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CO Adsorption on a LaNis; Hydrogen Storage Alloy
Surface: A Theoretical Investigation

Song Han,” Xin-Bo Zhang,” Si-Qi Shi,”“ Masanori Kohyama,” Hideaki Tanaka,”
Nobuhiro Kuriyama,” Naoki Taoka,” Teruo Kaneko,® and Qiang Xu*®

Density functional theory calculations are carried out to study CO
adsorption on the (001) surface of a LaNis; hydrogen storage
alloy. At low coverages, CO favors adsorption on Ni—Ni bridge
sites. With an increase in CO coverage, the decrease in the ad-
sorption energy is much larger for Ni—-Ni—CO bridge adsorption

1. Introduction

With greenhouse gas emissions affecting political and environ-
mental climates, the need for alternative fuels has become
abundantly clear."? Hydrogen, as an ideal energy carrier, is of
great interest to meet the challenges of environmental pollu-
tion and the pending energy crisis.”) On the way to a hydro-
gen-energy society, a safe, effective, and low-cost hydrogen-
storage system is crucial.’ Among different hydrogen storage
systems, hydrogen storage alloys are important and have been
widely used.®® Extensive experimental work has been done
on their structures and properties, and theoretical calculations
based on DFT have made important contributions to the un-
derstanding of their structures and stabilities.” For practical
applications, hydrogen storage alloys must resist deterioration
due to unavoidable impurities, such as carbon monoxide, pres-
ent in hydrogen produced by steam reforming."”

Work on the hydrogen absorbing—desorbing cycle durability
by using H, with 300 ppm O,, H,O or CO has revealed that the
presence of CO has the severest effect on hydrogen storage
ability."" Systematic investigations on the cyclic durability of
Ca-Mg-Ni and Ti-V alloys with pure H, and with CO-contami-
nated H, indicate that the hydrogen storage capacities of the
alloys decrease seriously with increasing CO concentration. Sur-
prisingly, though, the crystal structures of bulk alloys before
and after absorbing-desorbing cycles remain almost un-
changed.'*™ |s the devitalization of alloy surfaces responsible
for the deterioration of their hydrogen storage ability? It is im-
portant to shed light on the degradation mechanism of the
alloys.

Although there have been a number of reports on CO ad-
sorption on pure metal surfaces,™'® less is known about CO
adsorption on alloy surfaces."*?" Herein, we investigate CO ad-
sorption on the surface of a LaNis hydrogen storage alloy with
DFT.
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than that for Ni—CO on-top adsorption. Thus, the latter sites in
the relatively stable adsorption structure are preferentially utilized
at high CO coverages. The nature of the bonding between CO
and the LaNis (001) surface is analyzed in detail.

Computational Methods

First-principle calculations were performed within the framework
of DFT using a basis set consisting of plane waves, as implemented
in the Vienna ab initio simulation package (VASP).?>** The elec-
tron—ion interactions were described by projector-augmented
wave (PAW)*? pseudopotentials and the electron exchange and
correlation energies were calculated with the Perdew and Wang
(PW91)” formulation of the generalized gradient approximation.

A five-layer slab, separated by a vacuum layer of 14 A, was used to
model the LaNis;(001) surface. In order to ensure accuracy, all the
atom layers were fully relaxed. Brillouin zone sampling was done
on Monkhorst-Pack special points.”™ The plane-wave energy cutoff
was set to 700 and 800 eV for geometry optimizations and static
energy calculations, respectively. The k-point mesh was (6x6X6),
(6x6x1) and (2x2x1) in the bulk LaNis, p(1x1) and p(2x2) cells,
respectively. The Fermi level was smeared with a width of 0.2 eV
by the Gaussian method.” This set of parameters assures a total
energy convergence of 0.002 eV per atom. In the structural search,
all the atoms were relaxed simultaneously. The search was stopped
when forces on all atoms were less than 0.02 eVA~'. The conver-
gence of the total energy with respect to the k-point meshes was
also tested by increasing the k-point meshes from (6x6x6) to (8 x
8x8) for bulk LaNi;. The change in total energy was only 0.002 eV,
which is negligible, and no changes in structural parameters were
found. The CO coverage (0) is defined as the number of adsorbed
CO molecules over the number of the atoms of the first layer. For
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example, one CO molecule on a p(1x1) surface corresponds to a
coverage of 1/3 of a monolayer (ML) and one CO on p(2x2) to a
coverage of 1/12 ML. The adsorption energy®” per CO molecule is
defined as E,q={E(slab/nCO)—[E(slab) 4+ E(nCO)1}/n, where E(slab/
nCO) is the energy of the surface with adsorbed CO molecules,
E(slab) that of the bare surface, E(nCO) that of gas phase CO and n
the number of adsorbed CO molecules. Thus, the more negative
the energy, the stronger the adsorption. Our calculations yield
LaNis lattice constants of 5.022 A (a) and 3.978 A (c), which agree
with the experimental values of 5.017 A (a) and 3.982 A (). The
calculated C—O bond length of gas phase is 1.144 A, which is very
close to the experimental length of 1.128 A.®"

2. Results and Discussion
2.1. Clean LaNis (001) Surface

It is well-known that LaNi; alloys pulverize along the (001) sur-
face during absorption/desorption cycles. Thus, for the theoret-
ical calculations, we assume that the (001) surface is the mode
surface. As shown in Figure 1, the LaNi; (001) surface is an ideal

Figure 1. Top and side views of the LaNis(001) surface. a) Two on-top (I and
1), two bridge (lll and IV) and one hollow (V) sites for CO adsorption on the
p (2x2) surface; b) side view of the p(1x1) slab; c) side view of the p (2x2)
slab.

flat surface with 12 atoms (4 La and 8 Ni atoms) per p(2x2)
unit cell. The relaxation of our five-layer slab is tabulated in
Table 1, where d;, denotes spacing between the iy, and kg,
atom layer, and d, the bulk LaNis spacing. The results show
that the first and second layers shift outward and inward, re-

Table 1. Relaxation of the LaNis (001) surface. d, is spacing between the
i, and ky, atom layers.

dy Spacing after relaxation [A] Relaxation percentage [%]®
dy, 2.0570 +34%
ds, 1.9809 —0.4%
s 1.9809 —0.4%

[a] Calculated as (d,-d\)/dy; d, denotes the bulk LaNis spacing of 1.9893 A.
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spectively. Moreover, changes in the topmost interlayer spac-
ing and the second interlayer spacing are all much lower than
4.0% and 1.0%, respectively, indicating that the bulk feature is
recovered in the second layer. This indicates that the present
slab thickness seems to be enough.

2.2, CO Adsorption States on the LaNi;(001) Surface

The first-principle calculation method is employed to clarify
the adsorption states of CO on the LaNi;(001) surface. To fully
investigate the CO adsorption on the surface at any coverage,
end-on adsorptions are considered for all the possible sites,
namely two on-top sites (I, Il), two bridge sites (lll, IV) and one
hollow site (V), as indicated in Figure 1. Side-on adsorptions
are considered for the bridge and hollow sites. Interestingly,
after full relaxation, all the side-on adsorption configurations
are energetically unstable at any coverage. Thus, we only dis-
cuss the relatively stable end-on adsorption configurations
shown in Figure 2.

2.2.1. Low CO Coverages (6=1/12 and 1/6 ML)

The CO adsorption on the LaNis(001) surface is studied at low
coverages of 1/12 and 1/6 ML. Three energetically stable ad-
sorption sites are found for each case, namely the on-top and
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Figure 2. Schematic views of the configurations of CO adsorption on the
(001) surface of the LaNis hydrogen storage alloy.
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Table 2. Structural and ti ties of CO adsorbed on the p(2x2) LaNis (001) surf 1984 (on-top) and 1.931 eV
able 2. ructural ana energetic properties o adsorbed on the alNI surface. . .
getic prop P g (bridge). The C—O distances also
Configuration™ 0 [ML] Site Eags [€V] de_o [A] de_w [A] do_w [A] decrease, from 1.177 A (on-top)
a 112 La—CO on-top 0.462 1.149 2.760 - and 1.203A (bridge) to 1.175
b 1/12 Ni—CO on-top 2.066 1.179 1.734 - (on-top) and 1.196 A (bridge),
C 1/12 Ni—Ni—CO brldge 2.180 1.205 1.885 1.885 Suggest|ng that the adsorption
d 1/6 Ni—CO on-top—1 1.991 1177 1.736 - .
e 1/6 Ni—CO on-top—2 1.989 1.177 1.734 B stre.ngths of CO decrease Wlt_h
f 16 Ni—Ni—CO bridge 1.933 1203 1910 1.910 an increase in CO coverage. This
g 1/3 Ni—CO on-top 1.984 1.175 1.735 - trend is further confirmed by
h 1/3 Ni—Ni—CO bridge 1.931 1.196 1.905 1.905 the adsorption energies and C—
i 23 Ni—CO on-top 1.815 1.168 1.746 - .
j 23 Ni—Ni—CO bridge 1.499 1.183 1.923 1.923 o d'Stan.ceS at ,a o coverage. of
k 1 La—CO/Ni—CO 1.258 1.137(La) 3.148 - 2/3 ML (i and j). The adsorption
1.173(Ni) 1.735 - energy at the Ni—Ni bridge site
[a] Corresponding to sequence numbering in Figure 2. (1499 eV) is much lower than

bridge sites shown in Figures 2a-f. Their bond parameters and
adsorption energies are given in Table 2.

Configuration a) corresponds to CO on-top adsorption on
the La atom. The C—O distance is 1.149 A, which is very close
to that of gas phase CO (1.128 A). Moreover, based on its low
adsorption energy (0.462 eV) and the long distance between C
and La (2.760 A), we can reasonably conclude that CO is
weakly adsorbed on the La atom.

In the case of configuration b), CO is adsorbed on the Ni on-
top site. The C—O and C—Ni distances are 1.179 and 1.734 A,
respectively, which are very similar to those on pure Ni surfa-
ces.'®3 The adsorption energy is 2.066 eV, which is much
higher than that of configuration a).

In configuration c), CO is adsorbed on the bridge site of two
Ni atoms. The C—O distance is 1.205 A, which is longer than
those of the La on-top (1.149 A) and Ni on-top (1.179 A) ad-
sorptions. Its adsorption energy is 2.180 eV, which is the high-
est among the three cases. Thus, at low coverage, CO preferen-
tially adsorbs on the bridge site of the two Ni atoms. This ob-
servation is consistent with previously obtained experimental
and theoretical results for CO adsorption on pure Ni surfa-
ces.'®

At a coverage of 1/6 ML, after full relaxation, we finally
obtain three stable adsorption configurations (d-f). Among
them, two are Ni on-top adsorptions (d and e) and the other is
a Ni—Ni bridge-site adsorption (f). The bond parameters and
adsorption energies of d) and e) are very close to each other,
as listed in Table 2. Interestingly, upon increasing the CO cover-
age from 1/12 to 1/6 ML, the adsorption energies decrease
from 2.066 (on-top) and 2.180 eV (bridge) to 1.991 (on-top)
and 1.933 eV (bridge), accompanied by a decease in the C—O
distances from 1.179 (on-top) and 1.205 A (bridge) to 1.177
(on-top) and 1.203 A (bridge), respectively.

2.2.2. High CO Coverages (0=1/3, 2/3, and 1 ML)

At a CO coverage of 1/3 ML, we obtain only two stable config-
urations (g and h), as shown in Figure 2 and Table 2. Upon in-
creasing the CO coverage from 1/6 to 1/3 ML, the adsorption
energies decrease from 1.991 (on-top) and 1.933 eV (bridge) to
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that at the Ni on-top site
(1.815 eV), indicating that CO is
ready to be adsorbed at the Ni
on-top sites at a coverage of 2/3 ML.

At a coverage of 1 ML, the CO molecules are adsorbed on
on-top sites of all the La and Ni atoms. The distance between
the C and La atoms is 3.148 A, which is very close to the sum
of their van der Waals radii (C: 1.7 A and La: 1.95 A). Moreover,
the C—O distance at the La site is 1.137 A, which is close to
that of gas phase CO. It is suggested that the CO adsorption is
very weak at the La site, and that CO adsorption at 1 ML is not
stable.

The CO coverage dependence of the adsorption energies of
CO on the Ni sites of the (001) surface of the LaNis; hydrogen
storage alloy is given in Figure 3. With an increase in CO cover-

2.5q
—a—0On-top
v —v— Bridge
2.0
=
S
5
1.5 v
1.0

0.0 01 02 03 04 05 06 07
6/ ML

Figure 3. CO coverage dependence of the adsorption energies of CO on the
Ni sites of (001) surface of the LaNis hydrogen storage alloy.

age, the CO adsorption strength decreases. Most importantly,
the Ni—Ni—CO bridge adsorptions are more stable than the on-
top adsorptions at low CO coverages. On the other hand, at
high CO coverages the on-top adsorptions become more
stable than the Ni-Ni—CO bridge adsorptions.

2.3. Electronic Structure and Density of States

In order to investigate the nature of the bonding between CO
and the LaNis(001) surface, the partial density of states (PDOS)
for the three adsorption configurations (a, b and c) of the ad-
sorbed CO and the surface metal atoms directly beneath the
CO is analyzed at a coverage of 1/12 ML (Figures 4, 6 and 8).
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Figure 4. The PDOSs of CO on-top adsorption on a La atom of the LaNis
(001) surface (0=1/12 ML). E; is referenced as zero.

The PDOS for free CO [a CO molecule located at 7 A above the
LaNis(001) surface] and the clean surface metal atoms have
also been calculated for comparison. The Fermi level lies at
0eV and is marked by a solid vertical line. For free CO, the
peaks from left to right represent the occupied 30 (—25.8 eV),
40 (—10.6 V), 1t (—8.3 eV), 50 (—5.6 eV), and unoccupied 27
(+1.8 eV) derived states, respectively, which are consistent
with reported results.®® The absence of PDOS peaks of the
LaNis; side in the energy range around the 30 level indicates
that the 30 molecular orbital is not involved in bonding with
the LaNis surface in any case. Thus, the upward shifts of the 30
level upon progressing from

free CO to the adsorption sys-

ARTICLES

Table 3. The effect of CO bond length on the upward offset of 3c.

dec_o [A] Total offset Offset from bond Percentage
[eV] length [eV] [%]

1.120 (free) 0.0 0.00 0

1.149 (La on-top) 0.6 0.17 28

1.179(Ni on-top) 20 0.70 35

1.205(Ni—Ni bridge) 2.8 1.00 36

The overall electron transfer from the surface metal to the CO
molecule or the dipole-like interfacial electronic distribution
should contribute significantly to the upward shift of the elec-
trostatic potential of electrons in the molecule.

On the other hand, changes in the other CO levels upon
progressing from free CO to the adsorption systems seem to
contain the effects of orbital mixing (hybridization) in addition
to the effects of bond-length changes and electrostatic shifts.
Table 4 lists the changes in the energy of each level relative to
the 30 level in each adsorption system. All the distances are
similar to those of free CO in the La—CO on-top configuration,
while the situations of the Ni—CO on-top and Ni—Ni—CO bridge
adsorptions are quite different. The relative lowering is signifi-
cant for the 50 and 40 levels of the latter two systems, which
indicates that orbital mixing effects are significant for these
levels in these two systems.

Regarding the La—CO on-top adsorption (Figure 4), the rela-
tive positions of the peaks are almost the same as those of the

Table 4. The offset of other peaks of CO relative to 30 (as benchmark).
Site Ao [€V] Avr s, [€V] Asy_3, [€V]
Free CO 15.24 17.47 20.26
La—CO on-top 15.01 17.55 19.24
Ni—CO on-top 13.97 17.01 16.62
Ni—Ni—CO bridge 12.98 16.47 15.92

tems may be caused by the var-
iation in the CO bond length
and/or the electrostatic poten-
tial shift due to the charge
transfer or dipole at the CO/sub-

strate interface. The effect of the

bond length is confirmed by
static energy calculations of or-
bital shifts of a single CO mole-
cule with the same bond length
change as each adsorption

system (Table 3). The longer the
bond stretching, the larger the
upward shift of the 30 orbital of
CO. However, it is clear that the
full extent of the shifts cannot

be explained solely by bond
stretching, and that electrostatic

effects are important as well.  (k-o) chemisorption systems.
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Figure 5. Charge density contour plots of some quantum states from the CO/La (a—e), CO/Ni (f-j), and CO/Ni—Ni
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corresponding peaks of free CO. With the exception of the or-
bital interactions of the 3dz? orbital of the La atom with the 50
and the partially occupied 2t* orbitals of CO, there is no inter-
action among other orbitals, indicating a weak adsorption. This
observation is in agreement with the poor electron transfer be-
tween CO and La (Figures 5a-e).

In the case of Ni—CO on-top adsorption (Figure 6), there is
no interaction between the CO 30 orbital and the Ni orbitals
due to the huge energy differences between them, in addition

8 ; ; . T T
Ni-CO on-top 1/12 ML —*
C-ad — R
4 ads & »
30 40 Scrl 2 %
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Figure 6. The PDOSs of CO on-top adsorption on a Ni atom of the LaNis
(001) surface (0=1/12 ML). E; is referenced as zero.

to the compactness of the 36 CO wavefunction. On the other
hand, the 40, 50 and 1x orbitals of CO have much stronger in-
teractions with those of the Ni atoms because of the substan-
tial overlap from both the energy and the spatial viewpoints
(Figure 5g-j). Due to its largest downward shift, the 50 orbital
of CO is mainly responsible for the interactions between CO
and the substrate. It should be noted that the peak for the 2m*
orbitals, sitting above the Fermi energy level for free CO,
become much broader and spread across the Fermi level, indi-
cating that the 2m* orbitals are partially occupied when ad-
sorbed to the surface Ni atoms. This weakens the CO bond.
The increase in CO bond length from 1.127 (before bonding)
to 1.179 A (after bonding) supports this finding. This should
also be involved in the interfacial charge transfer (dipole-like
distribution, Figure 7b). There is no orbital hybrid between ¢
(s-p,) and = (p,—p,), indicating that the axis symmetry of CO is
kept unchanged during CO adsorption.

Figure 8 shows the PDOS of the CO adsorption on the Ni—Ni
bridge site. Except for the lowest 3o orbital, the other orbitals
obviously overlap with those of the Ni atoms. Compared to
the Ni on-top adsorption, the shifts of the orbitals are much
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Figure 7. Charge redistribution and electron-transfer profiles on planes
through a) C, O and La atoms for the La on-top adsorption configuration,

b) C, O and Ni atoms for the Ni on-top adsorption configuration, and c) C, O
and Ni atoms for the Ni—Ni bridge adsorption configuration. Contours of the
different charge densities are plotted from —0.6 to 0.2 e A* with a spacing of
0.013 e A3, Positive contours (—) denote charge accumulation and nega-
tive contours (seee- ) indicate charge depletion.

larger, as listed in Tables 3 and 4, indicating a stronger interac-
tion between CO and the surface Ni atoms. Moreover, the
larger intensity of the 2m* orbital (p,-p,) of O suggests that
more electron density exists in the 2x* anti-bonding orbital,
which would further destabilize the C—O bond. This would
result in a much longer C—O bond length (1.205 A) and more
significant charge transfer (or dipole-like distribution) at the in-
terface (Figure 7c). Regarding the symmetry, except for the 50
(s-p,) and 1m (p,—p,) molecular orbitals, the axis symmetry is
kept unchanged during CO adsorption. The bridge configura-
tion is of high symmetry and CO is adsorbed with the carbon
atom toward the surface.

ChemPhysChem 2008, 9, 1564 - 1569
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Figure 8. The PDOSs of CO bridge adsorption on two Ni atoms of the LaNi;
(001) surface (0=1/12 ML). E; is referenced as zero.

To get a thorough insight into the chemical bonding, we ex-
amine the charge redistribution by subtracting the superposed
charge density of the C and O atoms and the substrate with
the same spatial coordinates as in the slab from the total
charge density of the slab. Figures 7a-c shows the spatial and
linear redistribution on the planes through the C and O atoms
and the surface metal atoms for the La on-top, Ni on-top and
Ni—Ni bridge CO adsorption, respectively. (——) denotes
charge accumulation and (-++++) charge depletion. It can clearly
be seen that the interfacial electron transfer is not so signifi-
cant in La—CO on-top adsorption (Figure 7a), indicating that
the interaction between CO and the La atoms is very weak.
This is also confirmed by the small adsorption energy
(0.462 eV). On the other hand, there are significant interfacial
charge transfer or redistribution during the CO adsorptions on
Ni on-top (Figure 7b) and Ni—Ni bridge (Figure 7 ¢) sites, which
should be the direct origin of the large rigid shifts of the levels
as listed in Table 3 in addition to the bond-length effects.

3. Conclusions

We have investigated CO adsorption on the LaNi; (001) surface
with DFT. At low coverages (1/12 ML), the most favored ad-
sorption is at the Ni—Ni bridge site. With an increase in CO cov-
erage, the decrease of the adsorption energy is much larger
for the Ni—Ni—CO bridge adsorption than that for the Ni—CO
on-top adsorption, and thus the latter only occurs in the rela-
tively stable adsorption structure at high CO coverages (1/3,
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2/3, and 1 ML). The results of the CO adsorption states on the
LaNis; hydrogen storage alloys provide valuable information for
understanding the deterioration mechanism during hydrogen
storage process with CO-contaminated hydrogen. Further DFT
calculations on co-adsorption of CO/H, mixture on the LaNis
surface are underway.
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