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ABSTRACT: Electrochemical reactions can access a significant
range of driving forces under operationally mild conditions and are
thus envisioned to play a key role in decarbonizing chemical
manufacturing. However, many reactions with well-established
thermochemical precedents remain difficult to achieve electro-
chemically. For example, hydroformylation (thermo-HFN) is an
industrially important reaction that couples olefins and carbon
monoxide (CO) to make aldehydes. However, the electrochemical
analogue of hydroformylation (electro-HFN), which uses protons
and electrons instead of hydrogen gas, represents a complex C−C
bond-forming reaction that is difficult to achieve at heterogeneous
electrocatalysts. In this work, we import Rh-based thermo-HFN
catalysts onto electrode surfaces to unlock electro-HFN reactivity.
At mild conditions of room temperature and 5 bar CO, we achieve Faradaic efficiencies of up to 15% and turnover frequencies of up
to 0.7 h−1. This electro-HFN rate is an order of magnitude greater than the corresponding thermo-HFN rate at the same catalyst,
temperature, and pressure. Reaction kinetics and operando X-ray absorption spectroscopy provide evidence for an electro-HFN
mechanism that involves distinct elementary steps relative to thermo-HFN. This work demonstrates a step-by-step experimental
strategy for electrifying a well-studied thermochemical reaction to unveil a new electrocatalyst for a complex and underexplored
electrochemical reaction.

1. INTRODUCTION
Electrochemical reactions leverage voltage as a potent driving
force that can be renewably sourced. Although electrified
manufacturing is envisioned to provide sustainable routes to
important fuels and chemicals,1−3 many critical industrial
reactions lack well-developed electrochemical alternatives. For
example, the formation of carbon−carbon (C−C) bonds
between olefins and carbon monoxide (CO) is an important
reaction for which electrocatalytic routes are underexplored.
The current thermochemical route is hydroformylation
(thermo-HFN), which adds CO and H2 to olefins to generate
aldehydes (Figure 1a). Because olefins are among the highest
volume bulk chemicals4 and aldehydes are versatile inter-
mediates for many products such as detergents and plastics,4−7

thermo-HFN is performed at a global scale of over 10 million
tons/year.4−6

However, forming C−C bonds between olefins and CO is
challenging in heterogeneous electrocatalysis. Related reactivity
involving coupling between CO and ethylene is speculated to
be a key step in forming three-carbon (C3) products such as
propanol during CO2 and CO electroreduction.8,9 However,
even with state-of-the-art Cu-based catalysts,8,10 the complex
mixture of products formed has made it challenging to both

understand reaction mechanisms and design catalysts that steer
selectivity to one product.8,11,12 Additionally, the direct
electrochemical analogue of hydroformylation (electro-HFN),
in which protons and electrons replace the hydrogen gas used
in thermo-HFN (Figure 1a), remains highly underdeveloped.
To our knowledge, the first and only instance of electro-HFN
was reported in 1997. The work featured spontaneous half
reactions that required elevated temperatures and H2 as a
reactant; additionally, externally applied voltage was not able to
improve the observed performance.13 Thus, there is still a lack
of catalysts that can facilitate voltage-driven C−C bond
formation between olefins and CO.
We hypothesized that catalysts for electro-HFN could be

designed via precedent from thermo-HFN catalysis. We show
that electrifying a CeO2-supported Rh catalyst already known
to be competent for thermo-HFN reveals a reaction system
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that is able to access two chemically similar reactions that use
either voltage and protons (i.e., electro-HFN) or H2 gas (i.e.,
thermo-HFN). Within such a system, we show that accessing
the voltage-driven electro-HFN reaction, beyond simply
circumventing the need for H2 as a reactant, also mitigates
the need for elevated temperatures (90−120 °C) that are
typically used in thermo-HFN.

2. RESULTS AND DISCUSSION
2.1. Sequentially Electrifying Thermo-HFN. We

sequentially electrified thermo-HFN by implementing changes
to typical organometallic thermo-HFN systems to make them
more amenable for heterogeneous electrocatalysis. This
involved synthesizing heterogenized catalytic sites, using
ionically conductive reaction media, and depositing catalysts
on electrode surfaces (Figure 1a).
For synthesizing heterogenized active sites, we followed the

literature precedent showing that Rh atoms on metal oxide
supports are active for hydroformylation.14,15 Based on initial
screening of CeO2, TiO2, and Al2O3 as possible metal oxide
supports, we found that Rh deposited on CeO2 (Rh@CeO2)
was the most amenable to electrification (Supporting

Information Section 2.2.1). To synthesize Rh@CeO2, we
used wetness impregnation to deposit 1.8 wt % Rh (as
determined by inductively coupled plasma mass spectrometry
or ICP-MS) onto ∼20 nm sized cerium(IV) oxide nano-
particles (Figure S5). The final powder catalyst contained
about 25% Ce3+ surface defects, as determined via X-ray
photoelectron spectroscopy (XPS, Figure S6b). Additionally,
the powder X-ray diffraction (pXRD) spectrum of Rh@CeO2
appeared similar to that of pure CeO2 (Figure S7), suggesting
small and well-dispersed Rh species. The Rh@CeO2 powder
catalyst was confirmed to be active for thermo-HFN of a model
styrene substrate under typical thermo-HFN conditions:14

octane solvent, 80 °C, 5 bar CO, and 5 bar H2 (Figure S9a).
Then, while using the same catalyst, we moved to protic and

ionically conductive solvent conditions that would eventually
be required for electro-HFN. For the solvent, mixtures of water
and alcohols allow thermo-HFN to proceed relatively
unaffected, whereas other common solvents for organic
electrochemistry, such as acetonitrile and N,N-dimethylforma-
mide, interfere with reactivity (Figure S9a). For the salt and
proton source, we saw favorable reactivity in the presence of
triflate-containing salts and acids, particularly tetrabutylammo-

Figure 1. Electrifying a thermo-HFN catalyst to access electro-HFN reactivity. (a) Thermochemical and electrochemical hydroformylation (HFN)
reactions. In this work, a thermo-HFN catalyst was sequentially electrified to achieve electro-HFN. Black ovals represent carbon black and blue
lines represent Nafion binder. (b) Batch reaction setup within a pressurized Parr reactor used for thermo-HFN experiments. (c) Batch two-
compartment, two-electrode electro-HFN cell configuration for elevated pressure electro-HFN experiments. (d) Thermo-HFN turnover frequency
(TOF) as a function of partial H2 pressure. (e) Electro-HFN TOF as a function of applied reductive current. (f) Electro-HFN product distribution,
given as Faradaic efficiency, as a function of applied reductive current. All data were collected at 25 °C, 5 bar CO, 0.52 M styrene, 0.1 M TBAOTf,
25 mM HOTf in a 50% v/v IPA/H2O mixture. Error bars represent standard deviation with n ≥ 3.
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nium triflate (TBAOTf) and triflic acid (HOTf) (Figure
S9b).16

Finally, we deposited the Rh@CeO2 catalyst, along with
carbon black and Nafion, onto carbon paper electrodes.
Electro-HFN was performed in a two-compartment electro-
chemical cell with no H2 gas supplied (Figure 1c). We first
performed electro-HFN at elevated temperatures (80 °C) and
pressures (5 bar) to parallel typical thermo-HFN conditions.
We found that some electro-HFN occurred at these elevated
temperatures but at rates orders of magnitude below what we
observed thermochemically (Figure S10). Surprisingly, electro-
HFN rates and selectivities increased at ambient temperature
(vide inf ra). Thus, our following discussions focus on
experiments at ambient temperature.
One might expect that for the electrochemical reaction,

conductivity via the ostensibly insulating CeO2 support could
be limiting. However, under reducing conditions, ceria
becomes more electronically conductive via electron hopping
through lattice defects,16 and there are examples of
immobilized nanoscale ceria with electrochemically accessible
surface Ce4+/Ce3+ redox transitions.17,18 Furthermore, even in
our as-synthesized catalyst, we observed the presence of Ce3+

defects in XPS. Nonetheless, we did incorporate carbon black
into our electrodes to help mitigate possible conductivity
issues. Finally, operando X-ray spectroscopy is consistent with a
significant fraction of Rh sites being electrochemically
accessible (vide inf ra), and more detailed discussion can be
found in Supporting Information Section 2.11.

2.2. Demonstration of Electro-HFN. Electro-HFN of
styrene at ambient temperature (25 °C) yielded the branched
aldehyde product 2-phenylpropanal. During galvanostatic
experiments at 5 bar CO, the turnover frequency (TOF), or
rate per site (approximated with the total number of Rh atoms
deposited), of electro-HFN reached a maximum of ∼0.7 h−1 at
an applied current of −0.4 mA/cm2 (Figure 1e). When
evaluating the same catalyst deposited on carbon paper within
a thermochemical batch reactor that used H2 instead of applied
voltage (Figure 1b), the maximum observed TOF was more
than 10× lower (<0.05 h−1), even across a range of H2
pressures ranging from 5 to 15 bar (Figure 1d).
The maximum observed Faradaic efficiency (FE), or

selectivity per electron, for electro-HFN was ca. 15%, which
was observed at −0.2 mA/cm2, where other major side
reactions included hydrogenation to yield ethylbenzene (13%
FE) and the hydrogen evolution reaction (HER) (50% FE)
(Figure 1f). Several other styrene-derived side products,
including styrene dimerization products as well as unidentified
organic species, were also observed. These side products likely
account for the remaining 20−40% of FE (Supporting
Information Section 2.3).
With respect to regioselectivity, we did not observe any

linear aldehyde (3-phenylpropanal) for either thermo-HFN or
electro-HFN at 25 °C. However, we did qualitatively observe
more linear selectivity for both reactions at 80 °C, consistent
with precedent that linear selectivity increases with increasing
temperature.19 Additional regioselectivity discussion is in-
cluded in Supporting Information Section 2.2.3. Finally, these

Figure 2. XAS. (a) Normalized XANES data zoomed in on rising edge, shown for ex situ and operando samples as well as known rhodium-
containing standards. (b) Processed operando XANES data showing Rh K-edge energy as a function of applied potential (black stars), as well as
control experiments without CO and/or styrene. (c) R-space EXAFS spectra of ex situ and operando samples, as well as known rhodium-containing
standards. (d) Processed operando EXAFS data showing fitted Rh−O coordination numbers as a function of applied potential (red circles), as well
as a control condition with neither CO nor styrene (black circles). Error bars in (d) represent fitting errors given by the Artemis fitting software. All
data collected at ambient temperature and pressure in electrolyte composed of 0.1 M TBAOTf and 25 mM HOTf in IPA/H2O. Voltages reported
vs SCE.
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data represent low-conversion experiments, with percent
product yield typically less than 1%.
We then confirmed that electro-HFN activity occurred at

heterogeneous sites because heterogeneous thermo-HFN
catalysts can suffer from metal leaching.20 Although we did
detect leached Rh in the electrolyte after electrolysis (up to 2%
of deposited Rh after 2 h via ICP-MS, Figure S14a), an
electrochemical “filtration test” suggests that the dissolved Rh
species do not significantly contribute to catalysis: halfway
through an electrolysis, swapping out the catalyst-loaded
electrode with a blank carbon paper and reusing the same
electrolyte completely stopped reaction progress (Figure
S14b).
Next, we confirmed which reactions were associated with

Rh-active sites by measuring the electro-HFN partial current,
hydrogenation partial current, and total current as a function of
Rh@CeO2 particle loading. We found that both electro-HFN
and total current monotonically increased with increasing
particle loading, whereas hydrogenation rates decreased with
particle loading (Figure S15a). Electrodes with bare CeO2
nanoparticles or with only carbon black displayed a fair
amount of background current and were active for hydro-
genation but were not active for electro-HFN (Figure S15b).
These results suggest that electro-HFN principally occurs on
Rh-containing sites but that the same is not necessarily true for
hydrogenation and other background reactions. Our observa-

tion that hydrogenation is mostly associated with a site
different from that of electro-HFN surprisingly contrasts with
what is understood for thermo-HFN, where hydrogenation is a
side pathway within the hydroformylation mechanism.5,6,21

2.3. Operando Catalyst Characterization. We used X-
ray absorption spectroscopy (XAS) at the Rh K-edge to
characterize Rh valency (via X-ray absorption near-edge
structure or XANES) and Rh coordination (via extended X-
ray absorption fine structure or EXAFS) under both ex situ and
operando conditions.22

Ex situ measurements on the as-synthesized catalyst show
the presence of hexacoordinate Rh(III). The XANES spectrum
of the Rh@CeO2 catalyst is similar to that of a Rh2O3 standard,
suggesting similar Rh oxidation states of +3 (Figure 2a). The
Rh@CeO2 EXAFS spectrum shows a strong contribution from
a first shell Rh−O scattering path with no visible Rh−Rh
scattering contribution (Figure 2c). EXAFS fitting23 of the
Rh−O scattering path shows that, within fitting error, both the
Rh@CeO2 powder catalyst (CNRh−O = 5.8 ± 1.5) and the
Rh2O3 standard (CNRh−O = 6) have the same Rh−O
coordination number. These observations are consistent with
either small Rh2O3 clusters or single Rh(III) atoms on the ceria
surface and are consistent with the pXRD data that suggest
small and well-dispersed Rh moieties on CeO2 (vide supra).
Literature precedent indicates that at ∼2 wt % loadings, Rh
deposited on similar metal oxide nanoparticles yields small

Figure 3. Rate data for electro-HFN at ambient temperature and pressure. (a) Control tests with and without application of voltage in the explicit
presence of H2 gas. “V on”: constant application of −1.45 V vs SCE for the entire duration of the experiment, “V off”: no voltage applied, and “V
init.”: −1.45 V vs SCE was applied for only the first 5 min of a 2 h experiment (b) Tafel dependence. (c) CO partial pressure dependence. (d)
Styrene activity dependence. Data correspond to styrene concentrations ranging from 0.13 to 0.28 mol/L. (e) Acid concentration dependence.
Panels (c−e) plotted on log−log scales, with data at higher driving forces (−1.45 V vs SCE) in black and data at lower driving forces (−1.05 V vs
SCE) in red. (f) Kinetic isotope effect measurements, where the reaction was run with D2O, isopropanol-d8, and DOTf to replace possible proton
sources with deuterium. Plotted is the rate with protons divided by the rate with deuterons. All data were collected at 25 °C, 1 bar CO, 0.52 M
styrene, 25 mM HOTf, and 0.1 M TBAOTf in a 50% v/v IPA/H2O mixture unless explicitly labeled otherwise. Error bars represent standard
deviation [propagated through division in (f)] with n ≥ 3.
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clusters.24 In either case, the as-synthesized Rh(III) sites
appear to be fully coordinated to either lattice or terminal
oxygen atoms.
Operando measurements show that on average, the Rh@

CeO2 catalyst remains as Rh(III) but coordinates fewer oxygen
atoms under the reaction conditions. Operando XANES shows
that under operating conditions with all reactants present, the
Rh K-edge energy still reflects a Rh(III) oxidation state and
does not change substantially in response to applied potential
(Figure 2a and black stars in b). The Rh(III) assignment is in
surprising contrast to the Rh(I) state that is expected from
both homogeneous and heterogeneous thermo-HFN prece-
dents.5,21,25 Operando EXAFS shows that the Rh−O
coordination number decreases to around 4.5−5 under
reaction conditions, which suggests availability of open sites
for catalysis (Figure 2c,d). We found no changes in fitted Rh−
O bond lengths with applied potential (Figure S17b).
Notably, the XANES data indicates that the Rh sites are

electrochemically accessible. When neither CO nor styrene are
present, the Rh K-edge energy responds to applied potential
(Figure 2b, purple dots), indicating that a significant fraction of
the Rh is able to receive electron transfers from the electrode.
This observed Rh reduction is not reversible (Figure S17a).
The electrochemical accessibility of Rh sites should depend
principally on the physical composition of the electrode and
not on whether CO and styrene are present. Thus, the
observation that Rh sites are electrochemically accessible under
any condition suggests that even during operando conditions
where no voltage-dependent changes in Rh valency are
observed (Figure 2b, black stars), the Rh sites are also
electrochemically accessible. We hypothesize that the presence
of CO and styrene might attenuate the response of Rh valency
to applied potential by making the Rh center itself harder to
reduce, preventing reductive sintering,26 or acting as acceptors
for the electrons that would otherwise go toward reducing
Rh27,28 (Supporting Information Section 2.11.2).
In summary, the operando XAS data indicate that the resting

state of the Rh catalyst is in a +3 oxidation state, coordinated
to 4−5 oxygen ligands, electrochemically accessible, and
weakly perturbed by changes in applied potential.

2.4. Evidence against H2 as a Mechanistic Inter-
mediate. To investigate the mechanism of electro-HFN, we
first considered the possibility that electro-HFN occurs via an
indirect mechanism with H2 as an intermediate. In this case,
the role of applied voltage would simply be to generate H2 gas,
which then participates in thermo-HFN at the catalyst site. If
this were true, we would expect that at the same local CO and
H2 concentrations, the electro-HFN rate should equal the
thermo-HFN rate. However, we exclude this hypothesis
because at similar reaction conditions, the rate of electro-
HFN is significantly faster than that of thermo-HFN. For
example, we observed that the maximum rate for thermo-HFN
was over 10 times lower than that of electro-HFN with the
same catalyst and solvent conditions (Figure 1d,e).
A higher local concentration of H2 during electro-HFN is

unlikely to account for this 10 times difference. First,
mathematical analysis of H2 transport shows that similar
local H2 concentrations are expected at the catalyst surfaces for
the thermo- and electro-HFN conditions tested (Supporting
Information Section 2.5). Even without this, from the apparent
H2 saturation kinetics displayed in the thermo-HFN data
(Figure 1d), any further increases in H2 pressure are unlikely to
increase thermo-HFN rates. Finally, feeding 0.5 bar CO/0.5

bar H2 while applying voltage resulted in observable product,
whereas flowing the same gas mixture with no applied voltage
resulted in no observable product (Figure 3a).
The above differences could still be consistent with an

indirect mechanism if applied voltage non-Faradaically
promotes thermo-HFN. However, we did not find evidence
of non-Faradaic promotion. We first tested whether applied
voltage was only needed to activate the catalyst to a reactive
state (e.g., help to generate surface hydrides necessary to enter
a catalytic cycle) by feeding 0.5 bar CO/0.5 bar H2 and only
applying voltage for the first 5 min of the reaction; we did not
observe product (Figure 3a). Additionally, at elevated
temperatures where the rate of thermo-HFN exceeded that
of electro-HFN, we saw no evidence of non-Faradaic
promotion upon the application of voltage (Figure S16 and
Supporting Information Section 2.6).

2.5. Electrochemical Kinetic Analysis. To further probe
the reaction mechanism, we collected electro-HFN reaction
data via potentiostatic experiments at ambient pressure. We
assumed steady-state rates, which we confirmed with time-
dependent experiments (Figure S18). We also assumed
transport-free kinetic control, which we confirmed with flow
rate dependence experiments as well as a mathematical analysis
indicating operation below 5% of the transport-limited current
density (Supporting Information Section 2.8.1 and Figure
S20).
The Tafel data show a weak voltage dependence that

attenuates at more reductive potentials (Figure 3b). Fitting the
points at the least reductive potentials yields a Tafel slope
around 170 mV/dec, and fitting the most reductive potentials
yields a slope greater than 1000 mV/dec. This saturation
behavior is unlikely to be caused by mass transport limitations,
as indicated via both experimental and theoretical mass
transport analyses (vide supra). Instead, the Tafel curvature
may arise from surface coverage effects.27,28

The CO order dependence data also show saturation
behavior at more reductive potentials: the apparent CO order
is linear (nCO = 1.3 ± 0.3) at less reductive potentials but
becomes sublinear (nCO = 0.6 ± 0.1) at more reductive
potentials (Figure 3c). Thus, the attenuation of both electron
(Tafel) and CO apparent orders at more reductive potentials
may be ascribed to the buildup of a surface intermediate (I1,
Figure S28a) that is formed after these two species participate
in the catalytic cycle. Notably, both positive21 and negative15

CO dependencies have been reported at similar heterogeneous
thermo-HFN catalysts.
The styrene dependence is shown as a function of styrene

activity, which was experimentally measured using headspace
GC−MS measurements (Supporting Information Section
1.4.8). The styrene dependence, unlike that of electrons and
CO, does not appear to be significantly potential-dependent.
At both less reductive (nsty = 0.6 ± 0.4) and more reductive
(nsty = 0.9 ± 0.3) potentials, the styrene dependences are
within error of each other (Figure 3c). Interpreting these
slopes to be within error of 1, these trends may be consistent
with a mechanism where styrene enters the catalytic cycle after
I1 is formed. However, these observations are also within error
of other qualitative interpretations. Furthermore, various
observations suggest that styrene may play several roles in
the catalytic system, so these kinetic measurements may even
reflect a convolution of several different effects. For example,
the operando XANES data show that the presence of styrene
influences the response of Rh valency to the applied potential
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(vide supra), potentially indicating a second-order influence of
styrene on the catalyst itself. Additionally, above the solubility
limit of styrene where phase separation begins to occur in the
electrolyte, there is an apparent discontinuity in the styrene
order dependence, where the rate sharply increases (Figure
S21a). The reason why phase separation induces improved
rates may be related to mass transport but remains to be
determined.
From the proton rate data, the reaction appears to be proton

independent (nH+ = −0.1 ± 0.1) at less reductive potentials
and weakly proton-dependent (nH+ = 0.3 ± 0.1) at more
reductive potentials (Figure 3e). Additionally, the magnitude
of the KIE increases at more reductive potentials (Figure 3f),
which is consistent with a proton or a proton-derived hydrogen
atom becoming more kinetically relevant at more reductive
potentials. However, at a lower styrene concentration, we
observe apparent zero-order proton kinetics at both less and
more reductive potentials (Figure S22c). These disparate
observations remain to be fully reconciled but may be
indications that the proton donor, HOTf, influences the
reaction rate in a complex fashion beyond simply providing
protons. For example, we observe that simply substituting
HOTf with other strong acids such as phosphoric, nitric, or
sulfuric acid, even while maintaining TBAOTf as the
supporting electrolyte, suppresses reactivity. Thus, these
conflicting observations, coupled with the large variability in
these kinetic data, do not currently provide a clear indication of
how protons participate in the reaction mechanism.
The above Tafel, CO, and proton-dependent measurements

were taken at 0.52 M styrene, which is representative of the
optimal operating condition but is also above the styrene

solubility limit. Kinetic data taken in single-phase electrolyte
solutions with 0.28 M styrene are provided in Figure S22.
Additionally, reaction rate data for hydrogenation, HER, and
total current corresponding to Figure 3b−e are presented in
Figures S22−24.

2.6. Summary of Mechanistic Interpretations. The
preceding experimental observations, taken all together,
provide several insights about the mechanism of electro-HFN.
First, comparison of thermo- and electro-HFN rates (Figure

1d,e) strongly suggests that electro-HFN proceeds through a
mechanism that is microscopically distinct from that of
thermo-HFN. Specifically, we expect that protons and
electrons directly participate in the catalytic cycle and do not
simply serve to form H2 in situ.
Second, Rh loading dependence tests (Figure S15a) suggest

that unlike electro-HFN, a significant amount of the side
reactions (hydrogenation, HER) may be attributed to non-Rh
sites. This may be useful for guiding selectivity improvements
in future systems because the principal side reactions are likely
associated with different sites than those of electro-HFN.
Finally, the mechanism of electro-HFN appears to be

complex, and variability in the kinetic data enables only a
speculative mechanistic interpretation. The data support a
mechanism that involves the buildup of some surface
intermediate (I1) at more reductive potentials. Potential-
dependent saturation behavior in both the Tafel and CO
dependence data suggest that electrons and CO participate in
the catalytic cycle before I1 forms. While the data do not
provide a strong indication of the chemical identity of I1,
several speculative chemical interpretations are provided in
Figure S28. The styrene and proton dependencies do not

Figure 4. Extension of the reactor and substrate scope. (a) Electro-HFN TOF as a function of applied reductive current for cells containing either a
sacrificial Al anode and AEM (gray) or a Pt anode and a cation exchange membrane (black). (b) Cell voltages corresponding to the reaction rate
data shown in (a). (c) Electro-HFN TOF as a function of applied reductive current for styrene (black), 1-hexene (red), and 1-decene (blue). (d)
Electro-HFN regioselectivity for the same three olefins, plotted as a percentage of the aldehyde products with linear selectivity. Unless labeled
otherwise, all data were collected beyond the saturation limit of the olefin and at 25 °C, 5 bar CO, 0.1 M TBAOTf, 25 mM HOTf in a 50% v/v
IPA/H2O mixture, with a Pt anode and Nafion membrane. Error bars represent standard deviation with n ≥ 3.
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display the same voltage-dependent attenuation, perhaps
suggesting that these species do not participate in the
mechanism before I1 forms. However, due to the greater
variability in the proton and styrene order dependence data, as
well as the possible second-order roles of these reactants, it is
less clear how these species participate in the mechanism.
Their roles, as well as further elucidation of the electro-HFN
mechanism, remain to be determined from future studies.
Further mechanistic discussion is provided in Supporting
Information Section 2.12.

2.7. Extension of the Reactor and Substrate Scope.
Finally, we investigated strategies to improve the practical
relevance of our reported electro-HFN chemistry. First, we
replaced the aluminum sacrificial anode with a Pt anode so that
water oxidation, rather than aluminum oxidation, could serve
as the anodic counter reaction and generate protons to
replenish those consumed by electro-HFN. We also replaced
the anion exchange membrane (AEM) with a proton exchange
(Nafion) membrane. In this new cell configuration, the overall
reaction is hydroformylation with water as the cheap and
abundant hydrogen atom source. For galvanostatic experi-
ments at 5 bar CO and 25 °C, this new reaction setup achieves
a higher maximum current for electro-HFN (45 μA/cm2) than
that of the original reactor configuration (30 μA/cm2) (Figure
4a). We note that using water, rather than aluminum, oxidation
at the anode incurs a cell voltage penalty of about 2 V (Figure
4b).
Additionally, we extended the substrate scope to include 1-

hexene and 1-decene, which are chemically representative of
the linear, nonaromatic olefins that are principally used in
industrial hydroformylation processes. For galvanostatic experi-
ments at 5 bar CO, 25 °C, and above the saturation limit of the
olefin, the rates and Faradaic efficiencies for 1-hexene were
almost comparable to those for styrene, and those for 1-decene
were slightly lower. Maximum partial currents for electro-HFN
were ca. 45, 40, and 15 μA/cm2 for styrene, 1-hexene, and 1-
decene, respectively (Figure 4c). Unlike styrene, where only
the branched product was observed, both the linear and
branched aldehyde products were observed for 1-hexene (ca.
50% linear) and 1-decene (ca. 20% linear) (Figure 4d).

3. CONCLUSIONS
Our results demonstrate that a single catalyst composition can
be competent for both thermo- and electro-HFN, in contrast
to what has previously been observed.13 This insight is
important because it allowed us to use known thermochemical
reactivity as a direct experimental starting point for designing a
new electrocatalyst. Inspiration from industrial hydrotreating
catalysts has helped inspire material choices for hydrogen
evolution electrocatalysts,29 and catalysts competent for both
the thermocatalytic and electrocatalytic versions of the same
reaction have been reported in many contexts including CO2
hydrogenation,30 hydrogen oxidation,31 CO oxidation,32 oxy-
gen reduction,33−36 hydrogenation,37 and nitrate reduction.38

However, these efforts are limited to oxidation or reduction of
small molecules, and typically, both the thermochemical and
electrochemical reactions are already independently well-
studied. Our work adds to this by demonstrating how the
thermocatalysis and electrocatalysis divide can be experimen-
tally traversed to expose even more complex reactivity such as
C−C bond formation.
Importantly, we also show that electro-HFN is mechanisti-

cally distinct from thermo-HFN. Therefore, our electrified

hydroformylation analogue is fundamentally different from
previously reported electrified analogues of other organo-
metallic thermochemistries39 such as oxidative C−H activa-
tion40 and reductive cross-coupling.41,42 In these systems,
catalysis occurs at a homogeneous site, and voltage indirectly
participates in catalysis. Specifically, voltage replaces a
sacrificial reductant or oxidant, and its role is to perform
outer sphere electron transfer to generate an active species
(such as regenerating an active Ni species)41,42 that then
thermochemically participates in known catalysis. Thus, there
was minimal precedent to observe a change in reaction
mechanism upon electrifying a hydroformylation catalyst.
This mechanistically distinct and directly voltage-driven

pathway has several important implications. First, from a
practical perspective, we show that accessing electrochemical
pathways lead to improved reactivity at ambient temperature.
Thermo-HFN is typically performed at elevated temperatures
(90−120 °C), and the voltage-driven pathway may enable
operation at milder temperatures. For a comparison of rates in
the broader literature, heterogeneous thermo-HFN rates
typically range from 100 to 3000 h−1. However, these rates
are not directly comparable to our observed electro-HFN rates
(up to ca. 1 h−1) because they require elevated temperatures
ranging from 60 to 150 °C. Rates at room temperature are not
reported presumably because the catalysis is much more
sluggish.14,15,21,43,44 The electro-HFN rates we observe are not
yet competitive with those reported for ambient temperature
homogeneous thermo-HFN (10−25 h−1),45,46 but achieving
parity between heterogeneous and homogeneous systems is a
general challenge in hydroformylation chemistry.
Second, because thermo-HFN with H2 gas is exergonic, the

equilibrium potential of electro-HFN occurs at a less reductive
potential than that of HER. Thus, a direct electro-HFN
reaction could be more energy efficient than a thermo-HFN
process that uses HER-derived H2. However, we note that the
voltages reported in this work are still ∼1 V more reductive
than those required for HER (Supporting Information Section
2.13), so further reaction optimization will be a subject of
future work.
Finally, the microscopically distinct reaction mechanisms of

thermo- vs electro-HFN may also allow for unique catalyst
design principles. For example, because electro-HFN does not
proceed through H2 as an intermediate, an electro-HFN
catalyst does not need to catalytically activate H2 to generate
hydrides; it simply needs to accept protons and electrons to do
so. Thus, electro-HFN catalysts could be further optimized for
earlier steps in the hydroformylation cycle such as olefin
activation or C−C bond formation without being constrained
by the need to activate H2. Additionally, we observed that in
some reaction conditions, Rh valency changed with applied
potential. This suggests that voltage might also be useful as a
handle to change the catalyst electronic structure in addition to
those of ligand and support identity that are typically used in
thermocatalysis.
Looking forward, while the performance of this initial

electro-HFN demonstration remains modest, strategies for
further improvements include exploring new catalysts,
electrode or electrolyte formulations, and cell designs. For
example, since much of the side reactivity occurs even without
the Rh-based catalyst present, it may be possible to improve
selectivity by altering the electrode composition. Additionally,
since the volume fraction of water, as well as the presence of
triflate salts, had significant effects on reaction rates, continued
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exploration of electrolyte composition may further improve
performance. As rates improve, reactor development for
improved mass transport of gas-phase reactants will likely be
important as well.
To conclude, this work establishes an experimental strategy

for directly electrifying promising thermocatalysts. This
strategy allows for the development of new voltage-driven
reactions that simultaneously improve upon known thermo-
chemical reactivity and expand the electrochemical reaction
toolkit.

4. METHODS
4.1. Catalyst and Electrode Preparation. CeO2 nanoparticle

synthesis was adapted from the literature.14 Briefly, cerium(III) nitrate
hexahydrate (Beantown Chemical, 99.99%) was ground with a mortar
and pestle, put in a combustion boat, and calcined under nitrogen
flow at 350 °C for 2 h in a tube furnace. The resulting light-yellow
solid was ground again with a mortar and pestle.
Rh@CeO2 was synthesized via a wetness impregnation procedure

that was adapted from the literature.14 In summary, 1 g of CeO2
powder was combined with 99 mg of rhodium(III) acetylacetylonate
(Sigma-Aldrich, 97%) and approximately 3 mL of acetone. The
mixture was ground with a mortar and pestle until all of the acetone
evaporated. The resulting powder was dried at 80 °C for 30 min and
then heated in static air in a muffle furnace at 800 °C for 10 h with a
10 °C/min ramp rate.
Rh@CeO2 electrodes were prepared by drop casting catalyst ink

solutions [Rh@CeO2, Nafion 117 solution (Sigma-Aldrich, 5%) and
carbon black (Vulcan XC 72, Fuel Cell Store) in isopropanol] onto
hydrophilic carbon paper. The catalyst loading was kept at 3.77 mg
Rh@CeO2 per cm2 electrode. Electrodes were dried at 80 °C for 30
min and then annealed at 150 °C for 6 h.

4.2. Electrolyte Preparation and Characterization. The
default electrolyte mixture used in these studies was a 50/50 v/v %
water/isopropanol mixture with 0.1 M tetrabutylammonium trifluor-
omethanesulfonate (Sigma-Aldrich, 99%) and 0.025 M trifluorome-
thanesulfonic acid (Sigma-Aldrich, 99%). Directly prior to performing
a reaction, this electrolyte was combined with styrene (Sigma-Aldrich,
99%) to afford 0.52 M styrene in the electrolyte solution. Notably,
0.52 M styrene is above the solubility limit, so the final electrolyte was
cloudy with a small amount of phase separation. For styrene order
dependence studies, the activity of styrene was experimentally
measured using previously reported headspace GC methods.47

4.3. Thermochemical Reaction Setup. Room-temperature
thermochemical reactions were performed as 2 mL scale batch
reactions within Parr reactors. These reactions were performed such
that parameters such as catalyst loading/preparation, electrolyte,
reactant concentration, etc., were directly comparable to electro-
chemical reactions. Reactions were typically run for 14−18 h.

4.4. Electrochemical Reaction Setup. Electrochemical measure-
ments were performed in PEEK sandwich cells in a two-compartment
configuration. Aluminum foil (Reynold’s Wrap) was used as the
sacrificial counter electrode, Neosepta AHA membranes (Ameridia
Innovative Solutions) were used as the separator, and when
applicable, a leak-free Ag/AgCl electrode (Innovative Instruments
LF-2) was used as the reference electrode. Anode and cathode
compartments were filled with 2 mL of electrolyte solution each. A
magnetic stir bar was also added to the cathode compartment, and the
cell was stirred at 700 rpm during the reaction.
Elevated pressure experiments were typically performed with a

static, pressurized gas headspace, whereas ambient pressure experi-
ments were performed with 10 sccm of CO gas bubbling through the
catholyte.
Application of potential was performed using a potentiostat

(Biologic VMP-3e). CA measurements were run with 90% automatic
resistance compensation, where electrolyte resistance was determined
using potentiostatic electrochemical impedance spectroscopy meas-

urements. Typical electrochemical experiments, at both elevated and
ambient pressures, were run for 1−3 h.

4.5. Reaction Workup and Product Quantification. For
product quantification, 2 mL of sample liquid was collected. For
room-temperature thermochemical measurements, this corresponded
to the entire reaction mixture, and for electrochemical measurements,
this corresponded to the catholyte only (product crossover to the
anolyte was confirmed to be negligible). To the reaction liquid, 20 μL
of 0.16 M 1,3,5-trimethoxybenzene (Sigma 138827) solution in IPA
was added as an internal standard. Then, 1 mL of acetonitrile and 1
mL of Milli-Q water were added. Finally, the reaction mixture was
extracted three times using 500 μL of hexanes for each extraction. A
gas chromatograph−mass spectrometer (7890B GC, Agilent) fitted
with a DB-WAX column and a flame ionization detector were used to
identify and quantify products. Calibration curves were constructed
with known standards to quantify both the extraction efficiency and
GC-FID and GCMS response factor.

4.6. XAS Measurements. Both operando and ex situ XAS
measurements were performed at the Inner Shell Spectroscopy (ISS)
beamline22 at the Brookhaven National Laboratory. ISS is a damping
wiggler beamline with an energy range of 4.9−33 keV and a flux of 5
× 1013 photons/s at 12 keV. Catalyst preparation for the XAS studies
was identical to that for the reactivity studies. Additionally, XAS
measurements were taken using a standard electrochemical cell, with
the only modification being the incorporation of a Kapton (X-ray
transparent) window to the working electrode cover plate (Figure
S1). Thus, the operando XAS measurements were expected to have
identical reactor transport properties to those of the reactivity
measurements performed at ambient pressure. Reference materials
employed for these studies were Rh2O3 powder (Sigma-Aldrich
204226) and Rh(0) foil.
All XAS measurements on catalyst samples were collected in

fluorescence mode. For any set of electrolyte/gas conditions, data for
all voltages were collected sequentially from the least reductive to
most reductive potential. At each potential, the sample was allowed to
reach steady state for 10 min, and then 30 scans were collected at
different locations on the electrode, where different locations were
autodefined by a roughly square-shaped grid pattern with 1 mm
spacing between locations. The beam spot size was 1 × 1 mm
(fwhm). For different electrolyte/gas settings, the cell was
disassembled, cleaned, and prepared with a fresh electrode and
electrolyte.
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