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Abstract 8 
Magnetic Ni-Ru/50WX8 catalysts are synthesized with combined methods of conventional 9 

chemical reduction method and electroless deposition. Catalysts can be easily recycled with 10 
magnets owing to their intrinsic ferromagnetism. Thus, it is convenient to separate catalysts from 11 
spent NaBH4 solution for further recycling. Effect of temperature on catalyst performance is less 12 
significant at higher temperature, which is beneficial to devices without good regulations on 13 
temperature. A rate of hydrogen evolution as high as 150 ml min-1 g-1 could be reached at 25°C, 14 
which, equivalently, can generate 15 W of power through a PEMFC. Different variables that affect 15 
the rate of hydrogen production are investigated. Activation energy of hydrogen generation using 16 
such catalysts is estimated at about 52.73 kJ mol-1. 17 
Keyword: hydrogen generation, catalyst, sodium borohydride, nickel, ruthenium. 18 
 19 
Introduction 20 

Renewable energy has attracted so much attention due to the ever-growing demands in 21 
friendly environment, especially with the increase of population and green-house gas emissions in 22 
the world. In addition, efficient sources of power for on-board energy generation on personal 23 
electronic products are required, too. The proton-exchange membrane fuel cell (PEMFC) is a 24 
promising attractive alternative power source because of its high energy conversion efficiency. 25 
However, its demand on high purity of hydrogen is of the major concern, along with the problem 26 
that such a PEMFC system could be dysfunctional because of poisoned catalyst in presence of 27 
impurities [1]. Consequently, hydrogen generated from steam reforming of natural gas, the common 28 
industrial process to produce hydrogen gas, is not suitable for feed to PEMFC devices due to 29 
inevitable poisoning of proton exchange membrane owing to the byproducts of this process, such as 30 
carbon monoxide. 31 

For portable applications, high gravimetric and volumetric density of hydrogen storage is of 32 
the major concern to the success of such applications. Among various hydrogen storage systems, 33 
chemical hydrides are candidates with the greatest potentials in success, in terms of the low 34 
operation pressure, less cost and less energy losses. Moreover, the hydrogen content existing in 35 
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chemical hydrides is much higher than that of metal hydrides, which could possibly meet the goal 36 
of 9 wt% by 2015, declared by the U.S. Department of Energy (DOE) [2]. Among these chemical 37 
hydrides, sodium borohydride (NaBH4) is one of the promising compounds, which is relatively 38 
safer because of its non-flammability and higher hydrogen content (10.8 wt%). In addition, NaBH4 39 
is stable in air and in alkaline solutions. An empirical relationship on stability of NaBH4 with pH 40 
values of solutions and storage temperature [3] could be represented by 41 

1/ 2log (0.034 1.92)pHt A T= − ⋅ −  (1) 42 

where t1/2 is the half-life of self hydrolysis of NaBH4 in minutes at a particular temperature T in K 43 
and in a solution with a pH value equal to ApH in the absence of catalysts. That is to say, alkaline 44 
NaBH4 solution at pH 14 can be kept for 430 days from self-decaying at room temperature. 45 

Kaufman and Sen [4] utilized various acids to catalyze the hydrolysis of NaBH4. They found 46 
that conversion efficiency over 90% could be achieved with oxalic acid in 10 minutes. Besides, 47 
hydrogen can be released via the addition of suitable catalysts, which is shown as followed [5]: 48 

4 2 2 22 4 217catalystNaBH H O NaBO H kJ⎯⎯⎯⎯⎯⎯→+ + +  (2) 49 

In presence of appropriate catalysts, the hydrolysis reaction of NaBH4 can be easily started or 50 
terminated. Even more, the rate of hydrogen generation can also be well-controlled. Furthermore, 51 
the recycle of spent-NaBH4 has already been studied and reported by other authors using different 52 
methods [6-8], which can effectively lower the cost of NaBH4 production such as to increase its 53 
popularity in usage by humans.  54 

As catalysts play such a vital role in hydrogen evolution from hydrolysis of NaBH4, numerous 55 
substances have been attempted to be efficacious in increasing the rate of hydrogen evolution but 56 
not in lowering the controllability of hydrogen generation. These catalysts include precious metals, 57 
such as Ru and Pt, as well as alloys, like Pt-Ru alloys, on various supports [9-11]. From our 58 
previous work, Ru catalysts supported on ion-exchange resin were successfully synthesized by a 59 
simple chemical reduction method to catalyze the hydrolysis of NaBH4 solution for hydrogen 60 
generation [12]. In the viewpoint of cost saving, non-noble metal catalysts like cobalt and nickel 61 
should be developed in replacement of Pt and Ru [13, 14]. 62 

In this study, magnetic catalysts of nickel-ruthenium supported on polymers (Ni-Ru/50WX8) 63 
were developed not only to accelerate the hydrogen release from hydrolysis of NaBH4, but also to 64 
lower down the operation cost in recycling the spent NaBH4 modules. The intrinsic ferromagnetic 65 
property of catalyst is beneficial for the easy recycling process of catalyst from spent NaBH4 by 66 
using proper permanent magnets. In addition, the surface morphology as well as compositions of 67 
the catalysts were also investigated and are discussed. It is found that a rate of hydrogen evolution 68 
as high as 150 ml min-1 g-1 could be reached at 25°C, which, equivalently, can generate 15 W of 69 
power through a proper PEMFC and enough for many personal electric products. Moreover, effects 70 
of NaBH4 and NaOH concentration as well as process temperature on rate of hydrogen production 71 
were summarized in this report. 72 
 73 
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2. Experimental 74 
2.1 Preparation of Ni-Ru/50WX8 catalysts 75 

All the reagents were of analytical grade and used without further purification. Strong acid 76 
exchange resin beads, Dowex 50WX8 in hydrogen form and of 50 ~ 100 mesh size, used for 77 
catalyst supports with sulfonic acid as active functional groups were purchased from Dow 78 
Chemicals. Properties of Dowex 50WX8 were given in details in Table 1.  79 

Weighted amounts of Dowex 50WX8 resin beads were placed into RuCl3 solution of desired 80 
concentration at the ambient temperature to start the chelating reaction. After 1 hour of uniformly 81 
stirring, Dowex 50WX8 resins chelated with ruthenium ion, referred as Ru3+/50WX8, were taken 82 
out and washed with deionized water repeatedly to remove any possible residual Ru3+ unchelated to 83 
the surface of Dowex 50WX8. Ru3+/50WX8 particles added into appropriate amounts of deionized 84 
water were preheated to 70°C. Vigorous reduction reaction of Ru3+ was initiated by addition of 85 
overdosed NaBH4 as a reducing reagent. Consequently, Ru3+ on the surface of Dowex 50WX8 was 86 
reduced to Ru giving the Ru-polymer complex, called Ru/50WX8.  87 

To facilitate the electroless nickel deposition on Ru/50WX8, electroless Ni bath was prepared 88 
by dissolving suitable amount of NiCl2, Na3C6H5O7 and maleic acid in deionized water, followed by 89 
adjusting pH value to 9.5 with NaOH. The composition of electroless Ni bath in details along with 90 
the plating conditions were given in Table 2. After preheating electroless Ni bath to 80°C, 2.5 ml of 91 
N2H4 as a reducing reagent for the electroless nickel process and Ru/50WX8 resins were poured in 92 
order into the bath solution to initiate the electroless reaction. After 60 minutes, the electroless 93 
deposition process was terminated by cooling down the bath temperature. The resulted 94 
nickel-ruthenium-Dowex WX8 complexes were taken out by magnet for repeated cleansing by 95 
deionized water. The Ni-Ru/50WX8 catalysts were synthesized by further doping aforementioned 96 
Ni-Ru-Dowex WX8 complexes with Ru in similar method mentioned above. The formulation of 97 
electroless Ru solution and plating conditions were also given in Table 2. After carefully cleansing 98 
surface of as-prepared Ni-Ru/50WX8 catalysts with deionized water, catalysts were dried in 99 
vacuum at 60°C to remove any left-over water on these Ni-Ru/50WX8 catalysts. 100 

 101 
2.2 Surface characterization of Ni-Ru/50WX8 catalysts  102 

The morphology of the prepared Ni-Ru/50WX8 catalysts was identified by using a scanning 103 
electron microscope (SEM; JEOL JSM-6700F), whereas the elemental compositions on catalyst 104 
surfaces were analyzed with the energy dispersive spectra (EDS) from an Oxford INCA-400 105 
spectrometer installed on this SEM. 106 

 107 
2.3 Generation of hydrogen 108 
2.3.1 Batch observation of hydrogen production 109 

The rate and the volume of H2 evolved in presence of Ni-Ru/50WX8 catalysts were measured 110 
by utilizing a conventional water-displacement way, which was described in details along with its 111 
experimental setup in our previous report [12]. 15 ml of NaBH4 solution containing appropriate 112 
concentration of NaOH were thermostatically kept in a sealed flask at the preset temperature using 113 
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thermostatic circulator in which the water temperature was kept constant within 0.1°C from the set 114 
value. The onset of the H2 generation reaction was defined as one minute from the moment when a 115 
fixed amount, ca. 200 mg, of Ni-Ru/50WX8 catalysts was introduced into the flask containing the 116 
NaBH4 alkaline solution. One minute was assumed sufficiently for catalysts to be moistened with 117 
NaBH4 solution. An outlet tube connecting the flask was placed under an inverted water-filled 118 
burette, which was situated in a graduated cylinder filled with water. The volume of hydrogen 119 
released was measured by observing water displaced from the graduated glass column as the 120 
reaction proceeding. 121 
 122 
2.3.2 Continuous measurement of hydrogen release  123 

Continuous generation rate of hydrogen from NaBH4 hydrolysis was monitored. 15 ml of 124 
NaBH4 solution with appropriate NaOH concentration was prepared in a funnel equipped with a 125 
pressure-equalization at one of the openings of the three-necked round-bottom flask. One of the 126 
flask openings was connected to a continuous mass flow meter (MFM) and the other one to a 127 
thermometer. 200 mg of Ni-Ru/50WX8 catalysts were added in the flask as the reactor, which was 128 
subsequently preheated to the desired temperature by using thermostatic circulator having good 129 
temperature controllability within 0.1°C. The reaction was initiated when pouring NaBH4 solution 130 
into the flask. The whole H2 production process was monitored by the MFM. 131 

 132 
3. Results and discussion 133 
3.1 Characterization of Ni-Ru/50WX8 catalysts 134 

The major factor that affects the rate of hydrolysis for NaBH4 is the activity of catalysts 135 
utilized. Hence, identification of properties and surface morphology of the catalysts are necessary. 136 
Figure 1 shows the EDS analyses, which depict the composition of Dowex 50WX8 resin beads and 137 
Ni-Ru/50WX8 catalysts that were synthesized for hydrogen generation. Apparent peaks 138 
representing Ru and Ni were observed at around 2.7 keV and 1 keV, respectively, in Figure 1(b). 139 
However, it is of note that existence of Pt element on both samples comes from sputtered Pt on both 140 
samples prior to SEM/EDS analysis to increase the electric conductivity on the surfaces of both 141 
samples. Interestingly, sulfur element appeared, as sulfonic groups as active sites are present on the 142 
surface of Dowex 50WX8 resin beads.  143 

Surface compositions of Ni-Ru/50WX8 catalysts are listed in details in Table 3. It is found 144 
that 17.0 at% (or 8.0 wt%) of Ni and 37.4 at% (or 10.4 wt%) of Ru were detected, whereas other 145 
elements, such as C, O and S, obviously decrease to 19.3 wt%, 16.8 wt%, and 9.2 wt%, respectively, 146 
compared to the pristine Dowex resin supports, owing to partial coverage with Ru and Ni on 147 
catalyst surface. 148 

SEM images depicting surface morphologies of original Dowex 50WX8 resin beads and 149 
Ni-Ru/50WX8 catalysts are shown at various magnifications (Figure 2). The average size of the 150 
resin beads is approximate to 200 μm (Figure 2(a)). Moreover, surface of the original resin beads is 151 
quite smooth, even being observed at a higher magnification (50,000×) as shown in Figure 2(e). 152 
After Ni and Ru were deposited on to the surface of Dowex 50WX8 resin beads by ion exchange 153 
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and electroless deposition, surface of the Ni-Ru/50WX8 catalysts does not show obvious difference 154 
under lower magnification (500×). However, the terrain of the Ni-Ru/50WX8 is quite rugged under 155 
observation at higher magnifications (10,000×; 50,000×). In addition to the growth of Ru and Ni 156 
catalysts on the surface of resin beads, the surface area must have also increased due to the rough 157 
morphology. 158 
 159 
3.2 Generation of hydrogen 160 

In general, rate of hydrogen production is mainly dependent on the activities of the catalysts. 161 
However, other factors, such as the NaBH4 concentration, alkaline conditions and process 162 
temperature, could still play significant roles in the hydrolysis of NaBH4. These factors were 163 
studied and will be discussed in next section. 164 
 165 
3.2.1 Effect of NaOH concentration  166 

Figure 3 shows the variation of hydrogen generation rate with different NaOH concentration 167 
in 5 wt% NaBH4 solution at 25°C in presence of 200 mg Ni-Ru/50WX8 catalysts. The rate of 168 
hydrogen evolution increases from 115 to 125 ml min-1 g-1, as NaOH concentration rises from 1 to 5 169 
wt%, and decreases to 81 ml min-1 g-1 with a further increase in NaOH concentration up to 15 wt%. 170 
Similar trends on hydrogen evolution were reported by Ingersoll et al. [14], who utilized Ni-Co-B 171 
catalysts for hydrolysis of NaBH4 in presence of various NaOH concentrations. They have arrived 172 
as well at an optimum NaOH concentration around 15 wt% due to the nature of the catalysts used. 173 
Ye et al. [15] also obtained similar results by adopting Co/γ-Al2O3 as catalysts to generate hydrogen 174 
gas from NaBH4 but did not give a further explanation on an optimum NaOH concentration of 10 175 
wt% they garnered. With our conjecture, it is possible that too much OH- anions generated with an 176 
increasing NaOH concentration in the solution will compete with the transfer of BH4

- anion, so that 177 
the surfaces of catalysts in the system could be significantly occupied by OH- rather than BH4

- 178 
anions. That is, BH4

- anions available on catalyst surface to generate hydrogen is reduced and so is 179 
the rate of hydrogen evolution. 180 
 181 
4. Conclusion 182 
Magnetic Ni-Ru/50WX8 catalysts utilized to produce hydrogen from hydrolysis of NaBH4 were 183 
synthesized by combined methods of chemical reduction and electroless deposition. Great 184 
convenience in recycle of these catalysts can be achieved due to the intrinsic ferromagnetic property 185 
of Ni-Ru/50WX8 catalysts. Hence, catalysts could be easily separated from spent NaBH4 solution 186 
using permanent magnets in this recycle process. Factors, such as process temperature, and 187 
concentrations of NaOH and NaBH4 that affect the rate of hydrogen evolution, were studied. An 188 
optimal condition in hydrogen generation was found in a system containing 10 wt% of NaBH4 in 5 189 
wt% NaOH, which gives a maximum rate of hydrogen generation near 150 ml min-1 g-1. 190 
Equivalently, such a hydrogen production rate can generate 15 W by using a proper PEMFC device 191 
commonly available. Steady hydrogen release was observed under the aid of a mass flow meter 192 
(MFM). In general, over 90% of hydrogen conversion is reached in presence of various NaBH4 193 
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concentrations. From the temperature-dependent relationship of the H2 generation rates, the 194 
activation energy in such a catalyst-assisted H2 production process is 52.73 kJ mol-1.  195 
 196 
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Table 1: Properties of Dowex 50WX8 resin 224 
 225 

Type Gel strong acid cation exchange resin 
Active group -SO3H 

Matrix styrene-divinylbenzene 
Ionic form as shipped H+ 

Standard mesh size (wet) 50 ~ 100 mesh 
Moist holding capacity 50% ~ 56% 
Total exchange capacity,  

mEq./mL wet resin 
1.7 

 226 
 227 
Table 2: Compositions and Plating Conditions of Electroless Ni Bath and Electroless Ru Bath 228 
 229 

 Electroless Ni Bath Electroless Ru Bath 
NiCl2·6H2O 2.62 g/dL -- 
RuCl3·xH2O -- 2.62 g/dL 

Na3C6H5O7·2H2O 4 g/dL 
Maleic acid 0.8 g/dL 

N2H4 2.5 ml/dL 
pH 9.5 

Temperature 80°C 
Reaction time 60 min 

 230 
 231 
Table 3: Surface weight and atomic percentage of the elements present in polymer template 232 
(Dowex 50WX8 resin) and catalyst (Ni-Ru/50WX8) by EDS 233 
 234 

Dowex 50WX8 resin Ni-Ru/50WX8 
Elements 

wt % at % wt % at % 
C 56.2 67.3 19.3 44.7 
O 28.9 26.0 16.7 29.0 
S 14.9 6.7 9.2 7.9 
Ni - - 17.0 8.0 
Ru - - 37.8 10.4 

 235 
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Figure 1: EDS spectra of (a) Dowex 50WX8 resin and (b) Ni-Ru/50WX8.236 
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Figure 2: Scanning electron micrographs of (1) Dowex 50WX8: (a) 500×; (c) 10,000×; (e) 50,000×; 237 
(2) Ni-Ru/50WX8: (b) 500×; (d) 10000×; (f) 50000×.238 
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Figure 3: Volume of hydrogen generated as a function of time in 5 wt% NaBH4 solution containing 239 
200mg Ni-Ru/50WX8 catalyst and different NaOH concentrations at 25 °C. 240 


