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The absorption and diffusion of carbon in Pd and Pd-based alloys can be important in applications of these
materials as catalysts or membranes, but little is known about these processes. We used first principles calcu-
lations to characterize the absorption of C in pure Pd and PdM alloys with M=Ag, Au, and Cu. Our calcula-
tions show that the preferred configuration of C in Pd is as an interstitial atom; effects from Pd vacancies are
minimal and substitutional sites are much less favorable. When the effects of thermal lattice expansion are
included, our calculations predict C diffusivities in good agreement with experimental data, which is only
available at elevated temperatures. Characterizing the binding energy and hopping energies of interstitial C in
terms of lattice expansion or contraction is also a useful way to understand the effect of small amounts of
M=Ag, Au, or Cu in PdM alloys. We also examined the properties of interstitial C in Pd;;7Agy;3. Our
calculations predict that the diffusivity of C in this alloy is two to three orders of magnitude lower than in pure

Pd.
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I. INTRODUCTION

Diffusion of carbon in iron group transition metals is im-
portant in a number of technologically important processes
such as surface hardening and molecule-surface interactions
in heterogeneous catalysis."> For example, due to its rela-
tively high diffusivity, interstitial diffusion of carbon often
controls the kinetics of phase transformations and micro-
structure in steels. The diffusion of carbon in ferrite and aus-
tenite has been thoroughly investigated experimentally for
over 50 years.> However, a description of the atomic details
of the diffusion path of carbon in ferrite and austenite from
first principle calculations was only given relatively
recently.*

Pd-based alloys are a well-established material as mem-
branes for separating and purifying hydrogen from mixed
gas streams and as a catalyst for hydrogenation reactions.>®
One target application for the integration of membrane tech-
nologies has been the treatment of syngas streams from gas-
ification processes. The gasification effluent stream typically
contains hydrogen mixed with impurities such as carbon di-
oxide, carbon monoxide, steam, and trace amounts of hydro-
gen sulfide and ammonia.”® It is clear from both experiments
and theoretical calculations that under the conditions where
metal membranes would be used, carbon-containing species
such as CH; and CO can adsorb and react on the metal
surface.”! Recent experiments examining heterogeneous ca-
talysis with Pd have indicated that besides surface adsorbed
carbon, subsurface carbon also plays an important role in Pd
catalyzed alkyne hydrogenation.!> The potential role of dis-
solved carbon in these applications means that a quantitative
understanding of the dissolution and diffusion of carbon in
Pd and Pd-based alloys would be useful.

The diffusion of carbon in Pd was studied experimentally
by Yokoyama et al.,'' who observed a diffusion activation
energy of 1.35 eV for this process. The diffusivity measured
for carbon in these experiments was about seven orders of
magnitude lower than the diffusivity of hydrogen in Pd at
1223 K.'! We are not aware of any previous studies that have
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quantified the diffusion rates of carbon in Pd-based alloys.

In this paper, we report a first principles study of the
dissolution and diffusion characteristics of carbon in pure Pd
and in PdAg, PdAu, and PdCu alloys. Periodic density-
functional theory (DFT) coupled with harmonic transition
state theory was used to study the atomic mechanism of
solid-state diffusion. Our work is based on first principles
methods that have been used in the past to successfully de-
scribe the diffusion of hydrogen and oxygen in Ni'>!3 and
the diffusion of hydrogen in numerous materials such as Pd
based alloys,'*!® metal sulfides!””'® and amorphous
metals.!”2% This paper is organized as follows. Section II
describes our computational methods, and our calculated re-
sults for both pure Pd and Pd-based alloys are presented in
Sec. III. Section IV compares our calculated results with the
available experimental data for pure Pd. Our conclusions are
summarized in Sec. V.

II. METHOD

DFT calculations were performed using the Vienna ab
initio simulation package (VASP) using the generalized gradi-
ent approximation (GGA) with the Pw91 functional to de-
scribe electron exchange-correlation effects. Ion-electron in-
teractions were described by ultrasoft pseudopotentials. A
plane-wave expansion with a cutoff of 300.0 eV is used in all
calculations.”! Geometry relaxations were performed with a
conjugate gradient method until the forces on all uncon-
strained atoms were less than 0.03 eV/A. A Monkhorst—
Pack mesh with 4 X4 X4 k points was used for all calcula-
tions. All of our calculations considered bulk materials, not
environments near surfaces, so the supercells in our calcula-
tions did not include any interfaces. Previous work by Gracia
et al. used DFT to examine hopping of subsurface C in
Pd(111) surfaces.?? Preliminary calculations confirmed that
spin polarization had no impact on the systems considered
here, so calculations were performed without spin polariza-
tion.

We studied carbon binding in pure Pd and in selected
PdCu, PdAu, and PdAg alloys. Pure Pd has an fcc crystal
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structure, and the alloys we considered were assumed to have
a substitutionally random fcc structure. This structure is con-
sistent with the experimentally established binary phase dia-
grams for each alloy we considered.”> DFT optimization
gave a lattice constant 3.960 A for pure Pd without any
interstitial carbon atoms. In all calculations, the volume of
the lattice was kept constant and all atoms were free to move
during the calculation, as appropriate for examining an inter-
stitial species with a low concentration. In a supercell con-
taining 27 Pd atoms, an interstitial carbon in an octahedral
site distorted the Pd atoms in the nearest neighbor shell by
0.048 A. This number decreased to 0.018 and 0.001 A for
Pd atoms in the next nearest and third nearest shell, respec-
tively. After performing a series of calculations with super-
cells containing 4, 16, 27, 32, and 64 Pd atoms, we found
that when the supercell size was increased beyond 27 Pd
atoms, the calculated binding energy of carbon changed by
less than 0.02 eV relative to the result from the supercell
with 27 Pd atoms. As a result, all our subsequent calculations
for bulk materials were performed using a supercell contain-
ing 27 metal atoms.

Transition states for diffusion of carbon were determined
using the nudged elastic band (NEB) method.?* The vibra-
tional frequencies of local minima and transition states were
calculated in the harmonic approximation by assuming that
localized vibrations of carbon atoms are decoupled from vi-
brations of the metal atoms. This procedure gives three real
frequencies at a local energy minimum and two real frequen-
cies and one imaginary frequency at a transition state.

III. RESULTS
A. Adsorption and diffusion of carbon in pure Pd

Previous reports indicate that light elements including H,
N, C, and O typically occupy the interstitial site rather than
substitute the lattice atoms of metals.*?° To establish whether
this is also the case for C in Pd, we calculated the binding
energies of interstitial and substitutional C. The binding en-
ergy of interstitial carbon was calculated as

E,=Eyc—Ey—Ec. (1)

Here, E;, Ey ¢, Ey, and E. are the binding energy, the total
energy of the metal in the presence of interstitial carbon, the
total energy of the pure metal, and the reference carbon en-
ergy, respectively. The reference state of carbon is chosen to
be gaseous CH,, one potential source of carbon in the pro-
cess of purifying hydrogen. With this choice, E is defined
by

EC = ECH4 - 2EH2' (2)

Here, Ecy, and Ey, are the zero point energy corrected total
energies of gaseous CH, and H,, correspondingly. Zero point
energies were calculated within the harmonic approximation.

Two kinds of interstitial sites exist in the fcc lattice of
pure Pd, the octahedral site (O site) and the tetrahedral site
(T site). Figure 1 shows the calculated binding energies for
possible configurations of interstitial carbon in pure Pd with
the DFT-optimized lattice constant of 3.960 A. The binding
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FIG. 1. The binding energies and diffusion barriers of interstitial
carbon in pure Pd as a function of lattice constants or temperature
calculated as described in the text.

energy of interstitial carbon in the O site is 2.03 eV, which
indicates the interstitial carbon configuration is unfavorable
compared to gaseous CH,. Interstitial C in the O site, how-
ever, is more stable than the interstitial species in the T site
by ~0.8 eV.

We estimated the substitutional energy of a C atom by
calculating

n
E=Ey c- TEM_EC- (3)

Here, n is the number of Pd atoms in the defect-free super-
cell, which is 27 in our calculations, and E M,_,C is the total
energy of a supercell with n—1 metal atoms and a single
substitutional carbon atom. We found the substitutional en-
ergy to be 6.2 eV, which is much higher than the interstitial
configurations. This indicates that the substitutional configu-
ration is highly unfavorable. As a result, we only consider
interstitial carbon in our following calculations.

Metal vacancies have been found to play an important
role in absorption of C in metastable Fe-C alloys.? Since the
presence of H is known in some circumstances to increase
the vacancy concentration in Pd,?® we examined the interac-
tion between C and vacancy defects in Pd. Specifically, we
calculated the binding energies of carbon with a Pd vacancy
in the nearest-neighbor shell of the interstitial sites. The in-
teraction energy between interstitial C and a Pd vacancy, E,,
was defined by

n-1
E;=Eyc— . Ey—-E,-Ec, (4)

where Ey is the total energy of the supercell containing the
interstitial carbon-vacancy cluster. With this definition, a
positive interaction energy is found when an interstitial-
vacancy pair is favored compared to having both defects iso-
lated in the crystal. The calculated interaction energy was
0.13 eV for the O site and 0.11 eV for the T site. Although
interstitial C is slightly stabilized by these vacancies, the
large formation energy for Pd vacancies suggests that
interstitial-vacancy complexes will play a relatively minor
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role in the absorption of C in Pd, unlike the situation in Fe-C
systems.?

We now turn to describing the diffusion of interstitial C in
Pd. Because the O site is the most stable location for inter-
stitial C, we considered processes that allowed C to hop from
an O site to another nearest neighbor O site. Two possible
hopping paths were chosen in NEB calculations. The first
one starts from an O site, passes through a T site and ends at
another O site,'>!¢ while the second one connects two O sites
directly.*!3 The former path is typically expected to be the
dominant diffusion path in fcc metals, but the latter path has
been reported for C diffusion in austenite at Ilow
concentration,* and O hopping in Ni.!* We found, however,
that C cannot diffuse in Pd via the latter path at any appre-
ciable rate. That is, the only physically relevant hopping path
starts in an O site and passes through a T site before ending
at another O site. The converged minimum energy path for
this process is symmetric, with a double maxima and one
intermediate local minimum at the T site. The energy barrier
between the O site and the transition state is 1.33 eV using
the DFT-optimized lattice constant. Hopping from a T site to
an O site proceeds with a barrier of 0.49 eV, so this is a much
faster process than O to T hopping.

As the existence of a Pd vacancy slightly favors the inter-
stitial carbon, we also studied how vacancies affect the dif-
fusion of carbon by calculating the hopping barriers in the
vicinity of a Pd vacancy. Several possible configurations of
O sites were checked for both the initial and final state in
NEB calculations. The lowest barrier was found to be the
hopping with a Pd vacancy in the nearest-neighbor (NN)
shell of the interstitial carbon at O sites for both initial and
final state, followed by the hop with a Pd vacancy in the
nearest and next-nearest-neighbor (NNN) shell of the inter-
stitial carbon for the initial state and the final state, respec-
tively. Even for the lowest barrier, the existence of a Pd
vacancy decreases the barrier by less than 0.1 eV. This ob-
servation further supports the idea that Pd vacancies do not
play an important role in the absorption and diffusion of
carbon in Pd. We did not consider the contribution of metal
vacancies in the remainder of our calculations.

All of the results described above were based on calcula-
tions performed with the DFT-optimized lattice parameter for
Pd, 3.960 A. For interstitial species that are mainly relevant
at high temperatures, it is useful to consider whether the
characteristics of interstitial diffusion are affected by thermal
expansion of the metal.'>!* Figure 1 shows the DFT-
calculated binding energies and diffusion activation energies
of C in Pd for several different lattice constants in the range
of 3.96-4.04 A. Each quantity listed in the table decreases
approximately linearly with the lattice constant over this
range. As the lattice constant changes from 3.96 to 4.04 A,
the O site binding energy decreases by 0.41 eV, while the
activation energy to hop out of an O site decreases by 0.19
eV.

To connect the data above with the effects of thermal
expansion on C diffusion in Pd, we must define the
temperature-dependent lattice constant of Pd. Two equations
describing the experimentally observed lattice thermal ex-
pansion of Pd have been reported. The first one was given by
Dutta et al.,”” where the lattice constant (in m) is given as
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a;r=3.889 X 107104+ 4.5 X 10757+ 1.37 X 107872, (5)

The second equation was reported by Lu et al.”® who char-
acterized the molar volume of Pd as

-5 —972
VT=V063.11002><10 T+7.4407X10 T_ (6)

Here, V; (V) is the molar volume at temperature T (0 K).
These two equations define lattice constants that differ by
less than 0.15 A for 7<1400 K. We cannot use these lattice
constants directly in interpreting our DFT calculations be-
cause of the small difference that exists between the DFT-
optimized lattice constant at 0 K and the experimental obser-
vation. We therefore predicted the relevant lattice constant to
use in applying our DFT data by multiplying the ratio a;/ay
measured in experiments with the DFT-optimized lattice con-
stant. At each temperature, we used the average of Egs. (5)
and (6) as the experimental value. Using the above assump-
tions, we show how the binding energies and activation en-
ergy barriers for C diffusion in Pd change with temperature
in Fig. 1. Changing the temperature from 0 to 1000 K is seen
to reduce the binding energy of C in an O site by ~0.25 eV
and the diffusion activation energy by ~0.1 eV.

B. Adsorption and diffusion of carbon in Pd-based alloys

One key application of Pd based membranes is to purify
hydrogen from gas mixtures. Because pure Pd membranes
are prone to hydrogen embrittlement and poisoning by
S-containing species, Pd-based alloys are useful materials for
these applications.'® PdAg alloys have been widely consid-
ered because they can show an improved permeability of
hydrogen compared with pure Pd.?>** PdCu alloys have been
reported to be more resistant to sulfur poisoning than pure
Pd.'> We know of no previous studies that have quantified
the solubility or diffusivity of C in Pd-based alloys such as
these. To provide some initial information on this topic, we
extended our calculations to examine interstitial C in PdogM 4
alloys with M=Ag, Cu and Au to see how a low concentra-
tion of the non-Pd metal affects interstitial C. We then turned
to a more complicated alloy, Pd;7,Ag, 3, to show how car-
bon behaves in an alloy that is already used in the practical
applications.® In every case, we have defined the alloy com-
position in at.%. All of these alloys are known to be substi-
tutionally random fcc crystals at elevated temperatures.?* For
each alloy, all calculations were performed using a 27 atom
supercell with a DFT-optimized lattice constant. The lattice
constant for each alloy is listed in Table I. Compared to pure
Pd, the presence of Cu decreases the alloy lattice constant
while Ag or Au increases the lattice constant.

Similar to what we did for pure Pd, we calculated the
binding energies of interstitial C in both O and T sites. In
substitutionally random PdygsM, alloys, more than 99% of O
sites can be divided into three categories if the sites are char-
acterized simply by the atoms forming the nearest neighbor
(NN) and next nearest neighbor (NNN) shells of atoms
around the site.'® These sites have one M atom in the NN
shell but pure Pd in the NNN shell (denoted NN-O), one M
atom in the NNN shell but no M atoms in the NN shell
(denoted NNN-O), or no M atoms in the NN or NNN shells
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TABLE 1. The binding energies and diffusion barriers for O to T hops of interstitial carbon in PdgsCuy,

PdgsAuy, PdgsAgy, and Pdy7 ;A2 3.

Composition PdgsCuy PdggAuy PdggAgy Pd;77Ag5, 3
Lattice constant (A) 3.953 3.968 3.970 4.011
E, (eV) NO-O 2.12 NO-O 1.97 NO-O 1.92 0O 1.70-3.03
NNN-O 2.08 NNN-O 1.98 NNN-O 1.93
NN-O 2.21 NN-O 2.29 NN-O 2.18
NO-T 297 NO-T 2.79 NO-T 2.80 T 2.42-4.05
E, (eV) 1.36 1.31 1.30 1.20-1.25

(denoted NO-O). We similarly defined NN-T, NNN-T and
NO-T sites. In each alloy, the NN-O site has the least favored
binding energy among the O sites we examined, indicating
that interstitial C will not typically be found in these sites. In
PdggAg, and PdgsCuy, the NNN-O site has the lowest bind-
ing energies, while in PdggAu, the NO-O and NNN-O site
have very similar binding energies. Similar to the effect
caused by the thermal expansion of pure Pd, the binding
energies at NO-O sites become more favorable as the lattice
constant of the alloy is increased. For T sites, we found that
including an M atom in the NN or NNN shell increases the
binding energy by about 0.3 eV. The NO-T sites are the most
stable T site in all three alloys.

To study the diffusivity of carbon in PdggM, alloys, we
chose the hop beginning with a NO-O site, passing through a
NO-T site, and ending at a NO-O site, as these two O sites
were the most stable configurations in each alloy. The acti-
vation energy barriers from a NO-O site to the transition
state in these three alloys are listed in Table I. The barrier
from a NO-T site to the transition state can be defined by the
difference of the binding energies at NO-O site and NO-T
site. Although this barrier decreases with the lattice constant,
the decreasing trend is less significant than the binding ener-
gies. The difference between the highest barrier, in PdggsCu4,
and the lowest barrier, in PdggAgy, is only 0.05 eV, while this
value is 0.2 eV for the binding energies.

We now turn to Pd;; 7Ag,, 3. One key difference between
Pd;; ,Agy, 3 and PdggM, is that a much larger number of
local configurations can exist for the interstitial sites in the
former material than in the latter. Instead of attempting to
describe every possible site in Pd;;,Ag,, 3 with DFT, we
examine the set of 27 O sites in a single computational su-
percell containing 21 Pd atoms and 6 Ag atoms that were
randomly distributed on the lattice sites in the supercell. Pre-
vious studies of interstitial H in PdM alloys revealed that the
binding energies of interstitial H are correlated with the num-
ber of Pd atoms in the nearest and next nearest shell.'* We
found a similar behavior for interstitial C in Pd;;;Agy, ;.
Figure 2 shows the calculated O site binding energies as a
function of the number of Pd atoms in the NN shell. The
scatter of the results in Fig. 2 shows that using the number of
Ag atoms in the NN shell alone cannot fully describe the
binding energies in this alloy, as expected.'® Nevertheless,
simply counting the number of Ag atoms in this shell cap-
tures much of the variation in the observed binding energies;
O sites without any Ag atoms in the NN shell have the low-
est binding energies and the binding energies increases by

~0.25 eV/Ag atom as the number of Ag atoms in the NN
shell is increased. This variation is a direct indication of the
fact that it is not just the lattice constant that determines the
binding energy of a particular interstitial site; the chemical
identity of the atoms near the site is also important. This
trend is consistent with our observation from PdgsAg, that
interstitial C is more unfavorable in the NN sites than in the
NO site. Although increasing the Ag content from PdgsAg, to
Pd;; 7Agy, 5 creates more sites that are unfavorable for inter-
stitial C because of the presence of nearby Ag atoms, the
binding energy of the most favorable sites in the Ag-rich
alloy is significantly lower than in the Ag-poor alloy. The
most favorable site we observed in the Pd;; ;Ag,, 5 alloy has
a binding energy ~0.3 eV lower than the O sites in pure Pd,
an effect that can be attributed to the expanded lattice con-
stant of the alloy relative to pure Pd. The fact that a signifi-
cant fraction of the O sites in the Pd;;,Ag,, 5 alloy have
lower binding energies for C than the O sites in pure Pd
indicates that at equilibrium the concentration of interstitial
C in the alloy will be higher than in the pure metal.

To estimate how increasing the Ag content of the alloy
changes the hopping of C between interstitial sites, we char-
acterized the eight distinct hops that can occur from the O
site with the lowest binding energy observed in Pd;; 7Ag,, 5.
The calculated activation energies for this process, as shown
in Table I, were 0.08-0.13 eV lower than the value in pure
Pd. We performed similar calculations for another O site in
the alloy with one Ag atom in the NN shell whose binding
energy is 0.31 eV higher than the lowest one. In this case
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FIG. 2. The binding energies of interstitial carbon in O sites of
Pd;;7Agy, 3 as a function of the number of Ag atoms in the nearest
neighbor shell.
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FIG. 3. The binding energy and O to T activation energy as a
function of the lattice constant in pure Pd and Pdg¢M, alloys with
M=Cu, Au, and Ag. Solid symbols: T sites, open symbols: O sites,
symbols with crosses: activation energy. Circle: pure Pd, square:
Pdg¢Cuy, upward pointing triangle: PdgsAuy, downward pointing
triangle PdgsAg,. Lines: fitting value from Eq. (6).

both the initial configuration and the final configurations
were different from the previous set of calculations. The hop-
ping barriers, however, were found to be 1.22-1.26 eV. That
is, all of the activation barriers for hopping out of these two
distinct O sites were found to lie within a narrow range of
energy.

IV. DISCUSSION

Above, we examined the absorption and diffusion of be-
havior of C in both pure Pd and Pd based alloys. In both pure
Pd and Pd-based alloys, increasing the lattice constant favors
both the stability and hopping of interstitial carbon atoms.
Further examination shows that despite the possible different
environments outside of the nearest neighbor shell of the
interstitial carbon atoms, we can use the same equations to
describe the binding energies and the activation energy bar-
riers of interstitial carbon in a NO-type site in both Pd and
Pd-based alloys, as shown in Fig. 3. The equations are fitted
to describe the linear decreasing trend of the binding ener-
gies of the NO-type sites and hopping barriers with energy in
eV as shown below:

Eyo=—5.55a+24.02,
E,7=-8.75a+37.53,

E,=-3.13a+13.74. (7)

Here E,, ,, E}, 1, and E, are the binding energy at the O sites,
T sites, and the activation energy barrier, and a is the lattice
constant of the metal (in A).

For Pd;; 7Ag,, 3, as we have discussed above, the binding
energies in the interstitial sites depend strongly on the num-
ber of Ag atoms in the nearest-neighbor shell, but the hop-
ping barriers out of an O site, however, are roughly indepen-
dent of the environment. These characteristics can be
described using (in eV)

PHYSICAL REVIEW B 80, 214202 (2009)

Eb!0 =175+ 0253}1Ag,
Eb,T= 2.57 + 0‘240nAg’

E,=125. (®)

Here ny, is the number of Ag atoms in the nearest-neighbor
shell of the relevant interstitial site.

Once we have calculated the adsorption energy of inter-
stitial carbon and activation barriers of the hopping in pure
Pd, the diffusivity of the interstitial carbon can then be esti-
mated by considering hopping between interstitial sites. The
net diffusivity can be written as3!

D =npd*/7, ©)

where n is the number of nearest-neighbor sites for a diffus-
ing interstitial atom, 8=0.25 is the probability that a jump
from an O to a T site and a subsequent jump from the T site
to an independently chosen O site advances the particle
along a particular direction of diffusion, and d is the length
of the jump projected onto the direction of diffusion, which
is 0.5a in fcc metals where a is the lattice constant. k is the
average time required for one hop, which is

f=—+—. (10)

Here, ko_r (k_p) is the hopping rate from O site to T site (T

site to O site). We calculated the site to site hopping rates

using the quantum corrected harmonic transition state theory
14

as

3

v, f(hv;/2kT)
o] f(hv]*/2kT)
j=1 :
3
Mo f(hv/2kT)
ko= ¢~Fatohil (11)
o] f(hv]*/2KT)
j=1

Here v,, v, and vaS are the vibrational frequencies at the O
site, T site and transition state, respectively, k;, and h are
Boltzmann’s constant and Planck’s constant, f(x)=sinh(x)/x
and E, o7 (E, r0) is the barrier for a hopping from O site to
T site (T site to O site). As E, 7o is much lower than E, o7,
ky_o>ko_y and we can simplify Eq. (10) to

= (12)
ko-r

Figure 4 shows the calculated diffusivity of carbon in pure
Pd with and without the effects of thermal expansion on the
lattice constant. When thermal expansion was included, the
T-dependent lattice constant was estimated as described pre-
viously and the diffusion activation energies were defined
using Eq. (7). To apply Eq. (11) in our calculations, we cal-
culated the zero point energies (ZPEs) of C in an O site, T
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FIG. 4. Predicted and experimentally observed diffusivity of C
in pure Pd. The experimental measurements came from the report of
Yokoyama et al. (Ref. 11). The calculated value showed both the
result with and without considering thermal expansion of the lattice,
as described in the text.

site and transition state with different lattice constants. Un-
like the binding energies, we found that the ZPE is almost
independent of lattice constant. For example, when the lat-
tice constant changes from 3.96 to 4.02 A, the ZPE in the O
site only decreases by 0.008 eV. Thus, we use the vibrational
frequencies from Pd with the DFT-optimized lattice constant
at all temperatures. In order to compare the estimated diffu-
sivity with experimentally measured values, the available ex-
perimental data is also shown in Fig. 4. The experimental
data gives an activation energy of 1.37 eV at high tempera-
ture (1223-1378 K) and 1.32 eV at low temperature (300—
640 K).'' When we do not consider thermal expansion ef-
fects, we predict a net activation energy of 1.33 eV (1.35 eV)
in the same high (low) temperature ranges and the diffusivity
is ~4 (20) times lower than the high (low) temperature ex-
perimental values. After including thermal expansion effects,
our calculations give a net activation energy of 1.25 eV (1.30
eV) in the high (low) temperature ranges. The diffusivity
predicted with this approach is ~1.5 higher than the experi-
mental value at high temperatures and ~8 times lower than
the low-temperature experimental values. When the small
apparent inconsistency between the experimentally observed
diffusivities at high and low temperatures are considered, we
conclude that our first principles calculations accurately de-
scribe the diffusion of interstitial C in Pd.

Due to the structure complexity of Pd;;;Ag,, 3 alloys, an
accurate calculation of the diffusivity of C in this material
must consider all possible hopping paths in this alloy.
Semidey-Flecha and Sholl have used methods based on clus-
ter expansions to approach this task for H diffusion in metal
alloys.'¢ This approach is feasible when DFT data for a large
collection of interstitial sites and transition states are avail-
able. Because we only generated DFT data for a limited
number of transition states, we adopted a more approximate
approach for estimating the diffusivity of C in Pd;;;Ags, 5.
In these calculations, we generated a large substitutionally
random simulation volume, then assigned the interstitial site
and transition state binding energies using Eq. (8). We also
assumed that the vibrational frequencies at different intersti-
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FIG. 5. Predicted diffusivity of C in Pd;;,Ag,, 5 and in pure
Pd

tial sites and transition states were independent of their the
surrounding environment. The same kinetic Monte Carlo
methods used by Semidey-Flecha and Sholl'® were then used
to compute the diffusivity within this model. Figure 5 shows
the diffusivity calculated in this way for Pd;;,Ag,, 5 as well
as the previous results for pure Pd that included thermal ex-
pansion effects. The results for the PdAg alloy did not in-
clude effects from thermal expansion. From 600-1200 K, the
predicted diffusivity in Pd;;7Ag,, 3 is two to three orders of
magnitude lower than in pure Pd. It is interesting to note that
for H diffusion in the same system, the diffusivity only de-
creases about 25% when the Ag content increases from O to
20%.% To explain this difference, we calculated the binding
energies of H in PdAg alloys. These calculations show that
adding a Ag atom in the nearest neighbor shell of an inter-
stitial site only increases the binding energy by about 0.05
eV, while this value is 0.25 eV for carbon. This indicates, as
might be expected, that the potential energy surface for in-
terstitial C is affected more strongly by the presence of Ag in
the alloy than for interstitial H.

The effective activation energy barrier for C diffusion in
Pd;; ,Agy, 5 obtained from Fig. 5 is 1.47 eV. The difference
between this value and the value for the local hops described
in Table I is close to the energy change associated with add-
ing one Ag atom in the nearest neighbor shell of an O site.
This similarity is not a coincidence; it indicates that in the
PdAg alloy, long-range diffusion of carbon must involve pro-
cesses that move C from interstitial sites into neighboring
interstitial sites that have an additional Ag atom in their NN
shell. Even though the hopping barriers out of the distinct O
sites we examined in Table I lay in a narrow range, the new
barrier to hop from an O site into an adjacent T site and then
onto a new O site will be dominated by the higher of the two
intermediate barriers along this local path.

V. SUMMARY

We performed periodic DFT calculations of the absorp-
tion and diffusion of carbon in pure Pd and the Pd based
alloys PAM with M =Cu, Ag, and Au. In pure Pd, the most
stable location for carbon is as an interstitial atom in an
octahedral site. The binding energy in this site is endo-
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thermic by 2.03 eV compared with carbon in gaseous CHy.
Substitutional C is even less stable, and our calculations in-
dicate that Pd vacancies will play at most a minor role in the
population of interstitial C. The minimum energy path for
carbon diffusion starts from an octahedral site, passes
through an adjacent tetrahedral site and ends at another oc-
tahedral site. At low temperatures where thermal expansion
of the metal can be neglected, our calculations have a diffu-
sion barrier of 1.33 eV.

We found that in both Pd and Pd-based alloys, the endo-
thermic binding energy of C and the activation energy for
interstitial diffusion decrease as the host’s lattice parameter
increases. Because the available experimental data for C dif-
fusion in Pd is at elevated temperatures, it was important to
include the effects of thermal lattice expansion when assess-
ing the diffusivity of C in Pd. At temperatures above 1000 K,
the diffusivity predicted via transition state theory is roughly
an order of magnitude larger once thermal expansion effects
are included than when the low temperature lattice constant
for Pd was used. The diffusivity predicted by our calcula-
tions was in good agreement with the available experimental
data.

PHYSICAL REVIEW B 80, 214202 (2009)

In PdM alloys with low concentrations of M=Ag, Au, or
Cu, the binding energy of interstitial C at sites with no M
atoms in the nearest neighbor shell could be understood from
the lattice expansion or contraction in the alloy relative to
pure Pd. In each of these alloys, the binding energy of inter-
stitial carbon increases with the number of M atom in the
nearest neighbor shell. Of the three alloys we considered,
PdCu has the smallest lattice constant, thus it has the least
favorable binding energies for interstitial C and the highest
diffusion barriers. We also examine the properties of intersti-
tial C in a more complex PdAg alloy, Pd;; ;Ag, 5. By exam-
ining the binding energies and local activation energy for site
to site hops in a range of sites in this alloy, we estimated the
net diffusivity of C. Our calculations predict that C diffusion
in this alloy is 2-3 orders of magnitude slower than in pure
Pd.
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