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Abstract

:

We propose a new design for electrocatalysts consisting of two electrocatalysts (platinum and iron oxide) that are deposited on the surfaces of an oxidized graphene substrate. This design is based on a simple structure where the catalysts were deposited separately on both sides of oxidized graphene substrate; while the iron oxide precipitated out of the etching solution on the bottom-side, the surface of the oxidized graphene substrate was decorated with platinum using the atomic layer deposition technique. The Fe2O3-decorated CVD-graphene composite exhibited better hydrogen electrooxidation performance (area-normalized electrode resistance (ANR) of ~600 Ω·cm−2) and superior stability in comparison with bare-graphene samples (ANR of ~5800 Ω·cm−2). Electrochemical impedance measurements in humidified hydrogen at 240 °C for (Fe2O3|Graphene|Platinum) electrodes show ANR of ~0.06 Ω·cm−2 for a platinum loading of ~60 µgPt·cm−2 and Fe2O3 loading of ~2.4 µgFe·cm−2, resulting in an outstanding mass normalized activity of almost 280 S·mgPt−1, exceeding even state-of-the-art electrodes. This ANR value is ~30% lower than the charge transfer resistance of the same electrode composition in the absence of Fe2O3 nanoparticles. Detailed study of the Fe2O3 electrocatalytic properties reveals a significant improvement in the electrode’s activity and performance stability with the addition of iron ions to the platinum-decorated oxidized graphene cathodes, indicating that these hybrid (Fe2O3|Graphene|Platinum) materials may serve as highly efficient catalysts for solid acid fuel cells and beyond.
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1. Introduction


Human activities have resulted in a dramatic increase in greenhouse gas emissions over the last ten decades, yielding in a negative impact on current and future environmental conditions. A low-cost, high-efficiency energy conversion device that uses a renewable primary energy source is critical in combating environmental pollution and the energy crisis. In comparison to combustion engines, fuel cells are a more environmentally friendly alternative to fossil fuel-based energy sources, converting chemical energy directly and continuously into electrical energy, and vice versa, with high efficiency and low/or no pollutant emissions [1,2,3,4,5,6]. An intermediate temperature fuel cell, which is based on a new class of electrolytes called solid acid caesium dihydrogen phosphate (CsH2PO4, CDP), is cited as a promising solution to the energy crisis [7,8,9,10,11,12,13,14]. The unique characteristics of the CDP electrolyte present several challenges for the optimization of the solid acid fuel cell (SAFC), specifically in relation to the cathode microstructure. Unlike other fuel cell electrolytes such as Nafion and similar polymers, phosphoric acid, and solid oxide ion conductors, CDP does not have oxygen permeability [15]. Additionally, CDP is known for its high stability even when exposed to hydrogen, oxygen, and a humidified atmosphere [16]. Many of the current research efforts are aimed at producing novel electrocatalysts with improved electrodes activity and stability [17,18,19,20,21,22,23]. While much progress has been made in the design of well-defined platinum-based electrochemical catalysts, much effort is now being directed toward finding either new support materials to enhance the distribution of the noble metals’ nanoparticles or non-noble metal electrocatalysts to reduce the costs. Several new types of platinum-based electrocatalysts supported on high surface area carbon materials are the current practical catalyst technology of choice for SAFCs, but are still in development [24,25]. The elimination of platinum from electrode catalysts is clearly preferred [26,27,28,29,30], but has been challenging due to the limited number of electrocatalyst candidates (non-precious metal-based and metal-free) with decent prospects for high oxygen reduction reaction (ORR) activity and durability in the acidic medium [18]. Most of the already reported non-precious metal catalysts for ORR exhibit high activity and long-term stability towards ORR in basic media [31]. However, developing Pt-free electrocatalysts that have both high activity and long-term stability for ORR in acidic media remains a crucial area of research [27,32]. Recent research has shown that transition metal-nitrogen-carbon (M-N-C) catalysts have great potential as ORR electrocatalysts in acidic media [32]. These catalysts are formed by the milling of a transitional metal precursor, nitrogen source, and carbon source. The resulting M-N-C catalysts possess a highly dispersed transition metal-Nx active site, which promotes ORR activity and stability under acidic conditions. In addition to transition metals, the transition metal oxides have recently emerged as a promising alternative to platinum for catalyzing ORR in fuel cells [27]. (FeYOX|Carbon) combines the advantages of both carbon and iron oxide, which can promote the ORR activity by facilitating the electron transfer and reducing the energy barrier for O2 adsorption and reduction [27,33,34].



The electrocatalysts synthesis based on bimetallic materials supported on carbon has been raised as a promising solution. Because of its superior electrical conductivity [35,36,37], large specific surface area [38,39], excellent mechanical stability, and thermal characteristics [40,41,42], graphene is an attractive contender for electronic applications [43,44]. Combining graphene (support substrate) with other materials, such as metals or metal oxides, results in a hybrid surface with lower contact resistance than single-layer graphene [45,46]. Among the class of non-precious metal catalysts, iron materials represent promising candidates as a co-catalyst for Pt-based electrocatalysts [47,48,49].



In this study, the reactivity of carbon-supported bimetallic (Pt-Fe) was investigated. These hybrid materials are known to exhibit higher electrocatalytic activity and stability than the comparative Pt/C catalyst [50,51]. The purposes of this study are (i) to assess for the first time the electrochemical performance and durability of deposited iron oxide (Fe2O3) catalysts on the surface of CVD-graphene materials under anode SAFCs conditions. The high stability of Fe2O3 nanoparticles (NPs) on the CVD-graphene surface, and the impact of iron oxide on fracture toughness and grain boundary strength in CVD-graphene film are also evaluated. Furthermore, (ii) a carefully designed model cell with a new electrode structure (sandwich-like structure) is used to determine the electrocatalytic activity and stability enhancement of the PtALD@oxidized CVD-graphene cathode in the presence of Fe2O3 nanoparticles. The platinum films were deposited on CVD-graphene using the atomic layer deposition (ALD) technique.




2. Results and Discussion


2.1. Platinum-Free CVD-Graphene Electrode


The copper etching process that is employed on FeCl3/HCl components leads to the deposition of iron oxide nanoparticles on the CVD-graphene surface [52,53,54]. While the iron ions NPs are undesired for many applications and considered as contamination [52], they exhibit catalytic activity toward hydrogen electrooxidation and high stability on the CVD-graphene material, even with direct contact to the cesium dihydrogen phosphate (acid media) under anode SAFCs conditions. The through-plane proton/electron conductivity of the CVD-graphene samples is inversely proportional to the number of layers of CVD-graphene film used [14]. Thick layer CVD-graphene membranes hamper the hydrogen, proton, and electron diffusion, and thus, increase the ANR values [14]. In terms of through-plane proton/electron conductivity, the optimal membranes to assess the electrochemical efficiency and stability of iron oxide nanoparticles during the SAFC process are monolayer CVD-graphene membranes (Supplementary Materials, Figure S1a,d). However, the mechanical handling of the monolayer CVD-graphene membranes during the transfer process was a major challenge. The bottleneck has been the crack-free transfer of large-area monolayer CVD-graphene on CDP pellets. Based on the experimental results, ~2-layer CVD-graphene (2L-Gr) films (Supplementary Materials, Figure S1b,e) were employed as iron oxide nanoparticle supports, yielding decorated CVD-graphene films with relatively large area CVD-graphene films and no cracks. The mechanical handling of the CVD-graphene membrane during transfer, as well as the decent through-plane proton conductivity at intermediate temperature (240 °C) made 2L-Gr films suitable for these experiments. The 2L-Gr membranes were decorated with various amounts of iron oxide NPs by altering the concentration of FeCl3 in the etching solution (more details can be found in Supplementary Materials, Table S1). The samples nomenclature hereafter follows the system IO(Y)@XL-Gr, where IO is iron oxide (Fe2O3), Y is the weight of the iron (III) chloride that was used in the etching solution in gram, X is the number of CVD-graphene layers (L), and Gr is CVD-graphene. Detailed information about the composition of the iron oxide-decorated CVD-graphene samples was provided by X-ray photoelectron spectroscopy (XPS) measurements (Supplementary Materials, Table S1). The increasing of the iron chloride concertation during the etching process increase definitely the concentration of the iron atoms on 2L-Gr samples [52], as shown in (Supplementary Materials, Table S1). However, no noticeable change was detected by increasing FeCl3 in the etchant solution from 0.22 M to 0.3 M, as seen in (Supplementary Materials, Table S1). The wide scan XPS spectra of IO(6)@2L-Gr membrane show photoelectron lines at a binding energy of about 284.6, 531.7, and 711.3 eV attributed to C 1s, O 1s, and Fe 2p, respectively (Figure 1a, solid-line), indicating the presence of iron ions on the surface of CVD-graphene [55]. An in-depth analysis was carried out on the XPS results to determine the oxidation state of the iron oxide on the CVD-graphene sample. The XPS peaks of Fe 2p3/2 and Fe 2p1/2 for the IO(6)@2L-Gr sample are shown in Figure 1b. The peak positions of Fe 2p3/2 and Fe 2p1/2 are 711.5 and 725.2 eV, respectively, which is a characteristic peak of Fe3+ in Fe2O3 [56,57,58,59,60]. The appearance of the satellite peak further confirms that the final product is Fe2O3 rather than Fe3O4 [61,62]. The Fe 2p3/2 peak has associated satellite peaks. The satellite peak (region between Fe 2p3/2 and Fe 2p1/2) is clearly distinguishable and does not overlap either the Fe 2p3/2 or Fe 2p1/2 peaks [63,64,65]. Krauß et al. reported the functionalization of CVD-graphene with iron oxide (FeO) nanoparticles during the etching process [52]. In comparison with their results, the formation of Fe2O3 rather than FeO islands can be explained by the chemical nature of the FeO; it is well known that the FeO phase readily converts either to Fe2O3 or Fe3O4 in the presence of oxygen [66].



Electrochemical impedance spectroscopy (EIS) of the charge-transfer resistance associated with the oxidation of hydrogen is performed to investigate the catalytic activity and stability of Fe2O3 NPs on CVD-graphene. The plot of the Fe2O3:CDP (1:20 gr/gr) powder-mixture electrode shows the presence of a spike (Figure 2a) approximately 25° to the X-axis, suggesting that iron oxide acted as an insulating layer, which exhibited, basically, a capacitive behavior [67]. On the other hand, the impedance curves of the 2L-Gr electrode and Fe2O3@2L-Gr electrodes exhibited semi-circle arcs. As previously demonstrated in our research group, the oxygen functional groups (OFGs) and defects present on the surface of CVD-graphene are important factors to consider in the efficiency increase of the electrodes [12,68]. However, the electrochemical enhancement of the system gradually decreased over time [12] and the influence of OFGs and defects is insignificant when compared to the impact of iron oxide (more details can be found in Supplementary Materials, Figure S2). Because neither iron oxide NPs (Figure 2a) nor CVD-graphene (Figure 2b) could hardly catalyze hydrogen oxidation, the enhanced performance was ascribed to the synergetic chemical coupling effects of the hybrid structure [69,70]. Furthermore, the stability of Fe2O3 nanoparticles on 2L-Gr was also investigated. The width of the electrode arcs for 2L-Gr, IO(2)@2L-Gr, and IO(4)@2L-Gr samples (Figure 2b,c and Figure 2d, respectively) show an increase of the electrode impedance after 24 h measurements. The stability enhancement of the CVD-graphene membranes increases proportionally to the iron ions loading along the CVD-graphene surface. Degradation of operation (for low Fe2O3 loading) can be due to CVD-graphene corrosion [71], and/or to the fact that unattached small iron oxide islands to CVD-graphene film have undergone a coalescence process (Ostwald ripening theory) and have slightly increased the charge transfer resistance. However, higher iron oxide loading (IO(6)@2L-Gr) demonstrated exceptionstability after a 24 h measurement, as seen in Figure 2e. This result showed that the Fe2O3-decorated 2L-Gr exhibited good stability over a prolonged period of time, indicating that the nanoparticles were firmly attached to the CVD-graphene substrate. The existence of covalent chemical bonding formed through oxygen-containing defect sites on the CVD-graphene surface provides an opportunity to tightly anchor iron oxide on graphene [72,73,74,75] and prevent the role of the oxygen/defect sites in the CVD-graphene electrode degradation, as reported by Lu et al. [68]. It is worth noting that water absorption on the iron oxide surface rises as relative humidity (RH) increases [76]. As a result, the electrode, which is made from a powder combination of iron oxide and CDP, absorbs a lot of water during the EIS analysis. Water adsorbs to the surface of the iron oxide, resulting in a CDP solution, and the presence of water inhibits the fuel from diffusing through the electrode. This can be the cause of the capacitive behavior. While the low amount of iron oxide NPs on the surface of graphene do not form a layer of water that causes the CDP to dissolve and blocks fuel transport.



Electrochemical efficiency and high-performance stability of iron ions-decorated CVD-graphene material have been studied in the literature. Liu et al. [26] studied the influence of iron species types and crystalline phases on the ORR activities. Four iron/graphene composites with iron oxides (α-Fe2O3, Fe3O4) and oxyhydroxides (α-FeOOH, and α/γ-FeOOH) supported on graphene oxide (GO) have been investigated. Figure S3. shows that the α-F2O3/GO hybrid material demonstrated extraordinary and higher stability during thermogravimetric analysis (TGA) up to 300 °C. Furthermore, they reported that all four composites exhibit significantly improved ORR activities when compared to pristine GO, highlighting the ORR magic of iron species; amongst four composites investigated, the α-Fe2O3/GO exhibits the highest ORR activity in terms of onset potential and current.




2.2. Platinum-Decorated CVD-Graphene Electrode


The effect of the iron oxide addition as a co-catalyst in Pt-based electrocatalysts for SAFCs application was characterized using impedance spectroscopy under anodic conditions, as well as IV characterization and CstV measurements under fuel cell conditions.



The thickness of the 2L-Gr membranes was suitable to assess the electrochemical activity and stability of iron oxide NPs (as shown above). Since graphene material is inert and hydrophobic [77], only a trace of ALD-platinum is deposited on the surface of the CVD-graphene basal planes [14]; hence, anchoring sites on the CVD-graphene membranes are necessary to deposit ALD-platinum uniformly throughout the surface [14]. Oxygen plasma treatment was used for the surface modification of CVD-graphene. The effectiveness of the process is dependent on several factors that include the plasma treatment conditions. These conditions include the plasma power, treatment time, gas flow rate, and pressure [78]. The choice of these parameters alters the physiochemical properties of graphene, such as its electrical conductivity, mechanical strength, and chemical reactivity [79,80,81]. In our laboratory, the oxygen plasma treatment conditions were optimized by using various plasma powers and exposure times. Following a series of experiments (data not shown), the treatment of the CVD-graphene membranes with plasma generated at 100 W for 8 s resulted in surface oxidation and the creation of pits along the oxidized CVD-graphene membrane. The presence of pits facilitated a homogeneous distribution of ALD-platinum NPs on the oxidized CVD-graphene surface [14]. In order to deposit platinum on the CVD-graphene surface using ALD technology, the CVD-graphene membrane must pass through different processes (oxygen plasma treatment and CVD-graphene transfer). Multi-layer CVD-graphene films are needed for use without risk of destruction during the treatment and transfer processes. In terms of the mechanical stability of the oxidized CVD-graphene during transfer, resistance against oxidation and destruction, and taking into account electron and through-plane proton conductivity, ~5-layer CVD-graphene (5L-Gr) membranes demonstrated the optimal thickness (Supplementary Materials, Figure S1c,f). Iron oxide concentrations precipitated out of the etching solution (0.22M FeCl3/1M HCl) on 5L-Gr membranes (2.4 ± 0.3 µgFe·cm−2) were the same as those precipitated on 2L-Gr membranes (2.5 ± 0.2 µgFe·cm−2), according to ICP OES measurements. These results demonstrated that the concentration of iron oxide NPs formed on CVD-graphene after the transfer procedure is proportional to the concentration of the etching solution and not to the CVD-graphene thickness. The quality and crystallinity of the bare-graphene and Fe2O3-decorated CVD-graphene membranes were investigated by high-resolution TEM and electron beam diffraction. Approximately 60% of the CVD-graphene surface is covered with islands of amorphous material for both 5L-Gr and IO(6)@5L-Gr samples (Supplementary Materials, Figure S4), which are similar to earlier reports on CVD-graphene preparation [52,53,54]. More information regarding the iron oxide NPs distribution along the CVD-graphene layer and the level of iron oxidation can be found in (Supplementary Materials, Figures S5 and S6), respectively. The samples nomenclature hereafter follows the system PtALD-V@XL-OGrY/Z, where V is the ALD cycles number, X is the number of CVD-graphene layers (L), OGr is oxidized CVD-graphene, Y is the exposed time to plasma in seconds, and Z is the power of the used plasma in watts.



The Pt-Fe2O3-decorated oxidized CVD-graphene electrodes manufacturing is divided into two main preparation phases: the platinum-ALD deposition and iron oxide precipitated out of the etching solution. The first phase is the hybrid (Platinum|Graphene) membranes fabrication, which involves the oxidation of as-grown 5L-Gr membranes on copper foils using plasma treatment (plasma powers: 100 W/exposure time: 8 s) and then decorated with 50 and 200 Pt-ALD cycles [14], as shown in Figure S7a and Figure S7b, respectively. The second phase is iron oxide NPs precipitate out of the etching solution on the bottom side of (Platinum|Graphene) membranes during the transfer process. The electrochemical impedance spectroscopy results of platinum-decorated oxidized CVD-graphene electrodes in the absence of iron oxide (Figure 3a), and after precipitation, the iron oxide out of the etching solution (Figure 3b), are shown in Figure 4. A (~30%) lower ANR value was observed for the PtALD-200@5L-OGr8/100—Fe2O3 electrode (Figure 4a) compared to the iron-free electrode (Figure 4b). The PtALD-50@5L-OGr8/100 electrode exhibited the same trend with ~50% lower ANR values, as evident from Figure 4c,d. These preliminary results indicated that the presence of iron ions leads to a considerable improvement of the (Platinum|Graphene) electrode impedance value. The lower ANR value at the Fe2O3 nanocomposite-coated PtALD@5L-OGr8/100 electrode can be attributed to the fast electron transfer that arrives from the synergistic electrical conductivity afforded by PtALD NPs/film, Fe2O3, and the CVD-graphene membrane [82,83]. These outstanding properties of the CVD-graphene materials, along with the high catalytic activity of the composite catalyst (platinum and Fe2O3), make them suitable for electrocatalytic applications. PtALD-decorated oxidized CVD-graphene cells were, then, characterized using IV characterization and CstV measurements under fuel cell conditions.



Based on previous results, PtALD-200@5L-OGr8/100 cathodes demonstrated the highest electrode activity among electrodes based on the same oxidized CVD-graphene membranes, but with varying platinum loading [14]. The IV curves of the PtALD-200@5L-OGr8/100 (59 ± 2 µgPt·cm−2) cathodes transferred by ammonium persulfate (Figure 3a) and iron chloride (Figure 4e—dotted line) and PtALD-200@5L-OGr8/100 cathode (Figure 4e—solid line), respectively. The performance activity of PtALD-200@5L-OGr8/100 catalysts is improved further when the Fe2O3 nanoparticles are precipitated on the oxidized CVD-graphene surface during the electrode preparation, as shown in Figure 4e. With increasing current density, the voltage output of the PtALD-200@5L-OGr8/100-MEA drops faster than that of the PtALD-200@5L-OGr8/100—Fe2O3-MEA. A positive effect of Fe2O3 nanoparticles presence on the performance activity of PtALD-200@5L-OGr8/100 hybrid cathode was observed. These results agree with the EIS shown in Figure 4. The ORR specific activity of (Platinum|Iron) alloys [84,85,86,87,88,89,90,91,92] and (Platinum|Iron oxide) alloys [26,51,93] has been investigated. Alloying the iron (oxide) with platinum [94] results in an enhancement of the ORR activity of platinum, in agreement with the different considerations (geometric factors) [95], dissolution of the more oxidizable alloying component [96], changing in the surface structure or electronic factors [97], the formation of a platinum skin [98,99], or the interplay between the electronic and geometric factors [100]). Although the effect of iron (oxide) on improving the effectiveness of platinum in ORR has been demonstrated and explained in detail in the literature, it is still a controversial topic for the new electrode design in this study. The (Platinum|Fe2O3) electrocatalysts used in this study were fabricated differently than the (Platinum|Fe2O3) alloys described in the literature [26,51,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100]. This new design is based on a simple structure where the (Platinum|Fe2O3) electrocatalysts were deposited separately on both sides of oxidized CVD-graphene substrate (not in direct contact between the platinum and the iron (oxide)); while the iron oxide precipitated out of the etching solution on the bottom side, the surface of the oxidized CVD-graphene substrate was decorated with platinum. By separating the two electrocatalysts (platinum and the Fe2O3) with a thin CVD-Gr membrane, this new hybrid electrode can be used in ambient pressure XPS experiments to gain a better understanding of the electrochemical reaction process [101] for SACFs and beyond. More research on the effect of iron oxide in improving the activity of the PtALD-200@5L-Gr8/100 electrode is now being undertaken. Apart from activity, the performance of the PtALD-200@5L-OGr8/100 cathode exhibited a higher stability in the presence of Fe2O3 NPs, as observed in the constant voltage measurement at 0.35 V for 60 h, as shown in Figure 4f. During the first hour, the current density of the PtALD-200@5L-OGr8/100—Fe2O3-MEA increases. We attribute the observed increasing current density to the removal of the PMMA-residues and/or to the sintering of the electrolyte layer [24,25]. After the initial increase period, the current density of the electrode shows quasi-steady state with a slight decay by just 0.13% h−1, as shown in Figure 4f—dotted line. The same trend was observed for PtALD-200@5L-OGr8/100-MEA (Figure 4f—solid line).



The current density increases within the first 2 h. However, the absence of iron oxide NPs leads to a rapid reduction of the current density by 1.4% h−1 within the first 8 h, followed by a reduction of the degradation rate to 0.23% h−1 between 50–60 h, as shown in Figure 4f—solid line. The high stability of the PtALD-200@5L-OGr8/100—Fe2O3 cathode might be caused by the composition and/or structure preventing platinum sites from segregating, dissolving, phosphate-associated catalyst poisoning, and forming platinum oxides during the reaction [50,51,102,103,104,105]. However, at this point the exact mechanism is unclear. This study unveils the diverse ORR behaviors of iron species supported on CVD-graphene, and explores the benchmark of their catalytic performance towards ORR. It provides useful insights into the Fe/FeXOY-enabled high ORR activity to guide the design of efficient transition metal-based ORR electrocatalysts.





3. Materials and Methods


Unless otherwise specified, reagents were used as received without further purification.



3.1. CVD-Graphene Preparation


Mono-layer CVD-graphene films are produced using a rapid thermal processing cold wall reactor (Moorfield nanoCVD, Knutsford, Cheshire, UK). The process involves heating the Copper foil (Alfa Aesar, 99.999%, Kandel, Germany) in a six-stage process including: (I) The copper foil is subjected to a process of heating at a rate of 9 °C/s in a vacuum environment of approximately 3 Torr. The heating is carried out up to a temperature of 930 °C, with an atmosphere containing Ar (198 SCCM) and H2 (2 SCCM) gases. (II) To minimize oxides on the copper surface and promote grain formation, the copper substrate is annealed for 2 min under the same conditions as in stage (I). The temperature of the heating stage (III) is then ramped up from 930 °C to 1030 °C for over 5 min, followed by (IV) another annealing stage for 30 min under the same conditions as in stage (I). A combination of Ar/CH4/H2 gas is then utilized for monolayer CVD-graphene growth (V), with Ar pressure 1.04 Torr (flow 40 SCCM), H2 pressure 0.21 Torr (flow 8 SCCM), and CH4 pressure 0.05 Torr (flow 2 SCCM) while the chamber pressure is kept at 1.3 Torr for 30 min, and (VI) cooling the (Graphene|Copper) foil to room temperature over 10 min. By adjusting the working pressure during the growth step, high quality single-layer and multi-layer CVD-graphene can be produced.




3.2. CVD-Graphene Transfer


In this work, we followed the CVD-graphene transfer process reported by Hatahet et al. [14,106]. Briefly, as-grown CVD-graphene films were transferred onto various substrates using wet chemical etching of the Cu foils in solutions containing iron (III) chloride (VWR, 99–102%) in hydrochloride acid (HCl, Sigma-Aldrich, 37%, Taufkirchen, Germany) or ammonium persulfate (Sigma-Aldrich, ≥98.0%, Taufkirchen, Germany). Prior to etching, the surface of the (Graphene|Copper) was coated with 200 µL of PMMA dissolved in chlorobenzene [107]. The PMMA was then allowed to air-dry overnight. The bottom side of the copper foil was floated on a nitric acid solution to etch the bottom side CVD-graphene. The (PMMA|Graphene|Copper) film was allowed to float on the etchant’s surface, carried by surface tension force for 8 h. The CVD-graphene layer was then transferred onto the desired substrates and dried with a nitrogen stream. Finally, the PMMA layer was dissolved with acetone, and the CVD-graphene was annealed for 12 h at 120 °C under high vacuum.




3.3. Oxygen Plasma Treatment


A radio frequency (RF) plasma system (Junior Plasma System, Europlasma NV, Oudenaarde, Belgium) equipped with a 300-W kHz generator was used to oxidize the CVD-graphene surface. The vacuum chamber was pumped down to 120 mTorr throughout the treatment procedure. When the base pressure was established, a mass flow controller (MFC) delivered 20 SCCM of oxygen gas into the chamber during a 180-s stabilization phase. After the stabilization of the pressure, the oxygen plasma was generated by the radio frequency (RF:13.56 MHz) power source. At a working pressure of 180–195 mTorr, the CVD-graphene samples were exposed to plasma. Finally, all samples were placed in a nitrogen environment until further treatment or measurement.




3.4. Catalyst Deposition


Platinum deposition on oxidized CVD-graphene substrates was performed with a home-built ALD device that provides thermal-enhanced ALD configurations. The samples were placed on a stainless-steel sample holder, which was then loaded into the ALD reactor and positioned in the center of the reactor. In the reactor chamber, the temperature of the substrate maintained at 275 °C. After that, the reactor was evacuated and thermally equilibrated overnight. Trimethyl (methylcyclopentadienyl) platinum (Pt(MeCp)Me3, Strem Chemicals, 99%, Newburyport, MA, USA) was used as the platinum precursor, and oxygen as the co-reactant. A Pt(MeCp)Me3 precursor was loaded to the stainless-steel bubbler (Swagelok) in a glovebox and then connected directly to the system without being exposed to the air. To provide enough vapor pressure, the temperature of the platinum precursor in the bubbler was kept constant at 50 °C. The platinum precursor vapor was carried by heated nitrogen into the ALD chamber, through a delivery line which was heated to 130 °C. At a flow rate of 150 SCCM, ultra-high purity nitrogen (99.9995%) was utilized as a carrier gas and as a flush gas to remove unreacted precursors and byproducts during the reaction. With a flow rate of 60 SCCM during a continuous flow, the oxygen source was pulsed into the reactor through a needle valve and a solenoid valve. A static exposure mode was applied during both ALD half-cycles. The Pt(MeCp)Me3 precursor was pulsed for 1 s, and the valves to the pumping system remained closed for an additional 10 s to extend the precursor’s dwell time, resulting in an 11 s total exposure time. N2 gas purge was then conducted for 80 s to fully eliminate the reactant gases. The system was then evacuated for 40 s, followed by a 1 s dose of O2. Another purge with N2 gas for 80 s and evacuation for 40 s were subsequently carried out.




3.5. Electrochemical Cell Characterization


3.5.1. Preparation of Membrane-Electrode Assembly (MEA)


The solid acid electrolyte (CDP) was synthesized by dissolving stoichiometric quantities (molar ratio 1:2) of Cs2CO3 (Alfa Aesar, 99.99%, Kandel, Germany) and phosphoric acid (H3PO4, Carl Roth, ≥85%, Karlsruhe, Germany) in methanol (Carl Roth, ≥99%, Karlsruhe, Germany) separately. The two solutions were combined and stirred for 1 h at 1500 (r.p.m). The CDP powder was filtered, rinsed with methanol, and dried at 80 °C. The metal-decorated CVD-graphene cells were structured in two steps. The first step involved forming identical anodes with a Pt loading of 7.7 mg·cm−2. The anodes were formed using a powder-mixture preparation technique described by Uda and Haile [108], which involved mixing and grinding CsH2PO4, Pt-black (Sigma-Aldrich, 99.9%, fuel cell grade, Taufkirchen, Germany), platinum on carbon (Alfa Aesar, HiSPEC 4100, Kandel, Germany), and naphthalene (Alfa Aesar, 99+%, Kandel, Germany) in a 3:3:1:0.5 mass ratio. Carbon paper discs (Toray TGP-H-120) and CDP membranes were then pressed uniaxially in a hydraulic press (Atlas Auto 15T, Specac Ltd., London, UK) to the anode, maintaining 125 and 200 MPa for 20 min for the 2 cm diameter MEAs for fuel cell measurements and for the 1 cm MEAs for measurements under anodic conditions, respectively, as shown in as shown in Figure 5a. These anodes were used for all cells presented in this work.



The second step commenced with the wet chemical etching of copper foils to transfer either CVD-graphene (Figure 5b) or metal-decorated CVD-graphene materials (Figure 5c) [14]. After removing the etchant, an additional crucial step involved the gentle pouring of 250 mL of acetone (Merck, ≥99.8%) into water to prevent damage or dissolution of the CsH2PO4 surface after transferring the wet CVD-graphene/metal-decorated (oxidized) CVD-graphene films. The pellets (Figure 5b,c) were then placed under vacuum (~6 Torr) for 48 h to enhance adhesion between CVD-graphene and the CsH2PO4 surface. Finally, the PMMA layer was removed using pure acetone, followed by a 12-h vacuum annealing procedure at 120 °C.




3.5.2. Electrochemical Testing


The electron transfer kinetics of hydrogen electrooxidation were studied by electrochemical impedance spectroscopy (EIS) measurements (Biologic, VSP300, Seyssinet-Pariset, France). Stainless steel porous meshes (GKN Sinter Metals Filter GmbH, Radevormwald, Germany) were used as gas diffusion layers. AC impedance measurements were performed at frequencies ranging from 10 mHz to 7 MHz with a voltage amplitude of 10 mV. The experiments were conducted at a temperature of 240 °C in a humidified H2 atmosphere (p(H2O) = 0.4 atm). The inlet gases were flowed through a Q-water bubbler held at 80 °C at a rate of 30 SCCM, while argon gas was flown at 120 SCCM to prevent cell condensation during heating and cooling. The fuel-cell measurements were conducted at a temperature of 240 °C with pure oxygen and hydrogen flow rates of 50 SCCM each at a dew point of 80 °C. Current-voltage (IV) characterization measurements were taken by scanning cell potential at 10 mV·s−1 from the open circuit voltage to 0 V using the same equipment.





3.6. Characterization Methods


Atomic force microscopy (Bruker Dimension Icon AFM, Billerica, MA, USA) using OTESPA-R3 cantilevers in tapping mode was used to characterize the surface morphology of CVD-graphene samples on SiO2/Si wafers with a resolution of 1024 × 1024 pixels. The obtained data was plane-corrected using SPIP 6.7.3 software. Scanning electron microscope (SEM) imaging at 2 kV using the in-lens detector was also performed using an Ultra 55 SEM by Carl Zeiss Ltd. (Cambourne, UK). High-resolution transmission electron microscopy (HRTEM), selected area electron diffraction (SAED), scanning TEM (STEM), and energy-dispersive X-ray spectroscopy (EDS) were performed with a Cs-corrected Titan3 G2 60–300 microscope equipped with X-FEG electron gun and Super-X detector. The TEM was operated at an acceleration voltage of 80 kV and a probe-forming aperture of 25 mrad. TEM samples were prepared by free-PMMA transfer of the ~5-layer CVD-graphene samples (as described in Section 3.2, without PMMA spin-coating step) onto a holey amorphous carbon-coated copper grid (mesh size = 400). Raman spectra were recorded using a 532 nm laser and a Horiba LabRam confocal spectrometer with a resolution of 1.3 cm−1 (600 lines/mm grid to record both the 2D-peak and the G-peak simultaneously). X-ray photoelectron spectroscopy (XPS) analyses were carried out on a Kratos Axis Ultra (Kratos Analytical, Ltd., Manchester, United Kingdom) with a monochromatized Al excitation source at 150 W (15 kV, 10 mA, with a pass energy of 40 eV), collecting surface spectra over a range of 0–1200 eV. Inductively coupled plasma optical emission spectroscopy (SPECTRO Ciros Vision, Kleve-Germany, ICP OES) was used to determine the mass fraction of platinum and iron on CVD-graphene samples. The samples were digested in a 28 vol% acid solution with a 6:1 volume ratio of HCl:HNO3 in Millipore water for 30 min, followed by microwave (MLS Mikrowellen Laborsysteme, microPREP) digestion for 40 min at 235 °C and another digestion step for 24 h at RT. The use of analytical techniques like ICP OES provided more precise and accurate results for analyte concentration determination [109,110,111].





4. Conclusions


In summary, the study explored the functionalization of CVD-graphene with iron oxide nanoparticles to improve its electrocatalytic properties. The Fe2O3 functionalization density was controlled by adjusting the iron (III) chloride concentration in the etching solution. The Fe2O3-decorated CVD-graphene composite exhibited better hydrogen electrooxidation performance (ANR of ~600 Ω·cm−2) and superior stability in comparison with bare-graphene samples (ANR of ~5800 Ω·cm−2). (Fe2O3|Graphene) is an attractive non-Pt electrocatalyst due to its high activity, stability, and synergistic effect between CVD-graphene and iron oxide. The development of (Fe2O3|Graphene) electrocatalysts for fuel cells could potentially reduce the reliance on Pt and improve the energy conversion efficiency.



Benefiting from the combined advantages of CVD-graphene and iron oxide nanoparticles, these Fe2O3 NPs showed superior platinum utilization in the electrodes. Electrochemical impedance measurements in humidified hydrogen at 240 °C for (Fe2O3|Graphene|Platinum) electrodes show ANR of ~0.06 Ω·cm−2 for a platinum loading of ~60 µgPt·cm−2 and Fe2O3 loading of ~2.4 µgFe·cm−2, resulting in an outstanding mass normalized activity of almost 280 S·mg·Pt−1, exceeding even state-of-the-art electrodes. This ANR value is ~30% lower than the charge transfer resistance of the same electrode composition in the absence of Fe2O3 NPs.



The utilization and electrochemical stability of (Platinum|Graphene) cathodes were enhanced by the presence of Fe2O3 nanoparticles. The relative current density (I/Imax) was increased from 0.66 to 0.92 on the PtALD-200@5L-OGr8/100 cathode in the presence of Fe2O3 NPs after 60 h of constant voltage measurement at 0.35 V. These findings demonstrate that iron oxide nanoparticles are an excellent co-catalyst for synthesizing hybrid (Platinum|Graphene) electrocatalysts, which opens a reliable path to the discovery of an advanced concept in designing new catalysts that can replace the traditional catalytic structure and motivate further research in the SACFs field and beyond. Further research is needed to optimize the synthesis and catalytic performance of Fe2O3|Graphene and to understand the underlying mechanism of ORR on Fe2O3|Graphene. Understanding the electrochemical reaction process of the electrode is fundamentally important for developing highly efficient and selective electrocatalysts. The (platinum|Fe2O3) electrocatalyst used in this study was fabricated in a new design, where the (platinum|Fe2O3) electrocatalysts were deposited separately on both sides of the oxidized CVD-graphene substrate. This new hybrid electrode design can be used in ambient pressure XPS experiments to gain a better understanding of the electrochemical reaction process.
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Figure 1. Wide scan XPS spectra of 2L-Gr film (a), dotted line and IO(6)@2L-Gr sample (a), solid line. (b) Fe 2p spectrum of IO(6)@2L-Gr sample with the colored lines representing the fit of the respective peak. The 2L-Gr samples transferred on silicon wafer using PMMA and (0.04 M) ammonium persulfate as an etchant. The IO(6)@2L-Gr sample transferred on silicon wafer using PMMA and (0.22 M) iron chloride in (1 M) hydrochloric acid as an etchant. 
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Figure 2. Nyquist Plot of the electrode impedance for asymmetric cells: (a) (Fe2O3:CDP|CDP|Pt/C) electrode, (b) 2L-Gr sample transferred using PMMA and (0.04 M) ammonium persulfate as an etchant, (c) IO(2)@2L-Gr electrode, (d) IO(4)@2L-Gr electrode, (e) IO(6)@2L-Gr electrode, and (f) IO(8)@2L-Gr electrode, as described in (Supplementary Materials, Table S1). The electrolyte resistance was subtracted. For all electrodes dashed curves, measurement after 1 h; dotted curves, measurement after 24 h. 
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Figure 3. A cartoon showing the PtALD-V@5L-OGr8/100 cells fabrication: The PtALD-V@5L-OGr8/100 films transferred onto the CDP surface using PMMA and (a) ammonium persulfate (0.04 M) (b) hydrochloric solution (1 M) of ferric chloride (0.22 M) as an etchant. 
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Figure 4. Nyquist Plot of the electrodes impedance of the PtALD@5L-OGr8/100 electrodes transferred using PMMA and: (a,c) hydrochloric solution (1 M) of ferric chloride (0.22 M) (b,d) ammonium persulfate (0.04 M) as an etchant. All samples have been pre-treated with oxygen plasma generated at 100 W for 8 s, then decorated with 200 ALD cycles (a,b), and 50 cycles (c,d). The electrolyte resistance was subtracted. IV curves of the PtALD-200@5L-OGr8/100 cathodes transferred using PMMA with (0.04 M) ammonium persulfate (solid line) and (0.22 M) iron chloride in (1 M) HCl (dotted line) are shown in (e). The voltage has been corrected for the ohmic losses determined with impedance spectroscopy. The current density at 0.35 V of the PtALD-200@5L-OGr8/100 cathodes transferred using PMMA with (0.04 M) ammonium persulfate (solid line) and (0.22) M iron chloride in (1 M) HCl (dotted line) are shown in (f). ICP OES measurements: (59 ± 2 µgPt·cm−2) in (a,b,e,f), (13.8 ± 1 µgPt·cm−2) in (c,d), (2.4 ± 0.3 µgFe·cm−2) in (a,c) and in dotted line in (e,f). (a) Reproduced with permission [14]. 






Figure 4. Nyquist Plot of the electrodes impedance of the PtALD@5L-OGr8/100 electrodes transferred using PMMA and: (a,c) hydrochloric solution (1 M) of ferric chloride (0.22 M) (b,d) ammonium persulfate (0.04 M) as an etchant. All samples have been pre-treated with oxygen plasma generated at 100 W for 8 s, then decorated with 200 ALD cycles (a,b), and 50 cycles (c,d). The electrolyte resistance was subtracted. IV curves of the PtALD-200@5L-OGr8/100 cathodes transferred using PMMA with (0.04 M) ammonium persulfate (solid line) and (0.22 M) iron chloride in (1 M) HCl (dotted line) are shown in (e). The voltage has been corrected for the ohmic losses determined with impedance spectroscopy. The current density at 0.35 V of the PtALD-200@5L-OGr8/100 cathodes transferred using PMMA with (0.04 M) ammonium persulfate (solid line) and (0.22) M iron chloride in (1 M) HCl (dotted line) are shown in (f). ICP OES measurements: (59 ± 2 µgPt·cm−2) in (a,b,e,f), (13.8 ± 1 µgPt·cm−2) in (c,d), (2.4 ± 0.3 µgFe·cm−2) in (a,c) and in dotted line in (e,f). (a) Reproduced with permission [14].



[image: Catalysts 13 01154 g004]







[image: Catalysts 13 01154 g005 550] 





Figure 5. A cartoon showing the CVD-graphene/metal-decorated CVD-graphene cell fabrication: (a) first step of a membrane electrode assembly and (b) CVD-graphene transfer, and (c) second step for metal-decorated oxidized multi-layer CVD-graphene. 
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