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ABSTRACT: Hydrous hydrazine is identified as a hydrogen reservoir
owing to its high content of hydrogen (8.0 wt %). Its selective
decomposition under mild conditions is the key for quick H, release.
Modifying Ni nanoparticles with a small amount of CeO, (8.0 mol %)
resulted in a 3-fold increase of turnover frequency (TOF) and an
enhancement of H, selectivity from 67% to above 99%. This improvement
was due to the modification of Ni with CeO, nearby through strong metal—
support interaction (e.g, Ni—O—Ce structure). Furthermore, this
promoting effect was extended to other oxides which can form strong
metal—support interaction with Ni, such as ZrO,, MgO, and La,O;.
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here is a strong interest in using hydrous hydrazine as a

hydrogen supplier in many fields, especially the
unmanned space vehicles and submarine power sources
where hydrazine is usually used as a propellant.' This is
because hydrous hydrazine has the advantages of high hydrogen
content (e.g., 8.0 wt % for N,H,-H,0), simple byproduct (N,),
and safe handling” In order to obtain a high hydrogen
production efficiency, the incomplete decomposition (3N,H,
— N,(g) + 4NH;(g)) should be avoided. To this aim, many
attempts have been made to develop an effective catalytic
system to realize the selective decomposition at mild
conditions. Noble-metal-modified Ni catalysts, in particular
Rh—Ni,’ Pt—Ni* and Ir—Ni° were most efficient for the
selective decomposition of hydrous hydrazine thanks to the
prominent alloy synergy effect. However, the high cost of noble
metals limited their further application. Accordingly, the search
for non-noble metal catalysts that are both active and selective
in this reaction has received considerable attention.® Among
various metal-based catalysts, Ni-based alloy catalysts showed
100% selectivity (e.g, Ni—Fe).” The general agreement on the
mechanism is that the presence of the second metal altered the
electronic properties of Ni and thereby facilitated the hydrogen
production. In recent studies, besides the enhancement of
second metallic component, nonmetal additives could also
effectively promote activity and selectivity for this reaction.® For
example, Ni—Al,Oj; catalyst exhibited 93% selectivity due to the
existence of strong basic sites provided by ALO;’ Most
recently, it has been reported that the additional amorphous
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Ce,0; and La,0; could greatly enhance the activity of NiPt or
NiRh nanoparticles for H, generation rate.'” However, the
mechanism of the promoting effect for these oxides has not
been well established.

The properties of supported catalysts are often determined
by the synergy of active species (typically transition metal
particles) and the supports (typically metal oxides). Sometimes,
oxide supports not only play a role of dispersing active metals
but also influence the metal property through geometric and
electronic effect.'’ Cerium oxide (CeQ,) is the representative
for such “active supports”, which is considered to be able to
enhance the performance of late transition metals through
strong metal—support interaction.'> For example, Au supported
on CeO, showed higher activity and excellent stability in CO
oxidation and water—gas shift (WGS) reaction due to the
change of Au properties through strong interfacial bonding on
CeO,."* Similarly, the coprecipitated Ni/CeO, catalyst
exhibited better catalytic performance in WGS'* and ethanol
steam reforming'® because of the alternation of nickel’s
electronic property. Herein, we present a facile approach to
modify Ni nanoparticles by creating metal—oxide interaction
with CeO,, through which alters the chemical properties of Ni
and makes it both active and selective for hydrous hydrazine
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Table 1. Hydrous Hydrazine Decomposition Results for Different Catalysts at 30 °C

sample selectivity (%) TOF? (h™")
Ni 67 15.0
Ni-0.005CeO, 84 324
Ni-0.025CeO, 97 41.2
Ni-0.080CeO, 29 51.6
Ni-0.233CeO, 29 30.5
Ni-0.500CeO, 29 26.0
Ni/CeO,—IMP 65 15.0

reaction rate” (moly g, mol !y, h™')

Ni dispersion (%) Ni particle size® (nm)

0.26 1.74 19.8
0.68 2.11 16.9
2.00 4.86 129
2.02 3.92 13.1
2.0 6.74 8.7
2.33 8.97 8.4
0.79 6.31 14.2

“TOFs were calculated on the amount of surface Ni determined by H, chemisorption (30% of N,H, conversion). Reaction rate was calculated on
the amount of all the Ni in the catalyst, as reported previously.** “Ni particle size was calculated on the basis of the XRD results, according to the

Scherrer equation.
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Figure 1. (a) XRD profiles for Ni-0.080CeO, and Ni/CeO,—IMP; HRSEM images for the following: (b) Ni/CeO,—IMP; (c) Ni-0.080CeO,; and
TEM images for the following: (d) Ni/CeO,—IMP; (e) Ni-0.080CeO,.

decomposition. The promoting effect of cerium oxide was
revealed through kinetic studies and advanced characterizations.

Two types of CeO,-modified/supported Ni catalysts were
prepared by coprecipitation and impregnation methods,
denoted as Ni-xCeO, and Ni/CeO,—IMP, respectively (syn-
thesis details provided in Supporting Information). Briefly,
coprecipitated Ni-xCeO, catalysts were synthesized by adding
Ni(NO;), and Ce(NO;); precursors in NaOH solution.
Different amounts of cerium oxides were introduced into the
Ni catalyst by varying the molar ratio of Ni and Ce precursors
during the coprecipitation process. Ni/CeO,—IMP was
prepared by impregnating Ni(NO;), onto the CeO, support.
The actual contents of Ni and Ce were determined by
inductively coupled plasma (Table S1). In the hydrous
hydrazine decomposition reaction, trace amount (nc./ny; =
0.00S) of additional CeO, effectively promoted H, selectivity
from 67% to 84% (Table 1). With a further increase in the
CeO, ratio to 0.080, H, selectivity surpassed 99% and remained
the same at a higher CeO, content. In contrast, Ni/CeO,—IMP
performed only 65% selectivity for hydrogen generation, which
was similar to pure Ni. In addition to the promoting of
selectivity, the turnover frequency (TOF) value increased
significantly after adding a small amount of CeO, and reached a
maximum of 51.6 h™" at the CeO, content of 0.080 (Table 1).
Although there was a slight decrease of TOF values with further
adjusting the CeO, content to 0.500, the H, selectivity was
almost the same, suggesting similar surface properties over
these coprecipitated Ni-xCeO, catalysts. In the recycling test,
the Ni-0.080CeO, catalyst showed a sustainable high selectivity

1624

(above 95%) with rapid H, release rate after six cycles of test
and remained higher than 88% after eight cycles (Figure Sla).
There was not an obvious change of Ni particle size for the
used catalysts according to the XRD patterns (Figure S1b). The
deactivation may due to the strong adsorption of N-species or
slight oxidation of Ni on the surface. The apparent activation
energy (E,) was 47.0 kJ mol™, calculated according to
Arrhenius equation (Figure S1c). The H, selectivity maintained
as high as 99% in the temperature range of 30—50 °C, although
the selectivity slightly decreased to 90% when the reaction
temperature further increased to 80 °C due to thermodynamic
reasons, as reported elsewhere.'® Clearly, this cerium-oxide-
modified Ni is a nonexpensive and highly efficient catalyst for
selective decomposition of hydrous hydrazine. Furthermore,
assuming that all the Ni species participated in the reaction, as
reported in the literature,* the reaction rate was also calculated
and listed in Table 1. The reaction rate of Ni-0.080CeO, was
2.02 h™!, which was comparable to Ni—Pt alloy nanoparticles
(1.5-7.9 h™').* Therefore, Ni-0.080CeO, was chosen as a
representative for coprecipitated sample in further character-
izations.
Extended
determine the microstructural difference between the above
CeO,-modified Ni catalysts. X-ray diffraction (XRD) patterns
demonstrated the crystalline nature of freshly reduced catalysts
(Figure la). For Ni/CeO,—IMP, only peaks representing
metallic Ni and CeO, phases could be detected. Beside the
three peaks for Ni® with 26 values of 44.5°, 51.7°, and 76.3°
(PDF no. 01-087-0712), the other eight peaks could be

characterizations have been carried out to
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Figure 2. X-ray photoelectron spectra of the reduced Ni-0.080CeQ, catalysts (a, c) and Ni/CeO,—IMP catalysts (c, d): (a, b) Ni 2p; (¢, d) Ce 3d.

attributed to CeO, with fluorite-type structure (PDF no. 00-
004-0593)."” The Ni crystalline size in this sample was 14.2 nm
calculated on the basis of the Scherrer equation (Table 1). For
Ni-0.080CeO,, the main diffraction peaks represented the
existence of metallic Ni. Only three weak signals could also be
observed centered at 28.5°, 33.1°, and 47.5°, corresponding to
the fluorite-type structured CeO, (PDF no. 00-004-0593). The
weakened peak intensity was attributed to the low content of
crystallite CeO,. The crystallite size of Ni in Ni-0.080CeO, was
13.1 nm, which was comparable to Ni/CeO,—IMP. In this case,
size effect was excluded for the explanation of the selectivity
and TOF difference between the above two types of catalysts.
The TEM and HRSEM images (Figure 1b—e) indicated a
visible structural difference between Ni-0.080CeO, and Ni/
CeO,—IMP. Apparently, separated Ni particles loaded on the
CeO, support could be clearly observed on Ni/CeO,—IMP
catalyst. In contrast, Ni-0.080CeO, presented a uniform
morphology without obvious separation of Ni and CeO,. As
the precursors for Ni and CeO, were atomically mixed together
during coprecipitant process, the CeO, located closely to Ni
particles in the final catalyst and resulted in a maximum
interdispersion between Ni and CeO,."”" Therefore, the two
samples showed quite different morphologies. Although both
types of catalysts mentioned above were composed of Ni and
CeO, with similar Ni particle sizes, their catalytic performances
were surprisingly distinct from each other. It suggested that the
cerium oxides played a role of promoter for Ni-0.080CeO,
instead of a traditional support to improve nickel dispersion.
Therefore, more characterizations were carried out for further
investigation.

A H,-TPR experiment was employed to probe the difference
in interdispersion between NiO and CeO, in the two types of
catalysts (Figure S2). The total consumption of hydrogen and
the ratio of H/Ni were summarized in Table S2. The broad H,
consumption peak centered at 300 °C belong to the
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decomposition of Ni(OH), to NiO and further reduction to
metallic Ni.'® The main H, consumption peaks for all the
coprecipitated samples centered at 360 °C, which represented
the reduction of Ni from the mixed Ni—Ce hydroxides. This
reduction temperature was much higher than that for Ni/
CeO,—IMP (298 °C), indicating stronger Ni—O bonds in the
precipitated samples.'®* Notably, there was a small peak
appeared at 250 °C, which could only be observed on
coprecipitated Ni-xCeO, samples. This peak was attributed to
the easy reduction of oxygen adsorbed on the vacancies of the
catalysts, which originated from the incorporation of Ni** ions
into the ceria lattice."” The H/Ni ratio was larger than 2.0 for
Ni-xCeO, and Ni/CeO,—IMP samples because of the partial
reduction of CeO,, which could be promoted by the spillover
of H, from Ni nearby. The results indicated a high dispersion of
Ni and CeO, in the coprecipitated sample, which led to a
stronger interaction between them. This information was also
verified by X-ray photoelectron spectroscopy (XPS) experi-
ments (Figure 2). Ni 2p,/, and Ni 2p;, regions with binding
energies of 852.8 and 870.0 eV, attributed to Ni’, were
observed on both samples,”® which coincided with the XRD
results. Meanwhile, there was a small amount of NiO with the
binding energy of 854.0 eV, which was due to the surface
oxidation of Ni before the XPS test.”° It is worth mentioning
that the ratio of Ce®*/Ce*, calculated according to the
literature (Table S3),*' for the coprecipitated Ni-0.080CeO,
catalyst was larger than that for the impregnated sample, which
indicated a stronger interaction between Ni and CeO, in the
former sample.

We further applied Raman spectroscopy to clarify the
chemical properties of CeO, in the obtained Ni-xCeO, and
Ni/CeO,—IMP catalysts (Figure 3). From the visible Raman
spectra (532 nm), a peak located at 464 cm™' was observed on
both Ni/CeO,—IMP and CeO,, which featured the cubic
fluorite phase of CeO, (Fzg band).”> However, this peak
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Figure 3. Visible (a) and UV (b) Raman spectra of freshly reduced Nj,
Ce0,, Ni-xCeO,, and Ni/CeO,—IMP.

disappeared on the coprecipitated samples, indicating a
structural destruction of fluorite CeO, in these samples. At
the same time, a peak centered at 566 cm™' was observed for
Ni/CeO,—IMP, Ni-0.080CeQO,, and Ni-0.025CeQ, catalysts,
indicating the existence of defect sites (D band).>* The defects
could be induced by two ways: (i) the oxygen vacancy
originated from reducing Ce*" to Ce®; (ii) the unbalanced
electronic environment caused by distributing Ni into CeO,
lattice (e.g, formation of Ni—O—Ce bond).”* However, the
stronger intensity of this peak for Ni-0.080CeO, indicated
more oxygen vacancies due to more interaction between Ni and
CeO, in this sample. There were no peaks observed for pure Ni
due to its metallic status. We further characterized the samples
using UV Raman spectra, because it is more sensitive to surface
defect sites in CeO, due to the resonance Raman effect.”’
There was a new broad peak appeared at 1180 cm™" for CeO,,
Ni/CeO,—IMP, and Nij-0.080CeO,, which belonged to second-
order longitudinal optical mode (2LO band) of CeO,.***® This
peak showed an obvious band shift to 1100 cm™ on Ni-
0.080CeO,, which indicated the weakening of the Ce—O bond
due to the electron transfer from Ni through the Ni—O—Ce
bond** Also, the peak representing fluorite phase of CeO,
(Fy) still could not be observed over the Ni-0.080CeO,
catalyst, which further confirmed the amorphous status of
CeO, on the surface. Combining the results of visible and UV
Raman spectra, we assumed that for the coprecipitated samples,
the cerium oxides existed in an amorphous form and were
partially doped by Ni, which induced large amount of Ni—O—
Ce bonds around the Ni particles. However, this Ni
substitution in cerium oxide was very low or negligible on its
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impregnated counterpart due to the much lower interface area
between them.

Although this Ni—O—Ce structure itself is not active for
hydrous hydrazine decomposition, it could alter the chemical
properties of surface Ni. This change of Ni property was
probed using Fourier transform infrared (FTIR) spectroscopy
of CO adsorption (Figure 4). The CO adsorption status could
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Figure 4. FT-IR spectra for CO adsorption on Ni-0.080CeO, and Ni/
CeO,—IMP catalysts at different equalized pressures (25 °C).

reflect the surface dispersion of Ni”® The intensity of the
spectrum was more than 50-fold stronger on the Ni/CeO,—
IMP catalyst than that on Ni-0.080CeO,, indicating a much
weaker CO adsorption on the latter catalyst. Typically, for Ni-
0.080CeO,, there was only one weak CO adsorption peak at
2058 cm™!, which did not appear until the CO pressure
increased to 5.0 Torr and could be easily removed after
vacuum. This peak was ascribed to nickel carbonyl species
adsorbed on the highly dispersed Ni’*.*’ It is an indication of
the strong interaction between Ni and CeO,. The surface Ni
particle was surrounded by amorphous CeO,, which led to an
electron transfer between Ni and CeO, through Ni—O—Ce
bond as observed in the Raman results. In contrast, there were
couples of strong CO adsorption peaks observed on Ni/CeO,—
IMP catalyst. The peaks at the region of 1900—1970 cm™" and
1880—1900 cm ™" were attributed to bridged and multicentered
CO adspecies on Ni’,”” which were very stable and could not
be removed even after vacuum. The 2028 cm™' peak was
attributed to linear CO adspecies on Ni’. Also, the peak
representing subcarbonyl CO adspecies on Ni’* was observed
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at 2060 cm™, which was also quite weak and disappeared after
vacuum. With increasing CO pressure, all the above peaks had
blue shift because of bond—bond coupling of CO molecules.*®
Results of CO adsorption experiments reflected the different
surface properties of Ni on these two types of catalysts. For the
coprecipitated samples, the surface Ni particle was surrounded
by amorphous CeO,, which led to an electron transfer between
Ni and CeO, and changed the electronic properties of surface
Ni. The presence of cerium oxide, even with a small amount,
obviously altered the chemical properties of Ni presented in Ni-
0.080CeQ,. However, in the case of Ni/CeO,—IMP, metallic
Ni particles were deposited on the CeO, support, which
showed quite different CO adsorption compared with
coprecipitated samples due to the limited interaction between
Ni and CeO,.

On the basis of the above characterization results, the
structure model could be built for the highly selective and
active Ni-0.080CeO, catalyst, as well as for its impregnated
counterpart (Figure 5). For the Ni-0.080CeO, catalyst, the Ni

NH;+ N,+H,

0 Ni/CeO,-IMP

Ni-0.080CeO,

Figure S. Structure model of Ni-0.080CeO, and Ni/CeO,—IMP
catalysts and the scheme of hydrous hydrazine decomposition.

particles were surrounded by amorphous CeO, species. The
strong interaction between Ni and cerium oxide (e.g,, Ni—O—
Ce bonding) led to a formation of electronically perturbed Ni
species (Ni’*). This electronic perturbation is similar to that
found in the Ni-based alloy catalysts. For the Ni—Pt catalyst,*"
the electron transfer from Ni to Pt led to a weakened
adsorption of H, and NH, species on Ni particles, which
resulted in a 7-fold increase of reaction rate for H, production.
Similarly, the existence of electronic exchange between Ni and
CeO, also altered the interaction between Ni and the N,H,
molecule, which facilitates N—H bond dissociation instead of
N—N bond on Ni and makes the H, generation much easier. In
other words, the additional CeO, played a positive role as the
second metal in Ni-based bimetallic catalysts for modifying the
Ni surface property in Ni-xCeO, catalysts. However, the
intermixing between Ni and cerium oxides were less
pronounced on Ni/CeO,—IMP. Therefore, the influence of
cerium oxide on Ni particles was very small or negligible on the
impregnated sample, which in turn displayed comparable
catalytic performance to that of pure Ni nanoparticles.
Furthermore, the strong metal—oxide interaction in the
coprecipitated samples prevented the formation of fluorite
structured CeQ,. Instead, amorphous CeO, was formed, which
not only played a role of stabilizing Ni but also provided strong
basic sites for this reaction. From the CO,-TPD-MS experi-
ments, there were large amount of strong basic sites existed on
Ni-0.080CeO, and Ni-0.500CeO, catalysts (Figure S3 and
Table S4), which was not observed on the impregnated catalyst.
The existence of these strong basic sites may also play an
important role in promoting H, selectivity as reported
elsewhere.”>'® All these possible reasons made Ni-0.080CeQ,
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both active and selective for H, generation via hydrous
hydrazine decomposition. In this respect, the modifying of
CeO, to Ni in coprecipitated samples played a critical role in
improving the catalytic performance of Ni nanoparticles.

To further verify the promoting effect of oxide for the Ni
catalyst, extended Ni-MO, (M=Mg, Zr, La) catalysts were
prepared by the coprecipitant method with the same Ni weight
loading as Ni-0.080CeO, (80 wt %) and tested in the hydrous
hydrazine decomposition (Table 2). These catalysts had one

Table 2. Comparison of TOF and Selectivity for Ni-MO,, (M
= Mg, Zr, La) Catalysts

catalyst metal dispersion (%) TOF (h™') selectivity (%)
Ni-CeO,” 4.0 S1.6 99
Ni-ZrO, 4.2 47.1 95
Ni-MgO 45 26.5 90
Ni—La,04 2.5 35.9 89

“It refers to the Ni-0.080CeO, catalyst.

thing in common: the oxides chosen were easy to make a
strong interaction with Ni** As all these catalysts were
prepared similarly with Ni-0.080CeO,, they may provide a
similar structure as the Ni-0.080CeO, catalyst. As expected, all
of them displayed much higher TOF and H, selectivity (>89%)
than pure Ni nanoparticles (Table 2), demonstrating that the
promoting effect of oxide could be explained not only in Ni-
CeO, system but also for other Ni-MO,, samples, as long as the
strong interaction structure can be formed between Ni and
other oxides. Similar to cerium oxide, these oxides not only
played a role of disperse active metal but also, more
importantly, modified the electronic properties of Ni, which
altered the interaction between the Ni and N,H, molecule and
made the H, generation pathway much easier.

In summary, the CeO,-modified Ni catalysts showed a 99%
H, selectivity and 3-fold higher TOF value than bare Ni
nanoparticles for hydrous hydrazine decomposition reaction.
The additional CeO, not only stabilized the Ni particles but
also led to a strong interaction with Ni, through which the
electronic property of surface Ni was modified. Besides, a large
number of strong basic sites were formed as a result of the
amorphous properties of CeO,, which was also beneficial for
promoting H, selectivity. The specific properties of Ni
nanoparticles modified with CeO, led to a catalyst with high
selectivity and TOF in hydrous hydrazine decomposition
toward hydrogen generation. The promoting effect could be
extended to other oxides which can form strong interaction
with Ni, such as Ni-ZrO,, Ni-MgO, and Ni—La,O;. This is an
interesting finding and may have practical significance in
designing other metal-oxide-supported catalysts with high
efficiency.
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