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ABSTRACT

Catalysis, as a key and enabling technology, plays an increasingly important role in fields ranging from
energy, environment and agriculture to health care. Rational design and synthesis of highly efficient
catalysts has become the ultimate goal of catalysis research. Thanks to the rapid development of
nanoscience and nanotechnology, and in particular a theoretical understanding of the tuning of electronic
structure in nanoscale systems, this element of design is becoming possible via precise control of
nanoparticles’ composition, morphology, structure and electronic states. At the same time, it is important to
develop tools for in situ characterization of nanocatalysts under realistic reaction conditions, and for
monitoring the dynamics of catalysis with high spatial, temporal and energy resolution. In this review, we
discuss confinement effects in nanocatalysis, a concept that our group has put forward and developed over
several years. Taking the confined catalytic systems of carbon nanotubes, metal-confined nano-oxides and
2D layered nanocatalysts as examples, we summarize and analyze the fundamental concepts, the research
methods and some of the key scientific issues involved in nanocatalysis. Moreover, we present a perspective
on the challenges and opportunities in future research on nanocatalysis from the aspects of: (1) controlled
synthesis of nanocatalysts and rational design of catalytically active centers; (2) in situ characterization of
nanocatalysts and dynamics of catalytic processes; (3) computational chemistry with a complexity
approximating that of experiments; and (4) scale-up and commercialization of nanocatalysts.

Keywords: nanocatalysis, confinement, carbon nanotubes, graphene, 2D materials, inverse catalysts,
computational chemistry, in situ characterization
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Figure 1. Schematic illustration of the modulation in DOS of various nanoscale systems (left), and electron transfer between
an adsorbed molecule and a catalyst surface (right). LUMO: Lowest unoccupied molecular orbital; HOMO: Highest occupied

molecular orbital.

Tailoring catalysts and catalytic processes have
long been the ‘Holy Grail’ of catalytic chemistry—
indeed, of much of chemistry as a whole. Research
in catalysis over the past century has made it clear
that key elementary steps of catalytic reactions, such
as the adsorption of reactants, the diffusion of inter-
mediates and the desorption of products, all involve
electron transfer between the catalyst surface and the
reactive species. Tuning of the spatial and energy dis-
tribution of valence electrons at the catalyst surface
can thus be used to directly control catalytic prop-
erties such as the activation energy barrier, which
determines the reactivity and the selection of reac-
tion pathways, and thus product selectivity [3-9]. In
principle, frontier molecular orbital theory can pro-
vide an understanding of key steps involved in sur-
face catalytic reactions. The theory indicates that the
strength of the adsorption and bonding of reactants
on catalyst surfaces is closely related to the symmetry
and spin state of reactant’s molecular or atomic or-
bitals, and depends on matching the energy levels of
the reactants to those of the catalyst surface as well.

Foralong time, researchers tried to influence and
adjust the surface structure and electronic state of a
catalyst surface by mixing additives with the primary
catalytic components, thus enhancing catalytic per-
formance. Since the development of surface science
from the middle of the last century, scientists have
come to realize that even different faces of the same
crystal could have a significantly different distribu-
tion of valence electrons due to their different atomic
arrangements and interactions. This difference can
lead to variations in molecular adsorption and reac-
tivity on different crystal faces [10,11]. Norskovand
coworkers invoked a so-called d-band center the-
ory based on a large body of experimental and the-
oretical results, which emphasizes that the density of

d-band valence electrons near the Fermi level is an
important factor affecting catalytic reactions [12].

Meanwhile, the unique physical and chemical
properties of nanoparticles (NPs) introduced with
the development of nanoscience have attracted wide
attention in a number of fields, including catalysis
[13,14]. Valence electrons in bulk metals form con-
tinuous bands. When the bulk material is reduced
in a certain direction down to the nanometer scale,
the motion of electrons in this direction is subjected
to confinement. Compared to bulk metals, NPs ex-
hibit much larger total exposed surface areas and var-
ious combinations of surface structures, and elec-
tronic confinement effects within NPs may lead to
major changes in the electronic structure (Fig. 1).
This raises the possibility of tuning the catalytic pro-
cess. In this sense, nanotechnology could provide an
effective means through which we can effectively and
quantitatively control the surface structure and elec-
tronic properties of supported nanocatalysts with-
out changing their composition. It is thus hoped that
adsorption and catalytic reactions can be optimized
by continuously adjusting the size of catalysts at the
nanometer scale.

Size effects in NPs have been noticed since the
infancy of catalytic research, for example, through
studies of ultrafine particles and single-site catalysts
[15-19]. It has long been found that catalytic ac-
tivities often increase with decreasing size of cata-
lyst particles. However, it was traditionally thought
that a decrease in particle size simply causes an in-
crease in the proportion of surface species that are
catalytically active, and also an increase in surface
defects: these factors were generally considered to
be primarily responsible for the size effect. But the
development of nanoscience has led to an aware-
ness that in addition to the increase in surface area
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Figure 2. Typical TEM images of Co30, synthesized in the form of nanorods radiating
from a cluster core in a coral-like morphology. These nanorods not only catalyze CO
oxidation at temperatures as low as —77°C but also remain stable in a moist stream of
normal feed gas. Adapted with permission from [23].

and heterogeneity of atomic structure, catalytic NPs
exhibit quantum size effects in their electronic na-
ture. Moreover, nanoscale pores also show unique
electronic confinement effects [20-22]. Therefore,
the marriage between nanoscience/nanotechnology
and catalysis brings huge opportunities for the devel-
opment of catalysis.

In recent years, there has been great progress
in understanding nanoscale catalysts—for example,
the effects of particle size and morphology, and the
catalytic properties of 2D materials, nanophases of
carbon and nanoporous materials. By tuning the
morphology of catalysts at the nanoscale, one can
quantitatively design and preferentially expose crys-
tal faces that are highly active, thereby increasing
the surface density of active sites (Fig. 2) [23]. Or
one can reduce the size of catalytic NPs to a sin-
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gle atom or a ‘pseudo-single’ atom, thereby maxi-
mizing the catalytic activity of active components
(Fig. 3) [24,25]. These studies have deepened our
understanding both of nano effects in catalysis and
of catalytic mechanisms in related processes. In the
past two decades, our group has focused on the ef-
fect of confined electrons on the catalytic proper-
ties of nanosystems. We have systematically studied
the correlation between the structures/electronic
states and the catalytic properties of nanocatalytic
systems, including nano-sized molecular sieves [26],
nano-carbon materials [27] and nano-oxide mate-
rials [28,29], which are used in the conversion of
carbon monoxide, syngas and methane. This review
summarizes our experimental and theoretical results
on how the nano effects play a role in tuning the elec-
tronic structure and subsequently the catalytic prop-
erties in such confined catalytic systems. We further
elaborate on the concept of the ‘confinement effect
in nanocatalysis’, which our group has put forward
and developed.

CATALYSIS WITHIN CARBON
NANOTUBES AND THE SYNERGETIC
CONFINEMENT EFFECT

Carbon has been widely used as an adsorbent and
catalytic material since synthetic forms of carbon
were developed almost a century ago. Significant
progress has been made over the years, both exper-
imentally and theoretically, in controlled synthesis
and in understanding the structures and catalytic
properties of carbon materials including fullerenes,
carbon nanotubes (CNTs), graphene, mesoporous
carbon and activated carbon [30,31]. Catalysis by
nanostructured carbon materials, especially CNTs,
has received wide attention. Research groups, in-
cluding those led by Centi, Schloegl, Serp and Su,
have carried out extensive investigations on the
acidity and basicity of oxygen-containing functional
groups (e.g. hydroxyl, carboxyl and amino groups) at
the edges and defect sites of nanostructured carbon,
and their correlation with catalytic performance. For
instance, Schloegl and coworkers demonstrated that
the oxygen atoms on the defect sites of the outer sur-
face of CNTs play a crucial role in the dehydrogena-
tion of ethylbenzene [32].

CNTs can be envisioned as graphene layers
rolling up to form a well-defined tubular struc-
ture. The 7t electron density of the graphene
layers shifts from the concave inner surface to the
convex outer surface because of the curvature, re-
sulting in an electron potential difference across the
CNT walls [33,34]. This endows CNT's with unique
physico-chemical properties, distinct from other,
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Figure 3. (a) High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image and (b) density
functional modeling of Pt; /Fe0,. Single metal atoms on support surfaces provide a unique opportunity to tune active sites and
optimize the activity, selectivity, and stability of heterogeneous catalysts, offering the potential for applications in a variety
of industrial chemical reactions. Adapted with permission from [25].

conventional carbon materials. Fig. 4 shows the
electron potential difference between the concave
and convex surfaces as a function of the CNT di-
ameter, calculated from a simple model. A potential
difference as high as 0.20 eV is estimated for a nan-
otube with a diameter of 1.36 nm, causing a strong
electric field in the nanospace. Thus, if catalytic
NPs are placed within such an environment, the
nanospace not only exerts a physical restriction on
them (and on the reactions they facilitate), but also
provides a unique electronic microenvironment
that modulates electron transfer processes [35-38].

A variety of methods have been reported to dis-
perse NPs within the channels of CNTs [39-43].
We have developed an efficient approach for cat-
alytic applications, which allows homogeneous dis-
persion of various metal NPs in CNTs with differ-
ent diameters [44]. Briefly, the technique involves
several steps (Fig. 5), including purification and cut-
ting of long as-synthesized CNTs, followed by filling
with NPs. In the first step, silver or iron NPs may
be dispersed onto the outer walls of CNTs as oxi-
dation catalysts, which could introduce defects on
the surface of CNTs through controlled oxidation.
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Long nanotubes are then shortened to the desired
length (typically 100-500 nm) by cleaving them at
these defects through etching with HNO;. With ul-
trasound treatment, we are then able to introduce
metal and metal oxide NPs efficiently into the CNT
channels, usually with more than 75-85% of the par-
ticles located inside. The size of the NPs depends
on the diameter of CNTs: for example, particles of
2-5 nm can be usually obtained within nanotubes
with an inner diameter of 4-8 nm (Fig. 6 upper),
while subnanometer-sized particles (<1 nm) are
dispersed within the channels of single-walled CNTs
(SWCNTs) and double-walled CNTs with inner di-
ameters of 0.8—2 nm [45-47].

The capability of CNT channels to modulate the
properties and behavior of confined molecules and
nanomaterials is receiving increasing attention. Al-
terations in crystal structures, in chemical bond-
ing and even in chemical state are frequently re-
ported [48-51]. For example, we demonstrated the
reduction of Fe;O3 NPs confined within CNTs:
confinement in CNTs with an inner diameter of
4-8 nm leads to a reduction temperature 200°C
lower than that required for Fe,O; NPs on the
outer walls of the same CNTs, as revealed by in
situ transmission electron microscopy (TEM) and
X-ray diffraction measurements [52]. Further stud-
ies showed that the reduction temperature lowers
in a stepwise manner with decreasing inner diame-
ter of CNTs (Fig. 6 below) [S3]. Moreover, the ox-
idation of metallic Fe NPs is hindered by confine-
ment: the apparent activation energy for oxidation is
4 kJ mol! higher than it is for the same NPs on the
outside of the CNTs, suggesting that the oxidation
rate (corrosion) can be retarded by confinement
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[53]. Density functional theory (DFT) calculations
on Fey clusters have provided insights into the un-
derlying mechanism [54]. The d-band states of the

Figure 4. (a) The number of electrons on carbon atoms on the concave and convex
surface of CNT (8,8). (b) Electron static potential difference inside and outside of CNTs
as a function of tube diameter.
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Figure 5. Scheme for efficient dispersion of NPs within CNT channels. The TEM image on the right shows Ru NPs confined
in CNT; the inset shows the particle size distribution. Adapted with permission from [44].

encapsulated clusters are shifted downwards due to
the strong interaction of the clusters with the interior
surface of the CNTs, reflected in pronounced strain
and deformation within the confined nanospace. As
the effective d-band centers affect the occupancy of
antibonding states of adsorbed O atoms [55,56], a
lower d-band center would lead to more occupancy.

This results in weaker binding of O atoms, implying
that the encapsulated Fe clusters are more difficult
to oxidize, while encapsulated iron oxide clusters are
correspondingly easier to reduce. Such a unique con-
fined environment also shifts the volcano-shape cor-
relation between the catalytic activity and the dis-
sociative binding energies of reactants, towards the

Outside particles
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Figure 6. /n situ HRTEM images of Fe,03/CNTs at room temperature (upper), and re-

duction behavior of Fe,05

confined in CNTs with a varying diameter, compared with

that on the exterior surface (below). Adapted with permission from [52,53].

metals with higher binding energies [ $4]. The extent
of the shift can be well described by the confinement
energy, which depends on the specific metals and the
CNT diameters (Fig. 7).

The modified redox behavior of confined metal
or metal oxide NPs can affect their catalytic ac-
tivity directly, as redox reactions involve electron
transfer between reactants and catalysts. For syn-
gas conversion to liquid fuel over an iron catalyst,
confined Fe nanocatalysts exhibit a much higher
activity, and the yield of Cs; hydrocarbons is al-
most twice as high, compared with the same cata-
lyst particles on the exterior of the tubes [S7]. De-
tailed characterization reveals that the confinement
facilitates formation of catalytically active iron car-
bide species under reaction conditions due to the
modified redox behavior of confined iron (Fig. 8a
andb).

Confinement is also found to enhance the cat-
alytic activity of a bi-component RhMn catalyst in
syngas conversion to C, oxygenates [58]. One-step
synthesis of C, oxygenates, including the produc-
tion of ethanol from syngas, remains a challenge for
catalytic production of fuel. It relies on noble met-
als such as Ru and Rh as catalysts, but the efficiency
of the process is still too low for commercialization.
Our preliminary results show that this reaction ben-
efits from confinement of RhMn NPs within CNTs,
evidenced by a significantly enhanced yield of C,
oxygenates with respect to the catalyst on the out-
side, because of better adsorption and dissociation
of CO molecules on reduced RhMn sites (Fig. 8c
and d).

Based on such systematic experimental charac-
terization and theoretical calculations, we propose
that the well-defined nanoscale channels of CNTs,
with their unique electronic structure, provide an
intriguing confinement environment for catalysis,
which can be understood on the basis of considera-
tions additional to the electronic confinement effects
discussed above.
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Figure 7. (a) Oxygen-binding energies, E,(0), of Fe, 0, (n=8-11) clusters encapsulated
within PCNT (12, 0) (in-PCNT) in comparison to the clusters sitting on their exterior
wall (out-PCNT). (b) Confinement energy, E...(0), for FegQOq clusters within PCNTs as
a function of the CNT diameters, with the blue and black squares representing Ego,
estimated from the reduction of iron oxide and oxidation of metallic iron NPs within
CNTs. (c—f) The electronic polarization and distribution at the valence band maximum
for tubes of various inner diameters. Adapted with permission from [54].

Spatial restriction

The size and shape of NPs can be affected within
the nanospace of CNTs. As a result, NPs can be dis-
persed there more homogeneously, with a uniform
size. For example, within SWCNTs with a diameter
of 1.3 nm, we have achieved dispersion of Re NPs of
0.4 nm (each consisting of around 50 metal atoms).
These subnanometer-sized Re particles exhibit en-
hanced catalytic activity in low-temperature ammo-
nia synthesis.

Enrichment of molecules

The nanochannels composed of sp? hybridized car-
bon exhibit hydrophobic properties, in addition
to the electron-deficient environment. Thus, it can
be expected that hydrophobic and nucleophilic
molecules will tend to adsorb and gather inside
the channels. Enrichment of hydrogen has been re-
ported inside CNTs, stimulating wide interest in
their use as hydrogen storage materials. A hydrogen
storage capacity of 1.8 wt% has been reported, al-
though the feasibility of using CNT's as efficient hy-
drogen storage materials has yet to be established.
Our theoretical calculations show that not only H,
but also N, and CO can be enriched within CNT
channels. For example, at 300 K and 1 MPa, CO
is enriched by 20 times within a (10,10) nanotube:
in effect this means that the CO pressure within
the CNT channel is enhanced by a factor of 20 in
an external CO atmosphere of 1 MPa [59]. This

REVIEW

finding might make it possible to conduct reac-
tions that conventionally require high pressures un-
der much milder conditions. We recently presented
experimental studies on the selective enrichment
of molecules with different properties in solution
[60]. Our in situ high-resolution nuclear magnetic
resonance (NMR) studies demonstrated that CN'T
channels can selectively absorb hydrophobic ben-
zene relative to hydrophilic acetic acid and phenol
molecules. Benzene tends to diffuse into the CNT
channels, leading to locally higher concentration.
Consequently, the rate of benzene conversion to
phenol is enhanced 4 fold using a CNT-confined Re
catalyst, relative to the same catalyst dispersed on the
outer walls of the CNTs. This is not just because of
local enrichment of benzene inside the CNT chan-
nels but also selective expulsion of hydrophilic phe-
nol molecules [60]. CNT-based catalysts may thus
find applications in high-pressure reactions such
as the conversion of syngas to light olefins and
ethylene glycol via C-C bond coupling, as well as
low-pressure ammonia synthesis and some selective
oxidations.

Facilitated diffusion

Transport of gas molecules in pores usually follows
Knudsen diffusion via collisions with the pore
walls. When the diameter of the pores is reduced
to a size comparable to the dynamic diameter
of confined molecules, the transport behavior of
the molecules will change significantly. Extensive
theoretical and experimental studies show that
water molecules are transported through CNTs by
akind of ‘super-diftusion’ in which the molecules do
not collide with the pore walls but diffuse in a form
of 1D ordered chain structure held by hydrogen
bonds [61]. We observed that the diffusivity of
water in CNTs with an inner diameter of 2-3 nm is
comparable to that in the bulk supercooled liquid
[62], and is an order of magnitude higher than
that reported for mesoporous silica materials with a
similar pore size [63]. We recently studied methanol
diffusion in multiwalled CNTs (MWCNTSs), in
comparison to the mesoporous silica material
MCM-41, using solid-state NMR with hyperpo-
larized '*’Xe as the probe molecule. The methanol
diffusion rate in MWCNT's with an inner diameter
of 4 nm was estimated to be 5.4 times that inside the
MCM-41 pores [64,65].

In summary, nano-confinement effects in CNTs
offer opportunities for tuning the catalytic perfor-
mance of metal NPs by modifying their surface struc-
ture and electronic properties without significantly
changing the catalyst composition, bringing the

9T0Z ‘/ Yyore |\ uo 1s8nb Aq /Blo'sfeulnolploxo ssu//:dny wouy papeojumoq


http://nsr.oxfordjournals.org/

REVIE

—
V)
~

w S
o [$)]

=
[$)]

CO conversion and
product selectivity (C%)

W

(b)
[z Fe-inCNT 1400 6F
[ IFe-out-CNT|N
51 Fe-in-CNT
1300= T N L
§ O
g 34
I 12002 =
o O 3L
> & Fe-out-CNT
I 11000" = o 70000000000, %5 00000
| %_‘ 2 i
CORCRS Ly
CH, C,C, C.. €O, & 0 20 40 60 80 1100 1200
Foms el Time on stream (min)
d
( ) 40 -
c
il
530
E< RhMn - in
Q.C
0%
gé 20
o
2E
S 10
o
.'H_._x RhMn - out
0

0 25 50 75 100 125
Reaction time (h)

Figure 8. (a) Activity of Fe-in-CNT and Fe-outside-CNT for Fischer—Tropsch synthesis
at 280°C and 50 bar. (b) Comparison of the relative ratio of iron carbide/iron oxide
ratio between Fe-in-CNT and Fe-outside-CNT catalysts at 9 bar. (c) TEM image of the
CNT-confined bimetallic RhMn catalyst and (d) activity of RhMn-in-CNT and RhMn-
outside-CNT for syngas conversion at 320°C and 30 bar. Adapted with permission from

[57,58].

rational design of catalysts from the molecular scale
a step closer.

CATALYSIS OVER NANOSTRUCTURED
OXIDES AND THE INTERFACE
CONFINEMENT EFFECT

In enzymes, homogeneous catalysts and heteroge-
neous catalysts, catalytically active sites are often co-
ordinatively unsaturated (CUS) metal sites, at which
reactant molecules can adsorb and further react with
each other to form products. In most cases, the ac-
tive sites are composed of transition-metal cations
with an intermediate valence state. This structural
feature creates moderately strong bonding of reac-
tive species with the active sites, in accordance with
the Sabatier principle that the interaction between
the reactants and the catalysts should be neither too
strong nor too weak in order to achieve maximum
activity [66].

Transition metals in the metallic state display
higher reactivity to most molecules than noble met-
als. For example, metallic Fe atoms show much
higher activity in the dissociation of O, than do Pt
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atoms. However, in many reactions involving molec-
ular oxygen, Fe® atoms do not demonstrate supe-
rior catalytic performance over Pt atoms. This is
because the strong interaction of Fe’ atoms with
oxygen tends to lead to the formation of stable
iron oxides such as Fe, O3, in which the metals lose
the CUS character and thus their catalytic activ-
ity. Therefore, a major challenge in catalysis is to
maintain the CUS state of transition metal cations
throughout the catalytic reactions. Taking Fe-based
catalysts as examples, the methane monooxygenase
(MMO) enzyme can convert methane to methanol
under ambient conditions, and the reaction occurs
on a di-iron center in which the metal atoms are typ-
ically coordinatively unsaturated [67]. In Fe-ZSM-
S zeolitic catalysts, the single iron centers are highly
dispersed in the zeolite matrix, which catalyze the
selective oxidation of methane at low temperatures
[68]. In both catalysts, the Fe active centers have
low coordination numbers and, more importantly,
these sites are constrained in a nanoscale environ-
ment such as the proteins in MMO and the zeo-
lite matrix in Fe-ZSM-S, which helps to maintain
the CUS state of the Fe centers and prevent their
deep oxidation during catalysis. The intrinsic inter-
action between the active centers and their local en-
vironment to prevent the degeneration of the CUS
state is thus termed the confinement effect, which
can be enforced by specific crystal structures and
electronic properties of nanoscale environments,
and even by the acidity/basicity of surrounding
solutions.

Using oxide/metal catalytic systems, we have il-
lustrated an interface confinement effect and its ap-
plication in some catalytic systems. Heterogeneous
catalysts consisting of metal NPs supported on ox-
ides have found important applications in reactions
such as selective oxidations and hydrogenations. The
role of the metal/oxide interfaces is crucial in these
reactions. In particular, oxygen vacancies at these
interfaces, and the interaction between the metals
and their oxide supports, have been regarded as the
most critical factors [69,70]. These interfacial phe-
nomena have often been explained by the concept
of strong metal-support interaction introduced by
Tauster et al. in the late 1970s [71]. In metal/oxide
systems, it is hard to control the oxygen vacancies
at the interface in a well-defined way and, more-
over, the interfaces are buried under 3D metal NPs,
making the nature of interfacial interaction difficult
to control. We have deposited well-defined oxide
nanostructures onto noble metal surfaces, and in-
vestigated the oxide/metal interface at the atomic
and molecular level [28]. Although these so-called
oxide/metal inverse catalysts were already studied
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Figure 9. TEM images of the (a) Pt/Si0, and (b) Pt-Fe/Si0; catalysts pretreated with H, at 473 K for 2 h. PROX reaction
of the (c) Pt/Si0, and (d) Pt-Fe/Si0, catalysts under the conditions of 1% CO, 0.5% 0, and 98.5% H,. Space velocity is
36000 mLg~" h~"; pressure = 0.1 MPa. Schematics of supported Pt nanocatalyst () and supported Pt NP decorated by FeO

nanopatches (f). Adapted with permission from [29].

in the last century [72], the recent development of
in situ characterization techniques has allowed us to
obtain deeper understanding of the oxide-metal in-
teraction [28,73,74].

Iron oxide was deposited onto Pt surfaces to form
FeO,/Pt catalysts, in which the iron oxide is in a
metastable monolayer FeO phase and the edges of
the FeO islands consist of coordinatively unsatu-
rated ferrous (CUF) sites [75]. The preferential oxi-
dation of CO in excess of H, (the so-called PROX
process) was chosen as the probe reaction, since
PROX is often involved with noble-metal-catalyzed
industrial processes and fuel-cell systems. In PROX,
CO reacts selectively with O, to produce CO,,
rather than reacting with H, to form H,O. Nowa-
days, the most common catalyst for this reaction
consists of Pt NPs supported on SiO,, and the CO
selectivity is less than 10% at room temperature (1%
CO, 0.5% O, and 98.5% H,). Even at 480 K, the
CO selectivity reaches only 80%, since some of O,
molecules still react with H,. In contrast, our Pt-
Fe/SiO, catalyst delivers a performance with 100%
CO conversion and 100% CO selectivity at room
temperature (Fig. 9). This catalyst has been used un-
der the working conditions of a proton electrolyte
membrane fuel cell (PEMFC), which is operated at
333 Kwith 25% CO, and 20% H, O present. By us-
ing a slight excess of O,, CO can be removed to
a level lower than 1 part per million. The catalysts
were very stable, and it has been run for over 4500 h
when assembled into a 1-kW PEMFC work system.
We measured the oxidation state of the iron species
under reaction conditions using in situ X-ray ad-

sorption spectroscopy (XAFS) performed in the
beamline of BLI4W1 in the Shanghai Synchrotron
Radiation Facility (SSRF). The results suggest the
presence of ferrous species under the operating con-
ditions [29].

Furthermore, we have constructed well-defined
monolayer FeO nano-islands in the shape of trian-
gles or hexagons on a Pt (111) surface. Both scan-
ning tunneling microscopy (STM) and scanning
tunneling spectroscopy indicate that the edges of the
islands are CUF-terminated (Fig. 10), with the pres-
ence of specific CUF electronic states. We studied
the surface reactivity by in situ ultraviolet photoelec-
tron spectroscopy (UPS), and found that the CO-
saturated Pt (111) surface is stable for O, exposure
of 107° torr O, at room temperature. Under identi-
cal conditions, CO adsorbed on a 0.25 ML FeO/Pt
(111) surface can be removed in five minutes by ex-
posure to O,. The surface reactivity is linearly de-
pendent on the density of the FeO island edge sites,
which clearly indicates that these are the active sites.
DFT calculations show that at the CUF sites O, may
either dissociate directly to atomic O without a free-
energy barrier, or adsorb first in the molecular state
with a binding energy of about -1.51 eV per O,, and
then dissociate afterwards to atomic O with a bar-
rier of 0.42 eV. The dissociated O atoms have a mod-
erate adsorption energy of —1.10 eV/O at the CUF
sites, and can react quickly with CO adsorbed nearby
(Fig. 11) [29].

In these highly efficient FeO /Pt catalysts, the no-
ble metal acting as a substrate for the FeO islands
notonly provides surface sites for CO adsorption but
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Figure 10. (A) STM image of FeQ nano-islands on Pt(111) (25 nm x 20.8 nm). (B) d//dV/
spectra acquired at 5 K on the surface of FeQ islands, at the FeO—Pt interface, and on
Pt (111). (C) Ratios of XPS O 1s to Fe 2ps, peak intensity from FeQ/Pt (111) surfaces
with different periphery density of FeQ nano-islands. Samples 1-3 are 0.25 ML FeQ
nano-islands prepared at 1.3 x 10~® mbar 0, and annealed in UHV at 473, 573, and
673 K, respectively. Sample 4 is a full-monolayer FeO film on Pt (111). The size of STM
images is all 100 nm x 100 nm. Adapted with permission from [29,75].

also exerts a constraining environment for the stabi-
lization of the active iron centers, in a manner anal-
ogous to that in enzymes. The calculated interfacial
adhesion energy is 1.40 eV per FeO formula, which
originates from the strong hybridization between Pt
and Fe orbitals. The interfacial metal-cation bond-
ing prevents further oxidation of the active FeO
phase to the less active FeO14, phase. Upon further
oxidation, CUF sites at the edges of islands disap-
pear, resulting in deactivation of the catalyst [76].
Based on these results, we suggested the concept of
an ‘interface confinement effect’.

This effect can be illustrated by the schematic dia-
gram in Fig. 12. Again taking FeO as an example, we
know that the freestanding FeO monolayer is unsta-
ble and highly reactive, and can easily dissociate O,.
There are two possible channels for the further re-
action of the dissociated oxygen atoms: (1) to react
with FeO, forming stable Fe,O3; (2) to react with
CO to produce CO,. A simple calculation suggests
that the former reaction has a barrier of 0.6 eV while
the latter one needs to overcome a barrier of 1.5 eV.
So this susceptibility to further oxidation to Fe, O3
explains why a freestanding FeO monolayer can-
not catalyze CO oxidation. When the FeO mono-
layer is placed on the Pt surface, however, the total

energy is significantly lowered due to the strong in-
teraction between FeO and Pt. The energy differ-
ence between the freestanding FeO structure and
the Pt-supported FeO structure is termed the in-
terface confinement energy (AEconfinement)- The en-
ergy of the FeO, 4 structure is much less dependent
on the support. Therefore, the driving force for ox-
idation of the interface-confined FeO structure to
the FeO;, structure is much smaller than the free
structure, and a larger energy barrier for oxidation is
expected according to the Bronsted-Evans-Polanyi
relation [66]. In this case, CO oxidation becomes
dominant. Therefore, the metal surface provides a
constraining environment on which metastable FeO
can remain robust in oxidative atmospheres and cat-
alyze reactions.

The interface confinement effect is strongly de-
pendent on the metal substrate. We have shown that
the binding energy between the 2D FeO structure
and the metal substrate decreases in the sequence Pt
> Pd > Ru > Au > Cu > Ag. The Pt surface ex-
hibits the strongest confinement effect on the FeO
structure, while the Ag surface is weakest. The bond-
ing of the substrate metal with Fe is critical to the in-
terface confinement effect. The other prerequisite of
a strong effect is that the metal should bind weakly
with oxygen. Future work should look for other
substrates, such as nanostructured carbon materi-
als or composite materials, which can act similarly
to noble metals to confine the highly active oxide
nanostructures.

GRAPHENE AND 2D MATERIALS FOR
CATALYSIS

Since Geim, Novoselov and coworkers reported
the unique structural and electronic properties of
graphene in 2004 [77], applications of graphene
have attracted great attention [78]. Recently, re-
search on the structure, properties and applications
of other 2D materials such as g-C;Ny4, h-BN and
MoS, have expanded rapidly [79,80]. The unique
electronic and structural properties of 2D materials,
which are easy to synthesize and control, have made
them promising candidates for applications in in-
formation technologies, energy, catalysis and other
fields.

2D atomic crystals consist of a single-atom layer,
or alternatively a staggered multi-atom layer. Typi-
cally, atoms within the 2D plane are connected by
covalent or ionic bonds, whereas the interaction be-
tween different 2D planes is dominated by van der
Waals forces [81]. In graphene, the sp> hybridized
orbitals of carbon atoms enable the sheets to ex-
hibit excellent mechanical strength. The p orbitals,
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Figure 11. (a) Projected DOS for interfacial Fe, 0, and Pt atoms at fcc domains of Fe0
overlayeron Pt(111) using (/84 x ./84) £10.9° —Fe0/Pt(111) supercell. (b) Schematic
structures of O, activation and CO oxidation at the TMO/NM (111) boundaries. The
initial state of O, adsorption (up) and the final state of O, dissociation (down). The
blue, red, green, and gray spheres represent NM, 0, 3d-TM, and C atoms, respectively.
Adapted with permission from [28,29].
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Figure 12. Schematic illustration of the interfacial confinement between Pt surface
and iron oxides. The metal surface provides a constraining environment on which
a metastable FeQ structure can be stabilized with interfacial confinement energy
A Eeonfinement. @nd which remains robust during catalytic reactions in oxidative atmo-
spheres.

perpendicular to the o plane, form a large conju-
gated 7T bond over the entire 2D lattice, so that
graphene exhibits high electrical conductivity [82].
The single-atom-layer structure of graphene also
gives it a high specific surface area (>2600m?* g~ ')
[83]. The valence and conduction bands intersect at
a single point (the Dirac point) at the Fermi level,
where there is no band gap. Therefore, graphene

REVIEW

also shows semimetallic or zero-band semiconduct-
ing properties [84]. These electronic properties
make graphene unique in its physical characteris-
tics, with potential applications for optoelectronic
devices and field-effect transistors. Its physical prop-
erties have also intrigued chemists, including re-
searchers seeking applications in catalysis [85].
However, graphene is highly stable due to the con-
jugation of p orbitals over the entire atomic layer. In
particular, the low density of electronic states near
the Fermi level makes graphene chemically inert
[86], limiting its applications in chemistry and catal-
ysis: there is no indication that ‘perfect’ graphene can
be used as a catalyst directly.

Previous studies [35,87,88] indicate that in or-
der to make perfect graphene chemically active, the
electronic structure must be altered by tuning
the distribution of electronic states and increasing
the density of states (DOS) around the Fermi level.
This review describes several often used methods for
improving the catalytic activity of graphene-based
materials.

The preparation of nanoscale graphene
sheets and the formation of structural
defects on graphene

Previous studies have shown that edges or defects
of graphene often exhibit enhanced reactivity due to
the variety of unsaturated coordination numbers of
carbon in these locations, or to functional groups at-
tached to the carbon atoms [87,89]. Typical meth-
ods to reduce the size of graphene sheets and cre-
ate defects in them are mechanical ball milling and
etching. Recent reports showed varying ball-milling
time and energy can control the size of graphene
sheets, thereby modulating their catalytic activity for
oxygen reduction reactions [87]. DFT calculations
indicated that the zigzag edges can function as the
active sites for such reactions regardless of whether
there are oxygen-containing functional groups there.
In contrast, ‘armchair’ edges, as well as the surface
of graphene, are inert for catalysis, again with or
without oxygen-containing functional groups [87].
Graphene sheets prepared by hydrothermal meth-
ods exhibit a high catalytic activity, which may orig-
inate from the high density of defects introduced at
the low preparation temperatures [88].

The formation of folds on the graphene
surface, resulting in distortion of the
electron distribution

Folds on a graphene surface can be induced by

thermal treatment, electrostatic interactions or me-
chanical methods [90]. During their formation, the
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perfect 2D structure of graphene is destroyed, re-
sulting in a distortion of the electronic structure at
the surface. The degree of distortion depends on
the radius of curvature of the folds. A typical ex-
ample is the formation of bubbles under graphene
[91], whereupon the strain strongly modifies the
electronic properties. In principle, this method can
be used for band-structure engineering of graphene
and might render it suitable for catalysis.

SWCNTSs may be formed by curling of graphene.
The radii of curvature determine the distortion of the
electron distribution inside and outside the CNTs—
which is why, as discussed earlier, there are signifi-
cantly different catalytic properties inside and out-
side CNTs [27].

Chemical modification and doping
of graphene

An effective method to modify the catalytic activ-
ity of graphene is via chemical functionalization
[92,93]. Hydrogen atoms terminating the edge of
graphene may significantly affect the material’s band
gap, changing it from nearly zero at low hydrogen
coverage to 3.7 eV at high coverage [94-96]. The

Pyrrolic (5)

1.5 1

10 Pyridinic (2) Quaternary (1)

0.5 A

Projected density of states (a.u.)

0.0 T )
-2 -1
Energy (eV)

:
1
1
1
1
1
1
1
1
1
1
1
H
0

Yang etal. | 193

precise effect of hydrogen is dependent on the edge
structure: whether it is zigzag or armchair.

Doping is one of the most effective and common
methods for the chemical modification of graphene
[93,97]. The dopants used are mainly non-metallic
elements such as boron, nitrogen, sulfur and phos-
phorus; metal atom dopants have also been re-
ported recently. The difference in electron distri-
bution between dopants and neighboring carbon
atoms causes a local distortion of the electronic
structure, thereby changing the physical and chem-
ical (including catalytic) properties. Up to now,
boron and nitrogen have been regarded as the most
effective heteroatoms: these have one less and one
more electron than carbon atoms, respectively. As
the electronegativity of boron and nitrogen is differ-
ent from carbon, they can attract electrons from or
supply electrons to the surrounding carbon atoms.
Nitrogen atoms tend to gain electrons from the adja-
cent carbon atoms because of its greater electroneg-
ativity [35,88]. Meanwhile, the lone pair electrons of
nitrogen atoms feed electrons back to the surround-
ing carbon atoms. This synergistic effect leads to
an abnormal electron distribution for carbon atoms
around nitrogen atoms, increasing the electron
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Figure 13. DFT calculations of the reaction mechanism. (a) Models with different N species used in the DFT calculation;
the blue balls representing N atoms. (b) The structures with adsorbed C,H,. (c) The corresponding adsorption energies (Ea).
(d) The projected density of p, states of the C sites for C,H, adsorption. (e) Reaction energy profile for acetylene hydrochlo-
rination on the pyrrolic structure. Adapted with permission from [99].
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density near the Fermi level [35,88]. In oxygen-
reducing reactions, molecular oxygen preferentially
interacts with these defects by dissociating, thus ac-
celerating the reaction rate. The onset overpotential
of oxygen reduction decreases with increasing con-
centration of nitrogen dopants. In general, nitrogen
dopant atoms in graphene can form graphitic, pyri-
dinic and pyrrolic species [98], and the nature of the
catalytically active sites in nitrogen-doped graphene
is still debated. Nitrogen doping of both graphene
and other carbon nanostructures can yield an effec-
tive catalyst for hydrochlorination of acetylene to
vinyl chloride [99]; Su et al. proposed that the ad-
sorption of acetylene onto pyridinic N was the key
step [100]. But extensive experimental studies by
Li et al., who have designed a series of model cata-
lysts in which one or two particular types of nitro-
gen species dominate, suggest that pyrrolic nitrogen
is the catalytic active center, a conclusion supported
by DFT calculations (Fig. 13) [99]. To sum up,
impurity atoms, especially nitrogen dopants, seem
necessary to activate 2D carbon materials as cat-
alysts, but the reaction mechanism awaits further
clarification.

The potential application of sandwich
2D heterostructures in catalysis

Controllable methods for stacking different layers of
2D crystals in a certain order have permitted the syn-
thesis of sandwich 2D nanomaterials with distinct
heterostructures [101]. The stacked 2D layers may
be bound either by van der Waals or covalent inter-
actions, and the order and style of stacking influences
the properties of the heterostructures (Fig. 14):

Figure 14. 2D crystals, analogous to Lego blocks (right-hand panel), are connected by
van der Waals or covalent interactions between the sheets. The order and style of
stacking influence the properties of these 2D heterostructures. Adapted with permis-

sion from [101].

REVIEW

by varying the chemical composition, structure and
electronegativity of the system, the electronic prop-
erty at the surfaces, interfaces or edges may be mod-
ulated drastically, resulting in properties quite dif-
ferent from the individual 2D materials. This creates
opportunities for tuning the catalytic performance
of such heterostructures, offering a new pathway for
rational design and precise control. There has been
rather little study of the application of sandwich 2D
materials in catalysis, but a system with a similar
character that has been widely studied in this con-
text is graphite oxide: graphitic carbon with oxygen
atoms inserted between the layers. The presence of
the oxygen atoms can significantly alter the catalytic
performance of the carbon layers [92]. Recently,
there have been efforts to insert heteroatoms such as
iron or noble metals into graphite oxide to modulate
its catalytic performance: this approach could prove
of great interest.

In the past decade, we have performed system-
atic studies of catalysis of 2D atomic crystals, in-
cluding graphene, MoS,; and BN. We have iden-
tified a confinement effect for reactions occurring
between the layers, or at the interface of such 2D
materials and a metal substrate. In particular, we
have observed enhanced catalytic performance of
graphene-encapsulated metal NPs, due to the pene-
tration of electrons from the metals into the covering
graphene sheet. We have elaborated the principles
that we call ‘catalysis under graphitic cover’ [102]
and ‘chainmail for catalysts’.

Catalysis under the cover of graphene
Graphene overlayers interact with most metals via
the van der Waals force; the distance between the
graphene cover sheet and the substrate surface is
typically 0.3-1.0 nm. Therefore, the space at the
graphene/metal interface can be regarded as a 2D
nanocontainer, in which atoms and molecules can be
trapped. It has been shown that Si, Ni, Pb and no-
ble metals can intercalate into graphene grown on
metal surfaces [103-107]. A comparative study of
the intercalation process revealed that it may hap-
pen through an exchange mechanism or a defect-
aided mechanism, depending on the interaction
strength of the intercalants with graphene [105].
For example, Ni, Fe and Si, which interact with
carbon strongly, can produce transient defects at
the graphene lattice and penetrate into the inter-
face via exchange between surface metal atoms and
carbon atoms at the transient defect sites. In con-
trast, Pb and Au bond weakly with carbon, and the
intercalation of these elements needs to be facilitated
by extended defects such as graphene island edges,
domain boundaries and large vacancies.
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Figure 15. (a—d) Low-energy electron microscopy (LEEM) images recording CO inter-
calation at the graphene/Pt (111) interface in 1x 10~ mbar CO at room tempera-
ture. (e) XPS Q 1s intensity of a CO-saturated Pt (111) surface and CO-intercalated
0.7 ML graphene/Pt (111) surface annealed at various temperatures in ultra-high vac-
uum (UHV). The schematic illustration of the chemical reaction under the cover of
graphene (below). Adapted with permission from [113].

The intercalation of molecules such as CO, O,
and H, O under the graphene surface should be fa-
cilitated by the defect-aided intercalation mecha-
nism [108-113]. The driving force of this process is
the strong adsorption of the molecules onto metal
surfaces. The intercalated molecules interact simul-
taneously with the metal and with the graphene
cover, and are thus strongly confined in the direc-
tion normal to the surface. For instance, CO adsorp-
tion on Pt and Ru surfaces is greatly weakened by a
graphene overlayer, due to confinement by the layer
[113,114]. The space between graphene and Pt then
acts as a 2D confining nanoreactor in which catalytic
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reactions are promoted. We have shown that while
the reaction barrier of CO oxidation on Pt (111) is
0.74 eV, at the interface of Pt with a graphene over-
layer it has a smaller barrier of 0.56 eV (Fig. 15)
[115]. This cover effect on metal-catalyzed reactions
has been found also with h-BN and MoS,. These
findings may suggest a new avenue for modulating
the catalytic performance of metal catalysts.

Chainmail for catalysts

In ancient combat, for protection against blades sol-
diers often wore chainmail. Ideally, this not only pro-
tected the body but also did not hinder the fighting
capacity of the soldier. We have shown that graphene
or other nanocarbon structures can satisfy analogous
requirements for metal catalysts.

Previous studies have shown that iron catalysts—
especially iron in low valence states—exhibit high
catalytic activities for reactions such as oxygen-
reduction reactions (ORR) in fuel cells [116]. How-
ever, the iron is easily oxidized to its high valence
state and thus deactivated. Furthermore, the active
iron components are likely to corrode under the
acidic conditions of fuel cells.

To solve these problems, we have designed an
efficient synthesis method to encapsulate iron NPs
into CNTs to avoid direct contact of iron with oxy-
gen molecules, with the acidic solution and with
some possible poisons during the reaction process
[117]: to give the highly active NPs protective
‘chainmail’ against the harsh environment while per-
mitting the electrons of the encapsulated metal to
‘penetrate’ through the carbon layer and reach the
external surface of the graphene shell. These elec-
trons increase the DOS near the Fermi level of the
external carbon atoms, decreasing their local work
function (Fig. 16) [117-119]. This promotes the ad-
sorption and dissociation of oxygen molecules on
the graphene shell, thereby maintaining or even en-
hancing the catalytic ORR activity of the iron NPs.
The catalyst obtained by this strategy showed excel-
lent activity and stability when adopted as the cath-
ode catalyst in the real fuel cells; even after 200 h
of operation under acidic conditions, the cell’s ef-
ficiency showed no obvious degradation. Further-
more, the catalyst showed no decline in perfor-
mance in the presence of 10 ppm SO,, thereby
exhibiting superior anti-acid and sulfur-poisoning-
resistant properties relative to commercial Pt/C cat-
alysts (Fig. 17) [117].

Theoretical and experimental studies on this sys-
tem [120-124] have shown that the composition
of the encapsulated metals or metal alloys, the
thickness of carbon layers and the concentration of
nitrogen dopants in these layers are the key factors
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Figure 16. (a) Photoemission electron microscopy image of
Fe clusters encapsulated in a pod-like CNT, with a laser
start voltage of 1.7 V. The top inset showing the brightness
profile along the green line. The bottom inset showing the
corresponding LEEM image of the same region. (b) The elec-
trostatic potential profiles averaged on the plane perpendic-
ular to b-axis as a function of the b-axis of the supercell of
Fe,@SWNT and pure SWNT, respectively. The structure of
Fe,@SWNT is shown in the background. SWNT: single-wall
nanotubes. Adapted with permission from [117].

influencing catalytic performance [118,123]. The
latest results showed that a FeCo alloy encapsulated
in nitrogen-doped graphene (average 4 layers) can
provide a maximum power density of 328 mW cm >
for a fuel cell operating at 80°C, with no obvious
degradation of performance over 150 h. DFT cal-
culations suggested that decreasing the number of
graphene layers and increasing the nitrogen-dopant
concentration would enhance the catalytic activity
further [118]. And in fact, when the layer number of
graphene is reduced to only 1-3 layers, the catalytic
activity at the outer surface of the graphene shell is
enhanced enormously; the activity of encapsulated
CoNi catalysts for hydrogen evolution reaction is
then very close to that of commercial 40% Pt/C
catalysts (Fig. 18) [123]. This strategy of ‘chain-
mail’ coating of particles in 2D materials thus paves
the way for rational design of non-precious metal
catalysts.

FUTURE PERSPECTIVES IN
NANO-CATALYSIS

In summary, nanotechnology can in principle pro-
vide an effective and quantitative way to tailor the
surface structures and electronic properties of sup-
ported nanocatalysts without changing their com-
position. However, to achieve this goal, there are
still difficult challenges for both fundamental and ap-

plied research.

The controlled preparation of catalytic
nanomaterials and the rational design
of catalytic active centers

The controlled fabrication of nanomaterials of spe-
cific composition and structure is vital for catalytic
applications. Despite the great successes so far, there
are still challenges in correlating the structures of
nanomaterials with their catalytic properties, hinder-
ing rational design of catalytic active centers from
first principles. The first major challenge is to syn-
thesize identical nanostructures. Currentaccuracyin
size control of NPs has reached the sub-nanometer
level, but individual NP may still differ in the num-
bers of atoms they contain by hundreds or even
thousands. Moreover, control of the surface struc-
ture and the distribution of defects remain extremely
difficult. And while it is now easy to prepare various
forms of CNTs, selective synthesis with precise con-
trol of the number of wall layers, metallic or semicon-
ducting properties, and the amount or distribution
of dopants such as N and B remains very difficult, yet
is critical to the catalytic activity of nanotube-based
materials.

The second major challenge is to understand the
dynamics of catalytic nanostructures. Catalysis is, in
general, a dynamic process, which often occurs at
high temperatures, under high pressures, and in the
presence of a variety of reactants and products. Un-
der such harsh conditions, NPs are expected to be
‘sensitive’, undergoing pronounced changes in their
composition, structure and electronic state. These
dynamic changes might, to some extent, be similar to
those found in biological catalytic processes. It is of
tremendous importance to correlate the static struc-
tures of active centers with their dynamic structures.

The in situ characterization of catalysts
and catalytic processes

Current state-of-the-art characterization techniques
have been able to probe catalytic systems at the
nanometer or even sub-nanometer scale, with time
intervals of nanoseconds or even femtoseconds and
an energy resolution ranging from eV to meV.
However, it remains a major challenge to apply
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Figure 17. Iron encapsulated within pod-like CNTs for an oxygen reduction reaction, and a schematic representation of the
process at the surface of Fe;@SWNT. The gray C, red O, white H and yellow Fe atoms. Adapted with permission from [117].

these techniques for characterizing catalysts under
the temperature and pressure conditions at which
catalysis actually happens: electron probes are dif-
ficult to operate under high pressures, for instance.
A second problem is the damaging effects of probe
particles such as electrons and ions: these usually
carry high energies and can cause severe deterio-
ration of the catalytic system being probed, dis-
torting their true nature. Recent research has fo-
cused on the development and use of techniques that
are compatible with real catalytic conditions, such
as photon-in/photon-out, electromagnetic and mi-
crowave methods. At synchrotron radiation sources,
the use of an X-ray beam together with high-
intensity infrared (IR) beam focused on the same
spot or region of a sample would permit the com-
bination of XAFS with FT-IR measurements. Since
both techniques have high time resolution, one
could in principle measure simultaneously the elec-
tronic properties of catalysts using XAFS, structural
information using XAFS, and chemical and bonding
information of adsorbates and intermediates using
high-resolution FT-IR, with a temporal resolution at
the ps or ms level. This would enable a dynamic pic-
ture of the in situ catalytic process to be constructed
under realistic reaction conditions of high tempera-
tures and pressures.

Computational chemistry approximating
the complexity of experiments

The rapid development of computational chem-
istry has enabled us to simulate nanomaterials
and reaction systems with relatively high preci-
sion. Currently, it is not very difficult to perform
calculations for a model system with more than
1000 atoms using optimized DFT methods. How-
ever, for catalytic reactions, ab initio calculations
of large systems interacting with their chemical
environment remain highly challenging. The de-
velopment of new theoretical methods to ana-
lyze individual elementary catalytic steps involving
adsorption, desorption, diffusion and reaction, and
to clarify the evolution of electronic properties at
each step, would be tremendously valuable. Here, di-
alogue between theorists and experimentalists is es-
sential. Real catalytic systems are complex in ways
that current computing methods cannot sufficiently
capture. Experimental insights can therefore con-
tribute to improvements in theoretical methods and
strategies. Conversely, experimentalists can opti-
mize their methods by exploiting insights from the-
oretical calculations. Right now, predictive catalysis
using purely theoretical simulations remains out of
reach.
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Figure 18. Enhanced catalytic performance of metals encapsulated with 2D crystals
due to electron transfer between the two materials. There is a strong layer dependence
of electron transfer from the metals to the outside surface of 2D crystals: reducing the
number of layers in the 2D crystals significantly promotes the electron transfer and
enhances the catalytic activity. Adapted with permission from [123].

The scale-up and commercialization
of nanocatalysts

Catalysis is a scientific discipline with a strongly ap-
plied orientation. The results of catalytic research
should ultimately lead to the design of catalysts
with high performance and catalytic processes with
high efficiency. There are many important issues
that need be solved in the commercialization of
nanocatalysts, such as their synthesis and stability
under industrial reaction conditions, and the re-
generation and recycling of deactivated catalysts.
Due to the high hydrophobicity of NPs, nanocat-
alysts are usually difficult to shape and process.
With a view to developing nitrogen-doped graphene
nanosheets for the practical hydrochlorination of
acetylene, we recently developed a method for grow-
ing them directly on the surfaces of pre-formed SiC
particles by chemical etching and thermal splitting.
In this way, we have successfully synthesized the
catalysts in a manner that is suitable for industrial
applications [99].

In summary, we can expect nanotechnology to
play an increasingly important role in catalysis, mak-
ing the design of highly efficient catalysts feasible at
the molecular scale.
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