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Silver nanoparticles (AgNPs) were deliberately functionalized via
aryl diazonium chemistry with a monolayer of calix[4]arenes. The
resulting nanohybrids show high efficiency, high selectivity toward
ORR in alkaline media along with an exceptional durability and a
high methanol tolerance.

Catalysts for oxygen reduction reaction (ORR) are key
components for implementing renewable-energy technologies.
The slow kinetics of ORR is still a major bottleneck and the
reaction requires not only efficient and durable but also
affordable electrocatalysts. Platinum® and platinum-basedz' 3
materials are known to be the best ORR electrocatalysts in
acidic media but they suffer from high cost and low catalytic
stability. Moreover, highly reactive oxygen species (ROS)
produced during ORR were shown to lead to the deactivation
or even the dissolution of the catalyst during operation.“'8 This
has driven many research groups to look to alternative and
cheaper catalysts. In this context, interest has been focused on
silver materials. They are good ORR electrocatalysts in alkaline
media at a much lower cost, although still much less studied
than gold structures.’ Apart stability, a key issue for ORR
activity is whether the reduction of O, proceeds by two
electrons to H,0, (or HO,) or by four electrons to H,0 (or HO).
The last pathway is the most preferred one for energy
applications due to the production of higher currents and
limitation of H,0, decomposition side reactions, possibly
harmful for the fuel cells components. Several decades ago,
the ability of bulk silver (Ag) to reduce oxygen in alkaline
aqueous solutions through a 4-electron or 2-electron pathways
was demonstrated, depending on the electrode potential.10
Silver nanomaterials were then successfully employed for ORR,
with various nanostructures including nanodecahedra,11
triangular nanoplates,12 nanowires™® or nanocubes.’ The size
effect of silver nanoparticles (AgNPs) was much less studied
than that of gold nanoparticles but, as a general trend, 4-
electron pathway was found to be favoured on large AgNPs
whereas 2-electron pathway prevailed on small ones at low
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overpotentials.ls’ ® However, nanoclusters (2-5 silver atoms)
were also demonstrated to efficiently catalyse the 4-electron
reduction of 02,17 but in contrast to earlier work.*®

Far to have an adverse impact on the catalytic performances,
the deliberate surface functionalization of metallic
nanoparticles with organic ligands recently
demonstrated to be an emerging strategy for enhancing
selectivity and/or stability in electrocatalysis.lg’22 Yet, such a
strategy has been mainly applied to gold or platinum
nanomaterials for ORR, and hardly explored with silver
nanoparticles.19 In addition, the nature of the interaction
between the nanoparticles and the ligands along with their
organisation with respect to the surface need to be further
considered to fully unveil the potential of this strategy.

Herein, silver nanoparticles (AgNPs) of 6 nm and 18 nm
functionalized by a covalently-bound thin layer of
calix[4]arenes bearing carboxylate groups (calix-AgNPs,
Scheme 1) are evaluated as nanocatalysts for ORR.” The rigid
macrocyclic structure of the calixarene platform ensures a
strong anchoring of the organic moiety through multiple
anchoring points and allows a very good spatial organization of
the interface.”® Furthermore, the carboxylate groups warrant
high stability and dispersity of the synthesized nanoparticles in
alkaline aqueous medium. The ORR activity of these calix-
AgNPs is compared to that of classical 5 nm and 20 nm citrate-
stabilized AgNPs (citrate-AgNPs).
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Scheme 1. Synthesis of silver nanoparticles functionalized by a thin layer of
calix[4]arenes bearing carboxylate arms (calix-AgNPs).

Calix-AgNPs were synthesized in a one-pot procedure that
consists in the simultaneous reduction of AgNO; and of
calix[4]arene-tetraacetic acid-tetradiazonium salt X4 at pH7
(Scheme 1).23 The size of the resulting NPs can be tuned



through the choice of the reducing agent, NaBH, and sodium
ascorbate, leading to 6 and 18 nm NPs, respectively. The calix-
AgNPs were fully characterized by UV-Vis absorption and IR
transmission spectroscopies, TEM, and X-ray photoelectrons
spectroscopy (see ESI). Commercially available citrate-AgNPs
of 5 nm and 20 nm are used for comparison. As shown
previously, the citrate-based ligands are merely physisorbed
> The
surface chemistry of the two series of AgNPs was investigated
by XPS (Fig. S3 and S4, ESI), demonstrating the presence of the
organic ligands onto metallic silver surfaces in all cases (see
ESI).

The electrocatalytic activities of the different AgNPs were
measured using a platinum (Pt) ring/glassy carbon (GC) disk
rotating ring-disk electrode (RRDE) in O,-saturated aqueous
0.1 M KOH solution. The AgNPs were deposited onto the GC
disk surface with the same mass loading (283 ug.cm'z). This
value was chosen to maximize the loading on the carbon disk
electrode in order to limit the contribution of the underlying
carbon surface itself. It is well-known that carbon surfaces
promote a two-electron reduction of O, in alkaline media, then
substrate issues may complicate the determination of the
number of exchanged electrons. Fig. 1 presents the results
obtained with the smallest calix-AgNPs and citrate-AgNPS, i.e.
6 and 5 nm, respectively. The onset potentials (i.e. potentials
corresponding to 5 % of the diffusion limiting current) were
found equal to 0.74 V and 0.71 V (vs RHE) for calix-AgNPs and
citrate-AgNPs respectively, while half-wave potentials were
determined as 0.50 V and 0.47 V (vs RHE) respectively. Such
values are in line with those reported for silver-based catalysts
under similar conditions (0.1 M KOH) (see Table S1, ESI).*® 25?7
The yield of hydroperoxide ions (HO, ) generated during ORR
was monitored by collection experiments at the Pt ring
electrode (Fig. 1, top curves). The Pt ring was set to a potential
of + 1.70 V (vs. RHE) to promote HO, oxidation. Almost no
HO, was generated with the calix-AgNPs catalysts during ORR
whereas it was significantly detected for citrate-AgNPs.

onto the NPs surface and form disordered muItiIayers.2
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Fig. 1. RRDE voltammetric curves in O,-saturated 0.1 M KOH solution of GC disk
electrodes modified with either a) 6 nm calix-AgNPs or b) 5 nm citrate-AgNPs (bottom
curves). Ring electrode (top curves): Pt. v = 10 mV.s™. w = 400, 600, 900, 1200, 1600,
2000 rpm. Ering = 1.70 V vs RHE. Normalized current density per electrochemically active
surface area are reported.

Data processing was performed on RRDE experiments to
follow the yield of HO, and the number of electrons n
exchanged during the ORR process. The number of electrons
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exchanged can be quantified using the disk and ring currents
according to:

=2
Ip+(3)

where I is the modulus of the disk current, I; is the ring

current corresponding to the oxidation of HO, and N is the

collection efficiency (N=0.37). The fraction of HO, that is

produced can be calculated from:

2()

IR
Ip+()

% HO; =100 (2)

Fig. 2 displays the variation of n (black lines) and % HO, (blue
lines) as a function of the potential during ORR for both calix-
AgNPs (6 nm) and citrate-AgNPs (5 nm). A constant n value of
ca. 4 over the entire potential range is obtained for calix-
AgNPs together with a very low production of HO, (< 1 %).
Such a behaviour evidences an efficient 4-electron process.
Citrate-AgNPs also display n value close to 4, between 3.6 and
3.7, but with higher production level of HO, (up to 18%). This
suggests that the oxygen reduction proceeds simultaneously
through a 2-electron and a 4-electron processes. Similar
experiments were performed with calix-AgNPs and citrate-
AgNPs of 18 and 20 nm respectively (Fig. S5 and S6, ESI). Onset
potentials of 0.71 V and 0.72 V (vs RHE) were measured for
calix-AgNPs and citrate-AgNPs respectively, while half-wave
potentials were found to be 0.49 V and 0.48 V (vs RHE),
respectively. For 18 nm calix-AgNPs, n values of 3.8-3.9 over
the entire potential range was calculated with HO, production
level around 6-8%, whereas n value of 4 and HO, production
level below 1% were measured for 20 nm citrate-AgNPs.
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Fig. 2. Potential dependence of the number of electrons n (black lines) and the yield of
HO,™ (blue lines) produced during ORR experiments for a) 6 nm calix-AgNPs and b) 5 nm
citrate-AgNPs.

At this stage, it is thus interesting to consider the ORR
selectivity regarding the size of the AgNPs since it has been
earlier demonstrated to impact the 2 or 4-electron pathways.
Here, using citrate-stabilized AgNPs, 4-electron pathway is
favoured on the larger 20 nm citrate-AgNPs whereas on the
smaller 5 nm citrate-AgNPs simultaneous 2-electron and a 4-
electron processes are observed. This is in line with a more
favourable ORR process to H,0 (OH’) on larger AgNPs, as
described in the literature.”™ ° Interestingly, the results
obtained with calix-AgNPs show an opposite trend. The

This journal is © The Royal Society of Chemistry 20xx



performances of calix-AgNPs of 6 and 18 nm are rather close
yet significantly better with the smallest NPs, notably
considering the lower yield of HO, that is produced (Table 1).
It is further interesting to compare the electrocatalytic
activities of the two series of AgNPs. Focusing on the smallest
AgNPs, the calix-AgNPs outperform citrate-AgNPs, with higher
onset or half-wave potentials and better selectivity towards
the 4-electron pathway, whereas an opposite trend is
observed on the bigger AgNPs. Finally, the 6 nm calix-AgNPs
and the 20 nm citrate-AgNPs have similar electrocatalytic
activities. In order to report the catalytic efficiency of our new
nanohybrids, we calculate the normalized kinetic current
density per electrochemically active surface area (ECSA, ESI) at
0.6 V vs RHE (Table 1). The surface activities of calix-AgNPs
were found to be significantly larger than those of citrate-
AgNPs. The smallest calix-AgNPs even led to the highest
activity. Note that the ECSA of calix-AgNPs is smaller than the
one of citrate-AgNPs (Table S1, ESI). It can be explained by the
covalent binding of the calix[4]arenes to the AgNPs surface
that may potentially decrease the number of available catalytic
sites, whereas citrate molecules are simply physisorbed onto
the particles. The mass-transfer corrected Tafel plots lead to
slopes of ca. 80 mV/decade at low overpotentials (low J) for all
the nanocatalysts (Fig. S7, ESI). These values are close to the
typical slope of 60 mV/decade generally found for ORR and
agree with the values reported in the Iiterature,lg' 2830
suggesting that the rate determining step is the first electron
transfer as reported for platinum (Pt) and gold (Au). The
modification of the electrocatalytic properties of the AgNPs
upon functionalization with calix[4]arenes monolayer may be
ascribed to a ligand effect, strengthened by the robust grafting
of the organic ligand onto the surface. Recent studies have
shown that the electronic
nanoparticles and ligands play a significant role in determining

interactions between metal
the electrocatalytic activity as a result of the manipulation of
the electronic energy of the metal nanoparticles and hence the
interactions with oxygen.al'33 While DFT calculations of
elementary step energetics could provide valuable
information,31 it is out of the scope of this communication.

Table 1. Characteristic electrocatalytic parameters of citrate-AgNPs and calix-AgNPs.

5nm 20 nm 6 nm 20 nm
citrate- citrate- calix- calix-
AgNPS AgNPs AgNPs AgNPs
n’ 3.6-3.7 4 4 3.8-3.9
% HO, 14-18 % <1% <1% 6-8 %
Onset potential (vs
0.71V 0.72V 0.74V 0.71V
RHE)
Half-wave
) 0.47V 0.48V 0.50V 049V
potential (vs RHE)
Surface activity @ 0.14 0.26 1.95 0.79
0.6 V vs RHE mA.cm” mA.cm” mA.cm” mA.cm”
% Loss of surface
activity @ 0.6 V vs
55% 35% 3% 22%

RHE after stability
test

#The number of electron n is given for the entire potential range, i.e. from 0.6 to -
0.4V vs RHE.

This journal is © The Royal Society of Chemistry 20xx

One crucial point for electrocatalysts concerns their durability,
which is of paramount importance in applications such as fuel
cells. The long-term stability of the two series of AgNPs was
evaluated through chronoamperometric experiments at a
constant voltage of 0.55 V (vs RHE) for 12h in 0.1 M KOH O,-
saturated solution (Fig. S8, ESI). Fig. 3 presents LSV curves at
1600 rpm of calix-AgNPs (6 nm) and citrate-AgNPs (5 nm)
before and after the 12h-chronoamperometry. The
corresponding surface activities were deduced from the
recorded LSV. A loss of only 3 % in the surface activity of 6 nm
calix-AgNPs is observed whereas a loss up to 55 % is measured
for 5 nm citrate-AgNPs. Similarly, 22 % and 35 % losses in
surface activity are observed on the 18 nm calix-AgNPs and 20
nm citrate-AgNPs, respectively (Table 1, Fig. S9, ESI). The
results indicate that the covalently bound calix[4]arene
monolayers dramatically enhance the stability of the silver
nanocatalysts in contrast to the physisorbed and loosely
packed citrates.
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Fig. 3. Linear sweep voltammetry (LSV) curves recorded at 1600 rpm on a) 6 nm calix-
AgNPs and b) 5 nm citrates AgNPs before (black curves) and after (red curves) stability
test in O,-saturated 0.1 M KOH solution.

electrochemically active surface area are reported.

Normalized current density per

XPS analyses were further conducted before and after the
accelerated stability tests, which consist in one thousand cyclic
voltammograms at 500 mV s between +1.0 and -0.4 V vs RHE
in O,-saturated 0.1 M KOH solution (Fig. S10-S13) The chemical
states of the silver nanomaterials were especially scrutinized
through the determination of the modified Auger parameter
%35 (see ESI). The XPS
analyses of the silver nanoparticles evidence an oxidation of
the silver nanoparticles after the accelerated stability tests
when stabilized by citrates. The effect is stronger with the
smallest 5 nm citrate-AgNPs. In sharp contrast, the calix-AgNPs
retain their metallic character after operation, even for the
small 6 nm calix-AgNPs. This may explain the loss in surface
activity of the citrate-AgNPs, especially for the 5 nm NPs. Thus,
the grafting of calix[4]arenes onto the nanoparticle’s surface
provides a highly robust but very thin organic interface that
strengthens the catalytic stability of the resulting calix-AgNP
nanohybrids. Note that the stability obtained with 6 nm calix-
AgNPs is by far one of the best compared to those reported in
the literature for silver nanomaterials.™ 2% %

Finally, we evaluated the methanol tolerance of the calix-
AgNPs (6 nm) because this aspect may be also of great
importance for ORR catalyst applications, namely direct

. . 3
of silver o’ for a more accurate analysis
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methanol fuel cells (DMFC). In DMFC, the crossover of
methanol through the membrane could be an issue. For
instance, Pt nanocatalysts are very sensitive to this crossover
which deactivates them. Remarkably, the addition of methanol
caused only a very weak current fluctuation, demonstrating
the great methanol tolerance of the 6 nm calix-AgNPs (Fig.
S14, ESI).

Herein, we demonstrate that the deliberate functionalization
of AgNPs with a covalently-bound thin layer of calix[4]arenes
dramatically enhances the ORR performances of silver
nanocatalysts in alkaline media compared to AgNPs stabilized
with citrates. The calix-AgNPs outperform citrate-AgNPs in
terms of efficiency (surface activity) and durability, suggesting
that the surface modification procedure has a great impact on
the performances of the material. Our own experiments on
citrate-AgNPs confirm that 4-electron pathway is favoured on
large citrate-AgNPs whereas the 2-electron pathway prevails
on small ones. However, we demonstrate that the deliberate
functionalization of AgNPs with a thin layer of calix[4]arenes
reverse this trend, allowing an optimum use of silver materials
as catalysts in ORR. Especially, the smallest calix-AgNPs (6 nm)
manifest an exceptional durability with only a loss of 3% in
mass activity after 12h ORR operation together with a great
tolerance to methanol. This calixarene-based coating strategy
opens perspectives to the use of such nanohybrids in fuel cells
and notably DMFCs.

We thank Dr. Ludovic Troian-Gautier for the synthesis of
calix[4]arene X4 and Dr. Antoine Vacher for IR spectra.
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