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ABSTRACT: PdCu alloy membranes are promising candidates for hydrogen separation
from H,S-containing gas mixtures. Dissociative H, adsorption and associative desorp-
tion are important steps in the process of hydrogen transport across PdCu membranes;
however, the kinetics of H, adsorption and desorption on PdCu surfaces are not well
understood. In this work, the kinetics and energetics of H, adsorption and desorption
on Pd, Cu, and PdCu surfaces are investigated by microkinetic analysis of H,—D,
exchange (H, + D, — 2HD) over fixed beds of Pd, Cu, Pd,Cus, and Pd,,Cus; foils at
near-ambient pressure and temperatures in the range 300—900 K. The rate of H,—D,
exchange over Cu, which is the least active H,—D, exchange catalyst used in this study,
is limited by the rate of H, adsorptlon due to the large activation barrier to dissociative
H, adsorption on Cu (AE, 4. =0.54 £ 0.06 €V). The Cu content of the PdCu alloys and

GG)
@O

® ©

—

Pd, Cu, Pd;oCusg, B2-Pd,7Cuss, FCC-Pd,;Cuss

the crystal structures of the Pd-hydride phases («- and 5-PdH) and of Pd,,;Cus; (body-centered cubic and face-centered cubic
(FCC)) all have a significant impact on the kinetics of H,—D, exchange. The activation barriers to dissociative H, adsorption,
AE,.*, on f-Pd-hydride (0.3 = 0.1 eV), a-Pd-hydride (0.12 = 0.04 eV), Pd.oCuso (0.09 % 0.02 eV), B2 Pd,,Cus; (0.15 = 0.02 €V),
and FCC Pd;Cus; (0.00 & 0.02 eV), are relatively small compared to the adsorption barrier on Cu. Over these surfaces, the rates of
H,—D, exchange are limited primarily by the rate of HD desorption. H,—D, exchange activities in the desorptlon—hmlted cases
decrease (FCC Pd,,Cus; > Pd,,Cus, > B2 Pd,;Cus; > f-PdH > a-PdH) as the barriers to HD desorption, AEdeS , increase in the
order FCC Pd,,Cug; (0.46 + 0.03 eV) < Pd,4Cus, (0.52 4 0.02 eV) < 5-PdH (0.63 + 0.03 eV) < B2 Pd,,Cus; (0.67 & 0.03 V)
< a-PdH (0.68 & 0.06 eV). These results are significant because they demonstrate that, although the rate of H, adsorption on pure
Cu is very low, Pd can be alloyed with as much as ~50 mol % Cu without significantly reducing its activity for dissociative H,

adsorption.

1. INTRODUCTION

Dense Pd membranes are receiving significant attention for
hydrogen separation in advanced coal-conversion processes
because of their hlgh hydrogen permeability and their near-
infinite selectivity."” However, pure Pd is susceptible to hydro-
gen embrittlement as a result of the expansion of the Pd lattice
during [(3-Pd-hydride formation.>* Furthermore, H,S, a coal
gasification byproduct, severely inhibits hydrogen permeation
through pure Pd.>~"° PdCu alloys have exhibited resistance to
hydrogen embrittlement'' and improved sulfur tolerance relative
to Pd.*”"*"'* Pd,,Cus, and Pd4,Cuss (mol %) are two parti-
cularly attractive PdCu alloy compositions because of their
sulfur tolerance and because of their relatively high hydrogen
permeability. "7 >1¢

To separate H, from mixed gas streams, a Pd-based membrane
must dissociatively adsorb H, on its upstream surface and asso-
ciatively desorb H, from its downstream surface. The energetics
of H, dissociation over pure Pd and pure Cu have been well
characterlzed H, dissociates on Pd without significant activation
barriers,"” >' whereas H, dlssoc1at10n on Cu is hindered by a
very large activation barrier (AEadS =0.5—0.7 €V).**73* How-
ever, the effect of alloying Pd with Cu on the energetics of the H,
dissociation reaction is not well understood.

In this work, the energetics of dissociative H, adsorption and
associative desorption on Pd, Cu, Pd;,Cus, and Pdy,Cus; foil
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surfaces have been investigated by microkinetic analysis of
H,—D, exchange (H, + D, — 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 H, on the Cu surface, AEad: =
0.54 eV. In contrast, barriers to H, dissociation over Pd, Pd,(Cus,
and Pd,,Cus; are relatively small. We also show that the crystal
structures of the Pd phases (5-PdH and -PdH) and of Pd,,Cus;
(body-centered cubic (B2) and face-centered cubic (FCC)) have
a significant impact on the kinetics of H,—D, exchange. Our
results indicate that, although pure Cu has a very low H, disso-
ciation activity, Pd can be alloyed with as much as ~50 mol % Cu
without significantly reducing H, dissociation rates.

2. EXPERIMENTAL SECTION

H,—D, exchange kinetics were measured by flowing H,, D5,
and Ar through a 4 mm internal diameter quartz tube reactor that
was packed with diced foils of Pd, Cu, Pd;,Cusp, or Pd,;,Cuss.
A schematic of the H, —D, exchange reactor is shown in Figure 1.
The Pd (Alfa Aesar, 25 um thick, 99.9% metals purity),
Cu (Alfa Aesar, 100 um thick, 99.95% metals purity), Pd,oCuso
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Figure 1. Schematic of the H,—D, exchange reactor. Pd, Cu, Pd;oCus,
and Pd,,Cus; foil was diced into ~1 mm” pieces and packed into a
quartz tube reactor placed within a tube furnace. H,, D,, and Ar were fed
to the reactor while the product gas was analyzed by a mass spectro-
meter. The flow rates of H,, D,, and Ar to the reactor were controlled
with mass flow controllers (MFC).

(ACI Alloys, Inc, 100 um thick, 99.0% metals purity), and
Pd,;Cus; (ATI Wah Chang, 25 um thick, 99.0% metals purity)
foil were diced into ~1 mm” pieces. The total surface area of each
catalyst sample was ~19 cm”. 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 H, (99.999%, Valley National Gases),
D, (99.999%, Valley National Gases), and Ar (99.999%, Valley
National Gases) to the catalyst bed. A ~1 m long, 320 um
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 um 1D quartz capillary
(Polymicro Technologies) inserted into the outlet of the 320 m
LD. 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 H,—D, exchange measurements. The Pd,,Cus;
alloy, however, has a B2 crystal structure at temperatures
below ~700 K and a FCC crystal structure at temperatures
above ~800 K."%3* In the temperature range of the H,—D,
exchange experiments over the Pd,,Cus; 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 H,—D, exchange over both the B2 and
FCC phases of the Pd;;Cus; alloy. To produce a kinetically
stabilized FCC crystal structure, the Pd,,;Cus; alloy was first an-
nealed in pure H, 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 Pd,,Cus; alloy was annealed in H,
at ~700 K for ~48 h. The crystal structures of the B2 and FCC
alloy were verified by X-ray diffraction (XRD) following H,-D,
exchange experiments; the structures did not change during the
H,-D, exchange experiments.

Initially, each catalyst was conditioned in H, at ~700 K
(~1000 K for Cu and FCC Pd,,Cus;) for ~24 h. After
conditioning, a H,/D,/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 H,—D,
exchange over a range of total flow rates and partial pressures of

Table 1. Flow Rates of H, (Fvaeed), D, (FDz’feed) , and

Ar (Fay feca) in the Three Different Feed Gas Conditions Used
during H,—D, Exchange Experiments and Total Pressure
(Pgota1) Measured in the Reactor at Each of the Conditions

Fiy, feed Fp, feed Farfeed Piotal
feed gas condition  (mL/min) (mL/min) (mL/min) (kPa)
9H,/9D, 9 9 0 121
4.5H,/4.5D, 45 45 0 113
9Ar/4.5H,/4.5D, 4.5 4.5 9 135

H, and D,. The total pressure in the reactor was measured with a
Baratron pressure gauge. Starting from the temperature of the
conditioning treatment, steady-state H,, D,, 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 H,, D,, and HD mass
spectrometer signals were collected. To show the H evolution
from the bulk of the Pd sample during the 3-Pd-hydride to a.-Pd-
hydride phase transition, the experiment was also conducted over
the Pd catalyst while heating the sample at a constant rate. To
prepare the f-Pd-hydride phase, the Pd catalyst was initially
conditioned in H, at ~700 K and then cooled in H, to ~300 K
to saturate the sample with H,. The H,/D,/Ar feed gas was then
introduced and the sample was heated at a constant rate of 10 K/min
while the product gas composition was analyzed.

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

p? —77.7
D — 4.16 exp(> (1)
Py, Pp, T

where Py, Pp , and Pyyp, are the partial pressures of H,, D5, and HD,
respectively.>* The H,, D,, and HD partial pressures were then
converted into H,, D,, and HD flow rates

_ Ftotalpi

F;
P total

(2)

where F; is the flow rate of each species, Fy,, is the total flow rate, P;
is the partial pressure of each species, and Py, is the total pressure.
The HD flow rates exiting the catalyst bed during H,—D, 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

‘We made three basic assumptions in deriving the microkinetic

model for the H,—D, exchange reaction:

(1) The H,—D, exchange reaction can be modeled by
considering only dissociative adsorption and associative
desorption of H,, D, and HD under steady state
conditions.
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(2) Isotopic effects can be ignored (i.e., the adsorption rate
constants are the same for H,, D,, and HD; and the
desorption rate constants are the same for H,, D,, 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
H,—D, 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 (Fup o) is given by

- kads Protal A

2
kads
Ftotal 1+ 2k PHz,feed
des
(3)

where Fiy feeq is the flow rate of H, in the feed gas, k.4 is the
27

adsorption rate constant, Py, is the total pressure in the reactor,
A is the catalyst surface area, F, is the total gas flow rate
through the reactor, kge is the desorption rate constant, and
Py feeq is the partial pressure of H; in the feed gas. The adsorp-
tion rate constant, kg4, and the desorption rate constant, kg,
have Arrhenius forms

—AE!
kads = Vads eXP( k szds) (43)
B

—AE}
kdes = Vdes eXp( k T(:Ies) (4b)
B

where V,4, is the adsorption pre-exponent, AEad: is the adsorp-
tion activation barrier, V4. is the desorption pre-exponent,
AEde: is the desorption activation barrier, kg is the Boltzmann
constant, and T is the temperature. The total coverage of H and
D atoms during H,—D, exchange is given by

FHD,out = FHz,feed 1-— exp

ka s
k & —P H,, feed
0 = des ( 5)
kads

1+ —P H,, feed
kdes

For each experiment, the partial pressures of H, and D, were
equal; thus the coverages of Hand 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 Vg4, AEadf, Vdesy and AEde& that
describe H, adsorption and desorption on each surface, a
numerical solver was used to find the values of log(V,qs), AE,F
log(Vges), and AE,.F 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.*®

4. RESULTS AND DISCUSSION

4.1. H,—D, Exchange over Pd. H,—D, exchange over Pd
was carried out by feeding H,, D,, 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 H, and
D,, 4.5 mL/min each of H, and D,, and 4.5 mL/min each of H,
and D, 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 H, and D, 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 H,/D, feed gas flow rates
and at ~400 K for the Ar/H,/D, feed gas. The discontinuity in
the HD flow occurs at a temperature near that of the [3-Pd-
hydride to a-Pd-hydride phase transition in a H, partial pressure
of ~1 atm.>***” The temperature of the -Pd-hydride to a-Pd-
hydride phase transition decreases with decreasing H, 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/H,/D, feed gas than for the H,/D, feed
gases. These observations suggest that the discontinuity in the
HD flow rate exiting the Pd foil catalyst bed is due to the 3-Pd-
hydride to a-Pd-hydride phase transition; the a-Pd-hydride
phase exhibits a lower H,-D, exchange activity than the -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 ~10 min to obtain steady state measurements. A
much different result is obtained when the H,—D, exchange
experiment is performed over Pd while increasing the reaction
temperature at a constant rate. Figure 3 shows the partial
pressures of Hy, D,, HD, and Ar in the product gas during
H,—D, 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 H,
and D,. Note that, as a result of cooling from 700 K in 1 atm of
H,, the bulk of the Pd was initially saturated in H and in the 5-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 H, and HD partial
pressures and a dip in the D, partial pressure. We believe that H,
evolution from the Pd bulk during the 3-Pd-hydride to a-Pd-
hydride phase transition is responsible for the spike in the H,
partial pressure and the dip in the Ar partial pressure. The 5-Pd-
hydride phase has a much higher concentration of H atoms in its
bulk (H:Pd ~ 0.6) than the a-Pd-hydride phase (H:Pd =~
0.03),38 and therefore, a large amount of hydrogen must evolve
from the Pd bulk during the 3-Pd-hydride to a-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 H, partial
pressure (420—460 K) observed while the Pd catalyst tempera-
ture was increased at a constant rate. This is likely because the
f-Pd-hydride to a-Pd-hydride phase transition does not occur
instantaneously.
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Figure 2. (a) Experimental (points) and modeled (lines) HD flow rates vs temperature exiting a ~19 cm® 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 f3-Pd-hydride to - Pd hydride. Modeled
HD flow rates were calculated using the H, —D, exchange model, eq 3, and the solver-optimized values for v 49 AE 45", Vdes) AEdeS (b) Total coverage
of Hand D atoms durmg H,—D, exchange over the Pd foil catalyst bed. The coverage was calculated using eq S and the solver-optimized values for v,4,,
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Figure 3. Partial pressures of Hy, D,, HD, and Ar in the product gas
during H,—D, exchange over a Pd foil catalyst with feed gas flow rates of
9 mL/min of Ar and 4.5 mL/min each of H, and D, and while heating
the catalyst at 10 K/min. The spike in the H, 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 f-Pd-hydride to a-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 D, partial pressure.

To determme the parameters that describe H, adsorptlon
(Vaqs and AEad5 ) and H, desorption (V4. and AEdes ) on [5-Pd-
hydride and a-Pd-hydride, a numerical solver was used to find

the values of log(V,q,), AE,F log(Vges), and AE,..F that mini-
mize the error between the modeled and the measured HD flow
rates over the experimental temperature range. We modeled
H,—D, exchange over f-Pd-hydride and a-Pd-hydride sepa-
rately. The solver-optimized values for the parameters associated
with the a- and 3-Pd-hydride phases are summarized in Table 2.

By use of the solver-optimized values for v,4, AEad:; Vdesy and
AEdes associated with the 5-Pd-hydride phases, HD flow rates
were calculated with the H,—D, exchange model, eq 3, at
temperatures <410 K (<400 K for the 9Ar/4.5H,/4.5D, feed
gas). At temperatures >410 K (>400 K for the 9Ar/4.5H,/4.5D,
feed gas), HD flow rates were calculated using the solver-
optimized parameters associated with the a-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 3-
Pd-hydride and a-Pd-hydride phases and across the entire
temperature range of the experiment (300—550 K).

The total coverage of H and D atoms during H, —D, exchange
over Pd was calculated using eq S and the solver-optimized values
of V.44 AEads , Vdes found for the [-Pd-hydride phase at
temperatures <410 K (<400 K for the 9Ar/4.5H,/4.5D, feed
gas) and those for the @-Pd-hydride at temperatures >410 K
(>400 K for the 9Ar/4.5H,/4.5D,). Figure 2b shows the total
coverage of H and D atoms on the Pd surface during H,—D,
exchange with the three different feed gas conditions and for the
temperature range 300—550 K. At low temperature (~300 K),
the 3-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 H,/D, feed gas with Ar
(9Ar/4.5H,/4.5D,), which reduces the rate of H, and D,
adsorption by lowering the H, and D, partial pressures, reduces
the total coverage of H and D atoms. At ~410 K (400 K for the
9Ar/4.5H,/4.5D,), there is a discontinuity in the total coverage
due to the 3-Pd-hydride to a-Pd-hydride phase transition. As the
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Table 2. Summary of the Adsorptlon Pre-Exponents (V,4,), Adsorption Barriers (AEadS ), Desorption Pre-Exponents (V4.s),
Desorption Barriers (AE4."), and Energies of Adsorption of H, (AE,4,) on 3-Pd-hydride, a-Pd-hydride, Cu, Pd,,Cus,, B2

Pd,,Cuss3, and FCC Pd,;Cus;

log V4, (mol/m®/s/Pa) AE,4 (eV)

p-Pd-hydride —-37+£07 03+£0.1

a-Pd-hydride —54+04 0.12 £ 0.04
Cu —34+£0.5 0.54 & 0.06
PdooCuso 56402 0.09 = 0.02
B2 Pdy,Cugs 52402 0.15 & 0.02
FCC Pd,,Cugs 66402 0.00 + 0.02

log Vges (mol/m?/s) AEg.F (eV) AE, 4 (eV)
5.8+ 04 0.63 + 0.03 —03+0.1
63+ 038 0.68 + 0.06 —0.56 + 0.07
4+5 0.6 £ 0.7 0.0 £ 0.7
5.7+0.3 0.52 4+ 0.02 —0.43 +0.03
74 £ 0.5 0.67 = 0.03 —0.52 + 0.04
6.5+ 05 0.46 + 0.03 —0.46 + 0.03

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 H, adsorption/desorption on the f-Pd-
hydride and o-Pd-hydride surfaces There is a significantly larger
barrier to H, adsorption (AEads =03=£0.1¢eV)on the [-Pd-
hydride surface than on the a-Pd-hydride surface (AEadS =0. 12 +
0.04 eV). The heat of adsorption (AE, 4, = AE.4 — ABg..) of
H, on the -Pd-hydride surface (AE,qo = —0.3 £ 0.1 eV) is
significantly less negative than that on the a-Pd-hydride surface
(AE,4 = —0.56 =+ 0.07 eV), indicating that H atoms are less
stable on the f-Pd-hydride surface than on the @-Pd-hydride
surface. The actlvatlon barrier to H, desorption from S-Pd-
hydride (AEg." = 0.63 £ 0.03 V) 1s not significantly different
than that from a-Pd-hydride (AEdes =0.68 = 0.06).

There are two differences between the 5-Pd-hydride and a-
Pd-hydride phases that might explain the difference between the
heats of adsorption of H, on the two phases. First, the lattice
constant of 3-Pd-hydride (~4.02 A) is significantly larger than
the lattice constant of a-Pd-hydride (~3.89 A).** However,
expansion of the Pd lattice has been shown to increase the stability
of adsorbed hydrogen,** which is inconsistent with our observa-
tion that H atoms are more stable on the surface of the a-Pd-
hydride which has the small lattice constant. Second, the con-
centration of H atoms in the bulk of 5-Pd-hydride (H:Pd ~ 0.6)
is considerably higher than that in the bulk of a-Pd-hydride (H:
Pd ~ 0.03).” Sykes et al.*' 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 a-Pd-hydride, with a smaller concentration of
subsurface H atoms than [-Pd-hydride, stabilizes adsorbed
H-atoms more effectively.

There have been many experimental'”'****~** and theo-
retical®®** ™% studies of H, 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 H, adsorption and desorption on polycrystalhne Pd—
hydride surfaces at near-ambient pressure.’***>** In one study,*
the activation barriers to H, desorption from 3-Pd-hydride and a-
Pd-hydride were determined from kinetic analysis of H,-D,
exchange over a thin Pd film at near-ambient pressures. Those
authors reported activation barriers for H, desorptron from -Pd-
hydride (AEdeS =0.33 eV) and a-Pd-hydride (AEdes =0.27eV)
that were much lower than the values obtained in this work
(AEg" = 0.63 & 0.03 €V on -Pd-hydride and AEg.." = 0.68 +
0.06 on a-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 H,-D,
exchange over the Pd foil catalyst bed at a temperature of ~400 K
that is related to the (-Pd-hydride to «@-Pd-hydride phase
transition. Microkinetic analysis of the H, —D, exchange reaction
indicates that the energetics of H, adsorption on f3-Pd-hydride is
significantly different than on a-Pd-hydride. The actlvatlon
barrier to H, adsorption on the 3-Pd-hydride surface (AEqu =
03 + 0.1 eV) is srgnrﬁcantly higher than that on the a-Pd-
hydride surface (AEadS = 0.12 &+ 0.04 eV), and the heat of
adsorption of H, on the 3-Pd-hydride surface (AEadq =—03=%
0.1 eV) is srgmﬁcantly less negative than that on the a-Pd-
hydride surface (AEadS = —0.56 = 0.07 eV). These differences
are likely related to differences in subsurface H atom concentra-
tions in the two phases.

4.2. H,—D, Exchange over Cu. H,—D, 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 H, and D,, 4.5 mL/min each of H, and D, and 4.5 mL/min
each of H, and D, 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 H,—D, exchange
than Pd.

The solver-optimized parameters for H,— Dz exchange over
Cu were as follows: V4, = 1073403 mol/m /s/Pa, AEads* =
0.54 & 0.06 €V, Vg = 10**° mol/m?/s, and AE,.." = 0.6 +
0.7 eV. The large uncertainties in the desorption pre-exponent
(10**° mol/m?*/s) and desorption barrier (0.6 & 0.7 eV) indi-
cate that the rate of H,—D, exchange is insensitive to the param-
eters associated with H, desorption and, therefore, that the rate
of H,—D, exchange over Cu is limited by the rate of H, adsorp-
tion. HD flow rates exiting the Cu foil catalyst were calculated
with the H, —D, exchange model, eq 3 and the solver-optimized
values for Vg4, AEad:, V4esy and AEdes ; Figure 4a shows that the
model (solid lines) fits the experimental data very well. Because
the rate of H,—D, exchange over Cu is limited by the rate of H,
and D, adsorption, which depends on the H, and D, partial pres-
sures, diluting the 4.5H,/4.5D, feed gas with Ar (9Ar/4.5H,/
4.5D,) 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 H, —D, exchange
over Cu was calculated with eq 5 and is plotted in Figure 4b.
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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 v,4,, AEads*, Vies AEdef.
(b) Total coverage of H and D atoms during H2 D, exchange over the Cu foil catalyst bed. The total coverage was calculated using eq S and the solver-
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Figure S. (a) Experimental (points) and modeled (lines) HD flow rates versus temperature exiting a Pd;oCus, foil catalyst bed for three different feed
gas conditions (shown in units of mL/ min). Modeled HD flow rates were calculated using the H,—D, exchange model, eq 3, and the solver-optimized
values for v,g4,, AEad& ) Vdesy AEde& (b) Total coverage of H and D atoms during H,—D, exchange over the Pd,,Cus,, foil catalyst bed, calculated using

eq S and the solver-optimized values for v, 4, AE. 45", Vies AEdes .

In contrast to the coverage of H and D atoms on Pd during
H,—D, exchange (Figure 2b), the coverage of H and D atoms on
the Cu surface is nearly constant throughout the temperature
range of the H,—D, exchange reaction and is about one-tenth
the saturation coverage. The coverage of H and D atoms is low
because the activation barrier to H, adsorption on Cu is high
(AEadS =0.54 £ 0.06 eV), and as a result, the rate of adsorption
is low.
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The energetics of H, adsorption and desor};tlon on Cu has
been well characterized experimentally®**>* and theo-
retically”>**?%3%32 in the literature. Most of the reported values
for the H, adsorptlon barrier on Cu single crystals are in the
range AEadS =0.5t00.7eV.>* ¥ Our analysis indicates that the
actlvatlon barrier to H, adsorption on polycrystalline Cu foil is
AEadS = 0.54 £ 0.06 eV, which is in good agreement with the
literature. Although the value obtained from this work for the
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Figure 6. (a) Experimental (points) and modeled (lines) HD flow rates versus temperature exiting a Pd,,Cus; foil catalyst bed with a B2 crystal
structure and with a FCC crystal structure Modeled HD flow rates were calculated using the H,—D, exchange model, eq 3, and the solver-optimized
values for Vg4, AEadS ) Vdess AEdeS (b) Total coverage of Hand D atoms during H,—D, exchange over the B2 and FCC Pd,,Cus; foil catalyst beds. The
coverage was calculated using eq S and the solver-optimized values for v,4,, AEadf, Vdes AEde5 .

H, desorption barrier on Cu (AEdeS =0.6 + 0.7 eV) has a large
uncertainty, Campbell and Campbell reported a barrier to H,
desorption on Cu(110) of AEdes = 0.57 eV, which is similar to
our mean value.

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

The total coverage of H and D atoms during H, —D, exchange
over Pd,,Cuso was calculated using eq S and the solver-optimized
values for v, g4, AEC]es ) Vdesy and AEadS Figure 5b shows the total
coverage of H and D atoms during H, —D, exchange over PdCus
with the three different feed gas conditions. The evolution of the
total coverage on the Pd;oCu;g surface with increasing tempera-
ture resembles that of Pd (Figure 2) more closely than QJ;it does
that of Cu (Figure 4). Atlow temperature (~250 K), the Pd,,Cus
surface is nearly saturated with H and D 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.
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Diluting the H,/D, feed gas with Ar did not, however,
significantly reduce the rate of HD formation over the Pd,,Cus
foil catalyst bed (Figure Sa). This indicates that the rate of
H,—D, exchange over the Pd,,Cus foil catalyst was controlled
by the rate of H, desorption, which is independent of the H, and
D, partial pressures, rather than by the rate of H, adsorption. As a
result, there was a relatively high coverage of H and D atoms
during H,-D, exchange over Pd,,Cus, (Figure Sb). Microkinetic
analysis of H,—D, exchange over Pd,,Cu;, confirms desorption
limited exchange the barrier to H, adsorption on Pd,,Cus
(AEadS =0.09 £ 0.02 V) is small relative to the barrier to H,
desorption on Pd,,Cusg (AEdeS =0.52 £ 0.02 eV).

4.4. H,—D; Exchange over Pd4;Cuss. H,—D, exchange was
performed over both the B2 and FCC phases of the Pd,;Cus;
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 Pd,,Cus; foil catalyst beds with three different feed
gas conditions. The FCC crystal structure of the Pd,,Cus; alloy
is significantly more active for H,—D, exchange than the B2
crystal structure. The solver-optimized values of the parameters
that describe H,—D, exchange over B2 and FCC Pd,,Cus; are
summarized in Table 2. To our knowledge, these are the first
reported measurements of the barriers to H, adsorption and
desorption on B2 or FCC Pd,,Cusj; surfaces. By use of the solver-
optimized parameters, HD flow rates were calculated for the B2
and FCC phases of Pdy,;Cus; 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 H,—D,
exchange over B2 and FCC Pd,;Cus; are plotted in Figure 6b.
At low temperatures (~200 K), both the B2 and FCC Pd,;Cus;
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
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Figure 7. a) Comparison of the HD flow rates exiting Pd, Cu, PdoCus0, B2 Pd,;Cus;, and FCC Pd,,Cus; foil catalyst beds, each with a catalyst surface
area of ~19 cm” and 9 mL/min of H, and D, in the feed gas. (b) Parity plots illustrating the fits of the kinetic model for HD exchange (solid lines in
Figures 2a, 4a, Sa, 6a) to the experimental data for HD exchange (discrete data points in Figures 2a, 4a, Sa, 6a).

rapidly on the FCC phase of Pd,,Cus; due to the smaller activation
barrier to H, desorption on the FCC surface (AEdes =046 +
0.03 eV) than on the B2 surface (AEg., = 0.67 & 0.03 V).

Clearly, the crystal structure of Pd;;Cus; has a significant
impact on the kinetics of H,—D, exchange due to the differences
in the energetics of H, adsorption and desorption on the two
Pd,;Cus; phases. The activation barriers to H, adsorption on B2
Pd,;;Cuss (AEadS = 0.15 & 0.02 ¢V) and on FCC Pd4,Cus;
(AE,4.F = 0.00 £ 0.02 eV) are not large, and H, adsorption rates
on both surfaces were high. As a result, the rate of H,—D, exchange
over both the B2 and FCC Pd,;Cusj; surfaces was influenced more
by the rate of H, desorption than by the rate of adsorption.

The higher H,—D, exchange activity exhibited by the FCC
phase of Pdy,;Cus; is due to a Iower activation barrier to H,
desorption on FCC Pd47Cu53 (AEdes =0.46 £+ 0.03 eV) than on
B2 Pd,,Cus; (AE4." = 0.67 £ 0.03 €V). The fundamental
reason(s) for this difference are unclear.

4.5. Comparison of H,—D, Exchange over Pd, Cu,
Pd;oCusp, and Pd4;Cuss. A comparison of the HD flow rates
exiting the Pd, Cu, Pd;,Cusq, B2 Pd,;Cuss, and FCC Pd4,Cus;
catalyst beds, with 9 mL/min each of H, and D, in the feed gas, is
shown in Figure 7a. The H,—D, exchange activity of Cu is much
lower than that of Pd, Pd-4Cusg, and Pd,,Cus; (B2 and FCC),
and the PdCu alloys are more active for H,-D, exchange than Pd.

The differences in the H,—D, exchange activities of the
catalysts are due to the differences in the energetics of H,
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, S, 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
H, adsorption on 3-Pd-hydride, a-Pd-hydride, Cu, Pd,;Cus, B2
Pd4;Cus;, and FCC Pd4;Cus; is shown in Figure 8. Table 2
lists the parameters that descrlbe H, adsorption and desorption

(Vadsr AEads y Vdes AEdes ) and AEads) on ﬁ Pd- hYdrlde;
o-Pd-hydride, Cu, Pd;,Cuso, B2 Pd,,;Cuss, and FCC Pd,,Cuss.

Cu is the least active H,-D, exchange catalyst examined in this
study due to the large activation barrier to H, adsorption on Cu

0.6 ] H--H
0.4 -
0.2 "
s
= 0.0 |29 2H (ad
3 0 (ad)
2
w .02
N ~B-Pd-hydride
X Pd7,Cug,
0.4 4 fﬁFCC Pd,,Cugs
\————*BCC Pd,,Cug,
-0.6 - 0-Pd-hydride

Figure 8. Potential energy diagram of H, adsorption on Cu, -Pd-
hydride, a-Pd-hydride, Pd;oCus, B2 Pd4;Cuss, and FCC Pd,,Cus;.

(AE,qF =0.54 + 0.06 eV) In contrast, barriers to H, adsorptlon
on f3-Pd-hydride (AEads =03+0.1 eV), 0-Pd-hydride (AEads =
0.12 %+ 0.04 eV), Pd;oCusy (AE,q" = 0.09 £ 0.02 eV), B2
Pd,,Cus; (AE," = 0.15 + 0.02 eV), and FCC Pd,,Cus,
(AEadeF = 0.00 & 0.02 eV) are relatively small, and the rate of
H,—D, exchange over these catalysts is determined largely by
the rate of H, desorption (desorption-limited). FCC Pd,,Cus;
has the highest H,—D, exchange activity of the desorption-
limited catalysts because the activation barrier to H, desorption
on FCC Pd,,Cus; (AEg." = 046 & 0.03 eV) is the smallest.
As expected, the order of decreasing H,-D, exchange activity
of the desorption-limited catalysts (FCC Pd,,Cus; < Pd;oCusg <
B2 Pd,;Cus; < f-Pd-hydride < a-Pd-hydride) follows closely
the order of i 1ncreasmg activation barrier to H, desorptlon FCC
Pd,,Cuss (AEg.. =046 %+ 0.03 eV) <Pd;Clsg (ABge. =0.52+
0.02 eV) < fi-Pd-hydride (AEs. = 063 £ 0.03 eV) < B2
Pd,,Cus; (AE. = 0.67 & 0.03 eV) < a-Pd-hydride (AEz.. =
0.68 & 0.06 V).
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The H, adsorption energy of (AE,4) on @-Pd-hydride is the
lowest (most negative) of the catalysts, and therefore, H atoms
are the most stable on a-Pd-hydride. The order of increasing heat
of adsorption of H, (decreasing stability of H atoms) on the
catalysts is as follows: a.-Pd-hydride (AE 4, = —0.56 & 0.07 eV)
< B2 Pd,;Cus; (AE,q = —0.52 &+ 0.04 eV) < FCC Pd,,Cuss
(AE,4 = —0.46 % 0.03 eV) < PdyoCusp (AE,4 = —0.43 +
0.03 eV) < -Pd-hydride (AE,q, = —0.3 + 0.1 V) < Cu (AE, 4, =
0.0 0.7 eV). The heat of adsorption of H, on the PdCu alloys is
not much greater (less negative) than that on a-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 mechamcs methods. The pre-exponent for
H, desorption (Vge,) is ~10° mol/m?/s for all of the catalysts
examined in this study. This value compares well w1th statistical
mechanics estimates, which range from 10° to 10% mol/m?/s,
dependlng on assumptions about the mobility of the transition
state.*® For dissociative adsorptlon, experimental pre-exponents
are on the order of 10°° mol/m /s/Pa; statistical mechanics
analysis predicts 10> to 10~ %, asgam depending on assumptions
about transition state mobility.*

The results of this study are significant because it has been
shown that (1) the crystal structures of Pd (3-Pd-hydride and a-
Pd-hydride) and of Pd,,Cus; (B2 and FCC) have a significant
impact on the energetics of H, adsorption and desorption and
(2) although the H, dissociation activity of Cu is very low, Pd can
be alloyed with as much as ~50 mol % Cu without significantly
reducing H, dissociation rates.

5. CONCLUSIONS

The energetics of H, adsorption on Pd, Cu, Pd;,Cus, and
Pd,;Cus; were investigated by microkinetic analysis of H,—D,
exchange data acquired over fixed beds of diced single-compo-
nent and alloy foils. For both Pd phases (3-Pd-hydride and a.-Pd-
hydride) and both Pd,,Cus; phases (B2 and FCC) crystal
structure had a significant impact on the kinetics of H,—D,
exchange. The H,—D, exchange activity of FCC Pd,,Cus3 was
the highest of all the catalysts in this study and the H,—D,
exchange activity of the catalysts decreases in the following order:
FCC Pd,,Cus;z > Pd;oCuso > B2 Pd,,Cus; > -Pd-hydride > a-
Pd-hydride > Cu. The very low H,—D, exchange activity of the
Cu catalyst is due to the large activation barrier to H, adsorption
on Cu (AE,. = 0.54 £ 0.06 eV) Activation barriers to H,
adsorption on 3-Pd-hydride (AE,.* = 03 £ 0.1 eV) o-Pd-
hydride (AE,q4 = 0.12 £ 0.04 eV), Pd,(Cusq (AEadS =0.09 +
0.02 V), B2 Pd,,Cus; (AB,q. = 0.15 & 0.02 €V), and FCC
Pd,,Cus; (AE,4s =0.00 & 0.02 eV) are small relative to that for
Cu and the rate of H,-D, exchange over these catalysts was
determined largely by the rate of H,, D,, and HD desorption
(desorption-limited). The order of decreasing H,—D, exchange
activity in the desorption-limited catalysts is nearly the same as
the order of i 1ncreasmg activation barrier for H, desorptlon FCC
Pd,,Cugs (AE . =0.46 & 0.03 eV) < PdzCuso (AEsS =052+
0.02 eV) < [3-Pd-hydride (AEdeS = 0.63 £ 0.03 eV) < B2
Pd,,Cuss (AEdes =0.67 £ 0.03 V) < a-Pd-hydride (AEdeS =
0.68 & 0.06 eV). These results are significant for H, 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 H, adsorption.

Il APPENDIX: DERIVATION OF THE H,—D, EXCHANGE
KINETIC MODEL

The integral mass balance on HD is

Fip, o dF
/ e @THD 4 (A1)

0 THD

where dFyp is the differential HD flow rate, Fyyp oy is the HD
flow rate exiting the catalyst bed, A is the catalyst surface area, and
rap is the HD production rate. # The HD production rate, ryp, is
given by the microkinetic expression

rap = 2kaesOubp — kagsPup (1 — O — QD)Z (A2)

where kg is the HD desorption rate constant, Oy is the coverage
of H atoms, 0p is the coverage of D atoms, k,qs is the HD
adsorption rate constant, and Pyp is the HD partial pressure.
Because we are assuming that isotopic effects are negligible and
the partial pressures of H, and D, are equal for all experiments,
the coverages of H (6y) and D (0y;) atoms are each assumed to
be equal to one-half of the total coverage (0): 6y = 0 = (0/2).
Therefore, the microkinetic expression for the rate of HD
production is

o\ 2
rHp = 2Kdes (E) — kugsPrp (1 — 6) (A3)

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,

F HD
0 > kadsFHDPtotal(l - 0)2
rap = 2kdes | = | — (A4)
2 F total
where
Fiotal P
Fup = total ' HD
p total

and P, is the total pressure and F,, is the total flow rate.
Substituting the HD production rate, eq A4, into the integral
mass balance on HD, eq Al, gives

/FHD,om dFHD
0 ) (g) ? kugsFupPro(1 — 6)°

F, total

—A  (AS)

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

kac]sFtotaIG2 kadsPA(l - 0)2
=——5|l—ep| ———FF———
2k,4sP(1 — 0) Frotal

(A6)

FHD, out

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

% = 0 = 2k,asPy, (1 — O — Op)°

+ kadsPHD(l - GH - 0D)2 - ZkadsezH - 2kadseHeD

where Py is the H, 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: Oy = Op = (0/2). Therefore, the change in the
coverage of H atoms is given by

dg% =0= 2'kaclsPHZ(l - 6)2 + kadsPHD(l - 6)2 - kadsa2
Solving for 0 gives
ka S
Zk_dPHz,feed
0 = des (A7)

kads
1+ 2—P H,, feed
kdes

where Py fe.q is the partial pressure of H; in the feed gas, which is
related to Py, and Pyp by the stoichiometry of the reaction

Py, = Py, feed — EPHD

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 H,—D, exchange kinetic
model

_kads to alA
FHD,out == FHz,feed 1— exp p . 2
kads
Ftotal 1+ 2k_PHz,feed
des
(A8)
where
Ftota]PHz,feed
F Hy,feed — —
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