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Abstract: Electrochemical CO2-to-CO conversion provides a 

promising way to solve problems of greenhouse effect; however, 

developing low-cost electrocatalysts to mediate high-efficiency CO2 

reduction remains a grand challenge on account of the limited 

understanding in the real active sites. Herein, we revealed the 

operando Znδ+ metalloid sites as the real active sites of stable 

nonstoichiometric ZnOx structure derived from Zn2P2O7 through 

operando X-ray absorption fine structure analysis in conjunction with 

evolutionary-algorithm-based global optimization method, which 

exhibited excellent performance for CO2-to-CO electrocatalysis. 

Furthermore, theoretical and experimental results demonstrated that 

Znδ+ metalloid active sites could facilitate the activation of CO2 and the 

hydrogenation of *CO2, thus accelerating the CO2-to-CO conversion. 

Our work establishes a critical fundamental understanding of the 

origin of the real active center in the zinc-based electrocatalysts for 

CO2 reduction reaction. 

Introduction 

Electrochemical CO2 reduction reaction (CO2RR) is an 

appealing scheme to store intermittent solar- and wind-powered 

electricity in carbon-based chemicals and fuels, including CO, 

formate, methane, ethylene, and other long alkyl chains[1]. Among 

the diverse CO2RR pathways, CO2-to-CO conversion is one of the 

most promising practices due to its high selectivity and facile 

separation from liquid water[2]. However, practical CO2-to-CO 

electrolysis requires a catalyst to react at high selectivity and high 

rate with low overpotentials (η), which still relies on noble metal-

based nanomaterials (e.g., gold and silver)[3]. Very recently, the 

molecular catalyst has been reported to catalyze CO2-to-CO 

conversion at a current density (j) of -150 mA cm-2 with Faradaic 

efficiency (FE) > 95% in a zero-gap membrane flow cell[4]; 

moreover, several examples of atomically or molecularly 

dispersed electrocatalysts have demonstrated FECO > 90% at the 

operated j over -100 mA cm-2[5]. Unfortunately, traditional solid-

state, low-cost electrocatalysts have not generally achieved 

significant improvements in the efficiencies and selectivities at 

high current densities, which remains a big challenge in this field. 

Low-cost and earth-abundant electrocatalysts based on 

nanostructured zinc (Zn) have shown great promise for CO2-to-

CO conversion[6]. Modifications to Zn-based electrocatalysts, e.g., 

engineering crystal facets[7], tuning morphologies and 

components[8,9], constructing single-atom catalysts (SACs)[10], or 

introducing lattice defects and ligands[11,12], have been 

10.1002/anie.202202298

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



RESEARCH ARTICLE    

2 
 

implemented to improve CO2-to-CO activity. However, on certain 

Zn nanostructures, partial current densities of CO (jCO) are usually 

lower than -20 mA cm-2 even at high η (> 900 mV)[13]. One pain 

point lies in the in-situ reconstruction of the pristine well-designed 

active structures for the most solid-state CO2RR electrocatalysts 

under operando electrolysis conditions, and their catalytic 

performances are often limited by how to keep or in-situ generate 

these active structures. For example, positively-charged metal 

sites can boost the CO2 activation process with ultrahigh 

activities[13,14], but it is extremely difficult to preserve oxidation 

states under the potential regions of CO2 electroreduction[15]. 

Recently, K. Daasbjerg et al. reported a nitrogen-anchored low-

valence Zn-based SAC showing excellent performance for 

electrochemical CO2-to-CO conversion, which revealed the 

relationship between valence state and catalytic performance of 

Zn-based catalysts[16]. Furthermore, due to the negative 

electroreduction potential and complex solution environment in 

the electrocatalytic process, it is untoward to reveal the operando 

active sites at atomistic- and molecular-level and the catalytic 

mechanism of electrocatalysts during the CO2RR process, hence 

limiting the rational design and development of catalysts with high 

selectivity, activity, and stability[17]. With these in mind, we 

anticipate it will be a breakthrough to develop stable positively-

charged Znδ+ sites (e.g., nonstoichiometric ZnOx) under operando 

reduction potentials for high-current-density CO2 electrolysis at 

low overpotentials, and to further reveal the active sites and 

performance enhancement mechanisms at the atomic scale. 

Herein, we develop zinc pyrophosphate (Zn2P2O7) as a low-

cost and efficient precatalyst, which can operando generate 

nonstoichiometric ZnOx with stable low-valent Znδ+ sites to 

motivate high-current-density CO2-to-CO at low overpotentials. 

This resultant catalyst can produce CO at -300 mA cm-2 with FECO 

of 98.9%, and deliver a high jCO up to -441 mA cm-2 at a low 

potential of ~870 mV in a flow cell, which is among the best of the 

developed CO2-to-CO electrocatalysts. These performance 

merits have been further integrated with a zero-gap anion 

membrane electrode assembly (MEA), in which this catalyst 

achieves a full-cell energy efficiency (EE) of 58.0% at -100 mA 

cm-2. Our operando experimental characterizations demonstrate 

that the stable ZnOx structure derived from Zn2P2O7 during 

electroreduction leads to high-efficiency CO2-to-CO conversion 

performance. Through Universal Structure Predictor Evolutionary 

Xtallography (USPEX), we successfully predict the real active 

sites of stable ZnOx structure derived from Zn2P2O7 at atomistic-

level, and further density functional theory (DFT) calculation in 

conjunction with in-situ surface-enhanced infrared absorption 

spectroscopy (SEIRAS) testify that operando Znδ+ metalloid 

active sites on the surface of ZnOx are conducive to the activation 

of CO2 and the formation of *COOH, a key intermediate for the 

CO production. All the results unveil metalloid Znδ+ species as the 

highly active sites for CO2-to-CO conversion, and we believe this 

work may not only provide an effective operando-derivative 

strategy for designing low-cost electrocatalysts but also provide a 

new understanding of the activity origin of Zn-based 

electrocatalysts toward highly efficient electroreduction of CO2-to-

CO. 

Results and Discussion 

Transition metal phosphates have been reported to give a 

positive contribution to structural stability, on account of that the 

structural flexibility of the (P2O7)4- group could stabilize the 

intermediate states of Zn by changing their local positions with 

ease[18]. Based on this, we speculate it will provide possibilities for 

generating stable positively-charged Znδ+ sites on the surface 

when Zn2P2O7 is taken as a precatalyst, contributing to an 

effective CO2RR performance. First and foremost, we simulated 

the reaction thermodynamic energy of Zn2P2O7 and ZnO being 

reduced to metallic Zn, respectively (see details in Supporting 

Information). As shown in Figure 1a, Zn2P2O7 is reduced to Zn 

with positive Gibbs free energy (> 0 eV) within the operating 

potential range of CO2-to-CO reaction, which indicates that the 

catalyst is difficult to be entirely reduced to pure-Zn, thus 

endowing a possibility to form ZnOx structure on the surface. On 

the contrary, ZnO is easily reduced to the pure-Zn phase because 

of its structural instability, leading to the lack of Znδ+ sites, which 

is adverse to the improvement of the electrocatalytic activity. On 

this basis, we rationally prepared Zn2P2O7 precatalysts via a facile 

sol-gel method (see more details in Supporting Information), and 

we could obtain gram-scale products through a one-off 

preparation process in the lab-scale (Figure S1). X-ray diffraction 

(XRD) was conducted to analyze the crystalline structures of 

Zn2P2O7. As shown in Figure 1b, the diffraction peaks of the 

synthesized sample are well indexed to the monoclinic phase of 

Zn2P2O7 (PDF#97-005-6297), without any impurity. Zn2P2O7 

features the grey color (inset of Figure 1b) and exhibits a typical 

thortveitite structure, which exhibits two types of distances 

between two adjacent Zn atoms (3.3 and 5.5 Å, Figure S2a). For 

comparison, ZnO control samples were obtained via a similar sol-

gel process, showing the diffraction peaks of ZnO reference with 

a hexagonal system (PDF#97-015-5780) in the XRD analysis 

(Figure S2b, S3). To further analyze the local structure of Zn2P2O7, 

X-ray absorption fine structure spectroscopy (XAFS) was 

conducted. As shown in Figure 1c, the X-ray absorption near edge 

structure (XANES) spectrum of Zn K-edge shows that the bulk Zn 

ions in Zn2P2O7 keep in +2 oxidation states. Furthermore, its 

Fourier-transformed extended X-ray absorption fine structure 

(EXAFS) is also illustrated in Figure 1d. The first peak centered at 

~1.5 Å (without phase correction if not mentioned) is assigned to 

Zn-O bonds[13]. The second distinct peak at ~2.8 Å is attributed to 

Zn-P bonds in the structure. Fourier transformed infrared (FTIR) 

spectroscopy was further carried out to confirm the chemical 

bonds in the sample (Figure S4), showing characteristic peaks in 

the frequency range of 1100-900 cm-1, which are assigned to 

asymmetric and symmetric P-O bonds. The asymmetric P-O-P 

bridge vibration is also observed[19]. Scanning electron 

microscopy (SEM) was conducted to analyze the morphology of 

the obtained samples. In Figure S5a, Zn2P2O7 exhibits the 

irregularly stacked nanoparticles. In the transmission electron 

microscopy (TEM) image of Zn2P2O7 (Figure 1e), interconnected 

nanoparticles are observed, and the corresponding selected area 

electron diffraction (SAED) pattern further confirms the high 

crystallinity of Zn2P2O7 (inset of Figure 1e). Moreover, its high-

angle annular dark field-scanning transmission electron 

microscopy (HAADF-STEM) image and the corresponding energy 

dispersive X-ray spectroscopy (EDS) analysis demonstrates the 

homogenous dispersions of Zn, O, and P elements in the whole 

area of Zn2P2O7 (Figure 1f). For comparison, SEM and TEM 

analysis of ZnO nanoparticles were also performed (Figure S5b, 

S6), showing no significant difference in morphology with Zn2P2O7.  
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Figure 1. Structural characterization of Zn2P2O7 precatalyst. (a) The Gibbs free energy diagram of Zn2P2O7 and ZnO reduced to Zn, which varies according to the 

operating potential. The orange area is the common operating potential range (-0.4 to -0.9 V). (b) XRD pattern of Zn2P2O7 sample, which is assigned to PDF#97-

015-5780. Inset: Photograph of Zn2P2O7 sample. (c, d) XAFS characterization of (c) the normalized Zn K-edge XANES spectra and (d) Fourier-transformed Zn K-

edge EXAFS spectra. (e) TEM image of Zn2P2O7. Inset: the corresponding SAED pattern. (f) HAADF-STEM image of Zn2P2O7 and the corresponding EDS elemental 

maps of Zn, O, and P elements, respectively. 

To verify the formation rationality of the Znδ+ species derived 

from Zn2P2O7 catalysts during CO2RR, a series of 

characterizations for structural evolution were conducted. Firstly, 

the XRD analysis before and after CO2RR indicates that the 

diffraction peaks of Zn2P2O7 disappear and show no sharp peak 

beside the carbon paper substrate, which might be due to the 

formation of amorphous species (Figure 2a). However, the 

diffraction peaks of the metallic Zn appear after CO2RR for ZnO 

controls, and trace of ZnO component was ascribed to slight 

surface oxidation under the air. To study the changes of the 

valence states for Zn2P2O7, X-ray photoelectron spectroscopy 

(XPS) was conducted. In Figure S7a, the peak in the Zn 2p region 

of initial Zn2P2O7 is ascribed to Zn2+ (1022.0 eV), and the Zn 2p 

region of initial ZnO can be fitted into two constituent peaks, which 

are ascribed to Zn2+ and Zn0 (1021.3 eV)[20]. After CO2RR at the 

applied j of -200 mA cm-2 for 1 h, the characteristic Zn0 peak 

appears with a certain amount of Zn2+ still existing in Zn2P2O7, 

indicating the durable existence of surface Zn2+ components of 

the Zn2P2O7 sample during CO2RR. While the Zn0 peak occupies 

a dominant position in the ZnO sample with the Zn2+ peak 

disappearing after CO2RR, which proves that the ZnO is totally 

reduced to metallic Zn during CO2RR. Further evidence comes 

from the O 1s spectrum shown in Figure S7b, and the peaks at 

the binding energy of 531.5, 533.0, and 535.0 eV in Zn2P2O7 can 

be attributed to the non-bridging oxygen in the phosphate group 

(P=O), the symmetric bridging oxygen in P-O-P group and the 

absorbed H2O, respectively[21]. The O 1s spectrum of Zn2P2O7 

after CO2RR shows that the (P2O7)4- ions have been leached 

during the reduction process, accompanied by an emergent Zn-O 

peak (530.2 eV), which is coincided with the XPS spectra in Zn 

2p and P 2p regions (Figure S7c)[9]. As for the ZnO control sample, 

the peak of Zn-O entirely disappears, indicating the surface Zn2+ 

components are mostly reduced to Zn0.  

We further conducted a time-dependent Raman analysis of 

Zn2P2O7 along with the ZnO control. In Figure 2b, the peaks from 

1250 to 950 cm-1 belong to the P-O stretching modes of (P2O7)4-

[22]. As the CO2RR goes on (at the constant j of -400 mA cm-2 in 

2.0 M KOH), the characteristic peaks of (P2O7)4- change, which 

indicates the possible ions leaching during the electroreduction 

process. It is mentionable that the emergence of the peaks at 

about 576, 1073, and 1150 cm-1 attributed to the Zn-O finger 

signal, which proves the generation of oxidized Zn species as the 

CO2RR goes on[23]. For comparison, all the finger signals of Zn-O 

vanish with prolonged CO2RR time in the ZnO control sample. 

Meanwhile, we also evaluated the time-dependent CO2-to-CO 

selectivity for the two samples at different applied j. In Figure 2c, 

as the reduction reaction continues, the ratio of FECO(ZnO) to 

FECO(Zn2P2O7) gradually decreases, and this phenomenon would 

be more obvious when applying a higher constant j, which 

demonstrates the importance of oxidized Zn species for CO2-to-

CO activity. 

To further understand the oxidation state evolution in 

catalysts during CO2RR, operando XAFS measurements were 

performed using the home-built device (see details in Supporting 

Information and Figure S8). Firstly, the XANES spectra of 

Zn2P2O7-OCV and ZnO-OCV were collected after 1.0 M KOH 

electrolyte circulated into the cell. Once the cathodic j was applied, 

the XANES profile of the ZnO sample occurred a distinct change 
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and kept metallic Zn0 state in 5 min, while Zn2P2O7 maintained in 

higher valence states than metallic Zn0 in the whole course of 

CO2RR up to 35 min (Figure 2d). The corresponding linear 

combination fitting (LCF) results demonstrated that the majority of 

Zn2P2O7 (69.8%) was in the Zn2+ oxidation state after 5 min, while 

Zn2+ had been decreased to 16.0% in the ZnO control sample, 

which reveals that the transition between Zn2+ and Zn0 for ZnO is 

more rapid (Figure 2e). After that the Zn2P2O7 catalyst had been 

electrochemically reduced via CO2RR for 35 min, it still 

maintained 22.2% composed of the Zn2+, which unambiguously 

demonstrates the stable existence of ZnOx species during the 

CO2 gas diffusion electrolysis. Figure 2f exhibits the operando 

EXAFS spectra, the enhancement of Zn-Zn peak (~2.3 Å), and 

the reduction of Zn-O peak (~1.5 Å) in samples (solid lines) 

suggested the Zn2+ in catalysts gradually reduced to metallic Zn0 

when CO2RR took place[24]. After that Zn2P2O7 had been 

electrochemically reduced via CO2RR for 35 min, it still showed a 

higher Zn-O coordination number compared with ZnO control, 

indicating the generation of low-valent ZnOx derived from Zn2P2O7. 

 

 

Figure 2. Structural evolution investigation of electrocatalysts during CO2RR. (a) XRD patterns of Zn2P2O7 and ZnO control coated on carbon paper before and 

after CO2RR, which indicates that ZnO would be reduced to metallic Zn under reduction potential. (b) Raman spectra of Zn2P2O7 and ZnO control coated on carbon 

paper corresponding to different reaction times at an applied current density of -400 mA cm-2 in a flow cell reactor with 2.0 M KOH as the electrolyte, indicating the 

formation and the stable existence of Zn-O in Zn2P2O7 sample and the disappearance of Zn-O in ZnO control during CO2RR. (c) The change of the FECO ratio of 

FECO(ZnO) to FECO(Zn2P2O7) with time at various applied current densities in a flow cell reactor with 1.0 M KOH as the electrolyte. (d-f) Operando XAFS 

characterization of (d) the normalized Zn K-edge XANES spectra, (e) calculated ratio of Zn oxidation states from linear combination fitting with respect to time during 

35 min of reaction and (f) the Fourier-transformed Zn K-edge EXAFS spectra under the CO2 gas diffusion electrolysis condition at an applied current density of -50 

mA cm-2 with 1.0 M KOH as the electrolyte. 

The electrocatalytic performances of Zn2P2O7 for CO2RR 

were firstly evaluated in a standard three-electrode configuration 

in an H-cell (see details in the Supporting Information). As shown 

in Figure S9, the Zn2P2O7 catalyst was tested over a range of 

potentials in 0.1 M KHCO3, which showed a marked selectivity for 

CO at potentials from -0.9 to -1.30 V versus reversible hydrogen 

electrode (vs. RHE, all potentials were vs. RHE if not mentioned), 

with a peak FECO reaching 90.8 ± 0.8% and a jCO of -5.5 mA cm-2 

at -1.0 V. To further improve the electrocatalytic performance, a 

flow cell configuration was used to overcome the CO2 mass-

transport issue in the batch-type (e.g., H-cell) electrolysis. 

Chronopotentiometric tests were conducted to motivate the CO2 

gas diffusion electrolysis at the constant j from -50 to -500 mA cm-

2 (Figure S10). During the electrolysis, the obtained gas products 

were quantified by online gas chromatography (see more details 

in Supporting Information). In Figure 3a, current-dependent gas 

distribution results illustrate that Zn2P2O7 exhibits high CO 

selectivities in the wide j range, with FECO of 88.5 ± 4.4%, 93.2 ± 

0.4%, 98.9 ± 2.9%, 92.5 ± 2.1%, and 88.2 ± 4.5% at the j of -100, 

-200, -300, -400, and -500 mA cm-2, respectively (the 

representative gas chromatography result is shown in Figure S11). 

This means that Zn2P2O7 can deliver a high jCO up to -441 mA cm-

10.1002/anie.202202298

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



RESEARCH ARTICLE    

5 
 

2 at a low potential of -0.87 V. Considering the remarkable jCO and 

corresponding potential, Zn2P2O7 is among the best catalysts of 

the Zn-based materials (most of which with |jCO| < 50 mA cm-2) 

and the developed CO2-to-CO electrocatalysts (Figure 3b and 

Table S1)[5b,25]. This performance of Zn2P2O7 proves that it can be 

potentially further used for industrial-current electrolysis with low 

energy input. With this in mind, we constructed a two-electrode 

anion MEA electrolysis system, using Zn2P2O7 as cathode 

electrocatalysts and NiFe layered double hydroxide (LDH) on Ni 

foam as anode electrocatalysts[26]. In Figure 3c, the cyclic 

voltammetric curves show the obvious redox peaks when the 

applied cell voltage is lower than 2.0 V, which might be attributed 

to redox reactions of Zn2P2O7. Constant j electrolysis was carried 

out to evaluate the selectivity and applied voltage of the Zn2P2O7 

catalyst (Figure S12, S13). In Figure 3d, Zn2P2O7 exhibits high EE 

of 52.3%, 58.0%, and 45.0% at the j of -50, -100, and -150 mA 

cm-2, respectively, with optimal FECO of 93.9% at the j of -100 mA 

cm-2 (see details in Supporting Information). This high EE is also 

comparable to the classic precious and nonprecious 

electrocatalysts at similar current densities, such as Ag, Au, and 

CoPc-based materials (Figure 3e and Table S2)[4,9b,27]. The long-

term stability test of Zn2P2O7 at the j of -100 mA cm-2 was also 

implemented in the MEA configuration (Figure 3f). The FECO 

gradually increased from 84.0 to 92.5% during 60 min of 

electrolysis and kept over 90% for more than 340 min. The slightly 

decreased FECO after 350 min might be attributed to the salt 

accumulation, corrosion of the gas diffusion layer (GDL), and 

degradation of the membrane. It is also mentionable that no 

obvious increase of energy input was found, and the applied cell 

voltage nearly remained the same. 

 

Figure 3. Electrocatalytic performance of Zn2P2O7 catalyst. (a) Faradaic efficiencies for products and the corresponding potentials over Zn2P2O7 at various applied 

current densities in a flow cell reactor with 2.0 M KOH as the electrolyte. (b) Maximum jCO and the corresponding potential of Zn2P2O7, recently reported Zn-based 

CO2RR catalysts and some outstanding CO2-to-CO electrocatalysts. (c-f) Electrochemical performance evaluation of Zn2P2O7 catalysts for CO2RR using the MEA 

system in 1.0 M KOH. (c) LSV curves of Zn2P2O7 catalysts with respect to RHE at a scan rate of 1 mV s-1. (d) Energy efficiencies of CO on Zn2P2O7 catalysts and 

corresponding cell voltages at various applied current densities. (e) Performance comparison between Zn2P2O7 catalysts and previously reported representative 

electrocatalysts for CO2-to-CO conversion. (f) Stability test of electrochemical CO2 reduction during 400 min of electrolysis under the j of -100 mA cm-2. Red dots 

represent FEH2, blue dots represent for FECO and the cyan line represents the cell voltage curve. 
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In the operando condition, the local active structure of the 

catalyst is different from the well-defined structural feature, which 

is always difficult to be traced because of its non-uniqueness. 

Aiming to search the possible local active structures of ZnOx and 

obtain their general features with more excellent CO2-to-CO 

conversion performance compared with Zn, the evolutionary-

algorithm-based (EA) global optimization method in the USPEX 

program combined with the DFT level calculation in VASP code 

was conducted to locate the energetically stable amorphous ZnOx 

from the global configuration space (Figure 4a, see details in 

Supporting Information)[28]. After 20 generations’ evolution, 484 

structures could be obtained, which were evaluated firstly through 

the formation energy (Ef, Figure 4b, see details in Supporting 

Information). From the searched results, more than one 

representative structure with optimal stabilities is randomly 

selected, which can primely reveal the general structural features 

of ZnOx (structure I-VI, Figure 4b). All of them are less-crystalized 

with relatively irregular and distorted surface structures, and the 

metalloid hollow sites constituted by Znδ+ (i.e., three conterminal 

Znδ+-Znδ+ bonds) are their common typical local structural 

features. Here, we further calculated the Gibbs reaction energy 

(ΔG) of the leaching-out of the lattice oxygen in structure I as an 

example to examine the electrochemical stabilities of these ZnOx 

structures (Figure S14, the calculation details are shown in 

Supporting Information). As ΔG is more positive, the leaching-out 

of the lattice oxygen is more difficult, implying the better stability 

of ZnOx. From Figure S14, it is obvious that ZnOx holds a more 

positive ΔG than ZnO, implying the more difficult reduction of the 

lattice oxygen on ZnOx, i.e., the more superior electrochemical 

stability of these ZnOx at the applied potential. 

To further clarify the reason for the excellent activity of ZnOx 

catalyzing CO2-to-CO, we took the structure I of ZnOx as an 

example, and calculated the Gibbs reaction free energies of 

CO2RR at 0 V (vs. RHE) on Zn and ZnOx, respectively (the 

calculation details are shown in Supporting Information). As 

shown in Figure 4c, the Gibbs adsorption free energy for CO2 on 

ZnOx is relatively more negative than that on Zn (0.49 vs.1.34 eV), 

indicating the better activation of Znδ+ sites for CO2, which is a key 

step for CO2RR. The easier adsorption and activation of CO2 can 

contribute to the next *CO2 hydrogenation process, as the lower 

whole energy profile of CO2RR on ZnOx compared with that on Zn 

catalyst illustrates. In order to further understand the intrinsic 

origin of high CO2-to-CO catalytic activity on ZnOx, we introduced 

the projected electron density of states (DOS) analysis of Zn0 and 

Znδ+
 sites which have been demonstrated by bader charge 

analysis (0 vs. +0.81) on Zn and ZnOx, respectively. Comparing 

the d-band centers of Znδ+ and Zn0 (-6.54 vs. -7.34 eV, the upper 

part of Figure 4d), we can find that the d-band center of Znδ+ on 

ZnOx is closer to the Fermi level than that of Zn0 on Zn catalyst, 

suggesting that the electron on Znδ+ more easily transfers to CO2, 

thus promoting the adsorption and activation of CO2 on ZnOx. In 

general, ZnOx exhibits a better catalytic activity on the metalloid 

hollow sites constituted with Znδ+ compared with the hollow sites 

constituted with Zn0 on Zn catalysts, which helps to activate CO2 

and leads to more feasible formations of *COOH and *CO. 

 

Figure 4. Theoretical study of ZnOx for CO2RR. (a) Screening process of ZnOx based on EA global optimization method. (b) Formation energy of candidate 

structures of ZnOx from USPEX and representative structures (I-VI) of ZnOx with optimal stabilities. (c) Energy profiles of CO2 to CO on Zn and ZnOx at 0 V (vs. 

RHE), respectively. (d) Projected electron density of states (DOS) of d orbital, d-band center, and valence of Zn sites on Zn and ZnOx (upper part); In-situ SEIRAS 

spectra of the Zn2P2O7 and ZnO sample in CO2-purged 0.1 M KHCO3 electrolyte at -1.0 V in real-time condition (lower part). 

Furthermore, we used in-situ SEIRAS to identify the 

intermediates formed on different Zn surfaces during CO2RR, in 

order to experimentally understand the effect of the valence state 

of Zn surfaces on the CO2RR mechanism (details in Supporting 

Information, Figure S15)[29]. As shown in the lower part of Figure 

4d, peaks revealed at ~2085, ~1897, and ~1365 cm-1 
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corresponding to atop-adsorbed CO (COL), bridge-adsorbed CO 

(COB), and carboxyl intermediate (*COOH) on the Znδ+ surface 

appeared during CO2RR, respectively[14a, 30]. In contrast, both *CO 

and *COOH were not obviously detected on the surface of the 

ZnO sample, which would be rapidly reduced to Zn0 during CO2 

reduction. These results clearly demonstrate that the formations 

of *CO and *COOH, which are indispensable steps in producing 

CO, are more favorable on the Znδ+ surface than those on the Zn0 

surface. Ultimately, the theoretical research in conjunction with in-

situ SEIRAS study reveal that the formation of *CO and *COOH 

can be facilitated on Zn2P2O7, indicating an improved CO2-to-CO 

conversion due to the presence of the Znδ+ metalloid hollow sites. 

Conclusion 

In conclusion, we have explored Zn2P2O7 as an efficient CO2-

to-CO precatalyst via a facile sol-gel method, and unraveled that 

the active local structures of derived nonstoichiometric ZnOx are 

the Znδ+ metalloid hollow sites through structure characterization 

and EA global optimization method. DFT calculations and in-situ 

SEIRAS results further demonstrate that the special metalloid 

Znδ+ hollow sites can promote the CO2 activation and 

hydrogenation to *COOH during CO2RR. Consequently, the 

operando-derived ZnOx can deliver excellent catalytic 

performance with a high jCO of -441 mA cm-2 at a low potential of 

~870 mV, and a full-cell EE up to 58.0%. This work specifies a 

real active site and a clear structure-activity relationship for the 

precatalysts, which could provide guidance for designing ideal 

earth-abundant electrocatalysts for CO2RR and many other 

related reactions of practical significance. 
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delivered excellent CO2-to-CO conversion performance. 
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