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Abstract

Zr- and Y-promoted Ni/Mg/Al double-layered hydroxides were investigated in dry reforming
of methane, DRM (10% CHa4, CH4/CO,=1, GHSV=20,000 h!) for the first time. Modification
of the double-layered hydroxides with 5 wt% of zirconium and 0.4 wt% of yttrium resulted in
the formation of ZrO»-Y>0s3 solid solution, which largely contributed to the enhancement of
catalyst’s stability with time-on-stream at 700 °C in DRM. Also, the modified catalyst
demonstrated the limitation of the reverse WGS reaction, as confirmed by powder XRD due

to the absence of the rhombohedral hydrotalcite structure.

Keywords: dry reforming of methane, hydrotalcite, zirconium promotion, yttrium promotion,

syngas.



1. Introduction

In recent years much attention has been paid to the development of technologies for
efficient carbon dioxide utilization. One of them is the dry reforming of methane (DRM),
converting CO> and CH4 into useful syngas through the following reaction: CH4 + CO2=2CO
+ 2H, (AH®= 247 kJ/mol), where the H2/CO product ratio of 1 is attractive for iron-based
Fisher-Tropsch synthesis and production of oxygenated organic compounds [1-4]. Nickel
based materials have been widely studied and were found to be promising alternatives to the
expensive noble metals (e.g. Ru, Rh, Pt and Pd). However, their industrial application might
be limited because of sintering of Ni nanoparticles and catalyst deactivation caused by carbon
deposits [4-8]. The latter is the result of side reactions, mainly of the direct methane
decomposition and the Boudouard reaction [1,3-5,9,10]. The catalyst preparation, including
the support used and the addition of promoters, significantly influence the catalytic behavior,
contributing to both catalytic activity and stability with time-on-stream.

Double-layered hydroxides, also known as hydrotalcites (HTs), show good properties as
potential carriers due to their double layered structure and the presence of Mg?" and Al**
introduced by co-precipitation [3,11-15]. These cations can be partially substituted by the
ions of the promoter, improving structural and catalytic properties of the material.
Furthermore, Ni/Mg/Al hydrotalcites were found to be interesting catalysts for DRM,
resulting in high catalytic activity at moderate operating temperatures [12,16]. It should be
mentioned, however, that deactivation due to the formation of large amounts of graphitic
carbon was observed [16]. The addition of Zr (3 wt%) to the catalyst composition resulted in
the enhancement of stability, which originated from the suppression of direct methane
decomposition. On the other hand, this improvement resulted in the decrease in activity,
together with a lower Ho/CO product molar ratio. The catalyst modified with 5 wt% of Zr

provided satisfactory activity results, but it suffered in terms of stability [16]. Thus, to find a



balance between activity and stability, stabilization of the catalytic system with zirconia (5
wt% phase) was considered. The properties of ZrO; can be tailored by the introduction of a
cation with valence lower than 4+, e.g. Y>* [9,17,18]. This results in the formation of defects
in the crystal structure of zirconia, together with oxygen vacancies in its oxygen sub-lattice,
which are known as beneficial in the minimization of carbon deposits [9,19-21]. The ZrO»-
Y>0;s solid solution was studied in the past in different reforming processes [20-23]. Bellido
et al. [9] prepared different Y/Zr catalysts with a varying mole fraction of Y (4 to 12 mol%)).
The synthesized supported nickel 8YZ catalyst showed the best results in terms of activity and
stability in the DRM [9]. The authors ascribed these properties to the increased formation of
oxygen vacancies in the synthesized support. Recently, Vasiliades et al. [24] reported direct
experimental evidence (use of transient isotopic experiments) for the participation of labile
oxygen of CeO2-ZrO» support in the DRM over NiCo/CeO,-ZrO; for the first time.

Herein, Zr- and Y-promoted Ni/Mg/Al-hydrotalcite catalysts tested towards DRM are
reported for the first time. Several important physicochemical properties of the added
promoters were examined by several characterization techniques, such as XRF, N; sorption,

TPR-H,, TPD-CO;, XRD, H> chemisorption, HRTEM and TGA.

2. Experimental
2.1.  Catalysts preparation

Hydrotalcites were synthesized by the constant-pH co-precipitation method (pH=10+0.2)
after using Mg(NO3)2:6H,O (Sigma Aldrich, 99% pure), Ni(NO3)2-6H,O (Sigma Aldrich,
98.5% pure) and AI(NO3)3-9H>O (Fluka, 98% pure). The resulting precursors mixture was
allowed to react for 24 h, and the obtained slurry was then filtered and washed with distilled
water. A mixture of aqueous solutions of ZrO(NO3)2-xH>O (Sigma Aldrich, 99% pure) and

Y (NO3)3-6H0 (Aldrich, 99.8% pure) was used for the incipient wetness impregnation on the



dried Ni/Mg/Al solid support. The nominal amount of Zr was 5 wt%. The sample was
promoted with 0.2, 0.4 or 0.6 wt% yttrium, corresponding to Y/Zr molar ratio of 0.2, 0.4 and
0.6, respectively. The final solid product was calcined in air at 550 °C for 5 h. The prepared
catalysts were then labelled HT, HT/Zr, HT/ZrY0.2, HT/ZrY0.4, and HT/ZrYO0.6,

respectively.

2.2.  Catalysts characterization

X-Ray Fluorescence analysis (Supermini200) was performed as described elsewhere [25],
with the exception of the dilution ratio which was 1:40. N; sorption analysis (Micromeritics
TriStar IT 3020) was carried out at -195 °C preceded by sample degassing for 3 h at 110 °C
before measurements. TPR-H> profiles (BEL Japan BELCAT-M) were obtained by using a
thermal conductivity detector (TCD). 60 mg of each sample was outgassed in He at 100 °C
for 2 h prior the analysis. Reduction was performed in the gas mixture of 5% Ha/Ar, while the
temperature was increased at a heating rate of 7.5 °C/min up to 900 °C. TPD-CO; (BEL Japan
BELCAT-M) was performed as described elsewhere [26] in order to determine surface
basicity. XRD (PANalytical-Empyrean) was carried out using a CuKa (A=0.15406 nm)
radiation source. The average crystallite size of Ni° and the average primary crystal size of
ZrO, were determined by the Scherrer equation. Nickel dispersion on reduced samples was
measured by H> chemisorption (Micromeritics ASAP 2020) at 40 °C using pure H> flow of 50
ml/min. Prior the experiments, all samples were reduced in situ at 900 °C. High Resolution
Transmission Electron Microscopy coupled with Emission Dispersive Spectroscopy (JEOL
JEM-2010) was performed for the samples firstly dispersed in ethanol solution by
ultrasonication and then placed as suspensions on copper grids. Thermogravimetric analyses
were carried out for spent catalysts in a Netzsch STA 449C Jupiter TGA apparatus under

oxidizing atmosphere (air) with a total flow of 100 cm*/min.



2.3.  Catalytic performance tests

Dry reforming of methane tests were performed in a fixed-bed reactor with a K-type
thermocouple to control the temperature in the catalytic bed. An electric furnace was used for
heating. Prior to the DRM reaction, the catalyst sample was reduced in situ at 900 °C for 1 h
with 5% Ha/Ar gas mixture (flow 50 cm?/min). Then, catalytic experiments were performed
in the range of 850-600 °C with a temperature step of 50 °C and stay for 30 min in the DRM
reaction at each temperature. For the stability test, the catalysts were kept for 5 h at 700 °C.
For each catalytic test, the total reactant flow was set to 100 cm*/min of CH4/CO2/Ar=1/1/8
(10%CH4/10%C02/80%Ar), corresponding to a GHSV=20,000 h'!. The outlet gas

composition was analyzed by gas chromatography (490 Varian Micro-GC).

3. Results and discussion
3.1.  Catalysts characterization

Elemental analysis of the calcined materials revealed Ni content within 15-20 wt% (Table
1). During the synthesis step, 5 wt% of Zr and AI’**/Zr*'=5.0 nominal values were used.
However, the content of Zr and the AP*/Zr*" ratio was 2.5, 2.7, 2.6, 2.4 wt% and 15.3, 14.1,
15.9, 16.1 for HT/Zr, HT/ZrYO0.2, HT/ZrY0.4 and HT/ZrYO0.6, respectively. These results
show that Zr was only partially incorporated into the hydrotalcite structure, similarly as
described by Debek et al. [16]. The yttrium content was found the same as the nominal value,
1.e. 0.2, 0.4 and 0.6 wt%.

The modification of HT with zirconium caused a slight decrease of the specific surface
area (Sser), ca. 105 m?/g for HT/Zr, whereas 120 m?/g was obtained for the unpromoted HT
(Table 1). No significant changes of the textural properties were observed after modification

with yttrium. Sger had the same value of 107 m?/g for each of the Y-modified catalysts. The



specific pore volume of mesopores varied from 0.5 to 0.6 cm?/g, and pore diameters from 18
to 19 nm in all prepared catalysts.

TPR-H: profiles of the reduced materials showed a wide reduction peak starting from 600
°C and centered at ca. 850 °C (Fig. 1). This reduction peak corresponds to NiO incorporated
within the structure of periclase [16]. Zr and Zr/Y addition resulted in a rightward shift of the
peak maximum of the wide peak, together with lower H> consumption, and these features
reflect the decrease of reducibility of the solid material. The samples modified with 0.2% and
0.6% of Y show a peak maximum at ~ 847 °C. A more pronounced shift is observed in the
Y0.4-promoted catalyst, which suggests stronger interactions of Ni particles with the support
[27]. At lower temperatures, shoulders were registered, where the one observed at 385 °C in
HT catalyst is assigned to weakly-bonded NiO [2,28]. After modification with Zr the doublet
at 330 and 394 °C observed is probably due to the presence of bulk NiO [29]. The subsequent
modification with 0.2 and 0.6 wt% yttrium resulted in the stabilization of NiO species. This
was not observed in the HT/ZrY0.4 catalyst, where only one reduction peak centered at 400
°C is registered, indicating the absence of bulk NiO.

TPD-CO; results are presented in Table 1, where changes among weak, medium and
strong basic sites are observed. Their distribution varies with the solid catalysts modifications.
In particular, promotion with Zr decreased the number density of strong surface basic sites for
medium and weak. After further promotion with yttrium, the strong sites have been expanded
as compared to those of Y-free solid, giving the highest proportion for the Y0.2 sample, ca.
57%. However, promotion with Y0.6 resulted in the decrease of strong and an increase of
medium surface basic sites. The latter kind of basic sites was reported to play a significant
role in DRM [30]. Also, the total basicity decreased after promotion of HT material, i.e. 107,
72, 84, 85, 79 umol/g for HT, HT/Zr, HT/ZrY0.2, HT/ZrY 0.4, HT/ZrYO0.6, respectively. All

the calculated data of basicity are presented in Fig. 1S in ESL



XRD patterns of the reduced samples are presented in Fig. 2A. Characteristic reflections
of periclase mixed oxides, metallic nickel Ni® and ZrO; are observed [3,8,27]. Additionally,
XRD analysis revealed the possible presence of magnesium-zirconium oxide and aluminum-
zirconium oxide, indicating strong interactions of Zr with the support. No separate phase of
yttrium oxide is observed, probably due to its low content, which makes it undetectable by
XRD. However, Y-doping with a higher amount of 0.4 wt% resulted in a shift of the
reflection at 20, ca. 30°, towards lower Bragg angles, which suggests an increase in the
interlayer distance of zirconia, as reported elsewhere [9,17,31-33]. Yttrium ions can enter the
zirconia crystal lattice, resulting in the formation of ZrO:-Y20s3 solid solution, and this is
further confirmed by HRTEM analysis (see Fig. 4). The size of ZrO; primary crystallites
(calculated from the Scherrer equation using the 20 diffraction peak at 31°), was 11 nm for
the Zr-containing materials. This is in agreement with the study of Asencios et al. [19], where
ZrO; crystallites with non-variable size were detected by XRD. Moreover, the calculated
mean Ni crystallite size (at 20 ca. 52°) was found to be practically the same for all the studied
catalysts. No shift of Ni° reflections was observed among the tested materials, indicating the
absence of either Y203-NiO or ZrO»-NiO solid solution [21].

The dispersion of nickel for the HT material slightly decreased after modification with
zirconium, i.e. 8.9% versus 7.8% (Table 1). After further promotion with yttrium an increase
of Ni dispersion was observed, showing the highest value for HT/ZrY0.6 catalyst. The

increase of dispersion after Y-promotion was also reported [25,28,34,35].

3.2.  Catalytic performance in DRM
Fig. 3A presents catalytic results of the DRM in terms of CH4 and CO:> conversion and
H>/CO product ratio in the 600-850°C range. All catalysts are found active under the tested

DRM conditions, showing within experimental error, a similar catalytic performance, with the



exception of HT/ZrY0.2 catalyst, which shows lower conversions. The CO: conversion is
higher than that of CHa4, indicating the occurrence of side reactions, mainly of RWGS, which
is in agreement with the lower than unity Ho/CO ratio [4,12,21].

Stability tests were carried out at 700 °C for 300 min (5 h) (Fig. 3B). For the HT/ZrY0.4
catalyst, higher reactant conversions are observed in comparison to HT/Zr. For the latter, the
reactant conversion values are constantly increasing with TOS during the first 75 min of
DRM. This may suggest unstable performance of the Zr-impregnated catalyst, and a possible
enhancement of the stability due to yttrium addition since HT/ZrY0.4 did not show such
behavior. Moreover, lower catalytic performance is obtained for the unmodified material,
where after 75 min of DRM conversions of CH4 and CO> of 72.7% and 74.7%, respectively,
are observed. This is in contrast to the results reported by Debek et al. [2,16]. The latter
authors studied Ni-based hydrotalcites at 550 °C (CH4+/CO>=1, GHSV=20,000 h!). The
unpromoted catalyst HT showed selectivity towards direct decomposition of CHas, which is
considered as boosting of the H2/CO ratio due to the excess hydrogen (Fig. 3A). Also, the HT
catalyst shows higher activity compared to the Zr-modified materials (3-10 wt%). A similar
trend was observed in other activity tests carried out at 650 and 750 °C over the HNi and
HNiZr3 samples. Thus, in this study, it is shown that impregnation of Ni/Mg/Al double-
layered hydroxides with Zr (5 wt%) and Y (0.4 wt%) not only enhanced the stability in DRM
but also improved the catalyst’s activity as compared to the unmodified Ni-based catalyst.

The differences in catalysts stability could have been related with the improvement of Ni
dispersion (H, chemisorption) and changes in basicity (TPD-CO,). Both are known to
contribute to better catalytic performance [26,36,37].

Surprisingly, the formation of ZrO,-Y,O; solid solution (XRD) did not lead to an
increased reducibility of the Y-loaded materials, as previously reported by several authors

[20,21,35]. The increase of H, uptake could explain the possible formation of oxygen



vacancies, which may endorse an increase in the rate of carbon deposit elimination in the
vicinity of active nickel, e.g. via the reverse Boudouard reaction (CO; + C = 2 CO) [38].
Furthermore, the distinctive reducibility behavior observed in the HT/ZrY0.4 catalyst, i.e.
stronger Ni interactions with the support and the lack of bulk NiO are noted. It might be
suggested that the ZrO,-Y,0; phase, located on the surface of the catalyst, is largely able to
lead to the reduction of the surface NiO by decreasing the formation of bulk NiO. This may

contribute to the better stability and less coke formation.

3.3.  Characterization of spent catalysts

Fig. 2B shows XRD patterns of the spent catalysts after DRM activity tests. Apart from
the Ni° ZrO; and periclase reflections, the ones resulting from hydrotalcite (HT) are also
observed. This indicates a partial regeneration of the support during DRM, which may be
observed in hydrotalcite-derived materials in the presence of water [27]. Thus, it may be
suggested that one of the side reactions, such as RWGS (CO; + H> = CO + H;0O), had a
significant involvement in the tested catalysts towards DRM. Only the unmodified material,
and the one with Zr and Y 0.4 wt% did not reveal the presence of double layered hydroxides.
Mean crystallite sizes of the metallic Ni° are summarized in Table 1, which vary from 8 to 5
nm. For all catalysts, the crystallite Ni° sizes after DRM tests (aged catalysts) are slightly
smaller than those obtained for the reduced samples, result which might be due to Ni re-
dispersion upon continuous reduction and oxidation of nickel [39]. A similar phenomenon
was previously observed in DLHs [2,40]. In this study, the smaller Ni° sizes are further
confirmed by HRTEM analysis (Fig. 4).

HRTEM images of the spent catalysts are shown in Fig. 4. On the left-hand side,
micrographs of HT/Zr catalyst are presented which show randomly-distributed Ni particles,

between 4 to 18 nm. Carbon nanotubes formed after DRM and related to the presence of
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nickel particles are also registered in this material. The results of EDS analysis show the
existence of Ni and Zr. A detailed examination showed the presence of ZrO. aggregates with
particle size in the range of 6-11 nm, and interplanar distance in the 0.29 - 0.30 nm range. No
Zr0»-NiO solid solution was registered. On the right-hand side of Fig. 4, images of the spent
HT/ZrY0.4 catalyst are presented. The shown histograms of Ni particles evidence a decrease
in the average Ni size compared to HT/Zr. For the HT/ZrY0.4 sample, the EDS analysis
revealed the presence of zirconium in the direct vicinity of yttrium. ZrO»-Y>03 solid solution
(with d-spacing of 0.29, 0.28, 0.30 nm) was observed in the form of aggregates. For both
spent catalysts, graphitic carbon was registered with an interlayer distance of 0.32 nm [41,42].
For the HT/Zr catalyst micrographs of graphitic carbon are shown in ESI (Fig. 2S). Also, Ni
particles with average d-spacing of 0.20 nm, corresponding to the (111) plane, and
encapsulated by carbon layers was reported [43].

TGA analysis of the spent materials (Fig. 3S, ESI) probed for the lowest mass loss for the
HT/ZrY0.4 catalyst, indicating the relatively low carbon formation rate, and thus a better
stability compared to the other catalysts. The highest mass loss was observed for the
HT/ZrY0.2 and HT/ZrYO0.6 catalysts, the former showing the lowest conversions in DRM
activity, whereas the latter showing relatively high conversions. Furthermore, the amount of
carbon deposited is high as compared to the studies reported, where essentially no coke was

detected after 170 h of DRM [44].

4. Conclusions
In this work, Ni/Mg/Al hydrotalcites (HT) were modified with Zr and Y (0.2-0.6 wt%)
and tested towards the DRM. Dry impregnation of HT with Zr and Y promoters resulted in

the partial incorporation of ZrO; and Y03, and their interaction with the periclase support. A
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decrease in reducibility, together with lower H> consumption and stronger interactions of
nickel with the modified-HT support were observed.

The material promoted with Zr and 0.4 wt% of Y was catalytically active and stable in
DRM (10% CHas, CH4/CO2=1) at 700°C. It showed structural resistance to the products of the
RWGS side reaction, as supported by the absence of hydrotalcite reflections in the XRD
patterns of the spent catalyst. Moreover, the improvement of catalyst stability was clearly
shown at 700 °C for 5 h of TOS, where the HT/ZrY0.4 catalyst was more stable than the Y-
free material. The observed better stability may have arisen from favorable changes in the

distribution of surface basic sites, reduction of bulk NiO and improved Ni dispersion.
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List of Figures captions:

Fig. 1. TPR-H: profiles recorded over hydrotalcites (HT) modified with Zr and Zr/Y. *(Total
hydrogen consumption is given in brackets).

Fig. 2. XRD patterns recorded over the catalysts reduced at 900°C (A) and the spent catalysts
after DRM (B).

Fig. 3. DRM activity performance tests (CH4- and COz-conversion, H2/CO gas product ratio)
conducted over Zr,Y-promoted Ni/Mg/Al hydrotalcites; activity performance tests were
conducted in the 600-850°C range (A), and stability tests at 700 °C for 300 min (B).

Fig. 4. HRTEM micrographs with EDS analysis performed on the spent HT/Zr and

HT/ZrY0.4 catalysts.

16



TDC signal [a.u.]

Temperature [°C]

17

847
860
320 o0
400
847
340 405 847
828
330 304
385
N I I N I ' I N I I ) ' |
100 200 300 400 500 600 700 800 900

HT/ZrY0.6 (0.177 mmol H,/g)

HT/ZrY0.4 (0.154 mmol H,/g)

HT/ZrY0.2 (0.174 mmol H,/g)

HT/Zr (0.179 mmol H,/g)

HT (0.209 mmol H,/g)



Z

Intensity [a.u.]

H- hydrotalcite, p - periclase-mixed oxides, (a) Zr0,-Y,03 (b)

2 - zirconia, Ni° - metallic nickel, HT/ZrY0.6 - o |
conia, metallic nickel N WWW HT/ZrY0.6 ZO:YZOal
HT/zcyos o R0 N p Ni Pl "

HT/ZrY0.4
HT/ZrY0.4
HT/ZrY0.4
HT/ZrY0.2 HT/ZrY0.2
HT/ZrY0.2
(a) (b)
HT/iZr |z z
_H_T_____A/'LJLM
— T T T T T T — T - T - T T T T T T
10 20 30 40 50 60 70 28 30 56 58 60 62 64
2 theta [] 2 theta [] 2 theta [’]
B) Ni°
p 0
H H P N p Ni°
o J HT/ZrY0.6
S HT/ZrY0.4
< H H p
=
e HT/ZrY0.2
£ H W %o z
HT/Zr
HT
T r T N T r T ’ T r I r 1 r
10 20 30 40 50 60 70 80
2 theta []

18



A)

CH, conversion [%]

CO, conversion [%]

H,/CO molar ratio

100 =
90 L >
80 § >
70 4 % -

60 -
50 4 ) >
40 4
N HT
A * HT/Zr
09 e > HT/ZrY0.2
20 ® HT/ZrY0.4
A HT/ZrY0.6
104 —— equilibrium
0
[
90 » >
80 - z >
70
>3
60 $
50 -| >
404 i HT
N * HTIZr
30 > HT/ZrY0.2
» e HT/ZrY0.4
0 A HT/ZIY0.6
10 4 —— equilibrium
1.1
1.0 5
ol
0.9 » 3
>4
0.8
Y >
*
0.7 N HT
A * HT/zr
064 > HT/ZrY0.2
- X ® HT/ZrY0.4
& HTIZIY0.6
0.5 4 —— equilibrium
04 T T T T T
600 650 700 750 800 850

Temperature [°C]

| HT/Zr spent
Highest frequency 8-10 nm
{ Average = 10 nm

{
{

4 8

8 10 12 14 16 18
Ni particle size [nm]

100 kev

19

B) 100
95 -
HT
90 - ¥ HT/zZr
= ® HT/ZrY0.4
= 854 ——— equilibrium
o
ke) L eve.
[ 'eee®
g 804 RIS R ok petok SRR 1
z M *
8 754
I‘ )g:‘
s}
704
65 -
60
%] HT
* HT/Zr
= % e HT/ZrY0.4
= equilibrium
[=4
S
g
2
8
o}
(&}
65 -
60
0.98 - .
H
0.96 - * HT/zr
e HT/ZrY0.4
o 0.94 4
)
'é‘ 0.92
& o0 o SR,
=] B [} 29F o
g o0 % O fugelt @
o 088 3 ok o
&)
o 086 LA
Ry
084,
0.82
*
0.80 T T T T T
50 100 150 200 250 300
TOS [min]
HT/ZrY0.4

HTIZrY0.4 spent
Highest frequency 7-8 nm




List of Tables Captions

Table 1. Elemental composition (XRF), textural properties (N2 sorption), basicity (TPD-CO»),
Ni® crystallite size (XRD) and Ni dispersion (H> chemisorption) of hydrotalcite-derived

catalysts modified with zirconium and yttrium. Nominal values are presented in brackets.
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Table 1. Elemental composition (XRF), textural properties (N2 sorption), basicity (TPD-CO,), Ni° crystallite size (XRD) and Ni dispersion (H»

chemisorption) of hydrotalcite-derived catalysts modified with zirconium and yttrium. Nominal values are presented in brackets.

Catalyst Elemental composition of the calcined materials Textural properties of Basic sites Ni° crystallite size Ni
calcined materials dispersion
Mg Al Ni Zr Y Ni**/Mg** | APY/Ze*" | S, . v, d | Weak | Medium | Strong | Total | Reduced | Spent | Reduced
[Wt.%] | [wt.%] | [wt.%] | [Wt.%] | [wt.%] molar molar 2 3 [nm] [%] [%] [%] | [umol/g] | samples | samples | samples
~ ~ [m/g] | [em /g] 4 4 0
ratio ratio ) 2) 3) [nm] ¥ [nm]# [%]
HT 30 12 20 - - 0.29 - 120 0.6 19 16 41 43 107 8 5 8.9
(0.33)
HT/Zr 31 12 16 2.5 - 0.21 15.3 105 0.6 18 22 49 29 72 10 9 7.8
(5.0) (0.33) (5.0)
HT/ZrYO0.2 30 11 18 2.7 0.2 0.24 14.1 107 0.6 18 13 30 57 84 10 8 9.8
(5.0) 0.2) (0.33) (5.0)
HT/ZrY0.4 32 12 15 2.6 0.4 0.19 15.9 107 0.5 19 20 42 38 85 11 8 10.0
(5.0) (0.4) (0.33) (5.0)
HT/ZrYO0.6 32 12 15 2.4 0.6 0.20 16.1 107 0.5 18 20 58 22 79 10 8 11.1
(5.0) (0.6) (0.33) (5.0)

Dspecific surface areas calculated from the BET equation
2 mesopore volumes derived from the BJH desorption isotherm
9 pore size distribution obtained from the BJH desorption isotherm

“derived from the Scherrer equation at 26=52°
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Supplementary Materials

Characterization

Fig. 1S presents TPD-CO; profiles.
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Fig. 1S TPD-CO; results of Zr,Y-modified hydrotalcites.
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Fig. 2S shows HRTEM micrographs of the spent HT/Zr catalyst. Also, the metallic Ni

particle with 0.20 nm spacing, corresponding to (111) plane, was encapsulated by the carbon

layers.

Fig. 2S HRTEM of HT/Zr spent catalyst: Formed carbon.

TGA analysis of the spent catalysts showed the lowest mass loss for the HT/ZrY0.4,
indicating relatively low carbon formation, and thus better stability as compared to the other
tested catalysts (Fig. 3S). The highest mass loss was observed for HT/ZrY0.2 and HT/ZrY0.6
catalysts, the former showing the lowest conversions in DRM activity tests, and the latter

showing relatively high conversions.
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Fig. 3S TGA curves of Zr,Y-modified hydrotalcites after DRM tests.
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