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Abstract 12 

In this work, a novel Ni-Cu/Al2O3 catalyst is used to trigger the partial oxidation of 13 

methanol (POM) for hydrogen production. This reaction system also employed ultrasonic 14 

sprays to aid in dispersing methanol fuel. The prepared catalyst is analyzed by scanning electron 15 

microscope (SEM), energy-dispersive X-ray (EDX) spectroscopy, and X-ray diffraction (XRD) 16 

to explore the catalyst’s surface structure, elemental composition, and physical structure, 17 

respectively. The Box-Behnken design (BBD) of response surface methodology (RSM) is 18 

utilized for experimental design to achieve process optimization. The operating parameters 19 

comprise the O2/C molar ratio (0.5-0.7), preheating temperature (150-250 °C), and weight 20 

percent (wt%) of Ni (10-30%) in the catalyst. The results show that methanol conversion is 21 

100% in all the operating conditions, while the reaction temperature for H2 production ranges 22 

from 160 to 750 °C, stemming from heat released by POM. The significance and suitability of 23 

operating conditions are also analyzed by analysis of variance (ANOVA). It indicates that the 24 

highest H2 yield is 2 mol (mol CH3OH)-1, occurring at O2/C=0.5, preheating temperature=150 25 

°C, and Ni wt%=10. Compared with the commercial h-BN-Pt/Al2O3 catalyst, the prepared Ni-26 

Cu/Al2O3 catalysts have higher activity for H2 production. The O2/C ratio is the most influential 27 

factor in the H2 yield. Moreover, the interaction of the O2/C ratio and Ni content is sound, 28 

reflecting that changing Ni content in the catalyst will affect the trend of H2 yield under each 29 

O2/C. 30 
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Nomenclature 35 

POM        Partial oxidation of methanol 36 

O2/C        oxygen-to-methanol molar ratio  37 

GA        gas analyzer 38 

GC        gas chromatography 39 

Subscripts 40 

H2    hydrogen  41 

O2   oxygen 42 

CO   carbon monoxide 43 

CO2   carbon dioxide 44 

CH4   methane 45 

Pt   platinum 46 

Al2O3  aluminum oxide 47 

h-BN   hexagonal boron nitride 48 

  49 
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1. Introduction 50 

Nowadays, environmental issues, including air pollution and global warming, have been 51 

major public concerns. These issues are rooted in the excessive dependence of humans on 52 

petroleum and its products. However, Hirsch [1] found decline rates of 8-16% in petroleum 53 

production, which means that oil shortage will happen in the future [2]. Fuel cells are a popular 54 

energy technology today. It is an electrochemical cell that converts the chemical energy of a 55 

fuel and an oxidizing agent into electricity [3, 4]. Compared to traditional energy conversion 56 

technologies, fuel cells have higher conversion efficiency, lower waste emissions, system 57 

compactness, and better environmental benefits [5, 6]. Several designs of fuel cells are available 58 

including alkaline fuel cell (AFC) [7], solid acid fuel cell (SAFC) [8], phosphoric acid fuel cell 59 

(PAFC) [9], and proton-exchange membrane fuel cells (PEMFCs) [10]. Fuel cells can be used 60 

in a wide variety of vehicles, like automobiles, buses, boats, motorcycles, and submarines [11]. 61 

It is good to note that hydrogen is the most commonly used fuel in a fuel cell. 62 

Hydrogen is said to be the ideal fuel of the future. It is also considered as renewable energy 63 

since it can be produced from electrolyzed water [12]. It has the advantage of being clean, non-64 

toxic, and high-power density, however, it is difficult to store due to its small molecules and 65 

high activity. After a technological breakthrough, hydrogen can now be stored by pressurized 66 

gas and cryogenic liquid; however, their operating costs are higher compared to today's 67 

traditional fossil fuels [13]. 68 

Among the methods of hydrogen production, the most economic one is via the extraction 69 

of hydrogen from hydrocarbons, of which methanol is one of the most widely traded chemicals 70 

worldwide [14-16]. Methanol is a hydrogen-rich fuel that has four hydrogen atoms per carbon 71 

atom. Because it is in the liquid state at room temperature, storage is less of a problem compared 72 

to hydrogen. Methanol is also cheap, with costs even lower than ethanol [17]. Additionally, 73 

methanol does not easily form coke on the catalyst surface during reaction due to the absence 74 

of a carbon-carbon bond [18]. Although methanol has similar hydrocarbon emissions to fossil 75 
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fuels, the combustion characteristics and single-carbon molecule in methanol mean that the 76 

emissions of nitrogen oxides and particulates are lower than those of fossil fuels [14]. Methanol 77 

can be triggered at lower reaction temperatures [19, 20], but its reactions generate some by-78 

products like water, carbon monoxide, and carbon dioxide. Amongst them, carbon monoxide 79 

and water would be converted to carbon dioxide and hydrogen through a water gas shift reaction 80 

[21]. Then, using the technology of CO2 capture [22], CO2 can be removed to separate and 81 

purify H2 [23, 24]. 82 

Thermochemical reactions of converting methanol to H2 include methanol decomposition 83 

(MD) [25, 26], methanol steam reforming (MSR) [27], and partial oxidation of methanol (POM) 84 

[28]. Currently, MSR is the thermochemical reaction with the highest hydrogen yield. However, 85 

it is an endothermic reaction and EDX additional heat during the reaction. On the other hand, 86 

POM is an exothermic reaction and the heat can be recovered to raise the catalyst bed 87 

temperature, thereby reducing the energy consumption and cost [29]. MD, MSR, and POM are 88 

expressed as 89 

Conventionally, existing studies explored the impacts of process conditions based on the 90 

variation of a single parameter per time. The interaction among parameters was not well studied, 91 

and the experiment must run across all operating conditions. For experiment designs, response 92 

surface methodology (RSM) is a complete analysis system that can solve the problems of best 93 

product design, process improvement, and system optimization [30]. RSM has two phases, one 94 

is response surface design, another is response surface optimization. The former gets optimal 95 

operating conditions by polynomial approximation to reduce the demand for several cases, and 96 

the latter is a sequential procedure that improves the path toward the optimal point when the 97 

MD  𝐶𝐻3𝑂𝐻 ⇌ 2𝐻2 + 𝐶𝑂,   ∆𝐻298
0 = 90.5 kJmol−1 (1) 

MSR  𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 ⇌ 3𝐻2 + 𝐶𝑂2,  ∆𝐻298
0 = 49.5 kJmol−1 (2) 

POM  𝐶𝐻3𝑂𝐻 + 0.5𝑂2 ⇌ 2𝐻2 + 𝐶𝑂2,  ∆𝐻298
0 = −192.3 kJmol−1 (3) 
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reaction surface is far from the optimal point. In addition, RSM can use analysis of variance 98 

(ANOVA) to analyze the significance and suitability of operating conditions [31, 32]. 99 

Catalysts play an important role in strengthening thermochemical reactions [33]. Currently, 100 

Cu-based catalysts are widely used because of high activity, but high activity only happens at 101 

low temperatures [34]. Therefore, this study adds Ni into a Cu-based catalyst to increase the 102 

activity at high temperatures because of smaller particle size and high dispersion, where Ni also 103 

has low deactivation [35]. Ni combining Cu can effectively increase the catalyst stability [34, 104 

36, 37]. González-Cobos et al. [38] deposited Ni-diamond-like carbon catalyst film on a K-105 

βAl2O3 solid electrolyte by physical vapor deposition technique of cathodic arc deposition, and 106 

tested electrochemical catalyst in methanol partial oxidation. The results indicated that Ni-DLC 107 

catalyst film successfully promoted the activity of methanol partial oxidation to produce 108 

hydrogen via the electrochemical transfer of K+ ions in the solid electrolyte. The catalytic 109 

activity of Ni and hydrogen production were increased in a controlled and reversible way by 110 

varying the applied potential. Chang et al. [39] compared the catalytic activity of Fe2O3, 111 

Au/Fe2O3, Ru/Fe2O3, and Au-Ru/Fe2O3, and found that the Au-Ru/Fe2O3 catalyst had the 112 

highest activity in methanol partial oxidation. The stability of Au-Ru/Fe2O3 was also enhanced. 113 

Wang et al. [40] used a novel design of micro POM-reformer to reduce the operating 114 

temperature from more than 250 °C to 180 °C with high conversion (97.9%) and selectivity 115 

(97.4%). Relevant research about the catalysts of POM technology is summarized in Table 1. 116 

Compared to noble metals, Ni has a higher activity for dehydrogenation that helps to 117 

enhance POM. Adding Ni into Cu forms a bimetallic catalyst that can reduce carbon deposition 118 

and increase reaction stability. The synthesized catalysts used in POM, which are reconstructed 119 

hydrothermally without an organic template, which helps to reduce the use of unnecessary 120 

materials such as sodium dodecyl benzene sulfonate (SDBS), polyvidone (PVP), and, perhaps 121 

most significantly, the expensive metal Pt. [41-44]. In terms of research design and data analysis, 122 

the Box-Behnken design (BBD) of RSM is applied to analyze the characterized response 123 
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surface, optimal operating conditions, and the influences of operating conditions via the 124 

experimental results. This study will integrate POM, BBD, RSM, and ANOVA which is 125 

scarcely performed in existing studies. The operating conditions of O2/C ratio, preheating 126 

temperature, and wt% of Ni are considered in this study. After the experiments, the impact of 127 

each operating condition will be explored on the results. Based on the experimental results, the 128 

optimal case is analyzed by the BBD of RSM and the significance and suitability of the 129 

operating conditions by ANOVA. Finally, the catalyst of this study is compared with the 130 

hexagonal boron nitride/platinum/aluminum oxide catalyst (h-BN-Pt/Al2O3). 131 

2. Methodology 132 

2.1. Catalysts preparation 133 

The Ni-Cu/Al2O3 catalyst was synthesized by hydrothermal reconstruction without an 134 

organic template. Amongst them, 1.5 g of copper nitrate and 0.196 g, 0.392 g, and 0.588 g of 135 

nickel nitrate were mixed to become the three samples of 10 wt%, 20 wt%, and 30 wt% of Ni, 136 

respectively. Furthermore, 2.53 g of activated alumina was prepared. In the preparation process, 137 

activated alumina was dispersed into the water, and then the mixed solution of nickel nitrate 138 

and copper nitrate was dropped into the dispersed solution of activated alumina, followed by 139 

dropping it into 2M sodium hydroxide solution at the same time for maintaining the pH of the 140 

solution at 9. After 2-hour stirring, the gel solution was hydrothermally treated at 70 °C for 24 141 

h. Subsequently, after filtration and drying, the Ni-Cu/Al2O3 compounds (Ni-Cu/Al2O3 142 

precursors) were turned into dry powder which was then treated as a precursor to be used. The 143 

Ni-Cu/Al2O3 was produced through a sintering process in which the temperature gradually 144 

increased to 600 °C in 3 hr and then kept at 600 °C for another 3 hr. As for the commercial 145 

catalyst h-BN-Pt/Al2O3, it was purchased from Green Hydrotech Inc., a Taiwan-based chemical 146 

plant. The catalyst was made of 0.05 wt% of BN, 0.2 wt% of Pt, and 99.75 wt% of Al2O3. This 147 

spherical catalyst had a diameter of 5 mm and a surface area of 150.12 m2 g-1. 148 

2.2. Box-Behnken Design 149 
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Box-Behnken Design (BBD) is a famous symmetrical second-order design under RSM. 150 

This design can estimate the first- and second-order coefficients of the mathematical model, 151 

then the experiment more effective and economic. The experimental design equation is 152 

expressed as follows: 153 

wherein 𝛽0 is the constant term, 𝛽𝑖  is the linear parameter coefficients, 𝛽𝑖𝑖  is the quadratic 154 

parameter coefficients, 𝛽𝑖𝑗  is the interaction parameter coefficients, xi is the variable, and 𝜀 is 155 

the residual associated with the experiments. In BBD, all factors are divided into three levels (-156 

1, 0, +1) and the intervals between these levels are equal, as shown in Table 2. Therefore, the 157 

distance between each experimental point and the central point is equal. In Table 3, BBD shows 158 

that the experiment number in the original 27 cases was reduced to 17 cases, wherein the 159 

experiment number (N) in the experimental design was calculated through Eq. (5). 160 

where k is the number of factors and cp is the number of the central points.  161 

2.3. Analysis of variance (ANOVA) 162 

The equations of ANOVA in RSM are shown in Table S1. ANOVA is a model of 163 

statistical to analyze and explore the relationship between the independent variable of 164 

categorical data and the dependent variables of continuous data. ANOVA has F value and p-165 

value for various factors and the interaction between two factors. The deviation (di) that its 166 

replicates (yij) or each observation (yi) presents about the media (ȳ), then the square of di will 167 

be evaluated and is presented in Eq. (9). Moreover, the sum of the square for di is called the 168 

sum of the square (SS). 169 

𝑑i
2 = (𝑦ij − ȳ)2 (9) 

The mean of the square (MS) is calculated by the sum of square (SS) and degree of freedom 170 

(df) that is used to estimate F value. The F value indicates the significance of each factor, and 171 

𝑦 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖

𝑘

𝑖=1
+ ∑ 𝛽𝑖𝑖𝑥𝑖

2
𝑘

𝑖=1
+ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗 + 𝜀

𝑘

1≤𝑖≤𝑗
 (4) 

𝐶 = 2𝑘(𝑘 − 1) + 𝑐𝑝 (5) 
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the higher the F value means the greater significance of the factor. On the other hand, the p-172 

value is a probability density value that prob > F in a normal distribution, so the factor is more 173 

credible when the p-value is smaller. 174 

2.4. Reaction system 175 

A fixed-bed reaction system to perform POM is shown in Fig. 1. Before experiments, the 176 

Ni-Cu/Al2O3 catalysts were placed in a quartz concentric tube. Ceramic buffer was filled into 177 

the bottom of the tube to maintain the optimal distance between the sprays and the catalysts. 178 

Moreover, a high-temperature heating tape (600 °C Cal-Cord) was used to preheat the catalyst 179 

bed to trigger the reaction. Afterward, the quartz concentric tube was wrapped with refractory 180 

wool for insulation. At the beginning of the experiment, the flow rates of nitrogen (99.99%) 181 

and air (O2: 21% and N2: balance) were controlled by electric controllers (Brooks 5850E) and 182 

the values were displayed on a controller readout (KD-4000). The flow rates were calibrated 183 

with a flow rate meter (Gillan-Stander Flow Cell-P / N 800266-1). The nitrogen and air were 184 

then mixed and blown into the quartz concentric tube. At the same time, methanol was injected 185 

into the quartz concentric tube using a syringe pump (Chemyx Fusion 200). During the 186 

experiment, the liquid methanol is atomized at the nozzle of the quartz concentric tube because 187 

of the high-speed gas flowing through the nozzle. A K-type thermocouple was placed in the 188 

center of the catalyst bed for measuring the reaction temperature. After the reaction, the gas 189 

product was cooled, and water was removed primarily by a condenser (YIHDER, BL710) 190 

followed by second water removal using a dryer. Lastly, A gas analyzer (GA, Fuji ZRJF5Y23-191 

AERYR-YKLYYCY-A) was used to measure the volumetric concentrations of carbon dioxide, 192 

carbon monoxide, and methane.  193 

By converting the volumetric concentrations of various substance into mole numbers, 194 

methanol conversion could be calculated by: 195 
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𝐶𝐻3𝑂𝐻 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) = (
�̇�𝐶𝑂2,𝑜𝑢𝑡 + �̇�𝐶𝑂,𝑜𝑢𝑡 + �̇�𝐶𝐻4,𝑜𝑢𝑡

�̇�𝐶𝐻3𝑂𝐻,𝑖𝑛
) × 100 (6) 

The �̇� is the molar flow rate (molmin−1), and the subscripts in and out designate inflow and 196 

outflow, respectively. Furthermore, the gas chromatograph (GC, SRI 8610C) installed with a 197 

thermal conductivity detector (TCD) and an automatic sampling system (VICI, E310UWT-110) 198 

was used to measure the volumetric concentration of hydrogen. A calibration curve in terms of 199 

five mixing ratios of H2 and N2 (H2 concentrations of 10, 15, 20, 25, and 30 vol%) was 200 

established and then used to convert the area of H2 into the volumetric concentration. The 201 

equation for the H2 yield is: 202 

𝐻2 𝑦𝑖𝑒𝑙𝑑 (𝑚𝑜𝑙 𝑚𝑜𝑙 𝐶𝐻3𝑂𝐻⁄ ) =  (
�̇�𝐻2

�̇�𝐶𝐻3𝑂𝐻
) (7) 

2.5. Experimental procedure 203 

In this BBD, the oxygen-to-methanol molar ratio (O2/C), preheating temperature, and wt% 204 

of nickel were the operating conditions to be considered in BBD. The design of the three factors 205 

was expressed in Table 2, and the H2 yield was set as the only response. The response surface 206 

and optimal cases were obtained through RSM. In addition, this study analyzed the significance 207 

and suitability of the factors via ANOVA. POM was adopted in this study. Methanol (purity > 208 

99.99%) was filled in the 100 mL syringe and was injected into the quartz concentric tube using 209 

a syringe pump, where the flow rate was set to 1 cm3min-1. Furthermore, the flow rate of air 210 

was controlled via O2/C and the total gas flow rate was fixed at 3805 cm3min-1 with nitrogen 211 

balance. For this study, the amount of each catalyst was 30 g, and its shape was a polygon. The 212 

volumetric concentrations of H2, CO, CO2, and CH4 were recorded every 3 minutes in a 213 

transient state. To determine the accuracy of the experiment, the flow rate of the outlet was 214 

confirmed with a flow meter (Gillan-Stander Flow Cell-P / N 800266-1) before proceeding with 215 

the experiment. The time of the experiment was 42 minutes, which was sufficiently long to 216 

reach a steady state. The experiment was carried out five times at O2/C=0.6, preheating 217 
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temperature of 200, and Ni of 20 wt% to measure the product gas concentration. The relative 218 

errors of the hydrogen yield and the methanol conversion were below 4.3%, showing the good 219 

reproducibility of experiments. The Ni-Cu/Al2O3 catalysts before and after use were analyzed 220 

with scanning electron microscope, energy-dispersive X-ray spectroscopy, and X-ray 221 

diffraction using the multi-function environmental field emission scanning electron microscope 222 

(with EDX and EBSD) and X-ray Diffractometer (D8 DISCOVER with GADDS) 223 

3. Results and discussion 224 

3.1. Catalyst characterization 225 

The images of the Ni-Cu/Al2O3 catalyst (Ni wt%=20) with a field emission scanning 226 

electron microscope (FE-SEM) are shown in Fig. 2 where they are amplified by factors of 1,000 227 

(Fig. 2a), 5,000 (Fig. 2c), and 20,000 (Fig. 2c). The powder in Fig. 2a is mainly made up of 228 

Al2O3. Fig. 2b shows highly dispersed Ni-Cu particles that are obtained without organic 229 

templates. In Fig. 2c, particles with sizes smaller than 1 μm are found to agglomerate on the 230 

catalyst surface. Overall, the Ni-Cu catalyst proves to be highly dispersed on the surface of the 231 

Al2O3 supporter, resulting in a large surface area and high porosity. These features are 232 

conducive to triggering POM reactions, which lead to enhanced methanol conversion and H2 233 

productivity. 234 

The percentages of elements of Ni-Cu/Al2O3 catalysts before and after use with various 235 

Ni weight percents by EDX are shown in Fig. 3, while the values of the elements are 236 

summarized in Table 4. The amount of O element after use decreases as a result of consumption 237 

during the reaction. Conversely, the C element increases after use. This is because Cu 238 

experiences carbon deposition on the catalyst surface during the reaction. However, the carbon 239 

deposits of these catalysts can be suppressed because the addition of Ni can reduce carbon 240 

formation [45]. Alternatively, there are no obvious changes to Ni, Cu, and Al elements. 241 

The comparison of XRD patterns of Ni-Cu/Al2O3 catalyst of various Ni contents before- 242 

and after use is shown in Fig. 4. The measurement range of 2𝜃 is 10° to 100°. In Fig. 4, the 243 
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XRD patterns have no obvious difference when Ni wt% varies. Based on observation of Fig. 244 

4a, the peaks of Ni (JCPDS No. 04-0850) are at 44.4°, 51.6°, 76.3° and 92.7° in the XRD pattern, 245 

which can be indexed to the (111), (200), (220) and (311) planes of face-centered cubic fcc 246 

phase. In addition, the Al2O3 (JCPDS 29-0063) carrier has the peaks at 19.6°, 32°, 37.7°, 39.5°, 247 

60.5°, and 66.8°, corresponding to the (111), (220), (311), (222), (511), and (440) fcc panes, 248 

respectively. However, the peaks of Cu are not observed due to Cu being oxidized to CuO 249 

during the catalyst preparation. In Fig. 4b, the peaks of Cu are exhibited at the Ni-Cu/Al2O3 250 

catalyst after the reaction. According to Table 4, Cu is detected because CuO is reduced back 251 

to Cu during the reaction. Among them, O can participate in the partial oxidation of methanol 252 

and produce hydrogen, causing the percentage of O to decrease [46, 47]. It has been confirmed 253 

that the oxidation states of Cu0, Cu+, and Cu+2 do bear differently on the relative concentrations 254 

of the products such as H2, CO, and CO2. Alejo et al. [48] found that Cu0 was conducive to the 255 

production of H2 and CO2 through the partial oxidation of methanol, while Cu+1 was conducive 256 

to the production of H2O and CO. Cu+2 as CuO shows very low activity for methanol conversion, 257 

leading to the production of CO2 and H2O. Finally, the peaks of Cu (JCPDS 04-0836) are 43.7°, 258 

50.7°, and 74.3°, and they correspond to the (111), (200), and (220) planes of the fcc structure, 259 

respectively. According to measurements by ICP-AES, as shown in Fig. S1, the metal contents 260 

of composite Ni-Cu catalysts with Ni-to-Cu ratios of 10%, 20%, and 30% are 19, 21, and 38 261 

ppm for Ni, respectively, and 195, 212, 225 ppm for Cu, respectively. Meanwhile, the results 262 

of the BET tests for the surface area, indicate that the surface areas of the catalysts with 10%, 263 

20%, and 30% Ni-Cu are 173.0, 157.5, and 135.8 cm2/g, respectively, as shown in Fig. S2. 264 

3.2 RSM of POM  265 

The three-dimensional (3-D) RSM plot of hydrogen yield from the POM reaction under 266 

the operating conditions of O2/C=0.5-0.7, preheating temperature=150-250 °C, and Ni wt%=10 267 

is shown in Fig. 5. The profile shows that the interval of hydrogen yields is between 1.42 and 268 

1.99 mol(mol CH3OH)-1. The reaction temperature increases when the O2/C ratio and 269 



 13 

preheating temperature rise, and it is discovered that the hydrogen yield decreases. This is 270 

because the increase in reaction temperature comes from methanol combustion [49]. The 271 

methanol combustion can be ignited by preheating, which has higher exothermic heat than POM 272 

(compare Eqs. (3) and (8)). Besides, the byproducts from methanol combustion are H2O and 273 

CO2, so methanol combustion would affect hydrogen production. The methanol combustion is 274 

expressed as: 275 

According to Eq. (3), the hydrogen yield has reached 1.99 mol(mol CH3OH)-1 which almost is 276 

the limit of the reaction at O2/C=0.5 and preheating temperature=150 °C. This phenomenon 277 

proves that the Ni-Cu/Al2O3 catalyst did not need more oxygen and heat to improve the 278 

reactivity. On the other hand, the influence of preheating temperature on the yield is not as 279 

significant as the O2/C ratio. This is because the reaction temperature is high enough at the 280 

investigated range of the O2/C ratio. Nevertheless, increasing the O2/C ratio can help 281 

exothermic reaction being more active in POM [50]. 282 

The 3-D RSM plots of hydrogen yields from POM reaction under the operating conditions 283 

of O2/C=0.5-0.7 and the preheating temperature=150-250 °C with Ni wt%=20 and 30 are 284 

displayed in Figs. 6 and 7, respectively. Overall, the hydrogen yield is in the range of 1.46-1.93 285 

mol (mol CH3OH)-1 in 20 wt% of Ni, and the hydrogen yield is in the range of 1.5 -1.88 286 

mol(mol CH3OH)-1 in 30 wt% of Ni. Similar to Fig. 5, the reaction temperature is raised when 287 

increasing both the O2/C ratio and preheating temperature. From Figs. 5-7, the results show that 288 

the maximum hydrogen yield is improved along with reducing Ni wt% [51]. Specifically, 289 

corresponding to the Ni wt% of 10, 20, and 30, the maximum H2 yields are 1.99, 1.93, and 1.88 290 

mol(mol CH3OH)-1, respectively. Alternatively, the H2 production increases while raising Ni 291 

wt% from 10 to 30 at O2/C=0.7 and a preheating temperature of 250 °C. The above findings 292 

are due largely to an increase of Ni in the catalyst, which serves to protect the activity of Cu at 293 

higher temperatures. 294 

𝐶𝐻3𝑂𝐻 + 1.5𝑂2 ⇌ 𝐶𝑂2 + 2𝐻2𝑂,  ∆𝐻298
0 = −725.8 kJmol−1 (8) 
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3.3. Analysis of variance (ANOVA) 295 

Table 5 indicates the ANOVA results in RSM. The F-value of the model is 40.6 which 296 

entails the model to be significant. The p-value smaller than 0.05 indicates that a model is 297 

significant, whereas it is non-significant if the p-value is greater than 0.1 [52]. Because the 298 

model’s p-value is smaller than 0.0001, this shows the significance of the model. The F-value 299 

of the lack of fit is 1.26. This means that the lack of fit is not significant compared to the pure 300 

error. The large p-value of lack of fit of 0.4291 results from noise. In summary, the lack of fit 301 

is not significant, indicating the model fits the data well. The F value and p-value of each factor 302 

are shown in Fig. 8. When the p-value is low and the F value is high, it means that the factor is 303 

more significant. In the lower right corner of the figure, the O2/C ratio and the preheating 304 

temperature have quite high significance, and the former (O2/C ratio) shows greater significance 305 

than the latter (preheating temperature). In contrast, the Ni wt% is not significant in that it is 306 

located at the upper-left corner in Fig. 8.  307 

Considering the coupling phenomena, the factor AC has a p-value of 0.0075 which is 308 

substantially smaller than those of factors AB (0.3339) and BC (0.5837), reflecting the much 309 

more important interaction between factors A and C when compared to the interactions of A 310 

and B as well B and C (Table 5). These results explain that simultaneously changing the O2/C 311 

ratio (A) and Ni wt% (B) has a more influential impact on H2 yield. The relationship between 312 

the factor effect of RSM and the F value of ANOVA for each factor is shown in Fig. 9 in which 313 

the coefficient of determination of the linear regression is 0.9536. According to the literature of 314 

Wang et al. [53], the significance of F value is divided into four different ranges: 0 < F < 3.46 315 

implies slight significance, 3.46 < F < 5.14 is mild, 5.14 < F < 10.92 is significant, and F > 316 

10.92 is highly significant. Moreover, also shown in Fig. 9, the O2/C ratio and the preheating 317 

temperature are in the area of high significance demonstrating their high impact on the 318 

experiment. On the contrary, the Ni wt% Ni is in the area of slight, so it has minimal effect on 319 

the experiment. Therefore, adjusting both the O2/C and reaction temperature is more influential 320 
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than Ni wt%. 321 

3.4. Optimal case of the reaction temperature and gas formation in transient 322 

The temporal distributions of gas concentrations, CH3OH conversion, and reaction 323 

temperature from POM with the optimal operation (i.e., O2/C=0.5, preheating temperature=150 324 

°C, Ni wt%=10) are examined in Fig. 10. Fig. 10a indicates that the steady-state CH3OH 325 

conversion and reaction temperature are 100% and 339 °C, respectively. The reaction 326 

temperature quickly elevates during the first 3 min and is stabilized within 42 min. These results 327 

reveal that the Ni-Cu/Al2O3 catalyst can trigger the reaction quickly. The methanol is 328 

completely consumed inasmuch as the methanol conversion is 100%. According to Table 3, all 329 

the cases under the condition of O2/C=0.5, namely, Cases 4, 6, 12, and 16, result in lower 330 

reaction temperatures (167-339 °C) compared to the other cases. This features that higher O2/C 331 

ratios (i.e., 0.6 and 0.7) give rise to higher temperatures ranging from 352 to 747 °C. This 332 

confirms the fact that the Ni-Cu/Al2O3 catalyst (Ni wt%=10) can give rise to higher hydrogen 333 

yields (1.81-2 mol (mol CH3OH)-1) at lower temperatures. This can also be explained by 334 

intensified reverse water gas shift (RWGS) reaction and methanol decomposition (MD) 335 

reaction at higher reaction temperatures [15]. The two reactions are expressed as: 336 

𝐻2 + 𝐶𝑂2 ⇌ 𝐶𝑂 + 𝐻2𝑂,  ∆𝐻298
0 = 41.2 kJmol−1 (9) 

In Fig. 10b, the steady-state concentrations of CO2, CO, and H2 are 7.8, 4.0, and 20.7 vol%, 337 

respectively. The presence of CO can be attributed to the RWGS and MD reactions. H2 is 338 

mainly generated via POM (as shown in Eq. (3)), but MD also contributes to H2 production. In 339 

addition to the three main products. CH4 is also found during the reaction. The formation of 340 

CH4 is from methanation reactions [50] which are expressed as: 341 

𝐶𝑂 + 3𝐻2 ⇌ 𝐶𝐻4 + 𝐻2𝑂, ∆𝐻298
0 = −205.8 kJmol−1 (10) 

𝐶𝑂2 + 4𝐻2 ⇌ 𝐶𝐻4 + 2𝐻2𝑂, ∆𝐻298
0 = −165.0 kJmol−1 (11)  

Chen and Guo [50] used low Pt and Pd contents in catalysts for POM, and the obtained CH4 342 

concentrations were 600-2,000 ppm. The generation of CH4 in this study is lower than their 343 
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result. This is presumably due to the retardation of methanation reactions in the presence of Cu 344 

[54]. The temporal distribution of the H2 yield from POM is presented in Fig. 10c. The steady-345 

state H2 yield is 2 mol(mol CH3OH)−1 which is the highest H2 yield achieved. This value is 346 

also higher than the reported data in existing literature, as shown in Table 1. 347 

3.5. Comparison of Ni-Cu/Al2O3 and h-BN-Pt/Al2O3 348 

The temporal distributions of CO2, CO, and CH4 concentrations using Ni-Cu/Al2O3 (Ni 349 

wt%=10) and h-BN-Pt/Al2O3 (Green Hydrotech Inc.) catalyst under the operating conditions of 350 

O2/C=0.5 and preheating temperature=150 °C are shown in Fig. 11. In Fig. 11a, the CO2 351 

concentration of Ni-Cu/Al2O3 is higher than that of h-BN-Pt/Al2O3 where their values are 7.8% 352 

and 5.0%, respectively. According to Eq. (3), CO2 is the main product in POM. Moreover, the 353 

higher the CO2 concentration, the higher the H2 concentration from the RWGS reaction in Eq. 354 

(9). Fig. 11b depicts that the CO concentrations under using the Ni-Cu/Al2O3 and h-BN-355 

Pt/Al2O3 catalyst are 4.0 and 4.2%, respectively. This implies, in turn, that the h-BN-Pt/Al2O3 356 

catalyst has a similar result of CO concentration with the Ni-Cu/Al2O3 one. Eqs. (9) and (1) 357 

reveal that the CO generation is from the RWGS and MD reactions. It is noted that the CO2 358 

concentration using h-BN-Pt/Al2O3 is much lower than using Ni-Cu/Al2O3. It follows that h-359 

BN-Pt/Al2O3 leads to a stronger RWGS reaction. In Fig. 11c, the steady-state CH4 360 

concentrations for Ni-Cu/Al2O3 and h-BN-Pt/Al2O3 are 175 and 1355 ppm, respectively, 361 

wherein the value of the former is by far lower than the latter. Cu can inhibit the hydrogenolysis 362 

activity from Ni [51], so CH4 production from Ni-Cu/Al2O3 is greatly reduced, as observed. 363 

The temporal distributions of CH3OH conversion, reaction temperature, and H2 yield with 364 

the same operating conditions are shown in Fig. 12. In Fig. 12a, the CH3OH conversion of Ni-365 

Cu/Al2O3 achieves 100%, showing its high activity. On the other hand, the CH3OH conversion 366 

of h-BN-Pt/Al2O3 is only 79%, signifying the incompleted reaction of methanol. This is 367 

ascribed to the h-BN-Pt/Al2O3 catalyst having not high activity at low reaction temperatures 368 

[50]. Fig. 12b displays that the steady-state reaction temperatures of Ni-Cu/Al2O3 and h-BN-369 
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Pt/Al2O3 are 339 °C and 494 °C, respectively. However, in an exothermic reaction, Ni-370 

Cu/Al2O3 with a lower reaction temperature has better CH3OH conversion than h-BN-Pt/Al2O3 371 

with a higher reaction temperature. The reason is that Ni-Cu/Al2O3 has high activity about 372 

dehydrogenation which can help methanol decomposition (as shown in Eq. (1)) and strengthen 373 

the endothermic phenomenon [51, 55]. In Fig. 12c, the H2 yield of Ni-Cu/Al2O3 reaches 2 374 

mol(mol CH3OH)-1, which is the limit value based on Eq. (3). Alternatively, the H2 yield of h-375 

BN-Pt/Al2O3 is 0.97 mol(mol CH3OH)-1, which proves that low methanol conversion results 376 

in low hydrogen production. In addition, the high activity of the RWGS and methanation 377 

reactions also partially reduce hydrogen production because they use hydrogen as a reactant. 378 

The comparison of the catalytic performance of Ni/Al2O3, Cu/Al2O3, and Ni-Cu/Al2O3 (Ni 379 

wt%=10) is also carried out and shown in Fig. S3. It can be seen that Cu/Al2O3 has the best 380 

performance, followed by Ni-Cu/ Al2O3 and then Ni/Al2O3. Existing papers have confirmed 381 

that Cu/Al2O3 shows high activity in POM [48] when compared to Ni/Al2O3. On the other hand, 382 

Ni/Al2O3 can suppress coking. For example, Le Valant et al. [56] found that incorporating Ni 383 

as an ingredient of a composite catalyst improved the catalytic behavior because the addition 384 

of Ni helped to reduce coking and intensify catalyst stability by creating more Lewis acid sites 385 

on the surface of the catalyst. At last, 10% and 30% Ni-Cu/Al2O3 catalysts have undergone 24-386 

hour experiments for durability tests. The profiles of the normalized hydrogen concentration 387 

are shown in Fig. S4 where the concentrations almost remain constant and are at a level of 388 

approximately 1 without significant decline. This attests to the high thermal stability of the 389 

prepared catalysts. 390 

4. Conclusions 391 

Three Ni-Cu/Al2O3 catalysts with different Ni weight percentages (i.e., 10, 20, and 30 wt%) 392 

have been prepared to trigger the partial oxidation of methanol (POM) for H2 production. It 393 

suggests that the addition of Ni to a copper catalyst can effectively increase the catalyst’s 394 

activity in POM. From EDX, Ni can effectively suppress carbon deposits on the catalyst, while 395 
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CuO is reduced to Cu so O can participate in POM and produce H2. In the 3-D RSM plot, the 396 

H2 yield would be decreased by methanol combustion when the O2/C ratio and the preheating 397 

temperature increase. The ANOVA reveals that the O2/C ratio and preheating temperature have 398 

high significance, wherein the former shows greater significance than the latter. On the other 399 

hand, the Ni wt% is not significant. Meanwhile, the optimal combination of operating 400 

conditions is analyzed with RSM and validated by the experimental. In the optimal case, the 401 

steady-state methanol conversion and reaction temperature are 100% and 281 °C, respectively, 402 

while the H2 yield is 2 mol (mol CH3OH)−1. The reverse water gas shift (RWGS), methanol 403 

decomposition (MD), and methanation reactions also involve in POM. Compared with the other 404 

literature about methanol conversion and H2 yield (as shown in Table 1), this study has the full 405 

methanol conversion and the highest H2 yield. Meanwhile, the CH4 generation in this work is 406 

minimal when comparing with other studies, as a consequence of inhibiting methanation in the 407 

presence of Cu and resulting in the maximization of H2 yield. At last, a comparison between 408 

the prepared Ni-Cu/Al2O3 (Ni 10 wt%) and h-BN-Pt/Al2O3 indicates that the former has a 409 

higher H2 yield3. Accordingly, it is concluded that the prepared Ni-Cu/Al2O3 catalysts are 410 

favorable for H2 production from POM. 411 
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Table 1 587 

Literature about performance and operating conditions of POM. 588 

Operating condition CH3OH conversion 

(%) 

H2 yield 

(mol (mol CH3OH)-1) 
Ref. 

Catalyst Metal (wt%) O2/C* Temperature (°C) 

Ni-DLC/K-βAl2O3 Ni (10.1) 0.075 250-320  1.04 [38] 

Cu/Ce Cu (5) 0.3 160-280 90-100 0.7-1.2 [57] 

Au–Ru/Fe2O3 

Au/Fe2O3 

Ru/Fe2O3 

Au (1)-Ru (1) 

Au (2) 

Ru (2) 

0.1-0.6 523 52-100 1.84 [39] 

Au/ZnO/Al2O3 Au (1) 0.5 448-548 94-98 0.3-1.28 [58] 

Ag/CeO2–ZnO Ag (3.5-4.8) 0.5 160 0-92  [59] 

Au/CuO/ZnO 

Au (3) 

Cu (37) 

Zn (60) 

0.5 423-548 100 1.692-1.954 [60] 

Cu(NO3)2–3H2O 

Mn(NO3)2–4H2O 

Zn(NO3)2–6H2O 

Cu (30) 

Mn (20) 

Zn (50) 

 180-250 75-98 0.3-1.96 [40] 

Au/TiO2-MOx Au (1.1-2.18) 0.3 423-548 74-95 0.7-1.52 [61] 

h-BN-Pt/Al2O3 
h-BN (0.05) 

Pt (0.2) 
1-3 50-548  1.21-1.93 [62] 

h-BN-Pt/Al2O3 

h-BN-Pd/Al2O3 

Pt/Al2O3 

h-BN (0.05) 

Pt (0.2) 

Pd (0.2) 

0.4-0.8 257-666 42-100 1.4-1.66 [50] 

*: oxygen/ CH3OH molar ratio 589 

 590 
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Table 2 591 

Box-Behnken design of the hydrogen yield with three factors and three coded levels for each 592 

condition. 593 

Symbol Factor 
Level 

-1 0 1 

A O2/C ratio 0.5 0.6 0.7 

B preheating temperature (°C) 150 200 250 

C Ni (wt%) 10 20 30 

 594 
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Table 3 595 

The plan of experiments along with Box-Behnken Design for operating condition and results. 596 

        

Case O2/C 
preheating 

temperature (°C) 
Ni (wt%) 

H2 yield 

(mol (mol CH3OH)-1) 

CH3OH 

 conversion (%) 

Reaction 

temperature (°C) 
CO2 (vol%) CO (vol%) CH4 (ppm) 

1 0.6 250 10 1.68 100 544 7.5 5.2 427 

2 0.7 250 20 1.49 100 747 6.7 6.5 1563 

3 0.6 200 20 1.7 100 392 6.8 6 333 

4 0.5 200 30 1.81 100 180 5.8 6.6 130 

5 0.7 150 20 1.63 100 611 7.9 5.4 744 

6 0.5 250 20 1.82 100 283 5.0 6.3 277 

7 0.6 200 20 1.74 100 375 6.1 7 981 

8 0.6 150 30 1.82 100 496 7.9 4.7 1271 

9 0.7 200 10 1.46 100 401 7.2 6.1 855 

10 0.6 200 20 1.67 100 501 6.2 7.1 974 

11 0.7 200 30 1.55 100 639 7.7 5.7 1187 

12 0.5 150 20 1.91 100 296 6.5 5.8 92 

13 0.6 250 30 1.64 100 529 5.2 7.6 408 

14 0.6 150 10 1.82 100 516 7.3 5.2 584 

15 0.6 200 20 1.75 100 352 6.6 6.3 374 

16 0.5 200 10 1.94 100 167 7.7 4.3 214 

17 0.6 200 20 1.73 100 517 6.2 7.2 434 

  597 
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Table 4 598 

The element detail of Ni-Cu/Al2O3 catalyst from EDX 599 

Sample  Weight % Atomic % 

  C O Ni Cu Al C O Ni Cu Al 

Ni 10 wt% Before use 2.81 36.38 0.91 11.13 48.76 5.2 50.46 0.34 3.89 40.11 

After use 7.18 28.71 0.05 11.65 52.42 13.22 39.71 0.02 4.06 42.99 

Ni 20 wt% Before use 2.41 37.1 1.88 11.82 46.79 4.49 51.86 0.72 4.16 38.78 

After use 10.67 28.68 1.46 10.95 48.23 19.04 38.42 0.53 3.69 38.31 

Ni 30 wt% Before use 0.92 34.61 2.47 10.68 51.31 1.76 49.71 0.97 3.86 43.70 

After use 7.35 30.03 2.33 9.94 50.35 13.44 41.24 0.87 3.44 41.01 

 600 

  601 
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Table 5 602 

ANOVA (Partial sum of squares-Type III) results from Box–Behnken Design (BBD) of response surface methodology (RSM) 603 

Source Sum of Squares df* Mean Square F-Value p-value Prob > F  

Model 0.28 6 0.047 40.6 < 0.0001 significant 

A-O2/C 0.23 1 0.23 197.94 < 0.0001  

B-preheating temperature 0.037 1 0.037 32.33 0.0002  

C-Ni (wt%) 9.6010-4 1 9.6010-4 0.83 0.3824  

AB  1.1910-3 1 1.1910-3 1.03 0.3339  

AC  0.013 1 0.013 11.14 0.0075  

BC  3.6910-4 1 3.6910-4 0.32 0.5837  

Residual 0.011 10 1.1510-3    

Lack of Fit 7.5210-3 6 1.2510-3 1.26 0.4291 not significant 

Pure Error 3.9710-3 4 9.9310-4    

Cor Total 0.29 16     

*: degree of freedom 604 

 605 
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Fig. 1. A schematic of the experimental system. (A: electric flow rate controller; B: air cylinder; C: N2 

cylinder; D: controller readout E: gas mixer; F: syringe pump; G: reactor; H: thermometer; I: 

refractory wool; J: catalyst ; K: heating tape; L: condenser; M: dryer; N: gas chromatography; O: 

gas analyzer; P: flow rate meter) 
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Fig. 2. SEM images of Ni-Cu/Al2O3 (Ni 20 wt%) catalyst amplified by factors of (a) 1,000, (b) 5,000, 

and (c) 20,000.  
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Fig. 3. EDX results of Ni-Cu/Al2O3 catalysts before and after use under the operating conditions of 

O2/C=0.7 and preheating temperature=200 °C. 

  

w
e

ig
h

t
%

0

10

20

30

40

50

60

70

80
Ni 10 wt% before use

Ni 10 wt% after use

Ni 20 wt% before use

Ni 20 wt% after use

Ni 30 wt% before use

Ni 30 wt% after use

CuC O Ni Al



 31 

 

 

 

 

Fig. 4. XRD patterns of Ni-Cu/Al2O3 catalysts before and after used with Ni wt% of (a) 10, (b) 20, and 

(c) 30.  
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Fig. 5. Three-dimensional profile of H2 yield from POM via the Ni-Cu/Al2O3 catalyst with Ni wt%=10. 
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Fig. 6. Three-dimensional profile of H2 yield from POM via the Ni-Cu/Al2O3 catalyst with Ni wt%=20. 

  



 34 

 

 

 

 

Fig. 7. Three-dimensional profile of H2 yield from POM via the Ni-Cu/Al2O3 catalyst with Ni wt%=30. 
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Fig. 8. The profile of p-value versus F value of ANOVA.  
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Fig. 9. The profile of factor effect of RSM versus F value of ANOVA and their regression line.   
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Fig. 10. Distributions of (a) methanol conversion and reaction temperature, (b) gas concentrations, and 

(c) H2 yield at the optimal case (O2/C=0.5, preheating temperature=150 °C, Ni wt%=10).   
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Fig. 11. Temporal distributions of (a) CO2, (b) CO, and (c) CH4 concentrations using Ni-Cu/Al2O3 

catalyst (Ni wt%=10) and commercial h-BN-Pt/Al2O3 catalyst at the operating conditions of 

O2/C=0.5 and preheating temperature=150 °C.  
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Fig. 12. Temporal distributions of (a) CH3OH conversion, (b) reaction temperature, and (c) H2 yield using 

Ni-Cu/Al2O3 catalyst (Ni wt%=10) and commercial h-BN-Pt/Al2O3 catalyst at the operating 

conditions of O2/C=0.5 and preheating temperature=150 °C. 
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