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Beyond C-C couplingin CO, reduction

Yuting Xu & Fanglin Che

Directing CO, electroreduction toward a
single C, product poses challenges because
the reaction mechanismis unclear. Now,
oxygen affinity is identified as a potential key
descriptor to manipulate the selectivity of
ethylene versus ethanol.

Reducing carbon emissions by electrechemically converting CO toa
value-added product{s) supports the world's transition te clean energy
Cu-based catalysts inelectrochemical CO, reduction reactions (CO,RR)
have received the mast attention because they are cost effective and
can afford valuable multi-carkon products (C), such as ethylens {C,H,)
and ethanol (C,HOH), via C-C coupling’. However, the mechanism Lo
control the post-C-C coupling pathway remains unclear, inhibiting the
selectivity toward a specific C; product. Such challenges arise from the
high computational costs associated with predicting the complex reac-
thonnetwaorks of COLRR toa single C, product over structure-sensitive
catalysts under electrochemical operating conditions’, and the inability
toprobe the key C, intermediates during the post-C-C coupling steps
using state-of-the-art operando technologies’.

Mow, writing in Mafure Chemical Engineering, Shize Yang, Thomas
senfitle. Jingjle Wuand colleagues intreduce a generalizable concept —
tuning oxygen affinity — to direct post-C-Ceoupling selectivity toward
C,H,or CHOH (ret. 5). Tosupport this concept, the work closely inte-
grates atomic-scale calculations within sitwexperiments. For this work,
the authors assume that the selectivity-derermining step of post-C-C
coupling is the C-0 bond cleavage in the key selectivity-determining
intermediate of *CHCHO (Fig. Ta), They then dope the noble-metal
single site into Cu(thatis, M-Cu, M =Rh, Ir. Bu, Pd. Au and Ag) totune
the favorability of the C-0'bond scissionin the selectivity -determining
incermediare and manipulace the C, selectivity™,

Compared with the pristine Cu, the stronger oxygen binding
strength on the M-Cu (M =Rh, Ir and Ru) surface favors the cleavage
of the C-0 bond in the *CH,.CHO intermediate, preducing CH, and
leaving *0. When the *0binding strengthis too strong, such as RBu-Cu,
the high oxygen affinity leads to catalyst poisoning by *0, By contrast,
the weaker oxygen hinding strength onthe M-Cu {M=Pd, Ag and Au)
preserves the C-0 bond in *CH,CHO, preferentially ferming CHAOH.
Thus, the cxygen affinity tunes the ratioof C,H, to CH.OH productiv-
ity. Taken together, the atomic simulation predicts that the Rhdopant
presents the hest selectivity of COLRR to O, H,.

The performanceof a series of M-Cu catalysts for CORR was evalu-
atedina MNow cell, Experimental results agree with thetheoretical pre-
diction, revealing avolcano-like relationship between the CH/CHOH
Faradaic efficiency (FE) ratios and the oxygen affinity across various
M- Cucatalysts (Fig. 1h). The Rh-Cu catalyst exhibits the highest CHLS
O H;OHFE ratio of approximately 450 at -0,66V versusreversible hydro-
gen electrode (RHE} and maintains an CH, FEof approximately 61% for
at least 35 hounder a total current density of approximately L A em ™=,
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Fig. 1| Oxygenaffinity as a descriptor for ethylene versus ethanol selectivity.
a. Schematic ilustration of branching pathways (o CHC H.OH remthe
*CH,CHO imtermediate a8 the selectivity-determining imermediate, b, A volcano-
shaped correlation berween experimentally measured C,HC H0H FE ratias
and thecretically calculated relative adsorpion energy of "0 drederring to the
pristine Cu as 0 e, Figure sdapted with permission fromeref, 5, Springer Mature
America, Inc,

Furthermore, through collectively promoting both initial and post-
C-C coupling steps, a Zn0y/Rh-Cu tandem electrode in a membrane
clectrode assembly (MEA) cell reaches a C,. FE of 85.4% and C,H, FE
of 68 8% with a C,H, partial current density of =14 cm . In situ Raman
spectroscopy and ethylene oxide reduction reaction measurements
validate that the oxygen affinity of M-Cu catalvsts indeed modulates
the adsorption of key selectivity-determining intermediates and *0
intermediates, steering the reaction pathway to a specific C, product
at the post-COLRE stages.,

Inrecent years, many papers have een published on caralvst
design for boosting C-C coupling o form C,, products from CO,RA,
However, the post-C-C coupling process to tune a single C, product
has remained relatively unexplored; thisis what makes this approach
s intriguing. The authors further envision that engineering oxygen
affinity can benefit ather reactions that involve the axvgen-bound
intermediates, suchas CORR 1o formate and methanol, and ethylens
oxide reduction to ethylene.

Diespite the advances from this study and others inthe field, there
is still much to learn abhour CO,RR, For example, it is not feasible to
screen structure-sensitive catalyses in a vast chemical space for com-
plex reaction networks, such as CO,RK 1o C,,, under real operating
conditions using atomic-scale simulations (for example, consider-
ing electrolyte, selvation and applicd potential). Physics-informed,
interpretable machineg learning opens a path toward developing new,
dizruptive computational technologies to accelerate and thoroughly
explore large complex reaction networks over chemical spaces for an
effective identification of promising material candidates . Inaddition,
understanding the transport processes coupled with chemical reaction
kinetics is important for scaling up CO,RR. Future investigations on
multi-physics modeling combined with multi-scale simulations can
guide the rational design of catalysts, reactors and operating condi-
tions via potentially providing physically correct representations,
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such as product current densitics at different cell voltages, local pH
amd COCO partial pressure”, Mevertheless, the work of Yang, Senftle,
Wu and colleagues provides a gemeral descriptor, oxygen affinity, to
manipulate ethylene versus ethanol selectivity during the post-C-C
coupling process in CO,RR.
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