
1 

Grain boundary-engineered La2CuO4 perovskite nanowires for 

efficient CO2 reduction reaction 

Juan Wang,†,‡ Chen Cheng,§ Bolong Huang,‼ Jianlei Cao,‡ Leigang Li,‡ Qi Shao,‡ Liang Zhang,§ and 
Xiaoqing Huang*,† 

†College of Chemistry and Chemical Engineering, Xiamen University, Xiamen, 361005, China. 

‡College of Chemistry, Chemical Engineering and Materials Science, Soochow University, Jiangsu, 

215123, China. 

§Institute of Functional Nano & Soft Materials (FUNSOM), Jiangsu Key Laboratory for Carbon-Based

Functional Materials and Devices, Soochow University, Jiangsu, 215123, China. 

‼Department of Applied Biology and Chemical Technology, The Hong Kong Polytechnic University, 

Hung Hom, Kowloon, Hong Kong SAR, China. 

E-mail: hxq006@xmu.edu.cn

Abstract: Electroreduction of carbon dioxide (CO2) has been regarded as a promising approach to realize 

the production of useful fuels and decrease of the green-house gas level simultaneously, whereas high-

efficiency catalysts are required to achieve this goal. Herein, we create a series of La2CuO4 perovskites 

with modulated grain boundaries as efficient electrocatalysts for CO2 reduction. The La2CuO4 

nanobamboos (La2CuO4 NBs) with rich twin boundaries show a high Faraday efficiency (FE) of 60% 

towards ethylene (C2H4) synthesis, while bulk La2CuO4 exhibits a FE of 91% towards CO generation. X-

ray absorption spectroscopy (XAS) reveals that the Cu in La2CuO4 NBs is in an unsaturated Cu2+ state, 

which can improve the adsorption of intermediate species to enhance FEC2H4. No obvious change can be 
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observed before and after the catalytic reaction as well as during the catalytic process as revealed by the 

in situ XAS studies. Density functional theory calculations reveal that the superior performances of 

La2CuO4 NBs towards CO2RR originate from the active (113) surfaces with intrinsic strain. The formation 

of gap states in (113) surface annihilates the electron transfer barrier of C-C coupling for C2 products, 

which is responsible for achieving the high FE of C2H4 over La2CuO4 NBs. This work provides a new 

perspective for developing efficient perovskite catalysts via grain boundary engineering. 
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Electrochemical reduction of carbon dioxide (CO2) into value-added chemicals and fuels is of 

paramount significance for alleviating the serious environmental issues and energy crisis.1-4 Up to date, 

high Faraday efficiency (FE) for C1 products (i.e., carbon monoxide and formate) has been realized over 

many electrocatalysts by CO2 reduction reaction (CO2RR).5-9 However, the efficient production of highly 

value-added C2 products (i.e., ethylene and ethanol) via CO2RR still faces enormous challenges due to the 

complex electron transfer process and poor selectivity.10, 11 Since copper (Cu) was discovered to have the 

unique ability to produce hydrocarbons by Shin et al., a substantial amount of Cu-based materials have 

been designed and employed as electrocatalysts for CO2RR, but the inferior corrosion resistance, low FE 

and the nature of being easily reduced limit their further applications.12-15 Therefore, developing unique 

Cu-based electrocatalysts for producing hydrocarbons at high FE and selectivity is extemely desired. 

To enhance the selectivity of hydrocarbon, diversified strategies, including crystal plane control, 

construction of core-shell nanostructures and reconstruction of the ensemble of nanoparticles, have been 

proposed to tune the energetics of intermediate species on catalysts during CO2RR.16-18 Unfortunately, the 
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FE of these electrocatalysts is still unsatisfactory because the weak adsorption of the CO intermediate on 

the active site makes it difficult to promote C-C coupling.19 To this end, regulating electronic structures 

and creating coordinatively unsaturated environment for enhanced interaction between intermediate 

species and catalysts would be a potential way of obtaining highly efficient electrocatalysts for CO2RR. 

Perovskites are widely used as catalysts for electrochemical conversion of H2O, NOx and CO due to their 

chemical versatility, easy regulation of electronic and crystal structure, earth-abundancy and low cost.20-

23 For example, Zeng, et al. provided an effective strategy to modify the electronic structure of LaCoO3 

perovskite for achieving a highly active OER electrocatalyst by varying the particle size.24 Although great 

progress has been achieved, expanding their application scope of perovskites, such as CO2RR, remains a 

significant goal for solving environment problems and energy shortages.25, 26 SrSnO3 perovskite nanowires 

were reported to catalyze the conversion of CO2 to formate.27 However, the lack of C-C coupling capacity 

makes it impossible to obtain high-energy-density hydrocarbon products. Therefore, designing and 

constructing unique Cu-based perovskite electrocatalysts for CO2RR is attractive yet challenging. 

Here we present a series of La2CuO4 perovskites with modulated grain boundaries, where La2CuO4 

NBs show a fairly high FEC2H4 of 60%, surpassing many reported Cu-based electrocatalysts, while bulk 

La2CuO4 achieves a FE of up to 91% towards CO generation. X-ray absorption spectroscopy (XAS) 

analysis reveals that the presence of strain at twin boundaries (TBs) can increase the bond length of Cu-O 

and Cu-La, and create a coordinatively unsaturated environment, resulting in improved intermediate 

adsorption and thus enhanced FEC2H4. It is worth mentioning that the changes of the La2CuO4 NBs before 

and after the catalytic reaction or during the catalytic process are negligible as comfirmed by the in situ 

XAS monitoring. Density functional theory (DFT) calculations have unraveled the distinct activities of 

(113) and (111) surfaces of La2CuO4, which gives rise to the different CO2RR reduction products and FEs. 

The highly electroactive (113) surface with the facilitation of strain dominates the efficient reduction of 
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CO2 to C2H4. This work provides a new insight for constructing efficient perovskite catalysts with 

coordinatively unsaturated environment for CO2RR and beyond. 

Results. The La2CuO4 NBs perovskites were prepared by electrospinning followed by calcination at 

700 °C for 2 h under air atmosphere (Figure 1a). The initial electrospun naofibers exhibit interconnected 

three-dimensional (3D) network structure with smooth surface (Figure S1). The heating rate was found 

to have significant influence to the surface morphology of La2CuO4. Interestingly, nanobamoos (NBs) 

morphology was observed by simply tuning the heating rate to 1 °C/min during calculation processs. 

Contrary to the initial smooth surface, the calcinated La2CuO4 NBs exhibit rugged surface and still remain 

the 3D network structure (Figure 1b and Figure S2a). Transmission electron microscopy (TEM) images 

reveal that the La2CuO4 NBs consist of a series of single grain connected by distinct grain boundaries 

(GBs), forming a bamboo-like morphology (Figure 1c and Figure S2b). The atomic ratio of La/Cu is 

about 2:1, as determined by scanning electron microscopy energy-dispersive X-ray spectroscopy (SEM-

EDS) and inductively coupled plasma atomic emission spectrometry (ICP-AES) (Figure S3 and Table 

S1). It is found that the elements of La, Cu and O distribute homogeneously on the La2CuO4 NBs, as 

revealed by the STEM-EDS elemental mappings (Figure 1d). To investigate the strucutre and phase of 

La2CuO4 NBs, powder X-ray diffraction (PXRD) analysis was performed. As shown in Figure 1e, all the 

diffraction peaks match well with orthorhombic-type perovskites of La2CuO4 with a space group of Fmmm. 

The crystal structure of La2CuO4 is displayed in Figure 1f, where the CuO6 octahedra regularly locate in 

the structure and La atoms are inserted into octahedral space. The unit cell parameter was obtained from 

PXRD by using the Rietveld refinement (Table S2). For comparison, La2CuO4 nanorods (La2CuO4 NRs) 

and bulk La2CuO4 were obtained by tuning the heating rate from 1 °C/min to 5 °C/min and 10 °C/min, 
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respectively. (Figure S4-6). Compared with La2CuO4 NBs, the length of La2CuO4 NRs is shorter and the 

3D network structure is destroyed because the higher heating rate during the calcination process results in 

fracture of nanostructure. As revealed by TEM image of La2CuO4 NRs, single grains are randomly 

arranged. The GBs of La2CuO4 NRs are obviously different from these of La2CuO4 NBs. For bulk 

La2CuO4, single grains of various sizes stack disorderly with no distinct grain boundaries. SEM-EDS, 

ICP-AES, STEM-EDS elemental mapping and PXRD analysis of La2CuO4 NRs and bulk La2CuO4 show 

similar results to those of La2CuO4 NBs, indicating that the heating rate only changes the morphology and 

grain boundaries without affecting their chemical compositions and crystalline structures.  

To investigate the formation process of La2CuO4 NBs, thermal gravimetric (TG) and corresponding 

derivate thermogravimetry (DTG) curve were collected and shown in Figure S7. Apparently, two 

significant weight losses occurred at 100 °C and 300 °C, respectively. The two weight losses are attributed 

to the evaporation of moisture and residual solvent as well as the decomposition of PVP and nitrate, 

respectively, being consistent with the results of fourier transform infrared (FTIR) spectroscopy (Figure 

S8).28, 29 It is speculated that the pure perovskite nanofibers are fully formed when the temperature reaches 

600 °C because no further mass loss ocuurs. To verify this conjecture, detailed characterizations were 

further carried out. Apparently, a small amount of nanoparticles will precipitate on the smooth surface of 

the nanofibers as the temperture increases. Subsequently, the nanopartciles disappear and the surface of 

the nanofibers becomes rough. The bamboo-like morphology is formed once the temperature reaches 

600 °C (Figure S9-14). However, this unique structure and morphology can be destroyed at higher 

tempertures (Figure S15). PXRD analysis shows that the intensity of diffraction peaks gradually increases 

with the increase of temperature, indicating enhanced crystallinity. The perovskite phase starts to be 

formed when the temperature reaches 400 °C and pure perovskite phase is obtained at 600 °C (Figure 

S16). The calcination treatment only affects the morphology and phase, but has hardly influence to the 
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composition (Figure S17). 

 

Figure 1. (a) Schematic illustration of synthetic process of La2CuO4 NBs. (b) SEM image, (c) TEM image, (d) STEM-

EDS elemental mappings, (e) PXRD pattern and (f) crystal model of La2CuO4 NBs. 

Considering the different morphologies and grain boundaries of La2CuO4 perovskites, the type and 

structure of grain boundaries were carefully investigated. As schematically shown in Figure 2a, TBs are 

formed by planar defects separated by the twin plane, where the arrangement of atoms on both sides is 

mirror symmetrical. On the other hand, ordinary GBs are interfaces formed by planar defects in which 

atoms on both sides are arranged randomly, as shown in Figure 2b. Atoms tend to be in a regular 

arrangement in the absence of GBs (Figure 2c). As GBs are observed in La2CuO4 NBs and La2CuO4 NRs, 
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high-resolution TEM (HRTEM) analysis was conducted to further explore the type of GBs. TBs were 

clearly observed at the bamboo joints of La2CuO4 NBs and the angle between the two sides of the TBs is 

124° (Figure 2d). Interestingly, compared with the interplanar spacing (0.288 nm) of (113) facet, the 

different interplanar spacing (0.297 nm and 0.285 nm) of (113) facets on both sides of TBs indicates that 

one side of the TB is stretched and the other side is compressed, demonstrating the existence of strain at 

TBs (Figure S18). Fast Fourier transforms (FFTs) for La2CuO4 NBs on both sides of TBs were obtained 

and the different patterns of FFTs indicate the deformation of crystal facets on both sides of TBs. With 

respective to La2CuO4 NRs, many GBs are observed. As revealed in Figure 2e and Figure S19, (113) 

facet with an interplanar spacing of 0.288 nm is observed on one side of GBs and (111) facet with a 

crystalline interplanar spacing of 0.366 nm is revealed on the other side. The FFTs patterns on both sides 

of GBs are different, further demonstrating different crystal planes on both sides of GBs. Figure 2f shows 

the HRTEM of bulk La2CuO4 and distinct lattice fringes are observed, where interplanar spacing of 0.288 

nm is ascribed to that of (113) facet and interplanar spacing of 0.366 nm is ascribed to that of (111) planar 

of La2CuO4 perovskite. No GBs exist in bulk La2CuO4 and areas A and B in Figure 2f exhibit the different 

FFTs patterns. 
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Figure 2. (a-c) Schematic illustration of different grain boundaries. HRTEM images of (d) La2CuO4 NBs, (e) La2CuO4 

NRs and (f) bulk La2CuO4. Corresponding FFTs of A (red dashed box) and B (blue dashed box) areas are shown below. 

Intensity profiles taken along the atomic layers from A and B areas in (d-f). 

The catalytic performance of the three La2CuO4 perovskites towards CO2RR was investigated. We 

perform linear sweep voltammetry (LSV) measurements for these catalysts in a CO2-saturated 0.1 M 

KHCO3 electrolyte using an H-type cell, where bulk La2CuO4 exhibits the strongest current response 

(Figure S20). Chronoamperometry measurements were carried out in a CO2-saturated 0.1 M KHCO3 
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solution for 2 h to reduce CO2, and the gas products were quantified by gas chromatography while liquid 

products were analyzed by nuclear magnetic resonance (NMR) spectroscopy (Figure S21-24). The 

histogram of product FE for the three La2CuO4 perovskites at various applied potentials are shown in 

Figure 3. It is worth noting that La2CuO4 NBs, La2CuO4 NRs and bulk La2CuO4 exhibit significantly 

different selectivity toward C1 and C2 products, indicating that the GBs play a crucial role in influencing 

the obtained products of CO2RR. Significantly, La2CuO4 NBs show a fairly high FEC2H4 of 60 % at -1.0 

V versus reversible hydrogen evolution electrode (vs. RHE), surpassing those of most reported Cu-based 

CO2RR electrocatalysts (Figure 3a and Table S3). La2CuO4 NRs show lower FEC2H4 and higher FEH2 

than that of La2CuO4 NBs at all applied potentials (Figure 3b). For bulk La2CuO4, no C2H4 was detected 

during the CO2RR process. Interestingly, CO FE of up to 91% was obtained for bulk La2CuO4 at -1.0 V 

vs. RHE (Figure 3c). To further investigate product variation of these La2CuO4 perovskites, the FE of 

major products at the same potential of -1.0 V was compared. As shown in Figure 3d, La2CuO4 NBs 

exhibit the highest FEC2H4 of 60%, which is 4.8 times of that of La2CuO4 NRs (12.4%), while no ethylene 

was detected for bulk La2CuO4 NRs. With respect to CO production, bulk La2CuO4 shows the highest 

FECO of 91%, which was 8.2 and 20.2 times of those of La2CuO4 NRs (11.1%) and La2CuO4 NBs (4.5%), 

respectively. Subsequently, chronoamperometry measurements were performed on La2CuO4 NBs and 

bulk La2CuO4 to evaluate their CO2RR stabilities. As shown in Figure 3e, the total geometric current 

density of both catalysts remains stable for up to 12 h during the stability test and only subtle fluctuation 

was observed for the FEC2H4 of La2CuO4 NBs and the FECO of bulk La2CuO4. To investigate the variation 

of La2CuO4 NBs during CO2RR, detailed characterizations were carried out after chronoamperometry test. 

As shown in Figure S25, La2CuO4 NBs still keep the 3D interconnected network with TBs. PXRD pattern, 

SEM-EDS spectrum and STEM-EDS elemental mappings show that the crystal structure, atomic ratio and 

element distribution are largely maintained, indicating the high stability of La2CuO4 NBs during CO2RR. 
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Figure 3. Faradaic efficiencies of (a) La2CuO4 NBs, (b) La2CuO4 NRs and (c) bulk La2CuO4 at different potentials. (d) 

Histograms of C2H4, CO and H2 Faradaic efficiencies for La2CuO4 NBs, La2CuO4 NRs and bulk La2CuO4 at -1.0 V vs. 

RHE. (e) Stability test for C2H4 and CO production over La2CuO4 NBs and bulk La2CuO4. 

 

Discussion. Since electrochemical CO2RR generally occurs at the gas-solid-liquid three-phase interface, 

the adsorption of CO2 on the catalyst is a critical prerequisite. To investigate the interaction between the 

catalyst and CO2, CO2 temperature-programmed desorption (TPD) measurement was carried out. As 
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shown in Figure 4a, La2CuO4 NRs shows the weakest adsorption of CO2 as the temperature of CO2 

chemical desorption peak is the lowest among the three catalysts, leading to low activity towards CO2RR, 

which is consistent with the experimental results. In addition, bulk La2CuO4 exhibits a distinct CO2 

desorption peak in a wide high-temperature range, indicating higher CO2 adsorption capacity.30 

Electrolyzing CO2 to CO intermediate and maintaining strong binding energy of CO on the active site is 

significant for promoting C-C coupling during CO2RR process. To this end, CO-TPD was further used to 

evaluate the adsorption behavior of CO on catalyst (Figure 4b), where the lowest temperature of CO 

adsorption peak of bulk La2CuO4 among these catalysts indicates the strong desorption ability of CO-

realted intermediates, and consequently, CO is the main detected product.31 The significant increase in 

CO desorption peak temperature indicates a stronger adsorption affinity for CO-related intermediates on 

La2CuO4 NBs and La2CuO4 NRs, explaining the enhanced selectivity of C2H4. Considering the different 

binding capabilities for CO2 and CO, the coordination environment and local atomic structure were 

analyzed by XAS. Apparently, the feature and position of Cu L-edge soft X-ray absorption fine structure 

(XANES) spectra for La2CuO4 perovskites are similar to that of standard CuO, and no obvious signal of 

Cu0 and Cu+ can be observed. The results were also confirmed by Cu K-edge XANES spectra, 

demonstrating that the Cu in all catalysts is in the state of Cu2+ (Figure 4c and Figure S26). The Fourier 

transform of Cu K-edge extended X-ray absorption fine structure (EXAFS) shows that the peaks of 

La2CuO4 NBs, La2CuO4 NRs and bulk La2CuO4 are around about 1.9 Å, attributed to the Cu-O bonds 

(Figure 4d). Compared with standard CuO, obvious peaks of La2CuO4 NBs, La2CuO4 NRs and bulk 

La2CuO4 at about 3.2 Å can be assigned to the Cu-La bonds. Likewise, no Cu-Cu bonds can be observed 

for all catalysts, consistent with the results of XANES. To accquire detailed structure information, the 

EXAFS spectra were fitted and the results are summarized (Figure S27 and Table S4). In detail, the 

coordination number of Cu-O and Cu-La in La2CuO4 NBs are 2.05 and 7.18, respectively, which are 
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significantly smaller than those of La2CuO4 NRs (3.20 and 10.10) and bulk La2CuO4 (3.20 and 9.91). 

Compared with La2CuO4 NRs and bulk La2CuO4, slight increase of Cu-O and Cu-La bond length can be 

observed for La2CuO4 NBs, demonstrting that the presence of strain in TBs, which was comfirmed by the 

results of HRTEM. Based on the above analysis, it is propsoed that the presence of strain in TBs will 

increase the bond length of Cu-O and Cu-La and create a coordinatively unsaturated environment, 

resulting in improved intermediate adsorption and enhanced FEC2H4.     The wavelet spectra of La2CuO4 

NBs, La2CuO4 NRs and bulk La2CuO4 contain two distinc intensity of Cu-O and Cu-La coordination, 

consistent with the curve-fitting results (Figure 4e and Figure S28). To evaluate the evolution of La2CuO4 

NBs during the electrocatalytic process, in situ XANES spectra were also conducted under the 

measurement conditions (Figure 4f). Obviuosly, the Cu K-edge XANES spectrum of La2CuO4 NBs at 

open circuit potential in CO2 saturated 0.1 M KHCO3 solution shows a similar outline and position to that 

of the conventional test, indicating that the electrolyte and CO2 do not change the valence state of the 

catalyst. Interestingly, the Cu K-edge XANES spectrum is still well maintained when a voltage of -1.0 V 

vs. RHE was applied. The above results demonstrte that the catalyst is relatively stable before and after 

the catalytic reaction or during the catalytic process, which can also be confirmed by Cu L-edge soft 

XANES spectra (Figure S29). 
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Figure 4. (a) CO2 and (b) CO TPD profiles of La2CuO4 NBs, La2CuO4 NRs and bulk La2CuO4. (c) Cu L-edge XANES 

and (d) Cu K-edge EXAFS spectra of La2CuO4 NBs, La2CuO4 NRs, bulk La2CuO4, standard CuO, Cu2O and Cu foil. (e) 

Wavelet transform of Cu K-edge EXAFS data of La2CuO4 NBs. (f) In situ Cu K-edge XANES spectra of La2CuO4 NBs 

at -1.0 V vs. RHE and open circuit before and after reaction. 

DFT calculations are applied to explore the origins of high performances of CO2 reduction on the La2CuO4 

NBs. We have constructed the curvature boundary of three different material systems including the (113) 
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twin boundary, the (111) twin boundary, and (113)/(111) boundary (Figure S30a-c). It is noted that the 

(113) TB easily form the curvature boundary with subtle lattice mismatch. Meanwhile, both (111) TB and 

(113)/(111) GB show some mismatch bonding at the interface due to the lattice mismatch during the 

formation of curvature structure. Therefore, we have compared the stabilization energy of these structures 

(Figure S30d). (113) TB shows the most stable structure with the lowest energy of -1.30 eV while the 

(113)/(111) GB demonstrates the highest energy of -1.00 eV, supporting the higher instability of GB than 

TB. These results confirm that the formation of TB leads to a more stable nanostructure of La2CuO4 NBs, 

which is critical for stable and efficient electrocatalysis. The corresponding adsorption energies of the CO2 

on different surfaces have been compared. For the (113) TB, the adsorption of CO2 prefers the (113) 

surface sites than the boundary region (Figure S30e). In the (113)/(111) GB surface, the surface still 

shows the more preferred adsorption of CO2 on the (113) surface side than the (111) surface and the GB 

region. Meanwhile, the (113) TB also shows overall lower adsorption energies of CO2, supporting a more 

energetically preferred CO2 reduction on the La2CuO4 NBs with abundant twin boundaries. In the end, we 

also consider the strain effect induced in the TB boundary, which has also been confirmed by the EXAFS 

results (Figure S30f). With the tensile strain, we notice that the adsorption energies of CO2 and the energy 

of CO-CO coupling are both further lowered. Such trends facilitate both the efficiency of CO2RR as well 

as the selectivity towards the C2 product. 

For a more detailed look,  both surfaces of (113) and (111) are investigated regarding both electronic 

environment and energetic physicochemical trend. For the (113) surfaces, the bonding and anti-bonding 

orbitals near Fermi level (EF) demonstrate the highly electroactive region dominantly concentrates on the 

surface Cu sites. We also identify the existence of gap states near La sites and O sites (Figure 5a). For the 

(111) surfaces, the Cu site is still playing as the electroactive region while the gap states become narrower 

than that of (113) surfaces. The evidently different electronic distribution indicates the distinct selectivity 
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of the surface for the CO2 reduction (Figure 5b). By a further look into the partial projected density of 

states (PDOSs), the different subtle electronic structure is revealed. For (113) surface, Cu-3d orbitals 

display a sharp peak near EV-1.5 eV (EV = 0 eV) while the O-2p orbitals exhibit a broad coverage from 

EV to EV-6.0 eV. The main contribution of La-5d orbitals lies in the conduction band. Notably, the gap 

states are constructed by the joint contribution of La, Cu, and O sites, which significantly promote the 

electron transfer by the annihilation of the barriers (Figure 5c). Although the electronic contribution on 

(111) surface also shows the main contribution of Cu and La for both valence band maximum (VBM) and 

conduction band minimum (CBM), respectively, the electron transfer barrier still exists, which cannot be 

alleviated by the gap states. Such a barrier determines the electron transfer efficiency on (111) surface is 

consequently much lowered, especially for the C-C coupling. The strain induced in the interfacial region 

of La2CuO4 NBs and La2CuO4 NRs facilitates the electron transfer, which explains only C1 product is 

obtained for bulk La2CuO4 (Figure 5d). For the complicated C2 route of CO2 reduction, the PDOSs of the 

key adsorbates are also illustrated. On (113) surface, from the adsorption of the initial reactant to the final 

product C2H4, we notice a linear correlation on the dominant peak of the in the PDOSs, which guarantees 

the efficient electron transfer in the reaction coordinates. Meanwhile, Cu-3d orbitals demonstrate a highly 

stable valence state, which is consistent with the experiment characterizations (Figure 5e). On the contrary, 

such a linear correlation has been obviously weakened in (111) surfaces, which is attributed to the C-C 

coupling with a larger electron transfer barrier induced by the overbinding of CO. In addition, a slight 

downshifting of the Cu-3d band center has been noticed, indicating the local electroactivity on the surface 

is affected by the adsorption of intermediates (Figure 5f). By comparing the PDOS of both adsorbed CO, 

(113) surface shows a more evident reduction trend due to the larger downshifting of CO orbitals, 

facilitating the further C-C coupling. Meanwhile, the (111) surface demonstrates the stronger electron 

transfer with proton, which leads to the high production of H2 as the experimental results (Figure 5g). 
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Figure 5. (a) Structural configurations and real spatial 3D orbital contour plots of (a) (113) and (b) (111) surface of 

La2CuO4. Blue balls= La, Orange balls= Cu and Red balls = O. PDOSs of (c) (113) and (d) (111) surface of La2CuO4. 

PDOSs of key adsorbates of the C2 route on (e) (113) and (f) (111) surface of La2CuO4. (g) PDOSs of CO* and H* 

adsorbates on (113) and (111) surface of La2CuO4. (h) The energetic pathway of CO2 reduction to C2H4 on (113) surfaces.  

(i) The energetic pathway of CO2 reduction to C2H4 on (111) surfaces. 

We also compare the energetic reaction trend of CO2 reduction on both surfaces. For the (113) surface, 

the rate-determining step (RDS) is the C-C coupling, which is the key step for the C2 route in CO2 

reduction. The RDS shows a slight barrier of 0.38 eV. The strain induced within TBs in La2CuO4 NBs 

largely promotes the C-C couplings of the C2 route. A strong reaction trend is noted for (113) surface by 

releasing overall energy of 2.19 eV, supporting the high FE of C2H4 formation (Figure 5h). On the 
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contrary, we notice a much larger energy barrier of RDS (0.76 eV) for (111) surface, which is induced by 

the overbinding of CO*. The two times higher RDS barrier leads to the distinct selectivity of the surface, 

which is trapped in the formation of the C1 product of CO. Moreover, the overall reaction energy also 

supports the enhanced selectivity of (113) surface on the C2 product of C2H4 (Figure 5i). Therefore, the 

different selectivity of La2CuO4 NBs, La2CuO4 NRs, and bulk La2CuO4 is attributed to the intrinsic 

electroactivity of the different surfaces. For La2CuO4 NBs with high FE of C2H4, the main contribution 

comes from both highly electroactive (113) surfaces and the facilitation of strain-induced between TBs. 

Meanwhile, the La2CuO4 NRs shows less selectivity to the C2 product due to the less electroactive (111) 

surfaces. The minute amount of C2 product is achieved by the strain of GBs, which lowers the energy 

barrier of RDS and increases the electron transfer efficiency. For bulk La2CuO4, the lack of strain cannot 

overcome the RDS barrier of C-C coupling in C2 route, which leads to the formation of CO and H2 in the 

product. Therefore, our calculations have confirmed the contributions of both high index facets and the 

twin boundary to the superior performance of CO2RR in this work. 

 

Conclusion. In summary, we have successfully created a series of La2CuO4 perovskites with controlled 

GBs as efficient electrocatalysts for CO2RR by simply changing the heating rate in the calcination process. 

The optimized La2CuO4 NBs exhibit a high FE towards C2H4 (60%) while the bulk La2CuO4 shows a 

FECO up to 91%. TPD results reveal that the strong adsorption affinity for CO intermediates improves the 

selectivity towards C2 product. XAS results display that the TBs in La2CuO4 NBs generate strain leading 

to increased Cu-O and Cu-La bond length and produce coordinatively unsaturated environment to enhance 

the adsorption of the intermediate for improved FEC2H4. DFT calculations confirm that the high 

performance of CO2RR on La2CuO4 NBs is attributed to the high activity of (113) surfaces for electron 

transfer and the efficient C-C coupling facilitated by the induced strain in TBs. The combination of active 
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surface and strain determines the selectivity and efficiency of CO2RR. The present work highlights the 

important role of grain boundary engineering in the design of high-performance CO2RR electrocatalysts 

for hydrocarbon production and beyond. 
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