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Abstract

:

Compositing all-carbon materials with distinct dimensions and structures has demonstrated the great potential to bring synergistic promotion to individual components for the electrocatalytic activity of oxygen reduction reaction (ORR). Fullerene-derived porous carbon fibers (FPCFs) offer unique one-dimensional (1D) nanostructures with abundant defects and a large specific surface area while graphene features two-dimensional (2D) nanostructures with fast electron transfer. Both carbon materials are promising alternatives to Pt-based electrocatalysts for ORR. Herein, a novel hierarchical composite (FPCFs@rGO) composed of FPCFs and reduced graphene oxide (rGO) is constructed by sonication-assisted mixing and high-temperature pyrolysis. When tested as an electrocatalyst for ORR, the 1D/2D FPCFs@rGO composite presents significantly enhanced performance compared to each individual component, indicating an eminent synergistic effect between FPCFs and rGO. The improved ORR performance of FPCFs@rGO is attributed to the unique hierarchical structure with abundant structural defects, a large specific surface area, and high porosity.
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1. Introduction


Oxygen reduction reaction (ORR) requires efficient electrocatalysts due to its sluggish kinetics and high overpotential [1,2]. Since the groundbreaking discovery of the remarkable activity of nitrogen-doped carbon nanotubes, carbon-based metal-free materials have been regarded as promising alternatives to noble metal-based catalysts (e.g., platinum-group metals) [3]. The great potential of all-carbon materials as high-performance electrocatalysts towards ORR are justified by their facile preparation, high flexibility and conductivity, tunable surface chemistry and architecture, and high earth abundance [4,5,6]. Despite these factors, the ORR performance of metal-free carbon electrocatalysts is still unsatisfactory and strategic enhancement of the catalytic activity of the pristine carbon matrix remains a big challenge.



Fullerenes, an important family of carbon materials, feature with a high-stress carbon skeleton, abundant pentagon carbon rings and a unique electronic structure [7,8,9]. Unfolding fullerene cages can generate a carbon matrix rich in topological defects and edges, which can impart fullerene-derived carbon with high ORR activity [10,11]. For instance, Mu et al. reported that KOH-etching and pyrolysis of C60 powder can produce pentagon defect-rich porous carbon, showing superior ORR activity to the graphite-derived carbon matrix prepared by the same procedure [12]. On the other hand, fullerene molecules are flexible building units to assemble various nanoarchitectures due to the intermolecular π–π interactions [13,14,15]. This fascinating merit enables the on-demand fabrication of fullerene structures of sophisticated morphology. After high-temperature calcination, the original nanoarchitecture can be retained [16,17,18]. Meanwhile, abundant pores are generated in favor of the adequate accessibility of active sites and fast mass transfer.



Recently, several research groups, including us, have reported that well-designed fullerene-derived carbon nanomaterials exhibit great potentials for energy-themed applications [19,20,21]. For example, our previous study demonstrated that porous carbon fibers prepared by the pyrolysis of fullerene-derived fibrous crystals show inspiring ORR activity [22]. However, such ORR activity is still inferior to that of noble metal-based catalysts and other heteroatom-doped carbon materials. Among the reported strategies for the performance enhancement of all-carbon electrocatalysts, compositing carbon materials of distinct dimensions and structures have been demonstrated to promise a great efficacy to enable a synergistic effect to individual components [23,24,25]. This thus stimulates us to move one step further to enhance the ORR performance of fullerene-derived porous carbon fibers by compositing with another type of carbon materials.



In this study, a novel composite consisting of fullerene-derived porous carbon fibers (FPCFs) and reduced graphene oxide (rGO) is fabricated and tested as an ORR electrocatalyst. The composite results from the sonication-assisted mixing and high-temperature pyrolysis of in-house prepared fullerene carbon fibers and graphene oxide (GO). Detailed characterizations reveal that calcination at 900 °C leads to the generation of a hierarchical composite (FPCFs@rGO) with abundant pores, a high specific surface area, and rich defects. Electrochemical measurements of FPCFs@rGO further uncover a synergistic activity enhancement with a half-wave potential of 0.762 V, which is 38 and 131 mV higher than those of FPCFs and rGO, respectively. Moreover, FPCFs@rGO exhibits remarkable long-term stability and outstanding methanol tolerance, which surpass the commercial 20% Pt/C.




2. Materials and Methods


2.1. Chemicals and Reagents


C60 fullerene was synthesized via a direct current discharge method and was isolated by high-performance liquid chromatography. [26] m-xylene and isopropyl alcohol (IPA) were purchased from Sinopharm Chemical Reagent Beijing Co., Ltd. (Beijing, China). The Nafion ionomer solution (5 wt.%) was bought from Sigma-Aldrich. The graphite powder, potassium persulfate, phosphorus pentoxide, and commercial 20 wt.% Pt/C catalyst were obtained from Beijing InnoChem Science & Technology Co., Ltd. All the reagents mentioned above were used as received without further purification.




2.2. Synthesis of Graphene Oxide (GO)


In a typical process, 3 g of graphite powder, 2.5 g of K2S2O8, and 2 g of P2O5 are dissolved in 20 mL of H2SO4 and then stirred at 80 °C for 4.5 h. When the sample was cooled down to ambient temperature, the slurry was diluted in 500 mL of deionized water and then stirred overnight. The pretreated mixture was filtered and dried at 80 °C, and then dispersed into 120 mL of H2SO4, into which 15 g of KMnO4 was carefully added in an ice bath. Thereafter, the slurry was transferred to an oil bath and stirred for 2 h at 35 °C. After that, 250 mL of an ice-water mixture was carefully added into the slurry with the ice bath and stirred for another 2 h. Then, the slurry was transferred into a 1000 mL of beaker and was diluted with 700 mL of both H2O and 30 mL of 30% H2O2 to produce a bright yellow product. The obtained slurry was centrifuged and washed with 1 L of diluted HCl    V   H 2  O   :  V  H C l   = 90 : 10   and then washed with deionized water until the pH reached neutral. The dispersion was dialyzed for at least one week to remove residual impurities.




2.3. Synthesis of Fullerene Carbon Fibers (FCFs)


FCFs were prepared by a modified liquid–liquid interfacial precipitation (LLIP) method according to a previous report [27]. m-xylene and IPA were selected as good and poor solvents of C60, respectively. Briefly, 10 mL of IPA was slowly injected into 5 mL of C60 m-xylene solution (2 mg mL−1). Subsequently, the suspension was aged for 24 h at room temperature. Finally, after evaporating the solvent and washing with IPA for three times, FCFs were finally obtained after drying at 60 °C under reduced pressure for 12 h.




2.4. Synthesis of FCFs Embedded in GO (FCFs@GO)


10 mg of GO was dispersed into 20 mL of IPA and ultrasonicated for 2 h, and 50 mg of FCFs was dispersed into 20 mL of IPA. Subsequently, the above two solutions were thoroughly mixed. FCFs@GO was obtained after centrifugation and vacuum drying for 12 h at 60 °C.




2.5. Synthesis of Reduced Graphene Oxide (rGO), Fullerene-Derived Porous Carbon Fibers (FPCFs), and FPCFs Composited with rGO (FPCFs@rGO)


The resulting GO, FCFs, and FCFs@GO were calcined at 900 °C for 2 h in an argon atmosphere at a ramp rate of 5 °C min−1. The corresponding products are denoted as rGO, FPCFs, and FPCFs@rGO.




2.6. Materials Characterization


Scanning electron microscopy (SEM, Quanta 650 FEG, FEI), transmission electron microscopy (TEM, Tecnai G2 F30), and high-resolution TEM (HRTEM) were employed to observe the structure and morphology of the samples. In a typical sample preparation for TEM, 1 mg of the as-prepared sample was ultrasonically dispersed in 5 mL of ethanol and supernatant was then dropped onto the copper mesh. X-ray diffraction (XRD) patterns were collected on an Empyrean XRD diffractometer (Panalytical, Holland) at 40 kV and 40 mA with Cu Kα radiation, and the continuous scan mode with a scan speed of 10° min−1 was used. Raman spectra were recorded on a Bruker VERTEX 70 spectrometer with an Ar ion laser at an excitation wavelength of 532 nm. Nitrogen adsorption/desorption tests were conducted at the liquid nitrogen temperature of 77K on a Tristar II 3020 gas adsorption analyzer (Micromeritics, Norcross, GA, USA) after degassing under vacuum at 60 °C for 12 h using a sample degas system (Micromeritics VacPrep 061). The specific surface area (SAA) was calculated by the Brunauer–Emmett–Teller (BET) method using the adsorption branch in the relative pressure p/p0 range of 0.05–0.30, whereas the pore size distribution was obtained by the Barrett–Joyner–Halenda (BJH) method. X-ray photoelectron spectroscopy (XPS) tests were performed on an AXIS-ULTRA DLD-600W instrument with a monochromatized Al Kα source. The purity of the as-synthesized C60 fullerene was evaluated by the laser desorption/ionization time-of-light (LDI-TOF).




2.7. Electrochemical Tests


ORR measurements were performed in O2 or N2-saturated 0.1 M KOH. Prior to the test, the electrolyte solution was purged by high-purity (99.999%) O2 for 30 min. Pt sheet and Hg/HgO were used as the counter electrode and reference electrode, respectively. In a typical process of preparing the catalyst ink, 5 mg of catalyst is dissolved in a mixture of 960 μL of ethanol and 40 μL of Nafion solution, and sonicated for 40 min. The homogeneous ink was then drop-casted onto glassy carbon electrodes with a mass loading of 0.25 mg cm−2.



CV curves were recorded on a CHI 660E electrochemical workstation equipped with an electrode rotator (Pine Instrument) in a standard three-electrode cell at a sweep rate of 20 mV s−1 in O2 or N2-saturated 0.1M KOH solution. LSV curves were obtained at a scan rate of 10 mV s−1 and rotating speeds from 400 to 1600 rpm. Long-term stability measurements were conducted using the chronoamperometric technique at 0.6 V for 12 h. The methanol tolerance was investigated by adding methanol solution (3 M and 10 mL) during the i-t response tests. All the potentials have been referenced to the reversible hydrogen electrode (RHE) according to the following equations:


E(RHE) = E(Hg/HgO) + 0.059 × pH + 0.098 V











The transferred electron number was calculated according to the K-L equation as follows:


   1 J  =  1  B  ω  1 / 2     +  1   J K     



(1)






  B  = 0   . 2  n F  C 0    (  D 0  )    2 / 3     ν   - 1 / 6     



(2)




where J and JK are the measured current density and kinetic current density, respectively. ω is the electrode rotating rates. n represents the transferred electron number per oxygen molecule, F is the faradaic constant (96485 C mol−1), D0 is the diffusion coefficient of O2 in 0.1 M KOH (1.9 × 10−5 cm2 s−1), υ is the kinetic viscosity of the electrolyte (0.01 cm2 s−1), and C0 is the bulk concentration of O2 in 0.1 M KOH (1.2 × 10−6 mol cm−3).





3. Results and Discussion


SEM and TEM images of GO are shown in Figure 1(a1,b1). Typical morphology of GO with wrinkled and crimped two-dimensional sheets was observed [28]. A stacked graphite structure of a few GO sheets was further confirmed by an HR-TEM image (Figure 1(c1)). As shown in Figure 1(a2,b2), FCFs exhibits one-dimensional fibrous morphology. The HR-TEM image (Figure 1(c2)) further reveals its crystalline nature, which results from the ordered stacking of fullerene molecules. Figure 1(a3,b3) show that fullerene fibers are successfully embedded into graphene sheets. Furthermore, randomly entangled fullerene fibers mixed with GO lead to a hierarchical structure. The HR-TEM image (Figure 1(c3)) of FCFs@GO further confirms the co-existence of fullerene fibers and GO.



As shown in Figure 2(a1–c1), SEM, TEM and HR-TEM images reveal that high-temperature pyrolysis leads to a reduction of GO (rGO) and dense aggregation of graphite layers [29]. The SEM image (Figure 2(a2)) of FPCFs shows that the original fibrous morphology of FCFs is well-maintained after calcination. Furthermore, considerable mesopores can be observed on the fibrous structure in the TEM image (Figure 2(b2)). The HR-TEM image (Figure 2(c2)) indicates that FPCFs consist of randomly orientated graphitic domains, indicating its amorphous nature and defect-rich matrix. Figure 2(a3) shows that FPCFs@rGO has a similar morphology with FCFs@GO. The TEM image (Figure 2(b3)) shows that several graphene sheets are attached to the fibers and show low aggregation compared to rGO. Moreover, an amorphous carbon structure was also observed in the HR-TEM image of FPCFs@rGO (Figure 2(c3)).



Figure 3a shows the powder XRD patterns of pristine C60 powder, GO, FCFs, and FCFs@GO. Intense peaks of pristine C60 powder indicate its crystalline nature. FCFs and FCFs@GO display similar XRD patterns, which result from the stacked fullerene molecules after self-assembly. The high purity of pristine C60 is clearly revealed in Figure S1. For GO, an intense peak at 11.2° originates from the stacking of graphitic layers. After pyrolysis, as displayed in Figure 3b, the diffraction peak at 25.7° emerges, which is indexed to the inter-plane (002) of graphite, confirming the reduction of GO. [30] For FPCFs and FPCFs@rGO, the sharp diffraction peaks of FCFs and FCFs@GO disappear, which are accompanied by peaks at around 24.3°, suggesting the decomposition of C60 molecules. Figure 3c shows the Raman spectra of pristine C60 powder, GO, FCFs, and FCFs@GO. For GO, two bands at around 1350 and 1594 cm−1, corresponding to D and G bands, were observed. For pristine C60 powder, FCFs, and FCFs@GO, typical Raman vibrations of C60 molecules were detected, again confirming the existence of C60. [15] However, these peaks are replaced by D and G bands in both FPCFs and FPCFs@rGO, indicating the breaking of C60 carbon cages after pyrolysis. Furthermore, the intensity ratio of D and G bands for FPCFs@rGO is 1.06, higher than those of rGO and FPCFs, implying abundant structural defects in FPCFs@rGO.



The SSA and pore structure of the as-prepared samples were studied by N2-adsorption–desorption isotherms. As shown in Figure 4a, all samples exhibit type-IV isotherms. Despite this, rGO exhibits a small SSA (76 m2 g−1) and low porosity. Remarkably, FPCFs hold a more obvious hysteresis loop compared to rGO, indicating plenty of mesopores inside FPCFs, which is further confirmed by the pore size distribution curve (Figure 4b). Moreover, the SSA of FPCFs is 719 m2 g−1, much larger than that of rGO. The large SSA and high porosity of FPCFs are ascribed to the decomposition of fullerene cages at high temperature, which are different from GO that is tightly stacked by π–π interaction after high-temperature treatment. Interestingly, FPCFs@rGO shows a higher N2 adsorption plateau with a similar isotherm and has a larger SSA of 1017 m2 g−1 compared to both rGO and FPCFs, indicating the significant enhancement of SSA and porosity by combining FPCFs with rGO.



Chemical states of elements and surface compositions of the as-prepared samples were investigated by XPS measurements. Figure 5a reveals that the C 1s and O 1s peaks were detected in all samples. The high intensity of the O 1s peak is attributed to abundant O-related groups of GO (Table S1), which then are removed by the high-temperature pyrolysis (rGO exhibits low intensity of the O 1s peak). The HR-XPS spectra of the C 1s peak of all samples are shown in Figure 5b. The C 1s region of GO can be fitted into six peaks: C-sp2 (C = C, 284.3 eV), C-sp3 (C-C, 285.4 eV), C-O (epoxy and hydroxyl, 286.2 eV), C = O (carbonyl, 287.5 eV), C ( = O)-(OH) (carboxyl, 289.2 eV), and π–π* satellite peak (290.6 eV). Obvious decreases of O-related peaks in rGO were detected, resulting in the dominant sp2- and sp3-C. It is not surprising that FCFs are entirely composed of sp2-C as they are made up of sp2-conjugated fullerene molecules. The decomposition of fullerene cages after high-temperature pyrolysis leads to an increase of the sp3-C content in FPCFs. Similar results were obtained for FPCFs@rGO. Previous studies reported that the collapse of fullerene molecules can produce abundant structural defects (e.g., pentagon defects and edges). Furthermore, the sp3-C to sp2-C ratio (sp3-C/sp2-C) reflects the defect content in the carbon matrix and a high content of structural defects can deliver a high electrocatalytic activity. [31] Notably, FPCFs@rGO has a sp3-C/sp2-C ratio of 0.62, higher than those of rGO (0.44) and FPCFs (0.56), indicating a higher defect content in FPCFs@rGO. The increased sp3-C content is due probably to the reconstruction and bonding between the fullerene-derived carbon matrix and rGO skeleton.



The ORR activities of rGO, FPCFs, FPCFs@rGO, and 20 wt.% Pt/C were evaluated by CV and LSV tests. Furthermore, the ORR activities of GO, FCFs, and FCFs@GO were also studied by LSV tests. As displayed in Figure S2, FCFs@GO shows an enhanced ORR activity compared to GO and FCFs, indicating an obvious contribution of such well-constructed nanoarchitecture to the catalytic activity. As shown in Figure 6a, CV curves of rGO, FPCFs, FPCFs@rGO, and 20 wt.% Pt/C show obvious oxygen redox peaks in 0.1 M O2-saturated KOH media compared to those in N2-saturated electrolytes, indicating that all samples exhibit decent ORR activity. The peak potential (Ep) of rGO is 0.612 V, whereas the Ep of FPCFs is 0.689 V, indicating a better ORR activity of FPCFs than rGO. Remarkably, FPCFs@rGO shows a more positive Ep value (0.742 V) compared to those of rGO and FPCFs, suggesting a significantly enhanced ORR activity of FPCFs@rGO. LSV curves (Figure 6b) further confirm the ORR activity enhancements of FPCFs@rGO compared to rGO and FPCFs. FPCFs@rGO has an onset potential (E0) of 0.895 V, a half-wave potential (E1/2) of 0.762 V, and a limiting current density (JL) of 4.96 mA cm−2, which are much better than those of rGO (E0 = 0.751 V, E1/2 = 0.593 V, and JL = 2.43 mA cm−2) and FPCFs (E0 = 0.874 V, E1/2 = 0.724 V, and JL = 4.51 mA cm−2). Despite being inferior to 20 wt.% Pt/C, the ORR activities of FPCFs@rGO are still comparable or better compared to some recently reported carbon-based metal-free catalysts (Table S2). The corresponding Tafel plots fitted are displayed in Figure 6c. The Tafel slope of FPCFs@rGO is 75.9 mV dec−1, smaller than that of rGO (105.1 mV dec−1) and FPCFs (88.5 mV dec−1), revealing the faster ORR kinetics and higher intrinsic catalytic activity of FPCFs@rGO. The superior ORR activity of FPCFs compared to rGO is attributed to abundant intrinsic structural defects derived from the fullerene cages decomposition as well as to the unique nanofiber structure with large SSA and abundant pores. The former offers plenty of edges and topological defects, thus providing a large number of active centers, while the latter ensures a sufficient exposure of active sites and a fast mass transfer during ORR. On one hand, the synergistic enhancement of FPCFs@rGO is undoubtedly linked to its unique hierarchical structure and substantial increase of both defect content and SSA. On the other hand, potential chemical bonding between the fullerene-derived carbon matrix and graphene skeleton in the resulting FPCFs@rGO, as disclosed by XPS results, may create additional active sites and thus contribute to the enhanced ORR activity.



A series of LSV curves of FPCFs@rGO recorded at different rotating speeds ranging from 400 to 1600 rpm are shown in Figure 6d. The JL becomes larger with the increasing rotation rates in virtue of the decreased diffusion distance and the increased mass transfer rate of oxygen, reflecting a first-order reaction of ORR. The K-L plots of FPCFs@rGO at a series of potentials are illustrated in the inset of Figure 6d. The calculated average number of the electron transfer number (n) is 3.84, suggesting that FPCFs@rGO undergoes the four-electron reduction pathway during the alkaline ORR processes. However, the n values of rGO and FPCFs is 2.75 and 3.14 (Figure S3 and Figure S4), respectively, indicating the insufficient 4e reaction pathway.



The durability and methanol immunity of FPCFs@rGO were evaluated by chronoamperometry. For comparison, the commercial 20 wt.% Pt/C was also tested under the same procedure. As displayed in Figure 6e, the commercial Pt/C exhibits an obvious decay of the current density at the beginning of the i-t response and the final current density retention is only 70% after 12 h of operation (inset of Figure 6e). On the contrary, FPCFs@rGO experiences a slight decay of 4% on the current density, demonstrating its remarkable long-term stability. Figure 6f presents the i-t response with methanol added in the middle of the measurements. FPCFs@rGO displays negligible decay on the current density after the methanol addition while the Pt/C catalyst goes through a steep drop, which indicates that FPCFs@rGO holds excellent immunity towards methanol. These results demonstrate that FPCFs@rGO possesses an enhanced catalytic activity, an outstanding stability, and a remarkable methanol tolerance, implying its great potential in energy-related applications.




4. Conclusions


In summary, we demonstrated that the ORR catalytic performance of fullerene-derived porous carbon fibers can be significantly improved by compositing with rGO (PCFs@rGO). The synergistic effect is testified by the better ORR activity of PCFs@rGO than that of both PCFs and rGO. The enhanced catalytic activity of PCFs@rGO is attributed to the increased surface area, porosity, and defect content, which enabled the densified active sites, improved the exposure of active sites, and promoted the efficiency of mass transfer during the ORR process. This work provides a useful strategy for promoting the catalytic activity of the pristine carbon matrix.
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Figure 1. SEM, TEM, and HR-TEM images of GO (a1,b1,c1), FCFs (a2,b2,c2), and FCFs@GO (a3,b3,c3). 
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Figure 2. SEM, TEM, and HR-TEM images of rGO (a1,b1,c1), FPCFs (a2,b2,c2), and PNCFs@rGO (a3,b3,c3). 
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Figure 3. (a) XRD patterns and (c) Raman spectra of pristine C60 powder, GO, FCFs, and FCFs@GO. (b) XRD patterns and (d) Raman spectra of rGO, FPCFs, and FPCFs@rGO. 
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Figure 4. (a) Nitrogen adsorption–desorption isotherms and (b) pore size distributions of rGO, FPCFs, and FPCFs@rGO. 
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Figure 5. (a) Full survey XPS spectra and (b) high-resolution XPS spectra of C 1s of GO, FCFs, FCFs@GO, rGO, FPCFs, and FPCFs@rGO. 
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Figure 6. (a) CV curves, (b) LSV curves, and (c) Tafel plots of rGO, FPCFs, FPCFs@rGO, and 20 wt.% Pt/C. (d) LSV curves of FPCFs@rGO at a series of rotation rates from 400 to 2000 rpm with a scan rate of 10 mV s−1. (e) Long-term durability (inset: comparison of current density after chronoamperometry) and (f) methanol immunity tests of FPCFs@rGO and 20 wt.% Pt/C. 
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