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Modulating the Electronic Properties of
Orthorhombic Mo2C Surfaces with Strain and

Defects: Insights from First-Principles
Calculations

Sourabh Kumar,1 Gokay Adabasi,1 Mehmet Z. Baykara1 and Ashlie Martini∗,1

1 Department of Mechanical Engineering, University of California Merced, Merced, California 95343, United States

Abstract

Mo2C is an efficient and cost-effective catalyst for hydrogenation reactions that are crucial for

chemical synthesis and renewable energy applications. In this study, we investigate the elec-

tronic and adsorption properties of orthorhombic Mo2C (001) with three different surface termi-

nations using density functional theory. By introducing Mo and C vacancies and substituting

Mo with Ti, we evaluate the effect of defects on the electron localization function (ELF), pro-

jected density of states, and hydrogen adsorption behavior. The results show that Mo atom

vacancies significantly disrupt the ELF distribution, while C atom vacancies and Ti substitution

have little effect. Tensile or compressive strain applied to the surfaces modulates the ELF for

surfaces with Mo defects but has little effect on systems with C vacancies or Ti substitutions.

We also examine how defects and strain affect hydrogen adsorption on the Mo2C surfaces to

understand the potential effect on catalytic performance. The findings of this study highlight

the importance of defect and strain conditions in the catalytic efficiency of orthorhombic Mo2C
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and offer valuable insight for designing strain- and defect-engineered catalysts with enhanced

hydrogen adsorption and desorption properties, paving the way for more efficient and selective

hydrogenation processes.
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Introduction

Metal carbides are a class of compounds composed of carbon and metals, known for their

exceptional hardness, high melting points, and significant resistance to wear and corrosion.1–4

These materials are widely utilized in various industrial applications, including cutting tools,

abrasives, and coatings, due to their robustness and durability.5,6 Among the different types of

metal carbides, tungsten carbide,7,8 titanium carbide,9,10 zirconium carbide11 and molybdenum

carbide are particularly noteworthy for their outstanding mechanical and catalytic properties.12

The ability of these metal carbides to mimic the catalytic behavior of noble metals, particularly

platinum, has made them a focal point in the search for alternative catalysts for various chemical

processes.

Among metal carbides, molybdenum carbide (Mo2C) stands out due to its exceptional cat-

alytic properties,13 especially in reactions like hydrogenation,14 hydrogen evolution reaction

(HER),15–17 water-gas shift (WGS),18,19 hydrodesulfurization,20 (HDS) and hydrodeoxygena-

tion21 (HDO). Of particular importance is its role in hydrogenation, where the adsorption and

activation of hydrogen molecules on the catalyst surface are critical for enabling efficient hy-

drogen transfer to substrates. The efficiency of hydrogenation catalysis is closely tied to the

binding energy of hydrogen on the catalyst surface, which influences the adsorption, activation,

and desorption processes essential for catalytic turnover.22 Mo2C has emerged as a particu-

larly important catalyst for hydrogenation due to its ability to balance hydrogen adsorption and

desorption efficiently, positioning it as a highly reliable and cost-effective choice for various hy-

drogenation applications, including CO2 reduction,14,23 olefin hydrogenation,24 and selective

hydrocarbon synthesis.25 Additionally, the strong covalent bonds between Mo and C atoms

contribute to good structural and thermal stability as well as high hardness such that Mo2C

is ideal for use in high-temperature and high-wear environments. The catalytic efficiency of

Mo2C, combined with its durability and stability, makes it an attractive choice for renewable

energy technologies.26

Mo2C can crystallize in several structural phases, with the two most common being or-

thorhombic and hexagonal close-packed. Here we focus on the orthorhombic phase of Mo2C

that exhibits distinct physical and chemical properties For example, experimental findings have

highlighted the differences between hexagonal and orthorhombic structural stability caused by

the concentration of carbon atoms27 and the ordered/disordered distribution of carbon atoms at

octahedral sites.28,29 Studies have shown that the orthorhombic structure is beneficial for prop-

erties including catalytic activity,30 mechanical strength,31 and stability.32 Orthorhombic Mo2C

with four different terminations, (001)-Mo-1, (001)-Mo-2, (001)-Mo-C, and (110)-Mo/C, was the-
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oretically investigated previously.33 Ab initio atomistic thermodynamic analysis showed that the

(001)-Mo-C and (110)-Mo/C surfaces are the most stable. It was concluded that the presence

of C atoms on the surface reduces reactivity, while surfaces with higher concentrations of Mo

or metal atoms can promote hydrogenation reactions.33

In a combined experimental and computational study,34 HDS reactions were analyzed with

Ni2P (001), orthorhombic Mo2C (001), and polycrystalline MoC surfaces. The results showed

that orthorhombic Mo2C (001) had the highest reactivity. However, due to strong reactivity with

the products, orthorhombic Mo2C was found to be a less effective HDS catalyst than Ni2P. This

difference motivates the investigation of the atomic-scale mechanisms underlying the effect

of surface electronic properties on the chemical reactivity, and thus catalytic properties. A

recent computational study investigating the electrocatalytic mechanism of HER on Mo2C, MoP,

and Ni2P surfaces revealed that the most effective catalytic sites are not necessarily those

with the strongest adsorption.35 This insight suggests that efficient hydrogen adsorption and

desorption, rather than merely strong adsorption, is the key to enhancing catalytic activity.

Moreover, calculations were used to analyze the effect of strain on the HER catalytic activity

of the material. The study35 reported that strain (e.g., 1% and 3% tensile strain for Mo2C)

enhances HER activity. The observed improvement in HER activity was explained in terms

of adsorption energy (∆E) and Gibbs free energy (∆G) for hydrogen atoms on the surface.

Previous studies focusing on different material surfaces, optimal adsorption energies, and strain

suggest that fine-tuning these factors can lead to significant improvements in catalytic activity

across various materials.32,36

Atomic level studies have shown that defects on the Mo2C surface can alter its electronic

properties.37 Through Helmholtz free energy calculations and electron localization function

(ELF) plots, a computational study provided an in-depth analysis of vacancy formation ener-

gies and defect sites.38 The ELF plots showed that carbon vacancies exhibit a network of

trapped electrons throughout the crystal, whereas molybdenum vacancies have significantly

depleted electron density. Understanding these electronic structures in the unit cell provided

critical insights for understanding the reactivity of the Mo2C in catalytic processes.38 How-

ever, a surface-level analysis can provide a better representation of vacancy-induced electronic

changes compared to studies of a unit cell, and therefore enhance our understanding of how

defects influence catalytic performance in practical applications.

A recent computational study aimed to investigate the role of defects on the catalytic behav-

ior of γ-Mo2C in an HER reaction.39 The density functional theory (DFT) calculations revealed

that doping and vacancy defects significantly improved the catalytic performance by shifting the
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hydrogen adsorption free energy (∆GH*) values closer to zero. Additionally, a negative linear

relationship between the ∆GH* value and the d band center was found, suggesting that catalytic

activity was modulated by tuning the d-band center and non-metal adsorption. This study39 un-

derscores the potential of modifying γ-Mo2C through defects to tailor its catalytic properties.

Such defect tailoring has not previously been explored at the atomic scale for orthorhombic

Mo2C.

Although the hexagonal and trigonal phases of Mo2C have been thoroughly investigated via

experiment and computational studies,14,40–43 the role of defects (e.g., vacancies of Mo or C or

substitution of foreign atoms) and strain (tensile and compressive) on the electronic properties

of the surface of orthorhombic Mo2C are yet to be explored. Thus, investigating how these

factors affect the surface electronics of orthorhombic Mo2C, particularly at the atomic level, is

crucial for understanding and optimizing its catalytic properties.

In this study, we investigate how defects on the surface of orthorhombic Mo2C and strain

affect the electronic properties of the material. Motivated by representative conductive atomic

force microscopy (C-AFM) images showing the effect of defects on surface electronics, we

employ in silico methods, introducing various defects (vacancy and substitution) and perform-

ing strain calculations (uniaxial tensile and compression) on orthorhombic Mo2C surfaces. As

shown in Figure 1, we focus on Mo2C (001) slab models with three different surface termi-

nations: (001)-Mo-1, (001)-Mo-2, and (001)-Mo-C. The DFT-based results show how defects

and strain on each type of orthorhombic Mo2C surface affect the ELF. Moreover, hydrogen ad-

sorption on surfaces with defects and/or subject to strain is analyzed. This analysis provides

insights into how defects and strain affect catalytic efficiency and highlights the importance of

tailoring orthorhombic Mo2C for enhanced performance in catalytic applications.

Computational Details

Calculations were performed for three orthorhombic Mo2C surfaces that will subsequently be

referred to as different Types. Specifically, the (001)-Mo-1 surface is Type 1, the (001)-Mo-2

surface is Type 2, and the (001)-Mo-C is Type 3. All DFT calculations were performed using the

Quantum ESPRESSO package.44,45 The model systems were three layers of orthorhombic

Mo2C with an orthorhombic Bravais lattice. The 3×2×1.5 Mo2C supercell utilized in this study

was constructed from the optimized primitive unit cell with lattice parameter a = 4.734 Å, b =

6.063 Å, and c = 5.213 Å, which are in close agreement with experimental data (a = 4.732 Å, b

= 6.037 Å, c = 5.204 Å).46 Along the z-axis, a 12 Å vacuum was included both above and below
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Figure 1: Orthorhombic Mo2C (001) surfaces with different top layer atom structures used in the calcu-
lations: Type 1 (001)-Mo-1 – all Mo atoms, Type 2 (001)-Mo-2 – both Mo and C atoms on top, and Type
3 (001)-Mo-C – all C atoms on top. The first row images are side views (x, z axis) and the second row
images are top views (with only the top layer of Mo and C atoms shown) of the system.

the material to mimic a slab conformation and avoid periodic interactions. The Perdew-Burke-

Ernzerhof (PBE) functional, within the framework of the generalized gradient approximation

(GGA), was employed to describe the exchange-correlation energy.47 The plane-wave basis

set was defined with a wavefunction cutoff energy of 665 eV. The self-consistent field (SCF)

calculations achieved convergence with energy thresholds set to 10−5 eV for total energy cal-

culations and 10−2 eV for geometry optimizations. The Monkhorst-Pack grid was centered at

the Gamma point. Ionic positions were relaxed using the Broyden–Fletcher–Goldfarb–Shanno

(BFGS) algorithm, allowing the system to find the local minimum energy configuration. The

k-point sampling was carried out at the Gamma point, ensuring efficient and accurate integra-

tion over the Brillouin zone for this large supercell. Mechanical strain was introduced to the

materials by distorting the crystal structure along the lattice constant a by changing the lattice

parameter from its equilibrium value (a = 14.1856 Å) and performing optimization calculations

using the variable cell relaxation. At each strain, the lengths of the simulation cell in the direc-

tion of the lattice constant a and c were fixed while the length in the direction of lattice constant

b was allowed to change. This process permitted the relaxation of both lattice constants and

atomic coordinates during the structural optimization. The computational parameters were cho-

sen to ensure a balance between accuracy and computational cost, suitable for studying the

impact of mechanical strain and defects on the electronic properties.
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Experimental Details

The C-AFM images presented here were acquired on thin crystals of Mo2C grown via chemi-

cal vapor deposition (CVD) on copper foils.48 While the details of the synthesis can be found

elsewhere, the overall process consists of the following main steps: (1) a Cu foil placed on

top of a Mo foil was inserted into an atmospheric-pressure CVD furnace in a quartz crucible,

(2) the samples were heated up to a temperature of 1090°C under a flow of N2, H2, and CH4

gases, (3) the samples were rapidly cooled down out of the hot zone under N2 and H2 gas

flow. Depending on growth times, this process resulted in thin Mo2C crystals located on cop-

per foils, with thicknesses ranging from a few tens to a few hundreds of nm and lateral sizes

spanning several µm. A commercial AFM instrument was used for imaging (Asylum Research,

Cypher VRS), which was performed under uncontrolled ambient conditions (temperatures of

30-35°C, measured inside the AFM instrument, and relative humidity levels of 30-40%). A

conductive-diamond-coated probe (Nanosensors, CDT-NCHR) was utilized for imaging, with a

normal spring constant of 68 N/m, calibrated by the Sader method.49 Images were acquired

at fast scan rates of 15.62 Hz, which were previously found to be conducive to high-resolution

imaging.50 No additional normal load was applied beyond the adhesive force at snap-in, which

was typically on the order of 10 nN. During scans, the normal load and the bias voltage were

kept constant, and the current between the sample and the probe was recorded as a function

of lateral position, in the form of current maps.

Results and Discussion

Vacancy and Substitution Defects

Atomic-resolution, real-space images of Mo2C surfaces obtained using C-AFM demonstrate

that defects significantly affect surface electronics (Figure 2). In particular, Figure 2A shows an

atomic-resolution image obtained on a pristine region of the Mo2C surface, comprising bright

spots (corresponding to high local conductivity) arranged in a hexagonal fashion. The sym-

metry and spacing of the bright spots indicate that they correspond to Mo atoms on a Type 1

surface (Figure 1). The image in Figure 2B, recorded on another region of the crystal surface,

comprises the same atomic layout in the background as the pristine surface but also exhibits

a larger bright feature, corresponding to a defect spanning several atomic sites that affects the

local electronic landscape.

Motivated by the experimental observation that defects modulate the surface electronic
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Figure 2: (A) An atomic resolution current map of the pristine Mo2C surface (current range: 0.6 nA (dark)
to 1.5 nA (bright), bias voltage: 5 mV). (B) An atomic resolution current map recorded on a region of
the Mo2C surface that contains a defect spanning multiple atomic sites, highlighted by the dashed circle
(current range: 5.8 nA (dark) to 19.7 nA (bright), bias voltage: 5 mV).

landscape of Mo2C significantly, we performed calculations to characterize the electronic prop-

erties of three different Mo2C surfaces, introducing either a Mo or C vacancy in the top atomic

layer of the material. The Mo72C36 supercell slab used in this study had a defect concentration

of 1.39% for a single Mo vacancy and 2.78% for a single C vacancy. The resulting electronic

property changes were then analyzed using ELF plots of the top lattice planes, as shown in

Figure 3. The ELF, introduced by Becke and Edgecombe in 1990,51 measures the spatial local-

ization of electron pairs compared to a homogeneous electron gas. With values ranging from 0

to 1, ELF identifies regions of electron pairs localization: values near 1 indicate highly localized

electron pairs, such as in covalent bonds, lone pairs, or core electrons, while values near 0.5 re-

flect delocalized electron pairs resembling a free electron gas, and values close to 0 represent

electron pair deficient regions.52 ELF plots provide a visual representation of this localization,

revealing the electronic structure and bonding behavior in a system, including the effect of de-

fects. We compared the ELF plots for the pristine surfaces (first row, Figure 3A-D), as well as

surfaces with a static vacancy (second row, Figure 3E-H), and an optimized vacancy system

(third row, Figure 3I-L). The static vacancy system refers to models of the defect-containing

surfaces without structural optimization while the optimized vacancy system refers to models

after complete relaxation. This comparison between the static and optimized vacancy systems

enables isolation of the effect of local strain (atom displacement) caused by the defects. In all

plots, the electron rich and deficient sites are represented by red and blue, respectively, with

the green representing moderate ELF regions.

In the case of the Type 1 Mo2C surface with an Mo vacancy (Figure 3E, I), the single Mo

vacancy results in a blue region in the ELF, corresponding to the absence of electron pairs

and related interactions near the missing atom’s location, consistent with a disrupted bonding
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environment. Optimization of this Mo-vacancy system further increases the size of the region

with reduced ELF values, which can be directly attributed to the displacement of neighboring

atoms caused by the lack of interactions with the missing atom due to the vacancy. Similarly, for

the Mo2C Type 2 surface with an Mo vacancy (Figure 3F, J), the ELF plots indicate a low-pairing

probability at the vacancy site. However, compared to the Type 1 surface, the displacement of

neighboring atoms due to the vacancy in the Type 2 surface is not significant. In the case of

the Mo2C Type 2 surface with a C vacancy (Figure 3G, K) and Mo2C Type 3 surface with a C

vacancy (Figure 3H, L), the ELF reveals regions of high values corresponding to electron pairs

at the vacancy site, indicative of trapped electron pairs. The optimization of these sites does

not lead to significant displacement of neighboring atoms, in contrast to the Type 1 surface with

Mo vacancy. The ELF values of the optimized vacancy systems (both Mo and C vacancies), as

shown in Figure 3, vary at the vacancy sites and are as follows: For Type 1, with a Mo vacancy,

the ELF ranges from 0.01 at the Mo vacancy site to a maximum of 0.79 over the Mo atom.

For Type 2, with a Mo vacancy, the ELF varies between a minimum of 0.01 at the Mo vacancy

site and a maximum of 0.86 over the C atom, whereas for Type 2 with a C vacancy, the ELF

ranges from 0.03 at the C vacancy site to a maximum of 0.83 over the C atom. For Type 3, with

a C vacancy, the ELF has a minimum value of 0.48 at the C vacancy site and a maximum of

0.85 over the C atom. These ELF results benchmark and extend the findings from a previous

study that reported similar electronic changes due to Mo and C atom vacancies with a unit

cell system38 and confirm the effect of vacancies on the electronic properties across surfaces

terminated by different atoms (Mo and C) in the orthorhombic structure.

The substitution of Mo atoms with foreign atoms can significantly affect the electronic prop-

erties of Mo2C.39 Since the Mo vacancy on the Mo2C Type 1 surface caused significant changes

in the electronic structure (reduced the ELF values at the vacancy site) and the most significant

atom displacement among the three surface types, we substituted an Mo atom on the Mo2C

surface (Type 1) with a Ti atom. As shown in Figure 4, the ELF plot (as viewed from different

planes, i.e., 100, 010, and 001) shows that the substitution defect creates a minor perturbation

in the surrounding electronic structure. The Ti atom site is surrounded by a blue color that

indicates reduced pairing electrons with the neighboring atoms. These changes caused by

the substitution of Mo atom with Ti atom indicate a modification in the local bonding environ-

ment and electronic structure, which could have implications for Mo2C’s electronic and catalytic

properties.
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Type 1 (Mo vacancy) Type 2 (Mo vacancy) Type 2 (C vacancy) Type 3 (C vacancy)

A D

J

0

1

0
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0

1 F

I LK
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G

Figure 3: ELF plot for pristine (A, B, C and D), static vacancies (E, F, G and H), and optimized vacancies
(H, I, J and K) on the orthorhombic Mo2C surface. The plots represents the degree of electron localized
in the x–y lattice plane.

BA C
100 010 001

0

1

Figure 4: ELF plot for 100 (y–z plane), 010 (x–z lattice plane), and 001 (x–y lattice plane) for substitution
of a single Mo atom with a Ti atom (light blue sphere) in the orthorhombic Mo2C (Type 1) system.

External Strain

To analyze the strain-dependent electronic properties of the surface, we applied strain (tensile

or compressive) to all three Mo2C model systems both with and without vacancy defects. In this

study, positive strain values (3%) represent tensile strain, while negative values (-3%) represent

compressive strain. As shown in the ELF plots for the pristine system in Figure 5 (A, B for Type

1; C, D for Type 2 top Mo atoms plane; E, F for Type 2 top C atoms plane; G, H for Type 3),

there is negligible difference in the electronic structure at 3% and -3% strains. The maximum

tensile and compressive strain caused only slight changes in the ELF distribution. However,

the introduction of strain and an atom vacancy led to significant changes, as shown in Figure
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6 (A, B for Mo vacancy on Type 1; C, D for Mo vacancy on Type 2 top Mo atoms plane; E, F

for C vacancy on Type 2 top C atoms plane; G, H for C vacancy on Type 3). For example, with

3% tensile strain, the size of the site where electron pairs were missing due to the vacancy

(the blue region) in Type 1 system expands along both the a and b lattice directions due to the

absence of bonded regions near the vacancy site. Similarly, with -3% compression, the missing

electron pairs region due to the vacancy is smaller than that in the unstrained system. For Type

2, the Mo atom vacancy under both 3% and -3% strain exhibited the same effects in the ELF

plot. In contrast, the C atom vacancies on Type 2 and Type 3 surfaces showed no significant

changes in the ELF plot under strain, except for the presence of trapped electron pairs. These

differences between the pristine and defective systems demonstrate the interrelated effects of

vacancies and strain on surface electronic properties.

0

1

0

1

3 %-3 %

C

G H

D

E F

BA

3 %-3 %

Figure 5: Effect of strain (compression and tension) on the ELF plots for pristine Type 1 (A and B), Type
2 Mo-terminated lattice plane (C and D), Type 2 C-terminated lattice plane (E and F) and Type 3 (G and
H) system.

Unlike the effect of strain on the ELF plot of the Type 1 system with a Mo vacancy, sub-

stituting Mo with Ti in the Type 1 system did not result in significant changes in the electronic

properties. For instance, both compressive (Figures 7A, C, E) and tensile (Figures 7B, D,

F) strains caused no notable variations in the reduced ELF values in the vicinity of Ti atom.

Therefore, applying strain to this system is unlikely to lead to significant changes in its catalytic

properties.

We next investigated the effect of external strain on the projected density of states (PDOS)

of the Mo2C surface. This analysis was initially performed on the pristine Type 1 surface. The

PDOS plots for Mo and C atoms under 3% tensile strain (Figure 8(A)), 0% strain (unstrained)

(Figure 8(B)), and -3% compressive strain (Figure 8(C)) were examined. The fluctuations near

the fermi energy level in the PDOS plots at different strain amounts indicate that tensile and
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C

G H

D

E F

BA

3 %-3 %

Figure 6: Effect of strain (compression and tension) on the ELF plots for Type 1 with Mo vacancy (A and
B), Type 2 with Mo vacancy (C and D), Type 2 with C vacancy (E and F) and Type 3 with C vacancy (G
and H).

A

C
0

1

100

010

001

D

0

1
0

1

B

3 %-3 %

E F

Figure 7: Effect of strain on the ELF plots in different planes (100, 010 and 001) for Mo-substituted Ti
atom orthorhombic Mo2C (Type 1) system. Panels (A, C and E) show -3% compressive strain, while
panels (B, D and F) show 3% tensile strain. The light blue sphere represents the Ti atom.

compressive strain cause significant shifts in the Mo-d-orbital, which could be due to the re-

distributions in the electronic states of the Mo d-orbital. Under 3% tensile strain, the density

of states for Mo and C atoms differ from those of the unstrained system, indicating changes

in the electronic environment due to the applied strain. Similarly, -3% compressive strain re-

sults in distinct modifications in the PDOS, further confirming the strain-induced changes in

the electronic structure. These modifications in the PDOS can be helpful to characterize the
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Figure 8: Effect of strain on the projected density of states (PDOS) for the orthorhombic Mo2C (Type 1)
system under 3% tensile strain (A), 0% unstrained (B), and -3% compressive strain (C).

electronic properties and chemical bonding present in both strained and unstrained systems.

In all three cases (i.e. at 0%, 3%, and -3% strain) of the Type 1 system, the prominence of the

Mo (d-orbitals) near the fermi energy level indicates a contribution to both covalent and metallic

bonding between the Mo-C and Mo-Mo bonds in the system. These calculations were also

performed for other surface types and the results in terms of changes in PDOS with respect

to strain were not significantly different from those shown here for Type 1, so the other surface

types were not explored further.

Surface Adsorption

The difference in adsorption energy between pristine and defective Mo2C surfaces can depend

on several factors, such as the type of defect, the nature of the adsorbate, and the specific

adsorption site. Previous studies of hydrogen adsorption on Mo2C surfaces have shown that

Mo2C exhibits strong catalytic properties, due to its ability to adsorb hydrogen effectively.43

Moreover, the calculated surface potential of the Mo2C varies significantly based on surface

termination, with values of 4.82 eV for Type 1, 4.89 eV for Type 3, and 3.62 eV for Type 2

surfaces. These differences highlight the impact of termination on electron binding and surface

properties, which can affect the adsorption properties. The pristine Mo2C surface typically

provides moderate adsorption energy, with the H atom favoring specific sites such as atop Mo,

atop C, or at bridge sites between Mo-Mo and Mo-C atoms.43,53,54 We performed hydrogen

13



adsorption energy calculations on the pristine as well as different types of defective and strained

orthorhombic Mo2C surfaces.

(d)

(f)

B(b)

(c)

(e)

(a)A

Figure 9: (A) Hydrogen adsorption sites: a Bridged between Mo and C atom. b Bridged between two
Mo atoms. c Bridged between three Mo atoms. d atop C atom. e Bridged between one C and two Mo
atoms. f Bridged between Mo and Ti atom. (B) Hydrogen adsorption energies on various orthorhombic
Mo2C surfaces.

As shown in Figure 9A and B, the presence of defects and application of strain influence

the hydrogen adsorption sites and energies. Based on hydrogen adsorption optimization cal-

culations, we found six different hydrogen adsorption configurations on all surfaces types. The

hydrogen atoms adsorbed onto the Mo2C surface by forming bonds with the d-orbitals of Mo

and the p-orbitals of C can enable effective electron transfer and facilitate adsorption and des-

orption processes. When defects were introduced or strain applied, the hydrogen adsorption

sites changed relative to the pristine system in some cases. Analysis of these hydrogen adsorp-

tion possibilities on various orthorhombic Mo2C surfaces subject to defects and strain reveals

several key findings.

Effect of Defects on Unstrained Systems: Pristine surfaces exhibit a range of adsorption

energies that depend on the specific adsorption site and surface structure. In all unstrained

pristine systems, hydrogen adsorption energies are negative, indicating favorable conditions

for hydrogen binding. However, surface modifications, such as Mo vacancies, significantly al-

ter these adsorption characteristics. For instance, Pristine Type 1 has an adsorption energy

of -0.886 eV, while Pristine Type 2 (Mo) has a stronger adsorption energy of -1.261 eV. This

suggests that these pristine surfaces are capable of effective hydrogen adsorption, which is

essential for catalytic activity. Conversely, for Type 1 and Type 2 surfaces with Mo vacancies,
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the hydrogen adsorption energy shifts to positive values (0.146 eV and 0.067 eV, respectively).

This indicates that hydrogen adsorption becomes suboptimal and favors desorption. In the

context of hydrogenation reactions, efficient performance requires a balance between effective

adsorption of hydrogen onto the catalyst surface and its subsequent transfer to the substrate

(desorption from the surface), ensuring smooth and complete conversion. The presence of Mo

vacancies can create new active sites that enhance hydrogen adsorption while also modifying

the electronic structure, potentially facilitating faster desorption rates. This balance between

adsorption and desorption, influenced by vacancies, is essential for maximizing catalytic effi-

ciency.

In terms of C vacancies, a Type 2 surface with a C vacancy has a negative adsorption

energy of -0.604 eV, suggesting that C vacancies may enhance the ability of the surface to

adsorb hydrogen without significantly hindering desorption. Similarly, Type 3 with C vacancy

has a negative value of -1.024 eV, indicating that this surface configuration continues to support

hydrogen binding effectively. These observations highlight that C vacancies can serve as ben-

eficial sites for hydrogen adsorption. The change in the adsorption energies indicates that the

vacancies affect the active sites relevant for effective hydrogen binding, rendering the surfaces

less efficient for hydrogenation. In contrast, Type 2 with a C vacancy has a negative adsorption

energy of -0.604 eV, indicating that C vacancies have a smaller impact on hydrogen adsorption

strength than Mo vacancies. Similarly, Type 3 with a C vacancy shows only a slight reduction

in adsorption energy to -1.024 eV, indicating that the presence of C vacancies does not sig-

nificantly compromise the surface’s catalytic potential. Moreover, the introduction of Ti atom

substitution in Type 1 leads to a slight reduction in hydrogen adsorption energy from -0.886 eV

to -0.767 eV. While the system remains favorable for adsorption, the reduced strength suggests

a slight decrease in the hydrogen adsorption due to the foreign atom substitution.

Effect of Strain on Pristine Systems: Pristine systems generally offer stable hydrogen ad-

sorption with less sensitivity to strain, especially for Type 1 and Type 3 surfaces. However,

certain pristine surfaces (like Type 2, for hydrogen adsorption on either C or Mo atom) are

highly responsive to strain, as the energies increase significantly from the unstrained to com-

pressively strained system. In case of pristine Type 1, the system under 3% strain experiences

a shift in adsorption energy from -0.886 eV to -0.608 eV, while pristine Type 2 transitions from

-1.261 eV to -0.822 eV. While the adsorption remains negative in both cases, indicating some

degree of favorability, the moderate increase in adsorption energies suggests that strain may

slightly affect the interaction between hydrogen and the surface. However, for the pristine Type

2 system under 3% compressive strain, hydrogen adsorption increased significantly, with ad-
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sorption energies changing from -1.261 eV to -2.498 eV for hydrogen adsorbed on the Mo atom

and from -0.286 eV to -2.205 eV for hydrogen adsorbed on the C atom. These changes suggest

that the compressive strain can significantly reduce the catalytic activity of the Type 2 system

due to strong binding with hydrogen.

Effect of Strain on Defective Systems: The application of strain to the defective systems

further modifies the adsorption behavior of hydrogen, providing insight into how mechanical

properties can be tuned for improved catalytic performance. For example, the application of 3%

strain results in increased adsorption energies for defective systems with Mo vacancies; Type 1

with Mo vacancy shows an energy of 0.271 eV, while Type 2 with Mo vacancy reaches 0.106 eV.

Although these values remain positive, indicating weaker hydrogen adsorption, the application

of strain does not sufficiently lower the adsorption energies to make the surface more favorable

for hydrogen binding. Similarly, applying -3% strain leads to less favorable hydrogen adsorption,

as seen in Type 1 with Mo vacancy and Type 2 with Mo vacancy, with adsorption energies at

0.189 eV and 0.236 eV, respectively. This trend suggests that tensile and compressive strain

influences the ability of these defective surfaces to bind hydrogen, thus impairing their catalytic

efficiency in hydrogenation reactions.

For the Type 2 and Type 3 systems with C vacancies, hydrogen adsorption shows varying

sensitivity to strain. In the Type 2 system, adsorption weakens slightly under -3% strain, while

in the Type 3 system, strain has an almost negligible effect, with adsorption energies close

to the unstrained values. In contrast, the Type 1 system with Ti substitution remains highly

stable, with adsorption energies being nearly constant across both tensile and compressive

strain conditions.

Electronic Properties and Hydrogen Adsorption The observations from the ELF plots and

hydrogen adsorption on pristine and defective systems under unstrained and strained condi-

tions reveal consistent trends in electronic effects. A comparison between pristine and defective

systems highlights that the presence of a Mo vacancy leads to significant electronic structure

changes at the top surface, which correlates with an increase in hydrogen adsorption energy.

This effect remains stable under both tensile and compressive strains. In contrast, for sys-

tems with a C vacancy, no significant variations in the ELF plots were observed, regardless

of the strain applied, and this holds true for hydrogen adsorption as well. Similarly, in the

Type 1 system with Ti substitution, the ELF plots and hydrogen adsorption energies remain

nearly unchanged under both strained and unstrained conditions. These results suggest that

the changes in spatial distribution of electron pairs, as captured in the ELF plots, have a strong

influence on hydrogen adsorption properties. Specifically, the introduction of a Mo vacancy has
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a notable impact on adsorption, while C vacancies and Ti substitution cause minimal changes.

This indicates that the nature of the defect strongly governs the adsorption behavior, with Mo

vacancies resulting in the most significant electronic and catalytic modifications.

Conclusions

Motivated by C-AFM images showing the effect of defects on surface electronics, DFT cal-

culations were performed to investigate the electronic properties of three different types of or-

thorhombic Mo2C surfaces. We analyzed the electronic structure using the electron localization

function (ELF), projected density of states (PDOS), and hydrogen atom adsorption properties.

Comparing pristine and defective Mo2C systems, we observed that Mo atom vacancies sig-

nificantly impacted the electronic structure at vacancy sites, primarily due to the disruption of

bonding interactions. In contrast, C atom vacancies and Mo substitution with Ti caused minimal

changes, aside from reduced ELF values around the Ti atom. Strain effects were also exam-

ined, showing that Mo vacancies led to notable changes in the ELF values in the immediate

vicinity of the vacancy, while C vacancies and Ti substitution exhibited minimal strain depen-

dence. Considering these changes in the regions associated with electron pairs or bonding

sites, a comparative analysis of all types of pristine and defective Mo2C surfaces was con-

ducted, with a particular focus on hydrogen atom adsorption. The findings indicated that strain

can be a powerful tool to modulate catalytic properties on specific orthorhombic Mo2C surfaces,

particularly when combined with defect engineering, providing insights for the design of strain-

engineered catalytic materials. Further, the calculations provide a foundational framework for

understanding the impact of varying defect concentrations on the properties and behavior of

Mo2C systems. The results also show that careful consideration must be given to both the

characteristics of the adsorption site and the applied strain when designing strain-engineered

catalytic materials. In summary, these findings provide valuable insights into the impact of de-

fects and strain on the electronic properties and adsorption behavior of Mo2C surfaces, which

could inform the design of more efficient catalysts.
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