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A B S T R A C T   

The product distribution in aqueous phase reforming (APR) of polyols is closely tied to the catalytically induced 
feed cleavage mechanism. Strategic variations in catalyst composition and synergistic effects prompted by re-
action conditions, such as pH, can be utilized to tune the product distribution of both liquid and gaseous phases. 
This study aimed to compare the physicochemical properties of various NixSny/Ce(Zr)O2 catalysts and their 
performance in batch tests during the APR of a 6%wt. ethylene glycol (EG) solution under both neutral and 
alkaline conditions. The results show that the progressive addition of tin strongly tunes the activity of the cat-
alysts and the nickel-induced methanation reaction under neutral conditions, albeit decreasing feed conversions. 
In synergy with tin tuning, the alkaline environment boosts the process by increasing conversions and H2-yields 
while still minimizing methanation due to the alkali-induced process of Cannizzaro disproportionation of EG into 
glycolic acid with subsequent reforming thereof.   

1. Introduction 

In recent years, the energy and climate crises, both linked to the 
massive consumption of fossil fuels, have led research towards the 
development of processes that can at least partially supplant the demand 
of petrol derivatives. The hydrogen molecule has been identified as one 
of the most suitable energy carriers for this purpose, due to its high 
gravimetric energy density (120–142 MJ/kg, compared to 44.5 MJ/kg 
for gasoline) [1], a quality which, in combination with the most 
advanced fuel cell developments, would lead to the clean emission of 
water [2] (2H2 + O2→ 2H2O; ΔE= − 286 kJ/mole). At present, more 
than 96% of hydrogen production is interdependent on fossil fuels and 

only a small niche market is devoted to what is called low emission 
hydrogen according to the report released in 2022 by the International 
Energy Agency (IEA). One of the synthetic strategies to favor hydrogen 
production with a lower economic and environmental impact would be 
the use of biomass as a substitute for fossil derivatives. The integration of 
multiple processes to obtain goods of different nature from biomass falls 
within the biorefinery definition. Specifically, efforts have been made in 
bio-diesel production using this technology concept. However, it has 
been observed that the bio-diesel production processes currently in use 
have the disadvantage that full utilization of the starting biomass is not 
achieved. It has been estimated that the bio-diesel industry produces 
1 kg of raw glycerol as waste for every 10 kg of finished product [3]. 
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Glycerol is not the only polyol to be produced in large, if not harmful 
quantities by the industry. Ethylene glycol is a raw material widely used 
in production processes in textiles, leather, rubber, and chemical fibers, 
and is often found as a waste material in industrial aqueous residues [4]. 
The method for further reuse of industrially produced polyols can be 
found in the conversion of these molecules into hydrogen and carbon 
dioxide by reforming processes. Furthermore, being the simplest of 
polyols, its use as a model for a rational approach dedicated to under-
standing the cleavage pathways occurring in the mentioned processes is 
certainly advantageous. 

Aqueous phase reforming (APR) is a process first reported in 2002 by 
Cortright and co-workers, with the aim of exploiting short-chain 
oxygenated molecules, in aqueous phase, to produce gaseous mixtures 
with high hydrogen content [5]. The advantages of this process are 
multiple. Working at pressures between 20 and 60 bar, at low temper-
atures (220–270 ◦C), it avoids vaporization of the aqueous mixture, 
lowering reforming temperatures in comparison with conventional 
steam reforming processes operating at temperatures between 700 and 
800 ◦C [5]. It was also reported by Davda et al. [6] that the use of 
oxygenated hydrocarbons at the above-mentioned conditions promotes 
hydrogen formation at lower temperatures than the use of saturated 
hydrocarbons. The reaction stoichiometry is reported in equation (Eq. 
1):  

CnH2yOn ⇌ nCO + yH2                                                                   (1)  

CO + H2O ⇌ CO2 + H2                                                                  (2) 

The studies by Davda et al. [5,6] also clarified the preponderant role 
during APR of oxygenated hydrocarbons for the water-gas shift reaction 
(WGS; Eq. 2), which is highly favored at mild operating temperatures, 
leading to a gaseous mixture containing a negligible amount of CO. 
Combining Eqs. (1) and (2), one can deduce the conventional reaction 
stoichiometry for APR (Eq. 3).  

CnH2yOn + nH2O ⇌ nCO2 + (n + y) H2                                            (3) 

For a target molecule such as ethylene glycol, the following equation 
(Eq. 3.1) will then be obtained:  

C2H6O2(l) + 2H2O(l) ⇌ 2CO2(g) + 5H2(g)                                         (3.1) 

However, the operating conditions for aqueous phase reforming 
present certain drawbacks. The production of H2 and CO2 at low tem-
peratures has selectivity limitations, since under the same conditions the 
reaction to form alkanes from the reaction products H2, CO2 and CO 
become highly competitive, an exemplary reaction described by Eq. 4 is 
the CO2 methanation reaction.  

CO2 + 4H2 ⇌ CH4 + 2H2O                                                             (4) 

An efficient catalyst to produce hydrogen from aqueous phase 
reforming of oxygenated hydrocarbons must facilitate hydrogen- 
producing processes such as the water-gas shift reaction. The selec-
tivity of the catalyst in the feed cleavage mechanism thus is crucial to the 
final products of the reaction [6]. As far as ethylene glycol is concerned, 
the cleavage of the C-C single bond is what is recognized as the 
hydrogen-productive mechanism in APR. Cleavage of the C-O bond, on 
the other hand, would favor rearrangements and tautomerization of the 
derived molecules, which would favor hydrogen-consuming reactions 
with the formation of long-chain alcohols and polyols (C3–4-(OH)x), in 
turn reformed into short and long chain alkanes or formation of car-
boxylic acids [7]. Many metals, bimetallic combinations and catalytic 
supports have been investigated to find a good compromise between 
catalytic activity and selectivity for hydrogen production at the expense 
of alkane-producing reactions. Platinum is the most studied active metal 
in APR, as it combines high activity coupled with moderate selectivity 
[6,8]. Nickel also has a high conversion of the organic feed, but ac-
cording to numerous studies it has also a high selectivity to the 

methanation reaction (Eq. 4) [8]. The high content of CH4, CO2 and 
traces of CO usually obtained from Ni-based catalysts could make the gas 
mixture produced less attractive from a practical point of view during 
the hydrogen purification step for commercial purposes than a mixture 
consisting mainly of H2 and CO2. In fact, the process currently used for 
such separation is pressure swing adsorption (PSA), a continuous 
multi-step process with considerable system and energy costs [9]. This 
process involves a preliminary CO2 capture step followed by the actual 
PSA in which the hydrogen is separated from the other products, 
generally considered as waste. However, there are also other process 
types such as Gemini [10] and VPSA [9] that are capable of 
co-separating and storing in a single absorption cycle H2 and CO2 with 
high purities, valorizing both products. 

It has already been demonstrated by Huber et al. [11], that the 
addition of tin to a Raney-Ni catalyst (Raney®-Ni 2800 -Grace-Davison, 
Ni content >89%) significantly decreases, in neutral environment, the 
selectivity for the methanation reaction while maintaining the hydrogen 
production. This is effectively demonstrating how NixSny intermetallic 
compounds (IMCs) can be used to modulate the selectivity to the reac-
tion products. Additionally, the choice of catalytic support as well as 
that of the initial pH value of the reaction medium [6,12,13] also seem 
to influence the cleavage mechanisms of the feed on the catalyst surface 
by increasing its conversion but making the rationalization of the ob-
tained products in the gaseous and liquid phase more complex and often 
poorly clarified. This study aims to combine the aforementioned find-
ings, investigating the catalytic behavior brought by the combination of 
different assets of Sn, Ni and NixSny IMCs dispersed on Ce(Zr)O2 mixed 
oxides in the aqueous phase reforming of ethylene glycol (6 wt%) under 
neutral or alkaline batch conditions. The objective of a rational study of 
the liquid and gaseous phase products observed using the mono- or 
bimetallic catalysts, is to display the fundamental role of tin in inter-
action with nickel as a tuning agent for the choice of competitive 
hydrogen-producing cleavage pathways, synergistically with initial 
pH-induced benefits. 

2. Experimental 

2.1. Materials 

The catalyst support Ce(Zr)O2, was synthesized by micellar-assisted 
hydrothermal synthesis with a procedure like the one detailed by 
Tsoncheva et al. [14]. In this regard, a 0.3 M aqueous solution of hex-
adecyltrimethylammonium bromide (CTAB) was prepared and left to 
stand under magnetic stirring until complete solubilization of the 
micellar reagent. Separately, the CeCl3⋅7H2O and ZrCl4 salts, have been 
used as precursors for the mixed metal oxides of cerium and zirconium, 
after being solubilized in water with a molar ratio Ce/Zr = 2. Subse-
quently, the aqueous solution containing the metal precursors was 
added under magnetic stirring to that containing the micellar agent. An 
aqueous solution of NH4OH at 12.5% was added dropwise to reach a pH 
of about 10, to allow precipitation of the metal hydroxides in the solu-
tion. The emulsion was kept under magnetic stirring at 50 ◦C per 
10 hours. The hydrothermal treatment was carried out in a Teflon lined 
autoclave at 100 ◦C for 24 h. The solid obtained after the washing and 
drying process at room temperature was calcined in a muffle furnace 
under static atmosphere for 10 hours at 300 ◦C. 

The loading of the cerium-zirconium mixed metal oxides with tin 
oxide and/or nickel oxide was achieved by incipient wetness impreg-
nation of 2 g portions of support (CZ support) with a theoretical amount 
equal to 10 wt% of Ni using Ni(NO3)2⋅6H2O as precursor (“oxidized 
monometallic catalyst” designated 10Ni-CZ). A similar approach was 
used for the loading of the CZ-support with 2.5, 5 and 10 wt% of Sn, 
using SnCl2⋅2H2O as precursor (“oxidized monometallic catalysts” 
designated 2.5Sn-CZ, 5Sn-CZ, and 10Sn-CZ, respectively). The incipient 
wetness co-impregnation of the combination of different theoretic 
amounts of tin with 10 wt% nickel, were instead used to produce the 
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oxidized bimetallic catalysts reported in the present work as 2.510SnNi- 
CZ, 510SnNi-CZ, and 1010SnNi-CZ. 

The process of reduction and formation of the metallic and inter-
metallic compounds of Ni0/NixSny actively used in APR was obtained by 
reductive treatment in an environment containing pure hydrogen (pu-
rity 5.0) with a flow rate of 50 mL/min during a temperature ramp from 
50 to 550 ◦C at 10 ◦C /min and an isothermal period at 550 ◦C for 
4 hours. Following the reduction process, the reactor was cooled down 
to room temperature for catalyst passivation (100 mL 1% O2/Ar for 
1 hour), before proceeding of the catalytic test. All the samples obtained 
from the reduction and passivation process are designated in the present 
work by adding the suffix "_red" to the previously defined names. 

2.2. Characterization methods 

LA-ICP-MS system was used to analyze the Sn and Ni content in the 
samples, the instrumentation consists of NewWave UP193FX laser and 
PerkinElmer Elan DRC-e ICP-MS. For controlled ablation of the samples, 
an energy density of around 5 J/cm2 on the sample surface and a laser 
pulse frequency of 4–6 Hz were used. Analyses were generally per-
formed with 35–50 µm beam diameters. External standardization on the 
NIST SRM-610/617 glass standard provides relative elemental concen-
trations. These relative concentrations were transformed into wt% by 
using the Zr and Ce content in the support as an internal standard, 
determined by XRF. 

Low-temperature N2 physisorption isotherms were obtained by a 
Quantachrome Instruments AUTOSORB iQ-C-MP-AG-AG NOVA 1200e 
(USA) apparatus. The specific surface area was determined from the 
Brunauer Emmett Teller (BET) equation, the total pore volume (Vtot) 
was obtained at a relative pressure of 0.99 p/p0 using the BJH method. 
The same method was applied to the desorption branch of the isotherms 
to obtain the average pore diameter (Dpores) and the pore size 
distribution. 

Powder X-ray diffraction patterns were collected on a Bruker D8 
Advance diffractometer with Cu Kα radiation and a LynxEye detector 
with constant step of 0.02◦ 2θ and counting time of 17.5 s per step. 
Diffracplus EVA 2 and ICDD-PDF2 (2014) database were used for phase 
composition identification. Unit cell parameters and mean crystallite 
sizes were determined by Rietveld refinement using Topas-4.2 software 
[15]. Further information on the data analysis has been reported in 
paragraph 3 of the supporting information. 

119Sn Mößbauer experiments were performed at room temperature 
in transmission geometry and in constant-acceleration mode with a 
CaSnO3 source. The velocity scale was calibrated with β-Sn metal foil 
and all isomer shifts are given relative to that of BaSnO3. 

The samples for TEM investigations were finely dispersed in a hydro- 
alcoholic solution (ethanol / water = 2), dropped onto Cu TEM grids, 
and dried in an uncontaminated environment. TEM analysis was per-
formed by means of JEOL JEM 2100 high resolution transmission 
electron microscope at accelerating voltage of 200 kV. Selected area 
electron diffraction (SAED) mode was applied for diffraction patterns 
accumulation and HR-TEM imaging was used for lattice fringes 
registration. 

H2 chemisorption experiments were carried out in a Quantachrome 
Instruments AUTOSORB iQ-C-MP-AG-AG NOVA 1200e apparatus. 
700 mg of calcined material were loaded into a U-shaped quartz reactor 
and placed between quartz wool plugs. The catalyst was reduced in situ 
under a flow of 50 mL/min of pure hydrogen from room temperature to 
550 ◦C at a heating rate of 10 ◦C /min and a reduction isotherm at 550 ◦C 
for 4 hours. After reduction, the sample was treated in helium (flow 
50 mL/min) for 30 min at 550 ◦C. Afterwards, the material was cooled 
down to 40 ◦C, and evacuation took place for 30 min. The exposed active 
metal surface was calculated based on H2 uptake. A H/Ni adsorption 
stoichiometric factor of 1 was used [7]. 

The oxidized monometallic and bimetallic samples were subjected to 
a thermogravimetric analysis in programmed temperature reduction 

(TPR-TGA), in a Netzsch STA 449-F5 Jupiter thermogravimetric mi-
crobalance. For this purpose, 50 mg of all samples were pre-treated in an 
inert atmosphere (pure N2 N60; flow 50 mL/min) in an isotherm of 200 
◦C for 40 minutes, to eliminate moisture or contaminants. Only after 
having lowered the temperature up to 30 ◦C in an inert environment, 
50 mL/min of H2 (5% in Ar for safety reasons dictated by the apparatus) 
was flushed during a temperature-programmed ramp at 5◦C /min up to 
550 ◦C. Once the temperature of 550 ◦C was reached, the thermogra-
vimetric analysis continued for 4 hours. 

Ex-situ X-ray absorption spectroscopy (XAS) was performed at the 
CAT-ACT beamline at the KIT Light Source [16]. The catalysts were 
diluted in a ratio of 1:4 with cellulose to mitigate the high absorption 
deriving from the large quantities of cerium and zirconium of the cat-
alytic support, and subsequently pelletized. The x-ray absorption was 
measured in transmission with Ni foil as reference behind the sample; 
The inflection point (major maximum of the first derivative) of the 
tabulated value of 8333 keV for the Ni K-edge of Ni-foil was used for the 
energy calibration. The XANES spectra were calibrated and edge step 
normalized in accordance with the standard procedure of data reduction 
[17], using the Athena package. The normalization procedure involved 
linear regression fitting in the pre-edge region (-150 to − 30 eV) and a 
third-order polynomial function in the post-edge region (35–727 eV). 
The EXAFS signals χ(k) were extracted and then Fourier-transformed by 
mean of a Kaiser-Bessel window ranging from 3 to 12 Å− 1 using the 
Artemis package of Demeter IFEFFIT software [18]. FEFF6 was used to 
obtain phase shift and amplitude considering a metallic cluster of Nickel 
atoms and Ni-O and Ni-Sn scattering path at the Ni K-edge [19], utilizing 
the Crystallographic Information Files obtained from the X-ray diffrac-
tion analysis of the samples. All data were k-weighted to the third power 
and just single scattering evens were considered during the fitting pro-
cedure of the first coordination shell. The S2

0 value was fixed at 0.84 (Ni 
as an adsorbing atom) obtained by the fitting of Ni standard. The fitting 
of the R-space was kept within the radial distance window of 1–3 Å 
referred to a reciprocal k-space of the data with Δk = 8.0 A− 1,. The 
representation of the Fourier transform in the reciprocal space (Q), in-
corporates the wavenumber (k)-window from 3 to 12 A− 1. 

Ex-situ X-ray photoelectron measurements have been carried out on 
the ESCALAB MkII (VG Scientific, now Thermo Scientific) electron 
spectrometer with a base pressure in the analysis chamber of 5 × 10− 10 

mbar (9 × 10− 9 mbar during the measurements), equipped with twin 
anode MgKα/AlKα non-monochromated X-ray source that used excita-
tion energies of 1253.6 and 1486.6 eV, respectively. The measurements 
are provided only with AlKα non-monochromated X-ray source 
(1486.6 eV). The pass energy of the hemispherical analyzer was 20 eV 
was used. The instrumental resolution measured as the full width at a 
half maximum (FWHM) of the Ag3d5/2, photoelectron peak is about 
1 eV. The energy scale has been calibrated by normalizing the C1s line of 
adventitious hydrocarbons to 285.0 eV for electrostatic sample 
charging. The data was analyzed by SpecsLab2 CasaXPS software (Casa 
Software Ltd). The processing of the measured spectra includes a sub-
traction of X-ray satellites [20] and Shirley-type background [21]. The 
peak positions and areas are evaluated by a symmetrical 
Gaussian-Lorentzian (50% Lorenzian contribution) curve fitting. The 
relative concentrations of the different chemical species are determined 
based on normalization of the peak areas to their photoionization 
cross-sections, calculated by Scofield [22]. The multiplet splittings and 
area ratios were constrained according to the parameters indexed in 
[23] of the core level related to the species. The absolute binding energy 
values and FWHM were allowed to vary by ± 0.1–0.2 eV respectively to 
allow a better self-adjustment for error associated with charge refer-
encing to adventitious C 1 s. 

2.3. Catalytic tests 

Aqueous phase reforming reactions were performed in a stainless- 
steel bench reactor (Parr 4848) using the setup reported in a previous 
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study by Pazos Urrea et al. [24]. 0.5 g of pre-reduced catalyst (as in 
Section 2.2) was transferred into the reactor containing 6 wt% ethylene 
glycol (EG-6%) solution. The reactor was purged with nitrogen flow and 
pressurized with an initial pressure of 20 bar which served also as in-
ternal standard for the quantification of the gaseous products. The 
reactor was then heated at 270 ◦C and held at this temperature for 2 h. 
Finally, the reactor was cooled down by means of an ice bath to room 
temperature. The gaseous products were collected in a sampling gas bag 
and analyzed with a GC (Agilent 7820 A equipped with thermal con-
ductivity detector (TCD) flame ionization detector (FID) and Porapak-Q 
GS-Q, CP-Molsieve 5 Å and HP-Plot Al2O3 KCl columns. After depres-
surization, the liquid products were collected and filtered with a 0.25 μm 
PTFE filter and analyzed with a HPLC 1260 Infinity II LC System Agilent 
technologies with a refractive index detector. The products were sepa-
rated using an Agilent Hi-Plex H ion exclusion column 300 mm×7.7 mm 
with a mobile phase of 5 mM sulfuric acid, with a flow rate of 
0.6 mL/min and a temperature of 60 ◦C. The presence of the various 
products in the liquid phase has been confirmed by GC-MS (Agilent 
7820 A GC coupled with an Agilent 5975 MSD fitted with a VF-Xms 
fused silica column 70 m × 250 μm × 1μm. For all sample analysis, the 
GC-MS oven was programmed from 40 ◦C, held for 1 min, then increased 
from 40 ◦C to 270 ◦C at 10 ◦C/min and held for 20 min (helium was used 
as carrier gas). As known from the studies of van Haasterecht et al. [13], 
the initial pH values of the EG solution decrease dramatically during the 
APR in batch conditions, due to the formation of carboxylic acids and 
other protic molecules. Knowing the above, two different conditions of 
initial pH values were investigated in the present study and for practical 
simplicity nomenclated: neutral and alkaline conditions. At neutral 
conditions 30 mL of EG-6% was used together with 0.5 g of reduced 
catalyst, with an initial value of pHi = 7. The reaction under alkaline 
conditions takes place with the addition of 0.6 g of KOH tablets dissolved 
in the 30 mL of EG-6%, with an initial value of pHi = 14. The equations 
applied to evaluate the catalyst performance during aqueous phase 
reforming in batch conditions are shown in Table S0. 

3. Results and discussion 

3.1. Phase composition, textural and morphological characterization 

N2 physisorption measurements were carried out for all synthetized 
samples and the adsorption-desorption isotherms are shown in 
Figure S1. The shape of the isotherms of the samples can be classified as 
of type IVa, with a hysteresis between values 0.4 and 0.85 p/p0, due to a 
pore width greater than 2 nm, classifying all reported materials as pri-
marily mesoporous [25]. The portion of the hysteresis loop positioned at 
partial pressures higher than 0.9 p/p0 can be attributed to larger mes-
opores and interparticle macroporosity. The CZ support exhibits an 
apparent H3-type hysteresis loop (Figure S1), having a lower limit of the 
desorption branch at the cavitation-induced p/p0 generally associated 
with slit-shaped pores smaller than 4 nm (Figure S2). The 
2.510SnNi-CZ_based, 1010SnNi-CZ_based and the monometallic cata-
lysts in their oxidized and reduced forms exhibit an H2-type hysteresis 
cycle, reflecting a complex and network-dependent pore structure. The 
increased slope, of the desorption isotherms compared to those of the 
support, confirm the evolution in pore shape from slit-shaped to 
ink-bottle pores and an increasing in the pore size (Figure S2, Table 1, 
Dpores) [25,26]. 

The 510SnNi-CZ_based samples, retain a textural structure that can 
be described as “hybrid” between that represented by an H3 and H2-type 
hysteresis loop, and a pore size distribution in both samples similar to 
that of CZ-support (Figure S2, Table 1, Dpores). As shown in Table 1, 
impregnation and subsequent calcination of the CZ-support with nickel 
and tin salts lead to a significant decrease in the specific surface area 
(SBET), which may be attributed to a partial congestion of support pores 
with tin and nickel metal oxide particles. The reduction process of these 
oxides leads to sintering of occlusions and a slightly higher surface area 

in the reduced catalysts than in their oxidized counterparts. Analyzing 
adsorption/desorption isotherms at p/p0 > 0.95 before and after 
reduction reveals a substantial decrease in nitrogen desorption volume 
at high p/p0 values, indicating a decrease in inter-particle macroporosity 
attributed to the sintering process. 

The XRD pattern of the CZ-support shown in Figure S3-A and 
described in detail in Section 3 of the supporting information 
(Figure S3A-B), establishes its composition as being 54.3 wt% of a 
tetragonal mixed oxide of Ce0.5Zr0.5O2 (PDF 96–210–2840) and 43.7 wt 
% from cubic cerianite, with a Ce:Zr atomic ratio of 7:3. The XRD pat-
terns of the monometallic catalysts, in which the CZ support was loaded 
with 2.5%wt., 5%wt. and 10%wt. of tin oxide and one with 10%wt. of 
nickel oxide are shown in Fig. 1-A. In the sample with the lowest tin 
concentration, no reflections belonging to the stannic oxide were found. 
Hence, the presence of a low long-range order of the periodic array of 
the stannic species within the CZ-support can be assumed. The regis-
tered distortion of the unit cell parameters of the support mixed oxidized 
portion, however, could be an effect due to a defective intercalation of 
Sn4+ ions within the tetragonal lattice of Ce(Zr)O2 (Table S1). As the tin 
concentration increases, there is an evident formation of crystalline 
tetragonal cassiterite crystallites distinguishable in the diffractogram 
from the reflections positioned at 2θ = 26.4◦, 33.8◦, 37.8◦and 51.7◦

(SnO2, PDF 00–45–1449). The sample 10Ni-CZ shows reflections 
belonging to the crystallographic planes of cubic bunsenite (NiO, PDF 
00–049–1049) located at 2θ = 37.2◦, 43.2◦. 

The reduction of the monometallic catalysts highlights the formation 
of large metallic domains clearly visible in the XRD pattern of sample 
10Sn-CZ_red (Fig. 1-B) with the tetragonal tin reflections at 2θ= 30.6◦, 
31.9◦, 43.8◦and 44.8◦ (PDF 01–089–4898). Similarly, the reduction 
converts the cubic NiO of sample 10Ni-CZ_red into Ni0, revealed by the 
characteristic reflections at 2θ= 44.4◦ and 51.7◦ (PDF 00–004–085). 
Figure S4 shows the crystallographic composition of the bimetallic 
catalysts described in the 2.1 materials section, in both their mixed- 
metal oxide state (left panel) and post reductive process state (right 
panel). Similarly to monometallic systems, oxidized bimetallic catalysts 
exhibit reflections corresponding to cubic NiO (PDF 00–049–1049). The 
absence of reflections indicative of crystalline cassiterite in these sam-
ples, including the catalyst with the highest tin loading (1010SnNi-CZ), 
suggests that the presence of a nickel phase helps maintain a low long- 
range order of the periodic array of tin oxide, even at high loadings, 
compared to monometallic references. This dispersion promotes the 
formation of NixSny IMCs during the reductive treatment (Figure S4, 
right panel) conferring to the catalysts a different crystallographic ar-
rangements based on the tin content. The 2.510SnNi-CZ_red sample at 
low tin concentrations in fact, shows reflections belonging to Ni0 and 
only a broad peak with low intensity centered at 2θ= 42.3◦, cautiously 
attributable to a Ni3Sn-type IMC, highly disordered. By increasing the 
tin concentration (510SnNi-CZ red), the formation of a hexagonal Ni3Sn 
phase (PDF-00–035–1362), is highlighted by the appearance of re-
flections at 2θ= 39.5◦, 42.6◦ and 44.9◦ belonging to planes (200), (002), 

Table 1  
BET surface area (SBET), total pore volume (Vtot) and average pore diameter 

(Dpores) of the specimens in study.  

Sample SBET (m2/g) Vtot (mL/g) Dpores (nm) 

CZ-support 105 0.10 3.6 
2.5Sn-CZ 52 0.10 5.2 
5Sn-CZ 42 0.08 5.5 
10Sn-CZ 45 0.07 6.7 
10Ni-CZ 42 0.09 6.2 
2.510SnNi-CZ 49 0.11 5.8 
510SnNi-CZ 46 0.09 3.5 
1010SnNi-CZ 44 0.09 5.5 
2.510SnNi-CZ_red 51 0.10 5.8 
510SnNi-CZ_red 57 0.09 3.7 
1010SnNi-CZ_red 53 0.10 6.2  
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(201) also in this case accompanied by the presence of crystalline Ni0 

particles. The Figure S4-B 2θ region magnification, ranging from 39◦ to 
46◦ and represented in Fig. 2, not only details what has already been 
discussed, but sheds light on the complex composition of the sample 
with the highest tin loading. 

In addition to a decreased relative content of metallic nickel, and a 
presence of crystalline hexagonal Ni3Sn, sample 1010SnNi-CZ_red ex-
hibits the presence of a high-tin content compound, recognized as 
Ni3Sn2 (PDF 01–072–2561), with an orthorhombic structure. As shown 
in Fig. 2, to better fit the shape of the observed data of the latter catalyst, 
it was necessary to model them using two orthorhombic Ni3Sn2 IMCs 
belonging to the Pnma [No. 62] space group with slightly different unit 
cell parameters (Table S2). A rational explanation for the heterogeneity 
in cell parameters and crystallite size of Ni3Sn2, as well as the varying 
crystallinity of Ni3Sn, can be attributed to the dependence of compound 
formation on the specific chemical environment encountered by Sn and 
Ni atoms during sintering in a reductive atmosphere. Support in-
teractions, dispersion and tin loading emerge as critical factors deter-
mining the formation of NixSny compounds with differing tin content. 
Evidence supporting this statement can be gleaned from the reduction 

profiles of both mono- and bimetallic samples (Figs. S5 and 3).In tin- 
based monometallic oxidized catalysts, reduction initiates around 162 
◦C, reaching its peak at 296 ◦C for the 2.5Sn-CZ catalyst (Figure S5-A). 
Catalysts with higher Sn content exhibit a similar onset temperature for 
reduction but with a broader range extending to higher temperatures. 
This underscores variations in the interactions between Sn4+ ions and 
the support. Similarly, the reduction profiles of 10Ni-CZ (Fig. 3-A) reveal 
two distinct reduction processes: The first centered at 345 ◦C, while the 
second, although less prominent, occurs at a higher temperature of 475 
◦C. 

The TPR/TGA analysis of the bimetallic oxidized catalysts (Figs. S5-B 
and 3-B) reveals a complex reduction process. The initial reduction 
below 300 ◦C corresponds to the reduction of large NiO and SnO2 par-
ticles. A distinct reduction onset at 318 ◦C marks the beginning of the 
phase with the highest mass loss rate, occurring between 353 and 364 ◦C 
for all bimetallic catalysts. The final temperature of this main reduction 
process increases with the tin oxide concentration, compared to the 
10Ni-CZ sample (Fig. 3-B). Additionally, there’s a notable decrease in 
the reduction temperature of the second phase, especially for the 
1010SnNi-CZ sample, compared to the monometallic Ni sample. In a 
similar study by Onda et al. [27] on intermetallic compounds supported 
on SiO2, it’s reported that the reduction temperature increases gradually 
with increasing tin concentration: Ni < Ni3Sn < Ni3Sn2 < Ni3Sn4. The 
reduction profiles of the monometallic tin catalysts (Figure S5-A) exhibit 
non-linear mass loss behavior, suggesting that cassiterite or Sn4+ ions, 
when well dispersed and strongly retained by the support, require 
proximity and synergy with bunsenite for efficient reduction; the 
absence of this interaction leads to only partial reduction of tin in the 
monometallic catalysts. 

To visualize the morphology and nanostructure of the samples, 
transmission electron microscopy (TEM) was used. Images at different 
magnification of the selected samples 510SnNi-CZ and 510SnNi-CZ_red 
are presented in Figure S6 and Fig. 4. The image in Figure S6-A shows 
the presence of quasi-spherical particles with sizes ranging from 5 to 
20 nm in size (Figure S-H). In good agreement with the XRD analysis, 
Figure S6-B demonstrate in high resolution mode the interplanar dis-
tances of the crystallographic planes of CeO2, SnO2, NiO and CexZryO2. 
The electron diffraction pattern analysis of a selected area of this sample 
(Figure S6-C) concludes the crystallographic analysis of the specimen, 
revealing reflections corresponding to the crystal planes of the oxides. 
This underscores a coexistence of all investigated species within the 
nanoparticle aggregates as suggested from the TPR-TGA analysis 
(Fig. 3). 

As concluded from the of N2-physisorption isotherm analysis 

Fig. 1. : Stacked XRD patterns of the oxidized (A) and reduced (B) monometallic Sn and Ni catalysts.  

Fig. 2. : Magnification of the 2θ region between 39◦ and 46◦ showing the 
different crystal structures of the metallic and intermetallic Ni0/NixSny species 
of the reduced bimetallic catalysts. The different colored areas show the con-
tributions to the overall Rietveld refinement (red line). 
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(Figure S1), reduction induces textural changes in the materials, and the 
relative increase in crystallite size is associated with particle agglom-
eration (XRD, Table S2). This is confirmed by the low-magnification 
TEM image in Fig. 4-A, which shows the presence of a cluster of parti-
cles with variable sizes and with an increased presence of particles be-
tween 20 and 45 nm in size compared to the catalyst in the oxidized 
state, and even a relatively high number of particles having sizes above 
50 nm (Figure S-H). The particles no longer appear quasi-spherical and 
well defined as in Figure S6-A, but instead take on jagged and less 
defined contours and higher electron contrast. This textural change is 
consistent with the reduced desorption of nitrogen at p/p0 > 0.95, 
indicating a decrease in intra-particle macroporosity associated with 
particle coalescence. Within this broad distribution, the selected HR- 
TEM image (Fig. 4-B), reveals the vicinal coexistence of particles of 
CeO2, CexZryO2, Ni0 and Ni3Sn IMC, characterized by their crystallo-
graphic planes (200), (110), (200) and (200) respectively. The selected 
area electron diffraction (SAED; Fig. 4-C) pattern corroborates the 
analysis of the 510SnNi-CZ_red sample. The reflection pattern, gener-
ated by the polycrystalline assemblage, demonstrates the vicinal coex-
istence of well-crystalline Ni0 and Ni3Sn particles, consistent with XRD 
analysis. 

A similar morphological explanation applies to the 2.510SnNi- 
CZ_red catalyst, as shown in Figure S7. In the low-magnification 

image of a sample region (Figure S7-A), there are noticeable assem-
blies of particles with diverse sizes. The electron diffraction pattern from 
the same region (Figure S7-C) confirms the presence of CeO2, Ni0, and 
Ni3Sn, consistent with the observations in the 510SnNi-CZ_red sample. 
Furthermore, the high-resolution Figure S7-B reveals an area with the 
coexistence of crystallographic planes associated with Ni0, hexagonal 
Ni3Sn, cubic Ni3Sn (nisnite, PDF-96–901–4007), and a portion of a 
particle exhibiting crystallites of cassiterite. This highlights the distorted 
and non-uniform structure of Ni3Sn in this sample, as indicated by XRD 
analysis. It also suggests an incomplete reduction of the stannic phase or 
its passivation, particularly in the vicinity of the metallic and interme-
tallic phases of the sample. The 1010SnNi-CZ_red sample shown in  
Fig. 5-A and B, appears as an aggregate of sparse particles with sizes 
ranging between 50 and 155 nm, adorned with clusters of particles 
ranging in size from 5 to 25 nm (Figure S-H). The visible disproportion 
in particle size is indeed consistent with the average crystallite size 
found by XRD for this sample, particularly concerning the Ni3Sn2 IMC 
crystallites with sizes of 42.4 and 107 nm (Table S2). The Fast Fourier 
Transform (FFT) shown in the inset of Fig. 5-C recognizes the region of 
interest within one of the larger particles as being composed of the 
orthorhombic Ni3Sn2 phase. The electron transparency of the borders of 
this particle allows us to observe a layer of approximately 2 nm thick-
ness of amorphous phase, decorated with small particles of CeO2 

Fig. 3. : Differential thermogravimetric curves (DTG), describing the mass loss rate as a function of temperature, for the monometallic oxidized catalysts (A) and a 
relative comparison between oxidized bimetallic and the nickel monometallic catalyst (B). 

Fig. 4. : TEM images of the sample 510SnNi-CZ_red. (A) 40k magnification. (B) 600k magnification. (C) SAED pattern.  
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adhering to the surface. 

3.2. 119Sn- Mößbauer, X-ray absorption and X-ray photoelectron 
spectroscopies 

119Sn-Mößbauer spectroscopy was used to analyze in detail the local 
environments of the Sn nuclei contained in the samples and to thus 
obtain precise information on the tin phases. In Fig. 6, the Moessbauer 
spectra are shown and the parameters of the samples under study, i.e.: 
isomer shift (IS), quadrupole splitting (QS), full width at half-maxima 
(Γ) and the relative area fraction of each component obtained from 
the least squares fitting, are summarized in Table 2. All bimetallic cat-
alysts in their oxidized state (Fig. 6-A) exhibit a single component with 

isomer shift IS close to 0 mm/s associated with 119Sn4+. This IS value 
and the quadrupole splitting of about 0.6 mm/s can be attributed to 
SnO2 particles [28]. In Fig. 6-B, the spectra associated with samples 
2.510SnNi-CZ_red and 510SnNi-CZ_red, both show a reduced area 
fraction of this Sn4+ with relative amounts of 28.1% and 10.6%, 
respectively, with IS at about 0 mm/s that may be associated with 
unreduced Sn (IV) due either to strong interaction with the catalytic 
support lattice or to passivation processes. The second contribution 
present in both mentioned samples concern a singlet at IS of about 1.53 
(2) mm/s with relative amount equal to 71.9% for the lowest tin content 
sample and 89.4% for the highest tin content sample (Table 2). This 
singlet can be clearly assigned to the presence of the Ni3Sn IMC [29]. 
According to the study conducted by Leidheiser et al. [30], the values of 

Fig. 5. : TEM images of the sample 1010SnNi-CZ_red. (A) 40k magnification. (B) 100k magnification. (C) 600k magnification.  

Fig. 6. 119Sn-Mößbauer spectra of the oxidized (A) and reduced (B) bimetallic catalysts. Experimental data points are shown as white spheres, the overall fit as red 
line, the difference as blue line, and the sub-spectra are shown as red/blue/green singlets/doublets. 
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isomer shift in the Sn-Ni compounds, undergo a linear decrease, 
compared to that of the β-Sn phase (IS= 2.5 ± 0.06 mm/s), as the nickel 
concentration increases. This phenomenon is due to a delocalization of 
the s-electron density of the tin nucleus within the conduction d-band of 
the intermetallic compound with consequent depopulation of the 5 s 
orbitals of tin as the average number of neighboring nickel atoms 
increases. 

Also in the same figure, the results of sample 1010SnNi-CZ_red can 
be rationalized by deconvoluting the experimental data into three main 
contributions. The first contribution at IS= 0 mm/s and QS= 0.59 mm/s 
again comes from Sn4+ ascribable to a relative amount of 18.2% of the 
signal. The second contribution is represented by a singlet at IS= 1.58 ±
0.03 mm/s with relative quantity equal to 23.2%, which, as already 
described, can be associated with the hexagonal Ni3Sn. The third and 
most dominant contribution in this sample, is described by the doublet 
at IS= 1.78 ± 0.02 mm/s with QS= 1.26 ± 0.03 mm/s, with area frac-
tion of 55% and attributed to Ni3Sn2 [31]. 

Beyond supporting the XRD (Fig. 2) and TEM (Figs. 4, S7 and 5) 
results, 119Sn- Mößbauer spectroscopy, which makes use of transitions 
from excited nuclei with I = 3/2 to the ground state (I= 1/2), is partic-
ularly sensitive to electric field gradients at the sites of the Sn nuclei. The 
presence or absence of quadrupolar splitting of the Mößbauer lines in-
dicates the nature of the electronic environment, which can be related to 
the symmetry of the crystalline environment of the tin nuclei. According 
to Silver et al. [32] the presence of a singlet in the Ni3Sn IMC can be 
explained by the fact that in this intermetallic compound, the tin atom 
occupies a trigonal bipyramidal site between two planar rings of three 
equally spaced nickel atoms [32], which gives the Sn sites in this 
structure a high crystallographic and electronic symmetry. In contrast, 
in the Ni3Sn2 IMC, the tin is occupying a bipyramidal site with high 
crystallographic symmetry, but possesses a stoichiometrically high tin 
deficiency composition, where each tin atom is surrounded by six 
nearest nickel atoms, but each nickel atom is surrounded by four tin 
atoms. This asymmetric distribution of atoms in the crystalline lattice 
generates an unsymmetrical electronic distribution that is reflected by a 
quadrupolar splitting and thus a doublet in the Mößbauer spectrum [32]. 
The combination of information derived from the isomer shift and the 
magnitude of the quadrupolar splitting provides insight into the degree 
of charge transfer Sn→Ni in the intermetallic compounds. This interac-
tion is particularly predominant in the Ni3Sn2 IMC of the 
1010SnNi-CZ_red sample. 

Further evidence of these charge transfers can be observed by 
superimposing the normalized X-ray absorption spectra at the Ni K-edge 
of selected samples in their reduced and post-passivated state, in com-
parison with references of known composition, as shown in Fig. 7. 

The near edge region of XAS spectra, referred to as XANES (X-ray 
absorption near edge spectroscopy), elucidates the local electronic 
environment of absorbing nickel atoms (Fig. 7-A). A gradual decrease in 
the intensity of the Ni0 absorption edge at 8333 eV is observed, 
accompanied by an increase in the energy of the absorption onset, which 
in the sample with the highest tin content (and highest presence of Ni3Sn 
and Ni3Sn2) is located at 8340 eV (pre-edge inset Fig. 7-A). Similar 

values and shapes of the XANES region of these materials have been 
reported by Onda et al. [27], specifically of the adsorption edge at 
8340 eV. Its intensity has been shown to be dependent on the tin content 
in the IMCs, but also could be attributable to particle size or support 
effects [33,34]. 

From the Fourier transform of the real space (R) of the EXAFS spectra 
(Fig. 7-B), it is evident a clear difference in the bonding distances be-
tween the reduced catalysts and the NiO reference, emphasizing that the 
reduced catalysts display a significant contribution at the coordination 
shell corresponding to Ni-M scattering (M = Ni or Sn). Both 10Ni-CZ_red 
and the reduced bimetallic catalysts also exhibit a small contribution at 
R ≈ 1.5 Å (not phase corrected and ≈ 2 Å phase corrected), which can be 
associated with the Ni-O scattering path (Figure S8-A, Table S3). Note-
worthy is the observed variation in χ(k) peak intensities across the 
samples in the reciprocal k-space shown in Figure S8-B. This variation 
shows a decreasing trend with increasing tin content, reaching mini-
mum intensity values in 1010SnNi-CZ_red.The sample with the highest 
tin concentration, being the only one to have also large aggregates of 
Ni3Sn2 in respect to the other samples, exhibits a particularly unique 
structure in the k-space spectra. This fact, suggests a different atomic 
arrangement of nickel atoms in the sample, potentially implying a 
speculative but complementary connection to what was mentioned in 
the analysis of isomer shifts via 119Sn-Mößbauer spectroscopy on tin 
nuclei in the Ni3Sn and Ni3Sn2 IMCs (Fig. 6). Assuming, therefore, an 
electron transfers from Sn to Ni, it is plausible that the density of the 
occupied states near the nickel K-edge increases, leading to a decreasing 
in X-ray absorption due to an increase of the absorption edge energy and 
to a lower probability of electronic transition between occupied and 
unoccupied states. It is also necessary to consider that such variations in 
the EXAFS oscillations, can be influenced by passivation layers on the 
particles, which on the other hand, are present in all the catalysts under 
study so that the additive possibility of the two effects cannot be 
excluded. 

In relation to the oxidized component on the surface of the NixSny 
particles, Fig. 8 displays the spectra obtained from the investigation of 
Ni 2p3/2 and Sn 3d core levels using X-ray photoelectron spectroscopy of 
the surface of the reduced bimetallic catalysts. The Ni2p3/2 core level 
region (Fig. 8-A), shows in all samples the peak at BE at 855.8 eV with an 
associated shake-up peak belonging to Ni2+ and with BE 852.8 eV the 
contribution of Ni0 with a decreasing area depending on the tin content 
in the samples [35]. The Sn3d core level region also shows an oxidized 
portion located at BE 486.6 eV belonging to Sn4+ and a contribution 
from Sn0 located at BE 485.0 eV [36]. Table S4 shows the concentrations 
of all the atomic species present in the specimens. Sample 
1010SnNi-CZ_red compared to the other samples, while having the same 
Ce/Zr molar ratios, has a higher surface concentration of cerium and 
zirconium but not a proportionally high amount of tin and nickel. This 
fact could be explained by the evidence gathered via TEM and XRD 
about the disproportionate difference in size of the particles and crys-
tallites constituting this sample (Fig. 5 and Table S2). Some interesting 
observations stem from the data shown in Table 3, concerning the 
normalized percentage ratios of Ni, Ni0 and Sn0 species on the surface of 

Table 2 
Parameters used to fit the 119Sn Mößbauer spectra: isomer shift IS, quadrupole splitting QS, and line width Γ are given in mm/s.  

Sample  IS QS Γ area fraction 

2.510SnNi-CZ Sn4+(SnO2) 0.12 ± 0.01 0.63 ± 0.02 0.96 ± 0.02 100.0% 
510SnNi-CZ Sn4+ (SnO2) 0.09 ± 0.01 0.62 ± 0.01 0.95 ± 0.02 100.0% 
1010SnNi-CZ Sn4+ (SnO2) 0.06 ± 0.01 0.60 ± 0.01 0.94 ± 0.01 100.0% 
2.510SnNi-CZ_red Ni3Sn 1.55 ± 0.01 - 0.98 ± 0.04 71.9% 

Sn4+ (SnO2) 0.18 ± 0.04 0.70 ± 0.06 0.85 ± 0.11 28.1% 
510SnNi-CZ_red Ni3Sn 1.50 ± 0.01 - 1.11 ± 0.02 89.4% 

Sn4+ (SnO2) 0.03 ± 0.04 0.63 ± 0.05 0.63 ± 0.11 10.6% 
1010SnNi-CZ_red Ni3Sn2 1.78 ± 0.02 1.26 ± 0.03 0.93 ± 0.05 58.6% 

Ni3Sn 1.58 ± 0.03 - 1.06 ± 0.18 23.2% 
Sn4+ (SnO2) 0.06 ± 0.05 0.59 ± 0.09 1.11 ± 0.15 18.2%  
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the catalysts. In fact, as already predicted from the deconvolution of the 
spectra in the 2p3/2 core level region, the surface of the samples seems to 
become depleted of nickel as the tin content in the samples increases. 
Furthermore, it is possible to note that even though a considerable 
oxidized component is present in all the samples for both Sn and Ni, the 
Sn0 component maintains an almost linear distribution on the catalyst 
surfaces, compared to that of Ni0. The latter in the 510SnNi-CZ_red 

sample would appear to exhibit a concentration of the metallic 
portion slightly higher even than the one found for the catalyst with the 
lowest tin content. The presence of a passivation layer or/and even a 
surface metal interface enriched with tin atoms in the NixSny IMCs is not 
an entirely new behavior of these compounds. 

In fact, recently a study of these interfaces under controlled condi-
tions conducted by Mauri et al. [36] reported that in oxygen-rich envi-
ronments (including air), these surfaces are prone to oxidation with 
enthalpies below − 280 kJ/mol and that furthermore on these bimetallic 
surfaces, a selective oxidation of nickel often occurs with migration of 
NiO towards the surface, leading to a stratification of the exposed atomic 
species on the surface of the different IMCs. This mechanism of migra-
tion and selective oxidation of surface atoms would be consistent with 
what was observed from the XPS data of the present work and contex-
tually supported by the experimental evidence described so far. 

Fig. 7. : Normalized Ni K-edge XANES spectra (A) of reduced and afterwards passivated Ni-containing samples in comparison with Ni foil, NiO and k3-weighted 
Fourier Transforms of EXAFS spectra (B). 

Fig. 8. : XPS spectra of the Ni 2p3/2 core level (A) and Sn 3d core level (B) for the reduced bimetallic samples.  

Table 3 
Surface concentrations of Ni, Ni0 and Sn0 in normalized atomic percentages 
obtained via XPS.  

Sample Ni/(NiþSn) 
x 100 

Ni0/(Ni0þNi2þ) 
x 100 

Sn0/(Sn0þSn4þ) 
x 100 

2.510SnNi-CZ_red 76.4 5.8 10 
510SnNi-CZ_red 67.8 7.4 11.8 
1010SnNi-CZ_red 50.5 3.4 15.5  
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3.3. H2 chemisorption analysis 

Taking into account what was introduced in the "preamble to the H2- 
chemisorption analysis" (section 8 of the SI) and the studies by Kno-
zinger et al. [37] and Hammer et al. [38], in Figure S9, hydrogen 
chemisorption isotherms obtained from similar quantities of the 
pre-reduced nickel-containing catalysts are shown. The catalyst con-
taining only supported Ni nanoparticles (10 wt%) exhibits the highest 
H2 uptake with a dispersion calculated to be 5% and an exposed active 
metal surface of approximately 33.9 m2/gNi (Table 4). The formation of 
intermetallic compounds with tin, however, drastically decreases the 
quantity of H2 uptake with a trend, though not perfectly linear, depen-
dent on the increase of tin in the samples. Similar behavior with a 
mitigation of the chemisorption properties has also been found in a wide 
range of Sn-containing IMCs (examples are NixSny [27], PtxSny [39] and 
PdxSny[40]). Like copper and gold, tin also has fully occupied d orbitals 
(Sn= [Kr] 4d10 5 s2 5p2) and has no activity for hydrogen chemisorption. 
In addition to the intrinsic inertness of tin for the reaction under ex-
amination, it should be remembered that the 119Sn-Mößbauer analysis 
revealed the electron donation of the 5s orbitals of the tin nuclei, in favor 
of the d-band of the nickel. As previously noted, the electronic effects of 
the interaction of the adsorbate (H2 in this case) with the electron 
density of the d-band determine the positioning and occupation of the 
antibonding state with respect to the Fermi level, energetically favoring 
or disfavoring H2 chemisorption. Although simplistic, it is logical to 
assume that in a sample like 1010SnNi-CZ_red, where two IMCs are 
more abundant, the limitation of nickel’s chemisorption properties is 
highest due to extended electron donation from Sn→Ni to a wider dis-
tribution of nickel atoms. 

Similar to the 1010SnNi-CZ_red sample, the bimetallic catalysts with 
lower tin loading show intermediate H2 uptake values (11.0 and 12.2 
μmol/g), with active exposed nickel areas equal to almost one third of 
the monometallic nickel catalyst (Table 4). While admitting that an 
intermetallic compound such as Ni3Sn has limited chemisorption prop-
erties, the experimental values obtained from the analysis reflect a 
considerable decrease in the exposed active metallic nickel. The chem-
isorption properties of hydrogen in the 2.510SnNi-CZ_red sample, were 
also unexpectedly found to be slightly lower than those for the 510SnNi- 
CZ_red one, despite having a lower relative amount of Ni3Sn due to the 
lower loading of tin in the sample. Besides, the measurement of the 
average size of the crystallites calculated by XRD for Ni0 clearly shows 
twice the Ni crystallite size for the 510SnNi-CZ_red sample compared to 
the 2.510SnNi-CZ_red (21 nm and 42.6 nm, respectively; Table S2). 
Therefore, the former sample should be the less active of the two 
considered above, because of both its higher relative concentration of 
hexagonal Ni3Sn, and of the larger crystallite size and hence smaller 
exposed surface area of the Ni0 particles available for chemisorption. 
However, in agreement with what is shown and described by other 
characterization techniques such as XRD (Fig. 2), HR-TEM (Figure S7), 
XPS (Fig. 8), a possible explanation for the reduced H2 chemisorption 
capacity for the 2.510SnNi-CZ_red catalyst, could lie in the fine disper-
sion of the nisnite Ni3Sn in the 2.510SnNi-CZ_red sample, compared to 
the more crystalline hexagonal Ni3Sn for the 510SnNi-CZ_red sample, 
that could form an higher coverage of the smallest metallic nickel 

crystallites, and thus lowering their reactivity. 

3.4. Catalytic results of the ethylene glycol (EG) 6%wt. aqueous phase 
reforming 

The catalytic tests were conducted in a batch reactor after reduction 
and passivation for all mono- and bimetallic catalysts, following the 
parameters described in Section 2.3. Note, that the catalytic tests re-
ported in this study were carried out inside the closed volume of an 
autoclave, which lead to the accumulation of a liquid phase mostly 
composed of protic molecules. With reference to the initial conditions 
will be named, neutral conditions the experiments starting with an 
initial pHi = 7, and alkaline conditions the ones starting with an initial 
pHi = 14. The pH values, in both cases were found to be drastically 
lowered at the end of the reactions. Specifically, the final pH values 
found after the tests carried out in neutral initial conditions resulted to 
be between 4 and 3, while for the tests conducted in alkaline initial 
conditions a final pH of 8 was recorded for the samples with the lowest 
feed conversion and 7 for those with the highest activity. 

3.4.1. Catalytic behavior of monometallic Sn-containing catalysts under 
neutral and alkaline conditions 

Fig. 9 summarizes the conversion levels of ethylene glycol, selec-
tivity to H2 and CH4, and conversion to gas-phase products of the 
reduced monometallic tin catalysts under neutral and alkaline reaction 
conditions. 

The APR reaction of 6 wt% EG on the surface of monometallic tin 
catalysts dispersed on ceria-zirconia, although exhibiting low conver-
sion values (maximum approx. 12% for the 5Sn-CZ_red sample) at 
neutral conditions, allow attention to be focused on several peculiarities 
of the reaction mechanism. The EG conversion depends strongly on the 
initial pH of the reaction. The samples tested in alkaline conditions show 
a doubling in feed conversion and H2 yield compared to those processed 
under initial neutral conditions. Another interesting data that could be 
extrapolated from the analysis of the gaseous phase Figure S10, is the 
lowering of the yield of carbonaceous products in the gaseous phase and 
the complete absence of CO2 and CO for the samples tested in an alkaline 
environment (Figure S10-B) compared to the large portion that the same 
gases represent in the gaseous component produced by the catalysts in 
an initial neutral environment (Figure S10-A). Again, in Figure S10, it is 
possible to see how in both process conditions, the gaseous phases 
produced also contain CH4, C2H6 and C3–4+. The latter appear to be the 
main components of the carbonaceous gas phase of the alkaline process. 
Based on literature, to be able to form the registered gaseous phase 
composition, the reaction pathways could preferentially pass through 
the formation of acetaldehyde, which being particularly reactive can 
lead to: 1) Oxidation with formation of acetic acid. 2) Hydrogenation of 
acetaldehyde with the formation of ethanol or ethane. 3) Self- 
condensation with formation of C2+x-OH and their subsequent reform-
ing into C4 and C3 alkanes and alcohols [41]. This combination of pro-
cesses, later shown in Scheme 1, can also contribute to methane 
production. 

Each of these three hypotheses, albeit simplistic, is selectively well 
represented by the histograms in Figure S10. While it was possible to 

Table 4 
Ni and Sn loadings, hydrogen uptake and exposed surface area of the nickel active sites*.  

Sample Ni 
(wt%)** 

Sn 
(wt%)** 

H2 uptake 
(μmol/g) 

Exposed active metal surface area (m2/g cat) Exposed active metal surface area (m2/g Ni) 

10Ni-CZ 10.2 - 37.3 2.91 33.90 
2.510SnNi-CZ 10.3 2.6 11.1 0.87 10.09 
510SnNi-CZ 10.1 5.3 12.3 0.96 11.18 
1010SnNi-CZ 10.0 9.6 5.5 0.43 5.05 
CZ-support - - - - -  

* H/Ni adsorption stoichiometric factor of 1 was used. 
** Determined by LA-ICP-MS 

C. Rosmini et al.                                                                                                                                                                                                                                



Applied Catalysis B: Environment and Energy 350 (2024) 123904

11

find traces of these three pathways for the 2.5-/5Sn-CZ_red catalysts at 
neutral conditions (Fig. 10-A), with the presence of small quantities of 
acetaldehyde, acetic acid and ethanol in the liquid phase, partially 
justifying the C3–4+ alkanes in the gas phase, the liquid phase of the tin- 
based catalysts tested in alkaline environment show mainly the forma-
tion of glycolic acid, combined with a wide distribution in traces of al-
cohols and polyols such as: 1-propanol, 1,2-propanediol, 2,3-butanediol, 
1,2-butanediol (not shown in the histograms). The preponderant pres-
ence of glycolic acid together with an increase in feed conversion, a 
higher selectivity to hydrogen and absence of CO2, highlights the pres-
ence of a reaction mechanism of ethylene glycol under initial alkaline 

conditions, different from the one established in literature [6,29], but 
capable (at least for a tin-only active phase) of increasing EG conversion 
and hydrogen yield by bypassing the WGS reaction and the direct 
cleavage of the feed. The homogeneous nature of this reaction is evident 
from the gas phase product distribution obtained from the blank test in 
alkaline environment, the results of which are shown in Table S5. This 
alkali-induced homogeneous process, elucidated later in this study as a 
disproportionation of the EG, is significantly enhanced and related to the 
precursory EG oxidation, heterogeneously mediated by a catalyst. 

Fig. 9. : Histograms summarizing the conversion of EG, the conversion of EG into gas phase, the yield of H2 obtained and the selectivity to H2 and CH4; for reactions 
carried out under neutral (A) and alkaline (B) conditions. The error bars represent the standard deviation of the experiments. 

Fig. 10. : Carbon yield to main liquid products obtained from the monometallic reduced tin catalysts at neutral (A) and alkaline conditions (B). The error bars 
represent the standard deviation of the experiments. 

Fig. 11. : Histograms summarizing the conversion of EG, the conversion of EG into gas phase, the yield of H2 obtained and the selectivity to H2 and CH4 for the 
bimetallic catalysts for reactions carried out under neutral (A) and alkaline (B) conditions. 
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3.4.2. Catalytic behavior of Ni and NixSny catalysts in APR of ethylene 
glycol at neutral and alkaline conditions 

The catalytic performance of the monometallic catalyst 10Ni-CZ_red 
will be discussed together with the bimetallic catalysts for better visi-
bility and comparison of the obtained results. In Fig. 11, EG conversion, 
H2 and CH4 selectivity, H2 yield and EG conversion to gas phase, under 
initial neutral and alkaline conditions are summarized. At neutral con-
ditions, the monometallic nickel catalyst shows highest EG conversion 
level, while for bimetallic catalysts the conversion levels decrease with 
increasing tin content. At the same time, the high methane selectivity 
observed for the 10Ni-CZ_red catalyst at neutral conditions has a grad-
ually decreasing trend with increasing tin loading (Fig. 11-A). 

As in the case of monometallic tin catalysts, the reaction carried out 
under alkaline conditions (initial pH 14) led to a considerable increase in 
the conversion of ethylene glycol for all the catalysts (Fig. 11-B). For the 
catalyst containing only nickel, the increase in conversion was about 
36% (about 96% of the converted feed) of which almost 93% of the 
products in gas phase. The conversion trend of the bimetallic catalysts 
has a distribution dependent on the tin content similar to the reactions 
under neutral conditions, but with an increase in EG conversion of 
approximately 50% for all catalysts, with a maximum value of about 
83% of EG converted achieved by the catalyst with the lowest tin content 
(2.510SnNi-CZ_red). The methane and H2 selectivities for the 10Ni- 
CZ_red sample under alkaline conditions was 20% higher than at 
neutral conditions because of the higher EG conversion. Furthermore, 
the higher conversion for the bimetallic catalysts seems not to signifi-
cantly influence the selectivity to the methanation reaction. For these 
samples, the cleavage mechanisms (at least in gas phase, Fig. 11-B) 
appear to be relatively hydrogen-productive, culminating with an H2 
yield of about 50% for the 510SnNi-CZ_red sample under these condi-
tions. The latter assertion can be confirmed by the distribution of the 
carbonaceous products in the gas phase (Figure S11-B), where a selec-
tivity of the bimetallic catalysts to CO2 higher than 90% is observed, 
derived from the water-gas shift reaction (WGS, Eq. 2), in contrast to 
what was observed for the monometallic tin samples. 

As for the monometallic tin catalysts, the bimetallic catalysts show 
lower gas phase selectivities and yield of carbon to gas than for the 10Ni- 
CZ_red sample (Figure S11A-B). At neutral conditions, the presence of 
gaseous products with more than two carbon atoms (C3–4+), with 
increasing selectivity as a function of the amount of tin in the samples, 
suggests aldol condensation reactions with the formation of products 
with a longer carbon chain than the feed. A substantial difference found 
in the liquid product distribution (Fig. 12-A) is the absence of acetal-
dehyde for the Ni-Sn combinations (as for the Sn monometallic at 
neutral conditions, Fig. 10-A), but instead ethanol derived from direct 
hydrogenation and acetic acid derived from oxidation are produced. 

The composition of the liquid phase of the products from the re-
actions under alkaline conditions is presented in Fig. 12-B. Although the 
reduced gaseous carbon yield led to a broad range of trace condensation 
products, the major constituents of the liquid phase are represented by 
glycolic acid and methanol. While no glycolic acid was found for the 
10Ni-CZ_red catalyst, the liquid carbon yield of the alpha-hydroxy acid 
selectively reaches 25% for the catalyst with the highest tin content. 

3.5. Rationalization of the EG cleavage pathways under the different 
studied conditions 

For a clearer understanding of how the selection of active metallic 
and intermetallic phases impacts the cleavage pathways of ethylene 
glycol under neutral and alkaline initial pH conditions, we propose the 
mechanism outlined in  Scheme 1. 

The catalytic data shown in the previous section are the results of a 
complex combination of factors that must be taken into consideration to 
understand what happens on the surface of the catalytic system in the 
APR reaction in batch conditions. It is evident how the presence of tin 
and nickel in the samples combines the intrinsic catalytic qualities of the 
two metals, depending on the distribution of the metallic and interme-
tallic species in the catalysts. Although the bimetallic reduced catalysts 
present similar exposed surface areas in the range 51 < BET < 57.5 m2/ 
g; Table 1, their catalytic behavior under neutral conditions seems 
linked to the electronic properties of Ni0 and of the different combina-
tions of the detected IMCs, Ni3Sn and Ni3Sn2. The initial chemisorption 
of ethylene glycol on the surface of the metal, takes place with the 
release of a molecule of H2 from the feed [29] (path I and II, Scheme 1). 
The selective formation of one of the two radical adducts of the glycol 
can be considered the first step which determines the distribution of the 
products and in part, the yields of the process. 

From the analysis of liquid and gaseous phase products at neutral 
conditions, the 10Ni-CZ_red catalyst favors equally two specific cleavage 
paths shown in Scheme 1, either path (II) or the combination of paths (I)- 
(III)-(IV). Path (II) is mostly considered as a hydrogen consuming 
mechanism leading predominantly to CO2, CH4 and ethane production. 
It is derived from the cleavage of the C-O bond of the EG and the sub-
sequent preferential hydrogenation of the derived tautomer with release 
of ethanol as the major product in the liquid phase (Fig. 12-A). On the 
other hand, path (I) is generally considered the hydrogen-productive 
one. It occurs by breaking the C-C bond of the feed, subsequently 
what most probably happens is the formation of methoxy groups which 
can either stabilize in methanol (later found in the liquid phase), or 
participate in the direct methanation reaction (path IV-a Scheme 1), or 
undergo first a dehydrogenation, and subsequently an oxidation (WGS, 
path (III), Scheme 1) with the release of CO2 and two H2 molecules in 

Fig. 12. : Carbon yield to main liquid products obtained from the bimetallic catalysts at neutral (A) and alkaline conditions (B). The error bars represent the standard 
deviation of the experiments. 
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total [8,42]. With a particularly high selectivity for nickel, the CO2 or CO 
produced by these reactions can further occur in the methanation side 
reaction (path IV-b Scheme 1), producing a gas-phase mixture with high 
H2, CH4 and CO2 contents (Fig. 11 and S11). 

While the electronic properties of nickel make its chemisorption and 
spill-over ability not selective in the studied feed cleavage mechanisms, 
all monometallic tin catalysts (2.5-,5- and 10Sn-CZ_red), suffer from the 
low cleavage rate imposed by the electronic properties of the active 
metal, itself influenced by the low degree of reduced component of the 
lowest concentration sample (Fig. 3, DTG) and the large average size of 
the Sn0 crystallites found in sample 10Sn-CZ_red (Table S1). In addition 
to the low feed conversion values obtained at an initial neutral pH 
(Fig. 9-A), indicative of a low propensity to break the C-H and O-H bond, 
the distribution of the products in the liquid and gaseous phase suggests 
that, under these conditions, the monometallic tin catalysts selectively 
prefer a reactant transformation passing through cleavage of the C-O 
bond (path II, Scheme 1). For these samples, the radical adducts of the 
feed preferentially convert to the more stable tautomer, acetaldehyde 
(Scheme 1, path (II-b)), instead of forming ethanol by hydrogenation. 
The acetaldehyde product is the main constituent of the liquid phase 
obtained under neutral conditions from these catalysts (Fig. 10-A), and 
as it was previously mentioned, it is the precursor of the acetic acid 
derived from its oxidation and of the long-chain gaseous phase products 
obtained from aldol condensation (Scheme 1, path (II-c)). 

The bimetallic catalysts tested under initial neutral pH, show a cat-
alytic behavior displaying the properties of the two active metals. In this 
case the nickel seems to act as the first initiator of the reaction, while the 
tin present in the intermetallic compounds Ni3Sn and Ni3Sn2 and as well 
in the non-reduced portion (Fig. 6, Figure S5), instead seems to act as a 
"mitigating agent”, gradually reducing the conversion of the feed, as its 
interaction with nickel increases (Fig. 11-A). The electronic properties of 

the metallic and intermetallic phases in the 2.510SnNi-CZ_red and 
510SnNi-CZ_red samples, seem to selectively prefer the cleavage path 
through the breaking of the C-O bond of the feed (path (II) Scheme 1, 
Fig. 12-A), revealed by the presence of ethanol and acetic acid. Unlike 
the samples with a lower tin content, the 1010SnNi-CZ_red sample, 
albeit at low conversion levels, shows a less selective initial cleavage 
through either the breaking of the C-O bond or the C-C bond of the 
ethylene glycol which is highlighted by the presence in the liquid phase 
of both the products of path (I) and those of path (II) (Fig. 12-A and 
Scheme 1). However, the product distribution from all bimetallic cata-
lysts differs substantially from the behavior of 10Ni-CZ_red, demon-
strated by their low selectivity to the methanation reaction. Although all 
of them are prone to methane-producing pathways, the presence of tin in 
the samples inhibits the production of methane regardless of the starting 
reagent to be decomposed (ethanol, acetic acid or methanol). A similar 
behavior has already been observed by Shabaker et al. [29,43], and it 
has been attributed, in tin-nickel IMCs, to the suppression of the 
threefold-hollow sites on Ni (111) which favor the dissociative absorp-
tion of CO, necessary for the methanation reaction. DFT calculation on 
the activation energy barriers regarding CO dissociation and OH for-
mation in the methanol decomposition reaction developed by Xu et al. 
[44] defines that tin in the intermetallic Ni3Sn, possess a higher acti-
vation potential barrier for the two reactions than Ni (111). The latter 
could justify the product distribution in the liquid and gaseous phases of 
the current study under standard conditions and can be used to correlate 
the derived results from the H2 chemisorption analysis with the final 
hydrogen yields of the reactions as shown in Fig. 11 and Figure S9. 

The registered low concentration of glycolic acid produced by the 
bimetallic catalysts in the APR-EG6% at initial neutral conditions reveal a 
mechanism which, at neutral pH, is a side reaction of little importance, 
but in alkaline environment seems to competitively dominate the 

Scheme 1. : Proposed mechanism to describe the possible cleavage paths of ethylene glycol during the APR reaction under neutral and alkaline conditions.  
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cleavage pathway of the ethylene glycol revealed by the dominant 
presence of glycolic acid (Fig. 12-B). 

Glycolic acid (GA) is the simplest of the α-hydroxy carboxylic acids, 
and currently has a particular use as a raw material in fine chemistry and 
pharmacy, as well as being the precursor of the poly-glycolic acid (PGA), 
a polymer with high biodegradability and biocompatibility [45], 
currently used in the field of surgery and drug-delivery. The formation of 
this product under the operating conditions of APR in alkaline envi-
ronment can be explained in relation to what was reported by Zhan et al. 
[46] in an EG to GA conversion reaction in alkaline environment, 
catalyzed by iridium or ruthenium complexes (shown in the green path 
of Scheme 1). The most plausible driving force for this catalytic pathway 
could be the dehydrogenation of ethylene glycol and subsequent selec-
tive oxidation of an alcoholic group to a carbonyl functionalization, then 
to the production of glycol aldehyde [7] (path (V), Scheme 1). 

There are multiple examples of selective oxidation reactions (also 
called dehydroxylation reactions) of alcohols and diols mediated by 
heterogeneous catalysts to obtain the related carbonyl compound [47]. 
An interesting and relevant example is the synergistic effect between 
silver particles and CeO2 proposed by Grabchenko et al. [48] in the 
selective oxidation of ethanol to acetaldehyde. In this study, the authors 
demonstrate how the presence of ceria near the active metal nano-
particles (like we observed in TEM Fig. 3 and S6), significantly increases 
the dehydroxylation yields of alcohol, due to an oxidative spillover 
mechanism assisted by the oxidizing properties of the redox couple 
Ce+4↔ Ce+3. In addition to a possible contribution of the support, the 
study by Mauri et al. [36] sheds light on the important role that the 
passivation layers of IMCs have in the methanol decomposition mech-
anism. Combining experimental and computational studies it has in fact 
been demonstrated how an oxidized surface favors the processes of 
alcoholic dehydrogenation compared to the not oxidized Ni-Sn IMCs 
even under alkaline conditions. The presence of surface oxides in all the 
catalysts present in this study, demonstrated via XPS (Fig. 8), 
119Sn-Mößbauer (Fig. 6), HR-TEM (Figs. S7 and 5) and XAS could 
therefore potentially promote the dehydrogenation of ethylene glycol to 
glycol aldehyde by triggering (together with the strong alkaline envi-
ronment) the formation of GA. 

The key mechanism in the formation of glycolic acid, at that point, 
would be a base-induced disproportionation reaction of the non- 
enolizable α-hydroxy aldehyde, often referred to as the Cannizzaro re-
action [46]. In this reaction, two molecules of glycolic aldehyde, cata-
lyzed by an alkali-induced reaction are converted into a carboxylic acid 
(glycolic acid) and a primary alcohol (ethylene glycol) as shown in  
Scheme 2. While a further oxidation of the second alcohol group of the 
glycolic aldehyde would lead to the formation of glyoxal, which would 
further be converted to glycolic acid. The true competitive reaction to 

that of Cannizzaro, is a probable aldolic condensation which would 
again lead to the formation of polyalcohols with chains longer than two 
carbon atoms and C3–4+ gaseous products (Scheme 1, Figure S11-B). 

The Cannizzaro mechanism proposed as an additional path to the 
direct aqueous-phase reforming of ethylene glycol is therefore not only 
capable of explaining the distribution of the products of the liquid phase 
from the bimetallic catalysts but being an ethylene glycol and H2 pro-
ducing mechanism, it also explains the increased conversions and 
increased hydrogen yields of the catalysts. Furthermore, Pipitone et al. 
[49] using Pt/Al2O3 found glycolic acid to be potentially more reactive 
under APR conditions than ethylene glycol. In addition to its genesis 
being purely hydrogen-productive, a catalyst active enough to decar-
boxylate it, could in turn reform the methanol produced as described by 
path I but with the substantial advantage compared to the canonical 
path, that a molecule of CO2 will already be usable for the WGS reaction. 
This would explain the substantial difference in conversion and selec-
tivity for CO2 found in the reaction in alkaline environment of mono-
metallic tin catalysts compared to the bimetallic ones. The increased 
values of conversion in 10Ni-CZ_red under alkaline conditions could 
mean a competition between the paths I and V in this catalyst (Scheme 
1). In fact, it cannot be excluded that the absence of GA in the liquid 
phase could be derived from its subsequent decarboxylation with the 
formation of methanol and CO2, which, given the intrinsic nature of 
nickel, would also lead to methanation with a consequent partial con-
sumption of hydrogen and carbon dioxide. 

The distribution of the products obtained from the bimetallic cata-
lysts under alkaline conditions (Figs. 12-B, S11-B and 11-B), seem to 
follow the same conceptual logic as that rationalized for the results 
obtained under neutral conditions for the same samples. In good 
agreement with the assumption that the tin-nickel electron transfer 
generates an increase in the activation energies for some of the cleavage 
mechanisms and thus weakening the intrinsic activity of nickel. 

The tin mitigating effect, already at the lowest concentrations, seems 
to make the Cannizzaro reaction competitive in alkaline conditions In 
comparison with the pathways involving the direct cleavage of ethylene 
glycol, resulting in an overproduction of glycolic acid. The distribution 
of metallic and intermetallic species once again proves to be decisive. 
The 2.510SnNi-CZ_red sample, shown to have Ni nanoparticles with a 
fine dispersion of a distorted Ni3Sn (Table S2, Table 2), has the highest 
feed conversion value among the bimetallic catalysts. Although the 
hydrogen uptake values derived from H2 chemisorption show a clear 
lowering of the accessibility of the nickel present in this sample, the high 
methanol values found in the liquid phase suggest that the Ni0 and Ni3Sn 
phases may still be potentially active in the further cleavage of the 
produced glycolic acid towards a methanol decomposition and WGS 
reaction only, due to the influence of tin in suppressing the methanation 

Scheme 2. : Possible Cannizzaro reaction mechanism, proposed as an explanation for the formation of glycolic acid in the APR of ethylene glycol under alka-
line conditions. 
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reaction. The cleavage properties tend to weaken as the concentration of 
tin in the samples increases (Fig. 12-B), the sample 1010SnNi-CZ_red, 
contains Ni3Sn, Ni3Sn2 and small quantities of Ni0 (Fig. 2, Fig. 6), as 
well as being the least catalytically active, it seems to retain a highly 
selective reactivity for the Cannizzaro reaction with almost no other 
products but GA (Scheme 1, Fig. 12-B). Finally, the 510SnNi-CZ_red 
sample seems to possess an almost optimal distribution of these cata-
lytic properties. The presence of a higher crystalline concentration of 
Ni3Sn, combined with the Ni0 nanoparticles in synergy with an oxidizing 
support and a pro-active oxidized component, lead to high conversion of 
EG under alkaline conditions (equal to about 78%) among the bimetallic 
catalysts. The hydrogen time yield of this catalyst, at 0.86 min− 1 

(calculated based solely on the Ni%wt. content, Table S5), can be 
considered aligned with the values reported by Shabaker et al. for the 
Raney-Ni and Raney Ni4Sn systems (1.1 and 1.2 min− 1 respectively 
[29]) operated at 225 ◦C under neutral conditions and by the 15%Ni/CNF 
(1.34 min− 1) reported by van Haastrecht in APR of EG at 230 ◦C in 
alkaline environment [13]. Although lower hydrogen-yielding 
compared to the more expensive 5%Pt/Al2O3 (TOF= 1.6 min− 1 [50] 
at 230 ◦C), the catalytic system reported in this work, exhibits remark-
ably high and tunable selectivity towards glycolic acid in the liquid 
phase associated with a high EG conversion as a function of tin content. 
Most catalysts show mass balances exceeding 90% (Table S5). The 
deficit carbon concentration and its speciation within the liquid and 
solid phases (spent catalyst) can be partly explained (especially under 
alkaline conditions) by the partial solubilization of CO2 into carbonate 
species [51]. However, it cannot be ruled out that, given the relatively 
harsh conditions in this experiment, part of this carbonaceous fraction 
may adhere to the catalyst. Further investigations to detail this specific 
phenomenon will be conducted in the near future. 

4. Conclusions 

In this study, three different intermetallic Ni-Sn compounds with 
different crystallographic arrangements, supported on cerium- 
zirconium mixed oxides were synthesized by reductive sintering. Their 
textural, morphological and physico-chemical characteristics were 
studied throughout the entire synthetic process to correlate the differ-
ences to the catalytic results. The 119Sn-Mößbauer and XRD analyses, for 
samples 2.510SnNi-CZ_red and 510SnNi-CZ_red, unraveled a crystallo-
graphic arrangement consisting of Ni0 and the intermetallic Ni3Sn 
compound (IMCs), present in a distorted state for 2.510SnNi-CZ_red 
sample, and of hexagonal geometry and well-defined crystallinity for 
the 510SnNi-CZ_red sample. On the other hand, the sample with the 
highest tin content, 1010SnNi-CZ_red, was shown to contain a modest 
relative abundance of Ni0 and Ni3Sn and a conspicuous amount of 
Ni3Sn2. Thermogravimetric analysis in a reductive environment (TPR- 
TGA) showed that the catalyst support strongly influences the reduction 
and sintering process which itself has an effect on the formation of Ni-Sn 
IMCs. The investigation on the monometallic catalysts containing only 
tin in the CZ support showed that Sn4+ has a strong interaction with the 
CZ, suppressing the reduction with loading dependency of tin. In the 
bimetallic catalysts the presence of nickel facilitates the reduction of tin. 
In the latter, although the reduction takes place completely, it has been 
demonstrated through XPS, XAS and TEM that exposure of IMCs to an 
oxygenated environment causes partial passivation, with the formation 
of an amorphous oxide layer. According to information gathered 
through analysis of the isomeric shifts of 119Sn nuclei, aided by the 
analysis of the variation in the density of the occupied states at the Ni K- 
edge of samples containing IMCs, there appears to be a Sn→Ni electron 
density donation capable of diminishing the intrinsic chemisorptive 
properties of nickel. Analytical studies of the chemisorption properties 
of bimetallic catalysts in comparison with the 10Ni-CZ_red catalyst used 
as a reference have shown that the Sn-Ni combination significantly 
lowers the number of Ni0 active sites for chemisorption. From the cat-
alytic point of view, the tests carried out under standard conditions 

(pHi=7) showed how the “mitigating effect” of the Sn-mediated inter-
action with Ni0 constrains the reaction pathways favored over the 
monometallic nickel catalyst, suppressing the methanation reaction but 
also limiting the feed conversion as the tin content increases in the IMCs 
involved. On the other hand, tests conducted under alkaline conditions 
(pHi=14) showed a significant increase in EG conversion, increased 
selectivity for H2-producing pathways and thus high hydrogen yields, 
especially for the 510SnNi-CZ-red catalyst. The reason for the found 
increased conversion of ethylene glycol together with a higher hydrogen 
yield under initial alkaline conditions was attributed to the competitive 
conversion of the feed into glycolic acid via the hydrogen-producing 
Cannizzaro reaction. The further decarboxylation of glycolic acid with 
a related production of CO2 and methanol would allow the continuation 
of the reforming process via WGS or methanation reactions. The pres-
ence of tin in the bimetallic catalysts has therefore been found to be 
essential in tuning the cleavage properties and the selective suppression 
of the methane-productive properties found for the monometallic nickel 
catalyst hence in synergy with the Cannizzaro reaction induced by the 
alkaline environment, obtaining a positive and tunable combination of 
effects in terms of conversion and hydrogen selectivity and yield. The 
high yields of hydrogen combined with the negligible values of methane 
produced make the metallic and intermetallic arrangement found in the 
510SnNi-CZ_red catalyst, a promising starting point for simultaneous 
production of hydrogen and a fine chemical such as glycolic acid starting 
from aqueous solution of ethylene glycol at alkaline conditions. 
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