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Abstract 

The preparation and characterization of Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 nanostructures using 

the gelatin/sol-gel combustion method have been reported. The synthesized materials were 

investigated using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), 

scanning electron microscopy (SEM), surface area analysis, and optical measurements. UV-

Vis absorption spectra of the nanocomposites were analysed to investigate the absorption and 

bandgap energy of the optical band gap. The Cu1.7Mo0.3O4 nanomaterial show cased a triclinic 

crystal structure system, while the Cu1.4Mo0.6O4 exhibited an orthorhombic system. The BET 

surface area analysis of the catalysts has values of 53 and 502 m2/g. The Cu1.7Mo0.3O4 sample 

proved to be the most active in generating hydrogen through NaBH4 methanolysis, displaying 

an impressive production rate of 23063 mL/g.min. The findings indicate that the addition of 

Cu1.7Mo0.3O4 improves the catalytic activity of the methanolysis reaction involving sodium 

borohydride. 
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1. Introduction 

Prior to the industrial revolution of the 18th century, energy was mostly derived from human 

muscles, wind (e.g., windmills), animals (e.g., horses), and water (e.g., watermills). With the 

invention of the engine, humanity seek alternate energy resources like coal, fossil fuels, and 

natural gas to power their revolution. Unfortunately, these sources are ultimately unsustainable 

since their extraction and consumption rates vastly outpace their fossil-fuel generation rates. 

Indeed, as an advanced energy source, hydrogen exhibit the potentiality to be a viable substitute 

for fossil fuels [1,2]. Hydrogen gas can be stored in two forms; molecular hydrogen (used in 

pressurised vessels and liquid hydrogen tanks) and by atomic hydrogen (which includes metal 

hydrides) [3]. 

The present energy infrastructure, which is mainly based on fossil fuels, has been recognized 

as a significant contributor in the onset of global climate change and the emergence of local air 

contamination [4]. Fuel cells that run on hydrogen (H2) have substantial environmental benefits 

[5]. However, implementing a hydrogen-based economy on a national or global scale presents 

significant scientific and technological obstacles [6]. Several technologies have been 

developed to address the storage and delivery of pure H2 including compressed gas [7], 

cryogenic liquid [8], adsorption on carbon materials [9], metal hydrides [10], and chemical 

hydrides [11]. These storage systems were examined, with a focus on their potential for 

enhancement as well as their physical limitations [12]. Sodium borohydride (NaBH4), among 

other chemical hydrides, stands out as a promising storage material for delivering H2 gas to 

fuel cells due to its enormous hydrogen storage capacity (10.8 wt%) and potentially safe 

operation [13]. The mechanisms for evolving stored H2 from NaBH4 comprise methanolysis 

and hydrolysis [3], or by a combination of the two mechanisms [14].  



3 

 

In recent times, researchers have focused on the generation of hydrogen utilising metal 

hydrides such as (NaBH4) [15], lithium hydride (LiH) [16], and lithium borohydride (LiBH4) 

[17]. However, due to its ability to reuse byproducts, high hydrogen density, and purity of the 

developed hydrogen, NaBH4 has emerged as the most efficient metal hydride for hydrogen 

generation [18]. Additionally, NaBH4 cannot be employed directly, a new catalyst must be used 

to speed hydrogen production, enhance reaction rate, as well as decrease activation energy [19]. 

Hence, metal oxides exhibit exceptional catalytic properties for NaBH4 hydrolysis, making 

them highly efficient catalysts. Numerous metal oxides, such as Ni, Zn, Co, Cu, Pt, Ti, Al, 

among others, have been extensively investigated and analyzed for their exceptional physical 

and chemical characteristics [20-22]. Numerous studies have explored the performance of 

metal catalysts for hydrogen production, yielding variable results. For instance, in a study by 

Amutha et al. [23], it was demonstrated that ionic liquid-functionalized graphene oxide, loaded 

with CuO nanostructures, exhibited exceptional catalytic activity for H2 generation from 

NaBH4. Furthermore, Saka et al. [24] reported the use of NaBH4 and metal catalysts, such as 

CuB, for hydrogen production, which showed improved performance of the metal catalysts 

during NaBH4 methanolysis. In addition, various catalysts have been examined for their 

hydrogen production capabilities. For example, a Ni/TiO2 catalyst material, fabricated via the 

sol-gel approach, attained a hydrogen production rate of 110.87 mL/g·min [25]. Other 

catalysts, including Co3O4 microcubes (1497 mL/g·min) [26], Co3O4 nanorods (1776 

mL/g·min) [27], Co3O4 nanofoams (1930 mL/g·min) [28], and FeCuCo materials (1380 

mL/g·min) [29], also exhibited varying production rates. However, there are still some research 

gaps in this area. One research gap is the need for catalysts that are both efficient and cost-

effective. While some catalysts have shown high catalytic activity, they may also be expensive 

or require toxic materials. Another research gap is the need for catalysts that can maintain their 

catalytic activity over multiple cycles. Some catalysts have shown good initial activity, but 
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their performance decreases significantly after a few cycles. Additionally, the mechanisms of 

the catalytic reactions involved in sodium borohydride methanolysis are not fully understood, 

and further research is needed to elucidate these mechanisms. Overall, future research should 

focus on developing catalysts that are both efficient and cost-effective, have good durability, 

and have a clear understanding of the catalytic mechanisms involved. 

In this work, we investigate the fabrication and characterization of Cu1.7Mo0.3O4 and 

Cu1.4Mo0.6O4 nanostructures using the gelatin/sol-gel combustion method. Two different 

concentrations, 0.3 and 0.6, were utilized to investigate their effect on the structural, 

morphological, and optical characteristics of the nanocomposites. The synthesized materials 

were investigated using X-ray diffraction (XRD), Fourier transform infrared spectroscopy 

(FTIR), scanning electron microscopy (SEM), surface area analysis, and optical measurements. 

The measurements included UV-Vis spectroscopy, which provides information about the 

absorption and bandgap energy of the nanocomposites. In conclusion, the catalytic 

performance of these nanocomposites was fully assessed for the hydrogen evolution process 

during the methanolysis of sodium borohydride 

2. Experimental 

2.1 Materials 

For the synthesis of Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 nanostructures we have used copper(II) 

chloride (CuCl2.2H2O, ≥ 99.0%, Sigma-Aldrich), ammonium heptamolybdate tetrahydrate 

((NH4)6Mo7O24.4H2O, ≥ 99.3%, Loba Chemie, India) and gelatin (technical grade, Loba 

Chemie, India). All materials were used without requiring additional treatment. 

2.2 Materials fabrication 

The sol-gel approach is a versatile and scalable method for the synthesis of nanomaterials. The 

nanoparticles produced by this method are typically uniform in size and have a high surface 

area. Different nanoparticles fabricated by the sol-gel approach have been shown to have good 
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catalytic activity for a variety of reactions, comprising the oxygen evolution reaction (OER) 

and the hydrogen evolution reaction (HER). Accordingly, we have used the gelatin/sol-gel 

combustion method for the preparation of Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 nanostructures.  The 

precursor solution is typically prepared by dissolving stoichiometric amounts of CuCl2.2H2O 

and (NH4)6Mo7O24.4H2O in deionized water. A gelatin solution was introduced to the metal 

solution. The ratio of metals to gelatin in the solution was 1:2. The blend was stirred for 2 h at 

80 oC. The metal ions will then react with each other and with the solvent to form a gel. After 

the gel has formed, it is dried in an oven at a temperature of 260 °C. The drying process removes 

the solvent and other volatile components from the gel, leaving behind a solid xerogel. The 

xerogel is then calcined at a temperature of 500 °C to form the Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 

nanostructures. The calcination process removes any remaining organic matter from the 

xerogel and converts the metal precursors to their oxides.  

2.3 Materials Characterization 

The XRD was analysed using a Shimadzu 7000 XRD to identify the phases present in the 

sample and to determine their crystal structure. The Shimadzu 100-FTIR tracer was used to 

analyse the ATR spectra of Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 nanostructures. The morphological 

characteristics of the nanostructures are then investigated using Quattro S scanning electron 

microscopy (SEM) technique. The BET surface area is an important parameter for 

nanostructures because it affects their catalytic activity and other properties. The Novae401 

surface area analyzer is a rapid and accurate method for measuring the BET surface area of 

Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 nanostructures. The UV-Vis optical absorption spectra of the 

nanostructures were analyzed by Evo201 UV-Vis spectrometer to determine their optical 

properties. 

2.4 Hydrogen evolution activity 
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NaBH4  hydrolysis carried out at 30 oC in methanol. Hydrolysis was assisted by adding a catalyst 

into the NaBH4 solution. Catalysts are substances decreasing activation energies of reactions 

making reactions fast. The quantity of catalyst utilized (0.02 grams) together with 0.25 grams 

of NaBH4. This blend was then moved to a glass reactor. Thereafter, methanol 10 ml was added 

quickly. Using water displacement is a quick and accurate way for volumetric measurement of 

hydrogen gas. The collecting of gases within a container submerged in water is what makes 

water displacement possible. Therefore, this amount of water can be taken to have replaced 

any volume of the gas hence its value must remain equivalent to the H2 gas volume. The 

experimental data of hydrogen production for Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 at different mass 

of catalyst, mass of NaBH4 and temperature was completed. Finally, the reusability test data 

for the Cu1.7Mo0.3O4 catalyst was performed after undergoing 5 reusability cycles.   

3. Results and discussion 

The X-ray diffraction (XRD) technique has been widely utilized as an essential method for 

identifying the crystal structure of compounds. Accordingly, XRD was used where its pattern 

for the Cu1.7Mo0.3O4, and Cu1.4Mo0.6O4 samples is shown in the Fig. 1.   The CuMoO4 related 

main peaks are clearly indexed at 2θ= 13.04o, 15.98o, 23.9o, 26.5o, and 32.98o, these peaks are 

due to the existing planes of (-101), (101), (201), (-202), and (-302) respectively [30,31]. The 

main peaks and the rest of the peaks matched those in the JCPDS card number 73-0488 which 

indicates the triclinic crystal structure system of Cu1.7Mo0.3O4.  
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Fig. 1 The XRD diffraction patterns of Cu1.7Mo0.3O4, and Cu1.4Mo0.6O4 nanostructures. 

The XRD peaks for Cu1.4Mo0.6O4 sample are shown in Fig. 1 as well. The main peak was 

shifted to higher 2θ= 27.2° which is corresponding to (140) plane. All the appeared peaks in 

the Cu1.4Mo0.6O4 sample have full agreements with those related to orthorhombic system in the 

card number 00-022-0609. It is clear, the crystal structure was transformed to orthorhombic 

system when the content of Cu decreased from 1.7 to 1.4 and Mo increased from 0.3 to 0.6. 

The successful preparation of Cu1.7Mo0.3O4, and Cu1.4Mo0.6O4 is confirmed since the crystal 

structure has changed upon increasing the content of Cu and decreasing Mo. 

The Debye-Scherrer (equation (1)) was utilized to calculate the mean crystal size of the 

Cu1.7Mo0.3O4, and Cu1.4Mo0.6O4 nanostructures [32,33]; 

D =  0.9λβ cos θ                                    (1) 

The D indicates the crystalline size,  λ and β refers to the Xray wavelength of 0.154056 nm 

and Full width at half maximum of the XRD diffraction peaks respectively. The mean 
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crystalline size was obtained from the broadest three peaks in the Cu1.7Mo0.3O4 sample and 

found to be 32.7 nm while 60.5 nm for Cu1.4Mo0.6O4. The increase in the crystal size is expected 

since we increase the molybdenum over copper that has relatively lower atomic radius.   

Figure 2 displays the FTIR spectra ranging from 400 to 1500 cm-1 for both Cu1.7Mo0.3O4 and 

Cu1.4Mo0.6O4. The absorption bands that are related to CuMoO4 are below 1000 cm-1. In the 

Cu1.7Mo0.3O4, various absorption bands were appeared as following. The Mo-O-Mo vibration 

mode is presented at the absorption band of 819 cm-1 [34]. The absorption peaks located at 795 

cm 1, 900 cm-1, and 938 cm-1 are related to stretching mode of asymmetric Mo–O [35]. In 

comparison between Cu1.7Mo0.3O4, and Cu1.4Mo0.6O4 samples, one additional absorption band 

at 484 cm-1 was appeared in Cu1.4Mo0.6O4 due to MoO3 bending mode as well as stretching 

vibration of square planar CuO4 [35]. The Cu–O–Mo stretching mode caused the band at 700 

cm-1 [36] which evidence the formation of copper molybdenum oxide.     



9 

 

 

Fig. 2 The FTIR spectra for the Cu1.7Mo0.3O4, and Cu1.4Mo0.6O4 nanostructures. 

The SEM morphology of CuMoO4 orthorhombic crystals can exhibit variations depending on 

the specific synthesis approach and conditions employed during the process. The SEM images 

of Cu1.7Mo0.3O4, and Cu1.4Mo0.6O4 nanostructures shown in Fig. 3a,b have a plate-like 

morphology with a smooth surface.  
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Fig. 3 The SEM micrographs of (a) Cu1.7Mo0.3O4, (b) Cu1.4Mo0.6O4, EDS of (c) Cu1.7Mo0.3O4 

and (d) Cu1.4Mo0.6O4 nanostructures. 

Confirmation of copper (Cu), molybdenum (Mo), and oxygen (O) in the crystal structure of 

Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 was achieved through EDS analysis. The relative abundance of 

these elements is quantified in Fig. 3(c, d), and the corresponding weight percentages are 

provided in Table 1. These results affirm the successful preparation of Cu1.7Mo0.3O4 and 

Cu1.4Mo0.6O4 samples 

Table 1 EDS analysis results of Cu1.7Mo0.3O4, and Cu1.4Mo0.6O4 crystals 

Sample Element Wt% 

 

Cu1.7Mo0.3O4 

O 36.34 

Cu 21.33 

Mo 42.33 

 

Cu1.4Mo0.6O4 

O 34.43 

Cu 17.62 

Mo 47.94 
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Fig.4a illustrates the nitrogen isotherms at 77K. It is noteworthy that all the samples prepared 

demonstrate type IV isotherms featuring an H4 hysteresis loop, aligning with the IUPAC 

classification. This observation indicates the mesoporous texture of the prepared samples. The 

surface area of Cu1.7Mo0.3O4 is estimated to be 56.96 m²/g, while that of Cu1.4Mo0.6O4 is 

measured at 81.26 m²/g. Additionally, the pore volume exhibited an upward trend in 

correspondence with the surface area behavior. Specifically, the pore volume for Cu1.7Mo0.3O4  

is recorded as 0.07315 cm³/g, while for Cu1.4Mo0.6O4, it is measured at 0.1135 cm³/g. The BJH 

average pore diameters of the samples ranged from 2.5 to 15 nm, as depicted in Fig.4b. This 

range further emphasizes the existence of mesoporous structures. Notably, the distribution 

curve for the Cu1.4Mo0.6O4 sample shifted towards the most abundant mesoporous structure, 

contributing to its higher surface area. The boost in surface area could be due to the mesoporous 

structures, which are characterized by pores with diameters typically ranging from 2 to 50 nm. 

These structures contribute significantly to the overall surface area as they provide a larger 

surface for interactions with other substances. 

Fig. 4 (a) The nitrogen isotherm, and (b) pore size distribution of the Cu1.7Mo0.3O4, and 

Cu1.4Mo0.6O4 nanostructures. 
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The big surface area of Cu1.4Mo0.6O4 provides a large number of active sites for catalytic 

reactions. The surface area and pore size of catalyst supports have a significant impact on 

hydrogen catalytic performance. The surface area of the support material is closely related to 

the rate-limiting mechanisms and restriction degrees of the reaction [37]. For example, in CO2 

hydrogenation reactions, catalysts with pore sizes of 7-10 nm and corresponding Fe2O3 particle 

sizes of 5-8 nm showed the highest activity [38]. Additionally, the size of Rh particles in silica 

supports influenced the catalytic activity, with smaller Rh particles maintained inside supports 

with larger pore sizes [39]. The surface area of the catalyst also plays a crucial role, as higher 

surface areas lead to higher catalytic activity. Therefore, the combination of larger pore sizes, 

smaller particle sizes, and higher surface areas in catalyst supports can enhance hydrogen 

catalytic performance. 

Optical absorption has been found to have an effect on hydrogen catalytic performance. The 

presence of subsurface hydrogen (H2) can significantly increase or decrease the bond energy 

and reactivity of adsorbed hydrogen depending on the metal [40]. Additionally, the catalytic 

activity of noble metals such as Pd, Ni, Cu, and Ag for hydrogen sorption has been studied 

using an optical technique [41,42]. The uptake rate of hydrogen is limited by chemisorption, 

as deduced by kinetic modeling [43]. The calculated activation energy for catalytic activity is 

dependent on the oxygen concentration, exhibiting a minimum value at the highest oxygen 

content. [44]. These findings suggest that optical absorption can influence the catalytic activity 

and kinetics of hydrogen sorption processes.  

The optical properties of Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 nanostructures has been investigated 

at different wavelengths from 190 to 800 nm. Fig. 5a show the normalized absorbance versus 

the wavelength for these nanostructures. The absorption spectra of the two samples bands 

showed bands at 450 and 500 nm that results from extrinsic transitions caused by defects in 

structure [45]. 
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The optical band gap is defined as the energy difference between valence (VB) and conduction 

band (CB). This energy, minimum amount, is required to transfer the electron from VB to CB. 

The optical band gap is determined to investigate the electronic structure of Cu1.7Mo0.3O4 and 

Cu1.4Mo0.6O4. To calculate the band gap, the Taus formula was used as follows [46,47];  

𝛼ℎ𝜐 = 𝐴(ℎ𝑣 − 𝐸𝑜𝑝𝑡)0.5                                                 (2) 

Here, α represents the absorption coefficient, h is Planck's constant, v denotes the frequency of 

the light, A is a constant, and Eopt signifies the band gap 

Fig. 5 Plots of (a) normalized absorbance against wavelength; the inset showed the absorption 

bands at 450 and 500 nm and (b) (h)2 against (h) for Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4. 

A linear in region is represented in Fig. 5b for Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4. This Figure 

shows (𝑎ℎ𝑣)2 on y-axis versus (ℎ𝑣) on x-axis. In order to obtain the optical band gap 𝐸𝑜𝑝𝑡, we 

extrapolate the linear part of the plot on x-axis (ℎ𝑣) in eV unit. The 𝐸𝑜𝑝𝑡 is approximately 4.14 

eV for Cu1.7Mo0.3O4, while 3.91 eV for Cu1.4Mo0.6O4. The redaction of band gap could be from 

the change in morphological, surface structure and the particle size [48]. The band gap 

determines the energy required to create these pairs. If the band gap is too small, the electron-

hole pairs may recombine before they can participate in the hydrogen production reaction. 
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Therefore, a larger band gap is generally preferred to promote charge separation and prevent 

recombination [49,50].  

The self-decomposition process of sodium borohydride in a solution containing methanol has 

garnered significant attention due to its notable stability and ability to operate at low 

temperatures. Furthermore, this process exhibits a quick and substantial production of 

hydrogen gas, as shown by previous research [51]. Consequently, the reaction mentioned above 

was used to evaluate the efficacy of Cu2-xMoxO4 nanocomposites as a catalyst for the release 

of hydrogen from sodium borohydride (NaBH4). In the beginning, the measurement of the 

hydrogen gas volume was conducted at different time intervals at a temperature of 303 K. The 

figure 6 shows the hydrogen volume curves at various time intervals for the Cu1.7Mo0.3O4 and 

Cu1.4Mo0.6O4 samples.  

 

Fig. 7 The change in volume of hydrogen over time for Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 

catalysts. 

According to Figure 6, the rate of producing hydrogen exhibits enhancement with a decrease 

in the proportion of molybdenum. This effect arises because of a drop in the number of active 
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sites after the increase of molybdenum concentration [52]. The active sites are significant in 

determining the performance of a catalysts. Also, in Figure 7, it can be shown that time needed 

to produce hydrogen via the process of NaBH4 methanolysis significantly decreases after the 

occurrence of the catalytic reaction. The Cu1.7Mo0.3O4 sample demonstrated the highest level 

of activity in terms of hydrogen production. 

The hydrolysis of NaBH4, leading to the production of H2, is postulated to occur via a sequence 

of two kinetic stages in the presence of metal catalysts. In the first phase, the Cu1.7Mo0.3O4 and 

Cu1.4Mo0.6O4 catalysts undergo chemisorption with BH4 ions. During the second stage, the 

release of hydrogen gas occurs at the catalyst's surface [53]. Hence, as the surface of the catalyst 

adsorbs a greater number of BH4 ions, there will be an increase in its catalytic activity. The 

findings of this study indicate that the addition of Cu1.7Mo0.3O4 enhances the catalytic 

efficiency of the methanolysis reaction involving NaBH4. The bimolecular Langmuir-

Hinshelwood model is frequently employed to elucidate the reaction mechanisms underlying 

the hydrolysis of NaBH4. This model encompasses two crucial steps: the adsorption of 

reactants onto the catalyst surface and the subsequent reaction of the adsorbed species [54]. To 

gain a deeper understanding of the catalytic behaviour involved in hydrogen synthesis, this 

study primarily investigates the examination of the generation rate (k). The provided equation 

indicates that the production rate is influenced by factors such as hydrogen volume (V), catalyst 

mass (mcat), and reaction time (t) [55,56]; 

                                                                    𝑘 = 𝑉𝑡.𝑚𝑐𝑎𝑡                                                          (3) 

A comparison of the rate of hydrogen evolution from NaBH4 hydrolysis using Cu1.7Mo0.3O4 

and Cu1.4Mo0.6O4 is shown in Fig. 8. The slopes of the straight lines, as depicted in Fig. 7, were 

calculated to get the values for hydrogen production (k). The results showed that these values 

were 23063 and 21494 mL/g.min. The Cu1.7Mo0.3O4 sample demonstrated the highest rate of 
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production, suggesting a boost in the number of active centers on the sample surface. A 

significant amount of hydrogen gas is promptly released from the catalyst Cu1.7Mo0.3O4, which 

has an increased attraction to BH4 ions at its surface sites.  

 

Fig. 8: The rate hydrogen production for Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 samples.   

The hydrogen production rate exhibits variation among various catalysts, as shown by the given 

results. The following table 1 presents a comparison of the different results with this finding: 

Table 1: A comparison of the hydrogen production rates using different catalysts in this study. 

Catalyst Type r (mL/g.min) Ref. 

CoB/Ag–TiO2 Powder 393 [57] 

Co–Mo–B/C Powder 1280 [58] 

CuCo2O Powder 1370 [59] 

Co-Cu-Fe Foam 1380 [29] 

CuFe2O4 Powder 1810 [46] 

Co-Cu-Ni  Powder 5100 [60] 

Fe3O4/FeS2/g-C3N4 Powder 8480 [47] 

Cu1.7Mo0.3O4 Powder 23063 This study 
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The hydrogen production rate presented in Table 1 reveal that the sample Cu1.7Mo0.3O4 exhibits 

superior performance compared to different other catalysts. The findings of the study 

demonstrated that the introduction of only a small amount of sodium significantly enhanced 

the catalytic performance. 

The data presented in Fig. 9 illustrates the hydrogen production for Cu1.7Mo0.3O4 and 

Cu1.4Mo0.6O4 at various masses of both catalyst and NaBH4. Hydrogen production exhibits 

variations dependent on the catalyst, mass of the catalyst, and mass of NaBH4. Generally, 

increased masses of both catalyst and NaBH4 result in higher hydrogen production. This 

observed behaviour aligns with findings reported in the literature [61-63]. 
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Fig. 9: The experiment data of hydrogen production for Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 at 

different (a), (b) mass of catalyst, (c) and (d) mass of NaBH4.   

The effect of temperature on hydrogen production for Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 is given 

in Fig. 10. For both catalysts, higher temperatures generally lead to higher hydrogen 

production. Higher temperatures can enhance the mixing of reactants and improve the diffusion 

of NaBH4 species towards the active centers on the catalyst, facilitating faster reaction rates. 
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Fig. 10: The experiment data of hydrogen production for Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 at 

different temperatures.   

According to the Arrhenius equation [64], the reaction rate increases exponentially with 

temperature due to an increase in the average kinetic energy of the reactants. This allows them 

to overcome the activation energy barrier more easily and collide more frequently, leading to 

more frequent reactions. 

𝑘 =  𝐴 𝑒𝑥𝑝(−𝐸𝑎/(𝑅𝑇))                           (4) 

where A is the pre-exponential factor, Ea represents the activation energy, and the ideal gas 

constant R has the value of 8.314 J/mol.K. The Arrhenius equation can be rearranged to plot 

the natural logarithm of the rate constant (ln(k)) against the reciprocal of temperature (1000/T), 

as shown in Fig 11. This leads to a linear relationship with a slope of (-Ea /R), enabling the 

determination of the activation energy. 
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Fig. 11: Plots of (ln(k)) against the reciprocal of temperature (1000/T) for Cu1.7Mo0.3O4 and 

Cu1.4Mo0.6O4 catalysts. 

The activation energies of Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 catalysts were calculated to be 12.42 

and 22.64 kJ/mol. Obviously, Cu1.7Mo0.3O4 has a significantly lower activation energy 

compared to Cu1.4Mo0.6O4. This means that Cu1.7Mo0.3O4 requires less energy for NaBH4 

molecules to overcome the activation barrier and participate in the reaction. The deviation from 

the Arrhenius equation as depicted in Fig. 11, could be attributed to the catalytic reactions often 

involve intricate multi-step processes with varying activation energies, leading to deviations 

from the expected temperature dependence. Additionally, surface phenomena play a significant 

role in catalytic reactions, influencing reaction rates through factors such as active site 

availability and adsorption/desorption processes. Changes in surface properties or restructuring 

can lead to deviations from Arrhenius behavior. Furthermore, catalyst deactivation, whether 

through poisoning, sintering, or fouling, can also disrupt the expected temperature dependence 

by altering the catalyst's activity over time. Finally, non-ideal conditions such as non-uniform 

temperature distributions or variations in reactant concentrations can contribute to deviations 

from idealized behavior [65, 66]. 
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The reusability test data for the Cu1.7Mo0.3O4 catalyst is plotted in Fig. 12.  The Cu1.7Mo0.3O4 

catalyst experiences a decrease in efficiency from 100% to 82% after undergoing 5 reusability 

cycles at 30°C. Over repeated reaction cycles, the high temperatures involved in NaBH4 

methanolysis could cause the catalyst nanoparticles to coalesce and grow larger, reducing their 

surface area and active sites. This can lead to a decrease in efficiency. 

 

Fig. 12: The reusability test data for the Cu1.7Mo0.3O4 catalyst after undergoing 5 reusability 

cycles.   

Conclusions 

This study focused on the processing and characterization of a highly effective copper 

molybdate catalyst for hydrogen evolution. Through the gelatin/sol-gel combustion method, 

Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 nanostructures were synthesized and investigated at two 

different concentrations. The structural, morphological, and optical properties of the 

nanocomposites were thoroughly examined using techniques such as X-ray diffraction and 

FTIR spectroscopy. The XRD data revealed the triclinic crystal structure system of 
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Cu1.7Mo0.3O4 and orthorhombic Cu1.4Mo0.6O4 system. The average crystalline size was 

obtained for Cu1.7Mo0.3O4 to be 32.7 nm while 60.5 nm for Cu1.4Mo0.6O4. The SEM images of 

Cu1.7Mo0.3O4, and Cu1.4Mo0.6O4 nanostructures have a plate-like morphology with a smooth 

surface. Nitrogen isotherm surface area analysis has shown that Cu1.7Mo0.3O4, and 

Cu1.4Mo0.6O4 have a high BET surface area, typically 53 and 502 m2/g. The optical band gaps 

were determined to be 4.14 eV for Cu1.7Mo0.3O4, while 3.91 eV for Cu1.4Mo0.6O4. The 

Cu1.7Mo0.3O4 sample demonstrated the highest level of activity in terms of hydrogen production 

from NaBH4 methanolysis. The Cu1.7Mo0.3O4 sample demonstrated the highest production rate 

of 23063 mL/g.min. The activation energies of Cu1.7Mo0.3O4 and Cu1.4Mo0.6O4 catalysts were 

calculated to be 12.42 and 22.64 kJ/mol.  These findings will contribute to the development of 

effective catalysts for hydrogen evolution, opening new possibilities in renewable energy 

research. 
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