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Chemical Functionalization of Carbon Nano-
materials: Bridging the Gap between Simple
Carriers and Smart (Metal-free) Catalysts

Giulia Tuci®, Lapo Luconi?, Andrea Rossin?, and Giuliano Giambastiani*a°

Abstract: The last few years have witnessed a wonderful technological renaissance that boosted the deve-
lopment of carbon-based nanomaterials (CNMs) doped with light heteroelements and featuring hierarchical
porous architectures as valuable metal-free catalysts for a number of key industrial transformations. To date,
several approaches to their synthesis have been developed, although many of them lack any real control of the
final doping and composition. In contrast, chemical functionalization offers a unique and powerful tool to tailor
CNMs’ chemical and electronic surface properties as a function of their downstream application in catalysis.
Different catalytic processes (hydrolysis/esterification/transesterification reactions, C-C bond forming reactions,
CO, derivatization into products of added value and electrochemical oxygen reduction reactions (ORR)) can
be conveniently promoted by these materials. In addition, selected examples from this series offer a valuable
platform for the in-depth comprehension of the underlying reaction mechanisms. This perspective article offers
an overview on the main examples of ad hoc chemically decorated CNMs successfully exploited as metal-free
catalysts, highlighting at the same time the importance of the surface chemistry control for the design of more

active, metal-free and single-phase heterogeneous catalysts.

Keywords: C-C bond formation - Chemical functionalization - CO, valorization - Metal-free heterogeneous

catalysts - ORR

1. Introduction

With their unique physical and chemi-
cal properties, carbon nanomaterials
(CNMs) represent nowadays one of the
most valuable tools in heterogeneous ca-
talysis. Beyond their application as simple
supports for metal nanoparticles,[l:2 CNMs
as such or in the form of light-heterodoped
systems have shown excellent properties
as metal-free heterogeneous catalysts in a
series of key transformations. The real na-
ture of the active sites responsible of their
ultimate catalytic activity is far from be-
ing definitively unveiled, as well as their
final mechanism of action. However, it is
commonly accepted that surface topologi-
cal defects and electronic redistributions
driven by the presence of functional groups
play a crucial role on the catalytic perfor-
mance of these materials. For this reason,
the last decade has shown a real boost to-
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wards the development of carbon nanoma-
terials, particularly in the form of systems
doped with light elements (mainly N, B, P
and S). The inclusion of hetero-elements
is claimed to break the materials’ electro-
neutrality, causing a significant redistribu-
tion of the surface electronic charge along
with important changes on the final ma-
terial morphology.3-51 As a result, doped
carbon nanomaterials have been shown
to be valuable catalysts offering excellent
performance and durability in selected cat-
alytic processes, often with better results
than those of the benchmark metal-based
catalysts of the state-of-the-art. Many ef-
forts have been devoted to the comprehen-
sion of the underpinning mechanisms and
nature of the active sites of doped-CNMs
engaged in selected catalytic transforma-
tions. However, classical ‘in situ’ synthetic
approaches used for their large-scale pro-
duction (i.e. chemical vapour deposition or
post-synthetic thermal treatment of CNMs
with heteroatom-containing precursors)
are not suitable to achieve a satisfactory
control of the nature and degree of the
hetero-element doping. Consequently, any
unambiguous identification of the ‘active
sites’ engaged in a specific transforma-
tion is hard if not totally arbitrary at times.
Chemical functionalization represents a
valuable alternative to the rational design
of hetero-doped CNMs. It allows for a fine
tuning of the grafted functionalities and it
makes them fully available at the nanoma-

terial surface where the catalytic process
takes place.lf) To date, many different
functionalization strategies for the surface
chemical decoration of CNMs have been
successfully developed.l”81 In addition,
the unambiguous chemical identity of
the surface-grafted functionalities offers
valuable clues to debate on the structure/
activity relationships of these systems in
catalysis. This perspective focuses on spe-
cific examples of metal-free carbon-based
materials decorated ad hoc with chemi-
cally tethered surface functionalities and
applied as heterogeneous catalysts. A fine
tuning of the functional groups chemically
grafted to 1D-2D carbon nanostructures is
highly desired for the following reasons:
a) to generate single-phase, solid and
stable organocatalysts with excellent per-
formance in selected reactions; b) to show
the ability of metal-free systems to carry
out processes typically accomplished by
metal-based catalysts, including platinum
group metals (PGMs); c) to highlight the
existence of synergistic effects between
the C-nanostructure and its dangling or-
ganic groups (non-innocent macromolecu-
lar carrier); d) to provide a useful and sys-
tematic tool to shed light on the underlying
mechanisms of action for these metal-free
systems in catalysis. Table 1 lists all the se-
lected catalytic transformations promoted
by covalently-decorated carbon nanomate-
rials as metal-free systems and discussed
in sections 2.1-2.4.
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2. Catalytic Reactions Promoted
by ad hoc Functionalized Carbon
Nanomaterials as Metal-free
Systems

2.1 Hydrolysis, Esterification and
Transesterification Reactions

One important application of chemi-
cally functionalized CNMs as metal-free
catalysts is linked to the exploitation of the
acidic or basic character at their outer sur-
face. Feng and co-workers have pioneered
this research area with the development
of chemically grafted aryl sulfonic acids
to the surface of ordered mesoporous car-
bons.[1 These solid acid catalysts are easy
to recycle and show excellent performance
coupled with long term durability in bio-
diesel production.!!0l Since these seminal
outcomes, the same acidic functionalities
covalently linked to the surface of differ-
ent carbon supports were also tested as het-
erogeneous catalysts in the hydrolysis of
esters and in transesterification reactions.
Fan and co-workers reported on the direct
grafting of sulfonic acid aryl radicals to
reduced graphene oxide (rGO) (Fig. 1).[11]
The synthetic approach used in this work
was found to prevent undesired side-
reactions typically occurring upon direct
CNM sulfonation (direct treatment with
sulfuric acid). Later, Bitter and co-workers
described a related protocol for the chemi-
cal decoration of carbon nanofibers with
sulfonic acid groups via aryl-diazonium
salt chemistry.''” The as-prepared samples,
due to the high accessibility of surface
acidic groups, outperformed benchmark
catalysts such as Amberlyst-15 and previ-

SO3H

Reduced graphene-oxide

sulfonated graphene

Fig. 1. Functionalization of reduced graphene-oxide (rGO) with aryl-sulfonated groups. Figure
loosely reproduced with permission of the Royal Society of Chemistry: Chem. Sci. 2011, 2, 484.

ously reported sulfonated carbons; they al-
so show better stability than acidic carbon
materials obtained by direct treatment with
sulfuric acid. CNMs decorated with basic
functional groups are also excellent candi-
dates as catalytic materials in transesterifi-
cation reactions. Su and Tessonier reported
on the synthesis of decorated CNMs with
tertiary aliphatic amines as base catalysts
for the transesterification of glyceryl tri-
butyrate with methanol, a model reaction
for the production of biodiesel.l!3-151 The
authors proposed an elegant, clean and fast
approach to the chemical grafting of their
targeted functionalities, limiting the occur-
rence of side-reactions at the CNM (poten-
tially detrimental for its performance in the
biomass conversion). Their results have
clearly outlined the importance of a fine
control of the nature of surface functional-
ities at CNMs. Indeed, longer and less se-
lective functionalization procedures from
the literature (i.e. CNM oxidation followed

Table 1. Reactions catalyzed by functionalized carbon nanomaterials.

Covalentlv tethered Dominant surface
ovalently tethere roperties:
fe);pcii?)f;:)taly zed surface functionalities at LY 1 Ref.
1D-2D CNMs acid | basic | ¢
tronic
Hydrolysis, esteri- Aryl sulfonic acids v - - [9-12]
fication and trans-
esterification Tertiary aliphatic amines - v - [13-15]
Aryl sulfonic acids 4 - - [16]
Carbon-carbon bond
forming reactions Hydroxyl groups v - - |07
Aliphatic amines - v/ — [18,19]
Hydroxyl groups 4 - - | [20]
Reactions for CO, Ammonium salts/aliphat-
o . . . v/ v/ - (21]
valorization ic amines/ silanol groups
Pyridine groups - v/ - [22]
Electrochemical Ammonium salts - / [23]
Oxygen Reduction - [19
Reactions (ORR) N-containing heterocycles - - vools 4—’26]

by carboxylic acid activation with acyl
chloride and amine nucleophilic substitu-
tion) are known to introduce side-function-
al groups whose presence is responsible
for reduction of the catalyst selectivity
(with definitive poisoning in some cases).

2.2 Carbon-Carbon Bond Forming
Reactions

This class of reactions represents one
of the most useful and fundamental trans-
formations at the heart of synthetic organ-
ic chemistry. Chemically functionalized
nanocarbons in the form of acid and base
solid catalysts have been shown to catalyze
C—-Cbond forming reactions, acting as sta-
ble and long-term re-usable heterogeneous
systems. Poly(styrene sulfonic acid)-graft-
ed carbon nanotubes have successfully
been tested as solid catalysts for the alkyla-
tion of hydroquinone with fert-butanol.[16]
They were prepared by in situ radical po-
lymerization of sodium styrene sulfonate
and demonstrated higher activity and good
stability in the alkylation reaction with bet-
ter conversions and selectivity than —-SO,H
decorated samples prepared through direct
CNMs sulfonation. In 2011 Song’s group
reported on C_-fullerene decorated with
hydroxyl groups (C,-fullerenol) and its
exploitation as a valuable catalyst for a
series of C—C bond forming reactions.!7!
The presence of surface hydroxyl groups
fosters hydrogen bonding between catalyst
and reactants, thus allowing selected C—C
bond forming reactions to take place. At
odds with the poor catalytic performance
of the benchmark Fe(OH),, C,-fullerenol
as organocatalyst has demonstrated high
catalytic activity in Henry reactions with
remarkable stability and complete selectiv-
ity. C-fullerenol has also promoted aldol
condensation, another important reaction
involved in many pharmaceutical inter-
mediates and natural products synthesis.
Complete selectivity towards B—hydroxyl
ketones was achieved in this reaction.
Finally, the same organocatalyst exhibited
good to excellent activity in Michael ad-
ditions as well as Friedel-Crafts reactions.
In 2015, the same group prepared amino-
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Fig. 2. Sidewall functionalization of MWCNTs by [2+1] cycloaddition followed by controlled
thermal decomposition of MW@NEB°¢ to give MW@NP*2 as solid base catalyst for the Knoevenagel
condensation. Figure loosely reproduced with permission from the American Chemical Society,
ref. [19]: ACS Appl. Mater. Interfaces 2016, 8, 30099.

decorated C, -fullerene as solid base cata-
lysts for the Knoevenagel condensation.[!8]
Several aromatic/aliphatic carbonyl com-
pounds and acid carbons as nucleophiles
(i.e. ethyl cyanoacetate dimethyl malonate
and 2,4-pentanedione) have been success-
fully scrutinized in the process, showing
excellent catalyst performance and toler-
ance towards different functional groups.
Better catalytic performance in the same
condensation process has recently been
described by Tuci and co-workers using
aziridine-functionalized MWCNTs as a
heterogeneous and easy-to-reuse catalyst
(Fig 2).19 The MW@NA* composite is
straightforwardly prepared following a
two-step synthetic procedure: a [2 + 1]
cycloaddition of fert-butyl azidoformate
to the MWCNTs sidewall followed by the
controlled thermal decomposition of the
carbamate moiety.

As aresult, aziridine NH-functionalized
materials are obtained. The as-prepared
catalyst showed superior activity in the
Knoevenagel process with respect to relat-
ed N-doped and N-decorated carbon nano-
materials of the state-of-the-art. Notably,
the aziridine functionalized MWCNTs are
easily recovered after each catalytic run
and re-used without any apparent loss of
activity.

2.3 Reactions for CO, Valorization
Mitigation of the effects caused by CO,
overproduction represents one of the most
urgent and challenging issues of modern
society.l?7-281 In recent years, the scien-
tists’ point of view on carbon dioxide has
radically changed so that the contemporary
chemical community does not regard CO,
as a waste product from fossil fuel but rath-
er as a chemical resource to be harvested
and recycled into products of added value

with the assistance of a catalyst.[2] One
common strategy to take advantage of CO,
is given by its insertion into epoxide de-
rivatives to produce cyclic carbonates, 30311
very useful as polar aprotic solvents and
raw materials for engineering plastics.
Since hydrogen bonding between catalyst
and epoxide was found to be a key factor
for promoting CO, cycloaddition, Cao and
Song’s group has recently exploited the
aforementioned C_-fullerenol (see sec-
tion 2.2) as a heterogeneous metal-free
system for the process.[29 It turned out to
be an excellent promoter of CO, cycload-
dition to propylene oxide to form propyl-
ene carbonate. Later, Yin et al. described
a multi-functional graphene oxide (GO)
material for the same catalytic reaction.[2]
To this aim, the authors have conceived
a straightforward strategy for the surface

grafting with quaternary ammonium salts.
The synthesis consists in the silylation of
GO with chlorine-terminated silanes fol-
lowed by nucleophilic attack by tertiary
amines. The as-prepared multi-functional
material (containing silanol groups, qua-
ternary ammonium salts and amines) has
shown superior catalytic performance in
the cycloaddition of CO, to propylenoxide
(PO). The authors claimed that covalently
linked amines acted as adsorption sites and
activators for CO,, whereas silanol groups
provided activation sites for PO stabilizing
the ring opened oxirane before the intra-
molecular CO, addition and subsequent
cyclization step (Fig. 3).

A highly attractive process for CO,
valorization is represented by its catalytic
conversion into methanol. This transfor-
mation addresses two key issues at one
time: a) the reduction of global warming
and related climate changes; b) the produc-
tion of a synthetic fuel (CH,OH) that can be
exploited as alternative energy source.[3233]
Tuci, Giambastiani and co-workers have
recently demonstrated the effectiveness of
pyridine-decorated MWCNTSs (NFY-MW)
as the first robust, stable and reusable het-
erogeneous metal-free catalyst for CO, re-
duction with hydroboranes at ambient con-
ditions to afford methoxyborane.?2 With
turn-over numbers close to those claimed
for other metal and metal-free homoge-
neous systems of the state-of-the-art and
their effective re-use in catalysis, N?-MW
candidates are the heterogeneous bench-
mark for this process. Noteworthy, the au-
thors have demonstrated for the first time
the key role played by the carbon nano-
tube carrier as an electronic reservoir for
the dangling pyridine active arms engaged
in the catalytic cycle. This finding opens a
new perspective for the intriguing idea that
the CNMs have a non-innocent role on the

NH, ~

COH  O.g:- S

T co
SN

Fig. 3. Supposed
reaction mechanism for
the CO, cycloaddition
to PO catalyzed

H2N?C'Oe by multifunctional
O.. 0 GO. Figure loosely
o duced with
HO O reproduced wi

permission of Elsevier,
ref. [21]: Carbon 2015,
93, 22.
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catalytic activity of the active sites cova-
lently linked to their outer surface.

2.4 Electrochemical Oxygen
Reduction Reaction (ORR)

Due to their excellent electrical con-
ductivity, carbon-based nanomaterials
have emerged in the last decade as high-
ly attractive electrocatalytic systems for
a number of key processes at the heart
of renewable energy technologies.l3435]
Since the seminal report by Dai and co-
workers,[3] many carbon nanomaterials
(prevalently in the form of N-doped sys-
tems) have been employed as valuable
metal-free electrocatalysts for the oxygen
reduction reaction (ORR).[371 Despite an
impressive number of papers describing
N-doped carbon nanomaterials prepared
with classical in situ techniques as catalysts
for ORR, only a few papers deal with the
synthesis of N-decorated CNMs obtained
through a tailored chemical functional-
ization of their outer surface by defined
functional groups. The latter approach
offers a unique platform for the in-depth
understanding of the underlying ORR
mechanism. In 2011 Dai and co-workers
reported on carbon nanotubes functional-
ized with poly(diallyldimethylammonium
chloride) (PDDA).[231 The quaternary
ammonium groups in the polyelectro-
lyte backbone are claimed to induce a net
positive charge on CNTs. The presence
of the extra charge makes them efficient
metal-free systems for dioxygen activa-
tion and its subsequent electrochemical
reduction. The as-prepared material has

shown remarkable electrocatalytic activ-
ity with performance close to that of the
benchmark Pt/C catalyst with even higher
alcohols tolerance and stability under op-
erative conditions. Later, Tuci and co-
workers used a radical functionalization
protocol (Tour protocol) for the chemi-
cal grafting of various N-heterocycles on
MWCNTs. The as-prepared composites,
featuring ‘edge-type N-defect mimics’
have been successfully employed as metal-
free systems for the same electrochemical
process. This alternative approach to the
generation of N-decorated nanomaterials
offers a unique tool for the comprehension
of the role of different N-configurations
(pyridinic, pyrrolic, quaternary nitrogens)
at the nanomaterial surface, with respect
to their ability to activate O, and make it
available for its reduction through a preva-
lent 4e” process.[?1 The same authors have
demonstrated the existence of a rational
trend (coherent with the Sabatier’s princi-
ple) between the electronic charge density
distribution at the grafted N-heterocycles
and their final control on the overpotential
value at which the ORR starts.[2>-261 This
trend can be summarized in a volcano-plot
representation for a quick visual identifi-
cation of the most suitable N-containing
groups for ORR catalysis (Fig. 4).

Finally, the same authors found that
aziridine-decorated MWCNTs (MW@
NA7, see section 2.2) are effective metal-
free systems for promoting ORR in alka-
line environment.[!91 Indeed, the covalent
insertion of -NH groups within the outer
sidewall of CNTs is claimed to generate a

Fig. 4. Top: MWCNT
N-decoration via

the aryldiazonium

salt (Tour) protocol.
Bottom: A volcano plot
representation for the
‘just right’interaction
between O, and tailored

Eo (V)

-0,26 ©

N-groups at the outer
surface of chemically
decorated MWCNTs

| P | T T | T TR T . L S AL L AT 1
06 08 1012 14 16 18 20 2,2 24 2,6 2,8 3,0

Bader charge (q.,)

engaged in the ORR.

net redistribution of the electronic charge
density at the N-neighboring carbon sites.
Such an electronic effect is thought to fos-
ter O, adsorption and activation, on the
way to its ultimate reduction under elec-
trochemical conditions.

3. Conclusions

The potential of chemical function-
alization for the design and synthesis of
tailored hetero-doped CNM-based cata-
lysts has been described. The progress
of the functionalization strategies has led
to the achievement of fine control of the
nanomaterials surface properties. Several
composites from the series of ad hoc func-
tionalized CNMs have successfully been
employed as heterogeneous metal-free cat-
alysts in a relatively high number of reac-
tions (hydrolysis/esterification/transesteri-
fication reactions, C—C bond forming re-
actions, processes for the CO, valorization
and electrochemical reduction of oxygen
(ORR)). Noteworthy, in many cases they
have shown better performance along with
higher stability and long-term durability
than benchmark metal-based catalysts of
the state-of-the-art or than that of ‘ran-
domly’ heterodoped CNMs as classically
obtained through in sifu doping procedures
(CVD). Most importantly, chemical proto-
cols for tethering specific chemical entities
at the nanomaterial surface offer a unique
work basis to shed light on the reaction
mechanisms involved in catalytic process-
es, thus paving the way to the design of
more active and selective metal-free het-
erogeneous catalysts. Selected issues from
recent literature have contributed to show
the non-innocent role of CNMs on the final
catalytic activity of the resulting compos-
ites. Such a result adds an additional level
of complexity to CNMs in catalysis and
moves their role far beyond that of simple
carriers for covalently linked active sites.
Although many other applications in catal-
ysis still remain to be explored, the tailor-
ing approach to the nanomaterial decora-
tion with well-defined chemical function-
alities deserves promising outcomes to the
development of active, stable and selective
single-phase heterogeneous catalysts and
offers unique chances to the comprehen-
sion of their intimate mechanism of action.
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