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This article describes a strategy for increasing oxygen storage capacity (OSC) of
ethanol steam reforming (ESR) catalysts. Sintering and carbon deposition are major
defects of nickel-based catalysts for ESR; tuning oxygen mobility (OM) of CeO,-based
supports can overcome these drawbacks and promote H, production. We have success-
fully increased OSC and OM by adding Mg into the lattice of Ni/CeO, to promote H,
production in ESR. The insertion of Mg into the CeO- lattice efficiently promotes the
reduction of Ce** according to X-ray powder diffraction (XRD) and temperature-pro-
grammed reduction (TPR) analysis. Mg-modified Ni/CeO, catalysts have larger OSC
and smaller nickel crystallite size compared with bare Ni/CeO;. The optimal Mg addi-
tion is 7 mol % (Ni/7MgCe) with the best OM. We also present evidence indicating
that Mg addition significantly promotes ethanol conversion and H, production in ESR,
and that Ni/7MgCe yields the best performance due to the high OM of the support.
These Mg-modified catalysts also produce less carbon deposition compared with Ni/
CeO,, and the amount of deposited carbon decreases with increasing Mg addition. Ni/
7MgCe has the best resistance to carbon deposition owing to the excellent OM. © 2011
American Institute of Chemical Engineers AIChE J, 58: 516-525, 2012
Keywords: ethanol steam reforming, hydrogen production, oxygen mobility, Ni/CeO,,

Mg addition

Introduction

Energy is an indispensable element in our everyday lives.
Nowadays most of the energy we use comes from fossil
fuels—a nonrenewable and unclean energy source. There-
fore, it is vital for us to explore renewable and clean
energy.1 Hydrogen has been regarded as an ideal fuel to
support energy development because of its cleanness and
high combustion efficiency.” Among numerous approaches
for producing hydrogen, steam reforming is a classical and
efficient method. Recently, bioethanol steam reforming for
hydrogen production has received increasing attention as
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bioethanol is renewable, cheap, easy to handle, low in toxic-
ity, and thermodynamically feasible to decompose.3
Increasing interests in developing hydrogen fuel cells
spur investigations on understanding physicochemical prop-
erties of ethanol steam reforming (ESR) catalysts. The ESR
catalysts mainly include supported base-metals (e.g., Ni,
Co, Cu)4_7 and supported noble metals (e.g., Pt, Rh, Ru,
Pd, and Ir)*"''. Although noble metal-based catalysts show
outstanding activity and stability in ESR,'*'? their large-
scale application is limited primarily due to the high cost.
Thus, development of a nonprecious catalytic system with
high activity and stability would be an important step in
making the ESR economically feasible. Among supported
base metals, Ni-based catalysts are excellent candidates for
ESR because of the intrinsic activity of nickel in C—C and
C—H bond cleavages.'* However, one of major problems
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of Ni-based catalysts is sintering of Ni particles and carbon
deposition.' >

CeO, has been widely applied in many reactions, includ-
ing NO, reduction,'® water gas shift reaction (WGSR)17 and
steam reforming,'® owing to its excellent redox property
resulted from high oxygen storage capacity (OSC).'"> The
mobile oxygen released from the lattice can efficiently oxi-
dize deposited carbon and subsequently resist coke formation
on the catalyst surface.?® The mobile oxygen can also acti-
vate water” (e.g., forming hydroxyls), leading to a high
hydrogen yield in steam reforming reactions. 2 Oxygen
mobility (OM) of CeO,-based support depends on both OSC
and Ce redox rate.”> However, Ce is easy to be oxidized;
thus a number of studies have been performed to improve its
capability for reduction. Previous studies have reported that
the addition of a second metal ion can enhance the Ce
reducibility. For a fixed dopant level or oxygen vacancy con-
centration, the reduction of cerium is more favorable for
larger dopant ions, and the enhancement is more pronounced
for divalent dopants.*

CeO,-based support has been widely investigated for ESR,
and increasing attention has been attracted regarding the role
of OSC in improving the catalytic activity by preventing par-
ticles from sintering and suppressing carbon deposition. Bis-
was et al. studied Zr-modified Ni/CeO, catalysts, and found
that the excellent activity of 30 wt % Ni/Ceg 7472102602
could be resulted from the high OSC of the Ceg 7471260,
with increased availability of surface oxygen.” Djinovic
et al. examined CuO-CeO, catalyst for high-temperature
ESR and concluded that the enhanced OM positively influ-
enced performance of the materials of interest.’ Shi et al.
found that nickel particles supported on composite supports
(e.g., Ni/MgO-CeO,) exhibited better performance than those
on single supports (e.g., Ni/Ce0,).? Although most of these
studies mainly focus on qualitatively optimizing CeO,-based
catalysts to promote ESR, the optimal amount of doping
metal and the correlation between OM of the support and
the ESR activity are less evaluated.

This article describes a strategy of increasing oxygen
storage capacity (OSC) of Ni/CeO, catalysts by addition
magnesium to obtain enhanced reactivity of ESR. We have
prepared a series of Mg-modified CeO, by citric acid sol—gel
method. Ni particles were loaded by impregnation method.
The catalysts were characterized by N, adsorption/desorp-
tion, X-ray powder diffraction (XRD), transmission electron
microscopy (TEM), temperature-programmed reduction
(TPR), O, volumetric chemisorption and thermo gravimetric
analysis (TGA). Our results indicate that an appropriate
amount of Mg addition (e.g., 7 mol %) can significantly
increase the OM of CeO,, which has a promotional effect on
hydrogen production.

Experimental
Catalysts preparation

Mg-modified CeO, support was prepared by a citric acid
sol-gel method with magnesium nitrate and cerium nitrate
as metal precursors. Typically, appropriate amounts of
Mg(NO3),-6H,0 and Ce(NO;5);-6H,O were dissolved in an
excess amount of deionized water (i.e., solution of metal
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nitrate precursors is not saturated). Citric acid with a molar
ratio of (Mg+Ce) to citric acid equal to 1 was subsequently
dissolved in the prepared solution; which was then evapo-
rated at 60°C using a vacuum rotary until canary sol was
formed. The sol was dried at 120°C for 20 h, and was cal-
cined at 600C for 2 h, yielding Mg-Ce oxide supports. Mg
loading is 0 mol %, 3 mol %, 5 mol %, 7 mol %, 10 mol
%, 50 mol %, and 100 mol %, which are denoted as CeO,,
3MgCe, 5MgCe, 7MgCe, 10MgCe, 50MgCe, and MgO,
respectively.

Ni/MgO-CeO, catalysts were prepared by the incipient
wetness impregnation method. The prepared supports were
impregnated in Ni(NOs3),-6H,O ethanol solutions by mechan-
ical agitation at 50°C for 12 h, followed by evaporated at
60°C using vacuum rotary until the ethanol was removed.
The resultant solid was dried at 100°C for 12 h, and then
calcined at 600°C for 2 h. The amount of Ni loading was
fixed to 10 wt %. The as-prepared catalysts are denoted as
Ni/CeO,, Ni/3MgCe, Ni/5SMgCe, Ni/7MgCe, Ni/10MgCe,
Ni/50MgCe, and Ni/MgO.

Catalyst characterization

Textual properties of the catalysts were measured using a
Micromeritics Tristar 3000 analyzer by nitrogen adsorption
at the boiling temperature of liquid nitrogen. Before analysis,
the samples were degassed at 300°C for 4 h in vacuum. The
specific surface areas were calculated from the isotherms
using the BET method, and the cumulative volumes of pores
were obtained by the BJH method from the desorption
branches of the adsorption isotherms.

XRD measurements were performed using a Rigaku C/
max-2500 diffractometer employing the graphite filtered Cu
Ko radiation (A= 1.5406 A). Data were collected over a 20
range of 15-85° using a scanning rate of 0.02°/step and a
scanning time of 1 s/step. The Scherrer equation was used to
estimate the mean crystallite size based on the (111) facet of
Ni particles.

TEM was conducted to examine the morphology of cata-
lysts employing a FEI Tecnai G2 F20 transmission electron
microscope at 100 kV. The sample powder was dispersed in
ethanol by sonification; drops of the suspension were applied
onto a copper grid-supported transparent carbon foil and
dried in air.

TPR was conducted to determine the reduction behavior
of the catalysts. The experiments were performed on a
Micromeritics AutoChem 2910 TPD/TPR apparatus using
0.1 g of catalyst and a temperature range from 50 to 1000°C
at a rate of 10°C/min. A flow rate of 30 mL/min of 10 vol
% H,/Ar was used for the reduction. A thermal conductivity
detector (TCD) was employed to determine the amount of
hydrogen consumed.

O, volumetric chemisorption was conducted at 400°C
using a Micromeritics AutoChem 2910 TPD/TPR system.
The sample (0.1 g) was first pretreated under flowing Ar
(30 mL/min) at 400°C for ~30 min. Injection pulses of H,
(1.0760 mL) every 2 min up to a maximum reduction of the
sample (about 10 pulses) was followed by injection pulses of
0O, (1.0760 mL) every 2 min until the consumption peaks
became stable. OSC was calculated based on O, uptake. This
value characterizes the total amount of oxygen available in
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Table 1. Textual Properties of Ni/MgO-CeO, Catalysts

BET Surface Pore Volume Average Pore Cell Parameter Crystallite
Sample Area (m?/g) (cm’/g) Size (nm) of CeO, in Supports A Size (nm)?
Ni/CeO, 31 0.14 11 5.427 19.5
Ni/3MgCe 41.9 0.16 10.1 5.421 15.9
Ni/5MgCe 434 0.14 8.9 5.419 13.5
Ni/7MgCe 43.7 0.16 9.5 5.418 8.7
Ni/10MgCe 44.6 0.14 8.2 5.417 -
Ni/50MgCe 53.7 0.19 9 5.410 -
Ni/MgO 67.8 0.36 16 - -

!Calculated from (111), (200), (220), and (113) facets of the fluorite phase based on XRD patterns.
2Calculated from the Ni(111) facet in XRD patterns of Ni/MgO-CeO, catalysts using the Scherrer equation.

the oxide.”” To simulate the cyclical oxygen activity, the
above injection process was repeated. The oxygen reuptake
was used to characterize the OM in the oxide, which is more
representative of the pool of available surface sites for oxy-
gen transfer during actual operation of the catalysts.”® OSC
and OM are expressed in mmol O,/g catalyst from the O,
consumption (O, pulses).

Carbon deposition analysis was carried out using a ther-
mal analysis system (DTG-50/50H, Shimadzu Corp.). The
experiments were performed in a flow of air (30 mL/min)
with a heating rate of 10 °C/min and a final temperature of
900°C.

Activity test

Catalytic tests were conducted at the atmospheric pressure
in a quartz fixed-bed reactor loaded with 0.2 g catalyst
mixed with 1 mL quartz particles. Before the test, the cata-
lysts were reduced at 500°C in situ for 1 h in a flow of 10
vol % Hy/N, (50 mL/min). The liquid solution with a water/
ethanol molar ratio of 8 was fed at 0.02 mL/min (or 0.06
mL/min) through an HPLC pump into a heated chamber

(150°C) to evaporate the solution completely in the stream
of N, (60 mL/min). The products were analyzed online by
two gas chromatographs. One is equipped with a FID, and a
Porapak-Q column with N, as the carrier gas to analyze the
organic species such as ethanol, ethylene, ethane, acetone,
and acetaldehyde. The other one is integrated with a TCD
and a TDX-01 column using He as the carrier gas to monitor
the incondensable gas species including hydrogen, carbon
dioxide, carbon monoxide and methane.
Conversion rate of ethanol (Xgopn) is defined as:

Fron,in — FroH,out

XgoH = x 100%

Fromin

Selectivity of Hj production (Sy,) is defined as the molar
fraction of H, produced out of the total hydrogen-based
compounds in the products. Selectivities of by-products
(Scos Scoz, SCH4, SC3H47 SC2H6’ SCH3CHO7 SCH3COCH3) are
defined as the mole ratios of the specified component in the
outlet gas to the total carbon-based compounds in the prod-
uct, accounting for stoichiometry. The following equations
present the calculations of these selectivities:

SHz =100 x (2

2(%H,) )

(%Hz) + 4(%CH4) + 4(%C2H4) + 6(%C2H6) + 4(%CH3CHO) -+ 6(%CH3COCH3)

Sj:100><(

J represents the carbon containing species in the products,
including CO, C02 CH4, C2H4, C2H6, CH3CHO, and
CH3;COCHs;. i is the number of carbon atomics in the carbon
containing species.

Results
Textural analyses

Table 1 summarizes textual properties of the Ni/MgO-
CeO, catalysts. The specific surface area of the Mg-modified
catalysts is larger than that of Ni/CeO,, which increases with
increasing Mg addition. The pore volume of the Mg-modi-
fied catalysts with Mg addition below 10 mol % is compara-
ble to that of Ni/CeO,. For Mg addition above 10 mol %,
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(%) x i )

(%CO) + (%CO0,) + (%CHa) + 2(%C,Hy) + 2(%C,Hs) + 2(%CH3CHO) + 3(%CH;COCHS)

the pore volume increases as Mg addition is increased. Fur-
thermore, all the Mg-modified catalysts are mesoporous
materials with average pore sizes of around 10 nm, similar
to Ni/CeO,.

XRD

XRD patterns of the prepared supports are presented in
Figure 1. For CeQ,, diffraction peaks (20 = 28.5°, 33.1°,
47.5°, and 56.3°) are attributed to the (111), (200), (220),
and (311) planes of the cubic fluorite structure of CeO,,
respectively. No diffraction peaks for MgO were found when
the loading amount of MgO is less than 50 mol %, implying
that Mg is well dispersed on CeO, or Mg incorporates
into the CeO, lattice.?*° In addition, the cell parameters
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Figure 1. XRD patterns of MgO-CeO, supports.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

(Table 1) of CeO, acquired from the XRD spectra decreases
with increasing Mg addition.

Nickel-loaded catalysts share similar XRD patterns with
the support, except for weak peak intensities of nickel and
Ni,Mg; ,O, solid solution phase (Figure 2). As listed in
Table 1, the crystallite sizes of nickel in the catalysts
decrease with increasing Mg addition, but there are no nickel
diffraction peaks observed when the magnesium loading is
greater than 10 mol %. There are two possible explanations,
either nickel is well dispersed on the support, or the amount
of nickel is beyond the XRD detection limit.*! On the addi-
tion of Mg, the Ni,Mg, O, phase appears, and as expected
its intensity increases as Mg loading increases.

TEM

TEM micrographs of the prepared catalysts are shown in
Figure 3. Clearly, spherical nickel particles are well dis-
persed over CeO, (Figure 3a). Nickel particles in Ni/CeO,
have a larger mean particle size (~15 nm) compared with
Ni/7MgCe (~7 nm), which is consistent with the results
obtained from the XRD spectra. This is probably due to the
stronger interaction between Ni and MgO leading to high
dispersion of nickel particles.

TPR

TPR profiles of the prepared supports are shown in Figure
4. Bare CeO, exhibits two broad reduction peaks. The low
temperature (77) peak is attributed to the reduction of sur-
face oxygen of CeO,, and the high temperature (T}) one is
ascribed to the reduction of bulk CeO, phase.** No reduction
peaks were observed for MgO indicating poor reducibility of
MgO.*3* The intensity of the T, peak increases with
increasing Mg addition, while the Ty peak follows an oppo-
site trend. This phenomenon indicates that the amount of
surface oxygen of CeO, increases on Mg addition, due to
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the diffusion of bulk oxygen to the surface accompanying
with the Ce*" reduction. Another phenomenon we notice is
that the 77 temperature increases with increasing Mg addi-
tion whereas the Ty temperature decreases. There is an
exception that the 7 temperature of 7MgCe is lower than
that of any other supports. This indicates that an optimal
loading amount of Mg is 7 mol % which greatly promotes
the Ce*" reduction.

We also examine the TPR property of Ni/MgO-CeO, cata-
lysts for comparison purpose (Figure 5). The Ni/MgO cata-
lyst has two reduction peaks, the first one centered at 400°C
is attributed to the reduction of bulk NiO and the second one
centered at 800°C is attributed to the reduction of
Ni,Mg; O, solid solution.*® The intensity of the second
peak is stronger than the first one, suggesting that most
nickel forms Ni,Mg; O, solid solution as nickel strongly
interacts with MgO. Ni/CeO, catalysts exhibit four reduction
peaks, which are marked as T;, T», T3, and T4. The T; and
T, peaks are considered as a result of the reduction of the
adsorbed surface oxygen based on observations by Shen and
coworkers.*®¥” T35 is attributed to the reduction of the bulk
NiO and the surface CeO,, and T4 to the reduction of the
bulk CeO,. The intensity of the 73 peak decreases with
increasing Mg addition, and the corresponding temperature
shifts to higher values, because the addition of Mg could
weaken the reducibility of Ni species.*®

0SC and OM

Table 2 lists results obtained from oxygen volumetric
chemisorption measurements. It is apparent that Mg-modified
CeO, support has larger OSC than CeO,, and 5MgCe has
the best OSC, which indicates that Mg addition increases the
amount of oxygen vacancies in CeO, lattice. Additionally,
cyclical oxygen activity test reveals that only 7MgCe shows
considerable oxygen uptake, while other supports consume
almost no oxygen, indicating that the highest mobility of ox-
ygen on 7MgCe.
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NiMg, O
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Figure 2. XRD patterns of Ni/MgO-CeO, catalysts after
1 h reduction at 500°C.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 3. TEM micrographs and crystallite size distribution of the prepared catalysts after 1 h reduction:

(a) Ni/CeO,; (b) Ni/7TMgCe.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Catalytic activities

Ethanol conversion and selectivities of products on the Ni/
MgO-CeO, catalysts are illustrated in Figure 6. The major
products are Hy, CO, CO,, and CH, for all the studied cata-
lysts, and the C2 and C3 (e.g., C,H4, C,Hq, CH3;CHO, and
CH;COCH3;) species are only produced when Mg addition is
larger than 7 mol %. Ethanol conversion remained 100 %
unless Mg addition is larger than 10 mol %, above which
conversion decreases drastically from 100 % to 20 %. Selec-
tivities of H,, CO, and CO, increase with increasing Mg
addition when Mg addition is less than 10 mol %, whereas
CHy, selectivity decreases.

ESR on Ni/7MgCe and Ni/10MgCe were conducted at
various conditions to further address the effect of addition of
Mg (Figure 7). On decreasing the space time to 11 g h/mol
(Figure 7a), ethanol was not completely converted. Ethanol
conversion and H, selectivity over Ni/7MgCe were higher
compared with Ni/10MgCe, which, in turn, had a higher C2
and C3 selectivity. Increasing the reaction temperature from
400°C to 600°C has negligible effect on ethanol conversion
(Figure 7b), whereas H, and CO, selectivities over Ni/
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7MgCe are higher than that of Ni/10MgCe. We also notice
higher selectivity of by-products (e.g., CHy, C2 and C3spe-
cies) formed on Ni/10MgCe compared with Ni/7MgCe, fur-
ther indicating the optimal Mg addition of 7 mol %.

Carbon deposition

We observed the deactivation of the catalysts as reaction
proceeds (e.g., after 10 h), due to the formation of coke. The
nature of deposited carbon was therefore studied by TGA
(Figure 8). The amount of carbon deposited on the catalysts
decreases as Mg addition increases. The weight losses of the
catalysts based on TGA results occurred at 600°C (not
shown in the figure) attributed to graphite carbon.?®*
Because most carbon is deposited on nickel surface,40 carbon
deposition per unit Ni (i.e., the amount of carbon deposition
divided by the amount of reducible Ni) of the catalysts is
shown in the inset of Figure 8. It is apparent that Ni/7MgCe
has the least carbon deposition among the catalysts with
excellent reactivity (Mg addition less than 10 mol %). Note
that Ni/50MgCe and Ni/MgO have less carbon deposition
simply because of their low reaction activity.
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Figure 4. TPR profiles of MgO-CeO, supports.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Discussions
Supports

Ceria easily forms solid solutions with transition-metal/
rare-earth oxides over a wide composition range. There are
two types of substitutions when the metal is incorporated
into the CeO, support. When the metal ion has an ionic
radius similar to that of the host (e.g., Ce**: 97 pm),*' it can
occupy the Ce*" sites by isomorphous substitution. How-
ever, if the metal ion has a much smaller ionic radius, it
would occupy defect sites or surface vacancies of the CeO,
crystals. It has been proved that Zr*" could substitute Ce*"
and form the Ce Zr, O, solid solutions as Zr*" is a homo-
valent ion compared with Ce*".**** Hong et al. examined
physical properties of CeO,-MnO,, support and found that
the ionic radius of Mn®" was similar to that of Ce*" and
occupied Ce*™ sites by substitution, whereas Mn®" occupied
defect sites of CeO, owing to its much smaller ionic ra-
dius.® Mg2+ has an ion radius of 89 pm,41 which is a little
smaller than that of Ce*", so it can substitute Ce*™ or
occupy the defect sites in the CeO, crystal. As cell parame-
ters of CeO, decrease with increasing Mg addition according
to XRD results, it suggests that Mngr has substituted Ce*"
and forms a small amount of nonequilibrium Mg,Ce;_,,»,0,
solid solution.*®*’

Doped-ceria with metal ions can modify OSC and OM of
the support by lowering the barrier for oxygen migration and
decreasing the activation energy for the reduction (Ce*t —
Ce”).48 When a Ce** ion is substituted with a metal ion, an
oxygen vacancy is formed to maintain the charge balance,

= ' — Ni/MgO
Ni/50MgCe

Ni/10MgCe

Ni/7MgCe

intensity / a.u.

Ni/5MgCe
Reduction temp.
Ni/3MgCe
T,

Lia T Ni/CeO,

T T T T
600 800 1000 1200

temperature / °C

o 200 400
Figure 5. TPR profiles of Ni/MgO-CeO, catalysts.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary. com.]

while metal ion in defect or surface sites cause the disap-
pearance of oxygen vacancies. The formation of oxygen va-
cancy will consequently lower the energy of oxygen migra-
tion and increase OSC of the support, and if Ce*" reduction
is promoted, OM of the support would be enhanced. From
OSC data, we have learned that Mg-modified CeO, support
has larger OSC than CeO,, and 5 mol % addition has the
largest OSC; on further adding Mg, the OSC decreases.
Therefore, there could be a maximum in the substitution of
Ce*™ by Mg”", and excessive Mg>" would occupy some of
the defect sites of the CeO, crystal, leading to a decrease in
OSC. Hong et al. found that a limited amount of Mn addi-
tion would increase OSC of the support, but a further
increase Mn decreased the concentration of oxygen vacancies
of the support.*> Deshpande et al. studied noble-metal-substi-
tuted ceria and found that a proper amount of Pt substitution
could increase OSC of the catalyst.49 In our case, Mg addi-
tion with 7 mol % greatly promotes Ce*" reduction according
to TPR analysis, and OSC test demonstrates the highest OM
of the 7MgCe support. Reddy et al. adopted La substitution
into CeO, lattice, and found that Ce;_,La O, s (x = 0.2)
had an excellent reducibility and oM. Mg can incorporate
into the CeO, lattice and increase the OSC of the support; an
appropriate amount of Mg addition greatly promotes the
Ce*" reduction, and thus enhances the OM of the support.

Nickel catalysts

The addition of magnesium not only increases OSC of the
support, but also makes modification on nickel particles.

Table 2. Oxygen Storage Capacity of MgO-CeQO, Supports

Oxygen Storage Capacity (mmol/g)

Number of Times' CeO, 3MgCe SMgCe TMgCe 10MgCe 50MgCe MgO

1 1.06 5.28 8.54 5.86 2.17 2.01 0.68

2 0.017 0.027 0.043 4.81 0.034 0.004 0.11
"The first time OSC indicates the total OSC, and the second time OSC refers to the OM.
AIChE Journal February 2012 Vol. 58, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 521
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Figure 6. Ethanol steam reforming on Ni/MgO-CeO,
catalysts.
Reaction conditions: Pressure: 1 atm, temperature: 400°C,
S/C: 4, Ethanol feeding W/F: 33 g h/mol. [Color figure

can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Areas of the peaks in TPR profiles were integrated and the
results are listed in Table 3. Because the reduction tempera-
ture employed in this work is 500°C, the involved reduction
peaks are 11, Ty, T, and T3. The portion of reducible Ni is
calculated as (T} + T, + T; — Ty), as also reported earlier
by Biswas.”> Obviously the amount of reducible Ni
decreases with increasing Mg addition. This could be caused
by the strong interaction between NiO and MgO evidenced
by the formation of the Ni;Mg; ,O, solid solution,”! as con-
firmed by our XRD results. This characteristic can also
explain the inhibition of the sintering of Ni during the calci-
nation and the reduction processes, as confirmed by our
TEM results. Indeed, earlier investigations have implied the
poor reducibility of nickel on MgO and the inhibition of
nickel sintering by Ni/Mg interaction,*>-*%5%3
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Figure 8. Carbon depositions on the Ni/MgO-CeO, cat-
alysts after 10-h reaction (reaction condi-
tions: 1 atm, 400°C, and ethanol feeding W/F
33 g h/mol); inset: carbon deposition per unit
Ni on the Ni/MgO-CeO, catalysts.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Reaction analysis
.54,55

In the ESR process, main reactions are as follows

C,HsOH — CH;CHO + H, )
CH3CHO — CO + CHy @)
CO + H,0 <> CO, + H, 3)
CH, + xH,0 « CO, + (x + 2)H, o))

In this system, nickel primarily promotes C—C and C—H
cleavages [reactions (1) and (2)]. Nickel particles also have
activity in CH4 and CO transformation [reactions (3) and
(4)].4 As both reactions are reversible, different conditions
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Figure 7. Ethanol steam reforming on Ni/7MgCe and Ni/10MgCe at different reaction conditions.

(a) Pressure: 1 atm, temperature: 400°C, S/C:4, ethanol feeding W/F:11 g h/mol; (b) Pressure: 1 atm, temperature: 600°C, S/C: 4, ethanol
feeding W/F: 33 g h/mol. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table 3. Peak Areas Integrated from TPR Profiles

Area Portion of
Reducible  Reducible
Catalyst . T, T, T, Ni! Ni (%)*
Ni/CeO, 1.8 0.1 04 103 9.0 100
Ni/3MgCe 20 04 02 102 8.8 98
Ni/5MgCe 30 05 0.1 10.6 8.2 91
Ni/7MgCe 31 05 03 8.6 6.3 70
Ni/l0MgCe 3.5 04 0.2 6.0 3.1 34
Ni/50MgCe 4.4 - 1.6 39 1.1 12
Ni/MgO - - - 0.4 0.4 5

'Calculated by (Ty + T, + T3) — Ty.
2Portion of reducible Ni in Ni/CeO, is 100%.

could induce different products distributions. From Figure 6,
we can see that CO is traceable on all the studied catalysts
at 400°C, owing to the high OM of CeO,-based supports.'’
It turns out that CeO, can also promote methane steam
reforming primarily due to the presence of oxygen vacan-
cies,”® leading to a decrease in selectivity of CH, and thus
an increase in selectivities of CO, and H,. Previous studies
have proved that nickel had high activity in methanation.””~®
As methanation is favored under studied condition, the
amount of reduced Ni is expected to influence methane se-
lectivity. Therefore, decreasing amount of reducible Ni on
Mg addition could cause a decrease in selectivity of CH,.”’
On the other hand, C2 and C3 species are produced when
the amount of Mg addition is larger than 10 mol %, prob-
ably due to the deficient ability of C—C cleavage with
decreasing amount of nickel in the catalysts. When space ve-
locity rises, this effect would be intensified, and thus ethanol
conversion and H, selectivity of Ni/7MgCe are higher com-
pared with Ni/10MgCe. At 600°C, both nickel and the sup-
port with mobile oxygen species favor CH4 and CO transfor-
mation, resulting in higher selectivities of H, and CO, on
Ni/7MgCe than Ni/10MgCe. In addition, no C2 and C3
products were detected over Ni/7MgCe, whereas C,Hy,
CH3CHO and CH3;COCH; were all produced on Ni/
10MgCe.

Highly mobile oxygen species of the support can also sup-
press carbon deposition.®’ Liu et al. suggested that Ce*"
ions on the surface of support can oxidize the deposited
coke to form Ce*" ions in the presence of NiP nanoparticles,
leading to the formation of oxygen vacancies.®’ da Silva
et al. examined the effect of support reducibility on the sta-
bility of ESR and concluded that the high oxygen/OH mobil-
ity of the CeO, support contributed to the high stability and
reactivity of the catalyst.62 Laosiripojana et al. proposed that
enhanced redox properties of doped ceria prevented carbon
deposition by oxidizing the adsorbed surface hydrocarbons
on nickel surface.®® It turns out that our Ni/7MgCe catalyst
has the best OM, coincided with the least carbon deposition
per unit Ni.

We should mention that Mg addition not only increases
the OSC and the OM of the support, but also decreases the
crystallite size of nickel particles. The strong interaction
between nickel and the MgO-CeO, support can prevent the
sintering of nickel particle in the calcination and reduction
processes. Based on our results regarding the role of OM, a
plausible reaction scheme of ESR is proposed in Figure 9.
In the presence of nickel, the first key reaction should
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Figure 9. Proposed reaction scheme of ethanol steam
reforming on Ni/MgO-CeO, catalysts.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

be the dehydrogenation of ethanol to surface adsorbed
CH;CHO,4.* As Yates and coworkers have shown, metallic
nickel particles cause bond breaking of ethanol in the follow-
ing order: O—H, —CH,—, C—C, and —CH3.14’64 Therefore,
the following scheme should be the transformation of
CH3;CHO,4s. When there is enough nickel in the catalyst
(e.g., Ni/7MgCe), C—C cleavage occurs to produce adsorbed
C=0 and CH, on the nickel surface.®> Otherwise (as in the
case of Ni/10MgCe), CH3;CHO,4s would be transformed into
other oxygenates (e.g., CH;COCH; and CH3;COOH). As
nickel has low ability to activate water,66 water is chemi-
sorbed on vacancies of the CeO, surface forming hydroxyls,
which migrate through oxygen vacancies on the CeO, sur-
face.”” These oxygen species (including hydroxyls) originat-
ing from water can oxidize C=0 and CH, to form H, and
CO,. Therefore, if there is sufficient oxygen species on the
catalyst surface, the intermediate products can be fully con-
verted to CO, and H,. However, if OM of the support is
poor, consumption rate of oxygen species is slower compared
with its forming rate, and a significant amount of byproducts
(e.g., CHy and carbon) would be formed. The primary role of
Mg addition is to increase the amount of oxygen vacancies
resulting in an enhancement of the OM of CeO,-based sup-
ports, and thus promote the ESR to produce H,.

Conclusions

We have presented an investigation into how Mg addition
into Ni/CeO, can facilitates the formation of mobile oxygen
in the catalysts. XRD and TPR analysis displayed that Mg
can be incorporated into CeO, lattice and promote Ce*"
reduction. Mg-modified CeO, support has more oxygen
vacancies and higher OSC than the bare CeO,, and the opti-
mized concentration is 7 mol %. Because of the strong inter-
action between NiO and MgO, the amount of reducible Ni
decreases sharply with further increasing Mg addition (e.g.,
above 10 mol %). Mg-modified catalysts also have better
resistance to coke formation compared with Ni/CeO,, and
Ni/7MgCe has the least carbon deposition per unit Ni.
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