6430

Chem. Mater. 2007, 19, 6430-6436

Hydrogen Spillover on CeO»/Pt: Enhanced Storage of Active Hydrogen
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We have investigated the concept of hydrogen spillover by a density functional theory (DFT) approach
in combination with experimental observations. A H/Pt molar ratio of 5 to 9 is observed over Ce;— P10,
catalyst, where Pt is present in the +2 ionic state. The total hydrogen adsorbed over the catalyst is ~30
times higher than that over nano-Pt metal particles. NMR study show protonic hydrogen over the catalyst.
DFT calculations indeed support the enhanced adsorption of hydrogen on the Pt-ion-doped ceria surface
via spillover to the oxide support. Further, the calculations confirm the formation of protonic hydrogen
on the catalyst surface in contrast to the formation of hydridic hydrogen on Pt metal.

1. Introduction

Hydrogen spillover is a concept developed in heteroge-
neous catalysis. This arose because the total number of
hydrogen atoms adsorbed per Pt atom on Pt/Al,0O; catalyst
was found to be more than one, whereas only one hydrogen
atom is expected to be adsorbed per Pt atom.'* Pt metal
particles dispersed over carbon, alumina, and silica showed
H/Pt surface ratio more than one and it was proposed that
the extra hydrogen atoms spilled over to the support. The
spillover phenomena are also observed for other molecules
such as O,. There exists extensive literature on spillover
phenomena and it has been reviewed by Conner et al.>*

Hydrogen adsorbed on Pt/Al,O; can be reacted with
oxygen to give H,O, as O, is known to dissociate and
chemisorb on the Pt surface.” Although dissociation of H,
would facilitate H,O formation, presence of dissociated
hydrogen is not a necessary criterion. If the hydrogen
molecule is chemisorbed and H—H bond in H, is weaker, it
forms a precursor to dissociation, and dissociated oxygen
can induce O—H bond formation by breaking a H—H bond.

In the H, spillover observed on Pt/Al,05, the H/Pt ratio is
about 2.5 at 200 °C. On the contrary, if Pt is dispersed over
a reducible oxide support such as CeO; in the form of Ceg g9
Pt010,-5, where Pt is in the +2 state even at room
temperature, the H/Pt ratio is as high as 5.° Further, the rate
of H, and O, recombination reactions is more than 50
times higher with Ce99Pt)010>-s compared to Pt metal
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nanoparticles.7’8 Therefore, adsorption of H, on P and P~
ions in CeO; is expected to involve different mechanisms.
Generally, Pt/C is used as both anode and cathode for (H,
+ 0,) fuel cell. Hydrogen dissociation and proton transport
are very important for (H, + O,) fuel cell applications and
hence understanding of H, spillover on P’ and P#* ions in
CeO; is crucial. There are a number of questions associated
with hydrogen spillover: (a) Is the H, molecule on the Pt
surface dissociated or it is just a precursor molecule to
dissociation ? (b) Is the spilled over hydrogen in dissociated
form? (c) If the spilled over hydrogen is a molecule, how is
it accommodated on A/,O3 or CeO, oxide support surface?
(d) Does Ce*t or AP ion act as active sites (Lewis acid)
for spilled over hydrogen? (e) What is the charge (+ve or
—ve) of hydrogen adsorbed on Pz° or on Pr** in CeO,? (f)
What is the maximum distance from the Pt site within which
hydrogen molecule/atom spills over to the oxide support
surface? (g) Is there any short contact (hydrogen bond) with
oxide ion such as H++*H+++0>" in Pt/Ce0,? As of now, there
is no work relevant to these important issues, and H, spillover
has been viewed in the catalysis literature as hydrogen
adsorption phenomena with an excess H/Pt ratio higher
than 1.

Our work is focused on the adsorption and catalytic
activity of Ce;—Pt,0,—s where Pt*" ions are dispersed over
CeO, crystallite surface; Pr*" ion is substituted for Ce*" ion
with an oxide ion vacancy for charge compensation.’ A high
H,/Pt ratio of 2.5 and high H, + O, recombination rate over
this material compared to P in Pt metal particles, as in Pt/
ALOs, motivated us to revisit the hydrogen spillover problem.
We employed a systematic density functional theory (DFT)
approach to determine configurations of adsorption of
hydrogen on Pt and Pt/CeO, with the aim of answering most
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of the questions on hydrogen spillover, and we corroborate
our understanding with experimental verifications.

2. Experimental Methods

2.1. Experiment. Pure CeO, was prepared by solution combus-
tion method, taking ammonium ceric nitrate ((NH4),Ce(NO3)¢ and
oxalyl dihydrazide (ODH) (C,HsN4O>) in a 1:0.409 weight ratio.
For routine preparation, 5 g of (NH4),Ce(NO3)s and 2.045 g of
C,HgN4O, were taken in a 300 mL crystallizing dish and made
into a clear aqueous solution and then kept in the furnace at 400
°C, giving the product within a few minutes. Ce|—Pt,0,—5?(x =
0.005, 0.01, 0.02) solid solutions were also prepared by the solution
combustion method. Cegg95Pt)00502—5 Was prepared by making 10 g
of ammonium ceric nitrate, 0.0385 g of H,PtClg, and 5.8 g of ODH
with 20 mL H,O into clear solution in a 300 mL crystallizing dish
and heating the solution in a muffle furnace at 400 °C. The solution
boils and after complete dehydration ignites into flame, raising the
temperature to ~1000 °C, dwelling ther for 30— 40 s, and then
cooling to 400 °C. The product compounds were obtained within
a few minutes. Similarly, 1 and 2 at % Pt-substituted CeO, were
prepared. Nanosized Pt metal particles of 8 nm were prepared by
polyol method. Ce;—,Pt,0,— crystallizes in a fluorite structure with
oxide ion vacancy around the P ion; the structural details have
been studied by P. Bera et al.’

Hydrogen adsorption/uptake was measured in a temperature-
programmed reduction (H, -TPR) by passing a 5% H, + 95% Ar
mixture at a 30 mL/min flow rate over 100 mg of oxide at a ramp
rate of 10 °C/min. The H, uptake is detected by a thermal
conductivity detector (TCD) and calibrated against the uptake of
H, for a known amount of CuO.

A pulse H, adsorption experiment was carried out in the same
instrument. Initially, H, was passed over the catalyst and H, uptake
measured as a function of time at 32 °C. Oxygen was then passed
over the catalyst at room temperature. Adsorbed H, did react with
0,, increasing the catalyst temperature to about 38 °C. Repeated
H, uptake is carried out after reacting with O, each time.

NMR data were recorded in a DRX 500 MHz Bruker instrument.
To carry out the H NMR experiment, we heated a Pt-substituted
sample at 450 °C overnight to remove moisture. An NMR tube
filled with sample grain was heated in ultrahigh pure (UHP) O,
and then evacuated to 1 x 1073 Torr. Pure H, was filled at
atmospheric pressure and at room temperature. Core level photo-
electron spectra (XPS) of the Pt ion in the Pt-ion-doped ceria is
carried out in an ESCA-3 Mark II spectrometer of VG Scientific
Ltd. equipped with a preparation chamber.

2.2. Theory. Our total energy calculations are based on the
ABINIT'®'" implementation of DFT'? and exchange-correlation
energy within the local density approximation (LDA'?). It involves
solving the Kohn—Sham equations'* by a fixed-potential-based
iterative conjugate-gradient minimization'® of one-electron energies
in the ground-state and achieves the self-consistency of the
Kohn—Sham potential.'® The potential of the nucleus and the core
electrons was approximated with pseudopotentials: Fritz-Haber-
Institute pseudopotentials were used for Ce, O, and Pt and
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Figure 1. Type I and II initial configurations of the 6-H CeO, /Pt system.
In this case, type II is found to be more stable.

Troullier—Martins pseudopotentials for H. We used an energy cutoff
of 25 Ha, a2 x 2 x 2 Monkhorst—Pack mesh'”’ for Brillouin zone
integration. lonic relaxations were performed using a Broyden,
Fletcher, Goldfarb, Shanno (BFGS)-based minimization'® and
molecular dynamics with viscous damping. We have performed
Hirshfeld atomic charge analysis to understand the net charge on
atoms and charge transfers between atoms. '’

Our simulations of the CeO, (100) surface employ supercells of
16 formula units. In Ce;5PtO3;, one Ce has been substituted for Pt
and one oxygen vacancy has been created to maintain the charge
balance and Pr*" state in the supercell. Configurations with
hydrogen adsorbed on the Pt-doped CeO, surface consist of up to
7 hydrogens atoms. For each of the configurations with 4—7 H
atoms, we have tried two configurations: (a) hydrogens arranged
in a chain centered at Pt (type I) and (b) hydrogrens arranged in
two mutually perpendicular lines centered at Pt (type II) (see Figure
1). In this paper, we report the most stable configurations for
different numbers of hydrogen atoms. For 5 and 7 H’s, type I, and
for 4 and 6 H’s, type II were found to be most stable. The initial
configurations (type I) of 5 and 7 H/Ce;sPtO5, have H’s placed in
the form of chain centered at Pt with a H—H distance of about
0.74 A. For the 4-H case initial configuration (type II), two H’s
are placed with their bond centered at the Pt site and a H—H
distance of 0.74 A and the other two H’s are placed similarly in a
line perpendicular to the previous two H’s on either side of the Pt
site and an H—H distance of 0.74 A. The type II configuration of
6 H is similar to that of the 4-H case. The 3-H case is type I, with
one H on top of Pt site and the other two H’s on either side with
a H—H distance of 0.74 A. For the 2-H case initial configuration,
we have placed a hydrogen molecule (with a H—H distance of 0.74
A) with the bond centered at Pt and for the 1-H case, we had a
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single hydrogen atom on top of Pt. Different initial configuration
for different number of H’s were chosen in order to ensure that
our results are independent of the configuration of hydrogens and
are dependent only on the number of hydrogens, i.e., on the
concentration of hydrogen on the surface of the catalyst.

We have chosen a symmetrical slab of CeO, and both surfaces
of the slab are oxygen-terminated (to cancel the intrinsic dipole
moment which would have arose because of different termination,
O on one surface and Ce on the other) with 50% O vacancy on
one surface and removed the oxygens to the other surface in order
to maintain the correct formula units. So both the surfaces have
50% oxygen vacancy and the occupied oxygen sites are same on
both surfaces. Skorodumova et al.?® discuss various models of
oxygen termination for the CeO, (100) surface. On Pt doping in a
slab of ceria, we have created another oxygen vacancy in the layer
just below that of Pt as we have substituted a Ce*" ion with a
P ion. Because of the partial O vacancy on the surfaces, Pt is
exposed to the surface even though it is in the second layer of atoms
in the slab. In the initial configurations, hydrogens were placed in
a layer at a distance of ~1.8 A from the Pt atom. The ¢/a ratio of
the supercell is 3.64 in all the slab calculations with hydrogen
(a=b=17.65A, c=27.83 A). We have cerium and oxygen layers
stacked in the z-direction and have used sufficient vacuum thickness
of about 15—17 A in our calculations to keep the slab—slab
interaction negligible. Of the nine layers of alternately stacked O’s
and Ce’s in the z-direction, the first layer contains 4 O’s with 50%
O-vacancy, the second layer contains 1 Pt and 3 Ce’s, the third
layer contains 7 O’s (one O vacancy due to Pt doping), and then
alternate layers contain 4 Ce’s and 8 O’s, and the ninth layer is
again a surface layer with 4 O’s and with 50% O vacancy. Hence,
the formula for the slab without H’s is Ce;5PtO5;, with a total of
47 atoms. In this work, we are interested only in the surface layer
of atoms, as they are more important for catalytic activity than the
bulk layers.

We had earlier calculated binding energies of bulk CeO,, CeO; 7s,
and structures of Zr/Ti-doped CeO, with oxygen vacancies.>'-**
The cost of creating an oxygen vacancy in bulk ceria is about 11.83
eV, and the cost of substituting Pt in the presence of an oxygen
vacancy in a slab of ceria is about 10.61 eV. Hence, it is seen that
substituting Pt for Ce is energetically favorable in the presence of
oxygen vacancy by about 1.22 eV. Our earlier experiments have
shown an oxide-ion vacancy in Pt-ion-doped ceria from a detailed
analysis of EXAFS.°

3. Results

3.1. Experimental Observations. Figure 2 shows the H>-
TPR profile of Ceq.995Pt).00s02-4, Ceo.99Pt9.0102-5, and Cegos
Pty 020,—s from —50 to 800 °C. Pure ceria does not adsorb
hydrogen at low temperature; uptake due to the removal of
surface oxygen is observed at 470 °C, and the reduction of
surface oxygen corresponds to the composition of CeO) ;.
With the Pt ion substitution, the H, uptake temperature
decreases to 390 °C in addition to peaks at low temperature.
The peak at 165 °C is possibly associated with the removal
of oxygen bonded to Pt ion and Ce ion. The intensity of this
peak also decreases and major peaks with enhanced intensity
are observed at 5 °C on 1 and 2 at % Pt in ceria. Note
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Figure 2. H, TPR profile of Ceg995Pt0.00502-0, Ceo.99Pt0.0102-, and
Ceo.08P10.0202-5.
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Figure 3. Pulse H, adsorption experiment for three cycles.

Y-scales are different for different samples. Molar H/Pt ratios
were 8.6, 4.8, and 2.8 over Ceq995P10,00502—s, Ceo.99Pty0102—s,
and Ceg o3Pt 02025, respectively. Pt is present in the +2 state
in the compound and if P#** ion is reduced to Pt° with the
reaction PT + H, — P + 2H", the H/Pt ratio should
have been ~2. Clearly, the H/Pt ratio is much higher than
2. The hydrogen uptake experiment from our earlier work
was carried out with H>Pt(OH)s, where Pt is in the +4 state.
The peak reduction temperature observed is 40 °C, and total
hydrogen taken up corresponded to the reaction Pt*" + 2H,
— P1° + 4H".° We do not observe hydroxyl ion formation.
To test the strength of H, adsorption, we carried out a pulse
experiment over CeggoPf)0102— at room temperature (32 °C).
Figure 3 shows the three cycles of H, adsorption on the
catalyst followed by oxygen adsorption after each cycle.
When O, was passed after H, adsorption, there was an
increase in temperature from 32 to 38 °C that is due to the
exothermic nature of the reaction H, + O, — H,0. The
formation of H,O was observed with a quadrapole mass
spectrometer. The H/Pt ratio in the pulse experiment was
~5 for CeygoPty0102-5 each time. With only nano Pt metal
particles, prepared by the polyol method, the H, adsorption
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Figure 4. H NMR (a) without and (b) with hydrogen adsorbed on
Ceo.99P10.0102-5.

experiment showed the H/Pt ratio of 0.164 and thus more
than 30 times more hydrogen adsorbed when Pr** ions are
dispersed in CeO, compared to Pf° in Pt nanoparticles for
same amount of Pt at room temperature. If we take into
account only the surface Pt atoms in the metal particles for
H, adsorption, the total H/Pt ratio of 0.164 translates into
H/Ptgiace = 0.9, again indicating one hydrogen atom per
surface Pt atom.

To find the interaction of H, with the catalysts, we carried
out an NMR study. Figure 4 shows the H NMR of H,
adsorbed surface as well as the as-prepared sample for
comparison. A small peak observed over Cegg9Pto0102—s
without adsorbed hydrogen may be due to adsorbed H,O. A
single peak at ~8 ppm is observed in the H,-adsorbed
sample. The high field shift falls in the proton region.
Thus, adsorbed hydrogen in the catalyst is protonic (H°*
or H, O+).

Core level binding energy shift of a metal ion with respect
to metal is directly proportional to the effective charge on
the ion.”> We have completed an XPS study of Pt-ion-
substituted ceria with and without hydrogen. Hydrogen was
adsorbed in situ. In Figure 5, we have shown the Pt(4f) core
level spectra in Pt metal, CeosPt) 02025, after saturated
hydrogen adsorption at room temperature in the spectrometer
and after oxygen exposure to the hydrogen-adsorbed sample.
ThePt(4f 7/2) peak is shifted from 71.2 eV in the Pt metal
to 72.7 eV in the Pt-doped ceria; the shift corresponds to Pt
in the +2 formal oxidation state. Upon hydrogen adsorption,
the peak is shifted to lower binding energy by about 0.3 eV.
The surface is now exposed to oxygen to react with adsorbed
hydrogen. The Pt(4f) peak is shifted back to 72.7 eV. On
saturated hydrogen coverage, ionic Pt is not fully reduced
to Pt metal, but there is a decrease in binding energy to the
extent of charge transfer from hydrogen to the metal ion.
There was no significant shift that could be measured in the
core level binding energies of Ce(3d) and O(1s). Further,

(23) Briggs, D.; Seah, M. P. Practical Surface Analysis, John Wiley and
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Figure 5. XPS of Pt(4f) core level in Pt metal, CegogPt).0202-,
CegogPty.0202—s + H» at 30 °C, H, adsorbed CegogPty0202—5 + O, at 30
°C.

upon hydrogen adsorption, hydroxyl OH were not devel-
oped in the O(1s) region at ~531.5 eV compared to O(1s)
of the O~ ion at 530.3 eV.

3.2. Simulations. 3.2.1. Stability. Calculation of ener-
gies per hydrogen of different structures is compared in
the following way: [E . (Ce,sPtO;, + nH) — Eg,
(CesPtO5,) — nE(H)]/n where Egyp, is the total energy for
the slab calculations, E(H) is the total energy for a single
hydrogen atom, and »n is the number of H’s on the CeO,/
Pt surface. These energies are —3.448, —3.465, —2.501,
—3.327, —3.455, —3.426, and —3.001 eV per H atom for 1,
2,3,4,5,6,and 7 H’s on CeO,/Pt. This shows that the 2-H
case is the most stable and the stability is least for the 3-H
case. The minimum stability for the 3-H case can be
understood from the bond lengths of H with other atoms
and the presence of all dissociated H’s with no spillover;
these are discussed later. For reference, our estimate of the
energy ([E(H,) — 2E(H)]/2) for H, is —3.004 eV/atom.

3.2.2. Bond Lengths: Dissociated and Spilled Hydro-
gens. We have investigated the spillover phenomena from
the understanding of bond lengths (H—Pt, H—O, H—Ce),
net charges on atoms, and net energies for hydrogen binding
on the catalyst surface. Although Pt metal is known to hold
one hydrogen per Pt atom, platinum in the ionic state is
expected to hold more than one hydrogen because of charge
transfer between Pt and hydrogens. The Pt ion can easily
hold one or two hydrogen atoms, and as the number of
hydrogen atoms increase, the distance of hydrogens from Pt
increases, resulting in the interaction of hydrogen with other
ions. H—H distances are also an important issue, as the
hydrogen present in the dissociated state might determine
the number of nascent/active hydrogens generated on the
CeO»/Pt matrix. Also the total number of hydrogen atoms
stabilized on the CeO,/Pt matrix gives an estimate of the
amount of hydrogen that can be stored by the Pt-doped ceria
matrix and hence of the enhancement with respect to
hydrogen storage over Pt metal and pure ceria.
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() (d)

Figure 6. Structures with odd number of hydrogens on CeO,/Pt in a single
cell: (a—d) for 1, 3, 5, and 7 hydrogens, respectively.

(0

Figure 7. Structures with even number of hydrogens on CeO,/Pt in a single
cell: (a—c) 2, 4, 6 hydrogens, respectively.

Considering the minimum H—H bond length about 0.74
A for hydrogen molecule formation, any H—H bond length
greater than 0.74 A and less than 0.82 A is taken as bond
length for partly dissociated hydrogens or a precursor to
partial dissociation. For H—H bond lengths of 0.82 A and
above (as seen for the 3-H case with all dissociated
hydrogens), the hydrogens are considered to be in fully
dissociated form or a precursor to full dissociation. The H—H
distance of 0.82 A is about 10.8% greater than the molecular
H—H distance, and at such a distance, the two hydrogen
atoms are expected to be far enough as not to form a
molecule anymore but to move toward the dissociated state.
Figure 6 and Figure 7 show the structures with odd and even
number of hydrogens, respectively. The H—Pt, H—Ce, and
H—O minimum distances are taken as 1.59, 2.54, and 2.71
A, respectively, as seen for the 3-H case (see Figure 8). The
H—Pt distances in all other cases are greater than 1.59 A.
Any H that comes closer than the cutoff distance of ions is

Dutta et al.

Figure 8. Magnified figure for the 3-H case showing the H—H minimum
distance for dissociated H’s and minimum H—Pt, H—Ce, and H—O
distances.

Table 1. Dissociated and Spillover Hydrogens

no. of
hydrogens type of hydrogens
1 1 (dissociated)
0 (spillover)
2 2 (dissociated)
0 (spillover)
3 3 (dissociated)
0 (spillover)
4 4 (dissociated)

3 (total spillover):
[2 (spillover to oxygen, dissociated),
1 (spillover to oxygen and cerium, dissociated)]
5 1 (dissociated)
4 (molecule like)
2 (total spillover):
[1 (spillover to oxygen, molecule),
1 (spillover to oxygen and cerium, molecule)]
6 2 (dissociated)
2 (slightly dissociated)
2 (molecule like)
3 (total spillover):
[3 (spillover to oxygen, 2 dissociated and 1 molecule)]
7 1 (dissociated)
2 (slightly dissociated)
4 (molecule like)
5 (total spillover):
[2 (spillover to oxygen, molecule),
2 (spillover to cerium, 1 molecule and 1 dissociated),
1 (spillover to oxygen and cerium, molecule)]

considered to be spilled over to that particular ion. We find
that the maximum number of dissociated hydrogens is 4 and
as the number of hydrogens is increased up to 7, the number
of dissociated hydrogens decreases and more slightly dis-
sociated and molecular species start forming (see Table 1).
There is no spillover of hydrogen atoms up to the 3-H case,
and spillover starts from the 4-H case with maximum
spillover of 75%, i.e., three out of four H’s are spilled over.
For the 7-H case, there is spillover only to cerium as well,
having a total of 71.4% spilled over hydrogens, i.e., five out
of seven H’s are spilled over. The maximum spillover
involving oxygen is 3. The 4-H case is special, where we
have maximum active/dissociated hydrogens.

3.2.3. Charge Densities. The net charge of Pt (see Table
2) is at a maximum for the 4-H case and a minimum for
6-H case. The maximum positive charge on Pt for the 4-H
case reflects that maximum charge is transferred out of Pt,
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Table 2. Net Hirshfeld Charges on Pt, Average Net Charge on
Surface Ce and O Ions on the Pt-Doped Side of the Surface, Total
Average Net Charge on the Surface Ions with Respect to
Hydrogen-Free Case

no. of matrix surface

hydrogens Op; Qce Qo charge
0 0.3637 0.7612 —0.4195 1.0000
1 0.3743 0.7536 —0.4195 1.0043
2 0.3051 0.7444 —0.4165 0.8974
3 0.3958 0.7346 —0.4250 1.0000
4 0.4547 0.7206 —0.4273 1.0604
5 0.3974 0.7361 —0.4239 1.0060
6 0.2936 0.7345 —0.4010 0.8890
7 0.3702 0.7167 —0.4137 0.9544
pure CeO> 0.7740 —0.4309

Table 3. Net Charge on Hydrogen

no. of
hydrogens On

1 0.05818

2 0.05694, 0.05847

3 0.03804, 0.05742, 0.06707

4 0.05696, 0.05384,
0.04914, 0.05696

5 0.03613, 0.04555,
0.00128, 0.02110, —0.00807

6 0.00447, 0.02258,0.00079,

—0.00442, 0.02281, 0.00447

7 0.03590, 0.00647, 0.04670,
0.01428, —0.00295, —0.00009,
0.05075

hence maximum interaction with surrounding atoms. For
surface Ce atoms, the net positive charge is reduced as the
number of hydrogen increases up to the 4-H case, again
increases for 5 and 6 H’s, and is the least for the 7-H case.
This means that, initially, the negative charge transfer into
Ce is less and increases as the number of hydrogens increase
up to the 4-H case, correlating with spillover to Ce. The Ce
net charge is the least in the case of 7-H, showing maximum
negative charge transfer into surface Ce atoms because of
maximum spillover to Ce. The net charge on surface oxygen
atoms is at a minimum for the 6-H case and a maximum for
the 4-H case. The minimum negative charge on oxygens for
the 6-H case is due to maximum flow of charge out of
oxygens, as there is spillover to oxygens only. The ratio of
the average net surface charges on Pt, Ce, and O for different
number of hydrogens with respect to that of the hydrogen-
free case shows that the surface charge in the matrix of Pt,
Ce, O ions is maximum for the 4-H case and minimum for
the 6-H case. From the DFT calculations, Hirshfeld net
charge on Pt ion is 0.3637 and the minimum net charge on
Pt for the six-hydrogen case is 0.2936. For a decrease of
0.07 charge, a lower binding energy shift of about 0.29 eV
is expected. This is close to the observed value of 0.3 eV
from the experimental XPS data (see Figure 5). Therefore,
Hirshfeld charges on the ions do give direction of charge
transfer.

For all the slabs with hydrogen, the average net charges
of Ce and O on the hydrogen-free surface of the slab remain
unaffected by the number of hydrogens on the other surface
of the slab (Pt-doped surface) and are close in value to the
surface charges of the slab without hydrogen. The net charges
of Ce and O atoms in the bulk layers of the slab also remain
unaffected by presence of hydrogens on the surface.
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Figure 9. (a, b) Final configurations of P#° (metal) and P*", respectively,
with hydrogen molecule interaction.

The average net charges on hydrogens (see Table 3) for
1-, 2-, 3-, and 4-H cases are 0.05818, 0.05771, 0.05418, and
0.05423, respectively, which are close in value, whereas for
the other cases, the average net charge reduces. The hydrogen
having negative charge for the 5-H case is dissociated and
is closest to Pt compared to other hydrogens. For the 6- and
7-H cases, one of the hydrogens having negative charge has
a tendency to form H>"—H®" species with a hydrogen having
strong positive net charge, whereas the other hydrogen of
the 7-H case having a negative net charge is dissociated and
is closest to Pt compared to the other hydrogens.

3.2.4. P° and PP Interaction with Hydrogen. We have
simulated interaction of an isolated platinum atom (P1°) with
hydrogen. One hydrogen at an initial distance of 1.80 A from
one P comes closer to platinum at a distance of 1.57 A,
which is 1% less than the minimum distance of hydrogen
from a Pt ion in the ceria matrix. Further, the net charges of
platinum and hydrogen are 0.0262 and —0.0259, respectively.
Thus, the adsorbed hydrogen atom on P° is hydridic. A
molecule of hydrogen placed with its center at an initial
distance of 1.80 A from an isolated P, dissociates fully
with a large H—H distance of about 2.09 A and are closely
bound to the platinum metal with a hydrogen—platinum
distance of 1.56 A, which is closer than the minimum H—Pt
(ion) distance in the ceria matrix (see Figure 9). The net
charge on platinum is 0.0197 and the net charge on each of
two hydrogens is same, of about —0.0097. Hence a hydrogen
molecule placed near P’ forms platinum hydride (PzH,)-
like species, which is rather different from the interaction
of hydrogen with platinum ion in the ceria matrix.

Huda and Kleinman®* have investigated hydrogen adsorp-
tion and dissociation on small unsupported platinum clusters
(up to 5 Pt atoms), using DFT calculations. Their results for
PtH, with a H—H separation of 2.09 A on Pt are exactly
same as those obtained from our calculations of isolated P’

(24) Huda, M. N.; Kleinman, L. Phys. Rev. B 2006, 74, 195407.
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and H,. The Pt—H distance from the above reference is 1.53
A (close to our obtained value of 1.56 A). For a single H
atom on Pt, the Pt—H distance from the above reference is
1.54 A (close to our obtained value of 1.57 A). All the
calculations in the above reference have been done with the
generalized gradient approximation (GGA) to the exchange-
correlation and used spin—orbit coupling, whereas our
calculations are done with LDA without spins. There is good
agreement between the above paper and our calculations for
PL.

To check the interaction of a platinum ion with hydrogen,
we placed a hydrogen molecule at an initial distance of 1.80
A centered at an isolated P©** ion. We created the P*" ion
by making the entire system deficient of two electrons. In
the final configuration, the molecule dissociates with a H—H
distance of 1.11 A and H—Pt distance of 1.70 10\, which are
similar to the bond lengths of the 2-H case on CeO,/Pt (H—H
distance is 0.92 A and H—Pt distances are 1.76 and 1.72
A). Charge density analysis of the final configuration shows
protonic hydrogens each having a net charge of 0.2679, and
the net charge on Pt is 1.4642. On the other hand, one
hydrogen placed near an isolated P> jon at 1.80 A is
unstable and goes off to a large distance of 7.92 A in the
final configuration, but the net charges on Pt (1.2628) and
hydrogen (0.7373) remain positive, verifying the repulsive
electrostatic interaction. In CeO,/Pt however, the H—Pt
distance is small, about 1.61 A, indicating the crucial role
of ceria matrix.

A Pt atom has been substituted for Ce with an oxygen
atom vacancy in ceria. The formal valence of Pt in Ce,5sPtO3;
is +2. In our calculations, we cannot constrain the ionicity
of Pt directly, but we can simulate a chemical environment
like oxygen vacancy, with which a desired ionicity of Pt can
be imposed to some extent. In the case of isolated Pt ion
and hydrogen calculations, we have tried to investigate the
role of the Pt ion only upon removal of two electrons from
the system. Similarly, in these calculations, we cannot do
simulations of Pt ion and hydrogen directly, but are able to
create a system that is electron deficient. Our pseudopoten-
tials are transferable in the sense that they work well for
both neutral atoms and ions. Hence, it depends on how we
create a system in DFT calculations for the atoms to exist
in the neutral state or in ionic state.

4. Conclusions

In conclusion, we have theoretically stabilized up to 7
hydrogen atoms (per cell) on CeO,/Pt matrix compared to 1
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H/Pt for pure platinum surface and shown that hydrogen
atoms are found in two chemical states dissociated and
molecular. The maximum number of fully dissociated
hydrogens is found to be four, as seen in the 4-H case,
whereas the number of fully dissociated hydrogens reduce
as the concentration of hydrogen is increased beyond 4 H’s.
Up to 3 H’s, there is no spillover, whereas spillover is
maximum for the 4-H case. The maximum distance from Pt
to which hydrogen is spread on the matrix is for the 5-H
case, about 4.14 A; the farthest hydrogen is in the molecular
form with another hydrogen and is spilled to oxygen and
Ce. The Pt—Pt distance is about 7.65 A and the H—H
distance for the two distant hydrogens around neighboring
Pt ions is about 3.40 A, so there is no influence of a
neighboring Pt ion and no bond formation between hydro-
gens around neighboring Pt ions. The Pt ion in CeO; certainly
plays a dominating role in the dissociation of molecular
hydrogen placed near it to protonic species, which is clear
in the case of 2-H CeO,/Pt and for the isolated P#** ion and
hydrogen molecule interaction. The maximum number of
protons formed on the CeO,/Pt surface is 5, as found up to
the 7-H case; the large number of dissociated protons
(positively charged hydrogens) are clearly the active species
produced on the catalyst surface (confirmed by NMR study
for Pt ion in the CeO, system and simulation of isolated Pt
ion and hydrogen interaction), which are important for any
reduction reaction. The Pt metal (P:°) interaction with
hydrogen results in hydrogens having negative net charge
(hydridic) that are more closely bound to Pt° than with Pt
ion, and these species of hydrogens will not be active in
any reduction reaction. There is also no formation of OH
ions, as the O—H distance is much larger than the bond
length of hydroxyl ion (which is about 0.958 A) and no water
is formed on the catalyst because of interaction with hy-
drogen. Thus, CeO,/Pt helps in production of active hydrogen
and the spillover of hydrogen, thus increasing the hydrogen
storage in the matrix with the H/Pt ratio much greater than
one.
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