Downloaded viaMASSACHUSETTS INST OF TECHNOLOGY on December 22, 2025 at 17:37:53 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

JAIC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Contact with Electrically Conductive Inert Solids Alters Intrinsic
Heterogeneous Brgnsted Acid Catalysis

Bhavish Dinakar, Juan F. Torres, Mostapha Dakhchoune, Griffin Drake, Yogesh Surendranath,
Mircea Dinca,* and Yuriy Roman-Leshkov*

Cite This: https://doi.org/10.1021/jacs.5¢12973 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: Interfacial electric fields at heterogeneous catalyst surfaces have been demonstrated to alter kinetics of liquid-phase
reactions. In these systems, electric fields are generated from applying a potential to the catalyst through connection to a potentiostat
or through electron transfer from redox-active species in solution. Here, we demonstrate that catalyst polarization can also occur by
simply contacting electrically conductive inert solids, leading to the counterintuitive conclusion that a catalyst particle touching an
inert solid can alter intrinsic reaction rates. Using dehydration of 1-methylcyclopentanol to 1-methylcyclopentene catalyzed by
Bronsted-acidic carboxylic acid groups on carbon nanotubes as a proof-of-concept probe reaction, we show that catalyst contact with
inert, thermally reduced carbon nanotubes leads to order-of-magnitude changes in reaction rate. Furthermore, we demonstrate that
these contact-induced effects can also be observed under standard laboratory reaction conditions, where particle-to-particle contact
in stirred catalyst powder suspensions is sufficient to demote rates by ~8-fold. This work provides the foundation for a new method
of reaction rate control, which could have implications whenever heterogeneous catalyst particles are in contact with inert materials
for liquid-phase reactions in the presence of electrolyte.

pplied potentials have emerged as a powerful handle to sites via electrostatic repulsion, increasing their effective

drive heterogeneously catalyzed liquid-phase chemical acidity.*'*'>'® Consequently, during the reaction cycle,
transformations." Although traditionally used in electro- positive polarization drives proton transfer from the active
catalysis to drlve product formation through electrochemical sites to MCPol, drastically increasing overall reaction rates.”'”
half-reactions,” applied potentials can also accelerate the rates Because of this powerful electrostatic interaction, reaction
of purely thermochemical reactions that involve no net rates show remarkably strong dependence on applied potential,
electron transfer.”* Such thermochemical promotion has with reaction rates increasing 10-fold for every 80—130 mV of
been observed across diverse reactions, including olefin applied potential, rivaling the potential dependencies found in
isomerization,” hydrazine and hYdrogen oxidation,”” carbon Faradaic electrocatalysis (Figure 1B).*'* Specifically, for
d10x1de and ethylene hydrogenation, 7' epoxide isomer- COOH—-CNT catalysts, we developed a method to polarize

3,13 : . . .
ization,'” alcohol dehydration,”’* and Friedel-Crafts acyla- catalyst powder by encasing the powder in a stainless steel
tion. For these systems, the non-Faradaic promotion mesh that served as a physical support and conductive
mechanism has been demonstrated by observing greater- electrode. Using this “basket electrode,” we demonstrated
than-unity Faradaic efficiencies, surpassing the purely electro- that thermochemical reaction rates can be modulated across a
chemical theoretical limit.” dynamic range of 100,000-fold by varymg the applied potential
We previously reported that alcohol dehydration rates, without changing active site density."®

specifically converting 1-methylcyclpentanol (MCPol) to 1- Traditionally, two approaches have been utilized to polarize
methylcyclopentene (MCPene), are particularly sensitive to catalysts (Figure 1C). The first approach, “wired polarization,”

applied potential when catalyzed by electrically conductive
heterogeneous Bronsted acid catalysts.”'® Catalyst systems
explored include phosphotungstic acid supported on carbon
black, acidic surface hydroxyls on Ti foil, and carboxylic acids
on carbon black, carbon paper, and multiwalled carboxylic
acid-functionalized carbon nanotubes (denoted COOH-—
CNTs).*"?

When a positive potential is applied to the catalyst immersed
in an electrolyte solution, the catalyst accumulates positive
charge, with charge- counterbalancmg anions migrating to the
catalyst/electrolyte interface.” The resulting charge separation
generates a strong interfacial 1potentlal drop and corresponding
electric field (Figure 1A). This localized electric field
destabilizes positively charged protons (H*) bound to active

uses a potentiostat-connected working electrode (WE), which
transfers charge from a counter electrode (CE) until the WE
reaches the desired potential relative to a reference electrode
(RE).*”"* The second approach, or “wireless polarization,”
employs equilibrium redox couples (such as ferrocene/
ferrocenium) dissolved in the reaction solution, wherein the

Received: July 29, 2025
Revised:  November 4, 2025
Accepted: November 26, 2025

© XXXX American Chemical Society https://doi.org/10.1021/jacs.5¢12973

W ACS Publications A J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bhavish+Dinakar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+F.+Torres"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mostapha+Dakhchoune"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Griffin+Drake"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yogesh+Surendranath"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mircea+Dinca%CC%86"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mircea+Dinca%CC%86"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuriy+Roma%CC%81n-Leshkov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.5c12973&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c12973?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c12973?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c12973?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c12973?goto=supporting-info&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.5c12973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

A) WE B)
|

Electric @

field OH —
e SSOA |

‘ @ @ @ % _180-130 mV

—> . § per 10x rate increase
——0 + H,0 §
—_ . ‘ B Demotion Promotion

@ . @ Applied potential E

C)

Previous work

This work

y B @
o O e

',"i A A oCPe 3

"E _A— A" '

=
A—> A*

) A B

OCPmix
Wired polarization Wireless polarization Solid contact polarization
Charge transfer from Charge transfer from Charge transfer from
counter electrode redox-active molecules contact with inert solids

Figure 1. (A) Diagram of rate promotion of Brensted acid-catalyzed MCPol dehydration in electrolyte solution in which the interfacial electric field
repels the acidic H* from the working electrode (WE) to increase the effective acidity. The WE is charged by a counter electrode (CE) and
maintained at constant potential relative to a reference electrode (RE). (B) Previously obtained rate-potential scalings for MCPol dehydration, in
which rates can be promoted and demoted below open circuit potential. (C) Comparison of previous catalyst polarization methods with this work.

catalyst exchanges electrons with these species until reachin%
an equilibrium potential described by the Nernst equation.””'

In both approaches, when a material i is polarized to a
potential E, this potential corresponds to the difference in the
electrochemical potential of electrons for material i relative to
RE given by

i L i .RE

E__F('Me_/’te ) (1)
where [ii represents the electrochemical potential of the
electrons in material i and F denotes Faraday’s constant.” The
electrochemical potential of electrons is related to the
electrostatic potential by

fo=u - Fp )
where ¢)' denotes the electrostatic potential of material i
relative to a bulk solution reference state and p. denotes the
electron chemical potential of material i Therefore, two
different materials i and j which are both uncharged (and
therefore have ¢’ = ¢¥ = 0) may still have different electron
chemical potentials (4. # 4). In the absence of substantial
Faradaic reactivity, these differences in chemical potential will
translate into distinct values of the catalyst open circuit

potential (OCP), which refers to the electron electrochemical
potential, E, in the absence of external polarization.”

We reasoned that there could be an alternative strategy to
control catalyst polarization by contacting a catalyst with a
defined OCP** with another electrically conductive, inert solid
having a distinct OCP™" such that OCP* # OCP™". Upon
contact, electrons should spontaneously transfer from the
lower-OCP material to the higher-OCP material until their
potentials equilibrate to an intermediate value denoted OCP™*
(Figure 1C). The amount of charge AQ' transferred during this
process depends on the material’s gravimetric specific
capacitance C' and the mass m' by'®

AQ = C'm'AE' (3)

Thus, for a catalyst initially at OCP** and an inert solid initially
at OCP"™, conservation of charge (AQ™ = —AQ™") allows
solving for OCP™™ (Supporting Information, Section SS.1) as

OCPC“t " ( Cinert ) ( minert ) OCPi”ert

mcﬂt
Cinert mmert
I+ (T)(T) (4)
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Figure 2. Hypothesized reaction rate change from catalyst contact with electrically conductive inert solid, which transfers charge to the catalyst due
to difference in electron chemical potential and therefore alters the catalyst potential.
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Figure 3. Diagram for experimental setup for measuring catalyst/inert contact effects on alcohol dehydration. The WE (COOH—CNT catalyst and
H,—CNT inert encased in a stainless steel mesh basket electrode) and RE (Ag/AgCl electrode) are immersed in the reaction solution in a stirred
septum-capped 20 mL glass vial. The magnified inset depicts electron transfer from the H,—CNT (gray) to COOH—CNT (black) due to their
OCP difference, causing the catalyst (black) to gain negative charge relative to its charge state at its OCP. This charge transfer alters the local
electric field at the Bronsted acid active sites and thereby modulates alcohol dehydration rates.

Hence, OCP™ differs most significantly from OCP** when the
OCPs mismatch and both the specific capacitance ratio C""*/
C* and mass ratio m"™/m“ are large. Importantly, these
shifts, when coupled to the established rate-potential scaling,
imply that seemingly inert solids can promote or demote
reaction rates when in contact with conductive -catalyst
particles due purely to charge transfer between the materials.

Here, we demonstrate that contact-induced polarization
provides a simple yet powerful means to modulate the rates of
Bronsted acid-catalyzed alcohol dehydration via solid—solid
electron equilibration (Figure 2). Using the dehydration of
MCPol catalyzed by COOH—CNTs as a probe reaction, we
show that contact with thermally reduced, inert carbon
nanotubes causes order-of-magnitude rate suppression. Im-
portantly, this effect persists under practical conditions: when
COOH—-CNT catalysts are stirred in liquid-phase suspensions,
particle-to-particle collisions are sufficient to demote activity
by an order of magnitude. These results reveal that inert solids
(often overlooked in catalytic design) can play an active role in
determining reaction rates in systems comprising conductive
catalysts and electrolyte.

To test the hypothesis underlying contact-induced polar-
ization, we sought to identify a suitable pair of electrically

conductive catalyst and inert materials meeting the following
criteria: (i) the Brensted-acidic catalyst exhibits well-
characterized rate-potential scaling and remains sufficiently
active to enable kinetic measurements without external
polarization (i.e., at OCP*), (ii) the inert material must not
independently contribute to reactivity, (iii) OCP** and OCP""*
differ substantially to drive measurable charge transfer, and (iv)
C™" is comparable to or greater than C“ such that the
transferred charge suffices to alter OCP™™ from OCP*".

We selected multiwalled carboxylic acid-functionalized
carbon nanotubes (COOH—CNTs) as the probe catalyst
material for dehydrating MCPol to MCPene. We previously
found that carboxylic acid groups on COOH—CNTs catalyze
this transformation with a rate-potential scaling of 141 & 6 mV
per 10-fold rate increase, with rate promotion for E* > OCP™
and demotion for E < OCP*."?

To generate a suitable electrically conductive inert material
with high capacitance, we thermally reduced COOH—CNTs at
1025 °C for 6 h under 5% H,/N, atmosphere, producing what
we denote as H,—CNTs. This treatment desorbs volatile
impurities and removes carboxylic acid groups (Figure
§2),""7*" which we hypothesized would remove the low-
energy electronic states associated with the oxygenated
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functionalities, decreasing OCP.”> Control experiments con-
firmed no detectable reactivity from H,—CNT under all
reaction conditions used in this study.

To evaluate reaction kinetics under contact-induced polar-
ization, we introduced both COOH—CNT and H,—CNT into
the same stainless steel mesh basket electrode, allowing the
materials to be in electrical contact with each other, whose
potential (OCP™*) was monitored via potentiostat (Figure 3).
Reaction conditions were chosen to match those used in our
prior rate-potential studies (Figure 4A)."

A
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Figure 4. (A) Alcohol dehydration reaction conditions. (B)
Dependence of average OCP™ (measured in situ) on H,—CNT
loading (relative to COOH—CNT). X-axis error bars reflect
propagated experimental uncertainties, and Y-axis error bars are
standard deviations. (C) Log—linear dependence of MCPene
formation rate (normalized to COOH—CNT mass) on average
OCP", altered by varying H,—CNT loading. X-axis error bars are
standard deviations, and Y-axis error bars reflect propagated
experimental uncertainties.

We found the initial OCP™ (measured immediately upon
immersing the electrode into solution) to be ~550 mV (vs Ag/
AgCl RE) for COOH—CNT in the reaction solution (Figure
S4). Contrastingly, we measured the initial OCP™"* of H,—
CNT to be ~110 mV under the same conditions (Figure S10),
consistent with a decrease in OCP upon reducing the
COOH-CNTs. Therefore, we expected that adding H,—
CNTs to COOH—CNTSs would cause electron transfer from
the H,—CNTs to the COOH—CNTs, negatively charging the
COOH-CNT surface and lowering OCP™ relative to OCP*
(Figure 3).

As hypothesized, increasing H,—CNT loading decreased the
initiall OCP™ value (Figure S10). Additionally, the linear
dependence of OCP™ with H,—CNT weight fraction aligns
with our model predictions when C™" ~ C*, demonstrating
that the thermal treatment to generate H,—CNT did not
significantly alter its electrolyte-accessible surface area (Section
SS). We note that OCP™™ drifts over time, likely due to redox-
active impurities in the reaction solution'? (Figure S4);
nevertheless, the average OCP™™ (measured during the day-
long reactions, and therefore the kinetically relevant OCP™*
value) also decreased similarly with H,—CNT loading (Figure
4B).

Furthermore, we observed that increasing the H,—CNT
loading decreases the reaction rate because of the OCP change,
yielding a log—linear dependence of rate on OCP (Figure 4C).
The fitted rate-potential scaling of 118 + 6 mV/decade is
consistent with our previously observed scaling of 141 + 6
mV/decade,"’ with slight discrepancies expected due to
uncertainty in quantifying <0.1% product yields.

To rule out alternative explanations for rate suppression,
such as changes in heat/mass transport, adsorption of
reactant/product by inert solid, or active-site poisoning by
leached species, we performed three key control experiments.

First, we measured reaction kinetics of the COOH—CNT/
H,—CNT basket system at a fixed potential of 0.6 V using a Ti
foil CE. Under these externally controlled conditions, reaction
rates were invariant with H,—CNT loading (Figure SA),
indicating that the observed rate suppression requires open
circuit polarization.

Second, we measured reaction kinetics under low-electrolyte
conditions (0.1 mM TBA PF), which we previously
demonstrated to diminish interfacial electric fields and
attenuate rate-potential sensitivity. Under these conditions,
varying the amount of H,—CNT had no measurable effect on
the reaction rate (Figure SB), reinforcing that interfacial
electric fields drive the observed rate modulation.

Third, we spatially separated 10 mg COOH—CNT and 20
mg H,—CNT in two distinct basket electrodes immersed in
the same reaction solution (100 mM TBA PF,) without any
other electrodes present. After 23 h at 80 °C, 'H NMR analysis
showed 0.1% product yield which although not very large
(given the low acidity of COOH groups), is well above our
detection threshold of ~0.01% product yield When we
electrically connected the two basket electrodes outside the
reaction solution with a wire under otherwise identical
conditions, no product was detected. This result confirms
that presence of electrical contact between catalyst and inert
materials alone can determine whether the reaction proceeds.

Collectively, these control experiments confirm that the
reaction rate is primarily governed by the open circuit potential
of the catalyst, which in turn modulates the interfacial electric
field strength and thereby alters the effective acidity of
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Bronsted acid sites. The presence of conductive inert solids
alters catalytic rates not through mass transfer limitations or
poisoning, but through shifts in OCP that induce electrostatic
changes at the active site analogous to external polarization
with a potentiostat or electron transfer with redox mediators.
However, the contact-induced method offers distinct advan-
tages: it requires only the addition of an inert conductive solid,
eliminating the need for counter electrodes and dissolved
redox species. Moreover, the use of a solid-phase inert material
avoids potential side reactions and facilitates straightforward
separation from the reaction mixture.®

Finally, we hypothesized that the contact-induced polar-
ization mechanism could manifest under standard laboratory
conditions involving catalyst powder suspended in reaction
solution, where particle—particle contact during stirring may
induce the same charge transfer observed as the basket
electrode setup.23 To test this, we measured MCPol
dehydration rates in stirred suspensions containing 10 mg
COOH-CNT in 2 mL reaction solution, with and without
adding 20 mg of H,—CNT. In the presence of 100 mM TBA
PF,, adding H,—CNT decreased the rate by ~8-fold (Figure
S7). However, like what we observed in the basket electrode,
the observed rate was unaffected by the addition of H,—CNT

when the electrolyte concentration was reduced to 0.1 mM
(Figure S8). These experiments confirm that rate suppression
in the stirred system originates from contact-induced changes
in catalyst potential.

Whereas contact-induced rate modulation has been reported
in bifunctional catalytic systems, typically invoking local short-
circuit’*~*” or spillover mechanisms® between two active sites
that catalyze different steps or half reactions, our findings
demonstrate that even contact between a single-function
catalyst and a catalytically inert material can substantially
modify the rate at the catalyst’s own active sites. In both
situations, the central variable that defines catalytic activity is
its electrochemical potential, and factors that serve to alter this
parameter will influence reaction rate.

Although our proof-of-concept study focuses on rate
suppression for a particular reaction and catalyst/inert pair,
enabled by the availability of well-characterized materials and
favorable OCP alignment, we anticipate that the same
framework could be employed to promote reaction rates for
appropriately chosen catalyst-inert combinations. In particular,
we expect rate promotion when OCP™" > OCP* for reaction
classes with positively sloped rate-potential scalings. For
reaction classes with negatively sloped rate-potential scalings,
we expect rate promotion when OCP"™* < OCP™. Identi-
fication of suitable catalyst/inert materials and reaction classes
could be aided by first-principles calculations that screen
candidate materials for intrinsic acidity and chemical potential.
The development of such systems remains an open challenge,
and we encourage the community to explore this expanded
space of electrostatically responsive catalyst design.
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