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Abstract of the Thesis
Theoretical study of methane activation and
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by
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2017

Methane (CHa) is the principle component of natural gas, and a controlled methane
conversion pathway may influence chemical industry significantly. Nickel catalyst is a one of
promising catalysts for methane activation, but suffering severe carbon deposition and
degradation under reaction conditions. In this study, of the activation of CH4 in presence of water
on nickel phosphide, Ni>P(0001), model surfaces were investigated, where the surface terminated
by both NisP2 and NisP.+P were taken into considerations. Density functional theory (DFT)
calculations were performed to determine structures and energetics of intermediates and
transition states along the reaction pathways during CH4 activations. Compared to pure Ni, Ni2P
promotes the water dissociation over CHa dissociation significantly, which results in the
formation of Nickel hydroxyphides or oxyphosphides. Among the systems studied, oxygen
adsorbed at the Ni-P bridge site of NizP.-terminated Ni>P(0001) surface displays the highest
activity toward C-H bond breaking and direct formation of methanol. Our results indicate that
the formation of phosphides hinders the CO formation on pure Ni, while it opens a new route
toward direct methane activation to methanol, an economical way to obtain valuable chemicals
directly from abundant natural gas resources. It also hinders the surface poisoning, which is a big
challenge for Ni catalysts. The unique catalytic behavior of NizP during methane reforming is
associated with the synergy between Ni and P sites.
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1. Introduction

1.1 Methane Activation

The utilization of methane (CH4) has attracted more and more attentions to produce fine
commaodity chemicals, due to the enormous reserves and resources on earth. CHy is the principle
component (70% - 90% by volume) of natural gas, a main by-product of petrochemical plants,
which constitutes one of the most abundant carbon resources of the world 12, In addition, it is
also part of the renewable biogas formed by anaerobic digestion of energy crops, residues and
wastes (50 % - 70 % by volume). However, due to the inert chemical property?, the conversion
of CHg is neither efficient nor well-controlled. Currently 90% of CHjs is burned to create energy
(CH4 + 202 — CO2 + 2H20), which emits carbon dioxide (CO.), one of greenhouse gases. In
addition, there are only small number of industrial conversion pathways for CH4 to synthesis gas
via oxidation or reforming, or chemicals including methanol (CH3OH) via oxidation,
chloromethane via chlorination, acetylene via partial combustion or electro pyrolysis, and

hydrogen cyanide via reaction with ammonia®.

The conversion of CH4 to syngas is the main technology for CH4 conversion and applied in
industry #8. Syngas is a fuel gas mixture of carbon monoxide (CO) and hydrogen (H.), and
usually contains a small amount of CO>. The method of converting CH4 into synthesis gas was
found in 1902 by Sabatier and Senderens’®. Currently, depending on the H2/CO ratio of product,
the CH4 conversions are divided into three ways: (1) dry reforming of CH4 (CO2 + CHs— 2CO +
2H,) > one of the effective ways for utilizing two of the greenhouse gases. It produces Hz and
CO with the ration of 1, which is desirable for long chain hydro-carbons produced by Fischer—
Tropsch synthesis 1214 (2) steam reforming of CHa (CH4 + H20 — CO + 3H,). It allows the
high selective production of Hz over CO with the ration of 3, which can be used to
hydroformylation reactions or produce pure hydrogen by removing CO for ammonia synthesis or
hydrogenation reactions; (3) partial oxidation of CH4 (CH4 + %0, — CO +2H,) ©°. Itis a
promising but not yet industrially applied method for converting CHa to synthesis gas with a
ratio of nearly 2:1, which is suitable for CHsOH production ®.Compared with natural gas,
syngas has even lower energy density, but can be used as resource for production of ammonia,
CH30H and synthetic hydrocarbon fuels. However, the conversion of CH4 into syngas is often
energy intensive and represents the major expense in chemical production. In addition, carbon
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monoxide is toxic, the application of syngas in daily life may be a security risk. Therefore,

syngas is not an ideal product compared with CH4 derivatives such as CH3OH.

My research is focused on the direct conversion of CH4 to CH3OH (H20 + CHs— CH30H
+ H>) at low temperatures. There is significant interest in developing a direct method of
converting CH4 to CH3OH as it can eliminate the need for expensive steam reforming and is
more economical. CHs- CH3OH direct oxidation has been studied for decades, types of catalysts
and systems investigated 2%, however, it is currently still not industrialized, which suffers from
low CH4 conversions by approximately 1% and requires harsh reaction conditions to break
strong C—H bonds 2. In addition, the selectivity to CH3OH is also low due to that CH3OH is
more reactive than CHa, which can result in oxidations into formic acid or carbon oxides under
reaction conditions 2. Thus, the growing need for development of inexpensive catalysts, being
able to facilitate the CH4 conversion and promote selectively to CH3OH production for CH4
conversion to CH3OH, has sparked considerable interests.

1.2 Catalyst for Direct Methane Activation to Methanol

Direct conversion of CH4 to CH30H requires to trap the CH3OH as a product or
intermediate. Therefore, it is essential to find a catalyst that can activate CH4 in an efficient way
at low temperatures (< 500 K) 224, This is difficult because the C-H bond in CHa has the highest
bond energy (104 kcal/mol) amongst organic compounds and breaking the first C-H bond of CH4
has been proposed as the most difficult step for the conversion on various metal and metal alloy
catalysts 21:2528_ As a result, the reaction temperature has to raise. Nature provides the perfect
catalyst, the enzyme methane monooxygenase. The enzyme enables the temperature lowered
down to room temperature for the CHs- CH3OH conversion, and the reaction is probably carried
out by a group of di-iron or di-/tri-copper active clusters 2%-3%: however, it cannot be used for
industrial-scale reactions %31, These enzymatic structures provide intriguing structural motifs for

the development of biomimetic catalytic systems toward the activation of CHa.

Extensive studies have been performed to study the bio-inspired catalysts. It has been found
that iron- or copper-exchange zeolites can mimic the nuclearity and reactivity of active sites of

the CH4 monooxygenase.?* 32-% In the structure of the zeolites, CHsOH can be produced by



sequential dosing of O2 and CHa, and then flushed out with water. A direct catalytic
transformation of CH4 to CH3OH is also possible. Theoretical studies showed that the oxygen
sites directly interacted with Cu or Fe ions are active, being able to break the C-H bond with
lower barrier than on metal sites via either Langmuir-Hinshelwood (LH) mechanism 2 or Eley-
Rideal (ER) mechanism 3%; yet the first C-H bond breaking of CHg still seems to be the most
difficult step. Recently, our group at Brookhaven discovered an inverse CeO,/Cu,O/Cu(111)
model catalyst, being able to activate CH4 at room temperature and produce *C, *CHx fragments
and *COx species on the oxide surface®. The addition of water to the system leads to a drastic
change in the selectivity of CHs activation yielding only adsorbed *CHyx fragments. At a
temperature of 450 K, in the presence of water, a CH4 to CH3OH catalytic transformation occurs
with a high selectivity. DFT calculations demonstrate that *OH groups bound with the interfacial
Ce sites formed by the dissociation of water saturate the catalyst surface, removing sites that
could decompose *CHjy fragments, and generating centers on which CH4 can directly interact to
yield CH3OH. By comparison, *OH groups interacted with Cu sites on the Cu20O film, where the
direct CH4 dissociation on *OH is highly activated.

1.3 Motivation for the Study of Ni2P

Nickel is one of common catalysts with low cost that applies for CH4 activation reactions.
Due to severe carbon deposit problem, nickel catalyst for CH4 conversion was not
commercialized.* 34! According to Lercher et al., the formation of carbon deposit on Ni surface
is because that the carbon oxidation rate is much lower than carbon formation rate.*> Abild-
Pedersen et al. conducted a theoretical study, and listed three different types of graphene growth
mechanisms, which agreed with that the accumulation of carbon would form carbon deposit
obstructing further reaction.*® Reduction of carbon deposit is the key factor of Ni-based catalysts.
To release the carbon deposition, extensive efforts have been made including raising the
temperatures above 1000 K and excessing CO: to facilitate the reverse Boudouard reactions,

decreasing the particles or deactivating Ni sites with hydrogen, oxygen or sulfur 4% 4446,

My research interest aims to investigate the effect of Phosphorus (P) on the CH4 activation
activity of Ni, specifically direct CH4 to CH3OH conversion on the formation of nickel

phosphide (Ni2P). Ni2P has been investigated in many catalytic activities. The high activity and
3



thermostability make it a competitive candidate as hydrodesulfurization (HDS) catalyst, and also
for hydrodenitrogenation reaction.*”*° Ni,P can also serve as catalysts for hydrogen evolution
reactions (HER)®*°! and water gas shift (WGS) reaction®2. The mechanistic studies based on
theoretical calculations show that the presence of P modifies the activity of Ni sites via both
electronic and ensemble effects. In term of electronic effect, the formation of phosphides leads to
partial oxidation of Ni, which weakens the Ni-adsorbate interaction and therefore surface
poisoning. In addition, the P sites participate in the reaction directly via the ensemble effect: it
not only decreases the number of active Ni sites and therefore the coverage of surface poisoning,
but also participates in the reaction directly by providing the moderate binding to the reaction
intermediates by itself or via the synergy with Ni sites to release the surface poisoning and

therefore promote the overall conversion 495952,

Now the question is whether such P-induced poisoning-release can also help to hinder the
carbon deposition and enhance the CHs activations. In contrast to the efforts understanding the
effect on O, S, and H on Ni during the CH4 activation reactions, little has been reported so far for
P. In this study, we will carry out DFT calculations in combination with the kinetic Monte Carlo
(KMC) simulations investigate the CHs dissociation and reforming on the model Ni2P (0001)
surfaces. Our goal is to demonstrate the effect of P on the binding property of Ni2P, establish the

reaction network and identify the active sites during CHs activation reactions.



2. Theoretical method

2.1 Density Functional Theory

Density functional theory (DFT) is one of ab initio methods, which means from the
beginning, in other words, only Schrédinger equation and basic physical constants, for instance,
Planck constant and mass of electron, are used for calculation. In Schrédinger equation (Eq. 1),
the Hamiltonian (H) of a system consists of kinetic energy and potential energy in a many-body
system.

H=T+7V (1)
Here T and Vcorrespond operator of kinetic energy and potential energy respectively. And these

operators contain contribution from nucleus and electrons.

A~ A~ A~ h2 hz

r=Ty+T :_ZIZ_MIVIZ_Ziz_miViZ )

N N . N Z1Zje? Z1e? 2

V=Vyn+ Vet Vee = X1 27« Ir] —212]';—6_4‘21'24«% (3)
1] Ij 13)

Here a system containing | nucleus and i electrons is considered. Ty, T, Vyn, Ve and ,,
represent kinetic energy of nuclei, kinetic energy of electrons, potential energy between nuclei,
potential energy between nucleus and electron and potential energy between electrons. h, M;, m;,

Z, e, r, represent Planck constant, mass of nucleus, mass of electron, charge coefficient, charge

of electron and distance, respectively. And V,% and V,? are Laplacian for nucleus and electron.
As shown above, kinetic and potential energy depend on momentum, mass, position and charge
of particles. If we do the calculation with exactly Schrodinger equation, a huge amount of
computations will be required, that is both uneconomical and time-consuming.

Therefore, some approximation is necessary to simplify the calculation. The basic idea of
DFT is considering many electrons as an electron gas. With this transformation, the variables for
all electrons can simplify to three spatial coordinates and the electron density at that point. This
simplification is put forward as Thomas-Fermi model®3, and was proved theoretically by
Hohenberg-Kohn theorems®*. According to Hohenberg and Kohn, the ground-state potential of a
many-body system is a functional only of the electron density.* In Kohn-Sham formalism, the

Schédinger equation is given as

(= 72+ Vo] + V() + Vie[pD])i(7) = Eapi(F) (4)



where V2 is the kinetic energy of the electrons; Vy is the Hartree term, accounting for the
electron-electron repulsion (an effective potential representing the average effect of the repulsive
interactions of all other electrons); Vn is the nuclei potential; Vxc represents the exchange-
correlation energy, including Pauli exclusion and spin effect. The exact form of Vxc cannot be
obtained, so there are different approximations.

The DFT calculation of this study was performed using Vienna Ab initio Simulation
Package (VASP). VASP is a program for atomic scale chemical modelling, and can computes
approximate solution to Schrodinger equation of many-body system with DFT method.*® The
calculation was run on Center for Functional Nanomaterials institutional cluster, supported by
the Scientific Data Computing Center at Brookhaven National Laboratory.

DFT calculation was performed with periodic boundary conditions to optimize the
structures of surfaces with and without adsorbates as well as calculate binding energy and the
reaction energy, the energy cost or release from one state, a reactant, to the next, a product. The
exchange-correlation energy was calculated with generalized gradient approximation (GGA)
using the method of Perdew-Wang (PW91)°’. The projector augmented-wave (PAW) method
was used to describe electron-ion interaction.®® The calculation was performed with cut-off
energy of 520eV. The structure of NizP bulk is optimized base on the former study®®-° and the
optimization was performed with and k-point Gamma grids of 4x4x8, all atoms and lattice
constants relaxed. With the optimized bulk, (0001) surfaces of Ni2P with different terminations

were also considered using a six-layer slab with a v/3 x v/3 array in each layer and a 15 A
vacuum to separate the two supercells along the surface direction. The top two layers were
allowed to relax with the adsorbate, and the bottom 4 layers were fixed at the optimized bulk
position. These optimizations were performed with supercell constant fixed and Brillouin zone

was sampled with the k-point Monkhorst-Pack®® grid of 5x5x1.

2.2 Transition State Search

For a reaction going from a reactant to a product, the corresponding thermodynamics, or the
reaction energy can be obtained using the ground-state DFT calculation as indicated in Section
2.1. However, to gain better understanding of the reaction, the transition state search is a step
necessary to estimate the reaction rate, which can be measured experimentally. According to
transition state theory (TST), TS is a state between a reactant and a product with higher energy,
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and the energy difference between the reactant and TS corresponds to activation barrier, an
energy which is required to overcome to allow the conversion of the reactant to the product. But
since the transition state is not stable, it cannot be obtained with structure optimization using
standard DFT.

An important problem of TS study is finding out the lowest energy path for reaction. To
obtain final state, the reaction may go through different paths, but from the view of energy, the
reaction should go through the lowest energy path. As we can expect, the energy barrier should
be a saddle point of high dimensional space. Many methods were developed to find out the
saddle point.5? A traditional thought starts at initial state and trace a path of slowest ascent®3%4,
but this pathway may not lead to the saddle point. One method is to calculate the normal modes
of a local harmonic approximation of the potential energy surface and then follow the modes
until a saddle point is found.®>® Other methods use the two point boundary condition of initial
and final configuration to get the saddle point. This type of methods optimizes several
intermediate along reaction path, and each image finds the lowest energy with equal spacing to
neighbor maintained. Nudged elastic band (NEB) method is one of these methods. The
optimization is constrained by adding spring forces along the band between images and
projecting out the component of the force perpendicular to the band®’.

NEB was employed for this study, and the calculation was also performed with VASP.
Because of the limitation of VASP NEB features, the VASP transition state theory (VTST) tools
was compiled to original VASP to obtain a better performance. The initial and final states were
chosen among optimized adsorbents or co-adsorbents geometry, with comprehensive
consideration of geometry stability and movement distance. The calculation was performed with
the same manner as optimization, and along the path, 4 intermediates images were employed to
describe the reaction.



3. Result and Discussion

3.1 Structure of Ni2P
3.1.1 Ni2P bulk

Ni2P has a hexagonal structure with space group Pg,.,, as a lattice shown in Fig. 1(a). Ni2P
consists of two types of layers, NisP2 (Fig. 1(b)) and NisP (Fig. 1(c)), arranged alternately along
the (0001) direction to give the full stoichiometry of the bulk.

Fig. 1 Structure of Ni2P bulk (a), NisP2- layer (b)NisP-layer (c)NisP2-layer (Purple: P; Blue: Ni).

The bulk optimization gave the lattice constants of a = 5.87 A and ¢ = 3.36 A, which agrees
well with previous first-principles study®? ®8 and experiments*” *-%° results. The nearest distance
of Ni-Ni and Ni-P bond on NisP2 plane is 2.65 A and 2.20 A respectively, and the nearest
distance of Ni on NisP2 plane and P on NisP plane is 2.27 A, in agreement with the study by Li et
al.%. The consistency between the present calculations and the previous studies in both theory

and experiment assures that the parameter setups in VASP are appropriate to describe Ni2P.

3.1.2 Ni2P surface

The (0001) surface of Ni2P is the most stable orientation and has been mostly studied.
According to theoretical studies by our group and other groups, the NisP. (Fig. 2(a)) is preferred
termination of the Ni.P(0001) surface*® ®8, This is opposite to scanning tunneling microscopy
(STM) results by Moula et al. where the P atoms of NisP are observed on surface.®® Recently,
Yuan et al. and Wexler et al. demonstrated that the NizP.+P-terminated Ni>P(0001) surface was
more stable than the NisP2-terminated based on DFT calculation” ™. As shown in Fig. 2(b),
NisP2+P-terminated Ni.P(0001) surface corresponds to the configuration, where the Ni sites of
NisP2-terminated Ni>P(0001) surface are covered by P adatoms. Such morphology perfectly
agrees with the STM measurement. However, NisP»+P termination requires phosphorus-enriched

condition. In addition, the real termination may not be a single stoichiometry, but a mixture of
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different types of stoichiometry. Besides (0001) termination, few planes were investigated with
calculation method mainly because its geometric complexity. Yuan et al. studied the Ni.P(1010)

surface annealed at 723K, and found the reconstructed structure is similar to the (0001) plane.’

Fig. 2 Side view of supercell Ni2P (0001) with (a) NisP2 termination and (b) NizP2+P termination
(Purple: P; Blue: Ni).

In this study, Ni>P(0001) surface with both NizP2 and NisP2+P terminations were
investigated for CH4 activation using the supercell as shown in Fig. 2. Enough vacuum space
was reserved for further investigated. After the optimization, small displacement from the bulk
position was observed after relaxation (Table 1). On NisP2 terminated Ni.P(0001), the P atoms
move outward the surface, while Ni atoms move inward, in agreement with Li’s result®, With
the additional P covered on the surface, the displacement of Ni atoms is decreased on NizP2+P-
terminated surface, though the direction is kept the same. And the extra P atom above Ni site
moved inward, that suggests there is strong interaction between the extra P adatom and Nis site.

The distance between Ni and extra-P atom is 2.20 A, in consistent with the Wexler’s result 7°.



Table 1 Bond length (A) of Ni2P bulk and Ni2P(0001) with both NisP2 and NizP,+P terminations
and displacement (A) of each atom on the surface after termination optimization.

Displacement Bond length
Ni P P (extra) Ni-Ni Ni-P Ni-P(extra)

Bulk 0 0 0 2.65 2.20 2.27
NisP2 0.12 0.07 - 2.70 2.19 -
NisP2+P 0.03 0.06 0.13 2.66 2.20 2.20
(a) : I ' ‘ I = r;iianF;2 (b) DS._ : PinNiP,

£ ’ ,I = 0.4 | B Pellin NP, +P | 1

: 2 :w’;

g | g 02r

Energy (eV) _ l Energy (eV)
Fig. 3 Projected density of states (PDOS) of (a) Ni 3d and (b) P 3p on Ni>.P(0001) with both
NizP2 (blue lines) and NisP>+P (orange lines) terminations, where the solid and dashed orange
lines represent two different types of P atoms, P-1 and P-I1, on NizP2+P-terminated Ni,P(0001),

respectively.

The calculated projected density of states (PDOS) of Ni and P atoms on the surface (Fig. 3)
agrees well with the previous study by Li et al.®8, Compared with NisP2 termination, with the
influence of extra P atom, the PDOS peaks shape changes slightly. With the extra P covered the
Ni sites of NisP.-terminated Ni>P(0001), the Ni 3d states are shifted away from Fermi level. It
suggests that the Ni sites are further oxidized by the presence of extra P (Fig. 3a). In term of P
sites (Fig. 2b), there are two different types of P sites on the surface of NisP.+P-terminated
Ni2P(0001). Type I, P-1, corresponds to the P sites on NisP>-terminated Ni>P(0001), and type II,
P-11, represents the extra P adsorbed on NizP2-terminated Ni2P(0001). There is a slightly increase
in DOS for the occupied states of P-1 on the surface (Fig. 3b). That is, the introduction of extra P-
Il on the surface weakens the Ni-P-1 interaction on the NisP,-terminated Ni>P(0001) surface due

to the strong Ni-P-II interaction, which leads to a more oxidized P states than that of P-I.
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According to the results on PDOS, the adsorption of extra P is likely to decrease the binding
property of NisP2-terminated Ni.P(0001) due to both electronic and ensemble effects. In term of
electronic effect, it leads to the further oxidation of Ni sites on the surface and decreases the
ability to donate electrons for stabilizing the reaction intermediates. Regarding ensemble effect,
the extra P partially blocks the active Ni sites, which hinders the direct interaction of the reaction

intermediates with Ni.

3.2 Binding Property of Niz2P Surface

To evaluate the proposed binding properties according to the calculated PDOS, in this
section, we optimized the binding geometry and calculated the binding energy of reaction
intermediates involved in CH4 activation on optimized NizP2-terminated and NizP,+P-terminated
Ni2P(0001) surfaces as shown in section 3.1. Different adsorption sites were considered on each
surface (Fig. 4), where the most stable adsorption site for each adsorbent was used to describe

the reactions related.

Fig. 4 Top view (a) NisP2-terminated and (b) NisP2+P-terminated Ni>P(0001) surface (Blue: Ni;
Purple: P).

Because of the symmetry of geometries of terminations, in both supercells, a three-fold
rotation axis and a mirror plane exist. Therefore 6 adsorption sites on NisP2-terminated and 5
adsorption sites on NisP2+P-terminated surface were considered. On the NisP2 surface layer (Fig.
4a), the adsorption sites include Nis 3-fold hollow (site 1), Ni2 bridge (site 2), Niy atop (site 3), P
atop (site 4), Ni-P hybrid bridge (site 5) and Niz-P2 hybrid 5-fold hollow (site 6). While on the
NisP.+P surface layer (Fig. 4b), because of the extra P atom occupying the Nis site, new sites are
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formed, including P-11 atop (site 7), P-I atop which shared Ni with P-11 (site 8), Ni-P-I1 bridge
(site 9), Ni-P-I bridge (site 10) and Niz-P> 5-fold hollow (site 11).

The considered adsorbates in the present study included the potential intermediates and
products involved in CH4 dissociation, water (H20) dissociation, and oxidation of dissociated
fragments form CHa. The adsorption energy was calculated as

Ex = E(X") — E(surf) — E(X) ®)

Here E(X™) is the total energy of the adsorbed species, X, on the surface, where “*” represents
for a surface site. E (surf) corresponds to the total energy of bare surfaces. E(X) stands for the
energy X in gas phase. In the present calculation, E(X) was expressed with respect to E(CH,),
E(H,), E(H,0), E(CO,), E(CO), or E(CH;0H). The adsorption energies on NizP.-terminated
and NisP2+P-terminated Ni>P(0001) surfaces were listed in Table 2 and Table 3, respectively.

Table 2 Adsorption energies (eV) on NisP.-terminated Ni>P(0001) surface*

1 2 3 4 5 6
E.y -0.59(-0.44) —1 —1 +0.11 -0.01 —1
E.cy, +0.48(+0.14) —lI +0.64 +0.57 +0.75 —3
E.cy, +118(+0.57) —I —1 —5 +1.12(+0.56) —5
E.cu +1.50(+0.63) —1 —1 +3.36 +2.69 +2.55
E.c +2.86(+1.73) —1 —1 +3.19 +4.83 +3.28
E.on -0.35(-0.59) —1 —1 +0.12 +0.21 —1
E.o +0.39 (-0.16) —1 —1 —5 +0.38 (-0.16) —5
E.y,o —3 —3 -0.36 -0.03 —3 -0.11
E.co -1.88 (-1.85) —1 —1 -0.14 —1 —1
E.co, +0.13 +0.14 -0.08 -0.05 -0.09 -0.08
E.cy, -011 -0.11 -0.10 -0.10 -0.11 -0.11
E.cu,on -0.01 -0.11 -0.17 +0.09 —3 —3

* The most stable adsorption is highlighted in bold. The values in parenthesis are zero-point energy
(ZPE) corrected adsorption energies, which will be used for the following study.

Most adsorbents prefer the Ni sites on NizP2-terminated Ni>P(0001) surface. The Nis sites
(Site 1, Fig.4a) is the most stable sites for adsorption of hydrogen (*H), methyl (*CHj),
methylene (*CHy), methylidyne (*CH), hydroxyl (*OH), carbon monoxide (*CO) and carbon
(*C), and the Niy top sites (Site 3) adsorb H>O and CH3OH the most strongly (Table 2). Both P
sites (Site 4) and Ni-P hybrid sites (Site 5 and Site 6) can also participate in the binding directly,

though these sites either cannot stabilize the adsorbate or bind the species less strongly than the
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Ni sites (Table 2). For methylene (*CH.) and oxygen (*O), Ni-P bridge site (Site 5) provides
almost the same adsorption energy as the Niz site (Site 1). *CO shows the strongest site
preferential, where the Nis site is significantly more preferred than the other sites and can result
in the CO poisoning; in contrast, *CH4 displays the least preference, which binds weakly on all
sites. CH4, CO. and CH3OH all interact weakly with the surface. The site preference from

current calculations for *H.0, *OH, *CO and *H agree with the previous study by Liu et al.*2,

Table 3 Adsorption energies (eV) on NisP.+P-terminated Ni>P(0001) surface

7 8 9 10 11
E.y -0.23(-0.03) +0.33 -0.01 +0.25 +0.33
E.ch, +0.13(-0.13)  +0.74 —7 —8 —8
E.cH, +1.44 —10 +1.13(+0.56) +1.53 —9
E.cu +3.08 —10 +2.33 +1.97(+1.13) +2.09
E.c +5.28 —10 +2.97(+1.84) +3.45 +3.91
E.on -0.27(-0.53) +1.56 —7 +0.88 —7
E.o -0.25(-0.80) —10 —7 +0.94 —10
E.n,0 -0.04 -0.07 -0.05 —8 —8
E.co -0.12 +0.36 -0.68(-0.61) 0.00 —9
E.co, +0.02 +0.02 +0.64 +0.06 +0.96
E.cu, -0.02 -0.03 —11 -0.02 -0.03
E.chson +0.18 +0.15 +0.02 —9 —9

* The most stable adsorption is highlighted in bold. The values in parenthesis are zero-point energy
(ZPE) corrected adsorption energies, which will be used for the following study.

On NisP>+P-terminated Ni2P(0001) surface, the introduction of extra P (P-11, Fig. 4b)
blocks the active Nis sites. The top of P-11 (Site 7) becomes the preferential adsorption site for
*H, *CHs, *OH, and *O. In addition, Ni-P bridge sites also help. The Ni-P-Il bridge (Site 9)
interacts well with *CH>, *C, and *CO, where the adsorption results in the displacement of P-11
from Nis hollow site, while the Ni-P-1 bridge (Site 10) stabilizes *CH. Upon going from NizP-
terminated to NisP2+P-terminated Ni>P(0001) surface, the interactions of the weakly bound
molecules, like CH4, CO. and CH3OH, with the surface are further weakened, though the
variation is rather small (< 0.2 eV). Subtle weakening in binding energy is also observed for
*CHo>, *OH and *C. By comparison, the weakening effect on H2O is more significant, where the
molecule is not adsorbed with the presence of P-11; besides, *H, *CH and *CO are also

destabilized greatly, where the destabilization of *CO is the most significant with the binding
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energy decreased by more than 1 eV. That is, the introduction of P-I1 on Ni2P(0001) likely
results in deactivation of the surface, which particularly enables the release of the possible CO
poisoning on the surface. The exception is observed for *CHz and *O. The P-II sites are more
active than the Nis sites for adsorption, together with the formation of methylenephosphine
(*PCHzs) and P oxides (*PO) species, respectively.

Overall, the electronic effect on NizP.-terminated Ni>P(0001) is very small. The Nis sites
provides the similar binding strength as that on Ni(111). For instance, the CO binding on NisP-
terminated Ni2P(0001) (-1.88 eV) and Ni(111) (-1.83 eV) "2 is about the same. However the
ensemble effect indeed decreases the number of active Nis sites and makes the Nis sites more
flexible for accommodating the adsorbates compared to Ni(111). With the introduction of extra P,
the ensemble effect is enhanced on NizP.+P-terminated Ni>P(0001), where a further bond-
weakening is observed. Now the question is whether such decrease in bonding will be able to
help in releasing the carbon deposition on Ni catalysts under CH4 activation conditions. To
answer that, we will take a further step in Section 3.3to investigate the activity of Ni2P with both
NisP2 and NisP2+P terminations towards CHa dissociation, H>O dissociation and CH4 reforming
reactions based on the DFT results on the adsorptions of reaction intermediates.

3.3 Activity of Niz2P Surface
3.3.1 Methane Dissociation

CHa dissociation contains sequential steps of dehydrogenation and the production of
carbon: * CH, = CH3 +x H, * CH3 »* CH, +* H, * CH, »* CH +* H, * CH - C +* H, 2" >
3 A potential energy diagram for CH4 dissociation on NisP2-terminated and NisP2+P-terminated
Ni2P(0001) surfaces is shown as Fig. 5. The reaction on both surfaces is highly endothermic.
That is, C-H bond cleavage on Ni>P(0001) surfaces is thermodynamically unfavorable. The
NisP,-terminated surface behaves similarly as Ni(111), ' where a significant energy increase (>
1 eV) is observed for *CH - *C, suggesting that *CH is the most stable intermediate for CHs
dissociation. However, this is not the case for NisP>+P-terminated surface, where the energy
keeps rising after the first C-H bond cleavage and the formation of *CHs. It is likely that the
introduction of extra P is able to vary the selectivity of Ni>P(0001) surface and *CHz become

the most stable species on the surface in this case.
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Fig. 5 Potential energy diagram for CH4 dissociation on NizP.-terminated and NisP2+P-
terminated Ni>P(0001) surfaces.
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Fig. 6 Potential energy diagram for CH, - CH3 + H on NisP.-terminated and NisP2+P-
terminated Ni2P(0001) surfaces.

Going from thermodynamics, we now study the kinetics of the first C-H bond cleavage of

CHa: * CH, —* CH;3 += H, which has been identified as the activity-controlling step for Ni-based
15



catalysts for CHa activation.?> ">"* As shown in Fig. 6, the reaction is slightly endothermic (0.14
eV). In the initial state, CH4 interacts weakly with the NisP,-terminated surface, where the
molecule is away from the surface (Fig. 7a). The final state includes the strongly adsorbed *CH3
on the Nis hollow sites and *H at the neighboring Ni-P bridge site (Fig. 7a), which eventually
desorb as H». The transition state corresponds to the approaching of CH4 approaches to the
surface Nis sites or an early transition, where the carbon atom shifts toward the Ni-Ni bridge site
and two hydrogen atoms are pushed onto Ni atop. It results in an activation barrier of 0.82 eV,
which is slightly lower than the previously reported for Ni(111) (1.04 eV'?, or 0.93 eV'). That s,
NisP2-terminated Ni>P(0001) surface can display the potential to activate CH4 more efficiently
than Ni(111).

On NisP2+P-terminated surface, the initial state is similar as the case of NisP>-terminated
surface, where CHjs is physisorbed (Fig. 7b). The final state in this case is only associated with
the single P-11 site, which provides binding to both *CHz and *H and the formation of
methylphosphine molecule (CHsPH), a crucial atmospheric tracer gasses in the atmosphere of
Giant planets.” The transition state corresponds to a late transition, where the C-H bond is
potentially elongated in interacting with P-11. Although the reaction is slightly exothermic on
NizP.+P-terminated surface (Fig. 6), the corresponding barrier (0.95 eV) is slightly higher than
that on NisP2-terminated Ni-P(0001) surface; yet it is still comparable with that of Ni(111). The
single site mediated by P-I1 allows the lower barrier for the C-H bond cleavage than that via the
multiple sites (barrier 2.94 eV), where Ni-P bridge sites also participates in stabilizing *H. Such
single site catalysis for CH4 activation has been reported for oxygen 2% ** on metal surfaces or on
oxide. This is the first time reported for Phosphorus. Note that such catalytic capability is only
observed for P-11 rather than P-I. This is due to the unique electronic property of (Fig. 3b) and
structural motif of P-11, which not only facilitates the approach of CH4 with strong electrostatic
attraction and little steric repulsion, but also allows the electron transfer required for C-H bond

cleavage.
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terminated and (b) NisP2+P-terminated Ni>P(0001) surfaces. White: H; Grey: C; Purple: P; Blue:
Ni.
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Compared with the previous results on Ni(111) and Ni(211) (Table 4), the first C-H bond
cleavage on Ni>P(0001) surface is less endothermic, while the rest of dissociations are more
endothermic. The first and the last C-H bond breakings are the most difficult steps of CH4
dissociation on Ni surfaces, yet this does not seem to be the case on the Ni.P surface, where only
the formation of *C is highly endothermic. However, as shown in the following, CH4

dissociation is not likely to occur on Ni2P in the presence of H2O under the reforming conditions.

Table 4 Reaction energies (eV) on NisP2+P-terminated and NisP2+P-terminated Ni>P(0001)
surface in comparison of Ni(111) and Ni(211)*

CHs— *CH3z— *CHy— *CH— H,O— *OH—

*CHs+%H; *CH+%H, *CH+%H, *C+¥%H, *OH+Y%H,; *O+ ¥%:H;
NizP 0.47 0.71 0.31 1.36 -0.35 0.73
NioP+P 0.13 1.31 0.53 1.48 -0.27 0.02
Ni(111) 0.98 0.54 0.07 1.05 0.29 0.16
Ni(211) 0.75 0.45 0.03 0.13 -0.23 0.90

* The results for Ni(111) and Ni(211) were cited from ref. 72,

3.3.2 Water Dissociation

Although Ni>P(0001) surface is able to activate CHs as that of Ni, it is not clear how it
competes with the H>O adsorption and dissociation under the reforming conditions. In this

section, complete H2O dissociation was investigated: * H,O —* OH +x* H, * OH = O +x H.

Partial and complete H>O dissociations on both NizP.-terminated and NizP,+P-terminated
Ni2P(0001) surfaces are exothermic (Fig. 8). With NisP2 termination, H2O molecular adsorbs on
Ni atop site as initial state (Fig. 9a). The final state for the first O-H bond cleavage involves *OH
at the Nis hollow sites and *H at the neighboring Ni-P bridge sites, which eventually desorbs as
H>. A late transition is observed over the Nis site, where one of O-H bond is elongated. The
corresponding barrier is 0.59 eV. With NizP2+P termination, the initial H>O adsorption is as
weak as CHa, though the final state is energetically comparable with that on the NisP2-
termination (Fig. 8), where *OH and *H adsorbs at P-11 top site and P-1 top site respectively
together with significant displacement of P outward the surface (Fig. 9b). The transition state
represents a stretched O-H bond over the P-11-P-1 bridge site, which is associated with a slightly

lower barrier (0.57 eV) than that on the NisP2 termination.
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Fig. 8 Potential energy diagram for H,O dissociation on NisP>-terminated and NizP+P-
terminated Ni2P(0001) surfaces.

The second O-H bond cleavage on NisP.-terminated surface involves the shift of *OH from
the initial Nis site to the neighboring Ni-P bridge site as a transition (Fig. 10a). The final state
includes *O at the Ni-P bridge site and *H at the Niz hollow sites. With such shift of *OH, the
barrier for O-H cleavage is 0.78 eV, which is 0.72 eV lower than the case where both *OH and
*Q stay at the Nis site (Fig. 8). The reason is that nickel hollow is active site for O-H bond break.
This is due to the big difference in site preference for *O and *H. For *O (Table 2), the Nis site
is as active as the Ni-P bridge site, while in the case of *H, the Nis site is strongly favored. As a
result, the swap in position of dissociated *O from Nis to Ni-P site and *H from Ni-P to Nis site
results the energy gain in the final state by about 0.8 eV (Fig. 8) and therefore a lowered barrier.

By comparison, the second O-H bond cleavage on NisP2+P termination is more
straightforward. The transition state corresponds to a tilting of *OH from the initial P-I1 top site
toward the neighboring P-1 site with a weak H-P bond formed (Fig. 10b). The O-H bond broken
results in the final state, including *O staying at the top of P-11 as *OH, and *H occupying the
Ni-P bridge site (Fig. 10b). The corresponding barrier is 0.53 eV, which is slightly lower than

that on the NisP2 termination.
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Fig. 9 Side and top view of initial, transition and final states for * H,0 —* OH +x* H, on (a)
NisP2-terminated and (b) NisP2+P-terminated Ni>P(0001) surfaces. White: H; Red: O; Purple: P;
Blue: Ni.
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Fig. 10 Side and top view of initial, transition and final states for * OH —* O +x* H (&) NizP2-
terminated and (b) NisP2+P-terminated Ni>P(0001) surfaces. White: H; Red: O; Purple: P; Blue:
Ni.
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As demonstrated above, the H>O dissociation on both terminations is energetically
comparable, and is more preferential than CH4 dissociation. We note that both reactions compete
for the same type of sites on the surfaces: Niz and Ni-P bridge sites on the NisP, termination and
P-11 sites on the NizP.+P termination. That is, H>O dissociation is preferred over CHs4
dissociation, and the active sites on both surface terminations are likely to be covered by the
dissociated fragments from H,O dissociation, which may eventually enable CH4 activation. This
is different from pure Ni, where barriers for CH4 and H20 dissociations are comparable, and
difficult step is to remove *CH or *C from the surface via oxidaiton.”

In comparison with pure Ni (Table 4), the NisP2-terminated surface behaves similarly as
Ni(211), where the first O-OH bond cleavage is more favorable than the second, while for
Ni(111), they are energetically comparable. On the NizP.+P-terminated surface, the formation of
*Q is as favorable as that of *OH, due to the selectively stabilization of *O on the P-I1 site.

As shown in Fig. 8, both *OH and *O can be stabilized as surface species during H.O
dissociation. Now the question is whether these stable species can lead to the surface poisoning.
To answer that, we calculated the adsorptions of *OH and *O on both NisP.-terminated and
NisP2+P-terminated Ni,P(0001) surfaces at different coverage. The adsorption energy was
calculated as

Enx = E(n*X) —E[(n—1) »X] - E(X) (6)
where n is the number of adsorbates *X in a supercell.

On the NisP.-terminated surface, *OH strongly prefers the Nis site at coverage of 1/3
monolayer (ML) with adsorption energy of -0.59 eV (Fig. 11a). With the coverage increasing to
2/3 ML and 1 ML, the Ni-P bridge sites are occupied, and the corresponding binding is
significantly weakened to -0.08 eV. The increase of coverage to 4/3 ML of coverage is highly
unfavorited, where the adsorption at the P atop sites corresponds to a positive adsorption energy
of 0.36 eV. The adsorption of *O is more complex compared to *OH. At 1/3 ML, the
adsorptions on the Niz and Ni-P bridge sites are almost the same in energy. If the Nis sites are
occupied first, the further adsorption of *O is energetically unfavorable; while if one of the Ni-P
sites are occupied first, the coverage increasing to 1ML by occupying all Ni-P sites is also
possible, though the corresponding adsorptions are not as strong as the first (Fig. 11b). Given
that, the produced *OH species are likely only occupy the Nis sites and reaches to the coverage
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of 1/3 ML, while the *O species prefer to occupy all Ni-P bridge sites with the coverage
approaching to 1 ML.
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Fig. 11 Calculated adsorption energies of (a) *OH and (b) *O on both NizP2-terminated and

NisP2+P-terminated Ni>P(0001) surfaces at different coverage.

On NisP>+P-terminated surface, the P-I1 site plays an important role. For *OH, the strongest
adsorption is observed at 1/3 ML at P-1I top sites with the adsorption energy of -0.53 eV.
Increasing the coverage to 2/3 ML results in the adsorption energy increase to -0.69 eV, yet the
corresponding adsorption site is also P-11 top. At higher coverage, the binding of *OH is
significantly reduced to -0.50 eV at 1 ML, -0.07 eV at 4/3 ML and +0.29 eV at 5/3 ML (Fig.
11a). The resulted motif corresponds to each P-I1 site saturated by three *OH and each P-I site
occupied by one *OH. According to the energetics, the surface with each P-11 atom can be
saturated by at two or three *OH together with the slightly shifts of P-11 to nickel atop (0.88 A).
It suggests that P-11 may not be stable and can be removed from the surface by heavy oxidation.
However, as H2O dissociates at the P-I1 site, as shown above and the hydroxylation of P-11 will
hinder the further adsorption and dissociation of H20O. Therefore, by comparison *OH at the P-I1
site with coverage of 1/3 ML is more likely. If *O species are produced, Fig. 11b clearly shows
that the coverage can only reach 1/3 ML with one *O adsorbed at the top of P-Il and adsorption
energy of -0.15 eV, while the additional *O at P-11 top site (2/3 ML) or Ni-P bridge site (1 ML)

do not bind well with the surface.

23



According to our results on the adsorption of *OH and *O on both NizP2-terminated and
NizP.+P-terminated Ni.P(0001) surfaces, we will study in the next CH4 dissociation on *OH-

and *O-precovered surfaces.

3.3.3 Methane Activation by *OH

According to the results shown in Section 3.3.2, *OH at coverage of 1/3ML on the
Ni2P(0001) surface with both terminations is energetically likely. On NizP2-terminated surface,
*OH occupies the Niz hollow sites. On the *OH-precovered surface CH4 does not adsorb as the
active Nis site is occupied by *OH. The first C-H bond cleavage produces CH3OH and removes
*OH from the Nis sites (Fig. 12a). This reaction is highly endothermic with reaction energy of
1.09 eV and highly activated with a barrier of 1.69 eV. The transition state corresponds to CHa
dumps one hydrogen to the Ni-P site and the produced *CHz approaches to the *OH to form
CH3OH.

In comparison, CHs4 reforming to CH3OH on the NisP2>+P-terminated surface covered by
*OH at P-1I sites is easier, corresponding to a barrier of 1.24 eV, though the reaction energy is
similar (1.03 eV). The similarity in reaction energy is due to the weakly-bound CH4 and CH3OH
as the case of NisP2+P-terminatated surface, while the difference in activation barrier is
associated the variation in reaction mechanism. As Fig. 12b, on the NisP2+P termination, CHa
reforming is mediated by formation of H2O, where CHa transfers one hydrogen to *OH first and
the formed H>O rotates to produce CH3OH and leave one hydrogen atom at the top of P-I1.

We note that in both cases the reverse reaction, CHsOH dissociation, is more favorable than
the forward reaction due to the high endothermicity of the reaction. As a result, the formation of
CH3OH can be hindered by the facile reverse reaction. To avoid that, the high pressure of CH4
may be required to tune the equilibrium more toward CH3zOH formation. Nevertheless, the
barriers for the forward reaction on both terminations are still high and the CH3OH formation via
CHa activation by *OH can be difficult.
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(a) NisP2-terminated and (b) NisP2+P-terminated Ni>P(0001) surfaces. White: H; yellow: H on
hydroxyl; Red: O; Grey: C; Purple: P; Blue: Ni.
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3.3.4 Methane Activation by *O

In Section 3.2, our results show that there are two stable sites on NizP.-terminated
Ni2P(0001) surface for *O adsorption: Niz hollow and Ni-P bridge sites. According to the
calculations shown in Section 3.3.2, the maximum coverage for *O is 1/3 ML if *O occupies the
Nis site first, and 1 ML is also likely to be reached if the Ni-P bridge site is considered, though
the preference for the 2/3 ML and 1 ML is not as strong as that for 1/3 ML. Accordingly, we
calculated the barrier for CH4 reforming to CH3sOH on *O at both Nis site and Ni-P bridge site at
coverage of 1/3ML. The reaction involves the direct dissociation of CH4 at the *O site, which
produces CH3OH and generates an oxygen vacancy. Our results show that the reaction is
endothermic with the reaction energy of 0.67 eV. Both CH4 and CH3OH weakly interact with the
surface (Fig. 13a). The reaction on *O shows different mechanism from that on *OH. The
transition state corresponds to an early transition, where CH4 approaches to *O with a stretched
C-H bond (Fig. 13a). The position of *O indeed affects the reaction barrier. When *O is located
at the Nis hollow site, the activation barrier is 1.27 eV, while it is lowered to 1.06 eV on moving
from the Niz hollow site to the Ni-P bridge site. This is, CH4 reforming to CH3OH in presence of
*QO is more preferential than that on *OH and is likely to occur under the reforming conditions
with the temperature raised to 400-500 K.

In comparison, the reaction on the *O-precovered NisP2+P-terminated surface is more
difficult, where the reaction is more endothermic with the reaction energy of 1.31 eV and the
corresponding barrier is increased to 1.56 eV. The transition state corresponds to a product-like
late transition, where *O has been pulled away from the surface to break C-H bond and form
CH3OH (Fig. 13b). Therefore, CH4 reforming to CH3OH can be hindered with the extra P-11
presence on the surface of Ni.P(0001). Different from the case of NizP. termination, the surface
*OH is more active than *O. This is due to higher stability of *O on the NizP,+P-termination
than that on the NisP2-termination and *OH on the surface, making the removal of *O from the
surface more difficult. Similar to the reforming by *OH, in the case of *O the barrier for the
CH3OH formation is higher than the reverse due to the endothermicity of the reaction. This, the

high pressure for CHs is also necessary to enable to reaction to occur.
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@) Initial Transition Final

Fig. 13 Side and top view of initial, transition and final states for CH, ++ OH - CH30H +x* H on
(@) NisP2-terminated and (b) NizP.+P-terminated Ni>P(0001) surfaces. White: H; Red: O; Grey:
C; Purple: P; Blue: Ni.
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Direct CH4 reforming to CHsOH has been previously observed on metal oxide systems.?* 32-
3 Qur study is the first time to report the catalytic potential of Ni oxyphosphide for this reaction.
In the next step, we will be working with our experimental collaborators to validate our

theoretical preduction.
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4. Conclusion

Methane activations were studied on a model Ni>P(0001) surface using DFT. Two types of
terminations, NisP2 and NisP2+ P, were considered. The adsorptions of various reaction
intermediates involved in methane activation were investigated. On the NisP2-terminated surface,
Ni3 sites are active to stabilize most of the reaction intermediates, while the P sites also
participates in the binding directly and provides strong bindings to the species like *O and *CH..
On the NisP.+ P-terminated surface, although the active Ni hollow sites are blocked by an extra
P, the P adatom forms a new active site by itself, being able to selectively stabilize the *CH3 and
*Q species on the surface compared to that on the NisP.-termination; however, for the other
intermediates, the bindings are either weakened or slightly affected.

The formation of Ni2P can tune the mechanism of methane reforming reaction on Ni
completely. On pure Ni, C-H bond breaking of methane is facile, and CO is likely to be
produced. The drawback, though, is the problematic removal of *CH or *C due to their high
stability. In the case of Ni>P, methane dissociation cannot compete with water dissociation. As a
result, the active sites on the surface are likely covered by either *OH or *O from water
dissociation. Our DFT calculations show that such surface species can be active to activate
methane via direct dissociation to produce methanol together with the removal of *O. In this case,
there is not obvious surface poisoning observed. Among the systems studied, *O at the Ni-P
bridge site of NisP.-terminated Ni>P(0001) surface displays the highest activity toward C-H bond
breaking and direct formation of methanol; by comparison, *O on NizP2+P-terminated surface is
less active and the reaction on *OH on both terminations is more difficult.

Overall, the formation of phosphides hinders the CO formation on pure Ni, while it opens a
new route toward direct methane activation to methanol, an economical way to obtain valuable
chemicals directly from abundant natural gas resources as it can eliminate the need for expensive
steam reforming. It also hinders the surface poisoning, which is a big challenge for Ni catalysts.
The unique catalytic behavior of Ni2P during methane reforming is associated with the synergy
between Ni and P sites. On one hand, the coordination between Niz hollow sites and Ni-P hybrid
sites on Ni>P(0001) surface selectively promotes complete water dissociation rather than
methane dissociation; on the other hand, it generates a new active sites, *O at Ni-P bridge sites,
being able to not only release the carbon deposition on Ni catalysts, but also activate methane for
direct methanol production.
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Appendix

A. VASP INCAR input tags list

The calculation was performed with software VASP. In VASP, many parameters, methods
and switches are input via INCAR file with a special format. To understand the input of this
work, extract of VASP manual, only the part about tags | used, is given here. The complete guide
of VASP can be found from their website:

http://cms.mpi.univie.ac.at/vasp/vasp/vasp.html

NEB calculation were performed with VTST tools, tags about NEB can be found here:
http://theory.cm.utexas.edu/vtsttools/neb.html

Tags list:

SYSTEM: a title string for user to identify.

IBRION: how the ions update and move. 2 is conjugate gradient algorithm; 3 is damped
molecular dynamics; 5 is finite differences, used for determining the second derivatives,
including Hessian matrix and phonon frequencies.

ISMEAR: how the partial occupancies are set for each orbital. 1 is method of Methfessel-
Paxton order 1; -5 is tetrahedron method with Bléchl corrections.

ISIF: whether the stress tensor is calculated. O is that do not calculate stress tensor and cell
change; 2 is that calculate stress tensor and do not change the cell.

ISPIN: whether spin polarized calculations are performed. 2 is turn on spin polarized
calculation.

ISYM: symmetry switch. 0 is switching off symmetry.

ICHARG: how to construct initial charge density. 2 is taking superposition of atomic charge
densities.

IOPT: which method is used for finding energy path and saddle point. 3 is Quick-Min.

PREC: precision. Accurate is a combine of many parameters.

ALGO: a convenient option to specify the electronic minimization algorithm. Fast is a
robust mixture of Davidson and RMM-DIIS algorithm.

LORBIT: whether RWIGS line is required and DOSCAR & PROCAR files are written.
FALSE is line required and files written, 11 is line not read and files written.
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LREAL.: whether the projection operators are evaluated in real-space or in reciprocal space.
Auto is that projection done in real space, fully automatic optimization of projection operators.

LCHARG: whether the charge densities files are written. FALSE is not writing.

LWAVE: whether the orbitals file is written. FALSE is not writing.

LCLIMB: whether climbing image algorithm is turned on. FALSE is turning off.

ENCUT: cut-off energy for plane wave basis set.

EDIFF: defines the global break condition for the electronic selfconsistency-loop. The
relaxation of the electronic degrees of freedom will be stopped if the total energy change and the
band structure energy change between two steps are both smaller than this.

EDIFFG: defines the break condition for the ionic relaxation loop. If the change in the total
energy is smaller than this value between two ionic steps relaxation will be stopped. If the value
IS negative, it means the relaxation will stop if all forces are smaller than this value.

SIGMA: the width of the smearing.

NEDOS: number of grid points in DOS.

POTIM: a scaling constant for the forces.

NFREE: how many displacements are used for each direction and ion.

NSW: the maximum number of ionic steps.

NELM: the maximum number of electronic selfconsistency steps.

NELMDL.: the number of non-selfconsistent steps at the beginning. Negative value means
the delay only applied for the start-configuration.

NPAR: the calculation is preformed parallelly. This is how many parts the total number
cores are divided into.

ICHAIN: which method to run. 0 is NEB.

IMAGES: how many images between the fixed endpoints.

SPRING: the spring constant between the images. Negative value turns on nudging.
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B. Optimization INCAR example

SYSTEM= opt
IBRION =2 ENCUT =520
ISMEAR =1 EDIFF  =0.0001
ISIF =2 EDIFFG =-0.02
ISPIN =2 SIGMA =0.2
ISYM =0
ICHARG =2 NSW =500

NELM =50
PREC = Accurate NELMDL=-5
ALGO =FAST NPAR =4
LORBIT = FALSE
LREAL = Auto
LCHARG = FALSE
LWAVE = FALSE

C. Density of state calculation INCAR example
SYSTEM = DOS
IBRION =2 ENCUT =520
ISMEAR = -5 EDIFF  =0.00001
ISIF =2 SIGMA =0.2
ISPIN =2 NEDOS = 3000
ISYM =0
ICHARG =2 NSW =300

NELM =100
PREC = Accurate NPAR =4
ALGO =FAST
LORBIT =11
LREAL = Auto
LCHARG = FALSE

LWAVE = FALSE
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D. Frequency calculation INCAR example

SYSTEM= FRE
IBRION =5 ENCUT =520
ISMEAR =1 EDIFF  =0.0001
ISIF =2 SIGMA =0.2
ISPIN =2 POTIM =0.002
ISYM =0 NFREE =2
ICHARG = 2

NSW =1
PREC = Accurate NELM =50
LORBIT = FALSE NELMDL= -5
LREAL = Auto NPAR =4
LCHARG = FALSE
LWAVE = FALSE

E. Transition states calculation INCAR example
SYSTEM= NEB
IBRION =3 ENCUT =520
ISMEAR = 1 EDIFF  =0.0001
ISIF =0 EDIFFG =-0.05
ISPIN =2 SIGMA =0.2
ISYM =0 POTIM =0.0
ICHARG =2
IOPT =3 NSW  =1000

NELM =50
PREC = Accurate NELMDL=-5
LORBIT =FALSE NPAR =4
LREAL = Auto
LCHARG = FALSE ICHAIN =0
LWAVE = FALSE IMAGES = 4
LCLIMB = FALSE SPRING =-5
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