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Abstract: Autothermal reforming of bioethanol (ATR of C2H5OH) over promoted Ni/Ce0.8La0.2O1.9

catalysts was studied to develop carbon-neutral technologies for hydrogen production. The regulation
of the functional properties of the catalysts was attained by adjusting their nanostructure and
reducibility by introducing various types and content of M promoters (M = Pt, Pd, Rh, Re; molar ratio
M/Ni = 0.003–0.012). The composition–characteristics–activity correlation was determined using
catalyst testing in ATR of C2H5OH, thermal analysis, N2 adsorption, X-ray diffraction, transmission
electron microscopy, and EDX analysis. It was shown that the type and content of the promoter, as
well as the preparation mode (combined or sequential impregnation methods), determine the redox
properties of catalysts and influence the textural and structural characteristics of the samples. The
reducibility of catalysts improves in the following sequence of promoters: Re < Rh < Pd < Pt, with an
increase in their content, and when using the co-impregnation method. It was found that in ATR of
C2H5OH over bimetallic Ni-M/Ce0.8La0.2O1.9 catalysts at 600 ◦C, the hydrogen yield increased in
the following row of promoters: Pt < Rh < Pd < Re at 100% conversion of ethanol. The introduction
of M leads to the formation of a NiM alloy under reaction conditions and affects the resistance of the
catalyst to oxidation, sintering, and coking. It was found that for enhancing Ni catalyst performance
in H2 production through ATR of C2H5OH, the most effective promotion is with Re: at 600 ◦C over
the optimum 10Ni-0.4Re/Ce0.8La0.2O1.9 catalyst the highest hydrogen yield 65% was observed.

Keywords: renewable hydrogen; biofuel; reforming of bioethanol; bimetallic catalyst; modifier

1. Introduction

Currently, there is a rapid growth in the population of the Earth. Over the past
200 years, the number of people has grown by ~6 billion, reaching 7.8 billion in 2020.
According to forecasts, by the end of the century, the world’s population will reach 11 billion
people [1,2]. To meet the demand of a growing population, the world needs more and
more energy every year. Fossil fuels continue to be the main source of energy resources.
Humanity consumes ~22 million tons of coal, ~12 million tons of oil, and ~10 billion m3 of
natural gas per day [3]. The constant growth in fossil fuel consumption is accompanied by
an increase in the concentration of carbon dioxide in the atmosphere, which is the cause of
climate change. To reduce the negative impacts on the environment and rational use of
natural resources, it is urgent to develop technologies for the decarbonization of the energy
system [4–6]. This is in line with the global strategy to reduce greenhouse gas emissions
and the realization of the Paris Agreement’s tasks to create a climate-neutral society by
2050 [7].

Under these conditions, hydrogen energy has already been recognized as a reasonable
decision in the struggle for climate neutrality [8,9]. By 2050, it is expected that 24% of
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the world’s energy needs will be met by hydrogen. The priority is to obtain renewable
hydrogen, produced mainly with the use of wind and solar energy. In the short and medium
term, low carbon footprint technologies will prevail, leading to reduced CO2 emissions.
Currently, the volume of hydrogen production in the world is estimated at 75 million tons
per year and is expected to increase by 30% in the next five years [10]. Reforming natural
gas is one of the main conventional ways of hydrogen production [11–15]. This is the least
expensive and energy-efficient method, but to prevent CO2 emissions, the use of carbon
capture and storage technology is required [16,17]. It is advisable for the production of
hydrogen to use biofuels (biogas, bioethanol), the source of which can be a renewable raw
material–biomass [18–24].

Bioethanol takes the top place in the list of liquid biofuels. World bioethanol pro-
duction in 2020 amounted to 26 billion gallons [25]. The world leader in the bioethanol
production is the United States, which generated about 13.8 billion gallons. The second-
largest producer country is Brazil, which produced 7.9 billion gallons of ethanol. The
bulk of bioethanol is derived from corn and sugar cane. Various agricultural crops with a
high starch or sugar content can also become raw materials for the bioethanol production,
for example, cassava, potatoes, sugar beets, sweet potatoes, sorghum, barley, etc. The
raw materials can also be various agricultural and forestry waste: wheat straw, rice straw,
sugarcane bagasse, sawdust. The growth of biomass is accompanied by the consumption
of atmospheric CO2. Thus, using bioethanol as a feedstock in H2 production reduces the
consumption of fossil fuels and provides carbon neutrality of technology.

The most efficient process for producing hydrogen from ethanol is autothermal re-
forming (ATP of C2H5OH) [26]:

CH3CH2OH + 1.8H2O + 0.6O2 −→ 4.8H2 + 2CO2 ∆Ho
298 = +4.4 kJ/mol

The energy neutrality of this reaction makes it possible to refer it to energy-saving
processes. In addition to the favorable energy balance, this process is characterized by a
high yield of H2. The effective conversion of bioethanol requires the solution of important
problems of increasing the activity of catalysts and their resistance to deactivation. The
chemical formula and nanostructure of catalysts strongly affect H2 yield and the compo-
sition of the reaction products in ATR of C2H5OH [27–30]. The mode of the first stages
of ethanol transformation (dehydrogenation to acetaldehyde or dehydration to ethylene)
depends mainly on the properties of the support [26]. Diffusion and transformation of
C2-intermediates are controlled by the metal-support interface, while the decomposition of
C2-intermediates and the conversion of C1-reaction products occur with the participation
of metal centers of the active component. The noble metals Rh, Ag, Au, Pd, Pt, Ru, Re,
as well as Ni, or Co, are used as an active metal, while for stabilization of their highly
dispersed forms, various oxides (SiO2, MgO, La2O3, CeO2-Al2O3, CeO2-La2O3, CeMnO2,
MgAl2O4) are applied as support [31–35].

Cerium dioxide is a suitable support for ATR of C2H5OH catalysts due to its redox
properties, high oxygen capacity, and the possibility of realization of the strong metal-
support interaction [36–40]. The intrinsic catalytic activity of CeO2-based supports and the
degree of their interaction with the active component can be regulated by its doping. It
was shown that among the tested dopants (M = Gd, La, Mg), La has a more pronounced
positive effect on the state and functionality of Ni/Ce1-xMxOy (M = Gd, La, Mg, x = 0–0.9,
1.5 ≤ y ≤ 2.0) [41–44]. The introduction of La as a modifier in the support composition
enhances the metal-support interaction, which improves Ni dispersion and catalyst stability
under the ATR of C2H5OH. However, it also leads to a diminution of Nin+ reducibility that
can decrease the concentration of Nio active sites and, consequently, H2 yield.

The introduction of a promoter is a rather wide-spread approach directed to the
improvement of functional characteristics of Ni catalysts developed for various catalytic
processes [45–49]. It is shown that bimetallic catalysts have advantages over monometallic
ones in the reforming of C2H5OH [31,35,50–53]. In particular, it is indicated [35] that for
Ni/CeMnO2, the introduction of Cu or Fe increased the ethanol conversion from 57 to
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70% and 61% consequently. Ni-Fe/CeMnO2 catalyst provides higher hydrogen yield (60%)
among the other samples because of conducting the reaction to dehydrogenation route,
while the feature of Ni-Co/CeMnO2 sample was high CO selectivity due to the impact of
Co in the progress of water–gas shift reaction. It is noted that an increase of H2 yield over
Ni-Co/Ce-Zr-O and Ni-Pd/SiO2 catalysts is correlated with an increase of reducibility of
the bimetallic sample in comparison with appropriate monometallic Ni catalyst [31,50]. The
Ru or Rh additives stabilized Co metallic phase under operation in oxidative conditions [54].
A study of a series of Cu-Ni/SiO2 catalysts with different Cu/Ni molar ratios showed
that the Cu-rich catalysts had a higher resistance of coking [55]. Thus, the mechanism of
action of the promoter is specific and strongly depends on the composition and method of
preparation of the catalyst. It is possible to increase the reducibility of the active component,
improve its dispersion or resistance to coking.

This work is devoted to the development of effective bimetallic catalysts for hydro-
gen production through ATR of C2H5OH. To improve the functional properties of the
Ni/Ce0.8La0.2O1.9 catalysts, their nanostructure and reducibility were regulated by in-
troducing various types and content of M promoters (M = Pt, Pd, Rh, Re; molar ratio
M/Ni = 0.003–0.012).

2. Materials and Methods

The Ni-M/Ce0.8La0.2O1.9 catalysts (M = Pt, Pd, Rh, and Re; molar ratio M/Ni = 0.003–0.012)
were prepared by the combined incipient wetness impregnation method unless otherwise
specified. For this, Ce0.8La0.2O1.9 support was impregnated by an aqueous solution of the
mixture (Ni + M) of metal precursors with a specified concentration. The description of
the preparation mode and properties of the Ce0.8La0.2O1.9 support can be found in our
previous paper [56]. After the impregnation, the Ni-M/Ce0.8La0.2O1.9 catalysts were dried
at 90 ◦C for 6 h, calcined at 500 ◦C for 4 h in the air. The Ni(NO3)2·6H2O was used as Ni
precursor, while H2PtCl6·6H2O, Pd(NO3)2, RhCl3·3H2O, or NH4ReO4 compounds were
used as precursors for Pt, Pd, Rh, or Re promoters, respectively.

In some specially stipulated cases, the catalysts were obtained by the sequential
incipient wetness impregnation method. In this case, the Ce0.8La0.2O1.9 support was
impregnated by an aqueous solution of Ni(NO3)2·6H2O with a given concentration. After
the impregnation, the Ni/Ce0.8La0.2O1.9 catalyst was dried at 90 ◦C for 6 h, calcined at
500 ◦C for 4 h in the air, and then impregnated by an aqueous solution of a promoter (M)
precursor with a specified concentration. Then Ni-M/Ce0.8La0.2O1.9 samples were dried at
90 ◦C for 6 h and calcined at 500 ◦C for 4 h in the air.

The Ni content was equal to 10 wt.%, while the molar ratio M/Ni was 0.003 or 0.012.
The samples are noted according to their composition and synthesis procedure: the number
means the molar ratio M/Ni, while “C” and “S” correspond to the samples obtained by
combined and sequential impregnation, respectively.

The catalysts were thoroughly studied by X-ray fluorescence spectroscopy, thermal
analysis (TA) (thermogravimetric (TG), differential thermogravimetric (DTG), and differ-
ential thermal analysis (DTA)), N2 adsorption, X-ray diffraction, transmission electron
microscopy, and EDX analysis. A description of devices and conditions for studying
materials by physicochemical methods can be found in our earlier publications [41,44,47].

ATR of C2H5OH was investigated in a flow setup with a quartz reactor (14 mm i.d.) at
atmospheric pressure, temperature 200–700 ◦C, a flow rate of 230 mL/min and the molar
ratio between reagents C2H5OH:H2O:O2:He = 1:3:0.5:1 according to the method described
in [41]. Note that the influence of the reaction conditions (500–700 ◦C, C2H5OH:H2O = 1–4,
C2H5OH:O2 = 0.2–0.8) was preliminarily studied, and the optimal molar ratio of the
reagents for the maximum hydrogen yield was selected. In contrast to our previous
studies [41,57], there was no reduction of catalysts before catalytic activity tests. In this
case, the active centers will be formed directly under the reaction conditions. The ability to
self-activate in the reaction environment ensures that the catalyst can operate on a daily
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start-up and shut-down cycle without requiring activation before use [58]. It is essential
for hydrogen production through reforming for fuel cell technology [59,60].

3. Results and Discussion
3.1. Characteristics of the Ni-M/Ce0.8La0.2O1.9

The Ni-M/Ce0.8La0.2O1.9 samples were prepared by the incipient wetness impregna-
tion method, in which precursors of the active component are introduced into the support
matrix followed by thermal treatment. The characteristics of the decomposition of metal
precursors and the formation of catalysts have been studied by thermal analysis. Figure 1
demonstrates typical TG, DTG, and DTA curves of dried unpromoted and promoted
Ni catalysts.
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Figure 1. Thermal analyses in the air of dried Ni (a) and Ni-Pt-0.012 (C) (b) catalysts.

For Ni catalyst in a low-temperature region (T < 150 ◦C), an endothermic effect at
TDTA= 125 ◦C is observed. It is accompanied by a weight loss (−∆m/m = 2.5%) through
water desorption. In the temperature range 150–350 ◦C, there are two endothermic effects
at TDTA = 200 and 325 ◦C. The weight losses of 7.8 and 7.6% were connected with the
decomposition of nitrate nickel hydrate to anhydrous Ni(NO3)2 and then transformation
of Ni(NO3)2 to oxide NiO, correspondingly [61]. At a temperature of 450–900 ◦C, the
change in the weight of the sample is apparently associated with dehydroxylation of the
support surface. The total weight loss is equal to 17.4%. Similar behavior was observed
for all other Ni-M/Ce0.8La0.2O1.9 catalysts. As an example, on the derivatogram of the
Ni-Pt/Ce0.8La0.2O1.9 sample, there are no effects corresponding to the decomposition of
the Pt precursor due to its low content (Figure 1b).

From N2 adsorption data (Figure 2), it follows that fresh Ni-M catalysts are meso-
porous materials: the type IV adsorption isotherms with a hysteresis loop of type H3 are
observed, which usually indicates the pore shape is wedged with the opening at both
ends or groove pores are formed by flaky particles [62]. Hysteresis at partial pressure
P/Po = 0.7–1.0 corresponds to the presence of texture mesoporosity [39]. The samples
show bimodal pore size distribution with a maximum at ca. 4 and 18 nm (Figure 2c).The
texture characteristics of the samples are weakly dependent on the type of promoter:
SBET = 70 ± 5 m2/g, Vpore = 0.20 ± 0.01 cm3/g, and Dpore = 11.5 ± 0.9 nm (Table 1), which
are typical values for materials of such composition [32,35,63]. When using the sequen-
tial impregnation method, there is a tendency to some decrease in specific surface area
(69→ 56 m2/g). This is probably due to differences in the heat treatment procedure for
these samples. Single calcination at 500 ◦C instead of two times reduces the degree of
sintering of the material. Note that the specific surface area of the catalysts is 25% lower
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than the SBET of the Ce0.8La0.2O1.9 support (94 m2/g), which is due to the partial jamming
of the support pores by particles of the active component.

Figure 2. N2 adsorption–desorption isotherms (a,b) and pore size distributions (c,d) for fresh (a,c) and spent (b,d) catalysts.

1-Ni; 2-Ni-Pt-0.012 (C); 3-Ni-Pd-0.012 (C); 4-Ni-Rh-0.012 (C); 5-Ni-Re-0.012 (C).

XRD patterns of the fresh catalysts are depicted in Figure 3. The pattern of fresh
catalysts shows peaks characteristic of the CeO2-based phase of support and NiO of the
active component. The parameter of the unit cell (a) of CeO2-based phase is 5.478 Å that is
higher than a of undoped CeO2 (5.411 Å, JCPDS-34-394). This confirms the presence of a
CeO2-based solid solution in which some of the Ce4+ cations are replaced by La3+ cations
with a larger ionic radius (0.116 vs. 0.097 nm).

The coherent scattering region (CSR) was calculated by the Selyakov–Scherrer method
from the broadening of the diffraction peak 1.1.1 assigned to phases having a cubic structure
of the fluorite type; CSR (NiO)–peak 2.0.0 NiO phases; CSR (Ni)–peak 2.0.0 phases of Ni◦.
The average crystallite size of CeO2-based solid solution is equal to 8.0 nm, and it is
the same for all samples. Thus, the phase composition of the support and its structural
characteristics do not change as a result of the introduction of Ni or Ni-M active component
(Table 1). The average crystallite size of the NiO phase is slightly smaller for Ni, Ni-Pd,
and Ni-Rt catalysts in comparison to Ni-Pt and Ni-Re samples (16.5 vs. 19.0 nm), which
indicates some effect of the second metal. The diffraction patterns of the Ni-M samples
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show no peaks related to the corresponding M-containing phases because of the low
content of M (less than 1 wt.%) and its high-dispersed state (Figure 3).

TEM data (Figure 4) confirms the XRD study results. On the surface of CeO2-based
solid solution with crystallite size no greater than 10 nm, NiO particles of 10–20 nm in size
were observed.

Table 1. Textural and structural characteristics of the Ni-M catalysts.

Sample 1

Textural Characteristics Structural Characteristics

SBET,
m2/g

Vpore,
cm3/g

Dpore,
nm

Phase
Composition

CSR (nm)/Parameter of the Unit Cell (Å) for

CeO2-Based Phase Ni-Containing Phase

Ce0.8La0.2O1.9 94 0.19 7.9 CeO2 8.0/5.478 -

Ni
F 69 0.19 10.8 CeO2, NiO 8.0/5.478 16.5

S 24 0.15 25.7 CeO2, Ni◦ 18.0/5.479 20.0/3.525

Ni-Pt-0.012
(C)

F 70 0.19 10.7 CeO2, NiO 8.0/5.480 16.5

S 26 0.14 21.0 CeO2, Ni◦ 14.0/5.481 20.0/3.526

Ni-Pd-0.012
(C)

F 69 0.21 12.3 CeO2, NiO 8.0/5.480 17.0

S 41 0.15 14.5 CeO2, NiPd 14.0/5.483 20.0/3.532

Ni-Rh-0.012
(C)

F 64 0.20 12.4 CeO2, NiO 8.0/5.480 19.0

S 34 0.15 18.0 CeO2, NiRh 14.0/5.483 20.0/3.528

Ni-Re-0.012
(C)

F 75 0.22 11.9 CeO2, NiO 8.0/5.480 19.0

S 38 0.17 17.3 CeO2, NiRe 13.0/5.488 16.0/3.538

Ni-Pd-0.003
(S)

F 62 0.19 12.0 CeO2, NiO 8.0 /5.480 16.5

S 43 0.18 16.6 CeO2, NiPd 15.0/5.482 20.0/3.529

Ni-Pd-0.012
(S)

F 56 0.17 12.3 CeO2, NiO 8.0/5.480 16.5

S 60 0.16 11.1 CeO2, NiPd 15.0/5.482 20.0/3.532
1 F–fresh catalysts (before ATR of C2H5OH), S–spent catalyst (after ATR of C2H5OH).
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Figure 3. XRD patterns of fresh (odd numbers) and spent (even numbers) catalysts: influence of promoter type (a),
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In the case of catalyst Ni-Pd-0.012 (C), we studied the local distribution of constituent
elements using the EDX analysis. Figure 5 shows a HAADF-STEM image of the fresh
Ni-Pd-0.012 (C) catalyst with the corresponding EDX maps. It was seen that Ce and La had
almost homogeneous distribution in the studied region, which confirmed the formation of
a solid CexLa1-xO2 solution. The opposite situation was observed for nickel: areas with
an increased nickel concentration were well seen, which indicated the formation of its
separate phase. It agreed well with the XRD data (Table 1). The palladium distribution map
did not contain any areas of high concentration. This indicates the absence of individual
palladium-containing nanoparticles in the studied area. However, due to the low palladium
content, the PdL signal is very weak. Thus, the obtained data do not allow us to conclude
whether palladium is located predominantly in the composition of Ni-rich particles or is
localized on the surface of the fluorite phase.
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The redox properties of the active component are an important characteristic of the
reforming catalyst since they determine the concentration of active Ni◦ centers under the
reaction conditions. Typically, the samples were activated by treatment in a hydrogen-
containing mixture at a high temperature before the ATR of C2H5OH reaction [31,33,35].
This allows nickel oxide to be reduced and Ni◦ active sites to form. The Ni◦ state should
be preserved under reaction conditions, while re-oxidation of Ni◦ will lead to catalyst
deactivation. A positive quality of reforming catalytic systems is their ability to self-
activate under reaction conditions [47,48]. In this case, no additional stage of activation was
required, there was no consumption of H2, and active centers were formed directly under
the reaction conditions. Thus, to study the effect of the composition of Ni-M catalyst and
the method of its synthesis on the reducibility of Ni2+ cations, the samples were studied
by the thermal analysis in H2/He (Figure 6). There were four temperature regions of
weight loss which could be connected with water desorption (T < 200 ◦C), reduction of
nickel oxide (300 ◦C < T < 600 ◦C), and reduction surface (200 ◦C < T < 300 ◦C) and bulk
(600 ◦C < T < 900 ◦C) cerium dioxide. For the unpromoted Ni catalyst, three temperature
peaks are observed during the reduction of nickel oxide species: at 405, 475, and 545 ◦C. The
observed wide reduction region indicates the presence of various forms of Ni2+ stabilization
in the support matrix. It is known [64] that reduction of large particles of NiO, characterized
by weak metal-support interaction, occurs in a low-temperature area (T < 500 ◦C), while
highly dispersed particles of NiO, characterized by strong metal-support interaction, is
in the high-temperature region (T > 500 ◦C). It was also shown that the reduction of
Ni2+ cations moved to a high-temperature region when the dispersion of Ni-supported
nanoparticles and their sintering stability increase due to a decrease of the crystallite size
of support [41].
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(a) 1—Ni; 2—Ni-Pt-0.012 (C); 3—Ni-Pd-0.012 (C); 4—Ni-Rh-0.012 (C); 5—Ni-Re-0.012 (C). (b) 1—Ni; 2—Ni-Pd-0.012 (C);
3—Ni-Pd-0.012 (S); 4—Ni-Pd-0.003 (S).

With the introduction of a promoter, the behavior of the Ni2+ reduction was changed
(Figure 6). In particular, in the presence of Pt or Pd, the reduction of Ni2+ shifted to the
low-temperature region with a maximum at ~420 ◦C that could be explained by the H2
spillover effect [46,58]. This effect was more pronounced when higher content of promoter
or the co-impregnation method of synthesis in contrast to the sequential impregnation
method was used (Figure 6b). In the case of Rh, the reduction region remained the same,
but the part of difficult-to-reduce Ni2+ species decreased. With the introduction of Re,
on the contrary, the part of difficult-to-reduce Ni species increased, and the temperature
maximum became equal to 545 ◦C. Note that due to the low content of promoters, their
contribution to the reduction can be ignored in comparison with the reduction peak of Ni2+.
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As a rule, the reduction of Pt, Pd, and Rh species occurs at T < 200 ◦C, while reduction of
Re cations takes place in the same region where Ni2+ cations are reduced [58,65]. Different
reducibility of Ni-Re catalysts can be explained by the Ni–Re alloy formation under the
conditions of TA in H2/He that changes the kinetics of the active component reduction [66].

The degree of the interaction between metals in the composition of bimetal catalysts is
rather different, and it depends on the chemical composition of the catalyst, its preparation
method, conditions of its activation, and exploitation [46,67]. In the case of the weak
interaction between nickel and a promoter, the formation of monometal particles took place;
in the case of the strong interaction, a surface or bulk alloy was formed. It was shown [58]
that for the Ni-Pd catalyst, the co-impregnation promoted the formation of bimetallic
particles with a more uniform Pd distribution and a lower surface Pd concentration. In the
case of sequential impregnation, the formation of bimetallic particles with a high surface
Pd concentration–Pd clusters on the surface of Ni particles took place.

Thus, the type of promoter practically had no effect on the textural and structural
properties of fresh Ni-M catalysts. On the contrary, the introduction of even a small amount
of a promoter changes the reducibility of the Ni active component. The reducibility of
catalysts improves in the following sequence of promoters Re < Rh < Pd < Pt, with an
increase in their content, and when using the co-impregnation method. It is expected that
the ability of a catalyst to form dispersed Nio phase and retain it under reaction conditions
will control the functional properties of catalysts in ATR of C2H5OH.

3.2. Activity of Ni-M/Ce0.8La0.2O1.9 Catalysts in ATR of C2H5OH

Figure 7a shows a typical dependence of the conversion of ethanol and the yield of the
reaction products in ATP of C2H5OH on temperature. It can be seen that in the presence
of the Ni catalyst, the conversion of ethanol to a hydrogen-containing gas increased with
an increase in the reaction temperature, reached 100% at 400 ◦C, and then did not change
(Figure 7a). The main reaction products are H2, CO, CO2, and CH4. Ethylene, acetaldehyde,
and acetone were present in the reaction products in trace amounts only at T = 300 ◦C.
With an increase in the reaction temperature from 200 to 700 ◦C, the hydrogen yield
increased from 0 to ~43%. The yield of methane (YCH4) reached a maximum at a reaction
temperature of 400 ◦C, and then at an increase in the reaction temperature decreased and
became less than 1% at a T = 700 ◦C. The CO yield (YCO) increased over the temperature
range 400–700 ◦C, and was equal to ~40% at 700 ◦C. The behavior of the temperature
dependence of YCH4 and YCO indicated an increase in the contribution of the reaction of
steam conversion of methane with increasing temperature. The curve of the dependence
of the CO2 yield (YCO2) on temperature passed through a maximum (~67%) at a reaction
temperature of 400–500 ◦C.

The temperature dependence of the activity indices of bimetallic Ni-M catalysts, in
general, is similar to those observed in the Ni sample. The advantage of Ni-M systems is a
lower temperature to achieve 100% conversion of ethanol and higher values of hydrogen
yield (Figure 7, Table 2). Note that an increase in the promoter content has a positive effect
on the process performance, while the method of introducing the metal does not matter
(Table 2).
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Table 2. Activity of Ni-M catalysts in ATR of C2H5OH at 600 ◦C 1.

Catalyst H2 Yield, %
Selectivity, %

CO CO2 CH4

Ni 46 30 65 5
Ni-Pt-0.012 (C) 51 27 66 7
Ni-Pd-0.012 (C) 59 31 62 7
Ni-Rh-0.012 (C) 54 30 64 6
Ni-Re-0.012 (C) 65 24 65 11
Ni-Pd-0.003 (S) 50 22 66 12
Ni-Pd-0.012 (S) 58 22 67 11

1 Conversion of C2H5OH was equal to 100%.
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At 600 ◦C, the hydrogen yield increased in the next row of promoters Pt < Rh < Pd <
Re at 100% conversion of ethanol (Figure 8). For the Ni-Re sample, the obtained parameters
of ATR reaction were close to thermodynamic equilibrium values, and the maximum H2
yield (65%) was attained (Figures 7 and 8).
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moter type.

The study of catalyst characteristics after ATR of C2H5OH reaction shows that catalysts
change their textural and structural properties. The values of SBET decreased by 2–3 times,
while the average pore diameter increases (Table 1). The behavior of the distribution of
mesopores in size changed: the portion of large pores increased (Figure 2). It is associated
with the intensification of sintering processes under reaction conditions. The increase in the
contribution to the porosity of large interparticle pores was observed, which was indicated
by the shift of the position of the hysteresis loop to the region of higher values of relative
pressure (Figure 2). There is a tendency to increase the activity of catalysts with an increase
in their resistance to sintering and retention of textural properties (Tables 1 and 2).

According to XRD data (Figure 2, Table 1), support preserves their phase composition
and changes in the phase composition of catalysts are largely associated with changes in
the structure of Ni-containing phases. It can be seen that for spent samples in comparison
with fresh catalysts, the cell parameter of CeO2-based solid solution practically does not
change, but the average crystallite size increases (8→ 13–18 nm) which is associated with
the intensification of sintering processes under the reaction conditions, wherein Ni sample
is characterized by lower resistance to sintering, and the best is Ni-Re (13 vs. 18 nm). For all
samples after the reaction a metallic nickel phase was formed, the average crystallite size
was 16–20 nm (Figure 4b). There was no direct correlation between activity and reducibility
(Figures 6 and 8) in contrast to the literature data [31,50]. All studied Ni and Ni-M catalysts
have the capability to self-activation under reaction conditions and can be used without
preliminary reduction.

It is noted that the value of the unit cell parameter (a) of Nio in Ni-M catalysts (M = Pd,
Rh, or Re) is larger than Nio reference data (a = 3.523 Å): 3.532 Å (M = Pd), 3.528 Å (M = Rh),
and 3.538 Å (M = Re). It is for these catalysts, in contrast to the Ni-Pt sample, that a more
significant promotion effect is observed. It indicates the formation of Ni-M alloy that can
change the detailed structure of the nanoparticle surface as well as modify electronic metal
properties, which affects the activity of the catalysts due to the synergistic effect between
metals.

According to the thermal analysis of spent catalysts in air, carbonaceous deposits
were formed during the reaction. Their content depended on the catalyst composition and
increased in the following row of samples: Ni-Pt (0.3%) < Ni ~ Ni-Rh (1.3%) < Ni-Re (4.5%)
< Ni-Pd (7.5%). An increase in the activity was accompanied by an increase in the yield of
carbonaceous by-products. Thus, a catalysts regeneration procedure should be developed.

It was mentioned above that for the enhancement of Ni catalyst performance in H2 pro-
duction through ATR of C2H5OH, the most effective promotion was with Re (Figure 8). This
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sample was distinguished by resistance to sintering, reducibility in the high-temperature
region, and the formation of Ni-Re alloy particles which optimized the functional proper-
ties of the catalyst due to the synergistic effect between the metals. The developed catalysts
provide equilibrium values of ethanol conversion 100% and hydrogen yield 65%, which
is comparable or higher than those described in the literature (Table 3) and indicates that
they are promising for use in hydrogen energy.

Table 3. Characteristics of the ATP C2H5OH process.

Catalyst Process Conditions
H2 Yield,

mol H2/mol
C2H5OH

Reference

30Ni-
1Rh/Ce0.5Zr0.5O2

C2H5OH:H2O:O2:He = 1:9:0.35:0
T = 600 ◦C. 4.6 [68]

10Ni/ZrO2/Al2O3
C2H5OH:H2O:O2:N2 = 1:6:0:24.5

T = 500 ◦C. 4.1 [69]

10Ni-
0.4Re/Ce0.8La0.2O1.9

C2H5OH:H2O:O2:He = 1:3:0.5:1
T = 600 ◦C. 4.0 This work

10Co/MgO-Al2O3
C2H5OH:H2O:O2:He = 1:3:0.4:0

T = 600 ◦C. 3.8 [70]

Co/Pr/MgO-Al2O3
C2H5OH:H2O:O2:He = 1:3:0.4:0

T = 550 ◦C. 3.4 [71]

5Ni0.3Pt/10CeO2/Al2O3
C2H5OH:H2O:O2:He = 1:8:0.5:0

T = 650 ◦C. 3.2 [72]

0.25Rh0.25Pt/ZrO2
C2H5OH:H2O:O2:He = 1:2:0.2:0

T = 700 ◦C. 3.1 [73]

LaNiFeO3
C2H5OH:H2O:O2:He = 1:3:0.5:0

T = 650 ◦C. 3.0 [74]

10Ni-
3Pt/30CeO2/SiO2

C2H5OH:H2O:O2:He = 1:3:0:0
T= 750 ◦C. 2.4 [75]

2Ir/CeO2
C2H5OH:H2O:O2:He = 1:1.8:0.6:0

T = 700 ◦C. 2.2 [76]

4. Conclusions

An important issue of our time is the development of technologies for the decarboniza-
tion of the energy system. This will reduce the greenhouse effect and become the key to the
sustainable development of society. A promising carbon-neutral technology is a production
of hydrogen from ethanol, the source of which can be a renewable raw material, biomass.
Hydrogen is an important reagent and an alternative energy carrier with high ecological
properties. In this work, the development of efficient bimetallic catalysts for the production
of hydrogen by ATR of C2H5OH was carried out.

A series of Ni-M/Ce0.8La0.2O1.9 catalysts were prepared at the variation of type
(M = Pt, Pd, Rh, and Re) and content (molar ratio M/Ni = 0.003–0.012) of a promoter. The
genesis of materials and their properties were systematically studied by thermal analysis,
X-ray fluorescence analysis, N2 adsorption, XRD, and TEM. It was found that the prepared
catalysts are mesoporous materials with analogous textural properties (SBET = 70± 5 m2/g,
Vpore = 0.20 ± 0.01 cm3/g, and Dpore = 11.5 ± 0.9 nm) and phase composition (NiO with an
average particle size of 18 ± 1 nm, Ce-La-O solid solution with an average crystallite size
of 8.0 nm). It was shown that the reducibility of Ni2+ cations is regulated by the type and
content of promoter M as well as the mode of its introduction. It enhances in the following
sequence of promoters Re < Rh < Pd < Pt, with an increase in their content, and when
using the co-impregnation method. The effect of promoter on the functional properties of
catalysts in ATR of C2H5OH was studied, and the optimal composition of the catalyst was
selected. The Ni-M/Ce0.8La0.2O1.9 catalysts have the ability to self-activation under the
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reaction conditions, which makes it possible to exclude the catalyst pre-reduction before
the ATR of C2H5OH. The catalysts after reaction retain sufficient textural characteristics
and dispersion of the active component. To a greater extent, this is observed when rhenium
is used as a promoter. With the optimum catalyst 10Ni-0.4Re/Ce0.8La0.2O1.9, the high
hydrogen yield of 65% in ATR of C2H5OH was achieved.

Thus, the optimal composition of the catalyst and mode of its preparation were
determined. Application of developed 10Ni-0.4Re/Ce0.8La0.2O1.9 catalyst for autothermal
bioethanol reforming reduces the fossil fuel consumption and provides carbon neutrality
of H2 producing technology.
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