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Detailed molecular level understanding of organometallic electrocatalytic systems is required to fully exploit
their technological potential to store, distribute, and utilise renewable energy in chemical form. However, in
situ methods providing high resolution information on the structure and reactivity of transient intermediates
remain challenging due to incompatible requirements for standard electrochemical and spectroscopic cell
designs. Here, we demonstrate the use of spectroelectrochemical nuclear magnetic resonance (SEC-NMR)
to enable operando characterisation of molecular species during organometallic electrocatalysis. The
electroreduction of a prototypical molecular rhodium(+1) diphosphine complex was studied under
aprotic conditions and in the presence of H,O and/or CO,. By combining multinuclear SEC-NMR,
chemical reductions, modelling and simulations, we determine the involved species, their relative
concentrations and the competing interconversions. The bielectronic reduction leading to the highly
reactive low-valent rhodium(—1) intermediate and subsequent protonation of that species into a Rh-
hydride complex was followed in a time-resolved manner. Deuterium labelling and ex situ NMR analysis

after SEC-NMR electrolysis revealed that under aprotic conditions the proton source substantially arises
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Accepted 9th November 2025 from Hofmann elimination of the nBu4NPFg electrolyte in addition to the acetonitrile solvent. The

reactivities of the Rh(—1) and the Rh—H complexes were further monitored under turnover conditions,
DOI: 10.1035/d5sc05744b providing direct molecular insights into bifurcating electrocatalytic pathways for hydrogen evolution and

rsc.li/chemical-science CO, reduction.

products represent a key technology in this field.>* Organo-
metallic electrocatalysts provide promising approaches for

Introduction

Facing the challenging transition from a linear to a circular
economy requires the development of novel catalytic processes
at the interface of energy and chemistry." The defossilisation of
the chemical value chain may be advanced by the use of green
electricity for the conversion of sustainable carbon sources,
among which carbon dioxide (CO,) is a major feedstock.>
Electrocatalytic reaction systems that directly transform
renewable electrical energy into chemical energy carriers and
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selective CO, reduction, especially towards C; products such as
CO or HCOO™ > A fundamental parameter to control the
bifurcation between these two products relates to CO, reduction
occurring either by direct electron transfer from the metal (ET),)
or via insertion into a metal-hydride bond (ETy).* The formation
of metal-hydride species is also highly relevant for the
competing hydrogen evolution reaction (HER). To map and
eventually manipulate these reaction networks calls for the
identification of key intermediates and their interconversion
under catalytic conditions. These fundamental questions can
be precisely addressed through in situ spectroscopic techniques,
among which spectroelectrochemical nuclear magnetic reso-
nance (SEC-NMR) has only been used to a limited extent until
now despite its considerable potential.>"* NMR experiments
provide detailed information on the chemical environment of
numerous nuclei, molecular compositions, exchange processes,
spatial distributions or diffusion, just to mention the most
commonly used protocols.*

Within the scope of organometallic electrocatalysis, we
recently turned our attention to low-valent rhodium complexes.
In particular, rhodium-phosphine complexes are known for
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high chemocatalytic activities and selectivities under thermal
reaction conditions,'*** which may transpose to or be com-
plemented by electrochemical transformations. We were
particularly drawn to the [Rh(dppe),]” (dppe: di-
phenylphosphinoethane) complex (noted Rh" in the following)
and the reduced congeners for which both ETy and ET), path-
ways have been inferred for chemo- and electrocatalytic CO,
reduction.”®** With the availability of different NMR spectro-
scopic probes, namely °°Rh, *'P and “*H nuclei, we reasoned
that SEC-NMR offers an ideal method to elucidate the nature of
the involved reduced intermediates and their interconversion
directly under electrocatalytic conditions.

The reduction of Rh' to the corresponding [Rh(dppe),] (Rh®)
and [Rh(dppe),]” (Rh™") congeners has been studied previously
via chemical and electrochemical reactions.” The chemical
reduction of Rh' using activated magnesium under strictly
anhydrous conditions leads to Rh™" resulting in the formation
of CO under CO, atmosphere.** On the other hand, the reaction

View Article Online

Edge Article

of the Rh(1) hydride [RhH(dppe),]° (Rh'H) with CO, selectively
yields the formate anion [Rh'][HCO,].>® From these and similar
ex situ studies, the intermediates during electrocatalytic turn-
over have been plausibly inferred. However, the formation of
the Rh'H hydride complex upon reduction of Rh' has been the
subject of insightful debates in the community.””*° Pilloni and
coll. stated a two-electron reduction of Rh' into Rh™", which was
proposed to generate Rh'H by deprotonation of the solvent
(EEC-mechanism; E and C: electrochemical and chemical steps,
respectively; Fig. 1A, ¢ = 2).>”*® Eisenberg and coll. hypothesised
an alternative route involving a one-electron reduction to
[Rh(dppe),] (Rh®) followed by hydrogen atom abstraction from
acetonitrile leading to the formation of Rh'H, while the second
electron transfer converts the resulting solvent radical into the
anion (ECE-mechanism; Fig. 1A, ¢ = 1).*° The same group found
later that the chemical reduction of Rh' proceeds in two
reduction steps leading to Rh™' that subsequently slowly
converts to Rh'H in the presence of acetonitrile,? in line with
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Fig. 1 Use of (spectro)electrochemical methods for the elucidation of the reduction mechanism for [Rh(dppe),]™ (A) and for the observation of
intermediate species in the electrocatalytic reduction of CO, and H* (B). Intermediates, reactions and products marked in green are observed

with spectroelectrochemical methods within this work (C).
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the sequence initially reported by Pilloni and coll. In our recent
systematic study on the bielectronic reduction of [Rh(dppe),]"
and derivatives,** we also found indications of irreversible
reactions at the Rh™' stage with electrophiles in the reaction
media. While these works allow drafting first mechanistic
hypotheses, the sequence of reduction and protonation steps,
the nature of the proton source, and the competition between
ETy and ETy, pathways for CO, reduction are still lacking
a detailed picture (Fig. 1B).

In this regard, NMR spectroscopy offers a high chemical
selectivity, but has resolution and quantitativity impeded by
electrically conductive components present in the sample space
that alter the static magnetic field B, and radio frequency field
of the excitation pulses resulting in spatial variations of flip
angles. Therefore, NMR has remained underexploited for oper-
ando analysis of electrochemical processes.*> More recently,
specifically adapted cell designs have mitigated these inherent
challenges, to open up new possibilities of SEC-NMR.****
Complementary to other in situ techniques, which often focus
on the electrode vicinity,***** SEC-NMR enables a survey of the
bulk analyte. This feature is central to study secondary or slow
catalytic processes*® or to image exchange processes or pH as
a function of electrode distance, as demonstrated for CO,
electrolysis.*”** Up to now, however, liquid state SEC-NMR has
primarily been used for redox studies of organic mole-
cules."?*** Only few SEC-NMR studies trace the redox behav-
iour of metal complexes, namely ferrocene and potassium
ferrocyanide,'>** leaving this field of research underexplored in
homogeneous electrocatalysis.

Here, we demonstrate the general qualitative potential of
SEC-NMR to elucidate electrocatalytic reaction mechanisms by
deciphering in detail the reaction network involving proton and
carbon dioxide electroreduction using Rh' (Fig. 1C).

Results and discussion

Basic reduction behavior in the absence of added proton
source

Recent reinvestigations of the electrochemical behaviour of Rh'
by some of us showed a reversible reduction wave at a halfwave
potential E;/, = —2.12 Vvs. Fc'° (noted Vg,.). This reduction was
assigned to the transfer of two electrons at inverted potentials
(E°(Rh") < E°(Rh” ")) with concomitant rearrangement of the
coordination geometry from square planar in Rh' to tetrahedral
in Rh™" (more background is provided in the reference).** To
obtain a more precise molecular picture of the processes
underlying Rh'/Rh™' reduction, we resorted to SEC-*'P NMR
experiments.

The experiments were performed in MeCN-d;, using nBu,-
NPF; as electrolyte salt and THF-dg as co-solvent in a 1:1 ratio
(Fig. 2A) to ensure good solubility of the Rh*H complex. Before
electrolysis, the pristine solution exhibited an NMR doublet
centered at 6(*'P) = 57.47 ppm (Ygrnp = 133.2 Hz) as typical
signature of the starting Rh' complex. Applying a constant
cathodic current (—0.4 mA) led to the gradual decrease of the
integral of that signal, evidencing consumption of Rh' (SI,
Fig. $9). The build-up of a doublet at 6(*'P) = 59.27 ppm with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a characteristic /g, p-coupling constant of 203.2 Hz>**! (Fig. 24,
S8 and 9) testifies to the formation of the Rh™' complex as
further corroborated by chemical reduction experiments (SI,
Fig. S45(a and b)).

In subsequent spectra, the disappearance of this signal and
the simultaneous evolution of a doublet at §(*'P) = 55.22 ppm
with g p = 142.7 Hz, diagnostic of the Rh'H complex,? trace
to the generation of this hydride species from the two-electron
reduced Rh™" complex (Fig. 24, $8 and 9). Ex situ analysis of
the isolated reaction mixture after 2 hours of electrolysis evi-
denced a 'H resonance at (*H) = —10.71 ppm assigned to the
previously identified Rh'H (SI, Fig. S11 left).® Over extended
electrolysis time (after ca. 1 hour) an additional slightly shifted
doublet at 6(*'P) = 55.04 ppm with a much weaker Rh-P J-
coupling (Yrnp = 103.4 Hz, SI Section 5.2.3) built up in the
SEC-*'P NMR, which can be assigned to [RhH(dppe),(CD;CN)]**
(Rh™H) based on literature data.* This interpretation is
consolidated by SEC-"H NMR spectra that revealed a signal in
the hydride region at §("H) = —15.82 ppm, attributed to Rh"™"™H
(SI, Fig. S10) and by ex situ analysis of the isolated reaction
mixture after 2 hours identifying Rh"™H as predominant
hydride species in the reaction mixture (SI, Fig. S11). We posit
that the formation of Rh"™H arises from the oxidation of Rh'H
formed at the cathode by diffusion to the anode counter elec-
trode of the SEC-NMR cell.

Assuming quantitativity to first approximation, the cumula-
tive integrals of all *'P NMR resonances in the 43-63 ppm
window after 2 hours amounted to 74% of the starting value.
This decay in *'P NMR-active signals may be due to the
formation of intermediates in low concentrations remaining
under the detection limit, small amounts of paramagnetic
compounds or to the electrodeposition of complex. A Faradaic
efficiency (F. E.) of 11% for the evolution of Rh™ ' is furthermore
estimated from *'P NMR integration (SI, Section 5.3). While this
value appears low, neither crossover nor catalytic turnover, viz.
HER (vide infra), are accounted for.

Additional spectroelectrochemical analysis using SEC-UV/
Vis at potentials negative to Rh' reduction further corrobo-
rated the evolution of Rh™" and Rh'H through partially convo-
luted signatures and the lack of detectable amounts of Rh® (SI
Section 5.1.2, Fig. S30 and Table S1).

The concentration profiles for the Rh species evolving during
controlled potential electrolysis were modeled using a software
for electrochemical simulation (DigiElch from ElchSoft) to
visualise concentration profiles in the bulk, as monitored by
SEC-NMR. Alongside plausible reaction steps and concentra-
tions of introduced species, kinetic and thermodynamic
parameters obtained from previous estimations®>* were fed as
input (SI Section 8). Concentration profiles for Rh', Rh™' and
Rh'H extending from the electrode surface (x = 0) into bulk (x >
0) after 120 minutes simulated electrolysis are shown in Fig. 3,
assuming various possible concentrations of H' for the
protonation of Rh™' to Rh'H.

First, the simulations indicate that the singly reduced Rh®
remains below relevant concentrations during electrolysis (SI,
Fig. S50-57), corroborating results from SEC-UV/Vis. In the
aprotic case ([H'] = 0 M), the doubly reduced Rh™" complex is,

Chem. Sci., 2026, 17, 1637-1646 | 1639
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Fig.2 SEC-3P NMR measurements during electrolysis of [Rh(dppe),INTf, at —0.4 mA; nBusNPFg, glassy carbon working electrode. The gradual
colour change of the NMR spectra refers to measurements at proceeding time from t = 0 min (green) to t = 120 min (blue). Conditions: (A) Ar,
MeCN-ds/THF-dg, spectra recorded every 10 minutes. (B) Ar, H,O (2 M), THF-dg, spectra recorded every 11 minutes. (C) CO,, MeCN, spectra
recorded every 5 to 10 minutes. (D) CO,, H,O (2 M), THF-dg, spectra recorded every 7 to 15 minutes; the experiment was performed on a 400
MHz spectrometer. MeCN was used as solvent for comparison with CVs and preparative electrolysis. THF was added as co-solvent or used as

solvent to prevent the precipitation of Rh'H in pure MeCN.

as expected, the only species obtained from Rh" at the electrode
and diffusing into the bulk (Fig. 3 and S50). Simulations at
increasing proton concentrations ([H')/[Rh'] = 0.1:1,0.5:1 and
1:1; Fig. 3 and S51-56) were performed using a rate constant for
hydride formation of k; = 2.3 s™* derived from cyclic voltam-
metry (see SI Sections 4 and 10.1 for extraction of k). Already
with substoichiometric proton concentrations, the hydride
complex Rh'H becomes clearly observable in the bulk of the
medium after 20 minutes (SI, Fig. S51), in agreement with

1640 | Chem. Sci, 2026, 17, 1637-1646

SEC-*'P NMR spectra at reaction times >20 minutes. Experi-
mentally, Rh " and Rh'H were detected in a concentration ratio
of 1:5.6 in SEC-*'P NMR spectra after two hours (SI, Fig. S9).
Notably, Rh'H is not observed at short reaction times <10
minutes by SEC->'P NMR, thus suggesting protons gradually
abstracted from the mixture components over the course of the
electrolysis rather than initially present from protic impurities.
Comparing the experimental ratio of Rh™" and Rh'H integrals
with the respective integrals in simulated concentration profiles

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Simulated concentration profiles of Rh' (black under all
conditions), Rh™' (red) and Rh'H (blue) extending from the electrode
surface (x = 0) into the bulk during controlled potential electrolysis of
Rh' (8.5 mM) at —2.5 V. after 120 min. Increasing proton concentra-
tions are indicated by fading colour.

at low [H'], we roughly estimate an apparent proton concen-
tration in the electrolyte solution of 4 mM in our experimental
conditions (SI, Fig. S54, 55 and Table S2). This concentration
can be understood as a time-averaged proton concentration
released and accumulating in the analyte over 120 min elec-
trolysis. Within the first 10 minutes of electrolysis, the experi-
mental proton concentration is lower than this estimated
concentration, while it is expected to be higher after 120
minutes.

We then investigated the origin of the protons involved in
Rh'H formation by deuterium labelling in SEC-NMR. Electrol-
ysis performed with deuterated acetonitrile, CD;CN, led to the
observation of hydride signals in the "H NMR spectrum (vide
supra). In addition, the corresponding ’H NMR spectrum only
shows solvent signatures and no detectable peaks in the hydride
region (SI, Fig. $12). These observations suggest 'H-protonation
of Rh™" to [RhH(dppe),] instead of formation of a [RhD(dppe),]
complex by putative deprotonation of CD;CN under our
electrochemical conditions (Fig. 4, green reaction). Despite
efforts to increase the detection limit of >H NMR experiments
(see SI, Section 5.2.1), we can yet not unambiguously exclude the
presence of a deuteride complex and thus the role of CD;CN as
a proton source purely based on >H NMR.

At the same time, the ex situ "H NMR spectrum recorded
after electrolysis features characteristic olefinic signals assigned
to 1-butene, (E)/(Z)-2-butenes and not further specified species
presumably forming upon reductive degradation of CD;CN (SI,
Fig. S13, S41 and Section 5.2.3).*%* The earlier species most
plausibly result from the Hofmann elimination of the ammo-
nium cation nBuyN" of the electrolyte, yielding tributylamine,
butene and a proton, while the later species are suspected, but
not evidenced within this work, to liberate protons and thus
contribute to hydride formation (Fig. 4, blue reaction; SI,
Fig. S41-44 and Section 5.2.3).

These data collectively support that, under our electro-
reductive conditions, Rh'H forms by reaction of the basic Rh™"

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with protons originating from cathodic degradation of both
nBuy,NPFs and MeCN. Anodic processes providing additional
protons were not further considered here. This result corrobo-
rates a previous study by Sofranko et al. showing that protons
liberated by the decomposition of nBuyN" in benzonitrile react
with Rh™" to form Rh'H and aligns with reports on MeCN
serving as proton source particularly when used with
perchlorate-based electrolytes (SI Section 5.2.3).2%30:365960 Ag
a side note, despite carefully anhydrous conditions, residual
water (<30 ppm, H,O/Rh" < 1:5) can marginally contribute to
the formation of Rh'H.

Spontaneous Hofmann elimination of the quaternary
ammonium cation is a well-documented proton source under
electrochemical conditions.””*®* However, in the absence of the
Rh' complex, olefinic butene signals are not detectable in the
corresponding ex situ 'H NMR spectrum (SI, Fig. S29). Thus,
direct attack by Rh™' at a B-H of nBu,N* appears to be an
operating pathway for Rh'H formation under these conditions.

Reactivity with added water

We next investigated the effect of water on the electroreductive
behaviour of Rh' in THF-ds. Upon electrolysis with added water
(2 M), SEC-*'P NMR spectra show the evolution of the Rh'H
complex at 55.67 ppm aside from the signature of the Rh'
starting complex at 57.45 ppm (Fig. 2B, S16 and $19). SEC-'H
NMR and ex situ "H NMR spectra confirm the presence of Rh'H
with the diagnostic resonance at —10.56 ppm (SI, Fig. S17 and
$18). Of note, Rh™" is not observed here likely due to a fast
protonation of this highly reactive intermediate into Rh'H in the
protic environment. The transient nature of Rh™" under these
reaction conditions is also supported by simulated concentra-
tion profiles showing no detectable concentrations in bulk at
high H' concentrations (SI, Fig. S$57). In turn, substantial
conversion of the initial complex leads to a 1: 1 Rh'/Rh'H ratio
at extended SEC-NMR electrolysis time (SI, Fig. S19).

The fast formation of Rh'H from the reduced Rh™' complex
is also corroborated by a complete loss of reversibility for the
voltammetric reduction of Rh' and the positive shift of the
cathodic peak potential by 26 mV in the presence of water
(Fig. 5, top). The anodic wave at —1.04 Vg, in the backward scan
is further attributed to the oxidation of Rh'H most likely to
Rh™H as detected above in SEC-NMR (see Fig. 24, $10 and 11).

We as well diagnosed hydrogen evolution reaction (HER)
from the generated H, signal at 4.54 ppm in the SEC-"H NMR
spectra (SI, Fig. S17, right).**-** Likely, HER arises from the
protonation of Rh'H. However, the accumulation of Rh'H in the
bulk of the SEC-cell indicates that this protonation is not very
fast. In agreement, the lack of electrocatalytic current
enhancement and the observation of Rh'H oxidation (Fig. 5,
top) both suggest a relatively high stability of the hydride
species vs. water as the proton source. Fitting the experimental
CV with simulated models allows for an estimation of the
reaction rate constant for HER of kggr =~ 0.06 s (SI, Section 8,
Fig. S59 and S60), substantially slower than hydride formation
(ke = 2.3 s %; SI, Sections 4 and 10.1).

Chem. Sci., 2026, 17, 1637-1646 | 1641
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Reactivity versus CO, in the absence of added proton source

Exploring the high nucleophilicity of the reduced Rh™" species
in electrocatalysis, we engaged SEC-NMR measurements during
the electrolysis of Rh' under CO, atmosphere. In the absence of
added water (Fig. 2C and $20, left), SEC-*'P NMR shows that the

1642 | Chem. Sci, 2026, 17, 1637-1646

Rh' d® complex is the prevalent species in the bulk solution,
whereas the reduced Rh™' complex is not detected. CO, is
converted during the electrolysis, as supported by the
decreasing integral of the corresponding **C NMR signal (SI,
Fig. S23). These observations point to a fast reaction of the
reduced Rh species with CO, under these conditions. Cyclic
voltammetry supports this hypothesis, as the presence of CO,
turns the wave attributed to the Rh"™" couple into an irrevers-
ible event of catalytic character (Fig. 5, bottom), matching
literature.” The swift reductive disproportionation (RD) of CO,
to CO;*” and CO reported at Rh™' also consolidates this
interpretation.>

After ca. 20 minutes, the formation of trace Rh'H is indicated
by a tenuous doublet at 55.68 ppm, likely resulting from the
reaction of Rh™" with protons of the electrolyte (vide supra). The
presence of this compound can here either lead to HER as
previously observed or may yield HCOO™ by CO, reduction via
a hydride pathway.>*% Competing conversions of CO, and H"
are indeed observed by headspace gas chromatography (GC)
analysis of a bulk electrolysis that shows the evolution of CO
together with H, (F.E. 16.2 + 5.7% and 514 =+ 2.0%,
respectively).

Reactivity versus CO, with added water

When H,O is added to the reaction mixture under CO, atmo-
sphere, the evolution of Rh'H aside Rh' is not apparent anymore
in SEC-*'P NMR spectra over 2 hours (Fig. 2D). Ex situ analysis
with improved signal-to-noise ratio after electrolysis only traces
the presence of Rh'H in low concentrations (Fig. $20, right and
$22). This high Rh'/Rh'H ratio relative to the experiment per-
formed under Ar indicates that the reactivity of Rh'H is exac-
erbated in presence of CO,, as also inferred from the loss of the
voltammetric oxidation wave of Rh'H in CV (Fig. 5, bottom).
Two hypotheses can be raised to account for this behaviour
that likely overlap: (a) Rh'H is more reactive towards CO,
insertion than towards protonation by H,0O, leading to HCOO™

© 2026 The Author(s). Published by the Royal Society of Chemistry
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as previously reported® and observed under purely chemical
conditions (Fig. S47); (b) the presence of CO, generates a more
acidic proton source in the form of H,CO;, speeding up
protonation of Rh'H and hence HER. These competing reac-
tivities of Rh'H are apparent from formate signals in ex situ "H
and *C NMR spectra after SEC-electrolysis (SI Fig. S25) and
from H, detection in the gas phase of a bulk electrolysis
experiment (F.E. 69.7%). Only small amounts of CO (F. E. 6.2%)
were also detected in the gas phase, while formate formation
was assumed but could not unambiguously be confirmed in the
performed bulk experiments.

The redirection of the reactivity versus CO, in the presence of
water is also reflected by the loss of cathodic peak current
enhancement in CV and the anodic shift of the reduction wave
by 26 mV. The effect of added water likely arises from the
preference of protonation over CO, coordination at the Rh™'
complex. However, subsequent reaction steps in the ETy
pathway can overall decelerate kinetics for the electrocatalytic
cycles.

Discussion of mechanistic pathways

Based on our experimental observations, we further docu-
mented possible ETy and ET),, reaction pathways for the
electrocatalytic activation of CO, at Rh™" with energy profiles
computed by density functional theory (DFT) methods (Fig. 6,
S48 and 49).* As the observed electrocatalytic turnover at room
temperature already indicates reasonably accessible energy
barriers, we did not perform time-consuming transition state
computations within this work, but only focused on interme-
diate state energies to retrace the thermodynamic driving force
of this reactivity. We also excluded, as a first approximation,
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e (P’RhI‘P)
® Rh'-CO,H \4‘
Prfh P
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pathways involving the singly reduced Rh® congener, due to the
lack of experimental evidence for the formation of this species
and the reported low reactivity of Rh® contrasting the high one
noticed for Rh "%

In the ET, pathway, the initial attack of CO, by Rh™'
resulting in the n'-CO, complex Rh™-CO, is slightly endergonic
by 6.3 kcal mol~'. Under protic conditions, the protonations
following Rh'-CO, and yielding water and the carbonyl complex
Rh'-CO are computed as strongly driven. Yet, whether or not
water is added, Rh™CO,, Rh'-CO or other intermediates of the
ET), sequence are not detected in the SEC-NMR. This fact
suggests that either ET), is not operative or, if this pathway is
operative, CO readily dissociates from the pentacoordinated
complex into the gas phase forming the square planar 16-elec-
tron complex Rh' as most abundant reaction intermediate. Our
data, in agreement with previous reports,® yet indicate that
a reductive disproportionation leading to CO and CO;>" is
favoured in aprotic conditions and the cumulated rates of the
ET),/RD mechanism are high enough to lead to the marked
electrocatalytic behaviour observed in voltammetry. In protic
conditions, involvement of [Rh'(dppe),(CO,)]” as entry to the
ET),, mechanism cannot be discarded but is less favoured as
apparent from smaller amounts of CO as reduction product of
CO, detected after electrolysis.

In the alternative ETy mechanistic cycle, the initial forma-
tion of the rhodium hydride Rh'H from Rh™" is highly exergonic
(—65.5 kecal mol ™) in line with experimental observations (vide
supra). The reaction of this intermediate with CO, or H" would
then lead respectively to HCOO™ (in a dissociated complex) or
H, in competing HER and eventually to Rh' in both cases. These
downstream reactions are all computed exergonic and pinpoint

_ 19
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Fig. 6 Left: Possible reaction pathways for electrocatalytic reactions from Rh' with H* and CO, following general ETy, ET,; and HER mecha-
nisms. Highlighted intermediates, reactions and products were identified by (spectro)electrochemical experiments. Right: Energy profiles for the
electrocatalytic reduction of CO, following the ETy (blue) or the ETy, (red, water as byproduct is not depicted here) pathways. Only energies of
intermediates are depicted. Energies were computed with uUMN12L/def2-TZVP in acetonitrile and are given in kcal mol™.
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to fast and driven chemical reaction steps, while the electro-
chemical reduction step requires higher energy input. Thus,
DFT computations support Rh' as resting state in agreement
with SEC-NMR experiments showing this complex as major
species during electrolysis in the presence of H,O and CO,.

Under experimental aprotic reaction conditions, Rh'H,
which SEC-NMR reveals to be generated in low concentrations
likely from Hofmann elimination of the electrolyte salt and
deprotonation of MeCN (vide supra), can give rise to an opera-
tive ETy route. Under protic conditions, the substantial change
in the CV response indicates ET;; as the most favoured route.
While the hydride complex readily forms, the kinetics for Rh'H
conversion becomes fast enough that this intermediate does
not accumulate in the bulk but slow enough that electro-
catalysis is not observed at the voltammetric timescale. A switch
from a predominant faster ET,,/RD to slower ETy as the
concentration in proton source is increased also matches the
loss in activity observed upon titrating water in the CV experi-
ments (Fig. $33). Although turning over at much slower rates,
the ETy route diverts from or blocks the ET),/RD in virtue of the
strong driving force to the Rh'H intermediate.

As a note, ECEC pathways involving further reduction of Rh'-
CO,H, Rh-CO and Rh'H have been discarded in a first
approximation, due to the quite negative values computed for
the corresponding potentials (E°(Rh"-CO,H/Rh’-CO,H) = —2.61
Vie; E°(RW-CO/Rh’-CO) = —2.32 Vi; E°(Rh'H/Rh’H) = —2.84
VEe; SI, Fig. 548, 49 and Section 7).

Conclusions

By SEC-NMR, we were able to characterise and monitor the two-
electron reduction of [Rh(dppe),]” Rh' into [Rh(dppe),]” Rh™"
followed by protonation to the hydride complex Rh'H under
electrolysis conditions, according to an overall EEC mechanism.
Isotope labelling experiments and ex situ "H NMR analysis after
SEC-NMR revealed that the proton results from Hofmann
elimination of the cation in nBu,NPFy electrolyte and from
MeCN degradation under aprotic conditions. Under electro-
catalytic CO, reduction, Rh' is the only observable species
indicating fast reductive disproportionation at Rh™" leading to
CO as the preferred C; product. In the presence of added water,
formate is formed from CO, in competition with H, evolution.
The inferred Rh'H as key intermediate can be detected by ex situ
NMR and as main species under SEC NMR in presence of only
water. Hydrogen evolution outperforms CO, reduction reaching
Faradaic efficiency of 69.7%, indicating that protonation of the
Rh-H moiety is favoured over CO, insertion. These results come
in perspective of the high reactivity of rhodium hydride
complexes towards CO, insertion as a crucial step in thermo-
catalytic CO, hydrogenation towards formic acid/formates.
Our study hence highlights the analytical power of SEC-NMR
to elucidate intermediates and mechanisms in organometallic
electrocatalysis. The resulting molecular understanding can
form the basis of further investigations aiming at integration of
the ET,, pathway under electrochemical conditions with other
organometallic catalytic cycles beyond C; products.

1644 | Chem. Sci., 2026, 17, 1637-1646

View Article Online

Edge Article

Author contributions

A.-C.K,,M. S, ]J. G, N. K. and W. L. designed the project. A.-C. K.
performed synthetic works, spectroscopic characterisations, CV
studies, chemical reduction experiments and DFT
computations. M. S. conducted spectroelectrochemical NMR
measurements. C. K. performed spectroelectrochemical UV/Vis
experiments and electrolysis. N. K. initiated and A.-C. K.
completed DigiElch simulations. A.-C. K, M. S. and N. K. ana-
lysed the data. M. H., R.-A. E,, J. G., N. K. and W. L. supervised
the project. A.-C. K. and N. K. drafted the manuscript, which was
edited by contributions of all authors.

Conflicts of interest

There are no conflicts to declare.

Data availability

UV/Vis and TopSpin raw data, DFT xyz and output files and GC
data are available on the Jiilich DATA repository (https://doi.org/
10.26165/JUELICH-DATA/KJN10U). All other data that support

the findings of this study are available from the
corresponding authors upon reasonable request.
Supplementary information: experimental procedures,

(spectroelectrochemical) NMR and UV/Vis spectra, cyclic vol-
tammograms and related plots for extraction of kinetic data,
DFT computed energy profiles and simulated CV and electrol-
ysis data are available in the SI. The authors have cited addi-
tional references within the SI.2%?283031,:40,50-33,36,59,60,66-80 Gee DOI:
https://doi.org/10.1039/d5sc05744b.

Acknowledgements

The authors gratefully acknowledge basic support from the Max
Planck Society and the RWTH Aachen University and funding
from the Deutsche Forschungsgesellschaft (DFG) under Ger-
many's Excellence Strategy - Exzellenzcluster 2186 “The Fuel
Science Center” - ID: 390919832. N. K. acknowledges support by
CNRS through CP] METHOD-CHEM. The authors thank P.
Philipp M. Schleker for fruitful discussions.

References

1]J. B. Zimmerman, P. T. Anastas, H. C. Erythropel and
W. Leitner, Science, 2020, 367, 397-400.

2 H. O. Leclerc, H. C. Erythropel, A. Backhaus, D. S. Lee,
D. R. Judd, M. M. Paulsen, M. Ishii, A. Long, L. Ratjen,
G. G. Bertho, C. Deetman, Y. Du, M. K. M. Lane,
P. V. Petrovic, A. T. Champlin, A. Bordet, N. Kaeffer,
G. Kemper, J. B. Zimmerman, W. Leitner and P. T. Anastas,
ACS Sustain. Chem. Eng., 2025, 13, 5-29.

3 R. Francke, B. Schille and M. Roemelt, Chem. Rev., 2018, 118,
4631-4701.

4 N. W. Kinzel, C. Werle and W. Leitner, Angew. Chem., Int. Ed.,
2021, 60, 11628-11686.

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.26165/JUELICH-DATA/KJN10U
https://doi.org/10.26165/JUELICH-DATA/KJN10U
https://doi.org/10.1039/d5sc05744b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05744b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 10 2025. Downloaded on 16/03/26 04:04:57.

(cc)

Edge Article

5 Y. Y. Birdja, E. Pérez-Gallent, M. C. Figueiredo, A. J. Gottle,
F. Calle-vallejo and M. T. M. Koper, Nat. Energy, 2019, 4,
732-745.

6 C. Yang, Y. Wang, L. Qian, A. M. Al-Enizi, L. Zhang and
G. Zheng, ACS Appl. Energy Mater., 2021, 4, 1034-1044.

7 Y. Pei, H. Zhong and F. Jin, Energy Sci. Eng., 2021, 9, 1012—
1032.

8 N. Kaeffer and W. Leitner, JACS Au, 2022, 2, 1266-1289.

9 W. Ma, S. Xie, T. Liu, Q. Fan, J. Ye, F. Sun, Z. Jiang, Q. Zhang,
J. Cheng and Y. Wang, Nat. Catal., 2020, 3, 478-487.

10 T. Ahmad, S. Liu, M. Sajid, K. Li, M. Alj, L. Liu and W. Chen,
Nano Res. Energy, 2022, 1, 9120021.

11 E. G. Sorte and Y. J. Tong, J. Electroanal. Chem., 2016, 769, 1-
4.

12 M. E. Sandifer, M. Zhao, S. Kim and D. A. Scherson, Anal.
Chem., 1993, 65, 2093-2095.

13 L. Dunsch, J. Solid State Electrochem., 2011, 15, 1631-1646.

14 ].]J. A. Lozeman, P. Fiihrer, W. Olthuis and M. Odijk, Analyst,
2020, 145, 2482-2509.

15 H. Friebolin, Ein- Und Zweidimensionale NMR-Spektroskopie:
Eine Einfithrung, Wiley-VCH, Weinheim, 5th edn, 2013.

16 A. Behr, Angewandte Homogene Katalyse, Wiley-VCH,
Weinheim, 2008.

17 P. W. N. M. van Leeuwen and C. Claver, Rhodium Catalyzed
Hydroformylation, Springer, Dordrecht, 2002.

18 W. Seiche, A. Schuschkowski and B. Breit, Adv. Synth. Catal.,
2005, 347, 1488-1494.
19 N. V. Kolesnichenko, N. N. Ezhova, K. B. Golubev and
A. L. Maximov, Appl. Organomet. Chem., 2025, 39, €70201.
20 K. Hua, X. Liu, B. Wei, Z. Shao, Y. Deng, L. Zhong, H. Wang
and Y. Sun, Green Chem., 2021, 23, 8040-8046.

21 D. Wei, R. Sang, A. Moazezbarabadi, H. Junge and M. Beller,
JACS Au, 2022, 2, 1020-1031.

22 P. G. Jessop, T. Ikariya and R. Noyori, Chem. Rev., 1995, 95,
259-272.

23 S. Slater and J. H. Wagenknecht, J. Am. Chem. Soc., 1984, 106,
5367-5368.

24 B. Bogdanovi¢, W. Leitner, C. Six, U. Wilczok and
K. Wittmann, Angew. Chem., Int. Ed., 1997, 36, 502-504.

25 A.J. Kunin, E. J. Nanni and R. Eisenberg, Inorg. Chem., 1985,
24, 1852-1856.

26 T. Burgemeister, F. Kastner and W. Leitner, Angew. Chem.,
Int. Ed., 1993, 32, 739-741.

27 G. Pilloni, E. Vecchi and M. Martelli, J. Electroanal. Chem.
Interfacial Electrochem., 1973, 45, 483-487.

28 G. Pilloni, G. Zotti and M. Martelli, Inorg. Chem., 1982, 21,
1283-1284.

29 V. V. Pavlishchuk and A. W. Addison, Inorg. Chim. Acta, 2000,
298, 97-102.

30 J. A. Sofranko, R. Eisenberg and J. A. Kampmeier, J. Am.
Chem. Soc., 1979, 101, 1042-1044.

31 A. C. Kick, T. Weyhermiiller, M. Holscher, N. Kaeffer and
W. Leitner, Angew. Chem., Int. Ed., 2024, 63, €202408356.

32 M. Pietrzak, S. Jopa, A. Mames, M. Urbanczyk, M. Wozny and
T. Ratajczyk, ChemElectroChem, 2021, 8, 4181-4198.

33 0. Pecher, J. Carretero-Gonzalez, K. J. Griffith and C. P. Grey,
Chem. Mater., 2017, 29, 213-242.

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

34 H. Wang, A. C. Forse, J. M. Griffin, N. M. Trease, L. Trognko,
P.-L. Taberna, P. Simon and C. P. Grey, J. Am. Chem. Soc.,
2013, 135, 18968-18980.

35 U. Bussy and M. Bouijtita, Talanta, 2015, 136, 155-160.

36 B.F.Gomes, C. M. S. Lobo and L. A. Colnago, Appl. Sci., 2019,
9, 498.

37 R. Y. Hwang and O. H. Han, Electrochem. Commun., 2023,
148, 107417.

38 P. Ferreira da Silva, T. Santana Ribeiro, B. Ferreira Gomes,
G. Tiago dos Santos Tavares da Silva, C. M. Silva Lobo,
M. Carmo, C. Ribeiro, R. Bernardes Filho, C. Roth and
L. A. Colnago, Anal. Chem., 2022, 94, 15223-15230.

39 M. Liu, Z.-R. Ni, H.-]. Sun, S.-H. Cao and Z. Chen, Sensors,
2022, 22, 282.

40 S. Jovanovic, P. P. M. Schleker, M. Streun, S. Merz, P. Jakes,
M. Schatz, R. A. Eichel and J. Granwehr, Magn. Reson., 2021,
2, 265-280.

41 M. Schatz, M. Streun, S. Jovanovic, R. A. Eichel and
J. Granwehr, Magn. Reson., 2024, 5, 167-180.

42 M. M. Britton, ChemPhysChem, 2014, 15, 1731-1736.

43 K. H. Ly and I. M. Weidinger, Chem. Commun., 2021, 57,
2328-2342.

44 C. W. Machan, Curr. Opin. Electrochem., 2019, 15, 42-49.

45 K. J. Lee, N. Elgrishi, B. Kandemir and J. L. Dempsey, Nat.
Rev. Chem., 2017, 1, 0039.

46 R. Deeba, A. Collard, C. Rollin, F. Molton, S. Chardon-Noblat
and C. Costentin, ChemElectroChem, 2023, 10, e202300350.

47 S. Jovanovic, P. Jakes, S. Merz, D. T. Daniel, R.-A. Eichel and
J. Granwehr, Commun. Chem., 2023, 6, 268.

48 M. Schatz, J. F. Kochs, S. Jovanovic, R.-A. Eichel and
J. Granwehr, J. Phys. Chem. C, 2023, 127, 18986-18996.

49 A. D. Wilson, A. J. M. Miller, D. L. DuBois, J. A. Labinger and
J. E. Bercaw, Inorg. Chem., 2010, 49, 3918-3926.

50 K. Sporka, J. Hanika, V. Ruzicka and M. Halousek, Collect.
Czech. Chem. Commun., 1971, 36, 2130-2136.

51 H. Mayr and A. R. Ofial, Acc. Chem. Res., 2016, 49, 952-965.

52 F.P. Lees and P. Sarram, J. Chem. Eng. Data, 1971, 16, 41-44.

53 R. H. Morris, J. Am. Chem. Soc., 2014, 136, 1948-1959.

54 A. Grigoropoulos, A. 1. McKay, A. P. Katsoulidis, R. P. Davies,
A. Haynes, L. Brammer, ]J. Xiao, A. S. Weller and
M. J. Rosseinsky, Angew. Chem., Int. Ed., 2018, 57, 4532-4537.

55 J. Pinkas, R. Gyepes, L. Cisarova, J. Kubista, M. Horacek and
K. Mach, Organometallics, 2014, 33, 3399-3413.

56 J. A. Sofranko, R. Eisenberg and J. A. Kampmeier, J. Am.
Chem. Soc., 1980, 102, 1163-1165.

57 J. A. Davies and C. T. Eagle, Organometallics, 1986, 5, 2149-
2151.

58 C. E. Dahm and D. G. Peters, J. Electroanal. Chem., 1996, 402,
91-96.

59 H. Schmidt and J. Noack, Z. Anorg. Allg. Chem., 1958, 296,
262-272.

60 P. Krtil, L. Kavan and P. Novak, J. Electrochem. Soc., 1993,
140, 3390.

61 J. Y. C. Chen, A. A. Marti, N. J. Turro, K. Komatsu, Y. Murata
and R. G. Lawler, J. Phys. Chem. B, 2010, 114, 14689-14695.

62 E. Sartori, M. Ruzzi, N. J. Turro, ]J. D. Decatur,
D. C. Doetschman, R. G. Lawler, A. L. Buchachenko,

Chem. Sci., 2026, 17, 1637-1646 | 1645


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05744b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 10 2025. Downloaded on 16/03/26 04:04:57.

(cc)

Chemical Science

Y. Murata and K. Komatsu, J. Am. Chem. Soc., 2006, 128,
14752-14753.

63 M. Matsumoto and J. H. Espenson, J. Am. Chem. Soc., 2005,
127,11447-11453.

64 G. R. Fulmer, A. J. M. Miller, N. H. Sherden, H. E. Gottlieb,
A. Nudelman, B. M. Stoltz, J. E. Bercaw and K. I. Goldberg,
Organometallics, 2010, 29, 2176-2179.

65 T. Burgemeister, F. Kastner and W. Leitner, Angew. Chem.,
Int. Ed., 1993, 32, 739-741.

66 N. Ahmad, J. J. Levison, S. D. Robinson, M. F. Uttley,
E. R. Wonchoba and G. W. Parshall, in Inorganic Syntheses,
1990, pp. 81-83.

67 M. Arisawa, T. Ichikawa and M. Yamaguchi, Chem. Commun. ,
2015, 51, 8821-8824.

68 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato,
A. V. Marenich, ]J. Bloino, B. G. Janesko, R. Gomperts,
B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov,
J. L. Sonnenberg, D. Williams-Young, F. Ding,
F. Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone,
T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao,
N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima,
Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell,
J. A. Montgomery Jr., J. E. Peralta, F. Ogliaro,
M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin,,
V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand,
K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar,

1646 | Chem. Sci, 2026, 17, 1637-1646

View Article Online

Edge Article

J. Tomasi, M. Cossi, J. M. Millam, M. C. A. Klene,
R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma,
O. Farkas and J. B. F. Farkas, and D. J. Fox, Gaussian 16,
Revision B.01, Wallingford, CT, 2016.

69 Y. Zhao and D. G. Truhlar, . Chem. Phys., 2006, 125, 194101.

70 F. Weigend and R. Ahlrichs, Phys. Chem. Chem. Phys., 2005,
7, 3297-3305.

71 A. Schifer, H. Horn and R. Ahlrichs, J. Chem. Phys., 1992, 97,
2571-2577.

72 A. Schifer, C. Huber and R. Ahlrichs, J. Chem. Phys., 1994,
100, 5829-5835.

73 A.V.Marenich, C. J. Cramer and D. G. Truhlar, J. Phys. Chem.
B, 2009, 113, 6378-6396.

74 R. L. Martin, P. J. Hay and L. R. Pratt, J. Phys. Chem. A, 1998,
102, 3565-3573.

75 F. Weigend, Phys. Chem. Chem. Phys., 2006, 8, 1057-1065.

76 K. Sporka, J. Hanika and V. Ruazicka, Collect. Czech. Chem.
Commun., 1969, 34, 3145-3148.

77 R.]. Littel, G. F. Versteeg and W. P. M. Van Swaaij, /. Chem.
Eng. Data, 1992, 37, 42-45.

78 K. T. Mueller, A. J. Kunin, S. Greiner, T. Henderson,
R. W. Kreilick and R. Eisenberg, J. Am. Chem. Soc., 1987,
109, 6313-6318.

79 P. F. d. Silva, B. F. Gomes, C. M. S. Lobo, L. H. K. Queiroz
JOnior, E. Danieli M. Carmo, B. Blimich and
L. A. Colnago, Microchem. J., 2019, 146, 658-663.

80 K. Rohmann, M. Holscher and W. Leitner, J. Am. Chem. Soc.,
2016, 138, 433-443.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05744b

	Mapping proton and carbon dioxide electrocatalytic reductions at a Rh complex by in situ spectroelectrochemical NMR
	Mapping proton and carbon dioxide electrocatalytic reductions at a Rh complex by in situ spectroelectrochemical NMR
	Mapping proton and carbon dioxide electrocatalytic reductions at a Rh complex by in situ spectroelectrochemical NMR
	Mapping proton and carbon dioxide electrocatalytic reductions at a Rh complex by in situ spectroelectrochemical NMR
	Mapping proton and carbon dioxide electrocatalytic reductions at a Rh complex by in situ spectroelectrochemical NMR
	Mapping proton and carbon dioxide electrocatalytic reductions at a Rh complex by in situ spectroelectrochemical NMR
	Mapping proton and carbon dioxide electrocatalytic reductions at a Rh complex by in situ spectroelectrochemical NMR
	Mapping proton and carbon dioxide electrocatalytic reductions at a Rh complex by in situ spectroelectrochemical NMR

	Mapping proton and carbon dioxide electrocatalytic reductions at a Rh complex by in situ spectroelectrochemical NMR
	Mapping proton and carbon dioxide electrocatalytic reductions at a Rh complex by in situ spectroelectrochemical NMR
	Mapping proton and carbon dioxide electrocatalytic reductions at a Rh complex by in situ spectroelectrochemical NMR
	Mapping proton and carbon dioxide electrocatalytic reductions at a Rh complex by in situ spectroelectrochemical NMR
	Mapping proton and carbon dioxide electrocatalytic reductions at a Rh complex by in situ spectroelectrochemical NMR


