Understanding the interplay between
electrocatalytic C(sp3)-C(sp3)
fragmentation and oxygenation reactions

Christine Lucky!, Shengli Jiang!, Chien-Rung Shih!, Victor M. Zavala', and Marcel Schreier’->*

! Department of Chemical and Biological Engineering, University of Wisconsin-Madison,

Madison, Wisconsin 53706, United States

2 Department of Chemistry, University of Wisconsin-Madison, Madison, Wisconsin 53706, United

States

AUTHOR INFORMATION

Corresponding Author

* Prof. Marcel Schreier

Department of Chemical and Biological Engineering & Department of Chemistry
University of Wisconsin — Madison

1415 Engineering Drive, Madison, WI 53706

E-mail: mschreier2@wisc.edu



ABSTRACT

Achieving the selective electrocatalytic activation of C(sp*)—C(sp*) and C(sp*)—H bonds is key
to enabling the electricity-driven synthesis of chemicals, the sustainable upgrading of plastics, and
the development of fuel cells operating on energy dense liquid fuels. When exposed to electrodes
under oxidative bias, hydrocarbons undergo both C—C bond fragmentation and oxygenation.
Currently, we lack control over the bifurcation between these pathways. Herein, we provide insight
into the complex network of alkyl-transformation reactions, showing that under oxidizing
potentials, adsorbed butane transforms to *CHx fragments which can be desorbed as methane
before oxidizing to *CO. Identifying the branchpoint between C—C fragmentation and oxygenation
allows us to steer selectivity by applying pulsed potentials tailored to the desorption potential of
specific adsorbates and the timescale of intermediate oxidation. Our findings provide design
criteria for improved fuel cell catalysts and open the door to selective C—-C cleavage in
electrosynthetic pathways.



Introduction

Mitigating climate change will require widespread decarbonization of chemical synthesis,
energy generation and energy storage.!™ Electrocatalysis is key to realizing this vision, as it forms
a natural bridge between the chemical and renewable electricity value streams by intimately
linking chemical reactions to electron flow.>$ Decarbonization efforts will have to include the

electrification of carbon intensive processes such as plastics synthesis and recycling,” '° biomass

11-13 14-17

upgrading, and fine chemical synthesis, as well as the recovery of energy from chemicals
in fuel cells.'®!” All of these reactions involve the transformation of C(sp*)-H and C(sp*)~C(sp°)
bonds, which are ubiquitous in plastics, alkanes, and alcohols. Understanding the electrocatalytic
activation and transformation of these bonds is therefore necessary to drive comprehensive
electrification efforts.

Despite reports of electrochemical alkane oxidation dating back to the 1960s, the surface
reactivity which governs alkyl fragment transformations remains poorly understood.?’2® This is
because the complex combination of dehydrogenation, C—C scission, and oxygenation steps
required for oxidation present a wide range of possible pathways and intermediates.?!
Understanding and manipulating the interplay between these elementary steps opens the door to
improved alkane and alcohol fuel cell catalysts and new reactivities. Fuel cells which run on energy
dense liquid fuels, such ethanol and butanol, require both C—C bond fragmentation and
oxidation.*!*? Yet, it remains unclear which of the two processes limits fuel cell performance.?3*
Identifying the pathway of alkyl fragment oxidation is thus a critical prerequisite for the rational
design of improved catalysts. At the same time, the relevance of this mechanistic understanding
transcends fuel cell applications. For example, promoting fragmentation while suppressing
oxidation opens pathways to the sustainable upcycling of plastics.

Previous studies have suggested the formation of two general types of surface species upon
adsorption of alkanes to platinum electrodes, which are distinguished by their ability to be
desorbed under reductive conditions. The cathodically desorbable fraction may be removed as
saturated alkanes under reducing conditions or as CO2 under oxidative conditions, whereas the
non-cathodically desorbable fraction can only be removed through total oxidation to CO2.2%33
While there is some insight into the nature of adsorbates formed by alkane adsorption to the
electrode, we lack an understanding of how the potential controls the subsequent transformation

of these species on the surface.



Herein, we employ real-time changes of the applied potential to steer the transformation of
intermediates after they are bound to the catalyst surface, leading to an understanding of
electrochemical alkane binding, C—C bond scission, and fragment oxidation, using butane on
platinized Pt as a model system (Figure 1).*’ These measurements are enabled by electrochemical
mass spectrometry (EC-MS), which allows for the detection of submonolayer quantities of
desorbing compounds.*'*? To facilitate the challenging analysis of long-chain alkane mixtures
using mass spectrometry, we developed a deconvolution method based on sparse matrices to
reliably quantify the products of butane surface reactivity as a function of time and potential. Our
data show how the selectivity between fragmentation and oxidation is controlled by the relative
rates of C—C scission and *CHx oxidation, which can be tuned through the applied potential
program. We provide insight into the complex interplay of dehydrogenation, C—C scission, and
oxygenation in the surface transformations of alkyl fragments that will provide a roadmap to the

design of catalysts for efficient energy storage and the electrification of industrial reactions.

Results
Monitoring reactivity with electrochemical-mass spectrometry

To investigate the parameters controlling C—C bond fragmentation in butane, we monitored
the products desorbing from a platinized Pt electrode in real time while modulating the applied
potential. Platinized Pt was used to increase the surface area available for adsorption and lower the
average coordination number of the surface atoms, which have been suggested to generate a more
active catalyst for alkane adsorption and transformation.*** Indeed, the presence of a pre-peak
during CO oxidation indicates that undercoordinated sites, such as defects and step sites, are
formed (Supplementary Figure 1).***~*7 Furthermore, the disappearance of the CO oxidation pre-
peak when CO adsorption is preceded by butane adsorption supports the notion that alkanes
preferentially adsorb on these undercoordinated sites (Supplementary Figure 1). Aqueous 1 M
HCIO4 was used as electrolyte and all potentials are reported vs the reversible hydrogen electrode
(RHE). We studied the electrochemical transformation of alkyl adsorbates by first adsorbing
butane for 15 min, then removing the remaining substrate from the cell by flowing helium for 15
min at the same potential. We manipulated the pre-adsorbed compounds through modifications of

the electrode potential and subsequently desorbed products through application of reductive and



oxidative potentials, while quantifying them using mass spectrometry. The mass fragments
detected during oxidative desorption were characteristic of CO2. However, determining the
identity of alkanes desorbed under reducing conditions necessitated additional processing to
deconvolute the overlapping mass fragments formed during ionization in the mass spectrometer
(Supplementary Figures 2&3). The conversion of ionic currents from EC-MS to the composition
of species in the desorbed alkane mixture was made possible by data science. We expressed the
transformation of six mass-to-charge ratios (m/z = 15, 16, 30, 43, 44 and 58) to five species (CHa,
C:He, CsHs, CsHio and CO2) as a constrained least squares optimization problem with ¢, -

normalization, which was solved using a trust region algorithm.*3
Potential-dependence of butane adsorption and desorption

To understand the chemical transformations that surface-bound butane undergoes in
response to the applied potential, we first needed to understand how butane adsorbs under
electrochemical control. To this end, we adsorbed butane at potentials between 0.2 to 0.7 V and
quantified the amount of CO: generated upon sweeping the potential to oxidizing conditions
(Figure 2a). Butane adsorption reached a maximum at 0.3 V and decreased at more oxidative and
reductive potentials (Figure 2b). This behavior is consistent with previous voltammetric studies
of alkane adsorption on Pt, which find a maximum at 0.25 — 0.4 V vs RHE, near the potential of
zero charge (PZC).?>?83349-51 The maximum in adsorption has been hypothesized to occur in the
vicinity of the PZC because it is easier for the uncharged alkanes to displace dipolar water and

ions on a minimally charged electrode.?2434432:53

After characterizing the potential dependence of butane adsorption, we directed our
attention to the composition of the resulting adsorbed species. Applying 0.05 V after butane
adsorption initiated the release of reductively desorbable species, resulting in the detection of
potential-dependent mixture of butane and methane. We found that more oxidative adsorption
potentials promoted C—C scission but reduced the overall selectivity toward reductively desorbable
compounds (Figure 2¢). After adsorption at 0.2 V, butane was the only reductively desorbed
product. However, adsorption at more positive potentials led to the appearance of small amounts
of methane (Figure 2d), indicating that C—C scission takes place. Importantly, we did not observe

alkanes of intermediate chain length. This absence was also observed using propane



(Supplementary Figure 4) and is consistent with alkene oxidation literature which reports the
cathodic desorption of only methane and propane following propylene adsorption.>* The detection
of only Ci cracking products is interesting as it suggests that on Pt, alkyl fragments either undergo
total C—C scission or form methane precursors along with non-reductively desorbable residues.
This differentiation is of great importance for the oxidation of hydrocarbons and alcohols in fuel
cells, where the formation of strongly bound, non-desorbable compounds could decrease catalyst
performance. Distinguishing between these mechanisms requires insight into the chemical identity
of the surface species formed upon butane adsorption.
Butane adsorption leads to three distinct surface compounds

We determined that butane forms three distinct surface intermediates on Pt by combining
voltammetric measurements with real-time product analysis. In a first step, we analyzed the current
generated by the oxidation of adsorbed butane during an oxidative potential sweep and compared
it to that of a bare surface (Figure 3a). We observed three oxidation peaks corresponding to the
total oxidation of butane-derived adsorbates. These peaks, labelled I, II., IT» and 111, occur at 0.71,
0.84, 1.05 and 1.33 V respectively (Figure 3b). Peaks Ila and Ilv, arise from a single broad peak
that is split as a result of background subtraction and is treated herein as a single oxidation process
(see Supplementary Figure 5).?” The onset of CO2 generation coincided with the onset of the first
oxidation peak at 0.58 V (Figure 3b) and subsequent experiments confirmed that CO2 generation

accompanied all other peaks (Supplementary Figures 6&7).

We then sought to establish which voltammetric oxidation peaks correspond to reductively
desorbable compounds. To identify these species, we repeated our oxidative stripping experiments
after first removing reductively desorbable compounds at 0.05 V. We found that only peaks I and
IIT remained after reductive desorption (Figure 3b), leading us to conclude that oxidation of the

reductively desorbable species generates peak II.

Assignment of chemical structures to surface adsorbates

To assign a chemical structure to the compound undergoing oxidation at peak II, we
measured the oxidation state of the carbon atoms. We calculated this value by determining the
number of electrons needed to produce one molecule of CO: from the total oxidation of adsorbates,

which we refer to as N (Equation 1).2436.3556
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The validity of this approach was verified by oxidizing a monolayer of CO, which required 2.1
electrons per CO molecule, close to the theoretical N value of 2 (Supplementary Figure 8). These
measurements of N values allowed us to determine that peak II likely arises from an intact butyl
fragment. The desorption of species II as butane suggests that the adsorbate has not undergone C—
C cleavage. Dissociative binding of butane through the replacement of one C—H bond with a C—Pt
bond yields an adsorbate with an N value of 6.25 (see SI), which is close to our measured value of
6.4 at 0.2 V. At higher adsorption potentials, we observed a decrease in the N value, indicating a
transition to a 4-site binding mode, as has been previously suggested (Supplementary Figure 9).2%%

Based on similar measurements of N values, we determined that peak I corresponds to an
oxygenated species. We isolated species I by adsorbing butane at 0.4 V and reductively removing
species II prior to partial oxidative stripping (Supplementary Figure 10). Oxidation of species I led
to an N value of 3.2. This indicates the presence of an oxygenated species as N values below 4 are
only possible if an oxygen atom is present in the adsorbate (Table 1).2**® The experimental N
value is consistent with a *CHO or *COH adsorbate, but further investigations allowed us to assign
peak I to adsorbed carbon monoxide (*CO). As discussed in the mechanistic section, species I is
continuously generated during the stripping experiment, resulting in additional electrons being
passed. Therefore, the true N value for species I is likely lower than the measured value of 3.2.

Comparing the oxidative stripping of species I to model compounds allowed us to
overcome uncertainty in the oxidation state calculations and indicated that peak I arises from the
oxidation of *CO. The oxidative current and CO2 generation associated with the total oxidation of
species | aligned with those obtained after methane adsorption under the same conditions,
suggesting that peak I arises from a Ci adsorbate (Supplementary Figure 11). Previous studies
report that methane forms *CO upon adsorption on platinized Pt, allowing us to assign species
[.434456 The attribution of peak I to *CO was further supported by CO-stripping experiments where
the oxidation of species I and onset of the first oxidative stripping feature of *CO occurred at the
same potential (Supplementary Figure 11).**® Our findings are consistent with the non-
cathodically desorbable CO-like®’” and reduced CO2® species previously proposed.?’

The oxidation state of species III cannot be independently quantified because it undergoes
conversion at potentials below its total oxidation (Supplementary Figure 12). However, based on

similarities to species involved in ethylene and propylene electrooxidation, we speculate that it



could correspond to an oxygenated C4 species.’>% It cannot be excluded that peaks II and III
correspond to the same species on two different surface sites which have different propensities for
reductive desorption and distinct onset potentials for total oxidation.
Influence of adsorption potential on surface species formed

To steer the transformation of organic compounds on electrode surfaces after adsorption,
we first need to understand the nature of the butane adsorbates under equilibrium conditions. We
did this by performing oxidative stripping following adsorption at 0.2 - 0.7 V and found that at
more oxidative adsorption potentials the proportion of adsorbed *CO increased and the coverage
of reductively desorbable butyl fragments decreased. Specifically, butane adsorbed at 0.2 V
formed predominantly 4-carbon adsorbates which could be removed at reductive potentials
(Supplementary Figure 13). As the adsorption potential increased from 0.2 V to 0.5V, peak |
increased while peak II decreased, implying the formation of *CO at modest potentials. This shift
agrees with the observed increase in non-cathodically desorbable species across the same potential
range (Figure 2¢). At adsorption potentials above 0.5 V, we observed the disappearance of peak
I, which we attribute to the continuous oxidation of *CO to COz2, resulting in its continuous
removal from the surface (Supplementary Figure 3).6"62 The presence of *CO at mildly oxidative
potentials indicates that C—C bond scission is not solely the result of a reductive potential excursion
as previously reported for alkene oxidation.® Since *CO is not removed from the surface by
reductive desorption, we attribute methane generation to another species. However, the low yield
of methane prevented the direct identification of its associated adsorbate through oxidative
stripping. To shed light onto the methane generation pathway, we next studied the mechanistic

origin of C—C bond fragmentation.

Oxidative potentials convert C4 species to CHy4 precursors

To study the potential driven transformation of butyl fragments leading to methane, we
needed to isolate the fragmentation step from butane adsorption. We did this by adsorbing butane
at 0.2 V, where no methane production was observed, then increasing the voltage to 0.5 V for
varying durations to induce cracking.*’ Following the 0.5 V hold with a reductive potential pulse
allowed us to quantify the reductively desorbable products. We complemented these
measurements with oxidative stripping experiments which omitted the reductive step and provided
voltammetric information about all species present on the surface (Figure 4a). These experiments

allowed us to develop a detailed picture of how different surface adsorbates transform under an



applied potential and indicated that methane is generated from an intermediate product during
these transformations.

The application of a 0.5 V hold induced methane generation, demonstrating that changes
to the potential after adsorption can steer the electrocatalytic reactivity of butane. The generation
of methane was accompanied by a decrease in butane. However, only a small portion of the
disappearing butane could be accounted for by methane production, indicating that a majority of
the butane precursor reacts to form a different product, which is likely *CO (Supplementary
Figures 14-16). Indeed, oxidative stripping experiments showed an increase of *CO on the surface
during the 0.5 V hold. The rise in peak I was accompanied by a decrease in peak II, providing
further evidence that butane precursors convert to *CO at 0.5 V (Figure 4c¢). While the
transformation of butane precursors to *CO emerges clearly, it remained unclear which surface
species leads to the release of methane under reductive conditions.

Interestingly, the emergence of peak I is correlated with increased methane yield. Yet, it is
unlikely that *CO is the species leading to methane as it remains on the surface after cathodic
desorption (Figure 3b). Rather, we hypothesize that the conversion of Cs adsorbates to *CO
involves a short-lived intermediate which can be desorbed as methane. This notion is supported
by the asynchronous consumption of butane and generation of methane (Figure 4b). While butane
decreased across the entire range of hold times, methane production increased sharply over the
first 15 min before leveling out, suggesting that the methane yield is limited by a further reaction
of the methane precursor. Such a mechanism would imply that the selectivity toward methane
generation is dictated by the relative rates of C—C bond cleavage and methane precursor

decomposition on the surface.

Still, the question remained if the adsorbed butyl fragment was the only species that
undergoes C—C cleavage leading to methane. To determine if species III also produces methane,
we investigated its reactivity in isolation. We did this by adsorbing butane at 0.4 V then removing
the butyl fragments through reductive desorption at 0.05 V to leave only non-cathodically
desorbable surface species. The applied voltage was then alternated between oxidative pulses of
increasing potential from 0.2 to 0.7 V and reductive desorption at 0.05 V (Supplementary Figure
17) to identify the potentials leading to methane generation. Methane was observed to form from

species III after holds at 0.4 V or higher showing that the non-cathodically desorbable multi-carbon



species also produces methane precursors under the application of a sufficiently oxidative
potential. Furthermore, the amount of desorbed methane increased with an increase in the applied
potential suggesting that the rate of cleavage is potential dependent. We therefore expect that
tuning the magnitude, duration, and number of oxidative potential steps will control the yield of
desorbed methane.

Proposed pathway of methane generation from C—C scission

We find that butyl fragments (species II) and the proposed Cs oxygenate (species III) likely
generate methane through a similar pathway, wherein oxidative potentials promote C—C cleavage
to form *CO. Oxidative stripping experiments show that both species slowly convert to *CO at
potentials associated with methane generation (Figure 4c and Supplementary Figure 12). This
oxidation of the C4 adsorbates occurs slowly and the consumption of butyl surface species
remained incomplete after 60 min at 0.5 V (Figure 4b). However, methane desorption plateaued
much more rapidly, after 15 min, suggesting the methane precursor does not simply accumulate
on the surface. Based on this data, we theorize that methane is generated from a *CHx intermediate
formed after C—C scission, which continuously gets oxidized to *CO, but can be desorbed in the
form of methane if a reductive potential is applied prior to its oxygenation (Figure 5). Performing
desorption of this *CHx intermediate in a deuterated electrolyte did not allow for quantification of
the oxidation state of the intermediate as it resulted in the observation of fully deuterated alkanes
(Supplementary Figure 18). This finding is consistent with previous reports which suggest that the
C—H bonds are labile compared to the C—C bonds.?! Additionally, we cannot exclude the
possibility that oxidative potentials promote the formation of a similarly short-lived multicarbon
intermediate which undergoes C—C cleavage at reductive potentials to produce methane. In either
case, the relative rates of intermediate formation and further oxidation to *CO govern the
selectivity between oxidation and fragmentation. Our results indicate that these steps display

unique potential dependence allowing the reaction to be controlled through the applied voltage.

Increasing the methane yield using pulsed potentials

Gaining precise control over surface reaction processes has the potential to open thus far
uncharted avenues of steering catalytic reactivity. Using our insight into the methane generation

pathway, we were able to rationally design potential sequences that specifically interact with the
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kinetic network to increase the methane yield by selectively desorbing methane over butane, while
mitigating the formation of *CO. In our hypothesized pathway, *CO is formed by the oxygenation
of *CHx methane precursors at potentials which induce fragmentation. Thus, decreasing the
duration of the fragmentation step should decrease the amount of *CO generated. However, short
fragmentation times lead to low butane conversion, as most of the substrate is desorbed in its
unreacted form (Supplementary Figure 19). Converting a larger fraction of the substrate is
desirable, but doing so requires a way to selectively desorb methane from the surface while

retaining butyl species on the catalyst.

To identify a route to selectively desorb methane, we first compared the potential-
dependent adsorption of methane on a platinized Pt electrode to that of butane. We found that
methane adsorbs to a lesser extent and across a narrower potential range than butane
(Supplementary Figure 20). This deviation suggested that there may be a potential range at which
methane, but not butane, is desorbed. To identify this region, we adsorbed and fragmented butane
at 0.4 V before incrementally lowering the potential from 0.2 V to —0.02 V to induce desorption
(Supplementary Figure 21). We found that methane was selectively desorbed between 0.08 and

0.16 V without removing butane from the surface (Figure 6).

Having identified conditions that promote selective methane desorption, we sought to
increase the methane yield by tuning the kinetic pathways to limit *CHx overoxidation. This was
accomplished by subjecting the surface species to multiple fragmentation-desorption cycles using
a pulsed potential profile. Pulsed potentials have gained interest for a wide range of chemistries
including CO: reduction, formic acid oxidation, and biomass valorization.®*’® In many
implementations they are used to increase the rate of reactions which also occur at constant
potential by removing poisoning species. These effects have previously been leveraged to improve
the rate of total oxidation of alcohols and alkanes to CO2.”'"7® Recently, pulsed electrolysis was
used to increase the selectivity toward partially oxidized products during glycerol oxidation by
promoting product desorption and preventing overoxidation through the inclusion of lower
potential steps.®” Here we implemented a similar strategy to limit the overoxidation of *CHx
fragments to *CO and recover them as methane. In our sequence, shown in Figure 7a, butane was
first adsorbed at 0.3 V. Then, the potential was alternated between a fragmentation step ranging

between 0.4 and 0.7 V and a short methane desorption step at 0.1 V to desorb the transiently

11



formed Ci surface species. Using a desorption potential of 0.1 V allowed us to selectively recover
methane from the surface without removing butyl species that can undergo fragmentation in
subsequent cycles. In this way, both butane conversion and methane yield were increased as Cs
adsorbates were subjected to multiple scission steps, and the resulting *CHx fragments were

desorbed before being oxidized to *CO (Supplementary Figure 22).

We found that oscillating the potential to induce C—C fragmentation and rapid desorption
yielded substantially more methane than the corresponding single step experiments for potentials
between 0.4 and 0.7 V (Figure 7b). This was true for sequences using either a 30 s or 60 s
fragmentation step followed by a 60 s methane desorption step, denoted as 30s-60s and 60s-60s
respectively. For fragmentation potentials up to 0.6 V, the methane yield increased with the applied
potential. A maximum of 6.5 nmol cm 2 of methane was produced using the 60s-60s condition at
0.6 V, which is nearly an order of magnitude higher than the single step maximum of
0.71 nmol cm ™2 (Figure 7¢). When further increasing the fragmentation potential to 0.7 V, the
methane yield decreased, likely due to the increasingly favorable oxidation reaction depleting the
surface C4 species available for fragmentation in later cycles. While more oxidative fragmentation
potentials increased the methane yield up to 0.6 V, they resulted in a lower selectivity toward
methane due to more CO:2 being produced (Supplementary Figures 23-25). These findings are
consistent with our proposed reaction pathway and underscore the importance of controlling the

relative rates of *CHx generation through fragmentation and its subsequent oxidation to *CO.

To show that the distinct potential dependence and kinetics of C—C bond scission and
fragment oxygenation can be leveraged to produce methane from butane with high selectivity, we
lowered the fragmentation potential and increased the duration of the fragmentation step. We
found that applying 0.4 V inhibited *CO formation to a greater extent than C—C bond scission,
allowing *CHx fragments to accumulate on the surface. We therefore extended the fragmentation
hold to 600 s, after which we desorbed methane at 0.1 V for 180 s before repeating the cycle. Using
this sequence, we increased the methane yield by an order of magnitude compared to the maximum
yield observed at static potentials, while maintaining 20% selectivity toward methane
(Supplementary Figure 26). Eliminating all residual butane after adsorption by exchanging the
electrolyte did not alter the methane yield or selectivity (Supplementary Figure 27), indicating that

the increase in methane is not due to the continuous adsorption of spurious butane. Instead, the
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improved methane production is the result of complete butane conversion at higher selectivity.
Importantly, the identified conditions can be directly transferred to a system where butane
constantly saturates the solution to achieve continuous butane transformation with the repeated
desorption of constant amounts of methane (Figure 7d). These results demonstrate how
understanding the kinetic reaction network enables the rational manipulation of individual

elementary steps through the applied potential to control reaction activity and selectivity.

Discussion

We expect that the selectivity between different products from surface alkyl compounds
could be further steered by tuning the reaction temperature and the microenvironment though
electrolyte variation. Understanding the selectivity branch point between fragmentation and
oxidation also provides insights for catalyst design. Our work suggests that on Pt, a large fraction
of alkyl fragments are oxidized to *CO, limiting the yield of methane. Suppressing this
oxygenation, while promoting C—C scission is necessary to favor fragmentation. We hypothesize
that this can be achieved using catalyst materials with a higher predicted turnover frequency for
ethane hydrogenolysis, such as Ni or Rh.> Varying the catalyst material is also likely to influence
the site-selectivity and extent of fragmentation in long-chain alkanes, which could provide an
avenue for electrochemical polyolefin recycling.

The distinct potential dependence of adsorbate formation and their subsequent
transformation results in two oxidation potential regimes, which feature different rate-limiting
steps (Figure 6). Between 0.3 and 0.5 V we observe an accumulation of *CO, implying that the
oxidation of *CO to CO:z is the rate limiting step of alkane oxidation. This suggests that the onset
potential of alkane oxidation could be reduced by alloying Pt with more oxophilic metals such as
Sn and Ru, as is seen in CO oxidation literature.”*’® However, at potentials of 0.6 V and higher,
the oxidation of *CO is facile and C—C scission limits overall performance. We therefore anticipate
that catalysts which demonstrate high rates for both oxygen evolution and thermal hydrogenolysis,
such as Ir-based electrodes, may increase activity at higher potentials.”” 8! Alloys of oxophilic
metals within hosts that feature high fragmentation activity are also good candidates for fuel cell
catalysts. Further investigations into the mechanism of both C—C fragmentation and oxygenation,
as well the influence of potential on each elementary step, are necessary to develop precise

electrocatalytic approaches for alkyl fragment transformations.
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The development of reactivities to activate the inert C(sp>)—C(sp*) and C(sp>)—H bonds in
plastics, alkane fuels, and alcohols is key to building a Net-Zero hydrocarbon economy. However,
the potential driven transformations of alkyl species on the electrode surface which control this
reactivity have been underappreciated, impeding electrification efforts. Specifically, the lack of
insight into the bifurcation between C—C bond fragmentation and oxidation hinders fuel cell
catalyst design and efforts to leverage electricity for sustainable chemical synthesis. Here, we use
time-dependent electrode potential sequences, combined with monolayer-sensitive EC-MS, to
generate insight into the complex network of alkyl-transformation reactions connecting C—C
fragmentation and oxygenation. Our findings show that the relative rates of *CHx formation and
its subsequent oxidation govern the selectivity between these two processes.

Studying reaction networks through time-dependent electrode potential sequences provides
unique insights into the progression of adsorbed intermediates through a reaction pathway. Our
mechanistic understanding will inform the design of improved catalysts to enable fuel cells
operating on energy dense liquid fuels and lay a foundation for selective C—C cleavage in
electrosynthetic pathways. Tuning the rates of individual reaction steps through potential
manipulation and materials engineering opens the door to complex reactivities, such as polyolefin
recycling and partial oxidation. Our results thus provide a framework for expanding electrification
efforts to a wide range of hydrocarbon transformations, laying the foundation for a sustainable

chemical industry.

Methods

Preparation and Characterization of Platinized Pt Catalyst. Nanoporous Pt was deposited on
a polished and rinsed 5 mm diameter Pt insert (0.196 cm? geometric area) using a
chronopotentiometric approach.®? A solution of 72 mM H2PtCls (99.9% trace metals basis, Sigma
Aldrich) and 0.13 mM Pb(C2H302)2 (99.999% trace metals basis, Sigma Aldrich) in Milli-Q water
was contacted with the Pt stub and —10 mA/cm? was passed for 10 min using a Pt wire (99.999%,
Sigma Aldrich) as the counter electrode. The platinized electrode was then gently rinsed with
Milli-Q water before use. Following the standard electrochemical cleaning procedure described
below, the surface was free of lead and chlorine impurities within the detection limits of XPS
(Supplementary Figure 28). When performing cyclic voltammetry in 1 M HCIO4, a broad
hydrogen under potential deposition (H-UPD) peak was observed, suggesting a distribution of
surface sites without a dominant facet present (Supplementary Figure 29). The electrochemical
surface area (ECSA) was measured by the underpotential deposition of a Cu monolayer at 0.2 V

14



for 3 min using 5 mM CuSO4 in 1 M HCIOs4 followed by oxidation using a linear sweep up to
1.2 V at 20 mV/s. The background-subtracted oxidation currents were integrated to give the charge
passed, which was converted to the surface area using 420 uC cm™ as the correlation
(Supplementary Figure 30).%* The calculated ECSA was 73.8 cm?, which agrees with an ECSA of
72.5 £ 1.65 cm? measured by CO stripping (Supplementary Table 2). The coverage of butane-
derived surface species ranged from 3-16% and was calculated assuming that each carbon atom
occupies one CO-binding site (Supplementary Figure 31).

EC-MS Measurements. All experiments were performed using a Biologic SP-200 potentiostat
and a three-electrode assembly consisting of a platinized Pt working electrode, Pt wire counter
electrode, and Ag/AgCl (3 M KCl) reference electrode. To improve stability a 100 Q resistor was
added in series before the working electrode. 1 M HClO4 was used as the electrolyte. Prior to cell
assembly the PTFE cell was cleaned using piranha (85% H2SO4, 15% H20:) and the electrolyte
was degassed by He sparging for 10 min. For all experiments the working electrode was cleaned
by applying 1.3 V for 5 min followed by 5 cyclic voltammetry cycles between —0.1 and 1.4 V ata
scan rate of 20 mV/s. A typical experiment involved butane adsorption for 15 min followed by 15
minutes under helium flow to remove residual gaseous butane. Oxidative stripping was performed
by increasing the potential to 1.4 V at 5 mV/s. A chip based electrochemical mass spectrometer
(Spectro Inlets, Denmark) allowed species generated at the electrode surface to diffuse through the
chip and into the MS, enabling real-time detection of desorbed products (Supplementary
Figure 32). The EC-MS was operated using Zilien software (Spectro Inlets).

Quantification of EC-MS Data. Each spectrum x had six data points at each time (encoded in a
vector of R®), with each point representing the intensity of a given mass-to-charge ratio (i.e.,
m/z=15, 16, 30, 43, 44 and 58). The sampling rate for each spectrum is 1.2-2.1 seconds. By
collecting T spectra, we obtained a data matrix X € R7*®. In this study, we focused on using these
spectra to quantify the flux of five species: methane (CHa), ethane (C2He), propane (C3Hg), butane
(C4Hi0), and carbon dioxide (COz). We measured the standard reference spectrum for each of these
gases and combined them into a reference matrix A € RS,

To focus only on the gases produced by the electrocatalytic reaction, we needed to remove the
baseline spectrum (the background). We did this by taking the average of 180 seconds of a steady-
state spectra taken under He as the baseline spectrum, x;,, € R®, for each experiment. We then
subtracted this baseline spectrum from the original spectrum at each time point and took the rolling
average in time using a window of size 10 to reduce random noise. Supplementary Figure 33 shows
the spectra before and after preprocessing.

At each time point, we sought the solution to an optimization problem that could be expressed as
a constrained least squares with £;-normalization:

min||Aw — x|IZ + Alwll, (2)

s.t.w;=>0fori=1,--,5

15



where w € RS represents the flux of each gas. We aimed to minimize the difference between the
predicted spectrum, Aw, and the observed spectrum x. To avoid overfitting and promote accurate
quantification of the most dominant species, we used #; -normalization to force small gas
fluctuations that we attributed to measurement noise to 0. The parameter A determines the strength
of normalization, which we refer to as the sparsity ratio. Furthermore, we imposed bounds on the
predicted fluxes w to ensure that they are nonnegative, as negative fluxes are not physically
meaningful. The optimization problem was solved using Python and the SciPy library with a trust
region algorithm.*®

All results reported here were calculated using a sparsity ratio of 1x10™*. This value of A was
selected to minimize calculated fluxes arising from measurement noise while preserving
sensitivity. To tune A, we tested values between 0 and 107 for three experiments involving
methane, butane, and CO adsorption. For these experiments, we increased the A value until
nonphysical signals, for example propane during methane experiments, were eliminated
(Supplementary Figures 34&35). The signal reconstructions and calculated fluxes were then
compared to the results obtained with a sparsity parameter of 0 to ensure that no significant features
of the spectra were lost.

Oxidation state calculations. The number of electrons needed for total oxidation of the adsorbate
to COz2, denoted as N, was calculated using the following equation:

N =2l 3)

nco,

where n,.- is the number of faradaic electrons passed during oxidative stripping and n, is the
number of CO2 molecules produced. These values were calculated by integrating the current and
CO2 flux during the first cycle of the desorption cyclic voltammogram and subtracting the current
or CO2 produced during the corresponding blank performed under He to correct for solvent
reorganization current and any organic impurities. Calculations of the N value for only the species
giving rise to peak I were done by performing reductive desorption prior to the oxidative stripping
and only increasing the voltage to 0.95 V to prevent the total oxidation of peak III (Supplementary
Figure 6).
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TABLES

Table 1. The number of electrons needed to fully oxidize a surface adsorbate to CO2 (N) for several
possible Ci surface species.

Adsorbate Structure N
*CO 2

*CHO or *COH 3
*(C 4

*CH 5
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Figure 1. EC-MS interrogation of alkane fragmentation and oxidation branchpoint (a) Illustration of the possible
electrocatalytic reaction pathways of butane on a Pt electrode leading to either fragmentation or oxidation. (b)

Schematic of the time dependent applied potential profile used to study butane adsorption, C—C bond cleavage, and

the subsequent reductive desorption or total oxidation of the resulting surface species.
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Figure 2. Potential dependence of butane adsorption and fragmentation on Pt (a) Potential program for butane

adsorption at 0.2-0.7 V followed by reductive and oxidative desorption. (b) Potential dependent yields of reductively

and oxidatively desorbed products on a carbon basis. (c) Potential dependent selectivity between reductively and

oxidatively desorbed products on a carbon basis. (d) Methane and butane yields produced upon reductive desorption

at 0.05 V following 15 min butane adsorption at varying potentials. All points are the average of at least three

independent trials with error bars indicating the standard deviation. The results of individual trials are shown in

Supplementary Figures 36-38.
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Supplementary Figure 40. (d) The methane flux and potential during repeated potential oscillation in a butane saturated
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