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Abstract

:

In this work, an atomically dispersed cobalt-nitrogen-carbon (Co-N-C) catalyst is prepared for the oxygen reduction reaction (ORR) by using a metal-organic framework (MOF) as a self-sacrifice template under high-temperature pyrolysis. Spherical aberration-corrected electron microscopy is employed to confirm the atomic dispersion of high-density Co atoms on the nitrogen-doped carbon scaffold. The X-ray photoelectron spectroscopy results verify the existence of Co-N-C active sites and their content changes with the Co content. The electrochemical results show that the electrocatalytic activity shows a volcano-shaped relationship, which increases with the Co content from 0 to 0.99 wt.% and then decreases when the presence of Co nanoparticles at 1.61 wt.%. The atomically dispersed Co-N-C catalyst with Co content of 0.99 wt.% shows an onset potential of 0.96 V vs. reversible hydrogen electrode (RHE) and a half-wave potential of 0.89 V vs. RHE toward ORR. The excellent ORR activity is attributed to the high density of the Co-N-C sites with high intrinsic activity and high specific surface area to expose more active sites.
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1. Introduction


The oxygen reduction reaction (ORR) plays a significant role in energy conversion processes such as in fuel cells and metal-air batteries [1,2,3]. However, the sluggish kinetics of ORR result in a high overpotential, thus limiting the energy conversion efficiency of the system [4,5,6]. Pt-based electrocatalysts have been considered as the ideal material to boost the ORR; however, the high cost and source scarcity hamper their large-scale application [7,8,9]. Therefore, it is highly desirable to develop highly active and cost-effective alternative electrocatalysts to improve the electrocatalytic activity of the ORR.



In the past years, enormous efforts have been devoted to developing various Pt-free electrocatalysts for the ORR [10,11]. Among them, the nitrogen-coordinated transition-metal single-atom electrocatalysts (M-N-C SAC) have emerged as promising candidates due to their unique properties [12,13,14,15]. The M-N-C SAC with atomically isolated metal sites can avoid the aggregation behavior in metal nanoparticle electrocatalysts, thus enabling good stability and nearly 100% atomic utilization efficiency [16,17,18]. Moreover, the N atoms coordinated with metal sites can optimize the electronic structure of the M-N-C sites, which are regarded as the active sites of ORR [19]. In recent years, various M-N-C SACs have been prepared through high-temperature pyrolysis for the ORR, such as Fe-N-C SAC [20], Co-N-C SAC [21], and Cu-N-C SAC [22]. However, the metal ions tend to aggregate to form mixed structures of single-atom and nanoclusters or even nanoparticles under the direct treatment of metal salt precursors [23,24,25]. Therefore, the high dispersion of metal ions in the precursor is the key to achieving monoatomic dispersion. For example, the O, N-doped carbon supported W single atom catalyst was synthesized through the combination of a metal-organic coordination polymer and pyrolysis strategy, in which the metal-organic coordination polymer enables the high dispersion of metal sites in the precursor [26]. The Fe-doped Zn-based MOFs were employed as the self-sacrifice templates to synthesize Fe-N-C SAC [27]. It is proposed that the Zn ions serve as the barriers to isolating the Fe atoms to avoid aggregation. Despite the significant progress, both the M-N-C SAC preparation and electrocatalytic activity investigation towards ORR are still insufficient.



In this work, various Co-N-C catalysts are prepared by using Co-doped Zn MOFs as self-sacrifice templates under high-temperature pyrolysis. The metal-organic frameworks (MOFs) with an ordered arrangement of metal ions and organic ligands enable the uniform distribution of metal ions in the framework [28,29,30,31], which exhibits great advantages in the preparation of atomically dispersed materials [32]. The high content of Zn ions enables the high dispersion of Co ions in the precursors and creates pores during evaporation. In addition, the nitrogen-containing organic ligands, 2,4,6-tris(4-pyridyl) triazine (TPT), can serve as carbon and nitrogen sources and create pores during decomposition. Moreover, melamine is mixed with Co-doped Zn MOFs as an extra nitrogen source to help the high-density assembly of Co-N-C sites. The physiochemical characterizations reveal that the Co-N-C catalysts with different Co contents exhibit various features. The optimized Co-N-C catalyst shows the atomic dispersion of Co atoms with a high density of Co-N-C sites and high specific surface area. The electrochemical results confirm that the atomically dispersed Co-N-C catalyst shows superior ORR activity in alkaline media than that of commercial Pt/C.




2. Results and Discussion


The atomically dispersed Co-N-C catalysts are synthesized by using Co-doped Zn-MOFs (Co-Zn-MOF) as self-sacrifice templates under high-temperature pyrolysis. First, the Co-Zn-MOF precursors are synthesized by dissolving various molar ratios of cobalt to zinc salts in the mixed solution of methanol and nitrobenzene with 2,4,6-tris(4-pyridyl) triazine (TPT) as a ligand. The obtained Zn-Co-MOFs refer to Co-Zn-MOF-1, Co-Zn-MOF-2, and Co-Zn-MOF-3 with the Co:Zn molar ratios of 1:19, 1:9, and 1:6.33, respectively. Second, the Co-Zn-MOFs mixed with melamine are pyrolyzed at 900 °C under an inert atmosphere to obtain the Co-N-C catalysts. For comparison, the nitrogen-doped carbon (N-C) catalyst is also synthesized with the mixture of melamine and Zn-MOF.



The morphologies of the Co-N-C catalysts are characterized by scanning electron microscopy (SEM). As shown in Figure 1a,b, the Co-Zn-MOF-1 exhibits polyhedral block morphologies as the Zn-MOF, while the Co-Zn-MOF-2 and Co-Zn-MOF-3 show aggregated irregular block morphologies due to the competition of Co2+ and Zn2+ coordinated with TPT, thus slowing down the nucleation rate of seeds (Figure 1c,d) [33]. X-ray diffraction (XRD) is employed to reveal the crystal structure of the obtained catalysts (Figure 1e). It is seen that the Co-Zn-MOF-1 shows nearly the same XRD pattern as the Zn-MOF, which indicates that the introduction of the low content of Co ions does not change the crystalline structure of Zn-MOF. However, the XRD patterns of Co-Zn-MOF-2 and Co-Zn-MOF-3 exhibit nearly the same XRD pattern as the Zn-MOF with the variation of diffraction peak intensity, which may be induced by larger Co ions doped into the Zn-MOF structure during the synthesis process.



The nanostructure of the as-obtained N-C and Co-N-C catalysts is characterized by SEM and transmission electron microscopy (TEM). It is seen from Figure S1 that all of the MOFs’ structures are collapsed and show irregular porous structures after high-temperature treatment. As illustrated in Figure 2a–c, the N-C, Co-N-C-1, and Co-N-C-2 exhibit similar morphologies with wrinkles or curled edges in stacked sheets, and no obvious Co nanoparticles can be observed. When increasing the Co content, the Co nanoparticle appears in the Co-N-C-3 catalyst (Figure 2d). The XRD patterns of the Co-N-C catalysts further confirm the formation of the metallic Co phase in the Co-N-C-3 catalyst (Figure 2e). It is seen that the N-C, Co-N-C-1, and Co-N-C-2 only exhibit two diffraction peaks at 25.0° and 44.5°, which correspond to the (002) and (101) planes of carbon. The diffraction peaks located at 44.2°, 51.5°, and 75.8° correspond to the (111), (200), and (220) planes of the cubic Co phase in Co-N-C-3 catalyst (PDF#15-0806), indicating the formation of Co nanoparticles when increasing the Co content. Based on the abovementioned SEM and XRD results, it is speculated that the Co single atoms are formed in Co-N-C-1 and Co-N-C-2 catalysts.



To further confirm the suspect, high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) is employed to characterize the nanostructure of Co in the Co-N-C-2 catalyst. The HAADF-STEM image exhibits some bright dots ascribing to the isolated Co atoms (Figure 2f), confirming the single-atom feature of the Co-N-C-2 catalyst (some of the bright dots are marked with yellow circles). Furthermore, the corresponding elemental mapping images reflect the homogeneous distribution of Co, C, N, and O on the surface of the Co-N-C-2 (Figure 2g). The abovementioned results demonstrate the successful synthesis of cobalt single-atom catalysts.



Nitrogen ad/desorption isotherms are employed to investigate the porous feature of the catalysts, as shown in Figure 3a. The typical type-IV isotherms at a relative pressure of ca. 0.5–1.0 with an H4 hysteresis loop indicate a micro-mesoporous porous structure [34], which is created by the released gases of organic precursors’ decomposition and Zn evaporation at high temperature. It is seen that the specific surface area of the catalyst is composed of the micropore area and mesopore area, of which the micropore area is the dominant area. The dominant micropore area corresponds to the micropore feature of MOF, while the mesopore area may be attributed to the decomposition of the organic ligand. The pore size distribution also confirms the micro-mesopore feature of the Co-N-C catalysts (Figure S3). The specific surface area of the catalysts is first gradually increased by increasing the Co content, and then shows a slight decrease when the nanoparticle appears, which follows the order of N-C (840 m2 g−1) < Co-N-C-1 (880 m2 g−1) < Co-N-C-3 (1003 m2 g−1) < Co-N-C-2 (1076 m2 g−1) (Figure 3b and Table S1). The increased specific surface area may be attributed to the coordination of Co with the carbon precursor during the pyrolysis, thus affecting the decomposition of organic precursors.



The surface elemental compositions of N-C and Co-N-C catalysts are investigated by X-ray photoelectron spectroscopy (XPS). The full XPS spectra show that C, N, and O are present in N-C and Co-N-C catalysts (Figure 4a). It is worth noting that no obvious Co peaks can be observed from the survey spectra due to their low contents, and the signal of Co peaks can be observed from the high-resolution Co 2p spectra. It is seen that the intensity of the Co peaks is increased by increasing the Co content, as shown in Figure 4b, and the elemental contents are listed in Table S2. The Co content is gradually increased from 0.66 to 1.61 wt.%, and the nanoparticles are formed at the content of 1.61 wt.%. The isolating effect of Zn is decreased at a higher Co content, and the closed Co atoms prefer to form metallic Co nanoparticles at temperature. The high-resolution Co 2p peaks are deconvoluted to four sub-peaks, corresponding to Co 2p1/2 (795.5 eV), Co 2p3/2 (780.5 eV), and two characteristic satellite peaks (802.7, and 787.7 eV) (Figure 4c and Figure S3) [35,36]. The Co 2p1/2 and Co 2p3/2 represent the oxidation states of Co, which may be attributed to the coordination of Co with N, as well as the oxidation when exposed to the air. The N contents of the catalysts are first gradually increased by increasing Co content, and then show a decrease when the nanoparticles appear (Table S2). The increased N content may be assigned to the coordination of Co with N, thus maintaining more N species in the obtained material. The decrease in the N content of Co-N-C-3 can be attributed to the decreased amount of Co coordinated with N after the formation of Co nanoparticles. The high-resolution N 1s peaks of the Co-N-C catalysts are also deconvoluted to four sub-peaks, corresponding to pyridinic-N (≈398.4 eV), Co-N (≈399.2 eV), graphitic-N (≈401 eV) and oxidized-N (≈403 eV), as shown in Figure 4d and Figure S4 [37,38]. The content of each nitrogen component of these catalysts is summarized in Table S3. The Co-N content is first increased by increasing the Co content, and then decreased when Co nanoparticles appear in the Co-N-C-3 catalyst. This is because the Co nanoparticles are wrapped into the Co-N-C-3, causing the diminishment of Co-N sites on the surface [39]. Among these catalysts, the Co-N-C-2 shows the highest Co-N content, as well as the highest N content. It is reported that Co coordinates with N can result in a regulated electronic structure, which will benefit the adsorption of oxygen species during ORR. It is expected that the ORR activity follows the above trends.



Upon the investigation of the structure and composition of as-prepared catalysts, cyclic voltammetry (CV) and linear sweep voltammetry (LSV) are implemented to explore their electrochemical performance. It is seen from Figure 5a that the CV curves of N-C and Co-N-C catalysts exhibit electrochemical double-layer capacitances without obvious redox coupling of cobalt species, manifesting that there are no metal nanoparticles on the surface. The capacitance current shows a volcano-shaped relationship, which first increases and then dramatically decreases in the presence of the Co nanoparticles. It is seen that the electrochemical double-layer capacitances are related to the specific surface area. The polarization curves of the ORR are collected in an O2-saturated 0.1 M KOH solution, as shown in Figure 5b. It is seen that all of the Co-N-C catalysts exhibit higher ORR activities than the N-C and commercial Pt/C catalysts due to the high intrinsic ORR activity of the Co-N-C sites. The electrocatalytic performance shows a volcano-shaped relationship, which increases with the Co content from 0 to 0.99 wt.% and then decreases at 1.61 wt.%. The Co-N-C-2 shows the highest ORR activity with an onset potential (Eonset) of 0.96 V vs. RHE and a half-wave potential (E1/2) of 0.89 V vs. RHE, which makes it one of the best-performing catalysts for OER reported in the literature (Figure 5c and Table S4). Moreover, the Co-N-C-2 catalyst shows a nearly four-electron transfer process with a low yield of hydrogen peroxide (Figure S5). Combining the above physicochemical characterizations, it can be concluded that the outstanding electrocatalytic activity should be attributed to the high density of Co-N sites with high intrinsic activity and high specific surface area with improved exposure of the active site.



Finally, the stability of the Co-N-C-2 catalyst is evaluated with the accelerated degradation test (ADT) by cycling the catalyst in O2-saturated 0.1 M KOH at 100 mV s−1 in the potential range of 0.6–1.0 V vs. RHE. The LSV curves show that the E1/2 of the Co-N-C-2 catalyst only decreased 9 mV after 10,000 potential cycles, indicating its excellent stability (Figure 5d).




3. Materials and Methods


3.1. Material Synthesis


Synthesis of TPT: The TPT was prepared as per the previous report [48]. Typically, 288 mmol 4-cyanopyridine was put into the flask and heated to 150 °C to melt, and 28.8 mmol NaOH was added into the flask and stirred at 150 °C for 24 h. The obtained solid was washed with acetone and dissolved in hydrochloric acid. Then, the active carbon was added to the solution and sonicated for 30 min. The suspension was filtered and neutralized with NaOH. Finally, the product was filtered, washed with water and acetone, and dried under vacuum at 60 °C overnight.



Synthesis of Zn-MOF and Co-Zn-MOFs: The Zn-MOF of (ZnBr2)3(TPT)2 was prepared as per the previous report [49]. Typically, 1.60 mmol 2,4,6-Tris(4-pyridyl)-1,3,5-triazine (TPT) was dissolved into the mixed solution of nitrobenzene/methanol (320/40 mL). Then, an 80 mL methanol solution with 2.40 mmol ZnBr2 was added to the TPT solution and stirred vigorously for 5 min. The obtained white power was filtered, washed with ethyl alcohol, and dried under vacuum at 60 °C overnight. The Zn-Co-MOFs were prepared using the same procedure as Zn-MOF except for the partial replacement of ZnBr2 with CoCl2·6H2O. The obtained Zn-Co-MOFs were denoted to Co-Zn-MOF-1, Co-Zn-MOF-2, and Co-Zn-MOF-3 with the Co:Zn molar ratios of 1:19, 1:9, and 1:6.33, respectively.



Synthesis of N-C and Co-N-C catalysts: First, 500 mg of Zn-MOF or Zn-Co-MOFs and 40 mg melamine were mixed and transferred into a quartz boat. Second, the above mixture was pyrolyzed at 900 °C for 1 h with a heating rate of 10 °C min−1 under the argon atmosphere (99.999%) to obtain the catalysts. The catalyst derived from Zn-MOF, Co-Zn-MOF-1, Co-Zn-MOF-2, and Co-Zn-MOF-3 were denoted to N-C, Co-N-C-1, Co-N-C-2, and Co-N-C-3, respectively.




3.2. Physicochemical Characterizations


Powder X-ray diffraction (PXRD) patterns were collected on a Rigaku MiniFlex600 (Rigaku, Tokyo, Japan) with Cu Kα radiation (λ = 1.54178 Å). Scanning electron microscopy (SEM), as well as corresponding elemental mapping and energy-dispersive X-ray spectroscopy (EDX) analysis, were carried out on a Hitachi SU 8220 (Hitachi, Ibaraki, Japan). Transmission electron microscopy (TEM) was carried out on a JEOL JEM-2100 (JEOL, Tokyo, Japan). The HAADF-STEM and mapping images were taken using a JEOL JEM-ARM300F with an operating voltage of 300 kV. X-ray photoelectron spectroscopy (XPS) experiments were carried out on Thermo Scientific K-Alpha (Thermo Fisher Scientific, Waltham, MA, USA). The pore structure of the samples was probed by nitrogen adsorption/desorption isotherms at 77 K (Micromeritics ASAP 2020, Micromeritics, Norcross, GA, USA). Before the measurements, the samples were outgassed at 100 °C for 12 h. The specific surface area was calculated with the Brunauer-Emmett-Teller (BET) model and the pore size distribution was obtained by desorption branches of isotherms using the Barrett-Joyner-Halenda (BJH) method.




3.3. Electrochemical Measurements


Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were conducted by CHI 730E (CH Instruments, Inc., Austin, TX, USA) at room temperature with a three-electrode system. A rotating disk electrode (RDE) with 5 mm diameter glassy carbon was used as the working electrode, which was coated with the electrocatalyst. The working electrode was prepared as follows: 5 mg of electrocatalyst was dispersed in 500 μL of Nafion/ethanol (0.84 wt.% Nafion) by ultrasonication for 60 min to obtain a homogeneous ink; then 10 μL catalyst ink was drop-cast onto the RDE. For comparison, the ORR electrocatalytic activity of commercial 40 wt.% Pt/C (HiSPEC4000, Johnson Matthey, London, UK) was also evaluated with the Pt loading of 20 μg cm−2. The test result potentials were converted to the reversible hydrogen electrode (RHE) using the following formula: ERHE = ESCE + 0.0591pH.



The CV curves were recorded at 20 mV s−1 in the potential range from 0 to 1.23 V (vs. RHE) in an N2-saturated 0.10 M KOH solution. The LSV curves were measured at 5 mV s−1 in O2-saturated 0.10 M KOH at a rotating speed of 1600 rpm. The accelerated durability tests (ADTs) were conducted by continuous CV tests between 0.60 and 1.00 V (vs. RHE) with the rate of 100 mV s−1 in O2-saturated 0.10 M KOH solution. The LSV test was carried out after 5000 cycles and 10,000 cycles.



The electron-transfer number (n) was tested on a rotating ring-disk electrode (RRDE, glassy carbon disk: 5.0 mm in diameter; platinum ring: 6.5 mm inner diameter and 7.5 mm outer diameter) electrode. The electron-transfer number (n) and hydrogen peroxide yield (H2O2%) in the ORR were calculated from the following equations:


  n =   4    i d         i d    +  i r  / N    










   H 2   O 2   %  =     2  i r  / N      i d    +  i r  / N   × 10  








where id is the disk current, ir is the ring current, and N is the collection efficiency.





4. Conclusions


An atomically dispersed Co-N-C catalyst was developed for the ORR with a Co-doped Zn-MOF precursor as the self-sacrifice template. The Zn-MOF with an ordered arrangement of metal ions resulted in a high dispersion of Co atoms with a porous structure, while the organic ligand of 4,6-tris(4-pyridyl) triazine resulted in a nitrogen-doped carbon with a high specific surface area. The extra nitrogen source of melamine facilitated the high-density assembly of Co-N-C sites. The atomically dispersed Co-N-C catalysts formed at low Co contents, which aggerated to form Co nanoparticles at a Co content of 1.61 wt.%. The optimized atomically dispersed Co-N-C catalyst with a high density of Co-N sites and a high specific surface area thus facilitates the ORR. The atomically dispersed Co-N-C catalyst with a Co content of 0.99 wt.% shows an Eonset of 0.96 V vs. RHE and an E1/2 of 0.89 V vs. RHE toward ORR. This work provides a general strategy to develop atomically dispersed metal-based catalysts for electrocatalysis.
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Figure 1. SEM images of (a) Zn-MOF, (b) Co-Zn-MOF-1, (c) Co-Zn-MOF-2, and (d) Co-Zn-MOF-3; (e) XRD patterns of the Zn-MOF and Co-Zn-MOF precursors. 






Figure 1. SEM images of (a) Zn-MOF, (b) Co-Zn-MOF-1, (c) Co-Zn-MOF-2, and (d) Co-Zn-MOF-3; (e) XRD patterns of the Zn-MOF and Co-Zn-MOF precursors.



[image: Catalysts 12 01462 g001]







[image: Catalysts 12 01462 g002 550] 





Figure 2. TEM images of (a) N-C, (b) Co-N-C-1, (c) Co-N-C-2, and (d) Co-N-C-3; (e) XRD patterns of the N-C and Co-N-C catalysts; (f) HAADF-STEM image of Co-N-C-2 catalyst (some of the bright dots are marked with yellow circles) and (g) the corresponding elemental mapping images. 
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Figure 3. (a) Nitrogen adsorption–desorption isotherms of the N-C and Co-N-C catalysts; (b) specific surface areas of the N-C and Co-N-C catalysts. 
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Figure 4. (a) XPS survey spectra of the N-C and Co-N-C catalysts; (b) Co 2p spectra of the Co-N-C catalysts; (c) Co 2p peaks and the fitting result of the Co-N-C-2; (d) N 1s peaks and the fitting result of the Co-N-C-2. 
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Figure 5. (a) CV curves of the catalysts in N2-saturated 0.10 M KOH; (b) ORR polarization curves of the catalysts in O2-saturated 0.10 M KOH; (c) comparison of the Eonset and E1/2 of the Co-N-C-2 towards ORR with the previously reported catalysts [35,38,40,41,42,43,44,45,46,47]; (d) ORR polarization curves of Co-N-C-2 catalyst after different potential cycles in O2-saturated 0.10 M KOH. 
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