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Abstract

:

Multiple heteroatom-doped graphene is of great interest for developing an efficient electrocatalyst for oxygen reduction reaction (ORR). To maximize the electrocatalytic performance of doped graphene, the competitive doping mechanism caused by the different atomic sizes of dopants should be developed. Herein, three different heteroatoms (e.g., N, P and B) are competitively introduced into reduced graphene oxide (RGO) using both single- and two-step processes. The total quantity of heteroatoms for ternary RGO synthesized using the two-step process is lower than that when using the single-step process. Higher ORR electrocatalytic activity for the two-step-synthesized RGO compared to the single-step-synthesized RGO can be explained by: (a) a high amount of P atoms; (b) the fact that B doping itself decreases the less electrocatalytic N moieties such as pyrrole and pyridine and increases the high electrocatalytic moieties such as quaternary N; (c) a high amount of B atoms itself within the RGO act as an electrocatalytic active center for O2 adsorption; and (d) a small amount of substitutional B might increase the electrical conductivity of RGO. Our findings provide new insights into the design of heteroatom-doped carbon materials with excellent electrocatalytic performance.
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1. Introduction


Identifying efficient catalysts for the cathodic oxygen reduction reaction (ORR) in fuel cells, photocatalytic water splitting, and metal-air batteries has been a critical research direction in recent years [1,2,3,4,5]. Conventionally, noble metals have been considered as the most effective ORR catalysts, but they have experienced several drawbacks such as high cost, poor long-term durability, sluggish electron transfer kinetics, and susceptibility to carbon monoxide poisoning [6,7,8,9]. Therefore, active studies regarding the replacement of noble metal-based catalysts with efficient and inexpensive non-metal catalysts have been carried out [10].



Among many types of carbon materials, two-dimensional graphenes have been examined as efficient catalysts owing to their large surface area, high electrical conductivity, and good chemical stability. However, pure graphene with no bandgap exhibited limited electrocatalytic activity due to the low number of active sites. Therefore, to generate electrocatalytic active sites within the graphene and improve its electrocatalytic activity, it is highly recommended to incorporate heteroatom elements (e.g., nitrogen (N) [11,12], boron (B) [13], phosphor (P) [14,15], and sulfur (S) [16,17]) into the graphene as heteroatom doping introduces defects, increases both interlayer spacing and electrical conductivity of graphene, and eventually can act as active sites. Recent works reported that dual-doped graphene with two types of heteroatoms (e.g., BN [18,19], NS [20,21,22], and NP [23,24,25]) exhibited improved electrocatalytic activity due to their synergistic effect compared to single-atom-doped graphene. These results indicate the potential of multiple-doped graphene for use as metal-free electrocatalysts. The ternary-doped graphene that uses three different heteroatom elements (e.g., NPB) [26] exhibited excellent ORR activity that was comparable to commercially available Pt catalysts. Therefore, the competitive doping mechanism of three different atoms with regard to the hosting material should be elucidated to maximize their electrocatalytic performance, especially by considering the doping sequence of the heteroatom elements.



The main distinguishing feature of graphene oxide is the presence of a high density of defects within the graphene matrix [27]. When considering the simultaneous thermal reduction and heteroatom introduction in the thermal doping process as well as the electrocatalytic reaction occurring on its exposed surface, it is critical to understand how the three different atoms are competitively introduced within the graphene network or at the edge of the graphene homogeneously or heterogeneously depending on the doping sequence. In the present work, ternary-doped reduced graphene oxides (RGOs) were synthesized by a two-step process using DNA and B2O3 as sources and evaluated as electrocatalysts for ORRs. Graphene oxide was thermally reduced with the simultaneous introduction of N and P atoms using DNA, which has nitrogen-containing nucleobases and phosphorus groups. Then, additional doping with B was carried out using B2O3 as the source. The atomic sizes of the three different atoms leaded to their relative proportion and configurations within RGO, thereby resulting in the altered electrocatalytic activity of the catalysts for ORRs. Thus, the doping sequence should be optimized to maximize the electrocatalytic performance of ternary doped graphenes.




2. Materials and Methods


2.1. Preparation of Ternary-Doped RGO


GO powder used in our study was purchased from Grapheneall Co., LTD (Siheung, Republic of Korea). N, P, and B-doped RGO (denoted NPBRGO) was prepared by thermally doping P and N atoms into RGO using DNA as the dopant, followed by B doping using the thermal diffusion method. Firstly, N and P co-doped RGO (denoted NPRGO) was obtained by thermally treating a GO/DNA mixture at 800 °C in argon. GO (100 mg) was dissolved in distilled water (20 mL) using a bath-type sonicator for 1 h. Then, DNA (100 mg) was added to the GO solution. After freeze-drying the GO/DNA solution, the solid-state mixture was heated to 800 °C in argon. After washing several times using distilled water and then drying at 60 °C for one day, grey-colored NPRGO powder was obtained. Secondly, to incorporate B atoms into NPRGO, we selected B2O3 as dopant. The NPRGO and B2O3 (wt. ratio = 1:0.5) were mixed using a mortar and pestle, and the mixture was thermally treated at 1000 °C for 1 h. To remove the residual B2O3, the reactant was refluxed in a 3M NaOH solution for 2 h. After washing the reactant several times using distilled water and then drying at 60 °C for one day, black-colored N, P, and B-doped RGO powder was obtained. For comparison, we also prepared N, P, and B-doped RGO by heating the GO, DNA, and B2O3 mixture to 1000 °C in argon using a single-step process.




2.2. Structural Characterizations


The structure and surface morphology of samples were characterized by field emission scanning electron microscopy (FESEM, Gemini 500) and high-resolution transmission electron microscopy (HRTEM, Titan3 G2 operated with 80 kV). Elemental mapping (EELS) was obtained by monochromated TEM (FEI-Titan Cubed) with Dual EELS (Gatan quantum 963). Energy resolution was 0.2 eV in 80 kV of experimental condition. Dispersion is 0.1 eV/ch and dwell time is 1 s/pixel. To evaluate the chemical configuration of the pristine and heteroatom-doped RGO, X-ray photoelectron spectroscopy (XPS, K-Alpha, ThermoFisher Scientific, Waltham, MA, USA) was used. Raman spectroscopy (Renishaw Invia, 514 nm laser) was used to evaluate the structural integrity of NPRGO and NPBRGO samples. The pore structure of doped RGOs were investigated via N2 adsorption measurements at 77 K using volumetric equipment (BELSROP-max, MicrotracBEL, Tokyo, Japan) after pre-evacuation for 6 h at 393 K, while the pressure was maintained at 10−2 Pa.




2.3. Electrochemical Analysis


Electrochemical measurements using cyclic voltammetry (CV) and linear sweep voltammograms (LSV) were performed with a standard three-electrode system using an Autolab potentiostat/galvanostat. Ag/AgCl (3 M KCl) electrode and Pt wire were used as the reference electrode and counter electrode, respectively. The working electrode was prepared by loading carbon-based catalysts obtained by dispersing 10 mg of carbon materials into the mixture of 1 mL ethanol and 100 μL Nafion (5% w/w solution) and sonicating for 30 min. Then, 5 μL of the dispersed carbon materials was loaded onto a glassy carbon electrode (GCE) and dried at room temperature. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) using a rotating disk electrode (RDE) were measured in an O2-or N2-saturated 0.1 M KOH electrolyte with a sweep rate of 5 mV/s. Before the measurement, the GCE was purged at flow rate of 30 mL/min for 30 min. The conversion of the potential to reversible hydrogen electrode (RHE) was expressed by the following equation.


E(RHE) = EAg/AgCl + 0.059 pH + E°Ag/AgCl








where E°Ag/AgCl = 0.1976 V (at 25 °C)



The electron-transfer number (n) per oxygen molecule was obtained using the Koutecky-Levich (K-L) equation [28,29].


1/J = 1/(Bω1⁄2) + 1/JK








where, J is the measured current density, JK is the kinetic limiting-current density, and ω is the rotational speed of the electrode. The parameter B could be determined from the slope of the K-L plots from the Levich equation.


B = 0.62 nFC0(Do)2/3(ν)−1/6








where, n is the electron transfer number, F is the Faraday constant (F = 96,485 C mol−1), Co is the bulk concentration of O2 (Co = 1.2 × 10−6 mol/cm3), Do is the diffusion coefficient of O2 in KOH solution (Do = 1.9 × 10−5 cm2/s), ν is the kinematic viscosity of the electrolyte (ν = 0.01 cm2/s) and, 0.62 is a constant used to express the rotational speed in rad/s.



Thus, n can be deduced from the slope of the linear plot of J−1 versus ω−1/2 (K-L plot).





3. Results and Discussion


When GO was subjected to thermal doping, the color of the material changed from dark brown to black, indicating thermal reduction by the removal of oxygen functionalities. The effect of doping on the morphological changes of heteroatom-doped RGO was evaluated using SEM and TEM and the elemental distribution within the RGO was verified using EELS elemental mapping. As shown in Figure 1a–d and Figure S1a–d, both samples exhibited similar characteristics, such as sheet-like morphology and wrinkled and folded microtextures. These corrugations may be attributed to the introduction of heteroatoms into the graphene matrix. In addition, there is no distinctive difference in microtexture between NPRGO and NPBRGO depending on the quantity and type of heteroatoms. The homogeneous introduction of N, P, and B atoms into the graphene matrix were identified from EELS elemental mapping images of ternary doped RGO obtained using two-step (Figure 1e–i) and one-step (Figure S2a–e), respectively.



To understand the effect of the doping sequence on the electrocatalytic performance of RGO, we prepared ternary doped RGO using both single-step and two-step methods. GO showed a substantial weight loss at 200 °C due to the decomposition of the liable oxygen functional group (Figure S3a), while subsequent weight loss could be attributed to the decomposition of stable oxygen functional groups with increasing temperature. More specifically, the decomposition temperatures of carboxyl (CO2), acid anhydride (CO and CO2), lactone (CO2), ether and hydroxyl (CO), and quinone and carbonyl (CO) were identified at 300, 500, 700, 800, and 1000 °C, respectively. However, DNA decomposed above 200 °C (Figure S3b) while B2O3 has a melting point of 450 °C. Thus, in the case of one-step doping, three different elements were competitively involved in the doping process of the defective graphene matrix below 500 °C. Therefore, it is highly desirable to characterize the doped quantity of heteroatoms and their bonding configurations using XPS. From the wide scan XPS spectra (Figure 2a), the observation of peaks at 285.4, 532.3, 400.4, 191 and 134 eV, which can be assigned to C 1s, O 1s, N 1s, B 1s, and P 2p, indicates the successful introduction of N, P and B atoms into RGO. The relative quantities are summarized in Table 1. In the case of two-step doping, the structurally and thermally stabilized N, P dual-doped RGO might interact with B2O3. In the two-step sample, we observed a low amount of N (ca. 3.02 at %), B atoms (ca. 3.90 at %) and a high amount of P (ca. 2.36 at %) as compared with the single-step case (Table 1). It is expected that the N atoms, which are smaller than C atoms, are more easily incorporated while the larger P and B atoms competed with each other. In addition, we observed a clear difference in bonding configurations of N, P, and B atoms via comparative studies on narrow scan N 1s, P 2p and B 1s XPS spectra of NPBRGO (single-step) and NPBRGO (two-step) (Figure 2b–d). The B 1s spectra (Figure 2b) can be deconvoluted into three peaks at, 189.3, 190.8 and 192.4 eV, which are assigned to substitutional boron, BCO2, BC2O and B2O3, respectively [30]. The N 1s spectra (Figure 2c) consists of four peaks at 398.5, 399.8, 401.1 and 403.0 eV, which are assigned to pyridinic, pyrrolic, quaternary N and oxidized N, respectively [31,32]. The P 2p peak (Figure 2d) is deconvoluted into three peaks at 134.2, 132.4 and 133.5 eV, which can be assigned to P-O, P-N and P-C bonds, respectively [33]. The relative number of bonding configurations for ternary doped RGOs obtained using single-step and two-step methods are summarized in Table S1.



When considering the region in the vicinity of 200 eV, the B 1s peak in the range from 187 to 196 eV for B-doped RGO nearly overlaps the P 2s peak in the range from 186 to 195 eV (Figure S4). Therefore, when the P 2s peak is larger than the B 1s peak, the B 1s peak is completely hidden by the P 2s peak (Figure S4). In contrast, when the B 1s peak is larger than P 2s peak, P 2s is hidden. Therefore, the quantity of B in the ternary doped RGO was not evaluated exactly because the P 2s and B 1s peaks overlap completely. Intrinsically, such issues can be ascribed to the low sensitivity for the B 1s peak. Therefore, to identify the successful introduction of B atoms into the N, P dual-doped RGO, the XPS spectra of NPRGO corresponding to various temperatures in the range from 400 to 1000 °C is compared directly with the XPS spectrum of NPBRGO that are prepared using two step doping (Figure S5). In the case of the P-doped RGO, the relative intensity of the P 2s peak is lower than that of P 2p. However, the relative intensities of the P 2s peak and P 2p peak were clearly changed when B atoms are introduced into N, P co-doped RGO. In this case, the intensity of the B 1s peak exceeds that of the P 2s peak. Therefore, we can conclude that such a peak can be assigned to B 1s. Moreover, we observed two small peaks around 150 and 100 eV (Figure 2a) which may be attributed to the B atoms within RGO. Those results with the elemental mapping of B (see Figure 1i) strongly support our claim regarding the successful doping of N, P, and B heteroatoms into the RGO.



The structural integrity of the doped RGO was evaluated by the Raman spectra using 532 nm laser line (Figure 3a) [34]. There are two major peaks at 1340 cm−1 (defect-induced mode, D-band) and 1580 cm−1 (E2g2, G-band) for ternary doped RGOs. To evaluate the degree of disorder caused by heteroatom doping, FWHM (full width at half maximum), the R value (ID/IG, the integrated intensity of the D-band is divided by the integrated intensity of the G-band) and ID/(ID + IG) are directly compared (see Table S2) [35,36]. We would like to emphasize the relatively intensified D band, the low FWHM value and the high R value for the NPBRGO prepared using two-step doping compared with NPBRGO synthesized by single-step doping. Because B atoms have a three times higher diffusion rate than C atoms, the decorated B moieties on the edge of the RGO might remove the less stable N moieties while sustaining the P moieties and thus diffuse into the hexagonal lattice of graphene, resulting in a highly intensified D band in the Raman spectrum. The specific surface area of ternary doped RGOs were determined by N2 adsorption/desorption isotherms (Figure S6). The N2 adsorption isotherms of doped RGOs were found to be combined I and IV. The specific surface area of ternary doped RGOs is 7 m2/g for single-step and 20 m2/g for two-step, respectively. Therefore, it is expected that the effect of specific surface area on the electrocatalytic performance might be minimum. The effect of the doping sequence on the electrocatalytic performance of the ternary doped RGO was evaluated by cyclic voltammetry (CV) in an N2 or O2-saturated 0.1M KOH electrolyte (Figure 3b). When the electrolyte is saturated with N2, we observed featureless CV within the ORR potential range. In case of O2-saturated electrolyte, we observed a positive shift in the cathodic peak for two-step NPBRGO when compared with that of single-step NPBRGO. These results signify that electrocatalytic activity of the two-step NPBRGO is higher than that of single-step NPBRGO. The effect of doping sequence on the electrocatalytic performance of ternary doped RGO was additionally evaluated by measuring linear sweep voltammetry (LSV) curves (Figure 3c,e). Both samples exhibited only one limiting current density, similar to the reference Pt/C sample. The continuous linear increase in the limiting current density with increasing rotation rate indicates the concomitant increase in oxygen diffusion on the surface of the electrode. We observed a higher onset voltage for the two-step synthesized RGO (ca. 0.89 V) compared to single-step synthesized RGO (ca. 0.8 V), indicating the substantial increase in the availability of ORR active sites due to the presence of the high proportion of P atoms with the help of B atoms. The higher limiting current density for the two-step synthesized RGO can be explained by the well-known catalytic graphitization function of the B atoms with regard to carbon materials [37,38]. As a reference, we obtained the LSV curves for B-doped and N, P codoped RGOs (Figures S7 and S8). The onset voltage of the B-doped and N, P codoped RGOs were 0.83 V and 0.85 V, indicating that the positive shift in the onset potential of the two-step synthesized RGO can be explained by the enhanced ORR activity coming from the synergistic effect of three different heteroatoms. In addition, their K-L plots (Figure 3d,f) are obtained from their LSV curves in the range from 0.2 to 0.6 V. A good linearity signifies a first-order reaction with regard to the concentration of dissolved oxygen [22]. From the inset of Figure 4f, the number of electrons transferred in the range from 2.82 to 3.52 for two-step synthesized NPBRGO is slightly higher than that of the single-step synthesized NPBRGO (Figure 4). This result indicates an efficient electron-transfer process for the oxygen reduction reaction on two-step synthesized NPBRGO electrode. In order to evaluate the durability of two-step synthesized RGOs, chronoamperometric measurements were performed at 0.7 V in an O2-saturated 0.1 M KOH solution compared with 20 wt.% Pt/C (Figure S9). Ternary doped RGOs showed a higher long-term stability in comparison with 20 wt.% Pt/C for 10,000 s.



Furthermore, to understand the effect of N, P and B doping on the electrocatalytic activity of RGO, we compared CV of two-step synthesized RGO with that of B- and N, P codoped RGOs (Figure 4a). The CV curve for undoped RGO showed a near-rectangular shape whereas we observed broad reversible peaks for the doped RGOs. In addition, we observed a positive shift in the cathodic peak for two-step synthesized NPBRGO when compared with those of RGO and NPRGO. These results signify that electrocatalytic activity of the NPBRGO improved considerably compared with NPRGO and RGO. It is expected that the strong affinity of the heteroatom-doped graphene toward oxygen will facilitate the O2 adsorption [39,40]. It is well known that the phenol group and the deprotonation of the carboxyl group in the KOH electrolyte contribute to the quasi-reversible pseudo-capacitance. However, there is no considerable difference in the quantity of O atoms between NPRGO and NPBRGO according to the XPS study (Table S3). Thus, such a possibility can be discarded. We observed a large increase in the current density for NPBRGO when compared to NPRGO and undoped RGO. Such an increase can be explained by the pseudo-capacitance of the N, P, and B moieties, especially when decorated on the RGO edges [41,42]. To further investigate the ORR activities of the doped RGO samples, LSV curves using a rotating disk electrode (RDE) was obtained in an O2-saturated 0.1 M KOH electrolyte at a speed of 1600 rpm (Figure 4b). The onset potential of NPBRGO was positively shifted compared to that of NPRGO and RGO without a decrease in the limiting current density. The LSV curve of RGO shows two-step two-electron pathway with the formation of superoxide (HO2−) as an intermediate, while NPRGO and NPBRGO show a combination of two- and four-electron pathways involving in the ORR process [43,44,45,46]. Therefore, we can say that N, P, and B ternary-doped RGO shows much better ORR electrocatalytic activity than the dual-doped and undoped RGO.




4. Conclusions


Ternary doped RGOs containing N, P, and B atoms were synthesized by a two-step doping process that uses DNA and B2O3 as dopant sources, and multiple-doped RGOs were evaluated as electrocatalysts for ORRs. Dark brown colored GO was thermally reduced to black colored RGO at 800 °C in argon by simultaneously introducing N and P atoms from the DNA. The additional B doping was carried out by thermal doping using B2O3 at 1000 °C in argon. The total quantity of heteroatoms for the two-step synthesized ternary RGO (ca. 9.3 at %) is considerably lower than that of the single-step synthesized ternary RGO (ca. 16.3 at %). However, we observed a higher ORR electrocatalytic activity from the two-step RGO than from the single-step RGO due to the higher amount of P. When considering the overlap of the B 1s and P 2p XPS spectra, the amount of P within the two-step ternary RGO is assumed to be ca. 2.36 at %. Even though the heteroatoms within the graphene matrix can induce charge redistribution and create more catalytic active sites, their relative concentration as well as configurations is quite important to maximize the electrocatalytic performance of the multiple-heteroatom-doped graphenes.
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Figure 1. SEM (a,b) and TEM (c,d) images of ternary doped RGO using two-step method. Note that the sheet-like graphenes are corrugated and wrinkled. (e) Elastic TEM image and EELS elemental mapping images of (f) carbon, (g) nitrogen, (h) phosphorous, and (i) boron atoms. 
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Figure 2. (a) Wide scan XPS spectra of BRGO, NPRGO, NPBRGO (single-step) and NPBRGO (two-step) and narrow scan (b) B 1s, (c) N 1s and (d) P 2p XPS spectra of NPBRGO (single-step) and NPBRGO (two-step). Note that B 1s and P 2s peaks are exactly overlapped and two small peaks owing to the B atoms were clearly observed at around 140 and 100 eV. 
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Figure 3. (a) Raman spectra and (b) cyclic voltammograms of ternary doped RGOs using single-step and two-step methods using a scan rate of 50 mV/s in N2 or O2 saturated 0.1 M KOH solution. Linear sweep voltammograms of ternary doped RGOs using (c) single-step and (e) two-step synthesis, obtained in a O2-saturated 0.1 M KOH aqueous electrolyte using different rotation speeds (scan rate of 5 mV/s) and (d,f) their K-L plots in the range from 0.2 to 0.6 V (inset is the electron transfer number at different potential). 
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Figure 4. (a) Cyclic voltammograms of RGO, NPRGO, and NPBGRO using a scan rate of 50 mV/s in an O2 saturated 0.1 M KOH solution, (b) linear sweep voltammograms of RGO, NPRGO, and NPBRGO (reference = Pt/C (20 wt.%)) using a rotational speed of 1600 rpm. 






Figure 4. (a) Cyclic voltammograms of RGO, NPRGO, and NPBGRO using a scan rate of 50 mV/s in an O2 saturated 0.1 M KOH solution, (b) linear sweep voltammograms of RGO, NPRGO, and NPBRGO (reference = Pt/C (20 wt.%)) using a rotational speed of 1600 rpm.



[image: Applnano 02 00019 g004]







[image: Table] 





Table 1. Atomic composition of ternary doped reduced graphene oxides using both single-step and two-step methods.






Table 1. Atomic composition of ternary doped reduced graphene oxides using both single-step and two-step methods.





	
I.D.

	
Atomic %




	
C

	
O

	
N

	
P

	
B






	
Single-step

	
68.77

	
14.93

	
6.85

	
1.01

	
8.44




	
Two-step

	
77.50

	
13.23

	
3.02

	
2.36

	
3.90
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