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22 Abstract
23

24 This study shows remarkably different features between the oxidation of secondary and primary
25  C3-Cs alcohols. The oxidation of primary alcohols is controlled by the oxidative removal of
26 blocking adsorbates, such as CO, formed after the dissociative adsorption of alcohol molecules.
27  Conversely, secondary alcohols do not undergo dissociative adsorption and therefore their
28  oxidation is purely controlled by the energetics of the elementary reaction steps. In this respect, a
29  different role of ruthenium is revealed for the electrooxidation of primary and secondary alcohols
30 on bimetallic platinum-ruthenium catalysts. Ruthenium enhances the oxidation of primary
31  alcohols via the established bifunctional mechanism, in which the adsorption of (hydr)oxide
32 species that are necessary to remove the blocking adsorbates is favored. In contrast, the oxidation
33  of secondary alcohols is enhanced by the Ru-assisted stabilization of an O-bound intermediate
34  that is involved in the potential-limiting step. This alternative pathway enables the oxidation of
35  secondary alcohols close to the equilibrium potential.
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1. Introduction

The oxidation of primary alcohols such as methanol and ethanol has been extensively considered
as an anode reaction in direct alcohol fuel cells (DAFCs), to power portable devices such as
mobile phones, laptops or tablets [1,2]. The electrochemical oxidation of such alcohols has been
thoroughly studied to understand reaction mechanisms and to develop efficient catalyst materials
[3-5]. The state-of-the-art catalysts for the oxidation of primary alcohols are platinum-ruthenium
alloys. The presence of ruthenium shifts the onset potential to lower values compared to pure
platinum catalysts [6-9]. This has been explained by the ability of ruthenium to adsorb
(hydr)oxide species at lower overpotential than platinum; such species act as educts for the
oxidative removal of the alcohol-derived blocking adsorbates (e.g. adsorbed CQO) present on

platinum sites according to the bifunctional mechanism [10-14].

On the contrary, the oxidation of secondary alcohols (mainly 2-propanol), has received
considerably less attention so far. This is because the C-C bond of 2-propanol is stable upon
alcohol oxidation, preventing the complete conversion to CO; that would correspond to the
maximum number of electrons exchanged per 2-propanol molecule [15-18]. This feature,
however, makes 2-propanol fuel cells an attractive system, for instance when coupled with
catalytic transfer hydrogenation reaction (CTHR) from liquid organic hydrogen carriers (LOHCs)
[19]. Such a fuel cell oxidizes 2-propanol to acetone at the anode delivering electricity and the
formed acetone is hydrogenated back to 2-propanol via CTHR using a hydrogen-rich LOHC.
Finally, the 2-propanol is introduced again in the fuel cell, enabling a fully reversible cycle. This

concept is thoroughly described in a recent publication [19].

The performance of a 2-propanol fuel cell in terms of OCV and power density is greatly improved
if a platinum-ruthenium anode catalyst is used instead of pure platinum [19,20]. It was recently
shown that this is due to the ability of PtRu/C to activate 2-propanol at low overpotential, close to
the equilibrium potential of the 2-propanol/acetone couple [21]. Even though ruthenium enhances
the oxidation of either primary alcohols or 2-propanol, there are two clear indications that the
effect of ruthenium for the oxidation of 2-propanol is different than for primary alcohols: First, the

absence of adsorbed CO and the stability of the C-C bond when 2-propanol is oxidized [22] imply
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that ruthenium does not enhance this reaction via the removal of surface-adsorbed carbon-
containing species, as these are anyway not present at the surface. Second, the beneficial effect of
ruthenium is not manifested as a negative shift of the onset potential of 2-propanol oxidation, as it
does for primary alcohols, but as a new oxidation process at lower potentials clearly separated
from the one on pure platinum [21]. We note that the ideal anode catalyst for integration into an
LOHC/2-propanol system should not enable C-C bond splitting, which is a remarkable difference

compared to classical anodes for DAFC applications based on primary alcohols.

Here, we aim to understand the origin of the beneficial effect of ruthenium for the oxidation of 2-
propanol and investigate whether this effect is a general characteristic of secondary alcohols. To
this end, we compare the oxidation of primary and secondary alcohols with three, four and five
carbon atoms, on Pt/C and PtRu/C, using rotating disc electrode (RDE) and electrochemical real-
time mass spectrometry (EC-RTMS) measurements. Besides, the experiments are supplemented
by density functional theory (DFT) calculations. Our results highlight a remarkably different
effect of ruthenium for the oxidation of primary and secondary alcohols: while primary alcohol
oxidation is favored via the ruthenium-assisted adsorption of oxygenates which removes blocking
adsorbates, the oxidation of secondary alcohols is favored because ruthenium stabilizes a different
intermediate compared to Pt/C, thereby opening another reaction pathway that is feasible at lower

potential.

2. Materials and methods

2.1 Electrocatalyst preparation

Both electrocatalysts used in this study (Pt/C and PtRu/C) were commercial nanoparticles from
Tanaka; details on the catalyst characteristics, as provided by the manufacturer, are summarized in
our previous work [21]. The nanoparticles were dispersed using an SFX150 Horn Sonifier
(Branson, USA), in ultrapure water in the case of PtRu/C and in ultrapure water with addition of
2-propanol (water:2-propanol volume ratio 3:1) in the case of Pt/C. The resulting homogeneous
catalyst ink was pipetted onto a glassy carbon disk (embedded on Teflon shroud, PINE) for RDE
measurements or on a glassy carbon (GC) plate (HTW Hochtemperatur-Werkstoffe GmbH) for
EC-RTMS measurements. The drop-casted suspension was left to dry in the air, resulting in a thin
catalyst film on the GC substrate, which acted as the working electrode; the final Pt loading was
25 ugpt cm 2. Both GC substrates (disks or plates) were polished before each deposition with

diamond paste (0.25 um, Saint-Gobain Diamantwerkzeug GmbH).
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2.2 Electrochemical measurements

Unless complementary product analysis was performed, the electrochemical measurements were
conducted in a RDE setup, using a custom-made Teflon cell and a PINE MSR Electrode Rotator.
When products were analyzed in real time, the electrochemical measurements were performed
using a V-type flow cell coupled to EC-RTMS (as described in section 2.3) [23]. The counter
electrode was a platinum wire (Mateck GmbH) and the reference electrode was a Ag/AgCl in
3.0 mol Lt KCI (Metrohm). All potentials in the manuscript are expressed with respect to the
reversible hydrogen electrode (RHE), determined by measuring the open circuit potential of a
platinum wire versus the Ag/AgCl in a hydrogen-saturated 0.1 mol Lt HCIO, solution. For RDE
measurements, the reference electrode was kept in a separate compartment connected to the main
compartment by a Luggin capillary to avoid contamination from chloride ions. For EC-RTMS
measurements, the platinum counter electrode was placed at the waste channel, separated from the
collection capillary (see below), to avoid any interference with product analysis. The electrolyte
was sparged with Argon (Air Liquide, 4.8N) prior to each measurement for 20 min to deaerate the
electrolyte, and the gas flow was then maintained throughout the entire experiment. To form a CO
monolayer, the electrolyte was saturated with carbon monoxide (Air Liquide, 4.7N) for 10 min,
while the working electrode was at +0.075 V vs RHE. Afterwards, the electrolyte was sparged
with Ar for 40 min by keeping the electrode at the same potential, to ensure that there was no CO
left in the solution. The procedure to form a partial CO layer is described in the supporting
information, section S1, together with the respective data. The electrolyte was prepared by
dissolving concentrated HCIO4 (70%, Merck Suprapure) and the appropriate alcohol (Merck
Suprapure) in ultrapure water (Merck Millipore, resistance 18.2 MQ-cm, TOC < 3 ppb). A Gamry
Reference600 potentiostat was used to perform the electrochemical measurements. The electrolyte
resistance was determined before each measurement with electrochemical impedance
spectroscopy and compensation (by 90%) was performed using positive feedback; the remaining

uncompensated resistance was always below 4 Q, independent of the used cell configuration.

2.3 Electrochemical real-time mass spectrometry

The EC-RTMS principles for the characterization of liquid and gaseous reaction products shortly
after their formation have been described in previous works [23,24]. In brief, a collection capillary
is positioned close (ca. 100 um) to the working electrode surface. The electrolyte together with

reaction products is continuously withdrawn for analysis with a combination of two mass
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spectrometry techniques. In this manuscript, the dissolved ketone (acetone, butanone, 2-pentanone
or 3-pentanone) which was formed after the oxidation of the respective secondary alcohol (2-
propanol, 2-butanol, 2-pentanol or 3-pentanol, respectively) was analyzed using a direct analysis
in real time - time of flight mass spectrometer (DART-TOF-MS, JEOL JMS-T100LP AccuTOF).
The mass ranges used for the characterization were: m/z = 60.0-60.1 for acetone (ion structure
[BC¥2C,H60 + H]Y), m/z = 74.0—74.1 for 2-butanone (ion structure [**C?C3HsO + H]*) and m/z =
88.0—88.2 for 2- or 3-pentanone (ion structure [*C*2C4H100 + H]"). Carbon dioxide, extracted
from the electrolyte via a homemade degasser [23], was analyzed with an electron impact-
quadrupole mass spectrometer (EI-QMS, Extrel MAX300-LG) at m/z = 44.

2.4 Computational details

The VASP code [25] was used to carry out the DFT simulations with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional and the PAW method [26,27]. To model Pt and
PtRu, two different surface models were used: Pt(111) terraces, and PtosRuos(111) terraces
(denoted PtRu(111)). We used (2x2) supercell slabs containing 4 atomic layers to build the slab
models. Converged PBE lattice constants of 3.98 A and 3.90 A were employed to build the
Pt(111) and PtRu(111) models, respectively. The adsorbates and the top two layers of the slabs
were allowed to relax in all directions, while the bottom layers were fixed at the bulk equilibrium
distances. A plane-wave cutoff of 450 eV was used in all the calculations. The smearing of the
Fermi level was performed with the Methfessel-Paxton approach, using an electronic temperature
of 0.2 eV, and the total energies were extrapolated to 0 K. The numerical integration in the
reciprocal space was carried out using Monkhorst-Pack grids of 6x6x1 for both slab models,
which guaranteed convergence of the adsorption energies within +0.05 eV. The repeated images
were separated by more than 13 A of vacuum in the vertical direction and dipole corrections were
also applied. The conjugate-gradient optimization algorithm was used for the geometry
optimizations, with iterations performed until the maximal force on all atoms was below 0.05
eV-Al. Asymmetric boxes of 9x10x11 A® were used to calculate the isolated molecules in this

study, considering the I'-point only and an electronic temperature of 0.001 eV.

The reaction free energies were approximated as AG = AEprr + AZPE — TAS + AEsolvation, Where
AEprr is the DFT-calculated reaction energy, AZPE is the zero-point energy change, TAS is the
corresponding entropy change at 298.15 K, and AEsowation CONtains ad-hoc solvation corrections
depending on the chemical nature of the adsorbates [28] (see further details and specific values in
section S7 of the SlI). The AS values of free molecules were obtained from thermodynamic tables,

while for adsorbates AS only includes vibrational entropies. Vibrational frequency analyses were
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used to obtain the values of ZPE and S.i,, making use of the harmonic oscillator approximation.
Gas-phase corrections were applied to ensure that the calculated equilibrium potentials match the
experimental ones [29] (see further details and specific values in the section S6 of the SI). The
computational hydrogen electrode was used to model proton-electron pairs [30]. We did not
compute proton-electron transfer barriers in this study, as Rossmeisl et al. recently noted that there
is “not (yet) a method to obtain electrochemical barriers between realistic states at constant
electrochemical conditions” [31]. The adsorption energies of all the intermediates featured in this
study can be found in section S8 of the SI. Moreover, the most stable optimized geometries for

each intermediate can be found in section S9 of the SI.

3. Results and discussion

The electrooxidation of primary and secondary Cs-Cs alcohols on Pt/C is depicted in the positive-
going linear sweep voltammograms (LSVs) in Fig. 1 (the full cycles are shown in Section 2 of the
SI). We only used the positive direction of the scan to draw conclusions because the reverse scan
is strongly affected by the upper vertex potential and the associated formation of platinum oxide.
The oxidation current for each secondary alcohol (red curves) is always significantly higher than
that for the primary alcohol of equal chain length (blue curves). For example, the peak current
density for 2-propanol oxidation (ca. 80 mA cm™?) is more than ten times higher than for 1-
propanol (ca. 6.5mAcm?). When one molecule of 2-propanol is oxidized on platinum
(selectively to acetone [21]) only two electrons are transferred, while the 1-propanol oxidation
forms a variety of products that require the transfer of equal or higher number of electrons (2e™ for
propanal, 4e~ for propionic acid and 18e~ for carbon dioxide formation [24]). Therefore,
considering that more electrons are exchanged on average per alcohol molecule when 1-propanol
is oxidized, the higher currents for the oxidation of secondary alcohols point toward more facile
kinetics compared to the oxidation of primary alcohols. This conclusion is in line with the lower
onset potentials for the secondary compared to the primary alcohols; for example, 2-propanol
oxidation starts at ca. +0.3 V vs RHE, i.e. 300 mV more negative than the oxidation of 1-
propanol. Moreover, when comparing the currents within each alcohol type, the maximum current
density decreases along the series 1-PrOH > 1-BuOH > 1-PeOH, and 2-PrOH > 2-BuOH > 2-
PeOH = 3-PeOH (see Figure S3 in the SI). A summary of the onset potentials and peak current
densities for all alcohols on Pt/C can be found in Table S1 of the SI. In the reverse scan, the
reduction of the platinum oxide which was formed at high potentials and suppressed the reaction,
renders platinum sites available again to oxidize the respective alcohol, giving rise to the

oxidation current (see Figure S2 in the SI).
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Figure 1. Electrooxidation of studied alcohols on Pt/C: Positive-going LSVs in 0.1 mol Lt HCIO,4 in the

presence of 0.2 mol L of the primary or secondary alcohol indicated in the legend: (a) CsH;OH, (b) C4HsOH,
(c) CsH11OH. Scan rate: 5 mV s, Rotation rate: 1600 rpm. Full cycles are shown in Section 2 of the SI.

Similarly to Pt/C, secondary alcohols are more active toward oxidation compared to the respective
primary alcohol on PtRu/C (Fig.2), and the oxidation currents decrease by increasing the chain
length, for both primary and secondary alcohols (SI, Figure S3). In the presence of ruthenium,
however, a new oxidation peak emerges for all four secondary alcohols at ca. +0.15 V vs RHE,
with an onset at ca. +0.05 V vs RHE. The ability of PtRu/C to activate 2-propanol at such low
potential, close to the equilibrium potential [21], is responsible for the high OCV (ca. 0.8 V)
measured in 2-propanol fuel cells when a PtRu/C anode is used [19]. We recently proposed that
the oxidation of 2-propanol in this potential region takes place on active sites consisting of Pt-Ru
ensembles, based on the observation that platinum-free ruthenium is inactive. This was also
supported by the fact that continuous potential cycling led to gradual ruthenium dissolution and
the disappearance of the oxidation peak at low potential [21]. At higher potential the availability
of the Pt-Ru ensembles decreases due to ruthenium oxidation, leading to a suppression of the
oxidation current until the potential is positive enough to activate 2-propanol on sites that consist
exclusively of platinum [21]. Fig. 2 shows that the above description can be expanded to all
secondary alcohols studied here, as long as both platinum and ruthenium are present at the
surface. Similar to Pt/C, platinum oxide is reduced in the negative-going scan leading to the
oxidation of the respective alcohol again. However, the characteristic oxidation peak at low
overpotential is absent in all of the secondary alcohols studied (Fig. S3 of the Sl). This further
supports the notion that the ruthenium oxidation is detrimental for the oxidation reaction in the
low overpotential region. Note that the rotation rate of the electrode has an impact on the current

density during the LSV on PtRu/C (see Figure S6 in the Sl), suggesting that the oxidation current
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involves, at least in part, 2-propanol molecules which are transported from the electrolyte to the

electrode.
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Figure 2. Electrooxidation of studied alcohols on PtRu/C: Positive-going LSVs in 0.1 mol Lt HCIO, in the
presence of 0.2 mol L of the primary or secondary alcohol indicated in the legend: (a) CsH;OH, (b) C4HsOH,
(c) CsH11OH. Scan rate: 5 mV s, Rotation rate: 1600 rpm. Full cycles are shown in Section 2 of the SI.

To verify whether the oxidation of each alcohol yields the respective ketone in the entire potential
range, we analyzed the products of the oxidation of all C3-Cs alcohols investigated here on
PtRu/C. Fig. 3 shows the mass signals for the respective ketone (bottom panels) and CO; (top
panels) for the oxidation of each alcohol, as indicated on top of the figures. The products were
monitored parallel to a LSV in the positive direction. Note that the reactant concentration was
adjusted for each alcohol to avoid interferences with product analysis and that the ionization
efficiency is matrix-dependent so it varies strongly on the nature of the used alcohol. Therefore,
the recorded mass intensities (Y-axis) in Fig. 3 can be assessed only qualitatively and labels are
intentionally not shown, to avoid misleading the reader. Indeed, the mass signal profiles for the
detected ketones match well with the corresponding current density profiles from Fig. 2, including
the early oxidation peak at +0.15 V vs RHE, whereas in all cases only traces of CO, were
detected, only above ca. +0.6 V vs RHE. The careful inspection of the full mass spectrum from
the time-of-flight mass analyzer did not reveal any changes in signals which would be associated
with the formation of other reaction products. In addition, the use of a non-porous membrane for
the gas-liquid separation (Teflon™ AF-2400) suppresses the permeation of volatiles which could
get ionized and fragmented during the electron ionization, as shown previously [24], hence we can

safely assign the m/z = 44 to COa..
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Figure 3. Product analysis during the electrooxidation of alcohols on PtRu/C, using a flow cell coupled to EC-
RTMS. Positive-going linear scans in 0.1 mol L HCIO, in the presence of the secondary alcohol indicated on
top of the figure. The top panel shows the mass signal for the respective ketone as indicated in the legend,
detected with the DART-TOF-MS, whereas the top panels show always the mass signal at the EI-QMS for m/z =
44, which is assigned to COx.

To reach a molecular-level understanding on the role of surface ruthenium atoms in the activation
of the secondary alcohols at such low overpotential, we used DFT calculations to investigate the
oxidation of 1-propanol to propanal and the oxidation of 2-propanol to acetone. Fig. 4 shows the
most favourable pathways for these conversions on Pt(111) and PtRu(111). We chose to study the
simpler, shorter-chain alcohols as the model molecules for all other primary and secondary
alcohols, since they represent the most computationally affordable models and the growth of the
hydrocarbon chain will probably not lead to different conclusions. For the oxidation of 1-propanol
to propanal (Fig. 4a), the first dehydrogenation step is potential-limiting on both surfaces, but the
onset potential is significantly lower for PtRu(111) by ~0.27 V (0.58 V for Pt(111) versus 0.31 V
for PtRu(111)). Interestingly, the adsorbed intermediates resulting from the first dehydrogenation
are different on the two surfaces. On Pt(111), adsorption at top sites and dehydrogenation occurs
via the alpha carbon (Ca) of 1-propanol (*CH3CH>CHOH), while on PtRu(111) the O atom of the
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hydroxyl group is dehydrogenated (*CH3CH>CHO) and binds to the surface on bridge sites. It is
likely that the dehydrogenation of the O-bound intermediate goes through the simultaneous
making of a C-surface bond and the breaking of a C-H bond, leading to adsorbed
propionaldehyde.

Similarly, the free-energy diagram for the most favorable pathway for the oxidation of 2-propanol
to acetone (Fig. 4b), shows that the first dehydrogenation step determines the onset potential on
both surfaces and the onset potential on PtRu(111) is lower than on Pt(111). Moreover, 2-
propanol oxidizes to acetone via an O-bound intermediate (*(CHs).CHOQO), whereas the first
intermediate on Pt(111) (*(CHz3).COH) adsorbs through the Ca atom. The intermediates bind to
the surface similarly to those corresponding to 1-propanol oxidation. Note in passing that the
DFT-calculated onset potentials are not to be compared directly with the experimental ones, as

they were calculated for (111) surface terminations as a first approximation.

We note that previous heterogeneous catalysis studies showed that the different reactivity of 1-
propanol and 2-propanol is correlated with the higher stability of the C-C bonds in 2-propanol,
owing to the electron donor character of the two methyl groups in the latter [32]. Besides, other
studies showed that H,O molecules promote the liquid-phase oxidation of alcohols on Pt, in line
with our findings, as water-adsorbate interactions help in stabilizing the reaction intermediates.
This is desirable to lower the overpotential, as all of the intermediates and products are above the
energy level of the reactants at 0 V vs RHE (see Figure 4) [33].

(a) 1-propanol (b) 2-propanol
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Figure 4. Free-energy diagram of the most favorable pathway at 0 V vs RHE for (a) 1-propanol oxidation to
propanal, and (b) 2-propanol oxidation to acetone. In orange, Pt(111); in blue, PtRu(111). The calculated onset
potentials and optimized geometries of the intermediates are also included. Pt, Ru, O, C and H atoms are shown
in grey, yellow, red, brown and pink.
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In brief, the DFT calculations indicate that on an adsorbate-free surface, the oxidation of either 1-
or 2-propanol in presence of ruthenium would open a new pathway compared to Pt(111), where
the first intermediate is an O-bound adsorbate. However, it is known that primary alcohols
undergo dissociative adsorption on platinum, forming C-(CO) adsorbates, contrary to secondary
alcohols [13-16,31]. The dissociative adsorption of primary alcohols is evidenced by (i) the
detection of adsorbed CO below the oxide region, (ii) the oxidative stripping of adsorbates to
gaseous CO, at the onset of oxide formation, and (iii) the reductive formation of Ci.1
hydrocarbons when the potential of the platinum electrode is in the hydrogen under-potential
deposition region and in contact with a solution containing a C, primary alcohol [13,14]. All these

features are absent for secondary alcohols.

Fig. 5 shows the positive-going LSVs for the oxidation of 1-propanol (solid blue) and 2-propanol
(dashed blue), on Pt/C and PtRu/C. Moreover, the curve for the oxidative stripping of a pre-
adsorbed CO sub-monolayer (see section S1 in the Sl for details) in a 0.1 M HCIO, solution free
from CO or any alcohol is superimposed (in red). The comparison of the voltammograms in Fig.
5a and Fig. 5b shows that independent of the catalyst, the onset of 1-propanol oxidation is similar
to the onset of CO oxidation, while the oxidation of 2-propanol commences at significantly lower
potentials by ca. 400 mV. Note that we used carbon monoxide only as a model blocking
adsorbate, being aware that the nature and the coverage of the surface adsorbates that are formed

after the dissociative adsorption of 1-propanol on Pt/C or PtRu/C are likely different.
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Figure 5. Linear sweep voltammograms (positive direction), in 0.1 M HCIOs for CO stripping and
0.1 mol L' HCIO4 + 0.2 mol L-* 1-propanol or 2-propanol with a scan rate of 5 mV s on (a) Pt/C or (b) PtRu/C.
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For Pt/C, the layer was formed after the partial oxidation of a complete CO adlayer, as described in the SI,
section S1.

The good match between the onsets for the oxidation of 1-propanol and CO for both catalyst,
indicates that the oxidation of 1-propanol is controlled by the oxidative removal of adsorbates
formed after dissociative *C-CO adsorption [15], which block the active sites. In that case, the
role of ruthenium on the oxidation of 1-propanol is merely to shift the onset potential of the
adsorption of (hydr)oxide species, which in turn lowers the potential for the oxidative removal of
the blocking adsorbates, thereby lowering the onset of 1-propanol oxidation, as described by the
well-established bifunctional mechanism for the oxidation of methanol and ethanol [10,12,34,35].
Therefore, the sites necessary for the stabilization of the O-bound intermediate and the change in
the reaction pathway, as predicted by DFT for the clean PtRu(111) surface, are not accessible

under experimental conditions, because of the surface blocking with carbonaceous adsorbates.

On the contrary, the oxidation of 2-propanol is not controlled by the coverage of adsorbed CO or
other chemisorbed species, as the alcohol does not adsorb dissociatively. Moreover, the acetone
molecules that formed and did not desorb [22], remain molecularly intact and do not dissociate
except for Pt(100) terraces, as demonstrated in a recent article on the adsorption of acetone on
platinum single-crystalline surfaces [36]. The absence of blocking carbon-based adsorbates results
in a lower onset potential for 2-propanol compared to 1-propanol on Pt/C, in a potential region
where blocking species such as CO are stable and would inhibit the reaction if they were present,
as they do for 1-propanol (see Fig. 5a). Additionally, on PtRu/C, the absence of products of
dissociative adsorption renders the Pt-Ru ensemble sites available to adsorb the first intermediate
of the dehydrogenation reaction via the O atom, as indicated by DFT. Therefore, we propose that
the new oxidation process at low overpotential in the presence of ruthenium, which is a striking
feature observed experimentally only for secondary alcohols, originates from the alteration of the
reaction pathway due to the stabilization of a different intermediate compared to Pt(111).
Presumably, this process would likely be possible also for 1-propanol oxidation (as described by
Fig. 4a) if the latter did not dissociate upon adsorption. These conclusions can be extended to the
longer carbon-chain molecules, considering that the onset potentials are practically identical

within the same alcohol type (primary or secondary) (see Table S1 in the SI).

The above discussion has implications for two additional observations from Fig. 1 and Fig. 2.
First, the decreasing electrocatalytic activity as the carbon chain length increases for either
primary or secondary alcohols can be attributed to steric hindrance. For primary alcohols, the

dissociative adsorption of longer-chain alcohol leads to decreased surface availability from
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adsorbates that contain more carbon atoms. For secondary alcohols, the steric hindrance likely
originates from the formed ketone which remains adsorbed as shown previously for acetone
during 2-propanol oxidation [22]. Similarly, the significantly lower currents for the oxidation of
primary alcohols compared to their isomers can be explained by the stronger inhibition caused by

adsorbed blocking species.

4. Conclusions

We studied the oxidation of primary and secondary alcohols with three, four and five carbon
atoms on platinum and platinum-ruthenium catalysts. The secondary alcohols 2-propanol, 2-
butanol, 2-pentanol and 3-pentanol are oxidized on either Pt/C or PtRu/C to the respective ketone.
On Pt/C, the onset potential of their oxidation is more negative than for the respective primary
alcohols 1-propanol, 1-butanol and 1-pentanol. On PtRu/C, a new oxidation process emerges at
low overpotential, only for secondary alcohols. DFT calculations show the same trends for the
dehydrogenation of 1-propanol and 2-propanol. In particular, a C-bound intermediate determines
the onset potential on Pt(111), whereas on PtRu(111), ruthenium stabilizes a different, O-bound
intermediate for both alcohols, lowering the onset potential. However, under experimental
conditions, the dissociative adsorption of primary alcohols blocks the sites that can adsorb the
critical O-bound intermediate, so the pathway predicted from DFT is inaccessible and the
oxidation of primary alcohols is controlled by the (hydr)oxide-promoted desorption of these
inhibiting species. On the contrary, this limitation is not present during the oxidation of secondary
alcohols which do not undergo dissociative adsorption, so the adsorption of the O-bound
intermediate is possible and the reaction is controlled by the adsorption/dehydrogenation step of

the alcohol.

Therefore, while ruthenium is known to promote alcohol oxidation via the earlier adsorption of
(hydr)oxide species, this conclusion must be limited to primary alcohols only. This work reveals a
different role of ruthenium in the oxidation of secondary alcohols, which is independent of the
adsorption of (hydr)oxide species and is directly related to the alcohol dehydrogenation

intermediates.
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