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ABSTRACT: Applied potentials have been demonstrated as a
powerful tool to promote heterogeneous Bronsted acid catalysis by
orders of magnitude, leveraging interfacial electric fields to stabilize
protonated intermediates. However, the use of flat two-dimensional
electrodes with inherently low active site densities limits the
application of conventional thermochemical characterization
techniques that can probe the nature of catalytic active sites.
Here, we use kinetic analyses with an electrostatics-based model to
elucidate the intricacies of potential-induced rate promotion,
employing liquid-phase dehydration of 1-methylcyclopentanol
catalyzed by carboxylic acid groups on carbon nanotubes as a
probe system. Using a basket electrode to directly polarize catalyst
powder, we demonstrate that thermocatalytic reaction rates can be
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promoted by 100,000-fold, exhibiting a log—linear dependence on applied potential with rate-potential scalings as high as 125 + 4
mV per 10-fold rate increase. In agreement with model predictions, we show that lower ionic strengths attenuate potential sensitivity,
resulting from a weakening of the interfacial electric field that interacts with the acidic proton. Furthermore, we experimentally
confirm the model-predicted “isokinetic potential” (at ~0.6 V vs Ag/AgCl)—the potential at which all rate scaling lines at various
ionic strengths intersect, making the rate independent of ionic strength. Base titrations reveal that only ~8% of the carboxylic acid
sites are catalytically active, yet these same active sites are operational at the highest and lowest potentials. Collectively, our results
provide a key methodology for modeling catalytic effects of electric fields, quantifying active sites under applied potential, and
demonstrating fundamental principles of electric field-induced rate promotion.

B INTRODUCTION

Catalysts play an important role in accelerating chemical
processes. However, achieving high activity often requires
operating at high temperatures and pressures. These
conditions increase operational costs and safety risks, making
it desirable to investigate alternative strategies for enhancing
catalytic activity under milder conditions."

In enzymatic catalysis, charged functional groups near
enzyme active sites generate strong, oriented electric fields
that stabilize charge-separated transition states, increasing
reaction rates by orders of magnitude.” > Inspired by this
principle, the use of electric fields has emerged as a tool to
improve catalyst performance under milder conditions.®””
Indeed, studies have shown that generating an electric field, by
applying a potential in scanning tunneling microscope

10—12
reactors

or by installing charged groups on mole-
cules,"*™'® leads to significant changes in reactivity in
agreement with computational predictions.”” While these
methods provide proof-of-concept demonstrations, they are

difficult to scale for practical heterogeneous catalysts due to the
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complexity of the reactor system or the often unknown active
site structure in heterogeneous catalysis.'®

To address this challenge, studies have explored using
electrochemical cells with liquid-phase reactions conducted in
electrolyte solutions, taking advantage of the strong (~0.1 V/
nm) electric fields that occur at electrode/electrolyte
interfaces. In these systems, a working electrode (WE) coated
with a catalyst is biased relative to a reference electrode (RE),
with the excess charge for the WE balanced by an inert counter
electrode (CE). The resulting interfacial electric field extends
from the WE surface into the electrolyte solution, affecting the
energetics of reactive intermediates and transition states.

Several studies have demonstrated that applied potential can
modulate reaction rates and selectivity in liquid-phase
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thermochemical reactions, including olefin isomerization,"’
hydrazine*® and hydrogen oxidation,”" carbon dioxide®>** and
ethylene hydrogenation,”**® epoxide isomerization,”® and
intramolecular carbene reactions.”” However, many of these
studies attribute rate promotion to alternative phenomena such
as proton spillover,”” local pH changes,” electrochemically
generated promoting species,28 or specific interactions with
electrolyte,”" rather than direct electric field effects. For cases
in which electric fields are invoked to explain rate enhance-
ments, the origin of the promotional effect remains unclear, as
it is difficult to discern how the electric field interacts with the
active site and why the electric field application should lead
quantitatively to the observed rate/selectivity alteration.”>***’
Furthermore, these systems are relatively insensitive to applied
potential, requiring large potential changes (0.2—10 V) to
obtain 10-fold rate increases.

Recently, our groups reported that Bronsted acid-catalyzed
alcohol dehydration (a thermochemical reaction that is not
expected to occur from two electrochemical half-reactions) is
particularly sensitive to applied potential.”* For both
phosphotungstic acid supported on carbon paper (PTA/C)
and Ti foil (with surface titanols hypothesized to be the active
site), dehydration of 1-methylcyclopentanol to 1-methylcyclo-
pentene exhibited an exponential rate increase with applied
potential, with rate-potential scalings of 70—100 mV per 10-
fold rate increase. This observed rate promotion was
hypothesized to originate from the interfacial electric field
formed at the WE/electrolyte interface (Figure 1A), where
applying a positive potential bias accumulates positive surface
charges on the WE, creating an electric field between the WE
surface and charge-balancing anions in the electrolyte. This
electric field creates an electrostatic driving force that promotes
the protonation of the substrate, effectively increasing the
active site acidity and thus increasing the reaction rate.

Despite these promising results, verifying certain mecha-
nistic aspects of electric field-driven catalysis has been
challenging, largely due to the use of flat two-dimensional
(2D) electrodes (Figure 1B). Although the potential of these
electrodes can be conveniently controlled via a potentiostat,
their low surface areas result in a small density of active sites,
limiting measurable product yields to high applied potentials
(>1.2 V vs Ag/AgCl).** At such high potentials, the leakage
current can become significant, raising the possibility that
electrochemically generated H* may contribute to the
observed rate enhancement. Furthermore, batch-to-batch
variation in 2D electrode preparation from clropcastingm_B’2
and the inability to measure kinetics without applied potential
make it difficult to characterize active sites, count their density,
and determine whether all sites are promoted equally with
applied potential.”* As such, our prior work only reported
upper-bound estimates for site densities using geometric
arguments or assumptions that all added acid sites are equally
active.”*

Here, we show that three-dimensional (3D) basket electro-
des provide an effective platform for directly polarizing
conductive, porous catalyst powders, overcoming the limi-
tations previously imposed by flat 2D electrodes (Figure 1B).
Using carboxylic acid-functionalized carbon nanotubes as high-
surface-area Brensted acid catalysts, we demonstrate that
alcohol dehydration rates can be controllably promoted by
100,000-fold under applied potential. This large range of rate
control enabled us to perform site-counting base titrations
coupled with rate demotion studies, revealing that all active
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Figure 1. (A) Diagram of electric field-induced Brensted acid-
catalyzed alcohol dehydration of I1-methylcyclopentanol to 1-
methylcyclopentene. A potential (AE) is applied between the catalytic
working electrode (WE) and reference electrode (RE), with charge
supplied from an inert counter electrode (CE). The applied potential
generates a strong electric field E between the WE and electrolyte ions
in solution, changing the catalyst acidity and altering the reaction rate.
(B) Comparison of this work (using 3D basket electrodes) to
previous liquid-phase electric field-induced catalysis (using 2D flat
electrodes). (C) Diagram of experimental setup for electric field-
induced alcohol dehydration with a basket electrode. The WE
(consisting of carboxylic acid-functionalized carbon nanotubes,
denoted CNT, contained within a stainless steel (SS) mesh basket
electrode) is connected via a potentiostat to a Ag/AgCl RE and Ti foil
CE in a stirred septum-capped 20 mL glass vial containing an
electrolyte solution.

sites experience uniform electric field enhancement and that
the promotion primarily results from electric fields rather than
electrochemical H* generation from stray Faradaic current.
Furthermore, by systematically changing electrolyte concen-
tration, we experimentally demonstrate the existence of an
“isokinetic potential” (IKP)—the hypothesized potential at
which the reaction rate becomes independent of electrolyte
concentration—further validating our mechanistic model of
electric field-promoted Bronsted acid catalysis.

B RESULTS AND DISCUSSION

Design of Basket Reactor Electrodes for Non-
Faradaic Promotion of Carbon Nanotube Catalysts. To
investigate the origin of the non-Faradaic promotion of
Bronsted acid-catalyzed alcohol dehydration, we sought to
identify a suitable electrically conductive heterogeneous
Bronsted acid catalyst with a high acid site density to conduct
mechanistic studies, as previously used 2D electrodes
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Figure 2. (A) Schematic of the electrostatic potential profile between a charged electrode and an electrolyte solution. The electrostatic potential
decays quasi-exponentially from ¢ at the electrode surface to ¢**' in the bulk solution, taken to be zero for convenience. The decay length scale
depends on ionic strength, with higher ionic strengths resulting in faster decay to the bulk solution potential. If a positively charged H* on the
electrode surface moves a distance d into solution, the electrostatic potential ¢! depends on the ionic strength. (B) Qualitative graph of expected
rate-potential scaling for electric field-induced Brensted acid catalysis. We expect to observe a log—linear dependence of reaction rate with
electrochemical potential, where larger ionic strengths result in steeper slopes. Furthermore, we expect all the rate-potential scalings to intersect at a
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particular electrochemical potential at which ¢

0, denoted the isokinetic potential.

contained low site densities (estimated upper-bound active site
density of 150 nM on Ti foil)** and were therefore difficult to
characterize. We identified commercially available carboxylic
acid-functionalized multi-walled carbon nanotubes (COOH—
CNTs) with a high carboxylic acid density (~2.4 mmol/g,
supplier reported), which we verified using infrared spectros-
copy (Figure SS). These COOH—CNTs exist as a black
powder, with each particle consisting of intertwined nanotube
aggregates, as seen by scanning electron microscopy (Figure
S9). However, attempts to dropcast COOH—CNTs onto
electrodes resulted in agglomeration and poor dispersion,
preventing us from reproducibly preparing electrodes with
accurate sample masses.

To overcome this obstacle, we developed a “3D basket
electrode,” in which the COOH—CNT powder is encased in
an electrically conductive stainless steel mesh that is sufficiently
porous to allow mass transfer of reagents into the basket, yet
fine enough to prevent agglomerated catalyst particles from
escaping out of the basket. This design allowed for precise
catalyst polarization via a potentiostat, similar to 2D electrodes,
but with significant advantages for studying non-Faradaic
promotion (Figure 1B). Unlike 2D electrodes with limited
active site densities, the 3D basket electrodes can be loaded
with much larger amounts of catalyst particles, thereby
drastically increasing the total number of active sites in the
reactor (estimated active site density from reactive base
titrations of ~0.2 mM is ~1000-fold greater than the
previously reported 2D electrodes, vide infra),”* allowing
reaction kinetics to be measured accurately across a wide range
of conditions, including at low applied potentials where rates
are low but undesirable side effects from leakage current are
minimal. Additionally, the direct use of catalyst powders in the
basket electrode reduces electrode-to-electrode variability, as
the powders are withdrawn from a well-mixed batch, in
contrast to 2D electrodes that often exhibit significant batch-
to-batch variation due to individually preparing each electrode
via dropcasting from a catalyst-containing solution.’’”**
Furthermore, catalyst powders are more amenable to
characterization than 2D electrodes, facilitating deeper under-
standing of the active site structure. We note that although
basket electrodes are typically undesirable for electrocatalysis
(due to large resistive losses inside the basket when passing

current), basket electrodes are well suited for studying non-
Faradaic promotion, where current is minimal (ideally, zero for
a purely capacitive system) and resistive losses are negligible.”
We confirmed that all the COOH—CNT powder encased in
the basket reactor could be directly polarized, as inferred from
kinetic and electrochemical measurements in which reaction
rate and leakage current scaled linearly with catalyst mass
(Figure S20). The SS mesh was selected as the basket material
due to its electrical conductivity and relative inertness for
Bronsted acid catalysis at the reaction conditions employed
here, as we did not observe any background reactivity from the
empty mesh. The reactor system was constructed with a
COOH—-CNTY/SS basket electrode as the WE, a leakless Ag/
AgCl RE, and a Ti foil CE (Ti was also chosen as being inert
for Bronsted acid catalysis under our reaction conditions)”*
(Figure 1C). The electrodes were inserted through a septum-
sealed 20 mL glass batch reactor using Ti wire connections and
were controlled via a potentiostat. When immersed in a stirred
electrolyte solution, the basket electrode setup allowed for
simultaneous measurement and control of the applied potential
on the COOH—CNT powder, while tracking the reaction
kinetics. We did not observe leaching from COOH—CNTs
encased in the SS basket during any experiments, likely due to
the tendency of COOH—CNTs to agglomerate in solution.
To determine if applied potential in the COOH—CNT
basket reactor could promote Bronsted acid catalysis, we used
the liquid-phase dehydration of I1-methylcyclopentanol
(MCPol) to 1-methylcyclopentene (MCPene) as a probe
reaction (Figure 1A). This reaction was previously found to be
highly sensitive to applied potential on 2D electrodes, with
rate-potential scale factors of 70—100 mV of applied potential
per 10-fold rate increase.”* The reaction was performed using
100 mM MCPol and 100 mM tetrabutylammonium
hexafluorophosphate (TBA PF() in acetonitrile (MeCN),
where TBA PF; was chosen as a stable, noninteractin:
electrolyte in accordance with previous work in our groups.”
In the absence of applied potential or electrodes, using 10
mg of COOH—CNT powder in 1 mL of reaction solution at
25 °C, only ~0.2% product yield was obtained after 2 weeks
due to the low intrinsic acidity of carboxylic acids. However,
when the same amount of COOH—CNT powder was placed
in the basket reactor and polarized to 1.3 V vs Ag/AgCl in 10
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mL of reaction solution, ~1% product yield was obtained after
just 5 min of reaction time. In control experiments where no
COOH-CNT catalyst was added under otherwise identical
conditions, no product was detected, confirming the catalytic
role of COOH—CNTs. The observed rate enhancement of
approximately 100,000-fold was enabled by using the basket
reactor with catalyst powders, which allowed for sufficiently
high active site densities to measure a reaction rate, albeit a
slow one, without any applied potential.

Theoretical Behavior of Electric Field-Induced
Brgnsted Acid Promotion. To determine if the observed
rate enhancement with applied potential was due to the
magnitude of the interfacial electric field, rather than
alternative promotional effects (such as active site generation,
specific electrolyte interactions, or Faradaic H* generation), we
developed a qualitative model of electric field-induced
Bronsted acid catalysis which adapts and extends derivations
we previously proposed.””** This model provides a mecha-
nistic basis for diagnosing electric field effects using kinetic
experiments.

When an electrode is charged in the presence of electrolyte,
the accumulation of charge in the electrode generates an
electric field between the electrode surface and the charge-
balancing electrolyte ions.*> At constant temperature and
pressure, the electrostatic contribution to the free energy
change upon moving a charge g through this electric field can
be expressed in terms of an electrostatic potential function
¢(r), where ¢ is the negative integral of the electric field and r
is the distance from the electrode surface.”® Although the exact
form of ¢(r) is not known with atomic-scale resolution,
macroscopic continuum models predict a quasi-exponential
decay from the electrode conductive interface (¢®*"°%) to the
bulk solution (¢**!, taken to be zero for convenience) (Figure
2A) over a characteristic length scale of angstroms to
nanometers for typical solvents and electrolyte concentra-
tions.”® If we assume that the active site is situated at the
electrode conductive interface, its electrostatic potential (¢)**)
is equal to that of the electrode (i.e., ¢™* = ¢$®*"*%*), though
this may vary depending on the exact structure and position of
the active site (which is unknown for our catalytic system).

In our qualitative model of Brensted acid catalysis, we
assume that during a catalytic cycle, a proton dissociates from
the active site and traverses some distance d to its acceptor,
where the electrostatic potential is ¢* (Figure 2A). Thus, at
constant temperature and pressure, the electrostatic free energy
contribution of moving the positively charged proton during
the deprotonation is given by

— _F(¢site _ ¢d> (1)

where F (Faraday’s constant) serves as a unit conversion factor
from charge to moles.”* If d and the decay profile of ¢(r) do
not vary significantly with applied potential (assumptions in
our model supported by comparison with experimental rate-

. . . . site - s d
potential scalings, vide infra), then ¢** is proportional to ¢
allowing us to set

¢d — a¢site (2)

where we define a variable @ (0 < a < 1) to serve as the
proportionality constant. We can therefore express AG
as

AG,

lectrostatic

electrostatic

AG, = —Fp™(1 — a) (3)

lectrostatic

Hence, generating an electrostatic potential difference
between ¢** and the bulk solution can alter the deprotonation
free energy AG, by

0
AGu = AGu + AGelectrostatic (4)
where AG! is the deprotonation free energy in the absence of

an electric field. As the acid deprotonation equilibrium
constant K, is related to the deprotonation free energy AG, by

Geleclrostalic

AG,
K,=¢ RT =Kl RT )

where R and T respectively denote the ideal gas constant and
temperature, and K° denotes the acid deprotonation
equilibrium constant in the absence of an electric field.*®
Thus, altering AG ecirostatic T€SUlts in a concomitant change in
AG, and hence an exponential change in K, Intuitively, a
positively charged electrode surface repels the H" into solution,
increasing the effective acidity of the active site and
accelerating the reaction by protonating the substrate.
Conversely, a negative charge buildup in the electrode near
the active site attracts the H, decreasing the effective acidity of
the active site and slowing the reaction. For Brensted acid-
catalyzed reactions, the reaction rate often depends on the
activity of the protonated substrate for cases when the reaction
rate is limited by the acidity of the catalyst;’” therefore, we
expect that the reaction rate should increase linearly with K,
and thus exponentially increase with ¢*. If the H* traverses
the entire potential drop during deprotonation (@ = 0), the
theoretical rate-potential scaling at T = 25° C should reach the
Nernstian value of 59 mV/decade.*> However, if the H' only
traverses a fraction of the potential drop (@ > 0), we would
expect the rate to be less sensitive to potential, yielding a
scaling higher than 59 mV/decade. In this case, the rate scaling
depends on the value of a, which in turn depends on the
length scale of the electrostatic potential decay into solution.
The characteristic length scale for this decay from macroscopic
continuum theories is denoted as the Debye length Ap, given
by

1= &4, RT
D — 2
\' 2F1 (6)

where g is the vacuum permittivity, &, is the relative dielectric
constant of the solvent (taken as 37.5 for MeCN),*® and I is
the ionic strength of the electrolyte, which for a simple 1:1
electrolyte is equal to the electrolyte concentration.*” Since Ap,
~ I""2 high ionic strength shortens Ap, increasing potential
sensitivity, whereas low ionic strength increases A, decreasing
sensitivity (Figure 2A). Thus, changing ionic strength alters
and therefore the rate-potential scaling.

When a “potential” (conventionally denoted E, not to be
confused with electric field E) is applied to the WE relative to a
RE, the measured value does not correspond to the
electrostatic potential ¢, but rather it reflects the difference
in electron electrochemical potentials

1 Asite ~RE
E=——(@" -
L) )
where /2; denotes the electrochemical potential of electrons in

material i, and F serves to convert E from units of energy/mol
to energy/charge by convention.” The electron electro-
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chemical potential ﬁe’ is composed of contributions from both

the electron chemical potential ,u; (a property of material i)
and the electrostatic potential ¢' by

~

i = - F¢ (8)

ity
If we assume p°°

to be constant with changes in applied
[4

electrochemical potential E** and ﬁeRE to be constant for a

particular RE/solvent combination (which is a requisite
property for a stable RE),‘?’3 then changes in E correspond
directly to changes in ¢ by

. 1, .
site _ E+ — site _ ARE
¢ U TAT) ©
allowing us to predict a log—linear scaling between K, (a proxy
for reaction rate) and applied potential E by

0 (FE+ - ") (1)
K,=K,e RT (10)

Moreover, as ionic strength varies, rate-potential scaling
should change, with steeper slopes at higher ionic strengths
(rate is more potential-sensitive, smaller @) and shallower
slopes at lower ionic strengths (rate is less potential-sensitive,
larger @). In the absence of electrolyte, the rate-potential
scaling should be nearly flat (@ ~ 1).

Importantly, the rate-scaling lines at varying ionic strengths
should all intersect at a particular electrochemical potential,
denoted the “isokinetic potential” (IKP), where reaction rates
are invariant to ionic strength (Figure 2B). The IKP represents
the electrochemical potential at which the net charge on the
electrode near the active site is zero, given by

1 site ~RE
IKP = ——(u™* —
FHT T AT) (1)
At the IKP, ¢™* = 0 and there is no electrostatic potential
drop experienced by the H" leaving the active site. This IKP
allows determining ¢ at any applied electrochemical
potential E by the equation

¢ = E — IKP (12)
recasting the log—linear rate-potential scaling as

0 F(E-IKP)(1—a)
K,=Kje & (13)

Thus, reaction rates are promoted when E > IKP because the
electric field repels the proton from the active site, increasing
acidity, and rates are demoted when E < IKP because the
electric field attracts the proton to the active site, decreasing
acidity; the ionic strength affects the rate-potential sensitivity
by modulating A5, which changes a (Figure 2B). We note that
the IKP may differ from the potential of zero free charge
(PZEC), which is defined as the electrochemical potential
where the net free charge excess on the entire electrode is zero.
At PZFC, because the local composition of an electrode can
vary spatially, it is possible to have a scenario in which
electrode areas near the active sites are locally charged, but
other areas of the electrode are oppositely charged so that the
net free charge is zero, whereas at IKP, the net free charge on
electrode areas near the active sites is zero, but the free charge
on other areas of the electrode away from active sites may be
nonzero. One may therefore consider the IKP as an active-site-
specific PZFC, which may differ from the bulk PZFC. While

bulk PZFC can be measured through standard techniques,”'
determining IKP requires active-site-specific kinetic measure-
ments. Similarly, IKP does not necessarily coincide with the
open circuit potential (OCP), which reflects the equilibrium
potential of the system in the absence of an applied bias and
may be influenced by redox-active species in solution.>

The predicted outcomes of our model offer clear
experimental diagnostic signatures that distinguish electric
field-induced catalysis from Faradaic H" generation as
potential-based promotion mechanisms. Both mechanisms
exhibit log—linear rate-potential scalings at high potentials,
but only electric field-induced catalysis should display an IKP
and is expected to show rate demotion below IKP. Previous
studies have only observed the log—linear rate-potential
scalings at high positive potentials due to the low density of
active sites on 2D electrode surfaces, complicating the
convoluting effects of interfacial electric fields and Faradaic
H* generation. By using basket electrodes with drastically
higher active site densities than 2D electrodes, we hypothe-
sized that our COOH—CNT/SS basket electrode system
would allow us to observe the full spectrum of predicted
behavior and confirm whether electric field-induced rate
promotion governs the observed catalytic activity. As such,
we sought to perform detailed kinetics studies to determine if
the outcomes aligned with our model predictions.

Kinetics and Mechanism of Electric Field-Promoted
Alcohol Dehydration. To validate our model predictions of
log—linear rate potential scaling and identify the IKP, we
conducted kinetics measurements on the liquid-phase
dehydration of MCPol to MCPene catalyzed by COOH—
CNT as a Bronsted acid catalyst at varying electrochemical
potentials and ionic strengths. We performed batch reactions
using the COOH—CNT/SS basket electrode (Figure 1C) with
100 mM MCPol in varying concentrations of TBA PFq
electrolyte in MeCN at 25 °C, using a leakless Ag/AgCl RE
and a Ti foil CE (Figure 3A). All electrochemical potentials are
reported with respect to this RE unless otherwise specified. We
quantified MCPol and MCPene using '"H NMR spectroscopy
of the reaction solution, using TBA PFq as an internal standard
(Figure S30), with peak areas corrected for ionic strength-
dependent relaxation delay times (Figure $32).**

Control experiments confirmed that COOH—CNT cata-
lyzed the reaction heterogeneously. Product yields corre-
sponded to initial rates as product formation was linear with
time up to ~10% conversion, indicating that initial rates were
unaffected by catalyst deactivation or changes in water content
(Figure S15). At higher conversions (~20%), a minor amount
of the anti-Zaitsev product, methylenecyclopentane, was
observed, but MCPene remained the dominant product
(>99% selectivity), justifying the use of MCPene yield to
determine reaction rates. No product was detected in the
absence of COOH—CNT, ruling out contributions from other
materials in the system (i.e., background reactivity from the SS
basket WE, Ag/AgCl RE, Ti foil CE, PTFE stir bar, or glass
reaction vial). A hot filtration test confirmed that leached
species did not contribute to reactivity, and removing the
applied polarization stopped the reaction, indicating that the
promotional effect does not result from irreversible structural
changes to the catalyst under applied polarization (Figure
$16). Adsorption studies showed negligible MCPene binding
to COOH—CNT (Figure S29), and RE calibration with
decamethylferrocene confirmed that the RE potential remained
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Figure 3. (A) Scheme of alcohol dehydration used as a probe reaction
for this study. (B) Log—linear rate dependence of MCPene formation
on electrochemical potential (iR, corrected in situ using current
interrupt) at a range of ionic strengths. Propagated uncertainties in
rate measurements are shown in y-axis error bars or are smaller than
the data point height. Standard deviations of electrochemical potential
are smaller than the data point width. The dashed gray line
corresponds to the reaction rate without added electrolyte or applied
electrochemical potential. (C) Dependence of MCPene formation
rate on Debye length A, (changed by altering ionic strength) at a
range of electrochemical potentials. Error bar conventions align with
those in Figure B.

stable with changes in reactant concentration and ionic
strength (Section SS).

With these controls in place, we measured reaction rates as a
function of electrochemical potential and found a log—linear
rate dependence on applied potential, consistent with our

model and prior work on potential-promoted alcohol
dehydration (Figure 3B). At 100 mM ionic strength, we
obtained a rate-potential scaling of 125 + 4 mV/decade, which
is larger than the expected Nernstian scaling of 59 mV/decade.
This discrepancy, also observed in previous studies (rate-
potential scalings ranging from 70—100 mV/decade with
different catalysts),”* could arise from several factors: (1) the
H" does not traverse the full electrostatic potential drop from
the WE to the bulk solution upon proton transfer to the
substrate, (2) disordered or weakly conductive carbon
fragments act as dielectric layers between the H" bound to
the acid site and the bulk conductive carbon, introducing an
electrostatic potential drop between the WE and the acid site,
or (3) the positively charged H' leaving the WE is
counterbalanced by an approaching TBA® cation during
deprotonation, decreasing the net charge that traverses the
electrostatic potential drop. Given that our catalyst consists of
multi-walled carbon nanotubes, the exact positioning of active
sites relative to the overall electrode—solution potential drop
remains unclear, and minor carbonaceous impurities may also
contribute to reactivity. Further investigations are needed to
distinguish between these possibilities.

To probe ionic strength effects, we measured reaction rates
at electrolyte concentrations ranging from 1 mM to 100 mM
(Figure 3B). As predicted, reaction rates increased with ionic
strength, but surprisingly, the rate-potential scalings were
within experimental error across all concentrations (125—144
mV/decade). This suggested that the IKP, where rate is
independent of ionic strength, lies outside the tested potential
range. Lowering the potential further was impractical with
these reaction conditions, as at 0.9 V the reaction required 3
days to achieve measurable product yield (~0.1%). We note
that although the rate at 0.9 V is quite slow, it is still promoted
~50-fold relative to the rate obtained without any electrodes
and applied polarization, which required several weeks to
obtain measurable product yield (Figure S13). We found it
surprising that the rate scaling at 1 mM ionic strength was so
close to that at 100 mM ionic strength, given that the 1 mM
ionic strength is so dilute that there are more COOH groups
on the COOH—CNTs than electrolyte molecules in solution.

To further investigate the role of ionic strength, we extended
measurements to 0.1 mM electrolyte concentration. At this low
ionic strength, the reaction remained promoted compared to
the electrolyte-free case, but rates were significantly lower than
at 1 mM (Figure S12). Unfortunately, at such low ionic
strengths, the potentiostat was not able to stably maintain the
set point potential while compensating for solution resistance,
which led to large oscillations in electrochemical potential.
Consequently, reliable log—linear rate-potential scaling at such
low ionic strength could not be obtained, but the results
suggest that the expected rate scaling attenuation occurs below
1 mM. Notably, without added electrolyte, no product was
detected at 1.3 V, confirming that trace ionic impurities were
insufficient to induce rate promotion.

By calculating the Debye length Ap for each ionic strength,
we examined the rate sensitivity to Ay at constant electro-
chemical potential (Figure 3C). In our model, the H* moves a
distance d from the WE into the bulk solution during the
catalytic cycle to protonate MCPol (Figure 2A); this likely
occurs from first protonating MCPol coordinated to the active
site. H*, after which the protonated MCPol travels some
distance into the bulk solution where it undergoes dehydration
(Scheme 1). If d > Ap, then the H* experiences the full
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Scheme 1. Proposed Mechanism of MCPol Dehydration
Catalyzed by COOH—-CNT*
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“This proposed E,-type mechanism involves quasi-equilibrated
reactant adsorption and protonation, followed by rate-determining
carbocation formation, then quasi-equilibrated deprotonation and
product desorption. The asterisk [*] represents a Bronsted acidic
active site on the WE. Presence of an applied electric field E alters the
protonation equilibrium constant K, due to (de)stabilizing the charge
separation that occurs during active site deprotonation. In the first-
order rate regime in which the MARI is the non-coordinated site, the
TOF rate expression depends linearly on K,, thus electric field
application can alter reaction rate through modulating K,. Pink arrows
represent an arrow-pushing mechanism to aid in following the
mechanistic cycle.

electrostatic potential drop during deprotonation, so @ ~ 0 and
the rate becomes insensitive to Ap. Conversely, if d > A, then
the H" only traverses part of the electrostatic potential drop (a
> 0), leading to a decrease in rate with increasing Ap. Our
experimental results agreed qualitatively with our model,
showing that the reaction rate was relatively insensitive (within
the same order of magnitude) to Ap, for Ap < ~5 nm, but that it
decreased more sharply for Ap > ~5 nm. This observation
applied to our qualitative model suggests that d is on the order
of S nm under these ideal assumptions, although we note that
deviations from ideality of interfacial ionic composition may
complicate this analysis.

In line with our prior study, we invoke that MCPol
dehydration follows an E; pathway typical for tertiary alcohols
(Scheme 1), which consists of quasi-equilibrated MCPol
adsorption and protonation followed by carbocation formation
as the rate-determining step (RDS).** Our model predicts that
electric fields enhance the protonation equilibrium constant
K,, leading to an increased fraction of protonated MCPol
species and thus higher turnover frequency (TOF) values.
Indeed, the derived rate law for this mechanism contains a
first-order regime at low MCPol activities, where the most
abundant reactive intermediate (MARI) is the non-coordi-
nated site. At higher MCPol activities, the rate law transitions

to a zero-order regime where the MARI becomes MCPol
coordinated to the site (Section S7). We found that the rate is
first order in MCPol concentration for our reaction conditions,
indicating that the MARI is the non-coordinated site (Figure
S17). Nevertheless, the rate expression for the first-order
regime depends linearly on K,, which determines the pre-RDS
equilibrium. Intuitively, an increase in K, corresponds to
increasing the activity of the protonated intermediate vs
unbound MCPol (Scheme 1); this provides the mechanistic
basis for the electric field-induced rate promotion.

Although the configuration of applying potential to electro-
des for electric field-promoted catalysis is similar to that used
in electrocatalysis, the two frameworks are conceptually
distinct. In electrocatalysis, the formation of each product
molecule requires a fixed number of electrons transferred from
current flow, and efficiency is characterized by the selectivity of
current-passed electrons to desired product (termed Faradaic
Efficiency).” Contrastingly, in electric field-induced catalysis,
the promotional effect of applied potential should be non-
Faradaic and therefore orthogonal to the current. Ideally, there
should be no charge passed if the system acts purely
capacitively, but in practice the presence of redox-active
components or impurities generally leads to a small leakage
current. To distinguish between thermocatalytic and electro-
catalytic promotion, we define an analogous “pseudo-Faradaic
Efficiency” (pFE) as the ratio of additional product formed
(relative to the rate at OCP) per charge passed.”* While
electrocatalysis has a maximum pFE of 100%, thermocatalysis
can exhibit arbitrarily large pFE values if leakage currents are
small. Hence, observation of pFE exceeding 100% for
potential-promoted catalysis is sufficient to demonstrate that
rate promotion is thermocatalytic.

Although the basket electrode was designed to act
capacitively, we observed a leakage current that increased
with polarization and ionic strength. Upon polarization, a
transient capacitive charging current rapidly decayed to a
steady-state value, which likely resulted from trace redox-active
impurities (such as water splitting) or partial carbon oxidation
at higher potentials (Figure S19). Currents averaged over the
first S min ranged from 1-200 uA/mg, depending on ionic
strength and polarization (Figure S18). Despite this result, pFE
values exceeded 100% in most cases, reaching up to 300%,
demonstrating that the promotion was non-Faradaic. However,
this alone did not confirm that electric fields, not Faradaic H*
generation, were responsible for rate enhancement. If electro-
chemically generated protons catalyzed multiple turnovers, the
overall reaction would still be non-Faradaic with pFE values
potentially greater than 100%, but the mechanism would be
different. To distinguish between these two mechanisms, we
sought to quantify and probe the behavior of the promoted
active sites.

Quantification of Kinetically Relevant Active Sites on
Carbon Nanotube Catalysts. To better understand the
nature of active sites and distinguish electric field-induced
promotion from other potential-promoted mechanisms, we
utilized catalyst base titrations to count acidic active sites. This
technique, commonly used in heterogeneous acid catalysis but
previously unexplored in potential-promoted Bronsted acid
catalysis, involves titrating the catalyst with a known quantity
of base to selectively neutralize acid sites, thereby rendering
them catalytically inactive."” Ideally, this deactivation results in
a linear decrease in reaction rate with increasing base addition
until the rate reaches zero, after which further base addition
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has no effect. The base quantity required to eliminate catalytic
activity corresponds to the number of kinetically relevant acid
sites. Previous studies on potential-promoted catalysis have
estimated active site densities using geometric arguments or
assuming equal activity for all added active sites, highlighting
the need for a direct quantification approach.”

To measure the kinetically relevant active site density, we
performed base titrations on COOH—CNT samples by
soaking a known mass of COOH—CNTs in a methanol
(MeOH) solution containing known, substoichiometric
amounts of potassium hydroxide (KOH) overnight, followed
by centrifugation/decantation and drying under vacuum. We
expected the KOH to react with surface COOH groups to
form potassium carboxylates and water, as verified by infrared
spectroscopy, which showed decreases in C=O intensities
(from COOH) and increases in COO~ intensities (from
potassium carboxylate species) with increasing KOH loading
(Figure S6). Furthermore, we expected that the added KOH
would selectively titrate the catalytically active COOH groups
first as the catalytically active COOH groups should be the
most acidic. The dried samples were then used as catalysts in
the basket electrode at 1.3 V with 100 mM ionic strength at 25
°C.

As expected, the reaction rate initially decreased with
increasing KOH loading; however, the rate surprisingly
plateaued above ~0.2 mmol/g of KOH, where further addition
of KOH did not further decrease the rate (Figure 4A). This
behavior was not unique to KOH, as samples titrated with
tetrabutylammonium hydroxide (TBAOH) exhibited the same
plateau. We hypothesize that this residual activity stems from
electrochemical reactivity via Faradaic processes, including
transient H" generation, which would not be neutralized by a
pre-reaction base titration. Although exploring this further is
the subject of future work, regardless of the origin of this
plateau region, the comparison of the relative rates indicates
that ~0.2 mmol/g of active sites account for >85% of the
reactivity. Given that the total COOH concentration from
supplier data is ~2.4 mmol/g, this suggests that only ~8% of
the COOH sites participate in catalysis. Although we cannot
conclusively explain why only a subset of COOH groups are
catalytically active, we expect that differences in the local
chemical structure surrounding the COOH groups and
positioning within the carbon nanotubes lead to variations in
acidity and field sensitivity (see Section S3.4).

Although some electrochemical background reactivity may
be present, the dominant rate contribution from titratable
acidic surface sites (>85% of observed reactivity at 1.3 V and
100 mM ionic strength) demonstrates that the rate promotion
is primarily thermocatalytic and not driven by electrochemi-
cally generated species, such as H' formed from leakage
current. We expect the electrochemical rate contribution to be
smaller at lower polarizations as the current is zero at OCP and
therefore no Faradaic H* can be generated. The electro-
chemical rate contribution is also smaller at lower ionic
strengths, as COOH—CNT titrated with ~1.4 mmol/g of
TBAOH (in the plateau region) does not yield detectable
product at 1.3 V with 0.1 mM ionic strength.

With the ability to count active sites under polarization, we
examined whether certain sites were more responsive to
electric field-induced promotion. To test this hypothesis, we
compared our measured active site densities under polarized
and unpolarized conditions (which we could approximate by
measuring reaction rates in the absence of added electrolyte).
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Figure 4. Base titrations of COOH—CNTSs showing an active site
density of ~0.2 mmol/g. Error bars are propagated from experimental
uncertainties. Dashed lines are shown to guide the eye. Purple, blue,
and pink colors respectively denote no base added, KOH titration,
and TBAOH titration. (A) Rate data were collected using the basket
electrode at 1.3 V with 100 mM ionic strength at 25 °C. The gray
dashed line indicates the rate plateau with base loading, which we
tentatively attribute to electrochemical background reactivity. (B)
Rate data were collected with frre COOH—CNT powder without
added electrolyte at 60 °C in the absence of any other electrodes or
polarization.

Unfortunately, the low reaction rate at 25 °C made this
comparison unfeasible, as these conditions require a week of
reaction time to achieve ~0.1% yield. To circumvent this issue,
we increased the reaction temperature to 60 °C, which resulted
in a ~70-fold rate increase, enabling practical rate measure-
ments. Under electrolyte-free conditions at 60 °C, base
titrations revealed the same active site density (~0.2 mmol/
g) as the polarized case, but in contrast to the polarized system,
the reaction rate was fully suppressed beyond this loading
(Figure 4B). This suggests that there are ~0.2 mmol/g of
active sites on COOH—CNT that dominate the catalytic
activity, and these active sites are all promoted approximately
equally under polarization. Furthermore, the lack of a nonzero
plateau region in the electrolyte-free case is consistent with our
assignment of the nonzero plateau region at 1.3 V to
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electrochemical artifacts, as no current was passed in the
electrolyte-free case and thus the rate was eliminated by base
titration.

Given prior reports that the catalytic activity of carbon
nanotubes can originate from metal impurities rather than the
nanotube structure itself,”’ we sought to verify that the
catalytic activity of COOH—CNT was not due to metal
impurities. Thermogravimetric analysis (TGA) decomposition
of COOH—CNT revealed that ~3.7 wt % of material remained
upon heating to 800 °C under air, which suggested the
presence of metal impurities as these conditions should
oxidize/volatilize all organic matter (Figure S7). We attempted
to purify the COOH—CNTs by washing with hydrochloric
acid, a treatment known to reduce metal impurity content, but
we were unable to remove the inorganic impurities below ~1.5
wt % with this treatment (Figure $8).**

To address this issue, we performed energy dispersive X-ray
(EDX) mapping to identify the metal impurities present in
COOH-CNT, which revealed the possible presence of Al, Ca,
Cl, Co, Fe, and Si in addition to the expected H, C, and O
(due to low peak intensities of the metal impurities from EDX,
clear assignment of the peaks to elements was not always
possible, so our list includes all possible elements that could be
reasonably fitted to the EDX spectrum) (Section S2.4). For Al,
Ca, Co, Fe, and Si, we tested catalytic activity of their oxide
forms (to mimic a potential structure of these impurities on the
nanotubes)* using 20 mg of oxide in 2 mL of electrolyte-free
reaction solution at 80 °C for 3 days; none of these yielded any
detectable product. We additionally performed elemental
analysis on COOH—CNT to quantify the elements present
in our list and determine if any of them could be responsible
for the catalytic activity (Table S3); gratifyingly, all of the
element loadings were significantly less than 0.2 mmol/g,
indicating that they could not be responsible for all of the
catalytic activity as the measured active site density was ~0.2
mmol/g. Collectively, these control experiments establish that
the catalytic activity of COOH—CNT originates from acidic
surface groups rather than metal contaminants. Furthermore,
the ability to quantify active sites under polarization and the
consistent rate suppression beyond ~0.2 mmol/g of titrant
demonstrate that all active sites experience uniform rate
enhancement under applied potential. This confirms that
electric field effects, rather than electrochemical H" generation
or site heterogeneity, drive the observed rate promotion.

Tunable Rate Promotion/Demotion and Crossover at
Isokinetic Potential. Encouraged by the easily measurable
reaction rates at 60 °C using unpolarized COOH—CNTs, we
hypothesized that we could measure rate demotion by
polarizing negative of IKP in addition to rate promotion by
polarizing positive of IKP, allowing us to identify the IKP as
the unique intersection point of rate-potential scaling lines with
varying ionic strength. Additionally, since current is passed
whenever the system is polarized away from OCP, a
mechanism based on electrochemically generated species
would predict that any polarization — whether positive or
negative relative to OCP — should always result in a rate
increase. Therefore, demonstrating rate demotion below OCP
(which need not equal the IKP) would further confirm that the
observed potential-dependent kinetics arise from an electric
field-induced mechanism rather than electrochemically gen-
erated species.

Using the COOH—CNT/SS basket reactor at 60 °C, we
measured the MCPene formation rate at 100 mM ionic

strength with varying electrochemical potential, yielding an
expected log—linear dependence with a rate scaling of 141 + 6
mV/decade (Figure S). This increase in rate scaling at higher
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Figure S. Tunable log—linear promotion/demotion of MCPene
formation rate catalyzed by COOH—CNT with electrochemical
potential (iR, corrected in situ using current interrupt above 0.8 V, at
which iR, > 10 mV) at 1 mM and 100 mM ionic strength at 60 °C.
Propagated uncertainties in rate measurements are shown in y-axis
error bars or are smaller than the data point height. Standard
deviations of electrochemical potential are shown as x-axis error bars
or are smaller than the data point width. Larger x-axis error bars are
shown for OCP reactions due to the measured OCP drifting during
the reaction. The dashed gray line corresponds to the reaction rate
without added electrolyte or applied electrochemical potential. The
isokinetic potential occurs at the intersection of the rate scaling lines.

temperatures (compared to 125 & 4 mV/decade at 25 °C) is
consistent with the expected equilibrium constant temperature
dependence and has also been observed previously with other
catalysts (Section $8).** We also measured the reaction rate at
OCP, where the COOH—CNT was in the basket reactor but
without any applied polarization; instead, we used the basket
reactor to measure OCP during the reaction. The rate obtained
at OCP aligned with the rate scaling trend established by
polarized data, supporting the conclusion that the reaction
follows the same mechanism at OCP. The OCP exhibited a
drift of ~80 mV over the course of the day-long reaction,
which we attribute to unidentified redox-active impurities in
the reaction solution, but this drift remained small compared
to the large range of electrochemical potentials examined in
this study (Figure S22). Importantly, polarizing negative of
OCP resulted in rate demotion that also fell on the rate-
potential scaling line, demonstrating that the rate alteration
mechanism is not due to electrochemically generated species.
Similar to the 25 °C rate data, the leakage currents increased
with polarization and featured pFE values as high as 1400%,
further supporting that the mechanism for rate promotion is
non-Faradaic (Figure S23).

Given the extended range of electrochemical potentials with
measurable reaction rates at 60 °C (0.4 to 1.1 V), we sought to
experimentally locate the theorized IKP. To probe this, we
collected rate data with varying electrochemical potential at 1
mM ionic strength, as this was the lowest ionic strength (and
therefore largest expected rate scaling difference) we could use
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to reliably polarize with in situ iR, correction. The 1 mM ionic
strength scaling of 194 + 11 mV/decade is larger than the 100
mM ionic strength scaling of 141 + 6 mV/decade, consistent
with what we observe at 25 °C. The two distinct rate scaling
lines intersected at ~0.6 V, which coincided with the rate
obtained in the absence of both polarization and added
electrolyte, measured with free COOH—CNT powder in
solution and no external electrodes (Figure S). This behavior is
consistent with the IKP concept, wherein the electrostatic
potential at the active site equals the bulk solution potential,
rendering the rate independent of ionic strength. An IKP of
~0.6 V is also consistent with the rate data obtained at 25 °C,
in which extrapolated best-fit lines for the rate-potential
scalings intersect the rate obtained without electrolyte and
polarization between 0.55—0.70 V (Figure S13). The IKP
location also explains why the OCP rates at 1 mM and 100
mM jonic strength are lower than the electrolyte-free case,
even though ostensibly adding electrolyte should increase the
rate by stabilizing the charge-separated protonated intermedi-
ate; since OCP (determined by trace unidentified redox
processes) lies below the IKP, adding electrolyte generates an
interfacial electric field which attracts the proton to the active
site, thus lowering effective acidity and demoting the rate.
Altogether, the tunable rate promotion/demotion and
identification of an IKP demonstrate that the potential-
dependent rate alteration proceeds via an electric field-induced
mechanism, consistent with the expectations of our model. We
note that the observed reaction rate at IKP is specific to
MCPol and may change with varying substituents and
functionalization. However, the electrostatic promotion
mechanism predicts a consistent rate-potential scaling across
substrates.

The ability to measure unpolarized rates at 60 °C also
enabled additional control experiments that were impractical at
25 °C due to slow reaction kinetics. A key consideration was
ensuring that the measured rates reflect intrinsic kinetics rather
than diffusion limitations. If external mass transport were
limiting, the reaction rate would be independent of polar-
ization, which is inconsistent with our data. In the absence of
added electrolyte and applied polarization to eliminate electric
field effects, reaction rates with COOH—CNT in the basket
electrode match those obtained with free COOH—CNT
powder, demonstrating that the basket electrode does not
create interparticle internal diffusion limitations (Figure S27).
Assessing intraparticle diffusion limitations was more challeng-
ing due to the lack of well-defined tunable active sites, which
precluded the standard approach of altering site density or
particle size. However, we can use the rate scaling to argue that
our rates are not internally diffusion-limited. At the lowest
polarization of 0.4 V, we measured a ~0.02% product yield
over the course of ~3 days. The slow rate under these
conditions suggests that the rate is not internally diffusion-
limited at these low electrochemical potentials, which is
supported by Thiele modulus calculations which estimate a
first-order reaction effectiveness factor of >0.999 (Section
S6.3). If the reaction were to become internally diffusion-
limited at higher electrochemical potentials, the first-order
reaction effectiveness factor would change such that the
measured rate would depend on the square root of the first-
order rate constant. Since applied polarization alters the first-
order rate constant through a log—linear manner, the rate-
potential scaling slope in the internally diffusion-limited region
should be 1/2 of the rate scaling slope in the kinetically

controlled region. Since we do not observe this change in the
rate-potential scaling slope from ~125 mV/decade to ~250
mV/decade and instead observe a constant log—linear rate-
potential scaling over the ~5 orders of magnitude of measured
reaction rates, we conclude that our rate data reflect intrinsic
kinetics and are free of diffusion limitations.

B CONCLUSION

In this study, we investigated the electric field-induced
promotion of alcohol dehydration catalyzed by Brensted acid
sites on COOH—CNTs polarized in a basket electrode
configuration. This setup enabled direct polarization of catalyst
powders to achieve high active site densities, overcoming the
limitations imposed by previously used 2D electrodes. Using
an electrostatics-based model of electric field-induced Bronsted
acid promotion, we predicted a log—linear scaling between rate
and electrochemical potential, attenuated scaling at low ionic
strengths, and the existence of an isokinetic potential at which
the reaction rate becomes independent of ionic strength. By
varying electrochemical potential at a range of ionic strengths,
we validated our model’s predictions of the rate promotion
dependency on ionic strength. Furthermore, we experimentally
located the isokinetic potential at ~0.6 V vs Ag/AgCl,
evidenced by a common intersection point of rate scaling
lines at different ionic strengths at 60 °C. Base titration
experiments to quantify active sites yielded a site count of ~0.2
mmol/g which was independent of polarization, suggesting
that the active sites are uniformly polarized with applied
potential for our system.

Our mechanistic study holistically demonstrates that the
observed potential-based rate alteration arises from an
interfacial electric field that changes the acidity of the active
site through (de)stabilizing the positively charged acidic
proton, in accordance with our electrostatics-based model. In
particular, our demonstration of rate demotion, identification
of isokinetic potential, and active site quantification experi-
ments support this mechanism of electric field-induced
promotion over a mechanism based on electrochemically
generated species from leakage current. By linking molecular-
scale electric field interactions with reactor-scale design, this
study sets the stage for electrostatic promotion strategies in
heterogeneous catalysis under mild conditions.
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