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Abstract: Heterogeneous aqueous-phase aerobic oxidations are an important emerging class of catalytic transformations,
particularly for upgrading next generation bio-derived substrates. The mechanism of these reactions and the precise role of
O; in particular remains unclear. Herein, we test the hypothesis that thermochemical aerobic oxidation proceeds via two
coupled electrochemical half-reactions for oxygen reduction and substrate oxidation. We collect electrochemical and thermo-
chemical data on common noble metal catalysts under identical reaction/transport environments, and find that the electro-
chemical polarization curves of the O, reduction and the substrate oxidation half-reaction closely predict the mixed potential
of the catalyst measured in operando during thermochemical catalysis across 13 diverse variables spanning reaction condi-
tions, catalyst composition, reactant identity, and pH. Additionally, we find that driving the oxidation half-reaction reaction
electrochemically in the absence of O, at the mixed potential leads to very similar rates and selectivities as for the thermo-
chemical reaction in all cases examined. These findings strongly indicate that the role of O, in thermochemical aerobic oxida-
tion is solely as an electron scavenger that provides an incipient electrochemical driving force for substrate oxidation. These
studies provide a quantitative and predictive link between thermochemical and electrochemical catalysis, thereby enabling
the rational design of new thermochemical liquid-phase aerobic oxidation schemes by applying the principles of electrochem-
istry.

Heterogeneous aerobic oxidations constitute a broad class of transformations critical for the valorization of small molecules, the
remediation of waste streams, and the upgrading of biomass substrates.** For complex and non-volatile substrates, in particular,
heterogeneous aerobic oxidations must be conducted in the liquid phase and water can serve as an environmentally benign medium
for these transformations. Accordingly, intensive research has been focused on developing aqueous-phase aerobic oxidation method-
ologies to reduce the environmental impact of chemical synthesis and manufacturing. Noble metals including Pt, Pd, and Au have
been identified as potent catalysts for the aqueous phase aerobic oxidation of small molecules.>*>*7 In contrast to the rich mechanistic
understanding of heterogeneous aerobic oxidation at gas-solid interfaces, there remains limited insight into the mechanism of aerobic
oxidations mediated at a metal-aqueous interfaces, impeding the systematic development of improved catalysts for selective and
efficient aerobic oxidation of next-generation bio-derived feedstocks.

Despite the extensive research efforts to unravel the mechanism of aqueous-phase aerobic oxidation of simple organic molecules
like methanol, ethanol, and formic acid, the role of O, in the mechanism remains the subject of vigorous debate.*®*!1° Researchers
have invoked the direct participation of adsorbed O* species in catalysis via Langmuir-Hinshelwood recombination with surface-
bound organic intermediates.*®!!'? Alternatively, researchers have invoked an indirect role of O, in scavenging electrons produced
via substrate oxidation. The indirect role of O, is supported by isotopic tracer studies, in which oxidations with *O, show negligible
incorporation of the 'O label in the oxidation products.’ These labeling studies, in conjunction with computational modeling led to
the postulate that the overall reaction might be comprised of two countervailing electrochemical half-reactions for the reduction of
O, to water and the oxidation of the small organic molecule to the product.®!* This provocative hypothesis, if validated, would provide
a clear connection between the largely disparate communities of thermochemical and electrochemical catalysis and have profound
implications for the mechanistic understanding and rational design of liquid-phase thermochemical reactions and catalysts.'*!> Yet,
direct insight into whether or not these reactions are electrochemical in nature remains elusive.

Historically, mixed potential theory (MPT) has been used to understand the coupling of electrochemical half-reactions at a solid-
liquid interface. MPT has been used to explain and analyze a rich array of surface reactions ranging from corrosion, to cathodic
protection, and electroless plating.'®!7!%1%14 Although the basic foundation of MPT is well-established, it’s use in the context of
heterogeneous catalytic reactions has been largely restricted to simple cases in which the co-reactant is engaging in outer-sphere
electron transfer.2?"*2 However, MPT can be equally effectively applied to a situation in which each half-reaction proceeds via a
complex inner-sphere, surface catalyzed reaction mechanism. Despite its generality, MPT has, to the best or our knowledge, not yet
been applied to analyze the aerobic oxidation of organic small molecules in a quantitative manner.



R+0,—P+H,0

P + ne” O + 4e— \“
R +nH . 20 + = - :
—}ﬂ +4H* 2H,0 R—>" +Hn*e net reaction rate
P> D ) — =[]/

=|j.|/nF

Fig. 1. (a) Thermochemical aerobic oxidation catalysis could proceed via coupled electrochemical half-reac-
tions for substrate oxidation (R to P) and oxygen reduction. For simplicity, the scheme depicts full reduction
of O, to water. (b) Within the framework of mixed-potential theory, the independent electrical polarization
curves for each half-reaction predict the mixed-potential and the reaction rate during thermochemical catalysis.
E in (a) refers to the potential of the catalyst during thermochemical turnover while Ersy in (b) refers to the
catalyst potential predicted by applying the current matching condition to the electrochemical polarization
curves.

Within the framework of MPT, each catalyst particle functions as a short-circuited electrochemical cell where both electrochemical
half reactions occur to generate an equal and opposite flux of current. Thus, under the influence of each half-reaction, this short-
circuit (SC) model predicts that the catalyst maintains a steady state mixed electrochemical potential that balances the flow of charge
into and out of the particle (Fig. 1a). In the limit that the two electrochemical half-reactions are completely orthogonal from each
other, the mixed potential expected during turnover can be predicted by simply overlaying the electrochemical polarization curves of
the catalyst for each half-reaction measured in the absence of the co-reactant (Fig. 1b). Thus, a rigorous validation of the SC model
requires (a) in operando measurement of the catalyst potential during thermochemical turnover and (b) evaluation of the polarization
curves for the catalyst under identical reaction/transport conditions as for thermochemical catalysis. If the SC model is valid, (i) the
current equivalency point of the polarization curves, Eysv in Fig. 1b, should predict the mixed potential of the catalyst, Ec, in Fig. 1a,
during thermochemical turnover and (ii) electrochemically-driven catalysis at the mixed potential should give rise to the same reaction
rate and selectivity as the thermochemical reaction. These diagnostic criteria, if satisfied, would provide solid support for an electro-
chemical mechanism underpinning thermochemical aqueous-phase aerobic oxidation catalysis.

Herein, we establish a general framework for analyzing a wide variety of aqueous-phase aerobic oxidation reactions within the
context of MPT. By measuring electrochemical and thermochemical data under identical reaction/transport environments, we show
that the electrochemical polarization curves of oxygen reduction reaction (ORR) and the substrate oxidation half reaction predict the
potential of the catalyst measured in operando during thermochemical catalysis. We also show that driving the oxidation reaction
electrochemically in the absence of O, at the mixed potential leads to the same rate and selectivity as the thermochemical reaction.
We use these observations to show that the short-circuit (SC) model accurately predicts catalyst potential, reaction rate, and general
scaling behaviors in aerobic oxidation across reaction conditions, catalyst composition, reactant identity, and pH. These studies pro-
vide quantitative and predictive insight into the operation of thermochemical aerobic oxidation at metal-aqueous interfaces and high-
light the commonality between electrochemical and thermochemical liquid-phase catalysis.

RESULTS AND DISCUSSION
Quantifying short-circuit behavior within a model reaction: Pt-catalyzed formic acid oxidation
In order to rigorously test the short-circuit hypothesis, we employed catalyst particles supported on a graphitic carbon conductive
support and fashioned the catalyst/support network into a macroscopic electrode. This allowed for (I) the (mixed) potential of the
catalyst to be monitored during thermochemical catalytic turnover, and (II) the electrochemical current-voltage behavior for each
half-reaction to be measured independently. By employing a common catalyst network for the measurement of (I) and (II), this
approach serves to test the SC model without any mechanistic assumptions or extrapolation of the electrochemical polarization data.
To test the validity of the SC model for aerobic oxidation, we begin with a model reaction: Pt-catalyzed aerobic oxidation of formic
acid (FA) in acidic aqueous media (pH 1). We employed nanoparticulate Pt on carbon (Pt/C) deposited as a thin film on a hydrophobic,
electrically-conductive gas diffusion layer. This configuration facilitated efficient gas transport to the catalyst particles despite the
low solubility of O, in water (unless otherwise stated, this gas diffusion configuration was employed throughout this work; see Sup-
porting Information for details). For this test reaction, gaseous reaction products were monitored by in-line gas chromatography and
CO; was found to be the sole product of FA oxidation in all cases.
The SC model predicts that the net thermochemical formic acid oxidation reaction, Eq. (1), proceeds via the coupling of two
electrochemical half reactions, the formic acid oxidation reaction (FAOR), Eq. (2), and the oxygen reduction reaction (ORR), Eq. (3).

HCOOH + 1/20, » CO, + H,0 (1)
HCOOH - CO, + 2H" + 2¢~ @)
1/20,+ 2H + 2~ > H,0 3)



Thus, to test the SC model, we first recorded the electrochemical polarization behavior of (2) and (3) in the absence of the co-
reactant. As seen in Fig. 2a, the independently recorded polarization curves of FAOR in the absence of O, (red) and ORR in the
absence of FA (blue) reach inverse current values (i.e. equal in magnitude but opposite in sign) at 0.72 V vs the reversible hydrogen
electrode (RHE). All potentials in this study were found to have a standard error of £0.01 V obtained from 3 or more independent
replicates. This current-equivalency point provides a predicted SC potential (ELsv) for the overall thermochemical reaction if the SC
model were operative. Using the same catalyst on which the polarization data were recorded, we monitored the open-circuit potential
(Eca) during net thermochemical aerobic oxidation catalysis (Eq. (1)). We stress that during thermochemical catalysis, no current is
flowing through an external circuit, but the electrical connection to the catalyst provides for a real-time quantitative measurement of
the catalyst potential. Upon initiating the thermochemical reaction, the measured E., rapidly stabilized and remained fixed at 0.75 V,
which is very close to the value (Ersy, 0.72 V) predicted by the independently measured polarization curves of the ORR and FAOR
electrochemical half-reactions (Fig. 2b, top).

In addition to the steady-state potential of catalysis, comparison of the reaction rate under electrochemical and thermal catalytic
conditions provides an addition handle with which to test the applicability of the SC model. Under thermochemical aerobic oxidation
conditions, we measure a steady state specific rate of 3.1 £ 0.3 mmolco, hr ™' mgp ' (Fig. 2b, bottom). We note that this and all other
rate measurements were taken at less than 10% conversion to minimize substrate depletion effects. Strikingly, in the absence of
absence of O, electrochemically driven FAOR at 0.75 V, leads to a steady-state specific reaction rate of 2.7 + 0.2 mmolco, hr™'
mgp !, very much in line with the value recorded under thermochemical aerobic oxidation conditions. The close similarity in both
the predicted potential and the reaction rate suggest that acrobic FA oxidation catalysis is well described by the SC model.

We note that the Pt catalyst nanoparticles in this study were supported on carbon (Pt/C), which is a common support material in
the aerobic oxidation literature.*” Notably, the same correspondence between catalyst potential and reaction rate is also observed on
a Pt mesh catalyst (Fig. S1), suggesting that the carbon support does not play a specific role in the SC model other than serving as a
conductive network with which to readily sample the catalyst potential. Furthermore, the ~5 nm Pt nanoparticles in Pt/C are known
to display metallic electronic structure;>** consequently, we expect that the behavior of bulk Pt is maintained on each individual Pt
particle supported on carbon.

As a further test of the SC model, we tracked the temporal variation of the catalyst potential and reaction rate in real-time using
on-line electrochemical mass spectrometry. We positioned the Pt/C gas diffusion layer at the inlet to the mass spectrometer (MS) (see
Fig. S2 and SI for full experimental details) and tracked the formation of CO, as the 44 m/z MS signal (Fig. 2¢). In the presence of
FA under Ar flow (0 to 30 s), we observe no appreciable CO, by MS (Fig. 2c¢, top) and a stable E, of ~0.1 V (Fig. 2¢, bottom).
Upon rapid switching of the gas flow to O, at the 30 s time point, we observe a synchronous rise of both the CO, signal in the MS
and the E (Fig. 2¢, yellow highlighted regions), before reaching steady state values at ~50 s. The measured E., at steady state is
again ~0.75 V, close to the value (ELsv) estimated by the independently measured polarization curves. The synchronous rise of Ecy
and the product formation rate under thermochemical conditions provides additional support for the coupled electrochemical nature
of thermochemical FA oxidation.

Together, the above electrochemical, chemical, and spectrometric studies strongly support a model for aerobic thermochemical FA
oxidation that proceeds via two largely independent electrochemical half-reactions, FAOR and ORR that are coupled together simply
via electron flow through the catalyst. Thus, independent measurement of the electrochemical half reactions predicts the potential of
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Fig. 2. (a) Linear sweep voltammograms (LSVs) of Pt/C catalyzed formic acid oxidation reaction (FAOR, red) and oxygen reduction (ORR,
blue) at pH 1 (0.1M HCIO4), scan rate: 10 mV s™'. The arrows indicate the direction of scan. The FAOR curve was collected with 0.5 M of
formic acid (FA) in the absence of O,, whereas the ORR curve was collected without formic acid (FA) under 1 atm of O,. The current
equivalency point (Ersv) is marked (vertical grey bar). (b, top) Comparison of the expected catalyst potential, Ersv (blue bar) and measured
catalyst potential, Ecy (green bar) during thermochemical FA oxidation. (b, bottom) Comparison of the measured specific reaction rates
during electrochemically-driven FAOR at E (red bar) and thermochemical FA oxidation (orange bar). (¢) Real-time monitoring of the
temporal variation in mass spectrometer (MS) signal for CO; (44 m/z, top) and catalyst potential, Ecy (bottom). Upon switching the sweep
gas from Ar to O at 30 s, both signals exhibit synchronous transients (yellow) prior to reaching steady-state values at ~50 s. The recorded
electrochemical currents in (a) are normalized by the geometric surface areas of the electrodes contacted with the reaction solution. Error
bars indicate standard errors, obtained from 3 or more independent replicates.



the electron bath in the metal. Additionally, removing Fermi electrons (or equivalently injecting holes) via an external circuit or via
inner-sphere O, reduction catalysis provides the same reaction rate for FA oxidation. Indeed, under thermochemical conditions, O,
functions to raise and maintain the catalyst potential at a sufficient high value (> 0.7 V) to drive electrochemical FAOR and the
matched electron exchange between the two half reactions maintains the redox-neutrality of the net reaction.

The foregoing observations constrain the palette of viable mechanistic pathways since the surface intermediates involved in ther-
mochemical FA oxidation must also be accessible via electrochemical polarization at Ec,.. Indeed, since the Ey value of ~0.7 V is at
a~0.5 V underpotential to the thermodynamic potential, 1.23 V, for electrochemical O, production, the above data explicitly excludes
Langmuir-Hinshelwood mechanistic sequences involving adsorbed O,*, a pathway previously invoked for aerobic oxidation.* Instead,
extensive studies of Pt electrochemistry establish that at 0.7 V, the Pt surface is expected to be partially covered with adsorbed OH*
implying that these adsorbates, which are in equilibrium with free proton and electrons, facilitate FA oxidation during both electro-
chemical and thermochemical catalysis.’ Indeed, these mechanistic conclusion from MPT theory are in line with the proposed reaction
sequence of glycerol oxidation on Au in alkaline media in which O, reduction is postulated to replenishes OH™ while scavenging
electrons to maintain electro-neutrality of the overall catalytic cycle.’ Irrespective of the specific mechanism and microkinetic model
at play, the foregoing observations indicate the inherent commonality between electrochemical and thermochemical aerobic oxidation
catalysis.

The short circuit model provides a detailed picture of how reaction variables influence aerobic oxidation catalysis

The foregoing studies provide a framework for analyzing and predicting how reaction rate and potential are expected to be influenced
by key reaction variables. Here, we examine the utility of the SC model in analyzing the impact of mass transport limitations and
changes in reactant concentration (Fig. 3).
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Fig. 3. (a) FAOR and ORR LSVs of Pt/C under disparate mass transport conditions of O, scan rate: 10 mV s™'. Data were collected
with O, delivery through a gas-diffusing (GD) layer and via dissolved O, without a gas-diffusion layer (nGD) at pH 1 (0.1 M HCIOy).
The current equivalency points are marked on the figure (vertical grey bar). (b, ¢; top) Comparison of the expected catalyst potential,
Eisv (blue bar), from the current equivalency point and the measured catalyst potential, £, (green bar) during thermochemical oxi-
dation of FA in (b) GD and (¢) nGD reaction modes. (b, ¢; bottom) Comparison of the measured specific reaction rates during
electrochemically-driven FAOR at E¢ (red bar) and thermochemical FA oxidation (orange bar) in (b) GD and (¢) nGD reaction
modes. (d) LSVs of FAOR and ORR with different concentrations of FA (0.1 M and 0.5 M), scan rate: 10 mV s\, (e, f; top) Com-
parison of the expected catalyst potential, Ersv (blue bar), from the current equivalency point and the measured catalyst potential, Eca
(green bar) during thermochemical oxidation of FA with (e) 0.5 M and (f) 0.1 M of FA. (e, f; bottom) Comparison of the measured
specific reaction rates during electrochemically-driven FAOR at Ecy (red bar) and the thermochemical FA oxidation (orange bar) with
(e) 0.5 M and (f) 0.1 M of FA. The recorded currents in (a) and (d) are normalized by the geometric surface areas of the electrodes
contacted with reaction solutions. Error bars indicate standard errors obtained from 3 or more independent replicates.



Using the same model reaction, Pt-catalyzed aerobic FA oxidation, we first examined the impact of restricted mass transport of O,
(Fig. 3a, 3b, and 3¢) by comparing electrochemical and thermochemical reactivity on catalyst films interfaced with the O, stream
with (GD) and without (nGD) a gas diffusion layer. During nGD conditions, the catalyst layers were submerged entirely within the
aqueous solution, thereby diminishing the O, flux to the catalyst via a direct transport path between the reaction headspace and the
catalyst film (see Fig. S3 for further details). Unsurprisingly, the measured thermochemical reaction rate of 3.1 + 0.3 mmolco, hr™'
mgp ' under GD mode, declines dramatically to 0.14 £ 0.004 mmolco, hr™' mgp' under nGD condition (Fig. 3c). However, the SC
model provides a more detailed picture of how the overall reaction is impacted by this imposed limitation on O, transport. As seen in
Fig. 3a, the inhibited O, transport in nGD mode dramatically alters the ORR polarization curve (blue) but leaves the O,-independent
FAOR polarization curve largely unchanged (red). Consequently, the current equivalency point, Ersy, shifts substantially lower to
0.23 V, and this predicted value is again in line with the equilibrated potential, Ecy, 0.21 V, measured during thermochemical oxidation
in nGD mode (Fig. 3c, top). At this lowered potential, the ORR polarization curve displays a clear transport limited plateau, indicating
that the reaction rate is solely influenced by change in O, flux, but not changes in the intrinsic kinetics of the half-reactions (Fig. 3a).
In line with this expectation, the measured mixed potential is dependent on solution convection, varying with changes in the stirring
rate (Fig. S4). While this extreme case of severe transport limitations in a relatively simple reaction is easy to analyze without applying
the SC model, we stress that the information provided by the electrochemical analysis of each constitutive half reaction aids the
analysis of more complex situations in which one or both reactions are subject to (mixed) activation and transport control.

We next investigated the impact of FA concentration (Fig. 3d, 3e and 3f). As expected, decreasing its concentration from 0.5 M to
0.1 M attenuates the FAOR polarization curve (Fig. 3d). Consequently, the expected current equivalency point (Ersv) shifts higher
to 0.78 V, which is in good agreement with the measured catalyst potential of 0.81 V during the thermochemical reaction (Fig. 3f,
top). As observed above, the rate of electrochemically driven FAOR of 1.3 4 0.09 mmolco, hr' mgp' measured at this mixed poten-
tial again closely matches the measured rate of the thermochemical aerobic oxidation, 1.2 + 0.13 mmolco, hr' mgp". (Fig. 3f, bot-
tom). Simply comparing the thermochemical reaction rates, 1.2 mmolco, hr™' mgp ' and 3.1 mmolco, hr™' mgp ', at 0.1 M and 0.5 M
FA, respectively, yields a fractional reaction order in FA of ~0.6. Non-integer reaction orders are commonplace in many heterogene-
ous catalytic reactions and are often attributed to non-Langmuirian adsorption and/or site saturation effects. For complex reactions
like aerobic oxidation, co-adsorbate interactions between, for example, O, and the substrate, can lead to non-Langmuirian adsorption
and attenuate substrate reaction orders.?>?%*"2%2 The SC model provides insight into the origin of the observed fractional order and
the differential contributions to it from each half reaction. In particular, comparing the FA polarization curves at both concentrations
(Fig. 3d) reveals that (a) the FAOR half reaction, by itself, displays a ~0.5 reaction order in the potential region of interest in the
absence of O, and (b) the shallow slope of the FA polarization curve makes it weakly sensitive to small changes in Ec,. Thus, while
the equivalency potential point (and Ec.() moves more positive by ~0.04 V, the observed reaction order for thermochemical aerobic
oxidation can be largely accounted for by the intrinsic order of the FAOR half-reaction, rather than co-adsorbate interactions with O,
or ORR intermediates. As this discussion highlights, the analysis of the electrochemical kinetics of each constitutive half-reactions
can provide valuable complementary mechanistic insight alongside classical mechanistic studies of the overall transformation.

The short-circuit model explains trends in catalyst materials



With the foregoing understanding of how the SC framework applies to FA oxidation under varying reaction conditions, we next
examined its general applicability across a variety of catalyst materials (Fig. 4). First, we studied how the SC model predicts and
explains the impact of varying catalyst composition. Specifically, we investigate thermochemical and electrochemical reactivity of
PtRu (1:1 atomic ratio) alloy catalysts (PtRu/C) for FA oxidation in comparison to Pt by itself (Pt/C) (Fig. 4a, 4b, and 4c). Relative
to Pt, PtRu alloy composites are known to exhibit improved electrocatalytic performance towards oxidation of various substrates,
including FA, CO, and alcohols.*® Exhaustive studies have found that Ru, by itself, has low activity, but that it acts a powerful
promoter of the native oxidation electrocatalysis activity of Pt.*® Consistent with this understanding, the recorded FAOR curve of
PtRu/C normalized by Pt catalyst loading displays higher current density than that of Pt/C at moderate overpotentials (>0.55 V) (Fig.
4a). Despite the appreciably higher FAOR ratio rate, the thermochemical rate with PtRu/C catalyst (2.8 £ 0.1 mmolco, hr™' mgp ") is
slightly lower that the rate of the Pt/C catalyzed reaction (3.1 £ 0.3 mmolco, hr™' mgp ') (Fig. 4b and 4¢, bottom). This seemingly
counter-intuitive observation is readily explained by the SC framework. Although the PtRu/C catalyst exhibits higher FAOR current,
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Fig. 4. (a) FAOR and ORR LSVs with different catalyst compositions (Pt/C and PtRu/C) at pH 1 (0.1 M HCIlOy), scan rate: 10 mV s
The recorded currents are normalized by geometric areas of electrodes and catalyst loadings in Pt mass. The current equivalency points
are marked on the figure (vertical grey bar). (b,c; top) Comparison of the expected catalyst potential, Ersy (blue bar), from the current
equivalency point and the measured catalyst potential, Ecy (green bar) during thermochemical oxidation of FA with (b) Pt/C and (c)
PtRu/C. (b,e; bottom) Comparison of the measured specific reaction rates during electrochemically-driven FAOR at Ecy (red bar) and
thermochemical oxidation of FA (orange bar) with (b) Pt/C and (¢) PtRu/C. (d) FAOR and ORR LSVs of Au/C at pH 1 (0.1 M HCI1Os),
scan rate: 10 mV s ', (e; top) Comparison of the expected catalyst potential, Ersv (blue bar), from the current equivalency point and
measured catalyst potential, Ec, (green bar) during thermochemical oxidation of FA. (e; bottom) Comparison of the measured specific
reaction rates during electrochemically-driven FAOR at Ecy (red bar) and thermochemical oxidation of FA (orange bar). (f) FAOR and
ORR LSVs of Pd/C at pH 1 (0.1 M HCIO,), scan rate: 10 mV s™'. (g; top) Comparison of the expected catalyst potential, Ersv (blue bar),
from the current equivalency point and measured catalyst potential, e, (green bar) during thermochemical oxidation of FA. (g; bottom).
Comparison of the measured specific reaction rates during electrochemically-driven FAOR at E¢y (red bar) and thermochemical oxidation
of FA (orange). The recorded currents in (d) and (f) are normalized by geometric areas of electrodes. In (a), (d), and (f), 0.5 M of FA was
used for FAOR. Error bars indicate standard errors obtained from 3 or more independent replicates.

it displays substantially lower ORR efficiency than Pt (Fig. 4a) with an onset of 10 mA ¢cm™ mgp; ' requiring an additional ~0.1 V
overpotential. This relative loss in ORR activity of the PtRu/C catalyst counteracts its enhanced activity for FAOR. These counter-
vailing contributions manifest in a significant lowering of the current equivalency point (Ersv) to 0.62 V for PtRu/C from 0.75 V for
Pt/C. As in the previous examples, the predicted potential is in line with the measured Ec, 0of 0.64 V during thermochemical catalysis
(Fig. 4b and 4c, top).

Employing the same methods as above, we examined aerobic FA oxidation on different metal-based catalysts: Au/C (Fig. 4d and
4e) and Pd/C (Fig. 4f and 4g). For these metals, polarization curves of FAOR and ORR reach their respective current equivalency
points (Ersy) of 0.59 V for Au/C (Fig. 4d) and 0.62 V for Pd/C (Fig. 4f). These predicted values exhibit appreciable deviations from
the catalyst potentials (Eca), 0.66 V for Au/C (Fig. 4e, top) and 0.75 V for Pd/C (Fig. 4g, top), measured during the thermochemical
oxidation of FA. Nonetheless, at the measured catalyst potentials (E..), the steady-state rates of electrochemically driven FAOR of
0.22 £ 0.03 mmolco, hr™' mga, ' for Au/C and of 1.26 + 0.13 mmolco, hr™' mgps ™' for Pd/C matches the measured rates of the ther-
mochemical aerobic oxidation, 0.19 £ 0.01 mmolco, hr™' mga,™' for Au/C (Fig. 4e, bottom) and 1.15 £ 0.08 mmolco, hr™' mgpq ' for
Pd/C (Fig. 4g, bottom).

The deviations between Eysv and E., for these two catalysts can be explained by slow deactivation of FAOR catalysis on a timescale
longer than the transient LSV measurements (scan rate: 10 mV s '). Indeed, chronoamperometric FAOR traces of Au/C (Fig. S5) and
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Pd/C catalysts (Fig. S6) display substantial attenuation in current over the timescale of several minutes, significantly longer than the
~1 min time scale of the entire LSV sweep. This longer-term deactivation serves to attenuate the FAOR rate and correspondingly
moves the current equivalency points to more positive values. In line with this reasoning, we observe at the Ec.; values measured
during thermochemical catalysis shift positively over a similar timescale (Fig. S7 and S8). Even slower scan LSV or stepped chron-
oamperometry data would better capture these longer time scale transients and, better predict the Ec... Notwithstanding, the foregoing
analysis highlights the utility of the SC model in quantifying catalyst dynamics over diverse timescales.

Together, the data from this and the previous section indicate that the SC framework provides predictive insights into trends in net
thermochemical aerobic oxidation reactivity across both reaction variables and catalyst materials.

The short-circuit model applies generally across small molecule substrates

The foregoing data evincing the utility of the SC model for FA oxidation catalysis motivated us to examine whether SC behavior
prevails across other small-molecule substrates. Thus, in this section, we apply the SC model to analyze Pt/C catalyzed aerobic
oxidation of methanol, ethanol, and propanol (Fig. 5). Importantly, for each of the substrates, Pt/C displays known electrochemical
reactivity for the methanol oxidation reaction (MOR), ethanol oxidation reaction (EOR), and propanol oxidation (POR).3!:32:33.3435
Therefore, we postulate that these catalyzed half-reactions combine with ORR to furnish net thermochemical aerobic oxidation. For
thermochemical methanol oxidation (Fig. Sa), independently measured MOR and ORR polarization curves reach the expected current
equivalency point (Ersy) of 0.73 V and this predicted value is in line with the measured equilibrated potential, Ec, 0.76 V, during the
thermochemical reaction (Fig. Sb, top). For both electrochemical and thermochemical methanol oxidation, CO, was found to be a
sole product and the rate of electrochemically driven MOR at the measured mixed potential, 1.13 £ 0.09 mmolco, hr™' mgp', shows

good agreement with the measured rate of 1.26 + 0.06 mmolco, hr™' mgp" during thermochemical methanol oxidation (Fig. 5b,

bottom). As such, these quantitative analyses on both catalyst potentials and reaction rates corroborate that thermochemical methanol
oxidation proceeds via coupling of electrochemical MOR and ORR half reactions.



The applicability of the SC model further extends to thermochemical oxidation of ethanol and propanol. In these two cases, ORR
polarization curves reach the expected current equivalency Ei sy point of 0.78 V for ethanol oxidation (Fig. S¢) and 0.80 V for propanol
oxidation (Fig. 5f), which are indeed in line with the equilibrated potentials, 0.76 V (Fig. 5d, top), and 0.77 V (Fig. 5g, top), during
thermochemical oxidation of ethanol and propanol, respectively. Notably, both electrochemical and thermochemical oxidation pro-
duces a mixture of ethanal and acetic acid for ethanol oxidation and propanal and propionic acid for propanol oxidation. For ethanol
oxidation, electrochemically driven EOR at the E., in the absence of O,, gives rise to the nearly identical partial reaction rates for
each product (0.25 + 0.02 mmolemana hr™' mgp ! and 0.27 + 0.01 mmOlacetic acia hr™! mgpi ') as is observed for the thermochemical
reaction (0.31 + 0.05 mmolemana hr™! mgpc !, 0.34 4 0.11 mmOlacetic acia hr ! mgp ') (Fig. 5d, bottom). Consequently, at ~1-2% sub-
strate conversion, we observe a selectivity of 48% for ethanal (52% for acetic acid) during electrochemically driven EOR, which is
identical to the selectivity of 48% for ethanal (52% for acetic acid) during thermochemical oxidation of ethanol (Fig. 5e) at the same
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Fig. 5. (a) MOR and ORR LSVs of Pt/C at pH 1 (0.1 M HCIOs), scan rate: 10 mV s, (b; top) Comparison of the expected catalyst potential,
Eisv (blue bar), from the current equivalency point and the measured catalyst potential, Ec. (Green bar) during thermochemical oxidation
of methanol. (b; bottom) Comparison of the measured specific reaction rates during electrochemically-driven MOR at E¢y; (red bar) and
thermochemical oxidation of methanol (orange bar). (¢) EOR and ORR LSVs of Pt/C at pH 1 (0.1 M HClOy), scan rate: 10 mV s™". (d; top)
Comparison of the expected catalyst potential, Ersy (blue bar), from the current equivalency point and the measured catalyst potential, Eca
(green bar) during thermochemical oxidation of ethanol. (d; bottom) Comparison of the measured specific reaction rates for each product
(ethanal, left, and acetic acid, right) during electrochemically-driven EOR at Ecat (red bar) and thermochemical oxidation of methanol
(orange bar). (e) Comparison of the product selectivity during electrochemically-driven EOR and thermochemical oxidation of ethanol. (f)
POR and ORR LSVs of Pt/C at pH 1 (0.1 M HCIOy), scan rate: 10 mV s™'. (g; top) Comparison of the expected catalyst potential, Ersy
(blue bar), from the current equivalency point and the measured catalyst potential, E, (green bar) during thermochemical oxidation of
propanol. (g; bottom) Comparison of the measured specific reaction rates for each product (propanal, left, and propionic acid, right) during
electrochemically-driven POR at Ey (red bar) and thermochemical oxidation of propanol (orange bar). (h) Comparison of the product
selectivity during electrochemically-driven POR and thermochemical oxidation of propanol. The recorded currents in (a), (c), and (f) are
normalized by the geometric areas of electrodes. A 0.5 M substrate (methanol, ethanol, and propanol) concentration was used for each
experiment. Error bars indicate standard errors obtained from 3 or more independent replicates.



~1-2% conversion. Similarly, for propanol oxidation, electrochemically driven POR at the Ec, in the absence of O,, exhibits partial
reaction rates for each product (0.19 £ 0.03 mmolyropana hr™' mgp ' and 0.07 £0.005 MmOlropionic acia hr ' mgp ') in line with those
observed for the thermochemical reaction (0.25 £0.003 mmolyropanat hr ! mgp ', and 0.11 £ 0.03 mmol,ropionic acia ht ' mgp, ") (Fig. 5g,
bottom). Thus, at ~1 % substrate conversion, we observed selectivity of 72% for propanal (27% for propionic acid) during electro-
chemically driven POR, which closely matches the selectivity of 68% for propanal (32% for propionic acid) during thermochemical
oxidation of propanol (Fig. Sh) at the same ~1 % conversion. Given that electrochemical reaction selectivity is known to be dependent
on potential,***” and E.y can be systematically varied by changing the reaction variables (see above), the SC model can be used to
predict ideal reaction conditions to favor a given product. More broadly, the above studies suggest that the SC model may have
general applicability for aerobic oxidations across a wide variety of substrates and could provide a rational basis for understanding
and improving thermochemical liquid-phase catalysis.

The short-circuit model provides insight into the inherent pH-dependence of aerobic oxidation catalysis

Proton activity (or pH) has been recognized to play a particularly important role in defining the rate and selectivity of aerobic oxidation
reactions on solid catalysts.>**340 In particular, it has been found that many catalysts display poor or negligible aerobic oxidation
activity in acidic media, but display dramatically promoted activity in alkaline reaction conditions (pH 13 or 14).44? Despite sub-
stantial mechanistic effort, the origin of this strong pH dependence still remains the subject of debate.>® 4** Notably, whereas protons
are not obvious reaction participants in the overall thermochemical reaction, they are clearly reaction participants in the electrochem-
ical half reactions of alcohol oxidation and ORR, both of which are known to display pronounced pH-dependent kinetics.* 42434433
Thus, we postulated that the net pH dependence of the thermochemical reaction simply reflects the compounded pH dependence of
each individual half reactions. To test this hypothesis, we examined aerobic oxidation of ethanol on both Au/C (Fig. 6a, 6b, and 6c¢)
and Pd/C catalysts (Fig. 6d, 6e, and 6f) under acidic, pH 1 (0.1 M HCIO,), and alkaline, pH 13 (0.1 M KOH), reaction conditions.
Partially oxidized products, ethanal and acetic acid, were found to be the sole products detected during these reactions in all cases.
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Fig. 6. (a) EOR and ORR LSVs of Au/C at pH 1 (0.1 M HCIOs) (dotted curve) and pH 13 (0.1 M KOH) (solid curve). (b,c; top) Com-
parison of the expected catalyst potential, Ersy (blue bar) from the current equivalency point and the measured catalyst potential, Ecq
(green bar) during thermochemical oxidation of ethanol at (b) pH 1 and (¢) pH 13. (b,c; bottom) Comparison of the measured specific
reaction rates during electrochemically-driven EOR at E¢, (red bar) and thermochemical oxidation of ethanol (orange bar) at (b) pH 1 and
(¢) pH 13. (d) EOR and ORR LSVs of Pd/C at pH 1 (0.1 M HClO4) (dotted curve) and pH 13 (0.1 M KOH) (solid curve). (e,f; top)
Comparison of the expected catalyst potential, E1sv (blue bar), from the current equivalency point and the measured catalyst potential, Ecq
(green bar) during thermochemical oxidation of ethanol at (e) pH 1 and (f) pH 13. (e,f; bottom) Comparison of the measured specific
reaction rates during electrochemically-driven EOR at E¢, (red bar) and thermochemical oxidation of ethanol (orange bar) at (e) pH 1 and
(f) pH 13. The recorded currents in (a) and (d) are normalized by the geometric areas of electrodes. A 0.5 M ethanol concentration was
used in these studies. Error bars indicate standard errors obtained from 3 or more independent replicates.



Consistent with previous reports*’, we found no appreciable thermochemical reactivity with both catalysts at pH 1 (< 0.01 mmolep.
anal+acetic acid NT ' Mgmewa ') (Fig. 6b and 6e, bottom), whereas a substantial and selective promotion of ethanol oxidation to acetic acid
was observed at pH 13 (0.08 & 0.01 mmolacetic aciahr ' mga, ' and 0.21 + 0.01 mmolacetic acia hr ™' mgpa ') (Fig. 6¢ and Fig. 6f, bottom).

This thermochemical reactivity trend with pH is fully captured in the corresponding pH dependence of EOR and ORR. Specifically,
the ORR of Au/C is found to be sluggish at pH 1, with an onset of 0.3 mA cm™ at 0.75 V (Fig. 6a, blue, dotted curve). In contrast,
under alkaline conditions, Au-catalyzed ORR is significantly promoted with an onset of 0.98 V at the same current density (Fig. 6a,
blue, solid curve). For the EOR half reaction, Au is entirely inactive over a wide potential range in acid (Fig. 6a, red, dotted curve),
but displays appreciable activity with an onset of ~0.65 V in alkaline media (Fig. 6a, red, solid curve). This dual promotion of EOR
and ORR in alkaline media leads to a dramatic change in the predicted Eysv from 0.76 V in acidic media, to 0.90 V in alkaline media.
Both of these predicted Er sy values closely match the recorded E. during catalysis in the two reaction media (Fig. 6b and 6c¢, top).
For Pd/C, the ORR is enhanced as well (Fig. 6d, blue solid vs dotted), but to a lesser extent than for Au/C. However, Pd/C experiences
a much greater enhancement in EOR between the two reaction media (Fig. 6d, red solid vs dotted). Because of the shallower polari-
zation slope for the EOR, the combined effects of EOR and ORR promotion on Pd leads to a smaller predicted change in Eisy of 0.02
V despite the large pH change and this small change also matches the shift of 0.03 V observed experimentally in the E, during
thermochemical catalysis on Pd. We stress that the similarity in potentials at the pH extremes (1 and 13) arises only when referenced
to the reversible hydrogen electrode (RHE) scale which already accounts for the enormous change in proton activity. Indeed, on a
pH-independent reference scale, the catalyst potential is shifted by an additional 0.71 V between acidic and alkaline media, further
highlighting the direct influence of proton activity on the overall thermochemical reaction. As in all prior cases, electrochemical
polarization of the catalyst at E., in the absence of O,, gives rise to product formation with selectivity and rate that matches that
observed under thermochemical turnover (Fig. 6b, 6¢, 6e and 6f, bottom), further evincing the inherently electrochemical nature of
the pH-dependent reactivity trend. In aggregate, the above analysis within the SC framework indicates that for the Au catalyst, the
aggregate pH dependence is attributed to contributions from both half reactions, whereas, for Pd catalyst, the pH dependence of EOR
primarily drives the net pH dependence of thermochemical ethanol oxidation.

The foregoing analysis highlights that the net pH-dependence of thermochemical aerobic oxidation can be broken down into in-
trinsic contributions from the pH-dependence of each underlying half reaction. Indeed, the pH-dependence of electrocatalytic reac-
tions has been and remains a subject of vigorous research.>3%46:47:4849.50.51.52 Iy thege studies, researchers have invoked pH-dependent
adsorption energies*®!, electric field strengths*%%2, potentials of zero charge®***, and water reorganization barriers* as contribu-
tions to the pH-dependence of a variety of half-reactions. Our studies imply that those same effects, with the additional contribution
of varying mixed potentials, are relevant for thermochemical catalysis as well.

Conclusions
The foregoing studies establish a general framework for analyzing a variety of aqueous-phase aerobic oxidation reactions within the

context of mixed-potential theory and provide strong evidence of the inherently electrochemical nature of this important class of
aqueous-phase thermochemical catalytic reactions. Our principal findings are:
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Fig. 7. (a) Comparison of expected catalyst potential (Ersv) taken from the voltammetric current equivalency points vs the measured equi-
librium catalyst potentials (Eca) for all reactions and conditions examined in this study. (b) Comparison of the electrochemically-driven TOF
for substrate oxidation at Ec, and the measured thermochemical TOF of aerobic oxidation for all reactions and conditions examined in this
study. Dotted lines denoting perfect correspondence are provided as guides to the eye.
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® By collecting electrochemical and thermochemical data on common catalysts under identical reaction/transport
environments, we find that the electrochemical polarization curves of ORR and the substrate oxidation half reaction closely predict
the potential of the catalyst measured in operando during thermochemical catalysis across a range of catalysts, reactants, and
reaction conditions (Fig. 7a). Slight deviations positive of the grey line likely arise from catalyst deactivation during steady-state
operation that are not fully captured in the transient voltammograms. Nonetheless, the predictive power of the SC model sets the
stage for its broad utility in catalyst discovery and mechanistic inquiry.

® We find that driving the oxidation reaction electrochemically in the absence of O, at the mixed potential leads to
very similar rates and selectivities as for the thermochemical reaction (Fig. 7b) in all cases. The correspondence in rates across a
diverse range of pHs, catalyst compositions, reactants, reaction conditions, and product selectivities strongly supports the notion
that the role of O, is solely as an electron scavenger that provides an incipient electrochemical driving force for substrate oxidation.
Indeed, these findings narrow the scope of possible mechanisms for aerobic oxidation because the surface intermediates involved
in the thermochemical reaction must also be accessible via electrochemical polarization.

The power of the short-circuit (SC) model to predict and explain catalyst performance and reactivity trends in aerobic oxidation across
a wide array of variables highlights the utility of electrochemical studies in aiding the rational design of new and improved catalysts
and systems for thermochemical aerobic oxidation. Furthermore, since the role of O, is to establish a suitably high electrochemical
potential of the catalyst to drive the oxidation reaction, catalysis of ORR and substrate oxidation need not be localized on the same
metal particle. Instead, electrically connecting distinct catalysts optimized for each half-reaction should furnish highly efficient aer-
obic oxidation catalysis in net. Indeed, by providing a quantitative and predictive link between thermochemical and electrochemical
catalysis, these studies enable a reimagination of liquid-phase thermochemical catalysis by applying the principles of electrochemis-

try.
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