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AbstractA Ni/Ce0.8Zr0.2O2 catalyst (NiCeZr-N) was synthesized by a facile co-nanocasting technique for syngas pro-
duction from ethanol dry reforming. In addition, a series of characterization techniques, such as transmission electron
microscopy (TEM), X-ray diffraction (XRD), inductive coupled plasma Emission Spectrometer (ICP), X-ray photoelec-
tron spectroscopy (XPS), Raman and hydrogen temperature programmed reduction (H2-TPR) were selected to evalu-
ate the physicochemical features of the as-prepared catalysts. Indeed, the results indicated that NiCeZr-N catalyst
prepared by co-nanocasting method had a smaller particle size (<5 nm), relatively higher specific surface area (39 m2/g)
and stronger metal-support interaction in comparison with another model catalyst obtained from conventional co-pre-
cipitation method (NiCeZr-P). Expectedly, these positive factors enabled NiCeZr-N catalyst to exhibit better activity
and stability. Typically, ethanol is completely converted by using NiCeZr-N as catalyst and heating to 700 oC, and CO2
conversion was as high as 65.3%. Interestingly, H2/CO was close to 1.1 at 650 oC, which could be used as feedstocks of
Fischer-Tropsch process. Particularly, no obvious fluctuation of ethanol conversion and the product selectivity was
observed during 40 h time-on-stream stability test.
Keywords: Ni/Ce0.8Zr0.2O2, Co-nanocasting, Ethanol Dry Reforming, Syngas

INTRODUCTION

In recent decades, the large-scale utilization of fossil fuels has
led to the enormous CO2 emission, an undesirable greenhouse gas
[1-3]. Hence, great endeavours, such as conventional physical seques-
tration and the attractive chemical utilization have been conducted
to deal with the CO2 pollution. Particularly, ethanol dry reforming
(DRE), a process converting the undesirable CO2 into the value-
added syngas, has been regarded as one of the most promising
solutions. Actually, enormous high-valued chemicals can be pro-
duced from syngas via Fischer-Tropsch process [1,2]. Bio-ehanol
can be derived either from starch or biomass residue such as corn
straw, bagasse, rice straw, and maguey [4]. Moreover, ethanol is
biodegradable, non-toxic, sulfur-free, and renewable [1,4]. In 2018,
the total production of ethanol reached 28,700 million gallons [4].
Hence, as a product of renewable materials, the selection of etha-
nol as the reactant for dry reforming process could greatly meet
sustainable development instead of the conventional methane dry
reforming.

To date, the developed common catalysts for dry reforming reac-
tion have been mainly classified as transition metals (Ni, Co, Cu)
and/or noble metals (Ir, Ru, Rh, Pd) [5-7]. It has been generally
accepted that noble metal based catalysts exhibit good activity and
stability for catalytic dry reforming reactions. Zhao et al. reported
that complete ethanol and 70% of CO2 conversion were achieved
over Rh/CeO2 catalyst and syngas was the major product with H2/

CO ration of 0.9 [8]. Dirf et al. demonstrated the effect of support
on DRE performance by utilizing binary oxides of Al2O3 with ZrO2,
NiO, MgO, CeO2 or La2O3 [9]. The experimental results indicated
that the catalytic behavior of the Rh-based catalysts decreased in
the order of Rh/NiO-Al2O3>>Rh/Al2O3Rh/MgO-Al2O3Rh/CeO2-
Al2O3Rh/ZrO2-Al2O3Rh/La2O3-Al2O3 [9]. However, the high cost
of noble metal greatly limited its industrial research and applica-
tion [10,11]. On the other hand, Ni, as one of the low-cost transition
metals, possesses a stronger dissociation capacity for C-C bond and
O-H bond in comparison with Fe and Co; therefore, Ni-based
catalysts present attractive catalytic activity for DRE reaction [12].
Samsudeen et al. investigated the effect of calcination temperature
on the catalytic performance of 10wt% Ni/Al2O3 catalysts. The results
showed that CO2 conversion reached 57% at 600 oC, and H2 selec-
tivity remained constant at ca. 50% [13]. However, nickel was prone
to deactivation due to the serious carbon deposition and its easy
sintering features, which prevented its large-scale industrial appli-
cation [14,15]. Hence, various methods have been designed to im-
prove the resistance to coke formation and sintering of nickel-based
catalysts [16]. Bej et al. indicated that alumina supported nano-
NiO-SiO2 catalyst was more stable than the commercial catalyst in
the study [17]. To investigate possible improvements in their DRE
activity and stability, Ni-based catalysts were promoted by the addi-
tion of several components such as Ce, Co and La [1,18]. Wei et
al. synthesized a Ni/KIT-6 catalyst with the highly uniform Ni dis-
persion by a facile methanol-assisted co-impregnation technique.
The experimental results showed that the presence of the samller
Ni particles and the stronger Ni-support interaction in the Ni/KIT-
6 catalyst corresponded to its better activity and stability compared
to the Ni/SiO2 samples [19].
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It was accepted that co-nanocasting was a highly efficient tech-
nique to synthesize the nano-materials with the typical nanostruc-
ture [20]. Co-nanocasting process provided a limited nanoreactor
for the formation of Ni oxide which kept the Ni oxides with small
particle size, high surface area, rich surface adsorbed oxygen spe-
cies, low temperature reducibility and promoting metal-suppoort
interaction in Ni-Ce-Zr [21]. Considering that the dispersion and
particle size of the active components on the support surface are
closely related to the catalytic performance, co-nanocasting tech-
nology has attracted more attention to prepare the catalysts with
high specific surface area and small metal particle size [22,23]. Duan
et al. synthesized a type of ordered mesoporous LaNiO3 perovskite
oxide via a modified co-nanocasting method for partial oxidation
of methane (POM) reaction [24]. The synthesized catalyst had a
smaller nickel particle size and larger specific surface area, which
effectively prevented metal sintering and carbon deposition of the
catalyst. Valdés-Solís et al. prepared an active CuO/ZnO catalyst
by co-nanocasting technology using a mesoporous active carbon
as template for the steam reforming of methanol (SRM) [25]. Sousa
et al. described the performance of nanostructured spinel Ni- and
Co-based catalysts and showed that the resistance to coking in
DRM reaction was more likely due to the participation function of
nanocrystalline NiAl2O4 [26]. Xu et al. synthesized a Cu-based cat-
alyst by active carbon co-nanocasting technology for SRM. The
catalyst exhibited a satisfactory activity which showed ~86.1%
methanol conversion as well as 74.6 mol% H2 concentration. None-
theless, methanol conversion decreased to ca. 73.3% together with
69.4 mol% H2 for another catalyst synthesized by conventional co-
precipitation method [27].

With respect to catalyst support, the inhibition effect of CeO2-
ZrO2 composite oxides on the carbon deposition could be antici-
pated. Oxygen storage capacity is widely known as a characteristic
of CeO2 [28,29]. The oxygen storage capacity of CeO2 resulted from
the rapid and reversible redox reaction between Ce4+ and Ce3+.
However, CeO2 generally showed poor thermal stability, which
might lead to rapid catalyst deactivation because of the decline of
oxygen storage capacity. Zr dopant can effectively improve the
oxygen mobility and thermal stability of CeO2, thus preventing the
sintering of the catalysts [30]. On the other hand, the strong inter-
action between CeO2-ZrO2 composite oxides and Ni can stabilize
the active metal particles on the support and thereby delay its sin-
tering [31].

In this paper, two Ni-based catalysts were prepared by conven-
tional coprecipitation method (NiCeZr-P) and co-nanocasting tech-
niques (NiCeZr-N), respectively. The effect of co-nanocasting tech-
nology on the particle size of Ni and the physicochemial properties
were deeply investigated, and its catalytic performance for DRE
reaction was also evaluated. The catalysts were characterized by
automatic surface area and porosity analyzer, TEM, XRD, XPS,
Raman, H2-TPR and ICP to establish the relationship between cat-
alyst structure and catalytic performance.

MATERIALS AND METHODS

1. Materials
Coconut shell based activated carbon was purchased from Jiangsu

Xinghong Carbon Industry Technology Co. Ltd. (Yixing, China),
and dried at 100 oC for 24 h. Sodium carbonate and ethanol were
purchased from the Kermel Chemical Reagent Co. Ltd. (Tianjin
China). Nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O), Cerium(III)
nitrate hexahydrate (Ce(NO3)3·6H2O) and Zirconyl chloride octa-
hydrate (ZrOCl2·8H2O) were purchased from Aladdin Industrial
Corporation (Shanghai China). All chemical reagents were of ana-
lytical grade and directly used without further purification.
2. Catalyst Preparation

5wt% Ni/Ce0.8Zr0.2O2 (Ce/Zr=4.0, molar ratio) catalysts were syn-
thesized by a facile co-nanocasting method with active carbon as
hard template. Typically, a mixture of Ni(NO3)2·6H2O, Ce(NO3)3·
6H2O and ZrOCl2·8H2O was dissolved into deionized water. A
certain amount of activated carbon powder was dispersed in the
solution and heated to 70 oC. A squirming pump was used to slowly
add the Na2CO3 solution into the mixture until pH 9-10 under con-
tinuous stirring. After being maintained at 70 oC for 2 h, the mix-
ture was strictly filtrated and washed with hot deionized water.
The obtained solid was dried in a drying oven at 100 oC overnight
and further calcined at 600 oC for 5 h in static air. The obtained
catalyst was labelled as NiCeZr-N. Another catalyst was prepared
by conventional co-precipitation method. This catalyst was labelled
as NiCeZr-P.
3. Catalyst Characterization

The specific surface areas and pore volumes of the samples were
measured using a Micromeritics ASAP2010 instrument. Before
measurement, catalyst was degassed for 1 h at 300 oC under a N2

flow to remove the adsorbed impurities.
XRD patterns of the samples were collected on a Shimadzu

XRD-7000S with Cu K radiation at 40 kV and 100 mA. The dif-
fraction patterns were recorded in the range of 10o<2<70o with a
scan speed of 0.3 s·step1 and a step size of 0.03o. The crystal sizes
were calculated according to the Scherrer equation [32].

(Scherrer equation: D=K/Bcos, K=0.89, =0.154056 nm)

The surface properties of reduced catalyst were characterized by
X-ray photoelectron spectroscopy (XPS) on ESCALAB210 instru-
ment. The charge-correction was carried out with a binding energy
of C 1s (284.6 eV) as reference, and the spectrum curve was fitted
by Gaussian-Lorentzian method.

Elemental analysis was carried out by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) operated on a Perkin
Elmer Optima 8000 equipment. Sample was dissolved into aqua
regia, and then the solution was diluted with HNO3 to meet the
detection limit of the setup. The ICP-AES analysis confirmed the
desired composition of the catalyst.

Hydrogen temperature-programmed reduction (H2-TPR) experi-
ments were carried out in a U-shaped quartz reactor. Prior to the
TPR measurements, samples were pretreated at 200 oC for 1 h in
flowing Ar (40 mL/min) to remove any moisture and adsorbed
impurities. After the reactor was cooled to room temperature, a
flow of 5.0% H2/Ar (40mL/min) was introduced to reduce the sam-
ples. The reaction temperature was increased linearly to 800 oC at
a rate of 5 oC/min. The hydrogen consumption was monitored using
a thermal conductivity detector (TCD).

Raman spectroscopy measurements were carried out on a Thermo
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Scientific DXR Raman microscope using a green laser (=532
nm, maximum power 10 mW) with a spot diameter of 0.7m and
a pinhole aperture of 50m. The wavenumber values were meas-
ured over the range 100-3,200 cm1 with an average of two scans.
The intensity and position were achieved by Lorentzian fitting model
[33].

Transmission electronic microscopy (TEM) analysis was per-
formed on a JEM-2100 microscope operating at 200 kV to deter-
min the morphology structure of the samples. Prior to tests, the
sample powder was dispersed in ethanol solution by an ultrasonic
technique. Then, the resulting suspension was deposited on a cop-
per grid coated with a porous carbon film and the grid was placed
in ambient air for ethanol evaporation.
4. Catalytic Tests

DRE reaction was conducted in a continuous-flow fixed-bed
reactor. 100 mg catalyst (40-60 mesh) were mounted in the reac-
tor and sandwiched between two layers of quartz wool. The cata-
lyst was then reduced under 5% H2/N2 mixture (40 mL·min1) at
500 oC for 1 h. The experimental parameters were as follows:
C2H5OH/CO2/N2=1/1/2 (molar ratio), the gas hourly space veloc-
ity (GHSV)=27,000 mL·g1 h1. The products were monitored by
online gas chromatography. H2, N2, CO, CH4 and CO2 were sepa-
rated using a packed column and analyzed using a thermal con-
ductivity detector (TCD). Acetaldehyde, acetone and ethanol were
separated using a capillary column and analyzed using a flame ion-
ization detector (FID).

Ethanol conversion (EC) was calculated based on:

EC (%)=[(CEtOH)in(CEtOH)out]/(CEtOH)in×100 (1)

with (CEtOH)in and (CEtOH)out referring to the inlet and outlet molar
flows of ethanol.

Molar concentrations of the products in the outlet gas were cal-
culated based on:

Sx(%)=(Mx)outlet/(Mi)outlet (2)

where (Mx)outlet is the moles of products (labeled as x) in the out-
let gas including H2, CO, CO2, CH4, acetaldehyde, acetone.

RESULTS AND DISCUSSION

1. Characterization
The physicochemical properties of the as-prepared catalysts are

listed in Table 1. The ICP results show that the actual content of
active metal was close to the nominal one, and the molar ratio of
Ce/Zr was also consistent with the targeted value. The result of
multi-BET indicated that the specific surface area of NiCeZr-P

was 24 m2/g. On the contrary, NiCeZr-N prepared by co-nanocast-
ing method was as high as 39 m2/g, and NiCeZr-N exhibited larger
pore volume and smaller pore diameter. The results obtained by
XRD depicted that NiCeZr-N had a smaller grain size, which nor-
mally led to better catalytic activity. This finding was in line with
the reported literature that co-nanocasting technique could inhibit
the aggregation of the particle during synthesis process. Indeed,
nanocasting technology might make use of the spatial limited prop-
erties of hard templates to restrict the aggregation of the particles
and achieve catalysts with small grain size and relatively high sur-
face area, thus improving catalyst activity.

The particle size and dispersion of catalysts could be also inferred
by TEM. As shown in Fig. 1, the relative particle size of NiCeZr-N
was smaller than that of NiCeZr-P, thereby indirectly suggesting its
higher dispersion. The results were consistent with the results of
XRD analysis.

Table 1. Physicochemical properties of the NiCeZr-P and NiCeZr-N

Catalyst XNi
a

(wt%)
Ce/Zra

(molar ratio)
SBET

b

(m2/g)
Vpore

b

(cm3/g)
Dpore

b

(nm)
Fresh DNi

c

(nm)
Used DNi

c

(nm)
NiCeZr-P 4.63 4.10 24 0.106 15.3 12.5 25.9
NiCeZr-N 4.88 3.97 39 0.157 14.9 --- <5 nm

aCalculated from ICP-AES analysis.
bMeasured by N2 adsorption-desorption.
cCalculated from the XRD patterns (Debye-Scherrer equation).

Fig. 1. TEM images of the fresh catalysts: (a)-(d) NiCeZr-N and (e)-
(h) NiCeZr-P.
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The survey spectra of the two samples are shown in Fig. 2. XPS
survey scan clearly confirmed the presence of elements Ni, Ce, Zr
and O in all cases. Fig. 2(a)-(d) demonstrates the chemical state of
surface Ni, Ce, Zr and O species in the reduced catalysts. As dis-
played in Fig. 2(a), the Ni0 species was noted on the reduced sam-
ples. However, for NiCeZr-N catalysts, the Ni0 species accounts for
a larger proportion of the catalysts. The observation of the NiO
species might be attributed to the reoxidation of the metallic Ni0
species due to the ex-situ reduction process. According to the peak
area formula, the proportion of Ni0 NiCeZr-N catalyst was ca. 58%,
while the proportion of Ni0 in the NiCeZr-P catalyst was only about
27%. This result might be explained by the fact that the strong Ni-
support interaction in NiCeZr-N sample could efficiently inhibit
the reoxidation of Ni0 sites.

The Ce 3d spectrum was composed of two multiplets (v and u)
corresponding to 3d5/2 and 3d3/2 core holes, respectively, for spin-
orbit splitting in Fig. 2(b) [34]. The binding energy peaks (denoted
as u''' (917.1 eV), u'' (907.3 eV), u (901.5 eV), v (883.0 eV), v'' (888.7
eV) and v''' (898.5 eV)) evidenced the presence of Ce4+ species. On
the other hand, the bands (denoted as u' (903.6 eV) and v' (885.4
eV)) corresponded to the Ce3+ sites, which was consistent with the
results reported in the literature [34,35]. It was well known that the
more Ce3+ in the composition, the more defects formed in CeO2

framestructure, which would be conducive to the formation of
oxygen vacancies in the catalyst.

Therefore, by calculating the relative ratio of Ce4+ and Ce3+, the
relative concentration of oxygen vacancy in the catalyst was ob-
tained [36]. Results indicated that NiCeZr-N catalyst (22.5% con-
tained more oxygen vacancies) than the value of NiCeZr-P cata-
lyst (16.1%), which can effectively improve the catalyst activity.

Fig. 2(c) shows the XPS spectra of Zr 3d on NiCeZr-P and
NiCeZr-N catalysts, respectively. The characteristic peak at 182.5
eV was attributed to Zr 3d [35].

Fig. 2(d) shows the O1s XPS spectra of NiCeZr-P and NiCeZr-
N catalysts, respectively. Particularly, the O1s curve fitting indicated
that the two peaks (528.5 eV and 529.8 eV) were, respectively, at-
tributed to lattice oxygen and chemisorbed oxygen [37]. This mobile
lattice oxygen species could promote the activation of C-H bonds.

The XRD pattern of the fresh catalysts is presented in Fig. 3.
XRD standard spectra of NiO and CeO2 phases are aslo listed in
Fig. 3, which is convenient for the analysis of XRD spectra. The

Fig. 2. XPS spectra of reduced catalysts: (s) NiCeZr-N and NiCeZr-P; (a) Ni 2p; (b) Ce 3d; (c) Zr 3d and (d) O 1s.

Fig. 3. XRD patterns of the fresh NiCeZr-P and NiCeZr-N.
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peaks at 28.6o, 33.1o, 47.5o, 56.4o, 59.1o and 69.5o were assigned to
the diffraction bands of CeO2 (JCPDS 34-0394). Noticeably, it was
observed that peak position was slightly shifted to a large angle in
comparison to the pure CeO2, indicating that the addition of Zr
caused a slight effect on the lattice size of CeO2. Weak peaks at
37.2o, 43.3o and 62.9o corresponding to NiO species (JCPDS 47-
1049) were noted in NiCeZr-P sample. However, these small peaks
were not observed in NiCeZr-N. The result indicated that the co-
nanocasting method ensured the active metal with the relatively
higher dispersion.

H2-TPR profiles of NiCeZr-P and NiCeZr-N are shown in Fig.
4. For NiCeZr-N, the peak at 412 oC was attributed to the reduc-
tion peak of the NiO particles [38]. The peak at position 568 oC
was considered to be the reduction peak of surface CeO2; and the
peak above 700 oC might correspond to the reduction peak of the
bulk CeO2, which was difficult to be reduced to Ce3+ species at
low temperature [39]. Interestingly, the intensity of the reduction
peak for NiCeZr-N catalyst at about 560 oC was stronger than that
of NiCeZr-P, indicating that more CeO2 was reduced in NiCeZr-
N, thereby with the higher oxygen storage capacity. Because ZrO2

was difficult to be reduced under 900 oC conditions, there was no
reduction peak of ZrO2 in the figure [40]. Compared with NiCeZr-
P, the reduction peak of NiCeZr-N shifted to the lower tempera-
ture at about 400 oC, indicating that NiO particle size in NiCeZr-N
was smaller and easier to be reduced.

The calculated H2 consumption based on standard CuO method
was as follows: NiCeZr-P (0.98 mmol/g)<NiCeZr-N (1.70 mmol/
g). Combined with the ICP analysis results, the actual hydrogen
consumption of the two catalysts exceeded the theoretical hydro-
gen consumption required to reduce NiO oxide to Ni0. The excess
hydrogen might be attributed to the reduction of CeO2. The reduc-
tion degree of CeO2 was then calculated to depict the formed Ce3+

species in CeO2 oxide. For NiCeZr-N catalyst, the extra hydrogen
further reduced CeO2 to CeO1.88. In the NiCeZr-P catalyst, CeO2

was reduced to CeO1.97. The results indicated that more Ce4+ sites
in NiCeZr-N were reduced into Ce3+ species compared to the value
of NiCeZr-P sample. Generally, the number of Ce3+ sites was some-

how correlated with the O vacancies. Indeed, additional O defects
were necessary to guarantee electrical neutrality, suggesting that Ce3+

ions facilitated the existence of oxygen vacancies. H2-TPR results
indirectly evidenced the existence of more oxygen defects in NiCeZr-
N catalyst. Apart from this, oxygen defects were favorable for the
adsorption/activation of CO2 to form the active O species, which
was favorable to improve the catalyst activity and stability in dry
reforming process. In addition, it accelerated the diffusion of bulk
oxygen to CeO2 surface and the surface transfer of O species, which
was favorable for the in-situ elimination of the carbon over the cat-
alyst surface. Therefore, Ce3+-riched sample might possess better
catalytic performance for ethanol dry reforming.

Fig. 5 shows the Raman spectra of the synthesized catalysts. In
all cases, a characteristic peak at 464 cm1 was assigned to CeO2

with fluorite structure [41]. Moreover, compared with pure CeO2,
the position of the absorption peak shifted to the higher region,
which was probably due to the change of lattice structure during
the formation of CeZr solid solution. Particularly, another band at
ca. 633 cm1 corresponded to the asymmetric vibration of oxygen
vacancies in the catalyst, which evidenced the formation of defects
in the crystal structures of NiCeZ-P and NiCeZr-N [42]. No obvi-
ous peak related to NiO was noted in the Raman spectra of all
samples. This could be explained by the fact that the Raman dif-
fuse reflection of NiO was too weak to be detected at this scale
[43]. According to the literature [42], the relative concentration of
oxygen vacancies on catalyst was usually calculated by the peak
area ratio at 547 cm1 and 460 cm1 (A547/A460). The obtained value
for NiCeZr-N (0.067) was higher than the value of NiCeZr-P (0.051).
Hence, the results revealed that NiCeZr-N can provide more oxy-
gen defect sites, thereby enhancing the catalyst activity. Compared
with CeZr support, a slight change of the weak band at 260 cm1

occurred. It might be related to crystal defects due to the incorpo-
ration of Ni species into CeO2 lattice [39].

Generally, the peaks at ca. 1,172 and 1,157 cm1 were ascribed
to the primary asymmetry of CeO2. The weak band at 221 cm1

corresponded to the asymmetric vibrations due to the formation
of oxygen vacancies [44].

Fig. 4. H2-TPR profiles of fresh NiCeZr-P and NiCeZr-N. Fig. 5. Raman spectra of the fresh NiCeZr-P and NiCeZr-N.
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2. Catalytic Tests
The performance of two catalysts in DRE reaction at different

temperatures is illustrated in Fig. 6. As depicted in Fig. 6(a), etha-
nol conversion in all cases increased upon increasing reaction tem-
perature, while the ethanol conversion rate on NiCeZr-N was always
higher than that on NiCeZr-P before 650 oC. Upon heating to 700 oC,
ethanol was completely converted, while it was only 750 oC for
NiCeZr-P catalyst.

At below 550 oC, the calculated CO2 conversion was always a
negative value, indicating that the decomposition of ethanol into
CO2 might occur. With further increasing temperature to 750 oC,
CO2 conversion of NiCeZr-N and NiCeZr-P increased to 65.3%
and 49.9%, respectively.

With respect to H2 selectivity (Fig. 6(b)), both catalysts first in-
creased with the maximum value at 600 oC and then decreased at
the higher temperature. The observed decline explained the occur-
rence of the reverse water gas shift reaction (CO2+H2CO+H2O)
[1,17]. This was further evidenced by the increase of the CO selec-
tivity at higher temperature.

Fig. 6(c) shows the concentrations of the by-products (C3H6O
and CH4). In the case of C3H6O, its formation was obviously pre-
vented at higher temperature. For NiCeZr-N sample, methane selec-
tivity also declined with increasing temperature. This may have
been due to the occurrence of methane dry reforming (CH4+CO2

2CO+2H2), which is favorable at higher temperature.
However, the drastic increase of methane at above 650 oC indi-

rectly depicted that NiCeZr-P catalyst exhibited limited activity for
methane dry reforming.

The ratio of H2/CO at different temperature is also shown in
Fig. 6(d). It can be seen that the value of H2/CO was close to 1.1 at
650 oC, which basically meets the requirements of the ratio of H2

to CO for Fischer-Tropsch synthesis. On the whole, the fluctua-
tion range of H2/CO value of NiCeZr-N was smaller, thereby sug-
gesting that NiCeZr-N was more suitable than NiCeZr-P to syn-
thesize the feedstocks for Fischer-Tropsch process.

For a clear comparison, some reported catalysts for DRE are
summarized in Table S1. Among them, NiCeZr-N catalyst (5%Ni/
CeZrO2, co-nanocasting) had higher ethanol conversion compared
with the other transition metal based catalysts such as 3%Ce-10%
Ni/Al2O3, 10% Ni/Al2O3, 3%La-10%Co/Al2O3. Moreover, NiCeZr-N
catalyst exhibited comparable activity with the noble-based catalysts
(1% Rh/CeO2 and 2% Ir/CeO2). Hence, NiCeZr-N catalyst might
be one of the promising alternatives for ethanol dry reforming.

The stability results of the as-prepared catalysts at 600 oC for 40 h
in Fig. 7 indicate that ethanol conversion of NiCeZr-N sample was
still maintained during 40 h of reaction, indicating that co-nano-
casting method with activated carbon as hard template could im-
prove the ability of the catalyst to resist carbon deposition and effec-

Fig. 6. Effect of reaction temperature on the product distribution for DRE over NiCeZr-P and NiCeZr-N. Reaction conditions: Ethanol/
CO2=1/1; GHSV=27,000 mL·g1·h1.
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tively alleviate the sintering of the active component even under
serious reaction conditions. However, ethanol conversion for NiCeZr-
P catalyst decreased rapidly after a period of reaction, and the con-
version value declined to ca. 40% after 40 h of reaction, indicating
its unsatisfactory stability.
3. Characterization of Spent Catalyst

Fig. 8 shows TEM image of the spent catalysts (NiCeZr-P and
NiCeZr-N). After the reaction at 600 oC for 40 h, the particle sizes
of NiCeZr-P catalyst increased obviously, and meanwhile serious
carbon deposition occured. In terms of morphology, carbon depo-
sition mainly consisted of fibrous carbon and a type of encapsulated
coke [43]. Note that the encapsulated carbon in NiCeZr-P sample,
which was more harmful for catalyst activity, covered most of the
catalyst surface. On the other hand, NiCeZr-N catalyst had strong
oxygen atom supply capacity, which can effectively eliminate car-
bon accumulation during the reaction process. Therefore, NiCeZr-
N catalyst can maintain stable activity.

As presented in Fig. 9, carbon peaks attributed to Graphite-2H
(JCPDS 41-1487) appeared at around 26.4o [42,43]. It can be seen
that the smaller peaks for NiO are observed for NiCeZr-N (<5nm).

On the contrary, the crystal particle size of the aged NiCeZr-P cat-
alyst remarkably increased to 25.9 nm. The results showed that the
catalysts agglomerated to some extent after the stability tests, and
the particle size of the active metal increased.

Raman spectra of the used catalysts are shown in Fig. 10. The
three peaks at ca. 1,340, 1,582 and 2,686 cm1, respectively, repre-
sented the characteristic peaks of carbon materials with different
structure [44,45]. The G band at 1,582 cm1 can indicate the pres-
ence of carbon deposition with an ordered structure (sp2 net-
work). Generally, this type of coke led to catalyst deactivation.
However, D band at about 1,340 cm1 revealed the formation of
the amorphous carbon with low crystalline, which had the less
impact on catalyst activity. Note that the peak at 2,686 cm1 was
assigned to an octave peak of 1,340 cm1, thereby the spectral band
here was commonly called 2D band [45]. Moreover, Raman band
at about 2,929 cm1 was probably attributed to the combination of
D band and G band [44].

In previous studies, the ratio of peak area of the D band and the

Fig. 7. Stability test for DRE reaction at 600 oC; Reaction conditions:
Ethanol/CO2=1/1; GHSV=27,000 mL·g1·h1.

Fig. 8. TEM images of the the spent cayalysts: (a), (b) NiCeZr-N and
(c), (d) NiCeZr-P.

Fig. 10. Raman spectra of the used NiCeZr-P and NiCeZr-N.

Fig. 9. XRD patterns of the spent NiCeZr-P and NiCeZr-N.
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G band (ID/IG) was calculated to define the degree of carbon crys-
tallization in the catalyst, thus further representing the degree of
carbon deposition. The calculated IG/ID values obeyed the follow-
ing rank: NiCeZr-P (0.70)>NiCeZr-N (0.54). Therefore, it can be
seen that the surface of NiCeZr-P was covered by more carbon
deposition, resulting in its rapid deactivation.

CONCLUSION

The experimental results revealed that NiCeZr-N catalyst pre-
pared by co-nanocasting method exhibited better activity and sta-
bility in comparison with NiCeZr-P synthesized by the conventional
co-precipitation method. Typically, co-nanocasting method can
effectively reduce the size of the active metal, thereby increasing its
dispersion. On the other hand, these positive factors could effec-
tively alleviate coke deposition and the sintering of active metal
during a reaction. Herein, the catalyst prepared by co-nanocasting
method showed a potential application in syngas production from
ethanol dry reforming.
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Table S1. Some typical catalysts designed for ethanol dry reforming
Catalyst CO2/Ethanol XE (%) H2/CO Reference

5%Ni/CeZrO2(Co-nanocasting) 1 70-100 0.8-1.4 This work
X% nano-NiO/SiO2-Al2O3

(X=5, 7, 10, 15)
0.5-2 37-100 - 0[1]

1% Rh/CeO2 0-3 58-100 0.6-1.6 0[2]
2% Ir/CeO2 1 62-100 - 0[3]
10% Ni/Al2O3 3 100 - 0[4]
5% Ni/S (S: Al2O3, CeO2, MgO, ZrO2) 1-1.5 80-100 - 0[5]
3% Ce-10% Ni/Al2O3

10% Ni/Al2O3

0.4-2.5 11-44 1.1-1.7 0[6]

10% Ni/Al2O3

3% La/Al2O3

3% La-10% Ni/Al2O3

0.4-2.5 12-72 1.1-2.3 0[7]

15% Cu/Ce0.8Zr0.2O2 and Ce0.8Zr0.2O2 1 50-100 1.08-1.15 0[8]
15% Cu/S (S=ZrO2, CeO2, CeO2-ZrO2) 1 44-100 1.0-1.6 0[9]
3% Ce-and 3% La-10%Cu/Al2O3 1 31-88 1.46-1.91 [10]
3%La-10%Co/Al2O3

10% Co/Al2O3

0.4-2.5 22-56 - [11]

10% Co/Al2O3

3% La-10% Co/Al2O3

1 30-78 1-1.3 [12]



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


