eV was applied. The atomic charges were analyzed via Bader charge analysis.[9] Transition states (TS) were located using a
combination of the nudged elastic band (NEB) and the dimer method.[10, 11] All identified transition states were verified by
vibrational frequency analysis. Each transition state exhibits a single imaginary frequency corresponding to the reaction coordinate.

The Gibbs free energy (G) was calculated by using the following formula:

G= Eppr+ Ezpp +H— TS
where Eprr is the electronic energy obtained by DFT calculations, Ezpg is the zero-point energy correction that is computed from
vibrational frequencies, H is the change of enthalpy from 0 K to 873 K, TS is the temperature-entropy term, calculated as temperature
multiplied by the entropy.

The total entropy can be divided into three main parts: translational entropy (St), rotational entropy (S:), and vibrational entropy
(S)), as follows:

§=8S+S8+S

The formulas for S, Si, and S, are given below:

3/2
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In the harmonic approximation, Ezpg and the / are expressed as follows:
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Eypg = RZ K
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w11 () ot

In the above equations, ks is the Boltzmann constant, h is the Planck constant, & is the reduced Planck constant, R is the ideal
gas constant, m is the molecular mass, T is temperature, o; is the rotational symmetry number, /; (i = X, y, and z) are the principal
moments of inertia, and v is the harmonic vibrational frequency of the k* normal mode.

The Gibbs free energy of reaction (AG) was calculated as the difference between the final states (FS) and initial states (IS):



AG = Gps — Gis
The Gibbs free energy of activation (G,) was defined as the difference between the TS and IS:
Gy = Grs — Gis
The negative projected crystal orbital Hamiltonian population (-pCOHP) curves were calculated using LOBSTER with the
pbeVASP{it2015 basis set, achieving accurate projection (charge spilling < 1%).[12, 13]
Microkinetic Simulation Methods
The kMC simulation was carried out using the kinetic Monte Carlo of systems (kMCos) software package.[14] The catalytic
performance of GaN for propane dehydrogenation was evaluated based on a constructed reaction network, as shown in Tables S1 and
S2. The network includes all elementary steps of the reaction, including propane adsorption, C—H bond cleavage, propylene desorption,
and potential coke formation. The rate constants for each elementary step were calculated from the corresponding Gibbs free energy

barriers using the Arrhenius equation:

o = kgT ( Ga)
= h Pt

where k is the rate constant, kg is the Boltzmann constant, / is the Planck constant, and T is the reaction temperature.
The rate constant for non-activated gas adsorption is given by:
_ P,A
- VammiT
where P; is the partial pressure of gas i, 4 is the effective area of the site where the reaction takes place, m is mass of the molecule
i, ks 1s the Boltzmann constant, and / is the Planck constant.
The rate constants for desorption were calculated as follows:
k= ksT exp (— ﬁ)
h kgT
where AG is the Gibbs free energy change for desorption.
The turnover frequency (TOF) was calculated from the steady-state kMC trajectory as the average number of propylene

molecules produced per active site per second, as follows:
TOF = N(C3He)
Nge X t

where N(C3Hg) is the number of propylene molecules formed, N is the number of active sites in the model, and ¢ is the
simulation time.

The surface sites were represented by the Ga and N atoms in the topmost layer of the GaN(100) surface. Ga atoms can form
Ga---N FLPs with next-nearest-neighbor N atoms, or Ga---Ga pairs with nearest-neighbor Ga atoms, allowing the kMC simulations to
account for both types of active centers and their spatial distribution. A surface model consisting of 20 x 20 unit cells was employed in
these simulations. The turnover frequency (TOF) was computed over sufficiently long simulation steps (10'") to ensure convergence,
providing a quantitative assessment of both catalytic activity and selectivity. Lateral interactions were not included in the kMC model,
as the surface coverage is expected to be low under the high-temperature conditions. The simulation temperature was set to 873 K and
the pressure of propane to 1 bar.

Ab Initio Molecular Dynamics Simulations

To investigate specific elementary steps at the reaction temperature, constrained ab initio molecular dynamics (AIMD)
simulations were performed using the CP2K 7.1 package.[15] The electronic structure was described using DFT with the PBE
functional and the DZVP-MOLOPT-SR-GTH basis set, with a plane-wave cutoff of 400 eV. The system was modeled in the NVT
ensemble, with temperature maintained by a Nosé—Hoover chain thermostat, and a time step of At = 0.5 s.[16, 17] The constraints
were enforced from the start of the AIMD simulations using harmonic potentials along the defined collective variables (CVs). For the
first C—H bond cleavage, the CVs were chosen as the distance between the Ga atom and the adsorbed carbon atom of propane (Ga---C)

and the distance between the N atom and the adsorbed hydrogen atom (N---H), capturing the cooperation of the FLPs (Figure 3). For



the subsequent dehydrogenation of the propyl intermediate to propene, the CVs were chosen as the Gar---Cy and Gay---H;i distances

(Figure 4).
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Figure S1. Optimized intermediate and TS structures on the (a) GaN(100) and (b) PtsSn(111) for propane dehydrogenation. (c)
Propylene adsorption configuration on GaN(100) and Pt:Sn(111) surfaces. The numbers below the structures denote the corresponding
energies (in eV), and those inside the boxes represent the distances (in A).
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Figure R2. Optimized intermediate and TS structures for propane dehydrogenation at (a) CLPs and (b) FLPs on GaN(100). The
numbers below the structures represent the corresponding energies, with units of eV.
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Figure S3. Optimized structures for the dehydrogenation of (a) 1-propyl and (b) 2-propyl to propylene on the GaN(100) surface. The
numbers below the structures represent the corresponding Gibbs free energies, with units of eV.
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Figure S4. PDOS of the Pt 5d orbitals on the clean Pt3Sn(111) surface and the C 2p and H 1s orbitals of C3He.
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Figure SS. (a) Potential energy diagram for the deep dehydrogenation and C—C bond cleavage of 1-propyl. (b) Optimized intermediate
and TS structures, with energies (in eV) shown below each structure.
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Figure S6. (a) Potential energy diagram for the deep dehydrogenation and C—C bond cleavage of 2-propyl. (b) Optimized intermediate
and TS structures, with energies (in eV) shown below each structure.
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Figure S7. Optimized structures on the GaN(100) surface for deep dehydrogenation of C3 intermediates. The zero-energy reference
corresponds to the Gibbs free energies of Ha(g), CsHs(g), and the GaN(100) surface. The numbers below the structures represent the
corresponding Gibbs free energies, with units of eV.
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Figure S8. Optimized structures on the GaN(100) surface for C—C bond cleavage of C3 intermediates. The zero-energy reference
corresponds to the Gibbs free energies of Ha(g), CsHs(g), and the GaN(100) surface. The numbers below the structures represent the
corresponding Gibbs free energies, with units of eV.



Table S1. Gibbs Free Energy of Activation and Gibbs Free Energy of Reaction for the Elementary Reactions Involving C3 Species

Surface Reaction AG (eV) Ga (eV)

R1 CH;CH,CH3(g)— CH3;CH.CHx* + H* 0.53 1.63
R2 CH;CH:CH:* — CH3;CH=CH,* + H* 0.48 0.92
R3 CH3CH=CH»* — CH3CH=CHx(g) + * -1.23

R4 CH;CH>CH3* — CH;CHCH;* + H* 0.78 1.71
R5 CH;CHCH3* — CH3;CH=CHx* + H* 0.26 1.09
R6 CH3;CH=CH2* — CH3CH=CHax(g) + * -1.16

R7 CH3;CH=CH»* — CH3CH=CH* + H* -0.31 0.56
RS CH;CH=CH* — CH3C=CH* + H* 0.64 1.60
R9 CH3CH=CH»* — CH3C=CHy* + H* 0.21 0.80
R10 CH3;C=CH,* — CH;C=CH* + H* 1.20 1.92
R11 CH3CH=CHx(g) + 2* —CH3;CH=CH,** 0.92

RI2 CH3;CH=CHy** — CH3C=CH** + H* 0.96 1.77
R13 CH3;C=CH,** — CH3C=CH,* + * -0.90

R14 CH3C=CH* — CH3C=CH (g) + * -1.06

RI15 CH;C=CH* + * — CH3;C=C* + H* -0.71 0.11
R16 CH3;CH>CH>* — CH;CH.CH* + H* 0.93 245
R17 CH3;CH.CH* — CH3CH=CH* + H* -1.09 0.42
R18 CH:;CHCH3* — CH3CCH5* + H* 0.90 1.41
R19 CH3;CCH;* — CH3C=CHx* + H* -0.97 0.00
R20 CH3;CH.CH:* — CH,=CH,* + CH3* 0.40 2.58
R21 CH3;CH.CH* — CH>=CH* + CH3* -0.59 1.84
R22 CH;CH=CH* — CH=CH* + CH3* 1.26 2.52
R23 CH3;CHCH3* —CHCH3* + CH3* 0.35 243
R24 CH3;CCH;* —CCH3* + CH3* 0.32 1.90

R25 CH3C=CH,* —C=CHy* + CH;* 0.74 2.57




Table S2. Gibbs Free Energy of Activation and Gibbs Free Energy of Reaction for the Elementary Reactions Involving Ci, Cs, and H
Species

Surface Reaction AG (eV) Ga (eV)

R26 CHs* — CHy* + H* 1.23 3.01
R27 CHy* — CH* + H* 1.48 2.47
R28 CH* — C* + H* 0.60 1.71
R29 CHs* + H* — CH4* 0.19 0.94
R30 CH4* — * + CHa(g) -1.04

R31 CH,=CH>* — CH,=CHx(g) + * -1.13

R32 CH>=CH:* — CH,=CH* + H* —-0.15 0.62
R33 CH,=CH* — CH=CH* + H* 0.97 1.61
R34 CH=CH * — C=CH* + H* —0.84 0.12
R35 C=CH * — C=C* + H* 1.20 4.16
R36 H* + H* — Hy* 0.72 1.04

R37 Ha* — Ha(g) + * 127




Table S3. Activation Barriers and Reaction Energies for the Surface Reactions of C3 Species

Surface Reaction AE (eV) E,(eV)

R1 CH;CH,CH3(g) — CH;CH.CHy* + H* —0.53 0.23
R2 CH3;CH>CH>* — CH3;CH=CH,* + H* 0.83 1.00
R3 CH3;CH=CH2* — CH3CH=CHx(g) + * 0.79

R4 CH;CH.CH;* — CH;CHCH;* + H* —-0.50 0.27
RS CH3CHCH3* — CH3;CH=CH* + H* 0.77 1.29
R6 CH3CH=CH»* — CH3CH=CHx(g) + * 0.74

R7 CH3;CH=CHz* — CH3CH=CH* + H* —0.46 0.49
R8 CH3CH=CH* — CH3C=CH* + H* 0.92 1.61
R9 CH;CH=CH,* — CH3C=CH,* + H* 0.45 0.64
R10 CH3;C=CH,* — CH;C=CH* + H* 0.92 2.01
RI11 CH3;CH=CH2x(g) + 2* —CH3;CH=CH,** -1.51

RI12 CH3;CH=CH,** — CH3C=CHy** + H* 1.29 1.98
R13 CH;C=CH,** — CH3C=CH,* + * -1.05

R14 CH3;C=CH* — CH3C=CH (g) + * 1.11

R15 CH3;C=CH* + * — CH3;C=C* + H* -0.73 0.16
R16 CH3;CH>CH,* — CH;CH,CH* + H* 0.85 2.59
R17 CH;CH>CH* — CH3;CH=CH* + H* -0.37 0.99
RI18 CH3;CHCH3* — CH3;CCH3* + H* 0.75 1.53
R19 CH;CCH;3* — CH;C=CH,* + H* -0.77 0.00
R20 CH3;CH:CH:* — CH,=CH>* + CH3* 0.73 2.60
R21 CH3;CH.CH* — CH,=CH* + CH3* -0.50 1.82
R22 CH;CH=CH* — CH=CH* + CH3* 1.71 2.65
R23 CH3;CHCH3* —CHCH3* + CH3* 0.35 2.41
R24 CH3;CCH;* —CCH3* + CH3* 0.52 1.96
R25 CH3;C=CH,* -C=CHy* + CHs* 0.74 2.66




Table S4. Activation Barriers and Reaction Energies for Surface Reactions of Ci, C,, and H Species

Surface Reaction AE (eV) Ea(eV)

R26 CHs* — CHy* + H* 0.92 2.88
R27 CH>* — CH* + H* 1.58 2.85
R28 CH* — C* + H* 0.75 1.73
R29 CHs* + H* — CHa* 0.68 1.30
R30 CH4* — * + CHa(g) 0.27

R31 CH>=CH:* — CH,=CHax(g) + * 0.66

R32 CH>=CHx* — CH,=CH* + H* —0.55 0.53
R33 CH,=CH* — CH=CH* + H* 1.25 1.79
R34 CH=CH * — C=CH* + H* —0.97 0.13
R35 C=CH * —» C=C* + H* 0.96 4.18
R36 H* + H* — Hy* 1.10 1.20
R37 Hy* — Ha(g) + * 0.18

The activation energies of CHs*, CH,=CH,*, and CH,=CH?* are taken from our previous studies.[18, 19]
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