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Chemical Tuning of Metal Nanocatalysts Interface for ORR

Electrocatalysis

Quentin Lenne, Alice Mattiuzzi, lvan Jabin, Jonathan Hamon, Yann R. Leroux,*

and Corinne Lagrost*

A series of surface-functionalized gold nanocatalysts are synthesized.
Through diazonium chemistry, calix[4]arene molecules are grafted at the gold
surface. Sharing the same anchoring function and a common backbone, the
calix[4]arene ligands possess distinct terminal chemical functions where the
length, hydrophobic nature, and oxygen affinity are varied. Thanks to the ver-
satility of the calix[4]arene platform, this paper only focuses on the molecular
tuning of the solid/liquid interface through the change of the tail groups
while electronic effects that are regulated by the anchoring function will be
similar for all catalysts. Electrocatalytic tests demonstrate the influence of
the tails group on the oxygen reduction reaction performances, including
efficiency, selectivity, and durability. Beyond a pure geometric steric effect, it
is shown that chemical properties of the ligands can effectively tune the inter-
actions between the metallic catalyst and the electrolyte and reactants.

1. Introduction

Up to recently, the deliberate molecular functionalization of
metal-based catalysts was limited to molecular complexes
in homogeneous catalysis where organic ligands can steer
the activity and selectivity of metal centers.l! In this field, a

Q. Lenne, Y. R. Leroux, C. Lagrost

CNRS

Univ. Rennes

ISCR-UMR 6226, Rennes 35000, France

E-mail: yann.leroux@univ-rennes1.fr; corinne.lagrost@univ-rennesl.fr
A. Mattiuzzi

X4C

48 rue Auguste Piccard, Gosselies 6041, Belgium

I Jabin

Laboratoire de Chimie Organique

Université libre de Bruxelles (ULB)

CP 160/06, Avenue F.D. Roosevelt 50, Brussels 1050, Belgium
J. Hamon

Institut des Matériaux de Nantes

Université de Nantes

UMR 6502, 2 rue de la Houssiniére, Nantes 44000, France

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admi.202202219.

© 2023 The Authors. Advanced Materials Interfaces published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/admi.202202219

Adv. Mater. Interfaces 2023, 10, 2202219 2202219 (1 0f9)

thorough design of the environment sur-
rounding the active metal site is often
used to leverage more the chemical reac-
tivity, i.e., both kinetics and reactions
mechanism. Beyond a simple alteration
or availability of the active catalytic sites,
the presence of ligands could lead to a
steric or electronic control of the catalytic
site as well as a metal-ligand coopera-
tivity introducing new reaction pathways.
In contrast, in the field of heterogeneous
catalysis, chemical reactivity and/or selec-
tivity are commonly only tuned through
catalytic sites alteration or by increasing
their relative number thanks to nano-
structuring. This is notably the case with
nanoparticle catalysis, which is of primary
importance in many heterogeneous reac-
tions due to the inherent high surface to
mass ratio and controllable surface structure of the nanocata-
lysts. Herein the manipulations of size, of shape or of com-
position by topmost engineering with foreign metals of the
nanomaterials is currently exploited to tune the reactivity and
selectivity of the catalytic systems.>”] Such manipulations are
very often achieved thanks to small molecules or polymers
acting as capping agents able to regulate the size and shape
during the synthesis and to prevent from aggregation.l®l But the
organic capping agents are generally undesired at the catalytic
surface because they are considered as inert species hiding the
active sites on the nanoparticle catalyst. Thus, additional effort
has to be made for the removal of organic ligands prior to use,
without altering the material structure or morphology.l>”-1!
However, the promoting effects of ligands on heterogeneous
catalysts have recently emerged, and a number of studies has
shown that surface ligands can actually enhance the selectivity,
activity and/or durability, notably in important electrocatalytic
reactions including hydrogen evolution reaction (HER), carbon
dioxide reduction reaction (CO,RR) or oxygen reduction reac-
tion (ORR).[1216]

The reasons why the organic modifiers can tune the elec-
trocatalytic activity are critical questions to address in order to
rationalize their design for taking better benefit of this strategy.
Electronic and steric effects of organic ligands are generally
considered and are the most widely discussed.'*!% Electronic
effect is mainly due to the anchoring moiety which could
influence the local electronic structure of the surface through
metal-ligand interaction. The steric effect corresponds to the
selective blocking of metal surface by the ligand at the sur-
face due its geometry and/or size, hence mostly ruled by its
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tail group. But a third effect related to the chemical nature of
the ligand has to be also considered. The solid/liquid inter-
face could benefit from the chemical properties of the ligands
to tune the hydrophilicity, local gas solubility or more gener-
ally the interactions between the electrolyte and the catalytic
surface. Optimizing the design of organic ligands would then
require to distinguish between each contribution of these three
effects. In a recent work, Cano and co-workers have employed
different capping ligands at gold nanoparticles involved in ORR
electrocatalysis.’l If this work demonstrates the importance of
the choice of the ligands, it remains difficult to draw a rationale
because, among the four targeted capping ligands, both
anchoring and tail groups are simultaneously varied. A more
systematic study has been undertaken by Buonsanti et al., here
dedicated to CO,RR process.®! Interestingly, this work high-
lights the importance of the tail groups, notably by considering
its hydrophobicity for regulating the selectivity of the process.!'®!
Yet, the hydrophobicity of the ligands is mainly tuned through
their tail length, hence contribution of steric geometric effect
cannot be ruled out in that case. It turns out that identification
of the influence of each effect is challenging and should be car-
ried out with a careful design of ligands.

In this context, we use the versatility of a calix[4]arene platform
to explore the influence of the nature of the tail group on the
chemical reactivity in ORR electrocatalysis.!'*2l We have recently
shown the very good performance of gold nanoparticles func-
tionalized with a monolayer of calix[4]arenes molecules bearing
appending carboxyl groups toward ORR in alkaline medium.??!l
The calix[4]arenes are grafted at the gold surface through the
reductive grafting of diazonium functions that enables a very
strong metal-ligand interaction.??24 The calix[4]arenes exhibit a
cone-constrained structure made of four aromatic units linked
by methylene bridges and equipped with four diazonium func-
tions at the large rim. This molecular architecture allows a clean
control of the coating at the nanoparticles surface as demon-
strated previously.?*?] Importantly, the small rim of the calix[4]
arenes can be easily decorated with various functional groups.'!
Thus, one can vary the length and the chemical nature of the
tail groups of ligands which share a common backbone and
the same anchoring function. Thanks to this unique molecular
design, we are able to focus on the influence of the tail group
on the chemical reactivity in ORR. We have then synthesized
a series of calix[4]arene-functionalized gold nanoparticles with
different functional termini including acetic acid, polyethylene
glycol, propyl, trifluoro butyl and perfluorinated chains. The
choice of these chemical groups is made to vary the length, the
hydrophobicity but also the chemical properties (oxygen affinity)
of the ligands. The electrocatalytic performances, i.e., efficiency,
selectivity and durability are found to be sensitive to the nature
of the corresponding tail groups, demonstrating an interplay
between length, hydrophobicity and oxygen affinity. Hydro-
phobicity is a dominant parameter to increase the ORR perfor-
mances but could be counter-balanced by other chemical proper-
ties like oxygen affinity herein. We show that a simple geometric
steric consideration relatively to the crowdedness of the ligand,
in other words the accessibility at the solid/liquid interface is
not enough to predict the chemical reactivity and the chemical
properties of the ligands has to be taken into account, providing
eventually a fine tool for tuning the reactivity.
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Figure 1. Schematic structure of the hybrid gold nanoparticles.
Au-calixCOO™, R = CH,-COO~; Au-calixPropyl, R = (CH,),CHs;
Au-calixCF3, R = (CH,);CF3; Au-calixCyFg, R = (CH3)3C4Fg; Au-calixPEG,,
R = CH,(CH,0CH,);CH,0CH;.

2. Results and Discussion
2.1. Synthesis of the Hybrid Nanocatalysts

The calix[4]arene-tetradiazonium salts are prepared as previ-
ously described.”>?1 Gold nanoparticles are synthesized via
a one-pot procedure involving the simultaneous reduction of
HAuCl, and calix[4]arene-tetradiazonium salts with NaBH, in
acetonitrile. This one-step approach has been already described
successfully for the preparation of Au-calixCOO~,®%! while it is
here reported for the first time for the other calixarene-func-
tionalized nanoparticles, i.e., Au-calixCF;, Au-calixC4Fy, Au-
calixPEGy, and Au-calixPropyl (Figure 1).

Aurate salts and calix[4]arene-tetradiazonium cations are
respectively transformed to gold clusters and aryl radicals upon
the addition of the reducing agent NaBH,. The calix[4]arene
radicals serve as stabilizing agents and their grafting onto the
metallic core inhibits the growth of the metal clusters.l?®l Thus,
the resulting nanoparticles with the calix[4Jarene compounds
having different terminal groups exhibit close core sizes as
evaluated from transmission electronic microscopy (TEM)
images after centrifugation and washing cycles (Figure 2). We
have found 6.1+£1.9,6.5+2.5,64+18,78 £ 15, and 6.8 £+ 1.2 nm
for Au-calixCOO~, Au-calixCF;, Au-calixC,Fy, Au-calixPEG, and
Au-calixPropyl respectively (Figure S1, Supporting Informa-
tion). The nanoparticles were dispersed in different solvents,
regarding the nature of their terminal groups at the small rim,
namely water, acetone, toluene and acetonitrile for Au-calixCOO™,
Au-calixCF;, Au-calixPropyl, Au-calixC,Fg, and Au-CalixPEG,,
respectively. All colloidal suspensions display the characteristic
red-ruby color for spherical nanoparticles in agreement with
their localized plasmon resonance bands at A, = 512-528 nm
(Figure S2, Supporting Information). The colloidal suspension
of Au-calixPropyl is weakly stable and precipitation of the nano-
particles quickly occurs. This precludes any analysis in solu-
tion. However, re-homogenization by vigorous stirring is always
possible, allowing further characterization and use of deposited
nanoparticles. TEM analysis confirms that all the gold nanopar-
ticles are in a spherical shape and well dispersed (Figure 2). In
the case of Au-calixC,Fy, some clusters of nanoparticles can be
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Figure 2. TEM micrographs of a,f) Au-calixCOO™, b,g) Au-calixCF;, c,h) Au-calixC4Fy, d,i) Au-calixPEG,, and e,j) Au-calixPropyl.

observed on the TEM micrograph. They are likely to be due to
the entanglement of the polyfluorinated chains of the organic
ligands since no irreversible aggregation is observed in the
solution.[2¢]

X-Ray photoelectrons spectroscopy (XPS) measurements
are further performed to analyze the surface composition of
the nanohybrids which are deposited onto a silicon substrate.
Figure 3 displays the high-resolution core level spectra of Au4f
and Cls region. The binding energies for Au4f peaks doublet
are found in the range 84-84.4 eV for Au 4f;, and 877-88.1 eV
for Au 4f5),. These values match with the expected values for
metallic Au, showing the full reduction of the aurate salts. The
binding energy shifts observed among the series of Au-calix
nanoparticles are not significant (<0.35 eV) and fall in line with
the specific structure of the calix[4]arene platforms that share
the same anchoring function and scaffold, mitigating possible
electron donating/withdrawing effects. Thus, close reduction
potentials for the calix[4]arene-tetradiazonium salts have been
evidenced in a previous work.?”! The electronic contribution
due to the ligands grafting to the ORR reactivity is then sup-
posed to be of the same order within the Au-calix series. The
Cls spectra can be peak-fitted according to several character-
istic components that agree well with the different calix[4]arene
structures (see table S1, Supporting Information). The calix[4]
arene-grafted nanoparticles are excellent candidates to focus
only on the nature of the ligand tail toward the ORR reactivity.

Thermogravimetric analysis (TGA) experiments are per-
formed to evaluate the grafting density of calixarenes onto
the gold nanoparticles (Figure S3, Supporting Information).
The densities calculated from these experiments range from
2 to 3.9 calixarenes nm™ for Au-calixCOO~, Au-calixCFs,
Au-calixPEG,, and Au-calixPropyl while a higher value is
found (=6.2 calixarenes nm~) for Au-calixC,Fo (Table S2, Sup-
porting Information). It can be noticed that the smallest value
is obtained with the colloids that are the easiest to wash, i.e.,
Au-calixCOO™, readily dispersible in aqueous solution thanks
to electrostatic repulsion driven by the carboxylate groups.
However, all the obtained densities are indeed larger than the

Adv. Mater. Interfaces 2023, 10, 2202219 2202219 (3 0f9)

one previously found for calix[4]arene grafted onto flat sur-
faces (=0.5-0.6 calixarenes nm2).2% The larger curvature
of the particle surface is likely to allow denser grafting as previ-
ously evidenced.>! On the other hand, loose ungrafted calix[4]
arenes molecules may also contribute to overestimate the
grafting densities, since the larger values are obtained with
the nanoparticles that are the most difficult to wash. Notably,
Au-calixC,Fq exhibits the largest grafting density which might
account for the entanglement of the polyfluorinated chains,
making it difficult to remove all the ungrafted ligands.[?! Nev-
ertheless, the combination of TEM, XPS, and TGA analyses
indicate that we have obtained gold nanoparticles of close
core size, decorated with roughly a monolayer of calixarenes
exhibiting terminal groups of different chemical nature. The
functionalized nanoparticles are re-concentrated by centrifu-
gation to be further deposited at the surface of a rotating
ring-disk electrode (RRDE) with the same gold mass loading
(300 ug cm™).

2.2. Electrocatalytic Activity toward ORR

The ORR electrocatalytic activities of all the Au-calix nanohy-
brids are measured using a Pt ring/GC disk rotating ring-disk
electrode (RRDE) in O,-saturated aqueous 0.1 m KOH. The
nanomaterials are simply deposited onto the GC surface and
covered with Nafion to ensure good mechanical stability at the
electrode surface. No supporting carbon is herein employed
to disperse the nanoparticles to focus only on the impact of
the organic functionalization against the particle itself. It is
known that small gold nanoparticles are well-performing cat-
alysts for ORR, mainly through a 2e~ + 2e~ pathway.?*32 O,
is first reduced to hydroperoxide anion (HO,") (Equation (1)).
This hydroperoxide ion can further be reduced to hydroxide
anions (OH") (Equation (2)) or undergoes a disproportiona-
tion (Equation (3)). Notice that in the case of a four-electron
pathway, the oxygen (O,) is directly reduced to hydroxides
anions (Equation (4)), as usually observed on Pt-based catalysts

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. XPS core level spectra for Cls a—e) and Au4f f—j) regions of
the calix-decorated gold nanoparticles deposited onto a silicon substrate.
a,f) Au-calixCOO", b,g) Au-calixCFs, ¢,h) Au-calixC4Fq, d,i) Au-calixPEG,,
and e,j) Au-calixPropyl.

0,+H,0+2e” — HO, +OH ;E°=-0.076V vs SHE 1)
HO, +H,0+2e” —30OH ;E =0.878V vs SHE 2
2HO, —20H +0, 3)
0,+2H,0+4e” — 4 OH ;E’ =0.401V vs SHE (4)

Figure 4 displays the typical voltammetries obtained at the
disk (bottom curves) and at the ring (top curves) electrodes
at @ = 1600 rpm. The whole series can be found in the SI
(Figure S4, Supporting Information). The amount of hydroper-
oxide ions (HO,") possibly produced by the oxygen reduction at
the disk electrode is titrated at the Pt ring electrode through its
oxidation at 1.70 V versus RHE.

The LSV signals at the disk exhibit the characteristic two-
wave polarization curves patterns usually observed at gold

Adv. Mater. Interfaces 2023, 10, 2202219 2202219 (4 of 9)
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Figure 4. RRDE voltammetric curves in O,-saturated 0.1 m KOH of GC
disk electrodes modified with Au-calixCOO™ (—), Au-calixPEG, (—), Au-
calixPropyl (=), Au-calixCF; (=), and Au-calixC4Fy (—) (bottom curves)
and of Pt ring electrode (top curves). v =10 mV s™, @ = 1600 rpm,
Eiing =1.70 V versus RHE.

nanocatalysts, in line with the 2e” + 2e~ pathway.2!l The half
wave potentials vary with the nature of the tail groups at the
calix[4]arenes small rim (Table 1). The onset potentials range
from 0.99 V (Au-calixPEG,) to 0.79 V (Au-calixPropyl). The tail
groups of calix[4]arene functionalizing the gold nanoparticles
have different lengths, from shortest ones (calixCOO™ and calix-
Propyl) to longest one (calixPEG,), and give different wetting
properties to the corresponding modified surfaces(Table 1).
Contact angle measurements have been performed in previous
works with flat gold surfaces, 1292627] and showed that the hydro-
philicity of the materials varies in the order Au-calixPEG, > Au-
calixCOO~ > Au-calixPropyl > Au-calixCF; > Au-calixC,Fo. We
observe that the potential values are impacted by the hydrophi-
licity of the termini rather than by its tail length. Except with
Au-calixCF;, the trend suggests that the more hydrophilic
terminal group, the smaller is the overpotential. In addition,
one can note that the onset or half-wave potential values are
comparable than those displayed by other metallic catalysts
(Pt, Pd, or Au) being carbon supported,’?>* or not.["”#>#] They
can be even significantly shifted to more positive potentials in
the case of Au-calixPEG,, Au-calixCOO™, and Au-calixCF;. The
electrochemical surface area (ECSA) is calculated based on
oxides reduction current integration from cyclic voltammetries
recorded in an Ar-saturated 0.1 m HCIO, solution (Figure S5,
Supporting Information). The ECSA values show a monotonic
variation with the interfacial hydrophilicity according to ECSA
(Au-calixPEG,) > ECSA (Au-calixCOO™) > ECSA (Au-calix-
Propyl) > ECSA (Au-calixCF;) > ECSA (Au-calixC,Fo). The Au-
calixC,Fy exhibit a strong blocking character, probably due to
the interaction between the perfluorinated chains, either intra-
or intermolecular, that could prevent the access of the aqueous
electrolyte to the gold surface.

The quantitative comparison of the efficiency of the nanocat-
alysts is performed through the analysis of the kinetic current
density (J}) and of the mass activity (kinetic current normalized
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Table 1. Contact angle of calix[4]arene-modified gold surfaces, estimation of tail length and electrocatalytic parameters for ORR on the different nano-

catalysts in 0.1 m KOH, @ =1600 rpm.

Au- calixPEG, Au- calixCOO~ Au- calixPropyl Au- calixCF; Au- calixC4Fq

Contact angle 55+ 5°2) 68 + 3°b) 78 +3°b) 89 +2°0) 114+ 3%
Tail length (A)9 16.1 3.6 3.9 5.1 9.5

Eyjz (Vvs RHE) 0.88 0.81 0.65 0.82 0.63
ECSA (m2g'\) 5.62 1.98 1.07 0.52 0.009
J@Ey; (mA cm™?) 41 17 1.1 2.3 13
MA@E;, (A g ') 13.8 6.3 3.7 7.7 4.4
n(~=0.35 < E < Egneer) 3.95-3.8 3.9 3.9-3.8 3.9-3.8 3.8-3.2
Max.9) % HO,~ n 5 5 10 42

AFrom ref. [27]; ®From ref. [20]; 9From ref. [26]; 9Estimated from MM2 energy minimization with ChemBio3D software; ®)Taking into account the different values deter-
mined for Egnset OF Eyj7 for the different catalysts, we have considered the maximum yield production of H,O™ in the mass-transport-controlled region.

by the Au mass). The kinetic current density is evaluated by the
classical Koutecky—Levich analysis at the half-wave potential in
the rotating disk electrode experiments to correct mass transfer
(Figure S7, Supporting Information). J, and MA hence formally
correspond to the kinetic activity of the nanocatalysts at infinite
mass transport. Here again, [, and MA are much more influ-
enced by the hydrophilic nature of the calix[4Jarene tail than
by their length (Table 1). Still with the notable exception of Au-
calixCF3, the intrinsic catalytic efficiency of the nanocatalysts is
enhanced for the most hydrophilic systems (Figure 5).
Mass-transfer corrected Tafel plots are constructed to deter-
mine the corresponding Tafel slopes (Figure S8, Supporting
Information).The Tafel plots display two linear segments of
different slopes, as classically reported.*¢ This slope discon-
tinuity observed between low current density (J)/low overpoten-
tial and high current density (J)/high overpotential is still dis-
cussed and could originate from a change in the reaction mech-
anism. Herein, at low J, the absolute Tafel slopes are found
to be equal to 50 mV dec! for Au-calixPEG,, 42 mV dec™! for
Au-calixCOO™, 55 mV dec! for Au-calixPropyl, 49 mV dec™! for
Au-calixCF; and 56 mV dec? for Au calixC,Fq (Figure S8,
Supporting Information). These values are rather close to
the typical absolute slope of 60 mV dec™! generally found at
low J. Such values could correspond to a pseudo two-electron
transfer mechanism where the rate-determining step is the

14
40
hydrophilicity - 12
304 L10 S
g =
L. 20 8 o
= <
L6 <
10 lI =
4
a |
a b c d e

0—0 bond breaking.¥] However, the change of the Tafel
slopes, and especially the value of 60 mV dec™! has been also
proposed to be more likely due to adsorbed species that could
alter the kinetics.*>#*8] For Au-calixPEG,, Au-calixCOO~, and
Au-calixCF3, the absolute Tafel slopes are even lower than
60 mV dec’!, notably for Au-calixCOO~ as discussed previ-
ously.?l At higher current density, the Tafel plots exhibit a
linear segment with similar slopes of 120 + 3 mV dec™! for all
the Au-calix[4]arene nanocatalysts. This indicates a classical
mechanism with no adsorbates other than ORR intermediates
where the rate-determining step is the first electron transfer to
0,.454:50 Importantly, the Tafel analysis shows that the mecha-
nism of the ORR is the same for all the studied nanocatalysts,
in line with the classically ORR reported pathway.

From the RRDE voltammograms, the number of exchanged
electron (n) and hydroperoxide percent yield have been
extracted and monitored as a function of potential (Figure 6).
For all the catalysts, the ORR exhibits behaviors that are in fair
agreement with a 2e” + 2e” reduction pathway with HO,™ as
intermediates. HO,™ is first formed then can undergo a fur-
ther reduction to OH~ at more negative potentials thanks to
the good disproportionation activity of gold nanomaterials.3>3]
However, sharp differences can be pointed out among the dif-
ferent nanocatalysts. For Au-calixCOO~, Au-calixPropyl, Au-
calixPEG, and Au-calixCF;, a low production of HO,™ (<11%)

14
40
H12
tail length =5
30 L10
IN ‘T
(o]
Q 2- 8 <
R g <
10 - =
L4
0-4

a e d c b

Figure 5. Effect of tail groups on the kinetic mass activity (MA) and maximum amount of hydroperoxide anions (%HO;") that are produced during
the ORR process. a) Au-calixPEG,, b) Au-calixCOO™, c) Au-calixPropyl, d) Au-calixCFs;, and e) Au-calixC4Fg nanocatalysts.
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Figure 6. Variation of number of exchanged electrons (n) and yield of HO,~
produced as a function of potential during ORR experiments in O,-sat-
urated 0.1 M KOH at the different nanocatalysts (=) Au-calixPEG,, (—)
Au-calixCOO~, (—)Au-calixPropyl, (—) Au-calixCFs, and (—) Au-calixC4Fg,

is observed with almost no variation of the number of electrons
exchanged (3.8-3.95) over the whole potential range (Figure 6
and Table 1). These results indicate a very efficient reduction
of HO,™ to water, suggesting a high selectivity of the reaction
with those nanocatalysts since the fraction of HO,™ produced
in the reaction could be seen as an indicator of the selectivity
of the reaction. The amount of HO, is even little lower for Au-
calixPropyl and Au-calixCOO~, which exhibit a behavior close to
that observed for platinum catalysts in acidic media. Note that
these features are quite unique for Au electrocatalysts.[ 35152
Some Au single crystals with (100) facets exhibit remarkable
catalytic activity with a 4-e- reaction with almost no production
of HO,™, albeit in a limited potential range.”* In contrast, Au-
calixC,Fy shows high production of HO,™ up to 42% while n
varies from 3.2 to 3.8 as a function of the potential. Au-COO~
and Au-propyl with the shortest tail show the best selectivity
pattern toward the 4-e” pathway with almost no HO,  pro-
duction, suggesting that the tail length, hence the steric hin-
drance with respect to the catalytic surface, has an impact on
selectivity. However, as for thermodynamic and kinetic efficien-
cies, the selectivity tends to be much more influenced by the
hydrophilicity of the terminal groups than by the length of its
tail (Figure 5). Indeed, ORR at Au-PEG, produces a low amount
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of HO,™ despite having the longest tail thanks to its superior
hydrophilicity. Importantly, at this stage, it is worth outlining
that Au-PEG, exhibits enhanced performance within the whole
series although that its tail length would have led to strong
steric effect supposed to hamper the reaction. This result shows
that accessibility is not necessarily a key parameter in the pro-
cess efficiency. Au-calixC,Fy which is the most hydrophobic
material leads to high fraction of HO,™, although it presents a
shorter tail than Au-calixPEG, (Table 1). On the other hand, we
can notice that Au-calixCF; is systematically outside the trends
observed within the series of Au-calix regarding the thermody-
namic potentials, mass activity and selectivity. Despite having
longer tail and being more hydrophobic, the performances of
Au-calixCF; are approaching those of Au-calixCOO~, but with
a smaller ECSA. This observation suggests that the interactions
with the surrounding solvent is probably not the sole aspect
modulating the catalysts reactivity. The fluorinated tail group
may increase the local O, concentration allowing better ORR
efficacy.®™ However, the interplay between steric hindrance,
hydrophobicity and affinity toward O, is subtle and a trade-off
between all these effects is obviously necessary to increase the
performances. Au-calixCFj; is likely to represent the best com-
promise, explaining its good catalytic activity and selectivity for
the 4-e™ pathway. In contrast, despite being equipped with per-
fluorinated chains, hence having a better affinity with O, than
Au-calixCF;, Au-calixCFy exhibits poorer electrocatalytic per-
formance and selectivity because of its larger hydrophobicity.
Nevertheless, an even worse selectivity toward the 4-electron
pathway could have been expected from the hydrophobic
nature of the C4Fy tail. Indeed, Mirkhalaf and co-workers has
demonstrated that gold nanoparticles capped with a monolayer
of decylphenyl moieties catalyze the oxygen reduction process
to the formation of peroxide (2-e~ process).”® In this work,
the capping ligands are found to establish a local hydrophobic
environment that strongly impacts the reaction mechanism.?!
The strong affinity of the perfluorinated chains for oxygenated
species in the Au-calixC,Fy is likely to mitigate the effect of the
local hydrophobic environment, enabling a moderate but sig-
nificant efficacy of the 4-e~ conversion of O,.

2.3. Durability of the Nanocatalysts

Durability of the calix-functionalized Au nanocatalysts is ana-
lyzed through a drastic sequence of stability tests. They con-
sist first of one thousand cyclic voltammetries by sweeping
the potential between 1.2 and —0.35 V versus RHE in aqueous
O,-saturated 0.1 M KOH at 500 mV s Then the same sam-
ples undergo a 12h-chronoamperometry at 0.75 V versus RHE.
LSV curves are then recorded and compared with the signals
obtained before applying this stability tests sequence (Figure 7).

All the nanocatalysts show very good stability, with the
highest durability for Au-calixCOO~ and Au-calixPEG,. ECSA
are also estimated from cyclic voltammetries before and after
the durability tests for the different nanocatalysts except for Au-
calixC4Fg which exhibit too small ECSA values to have mean-
ingful variation (Figure S6, Supporting Information). About
60% of Au-calixCOO~ (63%) and Au-calixCF; (58%) remain
electrochemically active after the drastic sequence of stability
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Figure 7. LSV curves in O,-saturated 0.1 m KOH before (solid line) and after (dashed line) the sequence of stability tests a) Au-calixCOO-, b) Au-
calixPEG, c) Au-calixPropyl, d) Au-calixCF3, and e) Au-calixC4Fs. @= 1600 rpm. v =10 mV s7\.

tests (1000 cycles + 12h-chronoamperometry) while even 88%
of Au-calixPEG, is still operative. In contrast, Au-calixPropyl
is much more affected and exhibits a 79% loss of ECSA. XPS
analyses of the deposits made before and after the stability tests
do not reveal significant differences (Figures S9 and S10, Sup-
porting Information). Especially, the core level signals for Au4f
remain almost identical for all the nanocatalysts (Figure S9,
Supporting Information). The XPS observations suggest that
hybrid nanocatalysts remain generally intact in contrast to what
we observe with citrate capped gold nanoparticles in a previous
work.2!l This also suggests that the hydrophilic and hydro-
phobic properties of the different nanocatalysts do not change
after the catalytic reaction.

3. Conclusion

A series of gold-functionalized nanocatalysts has been syn-
thesized by varying the organic ligands grafted onto the nano-
particles’ surface. The organic ligands display an identical
architecture based on calix[4]arene platform sharing the same
anchoring groups and molecular backbone. Variation of the
tail group at the calix[4Jarene small rim enables an easy tuning
of the solid/liquid interface without changing the nature of
the interaction between the metallic surface and the ligand
and the spatial distribution of the ligands at the surface. Our
results indicate the importance of the nature of the ligand
tail in controlling the activity of the gold nanoparticles. Steric
effects due to the tail length which it is supposed to regu-
late the accessibility to catalytic sites are found to have finally
little influence. The hydrophilicity is shown to play a much more
dominant role in modulating the catalyst performance. The
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more hydrophilic the ligand, the better the catalyst performance
and selectivity is, irrespective of the tail length. Thus the hydro-
philic Au-calixPEG, is favorably competitive to the hydrophilic
Au-calixCOO™, despite a much longer tail, hence demonstrating
that the chemical nature of the tail outweighs its possible steric
hindrance. Furthermore, we show that this wetting properties
aspect could even be balanced by the specific chemical proper-
ties brought by a given molecular design of the ligand. Thus
Au-calixCF; and Au-calixC4Fy exhibit a much better activity and
selectivity toward ORR than could be expected on the basis of
their hydrophobicity, owing to their strong affinity to O,. This
work contributes to highlight the interest of functionalizing
metal-based nanocatalysts with organic molecules by using
molecular chemistry approaches. The chemical properties of a
specifically designed organic ligands can promote specific inter-
actions including selective inhibition or second-sphere coordi-
nation to enhance catalysts efficiency and selectivity.

4. Experimental Section

Chemicals: Solvents and reagents for the syntheses were at least of
reagent grade quality and were used without further purification.

Synthesis:  Calix[4]arene functionalized gold nanoparticles were
synthesized according to an one-pot procedure. Gold salt HAuCl,- 3H,0
purchased from Sigma Aldrich (>99.9%) was dissolved in dry acetonitrile
(20 mL) and mixed with an acetonitrile solution (20 mL) of calix[4]arene
tetradiazonium salts (1 eq.). The reaction mixture was stirred vigorously
at 0 °C under Ar and an aqueous solution of NaBH, (Sigma Aldrich,
>98%, 0.5 mg in 1 mL) was added dropwise. The color of the reaction
mixture changed from yellow to dark ruby. After 2 h of vigorous stirring
at room temperature, the reaction mixture was centrifuged at 10 000 rpm
for 20 min, resulting in gold nanoparticles functionalized with calix[4]
arenes ligands. The nanoparticles were washed 3 times by centrifugation
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and re-dispersed in acetonitrile, water, toluene or acetone depending
on the nature of the calix[4]arene ligands, with a concentration equal to
2 mgp, mL7.

Caution! Although we have not encountered any problem, it is noted
that diazonium salts derivatives are potentially explosive and should be
handled with appropriate precautions.

Transmission Electron Microscopy: Morphology and size distribution of
the samples were investigated by high-resolution transmission electron
microscopy (HRTEM), using a Jeol 2100 with an acceleration voltage of
200 kV on which the images were recorded on a GATAN Orius 200 CCD
camera. The size distribution was estimated using Image| software,
version 1.52a.

X-Ray Photoelectrons Spectroscopy: XPS data have been collected
by a Kratos Axis Nova spectrometer using the Al Ko X-ray source
working at 1486.6 eV and using a spot size of 0.7 x 0.3 mm?2. Survey
spectra (0-1000 eV) (Figure S7, Supporting Information) were acquired
with an analyzer pass energy of 160 eV (0.5 eV/step); high resolution
spectra used a pass energy of 40 eV (0.1 eV/step). Binding energies were
referenced to Cls peak at 285 eV. The core level spectra were peak-fitted
using the CasaXPS Software, Ltd. Version 2.3.18. U2 Tougaard or Shirley
was used as background. The peaks areas were normalized by the
manufacturer-supplied sensitivity factor (Scs =0.278, Sp1s =1, So1s = 0.78,
Sszp = 0.668, and Sp.4¢ = 6.25). Since the XPS measurements cannot be
made with the RRDE electrodes due to their height, deposit of AuNPs
were performed onto screen-printed carbon electrode Dropsens. The
modified electrodes subsequently underwent ORR stability experiments
(1000 cycles at 500 mV s~ from 1.20 to —0.35 V vs RHE) under the same
experimental conditions used for ORR measurements with RRDE. For
each sample, XPS spectra were recorded on three different locations,
and we did not observe any difference.

Thermogravimetric Analyses: The thermogravimetric analyses (TGA)
were performed with a TA instruments Model SDT 2960. For this
purpose, 4 to 6 mg of dry nanoparticles weighed in a ceramic crucible
Perkin Elmer TGA undergo a linear ramp of increasing temperature
from 30 to 900 °C at a rate of 10 °C min~" under nitrogen atmosphere.
The obtained results are then processed with the TA data analysis
software.

Electrochemical Analyses: The ORR activity was evaluated using
a rotating Pt/GC ring-disk electrode (37% collection efficiency)
controlled by a MSR Rotator from Pine Research. The GC electrode
preparation (deposit of catalysts) is described in the supplementary
part. The LSV scans were recorded using an Autolab PGSTAT302N
potentiostat-galvanostat (Metrohm) equipped with a BIPOT module,
in a conventional three-electrode electrochemical cell at a scan rate
of 10 mV s7' in a 0.1 M KOH solution saturated with O,. A platinum
grid and an Hg/HgO, (20% KOH) electrode were used as counter and
reference electrodes, respectively. Voltammograms were recorded with
the Metrohm Nova 2.1 software. The potentials were not corrected from
iR drop. The potentials are reported against the reversible hydrogen
electrode according to E(RHE) = E(Hg/HgO) + 0.059 pH + 0.098.

The number of electrons exchanged can be quantified using the disk
and ring currents according to

4—’f; (5)
I +(—R)
N

where Iy is the modulus of the disk current, Iz is the ring current
corresponding to the oxidation of HO,”, and N is the collection
efficiency. N was determined as 0.37 using the ferro/ferricyanide couple,
in agreement with manufacturer indication.®l

The onset potential E,ns; was measured on the LSV curves as the
potential corresponding to 5/100 of I, I_ being the diffusion limiting
current.

Surface of electrochemically active AuNPs (ECSA) was measured by
cyclic voltammetry at 100 mV s™' in an aqueous 0.1 M HCIO, purged with

Ar. Acidic solution is preferred because the gold oxides reduction peak
is generally better-resolved in acidic media. A platinum grid and a SCE

n=
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electrode, KCl (sat.) were used as the counter and reference electrode,
respectively. Potential was swept until stabilization of the signal

_Qoxides
ECSA_TxC (6)
where Qgydes is the charge integrated from the voltammetric peak
corresponding to the reduction of gold oxides, m is the mass of
gold deposited and C is the monolayer adsorption charge on Au
(400 uC cm2) 57

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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