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The heterogeneous upgrading of biomass by means of electrocatalytic hydrogenation is an attractive way to
refine products for industrial and pharmaceutical purposes. Also, the efficient electrochemical reduction of car-
bonyl compounds can act as hydrogen vectors, and therefore energy vectors. In this manuscript, we render fur-
ther fundamental insights into the electrochemical reduction of acetone as a model molecule of carbonyl
compounds. The structural sensitivity of the reaction is demonstrated by using platinum single crystal elec-
trodes with low Miller indices and stepped electrodes with (110) terraces and either (111) or (100) monoa-
tomic steps. Among the basal planes, Pt(110) is the only one active for the electroreduction of acetone. The
inclusion of (111) steps on the (110) terraces does not significantly alter the behavior of Pt(110), but increas-
ing the (100) step density has been observed to decrease the activity. We attribute this different performance
to a geometrical effect of the active sites. By using different supporting electrolytes, we have found that sulfate
competes with acetone for the surface sites, thus modifying the adlayer interfacial structure and hampering
acetone reactivity.
1. Introduction

The electrochemical hydrogenation of organic molecules has been
the subject of upsurged interest over the past years. Further refinement
of these biogenic compounds coming from biomass can be achieved
under ambient conditions by applying a cathodic potential. In this
sense, the traditional thermal methods employed and the hydrogen
inputs coming from steam reforming of fossil fuels should be avoided,
thus helping to reduce CO2 emissions [1,2]. Besides the upgrading of
biomolecules for industrial purposes, the efficient electrochemical
hydrogenation of carbonyl compounds can act as hydrogen vectors,
and therefore energy [3]. For instance, the acetone/isopropanol cou-
ple is a particular system of environmentally friendly organic liquids
that selectively store hydrogen [4–6]. Being acetone the simplest
ketone, fundamental insights into the electrochemical hydrogenation
of its carbonyl functional group can render valuable knowledge into
the refinement of biomass.

The electrochemistry of acetone has been previously studied on
platinum [7–10], being both propane and 2-propanol the main reac-
tion outcomes. The different product selectivity was firstly attribu-
ted to the existence of two types of adsorbed hydrogen, in which
one of them is interstitial [7]. The history of the platinum electrode
(anodic activation vs cathodized electrode) was also observed to
play a role in the product selectivity. More recently, this diversity
in the production of either propane or 2-propanol has been ascribed
to the surface sensitiveness of acetone electroreduction [11], which is,
in fact, related to the creation of different surface sites when plat-
inum is anodically or cathodically corroded. Moreover, it has been
shown that the hydrogenation of the carbonyl functional group
not only depends on the surface geometry but also on the molecular
structure of the reactant. For instance, acetone does not reduce on
Pt(111) electrode, but acetophenone does due to a stronger interac-
tion of the phenyl ring with this particular atomic arrangement
[12].

Along these lines, the (110) structure of platinum has shown the
best catalytic properties for the electroreduction of acetone [11]. After
analyzing Pt[(n - 1)(111) × (110)] and Pt[(n + 1)(100) × (110)]
electrodes, it was found that acetone reduction takes place on (110)
steps, producing either 2-propanol or propane, respectively. This reac-
tion is moreover rate determined by the proton-coupled electron trans-
fer, thus being adsorbed hydrogen indispensable for the reduction to
take place [9]. However, this also means that acetone and hydrogen
compete for the adsorption sites, being the hydrogen evolution a par-
asitic reaction that hampers the hydrogenation of acetone.
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Because of the inherent importance of surface structure and adsorp-
tion of species on the electroreduction of acetone, in this work, this
reaction on platinum electrodes with low Miller index planes and
stepped surfaces with (110) terraces and either (111) or (100)
monoatomic steps has been studied. Different acidic supporting elec-
trolytes have been used to design scenarios where a third species
can compete for the adsorption sites or not. Moreover, the effect of
acetone concentration has been also analyzed. We show that the active
sites for the acetone electroreduction are those present in a row den-
sely packed with Pt atoms separated by a distance of 2√a of the next
row, being a the lattice parameter of the fcc structure of Pt.
2. Experimental section

The electrochemical setup and the preparation of Pt single crystal
working electrodes have been previously described elsewhere
[13,14]. In this work, the stepped electrodes used were those vicinal

to the (110) pole, in the crystallographic [1 1
�
0] and [001] zones.

These stepped surfaces have (110) terraces separated by monoatomic
(111) and (100) steps, respectively. Before each measurement, the
voltammetric profile of each electrode was recorded in the supporting
electrolyte to check surface order and also that the solutions are free
from any contamination. Experiments were carried out at room tem-
perature in a three-electrode electrochemical cell de-aerated using
argon (Air Liquide, N50). A Pt wire and reversible hydrogen electrode
(RHE) were used as counter and reference electrodes, respectively.
Cyclic voltammograms were recorded using an Autolab PGSTAT302N
potentiostat in a hanging meniscus configuration. All the solutions
were prepared using MilliQ water (Purelab flex, 18.2 MΩ) containing
either sulfuric acid (Merck Suprapur, 96 %) or perchloric acid (Merck,
for analysis 70–72 %) as the supporting electrolyte, and acetone
(Sigma-Aldrich, ≥99,9 %) in different concentrations.

Fourier transform infrared (FTIR) spectroelectrochemical experi-
ments were performed with a Nicolet Magna 850 spectrometer
equipped with a MCT detector. The spectroelectrochemical cell was
equiped with a prismatic CaF2 window beveled at 60°. Experiments
were performed at room temperature, with a reversible hydrogen elec-
trode (RHE) and a platinum wire used as reference and counter elec-
trodes, respectively. All the spectra were collected with a resolution
of 8 cm−1 and are the average over 200 interferograms and p polar-
ized light. They are presented as absorbance, according to
A = − log(R/R0) where R and R0 are the reflectance corresponding
to the single beam spectra obtained at the sample and reference poten-
tials, respectively. Reference spectrum was taken at 0.8 V.
Fig. 1. Voltammetric profiles of the Pt(111) electrode in the presence (full
black line) and the absence (dashed red line) of 0.1 M acetone in 0.1 M HClO4

or 0.1 M H2SO4. Scan rate: 50 mV s−1.
3. Results and discussion

In order to understand the electrochemical behavior of acetone on
platinum electrodes, it is important to characterize its adsorption
behavior, since the adsorption of the molecule governs its subsequent
reactivity. Weak interactions or adsorption modes in unreactive con-
figurations result in low activity. For this purpose, the voltammetric
profiles in the presence of acetone with different concentrations have
been recorded and compared to those obtained in its absence. The
analysis seeks for oxidation or reduction currents and changes in the
hydrogen adsorption profile of the electrode, which indicates the pres-
ence of strongly adsorbed species on the surface because of the specific
interaction of acetone with the surface. Two different electrolytes will
be used: 0.1 M perchloric acid and 0.1 M sulfuric acid, which differ in
the interaction of the anion with the surface so that acetone adsorption
can be compared in both scenarios. While perchlorate anions are not
specifically adsorbed on the platinum surface, sulfate anions interact
specifically with the surface after hydrogen desorption in a competi-
tive process [15].
2

Fig. 1 shows the voltammetric profiles for the Pt(111) electrode in
the two electrolytes in the presence and absence of 0.1 M acetone.
Despite the high acetone concentration, the profiles are almost identi-
cal to those obtained in its absence. Moreover, no additional oxidation
or reduction currents are observed, indicating that acetone is not
undergoing a redox reaction. This result is in agreement with previous
observations which neglected a rearrangement of the sulfate adlayer
due to acetone adsorption [11,16]. Only very minor differences are
detected between both supporting electrolytes. In perchloric acid solu-
tion, the peak at 0.8 V related to OH adsorption is less sharp, whereas
in sulfuric acid the spike related to the phase transition of the sulfate
layer is slightly displaced to higher potentials. We relate both changes
to possible modification in the interfacial structure of the adlayer
induced by the presence of acetone, which modifies the interactions
of OH and sulfate with the surface. Anyhow, the results indicate that
the interaction of acetone with the surface is weak because it does
not alter the adsorption behavior of hydrogen or the anions (OH–, in
the case of perchloric acid, or sulfate). Moreover, the absence of any
further reduction current besides the hydrogen evolution reaction
(HER) points out that the interaction or contact of the acetone mole-
cule with the Pt(111) surface occurs in a configuration that does not
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allow any reaction to take place [12]. This fact is supported by DFT
calculations that showed the energetically unfavorable adsorption of
acetone on Pt(111) and Pt(100) surfaces [11].

A different situation is found for the Pt(100) electrode (Fig. 2). In
these voltammograms, the first two cycles are shown, because differ-
ences are observed between the first (full line), and the second (dashed
line) and subsequent scans when it reaches a stationary behavior
[11,16]. For this electrode, changes in the voltammetric profiles for
acetone electroreduction when compared to those recorded in its
absence are visible even for the lowest acetone concentration
(10–3 M). In both electrolytes, a small oxidation process is observed
at the upper potential limit. After the scan reversal, the currents mea-
sured for the hydrogen adsorption diminishes, indicating that some
acetone-related species are adsorbed on the surface. The partial poi-
soning of the Pt(100) electrode was also noticed in the sulfuric elec-
trolyte by [11,16] and has been recently ascribed to the dissociative
adsorption of acetone on this surface geometry, giving rise to carbon
monoxide and CHx species that result in the deactivation of the elec-
trode. The changes in the voltammetric profiles are more evident as
concentration increases. For 0.01 M acetone and perchloric acid solu-
Fig. 2. Voltammetric profiles of the Pt(100) electrode in the presence of
different acetone concentrations in 0.1 M HClO4 or 0.1 M H2SO4. Full line: first
scan; Dashed line: second scan. Scan rate: 50 mV s−1.
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tions, the voltammetric profile between 0.1 and 0.3 V during the first
scan coincides with that obtained in the absence of acetone, indicating
that no changes in the adsorbed layer on the electrode have occurred
between 0.1 and 0.3 V. However, additional positive currents are
observed from this later point and 0.5 V in the form of a peak. From
the shape and charge involved in this peak, it can be assigned to an
oxidative adsorption process of acetone on the Pt(100) surface. In this
region, adsorbed hydrogen is being replaced by the adsorbed OH,
which can catalyze the oxidative adsorption of acetone, in a similar
way that it has been observed for methanol [17]. After the peak, the
measured currents are those obtained typically for double layer charg-
ing processes, which indicates that this oxidative process is limited by
the availability of free sites on the surface, a characteristic of adsorp-
tion processes. This oxidation is also incomplete, since above 0.6 V
another oxidation process starts, which was also observed for the low-
est concentration. For the concentrations which show significant oxi-
dation currents above 0.6 V, oxidation currents are again observed
at ca. 0.5 V in the negative scan direction. This potential is close to that
of the peak observed in the positive scan direction. Thus, this current
should be assigned to the readsorption of acetone-related species. This
means that some adsorbed species have been oxidized at E > 0.6 V,
and new free sites are available for the oxidative adsorption of ace-
tone-derived species. From that point, the observed voltammetric pro-
file in the hydrogen region corresponds to that measured on a partially
blocked surface. Additionally, a very minor increase in the hydrogen
evolution zone can be observed which may suggest very weak acetone
reduction. In the second scan, the only significant difference is the dis-
appearance of the peak at 0.4 V, which corroborates that this peak is
related to an oxidative adsorption process, limited by the geometric
availability of sites. For the highest acetone concentration, the peak
associated with the oxidative adsorption of acetone during the first
cycle is more intense and displaced to lower potentials, so that higher
coverages are obtained. This results in lower oxidation currents at high
potentials and a higher inhibition in the hydrogen adsorption process,
as observed in the second scan. In sulfuric acid solutions, the qualita-
tive behavior is the same, although, the presence of adsorbed sulfate
hinders the oxidation of acetone at high potentials. However, the cov-
erage of adsorbed species is very similar, because the hydrogen
adsorption profile in the second cycle is very similar when the upper
scan limit is set to 0.8 V (figure S1).

Additional information on the behavior of acetone can be obtained
using different upper potential limits for the voltammetry (Fig. 3). For
this, a freshly annealed electrode is immersed in the cell at 0.1 V and
two cycles are recorded using different upper potential limits between
0.5 and 0.9 V. In perchloric acid, the hydrogen adsorption profile in
the negative scan of the first cycle and both scan directions of the sec-
ond cycle is the same when the upper potential limited is between 0.5
and 0.7 V. This fact indicates that the oxidative adsorption of acetone
forms stable adsorbed species on the surface in the potential region
between 0 and 0.7 V and reaches a “saturation” coverage at 0.5 V,
probably because of steric barriers within the adsorbed layer. In this
sense, the CAC bond cleavage coming from this dissociative adsorp-
tion on Pt(100) terraces are thought to accumulate CHx species and
carbon monoxide on the electrode [16]. Similar conclusions were pre-
viously found for other organic molecules such as ethyl pyruvate [18].
For the higher upper limits, some acetone adsorbed species are being
oxidized, together with acetone molecules from the bulk. As a result,
in the negative scan direction oxidative currents are recorded at
0.5 V. The hydrogen adsorption profile for these scans shows higher
currents. These observations are the consequence of the partial oxida-
tion of the adsorbed acetone species during the oxidation wave cen-
tered at 0.8 V. The scenario is to some extent different in sulfuric
acid solutions because the presence of specifically adsorbed sulfate
hinders the processes related to acetone. Thus, for the upper limits
between 0.5 and 0.7 V, the currents for hydrogen adsorption in the
negative scan direction of the first cycle are larger than those in the



Fig. 3. Voltammetric profiles of the Pt(100) electrode in 0.01 M acetone in
0.1 M HClO4 or 0.1 M H2SO4 with different upper potential limits. Full line:
first scan; dashed line: second scan. Scan rate: 50 mV s−1.

Fig. 4. Voltammetric profiles of the Pt(110) electrode in the presence of
different acetone concentrations in 0.1 M HClO4 or 0.1 M H2SO4. Full line: first
scan; Dashed line: second scan. Scan rate: 50 mV s−1.
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second. It is clear then that the acetone adsorbed layer has not been
completely formed during the first scan because the presence of
adsorbed sulfate has hampered its formation. Additionally, when the
upper potential limit is 0.9 V, some acetone adsorbed species are oxi-
dized and desorbed, as happens in perchloric acid solution.

Among basal planes, the Pt(110) electrode is the only low index
surface that shows significant reduction currents associated with ace-
tone close to the hydrogen evolution region, as shown in Fig. 4. The
unique properties of this atomic arrangement towards acetone elec-
troreduction have been recently reported [11], highlighting that
(110) steps on (111) and (100) terraces are the active sites for the
hydrogenation of this molecule. In contrast to the Pt(111) electrode,
where acetone does not adsorb, and the Pt(100) surface, where it
oxidatively adsorbs, the adsorption of acetone on the Pt(110) elec-
trode maintains the molecule intact either in the enolate or protonated
form, depending on the applied potential. When the electrode is
immersed in the solution at 0.1 V, acetone adsorption phenomena
are already taking place because the currents between 0.1 and 0.3 V
are smaller than those recorded in absence of acetone, even for the
4

lowest concentration. If the adsorption of acetone species is related
to the adsorption of OH, as proposed for the Pt(100) electrode, the
onset for the OH adsorption process on the Pt(110) electrode is very
close to 0.1 V, as indicated by the potential of zero total charge of this
electrode (ca. 0.12 V) [19,20]. In the negative scan direction, hydro-
gen adsorption is partially blocked by the presence of acetone-derived
species and at ca. 0.1 V, a reduction process appears superimposed on
the currents related to the hydrogen evolution. In perchloric acid solu-
tions, a significant increase in the negative currents is observed when
the concentration is increased from 0.001 M to 0.01 M acetone, but
from that point, the increase is almost negligible. Additionally, the
hydrogen coverage measured in the following positive scan direction
is higher, implying that some of the adsorbed species have been
reduced. In sulfuric acid solutions, the qualitative behavior is similar.
In fact, the difference in the hydrogen adsorption coverage between
the positive and negative scan directions is clearer as the difference
in current density for the peak at 0.13 V between positive and negative
scan directions is very evident. The main difference is the presence of a
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reduction peak centered at 0.06 V for the 0.01 M acetone solution.
This type of peak has been already observed for other adsorbed spe-
cies, such as hydroquinone [21] or catechol [22]. On the other hand,
when comparing the reduction currents between sulfuric and perchlo-
ric acid solutions (figure S2), some differences are observed for the
0.01 M concentration. For a pure reduction process, without the inter-
ference of previously adsorbed species, it would have been expected
that the currents in perchloric and sulfuric acid solutions were identi-
cal because, at the potentials at which the reduction of acetone takes
place, anions have been completely desorbed and the hydrogen cover-
age is the same. However, this is not the case. For this acetone concen-
tration, currents in sulfuric acid are slightly smaller with the
appearance of the reduction peak at 0.06 V. Clearly, the difference is
related to the formation of acetone-derived adlayer. The adlayer
formed during the previous scan takes place actively in the reduction
process and thus, the presence of sulfate, which adsorbs on the surface
from 0.13 V leads to the formation of lower coverage, which is also
pointed out by a lower blockage of the hydrogen region in sulfuric
solution. Conversely, for the 0.1 M concentration, the reduction cur-
Fig. 5. Voltammetric profiles of the Pt(110) electrode in the presence of
0.01 M acetone in 0.1 M HClO4 or 0.1 M H2SO4 with different upper potential
limits. Scan rate: 50 mV s−1.
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rents and the profiles in the hydrogen adsorption region are in both
media are identical, implying that the acetone layer formed in the
scans has reached similar coverage.

If the acetone-derived adlayer is actively taking part in the reduc-
tion process, it is important to study the effect of the upper potential
(Fig. 5), using the same procedure as that employed for the Pt(100)
electrode. For the sulfuric acid solution, as the upper potential
increases, the reduction peak at 0.06 V displaces to lower potential val-
ues, and its charge increases, which corroborates the previous hypoth-
esis. In perchloric acid solutions, differences are minimal, indicating
that, in the absence of the specific adsorption of anions, the adlayer
is readily formed at potentials below 0.4 V. Thus, it can be concluded
that for this electrode the adsorption process of acetone starts at low
potentials and that there is a competition for the adsorption sites
between acetone and sulfate and also with hydrogen at lower
potentials.

In situ FTIR measurements on Pt(110) in perchloric acid elec-
trolyte coincide with those previously reported [11]. Thus, the bands
at 2965 and 2877 cm−1 correspond to the asymmetric and symmetric
stretching vibrations of the methyl group of 2-propanol. In addition, a
band at 2936 cm−1 is also observed, which can be assigned to propane
asymmetric and symmetric stretching vibrations of the methyl group
(figure S3).

Since the Pt(110) electrode is the only one among the basal planes
on which acetone reduction takes place, it is important to know how
the actual surface structure of this plane affects the reduction. It has
been shown that acetone hydrogenation only takes place at the step
sites of both Pt[(n-1)(111)×(110)] and Pt[(n + 1)(100)×(110)]
electrodes [11,16]. However, the product distribution is significantly
influenced by the nature of the terrace since propane is generated at
the steps sites of Pt[(n)(100)×(110)] electrodes whereas 2-propanol
is formed at the steps of Pt[(n-1)(111)×(110)] surfaces. Here, the
behavior of stepped surface containing (110) symmetry terrace sites
and (111) steps (with Miller indexes Pt(2n-1,2n-1,1), where n is the
atomic terrace length) or (100) steps (with Miller indexes Pt(n,n-
1,0)) is analyzed. Fig. 6 shows the results for both series of stepped sur-
faces in perchloric acid solution. The qualitative behavior in sulfuric
acid solutions (figure S3) follows the same trends. Differences in the
behavior can be observed depending on the step symmetry. For clarity,
an enlargement of the acetone reduction region has been added as an
inset to the graphs. For the surfaces containing (111) steps, a diminu-
tion of the activity for the reduction is observed, although, for the sur-
face with the highest step density, the Pt(331) electrode, significant
reduction currents are still measured. This surface is the so-called turn-

ing point in the [11
�
0] crystallographic zone because it can be consid-

ered as a surface containing 2 atom-wide (110) terraces separated by a
(111) monoatomic step or 2 atom-wide (111) terraces separated by
(110) monoatomic steps. This result agrees with the observed behav-
ior of the stepped surfaces containing (111) terraces and (110) steps,
in which the activity for the acetone reduction reaction is proportional
to the (110) step density [11]. On the other hand, for the surfaces con-
taining (100) steps, which belong to the stereographic zone [001], a
small diminution is observed as the step density increases, although for
the Pt(210) electrode, which is the turning point in this series, the
reduction currents are significantly smaller and largely suppressed
for the higher acetone concentration.

As previously mentioned, acetone dissociatively adsorbs on the Pt
(100) terrace sites as CO/CHx species, leading to the deactivation of
the electrode. However, this oxidative adsorption does not take place
on (100) step sites, meaning that more than two neighboring atoms
with (100) symmetry are needed for the dissociative adsorption of
acetone [16]. Therefore, the different activity for the two series is
not due to the poisoning of the Pt[n(110)×(100)] surfaces, but can
be related to the different geometry of the step sites, as shown in
Fig. 7. The Pt(110) surface can be even considered as a step surface



Fig. 6. Voltammetric profiles of the Pt(n,n-1,0) and Pt(2n-1, 2n-1,1) stepped surfaces in 0.1 M HClO4 with different acetone concentrations. Insets show
magnification of the acetone reduction peak. Scan rate: 50 mV s−1.
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with two atom-wide (111) terraces and a (111) monoatomic step.
Then, the activity can be linked to the presence of a row of atoms den-
sely packed Pt atoms separated by a distance of 2√a of the next row,
being a the lattice parameter of the fcc structure of Pt. This row is
shown in Fig. 7 enclosed in a box. The introduction of (111) steps,
only reduces the number of these rows and for this reason, the activity
only shows a small diminution, as can be seen in the hard-sphere
model of (551) surface (Fig. 7). Also, this row of atoms, which is also
present on the (110) steps on the (111), terraces explains the activity
found for this series of surfaces. On the other hand, (100) steps on the
(110) terraces run perpendicular to these rows, as shown for the
(310) surface, breaking the active row. Since acetone is a molecule
that needs more than one site for the adsorption, the presence of the
step diminishes the number of contiguous sites and, for the Pt(210)
surface, the number of contiguous sites on the surface with the appro-
priate symmetry is only one and the reduction of acetone cannot take
place.
4. Conclusions

In this paper, we have investigated the electrochemical hydrogena-
tion of acetone on platinum single crystal electrodes using acidic sup-
porting electrolytes with a different interplay of the anion with the
surface, and several acetone concentrations. The Pt(111) electrode
shows no interaction with acetone and does not undergo a redox reac-
6

tion. However, we noticed a plausible change in the interactions of OH
and sulfate with the surface caused by the presence of acetone, thus
pointing out a modification in the interfacial structure of the adlayer.
On the contrary, Pt(100) presents a different behavior in which the
molecule of acetone dissociatively engages with the surface, displaying
oxidative currents above 0.5 V that coincides with the presence of
adsorbed OH. It has been observed that although the coverage reached
by acetone-related species is similar in both perchloric and sulfuric
acid, the presence of adsorbed sulfate hampers acetone oxidation at
high potentials. Apart from the oxidative adsorption on Pt(100) sur-
face, acetone does not experience a significant reduction on this elec-
trode. For Pt(110), clear reduction peaks were observed. We propose
that the interaction of acetone with the surface is related to OH adsorp-
tion (ca. 0.12 V). Therefore, the presence of sulfate leads to lower ace-
tone coverages and slightly smaller reduction currents when compared
with those recorded in the perchloric acid electrolyte. The behavior of
stepped surfaces containing (110) symmetry terrace sites and either
(111) or (100) steps has been illustrated. Pt[n(110)×(111)] elec-
trodes display a minor activity diminution as the step density
increases. On the contrary, reduction currents are minimal for Pt[n
(110)×(100)] surfaces when the step density increases. We conclude
that the active sites for the electroreduction of acetone are those pre-
sent in a row densely packed with Pt atoms separated by a distance of
2√a of the next row, being a the lattice parameter of the fcc structure
of Pt. Therefore, acetone reduction only takes place when this geomet-
rical requirement is fulfilled.



Fig. 7. Hard sphere models for the Pt(110), Pt(551), and Pt(310) surfaces. The green box indicates the row of atoms active for the reduction of acetone.
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