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CONS P EC TU S

B ecause many physical and chemical processes occur at surfaces, surface
atomic structure is a critical factor affecting the properties of materials.

Due to the presence of high-density atomic steps and edges and abundant
unsaturated coordination sites, micro- and nanocrystallites with high-energy
surfaces usually exhibit greater reactivity than those with low-energy surfaces.
However, high-energy crystal surfaces are usually lost during crystal growth as
the total surface energy is minimized. Therefore, the selective exposure of high-
energy facets at the surface of micro- and nanocrystallites is an important and
challenging research topic. Metal oxides play important roles in surface-
associated applications, including catalysis, gas sensing, luminescence, and
antibiosis. The synthesis of metal oxide micro- and nanocrystallites with
specific surfaces, particularly those with high surface energies, is more
challenging than the synthesis of metal crystals due to the presence of strong
metal�oxygen bonds and diverse crystal structures.

In this Account, we briefly summarize recent progress in the surface-structure-controlled synthesis of several typical metal
oxide micro- and nanocrystallites, including wurtzite ZnO, anatase TiO2, rutile SnO2, and rocksalt-type metal oxides. We also
discuss the improvement of surface properties, focusing on high-energy surfaces. Because of the huge quantity and diverse
structure of metal oxides, this Account is not intended to be comprehensive. Instead, we discuss salient features of metal oxide
micro- and nanocrystallites using examples primarily from our group.

We first discuss general strategies for tuning the surface structure of metal oxide micro- and nanocrystallites, presenting several
typical examples. For each example, we describe the basic crystallographic characteristics as well as the thermodynamic (i.e., tuning
surface energy) or kinetic (i.e., tuning reaction rates) strategies we have used to synthesize micro- and nanocrystallites with high
surface energies. We discuss the structural features of the specific facets and analyze the basis for the enhanced performance of the
metal oxide micro- and nanocrystallites in water splitting, the degradation of organic pollutants, gas sensing, catalysis, luminescence,
and antibiosis. Finally, we note the future trends in high-energy-facet metal oxide micro- and nanocrystallite research. A
comprehensive understanding of the properties of metal oxide micro- and nanocrystallites with high-energy crystal surfaces and
related synthetic strategies will facilitate the rational design of functional nanomaterials with desired characteristics.

1. Introduction
Crystals with different types of exposed facets usually ex-

hibit different physical and chemical properties; such ani-

sotropy is one of the basic properties of crystals. Surface

chemists have made great progress in elucidating the rela-

tionship between the surface structures of materials and

their properties. However, our knowledge of surface science

has primarily been obtained using bulk crystals in vacuum

environments and thus cannot be directly applied to, for

example, catalysis, which occurs under different conditions.

The control of the surface structure of micro- and nano-

crystallites may bridge this research�application gap.

While the specific surfaces of bulk crystals are readily

exposed by mechanical cutting or grinding, the exposed
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surfaces of micro- and nanocrystallites are generated during

crystal growth. However, chemically stable and less active

crystal facets are usually exposed because exposure of the

high-energy facets is energeticallyunfavorableand is therefore

minimized during crystal growth. Because of the high density

of atomic steps and edges and abundant unsaturated coordi-

nation sites, the reactivity of high-energy facets is usually

greater than that of low-energy facets.1 The exposure of

high-energy facets is therefore important in both fundamental

and application-based research. Theoretically, a high-energy

surface can be fabricated either through the thermodynamic

reduction of the surface energy via selective adsorption of

capping agents on specific crystal faces or through control of

the growth kinetics.2�4 Despite extensive efforts over the past

decade, the controlled synthesis or engineering of high-energy

surfaces on micro- and nanocrystallites remains challenging.

Most of the advances in the engineering of surface

structures have been achieved in face-centered cubic

(fcc) noble-metal nanocrystals (e.g., Au, Pd, Pt, and their

alloys),3�6 which feature relatively weak and nondirectional

metallic bonding. The strongmetal�oxygen covalent bond-

ing and the diverse crystal packing structure in metal oxides

make surface engineering comparatively more difficult.7

Nevertheless, progress has recently been made in the sur-

face-controlled synthesis of metal oxide micro- and nano-

crystallites to enhance their physicochemical properties.8,9

To explore novel strategies for the synthesis of inorganic

nanomaterials with unique surface structures and enhanced

activities, a research account of surface-structure-engineered

metal oxide micro- and nanocrystallites, particularly those

with high-energy surfaces, appears to be timely.

In this Account, we beginwith a brief discussion of general

strategies for the fabrication of shaped micro- and nanocrys-

tallites with exposed high-energy surfaces. This discussion is

focused on our work and recent progress in surface structure

engineering of metal oxide micro- and nanocrystallites and

their improved surface properties, with particular emphasis

on crystal facets of high surface energy. After a short discus-

sion concerning the stability and activity of high-energy-

surface engineered metal oxides, we conclude the Account

with a discussion of challenging issues and future trends.

2. General Strategies for the Fabrication of
Shaped Micro- and Nanocrystallites with
Exposed Specific Faces
In crystallography, the equilibrium shape of a crystal is

theoretically described by the Gibbs�Wulff theorem.10 Un-

der realistic conditions, however, the final shape of a crystal

and the exposed facets are a result of the interplay between

thermodynamics and kinetics. From a thermodynamic per-

spective, the selective adsorption of capping or stabilizing

reagents (such as organic surfactants, polymers, small mo-

lecules, and ions) onto specific faces is an effective means of

reducing surface energies and exposing crystal faces.11�13

In this aspect, the results of theoretical and experimental

surface science studies may provide guidelines for the

rational design and fabrication of micro- and nanocrystal-

lites with desired surface features. In addition, thermo-

dynamic analysis has indicated that the supersaturation of

growth species might determine the surface energy of ex-

posed faces during crystal growth, which provides a general

way for fabricating the specific high-energy surfaces on

micro- and nanocrystallites.14,15

Kinetic control is another powerful method for tuning the

shape and surface structure ofmicro- andnanocrystallites. In

practice, crystals often grow under conditions that differ

substantially fromequilibriumconditions. Under nonequilib-

rium conditions, the shape of crystals is not unique and

strongly depends on kinetic parameters such as the crystal

growth rate during the nucleation and growth of

crystals.2,3,15�17 Compared with thermodynamic control of

surface structure engineering, kinetic control involves a

number of factors and is therefore more complicated, and

the relationship between surface structure and kinetic fac-

tors remains unclear.

Thermodynamic and kinetic approaches to the synthesis

of micro- and nanocrystallites with specific facets both

represent bottom-up processes for crystal growth. In recent

years, top-down strategies have also been applied to

engineer the surface structure of micro- and nano-

crystallites.18,19 Directional chemical etching based on crys-

tal anisotropy, which has been widely used in the semicon-

ductor industry, has shown particular advantages in the

fabrication of micro- and nanocrystallites with specific sur-

face structures.

3. Case Studies
3.1. Metal Oxide Micro- And Nanocrystallites That

Are Fully Enclosed by Polar Planes and Their Surface-

Dependent Properties. The crystal structures of many ionic

compounds, including those of metal oxides, can be simply

described as a number of planes consisting of positively

charged cations and negatively charged anions stacked in

alternating fashion. These charged planes, such as wurtzite-

type {0001}, rocksalt-type, and spinel-type {111} planes,

are known as polar planes (Figure 1a,d,g). Because the
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exposure of polar planes is energetically unfavorable due to

their high surface energy, the surfaces of these ionic crystals

are dominated by electrically neutral planes, for example,

the {1010} planes in wurtzite and the {100} planes in

rocksalt and spinel.

The surface energyof the polar planes can, in principle, be

reduced by strong electrostatic interactions with oppositely

charged additive species during crystal growth to achieve a

structure with fully exposed polar planes. In wurtzite-type

ZnO, the two groups of polar planes {0001} and {1011}

form a hexagonal pyramidal structure (Figure 1b). As ex-

pected, pyramidal ZnO crystallites were generated via a

thermolysis reaction of zinc acetate in molten salt or ionic

liquids (Figure 1c).20�22 Numerous metal oxide micro- and

nanocrystallites that are fully enclosed by polar planes, such

as {111}-exposed rocksalt-type MgO and MnO octahedra

(Figure 1d�f), as well as spinel-type Co3O4 and ZnFe2O4

(Figure 1g�i), have been obtained via the aforementioned

electrostatic interaction strategy.21,23

The polar planes of ionic metal oxides can also be

controlled kinetically via elaborate tuning of reaction rates.

For example, in the absence of any capping reagent, the

shapes of cuprite-type Ag2O particles can change from

nonpolar {111}-faceted octahedra to polar {100}-faceted

cubes when the concentrations of the starting precursor

solutions are decreased 10-fold (Figure 2a).24 Similarly, the

kinetic route has been used to control the exposure of

specific facets in another cuprite-type metal oxide, Cu2O.
25

These examples fully demonstrate that kinetic control of the

crystal growth rates enables tuning of the surface structures

of metal oxide micro- and nanocrystallites. However, the

effect of crystal growth kinetics on themorphology ofmicro-

and nanocrystallites is unclear.

The unique structural features of polar surfaces often

yield properties that differ from those of nonpolar surfaces.

For example, because of their abundant active O2� Lewis

basic sites, O-terminated MgO octahedra possess high cata-

lytic activity in Claisen�Schmidt condensation reactions.26

The Zn2þ-terminated (0001) polar surface of ZnO crystallites

exhibits very high gas-sensing sensitivity to ethanol and

high photocatalytic activity in degradation processes.27 Po-

lar {100}-faceted Ag2O cubes exhibit greater antibacterial

FIGURE 1. Crystal structures, ideal models, and SEM images of representative metal oxide crystals with polar facets: (a�c) wurtzite-type ZnO,20 (d�f)
rocksalt-type MgO,21 and (g�i) spinel-type Co3O4.

21
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activity against Escherichia coli than nonpolar {111}-faceted

octahedra (Figure 2b) because the antibacterially active

Agþ ions on the {100} polar facets are more readily re-

leased than those on the sandwich-structured {111} facets

(Figure 2c).24 Thus, the unique structural features associated

with the polar surfaces of the metal oxide micro- and

nanocrystallites confer numerous advantages that can be

exploited in various applications.

3.2. Anatase-type TiO2 Micro- and Nanocrystallites

with Exposed High-Energy Facets and Their Enhanced

Photocatalytic Properties. TiO2 is a prototypical metal

oxide because of its polytypic structures and wide variety

of applications. The structural sensitivity of TiO2 (including

that of bulk-phase TiO2 and its surfaces) in catalytic reactions

has beenwidely investigated.28�34 TiO2 exhibits threemain

crystallographic phases: brookite, anatase, and rutile. The

anatase phase has been studied extensively, particularly in

catalysis, photocatalysis, and dye-sensitized solar cells. For

anatase TiO2, the average surface energies of different

facets are 0.90 J m�2 for the {001} facet, 0.53 J m�2 for

the {100} facet, and 0.44 J m�2 for the {101} facet.32,33 The

high-energy {001} facet has a high density of unsaturated

coordinated Ti atoms and active surface oxygen atoms with

large Ti�O�Ti bond angles; it usually exhibits greater chem-

ical activity than the other two low-energy facets.32 How-

ever, anatase TiO2 is thermodynamically apt to grow as a

slightly truncated tetragonal bipyramid with eight exposed

{101} facets and two {001} facets; the latter represent only

6% of the total facets.32 To identify a suitable capping agent

to stabilize the high-energy {001} facets, first-principles

calculations were applied. It was found that the adsorption

of fluorine ions may markedly reduce the surface energy of

the (001) surface to a level lower than that of {101}

surfaces.8 According to this theoretical result, hydrofluoric

acid (HF)was selected as the capping agent, andmicrometer-

sized truncated tetragonal pyramidal anatase TiO2 with

47% {001} facets exposed was first obtained by Lu et al.

Soon after, we prepared TiO2 nanosheets with a thickness of

several nanometers, and the percentage of {001} facets was

increased to 89% (Figure 3a).35 The highly exposed {001}

facets increased the photocatalytic activity of the TiO2

nanosheets, compared with the benchmark photocatalyst

(Degussa P25 TiO2), in the degradation of methyl orange

(MO) (Figure 3b). In addition to using HF as a capping agent,

some precursors that contain fluoric ions, such as TiOF2, can

be directly converted to anatase TiO2 with {001} exposed

facets due to the adsorption of fluoric ions on the surface

(Figure 3c).36

The fluorine-ion capping strategy is not ideal because

fluorine-containing capping reagents and their derivatives

are toxic, corrosive, and harmful to human health. However,

capped fluorine would significantly but inexplicably affect

the photocatalytic activity.37�39 Although fluorine can easily

be removed from the surface of anatase single crystals via

heat treatment or competitive adsorption of hydroxyl

groups in NaOH solution, fluorine-free synthetic strategies

are still desired. We subsequently determined that carbon-

ate ions are a potential alternative to regulate the form-

ation of {001} facets of anatase TiO2 because of the

bidentate-chelating ability of carbonate ions.40 Using carbo-

nate ions, we synthesized highly truncated tetragonal pyr-

amidal TiO2 nanocrystals with a remarkable percentage

(60%) of {001} facets via the hydrothermal treatment of

K-titanate nanofibers.40,41 In addition to exposing {001}

FIGURE 2. (a) Kinetically controlled shape evolution of cuprite-type Ag2O from {111}-faceted octahedra to {100}-faceted cubes. (b) Comparison of
the antibacterial activities (E. coli) of Ag2O octahedra and cubes. (c) Illustration of the structural characteristics of the atoms in the {111} and {100}
planes.24
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facets, we also exposed {102} and {103} high-index facets

with step structures on the surface of TiO2 nanocrystals via

similar carbonate-ion-assisted routes by adjusting the sol-

vent composition.42

Different crystal facets can exhibit different physical/

chemical behaviors. When the truncated tetragonal bipyr-

amidal TiO2 nanocrystals are used for the photoinduced

deposition of Pt and PbO2, the {101} facets provide the

reductive sites, while the {001} facets provide the oxidative

sites in the photoreaction due to differences in the preferred

transfer directions of the photogenerated electrons and

holes induced by the specific facets (Figure 4a).30 As a

consequence, after metal (e.g., Pt) nanoparticles are selec-

tively deposited onto the {101} facets, the specific facet-

induced spontaneous separation between photogenerated

electrons and holes is likely to be strengthened, thereby

enhancing the photocatalytic activities of TiO2 nanocrystals.

Consistent with this analysis, the photocatalytic efficiency of

selective Pt-deposited TiO2 nanocrystals in MO photodegra-

dation is increased 2-fold compared with the efficiencies of

nonselective Pt-deposited TiO2 nanocrystals (Figure 4b).

In addition, the efficiency in the photocatalytic reduction

process (e.g., H2 evolution from the splitting of water,

Figure 4c) is increased 5-fold.41 Specific facet-induced spon-

taneous separation between photogenerated electrons and

holes has also been observed in numerous other metal

oxide semiconductors, such as rutile-type TiO2,
30 BaTiO3,

43

SrTiO3,
44 and BiVO4.

45 Notably, the overall efficiency of

semiconductor photocatalysts depends on the synergism

between the photooxidation and photoreduction reactions

in the photocatalytic process. Therefore, further exploration

of the optimal ratio of oxidative and reductive facets for the

controlled synthesis of facetedmetal oxide photocatalysts is

needed.37,41

3.3. Rutile-type SnO2 Micro- And Nanocrystallites with

Exposed High-Energy Facets and Their Enhanced Gas-

Sensing and Catalytic Properties. Rutile SnO2 is another

functionally important metal oxide. The relative order

of the average surface energies of the different facets is

2.280 Jm�2 for {221}>2.209 Jm�2 for {111}>1.648 Jm�2

for {100}>1.554 Jm�2 for {101}>1.401 Jm�2 for {110}.46

The low-energy facets, {110}, {101}, and {100}, are usually

FIGURE 3. (a) TEM images and (b) evaluation of photocatalytic activity in MO degradation of TiO2 nanosheets prepared using HF (47%) as a capping
reagent. Reproducedwith permission from ref 35. Copyright 2009American Chemical Society. (c) Schematic of the synthesis of cubic TiO2 boxes from
the cubic TiOF2 precursor. Reproduced with permission from ref 36. Copyright 2011 Royal Society of Chemistry.
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dominant on the surface of rutile SnO2 crystals. For the

synthesis of SnO2 nanoparticles, hydrolysis of Sn4þ ions

in aqueous solution, in which Sn4þ is first hydrolyzed to

Sn(OH)4 and then dehydrated to SnO2, is usually employed.

Because Sn(OH)4 is an amphoteric hydroxide, the pH value

greatly affects the hydrolysis of Sn4þ ions and the dehydra-

tion of Sn(OH)4 and thus affects the crystal growth kinetics of

SnO2 in aqueous solutions (Figure 5a). By increasing the

FIGURE 4. (a) Schematic illustration of facet-induced separation between photogenerated electrons and holes and the resulting facet-dependent
photoreaction of anatase TiO2 (upper right, deposition of PbO2 nanoparticles on (001); lower right, deposition of Pt nanoparticles on (101). (b)
Degradation curves of MO in the presence of the TiO2 truncated tetragonal bipyramidal nanocrystals without deposition of Pt (naked TiO2, b), with
selective deposition of Pt on {101} facets (TiO2�Pt(S)-0.5%, 9), and with nonselective deposition of Pt (TiO2�Pt(NS)-0.5%, 2). The inset shows the
corresponding kinetic rate curves (ln(C/C0)�t). (c) The amount of H2 evolved in the presence of the above three photocatalysts after irradiation for 6 h.
Reproduced with permission from ref 41. Copyright 2013 Wiley-VCH.

FIGURE 5. (a) Kinetic-controlled syntheses of {221}- or {111}-faceted SnO2 octahedra via tuning of the hydrolysis�dehydration rates of Sn4þ ions
with HCl or TMAOH. (b) Evolution of the morphology of SnO2 nanocrystals with the concentration of HCl.47 (c) Evolution of the morphology of SnO2

nanocrystals with the concentration of TMAOH.48



314 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 308–318 ’ 2014 ’ Vol. 47, No. 2

Engineered Metal Oxide Micro- and Nanocrystallites Kuang et al.

acidity via the addition of hydrochloric acid (HCl), the formed

SnO2 particles evolve from low-energy {110}-faceted nano-

rods to {110}- and {221}-faceted elongated octahedra

and high-energy {221}-faceted octahedra (Figure 5b).47

The effect of changing basicity is similar to that of changing

acidity.When the basicity of the reaction is increased via the

addition of tetramethylammonium hydroxide (TMAOH), the

shape evolves from {110}- and {101}-faceted elongated

dodecahedra to high-energy {111}-faceted octahedra

(Figure 5c).48

SnO2 is one of the most commonly used gas-sensing

materials. The gas-sensing response of metal-oxide

semiconductors such as SnO2 is directly correlated with

their surface structure because the response involves an

adsorption�desorption process of the detected gases on the

semiconductor's surface. In contrast to the 6-fold-

coordinated Sn atoms in the bulk, the coordinations of the

Sn atoms on the surface are unsaturated (Figure 6a). For

example, the rutile (110) surface contains rows of 6-fold-

coordinated and 5-fold-coordinated Sn atoms, and all Sn

atoms are 5-fold-coordinated on the (101) surface. For the

high-energy (221) and (111) surfaces, five-coordinated and

four-coordinated Sn atoms are observed. Surfaces such as

(221) and (111), which contain unsaturated, low-coordinated

metal atoms, are prone to adsorb more oxygen to form

surface oxygen species (e.g., O2
�, O2�, or O�), resulting in

increased reactivity toward the reducing gas. We have

consistently observed that the gas-sensing properties of

the facets in rutile SnO2 follow the order (221) > (111) .
(101) > (110) (Figure 6b).47,48 The superior sensing perfor-

mance of the {221} facets relative to the {111} facets may

be due to the stepped structure, which favors the adsorption

of the ionized oxygen species. Elucidation of the relationship

between the surface structure and the gas-sensing behavior

will provide deep insights into the nature of the gas-sensing

mechanism of semiconductors at an atomic level.49 As such,

we believe that our research represents the first step toward

atomic surface-structure control of gas-sensing activity. In-

terestingly, the activity order of SnO2 facets in the catalytic

oxidation of CO is not consistent with that in gas sensing. In

CO oxidation, the temperature for 100% conversion of CO

on the {221} facets is higher than that on the {111} facets,

even though the starting conversion temperature on the

{221} facets is lower (Figure 6c).48 The abnormal catalytic

performance on the {221} facets can be attributed to the

more open structure of the {221} facets, which facilitates

poisoning of the catalytically active sites. Thus, both the activ-

ity and stability of the high-energy facets should be given

full consideration when designing for surface exposure.

3.4. SelectiveChemical Etching: Top-downEngineering

of Surface Structures of Metal-Oxide Micro- and Nano-

crystallites. We have shown that well-defined shapes of

FIGURE 6. (a) Schematic models of the (110), (101), (111), and (221) facets. (b) Ethanol-concentration-dependent sensitivity curves, and (c) CO
conversion curves of different faceted SnO2 nanocrystals. The insets show the corresponding models of SnO2 nanocrystals. Reproduced with
permission from ref 48. Copyright 2012 Wiley-VCH.
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metal oxidemicro- andnanocrystalliteswith exposed specific

facets can be generated in a bottom-up manner via thermo-

dynamic or kinetic control during crystal growth (Figure 7a).

Due to the anisotropic properties of crystals, selective chemi-

cal etching can occur in different facets to producemicro- and

nanocrystallites with special surface structures. For example,

the differing reactivities of oleic acid (OA) with metal ions of

different crystal facets enabled thepreparationof pagoda-like

microcrystallites (Figure 7a-1) and spiral micropyramids

(Figure 7a-2) of ZnO with high-energy polar surfaces as well

as six-horn-likeMnOnanocrystals (Figure 7a-3).50�52 Further-

more, the etchingprocess begins at defective sites, suggesting

that selective chemical etching may provide a unique tool

for investigating the growth mechanism of nanocrystals.

Some intrinsic structural features concealed in ZnO micro-

and nanocrystallites, such as the twinned interface and the

screw dislocation, have been vividly revealed via the etching

technique.50,51

The properties of etchedmicro- and nanocrystallites may

vary with the altered surface structures. For example, spiral

ZnO pyramids exhibit greater gas-sensing ability than

unetched ZnO pyramids due to both the newly exposed

Zn2þ-terminated (1011) planes and the increased surface

area.51 Notably, etching may produce abundant surface

defects (typically as low-coordinated oxygen ions) on metal

oxide micro- and nanocrystallites, and such newly gener-

ated surface defects may influence the properties of the

metal oxides. Typically, intense, wavelength-tunable photo-

luminescence (PL) from the blue-violet region to the yellow

region can be observed from single-crystal-like MgO nano-

crystal clusters fabricated in the presence of OA at different

temperatures (Figure 7b).53 Such tunability is attributed to

the synergistic effects that result from the coordinated sites,

the capping OA, and the carbonate species on the surface of

MgO nanocrystals. Reports based on top-down selective

etching remain limited, likely due to the difficulties in select-

ing an appropriate etchant. However, the accuracy and the

efficiency of selective chemical etching in the fabrication of

specific surfaces have been demonstrated. These methodo-

logical advantages encourage the exploration and improve-

ment of selective etching applications for the surface

engineering of metal oxide micro- and nanocrystallites with

specific surfaces, including high-energy facets.

4. Other Key Issues for Engineering High-
Energy Surfaces of Metal-Oxide Micro- and
Nanocrystallites and Their Applications
We have discussed the engineering of high-energy surfaces

of metal-oxide micro- and nanocrystallites via thermody-

namic control, kinetic control, and selective chemical etch-

ing. Despite great progress in controlling high-energy facets,

key problems remain unresolved. We usually discuss micro-

and nanocrystallites with ideal and clean crystal surfaces,

which are never the case for shaped micro- and nanocrys-

tallites, particularly those prepared via the capping-agent

routes, in which the capping agent adsorbs and stabilizes

high-surface-energy facets. Thus, caution is needed in draw-

ing conclusions about the crystal facet effect of micro-

and nanocrystallites to avoid obtaining contradictory

results.37�39 To avoid effects not related to the crystal facet

itself, removal of the stabilizing agents, usually via calcina-

tion or exchange with weaker-binding adsorbates, may be

required. After the capping reagents have been removed

from the surfaces of the nanocrystals, the unprotected

nanocrystals, particularly the high-energy facets, may un-

dergo surface reconstruction. This surface reconstruction

may also lead to unexpected changes in the properties of

the metal-oxide micro- and nanocrystallites. In addition to

the real surface structure of exposed crystal facets, the

stability of high-energy facets should also be considered.

FIGURE 7. (a) Schematic illustration of the surface structure of metal
oxide micro- and nanocrystallites fabricated by bottom-up growth
routes and top-down etching routes; the illustration is based on the
anisotropy of crystals: (1) rod-like ZnO to pagoda-like ZnO;50 (2) pyr-
amidal ZnO to spiral ZnO;51 (3) octahedral MnO to six-horn-like MnO.52

(b) Tunable PL of MgO nanocrystal clusters fabricated in the presence of
OA under different reaction temperatures. Reproduced with permission
from ref 53. Copyright 2011 Royal Society of Chemistry.
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High-energy facets, when formed, are thermally stable to

some extent. For example, the high-index (520) facet of

Pt nanocrystals is thermally stable up to 800 �C under

vacuum.1However, edge andvertex atomswithmuch lower

coordination numbers and greater chemical activity inevi-

tably exist on the surface of crystallites. The decrease in

crystallite size increases the surface area of the specific high-

energy surface but greatly decreases structural stability due

to the presence of abundant edge and vertex atoms on the

crystallites. Therefore, size control must be considered in

practical applications of faceted nanocrystallites and is cri-

tical for balancing the activity and stability of the specific

high-energy facets.

5. Concluding Remarks
In this Account, we have briefly summarized our efforts in

engineering surface structures (with emphasis on high-

energy facets) of metal oxide micro- and nanocrystallites

to enhance their performance in surface-related applica-

tions. We have used well-characterized examples to clarify

some intrinsic thermodynamic and kinetic issues in the

surface-controlled synthesis of metal oxide micro- and na-

nocrystallites. As expected, metal oxide micro- and nano-

crystallites that are enclosed by unusual high-energy facets

exhibit enhanced performance in photodegradation, water

splitting, gas sensing, catalysis, luminescence, and antibiosis.

Our understanding of the synthesis of micro- and nano-

crystallites with specific facets and the relationship between

activity and surface structure is still limited. We propose the

following future research directions for metal oxides with

high-energy facets. (1) The growth mechanism of high-

energy facets, particularly high-index facets with steps and

kinks, should be further investigated to provide guidelines

for the controlled synthesis of metal oxide micro- and

nanocrystallites with specific facets. The knowledge ac-

quired from surface science studies and theoretical investi-

gations will be critical for this aspect. (2) Intrinsic factors

related to the kinetically controlled synthesis of metal oxide

micro- and nanocrystallites with specific facets must be

elucidated. The development of in situ spectroscopic and

microscopic techniques is important for such kinetic studies.

(3) The structural stability, in addition to the activity, of high-

energy facets should be properly considered. Structural

stability is important for nanosized crystallites used in differ-

ent fields because it affects the actual performance of

these materials over the long-term and in complex environ-

ments. (4) With respect to the synergy effect, the construc-

tion of epitaxial heterojunction and monatomic-layer-level

modification of high-energy crystal surfaces may represent

another important direction toward enhancing the perfor-

mance ofmetal oxidemicro- and nanocrystallites with high-

energy surfaces. Overall, in-depth and comprehensive stud-

ies of the surface-structure engineering of metal oxides,

particularly those with exposed high-energy facets, will lead

to the rational design and synthesis of functional nano-

materials with exceptional properties.
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