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Abstract

:

In this study, several peat-derived carbons (PDC) were synthesized using various carbonization protocols. It was found that depending on the carbonization method, carbons with very different surface morphologies, elemental compositions, porosities, and oxygen reduction reaction (ORR) activities were obtained. Five carbons were used as carbon supports to synthesize Co-N/PDC catalysts, and five different ORR catalysts were acquired. The surface analysis revealed that a higher nitrogen content, number of surface oxide defects, and higher specific surface area lead to higher ORR activity of the Co-N/PDC catalysts in acidic solution. The catalyst Co-N/C-2(ZnCl2), which was synthesized from ZnCl2-activated and pyrolyzed peat, showed the highest ORR activity in both rotating disk electrode and polymer electrolyte membrane fuel cell tests. A maximum power density value of 210 mW cm−2 has been obtained. The results of this study indicate that PDCs are promising candidates for the synthesis of active non-platinum group metal type catalysts.
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1. Introduction


The European Union aims to be climate neutral by 2050 (European Green Deal). As a result, several initiatives will be carried out in order to protect the environment and boost the green economy [1,2,3]. Moreover, because it is critical to use resources as efficiently as possible, the synthesis process of materials should be given special consideration, including minimizing the usage of harmful chemicals and keeping the CO2 footprint as low as possible [1].



In recent years, biomass has been studied as a precursor for the synthesis of advanced carbonaceous materials for different applications like wastewater purification from various metals [2,3,4] and low-temperature fuel cells [5,6]. Furthermore, using a carbonization process, peat-derived carbon (PDC) can be used for various applications, such as battery electrodes, adsorbents, and electrical double-layer capacitor electrodes [7,8,9,10]. Regarding low-temperature fuel cells, carbonaceous materials are already being widely used as catalyst-support materials [11,12,13,14,15,16]. However, cost-effective and environmentally friendly biomass-derived carbons seem to be promising candidates in order to increase the efficiency of fuel cell catalyst materials. This is especially true in the case of non-platinum group metal (NPGM) type catalysts, where the used carbon support can remarkably affect the final catalytic activity [17,18,19,20,21].



Despite increasing interest in advanced biomass-derived materials, PDC has not yet been explored fully as a potential carbon support material in the synthesis of catalyst materials for low-temperature fuel cells. Consequently, in this study, we used five different methods to produce PDC materials, which have been characterized using several physical and electrochemical characterization methods. After that, the prepared carbons were used as carbon support materials to synthesize cobalt and nitrogen co-doped catalysts. The activity of these Co-N/PDCs has been analyzed in a three-electrode system in an acidic solution, and the acquired results were compared with each other [22]. It was found that highly active ORR catalysts comparable to previously synthesized NPGM materials based on silicon carbide-derived carbon can be obtained by choosing suitable carbonization procedures [22,23,24]. Finally, the most promising NPGM catalysts were studied as cathodes in a polymer electrolyte membrane fuel cell (PEMFC). To our best knowledge, this is the first attempt to use PDC-based NPGM catalyst materials in a PEMFC.




2. Peat-Derived Carbons and NPGM Catalysts Preparation


2.1. Synthesis of Peat-Derived Carbons


The synthesis and activation scheme of the peat-derived carbons is shown in Figure 1.



The well-decomposed peat used in this work originated from Möllatsi peatland, Estonia. In the first step of all synthesis procedures, the peat was blended with water and then dried and ground. After that, the PDCs can be divided into three groups based on the proceeding treatment:




	(1)

	
The pre-treated peat was pyrolyzed in a tube oven for 3 h at 800 °C in an Ar flow (200 mL min–1, AGA, 99.999%, Tartu, Estonia) and the received material was denoted C-1 [22,24].




	(2)

	
Using a direct activation method, the dry peat was mechanically mixed together with reactants (either KOH (prepared from 99.99% KOH pellets, Sigma-Aldrich, St. Louis, MO, USA) or ZnCl2 (anhydrous, free-flowing, Redi-Dri™, reagent grade, ≥98% Sigma-Aldrich, St. Louis, MO, USA)) and pyrolyzed in a flow of Ar for 2 h at 700 °C. The received carbons were marked with the abbreviations: C-2(KOH) and C-2(ZnCl2), respectively [9,24,25,26].




	(3)

	
The pre-treated peat was pre-pyrolyzed in a flow of Ar at 450 °C for 3 h. After that, a washing procedure was performed using 20 wt% KOH and then 50 wt% HCl solution. The obtained mixture was washed with Milli-Q® water, dried, and named C-3. A fifth material (C-3(pyr)) was prepared using a post-pyrolysis in Ar at 1000 °C for 2 h [10,24].










2.2. Preparation of Cobalt and Nitrogen Co-Doped Catalysts


PDCs were further modified into cobalt and nitrogen co-doped catalyst using a dry ball-milling method described previously [22,23,24]. All the reagents (PDC, Co(NO3)2∙6H2O (Sigma-Aldrich, ≥99.0%, St. Louis, MO, USA), and 2,2′-bipyridine (Sigma-Aldrich, ReagentPlus®, ≥99%, St. Louis, MO, USA)) were ball-milled (FRITSCH Pulverisette 6, Idar-Oberstein, Germany) in a ceramic crucible at 300 rpm for 2 h using five ZrO2 grinding balls (20 mm diameter). After that, the received powder was pyrolyzed at 800 °C for 1.5 h in Ar flow (200 mL min–1). In total, five cobalt and nitrogen co-doped catalysts were synthesized, and their abbreviations were: Co-N/C-1, Co-N/C-2(KOH), Co-N/C(ZnCl2), Co-N/C-3, Co-N/C-3(pyr).





3. Physical and Electrochemical Characterization Methods


3.1. Physical Characterization Methods


Several physical characterization methods were used to understand the effects of the different carbonization and synthesis methods on the characteristics of the materials explored in this work.



	
High-resolution scanning electron microscopy (HR-SEM) measurements were conducted with a Zeiss Merlin microscope(ZEISS, Oberkochen, Germany). For HR-SEM studies, the samples were placed on a copper sample holder. The composition of the materials was analyzed by energy-dispersive X-ray spectroscopy (EDX) on an HR-SEM Zeiss Merlin equipped with a Bruker EDX-XFlash® 6/30 detector (Bruker, Billerica, MA, USA) with an accelerating voltage of 8 kV. The elemental composition of the materials was determined using P/B-ZAF standardless mode.



	
X-ray diffraction (XRD) patterns of the synthesized catalysts were recorded using a Bruker D8 Advanced diffractometer (Bruker, Billerica, MA, USA) equipped with a Ni-filtered CuK radiation source (λ = 1.5406 Å). Topas software (v6, Bruker, Billerica, MA, USA, 2019) was used for data analysis.



	
High-resolution transmission electron microscopy (HR-TEM) analysis was performed with a JEOL JEM-2100 (JEOL, Tokyo, Japan) device at a working voltage of 200 kV.



	
X-ray photoelectron spectroscopy (XPS) was used to determine the surface elemental composition of the Co-N/PDC catalysts. The measurements were carried out using a SCIENTA SES 100 spectrometer (SCIENTA, Uppsala, Sweden) with a non-monochromatic twin anode X-ray tube (Thermo XR3E2 (Thermo Fisher Scientific, Waltham, MA, USA)). Casa XPS software (v2.3.24, Casa Software, Tokyo, Japan, 2020) was applied to analyze the N1s and C1s spectra [27].



	
The specific surface areas (SBET) and pore size distributions were analyzed with the low-temperature nitrogen sorption method using an ASAP 2020 device (Micromeritics, Norcross, GA, USA). The SBET values were calculated using the Brunauer–Emmett–Teller (BET) multipoint theory. The specific surface area (SDFT), total pore volume (VDFT), and pore size distribution curves were calculated from N2 gas sorption isotherms by applying 2D-NLDFT theory using SAIEUS (v3.0, Micromeritics, Norcross, GA, USA, 2020) software [9,28,29,30].



	
Raman spectroscopy was applied to characterize the graphitization degree of the PDCs and Co-N/PDCs. Raman spectra were recorded using a Renishaw inVia Raman spectrometer (Renishaw, West Dundee, IL, USA) with a 514 nm laser line. OriginPro 2016 software (v2016, Originlab, Northampton, MA, USA, 2016) was used for data analysis [31].







3.2. Electrochemical Characterization


The oxygen reduction reaction (ORR) activity of the materials was evaluated in a 0.1 M HClO4 solution (made from 67–72% HClO4, Sigma-Aldrich, St. Louis, MO, USA) using the rotating disc electrode (RDE) method. Voltammograms were recorded in a three-electrode system consisting of a catalyst-covered working electrode, a reference electrode (saturated calomel electrode), and a glassy carbon rod as the counter electrode. All measured potentials were converted to values versus the reversible hydrogen electrode (RHE). Electrochemical impedance spectroscopy data have been used to correct the measured current values against the ohmic potential drop.



The catalyst ink was prepared by first mixing the carbon material with isopropyl alcohol (99.0%, Sigma-Aldrich, St. Louis, MO, USA) and Milli-Q® water. Nafion® (~5% solution, Sigma-Aldrich, Aldrich Chemistry, St. Louis, MO, USA) was then added to the suspension. The mixture was sonicated in a cooled ultrasonic bath for 1 h. The polished glassy carbon electrodes were coated with the catalyst ink (9 µL), and the final catalyst loading was 1.0 ± 0.1 mg cm–2 for all studied materials.




3.3. PEMFC Measurements


Membrane-electrode-assemblies (MEAs, S = 5 cm2) were prepared by hot-pressing (135 °C, pressure, 2 min) together a Nafion® HP (FuelCellStore, College Station, TX, USA) membrane and two Sigracet 25 BC (FuelCellStore, College Station, TX, USA) gas diffusion media, which were previously coated with catalyst layers. Beforehand, catalyst inks were prepared from certain Co-N/PDC materials described in the previous section but with an ionomer to catalyst ratio of 1.75:1. Next, the inks were deposited in 200 µL aliquots onto the gas diffusion media and left to dry in ambient conditions resulting in a final cathode loading of 4.0 ± 0.1 mg cm−2. The catalyst coated (1.0 ± 0.1 mg cm−2, 60 wt% Pt/Vulcan, FuelCellStore, College Station, TX, USA) gas diffusion media used as the anodes were prepared using an ultrasonic spray coating method [32]. The PEMFC measurements were conducted by directing fully humidified O2 and H2 into a cell heated up to 80 °C at a flow rate of 200 mL min−1 and applying backpressure of 100 kPa. The polarization curves were measured galvanostatically with a current step of 0.04 A cm−2 and by allocating 1 min of collection time for each data point.





4. Results and Discussion


4.1. Physical Characterization of Materials


HR-SEM images for all materials under study are shown in Figure 2, which indicate that depending on the carbonization method used to prepare the PDCs, the received carbon materials have noticeably different morphologies. The synthesized PDCs consist of large carbon grains of various sizes (images in the top row of Figure 2).



The peat-derived carbons are very inhomogeneous due to the original structure of the peat moss [9]. A particularly large difference is evident when comparing the structure of materials activated with ZnCl2 and KOH. Activating peat with KOH leads to a sponge-like structure because KOH reacts directly with the carbon while ZnCl2 acts as a templating agent [33,34,35,36]. A similar phenomenon was observed in the synthesis of carbons using glucose-derived carbon [25]. It is interesting to mention that contrary to PDC, the surface structure of cobalt and nitrogen co-doped materials are morphologically quite similar (images in the bottom row of Figure 2). It seems that the further synthesis process via ball-milling and pyrolysis leads to a more homogenized morphology. Furthermore, the average grain size is comparable for different materials. SEM-EDX demonstrates that C-1 consists mainly of C, Ca (almost 20 wt%), O, and less than 1 wt% other elements, which probably originate from various minerals and compounds naturally occurring in peat moss [37,38]. In order to reduce the amount of impurities, the carbonization procedure was altered to include a chemical activation step for the other PDC materials. As a result, the PDCs contain significantly fewer residual elements (Table 1). After the Co-N/PDC catalyst synthesis procedure, the content of residual elements was unchanged. Moreover, the modification process increased the amount of nitrogen in the samples. Additionally, all Co-N/PDC catalysts contain cobalt ranging from 3.0 to 5.9 wt%, which indicates that co-doping the PDC materials with Co and N was successful.



Powder XRD method (Figure 3) was used to determine the crystalline phases in the Co-N/PDC catalysts. Based on the analysis, metallic cobalt and cobalt oxide species have been identified in XRD patterns for all studied Co-N/PDC catalysts. Co-N/C-1 showed a peak at 45.0°, which interestingly corresponds to a FeCo alloy (wairauite). Since the undoped carbon (C-1) contained a small amount of iron (determined by SEM-EDX (Table 1), this alloy was consequently formed during the synthesis of Co-N/C-1. This catalyst also contains a significant amount of calcium, which according to XRD data exists mainly as the mineral portlandite (Ca(OH)2) but a smaller amount in the form of oldhamite ([Ca, Mg]S) [24]. The diffractogram corresponding to Co-N/C-3(pyr) includes ZrO2, which originates from the ZrO2 balls and crucible used in the catalyst synthesis process. However, for Co-N/C-1 and Co-N/C-2(ZnCl2) no visible diffraction peaks characteristic of ZrO2 have been assigned.



For comparison, the detailed structures of three Co-N/PDC catalysts are illustrated in HR-TEM images (images in the top row of Figure 4). Most of the cobalt particles are encapsulated in graphitic carbon layers. HR-TEM images indicate that Co-N/C-3(pyr) material shows a much higher number of graphitic carbon layers (from 12 up to 30) compared to Co-N/C-1 (~7) and Co-N/C-2(ZnCl2) (~5) materials. The interplanar distance of the Co particles calculated from the HR-TEM images is around 2.5 Å for both Co-N/C-1 and Co-N/C-2(ZnCl2) materials indicating that the particles are mainly composed of CoO, which confirms the XRD results. For the Co-N/C-3(pyr) sample, we cannot resolve any lattice planes in the particles due to the thickness of the encapsulating carbon layer. Unfortunately, nothing can be deduced from the SAED data.



Additionally, approximately 100 cobalt nanoparticles were measured to evaluate the average cobalt particle size of the catalysts (diagrams in the bottom row of Figure 4). Although the synthesis of these Co-N/PDC catalysts was performed under the same conditions, the particle size distribution appears to depend on the carbon support material used. The average cobalt particle size was smallest in Co-N/C-1 material (19.6 nm), while in Co-N/C-3(pyr) and Co-N/C-2(ZnCl2) materials the average particle size was 36.4 nm and 42.3 nm, respectively.



XPS was used to study the surface chemistry and the elemental composition of the three most active ORR catalysts (discussed below). Data are summarized in Table 2. From the wide-scan spectra (Figure 5a), it is possible to distinguish peaks for C1s, O1s, N1s, and in the case of Co-N/C-1 material, even Ca2p at ~347 eV. Detection of Co peak failed mainly because the metal particles were highly encapsulated and covered by thick carbon layers (shown in TEM images in Figure 4) [39,40]. All catalysts contained a notable amount of nitrogen (from 1.5 to 2.4 at%). The highest total nitrogen content was found for Co-N/C-2(ZnCl2), which also displayed the highest ORR activity in the acidic solution.



The N1s region was divided into five nitrogen species, which correspond to pyridinic, Co–Nx, pyrrolic, graphitic, N–O bonds [41,42,43]. A majority of the nitrogen was distributed among the pyridinic, Co–Nx, and pyrrolic species (Figure 5b,d). However, in the C1s spectra (Figure 5c,e), the peak was deconvoluted into seven different carbon forms dominated by sp2 carbon. It is interesting to mention that the proportion of carbon-oxygen functionalities (such as C–O–C, C–OH, O–C=O, C=O) increases in the same order as the ORR activity of the catalysts under study, i.e., Co-N/C-1 ˂ Co-N/C-3(pyr) ˂ Co-N/C-2(ZnCl2). Serov et al. [44] have shown that in an acidic solution, the ORR activity correlates with the number of active sites (i.e., N content and pyridinic N) and concentration of defects (i.e., carbon oxides), indicating that a bifunctional mechanism of ORR occurs in acidic media. The data obtained in our work supports this observation, and it can be argued that a higher nitrogen content (pyridinic N) and the number of defects lead to higher ORR activity in acidic solution.



The N2 sorption method was used to investigate the porosity characteristics of both the undoped PDC materials and Co and N co-doped PDC catalysts. As shown in Table 3, the synthesized PDC materials have very different specific surface area values (SBET) in the range from 90 to 1270 m2 g–1.



Doping these carbon support materials with cobalt and nitrogen centers influences their porosity characteristics noticeably, and after the modification the SBET values are in the range from 246 to 520 m2 g−1. Based on our previous data [23,24], co-doping highly porous carbon materials with Co and N via ball-milling decreases the specific surface area significantly. This is probably due to the fact that the pores of the carbon support material are filled to some extent with the complex compound of cobalt and 2,2′-bipyridine during the ball-milling, which is evident when comparing the pore size distributions calculated for C-2(ZnCl2) and Co-N/C-2(ZnCl2) (Figure 6). In contrast, when doping a low specific surface area carbon (C-3(pyr)) in the same way, the specific surface area and the total pore volume increase drastically. This is caused by the ball-milling and subsequent pyrolysis step, which modify the carbon structure. However, it can be seen that doping C-1 with Co and N does not affect the SBET value or the pore size distribution [24]. Therefore, we can conclude that the SBET values for the synthesized Co-N/PDC catalysts differ less (2-fold) compared with the data for undoped carbon materials (14 times).



Raman spectra for PDCs show two characteristics peaks: D peak (at Raman shift 1334 cm−1) and G peak (1594 nm−1) (Figure 7a) [45,46]. The Raman profile is influenced by the neighboring atoms of the vibrating molecule or atoms. Any variation in the nearby structure will affect the width of the Raman mode. When disorder decreases, the bands become narrower, and the relative intensities of the bands change. In the graphitization pathway, when starting with amorphous carbon, the intensity of the D band first increases (Stages I-III of graphitization) and then decreases when the structure of the carbon approaches that of graphitic carbon (Stage IV of graphitization) [47]. Considering the intensity ratio ID/IG and the width of the D band, the sequence of the peat-derived carbons by their graphitization degree decreases in the following order C-1 >> C-2(KOH) > C-2(ZnCl2)~C-3(pyr) >> C-3 (Table 4). This sequence correlates closely with the pyrolysis temperature used in the carbonization procedure, i.e., a higher treatment temperature results in a carbon material with a higher degree of graphitization. The exception was observed for C-3(pyr), which was produced by applying two independent pyrolysis steps. In this case, the initial pyrolysis conducted at 450 °C resulted in the formation of local graphitic domains [10]. The second pyrolysis step (at 1000 °C) only reorganizes the already existing graphitic domains, resulting in a lower graphitization degree compared to the C-1 carbon.



Additionally, Raman spectra for the three most active ORR catalysts were collected (Figure 7b). Doping the PDC with cobalt and nitrogen makes the D and G peaks narrower (Table 4), suggesting that the Co-N/PDC catalysts have become more ordered. The ratio of the D and G band intensities increases after doping the carbon with Co and N, which also indicates that the level of disorder somewhat decreases during the catalyst synthesis process. According to the width of the D band, the graphitization of the Co-N/PDC catalysts decreases in the following order: Co-N/C-1 >> Co-N/C-3(pyr) >> Co-N/C-2(ZnCl2).




4.2. ORR Analysis by RDE


In order to evaluate the ORR activity of the materials, RDE curves were obtained in 0.1 M HClO4 solution at 2000 rpm (Figure 8). As expected, since the undoped PDC materials have different surface morphologies and physical properties, they also display significantly different ORR activity. The obtained onset potential (Eonset) values increase in the following order: C-3 ˂ C-3(pyr) ˂ C-2(KOH) ˂ C-1 ˂ C-2(ZnCl2). The difference in onset potentials is about 740 mV, indicating that the method used to synthesize the carbon support is exceedingly important. Additionally, for most PDC materials, a plateau of diffusion-limited currents has not formed, and therefore the calculation of the half-wave potential (E1/2) values and number of electrons transferred (n) is not reliable. The highest ORR activity (Eonset value of 0.73 V vs RHE) was achieved for C-2(ZnCl2), where the peat was activated with ZnCl2 and pyrolyzed at 700 °C.



As expected, the Co and N co-doped PDC catalysts display much higher ORR activity than the undoped PDC materials (Figure 8) and the Eonset values increase in the following order: Co-N/C-3 ˂ Co-N/C-2(KOH) ˂ Co-N/C-1 ˂ Co-N/C-3(pyr) ˂ Co-N/C-2(ZnCl2). The two highest Eonset values of 0.80 V and 0.77 V vs RHE were measured for Co-N/C-2(ZnCl2) and Co-N/C-3(pyr), respectively. In general, it appears that the more active the carbon support material used in the synthesis, the more active ORR catalyst can be synthesized from it. It is worth noting that the Eonset values of the Co-N/PDC catalysts differ only by 75 mV, when the difference in Eonset values of the PDC materials was almost ten times greater, which may be because the specific surface area of the PDCs differed significantly more than that of the synthesized Co-N/PDCs. Additionally, based on HR-SEM images (Figure 2), the surface morphologies of the Co-N/PDC catalysts are similar, but the surface morphologies of the PDCs are very different. Moreover, ORR activity is highly influenced by the proportion of carbon-oxygen functionalities as well as by the total nitrogen content supported by the XPS analysis results (Figure 5 and Table 2). Comparing the Eon values of the Co-N/PDCs to the Eon value of a commercial 20% Pt/Vulcan XC-72® (Fuel Cell Earth, Woburn, MA, USA, noted as Pt/C in Figure 8) catalyst reveals that improvements can still be made to reach higher ORR activities.




4.3. PEMFC Analysis


Single cell experiments were conducted to investigate the electrochemical activity of the two more promising Co-N/PDC catalysts, demonstrated by RDE analysis. The polarization and power density curves for the assembled PEMFC single cells are presented in Figure 9. From the calculated power density curves, we can see that the maximum power density is almost two-fold higher for a single cell with an MEA prepared from Co-N/C-2(ZnCl2) as the cathode (210 mW cm−2) compared to a Co-N/C-3(pyr) cathode (122 mW cm−2). The single cell based on Co-N/C-2(ZnCl2) displayed better performance than Co-N/C-3(pyr) due to the presence of a higher amount of surface oxides and nitrogen as it was obtained from XPS data (Figure 5), which increase the electrochemical activity of an NPGM-type catalyst according to the literature [48]. In addition, the difference in performance correlates well to the almost two-fold difference in the specific surface area values of the studied materials, 520 m2 g−1 and 273 m2 g−1 for Co-N/C-2(ZnCl2) and Co-N/C-3(pyr), respectively. There are examples in the literature that catalysts with higher porosity have better activity in PEMFC tests [49,50].



It should be noted that to our knowledge, this is the first attempt at utilizing PDC-based catalyst materials as cathodes in a PEMFC and thus the MEA fabrication procedure was not optimized yet for such type of catalysts. Even in the case of platinum-based cathodes, widely different results have been obtained by various groups utilizing different MEA fabrication procedures [51,52]. For example, as we know from the literature, ionomer content optimization can drastically change the performance of MEAs containing NPGM catalysts [48,53,54,55]. The preparation of the catalyst layer and MEA is critically important when better performance is desired. The catalyst layer is applied either directly to the membrane or to the gas diffusion layers, which are then hot pressed together with the membrane [56,57,58]. In both cases, there is a multitude of parameters that severely influence the final performance of an MEA and thus require rigorous optimization. Overall, our experiments indicate that synthesizing promising NPGM catalysts is possible by co-doping PDCs with Co and N. These results can be improved by modifying the morphology and porosity of Co-N/PDC materials via altering the used synthesis procedure.





5. Conclusions


This study compared the physical properties and catalytic activity of five peat-derived carbons and Co-N/PDC catalysts synthesized from PDCs. According to the physical characterization methods data (N2 sorption, XPS, HR-SEM, etc.), we can conclude that depending on the carbonization method used, carbons with very different surface morphologies, elemental compositions, porosities, and graphitization levels were obtained. In addition, the electrochemical ORR activity in acidic solution determined by the RDE method very strongly depends on the physical characteristics of the carbon and is very different for the studied carbon materials. The difference in onset potentials is about 740 mV, indicating that the method used for peat carbonization is critical. Co-doping the peat-derived carbons with both cobalt and nitrogen shows significantly better ORR performance compared to the undoped carbons. The Co-N/PDC catalyst synthesized from ZnCl2-activated and pyrolyzed peat showed the highest ORR activity in both RDE experiments (Eonset = 0.80 V vs. RHE) and polymer electrolyte membrane fuel cell tests (maximum power density value of 210 mW cm−2). The catalyst with the best ORR performance has the highest nitrogen content and the highest number of surface oxides species as confirmed by XPS.



In summary, the results of this study confirm that peat is a very good material for synthesizing carbon supports and the received carbons are promising candidates for the further synthesis of NPGM type catalysts. This result is significant because well-decomposed peat is currently an unused resource in Estonia, and when it is left exposed in the peat strip mines, it begins to emit methane, carbon dioxide, and other gases. It cannot be used in agriculture or for heating. Our work presents an opportunity to utilize peat, of which approximately 1 million tons remain unused every year in Estonia, as a precursor for the preparation of advanced functional materials.
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Figure 1. Synthesis steps and abbreviations of prepared carbons. 
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Figure 2. Surface images measured using HR-SEM for various samples (noted in Figure). 
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Figure 3. XRD patterns for selected Co-N/PDC catalysts. 
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Figure 4. HR-TEM images and particle size distribution for three catalyst materials (noted in Figure). 
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Figure 5. Wide-scan XPS spectra (a), detailed N1s (b), and C1s (c) spectra for selected Co-N/PDC catalysts (noted in Figure). Relative content of different nitrogen (d) and carbon (e) species obtained from detailed XPS spectra. 
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Figure 6. Calculated pore size distribution data for selected undoped and co-doped materials (noted in Figure). 
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Figure 7. Raman spectra for PDC (a) and selected Co-N/PDC (b) materials (noted in Figure). 
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Figure 8. ORR curves (background and iR-corrected) for the studied materials (noted in Figure) in 0.1 M HClO4 solution at 2000 rpm and 10 mV s−1. 






Figure 8. ORR curves (background and iR-corrected) for the studied materials (noted in Figure) in 0.1 M HClO4 solution at 2000 rpm and 10 mV s−1.



[image: Catalysts 11 00715 g008]







[image: Catalysts 11 00715 g009 550] 





Figure 9. The polarization and power density curves for the assembled single cells with different Co-N/PDC catalysts (noted in Figure). Measurement conditions were as follows: cathode catalyst loading 4.0 ± 0.1 mg cm−2, anode catalyst loading 1.0 ± 0.1 mg cm−2, cell temperature 80 °C, gas inlet temperature 82 °C, O2 and H2 flow rate 200 mL min−1, backpressure of gases 100 kPa. 
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Table 1. Elemental composition (wt%) of studied materials measured by SEM-EDX.
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	Material
	C
	O
	N
	Ca
	Co
	Other Elements (<1 wt%)





	C-1
	68.33
	8.87
	-
	18.27
	-
	Si, S, Fe, Mg, Al, Cl, P, Na



	C-2(KOH)
	83.41
	9.80
	5.68
	-
	-
	Si, S, Cl, Al



	C-2(ZnCl2)
	84.56
	11.10
	2.49
	-
	-
	Si, S, Al



	C-3
	76.78
	17.04
	5.49
	-
	-
	Si, S



	C-3(pyr)
	96.44
	2.77
	-
	0.31
	-
	Si, S



	Co-N/C-1
	67.98
	14.77
	2.80
	8.36
	3.07
	Si, S, Mg, Al, Cl



	Co-N/C-2(KOH)
	83.92
	6.19
	5.75
	-
	2.97
	Si, Cl



	Co-N/C-2(ZnCl2)
	74.00
	13.84
	3.36
	-
	5.93
	Al, Cl, S



	Co-N/C-3
	78.25
	11.28
	5.54
	-
	4.61
	Si, Al



	Co-N/C-3(pyr)
	80.93
	9.71
	4.11
	-
	3.59
	Si, Al, Cl
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Table 2. Elemental composition (at%) of selected materials obtained by XPS.
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	Material
	C (at%)
	O (at%)
	N (at%)
	Ca (at%)





	Co-N/C-1
	70.94
	20.89
	1.51
	6.66



	Co-N/C-2(ZnCl2)
	82.98
	14.64
	2.36
	-



	Co-N/C-3(pyr)
	70.60
	27.29
	2.11
	-
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Table 3. Specific surface area values and porosity characteristics of selected materials.
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	Material
	SBET

(m2 g−1)
	SDFT

(m2 g−1)
	Vtot

(cm3 g−1)
	VDFT

(cm3 g−1)
	Sµ

(m2 g−1)
	Vµ

(cm3 g−1)





	C-1
	270
	304
	0.16
	0.15
	130
	0.06



	C-2(ZnCl2)
	1270
	1110
	1.14
	1.11
	200
	0.08



	C-3(pyr)
	90
	89
	0.03
	0.05
	80
	0.02



	Co-N/C-1
	246
	241
	0.24
	0.18
	48
	0.02



	Co-N/C-2(ZnCl2)
	520
	550
	0.31
	0.30
	250
	0.11



	Co-N/C-3(pyr)
	273
	301
	0.18
	0.17
	135
	0.06
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Table 4. Raman spectroscopy analysis results.
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	ID/IG
	G Peak Width (FWHM, cm−1)
	D Peak Width (FWHM, cm−1)





	C-1
	0.99
	71.3
	105.3



	C-2(KOH)
	0.81
	77.2
	180.2



	C-2(ZnCl2)
	0.86
	74.5
	187.1



	C-3
	0.61
	86.1
	239.0



	C-3(pyr)
	0.9
	74.5
	207.5



	Co-N/C-1
	1.29
	66.0
	73.4



	Co-N/C-2 (ZnCl2)
	0.90
	64.8
	191.8



	Co-N/C-3(pyr)
	0.94
	72.8
	157.5
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