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Abstract

:

In this study, ZnFe2O4 and ZnO-ZnFe2O4 catalysts were prepared using the glycine–nitrate process (GNP). The prepared ZnFe2O4 and ZnO-ZnFe2O4 catalyst powders were characterized using a scanning electron microscope, transmission electron microscope, XRD diffraction studies, and selected area diffraction pattern studies. In addition, the specific surface area was measured using a Brunauer–Emmett–Teller specific surface area analysis. The hydrogen reduction in different temperature ranges was analyzed using the H2 temperature-programmed reduction technique. The specific surface area of the ZnFe2O4 was 5.66 m2/g, and the specific surface area of the ZnO-ZnFe2O4 was 8.20 m2/g at a G/N ratio of 1.5 and at a G/N ratio of 1.7, respectively. The specific surface area of the ZnFe2O4 was 6.03 m2/g, and the specific surface area of the ZnO-ZnFe2O4 was 11.67 m2/g. The ZnFe2O4 and ZnO-ZnFe2O4 were found to have the best catalytic effect at 500 °C. In particular, the highest H2 generation rate of the ZnO-ZnFe2O4 (GN = 1.7) at 500 °C was 7745 mL STP min−1 g-cat−1. Moreover, the ZnO-ZnFe2 O4 catalyst demonstrated good H2 selectivity and stability during the process of steam reforming methanol. Therefore, the ZnO-ZnFe2O4 catalyst powder exhibited high catalytic activity due to the good dispersibility of the ZnO, which increased the specific surface area of the catalyst. In the future, the catalyst can be applied to the steam reforming of methanol for industrial purposes.
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1. Introduction


Energy is indispensable for the rapid development of industries and daily life. Therefore, all countries consume energy uncontrollably, causing an energy crisis and the emergence of extreme global warming. Hence, alternate renewable energy sources should be developed to alleviate the energy crisis and decrease fossil fuel usage [1]. Many countries have taken measures to control the emissions of various greenhouse gases, and carbon dioxide is known to have a great impact on climate change. Although nuclear energy has excellent power generation efficiency, low carbon emissions, and a low fuel cost, it is not a completely clean and safe energy source [2]. The accident at the Fukushima Nuclear Power Plant, Japan, illustrates the dangers of nuclear power. If the radioactive materials in a nuclear power plant are released into the environment in an accident, they will cause great damage to the ecology and people. Nuclear power also presents serious problems with thermal pollution and nuclear waste disposal [3,4]. Taiwan’s nuclear energy industry faces rigorous challenges because the island is located at the junction of tectonic plates. As an alternative to nuclear power, many countries have actively invested in the development of two main energy sources: clean energy (non-polluting energy that produces zero carbon emissions) and alternative energy (using hydrocarbons to reduce carbon emissions) [5,6]. These two sources can provide non-toxic, clean energy for application in various fields.



Hydrogen (H2) fuel cells are a promising technology. H2 burns cleanly and produces no pollutants during combustion. In addition, H2 has the greatest energy density per unit weight (i.e., 120.7 kJ g−1) when compared with other fuels [7]. In electric vehicles, hydrogen fuel cell technology provides an alternative to internal combustion engines due to its high efficiency and low carbon emissions. H2 fuel cells involve a chemical reactor that can continuously provide electricity with low thermal pollution because the byproducts of the reaction are water and extremely low concentrations of pollutants such as NOx and SOx [8]. In addition, the fuel cell directly converts chemical energy without being restricted by the thermodynamic Carnot Cycle, so it achieves higher power generation efficiency. However, for the development of the hydrogen energy economy, concerns about the effective production and storage of hydrogen must be addressed.



Hydrogen–oxygen fuel cells use hydrogen as the fuel and oxygen as the oxidant [9,10]. These cells generate electricity through chemical reactions which release water vapor and heat energy. The greatest difference between fuel cells and conventional batteries is that hydrogen fuel cells do not store the electricity itself. The electrical energy is supplied by the chemical energy in the fuel. As long as there is a sustained supply of fuel, the fuel cell will persistently generate electricity [11,12]. Nevertheless, the storage of hydrogen energy presents safety issue. Therefore, the effective storage of energy is a topic that must be faced in the future. The majority of hydrogen is produced through the process of steam reforming methanol. The remaining methanol vapor converts into water and carbon dioxide. Due to the high chemical activity of methanol, steam reformation can be carried out at a lower temperature [13,14]. In addition, methanol has many advantages because it has only one carbon atom, which can greatly reduce the reaction’s byproducts. Moreover, the lack of a C=C bond in the molecule means that it can be recombined at a relatively low temperature. Furthermore, methanol is preferable to other liquid sources, such as n-butane, gasoline, and petrol, for the generation of hydrogen. It is safer to handle, allows for reformation at 250 °C, has a greater H2/C ratio and no C=C bond, is low in sulfur compounds (5 ppm), and produces less coke. Therefore, methanol is regarded as one of the most advantageous sources for producing hydrogen by steam reforming [15]. Moreover, although methanol is a toxic substance, it is biodegradable. Three ways to produce hydrogen are (1) the steam reforming of methanol (SRM), (2) the methanol decomposition reaction, and (3) the water–gas shift reaction [16,17].


CH3OH + H2O → CO2 + 3H2 ΔH0298K = 131 kJmol−1



(1)






CH3OH → CO + 2H2   ΔH0298K = 128 kJmol−1



(2)






CO + H2O → CO2 + H2   ΔH0298K = 41.2 kJmol−1



(3)







Conventionally, the steam reforming of methanol consists of a main reaction (the steam reforming of methanol) and several secondary reactions that occur in parallel to the main reaction. The three secondary reactions are the following reactions, namely, (2) the decomposition of methanol, (3) the water–gas shift (WGS), (4) the methanation of CO (MCO), and (5) the methanation of CO2 (MCO2) [18,19,20,21].


CO + 3H2 → CH4 + H2O ΔH0298K = −206.2 kJmol−1



(4)






CO2 + 4H2 → CH4 + 2H2O ΔH0298K = −165.0 kJmol−1



(5)







As a result, hydrogen and carbon dioxides/carbon monoxide are obtained, and the ratio of the products depends on the process conditions or catalyst. Therefore, reducing the amount of carbon monoxide is a critical issue because it could poison the anode catalyst of the fuel cell. Hence, the selection and development of a new SRM reaction catalyst are of great importance for the stable use of fuel cells in the future. In the prior SRM reactions, copper-based catalysts with high activity and selectivity were usually used [22]. However, copper-based catalysts have two fatal disadvantages. They are susceptible to temperature fluctuations and cause a rapid loss of activity when exposed to air. Therefore, the catalytic efficiency is reduced after use. To solve the above-mentioned problems, metal-oxide-based catalysts such as Al2O3, ZnO/Al2O3, ZrO2/Al2O, CuO/ZnO/Al2O3, Cr2O3/Al2O3, Cu/ZnO/Al2O3/CeO2/ZrO2, ZnO, ZrO2, and Al2O3 have been used for the MSR process due to their activity and thermal stability [23,24,25,26,27,28]. Furthermore, regarding the toxic byproduct of CO, aqueous phase reforming (APR) has the advantage of almost eliminating the CO effluent due to an in situ water–gas shift, which could improve the process [29,30].



The delafossite copper oxides CuCrO2 [31] and CuFeO2 [32] have also been used as catalysts in the SRM process. Nevertheless, the use of copper-based SRM catalysts presents difficulties in dispersibility and thermal stability, resulting in narrow ranges of the catalysis time and reaction temperature. In the literature, it was found that the copper–iron or spinel structure provides the composite with high catalytic performance and good thermal stability. Preparing a porous powder with the glycine combustion method can increase the surface area. The higher-surface-area characteristics of ZnO improve dispersibility and reduce the formation of the toxic byproduct CO [33,34,35,36,37,38]. On the other hand, ZnO and ZnFe2O4 combine, revealing some synergistic effect. M. S. AlSalhi et al. reported that ZnO-ZnFe2O4 formed a hybrid nanocomposite that enhanced the transfer and separation of charges, resulting in the improved catalytic performance of heterostructure photocatalysts under visible light [39]. Furthermore, the incorporation of ZnFe2O4 into ZnO extends the range of its absorption wavelength, especially in the visible and near-infrared regions, which show a high solar utilization efficiency and photovoltaic conversion efficiency for ZnO-ZnFe2O4 [40,41]. Moreover, the high activity and thermal stability of ZnFe2O4 increase the catalyst’s lifetime [42]. ZnO-ZnFe2O4 catalyst powder has been produced and studied to determine whether there was a synergistic effect and to achieve the best catalytic result. Therefore, ZnO-ZnFe2O4 is used as a catalyst and effectively improves the life cycle of the SRM catalyst.



In this study, the self-combustion GNP was utilized to generate ZnFe2O4 and ZnO-ZnFe2O4 catalysts, which were then used for SRM. During the SRM process, the ZnO-ZnFe2O4 (GN = 1.7) catalysts showed a high rate of hydrogen production and a low rate of coke formation. In addition, at various temperatures, the hydrogen production rates of the ZnO-ZnFe2O4 were compared to those of CuCrO2, CuFeO2, and conventional Cu/Al/Zn catalysts.




2. Results and Analysis


2.1. XRD Analysis


Figure 1a–d present the XRD diffraction patterns of ZnFe2O4 and ZnO-ZnFe2O4 catalyst powders with different G/N ratios (1.5 and 1.7) that were prepared by the GNP. For ZnFe2O4, the XRD pattern showed diffraction peaks at 30.0°, 35.3°, 36.9°, 42.9°, 53.2°, 56.7°, 62.3°, 70.7°, and 74.7°, corresponding to the (220), (311), (222), (400), (422), (511), (440), (620), and (622) planes (PDF#77-0011). However, for ZnO, the diffraction peaks were at 31.7°, 34.4°, 36.2°, 47.5°, 56.5°, 62.8°, 67.9°, 69.0°, and 72.5, corresponding to the (100), (002), (101), (102), (110), (103), (200), (112), and (201) planes. In the XRD pattern, there were no impurities, such as Fe2O3. When the G/N ratio of the ZnFe2O4 and ZnO-ZnFe2O4 was 1.5, the XRD diffraction intensity was stronger than 1.7. Figure 2a–d shows that after the SRM reaction, Zn, Fe, and ZnO appeared in the XRD diffraction analysis, indicating that Zn, Fe, and ZnO particles grew on the surface of the catalyst during the SRM process. Notably, the ZnO particle growth increased the specific surface area of the ZnO-ZnFe2O4 catalyst.




2.2. SEM and TEM Studies


FESEM studies was used to characterize the morphology and porous structures of the ZnFe2O4 and ZnO-ZnFe2O4 catalyst powders. Figure 3 presents FESEM images of the (a,b) ZnFe2O4 (G/N 1.5); (c,d) ZnFe2O4 (G/N 1.7); (e,f) ZnO-ZnFe2O4 (G/N 1.5); (g,h) ZnO-ZnFe2O4 (G/N 1.7) catalyst powders prepared by the GNP. Before the methanol reduction reaction, the ZnFe2O4 and ZnO-ZnFe2O4 catalyst powders (G/N 1.5, 1.7) had sponge-like, porous structures. Due to the rapid release and expansion of the gas during the reaction, the samples featured numerous holes of different sizes. In addition, in Figure 3a–h, a slight difference between the ZnFe2O4 and ZnO-ZnFe2O4 can be observed, as hexagonal ZnO grains are visible on the ZnO-ZnFe2O4 surface.



Figure 4 presents FESEM images of the (a,b) ZnFe2O4 (G/N 1.5); (c,d) ZnFe2O4 (G/N 1.7); (e,f) ZnO-ZnFe2O4 (G/N 1.5); (g,h) ZnO-ZnFe2O4 (G/N 1.7) powders after the SRM process. The images revealed that Zn and Fe particles were precipitated on the surface due to the H2 produced during the SRM reaction. XRD analysis revealed that the particles were Zn and Fe. To observe the microstructures of the ZnFe2O4 and ZnO-ZnFe2O4 catalyst powders at a high magnification, a TEM with 200 kV was used. Figure 5a,b present the TEM and HRTEM images of the ZnFe2O4. It can be seen from the images that many irregularly shaped holes were present in the microstructure. This resulted from the significant amount of gas that was emitted during the explosion of the GNP. The interplanar spacing from the cross-section of the ZnFe2O4 nanoparticles was approximately 4.896 Å.



A CaRIne simulation of the ZnFe2O4 crystal and the diffraction of the selected area was performed. Figure 6a shows the selected area diffraction pattern (SAED) of the as-prepared ZnFe2O4 powder, and Figure 6b shows the simulated diffraction pattern of the ZnFe2O4. The diffraction patterns in the selected area diffraction of the ZnFe2O4 crystal corresponded to the (044), (404), and (440) diffraction patterns of ZnFe2O4 (PDF#77-0011). The plane spacing was 4.896 Å, and the zone axis was [1  1 ¯  1] The SAED matched the XRD, which confirmed the crystal structure of the as-prepared ZnFe2O4 powder. These results showed that the ZnFe2O4 was a well-crystallized, single-phase arrangement of the [1  1 ¯  1] pattern.




2.3. STEM-EDX Spectrum


The ZnFe2O4 and ZnO-ZnFe2O4 catalysts were analyzed by TEM-EDS mapping, which exhibited the distribution of the elements. The results are shown in Figure 7a–e and Figure 8a–e. The elemental mapping results for the three elements showed clear, well-distributed areas. To confirm the presence of ZnO in the ZnO-ZnFe2O4 catalyst, Figure 8 shows the STEM-EDS image and the elemental mapping of the ZnO-ZnFe2O4 catalyst powder. From the EDS observation, it was possible to find areas that did not contain Fe. Thus, it could be inferred that ZnO was present. Figure 9 presents the STEM elemental mapping images of the ZnO-ZnFe2O4 catalyst after reduction at 500 °C, showing that Zn, Fe, and ZnO particles had precipitated.




2.4. BET Analysis


The specific surface area of the powder affects the catalytic ability. Therefore, a BET analysis was used to determine whether the powder had a high specific surface area. Table 1 shows that ZnFe2O4 and ZnO-ZnFe2O4 (G/N = 1.5) had lower surface areas. Further, the ZnFe2O4 and ZnO-ZnFe2O4 (G/N = 1.7) catalyst powders had the largest specific surface areas of 6.03 and 11.67 m2/g, respectively. Here, the G/N ratio was not affected by the surface area of the ZnFe2O4 and ZnO-ZnFe2O4. In the ZnFe2O4 powder combined with ZnO, the specific surface area was significantly improved, as ZnO could effectively increase the dispersion of the catalyst and strengthen the catalytic activity. Figure 10a–d shows the N2 adsorption/desorption curves and € the pore size distributions of the ZnFe2O4 and ZnO-ZnFe2O4 catalyst powders prepared by the GNP. There were six types of curves for N2 adsorption/desorption. It can be seen from the analysis that the ZnFe2O4 and ZnO-ZnFe2O4 catalysts belonged to the fourth type. Hysteresis loops were more common in the fourth type of adsorption isotherms. Catalyst powder prepared by the GNP had an H3-type hysteresis loop isotherm. There was no obvious saturated adsorption plateau, indicating that the pore structure was very irregular. This also confirmed the irregular hole shapes in the SEM images. Adsorption saturation was not exhibited in the higher relative pressure region. The ZnFe2O4 and ZnO-ZnFe2O4 catalysts had large pore size distributions of approximately 16.71 nm (Figure 10e). In addition, the presence of ZnO and the different GN ratios did not affect the pore size distribution.




2.5. H2-TPR Analysis


The reduction behaviors of the ZnFe2O4 and ZnO-ZnFe2O4, examined by TPR, are shown in Figure 11, which presents the H2-TPR profiles of (a) ZnFe2O4 (GN = 1.5), (b) ZnFe2O4 (GN = 1.7), (c) ZnO-ZnFe2O4 (GN = 1.5), and (d) ZnO-ZnFe2O4 (GN = 1.7). According to the literature, ZnO was reduced between 400 °C and 600 °C, showing a flat peak instead of a sharp peak [43,44]. There were three modes of the Fe2O3 reduction reaction [45,46,47]. With the increase in temperature, the reduction of Fe2O3 became more obvious. As the Fe2O3 formed different types of oxides, it can be described by the following process:


3Fe2O3 +H2 → 2Fe3O4 + H2O



(6)






Fe2O3 +H2 → 2FeO + H2O



(7)






6FeO + 6H2 → 6Fe + 6H2O



(8)







Fe2O3 → Fe3O4 was reduced at a low temperature of approximately 400 °C. The Fe2O3 → FeO reduction occurred between 500 °C and 700 °C. Finally, FeO → Fe was reduced after 800 °C. On the other hand, the peak shift was also affected by the crystallinity and heating rate. If the crystallinity was stronger, the peak would shift to a higher temperature. As the heating rate increased, the peak would also shift to a higher temperature. In addition to the above factors, it can be seen from Figure 1 that the samples with a GN ratio of 1.7 demonstrated higher crystallinity. However, the peaks in Figure 11b,d shifted to a relatively lower temperature and formed a broad peak. As the samples with a GN ratio of 1.7 had a higher specific surface area and more pores than the samples with a GN ratio of 1.5, the samples could easily be reduced by hydrogen, which could correspond to the BET analysis and pore size distribution results (Table 1 and Figure 10e).




2.6. H2 Production by the Steam Reforming of Methanol (SRM)


The H2 generation rate was detected with a gas chromatograph. The hydrogen production was measured using a N2 flow rate of 30 sccm in a temperature range of 350–500 °C. The H2 production performance of the ZnFe2O4 and ZnO-ZnFe2O4 catalysts is mentioned in Table 2. It can be seen that as the temperature rose, the hydrogen production rate significantly improved. Table 2 lists the rate of H2 production versus the reaction temperature of the ZnFe2O4 and ZnO-ZnFe2O4. As shown in Table 2, the rate of the ZnO-ZnFe2O4 at 500 °C could reach about 7300 mL STP min−1 g-cat−1 (G/N 1.5) and 7700 mL STP min−1 g-cat−1 (G/N 1.7). Figure 12 presents the H2 production rates of the GNP-prepared ZnO-ZnFe2O4 and ZnFe2O4 powders; the CuCrO2 bulk powder; the GNP0prepared CuCrO2, CuFeO2, and CuFeO2-CeO2 nanopowders; and the commercial catalyst. According to the results, the catalytic performance of the ZnO-ZnFe2O4 catalyst powders was higher than those of the aforementioned catalysts [48,49,50]. Due to the flammability and instability of hydrogen, SRM might entail some risks at high temperatures. From the H2-TPR studies, the ZnO-ZnFe2O4 had thermal stability up to 500 °C. In addition, the process of preparing this powder is easy, cheap, and suitable for future commercial use.




2.7. Stability and Selectivity Studies


The stability of the catalyst was mainly affected by the formation of carbon coke. Therefore, reducing the generation of carbon coke could increase the stability of the catalyst. On the other hand, the precipitation of Zn, Fe, and ZnO particles improved their active sites and was also beneficial to the stability. To investigate the stability of the catalyst used in the SRM process, the ZnO-ZnFe2O4 (GN = 1.7) catalyst had a long-term SRM process at 500 °C with a N2 flow rate of 30 sccm for 168 h. As shown in Figure 13, it was found that the hydrogen production rate decreased by about 12% after the catalyst had operated for 168 h. This indicated that the ZnO-ZnFe2O4 (GN = 1.7) catalyst had good catalytic stability.



Due to methanol’s high carbon-to-hydrogen ratio, SRM usually occurs at lower temperatures (200–300 °C) [51]. Therefore, when the temperature increases, the conversion rate of methanol will also be higher. When the temperature was higher than 300 °C, the methanol was completely converted [52]. Figure 14 shows the H2, CH4, CO, and CO2 selectivity and conversion in the SRM process using the ZnO-ZnFe2O4 (GN = 1.7) catalyst at 350–500 °C. Figure 14a shows that the selectivity of H2 was the best in any temperature range, and there was a slight upward trend as the temperature increased. The conversion rate of H2 also maintained a high conversion efficiency of more than 96% due to the presence of more active sites. The CH4 generated H2, CO, and CO2. As can be seen in Figure 14b, the presence of CH4 could be a consideration of the methanation of the CO and CO2. However, the CH4 decreased when the reaction temperature increased, which was consistent with its subsequent conversion by steam reforming (reverse methanation reactions) at high temperatures. Figure 14c,d illustrate the relationship between temperature and carbon monoxide formation. As the temperature increased, the selectivity and quantity of CO also increased. This was consistent with the mechanism of the reverse water–gas shift displacement reaction to generate CO.





3. Materials and Methods


3.1. Preparation of ZnFe2O4 and ZnO-ZnFe2O4 Catalysts


The ZnFe2O4 and ZnO-ZnFe2O4 catalysts were prepared through the GNP. The precursor was composed of zinc nitrate (99.0% purity, Aldrich AVATOR chemical company, Taiwan, China), ferric nitrate (99.0% purity, Aldrich AVATOR chemical company, Taiwan, China), glycine (99.9% purity, Aldrich AVATOR chemical company, Taiwan, China), and DI water. According to different atomic molar ratios (Zn: Fe = 1:2 or 1:1) and G/N molar ratios (nitrate: glycine = 1.5:1 or 1.7:1), the ZnFe2O4 and ZnO-ZnFe2O4 catalysts were dissolved in 5 mL of DI water. The precursor was then stirred on a hot plate at 80 °C for 20 h until the precursor was gelatinous. The precursor was then evaporated in an oven at 100 °C for 48 h until it was gel-like. Finally, the precursor was heated on a hot plate to 300 °C and combusted.




3.2. Characterization Studies


The characterization of the ZnFe2O4 and ZnO-ZnFe2O4 catalyst powders was investigated by X-ray diffraction (XRD), a scanning electron microscope (SEM), a transmission electron microscope (TEM), and a Brunauer–Emmett–Teller (BET) analysis. After the H2 production rate of the catalysts was estimated by gas chromatography (GC), the powders were characterized by XRD and SEM. Using a D2 Phaser (Bruker, Billerica, MA, USA), the crystal structures of the ZnFe2O4 and ZnO-ZnFe2O4 catalyst powders at a 2-theta angle of 20°–80° were analyzed with a working voltage of 30 kV under CuKα radiation (λ = 1.5418 Å). The morphology of the catalysts was analyzed by field emission scanning electron microscopy (FESEM, Ultra-high Resolution Scanning Electron Microscope, SU8100, HITACHI, Tokyo, Japan) and transmission electron microscopy studies (TEM, JEOL JEM-2100F, Tokyo, Japan) with a working voltage of 200 kV. The elemental analysis was carried out using scanning transmission electron microscopy–energy dispersive X-ray spectroscopy (STEM-EDS) mapping. The specific surface area (SBET) was measured by a Micromeritics TriStar II plus analyzer (BET, Micromeritics Instrument Corporation, Norcross, GA, USA). The samples were degassed by passing high-purity nitrogen into the sample tube at 200 °C for 2 h to remove excess water, and the sample was then placed in −196°C liquid nitrogen. For the different relative pressures, the adsorption capacity of nitrogen was P/P0 = 0–0.3.




3.3. Catalyst Test


The hydrogen production rates of the ZnFe2O4 and ZnO-ZnFe2O4 catalyst powders were analyzed with a GC equipped with a thermal conductivity detector (TCD). The gas from the outlet tube was analyzed using a gas chromatograph (GC 1000 China Chromatography TCD, New Taipei City, Taiwan) for each reaction temperature. The H2-TPR was investigated with a Thermo Conductivity Analyzer (TCA 2004A, China Chromatography, New Taipei City, Taiwan); 20 mg of catalyst was placed in a tube furnace and heated to 700 °C with H2/N2 (10:90) mixed gas at a constant heating rate of 10 °C/min. The SRM reaction was carried out in a tubular flow reactor with a 25 cm quartz tube with an inner diameter of 1.2 cm, and nitrogen was used as the carrier gas at a flow rate of 30 sccm. The amount of catalyst metal used for the reaction was 20 mg. The system was connected with a gas chromatograph equipped with a thermal conductivity detector (H2, CO, CO2, and CH4). The methanol and steam feed was produced with a mixture of methanol and water in a 3:1 molar ratio. It vaporized by heating to 80 °C, after which the methanol and steam feed was carried by the nitrogen flow. The as-prepared powder samples were mounted in the middle of a quartz tube with quartz cotton and heated to 350 °C, 400 °C, 450 °C, and 500 °C, respectively. The gas from the outlet tube was analyzed with a gas chromatograph at each temperature several times and was averaged [32,52]. The following definitions were used to describe the SRM performance parameters:





   Methanol   conversion   ( % ) =    (  m e t h a n o l  )  i n −  (  m e t h a n o l  )  o u t    (  m e t h a n o l  )  i n   × 100   



(9)






   Hydrogen   production   rate =    H 2  ×   r a t e   o f   f l o w   V o l / m a s s    (  c a t  )      



(10)






   X   ( X =  H 2  ,   CO ,    CO 2    or    CH 4  )   Selectivity   ( % ) =  X  (  H 2  + C O + C  O 4  + C  H 4  )   × 100   



(11)






    H 2    Selectivity   ( % ) =    H 2    (  H 2  + C  H 4  )   × 100   



(12)






   CO   Selectivity   ( % ) =   C O   ( C O + C  O 2  + C  H 4  )   × 100   



(13)






    CO 2    Selectivity   ( % ) =   C  O 2    ( C O + C  O 2  + C  H 4  )   × 100   



(14)






    CH 4    Selectivity   ( % ) =   C  H 4    ( C O + C  O 2  + C  H 4  )   × 100   



(15)









4. Conclusions


In this experiment, ZnFe2O4 and ZnO-ZnFe2O4 catalyst powders (G/N = 1.5, 1.7) were successfully prepared and used as a catalyst in the SRM process. The crystal phases of the ZnFe2O4 and ZnO-ZnFe2O4 were determined by XRD diffraction. The surface structures, interplanar spacings, and diffraction patterns of the powders were observed using a scanning electron microscope and a transmission electron microscope. The surface area and adsorption–desorption mode of the catalyst powder were then measured using a Brunauer–Emmett–Teller analysis. The specific surface area of the ZnFe2O4 and ZnO-ZnFe2O4 catalysts varied from 5.66 m2/g to 11.67 m2/g. Moreover, the ZnO-ZnFe2O4 (G/N = 1.5) had better dispersibility due to the presence of ZnO; therefore, it had a higher surface area than the ZnFe2O4 (G/N = 1.5). The ZnO-ZnFe2O4 (G/N 1.7) catalyst had the best hydrogen production rate of 7745 mL STP min−1 g-cat−1 at 500 °C. The ZnO incorporation improved the specific surface area of the ZnO-ZnFe2O4 (G/N 1.7) catalyst. The simple preparation process of the ZnFe2O4 and ZnO-ZnFe2O4 catalyst powders demonstrated good catalytic activity. These catalysts provided the best H2 production efficiency in SRM reactions at different ranges of temperature. Based on these studies, SRM will gradually become a feasible method for producing hydrogen as an alternative energy source in industry.
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Figure 1. XRD patterns of (a) ZnO-ZnFe2O4 G/N 1.5, (b) ZnO-ZnFe2O4 G/N 1.7, (c) ZnFe2O4 G/N 1.5, and (d) ZnFe2O4 G/N 1.7 powders obtained by the GNP. 






Figure 1. XRD patterns of (a) ZnO-ZnFe2O4 G/N 1.5, (b) ZnO-ZnFe2O4 G/N 1.7, (c) ZnFe2O4 G/N 1.5, and (d) ZnFe2O4 G/N 1.7 powders obtained by the GNP.
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Figure 2. XRD patterns of (a) ZnO-ZnFe2O4 (G/N 1.5), (b) ZnO-ZnFe2O4 (G/N 1.7), (c) ZnFe2O4 (G/N 1.5), (d) ZnFe2O4 (G/N 1.7) powders prepared by the GNP with different G/N ratios after the steam reforming process. 






Figure 2. XRD patterns of (a) ZnO-ZnFe2O4 (G/N 1.5), (b) ZnO-ZnFe2O4 (G/N 1.7), (c) ZnFe2O4 (G/N 1.5), (d) ZnFe2O4 (G/N 1.7) powders prepared by the GNP with different G/N ratios after the steam reforming process.
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Figure 3. FESEM images of (a,b) ZnFe2O4 (G/N 1.5); (c,d) ZnFe2O4 (G/N 1.7); (e,f) ZnO-ZnFe2O4 (G/N 1.5); (g,h) ZnO-ZnFe2O4 (G/N 1.7) powders prepared by the GNP. 






Figure 3. FESEM images of (a,b) ZnFe2O4 (G/N 1.5); (c,d) ZnFe2O4 (G/N 1.7); (e,f) ZnO-ZnFe2O4 (G/N 1.5); (g,h) ZnO-ZnFe2O4 (G/N 1.7) powders prepared by the GNP.
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Figure 4. FESEM images of (a,b) ZnFe2O4 (G/N 1.5); (c,d) ZnFe2O4 (G/N 1.7); (e,f) ZnO-ZnFe2O4 (G/N 1.5); (g,h) ZnO-ZnFe2O4 (G/N 1.7) powders prepared by the GNP after the reduction at 500 °C. 
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Figure 5. TEM images of ZnFe2O4 powders: (a) TEM image; (b) HRTEM image. 
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Figure 6. (a) TEM/SAED diffraction pattern image of ZnFe2O4 powder and (b) simulated diffraction pattern of ZnFe2O4. 
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Figure 7. STEM-EDS image and elemental mapping of ZnFe2O4 powder prepared by the GNP: (a) STEM image, (b) Zn, (c) Fe, (d) O, and (e) elemental mapping of Zn, Fe, and O overlap. 
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Figure 8. STEM-EDS image and elemental mapping of ZnO-ZnFe2O4 catalyst powder prepared by the GNP: (a) STEM image, (b) Zn, (c) O, (d) Fe, and (e) elemental mapping of Zn, Fe, and O overlap. 
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Figure 9. STEM elemental mapping images of the ZnO-ZnFe2O4 catalyst after reduction at 500 °C: (a) STEM image, (b) Zn, (c) Fe, (d) O, and (e) elemental mapping of Zn, Fe, and O. 
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Figure 10. (a–d) N2 adsorption/desorption curves and (e) pore size distribution of ZnFe2O4 and ZnO-ZnFe2O4 catalyst powder prepared by the GNP. 
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Figure 11. H2-TPR profiles of (a) ZnFe2O4 (GN = 1.5), (b) ZnFe2O4 (GN = 1.7), (c) ZnO-ZnFe2O4 (GN = 1.5), and (d) ZnO-ZnFe2O4 (GN = 1.7). 
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Figure 12. The H2 production rates of the ZnFe2O4 and ZnO-ZnFe2O4 catalyst powders prepared by the GNP at a N2 flow rate of 30 sccm in the SRM process and the H2 production rates of CuCrO2 bulk powder; the CuCrO2, CuFeO2, and CuFeO2-CeO2 nanopowders prepared by the GNP; and a commercial catalyst [48,49,50]. 
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Figure 13. Long-term SRM process testing of ZnO-ZnFe2O4 (GN = 1.7) catalyst at 500 °C with N2 flow rate of 30 sccm for 168 h. 
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Figure 14. (a) H2, (b) CH4, (c) CO, and (d) CO2 selectivity/conversion in the SRM process using the ZnO-ZnFe2O4 (GN = 1.7) catalyst at 350–500 °C. 
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Table 1. The surface areas of the GNP-prepared ZnFe2O4 and ZnO-ZnFe2O4 catalyst powders.
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	Sample
	Specific Surface Area (m2/g)





	ZnFe2O4 (G/N 1.5)
	5.66



	ZnFe2O4 (G/N 1.7)
	6.03



	ZnO-ZnFe2O4 (G/N 1.5)
	8.20



	ZnO-ZnFe2O4 (G/N 1.7)
	11.67
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Table 2. The rates of H2 production at different temperatures in the SRM process for ZnFe2O4 and ZnO-ZnFe2O4 catalysts at a N2 flow rate of 30 sccm.
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Composition

	
Rate of H2 Production (mL STP min−1 g-cat−1)




	

	
350 °C

	
400 °C

	
450 °C

	
500 °C






	
ZnFe2O4 (G/N 1.5)

	
1944

	
3881

	
6104

	
7023




	
ZnFe2O4 (G/N 1.7)

	
2004

	
4342

	
6332

	
7260




	
ZnO-ZnFe2O4 (G/N 1.5)

	
2174

	
4174

	
6484

	
7341




	
ZnO-ZnFe2O4 (G/N 1.7)

	
2979

	
4391

	
6773

	
7745
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