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ABSTRACT: Ni (10 wt %) catalysts supported on SiO, and on SiO, doped with 1
and 4 wt % Sn and a Sn-doped Ni catalyst supported on silica were prepared by
microwave-assisted precipitation methods. The catalysts, analyzed by TPR, XRD, and
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XPS techniques, were tested in the dry reforming of methane (DRM) with CO, The 66 o0

reaction was conducted at atmospheric pressure in a temperature range of 450—800 641 AAAE@E%

°C with a feed gas mixture containing CH, and CO, in a 1:1 ratio in He. The effect of 621 S N
the catalyst pre-reduction temperatures of 550 and 750 °C was considered. As 20 750 %6 actvated ot I

compared to the bare Ni—SiO, catalysts, doping silica with 4 wt % Sn, corresponding We%eececececescesivrces
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to a Sn/Ni molar ratio of 0.2, substantially decreased the amount of deposited carbon 18 20600006

but determined a consistent loss of activity. In the presence of a lower amount of tin 124 Ooooo 00660006006

(Sn/Ni = 0.05), with a lower amount of formed carbon, the catalyst was still less T T y T J
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active and less stable as compared to bare Ni—SiO, On the contrary, changing the TOS (h)

sequence of metal addition, i.e., adding 1 wt % Sn to Ni—SiO,, slightly improved the

activity and the catalytic stability at 650 °C during 24 h on stream, also reducing the

carbon formation. The structural characterizations before and after the reaction were in accord with a better structural stability of the
nickel particle when doped by tin. The nickel ensemble dilution upon Ni,Sn, alloy formation, as detected by XRD, hindered
formation of surface carbon.

1. INTRODUCTION

The catalytic reaction of dry reforming of methane (DRM)
with CO,, leading to the production of syngas, has gained
increasing industrial attention. One of the reasons for this
renewed interest concerns with the larger availability of
reservoir of methane as compared to the depleting crude oil
reserve." Moreover, the suggested use of the biogas (CH,/CO,
mixtures) arising from waste materials, such as municipal
waste, sewage sludge, and agricultural waste, as the main
feedstock for the reaction makes the process even more
interesting. In addition to these motivations, as compared to
other methane reforming processes, a mature DRM technology
would contribute to the recycling of CO,, a strong greenhouse
effect gas, naturally present in the earth’s atmosphere but the
amounts of which are greatly increased by a variety of human
activities.”
The DRM process involves the reaction

CH, + CO, 2 CO + H, (AH,g = 247 kJ/mol)
(1)
compared to the methane steam reforming (SRM), repre-
sented by equation

CH, + H,0 2 CO + 3H, (AH,p = 206 kJ/mol)

)
DRM produces syngas with lower H,/CO ratio which is a
preferable feedstock for the Fischer—Tropsch synthesis (FTS)
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of long-chain hydrocarbons and for the synthesis of oxygen-
ates.” Therefore, DRM would avoid the adjustment of the H,/
CO ratio by means of the endothermic reverse water gas shift
(WGS) reaction:

CO, + H, 2 CO + H,0 (AH, g = 41kJ/mol)  (3)

However, a drawback of DRM as compared to SRM is
represented by the large formation of carbon mainly due to (i)
methane decomposition and (ii) the Boudouard disproportion
reaction, described by eqs 4 and S, respectively:

CH, — C + 2H, (AH,g = +75 kJ/mol) (4)

2CO — C + CO, (AHygx = —171 kJ/mol) (5)

As seen in eq 1, the DRM reaction is highly endothermic
and requires high temperature conditions.” At the high
temperature of the reaction, the exothermic Boudouard
reaction is inhibited. Therefore, coke formation at T > 700
°C mainly proceeds via methane cracking over the active metal
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atoms. As reported for other reactions involving activation of
methane, noble metals would be the most appropriate in terms
of coke resistance, easy reducibility, structural stability, and
high activity. However, their elevated cost and limited
availability hinder their use for industrial application.”* In
terms of the cost/efliciency ratio, nickel supported on different
oxides are the preferred catalysts for the DRM process, in spite
of the fact that nickel catalysts without appropriate precautions
suffer from a catalytic instability due to easy deactivation by
carbon deposition and nickel particle sintering.” It has been
suggested that adjusting the acidity—basicity of the catalyst
surface or reducing the Ni particle size below 8 nm would
reduce the carbon formation.”® As reported in literature and
according to DFT calculations, methane decomposition is a
structure-sensitive reaction, preferentially occurring on low-
coordinated step sites.”® Carbon nucleation and growth
preferentially occur on a stepped rather than planar Ni
surface.” As suggested by theory, by blocking the step sites,
carbon deposition can be eliminated, while the catalyst would
only have a moderately reduced reforming activity.” Support-
ing the metal on a carrier with Lewis basicity would also inhibit
carbon coke formation.'”® Indeed, since CO, is an acid gas, it
will adsorb and then dissociate easily on a basic support,
resulting in higher activity and therefore lower carbon
formation or, by a different mechanism, it can easily react
with the deposited carbon inhibiting carbon accumulation.™"’
Clear evidence for link between particle sizes and rate of
carbon formation have also been reported.® Alloying nickel
with a noble metal by decreasing the ensemble size of the active
site is also a way to limit the carbon deposition besides
preventing metal sintering. Nevertheless, as underlined above,
the elevated cost of noble metals is quite prohibitive, and it is
more convenient to develop noble-metal-free catalysts. Among
the non-noble metals, Sn seems to be a promising alternative.
Several experimental and computational approaches are
reported in the literature to explain the effect of the Ni—Sn
interaction in both DRM and SRM.">~"* Most of the reported
studies concerned with alumina-supported catalysts showed a
stronger interaction between the metals and the support. In
general, the bimetallic Sn—Ni systems have shown good
resistance to carbon deposition, but at the expense of the
reforming activity, pointing out the crucial role of an
appropriate Sn/Ni atomic ratio. Some contradictory results
have been obtained in the case of silica supported systems,
where Sn was shown to have negative effect on the activity and
a rather neutral effect on coking.16 Within this context, the
present work aims to develop methane reforming nickel
catalysts with superior coke and metal sintering resistance, by
preparing bimetallic Sn—Ni catalysts supported over high
surface area silica with two different Sn/Ni atomic ratios. A
high surface area and inert support such as SiO, was chosen in
order to maximize the interaction between Ni and Sn aiming to
affect the Ni active sites and their catalytic behavior. Moreover,
SnO, having a fair basicity of its own, when added to the silica
support, could contribute to the decrease of the carbon
without affecting the activation of methane.'” By slightly
varying the preparation procedure, this study intends to
investigate the effect of Sn as either a support modifier or an
active site promoter. The DRM activity of the tin-promoted
catalysts compared with the activity of the unpromoted nickel
catalyst is discussed in terms of structural and electronic
properties.

2. EXPERIMENTAL SECTION

2.1. Support and Catalyst Preparation. All the
chemicals required to prepare the supports and the catalysts
were used without any additional purification and were all
obtained from Sigma-Aldrich: tetraethylorthosilicate (Si-
(OC,H;),, TEOS, 98%), nickel nitrate Ni(NO;),-6H,0,
99.9%, tin chloride SnCl,-2H,0, 99.95%, ethanol, and
tetrahydrofuran C,HzO (THF).

High-surface-area silica was prepared according to a
previously reported sol—gel method using TEOS as
precursor.'® Hydrolysis of TEOS occurred under acid
conditions at pH 5 with acetic acid, followed by condensation.
The gel was dried at 110 °C and calcined at 450 °C for 4 h.
Silica with a specific surface area of 690 m*/g was obtained.

Microwave activation was chosen for the preparation of the
doped supports and nickel catalysts. Indeed, as described in the
literature the use of microwaves during material synthesis
provides uniform heating of the precursors and consequently
helps to reduce the reaction time, lowers the reaction
temperatures, and improves the properties of the final products
in terms of homogeneity and particle size."®'” The supports
with 4 and 1 wt % Sn were prepared by impregnating the lab-
made SiO, with an appropriate volume of a 0.01 M solution of
SnCl, in THF. The obtained suspension was placed inside a
conventional household microwave set at 180 W power and
operated in 30 s cycles (on for 20 s, off and stirring for 20 s)
for a total time of 20 min and irradiation time of 10 min. The
activated suspension was dried overnight inside a heating
mantle set at 60 °C. Thereafter, the solid was calcined at 500
°C for 2 h with a heating rate of 5 °C/min. The supports were
labeled as Sny—SiO, and Sny,,—SiO, respectively.

Nickel catalysts with 10 wt % Ni, supported on pure silica
and on SiO, doped with different amounts of tin, were
prepared by microwave-assisted precipitation. The procedure
consisted of adding 10 mL of an aqueous solution of
Ni(NO;),:6H,0 of an appropriate concentration to a
suspension of silica or of Sn-doped silica in 20 mL of ethanol.
Nickel hydroxide was precipitated by dropwise adding 10% (v/
v) NH,OH solution until pH 9. The suspension underwent the
same treatment with microwaves as described above for the
supports. After filtration, the collected precipitate was washed
with distilled water and ethanol, dried at 100 °C for 1 h, and
then calcined at 650 °C for 1 h with a heating rate of 5 °C/
min. The monometallic catalyst was labeled as Ni—SiO,, and
the two bimetallic ones with molar ratios Sn/Ni = 0.20 and
0.05 were labeled as Ni/Sny,—SiO, and Ni/Sngo—SiO,,
respectively.

To investigate the effect of adding Sn as a nickel promoter,
another catalyst was prepared by impregnating the Ni—SiO,
catalyst with appropriate volume of 0.01 M solution of SnCl,
in THF to yield Sn/Ni = 0.05. The sample was labeled Sn s/
Ni—SiO,.

2.2. Catalyst Characterization. Specific surface areas and
pore volumes of selected samples were determined from N,
adsorption—desorption isotherms at —196 °C using a Micro-
meritics ASAP 2020 equipment, through the Brunauer—
Emmett—Teller (BET) method in the standard pressure
range of 0.05—0.3 P/P,. Before the measurements, the samples
were degassed at 250 °C for 2 h. By analysis of the desorption
curve, using the BJH calculation method, the pore size
distribution was also obtained.

https://doi.org/10.1021/acs.iecr.1c02193
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X-ray diffraction (XRD) analyses were carried out with a
Bruker goniometer using Ni-filtered Cu Ka radiation. A
proportional counter and a 0.05° step size in 26 were used.
The assignment of the crystalline phases was based on the
Joint Committee on Powder Diffraction Standards (JCPDS)
powder diffraction files (PDFs).” Crystallite sizes were
estimated from diffraction line widths using the Scherrer
equation.21

The X-ray photoelectron spectroscopy (XPS) analyses were
carried out with a VG Microtech ESCA 3000 Multilab,
equipped with a dual Mg/Al anode. As excitation source Al Ka
radiation (1486.6 eV) was used. The sample powders were
mounted on double-sided adhesive tape. The pressure in the
analysis chamber was in the range of 10 Torr during data
collection. The constant charging of the samples was
eliminated by referencing all the energies to the C 1s binding
energy set at 285.1 eV arising from adventitious carbon.
Analyses of the peaks were carried out with the CasaXPS
software. Atomic concentrations were calculated from peak
intensity using the sensitivity factors provided by the software.
The binding energy values are quoted with a precision of
+0.15 eV, and the atomic percentage are quoted with a
precision of +10%.

Hydrogen temperature-programmed reduction (TPR) meas-
urements were carried out with a Micromeritics AutoChem
29S50HP Automated Catalyst Characterization System, equip-
ped with a thermal conductivity detector (TCD). About 0.1 g
of sample was used for each measurement. The samples were
pretreated with a mixture of S vol % O,/He at 50 mL/min,
heating (at 10 °C/min) to 400 °C, and holding at this
temperature for 30 min. After lowering the temperature to
room temperature, the gas mixture of S vol % H,/Ar was
introduced at 30 mL/min into the sample tube and was also
used as a reference gas. During the analysis, the temperature
was increased up to 1000 °C at a rate of 10 °C/min. The
effluent gas was analyzed with a TCD.

The thermogravimetric analyses (TGA) of the samples after
the catalytic reactions were carried out in air using the TGA 1
Star System of Mettler Toledo. About 10 mg of sample was
heated from room temperature to 100 °C, left at this
temperature for 1 h, and then heated to 1100 °C at the rate
of 10 °C/min under air flowing at 30 mL/min.

2.3. Catalytic Activity. Methane dry reforming tests were
carried out in a continuous-flow quartz reactor with an inner
diameter of 12 mm. Powder samples of 40—60 mesh size were
diluted 1:5 by weight with silicon carbide of the same mesh
size of the catalyst. Prior the catalytic reaction, the catalysts
were pretreated “in situ” under flowing O, (S vol % in He, 50
mL/min) at 350 °C for 0.5 h. After cooling down to room
temperature, the samples were reduced under flowing H, (5
vol % in He, 30 mL/min), and the temperature was increased
to 550 or 750 °C with a 10 °C/min ramp and a holding time of
1 h. The feed gas, consisting of 15 vol % CH, + 1S vol % CO,
in He, was led over the catalyst (100 mg) at a flow rate of 100
mL/min (STP), equivalent to a gas hourly space velocity
(GHSV) of 60000 mL g~' h™". The activities were measured
as a function of temperature from 450 to 800 °C with a heating
rate of 10 °C/min, waiting 60 min for each 50 °C step. The
samples were cooled to 650 °C and left at this temperature for
24 h of time on stream (TOS) for the stability test. The inlet
and outlet gas compositions were analyzed by GC (Agilent
7890B) equipped with a DB-1 capillary column and a
molecular sieve, in order to follow the evolution of all the

species, CH,, CO, CO,, H,, and O,, using FID and TCD
detectors. Water was condensed at the outlet of the reactor.
CH, and CO, conversion, X¢y, Xco, and hydrogen yield Yy,
(%) were calculated as

Xcy. = 100 X ([CH,J" — [CH,I™)/[CH,]"

4

100 x ([CO,™ — [CO,I°*)/[CO,]"

Xco,

Yy, (%) = 100 X [H,]**/2[CH,"]

3. RESULTS AND DISCUSSIONS

3.1. Catalytic Results. The DRM reaction test carried out
on the Sny—SiO, support confirmed the inertness of the
support and excluded any direct contribution of the tin to the
catalytic activity of the supported nickel catalysts.'”” The
catalytic results obtained with the various Ni samples at 650 °C
are summarized in Table 1. In Figure 1, the CH, and CO,

Table 1. Catalytic Performance at 650 °C“

conversion conversion CO, y1¥_e112d
catalysts CH, (%) (%) (%) H,/CO

Ni—S8i0, 559 68.5 (2%) 73.6 (4%) 39.7 0.7
Ni—SiO, 759 66.9(8%) 72.4(10%) 40.6 0.7
Snges/Ni—Si0,.550  69.5(2%) 76.1 (5%) 41.1 0.7
Sngos/Ni—SiO, 50 66.9(5%) 73.7 (10%) 408 0.7
Ni/Sng,—Si0, 559 18.4 (8%) 26.1 (32%) 16.3 1

Ni/Sng,—Si0,.750 14.6 (24%) 19.9(33%) 17.1 0.9
Ni/Sngs—SiO,.50  61.3 (9%) 74 (5%) 424 0.7

“The deactivation after 24 h reaction is given in parentheses .

conversions, plotted as a function of temperature, along with
the corresponding H,/CO molecular ratio variations displayed
in the insets, are shown for each of the four samples. With the
exception of the Ni/Snj,s—SiO, sample, each panel of the
figure compares the results obtained with the catalyst activated
at two different reduction temperatures. In the case of the
monometallic nickel catalyst, the CO, conversion and the CH,
conversion run quite similarly. The CH, and the CO,
conversions increase steadily with temperature in the range
of 450—700 °C; thereafter, they increase slowly reaching the
conversions of ~95%, very close to the equilibrium value, with
both the samples pre-reduced at 550 and 750 °C.’ Similar
behavior, with slightly superior conversions (see Table 1), is
obtained with the tin-promoted Ni catalyst, Sngos/Ni—SiO,,
with molar ratio Sn/Ni = 0.05. Moreover, compared to the
sample reduced at 750 °C, the sample pre-reduced at 550 °C
yields slightly higher CH, and CO, conversions. The catalyst,
with the same formulation but prepared by supporting nickel
over the Sn-promoted silica, Ni/Sngys—SiO,, exhibits signifi-
cantly lower CH, conversion as compared to the CO,
conversion. In the case of the Ni/Sny,—SiO,, with Sn/Ni =
0.2, the temperature of the H, pretreatment has a considerable
effect. The starting CH, and CO, conversions at 400 °C are
similar for both cases; however, with the increase of
temperature, they start to diverge with a much larger CO,
conversion as compared to the CH, conversion. Moreover,
whereas with the 550 °C pre-reduced catalyst both conversions
continue increasing with temperature, with the 750 °C pre-
reduced catalyst at temperature above 600 °C, the increase of

https://doi.org/10.1021/acs.iecr.1c02193
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Figure 1. CH, (filled symbol) and CO, (empty symbol) conversion as a function of temperature for different samples pre-reduced at 750 °C
(circle) and 550 °C (square). The plot in the inset refers to the corresponding H,/CO molecular ratio variation.

conversion starts to decline. Overall, although the TPR
analyses indicate a complete catalyst reduction at temperature
above 750 °C, better catalytic performances are obtained with
the samples activated at 550 °C rather than at 750 °C. As
reported in the literature under similar experimental
conditions, the occurrence of the reverse water gas shift
reaction (RWGS) (the reverse of eq 2) was particularly
significant between 400 and 800 °C and contributes to the
increase of the CO, conversion as compared to the CH,
conversion. At the same time, as observed with all the samples,
the occurrence of RWGS explains the decrease of the H,/CO
molecular ratio with temperature.22 The H,/CO ratio of >2,
obtained at the starting temperature of 400 °C may be caused
by the occurrence of methane decomposition, producing an
excess of hydrogen which then triggers the RWGS reaction.
The larger H,/CO ratio obtained for the bimetallic samples at
the starting temperature, as shown in the inset of each panel, as
compared to the monometallic nickel catalyst would suggest an
enhancement of the methane decomposition reaction in the
presence of tin.”> As reported in the literature, the possible side
reactions during DRM occur to an extent which is related not
only to the experimental conditions such as pressure, CO,/
CH, ratio, and temperature but also to the catalyst properties
such as the acidity—basicity of the support, metal—support
interaction, and particle sizes."”*'" The large variation of the
H,/CO ratio with temperature is related to the thermody-

namic of all the possible reactions that may occur. Indeed, the
exothermic reaction, such as the Boudouart reaction (eq 4), is
favored at lower temperature and involves CO consumption,
whereas the endothermic reactions such as the reaction of
carbon with CO,, (reverse Boudouart reaction) or the RWGS
reaction would increase the CO vyield at higher temperatures,
therefore decreasing the H,/CO molar ratio to 0.75.

The stability of the catalyst was checked by measuring
methane conversion as a function of time over 24 h of reaction
at 650 °C, a temperature of interest from the industrial point of
view and for possible utilization of the biogas in an internal
reforming SOFC.>*’ It is important to note that the stability
test followed the temperature gradient test, after cooling down
to 650 °C. As seen in Figure 2 and in Table 1, although with
some differences, all the studied catalysts do not deactivate
substantially during the 24 h reaction at 650 °C. Better stability
is observed with Ni—SiO, and Sng,s/Ni—SiO,, deactivating
only by 2% (as for the 550 °C pre-reduced samples). The Ni/
Sngs—Si0,, prepared by supporting nickel over Sn . —SiO,,
deactivates more rapidly, decreasing its methane conversion by
9% in 24 h. For the high tin-loaded catalyst, Ni/Sn,,—SiO,,
the deactivation of the catalyst, as observed in Figure I,
occurred quite rapidly as a function of temperature, and it was
irreversible, since the starting conversions in Figure 2 are much
lower than the corresponding values at 650 °C in Figure 1. In
conclusion, with the exception of the high Sn content sample,

https://doi.org/10.1021/acs.iecr.1c02193
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Figure 2. Stability test at 650 °C of the 550 °C (filled symbol) pre-
reduced catalysts and 750 °C (empty symbol) pre-reduced catalysts.

the good stability generally observed for this series of catalysts,
as compared to literature reported results, may be related to a
stronger interaction between nickel particles and the silica
support achieved during the microwave-assisted synthesis.'”'®
Moreover, a slightly superior stability of the catalysts pre-
reduced at 550 °C is noticeable.

The amount of carbon built up over the samples at the end
of the catalytic test was determined by TGA analyses. The
profiles are given in Figure 3. All of them exhibit an initial
increase of the weight, likely due to the reoxidation in air of the
aged catalysts, followed by a weight loss due to the combustion
of coke. Limited losses are observed, ranging from about 7 wt
% for the monometallic nickel catalyst to about 2 wt % for the
tin-doped samples. In particular, the catalysts made of nickel
deposited over the tin-promoted silica, Ni/Sng,—SiO, and the
Ni/Sngs—SiO,, pre-reduced at 550 °C do not exhibit weight
loss. The other catalysts, Ni—SiO, and the Sngys/Ni—SiO,,
and the previous ones pre-reduced at 750 °C present some
weight loss at temperature above 600 °C, attributed to
amorphous or graphitic carbon combustion.”"*

Commenting on the catalytic results, summarized in Table
1, all the samples except the one with a Sn/Ni molar ratio of
0.2 exhibit good methane conversion and hydrogen yield as
compared to the literature results.'” In accord with recent

literature on the effect of tin on nickel catalysts, a slightly
superior activity is observed for the catalyst with a Sn/Ni molar
ratio of 0.0S, whereas much lower activity is obtained with the
higher amount of Sn."” It is plausible that a large amount of tin
hinders the accessibility of CH, and CO, on the surface of Ni
therefore inhibiting their adsorption and dissociation, neces-
sary steps for the outcome of the DRM reaction.”* As noted
before, it is particularly evident in Table 1 that the lower
conversion for the Ni/Sn,,—SiO, sample, obtained during the
stability test at 650 °C after the temperature gradient test, as
compared to the corresponding value in Figure 1, was likely
due to an irreversible sample deactivation. Moreover, by
looking at the results of the long-term tests and those of the
TGA, no direct correlation between the catalytic stability and
the carbon formation is evinced. In fact, the monometallic Ni—
SiO,, with more carbon deposited during the reaction,
maintains good methane conversion.

3.2. Characterization. 3.2.1. BET and XRD Analyses. The
list of catalysts with the corresponding BET specific surface
areas, pore diameters, and pore volumes, along with crystallite
sizes, is given in Table 2. The N, adsorption—desorption

Table 2. Surface Area (Spgr), Average Pore Diameter (d,),
and Pore Volume V, of Supports and Catalysts”

SZBET d, Vf dio dxi dsno,
samples (m*g™") (nm) (cm’/g) (nm) (nm) (nm)
Sio, 657 41 085
S geee—SiO5 508 47 069 2.5
Siyys—SiO, 646 45 092 n.d.
2.9°
Ni—SiO, 476 47 058 27 b
4.6
, 4 29"
Ni/Sng,—SiO, 455 52 058 23 Do 24
o 2.6°
Sng gs/Ni—SiO, 518 47 059 20 o nd
Ni/Sngs—SiO, 599 4.8 0.82 3.5 40" nd

“The NiO, Nj, and SnO, crystallite sizes, as determined from Scherrer
analyses of XRD peaks are also listed. ’Ni or Ni,Sn, particle sizes after
DRM with pre-reduction at 550 °C; “Ni or Ni,Sn, particle sizes after
DRM with pre-reduction at 750 °C.

1041 NiISng »-Si 500

102 = NS Si s5pec
9 Sng o5/Ni-Sigzgec
< 100+ Ni/Sng 2-Si 759°¢
E 98] N|/Sn0I05-S|75goc
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14 96!’
S T
©
_-5 86-
o
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Figure 3. TGA profiles of catalysts after DRM reaction with different pre-reduction temperatures (due to space reason Si replaces SiO,).
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Figure 4. XRD patterns of the different catalysts and tin doped support: (a) before, (b) after catalytic test with H, pre-reduction at 550 °C, and (c)

after catalytic test with H, pre-reduction at 750 °C.

isotherms along with the pore sizes distribution are plotted in
Figure S1. For comparison reasons, the data relative to the
supports SiO, and Sny,,,—SiO, are also reported. According to
the TUPAC classification, the isotherms are of type IV,
characteristic of mesoporous materials, with clear hysteresis
loops of H1 type.”” The second hysteresis observed at a higher
relative pressure, P/P, > 0.8, indicates textural pores resulting
from the packing of small particles.”® As observed in Table 2,
adding tin and subsequently nickel causes a gradual decrease of
surface area with an increase of the average pore sizes.

The X-ray diffraction patterns of the samples, as-calcined
and after the DRM reaction, recorded for the 550 and 750 °C
pre-reduced catalysts are shown in Figure 4. For comparison
reason the pattern of the Sny,,—SiO, support is also reported.
The pattern of tin doped silica exhibits the broad band at 26 ~
22° typical of amorphous silica and additional peaks at 20 ~ 34
and ~52° attributable to the reflection (101) and (211) of the
tetragonal SnO, (PDF no. 04—003—0649, JCPDS). It is worth
noting how the tin oxide reflections disappear from the pattern
of the sample exposed to the DRM conditions, likely due to a
dispersion of tin into the silica bulk. With respect to the
calcined samples, the diffractogram of Ni—SiO, contains broad
peaks attributed to the (111), (200), and (220) reflections of
cubic NiO crystallites (PDF no. 04—002—440S, JCPDS).
Peaks belonging to SnO, and NiO are present in the
diffractogram of Ni/Sn;,—SiO,, whereas only reflections
attributable to NiO are present in the diffractogram of the
Ni/Sngys—SiO, and Snys/Ni—SiO, samples. An estimate of
the crystallite sizes, carried out by the Scherrer analyses of the
(211) reflection and of the (220) reflections of SnO, and NiO,
respectively, are included in Table 2. Quite small and
comparable sizes are obtained for SnO, and NiO crystallites
respectively in mono- and bimetallic samples. As reported in
previous studies, such small sizes are a prerogative of the
microwave-assisted preparation procedure, as compared to the
traditional incipient wetness impregnation, which yields larger
crystallite sizes.”””® The diffractograms of the spent catalysts

reflect the modification sustained by the samples during the
catalytic test. In the pattern of Ni—SiO, after DRM on the
sample pre-reduced at 550 °C, along with a diffraction peak at
20 = 44.5° attributed to the (111) reflection of the metallic
nickel (PDF no. 04—010—6148, JCPDS), a peak at 26 = 26°
attributed to hexagonal graphite is present. On the basis of the
(111) reflection, a nickel particle size of 2.9 nm was estimated.
As suggested by the asymmetry of the peak, the low-angle tail
of the broad (111) reflection partially overlaps with the (200)
reflection at 20 = 43.3° of some unreduced NiO. After DRM
on the Ni/SiO, pre-reduced at 750 °C, the reflections of the
metallic nickel, (111) at 20 = 44.5° and (200) at 20 = 51.8°,
become sharper, corresponding to a larger Ni particle size of
about 4.6 nm. On the contrary, the graphite peak seems
weakened, in accord with the smaller weight loss observed in
the TGA profiles of the corresponding spent catalyst in Figure
3. The diffractograms of the spent Ni/Sny,—SiO, catalyst
exhibit a complex feature in the region of the most intense
metallic nickel reflection Ni (111). The region contains
characteristic peaks of NiySn alloy (PDF no. 00—063—0098,
JCPDS) and metallic Ni.”® From the fitting of the two peak
components and applying the Scherrer equation, particle sizes
of 29 and 42 nm for both metallic components were
estimated for the spent samples pre-reduced at 550 and 750
°C, respectively. Small reflections at 260 = 34 and 48° are
attributed to the tin silicate SnSiO; (PDF no. 00—020—1295,
JCPDS). The XRD patterns of the spent Sno;/Ni—SiO, and
Ni/Sng os—SiO, contain reflections attributable to Ni(111) and
Ni (220) with low-angle asymmetry attributed to Ni,Sn, alloy
contribution. The diffractogram of the spent Snggs/Ni—SiO,
pre-reduced at 550 °C also contains a small peak at 20 = 26°,
attributable to graphitic carbon. Particle sizes of 2.6 and 3.9 nm
for the spent Sns/Ni—SiO, catalysts pre-reduced at 550 and
750 °C, respectively, were estimated. Ni crystallite size of 4.0
nm was obtained for the spent Ni/Sngys—SiO, activated at 550
°C. Differences in particle sizes, as estimated from the XRD
patterns of the spent samples can account for differences in
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catalytic performance and in carbon formation. In particular,
the bimetallic catalysts pre-reduced at 550 °C, characterized by
a better activity, present smaller Ni particles after reaction.
3.2.2. TPR Analyses. In order to investigate the redox
behavior of the catalysts, particularly the effect of tin on nickel
reducibility, TPR analyses were carried out. For comparison
reason, the high loaded Sng,.—SiO, support was analyzed as
well. The hydrogen reduction profiles are shown in Figure 5.
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Figure S. TPR of supported catalysts and tin-containing support.

The results of the peak integration in terms of maximum
temperature peak position (T,,,) and corresponding H,
volume (Vy,) consumption are listed in Table 3. The TPR

Table 3. T,,,, and Corresponding H, Volume Consumption
(Vy,) Obtained from TPR Analyses

Tax (°C) Vi, (mL/geye)
sample first peak  second peak  first peak  second peak
Styes—SiO, 440 967 7 s
Ni-SiO, 450 640 9 19
Ni/Sng,—SiO, 457 626 30 18
Ni/Sng os—SiO, 558 33
Sngos/Ni—SiO, 521 642 10 20

profile of nickel supported on bare silica contains a main peak
at 654 °C and a shoulder at around 440 °C. The high-
temperature peak corresponds to the reduction of small NiO
particles with strong Si—O°—Ni’* interaction hard to reduce.”*
Larger size NiO crystallites with a lower degree of interaction
with the silica support gave rise to the broad shoulder at lower
temperature. The total hydrogen consumption, consistent with
9 wt % nickel instead of the nominal 10 wt %, accounts for the
formation of hard to reduce nickel silicate inhibiting the
complete NiO reduction.”” The TPR profile of the high loaded
Snyu,—S10, support is characterized by a broad feature
peaked at around 440 °C attributed to the reduction of tin
dioxide SnO,, and a sharper peak at 970 °C attributable to a
difficult to reduce tin silicate. The SnO, reduction temperature
of 440 °C is much lower than the reduction temperature of
670 °C reported in the literature for Sn-doped SiO,.”* A
reciprocal effect between nickel and tin is observed in the TPR
profile of the catalyst Ni/Sny,—SiO,, characterized by two
strong peaks, one at 457 °C and the other at 626 °C. It is

reasonable, on the basis of the reduction temperature observed
for the tin-doped support, to attribute the stronger low-
temperature peak to a combination of nickel and tin reduction
more closely interacting together and the high-temperature
peak to the reduction of “free” nickel oxide. Subtracting the
hydrogen consumption attributable to the reduction of SnO,
as derived from the TPR of the Sny,,—SiO, sample, it was
possible to estimate that about 5 wt % nickel was in close
contact with Sn and another 5 wt % was “free” NiO. The
presence of tin increased the nickel reducibility, by decreasing
its reduction temperature, and the presence of nickel increased
the tin reducibility, by downshifting the 970 °C peak, makin%
easier the formation of a Ni,Sn, alloy, as detected by XRD.">*

The sample Ni/Snos—SiO exhibits a TPR profile with a large
peak centered at 558 °C, corresponding to the reduction of
mixed SnO,—NiO oxides in close contact with each other, and
broad shoulders on the left and on the right side of the main
peak, corresponding to isolated tin and nickel oxides. The TPR
profile of Snys/Ni—SiO, is rather similar to the profile of the
unpromoted nickel catalyst. The only difference is the little
extra hydrogen consumption for the low-temperature peak
attributed to the reduction of tin oxide. According to the TPR
results, focusing on the two samples having the same
composition, the addition of tin to the already prepared Ni—
SiO, catalyst has a modest effect on the nickel reducibility,
maintaining a similar TPR profile. On the contrary, adding
nickel to the Sn-doped support seems to produce a chemical
species which reduces at an intermediate temperature between
the SnO, and the NiO reduction temperature.

3.2.3. XPS Analyses. XPS measurements of the fresh
(calcined) and spent catalysts were carried out in order to
investigate the distribution and the chemical state of each
catalyst component and the modification occurring upon
reactions. The Ni 2p spectra of the catalysts as fresh and after
the DRM reaction with different hydrogen pretreatment
temperatures are given In Figure 6. The results in terms of
binding energies and atomic ratios are summarized in Tables 4
and 5 for the fresh and spent samples respectively. The fresh
samples are characterized by Ni 2p spectra typical of Ni** with
Ni 2p;), bindin% energy of 855.7 + 0.2 eV and prominent
shake-up peaks.” The presence of tin does not modify the Ni
oxidation state of the calcined samples. After the DRM
reaction, the Ni 2p spectra contain components attributed to
metallic Ni along with oxidized nickel components. It is worth
noting the difference in the binding energy attributed to
metallic nickel, between the value of 852.6 + 0.1 eV for the
undoped nickel catalyst and the value around 852.0 & 0.2 eV
for the Sn-doped samples. In accord with literature, such a shift
is indicative of an electron transfer from Sn to Nij, as in an alloy
phase Ni,Sn, which reflects an increase of the electron density
on the nickel atoms.”® In spite of precautions to limit exposure
of the spent samples to air, some reoxidation likely occurred in
the spent samples after being removed from the reactor and
before being introduced into the XPS vacuum environment.
For this reason, a precise correlation between percentages of
reduced nickel and structural, chemical, and compositional
properties or different reaction conditions could not be
claimed. However, it appears that regardless of the pre-
reduction temperature the Ni 2p spectra of spent Sng,s/Ni—
SiO, samples present a large fraction of reduced nickel,
whereas the spectra of the samples prepared by adding nickel
to the Sn-doped silica exhibit a smaller fraction of metallic
nickel after DRM reaction. On the basis of TPR profiles,
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Figure 6. Ni 2p XP spectra of different catalysts: (a) fresh, (b) after reaction with H, pre-reduction at 550 °C, and (c) after reaction with H, pre-

reduction at 750 °C.

Table 4. Binding Energies (eV) of the Main Element Photoelectron Peaks and XPS-Derived Atomic Ratios of Calcined

Samples
samples Sn 3d;),” Ni 2p;),

40— SiO, 4877
487.3(79)

S —-SiO

M ™51 485.4(21)

Ni—$iO, 855.7

Snggs/Ni—SiO, 487.6 855.9
487.7(68) 855.9

Ni/S —-SiO

i/Sn005=Si0, 486.2(32)

Ni/Sng,—SiO, 487.6 855.6

Sn/Si® Ni/Si Sn/Ni
0.01 (0.02)
0.004 (0.006)

0.24(0.11)
0.009 (0.006) 0.18(0.13) 0.05(0.05)
0.005 (0.006) 0.05(0.13) 0.11(0.05)
0.01 (0.02) 0.19 (0.12) 0.07 (0.18)

“The values in parentheses refer to the relative atomic percentage of each chemical components The values in parentheses refer to the nominal

value.

similar extent of reduction is expected for all the catalysts after
the H, activation at the temperatures of 550 and 750 °C.
Therefore, the difference in the XPS-derived percentage of Ni
reduction may be attributed to a different sensitivity to the air
exposure or, more likely, to different structural modifications
during the reaction. The Sn 3d spectra of the support Sny,o—
SiO, and of the catalysts are shown in Figure 7. The Sn 3d
spectra of the calcined samples are characterized by the two
spin—orbit components, Sn 3ds;, and Sn 3d;/,, 8.5 eV apart.
The position of the Sn 3d;,, peak at 487.6 + 0.1 eV is typical
of a highly oxidized Sn*.> The calcined Ni/Sny5—SiO,

exhibits an additional Sn 3ds, component at 486.2 eV
attributed to a less oxidized Sn**, probably arising from the
species SnSiO;, detected by XRD after the reaction but likely
being formed during the catalyst calcination. However, a
similar value of the Sn 3ds;, component, obtained for a Sn-
doped Ni catalyst supported on alumina, was attributed to an
intermetallic compound on the surface of the Ni particles.””*!
After being exposed to the DRM test conditions, including pre-
reduction at 550 °C, the Sn 3d;,, component of the Sng . —
SiO, support shifts by only 0.4 eV toward a lower binding
energy. More complex spectra are obtained for the spent

https://doi.org/10.1021/acs.iecr.1c02193
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Table S. Sn 3d;,, and Ni 2p;,, Binding Energy (eV) and Atomic Ratios of Aged Samples after the Dry Reforming Test

Performed on Samples Reduced at 550 and 750 °C*

Sn 3dy), Ni 2p;), Sn/Si Ni/Si Sn/Ni
aged samples 550 °C 750 °C 550 °C 750 °C 550°C  750°C  550°C  750°C  550°C 750 °C
Sn e —SiO, 4873 0.09
855.6(84 855.7(68 0.1 0.0
Ni/SIO, 55.6(84) 55.7(68) 9
852.7(16) 852.6(32)
o 486.5 486.4 855.2(76) 855.3(70) 0.006 0.007 0.10 0.11 0.06 0.06
Sngs/Ni—SiO,
852.0(24) 852.0(30)
487.0 al 855.2(87 al 0.00 al 0.0 al 0.1 b
Ni/Sngge—SiO, (33) n.a 55.2(87) n.a S n.a 3 n.a S n.a
* 485.8(67) 851.8(13)
i ) 487.2(80) 487.1(70) 855.6(89) 855.4(88) 0.03 0.04 0.12 0.12 0.25 0.33
Ni/Sny,—SiO,
485.4(20) 485.5(30) 852.2(11) 852.0(12)

“The relative amount of each element component is given in parentheses. “n.a.: not available
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Figure 7. Sn 3d XP spectra of support and catalysts: (a) as calcined, (b) after reaction with H, pre-reduction at S50 °C, and (c) after reaction with

H, pre-reduction at 750 °C.

catalysts. The Sn 3d spectra of the Ni/Sny,—SiO, was fitted
with two spin—orbit doublet components. One component,
characterized by a Sn 3ds,, peak at 487.3 eV, is attributed to
oxidized tin. The other component characterized by a Sn 3d;,
peak at 485.3 eV, due to reduced Sn, indicates an easier
reduction of tin in the presence of nickel. The binding energy
value, higher than the value commonly reported for metallic
tin, is in accord with the energy shift in the opposite direction,
observed for the Ni 2p;,, and attributed to the electron
transfer from tin to nickel upon alloy formation.”® Analogously,
the Sn 3d spectrum of the Ni/Sngos—SiO, was also fitted with

18692

two doublet components. In the case of the spent catalyst
Sngs/Ni—SiO,, only one spin—orbit doublet was fitted, with
the Sn 3ds,, peak centered at 486.2 eV. The value is typical of
Sn*". It is worth noting how the evolution of the Ni 2p and the
Sn 3d spectra during the reaction are related to each other.
Indeed, when Sn is added over Ni—SiO,, as in Sng 45/Ni—SiO,,
a Sn 3ds/, peak typical of oxidized Sn*" is registered in the
sample after reaction, with more of the Ni 2p maintained as
metallic Ni. The opposite is observed with the samples
prepared with Ni added to the Sn-doped silica. Indeed, in Ni/
Sngs—SiO, an additional Sn 3ds,, component typical of
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metallic Sn is registered, and less metallic Ni is found. A sort of
reciprocal protection of the reduction state is made by the
element being added as last one.

Some further information on the catalyst surface composi-
tional changes are obtained from the intensity ratio variations
summarized in Tables 4 and S. The support, Sny,,—SiO,, as
suggested by the Sn/Si atomic ratio, has a relative surface
concentration of Sn lower than the bulk concentration. Such a
result would be in accord with a tendency of tin to diffuse
inside the silica matrix under the sample preparation
conditions, including the high-temperature calcinations, and
aggregate as SnQ,, in accord with XRD results. A better Sn
surface dispersion is observed with the lower tin loading
sample, Snj,.—SiO,. Upon exposure to the DRM environ-
ment, including pre-reduction at 550 °C, the Sn/Si atomic
ratio increases substantially due to an outward tin diffusion,
driven by the reducing reaction atmosphere. The catalysts
prepared by adding Ni to the Sn-doped silica, in the calcined
state, have also less tin at the surface as compared to the
nominal concentration, probably covered by the added nickel.
In the case of Snyys/Ni—SiO,, prepared by adding tin to the
Ni—SiO, sample, the surface atomic ratio Sn/Ni is close to the
nominal value, suggesting a more uniform distribution of tin
within the nickel oxide particle. As observed in Table S, upon
DRM tests, Sn segregates at the catalyst surface, with a net
increase of the Sn/Ni atomic ratio, to a large extent in Ni/
Sng,—Si0,. The tin segregates partially as an alloy and partially
as oxidized tin, as derived from the binding energies and in
accord with the XRD detection of the Ni;Sn alloy and SnSiO;
silicate. A better surface compositional stability is observed
with Snjys/Ni—SiO,, which in the spent state maintains the
same Sn/Ni atomic ratio as the calcined state. A more effective
Ni—Sn interaction, achieved during the preparation procedure,
could likely explain such behavior. From purely statistic
consideration, the probability for a few atoms of Sn to impact
the more abundant Ni atoms already deposited on silica is
superior with respect to the case of more abundant atoms of
nickel impacting fewer atoms of tin. In this case, most of the
nickel will deposit over the silica rather than over the tin.

In conclusion, upon reaction, the sample with a low amount
of tin, prepared by adding tin after the nickel, maintains its
original surface composition, and according to the binding
energy values of Sn 3ds,, and Ni 2p;/,, it contains more
metallic tin alloyed with nickel. The presence of the alloy
would inhibit nickel particle growth and would contribute to a
better catalytic stability. The amount of alloy species is likely
too low to be visible in the XRD pattern. The sample with the
same composition but prepared by adding nickel to the tin-
doped silica exhibits tin segregation at the surface driven by the
reaction, explaining the easier deactivation of the catalyst
during DRM. The sample with a larger amount of tin,
analogously prepared, upon catalytic test forms XRD-
detectable crystallites of Ni;Sn, along with “free” tin having a
strong tendency to segregate to the surface, which is then easily
reoxidized to Sn** upon a short exposure to air. The poor
activity of the catalyst is explained by the Ni active sites being
covered by Sn.

4. CONCLUSION

A 10 wt % Ni catalyst supported on high-surface-area silica,
prepared via a microwave-assisted precipitation method
exhibited good catalytic performance in DRM with carbon
dioxide, achieving 70% methane conversion at 650 °C and

close to 95% conversion at 800 °C. During 24 h on stream, it
was deactivated by only 2% at 650 °C with some carbon
deposition on the catalyst surface. Doping silica with 4 wt %
Sn, corresponding to a Sn/Ni molar ratio of 0.2, produces
much less active catalyst in terms of methane and CO,
conversion, in spite of the low coke formation. Decreasing
the amount of tin to 1 wt %, corresponding to a Sn/Ni ratio of
0.05, produces an active catalyst which, however, deactivates
quicker with respect to the monometallic nickel. Sintering of
the Ni particles in the absence of carbon formation is likely the
reason for the catalyst deactivation. Modifying the preparation
procedure by changing the sequence of the element addition,
i.e., adding tin to the monometallic nickel catalyst, maintaining
the Sn/Ni ratio at 0.05, produces a slight increase of the
catalytic activity with good catalyst stability, along with a
reduced coke formation with respect to the undoped Ni
catalyst. According to the structural characterization, the
addition of a small quantity of tin is favorable because of
electronic and geometric effects associated with a Ni,Sn, alloy.
Most importantly, a beneficial effect of tin is observed when it
is added as metal promoter rather than as a support modifier.
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