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ABSTRACT: The Sabatier principle and activity volcano have guided and constrained catalyst design.
Surpassing these limitations requires going beyond the static view of catalysis. Here, we propose 2D metal
boride (MBene) as a promising model system for dynamic catalysis, exemplified by the nitrogen reduction
reaction (N2RR). The surface reactivity of B-rich MBene can be altered by binding organic ligands to the
opposite side of the N2RR site. The change in reactivity originates in structural distortions of the metal and
boron layers, leading to an energy span of up to 0.8 eV. By cycling the ligands or running a coupled reaction
on the opposite side, we could switch between under- and overbinding energetics to surpass the Sabatier limit and access the inverse
activity volcano. The reactivity space considering various metals and ligands can be efficiently explored by interpretable machine
learning based on geometric descriptors, and promising ligand-bound MBenes for various catalytic scenarios are proposed.

Catalysis underlies all aspects of our modern life, from plastics
to medicines, and from mass chemical feedstock to renewable/
sustainable technologies. However, the design of efficient
catalysts suffers from an intrinsic bottleneck according to the
scaling relationships and the Sabatier principle:1,2 catalysts that
bind the reactants favorably usually have difficulty desorbing
the products, which blocks the active sites; while at the
opposite extreme, the reactants would interact with the surface
too weakly to activate in the first place. These constraints,
rooted in the conservation of bond order at the surface and the
intrinsic similarity among the reaction intermediates,3 lead to
the volcano-shaped relationship where the apex represents the
theoretical upper limit of overall activity.4

To overcome such limitations, the catalysis community has
employed various strategies: morphology and nanostructure
engineering, heteroatom doping and high-entropy mixing, and
external strain or fields.5 However, these approaches can only
cause a limited deviation from the original activity volcano, as
the catalyst still operates on a more or less static surface in
steady state. The past decade has seen the rise of the concept
of dynamic catalysis,6,7 which exploits the geometric, composi-
tional, and/or electronic variation of the catalyst surface, under
aggressive conditions, to alter the surface reactivity or populate
an ensemble of metastable active sites.8−10 By applying
oscillating conditions, the intrinsic properties of the active
site can even be altered and cycled on-the-fly, with the system
operating constantly out of equilibrium with huge rate
enhancement.11 However, these approaches rely heavily on
catalyst systems that are highly fluxional and responsive to
changing conditions, usually (sub)nanoscale metal clusters,12,13

whose evolving distribution of catalyst states and their
properties are extremely challenging to track, let alone
precisely manipulate.
Two-dimensional (2D) materials, with well-defined atomic

structures and strong responses to external stimuli, have had

tremendous success in electronics and electrochemical
technologies.14,15 However, they typically have an inorganic
skeleton with a highly rigid structure, affording no structural
fluxionality, which limits their tunability for applications that
require more dramatic swings of properties than what strain or
field response can offer.
In this work, we propose 2D transition metal borides

(MBene,16 also known as Boridene17) as a promising platform
for dynamic catalysis. Owing to its unique three-valence-
electron configuration, boron is capable of forming exotic
chemical bonds and diverse structural motifs in its allotropes,18

compounds,19 and surface arrangements.20 These motifs have
been shown to dictate the chemistry of borides in various
thermal and electrocatalytic reactions, with the metal
component often playing a minor role.21−23 Furthermore, as
a semimetal, boron exhibits affinity toward organic function-
alization, offering an additional layer of tunability.24 Because of
the favorable energy level and symmetry matching between the
frontier orbitals of B and the antibonding orbitals of N2,

25−27

we focus on the nitrogen reduction reaction (N2RR) to
ammonia − one of the most Sabatier-limited catalytic
processes,28 yet an ideal case for showcasing the potential of
dynamic catalysis.
The specific MBene this work investigates is the α diboride-

derived structure, which features sandwich-like alternating
layers of transition metal and boron.29 The boron layers feature
a hexagonal lattice with highly delocalized multicenter
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chemical bonding in-plane.30 Depending on the synthetic
conditions, the B6 hexagons on the surface can be partially
filled at the centers by excess B, forming slightly buckled B7
units.31 Although the boron layer is overall anionic, the center
B site is positively charged and can serve as a Lewis acid site
(Figure S3).
We first investigate the N2RR mechanism on the Mo MBene

surface, with the free energy diagram shown in Figure 1a and
the geometry of reaction intermediates shown in Figures 1b
and S1−S2. Since N2 is a weak Lewis base, it can weakly
coordinate atop the center B site with a binding energy of −
0.08 eV. However, it would not readily activate at this point
due to boron’s lack of back-donating electrons. The first
hydrogenation step is slightly uphill with a ΔG of +0.26 eV,
which activates the N−N bond and enables it to bridge over
the B7 moiety in a side-on configuration. The activated NNH
can then readily dissociate into *N and *NH, both residing on
trifold sites on the B7 unit (ΔG = −0.71 eV). The next
hydrogenation step takes place on the *NH and is downhill
with a ΔG of −0.26 eV. The desorption of the first NH3,
however, is uphill by +0.35 eV. The remaining *N can also be
readily hydrogenated but is difficult to remove, and the whole
reaction is limited by the final desorption step from *NH2 to
NH3 (g). Hence, the pristine 2D Mo boride falls on the
overbinding leg (left leg in Figure 1c) of the N2RR activity
volcano, where the overall kinetics are limited by product
desorption, with a limiting potential of −0.6 V.
Inspired by the sandwich-like structure of the MBene, which

closely resembles organometallic complexes with metal-to-ring
η-bonding modes, we functionalize the opposite side of the
MBene (as opposed to the N2RR side, referred to as the
bottom, see Figure S5) and probe its influence on the reactivity
of the top surface (representative ligands in Figure 2, full library
in Figure S8). Surprisingly, hydrogen adsorption on the
bottom surface can weaken N2 activation by up to 0.58 eV and
facilitate NH3 desorption by 0.50 eV, i.e., the Mo MBene is

transformed from an overbinding catalyst into an under-
binding one upon hydrogen adsorption (Figure S4). The
hydride state on the bottom surface can be easily prepared or
removed by reducing agents or mild oxidants (or hydride
scavengers), respectively, so that the reactivity of the MBene
can be switched between the activation- and desorption-
limited regimes, i.e., between the left and right legs of the
N2RR activity volcano (Figures 1c and S6, S7, S9).
Since dynamic catalysis relies on rapid switching of catalyst

states, conventional organic functionalizations via electron-
withdrawing/donating groups are unsuitable. Hence, we limit
our scope to Lewis bases, which can form dative bonds with

Figure 1. Nitrogen reduction reaction on MBene. (a) Free energy diagram of N2RR on 2D Mo boride at the equilibrium potential of the N2RR,
with unfavorable pathways shown in red. (b) Geometries of the N2RR intermediates, color code: H − white, N − blue, B − pink, Mo − cyan. (c)
Activity volcano of N2RR with binding energy of N as the descriptor. All potential values are referenced against the equilibrium potential of N2RR.

Figure 2. Ligand-dependent surface reactivity of 2D boride. The
optimal cycling path in the reactivity space is marked by green arrow.
The inset shows the schematics of a switching cycle coupled with a
catalytic cycle.
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the center B site (Lewis acidic) and are relatively easy to
remove. The impact of halides is negligible, while CO, NH3,
and PH3 alter the free energetics by about 0.4 eV, following the
same trendline as defined by the hydride cases. Larger organic
bases (primary and secondary alkylamines, pyridine, imidazole,
and acetone) cause greater changes, weakening activation by
up to 0.49 eV and facilitating desorption by up to 0.54 eV. To
restore the system to the empty state, the bound Lewis bases
can be scavenged by supplying a catalytic amount of Lewis acid
molecules.
Here we pause to discuss the potential realization of this

catalytic system. The 2D catalyst can be prepared as a film and
placed between two separate chambers: the control chamber
and the catalysis chamber. The catalysis chamber is where
reactants are supplied, while the control chamber is responsible
for switching the ligand on the bottom side of the catalyst film.
The control may be achieved via gas-phase chemistry, by
alternating the atmosphere between hydrogenating and mildly
oxidative (gas composition pulses). In the liquid phase, it could
be realized by pumping dissolved Lewis acids and bases to
flush the bottom surface alternately within a microfluidics
system. It could also be controlled electrochemically, by
applying potential pulses to switch a redox-active molecule
between the oxidized acidic state and the reduced basic state,
similar to a pH-swing system. In all cases, the concept should
be realizable on a chip-scale device. Scaling to larger scale
applications, however, would require more careful reactor
design and engineering considerations, which are beyond the
scope of this Letter. If the ligand state of the bottom surface
can be switched at the characteristic frequency of N2RR, then
the top surface of the catalyst would operate as overbinding to
activate N2 before switching and under-binding to trigger NH3
desorption after switching (Figure 2 inset). However, the
turnover frequency in this case would be limited by the
frequency of ligand switching.32

Alternatively, we may utilize the chemical symmetry and
communication between the top and bottom surfaces of the
MBene and have another catalytic reaction running in the
control chamber in parallel. This would avoid the need to
apply any pulses throughout the reaction, and there are two
possible realizations: (1) we could run a different hydro-
genation reaction in the control chamber, so that empty−*H
cycling during the catalysis can switch the activity in the top
side for the catalysis chamber; (2) or, since both NH3 and H
can act as reactivity-altering ligands, we envision running N2RR
on both sides but with the two catalysis chambers operating
out-of-phase (in terms of the stage in a catalytic cycle), so that
reaction progress would intrinsically drive the ligand switching
for both sides at the characteristic time scale of N2RR. The
initial out-of-phase state may be induced by a lag time between
the reactant feeding into top and bottom chambers, or by
differing the gas composition (N-richer and H-richer). Ideally,
both cases would be equivalent to operating in the “inverse”
volcano (Figures 1c and S9).
To understand the origin of the unexpectedly large energy

span unlocked via simple Lewis adduct on the other side of the
catalytic surface, we examined the adsorption configurations in
the presence of reaction intermediates or ligands. Figure 3
shows the structural distortion of the top and middle layers
along the surface normal direction in various scenarios.
Different adsorbates lead to significantly different extents of
distortion in the top and middle layers, which are linked to
their binding modes: atop-mode adsorbates (N2, NH3, H, and

OH) only slightly elevate the center B while keeping the
middle metal layer almost unchanged; adsorbates with trifold
(*N, *NH), bridge (*O, *NH2), or multidentate (*NNH*)
modes, however, greatly deform the hexagonal lattice of the
top surface, competing with surface B for its valence electrons
in the conjugated system and partially breaking surface B−B
bonds. The bottom-surface ligands (full library in Figure S10),
although they cannot influence the top surface much due to a
lack of direct chemical interaction, can significantly distort the
middle metal layer. In other words, the bottom-surface ligands
and the top-surface adsorption energetics are coupled through
the structural distortion of the middle layer. This also explains
the relatively poor correlation among the adsorption energies
of some N2RR intermediates. By changing the metal
component of the MBene, the surface B layer can be distorted
depending on the lattice parameters imposed by the metal
component, causing different extents of B7 buckling on the top
surface while keeping the middle layer flat, thereby offering an
orthogonal direction of optimization. Note that this is not
purely a strain effect: applying in-plane tensile or compressive
strain does not induce variations in reaction free energies or
surface B distortions as large as those achieved by changing the
metal component (Figure S11).
After considering different metal elements, the reactivity

space expands to Nmetal × Nligand × Nadsorbate adsorption
systems, which scales as N3 and is prohibitively expensive for
an explicit and exhaustive exploration. To overcome this, we
employ machine learning for low-cost prediction of adsorption
free energies. Guided by the insights in Figure 3, we
hypothesize that the geometric distortions of the top and
middle layers are sufficient to capture the essence and coupling
of adsorbate-metal−ligand interactions. Accordingly, we
construct a set of primarily geometry-based descriptors33 to
train the model: key bond lengths, interlayer distances, and the
distortion metrics in Figure 3. The computational cost for
generating these inputs scales only as 3N. The resulting model
accurately predicts adsorption free energies on both training
and test sets (Figure 4a), demonstrating strong generalization
and confirming that geometric metrics suffice to represent the
underlying chemistry of MBenes. SHAP analysis further
interprets the model’s predictions, highlighting interlayer

Figure 3. Structural distortion of the MBene in cases of various
adsorbates, ligands, and metals. The values corresponding to the bare
Mo MBene is marked by dotted lines. Side views of representative
structures with significant top- and middle-layer distortion is shown
above the plot.
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expansion, deformation at the B7 moiety, and structural
distortions of the middle/bottom layers as the most important
features (Figure 4b). We have also trained the ML model with
additional Bader charge-based features, however, there is no
improvement of the performance, and SHAP analyses (Figure
S12) show that the top three most important features are all
geometry-based. The most important Bader charge descriptor
has only about one-quarter of the importance of the leading
geometric feature. This reassures the dominance of geometric
factors in determining the reactivity of the surface B layer,
which is quite advantageous in that we can accurately predict
reaction free energetics solely from energy-minimum geome-
try, which greatly reduces the overall computational cost of
feature evaluation.
The fitted ML model is then used to search the reactivity

space for a pool of optimal candidates, which is then refined
and confirmed with DFT. The first search aims to locate the
candidates with the highest ΔG in all N2RR steps (Figure 5a).
The data points largely fall within the activity volcano as in
Figure 1c, with a few outliers on the right-leg side due to strong

structural distortion from heavy hydriding of strained MBenes.
For a switchable dynamic catalysis setup, the goal is to locate a
pair of ligand states that are on different legs of the activity
volcano and as far apart as possible. The optimal systems in
this case are the empty-hydride pair for W MBene, the empty-
bromide pair for Mn MBene, and the empty-hydride pair for
Mo MBene.
For N2RR in a conventional reactor, the ligand-bound W

MBenes are the optimal group, with hydride-bound Hf MBene,
hydride-bound Cr MBene, and empty Ta MBene also in the
competitive pool. However, in a conventional reactor with
protic solvent, hydrogen evolution reaction (HER) is a major
side reaction. In Figure 5b, we perform a Pareto search to
optimize N2RR while suppressing HER (maximize |ΔGH|) and
show the candidates within the first three Pareto frontiers. The
W and Mo MBenes, despite having high N2RR activity, are
more prone to HER. In fact, MoB2 is known as an active HER
catalyst.29 The Hf and Ta MBene can minimize HER without
compromising N2RR.

Figure 4. Interpretable machine learning of adsorption free energetics based on simple geometric descriptors. (a) The parity plot showing the
correlation between DFT-computed and ML-predicted adsorption free energies. (b) SHAP summary plot showing the relative importance and
impact of geometric descriptors on the ΔGads prediction.

Figure 5. Exploration of the reactivity space spanned by different metal component and ligand types in MBene. (a) Search toward optimal N2RR
limiting potential, with promising candidatesfor direct use or switchable setup highlighted. (b) Pareto search for candiates with optimal N2RR
activity and minimal HER activity. The searches are performed using the ML model, followed by DFT confirmation. All final values shown herein
are DFT-computed.
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In summary, we propose MBenes as a promising model
catalyst for dynamic catalysis, featuring structural flexibility,
strong coupling between the top and bottom surface layers,
and modification of surface properties via organic ligands. By
switching the bound ligand, the working surface of the catalyst
can swing between overbinding and under-binding states along
the scaling relationship by up to 0.6 eV, operating on the
“inverse” activity volcano at ideal oscillating frequencies. This
reactivity-switching on MBene is agnostic to the catalyzed
reaction and can be generalized to other multistep reducing
reactions, such as the CO2 reduction reaction (Figure S13),
with a similar energy span. We further demonstrate that the
switchable surface chemistry can be well captured by a set of
geometric descriptors, enabling interpretable machine learning
for accurate prediction of adsorption free energies and low-cost
exploration of the vast metal−ligand-adsorbate reactivity space.
We provide a generalizable workflow and highlight the
opportunities at the interface between (in)organic chemistry
and material science for designing model catalysts with highly
tunable reactivity.
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