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Abstract

Electrooxidation of carbon monoxide and formic acinhs performed on Rh
microparticles deposited on both, Glassy Carbon/GRh and polyaniline films
(Rh/PANI), to evaluate the electrocatalytic acyivitf those electrodes. The deposit of
Rh microparticles on those substrates providesghehisurface and exhibits a better
electrocatalytic activity compared with that showwmy smooth Rh for the
electrochemical oxidation of formic acid in sulpituacid. The oxidation of CO and
HCOOH on Rh/GC and Rh/PANI was followed using inusMulti-Step FTIR
Spectroscopy (MS-FTIRS). Either linear or bridgaded adsorbed CO (G Q,), has
been observed by FTIRS as the main species. Inaasop to the adsorption of CO on
smooth Rh surface, the IR features of CO adsorneddGC and Rh/PANI electrodes
showed an anomalous behaviour.

Keywords: rhodium micropatrticles, electrocatalysis, carbonnmade, formic acid,
FTIR study.

Introduction

Oxidation of small organic molecules on bulk nobiletals has been extensively
studied [1]. Recently, some researchers have bealnd with highly dispersed
metal microparticles on graphite, glassy carbon,wedl as on conducting

polymer films [2-9], by reduction of metal ions Witconsecutive potential
cycling as the favourite method suitable for thesicbel electrodeposition.
Platinum microparticles have been used for the trelexidation of carbon
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monoxide, methanol and formic acid [5, 6, 8, 9],lepalladium microparticles
were used for electrooxidation of CO [8], and golatroparticles for oxidation
of formaldehyde [10]. Previous studies have shoWwat trhodium exhibits
electrocatalytic activity towards oxidation of C@dHCOOH [11-14]. However,
no preceding report using Rh microparticles forséheeactions is known. The
aim of this work was to evaluate the electrocatalgttivity of Rh microparticles
deposited on glassy carbon as well as on polyanifor the oxidation of carbon
monoxide and formic acid in sulphuric acid, andedgbn of absorbing species
using in situ FTIR spectroscopy.

Experimental

All chemicals were reagent grade. Solutions weepg@red with ultra pure water
(Millipore, 18 MW). The complete instrumental setup for electrocleamand
spectroelectrochemical measurements has been edpant previous works
[15,16]. A Pt wire was used as the counter eleetrédl potentials are reported
against the reversible hydrogen electrode (RHE).aB8&€Rh disks (12 and 9 mm
diameter, respectively) were used as working eddess; the GC and Rh disks
were sequentially polished with decreasing gradeslomina up to 0.0%nand
then sonicated in ultra pure water prior to use.

Polyaniline films were prepared by electrochemapatation of 0.1 M aniline on
Glassy Carbon in 1 M HCI under cyclic voltammetanditions. The dispersed
thin layer of Rh was electrochemically deposited3assy Carbon (Rh/GC) and
polyaniline film (Rh/PANI), by consecutive poteritiaycling from solutions
containing 20 mM RhGlin HCI; adjusting the pH to 4 by adding 1 M NaOH.
The particle size was estimated by Scanning Elediticroscopy (SEM) and the
purity of deposited microparticles was tested byAXDand X-ray Photoelectron
Spectroscopy (XPS).

The electrocatalytic activity of the Rh/GC and R&IN? electrodes for the
oxidation of CO was evaluated performing cyclictaodimetry in 0.5 M SO,
for both dissolved and adsorbed CO. To prepareoldisd CO, 0.5 M HSO,
solution was first deoxygenated with &hd then saturated with pure CO, holding
the working electrode at 0.01 V. The study of soledsorbed CO, was
performed by removing the dissolved CO from thaisoh by bubbling M. For
HCOOH oxidation, a solution containing 0.1 M HCOQ@Hd 1 M HSO, was
put into the electrochemical cell, left at opencueit and then the working
electrode potential was switched to 0.01 V, tovalamsorption of HCOOH.
Multi-step FTIR Spectroscopy [MS-FTIRS] [17] was pépd for
spectroelectrochemical investigations; the resylgipectra were calculated as:

DR_ Rs-Rr @
R Ry

where PR/R] is the resulting differential normalised spaot, R is the
single-beam background spectrum acquired at th@lsgpotential, and Rs the
single-beam background spectrum acquired at tleeamte potential. Rvas first
measured at the adsorption potential of CO or HCO@tén, the sample
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potential was varied stepwise to a more positiveeqieal and Rs measured at
each potential.

A *" -3
Figure 1. SEM pictures of (a) Rh deposited on GC disk d)dRh deposited on PANI
film supported on GC disk. Both pictures were talkéier 10 consecutive scans.

Results and discussion

Electrodeposition of rhodium

Rhodium was electrodeposited on both bare glasdyonaand GC coated with

PANI, by repetitive cycling at 50 mV:swithin 0.00 V and —0.20 V vs. SCE, in a
solution containing 0.1 M Rhgprepared in HCI 1 M, adjusted to pH 4 with 1 M
NaOH. A Faradaic efficiency higher than 90% waseetpd [14]. In both cases
after 10 scans, an adherent, shiny deposit of Rholtained. A SEM evaluation

of the surface after 10 scans on both, GC and Péddited GC electrodes,
showed the formation of microparticles of Rh of @80 nm — 150 nm wide

(Fig. 1). EDAX and XPS (Fig. 2) analyses of the moparticles showed the

presence of Rh as the unique metallic element.

Cyclic voltammetry

Cyclic voltammetry in 0.5 M bSO, swept at 1 mV§ was performed to
compare the response of microparticles deposite@Grand PANI coated GC
with the response observed on polished rhodium digklic voltammograms 3a
and 3b, are quite similar each other: during thedanscan, hydrogen desorption
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peaks are observed at 0.07 and 0.060 V, respegctiasl well as formation of
surface oxides at about 0.70 V. During the cathedan, reduction of the oxides
at 0.40 V and adsorption of hydrogen at 0.05 V @2 V takes place. For the
Rh/PANI electrode (Fig. 3c), the response due paci#ive charge and the redox
process of PANI is shown at 0.40 V and 0.30 V, eetipely. Moreover, at those
less anodic potentials over the range at which Pi&Niot conducting, hydrogen
adsorption—desorption peaks on Rh particles arerebd. In this case, the
background current due to oxidation-reduction ofyaniline film, masks the
signals due to formation and reduction of Rh oxides
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Figure 2. XPS spectrogram of Rh microparticles depositedlassy carbon.

If we assume 211 mC.c¢fras the charge due to the hydrogen adsorption on Rh
[12], the rugosity factor obtained for the Rh diskl.09 and a range from 130 to
175 is obtained for different films of Rh on GC.riee deposit Rh on PANI/GC,
the estimated rugosity factor (calculated by meaaguthe area under the
hydrogen peak), was within 60—80.

To compare the electrocatalytic activity of theciledes Rh/GC and Rh/PANI
with that of polished Rh disk, they were used tlhofe the electrooxidation of
CO and formic acid in 80, solution.

Fig. 4a to 4c show the cyclic voltammograms inM.5,S0O, of a Rh disk, a Rh

/ GC and a Rh / PANI electrodes respectively inghesence of both dissolved
(solid line) and adsorbed CO (dotted line). Incalbes, the gas was admitted into
the cell at 0.01 V vs. RHE. The broken lines shole tbackground
voltammogram.

The response of Rh and Rh / GC electrodes are gjuitiéar for both, dissolved
and quimisorbed CO. Initially, a complete disappeae of the hydrogen
adsorption peaks is observed which means thatpih bases, there is a high
coverage of quimisorbed
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Figure 3. Cyclic voltammogram in 0.5 M $50, of: (a) Rh polished disk; (b) Rh / GC
electrode; c) Rh / PANI electrode.
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Figure 4. Cyclic voltammograms of (a) polished Rh disk, i) / GC electrode, and
(c) Rh/ PANI in 0.5 M HSQ, in the presence of dissolved CO-) and quimisorbed
CO (......). The broken lines correspond to thepsujing electrolyte response.

CO. For dissolved CO, the oxidation peak is obstate0.80 V on the Rh disk
and Rh / GC electrodes, but peak intensity is B@gi higher in the latter case
(this value is lower than that expected for anease of the effective area). In the
absence of dissolved CO, the peak potential duittation of quimisorbed CO
is 0.70 V on both electrodes. However, the peakectifor quimisorbed CO on
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Rh / GC is about 110 times higher than that omthssive metallic electrode (of
the same magnitude expected for an increase @ftbetive area).

Figure 5. Cyclic voltammograms of (a) polished Rh disk, B) / GC, and (c) Rh /
PANI electrode in 1 M EBO, in the presence of 0.1 M HCOOH-). The broken
lines correspond to the supporting electrolyte.

The potential peak observed for oxidation of digsdlCO on Rh / PANI was
0.90 V, which is 0.10 V higher than the potentibserved for the Rh disk and
the Rh / GC electrode; nevertheless, the peak mursel50 times higher than
that observed for Rh disk, which is more than twioe value expected for an
increase of the effective area. On the other henithe absence of dissolved CO,
the oxidation peak of quimisorbed CO shows up &0 0/, the same value
observed for Rh disk and Rh / GC electrodes, tlad petensity being 300 times
higher than that obtained on the Rh disk (more tbantimes the value expected
for an increase of the effective area).

Those results show that the electrolytic activit the Rh microparticles
electrodeposited on GC for electrooxidation of GOnot better than that on
smooth Rh, since the CO poisoned both, the massnetal and the
microparticles surfaces. Furthermore, the obsewasfca peak current lower
than that expected for an increase of the effedirea indicates that CO is a
stronger poisoning agent for the Rh micropatrticles.

When oxidation is performed with CO quimisorbedRim/ PANI, the oxidation
peak current is much higher than that expectedfoincrease of the calculated
effective area. This could mean that the propezctife area is higher than that
calculated through the charge due to hydrogen ptiear since not all
microparticles of Rh would be activated for oxidatiof H and adsorption of 4
due to the low conductivity of PANI within the poteal range at which the
adsorption occurs. This phenomenon has been pdyicabserved for Pd
electrodeposited on PANI [3]. However, CO couldilgadse quimisorbed, even
on microparticles electrically isolated, at whichOCis oxidised when a
sufficiently high potential is reached (indeed, thais potential, PANI is
electrically conducting). The effective area of thigroparticles array, calculated
from the oxidation peak of CO quimisorbed is, asle four times higher than
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that calculated using the area from hydrogen sighalis, although the current
density of dissolved CO is much higher on the Rbraparticles electrodes than
it is on the massive metal, it is still lower th#me current expected for an
increase of the effective area. This means thatetie not an electrocatalytic
effect and, the increase of the current is due tmresiderable increase of the
effective area because of the microparticles array.

Cyclic voltammograms for anodic oxidation of 0.1fdmic acid on a Rh disk,
as well as Rh/ GC and Rh / PANI electrodes, aosvshn figures 5a to 5c. In all
cases, an oxidation peak is observed at 0.70 Vo, in the reverse scan,
peaks at 0.34 V, 0.35 V and 0.38 V are observe®RfgrRh / GC and Rh / PANI,
respectively. The peak potential for oxidation @fmiic acid on Rh is higher than
it is on Rh / GC and Rh / PANI, respectively. Howevthe current densities
obtained are considerably higher, exceeding theard values for an increase
of the effective area. For Rh / GC, the oxidatiomrent is about 250 times the
current observed for smooth Rh, while the rugofttor for the Rh film shown
in figure 7 is only 130 (the maximum rugosity facfound for Rh / GC was
170). Evenly, the observed currents on Rh / PANItfee electrooxidation of
formic acid are higher than those expected fomanease of the rugosity factor,
compared with the currents observed on the Rh uliskgure 5a, where the
oxidation currents are about 290 times higher enntiodified electrodes than it
is on Rh, while the estimated rugosity factor fog hydrogen zone charge in the
forward scan, is 60. Even if we consider that tbeia rugosity factor for Rh /
PANI is four times higher than the estimated vak®jt was mentioned before,
the oxidation current of HCOOH is still 10 timegher than the expected value
for an increase of effective area.

These results evidence that the increase of owidlaturrent of formic acid on
microparticles of Rh is due to a great increaséhefeffective area as well as a
real increase of the electrocatalytic activity bé telectrodeposited metal. This
feature agrees with the results obtained for Ptosiéggd on PANI and other
conducting polymers [4, 5]. This corresponds t@x=iaation process following a
mechanism that involves the formation of strongis@bed intermediates by
dissociative quimisorption or by an oxidation pregeThe opposite behaviour
observed for the electrooxidation of CO, can beibaited to a direct
quimisorption of CO on the metallic surface anderéfore, a previous
dissociative quimisorption is not required. Thiggests that, for the coverage
levels of the deposit used in this work, the quarpsion of CO from dissolved
CO is equally favoured on the massive metal thathemmicroparticles.

FTIR spectroscopy

Rhodium disk

Adsorption and oxidation of CO and HCOOH on a pwi$ surface of Rh, has
been widely studied [1,18-20], reporting in all eadinear quimisorption of CO
(CQOL) as well as bridge-bonded (§xand CQ as the oxidation product. In this
work, we have observed formation of C@nd CQ as the direct adsorption
species as well as the dissociative quimisorptibfoomic acid. Fig. 6a shows
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the MS-FTIR spectra obtained as a response of iahgol Rh surface with CO
quimisorbed, when it is immersed in 0.5 M3D;. It clearly shows the formation
of a couple of bipolar bands within (2069 — 2038)*cand (1960 — 1912) ¢
corresponding to COand CQ absorption, respectively. On these spectra, the
maximum intensity of the bipolar band (1.5 %) wdsamed for a potential
gradient of 0.50 V. As it should be expected, tlegative lobe of the bipolar
band appears at higher frequencies than the pediblve. The centre of the
bipolar band shifts towards higher frequencieshaselectrode potential becomes
more positive, at a rate of 40 ¢rand 36 crif for CQ_ and CQ, respectively.

Rh deposited on glassy carbon and glassy carbatyapiline

MS-FTIR spectra for the oxidation of CO quimisortedRh / GC, are shown in
Fig. 6b. The appearance of two bipolar bands ednetween [2050 — 2020]
cm* and [1915 — 18800] ch that becomes negative monopolar at 0.60 V, at
wave numbers attributable to C@nd CQ [~ 2025 cni for CQ and 1883 ci
for CGs). The frequency of these bands decreases as thetjad becomes more
positive and the bipolar band becomes a negativeopwar one, and no further
shift of the frequency is observed as the electrpd&ential becomes more
positive. A similar behaviour was observed durmgdation of 0.1 M formic
acid on Rh / GC (Fig. 7a) and CO on Rh / PANI (Fg). Spectra in Fig. 7a are
focused in the range of [2600 — 1800] tifior a better monitoring of CO and
CO, bands.

During the oxidation of CO quimisorbed on Rh / G@ d&h / PANI, formation
of CO, (negative band at 2345 &infrom 0.60 V is observed. The band assigned
to CO, reaches a maximum [1%] at 0.70 V and those bah@926 cm' and
1883 cni* reach a maximum intensity of about 1 % and 0.8r&épectively.
These bands could be assigned to oxidation of @@ CQ, formed by direct
quimisorption of CO at the reference potential. Buéhe convention used in this
work to determineDR / R (Eq.1), as it was mentioned before, the attable
bands for CQ and CQ must be positive when they are completely oxidised;
however, the sign of the bands is opposite to #peeed. The same abnormal
behaviour of these bands has been reported for ispibed CO on Pt
microparticles deposited on graphite [6], CO quoried on Pt and Pd
microparticles deposited on Glassy Carbon [8], @ quimisorbed on Ir
microparticles [21]. An explanation for the negatisign of the bands has been
attributed to the particular structure of the thayers [8]. However, we have
proposed that this behaviour occurs only in loweeivity substrates and it is
related to an increase of reflectivity due to difieces in optical properties
between metal particles and the substrate [21]cdrdirm that such unexpected
behaviour is related to the low reflectivity of tlsebstrate and to the optical
properties of microparticles, we performed MS-FTIRSperiments for the
oxidation of CO on Rh microparticles deposited amsth Rh disk (Rh / Rh
electrode). Following the procedure described gogparation of Rh / GC
electrode, we performed electrodeposition of Rhromarticles on polished Rh
disk, obtaining Rh microparticles of the same sime a similar distribution as
that obtained on glassy carbon. Fig. 7b shows titaied spectra that clearly
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show the normal behaviour for the IR features efdhimisorbed COand CQ

on Rh / Rh surface, i.e., in agreement with theveation used to obtain

reflectance spectra, the complete oxidation of ggonbed CO species produces
a positive upwards band. That band appears withngity higher than that

observed on the smooth bare Rh, due to the higerage of quimisorbed CO on
micropatrticles.

Figure 6. In situ MS — FTIR spectra obtained during oxidatof CO on (a) smooth Rh
surface, (b) Rh/ GC, and (c) Rh/Rh electrod®.b M HSQO,.
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Figure 7. In situ MS — FTIR spectra obtained during oxidatof (a) oxidation of CO
on Rh / Rh electrode, (b) oxidation of HCOOH on/RBC electrode, and (c) oxidation
of CHCOOH on Rh / PANI electrode, in 0.5 M$0D,.

Unlike the results obtained on Rh / GC, the specbserved for oxidation of

formic acid on Rh / PANI (Fig. 7c) no bands atttddale to adsorbed CO can be
distinguished. Strong negative band at 2435 corresponding to formation of
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CO, is observed from 0.40 V, as well as the bands dubdmxkidation of PANI
film with the influence of the band for disappeararof the HO consumed
during the oxidation of formic acid. In those spadhe absence of CO bans does
not completely prove the total absence of adsof®@dspecies, since the noise
within the range 2100 cmand 1800 cr reaches 0.1 % and CO low bands could
be hidden in it. In other words, if HCOOH dissomiatadsorption takes place,
the coverage by remaining adsorbed species sheulery low.

Conclusions

Rh can be efficiently electrodeposited on GC andNP#£ obtain thin layers
consisting of deposited microparticles showing Jagh active surface areas.
The Rh microparticles, deposited on GC and PANIwsho considerable
improvement of the electrocatalytic activity towsrdxidation of formic acid.
This rise of electroactivity is related to the risé the current values that
surmounted the estimated value due to only an men¢ of the effective area.
From the FTIR spectra, it is possible to infer ttte poisoning species during
oxidation of CO and HCOOH on Rh microparticles @@®_and CQ.

In agreement whit previous reported observatiod$ {@ the CO adsorption on
Pt, Pd and Ir microparticles deposited on low e substrates, abnormal IR
features for CO adsorbed on Rh microparticles sup@on both glassy carbon
and polyaniline have been observed in this workthi other hand, we confirm
that the anomalous behaviour does not occur onopecticles deposited on the
metal smooth surface.
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