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Itis of interest to extend the reach of CO, and CO electrochemistry to

the synthesis of products with molecular weights higher than the C, and
C,seeninmost prior reports carried out near ambient conditions. Here
we present a cascade C,-C,-C, system that combines electrochemical
and thermochemical reactors to produce C,H,, selectively at ambient
conditions. Ina C,H, dimerization reactor, we directly upgrade the gas
outlet stream of the CO, or CO electrolyser without purification. We find
that CO, whichis present alongside C,H,, enhances C,H, dimerization
selectivity to give C,H,,to 95%, amuch higher performance than whena CO,
electrolyser is used instead. We achieve an overall two-stage CO-to-C,H,,
cascade selectivity of 43%. Mechanistic investigations, complemented by
density functional theory calculations reveal thatincreased CO coverage
favours C,H, dimerization and hydrogenation of *C,H, adsorbates, as
well as destabilizes the *C,H, intermediate, and so promotes the selective
production of the target alkane.

Itisimportant to identify routes that reduce greenhouse gas emis-
sions'in the production of a wide slate of industrially needed chem-
icals. These molecules of interest have a wide range of molecular
weights and enable the synthesis of fuels, plastics, pharmaceuticals
and fine chemicals®™*.

As one example, C, hydrocarbon synthesis today relies on cata-
lytic cracking, crude oil distillation and oligomerization under high
pressures (1-3 MPa) and temperatures (200-300 °C) (refs. 5-7)
(Fig. 1a)—processes that result in anthropogenic emissions of ~2 tCO,
per tonne of C, hydrocarbons®.

Renewable electricity-powered CO, electroreduction (eCO,RR)
represents, in principle, an approach to lower greenhouse gas emis-
sionsand produce C, chemicals and fuels’; however, the electrochemi-
cal production of C,, hydrocarbons has so far been limited to Faradaic
efficiencies (FEs) below 5% and current densities below 3 mA cm™
(Fig.1b)***1°, Inaddition, the mixture of products in the outlet stream
necessitates an energy-intensive separation to meet the industrial
purity standards for each hydrocarbon (99% purity)".

These considerations motivated us to explore routes to upgrade—
directly, without purification—the stream that emerges from the
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Cascade catalysis definitions

(1) Cascade selectivity = FE; ,; x C,H, conversion x dimerization selectivity
2Ma

(2) Total CO conversion into C4Ho (SPCCO,CAH‘Q) = SPCCO,CZHA x C,H, conversion x dimerization selectivity (C,H;o)

(3) Cascade product concentration (wt%) and cascade production rate (mM hr™")

Fig.1| Conventional pathway and cascade system for C, hydrocarbon
production. a, Conventional crude oil distillation to produce C, hydrocarbons,
especially C,H,,. b, Electrochemical systems to produce C, hydrocarbons at
ambient temperature and pressure: direct eCO,RR-to-C, (FEc, < 3%) generation
(top pathway) and cascade system upcycling at ambient conditions of the

by-products from eCO,RR into C, hydrocarbons (bottom pathway)). ¢, Schematic
of electrochemical-thermochemical cascade concept and efficiency definitions.
GC, gas chromatography; GC-MS, gas chromatography-mass spectrometry;

FE, Faradaic efficiencies; SPC, single-pass conversion.

electrochemical production of C,H,, one thatincludes the admixture
of C, (CO, and CO) and C,H, achieved in today’s best systems in the
ensuing catalytic conversioninto C, hydrocarbons",

Cascade systems explored previously include ones that permute
electrochemical, thermochemical and biochemical reactionsina CO,
upgrade to multicarbon products' . These, however, rely on harsh
reaction conditions (high temperature and pressure) and generate
by-products that necessitate costly separation”*?"*, Cascade elec-
trochemical and biochemical processe utilizes ambient reaction con-
ditions, but has so farled to alimited productivity of C, chemicals™ ™.

Here we reportacascade system that couples CO,or CO electroly-
sis with C,H, dimerization to produce C, hydrocarbons with a high
selectivity and C,H, conversion efficiency (Fig. 1b), allunder ambient
conditions. Adirect feed between the reactorsreduces the separation
costs in the system. We found that the presence of CO in the outlet of
the first stage promoted selective hydrogenation during the ensuing
C,H, dimerization stage. Connecting a CO electrolyser directly to a
liquid-phase C,H, dimerization reactor resulted ina43% cascade selec-
tivity towards butane (C,H,,), notably higher than thatinthe CO,elec-
trolyser.Implementing this full cascade CO-to-C,H,, systemachieved
a C,H, conversion of 97%, single-pass conversion of CO into C,H,,
(SPCco_c,n,,) 0f16.5%, and a C,H,, concentration of 30 wt%. We con-
clude with a discussion of other reactions in which the engineered

presence of CO may offer a useful degree of freedom that influences
electrochemical and thermochemical reactionsin the quest to produce
hydrocarbons of higher molecular weight.

Results

The effect of CO, versus that of CO onthe C,H, dimerization
reaction

Figure 1c describes the two-reactor (CO, or CO electrolyser and C,H,
dimerization) conceptandthe types of efficiencies derived fromeach
system performance. To upgrade directly amixed gaseous stream (CO,,
CO,H,and C,H,) from an eCO,RR stage as the inputinto a C,-producing
dimerization reactor, we first sought to explore the impact of CO,and
CO onmodulating C,H, dimerizationto produce C, hydrocarbons®***’,
We began by using a previously reported nickel-nickel-oxide-silica
composite (Ni-NiO-SiO,) catalyst (Supplementary Figs. 1-3; see
Methods and Supplementary Note 1 for details) for these dimeriza-
tion experiments>*'2%,

Wetracked the distribution of C,hydrocarbon selectivity across
aseries of humidified gas streams. These streams mimic the outlet
of eCO,RR and electricity-powered CO electroreduction (eCORR),
and provide a proton source (from H,0) (refs. 31-33) for various
C0,:C,H, and CO:C,H, ratios. The existence of CO,or CO and H,0 in
the C,H, gas stream did not affect the rate of C, synthesis at ambient
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Fig.2|Mechanisticinsights into highly selective C,H,, generation.

a, The C, selectivity at various ratios of humidified CO,and C,H,. Theerror

bars correspond to the standard deviation of at least three independent
measurements. Data are presented as mean values + standard deviation.b, The C,
selectivity at various ratios of humidified CO and C,H,. The error bars correspond

to the standard deviation of at least three independent measurements. Data are
presented as mean valueststandard deviation. ¢, Reaction energy diagram of
C,H, dimerization towards C,H,, (solid lines) and C,Hg (short dash lines) under
0 ML (beige) and 1/2 ML (blue) CO coverage, respectively.

conditions; however, the distribution of C, products relied entirely
ontheC,co-feed (Fig.2). C, distributions did not change significantly
with the CO,:C,H, ratio (Fig. 2a). In contrast, the C, dimerization
selectivity shifted dramatically to C,H,, and improved to 95% when
we modulated the CO concentration during the C,H, dimerization
reaction (Fig. 2b).

Mechanistic insights into selective C,H,, generation

To understand this phenomenon, we first studied, using chemisorp-
tion, the active sitesavailable to react with CO and C,H, on Ni-NiO-SiO,
composites. The C,H, uptake indicated that C,H, showed highly revers-
ible characteristics (Supplementary Fig. 4). Thus, we propose that C,H,
first physically covered much of the catalyst, rapidly detached and then
convertedinto one of several C, productsat1atm.In contrastto C,H,,
COisabsorbed onto the catalyst surface chemically and is thus able to
modaulate the C,H, dimerization reaction pathway”* %,

To further study selective C,H,, generation under a CO-rich
environment, we performed density functional theory (DFT) calcula-
tionsby modelling a 5-atomic-layer 2 x 3NiO(110) surface, astructure
informed experimentally from X-ray diffraction and transmission
electronmicroscopy-electronenergy loss spectroscopy (Supplemen-
tary Figs. 2 and 3). Invoking the Cossee-Arlman mechanism* ¢, we
divided the overall reaction pathway into two phases to describe C,H,
dimerizationinto the C, products ofinterest (C,H,,and C,H,) at differ-
ent CO coverages (Fig. 2c and Supplementary Figs. 5 and 6). The first
phaseinvolves a*C,H, adsorbed on aNisite hydrogenates to *C,H; that
couples toaneighbouring *C,H, adsorbate to form *C,H,. The second
phaseisthe reaction pathway branches, whichinclude 3-H elimination

of *C,H, to give 1-C,Hg (*C,H, > *C,H; + *H) and hydrogenation to give
C,Hyo ("C4Ho +*H > CyHyo%).

Inthe first phase, the activation energies of the first *C,H, hydro-
genation and the C-C coupling towards *C,H, at the 1/2 monolayer
(ML) CO coverage were 0.37 and 0.85 eV, respectively—both lower than
0.44 and 1.12 eV, respectively, at a 0 ML CO coverage. Thus, a higher
CO coverage favoured the formation of *C,H,. In the second phase, we
foundthatahigher1/2 ML CO coverage caused a higher 3-H elimination
activation barrier of 0.52 eV and *C,Hg desorption energy of 1.71 eV,
compared with 0.29 and 1.64 eV, respectively, at a 0 ML CO coverage.
When *C,H, was hydrogenated into C,H,,, the formation energy at a
1/2 ML CO coverage was 0.55 eV, whichis lower than1.78 eVataO0 ML CO
coverage. We thus found that the adsorbed *CO inhibits the formation
of C,Hgand facilitates the production of C,H,,.

Taken together, these findings suggest a possible reason why
C-Cbond formation may be preferred under a higher CO coverage
(Supplementary Table 1): the repulsive force between *CO and *C,H,,
destabilizes the adsorbed *C,H, and results in a weaker Ni-C bond-
ing. Additionally, the steric effect that results from the increased CO
coverage near the active sites favours the C-Cbond formation of C,H,
dimerizationand the hydrogenation of *C H,adsorbates****. Higher CO
coverage further destabilizes the *C,H, intermediate, afactorininitiat-
ing the hydrogenation mechanism and steering selectivity from the
C,Hg pathway to the C,H,, pathway. Future mechanistic studies using
microkinetic modelling will capture more fully the true steady-state
coverage as a result of adsorbate-adsorbate interactions, investiga-
tions that must account for both the temperature and partial pressure
of reactants.
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Construction of a cascade system for C,H,, production

Figure 3a describes the cascade system to C, hydrocarbons, a spatially
decoupled electrochemical-thermochemical system. For the electro-
chemical reactor, we explored both eCO,RR and eCORR membrane
electrode assembly (MEA) electrolysers (using conditions optimized
for the C,H, FE and single-pass conversion (SPC) (Methods and Sup-
plementary Note 2)) that directly fed a C,H, dimerization reactor, our
goalto explore the CO-induced hydrogenation mechanismfor selective
C,H,o production.

We define cascade selectivity (Fig. 1c) as the fraction of electrons
(which are transferred only in the first stage) that go to the ultimate
production of C,H,,. This is equal to the product of the FE to C,H, in
the first stage with the conversion (of C,H, into C, products) in the

second stage, further multiplied with the selectivity (among the C,
products) inthe production of the desired C,H,, product (equation (5)).
We also calculated the cascade production rate (mM h™) of C, hydro-
carbons (C,H,,and C,Hg) to quantify the absolute output of the cascade
eCO-to-C, system.

We first compared eCORR versus eCO,RR in the first stage and
showed thateCORR (see FE in Fig. 3b) was slightly more selective for H,
and C,H, production at 100 mA cmthan eCO,RR. We fed each unpu-
rified C,H, gas stream into the dimerization reactor, and found that
eCO,RRled toabroad mixture of C, hydrocarbons (dimerization selec-
tivities: 43% iso-C,Hg, 29% C,H,, 17% 1-C,Hg and 11% 2-C,H,), whereas
eCORRachieved adimerization selectivity of 95% (cascade selectivity of
43%)to C,H,, (Fig. 3c, Supplementary Figs. 7 and 8 and Supplementary
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b, Cascade selectivity and total CO conversioninto C,H,,at 100 mA cm2under
various CO flow rates. ¢, Cascade selectivity and cell potential at various operating
current densities under a constant CO flow rate of 5 sccm. d, Cascade selectivity of
C,H,, and cell potential for 40 h of continuous reaction. e, Comparison of cascade
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selectivity and C,H, conversion to C, hydrocarbons between the new and recycled
catalysts. f, Recycling performance of the eCO-to-C,H,, system. On completion

of one day of continuous reaction, the eCORR MEA electrolyser was replaced,

and anew cycle of electrolysis was initiated accordingly for C,H, dimerization
with the same solvent and catalyst. In all figures, the data are presented as mean
values * the standard deviation of three independent samples.

Table 2). As identified in our initial focused study (Fig. 2a,b), the pri-
mary difference is the composition of the unreacted balance of the gas
stream that emerges from the first reactor (Fig. 3d,e). Strikingly, the
ratio of C,H,, to C,Hg (sum of the isomers) is inverted when we move
from the eCO-to-C,H,-to-C, system to the eCO,-to-C,H,-to-C, system
(Fig. 3f). Thisresult agrees with the picture (Fig. 2) that CO modulates
the hydrogenation reaction and steers towards C,H,, production.

We tracked the concentration of H, both at the outlet of the elec-
trolyser (position (i), Fig. 1c) and at the outlet of the cascade system
(position (ii), Fig. 1c). This study enabled us to investigate the role of
H, in the dimerization reaction. We found that after one hour, 57% of
H, (position (i), 60 mM; position (ii), 26 mM) was consumed in the
dimerization reactor to produce C,H,,. This result indicates that the
continuous supply of H, from the electrolyser supplied protons (H,
and *H) for C,H, dimerization into C,H,.

Cascade eCO-to-C, system with a high C,H,, productivity

Inlight of this picture of CO as a promoter, we sought to optimize fur-
ther the cascade eCORR-to-C,H,-to-C,H,, system with high a C,H,,
productivity and C,H, conversion (Supplementary Figs. 9-12 and Sup-
plementary Note 2). Increasing the proportion of CO in the gas feed
further resulted in a decrease in C,H, conversion to 80% (Fig. 4a). We
supplied 60% of unreacted CO (amoderate eCORR condition given the
trade-off between FE and the SPC of CO, Supplementary Fig.11) at the
outlet gas stream of the eCORR reactor to ensure the selective C,H,
dimerizationto C,H,,. By optimizing the flow rate and current density
of the CO electrolyser, we achieved a product yield of 94%, cascade
selectivity of 43% and SPC¢o_c,u,, 0f 16.5% at a current density of
100 mA cm~2and a CO flow rate of 5 sccm (Fig. 4b,c and Supplementary
Fig.12). Thisresultindicates the controlled translation of the reaction
environment between pristine C,H, dimerization (Fig. 2b) undera CO/

C,H, ratio of 3.5 and the directly connected cascade
eCORR-t0-C,H,-to-C,H,,. At the limit, we found that a catalyst achiev-
ing a perfect FE (C,H,) at a flow rate of 4.3 sccm would maximize the
performance (that is, cascade selectivity) in theory by achieving an
optimal CO/C,H, ratio greater than 3.5.

We evaluated the operating stability of eCO-to-C,H,-to-C,H,, sys-
tem at 100 mA cm2 (Fig. 4d). The system maintained a stable full-cell
potential of —2.45 + 0.05 V over 40 hours of continuous operation, keep-
inganaverage C,H,, cascade selectivity of 41%. Transmission electron
microscopy and energy-dispersive X-ray spectroscopy on postreaction
catalysts revealed that the Ni-NiO-SiO, catalyst retained its structure
(Fig. 4d inset and Supplementary Fig. 13).

We also assessed whether the Ni-NiO-SiO, catalyst was reus-
able (Fig. 4e). The cascade selectivity to C,H,, and C,H, conversion
on the recycled catalyst recovered to 90% compared with those of
the new catalyst. From X-ray photoelectron spectroscopy (XPS) and
Fourier transforminfrared spectroscopy (FTIR), we checked whether
the chemical state and functional group had changed (Supplementary
Figs. 14 and 15 and Supplementary Table 3): Ni** features were well
maintained after 40 hours of C,H, dimerization (Supplementary Notes
3 and 4) (refs. 35-38). Ultimately, we observed a consistent cascade
selectivity of C,H,, and C,H, conversion over ten continuous cycles,
which corresponded to ten days.

Carbon footprint and energy assessment for C, production

Using experimental data (voltage, current density and FE) as our
input, we evaluated the energy intensity and cradle-to-gate carbon
footprints of C,H,, production with assumptions (as described
in Nabil et al.*®) appropriate for a technology-readiness level of 2
(refs. 38-40) for eCO,RR to C,H, followed by C,H, dimerization
to C, (system 2) versus solid oxide electrolyser cell (SOEC)-based
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CO,toeCOtoC, (system 3). For the electrochemical processes, we considered
renewable wind electricity with a carbon footprint of -7 gCO,e kWh™. The
potential carbon footprints were estimated using experimental data as our
inputs (Supplementary Table 10 and Supplementary Note 8).

CO,-to-CO conversion with electrochemical CO reduction to C,H,
and C,H, dimerization to C, (system 3).

We assessed the energy intensity of producing C,H,, via two cas-
cade systems atideal and base-case scenarios (Supplementary Fig.16a,
Supplementary Tables 4 and 5 and Supplementary Notes 5 and 6). In
addition, we calculated energy demands based on experimental data
asourinputs; systems2and 3 required 322 and 181 GJ, respectively, to
produce one tonne of C,H,, (Fig. 5a). These energy costs are primar-
ily allocated to the electricity driving the electrochemical reactions
(Supplementary Tables 4-6).

To compare with conventional C,H,, production, we examined
commercial-scale (technology-readiness level of 9) liquefied petroleum
gas (LPG) production, whose primary constituent is C,H,, (system 1)
(ref. 41). In the literature, the cradle-to-gate carbon footprint of LPG
is ~4.2 kgCO,e kg™ LPG (LPG has an energy density of 49.1MJ kg™)
(refs.38,41). For the electrochemical systems studied here, assuming
anelectricity carbon footprint of -7 gCO,e kWh™ (ref. 42) (wind power),
systems 2 and 3 are projected to have carbon footprints of 0.60 and
0.34 kgCO,e kg™ C,H,,, respectively (Fig. 5b, Supplementary Fig.16b,
Supplementary Note 8).

Conclusions

The cascade eCO-to-C,H,, system reported here achieves a cascade
selectivity of 43%, C,H,, concentration of 30 wt% and cascade produc-
tion rate of 24 mM h™ to C,H,,. Compared with prior cascade systems
and single-step electrochemical systems, this electrochemical-ther-
mochemical system offers a renewable-electricity-powered pathway
for selective C,H,, at ambient conditions while avoiding separation
costs between two reactors.

DFT calculationsindicate that increased CO coverage on NiO(110)
surfaces promotes the C-C bond formation of C,H, dimerization and
the hydrogenation of the *C,H, adsorbates, as well as destabilizes the
*C4H,, whichis akey intermediate in differentiating the C,H,, and C,Hg
pathways. The mechanism understanding enables us to utilize the side
product of CO fromthe CO, electroreductionreaction and the design
ofthe electrolysis—-thermocatalysis cascade system, which offers one
avenueto extend the reach of electrically powered CO, upcyclinginto
the direction of products of higher molecular weight.

Thebroader concept of taking aproduct stream from electrocata-
lyticreactorsand directly upgrading it further holds potential relevance
incarbonylationreactions (hydroformylation, alkoxycarbonylationand
aminocarbonylation) inwhich COis consumed asa co-reactant,andin
reactions, such as the Fischer-Tropsch and syngas-MeOH-aromatics
ones, in which unreacted CO is aselectivity modulator.

Methods

Materials

All chemicals were used without further purification. Commercial
NiO and copper (25 nm particle size) catalysts were purchased from
Sigma-Aldrich. Nickel(lll) nitrate hexahydrate (Ni(NO;),-6H,0), sodium
borohydride (NaBH,), tetraethyl orthosilicate, perfluorosulfonic
acid ionomer (Aquivion D79-25BS) and diethylaluminium chloride
solution were also purchased from Sigma-Aldrich. The gas diffusion
layer (hydrophobic and porous carbon paper, Sigracet 22B) and anion
exchange membrane (Fumasep) were purchased from Fuel Cell Store.

Synthesis of C,H, dimerization catalysts

For the C,H, dimerization, we used Ni-NiO-SiO, composites as the
catalyst. Heterogeneous Ni/NiO nanoparticles were prepared by the
precipitation method. In a single cell, 112 ml of ethanol and 48 ml of
deionized water were mixed well at 30 °C. Then, 3 g of (Ni(NO,),-6H,0)
wasadded to the solution, and the resulting ink was stirred until com-
pletely dissolved. After the dissolution of Ni(NO;),-6H,0, sodium
borohydride solution (sodium borohydride dissolved in water) was
quickly added. Thereaction was stopped on completion of stirring for
1h.Thesolutionwas then centrifuged, washed with ethanol and dried
under vacuum at 80 °C overnight prior to performance testing. For the
synthesis of Ni-NiO-SiO,, an additional step was included after the
dissolution of nickel nitrate:1 ml of tetraethyl orthosilicate was added
dropwiseto the reaction vessel, and the resulting ink was continuously
stirred for 2 min (ref. 43).

Electrode preparation for eCORR

For the eCORR experiments, we used Cu-based gas diffusion electrodes
prepared by spray depositing an ink composed of Cu nanoparticles,
perfluorosulfonic acid ionomer (Aquivion D79-25B) and methanol
ontoahydrophobicand porous carbon paper (Sigracet 22B). The cata-
lystloading was 1 mg cm™2. The mass ratio (wt%) between theionomer
and catalyst was 20%. The GDEs were dried overnight under avacuum
before performance testing.

Characterization of the catalysts

The morphologies of the Ni-NiO-SiO, and Cu catalysts were character-
ized by field emission scanning electron microscopy (Hitachi SUS000,
MERLIN Compact, JEISS). X-ray diffraction (Rigaku MiniFlex600) pat-
ternswere collected using a CuKa radiation source. Surface composi-
tion was analysed with XPS (ThermoFisher Scientific K-Alpha) using Al
Ka X-ray radiation. XPS spectra were calibrated with the C 1s peak at
284.5 eV. FTIR spectroscopy (ThermoFisher Scientific Nicolet iS50)
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was conducted to analyse the chemical state and functional group of
Nifor the Ni-NiO-SiO, catalyst. Chemical structures of the electrolytes
were analysed witha 600 MHz Agilent DD2'H NMR and *C NMR spec-
trometer. All the NMR samples were prepared in D,0 with a dimethyl
sulfoxide or deuterated chloroform.

eCORR and product analysis

The eCORR experiments were performed using anelectrochemical test
station connected to a potentiostat and a current booster (Metrohm
Autolab, 10A). The station was composed of acommercially available
MEA cell (Dioxide Materials), a mass flow controller (Sierra, Smart-
Trak100), a humidifier, a peristaltic pump with asilicon tubing and an
anolyte container. The anodic and cathodic flow-field plates were made
oftitaniumand stainless steel, respectively, and each had ageometric
flow-field area of 5 cm? The flow channels grooved into the anodic
and cathodic flow-field plates were responsible for distributing the
aqueous anolyte (KOH) and humidified CO through the anode and
cathode electrodes, respectively. During the assembly, the anode and
cathode electrodes were placed in their respective chambers, physi-
cally separated by an anion exchange membrane, and then assembled
by applying an equal compression torque of 20 Nm to the bolts. The
preparation of the anode electrodes involved (1) etching the titanium
felt (Fuel Cell Store) in 6 M HCl at 75 °C for 40 min, (2) rinsing the tita-
nium felt with deionized water for 10 min, (3) immersing the titanium
felt into an ink that containing iridium(lll) chloride hydrate (99.99%,
metals basis, Ir 73%, Alfa Aesar), HCl and n-propanol and (4) drying
andsintering the resulting electrodes at 100 and 500 °C, respectively,
for 20 min. These steps were repeated until a final iridium loading of
1.5 mg cm2wasachieved. We activated the anion exchange membranes
in1 MKOH for at least 48 h and rinsed with deionized water for 15 min
before performance testing. The anodic chamber was fed with1 MKOH
at a constant flow rate of 15 ml min™, whereas the cathodic chamber,
unless otherwise stated, was fed with humidified CO ata constant flow
rate of 5 sccm. Concurrently, we applied a constant current density of
100 mA cm, We collected the CORR gas products from the cathodic
streaminal mlvolume using a gas-tight syringe (Hamilton chromatog-
raphy syringe). We collected the eCORR products at least three times
foreach applied current density with proper time intervals. Then, the
gassamples were theninjected intoa GC (PerkinElmer Clarus 680). The
GCwas equipped with a flame ionization detector, a thermal conduc-
tivity detector and packed columns. The peak areas of the GC spectra
were used to calculate the FE towards H, and C,H,. The C,H, FEs are
presented witherror bars that correspond to the deviation fromthree
independent measurements.

Cascadereaction and product analysis

C,H, dimerization, unless otherwise stated, was performed inasingle
vessel at room temperature and room pressure. The catalysts and
toluene were continuously stirred in the reactor. Concurrently, a
diethylaluminium chloride solution was dropped in as an activator.
After 30 min, we collected the gas products from the outletin a1 ml
gas-tight syringe (Hamilton chromatography syringe). We collected
the C,H, dimerization products at least six times at appropriate inter-
vals. The gas samples were then injected into a GC-MS (PerkinElmer
Clarus 680, Supplementary Table 2). The GC was equipped with aflame
ionization detector, a thermal conductivity detector and a capillary
column. The peak areas of the GC spectra were used to calculate the
FE towards C, products.

Chemisorption analysis

CO and C,H, chemisorption uptakes were measured using a volu-
metric adsorption-desorption apparatus at 313 K with 0.01-13 kPa
of either gas. In each case, 300-500 mg of the catalyst was placed
insideaquartzreactor and exposed to vacuum (Pfiffer, HiPace 80 con-
nected to a Pfeiffer, MVP 015-2 backing pump) for 12 h to remove any

impurities from the surface. Subsequently, the CO and C,H, uptakes
were measured using 1-3-pmol pulses of either gas with 10-15 min
intervals and the equilibrium pressure recorded (MKS, 120A baratron,
dual mode, 0-13 kPa pressure range, £0.12% accuracy). After 13 kPa
was reached, the samples were dynamically vacuumed at 313 K for
30 min, and another set of pulsing using the same gas (CO/C,H,) was
performed while recording the pressure at 5 minintervals. The first set
of uptakesistermed asthe total uptake and the second set asthe revers-
ible uptake. The difference between the total and reversible uptakes
istheirreversible chemisorption uptake. Isotherms were constructed
using the calculated adsorption amount versus the equilibrium pres-
sure at each pulse.

DFT calculations

All the DFT calculations were performed with the Perdew-Burke-
Ernzerhof exchange-correlation functional within the generalized
gradient approximation** as implemented in the Vienna ab initio
simulation package (VASP)****%, The projector-augmented wave
method***’ was applied to describe the electron-ion interactions
with a cutoff energy of 450 eV for the plane-wave basis set. All the
configurations were optimized using a force-based conjugate
gradient algorithm until the electronic self-consistent energy and
force were less than 10 eV and 0.02 eV A™. The DFT-D3 method of
Grimme et al. with a zero-damping function®® was employed to add
the van der Waals dispersion energy correction termon the adsorb-
ates. Avacuum layer of more than15 Awas added in the perpendicular
direction to avoid any artificial interactions, which result from the
periodicimages. A 5-atomic-layer 2 x 3NiO(110) surface was chosen
to calculate the energies and locate the transition states for all the
calculations. Brillouin zone integration was accomplished using the
3 x 3 x1k-point meshes generated by the Monkhorst-Pack scheme.
Here we used the climbing image nudged elastic band method> with
the energy and force criteriaof 10 eVand 0.05 eV A™, respectively,
to search the possible transition states in the overall reaction by
applying the vasp-vtst tool. All the Cartesian coordinates of the
optimized atoms models in the DFT calculations are found in the
Supplementary Information.

Calculation of efficiencies for eCO,RR and eCORR
The FEstowards C,H,and H, from eCORR were calculated by using the
correlationin equation (1) (refs. 52,53). The FE describes the efficiency
with which charge (electrons) is transferred in asystem that facilitates
anelectrochemical CO,or COreaction. For C,H, production from CO,
or CO, 12 and 8 electron transfers are required, respectively:

FE = l'a _ nuUCOICo‘F

Liotal

@

itotal Vm

wherei,isthe partial current toward product o, i, is the total current,
n,isthe number of electrons required to produce 1 mol of product «,
Uco, is the CO, flow rate at the cathode outlet, C, is the concentration
of product «, Fis Faraday’s constant and V,, is the unit molar volume
under room conditions.

The SPC efficiency of CO,/CO to C,H, was calculated using equa-
tion (2) (ref. 54).SPCindicates the percentage of reactant converted per
total reactant input. It is a critical factor of a CO, and CO electrolyser
because a high SPC can minimize the capital and operational separa-
tion costs:

_ (Jx60s
SPC_< NE

) = (ﬂow rate (l min_l) X l(min)) / (24.05 (l mol_1>) 2)

wherejis the partial current density toward C,H,, sis seconds and Nis
the number of electron transfers for every molecule of product. The
SPC towards C,H, was calculated at 25°Cand 1 atm.
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Efficiencies for dimerization reaction
Dimerization selectivity (the ratio of specific product and all of the
products) was defined using equation (3) (refs. 6,13):

Dimerization selectivity (%) =

3

moles of carbon in a specific group of product(C4H,o or C4Hg)

x 100

moles of carbon in the overall detected hydrocarbons
The C,H, conversion into C, hydrocarbons was calculated using
equation (4) (ref.13):

C,H, conversion (%) =

@)

molar flow rate of C;H, in—molar flow rate of C;H, out %« 100
molar flow rate of C,H, in

Efficiency of cascade eCO-to-C, system
The cascade selectivity (CO-to-C,H,-to-C,H,) was calculated using
equation (5):

Cascade selectivity (%) = FEc,n, x C;H,conversion x dimerization selectivity

()]

Thetotal SPCco_c,n,, Was calculated using equation (6):

SPCco-_c,n,, (%) = SPC(C,H,4) x C,H, conversion x dimerization selectivity

(6)

The product yield was calculated using equation (7) and applied
inequation (6):

@

Productyield (%) = C,H,conversion x dimerization selectivity

The cascade production rate (mM h™) was calculated using equa-
tion (8):

Cascade production rate = produced amounts of C,H;, = reaction time
(8)

Data availability

Source data are provided with this paper. All other data that support
the findings of this study are provided with the paper and its Supple-
mentary Information files. All the datain the study are available from
the corresponding author upon reasonable request.
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