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Abstract: The steam reforming of ethanol, methanol, and other oxygenates (e.g., bio-oil and olive 

mill wastewater) using Ni-based catalysts have been studied by the scientific community in the last 

few years. This process is already well studied over the last years, being the critical point, at this 

moment, the choice of a suitable catalyst. The utilization of these oxygenates for the production of 

“green” H2 is an interesting alternative to fuel fossils. For this application, Ni-based catalysts have 

been extensively studied since they are highly active and cheaper than noble metal-based materials. 

In this review, a comparison of several Ni-based catalysts reported in the literature for the different 

above-mentioned reactions is carried out. This study aims to understand if such catalysts demon-

strate enough catalytic activity/stability for application in steam reforming of the oxygenated com-

pounds and which preparation methods are most adequate to obtain these materials. In summary, 

it aims to provide insights into the performances reached and point out the best way to get better 

and improved catalysts for such applications (which depends on the feedstock used). 
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1. Introduction 

The extensive use of fossil fuels over the last few decades has been contributing sig-

nificantly to the build-up of greenhouse gases in the atmosphere, which on its hand con-

tributed considerably to global warming. Alternative renewable fuels have been studied, 

among which hydrogen is seen as a potential candidate to replace fossil fuels as an energy 

carrier [1–4]. Among other advantages, the following are worth mentioning: hydrogen 

possesses a gravimetric energy density of 143 MJ∙kg−1, more than three times higher than 

that of gasoline and diesel [4]; it can be produced through several processes, many of 

which include renewable feedstock [5]; hydrogen can be used either in internal combus-

tion engines or in fuel cells [6–8]; the risk associated to hydrogen handling is equal or 

lower than that of other fuels [4]. 

Over the last years, hydrogen has been industrially produced mostly through steam 

reforming of natural gas, naphtha, heavy oils, and to a lesser extent through coal gasifica-

tion. Only a very small fraction of all of the hydrogen that has been produced worldwide 

comes from water and other renewable sources [9–12]. Furthermore, if the electricity used 

in water electrolysis is generated from fossil fuels, the hydrogen produced through this 

method cannot be considered renewable either. 
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The steam reforming of oxygenated compounds derived from biomass, namely 

methanol [13–16], ethanol [17–20], and bio-oil [2,21–23], among others, has been largely 

studied over the last 20 years as an alternative for the well-established fossil-based pro-

cesses, such as natural gas steam reforming. Furthermore, their contribution to the build-

up of greenhouse gases in the atmosphere is significantly lower than that of fossil fuels 

(e.g., most of the emitted CO2 belongs to the natural CO2 cycle) [24]. If these advantages 

are combined with sustainable biomass exploitation policies that aim to avoid competition 

between the use of land for the production of bio-fuels, food, animal feed, fiber and eco-

system services [25], big-scale hydrogen production through steam reforming of biomass-

derived oxygenates might be a likely scenario in the near future. 

The successful development of the steam reforming process applied to these bio-

masses derived oxygenates is highly dependent on the choice of a suitable catalyst, since 

the steam reforming process is already well studied. In terms of catalytic performance, a 

suitable catalyst for hydrogen production through steam reforming should ideally meet 

the following criteria: be highly active to produce high amounts of hydrogen; be highly 

selective towards hydrogen so that the production of secondary products is minimized; 

be capable of maintaining long term activity without suffering from deactivation [26,27]. 

Furthermore, an easy protocol to activate the catalyst is desired (e.g., activation with the 

hydrogen-containing feedstock at the reaction temperature, thus avoiding more complex 

protocols) [27]. A catalyst must be cheap as its cost can contribute significantly to the over-

all process expenditure [28]. Finally, and in agreement with the current sensitive environ-

mental situation, catalysts must be as environment-friendly as possible.  

Different metallic active phases such as based on Ni, Cu, Co, Pt, Pd, Ru, Rh, and/or 

Ir, among others, have been investigated for the steam reforming of biomass-derived ox-

ygenates for hydrogen production. However, Ni-based catalysts have been extensively 

studied over the last decades not only due to the fact that they have the potential to be 

highly active and stable, but also because they are cheaper than, for instance, noble metal-

based catalysts. Ni-based catalysts, although widely used in steam reforming processes, 

are less active than noble metal-based materials and more prone to deactivation; effec-

tively, noble metal-based catalysts perform well—they are stable and exhibit high catalytic 

activity [29]. However, they are very expensive and need high temperatures to be reduced. 

In this way, Ni-based materials are more suitable for industrial-scale applications. More-

over, nickel-based catalysts are inexpensive, but under some reaction conditions they suf-

fer from sintering and deactivation by carbon production [30,31]. Nevertheless, the reac-

tion mechanism over Ni-based catalysts follows the same steps as over noble metal-based 

catalysts for most steam reforming processes [30]. 

Still, a careful choice of the Ni loading, support, promoter(s) and synthesis method is 

of uttermost importance, as these factors have a crucial impact on both catalytic perfor-

mance and price [32]. 

Since the steam reforming of biomass-derived oxygenates, such as methanol, ethanol 

and other oxygenates (e.g., bio-oil and glycerol), is still under intensive study, and con-

sidering the above reasons that highlight the potential of Ni-based catalysts, a literature 

review encompassing a wide range of these materials for the different reactions is hereby 

carried out. Ultimately, this work aims to understand if Ni-based catalysts currently show 

enough potential for application in steam reforming of oxygenated compounds and which 

formulations might be more promising for each application. For the first time, and up to 

the best knowledge of the authors, this review discusses the results obtained with the best 

Ni-based catalysts developed so far for the steam reforming of different oxygenated com-

pounds, portraying in detail the effect of the preparation method and the deactivation 

suffered by these materials in long-term tests. Besides that, this work directs future re-

search works about the most critical properties in preparing catalysts with high catalytic 

performances for the steam reforming of methanol, ethanol and other oxygenates. 
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2. Methanol Steam Reforming 

2.1. Introduction 

Methanol is the simplest of all alcohols and can be produced from several types of 

biomass such as agricultural waste, forestry waste, livestock and poultry waste, fishery 

waste, sewage sludge [13,21], among others, through pyrolysis, gasification, biosynthesis, 

electrolysis and photo electrochemical processes [13]—the main route of methanol for-

mation is the through syngas. Even though some of these processes, such as pyrolysis and 

gasification, allow a significant hydrogen production directly from biomass [33], the pro-

duction of methanol, later to be converted into hydrogen, is preferred for the following 

reasons: it is liquid under room conditions and, for that reason, more suitable for use in 

fuel cells; it is easier to transport; the required infrastructures are already available; and 

the production and use of methanol (and other biofuels) are considerably more techno-

logically ready [15]. 

The methanol steam reforming (MSR) is described by the overall reaction shown in 

Equation (1): 

CH3OH +  H2O ⇌  CO2  +  3H2 (Δ𝐻r
298 K = 49.7 kJ ∙ mol−1) (1) 

The MSR can be divided into two major reactions: methanol decomposition (Equa-

tion (2)) followed by the water-gas shift reaction (WGS) (Equation (3)). 

CH3OH ⇌  CO +  2H2 (Δ𝐻r
298 K = 90.2 kJ ∙ mol−1) (2) 

CO +  H2O ⇌  H2 + CO2 (Δ𝐻r
298 K = −41.2 kJ ∙ mol−1) (3) 

This process is globally slightly endothermic and, for that reason, it can be carried 

out at relatively low temperatures (ca. 200–300 °C) [26] when compared to the steam re-

forming of methane, for example, which is normally carried out at 700–900 °C [29]. Some 

of the by-products of this process are CO2 and CO. The production of CO, in particular, 

should be avoided, especially if the produced hydrogen is to be used in polymer electro-

lyte fuel cell applications, where the concentration of CO must be lower than 20 ppm to 

avoid poisoning of the anode catalyst (low temperature fuel cells) [14]. In fact, for low 

temperature fuel cells in road vehicles applications, the International Organization for 

Standardization (ISO 14687) recommends a maximum CO concentration of 0.2 ppm in the 

hydrogen feed stream [34]. 

Another frequent by-product in MSR is CH4, whose formation can happen through 

hydrogenation of either CO and/or CO2 (Equations (4) and (5), respectively). Besides that, 

the highly undesired formation of coke deposits on the catalyst surface may also occur 

(for instance, the Boudouard reaction—Equation (6)). 

CO +  3H2 ⇌  CH4 + H2O (Δ𝐻r
298 K = −206 kJ ∙ mol−1) (4) 

CO2 +  4H2 ⇌  CH4 +  2H2O (Δ𝐻r
298 K = −165 kJ ∙ mol−1) (5) 

2CO ⇌  CO2 +  C (Δ𝐻r
298 K = −172 kJ ∙ mol−1) (6) 

Even though for fuel cell applications the minimization of CO formation is of extreme 

importance, its conversion into CH4 is not desired either as it consumes H2 (3 mol per mol 

of CO), the target product. Therefore, choosing an appropriate catalyst that maximizes H2 

production (not only due to higher methanol conversions but also due to lower CO and 

CH4 production) could solve, at least partially, this problem. 

2.2. Nickel-Based Catalysts 

Over the years, several materials were studied as catalysts in the MSR reaction. 

Among them, Cu-based materials are the ones that have been more targeted for this reac-

tion due to the copper’s high surface area, high dispersion and small particle size, among 

other factors [26]. Furthermore, copper is relatively cheap. On the other hand, copper cat-

alysts can be easily deactivated [35]. Group 8–10 metal-based catalysts have also been of 
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significant interest and, even though they were, in general, less active towards MSR than 

Cu-based—group 11, they have shown better long-term and thermal stability [26]. Among 

those, Ni-based catalysts, which is one of the cheapest metals of such groups, have been a 

target of huge interest over the last decades for the steam reforming of oxygenates. 

2.2.1. Catalytic Activity and H2 Selectivity 

Monometallic nickel catalysts supported on different materials have been extensively 

explored. Deshmane et al. [36] tested TiO2 supported Ni, Co, Cu, Zn, Pd and Sn catalysts 

for the MSR process. The Ni-based catalyst was the second most active after the Pd-based 

catalyst in terms of methanol conversion and H2 selectivity, having converted approxi-

mately 86% of methanol with an H2 selectivity of around 97% (at 350 °C). However, it 

presented the highest CO selectivity, which would be a problem if the product H2 stream 

was to be used in polymer electrolyte fuel cell applications. The authors concluded that 

the specific metal-support interactions, which controlled both reducibility and metal par-

ticles dispersion on the TiO2 support, had a very significant impact on these results. The 

low activity of the Ni catalyst in the WGS reaction was the main responsible for the high 

CO selectivities. In a similar work [37], nickel supported on high surface area mesoporous 

MCM-41 has also been tested for MSR and an H2 selectivity of 99.9% was achieved at 350 

°C (45.1% of methanol conversion) [37]. However, compared to other metals (Cu, Pd, Sn, 

Zn and Co), Ni was observed to be one of the less active in terms of methanol conversion, 

contrary to what was observed for TiO2 support. The authors suggest that the significantly 

lower reducibility of 10 wt.% Ni/MCM-41 due to silicates and silicides formation could be 

the reason for its lower activity. It could also be associated with the lower dispersion ob-

served. 

In another work [38], it was observed for a Ni/CeO2 catalyst that the strong metal-

support interactions play a crucial role in the high selectivity towards CO2 production in 

the detriment of CO or surface carbon. Specifically, the enhanced water dissociation over 

reduced CeO2 and subsequent oxygen transfer from ceria to nickel enhances the surface 

oxidation ability of the last. Moreover, the methanol conversion was benefitted over this 

catalyst and full conversion attained at 400 °C. Other monometallic Ni catalysts supported 

on other simple oxides have also been studied. For example, 12 wt.% Ni/SiO2 converted 

53% of methanol and showed H2 selectivity as high as 74% at 200 °C only [39], while in 

another work 10 wt.% Ni/Al2O3 exhibited a conversion of only 24% at 400 °C and a H2 

yield of only about 15% [40]. In this last work, a comparison between the Al2O3 supported 

catalyst and Ni catalysts supported on MgO prepared through different methods showed 

that not only did the Al2O3 supported catalyst show higher methanol conversion and H2 

yield (400 °C), but it also showed lower CO selectivity (600 °C). The reason why the MgO-

based catalysts showed higher CO selectivity could be due to their higher CO2 capture 

ability, which would afterward result in the acceleration of the reverse Boudouard reac-

tion (Equation (6)) and consequent reduction of deposited carbon [40]. This mitigated car-

bon deposition would certainly be advantageous from a long-term stability standpoint, 

but the higher CO production would be a problem for polymer electrolyte fuel cell appli-

cations. Bobadilla et al. [41] tested Ni nanoparticles supported on a CeO2 and MgO mod-

ified Al2O3 support, having reached a methanol conversion of approximately 66% and H2 

yield of around 70% at 350 °C. The reason why the authors chose this modified support 

was due to the fact that MgO addition favors the gasification of carbon deposits and CeO2 

modification improves the metal dispersion, which results in a more active and stable cat-

alyst [42]. 

From this preliminary assessment, one might guess that Ni-Cu-based catalysts are 

probably a good option for MSR that could assure both high activity and stability. Several 

catalysts combining both nickel and copper active phases have been reported over the 

years [43–49]. By studying Cu-Ni bimetallic catalysts with different Cu/Ni ratios (and also 

the corresponding monometallic catalysts), Khzouz et al. [43] observed that while Ni was 

related to the enhancement of the methanol decomposition reaction, Cu promoted the 
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WGS reaction, especially above 250 °C. Furthermore, the bimetallic Ni-Cu catalysts did 

not yield any CH4, thus suggesting that Cu alloying in Ni had an inhibiting effect on 

methanation reactions (Equations (4) and (5)). However, the formation of CH4 during MSR 

is not always inhibited over Cu-Ni-based catalysts, as has been reported in several works 

[46,50–52]. Besides the operating conditions (e.g., reaction temperature or water/methanol 

feed molar ratio), factors related to the catalysts are also responsible for such different 

behaviors, namely the support, metal loading and the preparation method adopted. 

Lytkina et al. [53] studied bimetallic Ni-Cu-based catalysts supported on ZrO2 an-

nealed at different temperatures (350 °C or 400 °C), having observed that the higher an-

nealing temperature led to higher crystallization of the support and, consequently, to the 

deterioration of its adsorption properties. While methanol molecules adsorb on the metal 

active sites, water molecules adsorb preferentially on the active sites located in the support 

[54,55]. This was probably one of the causes of the lower H2 production for the catalysts 

whose support was annealed at 400 °C. Simultaneous agglomeration of catalyst particles 

with resulting decreased active surface area was also probably another cause of such de-

crease in catalytic activity towards H2 production. 

As already mentioned, the loading of the different species is also of crucial im-

portance for catalytic activity. For bimetallic Cu-Ni catalysts, it has been observed that 

varying the Cu/Ni ratio (0.25–4), while maintaining the total active metal loading, affected 

the catalytic activity considerably [43,53]. For both studies, while increasing the amount 

of Ni enhanced methanol conversion, lower Ni contents yielded higher H2 yields and 

lower CO production, due to the WGS reaction. It has been suggested that this happens 

due to a change in the mechanism of adsorption of methanol molecules on the catalyst 

surface (see Figure 1) [53]. More specifically, for catalysts with higher copper content, 

there is a higher tendency for single-site (1 in Figure 1) methanol adsorption, while two-

sites (2 according to Figure 1) adsorption through oxygen and carbon atoms is more likely 

to occur over group 8–10 metals. While in the first case alcohol and water adsorption on 

adjacent sites with consequently higher yields of H2 and CO2 are more likely, in the second 

case CO production should be more benefited than carbon dioxide [53,56]. The authors 

suggest that, alternatively, higher Cu content (lower Ni content) might contribute to 

deeper oxidation of the carbon atoms of the alcohols (i.e., to CO2) due to a lower Fermi 

level [53]. 

 

Figure 1. Mechanism of adsorption of methanol molecule over different catalyst surfaces. Reprinted 

with permission from Ref. [53]. Copyright 2022 Elsevier. 

The effect of the total Ni/Cu loading (Ni/Cu of 0.25) on ZrO2 support has also been 

analyzed [48]. The increase of the bimetallic loading up to 30 wt.% enhanced the conver-

sion of methanol, having this behavior been correlated to the higher frequency of Ni/Cu 

core-shell structures observed through transmission electron microscopy (TEM) in the 

sample with the highest metal content. On the other hand, the sample with a 15 wt.% 

bimetal loading showed the highest H2 yield. While only Cucore-Nishell nanoparticles were 

identified in the 15 wt.% sample, Cucore-(NiCu-alloy)shell nanoparticles were also observed 
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in the 30 wt.% sample. The authors suggested that the nanoparticles with only Ni in the 

shell presented better H2 production performance than the nanoparticles whose shell con-

sisted of a Ni-Cu alloy. 

Ni-Cu bimetallic catalysts supported on metal oxide-stabilized zirconia (ZrO2) sup-

ports doped with Y, La or Ce were analyzed in another work [57]. The results showed that 

not only the nature but also the composition of the support influence MSR considerably, 

which supports the above-mentioned bifunctional mechanism. In fact, while doping the 

ZrO2 support with La resulted in higher catalytic activity, doping with Y allowed a higher 

selectivity towards H2. This suggests that the doped support influences the process selec-

tivity as well. The modification of the ZrO2 support with Ce led ultimately to a twofold 

increment in the activity of Cu-Ni-based catalysts comparatively to the ones modified 

with Y. It was found that 10 wt.% of Ce was the optimum content that allowed to reach 

the best catalytic performance, increasing the Ce content beyond that point having been 

shown as detrimental. The authors suggest that this behavior could be either due to the 

need of the simultaneous presence of Ce anions (Ce3+ and Ce4+), being that the presence of 

Ce3+ on the surface of the particles decreases with increasing Ce content, and Zr, or due to 

the interaction of defects. 

In the work of Huang et al. [58], it has been shown that Ni-Cu/Al2O4 materials pre-

sented high conversion (>99%), high H2 yield, and high stability in long-term tests, when 

used as catalysts in the MSR reaction at low temperatures, in the range of 200–300 °C. In 

addition, this catalyst exhibits high methanol conversion (very close to 100%), high H2 

yield (always close to 90%) and low CO2 concentration (around 10%) during the long-term 

experiment performed in this study. Moreover, it was possible to detect the presence of 

CO in the reactor outlet (around 5%) during 30 h. These results show that the Ni-Cu bi-

metallic catalysts present suitable properties to be applied in the MSR process and the 

promotion of these samples with Ce increases the catalytic performance. 

Moreover, it was observed [59] that the simultaneous existence of Pt and Ni elements 

on the surface of CeO2 support improved the methanol conversion and H2 production in 

comparison with the monometallic samples. 

Besides Cu and Pt, other metals such as Sn and La [60,61] have been combined with 

Ni (using Al2O3 as support) in other studies, also aiming to optimize the catalytic perfor-

mance of the MSR process. While La was observed to enhance the catalytic activity to-

wards H2 production [61], the presence of Sn was reported to favor mainly the stability of 

the catalyst [60]. This stabilizing effect of tin is further discussed in the next section (Sec-

tion 2.2.2). Besides assessing the effect of Sn addition, the authors also evaluated the ad-

dition of MgO to the Al2O3 support, having concluded that the sample whose support 

incorporated the highest MgO loading (30 wt.%) presented the highest H2 production. 

This enhancement was attributed to the decrease of the support acidity and improvement 

of Ni dispersion. As for the promoting effect of La, it was observed the interaction between 

La species and NiO and/or Al2O3 (support) to form La-Ni oxide and/or La-Ni-Al mixed 

oxide, which led to the separation of external NiO particles from the Ni-Al interface. The 

authors hypothesized that this facilitated the formation of smaller separated NiO particles 

more highly dispersed (Figure 2), which were ultimately responsible for the improved 

MSR activity [61]. Furthermore, increasing the Ni loading up to 10 wt.% facilitated the 

reduction of the catalyst at lower temperatures and improved methanol conversion and 

H2 selectivity (lower CO selectivity) for similar reasons as for La. 
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Figure 2. Effect of La addition (B) on the surface composition of a NiO supported on Al2O3 catalyst 

(A). Reprinted with permission from Ref. [61]. Copyright 2022 Elsevier. 

Layered double hydroxides (LDHs) derived catalysts containing nickel have also 

been a target of interest for MSR over the years. Kim et al. [62] reported a Cu0.55Ni0.10Zn0.10 

Al0.25 LDH which converted about 50% of methanol at 300 °C, being the presence of Ni 

responsible for a slight improvement of the low temperature activity comparatively to the 

Cu0.55Zn0.20 Al0.25 LDH. Qi et al. [63] tested a Ni/Al LDH with a Ni/Al molar ratio of ap-

proximately 5.7 which converted 100% of methanol with an H2 selectivity slightly above 

50% and CO selectivity below 10% (at 380 °C). In another work [64], another Ni/Al LDH 

with a Ni/Al molar ratio of around 4.9 converted 87.9% of methanol, provided an H2 yield 

of approximately 77% and produced low levels of CO at 390 °C. Besides the difference in 

the Ni/Al molar ratio and reaction conditions between both works, the preparation pro-

cedures were also different. The effect of this aspect was, in fact, the target of analysis in 

both works and was certainly decisive in the results obtained. This will be discussed later 

(cf. Section 2.2.3). The addition of K to LDHs has been found to further enhance its activity 

in MSR [65]. The use of K2CO3, during LDH preparation, as precipitating agent combined 

with no washing, to keep more K in the final solid, increased the conversion of methanol. 

Furthermore, post-addition of K2CO3 through the incipient wetness method decreased 

significantly the production of methane. On the other hand, the production of CO suffered 

a significant increment, which might indicate that the inhibition of methane production 

could be related to the inhibition of the methanation of CO (Equation (4)). The addition of 

K also benefited slightly the yield of H2 and the selectivity towards CO2 in detriment of 

CO, especially at temperatures around 400 °C. The catalytic activity of the K-promoted 

LDH was superior to that of a commercial Cu catalyst (42 wt.% CuO, 47 wt.% ZnO and 10 

wt.% Al2O3), as shown in Figure 3. 
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Figure 3. Comparison of the activity in methanol conversion of (a) NiAl-LDH with potassium and 

(b) commercial catalyst at 390 °C and steam/carbon molar feed ratio of 1.2. Both catalysts were pre-

activated in situ at 240 °C for 6 h on a reactive stream before reaction. Reprinted with permission 

from Ref. [65]. Copyright 2022 Elsevier. 

Different studies using Ni-based catalysts suggested the formation of several inter-

mediates on the catalyst surface during the reaction: according to these works, methyl 

formate and H2 were produced via dehydrogenation of methanol, followed by the for-

mation of formic acid [66–68]. Then, CO2 and H2 were produced by the decomposition of 

formic acid. The formation of formaldehyde and dioxomethylene during the MSR process 

was also suggested by other reactions [66]. 

2.2.2. Deactivation 

High catalytic activity and H2 selectivity alone do not guarantee that a specific mate-

rial is a good catalyst for a specific reaction. Long-term stability is another crucial criterion 

that has to be taken into account when choosing a catalyst. To design a catalyst with long-

term catalytic stability, it is crucial to understand what phenomena can disturb such sta-

bility. Such phenomena are: (i) coke formation due to hydrocarbons decomposition; (ii) 

sintering and crystallization or segregation of the metal particles caused by thermal ef-

fects; (iii) poisoning originated by chemisorption or reaction of certain substrates on the 

catalyst surface (e.g., H2S and CO on Pt-based catalyst in hydrogenation reactions and H2 

dissociation in the anode of polymer electrolyte fuel cells, respectively); and (iv) fouling 

due to solids deposition caused by dusty materials in the feed [69]. 

Going back to the bimetallic Cu-Ni catalysts, Qing et al. [44] reported a Cu-Ni-Al 

spinel with Cu/Ni/Al molar ratio of 1/0.05/3 and calcined at 1000 °C that showed stable 

conversion of methanol during 300 h (Figure 4). Comparatively to the other materials pre-

pared and tested by the authors, the lower particle size, higher specific surface area and 

pore volume, more hardly-reducible spinel and better sustained release catalytic perfor-

mance (catalyst used without being previously reduced and active Cu sites gradually gen-

erated during the reaction) probably contributed to the enhanced stability of such catalyst. 
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Figure 4. Methanol conversion rate as a function of time-on-stream (TOS) for the catalysts with 

Cu/Ni/Al molar ratio of 1/0.05/3 calcined at 900 °C (squares), 1000 °C (circles) and 1100 °C (triangles) 

at 255 C, 1 bar and WHSV = 2.18 h−1. Reprinted with permission from Ref. [44]. Copyright 2022 

Elsevier. 

In another work [48], a 30 wt.% Ni-Cu/ZrO2 catalyst showed stable methanol conver-

sion (above 90%) and H2 production (selectivity remained around 60%) for 46 h on-stream 

at 400 °C, after which the H2-TPR profile of the catalyst was unaffected. In fact, Lytkina et 

al. [57] tested several Cu-Ni catalysts supported on metal oxide-stabilized ZrO2 supports 

doped with Y, La and Ce and all of them were reported to work for at least 90 h without 

visible deactivation (constant H2 selectivity at 300 °C). As already mentioned, even though 

Cu can be easily deactivated, the presence of a group 8–10 metal, such as Ni, could be 

partially responsible for this long-term stabilization. In fact, it has been reported that the 

addition of a second metal improves, in general, the stability of steam reforming catalysts 

by promoting their hydrogenation activity [69,70] and decreasing the coke deposition 

[38,40,42,60]. 

Penkova et al. [60] observed that the simultaneous presence of Ni and Sn results in 

the formation of an alloy that enhances catalytic stability; this beneficial effect of tin was 

also corroborated elsewhere [41]. In terms of carbonaceous deposits formation, the addi-

tion of Sn resulted in a decrease compared to the monometallic Ni catalysts, indicating 

that the formation of the NiSn alloy inhibits the formation of NiC and, consequently, coke. 

It was also observed that the addition of Sn plays an important role in delaying the tem-

perature range of particles agglomeration and, therefore, avoiding low temperature sin-

tering. The authors also concluded that the addition of MgO to Al2O3 in the support results 

in lower coke formation [60]. In fact, after 20 h on-stream, the decrease of the catalytic 

activity was negligible. This behavior has been attributed to both a decrease in surface 

acidity of the Al2O3 support (confirmed from FTIR of adsorbed pyridine) and an improve-

ment of Ni dispersion caused by the formation of MgAl2O4 spinel, which inhibits the in-

corporation of Ni in the Al2O3 phase. Consequently, the oxidation of carbonaceous depos-

its was facilitated. The only carbon deposits detected through temperature-programmed 

oxidation (TPO) were not very stable. A similar result was observed elsewhere [40] for a 

Ni catalyst supported on MgO. The authors attributed the stable behavior (20 h) of the 

catalyst to its capacity to mitigate the agglomeration of Ni particles and to the high basicity 

of the MgO support. The last enhanced the adsorption of CO2 and, consequently, pro-

moted the gasification reaction between CO2 and carbon, as previously discussed. 
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Concerning bimetallic samples of Ni-Cu, in a recent work by Liu et al. [71] it was 

observed that the Ni-Cu/Al2O3 materials with higher Al content present higher initial cat-

alytic activity, however, show a quick catalyst deactivation, while the catalysts with less 

Al content show better catalytic stability. The deactivation of the samples was related to 

the non-spinel CuO particles that are easier to agglomerate and sinter as compared to that 

from spinel Cu2+ species. In this way, the catalysts with more non-spinel CuO show a high 

initial catalytic activity but a higher deactivation rate. 

A comparison between several metals supported on MCM-41 showed that the Ni-

based catalyst was less stable than, for instance, the Cu-based catalyst [37]. Such deactiva-

tion of the Ni-based catalyst was attributed to the formation of carbonaceous deposits, 

thermal sintering and changes in the support structure. It is suggested that the metal par-

ticles in MCM-41 behave as bulk materials, thus having little metal-support interactions. 

This could be one of the reasons why, contrarily to what would be expected, the Ni-based 

catalyst was less stable than the Cu-based one. 

LDHs present good catalytic stability during MSR [64,65]. In both works, the Ni/Al 

LDHs demonstrated stable MSR activity for approximately 100 h. When the LDH was pre-

treated with a diluted H2 stream [64], stable H2 production with low levels of CO and no 

CH4 occurred. On the other hand, when the catalyst was pre-treated on the reactive 

stream, it deactivated over time-on-stream with increasing CO formation. The reason for 

such difference will be further explored in the next section. Besides enhancing the catalytic 

activity, as already discussed, the addition of K to LDHs also promotes catalytic stability 

[65]. A K-promoted Ni/Al LDH showed similar stability at 390 °C to that of a commercial 

Cu catalyst (42 wt.% CuO, 47 wt.% ZnO, and 10 wt.% Al2O3). 

2.2.3. Effect of the Preparation Method 

The preparation method used is also a very important parameter to be considered. 

The same catalyst formulation prepared through different methods might result in very 

different performances and costs. The impregnation method is among the most reported 

for the preparation of heterogeneous catalysts mainly due to its simple execution and low 

waste streams [72]. From the works already discussed above, a considerable part of them 

reported the use of such method [38,40,41,43,45,47–49,53,57,60,61], being that both wet 

impregnation and incipient wetness impregnation were reported. Furthermore, in the 

case of the bimetallic catalysts, both co-impregnation and sequential impregnation were 

used. 

A comparison between co-impregnation and sequential impregnation, used for the 

preparation of bimetallic Ni and Cu over CeO2 catalysts, has been established [73]. The 

authors observed that the bimetallic catalyst prepared through co-impregnation (Cu-Ni) 

presented higher methanol conversion and H2 selectivity during oxidative MSR than the 

homologous catalyst formulation prepared via sequential impregnation (Ni/Cu and 

Cu/Ni). However, in a different work [74], the Ni and Cu over ZrO2 catalysts prepared by 

sequential impregnation showed higher oxidative MSR activity than the corresponding 

co-impregnated material. Fukui’s theory [75] indicates that higher reactivity occurs when 

the system’s gap-energy is low and its total energy is high. In other words, higher reactiv-

ity corresponds to an easier adsorption or desorption of a molecule for a specific reaction. 

The molecular simulations carried out by López et al. [74] show that the sequentially im-

pregnated materials on ZrO2 showed lower gap-energy and higher total energy (lower 

adsorption energy) than the co-impregnated catalyst (Figure 5), thus suggesting that an 

electron transfer mechanism is benefited at the interface between the support and the bi-

metallic structures in the first material. This ultimately enhances the redox properties of 

the catalyst and, consequently, its activity. Furthermore, the observed presence of bime-

tallic Cu-Ni and core-shell Ni/Cu nanoparticles and crystalline anisotropy of the active 

phase could have influenced the results greatly. These results show once again that MSR 

activity is sensitive to the catalyst structure, which on its hand depends on how the bime-

tallic active phase is impregnated. The opposite behaviors observed in both works could 
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be due to the different supports, having once again in mind the importance of the active 

phase-support interface in MSR activity. 

  

Figure 5. Molecular models of bimetallic and monometallic clusters: the top graph shows the gap-

energy, the bottom graph shows the system total energy and the inset shows the adsorption energy 

of methanol on the surface. Reprinted with permission from Ref. [74]. Copyright 2022 Elsevier. 

The precipitation or co-precipitation methods have also been applied to prepare 

some of the catalysts discussed in this section [40,53,57]. Luo et al. [40] prepared three 

nano NixMgyO solid solutions through different methods: (1) incipient wetness impreg-

nation of Ni onto the MgO support prepared via precipitation method; (2) the same 

method with an added hydrothermal treatment of the support at 100 °C for 24 h after 

precipitation; (3) co-precipitation of both Mg and Ni salts with the same hydrothermal 

treatment used in the previous method. Among the three catalysts, the one prepared 

through the second method showed a superior capacity to convert methanol and produce 

H2. By comparing methods (2) and (3), the differences are that while in method (2) Ni was 

incorporated in the treated support via incipient wetness impregnation, in method (3) Ni 

was introduced in the catalyst simultaneously with Mg through co-precipitation and went 

through the same treatment as the support (not Ni) in method (2). Therefore, the lower 

performance of the catalyst prepared through method (3) is probably associated with 

these two methodological modifications. TPR analysis showed that the catalyst prepared 

via method (3) was less reducible than the one prepared through method (2). H2-TPD re-

sults indicated that most Ni species dissolved deeply inside the MgO matrix, being only 

a minority amount at the subsurface to catalyze the MSR reaction. Furthermore, co-pre-

cipitation methods normally involve several washing steps after precipitation, aiming to 

remove residual nitrates, potassium, sodium and other compounds. This allows avoiding 

sintering and agglomeration of particles during thermal treatment (higher resistance to 

sintering was observed for the catalyst prepared through method (3)). Consequently, sig-

nificant undesired streams contaminated with nitrates are produced. Alternatively, chlo-

ride or sulfate-based precursors could be used if they did not poison methanol catalysts. 

Formate precursors have been researched as possible alternatives that could overcome 

these limitations [72]. 

Other methods such as the sol-gel [39,48,50] and polyol method [41,50] have also been 

used to prepare Ni-based MSR catalysts. The sol-gel method allows the attainment of 
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good chemical homogeneity, stoichiometry, phase purity, narrow particle size distribu-

tion, ultrafine powder and high specific surface area due to molecular and atomic scale 

mixing and networking of chemical components [76,77]. Regarding the works that used 

the sol-gel method, none of them established a comparison with other methods. A com-

parison has, however, been established between Ni/SiO2 catalysts prepared via wet im-

pregnation and the simple sol-gel method in ethanol steam reforming (ESR) [78]. The cat-

alyst prepared via sol-gel presented good dispersion and considerably higher BET surface 

area than the catalysts prepared through impregnation. Furthermore, the first produced 

about twice the amount of H2 produced by the last. This last result depends not only on 

the catalyst, but also on the reaction that it catalyzes. In other words, the fact that the sol-

gel-prepared catalysts performed better than the catalysts prepared through impregna-

tion in ESR does not guarantee that the same behavior would be observed in MSR. Fur-

thermore, the sol-gel process presents disadvantages such as the high costs of some nec-

essary chemicals and the often large volume shrinkage and cracking due to washing and 

drying steps mainly [79]. 

Bobadilla et al. [41] correlated the influence of the synthesis method used to prepare 

Ni and Ni-Sn supported on CeO2-MgO-Al2O3 with their respective catalytic behavior in 

MSR. More specifically, the authors established a comparison between the catalysts pre-

pared via deposition of nanoparticles obtained by the polyol method and catalysts pre-

pared through impregnation. The nanoparticles produced via the polyol method pre-

sented better activity than the impregnated catalysts, especially the monometallic Ni cat-

alysts. The authors proposed a model of the catalyst surface and phase distribution before 

and after reduction for the monometallic catalysts prepared through both methods (Fig-

ure 6). 

 

Figure 6. Model of the catalyst surface and phase distribution before and after reduction for the 

monometallic catalysts prepared through the impregnation method (above) and polyol method (be-

low). (Np’s: Nanoparticles). Reprinted with permission from Ref. [41]. Copyright 2022 Elsevier. 

The impregnation method seems to be as good as the polyol method to produce Ni 

nanoparticles. Even though the catalyst prepared via impregnation required a higher re-

duction temperature, it also presented higher metal-support interaction and a lower de-

gree of nanoparticles sintering. The monometallic catalyst prepared via impregnation 

showed CeO2 fluorite phase and both MgAl2O4 spinel and NiAl2O4 spinel, while for the 

nanoparticles-based catalyst (polyol method) only the CeO2 fluorite and MgAl2O4 spinel 
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structures were observed. The NiAl2O4 spinel in the impregnated sample was transformed 

into metallic Ni during reduction. 

The polyol method was, on the other hand, considered by the authors as the prefer-

able method for the preparation of the bimetallic Ni-Sn catalyst due to its control of com-

position and the enhanced resistance to sintering and reducibility that it confers to the 

catalyst. Therefore, polyol method being a better alternative than, for example, impregna-

tion depends significantly on the catalyst being prepared. It has been concluded elsewhere 

[80] that due to the variety of shapes, compositions and nanostructures that can be pro-

duced, significant research has still to be carried out for a better comprehension of the 

polyol method. 

Besides the preparation method, some parameters that are transversal to several 

methods can also have a significant impact on the catalyst activity and stability. Both dry-

ing and calcination conditions are known to be crucial parameters that have to be carefully 

selected. Going back to the work of Luo et al. [40], the authors observed that the addition 

of a hydrothermal treatment of the support at 100 °C for 24 h after precipitation increased 

the methanol conversion from 55.3% to 97.4% and the H2 yield from 30% up to 58.5% at 

600 °C, after 20 h on-stream. This enhancement was attributed to the higher reducibility 

of the catalysts subjected to the hydrothermal treatment. The catalysts hydrothermally 

treated also showed superior stability, which was ascribed to their higher surface basicity. 

In another work [44] the authors observed that increasing the calcination temperature 

of Cu-Ni-Al spinel catalysts in the temperature range of 900–1100 °C increased the content 

of spinel. On the other hand, it also increased the spinel’s particle size (sintering) and, 

consequently, led to a decrease in the specific surface area. Ultimately, the catalysts cal-

cined at 1000 °C presented better catalytic activity and stability (Figure 4). Analysis of the 

used catalysts showed that the catalysts calcined at 1000 °C presented the smallest size of 

copper species, which took part in the catalysis of the reaction, in line with the catalytic 

activity results. 

Reduction conditions are also of crucial significance in terms of catalytic performance 

[46,50]. It has been observed that reduction under H2 atmosphere at 400 °C or 500 °C 

yielded different results [46]. More H2 and CO2 and less CO were produced over the cat-

alyst reduced at 400 °C compared to the one reduced at 500 °C. Reducing the catalyst at 

500 °C resulted in the reduction of Fe from Fe3O4, which subsequently reacted with the Ni 

particles, thus resulting in the formation of a Fe-Ni alloy. It is possible that this alloy cov-

ered the pores on the surfaces and lowered the surface area. This benefited the selectivity 

towards CO at the expense of H2. In another work [50], besides analyzing the effect of 

reduction temperature (140, 160 and 180 °C), the authors also analyzed the effect of pre-

treatment atmosphere (4 h under Ar or 4 h under Ar and then 2 h under H2 atmosphere) 

on the MSR activity of Ni-Cu/CaO-SiO2 prepared via polyol method. Reduction at 160 °C 

under Ar atmosphere resulted in the highest H2 yield due to, mainly, the higher dispersion 

of metal on the support. While increasing the reduction temperature from 160 to 180 °C 

produced larger Ni and Cu particles on the support and, consequently, poorer dispersion, 

reduction under H2 atmosphere, after treatment under Ar atmosphere, led to metal parti-

cles agglomeration [81]. 

The preparation of LDHs is normally carried out via co-precipitation [62–65], and the 

addition of promoters such as Na or K normally occurs through impregnation [65]. It has 

been extensively reported that both calcination temperature and pretreatment conditions 

are decisive regarding LDHs’ activity. The results obtained by Qi et al. [63] show that 

while calcination at 250 °C allowed attaining full methanol conversion only at 380 °C over 

a NiAl-LDH, calcination at 330 °C and 500 °C resulted in a progressive dislocation of the 

full conversion temperature towards lower values, with the LDH calcined at 500 °C 

achieving total conversion at 360 °C. The catalytic performance of the LDH was not only 

influenced by the pretreatment temperature [63], but also by the pre-treatment atmos-
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phere [64]. While pretreating the LDH under diluted H2 resulted in high activity and sta-

bility, pre-treating it under a reactive stream resulted in higher deactivation, lower H2 

generation and more CO [64]. 

2.3. Summary 

A summary of the MSR catalysts reviewed in this section that showed the most prom-

ising results is presented in Table 1. It can be observed that from the list of the 10 most 

promising catalysts, half of them are bimetallic Ni-and Cu-based materials. All such 5 cat-

alysts showed methanol conversions of at least around 90%, as well as relatively high H2 

yields and selectivities. As already discussed, the catalysts with higher Cu content and 

lower amounts of Ni tend to be more selective toward H2 and CO2 in detriment of CO; 

almost no CO was produced over Ni0.2-Cu0.8/ZrO2 [53]. On the other hand, Ni normally 

catalyzes mostly the methanol decomposition reaction, thus enhancing methanol conver-

sion. Furthermore, Ni0.2-Cu0.8/Ce0.1Zr0.9O2-catalyst showed quite promising stable opera-

tion [57]. This shows how attractive bimetallic Ni-Cu-based catalysts are for MSR. More-

over, the impregnation method appears to be a critical issue. Finally, the annealing and 

reduction procedures adopted in both works were carried out at temperatures very simi-

lar to those employed during the MSR reaction. 

The bimetallic 10 wt.% Ni-10 wt.% La/Al2O3 catalyst also showed promising results, 

not only in terms of methanol conversion and H2 production but also regarding its low 

CO generation [61]. The same cannot be said about the monometallic Ni catalyst reported 

by Deshmane et al. [36], which showed high CO selectivity despite the high conversion of 

methanol and selectivity towards H2. Even though the catalyst consisting of nickel nano-

particles supported on CeO2-MgO-Al2O3 mixed oxide [41] showed performance parame-

ters above the average of the catalysts reviewed, it is below all of the others shown in 

Table 1. More research must be conducted regarding the polyol method. As for the LDH-

based materials [64,65], they allowed reaching high conversions of methanol and yields 

of H2, while showing promisingly stable operation. However, some CO production was 

observed in both cases. Nevertheless, it has been highlighted in this review that slight 

changes in the formulation of the LDHs could reduce this problem. However, the draw-

backs of the precipitation method (mentioned in more detail in the previous section), 

namely the undesired streams resulting from washing, must be considered. If such draw-

backs are solved, LDH-based materials might be interesting for the MSR. Finally, consid-

ering the emergence of CO2 sorption-enhanced reactor concepts and the so extensively 

reported ability of LDHs to capture CO2 at high temperatures (300–500 °C) [82–84], these 

materials have great potential to be used as hybrid sorbent-catalyst (so called DFM, or 

dual function materials). 

Finally, along this section, it was observed that the most crucial catalyst properties to 

achieve high catalytic performance for the MSR process are the metal dispersion and the 

surface area of the material. In this way, to reach high methanol conversion, high H2 yield 

and low sub-products production, it is necessary to prepare a catalyst with a high surface 

area (for instance, using a porous support with a high pore volume) and with a strong 

interaction between the active phase and the support. 

Taking into account the results presented in Section 2.2 (and the main outputs sum-

marized in Table 1), to achieve high methanol conversion and high H2 production in long-

term MSR experiments, it is suggested the utilization of a bimetallic Ni-Cu catalyst (for 

instance, prepared by impregnation) promoted with (or supported on) ZrO2/CeO2. 
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Table 1. Comparison of some of the most promising MSR catalysts reviewed in this section. 

Catalyst Temperature 
Feed Flow 

Rate 

Mass of 

Catalyst 
S/C a 

Conversion of 

Methanol 
H2 Yield/Selectivity Stability Preparation Method Refs. 

5 wt% Ni-5 wt% 

Cu/Al2O3 
325 °C 0.06 mL·min−1 3 g 1.7 98.5% 2.2 b/n.d. Result after 3 h Impregnation  [43] 

10.8 wt% Ni-

Cu/TiO2/Monolith 
300 °C 1.8 h−1 c n.d. 2 92.6% n.d./92.7% g n.d. Impregnation  [49] 

Ni/Cu/ZnO/Al2O3 

(22.5/22.5/45/10) d 
350 °C 

150,000 

mL·g−1·h−1 
0.031 g 1 100% ≈83.3% f/n.d. n.d. 

Coating and 

impregnation 
[52] 

Ni0.2-Cu0.8/ZrO2 

(Metals/Carrier = 0.2/1) 
325 °C n.d. 0.3 g 1 ≈100% ≈66.7% f/n.d. n.d. 

Sequential impregnation 

over support prepared 

via precipitation 

[53] 

Ni0.2-Cu0.8/Ce0.1Zr0.9O2 

(Metals/Carrier = 0.2/1) 
350 °C 172 h−1 e 0.3 g 1 ≈86% n.d./ ≈ 99.9% g 

90 h without 

deactivation 

Sequential impregnation 

over support prepared 

via co-precipitation 

[57] 

10 wt% Ni-10 wt% 

La/Al2O3 
350 °C 

0.02 mL·min−1 

10,920 h−1 e 
0.2 g 3 100% n.d./ ≈ 69% g n.d. 

Co-incipient wetness 

impregnation 
[61] 
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10 wt% Ni/TiO2 350 °C 2838 h−1 e n.d. 3 ≈86% n.d./ ≈ 97% g n.d. Facile one-step synthesis [36] 

10 wt% Ni 

nanoparticles/15 wt% 

CeO2-10 wt% MgO-Al2O3 

350 °C 8000 mL·g−1·h−1 n.d. 2 ≈ 66% 66.7%/n.d. 

Result after 24 h 

(no significant 

deactivation) 

Polyol and support via 

co-impregnation 
[41] 

NiAl-LDH  

(Ni/Al = 4.9) 
390 °C 0.05 mL·min−1 0.15 g 1 94.6% 70% f/n.d. 

Result after 100 

h (no significant 

deactivation) 

Co-precipitation [64] 

3wt% 

K/Ni0.78Al0.16(OH)2(CO3)0.1

5·0.66H2O 

390 °C 0.05 mL·min−1 0.15 g 1.2 91% 80% f/n.d. 

Result after 60 h 

(no significant 

deactivation) 

Co-precipitation [65] 

(30 wt% Ni)-Cu/Al2O4  300 °C 1 mL·min−1 30 g 1.5 ≈100% 98% f/n.d. 

Result after 30 h 

(no significant 

deactivation) 

Impregnation [58] 

a Steam to carbon molar feed ratio. b molH2
∙ molmethanol,in

−1 . c Weight hourly space velocity (mass flow rate of feed/total catalysts weight). d Molar ratio. e Entering 

volume flow rate/volume of catalytic layer. f Relative to the maximum of 3 molH2
∙ molmethanol,converted

−1 . g Selectivity (%) = 
H2

∑ Fi
× 100. n.d.—Not determined. 
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3. Ethanol Steam Reforming 

3.1. Introduction 

Renewable ethanol can be produced from several feedstocks, as indicated in Table 2. 

The production of bio-ethanol from algae, even though possible, is still in an early stage 

of development [85]. The conversion of the different types of biomass into ethanol varies 

significantly, mainly in terms of the attainment of sugar solutions. While sugar sources 

only need an extraction process to attain fermentable sugars, starch sources demand pre-

vious hydrolysis to convert starch into glucose. Finally, for lignocellulosic biomass, a pre-

treatment is required before hydrolysis so that the cellulose structures are modified for 

enzyme accessibility [85]. 

Table 2. Sources of bio-ethanol [85]. 

Category Biomass 

Sugar sources 

Sugarcane 

Sugar beet 

Sweet sorghum 

Cane 

Molasses 

Beet molasses 

Grape 

Dates 

Watermelon 

Apple 

Starch sources 

Corn 

Wheat 

Cassava 

Barley 

Canna 

Sorghum grain 

Potato 

Sweet potato 

Yam 

Jerusalem artichoke 

Iles-iles 

Oat 

Banana 

Lignocellulosic biomass 

Perennial grasses 

Aquatic plants 

Softwood 

Hard wood 

Sawdust 

Pruning 

Bark thinning residues 

Cereal straws 

Stovers 

Bagasse  

Organic municipal solid wastes 
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Ethanol is highly available, easy to handle, transport and store and is less toxic than 

methanol [15,20]. Furthermore, it has higher hydrogen content than methanol (six hydro-

gen atoms instead of four). These are some of the reasons why it has been extensively 

investigated for hydrogen production through ethanol steam reforming (ESR). The ESR 

can be described by the overall reaction shown in Equation (7). 

C2H5OH +  3H2O →  2CO2  +  6H2 (Δ𝐻r
298 K = 174 kJ ∙ mol−1) (7) 

This reaction is considerably more endothermic than MSR and for that reason tem-

peratures around 400–600 °C are often adopted, which are still below those typically used 

in steam reforming of methane. 

Contrarily to MSR, the ESR overall reaction is irreversible since at least one of the 

reaction steps that ultimately and ideally leads to its conversion into 6 moles of H2 is irre-

versible. Regarding the reaction pathways involved in ESR, a consensus has not been 

reached due to the influence of reaction conditions and a considerable variety of catalysts. 

Still, there has been some agreement towards the reaction network depicted in Figure 7 

[17,19,86]. 

 

Figure 7. Reaction network proposed for ESR. Reprinted with permission from Ref. [17]. Copyright 

2022 Elsevier. 

The reactions that have been considered as major and minor routes are presented by 

order in Table 3. The final major step is the WGS reaction (Equation (3)). Depending on 

the catalyst that is used, major routes might become minor and vice-versa. Therefore, H2 

production and coke formation in ESR are highly dependent on the catalysts used. More-

over, minimizing CO production is once again crucial if the H2 that is produced is directed 

to a polymer electrolyte fuel cell. This will also depend significantly on the choice of an 

appropriate catalyst. In fact, due to the higher number of possible alternative routes, this 

choice might be even more crucial here than it was for MSR. 

Table 3. Reaction routes considered for the ESR in Figure 7. 

Type Reaction 
𝚫𝑯𝐫

𝟐𝟗𝟖 𝐊 
(𝐤𝐉 ∙ 𝐦𝐨𝐥−𝟏) 

Eq. Number 

Major 

C2H5OH → CH3CHO +  H2 

(ethanol dehydrogenation to acetaldehyde) 
68 (8) 

CH3CHO →  CH4 + CO 

(acetaldehyde decomposition) 
- (9) 

CH4 + H2O ⇌ CO + 3H2 

(methane steam reforming; the reverse of Equation (4)) 
206 (10) 
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Minor 

C2H5OH → C2H4  +  H2O 

(ethanol dehydration to ethylene) 
45 (11) 

C2H4  → C 

(ethylene polymerization to coke) 
- (12) 

2CH3CHO →  C3H6O + CO +  H2 

(acetaldehyde condensation into acetone and subsequent 

decarboxylation) 
- (13) 

2CO ⇌  CO2  +  C 

(Boudouard reaction) 
−172 (14) 

CO +  H2  ⇌  H2O +  C 

(reduction of carbon monoxide) 
−131 (15) 

CH4  ⇌  2H2 +  C 

(methane cracking) 
75 (16) 

3.2. Catalysts 

On contrary to the MSR, ESR requires catalysts that are active in C-C bond cleavage. 

Hou et al. [17] observed that Rh-based catalysts are the most active in breaking such 

bonds. On the other hand, and as already mentioned, nickel-based catalysts are normally 

cheaper and, therefore, might constitute a potential alternative. Furthermore, these Ni-

based materials normally also show good C-C bond breaking activity and are very active 

in CH4 reforming (they are used industrially for this reaction). However, challenges re-

lated to coke formation and sintering have been identified [17]. In this section, a review of 

the latest Ni-based catalysts reported in the literature is carried out and a thorough anal-

ysis of the best strategies to improve their catalytic activity, selectivity and stability are 

conducted. 

3.2.1. Catalytic Activity and H2 Selectivity 

Once again, the nature of the support that is used is vital for the catalytic activity in 

ESR and selectivity towards H2 production in detriment of secondary products such as 

intermediate liquids, CO, CH4, and coke. Aiming to better understand this, Dan et al. [87] 

compared the catalytic performance of monometallic Ni catalysts supported on Al2O3 and 

ZrO2 and analyzed the effect of modifying both supports with CeO2 and La2O3. The Al2O3-

supported catalyst presented better catalytic activity than the ZrO2-supported one. The 

authors reported that this difference could be mainly due to the higher number of active 

sites, resulting from the higher surface area, higher Ni dispersion and smaller nanoparticle 

size. In terms of ethanol conversion, while the addition of both CeO2 and La2O3 to ZrO2 

led to significant improvements, for Al2O3 only the modification with La2O3 improved the 

conversion. The authors claim that since these modifications do not improve the intrinsic 

catalytic activity of the Ni sites (based on turnover frequency calculations), the improved 

results could be due to the participation of the support in the catalysis of ESR and/or due 

to the higher amount of Ni active sites available. In terms of H2 production, while the 

modifications of the Al2O3 support did not result in significant improvements, the addi-

tion of Ce and especially La to the ZrO2 support improved the H2 yield considerably. Be-

sides the mentioned enhancement of Ni dispersion, La2O3 is also known to increase the 

basicity of the modified catalysts [88]. As for CeO2, it enhances (besides the Ni dispersion) 

the reducibility of Ni [89] and the capacity of the support to adsorb water [90]. It has been 

reported for a bimetallic Ni-Cu catalyst that the reduction ability of CeO2 promoted the 

intermediate formation of acetone [91]. Overall, the catalyst supported on La2O3-modified 

ZrO2 provided the best results with total ethanol conversion and H2 yield of approxi-

mately 60% at 350 °C [87]. 

As already observed for MSR, the number of modifying agents is also very important. 

Even though modifying the Al2O3 support with La resulted in a slight increment in terms 

of both ethanol conversion and H2 production [87], it has been observed in other work [92] 
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that the addition of La2O3 to the support could be either beneficial or detrimental depend-

ing on the La/Al molar ratio. In this last work, while La/Al ratios in the range of 0.05–0.15 

improved the production of H2 compared to the non-modified catalyst, a La/Al molar ratio 

of 0.2 was detrimental. Such behavior could be explained by the two opposite trends ob-

served in Figure 8: the Ni surface area and ethanol adsorption capacity. Even though the 

catalyst with a La/Al ratio of 0.20 presented the highest Ni surface area, it also showed the 

lowest ethanol adsorption capacity. Although the basicity of La is known to be beneficial 

to counterbalance the acidity of Al2O3, as it reduces the formation of ethylene, too much 

basicity will negatively affect the dehydrogenation of ethanol [93], thus decreasing H2 

production. For this reason, this catalyst showed not only the lowest H2 yield, but was 

also the only catalyst to be unable to fully convert ethanol. The catalyst with a La/Al molar 

ratio of 0.1 showed the best catalytic performance. 

 

Figure 8. Nickel surface area and ethanol adsorption capacity as a function of the La/Al molar ratio 

in Ni/𝑥La2O3-Al2O3 (𝑥 = 0, 0.5, 0.1, 0.15 and 0.2) catalysts. Reprinted with permission from Ref. [92]. 

Copyright 2022 Elsevier. 

Trane-Restrup et al. [90] compared the performance of monometallic Ni supported 

on CeO2, MgAl2O4, Ce0.6Zr0.4O2, and CeZrO4/MgAl2O4. The catalysts based on the last two 

supports presented higher catalytic activity, most probably due to their higher water dis-

sociation capacity [94,95]. This would allow higher surface concentrations of OH-species, 

which would react with carbon species to form H2 and carbon oxides [90]. It has been 

proposed that reactions with lattice oxygen on these kinds of supports could also contrib-

ute to the enhanced activity of the Ni catalysts over these supports [96]. The particle size 

of Ni obtained over the different supports could not be responsible for the results obtained 

as the Ce0.6Zr0.4O2, with the largest Ni particles, presented the highest conversion [90]. 

Prasongthum et al. [97] prepared a Ni-based catalyst supported on graphene 

(Ni/CNT-SF) with total ethanol conversion at 300–550 °C. The authors reported that the 

utilization of this support enhanced the performance of the catalyst due to the tubular 

structure of the graphene. 

In a different work, the effect of modifying Al2O3 support with ZnO was analyzed 

[98]. While for both Ni/Al2O3 and Ni/ZnAl2O4 small amounts of acetaldehyde and ethylene 

were formed, indicating the occurrence of both ethanol dehydrogenation and dehydra-

tion, over the Ni/ZnO-Al2O3 only H2, CO and CO2 and a small amount of CH4 were ob-

served. This latter case could be a result of the formation of a NiZn alloy with different 

compositions (NiZn and Ni4Zn) on this catalyst, while on the other two catalysts only 

metallic Ni was present. 
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The modification of TiO2 support with montmorillonite (MMT) was also evaluated 

[99] and an enhancement in the performance during ESR was observed. This modification 

improved the crystal growth control and produced anatase phase of delaminated 

MMT/TiO2 nanocomposite. Also, the formation of a Ni-MMT phase at the surface en-

hanced both Ni reducibility and dispersion, the last having amplified the ability of Ni to 

break C-C bonds. Elsewhere [100], it was concluded that organically modifying MMT 

with cetyltrimethylammonium bromide resulted in higher surface area and pore volume 

and higher Ni dispersion combined with smaller metal particles. 

Musso et al. [101] prepared several Ni-based catalysts supported on La and Y via the 

sol-gel technique. Samples containing the Y element showed higher catalytic performance 

and lower production of sub-products. One of these materials (containing Y) also showed 

no catalyst deactivation even in a 50-h long-term experiment at 650 °C. The higher cata-

lytic performance of this material could be related to its structural properties (namely the 

higher number of oxygen vacancies and better metal-support interaction). Besides that, 

several Ni-based catalysts supported on ceria with different Ni loadings (10, 13, and 15 

wt.% ) were prepared by Niazi et al. [102] for the ESR process. The results showed that the 

Ni content has a positive impact on the catalytic activity of the catalysts (due to the higher 

number of active sites available). It was verified that, in a general way, the H2 and CO 

yields increased with the temperature using all of the prepared materials. In opposition, 

the production of CH4 and CO2 decreased as the temperature increased. 

Two works [103,104] have reported monometallic Ni supported on zeolites with con-

siderable ESR activity. In the first case [103], a comparison between hierarchical and non-

hierarchical beta zeolite supported catalysts showed that the first presented superior eth-

anol conversions and H2 yields over time. Such superiority of the hierarchical beta zeolite 

is probably associated with the presence of intra-crystalline mesoporous channels, which 

confine the well dispersed Ni particles, thus improving mass transfer efficiency. Moreo-

ver, catalysts having different loadings of Ni (5–15 wt.%) over the hierarchical beta zeolite 

were tested under the ESR process, being that a loading of 15 wt.% allowed the attainment 

of approximately complete ethanol conversion and almost 80% of H2 yield. This was at-

tributed to the strong metal-support interaction and high active Ni surface area. In the 

second work [104], Ni was impregnated on non-modified and dealuminated BEA zeolite. 

Even though Ni supported on dealuminated BEA zeolite showed initially lower H2 selec-

tivity than Ni supported on non-modified zeolite (full conversion in both cases), the sec-

ond deactivated rapidly while the first maintained the initial H2 production. Nevertheless, 

the first catalyst led to higher CO production, which could be a problem in the case of a 

fuel cell application. On the other hand, it produced less acetaldehyde for the most of the 

reaction time and significantly less ethylene, being the last species normally an indicator 

of coke formation. 

The effect of different promoting agents on Ni-based catalysts in terms of ESR activity 

and H2 selectivity has been widely researched and, in the last years, several interesting 

findings have been reported. Using Mg to promote Ni-based catalyst was analyzed by 

Chen et al. [105] and Song et al. [106], being that both report that Mg addition promotes 

ESR activity towards H2 production. In the first work [105], the Mg promoter, added to a 

Ni supported over attapulgite clay catalyst, anchored the Ni species on the support sur-

face, leading to highly dispersed metallic Ni, high metal surface area and the lowest crys-

tal size, ultimately resulting in improved ethanol consumption comparatively to the un-

promoted material. In fact, it was observed elsewhere that the increase in the active Ni 

surface area was accompanied by enhanced ethanol adsorption capacity [106]. Further-

more, modification with Mg also increased H2 production, as it benefited dehydrogena-

tion of ethanol to form acetaldehyde, and subsequently H2, in detriment of ethanol dehy-

dration to form ethylene. This is associated with the lowered acidity of the Mg promoted 

catalysts. The influence of the Mg loading was also analyzed [105], having been concluded 

that loading of 10 wt.% provided the highest catalytic activity with around 94% of ethanol 

conversion and H2 yield of 85% at 500 °C. A Mg loading of 20 wt.%, however, presented 
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similar catalytic activity to the unpromoted catalyst at the same temperature This could 

be once again associated with the excess of basicity mentioned earlier [93]. 

A comparison of the Mg promoter with other metal promoters (Ba, Ca and Sr) [106] 

was also carried out. As can be inferred from Figure 9, all promoted catalysts presented 

higher H2 production than the unpromoted material and in the following order: Sr > Mg 

> Ba > Ca. Furthermore, by establishing a relationship between the catalysts’ H2 yields and 

active Ni surface areas and ethanol adsorption capacities, the authors concluded that 

higher H2 productions occurred over the catalysts with higher Ni surface areas and etha-

nol adsorption capacities, contrary to the study carried out by Song et al. [92]. In other 

words, the promotion of the Ni/Al2O3-ZrO2 catalyst with Sr resulted in the highest increase 

in the surface area of the Ni active phase and ethanol adsorption capacity. The same au-

thors analyzed elsewhere the impact of Sr loading over the same catalyst [107]. Different 

Sr loadings (0, 2, 4, 6, 8, and 10 wt.%) were used, having been observed that even though 

complete ethanol conversion was attained, regardless of the Sr loading, the highest H2 

yield was obtained over the catalyst with 6 wt.% of Sr, which presented the highest Ni 

surface area, lowest particle size, highest dispersion and highest ethanol adsorption ca-

pacity. It is also argued that an excess amount of Sr covered the catalyst surface, thus 

harming H2 production. 

 

Figure 9. Relationship between the H2 yield obtained over Ni-X/Al2O3-ZrO2 (X = Ba, Ca, Mg and Sr) 

and their (a) nickel surface area and (b) ethanol adsorption capacity. Reprinted with permission 

from Ref. [106]. Copyright 2022 Elsevier. 

A comparison between the promoting effect of K, CeO2 and ZrO2 has been estab-

lished [90]. Enhancement of ethanol conversion was observed for all cases compared to 

the unpromoted Ni/MgAl2O4 catalyst, especially when simultaneous modification with K 

and CeO2 was carried out. This enhancement in ethanol conversion could be attributed 

mainly to K modification, as the modification with only CeO2 did not result in significant 

enhancement, contrary to what happened when modification with only K was carried out. 

On the other hand, CeO2 had a significant role in inhibiting coke formation. Elsewhere 

[108] it was observed that Ce addition to a Ni/MMT catalyst increased both ethanol con-

version and H2 selectivity by 15% and 24%, respectively. While Ni is responsible for break-

ing the C-H and C-C bonds of ethanol, CeO2, with its oxygen vacancies, activates H2O to 

produce OH groups, which on their side can react with intermediate products to yield 

CO2 and H2. In fact, the authors observed that increasing the Ce content improved the 

CO2/CO ratio, which confirms that CeO2 benefited the WGS reaction. On the other hand, 

in a previous work [90], it was observed that when the promotion of the catalyst with 

CeZrO4 was carried out, higher ethanol conversion was observed. In a different work 

[109], the addition of Zr to a bimetallic Ni-Co catalyst supported on ordered mesoporous 

carbon enhanced the ESR catalytic activity in terms of both ethanol conversion and H2 
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yield. This was due to the lower crystal size, higher dispersion of the Ni-Co active phase 

and higher specific surface area of the promoted material. 

As for the effect of Co addition, Nejat et al. [110] observed that Co addition benefited 

both ethanol conversion and H2 production, regardless of the Co content in the range 1–9 

wt.% (constant total metal loading of 10 wt.%). The Co-promoted catalysts showed lower 

CO and CH4 production as well. Very similar results were attained elsewhere [111]. Even 

though neither of these works included a clear explanation of why promotion with Co 

resulted in enhanced ESR catalytic activity and H2 selectivity, it has been reported that 

besides having the ability to break C-C bonds [112], Co also promotes the WGS reaction 

[113,114]. However, too much Co is detrimental to the desired ESR activity [110] and so a 

balance between Ni and Co contents is required. The 9 wt.% Ni-1 wt.% Co/MCM-41 cata-

lyst converted 90% of ethanol and produced a H2 yield of 80%, the best performance 

among the tested materials in this study [110]. 

Noble metals have also been combined with Ni aiming to optimize the catalytic ac-

tivity in ESR towards H2 production. Combining both Ni and Rh in the active phase has 

often been observed to be beneficial for ESR activity towards H2 production [115–117]. 

The authors in [115] claim that the presence of Rh promotes dehydrogenation of ethanol 

to acetaldehyde in detriment of ethanol dehydration, as the presence of small quantities 

of aldehyde was observed for the bimetallic catalysts, but not for the Ni monometallic 

catalyst. On the other hand, the Rh-promoted catalysts showed higher CH4 production 

than the monometallic Ni catalyst, probably due to the higher capacity of hydrogenation 

of CH3 species (that were produced during C-C cleavage). However, at higher tempera-

tures (above 500 °C) this trend changed, and the bimetallic catalyst started showing lower 

CH4 generation than the monometallic Ni catalyst. This is in agreement with the common 

report that the promotion of Ni in the active phase with Rh enhances the steam reforming 

of CH4 [115–117]. Elsewhere [116] the enhancing effect of Rh promotion was attributed to 

the easier reduction and smaller crystallite size of Ni on a bimetallic catalyst supported on 

CeO2-ZrO2. Le Valant et al. [117] compared the promoting effect of different metals on a 

Rh-based catalyst. It was observed that while promotion with Pt had no significant effect 

on the H2 yield, both Pd and Ni increased it relatively to the unpromoted catalyst, espe-

cially Ni. Furthermore, the Rh-Ni bimetallic catalyst showed higher CO and lower CH4 

production, thus indicating the promotion of CH4 reforming. Bimetallic catalysts in which 

Ni was combined with Pt [118,119] and Au [120] have also been studied in the ESR reac-

tion. While significant amounts of acetaldehyde were observed over monometallic Ni cat-

alyst supported on detonation nanodiamond, the same compound was not observed over 

the bimetallic Pt-Ni on the same support [118]. Furthermore, higher production of H2 and 

CO was observed over the bimetallic catalyst than over the monometallic Ni catalyst. It is 

proposed that the bimetallic catalyst exhibits a synergistic effect and that it could be asso-

ciated with the influence of both the electronic structure of the catalyst surface and to the 

sorption properties of the catalyst [119]. The addition of Au to the Ni/SBA-15 catalyst also 

enhanced the ESR activity [120]. This has been once again attributed to the improved dis-

persion of the NiO/Ni phase, which resulted in smaller particles, and strengthened 

NiO/Ni-support interaction. Promotion with B also enhanced ESR activity towards H2 

production due to the formation of a Ni-B alloy [86]. Finally, W was also found to improve 

catalytic activity due to a synergism between W and Ni and the enhanced steam reforming 

of methane activity by WOx [121]. 

Similar to what was observed for the MSR process, LDH-derived materials contain-

ing Ni have been tested in ESR [122–125]. Romero et al. [122] analyzed the effect of chang-

ing the Mg content in a Ni-Mg-Al mixed oxide, having found that the Mg/Ni ratio of 0.33 

allowed maximum H2 production and minimum amounts of ethylene and acetaldehyde. 

On the other hand, more CO and lower ethanol conversion were obtained compared to 

the materials with a lower Mg/Ni ratio. Such dependence on the Mg/Ni ratio has been 

attributed to the fact that it influences the interaction of Ni0 in the oxide matrix, thus also 

changing the nature of the active sites. In a different work [123] Ce was impregnated into 
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a Ni-Mg-Al LDH derived catalyst, having been determined that 10 wt.% of Ce allows the 

highest ethanol conversion. The catalysts with more than 10 wt.% of ceria showed lower 

ESR activity due to ceria particles aggregation, which probably blocked the active sites 

catalyzing the desired reactions. Elsewhere [125], the introduction of Cu in the LDH struc-

ture enhanced Ni reducibility on the derived mixed oxide. Furthermore, the presence of 

Cu enhanced the production of H2, as it promoted WGS. A Mg-Al LDH-derived mixed 

oxide has also been used as support to combine the high basicity of MgO and high activity 

of Al2O3 [124]. Ni supported on this material was able to reach higher ethanol conversion 

and H2 production than Ni supported on either MgO or Al2O3. Furthermore, Cu-Ni-Co 

over the same support yielded an even better catalytic performance as the presence of the 

three metals provided restricted formation of intermediate products and coke, thus lead-

ing to higher H2 yields. 

In a general way, the mechanism of the ESR process involves the dehydrogenation 

of ethanol to yield several intermediates such as ethylene and acetaldehyde [126,127]. 

These last species can either decompose to CH4 and CO or transform into ethane and H2O 

[127]. 

3.2.2. Deactivation 

Even though there are several possible reasons for catalyst deactivation, coke for-

mation and sintering are the most common ones in the ESR process, as seen previously 

for the MSR reaction. Regarding coke, there are more coke formation pathways that can 

happen during ESR than during MSR due to the more complex reaction network of the 

first (cf. Figure 7). 

A comparison in terms of overtime stability has been established between catalysts 

consisting of Ni over different supports (Al2O3, ZrO2, MgO and CeO2) [124]. It was ob-

served that while the MgO supported catalyst kept stable activity for several cycles, the 

other catalysts suffered from practically constant deactivation over cycles. In another 

work [87] it was observed that while Ni/Al2O3 maintained stable activity for 24 h on 

stream, Ni/ZrO2 suffered from deactivation. The different stability results regarding Al2O3 

supported monometallic Ni catalyst between both works [87,124] could be due to the dif-

ferent conditions employed, namely temperature and Water to Ethanol Feed Ratio 

(WEFR). As for the deactivation suffered by the ZrO2 supported catalyst, it was related to 

the formation of large deposits of amorphous carbon, observed by TEM, which could have 

blocked the access to the active sites. The authors attributed such significant carbon dep-

osition to the large Ni particles and the weak interaction between Ni and the ZrO2 support 

[87]. The addition of both CeO2 and La2O3 to the support induced a change in the nature 

of the formed carbon deposits to filamentous carbon, which, contrarily to amorphous car-

bon, does not normally envelop the Ni nanoparticles [128]. Therefore, despite the ob-

served formation of coke, no significant blockage of the active sites access took place and 

so no substantial deactivation was observed after 24 h. Such enhancement in stability was 

probably a result of the change in the properties of the support’s surface and better Ni 

dispersion. As for the Al2O3 supported catalyst and the corresponding catalyst similarly 

modified, no considerable changes were observed regarding the nature of the deposited 

carbon (filamentous). Elsewhere [129], Ni supported on CeO2-MgO converted ethanol 

completely while showing H2 selectivity of approximately 70% after 18 h time on stream. 

Such results are probably associated with the high oxygen storage capacity of the catalyst, 

which probably allowed the gasification of carbon deposits, thus avoiding deactivation. 

The presence of Ce in the support could have also promoted water dissociation into –OH 

and –O species, which would also contribute to coke gasification into CO, CO2 and H2 

and, consequently, the high H2 selectivity [130]. Tahir et al. [131] tested a Ni/MMT-TiO2 

catalyst for the steam reforming of ethanol being observed high catalytic performance at 

500 °C. After the experimental tests it was determined a significant amount of carbon dep-

osition (graphitic nature), but this had little effect on catalyst activity over the 20 h of the 

long-term test. 
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It has been observed by Song et al. [92] that adding too much La2O3 to Al2O3 can not 

only affect negatively the catalytic activity, as already discussed in the previous section 

but also the stability over time. The authors observed that the catalyst with the highest 

La/Al ratio of 0.20 started deactivating rapidly after 3 h on stream, contrary to what was 

observed for the other materials with lower La content. The reason for such behavior was 

not coke formation, since the amount of deposited coke (amorphous and filamentous) de-

creased with increasing La/Al ratio, as observed by TPO and TEM. The formation of 

La2O2CO3 could have contributed to carbon removal from the catalyst surface [132,133]. 

Furthermore, the enhanced basicity of the La-rich catalyst could have also played an im-

portant role in inhibiting ethylene formation, a main coke precursor. On the other hand, 

an increase in the size of the Ni particles was observed for the catalyst with the highest La 

content. This suggests that sintering occurred and could have been the main reason for 

the observed deactivation. Re-oxidation of metallic Ni did not occur. 

In a different work [98] in which a WEFR of only 3 was used, a Ni/Al2O3 catalyst 

showed deactivation once again. However, it was observed that promoting Al2O3 with 

ZnO at a Zn/Al ratio of 2 resulted in stable ESR activity for 28 h on stream at 500 °C, 

probably due to coke formation inhibition, as shown by thermogravimetric analysis and 

scanning electron microscopy analysis. The calcined Ni/ZnO-Al2O3 precursor is mainly 

composed of NiO/ZnO crystalline phases dispersed over amorphous Al2O3, which is 

transformed into a metallic phase over ZnAl2O4 support during reduction (Figure 10). 

When Zn is in excess (Zn/Al of 2), a mixture of NixZny intermetallic phase, containing only 

small amounts of pure Ni, is observed in the metallic phase of the reduced catalyst. It is 

possible that this dilution of Ni metal atoms in the NiZn alloy allowed the inhibition of 

carbon formation, thus resulting in the mentioned increased stability. Furthermore, the 

alloy was stable and, consequently, not destroyed during the reaction. On the other hand, 

for Zn/Al of 1/2, the reduced metal consists only of Ni0, as the limited amount of Zn is 

only enough to form the ZnAl2O4 support. For this reason, filamentous carbon was formed 

and resulted in deactivation (Figure 10). Sintering was not significantly observed in either 

case. Despite this, the catalyst containing an excess of Zn suffered from deactivation at 400 

°C and the authors propose that this is due to the re-oxidation of metallic Ni by water 

during the ESR process. 

 

Figure 10. Phase transformation during reduction and reaction steps over Ni/ZnAl having two dif-

ferent Zn/Al molar ratios. Reprinted with permission from Ref. [98]. Copyright 2022 Elsevier. 
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Two catalysts having MMT in the support have shown promisingly stable behaviors 

[99,100]. A comparison between Ni/MMT-TiO2 micro-particles and nano-composite at 500 

°C showed that while the micro-particles-based catalyst deactivated over time, the nano-

composite material did not show signs of deactivation after 20 h [99]. The enhanced sta-

bility of the last sample is probably associated with the total inhibition of ethylene for-

mation at 500 °C. This indicates that the ethylene polymerization reaction leading to coke 

formation did not occur. Also, the presence of MMT in the support of the nano-composite 

catalyst was probably responsible for the low coke formation observed over this material, 

as it improved the dispersion of Ni on the surface. On the other hand, Xue-mei et al. [100] 

observed that Ni supported on MMT presented significant coke deposition accompanied 

by the formation of acetaldehyde and ethylene at 500 °C, which resulted in deactivation 

after 10 h of reaction. This indicates that a synergism between MMT and TiO2 was proba-

bly what allowed the positive effect of MMT addition in the work of Mulewa et al. [99]. 

The modification of MMT with cetrimonium bromide in [100] resulted in enhanced cata-

lytic stability (30 h) due to a reduction of carbon formation, accompanied by a significant 

reduction of acetaldehyde and ethylene formation. Such reduction was possible due to 

the immobilization of highly dispersed Ni on the interlayers of the organically modified 

MMT, which reduced the coating of metallic Ni with carbon. 

Besides showing good catalytic activity, the two zeolite-supported monometallic Ni 

catalysts [103,104], also showed good catalytic stability. The intracrystalline mesoporous 

structure of the Ni/hierarchical beta zeolite was probably related to the lower deactivation 

rate compared to the non-hierarchical zeolite. The sol-gel method used also contributed 

to the observed stability [103]. As for the Ni over dealuminated BEA zeolite tested by Gac 

et al. [104], it showed superior over time stability than Ni supported on non-modified BEA 

zeolite. The deactivation of the last catalyst was mainly attributed to the formation of sig-

nificant amounts of amorphous, graphitic and filamentous carbon deposits, probably as-

sociated with the high production of ethylene. On the other hand, much lower carbon 

deposits were formed over the catalyst whose zeolite support was dealuminated. The en-

hanced stability of this catalyst is probably related to the structural changes caused by 

dealumination, which led to enhanced dispersion of nickel nanoparticles (higher active 

nickel surface area), and a decrease of the acidity of the zeolite support (decreasing the 

coke formation). 

The addition of Mg to Ni-based catalysts has also been reported to allow stable ESR 

activity [105,106]. Such improvement has been attributed to the suppression of both sin-

tering and carbon deposition [105]. As for coke formation, the addition of Mg decreased 

the acidic strength of the catalyst, which resulted in lower ethylene formation and, conse-

quently, less carbon deposition. Still, stable ESR activity for 50 h was only reached by the 

catalyst with the optimal Mg loading of 10 wt.%, which showed the strongest interaction 

between the Ni active phase and the support and, therefore, the lowest sintering and coke 

formation rates [105]. The authors attributed this behavior to the lower carbon deposition 

observed over the Sr promoted catalyst, probably due to its higher basicity (already dis-

cussed). As for the effect of Sr loading [107], it was observed that the unpromoted catalyst 

and the catalyst with the highest Sr loading of 10 wt.% slightly deactivated over a 1000 h 

period under 450 °C. Besides the presence of filamentous carbon, it was also observed that 

the 10 wt.% Sr catalyst (weakest metal-support interaction) suffered from sintering. Ulti-

mately, the 6 wt.% Sr catalyst not only presented the best catalytic activity (as already 

discussed), but also remained stable for 1000 min on stream. 

The effect of promoting a Ni/MgAl2O4 catalyst with K, CeO2, ZrO2 and combinations 

of these promoters (CeO2-K, CeZrO4, and K/CeZrO4) on the catalytic stability has been 

studied [90]. As can be seen in Figure 11, the unpromoted catalyst (base) showed rapid 

deactivation over time. The Ce promoted catalyst showed similar behavior, but with a 

quicker deactivation during the first hour of reaction and subsequent deactivation (con-

trary to what was verified in previous works for other catalysts). On the other hand, pro-

motion with K, CeO2-K, CeZrO4 and K/CeZrO4 resulted in stable activity. 
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In fact, carbon deposition was lowered by factors of two to four over these promoted 

catalysts. It is possible that K blocked the active sites for carbon formation, while the re-

dox-active promoters could have contributed to higher OH availability and/or provided 

lattice oxygen to react with coke precursors. 

 

Figure 11. Ethanol conversion as a function of time on stream (TOS) for Ni/MgAl2O4 (base) with 

different promoters. Reprinted with permission from Ref. [90]. Copyright 2022 Elsevier. 

Elsewhere [108], promotion of a Ni-based catalyst with Ce resulted in significantly 

improved stability over 50 h time on stream compared to the unpromoted material. As 

already mentioned, such enhancement was related to the suppression of both coke for-

mation and sintering. On one side the high oxygen storage and transport capacity of Ce 

facilitates carbon species gasification and, on the other side, Ce strengthens the metal-

support interaction, thus restraining the growth of Ni particles. Trane-Restrup et al. [90] 

have shown the formation of carbon whiskers. Such carbonaceous structures have been 

reported to break catalyst pellets with time, thus leading to increasing pressure drops on 

the catalyst bed and, consequently, local hot spots in industrial reactors [134]. Moreover, 

it was observed that Ni sintering contributed to the deactivation of both Ni/CeO2-

K/MgAl2O4 and Ni-K/MgAl2O4 catalysts. Finally, the authors tested the promotion with 

different amounts of sulfur of Ni-CeO2/MgAl2O4, the addition of S having decreased coke 

deposition. Probably sulfur blocked the step sites on the Ni particles, responsible for car-

bon deposition. The sulfur loading of 0.03 wt.% allowed the minimum formation of car-

bon deposits [90]. The positive effect of promotion with Zr addressed by Trane-Restrup 

et al. [90] was also observed in other work [109], having once again been observed en-

hanced stability. The authors attributed this enhancement to sintering inhibition, higher 

dispersion of the Ni-Co active phase on the support and the formation of carbon nano-

tubes that were unable to deactivate the catalyst. Regarding this last aspect, the catalyst 

without Zr showed amorphous coke formation which, on contrary to the carbon nano-

tubes, resulted in ESR active sites deactivation. 

The promotion of Ni with Co in the active phase has also been reported to improve 

the catalytic stability [110]. The authors tested three catalysts for 8 h under ESR reaction, 

two monometallic Ni and Co over MCM-41 and bimetallic Ni-Co over the same support. 

The Ni catalyst presented the highest coke formation among the three, followed by the Co 

catalyst and the bimetallic catalyst presented the lowest carbon deposition. This indicates 

that Co partially hinders coke formation. Elsewhere [111], a bimetallic Ni-Co/Al2O3 cata-

lyst showed quite stable behavior for 100 h on stream. This improvement, partially caused 

by the promotion of Ni with Co in the active phase, has been associated with higher sur-

face area, higher metal dispersion and lower particle size. Such enhancements were also 

caused by specific preparation conditions [111]. 
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Besides improving the catalytic activity of the ESR reaction, promotion with Rh also 

allows higher long-term stability [115,116]. Campos et al. [115] reported a decrease in coke 

formation observed over a bimetallic Ni-Rh catalyst of 70 and 560 times relative to mono-

metallic Rh and Ni catalysts, respectively. The authors attributed the enhanced coke re-

sistance of the bimetallic catalyst to i) synergism between Ni and Rh catalytic activities; ii) 

favored WGS reaction; iii) improved capacity to gasify methyl groups resultant from the 

decomposition of intermediate products; and iv) no accumulation of CO and/or acetate 

species. The Rh-Ni/CeO2-La2O3-Al2O3 catalyst was able to still convert more than 80% of 

ethanol after 144 h on stream at 500 °C. As already discussed for other catalysts, the addi-

tion of Rh was also reported to lead to the preferential formation of less encapsulating 

amorphous coke (which does not deactivate active sites), contrarily to monometallic Ni 

[116]. Au addition also suppressed, for the reason already mentioned in the previous sec-

tion, both carbon deposition over Ni particles and their sintering, resulting in stable activ-

ity for 25 h on stream [120]. Both W [121] and B [86] promoted Ni catalysts have also 

shown remarkable stability compared to the respective monometallic Ni catalysts. In fact, 

the W promoted catalyst maintained an H2 yield of around 80% for 80 h time on stream, 

to which the inhibition of sintering of Ni particles contributed [121]. As for the effect of B 

[86], the formation of a Ni-B alloy lowers coke deposition by enhancing the cracking of 

acetaldehyde and, consequently, avoiding the formation of acetone (coke precursor). Also, 

the simultaneous presence of Ce in the mixed support led to the formation of CeBO3, 

which assisted in the removal of carbonaceous deposits. As a result, ethanol conversion 

was still around 96% after 50 h of reaction. 

Finally, Romero et al. [122] observed that the Mg content in a Ni-Mg-Al mixed oxide 

influenced its stability, besides its catalytic activity (already discussed). More specifically, 

as shown by the TPO profiles of the used catalysts in Figure 12, higher Mg contents led to 

lower coke formation (lower gasification to CO2). It has been claimed elsewhere [135,136] 

that higher Mg content in LDHs results in enhanced oxygen mobility and water adsorp-

tion-dissociation capacity, ultimately leading to improved carbon resistance. The presence 

of Cu in the LDH has also been reported to improve ESR catalytic stability by mitigating 

the deposition of carbon [125]. 

 

Figure 12. TPO profiles of LDH-derived mixed oxides with different Mg/Ni molar ratios (number 

in each sample) used in ESR. Reprinted with permission from Ref. [122]. Copyright 2022 Elsevier. 
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3.2.3. Effect of the Preparation Method 

As previously seen for the MSR process, the method through which a catalyst is pre-

pared can have a determining effect on its catalytic activity and stability. The same has 

been consistently observed for the ESR reaction. Once again, the impregnation method 

(wet impregnation and incipient wetness impregnation) has been the most commonly 

used for the preparation of ESR catalysts [87,90–92,98–100,106,107,109–111]. Zhao et al. 

[111] established a comparison between co-impregnation and sequential impregnation of 

bimetallic Ni and Co over Al2O3 in terms of ESR performance. As observed for MSR, co-

impregnation once again led to higher ethanol conversion and H2 selectivity (above 350 

°C) than sequentially impregnated materials. At 350 °C, the co-impregnated material con-

verted 68.7% of ethanol, while the Co/Ni/Al2O3 and Ni/Co/Al2O3 showed conversions of 

only 50.9% and 36.6%, respectively. Furthermore, the co-impregnated catalyst showed the 

lowest production of CO and CH4. These results were mainly due to the higher metal 

dispersion, lower metal particle size and higher surface area of the co-impregnated mate-

rial. For the same reasons, while the co-impregnated catalyst showed relatively stable ac-

tivity for 100 h, both Co/Ni and Ni/Co started deactivating significantly after 60 h and 30 

h, respectively. The authors also propose that the co-impregnated material might have 

benefited from H2 spillover, which would have been responsible for the observed decrease 

in carbon deposits, possibly gasified into CH4 [137]. 

Elsewhere [138], Ni/SBA-15 was prepared via incipient wetness impregnation using 

two different Ni precursors: nickel nitrate (commonly used) and nickel citrate. The citrate 

precursor strengthened the metal-support interaction and improved the dispersion of the 

smaller nickel particles. Furthermore, analysis of the spent catalysts after 25 h of ESR 

showed that not only less coke was formed on the catalyst synthesized with the citrate 

precursor, but it was also easily removable (contrarily to the catalyst prepared with nitrate 

precursor). This ultimately resulted in higher ESR activity and stability of the catalyst pre-

pared using nickel citrate as a precursor. 

The use of chelating agents in the wet impregnation method has also been tested 

[139]. The authors prepared four different Ni/CeO2-MgAl2O4 catalysts, one without a che-

lating agent (conventional wet impregnation) and three others using different chelating 

agents: ethylenediaminetetraacetic acid, nitrilotriacetic acid and citric acid. The catalyst 

prepared with ethylenediaminetetraacetic acid as a chelating agent showed the best cata-

lytic activity among the prepared samples. While the other three catalysts showed pro-

duction of acetaldehyde and ethylene and a small decay in conversion after 7 h of reaction, 

the catalyst prepared using ethylenediaminetetraacetic acid did not show either of those. 

The results for the last catalyst were due to smaller NiO particles, which induced stronger 

Ni-CeO2 interaction, and a higher Ce3+/C4+ ratio, which means a higher capacity to store 

and release oxygen, thus leading to the observed higher resistance to coke formation [140]. 

The other chelating agents also improved such properties comparatively to the catalyst 

prepared through conventional impregnation, especially nitrilotriacetic acid, but to a 

lower extent. Contrarily to other methods or method modifications already discussed, this 

methodology keeps the simplicity of the conventional wet impregnation method. It also 

allows high synthesis reproducibility [141]. 

Wu et al. [86] compared the impregnation with the co-precipitation method in terms 

of their influence on ESR activity and stability. As can be observed in Figure 13, the cata-

lysts prepared via co-precipitation presented higher ethanol conversions and higher sta-

bility than the respective B-promoted or unpromoted catalysts prepared through impreg-

nation. First, the materials prepared through co-precipitation presented a higher surface 

area than the respective impregnated counterparts. This difference was higher between 

the boron promoted catalysts. The very low surface area obtained for the B promoted cat-

alyst prepared via impregnation was caused by the calcination at 400 °C, which resulted 

in pore blocking. Despite showing the second higher ethanol conversion, this catalyst 

showed the lowest H2 selectivity. Furthermore, co-impregnation improved the dispersion 

of NiO as a result of allowing Ni2+ to interpolate into the Ce0.5Zr0.5O2 solid solution. 
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Figure 13. Influence of preparation method of Ni/Ce0.5Zr0.5O2 (C, co-precipitation; I, impregna-

tion) on the catalytic activity of boron promoted and unpromoted catalysts. Reprinted with permis-

sion from Ref. [86]. Copyright 2022 Elsevier. 

A sol-gel iso-volumetric impregnation method was used to prepare Ni/MBeta zeolite 

[103]. Comparatively to the iso-volumetric impregnation, used to prepare the same cata-

lyst, the sol-gel method improved the same parameters previously discussed (smaller 

metal particles and improved dispersion), thus resulting in stronger metal-support inter-

action. This resulted in higher carbon deposition resistance, as the highly dispersed small 

metal particles make it more difficult for carbon deposits to accumulate on the metal sur-

face and embed it. Therefore, higher conversion of ethanol into H2 and more stable activity 

were, once again, obtained via the sol-gel-based method compared to the impregnation-

based one. In a different work, Wu and co-workers [142] analyzed the effect of using dif-

ferent agents (HNO3 or NH4OH) at different ratios with tetraethyl silicate (0.04 or 0.20), 

which changed the acidity of the preparation solution, to prepare different Ni/SiO2 cata-

lysts. Essentially, changing the preparation solution’s pH did not significantly influence 

the production of H2, but it changed coke formation. The higher basicity of the solution 

resulted in larger SiO2 particles and lower surface area and porosity and, consequently, 

higher coke formation. 

The calcination conditions, such as temperature [143] and atmosphere [142], have 

also been the target of analysis in terms of impact on ESR activity and catalysts’ stability. 

Nichele et al. [143] prepared Ni/TiO2 catalysts calcined at 500 and 800 °C, being that calci-

nation at 800 °C led to more stable behavior due to stronger metal-support interaction, 

which ultimately contributed to avoiding sintering. Elsewhere [142], the effect of calcining 

a Ni/SiO2 catalyst under N2 or air on the catalytic activity and stability in ESR was as-

sessed. The results indicate that calcination under N2 atmosphere resulted in higher H2 

yield and lower coke formation comparatively to preparation under air. Calcination under 

N2 led to the formation of both Ni and NiO phases, while only NiO was formed when air 

was used. Furthermore, the first showed higher Ni dispersion (smaller Ni particles), prob-

ably the main cause of the enhanced activity towards H2 production. 

3.3. Summary 

A summary of the ESR catalysts reviewed in this section that showed the most prom-

ising results is presented in Table 4. These three catalysts showed ethanol conversions of 

100%, as well as quite high H2 yields. In these studies, it was verified that the utilization 

of adequate promoters and supports could be very beneficial for the catalyst performance. 

For instance, in the work of Song et al. [92], it was observed that the addition of La2O3 in 
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a Ni/Al2O3 catalyst (La/Al between 0.05–0.15) improved significantly the catalytic perfor-

mance of the material. Moreover, the utilization of graphene and zeolite as supports has 

shown to be a good solution to achieve high catalytic activities; concerning the study that 

used zeolite [103], the high performance of the material was attributed to the strong metal-

support interaction and high active Ni surface area. In the work of Prasongthum et al. [97], 

the unique characteristics of the graphene (electron cloud) accelerate the rate of carbon 

gasification and help the regeneration of the active Ni surface. 

Besides that, the impregnation method appears to be suitable to impregnate Ni on 

the support surface, although several studies indicate that co-precipitation increases the 

catalytic performance of the materials. Finally, the reduction methods adopted in these 

studies were performed at temperatures very similar to those used during the ESR reac-

tion. 

In the previous section, it was also verified that the most important catalyst proper-

ties to achieve proper catalytic performance (in terms of catalytic activity and stability) for 

the ESR process are the number of active sites available and the ability to gasify coke de-

posits. In this way, to reach high ethanol conversion, high H2 production and low sub-

products production, it is necessary to prepare a catalyst with a proper content of active 

phase (well dispersed) and promoted with basic oxides (e.g., MgO and CeO2—these 

phases inhibited the coke production). 

Taking into account the main results shown and discussed in Section 3.2 (and pre-

sented in Table 4), it is suggested the preparation of a Ni-based catalyst (for instance, pre-

pared by impregnation) promoted with (or supported on) CeO2 for the ESR process, to 

obtain high and stable catalytic performances. 
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Table 4. Comparison of some of the most promising ESR catalysts reviewed in this section. 

Catalyst Temperature Feed Flow Rate 
Mass of 

Catalyst 
S/C a 

Conversion of 

Ethanol 

H2 

Yield/Selectivity 
Stability Preparation Method Refs. 

15 wt.% Ni/zeolite 550 °C 0.05 mL·min−1 0.1 g 6 ≈100% 76% b/n.d. 

Result after 27 

h (no 

significant 

deactivation) 

Sol-gel + Impregnation [103] 

10 wt.% Ni/CNTs–SF 450 °C 8 gcat·h·mol−1 n.d.  9 ≈100% 40% b/n.d. 

Result after 22 

h (no 

significant 

deactivation) 

Sol-gel + Impregnation [97] 

Ni/Al-0.1La 450 °C 23,140 mL·h−1 gcat−1 c 0.1 g 6 100% 124% b/n.d. 

Result after 15 

h (no 

significant 

deactivation) 

Epoxide-initiated sol-gel 

+ Impregnation 
[92] 

15 wt.% Ni/Y-ZrO2 650 °C 41,000 h−1 c 0.1 g 4.5 100% 91% b/74% d 

Result after 8 h 

(no significant 

deactivation) 

Sol-gel  [101] 

13 wt.% Ni-4 wt.% 

Cu/CeO2 
600 °C  20,00 mL·h−1 gcat−1 c 0.3 g 6 ≈100% n.d./70 d 

Result after 20 

h (no 

significant 

deactivation) 

Impregnation [102] 

a Steam to carbon molar feed ratio. b Yield (%) = 
H2

H2Máx.

× 100. c GHSV: gas hourly space velocity. d Selectivity (%) = 
H2

∑ Fi
× 100. n.d.—Not determined
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4. Other Oxygenates Steam Reforming 

4.1. Introduction 

Many recent studies are focused on the sustainable production of fuels and renewa-

ble energy sources, to decrease the dependency on fossil fuels and reduce the emissions 

of CO2. One of the attractive alternatives for sustainable production of fuels is biomass, 

which is a renewable and CO2-neutral emission fuel source [144]. Biomass conversion into 

different types of fuels can be performed through distinct processes, namely: biological, 

mechanical, or thermal processes [145–148]. For instance, pyrolysis is the thermal decom-

position of the biomass (in the absence of O2) that produces charcoal, fuel gas and bio-oil. 

Three different modes of pyrolysis can be differentiated: fast, intermediate, and slow 

[146,149,150]. The fast pyrolysis, which occurs at high heating rates, @ 450–600 °C and < 2 

s of residence time, provides a higher yield in bio-oil, while the charcoal and fuel gas can 

be used to produce heat for the process itself [146]. Compared with biomass, bio-oil has a 

much higher energy density (ten times higher). Consequently, it is much more suitable 

for transportation [22,151]. The composition of bio-oil is highly variable depending on 

several factors such as residence time, heating rate and temperature of the process, and 

composition of the biomass source itself [152]. A typical composition of bio-oil consists of 

many different oxygenated species such as alcohols, acids, ketones, phenols, etc. [153–

155]. In Table 4 is possible to see an example of bio-oil composition, produced through 

flash pyrolysis of two different types of biomass: a mix of 85% of pine and 15% of spruce 

[22]. 

Another possible attractive alternative of sustainable fuel composed of distinct oxy-

genated compounds is the olive mill wastewater (OMW, a polluting stream generated 

from the olive oil producing systems) since the composition of this stream (mainly poly-

phenols, carbohydrates, fatty acids and water) is very similar to the composition of the 

bio-oil. Several studies have shown that OMW disposal/discharge causes large environ-

mental impacts due to its high content of organic matter and pollutant load [156–158]. The 

most referenced compounds are the following: vanillic acid, caffeic acid, tyrosol, p-cou-

maric acid, cinnamic acid, d-arabinose, d-galactose, d-galacturonic acid, syringic acid, gal-

lic acid, protocatechuic acid, phenol, acetic acid, phenethyl alcohol, guaiacol and benzyl 

alcohol [159–176]. However, the composition of OMW is highly variable and it suggests 

that such compounds can be present in major or minor proportion, depending on several 

factors which include the maturation level of the olive, the region of cultivation, the age 

of the olive tree, the treatment of the tree, the method of extracting the oil and the weather 

conditions that the olive was been subjected to in the ripening process [164]. 

In addition to the polluting effluents already mentioned (bio-oil and OMW), there 

are other streams with a very similar composition and potential such as palm oil mill ef-

fluent (POME) and glycerol. POME is a polluting stream generated from the palm oil pro-

ducing system, constituted by several oxygenated molecules [177], causing environmental 

impacts identical to OMW. The composition is also highly variable due to the reasons 

already mentioned for the composition of the OMW. About the glycerol, it is possible to 

verify that this oxygenate compound is the main by-product of biodiesel production (100 

kg of glycerol/ton of biodiesel), without economic value so far. 

These streams could be used directly as combustion fuels, but their poor volatility, 

high viscosity and coking formation result in problems for equipment. However, experi-

mental studies of oxygenates steam reforming (OSR) showed that this technology is viable 

to produce hydrogen [178–187]. Additionally, several thermodynamic studies for the 

steam reforming of several oxygenates have already been performed, which also demon-

strate the potential of this technology for the production of hydrogen [152,188–191], 

though only from the theoretical (thermodynamic) point of view. This technology would 

enable the production of green H2, while reducing the pollutant load of these oxygenated 
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streams. The produced biofuel is environmentally attractive since it is renewable [192]. 

The OSR is described by the overall reaction shown in Equation (17): 

CxHyOz + (2x − z) H2O → (2x − z +
y

2⁄ )H2 + xCO2    (Δ𝐻r
298 K = > 0 kJ ∙ mol−1) (17) 

The OSR can be divided into two major reactions: oxygenates decomposition (Equa-

tion (18)) to yield syngas (mixture of hydrogen and carbon monoxide) followed by the 

WGS reaction (Equation (3)). 

CxHyOz + (x − z)H2O → (x − z +
y

2⁄ ) H2 + xCO      (Δ𝐻r
298 K = > 0 kJ ∙ mol−1) (18) 

As it was aforementioned for MSR and ESR processes, there are also secondary reac-

tions associated with this process that form some undesired by-products (e.g., methane, 

coke). For instance, the reactions represented by Equations (4)–(6). Therefore, choosing a 

proper catalyst, able to maximize conversion and selectivity for H2 formation, is also re-

quired for this reaction. 

Several catalysts were extensively studied for the steam reforming of individual 

model compounds that are present in the bio-oil, OMW, or POME. At the moment, the 

main challenge is to prepare highly reducible and with high oxygen mobility redox cata-

lysts for OSR. These catalysts must present high performance with high stability. Numer-

ous catalysts have been extensively studied for the steam reforming of individual com-

pounds, which are the main species present in the pollutant effluents considered in this 

section. The molecules included in this group are acetic acid, phenol and toluene. The 

performance of such catalysts is affected by the type of support and the promoter agent(s); 

these topics are discussed in the next sub-section, but only for catalysts with Ni as the 

active phase. Besides that, some materials already developed for the steam reforming of 

bio-oil, OMW, glycerol or POME were also discussed. 

4.2. Nickel-Based Catalysts 

4.2.1. Catalytic Activity and H2 Selectivity 

The Ni-based catalysts are the most used in the steam reforming of oxygenates since 

they are effective, commercially available and relatively cheap [193–197]. Metal loading is 

an important parameter in the study of such catalysts’ performance. In the study of Zhang 

et al. [198] (focused on acetic acid steam reforming), it was concluded that the increase of 

Ni loading from 10 wt.% to higher values (in a Ni/Al2O3 catalyst prepared by a wetness 

impregnation method) did not significantly increase the activity of the catalysts when a 

steam to carbon feed ratio of two or five was used. However, high content of Ni in the 

catalyst did prevent coke formation, promoting its stability (due to the higher number of 

active sites available). In another study of acetic acid steam reforming, Borges et al. [199] 

verified that the higher is the Ni loading (in LHD-like precursors of Ni-Mg-Al prepared 

through co-precipitation), the lower will be the temperature and the time necessary for 

the reduction, since the interactions between Ni and Mg-Al oxides are weaker (TPR peaks 

shifted to lower temperatures)—c.f. Figure 14. 
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Figure 14. TPR analyses of the calcined hydrotalcite-like precursors (xNiMg) with different Ni load-

ing (x is the molar ratio of Ni2+/Mg2+. Reprinted with permission from Ref. [199]. Copyright 2022 

Elsevier. 

In several studies, it was found that different supports significantly influenced the 

catalyst performance in the reforming reaction. Ni-based catalysts supported on various 

types of Al2O3 with different crystalline phases for the steam reforming of acetic acid were 

prepared and tested by Chen et al. [196]. The crystalline phases of Al2O3 support influence 

the intensity of the interaction between these supports and Ni and, consequently, the for-

mation of metallic Ni. Since the surface of α-Al2O3 was mainly formed with bulk NiO, 

more metallic Ni was present on the Ni/α-Al2O3 catalyst after the reduction treatment. In 

this way, this catalyst presents a higher catalytic activity, as the metallic Ni content caused 

higher C-C and C-H bonds breaking capability. 

In the work of He et al. [200] (toluene steam reforming), it was possible to verify that 

the high Ni dispersion in Ni/γ-Al2O3 increases toluene conversion and H2 yield. On the 

other hand, a series of Ni core-shell catalysts with various shell species (i.e., SiO2, Al2O3, 

CeO2 and TiO2) were prepared by Pu et al. [201]—see Figure 15. By comparing the catalytic 

activities of the catalysts with various shell materials, it was concluded that the improved 

Ni/Al2O3-i catalyst (the nickel precursor was reduced by NaBH4) was the most suitable for 

the steam reforming of acetic acid, showing much higher catalytic activity than the other 

materials (Figure 16). 



ChemEngineering 2022, 6, 39 36 of 55 
 

 

Figure 15. TEM images of the core-shell catalysts reduced at 600 °C: (a) Ni/iO2, (b) Ni/Al2O3, (c) 

Ni/CeO2, and (d) Ni/TiO2. Reprinted with permission from Ref. [201]. Copyright 2022 Elsevier. 

 

Figure 16. (a) Conversions of acetic acid and (b) H2 yields in the steam reforming of acetic acid over 

different catalysts. Reaction conditions: 1 bar, WHSV = 21 h−1, and steam to carbon molar feed ratio 

= 3.18. Reprinted with permission from Ref. [201]. Copyright 2022 Elsevier. 

The nature of the support was also studied by Zhang et al. [202], using attapulgite 

(ATTP) and Al2O3 as support of Ni-based catalysts. ATTP has a lower specific surface area 

and lower thermal stability than Al2O3. The low thermal stability negatively affects the 

catalytic performance for steam reforming of acetic acid. However, the interaction be-

tween the Ni species and ATTP is much weaker than that of Ni with Al2O3, and, as a con-

sequence, at the low Ni loading, the Ni/ATTP catalyst showed better performance. Chen 

et al. [203] studied the effect of using biochar as support in a Ni catalyst for the steam 

reforming of acetic acid. The catalyst characterization showed that after activation, the 

porosity of the biochar enlarged significantly, and both the surface area and the disper-

sions of Ni particles increased, increasing the catalytic activity. Kechagiopoulos et al. [204] 



ChemEngineering 2022, 6, 39 37 of 55 
 

used a Ni-based catalyst supported in natural material (Ni/olivine) in a spouted bed reac-

tor; it was observed that the catalyst presented a high catalytic activity for the steam re-

forming of representative model species of the aqueous phase of bio-oil. Besides, Liu et al. 

[205] stated that the porosity of the support could promote the catalytic performance in 

bio-oil steam reforming, by comparing the results obtained from a Ni-Mo catalyst sup-

ported on natural sepiolite and acidified sepiolite. The authors verified that the acidified 

support showed higher catalytic performance than the non-acidified sepiolite since the 

acid treatment changed the internal structure of the support to produce a higher number 

of pores, leading to an increase of the surface area of the material. 

In several studies dealing with the steam reforming of long-chain oxygenates, the 

catalysts were often doped with promoters. Galdamez et al. [24], who addressed the steam 

reforming of bio-oil, concluded that the addition of La2O3 in the Ni-based catalyst does 

not increase the H2 yield. Nevertheless, Garcia et al. [206] observed that the promotion of 

a Ni/Al2O3 catalyst with MgO and La2O3 enhanced the steam adsorption that facilitated 

the gasification of surface carbon (decreasing coke formation) also during bio-oil steam 

reforming. The increase in the performance of a Ni/Al2O3 catalyst caused by the incorpo-

ration of these two promoters was also reported by Bangala et al. [207] (though in naph-

thalene steam reforming). In the work of Zhang et al. [208] (acetic acid steam reforming), 

it was verified that the addition of KOH to Ni/Al2O3, with the lowest Ni loading, signifi-

cantly enhances the catalytic activity. Choi et al. [209] studied the steam reforming of ace-

tic acid by using Ni-based catalysts modified by Mg, La, Cu, and K elements; they found 

that the Ni/Al2O3 catalyst modified with Mg showed the best performance at low temper-

atures. 

In the work of Charisiou et al. [210] (steam reforming of glycerol), it was studied the 

catalytic activity and stability of a Ni-based catalyst promoted with Y and Zr. It was con-

cluded that the addition of Y stabilized the ZrO2 phase and, for this reason, the utilization 

of these promotors enhanced the production of H2 and increased the stability of the cata-

lyst. 

Souza et al. [211] prepared Ni-Pt monometallic and bimetallic materials supported 

on ZrO2 for the acetic acid steam reforming. The addition of Pt to Ni catalysts caused an 

increase in the metallic dispersion and a decrease in the nickel reduction temperature; 

however, the catalytic performance was not improved by Pt addition. Ni monometallic 

catalyst presented the best catalytic behavior: 100% of conversion and 30% of H2 yield at 

500 °C, without any deactivation during 30 h on stream. The high activity and stability of 

Ni/ZrO2 catalyst may be related to its high reduction degree, increasing the availability of 

metal sites, and its low acidity, reducing coke formation. The fast deactivation of Pt/ZrO2 

catalyst is associated with its highest rate of coke production. 

Baamran et al. [212] prepared several Ni-based catalysts supported on TiO2 for the 

steam reforming of phenol. As mentioned in previous works, the superior performance of 

the materials was related to the larger surface area, higher metal dispersion and no inter-

nal diffusion inside the pores (these properties were obtained due to the small particle 

size). The best catalyst (10 wt.% Ni/TiO2) attained a 98.3% of phenol conversion, 76.9% of 

H2 yield and high stability for more than 70 h. Besides that, another work of the research 

group of Baamran et al. [213] reported a synergistic effect between the TiO2 and ZnTiO3 

phases in Ni-based materials, enhancing the Ni dispersion and, in this way, increasing the 

catalyst activity and stability. Moreover, Abbas et al. [214] prepared Ni/Co3O4-supported 

TiO2 catalysts for the phenol steam reforming with continuous H2 production. Using a 

feed rate of 10 mL/h, temperature equal to 700 °C, and 0.3 g of catalyst loading, a H2 yield 

of 83.5%, a selectivity of 72.8%, and a phenol conversion of 92% were obtained. High sta-

bility in terms of production of H2 after 100 h of reaction was obtained with the best ma-

terial (no deactivation was verified). This stability was attributed to the strong interaction 

of the metal-support (improving the metal dispersion and enhancing the reducibility), 

minimizing the coke formation. 
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It was reported that the incorporation of Cr in a Ni/MgO-La2O3-Al2O3 catalyst inhib-

ited the formation of Ni3C [207], modified the metal sites forming alloys with Ni, and re-

duced the crystallite size (enhancing the crystallinity of the material), increasing the cata-

lyst activity. Besides that, Bangala et al. [207] observed that the presence of TiO2 decreases 

the conversion since it reduces the crystallinity and robustness of the material and de-

stroys the Al2O3 matrix. It was also observed that the addition of CeO2 improved the cat-

alyst performance, namely through the inhibition of coke production due to the enhanced 

catalyst redox properties [195,197,215–218]. So, the addition of basic oxides (e.g., MgO, 

CeO2, La2O3, etc.) or other promoters to the Al2O3 support, in a general way, enhanced the 

steam reforming catalytic performance. 

Besides the monometallic Ni-based catalysts, other elements such as Pt, Co, Rh, Cu, 

and Fe were used along with Ni in bimetallic catalysts for the steam reforming of oxygen-

ated molecules. A series of Ni-Cu bimetallic catalysts supported on sepiolite (Nix-

Cuy/SEP) was prepared by Liang et al. [219] for the steam reforming of phenol. The results 

showed that the Ni-Cu alloys were successfully synthesized, and the addition of Cu de-

creased the Ni particle size, improving the redox ability and metal dispersion of bimetallic 

catalysts (in this case, Cu can be also considered as a promoter of the catalyst). Pant et al. 

[220] reported that Ni-Co, Ni-Co/CeO2-ZrO2, and Ni/La2O3-Al2O3 catalysts catalyze the 

acetic acid steam reforming reaction, being that among them, the Ni-Co catalyst was more 

effective. In this specific case, the unsupported catalyst presents a higher performance due 

to the combined action of the Ni and Co (Co catalyzes the WGS reaction [221,222]). Besides 

that, since Al2O3allows the formation of a high quantity of coke, the unsupported catalyst 

presented higher stability. Mizuno et al. [223] studied the steam reforming of acetic acid 

over Ni-Co supported in MgAl2O4. The ketonization reaction occurred on the MgAl2O4 

support and the presence of Co or Ni changed the reaction pathway of adsorbed species, 

which suppressed the formation of acetone. 

Rocha et al. [224,225] tested one commercial catalyst and several prepared materials 

based on Ni in the OMW steam reforming process (using a synthetic OMW effluent). A 

catalytic screening was carried out with these materials (at 1 bar and 350/400 °C), and 

stability tests (at 1 bar and 400 °C) were performed with the most promising samples. The 

authors reported that the LDH-based catalysts and the Ni-Ru/SiO2 catalyst prepared in 

the laboratory showed good catalytic properties (the last one with high deactivation re-

sistance in the long-term test of 24 h) due to a high number of active sites available and 

high surface area. Using the commercial catalyst (Ni/Al2O3-SiO2), this research group [224] 

observed that the H2 and CO2 production was very high during all of the screening exper-

iments. Still, the CH4 yield was very close to zero and CO was not detected during the 

experimental test. 

Adhikari et al. [226] compared the catalytic activity of several Ni-based catalysts on 

different supports for the steam reforming of glycerol: MgO, CeO2 and TiO2. At 600 °C, it 

was found the following order of H2 selectivity: CeO2 > MgO > TiO2. Pant et al. [227] ob-

served that the incorporation of CeO2 in the Ni-based catalysts affects the reduction of Ni 

species, enhancing the catalyst activity for the stem reforming of glycerol. In a general 

way, it was reported that the addition of a CeO2 promoter enhances the catalytic perfor-

mance of the Ni-based catalysts for steam reforming processes [228]. 

For the steam reforming of POME [186], a Ni/Al2O3 catalyst was demonstrated to be 

a good candidate for syngas production and reduction of the organic load of the pollutant 

stream. 

Finally, mixed oxides such as LHD-type oxides (Ni-Mg-Al oxides) have been re-

ported as promising catalyst precursors for the steam reforming of these types of oxygen-

ates since they present high surface areas in comparison with other catalysts [199,229]. 

In the steam reforming of these oxygenates, it was possible to observe the formation 

of several surface intermediates. For instance, it was verified the formation of lactic acid, 

acetaldehyde, propyleneglycol, ethylene glycol, methanol, acetic acid, acetone, hydroxy-

acetone, acrolein and ethanol during the steam reforming of glycerol [230–232]. 
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4.2.2. Deactivation 

The formation of carbon deposits on the catalysts used in the OSR leads to catalyst 

deactivation (as verified in Sections 2.2.2 and 3.2.2). Therefore, to achieve continuous per-

formance and sustainable H2 production, it is necessary to study the deactivation of such 

catalysts. 

In the study of Zhang et al. [198], it was verified that the increase of Ni content, from 

10 wt.% to higher values, does not significantly affect the catalytic activity of the catalysts. 

Still, it enhanced the stability, and especially the resistance towards coking in the steam 

reforming of acetic acid. While the coke formed over the catalyst with the lower Ni loading 

was mostly amorphous, the coke formed over higher Ni loading was more fibrous [198]. 

In another work, Zhang et al. [208] also verified that the addition of KOH to Ni/Al2O3 with 

the low Ni loading not only significantly enhances the catalytic activity but also promotes 

gasification of the reactive intermediates such as methyl group, carbonyl group, etc. The 

effect of the support in the stability tests was studied by Zhang et al. [202] (also in acetic 

acid steam reforming), using attapulgite (ATTP) and Al2O3 as support of a Ni-based cata-

lyst. The stability of the Ni/Al2O3 catalyst was higher than that of Ni/ATTP, due to the 

higher surface area of Al2O3, and to the nature of the coke formed on the surface of the 

Ni/Al2O3 catalyst (fibrous) instead of the coke formed on Ni/ATTP (amorphous). Hoang 

et al. [195] showed that Ni/HT gradually deactivates with the time-on-stream due to coke 

formation (competitive adsorption in the active sites)—see Figure 17. 

 

Figure 17. Steam reforming of acetic acid in presence of Ni/HT catalyst with steam to carbon ratio 

of 5, T = 700 °C, WHSV= 25.2 h−1. Reprinted with permission from Ref. [195]. Copyright 2022 Elsevier. 

In the work of Savuto et al. [197] (who studied the steam reforming of tar model 

compounds), mayenite (Ca12Al14O33) was used as support of Ni, showing excellent oxida-

tion properties that increase the resistance of the catalyst towards coke deposition. On the 

other hand, Choi et al. [209] verified that a Ni/Al2O3 catalyst with a large amount of weak 

basic sites and few middle and strong basic sites is required to improve the catalytic per-

formance and minimize coke formation (in acetic acid steam reforming). 

It was also reported that, for several Ni-based catalysts, La2O3 led to a decrease in 

coke formation [194,206,207,217,233,234] and KOH and MgO improved the stability 

[194,206,207,234–236]. It was also observed in several studies using Ni-based catalysts that 

the addition of CeO2 improved the catalyst stability, namely through the decrease of coke 

production [195,197,215–218]. So, the addition of basic oxides to the Al2O3 support, in a 
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general way, enhanced the catalytic performance. The main role of these oxides is to en-

hance the redox properties of the material [237,238], which increases the oxidation of sur-

face carbon and the stability of the catalyst. 

In the study of Rocha et al. [225], it was observed that the increase of the CO produc-

tion was related to the decreased extent of the WGS reaction (catalyst deactivation), de-

creasing the production of H2. Besides that, it was concluded that the production of amor-

phous coke is the main route for the deactivation of the catalysts, as shown in multiple 

studies on the steam reforming processes. 

Sánchez et al. [239] studied the utilization of a Ni-based catalyst for the steam reform-

ing of glycerol. This work reported a catalyst deactivation after 8 h of a long-term test (at 

600 and 650 °C) caused by coke deposition. However, Wen et al. [240] verified that Ni-

based supported catalysts suffer quick deactivation for the glycerol steam reforming, but 

due to the sintering of the Ni particles during the reaction. 

Finally, a brief reference to structured mesoporous silicate materials that were re-

ported to be Ni supports less susceptible to deactivation due to coke formation than the 

conventional microporous supports. Apart from that, it is well known that they also cause 

less resistance to the diffusion of reactants to the active sites [241]. 

4.2.3. Effect of the Preparation Method 

The preparation method (including the precursors of the species) used is also a very 

important parameter to be considered since it can affect the activity and stability of the 

catalysts. For instance, in a recent study by Yu et al. [242], the effect of the type of Ni 

precursors (used in the incipient wetness impregnation method) on the catalytic behaviors 

of Ni/Al2O3 during steam reforming of acetic acid was studied. It was found that the type 

of anion in the nickel precursors affects the properties and performance of the Ni/Al2O3 

catalysts. NiSO4/Al2O3 and Ni(NH2SO3)2/Al2O3 did not show good catalytic activity, while 

Ni(NO3)2/Al2O3 and Ni(CH3COO)2/Al2O3 showed good and similar activity for the conver-

sion of acetic acid. Nevertheless, Ni(CH3COO)2/Al2O3 was more stable and had a higher 

resistance toward coke production. Among the nickel precursors investigated, 

Ni(CH3COO)2 was more suitable as the CH3COO– anion. 

Metal salts precursors have significant effects on the properties and catalytic perfor-

mance of the final catalysts, which should be considered in the preparation of Ni-based 

catalysts. This topic is not very studied for the steam reforming long-chain oxygenates or 

even model compounds (apart from methanol and ethanol), and almost all Ni-based cat-

alysts assessed for these reactions are prepared by the traditional impregnation method 

(see Table 5). 

Table 5. Example of the composition of bio-oil [22]. 

Component [wt.%] 

Water 20–23 

Acids 3–22 

Sugars 4–9 

Phenols 3–4 

Lignin 2–18 

PAH (a) 8 [ppm] 

Others (b) 2–21 
(a) Poly aromatic hydrocarbons. (b) Ketones, aldehydes, and alcohols. 

4.3. Summary 

A summary of the most promising OSR catalysts reviewed in this section is shown 

in Table 5. From those eleven catalysts, seven are monometallic and the others are bime-

tallic. Regarding the support, most of the supports are Al2O3-based. Besides that, it is 
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worth mentioning that almost all of the eleven catalysts presented in Table 5 were pre-

pared by impregnation. All of these catalysts showed conversions close to 100% and high 

H2 yields (always higher than 57%) and selectivities (always higher than 54%). In addition, 

several catalysts do not present any deactivation, even over long-term experimental tests 

(30 h). 

Analyzing the results of oxygenates conversion, only the catalysts Ni/ABC (ABC—

Activated Biochar) and 6.6 wt.% Ni–10 wt.% Fe/(CeO2)0.4-PG0.6 (PG, palygorskite) did not 

convert completely the compounds fed [203,216]. Regarding the H2 production, it was ob-

served that the monometallic catalysts 15 wt.% Ni/α-Al2O3 and 3.5 wt.% Ni/5 wt.% La2O3-

ZrO2 demonstrated higher performance (H2 yield of 90%) in comparison with the remain-

ing materials [194,196]. It is also important to emphasize that two catalysts prepared by 

co-precipitation [216,233] did not demonstrate loss of activity (during 20 h of operation) 

through the stability tests (6.6 wt.% Ni–10 wt.% Fe/(CeO2)0.4-PG0.6 and 10 wt.% Ni/La2O3-

Al2O3). These results show how attractive Ni-based catalysts are for OSR. 

Finally, it was also observed that the most crucial catalyst properties to reach a high 

catalytic activity/stability for the OSR processes are the number of active sites available 

(related to metal dispersion), the surface area and the basicity of the material. In this way, 

to reach high oxygenates conversion, high production of H2 and low sub-products pro-

duction, it is necessary to prepare a catalyst promoted with basic oxides, which presents 

high metal dispersion (defined by the strong interaction between the active phase and the 

support), and with high surface area (utilization of a proper porous support). 

Taking into account the works discussed in Section 4.2 (and observing the data sum-

marized in Table 6), to obtain high catalytic performances during long-term tests in the 

steam reforming of oxygenates it is suggested the preparation of a Ni-based catalyst by 

impregnation, supported on Al2O3, and promoted with a metal oxide (e.g., MgO or 

CeO2—to inhibit the coke production). 
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Table 6. Comparison of some of the most promising OSR catalysts reviewed in this section. 

Catalyst Temperature 
Feed Flow 

Rate 

Mass of 

Catalyst 
S/C a Conversion 

H2 

Yield/Selecti

vity 

Stability 
Preparation 

Method 
Refs. 

3.5 wt.% Ni/5 wt.% La2O3-ZrO2 1 700 °C 240,000 h−1 b 0.050 g 5 100 87 c/64 d 
Lost 7% of H2 

yield in 20 h 
Impregnation [194] 

(2.5+2.5) wt.% Ni-Cu/Al2O3 1 750 °C 28 h−1 e 0.1 g 1.25 100 67 c/57 d 
Result of 7.5 h (no 

deactivation) 

Impregnation over 

support prepared 

by following 

evaporation-

induced-self-

assembly 

[243] 

15 wt.% Ni/α-Al2O3 1 600 °C 20 h−1 e 1.5 g 1 ≈100 90 c/66 d n.d.  Impregnation [196] 

10 wt.% Ni/La2O3-Al2O3 1 

(La2O3/Al2O3 = 1:3, weight ratio) 
700 °C 10 h−1 f 0.2 g 2.5 100 73 c/59 d 

Result of 30 h (no 

deactivation) 
Co-precipitation [233] 

15 wt.% Ni/Al2O3 1 700 °C 
7400–10,000 

h−1 b 
0.2 g 1 100 57 c/54 d n.d.  

Incipient wetness 

impregnation 
[244] 

5.5 wt.% Cu–2.5 wt.% Ni/MgAl2O4 1 450 °C 9 h−1 e 0.1 mg 2 100 83 c/63 d n.d. Impregnation [223] 
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(6.6+10) wt.% Ni-Fe/(CeO2)0.4-PG0.6 1 600 °C 14,427 h−1 f n.d. 3 ≈93 85 c/63 d 
Result of 20 h (no 

deactivation) 
Co-precipitation [216] 

Ni(NO3)2/Al2O3 1 600 °C 12.7 h−1 f 0.5 g 5 ≈100 77 c/71 d n.d.  
Incipient wetness 

impregnation 
[242] 

Ni/ABC 1 700 °C 10 h−1 f 0.15 g 2.5 91.2 71 c/61 d n.d.  Impregnation [203] 

10 wt.% Ni/ATTP 1 600 °C 7.2 h−1 f 0.5 g 5 ≈100 75 c/65 d n.d.  Impregnation [202] 

(10+1) wt.% Ni-Ru/SiO2 2 400 °C n.d.  0.65 g 694 ≈100 84 c/68 d 
Lost 10% of H2 

yield in 20 h 
Co-precipitation [225] 

a Steam to Carbon Molar Feed Ratio. b GHSV: gas hourly space velocity. c Yield (%) = 
H2

H2Máx.

× 100. d Selectivity (%) = 
H2

H2+CH4+CO2+CO
× 100. e WHSV: weight hourly 

space velocity. f LHSV: liquid hourly space velocity. 1 Steam reforming of acetic acid. 2 Steam reforming of OMW. n.d—Not determined. 
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5. Conclusions 

In the last years, the production of H2 through the catalytic steam reforming of bio-

mass-derived oxygenates was the target of several studies and such a process has been 

demonstrated to be a very attractive alternative for green H2 production. In this way, and 

to improve the H2 production, the selection of an appropriate catalyst is fundamental. 

Nickel-based materials have been widely studied due to their lower price and their per-

formance as compared to noble metal-based materials. This review addressed steam re-

forming of different biomass-derived oxygenates, namely methanol, ethanol, and other 

oxygenates (bio-oil, acetic acid, OMW, etc.). 

Most of the promising catalysts for the MSR are bimetallic, Ni and Cu-based. The 

materials demonstrated methanol conversions of around 90%, as well as high H2 yields 

and selectivities. The materials with higher Cu content and lower amounts of Ni tend to 

be more selective towards the production of H2 and CO2 (in detriment of CO). The im-

pregnation method for the preparations of these catalysts appears to be an appropriate 

choice and the annealing/reduction programs adopted were often carried out at tempera-

tures very similar to those used during the MSR. Besides that, the LDH-based materials 

allowed to reach high methanol conversions and H2 yields and showed very stable oper-

ation. These materials might be a potential option in a MSR process since they present a 

high potential to be used as hybrid sorbent-catalyst (i.e., dual-functional) materials. 

Among the best catalysts for the ESR reaction, half are monometallic and the other 

half are bimetallic. It was concluded that the presence of CeO2 in the catalyst composition 

enhanced the catalytic activity towards H2 and stability. Several advantages resulting 

from promoting the catalysts with Rh were identified, despite the high cost of the noble 

metal (which is attenuated by using low loadings of Rh). The best catalysts used in the 

ESR process were prepared via simple impregnation techniques. 

From the catalysts with the best performances for the OSR, six are monometallic and 

the others are bimetallic, and almost all of the catalysts presented Al2O3-based supports. 

Most of these catalysts were prepared by impregnation. The catalysts showed practically 

complete conversions of the oxygenates and moderate to high H2 yields (>57%) and selec-

tivities (>54%). Still, several catalysts do not present any deactivation in the stability tests, 

although they have not been tested for extended times on stream (<30 h). 
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Notation and Glossary 

ABC Activated Biochar 

ATTP Attapulgite 

DFM Dual Function Materials 

ESR Ethanol Steam Reforming 

ISO International Organization for Standardization 

LDH Layered Double Hydroxides 

MSR Methanol Steam Reforming 

MMT Montmorillonite 

OMW Olive Mill Wastewater 

OSE Oxygenates Steam Reforming 

PF Palygorskite 

POME Palm Oil Mill Effluent 

TEM Transmission Electron Microscopy 

TPD Temperature-Programmed Desorption 

TPO Temperature-Programmed Oxidation 

TPR Temperature-Programmed Reduction 

WEFR Water to Ethanol Feed Ratio 

WGS Water-Gas Shift 

WHSV Weight Hourly Space Velocity 

XRD X-Ray Diffraction 
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