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Theoretical study of crystal phase
effect in heterogeneous catalysis

Jin-Xun Liu"?" and Wei-Xue Li"%*

Density functional theory (DFT) is a powerful tool to study heterogeneous
catalysis nowadays. In past decades, numerous DFT calculations have been
conducted to investigate the mechanism of catalytic reaction from which the
rationale of catalyst design can be revealed. Because the catalyst electronic and
geometric structures determine the intrinsic activity, corresponding composi-
tion, size, and morphology have been explored extensively to tune the
structure-activity relationship for higher activity and selectivity. In this review,
we focus on the recent theoretical progress of the crystal phase effect on catal-
ysis. Catalysts with different crystal phases have different symmetries, and
could expose very different facets with distinct electronic and geometrical
properties, which would have significant influential on the activity and selec-
tivity of the active sites as well as the site density. Exploration of the depend-
ence of catalysis on the crystal phases provides a new rationale of catalysts
design toward a high-specific activity. © 2016 John Wiley & Sons, Ltd

How to cite this article:
WIREs Comput Mol Sci 2016, 6:571-583. doi: 10.1002/wcms. 1267

INTRODUCTION

Designing the catalysts with higher activity,
selectivity, and stability is the key topics of
heterogeneous catalysis. Once the relationship
between precise structure and intrinsic activity of
the active sites (namely, structure sensitivity) is
known, synthesis of the catalysts could be guided to
expose more active sites for better activity and selec-
tivity in experiment. However, under the realistic
reaction conditions, industrial catalysts always
consist of small nanoparticles with high surface area
exhibiting lots of step edges, kinks, crystal facets,
interface, etc. It is therefore difficult to clarify the
structure sensitivity unambiguously because of the
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complexity of surface structures and non-uniformity
of the realistic catalysts.! Identification of the struc-
ture sensitivity of catalysts in chemical reactions
to achieve the maximum mass-specific yet stable
reactivity, although is still a great challenge in heter-
ogeneous catalysis, will assist in the rational design
of new catalytic systems and accelerate the evolu-
tion of the field of nanotechnology.?

With the development of density functional the-
ory (DFT) and the improvement of computational
capabilities, surface properties of the catalytic materi-
als and chemical reactions mechanism can be
revealed at the atomic level. Microscopic understand-
ing of chemical reactions on model-catalysts, identifi-
cation of the structure sensitivity, as well as
obtaining the important reaction intermediates by
DFT calculations can guide to synthesize highly effi-
cient and stable catalysts in experiment. It is well
documented that the catalytic activity and selectivity
are determined by the electronic and geometric struc-
ture of the catalysts.> Thus, designing efficient cata-
lysts can be realized by changing the composition,
morphology, particle size, and supports, formation of
interface, addition of promoter, etc.*™®

Besides as the stated above effects, it is found
that the catalytic activity and selectivity can be
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controlled further by the crystal phase of the
catalysts.”™'” The catalysts with different crystal
phases have distinct atomic packing sequence and
symmetries, which will expose very different surface
structure and morphology with distinct activity,
selectivity, and site population. Dependence of the
different surface sites that may occur and their popu-
lation on the crystal phases open a new dimension to
the design of stable catalyst with high mass-specific
activity. In this review, we have outlined recently
progresses of the crystal phase effect on catalysis by
DFT calculations. The rest of this paper can be
divided into five parts: crystal phase effect of cobalt
(Co) and ruthenium (Ru) metals, Co carbide versus
Co metal, iron (Fe) carbide versus Fe metal, rutile
versus anatase phase of titania (TiO,) oxide, conclu-
sions, and perspectives will be drawn finally.

CRYSTAL PHASE EFFECT OF
COBALT AND RUTHENIUM METALS

Transition metals can crystallize for instance in either
hexagonal close-packed (HCP) or face-centered cubic
(FCC) or body-centered cubic (BCC) structures.
Under the standard conditions, their bulk crystal
structures change from HCP to BCC, HCP, FCC
from left to right of the periodic table of element

wires.wiley.com/compmolsci

(Figure 1), mainly because of the different electronic
configuration.'® However, when the environment
condition (temperature, pressure, and particle size)
varies, the favorable crystal phase of the given transi-
tion metal could transform from one to another with
different  atomic  stacking  sequence  and
symmetry.'®'”=7 Here, we take Co and Ru as an
example because of their wide application in hetero-
geneous catalysis. Co has an HCP crystal structure
under ambient atmospheres. However, it is found
that HCP Co could be transformed into FCC Co
when the temperature increase up to 400°C.*° In
addition, Co  crystal phase transformation
(HCP — FCC) could occur with decreasing the parti-
cle size. When Co particle size is larger than 40 nm,
HCP Co is the predominant phase with inclusion of
a very small amount of FCC Co. Pure FCC Co could
be found when the particle size decreases to 20 nm.*’
Ru in the bulk phase adopts an HCP structure at all
temperature, while FCC Ru uniformly size nanoparti-
cle was recently obtained at room temperature by
using special precursor.'®

Fischer-Tropsch synthesis (FTS) is an impor-
tant process for producing liquid fuels and other che-
micals via syngas (a mixture of carbon monoxide
and hydrogen molecule) from coal, natural gas,
shale gas, biomass, etc.”®* Co is the common
used FTS catalyst which have attracted much more
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FIGURE 1 | The crystal structures (under standard conditions) of transition metal in the periodic table of element. The point groups are

indicated for the three typical crystal structures.
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attention recent years because of its high activity for
Cs, formation and relatively low cost.>® Further
improvement of CO conversion activity and selectivity
for Cs, hydrocarbons on Co-based catalysts is still a
long-standing issue. Over the past few years, numer-
ous studies have been conducted to understand the
nature of structure sensitivity of Co-based catalysts
for FTS by well-defined preparation methods, in situ
characterization technology, surface science studies,
and ab initio DFT calculations. Two typical structure
sensitivities have been observed for FTS over Co cata-
lysts, i.e., crystal structure and particle size effect. It is
found that Co crystalline phase transformation could
occur by changing the catalyst size,”” varying the
supports and promoters, and pretreating the
catalysts.>’ 3 This crystal structure changes will play
a significant role in the activity and selectivity for FTS
catalysis. It has been reported by many group that
HCP Co has higher FTS activity than FCC
Co.”10:14:3437 A broposed by Ducreux et al., the cat-
alysts with majority of HCP phase has higher CO
conversion activity under FTS conditions compared
with those containing predominantly FCC phase
particles.” FCC Co was the dominant phase in the
Co-based catalysts reduced in hydrogen, whereas
HCP Co could be produced by consecutive CO and
hydrogen treatments. Another experimental work
shows that HCP Co is more active than FCC phase,
while Co,C is inactive for FTS.!* Davis and cowor-
kers®” have also presented similar results that Co
containing HCP phase presenting higher CO conver-
sion and less methane selectivity compared with the
catalysts containing FCC phase under similar FTS
reaction conditions.

However, it remains open as to whether and
why HCP Co catalysts have higher activity and lower
selectivity for methane than FCC Co, which prevents
the full exploration of this structure sensitivity. To
set light on the effect of the Co crystallographic
structures (HCP and FCC Co), CO activation as a
probe reaction has been investigated extensively
through first principles DFT calculations, because
this elementary step is crucial for the reaction mech-
anism and the overall reactivity of the FTS.>® HCP
and FCC Co have quite different bulk symmetries
and atomic packing sequence, and these are essential
for the type of the exposed facets with distinct sur-
face topologies and their relative ratio (so-called mor-
phology), which will be decisive for the intrinsic
activity/selectivity of the individual facets exposed
and the contribution to the overall reactivity. The
morphologies of HCP and FCC Co can be approxi-
mately obtained via the Wulff construction (Figure 2)
based on the calculated surface energies. It is found
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that HCP and FCC Co have different shapes stem-
ming from their different symmetries. Bulk HCP Co
belongs to the D3y, point group, and the correspond-
ing morphology is a dihedral-like shape with two
close-packed (0001) facets. The other open facets
occupy almost 70% of the overall surface area. On
the other hand, FCC Co belongs to the O, point
group with very high symmetry, and the correspond-
ing morphology is an octahedron-like shape, where
eight close-packed (111) facets are exposed, covering
predominantly 80% of the total surface area.

Based on a simple micro-kinetic model and cal-
culated CO activation barriers, CO dissociation reac-
tion rate is calculated and shown in Figure 2. It can
be found that there are at least four facets, namely,
(1121), (1011), (1012), and(1120)) on HCP Co,
having reaction rates higher than that of the most
active FCC (100) among all the FCC Co exposed
facets. This is because all these four HCP facets have
lower CO dissociation barriers. In fact, HCP Co has
a number of distinct facets available with signifi-
cantly higher reaction rates because of the presence
of the more favorable active facets (BS site) than the
most active FCC (100) facet (Figure 3). This indicates
that CO dissociation on both HCP Co and FCC Co
is highly activated and quite structure sensitive. HCP
Co has higher activity than FCC Co for CO activa-
tion. It would be highly valuable to synthesize HCP
Co exposing the most active four facets for higher
mass-specific reactivity.

For FTS, CO may also dissociate by hydrogen-
assisted pathway,>*~** which could change the above
scenario based on the direct route. It is found that
CO activation reaction pathway will be quite differ-
ent on the two phases, i.e., the direct route for HCP
Co and the H-assisted route for FCC Co. This could
be rationalized by the higher activity of the HCP Co
for the direct route leaving little room for the H-
assisted route (Figure 4). Even considering the pres-
ence of hydrogen, HCP Co remains more active than
FCC Co for CO activation.

Ru is another significant material in heterogene-
ous catalysis. Although Ru with FCC structure does
not exist in the bulk Ru phase diagram, Kitagawa
et al.'®* have synthesized FCC Ru nanoparticle at
room temperature because of the nano size effect.
From Figure 5, it is found that, above 3 nm, the
newly discovered FCC Ru nanoparticles were more
reactive than the conventional HCP Ru nanoparticles
for CO oxidation. It has been proposed that the
mechanism of CO oxidation with HCP Ru begins
with the oxidation of (0001) surface in the formation
of a few RuO, (110) layers, which is considered as
the active phase for CO oxidation on Ru
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FIGURE 2 | Equilibrium morphology of HCP and FCC Co based on the Wulff construction and calculated reaction rates r for CO dissociation
on exposed HCP and FCC Co facets at the low coverage. All rates are normalized by that of HCP (0001) with units of s~ site™". (Reproduced with
permission from Ref 38. Copyright 2013 American Chemical Society.)

FIGURE 3 | Top and side view of optimized transition states for CO dissociation on FCC and HCP Co surfaces. Blue, red, and gray balls
represent Co, O, and C atoms, respectively. (Reproduced with permission from Ref 38. Copyright 2013 American Chemical Society.)
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FIGURE 4 | Calculated potential energy (in eV) for CO activation
at the transition states for breaking the C=0 bond via the direct route
(CO* + H* — C* + O* + H*) (red) and the H-assisted route

(CO* + H* — CHO* — CH* + O*) (blue) on HCP and FCC Co
surfaces. The zero energy reference is CO + '/, H, in the gas phase.
(Reproduced with permission from Ref 38. Copyright 2013 American
Chemical Society.)
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FIGURE 5 | Size dependence of the temperature for 50%
conversion of CO to CO, (Tsg) for FCC (blue) and HCP (red) Ru
nanoparticles. (Reproduced with permission from Ref 43. Copyright
2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)

catalysts.*** The FCC (111) and HCP (0001) facets
have common closely packed structures. FCC Ru
nanoparticles generally tend to be enclosed by (111)
surfaces because this facet has the lowest surface
energy.*® However, HCP Ru nanoparticles are not
completely enclosed because of the existence of other
different surfaces. Therefore, the FCC Ru nanoparti-
cles could expose more active sites for CO oxidation
exhibiting higher activity.

A newly phase control strategy was also devel-
oped by Zhang et al.*” to prepare FCC Ru nanocata-
lyst, in which Ru shells were epitaxially grown on
the surfaces of FCC Pt and Pd seeds and the seeds
guided the Ru shells inheriting the FCC structure. It
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is found that the synthesized Pt@Ru nanoparticles
showed not only the pure FCC phase but also high
morphology selectivity to tetrahedrons surrounded
by {111} facets. DFT calculations indicate that the
preferentially epitaxial growth of Ru atom layers on
the nonclosest-packed facets of hetero FCC metal
seeds lead to the formation of FCC Ru shells
(Figure 6). The synthesized FCC Pt@Ru tetrahe-
drons/C exhibited greatly enhanced electro-catalytic
activity toward hydrogen oxidation reaction (HOR)
in acidic electrolyte compared with conventional
hydrothermally synthesized HCP Ru catalysts. The
optimum HOR activity should be achieved on well-
crystallized FCC Ru catalysts exposing maximum
{111} facets. In addition, Lee and coworkers*®
reported a novel, seed-dependent synthesis of FCC
Ru which is also highly active for oxygen evolution
reaction.

Above results show that the catalytic activity is
strongly influenced by the crystal structures of transi-
tion metals. Moreover, it is dependent on the type of
chemical reactions. The insights revealed is construc-
tive for the design of better, stable Co and Ru cata-
lysts with maximum mass-specific reactivity, in
which ab initio calculation and material synthesis
would play an essential role.

COBALT CARBIDE PHASE VERSUS
COBALT METAL PHASE

Precious Rh is the major catalysts for alcohol forma-
tion selectively via syngas. For this reaction, Rh with
modest reactivity to dissociate CO partially is essen-
tial. Namely, it can dissociate CO molecules to pro-
duce C atom, which is hydrogenated to CH,
followed by C-C coupling to form hydrocarbon. On
the other hand, there remains considerable CO in
molecular states for insertion toward hydrocarbon
producing the desired alcohol. Because of the consid-
erable economic benefits of oxygenates/alcohol pro-
duction and limitation usage of expensive Rh, it is
urgent to find cheap and active catalysts to directly
produce alcohols with low selectivity of other by-
product, like light alkanes or methanol. Again, CO
partial dissociation is prerequisite. Here, we will
introduce a successful example for designing the Co
metal/carbide interface, which is highly selective for
high alcohol formation. Establishing the interface by
using distinct catalytic properties of Co metal phase
and its carbide phase is a new strategy for catalysts
design.

The high alcohol synthesis is a significant proc-
ess in basic chemical industries. This process is
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FIGURE 6 | Analysis of the interface between Ru and FCC noble metals. (a) and (b) are the formation of the interfaces between the Ru and
other transition metals with FCC structure. (c) DFT calculated formation energies of (111) and (100) interfaces between FCC Pt, Pd, Rh, and

Ru. (d) HRTEM images and 3D models of FCC Pt seeds with cubooctahedral morphology from (left) [011] and (right) [001] zone axes. Red and
blue surfaces in these models represent {100} and {111} facets, respectively. The scale bars indicate 2 nm. (Reproduced with permission from Ref

47. Copyright 2015 American Chemical Society.)

involved in hydrogenation, ethylation, chain growth,
oxidation, and hydrolysis.** It is found that metallic
Co is only the active phase for FTS in the formation
of long-chain hydrocarbons, while Co,C has no
activity and its formation considered as the sign of
deactivation of the catalysts for FTS.'* However,
Ding et al. reported a one-step synthesis of aliphatic
C;-Cyg a-alcohols high-quality fuels and low metha-
nol from syngas via FTS process using nonprecious
Co catalysts supported on an activated carbon.’®!
Co carbide was observed after FTS reaction which
may play a significant role in higher alcohol synthesis
prosed by Mausbeck et al.,>* Zaikovskii and cowor-
kers,>® and later by Wang et al.>* The formation of
Co,C may be the origin for direct synthesis of high
alcohols. From careful systematic experiment com-
parison, it is proposed that the formation of Co and
Co,C is the key for alcohol formation. DFT calcula-
tions also have been performed to clarify the active
site and reaction mechanism for high alcohols forma-
tion on Co-based catalyst.>

Metal carbides are noble-metal-like and usually
less active than the corresponding transition
metal.>®*” CO could non-dissociative adsorb on
Co,C which could provide adsorbed CO. In order to
shed light on this, CO adsorption and dissociation
are systematically studied on Co and Co,C. From
calculated density of states (DOS) (Figure 7), it can
be found that Co,C is metallic in nature, which is
same with Co metal phase. Meanwhile, Co is a cat-
ion with a Bader charge of 0.48 e, and C is anion

576 © 2016 John Wiley & Sons, Ltd

with Bader charge of about -0.99 e. The presence of
Co-C coordination in first nearest neighbor of Co
carbide is another difference with that of the Co
metal phase with only Co—Co coordination. These
lead to a great difference in their catalytic activity, as
seen below.

Here, Co,C (111) and Co (100) surfaces are
considered to model Co,C and Co catalysts,

Co,C Rh

Density of States (a.u.)
0
|\>O
O

Energy (E-Ep)/eV

FIGURE 7 | The crystal structures and the corresponding density
of state of bulk Co, Co,C, and Rh.
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respectively. CO adsorbs much stronger on Co,C
(111) compared with that on Co (100) surface by
0.5 eV. The origin for this can be ascribed to the lat-
tice expansion and positive charge of Co in
Co,C. The positive charge of Co could increase
o-donation from CO* greatly, which will enhance
CO adsorption strength. However, the highly electro-
negative species, such as atomic C and O, is energeti-
cally unfavorable for binding the positive-charged Co
in Co,C. This can be ascribed as that the limited
charge transfer from Co cation to C* and O* and
their electrostatic repulsion with lattice C in Co,C as
well which would destabilize the overall energetics.
Stabilizing CO adsorption but destabilizing C*
species on Co,C will have a significant influence on
the energetics and kinetics for CO dissociation. The
calculated CO dissociation (CO* — C* + O*) reac-
tion energy is thermal neutral (0.01 eV), while it is
highly exothermic on Co (100) with the value of
-0.75 €V. On Co,C(111) surface, the calculated CO
activation barrier is 2.18 eV, which is 0.69 eV higher
than that on Co (111) surface. From Figure 8, it is
found that CO dissociation has similar transition

(@

0.0 Co,C (111)
Co (100)

Energy (eV)

FIGURE 8 | Energetic and geometric information for direct CO
activation on Co,C (111) (red) and Co (100) (blue) surfaces. The
corresponding CO adsorption, transition state, and C adsorption
geometries are shown in (b)-(e). (Reproduced with permission from
Ref 55. Copyright 2015 American Chemical Society.)
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states on both surfaces and the dramatically decrease
of reaction energy on Co,C will suppress the corre-
sponding kinetics. Under FTS reaction conditions, CO
activation may be assisted by hydrogen, especially for
the catalysts with relative low activity. The overall
barrier is 2.12 eV for H-assisted CO activation path-
way (CO* + H* — HCO* — CH* + O¥%) on
Co,C. While on Co (100), the total barrier for H-
assisted pathway is 1.52 eV. Under FTS reaction
conditions (493 K), CO cannot be activated
efficiently on Co,C (111) surface because of the
significant high barrier. FTS chemical reaction
cycle cannot be completed on Co,C (111) because
of the difficulty of CO activation under low
temperature. Therefore, Co,C (111), behaving as
noble-metal-like, could provide efficient sites for
non-dissociative adsorption of CO molecules.
Metallic Co is highly active and Co,C is inert
for FTS. When Co and Co,C combine together, high
alcohols will be produced. It indicates that dual-site
at Co and Co,C interface may be the active for CO
activation. A simplified model is constructed, with a
Co strip on Co,C (111) surface. It is found that
adsorbed CO on Co,C can easily insert into the pro-
duced CH, intermediate on the Co strip with a low
barrier of 0.77 eV. This modest value suggests that
the interface is indeed facile for alcohol formation.
However, CO insertion barrier is 1.48 ¢V on Co,C
(111) which is less active than the interface site. This
illustrate that even hydrocarbon formed on Co metal
might migrate to Co carbide, and the overall contri-
bution to the alcohol formation would be quite
lower, compared with the dual-sites at the Co and
Co,C interface (Figure 9). In addition, it is found that
the interface between Co and Co,C plays a signifi-
cant role in ethylene hydroformylation. DFT calcula-
tions showed that the metallic Co sites can be used

FIGURE 9 | Scheme for the high alcohol formation at interface
between Co and Co,C. (Reproduced with permission from Ref 55.
Copyright 2015 American Chemical Society.)
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for olefin adsorption and activation to form surface
carbonaceous species, while Co,C sites, for CO
molecular adsorption, activation, and insertion for
ethylene hydroformylation.”® The interface between
metal and its carbide phase, by using no-precious
metal, provide the efficient dual active sites for oxy-
genates synthesis in syngas applications.

IRON CARBIDE PHASE VERSUS IRON
METAL PHASE

Fe is the most widely used catalysts in FTS reaction
and Fe-based catalysts have gained much attention
owing to its low costs, a tunable product distribution,
catalyzing the water-gas shift (WGS) reactions and
effectively increasing H,/CO ratio during FTS.>’
Under FTS reaction conditions, Fe-based catalysts are
often a mixture of a-Fe, Fe,C, Fe;C, FesC, and Fe,Cs
etc. One of these phases could transform into another
when the carbon potential changes. The identification
of the active phase has long been controversial
because of the prevention by complicated composi-
tion and in situ characterization of the catalysts. For
example, metallic Fe,**®! Fe, ,C,%*7*° Fe,C3,%° FesC,
39:67-70 had all been claimed as the active phase
responsible for FTS. It remains an open question
which is the active phase for FTS, i.e., Fe or Fe car-
bides. Fe and Fe carbides phases have very different
electronic and geometries which will lead to distinct
catalytic behaviors (adsorption mode, reaction mech-
anism, reactivity, and selectivity). Clarifying these
issues will set up a direction for optimizing efficient Fe-
based FTS catalysts. In order to uncover this important
issue, DFT calculations have been conducted to study
which is the active phase for FTS: Fe or Fe carbides.
The significant steps involved in FTS, including
CO activation, methane formation, and C-C cou-
pling, on Fe metal and carbide were investigated.”*
Stepped Fe-terminated FesC, (100) and Fe (310)
surfaces’” having similar BS sites were applied to
model the two catalytic systems. These two surfaces
were chosen because they are abundant and the
exposed surface Fe atoms share similar local struc-
ture.””>’* It is found that C atom adsorbs much
stronger on Fe compared with that on FesC, by
almost 1 eV. From Figure 10(a), we can see that CO
activation is feasible on Fe (310) and FesC, (100)
surfaces with low activation barriers (0.93 eV vs
1.38 eV). On Fe, CO dissociation barrier is lower
than that on FesC, (100) surface by about 0.4 eV
stemming from the stronger adsorption of C atom.
However, FesC, is more active than Fe for C, and
CH,; formation with lower apparent activation

578 © 2016 John Wiley & Sons, Ltd
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FIGURE 10 | (a) Apparent barriers for CO activation, C, and CH,
formation on FesC, (100) and Fe (310) surfaces. (b) The transition
states for CO activation on FesC, (100) and Fe (310) surfaces.”!

barriers. C, and CH, formation are quite difficult
on Fe under low temperature FTS conditions
because of the high activation barriers of 1.87 and
2.27 eV, respectively. This can be ascribed to the
too strong binding of the dissociated atomic carbon
with surface Fe atoms which prevents the subse-
quent C-C coupling and methanation. While, for
FesC,, the effective barriers for C-C coupling on Fe
carbide were even lower than that of CO activation
and methanation. This suggests once CO dissociates
on Fe;C,, C-C bond formation would take place
immediately. C-C bond will forms more easily on
Fe carbide which are highly active for FTS with
good olefin selectivity than that on Fe.

To support DFT calculations, pure phase metal
and carbide catalysts, including o-Fe, FesC,, Fe,Cs;,
and Fe,C, have been synthesized and their FTS per-
formance has been studied experimentally
(Figure 11).”! It is found that FesC, is more active
than pure Fe catalyst for FTS at the initial reaction
period. From high-pressure stepwise temperature
programming surface reaction (STPSR) experiment
over FesC, at 150°C, it is found that once CO were
activated, C, (acetylene and ethylene) were observed
simultaneously with water. Moreover, the larger
apparent barrier of methanation (1.38 e€V) than that
of CO activation and C, formation implies that
higher temperature for methane formation might be
required. Indeed, STPSR experiment observed
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FIGURE 11 | CO conversion versus time over Fe, Fe,C, Fe;Cs,
and FesC, catalysts (reaction condition: 270°C, 30 bar, 20 ml/min
syngas) (a); the scheme for CO hydrogenation on Fe and FesC, (b).”’

methane formation only when the reaction tempera-
ture reaching 190°C. While, for pure Fe catalyst, C,
and methane will be generated when the temperature
is higher than 170 and 190°C, respectively. This is
because that CO dissociates easily on Fe, the disso-
ciated carbon C* left on Fe surface could not be con-
sumed by either the methanation or the C-C
coupling because of their large effective barriers
(2.27 and 1.87 eV). Indeed, there were no methane
and C, hydrocarbon observed for 2 h at 150°C in
STPSR experiment. The formed carbon would accu-
mulate on the Fe surface, in the formation of Fe car-
bides which will be more active for C, and methane
formation. Under FTS  reaction  condition
(T =150°C, Py =2 MPa, H,:CO =2, P(H,0) =
0.01 MPa), the calculated AG for the formation of
FesC, [2CO (g) + 2H, (g) + 5 a-Fe (bulk) — FesC,
(bulk) + 2H,O (g)] is -3.22 eV/FesC,. The large exo-
thermic AG tells that the phase transition from the
Fe to FesC, is significantly favorable, which is nicely
agreed with the experimental observation.”! The
insights revealed for the distinct activity of the differ-
ent Fe phase, metal versus carbide, as well as the
structural evolution under reaction condition are val-
uable for rationale design for Fe-based FTS catalysts.
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RUTILE PHASE VERSUS ANATASE
PHASE OF TiO,

Transition metal oxide is another important catalytic
material, and its crystal phase effect on catalysis has
also been studied extensively. For instance, MnO,
nanoparticles with different crystal phase can be
synthesized using various approaches, and CO oxida-
tion reactivity sequence is a- &~ 8- > y- > p-MnQ,.”’
Moreover, it is found that y-Fe,Os3 is more active
than a-Fe;,O3; for selective reduction of nitrogen
oxide by ammonia.'” For tuning the selectivity
aspect, ZrO, with surface tetragonal crystal phase
exhibits a high activity to form ethanol, while the
ZrQO, with surface monoclinic crystal phase presents
a high activity to form isobutanol.”®

TiO, is one of the promising catalysts for water
splitting among various photoactive materials. Since
the discovery of photocatalytic water splitting on
TiO,, identification of the active phase and active
sites of TiO, has attracted much more attention in
recent years. TiO, typically has two crystal phases:
rutile and anatase. Bulk anatase is more stable com-
pare with rutile under atmospheres conditions.””
However, under low temperature or in small particle
size conditions, rutile is thermodynamic more sta-
ble.”””® Many works showed that the crystalline
phase of TiO, plays a significant role in photo-
catalysis and anatase is more active than rutile,”®””
while rutile is often believed to be more active for
oxidation reaction compared with anatase. Neverthe-
less, recent work showed that the presence of anatase
would enhance the activity or even dominate the oxi-
dation reaction.®°%% Where is the active site located
and how the titania crystal phase influences on the
photo-activity are still elusive. In order to clarify
which TiO; phase is the active phase for water split-
ting, DFT calculations have been performed on two
common surfaces of two typical TiO, phases, i.e.,
anatase (101) and rutile (110).%3

Based on the DFT calculations, it is found that first
proton removal of water (H,O + hole + — OH + H+)
is sensitive to the TiO, crystalline phases and surfaces.
The calculated barrier for O-H bond scission on
rutile (110) surface is lower than that on anatase (101)
by 0.2 eV. Rutile (110) surface is thus more active
than anatase (101) surface for water splitting. The
higher activity of rutile can be ascribed to the more
favourable local bonding geometry of the surface. It is
found that H,O molecule could dissociate with a more
favourable geometry on rutile, in which the transition
state for water splitting has a better contact with both
the Tis. and O, stabilizing the transition state. Zhao
and Liu suggested that the surface structure sensitivity of
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water oxidation can be correlated to the geometrical
separation between the exposed Tis. cation and its
nearest O, anion, dri;.0,, on the TiO, surface.®
The DFT calculations showed that chemical
properties of the surface play a significant role in the
photocatalytic process, which is important for the
design of new photocatalysts.

CONCLUSION

Catalytic activity and selectivity are closely related
with the electronic and geometric structures of the
active site of the catalysts. Besides particle size, mor-
phology and interface effect, crystal phase of the cat-
alysts have a great influence on catalysis. In this
review, we have addressed the recent theoretical
progress on crystal phase effects on catalysis, includ-
ing transition metals Co and Ru for FTS, Co carbide
and metal interface for alcohol synthesis, Fe carbide
versus Fe metal phase for FTS, TiO, crystal phase
effect on water splitting. These investigations provide
not only a deep insight into the active sites and the
structure sensitivity, but also the theoretical support
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fore, there is a large room to optimize the catalytic
activity and selectivity by tuning the crystal phases.
More investigations need to be carried out to find
the most active phase with abundant active sites
which are of great significance for catalysts design.
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