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Abstract

:

Anion exchange membrane (AEM) electrolysis is hampered by two main issues: stability and performance. Focusing on the latter, this work demonstrates a highly active NiMo cathode for hydrogen evolution in AEM electrolysis. We demonstrate an electrolyzer performance of 1 A cm−2 at 1.9 V (total cell voltage) with a NiMo loading of 5 mg cm−2 and an iridium black anode in 1 M KOH at 50 °C, that may be compared to 1.8 V for a similar cell with Pt at the cathode. The catalysts developed here will be significant in supporting the pursuit of cheap and environmentally friendly hydrogen fuel.
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1. Introduction


Water electrolysis utilizing a solid polymer electrolyte membrane has been widely studied [1]. Compared to traditional alkaline water electrolysis that employs porous diaphragm separators with alkaline solution electrolytes, solid polymer electrolytes provide advantages such as lower gas crossover, improved efficiency, differential pressure operation, and improved operation dynamics [2]. Two types of solid polymer electrolytes are currently being pursued: proton exchange membranes (PEMs) and anion exchange membranes (AEMs) [3]. PEM water electrolysis (PEMWE) has matured considerably over the past decade, fulfilling many of the technical requirements for power-to-gas energy storage from renewables [4,5]. PEM electrolyzer technology still requires expensive catalysts based on noble metals, e.g., iridium and platinum, high cost perfluorinated polymers membranes such as Nafion [6].



AEM water electrolysis (AEMWE) has the potential to become a cheaper alternative to PEM water electrolysis systems, for example by allowing for the use of non-precious transition metal electrocatalysts [7]. Therefore, AEM water electrolysis aims to combine the low costs of alkaline electrolysis with the high power and flexibility of PEM electrolyzers [2]. However, the water splitting performance of AEM water electrolysis is currently much lower than that of PEMWE [8].



In general, the membrane electrode assembly (MEA) consists of a polymeric membrane with an anode and a cathode catalyst on each side of the membrane as shown in Figure 1. The catalyst can be coated on the membrane, thus forming a catalyst-coated membrane (CCM). Alternatively, catalyst ink can be coated on the porous substrate and compressed onto either side a polymer membrane forming catalyst-coated substrates (CCS) [9]. In AEM water electrolysis, hydrogen gas and hydroxide ions (OH−) produced from water reduction at the cathode while AEM exchanges (OH−) ions to the anode [10].


2H2O→2H2 + O2



(1)







The overall reaction in Equation (1) requires catalytic activity, towards the oxygen evolution reaction (OER) at the anode and for the hydrogen evolution reaction (HER) at the cathode, to form the respective gases from the electrode surfaces [11]. The overall reaction requires a theoretical free energy electrolysis voltage or thermodynamic cell voltage of 1.23 V to get hydrogen and oxygen from water at 25 °C [12]. In practice, the cell voltage needed for efficient hydrogen generation must be higher than 1.23 V. Additional voltage is required to overcome over-voltages associated with electrode kinetics and the ohmic resistance of the electrolyte and electrolyzers components, among others [2,13].



Performance improvement through the development of new materials and optimization of the MEA fabrication process is of high importance. AEMs with high ionic conductivity and stability, as well as catalysts with improved activity and durability in alkaline conditions have been studied in various reports in recent years [3,15,16]. An et al. [17] developed a mathematical model to predict the performance of AEMWE. Their results showed that an activation polarization of the hydrogen and oxygen evolution reactions is responsible for the performance reduction (voltage to achieve specific current) in AEMWE. This points to the necessity of developing high-performance MEAs through electrocatalyst and membrane optimization [17,18].



Only a few studies address the influence of a non-precious metal catalyst cathode and hydroxide ion-conductivity in AEMWE devices. For example, Scott et al. [19] investigated the performance of AEMWEs using different cobalt-based oxides (2.5–3.0 mg cm−2) as the OER catalyst and Ni (2.0 mg cm−2) as the HER catalyst. At a 1.9 V cell voltage, the cell achieved current densities ranging from 65 mA cm−2 (3.0 mg cm−2 of Cu0.7Co2.3O4) to 175 mA cm−2 (2.5 mg cm−2 of Li-doped Co3O4). Comotti et al. [20] demonstrated the effect of HER catalyst (Ni/(CeO2-La2O3)/C) loading on AEMWE performance, the current density at 1.9 V increased from 160 to 470 mA cm−2 as the loading varied from 0.6 to 7.4 mg cm−2. Xiao et al. investigated high catalyst loadings for both the HER (NiMo 40 mg cm−2) and OER (NiFe 40 mg cm−2) electrodes which resulted in AEMWE performance of 570 mA cm−2 at 1.9 V [21]. This performance was comparable to that observed using PGM catalysts for the HER (Pt, 3.2 mg cm−2), and OER (IrO2, 2.9 mg cm−2) electrodes, respectively [21].



In this paper, we show that our synthesized NiMo catalyst offers a cathode performance comparable to Pt nanoparticle catalyst in AEMWE. We also include a description of the influence of the KOH concentration on the performance of NiMo HER catalysts in a real AEMWE environment.




2. Results and Discussion


The NiMo catalyst was prepared by reducing an aqueous solution containing the Ni and Mo metal precursors in presence of sodium borohydride. SEM images of the amorphous catalysts are shown in Figure 2. The catalyst exhibited nanosheet-like structures. A similar nanosheet morphology has also been obtained for NiFe prepared by reduction of precursors with NaBH4 [22]. These nanosheets are loosely stacked and form sponge-like structures, leading to high specific surface areas. Here we used X-ray diffraction (XRD) to investigate crystal structure and phases present in the NiMo catalyst. The XRD pattern for NiMo in Figure 2 shows two broad peaks consistent with an amorphous catalyst powder, a very small crystallite size, or both. The XRD pattern does not display any sharp peaks that may be related to an extended periodicity of the lattice [23].



Raman spectroscopy was employed to evaluate the vibrational modes of the NiMo catalyst. The Raman spectra reproduced in Figure 3 contain peaks corresponding to the one-phonon (1P) and two-photon (2P) NiO Raman modes at 570 and 1090 cm−1, respectively [24]. Although Raman phonon modes (1P and 2P) shown in Figure 3 are identical to those in the single-crystal, the 1P mode may also be associated with bulk defects or surfaces [24].



The X-ray photoelectron spectroscopy (XPS) spectrum in Figure 3 of the NiMo nanosheets displays three peaks at 230.6, 402, and 410 eV, related to Mo3d, Mo3p3/2, and Mo3p1/2 levels of molybdenum, respectively. These peaks can be assigned to presence of the Mo4+ (4d2) states of molybdenum oxide [25]. The high resolution peaks of Mo3d5/2 (230.1 eV) and Mo3d3/2 (233.3 eV) are related to the Mo4+ oxidation state (MoO2) on the surface [26]. In addition, the NiMo XPS spectra of the NiMo nanosheets contain peaks corresponding to the Ni2p3/2 and Ni2p1/2 levels with binding energies 854 and 873 eV, respectively, which suggests the presence of Ni in an oxidized state [27]. Auger peaks of Ni appears in the binding energy range from 600 to 800 eV. A peak with a binding energy of 187.0 eV corresponds to the of the B1S level of elemental boron [28,29] The XPS data are thus consistent with the presence of surface oxide states of Ni and Mo in the NiMo nanosheets.



The electrocatalytic performance of the NiMo and Pt/C catalysts were evaluated in a three-electrode system in N2-saturated 1 M KOH electrolyte with a rotating disk electrode (RDE). Figure 4 shows the current recorded during linear sweep voltammetry (LSV) for NiMo catalysts with a Mo content with 3%, 5%, and 10%, respectively. As can be seen from Figure 4a, the current density normalized to the geometric surface area, and thus the catalytic activity is dependent on composition. Ni0.9Mo0.1 exhibits the highest electrochemical activity. It is worth noting that bare glassy carbon and Vulcan XC/72 support have almost negligible hydrogen evolution activity. The evaluation of the ECSA of NiMo presented here is based on the double layer capacitance procedure [30,31]. For Pt/C, the ECSA was calculated from the area under Hupd peak [32]. As for the mass activity, we kept the catalyst loading at the electrode at 0.25 mg/cm2 and the glassy carbon electrode geometric surface area of S(geo) = 0.196 cm2. Mass activity (A/g) was calculated from the actual catalyst loading (in mg/cm2) and current density j (mA/cm2) at a given overpotential [33].



To reach the benchmark activity of −10 mA/cm2 Pt required an overpotential of −105 mV, while Ni0.9Mo0.1 required −185 mV. The Tafel slope for NiMo is about −120 mV, which is larger than that for Pt/C −70 mV/dec. The HER kinetics of the NiMo catalyst thus appears to be consistent with electrochemical adsorption as the rate-determining step for the HER. The Tafel slope is therefore consistent with both the Volmer−Heyrovsky and Volmer Tafel mechanisms [34].



Electrochemical investigation of NiMo and Pt in half-cell measurements were done with the same mass loading and the weight ratio (Pt/NiMo = 1:1). The trend in Figure 4, shows that Pt has higher HER activity than NiMo. Based on measurements in the electrochemical cell, the mass loading of Ni should be five times higher than that of Pt to attain comparable activity. Based on cost analysis, owing to the price difference between Ni (10 cents (¢) per gram), Mo (10 cents (¢) per gram), and (Pt (30 USD per gm), with a NiMo: Pt weight ratio of 5:1 the HER catalyst cost would be reduced at least 60 times [35]. Such a cost reduction cost is highly beneficial for applications in industry and energy systems.



Electrochemical impedance spectroscopy (EIS) was carried out for investigation of the electrode-electrolyte interface kinetics. Figure 5a shows the Nyquist plots of Ni0.9Mo0.1 and Pt/C at different applied potentials (−150 and −100 mV vs. RHE) in 1 M KOH. Pt and Ni0.9Mo0.1 have similar high-frequency resistances. For Pt and NiMo at higher applied potential, the radius of the semicircle decreases, signifying a lower charge transfer resistance (Rct) as expected if the current depends exponentially on potential [36,37].



Chronoamperometric measurements were performed by applying constant potentials of −200 mV for 1200 min. From Figure 5b, Ni0.9Mo0.1 in 1 M KOH displays short-term stability which is similar to that of Pt/C at this applied overpotential. These results thus indicate that the Ni0.9Mo0.1 electrocatalysts have good short-term stability [38].



Based on structural and the evaluation of catalyst activity in the electrochemical cell, (Ni0.9Mo0.1) have the best HER activity and durability among the NiMo catalysts and have therefore been chosen to represent NiMo in AEM water electrolysis cell.



In AEMWE cell Pt/C or NiMo supported on Vulcan x72 carbon (NiMo/X72) were used as cathode catalysts while Ir black served as the anode catalyst. Reinforced Fumatech membranes, Fumapem FAA-3-PE-30 and 10 wt. % Fumion FAA-3-solute-10 ionomer in NMP were utilized in the MEA preparation. The MEAs (shown in Figure S1 in the ESI†) were assembled in a modified Baltic cell hardware between two commercially available porous Ti transport layers for water electrolysis (Beakaert).



The morphology of the catalyst layer is best described as catalyst particles covered with ionomer and electrolyte as illustrated in Figure 1. Compositional uniformity along catalyst layers was confirmed by energy dispersive X-ray (EDX) mapping as illustrated in Figure S2 in the ESI†; the elemental mapping shows a uniform distribution of Ni, Mo, O, and carbon. The ink is sprayed in the whole membrane area, Nickel percentage in the catalyst is 90% while Mo is only 10%, that is why by EDX we can see Nickel is more pronounced in Figure S2. The cross-sectional interface view of the cathode MEA demonstrated in Figure S2 (ESI†) confirmed the uniform dispersion of the catalyst along the MEA layer and its firm adherence to the membrane. SEM images (Figure S3, ESI†) show that the distribution of catalyst is also uniform across the surface of the AEM; the SEM images revealed no voids or cracks in the catalyst layer.



Electrochemical impedance spectroscopy (EIS) during in-situ full cell testing was conducted to provide information about the uncompensated resistance and then to separate the ohmic resistance from other contributions to the voltage of the AEMWE cells. Figure 6 shows the impedance-plane plot at 0.4 A cm−2 for the cells with NiMo/X72 cathodes (Figure 6a) and Pt/C cathodes (Figure 6b) for both 0.1 and 1.0 M KOH. The impedance-plane plots appear to consist of two partly overlapping and depressed semicircles. (A high-frequency tail extending towards positive imaginary parts is considered to be due to the electronics and the experimental setup and is not considered further in this work). The low-frequency arcs are of a similar size for the two catalysts, whereas the high-frequency arc has a significantly larger radius for the NiMo catalyst than for Pt.



The total ohmic resistance of the 25 cm2 cell was determined from the high-frequency resistance (HFR), i.e., from the intercept with the real (Re) axes of the impedance-plane plot [39]. For 1 M KOH, NiMo/X72 cell has an HFR of approximately 0.150 Ω cm2, which is lower compared to the Pt/C based AEMWE cell (0.190 Ω cm2). This shows that despite having higher NiMo loadings resulting in thicker catalyst layers, the NiMo/X72 cell still shows excellent cell conductivity. However, a considerable increase in the HFR was observed when changing the KOH concentration to 0.1 M KOH; 0.310 Ω cm2 for NiMo/X72 and 0.290 Ω cm2 for Pt/C. This HFR increase at the lower KOH concentration may indicate insufficient ionic conductivity of the membrane [26]. The conductivity of the membrane is directly proportional to KOH concentration until reaches 5 M KOH. Beyond this concentration, the membrane conductivity tends to decrease as KOH concentration increases [40]. Stefania et al. [41] found similar behaviour for Pt/C. The HFR increases when the catalyst loading decreases, which might be associated with constriction resistances [42]. However, it is difficult to unequivocally relate the change in the HFR with KOH concentration for the two catalysts to constriction resistances. Newman et al. [43] showed that electrochemical reactions are nonuniformly distributed within the electrode. The distribution will be dependent on the ohmic resistance in pores as well as the charge transfer kinetics. For slow kinetics, the reaction is forced to be more uniformly distributed than for fast kinetics. The former case would correspond to the NiMo and the latter to Pt/C. The contribution to the changes in impedance with KOH concentration from the pore resistance would thus be expected to be more significant the more evenly the reaction is distributed. While this may contribute to the larger changes in the radius of the arcs in Figure 6 for the NiMo sample than for Pt/C, an interpretation of the changes of the high-frequency intercepts with concentration will require investigation going beyond the scope here.



We emphasize that apart from the cathode catalyst layers, the two cells were constructed using the same components, i.e., using the same type of bipolar plates, porous transport layers, anode catalyst layers, and membranes. Therefore, the differences in the EIS of the different cells are attributed to the cathode catalyst layer only.



The low-frequency arc at around 5 Hz (Figure 6) being of similar magnitude in the two cases, may be attributed to mass transport [39,44] or the anode [44]. The much larger high-frequency arc, on the other hand, indicates significant differences in the kinetic contributions to the cell voltage from the NiMo/X72 and Pt/C cathodes. For analysis, we converted the recorded impedance data to Tafel impedance [33], i.e., the impedance multiplied with the steady-state current density at which it was obtained. For a kinetically limited process, the Tafel slope for the reaction can be found from the Tafel impedance as the diameter of the impedance arc [45,46]. Assuming that the entire impedance consists of kinetic contributions in Figure 6, we thus estimate the Tafel slope in 1 M KOH to be 50 mV for Pt and 95 mV for NiMo (Table S1 ESI†) at 0.4 A cm−2. Even if the low-frequency arc may be due to other processes than that can be ascribed to the HER at the cathode, Figure 6, and (Figures S4 and S5, ESI†) indicates that the Tafel slope for the NiMo cell is twice that of Pt under the same process conditions. Thus, the reaction mechanism is different at NiMo cell than at Pt cell.



In Figure 6, we show the equivalent circuit that used to fit the impedance data e circuit on Figure 6 is used to fit the impedance data taken at 0.4 A in both 1 M and 0.1 M KOH at 50 °C. Ni0.9Mo0.1 and Pt/C cells. The fitted electrical circuit is comprised of two parallel circuits containing a resistor and a constant-phase element (CPE) each in series with a resistor. The latter, Rel, is attributed to the ohmic resistance of the cell (current collectors and membrane). We take the balance of the circuit to represent charge transfer, adsorption of intermediates and double layer capacitance in a porous electrode layer [39,41]. A detailed interpretation is, however, beyond the scope here.



Figure 7 shows the potentiostatic polarisation curves of both iR-corrected and uncorrected voltages for the AEMWE at different KOH concentration, both for cells with cathode MEAs containing NiMo/X72 and Pt/C (standard deviation is <1(10−3) for three measurements). For the polarisation curves that were corrected for ohmic resistance we used the following equation:


ViR = V − (iRA)



(2)




where ViR is the potential corrected for resistance; i is the current density in units of A cm−2; A is the geometric area of the AEMWEs in cm2, and R is the area specific resistance measured by impedance and in the units of Ω cm2. The current-voltage characteristics for the NiMo cells appear to be more curved than those for the Pt cells, both for the iR-corrected and uncorrected data. Also, the slopes of the iV-curves are larger for the cells with NiMo than those with Pt, in line with Tafel slopes from the impedance measurements.



Despite higher slightly onset potentials for NiMo/X72 compared to Pt/C, the NiMo cell displays an excellent performance (Figure 7), being comparable to that of the cell with the Pt cathode, achieving 1 A cm−2 at 1.9 V in 1 M KOH. The corresponding performance for the Pt cell is 1 A cm−2 at 1.8 V in 1 M KOH.



In 0.1 M KOH, the difference was larger, the NiMo cell yielding 0.5 A cm−2 at 2 V and the Pt cell the same current at 1.65 V. On the other hand, low KOH concentrations (<1 M) does have a more adverse effect for the NiMo cell than for the Pt cell. The activity decrease in 0.1 M KOH could be related to membrane conductivity which decreases at lower KOH concentrations [40]. The different reaction mechanisms implied by the differences in Tafel impedance also suggest that the mechanisms and the reaction orders are different at the two cathodes. A contribution to the pH dependence on the overall cell performance from the cathode should therefore also be expected, as is rather clearly demonstrated in Figure 7.



The excellent performance of 1 A cm−2 at 1.75 V (iR-corrected) in 1 M KOH obtained for the NiMo/X72 hydrogen catalyst outperforms all of those summarized in Table S2 ESI†. Nowadays, commercial alkaline electrolyzers reach current densities up to 0.45 A cm−2 at a cell voltage of 1.7–2.1 V, corresponding to a theoretical hydrogen generation rate of 1.9 Nm3 per m3 of the cell area [18]. Therefore NiMo/X72 catalyst potentially allows for low loading transition metal loading in AEMWE operation on a commercial scale [18,47].




3. Materials and Methods


3.1. Chemicals and Materials


NiMo/X72 prepared in our lab, Commercial Pt/C (Alfa Aesar 60% on carbon support, Massachusetts, USA) and Ir black (Alfa Aesar 99.8% S.A> 20 m2/g), Fumatech ionomer: Fumion FAA-3-SOLUT-10 anion exchange polymer solution N-methyl-2-pyrrolidone (NMP) solvent solution, concentration 10 wt. % purchased from Fumatech BWT group, Germany. Fumapem FAA 3–PE membrane: Anion exchange Membrane )20–30 µm) purchased from Fumatech BWT group, Germany. Sigma Aldrich (Sigma-Aldrich Chemie Gmbh, Munich, Germany) supplied reagent grade Isopropanol (IPA). All chemicals were used as received and deionized (D.I) water used was of 18.2 MΩ.cm resistivity.



NiMo Catalyst Synthesis: NiMo nanosheet prepared by a simple chemical reduction at 20 ± 2 °C as reported by many groups for other transition metals [48,49]. In this process we reduced 200 mL of aqueous mixture of ammonium molybdate tetrahydrate (NH4)6Mo7O24·4H2O and nickel nitrate hexahydrate Ni (NO3)2·6H2O with molar concentration of Ni:Mo (0.9:0.1) in the presence of sodium borohydride (NaBH4) to produce Ni0.9Mo0.1 supported on Vulcan carbon XC/72 (60 wt. %). Sodium borohydride concentration was three times that of the metal precursor to ensure full reduction and compensate for the hydrogen gas evolution. The final solution was centrifuged and dried under vacuum at room temperature.




3.2. Catalyst Characterization


3.2.1. Structural Characterization


The morphology of the NiMo nanosheets was studied Using scanning electron microscopy (SEM, Carl Zeiss supra 55, Oberkochen, Germany). NiMo nanosheets were investigated using Hitachi s-5500 FESEM (Krefeld, Germany), using Scanning transmission electron microscopy (STEM) mode, NiMo dissolved in ethanol and the solution deposited on Formvar/Carbon 300 mesh, Copper grid hole size: 63 µm. Structural and crystalline characteristics of the nanosheets were investigated using a Bruker D8 A25 DaVinci X-ray Diffractometer with CuKα radiation (Billerica, Massachusetts, USA). The average wavelength of the radiation was 1.5425 Å. Raman spectroscopy was carried out with a Renishaw InVia-Reflex Spectrometer using VIS excitation at 532 nm (100 mW) with spectral resolution <1 cm−1. Surface electronic states and composition of NiMo nanosheets were carried out by X-ray photoelectron spectroscopy (XPS). XPS spectra were collected within an Axis Ultra DLD instrument (Kratos Analytical, Manchester, UK) equipped with a monochromatic Al X-ray source.




3.2.2. Preparation of the Electrode for RDE Measurement


The catalyst ink was prepared by homogenization of 5 mg of catalyst material in a solution of (0.5 mL D.I water, 0.44 mL Isopropanol + 60 µL Nafion 117 solution). The ink sonicated in an ultrasonication bath for 30 min. An aliquot of homogenized catalyst ink was deposited onto a glassy carbon electrode. The shaft was rotated at 100 rpm (mass loading was kept at 0.25 mg/cm2). The ink was subsequently dried in air at room temperature by maintaining the rotator speed at 700 rpm for 15 min.




3.2.3. Electrochemical Characterization


The electrochemical measurements were carried out using a multi-channel electrochemical analyzer (Ivium-n-Stat). A rotating disk electrode (RDE) (PINE Research Instrumentation, (Durham, NC, USA), modified as described before, was used as a working electrode. Platinum foil served as a counter-electrode. The Hg/HgO (Pine Research) was used as a reference electrode. Nitrogen-saturated 1 M KOH solution was used as an electrolyte. It was freshly prepared before each set of experiments. LSV curves were collected in a potential range of −0.4 to −1.9 V vs. Hg/HgO using a scan rate of 5 mV/s at 1600 rpm rotation speed. All electrochemical experiments were done at a temperature of 22 ± 2 °C. All resulting data were corrected for IR loss due to the solution resistance. The equation corrected the compensated potential:


Ecompensated = Emeasured − iR








where Ecompensated and Emeasured denote as the compensated and measured potentials, respectively.



Short-term durability and stability test was carried out using chronoamperometry for 20 h at −200 mV constant cathodic overpotential. Electrochemical impedance spectroscopy (EIS) measurements at selected potentials were carried out in range of 0.1 Hz to 100 kHz in 1M KOH. All potentials measured were calibrated to RHE using:


ERHE = EHg/HgO + 0.098 V + (0.059 V pH).













3.3. MEA Preparation


Ink preparation: the mixing procedure includes: (1) add required amount of water (4.8 gm) and ionomer (1.92 g (gm)) to catalyst powder then sonicate with ice for 15 min. (2) add IPA (4.8 gm). (3) sonicate for 10 min with ice. (4) Mix with an ultrasonic probe (the ultrasonic probe is Branson Digital Sonifier model 102c) for 5 min with ice, amplitude = 40%. (Sonication is to ensure a good mixture of ink and to keep it un-agglomerated, and it is done at 5 ± 2 °C, the uniformity of ink composition is essential to ensure reproducible results). For these experiments, we keep NiMo/X72 loading 5 mg/cm2 and Ir loading 3mg/cm2.



Spraying MEA: The 25 cm2 AEM catalyst coated membranes (CCMs) were prepared by spraying (airbrush) catalyst directly on to membranes mounted to a temperature controlled hot plate at 60 °C, a slower rate of spraying resulted in better CCM. The MEAs were fabricated using airbrush spraying. The fumatech membrane was assembled in a plastic holder that functions as a mask as well to leave only the active area open to deposition. A commercial Coltech airbrush spraying (0.35 mm nozzle) was used during the deposition. There are 10 min waiting between cathode and anode spraying.



The MEAs were conditioned and exchanged to the OH form in-situ. The water electrolyzer setup consisted of a 5 L Teflon tank with heaters and a peristaltic pump, which was used to pump hot KOH (50 °C) through the AEMWE cell. The cells were always filled with the KOH solution during operation and were not exposed to ambient air. This eliminates some of the drawbacks associated with AEM in fuel cells, e.g., membrane degradation due to dry conditions and precipitation of carbonates.




3.4. Cell Testing


For single cell tests: The MEAs were assembled in a modified Baltic cell hardware between two commercially available Ti porous transport layer for water electrolysis (Beakaert). The MEA was conditioned and exchanged to the OH form in-situ. The setup consists of 5 L Teflon tank with heaters and a peristaltic pump to pump hot KOH through the AEMWE cell. The cell was operated at 50 °C and atmospheric pressure, KOH was fed in anode and cathode sides. During cell testing, MEA with carbon only as a cathode was used to evaluate the activity of the cell without NiMo catalyst.



For electrochemical analyses, a high-current potentiostat (HCP-803, Bio-Logic, Seyssinet-Pariset, France) was used to control cell voltage and measure impedance. The current density was measured for repeated voltage cycles from 1.5 to 2 V. Electrochemical impedance spectroscopy (EIS) was employed to determine the cell performance–affecting resistances for different operating and electrode fabrication conditions, with the corresponding analyses performed at different current densities such as 0.1, 0.4, and 0.8 A/cm2 in the AC frequency range of 50 kHz–200 mHz.




3.5. SEM and EDX Mapping


The catalyst layers on the MEA and the cross-sectional view were examined by high-resolution scanning electron microscopy (SEM); Zeiss supra 55 was used. Samples were prepared by cutting 1.0 mm wide strips from the different MEA and fixed on aluminum holders before analysis.





4. Conclusions


In summary, we have demonstrated that the use of amorphous NiMo catalyst supported on carbon as cathode leads to AEM water electrolysis cell achieving 1 A cm−2 at 1.75 V (iR-corrected) in 1 M KOH supporting electrolyte. This shows that the performance of AEM water electrolysis may be achieved at levels (especially on a cost vs. current basis) of significant commercial interest.
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Figure 1. Catalyst electrode layer and membrane electrode assembly for anion exchange membrane (AEM) electrolyzer, where the catalyst is mixed with an ionomer, Reprinted from Artyushkova et al., License Number 4406040674790 [14]. 
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Figure 2. (a) SEM image of Ni0.9Mo0.1 nanosheets, (b) Inverted dark field scanning transmission electron microscopy (STEM) Ni0.9Mo0.1 nanosheets (c) Ni0.9Mo0.1 supported in Vulcan XC72 prepared by chemical reduction, (d) X-ray diffraction pattern of Ni0.9Mo0.1 nanosheets. 
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Figure 3. (a) Raman spectrum of Ni0.9Mo0.1 nanosheets, (b) X-ray photoelectron spectroscopy (XPS) spectrum of Ni0.9Mo0.1 nanosheets, (c) XPS peak fitting of Nickel peaks (d) XPS peak fitting of Mo peaks. 
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Figure 4. Linear sweep voltammetry (LSV) of NiMo with different Mo composition and Pt/C normalized to (a) geometric surface area and (b) electrochemical surface area and (c) mass loading. 
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Figure 5. (a) Nyquist plot of Ni0.9Mo0.1 and Pt/C in 1 M KOH at −150 and 150 mV vs. RHE (b) Chronoamperometry of Ni0.9Mo0.1 and Pt/C for 24 h in 1 M KOH. 
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Figure 6. Electrochemical impedance is taken at 0.4 A in both 1 M and 0.1 M KOH at 50 °C. (a) A 5 mg cm−2 NiMo loading compared to (b) a 1 mg cm−2 Pt. Cell active area: 25 cm−2. Both catalyst coated membranes (CCMs) using 3 mg cm−2 Ir-black. The impedance data represented by symbols and the fitted impedance data represented by a solid line. 
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Figure 7. Polarization curves in both 1 M and 0.1 M KOH at 50 °C. (a) A 5 mg cm−2 NiMo loading compared to (b) a 1 mg cm−2 Pt. Cell active area: 25 cm−2. Both CCMs using 3 mg cm−2 Ir-black. 
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