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ABSTRACT: An amorphous nickel and boron composite
(NBC) was synthesized from nickel chloride hexahydrate
(NiClL,-6H,0) and sodium borohydride (NaBH,) in absolute
ethanol, both in bulk and supported on mesoporous alumi-
nosilicate nanoparticles (MASN). Comparatively, NBC-MASN
demonstrated better catalytic activity for the selective reduction
of the nitro group on a variety of polysubstituted nitroarenes,
using hydrazine hydrate (N,H,-H,O) as the reducing agent at 25

°C. Reuse and regeneration of NBC-MASN for the reduction of

p-nitrotoluene to p-toluidine were studied with NaBH, acting as a
regeneration agent. Good catalytic activity was sustained through
nine reuse cycles when equimolar NaBH, was present in situ with
N,H,-H,0 (99%—67% isolated aniline yield). The structure and

ON H,NNH,*H,0
.,

HN
.,

NiCl,*6H,0
NaBH,

MASN

NBC-MASN

composition of NBC and NBC-MASN were examined by electron microscopy, energy dispersive X-ray spectroscopy (EDS),
powder X-ray diffraction (PXRD), X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), and
inductively coupled plasma optical emission spectroscopy (ICP-OES). The results for NBC-MASN show that a thin (<10 nm)
amorphous coating forms over the MASN surface, consisting of a mixture of metallic and oxidized nickel (9 wt % Ni), and
various species of boron (atomic ratio of Ni:B = 2). For unsupported NBC, metallic nickel nanocrystals (1—3 nm) were
discovered imbedded within an amorphous matrix of a similar composition. Upon calcination at 550 °C in a N, atmosphere,
partial conversion of unsupported NBC to crystalline Ni;B was observed, whereas only crystalline metallic Ni was observed for
NBC-MASN. To explain these differences, further evidence is given to suggest the presence of residual boron hydrides
encapsulated in the bulk unsupported NBC, suggesting Ni;B was an artifact of processing rather than an initial product.

KEYWORDS: nitroarene, catalysis, nickel, boron, hydrazine, borohydride, mesoporous silica

Bl INTRODUCTION

The reduction of nitroarenes to aromatic amines is of general
interest for industrial as well as biological applications.'
Traditionally, the synthesis of aromatic amines from their
corresponding nitro compounds is performed at high temper-
atures and pressures, in the presence of hydrogen gas and a
metallic catalyst such as Pt, Pd, Fe, Sn, or the well-known
Raney nickel (eq 1).7*

Arylnitro reduction by Raney Ni to arylamine products:”
NO, Raney Ni NH,,
n{j Y Y . (M)
H, A

Alternatively, amorphous heterogeneous catalysts formed
from reacting transition metal salts with sodium borohydride
(NaBH,) in protic solvents have a long history of success in a
wide variety of reduction reaction schemes.”” In aqueous
media, sodium borohydride will generally reduce metal salts,
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such as NiCl, and CoBr,, to their corresponding metallic (M°)
phase, while undergoing hydrolysis to form borate species and
liberate hydrogen gas (eq 2)."°

BH,” + 2M** + 2H,0 — 2M + BO,” + 4H" + 2H,
(2)

The resulting black precipitates could be best described as
nickel- or cobalt-based borate composites, both of which
perform excellently in the catalytic hydrogenation of a variety
of organic substrates containing reducible functional groups.
Furthermore, the hydrolytic degradation of BH,” "'~ and
nickel-based composites is particularly successful at selectively
reducing nitroarene compounds to their corresponding aniline
derivatives.'¥'> However, the reusability of such catalysts is
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Scheme 1. Schematic Illustration of (a) the Synthesis and (b) Use of NBC-MASN Catalyst for the Reduction of Nitroarenes

with Hydrazine Hydrate

NiCl,-MASN

NaBH,
EtOH

NBC-MASN

typically limited due to particle sintering, agglomeration, and
surface oxidation. It has recently been shown that supporting
these composites on inert scaffolds (such as titania, silica gel,
organic polymers, or mesoporous silica nanoparticles) can
enhance activity and reusability, compared to their bulk
powders, by increasing catalyst surface area and stabilizing
against particle agglomeration.m_18 These catalysis schemes
have also benefited from the use of safer and more stable
chemical sources of hydrogen, such as hydrazine hydrate
(N,H,-H,0). 161920

The motivation for our study was to investigate the safe and
economically efficient reduction of nitroarenes, using N,H,-
H,O and a reusable amorphous nickel boron composite
(NBC) catalyst supported on mesoporous aluminosilicate
nanoparticles (MASN) (Scheme 1). In the course of this work,
fundamental questions arose concerning the difference in
physical character between supported and unsupported
versions of NBC. These questions are discussed in light of
considerable uncertainty in the literature as to the actual
composition of such amorphous composites.”' ™

In protic solvents at ambient pressure and temperature, most
salts of the first row transition metals to the left of copper
generate precipitates containing various boron species when
reacted with excess NaBH,, whereas copper and noble metal
salts with more favorable reduction potentials tend to give pure
metallic phases.”” In the case of nickel (and similarly for
cobalt), these precipitates have historically been termed
amorphous nickel borides (Ni3B, Ni,B, etc.), a designation
initially based on a combination of elemental analysis and
powder X-ray diffraction studies of the crystalline structures
which evolved upon heating in an inert atmosphere.”* "
These amorphous precipitates are now known to be more
structurally complex, possessing a variety of possible
compositions and morphologies, depending on the choice of
synthetic parameters (solvent system, pH, temperature, mixing
rate, and the presence of oxygen in solution), the ratio of
borohydride to nickel reacted, and the choice of nickel salt
precursor.27’3’1

To explain the characteristically high activity of amorphous
catalysts such as nickel—boron and cobalt—boron composites
(NBC and CBC, respectively), earlier works in this field
suggested the presence of a direct metal—boron interaction
based on X-ray photoelectron spectroscopy (XPS) data. One
scenario put forward is that electron donation occurs from
boron to symmetry related transition metal d-orbitals and

therefore increases catalytic activity through electron enrich-
ment of the metal surface, while also sacrificially protecting the
metal from oxidation.”' ~** However, a review of the previously
published XPS data reveals a certain amount of ambiguity in
assigning both the B 1s and Ni or Co 2p binding energy shifts
to that of the corresponding borides as well as debate about
the direction of electron donation between the metal and
boron, in both the amorphous and crystalline compounds.*”

With careful use of electron microscopy and elemental
analysis, some authors have shown that bulk NBC and CBC
powders are nanocomposites comprising single nanometer
sized crystalline metal particles imbedded in an amorphous
matrix containing boron oxides (transition or alkali metal
borates, (poly)borates, etc.).”'~>>* Although many of these
authors invoke the presence of borides, they presume that the
main function of the amorphous matrix is to physically prevent
sintering and rapid oxidation of the catalytically active metal
particles during synthesis, thereby preserving the large catalytic
surface area claimed to be responsible for high activity.

While the exact nature of the metal—boron interaction in
these amorphous materials remains uncertain, it is known that
crystalline borides of transition metals are routinely formed
under much more energetically demanding conditions than
those of protic solvent synthesis at near-ambient conditions.
Traditional nickel borides are synthesized in solid state
reactions such as laser ablation or melt quenching of elemental
Ni and B*' or in nonprotic solvent systems at elevated
temperatures (~90 °C).”” Given that borohydrides are known
to decompose readily in protic solvents”® to produce Hy(g) and
various borates (B(OH),~, BO,~, B,0;, polyborates, etcj, and
given that this process is autocatalyzed in situ by the very same
precipitates formed during the reaction of borohydrides with
certain transition metal salts, particularly Ni** and Co?",'” it
seems self-evident that protic solvent synthesis routes cannot
produce true transition metal borides. It is much more
plausible that such reactions primarily produce oxides of
boron, which may then interact strongly with metallic
precipitates to form amorphous transition metal and borate
composites.”” We are therefore careful not to label the bulk
NBC and supported NBC-MASN catalysts studied in this work
as a nickel boride, in recognition that the exact identities of the
boron species present in such composites are still not entirely
known.

Herein, we report the synthesis of an NBC-MASN catalyst
for the efficient and selective reduction of arylnitro compounds
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to the corresponding arylamines using hydrazine hydrate as the
hydrogen source. Additionally, NBC catalyst was examined to
delineate the differences between supported and unsupported
catalysts and to offer a preliminary explanation as to why the
Ni;B phase is only observed upon calcination of unsupported
NBC in an inert atmosphere.

B EXPERIMENTAL SECTION

All reagents were used as received without further purification. Milli-
Q water (18.2 M) was used throughout all steps of synthesis. High
purity dry argon (Ar) was used during catalyst synthesis, storage, and
use. 200 proof ethanol (EtOH) and hydrazine hydrate (N,H,-H,0)
were purchased from Acros. Nickel chloride hexahydrate (NiCl,-
6H,0), sodium hydroxide (NaOH), aluminum isopropoxide (Al(O-i-
Pr);), and sodium borohydride (NaBH,) were purchased from
Spectrum Laboratories. Cetyltrimethylammonium bromide (CTAB),
tetraethoxysilane (TEOS), nitroarene substrates, and methanol
(MeOH) were all purchased from Sigma-Aldrich.

Synthesis of MASN. Mesoporous aluminosilicate nanoparticles
(MASN) were synthesized by adding a mixture of TEOS (4.58 g,
21.98 mmol) and Al(O-i-Pr); (0.244 g, 1.19 mmol) (briefly
sonicated) to a previously prepared solution consisting of water
(485 g), CTAB (1.0 g, 2.74 mmol), and solid NaOH (2.80 g, 70.01
mmol). The CTAB and NaOH solution was first stirred for 15 min at
80 °C to homogenize, before adding the alkoxide mixture dropwise
over 5 min. The combined solution was stirred at 80 °C for 2 h and
then allowed to cool to room temperature while stirring for an
additional hour. The cooled precipitate was filtered and washed with
1.0 L of Milli-Q water and then dried in vacuo overnight at 100 °C.
The dried material was then ground to a fine powder and calcined in
air at 550 °C for S h (at a heating rate of 1 °C/min) to remove the
organic template.

Synthesis of NBC-MASN Catalyst. In a typical synthesis of
NBC-MASN catalyst, MASN support (0.65 g) was dried in a vacuum
oven overnight at 100 °C, cooled to room temperature, and then
soaked in a solution of NiCL,-6H,0 (0.26 g, 1.09 mmol) dissolved in
50/50 v/v EtOH and water. A minimal amount (~3 mL) of solvent
was used to create a thick slurry with the MASN. This slurry was
sonicated in a tightly sealed 20 mL scintillation vial for 90 min and
then allowed to soak for S days before drying overnight in a
thoroughly Ar(,-purged vacuum oven at 100 °C. Dried NiCl,-MASN
was mechanically ground with NaBH, (0.084 g, 2.20 mmol) until
thoroughly mixed together as a fine powder. The powder mixture was
then gently purged with Ar(,) while cooling in a 0 °C water bath for
20 min, before rapidly introducing 19 mL of 0 °C absolute EtOH
(200 proof) with vigorous magnetic stirring. The synthesis was
performed in a semisealed scintillation vial with two small ports in the
cap: one to allow for the introduction of a glass cannula into the
reaction solution to deliver Ar,) and the other for gas ventilation. The
synthesis proceeded with continuous argon purging of the solution
and rapid stirring for ~2 h or until no more effervescent bubbling
from H, production could be observed. The solution was then
diluted with 30 mL of room temperature water to help remove excess
salts and centrifuged to isolate the solid, and the solid was dried
overnight in an Ar(,-purged vacuum oven at 100 °C. The dry NBC-
MASN catalyst was then stored under Ar,) until use in catalysis or
characterization.

Synthesis of NBC Catalyst. Unsupported, bulk NBC catalyst
powder was synthesized by adding a solution of NiCl,-6H,0 (0.26 g,
1.09 mmol) dissolved in 8.5 mL of absolute EtOH to a solution of
NaBH, (0.084 g, 2.20 mmol) suspended in 8.5 mL of absolute EtOH,
with rapid stirring at 0 °C under continuous Ary) purging as
described above. Synthesis proceeded for ~20 min or until no more
H,(g) production could be observed, at which point the material was
rinsed, retrieved, and dried as described above.

Calcination of As-Synthesized Catalysts. A custom-made
calcination furnace with a quartz tube was used to heat the catalyst
materials in either flowing nitrogen or air at 550 °C for 2 h at a

heating rate of 10 °C min~".

General Procedure for the Reduction of Nitroarenes. To an
argon-purged 50 mL round-bottom flask the NBC-MASN catalyst
(0.235 g, 0.4 mmol of Ni), nitroarene (4 mmol), MeOH (8 mL), and
either N,H,-H,O (20 mmol) or a combination of N,H,-H,O (20
mmol) and NaBH, (20 mmol) were added and allowed to stir at
room temperature until no starting material was observed via 'H
NMR analysis. The reaction mixture was then centrifuged, and the
supernatant decanted into a preweighed 100 mL round-bottom flask.
The solid catalyst was rinsed with 1S mL of MeOH under brief
sonication followed by centrifugation, and the supernatant was
decanted into the same 100 mL flask. This rinse step was repeated,
and the combined supernatants were then concentrated by rotary
evaporation and analyzed via '"H and *C NMR.

General Procedure for Cleaning NBC-MASN. The used NBC-
MASN catalyst and methanol (2 X 15 mL) were combined in an
argon-purged Falcon tube, the mixture was sonicated for 10 min and
then centrifuged, and the supernatant was decanted. Ethanol (2 X 15
mL) was added to the catalyst, sonicated for 10 min, and centrifuged,
and the supernatant was decanted. Methanol (10 mL) was added to
the catalyst before sonication for 10 min and centrifuged, and the
supernatant was decanted. The catalyst was then immediately reused.

General Procedure for the Regeneration of NBC-MASN.
Cleaned (as above) and dried NBC-MASN and NaBH, (2 mol equiv
of Ni, assuming Ni was 10 wt % of NBC-MASN) were added to an
argon-purged Falcon tube capped with a rubber septum. The tube was
cooled to 0 °C before adding 5 mL of 0 °C ethanol. The cold mixture
was rapidly stirred for ~1 h or until no more Hy, production was
observed. The mixture was then centrifuged, the supernatant
decanted, and the recovered solid was rinsed as described above
and dried in an argon-purged vacuum oven until further use.

Characterization. Powder X-ray diffraction (PXRD) was
performed on a Rigaku SmartLab X-ray diffractometer with Cu Ka
(1.54 A) radiation (40 kV, 44 mA). All samples were prepared fresh
and handled with minimal exposure to the atmosphere prior to
scanning. All samples were ground under Ar(, and evenly dispersed
on an amorphous SiO, sample holder and scanned with a step size of
0.01° and scan rate of 1° min~'. Annular dark field scanning
transmission electron microscopy (ADF-STEM) imaging was
performed on a FEI Titan TEM operated at 200 or 300 kV. The
STEM probe had a convergence semiangle, @, of 10 mrad and a beam
current of 25 pA (300 kV). HAADF-STEM images were acquired
using a Fischione annular dark-field (ADF) detector. EDS data were
simultaneously collected along with ADF-STEM data on four silicon
drift detectors with a solid angle of 0.7 sr (SuperX) and analyzed
using Bruker’s Espirit software. HRTEM images were acquired using a
FEI ThemIS microscope operated at 300 kV with a FEI Ceta camera.
All electron microscopy and EDS data collection was performed on
fresh samples suspended by brief sonication in absolute ethanol and
deposited on 400 mesh copper TEM grids with lacey carbon support.
Inductively coupled plasma optical emission spectroscopy (ICP-OES)
data were collected on a PerkinElmer Optima 7000 DV. Samples for
ICP-OES were prepared by digestion in an aqueous solution
composed of 50 vol % concentrated HNO; and 5 vol % H,0,
(30% stock solution) at 85 °C, rapidly stirring in a sealed
polypropylene container for 2 h prior to dilution with Milli-Q
water. Thermogravimetric analysis (TGA) was performed on a TA
Q500 thermoanalyzer, using a platinum weighing boat and flowing air
during heating fresh samples at a rate of 10 °C min™'. X-ray
photoelectron spectroscopy was performed on a Kratos Axis Ultra
spectrometer using an Al Ka source (hv = 1486.69 eV) operated at
150 W and a hemispherical electron energy analyzer. Spectral
positions were calibrated using adventitious alkyl carbon signals by
shifting the C 1s peak to 284.8 eV. For samples which exhibited
charging, a flood gun was used to neutralize the sample.

The products of catalysis reactions were analyzed by nuclear
magnetic resonance (NMR) spectroscopy measured in ppm and
recorded on a Bruker 500 MHz spectrometer at 297 K using CDCl,
(8 = 7.26) as an internal standard for "H NMR and 125.7 MHz using
CDCl; (6 = 77.0) as an internal standard for *C NMR. Using a
different probe, ''B NMR analysis occurred on a 160 MHz
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spectrometer using BF;-Et,0 (§ = 0) as an external standard.
Coupling constants (J) are given in hertz (Hz), and signal
multiplicities are abbreviated as s = singlet, d = doublet, t = triplet,
m = multiplet, and br = broad.

General Procedure for Hydrogen Evolution by Gas Buret.
To the gas buret reservoir, outfitted with a rubber septum, 1 M HCI
(15 mL), methanol (15 mL), and tetrahydrofuran (15 mL) were
added and allowed to stir. A few trials of sacrificial hydride sources
were used for the purpose of equilibrating the system. In a separate
Ar-purged round-bottom flask, anhydrous NiCl, (0.065 g, 0.5 mmol)
and solid NaBH, (0.038 g, 1 mmol) were added, and the flask was
cooled to 0 °C. A cannula connected the round-bottom flask to the
gas buret reservoir. The system was allowed to equilibrate before the
addition of 4 mL of 0 °C ethanol via syringe. By the controlled relief
of pressure in the closed system into a graduated cylinder, the volume
of gas generated, plus total volume injected, was measured by water
displacement. The temperature of the displaced water and barometric
pressure were also measured as well as the temperature-dependent
vapor pressure of water. The quantity of hydrogen produced was
determined by following a previously published method.*

B RESULTS AND DISCUSSION

We began this work by screening a number of catalysts made
from different transition metal salts reacted with NaBH, in
ethanol for the reduction of p-nitrotoluene to p-toluidine using
hydrazine hydrate (N,H,-H,0) (Table S1). We found that
NiCl,-6H,0 was the most suitable precursor in forming a
catalyst to this effect. The percent yield of p-toluidine was
determined by isolation, and the purity was verified by 'H
NMR spectroscopy. We also found that supporting this
catalyst, which we have termed nickel boron composite
(NBC), on an inert scaffold made of mesoporous alumi-
nosilicate nanoparticles (MASN) improved catalytic activity
over the unsupported catalyst. The increased activity of the
supported catalyst (NBC-MASN) was likely due to increased
surface area of the active catalyst, as has been similarly
demonstrated for cobalt—boron catalysts supported on
mesoporous silica (MCM-41) nanoparticles.”* MASN was
chosen as a support because of the material’s robust
aluminosilicate structure, high surface area (~100 nm average
diameter, ~1000 m* g'), and mildly negative surface charge.*
We hypothesized that these features would allow for good
incorporation of Ni** into the support during impregnation
with NiCl,-6H,0 and also slow diffusion of Ni** out of MASN
during reaction of dried NiCl,-MASN with NaBH, in absolute
ethanol. Attempts to support NBC on non-aluminated
mesoporous silicate nanoparticles (MSN) resulted in a greater
quantity of large, detached NBC particles formed separate
from the MSN support, as observed by electron microscopy
(Figure S1). The better retention and slowed diffusion of Ni**
from MASN appear to allow for even distribution of the
resulting composite material formed close to the MASN
surface and possibly anchored within its mesochannels. Low-
temperature (0 °C) synthesis was likewise chosen to allow for
slower and more complete reaction of Ni** with BH, ™. Indeed,
the synthesis of NBC-MASN was found to take ~2 h to
complete compared to ~20 min for the synthesis of
unsupported NBC.

The initial catalysis reaction using fresh NBC-MASN in the
reduction of p-nitrotoluene to p-toluidine reached completion
after 2 h. Subsequent reuse cycles of the catalyst, however,
showed progressively longer reaction periods to achieve full
conversion of p-toluidine (Figure 1).

We speculated that the cause of the increasing reaction time
required for complete conversion of p-nitrotoluene to p-

100%
90%
80%
70%
60%
50%

40%

Percent Yield (%)

30%

20%

10%

0%
Reuse

Figure 1. Percent yield of p-toluidine after successive reuse cycles of
NBC-MASN. The yield was determined by isolation, and the purity
was verified by '"H NMR spectroscopy.

toluidine might be due to a loss of catalytic surface area from
the agglomeration of active Ni and/or passivation of the
catalytic surface by NiO formation during successive catalyses.
This prompted us to characterize the catalytic surface of NBC-
MASN using various techniques. For structural comparison we
included the characterization of unsupported NBC as well.

Annular dark field scanning transmission electron micros-
copy (ADF-STEM) imaging of NBC-MASN revealed a very
thin (<10 nm) amorphous coating of material covering the
honeycombed MASN particles (Figure 2a) after synthesis
(Figure 2b). Synthesis of unsupported NBC typically gave
particles in the hundreds of nanometers size regime (Figure
3a). Energy-dispersive X-ray spectroscopy (EDS) confirmed
the presence of nickel in both NBC-MASN and unsupported
NBC (Figure 3b), but detection of boron could not be
confirmed due to its low signal intensity and overlap from the
adjacent carbon signal (Figures S2 and S3). Given the more
positive reduction potential of nickel, the majority of oxygen
present in NBC (Figure 3c) is likely from borate species, rather
than NiO, since freshly synthesized and carefully handled NBC
should contain mostly reduced nickel. No information from
EDS mapping of oxygen in NBC-MASN can be gained since
the signal from SiO, overwhelms any contribution from
borates.

Both ADF-STEM and high-resolution transmission electron
microscopy (HRTEM) imaging of fresh NBC-MASN
indicated the NBC coating was amorphous. If NBC-MASN
particles were subjected to several minutes of continuous
electron flux, however, it was observed that small spots of high
contrast material developed on or within NBC-MASN (Figure
2c). EDS mapping revealed that these spots appear to
correspond with higher concentrations of Ni compared to
the bulk of the composite (Figure 2d). HRTEM shows these
tiny regions have crystallinity (Figure 2 ef), indicating the
amorphous nickel in the composite segregated into larger
particles and partially crystallized under the electron beam.
The segregation/crystallization was particularly difficult to
avoid during EDS mapping, wherein the samples were
necessarily subjected to long exposures and higher beam
current (Figure 2c,d). Figure S4 shows the progression of this
segregation starting at 30 s and after 5 min. By comparison,
HRTEM imaging of fresh unsupported NBC immediately
revealed the presence of approximately 1—3 nm nanocrystal-
line domains of metallic Ni deposited within a surrounding
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Figure 2. ADF-STEM images of (a) as-synthesized MASN, (b) NBC-MASN imaged within 30 s of beam exposure, and (c) NBC-MASN after EDS
mapping for S min, with (d) the corresponding Ni EDS map. (¢) HRTEM images of NBC-MASN after S min exposure to electron beam showing
segregated regions of Ni and (f) a magnified section (box in panel e) showing lattice fringes associated with these regions (arrows).

Figure 3. ADF-STEM image of (a) unsupported NBC, and corresponding EDS elemental maps of (b) Ni and (c) O present in the composite.
HRTEM of unsupported NBC, imaged within 2 min of beam exposure, progressively magnified (d—f) to show lattice fringes for Ni nanocrystals
embedded within an amorphous matrix.

A) calcined (N2, 550 °C)
q B) calcined (air, 550 °C)
C) as synthesized
\ D) MASN

* Ni
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Figure 4. Comparison of PXRD profiles for as-synthesized (fresh) NBC-MASN and after calcination in air or flowing nitrogen. The inset shows the
low angle diffraction pattern for the bare MASN compared to as-synthesized NBC-MASN before and after calcination.
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Figure S. Comparison of PXRD profiles for as-synthesized (fresh) unsupported NBC and after calcination in air or flowing nitrogen. All peaks in
the N,-calcined sample not assigned to Ni (asterisks) can be assigned to NizB (ICDD 00-048-1223). The inset shows an enlargement of the profile

for the air-calcined material, indicating the presence of NiO.

amorphous matrix (Figure 3d—f and Figure SS), an
observation consistent with previous reports of a similarly
formed composite.”” The unsupported NBC appeared much
more stable under the electron beam than the amorphous
surface of NBC-MASN, and additional segregation/crystal-
lization of Ni was more difficult to observe during longer beam
exposures in the case of unsupported NBC. This suggests that
much of the metallic nickel resides as these preformed
nanocrystals in unsupported NBC, whereas nickel in NBC-
MASN is more homogeneously amorphous and evenly
distributed within the NBC structure that coats the MASN.

As reported in the literature, heating these amorphous
composites in inert atmospheres typically yields a mixture of
crystalline nickel and nickel boride in bulk materials such as
NBC.**7° Figures 4 and 5 show the powder X-ray diffraction
(PXRD) profiles for NBC-MASN and NBC, respectively, in
their as-synthesized (or fresh) form and after calcination in air
or flowing nitrogen at 550 °C for 2 h. The high angle
diffraction data for as-synthesized NBC-MASN display an
amorphous profile, while that of unsupported NBC gives only
a broad peak occurring near the (111) reflection for fcc Ni
(44.5° 20). This lack of appreciable diffraction from the
nanocrystalline nickel present in fresh unsupported NBC can
be explained by their small size, below the ~5 nm domain
cutoff necessary to produce X-ray diffraction in metallic
nanoparticles.***’ Calcining NBC and NBC-MASN in either
air or Ny, gave crystalline diffraction profiles in both cases,
likely due in part to the same segregation/crystallization
phenomena observed by electron microscopy. Interestingly,
the air-calcined NBC-MASN diffraction profile shows only
peaks indexed to NiO, whereas the unsupported NBC calcined
in air gave a profile showing predominantly metallic Ni, with
relatively low intensity peaks for NiO. The N,-calcined
NBC-MASN gave a profile for metallic Ni, whereas similar
calcination of unsupported NBC vyielded a mixture of
crystalline Ni and Ni;B (ICDD 00-048-1223).

In an attempt to explain this commonly reported formation
of Ni;B upon calcination of NBC in an inert atmosphere, we
offer preliminary evidence to suggest there may be residual
boron hydrides within the amorphous matrix of NBC. It has
been previously shown that various alkali earth and transition
metal borohydrides and boranes [Mg(BH,), Ti(BH,)s,

Zr(BH,),, Hf(BH,),, and Cr(B;Hy),] can undergo thermal
decomposition to form the correspondin§ metal borides at
moderately high temperatures (>400 °C).**~* In particular, it
has been shown that Ni;B can be formed at 530 °C from the
precursors NiCl, and various boranes (BsH, or B Hy,).”*
Thermal decomposition of residual boron hydrides during
calcination of NBC would explain why crystalline nickel boride
phases were observed in NBC catalyst (eq 3).

NiCl, + 2NaBH, — Ni(BH,), + NaCl - “Ni,B” > Ni,B

(€))
It should be pointed out that if unsupported NBC is first
refluxed in MeOH for several hours prior to Ny, calcination,
then only crystalline Ni is observed (Figure S6). Refluxing in
methanol has been previously shown to remove residual boron
hydrides from similar materials,® which we presume become
trapped in the composite during the rapid reaction of Ni*" and
BH,”. "B NMR analysis of the supernatant solution of the
refluxed material provided a singlet at 18 ppm, suggesting that
a borate is formed from hydrolysis of borohydride (Figure S7).
Trapped boron hydride [possibly Ni(BH,),]*” or hydrogen
adducts™ in the matrix of unsupported NBC may then
decompose during heating, explaining the formation of Ni,B
upon Ny, calcination (eq 3) as well as the predominance of
Ni over NiO upon air calcination of unsupported NBC. The
slow formation of the thin NBC layer in NBC-MASN may
prevent this entrapment of boron hydrides and would explain
the formation of both Ni upon Ny, calcination and NiO upon
air calcination of NBC-MASN.

The predominance of Ni compared to NiO in the PXRD
profile of air-calcined NBC may also be attributed to the
sintering and surface passivation of the Ni nanocrystals during
heating. These agglomerated Ni nanocrystals may retain
interior particle domains of Ni sufficiently large to diffract X-
rays, while being protected from further oxidation by an
exterior layer composed of NiO and borate, as previously
shown for similarly formed cobalt boron composites.”' In the
case of air-calcined NBC-MASN, where only NiO is present in
the PXRD profile, it may be that the very thin layer of
homogeneously amorphous NBC coating of the MASN is
more extensively oxidized than in bulk unsupported NBC.
Finally, in the case of Ny calcination of NBC-MASN,
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amorphous Ni present in the NBC-MASN simply segregates
and crystallizes in domains large enough to diffract X-rays.

Calcining NBC or NBC-MASN in either air or Ny,
atmosphere diminished the catalytic activity toward the
reduction of aromatic nitro groups, likely due to nickel
segregation/crystallization and a subsequent loss of catalytic
surface area, as well as catalytically inactive surface NiO in the
case of air calcination.

The location of NBC on the external surface of MASN is
apparent in Figure 2, but whether this material extends into the
mesochannels of the support is less apparent due to the low
contrast between NBC and SiO,. Some information can be
determined, however, from low angle PXRD of the material.
The inset in Figure 4 shows the change in the (100) peak
position and intensity for the MASN support, before and after
NBC formation and subsequent calcination in air or nitrogen.
This peak corresponds to the distance between the walls of the
~3 nm diameter channels that run through the MASN spheres.
The reduction of intensity and slight shift to lower 26 angles
may be attributed respectively to inclusion of NBC material
within the channels and a subtle expansion of the pores as a
result of their partial degradation during calcination.”” This
degradation is not typically seen upon template extraction
during MASN synthesis, which occurs at the same temperature
of 550 °C, so it may result here in part from the growth of a
crystalline nickel phase within the mesochannels upon
calcination of NBC-MASN. Inclusion of the NBC coating
within the channels of MASN may indicate that the composite
is partially anchored in the pores of the MASN, allowing it to
remain highly dispersed and catalytically active over multiple
reuse cycles (vide infra).

Thermogravimetric analysis (TGA) of both unsupported
NBC and NBC-MASN was performed to investigate the
possible decomposition of trapped borohydride in NBC in
general as well as the oxidation of metallic nickel in both
materials (Figure S8). Upon heating to 800 °C in air, NBC-
MASN shows only the expected mass loss associated with
removal of physically adsorbed water, with no appreciable mass
gain that would indicate oxidation of boron or nickel
Considering that PXRD clearly shows the formation of NiO
at 550 °C in air-calcined NBC-MASN, this TGA result is not
easily explained. However, a similar TGA of unsupported NBC
demonstrated two increases in mass initiating at approximately
350 and 650 °C. The first mass gain initiates very close to that
observed for NaBH, similarly heated in air, which initiates at a
temperature of ~360 °C, and may indicate the presence of
residual borohydride in unsupported NBC, while the second
mass increase starting at ~650 °C is consistent with the
oxidation of Ni nanoparticles in the nanometer size regime.56

Because the surface of a catalytic material is of particular
interest, X-ray photoelectron spectroscopy (XPS) was used in
an attempt to identify the surface species present in both NBC-
MASN and unsupported NBC. Figures S9 and S10 show the
wide scans and core-level scans for freshly prepared samples of
both NBC-MASN and NBC, respectively. Table 1 gives the
relevant electron binding energies for Ni, B, and O in each
material. It is evident from the Ni 2p core-level scans that the
catalyst surface in both cases contains a mixture of metallic and
oxidized nickel. The B 1s core-level scans show the presence of
oxidized boron as well as a peak occurring at 187.7 eV for both
materials, which is within the region typically assigned to nickel
boride in the literature.”’ ~** The interpretation of this B 1s
peak and its assignment to nickel boride is difficult to make,

Table 1. Binding Energies of NBC-MASN and NBC

element NBC-MASN (eV) NBC (eV) possible compounds
Ni 2p 852.6 852.3 Ni

856.8 856.6 NiO, Ni(OH),, Ni(BO,),
B Is 187.7 187.7 BxH),

193.0 192.4 BO,", B,O,
0 1s 5328 5323 NiO, BO,", B,O;

considering the very slight shifts in binding energy observed
between elemental boron, borohydride, and the relevant
borides.*” As for the B Is shifts in these materials, the assigned
shifts for Ni 2p binding energies are also typically <1 eV from
that of metallic Ni.>"***” There is also considerable and
longstanding disagreement as to whether electron donation
occurs from boron to metal, or vice versa, in amorphous nickel
borides.”” Evidence has been given of residual hydrides or
hydrogen adducts in both nickel and cobalt composites,
particularly when synthesized in ethanol, though the specific
identity of these purported hydrides (M—H or B—H) has not
been resolved.”> Considering the interpretation of PXRD and
TGA data in this work, we reason that the B 1s binding energy
previously reported by others as evidence of amorphous nickel
boride may actually be indicative of residual borohydride
sequestered in the composite upon formation. Indeed, the
presence of residual borohydride in similar nickel-based
composites has been previously reported.” Upon comparison
of the spectra for NBC-MASN and unsupported NBC, the
greatly diminished intensity of this B 1s peak at 187.7 eV
relative to the adjacent borate peak implies a much lower
surface concentration of this boron species in NBC-MASN.
Considering the NBC layer on MASN appears by ADF-STEM
to be quite thin (perhaps only a few nanometers on average),
the XPS analysis, with a reliable surface penetration depth of
5—10 nm, may largely account for the entire composition of
the NBC layer in NBC-MASN. Assuming the B 1s peak at
187.7 €V arises from sequestered borohydride, then its lower
concentration in NBC-MASN could account for the lack of
any Ni;B phase observed by PXRD after calcining in Ny(,. Of
course, some portion of the initial NaBH, will fully react and
become borate in the composite matrix (or rinse away as boric
acid), which explains why a mixture of metallic nickel and
nickel boride is typically seen after calcination of NBC in Nj).

Further evidence for the presence of borohydride trapped
within the matrix of NBC was given by examining the quantity
of hydrogen evolved during synthesis of both unsupported and
supported NBC (Table S2). For unsupported NBC, only 51%
of the theoretical amount of hydrogen was released when
NiCl,:NaBH, (1:2) was allowed to react at 0 °C in ethanol.
Even when varying the ratio of NiCl,:NaBH, from 1:1 to 1:0.5,
the amount of hydrogen evolved was 43% and 54%,
respectively. Similar results were obtained for NiCl,-
MASN:NaBH, (1:2), which liberated 56% of the theoretical
amount of hydrogen, indicating that some B—H compound
remains unreacted, possibly sequestered within the interstitial
spaces of the material.

The bulk nickel and boron content in both NBC-MASN and
unsupported NBC were determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES). Throughout
this work, the content of Ni initially present in fresh NBC-
MASN averaged 9.0 wt %, while the calculated loading of Ni**
into MASN via impregnation with NiCl,-6H,0 was 10 wt %.
However, no significant amount of Ni was observed by ICP-
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Figure 6. ICP-OES data for the Ni:B molar ratio in NBC-MASN after successive reuses in the catalytic hydrogenation of p-nitrotoluene. Two
reaction conditions are compared: N,H,-H,O as reducing agent (red diamonds) and N,H,-H,O with an equimolar addition of NaBH, (blue
squares). The two red circular markers for reuse numbers 7 and 9 indicate the Ni:B ratio after ex situ regeneration of NBC-MASN with NaBH, but

before catalysis using N,H,-H,O0.

OES in the ethanol/water supernatant collected after the
syntheses of either NBC or NBC-MASN. Therefore, additional
moisture adsorbed in the hydrated nickel salt and instrumental
error inherent during ICP-OES may account for the
discrepancy. The initial ratio of Ni:B was ~2 in both NBC
and NBC-MASN and remained unchanged for both catalysts
after calcination in either nitrogen or air.

ICP-OES was further used to track changes in the nickel and
boron content after successive reuses of NBC-MASN in the
reduction of p-nitrotoluene to p-toluidine. Figures 6 and 7

100% B H,NNH,*H,0 B H,NNH,*H,0 + NaBH,
90%
80%
70%
S
S 60%
]
> 50%
|
2 40%
&~
30%
20%
10%
0%
0 1 2 3 4 5 6 7 8 9
Reuse

Figure 7. Reuse study: the percent yield for the conversion of p-
nitrotoluene to p-toluidine is plotted against reuse cycle number,
using either N,H,-H,O as the reducing agent or a combination of
N,H,H,0 and NaBH, as reducing and regenerating agents. The
product yields were determined after 24 h reaction. The yield was
determined by isolation, and the purity was verified by '"H NMR
spectroscopy.

show respectively the Ni:B ratio NBC-MASN and the percent
yield of p-toluidine determined after 24 h by '"H NMR for two
different reuse studies. In both studies, S mmol of N,H,-H,O
was used as the reducing agent for 1 mmol of p-nitrotoluene, in
the presence of NBC-MASN containing ~0.1 mmol of nickel.
Sodium borohydride was used either ex situ or in situ with

N,H,-H,0, in an attempt to prolong the catalyst’s reusable
lifetime. In the ex situ NaBH, study, when the percent yield of
p-toluidine was observed to decrease significantly (below 80%)
upon cycling, the used NBC-MASN catalyst was cleaned, dried
(see the Experimental Section), and regeneration attempted by
reacting it with a quantity of NaBH, equivalent to twice the
molar amount of Ni assumed to be present in the catalyst. In
the in situ NaBH, reuse study, a combination of N,H,-H,0O
and equimolar NaBH, was used, with the intention of affecting
continuous in situ regeneration of the catalyst by reaction with
NaBH,. As can be seen in Figure 6, a progressive loss of boron
from NBC-MASN is observed upon each cycle in both studies
but is more dramatic in the study where only N,H,-H,O is
present, compared to in situ regeneration by NaBH,. As can be
seen in Figure 7, the use of NaBH, along with N,H,H,0
extends the lifetime of the catalyst up to nine reuse cycles
compared to only four cycles when regeneration is performed
ex situ. No significant loss of nickel from NBC-MASN was
observed during either reuse study, indicating that all of the
Ni** initially loaded onto MASN was reacted during the
synthesis of the catalyst.

It must be pointed out that N,H,-H,O will not reduce NiO
to Ni® at 25 °C, and oxidation from continuous reaction with
the substrate nitro group during catalysis makes oxidation of
the catalyst inevitable.”” The sustained catalytic activity of
NBC-MASN observed when both NaBH, and N,H,-H,O were
present during each catalysis cycle (Figure 7) is attributed to
the ability of borohydride to reduce passivating surface NiO. It
is also possible, given the higher average boron content
compared to the ex situ study, that in situ NaBH, may
replenish some protective borate species that physically
prevent agglomeration of the active nickel or its more rapid
oxidation. In contrast, it was found that exposing the catalyst to
additional borohydride ex situ, as soon as catalytic activity was
observed to decrease, did not improve catalytic performance
upon subsequent reuse. As can be seen in Figure 6, the boron
content in NBC-MASN did increase after these ex situ
borohydride treatments prior to reuse 7 and 9 but sharply
decreased again upon further cycling. We interpret this as
evidence that NaBH, is reducing oxides formed on the
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Figure 8. Percent conversion of p-nitrotoluene as determined by 'H NMR analysis.

catalytically active nickel surface, so long as the oxidation is not
too extensive—as may be the case in the ex situ regeneration
study. Severe oxidation of the amorphous nickel, along with
loss of the surrounding borate matrix, may leave the nickel
constituent vulnerable to agglomeration, and loss of surface
area, during subsequent reduction by borohydride. Further
XPS and electron microscopy studies examining the surface
oxidation and agglomeration/crystallization of nickel at each
reuse cycle would likely elucidate the point at which surface
oxidation and/or segregation/crystallization deactivates the
catalyst, and either in situ or ex situ borohydride regeneration
is no longer possible for NBC-MASN.

A "H NMR spectroscopic study was performed to determine
at what time the nitroarene was converted into the aniline
derivative (Figure 8). Fresh NBC-MASN catalyst completely
converted p-nitrotoluene to p-toluidine in 2 h (reuse 0).
However, subsequent reuses of the catalyst showed pro-
gressively longer reaction times to achieve full conversion of p-
toluidine. The longer reaction time required is evidence of the
formation of an oxide layer on the catalytic nickel surface,
which inhibits hydrazine and the nitroarene from interacting
with the catalyst as effectively when compared to the freshly
made NBC-MASN.* Although full conversion to p-toluidine
was not achieved in the fifth cycle, all of the starting material
was consumed, leaving behind a mixture of p-toluidine and
several intermediates (Figure S11).

A possible reaction pathway (Figure S12) can be elucidated
based on the types of intermediates present in the '"H NMR.
The presence of 4,4-dimethylazoxybenzene and 4,4-dimethyl-
hydrazobenzene suggests that the reduction of p-nitrotoluene
begins with the reduction of the nitro group to a nitroso
intermediate (Figure S12, A). The nitroso intermediate then
condenses with a molecule of the hydroxylamine (B) to
generate the 4,4-dimethylazoxybenzene intermediate (C),
which leads to the 4,4-dimethylhydrazobenzene (E) inter-
mediate and last the desired p—toluidine.m’sg_63

To verify the catalytic ability of NBC-MASN for the
reduction of other nitroarenes, a preliminary substrate scope
was investigated (Table 2). Simple nitroarenes such as p-
nitrotoluene and nitrobenzene easily produced the aniline
products (entries 1 and 2). Halogenated nitroarenes were
reduced in excellent yields to the corresponding aniline

Table 2. NBC-MASN versus NBC for Selective Nitro Group
Reduction

Entry Substrate Product Catalyst®

NBC-MASN®

HoC HoC
1 \©\ \©\ 94% 85%
NO NH,
©\ 99% 58%
NH

NBC*¢

X X X = Br 83%
o, o,
3 X = C1 96%
NO, NH2  x —BrCLI
X=Br,ClI X =Br,Cl,1 X=187%

Br. Br.
4 j@ ji)\ 99% 99%
HaC NO,  HsC NH,
B S IR

NC NC
6 \©\ \©\ 48% 19%
NO, NH,
HaC
7 \©\ - 0% -
oN

“Isolated yield. bReaction conditions for supported catalyst: nitro-
arene (4 mmol), NBC-MASN (10 mol %), MeOH (8 mL), hydrazine
hydrate (20 mmol), 25 °C, 24 h, under an argon atmosphere.
“Reaction conditions for unsupported catalyst: nitroarene (4 mmol),
NBC (10 mol %), MeOH (8 mL), hydrazine hydrate (20 mmol), 25
°C, 24 h, under an argon atmosphere.

derivatives, and no dehalogenated product was observed
(entry 3). Both trisubstituted and pyrene nitroarene derivatives
were tolerated as well (entries 4 and 5).

Interestingly, 4-nitrobenzonitrile was selectively reduced to
4-cyanobenzylamine (entry 6) while the nitrile in 4-
cyanotoluene remained unreacted during the catalysis (entry
7). This selectivity differs from previously published catalyst
systems, which reduced both nitro and nitrile groups
simultaneously.s’é‘h65 In those methodologies, the reducing
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agent was H, generated from NaBH,, while our catalysis
system uses N,H,-H,O. This result confirms that the reducing
agent can dictate functional group selectivity.”’ Thus, the
formation of a diimide, from the oxidation of hydrazine,“_ég
reacts preferentially with the nitro substituent before
decomposing into nontoxic Ny(g).-

Overall, the initial arylamine product yield was higher for a
variety of substrates when using supported NBC-MASN
catalyst compared with the unsupported NBC catalyst. This
is likely due to the more amorphous character of NBC grown
on MASN, potentially possessing a larger proportion of
minimally coordinated nickel sites for catalysis, compared to
the more crystalline character of NBC.”””" Similar arguments
have been made for the enhanced activity of Co—B when
dispersed on mesoporous silica nanoparticles (MSN) versus
solid silica beads or bulk Co—B, where larger domains of
metallic Co tend to aggregate.”*

B CONCLUSIONS

In this work, we have shown that a nickel boron composite
(NBC) supported on mesoporous aluminosilicate nano-
particles (NBC-MASN) increases catalytic activity compared
to unsupported NBC for the selective reduction of several
different nitroarenes to their corresponding aniline derivatives.
The catalytically active amorphous nickel in NBC-MASN may
be deactivated by oxidation and/or agglomeration/crystalliza-
tion of nickel during catalysis, leading to an average reusable
lifetime of four cycles. The reusable lifetime of the catalyst
could be prolonged up to nine cycles (for the reduction of p-
nitrotoluene) when equimolar NaBH, was used with N,H,
H,O during catalysis, but not when NaBH, was used ex situ to
attempt regeneration of the exhausted catalyst. Introducing
NaBH, in situ during catalysis likely reduces surface NiO back
to Ni and may help to fortify the borate content believed
responsible for preventing agglomeration and rapid oxidation
of the amorphous nickel present in NBC.

The structural character and negative surface charge of the
MASN support appears to aid in forming a thin, highly
dispersed amorphous coating of NBC on MASN during
synthesis. Comparatively, unsupported NBC consists of much
larger particles containing 1—3 nm metallic nickel nanocrystals
embedded in an amorphous matrix. We attribute the boron
content in NBC-MASN, observed by ICP-OES and XPS,
largely to the presence of unknown borate species rather than
amorphous nickel boride, since the degradation of borohy-
drides in protic solvents prohibits the formation of elemental
boron or true borides. The XPS, TGA, and PXRD analyses,
along with the results of methanol refluxing, indicate the
possible entrapment of borohydrides within the rapidly formed
precipitate of unsupported NBC. This residual borohydride
may explain the formation of Ni;B upon N, calcining of
unsupported NBC. The slower formation of the thin NBC
layer grown on MASN may allow for a more complete reaction
of NaBH, and would explain why only crystalline Ni is
observed by PXRD upon N, calcining of NBC-MASN as
well as the greatly reduced intensity of the B 1s peak at 187.7
eV in the case of NBC-MASN compared to that of
unsupported NBC. The same 2:1 Ni:B ratio observed by
ICP-OES for both NBC-MASN and unsupported NBC may be
explained if the majority of boron present in the supported
catalyst is oxidized, while some portion of the boron in NBC is
residual boron hydride trapped within the amorphous matrix.

We have given preliminary evidence indicating the presence of
residual boron hydrides in unsupported NBC.
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