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Abstract Most nanocatalysts are composed of highly

dispersed transition metal nanoparticles on oxides. The

interface between the metal nanoparticles and the oxides

plays a crucial role in determining the catalytic perfor-

mance of the nanocatalysts. Due to non-adiabatic elec-

tronic excitation, energetic electrons in metals can be

generated during exothermic chemical processes. The

energy barrier formed at the metal–oxide interfaces leads to

the irreversible transport of energetic, or hot, electrons. The

dopants and impurities present on the oxides can generate

additional charge carriers or oxygen vacancies that affect

the catalytic activity. The accumulation or depletion of hot

electrons on the metal nanoparticles, in turn, can also

influence the catalytic reactions. In this article, we outline

recent studies of the role of metal oxide interfaces and

characteristics of fast charge transfer between metals and

oxides. The electronic configuration of metal–oxide nano-

catalysts during catalytic reactions will be introduced and

its influence on heterogeneous catalysis will be outlined.

Keywords Hot electron � Metal–oxide interface �
Dopants � Oxygen vacancy � Heterogeneous catalysis

1 Introduction

Industrial catalysts are mainly composed of metal particles

in the 1–100 nm size regime dispersed in a high-surface-

area support. They are produced by synthesizing the metal

particles and support separately and then dispersing the

metal clusters onto the support using various techniques

(e.g., wet-impregnation, co-precipitation, or ion-exchange).

The discontinuity between well-characterized model sys-

tems and industrially relevant catalysts represent the

materials gap that has been a long-standing issue in het-

erogeneous catalysis [1–3].

One of the key issues in ‘bridging materials gaps’ is

elucidating the role of metal–oxide interfaces in altering

catalytic activity. The smart design of nanocatalysts can

improve the catalytic activity of transition metals on

reducible oxide supports. Figure 1a, b shows a scheme of

the electronic configuration and the energy band diagram

for metal–oxide interfaces under catalytic reactions. Elec-

tron excitation in exothermic catalytic reactions or the

incidence of photons on metal surfaces results in the flow

of high-energy electrons with an energy of 1–3 eV,

assuming that most of the chemical or photon energy is

converted to electron flow on a short (femtosecond) time

scale before atomic vibration adiabatically dissipates the

energy (picoseconds). The energetic electrons that are not

in thermal equilibrium with the metal atoms are called ‘‘hot

electrons’’. The Schottky barrier localized at the metal–

oxide interface allows hot electrons to irreversibly trans-

port through the interface.

There are a number of studies that indicate the signifi-

cance of the metal–oxide interface. Earlier studies of Au/

TiO2 suggest that the perimeter area between the Au

nanoparticles and TiO2 is catalytically reactive under CO

oxidation [4, 5]. This effect was also investigated by Boffa
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et al. [6] using rhodium deposited on a large assortment of

oxides. They observed a remarkable 14-fold increase in

turnover rates for CO2 hydrogenation, especially in the

presence of three different oxides: TiOx, NbOx, and TaOx.

The activity was highest when the oxide–metal interface

area was at a maximum, which occurred at *0.5 mono-

layer of oxide coverage. On the other hand, several other

oxides, including ZrOx, VOx, WOx, and FeOx, exhibit

minor effects of coverage dependence. Interestingly, three

oxides (i.e., TiOx, NbOx, and TaOx) have bandgaps

between 3.3 and 4.4 eV, which leads to the formation of a

Schottky barrier between the oxides and the Rh film. These

results indicate that the bandgap, or the presence of a

Schottky barrier, plays a crucial role in determining the

catalytic activity. Similar results on the effect of oxides on

the catalytic activity of CO oxidation were also reported by

Park et al. [7]. Doping or impurities in the oxides can result

in excess charge carriers or oxygen vacancies on the oxides

that lead to a change in catalytic activity [8, 9]. Addi-

tionally, charge accumulation or the depletion of hot

electrons generated by photon absorption can be utilized to

control catalytic activity, as illustrated in Fig. 1.

In this paper, we show the influence of metal–oxide

interfaces on heterogeneous catalysis, focusing on the

impact of electronic properties, including doping, bandgap,

and Schottky barriers. We will outline the aspects of fast

charge transfer between metal nanoparticles and oxides

(semiconductors) that were uncovered using spectroscopic

techniques with temporal resolution of femtoseconds. The

correlation between the hot electron flows and catalytic

activity under various exothermic reactions will be

addressed.

2 Significance of Charge Transfer at Metal–Oxide

Interfaces in Catalysis

When metal catalysts are mixed with semiconductor sup-

port materials, the composites show integrated and

unprecedented properties that arise at the heterostructure

interface. Enhancement of the catalytic activity on mixed

catalysts was first investigated by Schwab [10, 11] and

Solymosi [12]. These phenomena have been referred to as

the ‘‘strong metal–support interaction’’ (SMSI), which was

commonly used to describe the promoting and prohibiting

effects of the support on the catalytic activity of the metal

that cannot be explained as purely structural. Studies of the

SMSI effect have increased in parallel with the advance-

ment of diverse catalyst synthesis techniques and a variety

of support materials that are improving the performance of

supported catalysts. In particular, enormous efforts have

been devoted to gaining a thorough understanding of the

nature of the SMSI effect [13–16]. The general conclusion

is that the interactions of the metal supports are influenced

by three key properties: energetics of the metal particles

(i.e., the properties reflecting the cohesive energy of a

particle), geometric properties (e.g., those describing

shape, size, crystal phase, order, strain, and structure), and

electronic properties (e.g., those describing band structure,

electron binding energies, and interactions of electrons

with magnetic fields).

Among the various origins mentioned above, the pre-

dominant agreement is that the SMSI effect is ascribed to

the alternation of the electronic structure of the metal by

charge transfer to or from a support. Since metals normally

have a smaller work function (Um) than semiconductors,

the energy bands (EC and EV) of the semiconductor are bent

downwards when the two phases are in electric contact, as

shown in Fig. 2a. Schwab’s earlier results on mixed cata-

lysts reveal a surprisingly superior action of the Ag/ZnO

catalyst where silver (Ag) is combined with zinc oxide

(ZnO). It is clear that for methanol oxidation, the mixed

Ag/ZnO catalyst gives an extremely high yield of carbon

dioxide (CO2) and water vapor (H2O) even at lower tem-

peratures, in contrast with the individual catalysts (Ag and

ZnO), as shown in Fig. 2b. This result can be explained by

electron transfer from the metal into the semiconductor.
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semiconductor until their Fermi levels have equalized; the

electron transfer thus influences the catalytic activity of the

supported catalysts [17].

It is well known that the SMSI effect plays an impor-

tant role in many catalytic reactions, although it is still

unclear and under debate as to how the metal–support

interface strongly influences surface chemistry and selec-

tively amplifies specific reaction pathways. Figure 3 shows

the catalytic activity and selectivity of platinum (Pt)

nanoparticles supported on different metal oxides for

hydrogenation of crotonaldehyde and the CO oxidation

reaction, respectively [7, 18]. Regardless of the type of

catalytic reaction, it is clear that the Pt nanoparticles show

different catalytic activities according to the supported

metal oxides. As shown in Fig. 3a, the support for the Pt

nanoparticles has a substantial impact on the selectivity

and activity of the catalyst for crotonaldehyde hydroge-

nation [18]. While the Pt/SiO2 catalyst only produces the

decarbonylation product propylene and the C=C bond

hydrogenation product butyraldehyde, which are similar to

those obtained on Pt (111) and (100) single crystals, the

Pt/TiO2 catalyst also produces 1-butanol and crotyl alco-

hol, the C=O hydrogenation products in addition to pro-

pylene and butyraldehyde. These results indicate that TiO2

is deeply involved in the catalytic reactions occurring on

the Pt nanoparticle surface. It was proposed, using sum

frequency generation (SFG) vibration spectroscopy, that

O-vacancy sites, the symbolic marker of the reduced TiO2

support, are formed by the atomic contact of Pt and TiO2,

and it activates the production of alcohol products. Park

et al. investigated the effect of the support in two-

dimensional Pt nanoparticles on various metal oxide sup-

ports under CO oxidation [7]. As shown in Fig. 3b, the

catalytic activity of Pt nanoparticles increases in the order

of CeO2 [ Nb2O5 [ TiO2 [ SiO2; it is assumed that the

redox capabilities of the oxide supports play an important

role in activating oxygen to react with the chemisorbed

CO at the interface, controlling the activity of the Pt

nanoparticles.
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Fig. 2 a Band model of the inverse mixed metal–semiconductor

catalyst, Ag/NiO, and b combined actions of the mixed metal–

semiconductor Ag/ZnO catalysts: partial pressure of carbon dioxide

(CO2, left) and water vapor (H2O, right) as a function of temperature.

Reprinted from Ref. [10]. Copyright 2014, with permission from the

American Chemical Society
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Fig. 3 a Turnover frequencies (TOFs) for the four observed products

are reported for both the Pt/SiO2 and Pt/TiO2 catalysts. Similar rates

of propylene production are observed for both catalysts. Butanol and

crotyl alcohol production is only observed on the Pt/TiO2 catalysts.

(Inset Reaction scheme showing all the product pathways observed in

the course of the reaction studies. Two sets of arrows represent the

activity for each pathway for Pt/SiO2 and Pt/TiO2). b Summary of the

TOFs at 513 K and activation energies for the CO oxidation reaction

measured on colloidal 4.1 nm Pt nanoparticles. Reprinted from Ref.

[7, 18]. Copyright 2014, with permission from Wiley–VCH Verlag

GmbH & Co. KGaA, Weinheim [18] and Elsevier [7]
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Doping of the oxide is another way to tune the electronic

states of the oxide supports and influences the chemical

reaction process, resulting in changes in the catalytic

activity and activation energy of catalysts [9]. Figure 4

shows the turnover rates of Pt nanoparticles on F-doped

TiO2, N-doped TiO2, and undoped TiO2 and the proposed

mechanism to explain these CO oxidation results. As

shown in Fig. 4a, the activities of the Pt nanoparticles

supported on F- or N-doped TiO2 are a factor of *2.5

higher than that of Pt nanoparticles on undoped TiO2.

These results indicate that the insertion of dopants changes

the electronic states of the TiO2 support, and that it drives

the CO oxidation reaction. The proposed mechanisms for

the enhancement of catalytic activity on N-doped and

F-doped TiO2 are shown in Fig. 4b, c, respectively. When

nitrogen is doped into TiO2, the oxygen vacancies are

formed on the surface of the TiO2 and it contributes to the

dissociation of oxygen molecules and activation of the CO

oxidation reaction (Fig. 4b). In the case of Pt/F-doped

TiO2, electron transfer from the conduction band of TiO2 to

the adsorbed oxygen forms an activated O- intermediate

that easily reacts with CO (Fig. 4c).

3 Detection of Fast Charge Transfer in the Temporal

Regime on Metal–Oxide Interfaces

Gaining insight into the general dynamics of photoexcited

charge carriers at metal–oxide interfaces is a fundamental

step to study the role of metal–oxide interfaces and hot

electron flows in heterogeneous catalysis. In this context,

the spectroscopic investigation of various hybrid nano-

composites using ultrashort (picosecond and femtosecond)

laser pulses in different wavelength regions (visible,

infrared, UV, and X-ray) has been carried out [19–23].

Since ultrafast spectroscopy involves temporally short,

therefore spectrally broad light pulses, this technique is

useful to directly probe the dynamics of the system rather

than the energy levels themselves. Mongin et al. investi-

gated ultrafast charge separation in a model system of gold-

tipped CdS nanorods with a matchstick architecture using

the optical time-resolved pump–probe technique. Electron–

hole pairs photoexcited in the semiconductor part of the

nanohybrid catalyst underwent rapid charge separation

where the electron transferred to the metal part on a sub-

20 fs time scale [21]. Yu et al. utilized ultrafast spectros-

copy to measure carrier dynamics in CdSe nanorods dec-

orated with either Au or Pt metallic tips. Both hot and cold

electrons transferring from the CdSe to the metal coun-

terpart influence the rates of charge separation, which

correlates with the photocatalytic H2 evolution rate [23].

Figure 5 shows the dynamics of photoexcited carriers

for CdSe, Pt–CdSe, and Pt–CdSe–Pt nanostructures using

two-color pump–probe optical experiments [24]. In the

pump–probe experiments, femtosecond pump pulses with a

wavelength of 400 nm, obtained by frequency doubling

fundamental pulses from a Ti:sapphire oscillator, are first

used to excite the nanostructures; the probe pulses with

energies near the band gap of the CdSe nanorods (625 nm

for CdSe, 615 nm for Pt–CdSe and Pt–CdSe–Pt) were

generated by doubling near-infrared femtosecond pulses

from an optical parametric oscillator. The relative optical

transmission change (DT/T) of the probe pulse were mea-

sured as a function of time delay between the pump and

probe pulses to monitor the carrier population at the band

edge states of the CdSe nanorods, as shown in Fig. 5a, b.

The temporal resolution, which was determined by the

duration of the probe pulses, was around 250 fs. Nano-

structures dispersed onto quartz substrates were measured

with a pump intensity of 4 lJ/cm2 at the laser spot.

Figure 5c shows the time-resolved transmission change of

the probe beam after photoexcitation by pump pulses at
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and undoped TiO2. b Schematic diagram of the dissociation of O2 by

oxygen vacancies and the corresponding CO oxidation reaction on Pt/

N-doped TiO2 catalysts. c Schematic diagram of the proposed

electronic activation mechanism of surface oxygen by charge transfer

from the conduction band of TiO2 to the adsorbed O on Pt/F-doped

TiO2 catalysts. Reprinted from Ref. [9]. Copyright 2014, with

permission from Springer
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400 nm. Since the probe energy was adjusted to near the band

gap of the CdSe nanorods, the observation of increased

transmission can be explained by the photobleaching effect by

carriers occupying the band edges of the CdSe nanorods. Due

to ultrafast intraband relaxation of the photoexcited carriers to

the band edges of the CdSe, the rise of the DT/T signal is

almost instantaneous with a pump pulse for all of the struc-

tures. For CdSe nanorods, just 15 % of the signal peak decays

within 40 ps. The extended scan data—up to 400 ps for CdSe

nanorods—could be fitted to bi-exponential decays A1 exp

(-t/s1) ? A2 exp(-t/s2) with time constants of s1 = 63 ps

(A1 = 0.163) and s2 = 684 ps (A2 = 0.80 ps), which are

possibly due to electron–hole recombination and carrier

trapping at defects [25]. In a drastic contrast, the signals of the

Pt–CdSe nanorods and Pt–CdSe–Pt nanodumbells decayed

much faster. In less than 2 ps in the Pt–CdSe nanorods and

1 ps in the Pt–CdSe–Pt nanodumbells, the signal decayed to

half of the signal peak. Decay constants of the bi-exponential

fittings with correspondingly fast values are denoted in

Fig. 5c. The pump-probe results demonstrate that additional

paths are created in the hybrid nanostructures of CdSe and Pt

where electrons can transfer from the CdSe semiconductor to

the Pt metal.

Tachiya et al. have demonstrated the plasmon-induced

charge transfer mechanism between an excited gold

nanodot and a TiO2 nanoparticle using ultrafast visible-

pump/IR-probe femtosecond transient absorption spec-

troscopy [26–29]. Figure 6a shows the schematic diagram

of photoinduced electron injection from a gold nanodot to a

TiO2 nanoparticle. When a *550 nm laser light source is

irradiated on the Au/TiO2 nanoparticle system, electrons

transfer from the plasmon band of the gold nanodots to the

conduction band of the TiO2 nanoparticle within 240

femtoseconds (the time resolution of the apparatus was

obtained using a silicon plate), as shown in Fig. 6a. Here,

the femtosecond IR-probe is used to identify the injected

electrons in the TiO2 conduction band from the gold

nanodots, which are known to show strong intraband

absorption in the IR region [30].

Figure 6b shows the transient absorption kinetics for

Au/TiO2 and N3/TiO2 (N3 is a ruthenium complex dye)

after correction for laser power as well as the corre-

sponding absorption fraction for each sample. A remark-

able point in Fig. 6b is the transient absorption signal of

Au/TiO2 that shows significant evidence of electrons being

injected into the TiO2 from the gold nanodot, while the Au/

ZrO2 doesn’t show any transient absorption, meaning no

electron transfer from the gold nanodots to the ZrO2 at the

probe wavelength (3,500 nm). Electrons injected into the

TiO2 nanoparticle are observed to decay through back

electron transfer to the gold nanodots for times up to 1 ns.

This back electron transfer process is dependent on the

TiO2 particle diameter, showing that it is slower when the

TiO2 particle size increases because the diffusion distances

of free electrons within TiO2 are farther before the elec-

trons come back to the Au nanodot [27, 28]. N3/TiO2 is a

reference used to compare the electron injection yield

because it is known to give an efficient charge separation

yield of *100 %, whereas the yield of Au/TiO2 is esti-

mated to be about 40 %, compared with N3/TiO2.
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from the American Chemical Society
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4 Detection of Chemically Induced Hot Electrons Using

Solid-State Devices

Over the last several decades, many scientists have made

greater efforts to respond to the question regarding the role

of hot electrons on surface chemical reactions, both theo-

retically and experimentally. As direct experimental evi-

dence for electron-mediated energy transfer during

chemical reactions, chemiluminescence and exoelectron

emission have been reported in many studies since the

1970s [31–37]. In the dissociative chemisorption of halo-

gen molecules on alkali metals, two electrons are typically

transferred via two steps: the first electron is from the metal

into the molecular affinity level accelerating dissociation,

and the second electron can be either the emission of the

excited electron into the vacuum (exoelectron emission) or

the relaxation energy (hv) via photon generation (chemi-

luminescence) because of the unoccupied atomic affinity

level on the metal surface. For detection of chemically

induced exoelectrons or photons on the metal surface, the

kinetic energy of the electron must have an energy greater

than the work function of the metal, which is limited to the

case of adsorption of a very electronegative atom or mol-

ecule onto a metal with a low work function in the range of

2–3 eV [38]. Therefore, it was hardly possible to observe

the generation of hot electrons in common surface chemi-

cal reactions with lower exothermicity.

To observe the chemically induced electron excitations

at transition metal surfaces constituting general heteroge-

neous catalysis, metal–semiconductor Schottky diodes

(Ag/n-Si and Cu/n-Si) were suggested as a unique hot

carrier detector by Nienhaus et al. in 1999 [39–41]. When

the Ag or Cu film surfaces were exposed to thermal

hydrogen or deuterium atoms, charge carriers excited at the

surface were detected as chemicurrent in the diode.

Figure 7a shows a schematic of the structure of the

Schottky diode and the principle of current production. The

thickness of the metal film on which the reaction occurs

was determined considering the short elastic mean free

path of electrons in metals (i.e., typically 10 nm). Excited

electrons with sufficient energy (1–3 eV) can reach the

metal–semiconductor interface ballistically without sig-

nificant attenuation and move across the Schottky barrier,

which is much lower than the metal work function,

resulting in production of hot electron flows. The Schottky

barrier height can be adjusted by changing the metal and

interface properties. Furthermore, the direct detection of a

hot hole injected from the metal film is also possible with a

p-type Schottky diode and cannot be observed in emission

experiments. Due to the several advantages of the devices,

chemicurrent measurements have been carried out in var-

ious chemisorption reactions (e.g., H, O, Xe, NO, NO2,

C2H4, C6H6) on different metal surfaces in a series of

studies [42], and confirmed that energy dissipation of the

exothermic reaction on the metal surface is not effectively

mediated by phonon excitation, but rather by electronic

excitation.

Alternatively, tunnel devices, such as metal–insulator–

metal (MIM) and metal–oxide–semiconductor (MOS), can

also be used to detect electronic excitations created by

exothermic reactions at the metal surface, as illustrated in

Fig. 7b, c [38, 43, 44]. Since the tunneling mechanism

allows excited electrons with somewhat lower energy to

pass through the insulator layer, the transient chemicurrent

was successfully measured when atomic and molecular

gases (e.g., H, D, O, C2H4) were impinged on the Au top

layer of Au/TaOx/Ta(MIM) [45] and Au/Al2O3/n-Si

(MOS) [43] tunnel junctions. Additionally, these tunnel

devices allow for variation of the barrier by an external

voltage due to displacement of the Fermi levels of the two

materials with respect to each other, whereas Schottky

diodes have a fixed barrier that cannot be adjusted by
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IR abs.

Fig. 6 a Schematic diagram of a gold nanodot attaching to a TiO2

nanoparticle, also indicating the revealed electron injection process.

b Transient absorption kinetics at 3,500 nm for nanocrystalline films

(green N3/TiO2, red Au/TiO2, gray Au/ZrO2). The blue line shows

the response of the apparatus, obtained using a silicon plate.

Reprinted from Ref. [29]. Copyright 2014, with permission from

the American Chemical Society
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applying an external electrical potential. If monitoring the

dynamics of hot electrons under variable bias becomes

feasible, it is expected to be utilized in spectroscopic study

of hot electrons, which will provide profound insights into

the distribution of energy during surface catalytic reactions.

5 Correlation Between Hot Electrons and Catalytic

Activity in Metal–Oxide Nanostructures

Even though many experimental results have indicated that

the metal–oxide interface plays a key role in determining

catalytic activity, the origin of the strong metal–support

interaction (SMSI) has not been clarified due to the lack of

proper experimental measurement techniques [13, 46, 47].

The origin of enhanced catalytic activity at the metal–

semiconductor interface has usually been attributed to

either a geometric effect (i.e., charged metal surface at the

interface) or electronic effect (i.e., charge transfer between

the metal and the semiconductor) [13, 48]. Therefore,

catalytic nanodiodes that are composed of a thin metal

catalyst and an oxide have received great attention as an

appropriate measurement technique to conclude the argu-

ment because it can simultaneously detect charge transfer

through the metal–semiconductor interfaces while also

taking turnover rate measurements.

Early experiments utilizing a metal–semiconductor

Schottky diode to elucidate fundamental insights into the

dynamics of chemical processes at metal surfaces were

conducted at low-temperature and ultrahigh vacuum con-

ditions [41]. Since 2005, however, Somorjai’s group has

extended this approach to high-temperature and -pressure

systems that are identical to practical catalysis conditions

[49, 50]. As a model system, oxidation of carbon monoxide

Metal Semiconductor
Metal

2

Insulator

Metal
1 Metal Semiconductor

Insulator

(a) (b) (c)

Fig. 7 Principle of chemicurrent detection with a an n-type Schottky

diode, b a MIM tunnel device, and c a MOS device. Hot charge

carriers excited during chemical reaction move ballistically from the

metal surface to the interface. The top metal film thickness is typically

in the 10 nm range. Reprinted from Ref. [43]. Copyright 2014, with

permission from Elsevier

Fig. 8 a Schematic of hot electron generation on a Pt/TiO2 Schottky

diode during H2 oxidation. The catalytic Pt film is very thin (*5 nm)

to detect hot electron flows. b Arrhenius plots obtained from

chemicurrent and turnover measurements on a Pt/TiO2 diode with

pressure of 6 Torr H2 and 760 Torr O2. The similar activation

energies indicate that hot electron generation under hydrogen

oxidation is proportional to the catalytic turnover rate. Reprinted

from Ref. [55]. Copyright 2014, with permission from the American

Chemical Society
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on platinum was chosen where a total energy of 2.9 eV is

released via several elementary reaction steps, including

chemisorption of CO and O2 molecules, dissociation to two

O atoms, and formation of CO2. They fabricated two types

of catalytic nanodiode, Pt/TiO2 and Pt/GaN, and carried

out catalytic oxidation of CO under 100 Torr O2 and

40 Torr CO at temperatures between 353 and 473 K [51].

Since hot electrons generated on the Pt surface during

exothermic reactions have enough kinetic energy to over-

come the Schottky barrier (1.2 eV), a steady-state current

was observed, implying that the reaction occurred and that

the product rapidly left the surface; whereas a transient

current was generated from the chemisorption reaction

because of the eventual surface saturation. This confirmed

that the generation of hot electrons is proportional to the

rate of CO oxidation on the Pt surface by comparing the

chemicurrent with the accumulation of CO2.

Later, Park et al. clearly verified a quantitative correla-

tion between hot electrons and catalytic activity, showing

that the activation energies of chemicurrent and turnover

rate are very similar during exothermic reactions [52–55].

In every experiment, the effective chemicurrent was

Table 1 Summary of activation energies on each type of diode in various chemical reactions

Type of diode Reaction system Partial pressure (Torr) Activation energy (kcal/mol) References

Chemicurrent Turnover rate

Pt/TiO2 CO oxidation CO (40)/O2 (100) 21.3 ± 0.7 22.4 ± 1.3 [49, 50]

Pt/GaN CO oxidation CO (40)/O2 (100) 20.6 ± 1.1 21.3 ± 1.3 [50]

Pd/TiO2 CO oxidation CO (40)/O2 (100) 20.4 ± 1.1 21.1 ± 0.9 [50]

Pt/TiO2 H2 oxidation H2 (6)/O2 (760) 7.4 ± 0.3 7.6 ± 0.6 [52]

Rh/TiOx CO/NO reaction CO (8)/NO (8) 25.4 26.1 [53]

Rh/GaN CO/NO reaction CO (8)/NO (8) 31.7 32.8 [53]

(a) (b)

(c)

A

TiN coated
AFM tip

Au nanodisks

Au

Ti

Current

200 nm

 

Fig. 9 a TEM image and

scheme of a Pt/SiO2/TiO2

hybrid nanocatalyst [59].

b TEM images of Pt

nanoparticles deposited with arc

plasma deposition on a TiO2

substrate [60]. c Scheme of

AFM experiments on Au islands

on a TiO2 substrate (left) and

conductance mapping (right)

[61]. Reprinted from Ref. [43,

59–61]. Copyright 2014, with

permission from the Royal

Society of Chemistry [59], the

American Chemical Society

[60], and the American Institute

of Physics [61]
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obtained by excluding an additional electric current caused

by a temperature gradient across the nanodiode, which is

called the thermoelectric current. The activation energies

were determined using the slope of the Arrhenius plot of

chemicurrent or turnover rate as a function of temperature

under exothermic reactions.

Figure 8a, b shows a scheme of the detection of ballistic

hot electrons in the Pt/TiO2 catalytic nanodiode and

Arrhenius plots of both chemicurrent and turnover rate

measurements under H2 oxidation condition, respectively.

The activation energy of hydrogen oxidation obtained from

the chemicurrent through the Pt/TiO2 nanodiode is

7.4 ± 0.3 kcal/mol, which is well-matched with that from

the turnover rate (7.6 ± 0.6 kcal/mol) [55]. The similar

activation energies imply that the chemicurrent originates

from the catalytic reaction and that catalytic nanodiodes

can replace turnover rate measurements (e.g., gas chro-

matography and mass spectroscopy). This phenomenon

was not only confirmed by using other metal thin films, but

also via various catalytic reactions [53, 55, 56]. Table 1

gives a summary of the activation energies obtained from

chemicurrent and turnover rate, which were investigated

under various reaction systems. Investigation of catalyzed

reactions by catalytic nanodiodes, therefore, provides

valuable insight into the role of electron excitation and flow

in chemical reactivity of oxide-supported metal catalytic

systems for various reactions.

6 Perspective and Concluding Remarks

The future direction of metal–oxide interface and hot

electron research includes several topics, such as develop-

ment of new model catalysts systems and surface charac-

terization of metal–oxide interfaces, as shown in Fig. 9.

Combined with the advancement of colloid chemistry and

nanotechnology, new catalysts (e.g., nanoparticles with

controlled size, shape, and composition; and multifunc-

tional nanocatalysts, such as core–shell and yolk–shell)

have been developed [57, 58]. Figure 9a shows hybrid

metal–oxide nanocatalysts that can be model systems for

investigating metal–oxide interfaces. Here, metal nanopar-

ticles were deposited on functionalized SiO2 and an ultra-

thin layer of TiO2 was then selectively coated on the SiO2

surface to prevent sintering and to provide high thermal

stability, while maximizing the metal–oxide interface for

higher catalytic activity [59]. The types of oxides and metal

nanoparticles can be changed, thus allowing the catalytic

properties of various combinations of metals and oxides to

be tested within this framework.

Two-dimensional model catalysts are important because

they can be well characterized using various surface tech-

niques. Figure 9b shows two-dimensional arrays of metal

nanoparticles, fabricated via arc plasma deposition that can

be useful model systems to study the effect of the metal–

oxide interface [60]. The nanoscale charge transport prop-

erties of metal–oxide systems can be studied by means of

various surface techniques. For example, Lee et al. utilized

conductive probe atomic force microscopy on Au nanois-

lands on TiO2 to investigate the charge flows and the change

in Schottky barrier height of nanosized islands, as shown in

Fig. 9c [61]. Here, Au nanoislands were fabricated in self-

assembled patterns on an n-type TiO2 semiconductor film

using the Langmuir–Blodgett process for the silica parti-

cles. Investigation of the physical, electronic, and chemical

properties of metal–oxide interfaces and their influences on

catalytic activity and selectivity is a key issue for ‘‘bridging

the materials gap’’ and will be an active research area in

heterogeneous catalysis.

In conclusion, we highlighted recent studies of the role of

hot electron flows in surface chemistry and heterogeneous

catalysis. We discussed the SMSI effects on various cata-

lytic systems to address the role of the metal–oxide inter-

face to determine the catalytic activity and selectivity of

heterogeneous catalysis. Generation and detection of hot

electron flows with several different schemes were shown.

The strong correlation between hot electron generation and

the turnover rates of catalyzed reactions were shown for

several catalysts and reactions. We showed the spectro-

scopic study of fast charge transfer occurring at the inter-

face between the metal and oxides with femtosecond time

resolution. The developing research on new model catalysts

with well-defined metal–oxide interfaces and microscopic

techniques to probe nanoscale charge transport through

metal–oxide interfaces was introduced.
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