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Metal/oxide interfaces in inorganic nanosystems:
what’s going on and what’s next?
Davide Barreca,*a Alberto Gasparottob and Eugenio Tondellob

DOI: 10.1039/c0jm02448a
Metal/oxide nanosystems with different spatial organizations have attracted a remarkable
interest for their unique features and multi-functional properties, which can be finely tuned by
controlling the interplay between their structure, morphology and composition. Their
assembly and ultimate utilization depend indeed on the nature of metal/oxide interfaces, the
birthplaces of a multitude of fascinating phenomena. A detailed insight into interfacial
chemical/physical properties by advanced experimental techniques would thus deliver
significant advantages from both a fundamental and an applicative point of view.
Introduction

The controlled assembly of metal/oxide

(M/O) nanosystems with peculiar archi-

tectures has been the focus of intense

research activities, in view of their

fascinating and often unexpected charac-

teristics.1–5 The latter, ranging from size-

dependent optical properties to novel

chemical reactivity, have stimulated

considerable attention for various appli-

cations, from heterogeneous catalysis/

photocatalysis to gas sensing and ener-

getics, from microelectronics to photonics

and magnetic data storage.2,6–14 Remark-

able advancements to attain specifically
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targeted functions have been enabled by

the bottom-up chemical design of M/O

nanomaterials.5,15 In this context, the

degrees of freedom introduced by the

tailoring of surface, size, shape and

defects are globally interconnected13,16,17

and their control has fuelled the

preparation of various kinds of M/O

nanomaterials, from 0D- to 1D-, 2D- and

3D-structures (Fig. 1).4–7,9,18 Despite these

considerable progresses, there is still

a black box hindering further develop-

ments in the science and engineering of

such systems, i.e. the thorough under-

standing of M/O interfacial interactions

role, that, in spite of its importance, has so

far been underestimated or ne-

glected.3,19,20 To this aim, as pointed out

by H. Kroemer in his Nobel lecture, ‘‘.it

may be said that the interface is the

device’’.21 In particular, interfaces

between complex oxides have emerged for

their potential in future electronics.22
reca is a Senior

entist at the ISTM-

e in Padova, Italy.
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Alberto Gasparott

This journ
Even M/O interfacial interactions, that

might appreciably depend on the presence

of defects, compositional gradients and

roughness, play a pivotal role in directing

the system functional performances.6,23

For instance, the formation of Schottky

barriers at the interface between metal

nanoparticles (NPs) and semiconducting

oxides24 leads to improved charge carriers

separation and transfer, with significant

benefits on luminescence, sensing and

photocatalytic properties.12,25 Hence,

a full exploitation of M/O heterojunction

functionalities in advanced device struc-

tures relies on a thorough insight into

interfacial phenomena,6,7 although their

detailed characterization still remains an

open issue.26

On this basis, this highlight is mainly

focused on the question: what is going on

at metal NP/oxide interfaces? Far from

being exhaustive, this paper provides

some representative examples regarding
o
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Fig. 1 Schematic illustration of the various types of M/O nanosystems considered in this highlight.

M and O are marked in black and grey, respectively. For each category, the most relevant functional

applications are also reported.
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View Article Online
the influence of interfacial phenomena on:

(i) the assembly of M/O nanosystems,27

with particular attention on metal NPs

spatial organization; (ii) the functional

properties of the target materials and

their interrelations with size- and shape-

dependent features. Indeed, the processes

involved in assembly phenomena span

from physical interactions up to chemical

bond formation, directly influencing the

system performances.13 These challenging

issues will be briefly discussed in relation

to the case studies displayed in Fig. 1.
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Outside and inside NPs

These categories of M/O nanosystems

(outside NPs, Fig. 1a) and, in particular,

gold and silver NPs on metal oxides, have

drawn a great attention for their optical,

catalytic and sensing properties.7,28–33 The

use of physical techniques, such as sput-

tering34,35 and pulsed laser ablation fol-

lowed by laser irradiation,36 has been

reported for the tailored formation of Au

and Ag NPs on SiO2. In this regard,

a major role in metal nucleation is

believed to be played by surface –OH
dello is Full Professor of Inorganic Chem-

aculty of Science, Padova University, Italy,
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ntific papers on international journals.

2011 J
groups, despite no specific evidence of the

exact M/O interaction is available.

Modeling studies of M-on-O laser nano-

structuring have considered M/O heat

transfer and the metal propensity for

oxide formation as the main parameters

controlling the process evolution,36 but

the role of chemical interactions has not

yet been considered in detail.

A great interest has also been focused

on the introduction of metal NPs inside

oxide matrices (Fig. 1b).37,38 Armelao

et al.39 found that the growth of Ag

nanoaggregates into SiO2 via sol–gel is

mediated by M/O interfacial interactions

involving the formation of Ag–O–Si

species around silver NPs. On the other

hand, M/O interactions have a direct

impact on functional properties. A recent

report on Au-doped TiO2 films3 has evi-

denced a direct involvement of metallic

NPs in the kinetics of gases detection

thanks to M–O peripheral sites,

promoting the analyte activation through

charge transfer with the hosting matrix.

As concerns inside NPs, recent trends

are focused on the precise control of metal

aggregates spatial organization and inte-

gration into ordered arrays.27 In fact, the

possibility of tailoring the properties

through coupling interactions not only

with other NPs, but also with the

surrounding medium, discloses intriguing

perspectives for applications in lasers and

surface-enhanced spectroscopies.5,17,40,41

In this regard, island-like gold NP arrays

have been produced by sputtering on SiO2

under very mild conditions (Fig. 2a),

tuning their organization by variations of

the sole deposition time. Such

a morphology is preserved upon coverage

with a SiO2 layer, a transparent and

protective hosting medium for NP arrays

(Fig. 2b).15,42 The role of metal–oxide

interactions is well evidenced by the effect

of the surrounding matrix on the optical

response and, in particular, on the surface

plasmon resonance (SPR) peak shape and

position (Fig. 2c).5,13,34,35,38 In particular,

the red-shift of the SPR band upon

embedding Au NPs in SiO2 could be

attributed to an increase of the

surrounding dielectric constant due to

Au/SiO2 interfacial interactions. These

results, along with calculations of M/O

optical responses performed through

a combination of Maxwell-Garnett model

and Mie theory,43 indicate the possibility

of tuning optical properties for specific
. Mater. Chem., 2011, 21, 1648–1654 | 1649

http://dx.doi.org/10.1039/c0jm02448a


Fig. 2 Morphology of Au NP arrays on SiO2 obtained at 60 �C after 60 min sputtering: (a) as such;

(b) upon coverage with a SiO2 layer by plasma enhanced-chemical vapor deposition (PE-CVD) at

60 �C. (c) Optical spectra of Au NP arrays depicted in (a) and (b) (adapted from ref. 41).

Fig. 3 TEM images of M/TiO2 nanosystems, with (a) M ¼ Au and (b) M ¼ Ag, after annealing at

600 �C. Photobleaching of Plasmocorinth B (PB) aqueous solutions by: (c) pure TiO2 and Au/TiO2

nanosystems annealed at 600 �C; (d) as-grown and annealed Ag/TiO2 nanocomposites (adapted

from ref. 7, 24, 45, and 46).
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applications.5,44 Nevertheless, the detailed

nature of the involved M/O electronic

interactions, especially at the nanometre

scale, has still to be unraveled. To this

regard, the use of advanced Scanning

Tunnelling Microscopy (STM) and

Scanning Tunnelling Spectroscopy (STS)

could be extremely useful, despite the

sample electrical properties render their

application a hard task.

Intermediate cases between outside and

inside NPs are represented by M/TiO2

(M ¼ Au, Ag) nanomaterials obtained by

hybrid sputtering/sol–gel approaches.7,24,45,46

Thanks to the peculiarity of the adopted

synthetic routes, an intimate M–O

contact, crucial for eventual functional

applications, can be achieved (Fig. 3a and

b). Whereas only Au0 could be detected in

the former case, the higher Ag vs. Au

reactivity towards oxidation is responsible

for a different behavior. In fact, for Ag/

TiO2 composites, Ag0 / AgI oxidation,

whose entity depended on the adopted

annealing conditions, took place at the

interface with the TiO2 matrix. This

phenomenon was likely responsible for an

enhanced dragging of Ag NPs even in the

inner TiO2 layers.

In both cases, photocatalytic perfor-

mances were significantly influenced by

M/O interactions. For Au/TiO2 compos-

ites, the activity enhancement with respect

to pure TiO2 has been ascribed to the

Schottky barrier character of M–O junc-

tions,24 resulting in an electron drawing

effect by gold NPs that favors light-

induced charge carrier separation. Con-

cerning Ag/TiO2 nanomaterials, the best
1650 | J. Mater. Chem., 2011, 21, 1648–1654
performances were obtained upon an-

nealing at 400 �C, corresponding to the

highest interfacial content of AgI,45

a strong oxidizing agent. But once again,

the question arises: which phenomena do

exactly occur? And what is the mutual

role of physical vs. chemical interactions

in this context? The answer to these

questions might be partially provided by

Scanning Transmission Electron Micros-
This journ
copy–Electron Energy Loss Spectroscopy

(STEM–EELS), representing a powerful

chemical probe with high sensitivity to the

sampled environment. Yet, the attain-

ment of a nanometre spatial resolution is

directly dependent on the availability of

an HR-TEM facility.
Core–shell NPs

In relation to the above topics, a large

amount of literature can be found on

photocatalytic applications not only of

classical core–shell M/O NPs (Fig. 1c),

but also of porous nanocages (Fig. 1d).

Zeng et al.25 have developed Pt/ZnO

porous nanocages (Fig. 4a) by laser

ablation synthesis of Zn(core)/ZnO(shell)

NPs, followed by Pt introduction from

H2PtCl6 and a mild acidic etching of the

metal core. Reaction of Zn metal cores

with PtIV centers yields ZnII (hollowing of

the core part) and Pt0, deposited in situ in

the ZnO shell12 (Fig. 4b). As a result,

a large number of Pt/ZnO Schottky

barriers are formed in the final nanocages,

suggesting a better separation of photo-

generated charges.12,24,25

Indeed, the photocatalytic activity

(Fig. 4c) was significantly improved with
al is ª The Royal Society of Chemistry 2011
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Fig. 4 (a) Synthesis route to porous Pt/ZnO nanocages and (b) representative HR-TEM image.

ZnO crystals in the center of the particle joining the opposite cage walls have been marked. (c)

Photodegradation of methyl orange solutions by ZnO powders and Pt/ZnO nanocages containing Pt

NPs of different sizes (adapted from ref. 25).

This journal is ª The Royal Society of Chemistry 2011 J
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respect to conventional ZnO powders,

thanks to the synergy between the pecu-

liar large area morphology and the Pt

embedding state in the porous ZnO

nanocages. In fact, the performances are

further increased by reducing the Pt NPs

size, implying an enhanced M–O contact.

Nevertheless, we are ultimately con-

fronted with the question of whether or

not the simple M/O contact is the key

influencing factor. What about the

occurrence of interfacial chemical inter-

actions? An interesting insight might be

provided by the choice of proper

synchrotron-based X-ray techniques with

suitable spatial and energy resolution,

such as X-ray Absorption Spectroscopy

(XAS) and X-ray Photoelectron Spec-

troscopy (XPS).

Concerning photo-activated applica-

tions, noble metals (e.g., Pt, Rh, Au, and

Ag) on various oxide substrates have

also been proposed as promoters of

water splitting47 towards the evolution

of H2 as an attractive energy vector,

whose production has been a fascinating

dream since the publication of the

‘‘Misterious Island’’ by J. Verne (1874).

In particular, Rh/Cr2O3 core–shell NPs

have been successfully dispersed on

GaN–ZnO solid solutions, achieving

improved performances for visible-light

activated H2O splitting. In fact, the

Cr2O3 shell prevents the backward

reaction (2H2 + O2 / H2O) over Rh.48

Nevertheless, the precise control of shell

thickness and its influence on the system

behavior remain open issues. Further-

more, the authors only reported that

Rh/Cr2O3 NPs dispersion on the pho-

tocatalyst improves the electron transfer

efficiency and that the H+ / H2

reduction took place at the Rh/Cr2O3

interface,47 but the exact occurring

mechanism is still unknown.

Besides hydrogen photo-production,49

further applications of core–shell systems

obtained by confining metal NPs in

inorganic cavities (Fig. 1e) fall into other

areas of heterogeneous catalysis,6 from

preferential CO oxidation50 to ammonia

decomposition,51 from water-gas-shift52

to reforming reactions.53 As a represen-

tative example, porous nanocages, for

instance of Pd/CeO2, have been proposed

as an amenable path to avoid the

formation of noble metal aggregates,

with consequent catalyst deactivation.54

Yet, it is worth highlighting that
. Mater. Chem., 2011, 21, 1648–1654 | 1651
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Fig. 5 (a) Representative SEM micrograph of urchin-like Zn/ZnO structures (inset scale bar:

400 nm). (b) Sketch of the generation, separation and transport of photo-induced charge carriers at

the Zn/ZnO interface in the above structures (adapted from ref. 19).Pu
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a possible drawback of an intimate

contact between Pd and the reducible

CeO2 support is a facile, though revers-

ible, catalyst deactivation under reducing

conditions.52 Despite the accessibility of

peripheral metal NP sites and the

occurrence of interfacial M/O electron

transfers facilitating CeO2 redox prop-

erties have been demonstrated, the site-

sensitive investigation of interfacial

reactivity is still far from being eluci-

dated. A similar observation holds even

for the significance of such catalysts with

respect to traditional ones possessing

exposed metal–CeO2 interface.55 It is also

worthwhile observing that all the above

catalytic processes involve reactions of

small molecules, which do not suffer

from large diffusion limitations. Never-

theless, the use of porous core–shell

structures may turn out to be unsuc-

cessful if large organic molecules need to

be converted.
1652 | J. Mater. Chem., 2011, 21, 1648–1654
Most of the systems examined up to

now are targeted for optical/photo-

catalytic applications. Further interesting

examples of the interface role concern

coupled magnetic/optical applications,

such as in the case of Co-core, concentric

CoO–Au core–shell NPs.56 In fact,

ferromagnetic Co particles tend to

oxidize in air to the non-passivating

CoO. To prevent this problem, a protec-

tive Au shell was introduced from

a solution route on the external CoO

interface. As a consequence, the SPR

gold peak was shifted with respect to

that of pure Au NPs of the same diam-

eter, due to Au/CoO interactions. These

characteristics might play a significant

role in coupling optical and magnetic

applications, despite the nature of inter-

facial interactions has not yet been un-

raveled. Will high-resolution XAS and

XPS techniques be a key tool in proving

an answer to these questions?
This journ
A further interesting example of M–O

heterojunctions concerns urchin-like Zn/

ZnO core–shell NPs, composed by single-

crystalline ZnO nanorods protruding

from a central Zn core (Fig. 5a).18 Such

materials, that represent a trait d’union

between core–shell 0D NPs and 1D M/O

nanosystems, have been obtained by

vapor transport through the initial

nucleation of Zn nanospheres, subse-

quently oxidized to ZnO. A large lattice

mismatch in the basal (0002) plane

between Zn and ZnO results in ZnO

nanorods grown epitaxially from the

central core, in line with other reports.57

The outstanding photoelectrochemical

performances of such materials, that

candidate them as promising anodes in

solar energy conversion devices, were

related to their unique structure (Fig. 5b).

After hole and electron photo-generation

in ZnO nanorods, the latter diffuse in the

radial direction towards the Zn/ZnO

interface, and finally to the indium tin

oxide (ITO) substrate. Single crystalline

ZnO rods provide direct channels for

electron transport and can supply a suffi-

cient space charge layer even at high

applied potentials, resulting in a high

photocurrent density. The efficiency of

the Zn/ZnO interface in acting as electron

sink is synergistically superimposed with

a facilitated hole transport towards the

electrolyte, thanks to the unique urchin-

like morphology.
1D M/O nanosystems

At variance with previous cases, 1D-like

M/O systems are by far the least

explored,1 especially regarding the nature

of M–O interfacial interactions. The

topology of such materials can be

extremely different as a function of their

assembly. Beyond the rational design of

core–shell 1D M/O systems (Fig. 1f) for

various applications,1,4,11,15,57--59 we focus

herein on the two cases depicted in Fig. 1g

and h, i.e. metal NPs in or on 1D oxide

structures, that represent the cutting-edge

frontier of research activities in the field.

An innovative type of heterojunction has

been developed by the periodical encap-

sulation of Au NPs in Ga2O3 nanowires

(Fig. 6a) by vapor–liquid–solid (VLS)

growth.18,60 This method provides

a particular example of interface in M–O

system assembly, in which metal droplet

serves as soft templates to limit nanowire
al is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c0jm02448a


Fig. 6 (a) TEM image of an individual Ga2O3 nanowire embedding discrete Au NPs. The high

quality M/O interface is framed. (b) Sketch of the corresponding growth mechanism. (c) Device

photoresponse as a function of pumping power (adapted from ref. 18).
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lateral growth. Once M liquid is super-

saturated with the target oxide, 1D

anisotropic formation starts to occur at

the solid–liquid interface.9 In this peculiar

case, the growth is initiated by gallium

incorporation from the vapor phase in

a gold NP (Fig. 6b). For T $ 800 �C, the

supersaturation prevails around the

droplet edge rather than in its central

area, forming a Ga2O3 nanowire with an

internal twin boundary. This twinned

growth reflects the difference in the

nucleation rate due to the non-homoge-

neous concentration of Ga2O initially

formed at the Ga droplet interface.

Consequently, 1D Ga2O3 nanorods

embedding Au NPs crystallize under the

fluctuations of Ga2O concentration and

twin boundary formation. The remark-

able system photoelectric response

(Fig. 6c), similarly to the case of Au-in-

SiO2 nanofibers,10 was explained by SPR

effects of embedded gold NPs, and, in

particular, to the large electromagnetic

field at the interface of Au NPs, ampli-

fying their third-order non-linear suscep-

tibility.

Furthermore, the photoresponse is

dominated by the generation of ‘‘hot’’

electrons in Au NPs and their tunnelling

through Ga2O3 barrier, resulting in
This journal is ª The Royal Society of Chemistry
a direct proportionality with pumping

power. The detailed understanding of

underlying electron transfer processes

might be valuable not only to improve the

system response, but also to develop

diverse optoelectronic devices by

synthetic tailoring. For instance, a similar

growth procedure has led to Au/Ga2O3

core–shell nanowires for high-frequency

logic nanoelectronics.60 For both prepa-

ration and application, advanced elec-

trochemical investigations might be of

help to unravel the involved electron

transfer phenomena.

A different case regards the organiza-

tion of M NPs on the surface of 1D oxides.

For instance, Ag NPs have been immo-

bilized on ZnO whiskers incorporated in

a paper matrix for antibacterial applica-

tions, with 1D zinc oxide structures acting

as selective supports for Ag nano-

aggregates.14 The excellent system anti-

bacterial activity was interpreted basing

on the synergy between their peculiar

nanomorphology and the possible inter-

facial presence of AgI, a strong oxidizing

agent.45 Nonetheless, the impact of Ag/

ZnO interfacial assembly on the system

functional properties was not thoroughly

investigated. A detailed insight into the

material structural organization might be
2011 J
provided by Reflection High Energy

Electron Diffraction (RHEED), a power-

ful analytical tool to elucidate the nucle-

ation and growth processes.

Further interesting applications of

M-on-O 1D systems concern the fields of

sensing and energetics. In particular, Au

and Pt NPs have been used to function-

alize the surface of CuO nanoribbons,

achieving attractive gas sensing perfor-

mances for the detection of volatile

organic compounds.61 Yet, such

enhancement was ascribed to the catalytic

activity of metal NPs, without any further

explanation. The chemical and physical

properties beneath these processes might

strongly benefit from the use of STEM-

EELS and synchrotron XAS character-

ization.
Conclusions and perspectives

Thanks to the remarkable progresses in

the synthesis techniques, M/O nano-

structures with various degrees of

complexity and programmable perfor-

mances have shown a bright promise for

technological advancements. Neverthe-

less, the examples provided above

demonstrate that, even if tailoring of M/O

system properties is possible as a function

of the desired applications, a complete

understanding of M/O interfacial inter-

actions does not yet exist at this stage.

That is, the question ‘Quo vadis?’ (where

do we go from here?) in these areas is still

far from receiving an appropriate answer.

Further advancements in the related fields

can no more be based on a ‘proof-of-

concept’ approach,2 and a quantitative

assessment on how and why chemical and

physical interfacial interactions impact

the system organization and properties is

imperative. This insight can be derived on

an experimental basis through the joint

use of advanced characterization tech-

niques providing complementary infor-

mation, some of which have been

mentioned in this paper. A deeper

understanding can be also corroborated

by a reliable and flexible theoretical

modeling capable of bridging the inter-

face role with M/O nanosystem properties

as a function of their length scale. Only on

this basis, the highway towards ‘‘what’s

next?’’ in M/O systems development for

the science and technology of the future

will finally be taken.
. Mater. Chem., 2011, 21, 1648–1654 | 1653
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