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Control of surface reactions is commonly achieved by modification of surface electronic structures.
Here, we discover an alternative pathway for controlling surface reactions by tuning the mechanical
stiffness of the underlying material. We find that in addition to the typically assumed surface electronic
contribution right at the reactive site, the contribution from the deformation of the bulk region plays a vital
role in controlling surface reactions. The underlying mechanism is an elastic relaxation of the solid, which
depends on the material’s stiffness and can be modified by tuning bulk stoichiometry. The effect of bulk
stiffness on surface reactions has been demonstrated by considering hydrogen scission reaction and oxygen
incorporation reaction during corrosion of amorphous SiC in water and air, respectively. Our results imply
that tuning of bulk stiffness by modifying stoichiometry can provide an effective method for controlling
surface reactions.
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Surface reactions are at the heart of many technical
fields, such as corrosion of structural materials, electro-
chemical conversion of exhaust gases, etc. Corrosion can
cause dangerous and expensive damage to everything from
automobiles, bridges, and even power plants [1–3],
whereas electrolysis plays an important role in the reduc-
tion of CO2 emission [4,5], and Li-ion batteries promise for
high-performance electrochemical energy storage [6,7]. It
is not surprising that in the past decades, multiple efforts to
control surface reactions have been reported. One effective
way is by tuning surface structure [8–14]. For example,
studies of metallic nanoparticles have shown that the
surface catalytic performance of the nanoparticles can be
dramatically enhanced by increasing low-coordinated sur-
face steps [11–13], stretching surface lattice [8,10,11], and
densifying defects on the surface [10,13,14]. These par-
ticular surface engineering approaches have been widely
employed in materials with transition metals, and the
strategy is supported by an underpinning theory, i.e., a
surface “d-band model” [8,14]. In this model, the inter-
action between the adsorbates and metallic atoms on the
surface is determined by the energy level of the surface
d-band center. The higher the energy of the surface d-band
center is relative to the Fermi energy, the stronger the
interaction with adsorbates. Engineering of surface reac-
tivity by modifying surface electronic structure has also
been employed in materials without transition metals, such
as the hydrogen passivation of silicon to suppress surface
activity [15,16] and the functionalization of the silicon
carbide surface to control hydrophobicity [17,18]. In
addition to the solid surface engineering, surface reactions
can be controlled by modifying the environment, e.g., in the
case of a liquid solution in contact with the solid surface,

by controlling the pH and impurity ions in the solution
[19–21]. For example, pH has been used effectively to
control the electrochemical dehydrogenation rate on silica
surfaces [20,21].
All the above efforts mainly focus on modifications of

solid surface electronic states right at the reactive site,
which is generally assumed to control the surface reaction.
Interestingly, it has been recently shown that in addition to
surface structure and environment, reaction rates could be
impacted by the bulk properties of the solid if the solid is
subjected to mechanical stress or strain. This kind of
mechan-chemical coupling has been found during chemi-
sorption on the surface of biaxially strained transition metal
systems, especially if they contained stepped surfaces [22],
and during reactions of silanol groups at silica-silica
interfaces under compressive stress [23]. While it might
be not as surprising that surface properties of a solid change
when the solid is subjected to strain, these studies raise
the question of the impact of bulk properties on surface
reactions in general. As explained above, up until now in
stress-free materials surface reactions have been generally
expected to depend primarily on the surface properties and
environment.
Here, we demonstrate that contrary to what had been

previously assumed, surface reactions in stress-free materi-
als can in fact have a strong dependence on the bulk
properties of a solid. Specifically, we find that there is a
significant contribution to surface reactions from the
mechanical relaxation of the underlying solid, which is
mainly controlled by the intrinsic stiffness of the material.
These conclusions are based on a series of quantum
mechanical calculations of chemical reactions underlying
environmental degradation of stress-free amorphous SiC
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(a-SiC). We demonstrate the impact of bulk stiffness on
surface reactivity using a specific example of hydrogen
scission reaction, which is a key step in the hydrothermal
corrosion of SiC [24,25]. To verify our predictions, we have
carried out additional studies of the oxygen incorporation
reaction, which is a critical step during oxidation of SiC in
air [26] (see Supplemental Material [27]). Energetics of
both types of chemical reactions were found to have the
same qualitative dependence on the bulk properties of
SiC. We chose a-SiC as a model material, as its surface
reactivity is relevant to a number of fields, such as the
membrane materials in micro- and nano-electromechanical
(MEM and NEM) device applications [40], membranes for
microfluidic devices [41], and fabrication of polycrystalline
materials in which the highly disordered grain boundaries
have a resemblance and are commonly regarded as a-SiC
regions [42]. In addition, the choice of a-SiC offers the
added flexibility of tuning the physical properties of solids
by adjusting the C=Si stoichiometry, allowing the realiza-
tion of materials with properties that span those of a-Si and
a-C. In this Letter, to study the effect of the properties of the
solid on surface reactions, we have considered three a-SiC
systems with different bulk stoichiometries, corresponding
to the C=Si ratios of 0.8 (C-rich), 1.0 (stoichiometric),
and 1.2 (Si-rich). Simulation details are provided in the
Supplemental Material [27].
Environmental degradation of crystalline SiC in high-

temperature water is known to be accomplished mecha-
nistically by the attack of Si─C surface bonds by H, called
a hydrogen scission reaction. The H atom is first emitted
from a hydroxyl group previously adsorbed on the surface.
The hydrogen scission reaction results in C being passi-
vated by H atoms, and surface Si becoming hydroxylated
[24,25]. In simple terms, subsequent H scission reactions
enable further hydroxylation of Si, which eventually is
released into the water as SiðOHÞ4. C initially forms a
C-rich layer on the SiC surface and eventually it is
dissolved as gas phases [43]. The H scission reaction is
thus a key mechanism that drives environmental degrada-
tion of crystalline SiC in high-temperature water. Here,
using ab initio molecular dynamics (AIMD) we have
confirmed that the hydrogen scission reaction plays the
same role in breaking Si─C bonds during degradation of
a-SiC (see Fig. S3 [27]). Estimating the reaction energy of
hydrogen scission on a-SiC surface is complicated by the
structural disorder and the limited number of reactions
observed within the AIMD simulations. Therefore, to find
the possible energy distribution of hydrogen scission
reactions in a-SiC with different stoichiometries, we
artificially displaced the hydrogen atom from the hydroxyl
group adsorbed to Si (i.e., Si─OH group) toward a Si─C
surface bond. Minimizing the total energy of 60 indepen-
dent samples with respect to different atomic coordinates
shows that in these positions the hydrogen scission can
only occur for those surface Si─C bonds that are longer

than ∼1.889 Å. Once the hydrogen scission occurred, the
dangling bond in the undercoordinated Si─O group that
remains on the surface can be spontaneously passivated by
another H atom that comes from the surrounding water
molecule. Specifically, a water molecule around the reac-
tive site is dissociated into −H and −OH, and the H atom
tends to passivate the undercoordinated Si─O group, while
the −OH is adsorbed onto the surface and binds to a Si
atom near the reactive site.
Figure 1 shows the calculated reaction energies for the

aforementioned H scission reactions in a-SiC with different
stoichiometries. We find that the reaction energy is highly
dependent on the bulk stoichiometry of a-SiC. Generally,
the reaction energies on the surfaces of stoichiometric and
Si-rich systems are negative, meaning that the hydrogen
scission reaction is energetically favorable to occur on
those surfaces. The reaction energies in a Si-rich system
(from−0.229 to −1.171 eV) are slightly smaller than those
in stoichiometric system (from −0.006 to −0.771 eV),
suggesting that the presence of additional Si atoms in a-SiC
can moderately reduce the hydrogen scission reaction
energy. The most dramatic effect can be seen on the
surface of a C-rich system, where the reaction energies
are significantly increased and become positive, ranging
from −0.058 to 0.922 eV. We note that we have observed
another type of reaction on the surface of the C-rich system,
i.e., once the H atoms are emitted from the Si─OH group,
the dangling bond in the Si─O group remaining on the
surface is not repassivated. These reactions occur because
the excess carbon atoms that exist on the surface can form a
C─C chain structure around the reactive site (see
Fig. S5 [27]). Such structure suppresses dissociation of a
nearby H2O because the strong C─C bond makes the
electrostatic interaction between the C─C structure and
H2O molecule negligible. This behavior qualitatively
resembles the adsorption of H2O on the diamond surface
[44] and on the C-terminated surface of SiC [17,18].
In this case, the energy for hydrogen scission reaction is
higher than ∼1.0 eV, which means that this scenario is

FIG. 1. Distribution of reaction energy for the hydrogen
scission reaction in a-SiC with different stoichiometric condi-
tions. Here C=Si ¼ 1, >1, and <1 represent the stoichiometric,
C-rich, and Si-rich systems, respectively.
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thermodynamically difficult to occur. The increase in
reaction energies on C-rich surfaces was also found for
reactions involving oxygen gas adsorption and incorpo-
ration on the a-SiC surfaces (see Supplemental Material
[27]). Finally, as described by the Bronsted-Evans-Polanyi
relation [45], the reaction energy is often linearly correlated
with the activation energy barrier. This linear relation for
the hydrogen scission reaction on SiC has been confirmed
by our previous DFT calculations [25]. Therefore, the
current results suggest that tuning of bulk stoichiometry of
a-SiC with high carbon contents can increase the surface
reaction energy barriers and therefore decrease the surface
reaction rate.
To understand the origin of the above effect of stoichi-

ometry on the hydrogen scission reaction, we have isolated
the contributions to the reaction energy from the electron
redistribution at the surface reactive sites (electronic con-
tribution to reaction energy) and from the elastic relaxation
in the surrounding bulk region (bulk contribution to the
reaction energy).
The electronic contribution, ΔEele, was evaluated by

considering the energy cost associated with the changes in
chemical bonding states right at the reactive site (involving
the H scission of the Si─C bond and the subsequent
passivation reactions at the reactive site). Because of the
complexity of the reaction processes, we decomposed the
changes in chemical bonding states during the hydrogen
scission reaction into four steps shown in Fig. 2(a). These
are (i) ΔE1

ele, breaking of the O─H bond in the surface
Si─OH group, while holding positions of all the ions in

both the a-SiC substrate and the H2O solution fixed in the
configuration before reaction; ΔE1

ele ¼ EðSiOÞ þ μðHÞ−
EðSiOHÞ, where EðSi─OHÞ and EðSi─OÞ are the energies
of system with adsorbed Si─OH group before and after
emitting H, respectively. μðHÞ is the chemical potential of
hydrogen atom; (ii) ΔE2

ele, incorporation of H atom to
form C─H bond, while fixing the ions in both the sub-
strate and solution in the configuration after reaction;
ΔE2

ele ¼ EðCHÞ − μðHÞ − EðCÞ, where EðC─HÞ and
EðCÞ, respectively, are the energies of system with and
without H passivation to form C─H bond; (iii) ΔE32

ele,
breaking of the Si─C bond due to H incorporation, which is
estimated by calculating the bond strength of Si─C bond
before reaction (see SupplementalMaterial [27]); (iv)ΔE4

ele,
dissociation of a nearby H2O to passivate the dangling bond
in the Si─O group that remained on the surface after
emitting of H atom. In the H2O dissociation process,
positions of ions in the a-SiC substrate are fixed, while
water molecules and the adsorbates at the reactive site are
fully relaxed. In above steps, the electron redistributions
have been fully considered. The electronic contribution can
be then estimated as the sum of the energy costs in above
steps, i.e., ΔEele ¼

P
4
i ΔEi

ele. Here, we should note that
dividing the reaction into four steps is necessary in order to
consider the energy change along the actual reaction path.
There is electronic energy lost or gained along the path, so
the total contribution along the reaction path is not equal to
the difference between the final and the initial state. From
Fig. 2(b), one can see that the energy cost due to the

FIG. 2. (a) Steps of chemical bond breaking and formation during a hydrogen scission reaction: (i) breaking of O─H bond in the
surface Si─OH group; (ii) and (iii) breaking of C─Si bond and formation of C─H bond due to the hydrogen scission and incorporation;
(iv) passivation of Si─O due to the dissociation of H2O around the reactive site. The yellow spheres are the silicon atoms, gray ones are
the carbon atoms, red ones are the oxygen atoms, and white ones are the hydrogen atoms; the large blue and green spheres are the silicon
and carbon atoms right at the reactive site, respectively. (b) and (c) Electronic and bulk contributions to the hydrogen scission reaction as
a function of total reaction energy, respectively.
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changes in chemical bonding states at the reactive site is
largely independent of stoichiometry.
Our AIMD simulations reveal that when a hydrogen

scission reaction occurs, it results in displacements of
atoms in the substrate. Specifically, the incorporation of
the H atom to break the Si─C surface bond will displace Si
and C atoms right at the reactive site, which allows their
surrounding atoms to move away from the reactive site and
causes the relaxation of surrounding solids. The bulk
relaxation, ΔEbulk, can release the mechanical energy in
the solid induced by the surface reaction, and thus reduce
the reaction energy. To evaluate the change in the mechani-
cal energy caused by H scission reaction, we removed from
the simulation cells all the H2Omolecules in the solution as
well as adsorbates (both before and after the reaction).
Additionally, to exclude from the calculations of energy
associated directly with the breaking of the Si─C bond at
the reactive site, we removed those Si and C atoms that
participate in the broken Si─C bond at the reactive site, and
then passivated the remaining dangling bonds with hydro-
gens both before and after the reaction. The same number
of molecules and atoms was removed or added in the
systems before and after the reaction. Finally, we calculated
the total energy difference of the systems before and after
the reaction. Since elastic deformation is a reversible
process, the amount of elastic relaxation does not depend
on the reaction path, and thus can be calculated as
the difference between the initial and final state.
Generally, the more negative change in the mechanical
energy, the more relaxation occurs, which makes
the reaction energetically more favorable. We note that
in C-rich and Si-rich systems, there might be C─C or Si─Si
bonds present near the reactive site, meaning that the local
chemical environment is different from the stoichiometric
systems. The different local chemistry environments can
induce different mechanical relaxation. To eliminate the
effect of the local chemistry on the solid mechanical energy,
in our comparison between different systems we only
included those cases of reactions where there were no
homonuclear (C─C or Si─Si) bonds present right near the
reactive site.
As shown in Fig. 2(c), changes in the mechanical energy

caused by hydrogen scission reaction have a strong
dependence on bulk stoichiometry. For a C-rich system,
the magnitude of the change in the mechanical energies,
jΔEbulkj, around different reactive sites are almost constant
and not larger than 0.2 eV, indicating that the bulk
relaxation contribution to the reaction energy in a C-rich
system is minor. This is consistent with the negligible
changes of Si─C bond length distributions before and after
reaction, as shown in Fig. 3(a). The changes in the
mechanical energy for stoichiometric and Si-rich systems
are significantly larger than those found in a C-rich
system, and the value ranges from −0.063 to −0.665 eV
[see Fig. 2(c)]. This trend is consistent with the more

pronounced changes in the Si─C bond length distribution
in stoichiometric and Si-rich a-SiC than in a C-rich system
(see Fig. 3). The same qualitative dependence of changes
in the mechanical energy on stoichiometry was found for
the oxygen incorporation reaction on a-SiC surfaces (see
Fig. S2 [27]).
By comparing Figs. 2(b) and 2(c), we can conclude that

the major contribution to the variation of surface reaction
energy in systems with different stoichiometries (see Fig. 1)
comes from the changes in the mechanical energy of the
surrounding solid, rather than from the changes in the
electronic energy associated with broken surface bonds.
This is because the changes in the electronic energy at the
reactive sites in these systems are relatively constant and
therefore independent of the total reaction energy. The
reaction energies generally decrease as the change in the
mechanical energy becomes more negative, corresponding
to a stronger driving force from the elastic relaxation. This
trend is particularly evident in stoichiometric and Si-rich
systems [Fig. 2(c)]. It should be noted that although the
magnitude of the change in the electronic energy is larger
than that of the mechanical energy, the sum of these two
contributions has a similar trend as the change in the
mechanical energy (see Fig. S7 [27]), which means that the
mechanical energy dominates the total reaction energy.
These results suggested that the contribution from elastic
relaxation of solids plays an important, and in some cases
dominant, role in the energetics of surface chemical
reactions.
In a hydrogen scission reaction, the incorporation of a

H atom into the surface Si─C bond can induce local stress
into the solid to displace the Si and C atoms at the reactive
site. Because of the comparable bond length and
bond strength of the surface Si─C bond, the reaction-
induced stresses should be comparable in the systems with
different stoichiometries (see Supplemental Material [27]).
Therefore, in the absence of plastic deformation, the
resistance to mechanical relaxation can be directly attrib-
uted to the mechanical stiffness of material, i.e., the stiffer
of the material, the smaller its relaxation. We have
calculated the stiffnesses of a-SiC samples and they are

FIG. 3. The averaged radial distribution function of Si─C bond
in systems with different stoichiometries before (initial state) and
after (final state) hydrogen scission reaction.

PHYSICAL REVIEW LETTERS 129, 106101 (2022)

106101-4



listed in Table S2 [27]. These data show that the elastic
stiffnesses of a-SiC increase with increasing carbon con-
tent, which is consistent with previous experimental mea-
surements [46,47]. This is understandable since the elastic
stiffness of a material can be attributed to the strength of
its chemical bonds, i.e., the stronger the chemical bond,
the larger the elastic stiffness. As shown in Fig. 4, the bond
strength in a-SiC follows the order of ΔEbðC─CÞ >
ΔEbðSi─CÞ > ΔEbðSi─SiÞ. For C-rich a-SiC, its average
bond strength is much larger than that of stoichiometric and
Si-rich systems, due to the existence of a large number of
homonuclear C─C bonds. The Si-rich a-SiC has the lowest
elastic modulus, which results from the presence of weaker
Si─Si bonds.
In summary, we have shown that tuning bulk stiffness by

changing bulk stoichiometry can be an effective tool for
controlling surface reactions. For materials with lower
stiffness, such as stoichiometric and Si-rich a-SiC, relax-
ation in solid can release the stored mechanical energy
induced by the reaction in the substrate, and thus reduce the
reaction energy. For stiffer materials, such as C-rich a-SiC,
the formation of large amounts of stronger C─C bonds
dramatically enhances the mechanical stiffness of material,
so that the mechanical relaxation in the bulk region can be
negligible, and the surface reaction energies in C-rich
system are generally higher than those in stoichiometric
and Si-rich ones. The ability to tailor surface reactions via
bulk mechanical stiffness has potential impact on the
design of materials with respect to such phenomena as
corrosion, electrochemical energy storage, and friction, etc.
Finally, our results provide new insights into degradation
mechanisms of SiC, which is an important material for
future energy systems.
From the practical perspective, the stoichiometry of the

materials could be changed either in the sample preparation
process [48–50] or by other postprocessing phenomena
such as radiation-induced segregation [51]. For instance,
irradiation experiments in polycrystalline SiC have shown
that there is irradiation-induced segregation of C to high-
energy grain boundaries [51], which often have highly

disordered amorphous-like structures. Our results suggest
that irradiation could suppress grain boundary corrosion
under circumstances where such radiation-induced segre-
gation takes place.
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