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Abstract: To promote CO2 redox kinetics on the cathode of hybrid sodium−carbon dioxide (Na−CO2) batteries, hollow 
cubic CuS nanoboxes were encapsulated in polypyrrole and polydopamine by in situ polymerization of pyrrole and 
dopamine monomers, respectively, and coupled with high-temperature heat treatment to obtain nitrogen−carbon 
encapsulated CuxS@NCPPy and CuxS@NCPDA catalysts. The results show that the encapsulation of nitrogen-doped carbon 
not only increases the specific surface area and improves the electron affinity but also promotes the synergistic interaction 
between the CuS-based active species and the defect carbon, thus providing abundant active sites for CO2 conversion. 
The electrochemical performances of the carbon-coated modified samples were all improved, especially the hybrid 
Na−CO2 battery based on CuxS@NCPPy, which showed a low voltage gap of 0.74 V at 0.1 mA/cm2 and a high power 
density of 3.42 mW/cm2. 
Keywords: CO2 reutilization; copper (I) sulfide catalyst; nitrogen-doped carbon; high power density; Na−CO2 batteries 
                                                                                                             

 
 
1 Introduction 
 

Effectively addressing carbon emissions in key 
industries such as steel, petrochemicals, non-ferrous 
metals, and construction materials has become a 
global focal point of concern. Balancing the 
escalating global energy demand while economically 
mitigating carbon dioxide (CO2) emissions stands 
out as a paramount challenge in contemporary   
time [1,2]. Specifically, the aluminum electrolysis 
industry, a crucial sector that produces substantial 
greenhouse gas emissions, is estimated to have 
average specific emissions ranging from 14 to 17 t of 
CO2 per ton of aluminum produced, covering the 
entire process from bauxite mining to cast metal 
production [3]. Given the magnitude of these 
emissions, the industry is under increasing pressure 

to actively contribute to global emission reduction 
goals [4−6]. Therefore, to address this challenge and 
meet the dual-carbon strategy objectives of carbon 
peak and carbon neutrality, the urgent adoption of 
innovative technologies for CO2 treatment is 
imperative. 

Metal−carbon dioxide batteries not only 
incorporate CO2 into the battery system providing an 
effective means of CO2 utilization, but also serve as 
energy storage devices for intermittent renewable 
energy. This functionality enables them to supply 
ample electricity to meet daily energy demands, 
thereby reducing reliance on fossil fuels. Sodium− 
carbon dioxide (Na−CO2) batteries, in particular, 
have gained favor due to the abundant and cost-
effective nature of sodium resources and a 
theoretical energy density 1125 W·h/kg, surpassing 
that of lithium-ion batteries significantly [7−9]. 
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Nonetheless, current Na−CO2 batteries face 

problems such as large electrode polarization and 
poor reversibility, which mainly stem from the 
sluggish kinetics of CO2 reduction reactions (CO2RR) 
and carbonate decomposition reactions (CO2ER) at 
the CO2 cathode. In this regard, identifying suitable 
electrocatalysts to promote CO2 redox kinetics is one 
of the most active research areas at present [10−12]. 
Extensive work has been carried out on the 
development of catalysts, including carbon  
materials [13,14], noble metals and their  
composites [15−17], transition metal oxides [18,19], 
and sulfur compounds [20,21]. Notably, transition 
metal sulfides have garnered considerable attention 
in the energy conversion field owing to their 
abundant availability, cost-effectiveness, and 
versatile design possibilities [22]. Nevertheless, it is 
noteworthy that metal sulfides still face challenges in 
practical applications, such as poor electrical 
conductivity and insufficient active sites. To fully 
unleash the catalytic potential, further modulation of 
material composition, morphology engineering, 
coating, or doping is required to enhance both 
electrical conductivity and catalytic activity [23−26]. 
For example, constructing conducting polymer-
coated nanostructures for CO2 cathode catalysts has 
been considered an effective strategy to enhance the 
performance of hybrid Na−CO2 batteries due to the 
dimension/morphology and the synergistic effect of 
different components [27]. Particularly, polypyrrole 
(PPy) and polydopamine (PDA) are among the most 
widely studied conductive polymers in energy 
storage research, owing to their notable properties, 
including superior electrical conductivity, robust 
chemical stability, simple fabrication processes, and 
eco-friendly nature [27,28]. In addition, their derived 
nitrogen-doped carbons stand out due to their low 
cost, chemical stability, tunable conductivity, and 
electrochemical activity. 

Based on the above considerations, a simple 
multi-step templating strategy was employed in this 
work to successfully prepare hollow cubic-shaped 
CuS nanobox catalysts. Further, by combining the 
encapsulation of PPy and PDA and heat treatment 
techniques, two nitrogen-doped carbon-coated 
nanoboxes, named CuxS@NCPPy and CuxS@NCPDA, 
respectively, were successfully synthesized. The 
encapsulation of nitrogen-doped carbon appears to 
have positive effects on material properties, electron 
affinity, and the interaction between CuS-based 

active species and defect carbon. This, in turn, 
provides a great number of active sites for CO2 
conversion. As expected, the electrochemical 
properties of the carbon-coated modified samples 
were all improved. Especially, the hybrid Na−CO2 
battery based on CuxS@NCPPy showed a low voltage 
gap of 0.74 V at 0.1 mA/cm2 and a high power 
density of 3.42 mW/cm2. This work improves the 
performance of the catalyst through material design 
and modification, providing potential value for its 
application in CO2 batteries. 
 
2 Experimental 
 
2.1 Catalyst synthesis 

Without any additional purification, the target 
samples were prepared using the chemical reagents 
directly. The CuO/CuS catalysts were synthesized 
using a conventional method [28]. Initially, 1.5 g of 
CuSO4∙5H2O and 0.6 g of trisodium citrate were 
dissolved in 320 mL of deionized (DI) water to 
create Solution A. Subsequently, 4 g of NaOH was 
dissolved in 80 mL of DI water and added to 
Solution A. After stirring for 15 min, a 200 mL DI 
water solution containing 1.06 g of ascorbic acid was 
incorporated into Solution A, and the mixture was 
stirred for an additional hour. The resulting red 
product was filtered and washed with DI water and 
ethanol to yield Cu2O nanoboxes. Secondly, the 
Cu2O nanoboxes were dispersed in 240 mL of DI 
water to create Solution B. Next, 0.24 g of Na2S was 
dissolved in 160 mL of DI water and added to 
Solution B. After stirring for 0.5 h, the mixture was 
filtered and thoroughly washed to yield Cu2O/CuS 
nanoboxes. Thirdly, the prepared Cu2O/CuS 
nanoboxes were dispersed in a mixed solvent of 
80 mL of ethanol and 80 mL of H2O to obtain 
Solution C. Subsequently, 10.2 g of Na2S2O3 was 
dissolved in 64 mL of DI water and added to 
Solution C. After being stirred for 0.5 h, the mixture 
underwent filtration and thorough washing to yield 
hollow CuO/CuS nanoboxes. 

Two methods were employed to prepare nitrogen- 
doped carbon-coated CuxS nanoboxes [27,28]. 
Method (1): 60 mg of CuO/CuS was first dispersed 
in 80 mL of deionized water, to which 12 mg of 
sodium dodecyl sulfate was added. After sonication 
for 0.5 h and stirring for 1 h, 60 μL of pyrrole was 
injected. Following an additional hour of stirring, 
16 mL of 0.1 mol/L ammonium persulphate solution 
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was introduced. The mixture was stirred for 4 h, 
filtered, washed, and then dried at 80 °C overnight. 
Finally, the prepared sample was annealed in 
nitrogen at 550 °C for 2 h with a heating rate of 
2 °C/min to obtain target catalysts, named 
CuxS@NCPPy. Method (2): 60 mg of CuO/CuS 
nanoboxes and 60 mg of dopamine hydrochloride 
were dispersed into 100 mL of tris buffer solution 
(10 mmol/L, pH=8.5) and stirred for 5 h. After 
filtration, the product was cleaned and dried at 80 °C 
overnight. Finally, the CuxS@NCPDA catalyst was 
obtained using the same heat treatment process. 
 
2.2 Physicochemical characterization 

The crystal structure of all as-prepared samples 
and charge−discharge products was estimated 
through X-ray diffraction (XRD, Rigaku-TTRIII) 
with Cu Kα at a scan rate of 8(°)/min. The 
morphology of as-prepared samples was inspected 
with field-emission scanning electron microscopy 
(SEM, JSM−7900F) with an energy-dispersive X-
ray analyzer (EDX). The Raman spectra were 
examined using an inVia Raman spectrometer. The 
nitrogen adsorption isotherms (Quantachrome 
Instruments) were utilized to determine the 
Brunauer−Emmett−Teller (BET) specific surface  
area. The determination of carbon content was 
conducted using thermogravimetry-differential 
thermal analysis (TG-DTA, NETZSCH STA 449F5). 
Relevant information regarding the chemical 
composition and surface chemical valence states of 
CuO/CuS, CuxS@NCPPy, and CuxS@NCPDA was 
analyzed using X-ray photoelectron spectroscopy 
(XPS, Thermo K-alpha). 
 
2.3 Electrochemical measurement 

The electrochemical characterization was 
conducted utilizing a custom-made hybrid Na−CO2 
battery mold. The working electrode was fabricated 
by coating commercial Toray carbon paper (1 cm of 
diameter) with a slurry comprising active material, 
conductive carbon, and 5 wt.% PTFE binder. The 
effective area of the cathode was 0.79 cm2, with a 
mass loading of 2.0 mg/cm2 of active material in this 
work. The anolyte consisted of 1 mol/L NaClO4 

solution dissolved in a mixture of dimethyl carbonate 
and ethylene carbonate (DMC/EC, 1꞉1 by volume), 
with the addition of 1% fluorinated ethylene 
carbonate (FEC). Around 0.2 mL of a saturated 
solution of sodium chloride was utilized as the 

catholyte, while a Na3Zr2Si2PO12 solid electrolyte 
(NASICON) with a thickness of 1 mm and an 
effective area of 0.79 cm2 was employed as the 
separator, and sodium metal foil served as the  
anode. The assembly of all batteries was conducted 
within a glove box environment featuring a water 
and oxygen content below 0.6×10−6. The prepared 
batteries were enclosed in a container filled with pure 
CO2 for conducting electrochemical performance 
measurements at room temperature. These 
measurements included charge/discharge voltages, 
galvanostatic intermittent titration technique (GITT), 
and rate performance assessments, which were 
performed using a LAND battery tester (CT2001A). 
Polarization curves and electrochemical impedance 
spectroscopy (EIS) spectra were obtained using a 
CHI 760e electrochemical workstation. 
 
3 Result and discussion 
 
3.1 Characteristics of CuO/CuS nanoboxes 

The exquisite design of hollow CuO/CuS 
nanoboxes was achieved by meticulously 
customizing their morphology through a typically 
multi-step template-driven strategy [28], 
commencing with the utilization of a Cu2O nanocube 
template and subsequently undergoing sequential 
sulfidation and etching processes. To gain a deep 
understanding of the CuO/CuS structuring process, 
the evolution of phases of the target samples at each 
stage was initially investigated via X-ray diffraction 
(XRD) and energy-dispersive X-ray analyzer (EDX). 
The template samples, as illustrated in Fig. 1(a), 
exhibit prominent peaks at approximately 29.6°, 
36.4°, 42.3°, 52.5°, 61.4°, 73.5°, and 77.4°, 
respectively corresponding to the crystal planes 
(110), (111), (200), (211), (220), (311), and (222)  
of Cu2O (PDF#78-2076). EDX analyses further 
indicate the phase purity of prepared Cu2O 
nanocubes (Fig. 1(d)). When the Cu2O nanocubes 
were immersed in an appropriate amount of Na2S 
solution, a significant transformation was observed 
in Fig. 1(b), while the presence of S element was also 
confirmed by the EDX spectrum (Fig. 1(e)), thereby 
indicating the formation of CuS species on the 
surface of Cu2O nanocubes. After selective etching 
of the Cu2O inner core with sodium thiosulfate 
solution, the resulting products exhibited XRD 
spectra with diffraction peaks corresponding to CuS 
and CuO (Fig. 1(c)). Specifically, peaks observed at 
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Fig. 1 XRD patterns (a−c) and EDX spectra (d−f) of Cu2O, Cu2O/CuS, and CuO/CuS nanoboxes 
 
around 27.1°, 29.2°, 31.7°, and 47.9° corresponded 
to the crystal planes (100), (102), (103), and (110) of 
CuS (PDF#78-0876), respectively. In addition, the 
peaks detected at approximately 35.6°, 38.7°, 58.3°, 
66.2°, and 68.1° were attributed to the crystal  
planes (111) , (111), (202), (311) , and (220) of  
CuO (PDF#89-5897), respectively. Furthermore, the 
elemental compositions of Cu, O, and S were further 
verified by EDX in Fig. 1(f). 

The morphological evolution of the prepared 
samples was examined by scanning electron 
microscopy (SEM). SEM images at different 

magnifications demonstrate the uniformity, well-
defined structure, and excellent consistency of the 
synthesized Cu2O nanocubes, with a size of about 
650 nm and a smooth surface (Figs. 2(a−c)). 
Following sulfidation, the SEM images of the Cu2O 
nanocubes (Figs. 2(d−f)) reveal a significantly 
roughened surface, accompanied by the growth   
of a nanosheet shell, indicating the formation of 
Cu2O/CuS core−shell nanocubes. The evidence 
presented in Figs. 2(g−i) indicates the successful 
formation of hollow nanobox structures in CuO/CuS 
samples through selective etching. 
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Fig. 2 FESEM images of Cu2O (a−c), Cu2O/CuS (d−f), and CuO/CuS (g−i) nanoboxes 
 
3.2 Characteristics of nitrogen-doped carbon- 

coated CuxS nanobox 
The crystal structures and purity of the as-

prepared nitrogen-doped carbon-coated CuxS 
nanobox samples were analyzed in Fig. 3. For the 
CuxS@NCPPy sample (Fig. 3(a)), the peaks located at 
27.7°, 32.1°, 46.1°, and 54.6° are noticed, 
respectively corresponding to (111), (200), (220), 
and (222) lattice planes, which are matched well with 
Cu1.95S (PDF#89-2072). Moreover, the peaks located 
at 32.6° and 39.0° correspond to the (111)/ (103) and 
(104) lattice planes of Cu2S (PDF#72-1071). 
However, the phase of CuxS@NCPDA is different 
from that of CuxS@NCPPy. As we can see from the 
XRD pattern of CuxS@NCPDA in Fig. 3(b)), most of 
the diffraction peaks correspond to Cu1.96S (PDF#29-
0578). The discernible peaks at 36.4°, 42.3°, 61.4°, 
and 73.5° align with the (111), (200), (220), and  
(311) lattice planes of Cu2O (PDF#99-0041), 
respectively. This observation can be attributed to the 
reduction of CuO during the elevated temperature 
treatment. The EDX analyses in Figs. 3(c) and (d) 
unequivocally validate the achievement of nitrogen-
doped carbon encapsulation, wherein the nitrogen-

doped carbon content within CuxS@NCPPy surpasses 
that observed in CuxS@NCPDA. This pronounced 
disparity underscores the superior nitrogen-doping 
efficacy and encapsulation performance inherent in 
the CuxS@NCPPy composite in this work. A high 
nitrogen-doped carbon content typically exerts a 
positive influence on catalytic performance, owing 
to its ability to enhance electron conductivity, 
introduce active sites, and alter the selectivity and 
reaction kinetics of the catalyst [29]. 

Morphologies of CuxS@NCPPy and CuxS@NCPDA 
samples were also further examined to validate the 
presence of nitrogen-doped carbon coating on their 
structures. As demonstrated in Fig. 4, the products 
obtained through the application of two distinct 
methods manifest a pronounced inheritance of the 
morphological structure from CuO/CuS nanoboxes. 
Additionally, a conspicuous presence of the 
nitrogen-doped carbon coating layer is distinctly 
visible, highlighting the effectiveness of the 
encapsulation process. It is noted that a large number 
of nanoparticles are also present on the surface of the 
CuxS@NCPPy sample, primarily originating from 
polypyrrole-induced nitrogen-doped carbon formation. 
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Fig. 3 XRD patterns (a, b) and EDX spectra (c, d) of CuxS@NCPPy and CuxS@NCPDA nanoboxes 
 

 
Fig. 4 FESEM images of CuxS@NCPDA (a−c) and CuxS@NCPPy (d−f) nanoboxes 
 

To accurately evaluate the effectiveness of both 
methods in producing carbon coatings, we conducted 
thermogravimetry-differential thermal analysis (TG− 
DTA) tests in an ambient air environment, as 
illustrated in Fig. 5. The samples were subjected to a 

heating rate of 10 °C/min, gradually reaching a 
temperature of 900 °C. Observations from Fig. 5(a) 
reveal a significant increase in the TG curve of 
CuS/CuO at approximately 268.5 °C, followed by a 
declining trend after 600 °C. The corresponding 
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DTA curve exhibits distinct endothermic and 
exothermic peaks, primarily associated with phase 
transitions among oxides (Cu2O and/or CuO), 
sulfides (CuxS), and sulfate species (CuSO4, 
CuO·CuSO4) [30]. CuxS@NCPDA exhibits a trend 
consistent with CuS/CuO, while CuxS@NCPPy shows 
markedly different behavior, attributed to a higher 
mass loss during the carbon removal stage compared 
to the increase due to copper−sulfur phase transitions. 
In CuxS@NCPPy samples, two main mass loss stages 
correspond to the removal of carbon and sulfur, with 
sulfate decomposition culminating in the production 
of CuO at temperatures exceeding 800 °C. The final 
residual mass fractions are 87.7% for CuS/CuO,   

82.9% for CuxS@NCPDA, and 22.3% for CuxS@NCPPy, 
unequivocally demonstrating a higher carbon 
content in CuxS@NCPPy compared to CuxS@NCPDA. 
The nitrogen adsorption−desorption isotherm curves 
of all samples are also investigated, as illustrated in 
Figs. 5(d−f). Based on the isotherms, all of which 
exhibit typical Type IV characteristics and pore size 
distribution curves, both indicating the predominant 
presence of a substantial quantity of mesopores. 
Notably, the largest specific surface area of 
CuxS@NCPPy (51.1 m2/g) is revealed, larger than that 
of CuxS@NCPDA (23.7 m2/g) and CuS (19.6 m2/g). 
The enhanced high specific surface area and 
mesoporous structure provide several advantages for  

 

 
Fig. 5 TG−DTA curves (a−c) and nitrogen adsorption−desorption isotherms and pore size distribution curves (d−f) of 
CuS/CuO, CuxS@NCPPy and CuxS@NCPDA nanoboxes 
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CO2RR and CO2ER [13,21]. For example, the high 
specific surface area provides more active sites, 
increasing the opportunity for CO2 adsorption and 
reaction, while the mesoporous structure provides 
channels for the penetration of CO2 and electrolyte, 
ensuring the effective diffusion of reactants on the 
catalyst surface, which is expected to reduce the 
polarization generated by the charge−discharge 
reaction. 

X-ray photoelectron spectroscopy (XPS) was 
utilized to investigate the surface elemental 
composition and valence states of CuS/CuO, 
CuxS@NCPPy, and CuxS@NCPDA samples. As 
anticipated, distinct signals corresponding to Cu 2p, 
O 1s, N 1s, C 1s, and S 1s are evident, respectively 
at approximately 932, 531, 399, 284, and 161 eV   
in the survey spectra of CuxS@NCPPy and 
CuxS@NCPDA (Fig. 6(a)). The survey spectrum of 
CuS/CuO does not reveal any discernible peak 
associated with the N element. The high-resolution 
deconvoluted XPS Cu 2p spectra reveal intriguing 
features, as illustrated in Fig. 6(b). For the Cu 2p 
spectrum of CuS/CuO, a distinctive double peak 
emerges at 932.2 and 934.1 eV, along with a  
second double peak at 952.3 and 954.6 eV, 
corresponding to the Cu 2p3/2 and Cu 2p1/2 core 
levels, respectively [31]. Specifically, the peaks at 
932.2 and 934.1 eV are associated with Cu(Ⅰ) and 
Cu(Ⅱ) states. Additionally, distinctive oscillatory 
satellite peaks are observed at 942.1 and 944.3 eV, 
providing evidence for the presence of copper ions 
in the Cu2+ oxidation state [27]. In the CuxS@NCPPy 

sample, the peaks associated with Cu(Ⅱ) and satellite 
peaks noticeably decrease, indicating that a 
significant amount of Cu(Ⅱ) is reduced to Cu(Ⅰ) 
during the subsequent carbon coating process. 
Notably, in the CuxS@NCPDA sample, the presence 
of peaks associated with Cu(Ⅱ) is nearly negligible. 
Furthermore, distinct peak shifts towards lower 
binding energies were detected in both the 
CuxS@NCPPy and CuxS@NCPDA samples, indicating 
the formation of copper species in lower oxidation 
states. 

In the case of deconvoluted S 2p spectra 
(Fig. 6(c)), the peaks at binding energies of around 
162 and 163 eV could be attributed to the 2p3/2 and 
2p1/2 core levels of S2−, respectively, primarily arising 
from CuS or CuxS [32,33]. Meanwhile, the peaks at 
164 and 165.1 eV in the spectra were attributed to  
the 2p3/2 and 2p1/2 of S atoms in C—S—C and  
C=S, respectively, which mainly originated from 
the incorporation of S into the carbon skeleton by  
the thermal treatment process to form the C—S 
bonding groups. The existence of the C—S bonds, 
which have been recognized as an effective    
active site, contributes to considerable catalytic 
activity [32]. Notably, a significant shift of the 
centered peak toward higher binding energy is 
observed in CuxS@NCPPy, indicating the presence of 
a significant amount of sulfur-doped carbon. The 
peak at around 168 eV was assigned to the  
oxidized S species, labeled as SOx

n−, indicating the 
presence of some sulfate/sulfite moieties in the 
materials [33,34]. 

 

 
Fig. 6 Analysis of valence state on surface for CuS/CuO, CuxS@NCPPy, and CuxS@NCPDA: (a) Full XPS spectra;     
(b−d) High-resolution XPS spectra of Cu 2p, S 2p and N 1s, respectively 
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In the case of the high-resolution XPS spectra 
of N 1s of the CuxS@NCPPy and CuxS@NCPDA 
materials (Fig. 6(d)), four main peaks associated 
with pyridinic-N (398.4 eV), pyrrolic-N (400.2 eV), 
graphitic-N (402.6 eV), and oxidized-N (403− 
406 eV) species were observed. The overall nitrogen 
contents based on the XPS results of CuxS@NCPPy 
and CuxS@NCPDA are 14.0% and 5.6%, respectively. 
Typically, a substantial nitrogen doping level is 
known to introduce extra electrons, allowing for the 
modulation of the catalyst’s electronic structure. 
Specifically, pyridinic-N and pyrrolic-N can serve  
as efficient active sites, potentially facilitating the 
progress of CO2RR and CO2ER [13]. 

As shown in Fig. 7, the Raman spectra were 
also carried out to confirm the encapsulation of 
carbon. Notably, there are two distinct bands at 
∼1360 and ∼1580 cm−1 in the spectra of 
CuxS@NCPPy and CuxS@NCPDA. The first band is 
indexed to D-bands (disorder-induced phonon mode), 
while another is assigned to G-bands (graphite band) 
of carbon [5]. The ID/IG ratio (where ID and IG 
represent the Raman intensities of the D-band and G-
band, respectively) is commonly utilized to assess 
the degree of defects/disordered carbon and 
graphitization/ordered carbon in synthesized carbon 
materials [5,21,35]. The ID/IG ratios for CuxS@NCPPy 
and CuxS@NCPDA are 0.97 and 0.98, respectively, 
revealing the presence of numerous defect sites and 
structural distortions in the materials. This is highly 
advantageous for enhancing the electrocatalytic 
performance through increasing CO2 adsorption 
capacity. 
 
3.3 Electrocatalyst performance of hybrid Na− 

CO2 battery 
The obtained nitrogen-doped carbon-coated 

CuO/CuS nanoboxes, as revealed by the 
aforementioned results and analysis, exhibit 
promising prospects as catalysts for hybrid Na−CO2 

batteries. To assess the practical electrocatalytic 
performance of the synthesized samples, we 
assembled custom-made hybrid Na−CO2 batteries 
for electrochemical testing, as depicted in Fig. 8(a). 
The hybrid Na−CO2 battery utilized sodium foil as 
the anode and carbon paper loaded with the target 
catalyst as the CO2 cathode, respectively. The 
intricate mechanisms underlying the battery 
reactions have been extensively deliberated upon in 
our previous works [21,36], with the corresponding  

 

 
Fig. 7 Raman spectra of CuS/CuO, CuxS@NCPPy and 
CuxS@NCPDA 

 
reactions as   
Anode: 
4Na 4Na++4e                          (1)  
Cathode: 
4Na++3CO2+4e 2Na2CO3+C              (2)  
Overall: 
4Na+3CO2  2Na2CO3+C (EΘ=2.35 V)       (3) 
Na2CO3+CO2+H2O→2NaHCO3                     (4)  

The voltage curves of batteries based on three 
catalysts were obtained at 0.1 mA/cm2, as depicted 
in Fig. 8(b). The ultimate discharge and charging 
voltages of the battery using the CuO/CuS catalyst 
were 1.75 and 2.76 V, respectively, leading to a 
1.01 V charge−discharge voltage gap. Owing to  
the nitrogen−carbon encapsulation, the battery with 
CuxS@NCPDA catalyst showed a slightly better 
performance with a discharge voltage of 1.8 V and a 
charge voltage of 2.69 V, bringing about a charge− 
discharge voltage gap of 0.89 V. The excitement that 
the battery with CuxS@NCPPy catalyst led to a greater 
discharge voltage of 1.91 V and a smaller charge 
voltage of 2.65 V, with an ultra-low voltage gap of 
only 0.74 V. What is more, the corresponding round-
trip efficiencies of these batteries with CuO/CuS, 
CuxS@NCPDA, and CuxS@NCPPy catalysts were 
calculated to be 63.47%, 66.9%, and 72.1%, 
respectively, indicating the outstanding charge− 
discharge catalytic activity of CuxS@NCPPy catalyst. 
Remarkably, these batteries obtained low charging 
voltage (<3 V), especially the battery with CuxS@NCPPy, 
arising not only from the enhanced reaction kinetics 
of hybrid Na−CO2 batteries because of soluble 
discharge products [36], but also from the interaction 
of numerous catalytic active species in CuxS@NCPPy 
for accelerating discharge product decomposition. 
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Fig. 8 Schematic of hybrid Na−CO2 battery system (a), discharge−charge voltage curves at current density of 0.1 mA/cm2 
(b), and GITT curve of CuxS@NCPPy (c) 
 

To further investigate the catalytic activity of 
CuxS@NCPPy in a hybrid Na−CO2 battery, the 
galvanostatic intermittent titration technique (GITT) 
was employed to eliminate the concentration polari-
zation induced by Na+ and CO2 diffusion, focusing 
solely on investigating the activation polarization of 
CuxS@NCPPy. The GITT program was set as follows: 
at a current density of 0.1 mA/cm2, the battery 
underwent a discharge or recharge cycle for 10 min 
followed by a resting period of 10 min to restore the 
battery voltage to its steady-state equilibrium [13,37]. 
As illustrated in Fig. 8(c), batteries utilizing the 
CuxS@NCPPy catalyst exhibit a discharge 
equilibrium potential of 2.11 V and a charge 
equilibrium potential of 2.53 V, closely aligning with 
the theoretical voltage (EΘ) of 2.35 V associated with 
Na2CO3 formation, thereby indicating adherence to 
the cell reaction mechanism. Additionally, analysis 
of the GITT curve reveals that both the discharge 
voltage plateau (1.91 V) and charge voltage plateau 
(2.66 V) remain consistent with constant current 
charge−discharge curves depicted in Fig. 8(b), 
affirming the stability of CuxS@NCPPy. 

The rate capability of hybrid Na−CO2 batteries 
employing three different catalysts was further 
assessed under varying current densities. Figure 9(a) 
illustrates the decrease in discharge voltage with 
increasing current density for the three active 
materials over the entire range of current densities 
investigated in this study. As depicted in Fig. 9(b), 
the battery with the CuxS@NCPPy catalyst exhibits 
higher discharge voltages compared to those with 
CuxS@NCPDA and CuO/CuS catalysts, particularly at 
high current densities. Even at a high current density 
of 1.0 mA/cm2, the discharge voltage of  the battery 
with the CuxS@NCPPy catalyst (1.36 V) remains 
superior to that of CuxS@NCPDA (1.22 V) and 
CuO/CuS (1.18 V) catalysts. The rate capability of 
the catalysts is enhanced after carbon coating, 
primarily due to the improved conductivity. Among 
these catalysts, CuxS@NCPPy demonstrated the  
most significant rate performance, attributed to its 
superior carbon coating, providing enhanced 
conductivity, high surface area, and abundant defects 
to facilitate electron and mass transfer, offering 
numerous catalytic active sites. 
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Fig. 9 Discharge voltage profiles (a) and discharge voltage 
platform (b) of hybrid Na−CO2 battery with various 
catalysts at different current densities 
 

The electrochemical characteristics enhanced 
by the three catalysts were further investigated 
through an electrochemical impedance spectro-
scopy (EIS) analysis, as illustrated in Fig. 10. To 
assess the electrochemical resistance between the 
electrode and electrolyte, a simplified interface 
model associated with the corresponding equivalent 
circuit was proposed. The corresponding equivalent 
circuit model is illustrated in the inset of Fig. 10(a), 
and the impedance values for each component after 
fitting are listed in Table 1. In this model, the    
low-frequency linear segment corresponds to CO2 
diffusion impedance (Zw), the medium-frequency 
large semicircle corresponds to charge transfer 
resistance in the CO2 electrode (Rct), and the 
resistance of the solid electrolyte interface (SEI) film 
on the sodium metal surface (Rs). The high-
frequency semicircle corresponds to the interface 
resistance (Ri), including the grain boundary 
resistance of the NASICON ceramic separator, as 

well as the interface resistance between the 
NASICON ceramic separator and the non-aqueous 
anolyte and aqueous catholyte. The intersection of  
the high-frequency real axis with the semicircle 
corresponds to the overall resistance of the electrode, 
NASICON, and electrolyte (Re) [36,38,39]. The 
results presented in Fig. 10(a) and Table 1 
demonstrate that the battery employing the 
CuxS@NCPPy catalyst not only exhibits the smallest 
charge transfer resistance (Rct ~3.6 Ω) but also 
possesses a lower total resistance (~284.2 Ω) 
compared to batteries with CuxS@NCPDA catalyst 
(~358.7 Ω) or CuO/CuS catalyst (~475.0 Ω). These 
findings indicate that the utilization of the 
CuxS@NCPPy catalyst showcases superior electron 
conductivity, effectively promoting charge transfer 
kinetics and enhancing reaction rates. 
 

 
Fig. 10 EIS analysis and relative equivalent-circuit 
diagram (a), and discharge polarization and corresponding 
power density curves (b) 
 
Table 1 Estimated elemental resistances in equivalent 
circuit 

Sample Re/Ω Ri/Ω Rs/Ω Rct/Ω Zw/Ω 

CuO/CuS 76.01 93.03 278.6 27.26 47.27 

CuxS@NCPPy 52.29 100.9 127.4 3.618 23.08 

CuxS@NCPDA 61.92 149.2 143.1 4.482 48.49 



Jing ZHAN, et al/Trans. Nonferrous Met. Soc. China 36(2026) 929−942 940 

The catalytic efficacy of the three catalysts was 
evaluated by analyzing polarization curves with a 
scanning voltage rate of 5 mV/s. As illustrated in 
Fig. 10(b), the open-circuit voltage of the battery 
employing the CuxS@NCPPy catalyst exceeded that 
of the other two samples, resulting in a final current 
density of 6.84 mA/cm2. Furthermore, the power 
density achieved by the battery utilizing the 
CuxS@NCPPy catalyst reached 3.42 mW/cm2, 
demonstrating its superiority over batteries using 
either CuxS@NCPDA catalyst (3.08 mW/cm2) or 
CuO/CuS catalyst (2.35 mW/cm2). Batteries 
incorporating CuxS@NCPPy and CuxS@NCPDA 

catalysts exhibited smoother polarization curves and 
significantly higher current and power densities 
compared to those with CuO/CuS catalysts, 
underscoring an improvement in electrical 
conductivity facilitated by nitrogen-doped carbon-
coated catalysts, thereby promoting catalytic activity. 
Unfortunately, the power density of these batteries 
was relatively low, primarily due to the high 
resistance components Rs and Ri, as shown in 
Fig. 10(a) and Table 1. This limitation could 
potentially be mitigated by introducing a highly 
conductive NASICON electrolyte and employing a 
liquid anode design. 
 
4 Conclusions 
 

(1) Two nitrogen-doped carbon-coated    
CuO/CuS nanoboxes, denoted as CuxS@NCPPy  
and CuxS@NCPDA nanoboxes, were synthesized 
employing a systematic multi-step templating 
approach integrated with polypyrrole and 
polydopamine encapsulation techniques. 

(2) Nitrogen-doped carbon encapsulation 
significantly improves the conductivity of CuO/CuS 
materials and achieves a synergistic interaction 
between Cu-based active species and carbon defects, 
providing abundant active sites for CO2 conversion. 

(3) As cathode catalysts for hybrid Na−CO2 
batteries, both carbon-coated modified samples 
show enhanced electrochemical performance. 
Among them, CuxS@NCPPy shows the best 
performance with a low voltage gap (only ~0.74 V), 
round-trip efficiency of 72.1%, and a power density 
of 3.42 mW/cm2. These results highlight the 
potential value of our designed materials for 
electrochemical applications, providing strong 
support for efficient CO2 conversion. 
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氮掺杂碳包覆 CuxS 纳米盒催化剂的制备及其 
混合系 Na−CO2 电池的电化学性能 
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摘  要：为了促进混合系钠−二氧化碳(Na−CO2)电池阴极上 CO2 的氧化还原动力学，以中空立方 CuS 纳米盒为前

驱体，通过吡咯和多巴胺单体的原位聚合并耦合高温热处理得到氮掺杂碳包覆的 CuxS@NCPPy 和 CuxS@NCPDA 催

化剂。结果表明，氮掺杂碳封装不仅增加了材料的比表面积，提高了电子亲和性，而且有效提升了 CuS 活性物种

与碳缺陷之间的协同作用，为 CO2 转化提供了丰富的活性位点。改性的催化剂电化学性能都得到了改善，尤其是

基于催化剂 CuxS@NCPPy Na−CO2 电池在 0.1 mA/cm2 时显示出低的充放电电压差 0.74 V 以及高功率密度

3.42 mW/cm2。 

关键词：CO2 再利用；硫化铜(I)催化剂；氮掺杂碳；高功率密度；Na−CO2 电池 
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