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ARTICLE INFO ABSTRACT

Keywords: Pursuit of high catalytic selectivity is paramount in the design of catalysts for green chemical processes towards
Cobalt oxide minimizing the production of undesired products. We demonstrated that catalytic selectivity for production of
Selectivity alkene through oxidative dehydrogenation of alkane on transition metal oxides can be promoted through tai-

Surface faceting

: loring the surface lattice of the oxide catalyst. Selectivity for production of ethylene through oxidative dehy-
Oxygen vacancies

drogenation (ODH) of ethane on Co304 nanocrystals can be substantially increased by 30%-35% via tempera-
ture-mediated reconstruction of surface lattice of Co304. Co304 nanocrystals formed at 800 °C leads to smooth,
flat crystal plane with predominantly exposed (111) facet in contrast to high Miller index (311) facet of Co304
formed at <700 °C, revealed by environmental transmission electron microscopy. Isotope-labelled experiments
suggest that the higher catalytic selectivity on the (111) facet results from the lower activity of its surface lattice
oxygen atoms. Consistent with these experimental results, DFT calculations suggest low activity of surface lattice
oxygen atoms and high activation barriers for adsorption and dissociation of C—H bond on the (111) surface in
contrast to (311). Upon the activation of C—H on (311), the stronger binding of ethylene on more active, under-
coordinated surface lattice oxygen atoms of (311) forms a robust “deprotonated ethylene glycol”-like inter-
mediate on (311) with a rate-limiting desorption barrier to the formation of ethylene. Compared to (311), the
kinetically favorable desorption of bound ethylene species from (111) surface well rationalized the higher se-
lectivity for production of ethylene on (111) than (311). These findings demonstrate that temperature-mediated
tailoring of the surface lattice for a transition metal oxide nanocatalyst is a promising approach in pursuing high
selectivity in oxidative dehydrogenation of hydrocarbons.

1. Introduction exhibit strong binding to adsorbates. In many cases these under-co-

ordinated atoms are active sites [2,7-12]. Compared to extensive stu-

Generally speaking, a fundamental understanding of catalysis on a
heterogeneous catalyst largely relies on the identification of its surface
structure at a molecular level or even at an atomic scale [1-6]. Me-
chanistic insights of elementary steps of a catalytic reaction performed
on the surface of a heterogeneous catalyst including molecular ad-
sorption, potential surface restructuring and product desorption, has
been one of the main goals to pursue through experimental findings and
theoretical simulations in the past decades. In terms of metal catalyst, it
is generally acknowledged that the under-coordinated atoms of metal
catalysts including atoms of step, edge, corner, kinks, or adatoms
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dies of a wide spectrum of metal catalysts in the last three decades
[1,13], unfortunately much less attention was paid to the fundamental
studies of catalytic mechanisms of oxide catalysts from surface science
point of view.

Transition metal oxides, one of the most important class of hetero-
geneous catalysts, have been widely used in oxidative reactions
[14-26]. One common feature of transition metal oxides is the ex-
istence of surface oxygen vacancies due to the existence of variable
valence states [27-35]. Although more than half of industrial catalytic
reactions are performed on transition metal oxides, fundamental
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Fig. 1. Arrangement of oxygen atoms on optimized (111) and (421) surface of spinel-structure Co30,4. Two types of surface lattice oxygen atoms are shown with a
and B in (a). Six types of surface lattice oxygen atoms are shown in 1, 2, 3, 4, 5, and 6 in.(b).

understanding of the surface structure at a molecular level and how the
surface details of oxide catalysts at atomic scale are correlated to its
catalytic selectivity are largely lacking. As expected, the distinct dif-
ference between the achieved depth of fundamental understanding of
catalytic reactions on metal oxides and metals has resulted from the fact
that complexity of transition metal oxide surfaces is higher than metal
catalysts by two orders of magnitudes. First, surface of a transition
metal oxide has both cations and anions. For instance, (111) and (421)
surfaces exhibits quite different atomic packing of both oxygen anion
and cobalt cations in Fig. 1. (421) has several types of surface lattice
oxygen atoms (Fig. 1b). Secondly, most transition metal elements have
multiple valence states and different valence states are coexistent in a
crystallographic lattice in many cases. Thirdly, most transition metals
can form oxides of different crystallographic phases; typically, these
phases are transformable at different temperature or even at different
catalytic conditions. For instance, spinel-structured Co30,4 is trans-
formed to rock salt-structured CoO during catalysis in the mixture of
NO and CO at 300 °C [36-40]. Additionally, bond strengths of M—O of
many transition metal oxides are weaker than M—M bond of metal
catalysts and thus M—O bonds could be cleaved readily under a rela-
tively mild condition, which makes surface lattice oxygen atoms highly
active. Thus, surface of transition metal oxide are typically oxygen atom
or even metal atom-deficient. For oxidative catalysis, the chemical and
coordination environments of surface lattice oxygen atoms are the key
factors towards determining catalytic performance. Different from the
complete oxidation of hydrocarbon producing the thermodynamically
favorable final products CO, and H,O, having an appropriate activity of
surface lattice oxygen atoms of a catalyst is crucial for achieving high
selectivity for ideal products of oxidative dehydrogenation (ODH) since
partial oxidation is not the most thermodynamically favorable pathway.
Thus, for ODH performed on a transition metal oxide, the activity of
surface lattice oxygen atoms is the descriptor of the selectivity for
producing ideal product of selective oxidation. From this point of view,
tailoring chemical and coordination of surface lattice oxygen atoms is
an important approach to tune selectivity of oxidative dehydrogena-
tion.

Herein, we chose Co30,4 as a probe catalyst and ODH of ethane to
produce ideal product of ethylene (2C,Hg+ O, = 2CoHy +2H50) as a
probe reaction. The by-product of this reaction is CO, formed in a
complete oxidation of ethane. In this work, the correlation between
catalyst surface structure and the catalytic performance of ODH of
ethane to ethylene was systematically studied through both advanced
in-situ/operando techniques and DFT simulation. We found that na-
nocrystals with either predominantly (111) or (311) surface facet
formed through a treatment at a different temperature exhibit quite
different selectivity for production of ethylene through ODH of ethane.
The higher selectivity on (111) of Co30,4 than (311) by about 30%-35%
was suggested to be intrinsically correlated with activity of surface
lattice oxygen of the two types of surfaces. Isotopic exchange experi-
ments of '®0 revealed that the capability to dissociate molecular oxygen

at oxygen vacancies of Co304 (111) and to release surface lattice
oxygen atoms from this surface is lower than high Miller index surface
C0304 (311)

DFT calculations suggest that the distinct difference in catalytic
selectivity between low Miller index surface (111) and high Miller
index surface (311) intrinsically results from the quite different che-
mical and coordination environments of surface lattice oxygen at
atomic scale on the two surfaces. The energy barrier for desorbing a
monodeprotonated ethylene glycol-like stable intermediate to form
product is higher than desorbing a similar immediate bound to (111) by
2.05eV. The nearly barrier-less desorption of the intermediate, the
CH,—CH>- on (111) makes (111) favorable for production of ethylene
in contrast to (311). Both experimental and DFT studies demonstrated
that surface faceting can be used as an approach to promote catalytic
selectivity for ideal products of partial oxidation of hydrocarbons on
transition metal oxides.

2. Experimental methods and DFT calculations
2.1. Synthesis of Cos04 nanocrystal

Co304 nanocrystal was synthesized with a method reported in the
literature [41,42]. 2.49 g of cobalt acetate tetrahydrate was dissolved
into 30 mL of ethylene glycol and then the mixture was heated to 160 °C
under vigorously stirring in N, atmosphere. Before the solution was
refluxed for 1 h, 100 mL of 0.20 M NaCO3 aqueous solution was added
into the above mixture dropwise (1.11 mL min™"). The purple products
were obtained by centrifugation and washed by deionized water and
ethanol for several times to make sure the Na was removed. After being
dried at 50 °C overnight in a vacuum oven, pure Co30,4 nanocrystals
were obtained by calcinations at certain temperature (T) in air for 4 h,
which was label as Co304-T.

2.2. Characterizations

Powder X-ray diffraction (XRD) patterns were recorded on a Rigaku
Ultimate IV operating in reflection mode with Cu Ka radiation with XRF
mode. The nitrogen sorption measurements were performed on an
ASAP 2010 unit (Micromeritics) at 77 K after activation at 150 °C for
3h. TEM and HRTEM images were recorded on the TECNAI G2 F20
operated at 200 kV. In situ environmental TEM was performed inside an
environmental transition electron microscope (h-9500, Hitachi). This
microscope was equipped with a bottom mounted direct detection
camera (DE-12, direct electron) and a time resolution of 10 frames per
second was used for the in situ recording. Temperature-programmed
reduction (TPR) tests were carried out in a Micromeritics Autochem
2910 equipped with a TCD detector.

The oxygen isotope-exchange experiments were conducted using
the same fixed-bed flow reactor on-line coupled to a quadrupole mass
spectrometer for on-line analysis of the gas composition at the
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downstream of the fixed-bed flow reactor. The quadrupole mass spec-
trometer can readily distinguish 160, (m/z = 32), 80, (m/z = 36) and
160180 (m/z = 34). Before preparation of isotope-labelled catalysts, the
Co304 catalyst precursor was calcined at 350, 600, 700, or 800 °C in air.
Then, these Co30,4 catalysts were annealed in 0, at a temperature
same as its calcination temperature in air (350, 600, 700 or 800 °C) for
0.5h, by which the isotopic labelled catalysts were prepared. The as-
prepared isotope-labelled catalysts were purged with N, for 1h to
eliminate the '80,, 1080 and '°0, until the mass spectrometer signals
of 80,, 19080, %0, returned to the base line. Then, 5.0% °0, was
introduced to flow through the catalyst; the temperature was raised
from 30 to 600 °C at a heating rate of 20 °Cmin™' to perform a potential
oxygen exchange between '°0 and '®0. When one peak appeared at a
temperature Ty, the sample was further annealed with a ramping rate of
20°Cmin~! until there was no further increase in the intensity of
160180 at a temperature Ty,; then, the sample was being kept at Ty, until
there was no more '°0'80 formed; in other words, the signal of '°0*80
went back to the original baseline. Then, the catalyst was annealed to a
higher temperature with a ramping rate of 20 °C min™' until the next
peak appeared.

2.3. Measurements of catalytic performances

All measurements of catalytic performances of oxidative dehy-
drogenation of ethane to ethylene on pure Co30,4 catalysts were per-
formed in a fixed bed reactor operating at atmosphere pressure. They
were conducted in the temperature range of 350-600 °C with 0.05 g of
catalyst diluted with 0.50 g of quartz sand. The quartz sand was purified
by aqua regia solution and then washed with deionized water for sev-
eral times. The inner diameter of the test tube is 6.0 mm. The sources of
the reactant gases are 10.0% C,He/Ar and 10.0% O,/Ar. 25.0 mL min~*
of 10.0% C,Hg and 25.0 mL min~" 10.0% O, were mixed and then in-
troduced to the fixed-bed flow reactor. Gas composition of the mixture
of reactant gases entering this fixed-bed flow reactor is 5/5/90 for
CoHg/Oo/Ar. Ethane and reaction products were analyzed on-line with
a gas chromatograph equipped with a FID detector. Blank experiments
were performed on 0.55 g quartz sand in the same fixed-bed flow re-
actor while the mixture of reactants was introduced. Conversions
of < 1.0% at 350 °C and of < 2.0% at 600 °C were found for the 0.55 g
quartz sand. Experimental errors of the measurements of conversion
and selectivity are + 5% of the reported conversion and selectivity,
respectively. Carbon balances were in the range 100% + 5%.

To interpret the suppression of the activity of surface lattice oxygen
atoms of Co304 by high calcinations temperature, complete oxidation of
ethane to CO/H,0 and/or CO,/H,0 was conducted between 200 °C and
600 °C on 0.050 g catalyst diluted with 0.50 g purified quartz sand. The
reactant gases were 10 mL min™" of 10.0% C,Hg/Ar and 40 mL min™! of
10.0% O,/Ar. The feedstock composition was 2/8/90 for C,He/Oo/Ar.
Ethane and ethylene were analyzed with an on-line gas chromatograph
equipped with a FID detector.

2.4. DFT calculations

All DFT calculations were performed using the Vienna ab initio
Simulation Package (VASP) [43,44]. The Perdew-Burke-Erzerhof (PBE)
[45] functional of generalized-gradient approximation (GGA) was used
for electron exchange and correlation. The electron-core interaction
was described using the projector-augmented wave method (PAW)
[46,47]. We used the DFT + U method reported by Dudarev et al. [48]
in VASP using a Hubbard parameter of U = 2 eV for Co, because their
calculations yielded a band gap and local spin moments on Co®>* and
Co®* sites in close agreement with the experiment, as shown in a
previous work [41,42]. A kinetic energy cutoff of 450 eV was used for
the planewaves, and the Brillouin zone was sampled using a 3 x 3x1
Monkhorst-Pack scheme [49]. All calculations in this work were per-
formed with spin polarization. Bulk Co304 is antiferromagnetic at low
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temperature and transitions to a paramagnetic state above 40 K. To
model the paramagnetic state of Co304, we used the ferromagnetic
(FM) spin state as approximation.

Adsorption energies were calculated by using the definition
Eads = Esurface+adsorbate - (Esurface + Eadsorbate); where the energy of th?
adsorbate E,gsorbate Was computed by placing the adsorbate in a 10 A
wide vacuum cubic cell which is sufficiently wide enough to prevent
intermolecular interactions from the periodic boundary conditions.
Transition states were found via first optimizing the approximate re-
action coordinate using the nudged elastic band method (NEB) and then
using the dimer method [50] for a force convergence of 0.05 eV/A. In
the high-temperature range of this study (700-800 °C), we assume the
harmonic approximation to the transition-state theory. In this case, the
temperature dependence expressed in the term exp(-E,/kT), while the
prefactor is temperature-independent, is determined by the ratio of
normal-mode frequency products at the initial and transition states. For
similar reactions on the two surfaces in question, the prefactors de-
termined by the frequencies are usually similar; thus, we can assume
the main factor in dictating selectivity would be the difference in E,.

3. Results and discussion
3.1. Surface morphology of fresh and used Co304 nanocrystals

Co304 nanocrystals were prepared by a modified wet chemistry
method with a followed annealing in O,. Fig. 2 presents the XRD pat-
terns of fresh and used Co304 catalysts prepared by calcination at dif-
ferent temperatures in purified air. Here, “fresh Co30,” designates a
catalyst experienced a calcination in air at certain temperature for 4 h
but this catalyst has not been used for catalysis. A “used Co30,” refers to
a fresh catalyst which has previously undergone catalysis (ODH) in the
temperature range of 400-600 °C in a fixed-bed flow reacor. The tem-
peratures after the terms of “used Co304”, “used catalyst”, “fresh
Co304” or “fresh catalyst” in the text are the calcination temperature of
the catalyst in air before catalysis. Notably, this calcination temperature
in terms used Co30,4-T such as used Co304-800 °C is different from cat-
alysis temperature which is always in the range of 400-600 °C in this
work.

All these diffraction patterns of fresh and used Coz0,4 shown in
Fig. 2 can be well indexed to the standard diffraction patterns of Co304
(PDF 43-1003) [51-53]. The average crystallite sizes of the fresh and
used Co304 crystals were calculated by Scherrer equation. As listed in

Used cx304-soo °c

Fresh cAo:o,,-soo 0
Used Cx304-700 °C

Fresh Go;0,-700 ©
0,-600°

bl 1 = 1 - 1 = | - 1 -
10 20 30 40 50 60 70
2 Theta(degree)

Fig. 2. XRD patterns of fresh Co304-T and used Co304-T (T = 350 - 800 °C)
catalysts.
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Table 1
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Surface areas and average crystallite sizes of fresh Co304 and used Co30, catalysts.

Entry Sample Average Crystallite Size (nm)” Surface Area (m? g')
1 Fresh-Co304-350 °C 12.9 118

2 Used-C0304-350 °C — 56"

3 Fresh-Co0304-600 °C 14.2 63

4 Used-C0304-600 °C — 54

5 Fresh-Co304-700 °C 18.9 41

6 Used-C0304-700 °C 18.0 39

7 Fresh-Co0304-800 °C 21.0 37

8 Used-C0304-800 °C 19.7 33

# The sharp decrease in surface area of used C0304-350 °C is due to the high catalysis temperature (600 °C).
> The average sizes of crystallites are calculated by the Scherrer equation from XRD data in Fig. 2.

Table 1, the sizes of used Co304-T gradually increase with the calci-
nation temperature (T), likely due to the sintering.

Besides, as shown in Table 1, a high calcination temperature de-
creases specific surface area of the series of fresh-Co;04 and that of
used-Co304 largely. The decreasing surface area with the increase of
annealing temperature may result from the particle sintering at high
temperature. The N, adsorption-desorption isotherms in Fig. S1 show
that all of the fresh/used Coz0, samples are of type IV with an
H1 hysteresis loop, which are observed for mesoporous materials with
packing holes. Notably, our catalyst does not have intrinsic mesopores
although Co30,4 with intrinsic mesopores was reported in literature
[54]. The surface area of the used-Co304-350 °C is largely lower than
the fresh-Co304-350 °C since the high catalysis temperature range up to
600 °C is higher than the calcination temperature, 350 °C. In terms of
the catalysts calcined at higher temperatures (600, 700, or 800 °C),
there is little difference in surface areas between fresh-Cos04-T and
used-Co304-T. In other words, because the catalyst nanocrystals have
been sintered in the step of calcinations at 600, 700, or 800 °C, the
subsequent catalysis at 400-600 °C couldn’t sinter the Co304 nano-
crystals any further. In addition, catalysts calcined at 700 °C (entries 5
and 6 of Table 1) and catalysts calcined at 800 °C (entries 7 and 8)
exhibt similar surface area in the range of 32.5-41.1 m? g*. It suggests
there was no further sintering from 700 to 800 °C.

Although there is very little change in the macroscopic property in

(a1)

terms of surface area (m? g‘l) between the series of fresh-Co304-700 °C
and used-Co304-700 °C and the series of fresh-Co30,4-800 °C and used-
C0304-800 °C, the surface morphologies of these nanocrystals calcined
at 700 °C and 800 °C are quite different. The Co30,4 nanocrystal calcined
at 800 °C has a remarkably flatter and more even surface. To explore the
impact of calcination temperatures on the surface morphologies of
Co304 nanocrystals, in situ environmental TEM studies were carried out
to track the evolution of surface morphologies and crystallographic
facets along the increase of catalyst temperature in O,/N, mixture with
a presssure ratio of 1:4 at 10 mbar. It is noted that the micrographs in
Fig. 3 were captured from the in situ TEM movie and unfortunately
some of them were out of focus as nanoparticles were not stable in such
high temperature conditions. The structural evolution of the particles
was very fast at high temperatures. To catch the fast structural evolu-
tion, we couldn’t have time to adjust the focus.

Fig. 3a—c present representative structural evoltuions of different
Co304 nanocrystals from 700 °C to 800 °C, respectively. Clearly, as the
temperature of Co30, nanocrystals was increased from 700 °C
(Fig. 3al—c1) to 800 °C (Fig. 3a3, b3 and c2), the original rough surface
develops substantially sharper and better-defined edges and corners.
The obvious change of surface structure of Co304 nanocrystals in this
temperature range suggests that the surface atoms were evolved from
the higher index rough surface at 700 °C to lower index smooth surface
at 800 °C. Unfortunately, collection of atom-resolved TEM images with

(a3)

(bi) (b2) R

(b3) (c2)

Fig. 3. Evolution of surface morphology of the same Co30,4 nanocrystals during calcination in the mixture of O, and N, (O»/N, gas) along the increase of calcination
temperature. Nanocrystals of Co30, in images of each series (a, b or ¢) is the same. The feature of these evolutions of surface morphology of these nanocrystals is the
much better flatness and smoothness of the surface of Co304 along the increase of calcination temperature from 700 to 800 °C. The highly flattened faceting of Co304
nanocrystals can be readily identified in TEM images (a3), (b3) and (c2). All images of this figure were collected at the indicated temperature in the mixture of O, and

N, on an environmental TEM system.

960
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fresh C0;0,-700 °C in O,/N,

fresh C0,0,-700 °C in O,IN,

<

%’9

fresh C0,0,-800 °C in O,/N, fresh C0,0,-800 °C in O,IN,

2\}«\

(c) (d)

used Co,0,-700 °C
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Used/C0,0,:700:°C

(9)

Fig. 4. ETEM and TEM studies of Co304 nanocrystals. (a and b) TEM images with 1D lattice fringe of fresh-Co304-700 °C in O5/N>. (¢ and d) TEM images with 1D
lattice fringe of fresh- C0304-800 °C in O5/N». (e) TEM image of large scale sample area of the used- C0304-700 °C. (f and g) High-resolution TEM image of the used-
C0304-800 °C with 2D lattice fringe. (h) TEM image of large-scale sample area of the used-Co304-800 °C. (i and j) High-resolution TEM image of the used-Co304-

800 °C with 2D lattice fringe.

two-dimensional lattice fringe of Co304 nanocrystals during annealing
at 700 and 800 °C in the O,/N, atmosphere is significantly challenging.
However, our TEM images of one dimernsional fringes were sucessfully
collected during calcination at 700 and 800 °C in the O,/N, atmo-
sphere. Compared to the nanocrystals at 700 °C in O5/N, (Fig. 4a and
b), sufaces of these nanocrystals at 800°C in O,/N, are largely
smoothed as shown in Fig. 4c and d. These in-situ ETEM studies clearly
suggest the formation of a smooth surface with (111) faceting (Fig. 4d).
This is because the high thermal energy provided to the surface of
nanocrystals at a higher temperature makes surface atoms readily
across the diffusion barrier to form a more thermodynamically favor-
able surface. As it has been extremely challenging in achieving high
resolution TEM images with two-dimensional lattice fringes during cat-
alysis conditions at 600 °C in the mixture of ethane and O,, we identifed
the lattice fringes of the used-Co304-700 °C and the used-Co304-800 °C
at room temperature in UHV. A close examination of these two-di-
mensional fringes found that the surface morphologies of the nano-
crystals of the used-Co304-700 °C (Fig. 4e — g) always exhibit rougher
and less well-defined edges than the nanocrystals of the used-Co30,-
800 °C (Fig. 4hj), suggesting that used-Co304-700 °C has a noticeably
rougher surface with more defect sites than the used-Co3;04-800 °C.

As shown in Fig. 4g, the lattice fringes of the used-Co304-700 °C
display inter-planar spacing of 0.243 nm, which match well with those
of the (311) crystal facets of Co304.[55] Compared to the feature of the
used-Co304-700 °C (Fig. 4e-g), the surface morphologies of the used-
C0304-800 °C are quite different as shown in Fig. 4h—i. The surface of
the used-Co0304-800 °C is markedly smoother (Fig. 4f of 700 °C versus
Fig. 4i of 800 °C and Fig. 4g of 700 °C versus Fig.4j of 800 °C). Fig. 4j is
one representative image of the high-resolution images collected from
the same pot of the catalyst (used-Co304-800°C). Based on the re-
presentative lattice fringe images of Co30,4 nanocrystals (used-Co304-
800 °C), the preferentially exposed surface of used-Coz04-800 °C is
(111). Thus, the predominant facets of used-Co304-700°C and used-
C0304-800 °C should be (311) and (111), respectively. In addition, we
also extensively studied the morphology of the used-Co304-600 °C and
the used-Co304-350 °C. For the used-Co304-700 °C, used-Co304-600 °C
and used-Co304-350 °C, the mainly exposed facetings are high Miller
index surface. Different from them, the mainly exposed surface of the
used-Co304-800 °C is (111) (Fig. 4i and j). As shown in the next section,
high Miller index surface of used-Co304-T (T = 600 or 700 °C) and

lower Miller index surface of Used-C0304-800 °C exhibit quite different
catalytic selectivities for oxidative dehydrogenation of ethane to ethy-
lene.

3.2. Catalytic perfomances of Co304 nanocrysals

Selective oxidative dehydrogenation (ODH) of ethane to ethylene
was employed as a probe reaction to explore the intrinsic correlation
between surface structure and catalytic performance of Co304-T
(T = 600-800 °C) catalysts. Fig. S2 plots the CyHe conversion versus
weight hourly space velocity (WHSV). The linear relationship between
conversion of ethane and WHSV validated that the catalytic reaction
was conducted in the kinetic regime. As shown in Fig. 5a, the conver-
sions of ethane on C0304-600 °C and Co0304-700 °C catalysts are similar
in the temperature range of catalysis (400-600 °C), likely due to the
approximately similar surface structure of C0304-600°C and Co304-
700 °C (entries 4 and 6 in Table 1). Interestingly, the conversions of
ethane on Co304-800 °C catalyst at a catalysis temperature < 500 °C are
in stark contrast to those on Co304-700 °C, although surface area of the
C0304-800 °C is lower than C0304-700 °C by 10% or so. For instance,
the converison of Co;Hg on C0304-800 °C at the catalysis temperature of
400 °C, 6.6%, is only one quarter of the ethane conversion on Co304-
700 °C at the same catalysis temperature, 24.1%. At the catalysis tem-
perature of 450 °C, the conversion on C0304-800 °C, 13.1%, is only half
of C0304-700 °C, 25.6%.

Based on the propsoed mechanism in literature [56,57], the CoHs
intermediates formed on the surface could desorb to gas phase and then
dissociate into CoH,4 through collision with reactant molecules in gas
phase (homogeneous catalysis) or with inert species of the catalyst
surface at a high temperature (heterogeneous catalysis). Along the in-
crease of catalysis temperature, homogeneous catalysis-like mechnaism
is dominant at a higher temperature. Mathematically the surface area of
the used Co304-800 °C (32.5 mz/g) is 17% lower than used Co304-
700 °C (39.1 m?/g). At a catalysis temperature lower than 500 °C, het-
erogeneous catalysis plays a dominant role; the surface structure of
(111) of Co304-800 °C exhibits a low conversion due to its low surface
area. At a catalysis temperature higher than 500 °C, the larger role of
homogeneous catalysis-like mechansis on C0304-800 °C than Co304-
700 °C makes the conversion on C0304-800°C higher than Co304-
700 °C.
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Fig. 5. Catalytic performance of Co304-T (T: calcination temperature, T = 600-800 °C) in the temperature range of 400-600 °C. (a) Conversion of ethane; (b)
Catalytic selectivity for production of ethylene; (c) yield of ethylene on Co304-T catalysts. In each study, 0.050 g catalysts diluted with 0.50 g quartz sand was loaded
to the same fixed-bed flow reactor; the C,Hg (10% balanced with Ar) with a flow rate of 25.0 mL min™" and O, (10% balanced with Ar) with a flow rate of 25.0 mL
min~! were mixed and then introdcued to the upstream of the fixed-bed flow reactor.

Besides the difference in conversion of ethane in 400-500 °C, the
distinct difference between the two catalysts is the selectivity for pro-
duction of ethylene, the ideal product of ODH of ethane. As shown in
Fig. 5b, the selectivities of ethylene on Co0304-800 °C catalyst in the
catalysis temperature range of 400 — 600 °C are much higher than those
on other catalysts such as Co304-700 °C and Co304-600 °C. Even if the
conversions of ethane on all three Cos0,4 catalysts (Co304-600 °C,
C0304-700 °C and Co0304-800 °C) are almost identical (25-28%) at the
catalysis temperature of 500 °C (Fig. 5a), their selectivities are dis-
tinctly different (Fig. 5b). The selectivity of ethylene on Co304-800 °C at
the catalysis temperature of 500 °C is nearly 25% higher than that of
C0304-700 °C (53.0% versus 28.5%). These comparisons clearly suggest
the low Miller index surface formed at 800 °C contributed to the high
catalytic selectivity for the production of ethylene.

It is interesting to note that the selectivity increases along with the
increase of catalysis tempature for all samples. According to literatures
[56,57], there are two possible reaction mechanisms for oxidative de-
hydrogenation of ethane. One is the pure heterogeneous catalysis me-
chanism. In specific, ethane molecules can be activated on certain sites
of the surface of a catalyst, forming C,Hs radicals, which subsequently
react with the very active species (O™, Oy~ or 0%) in the surface lattice
to form OC,Hjs interemdiates. The as-formed OC,H;5 intermediate could
cleave a C—O bond to form a C,H4 molecule on the catalyst surface,
followed by the desorption of C,H, to the gas phase as an ideal product.
Meanwhile, OC,H;s intermediates formed on the surface could be fur-
ther oxidized by active oxidizing species of the surface to form CO or
CO,, which decreases catalyctic selectvity for production of ethylene.
Generally, at a relatively low temperature, the pure heterogenous cat-
alysis mechanism is predominant.

The other mechanism is the so-called heterogeneous-homogeneous
mechanism. The C,Hs intermediates formed on the surface could
desorb to gas phase and then dissociate into C,H,4 through collision
between radical and reactant molecules in a gas phase or between ra-
dical and inert species of the catalyst surface at a high temperature.
Along the increase of catalyst temperature, the residence time of CoHs
on a catalyst surface will largely decrease and thus readily desorb to gas
phase. Thus, at a higher temperature the contribution of heterogeneous-
homogeneous catalysis to the production of ethylene is larger. As a
result, the overall catalytic selectvity for formation of ethylene through
ODH increases along the increase of a catalysis temperature, accom-
panied by the increase of ethane conversion (Fig. S4).

Fig. 5c plots the yield of ethylene as a funcion of catalysis tem-
perature on C0304-600 °C, Co304-700 °C, and Co304-800 °C. The yields
of ethylene on Co304-800 °C (blueline) are noticeably higher than other
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Co304 catalysts in the catalysis temperature range of 400-600 °C. In-
terestingly, while the surface areas of the used-Co304-700 °C and the
used-Co50,4-800 °C are similar (39.1 m?g™ vs. 32.5 m?g™), Cos0,-
800 °C catalyst produces twice amount of ethylene of Co304-700 °C
catalyst (11.6% versus 22.2% at catalysis temperature 600 °C). This
difference must result from their different facetings in terms of different
exposed surfaces, (111) of Co304-800 °C versus (311) of Co304-700 °C.
From surface science point of view, each catalytic event is performed on
specific surface sites of a catalyst. The topmost surface of (111) of
C0304-800°C and (311) of Co0304-700°C have both suface lattice
oxygen anion and cobalt cations. Thus, the distinctly different catalytic
selectivities must result from the different activity of surface lattice
oxgen atoms and oxygen vacancies. Isotope-labelled exchange of sur-
face lattice oxygen atoms on surfaces of the used-Co304-700 °C and
used-Co304-800 °C will provide a measure of the activities of the two
surfaces. O/Co ratios of surfaces of two catalysts during catalysis were
measued with AP-XPS. As discussed in Section 3.3, a correlation be-
tween surface structure of the two catalysts and their corresponding
catalytic selectivities was esablished.

3.3. Difference in activity of surface lattice oxygen atoms of the two facets
of Co30, nanocrystals

H,-TPR tests were performed to investigate the difference in prop-
erties of being reduced. Catalysts C0304-600 °C, C0304-700 °C and
C0304-800 °C show two main reduction peaks around 292 °C (the sharp
one, peak a in Fig. S5) and 384 °C (the broader one, peak b in Fig. S5),
which are attributed to the reduction of Co304 to CoO and of CoO to Co,
respectively. In comparison to Co304-800 °C, the reduction behaviors of
C0304-600 °C and Co304-700 °C are different. The two redcution peaks
shifted to higher temperature along with the increase of calcinations
temperature of Co304-T. It suggests that the capabilities reducing cat-
alyst Co30,4 to CoO and CoO to Co are suppressed along the increrase of
annealing temperature. This trend is actually consistent with the better
surface crystallization in terms of formation of low Miller index surface
at a higher temperature such as 800 °C.

The oxygen isotopic-exchange experiments were carried out on
isotopic  labelled  C03'°04,'%0,-350°C,  Co03'°0,4.,%0,-600 °C,
C05'°0,.,1%0,-700 °C and C05'°0,4.,120,-800°C (0 < x < 1) to explore
any potential difference in activity of surface lattice oxygen atoms of
these catalysts. Along with the increase of annealing temperature of an
isotope-labelled catalyst, surface lattice oxygen atoms can hop and
couple to each other to form molecuar oxygen and then desorb. When
160160 gas flows through a 120 labelled catalyst in a fixed-flow reactor,
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Fig. 6. Mass spectra of °0'®0 on C03°0,.,'%0,-T (T = 350, 600, 700 and 800 °C) catalysts in the temperature range of 30-600 °C recorded during the exchange of
surface oxygen atoms of catalysts with flowing 160,. (@) C03'%044%04-350 °C; (b) C03°0,4,80,-600 °C; (c) C03'%044 804700 °C; (d) Co5'°0.,.,804-800 °C.

molecular oxygen'®0'°0 in the flowing gas could dissociate on surface
oxygen vacancies of the isotope-labelled catalyst and thus the dis-
soicated oxygen atoms could be captured by the catalyst through filling
oxygen vacancies as surface lattice oxygen atoms; then, the captured
0 atoms on the surface could hop and couple with other surface
oxygen atoms including the native '°0 and '80 atoms of the isotope-
labelled catalyst to form '°0'®0 and '°0'®0 molecules, respectively,
and then desorb at a some temperature to gas phase. These desorbed
oxygen molecules can be collected and analyzed by the mass spectro-
meter connected to the downstream of the fixed flow reactor. Notably,
variation of intensity of '®0'®0 at these temperatures of desorbing
160180 could not clearly identified due to the logarithm scale of Y-axis
of the partial pressure. As only small portion of oxygen atoms of Co304
were replaced by 0 atoms during preparation of Co3'°04.,80,, the
amount of '80'80 formed through exchange of '°0'°0 with 80 of
Co5'%0,4.,'%0, is definitely smaller than 16080, Thus, the desorption of
80'80 was not clearly observed.

Surface lattice oxygen atoms of different surfaces would have quite
different hoping barriers; oxygen vacancies of different surfaces would
have different activity and thus the activation barrier for dissociating
moelcular oxygen on different surface vacanceies could be different.
The activities of surface lattice oxygen atoms and oxygen vacancies
deterimine the desorption temperature of oxygen molecules from this
surface. By finding the desorption temperature of oxygen molecules
leaving the surface, the activity of surface lattice oxygen atoms of the
surface can be deduced. By comparing the desorption temperatures of
(311) and (111), the difference in activty of surface lattice oxygen
atoms of these catalysts can be uncovered.

Experimentally, the temperauure for forming isotope-labelled
oxygen molecules °0'®0 or ¥0'80 can be found out by monitoring the
evolution of partial pressure of the **0®0 or #0'®0 molecules along
the increase of the temperature of isotope-labelled Cos304 in 160,
Undoubtedly, a lower desorption temperature of '°0'®0 or '*0'®0
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suggests that the desorbed molecular oxygen was formed from a type of
more active surface lattice oxygen (in terms of a weaker binding to Co
cations) which can desorb via a lower barrier, or from a surface oxygen
vacancy which can readily dissociate molecular O, at a lower tem-
perature.

As shown in Fig. 6a, six peaks of 080 were observed (300, 350,
385, 425, 485, and 550 °C) during isotope exchange studies on the
C05'°0,.,'%0,-350 °C, suggesting the high roughness of C05'°0,4.,'%0,-
350°C due to the relatively low calcination temperature, 350 °C.
Meanwhile, only three desorption peaks of °0'%0 at 425, 485, and
550 °C were observed on Co304-600 °C and Co0304-700 °C catalysts in
Fig. 6b and c. The desorptions of '°0'80 formed through exchange of
surface lattice oxygen atoms at 425, 485, and 550 °C are denoted as I, II
and III, respectively in Fug. 6b and 6c. Surprisingly, only desorption
peak III was observed on Co0304-800 °C catalyst as shown in Fig. 6d.
This difference suggests that the capability of the Co304 surface in
dissociating molecular oxygendepends largely on the calcination tem-
perature of this catalyst used in its preparation. In other words, Co304-
800 °C has a low capability in releasing surface lattice oxygen atoms in
terms of breaking Co-O bonds. These isotope exchange studies show
that the possibility of breaking the Co-O bond in terms of activity of
surface lattice oxygen atoms can be greatly decreased by calcinating the
Co304 nanocrystals at 800 °C, a temperature approaching the melting
point of Co304.

The lack of desorption peak of °0'®0 from Co050,4-800°C
at < 550 °C suggests that the low activity of surface lattice oxygen
atoms of Co304-800 °C in contrast to these Co;0,4 calcined at 700 °C or
at a lower temperature. The lower activity of surface lattice oxygen
atoms of C0304-800 °C than C0304-700 °C (or C0304-700 °C, C0304-
600 °C) was further confirmed by the lower catalytic activity of Co304-
800 °C than C0304-700 °C in complete oxidation of ethane to CO, and
H>0. Deep oxidation of ethane was performed on Co0304-800 °C than
C0304-700 °C. As can be seen in Fig. 7, the Tsq value, defined as the
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Fig. 7. Catalytic performance of deep oxidation of ethane on Co304-T (T = 350,
600, 700, and 800 °C) catalysts (The catalyst weight is 0.05g diluted with
0.50 g quartz sand; the flow rate of C;Hg (10%) is 10.0 mL min" and the flow
rate of O, (10%) is 40.0 mL min™).

temperature where the conversion reaches 50%, increases rapidly from
321 °C of C030,4-600°C, 439 °C of C0304-700°C to 566 °C of Cos04-
800 °C, suggesting that Co30,4 calcined at a higher temperature exhibits
a lower catalytic activity in deep oxidation of ethane. Notably, although
the surface areas of C0304-700 °C and Co0304-800 °C are similar (entries
5-8 in Table 1), Tso of Co304-700 °C is lower than that of Co304-800 °C
by 127 °C. Consistently, the conversion of ethane on C0304-800 °C at
catalysis temperature of 500 °C is only 14.2% while it is 71% on Co30,-
700 °C at the same catalysis temperature. Undeniably, Co304-700 °C
catalyst is much more active than C0304-800 °C for the complete oxi-
dation of ethane. It shows the catalytic activity of surface lattice oxygen
atoms of C0304-700 °C is definitely higher than C0304-800 °C. In other
words, the surface lattice oxygen atoms of (311) are more active than
(111) in the complete oxidation of CoHg. This high activity of surface
oxygen of (311) in complete oxidation rationalizes the observed high
conversion of ethane during ODH on Co304-700 °C than Co34-800 °C but
low selectivity for production of ethylene on Co304-700 °C (Fig. 5a and
b).

The better crystallization of surface region of Co3;0, nanocrystals
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was uncovered by in-situ environmental TEM and high resolution TEM
(Fig. 3 and 4). In fact, the well crystallization of Co304-800 °C is also
supported by surface sensitive analytic techniques with the capability of
examining a catalyst surface, ambient pressure X-ray photoelectron
spectroscopy (AP-XPS).

In-situ studies of Co30,4 nanocrystals under reaction condition in
pure O, using AP-XPS confirmed that the density of oxygen vacancies
on surface of Co304-T is lower if the calcination temperature (T) is
higher. By assuming the O/Co ratio of Co304-800 °C in O, is 1.33, the
0O/Co atomic ratios on surfaces of Co304-T were calculated and plotted
as a function of surface temperature (Fig. 8c). As shown in Fig. 8c, the
0O/Co ratio of surface region of Co30,4 nanocrystals calcined at a lower
temperature is lower. Along the increase of calcination temperarue in
0,/N,, the O/Co ratio is increased. It clearly suggests that surface of
Co304 calcined at a higher temperature such as 800 °C has a lower
density of oxygen vacancies. This is consistent with formation of a less-
defective surface of C0304-800 °C as suggested by environmental TEM
studies.

Fig. 8 presents the photoemission features of Co 2p, Ols and the
atomic ratio of O to Co. In terms of Co 2p, there is no obvious shift of
the main peak at 777.5 eV as seen by reference to the vertical red line in
Fig.8a. O 1s photoemission feature includes a main peak at 530.2 eV
and a shoulder at high binding energy side. It could be assigned to
surface hydroxyl group as the referee indicated. On the other hand, the
nonstoichiometric oxygen of Co304 could be another source of the
shoulder since the O/Co ratios of C0304-350 °C, C0304-450°C, and
C0304-700 °C are lower than 1.33. Thus, we tend to consider that the
shoulders of C0304-350 °C or Co304-450 °C were contributed from both
the nonstoichiometric oxygen atoms and OH group. In terms of Co304-
800 °C, likely majority of OH groups could have been desorbed. Thus,
OH groups do not obviously contribute to the shoulder of O 1s of Co304-
800 °C. The difference in the feature of O 1 s shoulder between Co304-
800°C and Co0304-700°C likely results from the change of surface
structure in terms of chemical and coordination environment of surface
lattice oxygen atoms. As both the oxygen atoms of OH group and the
oxygen atoms of near to oxygen vacancy (called nonstoichiometric
oxygen) contributed to the shoulder of the O 1s of Co3z04 and the
contribution of OH groups is variable at different temperature, it is
challenging to deconvolute the O 1s spectra of Co30,4 and comparison of
the composition of O 1s shoulders of the two types of catalysts may not
provide valuable information. Here, the O 1s photoemission features of
Fig. 8b were not deconvoluted.
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Fig. 8. In-situ studies of Co304 nanocrystals annealing at different temperatures (from 350 to 800 °C) in O,. (a) Co 2p. (b) O 1s. (c) Atomic ratio of O/Co of surface of
Co304 calcined at different temperature; these ratios were calculated by assuming that O/Co ratio of Co304 calcined at 800 °C in O, is stoichiometric, 1.33.
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3.4. DFT calculations

We have identified the difference in surface structure of the two
types of catalysts through structural characterizations at the nano/
atomic scale through in situ environmental TEM and confirmed the
resultant difference in activity of activating molecular oxygen by using
ensemble techniques at macroscopic scale including isotope exchange
studies and in-situ surface studies with AP-XPS. For the purpose of
understanding the difference between catalytic selectivity for produc-
tion of ethylene from ethane on (311) and (111) at a molecular level,
here we used DFT calculations to probe the reaction pathways and then
establish an intrinsic correlation between surface structure, catalytic
selectivity, and reaction pathway. In the following DFT calculations, the
experimentally observed (111) surface was used to represent the low
Miller index surface of the catalyst, Co304-800 °C, and the (311) surface
for high Miller index surface of catalyst, Co304-700 °C. Bare (111) and
(311) surfaces have several possible surface terminations. We de-
termined which termination is the most stable under the ODH condition
(see Table S1 in Supporting Information for details) with ab initio
thermodynamics to calculate the surface energies [58]. The most stable
terminations to represent (111) and (311) from our calculated surface

Table 2
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energies (Table S1) are shown in Fig. 9. From the calculated surface
energies, the (111) termination is significantly lower in energy than the
(311) surface, and is consistent with the observation of surface re-
construction from (311) to (111) through high temperature annealing.

As shown in Fig. 9, one can identify two types of inequivalent sur-
face lattice oxygen atoms on the most stable (111) surface (marked as
0* and OP) and five types of inequivalent lattice oxygen atoms on the
(311) surface (marked as O, OP, OF, OF and O°). Formation energies of
different oxygen vacancies on (111) and (311) were calculated. As
shown in Table 2, formation energies of oxygen vacancies on (311) are
lower than (111), suggesting that the bond strengths of Co-O on (311)
are weaker than on (111) and thereby the surface lattice oxygen atoms
on (311) are more active than on (111). This supports our experimental
finding that the (311) facet of C03'°04,80,-700°C can dissociate
16060 at 425 °C and 485 °C but the (111) facet of Co3'°0,_,'®0,-800 °C
cannot. In addition, DFT calculations show that surface lattice oxygen
atoms of (311) exhibits higher adsorption energy to H atoms and CHz
than (111) as shown in Table 2.

To fundamentally understand the difference in catalytic selectivity
for production of ethylene through oxidative dehydrogenation on (311)
and (111), three reaction routes were proposed as shown in Fig. 10a.
Both the A—=B—E and the A—C—F routes are a full oxidation to CO,,
whereas the A—C—D pathway forms the ideal product, ethylene.

We first studied step A in Fig. 10a, the cleavage of the first C—H of
C,Hg, on the most active oxygen sites: 0" of (111) and OF of (311)
(Fig. 9). Both the heterolytic mechanism over a Co®> -0 or Co®>* -0 pair
and homolytic mechanism via a single lattice O atom were considered.
Five binding configurations of dissociated C,Hs and H on (111) and
seven on (311) were explored; the calculated activation barriers and
reaction energies for activating the first C—H of ethane on (111) and
(311) were listed in entries 1-5 in Table S2 for (111) and entries 6 — 12
for (311). On (311), the lowest barrier is 0.40 eV (entry 10 in Table S2),
while on (111) the lowest barrier is 0.62 eV (entry 3 in Table S2). On
(111), the reaction occurs over the O* site, homolytically cleaving the
C—H bond and resulting in an ethyl radical that is then reabsorbed to a
nearby oxygen (see structures ii and iii in Fig. 11a). On (311), the re-
action occurs over a similar mechanism in its corresponding O on the
surface (see structures ii and iii of (311) in Fig. 11c¢). These results are
also consistent with our descriptor predictions shown in Table 2, which
showed O of (111) and OF€ of (311) as the most reactive oxygen for
C—H activation. From the difference in activation energies of the first
C—H bond, it is evident that the complete oxidation of ethane will occur
at a higher temperature over the (111) facet than the (311) facet, which
agrees well with the higher experimental ethane Ts, temperatures on
the Co304-800 °C (Fig. 7).

For routes A—B—E and the A—C—F, we searched transition states
for activating the first C—H (step A) and the second C—H (step B or C)
on both (311) and (111). Energy profiles of theses located transition
states and optimized final states of step A were presented in Fig. 11b.
Following the Step A, the ODH reaction of ethane can then proceed via
the subsequent C—H cleavage from either its a carbon (step B) or its B

Descriptors of oxygen activity for the non-identical oxygen of the (111) and (311) facets.".

Entry Surface Oxygen Number of Co atoms Vacancy formation H adsorption CHj; adsorption
of Co304 atom around the O atom energy (eV) energy (eV) energy (eV)
1 111 A 3 2.49 —3.61 —2.57
2 111 B 3 3.02 —3.46 —2.12
3 311 C 2 0.76 —4.28 —3.21
4 311 D 3 2.14 —3.50 —2.38
5 311 E 3 2.15 —3.87 —2.83
6 311 F 3 2.53 —3.69 —2.45

% Oxygen E on the (311) surface is not listed as it is 4 coordinated and partially obscured by nearby atoms. The bolded entry denotes the oxygen with the highest

predicted activity for each facet.
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Fig. 10. Potential reaction routes and schematic of intermediates and transition state of steps A, B and C towards a full oxidation product, CO, or production of
ethylene through ODH on (111) and (311). (a) Schematics of reaction routes (A-B-E and A-C-F) leading to a complete oxidation of ethane to form CO, and (A-C3;1-D
or A-Cq11-D)) leading to ideal product ethylene through ODH of ethane; each box gives the intermediate. (b) Transition state and final state of step A, the activation of
the first C—H to form adsorbed CH3CH,—O* and H—O*—. (c) Transition state and final state of step B, the activation of the second C-H to form adsorbed CH;CH—O*

and H—O*
adsorbed O*—CH,CH,—0* and H—O*— on (311) (d3 and d4).

carbon (step C) (Fig. 10a). The activation barriers of step B are 0.87 and
0.30eV for the (111) and (311) surfaces, respectively, while those of
step C are 1.20 and 0.55 eV for (111) and (311), respectively (Table 2).
Thermodynamically, the formation of the intermediate, CH3CHO—
(step B) or —O—CH,CH,—0O— (step C) on (311) is energetically favor-
able. The reaction energies for forming the CH,CH,O— or
—0—CH,CH,—0O— intermediates on (311) are —1.77 eV and —1.52¢€V,
respectively; however, they are higher in energy at —0.37 eV and
1.01 eV on (111), respectively. Fig. 11c presents the energy profile of
oxidative dehydrogenation through A—C—D. Undoubtedly, the energy
of the intermediate —O—CH,CH,—O— formed on (311) through step C
is much lower than that of CH,—CH,—O— on (111) (v in Fig. 11c).
Structural parameters of the optimized intermediate v formed on (111)
and (311) are listed in Fig. 11c.

Step B results in the formation of an adsorbed acetaldehyde,
CH3CH—O— which will likely not result in formation of ethylene,
whereas step C results in an adsorbed —O—CH,—CH,—0— which may
desorb through breaking —O—C bonds to form ethylene. Thus, we
further explored the step D in Fig. 10a through DFT calculations. The
calculations of energy profile and activation barriers for pathway
A—C—D on both (111) and (311) are listed in Fig. 11d and Table 3.
One can see that after step C (the formation of —O—CH;—CH,—0O— on
(311) and CH,—CH,—0O— on (111)), C,H, spontaneously desorbs from
(111) to form the gas-phase product in step D through breaking the
C—O*— bond with a AH of —0.82¢eV. Here O* denotes surface lattice
oxygen atoms. In contrast, —CH,—CH,— is strongly adsorbed on (311)
through the structure v in Fig. 11d. It bonds with two oxygen atoms of
the surface (311). The activation barrier to desorb the bound

—. (d) Transition state and final state of step C, the activation of the second C—H to form adsorbed CH3;CH,-O* and H-O*- on (111) (d1 and d2) or to form

—CH,—CH,— from (311) to form ethylene is as high as 2.18 eV with a
AH of 1.96 eV. This is likely due to the high activity of surface lattice
oxygen atoms. Compared to the essentially barrierless step of desorbing
ethylene on (111) to gas phase (red dashed line in Fig. 11d), the quite
high barrier for desorbing bound ethylene on (311) (blue dashed line in
Fig. 11d) results in a low selectivity for producing ethylene on (311).
The different adsorption capability of (111) and (311) is well consistent
with the kinetic studies (Fig. S6). A much lower ethylene reaction order
was obtained on C0304-800 °C as compared to Co304-700 °C, indicating
a weaker adsorption of ethylene on C0304-800 °C than on Co304-700
°C.

The much stronger ethylene adsorption on the (311) surface
(structure v in Fig. 11b and c) allows for an easier subsequent oxidation
of —CH,—CH,— to CO,. Obviously, the (311) surface does not take the
route of desorbing ethylene, A—C—D. In contrast, the very weak ad-
sorption of ethylene on the (111) surface suggests a much higher like-
lihood of directly desorbing ethylene from (111) surface of Co304 to gas
phase before it can be further oxidized. We therefore conclude that both
the strong bonding of —CH,—CH,— on (311) in the format of a
“monodeprotonated ethylene glycol”-like species (Fig. S8a) and the
higher activation energy to desorb —CH,—CH,— to form CH, —CH, are
the key reasons for its low selectivity for production of ethylene. Be-
sides, based on the propsoed mechanism in literature, [56,57] homo-
geneous catalysis-like mechnaism is dominant at a higher temperature.
The strong bonding of —CH,—CH,— on (311) and the higher activation
energy to desorb —CH,—CH,— might therefore lead to low activity at
high temperature (> 500 °C), as extensively discussed in section 3.2.

By understanding the difference between (111) and (311) at atomic
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Fig. 11. Structures of transition states and final states of each step of reaction routines of A-C-D on (111) and (311) and their energy profiles. (a) Top view of structure
i (bare surface), ii (transition state of step A, iii (final state of step A), iv (transition state of step C) and v (final state of step C) on (111) of Co304. (b) Top view of
structure i (bare surface), ii (transition state of step A, iii (final state of step A), iv (transition state of step C) and v (final state of step C) on (311) of C030,. (c) Side
views of structure i (bare surface), ii (transition state of step A, iii (final state of step A), iv (transition state of step C) and v (final state of step C) on (111) (left
column) and (311) (right column) of Co304. (d) Energy profiles of A-C-D on (111) (red dashed line) and A-C-D on (311) (blue dashed line) (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

Table 3
Activation energies (E,) and reaction energies (AH) for the four key elementary
steps in Fig.11.

Surface Step A Step B Step C Step D

111 E, (eV) 0.62 0.87 1.20 0.13
AH (eV) —1.07 —0.37 1.01 —0.82

311 E, (eV) 0.40 0.30 0.55 2.18
AH (eV) —2.77 —1.77 —1.52 1.96

scale, we can rationalize why (111) surface couldn’t form a “deproto-
nated ethylene glycol”-like stable species although it does on (311). On
the (311), the H—O*- is still active for binding with carbon atoms of
—0*—CH,—CH,—O0 (Fig. S7). This is due to the fact that the number of
Co atoms around an O atom is only 2 for c site of (311) (entry 3 of
Table 2) instead of 3 of (111) (entry 1 of Table 2). Thus, the under-
coordinated oxygen atoms can bond with carbon atom of —CH,—CH,—.
Obviously, the presence of the under-coordinated lattice oxygen atoms
is crucial in determining the selectivity for ODH, which is typically lack
on facets formed at elevated temperatures.

The potential to form a “deprotonated ethylene glycol”-like stable
intermediate is strongly related to the orientation of OH groups formed
on (111) and (311). As the shown orientation of the H—O— group in
Fig. S7a and v of (111) in Fig. 11c, the short distance between HO and
the formed intermediate is not favorable for the formation of a “de-
protonated ethylene glycol”-like stable species on (111). In addition,
the pointing-away orientation of H—O— in v of (311) in Fig. 11c and
Fig. S7c does not block the binding of the terminal C* of
C*Hy—CH,—O0— to surface oxygen atom to form another C—O bond, by
which a “deprotonated ethylene glycol”-like species is formed on (311).

As shown in Fig. S7b our calculations suggest that this is not im-
possible to form a “deprotonated ethylene glycol”-like species on (111);

but the binding energy of —CH,CH,—, a part of the deprotonated
ethylene glycol on (111) is much lower than that on (311) by 1.94 eV.
The high binding energy of —CH,—CH,— on Co0304 (311) results in a
much high desorption barrier as shown in Fig. 11d, in contrast to the
nearly barrier-less desorption of CH,—CH,— species from Co304(111).
This is mainly due to the strong binding of ethylene on an under-co-
ordinated oxygen atom with CN(O—Co) = 2 on (311) (Fig. S7c and
S7d). These under-coordinated oxygen atoms exist on (311) but not on
(111).

In the formed intermediate on (111) (Fig. S7a), only one carbon of
the —O*—CH,—CH, moiety remains sp3, while the other carbon atom is
now already in sp? hybridization and has a spin moment of 0.43 ug,
suggesting the formation of an unpaired 2p electron on that carbon. In
other words, “half of the ethylene molecule” is now formed on the (111)
surface. The C—C bond distances shown in Fig. S8a and S8b also suggest
the difference between bonding of the C,H4 moiety on (311) and (111).
Obviously, the C—C bond of the intermediate formed on (111) ap-
proaches a double bond. Thus, our studies uncovered the fundamental
difference in catalytic selectivity results from the difference in the local
coordination environment of the active sites between (311) and (111).
Tailoring surface structure through temperature-dependent faceting can
thereby promote catalytic selectivity.

3.5. Durability and reusability of Co304-800 °C catalyst

Durability of catalytic performance and recyclability are two major
concerns for a catalyst in practical applications. The activity and se-
lectivity of ethane to ethylene on C0304-800 °C catalyst with time-on-
stream test and reaction cycle test were performed to assess the dur-
ability and reusability of Co304-800 °C catalyst. As shown in Fig. 12a,
catalytic conversion and selectivity of Co304-800 °C maintains ~63%
in selectivity for production of ethylene and ~37% in conversion of
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Fig. 12. Catalytic performances of Co304-800 °C catalyst in durability and reusability tests. (a) Conversion, selectivity and yield at catalysis temperature of 600 °C as
a function of time in the first 100 h; (b) Plot of yields of ethylene in the first four cycles of test (The catalyst weight is 0.05 g diluted with 0.50 g quartz sand; the flow
rate of C,Hg (10%) is 25.0 mL min™! and the flow rate of O, (10%) is 25.0 mL min™").

ethane in the entire time span of the first 100 h, indicating a high
durability. In addition, the reusability of the catalyst Co304-800 °C was
tested in four reaction cycles. Catalytic conversion and selectivity were
measured at 350, 450, and 600 °C in each of the four cycles in Fig. 12 b.
There is no obvious change in catalytic performances in the four cycles,
suggesting that Co304-800 °C catalyst has a quite high reusability in
oxidative dehydrogenation of ethane to produce ethylene.

4. Summary

Through the integration of experimental macroscopic and micro-
scopic studies of Co304 nanocrystals and DFT simulation of reaction
pathways, temperature-dependent faceting of transition metal oxide
was demonstrated to be an approach to tuning catalytic selectivity in
partial oxidation for production of ideal products. In-situ studies of
surface of Co304 nanocrystals using environmental TEM and ambient
pressure XPS and isotope-labelled exchange of surface lattice oxygen
revealed a temperature-dependent faceting. The rough, uneven, high
Miller index surface (311) of Co304 nanocrystals was restructured to
lower Miller surface (111) at 800 °C. The formed (111) exhibits active
lattice oxygen atoms with significantly different chemical environments
in contrast to (311). The distinctly different chemical and coordinating
environment of oxygen atoms of (111) offer catalytic selectivity for
generation of ethylene much higher than (311) by 30%-35%. DFT
calculations suggest that the high catalytic selectivity results from the
lower activation barrier in the rate-determining step in contrast to
(311). The strong binding of —CH,—CH,— on under-coordinated sur-
face lattice atoms, O (CNp_c, = 2) of (311) makes —CH,—CH, be
readily oxidized to CO or CO, due to a long residence time on (311).
Thus, the selectivity for production of ethylene on (311) is lower than
(111). This finding demonstrates a promising method to tune catalytic
selectivity through controlling the coordination environment of surface
lattice oxygen atoms since surface lattice oxygen atoms are active sites
for oxidation reaction. For selective oxidation, the activity of surface
lattice oxygen is crucial; overly active surface lattice oxygen would
chemisorb ideal product molecules of selective oxidation such as
ethylene, leading to further oxidation of ideal product molecules to
final product CO, and H,O instead of partial oxidation. The appropriate
activity of surface lattice oxygen atoms is the key for achieving high
selectivity for ideal product of partial oxidation reaction.
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