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Abstract

Metal nanomaterials have exhibited excellent performance in electrocatalytic applications, but they still face the
problems of poor stability and limited regulation strategies. It is an efficient strategy for greatly enhanced catalytic
activity and stability by introducing a second component. In this review, we provide the sketch for the combination of
metal nanomaterials and cucurbit[r]urils (CB[n]s) in electrocatalytic applications. CB[n]s are a series of macrocycles
with rigid structure, high stability, and function groups for coordinating with metal sites, which make them promising
to stabilize and modulate the metal nanomaterials for ideal performance. The discussion classifies the roles of CB[n]s,
involving CBln]s as protecting agents, CB[n]-based supramolecular self-assemblies and CB[n]s as the precursor for the
preparation of N-doped holy carbon matrix. Various metal nanocatalysts including metal (Pt, Ir, Pd, Ru, Au) nano-
particles, metal (Fe, Co, Ni) single-atoms, and transition metal carbides (TMCs) have been integrated with CB[n] or CB
[n]-derived carbon matrix. These nanomaterials show superior activity and stability in multiple electrocatalytic re-
actions, including oxygen reduction reaction (ORR), oxygen evolution reaction (OER), hydrogen evolution reaction
(HER), carbon dioxide reduction reaction (CO,RR), methanol oxidation reaction (MOR), and ethanol oxidation re-
action (EOR). Furthermore, a few metal-CB[n] composites can become bifunctional catalysts applied in the overall
water splitting and fuel cell. It is surprising that the activity of CB[n]-based nanocatalysts is comparable with that of
commercial catalyst, and the stability is even better. The experimental analysis together with the density functional
theory (DFT) calculations verifies that the improvement can be attributed to the interaction between the metal
nanocrystal and CB[n]s as well as the characteristic stability of CB[n]s. Finally, we talk about the challenges and
opportunities for the cucurbit[n]uril-based electrocatalysis. This review provides an impressive strategy to obtain well-
defined metal nanomaterials constructed with CB[n]s with enhanced performance, and expects that such a strategy
will develop more efficient catalysts for a broader range of electro-applications.
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1. Introduction methanol fuel cells (DMFCs) and the direct ethanol
fuel cells (DEFCs), water splitting composed of the
hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER), and the carbon dioxide
reduction reaction (CO,RR). In all these applica-
tions, the reactions always trouble with some
similar problems, for example, the sluggish ther-
modynamics and kinetics, together with the highly
corrosive reaction intermediate, which greatly
restrict the efficiency [3—6]. Moreover, commercial
catalysts, like Pt/C and Pd/C, have a high cost and
face quick deactivation arising from the metal
particles aggregation and the carbon support

Electrocatalysis is a process in which a catalyst
can accelerate a redox reaction on the surface of an
electrode under applied potentials. Efficient elec-
trocatalysis using renewable electricity can offer a
promising energy conversion strategy to afford
high-valuable feedstocks, which is expected to
facilitate carbon neutrality [1,2]. Hence, developing
high-efficiency electrocatalysts is urgently needed.
Currently, electrocatalysts have been widely
applied in fuel cells to promote the cathodic oxy-
gen reduction reaction (ORR), such as the direct
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corrosion, causing failure to fulfill practical appli-
cations [7,8]. Accordingly, it is highly desired to
explore efficient and cost-effective electrocatalysts
with enhanced catalytic activity and excellent
durability.

Metal nanomaterials have been widely studied
for electrocatalysis with unique crystal structures,
well-defined facets, and high surface area [9,10].
For example, Cu nanocubes (NCs) with the size of
44 nm exhibited the enhanced selectivity of CO,RR
with the faradaic efficiency (FE) of 80% at —1.1V us.
reversible hydrogen electrode (RHE), suggesting a
1.43-fold enhancement compared with the com-
mon Cu foil [11]. However, metal nanomaterials
are wusually plagued by agglomeration and
decrease of surface area, leading to poor stability
and reduced activity. It has been reported that the
degradation of the Cu NCs turned more serious
with a smaller size, and caused an obvious
decrease of the FE toward CO,RR and an increase
of the FE toward competitive HER [12].

Introducing a second component into metal
nanomaterial is an effective strategy to enhance the
activity and stability of the catalysts [13]. Moreover,
the interaction between the nanosized metal and
the second component might modulate the elec-
tronic properties of the active sites [2]. In one
study, well-dispersed Ru nanoparticles were
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supported on a nitrogenated holey two-dimen-
sional carbon structure (Ru@C,N) [14]. For HER,
the Ru@C,N catalyst showed low overpotentials at
10 mA-cm™? (135 mV in 0.5 mol-L™" H,SO, and
17.0 mV in 1.0 mol-L~* KOH), and high stability in
10,000 potential cycles. Such performance was
comparable with the commercial Pt/C, due to the
similar hydrogen binding energy, which is
demonstrated by the density functional theory
(DFT) calculations. In another study, novel core-
shell structured nanoparticles with Au core and
Aulr; alloy shell (Au@Aulr,) were employed as an
efficient catalyst for the overall water splitting
(Fig. 1) [15]. The interaction between Au and Ir
atoms could construct partially oxidized surfaces
and thus enhance their catalytic activity by 4.6
times toward OER compared with those of com-
mercial Ir catalysts. Moreover, this catalyst showed
excellent HER catalytic properties comparable to
those of commercial Pt/C. Then, the Au@Aulr,
catalyst used in the overall water splitting cell
achieved an outstanding activity for a low cell
voltage of 1.55 V at 10 mA-cm * and stability for
more than 40 h, while for commercial Ir/C||Pt/C,
the low cell voltage was 1.63 V maintained within
few minutes. Both the experimental results and the
DFT calculations revealed that the distinctive
partially oxidized surfaces could balance different
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Fig. 1. (A) Low-magnification dark-field and (B) high-resolution transmission electron microscopic (TEM) images of Au@Aulr,. (C) High-angle
annular darkfield scanning TEM image and the corresponding energy dispersive X-ray (EDX) mapping of (D) merged signal of Au (gold), and Ir
(blue). (E) Polarization and (F) chronopotentiometric curves at 10 mA-cm ™2 for overall water splitting of Au@Aulr,||Au@Aulr, and Ir/C||Pt/C.
Reproduced with permission of Ref [15]. Copyright 2021, American Chemical Society.
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binding intermediates to enhance the perfor-
mance. From the above reports, it can be seen that
introducing a second component will greatly
regulate the metal electronic properties, and
enhance the activity and stability.

Cucurbit[n]urils (CB[n]s, n = 5—8,10,14) are a
series of rigid macrocycles constructed by glyco-
luril units and methylene bridges with a hollowed-
out pumpkin shape and a hydrophobic cavity
(Fig. 2) [16]. CBI[n]s were first obtained by Behrend
and coworkers in 1905 through an acid-catalyzed
condensation reaction of glycoluril and formalde-
hyde, and the chemical structure characterization
of CB[n]s was uncovered by Mock and co-workers
in 1981 [17,18]. For Cucurbit[n]urils, n is the num-
ber of monomers. With the increased n value, the
size of the hollow cavity enlarges. When the cavity
is large enough, CB[n]s, as host molecules, can
partially or even completely envelop some guest
molecules in the cavity to form an inclusion [19].
Moreover, the charge on the surface of cucurbit[n]
uril has a special distribution, especially the
negative carbonyl-fringed portals that have strong
interaction with positively charged guests. In
addition, cucurbit[n]urils exhibit high chemical
and thermal stabilities. The most stable macrocy-
clic CB[#n] is CB[6], composed of six glycoluril units
and twelve methylene bridges. However, CB[n]s
have poor solubility in water and organic solvents,
which limits their development. For example, CB
[n]s with poor solubility would be hard to bind
with metal and organic ions in the neutral condi-
tion, causing trouble with supramolecular self-as-
sembly formation [20]. To solve such problems,
decamethylcucurbit[5]uril (Me;oCB[5]) was firstly
synthesized by fully methyl-substituted glycolurils

instead of glycolurils as the precursor and showed
enhanced solubility in water.

Because of their excellent stability, hydrophobic
cavities for guest molecules, function groups at the
end position for coordination, and rich surface
charge, CB[n]s are very suitable to be combined
with metal nanomaterial, and shed influence on
their activity and stability. For the first time, gold
nanoparticles (Au NPs) capped by CB[5] (CBI5]-
AuNP) were obtained, where CB[5] played the role
in the limitation of growth or merging of AuNPs
[22]. The composites showed enhanced stability,
due to the strong interaction between the Au NPs
and CB[5] via their electron-rich carbonyl portals.
Moreover, the self-assembly of the CB[n] with the
metal ion is another effective strategy for the well-
defined nanocrystal superstructures [23]. Our
group verified the vital role of CB[n]s in the
nanocrystal application in the Suzuki-Miyaura
cross-coupling reactions and Heck cross-coupling
reactions. In one work, palladium nanoparticles
(Pd NPs) with different shapes and sizes protected
by CB[6] (CB[6]-Pd NPs) were obtained [24].
Additionally, CB[6]-Pd NPs showed excellent cat-
alytic performance for direct C-H functionalization
reaction [25]. The catalyst exhibited excellent per-
formance and remarkable stability due to the
electrostatic interaction between CB[6] and Pd
NPs. In another example, a series of supramolec-
ular assemblies (MPdMe ,CB[5], M = Li, Na, K,
Rb, or Cs) were obtained and used as efficient
catalysts for Heck cross-coupling reactions [26].
The authors uncovered the vital role of Me;,CB[5]
to control the release of active Pd species from the
crystalline hybrid catalysts into the reaction system
to ensure good recyclability.
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Fig. 2. X-ray crystal structures of CB[n] (n = 5—8). Color codes: carbon, gray; nitrogen, blue; oxygen, red. Reproduced with permission of Ref [21].

Copyright 2003, American Chemical Society.



Combined with the favorable property of nano-
materials and the remarkable stability of CB[n]s,
the metal-CB[n] composites showed an excellent
performance in organic catalysis, which inspires us
to extend their application to electrocatalysis. In
recent years, our group has made considerable
efforts in developing the metal NPs constructed
with the CB[n]s and obtained considerable
achievements. In this review, we will summarize
the role of CB[n]s in electrocatalysis in the
following three aspects (Fig. 3). (i) CB[n]s as the
protecting agents to restrict the growth of metal
crystals. (ii) CB[n] as the host molecules to
construct the supramolecular self-assemblies. (iii)
CBln]s as the precursors for N-doped carbon ma-
trix via pyrolysis. In the end, we offer a summary
together with perspectives on the challenges and
opportunities for cucurbit[n]uril-based metal
nanomaterials applied for electrocatalysis.

2. Cucurbit[n]urils as protecting agents

For the huge cucurbit[n]uril family, Cucurbit[6]
uril (CBJ6]) stands out with a lot of advantages. CB
[6] is composed of six glycoluril units fused by

The Protecting Agent
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twelve methylene. CB[6] has interactions with
metal nanoparticles (NPs) through electrostatic
attraction between its carboxylate portals and the
surface atoms of NPs. Importantly, CB[6] as a rigid
macrocyclic molecule when capping on the metal
NPs can leave enough accessible active sites on the
surface for substrates sorption during the catalytic
procedure. Taking these advantages, our group has
successfully prepared a series of CB[6]-metal
nanocomposites as electrocatalysts for energy
conversions.

Electrolytic water splitting is the most promising
method for large-scale hydrogen production. For
the anodic half-reaction of water splitting, the 4-
electron-transfer oxygen evolution reaction (OER)
has been plagued by sluggish reaction kinetics,
especially in acidic media required for higher
overpotential causing serious catalyst degradation.
For the complicated OER, effective and long-life
catalysts are prerequisites to minimizing over-
potential to realize commercial large-scale pro-
duction. Ir-based materials are the most suitable
electrocatalysts for OER in acidic electrolytes
[27,28].
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Fig. 3. A summary of the roles of CB[n]s in various electrocatalyses.
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A lot of studies have revealed that the hydrated
amorphous oxyhydroxides with Ir*** and unco-
ordinated O/Ir atoms (IrO,) show superior activity
for OER. However, it is still a big challenge that the
Ir nanocatalysts construct with the surface of
controllable Ir oxide composition and maintain
such composition during catalytic processes. Using
CBI6] as a protecting agent, CB[6]-Ir NPs with
controllable surface Ir oxidation composition have
been successfully prepared by reducing the Ir
precursor in the presence of CB[6] with NaBH, in
an ethanol/water mixture solution [29]. The frac-
tion of surface-active IrO, could be effectively
adjusted by tuning the various proportions of CB
[6] and Ir precursor. Thus, CB[6]-Ir (CB[6]-Ir1, CB
[6]-Ir2, and CBJ[6]-1r3) were obtained with different
metal mass ratios of 2.0%, 3.0%, and 3.5%,
respectively. Ir particles in the three samples were
distributed uniformly with the similar size of
2.0 + 0.2 nm, composed of face-centered cubic Ir
for bulk verified by powder X-ray diffraction
(PXRD), and the coexistence of Ir and IrO, for
surface tested by X-ray photoelectron spectroscopy
(XPS) and X-ray absorption near-edge spectros-
copy (XANES) (Fig. 4).

CBJ6]-Ir2 performed the best among the three
candidates, giving the highest activities for OER
and HER as the overpotential were 270 mV and
54 mV, respectively, at a current density of
10 mA-cm 2 in 05 mol-L™! H,S0, electrolyte
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(Fig. 5). Moreover, CB[6]-Ir2 NPs could be seen as a
bifunctional catalyst for extraordinary OER and
HER catalytic performances in the acidic electro-
lyte. CB[6]-Ir2 NPs only required 1.56 V to achieve
10 mA-cm 2, which is among the highest activities
reported. The CB[6]-Ir||CB[6]-Ir cell showed high
stability of 20 h for continuous operation at
5 mA-cm 2 with less than a 5% potential increase.
The authors attributed the remarkable perfor-
mance to the coordination interaction between Ir
atoms and CBJ6]. This coordination interaction was
identified by extended X-ray absorption fine
structure (EXAFS) and electron energy loss spec-
troscopy (EELS). Moreover, DFT calculations veri-
fied that the electronic states of the Ir NPs surface
were affected by the surface-adsorbed CB[6] mol-
ecules corresponding to XANES and XPS results.
The computational results show that the lower O,
affinity energy might be favorable with surface-
active IrO, and the Ir—O—C bonding as the
dominating reasons for the enhanced activity and
stability. Although few catalysts constructed with
macrocycle were reported, this work will stimulate
the metal-macrocycle molecule interactions that
might be extendible to other electrocatalytic
reactions.

Except for the role of CB[6] in the enhanced
catalytic performance, CB[6] as a 3D molecule
impacts the nucleation and growth kinetics of
metal nanocrystals. In an early report, three sub-
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Fig. 4. (A) Conceptual picture of CB[6]-Ir composite. (B) HRTEM image and (D) Ir4f XPS of the as-prepared CB[6]-Ir2. (C) XRD patterns of the
CBI[6]-Ir catalysts. (E) XANES data on the Ir Lz-edge of the CB[6]-Ir composites, commercial Ir bulk powder, and IrO,. Reproduced with

permission of Ref [29]. Copyright 2019, American Chemical Society.



6 Journal of Electrochemistry, 2023, 29(1), 2215008

30
(A) | ——CB[6}-Ir1
~— CB[B]-Ir2
B . CB[6}-Ir3
Ir black

20 | S0

10

-
5
15
2"
£

1.40 1.45 1.50 1.55

Potential (V vs. RHE )

(©) =
—— CB[6]-Ir2 || CB[6]-Ir2
——PYC || IC
40 4
o~ 304
£
o
2 20 4
E
"~
10 4
0
L} T T L) Ll L]
1.3 14 18 16 1.7 18 1.9 20

Potential (V vs. RHE )

1.60

e CB([B]-Ir1
——CB[8]-Ir2
1 CB(B]-Ir3
—PUC
012 -0.'10 -0,'08 -0,'06 -0.'04 -0.'02 0.00
Potential (V vs. RHE )
(D) °
—PHC || IiC

- ——— CBI[6]-Ir2 || CB[6]-Ir2
w 1.8 <
o i
o
o 164
>
<
E 1.4 4
N FESSER e
&
8 1.2

1) gy ————————————

T
0 2 4 6 14 16 18 20

8 10 12
Time (h)

Fig. 5. (A) Polarization curves into the OER region of CB[6]-Ir composites, commercial Ir black, and IrO,. (B) Polarization curves into the HER
region of CB[6]-Ir composites and commercial Pt/C. (C) Polarization and (D) chronopotentiometric curves at 5 mA-cm™2 for overall water splitting
of the CB[6]-Ir2||CB[6]-Ir2 and commercial Pt/C||Ir/C cells, respectively. Reproduced with permission of Ref [29]. Copyright 2019, American

Chemical Society.

10 nm Pt NPs with distinctive shapes stabilized
with CBJ[6] (CB[6]-Pt NP) were produced through
the mediation of different components of reducing
agents [30]. CB[6]-Pt NP with ethylene glycol (EG)
and ascorbic acid (AA) exhibited enhanced activity
for the methanol oxidation, and particularly the
outstanding poisoning intermediates tolerance
(Fig. 6). The activity improvement of Pt-based NPs
is mainly owing to the multipod morphology
exposed sufficient active sites in the large stepped
surfaces obtained by the kinetic control with the
co-reducing agents. The excellent poisoning toler-
ance of the CB[6]-Pt hybrids is attributed to the
vital role of CB[6] that decreased the bonding
strength between Pt and poisonous intermediates
and thus facilitated the reaction. This strategy
provides a simple and an effective route to develop
Pt-based NPs through simple physical mixing with
CBI6] for high electrocatalytic performance, and
can also be potentially extended to other metals.
Our group reported that CB[6] capped Pd
nanocubes (CB[6]-Pd NCs) in various sizes pre-
pared by changing the ratio of CB[6] to metal
precursors through wet-chemistry methods [31].

The colloidal synthesis of nanocrystals in control-
lable and uniform morphology extensively re-
quires the assistance of capping agents for
controlling the growth of crystal facets and thus the
surface structure of the results. The most typical
one is polyvinylpyrrolidone (PVP) polymer. How-
ever, PVP as a strong surfactant covers the active
sites and then deteriorates the catalyst perfor-
mance. Although some methods can remove PVP
adsorbed on the catalyst surface, the morphologic
destruction of nanocrystals, as well as the evitable
aggregation of metal NPs might occur during the
complicated post-treatment. For the first time, Pd
NCs could be successfully synthesized with CB[6]
instead of PVP due to the similar carbonyl func-
tional group (Fig. 7). Compared with the surfac-
tant-free commercial Pd black, commercial Pd/C,
and PVP-Pd NCs, CB[6]-Pd NCs had the best
electrocatalytic activity and stability toward
ethanol oxidation reaction (EOR). Especially, the
oxidation peak potential of CB[6]-Pd NCs was
—233 mV, which is more negative than others, and
the durability of the CB[6]-Pd NCs maintained 17 h
of potential cycling. The reason why CBJ[6]-Pd NCs
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had the best electrocatalytic efficiency was that
rigid macrocyclic structured CB[6] provided a ste-
ric effect that controlled the Pd cubes with a uni-
form size of sub-5 nm and leaves bare catalyst
surfaces to ensure the high electrochemically
active surface area for ORR. Besides, the electronic
interaction between CB[6] and Pd NCs weakened
the adsorption of poisoning CO species, which in
turn released more active sites and promoted the
reaction. Hence, more active sites due to CB[6] as
the weak but effective protecting agent instead of
PVP participated in ORR enhanced the catalytic
activity and stability. This work points out a new
protocol relied on macrocycle molecules to play a
vital role in controlling the morphologies of metal
nanocrystalline.

CBI6] as a weak protecting agent for controlling
the morphology of metal nanocrystalline has also
been demonstrated for the well-dispersed multi-
pod Pd NPs [32]. The multipod Pd NPs stabilized
by CB[6] (multipod Pd-CB[6]) were prepared by
PdCl, reduction with oleylamine (OAm), 1-octa-
decylene (ODE), in the presence of CB[6] as a co-
protecting agent. The multipod Pd-CB[6] showed
great potential as an electrocatalyst toward both
anodic EOR and cathodic ORR of fuel cells. DEFCs
have been seen as environmentally friendly energy
conversion devices with high efficiency and are
convenient to transport and handle. The commer-
cial Pd nanocatalysts are troubled by poor activ-
ities, weak stabilities, and low tolerance to reaction
intermediates, so an urgent requirement is the
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efficient Pd-based nanomaterials developed in
DEFCs. The well-defined multipod structure sta-
bilized by CB[6] in this work showed exceptionally
enhanced performance for high ECSA and further
enabled the studies on the interaction between CB
[6] and metal nanocrystals in these reactions. Even
if multipod Pd-CB[6] and multipod Pd were in
similar shape and size observed from TEM images,
and composed of metallic Pd confirmed by PXRD
(Fig. 8), multipod Pd-CB[6] exhibited enhanced
activity as the peak current for EOR was
10.3 mA-cm™ <, about 1.8 and 3.0 times than those
of multipod Pd and commercial Pd/C, respectively,
and the best durability with CB[6] protected
(Fig. 9). Moreover, when evaluated as electro-
catalysts toward ORR in O,-saturated 0.1 mol-L™"
KOH electrolyte, multipod Pd-CB[6] exhibited the
best mass activity, and especially the longest

stability for 36,000 s. The improvement can be
ascribed to the interaction between the catalytic
particles and CB[6] corresponding to the
increasing percentage of Pd*" of the nanocrystal
surface and a redshift of the carbonyl peak verified
by XPS and infrared (IR) spectroscopic analysis.
This work provides a broader perspective for
developing well-stabilized Pd NPs with CB[6] with
good electrochemical activity and stability in fuel
cells.

Apart from the interaction between metal
nanoparticles and CBJ[6] facilitating the activity and
stability for various catalytic reactions in the above
works, a third component introduced provides the
potential to break through the bottleneck. The
catalysts for environmentally friendly HER over
the whole pH range have attracted much attention
but usually suffer from low durability and high
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overpotential. Our group reported well-dispersed
Ru nanoclusters (Ru NCs) on thin reduced gra-
phene oxide stabilized by CB[6] (Ru-CB[6]/rGO)
through a simple solvothermal method [33]. With
the protection of CB[6], the ultrafine Ru NCs with
the size of ca. 1.9 nm uniformly distributed on the
rGO nanosheets (NSs) with the thickness of
3.4 nm, avoiding stacking observed by TEM and
atomic force microscopy (AFM) (Fig. 10). The
ternary nanohybrid showed superior performance
in that the overpotentials at —10 mA-cm 2> were
only 44, 72, and 48 mV in acidic, alkaline, and
neutral media, respectively, which are much
higher than those of other binary candidates. For
the stability in an acidic solution, the advantage for
Ru-CB[6]/rGO became obvious for 24 h with just
19 mV decline, while the overpotential of com-
mercial Pt/C lost 221 mV after only 8 h test
(Fig. 11). The improvement can be attributed to the
intrinsic characteristic of the Ru NCs with abun-
dant active sites and rGO nanosheets with the
charge transfer promotion and the protection of
CBI6] for the maximum of those advantages to
effectively prevent the catalyst from poisoning.

This strategy by the addition of the third part en-
dows the enhancement for the wider application,
and the protection of CB[6] ensures the high sta-
bility of the catalysts.

3. Cucurbit[n]uril-based supramolecular self-
assemblies for electrocatalysis

Except for the synthesis of the metal nano-
materials through the physical mixing of metal
precursors with CB[6], another sophisticated
strategy via the supramolecular self-assembly of
CB[n] and metal was also developed for the
exploitation of the electrocatalysts.

It was reported that well-dispersed ultra-small
Pd NPs (Pd-Me;,CBJ[5]) with the size of ca. 2.4 nm
were successfully obtained through the thermal
reduction of [(H,O),(MeqCB[5]@H,0)]-[PdCl,]-
3H,0-(PdCls;-MeoCB[5]) (Fig. 12) [34]. The unique
supramolecular self-assembly was composed of
macrocyclic decamethylcucurbit[5]uril (Me;oCB[5])
and [PdCly]*>~ though H-bonding obtained by the
diffusion method in the H-shape tube and then
used as the catalyst for the electrocatalytic CO,

Fig. 10. (A) HRTEM and (B) AFM images of Ru-CB[6]/rGO. Reproduced with permission of Ref [33]. Copyright 2020, Royal Society of Chemistry.
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reduction reaction (CO,RR). The electro-reduction
of CO; as a promising method to produce chem-
icals and fuels has attracted increasing interest but
is limited by the large energy barrier and the su-
periority of competitive HER. Pd-based nano-
catalysts are efficient in CO,RR to CO due to the
strong binding energies for the intermediates. The
obtained ultra-small Pd NPs were evenly loaded
on Me;(CB[5], showing excellent catalytic selec-
tivity for CO as the maximum FEco reached 92.5%
at —0.6 V vs. RHE in 0.5 mol-L~' KHCOj; and the
stability lasted for 12 h. Such catalytic properties
far outperformed the commercial Pd/C catalyst,
which was attributed to the role of rigid macrocy-
clic Me;oCBI5] as a stabilizer and support to bare
more low-coordinated surface atoms favored with
reaction intermediates verified by the high ECSA
value. The distinctive method in this work of the
preparation of Pd-based nanocatalyst for CO;RR to
CO may be extended to the other nano-sized metal
catalysts.

Our group also reported Au NPs (CB[n]-Au NPs)
with a size of ca. 4 nm through a similar method for
the reduction of the supramolecular assemblies
composed of [AuCl,]™ and macrocyclic Me;,CBI[5],
and cucurbit[n]urils (CB[n]s, n = 5, 6, 8) (Fig. 13)
[35]. MeoCB[5]-Au NPs exhibited the highest
selectivity for CO as the FEco achieved 93.2% at
—0.6 V vs. RHE in 0.5 mol-L~ ! KHCO; and CBJ6]-
Au NPs showed comparable selectivity as the FEco
reached 91.6% and superior stability for 72 h. The

enhanced performance was ascribed to the high-
density uncoordinated surface atoms of Au NPs as
the abundant active sites. Moreover, the CB[n]
macrocycles ensure the formation of ultra-small
Au NPs. During the reaction, the CB[n] macro-
cycles could effectively protect nanoparticles from
aggregation, then directly modulate the affinity to
the intermediates to facilitate the CO,RR and
inhibit the rival HER. This work proves an effective
strategy for the exploitation of CB[n]-based cata-
lysts for various electrochemical reactions.
Additionally, the third composition except CB[n]
and metal NPs of supramolecular assembly could
play an important role in the catalytic perfor-
mance. Our group reported a series of Pt-based
supramolecular assemblies (MPtMe;(,CBI5],
M = Na, K, Rb, or Cs) with an alkali metal ion to
coordinate with Me;(CB[5] through the slow
diffusion method and tested as an electrocatalyst
for ORR in acidic media (Fig. 14) [36]. Single-
crystal X-ray diffraction characterization indicated
the different space groups with the various alkali
metals, which caused the diverse electron structure
of the adjacent Pt atom revealed by the DFT in-
vestigations. When performed in an electrolyte of
0.1 mol-L™' HCIO,, the catalytic activities of
various MPtMe;,CB[5] toward ORR were found to
follow the order of Cs < Rb < K < Na. The NaPt-
Me;oCB[5] catalyst showed the best performance
with a half-wave potential of 0.713 V, and a limiting
diffusion current density of 6.63 mA-cm 2 which
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was closed to those of the commercial Pt/C cata-
lyst, and kept stable over 1000 cycles. This
enhancement was attributed to the optional charge
population of the active sites modulated by the
alkali metal and the good resistance of the supra-
molecular assemblies with CB[n]. This work opens
a new protocol for the third composition such as
alkali metals introduced in the metal-CB[n] com-
pound to broaden the electrocatalytic applications.

This promising approach of CB[n] assembled
with the third part provides the potential to exceed
the catalytic performance of other homologs. A
new covalent organic framework (COF-TPP-CBI[6])
was obtained based on perpropargyloxy CB[6]
assembled with TPP-Zn-4Nj; [37]. To enhance the
HER performance, a small amount of Ni was
introduced as the cocatalyst. 12%Ni@COF-TPP-CB
[6] with 12% Ni loading showed great HER cata-
lytic property as 18.7 mmol-g '-h™ ' of hydrogen.
In another work, CB[8] was used to construct a
two-dimensional polypseudorotaxane as the plat-
form for the preparation of Pt NPs (PtNPs@(CB[8]/
DMV/TPP-Np)) [38]. The sample was efficiently
applied in the electrochemical synthesis of nitro-
gen reduction to ammonia with a high yield.

Moreover, supramolecular self-assemblies could
provide a promising strategy in the lithium battery
application. CB[6] was reported as a supramolec-
ular capsule in lithium-sulfur (Li-S) batteries [39].
The battery equipped with CB[6] showed a greatly
improved capacity from 300 to 900 mAh-g ™. This
improvement was attributed to the abundant
adsorptive sites on CB[6] to ensure the store and
release of lithium polysulfides (LiPSs). Subse-
quently, an unconventional supramolecular elec-
trolyte (SSE) was obtained based on CB[6]
assembled with Li salts [40]. SSE exhibited a great
Li ion conductivity of 2.9 x 10°* S-em™' at room
temperature (25 °C), which benefited from mod-
erate bonding energies and suitable Li chemical
environments. Hence, it is confirmed that supra-
molecular self-assemblies have the potential to
construct well-performed materials for electro-
chemical application.

4. Cucurbit[n]uril as precursor for the
preparation of carbon matrix

The pyrolysis method for providing N-doped
carbon material is a conventional approach to
fabricating electrocatalysts. The most frequently-
used precursor is the mixture of carbon sources
(such as carbon tubes [41], graphene [42], and
graphite [43]) and nitrogen sources (such as urea
[44]). However, the separated C and N sources lead
to the uneven distribution of N in the carbon lat-
tice. To solve this problem, metal-organic frame-
works and mesoporous silica are recently utilized
to produce N-doped carbon material, but some
resident elements from these templates require a
post-treatment. Therefore, it is important to
develop a new precursor for the N-doped carbon
matrix.

Our group reported that the macrocycle CB[6]
was utilized as the precursor to prepare N-doped
holey carbon (NHC) (Fig. 15) [45]. CBJ[6] is featured
with a metal-free and rigid porous backbone,
together with high N content (34%). After the high
temperature pyrolysis procedure, the N-doped
carbon showed inherent abundant N content and
in-plane holes. The nitrogen-sorption isotherms at
77 K showed that NHCs exhibited Type-IV iso-
therms with a hysteresis loop, indicating the exis-
tence of micro- and mesopores. The obtained
NHCs from CB[6] were then utilized for ORR
process. NHC-800 (pyrolysis temperature of
800 °C) exhibited the best activity (onset potential
of 0.88 V), higher than the commercial Pt/C.
Moreover, NHC-800 showed good stability and
methanol tolerance. The satisfactory performance
of NHC could be attributed to its porous structure,
abundant active N-species, and in-plane holes.
This is the first report on preparing NHC with
cucurbit[n]urils, which presents an encouraging
catalog of precursors to afford a functional carbon
matrix.

Furthermore, CB[6] was developed as the pre-
cursor to prepare atomically dispersed metal-
doped carbon electrocatalysts. The Fe-doped
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Fig. 15. (A) A HADDF-STEM image of NHC-800. (B) Nitrogen sorption isotherms of NHCs. (C) LSV curves of NHCs and 20 wt% Pt/C catalyst.
(D) Methanol tolerance testing curves of NHC-800 and Pt/C at the RHE working potential. Reproduced with permission of Ref [45]. Copyright

2019, Royal Society of Chemistry.
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carbon (SC-Fe) electrocatalyst was firstly synthe-
sized [46]. Fe atoms were well dispersed on the
porous carbon from the pyrolyzation of CB[6]
without the template synthesis. Compared with
the supramolecule-derived carbon (SC) catalyst,
the SC-Fe catalyst exhibited greatly enhanced
property for ORR. For SC-Fe, the half-wave po-
tential was 0.869 V, which was 100 mV higher than
SC. The improvement suggested the well
dispersed Fe atoms as the active sites for ORR.
Afterward, a series of M-N-C single-atom elec-
trocatalysts were obtained and exhibited excellent
ORR performance in another work [47]. After py-
rolyses of CB[6] and Fe (Co, Ni) chloride at 900 °C,
Fe-NHC, Co-NHC, and Ni-NHC single-atom
electrocatalysts could be fabricated (Fig. 16). The
HAADF-STEM image showed the holey structures
over the whole carbon matrix, which promotes the
homogeneous dispersion of metal sites. Moreover,
the isolated Fe metal sites were confirmed by ab-
erration-corrected high angle annular dark-field
scanning transmission electron microscopy (AC-
HAADF-STEM). N, adsorption-desorption anal-
ysis proved the existence of a hierarchical micro/
mesoporous structure, which is indispensable for
the generation of an ample electrode/electrolyte
interface for ion or charge accumulation perfor-
mance during the ORR. The three catalysts were
tested for ORR, which showed that Fe-NHC has
the best performance, better than Co-NHC, Ni-
NHC, and commercial Pt/C. Inspired by this result,
Fe-NHC was further employed for the Zn-air bat-
tery, and was able to achieve higher power and
energy density with longer-term stability than Pt/
C + Ir/C catalyst. This work demonstrates the
potential and advantages of fabricating single-
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atom catalysts by pyrolysis of porous substrates,
such as CB[6].

As a promising replacement for Pt-based ORR
catalysts, transition metal carbides (TMCs) have
similar electronic structures to Pt near the Fermi
level, excellent electrical conductivity, high oxida-
tion resistance, and good methanol or CO tolerant
capability [48]. It is of great significance to develop
suitable support for nanosized TMC. Using CB[6]
and melamine (MA) together as carbon precursors,
the obtained NHC featured abundant defective
sites and high nitrogen content, which is ideal
support for TMC. Phosphomolybdic acid, CBI6],
and MA were first mixed and treated to produce
mel/CB[6]/PMo;,, then pyrolysis of this precursor
produced the Mo,C/NHC composite. TEM images
illustrated that Mo,C NPs with an average size
distribution of 1.5 nm were uniformly distributed
on the NHC matrix (Fig. 17). Raman spectra indi-
cated that the introduction of MA generates more
defects. In the ORR reaction, Mo,C/NHC is com-
parable to that of noble metal Pt/C benchmark
catalyst with an initial potential (0.95 V), half-wave
potential (0.84 V), and limiting current density
(5.0 mA-cm~2). Thanks to the strong interaction
between the Mo,C NPs and the carbon support,
the Mo,C/NHC exhibited good long-term dura-
bility, maintaining 77.21% current density after
25 h chronoamperometric (CA) testing. This work
firstly showed the advantage of cucurbit[n]urils to
fabricate TMCs as a cost-effective electrocatalyst
with high catalytic activity and outstanding long-
term durability.

Except for ORR, metal-doped carbon electro-
catalysts show great potential for HER. A series of
Iridium-doped mesoporous carbon (CBC-Ir)

16 1 1
——Fe-NHC T e |17 (G) o — T

T4 150 8 =12 4102 08 7
T —— PUCHIC S S ™ —
12 120 mwWiem? ﬂsg 3 09 "W
3 F > 06 ~
>10 102 >
s & S o3{ - FeNHC —
Sos i S,M PUCHIAIC
206 03 =
S = 6-03

04 =g > e

02 > 091 Current Density: mA/cm’|

0 50 100 150 200 260 300 0 20 40 60 80 100 120
i (mA/em?) t (min)

Fig. 16. (A) Schematic illustration of the preparation of CB[6]-derived M-N-C single-atom catalysts (In the structure of a single CB[6] molecule,
gray, black, blue and white represent O, C, N, and H, respectively.) (B) AC-HAADF-STEM image and (C) enlarged image of Fe-NHC (Some Fe
single atoms are highlighted by red circles). (D) Pore size distribution curves of CB[6]-derived M-N-C catalysts. (E) LSV curves of CB[6]-derived
M-N-C and Pt/C catalysts. (F) Discharge polarization curves and corresponding power density curves employing Fe-NHC or Pt/C + Ir/C catalysts
for air electrode. (G) Testing for open-circuit voltage and rate discharge curves of assembled ZABs using Fe-NHC and Pt/C + Ir/C catalysts at
different current densities. Reproduced with permission of Ref [47]. Copyright 2021, Elsevier.
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Fig. 17. (A) TEM images of the Mo,C/NHC sample. (B) Raman patterns of Mo,C/NHC, Mo,C/NHC-CBI6], and Mo,C/NC-melamine. (C) LSV
curves and (D) Chronoamperometric responses of Mo,C/NHC and Pt/C at a constant potential of 0.7 V in Oy-saturated 0.1 mol-L~" KOH
electrolytes. Reproduced with permission of Ref [48]. Copyright 2022, John Wiley.

materials were prepared based on CB[6] as the car-
bon precursor with various pyrolysis temperatures
[49]. Among them, the CBC-Ir-800-1.2 catalyst
exhibited superior performance as the over-
potentials of 17 and 33 mV in acid
(0.5 mol-L~'H,SO,) and alkaline (1.0 mol- L~ KOH)
electrolytes at 10 mA-cm 2, respectively. This HER
performance even surpassed that of commercial Pt/
C catalyst (28 and 43 mV). It is an encouraging
approach of introducing supramolecular macro-
cycles as the abundant N-doped carbon backbone
for synthesizing excellent electrocatalysts.

5. Conclusions and perspectives

In this review article, we have discussed how the
cucurbit[n]urils (CB[n]) played the role in metal
nano electro-catalysts. The CB[n]-metal compos-
ites, which integrate the merits of both greatly
stable CB[n]s and highly reactive nanocatalyst,
have been successfully synthesized by various
protocols, such as wet-chemistry and diffusion
methods. Moreover, the N-doped holey carbon
matrixes obtained by the pyrolysis of CB[n]s have
been verified as a promising support for the single
atoms or the clusters. For the role of CB[n]s in the
enhancement of activity, it could expose sufficient
active sites and maintain the favorable metal
oxidation state in the surfaces. Furthermore, the
enhancement of stability can be attributed to the
maintenance of morphology and dispersion of the
nanomaterials owing to CB[n]s.

However, there are very limited reports on such
CBIn]-metal composites and some challenges have
to be faced. For example, the bonding interactions
between CB[n]s and metal nanomaterials are so
complicated that few characterization methods
could demonstrate it accurately from the molecular
level. The relationship between the performance
and the inner structure of the catalytic system is
not clear enough. Thus, the development is pro-
ceeding slowly, but has great opportunities.

In the end, it is important to have a good un-
derstanding of such interaction, which is greatly
helpful for the construction of new CB[n]-based

metal nanomaterials. We expect that a novel
strategy of nanocatalysts stabilized by CB[n]s could
overcome the challenges, and develop more effi-
cient catalysts to be applied for broader electro-
applications.
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INRRES BAKELTINBLERTRR

ERfEr, HEMS, B owb
RERFRRAS LS SRS, R A 230026
b ER SRR MR WEISIN, R A 350002
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TSRAKRMEHE BN AP RAE RFNMRE, E2ENKIBH IREREEZMERRIRE R
Mo SINBETHSZT—MERRIKRE, EBRENMERLELEEESREN. EXRERP, HNRT
EESRBNKMEFNIR (CB[n]) BFREMNA. THE2—RIINAEBRIMEY. SREML. S2EKR
NN EREENAIR, ENEERESBMNAMEITINERITEE. AOHLRRBMININGESE, 83K
IMERRPF . TERENBES FEARBULTIMEAIRES SBERZ IR SMHERIPKELT,
BEEEMHAKFH (Pt, Ir, Pd, Ru, Au) « BHERF (Fe, Co, Ni) URIEEEmREY (TMCs)
IS MR MIRTAENBMHE S, FEESVRETSAELRETRTENFIMEEMBEN, &
HeETEERERE (ORR) « RN (OER) . fTf&8RN (HER) « ZHEH{HERKRE (CORR) |
AEiRy (MOR) « ZESEXKRN (EOR) « Hif, —L&&E-INRESYA#H—SHERNNTIEEEL
AT 2B R . TERERNPKELTI B FREEAELTNERE, E2HEREETNTEA
LTl XRATUARBEEZREL (DFT) R TIZRER TR MNEBAK R BHHEEE
AR MITFESNREN. &F, FNHLT MIAEBREEFINRESTE. AR R T BRI NERER
BEAMFMRENESBRAAME, HFRFZRREEMTARSRIELTFATESHNBRAZNAP.
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