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Abstract
Catalytic steam reforming of bioethanol seems to be a promise option to produce renewable hydrogen; however
efficient catalysts are still under development. Recently, manganese oxide based materials (MO) are the subject of
intense research as low cost, efficient, and environmentally friendly catalysts. Among them MO with layer and tunnel
structure have received significant attention due to their excellent catalytic activity. Specifically, we have explored
the catalytic performance of two MO containing Ni (Birnessite and Todorokite). We find that both materials are
highly active and selective to produce hydrogen by steam reforming of bioethanol. Their characterization by DRX,
BET area, TPR, and TEM, has allowed to find that the excellent performance exhibited by these materials could be
attributed to the especial structure of these MO, which would provide high-quality positions for the stabilization of
the Ni metal particles.
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1. Introduction
Hydrogen is identified as a very promising renewable energy source to satisfy energy needs while
protecting the environment [1]. Unfortunately, it is not freely available in nature and it must be produced
by some means. About 95% of the hydrogen we use today comes from natural gas reforming. But to
realize the full benefits of a hydrogen economy-sustainability, increased energy security, diverse energy
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supply and reduced air pollution hydrogen must be produced cleanly, efficiently, and affordably from
available renewable resources. Hydrogen can be produced from biomass, a renewable and CO2-neutral
energy source with respect to the green house effect [2-5]. Because biomass consumes atmospheric
carbon dioxide (CO2) during growth, it can have a small net CO2 impact compared with fossil fuels.
Reforming of renewable biomass feedstocks [6], such as bio-ethanol, has become an increasingly
important and active research area in view of hydrogen production [2,7-11]. In comparison with other
fuels, bio-ethanol presents a series of advantages, since they are easier to store, handle and transport in a
safe way due to is lower toxicity and volatility. In addition, from the environmental point of view, bioethanol presents important advantages since it is metal-free and does not release pollutant gases (SOx,
NOx and others) [12,13]. Numerous studies have been focused on the design, development, and
optimization of catalytic materials for ethanol steam reforming. Nevertheless, efficient catalysts for
bioethanol steam reforming are still under development. Several reviews about the development of
catalysts applied to ethanol steam reforming have been published lately [7,10,11,14]. Catalytic materials
such as transition metals supported on oxides and precious metals supported on oxides are reported in
these reviews. Among them, Ni-based catalysts are widely accepted due to their appropriate low-cost
compared to precious metals. For the steam reforming of ethanol Ni has exhibited good performance by
favoring C-C bond and O-H bond rupture [15]. In general, the catalytic performance of each catalyst
(activity, selectivity and stability) will depend on the nature of metal, type of precursor, preparation
method, type of support, presence of additives, and operating conditions. Among them, it is found that
support plays an important role in the preparation of highly active and selective bioethanol steam
reforming catalysts since it helps in the dispersion of metal catalyst and enhances its activity via metalsupport interactions. In addition, synthesized methods and pretreatment conditions over supported nickel
catalysts are also important issues to prepared highly active steam reforming catalysts. This way, the
activity of the steam reforming catalyst can be improved achieving a good dispersion of metallic sites on
the support, while coke formation could decrease using non-acidic supports that would avoid the ethanol
dehydration reaction [16-20].
Thus, it is clear that the chemical composition, textural properties of the support and synthesis method
play important roles in the preparation of highly active steam reforming catalyst since they can improve
the dispersion of metal catalysts [12] and avoid their sinterization [21]. Recently, manganese oxide based
materials (MO) are the subject of intense research as low cost, efficient, and environmentally friendly
catalysts [22,23]. Among them MO with layer and tunnel structure have received significant attention due
to their excellent catalytic activity [24-26]. Thus, we presented here the results obtained in the bioethanol
steam reforming using Ni metallic particles incorporated on two of these manganese oxide materials,
particularly on Birnesite and Todorokite structures. The characterization of these Ni-promoted catalysts
based on the OM has been completed and connected to their catalytic performance.
2. Experimental
2.1. Preparation of catalysts
The synthesis of Ni-Birnessite and Ni-Todorokite was carried out according to Onda et al. [27].
The chemicals were purchased from Sigma-Aldrich. To prepared the Ni-Birnessite a solution A
containing Ni(NO3)2 6H2O (1.87 g) and MnCl2 4H2O (6.37 g) in 100 mL of Milli-Q water was added
dropwise over a period of 10 min at room temperature (298 K) into a solution B formed by KMnO4 (2.02
g) and NaOH (36 g) in 100 mL of Milli-Q water. After the solutions were mixed, they were stirred for a
total of 30 min. The suspension was aged at room temperature for 24 h, and it was filtered and washed
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with Milli-Q water until the pH was about 7. The resultant material was a layered birnessite material,
referred to as Ni-BIR.
Ni-Todorokite was prepared using the before Ni-Birnessite. It was ion-exchanged with 200 mL of a 0.1
mol/L Ni(NO3)26H2O aqueous solution at room temperature for 24 h. The resultant layered sample was
washed and filtered ten times with 200 mL of Milli-Q water. Finally, it was treated under hydrothermal
conditions (433 K for 48 h in an autoclave lined with Teflon) and the resultant solid was washed and
filtered with Milli-Q water, and dried at 333 K to yield Ni-TOD.
2.2. Characterization techniques
The nickel content in the samples was determined by atomic absorption spectrophotometry (AAS) in a
Varian Spectra A-l0 Plus apparatus.
Textural properties of the Ni-Birnessite and Ni-Todorolite materials were obtained from the nitrogen
adsorption isotherms determined at 77 K in a Micromeritics ASAP 2000 equipment. Surface areas were
calculated by the BET method and the pore-size distributions were obtained using the BJH formalism.
Prior to the adsorption measurements the samples were outgassed at 473 K for 24 h.
X-ray diffraction was used to identify the nature of the crystalline manganese and nickel oxides and
metallic nickel phases. XRD patterns were obtained at room temperature in a Philips X'pert diffractometer
using monochromatized CuKĮ radiation.
The reduction behavior of the supported oxidized nickel phases was studied by temperatureprogrammed reduction (TPR) in a Micromeritics Autochem 2910 equipment. The H2 consumption rate
was monitored in a thermal conductivity detector (TCD) previously calibrated using the reduction of CuO
as reference.
The amount of carbon deposited in the catalysts after steam reforming reaction was determined by
elemental analysis using a Carlo Erba 1106 analyzer.
2.3. Catalytic study
Steam reforming experiments were carried out in a continuous fixed bed reactor at atmospheric
pressure, H2O/EtOH molar ratio of 13, GHSV 4700 h-1 and a range of temperatures between 673 K and
873 K. Before reaction the catalysts were reduced ''in situ'' in flow of H2 (1.67 cm3s-1) at 873 K for 2 h.
In a typical catalytic test the reactor was loaded with 0.3 ml of catalyst, ~0.15 g, (grain-size: 0.25-0.42
mm), diluted with 3 g of carborundum (SiC) (grain-size: 0.60-0.80 mm), The water/ ethanol mixture was
fed from a pressurized container using a liquid flow controller (Bronkhorst), and vaporized at 473 K into a
stream of nitrogen. The total gas flow was 2 cm3s-1 (83.7 vol% N2).
The analysis of the compounds of reaction was carried out online using a gas chromatograph (Varian
3800) equipped with two columns (TRB-5, L = 30 m, DI = 0.25 mm; CarboSieve SII, L = 3 m, DI = 2.1
mm) and two detectors, a thermal conductivity and flame ionization (FID).
The bioethanol conversion and selectivity to the different reaction products were determined according
to the Eqs. (1) and (2), where (FEtOH)O is the flow of ethanol fed to the reactor (mol s-1), (FEtOH)f the flow
of ethanol that comes from the reactor and Fj the flow of product j that comes from the reactor. Selectivity
values were calculated as the molar percentage of the products obtained, excluding water.

Conv. (%, mol) =

(FEtOH)o - (FEtOH)f
(FEtOH)o

x 100

(1)
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Fj

Selec. (%, mol) =

x 100

(2)

(ȈFj)products

3. Results and discussion
3.1. Characterization
X-ray diffraction patterns of synthesized Ni-BIR and Ni-TOD materials are showed in Figure 1. As it
can be seen all the diffraction peaks can be attributed to the Birnessite and Todorokite phases [27],
suggesting that Ni-BIR and Ni-TOD has been correctly synthesized.
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Fig. 1. XRD patterns of N-BIR and Ni-TOD as they were synthesized.

SEM images of Ni-BIR and Ni-TOD are shown in Figure 2. Both materials contain sheet-shaped
crystallites. This morphology seems to be reflected in the XRD where the high intensity of the XRD-main
peaks would indicate growth direction of birnessite and todorokite.
Specific area of Ni-BIR and Ni-TOD was also determined and it was found similar in both materials
(18 and 16 m2/g, respectively), Table 1.
XRD, SEM and specific area data suggest that both materials are comparable in crystallinity,
morphology and crystalline size.
Ni-BIR

Ni-TOD

Fig. 2. SEM micrograhs of Ni-BIR and Ni-TOD samples.
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Ni-BIR and Ni-TOD were calcined at 873 K and reduced at 873 K before reaction. Figure 3 shows the
XRD of the calcined samples. As it can be seen calcined materials shows similar XRD pattern with
diffraction peaks corresponding to manganese oxides and NiO phases (JCPDS Nº: 22 1189).
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Fig. 3. XRD patterns of Ni-BIR and Ni-TOD after calcination
at 873 K.

Fig. 4. XRD patterns of Ni-BIR and Ni-TOD after calcination
at 873 K and reduction at 873 K.

After reduction with hydrogen at 873 K, the peaks corresponding to NiO disappear and appear those
due to the reduced metallic nickel phases, Figure 4. The manganese oxide phases also changes to more
reduces forms but metallic manganese phases were not detected. Crystallite size of Ni metallic particles
was determined using the Scherrer equation from the corresponding characteristic peaks of each phase
[28]. It can be seen in Table 1 that metallic Ni particles present on Ni-TOD are significantly lower than
that in Ni-BIR. Particle size of the metallic Ni was also determined by TEM in order to corroborate the Ni
metallic particle size calculated by XRD. As it can be seen in Table 1 and Figure 5, the particle size
matched quite well with those obtained by XRD. The lower Ni metallic particle size detected over the NiTOD could be related to its particular morphology and crystalline structure. It is possible that the
crystalline structure of this material can help to provide high-quality positions for the accommodation and
stabilization of Ni metallic particles during the calcination and reduction steps. On the contrary, the
Birnessite structure seems to lead to higher sinterization of Ni during the calcination and reduction steps,
leading to higher metallic particle size.
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Fig. 5. TEM micrographs of the Ni-BIR and Ni-TOD after calcination and reduction at 873 K.
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Table 1. Ni content and textural properties of OM materials promoted with Ni. Particle size of
metallic Ni particles determined by XRD and TEM.

Catalyst

Ni content
(wt.%)

BET surface area
(m2/g-1)

Ni-BIR

13.4

18

15

12

Ni-TOD

15.6

16

9

8

Metallic Ni Particle size
(nm)
XRD
TEM

The reduction behaviors of the nickel oxide particles present in these materials have been studied by
temperature programmed reduction (TPR). The corresponding reduction curves are show in Figure 6. As
observed, both materials present two main
reduction features in a range between 580 K
580K
620K
and 650 K, which correspond to the two-step
reduction process of NiO. The first one at
650K
lower temperature around 580-620 K, it can be
620K
680K
assigned to the reduction of Ni2+ with weak
interaction with the support [29-32]. The
NiͲBIR
second one at 620-650 K, can be attributed to a
strong Ni-support interaction [29,32]. The
710K
differences found in the temperature reduction
for the Ni-BIR and Ni-TOD could be related to
NiͲTOR
the Ni metallic particle sizes determined by
XRD or TEM (Table 1). Thus, smallest Ni
0
150
300
450
600
0150300450600
particle size (over Todorokite) shows the
Temperature,K
highest reduction temperature for its
Temperature,K
corresponding second peak, and consequently,
Fig. 6. TPR profiles of Ni-BIR and Ni-TOD.
the strongest Ni supports interactions.
Additional small hydrogen consumption about of 680 K and 710 K has been also observed for both
samples (Ni-BIR and Ni-TOD, respectively). This reduction peak could be ascribed to the reduction of
nickel oxide in a high interaction with the support.
The reduction temperature and the peak width are indications of the degree of reduction and the level
of interaction between different species, respectively. High reduction temperature indicates difficulty in
reduction whereas broad peaks indicate a high degree of interaction between the species and the support
[33]. TPR results seem to indicate that nickel oxides exhibit higher interaction with Todorokite material,
since the two main peaks appear at 620 K and 650 K while for the Ni-BIR the peaks shift at lower
reduction temperatures (580 K and 620 K, respectively). These differences in the reduction temperature
could be related to the different size of the Ni metallic particles found for each support (Table 1). Smaller
particle size would favor the appearance of stronger metal-support interactions, increasing the reduction
temperature. Indeed, the highest reduction temperatures were detected for the Ni-TOD sample, which
exactly showed the smallest Ni metallic particle sizes.
3.2. Catalytic activity
Figure 7 shows the conversion of bioethanol with the reaction temperature. As it can be seen both
materials present a very high activity in comparison with reference materials based on zinc oxide
promoted with Ni and Co, which have been described in literature as excellent catalysts for the steam
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reforming of ethanol [34,35]. In terms of activity, it cannot be found differences between Ni-BIR and NiTOD since the bioethanol conversion is complete in all the reaction temperature range here studied (673873 K). Analogously, the selectivity to hydrogen is very high in both catalysts, but in this case the
differences with the reference materials are lower, Figure 8. This result shows the positive effect that
these materials based on manganese oxides has as precursor of reforming catalysts in the steam reforming
of bioethanol.
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Fig. 7. Conversion of bioethanol versus reaction temperature. A) Ni-BIR and B) Ni-TOD.
Reaction conditions: H2O/bioEtOH=13, GHSV= 4700 h-1 and atmospheric pressure.
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Fig. 8. Hydrogen selectivity version reaction temperature. A) Ni-BIR and B) Ni-TOD.
Reaction conditions: H2O/bioEtOH=13, GHSV= 4700 h-1 and atmospheric pressure.

Catalytic activity of the Ni-BIR and Ni-TOD materials was also studies with the reaction time. After
24 hours of reaction at 773 K (Table 2) it can be seen that Ni-BIR and Ni-TOD present a low deactivation
over time. It is well known that the stability of a reforming catalyst is strongly influenced by the coke
deposition and metal sintering [24]. After reaction, the catalysts showed black color, it is an indicator of
coke deposition. The elemental analysis of the catalysts after the reaction shows that the deposited coke
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was greater in the case of Ni-TOD (Table 2), however, deactivation was similar to the Ni-BIR and lower
than in the reference materials, at least during the reaction time used in this catalytic study (24 hours).
This result suggests that the lost of activity, in the Ni-TOD, could be related rather to the coke deposition
Table 2. Catalytic results for the bioethanol steam reforming on Ni-BIR and Ni-TOD. Bioethanol conversion values obtained at
two reaction times, 5h and 24h. Products selectivity values obtained at 5 h of reaction time. Reaction conditions: H2O/bioEtOH =
13, GHSV = 4700 h-1, atmospheric pressure and 773 K.

5 hour

24 hours

Conv. EtOH, % mol

CH4

CO

C2H4

Conv. EtOH, % mol Carbon, wt.%

Ni-BIR

99.00

1.92

1.76

0.01

93.59

9.0

Ni-TOD

98.01

1.99

1.66

0.06

94.31

21.0

Ni-Reference (ZnO)

93.29

4.19

9.17

0.14

74.19

18.4

Co-Reference (ZnO)

94.00

3.78

5.85

0.12

83.78

9.8
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instead of Ni sintering. In order to corroborate this hypothesis the used catalysts were studied by TEM.
Figure 9 shows the TEM of the samples after reaction. Micrographs presented in Figure 9 show that the
formation of coke deposit on the Ni-BIR is very low compared to the coke deposits detected on the NiTOD. On the contrary, the sinterization of the Ni metallic particles present in the used Ni-BIR is clearly
higher that in Ni-TOD (from 12 nm to 39 nm and from 8nm to 17 nm, respectively). These results seem
to confirm the before hypothesis in which the coke deposition was suggested as the main responsible of
the deactivation detected in the Ni-Todorokite, while for Ni-BIR the deactivation would seem to be more
related to the sinterization of the Ni metallic particles.
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Fig. 9. TEM micrographs of the Ni-BIR and Ni-TOD after 24 h of reaction time.
Reaction conditions: H2O/bioEtOH = 13, GHSV = 4700 h-1, atmospheric pressure and 773 K.

Finally, it should be noted that Ni-BIR and Ni-TOD, not only showed high values of activity and
selectivity in the production of hydrogen but also produced low concentrations of CO and CH4 (Table 2).
All the results presented here show that it is possible to prepared new bioethanol steam reforming
catalysts based on manganese oxides with structure type Birnessite and Todorokite and promoted with Ni
with high activity, stability against coke deposition and able to reduce the formation of CO and CH4.
4. Conclusions
We have prepared a new Ni promoted catalyst based on manganese oxides with structure type
birnessite and todorokite with high activity, selectivity and resistant against coke deposition during the
production of H2 by steam reforming of bioethanol. Manganese oxide precursors seem to be the major
responsible of the good performance of these catalysts. The results shown also that it is possible to
produce “renewable” hydrogen with low concentrations of CH4 and CO using these catalytic materials. It
could lead to a significant benefit from the point of view of the direct use of this produced hydrogen.
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