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STRAC

The electrooxidation pathways of ethylene glycol in alkaline aqueous
solution on gold, platinum, and nickel electrodes are explored by means of real-
time FTIR spectroscopy in conjunction with cyclic voltammetry. The former
enables a quantitative assay of specific intermediates and products formed during
the reaction evolution. The electrooxidation on gold features the successive
formation of partially oxidized C; solution species en route to oxalate and
carbonate production. The latter specles 1is produced predominantly wvia the
formation of the dialdehyde, glyoxal, based on comparisons with electrooxidative
spectral sequences for candidate intermediate specics. In coiuliase, eilhyleue
glycol electrooxidation on platinum exhibits markedly different kinetics and
product distributions to those for the partially oxidized C, species, inferring
that at least carbonate production from ethylene glycol occurs largely through
sequences of chemisorbed, rather than solution-phase, intermediates. Electro-
oxidation of ethylene glycol and higher polyols on nickel display a remarkably
selective production of formate. This efficient oxidative C-C bond cleavage on
nickel is displayed in somewhat different fashion for partially oxidized C,
reactants in that carbonate is predominantly formed. Some possible surface

chemical factors responsible for these striking mechanistic differences are

discussed.




INTRODUCTION

While often overlooked by chemists, electrochemistry can provide a highly
controllable as well as flexible means with which to undertake redox-induced
transformations of organic molecules. A limitation of purely electrochemical
measurements, however, is that little specific information can be discerned
regarding the identity of reaction intermediates and hence detailed reaction
pathvays. This difficulty can be circumvented in part by combining electrochemi-
cal methods with other techniques, such as optical and mass spectroscopies and
chromatography. These additional techniques are cften limited to post-
electrolytic analysis, however, thereby being restricted largely to the
identification of final reaction products.

The use of thin-layer electrochemistry combined with Fourier-transform
infrared spectroscopy provides a relatively straightforward, yet powerful, means
of providing real-time (ca 1ls timescale) vibrational characterization of the
solution as well as the surface electrode composition as such electrochemical
processes proceed.l—5 Given the well-known suitability of infrared spectroscopy
for functional-group characterization, this tactic should constitute a
quantitative means of assessing the kinetics of specific molecular transforma-
tions, thus providing a valuable adjunct to the overall reaction kinetics
obtained from simultaneously acquired electrochemical data.3a’d

A simple variant of such real-time spectroelectrochemical measurements,
utilized here, involves obtaining sequences of FTIR spectra during a single
potential sweep or step. Subtraction of appropriate spectra is undertaken so to
remove solvent and other interferences, exposing the potential~dependent
components associated chiefly with the desired redox-induced changes in thin-
layer solute composition. We have dubbed this type of procedure "single

potential alteration infrared spectroscopy" (SPAIRS) to distinguish it from other




potential-difference procedures that feature repeated modulations.2 Within
limits, suchi vibraticnal spectral information should become increasingly valuable
as the complexity of the reaction pathway becomes greater. A number of such
studies for both organic and inorganic redox systems have appeared 1:¢.=,cent:1y;1-5
however, the virtues of the approach from an organic mechanistic standpoint have
yet to be fully exploited.

Outlined herein is a straightforward, yet we believe insightful,
examination of electrooxidation pathways discerned in this fashion for ethyieic
glycol and related polyhydric alcohols in alkaline aqueous solution at
polycrystalline gold, platinum, and nickel surfaces. Ethylene glycol is of
interest not only as a posrsible candidate for fuel-cell development, but also in
view of extensive previous electrochemical examinations of its oxidation on
platinum2 and gold.3 In spite of these activities, the oxidation mechanisms are
poorly understood, in part with regard to the role of the several possible partly

oxidized (aldehyde, carboxylate) species in the overall reaction. Infrared

spectroscopy has recently been harnessed to identify carbon monoxide and other

species formed from ethylene glycol on platinum, and to identify some

a,

reaction products in acidic and basic media. The cleavage of the C-C bond

to yield exhaustive electrooxidation of ethylene glycol in acidic and alkaline
3a,d,8 7a
media has been noted on platinum and in alkaline solutions on gold.
Despite the widespread interest shown in the electrocatalytic properties of
9
oxidized nickel surfaces in base, 1little mechanistic information exists for
ethylene glycol oxidation in this environment. A particular mechanistic tactic
exploited here is to examine by means of real-time FTIR spectroelectrochemistry
the electrooxidation characteristics of various candidate species expected to be

intermediates for ethylene glycol oxidation. These findings lead to some

appreciation of the sensitivity of the electrooxidation pathways to the metal




catalyst, and the underlying molecular factors involved.

EXPERIMENTAL

Most experimental details concerning the infrared instrumentation and
procedures are given in refs. 2, 3a, and 10. A Bruker~IBM TR 98-%4A Fourier
transform instrument was employed, with a Globar light source and an MCT narrow-
band detector (Infrared Associates). The spectral resolution was 4 cm™:. The
electrochemical infrared measurements were performed by pushing the electrode up
to a CaF, optical window, so to form a thin (ca 5 pm) solution layer. The
polycrystalline gold surface was pretreated immediately prior to use by
mechanical polishing, dipping in hot chromic acid, followed by rinsing and
potential cycling in aqueous 0.5 M KOH (ultra puve, Alfa) at 0.1 V s™! between
-1.0 Vand 0.6 V vs SCE for 10 min. The polycrystalline nickel surface was first
polished with fine alumina down to 0.05 um, then thoroughly rinsed with ultrapure
water, and rapidly transferred to the infrared cell. Bulk-solution infrared
spectra were measured with a transmittance IR cell (0.0125 mm path length) with
either CaF, or ZnSe windows.

Ethylene glycol and glyoxal were obtained from Aldrich, and glycolate and
glyoxylate from Strem Chemical and Fluka, respectively. All chemicals were used
as received. Water was purified by means of a "Milli-Q" system (Millipore).

Electrode potentials are quoted with respect to the saturated calomel electrode

(SCE), and all measurements were performed at 23%1°C.

SCUSSION
Typical anodic-cathodic cyclic voltammograms obtained at 50 mV s™! for S0
mM ethylene glycol gn gold, platinum, and nickel electrodes in 0.5 M KOH,
sweeping initially positive from -0.9 V vs SCE, are shown as solid traces in

Figs. 1A-C, respectively. The dashed curves are the corresponding voltammograms
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recorded in the supporting electrclyte alone. These voltammetric features for
ethylene glycol electrooxidation were reproducible upon repetitive potential
cycling. Similar features were obtained if slower voltammetric scan rates, down
to 1 mV s}, were used along with the thin-layer configuration required for
simultaneous FTIR measurements. Figures lA and B show that the initiation of
ethylene glycol electrooxidation on gold and platinum occurs well before the
commencement of anodic oxide formation (compare solid, dotted traces). Oor.
nickel, the onset of ethylene glycol electrooxidation corresponds closely with
the potential of the surface redox wave associated with the formation of "NiOOH"
from Ni(OH), (vide infra).g'lo'12

Of central concern here is the identification of the various species formed
in such electrochemical experiments; the rather featureless voltammograms in
Figs. 1A-C belie the rich sequences of molecular transformations that are
responsible for the observed anodic currents. The balance of this paper focussgs
chiefly on the extraction of such information for ethylene glycol electrooxida-
tion from SPAIR spectra. A likely reaction sequence (cf ref. 7a) is shown as
Scheme I, involving stepwise sequential oxidation of the alcohol moieties to
aldehydes and carboxylates, maintaining the C; difunctionality. Scission of the
C-C bond at any stage can also be envisaged, leading ultimately to the
formation of CO,, and hence to carbonate (C0;2") in the alkaline solutions used
here.

Several of these potential reaction intermediates exhibit clearly dis-
cernable and diagnostic spectral features in the mid-infrared region. Some major
band frequencies are included in Scheme I and in Table I. The latter includes
integrated molar absorptivities, €y, (given in parentheses), obtained along with
the peak frequencies vP from infrared bulk transmittance spectra in aqueous 0.1

M KOH. Contained along with the C; compounds in Table I are corresponding vP and
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¢, data for other possible product species: formate, acetate, and carbonate.
The assignment of asymmetric and symmetric carboxylate vibrations (v, and v,.,,)
given in Table I is inferred from that for acetate and related species.
Glycolaldehyde (OCH.CH,0H) is not included in Table I. This compound exhibits
relatively featureless spectra in neutral aqueous media, due to dimerization and
other equilibria;l4 further complications ensue in alkaline solution as gleaned
from a yellow coloration appearing within 1-2 min. The characterization of
glyoxal (OHC+CHO) also suffers complications arising from hydrolysis15 and the
formation of glycolate by the Canizzaro reaction.16 However, evidence that the
glyoxal~glycolate transformation is incomplete (< 30% conversion) in 0.5 M KOH
on the relevant timescale here (< 30 min) was obtained from the observation of
significantly different transmittance spectra for these two species (Table I)
along with differing SPAIR spectra for their electrcoxidation on gold (vide

infra).

Electrooxidation on Gold

A typical sequence of SPAIR spectra in the 1000-2500 cm™ region obtained
during the voltammetric oxidation of 50 mM ethylene glycol in 0.5 M KOH on gold
fs shown in Fig. 2A. The voltammetric sweep rate is 2 mV s}, positive-going
from -0.5 V to 0.6 V. Each spectrum shown in Fig. 2A involved acquiring 50
interferometer scans (consuming ca 30s), subtracted from which was a spectrum
recorded at the initial potential so to minimize solvent spectral interferences.
Only selected members of the sequence are shown for clarity; the potentials
indicated alongside each spectrum are the average values during the data
acquisition. (The concentrated, 0.5 M, hydroxide electrolyte was chosen so to
buffer the solution against pH changes resulting from the protons released into

the thin layer as products of the organic electrooxidations.)

Several spectral features in Fig 7?4 provide information c¢.. the species




6
formed during ethylene glycol electrooxidation. In the "relative transmittance"”
format shown, positive- and negative-going bands arise from species consumed and
produced, respectively, in the oxidation process. 0f the former, the chief
bands for ethylene glycol, at ca 1025 and 1050 cm™? (C-O stretching), are located
at frequencies below those characterizing the various oxidation products, so that
these positive-going features seen in Fig. 2A and B do not interfere significant-
ly with the negative-going bands for the latter.

Following the onset of anodic current at ca -0.25 V on gold, several
negative—going features are observed in Fig. 2A. The barnds seen at 132€ and 1411
cm! (v, pair) are diagnostic of the formation of glycolate, HOCH,~COO™ (Table
I). The additional negative-going bands seen at 1581 and 1076 cm™ also appear
in the solution transmittance spectrum for glyoxal, OHC+.CHO (Table I). The
glycolate 1326/1411 cm™? features grow in intensity as the potential becomes more
positive on gold, indicating that this species is present increasingly during the
excursion through the anodic voltammetric wave (Fig. 1A). At potentials around
~0.1 V, an additional pair of bands at 1365 and 1107 cm™! are observed (Fig. 2A);
these features signal the production of glyoxylate, OHC+.COO~ (Table I). These
bands diminish in intensity by 0.1-0.2 V, and a new feature at 1307 cm™! grows
in at potentials positive of O V. The latter is diagnostic of the production of
oxalate (Table I). At higher potentials, beyond ca 0.4 V, a broad negative—-going
feature at ca 1400 cm™! becomes increasingly discernable, forming a "hollow"
within which the sharper bands at comparable frequencies are contained (Fig. 2A).
This band is indicative of the formation of the exhaustive electrooxidation pro-
duct, carbonate (Table I).

These results can be interpreted simply in terms of the reaction sequence
in Scheme I. The major issue at hand is elucidating the possible roles of the

intermediates shown in Scheme I, and to establish the likely routes by which the
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overall products observed in the SPAIR spectra are produced. A valuable tactic
foo this purpose involves examining by means of SPAIRS the voltammetric oxidation
of the various C, candidate species anticipated to constitute solution-phase
intermediates for ethylene glycol electrooxidation (Scheme I). Of the five
possibilities, as noted above, glycolaldehyde cannot be examined in this manner
due to self-polymerization that occurs in alkaline aqueous solution.lab Oxalate
does not undergo any significant electrooxidation on either gold or platinum in
0.5 M KOH, at least up to 0.6 V. The remaining three candidate species,
glycolate, glyoxal, and glyoxylate readily undergo electrooxidation; SPAIR
spectra obtained during their voltammetric oxidation at gold in 0.5 M KOH are
shown in Figs. 3A, B, and C, respectively. The experimental conditions in Fig.
3 are identical with those in Fig. 2.

Two primary negative—going bands are apparent in Figs. 3A-C; as before, the
features at ca 1400 cm™ and 1307 cm™® are diagnostic of the formation of
carbonate and oxalate, respectively. (The third feature, observed around 1580

1, is less useful diagnostically; it probably contains components arising from

cm”
the consumption of the reactant as well as products, since most C, intermediates
exhibit a band at this frequency; Table I.) Comparison of the intensities of the
1400 and 1307 cm™! features in Figs. 3A-C provides useful information on the
differing product distributions for these reactions. Most noticeably, glyoxylate
electrooxidation yields only oxalate, no discernable carbonate feature being
obtained (Fig. 3C). Glycolate and glyoxal, on the other hand, oxidize to yield
both oxalate and carbonate as discerned from the parallel appearance of the 1307
and 1400 cm™! features in Figs. 3A and B. As for the electrooxidation of
ethylene glycol, oxalate appears initially at lower potentials than does

carbonate.

The electrooxidations of glycolate and glyoxal show two significant




differences. The extent of reaction is smaller for the former species, as
discerned from both the SPAIR spectra and the corresponding voltammetric
currents. In addition, glyoxal yields substantially more carbonate, and less
oxalate, than is the case for glycolate. For example, the ratio of carbonate to
oxalate formed at 0.6 V is ca 0.2 and 1.5 for glycolate and glyoxal electrooxida-—
tion, respectively, as deduced from the spectral intensities in Figs. 3A and B
along with the band absorptivities in Table I.

Intercomparison of these findings with the corresponding SPAIR spectra for
ethylene glycol electrooxidation (Fig. 2) indicates that glyoxal probably
constitutes the major solution intermediate. This deduction can be made by
noting that the form of the glyoxal SPAIR spectra (Fig. 3B), at least with regard
to the carbonate/oxalate ratios, are markedly closer to matching those observed
for the ethylene glycol spectra (Fig. 2A). This observation does not necessarily
deny a significant role to glycolate as a reaction Intermediate, especially since
partial (albeit incomplete) interconversion of glycolate and glyoxal can occur
on the experimental timescale (vide supra). Nonetheless, the evidence indicates
that the preferred reaction pathway involves the intermediate formation of the
symmetric dialdehyde glyoxal, rather than the unsymmetric partially oxidized
species glycolate. The observation that the further oxidized form of glycolate,
glyoxylate, does not yield carbonate as a reaction product diminishes the likely
importance of the lower parallel pathway in Scheme I in the overall electrooxida-
tion kinetics at high potentials where carbonate 1is primarily formed.
Nonetheless, the observation from the SPAIR spectra that glyoxylate and glycolate
are also formed at lower potentials during ethylene glycol electrooxidation (Fig.
2, vide supra) 1ndic$tes that these species as well as glyoxal are involved
significantly in the overall reaction. Consistent with this sequential

potential-dependent formation of solution-phase intermediates is the observation
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that the onset of voltammetric current for ethylene glycol electrooxidation on
gold (ca -0.25 V, Fig. 1lA) occurs at significantly lower potentials than for
glyoxal (ca 0 V).

It is appropriate to compare briefly these mechanistic features with those
deduced previously for the same reaction by Kadirgan et a17a using bulk
electrolysis followed by 1liquid chromatography and infrared transmittance
measurements. In contrast to the present findings, these authors concluded that
oxalate along with formate constitute the primary end-products, being formed via
glycolate. The present SPAIR spectra, however, provide no evidence for formate
production. One limitation of the study of Kadirgan et al is that they were
apparently unable to analyze for carbonate; according to the present neasurements
this species constitutes the major reaction product, at least at high potentials.
An obvious advantage of the SPAIRS procedure employed here is that it provides
a real-time in-situ analysis of the product distribution under bona fide reaction

conditions.

Electrooxidation on Platinum

A similar series of voltammetric SPAIRS measurements were also undertaken
on platinum in 0.5 M KOH. A typical SPAIR spectral sequence obtained for the
electrooxidation of 50 mM ethylene glycol on platinum is shown in Fig. 2B. This
series was obtained in the same manner as that on gold (Fig. 2A), but by sweeping
the potential instead from —-0.9 V. In contrast to gold, the negative-going 1400
cm? feature due to carbonate formation appears at relatively negative
potentials, ca —0.6 V, close to the onset of anodic current. The 1307 cm™ band
diagnostic of oxalate production also appears clearly by ca -0.4 V (Fig. 2B).
The other negative-going band, at 1550-1580 cm™! is associated in part with

oxalate formation. This feature could also arise from partly oxidized C,

species, as well as from formate (HCOO™) formed by C-C bond scission. At least
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the dominant intermediate production of glycolate and glyoxylate, observed for
gold, does not occur on platinum as evidenced by the absence of the diagnostic
sharp bands characterizing the former species in the 1320-1370 cm™ region. The
weak feature at 1076 cm™! seen at more negative potentials on platinum (Fig. 2B)
is nonetheless consistent with some intermediate production of glycolate and/or
glyoxal. A similar finding was reported in ref. 8.

As for electrooxidation on gold, it is instructive to compare these SPAIR
spectra for ethylene glycol on platinum with corresponding data obtained for
candidate reaction intermediates. Figure 4A-C shows such data for the
electrooxidation of 50 mM glycolate, glyoxal, and glyoxalate, respectively, in
0.5 M KOH (cf Fig. 3A-C on gold). The spectra in Fig. 4A-C display uniformly
different potential-dependent features than are seen for ethylene glycol
electrooxidation on platinum (Fig. 2B). The latter show that substantially
greater quantities of carbonate are formed, and at lower potentials, from
ethylene glycol than is the case for any of the three candidate intermediate
species, glycolate, glyoxal, and glyoxalate. Additionally, significantly more
oxalate 1s produced from these latter three species than from ethylene glycol.

These differences are displayed in quantitative fashion in Fig. 5, in the
form of plots of the quantity (nmol cm™?) of carbonate, Q(C0%) (circles), and
oxalate, Q(Ox) (triangles), formed as a function of electrode potential from
either ethylene glycol (filled symbols, solid lines) or glyoxal (open symbols,
dashed lines) on platinum. These plots were extracted from the integrated
absorbances of the 1400 carbonate and 1307 cm™ oxalate bands in SPAIR spectra
as in Figs. 2B and 4B, along with the corresponding absorptivities given in Table
I. (See ref. 3 for further procedural details). Note that glyoxal forms
substantially (3-5 times) more oxalate than carbonate at a given electrode

potential, whereas ethylene glycol ylelds comparable amounts of oxalate and
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carbonate, the latter species being formed initially. Even more marked
differences are seen in corresponding comparisons between ethylene glycol and
either glycolate or glyoxalate, in that the latter two species form much larger
amounts of oxalate relative to carbonate (this point can readily be discerned

from the spectra in Fig. 4).

e c Comparisons between Gold a ti

In contrast to the case of gold discussed above, therefore, none of the
intermediate C; species in Scheme I can account for the high proportion of
carbonate produced from ethylene glycol electrooxidation, especially at lower
potentials. Consequently, the production of carbonate from ethylene glycol is
unlikely to occur via the formation of such intermediate solution-phase species
on platinum, as is the case on gold. This finding strongly suggests that
carbonate formation on platinum takes place by means of a multi-step process
involving intermediate (possibly short-lived) surface, rather than longer-lived
solution, species. It is reasonable to assert that the C-C bond cleavage
necessary to form CO, (and hence carbonate in alkaline media) from ethylene
glycol occurs within the adsorbed state prior to, or at least concurrent with,
the necessary oxygen/proton—-transfer steps. A partially oxidized species, such
as glyoxal or glycolate, may be formed on the surface prior to C-C bond scission.
However, desorption to form solution—phase glyoxal would not provide an effective
catalytic pathway, at least at low potentials, since glyoxal is unreactive with
respect to carbonate formation on platinum under these conditions.

These findings provide straightforward evidence of a major difference in
catalytic action of gold versus platinum towards the exhaustive electrooxidation
of ethylene glycol. While the former surface is capable of yielding carbonate,
this appears to occur in a series of steps, at least some involving long-lived

solution intermediates. Platinum, on the other hand, can effect the ten—electron
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oxidation necessary to convert ethylene glycol to carbonate in an inherently
concerted interfacial step, or series of steps. The necessary ability of
platinum to dissociatively chemisorb organic reactants such as alcohols,
including ethylene glycol,6c is well known in electrochemical as well as gas-
phase environments.1

It is also interesting to compare the potential regions where carbonate
formation from ethylene glycol commences in relation to the onset of surface
oxidation as gleaned from the voltammograms in 0.5 M KOH alone (dotted traces,
Figs. 1A,B). Figure 2A shows that carbonate production on gold is initiated only
at potentials beyond ca 0.4 V, well into the anodic oxide region which commences
at 0.2 V (Fig. 1A). This finding suggests that the C-~C bond cleavage and
attendant oxygen transfer involves the surface oxide film. In contrast, as noted
above, carbonate production on platinum starts at potentials, ca -0.6 V, markedly
below the onset of oxide formation, at -0.2 V (Fig. 1B). Consequently, then, the
oxygen—transfer agent on platinum under these conditions appears to be adsorbed

water or hydroxyl species.

Electrooxidation on Nickel:; Ethylene Glycol and Higher Polyo

Having uncovered major mechanistic differences between gold and platinum
in the exhaustive electrooxidation of ethylene glycol, it is of interest to
examine the reaction pathways on a distinctly different type of metal electro—
catalyst, nickel. A typical sequence of SPAIR spectra for the voltammetric
oxidation of ethylene glycol in 0.5 M KOH on nickel are shown in Fig. 2C. Aside
from the initial potential, O V, the conditions used in Fig. 2C are identical to
those for the corresponding spectra on gold and platinum shown in Figs. 2A and
B, respectively. Inspection of Fig. 2C indicates the occurrence of a markedly
different electrooxidation pathway on nickel as compared with either gold or

platinum. At potentials above 0.35 V on the first surface, three bands centered
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at 1350, 1381, and 1581 cm™! appear in concert (Fig. 2C). These three bands
together constitute a clear fingerprint of the production of formate. The 1350
and 1381 cm™! features are assigned to 0—C-0 symmetric stretching vibrations, and
the 1581 cm™® band to the corresponding asymmetric stretchl3 (Table 1I).
Examination of the cyclic voltammogram for ethylene glycol electrooxidation on
nickel (Fig. 1C) shows that the reaction, producing formate, is initiated sharply
at a potential, ca 0.4 V, corresponding to the reversible Ni(OH),/"NiOOH"
couple.9 The SPAIRS results indicate clearly that while the nickel su.facc has
the ability to cleave the C-C bond of ethylene glycol as for platinum and gold,
the primary oxidation product is quite different.

As before, it is instructive to examine the corresponding electrooxidation
pathways for the candidate intermediate species glycolate, glyoxal, and
glyoxylate in comparison with ethylene glycol. Typical SPAIR spectra for these
three reactants on nickel are displayed in Fig. 6A-C (cf Figs. 3A-C and 4A-C on
gold and platinum). These spectra display marked different features to those for
ethylene glycol electrooxidation on nickel (Fig. 2C). Glycolate, glyoxal, and
glyoxylate each yield predominantly carbonate, together with a smaller amount of
oxalate (as evidenced by the weak 1307 cm™! band). The appearance of the 1581
cm™! band during glyoxylate oxidation (Fig. 6C) may indicate the production of
some formate in this case, although the absence of the sharp 1350/1381 cm™!
doublet (expected to appear as shoulders on the broad carbonate band at 1400
cm’l) suggests otherwise. Similarly to platinum, then, the electrooxidation of
ethylene glycol on nickel is unlikely to proceed via these solution—phase
intermediates. Furthermore, the "clean" cleavage of the C-C linkage to yield
solely formate is onl} seen for the vicinal diol, ethylene glycol. Reaction of
partially oxidized species containing aldehyde and/or carboxylate functional

groups yields only incomplete C-C bond scission.
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Not surprisingly on the above basis, formate does not display any
electroactivity on nickel in 0.5 M KOH, up to 0.6 V. The same finding applies
to gold. On platinum in 0.5 M KOH, however, formate undergoes facile electro-
oxidation, starting at -0.6 V. Consequently, then, while the production of
carbonate on platinum may occur via the formate species, this route cannot
account for carbonate formation from the partially oxidized C, reactants observed
on nickel.

Given the remarkable ability of nickel to electrooxidize ethylene glycol
to a singular cleaved product, formate, it is of interest to ascertain if such
selective dissociative electrooxidation also applies to higher polyols. Typical
SPAIR spectra for the electrooxidation of three representative polyols, glycerol,
meso—erythritol, D-mannitol [(CH,OH)(CHOH),(CH,0H), where n = 0,2, and 4,
respectively], on nickel in 0.5 M KOH are shown in Figs. 7A-C. The exclusive
production of formate in each case is clearly evident in these spectra (cf Fig.
2C). Remarkably, then, the oxidized nickel surface is capable of affecting the
highly efficient cleavage of each C-C bond in the polyol chains.

One interesting difference between these polyol reactants is that the onset
of electrooxidation, as discerned from the appearance of the formate bands,
shifts to slightly lower potentials as the carbon chain length increases. This
difference is also evident in the corresponding cyclic voltammograms shown in
Fig. 8. (The dashed, dotted, and solid traces refer to glycerol, erythritol, and
mannitol, respectively). The voltammograms also show that the electrooxidation
rates for the higher polyols also maximize at more positive potentials, ca 0.65
V. These two pieces of evidence suggest that the catalytic electrooxidation of
the C, and G4 polyolé occurs with greater facility at potentials where both
Ni(OH), and NiOOH are present. [Note that the dotted curve in Fig. 2C refers to

the reversible Ni(OH),/NiOOH electrochemistry in 0.5 M KOH alone.])
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In contrast to the highly selective C-C bond cleavage to formate observed
even for the higher polyols on nickel, their electrooxidation on platinum
typically yields a mixture of products. For example, glycerol electrooxidation
on platinum produces both C, and C; carboxylates along with carbonate.

Two other vicinal diol compounds, 2,3-butanediol and 1,2-propanediol, were
also studied on nickel in order to ascertain the possible influence of methyl
groups adjacent to the hydroxy carbons. The corresponding SPAIR spectra for
their electrooxidation are shown in Figs. 9A and B, respectively. Interestingly,
these results indicate that C-C bond cleavage occurs only at the vicinal diol
functionality. Thus 2,3-butanediol [CH;(CHOH),CH;] yields exclusively acetate
(CH3C00") as discerned from the appearance of the characteristic 1411/1550 cm™
doublet (Fig. 9A),13 indicating that bond scission occurs only at the central,
diol, position. As expected on this basis, 1,2-propanediol [CH;(CHOH)CH,0H]
yields equal amounts of acetate and formate as discerned from the SPAIR spectra
(Fig. 9B). However, this highly selective C-C bond cleavage requires the C-OH
linkages to be present on adjacent carbons, i.e., a vicinal diol. For example,
electrooxidation of 1,3-propanediol yields a complex SPAIR spectrum not
consistent with the equal amounts of formate and acetate anticipated if selective

C-C bond scission had occurred.

Mechanistic Implications

It i{s of interest to examine likely reasons for the remarkably selective
electrooxidation pathways displayed by the nickel surface. The catalytic action
of the nickel surface in alkaline media appears to be associated with the
formation of a higher oxide, commonly termed NiOOH, from nickel hydroxide. This
process appears as a reversible voltammetric wave (see dotted trace in Fig. 1C).
Although often formally written as a Ni(III)/(II) couple, there is evidence that

12
the higher oxidation state approaches Ni(IV), so that the redox couple can be
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viewed as a two—electron process.

Although the detailed interfacial chemistry responsible for the electro-
catalysis is unknown. one can view the nickel oxide surface couple as constitut-
ing a two—electron redox mediator. From the above results, the electrooxidation
of vicinal polyols proceeds according to

CH,0H

|
(CHOH), + (n + 2){OH Jy; = (n + 2)HCOO™ + (2n + 6) H" + (2n + 6)e”

(|:H20H
The designation [OH ]g; refers to hydroxides, involved in oxygen transfer to the
reactant, which are intimately involved in the nickel oxide film. For ethylene
glycol (n = 0), then, a net six—electron transfer is involved, 2e” of which are
consumed in oxidizing the hydroxide hydrogens and 4e” being used to cleave the
C-C bond to yield formate. A likely molecular pathway involves binding both
these carbons to adjacent oxygens on the oxidized nickel surface. This adsorbed
intermediate can subsequently undergo electrooxidation by donating two electrons
per carbon to the nearby nickel sites, thereby ylelding a pair of formate ions,
The key feature of this mechanism is the oxygen-bridged binding to a pair of
nickel sites, both acting as effective two—electron oxidants. It is also
possible to account for the exclusive formation of formate from the higher
polyols in & similar fashion.

This mechanism for selective production of formate requires the presence
of a vicinal diol functionality. Consistent with this hypothesis is the
observation that glycolate, glyoxal, and glyoxalate yield primarily carbonate
rather than formate. Binding of these unsymmetrical partially oxidized C,
reactants to the nickel surface cannot occur in the symmetric fashion available
to the vicinal diols, due to the presence of at least one aldehyde or carboxylate

group. One can envisage electrooxidation of such unsymmetrical reactants
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involving surface bonding of only one functional group.

It is interesting to compare the selective electrocatalytic properties of
nickel with platinum. While the latter catalyst provides an efficient exhaustive
electrooxidation of ethylene glycol and glycerol (i.e., yielding carbonate), it
lacks the high degree of selectivity displayed by nickel in that comparable
amounts of the exhaustive C, oxidation product, oxalate, are commonly formed
(Fig. 5). A further difference is that nickel yields selectively the partial
oxidation product, formate. Comparison of the product distributions for
electrooxidation of glycolate, glyoxal, and glyoxalate also highlights a higher
efficiency of C-C bond cleavage exhibited by nickel in comparison with platinum,
but in somewhat different fashion. Thus electrooxidation of these C, species on
nickel yields chiefly carbonate, with little or no oxalate formed alongside,
whereas the opposite product distribution is observed on platinum.

This greater ability of the nickel surface to incur oxidative C-C bond
cleavage may arise from the electropositive nature of the nickel sites and the
consequent withdrawal of electron density from the carbon atoms. Whereas the
nickel surface consists of a thick oxide film, the platinum surface is largely
unoxidized in the potential region, -0.6 to -0.2 V, where the organic oxidative
chemistry of concern here is occurring. [The latter circumstance can readily be
deduced by inspecting the cyclic voltammogram (dotted curve) for Pt in 0.5 M KOH
alone in Fig. 1B.] Such reduced Pt surface sites can readily cleave C-H bonds,
forming adsorbed hydrogen atoms, thereby providing electrooxidative pathways
vhere the C, moiety remains at least partly intact, as in the production of
oxalate. This property of platinum surfaces is also reflected in the facile
electrooxidation of formate (HCOO™) to carbonate on this metal, a process which
does not occur on nickel and gold.

The present findings provide clear evidence of the virtues of real-time
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infrared spectroscopy for deducing in quantitative fashion detailed reaction
pathways for electrocatalytic organic processes. Some marked, and in some
respects unexpected, differences in the nature of the catalytic pathways for
ethylene glycol electrooxidation on gold, platinum, and nickel surfaces are
uncovered by these results. While gold provides pathways featuring sequential
partially oxidized solution~phase intermediates, both platinum and nickel yield
highly oxidized solution-phase products that are much more specific to the
initial reactant. The remarkable ability of the nickel surface to incur highly
selective C-C bond cleavage is intriguing, and deserves future attention.
Further studies of organic electrocatalysis utilizing real-time infrared
spectroscopy, emphasizing ordered monocrystalline surfaces, are currently being

pursued in our laboratory.
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TABLE 1 Frequencies (cm™) and Integrated Absorptivities ( M! cm™!) of Major
Infrared Bands for Various Candidate Species Formed in Electro-

oxidations, as Determined by Solution Transmittance Measurements

Molecules asy(COO')a'c sym(COO‘)b other bands
(cm™?) (em™?) (em™)
Carbonate 1390-1410
(8.4 x 10%)
Formate 1581 1350
(3.3 x 104)P 1381
(6.4 x 103%)
Acetate 1550 1411
(1.7 x 10%) (8.9 x 10%)
Glyoxal 1581 1076
(3.2 x 10%)
Glycolate 1581 1326 1076
(4.5 x 10%) (5.2 x 10%)
1411
(6.5 x 10%)
Glyoxylate 1581 1365 1107
(6.5 x 10%) (8.8 x 10%)
Oxalate 1569 1307
(1.4 x 10%) (8.0 x 10%)

a Frequencies of asymmetric COO or C-O stretches

Frequencies of symmetric COO stretches

€ Integrated absorptivities (M cm™!) of infrared bands given in parentheses

underneath corresponding frequency value.
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FIGURE CAPTIONS
Eig. 1

Cyclic voltammograms obtained at 50 mV s™! for the electrooxidation of 50
nM ethylene glycol on (A) gold (B) platinum and (C) nickel electrodes in 0.5 M
KOH (solid traces) (electrode area = 0.7 cm? for platinum, gold and nickel
electrodes). Dotted traces are the correspcnding voltammograms in 0.5 M KOH
alone.

Fig. 2

Single potential alteration infrared (SPAIR) spectra obtained during the
voltammetric oxidation of 50 mM ethylene glycol on (A) gold, (B) platinum, and
(C) nickel electrodes in 0.5 M KOH. Potential sweep rate was 2 mV s7!, positive
going from -0.5 V, -0.85 V, and 0.0 V vs SCE for (A), (B), and (C), respectively.
Each spectrum, displayed as relative reflectance ( AR/R), was acquired from 50
interferometer scans at the average potentials indicated, ratioed to the
corresponding spectrum obtained at the initial potential.

Fig. 3

SPAIR spectra obtained during the voltammetric oxidation of (A) 50 mM
glycolate (B) 50 mM glyoxal and (C) 50 mM glyoxylate in 0.5 M KOH on gold.
Potential sweep rate was 2 mV s™!, positive going from —0.5 V. Other details as
in Figure 2.

Fig. 4

SPAIR spectra obtained during the voltammetric oxidation of (A) 50 mM
glycolate (B) 50 mM glyoxal and (C) 50 mM glyoxylate in 0.5 M KOH on platinum.
Potential sweep rate was 2 mV s}, positive going from —0.5 V. Other details as
in Figure 2.

Fig. S

Plots of quantity, Q, of carbonate (triangles) and oxalate (circles) formed
as a function of electrode potential during a 2 mV s™! voltammetric oxidation of
50 mM ethylene glycol (filled symbols, solid traces) and glyoxal (open symbols,
dashed traces),respectively, on platinum. Data were extracted from the SPAIR
spectra as outlined in the text.

Fig. 6 .

SPAIR spectra obtained during the voltammetric oxidation of (A) 50 mM
glycolate (B) 50 mM glyoxal and (C) 50 mM glyoxylate in 0.5 M KOH on nickel.
Potential sweep rate was 2 mV s~!, positive going from —0.5 V. Other details as
in Fig. 2.
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Fig. 7
SPAIR spectra obtained during the voltammetric oxidation of (A) S0 uM

glycerol (B) 50 mM meso—erythritol and (C) 50 mM d-mannitol in 0.5 M KOH on
nickel. Potential sweep rate was 2 mV s}, positive going from —0.5 V. Other
details as in Fig.2.
Fig. 8

Cyclic voltammograms obtained at 50 mV s™! for the electrooxidation of 50
mM d-mannitol (solid trace), 50 mM meso-erythritol (dotted trace), and 50 mM
glycerol (dashed trace) in 0.5 M KOH on nickel electrode.
Fig. 9

SPAIR spectra obtained during the voltammetric oxidation of (A) 50 mM 2,3-
butanediol (B) 50 mM 1,2-propanediol in 0.5 M KOH on nickel. Potential sweep

rate was 2 mV s™!, positive going from -0.5 V. Other details as in Figure 2.
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