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ABSTRACT

Addition of low quantities of ytterbium to sol—gel prepared Ni/y-Al,O3 catalysts has been
shown to lead to significant increases in catalytic activity and long term stability in the
catalytic conversion of CO, and CH, into syngas (H, and CO). The role of ytterbium in these
catalysts was investigated in this study through detailed investigations on the structure
and composition of ytterbium promoted Ni/y-Al,O5 catalysts using the following tech-
niques: synchrotron X-ray diffraction, X-ray Photoemission Spectroscopy, Transmission
Electron Microscopy, Scanning Electron Microscopy/Energy Dispersive X-ray analysis,
Temperature Programmed Reduction techniques and N, adsorption—desorption iso-
therms. The results obtained indicated that ytterbium, at small quantities (up to 2 wt%),
interacted strongly with the support which in turn altered the interaction between nickel
and the support (most notably it was found to completely inhibit the formation of NiAl,O,).
This decreased interaction between Ni and the support also led to a higher quantity of Ni
being present in the catalyst in the form of Ni.
Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

conventional steam reforming or partial oxidation of
methane, DRM is more appropriate in remote natural gas or

In recent years there has been renewed attention in CO,/dry
reforming of methane (CHyg) + COyg) <> 2CO(g + 2Hj(g), due to
potential environmental benefits of utilising CO,, the need to
obtain clean and sustainable energy and an increase in de-
mand for syngas (H,/CO) [1,2]. CO,/dry reforming of methane
(DRM) is a promising process that could potentially be used to
convert CO, from concentrated carbon dioxide waste streams
into a valuable product, syngas, which is the basic building
block for many valuable chemicals [1-3]. In comparison to

crude oil fields, where water supplies are limited. These gases
can be obtained without any fossil fuel involvement, e.g. with
anaerobic biological sludge and organic waste decomposition
[4]. Catalytic CO, reforming of methane has however not been
established as an industrial process. This is predominantly
due to the lack of development of a commercially viable cat-
alyst(s) for this process.

Of the numerous materials that have been investigated for
catalysing the dry reforming of methane, the most successful
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to date, include noble metal (Pt, Pd, Rh, Ru) supported cata-
lysts and Ni based catalysts. Ni based catalysts in particular
have been the subject of a numerous studies due to their
relatively low cost and similar activity and selectivity
compared to the most active noble metal supported catalysts
[1-7]. The main practical drawback of Ni based catalysts is
their high susceptibility to carbon deposition/formation of
“inactive” carbon [1-3]. In order to overcome/improve the
aforementioned significant improvements in the properties of
deposited Ni are necessary. One of the major factors that in-
fluences the properties of Ni in Ni based catalysts that has
been identified previously is the interaction of the Ni precur-
sor (Ni**) with the support. This has been shown to have a
significant effect on the reduction of Ni**, a key step in the
formation of active Ni, and the subsequent characteristics of
the deposited Ni particles [8,9].

To improve the activity and stability of Ni based catalysts
for the dry reforming of methane researchers have focused
mostly on the discovery of better supports [2,10—12] and the
discovery of suitable promoters/Ni based bi-metallic catalysts
[8,12,13]. Promoters for Ni based catalysts that have been
studied include alkali [5,6], alkaline earth [5], transition metal
[5,7,14] and rare earth metal oxides [15—20]. Ni based catalysts
containing multiple metals/oxides from different groups have
also been investigated [9—11,14,20].

Recently it was reported that the introduction of a low level
of Yb (2 wt%) as promoter to a Ni/y-Al,O3 catalyst (prepared
via a sol—gel method) leads to superior catalytic activity and
stability [1]. In this work the role of ytterbium as promoter on
alumina-supported nickel catalyst prepared by a sol—gel
process for catalysing the dry reforming of methane has been
investigated through comprehensive studies on the structure/
composition/properties of the materials containing varying
amounts of ytterbium. The aforementioned was investigated
using the following techniques: synchrotron X-Ray diffraction
(XRD), X-ray Photoemission Spectroscopy (XPS), Transmission
Electron Microscopy (TEM), Scanning Electron Microscopy
(SEM), Temperature Programmed Reduction (TPR) techniques
and N, adsorption—desorption isotherms.

2. Experimental
2.1. Catalyst preparation

Ni (20 wt%)/v-Al,05 containing varying amounts of Yb (0—4 wt
%) was prepared using a sol—gel method reported earlier [1].
Materials were also subjected to a reduction process to
simulate that used in the activation of Ni based catalysts prior
to use in catalytic dry reforming. This process involved
exposing catalysts to a mixed flow of H, and He
(10:40 mL min ") at 700 °C for 2 h. Such catalysts are hereafter
referred to as reduced catalysts.

2.2. Characterisation

Synchrotron X-ray diffraction patterns were obtained using
the X-ray diffraction instrument at the Australian Synchro-
tron using a photon energy of 17.03 keV (0.72888 A). A Mythen
microstrip detector, which required each pattern to be taken

in two parts with an acquisition time of 180 s, was used. These
patterns were later merged together to produce the full
pattern.

Electron microscopy was performed using a transmission
electron microscope, JEOL 2010 TEM, and a scanning electron
microscope, FEI Nova NanoSEM operated at 30 kV, equipped
with an X-ray dispersive (EDX) spectrometer.

Physical characteristics of calcined catalysts were studied
by nitrogen adsorption—desorption analysis at 77 K using a
Micromeritics ASAP 2010 instrument. Before measurements,
samples were degassed under vacuum at room temperature
for 30 min with slow degassing, followed by fast mode
degassing at 280 °C overnight.

X-ray photoelectron spectra, Thermo Scientific K-Alpha
XPS spectrometer, were recorded using Al Ka (E = 1486.6 eV)
radiation. The binding energy of the C1s level arising from the
hydrocarbons adsorbed onto the surface of pure y-alumina
and Ni/y-Al,03; was set to 285.0 eV, therefore all binding en-
ergies from the core levels of different elements were refer-
enced to the C 1s line.

Temperature-programmed reduction (TPR) profiles of
calcined catalysts were obtained using a quartz reactor (I.D.
4.5 mm), packed with 50 mg catalyst in a flow (20 mL min~?) of
H,—Ar mixture (4.14 mol% H,) from 135 °C to 970 °C at a linear
heating rate of 10 °C min~'. The H, consumed was measured
quantitatively by a Thermal Conductivity Detector (TCD). Prior
to TPR analysis materials were pretreated at 500 °C for 1 h
under a flow (20 cm® min~?) of argon.

3. Results and discussion

3.1. Effect of ytterbium loading on characteristics of Ni/
v-Al,03 catalysts

3.1.1. Nitrogen adsorption—desorption studies

The nitrogen adsorption—desorption isotherms and BJH pore
size distribution obtained for non-doped and ytterbium-
doped Ni/y-Al,05, prior to reduction — refer to section 2.1,
are displayed in Fig. 1(a and b), respectively. According to
IUPAC classifications, all samples exhibit type IV isotherms
with H1 shaped hysteresis loops, which are characteristic of
materials having uniform “cylindrical shaped” pores in the
framework [21]. The textural characteristics obtained from the
nitrogen adsorption—desorption studies are given in Table 1. It
is clearly seen that the textural properties of the Ni/y-Al,05
material were affected by the introduction of Yb, which is
indicative of the Yb interacting with the support. From the
data given in Table 1 it can be observed that all the Yb doped
materials had a significantly lower pore volume, 0.16 cm® g%,
as compared to the undoped materials, 0.23 cm?® g~*. This
decrease in pore volume was most likely due to the interaction
of Yb with the alumina support. The Yb doped materials also
had significantly narrower pore size distributions, predomi-
nantly in the range of ~3.5-3.7 nm, and smaller pores
compared to the un-doped material (Table 1). This is indica-
tive of the formation and segregation of NiO distributed inside
the pores and in the vicinity of alumina grain boundaries
[22,23], which is discussed in more detail in the next section.
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Fig. 1 — (a) Adsorption—desorption isotherms and (b) BJH pore size distribution (desorption data) at 77 K of Ni/y-Al,03

catalysts with different Yb loading.

3.1.2.  X-ray diffraction analysis

XRD patterns of the as-prepared materials, prior to being
reduced, are shown in Fig. 2. The XRD pattern of non-doped
Ni/y-Al,0sconfirms the presence of y-Al,0; and NiAl,0, pha-
ses, and a small amount of NiO, line observed at d value of

Table 1 — Textural properties, crystallite size and particle
size of nickel species in Ni/y-Al,03 catalysts with

different Yb loading (discussions on Ni crystallite size
and particle size are provided in Ref. [1]).

YD load (wt%) 0 1 2 3 4

BET surface area 124 134 136 158 158
(m?g™

Average pore radius 8.17 4.95 4.89 4.38 4.37
(nm)*

Average pore volume 0.23 0.15 0.15 0.16 0.16
(cm® g 1y’

NiO (non-reduced 15.6 15.9 16.2 16.8 18.1
catalysts)©

Nio (reduced 15.9 13.4 11.5 11.7 15.3
catalysts)©

Average particle 16.6 14.5 12.0 12.2 15.6

size of Nio®

a Average of adsorption and desorption average pore diameter (4V/A
by BET).

b Average of adsorption and desorption single point total pore
volume of pores.

c Measured by X-ray diffraction line broadening method and
Scherrer formula (nm).

d Average particle size of Nio as observed from the TEM images
(nm).

2.088 A was assigned to the (012) reflection of nickel oxide. The
XRD patterns of the Yb-doped materials exhibit diffractions
lines corresponding to y-Al,O5 (PDF card # 01-1303) and NiO
phases (PDF card # 44-1159) and the reduction of diffraction
lines corresponding to the NiAl,0,4 spinel phase. The reduc-
tion of NiAl,O4 in the Yb doped materials supports that the
addition of Yb affects the interaction of nickel with the
alumina support. It can also clearly be seen in the XRD pat-
terns obtained that the relative intensity ratios of the main
diffraction line of NiO (012) to the main diffraction line of y-
Al,O3 (211), in the materials containing 1 and 2% Yb, clearly
increased with increasing concentration of Yb. This result
indicates that the addition of Yb up to 2 wt% on Ni/y-Al,05
influences the interaction of the metal with the framework of
the support and contributes to the formation of separate
phases of y-Al,O3; and NiO. Interestingly the addition of a
higher amount of ytterbium (3 and 4 wt%) did not result in a
similar trend. This is most likely due to the doping of more
than 2 wt% Yb leading to the formation of a secondary phase
of ytterbium oxide which reduces the influence of Yb doping,
which is discussed in section 3.1.4. No ytterbium oxide
diffraction lines in the XRD pattern of the materials doped
with >2 wt% Yb were observed as the amount present was
most likely below the detection limit of the XRD instrument.

The XRD patterns obtained for the non-doped and Yb-doped
materials after being reduced under similar conditions to those
used to activated Ni based catalysts for use in the dry reforming
reaction, refer to Experimental section, are presented in Fig. 3.
Interestingly the undoped materials did not show any diffrac-
tion lines that correspond to metallic Ni. Conversely the XRD
patterns of the Yb doped materials contained strong XRD lines
representative of metallic Ni, at d values of 2.034, 1.762, 1.246
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Fig. 2 — Synchrotron XRD patterns of pre-reduced non-doped and Yb-doped Ni/y-Al,03; samples.

and 1.062 A corresponding to the (111), (200), (220) and (311)
planes of cubic phase of metallic Ni° (PDF card # 04-0850). The
relative intensity ratios of the main diffraction lines of Ni (111)
and y-Al,05 (211) revealed that the intensity of the Ni diffraction
lines increased with increasing amount of Yb, up to 3 wt%.

3.1.3. Microstructural analysis

TEM/EDX analysis was conducted on un-doped and ytterbium
doped catalysts in order to further investigate the influence of
Yb doping, Fig. 4 — refer to labelled points. This analysis
confirmed the presence of a nickel aluminate compound in
the non-doped catalyst and nickel phases in ytterbium-doped
catalysts. In addition, EDX spot analysis results obtained for
the alumina support clearly showed the presence of Ni and Yb
in this area. The aforementioned identification of Yb in the Yb
doped Ni catalyst in a highly dispersed form among the
framework, is consistent with the Yb in the doped materials
not being detectable using XRD. Moreover, a uniform disper-
sion of the bulk NiO particles among the alumina framework

can also be clearly seen in the Yb doped material, the presence
of white coloured ytterbium phase around the grey coloured
nickel phase grains is confirmed by back-scattered SEM/EDX
(Fig. 5).

These results suggest that Yb doping acts as a barrier be-
tween the Ni and alumina support. This Yb most likely plays a
significant role in hindering the formation of spinel NiAl,Oy4,
and hence the maintaining of separate phases of y-Al,05; and
NiO/Ni. This hindering of the formation of spinel is most likely
due to the Yb doping occurring predominantly at the surface
of alumina and that this surface doped alumina does not
readily react with Ni to form spinel.

3.1.4. XPS analysis

XPS spectra obtained for the non-doped and Yb doped cata-
lysts are presented in Fig. 6. The Ni 2p, Al 2p and Yb 4d core
level spectra of the catalysts are displayed in Fig. 6a—c. For
the non-doped Ni/Al,O5 catalysts, the Ni 2ps/, and Al 2p peaks
seen at 856.1 eV and 74.3 eV, respectively correspond to the

A=y-Al,0; $=NiAl,0, Ni
Ni N Ni
I A S S 4w1% YD
H N A_/)L 3Wi% Yb
=y
5
£ ) J_l | 2wt% Yb
k 1wt%Yb
I W W
5.\5 AS A.S Without Yb

0.6 0.8 1 1.2 14 1.6

2 22 24 26 238 3

d (Angstroms)

Fig. 3 — Synchrotron XRD patterns of reduced non-doped and Yb-doped Ni/y-Al,0; samples.
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Fig. 4 — TEM and EDX of indicated area for non-promoted and 2 wt% Yb-promoted Ni/y-Al,0; catalyst.

values associated with Ni in the form of NiAl,O, indicating
that Ni%>* on the surface exists in the form of NiAl,O,. It can
be observed that the binding energy of Ni decreased when 1
and 2 wt% Yb were doped. This corresponds to Ni being in the
form of NiO. The Ni 2p and Al 2p spectra of the 2 wt% Yb-
doped Ni/Al,O5 catalyst exhibit features that are assigned to
NiO and y-Al,05 with Ni 2ps/, and Al 2p binding energies at
854.9 and 73.9 eV, respectively [24,25]. A broader peak located
at 861.8 eV due to a strong shake-up process accompanies the
Ni 2ps/, signal corresponding to Ni?*. This result suggested
that the addition of ytterbium on Ni/Al,0O; prevents the

2 wt.% Yb-promoted Ni/y-Al,O4

reaction between y-Al,0; and NiO and leads to the formation
of separate phases of y-Al,03 and NiO as confirmed by XRD.
Interestingly the addition of high amount of ytterbium (3 wt%
and more) did not achieve similar trend as those observed in
the lower level doped catalysts. As shown in Fig. 6a and b the
Ni 2p, Al 2p electron binding energy increased slightly with
introducing more than 2 wt% Yb doping suggesting a
decrease in the influence of Yb doping in the Ni/Al,O3
catalyst.

The Yb 4d spectra of the catalysts containing 1 and 2 wt%
Yb show a weak peak at 184.3 eV which can be attributed to

260 460 660 860
Energy (€V)

i

Ni

A

260 460 660 860
Energy (eV)

Fig. 5 — Back-scattered SEM image and EDX of indicated area for 2 wt% Yb-promoted Ni/y-Al,0; catalyst.
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Fig. 6 — XPS spectra of the (a) Ni 2p, (b) Al 2p and (c) Yb 4d in the pre-reduced catalysts. The inset table gives the relevant
species for the labeled peaks [24—28].
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Table 2 — Characteristic properties of Ni/y-Al,O; catalysts

with different Yb loading.
Yb load (wt%) 0 1 2 3 4

ANi%(ANi® + ANi**)  0.425 0.384 0712 0811 0435

the binding energy of highly dispersed Yb within the surface
region of the alumina support framework. The Yb 4d peak
position is however shifted to a higher binding energy when
more than 2 wt% of Yb was doped, and reached 185.4 eV for
the material containing 4 wt% Yb. This is characteristic of Yb
in the form of Yb,03 [26—28] and indicates that a loading of
more than 2 wt% YD results in the formation of Yb,05 within
the surface region of the catalyst. The aforementioned find-
ings are consistent with solid solubility limit for Yb in Al,03/
the phenomenon of doping ions forming a secondary phase
when the doping ion concentration is greater than its solid
solubility [29], as the solid solubility limit of Yb in Al,03 has
been reported as ~2 wt% [30—33]. Deconvolution of the Ni 2p
spectra of reduced catalysts was performed by Gaus-
sian—Lorentzian curve-fitting to determine the peak areas
(ANi® and ANi?") and obtain relative surface concentrations
of nickel species [34]. The ratio of peak areas ANi%
(ANi® + ANi*") can be used to illustrate the degree of reduc-
ibility of Ni*" [34]. An increase in the ANi%(ANi® + ANi**)
ratio for ytterbium-promoted Ni/y-Al,O3 catalysts is seen
after reduction compared to that of the un-promoted cata-
lyst, indicative of an enhancement in the ease at which the
Ni** in the catalysts containing Yb is reduced (Table 2).

3.1.5. Temperature programmed reduction studies

The reducibility of the non-promoted and Yb-promoted Ni/y-
Al,O; catalysts was studied directly using temperature-
programmed reduction (TPR). Fig. 7 shows the TPR profiles of
the catalysts and a non-supported NiO for comparison. The
TPR profile for NiO shows that reduction of the Ni started at
~240 °C and reached a maximum rate at ~400 °C. The TPR
profiles of all the catalysts consisted of two clear reduction
temperature zones. The low temperature zone (340—510 °C) is
attributed to the reduction of bulk NiO particles that did
not interact with Al,0;, and the high temperature zone
(545—950 °C) represents the reduction of non-stoichiometric

H, consumption (a.u.)

and stoichiometric NiAl,0, spinel [1,35—-38]. For the non-
promoted Ni/y-Al,05 catalyst the low temperature zone is
very weak which is considered to be due to the low amount of
bulk NiO particles. The high temperature zone strongly shif-
ted to lower temperatures with increasing Yb doping content,
which can be attributed to the weaker interaction of the NiO
with the support and formation of non-stoichiometric Nickel
aluminate spinels, instead of stoichiometric NiAl,O4. In
addition, with increasing the loading of Yb in the Ni/y-Al,03
catalysts, the intensity of the low temperature zone increases.
Meanwhile, the TPR profiles of the 1 and 2% Yb-promoted Ni/
v-Al,O5 catalysts consisted of third reduction temperature
zones (455—585 °C) with a maximum located at about 530 °C
which can be attributed to the reduction of high dispersion
NiO particles [35]. From the TPR profiles it can be seen that the
reduction of Ni in the NiO particles on Yb-promoted Ni/y-
Al,O5 catalysts was significantly higher at lower temperatures
than that observed for the non-doped catalyst.

The addition of Yb clearly made the Ni/y-Al,O3 catalyst
more reducible which is due to the added Yb leading to the
formation of a decreased extent of stoichiometric NiAl,O4
spinel, which is difficult to reduce [36]. It is thought that
doping of ytterbium on Ni/y-Al,O; catalyst reduces the
chemical interaction between nickel and the support, pro-
moting the formation of NiO and non-stoichiometric nickel
aluminate spinel, instead of stoichiometric NiAl,O4 spinel.
This is in agreement with the XRD and XPS results that were
obtained. The aforementioned influence of Yb results in an
increase in reducibility and stronger dispersion of nickel
[36—39]. A similar effect of promoters has been also reported
for Pt [7], Ce [38] and ZrO, [9] in Ni/Al,05 catalyst.

The TPR results indicate that doping of the Yb up to 2 wt%
in the Ni/y-Al,O5 catalyst not only increased the amount of the
bulk NiO particles, but also produced highly dispersed NiO
particles among the alumina framework that did not interact
with Al,Os. The existence of these phases was verified by TEM/
EDX (Fig. 4).

The experimental results obtained in this study provide
important information on the characteristics of Yb doped Ni
alumina catalysts, which have been shown previously to
have very good activity and stability for catalysing the dry
reforming of methane. The differences observed in the
characteristics of the catalysts doped with different levels of

4 wt% Yb

3wi% Yb

2wt% Yb
1wi%Yb

100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Temperature (°C)

Fig. 7 — TPR profile of Ni/y-Al,O; catalysts with different Yb loading.
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Yb obtained in this study are also in good agreement with the
results previously reported on the catalytic activity of these
catalysts [1].

4, Conclusions

In summary from the characterisation data obtained for non-
doped and Yb doped Ni/y-Al,O5 it can be concluded that the
main influence of Yb doping was to decrease the extent of
NiAl,O, formation. This was most likely due to Yb being
incorporated into the Al,O3 support in preference to Ni. The
hindering of NiAl,O4 formation subsequently leads to a higher
amount of Ni?" in the catalyst pre-cursor being converted into
metallic Ni in the final (reduced) catalyst/the Ni*" in the pre-
cursor being more easily reduced. Hence the improved sta-
bility and activity of Yb doped Ni/y-Al,05 catalysts for the dry
reforming of methane is most likely due to the significant
influence Yb doping has on the Ni in the aforementioned
catalyst.
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