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The adsorption energy and electronic properties of sulfur dioxide (SO2) adsorbed on different low-Miller

index cobalt phosphide (CoP) surfaces were examined using density functional theory (DFT). Different

surface atomic terminations and initial molecular orientations were systematically investigated in detail to

determine the most active and stable surface for use as a hydrotreating catalyst. It was found that the

surface catalytic reactivity of CoP and its performance were highly sensitive to the crystal plane, where

the surface orientation/termination had a remarkable impact on the interfacial chemical bonding and

electronic states toward the adsorption of the SO2 molecule. Specifically, analysis of the surface energy

adsorption revealed that SO2 on Co-terminated surfaces, especially in (010), (101) and (110) facets, is

energetically more favorable compared to other low index surfaces. Charge density difference, density of

states (DOS) and Gibbs free energy studies were also carried out to further understand the bonding

mechanism and the electronic interactions with the adsorbate. It is anticipated that the current findings

will support experimental research towards the design of catalysts for SO2 hydrodesulfurization based on

cobalt phosphide nanoparticles.

Introduction

Sulfur dioxide (SO2) is a common atmospheric pollution gas1

produced as a result of fossil fuel combustion. In fact, the

serious damage caused by acid rain is a direct consequence of

SO2 oxidization in the atmosphere, which is due to its corrosive

nature.2–4 Therefore, the elimination of SO2 has attracted

attention in a variety of elds including catalysis, corrosion, and

air pollution control.5

Today, oil-derived fuels are as much as half of the total

energy produced worldwide. Sulfur molecules are abundant in

all types of crude oil. These compounds not only degrade the

atmosphere quality, but also degrade the feedstock quality and

poison the catalysts used to purify vehicles emissions.6 Thus,

due to their negative impact, environmental regulations require

their elimination from fossil fuel feedstocks,7 as well as

a general decrease in NOx and SOx emissions.8,9

Unfortunately, due to the reduction in the availability of light

petroleum, the quality of the crude feed stock has deteriorated.

This makes the development of new catalysts that are both

active and stable necessary for better renery processes.8 One

key process is hydrodesulfurization (HDS), which is one of the

hydrotreating processes10 dealing with the removal of sulfur

compounds for the production of cleaner fuels11 and lowering

the atmospheric pollution.12 Although the hydrotreating

process has been used for more than 80 years, a deep under-

standing of the relationship between the structure of the cata-

lyst and its performance has only been achieved in this decade.

Molybdenum sulphide nanocatalysts are currently used in

industry for HDS; however, due to their lamellar structure, their

active site density is very low since the active sites are mainly

located on their edge planes. Thus, the current research is

focused on isotropic structures, such as metal phosphides,

where the active metal is exposed in all crystallographic

directions.13

Transition metal phosphides (TMPs) are used as efficient

hydrotreating catalysts for increasing the quality of oil through

the HDS reaction.14,15 TMPs show high thermal stability and

high HDS conversion. Their activity is surprisingly similar to

that of noble metallic catalysts.15 TMPs and noble metal phos-

phides exhibit better performances than metal carbides, metal

nitrides, and pure metals during operation.16 The importance of
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phosphorous in the metal phosphide group is that it acts as

a promoter for modifying the properties of the support, as well

as the mechanical and thermal stability of the catalyst.

Nitrogen, carbon, and boron have also been used as promoters,

but phosphorous is superior in stabilizing metal phosphide

catalysts under HDS conditions without signicant deactiva-

tion.17 Phosphorus also offers high resistance against sulfur

poisoning and high structural stability.18 Nanoparticles exhibit

important crystallographic planes, which affect their physical

and chemical properties. This is why it is challenging to opti-

mize the structure of nanoparticles to meet certain criteria, both

theoretically and experimentally.16 Therefore, investigating the

active sites of TMPs has become signicant to enhance their

HDS performance.

Dibenzothiophene (DBT) and thiophene, which are common

organosulfur compounds found in crude oil, have been inten-

sively studied experimentally in the literature.13–15,17,19–22 In

contrast, SO2 has not been given the required attention for HDS

using TMPs, although it has an undeniable inuence on the

environment. Specically, it was reported by Blair and

coworkers23 that the photo-oxidation of y-seven volatile

organic compounds (VOCs) produces organosulfates (R-

OS(O)2OH) when SO2 molecules are present in the atmosphere.

Also, hydroxyl groups (OH) can support the conversion of SO2 to

H2SO4.

The use of density functional theory (DFT) together with

experimental data has narrowed the gap between catalysis

science and technology, leading to a greater enhancement in

the HDS performance of catalysts.8 DFT is a powerful tool to

investigate the most active planes for HDS. For instance, Bai

and co-workers24 reported the dissociation energy for some

sulfur molecules on the surface of MoP. In particular, the

dissociation of H2S was found to require 385.1 kJ mol�1 to break

the H–S bond, whereas around 373.4 kJ mol�1 is required for

C–S bond dissociation in CH3S–C6H5. Conversely, the energy

required for dissociating HH-DBT is lower (317 kJ mol�1), which

makes it comparatively easier. Tian et al.25 used the generalized

gradient approximation with the Perdew–Burke–Ernzerhof

(GGA-PBE) functional to analyse the surface energy of the

asymmetric facets of MoP. The (101) and (100) facets were found

to be the most stable. However, thiophene was found to favour

dissociation on the most unstable (001) surface of MoP. More-

over, using self-consistent periodic DFT calculations, the HDS

of thiophene on the clean (001) plane of MoP was compared

with a sulfur-modied surface.25 On both surfaces, thiophene

prefers the direct desulfurization pathway due to the lower

activation barriers for the C–S bond. The existence of sulfur

does not increase the activation barrier, but leads to a new path,

for which the C–S bond can be ruptured. The adsorption ener-

gies (absolute value) of thiophene were found by Li et al.12 to be

between 2.54 to 2.6 eV on the (001) surface, with a dissociation

energy of 3.93 eV. The presence of sulfur acts as a promoter

since it reduces the dissociation energy by around 0.15 to

0.61 eV.12 A similar trend was observed for the (010) surface, but

the presence of sulfur on this plane reduced the barrier by only

0.28 eV due to the reduction of the C–S bond energy barrier

caused by the structural deformation of the adsorbate.26

Furthermore, Fuks and coworkers27 found that the Ni3P

phase of the nickel phosphide family provides better adsorption

for sulfur atoms. In addition, the sulfur coverage was maximum

compared to Ni2P and Ni12P5 on the (001) facet. In addition, Ren

et al.28 suggested that the (001) facet of MoP has better stability

for the adsorption of thiophene compared to the same facet of

Ni2P.

The projector augmented wave method (PAW) was used by Li

et al.20 to calculate the hydrogen adsorption energies for the Ni

(111), Ni2P (001), and Ni3PS (001) surfaces. Values of around

0.03 eV were found for all the surfaces, which indicate that the

reaction is unfavourable. Recently, Scaranto et al.29 used DFT to

calculate the surface formation energy and the work function of

the semi-metallic CoP2. The PBE functional was compared with

hybrid methods such as HSE06 and B3LYP, and it was found

that the (100) and (001) planes are the most stable facets since

they have the highest work functions and the lowest surface

formation energies.

To develop a suitable catalyst to meet industrial require-

ments, it must have high selectivity, stability, and activity.

Coking and catalyst poisoning are two crucial factors that affect

the stability of catalysts.30

Although nickel-supported catalysts have the highest activity

among the metal phosphides group,21 they suffer from coking

problems, which affect their stability, resulting in the deacti-

vation of the catalyst.31–33 Thus, cobalt is chosen as the active

metal in metal phosphide catalysts for hydrodesulfurization

since it is more resistant to coking and it has high stability and

activity even at high temperatures.34 One of the most promising

catalysts is the CoP phase since it shows a better catalytic

performance compared with other cobalt phosphide phases

such as Co2P
16,17 and CoP2.

29 To the best of our knowledge, there

is no report in the literature on DFT calculations of the

adsorption of sulfur molecules on the CoP catalyst, which

motivated us to investigate the interaction of CoP with the SO2

molecule, which has an undeniable inuence on the

environment.

In this work, we present and discuss a DFT study on the

adsorption of an SO2 molecule on seven Miller index facets of

the CoP orthorhombic crystal structure together with their

electronic interactions by calculating important surface char-

acteristics such as the charge density difference, density of

states, Bader charge analysis,35 density of states and Gibbs free

energies. The chemical properties of the adsorbent/adsorbate

systems are highly dependent on the chosen surface plane,

surface atomic termination and molecular orientation. There-

fore, to better understand the chemical reactivity and to shed

light on the underlying mechanism governing the catalytic

activity of SO2/CoP, it is instructive to explore all their possible

surface atomic congurations to analyse their surface interac-

tion in more detail at the atomic level.

Computational methodology

The structural and electronic properties of the adsorption of

SO2 on low-Miller index CoP surfaces were investigated by per-

forming spin-polarized36 DFT-D3 (ref. 37 and 38) calculations as

2948 | RSC Adv., 2021, 11, 2947–2957 © 2021 The Author(s). Published by the Royal Society of Chemistry
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implemented in the Vienna Ab initio Simulation Package

(VASP).39–41 The dispersion term (long-range van der Waals

interactions) was included since it has been reported to have

a great inuence in the calculations of adsorption energies,

especially, when physisorption occurs.42–46

The all-electron wave functions and the pseudopotentials for

the electron–ion interaction were described within the PAW

method,47 where the exchange and correlation (XC) potential

was generated within the GGA-PBE scheme.48 The energy

tolerance in the self-consistent eld calculations (SCF) was set

to 1 � 10�6 eV per atom49 and a force tolerance of 1 meV �A�1

(ref. 50) with 0.05 eV of Gaussian smearing was employed. The

Kohn–Shamwave functions were expanded in plane waves up to

an energy cut-off of 520 eV, ensuring the high accuracy of this

work compared to previous theoretical studies.29,51–54

The CoP surfaces were constructed by two-dimensional

translational symmetry55 using the repeated slab method. We

considered slabs of six or more CoP layers (depending on the

cleavage plane) with a lateral length size of minimum 5�A (p(1�

1) or replicated p(2 � 1) if needed), and a vacuum thickness

corresponding to 20 �A was chosen to separate the two surface

slabs to avoid articial interactions between them.26,42 The slab

thickness was checked before, and it was validated that 6 layers

are sufficient to have the ground state properties well

converged, showing a difference in surface energy of less than

0.2 eV.

The upper layers (half of the layers) of the optimized struc-

ture were allowed to relax, while the half bottom layer was kept

xed.56 The number of atoms was the same for all the surfaces

(i.e., crystal formula: Co16P16). Moreover, aer a consistency

test, the Brillouin zone (BZ) was sampled using 8 � 8 � 1

Monkhorst–Pack grid.57

Specically, we considered seven different low-index

surfaces, where the optimized bulk CoP was cleaved with

different surface orientations, namely (001), (010), (011), (100),

(101), (110), and (111) planes.

For each surface orientation, cobalt and (or) phosphorus

surface terminations were examined. The SO2 molecule was

oriented for each surface conguration in parallel and

perpendicular (i.e., one oxygen atom facing the surface)

congurations, and with the perpendicular conguration with

two oxygen atoms facing the surface to determine the most

stable and favourable structure.

The adsorption energy was calculated as:

Eads ¼ Esystem � [Eslab + Emolecule] (1)

where Esystem is the total energy of the optimized system, Eslab is

the total energy of the bare CoP slab and Emolecule is the total

energy of an isolated SO2 molecule. A larger negative Eads value

means a more stable conguration and exothermic

adsorption.43

Charge density difference plots were obtained by subtracting

the total charge of the system from the individual charges of the

slab and the molecule, as follows:

Drsystem ¼ rsystem � [rslab + rmolecule] (2)

where rsystem, rslab, and rmolecule are the electron charge distri-

bution of the whole system, slab, and molecule, respectively.

The atoms positions and charge density illustrations were

obtained using the VESTA soware.59 Further analysis was

conducted using the post-processing program VASPKIT.60

Partial atomic charges were obtained using Bader charge anal-

ysis as implemented by Henkelman and co-workers.61–63

Additionally, the differential Gibbs free energies of adsorp-

tion (DGads) for the different surfaces were calculated using the

DFT total energies, corrected by the entropic change (TDS) and

the difference in zero-point energy (DEZPE) derived from the

vibrational frequencies.64–67

DGads ¼ DEads + DEZPE � TDS (3)

Due to different molecular congurations and facet termi-

nations, a nomenclature was elaborated for each corresponding

case to categorize the investigated congurations. For example,

for the polar surfaces, [(111)-Co-k], [(101)-P-t] and [(010)-Co–

Ot] indicate a cobalt-terminated (111) facet with a parallel

orientation of SO2 molecule from the surface, a phosphorous-

terminated (101) facet with an initial perpendicular orienta-

tion of the sulfur dioxide, and an SO2 molecule initially placed

perpendicular with two oxygen atoms facing the cobalt-

terminated (010) surface, respectively.

Results and discussion
SO2 adsorption

We rst examined the lattice structure of cobalt phosphide.

With the above computational settings, the optimized ortho-

rhombic [Pnma [62]]-type53 CoP lattice parameters were

computed to be a ¼ 3.266 �A, b ¼ 5.064 �A, and c ¼ 5.542 �A,68

which are in good agreement with experimental measurements

(error less than 1%)15 and other DFT calculations.53

To determine the relative stability of the different facets, the

surface energies were calculated considering the total energy of

the bulk crystal, the number of unit cells used to replicate the

slab, and the surface area,25,29,53 and the results are summarized

in Table 1.

The most favourable/stable surface with the lowest Esurf was

found to be (100) (83.8 meV�A�2, i.e., 1.34 J m�2), followed by the

(111)-Co, (011)-P and (110)-Co terminated surfaces. The ob-

tained results are comparable with other DFT calculations for

different systems such as Pt (111)45 and CoP2.
29 Besides, it is

worth mentioning that the bare CoP (011) slab for the hydrogen

evolution reaction was also identied as the most stable facet

with high stability and the lowest surface energy.53

Table 1 Surface energy of the different CoP facets studied in this work

Facet (001)-Co (001)-P (010)-Co (010)-P (011)-Co (011)-P
Esurf (meV �A�2) 126.1 144.0 115.2 125.8 110.6 99.8

Facet (100) (101)-Co (101)-P (110)-Co (110)-P (111)-Co (111)-P
Esurf (meV �A�2) 83.8 125.4 141.3 95.7 102.3 107.8 139.1

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 2947–2957 | 2949
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In total, thirty-nine different adsorption congurations were

investigated in this work (thirteen facets, as listed in ref. 58, and

three SO2 initial congurations per surface). The adsorption

energy was calculated for the different congurations, either the

cobalt- or phosphorus-terminated CoP surfaces. This large

range of different congurations reects the richness of SO2

chemistry.71

All the calculated adsorption energies are negative (Fig. 1

shows each system with the corresponding nomenclature),

indicating spontaneous adsorption on the surface. The more

negative the adsorption energy, the stronger the adsorption

between the facet and the molecule. The analysed facet energies

fall mainly into three categories, i.e., weak, medium, and strong

adsorption. The weak adsorption energies range from �0.3 eV

to�0.6 eV (i.e., 29 to 58 kJ mol�1), which were obtained for most

of the phosphorous-terminated surfaces. These structures are

unlikely to provide chemisorption, and thus support the

experimental ndings of P as a resistant component to sulfur

poisoning.18 Much stronger (medium) adsorption energies

ranging from �0.8 to �1.8 eV (i.e., 77 to 173 kJ mol�1) were

found, for instance, for the (111)-Co–Ot, (100)-Co–Ot, and

(001)-Co-k congurations, which offer relatively moderate

interaction compared to the strongly bonded surfaces. Strong

adsorption energies were also obtained for some of the studied

facets, irrespective of the molecule orientation, which indicate

exothermic binding between the SO2 molecule and CoP

surface.42 A preference was observed for cobalt atoms on the

surface with the oxygen atoms of the SO2. This preference can

be attributed to the occurrence of lone electrons inducing a net

magnetic moment, although “geometries with larger magnetic

moments are usually less stable”.64

The large value of adsorption of SO2 on the (010)-Co, (101)-Co

and (110)-Co surfaces, in addition to the bond deformation,

conrms that SO2 is strongly chemisorbed on these surfaces.42

As an example, the initial and relaxed congurations for

(101)-Co and (101)-P are presented in Fig. 2 and 3, respectively,

where the two atomic terminations are clearly shown. The other

evaluated congurations can be found in Fig. S1–S13 in the

ESI.† In most of the cases, regardless if the molecule was placed

initially parallel or perpendicular, a at-lying position was

obtained aer relaxation. Similar at-lying congurations were

detected in many transition metal surfaces such as Ni (111), Cu

(111)1 and Pt (111),69 as well as in more complex structures such

as Ni-doped carbon nanotubes.70 According to the results by Lin

and coworkers,69 the adsorption energy for a conguration

facing parallel to a Pt (111) surface and S and O atoms bonded

on the bridge sites, was found to be�97.68 kJ mol�1. This value

is comparable to that obtained for the (101)-P surfaces,

although the strength is half of that obtained for the other

Fig. 1 Adsorption energies for the (001), (010), (011), (100), (101), (110) and (111) surfaces of SO2/CoP calculated in this work. Blue colour for

cobalt termination and pink colour for phosphorous termination. See text for details.†

Fig. 2 Initial and relaxed structures for SO2 adsorbed on (010) cobalt-

terminated surface with (a and b) parallel molecular configuration, (c

and d) perpendicular molecular configuration, (e and f) and perpen-

dicular molecule with two oxygen atoms facing the surface.

2950 | RSC Adv., 2021, 11, 2947–2957 © 2021 The Author(s). Published by the Royal Society of Chemistry
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surfaces reported in this work. In addition, Pt is very sensitive

toward sulfur poisoning, which leads to catalytic deactivation.71

Even using noble metals (e.g., Pd, Ag, Pt, and Au) as dopants

of MoSe2 for SO2 adsorption yielded much lower adsorption

affinity (Eads ranging between �0.92 and �0.98 eV) than CoP

(011), as reported by Ren et al.72 Doping Cu on Au (111) in a 1 : 1

ratio offered �1.0 eV for the adsorption of the SO2 molecule,

which is also weaker than that of CoP(011).2 A similar range

between (�0.5 to �1.08 eV) was found for the adsorption of SO2

on Ru(001),73 Pd/Pd9, Pd/Rh9, and Pd/W9.
74 In addition to the

weak adsorption values for noble metals, they are impractical to

be used in industrial applications due to their low availability

and high cost.75

Nonetheless, we also found results in the literature with re-

ported SO2 adsorption energies of around �2 eV,76–79 some of

them using nickel as an adsorbing-promoter atom. However, it

should be noted that nickel catalysts deactivate due to the

formation of graphitic carbon, which blocks the reactor tubes

and prevents the gas molecules from reaching the active

material due to its strong affinity toward carbon atoms.

According to the relaxed congurations obtained, the

distance between the SO2 molecules and the surface ranged

from 3.06 �A to 3.33 �A for the phosphorous-terminated facets,

while for strong Eads terminations, this distance was reduced to

1.96 �A.

In addition, the calculated bond length and angle of the free

SO2 (isolated) molecule were found to be 1.447�A and 119.298�,

respectively, which are consistent with previous reports.80,81

Aer interacting with the surface, the bond angle of the

adsorbed molecule was reduced from the isolated value by 9–

11% on average for the cobalt/phosphorous-terminated

surfaces, while the interatomic bond lengths were increased

by 13–17% for the bonded oxygen atoms. In addition, the

molecule was attached from the oxygen end(s) to the uppermost

metal atom(s), causing a displacement of �0.8 �A toward the

surface. The formation of strong bonding between the sulfur-

oxygen-cobalt-terminated (010), (101) and (110) surfaces desta-

bilized the ideal components of the molecule by increasing the

anti-bonding orbitals occupation of the SO2 molecule. It is

worth mentioning that due to the large surface degree of

freedom, the lateral distance between the Co(1) and Co(2)

surface atoms also decreased by 0.07 �A on average, while the

bond length between P(2) and Co(1) almost remained constant

with respect to the ideal one. Table S1 (see ESI)† presents details

on the bond distances and angles, work functions, adsorption

energies and other calculated parameters of SO2 adsorbed on

the different surfaces.

Electronic properties

Fig. 4 shows the charge density difference for an SO2 molecule

on the cobalt-terminated surfaces. The red and blue clouds

indicate the electron accumulation and depletion, respectively.

Only one optimal value (strongest Eads of each surface) is pre-

sented. It should be noted that typically the different initial

congurations reached a similar relaxed arrangement, which

Fig. 3 Initial and relaxed structures for SO2 adsorbed on (010) phos-

phorous terminated surface with (a and b) parallel molecular config-

uration, (c and d) perpendicular molecular configuration, (e and f) and

perpendicular molecule with two oxygen atoms facing the surface.

Fig. 4 Illustration of the charge density difference for the relaxed

configurations of an SO2molecule adsorbed on the cobalt-terminated

surfaces: (a) (001)-Co, (b) (101)-Co, (c) (011)-Co, (d) (101)-Co, (e) (110)-

Co, (f) and (111)-Co. See text for details.†

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 2947–2957 | 2951
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conrms the importance of using van der Waals interactions to

obtain reliable global minima during the optimization

procedure.

As shown in Fig. 4, the charges are widely distributed over

the molecule and there is a charge transfer from the surface to

the molecule, as manifested by the charge depletion and charge

accumulation regions between the surface and the molecule.

The molecule is usually chemisorbed with the oxygen atoms

closer to the cobalt terminations.

This large charge transfer indicates the susceptibility to

sulfur poisoning, as manifested by the depletion of the charge

of the active metal, which acts in this case a reducing agent.56,71

It should be noted that the strong SO2 adsorption induces

a signicant electronic redistribution at the surface, where the

charges are mostly supplied from the cobalt atoms in the upper

layer to the molecule to stabilize the binding between SO2 and

the CoP surface. This indicates that the cobalt atoms can easily

transfer electrons, and their neighbouring phosphorous in the

surface layers stabilizes the entire system.

This charge transfer also suggests that the SO2 molecule has

an acceptor character, which is supported by the Bader charge

analysis. For instance, for (010)-Co, 1.46 |e�| is transferred from

the sulfur atom, while 1.12 |e�| is gained by each bonded

oxygen atom. This fact can be traced back to the greater elec-

tronegativity of oxygen and sulfur compared to that of the cobalt

atom. Conversely, the uppermost cobalt atoms gained around

0.35 |e�| aer transferring high charges to the molecule.

For the phosphorous-terminated surfaces, the charge

density difference is shown in Fig. 5. According to the Bader

charge analysis, the rst layer of phosphorus gained electrons.

For instance, in (011)-P, there is a charge accumulation region

on the phosphorous rst layer followed by a charge depletion

region on the oxygen atom, where the phosphorous layer lost

0.22 |e�| on average.

Details on the atomic positions and charges for the other

studied surfaces can be found in Tables S2–S8 in the ESI.†

Fig. 6 shows a comparison of the planar average charge

density difference, which was calculated by integrating the

electron density differences along the x–y plane for all the

studied facets (additional potential proles for the studied

systems can be found in Fig. S14 and S15 in the ESI†). It is clear

Fig. 5 Illustration of the charge density difference for the relaxed

configurations of the SO2 molecule adsorbed on the phosphorous-

terminated surfaces: (a) (001)-P, (b) (101)-P, (c) (011)-P, (d) (101)-P, (e)

(110)-P, and (f) (111)-P.

Fig. 6 Planar average charge density as a function of position in the z-

direction for the (a) (001), (b) (010), (c) (011), (100), (d) (101), (e) (110), (f)

and (111) surfaces. Cobalt-terminated surfaces as blue lines, and

phosphorous-terminated surfaces as pink lines ((100) surfaces in light

blue). The positive and negative values indicate electron accumulation

and depletion, respectively.
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that accumulation and depletion zones appear at the interface

of the surface with the SO2molecule, as previously reported also

for the Pt(111) surface.69 The peak in the range of 9–14�A on the

z-axis corresponds to the adsorbed SO2 molecule (i.e., charge

accumulation between the bonded oxygen and the cobalt atoms

connected to them), which is usually shown as one peak due to

the typical parallel conguration found, i.e., slightly tilted, as

previously mentioned.

A normal-mode vibrational analysis82,83 was performed to

ensure that the obtained lowest energy structures were indeed

local minima, which was corroborated by the absence of

imaginary frequencies (see Table S9 in the ESI†). Moreover, the

vibrational frequencies of SO2 in the phosphorous-terminated

structures are close to the frequencies of the free SO2 mole-

cule, which reaffirms the weak physisorption on these surfaces.

The small charge transfer shown in Fig. 6 between the

molecule and the phosphorous-terminated surface is attributed

to the weaker physical bonding, and hence lower adsorption

energy. The surface induces a dipole moment in the molecule,

which is manifested by higher charge accumulation at the

bottom compared to the top. By comparing the adsorption

energies and charge transferred between the cobalt and

phosphorus-terminated surfaces, it can be concluded that the

adsorption mechanism has a clear preference toward the

cobalt-terminated surfaces. Specically, the enhancement of

the chemical reactivity between the SO2 and CoP surface, and its

performance, strongly depends on the formation of strong

sulfur–cobalt bonds, which plays a pivotal role in stabilizing the

binding of the SO2 molecule with the CoP surface.

To further clarify the bond formation, the total density of

states and projected density of states (TDOS and PDOS,

respectively) were plotted, with the up-spin DOS above zero and

down-spin DOS below zero. The PDOS parameter helps describe

the transferability of electrons between the sulfur dioxide

molecule and CoP. All the states above the Fermi level are

considered as unoccupied states.84

Fig. 7 displays the calculated diagrams for two of the studied

structures as representatives of the obtained results from this

work. The asymmetric prole of the spin-up and spin-down

electrons conrms the magnetic nature of CoP.85,86

According to the additionally included information for the

specic orbitals for each element type, it can be seen that the

PDOS of P in the valence and conduction bands are mainly due

to p-orbitals, while the major contributor of the interactions is

the partially lled d-orbitals of cobalt. In addition, there is

overlap between the cobalt 3d-orbitals and phosphorus 3p-

orbitals in the range of �3.1 to �5.3 eV, indicating hybrid-

isation27 and ensuring stability and strong adsorption of

a molecule on the electronically active CoP surface.

The DOS of CoP veries its metallic nature due to the

nonexistence of a band gap around the Fermi energy (Ef)

(referenced at 0 eV). Moreover, the magnitude of the DOS at Ef
serves as indicator for the ability to form bonds with adsorbed

species.27 The DOS for the other surfaces can be seen in

Fig. S16–S19 in the ESI.†

Furthermore, the TDOS and PDOS before and aer SO2

molecule adsorption are presented in Fig. 8. Analysis of the

TDOS aer adsorption shows a signicant overlap of states,

with an increase near �1.3, �2.2, �3.4, �7.7 and �10.6 eV (and

�20 and �23 eV). Additional states were induced below the

Fermi level in the presence of the molecule compared to the

reference slab at �6, �12, �9, �20 and �23 eV, which indicate

an increase in the conductivity of the surface.87,88

Moreover, there is a shi in the PDOS of the adsorbed

molecule on the (011)-surface to lower energies compared to the

isolated molecule due to the charge transfer from the slab to the

molecule during the adsorption process (see the other surfaces

in Fig. S20–S23 in the ESI†). This is due to the forward donation,

which is driven by the fact that the SO2 molecule is more elec-

tronegative than cobalt atoms. The electronic chemical poten-

tial difference drives the electrons to move from the partially

lled d band of cobalt to the unoccupied states of the adsor-

bate,69 thus causing strong adsorption.

Thermochemistry

As an additional feature to evaluate the most reactive and stable

CoP surface, we used ab initio atomistic thermodynamics to

determine DGads as a function of temperature (see Fig. 9). The

Gibbs free energies and additional thermochemical parameters

are displayed in Table S10 in the ESI,† at T¼ 298.15 K and a very

low pressure of 0.03 atm.65

It can be seen see that mostly all the cobalt-terminated

surfaces show spontaneous adsorption behaviour at ambient

temperature (i.e., negative DGads values), except for (011)-Co,

which also shows the lowest adsorption energy for the cobalt-

terminated surfaces in the previous sections.

Fig. 7 Calculated total and projected density of states for (a) (101)

cobalt-terminated surface, and (b) (101) phosphorous-terminated

surface. Total DOS as black lines, dark blue lines for cobalt d-orbitals,

pink for phosphorous p-orbitals, and light blue for global s-orbitals.

Fermi level indicated by black dashed line at 0 eV.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 2947–2957 | 2953
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For favourable adsorption on the phosphorous-terminated

structures, we found that DGads is below the ambient temper-

ature. If the adsorption process occurs in a process at higher

temperatures, the free energy difference becomes positive and

inhibits the catalyst activity.

The obtained values are comparable to that obtained by Hu

and co-workers53 for hydrogen adsorption on CoP, although

they are much higher due to the polarity of the SO2 molecule.

In addition, the (100) surface appears between the cobalt-

and phosphorous-terminated structures, showing an interme-

diate affinity for SO2.

Furthermore, the temperature has an important effect on the

catalyst stability and regeneration. We found that most of the

cobalt-terminated surfaces maintained spontaneous adsorp-

tion behaviour even at temperatures as high as 600 K, which

makes them promising materials for hydrodesulfuration. Using

DGads as an additional criterion, we predict that the (010)-Co,

(101)-Co, and (110)-Co surfaces of CoP will have good catalytic

activity. However, the possibility of desorbing these sulfur-

based molecules aer reacting with other species must be

considered because their high affinity can also act as a promoter

for poisoning the catalyst material. Indeed, muchmore detailed

studies are required in this regard.

Conclusions

We presented the DFT results of a systematic study of low-

Miller-index surfaces of CoP with both cobalt and phospho-

rous terminations toward the adsorption of SO2 molecules for

Fig. 8 TDOS and PDOS for the (a) (101)-Co, (b) (101)-P, (c) (110)-Co, and (d) (110)-P surfaces before and after SO2 adsorption. Total DOS before

adsorption as black lines, green lines for TDOS after adsorption, dark blue dashed lines for cobalt d-orbitals, and pink lines for phosphorous p-

orbitals (both after adsorption).

Fig. 9 Gibbs free energy differences for SO2molecule adsorbed on (a)

cobalt-terminated CoP surfaces, and (b) phosphorous-terminated

facets.
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hydrodesulfurization. SO2 showed a high adsorption energy

strength, especially for the cobalt-terminated facets. A value of

�2.9 eV was obtained for the (010)-Co and (101)-Co surfaces,

while typically physisorption behaviour was obtained for the

phosphorous-terminated surfaces (i.e., adsorption energies ca.

�0.3 eV). In addition, charge density plots were evaluated to

identify the charge transfer behaviour between the CoP facet

and the adsorbed SO2 molecule. It was also found that the d-

orbitals of cobalt and the p-orbitals of phosphorus hybridized,

and the additional induced states in the PDOS generated by the

adsorption of SO2 indicate strong interactions between the

molecule and the substrate.

Ab initio atomistic thermodynamics was used to determine

the Gibbs energy of adsorption as a function of temperature,

conrming a spontaneous adsorption process for most of the

cobalt-terminated surfaces, even at temperatures as high as 600

K, which make them promising materials for hydro-

desulfuration. However, this high affinity can also act as

a promoter for poisoning the catalyst material, and hence the

desorption of these sulfur-based molecules aer reacting with

other species must be considered in future studies.

In summary, the results conrmed that cobalt phosphide is

a promising candidate as a stable and active hydrotreating

catalyst, and it can provide the basis for SO2 surface chemistry

on other metal phosphide catalysts. Further studies will include

the effect of multiple components and intermediate species in

the adsorption behaviour of SO2 in order to identify possible

adsorption site competition and or enhancement due to pre-

adsorbed molecules.
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