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Abstract

:

Transition metal oxides with various valence states have high specific capacitance and have attracted much attention. However, the poor cycle stability caused by material agglomeration seriously limits the play of its high activity. Herein, we create a stress dispersion structure (CuxO composite porous carbon net) by in situ lyophilization and one-step carbonization, effectively anchoring highly reactive copper oxides and highly conductive carbon networks combined with high nitrogen doping of 10.7%, to investigate their electrochemical performance in supercapacitors. Specifically, the specific capacitance of CuxO@NPC can be as high as 392 F/g (0.5 A/g) in the three-electrode system with 6 mol/L KOH as electrolyte. When applied to the two-electrode system, the cycle stability of the whole device can reach 97% after 10,000 cycles.
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1. Introduction


Given the vast usage of nonrenewable energy, the growing urgency of environmental conservation on earth compels academics to create clean and sustainable energy sources such as solar, wind, and electric energy [1,2]. However, these renewable energy sources have disadvantages such as intermittency and geographical dependence [3,4]. Therefore, it has become an important task for researchers to develop efficient energy storage devices to utilize renewable energy effectively. At present, some green energy storage devices, such as secondary ion batteries, supercapacitors, fuel cells, and so on, have been widely studied and applied [5,6]. Due to their advantages of high rate capability, a wide working temperature area, and excellent stability, supercapacitors have been widely used in quality energy storage fields. It is known that electrode material is the key factor determining the performance of a supercapacitor [7,8,9]. The electrode materials for supercapacitors mainly include the following categories [10]: 1. conductive polymers; 2. carbon materials; and 3. transition metal compounds. Carbon materials have the advantages of a large surface area, high chemical stability, and electronic conductivity [11,12,13,14]. However, due to their low electrochemical activity, carbon-based symmetric ultracapacitors have lower capacitance and energy density. On the contrary, transition metal compounds with multiple valence states have high specific capacitance and are promising electrode materials. However, their low stability and poor conductivity prevent them from being used in high-performance supercapacitors. Therefore, using the high activity of metal compounds and the high conductivity of carbon-based materials to prepare composite materials, which have a synergistic effect, is an effective measure to prepare high-performance capacitor electrode materials. The highly conductive substrate also makes it possible to omit the conductive agent required for electrode preparation [15,16].



A lot of reports have proven that the preparation of porous electrode materials can effectively improve the electrochemical active sites on the electrode surface, and the abundant voids in the electrode can provide a large number of rapid diffusion channels for ions. Large pores of porous carbon materials can serve as ion buffer devices to store electrolytes; medium pores can quickly distribute electrolyte ions; and micropores can improve specific capacitance [17,18]. Porous materials are widely used in lithium-ion batteries, sodium-ion batteries, and supercapacitors. Carbon materials with abundant pore structure and high specific surface area are expected to become high-performance electrode materials for supercapacitors [19]. As a transition metal, copper has the advantages of good conductivity, stable chemical properties, abundant resources, and a friendly environment. Polyvalent copper base oxide is a promising electrode material because of its high theoretical specific capacity. However, the conductivity of copper-based oxides is very low. At the same time, the bulk expansion and contraction of copper-based electrode materials occur due to the embedding and removal of ions in the electrochemical charge-discharge process. Its stable nanostructure will crack and fracture with repeated volume changes and eventually collapse [20,21,22]. In view of this, the researchers proposed to introduce carbon material to buffer the volume strain of copper-based oxide, maintain its structural stability, improve the overall conductivity of the material, and thus improve its capacitor performance. However, preparing carbon and copper-based oxide composites will reduce the vibrational density and energy density of the materials, which is not conducive to the small-scale application of energy storage devices. Therefore, in addition to improving the conductivity, increasing the vibrational density of the material and obtaining an electrode material with a high energy density are also key factors worth considering. It has been reported that, in addition to introducing carbon materials to improve electrical conductivity and buffer volume changes, the introduction of elemental copper into composites can further improve the electrical conductivity of the materials. At the same time, the atomic mass of copper is much higher than that of carbon, so the introduction of simple copper can effectively improve the overall density of the composite material, thus improving the mass energy density [23,24]. Cu-C nanocomposites synthesized by Wang et al. [25] have exhibited a high specific capacitance of 318 F/g at 1 A/g and maintain an ultra-stable cyclic performance during 10,000 cycles. Sirisomboonchai et al. reported that Cu/C composite materials have a specific capacitance of 316.2 F/g at 0.5 A/g. In addition, they found that the introduction of Cu effectively improved the electrochemical performance, which was more than 30 times higher than that without Cu [26]. The NHPC-1 electrode prepared by Zhou et al. possesses a high specific capacitance of 231 F/g at 1 A/g [27]. This indicates that copper oxide composite carbon material has good performance as a supercapacitor. However, the preparation of carbon material and the secondary introduction of copper elements are extremely complicated. During the preparation of electrode paste, additional conductors (Super P) and binders (Sodium carboxymethyl cellulose, C8H11O5Na) need to be added, which will increase the cost of electrode material and not be conducive to large-scale development.



Based on the above considerations, we prepared CuxO composite N-doped porous carbon mesh (CuxO@NPC) using glucose as a carbon source, copper oxalate as a copper source, and NaCl as a template by in situ solution drying and one-step carbonization. Ultra-high nitrogen doping of 10.7% can greatly increase the electrochemical active sites, and the abundant pore structure in the carbon mesh greatly enhances the ion diffusion, improves the conductivity of the matrix materials, and increases the active ion storage sites. The introduction of copper oxide not only increases electrochemical activity but also enhances electrical conductivity. Thanks to the excellent electrical conductivity of the composite structure, no additional conductive material is required when CuxO@NPC is used as the electrode material for supercapacitors. Specifically, when CuxO@NPC is applied to a three-electrode system, a high specific capacitance of 392 F/g at 0.5 A/g can be achieved. When applied to the two-electrode system, the cycle stability of the whole device can reach 97% after 10,000 cycles. This approach is applicable to the creation of different metal oxide composite carbon networks in general and effectively.




2. Experimental Section


2.1. Experimental Procedure


To synthesize an N-doped porous carbon network (NPC), 10 g NaCl, 0.6 g glucose powder, and 0.25 mmol copper oxalate were mixed in 30 mL deionized water and stirred for 3 h. The mixed solution is freeze-dried to obtain a mixed powder, which is then mixed with 0.6 g of urea. The pre-mixed sample was carbonized for three hours at a temperature of 700 °C with a heating rate of 3 °C/min and nitrogen in the environment. To remove NaCl, the resulting black powder was washed with deionized water several times and dried overnight. Finally, Cu composite N-doped porous carbon was obtained (CuxO@NPC). As a comparison, N-doped porous carbon was prepared in the same process as CuxO@NPC but without the addition of copper oxalate to the initial feedstock, which is named NPC.




2.2. Characterization


The microscopic morphology, microstructure, and element distribution of the obtained samples are visually demonstrated by SEM (HITACHI SU8010, HITACHI, Tokyo, Japan) and TEM (JEOL JEM-F200, JEOL, Tokyo, Japan). The crystal structure and composition of the materials were characterized by XRD in the range of 10–80° with a scanning rate of 5°/min (Empyrean). Synchronous thermal analysis (TG) is performed in an air atmosphere heated from room temperature to 800 °C at a rate of 10 °C/min on a NETASCH STA 449F3 (Netzsch, Bavaria, Germany). The elemental content analysis was obtained by an oxygen, nitrogen, and hydrogen analyzer (ONH836, LECO, St. Joseph, MI, USA). The pore size distribution and specific surface area of carbon mesh were carried out on a Micrometitics ASAP 2020c volumetric adsorption analyzer(Micromeritics, Norcross, GA, USA). The surface chemical state analysis and chemical bond characterization of materials are performed by XPS (Thermo ESCALAB 250XI, Thermo Fisher, Waltham, MA, USA).




2.3. Electrochemical Measurement


In the three-electrode system, Hg/HgO was selected as the reference electrode, and platinum was selected as the counter electrode. As for the working electrode, the active substance and binder were evenly coated on the surface of nickel mesh according to a mass ratio of 85:15. The load of the current collection is controlled at 2.0–2.5 mg/cm2. Following that, the nickel foam loaded with the active substance was pressed into a sheet at a pressure of 5 MPa and dried in an oven at 60 °C for 12 h under vacuum. In a two-electrode system, the battery symmetry device consists of two working electrodes. The electrolytic liquid system used for both of them is a 6.0 mol/L KOH aqueous solution. The electrochemical test consists of GCD (galvanostatic charge-discharge), CV (cyclic voltammetry), and EIS (electrochemical impedance spectroscopy), which are used to characterize the specific capacitance, rate performance, ion diffusion resistance, and other related parameters, respectively, and are mainly completed by the LAND test system (CT2001A, LANHE, Wuhan, China) and electrochemical workstation (PGSTAT302N-type, Metrohm, Herisau, Switzerland). The working voltage window is controlled between 0.0 V and 1.0 V.





3. Results and Discussions


Figure 1 shows the preparation process for CuxO@NPC composite material. Firstly, glucose, NaCl, and copper oxalate were mixed evenly by simple dissolution and agitation, then freeze-dried to obtain hybrid precursor powder. The carbonized glucose and copper oxalate grew and bonded along the NaCl crystal template after being carbonized at 700 °C in a nitrogen atmosphere. After carbonization, NaCl was removed by washing, and a three-dimensional network structure was finally formed. The micromorphology of NPC and CuxO@NPC is characterized by SEM and TEM. Figure 2a is the SEM image of NPC without copper. In the figure, scattered carbon sheets can be observed. There are a large number of pores on the surface of the carbon sheet, which are interspersed and connected with each other, forming a three-dimensional channel structure for ion diffusion and distribution. On the one hand, the porous structure can be used as a storage unit to store electrolytes. On the other hand, it can increase the volume expansion resistance of the electrode material during the charging and discharging processes, buffer the volume strain, and maintain the stability of the structure. Figure 2b,c shows that metal particles with a diameter of 0.1–0.3 μm are evenly distributed on the surface of the porous carbon network, forming a stress dispersion structure. The stress dispersion structure of the carbon mesh-anchored metal was further characterized by TEM.



According to TEM (Figure 2d), the structure, which resembles coiled paper, is carbon net. These feathery metal particles are anchored on the surface of a porous carbon net. Further magnification (Figure 2e) shows that the feathery structure is formed by the coiled lamellar layer of carbon-coated metal. Enlarge the interior (Figure 2f,g), and we can clearly distinguish the (111) crystal face from CuO, the (−111) crystal face from Cu2O, and the (200) crystal face from Cu, which proves that the metal inside is mainly copper and its oxides. At the same time, the scanning results of elements (Figure 2h (h1–h4)) also show that the sample is mainly composed of C, N, Cu, and O elements, and the elements are evenly distributed on the surface of the sample.



Figure 2i exhibits the XRD patterns of NPC and CuxO@NPC. The XRD pattern corresponds to NPC and shows a wide peak near 26°, which represents the (002) crystal plane of carbon. Additionally, it shows that the peak value shifts to the high value at the low angle, which should be due to the large number of randomly oriented structures derived from the rich pore. The upwarping phenomenon of wide peaks and low-angle peaks indicates that the NPC substrate prepared belongs to hard carbon [28]. For CuxO@NPC, characteristic peaks belonging to Cu, Cu2O, and CuO can be identified, which indicates that two different valence forms of copper oxides and elemental copper are distributed on the surface of the carbon network. The above discussion is consistent with the TEM characterization results. The EDS (Figure 2j) and XPS spectra (Figure 3a) also show that CuxO@NPC is composed of four elements: C, N, O, and Cu. EDS involves the detection and characterization of small areas, and the element content value obtained by EDS cannot accurately reflect the true element content of the whole sample. In order to determine the elemental content of C, N, O, and Cu in CuxO@NPC, synchronous thermal analysis (TG), nitrogen, and oxygen elemental analysis were carried out. The results are shown below. In the TG curve, it can be seen that the weight loss of the sample after 800 °C air combustion is 17.1 wt%. In this process, all the C and N inside the material are removed, and the copper is completely oxidized to CuO. Therefore, the remaining 82.9 wt% weight comes from CuO, and the atomic content of Cu can be calculated as 66.3 wt%. The nitrogen and oxygen tests show that the nitrogen atom content is 10.7 wt%, the oxygen atom content is 6.2 wt%, and the carbon atom content is 16.8 wt% (100 − 66.3 − 10.7 − 6.2 = 16.8). Therefore, the content of carbon atom, oxygen atom, nitrogen atom, and copper atom in CuxO@NPC can be calculated as 16.8 wt%, 6.2 wt%, 10.7 wt%, and 66.3 wt% (Table 1). Figure 3c shows the nitrogen adsorption/desorption curves and pore size distribution of CuxO@NPC. The specific surface area of CuxO@NPC calculated from BET (Brunauer Emmett-Teller) is 117.4 m2/g, and the pore diameter inside the carbon net is about 3 nm. The vibrational density test shows that the vibrational density of the material is 1.6 g/cm3. This suggests that the addition of a porous conductive carbon network can increase the overall specific surface area of the matrix and provide abundant transmission channels, which are favorable to ions and electron shuttles. Carbon networks with high specific surface area and plentiful pore size are well recognized for their ability to supply numerous active sites, shorten ion/electron diffusion pathways, and function as stress-dispersing substrates.



We employ X-ray photoelectron spectroscopy (XPS) to investigate the surface composition of CuxO@NPC further. Figure 3d–g exhibits the C 1s, N 1s, Cu 2p, and O 1s spectra for the high-resolution regions NPC and CuxO@NPC. Figure 3d shows the C 1s spectrum of NPC and CuxO@NPC, which can be divided into four independent peaks [29,30]. Among them, the peak at 284.7 eV belongs to C-C/C=C, the peak at 286.0 eV belongs to C-N, the peak at 287.5 eV belongs to C-O, and the wide peak at 290.0 eV should be derived from π-π*. The peaks in Figure 3e at 398.3 eV and 399.5 eV correspond to N-6 (pyridinic N) and N-5 (pyrrolic N), and the peaks at 400.7 eV and 402.9 eV should correspond to N-Q and N-O, respectively [31]. The presence of pyridine N and pyrrole N on CuxO@NPC proves that the presence of abundant N-doped active sites and defects in NPC effectively improves the electrochemical reactivity of the matrix, reduces the detachment of copper oxides, and significantly improves the long-term performance of the overall device [32,33,34,35]. By calculating the area percentage of each nitrogen bond peak, the percentage of different types of nitrogen can be inferred, and the results are shown in Table 1. Comparing NPC and CuxO@NPC, we can find that N-Q accounts for 43.4%, N-6 for 31.7%, and N-5 for 9.5% of non-copper-doped NPC. (Table 2) In addition, N-Q accounted for 29.2%, N-6 accounted for 46.2%, and N-5 accounted for 8.2% of copper-doped CuxO@NPC. N-Q can increase the conductivity of the base material, while N-6 and N-5 can provide active regions. This shows that the introduction of copper oxide greatly improves the reactivity of electrode materials and increases the number of electrochemically active sites. Figure 3f shows the Cu 2p spectrum of CuxO@NPC. The presence of bimodal peaks at 932.5 eV and 952.4 eV should correspond to Cu (0), while a pair of peaks at 933.2 and 953.2 eV derives from Cu (I), and a pair of peaks at 934.6 and 954.5 eV derives from Cu (II) at Cu 2p3/2 and Cu 2p1/2 spectra in CuxO@NPC. In addition, a pair of peaks at 935.0 eV and 954.5 eV indicate the presence of copper oxides. In combination with XRD, Cu2O, CuO, and Cu are present in the porous carbon network in CuxO@NPC [7,36,37]. The three copper-valence states have a clear division of labor: 1. CuO has a higher theoretical specific capacitance (2412 F/g); 2. Cu2O has a higher carrier migration rate, which can accelerate ion conduction; and 3. Cu has incomparable electrical conductivity. The stress dispersion structure of various valence copper anchorings in porous carbon nets gives CuxO@NPC good electrochemical performance [38,39]. The O 1 s spectra in Figure 3g show three peaks at 530.0, 531.3, and 532.7 eV, which should correspond to Cu-O, C=O/C-O-Cu, and C-O-C [40]. It is worth noting that the copper oxide is not simply physically loaded with the carbon matrix but is bound by a strong chemical form of the C-O-Cu bond. When the carbon net is physically combined with copper oxide, the interface bonding force is weak, and the active copper oxide is easy to fall off, resulting in lower electrode efficiency. The interfacial binding force is stronger when carbon net and copper oxide are bonded by C-O-Cu. The strong interfacial interaction of C-O-Cu can effectively fix the copper metal particles, buffer the volume effect of the electrode material, and increase structural stability [5,38].



Through the above analysis, we understand the basic morphological and structural advantages of CuxO@NPC. Based on these, CV measurements were carried out to reflect the electrochemical mechanisms of CuxO@NPC and NPC. In Figure 4a, the shape of the CV curve corresponds to the NPC and is a typical rectangular shape, which indicates the capacitance mechanism of double electric layers. The CV curve for the CuxO@NPC electrode has obvious oxidation and reduction peaks, which represent the battery-type pseudocapacitor storage mechanism. The reduction peaks located at −0.4 V and −0.7 V represent the phase transformation from Cu (II) to Cu (I) and Cu (I) to Cu (0). The corresponding oxidation peaks located at −0.5 and −0.35 V represent the reverse process as oxidation peaks. The detailed electrochemical reaction processes are shown below:



Charge:


   2 CuO    +    H 2  O   +   2  e −  →  Cu 2  O   +   2  OH −   










   Cu 2  O   +    H 2  O   +   2  e −  →  2 Cu    +   2  OH −   











Discharge:


   2 Cu    +   2  OH −  →  Cu 2  O   +    H 2  O   +   2  e −   










   Cu 2  O   +   2  OH −  →  2 CuO    +    H 2  O   +   2  e −   











The CV results show that the energy storage mechanism of CuxO@NPC is a mixture of a double electric layer capacitor based on NPC and a pseudocapacitor based on copper oxides. In addition, the area of the CV curve of CuxO@NPC is much larger than that of NPC, which further proves the higher capacitance and electrochemical reactivity of CuxO@NPC. Figure 4b shows the potential-time curves of CuxO@NPC and NPC at a current density of 0.5 A/g with a potential range of 0.1–1 V. It can be seen that the potential-time curve of NPC is in the shape of a symmetrical triangle, indicating that NPC is an energy storage mechanism based on double-layer capacitance. On the basis of symmetry, a series of voltage platforms appear in the curve shape of CuxO@NPC, indicating that CuxO@NPC is a hybrid energy storage mechanism based on the types of double-layer capacitor and pseudocapacitor. The voltage plateau corresponds to the occurrence of the redox reactions, which is similar to the CV discussion. In order to further explore the properties of CuxO@NPC at different rates, CV tests (Figure 4c) were carried out at different scanning speeds. The shape of CV curves at different scanning speeds is consistent. The smaller the scanning speed, the more fully the electrolyte ion diffuses and the smaller the curve area. Redox peaks appear at the same position in all curves. Figure 4d shows the GCD curves of CuxO@NPC at five currents from 0.5 to 7 A/g. The charge-discharge curve keeps a distinct charge-discharge platform profile even with increasing current densities, indicating the remarkable rate capability of the CuxO@NPC electrode. Figure 4e depicts the specific capacitance calculated from GCD at different currents. Among them, CuxO@NPC has specific capacitances of 392, 222, 147, 130, and 67 F/g at current densities of 0.5, 1, 3, 5, and 7 A/g, while NPC has specific capacitances of 209, 184, 141, 125, and 102 F/g, respectively. EIS fitting analysis was carried out with a frequency range of 100 kHz to 10 mHz for ion diffusion and electron transport of electrode materials. Figure 4f depicts the Nyquist curves, which are made up of semicircles and straight lines. CuxO@NPC loaded with copper oxides not only has a smaller radius in the high frequency region but also has a higher slope in the low frequency region, indicating that the equivalent resistance and charge transfer resistance are obviously decreased with the introduction of copper oxides, exhibiting faster ion diffusion [41,42].



To further evaluate the practical application value of CuxO@NPC, an asymmetric supercapacitor device with activated carbon (AC) and CuxO@NPC as positive and negative electrodes was assembled, and the properties of the supercapacitor were characterized. The loading mass of positive and negative active materials can be calculated using the following formula [43,44,45]:


   m 1   c +   v +  =  m 2   c −   v −   



(1)




where, m1 and m2 represent the mass of positive and negative active materials, respectively. The c+ and c− are the values of the specific capacitances of the positive and negative electrodes, respectively. The positive and negative potential platforms are represented by v+ and v−. Figure 5a presents the CV curves of two-electrode devices at different voltage ranges. With the increase of the voltage window, the CV curve would expand regularly until 0.9 V began to show signs of polarization, so we chose a voltage window of 0.0–0.8 V to evaluate its electrochemical properties. Figure 5b presents the CV curves of the device with an increasing scan speed from 5 to 40 mV/s and a voltage window controlled between 0.0 and 0.8 V. The results show that the CV curves still maintain a similar shape with increasing scanning speed without significant changes, indicating good magnification performance. The GCD curves in Figure 5c show similar platforms as the current density increases. According to Figure 5c, the specific capacitances of CuxO@NPC//AC are 32.7, 23.3, 13.8, 8.5, and 7.7 F/g with a current density of 0.5, 1, 3, 5, and 7 A/g (Figure 5d). Surprisingly, in the cyclic stability test (Figure 5e), CuxO@NPC//AC devices show up to 97% capacitance retention after 10,000 cycles at 5 A/g, exhibiting excellent cyclic performance. The excellent performance of the capacitor is due to the abundant three-dimensional ion diffusion channels on the electrode surface, a large number of electrochemical active sites, and highly conductive matrix materials.




4. Conclusions


In summary, copper oxides were anchored on the surface of N-doped porous carbon (CuxO@NPC) through in-situ lyophilization combined with the one-step carbonization method. Their application in supercapacitors as electrodes is studied. The feathery Cu2O, CuO, and Cu heterostructures are uniformly anchored to the carbon conducting network, forming a stress-dispersion structure. In this stress-dispersion structure, the porous carbon network structure with a high specific surface effectively buffers the volume expansion of the electrode material occurring during the electrochemical reaction and, at the same time, allows the electrolyte to be fully infiltrated and shortens the ion diffusion path. The high content of nitrogen-doped carbon networks further increases the active sites, and together with the introduction of highly active substances such as copper oxide and cuprous oxide, the electrochemical activity of the whole material increases. The presence of copper further enhances the electrical conductivity of the whole matrix material. The composite material exhibits excellent supercapacitor properties. Specifically, the specific capacitance of CuxO@NPC can be as high as 392 F/g (0.5 A/g) in the three-electrode system with 6 mol/L KOH as electrolyte. When applied to the two-electrode system, the cycle stability of the whole device can reach 97% after 10,000 cycles. This work not only simplifies the electrode preparation process (no conductive agent is added), but also loads the metal oxide onto the conductive network in one step. The preparation methods reported in this paper are also applicable to the preparation and application studies of other types of carbon-based metal compounds.
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Figure 1. Schematic diagram of the CuxO@NPC preparation process. 
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Figure 2. The microscopic morphology of NPC (a) and CuxO@NPC (b,c) characterized by SEM with different magnifications. The microscopic morphology of CuxO@NPC (d–h) characterized by TEM with different magnifications. The distribution of C (h1), N (h2), Cu (h3), and O (h4) elements obtained. (i) XRD patterns of NPC and CuxO@NPC. (j) Element analysis diagram obtained by EDS (energy dispersive spectrometer). 
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Figure 3. (a) XPS spectra of NPC and CuxO@NPC. (b) TG curve of CuxO@NPC. (c) Nitrogen adsorption/desorption curves and pore size distribution of CuxO@NPC. High-resolution C 1s (d), N 1s (e), Cu 2p (f), and O 1s (g) spectra. 
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Figure 4. (a) CV curves correspond to NPC and CuxO@NPC at a scan rate of 20 mV/s. (b) GCD curves correspond to NPC and CuxO@NPC at 0.5 A/g. (c) CV curves correspond to NPC and CuxO@NPC at five scan speeds. (d) Rate performance for CuxO@NPC at five current densities. (e) Specific capacitances for NPC and CuxO@NPC at various current densities. (f) Electrochemical impedance plots correspond to NPC and CuxO@NPC. 
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Figure 5. (a) CV curves tested at different voltage windows with a scanning rate of 30 mV/s for CuxO@NPC//AC. (b) CV curves tested at five scanning rates for CuxO@NPC//AC. (c) GCD curves of CuxO@NPC//AC at five current densities. (d) Rate performance for CuxO@NPC//AC at five current densities. (e) Cyclic at 5 A/g for 10,000 cycles of CuxO@NPC//AC. 
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Table 1. Element content percentages of C, N, O, and Cu in CuxO@NPC obtained from synchronous thermal analysis, oxygen, nitrogen, and hydrogen analyzers.
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	C (wt%)
	N (wt%)
	Cu (wt%)
	O (wt%)





	CuxO@NPC
	16.8
	10.7
	66.3
	6.2
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Table 2. The XPS results of elemental doping levels of N-6, N-5, N-Q, and N-O in CuxO@NPC and NPC.
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	Samples
	N-6 (%)
	N-5 (%)
	N-Q (%)
	N-O (%)





	CuxO@NPC
	46.2
	8.2
	29.2
	16.5



	NPC
	31.7
	9.5
	43.4
	15.3
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