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11 Abstract: Bottom-up synthesis of porous NiMo alloy reduced by NiMoOs nanofibers was
12 systematically investigated to fabricate non-noble metal porous electrodes for hydrogen production.
13 The different annealing temperatures of NiMoOs nanofibers under hydrogen atmosphere reveal
14 that the 950 °C annealing temperature is a key to produce bicontinuous porous NiMo alloy without
15 oxide phases. The porous NiMo alloy as cathodes in electrical water splitting demonstrates not only

16 almost identical catalytic activity with commercial Pt/C in 1.0 M KOH solution, but also superb
17 stability for 12 days at an electrode potential of 200 mV (v. s. RHE).
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20 1. Introduction

21 Nanoporous metals are key materials for energy engineering fields because of outstanding
22 conductivity, bi-continuous open porous structures with tunable porosity, large surface area,
23 excellent catalytic activities and high mechanical strength [1, 2]. Recently, nanoporous non-precious
24 metals has been focused as electrodes and catalysts such as supercapacitor [3, 4], Li-air battery [5, 6],
25 fuel cell and water electrolysis [7, 8], showing great potentials as precious metal-free electrodes. The
26  fabrication process of nanoporous metal employs a dealloying method [1] that the solid solution alloy
27  of precious metal and non-precious metal was electrochemically corroded in acidic electrolytes.
28  However, in this method, the alloy combinations in the dealloying method is very limited and the
29  non-precious metal of Ni, Fe and Cu is usually the one to be removed from the alloy, forming precious
30  metal-based nanoporous structures. Therefore, the desirable design of non-precious metal has been
31  explored to expand their applications.

32 Nanoporous non-precious metal have been synthesized by bottom-up approaches such as
33 nanoparticle-sintering [9, 10] and reduction of metal oxides [11, 12]. Especially, the reduction of metal
34 oxide is a powerful method to prepare nanoporous non-precious metal. One of attractive porous
35  metals is NiMo alloy which is known as one of the best hydrogen evolution electrode catalyst [13, 14]
36 for cost-effective and highly efficient hydrogen production in water electrolysis. Although different
37  kind of NiMo alloy porous morphologies were investigated as HER catalysts including NisMo [15],
38 NiMo nanopowder [16], NiMo nanowire [17], the performances show the HER performance is not
39  very enhanced due to the absence of bi-continuous and monolithic porous structures. Indeed, the Ni
40  foam supported NisMo nanoparticles and the three-dimensional NiMo nanowires significantly
41  improved their HER activities. This means that bi-continuous and monolithic 3D electrode catalysts
42 bring high reaction kinetics. Therefore, NiMo alloy with bicontinuous open porous 3D structure can
43 be a central electrode catalyst for electrical water splitting combined with renewable energy such as
44  wind, water and solar energies to produce eco-friendly hydrogen production without any carbon
45  emission.
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46 In this study, we have systematically investigated porous NiMo alloy with different annealing
47  temperatures from 400°C to 950°C to understand the formation of porous structures by reduction
48  under hydrogen atmosphere. Moreover, the electrochemical performances of resulting porous NiMo
49  alloy samples were tested in 1 M KOH electrolyte with the comparison of the best catalyst of platinum
50  (Pt). The durability test in 1 M KOH electrolyte was further carried out by cyclic voltammetry and
51  chronoamperometry measurements.

52 2.Materials and Methods

53 Preparation of NiMoOs: nanofibers. NiMoO: nanofibers, synthesized by a standard
54 hydrothermal method [18, 19], were used as precursors to obtain 3D porous NiMo alloy through a
55 reductive annealing system. 2.5 mmol NiCL-6H2O (wako, 98% purity) and 2.5 mmol Na2MoOs-2H20
56  (wako, 99% purity) were dissolved in 30 ml deionized water, and then was transferred into a 50 ml
57  Teflon coated stainless autoclave, which was kept at 150°C for 12 h. After the autoclave cooling down
58  to room temperature, the as-prepared NiMoOs nanofibers were washed by deionized water several
59 times with a centrifuge, and kept in deionized water.

60 Preparation of porous NiMo alloy. The NiMoOx nanofiber solution was dropped on Cu sheets,
61  and dried naturally for one day. The dried NiMoOx (5.0 g) was put into the center of a quartz tube
62  (p30xp27x1000 mm) furnace. The NiMoOs was reduced at various temperatures from 400-950°C for
63 20 min under the mixed atmosphere of hydrogen (100 sccm) and argon (200 sccm) to reduce oxides
64  for porous structure formation. After the annealing, the resulting reduced samples were removed
65  from the Cu sheets for measurements.

66 Imaging and spectroscopic characterization. The morphology and microstructure of 3D NiMo
67  alloy were characterized by a scanning electron microscope (SEM, JEOL JSM-4300). The X-ray
68  diffraction (XRD) was carried out using a RIGAKU SmartLab IMTP diffractometer with a 9.0 kW
69  rotating anode generator (Cu Kal radiation; A = 1.5406 A). The X-ray photoelectron spectroscopy
70 (XPS, AXIS ultra DLD, Shimazu) with Al Ka and X-ray monochromator was utilized for surface
71 chemical compositions analysis. The surface area of porous NiMo sample was measured by the
72 Brunauer-Emmett-Teller (BET) methods using a BELSORP-mini II (BEL. JAPAN. INC) at 77.0 K. The
73 sample was heated at 120°C under vacuum for 48 hours before the measurements.

74 Electrochemical characterizations. Hydrodynamic voltammetry for HER and electrochemical
75  impedance spectroscopy (EIS) were conducted using an electrochemical workstation (Biologic, VSP-
76 300) equipped with a rotation disk electrode (RDE, 5 mm diameter glassy carbon, HOKUTO DENKO
77 corp.). A graphite plate, an Ag/AgCl electrode (HOKUTO DENKO corp.) and the porous NiMo
78  samples (5 mg) dispersed on the glassy carbon served as the counter electrode, the reference electrode
79  and the working electrode, respectively. The porous NiMo samples and 10wt% Pt/C (Sigma-Ardrich)
80  were dispersed uniformly on the surface of the glassy carbon electrode using Nafion (wako, 5%
81  DE521 CStype) as a binder. The Ag/AgCl electrode was compared with a flesh Ag/AgCl electrode to
82  check the differences of potential before use. All potentials were calculated with respect to RHE using
83  the equation: E(RHE) = E(Ag/AgCl) + 0.0591 x pH + 0.1976. The cyclic voltammetry (CV)
84  measurements after several cycles were recorded from —250 mV to +100 mV (v.s. RHE) at a sweep
85  rate of 10 mV/s in 1 M KOH electrolyte (pH=13.9) deaerated with Ar (99.999%) with disk rotation
86  speed of 1600 rpm to remove generated hydrogen bubbles. The electrode potential in the
87  hydrodynamic voltammogram was automatically iR-compensated with the Ohmic resistance
88  measured at +200 mV (v.s. RHE). The EIS measurement was carried out at 200 mV (v.s. RHE) with
89  anamplitude of 50 mV. The durability of the electrodes was tested by potential cycling between -250
90 mV to +100 mV (v.s. RHE) at 10 mV/s. The electrolyte after 2000 CV cycle test was collected and
91  analyzed through ICP-OES (Thermo Fisher Scientific IRIS Advantage DUO) to determine the
92 leaching amount from NiMo catalyst.

93
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96  3.Results and Discussion

97 The fabrication process of 3D porous NiMo alloy, illustrated in Figure 1., was divided into two

98  main procedures. Firstly, the NiMoOs nanofibers, the precursor of porous NiMo, were synthesized

99  through a standard hydrothermal method at 150°C for 12 hours. Secondly, the resulting NiMoOx
100 nanofibers dropped on Cu sheets and inserted into a quartz tube furnace were annealed at 400-950°C
101 for 20 min under the mixed gases of hydrogen and argon to reduce the oxidized precursor. After the
102 furnace cooling down to room temperature, the annealed NiMoOs samples were peeled off from the
103 Cu sheets for characterizations and measurements. Moreover, the sheet area easily reached to 2 cm?
104  (Figure 1) when the area of Cu sheet was tuned.
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106 Figure 1. Schematic illustration of the synthesis process of 3D porous NiMo alloy.
107 The morphologies of annealed NiMoO: samples were investigated to reveal the formation

108  process of porous structures with scanning electron microscope (SEM) measurements. The nanofiber
109  structure was kept at low temperatures of 0-500°C (Figure 2a-c), and some nanoparticles were
110 generated on the surface of nanofibers at 500°C due to the reduction of NiMoOs nanofibers (inset of
111 Figure 2c). When the temperature reached to 600°C, the generated nanoparticles started to fuse and
112 reconstruct each other to be energetically stable due to the high geometric potential at the
113 nanoparticle state (Figure 2d). The pristine nanofiber structures were totally disappeared at 700°C
114  and the ligaments in the porous structures were gradually formed with pore size less than 100 nm
115  (Figure 2e). The 3D open porous structures were developed and the porous structures became
116  bicontinuous and interconnected above 800°C (Figure 2f). The porous structures were well developed
117  and the pore size increased from tens of nanometers to a few hundred nanometers with the
118  temperature ranging from 800 to 950°C (Figure 2g-h). The view of cross-section of sample annealed
119  at 950°C showed the open and bicontinuous structures were well preserved in the inside of sample
120 sheets (Figure 2i).

121 The crystal structures of annealed NiMoO: samples were studied by X-ray diffraction (XRD)
122 measurements (Figure 3a). The pristine NiMoOs nanofibers and sample annealed at 400°C matched
123 well with the NiMoOsxH20 (JCPDS #13-0128) (Figure S1). When the annealing temperature ranges
124 between 500-600°C, the obtained peaks were well assigned to NiMoOs (JCPDS #33-0948). This can be
125  explained with the complete removal of crystalline water at 500-600°C. At 700°C, some NiMoOs were
126  reduced and decomposed under the reductive atmosphere, partly forming NiO (JCPDS #71-1179)
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127 and MoO: (JCPDS #65-5787). Above 800°C, the composition of NiMo (JCPDS #48-1745), NisMo
128  (JCPDS #65-5480), and pure Mo (JCPDS #42-1120) were gradually generated and oxidized species of
129 NiO and MoO: were gradually reduced. The Ni(OH): (JCPDS #14-0117) was created from pure Ni
130 when it exposed into air for XRD measurements. It is worthy noted that the reduction of NiMoOs
131  requires 800°C and reduction of MoO: requires 950°C. Thus, the sample annealed at 950°C only
132 obtains NiMo with certain amount of NisMo alloys. In addition, the high resolution XRD patterns of
133 samples annealed at 800°C, 900°C and 950°C are displayed in Figure S2. The specific surface area of
134 the porous NiMo annealed at 950°C was measured by the BET methods. The surface area was
135 estimated as 2.81 m?/g (Figure S3).

136

137 Figure 2. SEM images of (a) pristine NiMoOxs nanofiber; (b-i) temperature effect of 3D porous structure
138 formation on samples annealed at 400°C-950°C. The insets in (c) and (e) show high resolution SEM images.

139 The surface chemical compositions of porous NiMo and NisMo alloy samples annealed at 900°C
140  and 950°C were tested by X-ray photoelectron spectroscopy (XPS) measurements. The high-
141  resolution Ni 2p spectrum of the sample annealed at 900°C reveals that the main peaks are assigned
142 to Ni (852.6 eV, 869.6 eV) and NiO (855.9 eV, 873.6 eV), while the NiO peaks of the sample annealed
143 at950°C are negligibly small (Figure 3b, 3d) [20-22]. These results further indicate that Ni oxides were
144 completely reduced at 950°C. The high-resolution Mo 3d spectrum of samples annealed at 900°C were
145 deconvoluted into six distinct peaks at 227.4 eV, 230.6 eV, 228.5 eV, 231.6 eV, 232.1 eV and 235.2 eV,
146  assigning to NiMo, NisMo and Mo oxide, showing alloy and oxidized surface state (Figure 3c) [23-
147 25]. The sample annealed at 950°C presents major NiMo (94.4 at%) with negligible NisMo (1.5 at%)
148  and Mo oxide on the surface, further confirming the almost complete reduction of Mo oxide (4.1 at%,
149  probably oxidized during the transfer to XPS measurements) at 950°C (Figure 3e). These XPS results
150  are good agreements with the XRD results. Considering XRD and XPS results during the reduction
151  process, the following sequential transformations are proposed: (1) the reduction of pristine NiMoOs
152 to partly-reduced NiMoOs nanoparticles, (2) the reconstruction and fusion of the further-reduced
153 NiMoOs nanoparticles to decrease the surface energy and (3) the complete reduction of NiMoOs
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154  nanoparticles for the formation of ligaments into porous NiMo structures, developing 3D porous
155  NiMo alloy.

156 The samples with different annealing temperatures of 800°C, 900°C and 950°C (abbreviated as
157 NiMo-800°C, NiMo-900°C and NiMo-950°C) with the comparison of commercial 10wt% Pt/C and the
158  pristine NiMoO: nanofibers were tested in 1 M KOH solution to investigate the catalytic HER
159  activities (Figure 4a). The polarization curve of NiMo-950°C exhibits a Pt-like HER activity, reaching
160  acurrent density of 10 mA/cm? at an overpotential of 18 mV, which is only 2 mV larger than the value
161  achieved by 10wt% Pt/C. Turnover frequency (TOF) normalized by the BET surface area at an
162 electrode potential of 100 mV (vs. RHE) was roughly estimated and the value was 0.84 Hz s for
163 NiMo-950°C sample and the TOF value was relatively higher reported NiMo electrode (Table S1).
164  This means that the intrinsic catalyst activity of the NiMo0-950°C sample was enhanced by the bi-
165  continuous porous structures. The NiMo0-900°C and NiMo-800°C reveal a gradual decline trend of
166  HER catalytic activity, which achieve 10 mA/cm? at an overpotential of 66 mV and 182 mV. This
167  decline indicates that the existence of Mo oxide and Ni oxide dramatically interferes HER processes,
168  and the HER activity can be greatly enhanced only with the complete reduction of the oxides at 950°C.
169  Indeed, the fully oxidized NiMoOs nanofiber exhibits no HER catalytic activity. The Tafel plots
170  estimated from the polarization curves (Figure 4b) show that the NiMo-950°C achieves a Tafel slope
171 of 36 mV/decade and 10wt% Pt/C (loading amount: 0.26 mg/cm?) exhibits 30 mV/decade. Therefore,
172 the Heyrovsky desorption process (H20 + e~ + H* — Hz + OH"), where H* represents adsorbed H
173 atom on catalytic site *) could be the rate determining step for the NiMo0-950°C in 1 M KOH electrolyte
174 [26]. The Tafel slopes of NiMo0-900°C and NiMo-800°C are 72 mV/dec and 147 mV/dec, indicating the
175  mixed Volmer-Heyrovsky process (H20 + e + H* — Hz2 + OH- and H20 + e- — H* + OH") are the
176  corresponding rate determining steps [27, 28]. The EIS measurements were further carried out to
177  measure the charge-transfer resistances (R«) of the porous NiMo alloys at an overpotential of 200 mV
178  v.s. RHE (Figure 4c). The internal resistances of NiMo-800°C, NiMo-900°C and NiMo-950°C are
179  almost the same value of 5 Q. The NiMo0-950°C exhibits quite low R« value of 7.9 Q, which far lower
180  than the 19.8 Q for NiM0-900°C and the 26.5 Q for NiMo-800°C, confirming more efficient reaction
181  Kkinetics of the NiMo-950°C sample. All electrochemical properties were listed in Table S1.
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183 Figure 3. (a) XRD patterns of pristine NiMoOs nanofibers and reduced samples at different annealing
184 temperatures. High-resolution XPS spectra of nickel 2p and molybdenum 3d spectra on porous NiMo

185 samples annealed at 900°C for 20 min; (b—c) and 950°C for 20 min (d-e).
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Figure 4. (a) The HER polarization curves of porous NiMo samples annealed at 800°C, 900°C, 950°C,
pristine NiMoOs nanofibers and 10wt% Pt/C. (b) Corresponding Tafel plots from (a). (c)
Electrochemical impedance spectroscopy of porous NiMo samples annealed at 800°C, 900°C and
950°C at overpotential of 200 mV v.s. RHE. (d) Polarization curves of porous NiMo samples annealed
at 800°C, 900°C and 950°C before and after 2000 CV cycles. (e) Durability test of porous NiMo annealed
at 950°C at overpotential of 200 mV by chronoamperometry.


http://dx.doi.org/10.20944/preprints201710.0102.v2
http://dx.doi.org/10.3390/met8020083

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 November 2017 d0i:10.20944/preprints201710.0102.v2

193 , 8! .5 x40,000 15.0kV LED

194 Figure 5. SEM images of porous NiMo samples annealed at 950°C after 2000 CV cycles.
195 The long-term durability is an important criterion for HER cathodes. The CV and

196  chronoamperometry (CA) measurements were utilized to investigate the stability of porous NiMo
197  alloy at an electrode potential of ~200 mV (vs. RHE) in 1 M KOH electrolyte. The polarization curves
198 of NiM0-900°C and NiMo-950°C after 2000 cycles exhibit extremely high durability (Figure 4d). The
199  overpotential of NiM0-950°C at 100 mA/cm? only increases by 5 mV (150 to 155 mV) after the 2000
200  CV cycles. During the CA measurement (Figure 4e), the NiMo-950°C sample (loading amount: 1 mg)
201  keeps original performances of 27 mA/cm? for 12.5 days at overpotential of 200 mV. A rotating disk
202 electrode was not used for the CA test, resulting in some bubbles blocked the surface and a slight
203 decrease of the current density. To understand the superb HER performances and chemical stability,
204  the SEM images of the NiMo0-950°C sample after 2000 CV cycles were investigated. The bicontinuous
205  porous structure was well preserved in 1 M KOH electrolyte (Figure 5). In addition, the ICP-OES was
206  wused to investigate the leaching amount of the NiMo electrode after 2000 cycle test. The result reveal
207  that the dissolution amount of Ni and Mo is less than 0.6 at% and 0.3 at% (under the detection limit),
208  which further confirm the prominent stability. Thus, chemically stable and well-crystalized porous
209  NiMo-950°C alloy electrode plays an important role of outstanding HER performances.

210 4. Conclusions

211 We have demonstrated the formation of porous NiMo alloy with systematic annealing
212 temperatures from 400-950°C. The formation of porous structures requires 800°C, and the complete
213 reduction of Mo oxide species requires 950°C annealing temperature. The bi-continuous and
214 conductive porous NiMo alloys with larger surface area can enhance intrinsic catalyst activity and
215  would be employed as cathodes for electrical water splitting without losing their catalytic abilities in
216 1 M KOH electrolyte for 12.5 days. Such non-noble porous metal alloys could be good replacements
217  of noble metal such as Pt, which has been one of undue barrier to sustaining worldwide use due to
218  high price and low world supply. Therefore, the development and study of non-noble porous metals
219  aslow-cost, earth-abundant HER catalysts offer hopeful alternatives to Pt-based catalysts to achieve
220  hydrogen societies.
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