

  applnano-02-00022




applnano-02-00022







Appl. Nano 2021, 2(4), 303-318; doi:10.3390/applnano2040022




Article



Platinum Deposited Nitrogen-Doped Vertically Aligned Carbon Nanofibers as Methanol Tolerant Catalyst for Oxygen Reduction Reaction with Improved Durability †



Ayyappan Elangovan 1[image: Orcid], Jiayi Xu 2[image: Orcid], Archana Sekar 1, Sabari Rajendran 1, Bin Liu 2[image: Orcid] and Jun Li 1,*[image: Orcid]





1



Department of Chemistry, Kansas State University, Manhattan, KS 66506, USA






2



Tim Taylor Department of Chemical Engineering, Kansas State University, Manhattan, KS 66506, USA









*



Correspondence: junli@ksu.edu






†



This work is part of the Ph.D. thesis: Elangovan, A. Novel three-dimensional nanostructured carbon materials as electrocatalyst support in low-temperature fuel cells. KANSAS STATE UNIVERSITY, Manhattan, Kansas, U.S.A, 2020.









Academic Editor: Angelo Maria Taglietti



Received: 10 August 2021 / Accepted: 11 October 2021 / Published: 17 October 2021



Abstract

:

Nitrogen doping in carbon materials can modify the employed carbon material’s electronic and structural properties, which helps in creating a stronger metal-support interaction. In this study, the role of nitrogen doping in improving the durability of Pt catalysts supported on a three-dimensional vertically aligned carbon nanofiber (VACNF) array towards oxygen reduction reaction (ORR) was explored. The nitrogen moieties present in the N-VACNF enhanced the metal-support interaction and contributed to a reduction in the Pt particle size from 3.1 nm to 2.3 nm. The Pt/N-VACNF catalyst showed better durability when compared to Pt/VACNF and Pt/C catalysts with similar Pt loading. DFT calculations validated the increase in the durability of the Pt NPs with an increase in pyridinic N and corroborated the molecular ORR pathway for Pt/N-VACNF. Moreover, the Pt/N-VACNF catalyst was found to have excellent tolerance towards methanol crossover.
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1. Introduction


Platinum (Pt) nanoparticles (NPs) supported on amorphous carbon (Pt/C) are currently considered to be an effective catalyst for oxygen reduction reaction (ORR) with sluggish reaction kinetics. Besides the high cost and limited availability, Pt-based catalysts suffer from long-term durability issues, which creates a technical barrier for the commercialization of fuel cells [1]. The performance of Pt/C deteriorates in long-term operations due to the agglomeration or dissolution of Pt NPs [2]. Another factor that affects long-term performance is the oxidation of the underlying carbon support, i.e., carbon corrosion [3]. Fuel cells, during startup/shutdown, can experience an increase in the overall cell voltage (to 1.2–1.5 V) to counter-effect the hydrogen starvation, which can increase the potential of the cathode reaction [4,5]. At very high cathode potentials, the carbon starts to degrade and the corrosion rate increases drastically with the potential [6]. In addition, Pt on the surface can further catalyze the oxidation of carbon and thereby increasing the agglomeration or dissolution of Pt NPs [7]. To address these issues, various reports have recommended reducing the Pt loading or replacing it completely with non-noble metal catalysts. However, when the Pt loading is reduced, it is very challenging to maintain the catalytic activity and durability.



Different approaches, such as introducing strain and electronic effects by alloying with other noble/transition metals [7,8,9], designing various forms of Pt catalysts [10,11,12,13,14], developing new methods for catalyst synthesis [15], using other support materials such as TiO2 [16,17], IrO2 [18,19], SnO2 [20], SiC [21,22], W2C [23], etc., and incorporating heteroatom-doping in carbon materials [24,25,26], have been explored to solve the durability issue associated with Pt catalysts. However, among these methods, nitrogen-doped (N-doped) carbon nanomaterials, such as carbon nanotubes [27], carbon nanofibers [28,29], carbon nanocages [30], graphene [31], graphene paper [32], reduced graphene oxide [33], porous carbon [34], and ordered mesoporous carbon [35], as the catalyst support, have been considered to be a better choice for improving the catalysts’ durability. The nitrogen species in carbon materials have been found to alter the electronic and structural properties of the employed carbon material and create a stronger metal-support interaction, thereby enhancing the catalytic activity and improving the durability with reduced Pt loading [36,37,38]. Nitrogen doping can be achieved using in-situ or ex-situ methods, resulting in nitrogen doping with different N-functionalities [24]. Previous reports have suggested that among different N-functionalities, pyridinic N increases the available ORR active sites and contributes to improved ORR activity and catalyst stability [32,33,39]. In particular, Guo et al. [39] proposed, based on their study using well-defined model catalysts, that essentially all ORR catalytic activity by N-doping is generated by pyridinic N at the graphitic edges, i.e., the microgrooves cut in the highly oriented pyrolytic graphite (HOPG). Here we explore more practical catalyst supports, i.e., vertically aligned carbon nanofibers (VACNFs) with a unique conically stacked graphitic microstructure [37,38], which present similar well-defined graphitic edges at the sidewall surface that can be treated with NH3 plasma to create controlled pyridinic N-doping. To our knowledge, there has been no report on controlled N-doping on the VACNF sidewall for ORR catalysis. Furthermore, N-doped VACNFs were evaluated as a support structure for Pt catalysts to improve the durability and tolerance to methanol crossover.



In this work, we explored an N-doped three-dimensional VACNF array as the catalyst support for ORR. The graphitic VACNF array was first in-situ doped with N atoms during the growth process using a DC-biased plasma-enhanced chemical vapor deposition (PECVD) system and was then followed by further post-growth surface doping with combined thermal annealing (TA) and plasma annealing (PA). We have previously conducted a series of studies to illustrate the role of VACNFs as the catalyst support for ORR in alkaline conditions [37]. The resulting Pt/VACNF catalysts exhibited considerable durability and higher tolerance to methanol crossover when compared to commercial Pt/C catalysts. Herein, we further explored the role of additional nitrogen introduced into the VACNF structures and its influence on catalyst activity, durability, and methanol tolerance in alkaline conditions. Initially, the VACNF arrays were prepared using PECVD with an average diameter between 50 and 250 nm and an average length of ~5 µm. Nitrogen was introduced into the VACNF arrays using ammonia (NH3) plasma annealing at 550 °C for different time intervals. After plasma annealing, the surface morphology of the resulting N-VACNF was modified. The HRTEM imaging and EDX mapping verified that the plasma annealing created NiO NPs as the secondary nanostructures on the catalyst surface. The change in the nature of the carbon surface was characterized using Raman analysis. The at% of nitrogen increased with plasma annealing time and the increase in nitrogen content altered the electronic structure of the VACNF support. Evidently, when the N-VACNF was sputtered with Pt, the nitrogen atoms present in the support caused a decrease in the Pt particle size, modifying the Pt binding energy, and improving the interaction between Pt NPs and the VACNF support. In addition, nitrogen doping lead to a partial electron transfer between the carbon support and the Pt NPs, as verified by XPS analysis. As a result, the created Pt/N-VACNF had better durability compared to the counterpart Pt/C catalyst with similar loading, even with smaller particle size. Density functional theory (DFT) calculations validated the increase in the stability of Pt NPs with an increase in pyridinic N and confirmed the molecular ORR pathway for Pt/N-VACNF. Moreover, the resulting Pt/N-VACNF catalyst was also found to have a better tolerance towards methanol crossover and was highly selective towards ORR in the solution containing both methanol and O2.




2. Materials and Methods


2.1. Materials


Graphite papers (0.2 mm thick) were purchased from Toyo Tanso USA, Inc. (Troutdale, OR, USA). The Pt target was purchased from Kurt J. Lesker Company (Jefferson Hills, PA, USA). The commercial Pt/C catalyst (20 wt.% Pt on HiSPEC® 3000) was purchased from Alfa Aesar (Tewksbury, MA, USA). The 5 wt.% Nafion® solution was purchased from Sigma-Aldrich (St. Louis, MO, USA). Potassium hydroxide (KOH) of ACS grade was purchased from Fisher Scientific (Hampton, NH, USA). All aqueous solutions were prepared using ultrapure water (18.2 MΩ·cm at 25 °C) from a Millipore water system (EASYPURE II) purchased from Thermo Scientific (Waltham, MA, USA).




2.2. Growth of VACNF


Graphite paper of 1 × 1 inch was sputter-coated with a 22 nm (nominal thickness) nickel thin film at a constant deposition rate of 0.7 Å/s using a high-resolution ion beam coater (Model 681, Gatan Inc., Pleasanton, CA, USA). VACNFs were grown on the graphite paper using DC-biased PECVD (Black Magic, AIXTRON, Santa Clara, CA, USA) by following the previously reported procedure [37,40,41]. The graphite paper substrate with Ni coating was heated to 500 °C in 250 sccm NH3 at a pressure of 3.9 Torr for 150 s and this was then followed by a 40 W DC plasma treatment for 60 s. The combined effects of the thermal dewetting and NH3 plasma etching helped to break down the 22 nm Ni film into randomly distributed Ni NPs that catalyzed the growth of VACNFs in a tip growth mode. These Ni NPs determine the individual fiber diameter and areal density of the VACNF array. After pretreatment, the surface temperature was increased to 750 °C and a mixture of NH3 (250 sccm) and acetylene (63 sccm) was introduced as the precursors at a pressure of 4.6 Torr. The plasma power was kept at 45 W for 30 min to obtain VACNFs with an average length of 5 µm. The N-VACNFs were prepared by exposing the pristine VACNFs in NH3 (400 sccm) plasma for 5 min, 15 min, and 30 min at temperatures between 550–650 °C without interrupting the vacuum.




2.3. Preparation of Pt/N-VACNF


Among different N-VACNF samples, the 5 min plasma annealed sample at 550 °C (N-VACNF PA 5 min) was used as the support for the Pt catalyst. Pt was deposited on the N-VACNFs from a Pt target of 99.99% purity using the high-resolution ion beam coater (Model 681, Gatan Inc., Pleasanton, CA, USA) under a pressure of 1.5 × 10−4 Torr. The sample stage was inclined at an angle of 5° and rotated at a constant speed of 15 rpm to ensure uniform deposition of Pt along the fibers. The deposition was maintained at a steady rate of 0.5 Å/s and was precisely controlled to a nominal thickness of 20 nm using an in-situ quartz crystal microbalance with less than 5% error to achieve the desired Pt mass loading. The Pt/N-VACNF with a nominal thickness of 20 nm had a Pt loading of 43.0 µg/cm2 (denoted as 43.0 Pt/N-VACNF) and an overall Pt wt.% of 19.8%.




2.4. Materials Characterization


The surface topography of the N-VACNF catalysts was obtained using a DS 130F field-emission scanning electron microscope (FESEM) (Topcon, Tokyo, Japan). The microstructure of the N-VACNF and Pt/N-VACNF was analyzed using a CM 100 transmission electron microscope (TEM) (FEI, Hillsboro, OR, USA), operated at 100 kV, and a Tecnai F20 XT high-resolution transmission electron microscope (HRTEM) (FEI, Hillsboro, OR, USA), operated at 200 kV. Elemental mapping and analysis were obtained using energy-dispersive X-ray spectroscopy (EDS) in the Tecnai Osiris scanning/transmission electron microscope (S/TEM) (FEI, Hillsboro, OR, USA), operated at 200 kV, and a Tecnai F20 XT field-emission scanning/transmission electron microscope (S/TEM) (FEI, Hillsboro, OR, USA), operated at 200 kV. Raman spectra were obtained using a DXR Raman microscope (Thermo Scientific, Waltham, MA, USA) at an excitation laser wavelength of 532 nm. Surface composition and chemical environments of the catalysts were obtained using a K-Alpha X-ray photoelectron spectrometer system (Thermo Scientific, Waltham, MA, USA) with a monochromated Al Kα source (1486.7 eV). All the XPS spectra were obtained using a 400 µm spot size. Survey spectra were recorded using a pass energy of 200.0 eV, a step size of 1.00 eV, and a dwell time of 10 ms. The high-resolution spectra were recorded using a pass energy of 50.0 eV, a step size of 0.10 eV, and a dwell time of 50 ms. The high-resolution XPS spectra were deconvoluted using OriginPro (OriginLab Corporation, Northampton, MA, USA) and the peak fitting was done using Gaussian-Lorentzian curves and a Shirley background subtraction.




2.5. Electrochemical Characterization


The electrochemical properties and the catalytic activity towards the ORR were evaluated in a three-electrode setup using a CHI 760D electrochemical workstation (CH Instruments, Austin, TX, USA) and a rotating ring disk electrode controller (RRDE-3A, ALS Co., Ltd., Tokyo, Japan). The commercial Pt/C catalyst was studied under the same conditions to make a fair comparison. A coiled Pt wire (0.55 mm in diameter and 23 cm long) and a mercury-mercuric oxide (Hg/HgO) electrode (0.198 V vs. RHE) with 1.0 M NaOH filling solution was used as the counter and reference electrode, respectively. The working electrodes were prepared by punching out a 6.0 mm diameter disk from the as-grown N-VACNF and Pt/N-VACNF catalysts, pasting it on the RDE using a conductive silver paste, and drying at 70 °C for 2 h. For Pt/C, the working electrode was prepared by drop-casting 5.0 µL of the catalyst ink on a glassy-carbon RDE (3.15 mm diameter) and drying at ambient temperature to get a uniform thin film. The catalyst ink was prepared by dispersing 10.0 mg of the catalyst in a 2.5 mL mixture of water, isopropanol, and 5 wt.% Nafion followed by sonication for 1 h. The Pt loading for Pt/C was estimated to be 51.2 µg/cm2 and denoted as 51.2 Pt/C. The electrolyte for most of the studies was 0.10 M KOH solution saturated with Ar or O2.



Cyclic voltammetry (CV) was conducted between 0.30 V and −0.90 V (vs. Hg/HgO) at a scan rate of 50 mV/s. The RDE polarization curves were obtained using the linear sweep voltammetry (LSV) technique in a potential range of 0.20 V to −0.70 V (vs. Hg/HgO) at different rotation speeds, from 500 to 3000 rpm, and at a scan rate of 10 mV/s. All the potentials in this work were converted to a reversible hydrogen electrode (RHE), E(RHE) = E(Hg/HgO) + 0.198 V + 0.059 × pH. The limiting current density (Jlim) and the half-wave potential (E1/2) were obtained as described in our previous report [37]. The durability of both Pt/N-VACNF and Pt/C was evaluated by performing an accelerated stress test (AST) between 0.293 V and −0.307 V (vs. Hg/HgO), i.e., between 1.20 V and 0.60 V versus RHE, for 5000 cycles with a scan rate of 100 mV/s in O2-saturated 0.10 M KOH solution. CV curves and LSV curves at a rotation speed of 1600 rpm were collected after every 1000 AST cycles to understand the catalyst degradation. The methanol tolerance ability was evaluated by performing amperometric measurements and record j-t curves at −0.1 V (vs. Hg/HgO), while adding 3.0 M methanol into 0.10 M KOH in 20 steps at 0.2 mL/step followed by 8 steps at 2.0 mL/step.




2.6. Density Functional Simulation


Spin-polarized density functional theory (DFT) simulations were carried out using the Vienna Ab initio Simulation Package (VASP) [42]. The Generalized Gradient Approximation (GGA) Perdew–Burke–Ernzerhof (PBE) functional was used to account for the Kohn–Sham electron exchange correlation interactions [43]. The projector augmented wave (PAW) [44] method was used to represent the ionic cores. The cut-off energy for the plane-wave basis set expansion was 400 eV for all calculations. The break condition for the self-consistent iteration was set to be 1 × 10−6 eV. Ionic relaxation was stopped when the forces were smaller than 0.05 eV/Å. Monkhosrst–Pack [45] k-point of 1 × 4 × 1 was used. Moreover, Grimme’s DFT-D3 [46] method was used to account for long-range dispersion forces.



The adsorption energies of reaction intermediates were calculated using    µ   H 2  O     and as reference states, as suggested by previous studies [47,48,49]. The reaction energies of each elementary step were calculated based on Equation (1), where   Δ E   represents the total energy change,   Δ Z P E   and   T Δ S   represent the zero-point energy and entropy changes, which were calculated using statistical mechanics.   Δ  G U    represents the energy contribution from the applied potential, −ne U  where n is the number of electrons transferred in each elementary step, and   U   is the applied potential. Therefore, the limiting potential (   U  l i m    ) can be calculated using Equation (2), which is defined as the highest applied potential that can keep the reaction exothermic [49,50].    U  l i m     was employed as one of the key metrics to evaluate the performance of ORR catalysts [37,48,50,51].


  Δ G = Δ E + Δ Z P E − T Δ S + Δ  G U   



(1)






   U  l i m   = −   m a x  [  Δ  G 3  , Δ  G 4  , Δ  G 5  , Δ  G 6  , Δ  G 7   ]    n e   .  



(2)









3. Results and Discussion


3.1. Structural Characterization


The morphology change in N-VACNF due to plasma annealing can be identified from the FESEM images in Figure S1. As the VACNFs were plasma annealed, the NH3 plasma started to etch the sidewalls of carbon fibers confirmed from the decrease in diameter. Apart from the diameter decrease, Figure S1c,d show secondary structures created on the surface of the VACNF resulting from the plasma annealing at different temperatures. The plasma annealing between 500–650 °C retained the original vertical alignment along with the unique brush-like structure. The 550 °C plasma-annealed sample (denoted as N-VACNF PA) was selected for the catalyst study with a view to minimizing disruption to the bulk VACNF structure caused by NH3 etching.



The TEM images in Figure 1 help to further identify the microstructures present in N-VACNFs and Pt/N-VACNFs. Figure 1a,b show a clear difference between the single carbon fiber before and after plasma annealing for 5 min. The Ni catalyst forms a teardrop shape at the tip and guides the conical stacking of graphitic layers. The diameter of the carbon nanofiber decreased by 20–30 nm, as shown in Figure 1b, resulting from the etching by NH3 plasma annealing, while the Ni NPs were much less affected, leading to a larger head at the tip (resembling a matchstick). In addition, the plasma annealed samples showed fiber-like secondary structures of 5–10 nm diameter and 10–15 nm long on the sidewall surface. Figure 1c shows the uniform dispersion of Pt NPs on the sidewall of N-VACNF PA 5 min after Pt sputtering and the higher magnification TEM image in Figure 1d further confirms the presence of Pt NPs. Figure S2 indicates that the Pt NPs had an average diameter of 2.26 ± 0.45 nm. The smaller particle size on Pt/N-VACNFs can be ascribed to the nitrogen incorporated on the VACNF surface, which increased the number of nucleation sites.



To identify the elements, present in the plasma annealed N-VACNF and the nature of the secondary structures, we used a high-angle annular dark-field scanning transmission electron microscope (HAADF-STEM) and EDS elemental mapping in the selected region. Figure 1e–j and Figure S3 confirm the presence of C, N, Ni, and O in the N-VACNFs annealed at 5 and 15 min. Based on the elemental mapping, carbon and nitrogen were present throughout the fiber. The secondary structures on the surface of VACNFs were found to be NiO from Figure 1h,i. We assume that this could be due to the re-deposition of the Ni head at the tip, or the unreacted Ni particles left on the graphite paper substrate surface that were etched away during plasma annealing. The TEM EDS spectrum in Figure S3a confirmed the presence of C, N, O, and Ni in the selected area (as shown by the orange rectangle) and the tabulated results in the inset reveals that carbon was the majority element with 96.26 at%. It was found that there was about 0.63 at% of Ni in the selected area, which further confirms that the secondary structures were Ni-based. The TEM EDS spectrum in Figure S4 of Pt/N-VACNF PA 5 min (43 μg/cm2) revealed the presence of C, O, Pt, with C being the majority element at 78.18%. The Cu signal came from the TEM grid. The wt.% of Pt in the selected area for EDX analysis was 18.54% which is close to the actual wt.% of Pt (19.8%) calculated earlier. Elemental mapping of Pt/N-VACNF PA 5 min revealed that the carbon and nitrogen were present throughout the fiber, Ni presented on the surface alongside oxygen, and Pt presented on the sidewalls, as shown in Figure S5.



Figure S6a–d displays the Raman spectra recorded for bare VACNF and VACNF samples plasma annealed at 550 °C for 5, 15, and 30 min. All four samples exhibited signature peaks at 1365 cm−1, 1580 cm−1, and 2695 cm−1 corresponding to the D-band, G-band, and 2D-band, respectively. The ID/IG ratio of bare VACNF, N-VACNF PA 5 min, N-VACNF PA 15 min, and N-VACNF PA 30 min was calculated to be 0.93, 0.92, 0.89, and 0.70, respectively. The decreased ID/IG ratio indicates that the sp3 carbon present in the VACNFs decreased, caused by the NH3 plasma etching of the sidewalls of carbon nanofibers. In addition to this, a sharp 2D-band from the 30 min plasma annealed sample revealed that the plasma annealing may have also produced some few-layer graphene flakes or few-walled CNTs onto the VACNF surface.




3.2. XPS Analysis


XPS measurements were taken to further evaluate the chemical features and composition of the prepared catalysts. The survey spectrum was recorded within the range 0–1400 eV, as shown in Figure S6e–h, for bare VACNF, N-VACNF PA 5 min, N-VACNF PA 15 min, and N-VACNF PA 30 min. The survey spectra revealed the presence of C, N, O, and Ni in all the catalysts, which further confirms the successful doping of nitrogen into the VACNFs. The at% of the different chemical components of all the catalysts are listed in Table S1. To obtain more information about the nitrogen functionalities and their content in the plasma annealed samples, the high-resolution N 1s spectra were deconvoluted, as shown in Figure 2a–d. The N 1s spectra were deconvoluted into four components: pyridinic N (398.80 ± 0.3 eV), pyrrolic N (400.1 ± 0.3 eV), graphitic N (401.20 ± 0.2 eV), and pyridinic N-oxide (oxidic N) (402.00–406.00 eV) [39,52]. The bare VACNF is mostly dominated by pyridinic N (ca. 32.9%) and graphitic N (ca. 34.0%) with a smaller amount of pyrrolic N (10.9%) and oxidic N (22.2%). As the VACNFs were plasma annealed, the at% of N increased in the sample and the relative% of N functionalities changed. For the N-VACNF PA 5 min, the at% of N increased from 7.4 to 8.5% along with the increase in % of pyridinic N. As shown in Figure 2b, it was deconvoluted into pyridinic N (ca. 45.2%), pyrrolic N (16.8), graphitic N (27.4%), and oxidic N (10.6%). When the plasma annealing time was further increased to 15 min, the at% of N content increased to 8.6% with an increase in the pyridinic N (ca. 53.1%), along with pyrrolic N (ca. 9.4%), graphitic N (ca. 16.4%), and oxidic N (12.1%). However, a further increase of plasma annealing time to 30 min decreased the total% N content to 7.4%, with a slight decrease in the pyridinic N (ca. 49.1%). The N-VACNF PA 30 min also contained pyrrolic N (26.1%), graphitic N (15.0%), and oxidic N (9.8%). Figure 3a displays the relative% of individual functionalities for each catalyst. Initially, the pyridinic N content increased with the plasma annealing time and dropped when the annealing time was extended beyond 15 min. The pyrrolic N content increased with the plasma annealing time, whereas the graphitic N and oxidic N content decreased. This decrease could be due to the etching of carbon fibers. Figure 3b displays the C/N ratio for different catalysts. This plot confirms that as the at% of N increased in the sample, there was a corresponding decrease in the relative ratio of C/N, confirming that more nitrogen was present. The high-resolution N 1s spectra and the C/N ratio plot validated the successful doping of N into VACNFs.



Figure S7 presents the O 1s spectra of bare VACNF, N-VACNF PA 5 min, N-VACNF PA 15 min, and N-VACNF PA 30 min. As the plasma annealing time increased, O at% increase in the sample. The O 1s spectra of bare VACNF can be deconvoluted into four different peaks with binding energies (BE) of 531.28, 532.26, 533.64, and 534.72 eV corresponding to the C=O, C-O, C-O-H/C-O-C bonds, and physisorbed water, which accounted for 20.7, 47.7, 23.0 and 8.6% of total oxygen atoms, respectively [53]. After plasma annealing, the N-VACNF samples showed C=O, C-O, and C-O-H/C-O-C peaks at almost the same binding energy with a small change in their relative% between samples. However, all three plasma-annealed samples had an additional peak at ~529.60 eV, which can be ascribed to the Ni-O bond [54]. This further confirmed the presence of NiO particles on the surface of VACNFs. The relative% of NiO was found to be 10.3, 15.0, and 16.4 for N-VACNF PA 5 min, N-VACNF PA 15 min, and N-VACNF PA 30 min, respectively. Figure 3c illustrates the total O content and % of different oxygen species present in all four catalysts. Table S2 summarizes the BE and the relative area% of the individual chemical components derived from O 1s and N 1s high-resolution spectra for all the prepared samples.



The N 1s high-resolution spectra of Pt/N-VACNF PA 5 min was deconvoluted, as shown in Figure S8a, to identify the type of nitrogen functionalities present after Pt sputtering. The peaks at 398.81, 400.13, and 401.20 eV were allocated to the pyridinic N, pyrrolic N, and graphitic N accounting for 45.3, 17.6, and 11.1% of total nitrogen, respectively. However, an additional peak at 397.75 eV, that was originally not present in either the bare VACNF or N-VACNF PA 5 min, was required to perfectly fit the N 1s spectra. The peak at 397.75 eV (ca. 33.9%) can be attributed to the presence of Pt-N bond as previously reported in the literature [55,56]. This gives stronger evidence for the presence of Pt and N interaction in the Pt/N-VACNF sample. In Pt/VACNF, the Pt-N bond was present at 398.00 eV, and it corresponded to about 26.0% of total N, as presented in Figure S8b. It is important to note that additional pyridinic N in the Pt/N-VACNF sample shifted the BE of the Pt-N peak negatively by 0.25 eV compared to Pt/VACNF and increased the relative% of the Pt-N bond. These findings validate the electron transfer between N and Pt, and are in good agreement with the smaller Pt particle size that resulted from the stronger interaction between N and Pt, as shown in Figure S2.



Figure 2e,f present the Pt 4f XPS spectra of Pt/C and Pt/N-VACNF. The Pt 4f spectrum consists of two spin-orbit splits, namely Pt 4f7/2 and Pt 4f5/2 with a peak ratio of 4:3. Each of these could be further deconvoluted into three peaks that were assigned to Pt0, Pt2+ (PtO or Pt(OH)2), and Pt4+ (PtO2) species, respectively. The BE and relative area% of each of the components in the Pt 4f spectra of Pt/C and Pt/N-VACNF is summarized in Table S3. As it is seen from Figure 2e,f, the BE of metallic Pt (Pt0 4f7/2 and Pt0 4f5/2) shifted negatively by 0.19 and 0.22 eV, respectively. This observed negative shift indicates that the Pt/VACNF catalyst had less electron transfer from the Pt to carbon support than the commercial Pt/C catalyst or had electron transfer from C to Pt [38]. In addition to this, the presence of N helps to increase the relative concentration of Pt0 (57.2%) compared to Pt/C (45.6%) which has no nitrogen. Overall, the XPS results confirmed the increase of pyridinic N content in the sample with PA, NiO presence in the plasma annealed samples, stronger metal-support interaction, and partial electron transfer between Pt and N.




3.3. Evaluation of the ORR Catalytic Activity


Figure 4a presents the cyclic voltammetry (CV) curves recorded in Ar-saturated and O2-saturated 0.10 M KOH solution for N-VACNF PA 5 min. In the presence of O2, there was a reduction peak at −0.252 V (vs. Hg/HgO) indicating the ORR activity of the catalyst. As the Pt was sputtered on the N-VACNF PA 5 min sample, the O2 reduction peak shifted to a more positive potential of about −0.099 V (vs. Hg/HgO), indicating an increase in the activity resulting from the Pt catalyst. As shown in Figure 4b, there was an additional peak around −0.70 V (vs. Hg/HgO) due to hydrogen adsorption on the Pt surfaces. The Pt deposit also increased the capacitance of the electrode, as indicated by the larger baseline separation between the forward and reverse scans. The impact of a larger capacitive current on the Pt/N-VACNF is discussed in detail in our previous work [37]. Figure S9 displays the CV curves recorded for the Pt/N-VACNF catalysts with different Pt loadings. As the Pt loading decreased, the current density of the O2 reduction peak and the H2 adsorption peak decreased.



Figure 4c shows the linear sweep voltammetry (LSV) curves recorded at a rotation speed of 1600 rpm between +0.20 V and −0.50 V (vs. Hg/HgO) in O2-saturated 0.10 M KOH solution for the bare VACNF and VACNF PA annealed samples. The LSV’s had almost identical onset potentials and they overlapped in the kinetic region. The differences occurred in the mixed and diffusion-limited regions. Once the sample was plasma annealed for 5 min, the E1/2 shifted positively to −0.205 V (vs. Hg/HgO), which was about 42 mV higher when compared to the bare VACNF (−0.247 V vs. Hg/HgO). In addition, the current density at −0.50 V for N-VACNF PA 5 min had an almost 20% increase compared to the bare VACNF. However, the ORR activity did not significantly improve when the PA time was increased. We attributed this to larger NiO particles blocking the ORR active sites. Consequently, in further studies involving Pt deposition, we used the N-VACNF PA 5 min as the support. It is noteworthy that the ORR takes a 2-electron pathway on pristine VACNF and N-doped VACNF, as we demonstrated with Koutecky–Levich (KL) analysis in our previous study [37]. Overall, the increased pyridinic N at the graphitic edge of VACNFs by NH3 plasma annealing only slightly improved the ORR catalytic activity. This is not consistent with the study by Guo et al. [39], using HOPG model catalysts, which concluded that N-doped graphitic carbon materials can be an effective ORR catalysts and that essentially all ORR catalytic activity is generated by pyridinic N at the graphitic edges. Further studies are necessary to resolve the discrepancies. However, as shown here, N-doped VACNFs were found to be an effective catalyst support to enhance the ORR catalytic properties of Pt catalysts.



After sputtering 20 nm of Pt, the positive shift in the E1/2 and increase in the current density can clearly be seen, indicating the improvement in the catalytic activity, with a clear sigmoidal shape in LSV representing the steady-state condition. However, compared to the commercial catalyst Pt/C, the baseline in the diffusion-limited region was slanted towards the negative potential. A similar feature was noticed for Pt/VACNF and a detailed study of this is reported in our previous work [37]. The 43.0 Pt/N-VACNF had a Jlim value of 6.7 mA/cm2, which was the same as for 43.0 Pt/VACNF with similar Pt loading. The difference arose with the negative shift in the ORR curve. For 43.0 Pt/N-VACNF, the value of E1/2 was −0.096 V (vs. Hg/HgO) which shifted negatively by 10 mV when compared to the 43.0 Pt/VACNF (−0.086 V vs. Hg/HgO). We wanted to check if this negative shift was due to the presence of NiO NPs on the VACNF surface.



As shown in Figure S10a–c, the NiO NPs diameter increased when the PA time increased. The NiO NPs present on the surface were removed by soaking the Pt/N-VACNF PA catalysts in 1.0 M HNO3 for 20 min. Figure S10d–f confirms that the NiO NPs were successfully removed, including the Ni head at the top. It is noteworthy that the HNO3-treated N-VACNF PA 5 min sample needed to be dried under vacuum at 70 °C before sputtering 20 nm Pt catalyst for the ORR catalytic tests. As presented in Figure S11a, the Pt sputtered after HNO3 treatment had a negative E1/2 shift when compared to the Pt/N-VACNF without any treatment in HNO3. This negative shift can be attributed to the other factors introduced post-HNO3 treatment. When the samples were taken out from the 1.0 M HNO3 solution, the individual VACNFs bundled up together, as shown in Figure S11b,c, due to the capillary force during the drying process and lost their original brush-like architecture. To avoid this architecture change, we left the NiO NPs on the VACNF for the ORR studies. In addition, in the high alkaline conditions there could be a possibility of nickel hydroxides from the NiO NPs. However, the presence of NiO or Ni(OH)2 did not affect our investigation into the activity of the Pt/N-VACNF catalyst.



The RDE voltammogram, at a series of rotation speeds between 500 and 3000 rpm, was recorded for the bare VACNF, N-VACNF with PA for different time intervals, and Pt/N-VACNF PA 5 min, with different Pt loadings (6.5, 10.8, 21.5, and 43.0 µg/cm2), as presented in Figures S12 and S13. As the rotation speed increased, the Jlim increased as more O2 flux reached the electrode surface. All the Pt/VACNF catalysts showed higher Jlim values than the benchmark Pt/C catalyst due to the much larger sample thickness (~210 µm for VACNF/graphite paper vs. <200 nm in Pt/C), as we illustrated in our previous study [37], but the tilt of the curve in the diffusion-controlled region became smaller as the Pt loading increased.




3.4. DFT Analysis


Semi-periodic fishbone models were built based on our previous work [37]. Due to the multi-edged feature of VACNFs, the Pt NPs clusters were directly supported by open carbon edges. As shown in Figure S14, to focus on the impact of N-doping in VACNFs, C atoms at the graphitic edge were replaced by pyridinic N. Figure S15 shows that the formation energy of Pt on pyridinic N (Np)-doped graphitic edge became more negative as the % of Np increased. This indicates that the stability of the Pt NPs increased when the pyridinic N content increased. Pt atoms were considered to be the primary binding site for O2, which is similar to the undoped fishbone edge [37], and the most stable ORR intermediates over Pt supported by Np-doped graphitic edge are given in Figure 5a. To compare the ORR reactivity over Pt/VACNF vs. Pt/NpVACNF, the free energy diagram was constructed based on the dissociative mechanism since this reaction pathway is more energetically favored compared to the associative pathway [37]. According to the free energy diagram in Figure 5b, the overall energy profile for the ORR over Pt supported by Np-doped graphitic edge is very much like the undoped graphitic edge with the rate-limiting step still being the OH− desorption step and the reaction following a 4-e− pathway. However, Pt supported by an Np-doped graphitic edge showed slightly stronger adsorption of ORR intermediates. In addition to that, the    U  l i m     calculated on Pt/NpVACNF was −0.06 V, which was lower than 0.05 V on Pt/VACNF and 0.45 V on Pt (111) due to the stronger binding of OH−. Our previous study, based on screening ORR catalysts, produced a volcano-type plot using the OH− adsorption energy as a descriptor [51]. Based on the OH− adsorption energy over Pt/NpVACNF, this should fit on the left side of the volcano, indicating that the potential determining step is the OH− desorption step and that overly strong OH− adsorption energy will lower the    U  l i m     and limit the catalytic performance. Our previous work reported that the pyridinic N dopants can result in an upshift of the d-band center of Pt atoms, which results in stronger binding to ORR intermediates [38]. Based on these results, we can conclude that the −10 mV shift in E1/2 of Pt/N-VACNF was due to the stronger binding of OH− and may not be due to the presence of NiO particles.




3.5. Durability Test for Pt/N-VACNF


The durability tests of the prepared 43.0 Pt/N-VACNF, 43.0 Pt/VACNF, and 51.2 Pt/C catalysts were studied using fast potential cycling (100 mV/s) between 0.293 V and −0.307 V, i.e., an accelerated stress test (AST). The ORR activity was tested for all the catalysts by recording the CV and LSV at 1600 rpm for every 1000 AST cycles. We evaluated the durability of the catalyst by calculating the value of the shift in potential (∆E) to maintain the original half-wave current density. As presented in Figure 6a,b, the Pt/N-VACNF catalysts showed much more stable LSV curves than that obtained for Pt/C. The potential shift ∆E after 5000 AST cycles was about −16.0 mV for Pt/N-VACNF, whereas it was −41.0 mV for the commercial Pt/C catalyst. This lower shift in ∆E indicates that the Pt NPs deposited on N-VACNF PA 5 min were much more stable even with a smaller particle size of ~2.3 nm compared to ~3.5 nm for Pt/C. The better durability with an even smaller Pt particle size of Pt/N-VACNF can be ascribed to the presence of pyridinic N, which increases the stability of the Pt NPs, as verified by DFT analysis, and a strong interaction between the Pt and catalyst support, as verified by XPS analysis.




3.6. Methanol Tolerance of Pt/N-VACNF


The ability to withstand methanol crossover is an essential criterion for the ORR catalyst for direct methanol fuel cells. The methanol tolerance was evaluated by employing amperometric measurements. The amperometric j-t curve was recorded at −0.10 V (vs. Hg/HgO), which is the more critical potential at which Pt catalysts are sensitive to methanol. Figure 7a displays the amperometric j-t curve recorded for 43.0 Pt/N-VACNF and 51.2 Pt/C when 3.0 M methanol was successively added (0.2 mL/step first then 2.0 mL/step) into the 0.10 M KOH solution until reaching a final methanol concentration of 0.75 M. The percentage loss of the original ORR current, i.e., [(j0 − j)/j0] × 100%, was plotted as the methanol was added. The 43.0 Pt/N-VACNF catalysts lost only about 21% of the ORR current density (i.e., with (j0 − j)/j0 = 21%) after adding 0.75 M of methanol, whereas the current 51.2 Pt/C commercial catalyst completely changed the polarity with (j0 − j)/j0 = −300%, indicating that the dominant reaction had changed from oxygen reduction to methanol oxidation. Furthermore, the high tolerance towards methanol oxidation for Pt/N-VACNF was further confirmed using the LSV curves as presented in Figure 7b. For the Pt/N-VACNF catalyst with 43.0 µg/cm2 Pt loading, the LSV curve in the presence of methanol exhibited a reduction current in the full ORR potential range and the methanol oxidation was significantly suppressed, which explains why a large ORR current density was still observed at −0.10 V even after adding approximately 0.75 M methanol. In contrast, for the 51.2 µg/cm2 Pt/C catalyst, the LSV curve was dominated by methanol oxidation at a potential above −0.30 V (vs. Hg/HgO), indicating a poor tolerance to methanol crossover. Overall, the Pt/N-VACNF was highly selective towards the ORR in a mixed environment, indicating a higher tolerance to methanol crossover.





4. Conclusions


In summary, a new catalyst support structure, N-doped VACNF, was successfully prepared via plasma annealing coupled with PECVD. The structural characterization results identified the morphological changes on the catalyst surface and confirmed the attachment of Pt NPs. The presence of nitrogen species and different oxygen functionalities on the VACNFs because of plasma annealing was revealed by XPS analysis. The increase of pyridinic N at the graphitic edges of the VACNFs after NH3 plasma treatment was found to improve ORR activity only slightly. However, the presence of nitrogen assisted in reducing the size of Pt NPs to ~2.3 nm and generated a stronger Pt-support interaction. The Pt/N-VACNF with 43 µg/cm2 Pt loading exhibited a ∆E shift of only −16 mV after 5000 potential cycles in the accelerated stress test, indicating that it had better durability compared to its commercial counterpart, Pt/C. The increased durability resulted from the strong metal-support interaction and partial electron transfer induced by the presence of nitrogen. DFT calculations have validated the strong binding of Pt atoms with the pyridinic N-doped graphitic edge and confirmed the 4-e− pathway for the Pt/N-VACNF catalyzed ORR. In addition, the Pt/N-VACNF catalysts have shown excellent tolerance to methanol oxidation and the oxygen reduction was maintained as the dominant reaction in the full potential range when up to 0.75 M methanol was added. Altogether, the increased N content improved the durability of the Pt/N-VACNF catalysts.
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Figure 1. TEM image of bare VACNF (a) before and (b) after plasma annealing for 5 min at 550 °C. TEM image of Pt/N-VACNF PA 5 min (43.0 μg/cm2) at (c) low and (d) high magnification. The red arrow indicates the Pt NPs deposited on the sidewalls; (e) HAADF-STEM image and (f–j) STEM-EDS elemental mapping of N-VACNF PA 15 min. 
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Figure 2. N 1s XPS spectra of (a) bare VACNF, (b) N-VACNF PA 5 min, (c) N-VACNF PA 15 min, and (d) N-VACNF PA 30 min; Pt 4f XPS spectra for (e) Pt/N-VACNF and (f) Pt/C. 






Figure 2. N 1s XPS spectra of (a) bare VACNF, (b) N-VACNF PA 5 min, (c) N-VACNF PA 15 min, and (d) N-VACNF PA 30 min; Pt 4f XPS spectra for (e) Pt/N-VACNF and (f) Pt/C.



[image: Applnano 02 00022 g002]







[image: Applnano 02 00022 g003 550] 





Figure 3. (a) Atomic% of different types of nitrogen, (b) ratio of C to N, and (c) atomic% of different types of oxygen in bare VACNF and VACNF samples plasma annealed for different time intervals. 
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Figure 4. Cyclic voltammogram of (a) N-VACNF PA 5 min and (b) 43.0 Pt/N-VACNF recorded in Ar-saturated (black line) and O2-saturated (blue line) 0.10 M KOH solution at a scan rate of 50 mV/s; LSV curves recorded at a scan rate of 10 mV/s and a rotation speed of 1600 rpm (c) for various N doped VACNF catalysts and (d), bare graphite paper, bare VACNF, N-VACNF PA 5 min, Pt/N-VACNF (43.0 μg/cm2), and Pt/C (51.2 μg/cm2). The purple dash line marks the zero current density. 
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Figure 5. (a) Molecular structures of the most stable ORR intermediates over Pt/NpVACNF; (b) Free energy diagram of the 4-e− pathway for ORR on Pt/NpVACNF (pink) compared with Pt (111) (red) and Pt/VACNF (blue) by both associative (dotted) and dissociative (solid) mechanisms. Color code: blue-Pt, gray-C, purple-N, red-O, white-H. 
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Figure 6. LSV curves of (a) Pt/C (51.2 µg/cm2) and (b) Pt/N-VACNF (43.0 µg/cm2) after every 1000 AST cycles in O2-saturated 0.10 M KOH solution at a scan rate of 10 mV/s and a rotation speed of 1600 rpm; (c) Change in the half-wave potential of the LSV curves vs. the number of AST cycles for all the catalysts. 
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Figure 7. (a) Amperometric j-t curve of Pt/C (51.2 µg/cm2) and Pt/N-VACNF (43.0 µg/cm2) recorded at 1600 rpm in O2-saturated 0.10 M KOH solution with successive addition of 3.0 M methanol to the final concentration of 0.75 M at the potential of –0.1 V (vs. Hg/HgO); (b) LSV curves recorded at a scan rate of 10 mV/s and 1600 rpm in 0.10 M KOH + 0.75 M MeOH for Pt/C (51.2 µg/cm2) and Pt/N-VACNF (43.0 µg/cm2). The purple dash line marks the zero current density. 
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