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ABSTRACT: The control of powder morphology in metals and
ceramics is of critical importance in applications such as catalysis and
chemical sensing whereby specific crystal facets better facilitate chemical
reactions. In response to this challenge, we present a combined
experimental and computational approach that examines the principles
behind dopant-induced crystallographic faceting in nanoparticles. We
base our study on nanoparticles of tantalum carbide doped with nickel,
iron, cobalt, niobium, and titanium and observe a very significant
transition from round/irregular particle shapes to cubes and
cuboctahedrons upon the addition of transition metal dopants. The
presence of the dopants, which segregate toward the surface of the
particles, results in atomic orbital hybridization, causing a significant

Powder
shape is
defined
by the
{100}
facets of

Powder cubic morphology in TaC co-doped with Ni+Ti

decrease of up to 0.13 eV-A™? in the surface energy of the (100) facets, thus providing the driving force for the formation of
nanocubes with exposed (100) surfaces. These principles can be generalized to other ceramics and serve as guidance for the
optimized control of shape in powders. For example, if one seeks to produce highly faceted V-, Hf-, or Zr-carbide nanoparticles,
doping strategies reported here can be applied. Other elements may also be effective in changing the growth habits of crystals based
on surface segregation and dopant—host atomic orbital hybridization.

B INTRODUCTION

Tantalum carbide (TaC) is an ultrahigh-temperature ceramic
(UHTC) with a melting temperature of ~4100 K and
exceptional hardness, attributed to its strong Ta—C covalent
bonds."”” Such properties hold great engineering relevance
under harsh conditions, resulting in industrial applications such
as high-speed cutting tools and hard coatings. TaC also holds
great potential in aerospace and advanced energy systems, such
as turbine blades, scramjet engines, nuclear reactors, and solar
absorbers.” Practical limitations of TaC at high temperatures
are often due to the degradation of mechanical properties due
to porosity and other microstructural defects, as well as
problems connected to oxidation” and creep deformation.”
The improvement of properties begins with the control of
powder size and shape. Studies have explored the shape control
of transition metal carbide nanoparticles to exploit the high
surface area-to-volume ratio in applications such as gas
adsorption® and chemical sensing whereby specific facets,
such as those with steps and kinks, will better facilitate
chemical reactions.”® Modeling studies have looked at the
molecular adsorption of H,O on ZrC, to obtain cubes and
octahedrons, and carbon adsorption on Ru to produce
nanorods.” Strain effects have also been explored as parameters
for morphological modification of copper and nickel
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particles,'” and doping has been applied for obtaining
nanorods of magnesium.” In addition, modelingu_17 and
experimental techniques'®™*” have been applied for exploring
the behavior of borides of cubic and other morphologies.
Moreover, experimental efforts have investigated shape change
in cubic carbides as a function of carbon stoichiometry, which
influences the relative growth rate of the dominant {111} and
{100} facets.*%¢

Recently, doping has been suggested as a possible
mechanism to form nanocubes in ceramic materials. For
transition metal dopants, the interactions between the d
orbitals of dopants and the p orbitals of the nonmetallic
anionic elements (i.e., carbon, nitrogen, boron, etc.) in ceramic
compounds are thought to promote adsorption on the {100}
facets, especially for metallic dopants with high carbon
solubility.”**” With this in mind, the modification of particles
from octahedrons to cuboids with an increasing dopant
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concentration has been successfully demonstrated for Cr-
doped WO, and Ni-doped TiC.*** However, the fundamental
principles behind dopant-induced morphological selectivity
and control remain largely unknown.

In this study, a combined experimental and computational
effort is implemented to demonstrate the effects of dopants on
the particle morphology of TaC. We show that morphology
modification results from a combination of dopant segregation
toward the surface of particles and dopant interaction with
surface carbon through orbital hybridization. These effects
modify surface energy, slowing crystal growth and facilitating
the formation of polyhedrons. Doping with iron and co-doping
with nickeltitanium results in cubes and cuboctahedrons,
whereas cobalt and nickel doping results in cuboctahedrons.
This work provides critical insights into the fundamentals of
dopant-induced shape control, which has exceptional potential
in tuning the mechanical and catalytic properties of ceramic
materials.

B EXPERIMENTAL METHODS

Synthesis of Powders. The synthesis of TaC particles is
based on a modified solvothermal method.”*’ Tantalum(V)
chloride (No. 14614, 99.8%, anhydrate, Sigma-Aldrich) and
carbon black powder (No. 39724, >99.9%, Alfa Aesar) were
used as the metal and carbon sources. Lithium granules (No.
499811, 99%, Sigma-Aldrich) were employed as the non-
aqueous solvent and reductant, according to a TaCls + C + SLi
— TaC + SLiCl chemistry. The amount of each component
was calculated based on a 3 g theoretical yield of TaC, while
two times of excess carbon and lithium were used to ensure the
formation of TaC without intermediate phases. For the
incorporation of dopants, metallic nickel (No. A17943,
99.9% metals basis, Alfa Aesar), iron (No. 267953, >99.9%
metals basis, Sigma-Aldrich), cobalt (No. 697745, >99.9%
metals basis, Sigma-Aldrich), titanium (No. 43102, 99.5%,
metals basis, Alfa Aesar), and niobium (No. 11548, 99.9%
metals basis, Alfa Aesar) were used during synthesis. Their
amounts varied based on various atomic ratios between the
dopant and the host. To lower the maximum flame
temperature, 30 wt % of pure TaC powders (No. 12144,
99.5%, Alfa Aesar) was added as the reaction diluent. The
precursors were weighed and ground manually in a mortar and
pestle in an argon-protected glovebox for at least 15 min to
create a homogeneous mixture. They were then placed in a
quartz test tube, after which lithium granules were incorpo-
rated. The test tube was then rotated repeatedly to ensure that
the surfaces of the lithium granules were fully covered with
precursor powders and temporarily sealed with parafilm for
transfer out of the glovebox. To minimize oxidation, the test
tube was then capped by a rubber stopper, flushed with
ultrahigh-purity argon gas five times, and connected to a
vacuum pump for outgassing. To initialize the reaction, a
volumetric external heating apparatus was custom-made using
a stainless steel hollow cylinder wrapped with dual-element
high-temperature heating tape. The system was preheated to
~673 K in order for the reaction to occur. After flushing, the
test tube was inserted into the heating cylinder, and the
reaction self-ignited once the system reached the melting
temperature of lithium. The duration of the reaction was less
than 40 s for all experiments. The system was then air-cooled
to room temperature. The post-reaction products were rinsed
using deionized water to dissolve excess lithium, followed by
two wash cycles using hydrochloric acid (H-135, 25 vol %,

Spectrum Chemical). Within each cycle, 15 min of magnetic
stirring and 30 min of ultrasonication were applied for
thoroughness of washing and deagglomeration. Finally, the
acid-washed powders were cleaned one more time using
deionized water and rinsed with ethanol. The resulting
powders were collected after 24 h of drying in air.
Characterization. The phase purity of the powder samples
was analyzed by X-ray diffraction on a D2 Phaser (Bruker AXS,
Inc., Madison, WI) using CuKa radiation. The morphologies
of the particles were imaged using scanning electron
microscopy (SEM) on an Apreo instrument (ThermoFisher
Scientific, Hillsboro, OR). Elemental composition was
analyzed using energy dispersive spectroscopy (EDS) on the
SEM and by X-ray photoelectron spectroscopy (XPS) on a
custom-designed system (SPECS Surface Nano Analysis
GmbH, Berlin, Germany) equipped with a PHOIBOS 150
WAL analyzer with a DDL-2 detector and a FOCUS 500/600
ellipsoidal monochromatic X-ray source with a dual anode of
Al and Ag. EDS and XPS were employed for the determination
of bulk and surface chemical composition, respectively. The
elemental surface compositions were calculated by deconvo-
lution of individual peaks using CasaXPS software. To
statistically determine the morphological modifications, par-
ticles were evaluated based on multiple SEM images. At least
900 particles were counted for each sample, ensuring the
randomness and statistical significance of the sampling. For
each dopant precursor concentration, two individual batches of
powders were synthesized and characterized using identical
procedures to confirm the repeatability of the results.

B COMPUTATIONAL METHODS

General. All DFT calculations were performed using the
Vienna Ab initio Simulation Package (VASP) within the
projector augmented wave (PAW) approach.”’™*’ The
pseudopotentials used were similar to those used in the
Materials Project.”* The PAW potential describes the core
electrons with the frozen core approximation, while the valence
electron configurations of tantalum, carbon, titanium, iron,
cobalt, nickel, and niobium are given by Ta: 5p66525d3, C:
2s72p%, Ti: 3p°3d°4s’, Fe: 3p°3d’4s', Co: 3d%4s’, Ni: 3p°3d°4s’,
and Nb: 4p°Ss4d°. The exchange-correlation effects were
modeled using the Perdew—Burke—Ernzerhof (PBE) general-
ized gradient approximation (GGA) functional, and all
calculations were spin-polarized with a plane wave cutoff of
400 eV.>> The energies and atomic forces of all calculations
were converged within 1 X 107" eV and 0.02 eV-A7},
respectively. I'-centered k-point meshes of % X % X % and
50 50

— X X 1 were used for bulk and slab calculations,

respectively, with noninteger values rounded up to the nearest
integer.’® Both the volume and atomic positions were relaxed
for all undoped bulk systems, while only the atomic positions
of the slabs and doped systems were relaxed. Since there are
several possible terminations for the TaC(111) facet, we only
investigated segregation in the most stable terminations.
Furthermore, after the surface energy (y) was determined for
several facets, it was used to construct the Wulff shape. Further
explanation and details of the surface grand potential can be
found in the next section.

By comparing dopant stability in the surface and bulk,
defined as the energy difference between a doped and an
undoped cell, we determined where the dopant segregates.
This is dictated by the segregation energy, which is given by

https://doi.org/10.1021/acs.jpcc.1c01387
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Table 1. Coefficients and Constants (See Eq 15) Used to Calculate the Surface Energy as a Function of Ay; for All Slab

Models”

(hkl) dopant (X) site
1 (100) undoped -
2 (111) undoped -
3 (100) Ni sub
4 (111) Ni surf
S (100) Co sub
6 (111) Co surf
7 (100) Fe sub
8 (111) Fe surf
9 (100) Nb sub
10 (111) Nb surf
11%* (100) undoped -
12% (111) undoped -
13+ (100) Ni sub
14* (111) Ni surf

Ic Iy Iy y(Ay; = 0)
- - - 0.0915
0.0576 - - 0.1849
—0.0199 —0.0199 - 0.0328
0.0346 —0.0230 - 0.0648
—0.0199 —0.0199 - 0.0251
0.0346 —0.0230 - 0.0563
—0.0199 —0.0199 - 0.0240
0.0346 —0.0230 - 0.0614
—0.0199 —0.0199 - —0.0662
0.0346 —0.0230 - —0.003S5
0.0169 - 0.0169 0.1206
0.0584 - - 0.1960
—0.0169 —0.0253 0.0084 0.0415
0.0195 —0.0292 —0.0097 0.0141

“Values of T'; are the coefficients of Ay; in units of A2 and represent the coverages of species i at the surface, while the units of the constant y(Ay;
= 0) are eV-A™2 Entries labeled with * correspond to values for TiTa;C,.

slab slab
F = (B — B (gl _ gy
e 2 (1)

The difference between E¥**X and E™™, the calculated total
energies of the doped and undoped slab cells, respectively,
represents the dopant stability on the surface. Meanwhile, the
difference between E™ X and E"X the calculated total
energies of the doped and undoped bulk supercells,
respectively, represents the dopant stability in the bulk. The
factor of 2 in the first term accounts for both surfaces being
symmetrically doped. E, < 0 indicates a segregation tendency
toward the surface, E.; ~ 0 indicates no segregation tendency,
and E,,, > 0 indicates a segregation tendency toward the bulk.
Only dopants that segregate toward the surface are assumed to
influence the surface energy and thus affect the morphology.
Thus, we investigated dopant segregation in both the top layer
and sublayer of the surface.

All rocksalt (Fm3m) TaC slabs and bulk supercells were
constructed from its conventional unit cell with a relaxed
lattice parameter of 4.48 A, which is consistent with the
experimental value of 4.45 A.>” We also investigated slabs of
TiTa;C, as a computational analogue to solid solutions of TaC
with Ti dopant. TiTa;C, slabs were generated from a fully
relaxed bulk TiTa;C, structure with a lattice parameter of 4.45
A, which was in turn generated by substituting one Ta atom for
Ti in the conventional unit cell of TaC. Dopant substitution of
a single Ta atom was performed for both TaC slabs and bulk
supercells. We investigated the most dilute coverage of dopants
that can be calculated while maintaining slab systems of less
than 200 atoms resulting in a coverage of 1/4 and 1/2
monolayers (number of dopants per unit primitive slab) for the
TaC and TiTa;C, slabs, respectively. All slabs had a slab and
vacuum layer 22 and 16 A thick to prevent periodic
interactions between the dopants and the two surfaces. The
(111) and (100) slabs of TaC contained 115 and 120 atoms,
respectively, while the (111) and (100) slabs of TiTa;C,
contained 92 and 88 atoms, respectively. The bulk supercells of
TaC and TiTa;C, contained 180 and 144 atoms, respectively,
and shared the same lattice parameters as the corresponding
slab cells used to calculate E,. The lattice parameters and
number of atoms in the doped and undoped supercells were
kept consistent. All slab systems, including doped slabs,

10667

maintained symmetrically equivalent surfaces by ensuring
Laue point group symmetry in the structures to avoid any
dipole moments perpendicular to the surface.***** All
computational parameters, structural models, Wulff construc-
tion, chemical potential range maps, and surface energy
analysis were obtained with the aid of the Python Materials
Genomics (pymatgen) materials analysis library.*’

For each dopant—carbon bond, we quantified p—d hybrid-
ization as the negative of the integrated Crystal Orbital
Hamiltonian Population (—ICOHP) from the valence band to
the Fermi level, which corresponds to the covalent bond
contribution of the dopant. Similarly, -ICOHP was used to
quantify the metallic bond contributions for each dopant—Ta
bond. We only considered bonds within a radius of 3.5 A from
the dopant, which encompasses all carbon nearest neighbors
and Ta next-nearest neighbors. The —ICOHP was normalized
by the number of valence electrons and the sum of the metallic
(dopant—Ta) and covalent (dopant—C) contributions, which
results in the total bond contribution of the dopant. We
normalized —ICOHP for the covalent contributions by this
total to obtain the percentage covalent contribution of the
dozPant. For further details, the reader is referred to Maintz et
al.”" and Sun et al.”?

Surface Grand Potential. In general, the surface energies
of TaC can be obtained from the following expression:

1 slab
() = —|E = Y N,
24 : ©)

where N; is the number of i atoms in the slab, A is the cross-
sectional area, and E*® is the total DFT energy of the slab. All
coefficients and constants for the surface energy provided in
Table 1 can be derived from this expression. Here the chemical
potential accounts for excess or deficient atomic species
exchanged between the surface and an external reservoir (i.e.,
the surrounding environment in the form of a gas, liquid, or
bulk phase). Assuming the surface phase is in equilibrium with
the bulk, the chemical potentials for all species in the undoped
system are connected via Gibbs free energy by

bulk
8rac = Z mp; = P, T He 3)

https://doi.org/10.1021/acs.jpcc.1c01387
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where 1, is the stoichiometry of species i per formula unit (7,
= 5c = 1 in TaC). Assuming there is no configurational
entropy or pressure—volume effects, " can be calculated as
the total bulk DFT energy per formula unit. For a
stoichiometric slab of TaC, such as the undoped (100) slab
of TaC (Table 1: row 1), we can substitute eq 3 into eq 2 to
obtain the following expression:

1

4 2A

[Eslab _ NTag’?:g(]

(4)

To account for the excess or deficiency of C in non-
stoichiometric slabs, we first expand eq 2 to

1
y = _[Eslab _ NTa,uTa _ Ndlc]

2A (s)

We can simplify eq S as a function of yc by substituting eq 3
for pp, to obtain

1 slal ul
— —[E lab _ NTa(gb k ’uc) _ Ndlc]

4 2A TaC

(6)
Next we must define the upper and lower bounds needed for
¢ to allow a reasonable range for the surface energy due to the
exchange of C atoms between the surface and the external
reservoir. The upper bound is set by the assumption that an
excess amount of C at the surface will eventually lead to the
formation of surface graphite, while the lower bound is set by
the assumption that a surface deficiency of C (or equivalently
an excess of Ta) will lead to the formation of Ta,C. This range
for pc is expressed as

bee graphite graphite
Er,c — 2Er; — E¢ < pe < EG (7)

where Er, ¢ is the energy per formula unit of Ta,C, and E5
and EF*P are the energies per atom of body-centered Ta and
graphite, respectively. For convenience, we set the upper
bound as a zero reference by subtracting EgPhe from pc,
leaving

AG’;aZC < Aﬂc <0 (8)

where AGfrazc =Er,c= 2B — EgPhite is the formation energy

of Ta,C and pic = Apic + EF*Ph, We substitute our expression
for pc into eq 6 to obtain the following expression:

Eslab _ bulk

TagTaC raphite
Ap.) = —————= + T(Ap, + EE?
}/( ﬂc) 2A C( ﬂc C ) (9)

Here y is now a function of the carbon chemical potential,
Apg, relative to the energy of graphite per atom (Eg*"*), and

I = i(NTa — N_) is the number of excess or deficient C

atoms per surface area (coverage), which is negative for excess
C and positive for deficient C. We can obtain the surface
energy of an undoped, nonstoichiometric slab (Table 1: row 2)
using eq 9. In practice, Apc is a function of the finite
temperature and pressure of an ideal gas interacting with the
surface at equilibrium. As the temperature increases, Ay
decreases and the formation of a surface carbon layer becomes
less stable as more carbon atoms dissociate off the surface into
a gas phase. Meanwhile, the pressure of the gas increases with
Apc resulting in the reverse effect. The relationship between
Apc and these external conditions is given by

Au (T, P) = g(H, T, S) + kBrln(ﬂ]
k, (10)
where ky is the Boltzmann constant, Py = 0.1 MPa, and g(H, T,
S) is the Gibbs free energy of the carbon reference, which can
be derived from thermochemical tables.*
With the addition of an external component (e.g., a dopant),
a new chemical potential term (uy) is added to eq 9. As with
Uc, we need an appropriate upper bound, which we set as EX°™,
the total energy of an atom X isolated in a vacuum. We choose
this reference assuming the dopant atoms will interact similarly
to a metallic gas with the surface. We substitute iy into eq 9 in
a manner similar to pc to yield an expression for the surface
energy of a doped slab as a function of Ay; (Table 1: rows 3—
10):

Ap., Au,) =
y(Apc, Apy) ”

+ Te(Ap. + EEP™)

atom

— Ix(Apy + Ex (11)

where [} = iNX is the coverage of dopant X in the slab, and

E™*X is the total energy of a slab with dopant X.

Similar to eq 9, for an undoped nonstoichiometric TiTa;C,
slab (Table 1: rows 11—12), we can solve for pr,:

bulk
8ritac, — e T Hm

Hra = 3 (12)

The numbers 4 and 3 in this equation correspond to the values
of n¢ and 7, respectively. We set the upper bound of #y; as
the energy per atom of a hexagonal close-packed Ti bulk
system (E7?) and again rewrite eq 2 as a function of Ay

Eslab+X _ & bulk

3 OTiTa,C
r(Bpg, Auy,) = ” =
raphi
+ Fc(AﬂC + Eé P te) - FTi(AﬂTi + E"}liCp) (13)
with

1(4
I.= —|=Ng, — N,
C 2A(3 Ta C]

and

1(1
It = —| =Ny, — Ny,
Ti 2!(3 Ta Tl)

For a slab where only one species is nonstoichiometric, such as
C in the (111) slab of TiTa;C, (Table 1: row 12), eq 13
simplifies to

Eslab+X _ Npybulk
3 8TiTaC,

+ FC( Aﬂc +E (g:raphite)
(14)

For a doped slab of TiTayC, (Table 1: rows 13 and 14), we
again add an Nyyiy term to eq 14 to obtain

A =
r(Apc) ”

https://doi.org/10.1021/acs.jpcc.1c01387
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Figure 1. Characterization of undoped TaC powders, particle shapes, and surface energies. (a) Scanning electron micrograph and (b) X-ray
diffraction pattern of undoped TaC powders. (c) Varying morphologies corresponding to the surface energy ratio (R = y,,,/7100) and (d) surface
energies for the TaC(100), (111), and (110) slabs and the face-centered cubic Ta(111) slab as a function of the chemical potential of carbon

(Auc).

Eslab+X _ Nibulk
3 ©TiTa,Cy

2A

y(Ape, Apy, Apy) =
+ Te(Ap + Eémph“e)

hc
- IjTi(A/'lTi + ET'P)

1

- Ix(Apy + EX™" (15)
In summary, we can generalize the surface energy of all systems
as a linear equation with a constant value y(Ay; = 0), which
represents the surface energy when all chemical potential
variables are set to 0 eV, as follows:

y(Au) = y(Aw, = 0) + Y. TAu,
i (16)

All values of y(Ay; = 0) and T; for the surface energy of each
slab are listed in Table 1.

B RESULTS AND DISCUSSION

The morphologies of the undoped powders of TaC are
illustrated in Figure la, showing that the nanoparticles are
predominantly of random shapes, with minimal amounts of
faceted surfaces. X-ray diffraction patterns of the powders can
be observed in Figure 1b, where the lattice parameter obtained
from Rietveld refinement is 4.4543 + 0.00003 A, indicating
that the sample is slightly nonstoichiometric.**** Controlling
the particle morphology requires tuning the relative growth
rate of different crystal facets. Faster growth for a particular
crystal face results in quicker extinction of that face, leaving the
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slower growing faces as the enclosing surfaces for the final
crystal. The growth rate of a particular face is directly
proportional to its corresponding surface energy. Using the
Waulff construction, Figure lc illustrates how the equilibrium
shape for a generic cubic material changes with the growth rate
ratio (R = ¥;1;/7100)- Values of R below 0.58 result in
octahedrons, values between 0.58 and 1.73 result in
cuboctahedrons, and values greater than 1.73 result in cubes.
Burton et al.*® previously proposed that facets with a high
growth rate will go through thermodynamic roughening
whereby the crystal morphology transitions from its equili-
brium crystal shape to a round/irregular shape due to free
energy minimization at elevated temperatures. More recently,
Jin et al.** reported experimental thermodynamic roughening
of transition metal carbides. In our case, it is likely that the
growth rate of the {100} facets has surpassed the temperature
threshold for thermodynamic roughening due to the extremely
high synthesis temperatures (>2000 K), thus explaining the
lack of cubic particles and the lack of faceting in general in
Figure 1a.

The surface energy with respect to the carbon chemical
potential (Apc) is plotted in Figure 1d for undoped TaC
surfaces (y-axis) for facets with Miller indices of (111), (110),
and (100) and the (111) fcc Ta surface. For the stoichiometric
slabs, such as (110) and (100), the surface energies are
constant with respect to Ay . For the nonstoichiometric (111)
Ta-terminated slab, however, the C-deficiency relative to the
bulk TaC results in a positive linear relationship between y,;,
and Apc (see eq 2 and the Surface Grand Potential
derivations). At high Ay, the most stable surface of TaC is
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the (100) facet due to the smaller number of broken bonds
compared to the (111) facet. At lower A, the Ta-terminated
(111) facet is increasingly stabilized as it becomes more similar
to the metallic fcc Ta (111) surface®” with greater carbon
deficiency. In fact, the calculated work function defined by

O =V, —Eg (17)

vac

of the TaC(111) surface (4.62 eV) is close to that of the
Ta(111) surface (4.70 eV), while that of the TaC(100) surface
is significantly lower (3.61 €V). This stabilization of the (111)
facet pushes its growth rate below that of roughening, allowing
for minimal formation of cuboctahedrons but not the
formation of cubes. In eq 17, V,,. is the calculated electrostatic
potential in the vacuum of a slab, and Ey is the slab Fermi
energy.

To expose crystal facets and tailor particle morphology, the
surface energies of the desired facets must be further
decreased. We add metallic dopants with low bulk solubility
in TaC, namely Ni, Co, and Fe, as well as mixed Ni+Ti co-
dopants, in order to modify its surface thermodynamics and
subsequently influence its growth. A metallic dopant with high
bulk solubility in TaC (i.e., Nb) was also added for
comparison. The full list of prepared powders, with dopant
concentrations determined by energy dispersive spectroscopy,
is presented in Table 2. Figure 2 illustrates the morphology of

Table 2. Dopant Concentrations on the TaC Powders
Determined from Energy Dispersive Spectroscopy”

sample Ni Co Fe Nb Ni/Ti
no.” (atom %) (atom %) (atom %) (atom %) (atom %)
1 0.9 0.9 0.5 4.4 2.2
2 14 1.6 12 7.8 4.1
3 1.7 1.9 2.2 - 8.0
4 2.5 2.3 2.7 - 12.4
S 4.1 2.6 4.0 - 16.4
6 S.7 3.4 42 - 18.5
7 - - 4.8 - -

“The dopant concentrations listed for the Ni+Ti-doped TaC powders
represent the concentrations of Ti in the powders. The concentration
of Ni for these powders was fixed at 2.5 atom %. “In the discussion,
sample names are described using the dopant and sample number. For
example, sample #1 with Ni doping is named Ni-1, sample #2 with Ni
doping is named Ni-2, etc.

Fe-doped (Figure 2a), Ni+Ti-doped (Figure 2b), and Nb-
doped (Figure 2c) TaC powders. The SEM micrographs show
that significant numbers of the Fe-doped and Ni+Ti-codoped
particles have been faceted into cubic particles (Figures 2a and
b), whereas the Nb-doped powders have not (Figure 2c).

To compare the effectiveness in morphology control, we
summarize the overall abundance of particles of different
morphologies in Figure 3. As the abundance of nonfaceted
particles decreases (Figure 3a) in order of undoped, Co-, Ni-,
Fe-, and Ni+Ti co-doping, there is a corresponding increase in
the abundance of faceted polyhedrons (Figure 3b) and cubic
particles (Figure 3c). Cubic particles are only seen in the Fe-
doped and Ni+Ti-doped powders in abundances of 38% and
42%, respectively. Thus, from the SEM images and the
statistical analysis, we have established a causal relationship
between the addition of certain dopants and the formation of
morphologically controlled TaC particles.

In order to probe the effect of dopants on the surfaces, we
compare the dopant concentrations of the morphology

Figure 2. Electron microscopy of powders. Scanning electron
micrographs for (a) Fe-doped, (b) Ni+Ti-doped, and (c) Nb-doped
TaC powders.
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Figure 3. Statistical abundance of particle shapes. For the undoped,
Co-, Ni-, Fe-, and Ni+Ti-doped TaC powders, the resulting
morphologies are (a) nonfaceted, (b) faceted polyhedrons, and (c)
cubic.
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Figure 4. Dopant concentrations, surface energies, and slab models. (a) Plot of the concentration of dopants detected by X-ray photoelectron
spectroscopy with respect to the concentration detected by energy dispersive spectroscopy. The samples chosen for comparison have the highest
abundance of modified particles in each system, namely, Ni-4, Co-3, Fe-3, and NiTi-S (see Table 2 for sample designations). (b) Calculated
segregation energy for the (100) surface with respect to the (111) surface. Slab models for (c) TaC(111) and (d) TaC(100) used to calculate
segregation energies in (b). Slab models for (e) TiTa;C,(111) and (f) TiTa;C,(100). The black (surface) and red (subsurface) dashed boxes
indicate the possible metallic (i.e, Ta and/or Ti) sites a dopant can substitute. The slab models were constructed using lattice transformations to
orient the basal plane parallel to the Miller index plane of interest. The oriented unit cell was then expanded along the direction normal to the basal
plane followed by a removal of half the atoms in the resulting supercell to generate a slab and vacuum layer. The most stable termination for the
(111) TaC surface is a Ta-terminated nonstoichiometric slab, while the (100) surface is modeled with a Ta—C-terminated stoichiometric slab.

modifiers (Co, Ni, Fe, and Ni+Ti) in the bulk using energy
dispersive spectroscopy (penetration depth ~1—2 um below
the surface) and near the surface using X-ray photoelectron
spectroscopy (penetration depth <10 nm below the surface) in
Figure 4a. The dopant with the greatest surface concentration
enrichment (ie., elemental concentration by XPS is greater
than EDS) is Ni followed by Fe and Co. Ti and Nb have a high
solubility in the bulk, as shown by the high EDS
concentrations. Due to the chemical similarity of Ti and Ta,
TiC is expected to be soluble in TaC leading to its high
concentration in the bulk. Figure 4b illustrates the calculated
surface segregation energies (Eggg) for the TaC(111) and
(100) facets for all dopants considered in the study. A negative
EZ;‘; indicates a driving force toward segregation to the surface,
defined as the layer of atoms inside the black and red boxes in
Figures 4c—f. In agreement with the experimental observations,
Nb and Ti exhibit little to no preference to segregate to any
surface because the segregation energies, illustrated in Figure
4b, show values close to zero for both Egelél) and Egelgo). In
contrast, Ni, Fe, and Co are predicted to strongly segregate to
the (111) surfaces. In comparing the Egig“) and Egigo), it is clear

10671

that the Egelgn) values are less than —2 eV, whereas E§§§°> is
closer to —1 eV. To investigate how the high bulk solubility of
Ti doping affects Ni doping for the case of the Ni+Ti-doped
samples, we calculated Ej;' for Ni in a TiTa;C, solution and
demonstrated that Ni will strongly segregate to the (111)
surface. This is in qualitative agreement with the exper-
imentally observed higher concentration of these dopants in
the surface relative to the bulk.

To rationalize the relative preference of cuboctahedron/
cube formation, enthalpy maps of R as a function of Auc (y-
axis) and Apy (x-axis), where X is the dopant incorporated
into TaC, are plotted in Figures Sa—c. Dopant segregation has
two effects. First, the surface dopants modify the range of Ay
and Apy where TaC is stable at the surface, as indicated by the
red shaded regions. Second, the surface dopants also modify
the surface energies of TaC and hence R, as a function of Ay
and Apy. In the case of Ni and Co doping (Figures Sa, b), the
region where TaC is stabilized overlaps with those where cubes
and/or cuboctahedrons will form. For Fe (Figure Sc), the
region where TaC is stabilized overlaps with the region where
cubes will form, making Fe a very efficient dopant. These
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stable. Red arrows in (d) indicate the chemical potential of Ay where TiTa;C, and TaC are stable.

observations explain the relative abundance of cubes observed
under Fe doping and cuboctahedrons under Ni and Co doping
in Figure 3.

Similarly, Figures Sd—e describe the enthalpy maps of R for
Ni-doped TiTa;C,, our computational analogue for Ni+Ti co-
doping. This analogue simulates Ni segregation on the surface
of a TiTa;C, slab in order to investigate the simultaneous
effect of Ti doping in bulk solution and Ni doping on the
surface of TaC. We stress that no TiTa;C, was detected in the
powders as a separate phase, and any interpretation of the
computational analogue should not be used to imply the
formation of this phase in the experimental work. Here, we
kept a constant value of Auy; = —0.4 eV for Figure 5d and
Apr = =2 eV for Figure Se, as these values are in the range of
chemical potential where TaC is stable under Apy; with
respect to Apc and Ay with respect to Apic, respectively.
This leads to a larger chemical potential range that allows for
the formation of cubes, in agreement with the statistical
abundance of cubic versus faceted polyhedron particles shown

in Figure 3 for the Ni+Ti-doped powders. Since only dopants
that segregate toward the surface will induce morphology
modification, surface segregation is a prerequisite for
influencing y. This is further supported by the notion that
Nb has little to no segregation preference toward the surface,
which results in no signs of morphological modification
(Figure 2c). We can therefore attribute the considerably lower
percentage of faceted particles in the Co-doped system relative
to the Ni-, Fe-, and Ni+Ti-doped systems to its comparatively
low concentration on the surface (lower than ~3 atom %), as
revealed by XPS.

We also calculated the negative integrated Crystal Orbital
Hamiltonian Populations (—ICOHPs) for each dopant bond
on the (100) and (111) surfaces™** to quantitatively gauge
the contribution of covalent (dopant d and carbon p) and
metallic (dopant d and Ta d) interactions to dopant bond
strength (Figure 6a). We observe that for Fe doping in TaC,
the majority of thr contribution to dopant bond strength is
from covalent (over 50%) interactions on the (100) surface
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Dopant | (hkl) |% covalency
Co |(111) 50.30
(100)| 54.54
Fe [(111)]| 49.67
(100)| 54.55
Ni (111) 45.90
(100)| 41.39
Ni* [(111)]| 46.18
(100)| 53.27

X-Ta: 0.013 (0.019)
X-C: 0.075 (0.036)
X-Ta: 0.022 (0.031)
X-C: 0.138 (0.090)
X-Ta: 0.032 (0.029) ghe
X-C: 0.193 (0.137)

X-Ta: 0.038 (0.029)
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X-Ta: 0.045 (0.034)
00000

Figure 6. —ICOHP bond contributions of dopant bonds at the
surface. (a) Percentage of covalency for the dopant bonds at the
surface and the corresponding metal atom that was substituted in the
undoped surface. The remainder percentage represents metallicity.
Ni* indicates Ni substituting Ti in TiTa;C,. The —ICOHP
contributions for all nearest X—Ta (metallic bonds) and X—C
(covalent bonds) in the (b) (100) and (c) (111) surface are shown
where X is the dopant (blue site). — ICOHP values shown in red
(green) text are for X = Fe (X = Ni).

and from metallic interactions on the (111) surface. Nie et al.””
previously suggested that doping of Ni in TiC may lead to p—d
orbital hybridization between Ni and C at the (100) surface,
which will further reduce its surface energy. In the case of Fe-
doped TaC, we observe similar p—d hybridization that
stabilizes the (100) surface over the (111) surface, explaining
the significantly higher yield of cubic nanoparticles. The
significant decrease in y up to 0.13 eV-A™> when comparing the
undoped surfaces to the Ni-, Fe-, and Co-doped surfaces at Ay;
= 0 eV will prevent the onset of thermodynamic roughening
(see the last column of Table 1 for values of y(Au; = 0)).
When coupled with dopant and surface atom interactions, this
decrease in surface energy is the root cause of the larger yield
of faceted particles.

In summary, the onset of morphology modification is due to
the surface segregation of dopants and interaction with
neighboring carbon via d—p hybridization, which reduces the
growth rate to prevent thermodynamic roughening. Ni and Co
doping favors faceted polyhedrons, while Fe doping favors
both faceted polyhedrons and cubic geometries due to its
stronger hybridization effect with neighboring C at the (100)
surface. Nb segregates to the surface only minimally, and thus

faceted particles are not formed. Ti dopant dissolves in the
bulk of the TaC host leading to a decrease in the surface
chemical potential for Ti. This increases the chemical potential
window that allows for cube formation. With the addition of
Ni and carbon p—d hybridization at the surface, thermody-
namic roughening can be prevented, leading to cubic and
faceted polyhedron geometries in the Ni+Ti-doped TaC.

B CONCLUSIONS

We describe a systematic computation and experimental
analysis of the surface energies and powder shapes in TaC
doped with transition metals. Powders were prepared using a
solvothermal synthesis approach, which permitted the
straightforward incorporation of dopants such as nickel, iron,
cobalt, niobium, and titanium. Dopant distribution within the
powders was then determined using energy dispersive
spectroscopy and X-ray photoelectron spectroscopy. The
effectiveness of morphology control, from powders that show
no special shapes to polyhedral and cubic powders, was found
to depend on the dopant. Undoped and Nb-doped powders
did not exhibit any shape control, whereas Co, Ni, Fe, and Ni
+Ti resulted in an increasing abundance of faceted
polyhedrons and cubic particles. Cubic particles, specifically,
were seen in the Fe-doped and Ni+Ti-doped powders in
abundances of 38% and 42%, respectively.

Density functional theory calculations were performed to
predict surface energies and dopant segregation. We also
calculated the negative integrated Crystal Orbital Hamiltonian
Populations (—ICOHPs) for each dopant bond on the (100)
and (111) surfaces to quantitatively determine the contribu-
tion of covalent (dopant d and carbon p) and metallic (dopant
d and Ta d) interactions to dopant bond strength. The model
predicted that the onset of morphology modification is due to
surface segregation of dopants and interaction with neighbor-
ing carbon via d—p hybridization. Ni and Co doping favors
faceted polyhedrons, while Fe doping favors both faceted
polyhedrons and cubic geometries due to its stronger
hybridization effect with neighboring C at the (100) surface.
Nb segregates to the surface only minimally, and thus faceted
particles are not formed. Ti dissolves in the bulk of the TaC
host leading to a decrease in the surface chemical potential for
Ti. This increases the chemical potential window that allows
for cube formation. The addition of Ni and carbon p—d
hybridization at the surface leads to cubic and faceted
polyhedron geometries in the Ni+Ti-doped TaC. These results
correlate with the experimental X-ray photoelectron and
energy dispersive spectroscopy results, which show that the
Co, Ni, and Fe segregate to the powder surfaces, whereas Nb
and Ti do not.

We expect that the mechanisms explored here can be widely
applicable to other combinations of dopants and ceramic
powders. For example, if one seeks to produce highly faceted
V-, Hf-, or Zr-carbide nanoparticles with fcc crystal structure,
doping strategies reported here can be applied. Other rare
earth elements may also be effective in changing the growth
habits of crystals based on surface segregation and dopant—
host atomic orbital hybridization.
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