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1 Introduction to this symmetry lowered WGS activity®. Elucidation of these

The discovery of new materials with tailored chemical proper- structure-function relationships would allow for the targeted syn-
ties is vital for advancing key technologies related to catalysis thesis of materials with optimized crystal structures.

and energy conversion -2, Transition metal oxides (TMOs) cat-
alyze a number of these key technologies, including water elec-
trolysis, fuel cells, and photocatalysis®=°. Compared to modify-
ing the composition of TMOs, the search for novel structures for
catalytic applications is relatively unexplored. The impact of the
crystal structure on catalytic activity is often difficult to pinpoint
experimentally. For oxygen evolution, slight changes to bond
lengths/angles of amorphous materials result in orders of mag-
nitude differences in activity, but these distortions are accompa-
nied by significant changes in the oxidation state and oxygen va-
cancy concentration 8. In another example, a recent study found
that the symmetric coordination of oxygen around the B ions
in a mixed Pt doped BaCeO3 perovskite was key to high water-
gas shift (WGS) activity, and oxygen vacancy induced distortions

Polymorph engineering is one potential route to structurall
tune the activity of materials. Experimental studies have observea
that some metastable polymorphs can lead to significant improve-
ments in catalytic reactions. Multiple polymorphs of Al,O3 are
stable in reactive conditions and display different support ef-
fects19:11, Anatase TiO, is more photocatalytically active than ru-
tile TiO4 12. The structural sensitivity towards formaldehyde and
water oxidation has been observed in a number studies including
manganese and cobalt oxide polymorphs”-13-16, Traditionally,
variation of temperature and/or pressure during synthesis ca.
lead to crystallization of different polymorphic structures7-19,
However, new strategies have proven to be effective at realizing
metastable phases. Thin films of metastable polymorphs can be
stabilized epitaxially if grown on an appropriate substrate20:2!,
It has been shown that thin films are stable and active towards
photocatalysis and oxygen reduction®2-25, Changing the compo-

“Department of Chemical Engineering, Carnegie Mellon University, 5000 Forbes Ave., . . .
Pittsburgh, Pennsylvania 15213 USA. E-mail: jkitchin@andrew.cmu.edu sition of materials has also been shown to be effective at pI‘OdULf

t Electronic Supplementary Information (ESI) available: [details of any supplemen- ing metastable phases, especially when the constituent material:
tary information available should be included here]. See DOI: 10.1039/b000000x/ have different ground state structures26-28, There are multiple
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mechanisms of metastable phase stabilization on the nanoscale.
The increase in the surface to bulk ratio can stabilize certain
metastable phases if surface energies of metastable phases are
preferred over stable ones2°. A recent study reported nucleation
of a new phase at the catalyst/nanowire interface during vapor-
liquid-solid growth30,

Given the large number of potential structural polymorphs that
are possible, experimental synthesis would be aided by a priori
information on what polymorphs are possible and desirable to
synthesize. Simple comparisons of calculated free energies us-
ing density functional theory (DFT) combined with automatic
crystal structure generation can build large databases of relative
stabilities that quickly direct what might be possible for synthe-
sis31733, Recent DFT studies have also evaluated electronic and
physical properties of potential polymorphs as well34-37, While
a few studies have evaluated surface activity of existing poly-
morphs38:3? we are unaware of any studies that have evaluated
chemical properties of potential undiscovered polymorphs.

In this contribution, we assess the reactivity and stability of four
potential oxide polymorphs (anatase, brookite, columbite, pyrite)
of MO, (M=Ru, Rh, Pt, Ir) transition metal oxides (TMOs), which
all form in a rutile-like structure at typical synthesis and reac-
tive conditions. The similar coordination and local geometry of
both cations and anions in all structures lead us to hypothesize
that strain alone could describe trends in chemical properties of
metastable polymorphs. Our results suggest this is not the case.
In addition, we observe polymorphic structures provide more tun-
able reactivity and increased stability with respect to strained ru-
tile structures. Our prediction that columbite IrO5 will be a better
oxygen evolution catalyst than rutile IrO, underscores the poten-
tial activity benefits of polymorphic structure. The origin of the
unique reactivity of polymorphic structures is unearthed through
analysis of the electronic structure. In contrast to simple strain,
distortions to the octahedral symmetry of the metal cation in poly-
morphic structures lead to significant changes in both the shape
of the f,,-band and adsorption energy.

2 Computational Methods

All calculations were performed using the Vienna Ab-initio Sim-
ulation Package (VASP)“%#l with the Perdew-Burke-Ernzerhof
(PBE) 4243 generalized gradient approximation (GGA) exchange-
correlation functional. The core electrons were were described by
the projector augmented-wave (PAW) method#+4>. The Kohn-
Sham orbitals were expanded with plane-waves up to a 500 eV
cutoff. All k-points were represented on Monkhorst-Pack grids°.
System specific k-point grids, force convergence, and additional
calculation parameters can be found in the supporting informa-
tion.

The two primary chemical properties we calculated in this
study are oxygen adsorption and vacancy formation energies.

2| Journal Name, [year], [vol.],1-8

Using DFT computed total energy values, the formulas for both
quantities are shown below.

Eo
AEQ, = Eyiab0 — Evtab — —5* ¢h)
Eo,
AEvoac = Ebulk‘,vac + ) - - Ebulk,smic 2

Egap,0 and Eg,, are the total energies of an oxide slab with and
without an adsorbed oxygen atom, respectively. Epyk stoic and
Epurvae are the total energies a bulk oxide with and without an
oxygen vacancy. All vacancy formation energies were calculated
ata 6.25% vacancy concentration. Free energies of adsorption en-
ergies of OER intermediates were calculated using the atomistic
thermodynamic framework and zero-point corrections employed
in previous work#7:48,

3 Results and Discussion

The compounds we model in this study are four late transition
metal dioxides of RuO5, RhO,, IrO,, and PtO,, which are used in
a number of industrially relevant technologies 4%, Ruthenium
and iridium oxides are known to be the most active oxygen evo-
lution catalysts®?. Rhodium and platinum oxides are active for
NO reduction®! and syngas production®>>3. The activity of a
catalyst in these applications is often related a few key interme-
diate’s adsorption energy, which is one of the primary chemical
properties we evaluate in this study48->4,

In addition to their stable rutile phase, we also model possi-
ble polymorphs of anatase, brookite, columbite, and pyrite (Fig-
ure 1). Of these compound/phase pairs, only a few have been
experimentally observed. RuO, has been observed in the pyrite-
type phase at high pressure>5°6, A recent study correctly pre-
dicted the possibility of this polymorph using DFT and further
proposed columbite and pyrite as possible synthesis targets of
IrO, and RuO,>7. Rutile-like B-PtO, is one of the three stable
experimentally observed polymorphs of PtO,, though the struc-
tures modeled in this study have not be observed. RhO; has only
been experimentally observed in a rutile like structure>8.

In addition to being potential undiscovered synthesis targets,
these polymorphs also allow us to isolate the effect structural dis-
tortions have on catalytic activity. Inspection of all crystal struc-
tures considered in this study reveals a similar octahedral coordi-
nation with six M-O bonds to all metal cations (Figure 1). Fur-
thermore, all oxygen ions have a trigonal planar-like coordina-
tion, forming three O-M bonds for each oxygen anion. Hence, the
local environment of both the cation and anion is similar across
all structures, and all differences between polymorphs lie in struc-
tural distortions of bond lengths and angles. These distortions to
the octahedral are similar to those observed by EXAFS in a num-
ber of experiments relating a distorted structure and different ac-

This journal is © The Royal Society of Chemistry [year]
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Anatase (001)

Brookite (110)

Fig. 1 In addition to the stable rutile phase, the four metastable
polymorphs used in this study. Images show the octahedral coordination
present for metal cations found in all structures, along with the 5cus site
used for all adsorption energy calculations. The periodic cell shown is
the unit cell required for the construction of each specific surface.

tivity of TMOs for a number of reactions %°9-61,

We want to determine the effect these polymorph-induced dis-
tortions have on their reactivity. We do this by calculating both
oxygen adsorption and vacancy formation energies. Vacancy for-
mation energies are calculated in the bulk at the same vacancy
concentration. While different crystal structures naturally pro-
duce a large number of different adsorption sites through geo-
metrically different surface facets, this analysis is not our focus.
It is already well known that differences in coordination or sto-
ichiometry of the surface adsorption site can produce significant
differences in adsorption behavior. Our objective is to evaluate
the effect that distortions to the MOg geometry have on the ad-
sorption energy. To isolate the effect of distorting the MOg octa-
hedral on the adsorption energy, we choose adsorption sites on M
ions with the same number of missing bonds that maximizes the
number of surface and sub-surface M-O bonds. This happens to
be the 5cus site. The facets we model that capture similar 5cus
sites are shown in Figure 1, and DFT studies show some of these
surface facets are predicted to be thermodynamically stable 62-64,
Note we could not find a study on relative surface stabilities of

This journal is © The Royal Society of Chemistry [year]

the columbite structure, but our calculations show no major sur-
face reconstructions on the columbite (101) surface. Details on
the construction of these surfaces can be found in the supporting
information. All adsorption calculations were calculated on these
surfaces at the adsorption site shown in Figure 1.
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Fig. 2 (a) Adsorption and (b) vacancy formation energies of all
polymorphs and strained rutile plotted against the strain relative to the
equilibrium volume of rutile of each respective element. Rutile is given
by open O and the dashed lines connects rutile structures with different
amounts of isotropic strain. Anatase, brookite, columbite, and pyrite are
given by O, 7, A, and & markers, respectively. RuO,, RhO,, IrO,, and
PtO, given by gray, red, blue, and black colored markers, respectively.

The similar MOg environment of both the metal and oxygen io7:
in all crystal structures leads us to hypothesize that the M-O bond
lengths should correlate with chemical properties. Differences in
the M-O bond lengths between different crystal structures — or
strain — should express itself as differences in the volume. Hence,
in this study we define the strain of a specific MO,-polymorph as
the difference of its volume with the equilibrium volume of rutile
MO,. Correlations between strain and adsorption and vacanc,
energies have been observed in a number of DFT studies©>6¢.
Figure 2 validates these correlations for rutile, showing smooth
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strain-dependent Aands and AEQ,.. Surprisingly, adsorption on
metastable polymorphs do not fall on these correlations. In addi-
tion, the changes in the adsorption energy caused by changing the
crystal structure is oftentimes higher in magnitude then changes
caused by straining rutile.

In contrast to adsorption energies, applying strain to rutile pro-
duces a much larger change in AEQ, . than altering its crystal struc-
ture. Applying either compressive or tensile strain results in more
exothermic vacancy formation, and AEZ,. in polymorphs tend to
be more endothermic than highly strained rutile. These results
can be understood through structure stability. Straining rutile
causes structural instability and allows for a greater degree of
relaxation when a vacancy is created. This structural instabil-
ity is also evident in strain-induced crystal phase transitions %7-68,
In contrast, polymorph structures, which are fully relaxed at
their equilibrium volume, are more resistant to vacancy forma-
tion. This conclusion has important implications on the stability
of these structures. A polymorph, though globally metastable,
should have comparable stability in reactive environments where
oxygen vacancies are regularly being created/filled. This result is
consistent with studies where metastable structures were found
to be stable in reactive conditions and showed structural-sensitive
activity13’14’16.

Correlations between adsorption energies and vacancy forma-
tion energies have been observed in past research and have ram-
ifications on the balance of activity and stability of oxide mate-
rials 56970 In Figure 3 (a), we also find correlations between
adsorption and vacancy formation in the context of strain on ru-
tile, but polymorphs do not follow these correlations. Further-
more, polymorphs exhibit a much larger degree of tunability of
its adsorption energy without sacrificing stability. This observa-
tion motivates the search for polymorphs as possible candidates
for breaking typical activity/stability trade-offs in catalytic opera-
tions.

To assess the potential catalytic activity of oxide polymorphs,
we calculate adsorption energies O, OH, and OOH with respect to
the standard hydrogen electrode (SHE). Using a previously estab-
lished atomistic thermodynamic framework, adsorption energies
of 0, OH, and OOH can predict the OER activity of catalysts*7-48,
Consistent with previous results, in Figure 3 (b) we find that ad-
sorption energies of O, OH, and OOH scale with each other, and
adsorption energies on polymorphs fall on the same scaling as
that of the rutile structures. We suspect this scaling persists due to
the similar geometric structure of the adsorption site, which has
been observed to be a requirement on metal surfaces’72, Figure
3 (b) further demonstrates using structural sensitivity to tune ad-
sorption energies, where adsorption energies between those on
stable rutile structures of different compounds are realized on
polymorph structures.

The polymorph’s ability to adjust adsorption energies along
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Fig. 3 (a) Correlation between the adsorption and vacancy formation
energy of all structures. (b) Scaling relationships between adsorption
energies on O, OH, and OOH for all systems. (c) Theoretical
overpotential towards oxygen evolution of all compounds. Rutile is given
by open O and the dashed lines connects rutile structures with different
amounts of isotropic strain. Anatase, brookite, columbite, and pyrite are
given by O, 7, A, and & markers, respectively. RuO,, RhO,, IrO,, and
PtO, given by gray, red, blue, and black colored markers, respectively.

scaling relationships imply their activities should fall on the OER
activity volcano and potentially give different activities with re-
spect to rutile8. This is shown in Figure 3 (c). Anatase and
columbite IrO, and brookite RhO, and PtO, are predicted to be
more active than their stable rutile forms. Work in our group sug-
gest columbite IrO, as a potential synthesis target through thin
film growth®”. Our results further motivate the experimental ef-
forts in the synthesis of columbite IrO5.

While late transition metal oxide structures of anatase and
brookite have been calculated to be high in energy and unfea-
sible to synthesize directly via either high pressure or thin film
growth, TiO, is naturally occuring in both of these structures,
easily synthesized, and stable under electrochemical and photo-
chemical conditions73-74. Futhermore, anatase and brookite TiO5

This journal is © The Royal Society of Chemistry [year]
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have heightened photocatalytic activity and rutile TiO5 can incor-
porate a large variety of transition metals as dopants’>. We there-
fore hypothesize Pt and Rh doped TiO4 brookite or Ir doped TiO4
anatase should increase photocatalytic water oxidation activity.

We stress again that the primary point of our OER analysis to
assess whether from a computational standpoint, we expect the
structural distortions induced by polymorphs can produce signif-
icant changes in activity. We could have chosen any reaction for
this test, but we choose OER due to the efficacy and simplicity
of previously established models for evaluating catalytic activ-
ity*876.77 and the usage of RuO, and IrO, as state of the art OER
catalysts. Our results motivate a more in-depth evaluation of the
stability and activity of columbite IrO,, which includes the sta-
bility of several surface facets/terminations, activity of multiple
adsorption sites, and a full potential energy landscape analysis.

Having demonstrated the unique activity and stability offered
by potential polymorphs, we now investigate the origin of these
properties by analyzing both the atomic and electronic structure.
The case study we perfrom to elucidate these structure-property
relationships is IrO5 in rutile, strained rutile, and columbite crys-
tal structures. Figure 2 shows that rutile and columbite have sim-
ilar equilibrium volumes and visualization of their crystal struc-
tures reveal a similar hep lattice of oxygen. Despite these sim-
ilarities, changing the crystal structure from rutile to columbite
produces a ~0.15 €V change in adsorption energy, while strain-
ing IrO, has neglible effects on adsorption.

Table 1 Bond lengths and angles of strained rutile IrO, and columbite at
the adsorption site. IrOF, IrOF+018, 1r05-015 1rOS refer to IrOy in the
equilibrium rutile phase, rutile with 15% tensile strain, 15% compressive

strain, and the columbite phase. Iy, _ow and f,, s referto bond
i=1,234

lengths of the metal cation at the adsorption site with the single
sub-surface and four surface oxygen anions, respectively. 6 s, s
i J

refers to the angle formed between two surface oxygen atoms and the
metal cation at the adsorption site.

System Iro} | rok+015 | roR015 | 10§
hy-ow (B) | 1.950 [ 2.102 1.865 | 2.028
hy_ower B) | 2012 | 2.090 1.926 | 2.061
by_gpr B) | 2012 | 2,090 1.926 | 1.913
hy_ower B) | 2012 | 2.090 1.926 | 1.965
hy_oper B) | 2012 | 2.090 1.926 | 1.893

Ogurt et | 746 76.9 721 | 975
Oguri_yy_eer | 1049 | 103.1 107.9 | 843
Ogurt et | 746 76.9 721 | 89.8
Opurt_yy_eer | 1049 | 103.1 1079 | 88.1

Analysis of the atomic structure gives some insight into this
effect. Table 1 shows the bond lengths and angles of Ir at the
adsorption site on the rutile (110) and columbite (101) surface.

This journal is © The Royal Society of Chemistry [year]

Applying strain to rutile does not the break the original symme-
try around the adsorption site, and no significant change of bond
angles is observed of any rutile structures. Furthermore, strain
induced bond length changes are not as high relative to the vol-
ume change, which is due to internal relaxations that reduce the
effect of strain. In contrast, the columbite octahedral contains
distortions relative to the octahedral found in the rutile crystal
structure.
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Fig. 4 Density of states of rutile IrO,, rutile with maximum tensile and
compressive strain. The green area represents the eq states, and the

cyan area represent the toy states. Filled areas represent the occupied
electronic states below the Fermi level.

The effect these structural changes have on the adsorption en-
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ergy can be seen in the electronic structure. Figure 4 shows the
atomic projected density of states of Ir at the adsorption site in
rutile, strained rutile, and columbite IrO,. The striking feature
that persists for all rutile structures is the shape and position of
the #,,-bands near the Fermi level, while the eg-band undergoes
significant changes to both the shape and positions upon strain.
In contrast, the f,,-band shape and position is significantly dif-
ferent for Ir in the columbite crystal structure when compared to
any rutile DOS. IrO; columbite eg-band has its low energy bond-
ing and high energy anti-bonding orbitals at similar energy levels
to IrO, rutile. Similar conclusions can be found for a majority of
all other systems in this study, and all DOS data can be found in
the supporting information.

Our two conclusions from the analysis of the changes in ad-
sorption energy, atomic structure, and electronic structure in this
case study are as follows: (1) the shape and position of the #,4-
states is vital for determining the strength of adsorption, and (2)
distortions to M-O bonds within the octahedral geometry results
in redistribution of the r,,-band. Both of these conclusions are
surprising. Considering that the eg-orbitals make o-bonds with
surface and adsorbate oxygen p-orbitals’8, the energy levels of
the ¢g-orbitals should determine the bond strength. Likewise, dis-
tortions to the M-O bonds should express themselves as changes
to the shape and energy levels of the e,-bands. Our results show
otherwise but are consistent with recent work that show trends
in adsorption energies can be correlated to the center of 1,,-states
near the fermi level®®7%. While universal correlations between
properties of the electronic structure and the adsorption energy
could not be found in this study, we suspect the higher AE{ZJ . on
columbite IrO, with respect to rutile IrO5 come from the creation
of high energy 1, states at the Fermi level. Because these states
are degenerate in energy with anti-bonding eg-band, they are
likely repulsive and serve to destabilize surface-adsorbate bond.

4 Conclusions

In light of the growing interest and ability to search structural
space for new materials, we have explored the chemical proper-
ties of potential oxide polymorphs. We find that changes to ad-
sorption and vacancy formation energies on polymorph structures
cannot be explained by strain alone, allowing greater tunability in
their adsorption properties while maintaining stability in reactive
environments. We highlight this tunability by predicting certain
polymorphs such as columbite IrO, to be more active for oxygen
evolution and discuss their possible implementation. Analysis of
both the atomic and electronic structure reveal distortions to the
MOg octahedral geometry imparted through polymorphic struc-
tures cause significant redistribution of energy levels of the 7,,-
states. Coupled with calculated adsorption energies, our results
emphasize the key role the #,,-states in determining the strength
of adsorption.
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