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Abstract The hexagonal close-packed (hcp) Ni nano-
particles have been synthesized successfully in triethylene
glycol with high ionic Ni concentration under the presence
of protective agent (PVP or PEG). The protective agent
(PVP or PEG) played an important role in the formation of
hep Ni. The crystal structure of nickel can be tuned by
changing the concentration of Ni ions, reaction tempera-
ture, and amount of protectors. The X-ray diffraction and
magnetic studies revealed the formation of pure hcp Ni.
The VSM study showed that the magnetic properties of hcp
Ni is quite different from that of face-centered cubic (fcc)
Ni. The hcp Ni nanoparticle had a low saturation magne-
tization, while the coercivity value of hcp Ni was nearly the
same as that of fcc Ni. A stable hcp Ni supported on
y-Al,O5 catalyst was also prepared successfully for the first
time and its catalytic activity was investigated in the
aqueous-phase reforming of glycerol. The achieved con-
version of glycerol and selectivity to hydrogen was high up
to 52 and 64%, while the selectivity to methane was only
5%, indicating the preventing of methanation on hcp Ni.

Introduction

Nanostructured magnetic particles have received consid-
erable attention because of their crucial application in the
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fields of catalysis [1-4], high-density magnetic storage
devices [5], magnetic sensors [6], and magnetic carriers for
drug targeting [7]. Among these magnetic particles, Ni
nanoparticles (NPs) have attracted much attention and been
investigated intensely. Ni has two typical crystallographic
phases: face-centered cubic (fcc), and hexagonal close-
packed (hcp) phases. Naturally, Ni crystallizes as fcc
structure with ferromagnetic properties. Fcc Ni NPs have
been synthesized through a couple of methods [8-11].

The hcp Ni is considered as a metastable phase, which
can be observed only in thin films under specific prepa-
rations [12, 13]. Though the information about hcp Ni
NPs are rare, the synthesis and characterization of hcp Ni
have attracted widespread attention. In the last decade,
several groups have prepared hcp Ni NPs using different
techniques and their magnetic properties were also studied
[14-24]. In these methods, polyol process is compara-
tively easy and reliable, but it is only suitable for the
synthesis at low Ni*" concentration (0.0025 M Ni2+)
[15]. As far as our knowledge is concerned, there was no
report on the synthesis at relatively high Ni** concen-
tration, and the catalytic properties of hcp Ni NPs have
never been reported.

In this study, we report a one-pot chemical route for
controllable synthesis of fcc and hcp Ni NPs by a polyol
process. Hep Ni NPs were prepared successfully in trieth-
ylene glycol (TEG) with a higher concentration of Ni*"
under the assistance of polyvinylpyrrolidone (PVP M,, =
40000) or polyethylene glycol (PEG M, = 20000).
Besides, stable hcp Ni NPs supported on y-Al,O; catalyst,
which was named as HN was also synthesized in situ and
used as a catalyst in the production of hydrogen by the
aqueous-phase reforming (APR) of glycerol. It showed
high selectivity to H, and low selectivity to methane,
indicating it can prevent methanation.
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Experimental section

Synthesis of hcp Ni NPs and hep Ni NPs supported
y-Al,Oj3 catalyst (HN)

The Ni NPs were synthesized from nickel(Il) acetate tet-
rahydrate (Ni(CH5COO),-4H,0O) in triethylene glycol
(TEG). Calculated amount of Ni(CH5COO),-4H,O and
protective agent (PVP or PEG) were added to 100 mL of
TEG in a three-neck flask and treated ultrasonically for
30 min to dissolve the metal precursors and polymer. Then,
the solution was refluxed at certain temperature in a sand or
oil bath for 3 h under gentle mechanical stirring. During
reaction, a nitrogen flow was passed through the system to
take away air and moisture. After reaction, the system was
cooled down to room temperature. The products were
obtained by centrifugation, and then washed with water and
absolute ethanol to remove impurities. Finally, the washed
black powder was dried in a vacuum oven overnight. The
Ni** concentration, reaction temperature, and protective
agent were changed, and the results are summarized in
Table 1.

For the synthesis of hcp Ni NP-supported y-Al,O;5 cat-
alyst (HN), calculated amount of y-Al,O5; was added into
the above solution and ultrasonicated for 5 min before
refluxing. The other procedures were the same as those for
hcp Ni NPs. After drying in vacuum oven, the product was
annealed at 573 K in nitrogen atmosphere for 4 h. The fcc
Ni NP-supported y-Al,O3 catalyst (FN) was obtained by
annealing the HN catalyst at 673 K in nitrogen atmosphere
for 4 h.

Characterization
The powder X-ray diffraction (XRD) patterns were obtained

on a Bruker AXS D8 Advance X-ray diffractometer (Cu K«
radiation, 4 = 1.5406 A), operated at 40 kV and 40 mA,

respectively. The compositions of the catalysts were deter-
mined by inductively coupled plasma-atomic emission
spectrometry (ICP-AES) on an IRIS Intrepid spectrometer.
Transmission electron microscope (TEM) images were
obtained using FEI Tecnai 20 S-TWIN operating at 200 kV.
Scanning electron microscopy (SEM) images were per-
formed on a HITACHI S-3400 N scanning electron micro-
scope operating at an acceleration voltage of 15 kV.
Magnetic properties of the samples were recorded using the
vibrating sample magnetometer (VSM, Lakeshore, Model
7407) measurement. BET surface areas were measured at
77 K onaNOVA 4200e surface area and pore-size analyzer.
Before the measurements, the samples were outgassed at
180°C in vacuum for 6 h.

Activity test

The activity test was performed by APR of glycerol in a
fixed bed reactor system. The catalysts were pelletized and
sieved to 40-60 mesh size. Then, 1.0 g of catalyst was
loaded in the stainless steel tubular reactor with an inner
diameter of 6 mm. 1 wt% of glycerol was fed into the
reactor at a flow rate of 3.6 mL/h by an HPLC pump. The
reforming was conducted at 498 K and 2.76 MPa. Gaseous
products were analyzed using an on-line gas chromato-
graph equipped with FID and TCD detectors and a
methanizer.

Results and discussion

Phase composition and magnetic studies

Figure 1 shows the XRD patterns of samples (a)—(e)
synthesized in the absence of protective agent. Samples

(a)—(c) were synthesized at 563 K with 0.0025, 0.005, and
0.02 M Ni*", respectively. The diffraction peaks at 20 of

Table 1 Reaction conditions

and results for the synthesis Sample Ni** concentration (M) Protective agent Temperature (K) Phase

of Ni nanoparticles (a) 0.0025 No 563 hep
(b) 0.005 No 563 hep
(c) 0.02 No 563 fcc + hep
(d) 0.02 No 473 fcc + hep
(e) 0.02 No 453 fce
) 0.02 1.00 g PVP 563 hep
(&) 0.02 0.42 g PEG 563 hep
(h) 0.03 1.00 g PVP 563 fce + hep
@) 0.03 1.50 g PVP 563 hep
G 0.04 1.00 g PVP 563 fcc + hep
k) 0.04 2.00 g PVP 563 fcc + hep
(0] 0.04 4.00 g PVP 563 hep
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Fig. 1 XRD patterns of Ni NPs synthesized with different Ni*"
concentration at various temperature without protective agent

39.1°, 41.5°, 44.5°, 58.5°,71.1°, and 78.0° in Fig. la and b
are assigned to (010), (002), (011), (012), (110), and (103)
planes of hcp Ni (JCPDS card No. 45-1027). In these two
patterns, no peaks of fcc Ni or Ni-oxide were observed,
indicating that the nanoparticles obtained have a pure hcp
phase. In Fig. 1c, on the other hand, the peaks at 20 of
52.0°, and 76.4° assigned to, respectively, (200) and (220)
planes of fcc Ni (JCPDS No. 04-0850) are observed,
indicating that the mixture of fcc Ni and hcp Ni was
obtained at high Ni?" concentration (0.02 M). It should be
noted that the main peak (111) of fcc Ni overlaps with that
of the hcp Ni (011). Samples (c), (d), and (e) were syn-
thesized with 0.02 M of Ni*" at 563, 473, and 453 K,
respectively. Samples (c) and (d) were the mixture of fcc
and hcp Ni, while sample (e) was a pure fcc Ni. These
results indicate that high reaction temperature and low
concentration of Ni*" prefer the formation of hcp Ni. This
is in agreement with Chinnasamy’s [15] and Mourdikou-
dis’s studies [24].

Figure 2 depicts the XRD patterns of samples (c) and
(f)—(i). Samples (f) and (g) were synthesized with 0.02 M
Ni** at 563 K, but with 1.0 g of PVP or PEG as the pro-
tective agent, respectively. It can be seen from the XRD
patterns that only the peaks of pure hcp phase Ni appeared,
which can be assumed that the protective agent (PVP or
PEG) plays a very important role in the formation of hcp
Ni. PVP has proved to be a useful protecting polymer and
could protect almost all kinds of NPs in various systems
[25], and so it was chosen as the protective agent in the
following process. In order to prove the effect of PVP, a
series of Ni NPs were synthesized under the assistance of
PVP. Sample (h) and (i) were synthesized with 0.03 M
Ni** at 563 K, with 1.0 and 1.5 g PVP, respectively.
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Fig. 2 XRD patterns of Ni NPs synthesized at 563 K with different
concentrations of Ni**™ and protective agent

According to the XRD patterns, pure hcp Ni NPs were
formed for sample (i), while it is a mixture of fcc and hcp
Ni NPs for sample (h). This means that more PVP needed
to form pure hcp Ni NPs at high Ni concentration. When
the Ni?* concentration was increased to 0.04 M, a mixture
of fcc and hep phase Ni was obtained when 1.5 or 2.0 g
PVP was added, but on further increasing the amount of
PVP to 4 g, a pure hcp phase was obtained again (Fig. 3).

The unit cell parameters of the synthesized samples of
pure hcp or fce phase Ni are summarized in Table 2. All of
the parameters were calculated according to the XRD
patterns. The unit cell parameters of sample (e) (fcc phase)
are estimated to be a = 0.3519 nm, which are similar with

Intensity
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Fig. 3 XRD patterns of mixture of fcc and hcp phase Ni NPs
synthesized with 0.04 M concentration of Ni°t and different
concentrations of PVP at 563 K
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Table 2 The unit cell parameters and crystallite sizes of hcp and fcc
Ni NPs synthesized in different conditions

Sample Phase a (nm) ¢ (nm) cla Size (nm)
(a) hep 0.2660 0.4339 1.631 29.3

(b) hep 0.2642 0.4345 1.645 23.8

(©) fcc + hep - - - 13.2/24.1*
(d) fcc + hep - - - 9.3/—

(e) fce 0.3519 0.3519 1 11.4

® hep 0.2639 0.4326 1.639 27.6

(2) hep 0.2641 0.4330 1.639 24.4

(h) fce + hep - - - —/32.3

@) hep 0.2639 0.4329 1.641 353

) fcc + hep - - - 17.6/25.4
(k) fcc + hep - - - 21.3/27.2

# crystallite sizes calculated according to fcc and hcp phase,

respectively

that in the literature [24, 26]. The cell parameters of all of
the hcp Ni synthesized in this study are similar with each
other, having a ~ 0.264 nm and c is 0.433 nm, which is
much close to many references on hcp Ni [16-18, 21, 23,
24, 27, 28]. The calculated c/a values for the synthesized
samples of hep Ni are around 1.63, which is a characteristic
of a close-packed arrangement [23].

The crystallite sizes of the samples derived from the
(110) reflection for hcp or (200) for fcc can be calculated
by the Scherrer equation and are shown in Table 2.
The average crystallite sizes of pure hcp Ni are larger than
that of pure fcc or mixture of fcc and hep Ni.

Fig. 4 SEM image of sample
() (@); (e) (b); () (¢), and
&) (@)

The representative morphologies and sizes of Ni NPs are
observed using SEM/TEM and shown in Figs. 4 and 5,
respectively. In sample (c) (Fig. 4a), both spheres and
plates agglomerated by the spheres are co-existing, and the
corresponding TEM image (Fig. 5a) shows that the par-
ticle size is in the range of 150-500 nm. The addition of
PVP in sample (f) and (k) (Fig. 4c, d) resulted in the for-
mation of the well-dispersed spheres, but their surfaces
were rough. However, from the TEM images (Fig. 5c, d),
the distribution of the particle size was uniform in sample
(f) relative to that in sample (k). The average size of
spheres was ca. 200 nm in sample (f), while the size was
distributed from 100 to 500 nm in sample (k). Besides,
Fig. 5c shows that the spheres seem to be formed by some
sheets overlapped with each other in sample (f). In sample
(e), only agglomeration was found as shown in Fig. 4b.
Thus, it is proposed that hcp Ni is favored to exist in the
form of the spheres enclosed by sheets overlapping, and the
presence of PVP promotes the formation of hcp Ni.
Remarkably, the size of the spheres shown in SEM or TEM
did not agree with that obtained from XRD, which may
indicate that the larger spheres in these samples are com-
posed of smaller crystallites.

Aiming to investigate the magnetic properties of the
as-synthesized Ni NPs, the hysteresis loops at room
temperature were recorded. The magnetic properties of the
synthesized samples under different conditions are sum-
marized in Table 3. The magnetization values were nor-
malized to magnetization/mass of sample (emu g~ ).

Figure 6 shows the hysteresis loops of Ni NPs synthe-
sized at different temperatures. The saturation magnetization

@ Springer



4610

J Mater Sci (2011) 46:4606-4613

Fig. 5 TEM image of sample
(©) (a@); (&) (b); () (c), and
&) (@)

(M,), remnant magnetization (M,), and coercivity (H.) are
increased gradually by decreasing the reaction tempera-
ture for the samples (c)—(e). Aspreviously mentioned in the
XRD patterns, pure fcc Ni has the highest M, value, 31.55
emu g~ '. The samples containing a fraction of hcp Ni shows
lower M values than pure fcc Ni sample. Though theoreti-
cally, the hcp Ni was predicted to be strongly ferromag-
netic [29], experimental proof by different researchers
[17-19, 23, 30], however, differs from the theoretical stud-
ies, showing that the M, of hcp Ni is much lower than the
value expected. Thus, according to the XRD patterns and the
magnetic properties, we may conclude that Ni NPs synthe-
sized at high temperature contains a greater fraction of hcp
Ni, which suggests that high temperature is favored for the
formation of hep Ni.

Samples (f) and (g) show extremely low M; values,
while the H. values are nearly the same as those in fcc Ni.
As mentioned with respect to the XRD patterns, the pro-
tective agent is necessary to synthesize the hcp Ni under
high concentration of precursor. Considering the magnetic
properties of samples (f), (i), and (k) in Table 3, the M,
value increased as the concentration of Ni was increased,
indicating that the number of fcc Ni NPs increased with
increasing concentration of Ni*™.

@ Springer

Table 3 The magnetic properties of the as-synthesized samples
under different conditions

Sample  Phase M (emu gfl) M, (emu gf') H_. (Oe)
(©)] fcc + hep 7.85 1.45 156
(d) fcc + hep 16.47 2.98 181
(e) fcc 31.55 5.40 191
() hcp 0.120 0.038 207
(2) hep 0.085 0.018 162
1 hep 0.440 0.131 205
(k) fcc + hep  10.00 2.32 192

All the above data demonstrate that the magnetic prop-
erties of fcc Ni NPs are stronger than that of hcp Ni NPs. The
primary particle size is considered to play a decisive role on
the crystallite structure of Ni NPs [15]. By increasing the
reaction kinetics, the particle size of Ni was reduced, and the
structure was changed from fcc phase to hcp phase [14]. In
this study, we proposed a possible mechanism for the for-
mation of hcp NPs (see Scheme 1). Initially, it rapidly
formed smaller nucleus at low concentration of Ni precursor
and high temperature. Then, the small nucleus arranges to
form hep phase Ni NPs. While considering the formation of
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Fig. 6 Hysteresis loops of sample (c), (d), and (e) at 300 K.
The insets show the low field details of the cycles

pure hcp Ni NPs with high concentration of Ni precursor in
the presence of protector, one reasonable explanation is that
PVP or PEG inhibits the growth of nucleus after nucleating
and promotes arrangement of small nucleus.

Catalytic activity

Hydrogen production through APR process has been
studied widely as it can produce hydrogen with extremely
low CO content while using low-cost, renewable oxygen-
ated hydrocarbons derived from biomass that are environ-
mentally benign [31-33]. Ni-based catalyst is much
cheaper than Pt-based catalyst and has been proved to be an
effective catalyst for APR [1, 2], but Ni-based catalyst
promoted the methanation in the process of APR, which
caused the decrease of the hydrogen selectivity. Thus, it is
necessary to promote the selectivity to hydrogen on

Ni-based catalyst. In order to investigate the catalytic
properties of hcp Ni NPs, APR of glycerol was carried out
in this study.

Table 4 shows the catalytic performance for APR of
1.0 wt% glycerol on FN (fcc Ni on Al,03) and HN (hep Ni
on Al,Oj3) catalysts. Although the conversion was 29% on
the 10-HN catalyst, which is just a little higher than that
on 10-FN catalyst (25%), but the selectivity to hydrogen on
10-HN was 77%, which is quite higher than that on 10-FN
catalyst (63%). Compared with the supported fcc Ni cata-
lyst with 20% loading reported by A. Iriondo et al. [34], the
20-HN catalyst exhibited a relative higher activity. The
conversion and selectivity to hydrogen achieved were up to
52 and 64%, respectively. Additionally, the selectivity to
methane on all of the three catalysts was very low. It is
assumed that the hcp Ni may be helpful towards producing
hydrogen and inhibiting methanation in the APR process of
glycerol. Based on density functional theory calculation
and experiments, Bengarrd et al. [35] identified that steam
reforming of methane over Ni catalysts was extremely
structure sensitive-step as Ni (211) surface was considered
more reactive. In hep Ni, maybe more Ni (211) surface was
exposed.

Characteristics of the catalysts used in this study are
summarized in Table 5. The loading amounts of Ni were
found to be lower than the calculated data. All the three
catalysts have almost the same BET surface area. Synthe-
sized HN catalysts show the characteristics peaks of hcp Ni
in the XRD patterns (see Fig. 7), and the peak broadening
is also observed compared to the pure hcp Ni NPs syn-
thesized previously, indicating that smaller Ni crystallite
was obtained in presence of y-Al,03; FN catalyst was
prepared by annealing the product at 673 K in nitrogen for
4 h, and fcc phase Ni was obtained. This agreed with lit-
erature [16], wherein it is reported that hcp Ni underwent a
transition to an fcc phase above 653 K. The XRD patterns

Scheme 1 Proposed
mechanism of formation of hcp
and fcc Ni NPs

NiZ+

Low temperature or
High concentration

Nucleating slowly

Nucleating rapidly
High temperature or
Low concentration
Arranging
Inhibiting growth of nucleus th Ni
(PVP)
Growing rapidly Annealing
> L . v 9 v <
- e v " J.J
T 9@  fccNi
> J o
J
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Table 4 Catalytic performance for APR of 1 wt% glycerol on FN and HN catalysts at 498 K, 2.76 MPa, flow rate of 0.06 mL/min, and 40 h on

stream

Catalyst Conc. of C to gas (%) Gas products® (mol%) Selectivityb (%) Yield of H, (%)
H, CO, Cco CHy4 H, CH,4

10-FN°¢ 25 59.7 38.9 0.7 0.7 63 2 16

10-HN 29 64.3 34.1 0.6 1.0 77 3 22

20-HN 52 59.8 37.9 0.2 2.1 64 5 33

20-FN¢ 36 32 42 26 - - -

* no C,, alkanes were detected

®H, selectivity = (molecules of H, produced/C atoms in gas phase) x (1/R) x 100%, where R = 7/3

CH,4 selectivity = (C atoms in gaseous alkanes/total C atoms in gas-phase product) x 100%. It should be indicated that H, and alkane
selectivities do not add to 100%, because they are calculated based on the independent H and C balances, respectively

¢ 10 Means the theoretic load amount of Ni is 10 wt%

4 The data from the literature [34]

Table 5 Physical properties of the catalysts

Catalyst Ni content® (wt%) SBET (m2 gfl) d‘ﬁ“ (nm)
10-FN 7.9 160.3 18
10-HN 7.9 158.5 15
20-HN 17 158.0 14

* Determined by ICP-AES
" Ni crystallite size determined by XRD

of the used 20-HN catalyst displayed obvious diffraction
peaks of hcp Ni, indicating that there was no phase tran-
sition during the pelletizing in the pressure of 10 MPa and
the APR process. In other words, the hcp Ni phase is tol-
erant enough at high pressures.

Conclusions

The hep Ni NPs have been synthesized successfully under
different reaction conditions via a simple and reliable one-
pot reaction. Pure hcp Ni NPs are obtained even for 0.03 M
Ni** using cheap acetate tetrahydrate nickle as a precursor,
PVP as a protective agent, and triethylene glycol as a
reducing agent. The concentration of Ni precursor and the
reaction temperature are found to influence the structure of
Ni NPs. Low Ni*" concentration and high reaction tem-
perature are favorable to form the hcp Ni NPs or vice versa.
PVP (or PEG) plays a necessary role in synthesizing pure
hcp Ni NPs with high concentration of Ni precursor
through controlling the primary particle size. All the pure
hcp Ni NPs show extremely low saturation magnetization
and remnant magnetization values, while the magnetic
coercivity of them are nearly the same as that of fcc Ni
NPs. The catalysts of hcp Ni supported on y-Al,O3 are
stable at temperature of ca. 500 K and a high pressure of
ca. 10 MPa. The catalysts exhibit high activity for APR of

@ Springer
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Fig. 7 The XRD patterns of the as-prepared catalysts and used
20-HN catalyst. (open triangle) fcc Ni; (filled diamond) hep Ni; (open
circle) y-Al,O5

glycerol to produce hydrogen. The highest conversion
achieved is up to 52% with selectivity to hydrogen and
methane being 64 and 5%, respectively.
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