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ARTICLE INFO ABSTRACT

Keywords: We reported herein the synthesis in high yields (> 97%) of CeoSmg 105.5 nanowires displaying well-defined
Ni/Ceg.9Smg 102.5 nanowires shape, size, and composition by a simple, fast, and low-cost two-step hydrothermal method. The Cey 9Smg 1025
Ethanol steam reforming nanowires synthesis was followed by the wet impregnation of Ni without the utilization of any stabilizing agent.

Hydrogen production
Nanostructured catalyst
Controlled and superior properties

The Ni/Ceg 9Smg 10,5 nanowires showed higher surface area, high concentration of oxygen vacancies at surface,
and finely dispersed Ni particles with significantly higher metallic surface area as compared with catalysts
prepared from commercial materials with similar compositions. Such unique and improved properties are re-
flected on the catalytic performance of the Ni/Ceg ¢Smg 105.5 nanowires towards ethanol steam reforming. The
nanowires exhibited high yields for hydrogen production (~60% of selectivity) and an exceptional stability with
no loss of activity after 192 h of reaction at 550 °C. The reported results provide insights and can inspire high-
yield production of nanostructured catalysts displaying controlled and superior properties that enable practical
applications in heterogeneous catalysis.

1. Introduction well-developed infrastructure for both production and distribution in
countries such as USA and Brazil [1]. Ethanol is a well established
Biomass derived ethanol is an available and efficient fuel with a biofuel for combustion engines and, more recently, increasing attention
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has been given to the use of ethanol in fuel cells and as a renewable
source for hydrogen production [2-4]. In order to supply the global
demand for hydrogen (Hs), the steam reforming of hydrocarbons (such
as methane) using mostly nickel-based catalysts has been widely em-
ployed [4-10]. However, the increased demand for more sustainable
and greener methods has ramped up ethanol steam reforming because
of the large availability, relatively low cost, and superior reactivity of
ethanol as compared to methane [11-13].

Due to the reaction mechanism, noble metals such as Rh would be
the best catalysts for ethanol steam reforming, but their high costs has
shifted the attention to nickel and cobalt-based catalysts [14]. Such
transition metals show high activities toward ethanol steam reforming,
but suffer from strong deactivation because the extensive carbon de-
position [15]. Thus, in order to overcome this limitation, many catalysts
based on Ni and Co and metal oxides have been developed, which
proved to be the most promising candidates in terms of activity and
selectivity to Hy [15-20].

Concerning the support, cerium oxide (CeO,) has demonstrated to
be the one of the best options for improving ethanol steam reforming.
More specifically, CeO, presents an unique intrinsic oxygen storage
capability and oxygen mobility at its surface due to the presence of
Ce®* and Ce** ions, which are essential to prevent deposition of
carbon compounds that deactivate the employed catalysts. [21-24]
Previous studies have demonstrated that these exceptional properties
can be significantly enhanced by doping CeO- catalysts with rare-earth
oxides (samarium, gadolinium, lanthanium, among others), leading to
non-stoichiometric compounds displaying even higher oxygen storage
capability and oxygen mobility at their surface [20,24-28]. The
synthesis of CeO,-based materials displaying controlled properties
(size, shape, and composition) is considered as an excellent strategy for
the enhancement of their catalytic performances. [29-32] In the past
few years, great developments linking the nanostructure of CeO, sup-
ports with catalytic performance. In this context, one-dimensional CeO,
nanostructured materials have received a tremendous amount of at-
tention due to their unique properties derived from low dimensionality
and high surface area [33].

In this present study, we demonstrated the high-yield synthesis of
samarium-doped ceria nanowires as a novel catalyst support displaying
outstanding performances towards ethanol steam reforming. Due to the
high specific surface area, small thickness, and high concentration of
oxygen vacancies of the Sm doped-ceria nanowires, Ni/Cey oSmg 1045
catalysts displayed improved performance towards the ethanol steam
reforming compared to their analogue catalysts prepared from com-
mercial doped-ceria. Furthermore, this nanostructured catalyst dis-
played outstanding long-term stability under practical conditions of a
typical steam reforming system.

2. Experimental
2.1. Materials and instrumentation

Analytical grade cerium (III) nitrate hexahydrate (Ce(NO3)36H>0,
99.5%, Sigma-Aldrich), samarium (III) nitrate hexahydrate (Sm
(NO3)3'6H,0, 99.5%, Sigma-Aldrich), sodium hydroxide (NaOH, 99%,
Sigma-Aldrich), nickel (II) nitrate hexahydrate (Ni(NO3),6H>0, 99.5%,
Sigma-Aldrich), cerium (IV) oxide (CeO,, 99.9%, Sigma-Aldrich), sa-
marium (III) oxide (Smy03, 99.9%, Sigma-Aldrich), and ethanol
(C2HgO, 99.5%, Sigma-Aldrich), were used as received.

Scanning electron microscopy (SEM) images were obtained using a
JEOL field emission gun microscope JSM 6330F operated at 5kV.
Samples were prepared by drop-casting an aqueous suspension con-
taining the nanostructures over a silicon wafer, followed by drying
under ambient conditions. The high-resolution transmission electron
microscopy (HRTEM) images were obtained with a Tecnai FEI G20
microscope operated at 200 kV. Samples for HRTEM, were prepared by
drop-casting an aqueous suspension of the materials over a carbon-
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coated copper grid, followed by drying under ambient conditions. The
Ni weight percentages were measured by inductively coupled plasma
optical emission spectrometry (ICP-OES) using a Spectro Arcos equip-
ment. Specific surface areas were determined by the Brunauer-Emmett-
Teller equation (BET method) using a Quantachrome ChemBET-Pulsar
instrument equipped with a thermal conductivity detector. Typically,
0.05 g of a catalyst was pretreated with He flow at 400 °C for 4h and
then cooled down to room temperature. Temperature-programmed re-
duction with hydrogen (H,-TPR) and CO-chemisorption studies were
carried out in the Quantachrome ChemBET-Pulsar instrument equipped
with a thermal conductivity detector. Typically, 0.05 g of a catalyst was
pretreated with He flow at 120 °C for 1 h and then cooled down to room
temperature. The TPR profiles were obtained between 50 and 1100 °C
in a flow of 10% H,/N,, the temperature increasing linearly at a rate of
10°Cmin~!. The CO chemisorption data and carbon monoxide tem-
perature-programmed desorption profiles (CO-TPD) were carried out
on both fresh and spent catalysts. The CeSm-based samples without
addition of Ni were also analyzed for comparison to ensure that only Ni
is able to adsorb CO under the conditions used. Thus, the experiments
were performed by CO pulse chemisorption at 50 °C using pulses of 5%
CO in He. Prior to the chemisorption, 0.05g of the catalyst was pre-
treated at 450 °C under a 10% H,/N, flow, the temperature increased
linearly at a rate of 10 °Cmin~ "' and kept at 450 °C for 1h, and then
cooled down to 50 °C. Sequentially, temperature programed desorption
was performed by heating in a stream of He at 75 mL min~ ! between 50
and 1100 °C with heating rate of 10°Cmin~'. The X-ray diffraction
(XRD) data were obtained using a Rigaku-Miniflex II equipment and Cu
K-alpha radiation. The diffraction patterns were measured in the range
of 20 — 90° 26 with a 1° min~! angular speed scan. Thermogravimetric
(TGA) measurements were carried out using a Setaram-LabSys equip-
ment in the 25-1000 °C temperature range using a heating rate of
5°Cmin ! under nitrogen flow. Raman spectra were collected using a
in a Renishaw InVia Reflex coupled to a Leica DM 2500 M microscope
and a CCD detector. The laser excitations used were 632.8 nm (He/Ne
source) and the objective was a 50 X objective (NA = 0.9). X-ray
photoelectron spectroscopy (XPS) data of the samples was obtained
with an SPECSLAB II (Phoibos-Hsa 3500 150, 9 channeltrons) SPECS
spectrometer, with Al Ka source (E = 1486.6 eV) operating at 12kV,
pass energy (Epass) = 40 eV, 0.1 eV energy step and acquisition time of
1 s per point. The samples were placed on stainless steel sample-holders
and were transferred under inert atmosphere to the XPS pre-chamber
and held there for 2h in a vacuum atmosphere. The residual pressure
inside the analysis chamber was ~1 x 10~ Torr. The binding energies
(BE) of the Ce 3d and O 1s spectral peaks were referenced to the C 1s
peak, at 284.5eV, providing accuracy within + 0.2eV. The oxygen
vacancies or surface oxygen were estimated by deconvolution of the O
(1s) peak into three spectral contributions: the low binding energy peak
(529.9-529.5 eV) ascribed to lattice oxygen O;, the medium binding
energy peak (532.0-531.4 eV) assigned to oxygen vacancies or surface
oxygen ions Ogs and the high binding energy peak at 533.9 ev associated
with adsorbed molecular water Oy. The percentage in surface of the
different oxygen species was obtained by the Gaussian peak fit proce-
dure according to the software supplied by CasaXPS.

2.2. Synthesis of Ni/Cey.oSmy ;02 s nanowires

The first step was the synthesis of the Cey 9Smg 10, 5 nanowires by a
hydrothermal method [34]. Typically, 19.6 g of NaOH were dissolved
in 35 mL of deionized water and then transferred to a 100 mL Teflon-
lined stainless steel autoclave. Then, 6.25g of Ce(NO3)36H,O and
0.71 g of Sm(NO3)36H,0 dissolved in 5mL of deionized water were
gradualy added to the NaOH solution under vigorous magnetic stirring.
The autoclave was heated at 110 °C for 24 h and then allowed to cool
down to room temperature. Synthesis of pure CeO, and Sm»0O3 nano-
wires for comparison was carried out following the same protocol. For
such materials, 6.95 g of Ce(NO3)3-6H,0 and 7.11 g of Sm(NO3)36H,0
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were employed, respectively. After their synthesis, the products were
collected by centrifugation and washed five times with water (40 mL)
and three times with ethanol (40 mL) by successive rounds of cen-
trifugation and removal of the supernatant. The as prepared materials
were then dried at 120 °C for 2 h in air. The incorporation of Ni (1 wt%)
onto the obtained nanowires was performed using a wet impregnation
approach [35]. Typically, 6.88 mL of a Ni(NO3),-6H,0 aqueous solution
(25 mM) was added to a beaker containing 1g of the respective nano-
wire and 30 mL of water. The resulting mixture was sonicated at room
temperature for 30 min and then stirred at 70 °C until dryness under
magnetic stirring. Finally, the resulting product was dried at 120 °C for
2h under air and calcined at 450°C for 2h with heating rate of
10°Cmin~'. This temperarute was determined based on the TGA
analysis (Fig. S1), in which no significant weight loss was observed with
increasing temperature.

2.3. Catalytic experiments: Ethanol steam reforming

Catalytic experiments were carried out at atmospheric pressure in a
fixed-bed quartz tubular reactor, 5 mm of inner diameter, packed with
100 mg of catalyst placed in a vertical oven equipped with a thermo-
couple for the control of temperature. Prior to reaction, the catalysts
were heat-treated under hydrogen at 450 °C for 1 h with a flow rate of
30 mLmin~!. Water and ethanol were fed into the reactor using a
system with two saturators to obtain a H,O/CH3CH,OH molar
ratio = 3. Nitrogen was used as carrier gas at a total flow rate of
20 mL min "~ . Herein, the residence time and gas hourly space velocity
corresponded to 0.59s and 6115h ™7, respectively. The reactants and
the reaction products were analyzed by gas chromatograph (Agilent
7890A), equipped with a thermal conductivity detector (TCD) and a
flame ionization detector (FID) connected in series.

The catalytic performances were evaluated by the profiles of con-
version of ethanol (Cchscroon) and selectivity for the obtained products
as function of the reaction time: hydrogen (Sy»), carbon dioxide (Scoo),
carbon monoxide (Sco), methane (SCH4), acetone (SCHS(CO)CH3)5 acet-
aldehyde (Scuscno), and ethene (Scop4), which were calculated by the
Egs. (1)-(8) as follows [36]. In addition, Eq. (9) shows an unique
general formula to determine the selectivity of C-products.

(mOICHa CHy OH,in_mOZCHg CH,OH,out )

Cerscmyon [%] = X 100
mOICH3CH20H,in (€8}
l,/6
St [%] = (mol./6) x 100
(mOICHgCH20H,in_mOlCH3CH20H.0ul) 2)
lco,/2
Sco, [%] = (moloo,/2) x 100
(molcrs ey om,in—MOlcH; cry 0H out ) 3
Scol%] = (molco/2) x 100
(molcrscr,om,in—MOlcH; cy 0H out ) (€))
molco,/(2
Ser; [%] = (molooy/(2)) x 100
(mol e cm, 0H,in—MOl e cry 08 out) (5)
(mOlC03(CO)CH3/(§))
Scrs(coycns [%] = x 100
scocts (molcps ey om,in—MOl ks chy 0H out) 6)
mol
Sencrol%] = (molcrcro) % 100
(molcs ey om,in—MOlcH; cry 0H out ) )
mol
Sy [%] = (molcyrs) x 100
(molcr, e om,in—mOlcr; cry 0, 0ut) (8)
(molx/(%))
Sy [%] = x 100
(molcrs ey om,in—MOl e cHy 0H out ) (©)]

where X represents the formed carbon-based products (CO,, CO, CHy,
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C,H,4, CH3CHO, and CH3COCH3) and C is the number of carbon atoms
in these respective species.

3. Results and discussion

The first step was the synthesis of the catalyst, which is based on Ni
supported CepoSmg ;025 nanowires. The synthesis of the nickel-sup-
ported Cey oSmg ;055 nanowires can be divided in a two-step approach,
as depicted in the Fig. S2. In the first step, CepoSmg 1055 nanowires
displaying well-defined sizes and shapes were obtained (SEM, HRTEM,
and STEM-EDX images are shown in Fig. S3). Herein, we were inspired
by a simple and robust hydrothermal method previously employed for
the fabrication of CeO5 nanowires [37]. In this case, we performed the
doping of the CeO, matrix with a rare earth cation (Sm®*) during the
synthesis by simply mixing their respective precursor salts into a unique
aqueous solution. The formation of a CeO structure containing the Sm
atoms homogeneously distributed was promoted upon contact with the
alkaline solution under vigorous stirring. The doping of CeO, matrix
was performed using the atomic proportion of 9:1 between Ce and Sm,
respectively, and can described by following chemical Egs. (10) and
(11) [38]:

0.9Ce(ry + 0.1Smgky + 3.90Hg, + XH,O — 0.9Ce(OH )4xH, O

+ 0.1Sm (OH);.xH, Oy (10)
OQCe(OH)4tzO(S) + OISm(OH)3xHZO(S) - Ceogsmo_loz_g(s)
+ xH, O(g) an

The obtained CegoSmg 0,5 nanowires were 12.6 = 2.2nm in
width and could be synthesized in high yields (> 97%), which led to
the formation of ~ 2.8 g of nanowires. Phase-contrasted HRTEM images
indicated that the Cey 9Smg ;055 nanowires were single-crystalline with
~0.32nm lattice spacings assigned to the growth direction along the
[110] axis (Fig. S3C), in agreement with structure of the CeO, struc-
ture [37,39,40]. Moerover, energy dispersive X-ray spectroscopy
(STEM-EDX) mapping (Fig. S3D-E) confirmed that both Ce and Sm are
uniformly distributed over the entire extension of the nanowires, in-
dicating that our first goal was successfully achieved. For comparison,
we also prepared pure CeO, and Sm,03 nanowires using the same hy-
drothermal method, and SEM, HRTEM, and STEM images are shown in
Fig. S3A-D.

In the second step, the obtained Ceg 9Smg 10, 5 nanowires were used
as a high-surface area support for the incorporation of nickel aimed at
ethanol steam reforming reaction [13]. Ni was added by a wet im-
pregnation route, which is an effective procedure to high metallic dis-
persion if many steps of preparation are controlled. Such route was
previously demonstrated as an effective procedure for the fabrication of
supported catalysts displaying uniform dispersion of the metallic phase
over the ceramic support surface [23,35,41,42]. By following this im-
pregnation route, Ni/Ceg ¢Smg 1055 nanowire catalysts with Ni loading
corresponding to 1wt% (confirmed by the ICP-OES analysis) were
prepared. As depicted in the Fig. 1A-C, no changes in the morphology
or agglomeration of the Cey oSmg ;055 nanowires were observed after
Ni impregnation, indicating the robustness of this support. As revealed
by SEM and HRTEM images, the formation of Ni NPs at the surface of
the nanowires could not be detected. Interestingly, in STEM-EDX
images (Fig. 1D-G), nickel apperared to be uniformly distributed over
the entire structure. This feature can be associated with the high surface
area of the CegoSmg 1055 nanowires support, which provide a large
number of nucleation sites for the metallic nanoparticles, and a careful
experimental control during impregnation. The efficient sonication step
and the slow solvent evaporation at low temperatures (usually < 80 °C)
are important for an efficient impregnation of Ni over the nanowires
[43]. Thus, finely dispersed nanoparticles were anchored to the surface
of nanowires and, consequently, a uniform coating of the support was
promoted. Such properties maximize the available metallic surface area
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Fig. 1. (A) SEM, (B-C) HRTEM, and (D-G) STEM-EDX images of Ni/Ceg 9Smg ;0.5 nanowires obtained by a hydrothermal method followed by the wet impregnation
of Ni. (H) X-ray diffraction patterns and (I) Raman spectra for the obtained CeO,, Ceg 9Smg 1025, and Ni/Cey 9Smg 10,5 nanowires.

and are essential for high-performance catalysts.

In order to better understand the effect of the nanowires, Ni-based
catalysts were prepared using different supports. The addition of Ni
(1 wt%) was carried out over both CeO, and Sm,0O3; nanowires, and
commercial CeO, and Sm,03 samples for comparison. Chemical ana-
lysis by EDX spectra (Fig. S4) showed that all samples have composi-
tions very similar to the nominal ones.

Fig. S5 depicts the CO-TPD profiles for all prepared nickel-based
catalysts. In all cases, when nickel was supported onto the surface of
nanowires (black traces), the CO-TPD profiles presented better-defined
peaks with less intense shoulders. Such a feature indicates similar levels
of reactivity of the Ni species, in agreement with the formation of well-
defined catalysts displaying a controlled structure (support and active
phase) [44-46]. On the other hand, for the catalysts based on com-
mercial supports (red traces), multiple peaks at different temperatures
were observed indicating different reactivities among the Ni sites,
which indicates more heterogeneous nanomaterials [44-46].

The specific and metallic surface area were measured by BET and
CO chemisorption analyses, respectively, and listed in Table 1. Herein,
specific surface area values obtained for the nanowires were much

Table 1

higher than those of catalysts prepared from commercial materials, in
agreement with the formation of uniform nano-structured materials
[47]. Interestingly, metallic (Ni) surface area were higher for the na-
nowires than that for the catalysts prepared from commercial materials,
a feature possibly related to the well-defined morphology of the na-
nowire supports [48]. The formation of Ni/CeyoSmg ;0,5 nanowire
catalyst was supported by X-ray diffraction (Fig. 1H) and Raman
spectroscopy (Fig. 1I). The complete XRD data set for all produced
catalysts is shown in the Fig. S6. Both nanowires and particles of
commercial ceria samples exhibited similar XRD patterns indicating
that the nanowire synthesis resulted in single-phase crystalline mate-
rials. However, it can be observed that the XRD patterns for nanowires
exhibited broader peaks as compared with their counterparts with the
same composition, indicating the smaller crystallite size of nanowires
[24]. The XRD patterns of the Ceg 9Smg 1025 nanowires are similar to
that of CeO,, nanowires (Fig. 1H). However, slight shifts were observed
in all diffraction angles of the Sm-doped samples indicating that the
dopant was incorporated in the fluorite lattice, similarly to previously
reported results of doped-ceria materials [49]. No diffraction peaks
related to Sm-based species were observed, confirming the the

Surface properties of the obtained catalysts measured by N, physisorption and CO chemisorption.

Sample Surface area (m? g~ ! catalyst) Metallic area (umol g~ * metal)
Nanowires Commercial Increase (folds) Nanowires Commercial Increase (folds)

CeOy 87.2 9.2 9.5 - - -
Sm,03 54.5 7.9 6.9 - - -
Cep.oSmp 1025 98.4 119 8.3 - - -
Ni/CeO» 85.0 8.7 9.8 16.28 6.80 2.4
Ni/Sm,03 52.5 7.8 6.7 16.33 6.98 2.3
Ni/Cep.oSmg 1055 88.7 9.6 9.2 18.20 6.01 3.0
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formation of a solid solution [49]. The XRD data showed no diffraction
peaks related to Ni-based species, probably because both the low
loading and fine distribution of the metal in the Ceq ¢Smg 1025 (1 Wt%)
nanowires.

Raman spectra for the CeO,, Cep.oSmg 1045, and Ni/Ceg oSmg 1025
nanowires confirmed the main features of XRD analysis (Fig. 1I)
[24,50]. The Raman profile of both the CeO, and the Sm-doped ceria
structures were similar, and no peaks associated with Sm-based species
were observed. CepoSmg ;055 nanowires displayed an intense peak
centered at 453 cm ™! associated with oxygen atoms around Ce*™* ions
whereas Ni/Cep9Smg 1025 nanowires presented additional peaks at
520, 641, and 780 cm ™! related to one-phonon, two-phonon, and two-
phonon scattering of the NiO structure, respectively [51]. Raman data
revealed additional features such as broad and intense peaks around
455cm ™! and a low intensity peak centered at 601 cm ™. Such peaks
were previously related to the formation of ceria nanomaterials having
relatively high concentration of oxygen vacancies in the fluorite
structure [24,50]. Such finding is very interesting for catalytic appli-
cations, specially for ethanol steam reforming in which the enrichment
of oxygen vacancies onto the catalysts surface prevents carbon species
deposition and, consequently, enhances catalyst stability. The genera-
tion of oxygen vacancies (Vo) with the addition of Sm®* species in the
structure of CeO, can be represented as indicated by Eq. (12), in which
a Sm-deped ceria structure (Sm’c.) is obtained together with molecular
oxygen (02) [52]:

25m3* S 2Sml, + Vor + %oz 12

The TPR profiles for the CeO,, Ceg oSmg 1055, and Ni/Ceg 9Smg 105.
s nanowires (Fig. S7) are in agreement with the Raman data. The CeO,
nanowires presented two broad and intense peaks centered at 655 and
958 °C that are assigned to the reduction of bulk and surface ceria
[24,53]. The addition of Sm in the structure of CeO, and Ni onto the
surface of the Cey oSmg ;055 nanowires shifted the reduction peaks to
lower temperatures indicating an increase in their reducibility proper-
ties and the enrichment of oxygen vacancies [18,54]. In the TPR profile
for the Ni/Ceg9Smg ;055 nanowires, the peak centered at 365 °C is
associated with the reduction of NiO to Ni [55]. The complete TPR data
for all produced catalysts are depicted in the Fig. S8. For all samples, it
can be observed that all the reduction peaks were shifted to lower
temperatures compared with their catalysts prepared from commercial
materials counterparts with the same composition, which also indicate
an increase in their reducibility properties and the enrichment of
oxygen vacancies [18,54].

In order to indentify surface composition and gain further insights
about the synthesized catalysts, X-ray photoelectron spectroscopy (XPS)
analyzes (Fig. 2 and Table 2) were performed. Fig. 2A shows the O 1s
XPS spectra of the CeO,, Cep.oSmg 1045, and Ni/Ceg oSmg 10, 5 nano-
wires. The XPS spectra showed three different surface oxygen species: i)
lattice oxygen (Op) with binding energy between 529.9 and 529.5eV,
ii) surface oxygen ions or oxygen vacancies (Os) with binding energy
532.0-531.4 eV, and adsorbed water (O,,) with binding energies around
533.9eV [56]. Interestingly, in agreement with both the Raman spec-
troscopy and TPR analyses, the O 1s XPS spectra showed that Sm
doping in the CeO, structure (leading to the formation of Ce ¢Smg 105.5
nanowires) followed by the addition of Ni (obtaining Ni/Ceg ¢Smg 1025
nanowires) generated a significant increase in percentage of oxygen
vacancies or surface oxygen ions at the nanowires surface. The values of
the percentage of oxygen vacancies or surface oxygen ions corre-
sponded to 57, 63, and 67% for the CeO,, Cep.oSmg 1025, and Ni/
Cep.9Smg 10,5 nanowires, respectively. In addition, the Ce 3d XPS
spectra for the nanowires (Fig. 2B) indicated the presence of both Ce®*
and Ce*™" species, which can be associated with different profiles: Ce®*
(Vo, v/, Up and w) and Ce** (v, v”, v, u, u”, and u”) [57,58]. Thus,
according with previous studies, u’ and u” are directly associated with
the concentration of Ce®>* and Ce*™ ions, respectively [57,58]. For all
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analyzed nanowires, the percentages of Ce>* and Ce** ions kept si-
milar, indicating that the enrichment of oxygen vacancies or oxygen
ions at the nanowires surface can be associated with the addition of
Sm®* ions (Fig. 2C) in order to maintain the electrostatic balance of the
CeO, lattice and also the formation of NiO in the case of Ni/
Cep.9Smg 10, 5 nanowires (Fig. 2D) [59,60]. Herein, XPS spectra of the
Ni/Cep.9Smg 1025 nanowires showed two peaks centered at binding
energies of 854.3and 859.9 eV, which correspond to NiO and its sa-
tellite, respectively [61].

Here, we can highlight the combination of exceptional properties
that make possible the application of the Ni/Ceg ¢Smg 10,5 nanowires
as an effective catalyst towards ethanol steam reforming and, possibly,
many other reactions: i) higher surface area (specially as compared to
samples with the same composition), ii) small thicknesses, iii) high
concentration of oxygen vacancies at the surface, and iv) fine dis-
tribution of Ni at the surface of the nanowires with superior metallic
surface area [24,56,62,63], Thus, following synthesis and character-
ization of nanowire catalysts, we turned our attention to the in-
vestigation of the catalytic performance towards the ethanol steam
reforming.

Initially, to optimize the catalytic performance of the Ni/
Ce(.9Smy 10,5 nanowires, especially concerning the H, production and
ethanol conversion, a series of experiments studing the ethanol con-
version and products distribution as a function of temperature (Fig.
S9A) and H,O/CH3CH>OH molar ratio (Fig. S9B) were performed to
compare the equilibrium values (24 h of reaction) obtained for each
condition. The complete profiles for temperature and H,O/CH;CH,OH
molar ratio studies are available in the Figs. S10 and S11, respectively.
Using the H,O/CH3CH,OH molar ratio = 3, which is the theoretical
stechiometric ratio, the ethanol is completely converted at 400 °C and
the H, production has a maximum peak at 550 °C. This result is in
agreement with previous studies that evidenced temperatures in the
range of 450-600 °C showed the best values for performances in terms
of both ethanol conversion and H, selectivity [55,64,65]. Thus, 550 °C
was fixed to further investigate the catalytic properties of the nanowire
catalysts. Reactions varying the H,O/CH3;CH,OH molar revealed that
ratios 3 and 1 were the best values for the reforming reaction. In such
conditions, selectivities of H, around 60% of were observed. However,
using the H,O/CH3CH,OH molar ratio 1, a higher CO production was
detected. Thus, the H,O/CH3;CH,OH molar ratio of 3 was choosen as
the best option due to the need of greener processes, in which the
lowest CO production is desired [66].

Fig. 3 shows the time dependence of both ethanol conversion (%)
and product selectivity for ethanol steam reforming using the nano-
wires catalysts. Interestingly, when pure CeO, (Fig. 3A) and
Cep.oSmg 10,5 (Fig. 3B) nanowires were employed as catalysts, the
complete ethanol conversion was observed at 550 °C over the entire
period of 24 h of reaction. However, low values for H, production were
observed (~15%) due to the need of metals such as nickel, cobalt, or
rhodium to promote the ethanol steam reforming (Eq. (13)). [66]

CH;CH, OH(g) + 3H, O(g) - ZCOZ(g) + 6H2(g) (13)

Here, the major product for both catalysts was ethene (C;H,), which
is usually produced by the ethanol dehydration (Eq. (14)) under our
reported conditions [36].

CH;CH,0Hy) — C,Hy() + HyOy, (14)

Carbon monoxide, methane, acetone, and acetaldehyde were also
observed as products, which can be formed according the Egs.
(15)-(17) [36].

CH;CH,OH(g) = CO(g) + CHyg) + Hy(g) (15)
CH3CHZOH(g) - CH3CHO(g) + Hz(g) (16)
ZCH3CHZOH(g) - CH3(CO)CH3(g) + CO(g) + 3H2(g) a7
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Fig. 2. XPS spectra of the (A) O 1s, (B) Ce 3d, (C) Sm 3ds,, and (D) Ni 2p for the obtained CeO,, Cey ¢Smg 1025, and Ni/Cep 9Smg 1045 nanowires.

As expected, Ni incorporation onto the CeyoSmg 10,5 nanowires
surfaces promoted the steam reforming reaction of ethanol (Fig. 3C). By
adding Ni, mostly ethanol steam reforming products were obtained and
a significant increase in the selectivity for Hy production, achieving
~60%, was observed. Moreover, the long-time stability observed of
such catalyst is remarkable. Long term testing of Ni/Cep.oSmg 1025
nanowires showed no deactivation after 192h (8 days) of reaction at
550 °C under practical conditions of a typical steam reforming system.
Such result agrees with the characterization results that revealed fine Ni
particles and high concentration of surface oxygen species, which tend
to prevent deactivation processes. For comparison, Ni/CeO, nanowires
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(Fig. S12) were also employed as catalyst towards the ethanol steam
reforming. Herein, mostly products derived from ethanol steam re-
forming reaction were observed (CO, and H,) with the production of
methane (~0.5%) and carbon monoxide (~10%) as by-products.
However, the selectivity for the hydrogen production was severely
limited (~35%), especially comparing to the recent results showing
values ~60% [13,17,19,36,67]. Such results evidenced the relevant
role of the rare-earth dopped support on the ethanol reforming pro-
viding sufficient oxygen species that contribute to both hydrogen se-
lectivity and stability.

Furthermore, as depicted in Fig. 4A, the overall morphology of Ni/
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Table 2
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However, a significant mass loss event (2.7%) takes place at low tem-

XPS binding energies, u’/u”, and Os/Oy, ratio obtained from the Ce 3d and O 1s
regions for the synthesized nanowires.

peratures (~150 °C) is attributed to the release of adsorbed waterfrom
the catalyst surface. Therefore, the mass loss that can be related to the
oxidation of carbon-based materials after the ethanol steam reforming

occurs at temperatures above 150 °C and corresponds to 2.9%. Such
amount of carbon represents a minor fraction (0.07%) of all carbon fed

Sample Binding energy Ce 3d (eV) Binding energy O 1s (eV)
u u” O, Os 0Og/0y,
CeOy 906.7 918.3 527.7 530.5 5
3.8) (14.1) a1 (57)
Cep.0Smg 1025 904.1 916.0 525.7 528.9 15
5.0) 13.6) @ (63)
Ni/Cep oSmyp 1025 905.7 916.5 525.7 528.7 22
1) (14.81) 3) (67)

over the 192 h of reaction and the calculated fraction o carbon mass is
0.15 mgC gca th ™ L. For comparison, in systems operated under similar
conditions to this study, the typical fraction of carbon deposition as a
function of amount of catalyst and time is reported in the range of 6-30
mgC geac 'h ™, which is more than 40-200 times higher than that ob-
tained in this study [71-73]. BET and CO chemisorption analyses were

* Percentages of Ce5+, Sm, Ni, or O species.

Cep.9Smyp 10, 5 nanowires remained unchanged after 192 h of reaction
at 550 °C. Moreover, careful analysis of spent catalyst revealed no de-
tectable carbon deposits or filaments, as usually observed in deacti-
vated catalysts [68-70]. In addition, XRD (Fig. 4B), CO-TPD (Fig. 4Q),
and TGA (Fig. 4D) analyses after steam reforming reaction confirmed
the robustness of the nanowire catalyst, in which no significant changes
were observed on both XRD and CO-TPD profiles. In the TGA analysis, a
total weight loss of 5.6% was observed after heating up to 1000 °C.

also performed after the stability experiment. Here, the values of spe-
cific and metallic surface area of the Ni/Cey oSmg ;04.5 nanowires re-
mained almost unchanged and corresponded to 85.9m?g~! and
17.35umol g~ ! metal, respectively. Such values are comparable to
those obtained for the fresh catalyst: 88.7m? g~' and 18.20 umol g !
metal for the specific and metallic surface area, respectively (Table 1).
Such features are consistent with the high stability of the catalyst and
indicate the maintenance of the structures of both the Cey¢Smg 104.5
nanowires support and the surface layer of nickel after steam reforming
of ethanol under our experimental conditions.
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Fig. 3. Ethanol conversion and product selectivities obtained in the presence of (A) CeO,, (B) Cep.9Smg 1025, and (C) Ni/Ceg 9Smy 10, 5 nanowires as catalysts. The
experiments were performed at 550 °C and H>O/CH3;CH,OH molar ratio = 3. The stability experiment performed using Ni/Ceq oSmg 102.5 nanowires as catalysts is

shown in (C).
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Fig. 4. (A) SEM image (before the stability experiment), (B) XRD profiles, (C) CO-TPD profiles, and (D) TGA profile for Ni/Ceq ¢Smy 1055 nanowires before and after

the stability experiment.

4. Conclusions

In summary, we have demonstrated the synthesis of Ni/
Ceg.9Smp 10,5 nanowires displaying well-defined shape, size, and
composition, which presented superior performance towards the
ethanol steam reforming as compared to catalysts prepared from com-
mercial materials. In contrast to conventional procedures, which are
usually limited in terms of productivity and control over the nano-
particle properties, our reported Ni/Cey 9Smg 102 5 nanowires could be
obtained by a facile and high yield two step synthesis: i) a hydrothermal
synthesis (Ce oSmg 10,5 nanowires) followed by ii) the wet impreg-
nation of Ni. Herein, the resulting catalyst showed superior properties
that included higher surface area, well-defined structural properties,
high concentration of oxygen vacancies at their surface, and a fine
distribution of Ni at the surface with superior metallic surface area.
Such features indicate the nanowire catalyst as very attractive material
for large-scale production and utilization for ethanol steam reforming
reaction. The special performance, with high production of hydrogen
(~60% of selectivity) and long-term stability at 550 °C under practical
conditions of a typical steam reforming system. Thus, our results de-
monstrate that the synthesis of catalysts with controlled properties can
represent a promising strategy for enabling practical applications in
heterogeneous catalysis, in which simple, fast, and scalable procedures
are strongly desired.
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