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Efficient multicarbon formation in acidic CO2 
reduction via tandem electrocatalysis
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Cong Tian    1, Byoung-Hoon Lee1,4, Xinyue Wang1, Shijie Liu2, Qingyun Qu5, 
Sasa Wang1, Yi Xu    2, Rui Kai Miao    2, Yong Zhao    2, Yanjiang Liu1, 
Chenyue Qiu6, Jehad Abed    1, Hengzhou Liu7, Heejong Shin7, 
Dingsheng Wang    5, Yadong Li    5, David Sinton    2 & Edward H. Sargent    1 

The electrochemical reduction of CO2 in acidic conditions enables high 
single-pass carbon efficiency. However, the competing hydrogen evolution 
reaction reduces selectivity in the electrochemical reduction of CO2, a 
reaction in which the formation of CO, and its ensuing coupling, are each 
essential to achieving multicarbon (C2+) product formation. These two 
reactions rely on distinct catalyst properties that are difficult to achieve in 
a single catalyst. Here we report decoupling the CO2-to-C2+ reaction into 
two steps, CO2-to-CO and CO-to-C2+, by deploying two distinct catalyst 
layers operating in tandem to achieve the desired transformation. The 
first catalyst, atomically dispersed cobalt phthalocyanine, reduces CO2 
to CO with high selectivity. This process increases local CO availability 
to enhance the C–C coupling step implemented on the second catalyst 
layer, which is a Cu nanocatalyst with a Cu–ionomer interface. The 
optimized tandem electrodes achieve 61% C2H4 Faradaic efficiency and 
82% C2+ Faradaic efficiency at 800 mA cm−2 at 25 °C. When optimized for 
single-pass utilization, the system reaches a single-pass carbon efficiency 
of 90 ± 3%, simultaneous with 55 ± 3% C2H4 Faradaic efficiency and a total 
C2+ Faradaic efficiency of 76 ± 2%, at 800 mA cm−2 with a CO2 flow rate  
of 2 ml min−1.

Alkaline and neutral electrolytes are used to suppress the hydrogen 
evolution reaction (HER) and facilitate C–C coupling in the electro-
chemical CO2 reduction reaction (CO2RR)1–7. Unfortunately, in this case, 
over 75% of the input CO2 is lost chemically by reacting with hydroxyl 
ions (OH−) to form (bi)carbonates, the result of high local alkalinity 
at the cathode8–12. This lowers the single-pass conversion efficiency 

(SPCE) of CO2 and imposes an energetic penalty to recover the lost 
CO2 reactants13–16.

Using acidic electrolytes for the CO2RR can improve CO2 utilization 
by reducing (bi)carbonate formation and CO2 crossover17–20; however, 
the kinetically more facile HER typically outcompetes the CO2RR in 
acidic media, leading to poor CO2RR selectivity21–23.
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cobalt phthalocyanine (CoPc/C; synthesis details in the Methods). 
This catalyst has shown excellent CO selectivity in alkaline conditions4. 
Unfortunately, we found in early experimental studies that simply 
transferring this CoPc/C catalyst did not result in high selectivity in 
acidic conditions (Supplementary Figs. 4 and 5). Its FE was limited to 
70% CO. This performance declined rapidly over the course of 2 hours. 
Using high-resolution transmission electron microscopy (TEM), we 
observed Co agglomeration, indicating the primary cause of this selec-
tivity loss: the agglomeration of CoPc, triggered by the desorption of 
CoPc from the support surface (Supplementary Fig. 6).

We posited that a uniform dispersion of CoPc molecules on a 
strongly interacting support could enable a higher initial FE to be 
achieved and maintained over the course of catalyst operation. 
This motivated us to pursue CoPc atomically dispersed on a hol-
low carbon (HC) support (CoPc@HC), where the individual CoPc 
molecules are anchored to the support. The support we obtained 
through the pyrolysis of a core–shell composition (ZIF-8@PZS) of 
poly(cyclotriphospazene-co-4,4′-sulfonyldiphenol) (PZS) coated onto a 
zeolitic imidazolate framework (ZIF-8; Supplementary Fig. 7 and Fig. 2a;  
details are in the Methods). The CoPc@HC catalyst has a hollow 
morphology and no evidence of CoPc agglomeration (Fig. 2b,c and 
Supplementary Fig. 8). High-resolution Z-contrast images substan-
tiate the atomic dispersion of Co species, as indicated by the indi-
vidual bright dots associated with the Co centres of CoPc molecules  

We pursued strategies that would promote selective C2+ formation in 
acidic conditions. It is held that high CO coverage assists in C–C coupling; 
however, we first checked that the forward rate of C–C coupling could 
indeed be promoted by a high presence of CO. Using density functional 
theory (DFT) we studied the reaction energetics of the CO2RR on Cu, 
noting the dependence on the surface concentration of the reaction 
intermediates (that is, CO) and the adsorbed H (H*; * indicates a surface 
site)22,24–26. We found that greater CO coverage on Cu reduces the Gibbs 
free energy of H adsorption (ΔGH*), thus leading to a predicted increase in 
the HER overpotential27–29 (Fig. 1a and Supplementary Figs. 1–3). We also 
saw that a lower energy barrier for the C–C coupling reaction appears 
at greater CO coverage on Cu (Fig. 1b). Experimentally, we switched the 
input gas from CO2 to CO and found increased C2H4 and C2+ production 
and decreased H2 Faradaic efficiency (FE; Fig. 1c). These computational 
and experimental results motivated us to seek routes to generate a high 
local concentration of CO on the catalyst surface.

Noting that to achieve each goal—first CO generation and then C–C 
coupling—relies on very distinct catalyst properties30–35, we pursued a 
spatially decoupled strategy, that is, a tandem approach (Fig. 1d,e). We 
employed one catalyst optimized for the first chemical transformation 
of CO2 to CO, and a distinct (but proximate, at the nanoscale) second 
catalyst for CO to C2+.

To implement the first step—CO2 to CO in acidic media—we began 
with a known high-rate high-selectivity catalyst: carbon-supported 
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Fig. 1 | The spatially decoupled strategy for acidic CO2RR via tandem 
catalysis. a, Reaction free energies for H* intermediate formation on the Cu 
surface under different CO coverages. ML, monolayer. b, Energy profiles for 
initial states, transition states (TSs) and final states of CO dimerization on the 
Cu surface under different CO coverages. c, FE values of H2, C2H4 and C2+ on the 
Cu electrode in the CO2RR and CORR at different current densities in an acidic 

buffer electrolyte of 0.5 M H3PO4 and 0.5 M KH2PO4 with 2.5 M KCl. Values are 
means, and error bars represent the standard deviation from three independent 
measurements (n = 3). d, Schematic of the ion transport and reactions in the 
acidic CO2RR system. PEM, proton exchange membrane. e, Schematic illustration 
of the spatially decoupled strategy via tandem catalysis in the acidic CO2RR 
system, showing CO2 transport in the acidic CO2RR system.
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(Fig. 2d, Supplementary Note 1 and Supplementary Fig. 9). A strong  
catalyst–support interaction, to reduce Co agglomeration, is evidenced 
in X-ray absorption spectra that show a shift of the Co K edge of CoPc@
HC to a higher-energy position, accompanied by an increase in the 
white-line peak intensity compared to the case of unsupported CoPc. 
These observations suggest an electronic interaction between CoPc 
and the N species on the HC support (Fig. 2e,f as well as Supplementary 

Note 2, Supplementary Figs. 10–16 and Supplementary Table 1). 
Brunauer–Emmett–Teller measurements show that CoPc@HC exhibits 
a Brunauer–Emmett–Teller surface of 1,087 m2 g−1 (Supplementary  
Fig. 17), something that we propose may facilitate mass transport of 
CO2 gas and intermediates.

The CoPc@HC catalyst produced a CO FE of 94% and H2 FE of <3% 
at 300 mA cm−2 (Fig. 2g). This was retained to within 3% relative to 
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Fig. 2 | Synthesis and structural analysis of atomically dispersed CoPc@HC. 
a, Schematic illustration of the synthesis process of CoPc@HC. ZIF-8@PZS is a 
core–shell composition of PZS coated onto ZIF-8. b, SEM image of CoPc@HC. 
c, High-angle annular dark-field scanning TEM (HAADF-STEM) image and the 
corresponding energy dispersive spectroscopy mapping images (Co, yellow;  
C, blue; N, dark green; P, green; S, orange) of CoPc@HC. d, Aberration-corrected 
HAADF-STEM image of CoPc@HC. The individual bright dots marked by yellow 
circles are associated with the Co centres of CoPc molecules. e, Co K-edge X-ray 

absorption near-edge structure (XANES) spectra of CoPc@HC and reference 
samples (Co foil, CoO, Co3O4, CoPc). f, Magnitude of Fourier-transformed Co 
K-edge extended X-ray absorption fine structure spectroscopy (EXAFS) spectra 
of CoPc@HC and reference samples. χ(k) is the extracted EXAFS signal, k is the 
photoelectron momentum and R is the radial distance without phase correction. 
g, Comparison of CO FE on CoPc@HC electrode and CoPc/C electrode in acidic 
CO2RR in an acidic buffer electrolyte of 0.5 M H3PO4 and 0.5 M KH2PO4 with 2.5 M 
KCl in a flow cell at 25 °C.

http://www.nature.com/naturenanotechnology


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-023-01543-8

the initial value over 12 h of operation at 300 mA cm−2 (Supplemen-
tary Figs. 18–20). Structural characterization of the used CoPc@HC 
catalyst after a 12 h stability test showed that the structure of CoPc was 
well-preserved (Supplementary Fig. 21). These performance metrics 
exceed those of previously reported CO2-to-CO catalysts in acidic 
media (Supplementary Table 2).

We then turned our attention to the tandem catalyst, one that 
would unite on a single support the CO2–CO and the C–C coupling steps. 
Reasoning that CO, with its low solubility in aqueous electrolyte, would 
not dissolve efficiently therein, we placed the CO-producing layer on 
top such that a CO concentration gradient, from the CO-producing 
layer to the C–C coupling catalyst layer, would be generated. This, we 
posited, could drive CO downwards, through the C–C coupling catalyst 
layer, to promote the desired reaction sequence and local enrichment.

With this in mind, we designed a tandem electrode consisting of 
the C–C coupling catalyst followed by an upper layer of CO2-to-CO 
catalyst as described above. We first added the CoPc@HC catalyst 
on the top of the sputtered Cu (sCu) layer to construct a CoPc@HC/
sCu tandem electrode. We evaluated its acidic CO2RR performance 
using a flow cell electrolyser in a buffered acidic electrolyte contain-
ing 0.5 M H3PO4, 0.5 M KH2PO4 and 2.5 M KCl. The dominant product 
generated by the CoPc@HC/sCu tandem electrode was CO, and the 
FE to C2+ reached a maximum value of 36% at 200 mA cm−2. A further 
increase in current density led to a decrease in C2+ formation while the 
CO FE remained nearly constant (Supplementary Fig. 22). We posited 
that the low C2+ FE is a result of underused CO generated by the CoPc@
HC layer. We addressed this challenge by increasing the density of Cu 
sites and enhancing the mass transport of CO to these active sites. We 
introduced a three-dimensional Cu–ionomer interface catalyst layer 
consisting of Cu nanoparticles (NPs) coated by ionomer between the 
CoPc@HC and sputtered Cu to build up a CoPc@HC/Cu tandem elec-
trode (Fig. 3a–c and Supplementary Figs. 23 and 24). In this tandem 
electrode configuration, CO2 gas first goes through the gas diffusion 
layer and the ionomer-modified Cu NP layer, and finally reaches the 
CoPc@HC catalyst layer to be converted to CO. Once CO is formed, it 
diffuses back to the Cu NP layer and undergoes C–C coupling on the Cu 
surface to produce C2H4 and other C2+ products (Fig. 3d).

We then optimized the CoPc@HC/Cu tandem electrode by tun-
ing the size of Cu NPs and the type of ionomers, and by varying the 
electrode configuration (Supplementary Note 3 and Supplementary  
Figs. 25–28). We also investigated the effect of electrolytes, including 
tuning the concentration of KCl, varying the anions and changing the 
type of acidic electrolyte (Supplementary Note 4 and Supplementary 
Figs. 29 and 30). By using the optimized CoPc@HC/Cu tandem electrode 
with 25 nm Cu NPs coated with perfluorosulfonic acid (PFSA) ionomer 
in a buffered acidic electrolyte containing 0.5 M H3PO4, 0.5 M KH2PO4 
and 2.5 M KCl, we achieved an increase in the FE of C2H4 from 30% to 54%, 
and the C2+ increased from 36% to 80%; these were accompanied by a 
fourfold increase in the total current density to 800 mA cm−2 (Fig. 3e). An 
additional three independent experiments were performed to prepare 
the CoPc@HC/Cu tandem electrode and evaluate its performance. The 
acidic CO2RR performance was consistently achieved, suggesting a good 
reproducibility (Supplementary Fig. 31).

The improvement in performance suggests that a greater local 
CO availability enabled by the tandem catalysis design promotes the 
formation of C2H4 and C2+ products. By contrast, a Cu electrode without 
a tandem configuration displayed much lower FE values for C2H4 (27%) 
and C2+ (41%; Fig. 3f,g). The CoPc@HC/Cu tandem electrode exhibited 
<10% H2 FE compared with >35% in the case of the Cu electrode. We also 
assessed the stability in a flow cell electrolyser. The system maintained 
~54% C2H4 FE for 16 h, and a scanning electrode microscopy (SEM) image 
showed that the bilayer structure remained intact (Supplementary 
Figs. 32–34).

The role of the first catalyst layer, CoPc@HC, is to generate a high 
CO flux to create a CO-rich environment for the second Cu catalyst 

layer. This high CO flux suppresses the competing HER and promotes 
C2+ production on the Cu surface in acidic media (Supplementary Note 
5 and Supplementary Figs. 35 and 36). These results are consistent with 
DFT predictions wherein higher CO concentrations on the Cu surface 
lower the barrier to C‒C coupling and suppress the HER. We attempted 
to mix CoPc@HC and Cu NPs into a one-layer tandem electrode. This 
one-layer tandem configuration leads to a substantial reduction in the 
interfacial CO concentration, which exhibited an increased HER and 
decreased FE values of C2H4 and C2+ in the acidic CO2RR (Supplemen-
tary Fig. 37). We also observed that using a pure CO feed resulted in 
the highest C2H4 FE in a flow cell in acidic conditions (Supplementary  
Fig. 38). These results indicate that a higher CO flux is desired in an 
acidic CO2RR environment, whereas Wang et al. reported an optimal 
C2H4 FE at a pH > 7 in an H-cell set-up under a CO2/CO co-feeding envi-
ronment or an internal CO2/CO self-co-feeding environment using the 
mixed-one-layer tandem architecture of Cu/Ni–N-doped carbon31.

While the CO2RR is occurring, a fraction of the CO2 dissolves into 
the electrolyte and reacts with local OH– to become (bi)carbonate. 
When we model the reaction and diffusion species in an acidic CO2RR, 
we observe an increase in the surface pH under higher operating cur-
rent densities; this we assign to a local proton consumption rate that 
exceeds the rate of proton diffusion (Supplementary Note 6, Sup-
plementary Figs. 39 and 40 and Supplementary Table 3). Despite an 
elevated pH (pH = ~9–13) at the catalyst surface, the electrolyte pH in 
the vicinity of the cathode decreases to its bulk value. This suggests 
that carbonate species formed locally will be converted back to CO2 
for subsequent reduction, preventing carbonate crossover. This part 
of CO2 would be reduced into CO on the CoPc@HC catalyst layer and 
then react on the ionomer-modified Cu layer. Additionally, a higher 
CO2 SPCE can benefit from the decoupled strategy since CO will not 
convert back to carbonate in a local alkaline environment (Fig. 1b). The 
experimental results are consistent with the idea that the two-layer 
tandem electrode configuration enables increased SPCE from 52% to 
87% under consistent conditions (Fig. 3h, Supplementary Figs 41–43 
and Supplementary Note 7).

The CoPc@HC/Cu tandem electrode demonstrated higher current 
densities of C2H4 and C2+ at the lower potentials compared to those 
of the Cu electrode (Fig. 3i and Supplementary Figs. 44 and 45). This 
translated to better energy efficiency at the device level, achieving a 
full-cell voltage of 3.8 V at 500 mA cm−2, leading to a 16% C2H4 energy 
efficiency (Supplementary Figs. 46–51). This compares favourably to 
the 7% energy efficiency of the prior report18. Technoeconomic analysis 
shows the energy intensity of C2H4 production is 300 GJ tonne–1, which 
is 50% lower compared to a high-efficiency prior CO2-to-C2H4 conver-
sion in an acidic system18, and also compares well with benchmark 
alkaline and neutral systems that suffer substantial energy penalties 
associated with CO2 separation1,36 (Supplementary Notes 8 and 9, Sup-
plementary Tables 4–6 and Supplementary Fig. 52).

We further noted that the C2H4 FE and C2+ FE for the CoPc@HC/Cu 
tandem electrode were higher than those values for the Cu electrode 
in the CO reduction reaction (CORR) where the availability of CO is not 
a limiting factor in C2H4 formation (Supplementary Figs. 53–56). We 
sought to examine further the interfacial structure between CoPc@
HC and Cu nanoparticles. High-resolution TEM images and energy 
dispersive spectroscopy mapping as well as intensity profiles indicate 
a subnanometre spacing between CoPc@HC and Cu NPs (Supple-
mentary Note 10 and Supplementary Figs. 57 and 58). We performed 
DFT to study the CO2RR pathway on a periodic Cu slab covered by a 
CoN4–C layer (Supplementary Fig. 59), which showed that the CoN4–
C/Cu model reduced the reaction energy required for C–C coupling 
by about 0.11 eV and changed the favourable reaction pathway for 
the hydrogenation of *CCO to favour C2H4 formation (Fig. 4a,b and 
Supplementary Figs. 60 and 61). We then tested the control sample 
without subnanometre-thick spaces between CoPc@HC and Cu par-
ticles and observed a decrease in C2H4 selectivity (Supplementary 
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Fig. 62). The combined DFT and empirical results suggest that  
CoPc working in conjunction with Cu influences C2H4 selectivity in 
addition to promoting C–C coupling.

With the goal of applying this finding to a new electrode  
design for higher C2H4 production, we further increased the  
spacing between CoPc@HC and Cu particles by constructing a  
CoPc@HC/(Cu + CoPc@HC) tandem electrode (measured structure 

and composition in Supplementary Figs. 63 and 64 and Supplementary 
Note 11). This led to a 61% C2H4 FE and an 82% C2+ FE at 800 mA cm–2. 
When optimized for single-pass carbon utilization with a 2 ml min−1 
CO2 flow rate, this led to a SPCE of 90 ± 3%, surpassing a prior report18  
(Fig. 3j and Supplementary Fig. 65); this high SPCE was achieved simul-
taneously with a C2H4 FE of 55 ± 3% and a C2+ FE of 76 ± 2% at 800 mA cm–2 
(Supplementary Figs. 66–68 and Supplementary Note 12).
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of upper CoPc@HC catalyst layer (b) and SEM image of lower Cu catalyst layer 
with the Cu–ionomer interface (c). d, Schematic of the spatially decoupled 
strategy via tandem catalysis, showing the electron (e–) transfer and mass 
transport in acidic CO2RR. e,f, FE values of CO2RR products on the CoPc@HC/Cu 
tandem electrode (e) and Cu electrode (f) in an acidic buffer electrolyte of 0.5 M 
H3PO4 and 0.5 M KH2PO4 with 2.5 M KCl in a flow cell at 25 °C. The flow rate of the 
inlet CO2 is 10 sccm. Values are means, and error bars represent the standard 
deviation from three independent measurements (n = 3). g, Partial current 
densities of C2H4 and H2. h, FE values of CO2RR products and SPCE on the  

CoPc@HC/Cu tandem electrode at 800 mA cm–2 with different inlet flow rates of 
CO2 in an acidic buffer electrolyte of 0.5 M H3PO4 and 0.5 M KH2PO4 with 2.5 M KCl 
in a flow cell at 25 °C. Values are means, and error bars represent the standard 
deviation from three independent measurements (n = 3). i, Current density 
towards CO2RR products on the CoPc@HC/Cu tandem electrode and Cu 
electrode in an acidic buffer electrolyte of 0.5 M H3PO4 and 0.5 M KH2PO4 with 
2.5 M KCl in a flow cell at 25 °C. RHE, reversible hydrogen electrode. j, Comparison 
of the SPCE, FE and partial current density of C2+ ( JC2+) partial current  
density of ethylene ( JC2H4) and CO2-to-ethylene conversion of the  
CoPc@HC/(Cu + CoPc@HC) tandem electrode with those of state-of-the- 
art electrodes1,18,36.

http://www.nature.com/naturenanotechnology


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-023-01543-8

Seeking to elucidate the interaction between CO and the tandem 
electrode, we probed CO adsorption on the Cu surface using in situ 
Raman spectroscopy. The peak at 361 cm–1 that emerged at –1.2 V versus 
Ag/AgCl in the Raman spectra of Cu is ascribed to the Cu–CO stretch, 
indicating that CO2 is converted to CO on the Cu surface (Fig. 4c). In 
the Raman spectra of the CoPc/Cu tandem electrode (Fig. 4d), the peak 
at 361 cm–1 is blueshifted to 389 cm–1, indicating a stronger binding of 
CO on the Cu sites as a result of CoPc in the vicinity of adsorbed CO. 
Additionally, we ascribe a new peak at 532 cm–1 to the Co–CO bending 
vibration effectuated by the interaction between CO and the Co species 
in CoPc molecules. A similar peak position has been observed for Fe–CO 

(refs. 37,38). We note that the Cu–CO and Co–CO peaks appear at –0.8 V 
for CoPc/Cu, indicating a much earlier onset compared to that observed 
on the bare Cu surface. This finding agrees with a picture wherein the 
presence of CoPc facilitates CO2-to-CO conversion at lower overpo-
tentials, which explains the lower CO2RR voltage achieved using the 
tandem electrode herein than the Cu electrode. Control experiments 
indicate that higher CoPc coverage on the Cu surface is correlated 
primarily with a Co–CO peak at 532 cm–1 (Fig. 4e). Interestingly, when 
the CoPc forms aggregates, it is not effective at catalysing CO2-to-CO 
conversion, and only the Cu–CO peak at 365 cm–1 is observed (Fig. 4f). 
The Raman results suggest that uniform coverage of CoPc molecules 

c d e f

b

a

*CO + *CO

*CO + *CO

*OCCO

*OCCO

*CHCOH

*CHCOH

*CCH *CCH2

*O + CH2CH2(g)

CH2CH2(g)

Cu(111)

CoN4–C/Cu(111)

*CHCH2

*CH2CHO

*CHCHO

*OCCOH

*OCCOH

*CHCO

*CHCO

*CHCO*CHCO

*CO + *CO

200

–0.8 V

–1.0 V

–1.2 V

–1.4 V

–1.6 V

361
389

532
532

365

–0.8 V

–1.0 V

–1.2 V

–1.4 V

–1.6 V

–0.8 V–0.8 V

–1.0 V

–1.0 V

–1.2 V

–1.2 V –1.4 V

–1.4 V –1.6 V

–1.6 V

400

Raman shift (cm–1)

In
te

ns
ity

 (a
.u

.)
G

ib
bs

 fr
ee

 e
ne

rg
y 

(e
V)

In
te

ns
ity

 (a
.u

.)

In
te

ns
ity

 (a
.u

.)

In
te

ns
ity

 (a
.u

.)

Raman shift (cm–1) Raman shift (cm–1) Raman shift (cm–1)

600 800

–2.0

–1.5

–1.0

1.0

–0.5

0.5

0

200 400 600 800 200 400 600 800 200 400 600 800

*OCCO *CHCHO*OCCOH *CHCO

Fig. 4 | DFT calculations and in situ Raman measurements. a, Free energy 
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shading highlights the differences in the hydrogenation process of intermediate 
*CCO in reaction pathways for ethylene production on CoN4–C/Cu tandem 
electrode and Cu electrode. b, The corresponding atomic configurations of key 

intermediates from CO to ethylene. c,d, In situ Raman spectra of Cu electrode (c) 
and CoPc/Cu tandem electrode (d) under different applied potentials at 25 °C. 
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with agglomerated CoPc on the Cu surface at 25 °C.
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on Cu is necessary to the tandem catalysis concept, a finding that 
motivates the implementation of atomically dispersed CoPc@HC.

Conclusions
In this work we studied the enrichment of CO coverage on the Cu surface 
to suppress the HER and promote multicarbon (C2+) product formation 
in an acidic CO2RR. This involved decoupling the overall CO2-to-C2+ 
reaction into two steps—CO2 to CO and CO to C2+—each implemented 
in the integrated tandem catalyst. This led to a 61% C2H4 FE and 82% C2+ 
FE at 800 mA cm–2 while maintaining <10% H2 FE. The system exhibited a 
C2H4 energy efficiency of 16%, a twofold improvement over an efficient 
prior report of acidic CO2-to-C2H4 electrosynthesis.

The cascade CO2–CO–C2+ combination of a solid oxide electro-
lyser cell and a CORR electrolyser provides an energy-efficient route 
for synthesizing C2+ products. However, the challenge lies in achieving 
stability and high SPCE. These systems are prone to carbon deposi-
tion, also known as coking39, which affects stability at high conversion 
conditions (SPCE, >40%)40. The low conversion of the step involving 
the first solid oxide electrolyser cell requires a further separation step 
to separate the produced CO from unreacted CO2 prior to the second 
electrolyser. The separation unit, the use of high-temperature materi-
als and the second CORR electrolyser require significant capital invest-
ment and complex system configurations. The need for medium-grade 
to high-grade heat (>800 °C) imposes additional limitations on the 
operating scenarios of these systems. Therefore, a direct conversion 
of CO2 to C2+ in a single carbonate-free acidic electrolyser offers a 
low-temperature alternative towards C2+ product synthesis41. Our 
tandem acidic CO2RR system achieved a SPCE of 90% simultaneously 
with a C2H4 FE of 55% and a total C2+ FE of 76% at 800 mA cm–2. Tech-
noeconomic analysis showcased that this tandem system delivered 
a low energy cost for C2H4 production compared to state-of-the-art 
alkaline/neutral/acidic systems.

In neutral and alkaline systems, the presence of a high concentra-
tion of cations results in severe salt precipitation. In acidic electrolyte, 
the high concentration of protons within the diffusion layer and the 
lower local pH decreases the effects of salt precipitation. To tackle 
the challenges of salt precipitation and achieve industrial-level stabil-
ity in future research on an acidic CO2RR, more effort can be made in 
employing pure acids as electrolytes and devising strategies to replace 
alkali cations. This can involve the design of immobilized cation groups 
directly onto the catalyst or their incorporation within the membrane 
or electrolyte.
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Methods
Chemicals
Cobalt phthalocyanine (CoPc), zinc nitrate hexahydrate (98%), 
2-methylimidazole (98%), cobaltous nitrate hexahydrate (98.5%), meth-
anol, N,N-dimethylformamide (DMF), N,N-diethylethanamine, Nafion 
perfluorinated resin solution (5 wt% in a mixture of lower aliphatic 
alcohols and water; Sigma-Aldrich), phosphoric acid (85%), potassium 
chloride, potassium phosphate monobasic, sulfuric acid, potassium 
bromide and potassium sulfate were purchased from Sigma-Aldrich. 
Phosphonitrilic chloride trimer (98%) and bis(4-hydroxyphenyl) sul-
fone were purchased from Alfa Aesar. Alkaline ionomers XA-9 and 
XC-2 were purchased from Dioxide Materials. Copper nanoparticles 
(25 nm, 100 nm and 580 nm) were purchased from US Research Nano-
materials. The Nafion 117 membrane, platinum mesh and gas diffusion 
layer (Freudenberg H23C3) and carbon powder (Vulcan XC-72R) were 
received from Fuel Cell Store. The PTFE gas diffusion layer with 450 nm 
pore size was obtained from Beijing Zhongxingweiye Instrument Co. 
The copper target (>99.99%) was purchased from Kurt J. Lesker. The 
conductive gas diffusion layer was prepared by sputtering a 150 nm 
copper layer on the PTFE substrate using a pure copper target with a 
deposition rate of 1 Å s–1 in an Angstrom Nexdep sputtering system. 
Distilled water with a resistivity of 18.2 MΩ cm, obtained from a Milli-Q 
reference water purification system, was used to prepare the aqueous 
solutions in all the experiments. All chemicals were used without any 
further purification.

Synthesis of ZIF-8
Some 6 mmol Zn(NO3)2·6H2O, 24 mmol 2-methylimidazole and 
100 ml methanol were mixed with vigorous stirring for 3 min at 25 °C.  
Subsequently, the mixture was kept at 35 °C for 6 h. The precipitate 
was collected, washed and finally dried in a vacuum at 80 °C for 12 h.

Synthesis of ZIF-8@PZS
Some 400 mg of as-prepared ZIF-8 powder was dispersed in 40 ml meth-
anol. Then, 100 ml methanol containing 325 mg bis(4-hydroxyphenyl) 
sulfone and 152 mg phosphonitrilic chloride trimer was added and 
stirred for 15 min. Subsequently, 1 ml N,N-diethylethanamine was slowly 
dripped into the above dispersion, followed by stirring for 15 h at 25 °C. 
The resulting precipitate marked as ZIF-8@PZS was collected, washed 
and finally dried in a vacuum at 80 °C for 12 h.

Synthesis of HC
The as-prepared ZIF-8@PZS powder was placed in a quartz boat and 
maintained at 950 °C for 3 h in a tube furnace with a heating rate of 
5 °C min–1 under a flowing Ar atmosphere to obtain HC.

Synthesis of CoPc@HC
Some 4 mg CoPc and 60 mg HC were dispersed separately in 60 ml 
DMF using sonication. Then, the CoPc dispersion solution was added 
to the HC suspension. The mixture was sonicated for 30 min and then 
stirred for 24 h at 25 °C. Subsequently, the CoPc@HC was obtained by 
washing with DMF many times until colourless, followed by drying in 
a vacuum at 80 °C for 12 h.

Electrode preparation
The state-of-the-art CoPc/C electrode was prepared according to a 
previously reported method4. In a typical procedure, 82.9 mg Vulcan 
carbon powder (XC-72R), 89.6 mg CoPc and 374 μl Nafion perfluor-
inated resin solution were stirred and sonicated in 35 ml absolute 
ethanol. Then, 10 ml of the ink was sprayed onto the gas diffusion 
layer (Freudenberg H23C3). The Cu electrode was prepared through 
airbrushing the catalyst ink, consisting of 30 mg Cu NPs, 2 ml methanol 
and 22.5 μl Nafion perfluorinated resin solution, onto a conductive gas 
diffusion layer with a Cu NP loading of 1 mg cm–2. For the preparation of 
the CoPc@HC/Cu electrode, the catalyst ink comprising 15 mg CoPc@

HC, 2 ml methanol and 45 μl Nafion perfluorinated resin solution was 
sprayed onto the Cu electrode with a CoPc@HC loading of 0.5 mg cm–2 
using airbrushing. The CoPc@HC/sCu electrode was prepared by spray-
ing CoPc@HC catalyst ink onto the sputtered Cu layer. The CoPc@
HC electrode was prepared by spraying CoPc@HC catalyst ink onto 
the gas diffusion layer (Freudenberg H23C3). For the preparation of 
the Cu + CoPc@HC electrode, catalyst ink consisting of 30 mg Cu NPs 
and 6 mg CoPc@HC, 2 ml methanol and 22.5 μl Nafion perfluorinated 
resin solution was sprayed onto a conductive gas diffusion layer with 
a catalyst loading of 1 mg cm–2. For the preparation of the CoPc@HC/
(Cu + CoPc@HC) electrode, catalyst ink comprising 15 mg CoPc@
HC, 2 ml methanol and 45 μl Nafion perfluorinated resin solution was 
sprayed onto the Cu + CoPc@HC electrode with a CoPc@HC loading 
of 0.5 mg cm–2 using airbrushing.

Material characterization
SEM images were obtained in a Hitachi field emission SEM SU5000 
microscope. The high-resolution TEM images and the correspond-
ing elemental mappings were collected on a JEOL JEM-2100F with an 
electron acceleration energy of 200 kV. The HAADF-STEM images 
were collected on a high-resolution TEM instrument ( JEM-ARM200F 
working at 300 kV) equipped with a probe spherical aberration cor-
rector. X-ray powder diffractometer measurements were performed 
in a MiniFlex600 with Cu Kα radiation. The metal content of the cata-
lysts was measured by inductively coupled plasma optical emission 
spectroscopy (iCAP6300). X-ray photoelectron spectroscopy meas-
urements were performed in an ECSA device (PHI 5700) with an Al 
Kα X-ray energy source (1,486.6 eV) for excitation. X-ray absorption 
spectroscopy measurements were carried out at the 9BM beamline of 
the Advanced Photon Source (Argonne National Laboratory, Lemont, 
Illinois, US). The X-ray absorption spectroscopy data were processed 
using ATHENA and ARTEMIS software incorporated into a standard 
IFEFFIT package. Nitrogen adsorption isotherms were acquired at 
77 K using a Micromeritics 3-FLEX surface characterization analyser. 
Before measurement, the samples were subjected to vacuum degas-
sing at 100 °C for 16 hours. The specific surface area was assessed 
using the Brunauer–Emmett-Teller method, while the pore volume was 
calculated from the quantity of nitrogen adsorbed at the relative pres-
sure P/P0 = 0.99 (P is absolute pressure and P0 is the saturation vapour 
pressure of the adsorbate). Pore size distribution was determined 
using non-local DFT. In situ Raman measurements were conducted in 
a Renishaw inVia Raman microscope equipped with a water immersion 
objective (×63) and a 785 nm laser in a modified flow cell.

Electrochemical measurements
All the electrochemical measurements were performed at 25 °C. Unless 
otherwise specified, all the CO2RR and CORR measurements were 
carried out in an electrochemical flow cell set-up at 25 °C using an 
electrochemical station (Autolab PGSTAT302N) equipped with a cur-
rent booster (Metrohm Autolab, 10 A). Ag/AgCl (3 M KCl) and a Pt mesh 
were employed as the reference electrode and counter electrode, 
respectively. The cation-exchange membrane (Nafion 117) was used as 
the membrane to separate the cathode and anode chambers. Unless 
explicitly stated otherwise, all the CO2RR and CORR measurements 
were carried out in an electrochemical flow cell set-up using 0.5 M phos-
phate buffer solution (0.5 M H3PO4, 0.5 M KH2PO4) with 2.5 M KCl as the 
catholyte and using the buffer solution of 0.5 M H3PO4 and 0.5 M KH2PO4 
as the anolyte. Full-cell measurement was carried out in a slim flow cell 
set-up at 25 °C using 0.05 M H2SO4 with 2.5 M KCl as the catholyte and 
0.05 M H2SO4 as the anolyte. The slim flow cell set-up comprises an 
anolyte chamber, catholyte chamber and gas flow chamber. The design 
of all chambers, as depicted in Supplementary Fig. 46, reduced the dis-
tance between the cathode and anode, minimizing ohmic losses. The 
cell was assembled by inserting a Nafion membrane between the cath-
ode and anode compartments and applying equal compression torque 

http://www.nature.com/naturenanotechnology


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-023-01543-8

to all four fasteners. Assembled, the Nafion membrane was approxi-
mately 5 mm away from both the cathode and anode. For the full-cell 
measurement, 0.05 M H2SO4 with 2.5 M KCl was used as the catholyte, 
and 0.05 M H2SO4 was used as the anolyte. Titanium-mesh-supported 
iridium oxide (IrOx/Ti-mesh) was used as the anode electrode and was 
prepared by a previously reported dip coating and thermal decomposi-
tion method42. In all the electrochemical tests, the gas products were 
analysed using a gas chromatograph (PerkinElmer Clarus 600). The 
liquid products were measured by 1H NMR spectroscopy (600 MHz 
Agilent DD2 NMR spectrometer) with dimethyl sulfoxide (DMSO) as 
the reference standard and deuterium oxide (D2O) as the lock solvent. 
The SPCE of CO2 was assessed in an electrochemical flow cell set-up 
by varying the CO2 flow rate in an acidic buffer electrolyte of 0.5 M 
H3PO4 and 0.5 M KH2PO4 with 2.5 M KCl as the catholyte, and an acidic 
buffer electrolyte of 0.5 M H3PO4 and 0.5 M KH2PO4 as the anolyte, at 
800 mA cm–2. To optimize the SPCE, we employed a CO2 flow rate of 
2 ml min–1 in a flow cell set-up with an electrode area of 1 cm2. Data 
collection for SPCE commenced after maintaining an applied current 
density of 800 mA cm–2 for 30 minutes, thus ensuring that the system 
reached a steady state where the conversion between surface carbonate 
species and CO2 had become substantially constant in time. The SPCE 
of CO2 at the conditions of 298.15 K and 101.3 kPa was determined using 
the following equation:

SPCE = ((j × 60 s)/(N × F)) ÷ (flow rate (1min−1)

× (1 min)) / (24.05 (1min−1))

where j is the partial current density of a specific group of products 
from CO2 reduction and N is the electron transfer for every product 
molecule. F is the Faradaic constant.

The full-cell energy efficiency based on the production of ethylene 
was calculated as follows:

EEfull cell, ethylene =
(1.23 + (−E0

ethylene)) × FEethylene
−Efull cell

where E0
ethylene is the thermodynamic potential of the conversion of CO2 

to ethylene (E0
ethylene = 0.08V versus RHE), FEethylene is the measured FE of 

ethylene and Efull cell is the full-cell voltage without ohmic loss correction 
evaluated in the slim flow cell.

DFT calculations
The Vienna Ab initio Software Package was used to perform all DFT  
calculations, with the spin polarization setting43,44. The core–valence 
interaction was calculated by the projector augmented-wave 
method45,46, where the Cu(d10p1), Co(d8s1), O(s2p4), C(s2p2) and N(s2p3) 
electrons were treated as valence states, and the remaining electrons 
were seen as a core state. The cut-off energy was set to 450 eV. The 
exchange–correlation correction effect was described by the gen-
eralized gradient approximation in the Perdew–Burke–Ernzerhof 
functional47. For the geometry optimization, the self-consistent itera-
tion must reach 10−5 eV for the energy convergence and 0.01 eV Å–1 for 
the force convergence. The DFT-D3 method was used to account for 
dispersion correction for van der Waals forces48.

The 3 × 3 Cu(111) model was built, consisting of four layers of Cu 
atoms, in which the bottom two-atom layers were fixed to mimic the 
bulk material and the other atoms were relaxed. A charged water layer 
consisting of one protonated water molecule and five regular water 
molecules was considered to cover the Cu(111) surface. The vacuum 
space was about 15 Å along the z axis. The k-point mesh was set to 
3 × 3 × 1 (ref. 49). The effect of a CO coverage of 0, 1/9 ML, 2/9 ML and 
3/9 ML was measured to calculate the adsorption energy of H* and the 
reaction energy barrier of C–C coupling. The climbing-image nudged 
elastic band method was used to search the reaction transition states 

until the criteria of the force convergence and energy convergence 
reached 0.05 eV Å–1 and 10−5 eV (ref. 50), respectively.

The 6 × 6 Cu(111) model covered a charged water layer consisting of 
twenty-four water molecules, and a two-dimensional CoN4–graphene 
monolayer structure was built. The bottom Cu layer was treated as 
the bulk material, and two atomic layers at the top were modelled as 
surfaces. The vacuum space was about 15 Å along the z axis. The k-point 
mesh was set to 2 × 2 × 1 (ref. 49). The different possible reaction path-
ways from CO to ethylene with/without the two-dimensional CoN4–C 
structure were researched51. The optimum reaction pathways were 
studied to unravel the effect of the two-dimensional CoN4–C structure.

Data availability
The authors declare that all data supporting the findings of this study 
are available within the paper and Supplementary Information files. 
Source data are provided with this paper.
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