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A totally atom-economical route to synthesize nickel hydroxide with a desired
nano/micro structure is realized by using a membrane-free Ni—-O, fuel cell.
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Abstract

The conventional syntheses of nickel hydroxide (Ni(OH),;) produce a large amount of
chemical wastes because of low atom-economy reactions employed in the processes. Here, we
describe an atom-economical synthesis of Ni(OH), from nickel metal, water, and oxygen gas
(O,) through a newly designed, membrane-free nickel-oxygen (Ni—O,) fuel cell. Electricity is
also generated as the by-product. The new synthesis method can greatly reduce the pollution to
the environment. The as-prepared Ni(OH), has a desired nano/micro structure and exhibits

excellent performance as the positive electrode material of nickel-metal hydride batteries.
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Introduction

Lately, a tremendous of research has been conducted on the development of new electrode
materials for advanced batteries, such as nickel-metal hydride (Ni/MH) and lithium-ion

batteries, as the power sources for electric vehicles to reduce the pollution from transportation.
However, less attention has been paid to the environmental pollution and energy consumption
caused by the synthesizing processes of the electrode materials.'” The widespread usage of the
environmentally benign electric vehicles requires the development of green approaches with high
atom economy to synthesize the materials. These approaches have a high proportion of reactant

atoms incorporated into the desired product.

Nickel hydroxide (Ni(OH),) is the active material for the positive electrodes of NiMH
batteries®® and also an important precursor of the positive electrode materials for lithium ion
batteries.”"" It is typically synthesized from the reactions of a nickel salt, e.g., nickel sulfate
(NiSO,), and an alkali, e.g., sodium hydroxide (NaOH).">" The high purity NiSOy is usually
synthesized by dissolving metallic nickel (Ni) in a sulfuric acid solution containing nitric acid or
hydrogen peroxide as the oxidant in industrial processes.”’ The flowchart of a common existing
process for the preparation of Ni(OH), is shown in Schematic la. This process is atom-
uneconomical because a large quantity of unwanted acids and salt are generated from the
reaction Al and reaction A2.*"** The atom economy of this route is 21.6%, as the calculation
shown in the supplementary information.

Atom economy is defined as a measure of the proportion of reactant atoms which are
incorporated into the desired product of a chemical reaction.”' From the view of atom economy,
the best route to synthesize Ni(OH); is the direct reaction of metallic Ni, oxygen gas (O;), and

water (H,O), in which all of the reactants are converted into the product to get an 100% of atom
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economy (Schematic 1b). This reaction is thermodynamically allowed at room temperature with
a release of 216.3 kJ mol ' Gibbs free energy. However, it is not kinetically favorable because of
two main reasons. One reason is that the Ni metal surface is invariably passivated by a dense
nickel oxide film as a barrier for reaction, known as deactivation. The oxide film is formed
instantly when the metallic nickel is exposed to air and/or water,” or even formed when it is in
highly corrosive hydrofluoric acid (HF).** The other reason is that the O, gas has a very low
solubility in water, resulting in a very low concentration in the system for reaction. Besides, as
the active material for the electrodes in batteries, the synthesized Ni(OH), needs to have a certain

ordered crystalline structure to obtain excellent electrochemical activities.

Herein, we describe an 100% atom-economical synthesis of Ni(OH), from Ni metal, water
and O, based on a newly designed Ni—O, fuel cell, which consists of an Ni foam anode, an
oxygen cathode electrode with Pt/C catalyst on the carbon paper, and an aqueous electrolyte. The
key to realize this route is the activation of the Ni anode. Ni(OH), has been synthesized at a high
rate after addressing this challenge and the samples exhibited excellent performances in NIMH

batteries.

Results and discussion

Fig. 1 illustrates the schematic of the Ni—-O, fuel cell, designed to synthesize the nano/micro-
structured Ni(OH),. The fuel cell consists of an Ni foam anode, an oxygen cathode, and an
aqueous electrolyte. The optimized electrolyte has a pH in the range of 11.30-11.50 (adjusted by
NaOH), and comprises of 0.50 mol L ! sodium sulfate (NayS0y4, 99.5%.,), 0.60 mol L ! sodium
chloride (NaCl, 99.5%), and 2.0 mol L! aqua ammonia (NH3-H,0, 25%). The Na,SO4 and NaCl

were, respectively, used as the supporting electrolyte and activating agent for the Ni anodic
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dissolution. The NH3-H,O was used as the complexation agent. The selection and optimization
of this composition will be thoroughly discussed hereunder.

The Ni(OH), is synthesized by electrochemical reactions and complexation—precipitation
reaction as shown in Eq. 1-4. In the cell, the Ni foam anode undergoes electro-oxidation
reaction, or anodic dissolution, to produce Ni(NH;)s*" and releases electrons (Eq. 1). The
electrons travel through the external electric circuit, do electric work, and arrive at the cathode.
O, is fed into the cathode, where it is electro-chemically reduced with water and the electrons
from the anode to produce OH ions (Eq. 2). Though the anode and cathode compartments are
separated to protect the freshly produced Ni(NH;)¢>" and OH ™ ions from the instant combination,
the internal circuit is formed by the transport of Ni(NH;)¢*" and OH ™ ions through the pipe joints
before and after the compartments. The two electro-chemical reactions of Eq. 1 and 2 and the
chemical reaction of Eq. 3 combine into the overall reaction of the fuel cell (Eq. 4). The positive
standard potential of 0.881 V means that the reaction of metallic Ni, O,, and water to synthesize
Ni(OH); can spontaneously occur in the Ni—-O, fuel cell.

Eq. 1 : Ni+ 6NH;-H,0 — 2¢” = Ni(NHs)s*" + 6H,0 (anodic reaction, E° = —0.480 V)

Eq.2:1/20,+H,O +2e =20H (cathodic reaction, E° = 0.401V)

Eq. 3 : Ni(NH;)s>" + 20H = Ni(OH), + 6NH; (complexation—precipiation reaction)

Eq. 4 : Ni+1/20, + H,O = Ni(OH), (overal reaction of the fuel cell, E° = 0.401 — (—0.480) =
0.881V)

As the reactions of Eq. 1 and 2 continue, the concentrations of Ni(NH3)62+ and OH ions
increase to the saturation points for the appearance of the nuclei of Ni(OH),. They move along
with the flow of electrolyte in the pipe system and enter the electrolyte tank, where the Ni(OH),

nuclei undergo crystal nucleation and growth to micro powders.19 It needs to be mentioned that
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both pipe system and the tank are heated to the fuel cell temperature to avoid the precipitation of
Ni(OH), by a lower temperature. The small particles can dissolve through complexation
dissolution process and then re-precipitate on the surface of the large Ni(OH), particles. This
precipitation-complexation dissolution is a dynamic process, which helps to generate spherical
Ni(OH), powders with the desired nano/micro structure/morphology for NiMH batteries."”

The formed Ni(OH), powders reside in the tank by the block of a frit filter. The filtrate is
pumped back into the fuel cell for the consecutive reactions, when the concentrations of (NH3)e>"
and OH are at the saturation point. These concentrations increase again through the reactions in
the cell and Ni(OH), nuclei are kept produced by the reaction of Eq. 3 in the exist pipe system
and collected in the tank to form Ni(OH), powders.

Activation of the electrodes needs to be investigated to improve the performance of the Ni—
O, fuel cell and thus to produce more Ni(OH),. The oxygen cathode has been extensively
investigated as it is a common cathode for low temperature fuel cells, such as proton exchange
membrane fuel cells, direct methanol fuel cells, etc. The Ni anode, on the contrary, has not been
reported as the anode for a fuel cell and thus it is investigated herein for the newly proposed Ni—
O, fuel cell. Ni metal is known to be easily passivated by forming oxides in the environment.”
When it is used as an anode, the passivation becomes more severe owing to more oxides
produced by oxidation reactions, leading to a significant increase of the polarization of its anodic
dissolution. To make the new route feasible to synthesize Ni(OH),, the Ni anode needs to be
prevented from the passivation and kept activated during the anodic dissolution process. Here we
demonstrate the investigation with an Ni foam anode rather an Ni plate anode because Ni foam
anode produced a larger current with a larger surface area, as shown in Fig. S1. Study on

activation with an Ni plate anode will be conducted in the future.
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The effect of NH3-H,O concentration on the anodic polarization is shown in Fig. 2a. As the
concentration increases, the anodic reaction (Eq. 2) moves forward, resulting in the increase of
the anodic current. It also suppresses the combination of Ni(NH3)62+ and OH to produce
Ni(OH), (Eq. 3) on the surface, by which the anode surface passivation by the Ni(OH), is
mitigated. The anodic current density reaches the maximum value of 9.0 mA cm 2, equivalent to
an Ni(OH); production rate of 15.6 mg h'! cm_z, at 2.0 mol L' concentration of NH;-H,O and

hardly further increases with the concentration.

It is known that halogen ions can destruct metal oxide films and an applicable example was
demonstrated by activating aluminum, an active metal similar to Ni, as an effective reducing
agent for wet-chemical synthesis through the addition of halogen ions.* Further activation of the
Ni anode was conducted in this study by comparing the effects of different halogen ions. As
shown in Fig. 2b, the anodic current densities with the existence of halogen ions are much larger
than the current density without halogen ions. The FE-SEM images of the Ni anode before and
after anodic dissolution in Fig. 2c and 2d show the evidence of the surface corrosion. Moreover,
the anodic current densities decrease in the order of CI > Br > 1, which can be explained that a
smaller ion is easier to penetrate the oxide film.” The anodic polarization with F~ ions is
exceptional to this trend owing to three reasons: the F ions keep hydration when attacking the
passive oxide film, the formed NiF, contributes to the passivation film on the Ni surface, and

NiF, has a lower solubility than NiCl,.** 2%

The Cl concentration was then optimized for the anodic dissolution of the Ni anode. Fig. 2e
shows that the anodic current substantially increases as the Cl concentration increases from 0.10

to 0.60 mol L', Further increase of the concentration does not significantly increase the current,
g y



Green Chemistry

suggesting that the activation process with 0.60 mol L' of CI” is fast enough. The maximum

current density is 90.6 mA cm 2, about 10 times of that without the presence of Cl” ions.

Fig. 3 shows the polarization and power curves of an Ni—-O, fuel cell with a nickel foam
anode and an aqueous electrolyte (pH = 11.30-11.50, adjusted by NaOH) of 0.50 mol L'
Na,SO4, 2.0 mol Lt NH;-H,0, and 0.60 mol L' NaCl It is easily seen that the maximum
specific power of 15 mW cm™ is generated at the voltage of 0.3 V and current density of 50 mA
cm™. The fuel cell operates stably as shown in Fig. S2, beneficial to the synthesis of Ni(OH),
with high quality. Because the fuel cell is designed for material synthesis, a large current needs
to be chosen instead of a large power. We chose a current of 80% maxima (40 mA cm™) for

synthesizing Ni(OH),, equivalent to an Ni(OH), production rate of 68.6 mg h™' cm™.

Fig. 4a shows the XRD patterns of the synthesized Ni(OH), sample. The XRD peaks located
at 2-theta degrees of 19.42°, 33.24°, 38.70°, 52.27° and 59.30°, are corresponding to the
reflections of the B-Ni(OH), crystalline plans of (001), (100), (101), (102) and (110) (standard
XRD pattern: JCPDS #14-0117), respectively. The sample exhibits rather uniformly spherical
(ca. 10 um in diameter) as shown by the low magnification FE-SEM image in Fig. 4b. The
spherical particles have flower structure at micrometer scale with thin nano-plates crossed and
stacked, as shown by the high magnification FE-SEM image in Fig. 4c. The loose channels
between the nano-plates help the migration of protons and electrons, thus enhancing the

electrochemical performances of the Ni(OH)z.19

The electrochemical performances of the synthesized nano/micro-structured B-Ni(OH);
sample were investigated by the charge/discharge and cyclic voltammetry (CV) experiments.
The charge/discharge experiments were carried out at very high current densities of 1000, 2000,

and 5000 mA g '. After activation period, the charge/discharge curves at 10" cycle in Fig. 4d
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show that the discharge capacities of the B-Ni(OH), electrode are higher than 260 mAh g ' at
current densities of 1000, 2000, and 5000 mA g_l, which are comparable to the capacities of the
state-of-the-art p-Ni(OH), samples prepared by conventional methods.'> ' After 350 cycles, the
discharge specific capacities reduce by 7.6%, 8.3%, and 9.2%, respectively, at current densities
of 1000, 2000, and 5000 mA g ' as shown in Fig. S3a. As for these high current densities, the
results mean that the synthesized P-Ni(OH), samples have excellent cycling stability.'> "
Besides, the CV curves of the synthesized B-Ni(OH), samples in Fig. S3b show an about 300
mV difference between the positions of oxidation peaks and reduction peaks. This indicates an

excellent reversibility of the synthesized B-Ni(OH), samples.'> '

Conclusions

This study demonstrates the feasibility of an 100% atom-economical route for the synthesis
of Ni(OH), from nickel metal, water, and O, based on a newly designed membrane-free Ni—O,
fuel cell. The synthesized Ni(OH), has the desired nano/micro structure for the positive electrode
material and exhibits excellent performance in NiMH batteries. The activation of Ni anode by
the complexation of NH3-H,0 and Ni*" as well as the destruction of the protecting oxide film by
CI ions is the key to the success. This green synthesis is potentially applicable for the syntheses
of other metal hydroxides using a metal-O, fuel cell. The metal should have a lower standard
electrode potential than that of oxygen gas and a protective oxide film on the surface so that it
can be stable in water. Appropriate additives thus need to be figured out to active the metal for

anodic dissolution.

Experimental
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The chemicals of sodium sulfate (Na;SO4, 99.5%), sodium chloride (NaCl, 99.5%), aqua
ammonia (NH3-H,0O, 25%), sodium hydroxide (NaOH, 99%) and hydrochloric acid (HCI, 37%)
were all analytical reagent grade, which were purchased from Beijing Chemical Factory in China
and used as received.

Activation of Ni anode. The study of the activation of Ni anode was carried out in an
electrochemical cell with a three-electrode configuration. An Ni foam (300 g m * in area density,
1 mm in thickness, and 99.5% in purity, Heze Tianyu Technology Company), an Ni wire (99.9%
in purity, Beijing Zhongjin Yan new Material Technology Co., Ltd), and an Hg/HgO electrode
were, respectively, used as the working electrode, the counter electrode, and the reference
electrode. The Ni working electrode was pretreated by rinse with acetone to remove the grease,
immersion into a 3.0 mol L™' HCl solution for 10 min to eliminate the passivation film, an oxide
film, on the surface, and rinse again with deionized water. To characterize the activation of Ni
anodes under different conditions of temperature, concentrations of ammonia and halogen ions,
the potentiodynamic polarization experiments were performed at a scanning rate of 2.0 mV s '
between —0.30 V and 0.60 V on a CSU-300 electrochemical workstation (Wuhan Corrtest
Instrument). In all of these electrochemical experiments, 0.50 mol Lt Na,SO,4 was used as the
supporting electrolyte.

Ni—O; fuel cell and 100% atom-economical synthesis of Ni(OH),. The Ni-O, fuel cell
consisted of an Ni foam anode (25 mm % 20 mm), an oxygen cathode made of a carbon paper (25
mm x 20 mm, TGP-H-060, Toray) with a carbon black (Vulcan 72R, Cabot) loading of 0.5 mg
cm Z and a catalyst loading of 1.2 mg cm > (40 wt.% Pt/C, Johnson Matthey), and an aqueous
electrolyte containing 0.50 mol L! Na,SOy4, 2.0 mol L NH;-H,0, and 0.60 mol L ! NaCl. The

nickel foam anode was pretreated as the study for Ni anode activation. The distance between two
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electrodes was 20 mm. The polarization curves and stability curves of the fuel cell were,
respectively, recorded potentiostatically and galvanostatically on a battery test station (LAND-
CT2001A).

The synthesis of Ni(OH), was carried out in a fuel cell (an Ni—O; fuel cell) with a nickel
foam anode and under the optimized conditions of 55 °C, an aqueous electrolyte (pH = 11.30-
11.50, adjusted by NaOH) of 0.50 mol L' Na,SO,, 2.0 mol L' NH;'H,0, and 0.60 mol L™
NaCl. The total amount of electrolyte was 500 mL and circulated between the fuel cell and a
sealed tank at a rate of 40 mL min ' using a peristaltic pump during the operation of the fuel cell.
The fuel cell operated galvanostatically with a current density of 40 mA cm™. The synthesized
Ni(OH), nuclei were carried by the flow of the electrolyte into the tank and stayed there by the
block of a glass frit filter with ca. 3 um nominal pore size. In the tank, the Ni(OH), nuclei grow
up and form into the nano/micro structure.

Physical characterizations. The powder X-ray diffraction (XRD) patterns of the
synthesized Ni(OH), were obtained on a Rigaku D/max2500VB2+/PC diffractometer with Cu
Ka radiation (A = 0.15418 nm, 40 kV, 200 mA) at a scanning rate of 10 °/min with a step size of
0.02° (0.12 s/step). A field emission — scanning electron microscope (FE-SEM, Hitachi S4700)
was used to characterize the morphology of the Ni anodes and the synthesized Ni(OH), samples.
The discharged Ni anodes were taken out from the fuel cell and quickly placed in an N, filled
container to avoid the oxidation by air before FE-SEM characterization.

Electrochemical characterizations of the synthesized Ni(OH),. The mixture of as-
prepared 0.20 g Ni(OH); and 0.050 g expanded graphite powders (OER-CX200, China Sciences
Hengda Graphite Co., Ltd) was ground with an agate pestle and mortar. The mixture was further

ground with an amount of 5 wt.% polytetrafluoroethylene (PTFE) suspension (60 wt.%,
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Guangzhou Songbai Chemicals Company) and then fed into a roller press to fabricate a film 80
um in thick. This film was pressed on a piece of Ni foam to obtain the working electrode. A
three-electrode configuration was built with this working electrode, a Zn/ZnO electrode (home-
made) as the reference electrode,'® and a Ni wire as the counter electrode. The three electrodes sit
still in an aqueous electrolyte (6.0 mol L' KOH) for 3 h for equilibrium. The
charging/discharging experiments and cyclic voltammetry experiments were, respectively,
carried out on a battery test station (LAND-CT2001A) and a CSU-300 electrochemical
workstation (Wuhan Corrtest Instrument)."” The discharge specific capacity was calculated based

on the mass of nickel hydroxide in the electrode.
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Schematic and Figure legends
Schematic 1 Flowcharts for the preparation of (Ni(OH),) by (a) a conventional process and (b) a
nickel-oxygen (Ni—O,) fuel cell. The calculation for atom economy is in the supplementary

information.

Fig. 1 Diagram of the Ni—O; fuel cell. The diffusion layer is a carbon paper (TGP-H-060, Toray)
coated with carbon black (Vulcan 72R, Cabot). The cathode catalyst is platinum nanoparticles

supported on carbon black (40 wt.% Pt/C, JM40, Johnson Matthey).

Fig. 2 Anode polarization curves with (a) different concentrations of NH3-H,0 and 0.50 mol Lt
Na,;SOy4, and (b) different halogen ions (0.5 mol L_l), 0.50 mol L Na,SO4, and 2.0 mol L!
NH;-H,0; FE-SEM images of the Ni foam anode (c) before and (d) after reaction; and (e) anode
polarization curves with different concentrations of Cl ions, 0.50 mol Lt Na,SOy4, and 2.0 mol
L™ NH;-H,0. All of the electrolytes had a pH range of 11.30—11.50. The potential scanning rates

were 2mV s | and the temperature was 55 °C.

Fig. 3 Polarization and power curves of the Ni—O, fuel cell. The fuel cell operated with a nickel
foam anode and an aqueous electrolyte (pH = 11.30—11.50, adjusted by NaOH) of 0.50 mol L™

Na;S0;, 2.0 mol L' NH3-H,0, and 0.60 mol L' NaCl at 55 °C.
Fig. 4 (a) X-ray diffraction pattern, (b) low magnification and (c) high magnification field

emission — scanning electron microscope (FE-SEM) images of the nano/micro structured B-

Ni(OH), sample synthesized in an Ni—O, fuel cell at 40 mA cm 2 at 55 °C, (d) its

13
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charge/discharge curves in three-electrode configuration electrochemical cell. The fuel cell
employed a nickel foam anode and an aqueous electrolyte (pH = 11.30—-11.50, adjusted by NaOH)

0f 0.50 mol L' NaySOy4, 2.0 mol L! NHj;-H,0, and 0.60 mol L ! NaCl.

14
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Schematic 1 Flowcharts for the preparation of (Ni(OH),) by (a) a conventional process and (b) a

nickel-oxygen (Ni—O,) fuel cell. The calculation for atom economy is in the supplementary
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information.

Ni(OH),

[l Copper plates Catalyst layer

Ni layer Gas diffusion layer
B Graphite flow plate = Frit filter

Fig. 1 Diagram of the Ni-O; fuel cell. The diffusion layer is a carbon paper (TGP-H-060, Toray)

coated with carbon black (Vulcan 72R, Cabot). The cathode catalyst is platinum nanoparticles

supported on carbon black (40 wt.% Pt/C, IM40, Johnson Matthey).
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L™ NH;-H,0. All of the electrolytes had a pH range of 11.30—11.50. The potential scanning rates

were 2mV s | and the temperature was 55 °C.
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Fig. 3 Polarization and power curves of the Ni—O, fuel cell. The fuel cell operated with a nickel
foam anode and an aqueous electrolyte (pH = 11.30—11.50, adjusted by NaOH) of 0.50 mol L™

Na,SOy, 2.0 mol L' NH;-H,0, and 0.60 mol L' NaCl at 55 °C.
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Fig. 4 (a) X-ray diffraction pattern, (b) low magnification and (c) high magnification field
emission — scanning electron microscope (FE-SEM) images of the nano/micro structured -
Ni(OH), sample synthesized in an Ni-O, fuel cell at 40 mA cm > at 55 °C, (d) its
charge/discharge curves in three-electrode configuration electrochemical cell. The fuel cell
employed a nickel foam anode and an aqueous electrolyte (pH = 11.30-11.50, adjusted by NaOH)

0f 0.50 mol L' Na,SOy, 2.0 mol L' NH;3-H,0, and 0.60 mol L' NaCl.
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