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a b s t r a c t 

Acetol – a dehydration product of glycerol – can be selectively reduced to 1,2-propanediol and acetone 

through hydrogenation and dehydroxylation reactions, thereby providing a platform toward an efficient 

upgrading of biomolecules. To shed light on the relationship between the reactivity and the electrode 

structure, we report the electrochemical reduction of acetol on low-index platinum single crystals and 

their corresponding epitaxial palladium monolayers (Pd ML ). Combining cyclic voltammetry and in-situ 

spectroscopy measurements, Pt(110) and Pt(111) are shown to be active surfaces for acetol adsorption and 

reduction at potentials near 0 V vs.RHE, though accompanied by the dissociative adsorption of acetol to 

poisoning CO. For the Pt(100) surface, the activities of both acetol reduction and hydrogen evolution are 

inhibited by the most prominent CO poisoning among the three surfaces. In contrast, no electrochemical 

acetol reduction is detected on palladium monolayer near 0 V vs.RHE, irrespective of the surface crys- 

tallographic orientation. However, acetol decarbonylation still proceeds especially on Pd ML Pt(110), which 

suffers from the most severe poisoning from the low-index surfaces. Furthermore, to access practical ap- 

plications, we extend the study on the effect of the electrode material, the applied potential, and the 

electrolyte pH on the selectivity of acetol reduction. At sufficiently negative potentials, Au and Pt are ap- 

propriate candidates toward hydrogenation reaction to 1,2-propanediol at Ph = 3, whereas Pd exhibits 

the ability to produce both 1,2-propanediol and acetone at pH = 1 and pH = 3, the selectivity of which 

is strongly dependent on the potential. Given these mechanistic insights into acetol adsorption and re- 

duction at the specific electrodes and facets, this work provides guidance on how to rationally design 

electrocatalysts toward efficient electrochemical hydrogenation. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Electrochemical conversion of biomass feedstock to value-added 

hemicals and fuels would be a significant step toward a carbon- 

eutral cycle, allowing for an upgrading platform using renew- 

ble electricity [1–3] . On the one hand, biomass originating from 

he decomposition of lignocellulose through pyrolysis or hydrol- 

sis processes results in a complex mixture of acids, alcohols, 

nd ketones [4] . The further refinery of these compounds is of 

aramount importance to produce useful intermediates or poten- 

ial transportation fuels. On the other hand, compared to conven- 

ional petrochemical-derived processes, which run at high tem- 

erature and pressure, as well as using hydrogen as the reducing 

gent [5] , electrocatalytic routes have emerged as a promising al- 

ernative which may be more environment-friendly and may offer 

etter safety. 
∗ Corresponding author. 

E-mail address: m.koper@chem.leidenuniv.nl (M.T.M. Koper). 
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Studies on electrochemical hydrogenation of carbonyl com- 

ounds, such as 5-hydroxymethylfurfural [6] , glucose [7] , ethyl 

yruvate [8] , have therefore attracted great attention. Since they 

nvolve multiple functional groups, the active and selective conver- 

ion of these molecules are correlated closely with the electrode 

urface and the chemical environment [9] . To design a catalyst to- 

ard an efficient electrochemical process, it is important to build a 

tructure – reactivity relationship to understand the interaction be- 

ween the surface and the molecules. However, for most catalysts, 

t is difficult to isolate the surface structure effects from other vari- 

bles, such as structural heterogeneity, multiple defects, and sup- 

ort interactions [8] . 

Well-ordered single crystals offer a platform to deconvolute 

uch effects, which in turn may guide the rational design of elec- 

rocatalysts with the desired structure. For example, acetone, as the 

implest ketone, has been investigated as a model reaction on plat- 

num (Pt) single crystals [10] . It was found that acetone reduction 

s highly structure sensitive: on surfaces with a (111) terrace and 

110) steps, it is hydrogenated to 2-propanol, while on surfaces 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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ith a (100) terrace and (110) steps, the hydrogenolysis product, 

.e. propane, is produced. This trend was also observed for longer 

liphatic ketones. 

The reactivity of ketones is influenced by their further chemi- 

al functionalization, which might modify the adsorption energies 

r the spatial configuration of these functional groups on the elec- 

rode surface. Taking the same example of acetone reduction, the 

dsorption of acetone is unfavorable at the (111) and (100) facets 

f the Pt surface, thus no reduction proceeds [10] . However, func- 

ionalization of acetone with a phenyl ring to acetophenone makes 

he molecule bind on the Pt surface through π-electron system 

11–13] . As a result, acetophenone activation is enabled, facilitating 

ydrogenation of the carbonyl group to 1-pheylethanol on Pt(111) 

nd hydrogenolysis to ethylbenzene on the Pt(100) surface [14] . 

In addition to platinum, palladium (Pd) electrodes have also 

een widely used for electrochemical hydrogenation reactions [ 15 , 

6 ], showing significantly higher activity than Pt in certain cases 

17] . As the Pd bulk material absorbs hydrogen into the lattice be- 

ow 0.2 V vs.RHE, the reduction current is dominated by hydrogen 

ormation, making it difficult to understand the relationship be- 

ween electrode structure and reactivity for electrochemical hydro- 

enation. Our group has previously used Pd monolayer deposition 

n the Pt surface by epitaxial growth, to investigate the electro- 

hemical hydrogenation of acetophenone. It has been pointed out 

hat bulk Pd electrode and Pd monolayer on Pt electrode have sim- 

lar electronic properties, as well as that the Pd monolayer surface 

eeps the atomic arrangement of the Pt substrate, mimicking the 

urface Pd orientation. [18] 

In light of the aforementioned fundamental understanding of 

he electrode activity, we return to organic electrosynthesis for 

iomass upgrading. In previous work, we have demonstrated the 

eduction of glyceraldehyde (GA) and dihydroxyacetone (DHA) –

ntermediates arising from the selective glycerol oxidation [19–

1] – to a series of products with higher value or larger market 

ize, such as 1,3-propanediol (1,3-PD) or acetone [22] . In this pa- 

er, we continue to pursue a cascade upgrading from glycerol as 

t is challenging to reduce glycerol directly due to the negative re- 

uction potential of their hydroxyl groups [23] . 

Our strategy here is to start with hydroxyacetone (acetol), 

hich we observed as one of the products of dihydroxyace- 

one reduction [22] , (which has also been achieved by a non- 

lectrochemical dehydration of glycerol with selectivity higher 

han 90% [ 24 , 25 ]). Acetol can then be followed by a second elec-

rocatalytic hydrogenation/dehydroxylation to 1,2-propanediol (1,2- 

D) or acetone [26] . 

To this end, we employ single-crystal Pt and Pd monolayer on 

t electrode to study the fundamentals of acetol adsorption and re- 

uction. Knowing the activity on different facets, we then extend 

he study to other electrodes, different electrolyte pH, and more 

egative potentials, to show the selective reduction of acetol to 

,2-PD and acetone, respectively. In this way, we can identify the 

atalysts and reaction conditions needed in the cascade upgrading 

f glycerol to 1,3- and 1,2-PD. 

. Experimental section 

Chemicals and Electrolysis. The chemicals used for electrolyte 

reparation were high-purity sulfuric acid (H 2 SO 4 , Merck Suprapur, 

6%), hydrochloride acid (HCl, Merck Suprapur, 37%), and sodium 

ulfate (Na 2 SO 4 , Sigma-Aldrich, > 99%). Palladium sulfate (PdSO 4 , 

9%), palladium chloride (PdCl 2 , 99.99%), and acetol (95%) were 

urchased from Alfa Aesar. 1,2-PD (99.5%) and acetone (99.9%) 

ere purchased from Sigma-Aldrich. All chemicals were used with- 

ut any further purification. 

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) 

xperiments were performed in one-compartment three-electrode 
2 
ingle-compartment cells. The glassware was stored in the acidic 

ermanganate solution. Prior to use, the glassware was rinsed with 

cidic peroxide solution and MilliQ water, following by boiling for 

everal times with MilliQ water. 

A Pt wire and a home-made reversible hydrogen electrode 

RHE) were used as the counter and reference electrodes, respec- 

ively. For the LSV scan with a negative potential and a correspond- 

ng large current, a dimensionally stable anode (DSA, Magneto) was 

sed as the counter electrode instead to avoid the anode corrosion 

nd redeposition to the working electrode. 

Before each experiment, the electrolyte was purged with ar- 

on (Linde, 6.0) for at least 30 min. Electrochemical measure- 

ents were conducted on a Bio-logic VSP300 potentiostat with iR - 

orrection during CV or LSV scans. 

Single-Crystal Electrodes. Pt single crystals were annealed and 

ooled down following the protocol published by Clavilier et al 

27] before electrochemical measurements. In this work, we used 

he three low-index surfaces (111), (100) and (110). A 3 mm bead 

icryst) was used for the voltammetric experiments and a 10 mm 

isk (icryst) was used for the spectroscopy measurements. Before 

ach experiment, a CV was recorded in 0.1 M H 2 SO 4 solution to 

heck that the surface was well-ordered and free from any con- 

amination. 

A Pd monolayer was electrodeposited on Pt(111) by cycling the 

otential between 0.9 V and 0.06 V vs. RHE in 0.1 M H 2 SO 4 solu-

ion containing 10 −4 M of PdSO 4 [28–30] . Because Pd deposition 

n Pt(110) does not show any characteristic peak, the deposition 

rocedure was carried out in a low concentration of 2.5 × 10 −6 M 

f PdSO 4 in the same potential range to better observe the evolu- 

ion of the voltammetric profile [31] . The scan rate was 50 mV s −1 .

or the Pd deposition on Pt(100) facet, it has a greater tendency 

o grow a second layer prior to the completion of the first one, 

hich makes it difficult to prepare a well-defined Pd monolayer. 

lectrochemical nitrogen oxide (NO) annealing procedure was then 

dopted to improve the smoothness of the existing deposit [32] . 

n view of the complexity and toxicity of NO, we adopted under- 

otential deposition: Pd was deposited started from 0.95 V vs.RHE 

o negative potentials (lower limit is 0.7 V vs.RHE) in a solution 

ontaining 0.1 M H 2 SO 4 , 10 −4 M PdCl 2 , and 9 × 10 −3 M HCl at

ery low scan rate of 0.1 mV s −1 , until a charge of 418 μC cm 

−2 

as obtained, which corresponds to one Pd atomic layer [33] . Af- 

er that, an electrochemical annealing process was conducted by 

ycling voltammetry of the prepared electrode between 0.4 V and 

.06 V vs.RHE at 10 mV s −1 in 0.1 M H 2 SO 4 solution. We re-

er to these monolayer surfaces as Pd ML Pt(111), Pd ML Pt(110), and 

d ML Pt(100). 

After deposition, the Pd monolayer surface was thoroughly 

insed with ultrapure water and then characterized CV in 0.1 M 

 2 SO 4 solution. After each experiment, Pd film was removed from 

he Pt substrate by immersing the electrode to a concentrated ni- 

ric acid for 2 min (bead) or 5 min (disk). 

Polycrystalline Pt, Pd and gold (Au) electrodes were polished us- 

ng diamond (1, 0.25, and 0.05 μm), respectively. After that, the 

lectrodes were sonicated in MillQ water for 5 min. The electrodes 

ere then transferred to a fresh 0.1 M H 2 SO 4 solution and cy- 

led in the range of 0.05 V – 1.55 V vs.RHE (Pt and Pd) or 0 –

.65 V vs.RHE (Au) until a stable standard CV was obtained. Ex- 

eriments were performed in hanging meniscus as for the single 

rystals. 

In-situ Fourier Transformation Infrared Spectroscopy ( in-situ 

ITR). In-situ FTIR was performed to detect products of acetol re- 

uction. The measurements were carried out with a Bruker Ver- 

ex 80 V IR spectrophotometer in an external reflection configu- 

ation, where the single crystals were pressed against the pris- 

atic window and the solution species were trapped in the thin 

ayer. A CaF 2 prism bevelled at 60 ° was used, and the spectra were 
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Fig. 1. CVs of different Pt surfaces (black curve) and the 1 st cycle in the presence of 0.1 M acetol (red curve) in 0.1 M H 2 SO 4 solution. (a) CV on Pt(111), (b) CV on Pt(100), 

and (c) CV on Pt(110). The inset in each panel represents CV of Pt surface (black curve) and the 20 th cycle in the presence of 0.1 M acetol (red curve), which is the stable CV 

without any obvious changes upon further scanning. The scan rate is 50 mV s −1 . (For interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.) 
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ecorded at an average of 300 interferograms with 8 cm 

−1 resolu- 

ion using p-polarized light. 

Spectra were recorded in the range between 30 0 0 cm 

−1 and 

100 cm 

−1 . All the spectra in this work are presented as ab- 

orbance, hence the negative bands indicate the adsorbed reactant 

r the consumed species, while the positive bands indicate a reori- 

ntation of the adsorbed species or the produced species [18] . 

Online High Performance Liquid Chromatography (HPLC). 

nline sampling procedure has been described elsewhere [34] . 

riefly, a small Teflon tip (with an inner diameter of 0.38 mm) was 

laced at ca. 10 μm from the center of the electrode surface, and 

he other side of the tip was connected to a PEEK capillary with 

nner/outer diameters of 0.13/1.59 mm. 

Samples with a volume of 60 μL were collected using a frac- 

ion collector (FRC-10A, Shimadzu) at the flow rate of 60 μL/min 

LC-20AT pump, Shimadzu), along with the LSV at the scan rate of 

 mV s −1 from 0 V to -2.0 V vs.RHE. Therefore, each sample re-

ects the average concentration of a 60 mV potential interval. 

Electrolysis at the constant potential was conducted in the H- 

ell divided by Nafion proton exchange membrane. Each compart- 

ent contained 7 mL of the electrolyte with 0.1 M acetol. The sam- 

les were analyzed by HPLC (LC-20A, Shimadzu) using an auto- 

ampler (SIL-20A). 20 μL of each sample was injected into the 

olumn. An Aminex HPX 87-H (Bio-Rad) column together with a 

icro-Guard Cation H Cartridge (Bio-Rad) in series with a Sugar 

H1011 (Shodex) column were used. The eluent was 5 mM H 2 SO 4 

ith the flow rate of 0.6 mL min 

−1 . The column temperature was 

et to 85 °C for 1,2-PD separation and 45 °C for acetone separation. 

he separated compounds were detected with a refractive index 

etector (RID-10A). 

. Results and discussion 

CV of acetol adsorption and reduction on single crystals. 

ig. 1 shows the CV of Pt electrodes with three low-index sur- 

aces before and after adding 0.1 M acetol in 0.1 M H 2 SO 4 so-

ution. For Pt(111), Fig. 1 a (black curve), a sharp spike at about 

.5 V vs.RHE is attributed to the sulfate adlayer [35] . In the pres-

nce of acetol (red curve), we observe the entire suppression of 

his anion adsorption/desorption, which indicates that acetol or its 

erived species can adsorb strongly on the Pt(111) surface. More- 

ver, the inset presents the stable CV upon cycling after adding 
3 
cetol, showing how the hydrogen adsorption/desorption region is 

uppressed increasingly. We conclude again that acetol or its de- 

omposed species adsorbs on Pt(111) surface. As they cannot be 

tripped off reductively, these species might cause surface poison- 

ng. However, the hydrogen evolution and the subsequent hydro- 

en oxidation are less affected by the adsorbed species, implying 

hat the surface may not be fully covered or that the active sites 

or hydrogen evolution/oxidation are not entirely blocked. 

On the Pt(100) surface, a broad feature due to hydrogen and 

nion adsorption/desorption between 0.2 and 0.45 V vs.RHE is sup- 

ressed in the presence of acetol (red curve in Fig. 1 b). This also

eveals the presence of adsorbed acetol or its decomposition prod- 

ct. From the inset in Fig. 1 b, we observe a negative shift of hy-

rogen adsorption/desorption after continuous scans in the pres- 

nce of acetol, the current density of which is a linear function 

f the scan rate (Figure S1), confirming that it corresponds to a 

urface electrochemical process. Particularly, hydrogen evolution is 

uppressed much more on Pt(100) than on Pt(111), also leading to 

nly a small current for hydrogen re-oxidation. This implies that 

he coverage of poisoning species on the Pt(100) surface, or its oc- 

upation of the active sites for hydrogen evolution, is higher than 

n Pt(111). 

The electrochemical reduction of acetol is more evident on the 

t(110) electrode ( Fig. 1 c). In the presence of acetol, the peak at 

.15 V vs. RHE corresponding to the replacement between hydro- 

en and hydroxyl groups is largely blocked (red curve), along with 

 slightly higher reduction current before going to the hydrogen 

volution region in the negative-going scan. If we scan back in the 

ositive-going direction, a tiny reduction peak at 0.05 V vs.RHE is 

bserved, which we ascribe to acetol reduction. However, upon cy- 

ling, the cathodic wave of acetol reduction disappears and the hy- 

rogen/hydroxyl feature is entirely blocked (inset in Fig. 1 c). This 

mplies again the poisoning of Pt(110) surface although it does not 

lock the active sites of hydrogen evolution, similar to the situation 

n the Pt(111) surface. 

In order to gain more insight into the poisoning species on 

hree surfaces, we swept the CV to 0.9 V vs.RHE after adding ace- 

ol (Figure S2). All surfaces show oxidation currents between 0.7 

nd 0.9 V vs.RHE in the positive-going scan, which are most rea- 

onably ascribed to CO oxidation [36] . It is not surprising that CO 

s the poisoning species as there have been analogous reports on 

cetone [37] , ethanol [38] and ethyl pyruvate [39] dissociation to 
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Fig. 2. CVs of bare Pd ML Pt surface (black curve) and the 1 st cycle in the presence of 0.1 M acetol (red curve) in 0.1 M H 2 SO 4 solution. (a) CV on Pd ML Pt(111), (b) CV on 

Pd ML Pt(100), and (c) CV on Pd ML Pt(110). The inset in each panel represents CV of Pd ML Pt surface (black curve) and the 20 th cycle in the presence of 0.1 M acetol (red curve), 

which is the stable CV without any obvious changes upon further scanning. The scan rate is 50 mV s −1 . (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.) 
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H

O on Pt electrodes. In agreement with the above observations on 

he extent of poisoning, the CO stripping peak charge is higher on 

t(100) than on Pt(111) and Pt(110). The oxidation wave between 

.4 and 0.8 V vs.RHE in the negative-going scan is probably due to 

cetol oxidation on the non-poisoned surface. The same has also 

een observed for acetone reduction on Pt(100) [10] . 

To summarize: acetol can be reduced slowly on the Pt(110) sur- 

ace in the investigated potential window, while for the other two 

urfaces, there is no clear reduction feature in the CV. All three sur- 

aces suffer from poisoning to a varying degree, and Pt(100) shows 

he most prominent dissociative adsorption to CO. 

Fig. 2 compares the CVs of the Pd ML Pt electrodes (black curves) 

ith those obtained in the presence of 0.1 M acetol in 0.1 M H 2 SO 4 

olution (red curves). As shown in Fig. 2 a, a pair of reversible sharp

eaks at 0.23 V vs.RHE (positive-going scan) and 0.22 V vs.RHE 

negative-going scan) indicate the replacement of adsorbed hy- 

rogen by adsorbed (bi)sulfate and vice versa, respectively (black 

urve) [ 29 , 40 ]. After adding acetol, the original sharp peak in the

egative scan is completely suppressed, and two small reduction 

aves arise at 0.15 V and 0.1 V vs.RHE (red curve). The charge cor- 

esponding to these two peaks (220 μC cm 

−2 ) is lower than that of

 full hydrogen monolayer without acetol addition (240 μC cm 

−2 ). 

oreover, while scanning back, the sharp peak is mostly inhibited 

s well, and the charges of the negative and positive waves are 

dentical. Therefore, it is unlikely that the two reduction features 

elong to acetol reduction. 

Upon cycling, the two reduction waves diminish, associated 

ith the appearance of two even more tiny peaks at 0.06 V and 

.09 V vs.RHE (inset in Fig. 1 a, red curve). The charge correspond- 

ng to these new peaks (80 μC cm 

−2 ) represents only one third of

he charge for hydrogen adsorption (240 μC cm 

−2 ), indicating that 

he sites for hydrogen adsorption are hindered by adding acetol. 

here is also a lower hydrogen oxidation current compared to that 

n the absence of acetol. 

The linear relationship of current density as function of the 

can rate for the reversible peaks at ca. 0.13 V vs.RHE suggests a 

urface-confined process on Pd ML Pt(111) (Figure S3a and S3d). For 

he peaks at 0.06 V (negative scan) and 0.08 V (positive scan), 

t seems conceivable if they are assigned to the redox of the ad- 

orbed acetol. However, as explained for acetophenone hydrogena- 

ion on Pt(111) surface [14] , this redox reaction requires the cleav- 

ge and formation of C 

–H and O 

–H bond. It seems unlikely that
4 
his would lead to a reversible process. There might be other ad- 

orbate exchange reactions on the surface of the Pd ML Pt(111) elec- 

rode, which we are not able to detect from CV only. 

The electrochemical behavior on Pd ML Pt(100) is shown in 

ig. 2 b. In the presence of 0.1 M acetol, the reversible peaks of hy-

rogen/(bi)sulfate adsorption and desorption are shifted negatively 

y the adsorption of acetol. The linear dependence of the peak cur- 

ent vs. scan rate corroborates the redox process of the surface 

dsorbed hydrogen (Figure S3b and S3e). The inset in Fig. 2 b in- 

icates the slight poisoning of surface upon cycling, whereas the 

ctive sites for the hydrogen evolution are not affected. 

On the Pd ML Pt(110) surface, there is barely a difference before 

nd after adding acetol in the 1 st CV scan ( Fig. 2 c), affirming a

eak interaction between the molecule and the surface. The lin- 

ar dependence of the peak current on the scan rate confirms hy- 

rogen adsorption and desorption between 0.05 V to 0.3 V vs.RHE 

Figure S3c and S3f). Different from the other two surfaces, the cur- 

ent at 0 V vs.RHE becomes blocked on Pd ML Pt(110) with continu- 

us cycling (inset in Fig. 2 c). This indicates that the surface poi- 

oning species which originates from acetol dissociation inhibits 

ydrogen evolution and the subsequent re-oxidation. 

The CV responses in Fig. 2 reveal that acetol adsorbs on dif- 

erent facets of Pd ML Pt electrodes weakly and with slow kinetics. 

d ML Pt(110) displays more severe poisoning than the other two 

urfaces. However, it is difficult to determine if acetol reduction 

akes place or not in the potential window of hydrogen adsorption. 

Chronoamperometry and bulk electrolysis. In order to check 

hether the reduction takes place, and which products are formed, 

e performed bulk electrolysis at 0 V vs.RHE in 0.1 M H 2 SO 4 so-

ution containing 0.1 M acetol on the different basal planes for 2 h 

the current-time transients are shown in Figure S4). However, no 

roducts were detected by HPLC on either Pt or Pd ML Pt single crys- 

als. This is not surprising as all surfaces suffer from poisoning over 

ime as observed in the CVs. It is possible that the reduction takes 

lace on some surfaces at the beginning but the concentration is 

elow the detection limit of HPLC. 

As mentioned in the Introduction section, there are two initial 

eactions of acetol reduction: hydrogenation to 1,2-PD, and dehy- 

roxylation to acetone. Thus, it could also happen that the reduced 

pecies adsorb on the surface, causing further dissociation to a sur- 

ace poison before it desorbs into the solution to be detected by 

PLC. 
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Fig. 3. In-situ FTIR spectra as function of potential recorded on (a) Pt(110), (b) Pt(111), and (c) Pt(100) electrodes in 0.1 M H 2 SO 4 solution containing 0.1 M acetol. 
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The current density responses versus time on the Pt single crys- 

als (Figure S4a) are in agreement with the CV behavior in Fig. 1 .

he three surfaces present attenuation in the current evolution 

ver time, among which Pt(100) shows the lowest current density 

t 0 V vs.RHE, corroborating the strongest surface poisoning as ob- 

erved from the CV. Bulk electrolysis on Pd ML Pt electrodes (Figure 

4b) gives analogous responses to that obtained in Fig. 2 , where 

he current density decreases the most on Pd ML Pt(110) due to the 

ost severe poisoning on this surface. 

For comparison, we also performed electrolysis in the absence 

f acetol at the same reaction conditions (Figure S4c-d). The cur- 

ent densities are higher in the blank solution than those in pres- 

nce of acetol, regardless of the surface facet, which also indicates 

he surface poisoning during acetol reduction. 

In-situ Fourier Transform Infrared Spectroscopy (In-situ FTIR). 

n order to gain more insight into whether acetol reduction oc- 

urs, we performed in-situ FTIR on all Pt and Pd ML Pt electrodes. 

-polarized light is employed to observe the possible adsorbed in- 
5 
ermediates or the poisoning species. Fig. 3 shows FTIR spectra 

ecorded on the three surfaces of Pt. The reference spectrum is 

aken at 0.55 V vs.RHE where certainly no reduction takes place 

nd all the other spectra are subtracted from the reference spec- 

ra. 

Given that the Pt(110) facet appears to reduce acetol in the 

 UPD region according to the CV, we first performed FTIR measure- 

ents on this surface ( Fig. 3 a). At a potential of 0.3 V vs.RHE, a

egative band at 1724 cm 

−1 becomes visible, which is assigned to 

 

= O stretching vibration of acetol [ 41 , 42 ]. This could be an indica-

ion of acetol adsorption instead of consumption since we did not 

bserve any other positive bands that might be related to the for- 

ation of a product species at this potential. It coincides with the 

V in Fig. 1 c that acetol adsorbs at 0.3 V vs.RHE. 

After the potential is stepped to 0 V vs.RHE and below, we 

bserved a series of positive bands: the features at 2970, 2935, 

nd 2880 cm 

−1 can be attributed to the symmetric and asymmet- 

ic stretching vibrations of C-H bond in 1,2-PD [43] , representing 
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Fig. 4. In-situ FTIR spectra as function of potential recorded on (a) Pd ML Pt(111), (b) Pd ML Pt(100), and (c) Pd ML Pt(110) electrodes in 0.1 M H 2 SO 4 solution containing 0.1 M 

acetol. 
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(

as (CH 3 ) at 2970 cm 

−1 , νas (CH 2 ) + ν(CH) at 2935 cm 

−1 , as well

s νs (CH 2 ) + νs (CH 3 ) at 2880 cm 

−1 , respectively. In addition, the

ther two peaks located at 1466 and 1130 cm 

−1 are assigned to 

H 3 deformation and C 

–O stretching vibration of 1,2-PD [43] , re- 

pectively. 

Aside from the features corresponding to 1,2-PD, the other pos- 

tive bands at 1695, 1420, 1374, and 1241 cm 

−1 can be ascribed 

o acetone. These bonds correspond to the symmetric carbonyl 

roup stretching ( νs (C 

= O) = 1710 cm 

−1 ), asymmetric CH defor- 
3 

6 
ation ( δas (CH 3 ) = 1410/1435 cm 

−1 ), symmetric CH 3 deformation 

 δs (CH 3 ) = 1361 cm 

−1 ), as well as asymmetric stretching of the car-

on skeleton ( νas (Me –C 

–Me) = 1220 cm 

−1 ) of acetone [ 10 , 44 ], re-

pectively. The peak shift indicates the interaction of acetone with 

he solution or with the electrode surface. 

On the Pt(111) surface, the negative bands at 1724 and 

351 cm 

−1 are ascribed to the carbonyl group stretching and 

he symmetric CH 3 bending of the adsorbed acetol, respectively 

 Fig. 3 b), similar to the observations on Pt(110). When the poten- 
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Fig. 5. Product distribution of acetol reduction (0.1 M) on (a-b) Pd, (c) Pt, and (d) Au electrodes, determined during linear sweep voltammetry from 0 to -2.2 V vs.RHE with 

a scan rate of 1 mV s −1 . pH = 1: 0.1 M H 2 SO 4 ; pH = 3: 0.001 M H 2 SO 4 + 0.099 M Na 2 SO 4 . 
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ial is stepped to 0 V vs.RHE, the arising positive bands can be 

ttributed to 1,2-PD and acetone as aforementioned. Some bands 

ith respect to 1,2-PD and acetone are missing because of the in- 

erference by the broad band of the water layer located at around 

675 cm 

−1 . 

The Pt(100) electrode shows different FTIR f eatures com pared 

o the other two surfaces ( Fig. 3 c). First of all, no specific bands

ssigned to 1,2-PD or acetone were observed. Secondly, a positive 

and at 1721 cm 

−1 becomes prominent within the applied po- 

ential window, which might be ascribed to the carbonyl group 

tretching of acetol [ 41 , 42 ]. This can be further confirmed by

he positive bands at 1427 cm 

−1 (H 

–C 

–H bending in CH 3 group), 

370 cm 

−1 (symmetric CH 3 bending), 1244 cm 

−1 (C-OH bending), 

nd 1193 cm 

−1 (C-C stretching) of acetol (see SI for the detailed 

xplanation) [ 41 , 42 ]. 

The interpretation of these bands is ambiguous except for the 

onclusion that Pt(100) is inactive for acetol reduction. Enolization 

nd aldol condensation reactions are ruled out as no extra bands 

ther than those represented for acetol are observed. We there- 

ore assume that acetol might desorb when the poisoned species 

ncreases its occupation on the Pt(100) surface as the potential is 

tepped in the negative direction. It coincides with the CV results 

hat the Pt(100) surface suffers from the most severe poisoning. 

his desorption can also explain the lack of acetol reduction at 

round 0 V vs. RHE. 

In addition to the organic species, other remarkable bands be- 

ween 2100 and 1700 cm 

−1 are observed at all the three sur- 

aces, which can be assigned to CO formation with linearly (ca. 

0 0 0 cm 

−1 ) and bridge/multiple bonded (ca. 1850/1770 cm 

−1 ) 

odes on Pt [45] . The existence of CO 2 in the atmosphere in- 

erferes with the origin of CO formation to some degree. How- 

ver, CO 2 reduction (saturated CO 2 in 0.1 M H 2 SO 4 solution) on 

he Pt electrode suggests that the onset potential for CO produc- 

ion is about 0.2 V vs.RHE (Figure S5). Combining the full spec- 
7 
ra at each stepped potential in Figure S6-S8, we conclude that 

t least part of CO stems from dissociative adsorption of acetol, 

emonstrating CO being the poisoning species on each facet of 

he Pt electrode. This is also consistent with the CV results in 

igure S2. 

In conclusion, acetol can be either hydrogenated to 1,2-PD or 

ehydroxylated to acetone on Pt(110) and Pt(111) electrodes at the 

nset potential of around 0 V vs.RHE, albeit at very slow rate. In 

ddition, acetol reduction is inhibited by poisoning of the adsorbed 

O species on the Pt(100) electrode. 

Next, we performed FTIR experiments on Pd ML Pt electrodes 

 Fig. 4 ). The reference spectrum was taken at 0.7 V vs.RHE. From 

he recorded spectra, no acetol reduction takes place on any sur- 

aces, at least not in the applied potential window. A positive band 

t about 1715 cm 

−1 – appearing at 0 V vs.RHE for Pd ML Pt(111) and 

d ML Pt(100) surfaces and at 0.1 V vs.RHE for Pd ML Pt(110) – may be 

scribed to enol formation of acetol according to DFT calculations 

41] . 

Particularly, two new negative peaks at 1576 and 1540 cm 

−1 are 

bserved on Pd ML Pt(111) surface ( Fig. 4 a), which may stem from 

he C 

= C stretching in the dimer produced by aldol condensation of 

cetol [41] . On Pd ML Pt(100) surface, a broad negative band located 

t 1575 cm 

−1 can be attributed to the same species ( Fig. 4 b). This

henomenon suggests the adsorption of a dimer species when the 

otential is stepped in the negative direction. On the Pd ML Pt(110) 

urface, the spectra do not show any bands ascribed to aldol con- 

ensation of acetol ( Fig. 4 c). 

Furthermore, analogously to acetol dissociation behavior on Pt 

lectrodes, CO poisoning species were observed in the window be- 

ween 20 0 0 and 1870 cm 

−1 on the three surfaces of Pd ML Pt elec-

rodes. In order to check the stability of Pd monolayer over the 

ourse of spectra collection, we characterized CV after the FTIR ex- 

eriment. Figure S9 suggests that the monolayers on the three sur- 

aces maintain their integrity. 
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Online HPLC on other metal electrodes. To access practical ap- 

lication, we further assess the activity and selectivity of acetol re- 

uction by extending the study on other electrodes in electrolytes 

f different pH and at more negative potentials, where acetol re- 

uction is convoluted with hydrogen evolution. Fig. 5 shows the 

roduct distribution of acetol reduction on polycrystalline Pt, Pd, 

nd Au electrodes, determined by online HPLC. 

First of all, at pH = 1, we detected reduction products only on 

he Pd electrode ( Fig. 5 a and Figure S10a). Both hydrogenation and 

ehydroxylation reactions take place to produce significant con- 

entrations of 1,2-PD and acetone, respectively. At potentials be- 

ween 0 and -1.25 V vs.RHE, the selectivity is dominated by ace- 

one, while applying a more negative potential steers the selectiv- 

ty toward 1,2-PD. On Pt and Au electrodes, acetol reduction is very 

low if not inactive at pH = 1. 

At pH = 3, acetol can be reduced on all three electrodes 

 Fig. 5 b-d and Figure S10b). As shown in Fig. 5 c-d, 1,2-PD is the

ominant product on both Pt and Au electrodes within the applied 

otential window, showing a lower onset potential on Pt (-0.75 V 

s.RHE) over Au (-1.1 V vs.RHE). For the Pd electrode ( Fig. 5 b), both

,2-PD and acetone are produced in equal amounts with a similar 

nset potential (-1.0 V vs.RHE). 

. Conclusion 

In summary, we have reported the electrochemical adsorption 

nd reduction of acetol on Pt single crystals and their correspond- 

ng epitaxial Pd monolayers. In addition, we studied the selec- 

ive reduction of acetol to 1,2-PD and acetone, a conversion which 

ould make part of the overall electrochemical upgrading of glyc- 

rol. The main conclusions are listed as below: 

• On Pt(110) and (111) surfaces, acetol can be hydrogenated and 

dehydroxylated to 1,2-PD and acetone, respectively, at the onset 

potential of ca. 0 V vs.RHE, albeit with low rate. On the (100) 

surface, no reduction takes place. 

• CO can be formed on all the three surfaces of Pt as a result of

the dissociative adsorption of acetol, which poisons the surface. 

Pt(100) presents the most severe CO poisoning among the three 

facets. 

• Acetol adsorption/reduction behavior is significantly different 

on the Pd monolayer surfaces compared to the bare Pt elec- 

trode. No reduction takes place but a keto-enol transformation 

is observed. Particularly, an acetol dimer is likely to be ad- 

sorbed on Pd ML Pt(111) and (100) facets. The Pd ML Pt(110) surface 

suffers from the most severe poisoning. 

• The above conclusions point toward a relatively weaker adsorp- 

tion of acetol on Pd ML Pt electrode compared to the unmodified 

Pt electrode. 

• Online HPLC results at more negative potentials indicate that 

Pd is capable of reducing acetol to both 1,2-PD and acetone at 

pH = 1 and pH = 3; Au and Pt are appropriate candidates to 

reduce acetol to 1,2-PD at pH = 3. 

In combination with the earlier work, the results in this work 

ave elucidated the catalysts needed to develop cascade reactions 

hrough coupling glycerol dehydration or oxidation with succes- 

ive reduction reactions to obtain value-added chemicals and fu- 

ls for the industrial requirement. In particular, glycerol oxidation 

o GA on Pt [46] , and subsequent reduction of glyceraldehyde on 

d, yields 1,3-PD [22] . On the other hand, glycerol oxidation on Bi- 

odified Pt yields DHA [21] , which may be subsequently reduced 

o acetol on Pd [22] . Pt and Au are then suitable catalysts to reduce

cetol to 1,2-PD. 
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