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Catalytic confinement effects in nanochannels:
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Catalytic reactions within nanochannels are of significant importance in disclosing the mechanisms of

catalytic confinement effects and developing novel reaction systems for scientific and industrial

demands. Interestingly, catalytic confinement effects exist in both biological and artificial nanochannels,

which enhance the reaction performance of various chemical reactions. In this minireview, we

investigate the recent advances on catalytic confinement effects in terms of the reactants, reaction
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processes, catalysts, and products in nanochannels. A systematic discussion of catalytic confinement

effects associated with biological synthesis in bio-nanochannels and catalytic reactions in artificial
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1. Introduction

Organisms are engaged in a variety of physiological activities with
manifold enzymes all the time. Enzymatic biosynthesis is one of
the most fundamental and essential processes in living organ-
isms, for their growth, activity, and survival."?® Enzymatic
biosynthesis reactions have outstanding properties, such as high
selectivity, ultrafast reaction rate, and low energy consumption.
In the process of biosynthesis, the confinement and arrangement
of molecules in nanochannels or similar structures can funda-
mentally change their chemical and physical properties using
enzymes, reducing the reaction activation energy and showing
remarkable efficiency.*® For example, a channel-liked or ring-
shaped protein, which is formed from DNA polymerases by
their linking together, plays important roles in the DNA repro-
duction process. This biological nanochannel structure facili-
tates the replication of two strands of DNA in a quick and low
energy consumption manner.® This channel-liked protein
surrounds the DNA template and slides along with it, which
hugely accelerates the replication speed (750 nucleotides per
second).” Confinement effects not only affect the biosynthesis
reaction but also protect protein denaturation and affect the
folding rate.® A theory was presented that the proteins can be
prevented from reversible unfolding by the nano confinement
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nanochannels in chemical engineering is presented. Furthermore, we summarize the properties of
reactions both in nature and chemical engineering and provide a brief overlook of this research field.

space, which can also increase the rates of RNA folding.® The
confinement effects, especially these effects that can improve the
synthesis reaction and any other chemical reaction based on the
confined space and the catalysts in the confined space, are
termed as catalytic confinement effects (CCE) in this review.
Living organisms have evolved special nanostructures and
functions, which can utilize CCE to govern sophisticated and
highly efficient biochemical reactions. Inspired by CCE in bio-
logical nanochannels, various artificial nanochannel systems
have been developed to improve the performance of chemical
reactions in chemical engineering processes.'® Catalytic reactions
represent a cornerstone in most chemical engineering processes,
covering the field of energy, the environment, and health care.
However, with the global backdrop of sustainable development,
climate change, and the ecosystem crisis, novel catalytic reac-
tions with high efficiency and resilience are urgently required."
In conventional bulk catalysis, due to large numbers of surface
atoms of the catalysts being exposed to the reaction environment,
the active sites become unstable and their catalytic activity
diminishes.” Problems with poisoning, sintering, and the coa-
lescence of catalysts further reduce their activity. As mentioned,
the enzymatic biosynthesis in biological systems shows superior
reaction performance, which is becoming the solution for
chemical engineering processes.”> How to mimic the biological
reactions in artificial systems entails understanding the funda-
mental mechanisms of CCE both in biological and artificial
chemical reactions. Historically, Derouane et al. first introduced
the confinement effects of zeolite catalysts by proposing a van der
Waals model to describe the molecule interactions in the
confined space.* Since then, zeolites as the most desirable
catalysts have been well studied in terms of their chemical,

environmental, and biological applications.”” However,
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confinement effects in different nano spaces attract interest from
the catalysis, nanotechnology, advanced materials synthesis, and
chemical engineering fields. Here, we focus on the confinement
effects involved in the chemical reaction processes. Commonly,
CCE include the molecular enrichment effect,’ the electronic
effect,’” and the physical constraint effect,'® which directly affect
the chemical reaction. The nano spaces offering a restricted
structure play key roles in CCE. There are different nanoscale
structures, such as nanocages, nanocavities, nanopockets,
nanopores, and nanochannels, which have been developed as
nano reactors for catalysis reactions in artificial systems nano-
confinements.® Since these closed structures, such as cages and
cavities, have been discussed by Dai et al.," Yang et al,'* and
Grommet et al,’ this minireview will focus on the chemical
reactions confined within nanochannels or nanotubes (1D
structures of which the depth is much larger than the diameter,
with the diameter being less than 100 nm). Based on the struc-
tural features in dimensions, usually these structures are classi-
fied as 0D (porous polymer particles), 1D (nanochannels), 2D
(stacking layered 2D materials) and 3D (nanochannels in inter-
connected porous materials).” Compared to other structures, 1D
nanochannels have a simple and uniform structure, and easily
designable features, such as selectivity, regulatability, biomi-
metic properties, and surface modifying properties,*>® which
have mostly been explored via both experiments**® and simu-
lations.>*?° Based on this theoretical research, a number of
applications have been developed in the field of chemical engi-
neering within nanochannels, such as materials synthesis,**
energy conversion,* environment protection,* etc. The research
field of 1D nanochannels opens up intriguing possibilities to
disclose the principle of CCE both in terms of biological reaction
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systems and chemical engineering systems (Fig. 1). Besides this,
most reviews have only discussed the confinement effects and
applications in artificial nanochannels and have lacked the
discussion that covers the confinement effects both in biological
nanochannels and artificial nanochannels. Here, we highlight
CCE within nanochannels from the perspective of biological
synthesis and chemical engineering. We first introduce the
principles and theories of CCE within nanochannels. Then, we
investigate the biological reactions involving CCE in bio-
nanochannels, especially enzymatic biosynthesis in living
organisms. Subsequently, we summarize the recent advances of
CCE within nanochannels in chemical engineering processes.
Finally, an outlook towards the future development of this
research field is presented.

2. Mechanisms and theory of CCE
within nanochannels

It is one of the most significant aims for chemists to control
reaction pathways and reaction products. Inspired by the
excellent reaction performance in organisms, researchers have
designed and prepared bionic artificial nanochannels to mimic
the functions of high reaction rate, high conversion rate, and
high selectivity in biological and chemical reactions. 1D nano-
channels with hollow interiors provide unique physical
confinement and affect transport behavior, and chemical and
physical properties of the reactant molecules, resulting in
chemical reactions in confined space being conducted very
differently from those in the bulk space. From a thermody-
namics perspective, confinement effects can stabilize reaction

Chemical
engineering

Nanochannels

Fig. 1 Schematic of CCE within nanochannels in biological synthesis and chemical engineering. CCE exist in both biological and artificial
nanochannels for chemical reactions. In biological nanochannels, different enzymatic synthesis with channel-liked structures have outstanding
properties, such as orderliness, selectivity, and ultrafast transport, which improve the synthesis reaction with ultrafast reaction rate and low
energy consumption. Inspired by biological synthesis, various artificial nanochannel systems with CCE in chemical engineering have been
developed to improve reaction performance, which have their own advantages, in that they are multistep, multifunctional and have designable

structures.
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Fig. 2 Simplified reaction energy profiles during the overall process of the reaction in the nanochannels and the bulk environment, and the
factors affecting the chemical reaction. (a) An example reaction between A and B to form product C in the bulk environment (orange) and confine
it in the nanochannels (NC) (blue). The catalytic confinement effects can stabilize the reaction intermediate state and change the enthalpies and
Gibbs free energies (AG), thereby changing the reaction path. Reproduced from ref. 35 with permission from the Royal Society of Chemistry. (b)
CCE within nanochannels in terms of four aspects: reactants, reaction process, catalysts, and reaction products.

intermediate states and change enthalpies and Gibbs free
energies (Fig. 2a).>* In depth, we discuss the CCE within nano-
channels from four aspects: the reactants, reaction process,
catalysts, and reaction products (Fig. 2b). Concentration and
arrangement of reactants, the transition state and transport rate
during the reaction process, interaction and activity of catalysts,
and the concentration and selectivity of products within nano-
channels are discussed.

In the first aspect, the interaction between restricted reac-
tants and the nanochannels can increase the local concentra-
tion of the reactants and also enhance reaction pressure.’
Meanwhile, high concentration causes synergy between
crowding effects and confinement effects, which together
influence the reaction progress.>” And also, the nanochannels
limit the volume or size of the molecules and make the reac-
tants be arranged in a certain order. Liu et al. proposed
a concept of an ordered-assembly reaction (OAR) based on
frontier molecular orbital (FMO) theory.>® Based on the elec-
tronic structure of reactant molecules and the electronic inter-
actions between reactants and nanochannels, if orbital
symmetry matching is satisfied, the function of a “acceptor-
donor” interaction scenario can be realized. After the matching
process, when the size of the nanochannel is close to the
distance of the van der Waals equilibrium distance of the
molecules, the ion or molecule undergoes ultrafast transport,
and is referred to as a quantum-confined superfluid (QSF).
Considering both of these effects, reactant molecules arrange in
a certain sequence within optimized nanochannels, causing
ultrafast directional flow in nanochannels, thereby achieving
a high reaction rate.

In the second aspect, there are two parameters that influence
the reaction process: transition state and transport rate. The
nanochannels enhance the stability of the transition states by
adjusting the underlying thermodynamics, which reduces the
activation energy barrier and accelerates the reaction kinetics.*®
Two scenarios can be distinguished to explain the reasons for
how confinement effects reduce the activation energy barrier in
nanochannels (these might be combined in practice). One is

© 2022 The Author(s). Published by the Royal Society of Chemistry

that the nanochannels can change the activation parameters.**
Fiedler et al. demonstrated that the confined space can reduce
both the entropic and enthalpic barriers by rearranging the
reactant molecules.** Secondly, when the nanochannels are
integrated with catalysts, the catalysts are able to reduce the
activation energy during reactions. Compared to catalysts in
bulk environments, problems with the aggregation and sinter-
ing of catalysts can be avoided when the reactions are
proceeding in nanochannels, which further enhance the cata-
Iytic effect.*® Apart from that, size effects make a difference in
the reaction process by influencing the transport rate and mode
of transport. When the size of the nanochannels is close to the
size of several molecules, for example, the spatial constraints
are mainly reflected in the interactions between the molecules
and the confined inner wall of the nanochannels. The narrow
size of a carbon nanotube (CNT) has been shown to act as
a selective channel that prevents large molecules (over the
diameter of the CNT) from being transported into the channel,
which raises the selectivity rate for the para-bromination of N-
phenylacetamide from 68 to 97%.*" Interestingly, too narrow
nanotubes might hinder the reaction performance. Xiao et al.
exhibited a volcano relationship between catalytic reaction and
CNT diameter.* If the size of a nanochannel is too small (<1
nm), the binding between reactants and catalysts weakens,
which inhibits the adsorption and activation of reactants. Then,
the turnover frequency (TOF) is decreased and the catalytic
activation of reaction molecules becomes sluggish. It is noted
that the optimum diameter of nanochannels is dependent on
the specific reactions and chosen catalysts. Jiang's group
proposed the concept that the ideal size of the nanochannel to
achieve high flux and 100% selectivity in the reaction process is
the van der Waals equilibrium distance for molecules and
Debye length for ions. On the contrary, when the size of nano-
channels increases (>100 nm), the interactions between the
molecules and the confined inner wall gradually weaken.** In
addition to size, wettability, surface charge, recognition, and
van der Waals forces, hydrogen bonds of the nanochannels can
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influence the transport rate and transportation phenomena of
molecules,**** which indirectly change the reaction process.

In the third part, for chemical reactions with catalysts, the
nanochannels can influence the interactions between catalysts
and reactants and the activity of the catalysts. The catalytical
efficiency can be modified by the electronic interaction between
the confined metal or metal oxide (catalyst) and the inner wall of
the nanochannels, which could also hinder the migration and
sintering of the catalyst.** Furthermore, the anchoring of cata-
lysts in the nanostructure can improve the selectivity and
stability of the reactants.*' Lastly, for the products, the nano-
channels can adjust the selectivity of different products,
resulting in enhancing the selectivity of one product and
impairing the others.* On the other side, unfavourable inter-
actions of specific products may promote the release of prod-
ucts from nanochannels, decreasing the local concentration of
products and increasing the TOF. Zhang et al. demonstrated
a benzenehydroxylation reaction in a CNT to separate reaction
products from reactants, which showed 4 times higher activity
than under the same conditions on the outer walls of the CNT.*¢

The CCE have such a great impact on the whole process of
chemical reactions that many theories related to this have been
developed. Shermukhamedov et al. used electron transfer
theory and classical molecular dynamics simulations to make
qualitative predictions of electron transfer in aqueous solutions
inside nanochannels.*® The total reorganization energy 1 in the
reaction process was estimated using the expression:

% 1 1
A= Asolv + ( - ) ljlm (1)

Eopt Erad

s

where A, represents the reorganization energy resulting from
non-equilibrium solvation; e,y and er,q are the optical dielectric
constant and the radial component of static dielectric constant,
respectively; and Ui, is the image potential related to the ion-
wall distance. To simplify the model, &.,q is replaced by the
static dielectric eqg:

Eeff =

1 R
R Lﬂ e(x)dx (2)
where R is the nanochannel radius and x, is the distance where
the solvent density profile amounts to 0. The simulation based
on the model shows that energy transfer increases in aqueous
solution in ultra-narrow nanochannels in line with a decrease in
reorganization energy. However, this theoretical model neglects
diffusion limitations. Giannakopoulos et al. proposed a model
of nanochannels, including size effects, the diffusion coeffi-
cient, thermal conductivity and shear viscosity.*” If one of the
transfer properties is known, the others can be estimated using
the model. Nonetheless, the model is focused on the properties
of fluids, which lack energy transfer. When it comes to gas
reactants, the concept of confinement energy (E.on) was
proposed for the first time by Bao,* and can be defined as
follows:

Econ = Eb(ln) - Eb(out) (3)

1520 | Nanoscale Adv,, 2022, 4, 1517-1526

View Article Online

Minireview

where E,(in) and Ep(out) represent the molecular binding
energy of the metal cluster confined inside and directly outside
the carbon nanotubes, respectively. In their work, they estab-
lished a simple model to study the reactions:

Eioy |E(MO,) — E(M) - ”%M(Oz)} / " (@)

where E(MO,) is the total energy of CNT-encapsulated or CNT-
supported metal oxide and E(M) is the energy of the metal
clusters. u(O,) represents the chemical potential of O, mole-
cules. The simulation results showed that the volcano curve of
the catalytic activities shifts towards metals with higher binding
energies, which can be explored for the rational design of
further catalytic reactions within nanochannels. In addition,
the electrode charge (i.e. the electrical double layer effect)
influences the electron transfer in nanochannels, which affects
the reaction.*® This effect has been studied in work on the bond
breaking reduction of anions at the outside wall of nano-
channels by solving the Poisson-Boltzmann equation.”

However, sometimes complex parameters might have
synergistic influences between each other, which is difficult to
deconvolute and disclose the influences from single parameters
and build a uniform theory. Until now, there have been no
unambiguous mechanisms and theories proposed to directly
judge how the confinement effects influence chemical
reactions.

3. Biological reactions with CCE in
bio-nanochannels

Almost all of the biological reactions in living organisms are
performed by enzymes. Enzymes, as fundamental and func-
tional molecules, have evolved to become the sophisticated
molecules that govern the activities of cells. However, the
underlying working principles of enzymes are still unclear.
Generally, enzymes act as templates for the reactions, which
bind to their substrate (recognition) and hold them in a specific
position (active site) to form products. Enzymes surround the
substrate with reactive groups (confinement space) that stabi-
lize the transition state, which makes reactions occur easily.
Besides this, substrate preorganization, reaction medium,
restricted reactant motion, and protein dynamics play an
important role in the catalytic process.*® Many enzymes
surround their substrates to form the perfect confinement
environment for reactions, which is also an interesting point for
disclosing the working principle of enzymes. The numbers of
catalytic proteins participating in DNA metabolism (DNA
replication, DNA repair, and DNA recombination) form the
same channel structure: ring or toroidal shapes, in different
species (Fig. 3a).”** During the process of DNA replication, DNA
polymerases, which are a type of distributive proteins, need to
keep in contact with the DNA stand to achieve multiple rounds
of catalysis. The confinement space in the center of ring-shaped
or channel-liked proteins (DNA clamp) encircles the DNA
temple and allows the DNA polymerases to slide along the DNA
strand (Fig. 3b).>> A CCE with DNA clamp has been shown to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Biological reactions with CCE in bio-nanochannels. (a) Ring proteins in different species. First line: the B-clamp of E. coli (PDB: 2POL), the
proliferating cell nuclear antigen of H. sapiens (PDB: 1AXC), helicase of bacteriophage (PDB: 1QAW). Second line: the exonuclease of bacte-
riophage (PDB: 1AVQ), RNA binding protein of Bacillus stearothermophilus (PDB: 1QAW), and DNA binding protein of Homo sapiens (PDB: 1KNO).
Scale bar: 5 nm. Reproduced from ref. 7 with permission from the Royal Society of Chemistry. (b) The nanochannel of ring-shaped (DNA clamp)
encircles the DNA temple and allows the DNA polymerases to slide along the DNA strand in an effective and fast way. Reproduced with
permission.® Copyright 2011, American Association for the Advancement of Science. (c) Left: crystal structure of Cas 9 with nanochannels and
nucleic acid binding clefts. Right: rotation view of the structures of Cas 9 (black dashed line represents the central channel). Reproduced with
permission.>* Copyright 2014, American Association for the Advancement of Science. (d) Structure of DEBS M1 and the turnstile-closed/opened
state. Left: the structure of DEBS M1 by cryogenic electron microscopy (4.3 A-resolution). Right: three states of the DEBS M1. State 1 (pre-
elongation) with the accessibility of the AT and KS active site. Then, the proteins undergo a conformational change to a turnstile-closed state with
the inaccessibility of the AT and KS. After that, acyl carrier proteins are hindered by the KS active site but have access to the AT active site.
Reproduced with permission.®” Copyright 2021, American Association for the Advancement of Science.

greatly accelerate the replication speed (750 nucleotides per
second) in Escherichia coli.” Another essential protein, DNA
endonuclease, shows a similar channel structure that presents
outstanding selectivity. The powerful technology CRISPR (clus-
tered regularly interspaced short palindromic repeats)-Cas
(CRISPR-associated systems) based on the furcation of DNA
endonuclease, has brought about a revolutionary shift in the
paradigm of gene-editing methods.>® The type II systems of
CRISPR utilize a single RNA-guided endonuclease, Cas 9, to
achieve double-stand breaks and change the target DNA. The
structure pictures of Cas 9 by electron microscopy show that the
two structural lobes form a central channel where DNA is bound
and the DNA template can slide along the channel (Fig. 3c).**
The confined space of nanochannels provides outstanding
properties of selectivity and effectivity to recognize and cut the
target DNA, which is becoming the most robust tool in the field
of gene editing. CCE in channel-shaped proteins are essential
for DNA replication and editing, and also are one of the reasons
why biosynthesis is conducted in a highly efficient and low
energy consumption way within organisms.

On the basis of these single functional enzymes, there are
also many multifunctional enzymes that can achieve complex
catalytic reactions in nanochannels based on the selectivity and
orderliness of CCE.*® Assembly-line polyketide synthases

© 2022 The Author(s). Published by the Royal Society of Chemistry

(APKSs), called enzyme factories, are multienzyme systems that
generate specific and complex polyketide products by guiding
protein-tethered substrates with different active sites in
a designed order.”® Cogan et al. applied cryogenic electron
microscopy to disclose the structure of 6-deoxyerythronolide B
synthase module 1 (DEBS M1), which was used to present
a product-bound module that could match the turnstile mech-
anism in the synthesis process of APS.*” DEBS M1 turns its own
components of KS-acyltransferase (AT) and ketosynthase (KS)
to change their spatial arrangement and realize two conditions:
turnstile-open and turnstile-closed (Fig. 3d), which drives the
synthesis process in sequence along the assembly-line (which
would allow only one single chain to be tied to the target
module) and blocks retrograde chain translocation. Similarly,
a turn mechanism also exists in the adenosine triphosphate
(ATP) synthesis process that is the most prevalent reaction in
living organisms. ATP synthase is a multisubunit complex,
which has a water-soluble domain (F;) with three active sites
and a membrane domain (F,) that contains nanochannel
structures for proton translocation.®® Protons travel through the
nanochannel to the c-ring in F,,, where they drive the rotation of
the rotor (subunits of F,). During the rotation process, confor-
mational changes in the catalytic sites occur, providing the
energy for the phosphorylation of adenosine diphosphate

Nanoscale Adv., 2022, 4,1517-1526 | 1521
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(ADP). The dynamic adjustment of the structures in enzymes
shows the unique properties of CCE in biological reactions.

From simple transport through the nanochannel to the
complex and sophisticated dynamic control of the channel
structure in biosynthesis reactions, the fascinating phenomena
and mechanisms in cells give us unique inspirations. Jiang's
group proposed a new concept of a quantum-confined super-
fluid (QSF) reaction based on FMO theory, which could help
researchers to construct new chemical systems with ultra-high
flux and selectivity in a moderate environment.”® These
outstanding features (high selectivity, low energy consumption,
and ultrafast transport) in biological reactions are what model
chemical engineering needs, and the more we explore and
demystify the intrinsic mechanism of confinement effects in
biological reactions, the better researchers can design and
develop efficient systems for chemical engineering.

4. Chemical engineering with CCE in
nanochannels

In the trend towards green and sustainable development,
transformative and novel chemical engineering systems with
high efficiency and low consumption are urgently required.* In
addition, in terms of traditional chemical engineering, there are
some problems that hamper the reactions in catalytic processes:
transport limitations, maldistribution, and inadequate inter-
actions between reactants and catalysts.”* Although the issues
are clear, effective solutions and out-of-the-box thinking are
needed. Learning from nature is one of the most promising
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ways to address such issues.®** In terms of the outstanding
properties of reactions in biological systems previously
mentioned, scientists are inspired by biosynthesis in nature
and then design nanochannels to achieve much higher chem-
ical reaction rate and better selectivity.®®*® However, the nano-
technology of fabricating various nanochannels is accelerating
the research on the exploration of mass transport, and unique
physical and chemical properties in nanochannels.**”> There-
fore, a number of chemical engineering applications with CCE
in nanochannels are being reported, which cover the research
fields of energy conversion and the environment.**?*7%7#

The oxygen reduction reaction (ORR) and hydrogen evolu-
tion reaction (HER) are two significant processes for exploring
new clean and green energy technologies. However, conven-
tional catalytic systems for the ORR and HER always suffer the
dilemma that the activity of the catalysts diminishes after
repeated cycles and dissociation/aggregation becomes
serious.*® One of the most promising methods is carrying out
catalytic reactions in nano space. Nanochannels provide an
ideal nano space to enhance the interactions among reactants
and increase the stability of catalyts.”>”” Yang et al. demon-
strated a metal/nitrogen-doped carbon (TM/N/C) catalyst with
a mesoporous carbon (MC) architecture. The diameter of each
nanochannel in the MC was around 3.5 nm. Due to the highly
ordered nanochannel structure, the single-atom catalytic sites
can be fully exposed to the reactants, improving the ORR activity
and exhibiting an excellent onset potential of 1.03 V vs. the
reversible hydrogen electrode (RHE) in an alkaline medium
(Fig. 4a).”® Similarly, Guo et al. designed another TM/N/C
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Fig.4 Catalytic reaction systems in artificial nanochannels. (a) Transmission electron microscopy (TEM) and schematic illustration of the Fe SAs/
MC (950) catalyst. Linear sweep voltammetry (LSV) curves of the catalyst in 0.1 M KOH at various rotation speeds. Reproduced with permission.”®
Copyright 2018, American Chemical Society. (b) Scanning electron microscopy (SEM) images and schematic illustration of Fe/N/C catalyst. Cyclic
voltammetry (CV) curves of the catalyst in N, and O, saturated 0.1 M KOH solution. Reproduced with permission.” Copyright 2020, Springer
Nature. (c) SEM image and schematic illustration of MoS,/CoS, nanotube arrays. LSV curves of MoS,/CoS, nanotube arrays in 1 M KOH compared
to other materials. Reproduced from ref. 80 with permission from the Royal Society of Chemistry. (d) SEM image and illustration of the channels
in the GDY@PtCu. CV curves of the GDY@PtCu, PtRu/C, and Pt/C. Reproduced with permission.®* Copyright 2021, Elsevier.
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catalyst with nanochannels (4-10 nm diameter), which showed
a lower onset potential of 0.81 V vs. RHE (Fig. 4b).” They found
that the CCE in the nanochannels boosted thermal stability and
improved the stability of nitrogen-enriched active sites. In
another research study on the HER, Tang et al. developed novel
electrocatalysts with hierarchical MoS,/CoS, nanochannel
arrays (Fig. 4c), which exhibited superior catalytic activity (a low
overpotential of 90 mV vs. RHE at 10 mA cm™ ) and a small Tafel
slope of 30 mV dec ™" in acidic media.*® Because of the CCE, the
interaction between MoS, and CoS, became strong, which
reduced the Gibbs free energy, lowered the energy barrier of
water dissociation, and increased the electronic states at S-S
edges. Except for enhancing the interactions, CCE can also
improve the selectivity of molecules to accelerate reactions. A
new graphdiyne (GDY) based anodic electrode with a nano-
channel (4.2 nm diameter) structure was prepared (Fig. 4d).*
This anode material shows negative selectivity towards meth-
anol and positive selectivity towards proton, exhibiting superior
power density (90 mW cm™?) at 80 °C, with the methanol
crossover subdued to 33%. Recently, Zou et al. used a carbon
nitride nanotube (CNN) membrane as a research carrier for
studying the CCE in photocatalysis (Fig. 5a).*® Every single
channel of the membrane had an inner diameter of ~40 nm
with a length of 0.2 mm. The reaction in the nanochannels
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showed a turnover frequency of (9.63 + 1.87) x 10° s ' as
a result of CCE, comparable to enzyme-catalyzed reaction rates.
Such a high rate was due to the internal electric field produced
by the polarized surface of the nanochannels.

CCE are highly interesting to be applied for the efficient
generation of environmentally-friendly products, sensitive
pollutant detection, and effective environmental protection.*
1D nanochannels of [La(1,3,5-benzenetrisbenzoate)(H,0)],
have been used to polymerize glucose monomers with
controlled structures (Fig. 5b).*> Based on the CCE in nano-
channels, the regulated structure of poly-glucose (PGlc) has
superb processability and thermal stability compared to the
bulk environment, making it useful for generating new bio-
plastic. However, the selectivity and limited space of CCE
provide a new strategy for dealing with pollution or toxic agents.
A nanochannel membrane with ethylenediamine (EDA) func-
tionalized in its inner surface was developed for detecting and
removing formaldehyde (HCHO) based on CCE (Fig. 5¢).** The
interaction of HCHO molecules with EDA tethered on the inner
surface of the nanochannels caused a change in ion current and
the CCE increased the detecting sensitivity and selectivity of the
HCHO molecules. Compared to the nanochannel membrane,
Zhan et al. used ion recognition nanochannels to develop
a single conical glass nanochannel with tannic acid that could
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Fig. 5 Catalytic reaction systems in artificial nanochannels. (a) Schematic illustration of flow photocatalytic reactions in nanochannels. TEM
image of a single Au carbon nitride nanotube. Turnover number (TON) and turnover frequency (TOF) of benzylamine oxidation under different
reaction conditions. Reproduced with permission.®® Copyright 2021, American Chemical Society. (b) Schematic illustration of the nanochannel
structure and reactants. Polymerization of 6-anhydro-b-p-glucose (AGlc) in the bulk environment compared to nanochannels of porous
coordination polymers (PCPs). Reproduced from ref. 32 with permission from the Royal Society of Chemistry. (c) The two states (open and
closed) of the gating performance of the nanochannels. Current changes of the EDA-modified nanochannels with and without HCHO. The ionic
current ratios of the EDA-modified and original nanochannels after interaction with HCHO in different current directions. Reproduced with
permission.®* Copyright 2019, Wiley. (d) Schematic illustration of a tannic acid-modified single nanochannel and binding energies with different
ions. SEM images of the single conical nanochannel. Reproduced with permission.?* Copyright 2020, Elsevier.
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achieve highly sensitive metal ion detection based on CCE
(Fig. 5d).** Lastly, for reactions in a green reaction medium,
Xing et al. developed tube-in-tube structures (outside: 12 nm in
diameter, inside: 6 nm in diameter) of amphiphilic confined
TiO,@Pt/CNTs and hydrophobic confined C@Pt/CNTs for
biphasic reactions. These new amphiphilic confined catalysts
enhanced the ion transport rate during the reaction process,
which increased the catalytic activity based on CCE.**

However, the catalytic reactions in artificial systems might
suffer several disadvantages during practical applications, such
as blockage of the nanochannels by the large volume of product,
low diffusion rate for molecules in and out of nanochannels,
and difficult observation of reaction processes.** How to figure
out these limitations by learning from nature would be a future
direction. However, artificial reaction systems with CCE have
their own features compared to biological reaction systems, as
multistep reactions can be designed in nanochannels,* multi-
function catalysts can be inserted into nanochannels,*® and
designable structures and controllable surface properties of
nanochannels can be fabricated based on the research purpose.
Besides this, these reactions in artificial nanochannels can
endure extreme conditions, such as high temperature and
pressure.

5. Summary and outlook

In summary, CCE exist in both biological and artificial nano-
channels for chemical reactions, which enhance the reaction
performance. These positive influences are exhibited in terms
of four aspects: reactants, reaction processes, catalysts, and
reaction products. In each aspect, the confinement effects have
different functions, such as effects on the concentration of
reactants or products, the order of reactants entering into the
nanochannels, and the control of catalyst activity, transport
rate, selectivity, etc. From a biological view, the various reac-
tions that take place in cells always give us unique insights.
Like in DNA synthesis processes, different enzymes with
channel-liked structures have high selectivity, which improves
the synthesis reaction with ultrafast reaction rate and low
energy consumption. Inspired by nature, the CCE in nano-
channels are widely used in chemical engineering in the fields
of energy and the environment, which could improve the
activity, selectivity, and stability of reactions. Albeit there are
great improvements for the reaction performance within
nanochannels compared to the bulk environment, these
reactions or catalysts do not even come close to the reaction
efficiency and selectivity exhibited by enzymes in living
organisms. And one of the reasons for this is the insufficient
understanding of CCE in nanochannels, especially from
mechanistic and theoretical aspects. It is noted that the
properties of fluids or gas within the nanochannels are very
different,'>*® whereas most of the published works have
focused on electrocatalysts.***”*® The mass transport of ions or
molecules, and the properties of aqueous solvent within the
channels also play significant roles.** Comprehensive theories
and in situ characterization techniques should thus be devel-
oped to probe the CCE and mechanism of catalysis.”>**
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For highly effective chemical engineering, creating new
catalytic reaction systems that mimic nature by understanding
the mechanisms of nature is another strategy. For instance, the
turnstile mechanism in the synthesis process of APS and ATP
synthesis might inspire scientists to use dynamic nanochannels
to build tunable and assembly-line reaction artificial systems.*
And new reaction systems with CCE, such as bioreactors in
nanostructures® and tandem catalytical reactions in nano-
channels,” might play a significant role in future chemical
engineering. However, more attention should be devoted to the
rational design of chemical reactions within nanochannels,
such as the reactant/channel size ratio and the distribution
density of catalysts. Aside from 1D nanochannels, other
dimensional structures (0D, 2D, and 3D) have also attracted
much attention in exploring the confinement effects during
catalytical reactions. As materials with different dimensions
have unique geometric and electronic structures, it is an inter-
esting point to distinguish the differences and similarities of
CCE between them, which will benefit towards disclosing the
fundamental mechanism of such systems and building
a unified theory of CCE. Future work should also focus on the
durability and recyclability of catalysts within nanochannels
and the optimized location of active sites. We believe that with
an in-depth mechanism study of CCE both in chemical and
biological fields, nanochannels could play an essential part in
next-generation catalytic systems.
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