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Introduction

The current development in catalysis of nanoparticles has
stimulated a renewed interest in catalysts that display high
catalytic activity and selectivity for hydrogenation or dehy-
drogenation reactions.[1] Previously, the nickel–boron nano-
material (denoted as Ni·B), which was initially produced in
the 1950s by chemical reduction of an appropriate nickel
salt by alkali metal borohydrides,[2] has been shown to have
an exceedingly high catalytic activity for a wide range of hy-
drogenations and dehydrogenations.[2,3] The catalyst has
been demonstrated to be at least as active as standard
Raney nickel but produces less double-bond migration than
the latter in hydrogenations.[2–5] Similar catalysts produced
from alternative reduction media have been shown to be
highly selective for certain hydrogenations of one double
bond in the presence of another.[6] Importantly, these cata-
lysts are known to be more easily prepared than Raney
nickel, with a high degree of reproducibility and reliability.

The remarkable catalytic properties of the material have
given rise to extensive studies that so far include reaction ki-

netics,[7,8] stoichiometric chemistry,[9–11] chemical state of the
surface,[12–14] and the catalytic applications.[15–18] In addition,
studies on the Ni·B system have been widely extended to
other similar metal–metalloid materials, which involve tran-
sition metals and the elements of B and P to form Fe·B,
Co·B, Pd·B, Ni·P, Fe·P, Fe·Ni·B, Ni·Fe·P, Fe·P·B, Ni·W·P,
Pt·B, Ni·P·B, or Ni·Co·B.[19–22] These studies have led to im-
portant applications not only in catalysis but also in other
fields such as in deuterium exchange,[23] selective desulfuri-
zations,[24] and for the preparation of magnetic recording
materials, ferrofluids, and chemical composites.[25]

Despite the important properties and applications, howev-
er, the precise nature of the nickel–boron material itself has
always remained unclear. It was originally thought that this
material was a simple stoichiometric nickel boride com-
pound, with a formula of Ni2B or Ni3B, but the boron con-
tent was later found to vary with the ratio of the reactants
used in preparation.[7–18] Studies on the structure using
powder X-ray diffraction (XRD),[13, 26–28] X-ray photoelec-
tron spectroscopy (XPS),[12,14,29, 30] and transmission electron
microscopy (TEM)[15,27,28, 30] led to a view that the material is
amorphous, and as a consequence, it is frequently referred
to as an “amorphous nickel boron alloy”.

In a recent communication,[31] we reported on our investi-
gations of the Ni·B catalyst prepared by using the chemical
reduction method. We were able to show that the material
is not a simple nickel boride compound but a mixture of
metallic nickel and a boron-containing substance. More im-
portantly, we found that rather than being amorphous, the
material possesses a highly unusual nanostructure in which
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very small Ni nanoparticles (1–3 nm) form a cluster arrange-
ment that serves as a host to guest B-containing species ac-
commodated within their interstitial sites. In the present
work, we show the formation of alternative Ni·B structures
prepared under different conditions, and offer an explana-
tion of their varying catalytic activity on the basis of their
structural characteristics. The work has been further extend-
ed to the preparation and examination of colloidal Ni·B
nanoparticles, which are largely different from the original
material.

Results and Discussion

Nickel–boron catalytic precipitate : The synthesis of the ma-
terial was carried out in aqueous solution according to a lit-
erature method using nickel acetate (Ni ACHTUNGTRENNUNG(CH3COO)2·4 H2O)
and sodium borohydride (NaBH4).[2] Examination of the
product by SEM showed that the material consists of nano-
particles with a typical size of approximately 30 nm
(Figure 1), consistent with the TEM examination (Fig-

ure 2a). Detailed observation using high-resolution TEM
(HRTEM) revealed that these nanoparticles were not amor-
phous but possessed an ultrafine crystalline structure (Fig-
ure 2b and c). Each particle was itself an aggregate of a
large number of smaller component nanoparticles with a
size of 1–3 nm. These tiny components, although extremely
small, with the smallest showing only five lattice fringes,
were nevertheless clearly crystalline. They were very tightly
clustered together such that each complete aggregate parti-
cle was clearly separated from its neighbors. This structure
was in marked contrast to that of conventional nickel col-
loids, which are usually well-defined single crystals. Within
the networks of gaps formed by the nanoparticles, and
around the complete ensemble, a second amorphous phase
was observed; this appears to prevent further sintering of
the crystalline nanoparticles.

Previous studies using XPS have found that the binding
energy of Ni 2p3=2

in this material is in line with that of the
bulk nickel (�852.5 eV),[12,14, 30] implying the elemental state
for the metal. However, as regards the boron involved, two
forms appear to be present, corresponding to a binding

energy of B 1s at 188.2 and 191.7 eV. These two forms were
assigned to the elemental boron associated with the nickel,
and the residual boron in the deposited BO2

� ions that are
produced by the hydrolysis of NaBH4.

[12] In similar products
from the systems of Pd·B and Pt·B, a third form of boron
with a characteristically low binding energy of approximate-
ly 182 eV, which is believed to arise from a hydrogen-con-
taining boron species (denoted as B–H), has also been ob-
served.[9,12] From considering these findings, we expect that
in our sample, the observed component crystallites are of
metallic nickel, and the captive surface phase is of a boron-
containing species.

To test this hypothesis, we first imaged many nanoparti-
cles at random and avoided any long-time exposure of indi-
vidual particles to the electron beam. These observations
yielded a consistent result that all particles possessed the
same nanostructure. Nano-beam selected-area electron dif-
fraction (SAED) patterns were then recorded for many par-
ticles within the sample. We chose the SAED rather than
the power spectra of the high-resolution images because the
former has the advantage of providing more detailed infor-
mation, whereas in the latter the radial distribution function
could be masked by the rings arising from the Fourier trans-
form of the phase contrast transfer function (PCTF) of the
microscope.[32] Furthermore, nano-beam diffraction patterns
are not subject to the information limit of the microscope in
imaging mode. The recorded diffraction pattern shows three

Figure 1. SEM images of the as-made Ni–B particulate precipitate yield-
ed from the reaction of Ni ACHTUNGTRENNUNG(CH3COO)2 with NaBH4 in aqueous solution:
a) lower and b) higher magnification images of the same sample. Scale
bars: 300 nm.

Figure 2. TEM images of the nickel–boron nanoparticles as a precipitate
yielded from the reaction of Ni ACHTUNGTRENNUNG(CH3COO)2 with NaBH4 in aqueous solu-
tion: a) A low magnification image shows the size and the morphology of
the nanoparticles (scale bar: 50 nm). b) A higher magnification (� 600k)
image of a typical particle in the precipitate (scale bar: 5 nm). c) The
image of (b) at a higher resolution (� 800k), to show the lattice fringes of
the component nickel crystallites with varied orientations (scale bar:
5 nm). d) The nano-beam electron diffraction rings of the sample.

Chem. Eur. J. 2009, 15, 1134 – 1143 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 1135

FULL PAPER

www.chemeurj.org


rings, an inner relatively sharp ring, a stronger but more dif-
fuse middle one, and a similarly diffuse outer ring (Fig-
ure 2d). The d spacing of the corresponding lattices was de-
termined to be as follows: inner, 2.506 �; middle, 2.094 �;
and outer, 1.231 �. The strong middle ring could correspond
to either the Ni ACHTUNGTRENNUNG(111) or NiO ACHTUNGTRENNUNG(200) diffraction lines, and the
outer ring to Ni ACHTUNGTRENNUNG(220) or NiO ACHTUNGTRENNUNG(311). The inner sharp ring
does not fit any known line of these phases, but matches ex-
actly the forbidden (110) spacing of metallic nickel. Given
the extremely small size of the particles, and the strong in-
teraction of 300 kV electrons with matter, it is highly proba-
ble that the normal systematic absence conditions break
down and this diffraction ring is thereby allowed. Moreover,
the absence of the (111) and (220) lines of nickel oxide in
the diffraction pattern suggests that the particles are not the
oxide but almost certainly metallic nickel. This does not
completely rule out the possibility of nickel boride, but with
the latter, larger d spacings would also be expected. These,
however, were not observed.

Powder X-ray diffraction (XRD) studies on both the as-
prepared and thermally annealed samples were then per-
formed. The results are shown in Figure 3. As expected, the

raw material shows a complete absence of any sharp diffrac-
tion peaks, and only a broad diffraction at around 2q=458
(Figure 3a), consistent with the literature reports.[13,26–28]

Moreover, in previous studies this broad peak has been as-
signed to amorphous nickel. Here, our HRTEM observation
of the ultrafine crystalline structure clearly indicates that al-
though the component nanoparticles are extremely small,
they are nevertheless crystalline. Almost certainly, this
broad diffraction arises from a superposition of the broad-
ened lines from these extremely small component nanoparti-
cles, particularly as it is centered at the position of the Ni-ACHTUNGTRENNUNG(111) peak (d= 2.02–2.04 �).[33] Thermal treatment of the
sample at 600 8C in argon dramatically improved the quality

of the XRD profile, which suggests increased crystallization
by sintering of the small crystals. The three strongest diffrac-
tion lines of metallic nickel were then fully developed (Fig-
ure 3b), corresponding to the 2q values of 44.45, 51.73, and
76.848, and matching exactly the metal Ni ACHTUNGTRENNUNG(111), Ni ACHTUNGTRENNUNG(200),
and Ni ACHTUNGTRENNUNG(220) lines, respectively.[34, 35] This result was subse-
quently confirmed by the HRTEM examination of the an-
nealed sample, in which larger metallic Ni nanoparticles
were clearly observed (Figure 4). On the basis of these find-
ings, we conclude that the component nanoparticles are of
metallic nickel.

Energy dispersive X-ray spectroscopy (EDS) measure-
ments were performed on the as-prepared specimen to con-
firm its composition, and in particular, to determine the role
of boron in the specimen. A parallel study of microcrystal-
line nickel oxide confirmed that the low O ACHTUNGTRENNUNG(K edge) emission
peaks from the specimen were not compatible with the pres-
ence of appreciable nickel oxide. As boron is difficult to
detect because of its low emission energy (�188 eV), a pre-
liminary investigation was carried out on B2O3 to ascertain
the detection limit (see Figure 1 in the Supporting Informa-
tion). To avoid reduction in the electron beam, this investi-
gation utilized large diameter beams (1–10 mm) and the
spectra were recorded from the same area after different ir-
radiation times to test for consistency. Under these condi-
tions, no sample reduction was observed. The observed
boron K emission from the catalyst is shown in Figure 5.
Multiple EDS analyses yielded a mean peak OACHTUNGTRENNUNG(K edge)/B ACHTUNGTRENNUNG(K

Figure 3. XRD profiles of a) the as-prepared nickel–boron nanoparticles
and b) the thermally annealed sample at 600 8C under an argon atmos-
phere. The assigned diffraction peaks in (b), from left to right, corre-
spond to the d spacing of 2.03, 1.73, and 1.25 �, respectively, for metallic
nickel.

Figure 4. TEM images of a thermally annealed (600 8C under argon) Ni–
B precipitate specimen to show the sintered metallic Ni crystals. a) A low
magnification image (scale bar: 10 nm); b) and c) HRTEM images corre-
sponding to the particles shown by the arrows in (a) to show their crystal
fringes (scale bars: 5 nm); d) the SAED pattern of the sample corre-
sponding to the fcc structure of metallic nickel.
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edge) ratio of approximately 1.0, far smaller than that ob-
tained from B2O3, which is approximately 13.9. This result
indicates that the boron in the sample is not an oxide, but
probably elemental boron associated with the nickel, togeth-
er with some deposited BO2

� ions.
To more fully justify the above views, XPS measurements

of Ni 2p3=2
and B 1s were also performed and the results are

shown in Figure 6. It can be seen that the Ni 2p3=2
binding

energy, (852.3�0.01) eV, is consistent with that for bulk
metallic nickel, further supporting our conclusion that the
nickel in the catalyst is nickel metal. This test is also in a
good agreement with the literature on NiB,[12, 14,30] and the
XPS data for other metals such as measurements for the Co
2p3=2

, Fe 2p3=2
, Pd 3d5=2

, and Pt 4f7=2
levels in the corresponding

M–B-type catalysts.[9,12]

The surface oxidation of the nickel metal was observed,
and the corresponding XPS peak was at 855.7 eV, in agree-
ment with the XRD data in which a small amount of nickel
oxide was present (Figure 3 and ref. [34]). The surface oxida-
tion of nickel has also been reported by Okamoto et al. and
Vedrine et al. on the basis of their XPS measurements.[12, 36]

In addition, the small XPS peak at 860.9 eV may be attribut-
ed to the contamination of Ni ACHTUNGTRENNUNG(CH3COO)2 as the reactant
employed, and this can be further seen by our detailed XPS
scans of C 1s and O 1s peaks for the sample (see Figures 4
and 5 in the Supporting Information).

As for the surface boron, two types of boron denoted as
B-1 and B-2 were observed with their corresponding B 1s
binding energies of 187.4 and 191.0 eV, respectively
(Figure 6, lower spectrum). The B-1 species can be readily
assigned to the amorphous boron combined with the nickel
as observed in the HRTEM, since the binding energy corre-
sponds very closely to that of elemental boron (186.7 eV).
This boron species can be easily differentiated from boron

oxide based on their large difference in binding energy. The
B-2 species may arise from the deposited BO2

� because of
the hydrolysis of NaBH4 (also see the kinetic reaction equa-
tions below), a result that is in a good agreement with those
obtained by Schreifels et al. and Okamoto et al.[12,14]

Based on all these results, a schematic diagram illustrating
the nanostructure of the particulate nickel–boron precipitate
was constructed, and this is shown by the inset of Figure 5.

Formation of the bi-elemental particles should result from
a coreduction of the two elements in the solution, and this
may be further understood from the kinetics of the hydroly-
sis of BH4

� ions and the reaction of BH4
� with Ni2+ , which

has been proven to follow three independent equations
[Eqs. (1)–(3)]:[7,8, 10]

BH4
� þ 2 H2O! BO2

� þ 4 H2 ð1Þ

Figure 5. An EDS spectrum showing the elements involved in the materi-
al and their corresponding X-ray emission peaks. Inset: a schematic dia-
gram shows the fine nanostructure of the Ni–B particles. It is made up of
a cluster of tiny nickel single crystallites (1–3 nm) as the host that appear
to hold a boron-containing species in their interstitial spaces.

Figure 6. XPS measurements of the spectra of Ni 2p2=3
(upper) and B 1s

(lower) for the Ni·B catalyst (pass energy: 20 eV). The black lines corre-
spond to the raw data, whereas the red and green lines are the smoothed
profiles and the fits to the individual peaks, respectively.
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BH4
� þ 2 Ni2þ þ 2 H2O! 2 Niþ BO2

� þ 4 Hþ þ 2 H2 ð2Þ

BH4
� þH2O! BþOH� þ 2:5 H2 ð3Þ

Effect of the reaction temperature : In addition to the reac-
tions performed at 80 8C, in which the nanostructure was ex-
amined as described above, the reaction was carried out at
room temperature (22 8C) to examine any effect of tempera-
ture. In contrast to the reactions at the higher temperature,
the reduction now did not lead to an immediate color
change of the solution, indicating a slower reaction rate. The
black color gradually developed over a period of approxi-
mately 2 min, leading to a nearly colloidal suspension. The
as-made nanoparticles were examined by TEM, SAED, and
EDS.

As shown in Figure 7a–c, these nanoparticles are around
60 nm in size, and each particle is an aggregate of smaller
particles. These smaller particles themselves are again the

aggregates of even smaller nanoparticles (1–3 nm). The
whole assembly consequently displays a complex, blackber-
ry-like morphology. As with the nanostructure observed ear-
lier, a second amorphous phase is also found around the
nanoparticles, appearing to cement them together. The re-
corded SAED pattern again shows the three prominent
rings (Figure 7d), and the EDS analysis gives a very similar
result as obtained previously. On the basis of these measure-
ments, it is concluded that the nanostructure produced at

room temperature is basically the same as that at higher
temperature, except that at room temperature the aggregat-
ed nickel–boron component particles are less-tightly bound
to each other.

Effect of the boron content : The presence of boron has
been previously shown by chemical analyses,[9–11] and its con-
tent has been reported to vary with the ratio of reactants
used in preparation.[7–18] However, how the boron content
affects the Ni·B nanostructure has been scarcely studied. To
better understand this, a comparative study of samples with
varied boron content has been made. As can be seen from
the HRTEM images shown in Figure 8, a higher content of

boron led to a much thicker amorphous coating on the par-
ticle surface. This amorphous coating existed on almost all
of the particles, and some degree of crystallization within it
could be induced upon prolonged exposure to the electron
beam. Multiple EDS measurements indicated that in the
original specimen with a reactant molar ratio of 1:1, a mean
value of the OACHTUNGTRENNUNG(K edge)/B ACHTUNGTRENNUNG(K edge) intensity ratio was ap-
proximately 1.1. The specimen precipitated with an excess
of NaBH4 (in this case, the molar ratio of Ni-ACHTUNGTRENNUNG(CH3COO)2·4 H2O to NaBH4 was 1:3), however, showed an
even smaller O ACHTUNGTRENNUNG(K edge)/B ACHTUNGTRENNUNG(K edge) ratio of approximately
0.8, implying a higher boron content. This, coupled with the
large difference of the HRTEM image contrast between the
amorphous shell and the crystalline core, confirmed that the
shell was definitely a boron-containing species, and that in-
creasing the boron content increased the thickness of this
coating accordingly. However, the crystalline structure of
the nickel core remained unchanged since faint, superim-
posed lattice fringes could still be discerned in the cores of
the particles.

Effect of the surfactant—formation of the nickel–boron col-
loids : For comparison with the original precipitate, a colloi-
dal Ni·B suspension was made by extending the reduction
using sodium dodecylbenzene sulfonate (SDBS,

Figure 7. TEM images of the Ni–B nanoparticles produced at room tem-
perature. a) Low and b) medium magnification images (scale bars:
200 nm and 100 nm, respectively); c) an HRTEM image shows the fine
nanostructure of the particles in the edge area of the aggregate as indi-
cated by the arrow in (b) (scale bar: 5 nm); d) SAED pattern recorded
from the same area as shown by image (c).

Figure 8. a) Low- and b) high-magnification TEM images of the nickel–
boron nanoparticles prepared in the excess of boron, to show the amor-
phous boron coating on the particle surface (scale bars: 20 nm and 5 nm,
respectively). In this case, the molar ratio of the nickel acetate to sodium
borohydride was 1:3.
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C13H29SO3Na) as a surfactant. Examination of the colloidal
particles by TEM showed that they were about 20–30 nm in
size, with a similar morphology to that of the normally used
colloidal nickel (Figure 9a and b). However, close inspection

by HRTEM revealed that these two forms of colloids were
very different. In our specimen, the nanoparticles were not
single crystals, but instead were composed of very small
crystallites (up to �2 nm) and a second amorphous phase
within their gaps. In comparison to the core–shell structure
of the Ni·B precipitate, here no amorphous shell appeared
to be on the surface. However, after aging the sample for
over two months an examination showed that an amorphous
coating was present (Figure 9c and d), which implied that
some sintering had occurred in the aging period that had led
to the development of the shell. Although the exact process
is not yet clear, it is suspected that this change might be
driven by a diffusion-related process in which the nickel and
boron sintered, separately, with their neighboring species.
As a consequence, the surface of the particles eventually
became boron rich while the core was nickel rich.

Similar to the case in the precipitate, the recorded XRD
profile of the colloids showed a weak but broad peak
around 2q= 458, matching the diffraction of metallic Ni ACHTUNGTRENNUNG(111)
(see Figure 2 in the Supporting Information). Almost cer-
tainly, the weakness and broadness of this diffraction reflect
the nature of the extremely small size of the component

crystals. Thermal treatment of the sample at 600 8C in argon
yielded three strong diffractions corresponding to the peaks
at 2q= 44.5, 51.7, and 76.88 that match the diffractions of
metallic nickel at Ni ACHTUNGTRENNUNG(111), Ni ACHTUNGTRENNUNG(200), and Ni ACHTUNGTRENNUNG(220), respective-
ly.[33] In addition, EDS measurements clearly indicated the
presence of both Ni and B (see Figure 3 in the Supporting
Information). A trace amount of oxygen was also detected,
which was believed to arise from the oxygen atoms of the
surfactant molecules and the oxidation of the surface of the
sample in air. No boron oxide was found as the measured
mean OACHTUNGTRENNUNG(K edge)/B ACHTUNGTRENNUNG(K edge) ratio was only approximately
1.5, which was far smaller than that of B2O3, approximately
13.9, under identical conditions. It is thus concluded that al-
though the surfactant has little effect on the particle struc-
ture, it does modify the surface morphology.

The SAED pattern of an aggregate of the colloids is
shown in Figure 10a. In this pattern, only one diffraction
ring was observed, and it is clearly made up of many spots.
Using the diffraction pattern of colloidal gold as a reference,
we determined that this strong diffraction corresponded to a

d spacing of approximately 2.1 �, very close to that of the
bulk Ni ACHTUNGTRENNUNG(111) (2.02–2.04 �) but much less than that of the
corresponding planes of NiO. Bearing in mind the lack of
any appreciable oxygen peak in the EDS spectrum, we may
therefore conclude that the nickel involved is not in the
oxide form, which is consistent with the HRTEM observa-
tions and the XRD studies.

One question remains, namely the absence of other ex-
pected diffraction rings from metallic nickel. Some light
may be shed on this by considering the ordering state of the
nickel nanoparticles. The lowest-angle diffraction maximum
of nickel is of (111), which results only from the presence of
closely packed layers of atoms. The other diffraction
maxima that we might expect to observe, namely (200),
(220), and (311), all require a regular layer stacking se-
quence of ABCABC and so forth from the fcc structure. If
any stacking faults are present, these latter beams will be
broadened to the extent that they may not be visible. Given
the extremely small size of the individual nickel crystallites,
with the consequent likelihood of icosahedron-like struc-

Figure 9. HRTEM images of the Ni–B colloids. a), b) The images of the
as-made particles to show the unusual nanostructure; the lattice fringes
from the component crystals with different orientations can be seen in
these images (scale bars: 2 nm). c) A typical image shows that following
the aging of the specimen for over two months, the nanoparticles devel-
oped a core–shell structure that is in a marked contrast to the original
sample (scale bar: 50 nm). d) A HRTEM image of a core–shell nano-
structure (scale bar: 5 nm).

Figure 10. a) SAED pattern of the Ni–B colloids. b) The inset shows the
selected area for the diffraction, whereas image (b) itself is an HRTEM
image of part of the area to show the fine nanostructure (scale bar:
5 nm).
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tures being present,[36, 37] it is not surprising that they are not
observed. Indeed, at such small dimensions the particles
may well be fluxional, so that only the interlayer correla-
tions are preserved, and therefore only the (111) beam can
be observed. The slight increase in spacing of the (111)
planes when compared with bulk metal is to be expected, as
some degree of structural relaxation is almost certainly pres-
ent, and if the layers are effectively in motion, their spacing
will be larger.

Another question that then arises is the origin of the
other spots in the pattern, which cannot be indexed on the
nickel unit cell. The area used to generate the SAED pat-
tern is shown as an inset of Figure 10b and a portion of it is
shown in an enlarged form in Figure 10b itself. The embry-
onic lattice fringes of the metallic nickel are clearly visible
in the particle core, but so are many crystalline regions in
the largely amorphous shell. It is not possible in the present
work to identify the chemical composition of these small
crystals on the shell [some clues may be seen from the kinet-
ic reactions shown in Eqs. (1)–(3)]. However, they are clear-
ly crystalline, and would certainly be expected to give rise to
the diffraction spots that cannot be accounted for by metal-
lic nickel.

Stabilizing the nickel–boron colloids : A prolonged exposure
of the colloidal particles to water may cause a disappearance
of the characteristic black color even though the sample is
protected by an inert gas such as N2. A light green solution
containing Ni2+ ions may re-form, implying reoxidization of
the Ni particles by H2O, so that the formed Ni2+ ions are
able to react with NaBH4 again to yield a new colloidal sus-
pension. This reversible process may be simply expressed by
the following formula: Ni2+/BH4

� (aqueous),Ni/B (solid
suspended in H2O). However, we found that the unstable
Ni·B nanoparticle product could be converted into a more
stable form. This change was achieved by precipitating the
particles by using centrifugation and then redispersing them
into an organic solvent. We noticed that although a number
of polar solvents such as CH2Cl2, CH3OH, or CH3CH2OH
could serve as the redispersing solvent, in most cases the re-
formed suspension was not stable, as shown by a spontane-
ous precipitation appearing again over a period of time.
However, when absolute ethanol or ethylene glycol was
used, a stable suspension formed. In one of the latter sam-
ples, no precipitation was observed in more than one year
(Figure 11a). In Figure 11b and c the TEM images of the re-
dispersed and thus stabilized colloids are shown. In these
images the core–shell nanostructure of the Ni·B nanoparti-
cles can clearly be seen.

Effect of the reaction medium—formation of pure nickel
single nanocrystals : In clear contrast to the product synthe-
sized in aqueous solution, the reduction of Ni-ACHTUNGTRENNUNG(CH3COO)2·4 H2O by NaBH4 in absolute ethanol yielded
pure nickel nanoparticles in the form of single crystals. This
was revealed by HRTEM examinations (Figure 12a and b),
in conjunction with the SAED and EDS analyses. These

nanocrystals are extremely small, with a typical size of ap-
proximately 2 nm, and readily aggregate to form a precipi-
tate. However, by using the SDBS surfactant, we prepared a
colloidal nickel nanocrystal suspension (Figure 12c and d).

Figure 11. a) A photo shows a comparison between two samples: the
original colloidal Ni–B aqueous suspension after aging for a week (left
vial), which shows the disappearance of the black color of the suspen-
sion; and the re-treated sample by centrifugation and redispersion in eth-
anol after aging for over one year, showing the extremely good stability
of the sample (right vial). b) A TEM image of the re-treated Ni–B nano-
particles. Scale bar: 20 nm. c) An HRTEM image of the particle, as
shown in (b) by the arrow, indicates the core–shell nanostructure. Scale
bar: 5 nm.

Figure 12. TEM images of the metallic Ni nanoparticles synthesized in
ethanol. a) Low- and b) high-magnification images of the particles in the
form of aggregates, and produced without using a surfactant (scale bars:
100 nm and 5 nm, respectively). c) Low- and d) high-magnification
images of the particles in the form of single nanocrystals, and prepared
by using the SDBS surfactant (scale bars: 10 nm and 2 nm, respectively).
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These colloids are again very small, almost uniform in size,
with a typical dimension of approximately 3 nm. The lattice
fringes of individual crystals with d�2.0 �, corresponding
to the Ni ACHTUNGTRENNUNG(111) plane, can be seen in the image. Due to a dif-
ferent reaction mechanism in ethanol, almost no boron was
produced. In addition, these pure metallic nickel colloids
were air-insensitive.

It was noticed that a small amount of water was naturally
introduced into the reaction system from the reactant, Ni-ACHTUNGTRENNUNG(CH3COO)2·4 H2O, as it contained crystalline water. This
small amount of H2O might have assisted the dispersion of
the Ni nanocrystals in ethanol because water could improve
the dissolution capacity of the ionic SDBS surfactant. This
in turn favored the stabilization of the Ni particles. The crys-
talline H2O accounts for 28.9 wt % of the overall molecular
weight. In a typical reaction, 508 mg nickel acetate was dis-
solved in 60 mL ethanol, which could introduce 147 mg H2O
into the reaction system.

Relation between the catalytic activity and the structural
characteristics—a discussion : The high catalytic activity of
Ni·B for hydrogenation and dehydrogenation reactions
would appear to be related to the existence of boron in the
material. However, the exact nature of the interaction be-
tween nickel and boron within the nanoparticles is not yet
clear, although a fuller understanding is vital if the catalytic
activity is to be understood. It has been observed that in hy-
drocarbon reactions using transition metals as catalysts, the
catalyst deactivation due to carbon deposition on the metal
is an important limitation in their application.[41–44] This sort
of deactivation, commonly termed as the “coking effect”, is
caused by the catalytic dehydrogenation of hydrocarbons,
CmHn!m C+ 1=2n H2. The coking of a Ni-based catalyst is
particularly problematic because of the rapid carbon-deposi-
tion rate as observed in hydrogenation reactions and the
growth of carbon nanotubes.[45,46] It is therefore frequently
necessary to add a catalytic promoter to improve the coking
resistance of a Ni-based catalyst.

It has been indicated by Chen et al. that adding boron to
a nickel catalyst can improve the coking resistance during
the catalytic partial oxidation of methane.[47] In this case,
boron is believed to act as a structural promoter that helps
to reduce the size of the Ni particles and increase their ther-
mal stability. A more recent theoretical study by Xu and
Saeys using first-principles density functional theory calcula-
tions suggests that a small amount of boron corresponding
to a single monolayer adsorption may be sufficient to
reduce the coking of a Ni-based catalyst.[48] This is largely
because boron prefers to adsorb in the octahedral sites of
the first subsurface layer of the metal so that the boron
atoms effectively block the subsurface sites and thus prevent
carbon diffusion into the bulk of the metal. This effect as-
sists in forcing carbon atoms to be available on the surface
for reactions.

It has also been suggested that electrons are transferred
from B to Ni, which is based on the changes of the binding
energies of B 1s as detected by the XPS measure-

ments.[9,12,14,30] However, no appreciable change of the bind-
ing energy of Ni 2p has been detected. This suggests that
the view of the electron transfer, noted as Ni !B, may be
wrong or only partially correct. From a chemical standpoint,
it is hard to accept this view because boron has a higher
electronegativity than nickel (cB, 2.04; cNi, 1.91).[38] A plausi-
ble interpretation of the XPS result may instead be that the
increase in the binding energies of B 1s only indicates that
electrons have been withdrawn from boron atoms, but this
does not necessarily mean that these charges should go to
the nickel. In fact, the kinetic equations describing the solu-
tion reactions [see Eqs. (1)–(3)] indicate that these electrons
may go to the nearest oxygen-containing species due to for-
mation of the BO2

� ions. Nevertheless, the XPS observa-
tions of the unchanged binding energy of Ni 2p is in good
agreement with our HRTEM studies, and supports our con-
clusion that the component crystalline nanoparticles in the
Ni·B material are pure metallic nickel.

Our HRTEM observations also indicate that the very
small Ni crystallites are clearly covered by an amorphous B-
containing species, which may prevent the sintering of the
crystals on the one hand, but reduce the number of active
sites in catalysis on the other. This result may be compared
with a comparative study of the catalytic properties of
Ni68B32 and pure nickel for the hydrogenation of ethylene, in
which the measured pre-exponential factor (As) derived
from the Arrhenius equation is nearly two orders of magni-
tude smaller than that of pure metallic nickel (Ni powder,
9.5 � 105; Ni68B32, 1.5 � 104).[39] Since the pre-exponential
factor provides an insight into the number of active sites as-
sociated with the reaction rate, the lower As value indicates
that the number of active sites in the Ni·B species is rather
low, which suggests a low concentration of surface Ni atoms
presumably due to the enrichment of the B-containing spe-
cies on the surface. However, the measured apparent activa-
tion energy (Ea) of the Ni·B species is low as well (Ni
powder, 34 kJ mol�1; Ni68B32, 12 kJ mol�1),[39] which indicates
an opposite and promoting effect of boron for the hydroge-
nation.

On the basis of these experiments, it seems reasonable to
argue that the high catalytic activity of the Ni·B nanoparti-
cles should result from the high dispersion and thus ex-
tremely small size of the component Ni crystals owing to the
sintering-inhibition effect caused by the amorphous boron-
containing species. On the other hand, the coking resistance
of nickel may have been effectively improved because of
the subsurface layer adsorption of boron on the metal. It
seems unlikely for the high catalytic activity to arise from
any possible increase of the number of active sites or elec-
tron transfers. When Ni nanocrystals have a very small size
down to approximately 1 nm, the surface electronic state of
the metal must be dramatically different from that of the
bulk, and a much higher surface energy or activity is thereby
expected. Furthermore, these very small nickel particles
may constantly keep changing in their shape and undergo
rapid structural rearrangements, as suggested by the SAED
measurements in this work, and also indicated by the studies
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of the growth of carbon nanotubes using nickel nanoparti-
cles as catalyst.[40] As a consequence, the metal may display
continually renewed surface with time, therefore acting as a
constant supply of active sites for catalysis. In addition,
when the Ni·B nanoparticles produced in different reduction
media (either in an aqueous solution or in ethanol) are con-
sidered,[2–6] their different catalytic properties for a given hy-
drogenation reaction may be explained in terms of their
very different nanostructures and compositions, and this has
been clearly shown by our characterization results.

Conclusion

To the best of our knowledge, this work provides the first
systematic study of using HRTEM to observe the ultrafine
nanostructure of the nickel–boron catalyst. Unlike the earli-
er suggestion that this material is amorphous, our studies in-
dicate that it is not amorphous but actually possesses a
highly unusual nanostructure that is made up of tiny nickel
nanoparticles (1–3 nm) bound in a matrix of a boron-con-
taining species. Almost certainly, the boron acts as a
“cement” to hold the nanoparticles together, and prevents
their sintering. This interesting combination of the two ele-
ments allows the nickel particles to remain extremely small
in size, with a consequent very high surface area, hence of-
fering an explanation as to why the catalyst is exceedingly
active over a wide range of hydrogenation reactions. Since
studies on this Ni·B system have been widely extended to
other metal–metalloid materials, our findings provide useful
insights into the understanding of the fascinating ultrafine
structures of similar nanoalloys. In addition, we consider
that there should be strong magnetic dipolar interactions be-
tween the constituent nickel crystallites because of their ex-
tremely small size and their highly tightly bound nature.
This may provide an opportunity to investigate new magnet-
ic properties of these bi-elemental quantum dots, in particu-
lar, when the collective properties are possibly tuned by
changes in the boron content.

Experimental Section

Synthesis : The nickel–boron catalytic precipitate was synthesized by the
reduction of nickel acetate with sodium borohydride in aqueous solution.
The reactions were carried out at room temperature (21 8C) and a higher
temperature (80 8C), with varied molar ratios between the metal salt and
the borohydride. For a typical reaction, a solution of Ni-ACHTUNGTRENNUNG(CH3COO)2·4H2O (452 mg; Aldrich Chemicals, 99.9 %) was treated with
NaBH4 (160 mg; Lancaster, 98%) in a Schlenk flask under vigorous stir-
ring. The solution turned black almost immediately after mixing the two
reagents, which indicated the formation of the nickel–boron nanoparti-
cles. For the higher temperature reactions, the solution was allowed to
cool down when the hydrogen evolution ceased. The product was a pre-
cipitate obtained over a period of approximately 20 h. The nickel–boron
colloids were synthesized by extending the reaction method and using
sodium dodecylbenzene sulfonate (C18H29SO3Na, SDBS; Acros Organics,
88%) as a surfactant. To ensure the reduction of the salt was complete,
the employed borohydride was slightly in excess with respect to the stoi-
chiometric ratio. A typical molar ratio of the reactants was Ni-

ACHTUNGTRENNUNG(CH3COO)2·4H2O/NaBH4/SDBS = 1:2.1:0.6. Instead of having a precipi-
tate as the product, the reaction yielded a colloidal suspension. The parti-
cles in the suspension could be precipitated out by centrifugation. The
pure metallic nickel colloids in the form of single nanocrystals were
made under inert gas (Ar) by following the same reaction route. In this
case, instead of using the aqueous solution, absolute ethanol was used as
the solvent for the reaction.

Characterization : SEM images were obtained from a LEO-32 electron
microscope operated at 5 kV. Samples were directly deposited on a speci-
men holder (carbon mat) without surface coating of a conducting materi-
al. HRTEM observations were performed with a JEOL JEM-3011 elec-
tron microscope operated at 300 kV. Images were recorded at magnifica-
tions up to 100 0000 � . The TEM samples were deposited on Cu grids
(400 mesh) with a holey carbon supporting film.

For the XRD studies, the precipitated sample was repeatedly washed
with distilled water and ethanol and then dried under vacuum. The XRD
patterns were recorded using a step size of 0.058 on a Philip Xpert spec-
trometer (CuKa1, l= 1.5418 �). The annealing treatment was carried out
at 600 8C in argon. For performing the nano-beam electron diffractions,
the camera was calibrated using equivalent diffraction patterns of colloi-
dal gold, and care was taken to ensure a constant objective lens excita-
tion, which ensures that there was no change in the focal length between
different diffraction patterns. Only particles protruding over holes of the
carbon/plastic support film were studied to eliminate any contribution of
the amorphous carbon to the diffraction rings.

In the EDS analyses, given the relatively low detection rates at the low
energy for the detection of boron, a standard deviation of around 10 %
was probably the best accuracy that could be achieved. With the actual
specimens, due to the superposition of the X-ray peaks from the amor-
phous coating of the particles and the supporting carbon film, the stron-
ger carbon K emission partly masked the boron K emission line. A back-
ground subtraction was therefore necessary. This was done by recording
a spectrum from a region of the specimen and then recording a second
spectrum from an adjacent area of the carbon film so that the height of
the carbon K emission peak was the same in both. Subtraction of the
second from the first then produced a corrected spectrum. Fortunately,
the spectrometer resolution at the low energies was approximately the
same order of magnitude as the 92 eV separation of boron and carbon K
emission lines, thus a correction was possible.

XPS spectra were obtained by using a VG Escalab MkII surface analysis
system with AlKa (1486.6 eV) incident radiation at normal take-off angle.
Elemental compositions were approximately quantified (assuming a uni-
form composition over the XPS sampling depth) from XPS peak areas
using literature relative sensitivity factors. Possible peak assignments
were made by using the Perkin-Elmer Handbook of XPS.[49] The sample
powder was mounted onto a tacky conductive carbon pad (some of the C
signal may come from incomplete coverage by the powder as a result).
The binding energy scale is referenced to the contaminant carbon (C 1s=

285.0 eV), and this scale is shifted very slightly such that the C�C C 1s
peak falls at 284.6 eV.
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