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ABSTRACT

This paper describes the exohedral N-decoration of multi-walled carbon nanotubes (MWCNTS) with
NH-aziridine groups via [2+1] cycloaddition of a tert-butyl-oxycarbonyl nitrene followed by
controlled thermal decomposition of the cyclization product. The chemical grafting with N-
containing groups deeply modifies the properties of the starting MWCNTS, generating new surface
microenvironments with specific base (Brgnsted) and electronic properties. Both these features
translate into a highly versatile single-phase heterogeneous catalyst (MW@NA?) with remarkable
chemical and electrochemical performance. Its surface base character promotes the Knoevenagel
condensation with superior activity to that of related N-doped and N-decorated carbon nanomaterials
of the state-of-the-art; the N-induced electronic surface redistribution drives the generation of high
energy surface “C” sites suitable for O activation and its subsequent electrochemical reduction
(ORR).

1. Introduction


mailto:giuliano.giambastiani@iccom.cnr.,it

Nitrogen-containing carbon nanomaterials (N-CNMs) represent green and sustainable catalysts
alternative to classical metal-based systems for a number of industrially relevant transformations.**
Since the pioneering works by Gong® and Wang,® several studies have demonstrated their versatility
in a wide range of processes: from renewable energy production and storage to the manufacturing of
commodities and feedstocks. The inclusion of nitrogen in the sp? carbon structure of mono- or bi-
dimensional materials induces a significant change of their chemico-physical and morphological
properties. In particular, the in-depth alteration of the electronic density distribution within N-doped
systems (compared to their undoped counterparts) along with the basic character of their outer surface
(due to the presence of exposed N-sites) have remarkable influence on their catalytic performance.t”
47 In addition, the absence of metallic active sites definitively prevents some common catalyst
deactivation phenomena (i.e. metal leaching, passivation/poisoning and sintering) that largely affect
the efficiency of classical metal-based heterogeneous systems engaged in liquid- or gas-phase
processes.

The electron-rich surface of N-CNMs has been shown to be very promising for electrochemical
applications.® ° In fact, a wide variety of N-CNMs have been employed for O, reduction (ORR) in
fuel cell devices® > ® 1912 a5 well as for the electrochemical conversion of more challenging small
molecules like CO; into products and reduction intermediates of added value.'* 1* Nanomaterials with
a N-rich outer surface® in combination with high specific surface area (SSA) and electrical
conductivity constitute a class of single-phase systems featured by unique electrochemical
performance. The inclusion of nitrogen(s) in the Csp? network breaks the material electroneutrality
and determines a net redistribution of the charge density at the neighboring carbon sites,'® thus
improving the material oxygen adsorption properties and facilitating the occurrence of the
electrochemical oxygen reduction.'” '® An appropriate balance between a moderate oxygen binding
energy and a highly localized electron density around the active site seems to be crucial for getting
highly performing ORR catalysts.> *® Recent findings from our group have demonstrated how a tight
control of the surface properties of carbon-based nanomaterials is conveniently achieved by chemical
functionalization of their outer surface with tailored N-containing heterocycles.!! 2 The chemical
approach allows for a fine control of N-dopants in terms of N-configuration and electronic charge
distribution at the heterocycles and it offers a unique tool to the in-depth comprehension on the role
of specific N-functionalities® in O activation.

Surface basicity is another fundamental prerequisite for the exploitation of these solid base catalysts
in industrial key transformations. Studies in recent years have demonstrated the ability of N-CNMs
to act as effective base catalysts to promote the Knoevenagel condensation,?* a C-C bond forming

reaction between carbon acid reagents and aldehydes or ketones to give a,B-unsaturated compounds



useful in fine-chemical industrial synthesis.?? 2 Since the pioneering work by Van Dommele et al.,?*
N-doped carbon nanotube samples with variable basicity? have been synthesized by Chemical Vapor
Deposition (CVD) and employed as effective and reusable heterogeneous systems for promoting the
above mentioned condensation process. On this ground, other synthetic methods aimed at preparing
N-CNMs with increased surface basicity have been developed. Graphitic carbon nitrides,?-32
ammoxidated commercial carbon sources® or CNy derivatives,3* N-rich graphene oxides (N-GO)®
and amino-decorated fullerenes®® are among the most representative examples of heterogeneous
systems employed with success for the Knoevenagel process as well as for other base-driven

transformations.®’

This paper describes the chemical functionalization of MWCNTSs with aziridine groups and their
versatile application as effective and re-usable solid base systems for the Knoevenagel condensation
and the electrochemical oxygen reduction reaction. The common thread that links aziridine
functionalized MWCNTSs with these catalytic technologies lies on the control of the material surface
properties (basic and electronic) exerted by the exposed N-sites. While their Brgnsted basic character
is the essential prerequisite for these solid systems to be effectively engaged in the Knoevenagel
condensation, the surface electronic redistribution caused by the exohedral N-doping generates "C"
sites suitable for O activation and the subsequent O=O bond breaking under electrochemical

conditions.

2. Experimental

2.1 General Considerations

All manipulations dealing with the chemical functionalization of MWCNT were carried out under
dry nitrogen atmosphere using standard Schlenk-type techniques. Nitrogen (>99.999%; Rivoira) was
dried through a CaCl. column and deoxygenated with an oxysorb cartridge from Messer Griesheim
prior to use. oDCB (o-dichlorobenzene), EtOH, 'PrOH, "BuOH and thf were dried according to the
literature procedures®® and stored under nitrogen atmosphere. Dry acetonitrile (CHsCN) and toluene
were obtained by means of an MBraun Solvent Purification System. MWCNTSs (98% in C) were
purchased from Sigma-Aldrich (lot. no. MKBH5814 V) and used as received. tert-Butyl azidoformate
was prepared in a multigram scale according to literature procedures.3® Unless otherwise stated, all
other chemicals were purchased from commercial suppliers and used as received without further

purification.



2.2 Functionalization of MWCNTSs with tert-butyl azidoformate: synthesis of MW@NEOC, In a
250 mL three-necked flask equipped with a magnetic stir bar and a reflux condenser, 60 mg of
MWCNTSs were suspended in 100 mL of dry and degassed oDCB. The suspension was sonicated for
30 minutes and then heated to 160 °C. The tert-butyl azidoformate (1 g) was added dropwise under
stirring and the temperature was maintained at 160 °C for 45 min. The suspension was then cooled to
room temperature, diluted with ethyl acetate (40 mL), sonicated for 10 minutes and centrifuged in
order to recover the solid material. The solid residue underwent purification via three successive
sonication/centrifugation/washing cycles with ethyl acetate and dichloromethane (1 x AcOEt, 2 x
CH:Cly) before being suspended in dichloromethane, sonicated for 15 minutes and filtered through a
0.2 um-pore membrane (PTFE supported Whatman™) filter. The recovered MW@NBCC was finally

dried under vacuum at 50 °C to constant weight.

2.3 Synthesis of MW@N*? by controlled thermal treatment of MW@NBOC, 200 mg of
MW@NBOCC were placed in a quartz tube and heated at 250 °C (heating rate: 10 °C/min) for 12 h
under dynamic ultra-high vacuum. MW@N*? was then recovered and stored at room temperature
under nitrogen atmosphere. The prolonged exposure of MW@N*A? to air causes a progressive

carbonation of the surface exposed basic N-sites.

2.4 Catalyst characterization and analysis conditions

Thermogravimetric Analysis (TGA-MS). Analyses were performed under either N2 atmosphere (50
mL/min) or air (100 mL/min) on an EXSTAR Thermo Gravimetric Analyzer (TG/DTA) Seiko 6200
coupled with a ThermoStar GSD 301T (TGA-MS) for MS analysis of volatile compounds. X-ray
Photoelectron Spectroscopy (XPS). Analyses were performed in an ultra-high vacuum system (10°°
mbar) equipped with a VSW HAC 5000 hemispherical electron energy analyzer and a non-
monochromatized Mg-Ka X-ray source (1253.6 eV). The source power was 120 W (12 kV x 10 mA)
and the spectra were acquired at 53° takeoff angle respect to the sample normal. Survey spectra were
acquired at a pass energy of 44 eV with an energy step size of 1 eV. High resolution spectra of
detected elements were recorded for quantitative and detailed BE chemical shift analysis at a pass
energy of 22 eV with a step size of 0.05 eV. In the set conditions the overall energy resolution was
1.0 eV measured as a full-width at half maximum (FWHM) of the Ag 3ds2 line of a pure silver
reference. Samples, in the form of powders, were fixed on vacuum compatible carbon adhesive tape
ensuring, as much as possible, a uniform coverage and were kept in the introduction chamber for at
least 12 h, allowing the removal of adsorbed volatile substances. No charge compensation was used
and the spectra were corrected using the sp? graphitic component of the C 1s spectrum as internal

reference (binding energy, BE = 284.6 eV). Elemental semi quantitative atomic percentages were



calculated by fitting the spectra with mixed Gaussian—Lorentzian peaks after removal of a Shirley-
type background and applying tabulated sensitivity factors.*> Transmission Electron Microscopy
(TEM). Analyses were performed by a Philips CM12 microscope operating at 120 kV, on samples
prepared by drop-casting previously sonicated suspensions (EtOH) over copper grids coated with a
Formvar film (FF200-Cu-Formvar film only). TEM images were recorded with a CCD camera (Gatan
791). Elemental analyses were performed using a Thermo FlashEA 1112 Series CHNS-O elemental
analyzer, and elemental average values were calculated over three independent runs. Acid-Base
Titration of pristine and MW@NA? samples. Five milligrams of the N-decorated material were
suspended in 7 mL of a standard HCI solution (2.8 x 10 M, standardized with Na,COj3 as primary
standard), sonicated for 30 min, and maintained in the dark at rt under stirring for 48 h. Afterward the
suspension was centrifuged, and three aliquots of the supernatant solution were titrated with a
standardized solution of NaOH (2 x 103 M). The N-basic sites content (N %) was calculated for each
sample as the average value over three independent runs.* 4> GC-MS analyses were performed on a
Shimadzu QP2010S apparatus equipped with a flame ionization detector and a Supelco SPB-1 fused-
silica capillary column (30 m length, 0.25 mm i.d., 0.25 um film thickness).

2.5 Catalytic runs

2.5.1 Knoevenagel condensation reaction. In a typical procedure, 10-20 mg of MW@NA? are
suspended in 3 mL of the dry and degassed solvent of choice (Table 1) and sonicated (10-15 min.) to
get a homogeneous catalyst suspension. Afterwards, 2 mmol of the electrophile (1a-g) and 2.1 mmol
(1.05 eq.) of the nucleophile (2-3) are added in sequence and the reaction is heated in the dark to its
final temperature and maintained under moderate stirring for the desired reaction time. The reaction
mixture is then cooled in an ice bath and treated under stirring with 2 mmol of an internal standard
(1-dodecene for the reactions of 1a-f with 2 and 3; trans,trans-dibenzylideneacetone for the reaction
of 1g with 2). After catalyst filtration through a 0.2 pm-pore membrane (PTFE supported
Whatman™), the clear solution was analyzed by GC-MS. For catalyst recycling tests, MW@NA? was
decanted from the mother liquor upon centrifugation and carefully washed/sonicated twice with
freshly distilled EtOH before being rinsed with an EtOH solution of reagents.

2.5.2 Electrochemical oxygen reduction reaction (ORR) with MW@N*A?; materials and analysis
conditions. Rotating-Ring Disk Electrode (RRDE) measurements were performed using a ring-disk
electrode from Pine Instrument Co. consisting of a glassy carbon (GC) disk insert (z 5 mm; A =0.196
cm?) and a Pt ring (A = 0.11 cm?). All electrochemical measurements were carried out using an

Autolab bi-potentiostat/galvanostat in a single compartment glass cell using a three-electrode



arrangement. The working electrode was prepared as follows: a proper amount of CNTs (10 mg of
MWCNTs or MW@NA?) was dispersed in 0.220 g of water, 0.112 g of ethanol, and 0.084 g of a
Nafion solution (5 wt % in lower aliphatic alcohols and water). The resulting ink was sonicated for
30-45 min and drop-casted onto the glassy carbon electrode (see Table S1). The as-prepared electrode
was then dried at room temperature. A platinum wire was used as counter electrode, and a double
junction Ag/AgCI/KCI sat. electrode served as reference electrode. All RRDE experiments were
recorded at a scan rate of 5 mV/s in the potential range from -1.1 to 0.2 V vs. Ag/AgCI/KCI sat.
Nitrogen or oxygen was used to purge the solution to achieve an oxygen-free or an oxygen-saturated
electrolyte solution, respectively. Commercial Metrohm Pt electrode (¢ 3 mm) was used for
comparison, and all measurements were repeated at least four times. Finally, the measurement setup,
the moderate electrolyte viscosity and the entity of the measured currents did not require any ohmic
compensation. All prepared CNT inks were indefinitely stable in air for months with neither any
apparent decomposition nor alteration of their electrochemical performance. The number of electrons
transferred per O2 molecule (n) in the ORR for the different catalysts has been calculated by the
Koutecky—Levich equation applied to the ORR curves recorded at different electrode spin rates (rpm)
43 and confirmed from the Pt-ring currents recorded at the RRDE electrode. For the electrochemical

data processing see ESIf.

3. Results and Discussion

3.1 Covalent exohedral functionalization of MWCNTSs with aziridine groups (MW@NA?)

The adopted procedure for the N-decoration is based on a two-step protocol that includes a nitrene
[2+1] cycloaddition** to the m-electron system of MWCNTs***8 followed by a controlled thermal
decomposition of the reaction product.*® The cycloaddition reaction is performed under relatively
mild conditions starting from pristine MWCNTSs and the freshly prepared tert-butyl-azidoformate.
The tert-butyloxycarbonylaziridino-MWCNTs (MW@NBOC) intermediate undergoes a thermal
treatment under ultra-high vacuum that readily and selectively decomposes the carbamate units into
isobutene and CO; and leads to the target aziridine-NH functionalized sample (MW@N#4?) (Scheme
1).%® At odds with other covalent functionalization protocols where basic N-containing groups can be
grafted to the surface of complex carbon structures as dangling arms,'! 12 the [2+1] nitrenes
cycloaddition guarantees a more intimate connection between the exohedral N-dopant and the sp?

carbon network.
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Scheme 1. Sidewall functionalization by [2+1] cycloaddition of 1 followed by
controlled thermal decomposition of the MW@NBOC intermediate to give
MW@NA?,

The MW@NEBOC intermediate undergoes a careful work-up treatment consisting in successive and
multiple sonication/centrifugation and filtration cycles to remove solvent (1,2-Dichlorobenzene,
oDCB) and the excess of starting reagent. Aziridine nuclei present a relatively high thermal stability;
the decomposition of MW@NEBOC occurs selectively with evolution of volatile side-products that do
not bring about any organic contamination of the final material. Finally, the target MW@N*? sample
is isolated without any (acid-base) work-up treatment, thus excluding the occurrence of further
“chemical” alterations of the nanomaterial surface.?

The as-prepared MW@NA? sample has been spectroscopically (XPS) and morphologically (TEM)
characterized. TEM images (Fig. S1, see ESIT) of MW@NA? do not reveal any appreciable
morphological alteration in terms of tube length and diameter compared to the pristine sample
(MWCNTSs). XPS spectra of the functionalizezd MWCNTs before (MW@NBCC) and after
(MW@NA4?) the thermal phase show characteristic N 1s profiles consistent with one main component
at 400.3 and 399.1 eV, typical of carbamate®® and aziridine® units, respectively (Fig. 1A). A minor
shoulder at higher binding energies (400.8 eV) in the N 1s profile of MW@NA? is ascribed to the

spontaneous partial amine carbonation upon material exposure to air.5* 52
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Fig 1. A) XPS high resolution N 1s core level regions and related fits of MW@N*? (top) and MW@NECC (bottom). B)
TGA profiles of MWCNTS (=), MW@N*? (=) and MW@NBCC (=) intermediate in the 40-750 °C temperature range. MS
analyses of selected volatiles are reported for MW@NA? (=) and MW@NEB®C (=) (bottom lines). Weight loss % are
measured in the 40-700 °C temp. range.

Evidence of the occurred functionalization is given by comparative TGA-MS analyses of
MW@NEBOC, MW@NA? and pristine MWCNTS. As Fig. 1B shows, MW@NBOC presents a marked
weight loss of 16.2 % in the 40-700 °C temperature range (calculated as the weight loss difference
with MWCNTSs in the same temperature range). A mass analysis of the low molecular weight volatiles
(from 25 to 125 a.m.u.) reveals the thermal decomposition and rearrangement of the tert-butoxyl
groups of MW@NBCC below 300 °C with the concomitant isobutene evolution (m/z 56 [M*]; m/z 55
[M*-1]; m/z 57 [M*+1]; Fig. 1B, = bottom lines). The thermal treatment that quantitatively converts
MW@NBCC into MW@N*? (Scheme 1) decomposes the labile carbamate groups while preserving
the overall N-content at the material surface (vide infra elemental analysis - EA and acid-base
titration). Consequently, the TG of MW@N”? shows a more stable TG profile compared to
MW@NBOC and MS peaks due to the decomposition/rearrangement of tert-butoxyl groups disappear
(Fig. 1B, = bottom line). A quantitative N-loading is roughly established by CHN elemental analysis
on all functionalized samples and refined via acid-base titration? 4% 42 for the base MW@NA?sample
only (Table 1); hence it can be inferred that about 0.71 mmol/g of aziridine groups are covalently

tethered to the nanotube sidewalls.

Elemental analysis® N(%) acid-base N-groups

C(%) N(%) titration® mmol/g
MWCNTSs 98.6 - - -
MW@NBC  91.6 11 n.d. 0.79
MW@NA? 94.1 0.9 11 0.71

Table 1. Elemental analyses for MW@NBSC, MW@NA*? and pristine
MWCNTSs. 2 C% and N% contents (including N% via acid-base titration) are
calculated as average values over three independent runs.



3.2 Knoevenagel condensation with aziridine decorated MWCNTs (MW@NA?)

For the Knoevenagel condensation promoted by the MW@NA? catalyst, benzaldehyde (1a) as
electrophile and two acid carbons - ethyl cyanoacetate (2) and dimethyl malonate (3) - as nucleophiles
are selected as model reagents. The reactions proceed smoothly in EtOH with a markedly low catalyst
loading (from 10 to 20 mg of MW@N*?) to give condensation products 4a and 5a in 86% and 42%
respectively after 5h at reflux of solvent (Table 2, entries 1 and 8). Prolonged reaction times increased
the chemical conversions (> 99% for 4a and 49% for 5a) without any appreciable reagents
degradation or by-products formation. Attempts to boost the chemical yield of 5a by increasing the
reaction time and temperature led to the appearance of undesired benzaldehyde side-products. As
Table 2 shows, polar protic solvents (i.e. EtOH and 'PrOH) afford the best catalytic outcomes (Table
2, entries 1 and 3 vs. 4 and 5). This result is reasonably ascribed to the homogeneous and stable
dispersion of the nanomaterial in the polar protic reaction medium. On the other hand, thf and toluene
(in particular) cause severe catalyst segregation phenomena; carbon nanotube aggregates are formed
and readily separate off from the reaction mixture (Table 2, entries 1-5). Catalyst’s turn over number
(TON) is calculated for each run as mmol of 1a converted per g of catalyst (mmolcony. geat'); it offers
a useful clue to debate on the effectiveness of MW@NA? in the Knoevenagel process compared to
other N-doped systems of the state-of-the-art.>® TON values measured for MW@NA? to afford 4a are
markedly higher that those calculated from the literature for related N-CNM catalysts; in the
condensation of 1a with 2, TON of MW@N*? is over five times higher than that reported for alkyl-
amino decorated fullerenes as catalyst.*® In addition, the robustness of MW@N*Z as solid base
catalyst for the Knoevenagel condensation is witnessed by its easy recovery and reuse in the
condensation process without any significant alteration of its original catalytic performance even after
several runs (Table 2, entries 6 and 7). After each run, the catalyst is decanted from the mother liquor
upon centrifugation and washed twice with freshly distilled EtOH before being rinsed with an EtOH
solution of reagents, sonicated till a homogeneous suspension is formed and heated to the final
reaction temperature. After six catalytic cycles, it maintains its catalytic performance virtually
unchanged (Table 2, entry 7 and Fig. S2A, see ESI¥).

The reactions of ethyl cyanoacetate (2) and variably substituted benzaldehydes (1b-e), including an
aliphatic aldehyde (1f) and a cyclohexanone derivative (1g), are finally investigated with the aim at
checking the tolerance of MW@N*? towards different functional groups at the electrophile and
validating the general character of the catalytic process with various carbonyl compounds. 4-nitro
benzaldehyde (1b), 2-bromo (1c) and 4-bromo-benzaldehyde (1d) and 4-methoxy benzaldehyde (1e)
gave the respective condensation products (4b-e) from good to quantitative yields after 5h stirring at

the reflux of EtOH (Table 3, entries 1, 4, 6 and 8). TON values were calculated for each catalytic run



at partial substrate conversions (Table 3, entries 2, 5, 7 and 8) as obtained for 1b-d and le after 3h

and 5h, respectively.

Table 2. Catalytic activity of MW@NA? for the Knoevenagel condensation of
benzaldehyde (1a) with selected C-nucleophiles (2, 3).2

CHO R MW@NAZ cat. R
+ X
, solvent, reflux R'

JU/\

1a 2; R = CO,Et; R'=CN 4a;R=COzEt; R'=R'=CN
3; R=R'=CO;Me 5a; R=R'=CO5Me
Entry Nucl. Solvent Product \((OZI)? (mm;ll-:)?vl,\gljcat,'l)
1 2 EtOH 4a 86 172
2¢ 2 EtOH 4a > 99 -
3 2 'PrOH 4a 82 164
4 2 toluene 4a 14 28
59 2 thf 4a 6 12
6° 2 EtOH 4a 79 158
7f 2 EtOH 4a 81 162
89 3 EtOH 5a 42 42
99.c 3 EtOH 5a 49 49

@ Reaction conditions: MW@N*? cat. (10 mg — otherwise stated), aldehyde (1a; 2.0
mmol), nucleophile (2, 3; 2.1 mmol, 1.05 eq); Reaction time: 5h at 78°C (otherwise
stated) ® Calculated from GC-MS using 1-dodecene as internal standard. ¢ Reaction
time: 7h. ¢ Reaction temperature: 66°C. ¢ Recycled catalyst — 3™ run. f Recycled
catalyst — 61 run. $ MW@NAZ cat. (20 mg)

Under the same conditions (5h in refluxing EtOH) the aliphatic aldehyde (1f) gave 4f with 74% yield
while a complete conversion was achieved by doubling the reaction time (Table 3, entry 10). For all
scrutinized issues, the catalyst showed remarkable tolerance to functional groups at the electrophile
and excellent conversions (Table 3). The condensation with ketone 1g gave only moderate reaction
yield (Table 3, entry 11). A significant improvement was obtained by doubling the catalyst loading
and increasing the reaction time and temperature (Table 3, entries, 12-13); 4g was isolated in 57%
yield using 20 mg of MW@N*Z at reflux of "BuOH for 16h. In spite of the harsh reaction conditions,

the reaction course didn't show any apparent reagents degradation or side-products formation.

The overall N-content at the outer material surface along with its basic character (typical of
secondary amines) is responsible of the markedly high catalytic activity of MW@NA? in the
Knoevenagel condensation. In spite of a moderate N-surface functionalization, the outer aziridine
groups improve the deaggreagation of the catalytic material in polar protic solvent thus allowing to
get a homogeneous CNT dispersion in the reaction medium with catalytic performance similar to

those of homogeneous base systems. On the other hand, the macromolecular nature of the CNT carrier



allows its easy recovery and re-use at the end of the process while keeping its catalytic performance
unchanged even after several cycles (Fig. S2B, see ESIt).

Table 3. Catalytic activity of MW@N*? for the Knoevenagel condensation of 2

with substituted aldehydes and ketones.?

Yield TON
Entry Electr. Product (%)P (mmolcony. Geat ™)
':|} NC.__CO,Et
1 Iﬁ S >99 -
o b N7
C » » 81 162
3d ” ” 79 158
o NCH| ASOEL
4 ""-"hw-.. - a.H -"’H";-tt- P > 99 -
“H.,;l:_ ic n ,J: H4|:
TS T gy
5¢ ” ” 68 136
ﬁ M. GO,Et
] |
6 T o “H > 99 -
I
Br .f"'h.;:-':"l 1d B .-th_;:ﬁ:j 4d
7c ” ” 73 146
? NC._COEt
L |
e T Y ,-f::::_r,_.-'\-.
8 .,Ll. .::l 1e l’ z 4eH P -
Mo MeQ” ~F
o NC.__CO.Et
9 N | 74 148
R H NN TN TN
1f 4
10¢ ” » >99 -
11 SN SN =\ /\_fFOE
C = o < 5 10
19 49 L N— CN
12f » » 37 37
139 ” ” 57 57

2 Reaction conditions: MW@N*Z cat. (10 mg — otherwise stated), electrophile (1b-g; 2.0 mmol),
nucleophile (2; 2.1 mmol, 1.05 eq); Reaction time: 5h at 78°C (otherwise stated) ° Calculated from
GC-MS using 1-dodecene (for entries 1-10) or trans,trans-dibenzylideneacetone (for entries 11-13)
as internal standards. ¢ Reaction time: 3h. ¢ Recycled catalyst — 6" run. ¢ Reaction time: 10h. f
MW@NA? cat. (20 mg), reaction time: 16h. ¢ MW@NAZ cat. (20 mg), reaction time: 16h at reflux
of "BuOH (118 °C).

3.3 Electrochemical tests on MW@N*? as catalyst for the ORR. Taking advantage from the N-
induced redistribution of the electronic charge density at the MW@N*? surface, the same material
has been exploited for O, activation and its subsequent electrochemical reduction. To this aim, a
MW@NA?/Nafion ink is prepared and casted on a rotating glassy carbon (GC) electrode to give a
thin and homogeneous film after solvent evaporation (see Experimental Section). The as-prepared



electrocatalyst has been studied by cyclic voltammetry (CV) using a three electrode cell consisting
of an Ag/AgCI/KCI saturated reference electrode and a Pt counter electrode operating in a 0.1 M
KOH solution. As Fig. 2A shows, under Oz-saturated conditions MW@N*? presents a marked and
irreversible ORR cathodic peak not present under a N»-saturated environment (red vs. blue curve).
The catalyst’s ink is then employed for rotating ring disk electrode (RRDE) measurements and its
performance compared with those of pristine MWCNTS, bare GC, and the commercial Metrohm Pt-
polycrystalline electrode (& 3 mm) under identical O»-saturated alkaline conditions (Fig. 2B). The
amount of MW@NA? deposited at the RRDE electrode is fixed to 336 pg/cm? in accord with the
highest number of exchanged electrons measured for electrodes prepared at variable MW@NA? ink
loadings (see also Table S1, see ESIY).
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Fig. 2. (A) Cyclic voltammograms of MW@NA? recorded under N-saturated (blue) and O,-saturated solutions (red). The
potential was linearly swept from —1.1 to 0.2 V at a scan rate of 5 mV s* vs, Ag/AgCI/KCI sat. as the reference electrode.
(B) RRDE current-potential curves at 293 K for ORR in O saturated 0.1 M KOH solution recorded by using a rotating
ring-disk GC electrode [GC disk, A = 0.196 cm?] with (B*) Pt ring [A = 0.11 cm?]. All samples are measured at an angular
rotation rate (f) of 800 rpm.

Linear sweep voltammograms are recorded for each electrocatalyst at different spin rates (from 400
to 2000 rpm), while sweeping potentials linearly from —1.0 to 0.2 V and reversing them against
Ag/AgCI/KCI sat. (Fig. S3, see ESIt); for all the electrochemical profiles, background currents
measured under saturated N2 conditions at the same potential scan rate (5 mV s 1) are subtracted from
the respective curves to eliminate all capacitive contributions. Fig. 2B shows the ORR polarization
curves recorded at 800 rpm for each system, along with the respective ring current values relative to
the oxidation of hydrogen peroxide ions (HO2") measured at the Pt-ring electrode held at a potential
of 0.50 V (Fig. 2B’). As Fig. 2B shows, the onset potential (Eon) measured for MW@NA? maintains
a remarkable and positive shift compared to pristine MWCNTS (curve d vs. b) and GC (curve d vs.
a). While ORR starts at -0.299 V (Eon) on pristine MWCNTS, corresponding to an overpotential of



ca. 200 mV compared to Pt (Table 4, entry 2 vs. 4; Fig. 2B, curve b vs. c), less than 50 mV
overpotential are measured for MW@N*? (Fig. 2B, curve d vs. ¢). Moreover, GC and pristine
MWCNTSs present a clear reduction pre-wave at low overpotentials, followed by a second reduction
wave around -0.7 V, being indicative of a prevalent 2e~ reduction path.>*> In line with that, a
markedly lower ring current is measured for MW@N*? (Fig. 2B") compared to pristine MWCNTSs
and GC. The ORR performance (number of transferred electrons per O, molecule - ng) in the diffusion
and kinetically limited regions (from -0.65 to -0.95 V) is evaluated for each electrocatalyst on the
basis of the Koutecky-Levich (K-L) equation.> %8 K-L plots of each catalytic system obtained at -
0.7V are presented in Fig. S4 of the ESI material. All curves show excellent linearity, thus implying
a first-order reaction toward dissolved O>. For the sake of completeness, ne in the same potentials
region is also calculated on the basis of the Pt ring currents at the RRDE system (Fig. 2B’ and Fig.
S5, see ESIY) due to the H2O2 produced in the electrochemical processes. The final ne.o.7v) for
MW@NA?, calculated as average value from the two aforementioned methods is fixed to 3.7¢e7, a
value that is consistent with a prevailing 4e~ reduction process promoted by the metal-free catalyst.
This conclusion is further supported by the rather moderate ring current measured at the Pt ring
electrode with MW@NA? as catalyst, indicative of a scarce amount of HO™ ions generated in the
process (Fig. 2B’ and Fig. S5, see ESIT). Onset potential values (Eon) measured for each catalyst along
with the average number of exchanged electrons for O. molecule in the process are listed on Table 4

(see also the Experimental Section for calculation details).

Table 4. Eon values (V) and average number of electrons transferred (ne--o.7v) for O, molecule as
derived from plots in Figs. 2B and 2B’ and S4, respectively.

Entry Catalyst Eon (V)  nNe=-o7v? Ng=-o.7v" Ne=-0.7v°
1 GC -0.307 1.9 2.6 2.3
2 MWCNTSs -0.299 2.3 3.1 2.7
3 MW @NA2 -0.149 3.5 3.8 3.7
4 Pt -0.101 3.9 - -

2 Calculated from K-L plots. ® Calculated from Pt ring currents (H,O, %). ¢ Calculated as
average value from K-L and Pt ring currents measurements.

The electrochemical behavior of MW@NA? compared to that of its unfunctionalized counterpart
(MWCNTS) (Fig. 2B, curve d vs. b) unambiguously demonstrates the effective metal-free action of
the N-decorated catalyst in the ORR process. Although the presence of metal residues in the bulk
material (below 2 wt. % see Fig. S6, see ESIt) is a fact for both systems, the markedly improved
electrochemical performance of MW@NA? compared to MWCNTS is rationally ascribable to the

material N-decoration only and, in turn, to the N-induced redistribution of the electronic charge



density at the outer material surface. Long-term cycling RRDE tests (measurements in the -1.1 + 0.2
V range at 200 mV s, 800 rpm in 0.1 M KOH at 25 °C) have been finally carried out to investigate
the stability of MW@NA? under the electrochemical conditions. As Fig. S7 shows, a moderate J
decrease (< 7% measured at -0.7 V) takes place after about 1000 electrochemical cycles and it
asymptotically stabilizes at the steady-state conditions; this behavior indicates the high resistance of
the catalyst toward deactivation under operative conditions. Finally, the tolerance of the MW@NA?
electrocatalyst to the direct exposure of methanol as poisoning agent has been investigated. Methanol
tolerance is an essential prerequisite for the successful exploitation of ORR electrocatalysts at the
cathode of direct methanol fuel cells (DMFC). Indeed, fuel crossover through the polymer electrolyte
membrane (from the anode to the cathode side) may cause severe reduction of the overall DMFC
performance.®® Both MW@NA? and the benchmarking 20 wt % Pt/C (Vulcan® XC-72)
electrocatalysts have been treated with methanol (until a 1 M methanol concentration of the final
electrolyte solution) during the ORR test (Fig. S8, see ESIt). Upon methanol addition, the MW @NA?
maintains its current response virtually unchanged, while the 20 wt % Pt/C relative current drops

down remarkably due to the occurrence of the undesired methanol oxidation.% 6!

4. Conclusions

In this study, aziridine decorated multi-walled carbon nanotubes (MW @NA?) have been conveniently
prepared via [2+1] cycloaddition of tert-butyl-oxycarbonyl nitrene followed by a controlled thermal
decomposition of the resulting carbamate. As a consequence of the outer material N-doping, the
properties of pristine MWCNTSs are deeply modified; surface microenvironments with specific base
(Bransted) and electronic features are formed. This translates into a highly versatile catalytic material
with remarkable chemical and electrochemical performance. Indeed, the inclusion of NH groups in
the Csp? network of MWCNTSs translates into a redistribution of the charge density at the N-
neighboring carbon sites. Such an electronic effect fosters the material oxygen adsorption properties
and makes it a valuable electrocatalyst for promoting the kinetically sluggish oxygen reduction
reaction (ORR). RRDE measurements under alkaline environment, demonstrate the efficiency of
MW@NA? as a metal-free system featured by a remarkable and positive shift of the overpotential
values at which the ORR process starts (compared to pristine MWCNTS) along with a prevalent 4e~
reduction path. Finally, long-term cycling RRDE tests indicate the high resistance of the catalyst

toward deactivation under operative conditions.

In addition, the basic character of the outer material surface widens the applicability range of this
solid system in catalysis. Aziridine surface groups are then successfully engaged as basic sites for the

Knoevenagel condensation in the presence of a variety of carbonyl compounds, showing superior



activities to those of related N-doped and N-decorated carbon nanomaterials of the state-of-the-art.
Moreover, no appreciable decrease of chemical conversions is observed in the condensation process

after multiple catalyst recovers and reuses (up to six times).

Despite a rather moderate N-loading (~ 1% from EA), the adopted functionalization protocol for the
grafting of basic groups makes them totally available at the outer material surface where the catalytic
processes (ORR and Knoevenagel condensation) take place. The control of the surface N-groups
finally offers a powerful tool for the rationalization and full exploitation of N-doped carbon

nanomaterials as active systems in catalysis.
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