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Abstract: CO contaminants play a significant role in modifying the performance of proton exchange membrane fuel cells (PEMFC). Pt is
probably the most common catalyst being used today to absorb CO in the PEMFC, yet recent studies have shown that the use of Pd alloys
such as Pd-Cu can increase the fitel cell efficiency versus a pure Pt catalyst. In this work, we examine the adsorption of CO onto Pd.Cu,.,
(110) surfaces, with different values of x, in order to improve the CO tolerance. Understanding how molecules interact with such surfaces
is the first step in understanding catalytic reactions. The study here presented was done using CASTEP, a computational code based on the
plane-wave pseudopotential method of functional density theory. The surface structure of Pd,Cu,.(110) was optimized and then the state
density-functional, the repulsion energies and the chemisorption for CO on Pd.Cu;..(110) were calculated. The results indicate that chemi-
sorption energies of CO on Pd,Cu,., are highly dependent on the concentration x of the alloy. In addition, density of states analysis indicate
that the poisoning effect is partially due to the loss of Pd-Cu(d) electrons upon CO adsorption.
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1. INTRODUCTION gen dissociation and oxidation [5,6]. The net result is a diminished
efficiency of the cell. The poisoning effect is especially significant
at the relatively low temperatures at which PEMFCs operate [7].
Indeed, actual membrane- electrode assemblies (MEAs) cannot
tolerate such high CO levels at the current PEMFC stack operating
temperatures (around 80°C).

Although a great deal of effort has been put into the exploration
of cost-effective, active, and stable fuel cell catalysts, there have
not been yet any real breakthroughs. Exploring new catalysts,
improving catalyst activity and stability/durability, and reducing
catalyst cost are currently the major tasks in the development of a
cost efficient fuel cell technology. In the search for alternative
low-cost non-Pt catalysts, researchers have looked in diverse di-
rections, including supported platinum group metal (PGM) types

Proton exchange membrane fuel cells (PEMFCs), which convert
with great efficiency the chemical energy of a fuel directly into
electricity, are one of the key technologies for the generation of
clean and sustainable energy [1-3], a pressing need of the 21% cen-
tury. Still, some technological challenges are yet to be solved in
order to achieve complete commercialization. Among them, the
development of electrocatalysts tolerant to CO at levels of 50 ppm
(with a noble metal loading of 0.1 mg cm™ or less) is deemed to be
one of the most significant barriers that PEMFCs must overcome
[4]. Carbon monoxide, which commonly exists in fuel gas, has
long been recognized as a source of poison to Pt-based anodes,
widely used for their outstanding catalytic reactivity toward hydro-
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Figure 1. Typical PdCu bi-metal molecule on a FCC structure
constructed and geometry optimized.

[8,9,10] among others.

More specifically, Pd [11] or Ru [12] have been used as catalysts
for the preferential oxidation of CO at low temperature. The Ru
catalyst has exhibited high performance for preferential oxidation
of CO and long-term stability under a low O2/CO molar ratio.
However, as considerable amounts of precious metals are used in
the shift converter unit as well as in the CO preferential oxidation
unit, the use of Ru results in a higher cost. Moreover, this compli-
cated system containing a CO removal unit reduces both efficiency
and reliability.

In this work, we study Pd,Cu,_, binary alloy surfaces in order to
find an anode less expensive than pure Pt for polymer electrolyte
membrane fuel cells (PEMFC), while minimizing the poisoning by
CO in the catalyst. As there is information that leads us to believe
that the replacement of Pt by Pd would decrease the cost by a factor
of 5 [13, 14], we have explored possible alloys [15, 16] of Pd that
might lead to higher performance.

Most theoretical studies on the effect of CO poisoning on the
catalyst use clusters of atoms to simulate the catalyst surface, and
do not take into account its crystal structure. In this work, we use
alternative method. First, we built a bulk alloy of Pd-Cu with fcc
structure, and a modeled compositional disorder within the crystal.
Disorder was described in terms of a hybrid atom (pseudo-atom)
put in atomic sites of the crystal lattice, in what is called a mixture
atom description. The x concentration was then used to simulate the
case where one atomic site is randomly occupied by two or more
different types of atom. In the case of the alloy Pd,Cu,.,, x repre-
sents the probability that the site studied is occupied by the atom
Pd. This method allows the creation of mixtures of different ele-
ments, leading to a mixture of Pd and Cu properties.

Experimentally, Pope, Griffiths and Norton [17] have studied the
catalyst surface structures. They formed the alloy structures by the
deposition of 0—4 monolayers (ML) of Pd on Cu(100) at 300 K. c¢(2
x 2) surface alloy and p4g interfacial alloy structures are seen at 0.5
and 1.0 ML Pd coverages, respectively. Pope results showed that
valence band spectra resemble those of dilute Pd-Cu bulk alloys

Figure 2. Typical CO molecule into a CC structure constructed and
geometry optimized.

below 0.5 ML Pd coverage. At higher coverages they become in-
creasingly Pd-like. The Pd (Cu) core level binding energies in-
crease (decrease) in the alloys. CO chemisorption on Pd sites is
weakened relative to Pd(100), but the desorption temperature of
CO from Cu does not change. For CO adsorption on Cu(100) they
showed that the sticking coefficient decreases significantly with
CO coverage, even below 0.5 ML. The additional CO adsorbed on
formation of the compressed overlayer fills a low-temperature de-
sorption state.

In the present theoretical study it is shown that the chemisorption
energies of CO on Pd,Cu, are highly depend on the concentration
of the alloy, and that the catalyst poisoning arises from the loss of
Pd(Cu,; 4 (d) electrons upon CO adsorption. From now on we are
going to use PdyCu,.as the Pd;ggy.,Cu, notation in a discretional
way.

2. METHODOLOGY AND COMPUTATIONAL
DETAILS

Our goal was to construct a theoretical bi-metal Pd;ggy.,Cuy
molecule interacting with carbon monoxide gas-molecules. In order
to qualify catalytic poisoning on copper palladium metal to that gas
we constructed Pd;ggy-yCuy (110) theoretical surfaces as well as the
correspondent (1 x 1) and (2 x 1) surfaces. The y-value ranged
from 0% to 10% of copper metal considering 2% variation concen-
trations. To construct the disordered alloy we used the virtual crys-
tal approximation [18] of the mixture atom description. The quan-
tum mechanical calculations described here are based on density
functional theory (DFT) [19-24]. The gradient-based BFGS mini-
mization [25] algorithm was used for the task of optimizing the
geometry.

The surface calculations were realized using CASTEP of Materi-
als Studio [19], starting from the optimized structure from the
Pd,Cu ;.. bulk part. Next, we cleaved the bulk in order to obtain the
surface (110), thus opening a new 2D periodic surface. After that a
vacuum slab was built. Then, the structure was changed from 2D to
3D periodic, and a vacuum was added above the atoms to input the
system anew in CASTEP.
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Figure 3. Typical PdCu (110) surface in a crystalline structure,
geometry optimized in the absence of CO.
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Figure 4. Left: Typical (1 x 1) CO on PdCu (110) surface in a
crystalline structure with optimized geometry. Right: (2 x 1) CO
on PdCu (110) surface in a crystalline structure with optimized
geometry.

The BFGS scheme uses a starting Hessian which is recursively
updated during optimization. The CASTEP implementation in-
volves a Hessian in the mixed space of internal and cell degrees of
freedom, so that both lattice parameters and atomic coordinates can
be optimized. For exchange-correlation effects, we used the
“generalized gradient approximation” in the form suggested by
Perdew, Burke and Ernzerhof, GGA-PBE [26, 27].

To build and optimize every Pd,ggy.,Cu, bi-metal bulk and the
carbon monoxide molecules we used primitive cell optimization
and an energy optimization of the geometry. Fig. 1 shows this first
step in a face centered cell (FCC).

In order to carry out the geometry optimization of the CO mole-
cules we had to insert them into a simple cubic crystal (CC) lattice.
With the use of the modeling software, a C-O bond length value of
1.1539 A was found for the CO molecule, similar to the 1.12 A
experimental value found in literature (Fig. 2).

The next step was to build PdjooyyCuy (110) surfaces. The
Pd;00%-yCuy (110) surfaces were relaxed and optimized selecting a
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Figure 5. Density of states of CO molecule into crystal.

k-points parameters field as 3x4x1 in order to calculate the Density
of States (DOS) for these systems (Fig. 3).

After that, CO molecules where added to the Pd;ggy.,Cuy (110)
surfaces and geometry was again optimized. These surfaces al-
lowed us to get the (1 x 1) CO on Pd;ggy-,Cuy (110) and the (2 x 1)
CO on Pd;gy.yCuy (110) surfaces. The energies and the density of
states (DOS) of each of the crystalline structures was then analyzed
after yet another optimization of geometry (Fig. 4[left] and Fig.
4[right]).

A supercell modeling software tool was used to change from the
1 x 1 to the 2 x 1 Pdjggy-,Cuy (110) surfaces. For this structure the
k-points parameters had to be modified to 2x3x1 on the geometry
optimization analysis. Chemisorption and repulsion energies were
calculated using the previously described results.

The average chemisorption energy of CO on Pd-Cu(110) binary
alloy surfaces was evaluated using the following equation:

AEchem = O'SE(le)decm,X(l 10) — EPdXCu],X(l 10) — Ecom,e,v,,,ﬁ (1)
While for the repulsion energy we considered:

AErep = O'SE(ZXI)PdXCu,,X(l 10) EPdXCu],X (110) (2)

At last we examined the changes in the density of states (DOS,)
which gave us an insight into the bonding mechanism of CO on
Pd|00%_ycuy (1 10)

3. RESULTS AND DISCUSSION

The effect of poisoning on various catalyst structures has been
object of a wide range of theoretical studies, using both empirical
and first-principle methods. Most of these consider clusters of at-
oms of a candidate catalyst for CO adsorption. Four possible ad-
sorption modes have been investigated: the on-top site (O), the 2-
fold edge (E), the 3-fold hollow site (H), and the side-on configura-
tion on the edge (L). In these studies the H and L modes were
found to be unstable upon full geometry optimizations. In both
cases, the CO molecule migrates to the on-top site [28]. In the pre-
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Figure 6. a)[left] PdyoCug(110) (2x1) surface interacting with CO molecules, a)[right] and Pd,¢Cu;(110) (2x1) surface density of states
respectively. b)[left] Pdy¢,Cugs(110) (2x1) surface interacting with CO molecules, b)[right] Pdy¢,Cugs(110) (2x1) surface density of
states respectively. c¢)[left] Pdoo4Cugs(110) (2x1) surface interacting with CO molecules, c)[right] Pdg¢4Cus(110) (2x1) surface density
of states respectively. d)[left] Pdy¢sCugo4(110) (2x1) surface interacting with CO molecules, d)[right] Pd¢sCug04(110) (2x1) surface den-
sity of states respectively. e)[left] PdyosCug2(110) (2x1) surface interacting with CO molecules, e)[right] PdgesCug2(110) (2x1) surface
density of states respectively. f)[left] Pd, ¢(110) (2x1) surface interacting with CO molecules, f)[right] Pd, ¢(110) (2x1) surface density of

states respectively.

sent study, we attempt to model the chemistry of CO-poisoning on
catalyst by means of interactions between CO with surfaces of
Pd,Cu;(110). The coverage of CO used in these calculations was
of 0.50 ML. The binary alloy surface provides a useful representa-
tion of the active on-top site, deemed to be essential in many realis-
tic catalytic reactions. The CO molecules were placed on the on-top
sites on surfaces of Pd,Cu,_(110), as shown in Fig. 4. The surfaces
structure of Pd,Cu;,(110) remains nearly intact upon structural
relaxation.

Fig. 5 displays the calculated projected density of states (PDOS)
of the CO-molecule, while Fig. 6 shows the bare Pd,Cu;,(110)
surfaces and the CO-poisoned Pd,Cu,,(110) surfaces, with x=1.0,
0.98, 0.96, 0.94, 0.92, 0.90. The band structure of isolated CO pre-
sents four bands below the Fermi level: three bands filled with s-
and p-electrons, centered on the energies 0, -5.0 ¢V and -20 eV,
and a p-band, which is centered on the energy -2.5 eV. For x=0.98,

Table 1. Energies of chemisorption and repulsion in function of
the Cu concentration

Chemisorption energy Repulsion energy

Pd,Cu, alloys

(eV) (eV)
x=0.90 0.061 -0.079
x=0.92 -0.305 -0.163
x=0.94 -0.807 -0.326
x=0.96 -1.202 -0.450
x=0.98 -1.313 -0.053
x=1.00 -1.627 -0.064

0.96 and 0.94 (Fig. 6[c-¢], the band structure of (2x1) Pd,Cu;
(110) has, in the absence of CO, a single-band below the Fermi
level, which is occupied by d-, s-, p-electrons. As the Cu concentra-
tion increases, the bands of the Pd-Cu surface are elevated, still in
the absence of CO, from 27 electrons/eV to 55 electrons/eV. These
bands are filled mostly with d-electrons. In these figures we see
that the occupied lowest energy in this band increases from -3.5 eV
to -1.8 eV as the concentration x decreases. This means that Cu
transfers more d-electrons to the band of the alloy, and as a side
effect the band is shifted to energies near the Fermi level, so that at
greater Cu concentrations the alloy will have it easier to transfer
electrons to the band structure of CO, thereby reducing chemisorp-
tion energy (see table 1).

Experimental results indicate that at low coverage of CO (0.5
ML), CO prefers to bind to top sites while our DFT calculations
consistently predict that CO prefers adsorption at hollow sites,
however, the results showed in table 1 indicated that the energies of
chemisorptions and repulsion, for coverage of CO used in these
calculations (0.5 ML), are in good agreement with experimental
results. The discrepancy is generally attributed to the overestima-
tion of the HOMO-LUMO gap of CO [17]. A number of theoretical
methods have been proposed to correct this problem. Only very
few theoretical studies have investigated the CO adsorption at high
coverage.

Figures 5 through 7 indicate that in the presence of CO, the d-
bands of (2x1) PdxCul-x (110) below the Fermi level are en-
hanced, with CO loading on the binary alloy as the CO(o) orbital
donates electrons to the d-band. It is noted that, for concentrations
of 0.98, 0.96 and 0.94, three additional bands of s-, p- and d-
orbitals are formed below the Fermi level. While at concentrations
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Figure 7. Behavior of the energies of chemisorption and repulsion
(eV) of the CO molecule on the surface (110) of the Pd,Cu, 4 alloy
in function concentration of Cu.

0f 0.92 and 0.90 a fourth band of s-electrons is formed below the
Fermi level. These results indicate that as the copper concentration
increases, the s electrons of the first band and the p and d electrons
of the third band move into an additional band centered around -4.5
eV.

As copper concentration increases, s- and p-electrons of the
bands of CO and d-electrons of Pd-Cu band, nearest to the Fermi
level, begin to form an additional band, which is centered around of
-4.9 eV for x=0.92, and -3.5 eV for x=0.90. This mechanism also
makes some of the d electrons available for exchange between CO
and Pd-Cu, thereby reducing energy chemisorption. In parallel, the
n*-bands of CO molecules move downward roughly upon receiv-
ing back-donation of d-electrons from the Pd,Cu,_(110) surfaces.

Fig. 7 shows the behavior of the energies of chemisorption and
repulsion of the CO molecule on the surface (110) of the Pd,Cu;
alloy. We observe that, as the concentration of Cu increases, the
CO molecule binds to the surface with less intensity. This observa-
tion indicates that the increase of small amounts of Cu helps to
reduce the effect of CO poisoning, which is in good agreement with
some experimental data [29, 30].

Otherwise, based on the Hirshfeld charge analysis [31], the
mechanism can be interpreted as that electron flow from Pd,Cu;
(d) to CO w*-orbitals dominates the binding process and the surface
(110) of the Pd-Cu alloy acts as an electron donor. The calculated
electron loss per CO decreases monotonically as the Cu concentra-
tion increases. The electron back-donation from the d-band of the
Pd-Cu alloy to the antibonding m*-orbital of CO gives rise to a
looser C-O bond and consequently the C-O bond length is elon-
gated.

4. CONCLUSIONS

Catalyst poisoning by CO has been long recognized as one of the
major obstacles to the progress and commercialization of the PEM
fuel cells. In this work, we investigated part of the catalytic proc-
esses of poisoning of Pd,Cu,;(110) by CO by employing calcula-
tions based on density functional theory. Our results indicate that

increasing amounts of Cu help to reduce the effect of CO poison-
ing, in good agreement with some experimental data.

In order to find the mechanism of poisoning it was necessary to
obtain the density of the energy states of the Pd-Cu (110) surfaces
with and without CO molecules. The mechanism can be interpreted
as a result an electron flow from Pd,Cu;,(d) to CO w*-orbitals
dominating the binding process, the surface (110) of the Pd-Cu
alloy acting as an electron donor. The calculated electron loss per
CO decreases monotonically as the Cu concentration increases. The
loss of Pd,Cu,;(110)(d) electrons as well as the physically blocked
binding sites upon CO poisoning leads to a performance degrada-
tion of the Pd-Cu catalyst.
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