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ABSTRACT: Favorable electronic interactions between active sites and substrates
or transition states are essential to promoting a catalytic reaction. However, tuning
the electronic state is often coupled with compositional or structural changes of
active sites, leading to uncertainties in the catalyst design. Herein, we isolate the
impact of the Fermi level of Pt, Pd, and Rh nanoparticles on thermocatalytic
(hemi)hydrogenation of ethylene and acetylene with electric polarization. Through
a combination of kinetic, spectroscopic, isotopic labeling, and computational
investigations, we show that the electric polarization by applying a potential bias
tunes the rate and product distribution of ethylene hydrogenation by altering the
coverages of key intermediates, e.g., hydrogen, acetonitrile, and ethylene. The
proposed mechanistic framework rationalizes the simultaneous increase in the rate
and selectivity of acetylene hydrogenation on Pt as the Fermi level is increased by
applying a negative potential bias. This work highlights the promise of leveraging
electric polarization as a strategy to advance the mechanistic understanding and optimize performance in heterogeneous catalysis.
KEYWORDS: hydrogenation of ethylene and acetylene, electric polarization, Fermi level, thermocatalysis, intrinsic electronic factors

■ INTRODUCTION
Elucidating structure−activity relations has long been consid-
ered as the central task in the catalysis research,1−5 based on the
well-accepted assumption that the performance in thermocata-
lytic reactions depends exclusively on the structure of catalysts at
a given set of reaction conditions. Activation of substrates and
stabilization of transition states require favorable electronic
interactions with the active sites, which are predicated on both
configurational and energetic matches between the substrate
and the active site. For metal catalysis, the energetic match is
primarily controlled by the Fermi level of the metal sites, which
can be tuned via multiple strategies, such as modifying the
support6−10 and introducing promoters.11−14 However, these
Fermi level tuning strategies typically alter either the
composition or the structure of catalysts, if not both, leading
to ambiguities in the mechanistic interpretations. Supports
could shift the Fermi level of supported metal nanoparticles by
either donating or abstracting electrons.15,16 When supported
on CeO2, Pt nanoparticles were reported to lose up to 0.11
electron to the support per Pt atom17 and thus became positively
charged with a lower Fermi level. Meanwhile, the interfacial sites
between the metal nanoparticles and the support are highly
support dependent and in many cases are the most catalytically
active,18−20 e.g., the interfacial Pt−Nb alloy sites on Pt/Nb2CTx
MXene have been reported to enhance the kinetics of the
water−gas shift reaction.21 Deconvolution of the electronic
effect on metal catalysis from the chemical effect specific to the

support material is often a topic of discussion in the
literature.8,12,22−26 In this regard, non-Faradaic electrochemical
modification of catalytic activity (NEMCA), initially proposed
by Huggins, Mason, and co-workers27 and later developed by
Vayenas and co-workers,28,29 offers a conceptually straightfor-
ward method to isolate the effect of the Fermi level of metals on
catalytic performance.

With NEMCA, thermocatalytic reactions occur at an
electrified interface while Faradaic processes do not contribute
appreciably to the formation of products.28−33 The Fermi level
of catalysts is directly controlled by an external power source
without changing the catalyst structure, affording the possibility
of establishing a direct correlation between the electronic state
of the catalyst and the catalytic performance. Early NEMCA
studies were largely conducted on high-temperature electro-
chemical interfaces with solid inorganic electrolytes.27,30,31,34,35

Migrations of ionic species to catalytic interfaces complicate the
interpretation of the effect of the applied potential on the
activity.28,36,37 Recent studies showed that electric polarization
could have a significant impact on the reaction rates at close to
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ambient conditions in aqueous electrolytes without affecting the
structure of the catalysts,38−49 highlighting the feasibility of
leveraging electric polarization to isolate the impact of the Fermi
level on the rate on metal-catalyzed reactions. However, the
mechanistic understanding of the pathways through which
electric polarization of the catalyst impacts the performance,
especially the product distribution, of thermocatalytic reactions
remains incomplete.
In this work, we demonstrate that both the rate and the

product distribution of ethylene and acetylene hydrogenation
can be tuned by the externally applied potential on supported Pt,
Pd, and Rh catalysts. Through a combination of kinetic,
spectroscopic, isotopic labeling, and computational investiga-
tions, we show that shifts in the Fermi level impact the reaction
orders of substrates and the surface coverages of adsorbed
intermediates. Kinetic modeling based on a modified Horiuti−
Polanyi mechanism is able to predict the volcano-shaped
dependence of ethylene hydrogenation rate on the applied
potential. Rate of acetylene hydrogenation, as well as the
selectivity for ethylene, is enhanced at more negative potentials
(higher Fermi levels), which could be rationalized by the
weakened adsorption energy of acetylene and ethylene on Pt.

■ RESULTS AND DISCUSSION
Impact of Electric Polarization on Pt-, Pd-, and Rh-

Catalyzed Ethylene Hydrogenation. To isolate the non-
Faradaic effect of the electric polarization on precious metal-
catalyzed ethylene hydrogenation, reaction conditions were
chosen to minimize the potential impact of Faradaic processes
on the measured rates. Ethylene hydrogenation reaction was
conducted on Pt/C in acetonitrile with 0.1 M [P4N]PF6 as an
electrolyte in a H-type cell (Figure S1). Transmission electron
microscopy images show that the average size of Pt nano-
particles in Pt/C is ∼3 nm (Figure S2a), which agrees with the
broad X-ray powder diffraction (XRD) peaks (Figure S2b). Pt/
C treated with H2 at room temperature was characterized by X-
ray photoemission spectroscopy without air exposure (quasi in
situ XPS), which indicated that Pt was mostly in the metallic
form (Figure S2c). Acetonitrile,�an aprotic solvent, is
employed in the reaction because (1) it suppresses electro-
chemical hydrogenation of ethylene due to the lack of protons
and (2) it affords a wide accessible potential window within
which no appreciable electrochemical reactions occur, e.g.,
hydrogen and oxygen evolution reactions. The cyclic voltammo-
gram (CV) of Pt in Ar does not show any discernible feature

(Figure 1a), suggesting that the concentration of the residual
water in acetonitrile is unlikely to provide sufficient protons to
sustain appreciable electrochemical ethylene hydrogenation.
This was confirmed by the lack of ethane formation when pure
ethylene was used as the feed at−55 and 1200mV (all potentials
in this work are referenced to the saturated calomel electrode, or
SCE, unless noted otherwise). The CV collected in H2 (1 atm)
shows two broad and weak bands at −150 and −500 mV in the
anodic scan (Figure 1a), which are likely due to the oxidation of
H2.

50,51 The broad band located at −800 mV in the cathodic
scan could be attributed to the reduction of protons produced in
the anodic scan.50−52 Both the anodic and cathodic features are
suppressed in the CV collected in the H2/ethylene atmosphere
(95:5 vol %), which could be caused by the preferential
adsorption of ethylene on Pt.53−55 The weak CV features
suggest that Faradaic processes in the current system are unlikely
to affect the ethylene hydrogenation reaction.

Open-circuit potential (Eocp) of Pt/C was monitored when
reactants were introduced to the system (Figure 1b). Eocp was
measured to be ∼115 mV in air, which dropped precipitously
when the atmosphere was switched to H2. This could be
attributed to the shifting of the redox pair pinning the potential
of Pt/C, i.e., from O2/H2O (in air) to H2/H+ (in H2),

56 where
both H2O and H+ are present in the trace amount of residual
water in acetonitrile. Eocp stabilized after 10 min to ∼ −620 mV
in the H2 atmosphere. Eocp remained unchanged when the
atmosphere was switched from H2 to the reactant mixture, i.e.,
H2/ethylene (95:5 vol %). This entails that the presence of
ethylene (5 vol %) does not impact the redox pair that pins the
electrode potential.

Applied potential on Pt/C has a substantial and non-
monotonic impact on the ethylene hydrogenation rate. A
more negative potential corresponds to a higher Fermi level (top
axis in Figure 1c, all Fermi level (EFermi) in this work is referenced
to that at Eocp (referred to as EFermi

ocp ) unless noted otherwise).
The ethylene hydrogenation rate increases almost linearly as the
potential rises from −1220 to −355 mV, before declining with a
further increase in the potential. A similar observation was made
in the aqueous electrolyte, albeit in a narrower potential
window.41 The ethane production rate increases linearly by 0.52
[molethane·molPt·s−1]/V at more negative potentials before
peaking at −355 mV and then decreases by 0.49 [molethane·
molPt·s−1]/V atmore positive potentials. As expected, the ethane
production rate at −620 mV is consistent with that measured
without an applied potential (Eocp, shaded in Figure 1c). In the

Figure 1. (a) Cyclic voltammograms of Pt/C in acetonitrile with 0.1 M [P4N]PF6 under different atmospheres. (b) Evolution of Eocp under different
atmospheres (indicated in the figure). (c) Dependence of ethylene hydrogenation rate on the applied potential on Pt/C.
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potential range of−920 to−55mV, themeasured currents are at
least 2 orders of magnitude smaller than values calculated
assuming that all of the ethane is produced via a electrochemical
reduction of ethylene (Figure S3a), i.e., the calculated Faradaic
efficiency could reach up to 160 000% (Figure S3c), suggesting a
negligible effect of the Faradaic process on the measured ethane
production rates. Anodic current becomes significant at
potentials above 245 mV (Figure S3b), likely corresponding
to the electrochemical oxidation of hydrogen, which is
consistent with the CV feature (Figure S4). Thus, only ethylene
hydrogenation rates determined between −1220 and 95 mV
were used in the mechanistic analysis below. Ethylene
hydrogenation rates were measured in the kinetic regime,
which was confirmed by the linear correlation between the
absolute hydrogenation rates and the catalyst loading at −620
and 355 mV (Figure S5). Importantly, the ethane production
rate at −355 mV is roughly 1 order of magnitude higher than
that at −1220 mV, demonstrating the substantial impact of the
electric polarization of the catalyst on the reaction rate.
Similar volcano-shaped dependence of the ethylene hydro-

genation rate on the applied potential was also observed on Pd/
C and Rh/C (Figure S6). The average diameter of both Pd and
Rh nanoparticles is 3−5 nm (Figure S7), which is consistent
with the line width in the corresponding XRD patterns (Figure
S8). Quasi in situ XPS shows that while Pd exists mostly in the
metallic form, ∼60% of Rh is present in the oxidized form with
an average oxidation state of +3 (Figure S9). This is expected
due to the greater oxophilicity of Rh compared to Pt and Pd.57,58

Eocp on Pd/C and Rh/C were measured to be −355 and −470
mV, respectively, both of which were different from that of Pt/C
(Figure S10). The electrochemical equilibrium that determines
Eocp on metals could involve surface intermediates, e.g., Had/H+,
which is likely the cause of the metal dependence of Eocp. The
trend of ethane production rate with respect to the applied
potential for Pd/C is similar to that of Pt/C, with the optimal
ethylene hydrogenation activity at −355 mV. The ethane
production rate on Pd/C increases by 0.59 [molethane·molPd·
s−1]/V at potentials below −355 mV and decreases by 0.34
[molethane·molPd·s−1]/V at more positive potentials. The peak
ethane production rate on Rh/C occurs at a significantly more
negative potential (−1050 mV) than those on Pd/C and Pt/C.
The ethylene hydrogenation rate is less sensitive to potential on
Rh/C. The ethane production rate increases by 0.030 [molethane·

molRh·s−1]/V below the optimal potential on Rh/C, which is a
factor of 17 lower than that on Pt/C. The observation of the
volcano-shaped dependence of the ethane production rate on
the applied potential suggests the universality of the impact of
the electric polarization and the Fermi level of the metal catalyst
on surface-mediated reactions.

Potential Dependence of Ethylene Hydrogenation
Kinetics on Pt/C. Electric polarization and the associated
change in the Fermi level have a significant effect on the reaction
order of reactants but not the apparent activation energy (Eapp).
Reaction orders of ethylene and H2 were determined to be both
∼0.55 at −920 mV on Pt/C (Figures 2a and S12). As the
potential increases to −55 mV, the reaction order of ethylene
decreases to ∼0.2, while that of H2 increases to ∼0.8. Reaction
orders of ethylene and H2 on Pt/C at room temperature in a
fixed bed reactor in the absence of acetonitrile were determined
to be −0.5 and 0.8, respectively (Figure S13a), which were
consistent with the literature.59,60 The negative reaction order of
ethylene indicates that the high coverage of ethylene limits the
density of sites available for the dissociative adsorption of H2 to
form Had at the solid−gas interface without applied potential
and acetonitrile.59,61,62 Reaction orders of ethylene and H2 on
Pt/C determined in the fixed bed reactor (without any applied
potential) with a saturated vapor pressure of acetonitrile at room
temperature (20.3 kPa) in the feed were 0.4 and 0.7, respectively
(Figure S13a). The positive reaction order of ethylene in the
presence of acetonitrile suggests that the adsorption of
acetonitrile significantly reduces the ethylene coverage. The
ethane production rate with acetonitrile vapor is lower than that
in the acetonitrile-free feed by a factor of ∼10 (Figure S13b),
which is consistent with reduced coverages of ethylene and Had
on the Pt surface due to the competitive adsorption of
acetonitrile. Reaction orders of ethylene and H2 determined
with acetonitrile vapor in the feed on Pt/C (0.5 wt %) are similar
to those determined when the catalyst (commercial Pt/C 5 wt
%) is immersed in liquid acetonitrile solvent with electrolyte at
−620 mV (Eocp, Figure S13a). Coverages of ethylene and Had on
Pt in the presence of acetonitrile vapor are likely comparable to
those in liquid acetonitrile solvent. This is reasonable since a thin
layer of acetonitrile likely adsorbs on the catalyst surface at its
saturated vapor pressure, so that the two systems becomes
comparable on the molecular level, i.e., the catalyst surface
mostly covered by a liquid(-like) layer of acetonitrile. This claim

Figure 2. (a) Measured reaction orders of ethylene and hydrogen in ethylene hydrogenation at different applied potentials on Pt/C. (b) Activation
energies of ethylene hydrogenation at different applied potentials on Pt/C.
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is supported by the comparable ethane production rates in the
presence of saturated acetonitrile vapor and liquid acetonitrile
(Figure S13b). Assuming ethylene hydrogenation occurs via a
Langmuir−Hinshelwood-type mechanism involving surface-
adsorbed ethylene and H,63−65 reaction orders of ethylene and
H2 could be employed as qualitative measures of surface
coverages of ethylene and Had, i.e., a lower reaction order of
ethylene corresponds to a higher surface ethylene coverage,
while a lower reaction order of H2 indicates a lower coverage of
Had. This hypothesis will be analyzed in more detail later in this
work. Eapp of ethylene hydrogenation on Pt/C were obtained by
determining the ethane production rates in the range of 0−30
°C, which were in the range of 17−23 kJ/mol in the potential
range of −55 to −1220 mV (Figure 2b). The weak sensitivity of
Eapp to the applied potential indicates that the applied potential
exerts a similar effect on the energies of the reactants and the
activated complex. It can be inferred that the applied potential
likely impacts the ethylene hydrogenation activity primarily by
altering the surface coverage of adsorbates.

Isotopic Labeling Investigations. Hydrogenation of
ethylene with D2 was conducted at various applied potentials
to gain mechanistic insights. A stoichiometric reaction between
C2H4 and D2 leads to C2H4D2. Other isotopologues of ethane,
i.e., C2HxD6−x (x = 0−6), could be produced if dissociative
adsorption of C2H4 occurs on Pt to produce adsorbed C2Hx (x =
0−3) and Had. At all potentials investigated (Figure S14c), the
mass spectrometry (MS) signal with the highest m/z ratio for
ethane is 32 amu, which corresponds to the parent ion of the
product in the stoichiometric addition of D2 to C2H4, i.e.,
C2H4D2. Importantly, when ethylene and D2 were used as the
feed, the detected MS signals of 28, 29, 30, 31, and 32 amu
deviated substantially from the mass fragmentation pattern of
C2H4D2,

66−68 suggesting that a mixture of C2H4D2, C2H5D, and
C2H6 was produced. There are two possible sources of Had in the
reaction between C2H4 and D2: (1) residual water (H2O) in
acetonitrile and (2) C2H4. The former is unlikely to be a
substantial H source, as the amount of residual water is far from
being able to account for the amount of H incorporated in
ethane. For example, ∼12% of ethane produced at −620 mV
(close to Eocp) is C2H5D (Figure 3a). Assuming one H atom in
C2H5D comes from the electrochemical reduction of residual
H2O, this would translate to a current density of 0.196 mA/cm2,
which is a factor of ∼100 higher than the experimentally
observed current density. Control experiment in which 50 μL of
water was intentionally introduced to the acetonitrile electrolyte
produced a comparable amount of ethane to the experiment

without added water (Figure S15), confirming that the trace
amount of residual water in acetonitrile did not contribute to the
observed activity in any significant manner. Thus, the formation
of C2H5D and C2H6 is a clear indication that Had formed in the
dissociative adsorption of ethylene serves as a H source in the
ethylene hydrogenation (Figure S14d). Further, the fractions of
these three isotopologues of ethane could be estimated by
deconvoluting the MS spectra (Figure S14e) with the reported
mass fragmentation patterns of these compounds (Figure 3a,
Table S2, and Supporting Note II). As the applied potential on
Pt/C increases from −920 to −55 mV, the fractions of ethane
isotopologues with fewer D atoms, i.e., C2H5D and C2H6,
increase at the expense of C2H4D2 (Figure 3a). This trend
indicates that the Had/Dad ratio on the surface increases with the
increase in the applied potential, suggesting that positive
potentials favor the dissociative adsorption of ethylene on Pt
and in turn higher coverages of the molecularly adsorbed
ethylene precursor. This is consistent with the declining trend in
the ethylene reaction order as the applied potential increases
(Figure 2a). Dissociative adsorption of ethylene is well
documented in the surface science literature to form the inactive
ethylidyne (C2H3) on Pt and aHad.

63−65 It could be inferred that
more positive applied potentials favor the dissociative
adsorption of ethylene on Pt, which could also explain the
gradual catalyst deactivation with reaction time caused by the
formation of inactive and site-blocking species like ethylidyne
(Figure S16). The positive correlation between the Had/Dad
ratio and the applied potential is also evidence against residual
water in acetonitrile being the H source because more negative
potentials should favor the electrochemical reduction of protons
in H2O to Had and lead to higher fractions of ethane
isotopologues with more H atoms. The opposite was observed.

Isotopic compositions of ethylene, hydrogen, and ethane also
provide insights into the reaction network. The ratio between
the MS signals of 29 and 28 amu of ethylene does not change
with the applied potential after the reaction between C2H4 and
D2 (Figure S17a), and is identical within experimental errors to
that of C2H4 in the feed. This indicates (1) dissociative
adsorption of ethylene is essentially irreversible under the
conditions investigated in this work, i.e., the rehydrogenation of
C2H3 by Dad to form C2H3D does not occur at any detectable
level and (2) the hydrogenation of C2H4 with Dad to C2H4Dad is
also irreversible, otherwise C2H3D would be produced via the
reverse reaction with C2H4Dad. Similarly, the ratios among the
MS signals of 2, 3, and 4 amu do not depend on the applied
potential and are the same as those of D2 in the feed (Figure

Figure 3. (a) Isotopic composition of produced ethane in the hydrogenation of ethylene with D2 at different applied potentials on Pt/C. (b) H−D
exchange rates in equimolar amounts of H2 and D2 at different applied potentials on Pt/C.
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S17b), suggesting that the recombination of Had and Dad to form
H2 and D2 is also negligible. This is likely due to the fast
consumption of Had and Dad in ethylene hydrogenation, making
their recombination unlikely. When a mixture of ethane and D2
(5/95%) was used as the feed under conditions similar to those
for ethylene hydrogenation, no detectable level of H−D
scrambling was observed in either ethane or D2 (Figure S18).
This is evidence for the irreversibility of ethane desorption in the
ethylene hydrogenation. Based on these experimental results, we
propose a modified Horiuti−Polanyi mechanism for ethylene
hydrogenation on Pt under the conditions employed in this
work

Step 1 C2H4+*⇄C2H4* K1
Step 2 H2+2*→2H* k2
Step 3 CH3CN+*⇄CH3CN* K3
Step 4 C2H4*+H*→C2H5*+* k4
Step 5 C2H5*+H*→C2H6+2* k5

in which dissociative adsorption of H2, initial hydrogenation
of ethylene, and ethane desorption (steps 2, 4, and 5,
respectively) are considered irreversible based on the isotopic
labeling results described above. The adsorption equilibrium of
acetonitrile is included in the reaction network, because the
presence of acetonitrile has a pronounced impact on the
hydrogenation rate and the reaction orders of ethylene and
hydrogen (Figure S13). Adsorption of acetonitrile likely reduces
the available surface sites for ethylene and hydrogen to occupy.
This reaction mechanism will be employed as the basis of the
kinetic analysis in a following section.
Rates of H−D exchange were also determined on Pt/C, Pd/

C, and Rh/C at different applied potentials. An equimolar
mixture of H2 and D2 was employed as the feed to flow into the
H cell at the ambient pressure, with the effluent monitored by an
online MS. The production rate of HD increases with the rise of
the applied potential until −355 mV on Pt/C and Pd/C, before
declining precipitously with further increase in the potential
(Figures 3b and S19a). The maximum H/D exchange rate is
∼1100 mV on Rh/C (Figure S19b). Importantly, the trends in
the H−D exchange are similar to those in the ethylene
hydrogenation on all three catalysts investigated. Since both
the formation of HD and hydrogenation of ethylene involve
adding Had to another surface-bound intermediate, the shared
dependence of both reactions on the potential is unlikely to be
coincidental. The steep drop in the HD exchange rate with an
increasing potential above −355 mV on Pt/C suggests that the
dissociative adsorption of H2 is suppressed at positive potentials
(Figure 3b). This is consistent with the observation that Had

produced in the dissociative adsorption of ethylene becomes a
more substantial source of H, as compared to Dad from D2, in
ethylene hydrogenation with D2 at −55 mV (Figure 3a). The
potential cause for the increase in the H−D exchange rate with
potential at more negative potentials will be discussed in the
following sections.

Impact of Applied Potential on Adsorption Energy.
AdsorptionGibbs free energies (ΔG) of hydrogen, ethylene, and
acetonitrile on Pt were computed with density functional theory
(DFT)-based calculations at different potentials (Figure 4a−c,
computational details included in the Methods section in the
Supporting Information). Two adsorption configurations were
considered for each adsorbate on Pt(111), i.e., ethylene
adsorbed via π and di-σ configurations,54 H adsorbed on the
FCC and HCP sites,55 and acetonitrile adsorbed on the N end
and in the η(C, N) configuration69 (Figure S20). ΔG of all three
adsorbates becomes more negative (stronger adsorption) as the
potential becomes more positive (Figure 4a−c). Since ΔG
values of two adsorption configurations for hydrogen and
ethylene differ significantly, only the configurations with more
negative ΔG values (stronger adsorption) are considered
further, i.e., ethylene adsorbed in the di-σ configuration and H
adsorbed on FCC sites. At any given potential, ΔG exhibits the
following sequence: ethylene < hydrogen < acetonitrile. The
calculated ΔG of acetonitrile is 0.3−0.5 eV more positive than
those for ethylene and hydrogen within the potential range
investigated. However, acetonitrile exhibits a pronounced
impact on ethylene hydrogenation, either in vapor or as the
liquid solvent. Likely, this inconsistence is caused by the high
concentration (activity) of acetonitrile as the solvent at the
interface. It could be deduced that the surface coverage of
ethylene is significantly lower in the presence than in the absence
of acetonitrile. The potential-dependent bands in the surface-
enhanced infrared absorption (SEIRA) spectra of acetonitrile
also support the specific adsorption of acetonitrile on the
electrode surface (Figure S21), which is consistent with the
literature.50,51,70,71 It can be inferred that, given that the
coverage of more strongly adsorbed ethylene is reduced due
to the site competition with acetonitrile, the reduction in the H
coverage is expected to be even more pronounced due to the
presence of acetonitrile.

Relative sensitivities of ΔG among adsorbates could have a
decisive effect on the observed hydrogenation reactivity. The
sensitivity of ΔG toward potential is much weaker for hydrogen
than ethylene and acetonitrile (Figure 4a−c), which is
consistent with previous reports.72,73 As the applied potential
becomes more positive from ∼ −1000 mV, the adsorption of

Figure 4. Adsorption Gibbs free energy of (a) ethylene, (b) hydrogen, and (c) acetonitrile with different configurations on Pt(111) at different
potentials. (d) Numerical simulations for ethylene hydrogenation rate, reaction orders of ethylene and H2 vs x (x = λCd2Hd4

Ω) when a = 0.012 and b =
0.12. Variables a, b, and x are defined in Supporting Note I.
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ethylene and acetonitrile grows much faster with increasing
potentials than that of Had, leading to lower coverages of Had.
The destabilization of Had is expected to make it more active
toward hydrogenating other surface intermediates, e.g., Dad and
ethylene in the formation of HD and ethane, respectively. The
combined effect of Had coverage and activity leads to the
volcano-shaped dependence of the hydrogenation chemistry on
the applied potential, consistent with the Sabatier principle. At
potentials below −355 mV, the beneficial effect of the higher
activity of Had is the dominant factor, so that both HD exchange
and ethylene hydrogenation rates increase with potential. The
diminished Had coverage outweighs the activity of Had at
potentials above −355 mV, leading to a precipitous drop in the
rates of both HD exchange and ethylene hydrogenation.

Kinetic Modeling. A kinetic model built based on the
proposed reaction steps (Steps 1−5) is able to capture key
experimental observations. The impact of the applied potential
on the adsorbates is modeled via the effective field approach
proposed by Vayenas et al.; i.e., only the interaction of dipole
moment of the surface adsorbates with the interfacial electric
field is considered. Electrochemical potentials for adsorbed
ethylene (μ̅Cd2Hd4*) and acetonitrile (μ̅CHd3CN*) can be expressed as

= +
*

·* *
*

RT ln RTC H C H
0 C H

C H2 4 2 4

2 4

2 4 (1)

= +
*

·* *
*

RT RTlnCH CN CH CN
0 CH CN

CH CN3 3

3
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where μCd2Hd4*
0 and μCHd3CN*

0 are the standard chemical potentials
of adsorbed ethylene and acetonitrile, respectively, at the
reference state with a surface coverage of 0.5. θCd2Hd4*, θCHd3CN*,
and θ* are the fractional coverage for ethylene, acetonitrile, and
the unoccupied site, respectively. λCd2Hd4

and λCHd3CN are the partial
electron-transfer parameters of adsorbed ethylene and acetoni-
trile, respectively. λ is positive for ethylene and acetonitrile,
meaning that they donate electrons to the surface.35,37 The
dimensionless variable Ω represents the potential drop across
the double layer, with negative values associated with negatively
charged surface and vice versa.74,75 Electrochemical potentials of
adsorbed ethylene and acetonitrile decrease (more stable) with
rising applied potentials. This is consistent with the computed
results that the adsorption of ethylene and acetonitrile becomes
stronger with increasing potential (Figure 4a−c). Based on the

proposed modified Horiuti−Polanyi mechanism, the rate
expression for the ethylene hydrogenation rate could be derived
by applying pseudo steady-state approximation for C2H5* and
H* (derivation included in Supporting Note I)

=
+

+ +

+

( )
r

k P

K P

K a

exp( )

exp( )

exp( ) 1

K k
k

k P

k K P

2 H

1 C H C H

C H 3 CH CN

CH CN

2

2

1 4

5 2 4 2 4

2 H2

4 1 C2H4
2 4 3

3

Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ (3)

in which K1, k2, K3, k4, and k5 are the equilibrium/rate constants
of Steps 1−5. PCd2Hd4

and PHd2
are the partial pressures of ethylene

and hydrogen, respectively. The potential dependence of the
rate is manifested in the presence of Ω in the denominator in eq
3. Reaction orders of hydrogen (nHd2

) and ethylene (nCd2Hd4
) can be

obtained by taking the partial derivative of ln r with respect to ln
PHd2

and ln PCd2Hd4
, respectively

=n 2( )C H H C H C H2 4 2 4 2 5 (4)

=n 1 2H H2 (5)

Adding eqs 4 and 5 leads to

+ = +n n 1 2( )C H H C H C H2 4 2 2 4 2 5 (6)

Sum of measured reaction orders of ethylene and hydrogen is
close to unity (Figure 2a), so eq 6 suggests that the combined
coverage of molecularly adsorbed ethylene and C2H5* is close to
zero. This is consistent with the positive reaction order of
ethylene. It can be further estimated from the measured reaction
order of ethylene and the low value of θCd2Hd4

+ θCd2Hd5
that θH is at

or below ∼0.2. The measured reaction orders of hydrogen are
always higher than those of ethylene, suggesting that the
coverage of ethylene should be higher than that of H*. This
discrepancy indicates that the absolute coverage values of
surface intermediates are semiquantitative at best based on this
simple kinetic model. However, it is important to note that it
correctly predicts that θCd2Hd4

, θCd2Hd5
, and θH combined does not

occupy a significant fraction of surface sites. This agrees with the
severe inhibiting effect of acetonitrile, whose adsorption likely

Figure 5. (a) Rate and selectivity of acetylene hydrogenation at different applied potentials on Pt/C. (b) Reaction order of acetylene in its
hydrogenation on Pt/C at different applied potentials. (c) Adsorption Gibbs free energy of acetylene with different adsorbed configurations on
Pt(111) at different potentials.
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prevents a substantial fraction of surface sites from taking part in
the ethylene hydrogenation reaction.
Numerical simulations were conducted to gain insights into

the dependence of nCd2Hd4
, nHd2

, and r on x (x = λCd2Hd4
Ω). A volcano-

shaped dependence of r on x can be obtained on a wide range of
reasonable values of K1, k2, K3, k4, and k5 (Figures 4d and S22,
Supporting Note I), confirming that the proposed kinetic model
is able to capture key features of the reaction system. The first
and second terms in the denominator of eq 3 correspond to the
coverage of C2H4*/C2H5* and H*, respectively. The fact that
they have opposite dependence on x, or the applied potential,
gives rise to the volcano-shaped trend. This is caused by the
contrasting trends of the adsorption free energy vs the applied
potential for hydrogen and ethylene relative to that of
acetonitrile; i.e., the difference in the adsorption free energies
between ethylene and acetonitrile becomes greater as the
potential increases, while the difference in the adsorption free
energies between hydrogen and acetonitrile becomes smaller
(Figure 4a−c). In addition, nCd2Hd4

is predicted to increase with
potential and is the opposite for nHd2

. When the rate (r) is ploted
against the applied potential (x) with parameters confined by
the range of experimentally determined ethylene and H2
reaction orders, a volcano-shaped dependence of r on x is
always obtained (Supporting Note I). These predictions are
consistent with the measured results (Figures 1c and 2a), further
supporting the reliability of the proposed mechanism.

Impact of Applied Potential on Acetylene Hemi-
hydrogenation. To establish the generality of the electric
polarization and shifts in the Fermi level on heterogeneous
catalysis reactions, we conducted acetylene hydrogenation on
Pt/C in a similar configuration. In contrast to the ethylene
hydrogenation rate, the acetylene hydrogenation rate increases
monotonically with the decrease of the applied potential from
−55 to −1800 mV (Figure 5a). Importantly, the product
distribution in acetylene hydrogenation is also potential
dependent (Figure 5a). When the potential is more positive
than −1100 mV, the selectivity of ethylene is maintained at
∼60%. Meanwhile, the ethylene selectivity increases almost
linearly with the decrease of the applied potential when the
applied potential is more negative than −1100 mV. A ∼90%
selectivity for ethylene is achieved at −1800 mV. Reductive
currents in all acetylene hydrogenation experiments were at least
1 order of magnitude smaller than those required to reach
measured rates of ethylene and ethane production (Figure S23).
Thus, electrocatalytic hydrogenation of acetylene is negligible
compared to the thermocatalytic pathway. The ethylene
production rate is enhanced by a factor of ∼10 when decreasing
the applied potential from−55 to−1800mV, demonstrating the
substantial impact of the applied potential on the catalytic
activity.
Applied potential has a significant impact on the reaction

order of acetylene. Reaction orders of acetylene were
determined to be −0.65 and −0.51 at −400 and −1400 mV
on Pt/C, respectively (Figure 5b). The negative reaction order
of acetylene indicates that the high coverage of acetylene limits
the density of sites available for the dissociative adsorption of H2
to form Had, which suppresses the reaction rate. This is
consistent with the calculated ΔG values of acetylene in the di-σ
configuration on Pt of < −1.0 eV within the potential range of
−55 to −1700 mV (Figure 5c).76 Calculated ΔG suggests that
acetylene adsorbs more strongly at more positive potentials,
which is consistent with the more negative reaction order at

−400 mV compared with that at −1400 mV. The monotonic
increase in the acetylene conversion rate with the decrease of the
potential is in contrast with the volcano-shaped trends for HD
exchange and ethylene hydrogenation (Figures 1c and 3b). This
could be attributed to the strong adsorption of acetylene on the
Pt surface, which makes the availability of surface sites for the
dissociative adsorption of hydrogen, i.e., the low Had coverage,
the primary limiting factor for the reaction.

The trend of acetylene hydrogenation selectivity could be
rationalized by the relative adsorption strengths of ethylene and
acetylene on Pt at different applied potentials. According to
calculated ΔG and measured reaction orders, acetylene adsorbs
on Pt significantly more strongly than ethylene and hydrogen, so
that the rate of acetylene conversion is largely determined by the
coverage of Had. The weakening adsorption energy of acetylene
with decreasing potential and the relatively insensitivity of the
hydrogen-binding energy toward potential are expected to
increase the Had coverage at more negative potentials, which in
turn enhances the acetylene conversion rate. Selectivities for
ethylene and ethane are likely impacted by two countervailing
effects of the applied potential: (1) Had coverage and (2) surface
lifetime of ethylene formed in acetylene hydrogenation.
Calculated ΔG and measured reaction orders suggest that Had
coverage rises with decreasing potential, while the ΔG of
ethylene becomes less negative at more negative potentials,
indicating lower coverage and shorter surface lifetime of the
formed ethylene. As the applied potential decreases from −55 to
−1105 mV, the promotional effect of a higher Had coverage is
offset by the shorter surface lifetime of ethylene in its
hydrogenation, leading to a constant ethylene to ethane ratio.
As the applied potential is decreased below −1105 mV, the
ethylene hydrogenation rate is mainly limited by the surface
lifetime (coverage) of ethylene, while the increasedHad coverage
primarily benefits the hydrogenation of acetylene, which
remains the most abundant surface adsorbates. These results
highlight the possibility of leveraging electric polarization to
tune the product distribution in thermocatalytic reactions by
altering the surface adsorption energy and coverage of
adsorbates.

■ CONCLUSIONS
In summary, we demonstrate that externally applied potential
could impact the rate and selectivity of thermocatalytic
hydrogenation of ethylene and acetylene on Pt, Pd, and Rh
surfaces. The effect of the electric polarization and associated
shift in the Fermi level of the metal catalyst on the reaction
kinetics could be largely rationalized by the altered coverage of
the key surface intermediates. A modified Horiuti−Polanyi
mechanism was proposed for the Pt-catalyzed ethylene
hydrogenation reaction. By adopting the effective potential
method to account for the impact of the electric polarization, the
proposed kinetic model is able to qualitatively reproduce the key
features of the impact of the potential on the reaction, i.e., the
volcano-shaped dependence of the rate on the applied potential
and the trend of reaction orders of both ethylene and acetylene.
The generality of the impact of the Fermi level shift induced by
the applied potential on thermocatalytic reactions was further
supported by the activity and selectivity tuning in the
hydrogenation of acetylene on Pt/C, where both the rate of
acetylene conversion and the selectivity for ethylene could be
substantially enhanced when the surface was negatively biased.
Results reported in this work highlight the promise of leveraging
the electric polarization to understand the impact of the Fermi
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level on the catalytic mechanisms and serve as a unique
dimension to optimize performance.
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