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IN SITU FTIR STUDY OF COy REDUCTION ON POLYCRYSTALLINE PLATINUM
IN ACID SOLUTIONS

H. Huang, C. Fierro, D. Scherson and E. B. Yeager*
Case Center for Electrochemical Sciences
and the Department of Chemistry
Case Western Reserve University
Cleveland, Ohio 44106

ABSTRACT

The reduction of CO2 on polycrystalline Pt in 0.1 M HCl04 has been
investigated with in situ Fourier Transform Infrared Reflection Absorption
Spectroscopy and electrochemical techniques. Both methods have provided clear
evidence that the reaction proceeds at potentials at which adsorbed hydrogen is
also present on the surface. Based on the spectroscopic information it has been
concluded that linear and bridge-bonded forms of adsorbed CO are the onlv
detectable reduction products with the latter achieving saturation coverage
well before the peak associated with linearly bonded CO reaches maximum
intensity. Two similar CO bands have also been observed by other authors for
CO0p reduction on Pt in Q.5 M H2504 using the EMIRS technique. The low energy
band, however, was ascribed by these suthors to CO bound on a three-fold site.
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INTRODUCTION

During the last few decades considerable effort has been devoted to the
electrochemical conversion of CO7 to more useful hydrocarbon and other organic
specigs.1'3 Most of these studies have been carried out in aqueous solutions
using bare metals as electrode materials4-8,11-26 a5 well as a growing variety
of molecular species either adsorbed on the electrode surface or in the
solution phase.27'31 Despite much effort, however, no consensus has yet been
reached regarding basic aspects of these reduction reactions including
mechanistic pathways and the way in which these are influenced by the nature of
the metal or the electrocatalyst.
REDUCTION OF CO7 ON Pt ELECTRODES: BRIEF BACKGROUND

According to most reports in the literature, the reduction of CO2 on Pt
electrodes has been found to occur in the hydrogen adsorption region to
generate an adsorbed species denoted generically as "reduced 002",2»4'7 which
can be oxidized at significantly more positive potentials. In fact, a clear
identification of the precise nature of this species (as either adsorbed €O or
adsorbed COH) has been the subject of much heated controversy. Evidence in
support of COH has been obtained by Shlpakov et al.,8 using l4c.1abelled NapC03
for experiments involving a platinized Pt electrode in 0.5 M H2S04. According
to these authors, such an adsorbed species is capable of displacing three
hydrogen atoms and undergo a three-electron oxidation. Similar COH species have
also been postulated in the electrochemical oxidation of methanol by Willsan et
al.,9 based on differential electrochemical mass spectroscopy measurements. In
situ IR spectroscopy , however, has failed to reveal species other than
adsorbed CO for the same system (vide infra).l0

A single species in two different adsorption geometries has been

postulated to explain (among other experimental observations) the double




oxidation peaks observed in cyclic voltammetry experiments for CO2 reduction
on Pt electrodes.6-8,11,12 There exists some discrepancy in the literature
regarding whether the two adsorption geometries are sensitive to the coverage
of the CO2 reduction product or the potential at which the reduction is
carried out, or both. -

Perhaps the best evidence in support of CO as the "reduced CO" is
provided by the preliminary work of Beden et al. who employed Electrochemical
Modulated Infrared Spectroscopy (EMIRS), to examine CO2 reduction on Pt in 0.5
M H2504.13 In agreement with the presence of the same adsorbate on two
different sites was the occurrence of a strong spectral feature at 2060 cm-l
and a weaker one at 1865 cm-l when COp was reduced in the hydrogen adsorption
region, which these authors attributed to CO bonded to a one-fold, and a three-
fold site, respectively.

The main aim of this work is to identify the reduction products of COj
reduction on a polycrystalline Pt electrode in 0.1 M HClO4 solutions by in situ
Fourier Transform Infrared Reflection Absorption Spectroscopy, FTIRRAS3Z,
Perchlorate, wunlike bisulfate or sulfate ions, display only very weak specific
adsorption in the potential region of interest and therefore the effects
ass;ciated with coadsorbed species other than atomic hydrogen can be greatly
minimized. It may be noted that COy may contain CO as a trace impurity and
therefore the possibility exists that part or all of the CO observed does not
originate from COy reduction. In order to circumvent this difficulty the CO2
was produced in-situ with the electrode pushed close to the optical window, by
oxidizing the adsorbed CO formed during exposure of the bare platinum to the
COg-saturated solution at a potential of -0.2 V vs SCE.  As will be shown, CO3
undergoes reduction in the hydrogen adsorption region to yield adsorbed CO on
both bridge and top sites. These results are in qualitative agreement with
those reported by Beden et al 13 for Pt in 0.5 M HyS04 using EMIRS, and afford
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strong evidence that the so-called "reduced CO2" reported in prior

work,2,%4,6,25 jndeed corresponds to adsorbed CO.

EXPERIMENTAL

All  measurcments were conducted in 0.1 M HCl0,4 at ~20°C. The solutions
were prepared with Ultrex grade HCl0; (Baker) and ultrapurified water.33 High
purity CO7 (99.99%) and Ny were obtained from Matheson.

The electrochemical cell used in these experiments was the same as that
described in earlier studies3%:35 and involves the combined use of a polished
polycrystalline Pt electrode of ellipsoidal shape (1.7 cm?) and a 60° beveled
CaFy dove prism window. All potentials are reported against a saturated calomel
electrode, SCE. Voltammetry curves were recorded in the in situ IR cell with
the electrode pulled back from the optical window. For the actual spectroscopic
measurements two different procedures were used. The electrode was first
polarized either in the hydrogen adsorption (Method I) or in the double layer
region (Method II) in a solution saturated with COy for a given period of time
and then pushed against the window while polarized at that same potential.

FTIR spectra in the region between 1100 and 3500 cm°l were obtained with
an IR/98 Michelson-Genzel interferometer system (IBM Instruments, Inc.) with
a resolution of 8 cm"l. A total of about 400 interferometric scans were
accumulated with the electrode polarized at a specified potential. The voltage
was then stepped to the desired value and a new spectrum involving the same
number of scans was collected without disturbing the overall cell arrangement.
The spectra shown in the figures represent the difference between the first
spectrum obtained at a reference potential, E,., and second spectrum obtained at

a sample potential, Eg, i e . -aR/R =1 - R(Eg)/R(Ey), where R(Eg) and R(E,)

are the reflectances at the sample and reference potentials, respectively.




RESULTS AND DISCUSSION

Curve A, Fig. 1 (solid line) shows a typical voltammogram of Pt in a (g;-
saturated 0.1 M HCl104 solution obtained in the in situ IR cell with the
electrode away from the window. Two main differences can be observed between
this voltammogram and that recorded in the same electrolyte saturated with Nj
(not shown in this figure): a depressed hydrogen adsorétion region and an
anodic peak at ca. +0.4 V. As shown in curve B in the same figure ( dotted
line), these effects could be greatly enhanced when the potential was held at -
0.2 V for 2 min and the scan then resumed proceeding first in the negative
direction. These results are in good agreement with those reported by Marcos et
al7,12,25,26 and provide evidence that the feature at +0.4 V may be
attributed to the oxidation of the so-called "reduced COy" generated at the
more cathodic potentials as proposed by other authors.2:.6,7,17

A serles of experiments were conducted using Method I, with the Pt
electrode first polarized for 2 min at potentials in the region between +0.2
and -0.2 V, Ep, before the electrode was pushed close to the window. After a
spectrum was recorded, the potential was stepped to +0.6 V, Eg, (positive to
the anodic peak in the voltammogram) and a new spectrum was acquired. No
features could be observed for the difference spectra obtained for E, 2 0.0 V
indicating that within the sensitivity of the present IR technique no reaction
takes place (see Fig. 2). This is consistent with additional elesctrochemical
experiments of the type shown in Fig. 1, in which the Pt electrode was
polarized at potentials in the range between 0.0 and +0.2 V in a {0p-saturated
solution. In this case the peak at +0.4 V could not be detected during the
anodic scan after holding the potential at these wvalues for 2 min. This
behavior is unlike that observed for Pt exposed to a CO-szturated solution

which yielded a characteristic CO oxidation peak at 0.4 V after being polarized




in the same potential range for the same length of time.36

Three clearly defined peaks could be observed for the difference spectra
obtained at -0.1 and -0.2 V (see Fig. 2). The negative peaks at 2048-2052 cm-l
and 1811-1817 cm'l can be attributed to linear and bridge-bonded 037,38,
respectively, whereas the positive peak at 2345 em-l corresponds to solution
phase COp. The presence of two CO peaks is in qualitative agreement with those
of Beden et al.l3 who also reported two forms of adsorbed CO in their EMIRS
studies.

The fact that the difference spectra at Er 2 0.0 V are featureless
strongly suggests that the CO detected in the spectra at -0.1 and -0.2 V
originates from CO7 reduction and not from CO impurities in the COp.  Further
evidence in support of this view was obtained from an essentially identical
experiment in which the sylution phase CO was removed by bubbling No for 30
min after the initial exposure of the Pt to a COj-saturated solution with the
electrnde polarized at -0.2 V for 10 min. The difference spectrum observed
after stepping the potential to +0.6 V shown in Curve A, Fig. 3 displays the
same features as thase in Fig. 2. The potential was then stepped back to -0.2 V
to reduce the COy formed and again a new difference spectrum with the same
features as those in Fig. 2 was obtained using that acquired at +0.6 V as the
reference (see Curve B). The smaller intensity of the peaks for this last curve
suggests that the COy trapped in the thin layer may not be completely reduced
during the waiting period used before the collection of the spectrum (~2 min),
as the difference appears far toc large to be explained by losses due to
diffusica of tha trspped COp away from the thin layer. An essentially mirror
imags of Curve B was obtained after scepping the potential to +0.6 V to oxidize
the adsorbed CU {(Curve €, Fig 1.

Charg and Weaver38 have examined the change in the stretching frequency of
linesrly bonded €0, v%:,. as 2 function of potential and cov.rage for CO
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adsorbed by the dosing technique on Pt(100) in 0.1 M HCl1l04. In this procedure,
the Pt electrode 1s exposed to very dilute solutions of CO to achieve the
desired coverage. It was found by these authors that for low CO coverages (0.28
and below) vt., increases as the potential is shifted towards negative values
in.the range between 0.0 and -0.25 V vs. SCE., Although at first glance the same
conclusions may be made by comparing the difference spectra at -0.1 V and -
0.2 V displayed in Fig. 2, the reproducibility of the gap for independent
experiments may not be sufficient to ascertain that the integrated intensities
of the COp peaks (and thus the absolute CO coverage) were the same in the two
experiments,

The FTIRRAS experiments using Method I were designed to monitor only
adsorbed products of CO7 reduction., Further insight into the reaction process
was obtained from measurements employing Method II with the Pt electrode pushed
close to the optical window at +0.2 V in a COp-saturated 0.1 M HCl04 solution.
At this potential a reference spectrum was acquired, and then the potential was
stepped to each of the five sample potentials in the sequence 0.0, -0.1, -
0.15, -0.20 and -0.25 V without moving the electrode from the optical window.
At each of these potentials a sample spectrum was recorded. Two positive peaks
and one negative peak were cbserved when the potential was adjusted to -0..0 V.
The positive peaks correspond to the formation of adsorbed CO in both linear
and bridge-bonded states, while the negative peak corresponds to the
consumption of COp trapped in the thin layer between the optical window and the
Pt electrode. No other well-defined absorption bands were observed in the
region between 1100 and 3500 cm-l to indicate the presence of any other
possible products or intermediates of CUO2 reduction, such as formic acid and/or
methane,

The difference spectra for the region between 1500 and 2500 cm-l obtained




in these measurements are shown in Fig. 4. As indicated the peak at 1805 cm-1
appears at -0.1 V and does not change either in frejquency or intensity at more
cathodic potentials in the range examined. The band at 2029 - 2052 cm-l,
however, changes in both frequency and intensity as the potential is adjusted
from -0.10 to -0,20-V and remains the same as the potential reaches more
cathodic values. This indicates that the bridge-bonded CO is saturated first as
the reaction proceeds in the potential range examined. One possible explanation
for this effect may be found in the much higher affinity of CO for bridge
rather than linear sites in this potential range. This would be in agreement
with semi-empirical quantum mechanical cai:ulations for CO adsorbed on a Pt
electrode,39 which indicate that CO favors bridge over linear bonding as the
potential is made more negative. The shift of the linear CO band to higher
frequencies as the potential is shifted more negative may reflect a complicated
interplay between the <change in potential and the increase in
coverage.32'38»4°'42 For Pt(100), for example, the first factor causes a higher
or lower frequency shift depending on the coverage38, whereas the increased
change in coverage at a constant potential always leads to higher frequency
values,38,41,42

’ From an overall perspective, the ability of polycrystalline Pt to reduce
COg in the acid media selected for these studies may introduce complications in
the analysis of CO stripping-type experiments.38-42'43 In such measurements the
Pt surface is first exposed to a CO-saturated solution at a potential negative
to the onset of CO oxidation, Ea4g, for a period of time long enough to reach
full coverage. The electrode is then stepped to a potential sufficiently
positive, Eox, for a short period of time so as to oxidize partially the CO
layer and then stepped back to Esqs. In this fashion it is possible to obtain
submonolayer coverages of CO in a fairly controlled fashion. If Ezqg, however,
is within the hydrogen adsorption region.38-42-a3 part or all of the COp
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produced during the oxidation of adsorbed CO may undergo reduction. According
to the results presented in this paper, this will generate additional adsorbed
CO and thus contribute to the overall spectra. Although the conclusions made in
this work are valid for polycrystalline Pt surfaces similar effects have been

found for Pt(110) and Pt(100).%4

SUMMARY

CO7 reduction on a polycrystalline Pt electrode in 0.1 M HClO4 occurs at
potentials within the hydrogen adsorption region ylelding adsorbed linear and
bridge-bonded CO as the only detectable products. This is consistent with the

preliminary EMIRS results in 0.5 M H2SO; reported earlier in the literature,
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FIGURE CAPTIONS

Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.

Voltammograms of a Pt electrode in a COj-saturated 0.1 M HCl04 solution
in the in situ IR cell with the Pt electrode pulled back from the
optical window (A, solid line ), and after holding at -0.2 V for 2 min
with the scan resumed proceeding first in the negative direction (B,
dotted line). Scan rate: 100 mV/s. Electrode area: 1.7 cm?2,

Potential difference FTIRRAS spectra obtained in a COp-saturated 0.1 M
HCl0; solution for Eg = +0.6 V and E, = +0.2, +0.1, 0.0, -0.1, -0.2 V,
before and after the anodic peak in the voltammogram, respectlvely "The
Pt electrode was pushed close to the optical window at each E, after
holding at this value for 2 min.

A: Potential difference FTIRRAS spectrum obtained in a Ngp-saturated 0.1
M HC10; solution with only adsorbed CO on the Pt electrode surface
resulting from prior exposure of the Pt to a COp-saturated solution
at -0.2 V for 16 min, Er = -0.2 V and Eg = +0.6 V,

B: reduction of CO2 generated in A, Er = +0,6 V and Eg = -0.2 V.
C: reoxidation of adsorbed CO formed in B, Er = -0.2 V and Eg = +0.6 V.

Potential difference FTIRRAS spectra obtained in a COg-  saturated
0.1 M HCl04 solution with +0.2 V as reference potential and a series of
potentials from 0.0 to -0.25 V as sample potentials. The Pt electrode
was pushed close to the optical window at +0.2 V and a reference
spectrum collected . The potential was then stepped to each of five
sample potentials in the sequence 0.0, -0.1, -0.15, -0.20 and -0.25 V
without moving the electrode from the optical window.
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