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Substitutional N-doping of single-walled carbon nanotubes is a common strategy to enhance their
electrocatalytic properties in the oxygen-reduction reaction (ORR). Here, we explore the encapsulation
of SWNTs within N-rich macrocycles as an alternative strategy to display electroactive sites on the
surface of SWNTs. We design and synthesize four types of mechanically interlocked derivatives of SWNTs
(MINTs) by combining two types of macrocycles and two types of SWNT samples. Comprehensive
electrochemical characterization of these MINTs and their reference SWNTs allows us to establish
structure—activity relationships. First, we show that all MINT samples are superior electrocatalysts
compared to pristine SWNTSs, which serves as general validation of our strategy. Secondly, we show that
macrocycles displaying both N atoms and carbonyl groups perform better than those with N atoms only.

Finally, we demonstrate that a tighter fit between macrocycles and SWNTs results in enhanced catalytic
Received 26th April 2022 tivity and stability, most likely due t ffective charge-transfer between the SWNTs and th
Accepted 23rd July 2022 activity and stability, most likely due to a more effective charge-transfer between the s an e
macrocycles. These results, focusing on the ORR as a testbed, show the possibility of understanding

DOI: 10.1039/d2sc02346f electrocatalytic performance of SWNTs at the molecular level and thus enable the design of more active
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Introduction

Functionalization of single-walled carbon nanotubes (SWNTs)
with molecular fragments using covalent or noncovalent
chemistry is a common strategy to alter their physical properties
for their further application." Substitutional heteroatom
doping of SWNTs is another strategy towards the same end.*”
Among possible dopants (B, N, S, F, and P), the N dopant is
perhaps the most frequently studied, since the doping process
is typically facile, and the N-doped SWNTs maintain high elec-
trical conductivity and are typically easier to disperse in organic
solvents.*™* As potentially negative outcomes, N-doping intro-
duces defects into the SWNT structure, and the insertion of N
groups produces changes in the energy band arrangements
leading to creation of additional energy levels. Framed within
the search for carbon-based metal-free catalysts’*™” for fuel
cells*®" and metal-air batteries®*>*>*** N-doped carbon nano-
tubes have been reported as metal-free catalysts for the oxygen-
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and more stable catalysts in the future.

reduction reaction (ORR) with much better electrocatalytic
activity and operational stability than platinum.*®*” The intra-
molecular charge-transfer caused by heteroatom/defect doping
modifies the charge/spin distribution of the sp®-conjugated
carbon networks, yielding a more accessible chemisorption
mode of O, (and intermediates) and the subsequent electron
transfer for the breaking and forming of chemical bonds.?®**® In
addition, physically adsorbing polymers or conjugated mole-
cules have also been demonstrated to promote intermolecular-
charge transfer in carbon-based metal free electrocatalysts for
enhancing ORR activity.*® Previous reports demonstrated that
the adsorption of molecules such as anthraquinone (AQ) and
fullerene (Cgo) on carbon nanotubes boosted ORR catalytic
activities in alkaline and neutral solutions.**> Campidelli et al.
used a nanotube as a template for the formation of a polymeric
porphyrin layer which showed a higher ORR catalytic activity
compared with the monomeric porphyrin systems.** A few years
ago, we developed a clipping strategy to thread SWNTs through
macrocycles to form rotaxane-like mechanically interlocked
nanotubes (MINTs).>* Since then, groups led by Kruss, Von
Delius, and Ohe have described the encapsulation of SWNTs
into peptide barrels,* the use of disulfide bonds to connect
curved m-extended tetrathiafulvalene moieties®*® forming mac-
rocycles around the SWNTs, and the direct threading of rigid
cycloparaphenyleneacetylenes,*” respectively. We have demon-
strated that a wide number of macrocycles based on different

© 2022 The Author(s). Published by the Royal Society of Chemistry
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building blocks, including pyrene,*® m-extended tetrathiafulva-
lene,*** anthraquinone,* naphthalenetetracarboxylic diimide**
or porphyrins,*»* can be used for the encapsulation of SWNTs.

Beyond the synthetic challenge, we have shown that the
effect on the physical properties of SWNTs upon formation of
MINTs is fundamentally different from other functionalization
strategies.**** Based on this, we are investigating if/how the
mechanical interlocking strategy is advantageous in fields
where other chemistries did not succeed. For instance, we have
already shown that the use of MINTs as fillers in polymers
resulted in remarkable improvements in the mechanical prop-
erties of the composites.*® The intrinsic catalytic properties of
SWNTs can be modulated by n or p doping upon encapsulation
with electron-donating or withdrawing macrocycles, respec-
tively.*” Of more relevance to the present work, we have shown
that the formation of MINTS is a very promising immobilization
strategy when the main objective is to graft functional mole-
cules to the SWNT surface in a kinetically stable fashion, but
without covalent modification of the SWNTs. For example, to
attach catalytically active anthraquinones for the ORR,* or to
place and address molecular qubits for spintronic devices.*

In this work, we investigate the formation of MINTSs using N-
rich macrocycles as a novel strategy for preparation of SWNT
derivatives displaying N atoms on their surface and demon-
strate their ability as electrocatalysts in the ORR.

Results and discussion

The dibromo U-shape was prepared from bis(4-hydroxyphenyl)
methane through two consecutive Williamson's etherifications
with 11-bromoundecene and 1,4-dibromo-2,5-bis(-
bromomethyl)benzene, respectively. Then, the U-shape mole-
cule containing two triphenylamine (TPA) units (U-TPA, ESI{)
was prepared via Suzuki-Miyaura coupling in 72% yield in the
presence of Pd(PPh;), from dibromo U-shape. Similarly, the U-
shape containing two TPA and benzophenone units (U-CO-TPA,
ESIT) was also prepared from the corresponding dibromo-U-
shape. Two consecutive Williamson's etherifications from 4,4’-
dihydroxybenzophenone and a later Suzuki-Miyaura coupling
in 93% yield in the presence of Pd(PPh;), led to U-CO-TPA.
Macrocycles Mac-TPA and Mac-CO-TPA were synthesized by
ring-closing metathesis (RCM) of U-shape molecules. See
Scheme 1 for a summary of the synthetic procedure and the
chemical structures of the MINTS. Detailed procedures and full
characterization are described in the ESI.f We expected the
diphenylmethane or benzophenone spacer to provide sufficient
flexibility to form Mac-TPA or Mac-CO-TPA around SWNTs by
RCM of the terminal alkenes, which were facilitated through
supramolecular interactions between the aromatic units (TPA,
diphenylmethane, and benzophenone) and SWNTs.

We explored the formation of MINT-TPA and MINT-CO-TPA
through templated RCM of U-TPA or U-CO-TPA in the presence
of (6,5) and (7,6)-enriched SWNTs, which showed diameters of
0.78 nm and 0.88 nm, respectively, and are a good fit for our
macrocycles. SWNTs (20 mg) were dispersed in 20 mL of tetra-
chloroethane (TCE) by sonication. Then, U-TPA or U-CO-TPA
(0.01 mmol) and the 2™ generation Grubbs catalyst (0.01 mmol,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Synthetic pathway to U-shapes 1 and 2: (i) 11-bromo-1-
undecene (1 eq.), tetrabutylammonium bromide (0.5 eq.), NaOH (1
eq.), butanone/water, 85 °C, and 1 h; (i) 1,4-bis-bromomethyl-
benzene (0.4 eq.), K,CO3 (1 eq.), Kl (cat), DMF, 80 °C, and 20 h; (iii) 4-
(Diphenylamino)phenylboronic acid pinacol ester (2.5 eq.), Cs,COs
(2.5 eq.), Pd(PPh3)4 (mol 10%), toluene/ethanol/water, 90 °C, and 15 h;
an energy-minimized (MM94) model of (b) MINT(6,5)-1 and (c)
MINT(7,6)-1. The MINT models are displayed with the alkene in E
geometry arbitrarily, as the size of the cavity hardly changes in Z
configuration. Note that, experimentally, MINTs are obtained as
a mixture of E/Z isomers.

8.5 mg) were added, and the reaction was stirred at 60 °C under
nitrogen for 96 hours.*® Afterwards, the suspension was filtered
through a 0.2 um pore-size polytetrafluoroethylene (PTFE)
membrane and washed profusely with CH,Cl, to remove any
unreacted linear precursors, non-interlocked macrocycles,
weakly adsorbed U-TPA/U-CO-TPA materials, remaining cata-
lyst, etc. This washing procedure was repeated three times, after
which the samples were dried under vacuum and subjected to
thermogravimetric analysis (TGA) to quantify the degree of
functionalization (Fig. S1 and S2 in the ESIt). The results are
summarized in Table 1.

All samples showed a significant weight loss (21-32%) at
around 400 °C corresponding to the macrocyclic material and
showed no sign of significant participation of oligomeric
species.*® The degree of functionalization is similar to the one
found in previously reported MINTs (pyrene, exXTTF, porphyrins,
or NDI-based). The degree of functionalization of (6,5)-SWNT

Table 1 Functionalization of the MINTs from TGA?

N content
U-shape SWNTs  MINTs Weight loss (%)®  (wt %)
U-TPA (6,5) MINT(6,5)-1 29 0.64
U-TPA (7,6) MINT(7,6)-1 21 0.47
U-CO-TPA  (6,5) MINT(6,5)-2 32 0.68
U-CO-TPA  (7,6) MINT(7,6)-2 24 0.52
“ TGAs were run in air at a heating rate of 10 °C min™".  Weight loss at
400 °C.
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samples was slightly higher than that of (7,6)-SWNTs. This
tendency was most likely due to the more suitable size of the
cavity of the macrocycles for encapsulation of (6,5)-SWNTSs.
Although the changes are quantitatively small, for a given type
of SWNT, the degree of functionalization of U-CO-TPA was
higher than that of U-TPA; for instance, MINT(6,5)-2 shows
a 32% loading compared to 29% for MINT(6,5)-1. This tendency
was most likely due to a larger m-system of benzophenone than
the spacer diphenylmethane, which results in more efficient U-
shape-SWNT interaction. Control experiments with preformed
linear U-shapes without Grubbs' catalyst lead to negligible
functionalization (see the ESIT). By adjusting the type of SWNT
or the U-shape molecules, the N-content according to TGA could
be tuned from 0.47 to 0.68 wt%. This is a relatively low N-
content compared to that of other N-doping methods such as
catalytic CVD synthesis of carbon nanotubes using nitrogen
precursors or ball milling using melamine, ranging 0-10% of N
content, in which not only surface doping is produced but also
bulk doping.** Compared with methods in which only surface
doping is produced, such as ball-milling using urea,* the MINT
approach results in a similar degree of N-doping.

Raman spectra were recorded using 532, 633, and 785 nm as
excitation wavelengths. The analysis of the Raman spectra is
summarized in Table 2 and illustrated in Fig. S3 and S4,1 which
show the Raman spectra of the (6,5)-SWNTs, (7,6)-SWNTs,
MINT(6,5)-1-2, and MINT(7,6)-1-2 under 532 nm, 633 nm and
785 nm excitations, respectively. For (6,5)-SWNTs, the Raman
spectra reveal changes for MINTs compared to pristine SWNTSs
in line with expectations for the noncovalent functionalization
of SWNTs with TPA-based fragments. In particular, we observed
no significant increase in the Ip/I; ratio, which confirmed that
there was no covalent modification of the SWNTs. With regard
to doping effects, a shift from 1587 cm ™' to 1594 cm ™" of the G*
band is observed under 785 nm excitation for both the
MINT(6,5) samples, which provides indirect evidence of n-
doping of the SWNTs through encapsulation within the TPA
macrocycles. A similar shift of the G* band was observed under
532 nm excitation for MINT(7,6) samples, from 1587 cm ™" to
1592 cm ™.

In the absorption spectra (D,O, 1% sodium dodecyl
sulphate, 298 K, Fig. S57), the UV region is dominated by the
nanotube absorption. The S22 and S11 transitions of the (6,5)-
SWNTs were prominent in the vis-NIR region, appearing at Apax

Table 2 Selected Raman data for the MINT-1-2 samples”

532 nm 633 nm 785 nm

Sample I/l G* Ip/lg G Ip/lg G*

(6,5)-SWNTs 0.07 1590 0.05 1593 0.20 1587
MINT(6,5)-1 0.09 1592 0.05 1593 0.16 1594
MINT(6,5)-2 0.08 1591 0.06 1593 0.17 1594
(7,6)-SWNTs 0.16 1587 0.13 1593 0.33 1594
MINT(7,6)-1 0.20 1592 0.08 1594 0.11 1595
MINT(7,6)-2 0.23 1592 0.11 1594 0.21 1598

@ Average of at least 60 different Raman spectra. G' Raman shifts in
-1
cm .
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=587 and 1023 nm for the pristine SWNTs. Both transitions are
not shifted upon derivatization to form MINT(6,5)-1 or 2. The
S22 and S11 transitions of the (7,6)-SWNTs were prominent in
the vis-NIR region, appearing at A,.x = 656 and 1137 nm for the
pristine nanotubes. The transitions were red shifted to A =
661, and 1165 nm for MINT(7,6)-1. A red shift to 660 and 1175
nm upon derivatization to form MINT(7,6)-2 was observed. The
photoluminescence excitation (PLE) maps (Fig. S67) of the (6,5)-
SWNTs showed an intense peak at Aex. = 565 nm and Aey, = 975
nm, characteristic of the (6,5) chirality and residual peaks cor-
responding to (7,5) and (8,3) chiralities. In MINT(6,5)-1, the
luminescence of the (6,5) nanotubes is quenched to approxi-
mately 25%, and this quenching is increased up to 40% for
MINT(6,5)-2. The PLE map from (7,6)- SWNTs shows the pres-
ence of (6,5)-SWNTs and (7,6)-SWNTs and a minor amount of
other chiralities. For MINT(7,6)-1 and MINT(7,6)-2, the lumi-
nescence from all chiralities is very efficiently quenched (90-
95%) compared with that of (7,6)-SWNTs.

The investigation of a sample of MINT(6,5)-1 by atomic force
microscopy (AFM) was also in agreement with the formation of
the rotaxane-type species. Fig. S7a and bf show a topographic
image of several SWNTs with a height of approximately 1 nm on
the non-functionalized part. On the other hand, the densely
functionalized parts of SWNTs show a height of around 1.5 nm
which is perfectly consistent with the formation of 1 around
(6,5)-SWNTs. Analysis by HR-TEM of the samples of MINT(6,5)-1
drop cast from a TCE suspension shows mostly bundled
nanotubes with heavily functionalized sidewalls, in agreement
with the TGA data. Fig. 1a and b show SWNTs (0.8 nm in
diameter) densely covered with an organic material. Macro-
cycles of 1.9 nm and 2.0 nm in diameter are observed, in
accordance with the expected size. To perform a more precise
characterization, we also employed an aberration-corrected
microscope. The microscope was operated at 60 kV to prevent
damage to the nanotubes and macrocycles as much as possible.
Fig. 1c and d show the aberration-corrected HR-TEM images of
the three macrocycles of diameter 1.8-2.0 nm around SWNTs of
0.8 nm in diameter. Remarkably, the distances between mac-
rocycles and the walls of the SWNTs correspond to very close
(0.40 nm) van der Waals contacts.

Fig. 1 a) and (b) HR-TEM images of MINT(6,5)-1. Scale bars are 5 nm;
(c) and (d) ac-HRTEM images of MINT(6,5)-1. Scale bars are 5 nm for (a)
and (b) and 1 nm for (c) and (d).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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To investigate the electrochemical properties of the synthe-
sized MINTSs, cyclic voltammetry (CV) measurements using
a three-electrode set-up in alternately a N, or O, saturated 0.1 M
NaOH aqueous solution were performed, and the synthesized
MINTs were compared with (6,5)-SWNTs and (7,6)-SWNTs
measured under the same conditions. As shown in Fig. 12,1 all
the MINTs show similar redox features: two anodic peaks
(around 0.7 and 0.9 V vs. RHE) and their corresponding
cathodic peaks (at 0.65 V and 0.4 V vs. RHE), indicating good
redox reversibility for the MINTs. These peaks were only
observed for the MINTS, but not for the pristine SWNTs. When
comparing the (6,5)-SWNT derivate MINTSs, the MINT(6,5)-2
shows higher reversibility since its anodic peaks are 30 mV less
positive than the ones observed for the MINT(6,5)-1, and its
anodic-cathodic peak separation (AEp) is smaller (70 mV for
MINT(6,5)-2 and 80 mV for MINT(6,5)-1). However, for the (7,6)-
SWNT derivate MINTS, no changes in reversibility are observed,
both MINTs (MINT(7,6)-1 and MINT(7,6)-2) exhibit identical
redox features: an anodic peak at 0.66 V and a AEp of around 60
mV. It is also worth noting that for the (7,6)-SWNT derivate
MINTs, the capacitive current values are higher than for the
(6,5)-SWNT derivate MINTSs (Fig. S8t), implying that the electron
transfer is more favorable for the interlocked (7,6)-SWNTs.
Additionally, electrochemical impedance spectroscopy (EIS)
measurements (Fig. S13 and Table S21) show that all the MINTSs
possess low interfacial resistance (Rr) (which is indicative of the
fast charge transfer at the interface of the semiconductor and
electrolyte) in comparison with the respective unfunctionalized
SWNT counterpart. Besides, the (6,5)-SWNT and (7,6)-SWNT
electrodes did not fit well with the proposed circuit model. All
these measurements confirm that not only the presence of the
rings, but also the presence of the carbonyl groups in U-CO-TPA
favors charge transfer, which in turn induces a decrease in the
resistance leading to faster ORR kinetics, as shown by CV and
impedance measurements. When the CV measurements in N,
were compared with those carried out in an O, saturated 0.1 M
NaOH aqueous solution, the observance of more intense
reduction current peaks suggests that the obtained MINTs
could catalyze ORR effectively. As a consequence of the inter-
locking effect, the reduction potential peaks for the MINTSs
appear to be slightly shifted to more positive potentials
regardless of the type of SWNT used for the MINTSs.

The electrocatalytic performance of the obtained MINTSs
towards the ORR was carefully investigated and compared with
that of the corresponding pristine SWNTs. Fig. 2a and b exhibit
the typical linear sweep voltammetry (LSV) curves for the ORR
obtained at a fixed rotation rate of 1600 rpm for each electro-
catalyst together with the corresponding Tafel curves. Consid-
ering onset potential values, the oxygen reduction activities of
these electrocatalysts follow the next trend (MINT(7,6)-2 (0.75 V)
> MINT(6,5)-2 (0.74 V) > MINT(7,6)-1 (0.72 V) > MINT(6,5)-1 (0.70
V)). The observed improvement in the oxygen reduction activi-
ties for MINT-2 compared to the MINT-1 samples is in agree-
ment with the observed ~19 mV shift of the oxidation peak of 2
with respect to the oxidation peak of 1 giving rise to a higher
Enowmo (eV) in absolute values (Fig. S14 and Table S37). All the
MINTs exhibit improved values with respect to the pristine (6,5)

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

View Article Online

Chemical Science

[
-

o
-

0.25
& 0.01
5 -
<-1.0 > 020
E 4 ' s
>-2.01 'ClEJ
% /, 2 015
-3.01 g
‘E 1 >
T -4.0 S o.10
S
O 50
. . . 0.05
02 04 06 08 10 0.2 0.0 0.2
E (V) vs. RHE log j, (MA/cm?)
— MINT(6,5)-1 == MINT(6,5)-2 == (6,5)-SWNT
— MINT(7,6)-1 (MINT(7,6)-2 = (7,6)-SWNT
c) d)
= ~ 0 e onin
£ g 4 E,, =062V /
z z /
=3 - 2
z z
2 2 3 _
8 8 E,, =061V
= c 4
g g
3 (6,5)-MINT-2 3°° (7,6)-MINT-2
5 - . . 6 : r .
02 04 06 08 10 02 04 06 08 10
E (V) vs. RHE E (V) vs. RHE
—— initial = after 5,000 cycles initial —— after 5,000 cycles

Fig. 2 Electrochemical characterization of the as-prepared MINT
electrocatalysts. (a) Comparison of the ohmic drop corrected ORR
polarization curves and (b) Tafel plots for the MINT electrocatalysts
with their respective pristine SWNT counterpart. iR-LSV polarization
curves of (c) MINT(6,5)-2 and (d) MINT(7,6)-2 initially and after ORR
stability tests (5000 cycles).

and (7,6) SWNT. To prove the importance of the MINT structure,
we carried out the electrochemical analysis of the physical
mixtures obtained by mixing 1 and 2, respectively, with the
corresponding (6,5)-SWNT (Fig. S15-17 and Table S4t) under
the same conditions showing a significantly poorer ORR
activity. As can be seen in Table 3, a similar trend is also
observed for the half-wave potential values demonstrating the
suitability of the mechanical interlocking methodology for
boosting OOR activities in a controllable manner in SWNTSs
through the introduction of the nitrogen species. To confirm
that the enhancement in catalytic activity is indeed due to the
introduction of nitrogen atoms, we synthesized a control
sample with an identical structure to MINT(6,5)-1, but without
the diphenylamine groups (see Fig. S8-11 and Table S17 for
characterization). This sample presents electrocatalytic activity
similar to that of naked SWNTs, confirming that the nitrogen
atoms in TPA moieties act as active sites to enhance the ORR
activity of the N-containing MINT electrodes. (Fig. S18 and
Table S51). Likewise, in the absence of the SWNTs, the macro-
cyclic species do not catalyze the reduction of oxygen as
demonstrated in Fig. S19 and S20,} where the high resistance
and poor electrical conductivity make the SWNT a requirement.

As expected, the diffusion-limited current densities for all
the studied electrocatalysts increase with increasing rotation
rates (Fig. S21-S267). All the as-prepared MINTSs catalysts show
an improved dispersion and wettability and exhibit higher
diffusion-limited current densities than the (6,5) and (7,6)
SWNTs. After comparing the limited-current density values at
0.2 V for each studied material (Table 3), it can be concluded
that MINTSs obtained from (7,6)-SWNTs achieve higher current

Chem. Sci, 2022, 13, 9706-9712 | 9709
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Table 3 ORR electro—kinetic parameter values for the MINTs and their respective pristine SWNT counterparts

Half-wave potential Onset potential Current density ji, Tafel ne- ECSAs
Catalyst (E1/2, V vs. RHE) (Eonset, V vs. RHE) at 0.2 V (mA cm™?) (mV/dec) (at 0.4 V vs. RHE) (cm?)
MINT(6,5)-1 0.58 0.70 3.8 111 2.3 53.7
MINT(6,5)-2 0.62 0.74 3.7 119 2.0 62.9
MINT(6,5)-2 after 5,000 cycles 0.59 0.70 3.4 120 2.1 —
MINT(7,6)-1 0.60 0.72 4.7 104 2.4 70.2
MINT(7,6)-2 0.62 0.75 5.3 113 2.5 74.2
MINT(7,6)-2 after 5000 cycles 0.62 0.75 4.0 111 2.6 —
(6,5)-SWNTs 0.54 0.65 2.6 240 1.8 46.3
(7,6)-SWNTs 0.56 0.68 3.2 210 1.8 51.2

values, MINT(7,6)-2 being the one with the highest value (5.3
mA cm?) that may exhibit more accessible electrochemically
active sites. No significant differences were found between
MINT(6,5)-1 and MINT(6,5)-2, indicating that both systems
possess similar charge transfer capacity.

The electro-kinetic parameters such as the onset and the
half-wave potentials, the Tafel slopes, the limited current
density at 0.2 V, and the electrochemical surface area (ECSA) of
all synthesized electrocatalysts are summarized and compared
with those of the pristine (6,5) and (7,6) SWNTs in Table 3. The
combined observation of these parameters clearly demonstrates
that the presence of the rings on the SWNT is linked to
a significant increase of the electrocatalytic activity for the ORR.

The quantitative estimation of the electron-transfer number
(n) was conducted using the Koutecky-Levich (K-L) plot
(Fig. S21-526%). The linear K-L plots demonstrated that the
electron transfer number (n) was 2.0-2.5 in the range of 0.35-
0.45 V for the MINTSs (Table 3 and Fig. $21-247), confirming that
the oxygen reduction takes place mainly through a two-electron
transfer process. For the pristine (6,5)-SWNTs and (7,6)-SWNTs,
the n value obtained from the K-L plot was 1.8 in the range of
0.3-0.45 V, suggesting a pseudo 2 electron pathway. On the
other hand, the H,0, yield obtained by a rotating disk electrode
(RRDE) was in the range of 10% and 15% for all the materials,
giving the lowest yields for the MINT electrodes. Zheng et al.>
demonstrated that the ORR on pyridinic-N-doped graphene
mainly occurs via the 2-electron process and not effectively via
the 4-electron process. The calculated electron number and
Tafel slope values are therefore in accordance with N-doped
graphene electrocatalytic systems previously reported. To
investigate the role of the different structural features in MINTSs
that might play an important role as active sites towards the
ORR, we calculated the electrochemical surface areas (ECSAs)
for each material by CV at different scan rates (ESI Fig. S19, S20
and Table S31). Among all the catalysts, MINT(7,6)-2 possesses
a considerably larger electrochemical surface area, which is 1.4
times greater than the observed value for (7,6)-SWNTs. As
shown in Table 3, the following order was found: MINT(7,6)-2 >
MINT(7,6)-1 > MINT(6,5)-2 > MINT(6,5)-1. In view of these
results, along with the electrochemical parameters calculated
for each material, we deeply analyze the different aspects
contributing to the improvement of ORR kinetics. First, all
MINTs present significantly larger ECSAs than the corre-
sponding SWNTs. That is, the presence of the macrocycles
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enhances the electrocatalytic activity. Secondly, this increase in
activity cannot be ascribed to the N atoms only. Instead, the
presence of the carbonyl groups in U-CO-TPA units also seems
relevant, as both MINTs MINT(7,6)-2 and MINT(6,5)-2 show
larger ECSAs and much better onset and half-wave potentials
than their counterparts MINT(7,6)-1 and MINT(6,5)-1.

The long-term stability of the MINT electrocatalysts showing
the best performance for each type of SWNT (MINT(6,5)-2 and
MINT(7,6)-2) was tested after 5000 potential cycles by continu-
ously applying linear potential sweeps between 0.6 and 1.0 V vs.
RHE at 100 mV s~ * scan rate. The half-wave and onset potentials
of the MINT(6,5)-2 catalyst material slightly decrease after 5000
ORR cycles (from 0.62 V to 0.59 V and from 0.74 V to 0.69 V for
the half-wave and the onset potentials, respectively) (Fig. 2c and
Table 3). The limited-current density and Tafel slope also
decrease after stability tests (Fig. S27f and Table 3). Even
though the decrease is minimal compared to the stability
observed for the physical mixture (2 + (6,5)-SWNT) (Fig. S30 and
Table S67), these results indicate that the material deteriorates
upon cycling.

On the contrary, the MINT(7,6)-2 catalyst material revealed
no significant difference neither in the half-wave potential nor
in the onset potential parameters. However, the limited-current
density decreased considerably after 5000 cycles of the ORR, as
shown in Fig. 2d and Table 2, which may be due to the loss of
material during stability tests upon rotation.

This material also maintains its Tafel slope value. It is worth
noting the different stability behavior after 5000 potential
cycles: while MINT(6,5)-2 deteriorates, the MINT(7,6)-2 remains
stable. When calculating the number of electrons transferred
from the linear K-L plots for both materials after the stability
test (Fig. S28 and S291 and Table 3), we find that the electron
transfer numbers for MINT(6,5)-2 and MINT(7,6)-2 were 2.0-2.2
and 2.5-2.7, respectively, which are slightly higher than the
initial values.

Conclusions

We have synthesized MINTSs containing TPA groups as a new
strategy for displaying catalytically active N atoms on the
surface of carbon nanotubes. The N-containing MINTS
demonstrated an improved ORR performance which is ascribed
to the introduction of nitrogen heteroatoms in the MINTSs
acting as effective active sites for the ORR, since a performance

© 2022 The Author(s). Published by the Royal Society of Chemistry
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improvement is observed in comparison to the SWNT coun-
terparts, and no improvement is observed in structurally related
MINTs lacking the N atoms. Somewhat unexpectedly, the CO
groups in the U-CO-TPA molecules also act as electroactive sites,
resulting in a further improvement in ORR performance. An
enhanced intermolecular charge-transfer effect due to a tighter
interlocking fit for (7,6)-SWNT derivate MINTs than for the
corresponding (6,5)-SWNT derivate translates in an increase for
the ORR performance (activity & stability). These results indi-
cate that understanding of SWNT electrocatalyst performance is
possible at the molecular level, directly enabling design of more
active and more stable catalysts.
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