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10 Abstract: Anion exchange membrane (AEM) electrolysis is hampered by two main issues: stability
11 and performance. Focusing on the latter, this work demonstrates a highly active NiMo cathode for
12 hydrogen evolution in AEM electrolysis. We demonstrate an electrolyzer performance of 1 A cm

13 at 1.9 V (total cell voltage) with a NiMo loading of 5 mg cm? and an iridium black anode in 1 M
14 KOH at 50 °C, that may be compared to 1.8 V for a similar cell with Pt at the cathode. The catalysts
15 developed here will be significant in supporting the pursuit of cheap and environmentally friendly
16 hydrogen fuel.
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18

19 1. Introduction

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

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

35 In general, the membrane electrode assembly (MEA) consists of a polymeric membrane with
36  ananode and a cathode catalyst on each side of the membrane as shown in Fig 1. The catalyst can be
37  coated on the membrane, thus forming a catalyst-coated membrane (CCM). Alternatively, catalyst
38  ink can be coated on the porous substrate and compressed onto either side a polymer membrane
39  forming catalyst-coated substrates (CCS).” In AEM water electrolysis, hydrogen gas and hydroxide
40  ions (OH") produced from water reduction at the cathode while AEM exchanges (OH- ) ions to the
41  anode.?

42

43 2H.O0 —» 2Hx+O2 1)

44

© 2018 by the author(s). Distributed under a Creative Commons CC BY license.


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.20944/preprints201811.0539.v1
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3390/catal8120614

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 November 2018 d0i:10.20944/preprints201811.0539.v1

2 of 8

45 The overall reaction in equation (1) requires catalytic activity, towards the oxygen evolution
46  reaction (OER) at the anode and for the hydrogen evolution reaction (HER) at the cathode, to form
47  the respective gases from the electrode surfaces.!!

48 The overall reaction requires a theoretical free energy electrolysis voltage or thermodynamic cell
49  voltage of 1.23 V to split water into hydrogen and oxygen at 25 °C.12
50 In practice, the cell voltage needed for efficient hydrogen generation must be higher than 1.23

51 V. Additional voltage is required to overcome over-voltages associated with electrode kinetics and
52 the ohmic resistance of the electrolyte and electrolyzers components, among others.>13

AEM Electrolyzer
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54 Fig 1. Catalyst electrode layer and membrane electrode assembly for AEM electrolyzer, where the
55 catalyst is mixed with an ionomer, Reprinted from Artyushkova et al, License Number
56 4406040674790.14
57 Performance improvement through the development of new materials and optimization of the

58  MEA fabrication process is of high importance. AEMs with high ionic conductivity and stability, as
59  well as catalysts with improved activity and durability in alkaline conditions have been studied in
60  various reports in recent years.3516 An et.al.’” developed a mathematical model to predict the
61  performance of AEMWE. Their results showed that an activation polarization of the hydrogen and
62  oxygen evolution reactions is responsible for the performance reduction (voltage to achieve specific
63  current) in AEMWE. This points to the necessity of developing high-performance MEAs through
64  electrocatalyst and membrane optimization.1718

65 Only a few studies address the influence of a non-precious metal catalyst cathode and hydroxide
66  ion-conductivity in AEMWE devices. For example, Scott et al. 192 investigated the performance of
67  AEMWEs using different cobalt based oxides (2.5 — 3.0 mg cm?2) as the OER catalyst and Ni (2.0 mg
68  cm?) as the HER catalyst. At a 1.9 V cell voltage, the cell achieved current densities ranging from 65
69 mA cm? (3.0 mg cm2 of Cuo7C02304) to 175 mA cm2 (2.5 mg cm2 of Li-doped Cos0s). Comotti et
70 al0 demonstrated the effect of HER catalyst (Ni/(CeO2-La205)/C) loading on AEMWE performance,
71 the current density at 1.9 V increased from 160 to 470 mA c¢m2 as the loading varied from 0.6 to 7.4
72 mgcm2 Xiao et al. investigated high catalyst loadings for both the HER (NiMo 40 mg cm2) and OER
73 (NiFe 40 mg cm?) electrodes which resulted in AEMWE performance of 570 mA cm2 at 1.9 V.2t This
74  performance was comparable to that observed using PGM catalysts for the HER (Pt, 3.2 mg cm?),
75  and OER (IrO2, 2.9 mg cm?) electrodes, respectively.12!

76  2.Results and Discussion

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

80 The NiMo catalyst was prepared by reducing an aqueous solution containing the Ni and Mo
81  metal precursors in presence of sodium borohydride. SEM images of the amorphous catalysts are
82  shown in Figs. S1 and S2 in electronic supplementary information (ESIt). The catalyst exhibited
83  nanosheet-like structures. These nanosheets are loosely stacked and form sponge-like structures,
84  leading to high specific surface areas. X-ray diffraction (XRD) indicates an amorphous nature of the
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85  prepared catalyst as shown in Fig. S3 ESIt.22 Raman spectra reproduced in Fig. S4 ESIt, contain peaks
86  corresponding to the presence of one-phonon (1P) and two-photon (2P) NiO Raman modes at 570
87  and 1090 cm- respectively. The XPS spectrum in Fig. S5 ESIt of the NiMo nanosheets displays three
88 peaks at 230.6, 402 and 410 eV, related to Mosi, Mospsz, and Mospiz levels of molybdenum,
89  respectively. The NiMo nanosheets show peaks corresponding to the Nizps2 and Nizpi2 levels, with
90  binding energies 854 and 873 eV respectively, and confirms the presence of NiO. A peak with a
91  binding energy of 187.0 eV corresponds to the of the Bis level of elemental boron. 225
92 The 25 cm? AEM catalyst coated membranes (CCMs) were prepared by spraying (airbrush)
93  catalyst directly on to membranes mounted to a temperature controlled hot plate. Pt/C or NiMo
94 supported on Vulcan x72 carbon (NiMo/X72) were used as cathode catalysts while Ir black served as
95 the anode catalyst. Reinforced Fumatech membranes, Fumapem FAA-3-PE-30 and 10wt% Fumion
96  FAA-3-solute-10 ionomer in NMP were utilized in the MEA preparation. The MEAs (shown in Fig.
97  S6 in the ESIt) were assembled in a modified Baltic cell hardware between two commercially
98  available porous Ti transport layers for water electrolysis (Beakaert). The MEAs were conditioned
99  and exchanged to the OH form in-situ.
100 The morphology of the catalyst layer is best described as catalyst particles covered with ionomer
101  and electrolyte as illustrated in Fig 1. Compositional uniformity along catalyst layers was confirmed
102 by energy dispersive X-ray (EDX) mapping as illustrated in Fig. S7 in the ESIt; the elemental mapping
103 shows a uniform distribution of Ni, Mo, O, and carbon. The cross-sectional interface view of the
104  cathode MEA demonstrated in Fig. S7 (ESIt) confirmed the uniform dispersion of the catalyst along
105  the MEA layer and its firm adherence to the membrane. SEM images (Fig. S8, ESIt) show that the
106  distribution of catalyst is also uniform across the surface of the AEM; the SEM images revealed no
107  voids or cracks in the catalyst layer.
108 The water electrolyzer setup consisted of a 5 L Teflon tank with heaters and a peristaltic pump,
109  which was used to pump hot KOH (50 °C) through the AEMWE cell. The cells were always filled
110 with the KOH solution during operation and were not exposed to ambient air. This eliminates some
111 of the drawbacks associated with AEM in fuel cells, e.g., membrane degradation due to dry
112 conditions and precipitation of carbonates. The ESIt provides more details on the preparation and
113 testing of the AEMWE cell.
114 Electrochemical impedance spectroscopy (EIS) was conducted to separate the ohmic resistance
115 from other contributions to the voltage of the AEMWE cells. Fig. 2 shows the impedance-plane plot
116  at0.4 A cm?2for the cells with NiMo/X72 cathodes (Fig.2 a) and Pt/C cathodes (Fig.2 b) for both 0.1
117  and 1.0 M KOH. The impedance-plane plots appear to consist of two partly overlapping and
118  depressed semicircles. (A high-frequency tail extending towards positive imaginary parts is
119  considered to be due to the electronics and the experimental setup and is not considered further in
120 this work). The low-frequency arcs are of similar size for the two catalysts, whereas the high-
121  frequency arc has a significantly larger radius for the NiMo catalyst than for Pt.
122 The total ohmic resistance of the 25 cm? cell was determined from the high-frequency resistance
123 (HFR), i.e., from the intercept with the real (Re) axes of the impedance-plane plot. For 1 M KOH,
124 NiMo/X72 cell hasan HFR of approximately 0.150 Q2 cm?, which is lower compared to the Pt/C based
125  AEMWE cell (0.190 Q cm?) and previously reported by Cho et al.# This shows that despite having
126  higher NiMo loadings resulting in thicker catalyst layers, the NiMo/X72 cell still shows excellent cell
127 conductivity. However, a considerable increase in the HFR was observed when changing the KOH
128  concentration to 0.1 M KOH; 0.310 Q cm? for NiMo/X72 and 0.290 Q) cm? for Pt/C. This HFR increase
129 at the lower KOH concentration may indicate insufficient ionic conductivity of the membrane.? The
130 conductivity of the membrane is directly proportional to KOH concentration until reaches 5M KOH.
131 Beyond this concentration, the membrane conductivity tends to decrease as KOH concentration
132 increases.? The differences in the HFR between the two catalysts may be attributed to constriction
133 resistances.?”
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135 Fig 2. Electrochemical impedance taken at 0.4 A in both 1M and 0.1M KOH at 50 °C. a) 5 mg cm?
136 NiMo loading compared to b) 1 mg cm? Pt. Cell active area: 25 cm. Both CCMs using 3 mg cm™ Ir-
137 black.
138 We emphasize that apart from the cathode catalyst layers, the two cells were constructed using

139 the same components, i.e., using the same type of bipolar plates, porous transport layers, anode
140 catalyst layers, and membranes. Therefore, the differences in the EIS of the different cells are
141  attributed to the cathode catalyst layer only.

142 The low-frequency arc at around 5 Hz (Fig. 2) being of similar magnitude in the two cases, may
143 be attributed to mass transport$232 or the anode*. The much larger high-frequency arc, on the other
144 hand, indicates significant differences in the kinetic contributions to the cell voltage from the
145  NiMo/X72 and Pt/C cathodes. For analysis, we converted the recorded impedance data to Tafel
146  impedance®, i.e., the impedance multiplied with the steady-state current density at which it was
147  obtained. For a kinetically limited process, the Tafel slope for the reaction can be found from the Tafel
148  impedance as the diameter of the impedance arc.3*3! Assuming that the entire impedance consists of
149  Kinetic contributions in Fig. 2, we thus estimate the Tafel slope in 1 M KOH to be 50 mV for Pt and 95
150  mV for NiMo (Table S1 ESIt) at 0.4 A cm?2 Even if the low-frequency arc may be due to other
151  processes than that can be ascribed to the HER at the cathode, Fig. 2, and (Fig. S9, Fig. S10, ESIt)
152 indicates that the Tafel slope for the NiMo cell is twice that of Pt under the same process conditions.
153 Thus, the reaction mechanism is different at NiMo cell than at Pt cell.

154 Fig 3 shows the polarisation curves of both iR-corrected and uncorrected voltages for the
155 AEMWE at different KOH concentration, both for cells with cathode MEAs containing NiMo/X72
156  and Pt/C. For the polarisation curves that were corrected for ohmic resistance we used the following
157  equation:

158 Vir=V - (iRA) @)

159 where Vir is the potential corrected for resistance; i is the current density in units of A cm?; A is the
160  geometric area of the AEMWEs in cm? and R is the area specific resistance measured by impedance
161  and in the units of Q cm2 The current-voltage characteristics for the NiMo cells appear to be more
162 curved than those for the Pt cells, both for the iR-corrected and uncorrected data. Also, the slopes of
163 the iV-curves are larger for the cells with NiMo than those with Pt, in line with Tafel slopes from the
164  impedance measurements.
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166 Fig 3. Polarisation curves in both 1M and 0.1M KOH at 50 °C. a) 5 mg cm*2 NiMo loading compared
167 to b) 1 mg cm? Pt. Cell active area: 25 cm2. Both CCMs using 3 mg cm Ir-black.
168 On the other hand, low KOH concentrations (< 1 M) does have a more adverse effect for the

169  NiMo cell than for the Pt cell. The activity decrease in 0.1 M KOH could be related to membrane
170 conductivity which decreases at lower KOH concentrations.? The different reaction mechanisms
171  implied by the differences in Tafel impedance also suggest that the mechanisms and the reaction
172 orders are different at the two cathodes. A contribution to the pH dependence on the overall cell
173 performance from the cathode should therefore also be expected, as is rather clearly demonstrated in
174  Fig. 3.

175 Despite higher slightly onset potentials for NiMo/X72 compared to Pt/C, the NiMo cell displays
176  an excellent performance (Fig. 3), being comparable to that of the cell with the Pt cathode, achieving
177 1A cm?at1.9Vin1M KOH. The corresponding performance for the Pt cellis1 A cm2at1.8 Vin1
178  MKOH. In 0.1 M KOH, the difference was larger, the NiMo cell yielding 0.5 A cm2 at 2V and the Pt
179 cell the same current at 1.65 V. The excellent performance of 1 A cm? at 1.75 V (iR-corrected) in 1 M
180  KOH obtained for the NiMo/X72 hydrogen catalyst outperforms all of those summarized in Table 52
181  ESIt. Nowadays commercial alkaline electrolyzers reach current densities up to 0.45 A cm? at a cell
182  voltage of 1.7-2.1V, corresponding to a theoretical hydrogen generation rate of 1.9 Nm?3 per m3 of the
183  cell area.!8 Therefore NiMo/X72 catalyst potentially allows for low loading transition metal loading
184  in AEMWE operation on a commercial scale.1832

185 3. Materials and Methods

186  3.1. Chemicals and materials

187 NiMo/X72 prepared in our lab, Commercial Pt/C (Alfa Aesar 60% on carbon support) and Ir
188  black (Alfa Aesar 99.8% S.A>20 m?/g), Fumatech ionomer: Fumion FAA-3-SOLUT-10 anion exchange
189  polymer solution N-methyl-2-pyrrolidone (NMP) solvent solution, concentration 10 wt% purchased
190  from Fumatech BWT group, Germany.

191 Fumapem FAA 3 — PE membrane: Anion exchange Membrane (20-30 um) purchased from
192 Fumatech BWT group, Germany. Sigma Aldrich supplied reagent grade Isopropanol (IPA). All
193 chemicals were used as received and deionized (D.I) water used was of 18.2 MQ.cm resistivity.

194 NiMo Catalyst Synthesis: NiMo nanosheet prepared by reducing the aqueous mixture of
195  Ammonium molybdate tetrahydrate (NH:)sMo07O24-4H2O and nickel nitrate hexahydrate Ni
196  (NOs):6H20 in the presence of sodium borohydride NaBHz to produce NiooMoi . The amorphous
197  NiMo supported on Vulcan carbon X72 (60wt%).
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198 3.2. Catalyst characterization

199 The morphology of the NiMo nanosheets was studied Using scanning electron microscopy
200  (SEM, Carl Zeiss supra 55). NiMo nanosheets were investigated using Hitachi s-5500 FESEM, using
201 STEM mode, NiMo dissolved in ethanol and the solution deposited on Formvar/Carbon 300 mesh,
202  Copper grid hole size: 63um. Structural and crystalline characteristics of the nanosheets were
203  investigated using a Bruker D8 A25 DaVinci X-ray Diffractometer with CuKa radiation. The average
204  wavelength of the radiation was 1.5425 A. Raman spectroscopy was carried out with a Renishaw
205  InVia-Reflex Spectrometer using VIS excitation at 532 nm (100mW) with spectral resolution<l cm-.
206  Surface electronic states and composition of NiMo nanosheets were carried out by X-ray
207  photoelectron spectroscopy (XPS). XPS spectra were collected within an Axis Ultra DLD instrument
208  (Kratos Analytical) equipped with a monochromatic Al X-ray source.

209  3.3. MEA preparation

210 Ink preparation: the mixing procedure includes: 1) add required amount of water (4.8 gm) and
211  ionomer (1.92 gm) to catalyst powder then sonicate with ice for 15 minutes. 2) add IPA (4.8 gm). 3)
212 sonicate for 10 minutes with ice. 4)Mix with an ultrasonic probe for 5 minutes with ice, amplitude =
213 40%. For these experiments, we keep NiMo/X72 loading 5 mg/cm? and Ir loading 3mg/cm?2.

214 Spraying MEA: 25 cm? MEA was done by airbrush spraying at 60 °C, a slower rate of spraying
215 resulted in better CCM. The MEAs were fabricated using airbrush spraying. The fumatech membrane
216 was assembled in a plastic holder that functions as a mask as well to leave only the active area open
217  to deposition. A commercial Coltech airbrush spraying (0.35 mm nozzle) was used during the
218  deposition. Wait 10 minutes between cathode and anode spraying.

219 3.3. Cell testing

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

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

232 3.4. SEM and EDX mapping

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

236 4. Conclusions

237 In summary, we have demonstrated that the use of amorphous NiMo catalyst supported on
238  carbon as cathode leads to AEM water electrolysis cell achieving 1 A cm? at 1.75 V (iR-corrected) in
239 1 M KOH supporting electrolyte. This shows that the performance of AEM water electrolysis may be
240  achieved at levels (especially on a cost vs. current basis) of significant commercial interest.

241 Supplementary Materials: The following are available online, Fig S1: a) SEM image of NiMo nanosheets, Fig S2
242 a) Inverted dark field STEM NiMo nanosheets b) NiMo supported in Vulcan x72 prepared by chemical
243 reduction, Fig S3: X-ray diffraction pattern of NiMo nanosheets, Fig S4: Raman spectrum of NiMo nanosheets,
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244 Fig S5: XPS spectrum of NiMo nanosheets, Fig S6:photograph of an individual MEA, Fig S7: a) SEM image of
245 MEA cross-section, b) EDX mapping of MEA prepared by airbrush spraying, and individual elemental mapping
246 for Ni, Mo, O, and C respectively, Fig S8: a) SEM image of NiMo/x72 cathode surface in MEA, b) SEM image of
247 Ir anode surface in MEA prepared by airbrush spraying, Fig S9: Tafel analysis of a) NiMo/X72 cell and b) Pt/C
248  cellin 1 and 0.1 M KOH, Fig S10: Tafel impedance analysis of a) and b) NiMo/X72 cell in 0.1 M and 1 M KOH
249 respectively, c) and d) Pt/C cell in 0.1 and 1 M KOH respectively, Table S1 Tafel impedance of NiMo/X72 cell
250 and Pt/C cell in 0.1 and 1M KOH at different current density, Table S2 Review of AEM water electrolysis
251 performance and development.
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