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Abstract

Three strategies have been tested to obtain stable mesoporous CoNi@Pt nanorods with a
very high effective area and good performance for methanol electro-oxidation. They are based
on, firstly, an electrochemical synthesis of the CoNi nanorods using three clearly different
systems (micellar solution, water-in-ionic liquid microemulsion and suspension of polystyrene
nanoparticles), and, secondly, a posterior platinum shell formation by interfacial replacement
reaction. The obtained nanorods have been compared with pure platinum ones prepared
following the three methods. Mesoporous CoNi@Pt nanorods with a very high active surface
have been obtained by using the suspension of polystyrene nanoparticles and especially the

water-in-ionic liquid microemulsion.

All the mesoporous nanorods (of both Pt and CoNi@Pt) show very good performance for

methanol oxidation in comparison with compact ones or the usual Pt/C catalyzers. However, the
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mesoporous CoNi@Pt nanorods have demonstrated better performance than the corresponding
platinum ones for methanol oxidation due to the more active platinum atoms in the shell of
platinum than in the bulk, the higher good poison tolerance and the lower cost of the material -
owing to the drastic saving in platinum in the nanostructures. The mesoporous CoNi@Pt
nanorods obtained from the water-in-ionic liquid microemulsion are the best candidates as
electrocatalysers because they provide a significantly higher mass-normalized current density
(1326 mA mg™), a good stability in the sulfuric acidic medium and a significant electrocatalytic

stability under continuous operating conditions.

Keywords: Core@shell nanorods, Mesoporous nanorods, Methanol electro-oxidation,

Electrodeposition, Water-in-ionic liquid microemulsions

In the emerging field of nanomaterials synthesis, metallic nanostructures (nanoparticles,*
nanorods,*® nanofibers,®’ nanotubes,®® amongst others), especially those composed of noble
metals, have sparked a great deal of attention for their unique properties for modern technology,
ranging from catalysis or energy conversion to biological labeling or information storage.

Continuous growth in global energy demands has attracted concerns about energy and
environmental sustainability, remarkably in the development of innovative energy technologies.
Large efforts are currently being made in the energy conversion field, particularly in the
development of electrocatalysts for Direct Methanol Fuel Cells (DMFCs), based on the use of
nanomaterials.’®*® Direct methanol fuel cells have attracted great scientific interest due to their
low operating temperature, low pollution emissions, high power density and easy handling,
which provided potential applications in electronic vehicles, among other portable devices.™**°
However, the high cost of electrocatalysts and the insufficient efficiency hindered the
commercialization of its electrochemical energy conversion. Furthermore, the most efficient
catalysts for both anode and cathode are by far platinum and platinum-based materials.'’*®

Nevertheless, the high cost and the limited natural abundance of platinum limits its widespread

use in large-scale applications; therefore, there exists a considerable interest in developing new



effective electrocatalysts (enhancing electrocatalytic activity and durability and reducing the
cost)."*? Recently, the development of platinum-based nanomaterials, with nonprecious metals
or metal oxides (Ni, Fe, Co, Ni,O3;, CoO, amongst others), platinum with high porosity grade
(mesoporous, nanoporous) and different shapes in the nanometer range, or other alternatives
based on the development of nonprecious metals or oxides as catalysts have been drawing
larger interest.”* The platinum-based nanomaterials, especially bimetallic alloys with less
expensive 3d-transition metals, present an enhanced electrocatalytic activity for methanol
oxidation reaction (MOR) as a consequence of the reduction of poisoning by adsorbed
carbonaceous intermediates, and the consequent reduction in the cost of electrocatalysts.?**’
However, the durability of this electrocatalysts, especially in acid media, could hinder their
potential application. Furthermore, in general, platinum rich alloys with a high degree of
alloying are mandatory in order to improve the durability.”®*® On the other hand, the
development of well-defined nano or mesoporous nanostructures of metals, a peculiarity of
noble metals, is proposed to prepare electrocatalysts showing a superior electrocatalytic
performance as a consequence of their large area per unit of volume and the reduction of the
load of electrocatalysts in fuel cells, with the consequent reduction of the cost.** Lastly, the
use of nonprecious metals or oxides supported in carbon have been proposed to reduce the cost
without significantly lowering catalytic performance, particularly for an oxygen reduction

reaction (ORR), compared to platinum-based electrocatalysts.

Herein, inspired by these proposals, we report a facile fabrication procedure of different
CoNi@Pt mesoporous electrocatalysts with a nanowire shape using different strategies. The
combination of the use of core@shells structures (with non-noble metals and a nanometer shell
of platinum) and the synthesis of highly porous nanomaterials (mesoporous or nanoporous) in a
single pot could be a powerful strategy to accomplish an important reduction of the amount of
platinum in an easy way with excellent catalytic performance. Recently, the use of core@shell
structures has been reported as a promising alternative in order to obtain electrocatalysts for

energy conversion due to their improved electrocatalytic activity.*** Furthermore, the



core@shell structures permit a further decrease in the noble metal loading in the electrodes
without significant decay in the performance. Moreover, synergetic effects have been
demonstrated when the subsurface of platinum atoms have been substituted by 3d-transition
atoms (in our proposal for a magnetic CoNi alloy). On the other hand, the traditional hard-
templating methods or some recent strategies based on the use of lyotropic liquid crystals (with
high viscosity) hinder a facile procedure to obtain nano or mesoporous nanorods by
electrochemical methods.***® Recently, some studies proposed the use of the assembly of
surfactant micelles or microemulsions based on ionic liquids inside the confined space of
commercial polycarbonate membranes in order to obtain mesoporous nanorods.** Therefore,
our proposal demonstrates the viability of core@shell CoNi@Pt mesoporous nanorods with
different morphologies compared with the same nanorods of platinum as electrocatalysts for
methanol oxidation. Furthermore, the use of CoNi@Pt nanorods could significantly reduce the
amount of platinum (with a nanometer layer of platinum) without significant changes in the
catalytic performance and introduce an easy handling tool as a consequence of their magnetic

behavior which favors the anchoring or recollecting by the use of an external magnetic field.***’

RESULTS AND DISCUSSION

Herein, we report all-wet electrochemical approaches in attempting to synthesize high
mesoporous nanorods, in the confined space of commercial polycarbonate membranes with a
nominal pore size of 100 nm, by using 1) an assembly of micelles (W+ S) method, which in
earlier works was demonstrated to be useful for preparing mesoporous Pt nanorods in restricted
conditions,”® 2) water-in-ionic liquid microemulsions (W/IL microemulsions),*® and 3)
polystyrene nanoparticle (PS NPs) suspensions (W+PS). A classical CoNi bath has been
selected to prepare magnetic mesoporous CoNi@Pt core@shell nanorods in order to achieve
better activity, stability and efficiency as electrocatalysts for methanol oxidation. An electrolyte
solution containing only 20 mM of Na,PtCls was also used to prepare the same mesoporous
nanostructures for each approach in order to compare the platinum nanostructures to the

core@shells ones. Furthermore, the use of both solutions permits comparing the different



proposed approaches in a diluted media (20 mM of Na,PtClg) or a classical electrochemical bath

(concentrated). Lastly, compact nanorods (W NWSs) with both solutions were also prepared as a
reference. The fabrication procedure of the eight types of nanorods is schematically illustrated
in Figure 1: The pure-platinum nanorods were synthesized by electrodeposition at -200 mV
from the four selected systems of platinum salt (W, W+S, W/IL microemulsion and W+PS).
The CoNi@Pt nanorods were synthesized in two stages: the electrodeposition, at -960 mV, of
the CoNi nanorods from the four selected systems of Co(ll) and Ni(ll) salts, and after that, the

immersion (for 90 s) of the nanorods in a platinum salt solution (1 mM of Na,PtClg) in order to

form the shell of platinum.
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Figure 1: Schematic representation of the fabrication procedure of the eight types of nanorods

Each electrodeposition process was performed at room temperature and in semi-stirring
conditions (Ar bubbling), using the nanochannels of commercial polycarbonate membranes,
until attaining a constant deposition charge density of 9 C cm™® As can be seen in the
chronoamperometric curves (Figure 1S), the electrodeposition time until circulating the same

deposition charge density is quite different depending on the selected system. The process is



significantly slower in the microemulsion system. Table 1 summarizes the composition of the
nanorods obtained for the different selected electrodeposition media. In the case of the
core@shell nanorods, the platinum percentage depends on their structure, which is a first

indication of their different effective area, being the maximum value in the case of the W/IL

nanorods.
TABLE 1. Selected electrodeposition media and nanorods composition
System W1/} [S]1/ ] 1IL] [PSNPs] | Pt/at. | Co/at.% | Ni/at %
wit. wit. wit. [ wt. % %
% % %
W Pt 100 - - - 100 - -
CoNi@Pt | 100 - - - 4 56 40
Pt 27 61 12 - 100 - -
WL coniapt | 27 | 61 | 12 : 8 55 37
Pt 99 1 - - 100 - -
WA coniapt | 99 | 1 | - : 3 56 41
Pt 88 2 - 10 100 - -
WS coniart | 88 | 2 | - 10 6 54 40

The morphology of the nanorods (Pt and CoNi@Pt) is characterized by using transmission
electron microscopy (TEM) as shown in Figure 2. The lengths of the different nanorods ranged
from 1.8 to 2.2 um. The representative TEM images exhibit significant differences depending
on the preparation approach:

-The NWs obtained in aqueous solution (W nanorods) display a compact morphology and a
diameter ranged from 90 to 120 nm, caused by the non-uniformity of the nanochannels in the
PC membrane (it can be observed in all the samples).

-W/IL microemulsions allows obtaining nanorods with a high density of well-defined non-
spherical mesopores all over the entire area, even at the inner part of the wires, for both Pt and
CoNi solutions (Figure 2c and d, respectively) forming a random network structure, as a
consequence of the sintering of the electrodeposited metal inside the aqueous droplets in the
microemulsion structure; the size of the mesopores was statistically measured to be

approximately 2-5nm.



-Observation of the W+S nanorods for Pt and CoNi solutions (Figure 2e and f, respectively)
reveals that this approach leads to mesoporous nanorods of platinum, with a high superficial
porosity, with a pore size ranging from 6-9 nm. However, compact nanorods, apparently similar
to those obtained in aqueous solution, were obtained in a CoNi classical bath. Therefore, it
seems that the micelle system leads to good results (mesoporous nanorods) in diluted baths.
However, when concentrated solution was used for the same amount of surfactant, the micelle
system is distorted and it does not permit the formation of mesoporous structures.

-Finally, the use of polystyrene nanoparticles, with a diameter ranging from 10 to 50 nm
(Figure 2S), dispersed in the aqueous solution (W+PS), has been demonstrated as a useful tool
to obtain mesoporous nanorods with a random pore distribution and a non-uniform pore size
distribution between 10 to 40 nm, according to the size distribution of the polystyrene NPs.
However, in this case a double mesoporous nanostructure could be expected as a consequence

of the presence of a surfactant as a suspension stabilizer.



Figure 2: Transmission electron micrographs of Pt nanorods prepared in (a) aqueous solution (W), (c)
water-in-ionic liquid microemulsion (W/IL), (e) surfactant solution (W+S) or (g) polystyrene suspension

(W+PS) and CoNi@Pt nanorods prepared in (b) W, (d) W/IL, (f) (W+S) or (h) (W+PS).



The Electrochemically Active Surface Area (ECSA) of each electrocatalyst was measured by
recording the hydrogen adsorption/desorption peaks in the cyclic voltammetries, in H,SO,4
0.5M, of the different nanorods synthesized (Figure 3a and c, for Pt and CoNi@Pt nanorods,
respectively). Table 2 shows the calculated ECSA values of each electrocatalyst, which follow
the tendency compact (W) < W+S < W+PS < W/IL for the Pt nanorods and compact (W) ~
W+S < W+PS < W/IT for the CoNi ones, as expected from the TEM images. The ECSA values
for W nanorods of both Pt and CoNi@Pt, and W +S CoNi@Pt nanorods exhibit a similar
surface area than other Pt nanorods reported in the literature, demonstrating their non-
mesoporous structure. Moreover, W + PS nanorods of Pt and CoNi@Pt and W+ S nanorods of
Pt exhibit around twice as much surface area as compact nanorods, as could be expected
according to the measurements found in the literature for superficial mesoporous structures.
Remarkably, both W/IL nanorods of Pt and CoNi@Pt exhibit much higher values than recent
state-of-the-art Pt-based nanorods (around 10 times more than compact nanorods and 4 times
more than other porous structures).* “*'These high ECSA values also reveal that the whole
surface of the nanorods is electrochemically accessible, which is fundamental for

electrocatalytic reactions.

We also investigated the durability of the electrocatalysts by determining the ECSA values
after 200 cycles of treatment in H,SO,4 0.5 M, between -0.28 and 1.2 V. It was found that the
ECSA values of each electrocatalyst exhibited only a slight drop (smaller than 6 %) after the
cycling treatment (Figure 3b and d, for Pt and CoNi@Pt nanorods, respectively), even in the
core@shell structures. These results demonstrate that they have a significantly high stability.

Furthermore, core@shell structures exhibit a similar behavior than pure Pt nanostructures.
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Figure 3: Cyclic voltammetry (first cycle) of different (a) Pt and (c) CoNi@Pt nanorods in H,SO4 0.5 M
solutions at room temperature at the scan rate of 100 mV s™. ECSA values of different (b) Pt and (d)
CoNi@Pt nanorods obtained in the first cycle (colored) and the 200th cycle (non-colored). The ECSAs
are estimated assuming that the charge required to oxidize a mono-layer of hydrogen on bright Pt is 210

pC em™,

Unfortunately, the highly acidic environment of an acidic fuel cell rapidly corrodes any
surface accessible of non-noble metals, resulting in a leaching of the catalyst. CoNi nanorods
should be protected from corrosion by the Pt shell. Therefore, the shell should guarantee the
durability of our core@shell catalysts. For this reason, a complete shell of Pt is necessary.
However, a too thick Pt shell could present properties no different than bulk Pt (non-synergetic

effects) and obviously drive up the price of the catalyst. Therefore, in order to demonstrate the



stability and durability of the electrocatalyst, the corrosion tendency of the different nanorods
synthesized were analyzed (Figure 4a and b, for Pt and CoNi@Pt, respectively). This stability
test of the electrocatalysts was carried out after immersing the samples until attaining the
steady-state potential (Es) in a solution of H,SO4 0.5 M. The log j vs. E curves of the different
nanorods, obtained by a linear potentiodynamic sweep from E-300 to +300 mV at 0.1 mV s™,
show both the very positive corrosion potential in the aggressive sulfuric medium and the low
slope of the anodic branch, which reveal the stability of the nanostructures and their low
corrosion rate. Table 2 summarizes the corrosion potential of each nanowire in H,SO, 0.5 M,
the non-dissolution of the CoNi@Pt in the sulfuric medium and the similar results in the
accelerated corrosion test in the acidic environment respect to those of pure platinum
corroborates, the complete shell of Pt of, the core@shell nanorods, even in their inner part, as
could be expected according to the cycling treatment in acidic media described previously. The
corrosion potential depends on the nanowire morphology and structure, resulting in the pure Pt
nanorods being slightly more stable than the parallel CoNi@Pt structures. Although the
corrosion potentials are very positive for the different nanorods, the mesoporous ones have the
lower values, as could be expected taking into account their extraordinary surface area.
Moreover, the Pt shell in W/IL nanorods should be thinner compared with that of W, W +S o W
+PS nanorods because the amount of platinum in this catalyst represents only twice as much as

the W nanorods, while the surface area is 15 times larger.
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Figure 4: Potentiodynamic polarization curves in logarithmic scale corresponding to (a) Pt and (b)

CoNi@Pt nanorods in H,SO, 0.5 M solutions.

The electrocatalytic performance toward the methanol oxidation of our eight types of
nanorods was evaluated and compared. Figure 5a and ¢ shows the electrocatalyst loading mass-
normalized cyclic voltammograms of methanol oxidation obtained with different catalysts, in
which the two characteristic methanol oxidation peaks are identified in the forward (which is
ascribed to the freshly chemisorbed species) and backward (which is ascribed primarily to the

removal of carbonaceous species that are not completely oxidized in the forward sweep) scans.

In the case of Pt, it is noticeable that the catalytic activity of the W/IL nanorods is
significantly higher than that of the other catalysts, especially in comparison with the compact
nanorods. As can be seen in Figure 5a W/IL, platinum nanorods show the highest mass-
normalized current density (jma) Of 1285 mA mg™, as a consequence of a three-dimensionally
interconnected network of platinum, rapidly accessible to the reactants, which is around 11.9,
3.2, and 3.0 times higher than that of W (108 mA mg™), W +S (399 mA mg™), and W + PS (430
mA mg™?) nanorods. Also, for these extraordinarily porous W/IL nanorods, an important
advance in the peak potential could be observed, which reveals the very good performance for
the methanol oxidation. Moreover, we can compare the values of the forward anodic peak

current density (js) and the reverse anodic peak current density (j,) for each type of platinum



nanorods, because a low ji/j, ratio is used as an indicator of the CO-tolerance of electrocatalysts
in MOR.** The j/j, values were always greater than 1, specifically 1.20, 1.17, 1.19, and 1.52 for
W, WI/IL, W +S, and W +PS platinum nanorods, respectively. The higher ratio indicates more

effective removal of poisonous carbonaceous species on the catalyst surface.

In the case of the CoNi@Pt core@shell structures, also the W/IL nanorods exhibit a
significantly higher catalytic activity in comparison with the other core-shell catalysts.
Moreover, all the CoNi@Pt nanorods, especially the W/IL ones, produce an important advance
in the methanol oxidation peak respect to the parallel Pt nanorods of reference. Furthermore, the
highest mass-normalized current density (jmax) Of the CONi@Pt W/IL nanorods (1326 mA mg™)
is around 15.2, 12.2, and 4.4 times higher than the observed in W (87 mA mg™), W+S (109 mA
mg™) and W+PS (301 mA mg™) nanorods, due to the total mesoporous network. Therefore,
compact nanorods of both Pt and CoNi@Pt exhibit a similar mass-normalized current density
than other nanorods described in the literature. Moreover, the superficial mesoporous structures
(W+S nanorods of Pt) and the PS+W of both Pt and CoNi@Pt nanostructures show a higher
mass-activity than commercial Pt/C (250 mA mg™ in the same experimental conditions).
Remarkably, the mass-normalized current densities of both Pt and CoNi@Pt W/IL nanorods
were also higher than the state-of-the-art Pt-based nanorods, or other Pt nanomaterials reported
previously (around 2 to 6 times more depending on the nanostructure, in the same experimental

conditions.).** ***°

The ji/j, values were 2.89, 1.88, 2.81, and 3.26 for W, W/IL, W +S, and W +PS, respectively,
values far higher than those corresponding to the pure Pt nanorods, which reveals that the
CoNi@Pt nanorods present a higher good-poison tolerance. Hence the obtained WI/IL
mesoporous nanorods, especially the core@shell, could be proposed as a suitable
electrocatalysts due to their extraordinary performance respect to the methanol oxidation. The
values of the onset potential (Eonser), peak potential (E,), maximum of the mass-normalized
current density (jmax), mass-normalized current density at 0.6 V (josy) and the j/j, ratio of all

electrocatalysts are listed in Table 2. Accordingly, the peak potentials, the mass-normalized



current densities and the jd/j, values of core@shell structures show the synergetic effect of the
CoNi core in the prepared electrocatalysts: the shell formation promotes an important shift in
the peak potential, which enhances the catalytic performance, because it implies the presence of
a thin layer of superficial Pt atoms, which interact electronically with the underlying base metal
atoms (CoNi) by the contraction of the Pt-Pt bond distance or greater Pt 3d orbital vacancies.***’
Moreover, an important reduction of poisoning by adsorbed carbonaceous intermediates could
be observed in the core@shell structures as a consequence of the interaction between de CoNi

core and the Pt layer.**%

Therefore, the mesoporous CoNi@Pt core@shell nanorods present the best performance for
methanol oxidation in acidic medium because the present the highest amount of superficial Pt

atoms and an improved active Pt, which make its promising electrocatalysts for the future.

Lastly, in order to analyze the long-term performance of the electrocatalysts toward the
MOR under continuous operating conditions, chronoamperometric experiments were carried
out. Figure 5b and c¢ shows plots of mass-normalized current densities versus time recorded at
0.6 V for 3600 s for the different kind of Pt and CoNi@Pt nanorods. As can be seen in
chronoamperometric curves, at short testing times, the oxidation current rapidly decays for all
the electrocatalysts. However, after several minutes the current decay gradually slows down and
remains pseudostable, demonstrating that the electrocatalytic stability under continuous
operating conditions is higher in both W/IL nanorods of Pt and CoNi@Pt, compared with the

other prepared catalysts.

TABLE 2. Catalyst Characterization and Catalytic Performance of different prepared nanorods.

System Pt/ | ECSA | Ecor/ | Eonset/ | jmax / MA E,/V Josv/ MA | b

at. % | / ml2 gl Vv \Y} -mg™ -mg™
W Pt 100 15 0.70 | -0.04 108 0.64 104 1.20
CoNi@Pt 4 17 0.66 | -0.01 87 0.51 64 2.89
WIIL Rt 100 228 0.61 -0.18 1285 0.54 1022 1.17
CoNi@Pt 8 224 0551 -0.17 1326 0.50 1092 1.88
W+S Rt 100 48 0.65 ] -0.06 399 0.63 381 1.19
CoNi@Pt 3 15 0.67 -0.02 109 0.52 86 2.81
W+PS Pt 100 53 0.64 | -0.06 430 0.69 294 1.52
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Figure 5:Cyclic voltammogramsat 50mV s* of (a) Pt and (b) CoNi@Pt nanorods, and

chronoamperometric curves (recorded at 0.6V) of (b) Pt and (d) CoNi@Pt nanorods for methanol

oxidation.

CONCLUSIONS

The electrochemical synthesis in different media (aqueous solution, water-in-ionic liquid
microemulsion, micellar solution and suspension of polystyrene nanoparticles) of CoNi
nanorods, followed by the formation of a shell of platinum, allowed us to obtain both compact

and mesoporous CoNi@Pt nanorods. The micellar system, which is able to form mesoporous



pure platinum nanorods, does not permit the formation of mesoporous CoNi nanorods, probably
due to the destruction of the micellar system in the presence of the concentrated solution of
CoNi. The best performance as electrocatalyzers for methanol oxidation corresponds to the
mesoporous core@shell nanorods obtained in suspension of polystyrene and, especially, in
water-in-ionic liquid microemulsion. These nanorods present a very high active surface (224 m?
g™), much more than that of compact nanorods, which demonstrated the porosity both in the
surface and in the interior. Moreover, the presence of the CoNi core improves the performance
of the platinum, inducing high activity in the superficial platinum of the shell and lower
tendency to poisoning during the methanol oxidation. Therefore, a very high mass-normalized
current density of 1326 mA mg™, a high ji/j, ratio and a clear advance of the methanol oxidation
peak respect to pure platinum nanostructures turn the very mesoporous CoNi@Pt nanorods
obtained in microemulsion with ionic liquids into a very promising electrocatalyzer for
methanol oxidation in direct methanol fuel cells in acidic medium. The corrosion curves in
sulfuric acid demonstrated the stability of the core@shell nanorods, which corroborates the
good covering of the CoNi with platinum, and the maintenance of a significant current of
methanol oxidation as a function of time reveals a good durability. The low percentage of the
platinum shell in the mesoporous nanorods (8 at. %) implies a clear economic saving in the
price of the electrocatalyzer. Finally, the magnetic character of the nanorods makes it easy to

handle the nanostructures.

METHODS

Preparation of the Electrodeposition Media.

Four different systems have been used as electrodeposition media in order to obtain different
types of nanorods. Herein, we report the composition and preparation procedure for each

system.



- Pt and CoNi aqueous solution (W) contains 20 mM sodium hexacloroplatinate (1V)
hexahydrate(Aldrich, 98 %) and 0.2 M Co (1) chloride (Carlo Erba, > 98.0 %) + 0.9 M Ni
(11) chloride(Sigma Aldrich, > 98.0 %) + 30 gdm™boric acid (Merck, 99.8 %) + 4.5 mM
saccharin (Merck) at a pH adjusted to pH = 4.5 with sodium hydroxide (Merck, >99 %)
solutions, respectively. The both aqueous solutions were freshly prepared with double
distilled water that was afterwards treated using a Millipore Q system with resistivity of
18.2 MQcm™. These aqueous solutions were used to prepare a W/IL microemulsion and a
micellar solution.

- The W/IL microemulsion was prepared by mixing aqueous solution (W), non-ionic
surfactant (S), p-octyl polyethylene glycol phenyl ether a.k.a. Triton X-100 (Acros
Organics, 98 %-), and ionic liquid (IL), 1-Butyl-3-methylimidazolium
hexafluorophosphate a.k.a. bmimPFg (Acros Organics, 98 %-), in the selected proportions
based on the literature (27.0 wt. % of W, 61.0 wt. % of S, and 12.0 wt. % of IL).%**

- The Micellar solution (W +S) was prepared by stirring aqueous solution (W) and non-ionic
surfactant (S), polyoxyethylene acyl ethera.k.a.Brij 58, in the selected proportions based on
the literature (1.0 wt. % of S and 99.0 wt. % of W).*

- Polystyrene nanoparticle suspension (W + PS). The reagents in the same composition as in
the aqueous solution for both Pt and CoNi solutions were dissolved in a polystyrene
suspension of nanoparticles ranged from 10 to 50 nm. The polystyrene suspension was
provided by Magsphere, Inc. This suspension was formed by 10.0 wt. % of polystyrene
nanoparticles (PS), 88.0 wt. % of water, and 2.0 wt. % of non-ionic surfactant Sodium

dodecyl sulfate (S).

Preparation of Nanorods.

Commercial polycarbonate (PC) membranes (Millipore Company) with a nominal pore size
of 100 nm were used to synthesize Pt and CoNi nanorods using the previously described media.

In order to use the polycarbonate filters as a working electrode a conductive layer on one side is



necessary. Therefore, vacuum evaporation was used to coat the membrane on one side with
around a 100 nm-thick gold layer, enabling conductivity. Electrochemical fabrication of the
nanorods was performed at room temperature (25°C), with a microcomputer controlled by a
potentiostat/galvanostat Autolab with PGSTAT30 equipment and GPES software, using a three-
electrode electrochemical system with the described polycarbonate membranes, Pt spiral, and
Ag/AgCl/ KCI (3M) as working, counter, and reference electrodes, respectively. The
electrodeposition media were de-aerated before each experiment by argon bubbling.
Remarkably, all the systems were maintained in semi-stirring conditions (Ar bubbling) during
the process to promote the electrodeposition. After the deposition, the samples were immersed
for 30 seconds into I,/I" saturated solution in order to dissolve the gold layer, and afterwards the
polycarbonate membranes were dissolved with chloroform, and washed with chloroform (x10),

ethanol (x5), and water (x5).

Nanorods Characterization.

Nanorods morphology was analyzed by a High-Resolution Transmission Electron
Microscopy (Jeol 2100). An X-ray analyzer incorporated in a Leica Stereo Scan S-360

Equipment was used to determine the elemental composition.

Electrocatalytic Experiments.

Prior to the use of glassy carbon (GC) as a support, it was polished carefully with 0.3, and
0.5 um of alumina powder and rinsed with milliQ water under sonication. Then, the support was
allowed to dry under nitrogen. Then, a 5 pL of ink of nanorods prepared with water and 0.5 %
Nafion® was dropped on the surface of the GC electrode and dried under nitrogen before the
electrochemical experiments. All the electrochemical experiments were performed at room
temperature using a three-electrode electrochemical cell with the prepared GC, a Pt spiral and
Ag/AgCl/ KCI (3M)/ H,SO, (0.5 M) as a working counter, and reference electrodes,

respectively.
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