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

Tunable CO/H2 ratios of electrochemical reduction 
of CO2 through the Zn-Ln dual atomic catalysts
Zhong Liang1, Lianpeng Song1, Mingzi Sun2, Bolong Huang2*, Yaping Du1*

Electrochemical reduction of CO2 (CO2RR) to value-added liquid fuels is a highly appealing solution for carbon-
neutral recycling, especially to syngas (CO/H2). Current strategies suffer from poor faradaic efficiency (FE), selec-
tivity, and controllability to the ratio of products. In this work, we have synthesized a series of single and dual 
atomic catalysts on the carbon nitride nanosheets. Adjusting the ratio of La and Zn atomic sites produces syngas 
with a wide range of CO/H2 ratios. Moreover, the ZnLa-1/CN electrocatalyst generates the syngas with a ratio of 
CO/H2 = 0.5 at a wide potential range, and the total FE of CO2RR reaches 80% with good stability. Density functional 
theory calculations have confirmed that the Zn and La affect electronic structures and determine the formation of 
CO and H2, respectively. This work indicates a promising strategy in the development of atomic catalysts for more 
controllable CO2RR.

INTRODUCTION
The massive consumption of fossil fuels has led to a continuous 
increase in carbon dioxide (CO2) emissions. Many environmental 
issues caused by the emission of CO2 including the greenhouse 
effect have received more and more attention all over the world 
(1–5). Meanwhile, the rapid consumption of fossil energy leads to 
a severe energy crisis. In this regard, many emerging technologies 
have been proposed, such as sequestration, chemical fixation, and 
electro/photochemical reduction, to inhibit CO2 release. Reduction 
of CO2 through the electrochemical method (eCRR) as a promising 
solution to reduce the concentration of CO2 in the atmosphere has 
attracted lots of researchers’ attention (6–11). Meanwhile, the 
value-added liquid fuels and chemical feedstocks obtained from 
the eCRR process can also meet the energy requirement to some 
extent in the future. However, high overpotential is required to 
activate CO2 because of the high stability of CO2 molecules. At the 
same time, hydrogen evolution reaction (HER) is the main com-
petitive process during eCRR, making the faradaic efficiency (FE) 
and selectivity of eCRR still very low (12). Although major efforts 
have been made on suppressing HER and activating CO2 molecules, 
such as designing various electrocatalysts, electrodes, or cell struc-
tures, catalysts with high FE and selectivity and low price are also 
urgently demanded.

Rather than prohibiting the HER process, combining eCRR and 
HER to synthesis syngas with tunable CO/H2 ratio is a good alterna-
tive (13–18). The CO/H2 ratio in the syngas is of great significance 
for meeting the requirements for specific products: CO/H2 = 1:2 for 
methanol synthesis and Fischer-Tropsch reactions, CO/H2 = 1:1-3.33 
for syngas fermentation, and CO/H2 = 1:1 for dimethyl ether 
(15, 19, 20). This is especially attractive because the direct eCRR to 
methanol or other liquid products currently has a relatively low FE 
and selectivity, and the separation of final products is also very 
difficult. Therefore, it is necessary to develop electrocatalysts that 

can produce a suitable CO/H2 ratio with high syngas yield. Currently, 
Cu is the only element reported that can produce hydrocarbons 
through eCRR. Other elements, like gold (Au), silver (Ag), zinc 
(Zn), and palladium (Pd), have been widely investigated for CO 
production (21). Among these materials, Zn has a lower price and 
relatively high selectivity for CO. Rare earth (RE) elements includ-
ing yttrium (Y), scandium (Sc), and lanthanide elements play 
important roles in many fields because of their special electron-
ic structure (22–26).

Single atom catalysts have received increasing attention because 
of their high atomic utilization efficiency and excellent catalytic 
activity or selectivity. In reactions including HER, oxygen evolution 
reaction, oxygen reduction reaction, nitrogen reduction reaction, 
and eCRR, single atom catalysts show low overpotentials, high 
current density, or excellent stability (27–32). For the electrochemical 
CO2 reduction process, single atom catalysts of Ni, Co, Fe, Mn, Bi, 
Pd, and Zn prefer to produce CO in CO2 saturated electrolytes (21). 
At the same time, single Cu atom catalysts can generate various 
products through the reduction of CO2. Sn, Mo, and In single atom 
catalysts prefer to generate formic acid during this process (21). In 
addition, the unique structural properties of RE elements at the 
single atom scale may endow them with unexpected performance 
that nanoscale and microscale materials do not own. Moreover, 
when atomic pairs are formed between different atoms, the inter-
actions between the electronic structures might make it possible for 
the adsorption and desorption of the reaction intermediate to reach 
a suitable state. Therefore, dual atomic catalysts may show superior 
activity, higher selectivity, or stability than corresponding single 
atomic catalysts (33–38). Also, the combination of transition 
metal–based single atom and single atomic RE may have unexpected 
effects on eCRR. In this work, the ratio of CO and H2 in syngas was 
tuned by adjusting the amount of Zn and lanthanum (La) centers, 
and the CO/H2 ratio of 1 and 0.5 can be acquired. During the eCRR, 
syngas is the main product with a total FE of CO and H2 of nearly 
80%. For the CO/H2 ratio of 1:2, the ZnLa-1/CN catalyst can reach 
a current density of 2.5 mA/cm2, with a CO FE of 25.99% in 0.1 M 
KHCO3, higher than many reports. Density functional theory 
(DFT) calculations have unraveled that different Zn:La ratio is the 
key factor to modulate the CO/H2 ratio in the final syngas. Zn sites 
mainly contribute to the CO2 adsorptions, while the La sites 
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promote the formation of H2. Therefore, this work has indicated a 
promising design strategy to achieve low-cost and high-efficiency 
electrocatalysts for the generation of syngas for broad industrial 
applications.

RESULTS
Synthesis and morphology
In this work, to prepare the dual atomic catalyst, we mixed a few 
pieces of melamine sponges, a certain amount of urea, and metal 
nitrates in water with the assistance of ultrasound. After 70 min of 
string, the sponges were saturated with urea and metal ions. Then, 
the sponges were rapidly frozen with liquid nitrogen and were 
freeze dried for 48 hours to remove the moisture completely. The 
final samples with isolated single Zn and La atoms anchored on thin 
rolled carbon nitride nanosheets were obtained by further annealing 
under N2 atmosphere at 550°C. The annealed samples with a dark 
yellow color were ground by an agate mortar for further characteri-
zation. CO2 and H2O were transformed into syngas (CO and H2) by 
electrochemical process, as shown in Fig. 1.

To investigate the morphology of the as-prepared dual and 
single atom catalysts, we carried out scanning electron microscopy 
(SEM) for all samples. As shown in fig. S1, the four catalysts all 
show the morphology of thin rolled nanosheets. The transmission 
electron microscopy (TEM) was carried out to further confirm the 
morphology of curled nanosheets (fig. S2). The scanning TEM 
(STEM) images in Fig. 2 (A and D) also prove this. In general, the 
nanostructures of all catalysts are rolling flakes with very little 
difference, which shows that the addition of different metals has 
little effect on the morphology. The energy-dispersive spectroscopy 
(EDS) mapping was conducted to ascertain the elemental distribu-
tion of the samples. The fabricated dual atomic catalyst of ZnLa-1/CN 
shows a homogeneous distribution of both Zn and La from the 
elemental mapping images (Fig. 2A). The uniform dispersion of 
nitrogen and lanthanum on carbon nitride substrate can also be 
visually observed in the elemental mapping images in Fig. 2D. Single 
atom catalyst of Zn/CN shows uniform distribution of Zn and N 
(fig. S3A). Meanwhile, fig. S3B exhibits evenly distributed Zn, La, 
and N in ZnLa-2/CN. The atomic content of the catalysts was also 

preliminarily determined by EDS tests, as shown in fig. S4. Zn or La 
with 100% content was detected in the catalysts of Zn/CN and 
La/CN, respectively. As for the dual atomic catalyst of ZnLa-1/CN, 
Zn with 66.66% atomic percentage and 33.34% of La were probed 
with an atomic ratio of Zn:La close to 2:1, which is close to the feed 
ratio. More La species in the catalyst was detected than Zn (38.60% 
for Zn and 61.40% for La) in the sample of ZnLa-2/CN (Zn:La close 
to 1:2). The loading contents were further confirmed by inductively 
coupled plasma optical emission spectrometry, as shown in table S1. 
It is noted that Zn:La shows a ratio of 2 in ZnLa-1/CN. In ZnLa-2/CN, 
the La ratios become higher, where La:Zn shows a ratio of 1.6. The 
aberration-corrected (AC) high-angle annular dark-field STEM 
(HAADF-STEM) images of ZnLa-1/CN are shown in Fig. 2 (B and C), 
and no obvious nanoparticles can be found. Meanwhile, isolated 
bright spots are clearly distinguished from the matrix, indicating atomic 
dispersion of Zn and La species in ZnLa-1/CN. Figure 2 (E and F) 
shows AC HAADF-STEM images of La atomic catalysts. The bright 
dots (highlighted by yellow circles) can be obviously observed, 
which corresponds to monodispersed single La atoms on CN 
substrate.

Structure analysis
To further characterize the dual atomic catalyst, the x-ray absorp-
tion near-edge structure spectroscopy (XANES) has been carried 
out to explore the chemical states and coordinated environments of 
the ZnLa-1/CN. As shown in Fig.  3A, the Zn K-edge spectra of 
ZnLa-1/CN have been compared with Zn foil and ZnO. For the 
atomic Zn sites, the line intensity peak is located between Zn foil 
and ZnO, which indicates the positive charge of the Zn. This is 
attributed to strong interactions with the CN substrate. The Fourier 
transform (FT) extended x-ray absorption fine structure (EXAFS) 
spectra of the ZnLa-1/CN only show one peak near 1.53 Å, which 
can be assigned to Zn-N bondings (Fig. 3B). Because of the absence 
of Zn-Zn bondings, the atomic dispersion of Zn sites is fully 
confirmed. Similarly, the La L3-edge XANES spectra of ZnLa-1/CN 
have verified that the valence states of La sites are smaller than +3 of 
La2O3 (Fig. 3C). Compared to Zn, La atoms have exhibited both 
La-C and La-N bondings, supporting the strong interactions with 
the substrate (Fig. 3D). In addition, the EXAFS data fitting results of 
ZnLa-1/CN are also displayed in table S2, where the Zn-N shows a 
lower coordination number of 2.6 at a distance of 1.98 Å, while 
La-N shows a higher coordination number of 6 at a distance of 
2.28 Å. Moreover, the La-C also displays a higher coordination 
number of 10 at a distance of 3.29 Å. Therefore, the EXAFS data 
have fully confirmed the local coordination environments of 
ZnLa-1/CN, where the atomic dispersion of dual metal Zn and La 
is demonstrated clearly.

Electrochemical analysis
The electrocatalytic CO2 reduction performances were evaluated 
through a standard three-electrode system in 0.1  M KHCO3 at 
room temperature. Figure 4A displays the FE of both CO and H2 at 
the potential of −1.5 V versus reversible hydrogen electrode (RHE) 
for all four catalysts. As shown in the diagram, with the increasing 
of amount of La species, the FE of CO gradually declines, success-
fully achieving proportional regulation of syngas. According to the 
results, we can conclude that the Zn species is responsible for CO 
production rather than La for H2. Although the FE of CO and H2 
are changing, the total FE of the gas product shows almost no 

Fig. 1. Schematic illustration of the synthesis process of dual atomic ZnLa 
catalyst. 
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Fig. 2. Elemental distribution and structure characterizations of dual atomic catalyst of ZnLa-1/CN and single atom catalyst of La/CN. (A) Elemental mapping of 
the catalyst of ZnLa-1/CN. (B and C) AC HAADF-STEM images of dual atomic catalyst of ZnLa-1/CN. (D) Elemental mapping of single atom catalyst of La/CN. (E) AC HAADF-STEM 
image of catalyst of La/CN. (F) Enlarged image in the blue rectangle area of Fig. 1E.

Fig. 3. Atomic structural analysis of the ZnLa-1/CN catalysts. (A) Zn K-edge XANES spectra of ZnLa-1/CN, Zn foil, and ZnO. (B) Fourier transform (FT) EXAFS spectra for 
the Zn K-edge. (C) La L3-edge XANES spectra of ZnLa-1/CN and La2O3. (D) FT spectra from EXAFS for La2O3 and ZnLa-1/CN in R space.
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change, maintaining 80% of total current density, which means the 
FE of syngas is about 80%. Specifically, the FE of CO and H2 are 
almost equal to 1 for Zn/CN at −1.5 V versus RHE, which is near to 
the syngas ratio for dimethyl ether synthesis. It is worth noting that 
for ZnLa-1/CN, the FE of H2 is exactly twice of CO, meaning the 
amount ratio of CO/H2 = 0.5, which is similar to the range of syngas 
compositions for methanol synthesis and Fischer-Tropsch reac-
tions. The corresponding current density of CO is shown in Fig. 4B, 
which agrees with the results in Fig. 4A, more La content and lower 
CO current density. The total current densities are also displayed in 
fig. S5, showing the same trend as Fig. 4B. As shown in Fig. 4C, all 
catalysts exhibit voltage-dependent behavior. Also, with the increase 
in La content, the FE of hydrogen increases at any voltage listed. 
Notably, the catalyst of ZnLa-1/CN produced syngas with a ratio of 
0.5 over a relatively wide range of voltage. The stability was also 
evaluated by conducting a long time current density vs time (I-t) test 
for ZnLa-1/CN at −1.5 V versus RHE (Fig. 4D). After 3 hours of elec-
trocatalytic process, there was almost no change in the current density 
of ZnLa-1/CN. The FE of CO only shows a minor change. Meanwhile, 
after drying in vacuum, both the current density and FE of CO 
have recovered to the original level of the catalysts. For comparison, 
the Zn powder, Pt/C, and CN were tested under the same condi-
tion (figs. S6 and S7), which shows much lower FE of syngas than 
the synthesized samples. These results confirm the modulatable ra-
tio between CO and H2 based on the synthesized dual metal atomic 
catalysts for further industrial applications. The sample after the 
stability test was also characterized. As shown in fig. S8, isolated 
metal atoms can be distinguished from the substrate. Zn and La still 

evenly distributed in the CN after stability test (fig. S8, B to D). The 
EDS results reveal Zn and La with certain ratio can also be detected 
(fig. S9).

Meanwhile, to verify the interactions between the isolated Ln 
and Zn atoms, we also tested the electrochemical performances of 
the mixed samples with certain ratios of Zn/CN and La/CN, which 
show totally different and poor reactivity compared with ZnLa-1/CN 
and ZnLa-2/CN (fig. S10). These results confirm that the Zn and La 
sites are not completely isolated to each other, where the interac-
tions between these metal sites achieve the modulations of H2 and 
CO ratios in the syngas. The liquid products were characterized by 
1H nuclear magnetic resonance (NMR). For all samples, there is 
only formic acid or ethanol that can be detected in the electrolyte 
(fig. S11). The FE of CO and the corresponding current density of 
CO at the CO/H2 ratio of 0.5 were compared with the catalysts 
reported (table S3). The dual atomic catalyst of ZnLa-1/CN shows a 
relatively high FECO of 25.99% with jCO of 2.5 mA/cm2, surpassing 
many reported catalysts.

The x-ray diffraction (XRD) patterns of La/CN, ZnLa-2/CN, 
ZnLa-1/CN, and Zn/CN atomic catalysts are shown in Fig. 5A, the 
only broader diffraction peak at about 26° indexed to the stacking of 
the conjugated aromatic system of nitrogen-doped carbon. Also, no 
peaks corresponding to metallic Zn or La are detected, suggesting 
that the highly dispersed Zn or La species in the single or dual 
atomic catalysts agree with the results of the AC HAADF-STEM 
images. The XRD pattern of the sample without any metal elements 
is also shown in fig. S12, and the only peak of nitrogen-doped carbon 
was detected similarly. The dual atomic catalyst of ZnLa-2/CN and 

Fig. 4. Catalytic performance of electrocatalytic reduction of CO2 to syngas. (A) FE of different catalysts at −1.5 V versus RHE. (B) Corresponding current densities of 
catalysts at the potential of −1.5 V versus RHE. (C) The ratio of CO/H2 for different catalysts at the potential range of −1.3 to −1.6 V versus RHE. (D) Stability test of ZnLa-1 
at −1.5 V versus RHE.
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single atom catalyst of La/CN also exhibit potential dependence on 
performance at the potential range of −1.3 to −1.6 V. Figure 5 
(B and D) shows the FE of CO and H2 of ZnLa-2/CN and La, and 
the corresponding ratio of CO/H2 is also calculated. At the potential 
of −1.3 and −1.6 V, CO/H2 ratio slightly lower than 0.5 was acquired. 
However, at the potential of 1.4 and − 1.5 V, a larger proportion of 
H2 are obtained. A range of CO/H2 ratios of 0.15 to 0.14 for ZnLa-2/
CN and 0.14 to 0.46 for La/CN are acquired, respectively. Mean-
while, the FE of Zn/CN and ZnLa-1/CN are displayed in fig. S13, 
where the CO generation has been substantially suppressed in 
ZnLa-1/CN, while the FE of H2 has been significantly improved. 
The FE of the H2/CO ratio is around 2 in ZnLa-1/CN. The electro-
chemical impedance spectroscopy (EIS) measurements were carried 
out for the electrodes. As shown in Fig. 5C and fitted curves showed 
in fig. S14, all the samples show nearly same Rs. The charge-transfer 
resistance (Rct) of La/CN is the smallest. ZnLa-1/CN and ZnLa-2/CN 
showed similar Rct, which are much smaller than that of Zn/CN. In 
general, by adjusting the ratio of the single atom site in Zn and 
La atomic catalysts, the syngas with different CO/H2 ratios can be 
obtained.

Valence state analysis
As shown in Fig. 6, surface chemical states of La and Zn in different 
samples and La2O3, ZnO were tested and compared. The x-ray 
photoelectron spectroscopy (XPS) spectra of La 3d and Zn 2p and 
corresponding spectra of La2O3 and ZnO are shown in Fig. 6 (A and 
B). The peaks of La 3d of ZnLa-1 are shifted toward high binding 
energy compared with that of La2O3 in Fig. 6A, and the peaks of Zn 
2p also show the same tendency compared with that of ZnO in 
Fig. 6B, proving that strong interactions exist between the surface 

metal and the substrate CN. These results also indicate that La and 
Zn atom orbitals have been changed by N atoms; reforming of the 
electronic structure of La and Zn may occur in the CN substrate 
(28). The results of the La XPS spectra reveal that the oxidation 
states of La species in ZnLa-1/CN are both located between that of 
La0 and La3+ (23), which is caused by the interaction of La and 
coordinated N from CN. The XPS spectra of La 3d and Zn 2p of 
ZnLa-1/CN (Fig. 6, C and D) also appear different with single atom 
catalysts of La/CN and Zn/CN, respectively, indicating that there 
are interactions between the isolated La and Zn atoms, which is 
consistent with the results of the experiments (28).

DFT calculations
To unravel the electronic change induced by the anchoring of Zn 
and La, we have further carried out the theoretical explorations 
through DFT calculations. With the introduction of Zn and La 
dispersed atoms, the electronic distributions have been evidently 
modulated (Fig. 7A). For ZnLa-1/CN, the bonding orbitals near the 
Fermi level (EF) are mainly contributed by the N-doped amorphous 
carbon substrate. Meanwhile, the antibonding orbitals show contri-
butions from Zn and amorphous carbon, showing a strong orbital 
coupling. For ZnLa-2/CN, we notice that Zn and La sites contribute 
to the bonding and antibonding orbitals, respectively (Fig. 7B). The 
amorphous carbon supplies a highly electroactive substrate to 
support the efficient site-to-site electron transfer. The amorphous 
structure of N-doped carbon has supplied flexible anchoring sites 
for both Zn and La atoms, where no evident distortions are 
caused by the introduction of single metal atoms on the surface 
(Fig. 7, C and D). Then, we further investigate the projected partial 
density of states (PDOS) of both ZnLa-1 and ZnLa-2 (Fig. 7, E and F). 

Fig. 5. XRD patterns and catalytic performance of catalysts. (A) XRD patterns of the samples. (B) The FE and corresponding syngas ratio of ZnLa-2/CN. (C) The EIS 
curves of Zn/CN, ZnLa-1/CN, ZnLa-2/CN, and La/CN. (D) The FE and corresponding syngas ratio of La/CN. a.u., arbitrary unit.
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For ZnLa-1/CN, Zn 3d is located in a deep position at EV −7.18 eV, 
indicating the electron reservoir for stable adsorption of CO2. Both 
the s and p orbitals of N-doped carbon and La 5d orbitals contribute 
to the electron density near EF. Meanwhile, the conduction band 
minimum is mainly dominated by La 5d orbitals. Notably, Zn 4s 
only slightly contributes to electroactivity. With the decrease in the 
Zn:La ratio in ZnLa-2/CN, the electronic structures of Zn 3d do not 
show any evident change. La 5d orbitals have downshifted slightly 
toward EF with increased electron density, facilitating the electron 
transfer for the generation of H2. From the site-dependent PDOS of 
N-doped carbon, it is noted that low coordinated C and N sites 
demonstrate the high electroactivity due to the significantly increased 
electron density near EF (Fig. 7G). Therefore, the amorphous 
N-doped carbon with abundant low coordinated sites not only 
supplies flexible sites for single metal atoms but also guarantees 
efficient site-to-site electron transfer. On the basis of the electronic 
structures, ZnLa dual metal atomic catalysts have shown modulatable 
electronic structures based on the metal ratios. During the electro-
catalysis, La and Zn sites are responsible for the generation of H2 
and CO, respectively. The highly electron-rich N-doped carbon 
effectively promotes the site-to-site electron transfer in the struc-
tures. To verify this, we have further compared the adsorption 
energies of key reactants and products including CO2, CO, H, and 
H2 on different sites (Fig. 7H). For both CO2 and CO, most sites 
show the energetically favored adsorptions, in which the Zn sites have 
shown a particularly strong preference over other sites. Meanwhile, 
the H adsorptions are much more preferred on La sites to further 

form the H2. All different sites have shown a similar trend for the 
adsorption of H2, where the relatively weak adsorption suppresses 
the overbinding effect. Then, we further compared the free energy 
change for the generation of CO in both ZnLa-1/CN and ZnLa-2/CN 
(Fig. 7I). The initial adsorption of CO2 on ZnLa-1/CN and ZnLa-2/
CN shows a distinct reaction trend, where ZnLa-2/CN shows an 
energy barrier of 0.58 eV, while ZnLa-1/CN shows the spontaneous 
reaction trend. The following hydrogenation to form COOH* shows a 
downhill trend on both catalyst surfaces. For the desorption of 
formed CO, ZnLa-1/CN and ZnLa-2/CN exhibit energy barriers of 
0.32 and 0.13 eV. Moreover, for the reduction of CO2, ZnLa-1/CN 
shows the exothermic reaction with an energy release of 0.94 eV. In 
comparison, ZnLa-2/CN requires an energy cost of 0.72 eV for the 
CO2 reduction, supporting the low CO concentration in the syngas. 
For the formation of H2, both ZnLa-1/CN and ZnLa-2/CN show an 
exothermic reaction trend with an energy release of 1.34 and 2.01 eV 
(Fig. 7J). Moreover, the suppression of overbinding effect facilitates 
the desorption of formed H2 on ZnLa-1/CN and ZnLa-2/CN, which 
only costs 0.09 and 0.05 eV, guaranteeing efficient H2 generation. 
The much stronger energy trend of H2 generation than the forma-
tion of CO determines the dominant contribution of the H2 in the 
syngas, which is consistent with the experiments.

DISCUSSION
In conclusion, a series of single and dual atomic catalysts were 
obtained through impregnation and annealing according to the AC 

Fig. 6. XPS spectra of Zn 2p and La 3d of catalysts. (A) La 3d spectra of ZnLa-1/CN and La2O3. (B) Zn 2p spectra of the catalyst of ZnLa-1/CN and ZnO. (C) La 3d spectra 
of the dual atomic catalyst of ZnLa-1/CN and the single atom catalyst of La/CN. (D) Zn 2p spectra of both catalysts of ZnLa-1/CN and Zn/CN.
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HAADF-STEM images. Syngas with different ratio of CO/H2 can 
be obtained by adjusting the single atom sites of Zn and La. Notably, 
the dual atomic catalyst of ZnLa-1/CN produces syngas with a ratio 
of CO/H2 = 0.5 at a wide potential range of −1.6 to 1.3 V, which is 
favorable for methanol synthesis and Fischer-Tropsch reactions. 
Meanwhile, at the potential of −1.5 V, the FECO of ZnLa-1/CN can 
reach 25.99% with a current density of CO of 2.5 mA/cm2, and FECO 
remains almost unchanged after a long time of electrochemical reac-
tion. The single atom sites of Zn and La prefer to generate CO and H2, 
respectively, according to the results of electrochemical tests. DFT 
calculations have investigated the modulations of electronic structure 
induced by the anchoring of Zn and La atoms. The electron-rich 
feature of ZnLa-1/CN guarantees not only the strong electron 
transfer but also the high FE for the syngas. This work shows that 
RE elements can be combined with other transition metal elements 
to produce syngas through electrocatalytic CO2 reduction, providing a 
new solution for the high-value utilization of RE elements.

MATERIALS AND METHODS
Chemicals
The chemicals used were Zn(NO3)2·6H2O [Analytical Reagent (AR), 
Aladdin], La(NO3)3·6H2O (AR, Aladdin), and urea [American Chemical 
Society (ACS), Aladdin). Ultrapure water (18.2 megohms·cm) was 
used as solvent. Carbon papers (TGP-H-0600) were purchased from 
Toray Industries Inc.

Synthesis of ZnLa-1/CN atomic catalysts
The single and dual atomic catalysts in this research were fabricated 
according to a previous report (23). In detail, for the synthesis of 
ZnLa-1/CN, 21.6 g of urea was dissolved in a 20-ml ultrapure water 
with ultrasonic assistance. Then, 0.64 mmol Zn(NO3)2·H2O and 
0.32 mmol La(NO3)3·H2O were dissolved in the urea aqueous solution 
to form a transparent solution. A few pieces of melamine sponges 
were then soaked in the solution and stirred at room temperature 
for 70 min. Last, the sponges filled with the mixture solution of urea 

Fig. 7. Theoretical calculations of ZnLa dual atomic catalysts. The three-dimensional contour plot of electronic distributions of (A) ZnLa-1/CN and (B) ZnLa-2/CN. Gray 
balls, C; blue balls, N; orange balls, Zn; and light blue balls, La. Blue isosurface, bonding orbitals; green isosurface, antibonding orbitals. The side view for relaxed structures 
of (C) ZnLa-1/CN and (D) ZnLa-2/CN. PDOS of (E) ZnLa-1/CN and (F) ZnLa-2/CN. (G) Site-dependent PDOS of C and N sites. CN, coordination number. (H) Adsorption energy 
costs of key reactants and products on different sites. (I) Energy profile for the formation of CO and H2O. (J) Energy profile for the formation of H2.
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and metallic nitrate were immediately frozen in liquid nitrogen and 
then dried in a vacuum freeze dryer for at least 48 hours. The final 
catalyst was obtained by annealing the above sponges in a tube fur-
nace at 550°C for 4 hours under the N2 atmosphere with a heating 
rate of 5°C/min. The annealed sponges were ground into powders 
for further tests.

Synthesis of samples of Zn/CN, ZnLa-2/CN, and La/CN 
atomic catalysts
The procedures of the synthesis of the catalysts of Zn/CN, ZnLa-2/CN, 
and La/CN were similar to that of ZnLa-1/CN. Only Zn(NO3)2·H2O 
or La(NO3)3·H2O was added respectively for the synthesis of Zn and 
La. Zn(NO3)3·H2O (0.32 mmol) and La(NO3)3·H2O (0.64 mmol) 
were used in the synthesis of ZnLa-2. The molar amount of total 
metal nitrate was controlled equally.

Structure and property
The morphologies of the samples were characterized by TEM and 
high-resolution TEM on a JEM-2800 microscope (JEOL, Japan), 
operating at an acceleration voltage of 200 kV. Field emission SEM 
images were obtained on a JSM-7800F microscope (JEOL, Japan), 
operating at an acceleration voltage of 0.01 to 30 kV. The crystalline 
structures of the as-obtained samples were tested by XRD on a Rigaku 
SmartLab XRD (Rigaku, Japan) with Cu K radiation ( = 1.5406 Å, 
20 mA, and 40 kV). XPS was performed using an ESCALAB 250Xi 
spectrometer using a monochromatic Al K x-ray source 
(hʋ = 1486.6 eV) as the excitation source (Thermo Fischer Scientific, 
USA). HAADF-STEM images were obtained at 300 kV with an FEI 
Titan Cubed Themis G2 300. The x-ray absorption spectra, including 
XANES and EXAFS, of the samples at Co K-edge (7709 eV) were 
collected at the Singapore Synchrotron Light Source center, where a 
pair of channel-cut Si (111) crystals was used in the monochromator. 
The Co K-edge XANES data were recorded in a transmission mode. 
Co foil CoO and CoO were used as references. The storage ring was 
working at the energy of 2.5 GeV with an average electron current of 
below 200 mA. The acquired EXAFS data were extracted and processed 
according to the standard procedures using the ATHENA module 
implemented in the FEFIT software packages. The k3-weighted FT of 
x(k) in R space was obtained over the range of 0 to 14.0 Å by apply-
ing a Besse window function.

Electrochemical tests
The electrochemical tests were carried out with a standard three-
electrode system at an electrochemical workstation (CHI660E). The 
dispersions of catalysts for further electrochemical tests were pre-
pared by dispersing 5 mg of catalyst and 2 mg of conductive carbon 
black into 500 l of solution containing isopropyl alcohol and water 
(the volume ratio of alcohol and water is 1:1) and 20 l of Nafion. 
The final inks were obtained by ultrasound treat of the dispersions 
for at least 30 min. The electrodes were prepared by coating 20 l of 
obtained inks in a 1 cm × 1 cm area in carbon papers with sizes of 
1 cm × 2 cm and dried in air. Electrochemical CO2 reduction was 
conducted using a three-electrode configuration in a CO2 saturated 
0.1 M KHCO3 (pH 6.8) solution using an H cell with compartments 
separated by an ion exchange membrane (Nafion117). An Ag/AgCl 
electrode and a Pt electrode were applied as a reference and counter 
electrodes, respectively. Carbon papers coated with catalysts were used 
as cathodes. Before a long-time I-t test, several Cyclic Voltammetry 
(CV) tests were conducted to acquire a stable state. All potentials 

were transformed to the RHE reference by using the formula ERHE = 
EAg/AgCl + 0.059 × pH. During the electrochemical process, CO2 was 
bubbled in the electrolyte with a rate of 20 sccm for at least 30 min 
to maintain the saturation of CO2. EIS was measured at a potential 
of −1.5 V versus RHE from 0.01 Hz to 100 kHz, with an ampli-
tude of 10 mV in Autolab PGSTAT302N.

Product analysis
To determine the products and their FE, electrolysis was carried out 
at the selected potential for 60 min. Gaseous products in the cathodic 
compartment were periodically vented into the gas sampling loop 
of a gas chromatograph (GC; 2014c). The concentration of gaseous 
products was quantified by on-line GC. The FE of CO and H2 were 
calculated by the following equation

	​ FE  = ​  
nvP ​f​ v​​ F

 ─ RTI  ​ × 100%​	

where n is the number of electrons transferred to form the target 
product (n is 2 when the product is CO or CHOOH); v is the 
volume fraction of target product in the exhaust gases, which is 
equal to mole fraction when the gases are considered as ideal gas; 
F is Faraday’s constant (96,485 C mol−1); fv represents the volume 
flow rate of exhaust gases, which is measured at room temperature 
(T) and under ambient pressure (p) by a flow meter; and I is the 
steady-state current. The liquid products were collected after 1 hour 
of electrolysis quantitatively analyzed using 400 MHz 1H NMR 
spectroscopy (Bruker AVANCE NEO 600 MHz). In detail, 400 l of 
electrolyte mixed with 50 l of dimethyl sulfoxide (20 mM) and 100 l 
of D2O was used as the internal standard.

Calculation setup
To investigate the electronic structure, we have selected DFT calcu-
lations within CASTEP packages for different ratio of Zn:La in the 
atomic catalyst (39). To deal with the exchange correlation energy, 
we chose the generalized gradient approximation and Perdew-
Burke-Ernzerhof in this work (40–42). We have set the plane wave 
basis cutoff energy to 380 eV by considering the ultrafine quality. 
The ultrasoft pseudopotentials with the Broyden-Fletcher-Goldfarb-
Shanno algorithm are applied for all the geometry optimizations. 
Meanwhile, the coarse quality of the k-point set was used for the 
energy minimizations to guarantee both accuracy and efficiency of 
calculations (43). To guarantee full relaxations for all the structure 
and adsorption of intermediates, we have applied 20-Å vacuum 
space in the z axis for sufficient space. Meanwhile, the conver-
gence criteria of the geometry optimizations have been set as 
follows: The Hellmann-Feynman forces on the atom should be 
less than 0.001 eV/Å; the total energy difference and the interionic 
displacement should be less than 5 × 10−5 eV per atom and 0.005 Å, 
respectively.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl4915
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