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Abstract: A conceptual challenge toward more versatile direct 
methanol fuel cell (DMFC) is the design of a single material 
electrocatalyst with high activity and durability for both oxygen 
reduction reaction (ORR) and methanol oxidation reaction (MOR). 
This requires to conciliate methanol tolerance not to hinder ORR at 
the cathode with a good MOR activity at the anode. This is especially 
incompatible with Pt materials. We tackled this challenge by deriving 
a supramolecular concept where surface-grafted molecular ligands 
regulate the Pt-catalyst reactivity. ORR and MOR activities of newly 
reported Pt-calix[4]arenes nanocatalysts (PtCF3NPs/C) are compared 
to commercial benchmark PtNPs/C. PtCF3NPs/C exhibit a remarkable 
methanol tolerance without losing the MOR reactivity along with 
outstanding durability and chemical stability. Beyond designing 
single-catalyst material, operable in DMFC cathodic and anodic 
compartments, the results highlight a promising strategy for tuning 
interfacial properties.  

Introduction 

Direct methanol fuel cells (DMFCs) are considered as a 
serious alternative for future portable and mobile power 
conversion devices.[1-3] They usually couple the electrochemical 
methanol oxidation reaction (MOR) at the anode with the oxygen 
reduction reaction (ORR) at the cathode. The interest in methanol 
electro-oxidation is currently boosted by the search of alternative 
to water oxidation at the anodic side. To date, Pt and its derived 
alloys show the best catalytic activity for both reactions.[4-9] In 
these Pt-based materials, Pt is almost always identified as the 

catalytic site, capable to break the O-O bond but also the C-H 
bond, thus making it especially appealing for MOR. However, Pt 
materials could be readily poisoned by intermediates compounds 
produced during the MOR, notably carbon monoxide (CO). This 
aspect constitutes a major issue for developing efficient devices. 
The chemisorption of CO on Pt involves the CO 5 and 2* 
molecular orbitals. They interact with the empty 5d-orbitals of Pt, 
resulting in an electron density transfer from 5 to the metal while 
back-donation from Pt to the CO 2* further stabilizes this 
interaction.[10,11]  

Improving the MOR catalytic efficiency usually targets a 
decrease of CO adsorption through an increase of the electron 
density around the Pt sites. This is often achieved by filling the 
empty 5d orbitals via alloy formation with foreign metals (e.g. Sn, 
Pd, etc).[10,11] This strategy leads to efficient catalysts for MOR 
while being selective to this reaction, because it cannot be 
successfully applied to ORR. Indeed, the adsorption of dioxygen 
on such catalytic materials would then be too weak for the O2 
dissociation reaction. On the other hand, Pt-Ru, which is known 
as a well-performing MOR catalyst, has been reported to favor 
easier chemisorption of oxygen from water rather than a 
significant electron transfer around the Pt sites in the Pt-Ru 
alloys.[12] Importantly, nor has Pt-Ru demonstrated any good 
performance for ORR while being economically less attractive 
than Pt itself. Actually, it is difficult to find a catalytic single material 
capable of promoting both ORR and MOR, without deactivation of 
the ORR activity in the presence of methanol. It is worth outlining 
that many papers have described materials having both good 
ORR and MOR activities, for instance [13-20] to quote a few. But 
none of these have demonstrated methanol tolerance during the 
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ORR process, by really performing ORR study in the presence of 
methanol. To the best of our knowledge, only one paper reports a 
Pt-Ag/C catalyst that presents catalytic activity for MOR and ORR 
in the presence of methanol.[21] Unfortunately, this material 
exhibited higher electrocatalytic properties and stability as anode 
in alkaline media while having better methanol tolerance as 
cathode in acidic electrolyte.[21]  

Herein, we describe a rare example of a catalyst which brings 
together ORR and MOR electrocatalytic properties combined to 
cathodic methanol tolerance within a single material. Rather than 
shaping and/or alloying the platinum surface, organic capping 
ligands are employed to design such a versatile system. Far to 
have an adverse impact on catalytic activity, the deliberate 
surface modification of catalyst has been recently recognized as 
a powerful approach to design efficient and durable 
electrocatalysts.[22,23] One of the main interest of this approach is 
that the internal structure, including morphology and strain of 
metal nanoparticles, remains unchanged in contrast to alloying. 
However, the concurrent electronic and steric effects due to 
chemisorbed ligands are generally difficult to regulate. For this, 
the ligands bonding to the surface and spatial distribution of the 
chemical functions are important parameters to master. We have 
recently reported the excellent catalytic properties towards ORR 
in alkaline media of gold and silver nanoparticles modified through 
the reductive grafting of calix[4]arene-tetraacetate-tetradiazonium 
salts.[22,24] It is now established that diazonium chemistry enables 
the formation of highly robust interface with a strong metal-ligands 
interaction thanks to the establishment of M-C bonds.[25-27] The 
rigid macrocyclic structure of the calix[4]arenes leads to formation 
of a well-ordered covalently-bound monolayer. A fine spatial 
control is imposed by the small rim geometry and multiple 
anchoring points at the large rim ensure high stability.[28] In 
addition, the nature of the chemical terminal groups at the small 
rim can be tuned to control the interactions with reactants and/or 
intermediates at the electrolyte/catalyst interfaces.  

In this context, we report for the first time the one-pot synthesis 
of platinum nanoparticles functionalized with calix[4]arenes 
bearing trifluorobutyl tail groups (PtCF3NPs) (Figure 1). Because 
of the diazonium grafting, strong platinum-ligands interactions are 
obtained while the trifluorobutyl tail is designed on purposes to 
enhance local oxygen concentration even in the presence of 
rather high concentration of methanol (0.5 M). The resulting 
nanoparticles supported on carbon PtCF3NPs/C show higher 
ORR and MOR activities than the classical benchmarking 
PtNPs/C material and, more importantly, exhibit significantly 
enhanced methanol tolerance and stability. The strategy using the 
diazonium functionalization through a one-pot procedure is 
significantly much simpler than other strategies reported in the 
literature to reach high performance in ORR and MOR 
electrocatalysis by employing the alloying or the shaping of the 
nanomaterials. 

 

 

Figure 1. Schematic representation of the one-pot synthesis of the platinum 
nanoparticle functionalized with calix[4]arenes bearing trifluorobutyl groups at 
the small rim (PtCF3NPs). 

Results and Discussion 

Synthesis and Characterization of PtCF3NPs 

Pt nanoparticles functionalized with calix[4]arene bearing 
trifluorobutyl tail groups at the small rim are obtained through a 
facile one-pot synthesis involving the simultaneous reduction of 
the platinum salt (H2PtCl6) and the corresponding calix[4]arene 
tetradiazonium salt (calix[4]CF3). Upon addition of NaBH4 as 
reducing agent, H2PtCl6 and calix[4]CF3 are reduced to platinum 
clusters and calix[4]tetra-aryl radicals, respectively. The aryl 
radicals are formed upon reduction through the departure of N2 
and are able to chemically graft onto the platinum surface.[25] This 
allows the formation of a robust linkage between the 
calix[4]arenes molecules and the Pt nanoparticles.[26,29,30] In 
addition, herein, the calix[4]arene tetradiazonium cation is 
designed to form a monolayer onto the surface, as previously 
demonstrated, which stands in contrast with what is generally 
observed with simple aryl diazonium salts.[27,31] In a previous 
work, a similar synthetic strategy using a series of calix[4]arene-
tetradiazonium salts has led to the ultra-thin coating of small gold 
nanoparticles (6 nm).[32] Figure 2 shows representative HRTEM 
images of the as-prepared Pt nanoparticles with an average core 
size equal to 3.4 nm and a rather narrow dispersity. The sizes of 
the PtCF3NPs are comparable with the typical dimensions of 
commercial Pt/C catalysts used as comparative sample in the 
study (Figure S1). In Figure 2, well-defined lattice fringes can be 
observed for all samples. The spacing is c.a. 0.21 nm, 
corresponding to (111) or (200) lattice spacing of Pt (Figure 
S2).[33]  

 

 

Figure 2. a) TEM micrograph and b) the corresponding size distribution of 
PtCF3NPs 

The chemical grafting of the Pt nanoparticles surface with the 
calix[4]arene-trifluorobutyl is confirmed through the XPS analyses 
of a deposit of PtCF3NPs onto a silicon substrate (Figure 3). The 
signal of fluorine F1s at 688.4 ± 0.4 eV is characteristic of organic 
moieties involving fluorinated groups, notably CF3 groups. 
Similarly, the C1s region could be decomposed into components 
at 284.8 ± 0.4 eV and 285.3 ± 0.3 eV for the carbon atom involved 
in the aliphatic and aromatic C-H and C-C bonds; at 286.6 ± 0.2 
eV for the carbon atoms in the COC bonds and at 293 ± 0.2 eV 
for the carbon atoms in CF3 groups. In addition, the atomic ratio 
between the COC and CF3 components is equal to 2.09. Such a 
value fully agrees with the expected theoretical ratio of 2 that 
takes into account the chemical structure of the calix[4]arene-
trifluorobutyl ligands. 
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Figure 3. High resolution XPS core level spectra of the C1s and F1s regions of 
a deposit of PtCF3NPs onto a silicon substrate. 

ORR Electrocatalytic Activity of PtCF3NPs/C 

We first investigate the ORR electrocatalytic activity of 
PtCF3NPs to evaluate the influence of the grafted chemical ligands 
on the catalysts’ reactivity toward this reaction. To this purpose, 
PtCF3NPs are mixed with carbon (Vulcan XC72) to reach a 
composition of 20 % PtCF3NPs and 80% carbon. TEM analysis of 
the supported PtCF3NPs/C indicates that the nanoparticles are 
well-dispersed over the carbon surface (Figure S3). By using the 
same catalyst loading, we could then compare the ORR activity 
of PtCF3NPs/C with that of commercially available 20% Pt/C 
(PtNPs/C), usually considered as benchmark catalyst for ORR in 
acidic medium. The ORR activity is then studied for the two 
deposits of carbon-supported nanomaterials onto a GC disk 
electrode, under the same conditions in O2-saturated aqueous 0.1 
M HClO4. Figure 4 shows the RRDE voltammetric experiments. 
The currents are normalized against the Pt mass loading. After 
iR-drop correction (Figure S5), the ORR onset potentials of 
PtNPs/C and PtCF3NPs/C are found equal to 0.83 V and 0.80 V vs 
RHE, respectively, while half-wave potentials are determined as 
0.71 V and 0.73 V vs RHE, respectively. Compared to literature 
data, we thus observe relatively high overpotential for both 
catalytic materials, especially regarding the Pt/C benchmark 
system. It is important to note here that we do not have put any 
effort to optimize our catalytic ink formulation because we have 
chosen to focus on the surface functionalization effect rather than 
striving to increase the full performance of our catalytic systems. 
Thus, Nafion® is grossly deposited on the top of the deposited 
supported nanocatalysts to ensure mechanical stability of the 
deposits at the electrode surface (see SI) while chemical stability 
probed through XPS measurements is even studied with deposits 
free of Nafion® to really evaluate possible chemical degradation 
of the ligands after ORR operation (vide infra). As a consequence, 
the discrepancies of the ORR efficacy observed in this work as 
compared to literature values may be due to this non-optimized 
Nafion® coating since it has been shown to decrease the limiting 

current and to shift the potential with carbon-supported 
systems.[34-37]  
 

 
Figure 4. RRDE voltammetric curves in O2-saturated 0.1M HClO4 of GC disk 
electrodes modified with a) commercial PtNPs/C and b) PtCF3NPs/C (bottom 
curves). Ring electrode (top curves): Pt. Ering = 1.5 V vs RHE, v= 10 mV.s–1, 200 
rpm < ω < 2000 rpm.  

 
From RRDE experiments, the number of electrons transferred 

per O2 molecules (n) and the amount of H2O2 can be monitored 
(Figure S6). In acidic media, O2 is known to be predominantly 
reduced directly to H2O by a direct 4-electron pathway on 
platinum surfaces (reaction 1). A small amount of H2O2 could be 
produced via a 2-electron pathway (reaction 2) then further 
reduced in H2O (reaction 3).[38]  

 
O2 + 4H+ + 4e−  → 2H2O;  E° = 1.23 V vs. SHE   (1) 
O2 + 2H+ + 2e− → H2O2;  E° = 0.7 V vs. SHE    (2) 
H2O2 + 2H+ + 2e− → 2H2O;  E° = 1.76 V vs. SHE  (3) 
 
Almost no differences between PtNPs/C and PtCF3NPs/C are 

observed. For both platinum catalysts, O2 is reduced through a 4-
electron process with a very low produced amount of H2O2 (1 to 2 
%), as expected. Concerning the electrocatalytic efficiency, the 
mass activities (MA) at 0.7 V were evaluated through the classical 
Koutecký-Levich analysis. MA were determined to be 174 A.g–1 
and 202 A.g–1 for PtNPs/C and PtCF3NPs/C, respectively. 
Interestingly, this result shows that, far to have a negative impact 
on the ORR activity or selectivity, the covalent coating of Pt 
nanoparticles even leads to a better mass activity by more than 
15%.  

Finally, durability experiments have been conducted to 
compare the stability of catalysts towards ORR, using a drastic 
sequence of tests coupling classical accelerated durability tests 
(ADT) with long-term chronoamperometry. After a scanning of the 
potentials between 1.10 and 0.05 V vs RHE for 1000 cycles, a 
constant potential (0.7 V vs RHE) was applied for 12 h at 900 rpm. 
Then LSV curves are recorded to compare the electrochemical 
signal before and after this durability tests sequence for both 
catalysts (Figure 5).  

 
Figure 5. Linear sweep voltammetry (LSV) curves recorded at GC disk 
electrodes modified with a deposit of a) commercial PtNPs/C and b) PtCF3NPs/C 
before (solid lines) and after (dashed lines) durability test.  = 1600 rpm. v= 10 
mV.s–1. 
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It is important to point out that a decrease of the catalytic 
performance is observed for both catalysts, showing, after 
operation, a decrease of the current density for both materials and 
even a shift of the onset potential toward less positive potentials 
for the commercial PtNPs/C (by 40 mV). It is noticeable that the 
catalytic activity remains still better for PtCF3NPs/C than for 
PtNPs/C. Interestingly, we have also measured the 
electrochemical surface active area (ECSA) before and after the 
durability test sequences. A 48% loss of ECSA can be estimated 
for PtNPs/C while it is limited to 24% for PtCF3NPs/C (Figure S7). 
The ECSA losses are generally attributed to sintering or 
dissolution of Pt particles. The better ECSA retention of 
PtCF3NPs/C compared to PtNPs/C could be explained by the 
molecular decoration of PtCF3NPs. The calix[4]arene coating of 
the Pt nanoparticles is likely to prevent such phenomena, 
especially thanks to the robust binding between the metallic 
surface and the organic moiety. However, we do observe a rather 
close decrease of the catalytic activity for the two catalysts despite 
strong differences regarding the ECSA losses (Figure 5). 
Consequently, the catalysts deactivation cannot be only due to 
possible sintering or dissolution of Pt particles in contrast to what 
it is generally considered. Other explanations have to be invoked 
such as severe corrosion of the supporting carbon material during 
ORR.[39,40] As suggested by Maillard et al., this corrosion leads to 
a loss of porosity inducing the decrease of the catalyst’s ECSA, 
but also to a change of hydrophobicity through the formation of 
oxygenated surface species, responsible for the decrease of the 
catalytic performances. Such observations are interesting, 
indicating the importance of the optimization of the supporting 
carbon in addition to the active catalytic material itself. 

Methanol Tolerance 

Having demonstrated the ORR reactivity of the chemically 
decorated platinum nanoparticles PtCF3NPs/C and compared with 
that of commercial PtNPs/C, the methanol tolerance of the two 
catalytic systems during ORR is now evaluated due to its 
importance in real applications. Methanol cross-over from the 
anode to the cathode results in significant performance loss at the 
commercial Pt/C cathode and remains a major challenge for 
DMFCs. Figure 6 shows the electrochemical signal for ORR 
before and after the addition of methanol to reach a concentration 
of 0.5 M. In sharp contrast to PtNPs/C, the ORR signal for 
PtCF3NPs/C remains slightly affected by the addition of methanol. 
While the same onset potential is obtained, we observe a negative 
shift of 80 mV of the half-wave potential and a decrease of the 
limiting current by 28 %, but no strong signal indicating the full 
poisoning of the catalytic surface as for classical platinum 
materials. Indeed, for PtNPs/C, an anodic peak appears at 0.75 
V vs RHE. Such a peak is well-documented and is usually 
observed during the MOR process.[41] It corresponds to the so-
called backward signal, which is assigned to the 
reduction/desorption processes of carbonaceous species 
produced upon methanol oxidation. This observation usually 
indicates the poisoning of the PtNPs/C catalysts. On the contrary, 
no peak is observed on PtCF3NPs/C, demonstrating its tolerance 
toward methanol. 

 

.  

Figure 6. Linear sweep voltammetry (LSV) curves recorded at GC disk 
electrodes modified with a deposit of PtNPs/C (black) and PtCF3NPs/C (red) in 
O2-saturated aqueous 0.1 M HClO4 containing no (dashed lines) and 0.5 M 
MeOH (solid lines).  = 1600 rpm. v= 10 mV.s–1 

The difference in the ORR behaviors for the PtNPs/C and 
PtCF3NPs/C in the presence of 0.5 M methanol could be obviously 
attributed to the organic coating of PtCF3NPs/C. It limits the 
catalysts poisoning without dramatically decreasing its 
performances toward ORR when compared to its commercial 
counterpart. The reasons why the organic ligands enhance the 
methanol tolerance of the nanoparticles surface are not clear at 
this stage and beyond the scope of this paper. But steric 
contributions of the ligands or changes in the surface’s electronic 
structure because of the covalent grafting may be considered. 
Further studies are currently in progress to better understand 
these results.  

MOR Electrocatalytic Activity of PtCF3NPs/C 

The reactivity of PtCF3NPs/C for the methanol oxidation process 
is studied comparatively to the benchmark PtNPs/C, still under 
the same experimental conditions for safe comparisons. Before 
performing the electrocatalytic measurements, the nanocatalysts 
are activated by cyclic voltammetry in 0.1 M HClO4 (Figure 7a).  

 

 
Figure 7. (a) Cyclic activation of NPs catalysts in 0.1 M HClO4 at 10 mV.s–1 in 
the absence of MeOH; (b) CV curves at GC disks modified with deposit of 
PtNPs/C and PtCF3NPs/C in 0.1 M HClO4 at 50 mV.s–1 containing 0.5 M MeOH. 

 
From integration of the HUPD region, close electrochemically 

active surface area (ECSA) values are obtained for both catalysts 
(6.3 and 6.5 m2g–1

Pt for PtNPs/C and PtCF3NPs/C, respectively). 
The PtCF3NPs/C deposit also displays less capacitive current than 
PtNPs/C. We observed a higher current density in the 0.8-1.3 V 
region for PtCF3NPs/C than for PtNPs/C while the peaks 
associated to the Pt oxides reduction are similar for both catalysts. 
This suggests a more efficient formation of Pt-OHads sites with 
PtCF3NPs/C than for PtNPs/C. Those sites, which correspond to 
the adsorption of OH groups derived from the oxidation of water, 
are key intermediates in the MOR process.[42] The reaction 
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mechanisms of MOR are generally described according to two 
routes: an indirect pathway producing CO as intermediates 
towards CO2 and a direct pathway forming CO2.[43] These two 
mechanisms are summarized in Figure 8.  

 

 
Figure 8. Main steps for the MOR mechanisms according to the two different 
pathways. 

Upon addition of 0.5 M methanol, the electrochemical behavior 
is characteristic of the MOR process for the two samples, with the 
observation of two peaks, one in the positive direction (If) and one 
in the negative direction (Ib) (Figure 7b).[5,6,43] The origins of Ib 
and If are still disputed,[44-47] but the If/Ib ratio is widely used as a 
criterion for evaluating the activity performance of the 
catalyst.[5,6,43,48] The larger the value, the better the activity of 
catalysts. Considering the curves in Figure 7b, such a criterion is 
obviously in favor of PtCF3NPs/C. More quantitatively, the mass 
activity is higher for PtCF3NPs/C (560 Ag–1) than for PtNPs/C (460 
A.g–1), as well as the corresponding current density (16.8 mA.cm–

2 and 13.8 mA.cm–2 for PtCF3NPs/C and PtNPs/C, respectively), 
suggesting that the presence of the calix[4]CF3 monolayer at the 
platinum catalyst’s surface favors the MOR activity. However, the 
oxidation peak (If) for the PtCF3NPs/C is positively shifted with a 
potential equal to 1.1 V vs RHE at maximum mass current density 
while this potential is 1.0 V vs RHE for PtNPs/C. Such a behavior 
suggests that the methanol oxidation process is probably different 
with PtCF3NPs/C than with PtNPs/C, as discussed below. 

As explained in the introduction, the good MOR reactivity of 
PtCF3NPs/C herein revealed above appears counter-intuitive with 
the methanol tolerance properties demonstrated by this material. 
It is then of importance to rationalize the observed MOR behavior. 
Thus, to go further in the understanding of the MOR activity of the 
two nanocatalysts, CO stripping experiments were performed 
(Figure 9 and Figure S8). 

 

 

Figure 9. Cyclic voltammetry of a) PtNPs/C and b) PtCF3NPs/C 
without CO (dashed lines) and during CO stripping (solid lines) in 
0.1 M HClO4 at 20 mV.s–1. For sake of clarity, the second scan of 
the CO-stripping experiments is omitted. See Figure S8 for full 
experimental signals. 

For PtCF3NPs, the COad potential oxidation is 80 mV more positive 
than that on commercial PtNPs, indicating that it is more difficult 
to oxidize CO at the PtCF3NPs surface. Moreover, the integration 
of the CO oxidation peak shows that much less CO molecules can 
be adsorbed onto PtCF3NPs as compared to PtNPs (a decrease 
by 33 %). Such observations indicate that the formation of COads 
and its subsequent oxidation reaction with Pt-OHads are obviously 
disadvantaged with the PtCF3NPs. They are generally considered 
as key steps in MOR in acidic media when mechanism A (indirect 
pathway) applies (Figure 8a). Because electrochemical surface 
areas (ECSA) determined from hydrogen desorption (HUPD 
region) are very similar for both catalysts, we may conclude that 
the grafting of the calix[4]arene layer has no significant effect on 
the hydrogen adsorption. In contrast, it is likely that the presence 
of the organic layer on the PtCF3NPs limits the adsorption of CO 
either because of the larger size of CO molecules compared to 
hydrogen and/or because of suppressing the third-body effect 
needed for the adsorption of CO molecules. Indeed, CO requires 
at least 3 adjacent Pt sites.[49] The calixarene grafting may hinder 
the required specific spatial configuration due to its geometry. 
Work is currently in progress by combining theoretical calculation 
and in-situ spectroscopy to better understand this aspect. In any 
case, such effects lead to a behavior that agrees well with the 
better methanol tolerance of PtCF3NPs vs. PtNPs since the 
catalytic surface becomes less poisoned by CO. Now, to explain 
the higher MOR catalytic activity of PtCF3NPs as shown above, we 
need to consider that a different mechanism applies than the 
usual admitted one. It is generally considered that indirect 
pathway is the preferential mechanistic route for MOR in acidic 
media.[43,50-53] In the case of PtCF3NPs, a different mechanistic 
pathway is necessarily applied and the direct pathway is the only 
mechanism possible which could conciliate lower amount of the 
adsorbed CO and higher activity. Moreover, the direct pathway 
agrees well the observations above regarding the shape of 
PtCF3NPs voltammetry in Figure 7a. It is noticeable that a similar 
reasoning has been reached by Tong et al. with PVP-capped Pt 
nanoparticles or even with the well-performing Pt-Ru catalysts on 
the basis of in-situ IR spectroscopic studies.[45,54] Thus, on the 
basis of comparison with the commercial bare platinum 
nanomaterial PtNPs/C, we believe that the thin layer of 
calix[4]arene enables us to control the operative mechanism, to 
some extent, and to favor the direct pathway (Figure 8b). 

Eventually, the stability of the nanocatalysts is also evaluated 
for the MOR reaction. As for ORR, drastic sequences of stability 
tests were set. The potential was swept between 0.1 and 1.3 V vs 
RHE for 5 cycles at 50 mV/s, then a chronoamperometry at 0.9 V 
vs RHE was recorded for 90 min. After rotation at 1600 rpm for 1 
min, a new sequence cyclic voltammetry/chronoamperometry 
was performed for a total duration of 12 h (Figure 10).  
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Figure 10. Chronoamperometries at 0.9 V vs RHE for MOR reaction recorded for each sequence with deposit of a) PtNPs/C and b) PtCF3NPs/C in 0.1 M HClO4 + 
0.5 M MeOH. c) Variation of the current density value at the beginning of each chronoamperometry with respect to the initial current density for PtNPs/C (black line) 
and PtCF3NPs/C (red line). 

The ECSA values are measured between each sequence. 
Alternation of sequences of chronoamperometries, rotation and 
cyclic voltammetries enables a kind of regeneration of the 
catalytic surface. Indeed, a sharp decrease of current density is 
generally observed in chronoamperograms monitoring the 
methanol oxidation because of the presence of CO2 bubbles 
and/or loosely-adsorbed intermediates at the electrochemical 
interface. This however does not necessarily result in the 
complete deactivation of the catalyst. The current density value at 
the beginning of each chronoamperometry has been taken as the 
key parameter to compare the durability of the two catalysts. A 
sharper decrease of the current density is systematically 
observed for PtCF3NPs/C as compared to PtNPs/C (Figure 10a 
and b). However, the ratio of the starting current density between 
the first and the last chronoamperometries shows that PtCF3NPs/C 
exhibits a much better activity retention (94 %) than PtNPs/C (71 
%) (Figure 10c). Such a result falls in line with the loss of ECSA 
in MOR which is only 7.6 % for PtCF3NPs/C against 19.3 % for 
PtNPs/C (Figure S9). In addition, it could be outlined that the 
current density ratio quickly drops for PtNPs/C, after the second 
chronoamperometry. These observations indicate that 
PtCF3NPs/C are much more stable and more efficient for MOR 
than the bare PtNPs/C. On the other hand, the sharpest decrease 
of the current density as observed on the different 
chronoamperometries for PtCF3NPs/C may be then mostly 
attributed to the formation of CO2 bubbles, resulting from the 
enhancement of its MOR activity. In real DMFC devices, a catalyst 
reactivation during operation breaks similar to the one observed 
with PtCF3NPs/C would be highly desirable since it can be 
efficiently achieved using only a few CV cycles. Optimizing the 
catalyst reactivation frequency would therefore result in a 
prolonged lifetime and further emphasizes the appeal of using 
PtCF3NPs/C in a DMFC devices.  
At this stage, it is important to evaluate the chemical stability of 
the organic coating after operation and to monitor its possible 
degradation since the electrocatalysis could be demanding. XPS 
measurements are performed with PtCF3NPs/C before and after 
the sequences of durability test without using Nafion® top-deposit 
(Figure S10). These conditions are purposely chosen to evaluate 
the chemical stability under harsh conditions, and to mitigate a 
possible protective effect of the Nafion® coating. It is observed 
that the core level spectra of Pt4f and C1s regions do not display 
significant changes. The metallic surface is not sur-oxidized and 
exhibits strong resistance. In addition, from the C1s signals, 
specific contributions of the calixarenes moieties are extracted 

from the supporting carbon itself, namely the COC component at 
286.3 ± 0.3 eV and the CF3 component at 292.7 ± 0.3 eV. The 
atomic ratio COC/CF3 are equal to 2.3 and 2.1 before and after 
the durability tests, respectively, and these values are close to the 
expected theoretical value of 2, indicating that the chemical 
footprint remains fully intact after operating the electro-oxidation 

of MeOH during 12 h. 
 

Conclusion 

The functionalized calixarenes-Pt nanoparticles are 
demonstrated to be efficient nanohybrid catalysts exhibiting 
promising activity and remarkable stability for DMFC fuel cells 
application when compared to the commercial PtNPs/C. At first, 
ORR was investigated, and better performances and durability 
are found on PtCF3NPs with usual selectivity towards the 4-
electron process. More importantly, the organic layer on 
PtCF3NPs/C leads to a real MeOH tolerance. In addition, a good 
activity along with high stability are found regarding MOR process. 
A facile reactivation of the catalytic materials by simply running a 
few CVs is evidenced. The PtCF3NPs/C are highly active MOR 
catalysts while being little sensitive to the presence of MeOH 
when operating as ORR catalysts. This intriguing and counter-
intuitive behavior suggests that the MOR is likely to proceed 
through a more favorable direct pathway induced by the organic 
coating, allowing to accommodate the different experimental 
observations including a lower amount of Pt-COads, a larger 
amount of Pt-OHads, a great methanol tolerance, a more difficult 
CO oxidation together with a high MOR activity. In situ 
experiments are currently in progress to confirm this assumption.  

Our results demonstrate the superiority of PtCF3NPs/C for both 
ORR and MOR over classical Pt/C and its potential versatility in 
DMFCs. A single material could then be used in both anodic and 
cathodic compartments, without drastically hampering the 
performance of Pt cathodes, especially interesting for DMFC 
devices where the methanol crossover is unavoidable. These 
results highlight the potential of a molecular functionalization 
strategy which is easy to implement and does not require heavy 
set-ups and/or protocols for designing complex and shaped 
materials, with a risk of hampering reproducibility. It is simply 
based on a supramolecular concept to regulate selectivity and 
performances by finely tuning the interfacial properties of 
catalysts thanks to surface ligands. 
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Experimental section  

Chemicals 
Solvents and reagents for the syntheses were at least of reagent grade 
quality and used without further purification. Platinum salt H2PtCl6.xH2O 
was purchased from Acros Organics. NaBH4 and 20% PtNPs/Vulcan-
XC72 powder (PtNPs/C) were purchased from Sigma-Aldrich. 
Calix[4]arenes-tetradiazonium salt bearing trifluorobutyl substituents 
(calix[4]CF3) at the small rim was synthesized using previously described 
procedures.[28,55] 

Synthesis of functionalized platinum nanoparticles (PtCF3NPs) 
Calix[4]arene functionalized platinum nanoparticles were synthesized 
according to a one-pot procedure. H2PtCl6.xH2O (>99.9%, 18.2 mg, 0.0444 
mmol) was dissolved in acetonitrile (25 mL). The resulting solution was 
then mixed with an acetonitrile solution (25 mL) containing calix[4]CF3 
(26.3 mg, 0.0204 mol). The mixture was vigorously stirred at 0°C for 5 min 
before addition of 1 mL of a NaBH4 aqueous solution (>98%, 6 mg.mL–1). 
The color of the mixture changed from yellow to light brown after 20 min. 
The mixture was further stirred for 2 hours at room temperature before 
being centrifuged at 15 000 rpm for 20 min. The bright yellow supernatant 
containing unreacted calix[4]CF3, Pt salts and NaBH4 was removed. The 
left precipitate containing PtCF3NPs was washed twice by resuspension in 
acetonitrile followed by centrifugation until the supernatant turned to be 
almost transparent. The nanoparticles were finally dispersed in acetone.  
[Caution! Although no problems were encountered it is noted that 
diazonium salts derivatives are potentially explosive and should therefore 
be handled with precaution] 
The concentration of nanoparticles was determined by inductively-coupled 
plasma mass spectroscopy (ICP-MS) using a Thermo Scientific iCAP 7000 
Series. The batch was concentrated to 450 µg.mL–1.  

Transmission Electron Microscopy 
High-resolution TEM (HR-TEM) was used to analyze the morphology and 
size distribution of the synthesized PtCF3NPs and to investigate the carbon 
supported PtCF3NPs/C or commercial PtNPs/C. The analyses were 
performed with a Jeol 2100 with an accelerated voltage of 200 V on which 
the images were recorded on a Gatan Orius 200 CCD camera. Size 
distribution was estimated with the ImageJ software, version 1.52a.[56] 
Lattice spacing was obtained from a FFT treatment analysis using 
DigitalMicrograph (Gatan)  

Scanning Electron Microscopy 
In order to examine the homogeneity of the deposit, elemental mapping of 
the catalyst deposit onto the electrode was performed through SEM 
coupled with an energy-dispersive X-ray (EDX) detector, using a Jeol JSM 
7100 coupled with a SDD X-Max EDX detector from Oxford instruments. 

X-ray photoelectrons spectroscopy measurements 
XPS data have been collected by a Kratos Axis Nova spectrometer using 
the Al Kα X-ray source working at 1486.6 eV and using a spot size of 0.7 
x 0.3 mm². Survey spectra (0-1000 eV) 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 C1s 
peak at 285 eV. The core level spectra were peak-fitted using the 
CasaXPS Software, Ltd. Version 2.3.18. U2 Tougaard or Shirley were 
used as background. The peaks areas were normalized by the 
manufacturer-supplied sensitivity factor (SC1s = 0.278, SF1s = 1, SO1s = 0.78, 
SPt4f = 5.58). Concerning the durability analyses, we use deposit of 
PtCF3NPs/C onto screen-printed carbon electrode Dropsens® since the 
XPS measurements cannot be made with the RRDE electrodes due to 
their height. The modified electrodes subsequently underwent MOR 
stability experiments under the same experimental conditions used for 
measurements with RRDE. We do not cover the deposit with Nafion® in 
order to make the analyses simpler. For each sample, XPS spectra were 
recorded on three different locations, and we did not observe any 
difference.  

Electrochemical analyses 
A given amount of Vulcan XC-72 (Cabot Corporation) was added to the 
acetone suspension of PtCF3NPs to obtain a 20% PtCF3NPs/Vulcan XC-72 
ink (PtCF3NPs/C), in order to compare with the commercially available 20% 
PtNPs/Vulcan-XC72 powder (PtNPs/C). For each sample, the volume 
deposited onto the glassy carbon disk electrode was adjusted to obtain a 
concentration of 30 µg.cm-2 of Pt (surface of the disk is 0.2475 cm²). After 
drying the ink deposit, 35 µL of an isopropanol solution with Nafion 117® 
(Sigma Aldrich, 0.5%) was deposited on the surface in order to provide a 
better mechanical stability of the deposit at the electrode surface.  

The ORR and MOR activity were evaluated using a rotating Pt/GC ring-
disk electrode (37% collection rate) controlled by a WaveVortex 10 rotator 
form Pine Research. The LSV, CV and chronoamperometric scans were 
recorded using an Autolab PGSTAT302N potentiostat-galvanostat 
(Metrohm) equipped with a BIPOT module in a conventional three-
electrode electrochemical cell. A platinum grid and a SCE, KCl (sat.) 
electrode were used as a counter and reference electrode, respectively. 
Voltammograms were not corrected from iR-drop except when specified. 
The potentials were reported against the reversible hydrogen electrode 
according to E (RHE) = E (SCE) + 0.059pH + 0.241. 

For ORR, the number of electrons exchanged can be quantified using the 
disk and ring currents according to:  

𝑛 =
4𝐼𝐷

𝐼𝐷 + (𝐼𝑅
𝑁)

 

where ID is the modulus of the disk current, IR is the ring current 
corresponding to the oxidation of H2O2. N is the collection rate and was 
determined to be 0.37 using the ferro/ferricyanide couple, in agreement 
with manufacturer indication. 

The fraction of H2O2 that is produced in the reaction can be accordingly 
calculated with: 

%𝐻2𝑂2 = 100 ×
2 × (𝐼𝑅

𝑁)

𝐼𝐷 + (𝐼𝑅
𝑁)

 

The onset potential Eonset was determined on the LSV curves when 2% of 
the limiting current (iL) was reached.  

For both ORR and MOR, the modified electrodes were activated through 
potential sweeping between 0.05 and 1.4 V vs. RHE at 100 mV.s–1 in 
aqueous 0.1 M HClO4 until the signal was stabilized. The electrochemically 
active surface area (ECSA) of both series of platinum nanoparticles was 
measured by cyclic voltammetry at 20 mV.s–1 and 100 mV.s–1 in Ar-
saturated aqueous 0.1 M HClO4. A platinum grid and a SCE electrode were 
used as counter and reference electrode, respectively. The ECSA value 
was calculated from: 

𝐸𝐶𝑆𝐴 =
𝐻𝑈𝑃𝐷

𝑚  𝐶
 

where HUPD is the charge obtained from integration of the peak 
corresponding to desorption of hydrogen from the platinum surface, m is 
the mass of platinum as deposited and C is the monolayer adsorption 
charge of HUPD (210 µC.cm–2) that was corrected from the supporting 
carbon capacity. ECSA was found to be 4.63 cm² (6.3 m².g–1Pt) and 4.82 
cm² (6.5 m².g–1Pt) for commercial PtNPs/C and PtCF3NPs/C, respectively.  

CO-stripping experiments were performed at 20 mV.s–1 in 0.1 M HClO4 
aqueous solution. First, the solution was saturated with Argon and a CV 
was recorded. The solution was then saturated with CO through a 30 min 
bubbling and a potential of 0.35 V vs RHE was applied for 15 min. The 
solution was again bubbled with Argon to remove all excess of CO for 30 
min. Another CV scan was then performed. The ECSA values calculated 
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from COUPD (420 µC.cm–2) were 10.31 cm² (13.88 m².g–1) and 8.03 cm² 
(10.82 m².g–1) for commercial PtNPs/C and PtCF3NPs/C, respectively. 
These values are almost twice those found from HUPD as generally reported 
in literature data.[57] 
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