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E L E C T R O C H E M I S T R Y

Acidic-alkaline tandem system for durable CO2-CO-C2+
Xianhui Ma1,2†, Juan Zhang3†, Dayin He1,2, Wei Jiang1,2, Yuanhua Sun4, Jiayi Cui5, Cai Chen6,  
Yue Lin7, Tao Yao4, Huang Zhou1,2*, Yafei Li3*, Yuen Wu1,2*

Tandem carbon dioxide reduction reaction (CO2RR) to multicarbon products (CO2-CO-C2+) such as ethylene repre-
sents a pivotal strategy for carbon valorization. However, conventional alkaline or neutral tandem systems limit 
the carbon dioxide utilization and stability due to severe (bi)carbonate formation. Here, we design a durable 
acidic-alkaline tandem system to efficiently synthesize C2+ products, especially ethylene. In the acidic CO2RR step, 
a catalyst with precisely controlled metal site distance was used to regulate *COOH adsorption. Typically, a 99.7 ±  
0.4% carbon monoxide Faradaic efficiency (FE) at 1.4 amperes per square centimeter can be achieved using a cata-
lyst with 0.5-nanometer nickel sites, surpassing the previously reported metal catalysts. When this catalyst was 
integrated into the acidic-alkaline tandem system and coupled with the alkaline carbon monoxide electroreduc-
tion, the ethylene and C2+ FE reached 75.3 ± 1.2 and 92.5 ± 1.3% at 10 amperes, respectively, and remained stable 
for 400 hours. Our work provides solutions for the durable conversion of carbon dioxide to C2+ products from 
catalyst and electrolyzer design.

INTRODUCTION
The electrocatalytic carbon dioxide reduction reaction (CO2RR), 
which transforms CO2 into value-added multicarbon feedstocks such 
as ethylene (C2H4) using renewable electricity, has emerged as a 
transformative platform for sustainable chemical synthesis (1–4). 
Current CO2-to-C2+ conversion strategies primarily adopt two con-
figurations: single-step direct electrolysis and two-step tandem elec-
trolysis systems. Single-step CO2 electrolysis faces several hurdles, 
including the formation of inevitable carbonate issue, which has a 
serious impact on stability, limitations in CO2 utilization, and rela-
tively low selectivity toward a certain type of C2+ product under al-
kaline/neutral conditions (pH ≥ 7) (fig. S1A). In acidic medium 
(pH < 4), although the precipitation of carbonates can be reduced 
and the utilization rate of CO2 can be improved, the single-step pro-
duction of C2+ has the problems of more intense catalyst degrada-
tion and enhanced competitive hydrogen evolution reaction (HER), 
which leads to poor stability and low C2+ selectivity (fig. S1B). The 
two-step tandem electrolysis (CO2-to-CO-to-C2+) provides a route 
for improving stability and high carbon product generation (5–8). 
In this system, CO2 is first converted to CO in a CO2 electrolyzer, 
and then CO is converted to C2+ products in a following carbon 
monoxide reduction reaction (CORR) electrolyzer. Unlike CO2, the 
chemical inertness of CO toward OH− avoids the formation of car-
bonate, thereby enhancing reaction stability (9–11). The CO mole-
cule, as a key intermediate in the preparation of C2+ products from 

CO2, exhibits favorable kinetics in the production of C2+ species, 
especially in alkaline medium, thereby achieving higher C2+ Faradaic 
efficiency (FE) (12–14). The more controllable surface coverage of 
*H and *CO during CORR is conducive to improving the selectivity 
for individual C2+ products.

Although two-step tandem CO2 electrolysis presents notable po-
tential for C2+ production, the current tandem systems mostly use 
alkaline or neutral electrolytes. The following disadvantages still 
exist when using these electrolytes to supply CO in the first step 
(Fig. 1A): (i) Gaseous CO2 reacts with OH− ions to form (bi)carbon-
ate, which leads to flooding of the gas diffusion electrodes (GDEs), 
ultimately reducing the stability of the first step of the tandem sys-
tem (15, 16); (ii) Substantial CO2 crossover occurs as (bi)carbonate 
species, resulting in catastrophic carbon loss [single-pass carbon ef-
ficiency (SPCE) < 25%] that severely compromises process econom-
ics (16, 17). Operating the CO2-to-CO part of the tandem system in 
an acidic system can help solve the above problems (13,  18,  19) 
(Fig. 1B) but introduces additional challenges: (i) The proton-rich 
environments exacerbate the degradation of metal catalysts, making 
it difficult to achieve long-term operation (20, 21); (ii) The enhanced 
HER kinetics under strongly acidic environment suppresses *COOH 
intermediate coverage critical for CO generation (22, 23). Therefore, 
it is necessary to develop advanced electrocatalysts with high CO2RR 
stability and activity in acidic environments to efficiently synthesize 
CO for tandem systems.

Here, we design an acidic-alkaline tandem CO2 electrolysis sys-
tem that achieves higher stability and C2+ (especially C2H4) selectivity 
than conventional single-step and alkaline-alkaline tandem systems. 
The reason is that we achieved the adsorption regulation of CO prod-
uct intermediates by adjusting the distance between catalyst metal 
sites in the first acidic CO2RR step, thereby suppressing HER and 
improving the activity and stability of the tandem system. Taking Ni 
sites as an example, when the average site distance is controlled at 
0.5 nm, the performance can reach a CO FE of 99.7 ± 0.4% at a cur-
rent density of 1.4 A cm−2 and a single-pass conversion rate (SPCE) 
of 89.9 ± 2.2% at pH = 1, exceeding the performance of the reported 
metal catalysts. When the catalyst is applied to an acidic-alkaline 
tandem system, in the first step, a total current of 30 A and a high 
CO FE of 98.1% are achieved in a 100-cm2 slim flow cell with a cell 
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potential of only 2.85 V. In the second step, based on a modified 
CuO catalyst, alkaline CORR achieves 92.5  ±  1.3% C2+ FE and 
75.3 ± 1.2% C2H4 FE at a total current of 10 A. Moreover, our system 
can achieve more than 400 hours of durable operation without any 
carbonate issue, which exceeds the performance of single-step and 
alkaline-alkaline tandem CO2RR systems. In situ electrochemical 
spectroscopy and density functional theory (DFT) calculations re-
veal that Ni sites with optimal interatomic distance promote the ad-
sorption of *COOH intermediates and the CO2-assisted stabilization 
mechanism of Ni-N3V sites under acidic CO2RR conditions. Fur-
ther technoeconomic analysis (TEA) shows that in the case of fur-
ther reduction of electricity prices in the future, the cost of C2H4 
production by the acidic-alkaline CO2 tandem system is only $1272.3/ 
ton, which is lower than the commercial price of oil-to-C2H4 ($1350/
ton), and will be expected to replace the traditional C2H4 synthe-
sis route.

RESULTS
Technoeconomic analysis
We first perform TEA to evaluate the feasibility of existing CO2RR 
systems including single-step direct CO2RR system (alkaline or acidic 
CO2RR) and tandem CO2RR system (alkaline-alkaline or acidic-
alkaline CO2RR) in terms of C2H4 production costs. The key elec-
trolyzer parameters that affect the final production cost of C2H4 
produced by different CO2RR systems are listed in table S1, and the 
C2H4 costs under optimistic and pessimistic scenarios are calculated 
on the basis of the optimal performance and general performance of 
the current literature (Fig. 2A). Among them, C2H4 directly produced 
by alkaline CO2RR system has the highest cost in both pessimistic 
($10,441.1/ton) and optimistic ($4989.1/ton) scenarios (table S2), 
which is much higher than the cost of C2H4 produced by the tradi-
tional petroleum industry ($1350/ton) (24). This is because it is difficult 

to achieve high FE and SPCE for C2H4 produced by alkaline CO2RR, 
which increases the cost of electricity and product separation, great-
ly limiting the industrial prospects of CO2RR technology. In the op-
timistic scenario, acidic CO2RR greatly reduces the anode separation 
cost due to higher CO2 SPCE and lower salt precipitation problem, 
making the cost of C2H4 produced by this system ($2347.5/ton) 
lower than the cost of alkaline CO2RR and alkaline-alkaline tandem 
CO2 electroreduction ($4006.2/ton) (table S3). Satisfactorily, the 
acidic-alkaline tandem CO2RR system still has the lowest C2H4 cost 
($1698.5/ton) because this system overpotential can be reduced by 
tandem conversion, which reduces the electricity cost by 41.7, 4.3, 
and 34.5% compared with the alkaline, alkaline-alkaline tandem, 
and acidic CO2RR systems, respectively (tables S4 to S6). The acidic-
alkaline tandem system completely avoids the cost of anode separa-
tion under ideal conditions. Figure 2B shows that under optimistic 
and pessimistic scenarios, the cost of preparing CO by acidic CO2RR 
is $590.9/ton and $1201.5/ton, respectively, accounting for 37.4 and 
62.6% of the acidic-alkaline tandem system. The electricity cost ac-
counts for more than 45% of the cost of preparing CO by acidic 
CO2RR and C2H4 by alkaline CORR (Fig. 2C). Under the optimistic 
scenario, the electricity cost of acidic CO2RR accounts for as high as 
74.1%. Therefore, reducing the power consumption by lowering the 
overpotential of the reaction unit will help improve the economic 
efficiency of C2H4 preparation in the acidic-alkaline tandem system. 
Figure 2 (D to G) indicates that when the electricity price is $0.03 
kilowatt-hour (kWh)−1 (renewable energy such as wind power), the 
profitable area continues to expand with the decrease of the electro-
lyzer potential and the increase of C2H4 FE. The acidic-alkaline tan-
dem CO2RR system has the largest profitable area, while the other 
three systems are difficult to achieve a break-even line in C2H4 cost 
at extremely low potential and extremely high C2H4 FE. These re-
sults suggest that the acidic-alkaline tandem CO2RR system is the 
most economically feasible and is expected to replace the traditional 
petrochemical system to produce low-cost C2H4 product.

DFT calculations
The key to the operation of the tandem system lies in the catalyst, 
especially the first step, which requires an efficient acidic CO2RR cata-
lysts. Previous studies show that single-atom catalysts (SACs) have 
higher CO selectivity than traditional nanoparticles (25–27). For exam-
ple, the CO FE of Ni SACs can reach ~100% under alkaline conditions 
(28–31). However, the lower HER energy barrier under strongly acidic 
conditions increases the instability of SACs. When HER is the dom-
inant reaction under the action of reduction potentials, the strength 
of the metal-nonmetal bond usually decreases, and the SAC will un-
dergo bond breaking and aggregation (32–37). When CO2RR is the 
dominant reaction on the surface, the enhanced adsorption of CO2 
intermediates (*COOH) at single-atom sites helps slow down the 
attack of *H on nonmetal sites, preventing the breakage of metal-
nonmetal bonds and thus improving the structural stability of the 
catalysts. Therefore, to achieve durable electroreduction of CO2 to 
CO, properly adjusting the adsorption of the *COOH intermediate 
is very crucial. We preliminarily screened the structures of SACs with 
the strong *COOH adsorption under acidic conditions (pH  =  0) 
through DFT calculations. Taking Ni as an example, we first con-
structed a model of Ni SAC including conventional Ni-N4 and Ni-
N3V (fig. S2, A and B). The activation of the CO2 to *COOH process 
shows an uphill free energy change [ΔG(*COOH)] on these struc-
tures, indicating that the conversion process of CO2 to COOH* has 

Fig. 1. Schematic of different CO2RR systems. (A) Schematic of alkaline or neutral 
CO2RR and alkaline CORR tandem system. (B) Schematic of acidic CO2RR and alka-
line CORR tandem system.
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a large energy barrier and is a rate-determining step reaction (fig. S3A). 
When an additional Ni-N3V site is introduced at a distance of 1 nm 
from the Ni-N3V site (fig. S2C), the ΔG(*COOH) is reduced from 
2.07 eV (for Ni-N4) and 0.86 eV (for Ni-N3V) to 0.71 eV. This indi-
cates that, compared to the other Ni atomic structures, regulating 
the distance between Ni-N3V sites may enhance the CO2RR perfor-
mance. In addition, the limiting potential difference [UL(CO2)-UL(H2)] 
of CO2RR and HER was calculated to consider the thermodynamic 
selectivity of the reaction. The UL(CO2)-UL(H2) value of the Ni-N3V- 
1.0 nm site in fig. S3B is more positive than those of Ni-N4 and 
Ni-N3V, indicating that the adjacent Ni-N3V site can further im-
prove the selectivity of the Ni-N3V site for CO2 to CO. The above 
results show that by regulating the atomic distance of Ni-N3V to 
enhance the adsorption of *COOH, it is expected to achieve CO2 to 
CO conversion with high activity and stability under acidic medium 
(Fig. 3, A and B).

Controllable synthesis and characterizations of Ni SACs with 
various site distances
A two-step strategy combining polycondensation and subsequent 
pyrolysis procedures is developed to synthesize Ni SACs with differ-
ent site distances (fig. S4). The key success of this strategy relies on 
the controlled polycondensation and coordination in the first step, 
in which small molecules [Ni precursor, dicyandiamide (DCD), and 
formaldehyde (HCHO)] are polymerized in hot water in one pot to 

form coordination polymers coated on the surface of nano silicon 
dioxide (SiO2) nanoparticles. Next, the obtained Ni coordination 
polymer was calcined at high temperature (900°C) in an argon at-
mosphere to volatilize the N part in the polymer, and SiO2 is etched 
away using hydrofluoric acid (HF) to obtain the final Ni SAC. Ni 
single atoms distributed on nitrogen-doped carbon (NC) with dif-
ferent site distances can be easily obtained by adjusting the amount 
of metal precursor [the metal loading of 0.5 ± 0.13, 1.3 ± 0.15, 
4.5 ± 0.33, and 9.9 ± 0.60 wt % measured by inductively coupled 
plasma atomic emission spectroscopy (ICP-AES)]. The only broad 
peak detected in the x-ray diffraction (XRD) pattern of the Ni SAC 
sample indicates the formation of amorphous NC material in the 
catalysts (fig. S5).

From the transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) images, it 
can be seen that these catalysts have graphene layers with abundant 
mesopores of about 20 nm, and no nanoparticles are observed (fig. S6). 
In addition, the N2 adsorption-desorption isotherms and pore size 
distributions indicate that the NC support has a high specific sur-
face area (>950 m2 g−1) and rich mesoporous structure (fig. S7 and 
table  S7), which will help improve the mass transfer efficiency of 
CO2 and the utilization efficiency of metal sites. Figure S8 shows 
further high-angle annular dark field scanning transmission electron 
microscopy (HAADF-STEM) images and corresponding energy-
dispersive x-ray (EDX) elemental mapping analysis, from which we 

Fig. 2. TEA of different CO2RR systems. (A) Breakdown of the overall process costs for different electroreduction systems under optimistic and pessimistic scenarios at a 
given electricity price of $0.03/kWh. The red dashed line shows the current cost of C2H4. (B) Costs and (C) contributions of acidic CO2RR part and alkaline CORR part under 
optimistic and pessimistic scenarios. Contour plot of C2H4 production cost calculated at different cell potentials and FE for (D) alkaline CO2RR system, (E) acidic CO2RR 
system, (F) alkaline CO2RR in tandem with alkaline CORR system, and (G) acidic CO2RR in tandem with alkaline CORR at a given electricity price of $0.03/kWh.
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can see that C, N, and Ni atoms are uniformly dispersed throughout 
the structure of these catalysts. The x-ray photoelectron spectroscopy 
(XPS) survey also detects the presence of the three elements, and the 
Ni 2p peak is enhanced with the increase of Ni loading (fig. S9A). 
As shown in Fig. 3 (C to F), aberration-corrected HAADF-STEM 
(AC-HAADF-STEM) images show that the Ni species are all atomi-
cally dispersed, and the distance of Ni sites (dsite) decreases with the 
metal loading increases. The average dsite is determined using calcu-
lated statistics from AC-HAADF-STEM images of all samples (these 
catalysts are named Ni1-NC-X; X represents the dsite of 1.7, 1.0, 0.5, 
and 0.36 nm). To increase the reliability of the measurement, we con-
sidered signals from more than 50 atoms collected by AC-HAADF-
STEM images for each catalyst. The statistical method used in this 
study to estimate the dsite only examines regions with very thin thick-
ness, where all Ni atoms can be counted. Thicker regions are ignored 
because STEM imaging cannot easily record enough atoms within 

the required resolution. Figure 3G shows an inverse correlation be-
tween Ni site distances and metal loading, with dsite systematically 
decreasing from 1.7 to 0.36 nm, as the Ni content increases from 0.5 
to 9.9 wt % (table S8).

X-ray absorption spectroscopy (XAS) measurements were then 
performed to investigate the electronic properties and coordination 
structures of these Ni SACs with different site distances. Figure 3H 
shows the normalized Ni K-edge x-ray absorption near-edge struc-
ture (XANES) spectra. It can be seen that the absorption threshold 
position is located between NiO and Ni foil, indicating that the va-
lence of the Ni species is between 0 and +2. However, the position of 
the rising edge decreases from Ni1-NC-1.7 to Ni1-NC-0.36, indicat-
ing that the Ni oxidation state becomes lower with increasing Ni site 
distance. These results are also confirmed by the electron energy-
loss spectroscopy (EELS) of Ni-L (Fig. 3I) and Ni 2p XPS (fig. S9B). 
This suggests a more reductive state for Ni, which probably is induced 

Fig. 3. Characterizations and atomic structural analysis of Ni SACs with different distance. Schematic of the possible structural evolution of single atoms at (A) un-
connected and (B) connected atomic distances dominated by HER and CO2RR, respectively. (C to F) Aberration-corrected high-angle annular dark field scanning transmis-
sion electron microscopy (AC-HAADF-STEM) images and corresponding distribution of atomic distances of Ni1-NC-X samples. Ni single atoms are marked in yellow circles. 
(G) Calibration of the distance of Ni sites (dsite) with statistical distributions from STEM images against the corresponding Ni loading determined by inductively coupled 
plasma atomic emission spectroscopy (ICP-AES). The error bars correspond to the SDs of Ni contents (x axis) and the dsite (y axis) for each sample prepared in three inde-
pendent trials. (H) Normalized Ni K-edge x-ray absorption near-edge structure (XANES) spectra. a.u., arbitrary units. (I) Electron energy-loss spectroscopy (EELS) of Ni1-
NC-X. (J) Fourier transform magnitude function, FT|k3χ(k)|, of phase-corrected extended x-ray absorption fine structure (EXAFS) spectra of Ni1-NC-X and reference samples.
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by the electronic interaction between adjacent sites. The corre-
sponding extended x-ray absorption fine structure (EXAFS) spectra 
show that Ni─N has only one prominent peak at ~1.52 Å, while 
there is no Ni─Ni peak at ~2.2 Å (Fig. 3J), confirming the presence 
of atomically dispersed metal atoms in the Ni1-NC-X samples. The 
first shell theoretical fitting of the EXAFS spectra using the Ni-N3V 
model can fit the four samples well. The corresponding parameters 
in table S9 show that the coordination numbers (CN) of the four 
representative samples are 3.1 to 3.3, which means that the Ni-N3V 
part is dominant in the samples with different dsite values. The room-
temperature electron paramagnetic resonance (EPR) of Ni1-NC-0.36 
reveals the coordinatively unsaturated state of Ni species, demon-
strating the existence of N vacancies (fig. S10). The wavelet trans-
form images also show that there is only one maximum intensity on 
the Ni─N scattering path, located at ~5 Å−1 (fig. S11). These results 
indicate that these Ni SACs can maintain the same Ni-N3V coordi-
nation structure except for the different site distances. In other 
words, the transition of Ni valence states and the different electronic 
structures of the central Ni atom should be attributed to the differ-
ent site distances in these Ni SACs rather than the coordination 
structure or CN.

In addition, to demonstrate the universality of site distance regu-
lation, four SACs were synthesized by replacing the Ni precursor with 
nitrates of Fe, Co, Cu, and Zn (table S10). TEM images (fig. S12) and 
EDX mapping (fig. S13) demonstrate the absence of corresponding 
nanoparticles in the above catalysts and the uniform distribution of 
the elements. Figure S14 shows that no metal peaks are observed in 
XRD pattern. Similarly, the loading and site distance of each catalyst 
are quantified by ICP-AES and AC-HAADF-STEM (fig.  S15), re-
spectively. These catalysts are named Fe1-NC-0.81, Fe1-NC-0.42, 
Co1-NC-0.97, Co1-NC-0.4, Cu1-NC-0.9, Cu1-NC-0.41, Zn1-NC-0.89, 
and Zn1-NC-0.46 according to the site distance.

Regulation of electrochemical CO2RR performance
To verify whether regulating the site distance of SACs would have a 
positive effect on CO2RR, we conducted CO2RR performance tests 
in a three-chamber flow cell containing 3 M KCl (pH adjusted to 1 
by concentrated H2SO4). Figure 4A shows that Ni1-NC-0.5 has en-
hanced CO2RR activity compared with Ni1-NC-1.7, Ni1-NC-1.0, and 
Ni1-NC-0.36 over the entire applied potential. At a current density 
of 1.4 A cm−2, Ni1-NC-0.5 shows the best CO2 to CO generation, 
with an FE of 99.7 ±  0.4%, while the FECO values ​​of Ni1-NC-1.7, 

Fig. 4. CO2RR performance evaluation of Ni1-NC-X catalysts. (A) The corresponding current density at different applied potentials in flow cell with flowing 3 M KCl (the 
pH value was adjusted to be 1 by H2SO4) electrolytes. (B) FECO of Ni1-NC-X at different current densities. (C) Schematic diagram of catalysts with different atomic distance 
and their corresponding TOF. (D) CO half-cell ECE and partial current density of Ni1-NC-0.5 catalyst at different potentials. (E) The CO2 SPCE of and CO FE of Ni1-NC-0.5 
catalyst at different CO2 flow rates at a current density of 0.4 A cm−2. (F) The stability measurement of CO product FE with an applied current density of 0.6 A cm−2. The red 
dashed arrows mark the time of refreshing the electrolyte. (G) Liquid and (H) gas contact angle of Ni1-NC-0.5 electrode before stability test. (I) Liquid and (J) gas contact 
angle of Ni1-NC-0.5 electrode after stability test. (K) Comparison of CO2RR current density, CO product FE, stability, pH of bulk electrolyte, and SPCE of Ni1-NC-0.5 with 
state-of-art CO2RR catalysts.
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Ni1-NC-1.0, and Ni1-NC-0.36 are 0.87 ± 0.7, 2.7 ± 0.6, and 43.0 ±  
2.1%, respectively, due to the increase in HER (Fig. 4B). Moreover, 
the linear sweep voltammetry curves of Ni catalysts with different 
atomic distances measured using a rotating disk electrode in an Ar 
atmosphere indicate that Ni1-NC-0.5 exhibits the highest HER over-
potential and the lowest current density at the same potential (fig. S16), 
similarly suggesting its poorest HER performance, which might 
contribute to the stability of Ni sites under acidic conditions. The 
electrochemical surface area (ECSA) analysis (fig.  S17, A to E) 
shows that the ECSA of Ni1-NC-0.5 is comparable to that of other 
catalysts, suggesting that the performance improvement is not solely 
due to an increase in surface area. Furthermore, the ECSA-normalized 
CO current density indicates that Ni1-NC-0.5 exhibits the highest 
current density, achieving 100.2, 43.1, and 2.2 times higher values 
than Ni1-NC-1.7, Ni1-NC-1.0, and Ni1-NC-0.36, respectively, at 1.4 A 
cm−2 (fig. S17F). This demonstrates that tuning the interatomic 
distance enhances the intrinsic activity of the Ni sites. In addition, 
we further evaluate the turnover frequency (TOF) of Ni1-NC-X 
(Fig. 4C). The results show that the Ni1-NC-0.5 catalyst exhibits a 
TOF of 33852.6 ± 139.7 hour−1 at a current density of 1.4 A cm−2 
and a TOF of 35184.8 ± 462.7 hour−1 at a current density of 1.6 A 
cm−2, which are notably higher than those of other catalysts, indi-
cating the highest intrinsic activity. The improvement in catalytic 
activity may be attributed to the regulation of the electronic struc-
ture of the site distance between Ni sites. Figure 4D shows that the 
Ni1-NC-0.5 catalyst has a half-cell energy conversion efficiency 
(half-cell ECECO) of 60.2 ± 0.3% at a current density of 0.2 A cm−2. 
In contrast, the corresponding half-cell ECECO values of Ni1-NC-1.7, 
Ni1-NC-1.0, and Ni1-NC-0.36 catalysts at the same current density 
are only 17.3 ± 1.0, 50.6 ± 0.7, and 58.4 ± 0.6%, respectively (fig. S18). 
Moreover, with the increase of current density, the increase of over-
potential leads to a gradual decrease in half-cell ECECO. Because 
acidic CO2RR reduces the conversion and crossover of CO2 to car-
bonates and generally has a high single-pass conversion efficiency 
(SPCE), we further evaluate the CO2 SPCE of Ni1-NC-0.5 at a cur-
rent density of 0.4 A cm−2. Figure 4E shows that when the CO2 flow 
rate is 2.0 standard cubic centimeter per minute (SCCM), the SPCE 
reaches 89.9 ± 2.2%, and the FE of CO is 59.0 ± 1.6%. Figure 4F 
shows that when CO2 electrolysis is carried out at a constant current 
density of 1.0 A cm−2, the potential of Ni1-NC-0.5 is stabilized at 
1.08 ± 0.3 V versus reversible hydrogen electrode (RHE), and the 
CO FE is stabilized at 99.1 ± 0.8% for a duration of 88 hours. The 
liquid contact angle of the GDE for 3 M KCl (pH = 1) electrolyte 
(149.3° versus 139.2°) and the gas contact angle for CO2 (50.1° ver-
sus 52.5°) before and after the reaction are almost unchanged (Fig. 4, 
G to J), indicating that GDE maintains good hydrophobic and aero-
philic stability. After the stability test, no carbonate precipitation is 
observed on the back of the carbon paper, which also illustrates the 
stability of GDE in acidic solution (fig. S19). In addition, the EXAFS 
spectra of Ni1-NC-0.5 after 88 hours of reaction are fitted, and the 
CN is 3.35, which is consistent with that before the reaction (fig. S20 
and table S11). The performance of the Ni1-NC-0.5 catalyst is com-
pared with the reported state-of-the-art acidic CO2RR electrocata-
lysts (Fig.  4K) (38–40), which surpasses the previous catalysts in 
terms of current density, CO FE, stability, and CO2 SPCE (table S12). 
The above results indicate that this catalyst optimized by site dis-
tance regulation is highly likely to be applied in the acidic-alkaline 
tandem CO2RR system.

To verify the universality of the distance effect, we further tested 
the CO FE and TOF of other metal SACs at different site distances. 
The results show that adjusting the distance between metal sites for 
different metal elements affects the performance of acidic CO2RR. 
Compared with Fe1-NC-0.81, Co1-NC-0.97, Cu1-NC-0.9, and Zn1-
NC-0.89, the CO FE of Fe1-NC-0.42, Co1-NC-0.4, Cu1-NC-0.41, 
and Zn1-NC-0.46, at a current density of 0.1 A cm−2 increased by 
12, 53, 22, and 45%, respectively (fig. S21). In the current density 
range of 0.05 to 0.3 A cm−2, the TOF of catalysts with closer metal 
sites is higher than that of catalysts with farther metal sites, indicat-
ing that adjusting the atomic distance can effectively affect the 
CO2RR activity of the site. In addition, by adjusting the metal com-
position and current density, syngas with a H2/CO ratio ranging from 
0.25 to 13.3 can be produced (fig. S22).

Mechanism of Ni site distance effect
To reveal how the distance effect of Ni sites affects the activity and 
stability of CO2RR under acidic medium, we used a series of in situ 
electrochemical characterizations to monitor the changes in the in-
termediates and catalyst structures. We used in situ electrochemical 
surface-enhanced Raman spectroscopy (SERS) to monitor the key 
intermediates in CO2RR over Ni1-NC-0.5 and Ni1-NC-1.0 catalysts 
(fig. S23). Figure 5A shows that only peaks A at 1368 cm−1 and D at 
1600 cm−1 are observed under open circuit potential (OCP), which 
are attributed to the D and G peaks of the carbon substrate and re-
mained unchanged during the reaction. After applying a reduction 
potential, two obvious peaks appear. Peaks B (~1396 cm−1) and C 
(~1532 cm−1) are assigned to the C─O bond and asymmetric O─ 
C─O– stretching of the *COO− intermediate, respectively (41, 42). 
The shift of bands associated with the applied potential is caused by 
the Stark tuning effect. Weaker adsorption of *COO− intermediates 
is observed for Ni1-NC-1.0 compared to Ni1-NC-0.5 catalyst (fig. S24). 
This suggests that the appropriate Ni site distance may improve the 
performance by enhancing the adsorption of CO2 intermediates. In 
addition, two peaks are monitored at 1397 and 1698 cm−1 by in situ 
attenuated total reflection Fourier transform infrared (ATR-FTIR) 
(Fig. 5B and fig. S25), which are attributed to the C─O bond and 
C═O bond of the *COOH intermediate, respectively (43, 44). No 
*CO peak is observed, which is usually at 2000 to 2100 cm−1, due to 
the weak CO adsorption on the Ni site. This feature favors the genera-
tion of CO and prevents its deep reduction. The potential-dependent 
CO2RR activity is also manifested by the increase in the intensity of 
the steady-state *COOH peak when the potential is scanned from 
−0.4 to −1.4 V. Compared with the Ni1-NC-1.0 catalyst, the peak of 
the *COOH intermediate is much lower than that of Ni1-NC-0.5 
at the same potential (fig. S26). These ATR-FTIR results indicate 
that the rational adjustment of the atomic distance of the Ni site can 
enhance the *COOH adsorption and contribute to the CO2RR pro-
cess driven by the catalyst.

We further measured in situ XAS using a homemade flow cell 
with GDE in the electrolyte at pH = 1 (fig. S27) to monitor the struc-
tural stability of catalysts. Figure 5C shows the XANES spectra at 
different potentials. Compared with the OCP condition, the posi-
tion of the absorption edge shifts to lower energy after applying the 
CO2RR potential. These results reveal that the oxidation state of the 
atomically dispersed Ni sites decreases with increasing overpotential 
during CO2RR. This may be due to the strong electronic interaction 
between the NC-supported Ni-N3V sites and the surface-adsorbed 
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C-containing intermediates, leading to the formation of low-valent 
Ni sites, which promotes CO2 activation and CO generation. In ad-
dition, we can find that the intensity of peak A increases slightly, 
while the intensity of peak B decreases slightly. This change can be 
tracked by the IA/IB ratio (45,  46). When a *COOH binds to the 
nickel site, the nickel atom protrudes from the Ni-N3V plane, resulting 
in an increase in IA/IB (fig. S28A). The IA/IB value of the Ni1-NC-0.5 
catalyst at different potential has almost no change, indicating that 
the Ni site of Ni1-NC-0.5 binds *COOH intermediates strongly. The 
in situ EXAFS shows that the radial distance of the Ni─N peak un-
der OCP conditions is ~1.857 Å, but it shows a positive shift of 1.859, 
1.86, and 1.875, respectively, when the applied potential is −1.0 to 
−1.4 V (Fig. 5D and fig. S28B), indicating that the Ni─N bond is 
extended under CO2RR. The CN of Ni1-NC-0.5 is 3.3 at OCP, and 
CN increases with the increase of applied potential (table S13). The 
highest CN is close to 4.0 at −1.4 V, which is due to the combination 
of *COOH intermediates with Ni-N3V sites, resulting in an increase 
in CN. The in situ EXAFS results demonstrate the distortion of Ni 
atoms away from the carbon plane and the redistribution of elec-
trons in the Ni 3d orbitals, which enhances the interaction between 
the Ni sites and the CO2RR intermediates. No Ni─Ni bond is ob-
served in the in situ EXAFS fitting, which indicates that the Ni sites 
still exist in the form of isolated Ni single atom during CO2RR pro-
cess. To further demonstrate the stability of the catalyst structure, 
we used a series of ex situ electron microscopy characterizations to 
observe the state after CO2RR testing at −1.4 V. Figure S29 shows 

that no nanoparticles are observed in the ex situ TEM, HRTEM, and 
EDX mapping, and the ex situ AC-HAADF-STEM also shows that 
the average atomic distance of Ni sites is still 0.53 nm (fig. S30). 
However, in the in situ XANES spectra, the applied cathodic poten-
tial (−1.4 V) causes a decrease in both the absorption edge energy 
and the white line intensity for Ni1-NC-1.0 catalyst (fig. S31A). At 
the same time, a characteristic peak of Ni─Ni (2.48 Å) gradually 
emerged in the in situ EXAFS. The fitting results show that the CN 
of Ni─N is 1.34 and the bond length is 1.89 Å (fig. S31B), indicating 
that bond stretching and breaking of the Ni─N bond occur in the 
Ni1-NC-1.0 catalyst. These features indicate that appropriately ad-
justing the atomic distance may help enhance the stability of Ni-
N3V sites during the acidic CO2RR process. Moreover, the ex situ 
HRTEM and AC-HAADF-STEM images show the appearance of ir-
regular Ni nanoparticles below 10 nm and the reduction in the num-
ber of Ni sites on NC (figs. S32 and S33). These indicate that the 
atomic structure of Ni1-NC-1.0 catalyst is unstable under acidic con-
ditions, and dissolution and agglomeration of Ni sites occur during 
the CO2RR process. The above results indicate that the appropriate 
Ni-N3V site distance can help improve the selectivity and stability of 
the catalyst for acidic CO2RR, which is also supported by the follow-
ing theoretical calculations.

To further theoretically reveal the optimization effect of CO2RR 
performance under different Ni site distances, we further construct-
ed four catalyst models with different Ni-N3V atomic distances and 
optimized the adsorption models of different intermediates in the 

Fig. 5. In situ characterizations and DFT calculations for CO product enhancement mechanism. (A) In situ SERS of Ni1-NC-0.5 electrode during CO2 reduction reaction 
under different potentials. The red and gray balls represent O and C, respectively. (B) In situ ATR–surface-enhanced infrared absorption spectroscopy (SEIRAS) of Ni1-
NC-0.5 electrode during CO2 reduction reaction under different potentials. In situ Ni K-edge (C) XANES spectra and (D) EXAFS spectra of Ni1-NC-0.5 catalyst in a flow cell 
electrolyzer at different applied potentials. (E) The catalytic pathway on Ni-N3V based on the *COOH and *CO adsorption intermediates after optimization. Yellow, blue, 
black, and white spheres represent Ni, N, C, and H atoms, respectively. (F) Calculated free energy profile of CO2RR intermediates on different models at pH = 0. The nega-
tive projected crystal orbital Hamiltonian population (–pCOHP) of the Ni─C bond for *COOH adsorption on (G) Ni1-NC-1.7, (H) Ni1-NC-1.0, (I) Ni1-NC-0.5, and (J) Ni1-
NC-0.36.
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process of CO2 conversion to CO (CO2 → *COOH → *CO → CO) 
(Fig.  5E).  Figure  5F shows that the energy barrier (0.56 eV) of 
*COOH formation of Ni1-NC-0.5 is lower than that of Ni1-NC-1.7 
(1.49 eV), Ni1-NC-1.0 (0.86 eV), and Ni1-NC-0.36 (0.71 eV) (fig. S34). 
Moreover, the model of Ni1-NC-0.5 has the highest HER barrier 
compared with other site distances (fig.  S35). The above results 
prove that the catalyst has a low starting potential and high CO2RR 
selectivity, which is consistent with the experimentally measured 
performance. The UL(CO2)-UL(H2) value of Ni1-NC-0.5 with a site 
distance of 0.5 nm is more positive than that of other models, indi-
cating that this structure has the highest CO2 selectivity (fig. S36). 
Projected crystal orbital Hamiltonian population (pCOHP) analysis 
was also performed to study the bonding-antibonding characteris-
tics of the metal-adsorbate bond. As shown in Fig. 5 (G to J), nega-
tive pCOHP (red) indicates bonding contribution, and positive 
pCOHP (blue) indicates antibonding contribution. The adsorption 
of *COOH is mainly attributed to the hybridization of Ni 3d orbital 
and C 2p orbital. The atomic distance regulation of Ni site changes 
the Ni 3d orbital, which greatly affects the binding strength between 
Ni site and *COOH. The more negative integrated COHP (iCOHP) 
value of *COOH on Ni1-NC-0.5 (−2.690 eV) is compared with Ni1-
NC-1.7 (−2.546 eV), Ni1-NC-1.0 (−2.603 eV), and Ni1-NC-0.36 
(−2.565 eV). The above results also verify that Ni1-NC-0.5 has stron-
ger Ni─C interaction, which will help improve the CO2RR activity 
and stability under acidic medium.

Establishment and performance of acidic-alkaline tandem 
CO2RR system
To stably and efficiently produce multicarbon products, we estab-
lished an acidic-alkaline tandem CO2 electrolysis system by cou-
pling the acidic CO2-to-CO with the alkaline CO-to-C2H4 (Fig. 6A 
and figs. S37 and S38). We used Ni1-NC-0.5 for acidic CO2RR in the 
first step and the microenvironment-regulated 7,7,8,8-tetracyanoqu
inolinodimethane (TCNQ)–coated CuO catalyst (CuO@TCNQ; for 
the specific synthesis process, please refer to the method description 
section and fig. S39) for CORR in the second step. To match the CO 
generation rate in CO2 electrolysis and the CO consumption rate in 
CO electrolysis, we scaled up the acidic slim flow cell with an effec-
tive area of 100 cm2, and the CO2 flow rate was set to 300 ml min−1. 
A three-chamber slim flow cell was used for the acidic CO2RR to 
CO process. A 1-mm-thick polyetheretherketone (PEEK) frame was 
used to form the middle liquid flow channel for the 3 M KCl 
(pH = 1) catholyte, effectively separating the cathode from the cat-
ion exchange membrane (CEM). To minimize the internal ohmic 
resistance, we tightly hot pressed the CEM and the anode GDE to-
gether. The electrolyzer achieved a low resistance of 0.35 ± 0.04 ohms. 
Acidic CO2 electrolysis was carried out at a total current of 5 to 50 A 
(0.05 to 0.5 A cm−2). A low-potential hydrogen oxidation reaction 
(HOR; H2-2e− = 2H+; 0 V versus RHE) was used at the anode in-
stead of the oxygen evolution reaction (OER; 1.23 V versus RHE) 
to reduce the total overpotential of the electrolyzer and avoid the 
production of harmful hydrogen peroxide that poisons the CEM 
(47,  48). Operating under room temperature and pressure condi-
tions helps to reduce the permeation of H2 through the CEM. CO 
FE is higher than ~97% at applied current of 5 to 35 A (0.05 to 0.35 A 
cm−2) (Fig. 6B). The CO FE is 98.4 ± 0.37% at a current density of 
0.3 A cm−2, and the cell potential was only 2.85 ± 0.15 V. A CO FE 
of 90.23 ± 0.98% and a CO formation rate of 18.9 ± 0.2 liters hour−1 
are achieved at a current density of up to at 0.5 A cm−2. Moreover, 

the acidic slim flow cell achieves a low cell potential of 3.49 ± 0.1 V 
and a low power consumption of 0.21 ± 0.01 kWh mol−1 at 0.5 A 
cm−2 (Fig.  6C), which is 22.9% lower in cell potential and 22.2% 
lower in energy consumption than the electrolyzer using OER at the 
anode (4.53 ± 0.07 V and 0.27 ± 0.001 kWh mol−1; fig. S40). Fig-
ure S41 shows that the SPCE of CO2 reaches 77.2% at the highest 
level when the flow rate is 50 SCCM. The outlet of the acidic electro-
lyzer was connected to the CO2 capture solution and then to the al-
kaline membrane electrode assembly (MEA) electrolyzer (25 cm2). 
To reduce the battery potential and energy consumption of the alka-
line MEA, the anode used a hydrazine oxidation reaction (HzOR; 
N2H4 + 4OH− = N2 + 4H2O; −0.33 V versus RHE) instead of OER. 
When a current density of 0.3 A cm−2 is applied to the acidic slim 
flow cell, the alkaline MEA reaches the highest C2H4 and C2+ FE at 
current density of 0.4 A cm−2, which were 75.3 ± 1.2 and 92.5 ± 1.3%, 
respectively (Fig. 6D). At the same time, at current density of 0.4 
and 0.48 A cm−2, the C2H4 formation rate reaches 851.3 ± 13.2 and 
741.5 ± 29.3 ml min−1, respectively. Furthermore, the alkaline MEA 
achieves a low cell potential of 2.88 ± 0.1 V and a low power con-
sumption of 1.1 ± 0.1 kWh mol−1 at 0.48 A cm−2 (Fig. 6E), which is 
24.4% lower in potential and 26.7% lower in energy consumption 
than the electrolyzer using OER at the anode (3.81 ±  0.01 V and 
1.5 ± 0.05 kWh mol−1) (fig. S42). The highest SPCE of CO to C2H4 
was measured to be 73.8% at a flow rate of 70 ml min−1 (fig. S43).

On the basis of the measured performance of the acidic-alkaline 
tandem CO2RR system, we conducted TEA to evaluate the econom-
ic feasibility of the system on an industrial manufacturing scale. We 
first considered the additional cost of using extra hydrogen. The 
acidic CO2RR component costs for C2H4 production from green 
hydrogen, blue hydrogen, and gray hydrogen add $357.1/tonne, 
$214.3/tonne, and $71.4/tonne, respectively (fig.  S44). The future 
use of large-scale green hydrogen for CO2 conversion is economi-
cally feasible. Figure 6F shows that the total cost of C2H4 produced 
using this system is $2219.8/ton at an electricity price of $0.03/kWh, 
which is close to the commercial price of oil-driven C2H4. In addi-
tion, the cost breakdown shows that the cost of acidic CO2RR to CO 
accounts for 35.5% of the total cost, while alkaline CORR accounts 
for 64.5%, and electricity costs are still the main cost source for both 
($788.7/ton and $1431.0/ton, respectively). These results show that 
by optimizing the alkaline CORR electrolyzer to reduce the overpo-
tential and designing a more efficient C2H4 production catalyst to 
improve the C2H4 selectivity, the cost will be further reduced and 
lastly form the market competitiveness of C2H4 produced by the ex-
isting industrial system. On the basis of the further development of 
power generation technologies (wind power and hydropower, etc.) 
in the future, when the electricity price drops to $0.01/kWh, the cost 
of C2H4 in this system will decrease to $1343.7/ton, which is ex-
pected to replace the high-energy–consuming C2H4 production 
process in traditional petrochemical industries (Fig. 6G). To further 
prove the industrialization potential of the acid-alkaline tandem 
CO2RR system, we conducted a stability test (Fig. 6H). When 20 A 
(0.2 A cm−2) and 4 A (0.16 A cm−2) are applied to the acidic CO2RR 
electrolyzer and alkaline CORR electrolyzer, respectively, the system 
achieves more than 400 hours of durable operation, and the FE of 
C2H4 is stable at 57.6 ± 2.1%. No carbonate precipitation was ob-
served in the photos of the back of the GDE at different times, indi-
cating that our tandem system effectively alleviates the carbonate 
problem and improves the stability of C2+ preparation. After stabil-
ity testing, the catalysts at the anode and cathode of the acid-base 
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tandem system were characterized separately. The XRD pattern 
(fig. S45A) and AC-HAADF-STEM (fig. S45B) results show that the 
Ni1-NC-0.5 catalyst maintained single-atom dispersion without ag-
glomeration, with only 4.69% Ni loading lost to the cathode electro-
lyte (fig. S45C). CuO@TCNQ experiences only a 0.85% Cu loss 
during the CORR process (fig. S45D). CuO@TCNQ was reduced to 
Cu0 after the reaction but still retained its nanosheet morphology 
(fig. S46). Furthermore, in  situ Raman spectroscopy revealed that 
the characteristic vibrational peak of Cu─O at ~303 cm−1 gradually 
weakened and completely disappeared at 130 min (0.16 A cm−2) 
and 100 min (0.4 A cm−2), respectively (fig. S47). This indicates that 

the Cu0 structure obtained by the gradual reduction of CuO to its 
valence state during the CORR is the true active site. Ex situ XRD, 
HAADF-STEM, and scanning electron microscope (SEM) analyses 
show no notable changes in the anode catalysts [PtRu black and 
NiFe–layered double hydroxides (LDHs)] after the reaction (figs. S48 
and S49), indicating that the structure and morphology of the anode 
catalysts remained stable (detailed analysis results are provided in 
the Supplementary Materials). To demonstrate its industrial poten-
tial, we subjected the acidic CO2 reduction electrolyzer and the alka-
line CO2 reduction electrolyzer to currents of 40 A (0.4 A cm−2) and 
10 A (0.4 A cm−2), respectively. The system achieved stable operation 

Fig. 6. Detailed illustration and the performance of acidic-alkaline tandem CO2RR system. (A) Schematic of acidic-alkaline tandem CO2RR system. (B) The FE of CO 
and H2 and CO product formation rate at different current density in an acidic slim flow cell. (C) The cell potential and CO consumed electricity at different current density. 
(D) The FE of C2+ products and C2H4 product formation rate at different current density in an alkaline MEA. (E) The cell potential and C2H4 consumed electricity at different 
current density. (F) The TEA of acidic-alkaline tandem CO2RR system based on this work. The red dashed line shows the current cost of C2H4. (G) The change of C2H4 cost 
with electricity price. The black dashed line shows the cost of commercial C2H4. (H) The stability of acidic-alkaline tandem CO2RR system and digital images of GDEs at 
different times. The vertical dashed line marks the time of refreshing the electrolyte. (I) Comparison of CO2RR current density, C2H4 product FE, and stability of acidic-
alkaline tandem CO2RR system with single-step acidic CO2RR to C2H4.
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for more than 100 hours, with the FE of C2H4 maintained at a stable 
level of 70.2 ± 2.5% (fig. S50). The loss of both Ni and Cu decreased 
after stability testing at higher overpotentials, which also indicates the 
stability of the cathode catalyst in the acidic-alkaline tandem system 
(fig. S51). Figure 6I compares the current density, FE, and stability of 
the acidic CO2RR directly preparing C2H4 reported previously (23,  
49–51). The stability and activity of the acidic-alkaline tandem CO2 
electrolysis are superior to those of the previously reported single-
step direct electrolysis and alkaline-alkaline tandem electrolysis 
systems (table S14). The acidic-alkaline tandem CO2RR system pro-
vides guidance for the stable preparation of C2+ products such as 
CO2 to C2H4.

DISCUSSION
In conclusion, we achieve enhanced acidic CO2RR by controlling 
the site distance and established a highly durable acidic-alkaline 
tandem system to convert CO2-to-C2+. For Ni sites with a 0.5-nm 
distance and a current density of 1.4 A cm−2, nearly 100% CO FE is 
achieved at pH = 1. Further coupling with alkaline CORR enables 
the durable production of C2+, especially C2H4 at industrial current 
for more than 400 hours. The acidic-alkaline tandem CO2RR sys-
tem has proven to be an effective solution for CO2 conversion, 
providing a reference for future industrial-scale electrochemical 
production of C2H4.

MATERIALS AND METHODS
Materials and chemicals
DCD (>99%), HCHO (37 wt % solution), ferric nitrate nonahydrate 
[Fe(NO3)3·9H2O; >99%], cobaltous nitrate hexahydrate [Co(NO3)2· 
6H2O; >99%], nickel nitrate hexahydrate [Ni(NO3)2·6H2O; >99%], 
copper nitrate trihydrate [Cu(NO3)2·3H2O; >99%], zinc nitrate 
hexahydrate [Zn(NO3)2·6H2O; >99%], potassium hydroxide (KOH; 
>85%), and hydrazine hydrate (N2H4·H2O) were purchased from 
Sinopharm Chemical Reagent Co. Ltd. (China). SiO2 (~20 nm) was 
purchased from XFNANO. Iridium (III) chloride hydrate (IrCl3·xH2O; 
99.9%) was purchased from Alfa Aesar. TCNQ (>99%) was pur-
chased from Sigma-Aldrich. All of the chemicals used in this ex-
periment were analytical grade and used without further purification. 
Deionized (DI) water from a Milli-Q System (Millipore, Billerica, 
MA, USA) was used in all experiments.

Ni1-NC-X synthesis
The Ni1-NC-X catalyst was fabricated through a coordinated poly-
mer pyrolysis strategy. A total of 2 g of SiO2, 5 g of DCD, and the 
corresponding mass of Ni(NO3)2·6H2O was mixed in 20 ml of DI 
water and then stirred at 60°C until DCD was completely dissolved. 
Then, 4.4 ml of HCHO was added and heated for 6 hours until water 
was completely evaporated to obtain an orange solid. In this process, 
HCHO and DCD polymerized; Ni ions thoroughly coordinated with 
DCD-HCHO resin. The solid was next placed in a quartz boat and 
heated to 900°C in a tube furnace for 2 hours under Ar atmosphere. 
After cooling to room temperature, the black solid was etched with 
HF to remove SiO2, then centrifuged, washed three times each with 
water and ethanol, and vacuum dried overnight to obtain Ni1-NC-X 
catalyst. For Ni1-NC-1.7, Ni1-NC-1.0, Ni1-NC-0.5, and Ni1-NC-0.36, 
the masses of Ni(NO3)2·6H2O added were 50, 150, 280, and 360 mg, 

respectively, and other conditions remained the same. For Fe1-NC-X, 
Co1-NC-X, Cu1-NC-X, and Zn1-NC-X, the masses of the corre-
sponding metal nitrates are shown in table S10, and the other condi-
tions remain the same.

CuO@TCNQ synthesis
CuO@TCNQ was prepared by an improved method (52). First, CuO 
nanosheets were synthesized by a hydrothermal method. In a typical 
experiment, 0.5 g of CuCl2 was dissolved in 30 ml of water. Then, 
30 ml of 3 M NaOH solution was added dropwise. The resulting 
mixture was stirred for 20 min, and 20 ml ethanol was then added. 
The obtained mixture was transferred into a Teflon-lined stainless 
steel autoclave and was heated at 100°C under autogenous pressure 
for 10 hours. The resulting solids were collected by centrifugation, 
washed with DI water, and dried at 60°C overnight in a vacuum oven. 
To prepare the TCNQ/acetonitrile solution, TCNQ was dissolved 
in acetonitrile at a concentration of 10 mM. Next, 30 mg of CuO 
powder was dispersed in 4 ml of methanol. Then, 150 μl of TCNQ/
acetonitrile was added to the above mixture under ultrasonication 
for 1 hour, after which 150 μl of Nafion was added, and the mixture 
was ultrasonicated for another 1 hour to prepare the ink. The result-
ing suspension was spray coated onto a 5 cm–by–5 cm YLS-30T 
carbon paper to prepare the CuO@TCNQ electrode with a loading 
amount of about 1 mg cm−2.

Characterization
Powder XRD patterns of samples were recorded on a Rigaku Mini-
Flex 600 operating at a 40-kV voltage and a 15-mA current with Cu 
Kα radiation (λ =0.15406 nm). AC-HAADF-STEM imaging and EELS 
of samples were performed on a JEM-ARM200F. High-resolution 
transmission electron microscope were performed on a Talos F200X 
at 200 kV and Themis Z at 300 kV. SEM was performed on a Gemini 
SEM 500. The XPS was recorded on a Thermo Fisher Scientific Nexsa 
G2 spectrometer with an excitation source of monochromatized Al 
Ka (hν = 1486.6 eV) and a pass energy of 40 eV. XAFS spectroscopy 
measurements were performed at the Ni K-edge. Data were col-
lected at the 1W1B station in Beijing Synchrotron Radiation Facility 
(BSRF) and BL14W1 in the Shanghai Synchrotron Radiation Fa-
cility (SSRF), China. Ni foil was used as references. The Ni K-edge 
XANES data were recorded in a transmission/fluorescence mode 
using N2-filled ionization chamber. The storage ring was working at 
the energy of 3.5 GeV with an average electron current of 250 mA. 
All samples were pelletized as disks of 13-mm diameter using graph-
ite powder as a binder. The Brunauer-Emmett-Teller test was ob-
tained from Micromeritics ASAP 2020 HD88 Plus. All the samples 
were degassed at 573 K for 3 hours. The pore size distribution was 
calculated from the Horvath-Kawazoe and Barrett–Joyner–Halenda 
method for micropore and mesoporous, respectively. The EPR spec-
tra were recorded on a JEOL JES-FA200 EPR spectrometer. Contact 
angles of CO2 and H2O were measured using Lauda Scientific LSA 
100. Raman spectral analysis was carried out with a HORIBA 
LabRAM HR Raman spectrometer with a wavelength of 785 nm. 
The FTIR spectra were collected at a resolution of 4 cm−1 on a Bruker 
INVENIO spectrophotometer. The liquid products were quantified 
by nuclear magnetic resonance (NMR) (Bruker Avance AV III 400) 
spectroscopy using dimethyl sulfoxide as an internal standard. During 
chronoamperometry, the effluent gas from the cell went through 
the sampling loop of a gas chromatograph (Panna A91) and was 

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 19, 2026

Clare
高亮



Ma et al., Sci. Adv. 12, eaea2538 (2026)     13 May 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

11 of 15

analyzed to determine the concentration of gas products. The gas 
chromatograph was equipped with a molecular sieve 5A, Porapak Q 
80/100 mesh, SE-30, and HP-Al2O3/S capillary column with ultra-
high purity helium as a carrier gas.

CO2 electrolysis measurements
Preparation of GDEs
Typically, 14 mg of catalyst was mixed with 70 μl of 5 wt % Nafion 
solution and 2 ml of ethanol. The solution was sonicated for at least 
60 min at room temperature. The well-dispersed ink was then air-
brushed onto YLS-30T or Sigracet 28 BC (3 cm by 4 cm) using an 
Anest Iwata RG-3L airbrush (Japan) pumped by an air compressor 
at a fixed pressure of 0.4 MPa. The GDEs were cut to 3.0 cm by 1.0 cm 
and dried in a vacuum chamber overnight before use. The loading 
amount was determined by weighing the GDEs before and after the 
airbrushing and was found to be roughly 1.0 mg cm−2. For large-
area GDEs (11 cm by 11 cm and 5 cm by 5 cm), the well-dispersed 
ink was then airbrushed onto a carbon paper by an ultrasonic spray 
pyrolysis system flux spray machine (UAM4000L, Cheersonic Ul-
trasonics Equipment, China). The loading amount was also estimat-
ed to be 1.0 mg cm−2.
Preparation of the anode IrO2-Ti mesh
The anodes were prepared by a modified dip coating and thermal 
decomposition method by depositing IrO2 on a titanium mesh (1). 
Briefly, the titanium mesh was first degreased with acetone and DI 
water and then etched in a 6 M HCl solution 20 min before dip coat-
ing. The dip coating solution consisted of 30 mg of IrCl3·xH2O (Alfa 
Aesar) dissolved in 9 ml of isopropanol and 1 ml of concentrated 
HCl. Subsequently, the etched titanium mesh was dipped into the 
IrCl3 solution and dried under a heat lamp before calcination in a 
furnace at 500°C for 10 min. The dipping and calcination process 
was repeated until a suitable loading was achieved (2 mg cm−2), and 
then the IrO2-Ti mesh was used in flow cell (1 cm by 3 cm) and slim 
flow cell (11 cm by 11 cm) for acidic CO2RR system.
Preparation of the anode NiFe-LDHs/Ni foam
The anodes were prepared by an electrodeposition method by depos-
iting NiFe-LDHs on a Ni foam (53). Before synthesis, Ni foam was 
ultrasonicated in 5 M HCl aqueous solution for 2 min and then 
washed by DI water and absolute ethanol repeatedly, followed by dry-
ing in a vacuum oven at 60°C. The NiFe-LDHs was electrodeposited 
on the as-prepared Ni foam in 250 ml of electrolyte bath containing 
Ni(NO3)2·6H2O (3 mM) and Fe(NO3)3·9H2O (3 mM) at −1.0 V (ver-
sus Ag/AgCl) at 25°C for 480 s. Eventually, the self-supported flexible 
NiFe-LDHs on Ni foam electrocatalyst was obtained for OER and 
HzOR. After reaction, the NiFe-LDHs/Ni foam was rinsed thorough-
ly with DI water and dried at room temperature. The NiFe-LDHs/Ni 
foam anode was used in the alkaline CORR system.
Acidic CO2 electrolysis in a flow cell
The gas-tight flow cell system was fabricated with a CO2 gas com-
partment and two liquid compartments with channels of dimen-
sions 1.0 cm by 3.0 cm by 0.3 cm. A total of 3 M KCl (use H2SO4 to 
adjust the pH to 1) aqueous solution was pumped at 20 ml min−1 as 
cathode electrolyte. The CO2 flow rate is controlled at 40 ml min−1 
using a mass flow meter, and the flow rate at the outlet is corrected 
using a soap film flow meter. IrO2-Ti mesh and 0.5 M H2SO4 were 
used for the anodic OER. The catholyte and anolyte were separated 
by a CEM (Nafion 212, Dioxide Materials). The electrolysis was car-
ried out in the galvanostatic mode using a CHI 1140C. All potentials 
were measured against a Ag/AgCl reference electrode (saturated 

KCl, obtained from Tjaida and stored in a saturated KCl solution 
before use) and converted to the RHE scale by

The corrected potential at the cathode is given by

where Itot is the total current through the cell (in amperes). A factor 
of 0.85 is applied for the ohmic potential drop. R = 0.8 ohms for the 
flow cell.
Acidic-alkaline tandem CO2RR system
CO2RR performance measurements for tandem system were con-
ducted in slim flow cell and MEA-based electrolyzer. The titanium 
plates are used for the cathode and anode for current collecting. For 
acidic slim flow cell, at the cathode compartment, a GDE (11 cm by 
11 cm) was used for CO2 supplying, IrO2-Ti mesh anode and 0.5 M 
H2SO4 were used for OER, platinum-ruthenium black (Sinero, SP-
T65RU35) GDEs anode and H2 were used for HOR. The cathode 
and anode were separated by a Nafion 212. Hot pressing is conduct-
ed at 60°C and 1 MPa to ensure a tight bond between the CEM and 
GDE, thereby reducing resistance. Acidic CO2RR performance was 
measured using chronopotentionmetry in the galvanostatic mode 
by a Henghui potentiostat/galvanostat (HCP1023C). Pure CO2 was 
fed into the cathode at a flow rate of 300 ml min−1, while 3 M KCl 
aqueous solution (use H2SO4 to adjust the pH to 1) at a flow rate of 
50 ml min−1 was fed into the cathode. The H2 flow rate at the anode 
was set to 50 ml min−1. The outlet gas is fed with concentrated 
NaOH to trap CO2. For alkaline MEA, at the cathode compartment, 
a GDE (5 cm by 5 cm) was used for CO supplying. NiFe-LDH anode 
and 1 M KOH or 1 M KOH/0.4 M N2H4 were used for OER or hy-
drazine oxidation. The cathode and anode were separated by an an-
ion exchange membrane (Sustainion X37-50 RT, Dioxide Materials). 
Alkaline CORR performance was measured using chronopoten-
tionmetry in the galvanostatic mode by a Henghui potentiostat/
galvanostat (HCP1023C). During the stability testing process, the 
electrolysis procedure is periodically paused. The fresh electrolyte 
and NaOH capture solution are replaced. The cathode’s GDE is 
rinsed several times with DI water and then dried in a vacuum oven 
to remove residual carbonates and moisture from the flow channels. 
Subsequently, a diluted polytetrafluoroethylene dispersion is applied 
to the backside of the GDE to restore its hydrophobic properties.
Product analysis
Gas products were analyzed by a thermal conductivity detector (for 
H2 and CO) and a flame ionization detector (for alkanes and al-
kenes). Quantification of the products was performed using standard 
calibration gasses. Liquid products were analyzed by quantitative 1H 
NMR spectroscopy with water suppression and using dimethyl sulf-
oxide as an internal standard. For each data point, the electrolyzer 
was allowed to reach a steady state, and the products were quantified 
over periods of 30-min periods. A new GDE was used every time a 
galvanostatic test is performed. To ensure accuracy, at least three 
measurements were performed and averaged at each current density.

The FE is calculated as Eqs. 3 and 4

EVS.RHE = EVS.Ag∕AgCl + 0.22 V + 0.059 × pH (1)

EVS.Ag∕AgCl = E − 0.85 × Itot × R (2)

FEgas =
xi × v × P0 × zi × F

R × T × Itotal
× 100% (3)

FEliquid =
ni × zi × F

Δt × Itotal
× 100% (4)
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respectively, where xi is the volume fraction of gas product i, v is the 
gas flow rate at the cathode outlet, zi is the number of electrons in-
volved in the reaction to produce one molecule of product i, F is the 
Faradaic constant (in coulombs per mole), P0 is the absolute pres-
sure (101.325 kPa), R is the gas constant, T is the temperature (in 
kelvin), Itot is the total current, and ni the number of moles of prod-
uct i per time Δt (in seconds).

The TOF is calculated as Eq. 5

where Iproduct is the partial current of CO product (in amperes), n is 
the electron transfer for the formation of each CO molecule, F is the 
Faradaic constant (in coulombs per mole), m is catalyst mass in the 
GDEs (in grams), ω is the active metal loading in the catalyst, M is 
atomic mass of active metal, and t is 3600 s.

The half-cell ECE for CO product is calculated as Eq. 6

where Eanode is the thermodynamic potential (versus RHE) for an-
ode reaction, which is 1.23 V for OER. ECO is the thermodynamic 
potential (versus RHE) for CO2RR to CO, which is 0.109 V. Eapp is 
the applied potential (versus RHE) in three-electrode setup. The 
CO2 SPCE toward CO or C2H4 product is determined using the fol-
lowing Eq. 7 at 25°C and 1 atm

where Iproduct is the partial current of CO or C2H4 product (in am-
peres), n is the electron transfer for the formation of each product 
molecule, F is the Faradaic constant (in coulombs per mole), and 
Vm = 24.5 liters mol−1. The formation rate (R) for CO and C2H4 is 
calculated using the following Eq. 8

where qtot is the total charge passed toward CO or C2H4 products 
(in coulombs), FE is Faradaic efficiency for CO or C2H4 product 
(%), z is the number of electrons involved in the reaction to pro-
duce one molecule of CO or C2H4 product, t is the electrolysis time 
(in hours), and S is the geometric area of the electrode (in square 
centimeters).

The consumed electricity (CE) for CO or C2H4 is calculated us-
ing the following Eq. 9

where E is the cell potential (in volts), z is the number of electrons 
involved in the reaction to produce one molecule of CO or C2H4 
product, F is the Faradaic constant (in coulombs per mole), FE is 
Faradaic efficiency for CO or C2H4 product (%), and t was the elec-
trolysis time (hours).

In situ physicochemical characterizations
In situ SERS
The in situ SERS measurements were performed in a flow cell with a 
three-electrode configuration, where a GDE, a graphite rod, and a 
Ag/AgCl electrode were used as the cathode, anode, and reference 
electrode, respectively. A piece of anion exchange membrane was 
used to separate the cathode chamber from the anode chamber. A 
total of 3 M KCl (use H2SO4 to adjust the pH to 1) was circulated 
through the cathode chamber by a peristaltic pump at a flow rate of 
5 ml min−1, and CO2 gas was passed through the back side of the 
GDE during experiments. Raman spectra were collected with a Ra-
man spectrometer (HORIBA LabRAM HR) with a 785-nm excita-
tion laser. A monocrystalline silicon wafer standard (520.7 cm−1) 
was used for calibration before Raman measurements. Spectral sig-
nals were collected after stable electrolysis at each potential. Under 
each potential, the collection time of each Raman spectrum was 
set as 30 s.
In situ ATR surface-enhanced infrared absorption spectroscopy
A spectroelectrochemical H-cell with a three-electrode configura-
tion (Beijing SciStar Co. Ltd.) was used for in situ ATR–surface-
enhanced infrared absorption spectroscopy (SEIRAS) tests, where 
the as-prepared electrodes, a Pt wire, and a Ag/AgCl electrode were 
used as working electrodes, counter electrode, and reference elec-
trode, respectively. The silicon crystal is deposited by ion sputtering 
at a current of 30 mA for 6 min to achieve uniform coverage of the 
gold film on the surface. The cell was integrated into a Bruker IN-
VENIO FTIR spectrometer equipped with a liquid nitrogen–cooled 
MCT detector. A total of 0.5 M KHCO3 solution in D2O was used as 
electrolyte bubbled with CO2 at a flow rate of 20 ml min−1. Each 
spectrum consisted of 32 single beams with a resolution of 4 cm−1. 
The spectrum collected at OCP in CO2-saturated 0.5 M KHCO3 was 
used as a background. Spectral signals were collected after stable 
electrolysis at each potential.
In situ XAS
The in situ XAS of the Ni1-NC-X was acquired in the as-prepared 
state and under CO2RR conditions at different potential using a 
homemade flow cell with an IrO2-Ti mesh counter electrode and a 
Ag/AgCl reference electrode. A total of 3 M KCl (use H2SO4 to ad-
just the pH to 1) was used as electrolyte with CO2 at a flow rate of 
20 ml min−1. After each potential was run for 20 min, signal acquisi-
tion began. The XAS spectra at Ni K edge (E0 = 8333 eV) were per-
formed at beamline 1W2B at BSRF. The data were obtained using 
fluorescence-yield mode and taking metallic Ni foil as a reference to 
calibrate the energy scale. The data were processed using IFEFFIT 
package including ATHENA and ARTEMIS. The XAS data were 
processed by baseline subtracting and normalizing, noting as “nor-
malized absorbance.” The Fourier transformed EXAFS data were fit-
ted by applying metallic NiO model for Ni-O contributions. CN, 
interatomic distances (R), Debye-Waller factors (σ2), and energy 
shift (∆E) were the fitting results.

DFT calculations
The Vienna Ab initio Simulation Package (VASP) was used for all 
DFT calculations (54). Spin-polarized implementations adopted the 
generalized gradient approximation framework with the Perdew-
Burke-Ernzerhof functional governing exchange-correlation inter-
actions (55). Ion-electron dynamics were described through the 
projector augmented-wave method (56). The Gaussian smearing 

TOFCO =
Iproduct∕(n × F)

m × ω∕M
× t (5)

Half − cell ECECO =

(

Eanode−ECO
)

× FECO

1.23 − Eapp
(6)

SPCE =

(

Iproduct×60 s
)

∕(n×F)

(v×1 min) × V
m

(7)

R =
qtot × FE

96,485 × z × t × S
(8)

CE =
E × z × F

FE × t
(9)
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method was used with a plane wave cutoff energy of 420 eV, and the 
calculations were continued until the total energy converged to 10−5 eV. 
The force convergence criterion was set at 0.01 eV/Å. The implicit 
solvation model implemented by VASPsol (57) is also used to treat 
the aqueous environment of the electrolyte, and the dielectric con-
stant of the aqueous solvent is set to 78.4. The Brillouin zone was 
sampled with 3 × 3 × 1 during the calculations. A vacuum layer of 
15 Å was introduced to prevent interactions between periodic slabs. 
According to the computational hydrogen electrode model proposed 
by Nørskov et al. (58), the changes in Gibbs free energy were com-
puted as ΔG = ΔE + ΔZPE − TΔS + ΔGU + ΔGpH , Here, where 
ΔE denotes the electronic energy difference determined by DFT, 
ΔZPE and ΔS represent the changes in zero-point energy and en-
tropy at 298.15 K, respectively. ΔGU is the contribution of the ap-
plied electrode potential, and ΔGpH indicates the energy impact of 
pH. In this study, the pH was set to 0. The bonding interactions be-
tween catalytic sites and intermediates were quantified through crys-
tal orbital Hamiltonian Population (COHP) and integrated COHP 
(iCOHP) values calculated using LOBSTER 4.1.0 (59, 60).
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