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Abstract

:

In the present work, nitrogen-doped reduced graphene oxide-supported (NrGO) bimetallic Pd–Ni nanoparticles (NPs), fabricated by means of the electrochemical reduction method, are investigated as an anode electrocatalyst in direct hydrazine–hydrogen peroxide fuel cells (DHzHPFCs). The surface and structural characterization of the synthesized catalyst affirm the uniform deposition of NPs on the distorted NrGO. The electrochemical studies indicate that the hydrazine oxidation current density on Pd–Ni/NrGO is 1.81 times higher than that of Pd/NrGO. The onset potential of hydrazine oxidation on the bimetallic catalyst is also slightly more negative, i.e., the catalyst activity and stability are improved by Ni incorporation into the Pd network. Moreover, the Pd–Ni/NrGO catalyst has a large electrochemical surface area, a low activation energy value and a low resistance of charge transfer. Finally, a systematic investigation of DHzHPFC with Pd–Ni/NrGO as an anode and Pt/C as a cathode is performed; the open circuit voltage of 1.80 V and a supreme power density of 216.71 mW cm−2 is obtained for the synthesized catalyst at 60 °C. These results show that the Pd–Ni/NrGO nanocatalyst has great potential to serve as an effective and stable catalyst with low Pd content for application in DHzHPFCs.
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1. Introduction


Direct hydrazine–hydrogen peroxide fuel cells (DHzHPFCs) are known as unique power sources for air-independent applications in space and underwater. The use of hydrazine (N2H4) as a high-energy fuel in FCs has been investigated since the 1970s [1,2], specifically as an alternative fuel in portable power sources [3,4,5]. N2H4 is considered a promising liquid fuel for the following reasons: (1) its handling is safer; (2) its electrooxidation occurs without the generation of carbon dioxide, which leads to a reduction of greenhouse gas emissions; (3) catalysts are not poisoned during the N2H4 oxidation reaction due to lack of the carbonaceous intermediates production, as reported by Mohammed et al., who investigated the sensitive electrochemical detection of hydrazine based on SnO2/CeO2 nanostructured oxide and reported the high stability, sensitivity and repeatability of hydrazine oxidation on the synthesized nanomaterial [6]; and (4) because of the high theoretical electromotive force of 1.56 V [7] and power density (PD) of 5.4 KWh L−1 observed for DHzHPFCs. On the other hand, a simple internal structure of fuel cells is obtained with an oxidant of hydrogen peroxide (H2O2) [8,9,10]. Compared to the oxygen reduction reaction (ORR) with a theoretical electrode potential of 1.23 V, the theoretical electrode potential of the H2O2 reduction reaction (HRR, 1.77 V) and the corresponding kinetics is higher. Thus, the ideal open circuit voltage (OCV) of the single FC and its PW is increased using H2O2 as an alternative fuel to oxygen. The anode, cathode, and overall cell reactions in the DHzHPFC are:


   Anode :  N 2   H 4  +   OH  −  →  N 2  + 4  H 2  O + 4  e −        E ° = − 1.21    V   vs  .    SHE    



(1)






   Cathode : 2  H 2   O 2  + 4  H +  → + 4  e −  + 4  H 2  O       E ° = 0.92    V   vs  .    SHE    



(2)






   Overall :  N 2   H 4  + 2  H 2   O 2  →  N 2  + 4  H 2  O       E ° = 2.13    V   vs  .    SHE    



(3)







In DHzHPFC, a Nafion membrane is used, electrons transferring from anode to cathode and Na+ migration occurring in the opposite direction. According to Equation (3), H2O and N2 are products of this type of DFC [10,11]. Various chemicals have been designed recently and their performances as catalysts examined in the DHzHPFC [3,5,9,12,13,14,15,16,17,18]. For example, the accumulation of gas bubbles on the electrode surface is effectively solved by using a nano-hill morphology of vertical graphene, by means of which a superoleophobic electrode was obtained that could accelerate the elimination process of bubbles generated on the anodic electrode surface. Yin et al. report on a DHzHPFC that yields a high-power density of 84 mW cm−2 using a Zr/Ni alloy as the anode and Pt/C as the cathode [19]. In another report on DHzHPFC, with a Pt-based anode (10.0 mg cm−2) and an Au/C cathode (10.0 mg cm−2), a high PD of 1.02 W cm−2 and an OCV of 1.75 V at 80 °C is reported [20]. In the course of this work, Yan et al. [21] fabricated dealloyed nanoporous gold leaves and found that these catalysts present high performances for both N2H4 oxidation (HzOR) and HRR. One method to improve the electrocatalytic activity of anode electrocatalysts is by preparing core–shell nanoparticles, in which the core and shell are composed of different elements. Preparation of different core–shell nanoparticles, including Ni–Pt, Ni–Pd, and Ni–Ru, on reduced graphene oxide (rGO) have been recently reported by Hossieni et al., [13]. The reported single fuel cell results show that Ni–Pd/rGO resulted in an improvement in power density (204.79 mW cm−2) equal to 10.03% and 47.32% with respect to Ni–Pt/rGO (186.12 mW cm−2) and Ni–Ru/rGO (139.01 mW cm−2), respectively, which was attributed to the synergistic effects between Pd and Ni metals.



Such observations allowed the implementation of a DHzHPFC based on these porous membrane catalysts with an OCV of 1.2 V and a maximum power density (MPD) of 195.0 mW cm−2 at 80 °C with a total loading of 0.1 mg cm−2 Au on each side. Although high power densities and OCVs are obtained, the critical impediment to the commercialization of DHzHPFC technology is still linked to high-cost catalysts prepared from resource-limited noble metals. Additionally, the current nanoelectrodes have further disadvantages, including structural irregularity, irregular distribution, and agglomeration during operation. These disadvantages mean that it is necessary to prepare low-cost, highly active, and more stable catalysts. To achieve this goal, ideal nanoelectrocatalysts should be highly conducive to facilitating the transfer of electrons/ions and possess a high active surface to increase the catalytic efficiency of desired nanocatalysts in the DHzHPFC community [22,23]. Alloying noble metals with cheap transition metals is well-known as one way to decrease the content of noble metals. Among non-precious transition metals, Ni is a low-cost and co-catalyst active metal, and its alloying with Pd refreshes the active sites of Pd; it thus improves the corresponding activity/stability of the bimetallic catalyst as a result of Pd–Ni synergistic influences [24,25]. The selection of a suitable catalyst support is another important parameter that improves fuel cell performance, in addition to reducing the price of catalysts. In this respect, graphene and its derivatives, as an allotrope of single-layer carbon atoms arranged in a two-dimensional honeycomb lattice, have received more attention in scientific communications due to their unique properties, including strong electrical conductivity (6500 S m−1) [26,27], a high theoretical specific surface area, high thermal and chemical stability, and an adjustable bandgap. These characteristics led to graphene being engaged as a carbon support in several applications, especially for Energy Generation [28,29,30]. Although graphene possesses unique properties, the path of its commercialization remains a challenge for researchers. For graphene to be transferred from the laboratory to consumer-utilized products, it is necessary to produce large-scale graphene which is practical and competitive. For this reason, better understanding of graphene and its derivatives as a step to introducing this material into industrial-scale production has a high importance. Different methods for preparation of graphene and its derivates along with their sustainability have been reviewed recently by Umar et al., [29] helping the researchers investigating the high-quality production of these nanomaterials. Furthermore, graphene oxide (GO) has various functional groups, i.e., −COOH and −OH, for immobilization of different active species. Recently, the incorporation of heteroatoms and especially nitrogen [31,32,33,34] into the carbon plane has attracted great attention.



In fact, by doping the carbon plane with nitrogen atoms, the electronic density of the neighboring carbon atoms is redistributed, inducing an electrophilic center in the adjacency of nitrogen atoms, and modifies the geometry and the electron donor character of the resultant nitrogen-doped GO. [35] The uniform dispersion with a narrow small metal particle size is also obtained by the incorporation of nitrogen atoms into the GO skeleton [36]. Based on the literature [37,38], the nitrogen atoms in the NrGO support are effective in changing the oxidation state of Pd and its NPs’ size, suggesting deposition of Pd2+ on NrGO as oxo/hydroxo clusters of Pd. Following clustering, the metal oxide species are reduced, leading to the formation of Pd NPs. Charge localization occurs on the catalyst support and is attacked by activated hydrogen atoms from the Pd NPs at the quaternary nitrogen sites, resulting in uniform growth of the Pd metal NPs.



This work reports the preparation of NrGO-supported bimetallic Pd–Ni alloy NPs by polyol method and its use as an anode catalyst towards the production of HzOR in DHzHPFCs. In this respect, the phase, elemental composition, and surface morphology of the fabricated nanostructure were qualified by employing X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), energy-dispersive X-ray spectroscopy (EDX), Fourier-transform infrared spectroscopy (FT-IR), and transmission electron microscopy (TEM). Cyclic voltammetry (CV), chronoamperometry (CA), and electrochemical impedance spectroscopy (EIS) methods were utilized to study hydrazine oxidation on the synthesized nanocatalyst and these results were compared with the results for the Pd/NrGO electrocatalyst. Finally, the cell performance of DHzHPFC was investigated by considering different operation conditions on cell potential and its MPD. In the DHzHPFCs experiments, the membrane electrode assembly (MEA) was obtained using the catalyst-coated membrane (CCM) method.




2. Results and Discussion


2.1. Physical Characterization of Nanocatalysts


The functional groups of the catalyst support can simplify the incorporation of metal nanoparticles on surfaces. According to recent work [39], FT-IR was conducted to qualify the GO functional groups and their changes in NrGO support after simultaneous nitrogen atom doping of the GO skeleton and reduction of oxygenated species, as shown in Figure 1a. In both spectra (in the range of 400–4000 cm−1), the band at 3400 cm−1 demonstrates the O–H stretch of the –OH group. During oxidation or functionalization of GO, the carboxyl groups have fluctuated, which leads to a clear peak at 3400 cm−1. Four characteristic bands can be observed in the spectrum of GO, with one at 1728 cm−1 arising from stretching vibrations of C=O in carbonyl and carboxyl groups and the other three at 1624 cm−1, 1220 cm−1, and 1085 cm−1, devoted to the C=C, C–OH, and C–O stretching vibrations, respectively. In the case of NrGO, the bands at 1624 and 1220 cm−1 are not observed and the intensity peaks of other oxygenated functional groups decrease. Additionally, the superposition of C=C and C=N vibrations leads to shifts in the in-plane vibration of C=C from 1624 to 1556 cm−1. Moreover, a new peak appears at 1187 cm−1 which can be related to the C-N bonds. These observations provide valuable information in regard to the existence of nitrogen-containing groups in the synthesized catalyst support in close agreement with reports in the literature [39,40,41].



Figure 1b presents XRD patterns of GO, NrGO, and Pd–Ni/NrGO samples; the existence of sharp peaks in these XRD patterns characterize a crystalline structure for the synthesized materials. The strong sharp peak of a basal plane in the graphitic structure (002) is seen at a 2θ value of 11.49° with d-spacing of 0.77 nm in the XRD pattern of GO [42]. Such a peak is also observed in the XRD spectra of NrGO and Pd–Ni/NrGO but moving to a higher 2θ value of 26.45° than that of GO [43,44]. The interlayer spacing of NrGO samples was about 0.340 nm, which is a somewhat smaller than that in the bare rGO (0.37 nm), which is ascribed to the more compact graphitic structure created after nitrogen doping [39,45,46].



The four strong, sharp peaks at 40.15°, 46.80°, 68.29°, and 82.28° are observed for the Pd–Ni/NrGO catalyst with the miller indices (111), (200), (220), and (311), respectively, for the face-centered-cubic (fcc) lattice crystal structure facets of the Pd (JCPDS No. 01-087-0641) [47,48]. Pd (111) presents the strongest sharp peak for oxidation of an active facet of small organic molecules. As seen in Figure 1b, the deposition of Pd–Ni metal Nps on the NrGO support has no influence on the support structure; the peaks for NrGO are maintained with a decrease in intensity. By comparing the XRD pattern of Pd–Ni/NrGO with the standard powder diffraction file of Pd (JCPDS No. 01-087-0641) and Ni (JCPDS No. 00-04-0850), it is concluded that all the peaks for synthesized catalysts are placed between the peaks of Pd and Ni metal NPs. These results reveal the successful preparation of the Pd–Ni/NrGO nanostructure in good accordance with those reported in the literature [39,47,48,49,50].



Figure 2a,b presents the FE-SEM image of NrGO planner sheets with wrinkled and folded features, indicating that the generic morphology of GO is preserved after nitrogen doping [51]. As displayed in Figure 2c, the FE-SEM micrograph of the Pd–Ni/NrGO sample displays the Pd–Ni metallic NPs dispersed uniformly on the surface of NrGO, and the compact exfoliated multilayers of NrGO features is restricted after the incorporation of metal NPs. This means that the Pd–Ni NPs form independently on the rough and planar nanosheets provided by NrGO without any aggregation. It is found that the particle size of Pd–Ni is around 11–13 nm.



To determine the distribution of each element on the synthesized catalyst, a back scattered electron (BSE) image was captured, and the result is displayed in Figure S1 in the Supplementary Material. As seen in this figure, there are white and gray zones which are associated with the presence of higher and lower average atomic numbers, respectively. White-colored aggregates are mainly made up of a metallic phase (Pd and Ni) whereas darker aggregates are richer in oxygen, nitrogen, and carbon. These images are corroborated by SEM images performed on the synthesized catalyst along with the uniform distribution of metal nanoparticles on the catalyst support (Figure 2c) and the EDX map (Figure S2).



To further observe the morphology of Pd–Ni/NrGO, TEM images were recorded, as seen in Figure 2d. It can be seen that the bimetallic nanoparticles are scattered homogeneously on the NrGO sheet with a narrow size range. The uniform dispersion of Pd–Ni NPs on catalyst support may be attributed to the shifting of the d-band centers of supported Pd atoms to the Fermi level by the incorporation of nitrogen into graphene [52,53]. The obtained results from EDX analysis (as seen in Figure 2e) indicated the existence of C (42.19 wt%), N (16.23 wt%), O (21.16 wt%), Pd (11.08 wt%), and Ni (9.34 wt%) in the synthesized catalyst. This means that the total metal content of the electrocatalyst is around 20 wt% with a weight ratio of 1:1 for Pd to Ni metals. Figure S2 presents the elemental mapping images of the synthesized catalyst which confirm the uniform deposition of bimetallic NPs on the active sites of N-rGO.




2.2. Half-Cell Measurements


CV is employed for the determination of the catalytic activity of Pd–Ni/NrGO against HzOR. In this respect, the CVs of the NrGO in the presence and absence of N2H4 0.02 mol L−1 are recorded at a sweep rate of 100 mV s−1 and presented in Figure 3a. No obvious peak is seen in each solution, confirming a capacitive current background without any perceptible faradaic processes and inactivity of NrGO against HzOR.



The CV method has been used recently for the investigation of borohydride oxidation reaction kinetics that occurred on the bimetallic Pd-based nanocatalysts and also for the calculation of their electrochemical active surface area (ECSA), which determines the electrode kinetics for various redox reactions taking place at the electrode surface. Following on from previous work [39], we decided here to record again the CVs of the Pd–Ni/NrGO and Pd/NrGO in NaOH 1.0 mol L−1 with a sweep rate of 100 mV s−1, as seen in Figure 3b. In both plots, hydrogen desorption and adsorption peaks (a1 and C1) are observed from the −0.75 to −0.3 V potential range in the forward and backward sweeps, respectively. The peaks shown in the potentials above 0.35 V (a4) are related to the palladium oxide formation peak, while the palladium oxide reduction peak is seen at the potential window of −0.2 to −0.4 V in the backward scan.



The first peak in the anodic scan (a2) is observed at a potential of 0.03 V which can be assigned to the reaction:      Ni + 2 OH   −  → α −    Ni ( OH )   2  + 2  e −   , followed then by an irreversible transformation of α-Ni(OH)2 to β-Ni(OH)2 (a3) by moving to the more positive potentials. The same behavior has been recently reported in the literature [54]. Once the β phase is produced, it cannot be electrochemically removed/reduced from the surface of the electrode because of its high electrochemical stability [54]. By increasing potential, the next increase in the anodic current density (a5) is seen at a potential of (0.4–0.6) V; this may be attributed to the electrochemical conversion of Ni+3/Ni+2, where β-Ni(OH)2 is oxidized to β-NiOOH. In the cathodic region, at the potential +0.4 to +0.6 V, the β-NiOOH is reduced to β-Ni(OH)2 (c3). These reduction and oxidation peaks (a5 and c3) correspond to the reversible conversion of Ni+3/Ni+2, as described with Equations (4)–(6) [54,55]:


  Ni     OH    2  +      OH   −    →    NiOOH    +      H   2  O +      e   −   



(4)






   NiO    +      OH   −    →    NiOOH    +      e   −   



(5)






   Ni    +      3 OH    −   →    NiOOH    +      3 e   −   



(6)







The area of the PdO reduction region in the CVs plotted in Figure 3b is utilized to compute the electrochemical active surface area (ECSA) of Pd/NrGO and Pd–Ni/NrGO catalysts. As is known, a high value of ECSA for each electrocatalyst reveals a high number of electrocatalytic active sites and vice versa. Thereby, the HzOR kinetics at various Pd-based electrodes is controlled with the ECSA [56]. The ECSA of Pd-based catalysts is computed with Equation (7) [33].


  ECSA =    Q  PdO       0.405 × [ Pd ]      



(7)







QPdO denotes the coulombic charge (mC) and it is computed by integrating of the palladium oxide reduction peak; the value of 0.405 is the conversion factor (mC cm−2) that corresponds to palladium oxide reduction; [Pd] is related to the loading amount of the Pd-based catalyst. The calculated ECSA for two synthesized catalysts is given in Table 1. It is noticed that the ECSA for Pd–Ni/NrGO is 2.61 times higher than that of Pd/NrGO; thus, the existence of Ni atoms in bimetallic catalysts significantly alters the electronic structure of Pd and its electrochemical activity.



Cyclic voltammograms of Pd–Ni/NrGO and Pd/NrGO catalysts in NaOH 1.0 mol L−1 containing N2H4 0.02 mol L−1 at the sweep rate of 100 mV s−1 are presented in Figure 3c. A dramatic change can be seen in comparison to the CVs recorded in the absence of N2H4. The peak of HzOR for the Pd–Ni/NrGO and Pd/NrGO electrocatalysts is seen at a potential window of −0.6 to −0.4 V. The following reaction describes the peak of HzOR for the synthesized catalysts.


   N 2   H 4  +      4 OH   −    →      N   2  +      4 H   2   O    +      4 e   −   



(8)







As reported in Table 1, the current density of HzOR on the Pd–Ni/NrGO (12,360.50 A g−1) is 1.81 times higher than that of Pd/NrGO (6821.22 A g−1). In addition, the reported onset hydrazine oxidation potentials in Table 1 show a more negative value for the Pd–Ni/NrGO (−0.45 V) than the Pd/NrGO (−0.40 V). It can be concluded that embedding Ni atoms into the Pd network not only reduced the preparation cost but also enhanced the catalytic performance due to the synergistic effects between Pd and Ni along with an increment in the effective surface area of this electrode.



To obtain more information regarding the electrochemical kinetic parameters of the Pd–Ni/NrGO electrode, CVs were recorded at several scan rates. Figure 4a presents the CV curves in an aqueous solution of NaOH 1.0 mol L−1 containing N2H4 0.02 mol L−1 at various sweep rates. According to this Figure, the anodic current (ip) increases by increasing the scan rates. At the same time, the peak potential is moved to more positive values, suggesting an irreversible electrochemical process [57]. Equation (9) describes the relationship between peak potential, Ep (V), and sweep rate, v (V s−1), for an irreversible electrochemical process [58]:


   E p  =  E 0  +     RT     1 − α   nF       0.78 + ln    D 0     k s    + ln         1 − α   nFv   RT        1 2       



(9)




where E0, R, T,  α , F, and D0, are the standard potential (V), gas constant (8.314 J K−1 mol−1), temperature (K), charge transfer coefficient, Faraday constant (96,485 C mol−1), and diffusion coefficient of N2H4 (cm2 s−1), respectively. n corresponds to the number of transferred electrons in the rate-determination step. ks denotes the standard heterogeneous rate constant (cm s−1). When the IP values are established in terms of the square root of the scan rate (   v   1 2     ), a linear relation is observed (as detailed in Figure 4b), suggesting a diffusion-controlled process for the electrooxidation of N2H4. By increasing scan rates, the number of electrochemically active species and the length of the diffusion path through penetration of the reaction zone from the electrode surface into the inner parts are increased [59]. The relation between ip and the sweep rate along with the other influencing parameters on the IP values can be represented with Equation (10) [59]:


   i p  = 2.99 ×   10  5  n      α n       1 2      AD  0   1 2     v   1 2     c 0 ∗   



(10)






   n α  =   1.857 RT     F    E p  −  E   p 2           



(11)







In this relation, A and Ep/2 are the electrode surface area (cm2) and half-peak potential (V), respectively.    c 0 ∗    refers to the bulk concentration of electroactive species [60].



The concentration of N2H4 was optimized during the electrooxidation of N2H4 on the Pd–NrGO catalyst. The recorded CV curves in a solution of NaOH 1.0 mol L−1 and various concentrations of N2H4 at a sweep rate of 100 mV s−1 are represented in Figure 5a. The HzOR peak potential is shifted slightly towards positive values by increasing N2H4 concentration and the highest ip value is obtained at N2H4 0.1 mol L−1. This observation may be explained by the existence of a large number of electroactive species in solution. According to Equation (10), it is expected that the anodic current density will increase with increasing N2H4 concentration, as observed in Figure 5a [61]. By plotting log ip values in terms of   log [  N 2   H 4  ]  , a straight linear relationship is obtained (Figure 5b). The order of the N2H4 oxidation reaction on the Pd–Ni/NrGO catalyst is calculated from the slope of the log ip vs.   log [  N 2   H 4  ]   plot (Figure 5b) according to Equations (12) and (13):


  Rate =  i p  = k   [  N 2   H 4  ]  β   



(12)






  log  i p  = log k + β log [  N 2   H 4  ]  



(13)




where k, [N2H4], and  β  are the reaction rate constant and the bulk concentration of N2H4, and reaction order, respectively. The value of 0.92 on Pd–Ni/NrGO, which is close to a typical value of 1 reveals a first-order reaction for HzOR with this catalyst and is consistent with the values reported in other works [62].



Electrolyte temperature also influences the performance of electrodes with the effect that it has on the rate of the charge transfer process in the electrode/electrolyte interface and mass diffusion in electrolyte solutions. Figure 6a reveals the CV curves of Pd–Ni/NrGO at different temperatures in an aqueous solution of 1.0 mol L−1 NaOH containing 0.1 mol L−1 N2H4. All CV curves have similar shapes, which suggests the same reaction mechanisms at the investigated temperatures. The current density of the Pd–Ni/NrGO catalyst increases by raising the temperature from 25 to 35, 45, and 55 °C. This is due to the endothermic reaction that takes place at the Pd–Ni/NrGO electrode surface. The activation energy (Ea, J mol−1) can be calculated by the Arrhenius equation (Equation (14)) [63]:


  −    E a      RT  2    =   ∂   ln  i p      ∂ T    



(14)







Arrhenius plots of the Pd–Ni/NrGO catalyst are plotted in Figure 6b. The Ea value for this catalyst is obtained as 10.72 kJ mol−1. The low value of Ea for the Pd–Ni/NrGO catalyst reveals that the electrooxidation of hydrazine occurs easily for this catalyst, which may be ascribed to its large specific surface area and massive catalytic active sites offered due to the unbeatable morphology of NrGO supported Pd–Ni nanoparticles.



CA is a powerful electrochemical technique for surveying the stability and catalytic performance of electrodes. Figure 7 presents the CA curves for hydrazine electrooxidation in a NaOH 1.0 mol L−1 + N2H4 0.1 mol L−1 solution under a potential of −0.5 V vs. MOE. In the beginning, a sharp oxidation current is seen for each electrode, which relates to the free active sites of these electrodes from adsorbed molecules. After a few seconds, the oxidation current is reduced, which may be related to the occupation of the active sites. According to Figure 7a, the current density of Pd–Ni/NrGO (~11,100 A g−1) is higher than that of Pd/NrGO (~5770 A g−1) after stabilization for 3000 s. Furthermore, the resulting current density percentage decrease for Pd–Ni/NrGO (54.31%) is lower than that of Pd/NrGO (67.80%) (as seen in Figure 7b), suggesting the better durability of Pd–Ni/NrGO compared to Pd/NrGO. The results obtained from the CA analysis are consistent with the CV results.



EIS is utilized to explore the electron transfer kinetics of Pd–Ni/NrGO towards HzOR. Nyquist plots were recorded in NaOH 1.0 mol L−1 containing N2H4 x mol L−1 (x: 0.02, 0.06, and 0.1) at different potentials (−0.5 and −0.9 V) and various temperatures (25 and 45 °C), and the results are displayed in Figure 8.



The EIS data obtained are fitted by an equivalent circuit depicted in Figure 8a. The elements of Rs, Rct, and CPEdl in the equivalent circuit depict electrolyte solution resistance, charge transfer resistance, and the constant phase element of the electrical double layer, respectively. The intersection of impedance spectra (Figure 8b–d) with the x-axis at high frequencies is the electrolyte solution resistance, and it corresponds to the ohmic resistance of the electrolyte between the anode and the reference electrode, the anode ohmic resistance, and the contact resistance. The high-frequency semicircle relates to the charge transfer of the HzOR that has taken place on the anode electrode. Table 2 summarizes the obtained charge transfer resistances of the Pd–Ni/NrGO catalyst towards HzOR.



In accordance with Figure 8b–d, a low circle diameter is observed for the synthesized catalyst, indicating a low Rct value and thereby a fast charge transfer on the Pd–Ni/NrGO. By increasing the N2H4 concentration (Figure 8b), at T = 25 °C and a potential of −0.5 V, the Rct values are reduced, which may be attributed to the increment reaction kinetics by raising the sorption of N2H4 on the electrode surface. A decrease in Rct is seen in Figure 8c with increasing temperature at a potential of −0.5 V and N2H4 0.1 mol L−1, and this suggests that the charge transfer rate is promoted at the electrode/electrolyte interface at high temperatures. As presented by the fitting results in Figure 8d, under T = 25 °C and N2H4 0.1 M, the Rct is reduced from 44.22 to 22.03 with an enhancement of the polarization potential from −0.9 to −0.5 V. The reason for this observation could be the faradaic reactions that occurred at the potential of −0.5 V. No faradaic reaction occurs, however, at the potential of −0.9 V. All results obtained from EIS measurements are consistent with the CV results.




2.3. Single-Cell Tests


The performance of Pd–Ni/NrGO in a DHzHPFC using H2SO4 0.5 mol L−1, with several oxidant concentrations, and NaOH 2.0 mol L−1, with various fuel concentrations at three temperatures, was evaluated by monitoring the power density curves (I–P curves) and polarization curves (I–V curves). Figure 9 depicts the I–P and I–V curves of DHzHPFC assembled with Pd–Ni/NrGO (1.0 mg cm−2) as an anode and Pt/C (0.5 mg cm−2) as a cathode under several operating conditions. Taking the electrode reaction and the Nernst equation (Equation (15)) into account, the OCP is enhanced with the increment of H2O2 concentrations (Figure 9a). Thus, the maximum power density (MPD) is enhanced from 101.93 mW cm−2 to 120.50 and 152.74 mW cm−2 by increasing the concentration of H2O2 from 0.5 M to 1.0 and 2.0 mol L−1, respectively. The MPD is reduced to 130.25 mW cm−2, however, by a further increase in the H2O2 concentration to 3.0 mol L−1. This may be due to the fast chemical decomposition of H2O2 and its crossover from the membrane and also the poisoning of the electrode surface by the attachment of gas bubbles produced from H2O2 decomposition [4,11,64] at a high H2O2 concentration (i.e., above 3.0 mol L−1). H2O2 2.0 mol L−1 is thus chosen as the optimum concentration at which the cell performance reaches its maximum.


     E = E   0  +   RT   nF   ln      [ N   2   H 4     ] [ H   2   O 2   ] 2       [ N   2     ] [ H   2     O ]   4     



(15)







To optimize the concentration of N2H4, three concentrations of 0.5, 1.0, and 2.0 mol L−1 were tested and the results are presented in Figure 9b. It can be perceived that the MPDs increased from 136.72 to 167.38 mW cm−2 by incremental N2H4 concentrations from 0.5 mol L−1 to 1.0 mol L−1. Additionally, the anode potential and cell OCP are enhanced with raising N2H4 concentrations, which may be explained based on the electrode reaction and Nernst equation. The fuel diffusion and the oxidation kinetics of N2H4 are promoted with an increased N2H4 concentration. However, the MPD is reduced to 152.74 mW cm−2, at which the N2H4 concentration is 2.0 mol L−1 as a consequence of increasing hydrolysis of N2H4 and its crossover [4,65,66].



As presented in the electrochemical tests, the performance of the Pd–Ni/NrGO catalyst is very sensitive to temperature. In this context, the DHzHPFC performance at different temperatures was also examined and the obtained results are presented in Figure 9c. Varying the temperature from 25 to 45 and 60 °C, DHzHPFC presents an enhanced peak power density from 167.38 to 187.87 and 216.71 mW cm−2, respectively. The high values of OCV and MPD reveal that the kinetics of N2H4 oxidation and H2O2 reduction is promoted with an enhanced temperature [24]. The achieved MPDs for the Pd–Ni/NrGO electrocatalyst at various N2H4 concentrations, H2O2 concentrations, and temperatures are reported in Table 3. A comparison of DHzHPFC performances for different reported anode catalysts in the literature is provided in Table 4. As seen in this Table, the Pd–Ni/NrGO electrocatalyst exhibits an equal or greater catalytic performance, suggesting that Pd–Ni/NrGO is an excellent anode electrocatalyst in DHzHPFC applications.



Stability is a vital parameter in the determination of DHzHPFC performance. In Figure 9d, stability tests were adopted for a single cell with the Pd–Ni/NrGO as an anode, Pt/C as a cathode, NaOH 2.0 mol L−1 + N2H4 1.0 mol L−1 as an anolyte, and H2SO4 0.5 mol L−1 + H2O2 2.0 mol L−1 as a catholyte at a constant current of 90 mA cm−2 and 25 °C. It can be noticed that after a potential decay in the first seconds, it maintained a relatively stable value during the test. The observed oscillation in the cell voltage may be related to the addition of new fuel solution, restarting the measurements, possible minor changes in cell temperature, the oxygen produced from H2O2 decomposition at the cathode, or the hydrogen produced from the hydrolysis of N2H4 at the anode. It is evident that the produced gas bubbles cumulate on the electrode and so block the transfer of N2H4 or H2O2 solution, leading to instant loss of cell performance. As a result, the Pd–Ni/NrGO anode assembled DHzHPFC presents a relatively stable performance.





3. Experimental


3.1. Materials


The purity of the materials used for the synthesis of Pd–Ni/NrGO is given in Table S1. In all the experiments, double-distilled deionized water (0.055 μS cm−1) was used to prepare solutions and all materials were of analytical grade.




3.2. Methods


Production of a Pd–Ni/NrGO electrocatalyst. Firstly, the GO was synthesized using a modified Hummers method [71]. More details of GO preparation are provided in the Supplementary Information. NrGO was produced by the addition of 1.5 g urea to 200 mL GO suspension (2.5 mg mL−1 in H2O) and stirred for 120 min. After the elimination of the solvent with a rotary evaporator, the resultant solid was conveyed into a tubular furnace and treated at 800 °C under an N2 atmosphere for 45 min. The obtained powder was cooled to ambient temperature under constant N2 flow and designated as NrGO. After that, appropriate amounts of NiCl2.6H2O (35.0 mM) and PdCl2 (32.0 mM) were put into 160.0 mL of NrGO suspension (0.5 mg mL−1 isopropanol and distilled water (v/v: 4/1)) under ultrasonication. The pH was adjusted to 10.0 by gradually adding 20.0 mL of NaOH solution containing 150.0 mg of NaBH4 to the suspension at 90 °C. The mixture was then refluxed at 99 °C for 240 min. The Pd–Ni/NrGO precipitate was filtered using Whatman filter paper, rinsed with water, and then dried.




3.3. Physical and Electrochemical Characterization


FTIR (PerkinElmer, Waltham, MA, USA, (300–4300 cm−1)) was used to analyze the nature of chemical bonds in terms of functional groups of the GO and NrGO samples. SEM (MIRA3FEG-SEM, Tescan, Brno, Czech Republic) and TEM (PHILIPS, Amsterdam, The Netherland, CM 120) were utilized to determine the surface morphology of the Pd–Ni/NrGO catalyst, along with the characterization of elemental distribution on the surface of synthesized materials, using EDX. The crystallographic structure of the synthesized catalyst was investigated by XRD (PHILIPS, PW1730, Netherland).



All electrochemical tests were performed using a Gamry Potentiostat/Galvanostat/ZRA (Reference 600™, Warminster, PA, USA) in a three-electrode cell consisting of a platinized titanium rod as a counter electrode and Hg/HgO (MOE) electrode as a reference electrode. The working electrode was constructed by dropping a specific quantity of catalyst ink on a glassy carbon electrode (GCE, 0.196 cm2). The catalyst ink was provided by dispersing synthesized powders (5.0 mg) into isopropanol: water solution (v/v: 2/1) containing Nafion solution under ultrasonication for 120 min.



The electrochemical behavior of the samples was studied by CV, CA, and EIS techniques. CV tests were performed in NaOH 1.0 mol L−1 and N2H4 × mol L−1 (x: 0–0.1 mol L−1) at sweep rates of 20 to 100 mV s−1 and various temperatures (298.15–328.15) K. The CA tests were conducted in aqueous solutions of NaOH 1.0 mol L−1 + N2H4 0.1 mol L−1 at −0.5 V vs. MOE. All EIS tests were carried out in a frequency range of 105 to 10−1 Hz with an r.m.s amplitude of modulation potential of ±10 mV.




3.4. DHzHPFC Measurements


The MEA used for the DHzHPFCs performance test was produced using the CCM technique [72]. Before the compression process of the MEA, the Nafion®117 membrane surface was hydrothermally treated according to the procedure described in the literature [24]. The commercial Pt/C (0.5 mgmetal cm−2), as a cathode ink, and Pd–Ni/NrGO (1.0 mgPd cm−2), as an anode ink, were sprinkled directly on both sides of the treated membrane. The catalyst inks were supplied by ultrasonically mixing specific quantities of anodic catalyst, 2-propanol, H2O, and Nafion solution for 30 min. The as-manufactured catalyst-coated Nafion membrane was hot-pressed at 100 °C for 1.0 min, followed by heating at 80 °C for 15 min. Subsequently, the membrane was immersed in 2.0 mol L−1 NaOH for 3 days. Finally, the catalyst-coated membrane was assembled, together with the produced gas diffusion electrodes (GDE), and placed between two graphite blocks as flow plates (Scheme 1). An alkaline hydrazine solution was employed as the fuel on the anode side by using homemade pumps. On the cathode side, an acidic solution of H2O2 was used as the oxidizing agent. DHzHPFC performance experiments were carried out after cell activation and current density–potential (I–V) and current density–power density (I–P) curves were recorded at various cell conditions. The procedure used for the cell activation is explained in the supporting information.





4. Conclusions


The Pd–Ni alloy nanoparticles were successfully deposited onto the NrGO support using the electrochemical reduction method. FTIR and XRD spectroscopic studies successfully demonstrated nitrogen doping in GO. SEM, EDX, and TEM images also confirmed uniform dispersion of Pd–Ni nanoparticles with a narrow crystalline size in the range of 11–13 nm. The electrochemical properties of the Pd–Ni/NrGO and Pd/NrGO catalysts were investigated by employing CV, CA, CP, and EIS techniques, and the results proved that Pd–Ni/NrGO has a higher catalytic activity and a longer lifetime in comparison with Pd/NrGO. The results also indicated that the Pd–Ni/NrGO has a higher ECSA (166.38 m2 g−1) than that of Pd/NrGO (63.67 m2 g−1). Furthermore, the Pd–Ni/NrGO showed a higher catalytic activity toward hydrazine electrooxidation compared with Pd/NrGO; thus, the hydrazine oxidation current density on the Pd–Ni/NrGO (12,360.50 A g−1) was higher than that of Pd/NrGO (6821.22 A g−1). The low activation energy for the electrooxidation of hydrazine on the Pd–Ni/NrGO catalyst (10.72 kJ mol−1) revealed that the electrooxidation of hydrazine occurs readily on this catalyst. The results of the DHzHPFC setup showed a high maximum power density in the range of 216.71 mW cm−2 under optimal conditions. In summary, this work has demonstrated that the unique Pd–Ni/NrGO catalyst has promise as a potential anode electrocatalyst for DHzHPFC applications.
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Figure 1. (a) FT-IR spectra of GO and NrGO [1]. (b) XRD patterns of GO and NrGO, and Pd–Ni/NrGO. Reprinted with permission from ref. [1]. Copyright 2021 American Chemical Society. 






Figure 1. (a) FT-IR spectra of GO and NrGO [1]. (b) XRD patterns of GO and NrGO, and Pd–Ni/NrGO. Reprinted with permission from ref. [1]. Copyright 2021 American Chemical Society.
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Figure 2. (a–c) FESEM images of (a,b) NrGO and (c) Pd–Ni/NrGO. (d) TEM image and (e) EDX image of Pd–Ni/NrGO. 
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Figure 3. The CVs in the NaOH 1.0 mol L−1 under a sweep rate of 100 mVs−1 (a) for NrGO in the presence and absence of N2H4 0.02 mol L−1, (b) for Pd/NrGO and Pd–Ni/NrGO in the absence of N2H4, (c) for Pd–Ni/NrGO in the presence of N2H4 0.02 mol L−1. 
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Figure 4. (a) The effects of sweep rate on the CVs of Pd–Ni/NrGO in NaOH 1.0 mol L−1 + N2H4 0.02 mol L−1. (b) The plot of HzOR peak current vs. ν1/2 for Pd–Ni/NrGO. 
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Figure 5. (a) The effects of N2H4 concentration on the CVs of Pd–Ni/NrGO in NaOH 1.0 mol L−1 at a constant sweep rate of 100 mV s−1. (b) The plot of log CN2H4-log ip for Pd–Ni/NrGO. 
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Figure 6. (a) The effects of temperature on the CVs of Pd–Ni/NrGO in NaOH 1.0 mol L−1 + N2H4 0.1 mol L−1 at a constant sweep rate of 100 mV s−1. (b) The Plot of ln ip vs. 1/T for Pd–Ni/NrGO. 
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Figure 7. (a) CA curves of Pd–Ni/NrGO and Pd/NrGO in NaOH 1.0 mol L−1 + N2H4 0.1 mol L−1 at −0.5 V. (b) The resulting current density percentage decrease for Pd–Ni/NrGO and Pd/NrGO at a potential of −0.5 vs. MOE and 25 °C for 3000 s. 
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Figure 8. (a) The equivalent circuit utilized for fitting of the EIS information; the influence of (b) concentration of N2H4, (c) temperature, and (d) potential on the EIS spectra of Pd–Ni/N-rGO. 






Figure 8. (a) The equivalent circuit utilized for fitting of the EIS information; the influence of (b) concentration of N2H4, (c) temperature, and (d) potential on the EIS spectra of Pd–Ni/N-rGO.



[image: Catalysts 11 01372 g008]







[image: Catalysts 11 01372 g009 550] 





Figure 9. The effects of operation conditions on the performance of DHzHPFC designed with Pd–Ni/NrGO (1.0 mg cm−2) as an anode and Pt/C (0.5 mg cm−2) as a cathode: (a) H2O2 concentration, (b) N2H4 concentration, and (c) temperature; (d) stability test for Pd–Ni/NrGO at a discharging current of 90 mA cm−2. 
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Scheme 1. The components of DHzHPFCs. 
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Table 1. The electrochemically active surface area (ECSA), hydrazine oxidation current density (ip), and onset potential of HzOR on the Pd–Ni/NrGO and Pd/NrGO catalysts.
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	Catalyst Type
	ECSA (m2 g−1)
	ip (A g−1)
	Onset Potential (V vs. MOE)





	Pd/NrGO
	63.67
	6821.22
	−0.40



	Pd–Ni/NrGO
	166.38
	12,360.50
	−0.45
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Table 2. The values of Rct for HzOR on the Pd–Ni/NrGO catalyst at different concentrations of hydrazine, temperatures, and voltages.
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	N2H4 Concentration (mol L−1)
	Potential

(V vs. MOE)
	Temperature

(°C)
	Rct

(Ω cm2)





	0.02
	−0.5
	25
	92.76



	0.06
	−0.5
	25
	31.27



	0.1
	−0.5
	25
	22.03



	0.1
	−0.5
	45
	17.12



	0.1
	−0.9
	25
	4422
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Table 3. The MPDs value for DHzHPFC with the Pd–Ni/NrGO electrocatalyst as an anode at various experimental FC conditions.
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FC Condition

	
MPD/(mW cm−2)




	
[N2H4]/(mol L−1)

	
[H2O2]/(mol L−1)

	
T/(°C)






	
2.0

	
0.5

	
25

	
101.93




	
2.0

	
1.0

	
25

	
120.50




	
2.0

	
2.0

	
25

	
152.74




	
2.0

	
3.0

	
25

	
130.25




	
0.5

	
2.0

	
25

	
136.72




	
1.0

	
2.0

	
25

	
167.38




	
1.0

	
2.0

	
45

	
187.87




	
1.0

	
2.0

	
60

	
216.71
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Table 4. The comparison of DHzHPFC performances under different experimental FC conditions.
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	Anode
	Cathode
	Membrane
	Anolyte
	Catholyte
	Temperature (℃)
	Maximum Power Density (mW cm−2)
	Ref.





	Pt53Cu47/C

(0.5 mg cm−2)
	Pt/C (20 wt.%)

(1.0 mg cm−2)
	Tokuyama
	KOH 1.0 M +

N2H4 1.0 M
	O2 flow rate: 30 SCCM
	80
	56.1
	[67]



	Ni0.6Co0.4 nanosheets

(1.4 mg cm−2)
	Pt/C

(40.0 wt.%)
	Nafion 115
	KOH 4.0 M +

N2H4 20.0 wt%
	H2O2 20.0% + H2SO4 0.5 M
	80
	107.1
	[68]



	Pd/CNT

(1.0 mg cm−2)
	Pt/C

(0.25 mg cm−2)
	Nafion 117
	NaOH 1.0 M +

N2H4 2.0 M
	O2 flow rate: 150.0 mL min−1
	60
	110
	[69]



	Co–Au/C

(1.0 mg cm−2)
	Au/C

(1.0 mg cm−2)
	Nafion 117
	NaOH 2.0 M +

N2H4 2.0 M
	H2O2 2.0 M + H2SO4 0.5 M
	60
	122.8
	[4]



	MoCx–NC

(1.0 mg cm−2)
	Pt/C

(1.0 mg cm−2)
	KOH-doped PBI
	KOH 6.0 M +

N2H4 0.5 M
	O2 Flux:

0.2 slpm
	80
	158.26
	[70]



	Ni–Pd/rGO

(1.0 mg cm−2)
	Pt/C

(0.5 mg cm−2)
	Nafion 117
	NaOH 2.0 M +

N2H4 1.0 M
	H2O2 2.0 M + H2SO4 0.5 M
	60
	204.8
	[13]



	Pd–Ni/NrGO

(1.0 mg cm−2)
	Pt/C

(0.5 mg cm−2)
	Nafion 117
	N2H4 1.0 M +

NaOH 2.0 M
	H2O2 2.0 M + H2SO4 0.5 M
	25

60
	187.87

216.71
	This work
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