Journal of Catalysis 435 (2024) 115541

ELSEVIER

Journal of Catalysis

journal homepage: www.elsevier.com/locate/jcat

= —

Contents lists available at ScienceDirect =

JOURNAL OF
CATALYSIS

Research article

L)

Check for

C—C bond cleavage in the electrooxidation of 2,3-butanediol controlled by  ['#&="

an ionic liquid modifier

Juntao Yang“, Florian HaBfurther, Felix Hilpert®, Zarah Hussain 4, Tian Yang®,
Nicola Taccardi”, Peter Wasserscheid ¢, Olaf Brummel ", Jérg Libuda *

2 Interface Research and Catalysis, ECRC, Friedrich-Alexander-Universitat Erlangen-Niirnberg, 91058 Erlangen, Germany
b Lehrstuhl fiir Chemische Reaktionstechnik, Friedrich-Alexander-Universitt Erlangen-Niirnberg, 91058 Erlangen, Germany
¢ Forschungszentrum Jiilich GmbH, Helmholtz-Institut Erlangen-Niirnberg for Renewable Energy, Germany

ARTICLE INFO ABSTRACT

Keywords:
In-situ IR spectroscopy
Ionic liquids

In heterogeneous catalysis, ionic liquids (ILs) are used as chemical modifiers to control selectivity. In our work,
we aim to apply the same concept to electrocatalytic systems. As a model reaction, we studied the electro-
oxidation of 2,3-butanediol on the low-index Pt(111), Pt(100) and Pt(110) surfaces in an acidic environment.

::ZSEE:; alcohols We used the IL 1-ethyl-3-methylimidazolium trifluoromethanesulfonate ([C2C;Im][OTf]) dissolved in an
Selectiviti aqueous electrolyte as a catalyst modifier. The reaction mechanisms were investigated by electrochemical

infrared reflection absorption spectroscopy (EC-IRRAS). The oxidation of 2,3-butanediol is highly structure
dependent. On all three surfaces, the two products formed are acetoin and diacetyl, i.e. either one or two alcohol
functionalities are oxidized. However, we observe distinct features on the different surfaces with respect to
activity, potential window of oxidation, and selectivity. Only the Pt(100) surface is active towards C—C bond
cleavage. The latter reaction leads to the formation of CO,q4s and poisoning of the catalyst. Modification of this
surface by addition of the IL leads to an increase of the selectivity for acetoin from 51 % to 78 % (at 1.1 Vgyg). In
addition, C—C bond cleavage is suppressed, no CO is formed, and the surface remains active for the target re-
action. We attribute these effects to the reversible and structure dependent adsorption of the [OTf]™ anions on
the Pt surfaces and additional interionic interactions. Our results demonstrate the potential of ILs to control

Single crystals
Supported catalyst with ionic liquid layer

selectivity in electrocatalytic reactions.

1. Introduction

Selectivity control is a major challenge in (electro)catalysis as it
determines material and energy efficiency as well as purification costs
[1]. In heterogeneous catalysis, a very successful approach to control
selectivity is the modification of catalysts with ionic liquids (ILs, salts
with melting points below 100 °C), known as “Solid Catalyst with Ionic
Liquid Layer” (SCILL) [2-4]. In this approach, the surface of a porous
catalyst is coated with a thin layer of IL. The interaction of the ionic
liquid with the catalyst promotes selectivity through ligand effects,
electronic modification of the catalyst, field effects, and blocking of
unspecific sites [5-7]. Note, that the most unspecific sites are often the
most active. Although this effect reduces the activity of the modified
catalyst, it increases the selectivity. From an application point of view,
the increase in selectivity is very often more relevant than the loss in
activity. The success of the approach is demonstrated by the release of a
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SCILL for selective hydrogenation reactions on the industrial scale by
Clariant AG [8].

In electrocatalysis, the use of ionic species (cations or anions) to
affect the activity and selectivity is a known phenomenon. For example,
Garcia et al. investigated the intrinsic cation effect (Cs* > Na™ > K* >
Lit) on the OER activity of nickel oxyhydroxide (NiOOH) [9]. They
proposed that bigger cations (Cs™) interact with the Ni-OO~ species
better, which leads to the stabilized NiOO™-M™ species, and conse-
quently, a higher activity. Kamat et al. studied different anion effects on
the ORR/OER activity. They observed that ORR activity follows the
trend HC1O4 > HNO3 > H3SO4 and OER activity follows the trend HClO4
> HNO3 ~H3SO4. They attributed the effect to the different anion
adsorption energies [10]. So et al. tuned the selectivity of the CO5
reduction reaction (CO2RR) on Cu by adding halides to the electrolyte
[11]. They found that CI™ and Br™ help to increase the CO selectivity.
However, I" leads to a decrease of the CO selectivity while it enhances
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the methane formation. They hypothesized that the selectivity effect is
due to the halide adsorption on the Cu surface. In the case of I, CO
protonation is favored by the induced negative charges.

By using ionic liquid modifiers, most of the attempts reported in the
literature so far focus on increasing the activity in the conversion of
small molecules [12-27]. In the pioneering work by Erlebacher et al.
[22,23], they demonstrated increased activity for the oxygen reduction
reaction (ORR) by modifying electrocatalysts with a hydrophobic IL.
Besides ORR [14-17,22,23,27-31] improved activities have also been
reported for other reactions such as the hydrogen oxidation reaction
(HOR) [32], the oxygen evolution reaction (OER) [33,34], the hydrogen
evolution reaction (HER) [35], and CO,RR [18,36,37]. In addition, ILs
can also improve the stability of the electrocatalyst [15,19,27,38,39].

The major advantages of modifying heterogeneous catalysts with ILs
are, however, in the field of selectivity control. In electrocatalysis, this
approach is still in its infancy [18,24,25]. Recently, we have shown that
we can modify the Pt(111) electrode surface with the IL 1-ethyl-3-
methyl-imidazolium trifluromethanesulfonate [CoC;Im][OTf] to con-
trol the selectivity in the oxidation of 2,3-butanediol [24]. The oxidation
of 2,3-butanediol is of general interest because it is a model reaction for
the oxidation of polyols with secondary alcohol functionalities [40-42].
Such reactions are of interest for the production of fine chemicals from
renewable reactants [43]. For example, the reaction products of 2,3-
butanediol oxidation, acetoin and diacetyl, are used as flavors in the
food industry [44-46]. In addition, secondary alcohols have recently
received lots of attention in the field of hydrogen storage. Here, sec-
ondary alcohols can serve as rechargeable electro-fuels, so called elec-
trochemically active liquid organic hydrogen carriers (EC-LOHCs)
[47-50].

In all these applications, however, selectivity is absolutely essential.
In the case of EC-LOHCs, for example, C—C bond cleavage limits the
cyclability of 2,3-butanediol in the oxidation/reduction cycle [51]. In
this work, we compare the electrooxidation of 2,3-butanediol on the
three most important Pt facets, i.e. Pt(111), Pt(100) and Pt(110). We
demonstrate that electrooxidation of 2,3-butanediol is a highly structure
sensitive reaction and we show that C—C bond cleavage takes place on
the Pt(1 00) surface only. C—C bond cleavage results in the formation of
CO and leads to poisoning of the surface. For Pt(111), we previously
showed that we can modify the selectivity of 2,3-butanediol by adding a
low concentration of the IL [CoCiIm][OTf] [24]. In this work, we
demonstrate that, by adding the IL modifier, we not only change the
selectivity towards the two products acetoin and diacetyl but we also
suppress C—C bond cleavage on the Pt(1 00) surface. In this way, we can
prevent the formation of the catalyst poison CO.

2. Experimental
2.1. Cleaning procedure

To avoid contamination, we cleaned all glass and Teflon parts as well
as noble metal wires with a dedicated cleaning procedure. We soaked all
Teflon and glass parts overnight in a solution of NOCHROMIX (Sigma-
Aldrich) in concentrated H,SO4 (Merck, EMSURE, 98 %) and rinsed the
equipment afterwards five times with ultrapure water (Milli-Q Synergy
UV, 18.2 MQ cm at 25 °C, TOC < 5 ppb). This was followed by three
cycles of boiling and rinsing with ultrapure water. We annealed all noble
metal wires in the flame of a Bunsen burner and rinsed the wires af-
terwards with ultrapure water.

2.2. Preparation of Pt(h k1) electrodes and solutions

We used Pt(h k1) single crystals from MaTecK (99.999 %, depth of
roughness < 0.01 pm, accuracy of orientation < 0.4°) for IR spectros-
copy or Pt(111) from icryst (depth of roughness < 0.05 um, accuracy of
orientation < 0.5°, surface area 4.5 mm?) or Pt(100) and Pt(110) from
SPL (depth of roughness < 0.03 um, accuracy of orientation < 0.1°,
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surface arear 6.6 mm?) for cyclic voltammetry. We annealed the single
crystals in the blue flame of a Bunsen burner for 2 min. Subsequently, we
cooled the single crystals in Ar/H, (Linde 5.0; volume ratio of ~3:1)
atmosphere to room temperature. For the transfer to the electrochemical
cells, we protected the surface of the single crystals with a droplet of
ultrapure water. We prepared solutions of 2,3-butanediol (Sigma
Aldrich 98 %) and HC1O4 (Merck, Suprapur or Carl Roth, Ultra 70 %). To
ensure highest purity, the IL [C2C1Im][OTf] was synthesized and puri-
fied in-house according to a previously described procedure [52]. We
purchased lithium trifluoromethanesulfonate from Merck with a purity
of 99.995 %. We degassed all solutions by purging with Ar (Linde, 5.0)
for at least 20 min.

2.3. CV measurement

We recorded CVs with 50 mVs ™! in hanging meniscus configuration
using a three-electrode setup and a commercial potentiostat (Gamry
Reference 600+). We used a Pt wire as the counter electrode (CE) and a
home-built reversible hydrogen electrode (RHE) as the reference elec-
trode (RE). Before the measurements, we confirmed the cleanliness of
the cells by performing a CV of Pt(111) in 0.1 M HClO4 solution. All
electrolytes were thoroughly purged by Nj for at least 20 min before
recording CVs. The volume of the CV cell that was filled with gas was
continuously purged with Na.

2.4. EC-IRRAS

For the electrochemical infrared reflection absorption spectroscopy
(EC-IRRAS) measurements, we used a commercial IR spectrometer with
evacuated optics (Bruker Vertex 80v) and a liquid nitrogen cooled
mercury cadmium telluride (MCT) narrow band detector. The spec-
trometer was equipped with commercial optics for electrochemical
measurements, a home-built electrochemical cell, and a motorized
polarizer. We used a CaF; hemisphere (Korth) as IR transparent window
material sealed with a Kalrez gasket. We controlled the potential by a
commercial potentiostat (Gamry Reference 600). We used a Pt wire as
CE and a home-built RHE as RE. We recorded reference spectra (256
scans per spectrum) in p- and s-polarization at 0.05 Vyyg before each
measurement. We recorded IR spectra with 128 scans per spectrum, a
resolution of 2 cm™! and an acquisition time of 51.5 s per spectrum
between 0.05 and 1.1 Vgyg. The spectra were measured with p- and s-
polarized light at each potential step. A more detailed description of the
IR setup used, we provide in literature [53].

3. Results and discussion

In this work, we studied the oxidation of 2,3-butanediol, by EC-
IRRAS (see Scheme 1). The electrooxidation of 2,3-butanediol occurs
in two steps, releasing four protons and four electrons after complete
oxidation (Scheme 1a). In a first two-electron process, 2,3-butanediol is
oxidized to the partially oxidized intermediate acetoin. In a second two-
electron process, acetoin is further oxidized to the fully oxidized diacetyl
[42]. We studied the reaction on low-index Pt(h k1) single crystal
electrodes, namely Pt(111), Pt(100) and Pt(110) (Scheme 1b) pre-
pared by flame annealing [54]. This preparation procedure results in
well-ordered surfaces [55]. Representative cyclic voltammograms (CVs)
of these surfaces are provided in the Supporting Information (Figs. S1
and S2). To modify the electrodes, we used the IL [CoCiIm][OTf]
(Scheme 1c). Note, that the [OTf]  anion of this IL adsorbs on platinum
surfaces in the potential range of interest in a potential-dependent and
reversible manner [52].

First, we studied the electrooxidation of 2,3-butanediol on Pt(h k1)
single crystal electrodes by measuring cyclic voltammetry (CV), which
we provide in the Supporting Information (Fig. S2). The observation of
different CV profiles indicates that the oxidation reaction is highly sur-
face sensitive. To investigate the origin of the oxidation peaks in the CVs,
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Scheme 1. Electrooxidation of 2,3-butanediol on Pt(h k 1) electrodes in the absence and in the presence of the IL modifier [C,C;Im][OTf]; (a) schematic repre-
sentation of the reaction; (b) models of the Pt(111), Pt(100) and Pt(110) surfaces; (c) molecular structure of the IL modifier [CoC;Im][OTf].

we performed in-situ EC-IRRAS.

In a first step, we recorded the IR spectra of 2,3-butanediol, acetoin
and diacetyl by attenuated total reflection (ATR) IR spectroscopy
(Fig. 1a) and assigned the IR bands to the corresponding vibrational
modes (Table 1), based on the DFT calculations reported in our previous
work [24]. To identify the species in the in-situ experiment, we used the
intense v(C=0) band which is characteristic for ketones. However, this
band does not allow differentiation between the ketones acetoin and
diacetyl. Therefore, we used in addition the band at 1200 em ™! (L(CC))
which is specific for acetoin. Note that for quantification we also used
the bands at 1358 c¢cm™! (va5(CC)/8(CH3), diacetyl) and 1380 cm !
(8(CCH)/5(CH3), 2,3-butanediol).

In the next step, we studied the electrooxidation of 2,3-butanediol in-
situ on Pt(111), Pt(100), and Pt(110) single crystal electrodes in the
absence of IL by EC-IRRAS. We used a solution of 0.2 M 2,3-butanediol
in 0.1 M HCIO4. Reference spectra were recorded at 0.05 Vgyg. The
potential was then increased in 0.1 V steps from 0.05 to 1.1 Vgyg. We
recorded spectra in p- and in s-polarization at each potential step. Note
that this procedure allows us to distinguish between adsorbed species
and species in solution by comparing the spectra measured with
different polarization. While the spectra measured in p-polarization
contain information about adsorbed species and the species in solution,
the spectra measured in s-polarization contain information about species
in solution only due to the metal surface selection rule (MSSR) [56]. EC-
IRRA spectra recorded with p-polarized light are shown in Fig. 1. All
spectra are difference spectra with respect to the reference spectrum.
Therefore, positive bands (peaks pointing upwards) indicate consumed
species and negative bands (peaks pointing downwards) indicate formed
species. For all surfaces, we observe positive bands in the IR fingerprint
region at 1457 cm ™! and negative bands at 1717, 1361 and 1200 cm ™.
The band intensity increases with increasing potential. We observe only
minor differences in the onset potentials for oxidation, with an onset of

0.4 Vgyg for Pt(111) and Pt(100) and 0.5 Vgyg for Pt(110). Distinct
differences are observed in the development of the band at 1200 cm ™},
which is the spectroscopic marker for acetoin (see above). On Pt(111),
this band reaches a maximum at 0.6 Vgyyg and decreases subsequently.
On the other surfaces this decrease is much weaker. In sharp contrast to
the results on Pt(111) and Pt(110), we observe two pronounced
negative bands at 2020 and 1819 cm ! on Pt(100) above 0.4 VRHE i.€.
in the frequency region of adsorbed CO. The CO features on Pt(100)
show characteristic blue shifts (68 cm ™ V! for CO¢and 75 em v for
COp) with increasing potential. Above 0.8 Vyyg these bands disappear
and a new band is observed at 2343 cm ™! (onset ~ 0.6 Vrug). The latter
band has been assigned to the asymmetric stretching mode v,5(OCO) of
CO4 [52]. The CO, band is much stronger on the Pt(100) surface as
compared to the two other surfaces where this band is extremely weak.

The positive band at 1457 cm~! is attributed to the 8(CH3) mode of
2,3-butanediol, indicating the consumption of 2,3-butanediol with an
onset at 0.4/0.5 Vryg, depending on the surface structure. The negative
bands at 1717, 1361 and 1200 cm™! are in good agreement with the
reference spectra of the two products acetoin and diacetyl and are
assigned to the ¥(C=0) mode, the v,4(CC)/3(CH3) mode and the v(CC)
mode, respectively. These bands indicate the formation of acetoin and
diacetyl. On Pt(11 1), the development of the band at 1200 cmfl, which
is characteristic for acetoin, indicates that acetoin is formed in a first
oxidation step. The acetoin reacts further to diacetyl as indicated by the
decrease of this band at higher potential. This is in perfect agreement
with previous observations [24]. On Pt(100) and Pt(1 1 0), however, the
decrease in intensity of the band at 1200 cm ! is much less pronounced.
At this stage, there would be two explanations to this phenomenon: On
the one hand, it is possible that the second oxidation step to diacetyl is
suppressed on these surfaces. On the other hand, it is also possible that
the formation of acetoin and reaction to diacetyl occur in parallel. We
will return to this point when we discuss the quantitative analysis of this
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Fig. 1. Electrochemical in-situ IR spectra recorded during the oxidation of 2,3-butanediol on low-index Pt surfaces; (a) ATR IR spectra of the reactant 2,3-butanediol
(green) and the products acetoin (orange) and diacetyl (blue); in-situ IR spectra recorded on (b) Pt(111), (c) Pt(100) and (d) Pt(110) in p-polarization with enlarged
sections of the CO region (indicated in the overview in blue) and the region of the spectroscopic marker for acetoin at 1200 cm™%; 0.2 M 2,3-butanediol in 0.1 M
HCIOy; reference spectra were recorded at 0.05 Vgyg. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

experiment.

On Pt(100), we assign the two negative bands at 2020 and 1819
em™ !, observable only in p-polarization, to the formation of CO adsor-
bed in on-top (COy) and bridge-bonded (CO;) geometry, respectively
[57,58]. The potential dependent frequency shift of 27 cm ! (COy) and
30 cm ! (COp) results from the Stark effect [56] and an increased dipole
coupling due to increased CO coverage [59]. The values fit very well to
the values reported in literature [56]. In sharp contrast, all signals in the
spectrum of Pt(111) are also observable in s-polarization, ruling out the
presence of CO (see Fig. S3 in the Supporting Information). For Pt(110),
there are very small differences between the CO-region in p- and s-po-
larization, suggesting that there might be traces of CO formed on Pt
(110), but the amount is extremely small. The observations clearly
indicate that the Pt(1 00) surface is active towards CO formation during

the electrooxidation of 2,3-butanediol. This finding is in perfect agree-
ment with previous work by Feliu et al., who observed a similar struc-
ture dependence for the simpler secondary alcohol isopropanol [51].
The formation of CO,q4s on Pt(100) implies that the Pt(100) surface is
active towards C—C bond cleavage during the electrooxidation of 2,3-
butanediol. Often, electrocatalytic reactions, especially those involving
bond cleavage, take place preferentially on (100) surfaces, such as
alcohol/ammonia oxidation on Pt [51,60], CO reduction on Cu [61,62],
oxygen reduction on Au [63]. By studying the irreversible adsorption of
ethyl pyruvate on Pt(h k 1) single crystals, Hazzazi et al. concluded that
the decomposition of ethyl pyruvate is favored on Pt(100), yielding
adsorbed CO, which requires a special geometry or number of free Pt
sites [64]. This is also supported by the study of Bondue et al. [65] who
suggested that the dissociative adsorption of acetone on Pt only occurs at
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Table 1
Band assignments and vibrational modes of 2,3-butanediol, acetoin and diacetyl.
(Meso: meso-2,3-butandediol; SS: 2S,3S-butanediol; RR: 2R,3R-butanediol).

2,3-butanediol Acetoin Diacetyl
v vibrational v vibrational v vibrational
[em™']  modes [24] [em™']  modes [24] [em™']  modes [24]
1114 Vas(C—C—OH) 1121 v (COH) 1123 Vas(CC)
(meso)
1Y(CC), v(CC) (SS/
RR)
1166 v (CC) 1200 v (CC) 1357 Vas(CC)/
3(CH3)
1380 8(CCH), 8(CCH) 1362 v (CC) 1422 8(CH3)
(meso), 5(COH)
(SS/RR)
1414 v(CC), 1(CO), 1421 8(CH3) 1715 Vas(C=0)
8(COH), v(CC)
(meso)

8(CHg), 5(CHa),
8sym(CHs), 1(CC)
(SS/RR)
1454 8(CH3) (meso) 1458 8(CH3)
5(CHz) (SS/RR) 1713 v (C=0)

the (100) terrace sites with an ‘ensemble’ of free Pt atoms. Using DFT
calculations, Li et al. studied in detail the structural preference for bond-
making and breaking reactions on (100) terrace sites [66,67]. They
attributed the effects observed to an ensemble of several surface atoms
on the (100) terrace. Our result is in good agreement with the above
mentioned experimental and computational studies. Therefore, we
would expect that the C—C bond cleavage on Pt(100) in the electro-
oxidation of 2,3-butanediol also requires a special ensemble site, which
includes a minimum number of free surface Pt atoms and is only possible
on Pt(100) terraces.

In Fig. 1, the band at 2343 em s assigned to the v,5(OCO) band of
CO». The distinct differences in the band intensities indicate that CO5 is
formed preferentially on the Pt(100) surface. As this surface is active
towards C—C bond cleavage and CO formation, we propose that COs is,
at least in part, formed by electrooxidation of CO,gs. On the other

Journal of Catalysis 435 (2024) 115541

surfaces, the band intensity of CO5 is very low and comparable to CO5
formed during the oxidation of isopropanol on Pt(111) and Pt(110)
[51,68]. Feliu et al. proposed that the traces of CO5 observed on Pt(111)
and Pt(110) may originate from defect sites, which are always present
on the large single crystals used for IR spectroscopy [51].

In the next step, we compare the spectra measured in p- and in s-
polarization in more detail. The comparison for the Pt(100) surface is
shown in Fig. 2 (see Fig. S4 in the Supporting Information for the other
surfaces). First, we note that the bands associated with CO; and COy, are
visible in p-polarization only. Secondly, the negative bands at ~1714,
1363, and 1200 cm ™! assigned to the products acetoin and diacetyl are
much more intense in p-polarization than in s-polarization. In addition,
there is a small blue shift in p-polarization as compared to s-polarization
(note that the spectra in polarizations were measured in the same
experiment). The presence of the CO,4s bands in p-polarization confirms
that the CO species are adsorbed on the Pt surface. For the two products
acetoin and diacetyl, we observe a lower band intensity in s-polariza-
tion. Additionally, we observe a shift of the peak position of the carbonyl
band. Taking into account the MSSR, we conclude that the products
remain partially adsorbed on the Pt(100) surface. We have previously
observed similar behavior for isopropanol oxidation [68-70].

Next, we quantitatively analyzed the IR spectra measured in s-po-
larization (solution only) using the Beer-Lambert law. After determining
the thin layer thickness and the extinction coefficients of selected IR
bands, we calculated the concentration changes of 2,3-butanediol, ace-
toin and diacetyl as a function of potential. We then determined the
selectivity of acetoin by the equation: Selectivityacetoin = Cacetoin/(Cace-
toin + Cdiacetyl)- For detailed information, we refer to our previous work
[24]. Note that the selectivity might also depend on the applied exper-
imental protocol and, at this point, we will discuss the selectivity for our
specific experiment only, in which we increased stepwise the potential
and we accumulate the products over the applied protocol. All results of
the quantitative analysis are summarized in Fig. 3. The initial concen-
tration of the reactant 2,3-butanediol was 0.2 M. Distinct differences are
observed with respect to the potential-dependent evolution of the
different species, and the selectivity.

On Pt(111), the conversion occurs in a potential window between

(@ [ ATRreference 1414 1380 1114 (®)[ ATR reference 14141350 1114
butanediol 1454 1166 butanediol 1454 1166
acetoin 1415482|1 | 12|05\/ acetoin \ 1415482\1 | 1200
m,m

1422
171N 1357 1123

I/\R/R=2%

adsorbed & dissolved species

|
e 1456 | 1200
\P)\ "7 1362
|
I \[OH\ 1714
dissolved species I/\R/R—1 /o

2400 2200 2000 1800 1600 1400 1200
Wavenumber [cm™']

2400 2200 2000 1800 1600 1400 1200
Wavenumber [cm']

Fig. 2. Comparison of the electrochemical in-situ IR spectra on Pt(1 00) recorded with (a) p- and (b) s-polarized light during the oxidation of 2,3-butanediol; 0.2 M
2,3-butanediol in 0.1 M HCIOy; reference spectra were recorded at 0.05 Vryg; the spectral region of the CO, and CO;, adsorbed on Pt is highlighted in blue. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Potential dependent development of the concentrations of 2,3-butanediol (green), acetoin (orange), diacetyl (blue) and CO, (purple) on Pt(111) (top), Pt
(100) (middle), and Pt(110) (bottom) during the oxidation of 2,3-butanediol determined from IR spectra measured with s-polarized light; 0.2 M 2,3-butanediol in
0.1 M HCIOy. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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0.4 and 0.7 Vryg. At low potentials, acetoin is preferentially formed. The
concentration of acetoin reaches a maximum of ~45 mM at 0.6 Vryg and
decreases rapidly to ~20 mM at higher potentials. Above 0.6 Vgyg,
diacetyl becomes the dominant species and reaches a concentration of
55 mM. At potentials of 0.7 Vgyg and above, the formation of both
diacetyl and acetoin levels off and we detect the formation of very small
concentrations of CO5 (<1.5 mM) only.

On Pt(100), the onset potential is also 0.4 Vgryg but the potential
window for conversion is much broader (0.4-1.1 Vgyg). At low poten-
tial, acetoin is formed preferentially and a peak in the acetoin concen-
tration is observed at 0.9 Vgyg. We note that this peak occurs at much
higher potentials as compared to Pt(111) and the following decrease in
acetoin concentration is less pronounced. Furthermore, there is a larger
overlap between the potential windows for acetoin and diacetyl for-
mation. At 1.1 Vgyg, the diacetyl and acetoin concentrations reach a
value of ~7.5 mM.

On the Pt(1 1 0) surface, the on-set of the 2,3-butanediol oxidation is
shifted by 0.1 V to higher potentials (0.5 Vryg) and acetoin and diacetyl
formation occur in parallel. At 0.7 Vryg, the concentration of acetoin
levels off at a concentration of 12 mM. In contrast to Pt(111), we
observe, however, no significant decrease in acetoin concentration at
potentials above 0.7 Vgryg. Diacetyl is formed up to 0.9 Vgyg, reaching a
concentration of ~25 mM, while 2,3-butanediol is consumed. Above 0.7
VRrug, low amounts of CO, are formed (1.2 mM). At 1.1 Vgyg, the se-
lectivities of acetoin are 33 %, 51 %, and 31 % for Pt(111), Pt(100), and
Pt(110), respectively.

In summary, all surfaces are active towards the formation of the
partially oxidized acetoin and the fully oxidized diacetyl. However, the
selectivities, activities, and potential windows differ. On Pt(111) ace-
toin is formed as an intermediate which is oxidized to diacetyl at higher
potential. On Pt(100) and Pt(110), the formation of acetoin and
diacetyl occurs in the same potential window. C—C bond cleavage and
CO,gs formation occurs on Pt(100) only. We attribute the much lower
activity of Pt(100) and the shifted maxima of the oxidation steps to
poisoning by CO,qs, formed as a result of C—C bond cleavage.

Once, we have studied the oxidation of 2,3-butanediol on non-
modified Pt(h k 1) surfaces, in the next step, we investigated the effect
of the IL [C2C;Im][OTf] on the selectivity. The experimental procedure
was identical to the experiments without IL. In particular, we focus on
the C—C bond cleavage, which occurs on the Pt(100) surface. First we
performed CV measurements in the presence of the IL on Pt(100) (see
Fig. S5 in the Supporting Information). We observe a decrease of the
oxidation peak in the presence of the IL. In Fig. 4, we compare the IR
spectra recorded in p-polarization in the absence and in the presence of
different concentrations of the IL. We observe the same bands of buta-
nediol, acetoin, and diacetyl, however, with distinct differences in the
onset potential, peak intensity, and intensity ratio. In general, the onset
potentials increase with increasing IL concentration (up to 0.7 Vgyg at
10 mM IL) as compared to the situation without IL (Fig. 4b—d). Secondly,
we observe a decrease in band intensity with increasing IL concentra-
tion. However, the most significant differences were observed in the
CO,gs bands. Already at the very low IL concentrations of 1 mM (Fig. 4c),
the CO,gs band intensity decreases drastically. At a concentration of 10
mM IL, the CO,q4s bands disappear completely (Fig. 4d). Note, that we
still observe the bands of the products acetoin and diacetyl, indicating
that the Pt(100) surface is still active for product formation. The
absence of any CO,gs on the surface indicates that the reaction channel
of C—C bond cleavage leading to the formation of CO is completely
suppressed. To study whether or not the anion alone is the modifier that
suppresses the poisoning species, we performed the same experiment
except using the salt with different cation, i.e. LifOTf]. As shown in the
Fig. S6 (Supporting Information), we still observe the bands of CO; and
COp in the presence of 10 mM Li[OTf] with similar intensity as in the
control experiment in the absence of the salt. Therefore, we conclude
that not only the adsorption of the anion but also additional interionic
interactions are required to suppress the formation of the poisoning
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Fig. 4. Electrochemical in-situ IR spectra recorded with p-polarized light dur-
ing the oxidation of 2,3-butanediol on Pt(100) in the absence and presence of
the IL [C2C,Im][OTf]; (a) ATR IR spectra of 2,3-butanediol (green), acetoin
(orange) and diacetyl (blue); in-situ IR spectra recorded in the (b) absence and
(c) presence of 1 mM and (d) 10 mM of IL; 0.2 M 2,3-butanediol in 0.1 M
HCIOy; reference spectra were recorded at 0.05 Vryg. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

species CO. Successively, we quantitatively analyzed the in-situ IR
spectra recorded in s-polarization in the absence (Fig. 5a) and presence
(1 mM, Fig. 5b) of IL (see spectra in Supporting Information, Fig. S7).
Besides the direct effect on the on-set potential discussed above, we
observe differences in the overall conversion and in the distribution of
the formed products (note, that a quantitative analysis of the spectra
measured in 10 mM IL is challenging due to the low signal intensity of
the products caused by the lower activity). The total conversion of
butanediol decreases from 10 % to 4 % in the presence of 1 mM IL. In the
absence of IL, the acetoin concentration reaches a maximum at 10 mM
and decreases slightly at higher potentials. Diacetyl is formed up to a
potential of 1.0 Vgryg, reaching a selectivity for acetoin of 51 % at 1.1
Vrue (see Fig. 5¢). In the presence of the IL, diacetyl is formed below 0.9
Vrye and the reaction stops at higher potentials. This results in a much
higher selectivity towards acetoin of 78 % at 1.1 Vgyg (Fig. 5¢).
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Fig. 5. Effect of low concentrations of the IL [C2C;Im][OTf] on the activity, selectivity and CO formation during the oxidation of 2,3-butanediol on Pt(100);
potential-dependent development of the concentrations of 2,3-butanediol (green), acetoin (orange), diacetyl (blue) and CO, (purple) in (a) the absence and (b) the
presence of 1 mM IL; (c) effect of 1 mM IL on the selectivity to acetoin; (d) development of the band intensities of CO; (top) and CO}, (bottom) in the absence and
presence of different IL concentrations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

To complete the picture, we plotted the band intensities of the CO¢
(Fig. 5d top) and COy, (Fig. 5d bottom) bands in the absence (orange) and
in the presence of the IL (1 mM: blue; 10 mM: green, determined from
the spectra recorded with p-polarized light). Already at very low IL
concentration (1 mM), the onset potential for CO formation shifts from
0.4 to 0.5 Vryg and CO bands decrease in intensity as compared to the
experiment without IL. Note that a direct correlation between band in-
tensity and CO coverage is not possible due to coupling effects and
different dynamic dipole moments [57]. At 10 mM, CO,q4s formation is
completely suppressed.

In previous work, we demonstrated that, in the presence of the IL
[CoC1Im][OTS], the [OTf]™ anion adsorbs specifically on the Pt(111)
surface in a potential-dependent and reversible manner, while we
observed the cation in solution only [24,52]. Note that we cannot
exclude statically adsorbed cations. In the presence of the IL, we
observed a partial blocking of the OH,gs formation on the Pt surface
[52]. We propose that this type of reversible adsorption also occurs on
the Pt(100) surface and suggest that it is responsible for the increase of
the onset potential of ketone formation and the lower activity due to
partial blocking of the active sites. On the other hand, the adsorption of
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Scheme 2. Schematic representation of the processes occurring during the oxidation of 2,3-butanediol on the Pt(100) surface in the absence (left) and presence

(right) of an IL modifier.
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[OTf] ™ also leads to an increase of selectivity to acetoin and suppresses
C—Cbond cleavage and, as a result, CO formation (see Scheme 2). In our
previous work, we proposed that for Pt(111) the potential-dependent
adsorption of the [OTf] ™ anion suppresses the formation of surface OH
especially in the potential window of the second oxidation step. Thus,
the conversion of acetoin to diacetyl is prevented, increasing the selec-
tivity towards acetoin [24]. In this work, we have also shown that there
is an additional reaction channel, i.e. C—C bond cleavage that gives rise
to formation of CO,gs. This channel is observed on Pt(1 00) terraces only.
Once these (100) sites are modified by the IL, C—C bond cleavage is
suppressed. Thus, the formation of CO, which is a poisoning species on
the Pt catalysts, can be prevented. This finding is also relevant for Pt
nanoparticles, which often expose a combination of (111), (100) and
(110) facets and where the CO,q4s can migrate between these facets.

4. Conclusions

In this work, we have studied the electrooxidation of 2,3-butanediol
on the low index platinum surfaces Pt(111), Pt(100) and Pt(110) in
acidic environment (0.1 M HClO4) by EC-IRRAS. We elaborate the effect
of the IL [CoC1Im][OTf] on the activity, selectivity for the two products
acetoin and diacetyl, and ability for C—C bond cleavage. From our re-
sults we conclude:

1. Reaction products in solution: All Pt(h k 1) surfaces studied in this work
are active for the electrooxidation of 2,3-butanediol. On all surfaces,
partially oxidized acetoin and fully oxidized diacetyl are formed,
with both products desorbing into the solution. However, the 2,3-
butanediol electrooxidation is a structure sensitive reaction. Activ-
ity, selectivity and potential window for oxidation depend on the
crystal facet. On Pt(11 1), the oxidation occurs in a potential window
between 0.4 and 0.7 Vryg and the potentials of the two sequential
oxidation steps are well separated. On Pt(100) and Pt(110), the
oxidation takes place in potential windows of 0.4 and 1.1 Vgyg and
0.5 and 0.9 Vgyg, respectively, and the two oxidation steps overlap.
While the fully oxidized diacetyl is formed as the main product on Pt
(111) and Pt(110), the selectivity towards the partially oxidized
acetoin reaches ~50 % on the Pt(100) surface.

2. C—C bond cleavage: While all investigated surfaces are active for the
oxidation of the secondary alcohol functionality, C—C bond cleavage
occurs on Pt(1 00) sites only due to the ensemble effect. Adsorbed CO
is formed as a reaction by-product, poisoning the surface.

3. Effect of the IL on conversion, selectivity, and C—C bond cleavage on Pt
(100): Even low concentrations of IL affect both activity and selec-
tivity for the electrooxidation of 2,3-butanediol on Pt(100). While
we observe a decrease in activity, the selectivity to the partially
oxidized acetoin increases from about 50 % to almost 80 % in the
presence of low concentration of the IL (1 mM [C2C;Im][OTf]). Most
importantly, the IL suppresses C—C bond cleavage and, thus, pre-
vents the formation of CO, which poisons the catalyst.

4. Proposed mechanism: We attribute the effects on conversion, selec-
tivity, and C—C bond cleavage to the potential-dependent and
reversible adsorption of the [OTf]™ anion and additional interionic
interactions. The specifically adsorbed [OTf]™ blocks part of the
surface sites, which leads to a decrease of activity. However, this
adsorption also blocks OH formation in the potential window of the
second oxidation step, which leads to an increase of selectivity for
the partially oxidized acetoin. Finally, the adsorbate blocks the en-
sembles of Pt(100) terrace sites required for C—C bond cleavage,
which suppresses the formation of CO.

Our work demonstrates the potential of ionic liquid modifiers for
improving the selectivity of electrocatalysts. The IL not only affects the
selectivity in a reaction system with two competing products (selective
oxidation of different secondary alcohols), but also suppresses undesired
side reactions (C—C bond cleavage). In a real electrocatalyst, the active
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particles will expose different facets and defect sites, which show
different activity and interact differently with the IL. The pronounced
structure dependence observed in this study shows that a detailed
fundamental understanding will be required to design IL modified
electrocatalysts for real applications.
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Appendix A. Supplementary material

Cyclic voltammograms of Pt(h k1) single crystal electrodes taken in
the blank electrolyte, absence and presence of 2,3-butanediol. Com-
parison of the IR spectra of the 2,3-butanediol oxidation measured with
p- and s-polarized light on Pt(h k 1) single crystal electrodes; spectra are
separated into CO and fingerprint regions; IR spectra of the 2,3-butane-
diol oxidation at different IL concentrations measured with s-polarized
light; IR spectra of 2,3-butanediol oxidation on Pt(100) with and
without Li(OTf). Supplementary data to this article can be found online
at https://doi.org/10.1016/j.jcat.2024.115541.
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