RESEARCH | REPORTS

edge in the 2D real space of a cylindrical geome-
try. From the viewpoint of the 1D chain, the band
structure implies that two electrons per spin are
pumped from the right edge to the left by the cy-
clic evolution, and the charge pumping is topolog-
ically protected. For the reverse evolution by
transporting left-chiral solitons, the edge currents
in the 2D system flow in the opposite direction,
and so does the charge pumping in the 1D chain.
In contrast, for the nonchiral evolution of AA —
BB — AA, which do not encircle the origin in the
phase space, the edge states are not chiral, and
there is no charge pumping (26).

The quantized charge pumping by chiral solitons
can be understood physically by considering elec-
tric polarization. Figure 3C depicts the center of the
bonding charges, called the Wannier center (28),
for the four ground phases. For the right-chiral
evolution of AA — BA, the charge center moves
to the left, resulting in the increase of electric
polarization by |e| (26). Thus, it produces charge
pumping of one electron from the right edge to
the left. For the nonchiral evolution of AA — BB,
the charge center moves by half of the unit cell,
and the bonding charges split into both the left
and right directions, producing no change in
polarization and no charge pumping.

For a 1D system to have a chiral soliton, it
should have more than two degenerate ground
phases, and a set of its solitons should form a
topologically nontrivial closed path in the phase
space. Solitons in systems with two degenerate
ground phases (8, 14) are not chiral, regardless
of whether the sublattice symmetry is broken or
not (29), and thus for those systems charge pump-
ing is not possible unless there are external time-
varying potentials (23, 24, 30). In our system
with four ground phases, charge pumping is
allowed by transporting chiral solitons. The pum-
ping of four electrons by one-cycle evolution is
topologically protected—i.e., secure from defects or
perturbations that do not close the band gap. Fur-
thermore, because of the C, symmetry among the
ground phases, each soliton delivers just one charge
across the chain. This property can be exploited for
future information storage devices where each bit
of information is written by a single electron (31).

Our work suggests further studies of the 1D
counterparts of other interesting topological sys-
tems in higher dimensions, such as the 1D real-
ization of the quantum spin Hall system.
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SURFACE CHEMISTRY

Finding optimal surface sites on
heterogeneous catalysts by counting

nearest neighbors
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A good heterogeneous catalyst for a given chemical reaction very often has only one
specific type of surface site that is catalytically active. Widespread methodologies such as
Sabatier-type activity plots determine optimal adsorption energies to maximize catalytic
activity, but these are difficult to use as guidelines to devise new catalysts. We introduce
“coordination-activity plots” that predict the geometric structure of optimal active sites.
The method is illustrated on the oxygen reduction reaction catalyzed by platinum. Sites
with the same number of first-nearest neighbors as (111) terraces but with an increased
number of second-nearest neighbors are predicted to have superior catalytic activity. We
used this rationale to create highly active sites on platinum (111), without alloying and
using three different affordable experimental methods.

light changes in the surface structure of
catalytic materials can have large impacts
on the products and energetics of chem-
ical reactions (I, 2). However, not all sites
at catalytic surfaces have the same activity
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or selectivity, which gives rise to the concept of
structure sensitivity (3-5). Generally, identification
of active sites is a challenging task that requires
the combination of several approaches (6, 7). A
rational way of designing catalysts should first
identify the optimal active sites and then engineer
surfaces where the presence of such sites is maxi-
mized. Modern computational screening techniques
can provide the atomic-scale insight needed to
elaborate simple catalyst design rules (2, 8). Such
rules are the starting point to engineer target ac-
tive sites on catalytic surfaces (9-12). The connection
between these two steps must be straightforward
and clear, which is not trivial in practice. The dif-
ficulties originate from an important detail: Existing
computational techniques outline optimal ener-
getic properties, which can be met by countless
materials. Therefore, it is desirable to create pro-
cedures that generate more precise design rules.

Consider the specific case of the oxygen reduc-
tion reaction (ORR), Oy + 4(H' + ¢7)—2H,0, a
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key reaction for proton exchange membrane fuel
cells that is normally catalyzed by Pt, which is scarce
and expensive. Although many challenges remain
(13), rational catalyst design has opened new
avenues for the ORR through volcano-type activity
plots (8, 14-16). These plots are based on the
Sabatier principle, which states that good cata-
lysts balance the strength of adsorption and de-
sorption of key reaction intermediates. Volcano

plots typically correlate surface adsorption ener-
gies with estimates of the catalytic activity of
materials. By means of density functional theory
(DFT) calculations, they predict that optimal ORR
catalysts must bind hydroxyl species (*OH) ~0.1eV
(2.3 kecal/mol) more weakly than Pt(111) (8, 15).
Several studies have used this criterion to find
alloy catalysts with high ORR activities (8, 12, 15, I7).
However, this condition can be met by numer-
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Fig. 3. Electrochemical experiments on pristine and defective Pt(111). (A) Schematics of the ap-
proaches used to create defects at Pt(111). Cu atoms appear in red and Pt atoms in gray or black, ac-
cording to the depth with respect to the surface layer. (B to D) Left: cyclic voltammograms characterizing
Pt(111) upon the following electrochemical modifications: (B) dealloying of a Cu/Pt(111) SA (red); (C) five
galvanic displacements (blue); and (D) electrochemical destruction of Pt(111) (green). Right: integrated
anodic parts of the corresponding voltammograms, scan rate dE/dt = 50 mV s, Ar-saturated 0.1 M
HCIO4. The positive shifts indicate weakened *OH adsorption energies and enhanced ORR activity

compared to Pt(111).

SCIENCE sciencemag.org

ous materials, including metals and alloys (15),
oxides (I8), functionalized graphitic materials,
and porphyrins (19, 20). Therefore, screening
routines are used to select suitable candidates
from large databases in which the composition,
structure, and adsorption energies of materials
are known beforehand. Creating such databases
demands considerable time and computational
expenses.

We introduce here “coordination-activity plots,”
which outline the geometric structure of optimal
active sites. The method is illustrated on the ORR,
for which we devise Pt catalysts that are 3.5 times
more active than Pt(111).

Usually, trends in adsorption energies for small
species on extended surfaces of a given transition
metal are well described by the coordination num-
ber (cn) of the surface sites (21, 22). However, cn
loses its accuracy when nanoparticles (NPs, the
typical form of metals on high-surface area cat-
alysts) are considered because of “finite-size
effects” (23, 24), so more sophisticated descrip-
tors are needed (25). For example, in Fig. 1A, all
sites in blue have nine nearest neighbors, that is
cn = 9, but the adsorption energies of *OH cal-
culated with DFT [see fig. S21 and tables S2 and
S3 in the supplementary materials (26)] can dif-
fer by more than 0.5 eV (11.5 kcal/mol). A simple
strategy to allow for direct comparison of NPs and
extended surfaces is the use of “generalized” coor-
dination numbers (CN) (27), which introduce a
weight to each first-nearest neighbor atom j,
corresponding to its own coordination number
[en(§)] The formula used to estimate CN for a site
1is (27)

n ,
@)=y " m
j=1 7

The sum includes all of the first-nearest neigh-
bors, and the division by the maximum number
of first-nearest neighbors in the bulk (¢7n,,,) en-
sures that CN spans the range between 0 and 12
in face-centered cubic metals, similarly to conven-
tional cn. For instance, the blue site on Ptsg in
Fig. 1A has six neighbors with ¢n = 6 (yellow) and
three with ¢n = 12 (white), so CN = (6 x 6 +
3 x12)/12 = 6.00 [section S3.1 in (26) shows
how to compute CN for all sites under study]. This
simple extension explains the variations in Fig. 1A
and results in the linear relation in Fig. 1B, where
the trends in adsorption energies of *OH and
*OOH, AGoy and AGoon, on all sites on Pt NPs of
various sizes (0.7 to 2.6 nm) and shapes (trun-
cated octahedron, cuboctahedron, tetrahedron)
and extended surfaces are presented; data are
reported for terraces, edges, corners, steps, kinks,
and metal adatoms [see tables S2 and S3 in (26)].
Figure S21 shows that CN describes adsorption-
energy trends more accurately than cn. Addition-
ally, because CN is arithmetical, its assessment
does not require DFT calculations.

Following the ORR model in (I16), the two
potential-determining steps are [see Fig. 2 and
section S1 in (26)] (i) the first proton-electron
transfer, in which O, is transformed into *OOH;
or (ii) the last proton-electron transfer, in which
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*OH is transformed into H,O. Thus, within this
model, the ORR activity depends primarily on
AGpon and —AGog. An activity plot is formed
when the reaction energies of steps (i) and (ii) are
evaluated as a function of a given descriptor.
If adsorption energies are used as descriptors,
only the optimal adsorption properties will be
identified (2, 15, 16). If structural parameters are
used as descriptors, the outcome will be the geom-
etry of optimal sites. The choice between ener-
getic and geometric descriptors is determinant,
as illustrated in Fig. 2A, where a coordination-
activity plot is presented [see also fig. S1 in (26)].
This plot shows that optimal Pt surface sites for
the ORR possess CN = 8.3. In agreement with
energetic volcano plots (8, 15), AGoy on optimal
catalysts is ~0.15 eV weaker than on Pt(111).
Besides, the additional structural prediction
(CN ~8.3) can be used to guide experiments.

First, note that CN = 7.50 for (111) terraces in
extended surfaces and sufficiently large NPs
(Figs. 1 and 2). If the top of the volcano is found
at CN = 8.3, optimal catalytic sites must have
more neighbors than (111) terraces. Sites with
cn =10 [e.g., bottom of (100) step sites] or c¢n = 11
[e.g., troughs of (110) facets or bottom of (111) step
sites] have CN values between 8.75 and 9.50,
which exceed the optimal value and are prob-
lematic because of steric hindrance, weak adsorp-
tion energies, and proximity to undercoordinated
sites, resulting in adsorbate diffusion to neigh-
boring sites.

If no more first-nearest neighbors can be added
to Pt(111) sites, a way of producing sites with
CN = 8.3 is by changing the coordination numbers
of such first-nearest neighbors—namely, the num-
ber of second-nearest neighbors of the active site.
Figure 2, B and C, shows two one-layer-deep cavities
on P(111), corresponding to the removal of six (B)
and five (C) adjacent surface atoms. In the con-
figuration in Fig. 2B, the atom in the middle of the
cavity (blue) has cn = 9, but its six in-plane nearest
neighbors (yellow) have cn = 10 [one more neigh-
bor compared to Pt(111)] and its three subsurface
neighbors (white) have cn = 12, so CNy =
(6 x 10 + 3 x 12)/12 = 8.00. Similarly, the active
site in Fig. 2C has CN¢ = (4 x 10 + 2 x 11 + 3x
12)/12 = 8.17. The overpotentials for these sites
are lower than on Pt(111) by ~0.10 to 0.13 V. Sev-
eral other configurations may exist, but the design
rule is clear, general, and simple: Enhanced Pt(111)
sites for the ORR must have an increased number
of second-nearest neighbors, so that cn > 9 for the
first-nearest neighbors of the active site. Such a
conclusion could not be obtained using cn as de-
scriptor in Fig. 2, as it does not account for second-
nearest neighbors [see fig. S21 in (26)].

We used these theoretical guidelines to engi-
neer active sites at Pt(111) with one of three ap-
proaches illustrated in Fig. 3A [see section S2
in (26)]: (i) We stripped away Cu atoms electro-
chemically from the top layer of an ordered
Cu/Pt(111) surface alloy (SA) (9); (ii) we exchanged
a deposited Cu-overlayer with Pt ions in solution
via galvanic displacement (28) to form Pt “surface
islands”; or (iii) we formed a subsurface Pt oxide,
which we then reduced during a cathodic poten-
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tial scan, causing desorption of some Pt atoms
from the surface (29, 30) to create both (desirable)
small and (undesirable) large cavities. These ap-
proaches create surfaces with different adsorption
energies of *OH compared to Pt(111), as shown in
Fig. 3, B to D [see also figs. S3 to S5, S8, S10, and
S16 to 19 in (26)].

For Pt-based ORR catalysts, the most insight-
ful part of the cyclic voltammograms is the *OH
adsorption-desorption region (0.6 to 1.0 V in Fig.
3, B to D). For the three modified electrodes, a
noticeable weakening of the *OH adsorption is
observed, as the two peaks at ~0.8 V appear at
more positive potentials. The interaction between
*OH and the surface is quantified in the right
panels of Fig. 3, B to D. Sizable positive shifts are
observed for dealloyed Cu/Pt(111) SA (~46 mV),
and for Pt(111) electrodes after galvanic displace-
ment (~91 mV) and electrochemical oxidation
(~78 mV). Thus, these catalysts bind *OH more
weakly than pristine Pt(111) (see figs. S6 to S11).
Normally, the *OH adsorption potentials predicted
from volcano plots compare well to experimen-
tal onset potentials for *OH adsorption (15, 17).
Here, the experimental shifts in the *OH adsorp-
tion peaks (~0.05 to 0.09 V) with respect to Pt(111)
in Fig. 3 are also in agreement with those in Fig.
2A (0.10 to 0.13 V).

The activities of Pt(111), various (111) defective
electrodes, and similarly treated polycrystalline
Pt electrodes (Pt,,.) presented in Fig. 4 show that
specific defects can increase the activity ~3.5 times
compared to Pt(111). This increase in catalytic ac-
tivity cannot be explained by the modest increase
in the number of accessible surface adsorption
sites [maximum 15%; see (26)]. However, de-
fects do not enhance the ORR activity of all Pt
electrodes. Figure 4A shows that defects on
Pt did not noticeably enhance the ORR activity

-
o

[see also figs. S13 and S14 in (26)]. This is at-
tributed to different corrosion mechanisms on
Pt facets that lead to the formation of dissimilar
defects (31).

Because only specific kinds of defects are ben-
eficial, “template” methods generating uniform
surfaces with abundant target defects are needed
to enhance the ORR activity. This is important for
the design of highly active NPs. Convex NPs (Fig.
1) have numerous undercoordinated sites that are
not ORR active, and only (111) sites on sufficiently
large NPs are similar to extended Pt(111) (see Fig.
2A). Thus, concave geometries are recommend-
able to introduce sites with CN = 8.3 and en-
hance the ORR activity (10).

Figure 4B shows the ORR current densities of
the most active defective surface in this work and
those of state-of-the-art Pt-based catalysts. Pt(111)
with cavities possesses ORR activities that exceed
those of several active alloys. Therefore, the op-
timal electronic and coordination configuration of
Pt ORR catalysts is close but not identical to that
of (111) terraces, and alloying or adding second-
nearest neighbors have similar beneficial effects.

Figure S22 in (26) shows the ORR coordination-
activity plot for gold, where optimal sites cor-
respond to (100) terraces or possess CN = 5.1.
In (26), we outline the extension of CN to al-
loys and other compounds. Coordination-activity
plots could be used to model other catalytic re-
actions such as H,0, production, CO,/CO re-
duction, and nitrate reduction, as the relation
between adsorption energies and surface coor-
dination exists on metals such as Cu, Ag, and Au
and for adsorbates such as *O, *O,, *H,0, *H,0,,
*CO, *CH, *N, and *NO; (21, 22, 24, 27). Thus,
this work opens up the path in heterogeneous
catalysis for the design of optimal surface sites
utilizing coordination rationales.

Fig. 4. Comparison
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sities in Oy-saturated 0.1 M
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modified via galvanic
displacement, Pt(111);6p
(1 Cu monolayer dis-
placed, green) and
Pt(111)sgp (5 monolayers
Cu displaced, red); and
electrochemical destruc-
tion (10 cycles, blue),
Pt(111)gp. (B) ORR activ-
ities for defective Pt(111)gp
and Pt3Ni (6); Cu-Pt(111)
near-surface alloy (17),
PtsY and PtsSc (8), PtsGd
(12); PtsY, PtsZr, PtsHf, and
PtsLa (15). The potential
for comparison is 0.9 V.
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Identification of active sites in CO
oxidation and water-gas shift over
supported Pt catalysts

Kunlun Ding," Ahmet Gulec,” Alexis M. Johnson, Neil M. Schweitzer,>
Galen D. Stucky,* Laurence D. Marks,> Peter C. Stair’**

Identification and characterization of catalytic active sites are the prerequisites for an
atomic-level understanding of the catalytic mechanism and rational design of high-
performance heterogeneous catalysts. Indirect evidence in recent reports suggests that
platinum (Pt) single atoms are exceptionally active catalytic sites. We demonstrate

that infrared spectroscopy can be a fast and convenient characterization method with
which to directly distinguish and quantify Pt single atoms from nanoparticles. In addition,
we directly observe that only Pt nanoparticles show activity for carbon monoxide (CO)
oxidation and water-gas shift at low temperatures, whereas Pt single atoms behave as
spectators. The lack of catalytic activity of Pt single atoms can be partly attributed

to the strong binding of CO molecules.

ow-temperature catalytic conversions of car-

bon monoxide (CO) to carbon dioxide (CO,)

via oxidation and water-gas shift (WGS) re-

actions are integral to several important

processes, including the removal of CO from
hydrogen gas (H,) for fuel cell applications (7, 2)
and emission control in automobiles with cata-
Iytic converters (3). Supported noble metal-based
catalysts, mainly platinum (Pt) and gold (Au), have
been intensively studied for the reactions during
the past decade because of their excellent activity
and stability at low reaction temperatures. However,
the reaction mechanisms are still highly debated,
especially regarding the active site structures—
single atoms (4-10) versus small Pt and Au nano-
particles (NPs) (11-16). For instance, there have
been disagreements on the promotional effects
of alkali cations in CO oxidation (17-20) and
WGS (5, 10, 16, 21) reactions over supported Pt
and Au catalysts. Some researchers attributed
the promotional effects to the increased disper-
sion and activity of Pt and Au single atoms (5, 10);
others correlated it to the increased activity of
Pt and Au NPs (16-2I). These differences in
reaction mechanisms and identification of active
sites may have arisen from conclusions drawn
from techniques—such as microscopy or x-ray ab-
sorption spectroscopy—that provide either statis-
tically limited information or sample-averaged
information, respectively. A direct observation
of the catalytic performance of specific sites
has long been lacking.
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Site-specific techniques that provide statistical-
ly sufficient information on site identification
and quantification as well as the activity evaluation
of specific sites would make substantial progress
toward resolving these discrepancies. Infrared (IR)
spectroscopy of CO on supported noble metal cat-
alysts is widely used because of its sensitivity to
the atomic and electronic structures of the bind-
ing sites (22-24). Work done by Green et al. on
titanium dioxide (TiO,)-supported Au NPs showed
that IR spectroscopy could identify the active site
in CO oxidation (25) and that CO oxidation oc-
curred within a zone at the perimeter of Au NPs
surrounded by a TiO, surface. Here, we show that
IR spectroscopy with CO as a probe molecule can
differentiate and quantify both Pt single atoms
and NPs. We confirm the coexistence of Pt single
atoms and NPs in many conventional catalysts
and show that only the CO molecules adsorbed
on Pt NPs can react at low temperatures upon O,
or H,O exposure. Thus, the active sites in CO oxi-
dation and WGS reactions are present on the NPs
but not on single atoms.

CO molecules were adsorbed on a series of Pt
catalysts with varying ratios of Pt single atoms to
NPs in order to investigate the corresponding
changes to the IR absorption bands. Mesoporous
zeolite HZSM-5 [silicon/aluminum (Si/Al) ratio
of 62; morphology shown in fig. S1] (26) was cho-
sen as the catalyst support because Al atoms are
strictly isolated in the zeolite framework (27), pro-
viding isolated binding sites for Pt. The meso-
porous structure is introduced so as to facilitate
the diffusion of an organometallic Pt precur-
sor, trimethyl(methylcyclopentadienyl)platinum
(MeCpPtMey), to the Al sites. Pt was loaded on
the mesoporous HZSM-5 via either solution graft-
ing at room temperature or vapor deposition at
elevated temperatures (26).

The IR spectra of adsorbed CO on four Pt/
HZSM-5 samples with different loadings (Fig. 1A)
reveal two sets of CO absorption bands centered

9 OCTOBER 2015 « VOL 350 ISSUE 6257 189

Downloaded from http://science.sciencemag.org/ on April 5, 2017


http://science.sciencemag.org/

Finding optimal surface sites on heter ogeneous catalysts by
counting nearest neighbors

Federico Calle-Vallgjo, Jakub Tymoczko, Viktor Colic, Quang Huy
Vu, Marcus D. Pohl, KarinaMorgenstern, David Loffreda, Philippe

%‘ Sautet, Wolfgang Schuhmann and Aliaksandr S. Bandarenka
AAAS (October 8, 2015)

Science 350 (6257), 185-189. [doi: 10.1126/science.aab3501]
Editor's Summary

Accounting for surface coor dination

The exploration of heterogeneous catalysts using first-principles cal culations can be daunting
because the large number of atoms and possible surface geometries. Cale-Vallgjo et al. describe a
simpler metric for ng optimal reactivity: aweighted average of surface coordination that includes
second-nearest neighbors (see the Perspective by Stephens et al.). The calculations identified three
approaches for introducing cavity sitesinto the platinum(111) surface to improve its performance for
the oxygen reduction reaction used in fuel cells.
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