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ABSTRACT: Electrochemical hydrogenation, powered by renewable
electricity, represents a promising sustainable approach for organic
synthesis and the valorization of biomass-derived chemicals. Traditional
strategies often rely on alkaline conditions to mitigate the competing
hydrogen evolution reaction, posing challenges in sourcing hydrogen atoms
for hydrogenation, which can be addressed through localized water
dissociation on the electrode surface. In this study, we present a
computationally guided design of electrochemical hydrogenation catalysts
by optimizing hydrogen coverage density and binding strength on the
electrode. Our theoretical investigations identify Cu, Au, and Ag — metals
with moderate hydrogen coverage — as promising catalysts for electro-
chemical hydrogenations in alkaline media. These predictions are
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experimentally validated using a model organic substrate (acetophenone), achieving yields and faradaic efficiencies of up to 90%.
Additionally, Cu, a nonprecious metal, is demonstrated to selectively hydrogenate a wide range of unsaturated compounds, including
C=0, C=C, C=C, and C=N bonds, at low potentials with moderate to excellent conversion rates and chemoselectivities. This
work highlights the potential of tailoring hydrogen coverage on electrode surfaces to rationally design nonprecious metal
electrocatalysts for efficient organic hydrogenations. The insights gained here are expected to inform the development of more
effective catalysts for organic hydrogenations and other industrially relevant chemical transformations.

B INTRODUCTION

Since the industrial revolution, anthropogenic emissions of
CO,, partly driven by industrial chemical processes that
depend on fossil fuel-derived reagents, have had a lasting
impact on the Earth’s environment and climate." Transitioning
to a defossilized economy can be facilitated by electrifying
industrial synthetic processes, particularly through the
inte§r%tion of electrosynthesis with renewable energy sour-
ces.” ” One promising approach in this regard is the
electrochemical hydrogenation (ECH) of organic substrates,
which offers a sustainable pathway for synthesizing organic
compounds and valorizing biomass derivatives into valuable
fine chemicals, natural products, and pharmaceuticals.7_11
Moreover, if powered by renewable electricity under mild
conditions, ECH has the potential to replace traditional
thermal hydrogenation processes, which typically require
purification of H, from steam methane reforming, as well as
elevated pressures and temperatures.'>~"*

ECH reactions have been demonstrated across a variety of
functional groups, including C=0, C=C, C=C, and C=N
(Figure 1A)."°7*® However, these systems often rely on
precious metal catalysts, such as Pt and Pd.*>***° Recently,
there has been a growing interest in using nonprecious metal
catalysts like Cu, Ni, and Ag for organic ECH. 071824253144
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Despite these advances, a significant challenge in aqueous
media is the competition with the more facile hydrogen
evolution reaction (HER), which typically requires less
negative potentials and thus compromises the faradaic
efficiency (FE) for the desired ECH products. A viable
strategy to mitigate this competition is to operate in alkaline
media, where the proton concentration is significantly lower.*
For instance, in the ECH of acetonitrile, a FE of 80—90% was
achieved at 100—500 mA cm™2 in 1 M NaOH, a stark contrast
to the dominant HER observed under acidic or neutral
conditions."®

Alkaline conditions favor ECH by suppressing HER, but
they also introduce new challenges. In acidic media, H atoms
are directly sourced from hydronium ions in the electrolyte. In
contrast, in alkaline solution, H atoms are primarily derived
from water dissociation on the electrode surface (Figure 1B),
provided the corresponding kinetic barrier is lower than that
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Figure 1. Electrochemical hydrogenation (ECH) of organic substrates.

(A) Summary of state-of-the-art in ECH of organic compounds,

emphasizing the main advantages and challenges. (B) Schematic illustration of the hydrogen source for ECH in acidic versus alkaline conditions.
(C) Schematic representation of ECH driven by the tailoring of hydrogen surface coverage, as demonstrated in this study. The y-axis represents the

partial current density toward ECH (Jcy), and the x-axis shows the Gibbs
of a metal cathode surface with 75% of the face-centered cubic (fcc) sites

energy of hydrogen adsorption (AGy). In the background: Illustration
covered by hydrogen atoms.
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Figure 2. Surface coverage analysis of Ag, Au, Cu, Ni, In, and Pt metal cathodes. The plots show relative Gibbs energies of surface terminations
with varying concentrations of adsorbed *H, *OH, and *O species (* denotes a metal surface site) as a function of applied potential vs RHE, U.
The dashed red and orange lines represent *OH and *O coverages, respectively, while the thick blue lines denote *H coverages, and the gray line
indicates the bare surface. Darker shades correspond to higher coverage densities. The region relevant to ECH is highlighted in light blue. All
metals were modeled as (111) surface slabs with p(2 X 2) periodicity, except for In, which was modeled as a p(1 X 2)-(101) slab. Different colors
and labels indicate the relative concentration of adsorbed species in each surface termination, with darker shades representing higher densities. As
each supercell contains four surface sites (bridge, fcc, hep and top for fec metals, and top, bridge, and hollow, with or without a subsurface metal atom,
for In), the fraction of occupied sites varies in multiples of 0.2S. For instance, on fcc metals, 0.25 monolayer (ML) H denotes a quarter of the fcc
sites covered by H atoms, 0.50 ML H indicates half of the fcc sites covered, etc. Further details can be found in the Supporting Information.

for direct hydrogenation of the reactant.** According to the
Sabatier’s principle,”” these adsorbed H atoms must exhibit
moderate binding strength at the applied potential to
effectively facilitate ECH of organic substrates. Therefore, we
hypothesized that maintaining a relatively high density of
weakly bound H atoms is crucial for promoting efficient ECH
in alkaline media while minimizing HER.

Recent computational studies have provided insights into
the ECH of organic compounds on Pd systems, primarily by
analyzing the binding energies of key reaction intermedi-
*425 While previous literature reports have demonstrated
the active role of surface coverages in a variety of electro-
catalytic reactions such as CO, reduction, NO reduction, HER,
and ECH,* ™% to the best of our knowledge, this is the first

ates.
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Figure 3. ECH of AP to 1-PEA. (A) Schematic representation of the hydrogenation of AP to 1-PEA. (B) J,.ppa (red, solid line) and FE, pp, (blue,
dashed line) for the ECH of AP to 1-PEA measured on the Cu electrocatalyst at potentials between —0.28 and —0.68 V vs RHE after 1 h
electrolysis. (C) Concentration profile of products (red, solid line) and reactants (gray, solid line), and FE, pg, (blue, dashed line) for the ECH of
AP on the Cu electrocatalyst over S h of electrolysis at —0.48 V vs RHE. C and C, indicate the AP (gray trace) and 1-PEA (red trace) concentration
at the time of interest and the initial AP concentration, respectively. Concentrations of reactants and products were quantified by '"H NMR. (D)
Ji-pea (red trace) and FE, pg, (blue trace) were measured for the ECH of AP to 1-PEA on Ag, Au, Cu, In, Pt, and Ni electrocatalysts at —0.48 V vs
RHE after 1 h electrolysis. Error bars correspond to the standard deviation of triplicate (n = 3) experiments. Lines are shown as guides to the eye.

example of the rational design of ECH electrocatalysts
achieving excellent catalytic activity and selectivity across a
broad range of substrates through tailored H coverages. We
believe that understanding this aspect is critical for the strategic
development of high-performance ECH electrocatalysts based
on earth-abundant elements, and the lack of such knowledge
may explain why these materials have remained elusive.
Herein, we present a bottom-up approach for the design of
nonprecious metal cathodes optimized for the selective ECH
of organic substrates. Through computational investigations,
we analyzed the density and binding strength of hydrogen
surface coverages on various transition metals under relevant
ECH conditions, identifying Cu, Au, and Ag as particularly
promising electrocatalysts. These theoretical predictions were
validated experimentally in the ECH of acetophenone (AP) to
1-phenylethanol (1-PEA), achieving FEs and yields up to 90%
at low applied potentials (ca. —0.5 V vs the reversible hydrogen
electrode, RHE) in alkaline media (pH ~ 12). Remarkably,
these cathodes demonstrated superior performance compared
to other transition metals by at least an order of magnitude in
terms of FEs and yields, including In, Ni, and even the precious
Pt metal, which is considered a state-of-the-art ECH
electrocatalyst (Figure 1C).”>*" Furthermore, our experimen-
tal results show that this bottom-up approach can be
generalized to a wide range of unsaturated organic substrates
with C=0, C=C, C=C, and C=N bonds, achieving
impressive yields (70—90%) on Cu electrodes. Overall, this
work highlights the critical role of hydrogen surface coverages

in ECH processes and demonstrates how this insight can be
harnessed to design non-noble metal cathodes for the
sustainable production of chemical feedstocks and value-
added products.

B RESULTS AND DISCUSSION

Metal Surface Coverages under ECH Conditions.
While alkaline electrolysis can minimize the competing HER,
the electrode surface under these conditions might still
facilitate water hydrolysis to provide the H atoms necessary
for ECH. We hypothesized that an ideal ECH catalyst should
not only promote water dissociation in an alkaline medium but
also retain H atoms in a configuration that minimizes HER
while maintaining moderate binding strength to effectively
hydrogenate organic substrates. To identify cathode materials
meeting these criteria, we conducted periodic density func-
tional theory (DFT) calculations on several transition metals,
specifically Ag, Au, Cu, Ni, and In (details available in the
Supporting Information). These elements were chosen due to
their varying H binding energies at reducing potentials, as
reported in previous theoretical studies on HER.>® For
comparison, we included Pt in our investigation, given its
status as a state-of-the-art ECH electrocatalyst.”””’

For each metal, we examined the relative Gibbs adsorption
energies (AG;) of different surface terminations with varying
concentrations of *H, *OH, and *O species (* denotes a
surface metal site) as a function of applied potential. The
results of this analysis are illustrated in the surface diagrams

https://doi.org/10.1021/jacs.4c15821
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX
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Figure 4. ECH mechanistic studies on different metal cathodes. (A) Resting states of Ag, Au, Cu, Ni, Pt, and In metal cathodes under ECH
conditions based on the surface coverage analysis shown in Figure 2. (B) Gibbs energy for water adsorption on the metal electrodes, computed
relative to a water bilayer (see Supporting Information for details). (C) Gibbs energy profile for the ECH of AP to 1-PEA calculated at the
experimental potential of —0.48 V vs RHE, computed according to eqs S9—S19. Notably, the hydrogenations of AP to APH- and 1-PEA via the
transfer of surface-bound *H species are purely chemical processes. As such, their energies and the reported kinetic barriers, referenced to the
adsorbed *AP, remain independent of the applied potential. In contrast, the electrochemical generation of surface *H is potential-dependent and is
promoted under increasingly negative bias. On Ag(111) and Au(111), the ECH mechanism involves the reduction of two protons (2¥H,, /Au),
adsorption (*AP), hydrogenation at the O atom (*APH-), hydrogenation at the C atom (*1-PEA), and product desorption (1-PEA). On Cu(l 11),
Ni(111), and Pt(111), the ECH mechanism involves AP adsorption (*AP), hydrogenation at the O (*APH-), hydrogenation at the C (*1-PEA),
refilling of the H vacancies (2*Hg,,ni/pe), and product desorption (1-PEA). The energy of 1-PEA corrected by its estimated gas-phase error with
respect to AP is also shown with a dotted line (see Supporting Information for details). (D) Top and side view representations of the optimized
structures of physisorbed *H,0O and the main reaction intermediates *AP, *APH., and *1-PEA on Cu(111). The TS for the first *AP
hydrogenation at the O atom, assisted by two water molecules on the diffused 0.75S ML H coverage of Cu, is also shown. Relevant bond distances
(in A) involving C and O atoms are shown in gray and red, respectively.

depicted in Figure 2, which show that *OH and *O coverages AGy values suggest a lack of surface H atoms for ECH (e.g,
(orange/red lines) are favored at positive (oxidizing) In, which displays the highest AGy value, is predicted to
potentials, while *H coverages (blue lines) are favored at present a mostly bare surface), whereas negative values, while
negative (reducing) potentials, as expected. Within the
potential window typically used in ECH studies (i.e., from 0
to —1.0 V vs RHE), the metals display different concentrations
of adsorbed H atoms. The calculated AGy (in eV) for a single
H atom adsorbed on the different metals at 0 V follows the ' o ' '
trend: In (+0.90) > Ag (+0.64) ~ Au (+0.64) > Cu (+0.25) > computational hydrogen electrode model,” we identified Cu,
Pt (—0.09) > Ni (—0.12). These values not only describe HER Ag, and Au as promising candidates for promoting ECH of

favoring water dissociation, could hinder ECH by making the
H transfer to the substrate energetically unfavorable.*® Based
on these computational data, and considering that AGy shifts
by +eU with the applied potential U according to the

activity,”* but also indicate the thermodynamic driving force organic substrates in alkaline media at relatively low potentials,
for water dissociation and ECH.**** Specifically, very positive by sourcing H atoms from the surface coverage.
D https://doi.org/10.1021/jacs.4c15821
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ECH of Acetophenone on Different Metal Cathodes.
To validate the trends predicted by our theoretical studies, we
performed ECH experiments using AP as a model substrate,
chosen because: (i) the C=O group is activated by the
aromatic structure, and (ii) the hydrogenation of AP is a
common route for producing 1-PEA (Figure 3A), an important
precursor in pharmaceutical and fragrance industries.”® Among
the metal cathodes investigated, Cu was first examined, as DFT
calculations predicted it to be one of the most active at
relatively low potentials. The Cu electrocatalyst was prepared
by a H, bubble template-assisted galvanostatic electro-
deposition method following a previously reported protocol
(see Supporting Information).”” Scanning electron microscopy
(SEM) analysis revealed a porous dendritic morphology
(Figure S1), and powder X-ray diffraction (XRD) analysis
confirmed the crystal planes of the Cu catalyst (Figure S2).

Electrochemistry experiments were performed in an aqueous
potassium phosphate buffer solution (pH = 11.8). Details of
the experimental setup can be found in the Supporting
Information. Cyclic voltammograms (CVs) collected on the
Cu electrocatalyst (Figures S3 and S4) showed a significant
increase in current density upon the addition of AP to the
electrolyte solution, indicating Cu catalysts’ capability to
promote ECH. Chronoamperometry experiments were con-
ducted within a potential window of —0.28 V and —0.68 V vs
RHE, and the reaction mixture was analyzed by proton nuclear
magnetic resonance ('H-NMR) spectroscopy after 1 h to
quantify the yield of 1-PEA. The FE and partial current density
toward 1-PEA (FE, pgs and ], pga, respectively) are presented
in Figure 3B. At —0.28 V vs RHE, a FE, pp, of 41 + 6% and
Jipea of 1.9 + 0.4 mA cm™ were observed. These values
increased with more negative potentials, reaching maximum
values of 91 + 3% and 14 + 1 mA cm™ at —0.48 V vs RHE.
The remaining product was confirmed to be H, by gas
chromatography (GC), which led to the decrease of FE, pgs
and ]| pg, at higher potentials, between —0.58 and —0.68 V vs
RHE. The total current density (Jion) and partial current
density for H, (Ji,) are shown in Figure S6, along with the
calculated AGy (per H atom) for the lowest energy surface
coverages at various potentials. These results, together with
those presented in Figure 3B, confirm that the competing HER
becomes more favorable at potentials below —0.5 V vs RHE,
accounting for the observed changes in ECH activity.
Optimization of the electrolyte pH and Cu catalyst deposition
time (which influences the catalyst’s thickness and surface pore
diameter) are shown in Figure S7, revealing an optimal pH of
11.8 and a deposition time of 40 s based on the measured
FE, pga and J; pp, values.

Figure 3C presents the results from controlled potential
electrolysis of AP at —0.48 V vs RHE over S h under stirring
(10 mL of solution containing 0.5 mmol AP, geometrical
electrode surface area = 0.84 cm?). The reaction mixture was
analyzed by '"H-NMR spectroscopy (Figure S8) every hour to
quantify the amounts of AP and 1-PEA in the solution. After §
h, a yield of 91 + 1% was achieved for 1-PEA, with only 7.3 +
4% of AP remaining in the electrolyte solution. The FE, pgy
was above 60% during the first 3 h of electrolysis and was
maintained at 47 + 6% when the conversion was completed
after S h. The ECH of AP was also investigated on Ag, Au, In,
Pt, and Ni electrocatalysts (Figure S9 shows their morphol-
ogies) at —0.48 V vs RHE for 1 h (Figure 3D). Ag and Au
exhibited high FE, pgs (80—90%) and J, pgs (10—13 mA
cm™?), whereas In and Pt showed much lower performances

(ice., FE, pga ~ 20% and J; pgs < 2.5 mA cm™2), and Ni did not
show any ECH activity. Optimization of the potential on Ag,
Au, and Pt (Figure S10) revealed a similar trend to that
observed for Cu, except that Ag and Au displayed an optimal
potential shifted cathodically to —0.68 V vs RHE. These results
are consistent with our DFT investigations in Figure 2, which
predict that the hydrogen coverage on Ag and Au increases at
more negative potentials (in the range of —0.5 and —0.75 V vs
RHE) while exhibiting moderate AG; values — two conditions
necessary for efficient ECH. These findings collectively
demonstrate the efficient ECH of AP to 1-PEA on Cu, Ag,
and Au, as predicted by computational surface coverage
studies.

ECH Mechanistic Studies. Resting States of Metal
Cathodes. To further elucidate the reactivity trends observed
in our experiments, we investigated the reaction mechanism for
the ECH of AP to 1-PEA on various metal cathodes using DFT
calculations. Given that the pK, of the monohydrogenated
form of AP (APH:) is reported to be of 9.9 in water,”® we
assumed that the reduced form of AP (AP™) could not
efficiently accept protons from the solvent at the working pH
of 11.8. Consequently, we posited that the H atoms required
for ECH must be primarily sourced from the H surface
coverage, if present.

As discussed earlier, DFT calculations predict the In(101)
surface to be mostly bare under reaction conditions due to its
endergonic AGy (+0.42 eV at —048 V vs RHE). This
prediction accounts for the relatively poor ECH activity
observed on In, likely due to the lack of sufficient surface H
atoms, and thus no further mechanistic investigations were
conducted for this cathode. In contrast, despite their slight
endergonic AGy; values, we assessed the ECH activity of p(6 X
4) Ag(111) and Au(111) supercells, as their AGy is much
closer to thermoneutral under reaction conditions (ca. +0.2 eV
on a p(2 X 2) supercell with a 0.25 ML H coverage at —0.48 V
vs RHE), suggesting that water hydrolysis could be feasible at
room temperature. However, these pristine metals require the
binding of two hydrogen atoms necessary for the ECH of AP
(Z*HAg/Au in Figure 4B—C, see Supporting Information for
details), resulting in a moderately endergonic step. Notably,
the higher J, pgs and FE| g, values observed for Ag and Au at
more negative potentials (Figure S10) align with enhanced
hydrogen coverage predicted by DFT calculations (Figure 2),
which is crucial to sustain the ECH process. For Cu, Ni, and
Pt, the ECH mechanism was explored on the surface coverages
predicted at —0.48 V vs RHE in Figure 2, corresponding to
75% of the fcc sites covered by H on Cu (0.75 ML H) and
100% H coverage on Ni and Pt (1.00 ML H). The resting
states for all the investigated metals are illustrated in Figure 4A.

Competition for Binding between AP and Water. Given
that the presence of AP in solution has been shown to decrease
the hydrogen coverage on a Pt electrode,” we first investigated
the competition between AP and water for binding on the
electrode surface, hypothesizing that the hydrogen coverage
depends not only on AGy but also on the electrode’s
accessibility to the aqueous electrolyte. Notably, the ability
of catalyst surfaces to adsorb and dissociate water has been
demonstrated to play a crucial role in promoting both HER
and ECH processes."***”%" Analysis of AP binding via both
the s-system and the carbonyl oxygen revealed that flat
physisorption at approximately 3.5—4 A through the 7-system
is the preferred binding mode on all metal cathodes. In
comparison, a water molecule was found to adsorb more
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closely, at around 3 A. Due to the weakly physisorbed nature of
*AP (Figure 4D), the calculated binding energies relative to
the hydrogen-covered surfaces are narrowly distributed,
ranging from —0.01 eV (Ag) to +0.14 eV (Cu) (Figure 4C).
Consistent with the literature,”® *AP binding is favored over
water adsorption on the Pt(111) surface, a trend also observed
on Ag, Au, and Ni metals (Figure 4B—C). Moreover, the larger
size of AP likely allows it to displace more than one water
molecule upon adsorption, increasing the energy gain and
reducing the competing HER, as discussed in detail below.

ECH Reaction Mechanism. We next modeled the hydro-
genation of *AP, which can occur either at the C or O atoms
of the carbonyl group. According to our DFT calculations,
hydrogenation at the O atom is thermodynamically preferred
on all metals except Ag and Cu, which favor hydrogenation at
the C atom (see Supporting Information). The transition state
(TS) for the latter was therefore assessed in the presence of up
to three explicit water molecules. Notably, we observed that
the calculated energy barriers (AG") significantly decrease with
the introduction of two water molecules, which act as a proton
shuttle between the metal surface and the physisorbed *AP
(TS in Figure 4D), while no marked improvement is observed
with the addition of a third water molecule (Figure SI11).
Specifically, the energy barriers decreased by ca. 0.6 eV in the
presence of two water molecules compared to the calculation
featuring only one, highlighting the critical role of the water
solvent in promoting ECH. Hydrogenation at the C atom,
however, is hindered by a significant energy barrier (>+2.0 eV,
Figure S11), making this pathway unlikely under ambient
experimental conditions.

Hydrogenation of the carbonyl O in *AP leads to the
intermediate *APH:, a species with a radical character
delocalized over the aromatic ring, as confirmed by the
magnetic moments obtained in the DFT simulations (see
Supporting Information for details). This delocalization
stabilizes the intermediate and lowers its energy. However,
this second step remains endergonic on all the investigated
metals relative to the adsorbed *AP, with the following order:
Au (+0.08 eV) < Cu (+0.35 eV) < Pt (+0.46 eV) < Ag (+0.49
eV) < Ni (+0.75 eV) (Figure 4C). Once *APH- is formed,
hydrogenation at the C atom yields the final product, *1-PEA,
in an exergonic process across all cathodes. The formation of
*1-PEA relative to the catalyst resting state (*), which
represents the thermodynamic driving force for the overall
ECH reaction, follows this trend: Au (—0.70 eV) ~ Ag (—0.63
eV) < Cu (=040 eV) < Pt (+0.14 eV) < Ni (+0.55 eV)
(Figure 4C). This mirrors the order of the AGy values for a
single H atom adsorbed on the different metals at 0 V vs RHE
(Ag ~ Au > Cu > Pt > Ni), reinforcing the idea that hydrogen
density and binding strength could serve as key reaction
descriptors for ECH. Importantly, the overall energy profile for
AP reduction on Ag and Au, which accounts for the energy
cost of generating two reactive *H atoms, is consistent with
ECH activity at room temperature. This finding further
supports the mechanism of AP hydrogenation from surface
*H on these two metals. Finally, on Cu(111), Ni(111), and
Pt(111), the hydrogen coverage is regenerated (2*Hcyni/pt),
followed by the desorption of 1-PEA, completing the catalytic
cycle.

Overall, DFT calculations indicate that the ECH of AP to 1-
PEA is thermodynamically favorable across all the investigated
metals under the experimental conditions used in this study,
with the first hydrogenation step to yield *APH- being the

most endergonic in the reaction mechanism. Notably, Ni
exhibits the most endergonic hydrogenation toward *APH:,
which, coupled with the strong AGy leading to a more facile
HER,”*°" accounts for the very poor ECH performance
observed experimentally. In the case of Pt, while the energy
landscape for ECH is more favorable, its poor activity is
attributed to the strong competition with HER, as discussed in
detail below.””*! In contrast, the energetics on Au, Ag, and Cu
are compatible with catalytic activity at room temperature
(Figure 4C), which aligns with experimental observations.
Additionally, we find that H diffusion, which is reported to be
facile on fcc metal surfaces,” further lowers the AGup. on the
0.75 ML H coverage on Cu from +0.49 eV to +0.39 eV (see
Supporting Information). Moreover, the mechanistic inves-
tigation of AP hydrogenation on the 0.50 ML H and 1.00 ML
H coverages on Cu, which exhibit similar stability to the 0.75
ML H, suggests comparable ECH activities based on their
associated AGupy. values (see Figure S11).

Rationalizing ECH Activity. To further elucidate the ECH
mechanism on the Au, Ag, and Cu electrodes, and to
understand the potential role of water in facilitating the
transfer of adsorbed H atoms, we investigated the reaction
kinetics of the most endergonic step (*AP — *APH-). For Cu,
we used the diffused 0.75 ML H coverage, which was
previously shown to lower the AGiypy. We modeled the
corresponding TS structures that connect the adsorbed *AP
and *APH- intermediates in the presence of two explicit water
molecules. The overall AG* values, calculated relative to the
electrode resting state (denoted as * in Figure 4C), are
consistent with ECH activity under ambient conditions: Au
(+0.48 eV) < Ag (+0.73 eV) ~ Cu (+0.76 eV).

It is noteworthy that the AG’ barriers relative to the
adsorbed *AP (Au: 0.28 eV, Ag: 0.54 eV, Cu: 0.62 eV) align
with both the thermodynamic driving force for ECH and the
AGy values for a single H atom adsorbed on the different
metals at 0 V vs RHE. However, these descriptors alone do not
fully account for the experimental trends in J; pg, observed at
—0.48 V vs RHE (Cu > Ag ~ Au, Figure 3D). In this context,
it is important to recognize that AP binding is more favorable
than water binding on Ag and Au (AGuyo — AGuyp = +0.17
and +0.10 eV, respectively) compared to Cu (AGupo —
AGsyp = —0.05 eV). This suggests that a higher surface
coverage by the organic substrate on Ag and Au can impede
water adsorption and dissociation, thereby limiting the
availability of surface hydrogen for ECH.

We also note that the rate of AP reduction depends not only
on the value of AG* but also on the surface concentration of
*H. Thus, the lower ECH activity observed on Ag and Au can
be attributed to their predicted low hydrogen coverage at
—0.48 V vs RHE. Notably, these two surfaces are not expected
to develop a moderate hydrogen coverage until more negative
potentials. This highlights the key role of the competition
between AP and water for binding sites in governing ECH
performance on Ag and Au, where efficient catalysis relies on
sufficient surface hydrogen availability.

These mechanistic investigations across different metal
surfaces confirm our initial hypothesis regarding the require-
ments for promoting ECH in alkaline conditions. Specifically,
ECH catalysts need to effectively promote water dissociation in
the presence of the organic substrate, subsequently reducing
the generated protons to H atoms and retaining them on the
surface. In this context, the thermodynamic driving force for
ECH, reflected in the energy of *1-PEA (Figure 4C),
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Figure S. ECH of different organic functional groups on a dendritic Cu cathode. (A) ECH of the C=0 group in AP (ketone) and benzaldehyde
(aldehyde). (B) ECH of the C=C group in maleic acid and cyclohex-2-en-1-one. (C) ECH of the C=C group in phenylpropiolic acid. (D) ECH

of the C=N group in acetonitrile. Yields (%) were quantified by 'H-NMR spectroscopy. The reaction time was optimized to achieve maximum

yield of the product. All potentials are relative to the RHE.

correlates with the hydrogen binding strength. Moderate AGy
values are particularly beneficial in facilitating the ECH
process, while favorable water binding in the presence of the
organic substrate is essential to maintain an adequate hydrogen
coverage on the cathode. Additionally, our findings indicate
that surface H diffusion can enhance the binding of key
reaction intermediates, underscoring the importance of the H
surface coverage and its dynamics in ECH.

Rationalizing ECH Selectivity. In this section, we discuss
the ECH selectivity on various cathodes, using the
experimental HER activity recorded on Cu as an example
(Figure S6), and the surface coverage analysis presented in
Figure 2. Notably, the HER activity on Cu decreases between
—0.2 and —0.4 V vs RHE, reaches a minimum between —0.4
and —0.5 V vs RHE, and then increases again up to —0.7 V vs
RHE. This trend can be explained by the electroreduction of
AP, which is most effective between —0.4 and —0.5 V vs RHE
(Figure 3B), thereby depleting hydrogen atoms from the
surface and suppressing HER. This is further supported by the
coverage analysis on Cu(111) (Figure 2), which indicates that
around —0.50 V vs RHE, all the fcc sites are already covered by
H atoms and their AGy becomes more exergonic at more
negative potentials.

The increase in HER between —0.5 and —0.7 V vs RHE is
attributed to the enhanced availability of weakly bound
neighboring hydrogens, which can participate in the Tafel
mechanism due to the coexistence of higher-density coverage
states.”> Importantly, this relationship aligns with the central
aim of our work, which is to tailor H coverages to optimize
ECH activity and selectivity. Additionally, the flat adsorption
geometry of AP on the metal surfaces may further inhibit the
access of water molecules to the cathode, potentially limiting
the contribution of the Heyrovsky step. This steric effect,
combined with the relationship between high H surface
coverage densities and the Volver—Tafel mechanism, led us to
focus on the Volmer—Tafel pathway as the predominant HER
pathway under the studied conditions. In this context, the
thickest H coverage observed on Pt(111) under reaction
conditions is consistent with the poor selectivity toward AP

reduction across the full range of experimentally explored
potentials (Figure S10).

Similarly, the weaker AGy of Ag(111) and Au(111)
compared to Cu corresponds with their enhanced ECH
activity at more cathodic potentials (Figure S10). This
observation supports the necessity of hydrogen coverage on
the metal electrode to promote the hydrogenation of AP. The
dip in FE observed with these metals at —0.68 V vs RHE is
attributed to the equilibrium between different H coverages
around this potential, as indicated by the crossing of multiple
surface states in Figure 2, which is reported in the literature to
promote HER.** Overall, the net enhancement in 1-PEA
production at negative potentials on Ag and Au is
accompanied by a loss of selectivity, which is due to the
simultaneous increase in HER via the coexistence of multiple
H coverages.

After analyzing the relationship between HER and the
predicted coverages of the Ag, Au, Cu, and Pt metal electrodes,
we assessed the kinetics of HER on Ag(111), Cu(111), and
Pt(111) via the Tafel mechanism (see Supporting Informa-
tion). We determined overall activation barriers (relative to the
surface resting states) of 1.02, 0.61, and 0.62 eV on Ag(111),
Cu(111), and Pt(111), respectively, which are consistent with
HER activity under ambient conditions. These findings also
align with experimental observations, where HER contributes
to a decrease in the selectivity toward the ECH of AP to 1-
PEA.

Based on the promising results described above, we envision
that the hydrogen surface coverage of metal cathodes could be
tailored to promote other ECH reactions, provided that the
experiments are performed at pH values higher than the pK, of
the hydrogenated organic substrate so that the H atoms
needed for ECH must be sourced through H,O dissociation on
the electrode surface.

ECH of Different Organic Substrates on the Cu
Catalyst. After confirming Cu as one of the most active
electrocatalysts for the ECH of AP, we expanded the substrate
scope of ECH reactions that can be catalyzed by this metal
(Figure S). Following the successful ECH of a ketone (AP), we
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next investigated the ECH of benzaldehyde as a representative
example of aldehyde hydrogenation. Under the same reaction
conditions (i.e, —0.48 V vs RHE, pH = 11.8), benzaldehyde
was converted into benzyl alcohol on a Cu cathode with a yield
of 85% after 3 h of electrolysis (Figure SA). Details of the 'H-
NMR spectra and concentration profiles over time can be
found in Figures S12 and S13.

Next, we explored the hydrogenation of the C=C double
bond in maleic acid (MA) (Figure SB). This process is
important for upgrading biomass-derived MA into succinic
acid (SA), a valuable chemical feedstock that can be used as a
polymer precursor, food additive, and dietary supplement.®>*®
The experimental conditions for the ECH of MA were the
same as those for AP, except that the electrolyte pH was
optimized to 7.7 instead of 11.8 (see Figure S14). The
recorded 'H-NMR spectra of the reaction mixtures, along with
the measured FEg, and Jg, after 1 h of electrolysis at different
potentials between —0.28 and —0.68 V vs RHE, are shown in
Figures S15 and S16. Similar to AP, the maximum ECH
activity was observed at —0.48 V vs RHE (FEg, = 75 + 4%, Jsa
= 12 + 1 mA cm™). Furthermore, constant potential
electrolysis at —0.48 V vs RHE resulted in 89 + 3% conversion
of MA and 89 + 3% yield of SA after 8 h of electrolysis (Figure
S16B).

The successful ECH of MA demonstrated the selective
hydrogenation of C=C bonds by Cu. Therefore, we
investigated the selective ECH of the C=C in an a,f-
unsaturated ketone, a challenging goal in organic electrosyn-
thesis.'”"” To this end, we explored the ECH of cyclohex-2-en-
1-one under the same reaction conditions as for MA, except for
the potential, which was optimized to —0.58 V vs RHE. After 1
h of electrolysis, 24% of the reactant was converted, yielding
22% of the desired C=C hydrogenation product (i.e.,
cyclohexanone) and only ca. 1% of the fully hydrogenated
product (ie., cyclohexanol; see 'H-.NMR spectra in Figure
S16).

After 6 h of electrolysis, a remarkable conversion of 88% was
achieved, with a 77% yield of cyclohexanone and a 10% yield of
cyclohexanol (Figure SB and Figure S18), demonstrating the
excellent chemoselectivity of this ECH process. We speculate
that the extended d-orbitals in Cu facilitate an effective soft—
soft interaction with the C=C z-bond, selectively hydro-
genating the olefin in a,f-unsaturated ketones while preserving
the harder carbonyl groups.

The substrate scope was further extended to the ECH of
C=C triple bonds, specifically the hydrogenation of phenyl-
propiolic acid (Figure SC; NMR spectra and concentration
profiles can be found in Figures S19 and S20). The selective
hydrogenation of C=C to C=C (rather than the complete
hydrogenation to C—C) is a major challenge in alkyne
reduction.'” Importantly, after 2 h of controlled potential
electrolysis, 24% of the alkyne was converted into 21% of the
corresponding alkene (i.e., cinnamic acid) and only ca. 0.5% of
the alkane product (i.e., phenylpropanoic acid). After 12 h, a
total conversion of 82% was achieved, with 76% and 7% yields
of the alkene (a mixture of E/Z isomers) and alkane products,
respectively. While excellent selectivities have been reported
for the ECH of acetylene using LDH-derived Cu catalysts'’
and electrochemically deposited Cu dendrites,”” our findings
show both remarkable faradaic selectivity and chemoselectivity.

Finally, we studied the ECH of C=N triple bonds using
acetonitrile as a model substrate, as this reaction is relevant for
upgrading excess acetonitrile manufacturing capacity into

value-added ethylamine.'® Notably, acetonitrile was hydro-
genated into ethylamine with an overall yield of 86% after 7 h
of electrolysis under similar reaction conditions (Figure SD,
Figures S21 and S22), demonstrating the broad scope of
organic functional groups that can be hydrogenated on a Cu
electrocatalyst with a tailored H coverage, consistent with
computational predictions.

Bl CONCLUSIONS

This work presents a computationally guided strategy for
designing nonprecious metal catalysts tailored for the selective
ECH of unsaturated organic substrates in alkaline media. By
fine-tuning the density and binding strength of the hydrogen
coverage on the electrode surface, we establish a series of
catalyst design principles that drive this process. Specifically,
we identified metal cathodes that effectively promote water
dissociation, generating protons and reducing them to
hydrogen atoms that are retained on the electrode surface.
For optimal performance, these cathodes must exhibit
balanced binding affinities for both water and the organic
substrate, as well as moderate hydrogen binding strength,
which is shown to increase the thermodynamic driving force
toward ECH. Additionally, metals that maintain a well-
dispersed hydrogen surface coverage were found to be optimal
in preventing HER via a Volmer—Tafel mechanism.

DFT calculations identified Cu, Au, and Ag as promising
ECH electrocatalysts. Experimental validation confirmed the
superior performance of these metals for the selective ECH of
acetophenone (AP) to 1-phenylethanol (1-PEA) in alkaline
media, achieving FEs and yields of up to 90% at approximately
—0.5 V vs RHE. Notably, these cathodes outperformed other
transition metals investigated in this work, including In, Nij,
and even the state-of-the-art precious metal catalyst Pt, by at
least an order of magnitude in terms of FEs and yields.

The versatility of this bottom-up approach, centered on
tailoring hydrogen surface coverages, was further demonstrated
through the successful ECH of a wide range of unsaturated
organic compounds featuring C=0, C=C, C=C, and C=N
bonds. These reactions achieved moderate to excellent
conversions and chemoselectivities (70—90%) on a Cu
electrode. Beyond the hydrogen coverage, we hypothesize
that the nature of the organic substrate plays an important role
in the success of these ECH reactions. Specifically, the
substrates examined in this work are unsaturated compounds
that physisorb on the electrode surface, displacing some water
molecules and competing for binding. This interaction
minimizes HER while still allowing sufficient sites for H
adsorption, thereby facilitating selective ECH.

Overall, this work highlights the critical role of hydrogen
surface coverages in ECH and demonstrates how this
knowledge can be leveraged to design high-performance
ECH catalysts based on earth-abundant metals. By focusing
on the interplay between hydrogen surface coverage and
substrate binding, this strategy establishes a foundation for the
rational design of ECH catalysts aimed at electrifying the
synthesis of chemical feedstocks and value-added products.
This approach has the potential to make chemical syntheses
more sustainable and cost-effective, thereby contributing to the
reduction of the chemical industry’s carbon footprint through
the use of renewable energy sources.
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org/10.19061/iochem-bd-6-303. The experimental data can be
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https://doi.org/10.17863/CAM.116803.

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.4c15821.

Computational methods, experimental synthesis and
characterization methods, as well as additional theoreti-
cal and experimental studies (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Tengfei Li — Yusuf Hamied Department of Chemistry,
University of Cambridge, Cambridge CB2 1EW, United
Kingdom; School of Chemistry and Environment, Manchester
Metropolitan University, Manchester M1 SGD, United
Kingdom; ® orcid.org/0000-0002-8378-7130; Email: tli@
mmu.ac.uk

Erwin Reisner — Yusuf Hamied Department of Chemistry,
University of Cambridge, Cambridge CB2 1EW, United
Kingdom; ® orcid.org/0000-0002-7781-1616;
Email: reisner@ch.cam.ac.uk

Max Garcia-Melchor — School of Chemistry, CRANN and
AMBER Research Centres, Trinity College Dublin, Dublin 2,
Ireland; Center for Cooperative Research on Alternative
Energy (CIC energiGUNE), Basque Research and
Technology Alliance (BRTA), 01510 Vitoria-Gasteiz, Spain;
IKERBASQUE, Basque Foundation for Science, 48009
Bilbao, Spain; ©® orcid.org/0000-0003-1348-4692;
Email: maxgarcia@cicenergigune.com

Authors

Anna Ciotti — School of Chemistry, CRANN and AMBER
Research Centres, Trinity College Dublin, Dublin 2, Ireland

Motiar Rahaman — Yusuf Hamied Department of Chemistry,
University of Cambridge, Cambridge CB2 1EW, United
Kingdom; ® orcid.org/0000-0002-8422-0566

Celine Wing See Yeung — Yusuf Hamied Department of
Chemistry, University of Cambridge, Cambridge CB2 1EW,
United Kingdom

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.4c15821

Author Contributions
*A.C, MR, and C.W.S.Y. contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support is gratefully acknowledged from the Science
Foundation Ireland Research Centre Award under grant
agreement number 12/RC/2278 P2 (to A.C. and M.G.-M.),
the Canadian Banting Postdoctoral Fellowship (to T.L.), the
Marie Sklodowska-Curie Individual European Fellowship
(SolarFUEL, GAN 839763, to M.R.), and the Singapore
Agency for Science, Technology and Research (A*STAR) for a

Ph.D. studentship (to C.W.S.Y.), as well as support from a
UKRI/ERC Advanced Grant (EP/X030563/1) and the
Department of Science, Innovation and Technology and the
Royal Academy of Engineering under the Chair in Emerging
Technologies programme (to E.R.). The authors also thank the
DJEI/DES/SFI/HEA Irish Centre for High-End Computing
(ICHEC), the Research IT Unit of Trinity College Dublin,
and the Supercomputing Laboratory at King Abdullah
University of Science & Technology (KAUST) in Thuwal,
Saudi Arabia, for the provision of computational resources. Dr.
Arjun Vijeta (University of Cambridge) and Manting Mu
(Trinity College Dublin) are also acknowledged for useful

input.

B REFERENCES

(1) Barrett, J.; Pye, S.; Betts-Davies, S.; Broad, O.; Price, J.; Eyre, N,;
et al. Energy demand reduction options for meeting national zero-
emission targets in the United Kingdom. Nat. Energy 2022, 7 (8),
726—-735.

(2) De Luna, P.; Hahn, C.; Higgins, D.; Jaffer, S. A.; Jaramillo, T. F.;
Sargent, E. H. What would it take for renewably powered
electrosynthesis to displace petrochemical processes? Science 2019,
364 (6438), No. eaav3506.

(3) Wiebe, A; Gieshoff, T.; Mahle, S.; Rodrigo, E.; Zirbes, M.;
Waldvogel, S. R. Electrifying organic synthesis. Angew. Chem., Int. Ed.
2018, 57 (20), 5594—5619.

(4) Leech, M. C; Lam, K. A practical guide to electrosynthesis. Nat.
Rev. Chem. 2022, 6 (4), 275—286.

(5) Novaes, L. F. T.; Liu, J.; Shen, Y.; Lu, L.; Meinhardt, J. M.; Lin,
S. Electrocatalysis as an enabling technology for organic synthesis.
Chem. Soc. Rev. 2021, 50 (14), 7941—8002.

(6) Li, T.; Kasahara, T.; He, J. F.; Dettelbach, K. E.; Sammis, G. M.;
Berlinguette, C. P. Photoelectrochemical oxidation of organic
substrates in organic media. Nat. Commun. 2017, 8, 390.

(7) Teichert, J. F. E. Homogeneous hydrogenation with non-precious
catalysts; Wiley-VCH, Weinheim, 2020: 1-298.

(8) Akhade, S. A; Singh, N.; Gutierrez, O. Y.; Lopez-Ruiz, ].; Wang,
H. M,; Holladay, J. D.; et al. Electrocatalytic hydrogenation of
biomass-derived organics: A review. Chem. Rev. 2020, 120 (20),
11370—114109.

(9) Blaser, H. U.; Malan, C.; Pugin, B.; Spindler, F.; Steiner, H,;
Studer, M. Selective hydrogenation for fine chemicals: Recent trends
and new developments. Adv. Synth. Catal. 2003, 345 (1-2), 103—
151.

(10) Yoshida, J.; Kataoka, K.; Horcajada, R.; Nagaki, A. Modern
strategies in electroorganic synthesis. Chem. Rev. 2008, 108 (7),
2265-2299.

(11) Yan, M,; Kawamata, Y.; Baran, P. S. Synthetic organic
electrochemical methods since 2000: On the verge of a renaissance.
Chem. Rev. 2017, 117 (21), 13230—13319.

(12) Mendes-Burak, J.; Ghaffari, B.; Coperet, C. Selective hydro-
genation of a,f-unsaturated carbonyl compounds on silica-supported
copper nanoparticle. Chem. Commun. 2019, 55 (2), 179—181.

(13) Chirik, P. J. Iron- and cobalt-catalyzed alkene hydrogenation:
Catalysis with both redox-active and strong field ligands. Acc. Chem.
Res. 2015, 48 (6), 1687—1695.

(14) Alig, L.; Fritz, M.; Schneider, S. First-row transition metal
(de)hydrogenation catalysis based on functional pincer ligands. Cherm.
Rev. 2019, 119 (4), 2681—2751.

(15) Kurimoto, A.; Sherbo, R. S; Cao, Y; Loo, N. W. X,
Berlinguette, C. P. Electrolytic deuteration of unsaturated bonds
without using D,. Nat. Catal. 2020, 3 (9), 719—726.

(16) Kwon, Y.; Birdja, Y. Y.; Raoufmoghaddam, S.; Koper, M. T. M.
Electrocatalytic hydrogenation of S-hydroxymethylfurfural in acidic
solution. ChemSusChem 2015, 8 (10), 1745—1751.

(17) Shi, R;; Wang, Z. P.; Zhao, Y. X.; Waterhouse, G. L. N; Li, Z.
H.; Zhang, B. K;; et al. Room-temperature electrochemical acetylene

https://doi.org/10.1021/jacs.4c15821
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://doi.org/10.19061/iochem-bd-6-303
https://doi.org/10.19061/iochem-bd-6-303
https://doi.org/10.17863/CAM.116803
https://pubs.acs.org/doi/10.1021/jacs.4c15821?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c15821/suppl_file/ja4c15821_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tengfei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8378-7130
mailto:t.li@mmu.ac.uk
mailto:t.li@mmu.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erwin+Reisner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7781-1616
mailto:reisner@ch.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Max+Garci%CC%81a-Melchor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1348-4692
mailto:maxgarcia@cicenergigune.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Ciotti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Motiar+Rahaman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8422-0566
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Celine+Wing+See+Yeung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c15821?ref=pdf
https://doi.org/10.1038/s41560-022-01057-y
https://doi.org/10.1038/s41560-022-01057-y
https://doi.org/10.1126/science.aav3506
https://doi.org/10.1126/science.aav3506
https://doi.org/10.1002/anie.201711060
https://doi.org/10.1038/s41570-022-00372-y
https://doi.org/10.1039/D1CS00223F
https://doi.org/10.1038/s41467-017-00420-y
https://doi.org/10.1038/s41467-017-00420-y
https://doi.org/10.1021/acs.chemrev.0c00158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.200390000
https://doi.org/10.1002/adsc.200390000
https://doi.org/10.1021/cr0680843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0680843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CC08457B
https://doi.org/10.1039/C8CC08457B
https://doi.org/10.1039/C8CC08457B
https://doi.org/10.1021/acs.accounts.5b00134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.5b00134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-020-0488-z
https://doi.org/10.1038/s41929-020-0488-z
https://doi.org/10.1002/cssc.201500176
https://doi.org/10.1002/cssc.201500176
https://doi.org/10.1038/s41929-021-00640-y
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c15821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

reduction to ethylene with high conversion and selectivity. Nat. Catal.
2021, 4 (7), 565—574.

(18) Xia, R.; Tian, D.; Kattel, S.; Hasa, B.; Shin, H.; Ma, X.; Chen, J.
G.; Jiao, F; et al. Electrochemical reduction of acetonitrile to
ethylamine. Nat. Commun. 2021, 12 (1), 1-8.

(19) Fokin, I; Siewert, I. Chemoselective electrochemical hydro-
genation of ketones and aldehydes with a well-defined base-metal
catalyst. Chem.—Eur. J. 2020, 26 (62), 14137—14143.

(20) Bondue, C. J.; Koper, M. T. M. Electrochemical reduction of
the carbonyl functional group: The importance of adsorption
geometry, molecular structure, and electrode surface structure. J.
Am. Chem. Soc. 2019, 141 (30), 12071—12078.

(21) Bondue, C. J.; Calle-Vallejo, F.; Figueiredo, M. C.; Koper, M.
T. M. Structural principles to steer the selectivity of the electro-
catalytic reduction of aliphatic ketones on platinum. Nat. Catal. 2019,
2 (3), 243—-250.

(22) Sherbo, R. S.; Delima, R. S.; Chiykowski, V. A.; MacLeod, B. P.;
Berlinguette, C. P. Complete electron economy by pairing electrolysis
with hydrogenation. Nat. Catal. 2018, 1 (7), 501—507.

(23) Villalba, M; del Pozo, M.; Calvo, E. J. Electrocatalytic
hydrogenation of acetophenone and benzophenone using palladium
electrodes. Electrochim. Acta 2015, 164, 125—131.

(24) Cantu, D. C.; Padmaperuma, A. B.; Nguyen, M.-T.; Akhade, S.
A;; Yoon, Y; Wang, Y.-G,; et al. A combined experimental and
theoretical study on the activity and selectivity of the electrocatalytic
hydrogenation of aldehydes. ACS Catal. 2018, 8 (8), 7645—7658.

(25) Lopez-Ruiz, J. A.; Andrews, E.; Akhade, S. A.; Lee, M. S.; Koh,
K,; Sanyal, U,; et al. Understanding the role of metal and molecular
structure on the electrocatalytic hydrogenation of oxygenated organic
compounds. ACS Catal. 2019, 9 (11), 9964—9972.

(26) Obata, K.; Schwarze, M.; Thiel, T. A; Zhang, X;
Radhakrishnan, B.; Ahmet, I. Y.; van de Krol, R.; Schomacker, R;;
Abdi, F. F.; et al. Solar-driven upgrading of biomass by coupled
hydrogenation using in situ (photo)electrochemically generated H,.
Nat. Commun. 2023, 14 (1), 6017.

(27) Russo, C.; Leech, M. C.; Walsh, J. M.; Higham, J. L; Giannessi,
L.; Lambert, E.; et al. eHydrogenation: Hydrogen-free electrochemical
hydrogenation. Angew. Chem., Int. Ed. 2023, 62 (38),
No. €202309563.

(28) Kleinhaus, J. T.; Wolf, J.; Pellumbi, K.; Wickert, L.;
Viswanathan, S. C.; junge Puring, K; et al. Developing electro-
chemical hydrogenation towards industrial application. Chem. Soc.
Rev. 2023, 52, 7305—7332.

(29) Han, C.; Zenner, J.; Johny, J.; Kaeffer, N.; Bordet, A.; Leitner,
W. Electrocatalytic hydrogenation of alkenes with Pd/carbon
nanotubes at an oil—water interface. Nat. Catal. 2022, § (12),
1110—1119.

(30) Sanyal, U.; Yuk, S. F.; Koh, K; Lee, M.-S.; Stoerzinger, K;
Zhang, D.; et al. Hydrogen bonding enhances the electrochemical
hydrogenation of benzaldehyde in the aqueous phase. Angew. Chem.,
Int. Ed. 2021, 60 (1), 290—296.

(31) Wei, C; Fang, Y,; Liu, B,; Tang, C.; Dong, B,; Yin, X; et al.
Lattice oxygen-mediated electron tuning promotes electrochemical
hydrogenation of acetonitrile on copper catalysts. Nat. Commun.
2023, 14 (1), 3847.

(32) Jung, S.; Karaiskakis, A. N.; Biddinger, E. J. Enhanced activity
for electrochemical hydrogenation and hydrogenolysis of furfural to
biofuel using electrodeposited Cu catalysts. Catal. Today 2019, 323,
26—34.

(33) Zhao, Q.; Martirez, J. M. P.; Carter, E. A. Electrochemical
Hydrogenation of CO on Cu(100): Insights from accurate multi-
configurational wavefunction methods. J. Phys. Chem. Lett. 2022, 13
(44), 10282—10290.

(34) Zhou, P; Chen, Y.; Luan, P.; Zhang, X; Yuan, Z.; Guo, S.-X;
et al. Selective electrochemical hydrogenation of furfural to 2-
methylfuran over a single atom Cu catalyst under mild pH conditions.
Green Chem. 2021, 23 (8), 3028—3038.

(35) Zhou, P; Li, L.; Mosali, V. S. S.; Chen, Y.; Luan, P.; Gu, Q;
et al. Electrochemical hydrogenation of furfural in aqueous acetic acid

media with enhanced 2-methylfuran selectivity using CuPd bimetallic
catalysts. Angew. Chem., Int. Ed. 2022, 61 (13), No. e202117809.

(36) Dhawan, M. S.; Yadav, G. D.; Calabrese Barton, S. Zinc-
electrocatalyzed hydrogenation of furfural in near-neutral electrolytes.
Sustain. Energy Fuels 2021, S (11), 2972—2984.

(37) Zhou, Y.; Klinger, G. E.; Hegg, E. L.; Saffron, C. M.; Jackson, J.
E. Multiple mechanisms mapped in aryl alkyl ether cleavage via
aqueous electrocatalytic hydrogenation over skeletal nickel. J. Am.
Chem. Soc. 2020, 142 (8), 4037—4050.

(38) Bisselink, R. J. M.; Crockatt, M.; Zijlstra, M.; Bakker, L J.;
Goetheer, E.; Slaghek, T. M.; et al. Identification of more benign
cathode materials for the electrochemical reduction of levulinic acid to
valeric acid. ChemElectroChem. 2019, 6 (13), 3285—3290.

(39) By, J; Chang, S.; Li, J.; Yang, S; Ma, W.; Liu, Z.; et al. Highly
selective electrocatalytic alkynol semi-hydrogenation for continuous
production of alkenols. Nat. Commun. 2023, 14 (1), 1533.

(40) Yuan, X; Lee, K;; Bender, M. T.; Schmidt, J. R;; Choi, K.-S.
Mechanistic differences between electrochemical hydrogenation and
hydrogenolysis of S-hydroxymethylfurfural and their pH dependence.
ChemSusChem 2022, 15 (17), No. €202200952.

(41) Dixit, R. J.; Bhattacharyya, K; Ramani, V. K; Basu, S.
Electrocatalytic hydrogenation of furfural using non-noble-metal
electrocatalysts in alkaline medium. Green Chem. 2021, 23 (11),
4201—4212.

(42) Roylance, J. J.; Kim, T. W.; Choi, K.-S. Efficient and selective
electrochemical and photoelectrochemical reduction of 5-hydroxyme-
thylfurfural to 2,5-bis(hydroxymethyl)furan using water as the
hydrogen source. ACS Catal. 2016, 6 (3), 1840—1847.

(43) Chadderdon, X. H.; Chadderdon, D. J.; Pfennig, T.; Shanks, B.
H.; Li, W. Paired electrocatalytic hydrogenation and oxidation of S-
(hydroxymethyl)furfural for efficient production of biomass-derived
monomers. Green Chem. 2019, 21 (22), 6210—6219.

(44) Ling, Y.; Wy, Y,; Wang, C; Liu, C; Lu, S.; Zhang, B. Selenium
vacancy promotes transfer semihydrogenation of alkynes from water
electrolysis. ACS Catal. 2021, 11 (15), 9471—-9478.

(4S) Mahmood, N.; Yao, Y.; Zhang, J.-W.; Pan, L.; Zhang, X.; Zou,
J.-J. Electrocatalysts for hydrogen evolution in alkaline electrolytes:
Mechanisms, challenges, and prospective solutions. Adv. Sci. 2018, S
(2), 1700464

(46) Ledezma-Yanez, 1; Wallace, W. D. Z.; Sebastidn-Pascual, P.;
Climent, V.; Feliu, J. M,; Koper, M. T. M. Interfacial water
reorganization as a pH-dependent descriptor of the hydrogen
evolution rate on platinum electrodes. Nat. Energy 2017, 2 (4), 17031.

(47) Ooka, H.; Huang, J.; Exner, K. S. The Sabatier principle in
electrocatalysis: Basics, limitations, and extensions. Front. Energy Res.
2021, 9, No. 654460.

(48) You, F.; Urrego-Ortiz, R;; Pan, S. S. W.; Calle-Vallejo, F.; Yeo,
B. S. Adsorbate coverage effects on the electroreduction of CO to
acetate. Appl. Catal. B-Environ. Energy 2024, 352, 124008.

(49) Katsounaros, L; Figueiredo, M. C.; Chen, X.; Calle-Vallejo, F.;
Koper, M. T. M. Structure- and coverage-sensitive mechanism of NO
reduction on platinum electrodes. ACS Catal. 2017, 7 (7), 4660—
4667.

(50) Christensen, O.; Bagger, A.; Rossmeis], J. The missing link for
electrochemical CO, reduction: Classification of CO vs HCOOH
selectivity via PCA, reaction pathways, and coverage analysis. ACS
Catal. 2024, 14 (4), 2151-2161.

(51) Handoko, A. D.; Fredrickson, K. D.; Anasori, B.; Convey, K.
W.; Johnson, L. R.; Gogotsi, Y.; Vojvodic, A.; Seh, Z. W. Tuning the
basal plane functionalization of two-dimensional metal carbides
(MXenes) to control hydrogen evolution activity. ACS Appl. Energy
Mater. 2018, 1 (1), 173—180.

(52) Cheng, G; Jentys, A,; Gutiérrez, O. Y.; Liu, Y.; Chin, Y.-H,;
Lercher, J. A. Critical role of solvent-modulated hydrogen-binding
strength in the catalytic hydrogenation of benzaldehyde on palladium.
Nat. Catal. 2021, 4, 976—985.

(53) Greeley, J.; Jaramillo, T. F.; Bonde, J.; Chorkendorff, L;
Norskov, J. K. Computational high-throughput screening of electro-

https://doi.org/10.1021/jacs.4c15821
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://doi.org/10.1038/s41929-021-00640-y
https://doi.org/10.1038/s41467-021-22291-0
https://doi.org/10.1038/s41467-021-22291-0
https://doi.org/10.1002/chem.202002075
https://doi.org/10.1002/chem.202002075
https://doi.org/10.1002/chem.202002075
https://doi.org/10.1021/jacs.9b05397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b05397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b05397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-019-0229-3
https://doi.org/10.1038/s41929-019-0229-3
https://doi.org/10.1038/s41929-018-0083-8
https://doi.org/10.1038/s41929-018-0083-8
https://doi.org/10.1016/j.electacta.2015.02.113
https://doi.org/10.1016/j.electacta.2015.02.113
https://doi.org/10.1016/j.electacta.2015.02.113
https://doi.org/10.1021/acscatal.8b00858?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b00858?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b00858?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b02921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b02921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b02921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-023-41742-4
https://doi.org/10.1038/s41467-023-41742-4
https://doi.org/10.1002/anie.202309563
https://doi.org/10.1002/anie.202309563
https://doi.org/10.1039/D3CS00419H
https://doi.org/10.1039/D3CS00419H
https://doi.org/10.1038/s41929-022-00882-4
https://doi.org/10.1038/s41929-022-00882-4
https://doi.org/10.1002/anie.202008178
https://doi.org/10.1002/anie.202008178
https://doi.org/10.1038/s41467-023-39558-3
https://doi.org/10.1038/s41467-023-39558-3
https://doi.org/10.1016/j.cattod.2018.09.011
https://doi.org/10.1016/j.cattod.2018.09.011
https://doi.org/10.1016/j.cattod.2018.09.011
https://doi.org/10.1021/acs.jpclett.2c02444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0GC03999C
https://doi.org/10.1039/D0GC03999C
https://doi.org/10.1002/anie.202117809
https://doi.org/10.1002/anie.202117809
https://doi.org/10.1002/anie.202117809
https://doi.org/10.1039/D1SE00221J
https://doi.org/10.1039/D1SE00221J
https://doi.org/10.1021/jacs.0c00199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/celc.201900734
https://doi.org/10.1002/celc.201900734
https://doi.org/10.1002/celc.201900734
https://doi.org/10.1038/s41467-023-37251-z
https://doi.org/10.1038/s41467-023-37251-z
https://doi.org/10.1038/s41467-023-37251-z
https://doi.org/10.1002/cssc.202200952
https://doi.org/10.1002/cssc.202200952
https://doi.org/10.1039/D1GC00579K
https://doi.org/10.1039/D1GC00579K
https://doi.org/10.1021/acscatal.5b02586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9GC02264C
https://doi.org/10.1039/C9GC02264C
https://doi.org/10.1039/C9GC02264C
https://doi.org/10.1021/acscatal.1c02316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c02316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c02316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.201700464
https://doi.org/10.1002/advs.201700464
https://doi.org/10.1038/nenergy.2017.31
https://doi.org/10.1038/nenergy.2017.31
https://doi.org/10.1038/nenergy.2017.31
https://doi.org/10.3389/fenrg.2021.654460
https://doi.org/10.3389/fenrg.2021.654460
https://doi.org/10.1016/j.apcatb.2024.124008
https://doi.org/10.1016/j.apcatb.2024.124008
https://doi.org/10.1021/acscatal.7b01069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b01069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c04851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c04851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c04851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.7b00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.7b00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.7b00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-021-00701-2
https://doi.org/10.1038/s41929-021-00701-2
https://doi.org/10.1038/nmat1752
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c15821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

catalytic materials for hydrogen evolution. Nat. Mater. 2006, S (11),
909-913.

(54) Seh, Z. W.; Kibsgaard, J.; Dickens, C. F.; Chorkendorff, 1;
Norskov, J. K; Jaramillo, T. F. Combining theory and experiment in
electrocatalysis: Insights into materials design. Science 2017, 355
(6321), No. eaad4998.

(55) Nerskov, J. K; Rossmeisl, J.; Logadottir, A.; Lindqvist, L.;
Kitchin, J. R.; Bligaard, T.; Jonsson, H. et al. Origin of the
overpotential for oxygen reduction at a fuel-cell cathode. J. Phys.
Chem. B 2004, 108 (46), 17886—17892.

(56) Mohammadi Ziarani, G.; Kheilkordi, Z.; Mohajer, F. Recent
advances in the application of acetophenone in heterocyclic
compounds synthesis. J. Iran. Chem. Soc. 2020, 17 (2), 247—282.

(57) Rahaman, M. Andrei, V.; Pornrungroj, C.; Wright, D,;
Baumberg, J. J.; Reisner, E. Selective CO production from aqueous
CO, using a Cuggln, catalyst and its integration into a bias-free solar
perovskite—BiVO, tandem device. Energy Environ. Sci. 2020, 13 (10),
3536—3543.

(58) Hayon, E.; Ibata, T.; Lichtin, N. N.; Simic, M. Electron and
hydrogen atom attachment to aromatic carbonyl compounds in
aqueous solution. Absorption spectra and dissociation constants of
ketyl radicals. J. Phys. Chem. 1972, 76 (15), 2072—2078.

(59) Strmenik, D.; Lopes, P. P.; Genorio, B.; Stamenkovic, V. R;
Markovic, N. M. Design principles for hydrogen evolution reaction
catalyst materials. Nano Energy 2016, 29, 29—36.

(60) Zhao, B.-H.; Chen, F.; Wang, M.; Cheng, C.; Wy, Y,; Liu, C;
Yu, Y; Zhang, B. Economically viable electrocatalytic ethylene
production with high yield and selectivity. Nat. Sustain. 2023, 6,
827—837.

(61) Huot, J. Y. Hydrogen evolution and interface phenomena on a
nickel cathode in 30 w/0 KOH: I. Kinetics parameters and electrode
impedance between 303 and 363 K. J. Electrochem. Soc. 1989, 136 (7),
1933.

(62) Kristinsdéttir, L.; Skilason, E. A systematic DFT study of
hydrogen diffusion on transition metal surfaces. Surf. Sci. 2012, 606
(17), 1400—1404.

(63) Skilason, E.; Karlberg, G. S.; Rossmeisl, J.; Bligaard, T.;
Greeley, J.; Jénsson, H.; et al. Density functional theory calculations
for the hydrogen evolution reaction in an electrochemical double layer
on the Pt(111) electrode. Phys. Chem. Chem. Phys. 2007, 9 (25),
3241-3250.

(64) Brennan, K.; Watson, G. W.; Garcia-Melchor, M. A
computational study of the electrochemical cyanide reduction for
ambient ammonia production on a nickel cathode. Catal. Sci. &
Technol. 2021, 11 (16), 5633—5640.

(65) Ong, K. L, Fickers, P, Pang, K. W., Dharma, P. R,, Luk, H. S,,
Uisan, K, et al.. Chapter 12 - Fermentation of fruit and vegetable
wastes for biobased products. In Food Industry Wastes (Second ed.);
Kosseva, M. R., Webb, C., Eds.; Academic Press, 2020; pp 255—273.

(66) Xing, C.; Xue, Y.; Zheng, X.; Gao, Y.; Chen, S.; Li, Y. Highly
Selective Electrocatalytic Olefin Hydrogenation in Aqueous Solution.
Angew. Chem., Int. Ed. 2023, 62 (41), No. €202310722.

(67) Bu, J.; Liu, Z.; Ma, W.; Zhang, L.; Wang, T.; Zhang, H.; et al.
Selective electrocatalytic semihydrogenation of acetylene impurities
for the production of polymer-grade ethylene. Nat. Catal. 2021, 4 (7),
557-564.

https://doi.org/10.1021/jacs.4c15821
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://doi.org/10.1038/nmat1752
https://doi.org/10.1126/science.aad4998
https://doi.org/10.1126/science.aad4998
https://doi.org/10.1021/jp047349j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp047349j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s13738-019-01774-4
https://doi.org/10.1007/s13738-019-01774-4
https://doi.org/10.1007/s13738-019-01774-4
https://doi.org/10.1039/D0EE01279C
https://doi.org/10.1039/D0EE01279C
https://doi.org/10.1039/D0EE01279C
https://doi.org/10.1021/j100659a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100659a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100659a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100659a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nanoen.2016.04.017
https://doi.org/10.1016/j.nanoen.2016.04.017
https://doi.org/10.1038/s41893-023-01084-x
https://doi.org/10.1038/s41893-023-01084-x
https://doi.org/10.1149/1.2097088
https://doi.org/10.1149/1.2097088
https://doi.org/10.1149/1.2097088
https://doi.org/10.1016/j.susc.2012.04.028
https://doi.org/10.1016/j.susc.2012.04.028
https://doi.org/10.1039/B700099E
https://doi.org/10.1039/B700099E
https://doi.org/10.1039/B700099E
https://doi.org/10.1039/D1CY00820J
https://doi.org/10.1039/D1CY00820J
https://doi.org/10.1039/D1CY00820J
https://doi.org/10.1002/anie.202310722
https://doi.org/10.1002/anie.202310722
https://doi.org/10.1038/s41929-021-00641-x
https://doi.org/10.1038/s41929-021-00641-x
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c15821?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

