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Cerium(IV) and zinc(II) oxide nanocomposite powders (Zn-to-Ce atomic ratio between 0.5 and 2) as well as the
pure oxides were prepared by co-precipitation of cerium(III) and zinc(II) cations with oxalate (OC) or carbonate
anions (CC), as active catalytic supports for the steam reforming ofmethanol (SRM) reaction. After the study of the
decomposition of the precipitates in oxidizing atmosphere by thermogravimetry, differential scanning calorim-
etry, temperature-programmed oxidation (using infrared andmass spectrometry) and X-ray diffraction, a global
reaction pathway for the decomposition of each type of precipitateswas proposed. The nanostructural character-
ization of the calcined composites at 723 Kwas followed by refined XRD analysis. It was possible to conclude that
Zn(II) was not incorporated into the ceria lattice in any case. The size of the CeO2 crystals was rather constant
(~10–15 nm) in all the ZnO–CeO2 nanocomposite powders, just as in the pure ceria (13–14 nm). Instead, the
crystalline domains of ZnO were smaller in the nanocomposites than in pure zinc oxide (31–78 vs. 103–
118 nm, respectively), and even smaller in the CC than in the OC materials (31–38 vs. 57–78 nm for CC vs. OC,
respectively). Upon the incorporation of palladium to the oxides, to provide themetallic function on the catalysts,
the carbonate-derived composites showed a better catalytic performance for the SRM reaction. Said improve-
ment (in terms of percent selectivity to CO2) could be attributed to the improved dispersion of zinc oxide
achieved on the CC nanocomposites.
mes 3450, Santa Fe, S3000GLN,

altanás).
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The production of H2 via the steam reforming of methanol (SRM) to
feed fuel cells has been an object of several studies during the last two
decades [1,2]. Copper-based catalysts, which are typically employed as
Cu-Zn/Al2O3 formulations for the traditional synthesis of methanol,
have also been used to that purpose. However, as these Cu-basedmate-
rials present several drawbacks (e.g., copper sintering, self-ignition and
ultimately, deactivation, among others), more recent work has been
devoted to searching better materials. Among different alternatives,
the 8–10 group catalysts seem to be the most promising [3]. In particu-
lar, the systems based on palladium and zinc have been highlighted by
their remarkable selectivity to CO2, which is attributed to the formation
of ZnPd alloys or intermetallic compounds, while keeping a good yield
to H2 [2].

Nonetheless, technological catalytic materials involve complex com-
positions because the requirements that they must meet to achieve the
best catalytic performance strongly depend on their end applications. In
this regard, for instance, supported-Pd on pure ZnO has been found in-
appropriate to dealwith the duty cycle to supplyH2 via SRM for portable
fuel cells, because those power units have to be operatedwith recurrent
start-up/shut-down sequences, where water condenses over the cata-
lyst [4]. So, there is a compromise that rules the improvement of the
materials’ performance for this process where, for example, the en-
hancement of the selectivity to CO2 must be balanced with the stability
of the catalysts.

To this end, different supports have been used to improve the perfor-
mance of the palladium–zinc system. The use of an inert support, such
as black carbon, showed that Pd–ZnO/C was more stable than Pd/ZnO,
but the catalyst deactivated after 40 h on stream a 523 K [5]. Alumina,
meanwhile, has shown to be controversial in terms of stability [6,7]
and, in addition, it has been associated to the detrimental dimethyl
ether production as a by-product [8]. On the other hand, since the
pioneering work of Iwasa et al. [9] it has been proved that the use of
rare earth oxides increases both thermal stability and long-term catalyt-
ic stability of Pd–ZnO under SRM conditions, even above 673 K [10].
Thus, even though rare earth oxides have poor structural properties, a
novel SRM material was developed recently at BASF Corporation Cata-
lysts Division, consisting of palladium and zinc supported on yttrium-
promoted ceria, which exhibited remarkable performance for this pro-
cess [4,11,12].
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Thereby, in an effort aiming to a better understanding of the Pd–
ZnO/CeO2 system, we present here the results of the preparation and
characterization of two different series of ZnO–CeO2 nanocomposite
powders, which were also tested as ‘active support materials’ of Pd–
based catalysts for the SRM reaction. This type of work is based on the
need to achieve a good and economic ZnO anchoring method by
improving the intimacy between the ZnO and CeO2 phases while intro-
ducing, at the same time, hard restrictions in terms of purity and mor-
phology of the solids. Naturally, these metal-oxide particulate materials
must be later shaped into practical catalysts (e.g., so as to allow lowpres-
sure drop in fixed-bed reactors), with or without binders addition, by
conventional pelletizing or kneading/extrusion techniques.

We selected two co-precipitation preparation methods which have
shown to be able to produce powdered oxides of moderate surface
area and, at the same time, we used decomposable compounds, to get
rid of any residual ions or carbonaceousmatter that could further inter-
fere in the evaluation of the prepared materials for the SRM reaction.
Ammonium carbonatewas used as the first precipitating agent, because
it can yield CeO2 of moderate surface area whenever the initial concen-
tration of Ce(III) cations is controlled [13]. In addition, coprecipitated
oxalates were prepared by using a surfactant-free emulsion method,
as described by He [14]. A detailed analysis of the thermal decomposi-
tion of these salts and the characterization of each set of ZnO–CeO2

nanocomposite powders was then carried out, in as much as ‘practical’
catalytic materials can successfully be tailored only after a detailed un-
derstanding of the structure of their active constituents is achieved.

2. Materials and methods

2.1. Oxide powders preparation

Pure zinc and cerium oxides, and composite powders of both oxides
containing different Zn/Ce = 0.5, 1 and 2 at/at ratios, were prepared
using two alternate co-precipitation routes designated as OC (oxalates
coprecipitation) and CC (carbonates coprecipitation), with further dry-
ing and calcining/decomposition in each case. The obtained materials
were labeled indicating the preparation method (OC or CC), metal
cation(s) and/or Zn/Ce atomic ratio (Ce, Zn, Zn/Ce) and further drying
(D) and calcining (C) treatments. For comparison purposes, a third
(conventional) type of composite powder, in which ZnO was incorpo-
rated on the surface of pure ceria by incipient wetness, was also includ-
ed. This material type was designated as OI.

2.1.1. OC preparation method
A 0.34 M solution of dimethyloxalate (DMO) in 1-hexanol was added

to aqueous solutions of cerium and/or zinc nitrates, using either the pure
salts or their mixtures so as to get the desired Zn/Ce atomic ratio, but
keeping always the same total cation concentration (0.04 M), under vig-
orous stirring (1000 rpm), at 313 K. The water to 1-hexanol ratio was al-
ways 2.5 v/v, while the molar DMO/(Ce3+ + Zn2+) ratio was 3.2. The
final volume of each preparation was approximately 1000 ml. The emul-
sions were stirred at 313 K for 1 h, after which they were slowly heated
(heating rate, β=1Kmin−1) to 333 K, and then left to stand still for an-
other 2 h.

2.1.2. CC preparation method
Aqueous solutions of cerium and/or zinc nitrates (0.02 M) were

stirred at 600 rpm for 1 h under CO2 bubbling (30 ml min−1), at room
temperature (RT). Next, a 0.75 M solution of ammonium carbonate
was added drop wise, with constant pH monitoring, until the final pH
was 7.0–7.5.

The precipitates (OC or CC) were filtered using 0.2 μm nylon mem-
branes and washed 10 times with small portions (10 ml each) of dis-
tilled water. Both precipitation methods gave about the same yield
(N95%), as measured by atomic absorption.
The cakes were dried in a vacuum stove at 323 K for 30 h and then
calcined in a glass reactor, at 723 K, during 4 h (β = 3 K min−1)
under a synthetic air flow O2 (20%)/N2 (W/F = 10−3 g h ml−1). The
calcined materials (oxides) were carefully ground and stored in a
dessicator for further use.

2.1.3. OI preparation method
An aqueous solution of zinc nitrate was incorporated by incipient

wetness to the dried and calcined CeO2 previously obtained by oxalate
precipitation, so as to get nominal ZnO coverage equal to 0.42 and 1.2
monolayers (3.5 and 11 wt% ZnO, respectively). Both materials were
then dried in vacuo (393 K, 4 h) and calcined in the glass reactor using
synthetic air at 673 K for 2 h (β = 3 K min−1, from RT to 673 K).

2.2. Catalytic materials preparation

Palladium (2wt%) was incorporated on the different (OC and CC) cal-
cined powders by incipient wetness impregnation of acetone-diluted
Pd(AcO)2. On the OI supports, only 1 wt% Pd was added instead. After
vacuum drying (333 K, 2 h), the impregnated catalyst precursors
were calcined in the glass reactor using synthetic air at 673 K for
2 h (β = 3 K min−1, from RT to 673 K). The materials, basically PdO
on the surface of the oxides, were then crushed and sieved keeping
the 40/80 mesh fraction, and stored in the dessicator, prior to their use.

2.3. Materials' characterization

The dry precipitates (support precursors), supports and catalysts
were characterized in detail using the following techniques.

2.3.1. Thermogravimetry (TG) and differential scanning calorimetry (DSC)
Approximately 2.5mg of each dry precipitatewas placed into alumi-

num crucibles (with perforated lids). Its calcination or decomposition in
synthetic air was followed in TG/SDTA (Mettler-Toledo, model 851e)
and DSC (Mettler-Toledo, model 821e) units, under dynamic conditions
(β = 10 K min−1), O2(20%)/N2 (100 ml NTP min−1), within the 298–
973 K (TG) and 298–723 K (DSC) ranges, respectively.

2.3.2. X ray diffraction
The dried (323 K), partially decomposed (at 473 K) and air-calcined

(at 723 K) powders were studied using CuKα radiation (30 kV and
40 mA), in a Shimadzu model XD-D1 diffractometer, with a scan
speed of 2° 2θmin−1. A slow scan (0.125° 2θmin−1) was also done be-
tween the 26 b º2θ b 31 range – that is, around the (111) plane of CeO2 –

in selected calcinedmaterials, namely: OC-Ce, CC-Ce, OC-ZnCe1 and CC-
ZnCe1.

More detailed crystallographic information about the calcined pow-
ders was obtained using a Panalytical MPD unit equipped with a Cu
anode, X-ray lenses, Xe gas detector, graphite monochromator and
Soller parallel plates on the secondary beam. Measurements were
made adding the Kα1,2 signals, with vertical and horizontal slits (3 ×
3 mm2 beam area), in continuous scans (5 s per 0.02° 2θ increment)
in the 20° b 2θ b 105o range. Data analyses were made by the Rietveld
refinement technique, as implemented in the MAUD program [15–17].
A LaB6 standardwas used to estimate the instrumental peak broadening
by calculating the Cagliotti coefficients and, then, the corresponding do-
main sizes by the Delf model. In every case, microdeformations were
negligible (b10−4).

2.3.3. Temperature programmed oxidation-infrared spectroscopy (TPO-IR)
Wafers of the dryprecipitates (13mmdiameter, pressed to 2×104N),

diluted with dry KBr, were placed into a heatable Pyrex glass IR cell with
refrigerated NaCl windows, attached to a conventional vacuum system
(base pressure = 1.33 × 10−4 Pa) equipped with a manifold for gas
flow. The cell temperature was varied between 298 and 723 K (β =
5 K min−1) under a flowing O2(20%)/N2 (50 ml min−1) mixture.



Fig. 1. Thermogravimetry and differential scanning calorimetry (TG and DSC) of the
oxalate-precipitated (OC) powders, vacuum dried at 323 K: ( ) OC-CeD, (▬▬) OC-
ZnCe1D, and ( ) OC-ZnD.
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Transmission spectra were taken using a FTIR Nicolet Magna IR 550
Series II unit, furnished with a MCT-A detector (4 cm-− resolution,
64 scans per spectrum). A sum of Lorentzian and Gaussian function
was used to solve overlapped bands, whenever needed.

2.3.4. Temperature programmed oxidation-mass spectroscopy (TPO-MS)
About 50 mg of selected samples, diluted with quartz, was placed be-

tween glass wool plugs inside a Pyrex lined stainless steel microreactor.
Temperature was raised from 298 to 723 K (β= 5 K min−1) in flowing
O2(5%)/He (50 ml min−1). The exit gases were analyzed with a Balzers
QMG-421mass spectrometer, furnishedwith a SEMdetector, monitoring
the 44, 32, 28 and 18 m/e signals corresponding to CO2, O2, CO and H2O,
respectively. The 28 m/e signal was corrected to account for the CO2

fragmentation.

2.3.5. Sorptometry
Sorption isotherms were measured at LN2 temperature (77 K), in a

Micromeritics ASAP 2000 unit. Prior to measuring, the samples of
the calcined materials were outgassed under dynamic vacuum (base
pressure= 1.33 × 10−4 Pa) at 393 K for approximately 4 h. The specific
surface area was estimated by the Brunauer–Emmett–Teller method
(SBET), using the data taken in the 0.05 b p/po b 0.3 range. Pore size dis-
tribution was calculated with the Barrett–Joyner–Halenda (BJH) meth-
od, using the isotherm adsorption branch.

2.4. Catalysts' performance

An evaporated, equimolarmixture of CH3OHandH2O diluted in a He
stream (8% v/v of each reactant) was fed to a thermostatized glass-lined
stainless steel flow microrreactor (internal diameter = 3.5 mm), using
about 50 mg of powdered catalyst. Inlet and exit gas compositions
were measured by gas chromatography, using two Shimadzu 9A units
(GC1 and GC2) operating in parallel. GC1 was used to quantify H2O
and CO2 (TCD) and CH3OH, CH4 and HCOOCH3 (FID), while CG2 was
used to quantify CO, CO2 and CH4 (traces), using Porapak Q and
Carbosieve SII packed columns.

Each catalyst was pretreated in situ, heating from 298 to 623 K (β=
2Kmin−1) under pure H2 andmaintaining this last temperature for 2 h.
The reactor was then cooled to 398 K. The catalytic performance evalu-
ation was done using ‘temperature steps’, from 398 to 623 K (1 h/each;
β = 1 K min−1 between steps).

2.5. Reagents

High purity cerium and zinc nitrates, Ce(NO3)3•6H2O (99.99% Ce),
Zn(NO3)2•6H2O (99.999% Zn), dimethyloxalate (99%), 1-hexanol (98%),
(NH4)2CO3 (ACS grade, ≥ 30% NH3 basis) and Pd(AcO)2 (99.97% Pd)
were purchased to Sigma-Aldrich. Methanol (99.9%) was supplied by
Merck. Water was tridistilled, Millipore grade (18 MΩ).

Ultra-high purity gases: He (99.999%), H2 (99.998%), N2 (99.999%),
O2 (99.999%), O2(5%)/He (99.999%) and CO2 (99.9%), were supplied by
Indura (Air Products Argentina), and used as received without further
purification.

3. Results and discussion

3.1. Oxalate method. Thermal evolutions of the oxalate precipitates

3.1.1. Mass, thermal and structural evolutions
Fig. 1 shows the combined results of TG and DSC analyses on repre-

sentative samples of the oxalate precipitated powders. The correspond-
ing X-ray diffractograms of the dry (323 K), partially decomposed
(473 K) and calcined (723 K) materials are shown in Fig. 2.

Two mass evolutions were observed on the dry pure cerium(III)
precipitate, OC-CeD, in the 350–410 K range (−17 wt% loss) and
550–660 K (−53 wt% loss), respectively (Fig. 1). The given figures
are cumulative weight losses, that is, normalized to the initial weight
of each sample. In the temperature regions corresponding to theweight
loss steps, theDSC trace showed an endothermal peak (390K), followed
by an exothermal peak (625 K). The first evolution is associated with
the release of crystallization water from Ce2(C2O4)3•nH2O, with n ~ 6.
The XRD of the cerium(III) oxalate hexahydrate shows intense signals
at 2θ (percent relative intensity between parentheses) 18.3 (100%),
38.7 (22%), 29.1 (21%) and 48.1 (11%). As expected from the mass
balance, the diffractogramof this hexahydrate differs from the ones cor-
responding to the dehydrated (JCPDS 40-570), nonahydrated (JCPDS
14-710) and decahydrated (JCPDS 20-268) cerium(III) oxalates.

After the water loss at 473 K amorphous cerium(III) oxalate was ob-
tained, which, in turn, decomposed exothermally at 625 K to give CeO2

(coded OC-CeDC hereafter), with cubic structure (JCPDS 4-593, see re-
gions B and C in Fig. 2).

The dry pure zinc(II) precipitate (OC-ZnD) gave congruentmass and
thermal signals as well, showing an absolute weight loss of – 18 wt% in
the low temperature region (375–440 K), down to about −58 wt%

Unlabelled image
Unlabelled image


Fig. 2. X-ray diffractograms of the oxalate-precipitated powders ( ) OC-Ce, (▬▬) OC-
ZnCe1, and ( ) OC-Zn: (A) dried at 323 K, (B) decomposed at 473 K, and (C) calcined
at 723 K (under synthetic air).

Fig. 3. Thermal evolution of the normalized integrated areas (transmission infrared) of the
hydroxyl [ν(OH), ~3410 cm−1] and oxalate [νs(OCO) + νas(OCO), 1313 + 1365 cm−1]
stretching bands of OC-CeD ( ), OC-ZnCe1D (■) and OC-ZnD ( ), during temperature
programmed oxidation (TPO-IR).
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in the high temperature one (625–690 K). Both processes were
endothermal, with maxima at 410 and 663 K, respectively (Fig. 1).

The diffractogram of the dry powder was typical of α-ZnC2O4•2H2O
(JCPDS 25-1029), which decomposed into β-ZnC2O4 (JCPDS 37-718) at
473 K, as it is unambiguously shown in Fig. 2, region B. The decomposi-
tion of zinc(II) oxalate in air at 723 K led to ZnO (coded OC-ZnDC hereaf-
ter) with hexagonal (wurtzite) structure, JCPDS 5-664 (Fig. 2, region C).

The thermal decomposition of the dry oxalate-coprecipitated zinc and
cerium powder (Zn/Ce = 1 at/at sample, coded OC-ZnCe1D) is shown in
Figs. 1 and 2. Two consecutive endothermal processes could be appreciat-
ed (mass losses at 390 and 410 K), which correspond to the dehydration/
decomposition of the Ce(III) and Zn(II) oxalates, respectively. The
diffractogram of the dry sample (region A in Fig. 2) clearly puts into ev-
idence that the precipitated cerium salt is Ce2(C2O4)3•6H2O, but no sig-
nal attributable to ZnC2O4•2H2O was observed, indicating that this last
oxalate was either amorphous or very finely divided prior to the
descomposition/calcining step.

The decomposition at 473 K of the mixture of hydrated oxalates
led to a highly amorphous material, in which only the presence of
the β-ZnC2O4 could be appreciated, albeit with very weak peak in-
tensity (region B, Fig. 2).

Further heating of the dehydrated oxalates produced an exothermal
signal, smaller than from the pure cerium oxalate. This is compatible
with the fact that the composite material contains less cerium than
OC-CeD and that zinc oxalate decomposition (which occurred simulta-
neously) was endothermal (Fig. 1).

The dehydration/decomposition of the dry support precursors,
followed by TPO-IR, showed the characteristic bands of oxalate anions
and molecular water, in every case. The signals at 1364(m)/1368(vs),
1464(m)/1470(m), 1605(vs)/1603(vs) and 1639(vs)/1720(vs) cm−1

are assigned to the asymmetric stretching, νas, of the C2O4
= anion in

the cerium/zinc salts, respectively, while the 1313(vs) cm−1 band is
assigned to the symmetric stretching of the anion, νs, in both cases [18,
19]. The bands located at 1630(w) and ~3410(vs, broad) cm−1 corre-
spond to the deformation, δ, and stretching, ν, of the OH of crystallization
water (see Fig. 1S in Supplementary Information).

After heating under synthetic air, the oxalate species progressively
decomposed. Fig. 3 shows the thermal evolution of the normalized
integrated area of the stretching signals of hydroxyl, ν(OH), and oxalate,
νas + νs, located at ~1365 and 1313 cm−1, respectively (the other νas
bands overlap with the water δ(OH) signal). Clearly, the disappearance
of the ν(OH) band indicates the loss of crystallization water of the oxa-
lates in the 350–410 K range, while the oxalate anions decomposed
above 550 K. No carbonate formation was detected, which implies
that the decomposition of the oxalate anion proceeded without any
re-adsorption/absorption of CO2 or CO products. All these results are
congruent with the TG, DSC and XRD evolutions previously shown.

3.1.2. Gaseous products from the support precursors upon heating
(TPO-MS)

Fig. 4 shows the evolution of the H2O, CO and CO2 signals, as well as
the oxygen consumption upon heating, of the dry OC precipitates.
Water release (m/e = 18) was observed at T b 450 K in all of them. In
particular, and in accordance with the TG and DSC results, the Zn/Ce
composite showed two water peaks, corresponding to the sequential
dehydration of the cerium(III) and zinc(II) oxalates, respectively.

The inspection of the m/e = 44 and 28 signals (CO2 and CO)
showed that OC-CeD decomposition produced only CO2, whereas

Unlabelled image
Unlabelled image
Unlabelled image


Fig. 4. Temperature programmed oxidation-mass spectroscopy (TPO-MS) patterns of the
products of the OC materials under synthetic air: ( ) OC-CeD, (▬▬) OC-ZnCe1D, and
( ) OC-ZnD.

184 C.E. Barrios et al. / Powder Technology 267 (2014) 180–192
OC-ZnD produced both gases, CO2 and CO, in equivalent amounts. The
composite material (OC-ZnCe1D) yielded 4-fold more CO2 than CO,
though.

Oxalates decomposition, at T N 550 K, was accompanied by O2

consumption, with the subsequent oxidation of Ce(III) to Ce(IV) (see
m/e = 32 in Fig. 4). Oxygen was also consumed by the OC-ZnCe1 sam-
ple, primarily due to Ce(III) oxidation. However CO oxidation also oc-
curred, as the intensity of the CO signal was about 4-fold smaller than
the one in OC-Zn, instead of the expected mass-normalized value
(about half size). Most likely, the presence of cerium in the compos-
ite powder – and its facile uptake of oxygen – was the cause of this
discrepancy.

Thus, from the combined analysis of the different thermal evolutions
that were studied, the decomposition process of thematerials prepared
by the OC method in the oxidizing atmosphere can be summarized ac-
cording to Scheme 1, shown below. Table 1 compares the experimental
and theoretical weight losses of these OC-type supports, for the pro-
posed decomposition scheme, showing an excellent agreement be-
tween them.
3.2. Carbonate method. Thermal evolutions of the carbonate precipitates

3.2.1. Mass, thermal and structural evolutions
The TG and DSC traces of dry, representative samples of this group of

powders, prepared by precipitation as carbonate(s), are shown in Fig. 5.
The respective changes in crystalline structure experienced by the ma-
terials dried at 323 K, air decomposed at 473 K and calcined at 723 K,
are indicated in Fig. 6.

A first weight loss at 310–473 K (−18 wt%), followed by another
one between 500 and 600 K (−40 wt%) was observed for the dry ceri-
um precipitate (CC-CeD). The first weight loss is associated with three
overlapped, endothermal processes (at 354, 371 and 428 K) while the
secondweight loss, also endothermal, proceededwith a DSC peakmax-
imum located at ~ 550 K. The mass reduction measured below 473 K
was assigned to the endothermal loss, in successive steps, of crystalliza-
tion water of Ce2(CO3)3•nH2O (n ~ 6), in agreement with the corre-
sponding diffractogram, shown in the A region of Fig. 6 (JCPDS 30-
295). After the water loss and above 475 K, the resulting, amorphous
Ce2(CO3)3, decomposed endothermally under the oxidizing atmosphere
to give CeO2 as the final product, with fluorite-type cubic structure (B
and C regions in Fig. 6).

The pure, dry zinc precipitate (CC-ZnD), exhibited a diffractogram
with peak positions and intensities belonging to either Zn5(CO3)2(OH)6
(JCPDS 14-256, hydrocincite), or Zn4CO3(OH)6•H2O (JCPDS 11-287).
However, after analyzing the H2O and CO2 signals during TPO-MS (see
below), the latter crystal structure could be disregarded.

The zinc(II) hydroxycarbonate remained stable up to approximately
460 K, with a single endothermal decomposition step at ~510 K and a
weight loss of −21 wt% in the 465–540 K range (Fig. 5), after which
ZnO (wurtzite) was again obtained (C region of the XRD spectra, Fig. 6).

Unlike the pure cerium or zinc support precursors, the dry com-
posite powder (CC-ZnCe1D) exhibited a diffractogram where only
hexahydrated cerium carbonate could be identified, which revealed
that the zinc salt was highly dispersed – or amorphous – into a cerium
carbonate matrix. Fig. 5 shows that upon heating this composite suffered
three weight losses, the first one (−11 wt%) in the 300–375 K range and
the other two in the 430–600 K range (−18 wt% and−35 wt%, respec-
tively). Coincidentally, the DSC trace indicated three endothermal evolu-
tions, two of them with sharp, well resolved maxima at 370 and 470 K,
and a broad smooth one between 510 and 650 K.

The first evolutionwas assigned to the dehydration of Ce2(CO3)3•6H2-

Owhich, at variancewithwhatwas observed on the pure ceria (CC-CeD),
only occurred in a single step and at an intermediate temperature (382 K)
between the convoluted peaks shown in the DSC trace of CC-CeD. It is
highly feasible, then, that the environment of the hydrated cerium
carbonate was modified by the fine, amorphous particles of the
zinc salt.

The following thermal evolution of CC-ZnCe1D is consistentwith the
decomposition of zinc hydroxycarbonate because, as shown below
(TPO-IR and TPO-MS results), part of the carbonates, and water,
was released there. The outcome of the decomposition at 473 K gave an
amorphous powder (B region, Fig. 6). Finally, the last, oxidative decompo-
sition along the broad temperature range suggests that the carbonates de-
composition of this sample produced a material substantially different
from the one that would have been obtained by simply adding (mechan-
icalmixture) the dry ceriumand zinc pure salts using the same Zn/Ce=1
ratio. Diffraction peaks corresponding to fluorite-type CeO2, and (very
weak) peaks corresponding to ZnO (wurtzite) were identified, but their
peak intensity ratio indicated that the latter was less crystalline (or
more amorphous) than in the equivalent (viz., Zn/Ce = 1) composite
prepared via the OCmethod. Therefore, it is highly likely that the nucle-
ation and/or growth processes of ZnO during the decomposition of the
cerium(III) hydroxycarbonate were modified, leading to a lower crys-
tallinity of the zinc oxide.

The TPO-IR spectra of the CC-CeD precursor showed characteristic
carbonate bands, located at 1080, 1330, 1370 y 1488 cm−1 (see Fig. 2S
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Scheme 1. Global reaction pathway of the OC-precipitates.
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in Supplementary Information). The first one was assigned to the sym-
metric stretching, νs, and the remaining ones to the asymmetric
stretching, νas, of the C-O bonds of the CO3

= ion [19–21]. The band at
1640 cm−1 was again assigned to the δ(OH) of water in Ce2(CO3)3•6H2O,
together with an accompanying, broad band between 2700 and
3700 cm−1 due to the ν(OH) vibration mode.

The CC-ZnD precursor also exhibited the typical CO3
= spectral bands,

located at 1048, 1347, 1380 and 1520 cm−1. Recently, Hales and Frost
gave a detailed characterization of hydrozincite [Zn5(OH)6(CO3)2] and
smithsonite (ZnCO3) [21]. From their results, the 1048 cm−1 band was
assigned to νs(CO3), and the remaining bands to νas(CO3). Again, the
1630 cm−1 was ascribed to the δ vibration of the OH groups of zinc
hydroxycarbonate, whose stretching mode, ν, was observed in the
2700–3700 cm−1 region.

The dry composite powder, CC-ZnCe1D (Zn/Ce = 1), gave an infra-
red spectrum closer to CC-CeD than to CC-ZnD. This is coherent with
the fact that the anion (CO3

= and OH-) to metal cation ratios are much
higher in Ce2(CO3)3•6H2O (CO3

=/Ce = 3/2 and OH-/Ce = 6) than in
hydrozincite (CO3

=/Zn=2/5 andOH-/Zn= 6/5), respectively. The ther-
mal evolution of the normalized integrated absorbance of the CO3

= and
OH- groups is shown in Fig. 7. All these traces indicate progressive dehy-
dration (more delayed in CC-ZnD), and carbonate decomposition below
600 K, in agreement with the TG and DSC data. The decomposition of
Ce2(CO3)3•6H2O up to 473 K leads first to carbonates, which decomposed
later, above 550 K. In hydrozincite, Zn5(OH)6(CO3)2, water and CO2

were simultaneously produced, around 510 K. As discussed above, the
Table 1
Experimental (thermogravimetry, TG) and theoretical weight losses of oxalate-precipitated
materials (OC-series).

Material a Tmax (K) b TG weight loss (wt%)

Experimental Theoretical c

OC-CeD 396 17 16.6
628 53 52.7

OC-ZnCe1D 370 8 10
414 17 17
653 52 51

OC-ZnD 413 18 19
663 58 57

a Vacuum dried (323 K, 30 h) prior to heating/decomposition in synthetic air.
b DSC peak maxima.
c As per Scheme 1.
composite precursor showed an IR decomposition pattern closer to
the one observed in the CC-Ce sample.

3.2.2. Gaseous products from the support precursors upon heating
(TPO-MS)

Fig. 8 shows the m/e signals of H2O, CO and CO2 release, together
with O2 consumption, during dehydration and carbonate decomposi-
tion in synthetic air of the dry CC powders. The evolution of the H2O
and CO2 mass signals supports the previous TG, DSC and TPO-IR assign-
ments, namely: (i) the three successive water peaks in CC-CeD, at 340
(shoulder), 358 and 415 K, correspond to the stepwise dehydration of
Ce2(CO3)3•6H2O and the following release of CO2 (at approximately
550 K) indicates carbonate decomposition, (ii) zinc(II) hydroxycarbonate
dehydroxylates/decomposes in a single step, jointly releasing H2O and
CO2 at 510 K, and (iii) the CC-ZnCe1D composite releases first the crystal-
lization water of cerium(III) hydroxycarbonate (~350 K) and, later, the
coprecipitated zinc(II) hydroxycarbonate releases water (~493 K), with
the final decomposition of cerium carbonate (CO2 evolution) at 545 K.

In the CC-ZnD precursor, the observed intensity ratio of the m/e =
44 and m/e = 18 signals (CO2/H2O = 0.66) was consistent with the
one expected for the decomposition of Zn5(OH)6(CO3)2 to ZnO, instead
of that of the Zn4CO3(OH)6•H2O decomposition (CO2/H2O = 0.25).
Therefore, the formation of the latter precipitate was disregarded.

Zinc(II)hydroxycarbonate released CO2 at lower temperature (~30 K)
than cerium(III) carbonate, revealing less stability of the former. In partic-
ular, the CO2 trace of theCC-ZnCe1Dprecursor showed that the decompo-
sition of each carbonate appeared in consecutive steps. The peculiar
features of the H2O and CO2 traces in this composite (evolution in consec-
utive steps and shifts to lower temperatures with respect to the purema-
terials, CC-CeD and CC-ZnD) suggest an intimate contact between the
particles of both cerium(III) and zinc(II) carbonates.

Lastly, it is worth mentioning that a negligible consumption of mo-
lecular oxygen (m/e=32), at 540K,was recorded during the decompo-
sition of the dehydrated Ce2(CO3)3, in agreement with its oxidation to
CeO2 via the release of 3 mol of CO2, while the CC-ZnD precursor
evolved with no oxygen uptake. The composite, CC-ZnCe1D, exhibited
just a minor O2 consumption, due to the oxidation of Ce(III) to Ce(IV).
No CO signal was observed in these CC-type precursors, indicating
that the decomposition of the hydroxycarbonates proceeded releasing
only CO2 and water.

The combined analysis and correlation of the different thermal evo-
lutions due to the decomposition in air of thematerials prepared via the
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Fig. 5. Thermogravimetry and differential scanning calorimetry (TG and DSC) of the
carbonate-precipitated (CC) powders, vacuum dried at 323 K: ( ) CC-CeD, (▬▬) CC-
ZnCe1D, and ( ) CC-ZnD.

Fig. 6. X-ray diffractograms of the carbonate-precipitated powders ( ) CC-Ce, (▬▬) CC-
ZnCe1, and ( ) CC-Zn: (A) dried at 323 K, (B) decomposed at 473 K, and (C) calcined at
723 K(under synthetic air).
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CC method suggest the global reactions indicated in Scheme 2. Table 2
compares the experimental and theoretical weight losses of these CC-
type supports, for the proposed decomposition scheme, showing an ex-
cellent agreement between them.

3.3. Nanostructural and morphological characterization of the oxide
powders

All the oxide materials (supports), calcined at 723 K, were further
characterized prior to impregnating them with the palladium salt, to
gainmore insight on theirmorphological and structural features, aiming
to relate these properties to the catalysts’ performance.

3.3.1. X-ray diffraction
The previous study, with regard to the decomposition of the support

precursors, suggested that the CC preparation method provided ZnO–
CeO2 nanocomposite powders where ZnO was probably more disperse
and amorphous, and in more intimate contact with the nanometric
CeO2 crystals than in the ones produced by the OC method. Despite
our efforts to obtain high resolution electron microscopy images to an-
alyze the material structures at the nanometric level, the low contrast
between both oxides (CeO2 and ZnO) and the low crystallinity of ZnO
in the composite materials calcined at 723 K precluded proving the pre-
vious conclusion by means of that technique. To check that hypothesis,
then, a refined XRD analysis was undertaken instead, as detailed in the
Experimental section. Figs. 9 and 10 show the diffractograms of the full
set of supports, air calcined at 723 K, where only the individual peaks of
ZnO and CeO2, without any evidence of the formation of another phase
or compound, were identified. Moreover, as the insets of Figs. 9 and 10
indicate, neither the position nor the intensity of the (111) diffraction
peak of CeO2 ever changed, which rules out the incorporation of the
Zn(II) cations into the ceria lattice [22,23]. As expected from the differ-
ence between the charges and radii of the involved cations, Zn(II) is
highly prevented to become part of the ceria lattice. More similar ionic
radii (and/or charges) are necessary to have the chance to form, for ex-
ample, mixed oxides or solid solutions, like in the case of the Zr(IV) and
Ga(III) cations [22,24,25].

Grain sizes have been evaluated for a long time bymany techniques,
starting from the early Scherrer formula, which relates peakwidth with
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Fig. 7. Thermal evolution of the normalized integrated absorbance (transmission infrared)
of the hydroxyl [ν(OH)] and carbonate [νas(CO3

=)] stretching bands of CC-CeD ( ), CC-
ZnCe1D (■) and CC-ZnDC ( ), during temperature programmed oxidation (TPO-IR).
The absorbance areas registered at 300 K were taken as reference, normalization values.

Fig. 8. Temperature programmed oxidation-mass spectroscopy (TPO-MS) patterns of the
products of the CC materials under synthetic air: ( ) CC-CeD, (▬▬) CC-ZnCe1D, and
( ) CC-ZnD.
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crystalline domain sizes [26]. Further developments and improvements
allowed characterizing microstructure defects together with domains
sizes (dislocation densities, stacking faults, twins, etc.). Williamson–
Hall (W–H), Warren–Averbach (W–A) and Convolutional Multiple
Whole Profile (CMWP) techniques are among the most well developed
ones [27–32]. Modern Rietveld analyses software admit the introduction
of particular models in the evaluation. These techniques are inscribed on
the approach of using whole pattern fitting methods, considering wide
peaks, overlapping, simultaneous presence of two or more phases,
among others, by introducing hard constraints on the peak fitting by
using crystallography restraints and physical models for peak broaden-
ing analysis [17,33]. On poly-phase materials, volume fractions of each
phase have also been successfully calculated by whole pattern fitting,
and the presence of an amorphous phase is also usually calculated
from diffraction data. However, the simultaneous presence of many of
these effects together renders diffractograms that call for a careful
analysis.

In this regard, our two-phase systems (ceria and ZnO) are "ill posed"
in many aspects, namely:

a) Concerning X-ray absorption, the linear absorption factor μ is
quite different for both phases: Almost 9 times larger for CeO2

(24.07 mm−1) in comparison with ZnO (2.74 mm−1). Dealing
with this disparity on absorption factors is quite difficult. Below cer-
tain limit of the product of μ by the characteristic grain size (less
than 0.01) no correction is necessary, but that assumption is not ap-
propriate whenever the distribution of both phases is not homoge-
neous. Besides (see below), some of our composites were just on
the limit of that product [34,35].

b) Regarding data cleanness, the diffractograms show highly overlap-
ped peaks, which preclude the application of regular W–H, W–A
and CMWP techniques [17,31–33].

c) In respect to amorphism, neither CeO2 nor ZnO presents crystalline
peaks in the region of usual wide peaks (that is, around 20° for Cu
Kα12) shown by amorphous materials, which would allow utilizing
the current techniques applied to semi-crystallinematerials, such as
pharmaceuticals, polymers, coatings or ceramics [36–39].

However, in a large number of our composites both phases exhibited
very small grain sizes, for what it is to be expected that a large
proportion of their volume (that is, the surfaces of these high surface/vol-
ume ratio particles) certainly show amorphous behavior [40].

Single phase ZnO powders have been experimentally investigated
before and their grain sizes were measured by using W-H analysis
[41–43]. Yet, our two-phase systems were more complex and difficult
to deal with. Table 3 shows crystallite sizes, that is, the sizes of the co-
herently scattering domains of the powders, as calculated by MAUD
by the Delf model. The microdeformations were always negligible,
with values b 10−4, as expected for a ceramic material not subject to
any kind of mechanical treatment. Stacking faults and twin volumes
were not evaluated.

After calcination at 723 K, the sizes of the ceria crystals were rather
constant (~10–15 nm) in all of the ZnO–CeO2 nanocomposites, just as
in the pure cerium oxide supports (OC-CeDC and CC-CeDC). However,
the crystal size of the ZnO domains, which was somewhat similar in
both pure ZnO supports (118 and 103 nm for OC-ZnDC and CC-ZnDC,
respectively), was notoriously moderated by the presence of ceria:
Both preparation methods yielded nanocomposite powders with ZnO
domains smaller than those of the pure ZnO, being the lowest the values
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Scheme 2. Global reaction pathway of the CC-precipitates.
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of the CC materials (31–38 and 57–78 nm for the CC and OC series, re-
spectively), which suggest a better dispersion of the ZnO phase in
these CC nanocomposites.

To assess whether this last feature would be preserved after more
drastic experimental condition, the powders were re-calcined in air at
1173 K during 4 h. As a reference material, a mechanical mixture of the
CeO2 and ZnO powders, with a Zn/Ce atomic ratio equal to 1 (32.1 wt%
ZnO), each of them prepared by the oxalate method, was also tested.
The resulting crystal sizes are also shown in Table 3. Upon calcinations,
the mechanical mixture (MM) had coherent crystalline domains of
CeO2 and ZnO similar to the ones obtained with the pure oxides (OC-
CeDC and OC-ZnDC), respectively: (i) 14.2 vs. 13.5 nm (at 723 K) and
330.9 vs. 445.1 nm (at 1173 K) for ceria; and (ii) 174.4 vs. 117.9 nm
(723 K) and 1224.8 vs. 644.9 nm (at 1173 K) for ZnO. As in the case of
the MM reference sample, the growth of CeO2 crystalline domains in
the OC composites up to 1173 K was essentially not affected by the pres-
ence of ZnO in the composition (330.9 nmvs. 326.8–445.1 nm), but a con-
trasting situation was observed in the carbonate-derived composites
(330.9 nm vs. 151.3–247.5 nm). In both sets of composites, after calcining
at 1173 K, the larger the content of ZnOwas, the smaller the final sizes of
ZnO and CeO2 domains became.

These results, which can be readily ascribed to mutual hindrance
among the ZnO and ceria domains, precluding their crystal growth
owing to the lack of available neighbors of the same phase material,
also pinpoint to the good intimacy between both oxides achieved with
both coprecipitation methods. Noteworthily, the final size of the ZnO
Table 2
Experimental (thermogravimetry, TG) and theoretical weight losses of carbonate-
precipitated materials (CC-series).

Material a Tmax (K) b TG weight loss (wt%)

Experimental Theoretical c

CC-CeDC 373 18 19
550 40 39.4

CC-ZnCe1DC 350 11 13.7
488 18 21
540 35 35.6

CC-ZnDC 505 21 25.8

a Vacuum dried (323 K, 30 h) prior to heating/decomposition in synthetic air.
b DSC peak maxima.
c As per Scheme 2.
and CeO2 crystalline domains in the oxalate-derived composites was al-
ways larger, up to 2-fold, than in the carbonate-derived ones. A better
intimacy and dispersion of both oxide domains in the CC materials
may account for this feature. Unhampered by the intimate mixture
with CeO2 grains, the ZnO domains grew to very large diameters on
theMM sample upon calcining at 1173 K, reaching 1224.8 nm, the larg-
est size of all inspected samples.

Fig. 11 shows the calculated (that is, XRD measurable — using the
MAUD software) vs. the ‘nominal’ (that is the original composition of
the materials) weight fractions of crystalline ZnO domains of each co-
precipitated powders. X rays are sensitive only to the coherent domains
(i.e., the crystalline phase) of any given component, remaining “blind”
to the amorphous domains, except for their influence on the back-
ground intensity (microabsorption effects were also taken into account
by the Vien model implemented in MAUD).

Mechanical mixtures of 100% crystalline ZnO and CeO2 phases
would give an exact fit between calculated and nominal weight fraction
values. Instead, Fig. 11 shows a good fit for the ZnO+ CeO2 mechanical
mixture only after re-calcining at 1173 K and reveals, instead, that the
relative degree of crystallinity of the ZnO and CeO2 grains after the calci-
nation at 723 K was substantially different, the ceria grains being more
amorphous than the zinc oxide particles were.
Fig. 9. XRD patterns (5 s per 0.02° 2θ chopper increment) of the oxide powders obtained
via the OC method (calcined at 723 K): a) OC-CeDC, b) OC-ZnCe05DC, c) OC-ZnCe1DC,
d) OC-ZnCe2DC and e) OC-ZnDC.
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Fig. 10. XRD patterns (5 s per 0.02° 2θ chopper increment) of the oxide powders obtained
via the CC method (calcined at 723 K): a) CC-CeDC, b) CC-ZnCe05DC, c) CC-ZnCe1DC,
d) CC-ZnCe2DC and e) CC-ZnDC.

Fig. 11. Experimental (XRDmeasurable) vs. nominal weight fractions of crystalline ZnO in
the co-precipitated materials: OC (square) and CC (circle), the ZnO-impregnated ceria
(star), and the Zn/Ce = 1 at/at mechanical mixture OC (triangle), after air-calcining at
the indicated temperatures.
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Both series of composites calcined at 723 K were actually closer to
the nominal ZnO wt% value than the corresponding re-calcined sam-
ples. Interestingly, whenever the Zn/Ce ratio was low (that is, whenever
the coalescence of the ZnO grains was hampered by a comparatively
much larger amount of the tiny ceria particles), the XRD-calculated
ZnO wt% was lower than the nominal value while, conversely, the
opposite was found for the largest Zn/Ce ratio. Regardless, the relative
degree of crystallinity of ZnO in both series of nanocomposites after
re-calcining at 1173 K dramatically decreased, thus revealing the less-
constrained crystal growth of the smaller ceria grains of the powders.

A systematic evaluation of the amorphous content of each composite
was not the purpose of the current work. Moreover, its evaluation by
XRD would lack reliability because – as stated before – our materials
befit in the worst case scenario of the most common amorphous
phase evaluation techniques. The presence of nano-sized grains would
preclude a correct evaluation of amorphousphases even if simultaneous
peak broadeningmodeling were used on the Rietveld fit. Yet, MAUD al-
lows for the inclusion of a fewdifferent peak broadeningmodels, among
which we have used the simplest one, known as the "Delf model"
(other, more complex anisotropic models indicate the presence of the
samephases). So, despite these difficultieswemade a tentative apprais-
al of the presence of amorphous fractions by indirect ways, using the
calculated values of the ZnO and CeO2 crystalline domains and the ‘mis-
match’ between the XRD estimates of the ZnO wt% vs. the correspond-
ing nominal values of each material (shown in Fig. 11) to extract from
Table 3
Structural features of the OC, CC and OI powders, air-calcined at 723 K (and 1173 K).

Support Crystal size a (nm)

ZnO CeO2

OC-CeDC – 13.5 (445.1)
OC-ZnCe05DC 77.7 (794.9) 14.9 (354.0)
OC-ZnCe1DC 56.8 (586.9) 13.0 (344.0)
OC-ZnCe2DC 58.2 (417.9) 14.5 (326.8)
OC-ZnDC 117.9 (644.9) –

CC-CeDC – 12.8
CC-ZnCe05DC 31.4 (504.1) 10.2 (247.5)
CC-ZnCe1DC 37.8 (406.9) 12.0 (169.1)
CC-ZnCe2DC 34.9 (283.6) 10.1 (151.3)
CC-ZnDC 102.7 –

MM e 174.4 (1224.8) 14.2 (330.9)
OI-ZnCe04DC 67.1 14.0
OI-ZnCe1DC 182.4 14.2

a Estimated by XRD, with slow scans (5 s per 0.02° 2θ chopper increment) and high statistic
b BET (LN2) specific surface area.
c Pore volume.
d Barrett–Joyner–Halenda (BJH) pore diameter.
e Mechanical mixture of CeO2 and ZnO (OC-CeDC and OC-ZnDC, respectively), Zn/Ce = 1 at
it (by just assuming that a disordered region is located around the crys-
talline domains of spherical particles of each oxide), the thickness ratio
of said surrounding, disordered regions. Different grain shape assump-
tions give similar results. The thickness of the disordered surface region
around each crystalline domain comprises a few cell parameters.
Masoudi et al. [40] fixed an arbitrary value of 2 nm for their calculations
but, nonetheless, the correct thickness of the surface-affected region re-
mains unknown and can be different for both phases. They depend on
the relative stability of the crystalline vs. the amorphous portions of
two different oxides. Zhang and Banfield [44] found a value close to
3 nm for TiO2 as the limit for amorphous phase becoming crystalline.

As described above, after calcining at 723 K the crystalline domains of
CeO2 in all samples exhibited a narrow size range, from 10 to 15 nm,with
an average value of 13 nm for both preparation methods, which was also
the value found in the pure cerias. The ZnO crystalline domains were
somewhat larger in the CC co-precipitated composites, with an average
of 35 nm, and even larger in the OC derived composites, with an average
of 65 nm.

If, by assumption, the CeO2 particles were surrounded by a 1.1 nm
deep amorphous phase (i.e., close to 3 cell parameters), the ZnO parti-
cles would be amorphous until a depth of about 4 nm. Fig. 12 shows
the resulting percent of amorphous phase for both ZnO and CeO2. This
schematic representation is in good agreement with the trends shown
in Fig. 11 in regard to the weight fraction of ZnO. For instance, the
SBET b (m2g−1) Vp
c (cm3g−1) dp

d (nm)

67 0.10 6
49 0.09 8
53 0.11 9
40 0.11 10
6 0.04 29

83 0.05 4
63 0.05 14
54 0.10 12
58 0.18 16
8 0.06 38

52 0.08 6
48 0.08 6

s measurement.

/at.
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Fig. 12. Percent of amorphous phase for ZnO and CeO2 in the different materials after air-
calcining at 723 K. MM stands for mechanical mixture (see text).
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amorphous portion of ZnO in both the pure oxide powders and theme-
chanical mixture is minimal while, owing to the small grain size of the
CeO2 grains, the amorphism of this phase is always higher than 20% in
the nanocomposite materials.

A similar analysis performedwith the re-calcined samples indicated –

as expected – that the percent of amorphous phases became significantly
lower for both ZnO and CeO2, below 4% and 2%, respectively.

Finally the structure of the composite supports obtained by impreg-
nating zinc nitrate onto ceria (OC-CeDC) was also analyzed by XRD. In
the material with the smaller amount of zinc, OI-ZnCe04DC (nominal
ZnO coverage = 0.42 at/at, 3.5 wt% ZnO) almost no ZnO diffraction
peaks were observed (less than 1 wt% XRD-observable weight fraction;
domain sizes = 67.1 nm) while the OI-ZnCe1DC sample (nominal ZnO
coverage= 1.2, 11 wt% ZnO) showed ZnO crystalline domains of about
182.4 nm. The crystal size of CeO2 was close to 14 nm in both materials,
indicating that the re-calcination at 723 K of the ceria after the impreg-
nation and decomposition of the zinc nitrate did not modify its mor-
phology (Table 3). Both materials showed a relative ZnO crystalline
content lower than that of their nominal values (Fig. 11), most likely
owing to a significant interaction with the preformed ceria crystals.
Table 4
Performance of the supported Pd catalysts in the SRM reaction.a

Catalyst T50 (K) b SCO2 (%) c XH2O (%) d

Pd/OC-CeDC 489 10 4
Pd/OC-ZnCe05DC 505 51 26
Pd/OC-ZnCe1DC 507 48 25
Pd/OC-ZnCe2DC 512 67 33
Pd/OC-ZnDC 560 91 47
Pd/CC-CeDC 483 9 5
Pd/CC-ZnCe0.5 DC 521 78 38
Pd/CC-ZnCe1DC 513 73 37
Pd/CC-ZnCe2DC 525 63 32
Pd/CC-ZnDC 554 88 45
Pd/OI-ZnCe04DC 533 72 34
Pd/OI-ZnCe1DC 537 73 36

a P = 0.1 MPa; GHSV = 71500 cm3 h−1 g−1; W/FCH3OHo = 174 g h m−3
CH3OH.

b Temperature at which XCH3OH = 50%.
c Percent CO2 selectivity (SCO2) defined as: SCO2 = [yCO2/(yCO2 + yCO)] × 100, at T50.
d Percent H2O conversion (XH2O) defined as: XH2O = (FH2O Oº − FH2O)/FH2Oo] × 100, at

T50.
3.3.2. Sorptometry
Adsorption/desorption LN2 isotherms were obtained for each of the

oxide powders, calcined at 723 K (see Figs. 3S, 4S and 5S in Supplemen-
tary Information for the complete data). All of them gave Type II iso-
therms, typical of either non-porous (CC series) or macro-mesoporous
solids (OC and OI series). This type of reversible isotherm is characteris-
tic of unrestricted mono-multilayer adsorption [45]. In particular, the
isotherms of the OC and OI supports exhibited the characteristic hyster-
esis due to capillary condensation in mesopores. Single-pore hysteresis
prevailed in the OC-type materials.

Table 3 includes the specific surface area (SBET), pore volume (Vp)
and mean pore diameter (dp) of the complete set of materials, calculated
from the N2 adsorption branch of each isotherm. In general, and in con-
gruence with our XRD data, their pore size distribution indicated meso-
macro porosity, with pore volumes between 0.04 and 0.18 cm3 g−1. The
range of pore diameters in the materials was between 2 and 50 nm.
These structural features allow forecasting the absence of steric
hindrance.

Commercial ZnO has very low surface area (SBET = 1–20 m2 g−1). In
general, zinc oxides with high surface area have very poor thermal stabil-
ity. Audebrand et al. made a detailed study of the structural properties of
nanocrystalline ZnOpowders produced by thermal decomposition of four
different precursors (among them, hydrozincite and zinc oxalate) [41].
They showed that in all cases the crystal size and, also, the aspect
(diameter-to-height) ratio of the crystallites increased with progres-
sively higher calcining temperature. The aspect ratio was a strong
function of the precursor salt. The SBET was always low, though, as it
was in our OC-Zn and CC-Zn preparations.

The surface area of both ceria, OC-CeDC and CC-CeDC was about 10
times higher than that of the ZnO counterparts. Accordingly, the SBET
of the OC and CC nanocomposites was higher than the respective pure
zinc oxides, OC-ZnDC and CC-ZnDC, the more so the higher the Ce con-
tent was (up to ~ 8-fold, from 6–8 to 53–63 m2 g−1). The OI supports
had an intermediate surface area, close to that of the Zn/Ce = 1 co-
precipitated composites.

We can conclude, then, that these OC, CC and OI preparationmethods
gave macro-mesoporous supports with moderate SBET, and reasonable
pore-related (i.e., Vp and dp) values, which make them suitable for the
study of the pursued catalytic reaction, the steam reforming of methanol
(SRM). In particular, the substantial enhancement of the surface area of
the zinc-containing nanocomposite powders, as compared with that of
the pure ZnO, represents a remarkably encouraging feature with regard
to catalytic performance of these materials, as detailed below.

3.4. Catalysts' performance

The performance of the full set of supported Pd catalyst in the steam
reforming of an equimolar CH3OH/H2 mixture was evaluated between
400 and 650 K, at 0.1 MPa. Table 4 shows the temperature at which
each catalyst reached 50% of methanol conversion, T50, together with
the respective selectivity to carbon dioxide, SCO2, and water conversion,
XH2O, at said temperature.

These values clearly indicate that the Pd/CeO2 catalysts were the
most active (lowest T50 values), but that they mostly led to methanol
decomposition (MD), as the selectivity to CO2 was merely 9% in both
of them. Conversely, although the Pd/ZnO catalysts were much less ac-
tive (higher T50), their selectivity toward the SRM reaction was the
highest (SCO2 ~ 90%). The lower activity of the Pd/ZnO catalysts was,
somehow, expected because of the small specific surface area of the
zinc oxide supports (OC-ZnDC and CC-ZnDC), and that is why by
means of its co-precipitation with ceria, or by impregnating ceria with
Zn(NO3)2, larger available surface areas were sought after.

The nanocomposite-derived catalysts were very active as well. In
particular, the Pd/OC-series catalysts were slightly more active than
the Pd/CC analogs, and were progressively more selective to carbon di-
oxide the higher the Zn/Ce ratiowas. Nevertheless, the SCO2 in the CC se-
ries was always better, reaching 78% in the Pd/CC-ZnCe05DC catalyst.
About the same selectivity to CO2 at T50 was observed in the Pd/OI-
series,where only 1wt% Pd loadingwas used. This suggests that the cat-
alytic steps related to the metal function are not rate-determining.

At this point it is not yet clear why the OC-nanocomposite supports
were less efficient to modulate the selectivity toward the SRM reaction
than the CC-nanocomposite were.

image of Fig.�12


191C.E. Barrios et al. / Powder Technology 267 (2014) 180–192
It is likely that zinc oxide could be partially occluded by the ceria
crystallites in the oxalate co-precipitated supports and/or that the
higher ZnO crystals in these materials led to a smaller surface fraction
of zinc oxide on them. This would imply a higher fraction of surface
ceria and less interaction between palladium and zinc in the working
OC-series catalysts. As a consequence, the somewhat higher activity
found on Pd/OC-serieswas inexorably accompanied by lower CO2 selec-
tivity. In turn, the opposite situation could account for the CC-series.
Whatever the ultimate reason might be, the Pd/CC-ZnCe05DC and Pd/
OI-ZnCe0.4 DC composite catalysts were the best performing ones of
the set.

4. Conclusions

Two co-precipitation methods were selected to obtain ZnO–CeO2

nanocomposite powders: (1) an emulsion of dimethyloxalate in 1-
hexanol, and Ce(NO3)3 and Zn(NO3)2 in aqueous phase, or (2) an addi-
tion of ammonium carbonate to the aqueous solution of the cerium(III)
and zinc(II) nitrates, to yield the oxalate- (OC) or carbonate-derived
(CC) precursors, respectively.

The hydrated Zn(III) and Ce(III) oxalates were first dehydrated to β-
ZnC2O4 and Ce2(C2O4)3. Further, these oxalates were decomposed in an
oxidizing atmosphere to ZnO and CeO2, releasing particularly CO (from
the zinc(II) salt), and CO2. During this last step, O2 consumption accom-
panied the oxidation of Ce(III) to Ce(IV). In the case of the carbonate-
derived precursors, and after the dehydration of the cerium(III) carbon-
ate, both of the remaining salts, Zn5(CO3)2(OH)6 (hydrocincite) and
Ce2(CO3)3, were decomposed to ceria, zinc oxide, CO2 and water, with
less O2 demand than in the oxalate decomposition and oxidation of
Ce(III) to Ce(IV). Moreover, the final decomposition of the oxalate
salts took place at higher temperature than that of the carbonate-
derived precursors (Tmax was approximately 650 and 550 K for each
type of nanocomposite, respectively).

In regard to the CC co-precipitated salts, another interesting feature
appeared, as the combinedmass, thermal and structural evolution results
indicated that there was a higher dispersion of the zinc(II) carbonate in
these nanocomposite powders than the one achieved following the OC
method, which led to materials substantially different from those obtain-
ed by simple adding (mechanicalmixture) thedry cerium(III) and zinc(II)
pure (hydroxi)carbonates.

The structural characterization of the oxide materials, after calcina-
tion at 723 K, revealed the development of nanocrystalline domains of
both ZnO and CeO2. Although the ceria crystallite size was always with-
in a narrow range (10–15 nm) for either the pure CeO2 or the ZnO–CeO2

nanocomposites, regardless of the preparation method or the zinc-to-
cerium atomic ratio, the zinc oxide domains showed some dependence
on both preparation parameters. The size of the ZnO crystallites on the
pure oxides was about 110 nm, whereas the inclusion of ceria aided to
the disintegration/fragmentation of such crystalline domains, which
was higher for the carbonate-derived oxides (on average 35 vs. 65 nm
for the CC resp. the OC series). In addition, the XRD-estimated ZnO
weight percent, which lay below the nominal values, was indicative
that some amorphous zinc oxidewas also present in the nanocomposite
powders. This amorphous fraction was higher in the CC-derived sup-
ports than in the OC ones. These combined observations revealed, con-
sequently, that the dispersion of ZnO was decidedly superior in the
carbonate-derived ZnO–CeO2 nanocomposites.

Themorphological features of all the oxideswere also evaluated. The
pure zinc oxides exhibited a low specific surface area (6–8 m2g−1),
which increased noticeably with the addition of ceria (40–63 m2g−1).
Thus, mesoporous composite powders with fair pore-related values
(Vp = 0.05–0.18 cm3g−1 and dp = 8–16 nm) were obtained.

Finally, palladium was incorporated onto the surface of these active
supports, and the resulting catalysts were employed in the methanol
steam reforming reaction. It was shown that CeO2 was responsible for
themethanol decomposition reaction, that is, the undesirable production
of CO. However, whenever zinc oxidewas part of the formulation, CO2 se-
lectivity was boosted and it became better the higher the dispersion of
ZnOwas. The Pd/CC-ZnCe catalysts yieldedhigher selectivity to carbondi-
oxide than their Pd/OC-ZnCe counterparts because in the first case higher
palladium–zinc interaction was achieved.
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