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A B S T R A C T   

This work focuses on the study of binary Al2O3-Y2O3-x and Al2O3-Ga2O3-x mixed oxides with varying Y2O3 or 
Ga2O3 nominal loading (x=25, 50) prepared by hydrothermal synthesis assisted by Triton X-100. The mixed 
oxides were used to prepare Ni-based (5 wt%) catalysts for the Water Gas Shift Reaction. The Al2O3 sample 
presented urchin-like hollow nanosphere morphology, which evolved to solid nanospheres with Y2O3 or Ga2O3 in 
the mixed oxides. The physicochemical characterization indicated good integration of the mixed oxides, espe-
cially on the low-content additive oxides. The theoretical results confirmed that Ga goes deeper into the alumina 
matrix than Y, partially explaining the XPS and HRTEM results in which the Ni dispersion was better in the Ni/ 
AlGa-x samples. The FTIR in-situ measurements of the reaction allowed us to propose that the reaction occurs 
minimally through the carbonyl mechanism at low temperatures (<300 ◦C) and the formate mechanism at high 
temperatures (>300 ◦C).   

1. Introduction 

Greenhouse gases (GHG) like CO2, CO, and methane could be used as 
raw materials to produce hydrocarbons sustainably. Besides this, the 
three GHG coexist in many industrial applications, i.e., the industrial 
hydrogen production from the water gas shift (WGS) reaction [1]. The 
carbon monoxide with steam is sent to the reformer along with some 
hydrocarbon in this process. When the CnHm hydrocarbon comes into 
contact with water in the presence of catalysts and high temperatures 
(~800◦C), it forms CO and H2, which also, depending on the contact 
time, can derive in methane [2]. Then, the reformer effluent is sent to 
the WGS reactors, which operate under lower temperature 
(400◦C-500◦C) conditions to thermodynamically shift the equilibrium to 
hydrogen production [2,3]. It is well known that several supported 
metals and metal oxides could catalyze this reaction. Early reports 
presented periodic trends of alumina-supported metals for the WGS re-
action. Several metals of groups VIIB, VIII, and IB were analyzed, and 

the highest activity was presented by the Cu/Al2O3 sample [2]; this was 
explained in terms of the heat of adsorption for the carbon monoxide 
over Cu. 

Materials with higher activities and compositions are industrially 
classified into four general groups: high and low-temperature WGS 
catalysts [3]. The high-temperature WGS (HTS) catalysts typically 
comprise around 74% of Fe2O3, 14% of Cr2O3, and 0.2% of MgO balance 
with volatile compounds [4]. These ferrochrome catalysts can operate in 
the range of 300◦C to 450◦C. Meanwhile, the low-temperature WGS 
(LTS) catalysts are prepared mainly with copper-zinc oxides and work 
between 190◦C and 250◦C [3]. The third type is sulfides based on cobalt 
and molybdenum, which are principally used when the stream carries 
some sulfur content, and they are called sour gas shift catalysts [5]. The 
fourth type is the middle-temperature WGS (MTS) catalysts, which in 
real terms are LTS or HTS catalysts modified with promoters or additives 
to work under these conditions. In this direction, the MTS catalysts are 
extensively studied using alumina as support and metals like Pt [6,7], Pd 
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[7,8], Cu [9,10], and Ni [11,12] to improve activity and especially 
stability concerning the commonly used Cu/ZnO catalysts. However, 
several authors have reported that by using different redox-active sup-
ports, the mechanism of the WGS is modified entirely [9,10,13]. Sup-
ports made of pure metal oxides such as CeO2 [9,14,15], ZrO2 [16–18], 
and TiO2[19] are extensively studied combined with Au, Ru, Rh Pt, Ag, 
and Cu [5]. Even mixed oxides like CeOx-TiO2 [20], Cr2O3-Ga2O3[21], 
or Al2O3-Ga2O3 [7] have been tested with encouraging results. In that 
direction, our research group reported the effect of the binary 
Al2O3-Ga2O3 mixed oxide used as support of Os, Pd, Rh and Pt noble 
metals [7]. Each metal interacts differently with the AlGa support, even 
when all metal’s charge and impregnation conditions are the same. The 
metal-support interactions lead to a wide range of dispersions; specif-
ically, the Pt presented the smallest particles (Particle size = 0.6 
±0.1 nm) among the samples. Nevertheless, the more active material 
turned out to be the Pd/AlGa sample with 1.6±0.2 nm of Pd mean 
diameter. These results confirm that other factors, such as metal support 
interaction and oxygen availability, are crucial in the WGS reaction 
beyond dispersion [22]. 

In recent years, the increasing use of nanostructured particles or 
particles with nanoscale morphology has allowed the fine-tuning of the 
catalyst’s properties for many applications such as hydrodesulfurization 
[23], CO2 hydrogenation [24], dye degradation [25], alcohol trans-
formation [26] and WGS reaction [15,27]. Nevertheless, we failed to 
find studies of nanoshaped materials such as solid nanospheres or 
urchin-like hollow nanospheres as supports of WGS catalysts. In recent 
work, we presented the effect of those morphologies for the catalytic 
dehydration of propanol using Al2O3-Y2O3 to prepare the nanoshaped 
catalysts [26]. Further than the good performance of the samples, it was 
noticed that the presence of Yttrium oxide induced an interesting 
interaction with alcohol, forming Y-CO bonds. At this point, it has to be 
mentioned that the effect of the presence of large quantities of Ga2O3 
[28] or Y2O3 [26] in the mixed oxide considerably impacts the textural 
properties. Therefore, in this work, we focus on the effect of the binary 
Al2O3-Ga2O3 (AlGa-x) and Al2O3-Y2O3 (AlY-x) mixed oxides at concen-
trations equal to 50 wt% and below (with x=0, 25, 50, 100 wt% of the 
Ga2O3 or Y2O3) synthesized by hydrothermal method to obtain nano-
shaped supports to prepare Ni (5 wt%) catalysts. Supports and catalysts 
will be widely characterized by X-ray diffraction (XRD), N2 phys-
isorption, scanning electron microscopy (SEM), Diffuse reflectance 
spectroscopy in ultraviolet-visible (DRS-UV–vis), temperature pro-
grammed reduction (TPR), temperature programmed ammonia 
desorption (TPD), transmission electron microscopy (TEM) and X-ray 
photoelectron spectroscopy (XPS). The WGS catalytic tests will be per-
formed in a PID continuous flow microreactor and followed by in situ 
FTIR. 

2. Materials and methods 

2.1. Support synthesis 

The Al2O3-Ga2O3 (AlGa-x) and Al2O3-Y2O3 (AlY-x) mixed oxides 
(with x=0, 25, 50, 100 wt% of the Ga2O3 or Y2O3) were prepared by the 
hydrothermal synthesis method developed for binary samples as re-
ported in [26]. In this method, Al2(SO4)3 was used as alumina precursor 
(Sigma Aldrich, 97%) mixed with different quantities of Ga 
(NO3)3.8 H2O (Sigma Aldrich, 99.9%) or Y(NO3)3.6 H2O (Sigma Aldrich, 
99.8%) salts. Briefly, Triton-X100 was dissolved in deionized H2O with 
vigorous stirring, then the amount of aluminum sulfate was added and 
kept in stirring for 30 minutes, then the chosen precursor i.e., gallium 
nitrate was added under stirring; finally, urea was added and kept in 
stirring during another 30 min. The resulting solution was placed in a 
Teflon-coated autoclave and thermally treated at 120 ◦C for 24 hours. A 
white precipitate was obtained, filtered, and washed with deionized 
water and ethanol anhydride 1:1. Finally, it was dried at 60 ◦C for 12 h 
and calcined at 550 ◦C for 6 h with a heating ramp of 10 ◦C▪min− 1. Each 

reactive amount was calculated to have the nominal weight percentage 
of Y2O3 or Ga2O3, maintaining the following molar proportion: 
1:1.2:600:14 for metallic ions (Y, Ga, and Al), TX-100, water, and urea, 
respectively. 

2.2. Catalysts preparation 

For the catalyst, 5 wt% of Ni was loaded by the pore-filling method 
using nickel nitrate as a precursor (Ni(NO3)2-6 H2O, Aldrich, ACS). In a 
typical preparation, the precursor was dissolved in the corresponding 
quantity of water, which agrees with the pore volume obtained from the 
measurement of the textural properties once the material is degasified. 
Then, 1 g of the corresponding support to be impregnated AlGa-(x) and 
AlY-(x) is added to the solution and mechanically mixed at room tem-
perature. After reaching homogeneity, the wet powders were left to 
stand covered for 12 h and then dried uncovered in the laboratory fume 
hood with airflow for 12 hours. After that, the powders were dried in the 
oven under a static atmosphere at 120 ◦C for 4 hours and subsequently 
calcined at 450 ◦C for another four hours with a heating ramp of 5 
◦C▪min− 1. 

2.3. Catalytic activity measurements 

2.3.1. Activity test in a continuous flow microreactor 
A twin PID continuous flow microreactor of stainless steel with a 

0.9 cm inner diameter was used to perform the catalytic activity tests. 
Samples were in-situ reduced before the catalytic tests under 
40 cm3▪min− 1 of H2 flow during 2 hours at 550 ◦C with a heating ramp 
of 10 ◦C▪min− 1. After the activation method, a mixed flow stream pre-
pared with 10 cm3▪min− 1 of CO, 30 cm3▪min− 1 of steam (deionized 
water ex-situ vaporized and introduced to the reactor at 150 ◦C), and 
60 cm3▪min− 1 of N2 was sent to the reactor. The catalyst (30 mg) was 
mixed with 2 cm3 of SiC of 60 mesh to promote the heat and flow ho-
mogeneous distribution along the bed. The thermocouple was posi-
tioned carefully inside the catalyst bed to control the reaction 
temperature. The activity tests were conducted from 160 ◦C to 360 ◦C 
with a Δ=20 ◦C. The effluent was then sent to an Agilent GC 4020B gas 
chromatograph with Molsieve 13x, 45/60 and HayeSepQ, 80/100 
packed columns. Eight injections were done at each temperature every 
18 minutes. Additionally, Tedlar bags were filled in a valve set before 
the condenser to analyze the full content of the effluent in an Agilent GC 
8120 multidimensional gas chromatograph (MDGC) equipped with a 
modulator, an HP-Innowax 5mx0.25 mm, and a DB-5MS 30mx0.25 mm 
packed columns to verify whether the presence of other light compo-
nents was formed or not. The reaction set is presented in Scheme 1. The 
catalytic activity was expressed in terms of the CO conversion; the mass 
balance was corroborated with MDGC. 

2.3.2. In situ activity measurements 
The FTIR characterization under reaction conditions was performed 

in an Agilent 660 spectrophotometer, using an ISRI transmission heated- 
cell and in-situ high-low pressure infrared reactor with ZnSe windows. 
Self-supporting wafers of the catalysts with a thickness of 24 mg.cm− 2 

were prepared by pressing the powdered samples at a pressure of 
10×103 kg▪cm− 2 for 10 min. Prior to experiments, the self-supporting 
wafers were treated with 40 cm3▪min− 1 of H2 at 550 ◦C for 1 h to 
reduce the catalyst. Then, the sample was cooled down to 160 ◦C. After 
the thermal treatment stage, the flowing gas was switched to 
50 cm3▪min− 1 of the mixture CO/N2 (4.2% v/v CO, balance N2), which 
was saturated with water at 20 ◦C The temperature of the FTIR reactor/ 
cell was increased to 360 ◦C. The infrared spectra were recorded with a 
resolution of 4 cm− 1 for every 20 ◦C temperature increase. Tedlar bags 
were filled to analyze the full content of the in-situ cell effluent in the 
Agilent GC 4020B gas chromatograph. 
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2.4. Characterization techniques 

Morphology and chemical mapping were obtained in a scanning 
electron microscope (JEOL JIB-4500). STEM micrographs were 
collected on a JEOL-2010 F. Samples were suspended in n-heptane and 
deposited on Lacey carbon (440 Mesh) on Cu grid holders. For the 
identification of crystalline phases, AERIS equipment (Malvern Pan-
alytical) with Cu radiation = 0.15406 nm) was used. The measurement 
parameters were a scanning speed of 0.02◦ every 0.5 s in a range of 
Bragg angles (2θ) between 10◦ and 80◦. A TriStar II 3020 (Micrometrics) 
was used to determine textural properties such as specific area, pore 
volume, and pore size distribution. Prior to N2 physisorption, the sam-
ples were subjected to a vacuum degassing treatment at 300 ◦C for 8 h to 
remove gaseous contaminants and/or liquids retained in the pores of the 
supports and catalysts. They were then subjected to increasing N2 
pressures until saturation was reached. From the data taken at relative 
pressures below P/P0 = 0.3, the specific surface area was obtained by 
applying the Brunauer, Emmett, and Teller equation (BET method). The 
Barrett-Joyner-Halenda (BJH) method was used to calculate pore size. 
The calculation of the zero point of charge (ZPC) of the supports was 
performed using the Zetasizer Nano ZS dynamic light scattering equip-
ment (Malvern Panalytical). 200 mg of material was dispersed in 20 mL 
of 0.01 M NaCl. Titration was performed using 0.01 M HCl and 0.01 M 
NaOH solutions. The ZPC of the materials is determined at the inter-
section with the abscissa of the curve obtained with the points of po-
tential Z vs pH. The XPS spectra of the samples were recorded using a 
SPECS® spectrometer with a PHOIBOS® 150 WAL hemispherical energy 
analyzer with angular resolution (< 0.5 degrees), equipped with an XR 
50 X-Ray Al-X-ray and μ-FOCUS 500 X-ray monochromator (Al excita-
tion line) sources. The binding energies (BE) were referenced to the C 1 s 
peak (284.8 eV) to compensate for the charging effects. The analysis was 
performed on the samples after their activation using the procedure 
described in Section 2.3.1. The glass U-shaped reactor used for the 
activation was sealed with quick connection valves and kept under the 
N2 atmosphere before their analysis. Then, the reduced samples are 
transferred to the N2 glove box chamber to be placed in the XPS holder 
equipped with indium foil. The holder with four samples is transferred to 
the XPS mobile chamber, which is connected to the N2 glove box via a KF 
connector. Then the XPS mobile chamber’s gate valve is closed, and N2 is 

evacuated. Afterward, the mobile chamber is connected to the XPS 
equipment via the KF port. The BE and intensities for the chemical 
quantification are determined after subtracting a Shirley-type back-
ground from the photoemission spectra using Casa XPS software (ver. 
2.3.24). The composition is calculated from the experimental areas and 
corrected using Scofield’s photoionization sensitivity factors. A decon-
volution process with Gaussian–Lorentzian curves was used to analyze 
each spectrum. 

2.5. Theoretical calculations 

To determine the role of the Ga and Y incorporation into the Al2O3, a 
series of first-principles calculations were carried -using the Density 
Functional Theory framework- as implemented in the Vienna Ab Initio 
Simulation Package [29–31]. Al, O, Ga, Y, and Ni atoms were treated 
with projector-augmented wave pseudopotentials [32,33]. The elec-
tronic states expanded as plane waves were optimized to a cutoff energy 
of 500 eV. The level of theory utilized to approximate the exchange and 
correlation energies was the generalized gradient approximation in the 
simple and transferable parametrization proposed by Perdew, Burke, 
and Emzerhof [34]. Every treated system was considered converged in 
energy and force once they fulfilled the following criteria: 1 meV and 
0.01 eV/Å, respectively. Integrations in the Brillouin zone were carried 
out using an equally distributed mesh of k-points under the approxi-
mation made in [35]. A 4×4x4 k-point mesh was optimized to treat the 
Al2O3 bulk structure. After that, the most stable clean/dry (0001) sur-
face structure was modeled following the full method described in [36]. 

2.5.1. Model system and stability assessment 
To understand the Ga, Y, and Ni interaction with the Al2O3(0001) 

surface. First, we modeled a 1×2 surface periodicity slab comprising 
13 at. layers (7 Al and 6 O layers) that meet the Al2O3 stoichiometry. 
Structural relaxations were carried out without any constraints using a 
5×5x1 k-point mesh. After complete optimization, the first Al relaxed 
towards the second O layer, reaching almost the same perpendicular 
distance. Similar results were observed by Chen et al. [36]. After that, 
we adsorbed and incorporated Ga, Y, and Ni atoms on the (0001) surface 
and subsurface of Al2O3. We considered surface adsorption and a sce-
nario in which the foreign species replaced host Al atoms in the first, 

Scheme 1. Catalytic activity test system with an online GC.  
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second, and third monolayers. Since we are considering Al deficit 
because Ga, Y, and Ni may be taking on their surface sites, the total 
energies are no longer a good parameter for determining their stabilities. 
Instead, the surface formation energy formalism is more appropriate 
since it does not depend on the number of atoms but on the chemical 
potentials of the involved species. Here, we treat it in its most general 
form, 

Ef = Eslab − Eref −
∑

i
niμi  

where Eslab stands for the total energy of each treated system; these may 
include Ga, Y, Ni, and the co-incorporated Ga-Ni and Y-Ni atoms. Eref 
represents the energy of the reference system. In this case, the clean/dry 
structure. ni and μi define the deficit or extra ith species. For example, if 
Eslab has an Al atom less than Eref, ni must take the − 1 value. In the case 
of Ga, Y, and Ni atoms, ni must be positive, meaning an excess of the 
previously mentioned atoms. μi represents the chemical potential of all 
the involved species. It is obtained in a solid state and at zero temper-
ature as the total energy of their most stable bulk structure. In the case of 
the gas phase molecules like O2, the chemical potential was calculated as 
an isolated molecule into a supercell with a=20 Å. To evaluate the 
formation energies, we need to consider different growth conditions, 
and these are defined by the Al2O3 formation enthalpy, which is equal to 
− 3.03 eV/atom and is in close agreement with the experimental value 
reported in [36] and the references therein. 

3. Results 

3.1. Supports 

3.1.1. Scanning electron microscopy 
Fig. 1 shows the SEM micrographs obtained from the pure Al- 

0 (Al2O3), AlGa-100 (Ga2O3), and AlY-100 (Y2O3) samples prepared 
by the hydrothermal synthesis described in Section 2.1. As can be seen in 
Fig. 1A, related to the Al-0 sample, there are multiple urchin-like hollow 
microspheres formed by nanorods and nanoneedles of different sizes. 
We previously reported obtaining this type of morphology in materials 
used as catalysts for the dehydration of secondary alcohols. Mendoza- 
Nuñez et al. mentioned that the urchin-like nanoparticles resulted with 
diameters of around 2.4 ± 0.6 μm, the 2D nanobelts had a length of 
1.3 μm and a wide of 97 nm, while the 1D nanorods resulted with 
similar length as nanobelts but with diameters of 14 nm [37]. In Fig. 1B, 
the AlGa-100 reference material prepared using the same hydrothermal 
synthesis conditions showed structures in the form of octahedral par-
allelograms of different sizes. The parallelograms presented average 
lengths of 8.4 ± 0.2 μm for the long faces, while the rhombohedral faces 
in the base presented average widths of 1.3 ± 0.1 μm. On the other 
hand, the AlY-100 material presented in Fig. 1C showed non-uniform 
agglomerates and apparently some rounded microparticles that 

resemble spheres. Nevertheless, due to the unclear morphology, we were 
not capable of obtaining a statistical analysis of this case. 

In the case of the AlGa-x and AlY-x mixed oxides, their morphology 
presented clear differences as a function of the Ga2O3 or Y2O3 content 
with respect to the pure oxide shapes. The SEM micrographs obtained 
from the mixed oxide samples are provided in Fig. 2. The AlGa-25 
(Fig. 2A) presented large rod arrays and microspheres of different 
sizes not homogeneously distributed. Clearly, the hollow spheres urchin- 
like morphologies observed in the Al2O3 sample disappeared from the 
general view. In the AlGa-50, the quantity of microspheres decreases 
considerably. Instead, the fiber-like agglomerates begin to grow, giving 
place to large rectangular-shaped particles, as reported in [38]. 

On the other hand, for the AlY-25, we observed similar general 
morphology to that of the AlGa-25, although the spheres and rod arrays 
seem to be smaller. A rapid statistical analysis showed that the spheres in 
the AlGa-25 were 22% larger than those in the AlY-25. In the case of the 
nanorods, both materials presented similar diameters. However, in the 
AlY-50, the nanorod arrays almost disappeared, and the microspheres 
seem to be homogeneously sized. The nanorods disappeared with the 
increase in the Y2O3 contents reported previously in [26]. 

The morphology of the samples Ni/Al-0, Ni/AlGa-x, and Ni/AlY-x 
catalysts presented the exact morphology as their supports, indicating 
good dispersion of Ni over the samples until the detection limit of this 
technique. 

3.1.2. X-ray diffraction 
The diffractograms obtained from the Al-0, AlGa-x and AlY-x systems 

are provided in Fig. 3. The AlGa-x system is provided in Fig. 3A. It is 
possible to observe in the diffractograms of the Al-0, AlGa-25, and AlGa- 
50 three broad peaks at around 36.7, 45.7 and 66.7 2θ degrees. The 
JCPDS-01–077–0403 crystallographic data sheet indicated that those 
peak positions correspond well with (111), (100), and (110) planes of 
γ-Al2O3 phase, respectively. In contrast, the AlGa-100 sample presented 
high intensity peaks at 24.5, 33.6, 35.9, 50.2, 54.9, 50.0, 63.2, and 64.6 
2θ degrees. Those peaks belong to α-Ga2O3 with a trigonal- 
rhombohedral crystalline system and R-3c space group, as indicated in 
the JCPDS-01–085–0988 crystallographic data sheet. The peaks related 
to the formation of cubic GaAl2O4 sub-superficial spinel were not 
observed [28]. For the Al-0 sample, the cell parameter resulted in 
7.901 Å, which is close to 7.906 Å reported in the crystallographic data 
sheet mentioned before (vide supra). In the AlGa-25 and AlGa-50, the 
calculated values for the cell parameter resulted in 0.511 Å and 0.512 Å, 
respectively, indicating a contraction in the cubic cell. Besides, the 
crystal size for Al-0 resulted in 8.0 nm, while for the AlGa-25 and 
AlGa-50, the value resulted in 10.2 nm and 9.4 nm, respectively. 

Fig. 3B presents the diffractograms of the AlY-x system. In this case, 
the AlY-100 showed peaks at 29.2, 33.8, 48.6 and 57.6 2θ degrees. Those 
mentioned peaks refer to the planes (222), (400), (440), and (622) 
related to the cubic system of the yttrium oxide with Ia3 space group as 
indicated by the JCPDS-00–001–0831 data sheet. For the AlY-25 mixed 

Fig. 1. SEM micrographs for the A) Al-0, B) AlGa-100 (Ga2O3) and C) AlY-100 (Y2O3) pure oxides samples calcined at 500◦C.  
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oxide, only the most intense peaks of the alumina phase were observed, 
although their decreased intensity indicated a loss in its short-range 
crystallinity. The AlY-50, by contrast, presented the peaks at 29.2 and 
33.8 2θ degrees of the yttrium oxide. Additionally, this sample exhibited 
two peaks at 30.6 and 31.7 2θ degrees that could be related to the 
hexagonal YAlO3, according to the crystallographic data sheet JCPDS- 
01–074–1334. The cell parameter for the cubic system of AlY-25 and 
AlY-50 resulted in 10.30 Å and 10.31 Å, respectively. Additionally, the 
particle size of these materials resulted in 13.3 nm and 14.8 nm for the 
AlY-25 and AlY-50, respectively [26]. 

3.1.3. Textural properties 
The textural properties of the Al-0, AlGa-x and AlY-x samples are 

presented in Table 1. The specific surface areas (SBET) of the Al-0 sample 
resulted in 223 m2▪g− 1, which is in good agreement with the value 
previously reported for this sample [26,27]. For the AlGa-x and AlY-x 
series, we found a systematic decrease in the textural properties with 
the increase in gallium oxide or yttrium oxide in the samples. For 
example, the decrease in the textural properties for the AlY-25 was only 
17% with respect to the Al-0 sample. Meanwhile, in the case of AlGa-25, 
the decrease resulted in around 30%. As expected, the pure oxides 
AlGa-100 and AlY-100 resulted in 24 m2▪g− 1 and 20 m2▪g− 1 being the 
lowest value of specific surface area obtained among the samples. These 
AlGa-100 and AlY-100 pure oxide samples will not be further used for 
the preparation of catalysts due to the low impregnating surface area 
available, which will cause poor Ni dispersion. In the case of the pore 
volume (Pv) the alumina sample presented the highest value of 
0.35 cm3▪g− 1 followed by the AlY-25 sample with 0.25 cm3▪g− 1. These 
low pore volume values observed in Table 1 reflect that the particles 
observed are rather solid than porous materials. The porosity found by 
this technique is probably more related to the voids generated by the 

interconnection of the nanostructures than to real pores, as it has been 
reported for similar materials. 

3.1.4. Point of zero charge 
The values of PZC are listed in Table 1. As observed, the values in-

crease slightly with the presence of Ga2O3 in the samples. Nevertheless, 
the values increase to 9.15 and 9.18 for AlY-25 and AlY-50, respectively. 
These results imply that AlY-x samples will interact strongly with the Ni 
species during the impregnation procedure since typically, the Ni pre-
cursors generate acid-aqueous solutions. Also, this higher basicity 
observed on the AlY-x samples could induce larger or at least better 
interaction with CO. 

3.2. Catalytic activity measurements 

The catalyst activity measurements require the catalysts to be in a 
reduced state. The literature reported that the reduction of Ni begins 
around 400 ◦C with the maximum around 490 ◦C to 530 ◦C, with the end 
of the Ni reduction around 540 ◦C depending on the support [39]. Our 
results of TPR confirmed the results described before for the Ni/Al-0 as 
seen in the TPR provided as supporting information in Figure S1. 
Therefore, all the samples were reduced at 550 ◦C to ensure the Ni 
catalysts were successfully activated regardless of the support. 

3.2.1. Continuous flow microreactor 
The evaluations were conducted under a differential regime using a 

gas hourly space velocity (GHSV) of 30,000 h− 1; therefore, conversions 
obtained were below 10% even in the higher temperature analyzed. 
Also, it is worth mentioning that the first temperature analyzed was the 
highest (360 ◦C), as Carberry suggested for laboratory catalysts evalu-
ation [40]. The average conversion in each temperature was obtained 

Fig. 2. SEM micrographs obtained from the A) AlGa-25, B) AlGa-50, C) AlY-25, and AlY-50 samples.  
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under steady-state conditions. The Ni/Al-0 sample presented around 6% 
conversion at 360 ◦C during stabilization (see Fig. S2). The sample was 
cooled down to 160 ◦C and stabilized at this temperature during 3–8 
samples; then, the temperature was increased again to 180 ◦C. The same 
procedure was done until the temperature reached 360 ◦C again. The 
sample began to convert the CO around 240 ◦C and continued increasing 
its conversion until it reached the same values as at the beginning (360 
◦C). No methane was observed in the reactor effluent. This method 
grants that all reaction data could be used to obtain kinetics parameters 
as the activation energy. Fig. 4A presents the reaction rate at 
steady-state conditions, and Fig. 4B displays the Arrhenius plot from 
where we obtained the activation energy for all the samples. As seen, the 
activity for the Ni/AlGa-x samples resulted higher among series, espe-
cially the Ni/AlGa-50 presented 45%,17%, 65%, and 45% higher ac-
tivity than Ni/Al-0, Ni/AlGa-25, Ni/AlY-25, and Ni/AlY-50 respectively. 

Additionally, it is possible to observe that in the case of the Ni/AlY-x 
series, the sample with 50% yttrium oxide coincidentally provides better 
activity. In the case of the apparent activation energy (Ea) all samples 

presented values in the range of reported values for other WGS catalysts 
(see Fig. 4B) [7,41,42]. From those, the lower values of Ea were observed 
in the Ni/AlY-25 with 52.3 KJ▪mol− 1. CO% conversion plots related to 
the Ni/AlGa-x and Ni/AlY-x catalysts are provided in the supplementary 
information as Fig. S3. 

3.2.2. In-situ FTIR measurements 
To understand how the incorporation of yttrium and gallium oxides 

into the support induces changes in the catalytic activity of Ni catalysts, 
we decided to evaluate the Ni/Al-0, Ni/AlGa-25, and Ni/AlY-25 samples 
since they displayed different activity behavior in all range of temper-
atures evaluated under steady-state conditions. The samples were in situ 
characterized by infrared spectroscopy to determine the surface species 
involved in the catalysis. These experiments were conducted under re-
action conditions similar to those of the catalytic activity tests in Section 
3.2.2. Simultaneously, the composition of H2 and CO2 in the outlet gases 
was analyzed by GC. Fig. 5 presents the in-situ FTIR measurements for 
all samples. 

In the first place, the Ni/Al-0 sample was set into the reaction cell 
and activated as described in Section 2.3.2. The inflow of the reactive 
mixture into the FTIR Cell at 160 ◦C generated several bands in the IR 
spectrum of the Ni/Al-0 sample, as observed in Fig. 5A. The doublet 
bands at 2177 cm− 1 and 2111 cm− 1 can be assigned to carbon monoxide 
in the gas phase [43,44]. The bands at 1586 cm− 1 and 1394 cm− 1 can be 
assigned to the υa(CO2) and δ(CH) vibration modes of surface formate 
species bonded on γ-Al2O3 in bidentate configuration, respectively [45] 
Some authors have proposed that these species can be originated by the 
interaction between COgas and surface hydroxyl groups at temperatures 

Fig. 3. A) XRD diffractograms of the AlGa-x and B) AlY-x systems.  

Table 1 
Textural properties and PZC of the calcined samples AlGa-x and AlY-x. Surface 
area (SA), pore volume (Pv) and average pore size (Ps).   

SBET Pv Ps PZC  
m2▪g− 1 cm3▪g− 1 nm pH 

Al-0 223 0.35 6.1 8.03 
AlGa-25 156 0.2 4.8 8.11 
AlGa-50 120 0.1 4.2 8.10 
AlGa-100 24 0.03 6.8 8.11 
AlY-25 190 0.25 5.7 9.15 
AlY-50 142 0.18 7.4 9.18 
AlY-100 20 0.06 6.1 8.35  

Fig. 4. A) Steady-state reaction rate and B) Arrhenius plot for the Ni/Al-0, Ni/ 
AlGa-x and Ni/AlY-x samples. 
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higher than 100 ◦C [46]. The band at 1695 cm− 1 can be assigned to 
asymmetric stretching of bridged carbonate species (br-carbonate) on 
the support (γ-Al2O3)[47]. The bands at 1456 cm− 1 and 1298 cm− 1 can 
be due to the υa(CO3) of ionic carbonate (i-carbonate) and υs(CO3) of 
carbonate in bidentate form (b-carbonate) on alumina [47]. Carbonate 
species on the surface could be due to the adsorption of CO2 or the 
oxidation of formate species. Given that, at this temperature (160 ◦C), 
carbon dioxide was not detected in the outlet gases (Fig. 6A), it is 
assumed that a part of the formate species is responsible for the car-
bonate species formation. Evidence of nickel carbonyls was not seen at 
this temperature, demonstrating that carbon monoxide is adsorbed on 
the surface of the support, mainly on hydroxyl groups, which can be 
generated by the dissociative adsorption of water on Al2O3 (Al+3-OH 
and O− 2-H)[48]. 

With the temperature increase, changes in the IR spectra were 
observed (Fig. 5A). The bands of formate species (1586 and 1394 cm− 1) 

increased their intensities until they reached their maximum value be-
tween 240 ◦C and 260 ◦C. Simultaneously, a new band at 2050 cm− 1 

emerged at 180 ◦C, which can be attributed to C-O bond stretching 
(υ(CO)) of carbonyl species bonded on Ni0 linearly [49]. Its maximum 
intensity was reached at approximately 240 ◦C. Its origin could be due to 
the dehydroxylation process of formate species (HCO2

- ) on Al2O3 around 
Ni0 sites [50]. Also, the band attributable to br-carbonate decreased 
until it disappeared at approximately 240 ◦C. This species disappeared 
probably because of the thermal desorption effect caused by the tem-
perature increase. Above 240 ◦C, the characteristic bands of formate 
species, both related to CO gas, decreased gradually; in parallel, the 
concentration of CO2 and H2 in the outlet gases increased continuously 
with temperature (Fig. 6A). As both phenomena happen simultaneously, 
formate species are assumed to be converted to CO2 during the catalysis 
transformation step. Some authors have proposed that due to formate 
species decomposition, CO2 gas and H adatoms can be formed, which 

Fig. 5. FTIR characterization of the A) Ni/Al-0 sample, B) Ni/AlGa-25, and C) Ni/AlY-25 samples under reaction conditions.  

Fig. 6. Concentration (in %v/v) of CO2 and H2 in the outlet gases of the FTIR reactor/cell for Ni/Al-0, Ni/AlGa-25, and Ni/AlY-25 samples under reaction conditions.  
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can be combined to form H2 on the surface of Ni nanoparticles [51]. 
In the experiment, the bands of ionic (1456 cm− 1) carbonate 

increased with the increase in temperature. Meanwhile, the band 
assigned to the bidentate carbonate (1298 cm− 1) remained constant or 
barely decreased in intensity as a function of temperature. This behavior 
suggests that both species act as spectators and do not participate in the 
catalysis process. By contrast, the presence of these species over the 
surface indicates the use of active sites to be adsorbed, which consid-
erably decreases the activity. For its part, the decrease in the intensity of 
the band of nickel carbonyls can be associated with the thermal 
desorption of COgas. 

In the case of an in-situ reaction experiment using the Ni/AlGa-25 
sample (see Fig. 5B), when COgas and steam were put in contact with 
the sample, the same vibrational modes were observed, although the 
position of the bands appeared slightly shifted in comparison to that 
observed for the Ni/Al-0 sample. Nevertheless, the intensity of these 
bands was lower in the spectrum of the Ga-containing material than in 
the Ni/Al-0 sample (Fig. 5A). This is related to the gallium incorporation 
modifying the surface acid/base properties in comparison to the Al- 
0 support as indicated by the ZPC values presented before. The band 
at 1651 cm− 1 can be assigned to the υa(CO3) vibration mode of bicar-
bonate species on Al2O3/Ga2O3 [47,52,53]. At the same time, the bands 
at 1523 and 1444 cm− 1 can be due to the υa(CO3) vibration mode of 
monodentate and ionic carbonate [47,52]. Again, the origin of carbo-
naceous species could be the oxidation of a portion of formate species, as 
in the Ni/Al-0 sample case. When the temperature increased, the bands 
of formate species also increased, reaching their maximum intensity at 
260 ◦C (Fig. 5B). Above this temperature, these bands began to decrease 
progressively. Concomitantly, the production of CO2 and H2 also 
increased, as was evidenced by the concentration in the outlet gases 
(Fig. 6B). At the same time, the bands of CO gas decreased (Fig. 5B). 
Both events confirm the assumption that formate species participate 
actively in the production of CO2 along with one H atom on the surface 
of the active metal, whose reaction with another H atom (promoted on 
the Ni surface) form H2. 

As compared to what was observed for the Ni/Al-0 sample, the nickel 
carbonyl band, possibly due to the dehydroxylation of formate species 
on the metal-support interface, was less intense, especially at lower 
temperatures[50]. Also, the bands of carbonate species remain constant 
even at 360 ◦C. Based on this observation, it is determined that they do 
not participate in the catalysis; contrarily, they can block the active sites. 
However, unlike Ni/Al-0, the intensity of this band was lower, which can 
explain the increment in the catalytic activity of the Ga-containing 
samples. 

On the other hand, the spectra of the Ni/AlY-25 obtained under re-
action conditions are shown in Fig. 5C. The admission of the reactive 
mixture into the FTIR cell originated the appearance of several bands in 
the IR spectrum at 160 ◦C. Formate species were also observed likewise 
as in the other two samples, which was evidenced by the presence of the 
bands at 1585 (υa(CO2)), 1391(δ(CH)), and 1371 cm− 1 (υs(CO2)). Again, 
their origin could be due to the reaction of CO gas with hydroxyl groups 
generated by the dissociative adsorption of water vapor [48]. Also, 
carbonaceous species were detected in the IR spectrum according to the 
bands at 1639, 1523, and 1454 cm− 1 assigned to υa(CO3) vibration mode 
of bicarbonate species and monodentate and ionic carbonate, respec-
tively [47,52]. Whose formation can be explained by the oxidation of 
formate species. The additional two bands at 2174 and 2110 cm− 1 are 
assigned to carbon monoxide in the gas phase. 

With the temperature increase, the band of bicarbonate species 
(1639 cm− 1) decreased until it disappeared at 220 ◦C (Fig. 5C). As CO2 
was not detected in the range between 160 and 220 ◦C in the outlet gases 
(Fig. 6C), it is inferred that the bicarbonates are not desorbed; instead, 
they are transformed into another surface species. The heating of the 
sample under the flow of the reactive mixture generated an increment in 
the intensity of the bands of formate species (1585 (υa(CO2)), 1391(δ(CH)), 
and 1371 cm− 1 (υs(CO2)) until they reached the maximum intensity at 

260 ◦C (Fig. 5C). Above this temperature, the value of these bands began 
to decrease. At the same time, the concentration of CO2 and H2 in the 
outlet gases increased gradually (Fig. 6C). Both observations suggest 
that formate species participate in the catalysis of the water gas shift 
reaction, which was bolstered by the decrease of the CO gas bands above 
260 ◦C (Fig. 5C). 

During the experiment, nickel carbonyls were observed from 220 ◦C 
to 300 ◦C in the IR spectra (Fig. 5C). Above 260 ◦C, two new bands 
emerged at 1601 and 1324 cm− 1 attributable to the υa(CO3) and υs(CO3) of 
bridged carbonate species bonded to Y2O3 (possibly originated by the 
oxidation of formate species)[54]. The intensity of these signals reached 
a maximum between 300 and 320 ◦C, then decreased. It is probable that 
they are desorbed as O-CO. This additional route at high temperatures 
could explain the increment in the CO2 (and H2) production on this 
sample compared to the Ni/Al-0 catalyst. 

3.3. Catalysts characterization 

3.3.1. XPS 
The surface analysis of the Ni catalysts supported on the AlGa-x and 

AlY-x samples displayed the presence of typical photopeaks related to 
Ni, Al, Ga, Y, O and C atoms. The surveys showed the core emission line 
regions for those atoms depending on their composition. Fig. 7 presents 
the high-resolution spectra for the Ga 2p (A) and Y 3p (B) core emission 
line regions for the AlGa-x and AlY-x samples. It is possible to observe 
that Ni/AlGa-25 (Fig. 7A-a) and Ni/AlGa-50 (Fig. 7A-b) samples were 
characterized by the Ga 2p photoelectron spectrum with the Ga 2p3/2 
and Ga 2p1/2 spin-orbit splitting components. The Ga 2p3/2 was 
observed at 1117.6 eV with a shift (Δ) of 26.9 eV for the Ga 2p1/2. In the 
case of the AlY-25 (Fig. 7A-c) and AlY-50 (Fig. 7A-d) presented in 
Fig. 7B, the Y 3d photoelectron region appeared as a single broad peak 
centered at 157.6 eV. The two spin-orbit splitting components Y 3d3/2 
and Y 3d1/2 were not discernable due to the small spin-orbit splitting Δ 
of 2.05 eV. As expected, the observed photoelectron peaks increase in 
intensity in both regions as the gallium oxide or yttrium oxide contents 
increase. 

The semiquantitative chemical analysis is presented in Table 2. In the 
Ni/Al-0 sample, the weight % (wt%) for the Al and O atoms resulted 
around the expected nominal values, although the presence of 7.4 wt% 
of carbon could explain their slightly lower values. In the case of Ni, the 
5.0 wt% expected value was not obtained, indicating that 60% of 
impregnated Ni enters into the sub-superficial layers by migration and 
possibly forming NiAl2O4 spinels as reported by Topsoe et al. [55]. In the 
case of samples Ni/AlGa-25 and Ni/AlGa-50 the Ni content resulted in 
3.3 wt% and 4.7 wt%, respectively. These results suggested that the Ni 
increases on the surface as the Ga2O3 increases in the support. For the 
samples Ni/AlY-25 and Ni/AlY-50 the Ni content resulted in 5.6 wt% 
and 4.8 wt%, respectively. In this case, the Ni content is around the 
nominal value in both Y2O3-containing samples, suggesting that this 
preparation allows the Ni to be impregnated homogeneously distributed 
in the support. However, a deconvolution process in the Ni 2p 
high-resolution window was carried out to shed light on the Ni species 
participating in the catalytic reaction. 

Fig. 8 presents the high-resolution spectra of the Ni 2p emission re-
gion for Ni/Al-0, Ni/AlGa-x, and Ni/AlY-x samples. In the Ni/Al- 
0 (Fig. 8A-a), four peaks were observed at 855.8 eV, 861.8 eV, 
873.6 eV, and 878.6 eV. The photopeaks at 855.8 eV and 873.6 eV are 
related to the spin-orbit splitting of Ni 2p with a shift of 17.8 eV. The 
typical shift for the spin-orbit is 17.5 eV, although this value is observed 
when only one unique chemical environment surrounds the Ni atom. In 
our case, the possibility of having more than one species is evident since 
the Ni/AlGa-x and Ni/AlY-x samples clearly presented an extra peak 
around 851.3 eV. The other broad peaks at 861.8 eV and 878.6 eV are 
commonly associated with shake-up satellites. It is worth noticing that 
the samples were ex-situ reduced prior to the analysis with the method 
described in Section 2.3.1. We performed a deconvolution process on 
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this region, considering the possible presence of Ni0 at 852.6 eV, NiO at 
855.0 eV, and NiAl2O4 at 856.7 eV [56], along with their respective 
satellite peak for each species (see deconvolution process for Ni/Al-0 in 
supplementary information as Fig. S4). Fig. 8B presents the fit in the Ni 
2p3/2 emission region for the Ni/AlGa-25 (b) and Ni/AlGa-50 (c). As 
seen, the three photopeaks mentioned before allowed a perfect fit of the 
envelope, although it is clearly observed that the intensity of the species 
and their % differ from each other. In the Ni/AlGa-25, the photopeak 
assigned to the Ni0 species resulted smaller in general terms than the 
NiO and NiAl2O4 photopeaks. In the Ni/AlGa-50, the Ni0 species resul-
ted larger, and it seems that the other two species maintain their aspect 
ratio. In the case of the Ni/AlY-x samples presented in Fig. 8C the 
behavior was precisely inverse to that in the Ni/AlGa-x system. In this 
case, the Ni/AlY-25 presented the larger area photopeak related to the 

Fig. 7. XPS spectra for the Ni/AlGa-x and Ni/AlY-x samples in the high-resolution window for A) Ga 2p and B) Y 3d. a) AlGa-25, b) AlGa-50, c) AlY-25, and d) 
AlY-50. 

Table 2 
Semi-quantitative analysis of the XPS spectra for the Ni/Al-0, Ni/AlGa-x and Ni/ 
AlY-x samples.  

sample Ni 
wt% 

Al 
wt% 

Ga 
wt% 

Y 
wt% 

C 
wt% 

O 
wt% 

Ni/Al-0  2.0  47.8  0.0  0.0  7.4  42.9 
Ni/AlGa-25  3.3  38.5  12.6  0.0  7.9  37.8 
Ni/AlGa-50  4.7  30.4  25.0  0.0  6.7  33.3 
Ni/AlY-25  5.6  14.5  0.0  55.8  6.3  17.9 
Ni/AlY-50  4.8  17.5  0.0  47.0  6.4  24.3 

*Samples were ex-situ reduced prior to the XPS analysis 

Fig. 8. A) Ni 2p XPS spectra for the a) Ni/Al-0, b) Ni/AlGa-25, c) Ni/AlGa-50, d) Ni/AlY-25, and e) Ni/AlY-50 samples, B) Ni 2p3/2 for the corresponding Ni/AlGa-x 
samples and C) Ni 2p3/2 for the corresponding Ni/AlY-x samples. 
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Ni0 species. Furthermore, the peak related to the NiO in the Ni/AlY-50 
decreased considerably with respect to the NiAl2O4 species in all 
samples. 

The semiquantitative analysis is presented in Table 3. Ni/Al-0 sample 
presented around 24% of total Ni at the surface transformed into Ni0 

species. As expected, 32.5% of detectable Ni resulted in the NiAl2O4 
spinel species. The remaining Ni in this sample was found to form NiO 
that was not reduced during the activation treatment. For the Ni/AlGa-x 
samples, the Ni0 increases with the increase in the Ga2O3 content from 
27.1% to 36.4% in the Ni/AlGa-25 and Ni/AlGa-50 samples, respec-
tively. Meanwhile, in the Ni/AlY-x samples, the most significant quan-
tity of Ni0 species was observed in the Ni/AlY-25 sample, along with the 
lowest % of NiAl2O4 species among the series. Furthermore, the Ni/AlY- 
50 samples presented only 23.7% of Ni0 species, which is a % similar to 
that observed in the Ni/Al-0. 

3.3.2. TEM 
In Fig. 9 is presented the HRTEM micrographs related to the Ni/Al- 

0 (A-C), Ni/AlGa-25 (D-F) and Ni/AlGa-50 (G-I) samples. The 
morphology of these catalysts coincides with their respective supports, 
in which sharp rods, along with nanobelts, form the hollow Al2O3 
nanospheres (Fig. 9A) as presented in Section 3.1.1. Fig. 9B presents the 
EDX scan line analysis of a nanorod where the Al, O, and Ni atoms were 
detected. In this scan line, it is possible to observe that Ni atoms are 
present in the nanorod, but also, the belt in the background presented 
small peaks of Ni atoms, indicating the presence of Ni nanoparticles. The 
particle size analysis revealed Ni particles in a wide range, from particles 
below one nm to some large particles of around 10 nm. Indeed, an 
example of the large Ni nanoparticles detected in this catalyst is pre-
sented in Fig. 9C, in which the diameter is around 9 nm. This particle 
presented clearly the planes (111) of the Ni metallic phase following the 
interplanar distances (0.203 nm) reported in the JCPDS card 
00–001–1258. In Fig. 9D the general view of the Ni/AlGa-25 is pre-
sented; this micrograph confirms the presence of nanospheres of around 
20 nm of diameter induced by the gallium presence. Fig. 9E presents the 
Ni nanoparticles observed in this sample. Clearly, the diameter of the Ni 
nanoparticles resulted in the range from 3 nm to 5 nm with some par-
ticles of around 8 nm. Fig. 9F presents the micrograph of a background 
nanobelt with a nanorod, although, in both structures, Ni atoms were 
clearly observed by the EDX composition map. In Fig. 9G, related to the 
Ni/AlGa-50, it was observed that the structures increase in size slightly; 
in fact, with the increase in the gallium oxide content, the structures 
begin to be flat, and some large mixed oxide crystals appeared forming 
nanopillows as described before in [28]. These structures are presented 
in Fig. 9H in High Angular Annular Dark Field (HAADF) mode micro-
graphs. Usually, the presence of large concentrations of gallium oxide in 
the sample made this kind of analysis difficult because it caused an 
intense brightness that could hide the presence of metals. Nevertheless, 
the bright and dark zones of both micrographs allowed us to detect the 
presence of Ni, which was more or less homogeneously distributed. This 
statement was confirmed with the EDX line scan presented in Fig. 8I, in 
which the intensity for aluminum and gallium resulted almost similarly 
to their nominal concentrations. In the case of Ni, its intensity along the 
scan line appears to be almost constant, indicating a homogeneous 
distribution. The statistical analysis of the Ni nanoparticles to obtain the 
average size resulted in 2.5 ±0.8 nm, 3.6 ±0.9 nm, and 4.4 ±1.1 nm for 

the Ni/Al-0, NiAlGa-25 and Ni/AlGa-50, respectively. 
In the case of the Ni/AlY-x system, Fig. 10 presents the micrographs 

related to the Ni/AlY-25 (A, B, C) and Ni/AlY-50 (D, E, F). In Fig. 10A, it 
is possible to observe the presence of a large-size nanosphere (600 nm) 
mainly formed by nanorods. The Fig. 10B displays a micrograph of the 
tip of a nanorod in HAADF mode. Clearly, the Ni nanoparticles are well 
dispersed over the nanostructure. The nanoparticles, in this case, 
resulted in around 7.8±0.3 nm as it was corroborated with the EDX line 
scan analysis presented in Fig. 10C. In the case Fig. 10D related to the 
Ni/AlY-50 the 3D microsphere resulted in around 1270 nm. Neverthe-
less the distribution of Ni over the surface seems to be homogeneous 
presenting Ni nanoparticles of sizes from 3.7 nm with an average par-
ticle size of 8.5 nm±0.6 as observed in the Fig. 10E. Using EDX line scan, 
it was corroborated that the 5.8 nm size nanoparticle was composed of 
nickel and not by yttrium, as observed in Fig. 10F. 

3.3.3. Theoretical calculations adsorption and incorporation 
Consider our experimental results, in which Ni and Ga are incorpo-

rated to the largest extent into the Al2O3 subsurface layers. At the same 
time, Y seems to form preferably surface species, we adsorbed and 
incorporated Ga, Y, and Ni on and into the Al2O3 (0001) clean/dry 
surface (see inset in Fig. 11A). Several high-symmetry sites were treated, 
and the ones that generated the most stable formation energies per layer 
are depicted in Fig. 11A. As seen, the relative formation energies (eV/ 
Å2) for Ni on bare alumina resulted in 0.115 eV/Å2 for Ni, 0.135 eV/Å2 
for Ga, and 0.18 eV/Å2 for Y, when its adsorption was simulated on the 
outer surface. This means these cations will migrate to the internal 
subsurface layers easily. The less stable values obtained among them 
were for those of Y. Clearly, the cation incorporation on the first layer 
presented similar values for the atoms tested. The results indicated that 
Ni could be incorporated with the same relative formation energy even 
on the 4th layer. Also, Fig. 11A reveals that Ga and Ni incorporate easily 
into the subsurface, showing similar formation energies for Ga and Ni 
atoms in Al sites for incorporation into the 1st, 2nd, and 4th layers. 
Notice that Ni and Ga are the most stable systems in the first surface 
layer. Turning our attention to Y adsorption and incorporation, we 
noticed that Y must be located mainly in the 1st surface layer. Incor-
poration into inner layers may be possible but with a lower probability. 
Also, adsorption as an adatom on the surface is even less stable. So, Y 
atoms will replace Al atom sites into the first surface layer only. These 
results confirm our experimental observation. 

We further incorporated Ni atoms once the Al2O3 has incorporated 
Ga and Y atoms since our experimental evidence suggests that Ga and Y 
favor their surface adsorption and incorporation. We first adsorb and 
incorporate Ni on the Ga-modified Al2O3(0001) surface (Ga atoms are 
incorporated into the first Al layer). Results are depicted in Fig. 11B; 
here, we can see the Ni adsorption and incorporation into the pristine 
Al2O3 as green-color spheres. Notice that when Ga is present on the 
surface, Ni atoms stabilize on top of the surface and also take on Al sites 
into the first Al2O3 layer. Both structures are more stable than in the case 
of pristine Al2O3 surface and explain the experimental results in which Y 
increases the probability of finding surface Ni species (see red-color 
spheres in Fig. 11B). 

4. Discussion 

4.1. General 

In this work, we successfully prepared Al2O3, Ga2O3, Y2O3, and bi-
nary mixed oxides using a hydrothermal method modified from [57]. 
The reference pure Al2O3, Ga2O3, and Y2O3 materials presented different 
morphology from each other. At large scale, Al2O3 displayed (1 μm) 
urchin-like hollow microspheres; these structures were clearly formed 
by agglomerates of nanobelts and nanorods. While the Ga2O3 presented 
rectangular bars with well-defined planes with a rhombic appearance on 
the base. Pure Y2O3 showed some barely defined rounded particles, as 

Table 3 
Semiquantitative analysis on the Ni 2p3/2 high-resolution window.  

Sample Ni0% NiO % NiAl2O4% 

Ni/Al-0  23.9  43.6  32.5 
Ni/AlGa-25  27.1  39.8  33.1 
Ni/AlGa-50  36.4  36.2  27.4 
Ni/AlY-25  42.2  33.1  24.7 
Ni/AlY-50  23.7  33.6  42.7  
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seen in Fig. 1. However, the binary mixed oxides AlGa-x and AlY-x 
presented only nanoparticle agglomerates with sphere and rod shape. 
It seems that part of the urchin-like structure from Al2O3 remains in the 
low (25%) Ga2O3 and Y2O3 wt% content samples. Meanwhile, in the 
samples with high mixed oxide content (50 wt%) the spheres seem to 
predominate, especially in the AlY-50 sample. Huang et al. reported the 
formation of γ-AlOOH microspheres using Triton X-100 as a directing 
agent and urea as a precursor of ammonia, which in turn provides OH- 
from its hydrolysis [57] The authors mentioned that during the syn-
thesis, Triton X-100 forms spherical micelles (51 Å) that interact with 
amorphous aluminum hydroxide particles to form nanospheres as large 
as 1 or 2 μm. Apparently, when the nanospheres base structures are 
formed, the next step is the growth along the perpendicular direction to 

the spherical surface [57]. Indeed, in previous work, some of us reported 
the synthesis of AlY-x samples via the hydrothermal method; we 
observed that the obtained nanospheres with sizes from 75 to 130 nm 
were formed by particles with smaller sizes, as in this case [26]. 
Nevertheless, one question remains unsolved: why do the mixed oxides 
present the solid nanosphere morphology? With the results of TEM from 
AlGa-25 presented in Figs. 2 and 9 and for AlY-x samples in Fig. 2 and 
Fig. 10, we corroborate the process described before by Huang et al., and 
two plausible reasons could be proposed; the first one is that the pres-
ence of Ga and Y atoms presence inhibits the perpendicular growth due 
to their differences on atom size compared to aluminum. The second 
reason to obtain these solid nanospheres could be related to improve-
ment in particle stability, i.e. the boehmite phase forms this type of 

Fig. 9. HRTEM micrographs of Ni/Al-0 (A, B (EDX line scan), C), Ni/AlGa-25 (D, E, F(EDX-composition)) and Ni/AlGa-50 (G, H(HAADF), I (EDX line scan)).  
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structure during the condensation step interacting with triton X-100, but 
instead of continuing growing through the perpendicular direction, the 
system forms spherical agglomerates of several seed-nanospheres which 
with the thermal treatments solidify and stabilize. Although both pro-
posals seem to be correct, several reports mentioned the thermal stabi-
lization effect of gallium [58] and yttrium [59,60]. However, verifying 
the stabilization effect provided by these two atoms on our mixed oxides 
is out of the scope of this work. The AlGa-x samples presented similar 
X-ray diffraction patterns to that observed on the Al2O3 pure sample. In 

the case of the AlY-x samples, only the AlY-25 presented a similar 
pattern as the Al-0 sample since the AlY-50 clearly exhibited low in-
tensity peaks related to the Y2O3. While the peaks of the planes (1 1 1), 
(1 0 0), and (1 1 0) from Al2O3 were not observed as seen in Fig. 3. These 
results suggest a good integration of gallium and aluminum to form a 
new binary mixed oxide with varying concentrations from 25 to 50 wt%. 
By counterpart, it seems that yttrium and aluminum present a certain 
resistance to form a mixed oxide above 25 wt% of Y2O3. Nevertheless, 
the XPS semiquantitative analysis of the samples presented in Table 2 

Fig. 10. HRTEM micrographs of Ni/AlY-25 (A, B, C (EDX line scan)), Ni/AlY-250 (D, E, F (EDX line scan)) samples.  

Fig. 11. A) Relative formation energies plotted as a function of the layer in which the adsorption was tested for Al2O3 (0001) clean surface. B) Relative formation 
energies plotted as a function of the layer in which the adsorption was tested for Al2O3 (0001) (green circles), modified with Ga atoms (orange circles) and modified 
with Y (navy circles). 
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revealed that there is more Y than Ga at the surface in the same 
respective wt% content samples. The calculation of the nominal ratio 
between Ga wt% or Y wt% and Al wt% derived in values of 0.47, 1.41, 
0.5, and 1.49 for the AlGa-25, AlGa-50, AlY-25, and AlY-50 samples, 
respectively. Now with values reported in Table 2, the same Ga/Al and 
Y/Al wt% ratios conducted to the following values: 0.33, 0.82, 3.86, and 
2.69 for the AlGa-25, AlGa-50, AlY-25, and AlY-50, respectively. These 
values confirm that Ga content is slightly lower at the surface than it has 
to be and is forming part of the bulk mixed oxide material. Meanwhile, 
the large values for the Y/Al ratio demonstrate a clear enrichment of the 
surface with yttrium in both AlY-25 and AlY-50 samples. This agrees 
with the XRD observations in which the peaks of the Y2O3 crystalline 
phase are observed. Nonetheless, the textural properties of the AlGa-x 
and AlY-x samples exhibited values acceptable for the intended appli-
cation. However, the increase in Ga o Y in the samples considerably 
decreased the surface area and pore volume. However, the incorporation 
of Ni in the supports only resulted in an average decrease of 10% in 
surface area due to its low content incorporated. Our theoretical results 
show that when Al2O3 has Y incorporated into first layer Al sites, the Ni 
adsorption and incorporation are even more stable; see navi-color 
spheres in Fig. 11B. Although it would be interesting to measure the 
stability of Ni in inner layers, the treated systems are more stable than 
the pristine Al2O3 (0001), demonstrating that, indeed, Ga and Y induce 
Ni to remain as surface species. Another piece of interesting evidence 
appears when Y and Ga are incorporated in pristine Al2O3. Here, Y tends 
to be more stable at the surface, while Ga is stable at the surface and the 
subsurface layers. This means that Ga atoms could be going deeper from 
the surface to the inner layers, allowing Ni to migrate more layers than 
when Y is present. In fact, as the XPS results indicated, Ni content on 
alumina resulted 2.0 wt%; with Ga-incorporated materials, the Ni con-
tent increased as the Ga content also increased (3.3 and 4.7 wt% for 
AlGa-25 and AlGa-50 respectively. In the case of the materials with 
yttrium, the mentioned effect was more evident since almost all 
Ni-impregnated resulted at the surface. With that in mind, we suggested 
that the better Ni dispersion observed in the Ga-incorporated system is 
generated by the lower quantity of Ga atoms at the surface. This avoids 
the nickel migration to the sub-superficial layer and being transformed 
into NiAl2O4 spinels. In contrast, Y stabilizes more at the surface, 
generating a more significant agglomeration of Ni and, consequently, a 
poorer dispersion. However, we need to consider that dispersion did not 
decrease to the extreme in which the particles reached the XRD detec-
tion limit (≈5 nm) as exhibited by the diffractograms of the Ni/Al-0, 
Ni/AlGa-x, and Ni/AlY-x samples provided in the supplementary infor-
mation as Figure S5. These facts are directly linked to the catalytic yield 
observed in these systems, where the Ni/AlGa-x samples have the 
highest catalytic activity. Although Y induces more Ni surface species, 
there seems to be a collective effect in which Ni surface species and the 
dispersion are essential for getting more active sites for the reaction. The 
continuous flow evaluation of the activated Ni-based catalysts demon-
strated that all samples prepared were active in the water gas shift re-
action. From them, the Ni/AlGa-x series was demonstrated to be more 
active than the Ni/AlY-x counterpart. When comparing the activity of 
the Ni/AlGa-50 with the Ni/Al-0, the difference was around 50% in all 
the range of temperatures tested. On the other hand, for the Ni/AlY-x 
series, the catalyst with 50 wt% of Y2O3 resulted in the highest activ-
ity in temperatures above 300 ◦C. 

4.2. Activity structure correlation 

The evidence obtained from the in-situ catalytic experiments 
revealed the species formed at the surface in each sample analyzed. The 
FTIR spectra of the reduced Ni/Al-0 sample exhibited large intensity 
bands related to the vibration modes of CO, formates, and carbonates 
bonded to the support (see Fig S6 in the supplementary information). As 
seen in Section 3.2.2 the adsorption of CO rapidly produced carbonates 
and formates, although the vibration mode related to the asymmetric 

carbonates disappeared at above 260◦C. At the same time, the υCO2 vi-
bration of formates at 1586 cm− 1 increased its intensity and then 
decreased with further increases in temperature. In the presence of 
water, the band at 3730 cm− 1 due to M—OH—M was observed to 
decrease with temperature, as seen in Fig. S7 of the supplementary in-
formation. These results and the absence of CO2 in the in-situ cell 
effluent allowed us to propose Scheme 2 for the adsorption of CO and 
water on the Al-0 reduced support. 

When temperature increases, the bridged carbonates at 1695 cm− 1 

disappear, and at the same time, the υCO2 and υCH vibrations of formates 
increase, reaching a maximum intensity c.a. 260 ◦C. Meanwhile, the 
ionic carbonates (CO3) also increased with the temperature. The FTIR 
spectra related to the in-situ reaction measurements of Ni/AlGa-25 and 
Ni/AlY-25 exhibited the same vibrations with small shifts that do not 
intervene with the assignation of vibrational modes. However, the 
general profile of the spectra obtained in the three cases was utterly 
different from each other. On the one hand, the observation of the 
spectra related to the in-situ WGSR with the Ni/Al-0 catalyst indicates 
that formates participate actively in the reaction mechanism. However, 
the evidence obtained from the Ni/AlGa-25 indicates that minor in-
tensity for the formates vibrations led to an increase in reaction rate and 
higher CO conversion than in their Ni/AlY-25 counterpart. However, a 
drawback of these Ni/Al-0 and Ni/AlY-25 catalysts is related to the 
progressive increase in the vibrational mode related to the carbonates in 
both cases. Coincidently, Finos et al. [61] reported that the presence of 
Ga on mixed materials with ceria could inhibit the formation of biden-
tate carbonates, and this effect increased with the increase in gallium 
oxide content in the sample. The authors stated that the formation of 
more labile carbonate species could be considered as a signal of an 
appropriate catalyst for WGSR. Indeed, as mentioned before, the 
Ni/AlGa-25 catalysts resulted in lower intensity vibration for the car-
bonates and, at the same time, with high activity. The trend mentioned 
by Finos et al.[61] also coincides with the trend observed for the cata-
lytic activity at steady state conditions, as seen in Fig. 4, in which the 
catalysts prepared over the AlGa-x samples displayed the highest ac-
tivity among materials. Therefore, the interaction of CO and H2O with 
the surface of the catalyst could be modulated with the presence of 
gallium or yttrium. At this point, it is worth mentioning that the surface 
of the AlY-x samples, with more basicity than the AlGa-x samples, as 
indicated by the PZC values, have previously demonstrated to form 
stable carbonates that do not desorb under high-temperature reaction 
conditions[26]. This could mean that the surface of the AlY-x samples 
keeps and maintains, to some extent, the CO adsorbed instead of helping 
to transform it. 

In addition, the XPS results indicated that the composition of the 
support is closely near to the nominal values, as seen in Table 2. How-
ever, the 5 wt% of Ni impregnated on the samples varies on the surface 
materials due to migration phenomenon. Clearly, the Ni/Al-0 loses the 
large quantity of Ni by migration to the bulk, followed by Ni/AlGa-25 
with only 3.3 wt% of Ni at the surface. In fact, we can establish a 
trend in which the Ni available at the surface of materials follows the 
next order: Ni/AlY-25>NiAlY-50>Ni/AlGa-50>Ni/AlGa-25>Ni/Al-0. 
This effect was related to the formation of the subsuperficial spinels of 
NiAl2O4 caused by the affinity of the Ni atoms to the tetrahedral sites 
free of Al3+ cation. Table 3 supports this assumption since the decon-
volution of the spectra indicated that NiAl2O4 species are present in all 
catalysts. These values presented in Table 3 could be combined with the 
atomic weight % observed in all samples (Table 2) to provide an 
adequate trend about the real Ni0 obtained in each sample. Following 
this idea, multiplying the Ni0 % of species by the Ni wt% at the surface 
leads to the total Ni0 per gram of catalysts for each sample. The values 
obtained resulted as follows: 5 mg, 9 mg, 17 mg, 24 mg, and 11 mg for 
the Ni/Al-0, Ni/AlGa-25, Ni/AlGa-50, Ni/AlY-25, and Ni/AlY-50 sam-
ples, respectively. From these values, it can be assumed that the more 
active catalysts would be the Ni/AlY-25 since this sample presented the 
highest quantity of Ni0 on the surface among the materials. 
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Nevertheless, we need to remember that the catalytically active metal 
atoms for the WGSR are considered only those located at the periphery 
of the nanoparticles [7,62] Therefore, the dispersion of nickel over the 
surface of the supports also plays an essential role in the catalytic ac-
tivity. Recently, some of us reported that noble metal interacts with 
AlGa-25 support at different degrees, impacting their dispersion and 
generating metallic/oxide nanoparticles with different average sizes 
regardless of the quantity of impregnated metals being the same in all 
cases [7]. Nevertheless, the authors showed that the sample with the 
smallest average particle size was not the most active catalyst among the 
studied materials. In this case, we observed larger Ni particles in the 
AlGa-50 and AlY-50 than in the AlGa-25 and AlY-25 by the TEM mea-
surement; coincidently, the activity was higher in the two first samples. 
Another fact that needs to be mentioned is that Ni is well known to form 
some methane under WGSR conditions, which reduces its efficiency 
despite the fact that this secondary product could also be used as energy 
source material [63]. Besides, the main objective of the WGS is hydrogen 
production; methane must be minimized in the reactor effluent. In this 
direction, the role of Ni in the WGSR is to adsorb CO and transform it 
into CO2 [64]. The observation of nickel carbonyls from 2100 cm− 1 to 
2050 cm− 1 in the FTIR measurements presented in Section 3.2.2 in-
dicates that the Ni-support interphase is adsorbing CO. With the pres-
ence of other nickel nanoparticles in the vicinity, the formation of CO2 
and H2 is straightforward [63]. However, in these circumstances, for-
mates observed only would be spectators during the reaction of car-
bonyls [65]. Additionally, literature typically relates the adsorption of 
CO directly over the Ni0 species with these vibrational modes [66,67]. 
We observed in Ni/Al-0 and Ni/AlY-25 samples that the presence of this 
species depends on temperature, first increasing and then decreasing 
with the increase in conversion (see Fig. S3 in the supplementary in-
formation), avoiding methane formation. Therefore, the WGSR products 
could be the result of the carbonyl mechanism at low temperatures (<
300 ◦C) and the formate mechanism at high temperatures (> 300 ◦C). 
Further research on DFT calculations is underway to shed light on the 
mechanism occurring over our Ni-based materials. Finally, we did not 
observe the presence of methane in the reactor effluents, indicating that 
these supports could act like methane suppressors under our reaction 
conditions. Other authors also reported the low production of methane 
using Ni-based catalysts under WGS reactions [68–70]. Specially Gan at 
al. proposed that Ni with low coordination number are shown to be the 
barrier for C–O scission, preventing methane formation as in our case 
[71]. Finally, we could propose a theoretical study approach considering 
the Ni adsorption sites on the Ni(111) and Ni(211) surfaces to fully 
explain our results, as indicated by Yin et al. [72] 

5. Conclusions 

Nanoscale materials of mixed oxide Al2O3 - Ga2O3 and Al2O3-Y2O3, 
as suitable supports for WGSR Ni catalysts, have been obtained by using 
a hydrothermal synthesis in the presence of Triton − 100 surfactant. 
Incorporating the two oxides into the alumina structure was complete 
for the 25 wt% loading. Both alumina oxide promoters induced an 
enhancement of the WGS catalytic activity, with a more significant ef-
fect observed in the Ga-containing catalysts. According to the structural 
and surface characterization results, Ga and Y modulated the interaction 
between nickel and Al2O3, affecting the surface amount and the sizes of 
the nickel particles. These two properties determined the number of 
nickel atoms at the nickel-support border considered the active sites in 
the WGS reaction. As derived from the in situ FTIR investigation, Ga and 
Y inhibited the formation of nickel carbonyls, which are considered 
precursors to the undesired methane formation. The presence of Ga(III) 
and Y(III) may decrease the surface basicity, decreasing the adsorption 
of CO and CO2, resulting in weaker absorption bands. The variation of 
the formate-related peaks with temperature suggests the involvement of 
the formate species as intermediates in the reaction mechanism. Further 
research on DFT calculations is underway to shed light on the exact 
mechanism occurring over our Ni-based materials. 
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R. Ponce-Pérez: Software, Resources, Investigation. J. Guerrero- 
Sanchez: Software, Resources, Investigation. J.G. Pacheco-Sosa: Vali-
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