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ydrogen oxidization is an important

catalytic reaction in fuel cells. Pt

catalysts are used at the anode of
fuel cells where hydrogen oxidation reduc-
tion (HOR) occurs. Platinum (Pt) nanoparti-
cles have received particular attention for
their high catalytic efficiency and large sur-
face area. Their size, shape, and substrate
material affect their catalytic properties.'
Comprehensive framework that can explain
such variation of properties analytically is
greatly desired. Pt particles are dispersed on
various types of carbon materials (Pt/C), like
carbon blacks. In such systems, the catalytic
performance loss during extended opera-
tions is a critical problem due to the degra-
dation of catalyst particles and the corrosion
of the cathode support.” To overcome such
drawbacks, carbon nanotubes (CNTs) have
been proposed as a Pt support that may
provide stronger Pt fixation than common
carbon blacks.*”® But the interaction be-
tween Pt and such carbon materials and
corresponding catalytic processes have not
been systematically studied at atomic levels.
Another important problem, particularly
in proton-exchange membrane fuel cells
(PEMFCs), is that even small fractions (>10
ppm) of CO can poison the anode, and this is
one of the most serious obstacles to devel-
oping commercial fuel cell systems.”® Solv-
ing these problems requires investigation
of mechanisms at atomic or molecular
levels. Pt nanostructures show versatile cata-
lytic performance that depends on their
size, shape, and support materials." > Fac-
tors that determine such reaction properties
are complex, and many theoretical models
have been proposed to characterize them
using band profiles, orbital symmetries,
and atomic bonding/relaxation condi-
tions.""'2 For nanoparticles, the com-
plexity in morphology and in electronic and
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ABSTRACT We studied catalytic performance, particularly tolerance against CO poisoning and

particle migration, of Pt nanoparticles dispersed on graphene using ab initio calculations. It was

shown that the binding of Pt nanoparticles to graphene and the molecular adsorption on Pt can be

controlled by introducing defects on graphene. Pt d-band center is a key parameter that is tailored by

such defect formation. It is observed that the binding energy difference between H, and (O is well

correlated with the d-band center, whereas individual H, and CO binding energies are not. Relative

occupation ratio of H, on Pt in a CO environment showed that Pt nanoparticles can tolerate (O more

than does bulk Pt when the particles are deposited on nitrogen-doped graphene.
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chemical properties complicates compre-
hensive analysis.

Here we investigate the degradation and
CO contamination of Pt nanoparticles on
graphene substrates. Like CNTs, grapheneis
a sp>-bonded carbon material with a very
large surface area and chemical stability for
Pt support.'>' Each adsorption site on a Pt
surface or cluster is occupied by one adsor-
bate species, and thus chemisorption of
one CO molecule prohibits the adsorption
of two H atoms.”'® Based on this observa-
tion, the thermodynamic feature of hydro-
gen reactivity can be quantified by the
relative occupation ratio R, which is the
ratio of adsorption sites occupied by
hydrogen to those occupied by carbon
monoxide:

N
R — (Z [e(“Hz —SHZ)/kT/(-I + e(qu —SHZ)/kT
+elico =eclMT)) /N (M

where u is the chemical potential and ¢
is the adsorption energy of each adsor-
bate, and the summation runs over the
number of available adsorption sites N.
In order to obtain the chemical poten-
tial u as a function of pressure P and
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Figure 1. Gibbs free energy G (kJ/mol) of (a) H, and (b) CO fitted to experimental data (red dots) using eq 2. Note that G of CO
shows a steeper variation in temperature than G of H,.

Figure 2. Optimized geometries of Pt;3 (a) with (free-standing) D,, symmetry and (b—d) adsorbed on graphenes: (b) on the
zigzag (ZZ) edge of graphene nanoribbon (GNR); (c) on defective graphene with boron doping (Cy6B); and (d) on defective
graphene with nitrogen doping (Co4Ns). Blue balls: Pt atoms; yellow balls: carbon; green: boron; and red: nitrogen. The edge of
GNRin (b) is passivated by hydrogen atoms (cyan balls). The binding energy (E;,) of Pt is given next to the clusters. Calculated
Ey,, of Pt,3 is —1.5 eV on the pristine graphene and —2.69 eV on the armchair (AC) edge, with an atomic configuration of Pt
similar to (b). Due to the mismatch of bond length of Pt atoms to C—C distance, the morphology of Pt;5 on (c) boron and

(d) nitrogen defects differs from the highly symmetric shape in (a).

temperature T, we used the standard formula from the
literature:'®

G(P,T) = Nau(P,T) = Nal—aT In(T) +bT In(P)
+c+dT +eT? +fT3 +gT* +h/T] )

where G is the Gibbs free energy, N, is the Avogadro
number, and a—h are the fitting parameters. Experi-
mental data of the Gibbs free energies'”'® were fitted
using eq 2 (see Figure 1). R was then calculated as a
function of T and partial pressure Pco of CO. As R
increases, Pt nanoparticles become more resistive to
CO poisoning. In general, the adsorbate binding strength
can change depending on the coverage. In our anal-
ysis, we made an approximation of using single mo-
lecular adsorption energy in calculating R by taking
into account following two factors: First, in practice, CO
partial pressure is much smaller than H, pressure, and
its coverage will not be significant. The coverage of CO
on Pt catalysts hardly exceeds 0.5 ML at ~100 °C,° and CO
tends to be well-dispersed even at such high
coverage.'? The intermolecular interaction and its
effect on the adsorption energy can be neglected in
this regime. Second, the hydrogen adsorption energies
are quite insensitive to the change in coverage.?%?'

KIM AND JHI

With these factors taken into account, our approxima-
tion is reasonable to study CO poisoning effect.

RESULTS AND DISCUSSION

Pt nanoparticles of ~1 nm (~several tens of atoms)
in size have drawn interest as the best catalysts.' They
have an adsorbate binding strength that is similar to
that of a Pt bulk surface.'’?> We chose Pt;3 of Dy,
symmetry, which is the most energetically favorable
structure among the symmetrical isomers.?*> For com-
parison, we also considered Ptg, a single Pt atom, and a
Pt(111) surface (see Supporting Information). We intro-
duced various forms of defects in graphene that can act
as Pt binding centers and investigated the catalytic activity
and corresponding adsorbate interactions of Pt. Most
Ptatomsin Pt;3 that bond to graphene it at the carbon
bridge sites except in pyridine-like N-doped graphene
(PNG) (Figure 2). Due to mismatch of the bond length
between Pt atoms and the carbon bridge, Pt clusters
change their morphology on top of boron or pyridine-
like nitrogen defects. The binding energy Ej, of Pt;3 on
B or N defects is about three times larger than on
pristine graphene (Figure 2). The strong binding of Pt
to defective graphene prevents particle migration, which
is a dominant process in degradation of Pt catalysts.
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Figure 3. Averaged adsorption energy difference AE 4 = E.q4(CO) — E,q4(H,) between H, and CO with respect to Pt d-band
center (eq4c) for Pt; (yellow), Pt (blue), and Pt;3 (red) deposited on defective graphene. Least-squares linear fits to data. Pt(111)
surface case is also shown for comparison (black star). The fitted line for Pt,3, when extrapolated, is close to Pt surface data,
indicating that Pt;5 has similar catalytic characteristics as a Pt surface. Adsorption energies of individual molecules, E,4(CO) or
E.q(H2), on Ptg or Pty3 do not show any correlation with &4, in contrast to the case of Pt atom or clean Pt surface. Small AE 4
implies a greater CO tolerance for H, adsorption (upper-left corner).

Pco (Pa
20 48°6" 5

Pco (Pa)
20
0 4560 g

Figure 4. Relative occupation ratio R of hydrogen per adsorption site. (a) Pt(111); (b) Pt;5 on PNG; (c) Pt;3 on boron-doped
graphene; and (d) Pt;3 on armchair edges of GNR. Here hydrogen gas pressure = 0.1 MPa and R is calculated as a function of
CO partial pressure Pco and temperature T using chemical potentials obtained by fitting to experimental data (see Figure 1).
Pt(111) surface shows excellent CO tolerance (large R) at high temperatures (>500 K) but a poorer tolerance at low tem-
peratures. In contrast, Pt;3 on PNG substrate has a better CO tolerance at low temperatures (300—500 K) than that of the
Pt(111) surface. Other types of defects [see (c), (d), and Figure S2, Supporting Information] show very littleimprovement in CO

tolerance even though E,4(H,) is increased.

Experimentally, N-doped graphitic substrates were
found to effectively disperse Pt nanoparticles and to
improve the structural durability of Pt/C system; these
results agree with our calculations.?*?

For clean Pt surfaces, the average energy &4 of d
electrons (d-band center) of surface Pt atoms is highly
correlated with the adsorbate binding strength.?62’
However, for Pt nanoparticles or irregular surfaces that
have complex morphology and electronic structure,
such a simple model of correlation between &4 and
molecular adsorption energies is not applicable in
general."”® "2 In our calculations, the adsorption en-
ergy E,q of hydrogen and CO on Pt nanoparticles does
not show such a correlation, but the difference in aver-
aged E,q between H, and CO, AE,q = E4(CO) — Eaq(Ha),
was relatively well correlated to &4 of Pt clusters
(Figure 3). Extrapolation of the plot of the correlation
line for Pt;3 suggests that Pt nanoparticles of such size
would have molecular adsorption characteristics similar to
that of a Pt(111) surface.'"** Because CO has stronger
electron affinity than H,, which indicates a larger
amount of electron back donation from Pt, CO adsorption
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is more sensitive to the Pt d-band profile than is H,
adsorption.?” Figure 3 suggests that Pt nanoparticles
would be the most tolerant to CO on PNG among
tested graphene structures. Stronger binding of Pt to
PNG lowers &4, and thus reduces AE,gq.

The difference in E,4 between CO and H, may hint at
CO tolerance, but R in eq 1 gives clearer site-specific
details. Calculated R explains the experimental obser-
vations of CO poisoning; at the PEMFC anode, 1% of CO
blocks 98% of Pt active sites at ~300 K, and CO tolerance is
considerably improved at temperatures >~400 K.”~°
R for a Pt(111) surface (Figure 4a), a representative
facet,'>'? starts to increase at ~400 K in all CO con-
centration ranges consistent with such observation.
The reduced Gibbs free energy of CO absorption has
been suggested to be the origin of the greater CO
tolerance of a Pt/C electrode at high temperatures.”®
However, calculated R clearly indicates that such CO
tolerance is due to large negative uco compared to uy,
at high temperatures (see Figure 1). Calculated R for Pt
nanoparticles also shows greater CO tolerance at higher
temperatures (>500K), but compared to a Pt(111)
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Figure 5. (a) Calculated density of states of free-standing Pt;3 (blue) and Pt;3 on PNG substrate (red). Dotted line: Fermi level
set at zero energy. (b) Calculated d-band center (g4c) with respect to the binding energy (E,) of Pt nanoparticles to defective
graphene. Yellow, single Pt atom; blue, Ptg; red, Pt;3; and lines: least-squares fits to the data. Positive correlation between Ey,

and &y, is noticeable.

surface, the CO tolerance of Pt nanoparticles is not
better in this temperature range; this is because CO
binds more strongly to them than to the Pt surface."’
However, at practical PEMFC operating temperatures
(300—500 K),”® Pt;3 nanoparticles deposited on PNG
exhibit better CO tolerance than the Pt(111) surface
(Figure 4a and b).

The relative occupation ratio R in eq 1 is a thermo-
dynamic quantity and thus does not include the
temporal behavior. Even with this limitation, our calcu-
lated values of R can be utilized to predict the char-
acteristic poisoning time and to estimate the critical CO
concentration for complete poisoning of Pt catalysts if
we take the dynamic nature of R. In general, the kinetics of
CO poisoning are determined by temperature, reaction
area, gas pressure, and the energy barrier upon
adsorption.?® When the time dependence of R = R(?),
i.e., its transient behavior, is considered, the calculated
R from eq 1 is interpreted as R = R(t — o). True per-
formance of Pt catalysts will be determined mostly by
electrochemically active sites, whereas our calculation
of Rineq 1is about the relative coverage of all available
binding sites. As a model process, we set the character-
istic poisoning time at which time-dependent relative
coverage of CO (Rco(t)) exceeds the ratio of electro-
chemically active sites relative to all available binding
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sites (Ras). We note that Figure 4 shows the calculated
relative coverage for H, (Ry). It is reasonable to assume
that Pt nanoparticles or rough Pt surfaces have larger
Ras than flat Pt surfaces. Once Rco(t) exceeds Ras, the
performance of Pt catalysts will degrade dramatically.
In this respect, shrinking the size of Pt particles so that
they have a larger Rxs or increasing the Ry, (or decreas-
ing Rco) by changing the metal d level through N-dop-
ing of substrates will be effective ways to increase the
poisoning time. Previous Monte Carlo simulations have
also reported that the molecular adsorption rate and
the specific poisoning time are highly correlated with
the reaction area of the catalysts.?® As for CO critical
concentration, it can be taken as the value of CO partial
pressure Pco, below which Rco never exceeds Ras at
given temperatures. The CO critical concentration is
thus determined by setting Rco(t — o) & Rps. For
example, when we assume that Pt nanoparticles (Pt;3)
have Ras of 95% (i.e., 95% among all available binding
sites are electrochemically active for fuel cell functions), we
obtain the CO critical concentration of about 50 ppm
at 350 K. It is about 2 ppm for Pt(111) surface at the
temperature if we assume the same Rjs. It increases to
about 500 and to 40 ppm for Pt;3 and Pt(111) surface,
respectively, at 400 K. While determining Ras is not
straightforward at this moment, the relative occupation
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R from eq 1 can provide a guide to estimate the critical
CO concentration and to analyze the factors that
affect it.

The charge transfer between molecules and Pt is
critical in molecular adsorption on Pt. The correlation
of e4c of Pt nanoparticles with the relative adsorption
strength of CO and H, (Figure 3) indicates that en-
gineering Pt binding on graphene can be an effective
way to design CO-tolerant Pt particle catalysts. Pt nano-
clusters adsorbed on CNT exhibit electronic structures
strongly modified by the strong coupling between Pt
and CNT.®> Here we also observed a similar feature in
Pt;3 adsorbed on graphene. For example, the partial
density of states projected on Pt nanoparticles that
bind to PNG shows a significant broadening compared
to free-standing Pt particles, which indicates a strong
hybridization of Pt and graphene (Figure 5a). Also, the
coupling of Pt d and graphene 7 orbitals lowers g4 thus
one can expect that as the binding between Pt nano-
particles and graphene becomes stronger, the d-band
profiles will become broader and lower (Figure 5b).
Other defects, such as carbon vacancy, have binding
energies of metal atoms that are similar to that of PNG,*°

METHODS

All calculations were performed using the first-principles total
energy method, as implemented in the Vienna Ab-Initio Simula-
tion Package®? and employing the projector augmented wave
pseudopotentials.>®> The electron exchange—correlation was
treated within the spin-polarized generalized gradient approx-
imation (GGA) in the form of Perdew—Burke—Ernzerhof-type
parametrization.>* The cutoff energy for the planewave basis
expansion was chosen to be 400 eV, and the atomic relaxation
was continued until Helmann—Feynman forces acting on atoms
were <0.02 eV/A.

Graphene supercells with a size of 4 x 4,5 x 5,and 7 x 7 were
used for Pt;, Pts, and Pt;3, respectively, and the unit cell of
graphene nanoribbons (GNRs) was chosen to have Pt-particle
separation similar to that of graphene (Figure 2 and Supporting
Information). The distance between graphene layers is 20 A. The
Brillouin zone was sampled using I'-centered 5 x 5 x 1,3 x 3 x 1,
and 1 x 1 x 1 k-pointmesh for4 x 4,5 x 5,and 7 x 7 graphene,
respectively; similar k-point grids were used for GNRs. The
electronic levels were convoluted using Gaussian broadening
with a width of 0.05 eV to obtain the density of states.

For simulating a Pt(111) surface, a 2 x 2 unit cell of four
atomic layers was used, with the bottom layer frozen to the bulk
Pt—Pt distance (~2.82 A, as determined by our GGA calculation).
The Brillouin zone was sampled using I'-centered 8 x 8 x 1 k-
point grid. Fermi level smearing was done using the Methfessel—
Paxton scheme®® with a broadening width of 0.2 eV.
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and mechanically induced porous CNTs significantly
improve the dispersion of Pt particles and the CO
tolerance in HOR?'

CONCLUSIONS

In summary, we investigated Pt nanoparticles dis-
persed on defective graphene substrates and their CO
tolerance in hydrogen oxidization reaction. It was
shown that defects in graphene increase Pt binding
strength (Ep,) significantly and lower Pt d-band center
(e4c)- The binding energy difference between CO
and H, exhibits a strong correlation with Pt d-band
center. Thermodynamic analysis shows that nitrogen
doping in graphene improves CO tolerance of Pt
nanoparticles. The results suggest that strong bind-
ing of Pt nanoparticles on defective graphene leads
to enhancing the stability and CO poisoning. By
optimizing £, and &4, Pt nanoparticle-based cata-
lysts can be designed to be more resistant to degra-
dation and less sensitive to CO poisoning. This kind
of analysis will also provide a theoretical guide in
other problems of chemical reactions in Pt-based
catalysis.

all Pt,-graphene structures. This material is available free of
charge via the Internet at http://pubs.acs.org
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