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1. INTRODUCTION

Dense Pd membranes are receiving significant attention for
hydrogen separation in advanced coal-conversion processes
because of their high hydrogen permeability and their near-
infinite selectivity.1,2 However, pure Pd is susceptible to hydro-
gen embrittlement as a result of the expansion of the Pd lattice
during β-Pd-hydride formation.3,4 Furthermore, H2S, a coal
gasification byproduct, severely inhibits hydrogen permeation
through pure Pd.5�10 PdCu alloys have exhibited resistance to
hydrogen embrittlement11 and improved sulfur tolerance relative
to Pd.6,7,12�15 Pd70Cu30 and Pd47Cu53 (mol %) are two parti-
cularly attractive PdCu alloy compositions because of their
sulfur tolerance and because of their relatively high hydrogen
permeability.1,5,7,12,16

To separateH2 frommixed gas streams, a Pd-basedmembrane
must dissociatively adsorb H2 on its upstream surface and asso-
ciatively desorb H2 from its downstream surface. The energetics
of H2 dissociation over pure Pd and pure Cu have been well
characterized; H2 dissociates on Pd without significant activation
barriers,17�21 whereas H2 dissociation on Cu is hindered by a
very large activation barrier (ΔEads

q = 0.5�0.7 eV).22�32 How-
ever, the effect of alloying Pd with Cu on the energetics of the H2

dissociation reaction is not well understood.
In this work, the energetics of dissociative H2 adsorption and

associative desorption on Pd, Cu, Pd70Cu30, and Pd47Cu53 foil

surfaces have been investigated by microkinetic analysis of
H2�D2 exchange (H2 + D2 f 2HD) rates measured at near
ambient pressure and temperatures in the range 300�900 K.Our
results confirm the presence of a large activation barrier to
dissociative adsorption of H2 on the Cu surface, ΔEads

q =
0.54 eV. In contrast, barriers to H2 dissociation over Pd, Pd70Cu30,
and Pd47Cu53 are relatively small. We also show that the crystal
structures of the Pd phases (β-PdH and α-PdH) and of Pd47Cu53
(body-centered cubic (B2) and face-centered cubic (FCC)) have
a significant impact on the kinetics of H2�D2 exchange. Our
results indicate that, although pure Cu has a very low H2 disso-
ciation activity, Pd can be alloyed with as much as∼50 mol % Cu
without significantly reducing H2 dissociation rates.

2. EXPERIMENTAL SECTION

H2�D2 exchange kinetics were measured by flowing H2, D2,
and Ar through a 4mm internal diameter quartz tube reactor that
was packed with diced foils of Pd, Cu, Pd70Cu30, or Pd47Cu53.
A schematic of the H2�D2 exchange reactor is shown in Figure 1.
The Pd (Alfa Aesar, 25 μm thick, 99.9% metals purity),
Cu (Alfa Aesar, 100 μm thick, 99.95% metals purity), Pd70Cu30
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(ACI Alloys, Inc., 100 μm thick, 99.0% metals purity), and
Pd47Cu53 (ATI Wah Chang, 25 μm thick, 99.0% metals purity)
foil were diced into∼1mm2 pieces. The total surface area of each
catalyst sample was ∼19 cm2. A thermocouple was fixed with a
metal wire to the outside of the quartz tube reactor near the
catalyst. The reactor was heated in a tube furnace (Barnstead/
Thermolyne 211000). Mass flow controllers (Aalborg GFC 17)
regulated the flow rates of H2 (99.999%, Valley National Gases),
D2 (99.999%, Valley National Gases), and Ar (99.999%, Valley
National Gases) to the catalyst bed. A ∼1 m long, 320 μm
internal diameter quartz capillary (Polymicro Technologies) was
sealed into the outlet of the quartz tube reactor and the product
gas was sampled by a ∼15 cm long, 20 μm I.D quartz capillary
(Polymicro Technologies) inserted into the outlet of the 320 μm
I.D. quartz capillary. The gas samples were analyzed by mass
spectrometry (Stanford Research Systems, RGA 200).

All but one of the samples have FCC structures under all con-
ditions of the H2�D2 exchange measurements. The Pd47Cu53
alloy, however, has a B2 crystal structure at temperatures
below ∼700 K and a FCC crystal structure at temperatures
above ∼800 K.1,6,33 In the temperature range of the H2�D2

exchange experiments over the Pd47Cu53 alloy (200�500 K),
only the B2 crystal structure is thermodynamically stable.
However, the FCC phase can also be prepared and kinetically
stabilized in this temperature range. Therefore, it was possible to
make measurements of H2�D2 exchange over both the B2 and
FCC phases of the Pd47Cu53 alloy. To produce a kinetically
stabilized FCC crystal structure, the Pd47Cu53 alloy was first an-
nealed in pure H2 at∼1000 K for∼24 h and then cooled quickly
(∼15 min) to ∼400 K to quench the FCC crystal structure. To
produce the B2 structure, the Pd47Cu53 alloy was annealed in H2

at ∼700 K for ∼48 h. The crystal structures of the B2 and FCC
alloy were verified by X-ray diffraction (XRD) following H2-D2

exchange experiments; the structures did not change during the
H2-D2 exchange experiments.

Initially, each catalyst was conditioned in H2 at ∼700 K
(∼1000 K for Cu and FCC Pd47Cu53) for ∼24 h. After
conditioning, a H2/D2/Ar feed gas mixture was introduced to
the reactor. Three different feed gas conditions, summarized in
Table 1, were used to exercise the kinetic model for H2�D2

exchange over a range of total flow rates and partial pressures of

H2 and D2. The total pressure in the reactor was measured with a
Baratron pressure gauge. Starting from the temperature of the
conditioning treatment, steady-state H2, D2, and HD mass
spectrometer signals were collected from the product gas. To
minimize the effect of H (or D) evolution from, or absorption
into, the bulk of the catalyst on the kinetics of the reaction, the
catalyst was cooled in a stepwise manner, and the temperature
was stabilized for ∼10 min before H2, D2, and HD mass
spectrometer signals were collected. To show the H evolution
from the bulk of the Pd sample during the β-Pd-hydride to α-Pd-
hydride phase transition, the experiment was also conducted over
the Pd catalyst while heating the sample at a constant rate. To
prepare the β-Pd-hydride phase, the Pd catalyst was initially
conditioned in H2 at ∼700 K and then cooled in H2 to ∼300 K
to saturate the sample with H2. The H2/D2/Ar feed gas was then
introduced and the samplewas heated at a constant rate of 10K/min
while the product gas composition was analyzed.

The composition of the reactor effluent was calculated assuming
that themass spectrometer signals atm/q= 2, 3, and 4 amuobtained
from the product gas samples were proportional to theH2, HD, and
D2 partial pressures between the baseline (0% conversion) and
equilibrium conversion. Baselinemass spectrometer signals atm/q=
2, 3, and 4 amu were collected by sampling the feed gases directly
without passing them through the catalyst bed. At equilibrium, the
H2/D2/HD composition in the product gas is given by

P2HD
PH2PD2

¼ 4:16 exp
�77:7
T

� �
ð1Þ

wherePH2
,PD2

, andPHD are the partial pressures ofH2,D2, andHD,
respectively.34 The H2, D2, and HD partial pressures were then
converted into H2, D2, and HD flow rates

Fi ¼ FtotalPi
Ptotal

ð2Þ

where Fi is the flow rate of each species, Ftotal is the total flow rate, Pi
is the partial pressure of each species, and Ptotal is the total pressure.
TheHD flow rates exiting the catalyst bed duringH2�D2 exchange
experiments were used to determine the temperature dependent
rate constants for dissociative adsorption and associative desorption
of hydrogen from the surfaces of the various samples.

3. KINETIC MODEL

Wemade three basic assumptions in deriving the microkinetic
model for the H2�D2 exchange reaction:
(1) The H2�D2 exchange reaction can be modeled by

considering only dissociative adsorption and associative
desorption of H2, D2, and HD under steady state
conditions.

Figure 1. Schematic of the H2�D2 exchange reactor. Pd, Cu, Pd70Cu30,
and Pd47Cu53 foil was diced into ∼1 mm2 pieces and packed into a
quartz tube reactor placed within a tube furnace. H2, D2, and Ar were fed
to the reactor while the product gas was analyzed by a mass spectro-
meter. The flow rates of H2, D2, and Ar to the reactor were controlled
with mass flow controllers (MFC).

Table 1. Flow Rates of H2 (FH2,feed), D2 (FD2,feed), and
Ar (FAr,feed) in the Three Different Feed Gas Conditions Used
during H2�D2 Exchange Experiments and Total Pressure
(Ptotal) Measured in the Reactor at Each of the Conditions

feed gas condition

FH2,feed

(mL/min)

FD2,feed

(mL/min)

FAr,feed
(mL/min)

Ptotal
(kPa)

9H2/9D2 9 9 0 121

4.5H2/4.5D2 4.5 4.5 0 113

9Ar/4.5H2/4.5D2 4.5 4.5 9 135
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(2) Isotopic effects can be ignored (i.e., the adsorption rate
constants are the same for H2, D2, and HD; and the
desorption rate constants are the same for H2, D2, and
HD).

(3) The activation barriers and pre-exponents in the rate
constants for adsorption and desorption are independent
of coverage and temperature.

With these three simplifying assumptions, derivation of the
H2�D2 exchange kinetic model requires substitution of the
microkinetic expression for the rate of HD production into an
integral mole balance on HD. A detailed derivation of the
microkinetic model is given in the Appendix. The flow rate of
HD exiting the foil catalyst bed (FHD,out) is given by

FHD, out ¼ FH2, feed 1� exp
�kads ptotalA

Ftotal 1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
kads
kdes

PH2, feed

r !2

0
BBBBBB@

1
CCCCCCA

2
6666664

3
7777775

ð3Þ

where FH2,feed is the flow rate of H2 in the feed gas, kads is the
adsorption rate constant, Ptotal is the total pressure in the reactor,
A is the catalyst surface area, Ftotal is the total gas flow rate
through the reactor, kdes is the desorption rate constant, and
PH2,feed is the partial pressure of H2 in the feed gas. The adsorp-
tion rate constant, kads, and the desorption rate constant, kdes,
have Arrhenius forms

kads ¼ υads exp
�ΔE‡ads
kBT

 !
ð4aÞ

kdes ¼ υdes exp
�ΔE‡des
kBT

 !
ð4bÞ

where νads is the adsorption pre-exponent, ΔEads
q is the adsorp-

tion activation barrier, νdes is the desorption pre-exponent,
ΔEdes

q is the desorption activation barrier, kB is the Boltzmann
constant, and T is the temperature. The total coverage of H and
D atoms during H2�D2 exchange is given by

θ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
kads
kdes

PH2, feed

r

1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
kads
kdes

PH2, feed

r ð5Þ

For each experiment, the partial pressures of H2 and D2 were
equal; thus the coverages of H and D can be assumed to be equal.
Equation 5 implies that the coverage of H and D atoms is
constant along the length of the catalyst bed.

To determine the values of νads, ΔEads
q, νdes, and ΔEdes

q that
describe H2 adsorption and desorption on each surface, a
numerical solver was used to find the values of log(νads), ΔEads

q,
log(νdes), and ΔEdes

q that minimize the error between the
measured HD flow rates and the flow rates predicted by the
model over a wide temperature range. The uncertainty in these
solver-optimized parameters was estimated with a “SolverAid”
program.35

4. RESULTS AND DISCUSSION

4.1. H2�D2 Exchange over Pd. H2�D2 exchange over Pd
was carried out by feeding H2, D2, and Ar to a Pd foil catalyst bed,
with the product gas composition monitored by a mass spectro-
meter. Mass spectrometer signals were converted to flow rates.
Figure 2a shows the HD flow rates exiting the Pd catalyst bed for
the three different feed gas conditions: 9 mL/min each of H2 and
D2, 4.5 mL/min each of H2 and D2, and 4.5 mL/min each of H2

and D2 diluted with 9 mL/min of Ar. The HD flow rates for the
three feed conditions are shown as discrete data points while the
fits of the microkinetic model are illustrated with the solid lines.
The conversion of H2 and D2 into HD increases from 0% at
300 K to reach equilibrium conversion at 550 K.
There is a discontinuity in the HD flow rate exiting the Pd foil

catalyst bed at∼410 K for both of the H2/D2 feed gas flow rates
and at ∼400 K for the Ar/H2/D2 feed gas. The discontinuity in
the HD flow occurs at a temperature near that of the β-Pd-
hydride to α-Pd-hydride phase transition in a H2 partial pressure
of ∼1 atm.36,37 The temperature of the β-Pd-hydride to α-Pd-
hydride phase transition decreases with decreasing H2 partial
pressure, which is consistent with the observation that the
discontinuity in the HD flow rate in Figure 2a occurs at a lower
temperature for the Ar/H2/D2 feed gas than for the H2/D2 feed
gases. These observations suggest that the discontinuity in the
HD flow rate exiting the Pd foil catalyst bed is due to the β-Pd-
hydride to α-Pd-hydride phase transition; the α-Pd-hydride
phase exhibits a lower H2-D2 exchange activity than the β-Pd-
hydride phase.
It is worth noting that each data point in Figure 2a was

collected at constant temperature; the sample was held at each
temperature for∼10min to obtain steady state measurements. A
much different result is obtained when the H2�D2 exchange
experiment is performed over Pd while increasing the reaction
temperature at a constant rate. Figure 3 shows the partial
pressures of H2, D2, HD, and Ar in the product gas during
H2�D2 exchange over the Pd foil catalyst bed while the catalyst
temperature was increased at a constant rate of 10 K/min, with
feed gas flow rates of 9 mL/min of Ar and 4.5 mL/min each of H2

and D2. Note that, as a result of cooling from 700 K in 1 atm of
H2, the bulk of the Pd was initially saturated inH and in the β-Pd-
hydride phase. Because Ar is inert, one would expect the Ar
partial pressure in the product gas to remain constant over the
course of the experiment. Instead, there is a dip in the Ar partial
pressure in the temperature range 420�460 K. Over that same
temperature range, there is a spike in the H2 and HD partial
pressures and a dip in the D2 partial pressure. We believe that H2

evolution from the Pd bulk during the β-Pd-hydride to α-Pd-
hydride phase transition is responsible for the spike in the H2

partial pressure and the dip in the Ar partial pressure. The β-Pd-
hydride phase has a much higher concentration of H atoms in its
bulk (H:Pd ≈ 0.6) than the α-Pd-hydride phase (H:Pd ≈
0.03),38 and therefore, a large amount of hydrogen must evolve
from the Pd bulk during the β-Pd-hydride to α-Pd-hydride phase
transition. The temperature of the discontinuity in the steady-
state HD flow rate exiting the Pd foil catalyst bed (∼400 K) is not
exactly the same as the temperature of the spike in the H2 partial
pressure (420�460 K) observed while the Pd catalyst tempera-
ture was increased at a constant rate. This is likely because the
β-Pd-hydride to α-Pd-hydride phase transition does not occur
instantaneously.
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To determine the parameters that describe H2 adsorption
(νads andΔEads

q) and H2 desorption (νdes andΔEdes
q) on β-Pd-

hydride and α-Pd-hydride, a numerical solver was used to find

the values of log(νads), ΔEads
q, log(νdes), and ΔEdes

q that mini-
mize the error between the modeled and the measured HD flow
rates over the experimental temperature range. We modeled
H2�D2 exchange over β-Pd-hydride and α-Pd-hydride sepa-
rately. The solver-optimized values for the parameters associated
with the α- and β-Pd-hydride phases are summarized in Table 2.
By use of the solver-optimized values for νads,ΔEads

q, νdes, and
ΔEdes

q associated with the β-Pd-hydride phases, HD flow rates
were calculated with the H2�D2 exchange model, eq 3, at
temperatures <410 K (<400 K for the 9Ar/4.5H2/4.5D2 feed
gas). At temperatures >410 K (>400 K for the 9Ar/4.5H2/4.5D2

feed gas), HD flow rates were calculated using the solver-
optimized parameters associated with the α-Pd-hydride phase.
Figure 2a shows that the modeled HD flow rates (solid lines) fit
the experimental HD flow rates reasonably well for both the β-
Pd-hydride and α-Pd-hydride phases and across the entire
temperature range of the experiment (300�550 K).
The total coverage of H and D atoms during H2�D2 exchange

over Pd was calculated using eq 5 and the solver-optimized values
of νads, ΔEads

q, νdes, found for the β-Pd-hydride phase at
temperatures <410 K (<400 K for the 9Ar/4.5H2/4.5D2 feed
gas) and those for the α-Pd-hydride at temperatures >410 K
(>400 K for the 9Ar/4.5H2/4.5D2). Figure 2b shows the total
coverage of H and D atoms on the Pd surface during H2�D2

exchange with the three different feed gas conditions and for the
temperature range 300�550 K. At low temperature (∼300 K),
the β-Pd-hydride surface is nearly saturated with H and D atoms.
As the temperature increases, the total coverage decreases for all
three feed gas conditions. Diluting the H2/D2 feed gas with Ar
(9Ar/4.5H2/4.5D2), which reduces the rate of H2 and D2

adsorption by lowering the H2 and D2 partial pressures, reduces
the total coverage of H and D atoms. At ∼410 K (400 K for the
9Ar/4.5H2/4.5D2), there is a discontinuity in the total coverage
due to the β-Pd-hydride to α-Pd-hydride phase transition. As the

Figure 3. Partial pressures of H2, D2, HD, and Ar in the product gas
during H2�D2 exchange over a Pd foil catalyst with feed gas flow rates of
9 mL/min of Ar and 4.5 mL/min each of H2 and D2 and while heating
the catalyst at 10 K/min. The spike in the H2 partial pressure in the
temperature range ∼420 and ∼460 K, and the dip in the Ar partial
pressure in the same temperature range, is due to hydrogen evolution
from the bulk of Pd during the β-Pd-hydride to α-Pd-hydride phase
transition. The higher solubility of H in Pd than that of D in Pd could
explain why no spike was observed in the D2 partial pressure.

Figure 2. (a) Experimental (points) andmodeled (lines) HD flow rates vs temperature exiting a∼19 cm2 Pd foil catalyst bed for three different feed gas
conditions (shown in units of mL/min). The discontinuity in the HD flow rate is due to a phase change from β-Pd-hydride to α-Pd-hydride. Modeled
HD flow rates were calculated using the H2�D2 exchange model, eq 3, and the solver-optimized values for νads,ΔEads

q, νdes,ΔEdes
q. (b) Total coverage

of H and D atoms during H2�D2 exchange over the Pd foil catalyst bed. The coverage was calculated using eq 5 and the solver-optimized values for νads,
ΔEads

q, νdes, ΔEdes
q.
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temperature increases further, the total coverage continues to
decrease.
The discontinuity in the HD flow rate exiting the Pd foil

catalyst bed (Figure 2a) clearly indicates that there is a difference
in the energetics of H2 adsorption/desorption on the β-Pd-
hydride and α-Pd-hydride surfaces. There is a significantly larger
barrier to H2 adsorption (ΔEads

q = 0.3 ( 0.1 eV) on the β-Pd-
hydride surface than on theα-Pd-hydride surface (ΔEads

q= 0.12(
0.04 eV). The heat of adsorption (ΔEads = ΔEads

q � ΔEdes
q) of

H2 on the β-Pd-hydride surface (ΔEads = �0.3 ( 0.1 eV) is
significantly less negative than that on the α-Pd-hydride surface
(ΔEads = �0.56 ( 0.07 eV), indicating that H atoms are less
stable on the β-Pd-hydride surface than on the α-Pd-hydride
surface. The activation barrier to H2 desorption from β-Pd-
hydride (ΔEdes

q = 0.63 ( 0.03 eV) is not significantly different
than that from α-Pd-hydride (ΔEdes

q = 0.68 ( 0.06).
There are two differences between the β-Pd-hydride and α-

Pd-hydride phases that might explain the difference between the
heats of adsorption of H2 on the two phases. First, the lattice
constant of β-Pd-hydride (∼4.02 Å) is significantly larger than
the lattice constant of α-Pd-hydride (∼3.89 Å).39 However,
expansion of the Pd lattice has been shown to increase the stability
of adsorbed hydrogen,40 which is inconsistent with our observa-
tion that H atoms are more stable on the surface of the α-Pd-
hydride which has the small lattice constant. Second, the con-
centration of H atoms in the bulk of β-Pd-hydride (H:Pd≈ 0.6)
is considerably higher than that in the bulk of α-Pd-hydride (H:
Pd≈ 0.03).37 Sykes et al.41 have recently reported that H atoms
in the Pd(111) subsurface destabilize H atoms at top-surface sites
directly above the them. These results are consistent with our
observation that α-Pd-hydride, with a smaller concentration of
subsurface H atoms than β-Pd-hydride, stabilizes adsorbed
H-atoms more effectively.
There have been many experimental17,18,36,42�44 and theo-

retical36,45�47 studies of H2 adsorption and desorption on Pd
surfaces, most done with Pd single crystals in ultrahigh vacuum.
Comparison of these studies to our work is not straightforward
because we use a polycrystalline Pd foil, which probably forms Pd-
hydride phases at near-ambient pressures. There have been few
studies of H2 adsorption and desorption on polycrystalline Pd-
hydride surfaces at near-ambient pressure.36,42,44 In one study,36

the activation barriers to H2 desorption from β-Pd-hydride and α-
Pd-hydride were determined from kinetic analysis of H2-D2

exchange over a thin Pd film at near-ambient pressures. Those
authors reported activation barriers for H2 desorption from β-Pd-
hydride (ΔEdes

q = 0.33 eV) and α-Pd-hydride (ΔEdes
q = 0.27 eV)

that were much lower than the values obtained in this work
(ΔEdes

q = 0.63 ( 0.03 eV on β-Pd-hydride and ΔEdes
q = 0.68 (

0.06 on α-Pd-hydride). However, in their calculation of the

desorption barrier, they assumed that the surface was saturated
with H, which we show (Figure 2b) not to be the case.
In summary, there is a discontinuity in the rate of H2-D2

exchange over the Pd foil catalyst bed at a temperature of∼400 K
that is related to the β-Pd-hydride to α-Pd-hydride phase
transition.Microkinetic analysis of theH2�D2 exchange reaction
indicates that the energetics of H2 adsorption on β-Pd-hydride is
significantly different than on α-Pd-hydride. The activation
barrier to H2 adsorption on the β-Pd-hydride surface (ΔEads

q =
0.3 ( 0.1 eV) is significantly higher than that on the α-Pd-
hydride surface (ΔEads

q = 0.12 ( 0.04 eV), and the heat of
adsorption of H2 on the β-Pd-hydride surface (ΔEads

q =�0.3(
0.1 eV) is significantly less negative than that on the α-Pd-
hydride surface (ΔEads

q = �0.56 ( 0.07 eV). These differences
are likely related to differences in subsurface H atom concentra-
tions in the two phases.
4.2. H2�D2 Exchange over Cu. H2�D2 exchange over Cu

was carried out using a methodology similar to that used for Pd.
Figure 4a shows the HD flow rates exiting the Cu foil catalyst
bed with the three different feed gas conditions: 9 mL/min each
of H2 and D2, 4.5 mL/min each of H2 and D2, and 4.5 mL/min
each of H2 and D2 diluted with 9 mL/min of Ar. In contrast to
Pd, there are no discontinuities in the HD flow rate exiting the
Cu foil catalyst bed, and there was no evidence of Cu-hydride
formation. Note also that the temperature range over which
one observes significant conversion is much higher than over
Pd, indicating that Cu is much less active for H2�D2 exchange
than Pd.
The solver-optimized parameters for H2�D2 exchange over

Cu were as follows: νads = 10�3.4(0.5 mol/m2/s/Pa, ΔEads
q =

0.54 ( 0.06 eV, νdes = 104(5 mol/m2/s, and ΔEdes
q = 0.6 (

0.7 eV. The large uncertainties in the desorption pre-exponent
(104(5 mol/m2/s) and desorption barrier (0.6 ( 0.7 eV) indi-
cate that the rate of H2�D2 exchange is insensitive to the param-
eters associated with H2 desorption and, therefore, that the rate
of H2�D2 exchange over Cu is limited by the rate of H2 adsorp-
tion. HD flow rates exiting the Cu foil catalyst were calculated
with the H2�D2 exchange model, eq 3, and the solver-optimized
values for νads,ΔEads

q, νdes, andΔEdes
q; Figure 4a shows that the

model (solid lines) fits the experimental data very well. Because
the rate of H2�D2 exchange over Cu is limited by the rate of H2

and D2 adsorption, which depends on the H2 and D2 partial pres-
sures, diluting the 4.5H2/4.5D2 feed gas with Ar (9Ar/4.5H2/
4.5D2) significantly reduces the HD flow rate exiting the Cu foil
catalyst bed. Dilution induced suppression of exchange activity
was observed experimentally and was accurately predicted by
the model.
The total coverage of H and D atoms during H2�D2 exchange

over Cu was calculated with eq 5 and is plotted in Figure 4b.

Table 2. Summary of the Adsorption Pre-Exponents (νads), Adsorption Barriers (ΔEads
q), Desorption Pre-Exponents (νdes),

Desorption Barriers (ΔEdes
q), and Energies of Adsorption of H2 (ΔEads) on β-Pd-hydride, α-Pd-hydride, Cu, Pd70Cu30, B2

Pd47Cu53, and FCC Pd47Cu53

log νads (mol/m
2/s/Pa) ΔEads

q (eV) log νdes (mol/m2/s) ΔEdes
q (eV) ΔEads (eV)

β-Pd-hydride �3.7 ( 0.7 0.3 ( 0.1 5.8 ( 0.4 0.63 ( 0.03 �0.3 ( 0.1

α-Pd-hydride �5.4 ( 0.4 0.12 ( 0.04 6.3 ( 0.8 0.68 ( 0.06 �0.56 ( 0.07

Cu �3.4 ( 0.5 0.54 ( 0.06 4 ( 5 0.6 ( 0.7 0.0 ( 0.7

Pd70Cu30 �5.6 ( 0.2 0.09 ( 0.02 5.7 ( 0.3 0.52 ( 0.02 �0.43 ( 0.03

B2 Pd47Cu53 �5.2 ( 0.2 0.15 ( 0.02 7.4 ( 0.5 0.67 ( 0.03 �0.52 ( 0.04

FCC Pd47Cu53 �6.6 ( 0.2 0.00 ( 0.02 6.5 ( 0.5 0.46 ( 0.03 �0.46 ( 0.03
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In contrast to the coverage of H and D atoms on Pd during
H2�D2 exchange (Figure 2b), the coverage of H andD atoms on
the Cu surface is nearly constant throughout the temperature
range of the H2�D2 exchange reaction and is about one-tenth
the saturation coverage. The coverage of H and D atoms is low
because the activation barrier to H2 adsorption on Cu is high
(ΔEads

q = 0.54( 0.06 eV), and as a result, the rate of adsorption
is low.

The energetics of H2 adsorption and desorption on Cu has
been well characterized experimentally24,25,27�29 and theo-
retically22,23,26,30,32 in the literature. Most of the reported values
for the H2 adsorption barrier on Cu single crystals are in the
rangeΔEads

q = 0.5 to 0.7 eV.23�32 Our analysis indicates that the
activation barrier to H2 adsorption on polycrystalline Cu foil is
ΔEads

q = 0.54 ( 0.06 eV, which is in good agreement with the
literature. Although the value obtained from this work for the

Figure 4. (a) Experimental (points) and modeled (lines) HD flow rates versus temperature exiting a Cu foil catalyst bed for three different feed gas
conditions (shown in units of mL/min). Modeled HD flow rates were calculated with eq 3 and the solver-optimized values for νads,ΔEads

q, νdes,ΔEdes
q.

(b) Total coverage of H and D atoms during H2�D2 exchange over the Cu foil catalyst bed. The total coverage was calculated using eq 5 and the solver-
optimized values for νads, ΔEads

q, νdes, ΔEdes
q.

Figure 5. (a) Experimental (points) and modeled (lines) HD flow rates versus temperature exiting a Pd70Cu30 foil catalyst bed for three different feed
gas conditions (shown in units of mL/min). Modeled HD flow rates were calculated using the H2�D2 exchange model, eq 3, and the solver-optimized
values for νads,ΔEads

q, νdes,ΔEdes
q. (b) Total coverage of H and D atoms during H2�D2 exchange over the Pd70Cu30 foil catalyst bed, calculated using

eq 5 and the solver-optimized values for νads, ΔEads
q, νdes, ΔEdes

q.
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H2 desorption barrier on Cu (ΔEdes
q = 0.6( 0.7 eV) has a large

uncertainty, Campbell and Campbell27 reported a barrier to H2

desorption on Cu(110) of ΔEdes
q = 0.57 eV, which is similar to

our mean value.
4.3. H2�D2 Exchange over Pd70Cu30. The energetics of H2

dissociation over Pd70Cu30 have been investigated by microki-
netic analysis of H2�D2 exchange data obtained over a Pd70Cu30
foil catalyst bed. Figure 5a shows the HD flow rates exiting a
Pd70Cu30 foil catalyst bed with the three different feed gas
conditions. There are no discontinuities in the HD flow rate
exiting the Pd70Cu30 foil catalyst bed, and therefore, there was no
evidence of bulk hydride formation. The solver-optimized values
of the parameters that describe H2�D2 exchange over Pd70Cu30
are listed in Table 2. To the best of our knowledge, these are the
first reported experimental measurements of the activation
barriers to H2 adsorption and desorption on the Pd70Cu30
surface. Using the mean values of these solver-optimized param-
eters, the predicted HD flow rates were calculated with the
H2�D2 exchange model, eq 3. A comparison of the modeled and
experimental HD flow rates is shown in Figure 5a; the model fits
the experimental data very well.
The total coverage of H and D atoms during H2�D2 exchange

over Pd70Cu30 was calculated using eq 5 and the solver-optimized
values for νads,ΔEdes

q, νdes, andΔEads
q. Figure 5b shows the total

coverage ofH andD atoms duringH2�D2 exchange over Pd70Cu30
with the three different feed gas conditions. The evolution of the
total coverage on the Pd70Cu30 surface with increasing tempera-
ture resembles that of Pd (Figure 2) more closely than QJ;it does
that ofCu (Figure 4). At low temperature (∼250K), the Pd70Cu30
surface is nearly saturatedwithH andD atoms. As the temperature
increases, the total coverage decreases. Diluting the feed gas with
Ar reduces the rate of adsorption and reduces the total coverage of
H and D atoms.

Diluting the H2/D2 feed gas with Ar did not, however,
significantly reduce the rate of HD formation over the Pd70Cu30
foil catalyst bed (Figure 5a). This indicates that the rate of
H2�D2 exchange over the Pd70Cu30 foil catalyst was controlled
by the rate of H2 desorption, which is independent of the H2 and
D2 partial pressures, rather than by the rate of H2 adsorption. As a
result, there was a relatively high coverage of H and D atoms
during H2-D2 exchange over Pd70Cu30 (Figure 5b). Microkinetic
analysis of H2�D2 exchange over Pd70Cu30 confirms desorption
limited exchange: the barrier to H2 adsorption on Pd70Cu30
(ΔEads

q = 0.09 ( 0.02 eV) is small relative to the barrier to H2

desorption on Pd70Cu30 (ΔEdes
q = 0.52 ( 0.02 eV).

4.4. H2�D2 Exchange over Pd47Cu53.H2�D2 exchange was
performed over both the B2 and FCC phases of the Pd47Cu53
alloy. The procedure for preparing the B2 and FCC phases is
given in section 2. Figure 6a shows the HD flow rates exiting the
B2 and FCC Pd47Cu53 foil catalyst beds with three different feed
gas conditions. The FCC crystal structure of the Pd47Cu53 alloy
is significantly more active for H2�D2 exchange than the B2
crystal structure. The solver-optimized values of the parameters
that describe H2�D2 exchange over B2 and FCC Pd47Cu53 are
summarized in Table 2. To our knowledge, these are the first
reported measurements of the barriers to H2 adsorption and
desorption on B2 or FCCPd47Cu53 surfaces. By use of the solver-
optimized parameters, HD flow rates were calculated for the B2
and FCC phases of Pd47Cu53 with the three different feed gas
conditions. Figure 6a shows that the model fits the experimental
data reasonably well.
The total coverages of H and D atoms during H2�D2

exchange over B2 and FCC Pd47Cu53 are plotted in Figure 6b.
At low temperatures (∼200 K), both the B2 and FCC Pd47Cu53
surfaces are nearly saturated with H and D atoms. As the tem-
perature increases and desorption rate increases, the total cover-
age decreases on both surfaces. The coverage decreases more

Figure 6. (a) Experimental (points) and modeled (lines) HD flow rates versus temperature exiting a Pd47Cu53 foil catalyst bed with a B2 crystal
structure and with a FCC crystal structure. Modeled HD flow rates were calculated using the H2�D2 exchange model, eq 3, and the solver-optimized
values for νads,ΔEads

q, νdes,ΔEdes
q. (b) Total coverage of H andD atoms during H2�D2 exchange over the B2 and FCCPd47Cu53 foil catalyst beds. The

coverage was calculated using eq 5 and the solver-optimized values for νads, ΔEads
q, νdes, ΔEdes

q.
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rapidly on the FCCphase of Pd47Cu53 due to the smaller activation
barrier to H2 desorption on the FCC surface (ΔEdes

q = 0.46 (
0.03 eV) than on the B2 surface (ΔEdes

q = 0.67 ( 0.03 eV).
Clearly, the crystal structure of Pd47Cu53 has a significant

impact on the kinetics of H2�D2 exchange due to the differences
in the energetics of H2 adsorption and desorption on the two
Pd47Cu53 phases. The activation barriers to H2 adsorption on B2
Pd47Cu53 (ΔEads

q = 0.15 ( 0.02 eV) and on FCC Pd47Cu53
(ΔEads

q = 0.00( 0.02 eV) are not large, and H2 adsorption rates
on both surfaces were high. As a result, the rate of H2�D2 exchange
over both the B2 and FCC Pd47Cu53 surfaces was influenced more
by the rate of H2 desorption than by the rate of adsorption.
The higher H2�D2 exchange activity exhibited by the FCC

phase of Pd47Cu53 is due to a lower activation barrier to H2

desorption on FCCPd47Cu53 (ΔEdes
q = 0.46( 0.03 eV) than on

B2 Pd47Cu53 (ΔEdes
q = 0.67 ( 0.03 eV). The fundamental

reason(s) for this difference are unclear.
4.5. Comparison of H2�D2 Exchange over Pd, Cu,

Pd70Cu30, and Pd47Cu53. A comparison of the HD flow rates
exiting the Pd, Cu, Pd70Cu30, B2 Pd47Cu53, and FCC Pd47Cu53
catalyst beds, with 9mL/min each of H2 and D2 in the feed gas, is
shown in Figure 7a. The H2�D2 exchange activity of Cu is much
lower than that of Pd, Pd70Cu30, and Pd47Cu53 (B2 and FCC),
and the PdCu alloys are more active for H2-D2 exchange than Pd.
The differences in the H2�D2 exchange activities of the

catalysts are due to the differences in the energetics of H2

adsorption and desorption on these catalysts. These energies
have been evaluated as parameters in a kinetic model (Appendix A)
that has been fit to the data in Figures 2, 4, 5, and 6. The quality
of these fits is illustrated by the parity plots for all 5 sam-
ples shown in Figure 7b. A comparison of the energetics of
H2 adsorption on β-Pd-hydride,α-Pd-hydride, Cu, Pd70Cu30, B2
Pd47Cu53, and FCC Pd47Cu53 is shown in Figure 8. Table 2
lists the parameters that describe H2 adsorption and desorption
(νads, ΔEads

q, νdes, ΔEdes
q, and ΔEads) on β-Pd-hydride,

α-Pd-hydride, Cu, Pd70Cu30, B2 Pd47Cu53, and FCC Pd47Cu53.
Cu is the least active H2-D2 exchange catalyst examined in this

study due to the large activation barrier to H2 adsorption on Cu

(ΔEads
q = 0.54( 0.06 eV). In contrast, barriers to H2 adsorption

onβ-Pd-hydride (ΔEads
q= 0.3( 0.1 eV),α-Pd-hydride (ΔEads

q =
0.12 ( 0.04 eV), Pd70Cu30 (ΔEads

q = 0.09 ( 0.02 eV), B2
Pd47Cu53 (ΔEads

q = 0.15 ( 0.02 eV), and FCC Pd47Cu53
(ΔEads

q = 0.00 ( 0.02 eV) are relatively small, and the rate of
H2�D2 exchange over these catalysts is determined largely by
the rate of H2 desorption (desorption-limited). FCC Pd47Cu53
has the highest H2�D2 exchange activity of the desorption-
limited catalysts because the activation barrier to H2 desorption
on FCC Pd47Cu53 (ΔEdes

q = 0.46 ( 0.03 eV) is the smallest.
As expected, the order of decreasing H2-D2 exchange activity
of the desorption-limited catalysts (FCC Pd47Cu53 < Pd70Cu30 <
B2 Pd47Cu53 < β-Pd-hydride < α-Pd-hydride) follows closely
the order of increasing activation barrier to H2 desorption: FCC
Pd47Cu53 (ΔEdes

q= 0.46( 0.03 eV) <Pd70Cu30 (ΔEdes
q=0.52(

0.02 eV) < β-Pd-hydride (ΔEdes
q = 0.63 ( 0.03 eV) < B2

Pd47Cu53 (ΔEdes
q = 0.67 ( 0.03 eV) < α-Pd-hydride (ΔEdes

q =
0.68 ( 0.06 eV).

Figure 7. a) Comparison of the HD flow rates exiting Pd, Cu, Pd70Cu30, B2 Pd47Cu53, and FCC Pd47Cu53 foil catalyst beds, each with a catalyst surface
area of ∼19 cm2 and 9 mL/min of H2 and D2 in the feed gas. (b) Parity plots illustrating the fits of the kinetic model for HD exchange (solid lines in
Figures 2a, 4a, 5a, 6a) to the experimental data for HD exchange (discrete data points in Figures 2a, 4a, 5a, 6a).

Figure 8. Potential energy diagram of H2 adsorption on Cu, β-Pd-
hydride, α-Pd-hydride, Pd70Cu30, B2 Pd47Cu53, and FCC Pd47Cu53.



24229 dx.doi.org/10.1021/jp2076885 |J. Phys. Chem. C 2011, 115, 24221–24230

The Journal of Physical Chemistry C ARTICLE

The H2 adsorption energy of (ΔEads) on α-Pd-hydride is the
lowest (most negative) of the catalysts, and therefore, H atoms
are themost stable onα-Pd-hydride. The order of increasing heat
of adsorption of H2 (decreasing stability of H atoms) on the
catalysts is as follows: α-Pd-hydride (ΔEads =�0.56( 0.07 eV)
< B2 Pd47Cu53 (ΔEads = �0.52 ( 0.04 eV) < FCC Pd47Cu53
(ΔEads = �0.46 ( 0.03 eV) < Pd70Cu30 (ΔEads = �0.43 (
0.03 eV) < β-Pd-hydride (ΔEads =�0.3( 0.1 eV) <Cu (ΔEads =
0.0( 0.7 eV). The heat of adsorption of H2 on the PdCu alloys is
not much greater (less negative) than that on α-Pd-hydride,
indicating that alloying Pd with Cu does not drastically reduce
the stability of H atom adsorption.
Experimental pre-exponents can be compared to values esti-

mated by statistical mechanics methods. The pre-exponent for
H2 desorption (νdes) is ∼106 mol/m2/s for all of the catalysts
examined in this study. This value compares well with statistical
mechanics estimates, which range from 106 to 108 mol/m2/s,
depending on assumptions about the mobility of the transition
state.48 For dissociative adsorption, experimental pre-exponents
are on the order of 10�5 mol/m2/s/Pa; statistical mechanics
analysis predicts 10�2 to 10�4, again depending on assumptions
about transition state mobility.48

The results of this study are significant because it has been
shown that (1) the crystal structures of Pd (β-Pd-hydride and α-
Pd-hydride) and of Pd47Cu53 (B2 and FCC) have a significant
impact on the energetics of H2 adsorption and desorption and
(2) although the H2 dissociation activity of Cu is very low, Pd can
be alloyed with as much as ∼50 mol % Cu without significantly
reducing H2 dissociation rates.

5. CONCLUSIONS

The energetics of H2 adsorption on Pd, Cu, Pd70Cu30, and
Pd47Cu53 were investigated by microkinetic analysis of H2�D2

exchange data acquired over fixed beds of diced single-compo-
nent and alloy foils. For both Pd phases (β-Pd-hydride andα-Pd-
hydride) and both Pd47Cu53 phases (B2 and FCC) crystal
structure had a significant impact on the kinetics of H2�D2

exchange. The H2�D2 exchange activity of FCC Pd47Cu53 was
the highest of all the catalysts in this study and the H2�D2

exchange activity of the catalysts decreases in the following order:
FCC Pd47Cu53 > Pd70Cu30 > B2 Pd47Cu53 > β-Pd-hydride > α-
Pd-hydride. Cu. The very low H2�D2 exchange activity of the
Cu catalyst is due to the large activation barrier to H2 adsorption
on Cu (ΔEads

q = 0.54 ( 0.06 eV). Activation barriers to H2

adsorption on β-Pd-hydride (ΔEads
q = 0.3 ( 0.1 eV), α-Pd-

hydride (ΔEads
q = 0.12( 0.04 eV), Pd70Cu30 (ΔEads

q = 0.09 (
0.02 eV), B2 Pd47Cu53 (ΔEads

q = 0.15 ( 0.02 eV), and FCC
Pd47Cu53 (ΔEads

q = 0.00( 0.02 eV) are small relative to that for
Cu and the rate of H2-D2 exchange over these catalysts was
determined largely by the rate of H2, D2, and HD desorption
(desorption-limited). The order of decreasing H2�D2 exchange
activity in the desorption-limited catalysts is nearly the same as
the order of increasing activation barrier for H2 desorption: FCC
Pd47Cu53 (ΔEdes

q= 0.46( 0.03 eV) <Pd70Cu30 (ΔEdes
q= 0.52(

0.02 eV) < β-Pd-hydride (ΔEdes
q = 0.63 ( 0.03 eV) < B2

Pd47Cu53 (ΔEdes
q = 0.67 ( 0.03 eV) < α-Pd-hydride (ΔEdes

q =
0.68 ( 0.06 eV). These results are significant for H2 separation
membrane applications because they demonstrate that Pd can be
alloyed with as much as ∼50 mol % Cu without significantly
reducing its activity for dissociative H2 adsorption.

’APPENDIX: DERIVATION OF THE H2�D2 EXCHANGE
KINETIC MODEL

The integral mass balance on HD is
Z FHD, out

0

dFHD
rHD

¼ A ðA1Þ

where dFHD is the differential HD flow rate, FHD,out is the HD
flow rate exiting the catalyst bed,A is the catalyst surface area, and
rHD is theHD production rate.49 TheHDproduction rate, rHD, is
given by the microkinetic expression

rHD ¼ 2kdesθHθD � kadsPHDð1� θH � θDÞ2 ðA2Þ
where kdes is the HD desorption rate constant, θH is the coverage
of H atoms, θD is the coverage of D atoms, kads is the HD
adsorption rate constant, and PHD is the HD partial pressure.
Because we are assuming that isotopic effects are negligible and
the partial pressures of H2 and D2 are equal for all experiments,
the coverages of H (θH) and D (θH) atoms are each assumed to
be equal to one-half of the total coverage (θ): θH = θD = (θ/2).
Therefore, the microkinetic expression for the rate of HD
production is

rHD ¼ 2kdes
θ

2

� �2

� kadsPHDð1� θÞ2 ðA3Þ

To substitute the microkinetic expression for the rate of HD
production, eq A3, into the mass balance on HD, eq A1, the HD
partial pressure in eq A3 must be converted into HD flow rate,
FHD

rHD ¼ 2kdes
θ

2

� �2

� kadsFHDPtotalð1� θÞ2
Ftotal

ðA4Þ

where

FHD ¼ FtotalPHD
Ptotal

and Ptotal is the total pressure and Ftotal is the total flow rate.
Substituting the HD production rate, eq A4, into the integral
mass balance on HD, eq A1, gives
Z FHD, out

0

dFHD

2kads
θ

2

� �2

� kadsFHDPtotalð1� θÞ2
Ftotal

¼ A ðA5Þ

Integrating eq A5 and solving for the flow rate of HD exiting
the catalyst bed gives

FHD, out ¼ kadsFtotalθ
2

2kadsPð1� θÞ2 1� exp � kadsPAð1� θÞ2
Ftotal

 !" #

ðA6Þ
At steady state, the change in the coverage of H (and D) atoms

is zero

dθH
dt

¼ 0 ¼ 2kadsPH2ð1� θH � θDÞ2

þ kadsPHDð1� θH � θDÞ2 � 2kadsθ
2
H � 2kadsθHθD

where PH2
is the H2 partial pressure and all of the other variables

are defined above. Again, we assume that the coverages of
H and D atoms are each equal to one-half of the total
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coverage: θH = θD = (θ/2). Therefore, the change in the
coverage of H atoms is given by

dθH
dt

¼ 0 ¼ 2kadsPH2ð1� θÞ2 þ kadsPHDð1� θÞ2 � kadsθ
2

Solving for θ gives

θ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
kads
kdes

PH2, feed

r

1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
kads
kdes

PH2, feed

r ðA7Þ

where PH2,feed is the partial pressure of H2 in the feed gas, which is
related to PH2

and PHD by the stoichiometry of the reaction

PH2 ¼ PH2, feed �
1
2
PHD

Substitution of the expression for the total coverage of H and
D atoms, eq A7, into the expression for the flow rate of HD
exiting the reactor, eq A6, gives the H2�D2 exchange kinetic
model

FHD, out ¼ FH2, feed 1� exp
�kads ptotalA

Ftotal 1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
kads
kdes

PH2, feed

r !2

0
BBBBBB@

1
CCCCCCA

2
6666664

3
7777775

ðA8Þ
where

FH2, feed ¼ FtotalPH2, feed

ptotal
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