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ABSTRACT: Since fossil fuels are rapidly depleting, finding alternative energy sources is becoming 

increasingly important. Among these alternatives, hydrogen (H2) is the most viable option. In hydrogen 

evolution systems, supported metal catalysts enhance the catalytic activity in the hydrolysis reaction by 

increasing the surface area. Therefore, this research focuses on preparing three different polymer-

decorated Nickel-Imine complex catalysts (Ni@EC, Ni@EC-250, Ni@ECM) to improve their efficiency. To 

achieve the catalysts, a Nickel-Imine complex [1] was supported on three different polymers (EC, EC-250, 

and ECM). The catalysts (Ni@EC, Ni@EC-250, Ni@ECM) were then utilized to generate hydrogen from 

NaBH4 hydrolysis. The hydrogen evolution rates for Ni@EC, Ni@EC-250, and Ni@ECM catalysts were 

found as 6879; 15576; 8830 and 15459; 28689; 23417 mL H2 gcat-1.min-1, respectively at 30 oC and 50 oC. 

Results indicate that the Ni@EC-250 catalyst exhibited the best activity. Consequently, the subsequent 

steps of the catalytic hydrolysis reaction were studied using Ni@EC-250. The activation energy of the 

Ni@EC-250 catalyst was estimated at 39.255 kJ.mol-1.  The reusability tests demonstrate that Ni@EC-250 

remains active in sodium borohydride hydrolysis even after five runs. Technical abbreviations are defined 

upon first use. This study elucidates the reaction mechanism and kinetic data of catalytic sodium 

borohydride hydrolysis at various temperatures. 

 

Keywords: Catalyst, Hydrogen evolution, NaBH4, Ni-Imine, Polymer  

1. INTRODUCTION 

Hydrogen evolution is a prominent renewable energy concern [2,3]. Hydrogen represents an 

environmentally friendly energy source and stands out as a favorable substitute for fossil fuels due to its 

non-toxic emissions, long-term viability, and energy security benefits [4]. As a safe and efficient source of 

clean energy carriers [5,6], chemical hydrides are advantageous hydrogen storage materials due to their 

high hydrogen densities [7,8]. Among the different chemical hydrides, sodium borohydride stands out as 

the preferred material due to its high H2 capacity, stability, recyclability, non-flammability, and non-toxic 

chemistry [9, 10]. H2 is produced from sodium borohydride through hydrolysis or thermolysis [11, 12]. 

However, since thermolysis reactions are not an economically feasible process and cannot be practically 

used, hydrolysis is the preferred reaction. Eq. 1 provides the general hydrolysis reaction of sodium 

borohydride. 
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(1) 

 

In the presence of water, the reaction is expressed as shown in Eq. 2. 

 

                                                                                
(2) 

 

In this case, x is referred to as the "hydration factor". 

In hydrolysis, slow and controllable reactions with higher rates of H2 evolution are obtained in 

objective systems using metal catalysts [13]. Numerous studies concerning the catalytic hydrolysis of 

sodium borohydride have been conducted by scientists for decades. Metal salts, alloys [14, 15], acids [16], 

or support materials [17] have been studied for this purpose. Due to the cost of noble metal catalysts, the 

usage of comparatively inexpensive non-noble metal catalysts is desired. Generally, the catalytic 

performance diminishes after each cycle in the hydrogen evolution reaction [18-20]. To counter this issue, 

incorporating a metal catalyst into a support material enhances the catalytic performance by expanding 

the catalyst surface area [21-23]. The chief issue remains to extract the metal catalyst from the reaction 

medium [24, 25], which can be effectively and practically addressed by using a supported catalyst [26, 27]. 

In the literature, various catalysts that support hydrolysis of sodium borohydride have been documented, 

including resin bead-supported Ru [26], poly-p-xylene supported Co [28], polymer-modified Co [29], Cu-

ZrO2 films [27], magnetically supported catalyst [24], Ni-Al2O3 [30, 31]. 

Polymers are widely used as support materials due to their high surface area, thermal stability, 

mechanical strength, and easy modification [32]. Furthermore, polymer-supported catalysts offer more 

environmentally friendly methods for various synthesis reactions than traditional methods. They have 

also enabled catalyst recycling [32, 33]. The polymer-supported catalytic system comprises robust polymer 

support and physical interactions. In recent years, imines and their compounds have received extensive 

research attention for their outstanding optical, thermal, electronic, and mechanical properties [34]. 

Furthermore, due to their straightforward synthesis and high electrical conductivity, imines and their 

metal complexes demonstrate remarkable photovoltaic effects [35]. 

Imines containing azomethine (-C=N-) bonds [36] exhibit an impressive ability to chelate with 

transition metals, lanthanide, or actinide ions forming imine complexes [35, 36]. Due to its versatile 

coordination compounds, with flexible and stereo-electronic structures, imine complexes have emerged 

with several applications such as plastic, aircraft, agriculture, cancer chemotherapy, drug production, 

antifungal, anti-inflammatory, antibacterial, and antiviral reactions, space, and electronics industries [37].  

However, only a few studies exist about Imine complexes used in catalytic hydrogen evolution systems 

[38, 39]. 
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In this paper, we examine the impact of three varied polymer-decorated Nickel-Imine catalysts 

(Ni@EC, Ni@ECM, and Ni@EC-250). Our study had two goals: (i) to enhance the catalytic activity of the 

Nickel-Imine complex by utilizing distinct polymer decoration in sodium borohydride hydrolysis 

reaction, which would lead to better interaction between the catalysts and sodium borohydride, and (ii) 

to determine the most efficient polymer-decorated catalyst for this reaction. The hydrogen evolution rates 

for Ni@EC, Ni@EC-250, and Ni@ECM catalysts were calculated from the experimental results. At 30 oC 

and 50 oC, they were found as 6879; 15576; 8830 and 15459; 28689; 23417 mL H2 gcat-1.min-1, respectively. 

In comparison, the pure Nickel-Imine complex exhibited only 2240 and 10983 mL H2 gcat-1.min-1 at the 

same temperatures [1]. Therefore, it can be concluded that the polymer decoration significantly increased 

the hydrogen evolution rate.  Between the three catalysts, Ni@EC-250 demonstrated superior activity 

compared to the others under identical conditions. Henceforth, the other stages of catalytic hydrolysis 

reaction were examined using Ni@EC-250. The activation energy of the Ni@EC-250 catalyst was estimated 

at 39.255 kJ.mol-1. The recycle tests revealed that Ni@EC-250 remains active in sodium borohydride 

hydrolysis even after five cycles. This report presents the reaction mechanism and kinetic data of catalytic 

hydrolysis of sodium borohydride at varying temperatures. 

2. MATERIAL AND METHODS 

2.1. Materials 

All chemicals and solvents used were supplied by Merck, without undergoing any purification.  

All samples were subjected to XPS studies to analyze the chemical states of the polymer-decorated 

nickel complex catalysts, using a Flex Specs electron spectrometer.  

The Perkin-Elmer model FT-IR spectrometer was used to record Fourier Transform Infrared (FT-IR) 

spectra of the samples in the 4000-400 cm-1 range. 

The Ni@EC, Ni@EC-250, and Ni@ECM samples underwent measurement of their surface areas using 

the Brunauer-Emmett-Teller (BET) theory by BET surface area measurement. 

  To identify their crystal structures, X-ray diffraction (XRD) patterns were measured for Ni@EC, 

Ni@EC-250, and Ni@ECM with Rigaku Cu Kα (λ= 154.059 pm) radiation at a scanning rate of 5 °C min-1 

within the range of 2θ=0-80°.  

The electronic behavior of the catalysts Ni@EC, Ni@EC-250, and Ni@ECM was investigated through 

the use of a Perkin-Elmer model UV-Vis spectrometer, ranging between 250 and 800 nm.  

To examine the microstructure and morphology of these catalysts, a JEOL JSM 5800 model scanning 

electron microscope (SEM) was utilized. 

2.2. Synthesis of the Catalyst 

Step1: Synthesis of the Imine ligand 

The ligand was synthesized by adding 1 mmol of 3,5-ditertbutylsalisylaldehyde (30 ml of ethanol) to 

5-Amino-2,4-dichlorophenole (20 ml of ethanol) and refluxing the mixture at 80 °C for 5-6 h, as described 

in our earlier study [1]. 

Step 2: Synthesis of the Nickel-Imine complex 

The Nickel-Imine complex was synthesized under mild conditions using 40 mM of 5-Amino-2,4-

dichlorophenol-3,5-di-tertbutyl salicylaldimine ligand and 20 mM of NiCI2.6H2O in 20 mL of ethanol, 

following the procedures outlined in our previous study [1]. 
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Step 3: Preparation of the polymer-decorated Nickel-Imine complex catalysts 

Ni@EC, Ni@EC-250, and Ni@ECM catalysts were prepared using a precipitation technique with 

Nickel-Imine complex [1] and EC, ECM, and EC-250 polymers. Technical abbreviations are explained on 

first use. To do this, 100 mg of the polymer was added to an ethanolic solution of Nickel-Imine complex 

at different concentrations (1 %, 5%, 10 %, 15 %, and 20 %) and stirred for approximately 72 hours at room 

temperature. The obtained catalysts, Ni@EC, Ni@ECM, and Ni@EC-250, were filtered, washed with ethyl 

alcohol, and finally dried at 70°C. The diagrammatic representation of catalysts comprising nickel 

complexes coated with polymers (Ni@EC, Ni@ECM, and Ni@EC-250) is depicted in Figure 1. 

 

 
Figure 1. Schematic illustration of polymer decorated Nickel-Imine complex (Ni@EC, Ni@EC-250, 

Ni@ECM) 

2.3. Catalytic Hydrogen Evolution Performance 

Various experiments were conducted on hydrogen evolution using Nickel-Imine catalysis with 

different polymers. The experiments took place at 30°C in an aqueous solution containing 2 % NaBH4, 10 

% NaOH, and 15 mg catalyst. The concentration of Nickel-Imine complex varied for each experiment. The 

hydrogen evolution system was implemented through the water-gas displacement method. For various 

Nickel-Imine catalysts decorated with different polymers (Ni@EC, Ni@EC-250, and Ni@ECM), 

comparative experiments were conducted to determine the hydrogen evolution rates. The most effective 

catalyst was selected and further tested. 

3. RESULTS AND DISCUSSION 

3.1. Catalytic Studies 

3.1.1. Hydrogen evolution activities 

Several experiments were conducted to identify the most effective polymer-decorated Nickel-Imine 

with the highest catalytic activity for the hydrolysis of NaBH4 to release hydrogen. As a result, the catalytic 

hydrolysis of NaBH4 was examined under the same reaction conditions using 5 % Ni complex, 15 mg 

catalyst (Ni@EC, Ni@EC-250, and Ni@ECM), 10 % NaOH, and 2 % NaBH4 at 30 °C. In this reaction 

medium, hydrogen evolution rates of 6,879 mL H2 gcat-1.min-1, 15,576 mL H2 gcat-1.min-1, and 8,830 mL H2 

gcat-1.min-1 were calculated, as shown graphically in Figure 2.  It is evident that, under the same reaction 
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conditions, Ni@EC-250 exhibited the highest catalytic activity, compared to Ni@EC and Ni@ECM. The 

catalytic activity increased in the order of Ni@EC-250 > Ni@ECM > Ni@EC, with the inclusion of polymer 

into the Nickel-Imine complex structure. Therefore, other catalytic hydrolysis experiments were 

conducted using the Ni@EC-250. 

 

 

Figure 2. Plot of hydrogen volume versus time with different Ni catalysts 

 

To determine the extent of Ni@EC-250 catalyzed hydrolysis reaction, the first step was to establish the 

quantities of their Ni complexes. To achieve this, the catalytic activity of Ni@EC-250 was investigated with 

varying concentrations of Ni complexes (1 %, 5 %, 10 %, 15 %, and 20 %) loaded onto 15 mg polymer-

decorated nickel complex catalysts, as shown in Figure 3. To assess the impact of different Ni complex 

concentrations (1 %, 5 %, 10 %, 15 %, 20 %), the rates of hydrogen evolution were determined as 28,907; 

15,576; 9,905; 7,708; 5,401 mL H2 gcat-1.min-1, respectively. While 1 % Ni complex exhibited the highest 

catalytic activity, the hydrolysis reaction was incomplete resulting in a lower H2 volume (only 370 mL H2) 

than the calculated value (560 mL). According to the results, the use of a 5 % nickel complex produced 

faster hydrogen evolution rates than excessive concentrations for Ni@EC-250 catalyst. However, using 

over 5% nickel-imine complex caused a decrease in hydrogen evolution rates and catalytic activities. This 

reduction is due to the saturation of the catalyst surface with 5 % Ni complex, which occurs as the 

concentration of nickel complex increases.  

 

 
Figure 3. Plot of hydrogen volume versus time with various nickel complex concentrations in Ni@EC-

250 catalyst 
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The impact of sodium hydroxide concentration on Ni@EC-250 catalyzed sodium borohydride 

hydrolysis is illustrated in Figure 4. The reaction mixture was prepared using 5% Nickel-Imine complex 

and 15 mg Ni@EC-250 in a 2 % sodium borohydride solution at 30◦C. The rates of hydrogen evolution 

were determined through the addition of 0 %, 3 %, 5 %, 7 % and 10 % NaOH concentrations, resulting in 

respective rates of 7514; 7403, 9204; 14161 and 15576 mL H2 gcat-1.min-1. According to the results, hydrogen 

evolution rates catalyzed by Ni@EC-250 increased as the sodium hydroxide concentration increased from 

0 % to 10 %. At higher NaOH concentrations, the interaction of hydroxyl ions with free water molecules 

made the required water for the hydrolysis reaction easily accessible, increasing hydrogen evolution rates. 

In addition, the increase in sodium hydroxide concentrations led to shorter completion times of the 

hydrolysis reaction. 

 

 
Figure 4. Plot of hydrogen volume versus time with various NaOH concentrations with Ni@EC-250 

catalyst 

 

In the sodium borohydride hydrolysis process, the influence of the Ni@EC-250 catalyst amount was 

presented in Figure 5. The reaction mixture resulted from a 5 % Nickel-Imine complex in a 2 % sodium 

borohydride solution at 30 °C. To apply 5mg, 15mg, 25mg, and 50mg of the catalyst, hydrogen evolution 

rates were determined as 10622; 15576; 26095 and 27284 mL H2 gcat-1.min-1, respectively. According to the 

outcomes, the increment in the catalyst amount led to a reduction in reaction times. Ni@EC-250 catalyzed 

hydrogen evolution rates increased as the amount of catalyst increased from 5 mg to 50 mg. With more 

catalysts, the reactants were exposed to a larger reaction area, and the residence time in the reactor was 

reduced, accelerating the hydrolysis process. 
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Figure 5. Plot of hydrogen volume versus time with various catalyst amounts with Ni@EC-250 

catalyst 

 

In Figure 6, the plot displays the relationship between hydrogen volume and time for a range of 

NaBH4 concentrations. The reaction medium consisted of 5 % Nickel-Imine complex and 15 mg Ni@EC-

250 catalyst in a 10 % sodium hydroxide solution at a temperature of 30◦C. The hydrogen evolution rates 

catalyzed by Ni@EC-250 were calculated as 15576; 23089; 25415 and 26571 mL H2 gcat-1.min-1 

correspondingly, using 2 %, 5 %, 7 %, and 10 % sodium borohydride. An increase in gas volume was 

observed by increasing NaBH4 concentration in the hydrolysis solution. The hydrogen evolution rates 

gradually increased with the increasing Ni@EC-250 catalyst and NaBH4 concentration from 2 % to 10 %, 

as expected. 

 

 
Figure 6. Plot of hydrogen volume versus time with various NaBH4 concentrations with Ni@EC-250 

catalyst 

 

For the optimization of temperature effects, four different temperatures (20–50 ◦C) were studied. The 

reaction medium occurred from 5% Nickel-Imine complex, 15 mg Ni@EC-250 catalyst in 10 % sodium 

hydroxide-2 % NaBH4 solution. Figure 7a displays the plot of hydrogen volume versus time with various 

temperatures with Ni@EC-250, catalyst in the range 20–50 ◦C. According to the experimental results, 

Ni@EC-250 catalyzed hydrogen evolution rates were calculated as 9329; 15576; 24740 and 28689 mL H2 

gcat-1.min-1 respectively. The reaction temperature increases positively affected the hydrogen evolution 

rates in this system. Four different temperatures (20-50 ◦C) were studied to optimize the temperature 

effects. The reaction medium consisted of 5 % nickel-imine complex, 15 mg Ni@EC-250 catalyst in 10 % 

sodium hydroxide-2 % NaBH4 solution. Figure 7a shows the plot of hydrogen volume versus time with 
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different temperatures with Ni@EC-250, catalyst in the range 20-50 ◦C. According to the experimental 

results, the Ni@EC-250 catalyzed hydrogen evolution rates were calculated as 9329; 15576; 24740 and 28689 

mL H2 gcat-1.min-1, respectively. Increasing the reaction temperature had a positive effect on the hydrogen 

evolution rates in this system. 

3.1.2. Kinetic studies 

The kinetic calculations for the hydrolysis of sodium borohydride, catalyzed by Ni@EC-250, can be 

determined using the equation for an nth-order reaction as seen in Eq. 3-6. 

 

−rNaBH4 = −
dCNaBH4

dt
= k. CNaBH4

n                                                                                  (3) 

 

Separating and integrating, we get 

 

− ∫
𝑑𝐶𝑁𝑎𝐵𝐻4

𝐶𝑁𝑎𝐵𝐻4
𝑛 =   

𝐶𝑁𝑎𝐵𝐻4

𝐶𝑁𝑎𝐵𝐻40
𝑘 ∫ 𝑑𝑡

𝑡

0
                                                                                 (4) 

 
1

(𝑛−1)
(

1

𝐶𝑁𝑎𝐵𝐻4
𝑛−1 −

1

𝐶𝑁𝑎𝐵𝐻40
𝑛−1 ) = 𝑘𝑡                                                                                 (5) 

 
1

𝐶𝑁𝑎𝐵𝐻4
𝑛−1 = (𝑛 − 1)𝑘. 𝑡 +

1

𝐶𝑁𝑎𝐵𝐻40
𝑛                                                                                  (6) 

 

According to Eq. 6, the hydrolysis reaction catalyzed by Ni@EC-250 had a reaction order (n) value of 

0.2. The rate constants were determined from the linear portion of H2 generation versus time between 20-

50 ℃, as shown in Figure 7b. The activation energy for Ni@EC-250 in the NaBH4 hydrolysis reaction was 

also calculated from the slope of the Arrhenius plot and found to be Ea = 39.255 kJ.mol -1, as presented in 

Figure 7c. The reaction appears to be unaffected by changes in temperature due to its relatively low 

activation energy, and the catalyst's performance at low temperatures is adequate. 
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(a)                                                                                                              (b)  

 
(c) 

 
Figure 7. The plot of hydrogen volume versus time with various temperatures with Ni@EC-250 catalyst 

(a), Linear regression based on n-order at different temperatures (b) and apparent activation energy 

for Ni@EC-250 catalyst (c) 

 

Table 1 presents a comparison of hydrogen evolution activities between various nickel catalysts. 

According to the data in Table 1, it is evident that polymer decoration has substantially enhanced the 

hydrogen evolution rate. 

 

Table 1. The comparison of the hydrogen evolution activities of Nickel catalysts 

Catalyst Hydrogen evolution rate(mLH2.gcat-1.min-1) Activation Energy(kJ.mol-1) 

Ni metal 772 - 

Nickel-Imine complex 2240 18.160 

Ni@EC 6879 16.633 

Ni@EC-250 15576 39.255 

Ni@ECM 8830 28.766 

3.1.3. Reusability tests of Ni@EC-250 in sodium borohydride hydrolysis reaction 

For the catalyst, reusability is essential to determine the catalytic performance. In sodium borohydride 

hydrolysis, to determine the reusability performance of Ni@EC-250 catalyst, five catalytic cycles were 

experienced. For this purpose, the reusability tests were performed at 30 ℃ with 10 % NaOH in 2 % NaBH4 

solution and the results were shown in Figure 8. Before each hydrolysis study, the Ni@EC-250 catalyst was 

washed and dried several times for the next catalytic cycle in the sodium borohydride hydrolysis reaction. 

Even if small decreases were observed in the catalytic activity, the reactions resulted with 100 % 
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conversion in five hydrolysis cycles. These small decreases may have arisen from both by-product filling 

into the catalyst’s pores and the increasing viscosity of the solution. Thus, they caused a decrease in the 

active sites of the catalyst surface. 

 

 
Figure 8. Reusability test results for Ni@EC-250 catalyst in hydrolysis of sodium borohydride reaction 

3.2. Characterization  

The synthesized polymer-decorated nickel-imine complex catalysts (Ni@EC, Ni@EC-250, and 

Ni@ECM) characterization occurred using FT-IR, BET, SEM, XRD, XPS, and UV-Vis. Table 2 displays the 

characteristic infrared spectral values of the nickel complex and the Ni@EC, Ni@EC-250, and Ni@ECM 

catalysts. The azomethine (-C=N-) group [40], represented by a band at 1621 cm-1 in the nickel-imine 

complex, shifted to 1628; 1632 and 1629 cm-1 in Ni@EC, Ni@EC-250, and Ni@ECM catalysts, respectively. 

The changes in observed bands from 2958 cm-1 to 2960; 2964 and 2959 cm-1 for the free -OH vibrations [41] 

were seen in Ni@EC, Ni@EC-250, and Ni@ECM catalysts, respectively. The Ni@EC, Ni@EC-250, and 

Ni@ECM catalysts exhibited -C-O vibrations, characterized by shifts in the 1020 cm-1 band to 1047; 1056 

and 1051 cm-1 respectively. The FT-IR band related to -CH3 vibrations remained unaltered in both the 

nickel-imine complex and the three-polymer-adorned nickel-imine complex catalysts, with a band spotted 

at 2750-2950 cm-1. The key bands verifying the coordination between metals and ligands (Ni-O and Ni-N) 

demonstrated certain shifts [42, 43], as displayed in Table 2. 

 

Table 2. Characteristic FT-IR bands of catalysts (cm-1) 

Catalyst υ(CH3) 
Free 

υ(OH) 
υ(C=N) υ(C-O) υ(M-O) υ(M-N) 

Nickel-Imine complex 2750-2950 2958 1621 1020 495 430 

Ni@EC 2750-2950 2960 1628 1047 498 426 

Ni@ECM 2750-2950 2964 1632 1056 501 432 

Ni@EC-250 2750-2950 2959 1629 1051 496 428 

 

Figure 9 illustrates the electronic spectra of Ni@EC, Ni@EC-250, and Ni@ECM. The three polymer-

decorated nickel-imine complexes display comparable electronic behavior. A broad electronic band at 

397.55 nm was observed in all three samples, which can be attributed to Ni →Ni charge transfer. 

Additionally, small bands detected at 316.27 nm were assigned to the n-π∗ transition of the azomethine 

group (-C=N-). Furthermore, two different electronic bands were observed, although this was not very 

apparent. They are located at 324.56 nm (due to the ligand-to-metal charge transfer (LMCT) resulting from 

the O → Ni charge transfer) and 492.23 nm (due to the d-d transitions (1A1g → 1A2g) of the Ni ion), 

respective. 
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Figure 9. The UV-Vis spectrum of Ni@EC, Ni@EC-250, Ni@ECM 

 

Fig.10a displays the XRD patterns for Ni@EC, Ni@EC-250 and Ni@ECM. The patterns reveal that the 

crystalline phase was present in the synthesized polymer-decorated nickel-imine complex catalysts. The 

polymer-decorated nickel complex catalysts exhibit sharp crystalline XRD patterns, which are caused by 

the natural crystalline properties of the nickel complex. The size of the crystallites for Ni@EC, Ni@EC-250, 

and Ni@ECM were assessed using Scherre's formula, by measuring the full width at half maximum of the 

corresponding XRD peaks. The obtained data indicates that the synthesized nickel-imine complexes 

decorated with polymer are monocrystalline. Specifically, the crystallite sizes of the Ni@EC, Ni@EC-250 

and Ni@ECM samples are 29°, 38°, and 59° respectively. 

X-ray photoelectron spectroscopy (XPS) was used to determine the electronic properties of the species 

on the catalyst surface. A clear presence of Ni@EC, Ni@EC-250 and Ni@ECM, which confirm the respective 

oxidation states of the elements, is shown in Figure 10b. The XPS traces of Ni@EC, Ni@EC-250 and 

Ni@ECM were determined to be around 885 eV for Ni (II) (2p), which confirms the diamagnetic structure 

of the nickel-imine complex. X-ray photoelectron spectroscopy traces of Ni@EC, Ni@EC-250, and Ni@ECM 

demonstrated binding energy values of 862.1 eV and 879.9 eV for the 2p3/2 and 2p1/2 conditions, 

respectively. 
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Figure 10. The XRD patterns Ni@EC, Ni@EC-250, and Ni@ECM (a) and XPS traces of Ni@EC, Ni@EC-

250 and Ni@ECM (b) 

 

Figure 11a shows the recorded SEM image of the Ni@EC sample. As can be seen from the figure, there 

is an agglomerated spherical image. It seen that the Nickel-Imine complex was well distributed on 

polymers. Based on the size scale given in the SEM image, the average crystallite size of the Ni@EC sample 

is less than 100 nm. It shows a similar image in the Ni@EC-250 example given in Figure 11b. Unlike the 

Ni@EC sample, the particles are separated from each other in the Ni@EC-250 sample. Rather than a 

spherical structure, a bar image is observed. The SEM image shown in Figure 11c is from the Ni@ECM 

sample. The sample synthesized in the figure has been observed to be in the form of nanoscale wire. When 

examined dimensionally, the crystallite size of the Ni@ECM sample was less than 100 nm. Thus, it was 

realized that the crystallite size obtained for all three samples coincided with the crystallite size data 

obtained from XRD measurements. 

 

(a)                                                                  (b)                                                       (c) 

 
Figure 11. The SEM images of Ni@EC (a), Ni@EC-250 (b) and Ni@ECM (c) 

 

The specific surface areas, total pore volumes, and average pore sizes of the nickel-imine complex, 

Ni@EC, Ni@EC-250, and Ni@ECM catalysts are presented in Table 3. The polymer-decorated nickel-imine 

complex catalysts had surface areas of 58.721; 56.365 and 52.849 m2/g for Ni@EC, Ni@EC-250 and Ni@ECM 

catalysts, respectively. Technical term abbreviations were explained upon the first usage.  In contrast, the 
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surface area of the nickel complex was measured to be 48.456 m2/g. It can be observed that the Ni@EC, 

Ni@EC-250, and Ni@ECM catalysts exhibit larger surface areas compared to the nickel-imine complex. The 

pore volume of the nickel-imine complex was found to be smaller at 0.178 cm3.g-1 as opposed to the Ni@EC, 

Ni@EC-250 and Ni@ECM catalysts which had pore volumes of 0.253; 0.211 and 0.230 cm3.g-1 respectively. 

These outcomes suggest that the larger surface area of the catalysts is attributed to the presence of larger 

active sites leading to enhanced hydrogen evolution performance. 

 

Table 3.  BET analysis results of catalysts 
Catalyst SBET (m2. g-1) Average pore 

rate (nm) 

Pore volume 

(cm3.g-1) Nickel-Imine complex 48.456 14.743 0.178 

Ni@EC 58.210 21.194 0.253 

Ni@EC-250 56.365 18.296 0.211 

Ni@ECM 52.849 17.885 0.230 

4. CONCLUSIONS 

In this study, the initial objective was to synthesize three new and effective catalysts for the hydrolysis 

of sodium borohydride to produce hydrogen. To achieve this, a Nickel-Imine complex was combined with 

three distinct polymers (EC, EC-250, and ECM) to enlarge the surface area of Nickel-Imine and enhance 

the catalytic interaction with sodium borohydride. According to the experimental results, the catalysts 

obtained, i.e., Ni@EC, Ni@EC-250, and Ni@ECM, exhibited exceptional performance in hydrolysis of 

sodium borohydride with hydrogen evolution rates of 6879; 15576; 8830 mL H2 gcat-1.min-1 and 15459; 

28,689; 23,417 mL H2 gcat-1.min-1 at 30 oC and 50 oC, respectively. It is evident that the polymer decoration 

remarkably enhances the hydrogen evolution rate. Whereas the pure Nickel-Imine complex showed lower 

activity, with 2240 mL H2 gcat-1.min-1, compared to Ni metal which was only 772 mL H2 gcat-1.min-1 at the 

same temperatures, the decoration of the Ni-Imine complex with polymers on its surface area increased 

the catalyst's surface area, resulting in improved hydrogen evolution rates. The activation energies of the 

Ni@EC, Ni@EC-250, and Ni@ECM catalysts were calculated to be 16.633 kJ.mol-1, 39.255 kJ.mol-1, and 

28.766 kJ.mol-1, respectively. In the second step, the objective was to determine the catalyst with the best 

catalytic performance among the three options. Out of all the decorated catalysts, Ni@EC-250 catalyst 

showed the best activity under the same conditions compared to Ni@EC and Ni@ECM. With the addition 

of the polymer, the catalytic activity increased in the order of Ni@EC-250 > Ni@ECM > Ni@EC. As a result, 

Ni@EC-250 was selected for the remaining steps of the catalytic hydrolysis reaction. The results of the 

reusability tests indicate that Ni@EC-250 remains active in sodium borohydride hydrolysis even after the 

fifth run, achieving 100 % conversions.  
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