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Introduction

Fuel cells are widely recognized as very promising
devices to obtain electric power directly from the
combustion of chemical compounds. Fuel cells are
also advantageous because they release less, if any,
harmful emissions during operation and, in some
cases, the fuel used to power fuel cells can be con-
sidered renewable [1]. An interesting family of fuel
cells is the one based on polymer proton-conducting
membranes (polymer electrolyte membrane fuel cells,
PEMEFCs) [2], due to low operating temperatures and
versatility of applications. To accelerate the desired
redox reactions occurring at both the anode and
cathode of a PEMFC, a catalyst is required. Currently,
the most active electrocatalyst toward both the
hydrogen oxidation reaction (HOR) and oxygen
reduction reaction (ORR) is Pt (and its alloys) [3].
Since the ORR is about 5 orders of magnitude slower
than the HOR, the cathode of a PEMFC typically
contains 80-90% of the total Pt in the PEMFC [4].
Unfortunately, even when deposited as nanoparti-
cles, the high cost of Pt has been one of the major
barriers to the widespread commercialization of
PEMFCs [5]. For these reasons, there has been sig-
nificant interest in developing other noble metal cat-
alysts to reduce or completely eliminate the use of Pt
in PEMFCs.

Noble metal nanoparticles have been synthesized
by top-down and bottom-up methods with controlled
morphology and size. Bottom-up methods generally
involve reducing metal ions to metal atoms, followed
by their controlled aggregation in the presence of
stabilizers [6-10]. Once selected the method to obtain
metal nanoparticles, their organization into two-di-
mensional structures may be important for some
applications. Self-assembly has been demonstrated to
be an efficient approach for spontaneous generation
of ordered structures using nanoparticles as building
blocks [11-13]. Currently, nanoparticle assemblies
can be prepared by different strategies that integrate
both synthesis and assembly into one step.

The development of new materials with catalytic
properties for oxygen reduction reaction is presently
a challenge of great technological importance.
Ruthenium, osmium- and rhodium-based materials
have proved to accomplish the ORR in acidic media
[14-16] and hence can be considered as an alternative
metal for as catalysts in PEMFCs.
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Compared to other noble metal nanoparticles,
there are only a few papers dealing with the elabo-
ration of Rh nanoparticles. Table 1 shows a brief
overview of previously reported syntheses of Rh
nanoparticles. The most notably approach is based on
the chemical reduction of RhCl; as rhodium source
and the use of polymers or surfactants to stabilize the
obtained Rh nanoparticles in relatively mild reaction
conditions [17-20]. Some examples report the use of
other stabilizers [21-23] or no stabilizer [24-26].
Alternative precursors, such as NazRhCls, (NHy)3
Rhle,, [(C5H11C02)2Rh]2 and [Rh(OZCC7H]5)2]2, have
been also employed [27-31]. However, the use of
organometallic precursors like Rhg(CO)16, Rh(CO),
(acac), [Rh(u-OMe)(cod)]l,,  Rh(acac)(1,5-CgHy»),
[Rh(p-CD(1,5-cod)], and Rh(n3-CsHs); is quite rare
[32-40]. Other interesting strategies related to the
preparation of rhodium nanoparticles take advan-
tages of using templates to direct the particle growth
[26, 32].

One main objective when synthesizing new nano-
materials for electrocatalysis is to have at disposal
well-controlled materials in terms of size, shape and
dispersion of the particles but also to have a good
control of their surface properties and deposition on
the working electrode. All these parameters are of
high importance in order to improve their catalytic
performance [41-46]. As it will be described later into
detail, the synthesis of Rh nanoparticles was carried
out from the Rh(n>-C5Hs)3 complex to take advantage
of the organometallic approach which is known to
allow the formation of small nanoparticles with a
clean metal surface. Different alcohols, namely
methanol CH3-OH, propanol C;H,~OH or heptanol
C,H;5~OH, were used as both reaction medium
(solvent) and stabilizer, in order to determine fitting
conditions for ORR activity in PEMFC. Changes in
the carbon-supported self-assembly Rh nanoparticles
and their influence on the corresponding ORR
activities are discussed in terms of the chemical
affinity. To our best knowledge, this work is the first
report that describes the use of Rh(n*-C3Hs); complex
to synthesize Rh nanoparticles in view of their
application in electrocatalysis. Therefore, it opens the
way for the investigation of other materials of this
nature for this domain of application.



Table 1 Overview of some reported methods for the synthesis of Rh nanoparticles
Synthesis method Metal precursors  Reducing agents Stabilizer Particle References
size (nm)
Chemical reduction of RhCl;3 NaBH,4 N,N-dimethyl-N-cetyl-N-(2- ~ 3 [17]
metal salts hydroxyethyl) ammonium salts
Chemical reduction of RhCl5-3H,0 NaBH,4 New self-assembled supramolecular 1.2-1.5 [18]
metal salts complexes of cyclodextrins and
surfactants
Chemical reduction of RhCl; NaBH,4 Polyvinylpyrrolidone (PVP) ~ 30 [19]
metal salts
Modified polyol method RhCl; Ethylene glycol Polyvinylpyrrolidone 7-14 [20]
Chemical reduction of RhCl, [LiB(C,Hs);H] CH;3(CHy);;-SH 1-3 [21]
metal salts
Chemical reduction of RhCl;-xH,O Ethylene glycol Sodium citrate 3 [22]
metal salts in alcoholic
media
Chemical reduction of RhCl5-3H,0 Sodium(2- - ~ 23 [23]
metal salts (diphenylphosphino)
ethyl) phosphonate
Modified pulse RhCl; Ethylene glycol - ~3 [24]
microwave-assisted
polyol
Salt-templated RhCl5-3H,0 Sodium oleate - ~ 1.6 nm [25]
Chemical reduction of RhCI5-3H,0 (CH3),NH-BH; Laurate anion (dodecanoate) 52 +£27 [23]
metal salt
Reverse micelle NasRhClg-12H,O  NaBH,4 Dodecanethiol 1.5-3 [27]
Solvothermal Rhg(CO)q6 - - 20-40 [29]
Thermolysis Rhe(CO)y6 - - Not [30]
indicate
Chemical vapor Rh(CO),(acac) - - 2-3 nm [31]
deposition
Soft micelle template (NH4)3RhClg NaBH,4 Cetyltrimethylammonium bromide, 1-2 nm [26]
CTAB
One-pot strategy Naz;RhClg Triethylene glycol Ascorbic acid/citric acid ~ 18 [28]
Synthesis in situ [(CsH{;CO,),Rh], (CH;3),NH-BH; Dimethylammonium hexanoate 1.6-2.3 [30]
dehydrogenation of
(CH;),NH-BHj3
One-pot synthesis [Rh(O,CC;H;s),], Tert-butylamine-borane Tert-butylammonium octanoate 2+05 [31]
One-step synthesis [Rh(p-CI)(1,5- N,H4BH; Amorphous polyaminoboranes 2.7+ 0.6 [40]
cod)], [BNRH,], acting as a support
Organometallic approach Rh(n*-C3Hs)s Dihydrogen PVP ~ 2 [34, 35]
Organometallic approach Rh(n*-C3Hs)s Dihydrogen Triphenylphosphine, or 1,4- 1.3-1.7 [36]
bis(diphenyl) phosphinobutane
Organometallic approach Rh(n*-C3Hs); or  Dihydrogen Chiral diphosphite ligands 1.9-2.8 [32]
[Rh(p-
OMe)(cod)],
Organometallic approach Rh(acac)(1,5- Dihydrogen PVP, hexadecylamine 15-50 [33]
CsHyo)

@ Springer



8936

Experimental section

Precursor preparation and synthesis of Rh
Nanoparticles

The Rh source, Rh(n*-C;Hs);, was prepared accord-
ing to process elsewhere reported [47-49], from rho-
dium(III) chloride tri-hydrate, RhCl;-3H,O (Johnson
Matthey) and allyl magnesium chloride, (H;
C=CHCH,MgCl), (Sigma-Aldrich; solution 2.0 M in
THEF).

The synthesis of Rh nanoparticles was easily car-
ried out by decomposition of Rh(n*-C3Hs); under
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operation allowed to get a dry and black sample of
Rh nanoparticles in each case.

A similar procedure was followed to obtain hex-
adecylamine (HDA)-stabilized Rh nanoparticles.
Rh(n*-C3Hs); (0.663 mmol) was introduced in a
Fisher—Porter bottle under argon atmosphere and
dissolved in tetrahydrofuran, THF (150 mL, 99%,
Sigma-Aldrich), as a solvent in the presence of HDA
(0.36 mmol HDA, 98%, Sigma-Aldrich) as a stabilizer.
In this last case, no alcohol was used, the amine being
the stabilizing agent.

The representative synthesis of alcohol-stabilized-
Rh nanoparticles is shown as follows.

<>

hydrogen pressure and at room temperature in a
Fisher-Porter bottle following previous reports by
Philippot et al. [37-39]. Three different alcohols were
employed, namely methanol (CH;-OH, 98.9%,
Sigma-Aldrich), propanol (CzH~OH, 99.5%, Sigma-
Aldrich) and heptanol (C;H;5-OH, 99.5%, Sigma-
Aldrich) in order to study the influence of the alkyl
chain length on the particle size and on the electro-
chemical behavior of these catalysts according to a
simple standard procedure as follows: Rh(n*-C;Hs);
(0.663 mmol) was introduced in a Fisher-Porter bot-
tle under argon atmosphere. Thereafter, CH;-OH
(150 mL), C3H,~OH (150 mL) or C;H;5~OH (150 mL)
was added in the reactor leading to a yellow solution.
Then, the reactor was pressurized with 3 bar hydro-
gen (99.999 purity, Alphagaz) at room temperature
under vigorous stirring. A color change of the solu-
tion from yellow to black was rapidly observed. The
reaction mixture was left under vigorous stirring
overnight (ca. 16 h) to assure the total decomposition
of the Rh precursor. After this period of time, a
homogeneous dark brown colloidal solution was
formed in all cases. Each colloidal dispersion was
then evaporated under vacuum to eliminate the
propane formed after hydrogenation of the Rh pre-
cursor ligands as well as the excess alcohol. This
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where R-OH: methanol, CH;OH; propanol, C3H,OH;
heptanol, C;H;50H

To determine the dispersion and particle size of
each Rh system, specimens for analysis by transmis-
sion electron microscopy (TEM) were prepared by
depositing a drop of each crude colloidal solution
onto a carbon-coated copper grid. TEM observations
were performed on a JEOL 1011 electron microscope,
operating at 100 kV with resolution point of 4.5 A
X-ray diffraction (powder-XRD) patterns were col-
lected in a D2 Phaser Bruker diffractometer coupled
to a copper anode in X-ray tube in Bragg-Brentano
theta-theta configuration. TOPAS 5 software was
used to perform Rietveld refinements where a fun-
damental parameter model was selected to describe
diffractometer contribution [50]. Rhodium crystallo-
graphic information was taken as starting model
according to the previous report by Lejaeghere et al.
[51]. The considered range in 2-theta was from 35° to
90° with a step size of 0.01° and 10 s of collection
time/step by a 1-D detector.

Catalyst preparation

The electrochemical activity of the electrode materials
was performed using glassy carbon rod as an elec-
trode support (5.0 mm in diameter). The base of the
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rod was polished with a cloth and alumina powder
(ca. 0.3 pm). 2.0 £ 0.03 mg of carbon-supported Rh
nanoparticles sample (Vulcan carbon black + Rh
nanoparticles, 4:1 ratio) was dispersed in 10 pL
Nafion® and 1 mL ethanol, and then the mixture was
sonicated for 30 min to get an uniform suspension or
homogeneous catalyst “ink.” Thereafter, the glassy
carbon electrode was coated with 5 puL of the obtained
suspension and dried at room temperature. The
nominal loading of Rh nanoparticles was 0.0092 +
0.0002 mg cm ™% The electrodes were carefully pre-
pared in order to obtain reproducible electrode sur-
faces and comparable electrocatalytic results.

Electrochemical measurements

Rotating disk electrode (RDE) half-cell testing was
performed to study the oxygen reduction reaction
(ORR) activity of the rhodium nanostructured cata-
lysts. A PAR Bistat connected to a model 636 RDE
setup was used for the testing. The half-cell solution
used was oxygen-saturated 0.5 M H,SO,. The elec-
trochemistry measurements were taken in a conven-
tional three-electrode arrangement. An Ag/AgCl(sat
KCI) reference electrode and a Pt wire counter elec-
trode were used in the system. All potentials reported
in this work are referenced versus the standard
hydrogen electrode (SHE). RDE activity was verified
using the Koutecky-Levich equation and the method
described for ORR activity testing.

1 1 1

R S 2
i Babs )
B = 0.62 nF Co,(Do,)?/?v!/8 (3)

where j is the current density (A cm™), ji is the
kinetically controlled current density, 7 is the number
of electrons transferred per molecule of oxygen, F is
the Faraday constant, Co, is the O, concentration in
the electrolyte (1.1 E-6 mol cm [25, 26]), Do, is the
diffusion coefficient for molecular oxygen in 0.5 M
H,S0, at 25 °C (1.4 E-5 cm? s~ ! [52-54]), and v is the
kinematic viscosity of the 0.5 M H,50, solution at
25 °C (0.01 cm? s~ [55]). The angular rotation rate in
radians per second is represented as w. A series of
cyclic voltammograms were acquired at 20 mV s~
from — 0.3 to 1.0 V versus Ag/AgCl. All the speci-
mens were analyzed until 50 cyclic potential scans in
order to produce clean surfaces. The steady-state
polarization curves were recorded in the range from
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0.0 to 0.7 V versus Ag/AgCl using a scan rate of
5 mV s~ " at 100, 200, 400, 800, 1600 rpm. The number
of electrons transferred per oxygen molecule (1) was
determined from the slope of the linear relation of 1/
jand 1/ »'/?. Once the kinetic current was extracted;
the jx versus E data were plotted in the typical fuel
cell performance style. The resistance losses were
extracted from the slope of the linear region of the j
versus E plot.

Magnetic measurements

Magnetic measurements for Rh nanoparticles were
taken in a Magnetic Property Measurement System
(MPMS) at room temperature with a maximum
applied field of 30,000 Oe. Separations of paramag-
netic and ferromagnetic contributions were carried
out by fitting the Brillouin function.

_ 2] +1 2] +1 1 X
(4)

where M, corresponds to the saturation of the para-
magnetic state, | the total angular momentum and

xX= %:}—Bf(with g the Landau factor, ps the Bohr mag-
neton, H the external magnetic field, kg the Boltz-
mann constant, and T the absolute temperature). By
considering the experimental magnetization M as the
sum of paramagnetic Mpaam and ferromagnetic
Merro contributions (M = Mparam + Mserro), the fer-
romagnetic part was calculated as the subtraction
M — Mparam [56]. Fitting of experimental data with
Eq. (4) uses M, and | as adjustable parameters.

Results and discussion

Structural and morphological
characterization

The morphology of the as-synthesized rhodium
nanoparticles has been studied by electron trans-
mission microscopy (TEM) analysis. Figure 1 pre-
sents the TEM and HRTEM images recorded for each
sample of Rh nanoparticles as a function of the
alcohol used for their synthesis: methanol, propanol
and heptanol. HRTEM images of Rh nanoparticles
stabilized with hexadecylamine in THF are also
shown as a reference, as shown in Fig. 1. For all the
alcohol-stabilized Rh nanoparticles, it can be
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Figure 1 TEM images of Rh
nanoparticles synthesized by
hydrogenation of Rh(n*-
C3Hs); in methanol, propanol,
heptanol and HDA/THF.

J Mater Sci (2018) 53:8933-8950

observed the presence of small nanoparticles forming
agglomerates with a sponge-like structure. The
agglomerates observed for the methanol-stabilized
Rh nanoparticles are dark and display a quite large
size distribution in the range 15-35 nm, i.e., chain-
like assembles of smaller nanoparticles are also visi-
ble. The agglomerates observed with Rh nanoparti-
cles prepared by using propanol and heptanol appear

@ Springer

more regular in size being in the range 10-50 nm.
Similar agglomerates of individual nanoparticles
have been previously observed with ruthenium
(prepared by decomposition of Ru(l,5-cyclooctadi-
ene)(1,3,5-cyclooctatriene) complex under H, in a
pure alcohol), also with an influence of the nature of
the alcohol on their morphology and size but with a
more drastic difference [57-59]. Indeed, where
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sponge-like Ru agglomerates of 80-100 nm in size
were observed with methanol, no big agglomerates
were detected with propanol and heptanol. The
morphology of the methanol-stabilized Ru nanopar-
ticles was clearly polycrystalline with individual
crystallites of a few nanometers [57]. This morphol-
ogy was explained by a weak stabilizing effect of
methanol that resulted in the aggregation of small
individual Ru nanoparticles. In the contrary, the
propanol- and heptanol-stabilized Ru nanomaterials
were found to contain monocrystalline nanoparticles
of ca. 5 and 3 nm in size, respectively [58, 59]. Here,
the Rh nanoparticles appear all under the form of
large polycrystalline objects with a similar size.
However, the fact that propanol- and heptanol-sta-
bilized Rh appears under the form of more regular in
size assemblies compared to methanol-stabilized
nanoparticles can be explained by higher stabilizing
properties when the alkyl chain length of the alcohol
increases as the result of more steric hindrance at the
nanoparticle surface. Additionally, the similar size
observed for both propanol- and heptanol-stabilized

Rh-CHSOH — XD

— Q|G

—

Intensity (a. u.)

40 50 60 70 80 90
20 (degrees)

— eXD

Rh-C,H, OH

— C3C

Intensity (a. u.)

40 50 60 70 80 90
20 (degrees)
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Rh nanoparticles indicates that a chain length dif-
ference between three and seven carbon atoms does
not have a significant influence on the morphology of
the Rh nanoparticles. Remarkably, the sponge-like
character of the obtained Rh nanoparticles is highly
interesting because it may offer a high active surface
for catalysis. In addition, alcohols are expected to be
weak coordinating molecules at metal surface and
not limit too much the catalytic reactivity. HRTEM
images of the Rh nanoparticles synthesized in the
presence of hexadecylamine showed dispersed
nanoparticles of mean size in the range 5-10 nm
exhibiting a sphere-like morphology. This result
suggests that the long alkyl chain of the hexadecy-
lamine present at the surface of Rh nanoparticles
limited their aggregation and let to obtain a more
homogeneous dispersion.

These Rh nanoparticles have been also character-
ized by powder X-ray diffraction as illustrated in
Fig. 2. The three Rh nanomaterials prepared with
alcohols showed four broad diffraction peaks at
20 = 41.07°, 47.41°, 70.17° and 84.37° (JCPDS Card

— EXP

Rh-C,H,0H

— Q|G

Intensity (a. u.)

20 (degrees)

Rh-HDA

o~

40 50 60 70 80 90
20 (degrees)

— XD
— CaC

Intensity (a.u.)

Figure 2 XRD patterns of Rh-methanol, Rh-propanol, Rh-heptanol and Rh-hexadecylamine/THF nanoparticles synthesized from Rh(n>-

C3Hs); under dihydrogen atmosphere.
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Table 2 Crystallite size and

lattice constant of Rh Sample Crystallite size (nm) Lattice constant, a (nm) RWP

Zi‘éiii?i?iu?il?f;zid " RnCHOH 2.348 £ 0.019 3.8171 (10) 3.53

double-Voigt approach (LVol- Rh-C5H, 1.959 + 0.017 3.8221 (12) 3.39

IB) implemented in TOPAS Rh-C;H 6 1.786 £ 0.015 3.8274 (13) 3.39

V5 by a Rietveld fitting Rh-HDA 0.991 £ 0.019 3.833 (19) 2.32
Rh bulk - 3.7957 -

No. 65-2866) in good agreement with single face-
centered cubic structure, as expected for rhodium.
There is no significant shift in the peak position due
to the presence of CH3;-OH, C;H,~OH or C;H;5-OH.
Rh-hexadecylamine nanomaterial showed the same
four diffraction peaks of fcc crystal structure; how-
ever, these peaks depict very low intensity indicating
a very poor crystalline character. The crystallite size
and lattice constant of Rh nanoparticles calculated by
a double-Voigt approach (LVol-IB) implemented in
TOPAS V5 and lattice constant of Rh nanoparticles
calculated by a Rietveld fitting are shown in Table 2
[60, 61]. Additionally, structural parameters by Riet-
veld refinement are also shown in Table 3. These
results indicate that the crystallite size of the Rh
nanoparticles decreases as a function of the alkyl
chain length of the alcohol from 2.3 nm for methanol
to 1.7 nm for heptanol, as shown in Fig. 3. This ten-
dency has been also observed for the Ru nanoparti-
cles synthesized in the presence of methanol, n-
propanol, isopropanol and pentanol [58]. From these
data we can conclude that heptanol (1.7 nm) and
propanol (1.8 nm) favor the stabilization of Rh crys-
tallites of similar size and smaller than methanol
(2.3 nm). Nevertheless, whatever the alkyl chain
length, aggregation of crystallites into large assem-
blies of nanoparticles takes place giving rise to
sponge-like big agglomerates.

Magnetic measurements

An important effect of nanostructuring metals by the
synthesis of metal nanoparticles is the variation of
their electronic structure through surface effects,
which becomes increasingly important with reducing
particle size [62, 63]. In this sense, magnetic mea-
surements were taken to establish if the nanoscale
character of the Rh nanoparticles produces a devia-
tion from the characteristic paramagnetic response of
bulk metallic Rh. Magnetization M curves as a func-
tion of external field H are shown in Fig. 4a for Rh-

@ Springer

CH30H, Rh-C3H,0OH and Rh-C;H;50H nanomateri-
als. An unexpected ferromagnetic character at room
temperature for the Rh nanoparticles is evidenced by
the coercive field (H.) of the M-H curves, as illus-
trated in Fig. 4b, for which H, values between 16 and
29 Oe were recorded. In addition, the noticeable lin-
ear portion of each M-H curve for H > 7000 Oe (and
H < —7000 Oe) is indicative of a paramagnetic
response overlapped with the ferromagnetic behav-
ior. In contrast, the magnetic response of Rh-HDA
nanoparticles (Fig. 5a) reflects a predominant dia-
magnetic contribution coming from the sample
holder. Subsequent subtraction of this instrument
response reveals the typical ferromagnetic M—H plot
of Fig. 5b, for which a very weak magnetization sat-
uration of 0.00147 emu/g is manifested. The
appearance of a magnetic moment for Rh nanopar-
ticles with fcc crystal structure can be explained by a
nanostructuring effect on their electronic structure, in
particular, on the possibility to produce narrow
4d bands at the Fermi level Ep as a result of lattice
expansions. These lattice variations were also
observed in XRD results described in the previous
section (see Table 2). Changes in the local symmetry
due to surface defects (like twin boundaries) can also
produce variations of the electronic structure of
metallic nanoparticles. Narrow 4d bands favor the
enhancement of density of states at the Fermi level
N(Ep), which in turn promotes the fulfilling of the
Stoner criterion of magnetism N(Ep)! > 1, where
I corresponds to the Stoner parameter. As I is con-
sidered as a constant of the material (I = 0.40 for
metallic Rh [64]), the modulation of N(Ep) is an
effective way for promoting the development of
magnetic moment in transition metal nanoparticles
with 4d levels. Ferromagnetic ordering for our Rh
nanoparticles stems from inner atoms where fcc
structure is preserved, whereas the paramagnetic
response can be ascribed to surface atoms, for which
broken bonds or crystal symmetry variation is able to
inhibit the exchange coupling between magnetic
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Figure 3 General
representation of Rietveld
analysis of Rh-methanol, Rh-
propanol and Rh-heptanol
nanoparticles.

Crystallite size: 2.348 nm
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moments. According to Table 2, crystallite size of Rh
nanoparticles is well below 10 nm, which implies that
surface atoms represent a significant portion (around
20%) of atoms as seen in Table 2. The Rh-hexadecy-
lamine nanoparticles possess the largest cell param-
eter, which promotes the enhancement of the
exchange coupling interaction between neighboring
magnetic moments of Rh atoms, thus facilitating the
development of ferromagnetic ordering without
paramagnetic contribution.

As previously described in the Experimental sec-
tion, the paramagnetic and ferromagnetic contribu-
tions can be separated by fitting experimental data
with Eq. (4). Figure 6 presents the paramagnetic and
ferromagnetic contributions to the M-H curve for Rh-
C;H;50H nanoparticles by using M, = 3.98 emu/g
and | = 2. This value of | is justified for 3d and
4d elements because their angular moment L is
quenched, and thus, | = S. The ferromagnetic curve
exhibits a saturation My, = 0.01 emu/g, and from
the total saturation magnetization 3.99 emu/g, an
effective magnetic moment of 0.073 pg per Rh atom is
estimated. This value of magnetic moment per atom
is similar to that observed for Pd nanoparticles (0.17
pp) with average size of 2.4 nm [65]. The estimated
magnetic moment per Rh atom for the remaining
ensembles of nanoparticles is 0.099 pg for Rh-CH;OH
and 0.036 pg for Rh-C3;H;OH.
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Increased alcohol chain length

Surface area determination and activities
on ORR

The electrochemical activities toward ORR of the
rhodium nanoparticles here above described were
initially studied by cyclic voltammetry. Cyclic
voltammograms of the electrocatalysts for Rh-CHj
OH/C, Rh-CzH,OH/C and Rh-C;H;sOH/C were
recorded in 0.5 M H,SO, solution with a scan rate of
20 mV s*l, and the results are shown in Fig. 7a—c. It
is well known that efficiency of nanoparticle stabi-
lization afforded by a ligand system depends on the
surface coverage, which in turn depends on the rel-
ative quantity and/or nature of the ligand initially
introduced for the synthesis, i.e., strength of the
metal-ligand interaction. Thus, for comparison pur-
pose, the electrochemical performance of Rh-
C16H33NH, (HDA)/C nanostructures was also mea-
sured as shown in Fig. 7d. Like platinum in H,SOy,,
the solubility of Rh species is potential dependent;
thus, it is expected that Rh catalysts accelerate the
oxidation of carbon and Rh sintering according to the
following reactions [25, 66, 67].
C+2H,0 « CO, +4H" +4e~ E°=0.207V (5)
or

C+H,0 <« H, + CO (6)

During this process, CO may poison the Rh cata-
lysts; either CO, or CO formed during the carbon
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Figure 4 a M—H curves for Rh-methanol, Rh-heptanol and Rh-
propanol nanoparticles, b enlarged sections of the M—-H plot
showing the coercive field for each ensemble of Rh nanoparticles.

oxidation will thus decrease the amount of carbon
available for Rh loading, which makes the Rh
nanoparticles to fall off the carbon support and
finally decreases the electrochemical surface area.
Under these considerations, the Rh dissolution/re-
deposition is considered as the main mechanism, and
to guarantee the electrode stabilization, materials
were recorded to the activation process during at 15
potential cycles.

All the alcohol-stabilized Rh nanomaterials start to
stabilize after three potential cycles, showing small
capacitive currents. The typical sharp peaks associ-
ated with hydrogen adsorption-desorption are seen
in the potential range from — 0.0814 to + 0.1192,
— 0.0586 to + 0.331 and — 0.054 to + 0.224 V (SHE),
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Figure 5 M-H curves for Rh-HDA nanostructures showing a the
predominant diamagnetic instrumental contribution and b ferro-
magnetic behavior manifested after subtraction of instrument
contribution.

using CH;O0H, C3H,~OH and C;H;5-OH as a stabi-
lizer agent, respectively. On the other hand, the
oxygen region was obtained at + 1.030 to + 1.197, +
1.14 to + 1.40 and + 1.093 to + 1.200 V (SHE) for the
same order of catalysts. The peak at 0.718 V (SHE)
represents the oxygen adsorption at the rhodium
surface, which is reduced in the backward scan at
0.323 Vgug. The changes for the hydrogen adsorp-
tion—desorption peaks and double-layer charging
region appeared to be higher with the increasing of
the chain length as observed with the shape or
intensity of the voltammograms. In contrast, Rh-
Cy6H33NH, catalyst displays a strongly quasi-irre-
versible behavior without clear peaks in the

@ Springer



8944
0.050 T T T T
—e— Experimental
1 —O— Paramagnetic /O
—0O— Ferromagnetic ® o
0.025 4 - / -
' o
~ i ‘,./ /
%" _5_8749-—-\] o
£ ol
B 0.000
O
= ] o o 87‘9‘5;.
o/ o/.
_
]
-0.025 1 O/./ i
o/
-0.050 T T T T
-30000 -15000 0 15000 30000
H (Oe)

Figure 6 Separated ferromagnetic—paramagnetic contribution for
Rh-C;H,50H nanoparticles.

oxidation-reduction process. It has been previously
demonstrated that the nature and amount of ligand
can be tuned to obtain active metal particles [41].
Here, it is seen that the coordination of amino groups
on the surface of Rh nanoparticles interferes with the
electron transfer behavior of the Rh particles, thus
affecting the amount of adsorbed hydrogen.

One of the most important objectives during elec-
trocatalyst evaluation is the determination of elec-
trochemical surface area (ECSA) which can be up to
10° times greater in comparison with the geometric
area. Different methods for ECSA calculation have
been previously reported highlighting advantages
and limitations [66, 67]. In this study the electrode
surface has been characterized to determine ECSA
using the traditional hydrogen adsorption—desorp-
tion region and the following equation [25, 68].

"2

FCSA H - T

Qu (uC cm ™) represents the average charge from
the integration of adsorption—desorption peaks in the

(7)

so-called hydrogen region, i.e., M, Qrn is the
specific amount of electricity corresponding to the
full coverage of the Rh by one monolayer of oxygen
(the accepted values of Qgn are 221 and 256 (uC
cm ™), [25, 66, 69, 701), and mgy, (mgcem 2, ..) is the
rhodium loading on the working surface electrode.
Qu was calculated by integrating voltammetric
curves in the hydrogen region before subtracting the
charge associated to double-layer capacitive process
in the hydrogen adsorption region. ECSA
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calculations of the as-prepared Rh samples evaluated
in this work are shown in Table 4. The results indi-
cate that when a R-OH ligand is used to stabilize the
Rh nanoparticles, a long chain length is required to
obtain similar ECSA than that observed with the
hexadecylamine (C;¢Hz3NH,) ligand. The active
surface area displays a behavior in the following
order Rh-C7H15OH/C > Rh-C16H33NH2/C > Rh-
C3H,0OH/C > Rh-CH;0H/C; in other words, the
electroactivity of the Rh nanoparticles seems to be
higher with increasing of the chain length, which in
turn enhances van der Waals interactions between R-
OH-Rh-OH-R chains and limits nanostructure
agglomeration.

Rotating disk electrode measurements were taken
to eliminate the mass transport effects. The electro-
catalytic activity of the Rh stabilized electrodes
toward the ORR was analyzed by polarization curves
at different rotation speeds (w = 100-1600 rpm) with
a scan rate 5 mV s~!, and the results are shown in
Fig. 8a—d. The polarization curves displayed tradi-
tional potential regions: the diffusion-limiting current
region below 0.5 Vgyr and the mixed kinetic—diffu-
sion control between 0.5 and 1.0 Vgyg. In general, as
expected, diffusion-limited current density increases
gradually with the rotation speed. The increase in
oxygen diffusion and the lower effect of mass trans-
ports at higher rotation rates have been well docu-
mented due to increase in the reduction current
density. The diffusion-limiting current region below
0.4 Vgyg in O, saturated electrolyte indicates that Rh-
C;H;50H/C and Rh-Cy¢Hz3sNH,/C catalysts have
high electrocatalytic activity for ORR.

The kinetic parameters for oxygen reduction such
as kinetic current density, exchange current density
and Tafel slopes are important indicators to evaluate
the ORR performance and were determined by plot-
ting Koutecky-Levich (K-L) equation (= versus }) at
five potentials different potentials in the range from
0.1 to 0.7 Vsug. The overlapped and parallel lines in
the K-L plots (see insets in Fig. 8a—d) adjusted well
with electron transfer number of four per oxygen
molecule during ORR process, with the traditional
one-step pathway O, + 4H™ + 4e~ — 2H,0; it was
noteworthy to mention that the stabilizer nature and
length of chain do not change the typical ORR
mechanism.

In summary, the ORR polarization curves and the
kinetic parameters indicate that Rh-C;sHz3NH,/C
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Figure 7 Cyclic voltammograms for Rh nanoparticles stabilized with a methanol, b propanol, ¢ heptanol and d hexadecylamine (HDA)
in 0.5 H,SO,, scan rate 20 mV s~ .

Table 4 Comparative performance data of electrocatalysts with different stabilizers and Rh/C reported from Ref. [68]

Electrode (20 wt% Rh loading Qu (nC ECSA m?>  Tafel slope (mV i (@ 0.55V) Log i,
metal) (mg cm™?) cm ™2 g™! decade™) (mA cm™?) (mA cm™?)
Rh-CH30H/C 0.0072 47.9 3.10 — 176.5 0.032 (0.135) — 4.6
Rh-C;H,OH/C 162.5 10.21 — 128.6 0.210 (0.260) —42
Rh-C,H;sOH/C 208.9 13.13 — 1673 0.010 (0.41) —4.0
Rh-C,¢H33NH,/C 178.1 11.24 — 2444 0.040 (0.49) — 40
Rh/C [60] 0.0110 - 25.6 — 1223 1.870 —26
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Figure 8 LSV curves of Rh electrocatalysts at different rotating rates with their corresponding K-L plots using a methanol, b propanol

¢ heptanol and d hexadecylamine in O,-saturated 0.5 M H,SO,.

and Rh-C;H;sOH/C electrode materials display
similar catalytic activities and that they are higher
than those observed for CH;OH and Cs;H;OH-stabi-
lized Rh nanoparticles.

Conclusions

The synthesis of Rh nanoparticles was successfully
carried out by hydrogenation treatment of Rh(n’-
C3Hs); as metal source in methanol, propanol and
heptanol as reaction media and in the absence of any
other stabilizer. A comparison of the results obtained
depending on the alkyl chain length of the alcohol
used allowed us to get information on the stabiliza-
tion ability of these alcohols at Rh particle surface

@ Springer

and on their influence on the electrocatalytic perfor-
mance in ORR. Whatever the alkyl chain length of the
alcohol, aggregation of Rh crystallites into large and
sponge-like assemblies was observed by transmission
electron microscopy. Powder X-ray analysis indi-
cated that heptanol and propanol favored the stabi-
lization of Rh crystallites of similar size (1.7 and
1.8 nm, respectively) but smaller than methanol
(2.3 nm), all with the fcc crystal structure and lattice
expansions. Magnetic measurements revealed an
unexpected ferromagnetic character at room tem-
perature. The appearance of a magnetic moment for
Rh nanoparticles with fcc crystal structure is attrib-
uted to the nanostructuring effect on their electronic
structure, in particular, on the possibility to produce
narrow 4d bands at the Fermi level Eg as a result of
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lattice expansions. Magnetic moment per Rh atom
was estimated to be 0.099 pg for Rh-CH30H, 0.036 pg
for Rh-C;H,OH and 0.073 pup for Rh-C;H;50OH.

Electrocatalysis studies indicated that OH™ groups
do not change the typical ORR mechanism which can
be explained by the weak stabilizing character of the
alcohols. However, it appeared that a long chain
length favors greatly the electroactivity on ORR.
Interestingly, a ferromagnetic ordering at room tem-
perature appeared, as the result of the nanostructure
character of the Rh particles, for which a maximum
magnetic moment of 0.099 g per Rh atom was esti-
mated for the Rh nanoparticles synthesized with
methanol.
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