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Atomically Thin Tin Dioxide Sheets for Efficient Catalytic Oxidation

of Carbon Monoxide**

Yongfu Sun, Fengcai Lei, Shan Gao, Bicai Pan, Jingfang Zhou, and Yi Xie*

The catalytic oxidation of CO using heterogeneous catalysts
could provide one of the most promising ways for solving
current urgent environmental pollution issues, because of its
wide applications in automotive exhaust treatment, indoor air
cleaning, and breathing apparatus.!'! Unfortunately, the low
catalytic activities and poor stabilities of conventional cata-
lysts seriously impede their practical applications. Although
pioneering studies have demonstrated that some noble
metals, such as Au and Pd, could effectively catalyze CO
oxidation,'™™? their high cost, low abundance, and rapid
deactivation at elevated temperatures hinder their applic-
ability. Recently, noble-metal-free catalysts have sparked
worldwide interest owing to their low cost, environmental
friendliness, and outstanding thermal stability.®) In this
regard, tetragonal SnO,, which has a rutile structure, would
be a good choice. In addition to its low cost, minimal toxicity,
abundance, and high melting point of 1630°C,* the appeal of
tetragonal SnO, also comes from its highly reactive lattice
oxygen atoms and low calculated oxygen vacancy formation
energy.”! Despite these advantages, practical applications are
still handicapped by its low efficiencies, especially at low
temperatures; this shortcoming is mainly due to the
extremely low amount of active sites in previously prepared
SnO, catalysts.

Since the first report of graphene in 2004, graphene and
graphene-like atomically thin sheets have already resulted in
a wealth of unprecedented functionalities.”) As such, atomi-
cally thin sheets may represent ideal architectures for high-
performance CO catalytic oxidation as they could offer an
extremely large proportion of surface atoms, which could
serve as catalytically active sites to efficiently adsorb CO and
0, molecules.®! Moreover, according to the widely accepted
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Mars van Krevelen mechanism for metal oxide catalyzed CO
oxidation,” the adsorbed CO molecule can be oxidized by the
neighboring low-coordinate lattice oxygen atom at the
catalyst surface, thus simultaneously creating an oxygen
vacancy; subsequently, the formed oxygen vacancy facilitates
the dissociation of O, molecules into highly reactive oxygen
atoms."”! Furthermore, it is noticeable that the atomically thin
sheets are usually accompanied by surface structural disor-
der,”™ " which always leads to a much higher density of states
(DOS) at the edge of the valence band or conduction band
and favors the fast CO diffusion along the 2D conducting
channels and hence reacts with the dissociated O atoms.”>!?
Thus, atomically thin sheets can fully optimize the catalytic
oxidation of CO by fundamentally improving the elementary
adsorption, dissociation, and diffusion steps.

The above factors mean that the controllable synthesis of
atomically thin SnO, sheets is of great importance. To date,
anisotropic layered bulk materials have been regarded as the
most effective precursors for fabricating atomically thin
sheets, owing to the weak van der Waals interaction between
the layers.”*'? However, as for nonlayered compounds,
especially tetragonal SnO, that has low anisotropy, the
difficulty in the bond cleavage and the lack of intrinsic
driving force for 2D anisotropic growth make the synthesis of
their atomically thin sheets a great challenge.'” Although the
formation of ultrathin sheets of nonlayered CdSe and PbS
could be achieved through surfactant-assisted solution-phase
synthesis,'¥ the requirement of removing organic surfactants
would unfortunately make their fabrication into nanodevices
difficult. Accordingly, it is highly desirable but challenging to
develop a convenient pathway to synthesize clean atomically
thin SnO, sheets.

Herein, we report the successful synthesis of clean five-
atomic-layer-thick SnO, sheets by the chemical reaction
between SnCl,,2H,0 and ethylenediamine. The TEM
images in Figure 1A,B and the SEM image in Figure S3 A
(see the Supporting Information) show the 2D graphene-like
morphology of the sheets, while their XRD pattern could be
indexed to pure rutile SnO, with a tetragonal structure
(JCPDS no. 88-0287, Figure S2 A), which was further verified
by the corresponding XPS spectra (Figure S2B-D) and IR
spectrum (Figure S3B) that indicated the absence of ethyl-
enediamine on the surfaces. The HRTEM image (Figure 1D)
showed the high degree of [001] orientation, which was
further confirmed by the corresponding fast Fourier trans-
form image (Figure 1 E). The AFM image and corresponding
height distribution and height profiles (Figure 1F-H) showed
that the overwhelming majority of the sheets possessed an
average height of about 0.66 nm, which agreed with the
thickness of two unit cells along the [001] direction (Fig-
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Figure 1. Characterization of SnO, sheets. A, B) TEM images, C) calcu-
lated adsorption energies (E) of ethylenediamine on different facets,
D) HRTEM image, and E) corresponding fast Fourier transform,

F) AFM image, and corresponding G) height distribution and

H) height profiles. The inset in (C) gives the ideal crystal structure; the
numbers 1-3 in (F) correspond to the numbers 1-3 in (H).

ure S1). These data offered reliable and direct evidence for
the successful synthesis of five-atomic-layer-thick SnO,
sheets. From our systematic study, we observed that SnO,
initially nucleated at 180°C for 30 min (Figure S4B) and also
found that a large amount of SnO particles coexisted in the
products when the experiment was performed at 150°C for
48 h (Figure S4C-D). In contrast, SnO, sheets with a larger
thickness of around 1.9 nm were obtained after treatment at
220°C for 48 h (Figure S5). These results showed that the
reaction temperature was crucial for the formation of the
0.66 nm SnO, sheets. In addition, the ethylenediamine also
played a vital role in the formation of the sheets, as only large
and irregular SnO, particles were formed in the absence of
ethylenediamine (Figure S6). Thus, one can conclude that
SnO, initially nucleated at 180°C and simultaneously the
ethylenediamine adsorbed on the surface of nuclei to avoid
aggregation (Scheme S1). Previous studies showed that the
calculated surface energy of tetragonal SnO, followed the
sequence (110) < (100) < (101) < (001),! thus suggesting
that the (001) facet with the largest surface energy could
possess the highest reactivity compared to other crystal facets.
In this case, the ethylenediamine tended to preferentially
adsorb on the highly reactive (001) facet, further verified by
the calculated adsorption energy in Figure 1C. This prefer-
ential adsorption contributed to lowering the surface energy
and hence hindering the crystal growth along the [001]
direction, thus resulting in the exposed highly reactive (001)
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facet. In the absence of ethylenediamine, anisotropic growth
along the [001] direction was no longer suppressed, and
resulted in the formation of large and irregular SnO, particles
(Figure S6), thus demonstrating the importance of ethyl-
enediamine. Interestingly, the ethylenediamine could be
easily removed from the SnO, sheets as it is volatile and
soluble in water and alcohol.

As the sheets are five atomic layers (0.66 nm) thick, the
surface atoms make up 40% of the total atoms. BET
measurements showed that the sheets possess a specific
surface area of 173.4 m’g~!, which is much higher than that of
bulk SnO, (18.7 m?g""; Figure S7). Such a large amount of
coordination-unsaturated surface atoms and a much greater
surface area may result in unprecedented catalytic properties.
To better study the catalytic effect of the SnO, sheets on CO
oxidation, SnO, nanoparticles with an average size of
approximately 3 nm and a similar specific surface area of
169.3 m?g™" were selected as a reference to compare their
catalytic properties.'! The ignition temperature, correspond-
ing to 10% CO conversion, for the 0.66 nm SnO, sheets was
124°C, which is 79°C, 146°C, and 236°C lower than that of
1.9nm SnO, sheets, SnO, nanoparticles, and bulk SnO,,
respectively (Figure 2A). Furthermore, the 0.66 nm thick
SnO, sheets have a half-conversion temperature of 165°C,
which is clearly smaller than that for 1.9 nm SnO, sheets
(239°C), SnO, nanoparticles (327°C), and bulk SnO,
(400°C). In addition, the reaction temperature for full CO
conversion over the 0.66 nm SnO, sheets was 250°C, which is
significantly lower than that of 1.9 nm SnO, sheets (330°C),
SnO, nanoparticles (390°C), and bulk SnO, (475°C). To the
best of our knowledge, the reaction temperatures for half and
full CO conversion over the 0.66 nm SnO, sheets are much
lower than all those reported for other forms of parent SnO,
Sn0,,!*" thus strongly highlighting their superior catalytic
activity in CO oxidation (Figure 2C). Moreover, it is well
known that the activation energy determines how fast
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Figure 2. A) Catalytic activity for CO oxidation vs. reaction temper-
atures, B) corresponding Arrhenius plot, C) 3D histogram of the 10%,
50%, 100% CO conversion vs. reaction temperatures, and D) stability
test at 250°C for 0.66 nm SnO, sheets (@), 1.9 nm SnO, sheets (4),
SnO, nanoparticles (%), and bulk SnO, (m).
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a reaction occurs. Figure 2B shows that the 0.66 nm SnO,
sheets have an apparent activation energy of 59.2 kImol ',
which is much smaller than that of 1.9 nm SnO, sheets
(83.4 kImol ™), SnO, nanoparticles (101.6 kI mol '), and bulk
SnO, (121.1 kJmol™"). This result could be attributed to the
extremely large fraction of coordination-unsaturated surface
atoms, which could serve as the active sites to lower the
reaction activation energy. Furthermore, the stability of
catalysts is another crucial factor in the evaluation of their
catalytic properties. Figure 2D shows that almost no deacti-
vation occurred for the 0.66 nm SnO, sheets when the
catalytic reaction was conducted at 250°C for 54 h, thus
suggesting excellent structural stability, which was further
verified by their TEM images and XRD pattern (Figure S8).
In addition, even after the catalytic tests at a higher temper-
ature of 350°C for 54 h, the 0.66 nm SnO, sheets still almost
retained their morphologies (Figure S9), further verifying
their excellent stability. In contrast, the other three SnO,
samples, especially the SnO, nanoparticles and bulk SnO,,
exhibited obvious deactivation during the catalytic process
(Figure 2D), thus indicating their relatively poor stability.
Notably, our previous studies demonstrated the presence of
obvious structural disorder in ultrathin 2D sheets contributed
to their superior structural stability.”>' As such, the
surface distortion in the 0.66 nm SnO, sheets may also
account for their excellent cycling stability.

As mentioned above, the 0.66 nm SnO, sheets possess an
extremely large surface area. Figure 3B shows that the
surface Sn atoms have the coordination number 4, which is
lower than the value of 6 for the interior Sn atoms, while the
surface O atoms have the coordination number 2, which is
lower than the value of 3 for the interior O atoms. Notably,
the high fraction of surface Sn and O atoms with lower
coordination numbers contributed to greatly promoting their
catalytic properties. It is widely accepted that the metal oxide
catalyzed CO oxidation typically follows the Mars van
Krevelen mechanism.”! Notably, CO oxidation usually

Fast CO diffusion

Efficient CO adsorption

Facile O, dissociation

Figure 3. A) Calculated adsorption energies (E) for CO molecules on
Sn sites with different coordination numbers (CN). B) Crystal structure
shows the different CNs for surface and interior atoms. C) Advantages
of using the SnO, sheets for catalytic CO oxidation: the low-coordinate
Sn atom contributes to achieve efficient CO adsorption, the created
oxygen vacancy allows for easy O, dissociation, and the 2D conducting
channel facilitates fast CO diffusion.

Angew. Chem. Int. Ed. 2013, 52, 10569 —10572

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

imemationalediion . CEIMIE

occurs at the catalyst surface on account of the lower
coordination number and higher catalytic activity of the
surface atoms, as further confirmed by DFT calculations.
Figure 3 A shows that the four-coordinate surface Sn atoms
have an adsorption energy (absolute value) of 1.31 eV, which
is larger than that of six-coordinate interior Sn atoms, thus
suggesting that surface Sn atoms with lower coordination
numbers adsorb CO molecules more readily (Figure 3 A).® In
this case, compared to the other three SnO, samples, the
0.66 nm thin SnO, sheets possessed the highest fraction of
surface Sn atoms, which could serve as the catalytically active
sites to maximize CO adsorption. The adsorbed CO mole-
cules effectively reacted with the neighboring two-coordinate
surface lattice oxygen atoms to form CO,, which reduced the
Sn** ions to Sn?" ions and simultaneously created an oxygen
vacancy in order to maintain charge neutrality (Figure 3 C).
Note that the coordination-unsaturated lattice oxygen atoms
and the low calculated oxygen vacancy formation energy in
tetragonal SnO, could facilitate the formation of oxygen
vacancies on the highly reactive (001) facet,”! while the
created oxygen vacancies exhibited a strong chemical reac-
tivity towards the dissociation of O, molecules into highly
reactive O atoms, in which one dissociated O atom sub-
sequently replenished the created oxygen vacancies. As such,
the significantly large surface area and high fraction of surface
atoms mean that the 0.66 nm SnO, sheets exhibit remarkably
improved catalytic properties for CO oxidation. The 1.9 nm
SnO, sheets possess a thickness corresponding to six unit cells
(Figure S5), only about 15% of the total atoms are exposed
on the surface and hence their catalytic properties are much
lower than those of the 0.66 nm SnO, sheets, which have 40 %
of their atoms exposed on the surface, thus strongly demon-
strating the crucial role of surface atoms in promoting the
catalytic oxidation of CO. In addition, the 0.66 nm SnO,
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Figure 4. A,B) Calculated density of states (DOS) for the 0.66 nm
SnO, sheets and bulk SnO,, insets clearly depict the increased DOS at
the valence band edge of the SnO, sheets. Charge density contour
plots projected along (001) plane for the valence band maximum of
C) 0.66 nm SnO, sheets and D) bulk SnO,.
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sheets possessed highly improved catalytic properties com-
pared to SnO, nanoparticles (Figure 2), despite the similar
specific surface area of the two SnO, samples. This result
implied that the specific surface area was not the decisive
factor in determining the catalytic properties, and increased
performances could be mainly attributed to their 2D nature
and atomic thickness, which facilitate fast electron transport,
as was further verified by the calculated DOS in Figure 4. It is
well known that the atomic thickness could result in obvious
electronic structural variations in the 2D sheets.”>!12 As
expected, the 0.66 nm SnO, sheets showed significantly
increased DOS at the valence band edge with respect to
bulk SnO, (Figure 4 A,B), as was further verified by their
calculated charge density contour at the valence band
maximum (Figure 4C,D). The enhanced carrier density
guaranteed much faster diffusion of a second CO molecule
into another dissociated O atom along the 2D conducting
channel and sequentially reacted to form CO, (Figure 3C),
accompanied by the formation of Sn*" ions to end the
catalytic cycle. Accordingly, our designed 0.66 nm SnO,
sheets with an extremely high fraction of low-coordinate
surface atoms can fully optimize the elementary adsorption,
dissociation, and diffusion steps in the catalytic oxidation of
CO.

In conclusion, a model of atomically thin sheets was
proposed as a platform to promote catalytic CO oxidation
through affording abundant catalytically active sites. Five-
atomic-layer-thick 0.66 nm SnO, sheets with 40% surface
atom occupancy were successfully synthesized in a high-
yielding and scalable ethylenediamine-assisted pathway. The
high fraction of surface Sn and O atoms with lower
coordination numbers than the interior atoms accounted for
their improved catalytic properties. The calculated adsorption
energies showed that the abundant four-coordinate surface Sn
atoms favored CO adsorption, while the adsorbed CO
molecule effectively reacted with the neighboring two-
coordinate surface lattice oxygen atoms to form CO, and
simultaneously created an oxygen vacancy, which favored O,
dissociation into highly reactive oxygen atoms. Moreover,
DFT calculations showed that the coordination-unsaturated
surface atoms led to the increased density of states at the
valence band edge and hence facilitated CO diffusion along
the 2D conducting channel to react with the dissociated
atomic oxygen atoms. As a result, the 0.66 nm SnO, sheets
showed remarkably improved CO catalytic performances
compared with 1.9 nm SnO, sheets, SnO, nanoparticles, and
bulk SnO,, with the apparent activation energy lowered to
59.2 kImol™ from 121.1kJmol™' and the full-conversion
temperature reduced by over 200°C. This work not only
provides a facile and scalable strategy for fabricating atomi-
cally thin sheets of nonlayered compounds but also proves
that the structures are outstanding platforms for fully
optimizing the CO oxidation at the atomic level, and thus
hold great promise for triggering breakthroughs in low-
temperature heterogeneous catalysis.
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