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Abstract: ZrC is a non-oxide Ultra High Temperature Ceramic (UHTC) with excellent physical and mechanical properties
used in nuclear plants and jet propulsion engines. However, mechanical properties can be lost because of the easy
oxidation of its grain surfaces. One way of dealing with such problem is to coat the surface with inert carbides like SiC
which can be grafted onto the ZrC surface by first modifying the exposed surfaces with reactive molecules. The stability of
different terminations of the (111) facet was studied and the most stable is the termination on both surface layers by Zr
atoms as it has been observed experimentally. A DFT calculation jointly with atomistic thermodynamic modelling has been
used to study the reactivity of the (111) and (110) facets with H,0. H,0 dissociates into surface hydroxyl groups with the
release of H, and the OH groups preferentially adsorb at high surface coverage (High adsorption energies at 1 ML
coverage). The study of the adsorption of H,0 on the other low index surfaces allows the determination of the equilibrium
morphology of the ZrC nanocrystallites in different environments. In vacuum, ZrC nanocrystallites reveal a cubic structure
with much of the (100) surface and a small amount of the (111) facets at the corners. Hydration of the (111) surface was a
strong process and hence water can be removed from the surface at temperatures above 1200 K at pressures lower than
10° bar while higher pressures of H, in the gas phase enhances removal of water. Wulff construction of the
nanocrystallites after hydration indicates only the (111) surface at lower temperatures while revealing the (100) facets at
higher temperatures. Thus whatever the experimental conditions, the (110) facet does not have to be considered.

(TMC) group of materials with high melting point (3430°C). As

it is a requirement for materials used in nuclear and aerospace

industries to work in harsh environments, materials like high

refractory ceramics are well suited.’ As an example, nuclear
I Introduction plants with the future fourth generation engines are supposed
to work at temperatures above 1200°C. Hence these engines
require materials with physic-chemical properties that are
compatible with such working conditions.’ According to its
abovementioned properties, ZrC is a promising candidate for
such applications. Working under severe conditions such as
high temperatures and oxidizing environments is however not
easily achieved due to the fact that introduction of a small
dose of oxygen forms zirconium oxide layer on the surface’
which leads to deterioration of the mechanical and other
properties of the ceramic. Coating the surfaces with another

Zirconium Carbide (ZrC) is a high temperature non-oxide
material which exhibits mixed covalent, ionic and metallic
bonding characters. It is widely used in nuclear reactor linings,
aerospace engines and in the manufacture of hard materials
such as cutting tools. It is among the transition metal carbide
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alleviate the oxidation problem.‘l‘5 Such coatings can be
achieved by first modifying the ZrC surfaces with small
molecules® in order to graft another material. In this context,
the study of ZrC surfaces is of prime importance.
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There are three distinct surfaces from the cubic structure of
ZrC, (100), (110) and (111) surfaces to be considered. In
addition to the most stable (100), the (111) surface is also of
considerable stability7 and has been prepared by many
research groups.g‘9 Cleavage of the bulk ZrC crystal to form the
(111) surface generates a surface which is either terminated by
Zr layer or C layer. However, a recent Angle Resolved
Photoemission Spectroscopy (ARPES) study has revealed the
electronic structure of ZrC (111) surface is very similar to that
of TiC, HfC, NbC and TaC (111) surfaces.® These other TMC
(111) surfaces have been studied by Impact-Collision ion
Scattering Spectroscopy (ICISS) and revealed that the first
surface layer of these TMC’s is terminated by metal
Iayer-10L11L12L13

Furthermore, the preparation of the ZrC material is normally
difficult to perform at conditions void of gaseous water
molecules and as such the interaction of the individual
surfaces with water is of paramount importance. Reactivity
with water can lead to the formation of surface hydroxyl
groups which will modify the chemical properties of the
surfaces but can also be used as precursors for subsequent
grafting of other materials onto the ZrC surface. There is
however no extensive work, neither experimental nor
theoretical on the reactivity of water with the ZrC (111)
surface. The only experimental work performed on the
reactivity of water on this surface is unpublished though
mentioned in the paper by Noda et al® Similarly, there is no
report, neither experimental nor theoretical on the adsorption
of molecules on the ZrC (110) surface even though a
theoretical study on the surface energy has been carried out.”

In order to be able to determine the surface exposed by the
ZrC crystallites in different environments and to construct
crystal morphology, adsorption of water has been undertaken
on these surfaces in order to obtain complete picture. The
stability of the surfaces is studied with different terminations
and different water coverage by means of periodic DFT
calculations and atomistic thermodynamic modelling.
Adsorption of water on the (100) surface which is also needed
for constructing the equilibrium morphological shape is
provided in a previous study.14 The reactivity towards oxygen
will be exposed in a subsequent paper.

The paper is divided as follows: section Il describes the
calculation scheme and structural models used for the current
work while section Ill A provides the results for the calculated
surface properties and description of the stability of the (111)
surface with different terminations and its reactivity towards
H,0. Section Ill B provides results and description of the
adsorption of H,0 on the (110) surface. Section Ill C provides
details of charge analysis for hydration of the ZrC surfaces. In
section Il D, results and discussions on the equilibrium
morphology of the bare nano-crystals as well as in hydrated
environments at different temperatures are exposed. Finally,
section IV draws conclusions on the current studies.

2| J. Name., 2012, 00, 1-3

Calculation Scheme and Structural
Models

All Calculations were performed using the Vienna Ab Initio
Simulation Package (VASP)15 which is based on Mermin’s finite
temperature DFT.'® The electronic configurations used for Zr,
O, H and C are [Kr]4d2552, [He]2p6151 and [He]2522p2
respectively. PAW pseudopotentials17 were used to replace the
core electrons as well as the core part of the valence electrons
wavefunctions in order to reduce the number of planewaves
required to describe the electrons close to the nuclei. The
Generalized Gradient Approximation (GGA) exchange
correlation functional parameterized by Perdew, Burke and
Ernzerhof (PBE),18 was employed and the MethfesseI—Paxton,19
smearing scheme was used by setting the gamma parameter
to 0.1 eV. The accuracy of the calculation results was
evaluated by changing the energy cutoff from 200 eV to 600
eV while the k-point sampling mesh was evaluated from 2 x 2 x
2 to 11 x 11 x 11 using the standard Monkhorst—Pack,20 special
grids. From this evaluation, all subsequent bulk and surface
calculations were performed by describing the valence
electrons using the plane wave basis set with the cutoff of 500
eV while the integration of the Brillouin zone was performed
with 9 x 9 x 9 k-points for the bulk and 9 x 9 x 1 k-points for
surface calculations. The self-consistent field (SCF) procedure
for resolution of the Kohn-Sham equations is assumed to be
converged when energy changes of 10" eV between two
successive iterations is reached. For bulk calculations, the
positions of all ions were relaxed while for all surface
calculations, the positions of all the ions in the three top most
layers were relaxed in order to render the net forces acting
upon them smaller than 107 eV/A. The lattice parameter for
the ZrC bulk was optimized by fitting the energy versus volume
curve against the Murnaghan’s equation of state as detailed in
our previous work."*

According to the Fm3m space group of cubic ZrC, the non-
equivalent, low index surfaces are (100), (110) and (111)
surfaces as shown in figure 1. Their starting geometries were
obtained by cleaving the optimized bulk structure along the
corresponding normal directions. Unless otherwise stated, (1 x
1) surface unit cells were used for surface calculations In order
to avoid surface-surface interactions; a vacuum of 12 A was set
as separation between two periodically repeated slabs.

For all calculations on the (111) surface, a (1 x 1) supercell
was used with Y = 60° and an a parameter of 6.698 A. This
surface_has_an_exposed area of 38.854 A%
exposes four Zr atoms (figure 1). In all (110) calculations, a (1
x 1) supercell with a and b parameters of 4.736 A and 6.698 A
respectively were used. This surface has an exposed area of
31.724 A and consists of two Zr atoms and two C atoms
(figure 1). The (110) surface slab is stoichiometric.

All surface calculations with adsorption of small molecules on
the (110) surface were performed with at least 8 layer slabs
and the three topmost layers were relaxed while keeping the
remaining layers fixed to mimic bulk conditions. The surface

The surface
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energy for symmetric slabs with equivalent surfaces on both
sides is computed as:

1
YSqu = ﬁ [Eslab - nEbulk ] [ITIPTRITY -1/ B (1)

Where E;,;, denotes the slab energy and nE, is the energy of
n ZrC units in the bulk structure (n being the number of ZrC
units in the slab) while A is the surface area exposed by the
surface planes.

Nine or ten atomic layers were used for the (111) surface
stability calculations for stoichiometric and non-stoichiometric
slab energy calculation and reactivity. The three outermost
layers of the slab were allowed to relax while the remaining
layers were kept fixed to mimic bulk properties. Cleaving of
the ZrC (111) yields a stoichiometric slab with two inequivalent
but complementary surfaces, one terminated with Zr layer and
the other with C.

(111)

(110)

(100)

gl
-/r
P

»
574
. o~

Figure 1. Different surfaces of ZrC. Upper Left (100), Upper
middle (110) and Upper right (111) surfaces side view
respec-tively. Bottom left, bottom middle, bottom right
are (100), (110) and (111) top views respectively. Yellow = Zr,
Blue=C

For these two inequivalent surfaces, the cleavage energy is
calculated by computing the surface energies for symmetric
slabs of terminating with the same atomic layer on both sides
for each of the complementary surfaces. This enables
estimation of the contributions made by each surface toward

This journal is © The Royal Society of Chemistry 20xx

COMMUNICATION

the cleavage energy. The surface energies for the two different
surfaces are then added to obtain the cleavage energy.

The cleavage energy for the ZrC (111)
inequivalent surfaces (terminating with Zr on one surface layer

surface with

and C on the other surface layer) is calculated using equation
21
2.

(Zr+cC) _
cleave

i [EZ, + ESap — MEbuik | oo v oo eq.(2)

El., is the total energy of the symmetric slab with i
termination, A the surface area, E,  the bulk energy per unit
formula in the ZrC cubic structure and m is the total number of
bulk formula units in the two slabs.

This mode of termination leads to the introduction of
electrostatic forces in the slab due to the polar nature of the
resulting slab. This polarity can be cancelled out by different
modifications either with stoichiometric slabs, in which Zr or C
atoms are displaced from one termination to the other or with
non-stoichiometric slabs in which extra Zr or C atoms are
added to the surfaces. The following nomenclature is used for
the different terminations of the (111) surface in order to
reduce the polarity of the surface slab. gA-(111)-Br is used as
the notation where a layer of atom A terminates on one side
of the slab and a layer of atom B terminates on the other side
with g and r being the number of atoms A and B on both sides
respectively. As an example, 2C-(111)-2Zr means 2 C atoms are
on one surface layer and 2 Zr atoms are on the other surface
of the slab. The different surface terminations are shown in
Figure 2. In order to account for the extra atoms in the slab,
we used slabs which are symmetric with respect to the center
of inversion.

- T — | T n |- =

4ac-(111)-4zr @ 227r-(111)-2Zr & 2C-(111)-2C @

i
A "
¢ |
32r-(111)-32Zr (@ 4C-(111)-4C | () 42Zr-(111)-42r U]
| /
¢ #|©
(™ ! (™

Figure 2. Different polar correction schemes used for the
(1) surface. Stoichiometric structures (a, b, ¢) have the
same number of Zr and C atoms while non-stoichiometric
structures have excess of either Zr or C atoms in the
structure.
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The SOWOS program22 was used for prediction of the Wulff?3
shapes using the calculated surface energies for the (100),
(110) and (111) surfaces in the absence and presence of water.
The adsorption of water has been investigated in both an
associative and a dissociative way by systematically testing
different adsorption modes. The adsorption energies are then
computed as:

Eads = _[Esurf—molecule — Lclean surf

vrnnn€q.(3)

- Emolecule ]

Esurfmolecute 15 the energy of the surface with the adsorbed
molecule, Ejean surface is the energy of relaxed clean surface and
Eolecule iS the energy of the gaseous molecules. After obtaining
the preferred adsorption modes, the effect of different
coverage of the gaseous molecules was evaluated using 0.25
Monolayer (ML), 0.5 ML, 0.75 ML and 1 ML.

In_all cases, the coadsorption of different humber of water
molecules were tested but the step by step adsorption
process of one water molecule followed by another was
observed to yield the most stable configurations. The step by
step adsorption of water was finally used. The different
coverages were defined by the number of available Zr sites
on the surface. For the (111) surface, there are four Zr atoms
and each site defines 0.25 ML. Moreover, for the (110)
surface there are only two Zr atoms present and easy to
define the 0.5 ML and 1 ML coverages. In order to obtain 0.25
ML and 0.75 ML, (2 x 1) super cells were used; revealing four
Zr_sites which makes it probable to define the 0.25 ML and

0.75 ML coverages.

Atomistic Thermodynamic Model

A thermodynamic treatment is needed to provide a more
elaborate picture and explanations for the stability of the
different surface structures. The appropriate surface property
which can be used to account for the contribution of each
surface termination to the cleavage energy is the surface
grand potential, Qi_ 2 This implies a contact with reservoirs of
Zr and C. The surface grand potential of the i™ termination is

as follows:

. 1 .
ot = 24 [Esllab - Nepe — NZrHZr] e €4 (4)

Ncand Ny, are the number of C and Zr atoms in the surface slab
while u. and u, are the carbon and zirconium chemical
potentials respectively. A is the surface area of the (111)
termination. Since the chemical potentials of C and Zr are not
independent because they are assumed to be in equilibrium
with bulk ZrC, they are related through the expression: pz.c =
Uc + Uzy. Uzrc is the chemical potential of the bulk ZrC unit
formula and it is approximated by the total energy for bulk ZrC
unit formulae E2%k. Substituting this into equation 4 yields:

4| J. Name., 2012, 00, 1-3

0= % [Esllab - NZrEggclk + uc(Nzr — N¢ )] €4 (5)

Since it has already been established that the synthesis
process of ZrC is accompanied with excess of graphite carbon,6
we define equation 5 in terms of the chemical potential of
carbon. The chemical potential of C is defined relative to the
chemical potential of C in its standard state and hence Au; =
Uc - Uc* where uc* is the chemical potential of C in its
reference state and is calculated as the bulk energy of graphite

Carbon Eé’“”‘. Substituting the expression of Au. into
equation 5 yields the surface grand potential as:

. 1 .
o= 24 [ Eéiap = NzvEZFE + EL**(Ngy - N¢)
+ Auc(Nzr = NO)J oo eq. (6)

If we make the following definition:

L
Vi =55 [Edap = NzrEZ/¢< + EZ(Nzr — NEJ] ... eq. (7)

Substituting equation 7 into equation 6 yields:

1
Vi+ == [ Buc(Nzp = NOJ oo ee .. €0 (8)

0t =
24

Where y; is the surface energy of the selected (i = gA-(111)-Br)
termination as defined in equation 1. Thus the surface grand
potential 2! is made up of the surface energy contributing part
as well as the dependence and contribution of each atom on
the surface.

Using equation 8, a range of accessible Q' can be obtained if
we have the minimum and maximum Apgz,. and Auc . It is
assumed that the Zr and C form do not condensate on the ZrC
(111) surface. To obtain the maximum Zr and C chemical
potentials, the chemical potential of each of the species must
be lower than the energy of the atom in the stable bulk phase
of the considered species and hence:

He — EZY% <0

Y -1 I C
zr — EZHE <0 “ O

{ Apc =
Az, =

Where Apc and Auz, are the relative values of the different
chemical potentials with respect to EZ¥* and EZ*¥ which are
the energies of C in graphite and Zr in hcp zirconium bulk
metal respectively. By combining pz,.c = Uc + Uz with the

This journal is © The Royal Society of Chemistry 20xx
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expression for Apz,. and Apcin equation 9, we obtain the
lower boundary for the Zr and C chemical potentials as:

{AP—C> E%rc eq. (10)

Apzy > E%rc o

Where EJ . the formation energy for bulk zrC is, computed
using the equation EJ .= Epuk — Ebuk _ phulk and  we
calculated it as -1.59eV. A plot of the surface grand potential o
against the range of chemical potential values obtained is then
used to explain the thermodynamic stability of the different
terminations. Thus the surface grand potential accounts for
both stoichiometric and non-stoichiometric slabs. It is obvious
from equation 6 that, for stoichiometric and symmetric
surfaces, the third and fourth terms in the equation becomes
zero and the expression reduces to surface energy while the
cleavage energy is calculated as twice the surface energy. The
surface grand potential is therefore the equivalent surface
energy for both non-stoichiometric and stoichiometric slabs.

In order to establish relationship between the calculations
performed and experimental working conditions, we used the
already well-established atomistic thermodynamic scheme,24
where the surface and the adsorbed molecule are assumed to
be in equilibrium with the gas phase which serves as a
reservoir. This then allows for the definition of the adsorption
Gibbs free energy (A,G) as a function of thermodynamic
parameters such as temperature, T and pressure, P using the
general equation:

ArG = [AEO + EZPE(surf—mnlecule) - AZ n #(T' p) ] - eq. (11)

ASnu(T, p) is the difference in chemical potential of the
reactant and product gas phase molecules. AE, = [E (surface-
molecule) + Ee/ (released specie) — Eel (surface) — N Eel(mnlecule)] is the
difference in electronic energy of the considered surface and
the small molecules according to the following process:

ZrC surface + n (molecule) <> ZrC surface-[n (molecule)] +
released specie....................eq (12

The AE, is also the adsorption energy E,4 in equation 3.

The adsorption of the gas phase molecules unto the surface
affects the chemical potential of the gaseous molecules due to
frustrations of the rotational degrees of freedom as compared
to the gas phase and consists of a temperature dependent
term [Au° (T)] and a pressure dependent term.

Au(T,P) = Au°(T) + RTIn (g) v eq. (13)

This journal is © The Royal Society of Chemistry 20xx

The temperature dependent term can however be computed
with statistical thermodynamics as below:

Ap® (T) = [EZPE + Evib(0—>T) + Erot + Etrans ] + RT
- T(Svib + Srot + Struns) ------ eq. (14)

These thermal contributions are introduced by the loss of
degrees
adsorption of the small molecules onto the surface as well as
the change in the vibrational contribution. The values of Au°(T)
at different temperatures are obtained using standard
statistical thermodynamic formulas with equilibrium geometry
and calculated frequencies. A value of P° of 1 atm was used
and a plot of (A,G) against pressure P was obtained at different
constant temperatures. The lowest of such plots is the most
stable system in a given experimental conditions.

The surface energy, yu (H,0), as a function of the n adsorbed
water molecules at different temperatures can be calculated
using the equation

rotational and translational of freedom upon

1
Y (H20) = %[yﬁkl + OnidrGrpa (P, T, )] ... €q. (15)

With A,.Gy(P, T, n) = AE, + Ezpgisurface-motecute) — A2N U(T,p), Opig =
2n/Ap is the surface coverage by water, A, is the surface area
of the exposed hkl plane, yg,; is the surface energy of the bare
surface (B, = 0). The calculated yp,;(H,0) values were then
used to predict the Wulff morphological structure of the ZrC
nanoparticles at specified temperature and pressure. The
Wulff shapes have been calculated using a water partial
pressure of 0.01 bar.

I1l. Results and Discussion
A. ZrC(111) Surface

Surface Structure Properties of ZrC(111). The calculated
surface and cleavage energies for the different polar
correction schemes are summarized in Table 1 and compared
to the value of the polar surface (Figure 2, 4C-(111)-4Zr).

Table 1. Calculated surface energies y; as in equation 7
with different polar correction schemes for ZrC (111)
surface (Figure 2). For symmetrically equivalent slabs,
cleavage energy is calculated as twice the surface
energy

Surface energy Cleavage energy
Surface Yrigial Yrelaxed! | ¥rigid/ _ Yrelaxed/
termination | me.VA® | me.VA® | me.VA® | me.VA™
4C-(111)-4Zr | - - 638.6 597.7
2Zr-(111)-2Zr | 287.7 236.6 575-4 473-2

J. Name., 2013, 00, 1-3 | 5
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2C-(111)-2C 265.15 233.3 530.3 466.6
3Zr-(111)-3Zr | 229.6 190.7 459.2 381.4
4C-(111)-4C 444-0 428.8 888 857.6
4Zr-(111)-4Zr | 194.6 168.9 389.2 337.8

Both relaxed and unrelaxed surface energies are reported. The
comparison of the computed surface energies y; reveals that
the structure in which both surface layers are covered with
four Zr atoms; 4Zr-(111)-4Zr is by far the most stable with the
lowest surface grand potential within the range of C chemical
potentials. It has been observed experimentally that there is
always an excess of carbon in ZrC samples in the form of
graphite6 and hence the corrections made for the non-
stoichiometric structures are done with bulk energy of carbon
in graphite as in equation 7. The calculated surface energy for
this stable surface (Zr terminated on both sides) is
168.9meV/A2. Arya and Carter’ reported a value of 151.5
meV/ A? for the zrC (111) metal terminated surface. However,
for the non-stoichiometric slabs, the authors used a correction
that took into account only the number of atoms and not their
chemical nature. As such it is difficult to compare the two
surface energies. The relative stability of this (111) surface
with the (100) and (110) surfaces is however consistent with
the conclusions drawn by the authors. Comparing the cleavage
energy of this termination with the as-cleaved (111) surface;
4C-(111)-4Zr there is a high gain in stability. The
thermodynamic stability plot of the surface grand potential
against the chemical potential of carbon showing the stability
regions of the different surface terminations is shown in figure
3. Thus at all carbon chemical potentials Au. only the
structure with 4 Zr atoms terminated on both sides is
thermodynamically stable. We also provide in figure 3, the
surface grand potentials for the (100) and (110) surface for
comparisons.

Stability of ZrC(111)-terminations
0.6
05 [===<Jc{10)4c
0.4
%
= . i
803 f—— et e e e Al
~
c 2zr-(111)-2zr
02 2¢-(111)-2¢
N I e i — p— H—
3zr-(111)-32r /—/ azr-(111)-42
0.1
(100)-surf
C
— —
rich poof
0
-16 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0
Apc=pe-uc* / eV

Figure 3. Surface grand potential of (1) surface

terminations at different Zr chemical potentials

6 | J. Name., 2012, 00, 1-3

For stoichiometric surfaces, the surface grand potential
expression reduces to the surface energy. We predict that at
low C chemical potentials Auc < - 1.32 eV, the 47r-(111)-42r
surface termination is even more stable than the (100) surface.
It can also be observed from table 2 that all surface structures
with carbon layer terminations yield extremely high surface
energies and hence are not stable. The experimentally
observed layer of Zr termination” is therefore corroborated by
our stability studies. We selected the most stable structure
4Zr-(111)-4Zr for our subsequent calculations.

The calculated surface energies for the ZrC (111) polar surfaces
are summarized in Table 2 in comparison with the values for
the (110) and (100) surfaces.

Table 2. Calculated surface energies (in meV.A™) for ZrC
surface planes. y,,q is surface energy for rigid slab and
Yrel. 1S surface energy for relaxed slab. Ref. is reference

surface Yrigid Yrel Ref. /| Ref./yre
Yrigid
(100) 105.7 99.6 1057 99.467,
101”,
96.8%7
(110) 218.4 200.4 | 2137 199.77
4Zr-(111)-4Zr | 194.6 168.9 174.7 151.57

This structure, which has four Zr atoms terminating both
surface layers was then further optimized and used for
calculation of the density of states (DOS). The total DOS (TDOS)
and the projected DOS (PDOS) onto the atoms are shown in
Figure 4. A comparison of the TDOS with that of the bulk
structure shows a significant introduction of new surface
states at the Fermi level (E;), arising from Zr-d and Zr-p states.
The metallic nature of the surface is evidenced and due mostly
of the Zr-d occupied surface states at the Fermi level. The Zr d
— C p mixing region arises at lower energies. Thus the very high
electronic states observed for the (111) surface suggest a high
reactivity of this surface compared to the (100) surface.”

This journal is © The Royal Society of Chemistry 20xx
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TDOS ZrC (111) Surf

—bulk

——(111) Surf

PDOS Zr (111)

(-5 2nd layer
==C-p 2nd layer
=——7r-p 1st layer
—7r -d 1st layer

-13 -8 energy/eV 3 2

Figure 4. TDOS and PDOS of ZrC (111) Surface

There is no surface reconstruction of the relaxed ZrC bare
(111) surface. It was observed that the interlayer spacing
between the first and second layers is reduced while the
second interlayer spacing increases substantially. The bond
distance between the first and second layer, dz..,c Which is the
distance between Zr in first layer and C in second layer is 2.24
A and agrees well with values calculated by other groups, 2.22
A,N and the second interlayer spacing between C in second
layer and Zr in third layer dyc.3z = 2.45 A. The other interlayer
spacing and bond distances approach that of bulk.

Reactivity of H,0 on Bare ZrC(111) Surface. After testing with
different configurations, the most stable form of adsorption
was used to compute the adsorption energies E,y. The
adsorption process was carried out in a stepwise manner,
starting with one H,O molecule, then two H,0 molecules and
so on. Both associative and dissociative modes of adsorption
were tested. The adsorption energy was then calculated for
successive water additions and as averages for different
coverages of the (111) surface. All adsorption processes on the
(111) surface is observed to favor complete dissociation into
atomic species which sites at fcc three-fold hollow site just
above Zr atoms in the third or fifth layers.

1 H,0 molecule Adsorption: The observed reaction of a single
H,0 molecule is a complete dissociation process where H,0
dissociates into atomic O and H species which adsorbs very
strongly at fcc three fold hollow sites between three surface Zr
atoms. This is accompanied by a very strong energy of
adsorption, E,4s = 4.58 eV. Moreover, a calculation was made
to ascertain the subsequent combination of the two
adsorbed H atoms to form H, and release into the gas phase.
This reaction was found to be endothermic.

This journal is © The Royal Society of Chemistry 20xx
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0-(111)-2H ¢ 0-(111) + H; (gag), AE;wn = 1.33 eV. The complete
dissociation mode of adsorption is shown in figure 5al and
5a2.

Figure 5. Side view (left) and top view (right) for
dissociation of water on ZrC (u1) surface with 1, 2, 3 and 4
H,O molecules. Blue(C), yellow(Zr), red(0), light green(H)

The calculated bond distances between the O and surface Zr
atoms were 2.36 A, 2.15 A and 2.15 A while that of H and the
surface Zr atoms are between 2.15 A and 2.20 A.

2 H,0 molecules adsorption: In the presence of two H,0
molecules, there is a mixed mode of adsorption. There is a
combination of complete and partial dissociation of H,0
molecules. This can be viewed us a process where the first H,O
molecule dissociates completely into O and H atoms,
occupying three of the available four fcc hollow sites while the
second water molecule dissociates partially into surface OH
group adsorbing at the remaining fcc hollow site and the H
atom adsorbs at an fcc hollow site above Zr atom in the fifth
layer. The consecutive adsorption of the second H,0 molecule
is accompanied by a high adsorption energy, E.q4s = 3.25 eV.
Thus even though the complete dissociation into atomic
species has a very high adsorption energy, the partial
dissociation also has a high energy. Figure 5b1 and 5b2 shows
the complete and partial dissociation of 2 H,0 molecules on
ZrC (111) surfaces. The calculated bond distances between the
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surface O and Zr atoms are 2.170 A, 2.21 A and 2.10 A,
between O of OH group and surface Zr atoms are 2.37 A, 2.22
A and 2.42 A while those between the H atoms and surface Zr
atoms are between 2.003 A and 2.663 A.

3 H,0 molecules adsorption: Adsorption of three H,0
molecules resulted in partial dissociation into surface hydroxyl
groups with the release of H, molecules. In the subsequent
addition of the third H,O molecule, there is the formation of
three surface OH groups and H specie all adsorbing at fcc three
fold hollow sites with the release of H, molecule. The
successive adsorption of the third H,O molecule is associated
with an adsorption energy, E,4s = 1.22 eV. This somehow low
adsorption energy as compared to one and two H,0 molecule
adsorption may be due to the lateral repulsion between the
three adsorbed OH species on the surface. Figure 5c1 and 5c2
shows the adsorption of three molecules on (111) surface with
the release of H2 into the gas phase. The measured bond
distances between O of OH group and the surface Zr atoms are
in the range of 2.00 A and 2.36 A. The bond distances between
the adsorbed H atom and the surface Zr atoms were 2.24 A,
2.24Aand 2.24 A.

4 H,0 molecules adsorption: The adsorption of four H,O
molecules on the (111) surface leads to adsorption at all
possible fcc three fold hollow sites on the surface plane. There
is the partial dissociation of H,0 molecules to form four OH
groups adsorbing at the four available fcc sites with the release
of two H, molecules into the gas phase. This adsorption
process is governed by the equation: ZrC(111) + 4H,0 &
ZrC(111)-4(0OH) + 2H,. The final geometry of adsorbed surface
species are shown in figures 5d1 and 5d2. The adsorption
energy for the successive addition of the fourth H,O molecule,
E.gs = 1.14 eV. This value is lower than that for adsorption of
three H,0 molecules as part of the reaction energy is used in
releasing two H, molecules into the gas phase. The calculated
average bond distance between the surface Zr atoms and the
O atom of the OH group is 2.37 A. At this point, the surface is
saturated with the maximum number of H,O molecules as all
the possible adsorption sites are occupied.

A complete picture of the potential energy surface showing all
the adsorption process of water and the release of H, is shown
in figure 6. This aids in easy visualization of the reaction
process.
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Figure 6. Potential energy surface of H,O adsorption on
ZrC (1) surface. Blue(C), yellow(Zr), red(O), light
green(H)
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The calculated TDOS and PDOS of the fully hydroxylated (111)
surface is shown in figure 7. A comparison of the TDOS (figure
7 top panel) of the clean and hydrated surfaces shows
attenuation of the surface states around the Fermi level as
well as introduction of a new band at around -5.5 to -7.0 eV
due to the surface OH groups.

TDOS ZrC(H,0) on (111)

——TDOS H20 on (111)
= (111) Surf

PDOS O in OH on (111)

——Zr -d 1st layer
——2r-d (OH)-(111)
——O0-p of OH on (111)

DOS

-13 -8 -3 energy/eV 2

Figure 7. TDOS and PDOS plots for dissociation of four
water molecules on ZrC (111) surface into OH and release
of H, (full coverage). Violet legend: clean (111) surface

Since H, is a released gas, it has no effect on surface DOS and
hence it is not shown. A projection of the DOS (figure 7
bottom) onto the O atom of the hydroxyl group shows

This journal is © The Royal Society of Chemistry 20xx
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attribution of the new state to the OH group. This is in good
agreement with what is observed experimentally where the
OH band is observed at ~ -7.0 eV.® This band is attributed to
the 1m state of OH group. Moreover, the unoccupied bands are
shifted to higher energies as they interact with O- p electrons.
The PDOS (figure 7 bottom panel) of the surface Zr atoms
shows a considerable decrease in the surface d states and the
newly observed band has a high contribution from the surface
Zr d states. This shows a significant mixing of the metal- d and
O- p from OH group, yielding stable surface hydroxyl groups
accompanied by high adsorption energy.

A summary of the successive adsorption energies of different
amount of H,0 molecules added to the surface as well as the
calculated average adsorption energies per H,0 molecule at
different water coverage on the (111) surface is provided in
table 3. These values show a decrease in the adsorption
energies towards higher coverages as a result of the removal
of H, into the gas phase.

Table 3. Adsorption Energies, Eads for different
coverage of H,O on (111) surface

Coverage | 0.25 ML | o.50 ML | o.75ML | 1.0 ML
Eads/ 4.58 3.81 2.95 2.50
per H,O/
eV

Successive Adsorption Energies of H20
Number |1 2 3 4
of H,O
Eads/ eV | 4.58 3.25 1.22 1.14

These calculated adsorption energies were then used to obtain
thermodynamic stability plots using calculated Gibbs free
energy of adsorption values at low and high temperatures.
Due to hydrogen released by the hydration process, the
stability plots are obtained as functions of both H,0 and H,
pressures at different temperatures. This type of plot is very
useful when there is the need to remove surface hydroxyl

This journal is © The Royal Society of Chemistry 20xx

groups to achieve the bare surface as hydrogen can be
introduced to the system to drive the equilibrium to the left
side of the reaction to produce water.

Plots of six different temperature regimes are provided (Figure
8). This phase diagram is obtained as follows: at each
temperature, the AG value is calculated for different
pressures of oth H, and H,0 gases at different coverages. The
surface coverage which has the lowest A,G value at a selected
partial pressure of H, and H,0 is the most stable. The
different coverages at different pressure combinations are
then used to obtain the stability plots for different
temperatures.

At lower temperatures between 200 and 400 K, the surface is
fully covered with OH groups at all H,O and H, pressures
considered. As the temperature is increased to 500 K, small
regions of the 0.5 ML begin to appear. This region is
characteristic at H, pressures above 10™ bar and H,0 pressures
below 10°® bar. The 0.5ML is a mixture of partial and complete
dissociation of H,0 molecules into surface O atoms and OH
species. At 700 K, there is desorption of two H,0 groups at 10°
®t0 10" bar of H,O at H, pressures of 107 to 1 bar while three
H,O groups are desorbed from the surface at all H, pressures
at 10™° bar of H,0. At 1000 K, a small region of the 0.5ML
coverage still appears while there is a significant increase in
the 0.25ML region. The bare surface is recovered at higher
temperatures above 1200 K at very low pressures of H,O. At
1500 K, the bare surface is still recovered at H,O pressures
below 10™° bar at all H, pressures while the 0.5ML phase is
totally lost. If only water molecules are introduced in the feed
(without external addition of H,), only the lower region of the
diagram below the diagonal line Figure 8 can be reached. This
shows that partial or total surface dehydration can only be
achieved at very high temperature.

It has to be noted that, the 0.75ML coverage is not stable at all
studied temperatures for all the combinations of H, and H,0
partial pressures considered as the adsorption energies of the
third and fourth water molecules are similar.

J. Name., 2013, 00, 1-3 | 9
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Figure 8. 2D- stability plot for H,O adsorption on ZrC(i1) surface at different temperatures. The o.75ML coverage is not
stable at all studied partial pressures of H, and H,O at all temperatures.

B. ZrC (110) Surface

Surface Structure of ZrC(110) Surface. The ZrC (110) surface
structure was studied after full relaxation of the three topmost
surface atom layers. There is no surface reconstruction after
relaxation. The relaxation energy from the rigid surface is very
small as compared to the (111) surface. Zr atoms of the first
and second layers relaxed inwards while C atoms of the first
and second layers relaxed upwards. Both the Zr —Zr and C —C
bond distances of the surface layer remain the same as that of
the bulk (3.35 A). The first layer relaxes inwards while the
second layer relaxes outward. The vertical distance between
the C of the first layer and C of the third layer decreases from
3.35At03.27 A (dyc3c=3.27 A) and dac.3c= 2.33 A. The vertical
distance between Zr of the second layer and Zr of the fourth
layer increases from 3.35 A to 3.36 A (dyzrazr = 3.36 A). Thus
surface relaxation causes an elongation of the Zr —C bonds

This journal is © The Royal Society of Chemistry 20xx

between the second and third layers with the distance
between Zr of the second layer and C of the third layer being
dyzrsc = 2.39 A while the distance between C of the second
layer and Zr of the third layer is dyc3zr = 2.45 A (the value in
bulk ZrC is 2.37 A). There is however a decrease in these inter-
layers distances as one move from the second layer to the first
layer. The resulting dizc = 2.21 A and the d;c 57 = 2.30 A.

The high surface energy of the (110) surface is reflected in the
TDOS as compared to that of the bulk (Figure 9). Creating of
the (110) surface from the bulk structure introduces a
significant amount of new surface states just above the Fermi
level. These new states are made of Zr d and C p orbitals.
These new surface states are accounted for by the reduction in
the coordination numbers of the surface Zr and C atoms to 3
as compared to coordination of 6 in the third and subsequent
lower layers.

J. Name., 2013, 00, 1-3 | 10
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Figure 9. TDOS and PDOS of ZrC (110) surface

H20 Adsorption on ZrC (110) Surface: Hydration of the (110)
surface was also carried out in a successive fashion of H,0
molecule addition to the surface. The most stable form of
adsorption of H,0 on this surface is adsorption of O containing
species as a bridge between two surface Zr atoms and on top
of C atom in the third layer whereas H atoms adsorbed on top
of surface C atoms.

1 H,0 molecule: The first H,0 molecule led to complete
dissociation of water into atomic oxygen as a bridge between
two Zr atoms and the resulting H atoms adsorbing on top of
the two surface C atoms. This mode of adsorption yielded an
adsorption energy, E,qs = 4.22 eV. The adsorption mode is
shown in Figure 10al and 10a2. The calculated bond distances
between the O atom and the surface Zr atoms is 2.028 A while
the distances between the H atoms and the surface C atoms is
1.113 A.

2 H,0 molecules: Adsorption of a second H,O molecule led to
partial dissociation of H,O molecules into surface hydroxyl
groups and H atoms. Thus two surface OH groups are formed
as bridges between two surface Zr atoms and on top of the
two available C atoms in the third layer as shown in figures
10b1 and 10b2. This adsorption of the second H,0 molecule
was accompanied by a lower adsorption energy, E,qs = 3.13 eV
as compared to the adsorption energy of one H,0 molecule. At
this point, the full surface coverage is achieved as all the stable
adsorption sites are occupied. The calculated bond distances
between the O atoms of the surface OH groups and the
surface Zr atoms are within the range of 2.23 A and 2.25 A
while those between the adsorbed H atoms and the surface C

This journal is © The Royal Society of Chemistry 20xx
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atoms is 1.12 A. A (2 x 1) supercell was used to further obtain
the adsorption energies for the 0.25ML and 0.75ML coverages
which were calculated to be 4.21 eV and 3.44 eV per water
molecule respectively.

(al)
a2)
.‘ ’ i Ii I i I I
(b1) (b2

Figure 10. Adsorption of H,O on ZrC(u10) surface. Left(side
view), right(top view), blue(C), yellow(Zr), red(O), light
green(H)

The TDOS and PDOS of the partial dissociation of H,0 into

surface hydroxyl groups are shown in figure 11. The TDOS

shows the OH features appearing at about -7.5 eV which falls

within the experimentally observed position range for the OH
8

group.

TDOS 2H,0 on (110)
= TDOS 110 surf
———TDOS 2H20 on (110)
172
o]
[=]
PDOS OH on (110) surface ~— ¢
————H-s
—0p
AN
-13 -8 energy/ eV S 2 4
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Figure u. TDOS and PDOS of H,O adsorption on ZrC (110)
surface, green legend: Zr on surface layer

There is a slight attenuation in the surface states around the
Fermi level upon adsorption of the OH groups and the PDOS
shows a mixing of the Zr d orbitals with the O p orbitals during
the adsorption of the OH groups on the surface. There is also a
large increase of the Zr d band above the Fermi level as the
surface is hydrated.

Examination of the adsorption energies at different coverage
of water (Table 4) shows strong adsorption at lower coverages.

Table 4. Adsorption Energies, E, 4 for different coverage
of H,0 on (110) surface

Coverage | 0.25 ML os50ML | o.75 ML 1.0 ML
E.4s/ per | 4.21 4.22 3.44 3.13
H,O/ eV

0.75ML coverage is not stable at all studied temperatures
and partial pressures of H,O.

It is also stable at higher temperatures up to 1800 K but at
higher pressures of H,O above 10 bar. The bare surface is
recovered at temperatures above 1000 K at a wide range of
H,O partial pressures. It can easily be noted that, both the
0.25ML and 0.75 ML phases are not stable.

C. Characterization of Surface Oxidation

An_analysis of oxidation of surface Zr and C atoms were
carried out using the Bader code developed for VASP.*® This
was carried out for both the clean ZrC (110) and (111)
surfaces. In order to provide a _more complete picture of
comparison, the same analysis was carried out on_the
adsorption of molecular water on the (100) surface.* Table 5
provides a summary of the Bader charge analysis.

Table 5. Bader Charge analysis for Zr and C atoms for
clean and hydrated ZrC surfaces”

The adsorption energies at different coverages were then used
to obtain the thermodynamic stability plot in Figure 12. This
stability plot was obtained in a similar manner as that of
figure 8. A 2D diagrams is provided to aid easy viewing and
interpretation. The full coverage of the surface with hydroxyl
groups is achieved at low temperatures between 200 and 500
K at all H,O partial pressures considered whereas the 0.5ML
phase which is made up of atomic O and H species on the
surface is stable between 500 and 1000 K at low partial
pressures of H,0 below 10° bar.

bare surface, ©=0

200 400 600 800 1000 1200 1400 1600 1800 2000

T/ K

Figure 12. 2D surface stability plot for H,O adsorption on
ZrC(110) bare surface at different partial pressures of H,O.
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Parameter ZrC-(100) ZrC-(110) ZrC-(111)
Clean Surface
Net Q¢ -1.62 -2.2 -1.84
Net Qz 1.65 2.47 Lo9
Hydrated Surface

H,0-(100) HO-(110) HO-(111)

4Qz 0.06 0.27 0.68

4Qc 0.05 0.51 0.05

AQo -0.11 -0.22 -0.1

? The variation of the net charges (AQ,, and AQ,) is defined
with respect to the charges on Zr and C in the clean ZrC
surfaces while AQ, is defined with respect to the charge of O
in H,0 gas. The charge analysis was carried out using 1ML
coverage for both the (110) and (111) surfaces while 0.5 ML
coverage was used for the (100) surface.

In_case of hydration of the (100) surface with molecular
water, there is clearly no change in the electron density of
the surface Zr atoms as can be seen in table 5. Moreover,
upon_hydration of the (110) surface, there is small charge
transfer from the surface Zr atoms to O atoms and from
surface C atoms to the attached H atoms. In case of the (111)
surface, upon hydration with the release of gaseous H,, a
clear_a redox process is evidenced and with a significant
oxidation of surface Zr atoms (AQ,, = 0.68 electron) table 5.

D. Equilibrium morphology of nano crystallites

This journal is © The Royal Society of Chemistry 20xx
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The equilibrium morphological shape of the ZrC nano
crystallites are predicted for the bare surface as well as the

hydrated surfaces at a range of selected temperatures.

Bare Surface: The computed surface energies of the (100),
(110) and the (111) surface (Zr-terminated) were used to
predict the equilibrium Wulff morphology of the ZrC
nanocrystallites in the absence of reactive molecules. The
predicted Wulff structure is depicted in Figure 13. The
predicted morphology shows only the presence of the (100)
and (111) surfaces and the (110) surface does not appear. The
crystallite structure is that of a cube with small (111) facet at
the corners which represents less than 1% of the exposed total
surface area of the ZrC nanocrystallites. This is in excellent
agreement with what has been observed experimentally as
only the (100) surface is normally easily observed.”

[655))

[clean surface at 0 K]

(11 1)

Figure 13. Predicted Wullf solid for bare ZrC

nanocrystallites

H,0 adsorption: Adsorption of water on the (100) surface
resulted in dissociative mode into surface OH groups on Zr
atoms and H on surface C atoms with adsorption energy of 1.0
eV. Details of H,0 adsorption on the (100) surface is provided
in our previous paper.14 A complete list of the surface energies
of the individual facets of ZrC with their relative abundances
upon hydration at different temperatures is compiled in Table
6. For the (111) surface, there is a very strong interaction with
water which provides much stability that over compensates
the surface energy of the bare facets at low temperatures and
hence negative surface energies upon adsorption of water are
reported. Thus the (111) is highly stabilized relative to the
other surfaces upon hydration in the range of 200 K to 500 K
temperatures as shown in table 6. This also reveals that the
(110) surface is not present as compared to the other facets
upon hydration of the nano crystallites. The calculated surface
energies at different temperatures after hydration were then
used to obtain the Wulff construction of the equilibrium
morphology of the nanocrystallites as shown in Figure 14.

Table 6. Surface free energies of the exposed hydrated
surface planes of ZrC at various temperatures with
their relative abundances (in bracket) for P(H,O)/ P° =
o.o1 bar and P(H,)/ P° = 0.005 bar.

This journal is © The Royal Society of Chemistry 20xx
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Surface 200 K 300 K 400 K 500 K

energy/

meV/A®

Y(IOO)(HZO) 43.0 (0%) 63'4 84'5 99'6

(0%) (0%) (0%)

Yao)(H,0) | 27.6 421 57:3 73-0
(0%) (0%) (0%) (0%)

Ya(H;0) | -73.3 -58.7 -43-5 -27.7
(100%) (100%) (100%) (100%)

Surface free energies at higher temperatures

700 K 1000 K 1200 K 1500 K

Yaoo)(H,0) | 99.6 99-6 99-6 99-6
(0%) (12.3%) (35.1%) (76.4%)

Yauo)(H,0) | 105.8 144.6 162.5 190.3
(0%) (o%) (o%) (o%)

Yan) (H,0) | 5.1 56.9 92.9 147.0
(100%) (87.7%) (64.9%) (23.6%)

[200- 700 K [1000K]

Figure 14. Equilibrium Wulff shapes of hydrated ZrC at dif-
ferent temperatures. The (100) facets shown are bare
surfaces while (111) are all shown for 1 ML full coverage
which is the most stable at the chosen temperatures

This construction was done at 0.01 bar H,0 pressure and 0.005
bar H, pressure. From 200 to 700 K, only the (111) facets are
observed. This is due to the high stability of the (111) facets by
four OH groups and subsequently stabilized further by the
release of H, gas molecules. At 1000 K, 12 percent of the (100)
surface is revealed as a result of removal of some OH groups
from the (111) surface and the subsequent comparison in the
resulting surface energies of the already bare (100) surface
and the partially hydroxylated (111) facets. The surface energy
for the (100) surface increases from 200K to 500K and remains
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fairly constant thereafter because at the lower temperature
the surface is stabilized by the weakly adsorbed OH groups
upon hydration, characterized by the low adsorption energy of
the OH groups.14 Thus at lower temperatures of 200K to 700K
the extremely low surface free energy (negative values for
surface energies) of the (111) surface results in smaller sized
crystals. Moreover, at higher temperatures, the stabilizing OH
groups are removed and the bare surface is exposed, resulting
in an increased surface energy.

At 1200 K, more OH groups are removed from the (111)
surface and the bare (100) surface increases in abundance to
35 percent with the (111) surface being 65 percent. As the
temperature is increased further to 1500 K, the (111) facets
decrease significantly in abundance while 76% of the surfaces
is now made of the (100) facets. At all these temperatures, the
full coverage with OH on the (111) surfaces are the most stable
the 0.01 bar H,O pressure and 0.005 bar H, pressure used
while all (100) facets which appear are the bare surfaces. It
can be clearly seen that at all temperatures, the (110) facets
are not revealed. In order to functionalize the ZrC surfaces
with hydroxyl groups which can be obtained on the (100)
facets or (111) facets, one can work at a wide range of
temperatures and pressures and still achieve this aim. Thus
there appear some changes in the morphology of the ZrC
nanocrystallites when the surfaces are hydrated at different
temperatures.

Summary and conclusion

DFT and atomistic thermodynamic modelling have been
combined to study the stability of ZrC (111) surfaces with
different terminations of carbon atoms and zirconium atoms in
an attempt to get rid of polarity in the slab. All cases tested
yielded the most stable surface as the one with four Zr atoms
in confirmation with experimental observations. The
calculated surface energies of the different facets were then
used to obtain the equilibrium morphology of the ZrC
nanocrystallites in clean environments in vacuum. The
equilibrium morphology at 0 K revealed the nano crystallites as
cubes exposing much of the (100) surface with truncations at
the corners due to the appearance of small amounts of the
(111) facets and no (110) facets.

We have also studied the adsorption and reactivity processes
of water on the (110) and (111) surfaces. A study of the
adsorption of H,O on the (111) and (110) surfaces was carried
out and we observed complete dissociation into hydroxyl
groups and release of hydrogen molecules for the (111)
surface. There is however complete dissociation into oxygen as
a bridge between two surface zirconium atoms with the
dissociated hydrogens sitting on top of surface carbon atoms
at low coverage for the (110) surface while higher coverage
results in surface hydroxyl groups. Thermodynamic stability
plot shows the monolayer coverage with surface OH species as
the most stable at a wide range of pressures until about 107
bar at 1200 K before the bare (111) surface is recovered.

14 | J. Name., 2012, 00, 1-3

However, on the (110) surface the full coverage with OH and H
atoms are stable at lower temperatures while the 0.5ML
coverage is stable between 700 K and 1000 K. The bare (110)
surface is achieved at temperatures above 1000 K and lower
H,O partial pressures. Construction of the equilibrium
morphology shows that from 200 to 1500 K temperature, the
ZrC surfaces can be functionalized with surface hydroxyl
groups, specifically on the (111) surface.
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