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Abstract. Carbon nanostructures (CNS) are often grown using oxide nanoparticles as catalyst in chemical vapour
deposition and these oxides are not expected to survive as such during growth. In the present study, the catalysts
of cobalt- and nickel oxide-based nanoparticles of sizes varying over a range have been reduced at 575◦ C under
environment resulting from the introduction of C2 H2 + NH3 during growth of CNS as well as under introduction
of C2 H2 and NH3 separately. The structure of the reduced nanoparticles is often different from the equilibrium
structure of the bulk. Nanoparticles of cobalt oxide with and without doping by copper oxide are reduced to cobalt
alloy or cobalt nanoparticles having fcc structure, but the rate of reduction is relatively less in NH3 environment.
However, reduced nickel oxide nanoparticles with and without doping shows a mix of fcc and hcp phases. The
presence of hydrogen and nitrogen in the environment appears to discourage the formation of hcp nickel as inferred
from the results in NH3 environment. Cobalt carbide forms when the 10 wt.% or less doped cobalt oxide is reduced
in C2 H2 + NH3 environment. At higher level of doping of 20 wt.%, separate metallic phase of copper appears and
carbide formation gets suppressed.
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Introduction

Nanoparticles of oxides of transition metals like cobalt and
nickel have been used as catalyst in the reducing environment, prevailing in the chamber of catalytic chemical vapour
deposition (CCVD) during growth of carbon nanostructures
(CNS) [1]. Baker et al [2] while using iron oxide as catalyst
claimed that FeO appears to be a much better catalyst
than metallic iron for the formation of ﬁlamentary carbon.
Recently, Rummeli et al [3] also have shown the ability
of various pure oxides to grow graphitic sheets under typical CVD conditions for CNS synthesis, which contradicts
the results of Hofmann et al [4], which claims that the
formation of graphitic network is not possible on oxidized
iron. Apart from the reducing environment of decomposed
hydrocarbon vapour or gas existing during the growth of
CNS by CCVD, the oxide catalysts are often subjected to
pre-treatment in reducing environment containing hydrogen,
and this step may also cause reduction of oxides to metals by hydrogen [5]. It has been conﬁrmed by the studies
on reduction of oxide particles by hydrogen [6]. Richardson
et al [7], who studied NiO reduction using in situ X-ray
diffraction (XRD), described the reduction to proceed as follows: (i) dissociation of H2 on two Ni atoms surrounding an
oxygen vacancy [8]; (ii) diffusion of adsorbed H atoms to
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NiO reaction centres; (iii) rupture of Ni–O bonds and desorption of H2 O; (iv) nucleation and growth of Ni clusters; (v)
dissociation of H2 on the metallic clusters once their size is
sufﬁcient; and (vi) enhancement of the reaction rate as the
metal clusters grow into Ni crystallites. Activation energy
for NiO reduction using H2 varies over an order of magnitude from 10 to 150 kJ mol−1 [7]. Since the environment
during growth of CNS is highly reducing due to decomposition of carbon-bearing gas, it is likely that oxides of cobalt
or nickel may not survive as such to act as catalyst and these
nanoparticles get reduced to metals, which are well known
for catalysing the growth of CNS, actually play the role of
catalyst. Hernadi et al [9] also considered that prior reduction
pre-treatment of iron oxide is not necessary since the hydrocarbon atmosphere reduces it under prevailing conditions
during growth of CNS.
It has been claimed by some researcher that metal as such
does not act as a catalyst and there is need for formation of
metal carbide, which decomposes to supply carbon for the
growth of CNS [10,11]. Ni et al [12] have, therefore, claimed
that the formation of CNS requires temperatures higher than
the decomposition temperature of the relevant metal carbide.
In general, transition metals, which are widely used as catalyst for growth of CNS, have vacancies in the d-electron
orbital and with increasing d-electron vacancies they show
increasing afﬁnity for carbon. Metals without any vacancy
in d-shells like Zn or Cu have little afﬁnity for carbon.
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Metals with a few vacancies in d-shell, like Ni, Fe and Co,
exhibit ﬁnite solubility of carbon and formation of metastable
carbides, while transition metals with many d-vacancies like
Ti and Mo have very high afﬁnity for carbon so as to form
strong carbides [13–15]. Since the transition metals used as
a conventional catalyst for the CNS growth are carbide formers, there could be a role of carbides. Wirth and others [16]
proposed that pure metal is the active catalyst, while metal
carbides have sometimes been detected in experiments especially involving iron catalyst nanoparticles [11,17]. However, the catalytic activity of these metal carbides has not
been conﬁrmed even for dissociation of hydrocarbon. On the
basis of free energy, it is observed that acetylene, ethylene
and ethanol are less stable than graphite at all temperatures under atmospheric pressure and under sufﬁcient activation, these compounds may self-decompose into carbon,
di-hydrogen and a large variety of volatile organic compounds and polycyclic aromatic hydrocarbons [18–21].
Sharma et al [22] believe that metastable phase of carbide
may form under a dynamic equilibrium for the following
reaction 3Ni + C ↔ Ni3 C, where the continuous ﬂux of carbon, generated by decomposition of C2 H2 , favours the formation of Ni3 C while high temperature (>520◦ C) favours
its decomposition. Confusion often persists because lattice
constants of pure metal and their carbides are sometimes
very close. Takagi et al [23] have used noncarbide-forming
catalysts like gold, silver and copper to grow CNS by CCVD.
Thus, the formation of carbide could not be an essential
pre-requisite for the growth of CNS.
In our earlier studies [21,24] it was observed that melting of oxide nanoparticles and their reduction to metallic
state takes place in the reducing environment, resulting from
incoming NH3 and C2 H2 used by us in the chamber of CCVD
during growth of carbon nanostructures. So it was inferred
that the oxide nanoparticles as such do not act as catalyst for
the growth of CNS, but the reduced metal acts as the catalyst. There are a very few reports available on the structure of phases of catalysts responsible for catalytic growth
of CNS [25–30]. There are different parameters including
the size of the nanoparticles which are reported to determine the structure of the metallic phase [18,30–32], but there
are often contradictory results. The present study investigates the reduction behaviour of nanoparticles of cobalt and
nickel oxides with and without doping by copper oxide under
C2 H2 + NH3 environment prevailing during growth of CNS
as well as under C2 H2 and NH3 individually. The nature of
reduced phases and their structure have been determined.

2.

Experimental

2.1 Preparation of oxide nanoparticles
Oxide nanoparticles of cobalt and nickel as such and
doped with copper oxide were prepared by aqueous sol–gel
route using cobalt (II) acetate tetra-hydrate (Merck), nickel
acetate tetra-hydrate (Merck) and copper (II) sulphate

5-hydrate (Merck), respectively, as sources of cobalt, nickel
and copper. The copper percentage was varied from 0 to
20 wt.% substitution of cobalt/nickel by copper in the aqueous saturated solution of both the metal salts and then mixed
with chelating agent of citric acid monohydrate (Merck),
followed by slow stirring at a gelation temperature ranging
from 72 to 84◦ C until the formation of a gel. The gels were
dried overnight at 120◦ C in an oven. The dried samples were
ground to powders after calcination in air for 5 h at a temperature varying from 310 to 800◦ C so as to get a narrow size
range of particles. The designation of oxide nanoparticles
used here starts with the metallic elements of oxide including dopant, like Co or CoCu and Ni or NiCu, followed by
the extent of doping, when applicable, indicated by wt.% of
copper replacing cobalt/nickel in their oxides.
2.2 Reduction of oxide nanoparticles in different
reducing environment
In the present study, three types of reducing environments
have been used: (a) NH3 + C2 H2 to simulate the environment prevailing during growth of carbon nanostructures, and
individual constituents of (b) C2 H2 and (c) NH3 to determine
their role in the process of reduction.
The oxide nanoparticles, prepared following steps outlined
in subsection 2.1, were spread over the alumina boat. The
boat containing oxide nanoparticles was placed in a horizontal tubular furnace and heated to a temperature of 525◦ C.
NH3 gas was introduced into the furnace at a rate of about
60 sccm under atmospheric pressure. The temperature of the
furnace was then increased to 575◦ C and C2 H2 gas was introduced along with ﬂowing NH3 gas for about 3 min to avoid
signiﬁcant formation of CNS, masking the results of reduction. The ﬂow rate of C2 H2 gas was controlled at 10 sccm in
total ﬂow rate of 70 sccm.
To check the reduction behaviour of oxide nanoparticles in
C2 H2 and NH3 environments individually, after placing the
boat containing the oxide nanoparticles, the individual gas
was introduced at 525◦ C at a ﬂow rate of about 60 sccm and
after reaching 575◦ C the ﬂow rate was adjusted to 10 sccm
for about 3 min.
2.3 Characterization
The morphology of the oxide nanoparticles after reduction
was observed by transmission electron microscopy (TEM),
and elemental analyses of catalyst particles inside the CNS
were conducted with JEOL-2100, FEI Tecnai G2 20, FEI
Tecnai F20-G2 FEGTEM and JEOL 200CX TEM at an
operating voltage of 200 kV. XRD studies were carried out
using X-ray diffractometer (Bruker AXS, D8 advance) with
CuKα radiation (1.541 Å). The sizes of the nanoparticles
were measured using ‘Image J’ software on FESEM (FEI
QUANTA 200 F) micrographs and compared with the results
of particle size analyser ‘Zetasizer’ (MALVERN Instrument,
Nano-ZS90).
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3.

Results and discussion

The experiments on reduction have been carried out in the
broader context of growth of carbon nanostructure using catalysts of oxide nanoparticles of cobalt and nickel with and
without doping by copper oxide, which are reported earlier
[21,24]. These oxides may have undergone chemical change
during growth of CNS in the chamber of CCVD set-up in the
presence of reducing atmosphere of carbon-bearing gas and
carrier gas of acetylene and ammonia, respectively.

3.1 Change in chemical nature of oxide catalysts
The chemical changes taking place in the catalysts of oxide
nanoparticles after exposure to reducing environment at elevated temperatures have been examined by XRD analysis
and these results have been supplemented by the results of
direct examination of the catalyst particles embedded inside
CNS under TEM/scanning TEM along with energy dispersive spectrum (EDS) as well as selected area diffraction
(SAD) pattern.
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XRD pattern of pure cobalt oxide nanoparticles shown in
ﬁgure 1a reveals only cubic phase of spinel Co3 O4 with a
lattice parameter of 8.065 Å. Doping results in replacement
of divalent cobalt by copper resulting in Co3−x Cux O4 with an
increase in lattice parameter to 8.084 Å. The crystal structure
remains cubic on doping as observed from XRD patterns of
doped oxides in ﬁgure 1a and the structure has a space group
(Fd-3m; 227).
The XRD patterns of cobalt-based oxide nanoparticles
after exposure to reducing environment show that the oxides
get reduced to cobalt bearing fcc phase (Fm-3m; 225) with
lattice parameter of 3.544 Å and there is no signiﬁcant presence of a separate phase of reduced metallic copper, for doping up to 10 wt.% as revealed in ﬁgure 1b. Bulk cobalt is
stable in its hexagonal phase at room temperature, but fcc
phase appears as stacking faults indicating small difference
in energy between fcc and hcp phases [33]. Therefore, it
is not surprising that fcc cobalt is observed in nanoparticles as they have higher energy than that of bulk. There is
presence of carbide phase of Co2 C in reduced cobalt oxide
doped at 10 wt.% as indicated in XRD pattern, although
there is no such carbide present in reduced pure cobalt oxide.

Figure 1. XRD patterns showing the phases obtained (a) before and (b) after exposure of cobalt oxide-based nanoparticles to reducing
environment prevailing during the growth of CNS.

Figure 2. (a) STEM image of nanoparticles inside CNS grown using cobalt oxide, (b) EDS spectrum taken on the cross points indicated
in a, (c) bright and dark (inset) ﬁeld TEM image of CNS containing catalyst nanoparticles, and (d) selected area diffraction (SAD) of
catalyst nanoparticle inside CNS as shown by cross point in c, with spots belonging to fcc cobalt and rings to the graphitic carbon.
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However, at increased doping of 20 wt.% carbide formation
is suppressed. Although cobalt has a very low bulk solubility
(<0.48 wt.%) for copper [34], there is no presence of separate phase of metallic copper till 20 wt.% of doping. Thus it
appears that solubility limit gets extended in nanoparticles as
it has been observed for Pb–Sn, Co–ZnO or C–Cu systems
[35–37].
The nanoparticles located inside CNS synthesized using
pure cobalt oxide (Co3 O4 ) have been examined under TEM,
to conﬁrm the phases of the catalyst after growth of CNS
and the results are shown in ﬁgure 2. It has been observed
that the oxide nanoparticles of cobalt have been reduced
to pure metallic fcc cobalt as indicated by its SAD pattern
(ﬁgure 2d). The copper peaks observed in EDS spectrum of
ﬁgure 2b is due to the copper grid used as sample holder in
TEM study. The dark ﬁeld image inset in ﬁgure 2c conﬁrmed
that the point used to get the SAD pattern is from the catalyst nanoparticle inside CNS. Thus, the results of reduction
during growth of CNS are similar to those observed under
simulated environment.
Figure 3a shows XRD patterns of the pure and doped
nickel oxide nanoparticles. Pure nickel oxide (NiO) has
only cubic phase with a lattice parameter of 4.176 Å and
the structure remains cubic even after doping, belonging to
space group (Fm-3m; 225) but lattice parameter increases
to 4.188 Å. Figure 3b shows XRD patterns of the reduced
nanoparticles of pure nickel oxide and those with doping
up to 20 wt.% of copper.
Pure nickel oxide nanoparticles reduce to both cubic (Fm3m; 225) and hexagonal (P63/mmc; 194) phases of metallic
nickel. It may be noted that at room temperature cubic nickel
is the stable phase of bulk nickel and not the hcp phase. But
nickel oxide doped with 10 wt.% of copper as in NiCu10
gets reduced to more of fcc phase and less of hcp phase compared to that for reduced pure NiO. Interestingly, increase
in doping up to 15 or 20 wt.% when copper is expected to

enter into the lattice of nickel, it appears that there is increase
in the amount of hcp phase along with some cubic nitride
of nickel. However, there appears to be split in peaks of fcc
nickel solid solution marked ‘f’ in XRD of NiCu10, which
could be due to different lattice parameters of solid solution
caused by variation of copper content in different locations.
If there is any carbide it could not be distinctly identiﬁed as
all the peaks corresponding to the carbide of nickel (Ni3 C)
overlap with the peaks corresponding to nickel. It is reported
that hcp nickel formation involves the formation of Ni3 C via
martensitic transformation [18]. Pearson has observed that
although nickel with an fcc structure is more stable than hcp
nickel under ambient conditions, hcp nickel could be induced
by hydride, nitride and carbide formation [19]. There is presence
of hydrogen, nitrogen and carbon in the reaction chamber
of CCVD due to decomposition of ammonia and carbonbearing gas introduced there. Table 1 summarizes the details
of the oxide nanoparticles used and the phases detected.
The lattice parameter of fcc phase after reduction increases
from 3.524 to 3.624 Å with increase in doping. Similarly,
peak positions of hcp phase have similarly changed with
increase in doping. It may be indicative of more copper going
into the lattice of both fcc and hcp nickel with increase in
doping, resulting in NiCu alloy upon reduction. However,
there is no increase in lattice parameter of fcc cobalt with
increase in doping, possibly due to limited solubility of copper in cobalt. It may be remembered that some change in
lattice parameter is also expected due to deviation of lattice
positions in nanoparticles compared to those in equilibrium
bulk metal or alloy, particularly near the surface region of
nanoparticles.
Cobalt could exist in either hexagonal-closed-packed (hcp:
α) or face-centered-cubic (fcc: β) phases. The hcp phase
in bulk cobalt is stable at room temperature while it transforms into fcc phase above 450◦ C. However, in nanoparticles of cobalt reduced from pure cobalt oxide one observes

Figure 3. XRD patterns of nanoparticles obtained (a) before and (b) after exposure of nickel oxide-based particles to reducing
environment similar to that prevailing during the growth of CNS.
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Table 1.

Details of doping, size distribution and phases before and after growth of CNS.

Designation of
oxide material
Co
CoCu01
CoCu10
CoCu20
Ni
NiCu10
NiCu15
NiCu20

Doping level
(wt.%)

Lattice parameter (Å)
for fcc phase of oxides

Size distribution
(nm)

Avg. size
(nm)

Reduced material
(crystal structure)/lattice
parameter (Å)

0
01
10
20
0
10
15
20

8.065
8.074
8.084
8.084
4.176
4.182
4.185
4.188

19–50
19–45
58–117
20–54
23–82
39–84
42–78
28–60

40
33
71
41
53
60
66
46

Cobalt (fcc)/3.544
Cobalt (fcc)/3.544 Co2 C (orthorhombic)
Cobalt (fcc)/3.544 Co2 C (orthorhombic)
Cobalt (fcc)/3.544 copper (fcc)
Nickel (fcc)/3.524 nickel (hcp)
NiCu (fcc)/3.540 NiCu (hcp)
NiCu (fcc)/3.619 NiCu (hcp)
NiCu (fcc)/3.624 NiCu (hcp)

fcc phase at room temperature, but in reduced doped oxides
one observes orthorhombic Co2 C phase as well along with
copper, particularly at higher level of doping as indicated in
table 1. Zhi and Song [25] in their study carried out at 470◦ C
similarly observed presence of fcc cobalt primarily but they
also observed a few weak lines of hcp cobalt. However, their
inference that the growth of carbon ﬁlaments is catalysed by
fcc cobalt and that successful growth depends on suppression of stable hexagonal phase appear speculative. The cubic
phase of metallic cobalt has also been found to be present
in the reduced oxide catalyst obtained during CNS synthesis
[26,27]. Tyagi et al [28] have formed nano-clusters at 350◦ C
under cover of ammonia using micron thick layer of cobalt
and observed a mixture of fcc and hcp phases of cobalt nanorods inside multiwalled carbon nanotube (MWCNT) grown
over these clusters at 820◦ C. Again there is another speculation that interaction between graphene and hcp crystallographic planes of cobalt favours graphitization [29]. It has
been claimed that metallic cobalt crystallites of sizes larger
than 40 nm have stable hcp phase, while those between 20
and 40 nm have a mixture of hcp and fcc phases, but for sizes
below 20 nm, the fcc phase is the most stable one [31]. However, the oxide nanoparticles used in our study have average
sizes between 33 and 71 nm, but we have not observed any
signiﬁcant presence of hcp phase in reduced metal. But the
size of reduced metallic particles has not been determined in
our study.
Sanjabi et al [38] used thermodynamic modelling of particle formation by reshaping of metallic catalyst nanoﬁlm
of thickness of 5 nm for use in growing carbon nanotube
(CNT) at 700◦ C and inferred that the structure of nickel catalyst is fcc nickel while for cobalt catalyst it is hcp. Modelling in the domain of nanoparticles is extremely difﬁcult
and its prediction for cobalt catalyst does not appear to hold
good. However for nickel, our study shows presence of a
mixture of both fcc and hcp nickel after reduction of pure and
doped oxide nanoparticles of average sizes between 46 and
66 nm. Tyagi et al [28] found fcc nickel of size 10–15 nm
inside MWCNT. Geng et al [30] have observed by highresolution transmission electron microscopy (HRTEM) that
crystal fringes of nickel single crystal of the sizes between
1 and 30 nm encapsulated by graphene layers at 500◦ C have

fringe spacing of 0.203 nm, corresponding to (111) plane of
fcc phase of nickel. At low temperatures, hcp phase of nickel
has been observed to be stable, but undergoes a transition to
fcc phase above 380◦ C [39]. Mi et al [40] thought that the
presence of chemical entities/impurities and surface stabilization by organic molecules may be the key to formation of
nanocrystalline hcp nickel. Illy et al [32] have observed sizedependent phase transition of nickel nanoparticles from fcc
to hcp when the size becomes smaller than 4 nm. Tian et al
[18] have found that the nano-sized hcp nickel islands transform into normal fcc structure when the size of the islands
exceeds a critical size of about 2.5 nm thickness and lateral
size of 5 nm.
The nanoparticles observed inside CNS grown using pure
nickel oxide have been examined using TEM and the results
are shown in ﬁgure 4. The EDS spectrum taken on the
nanoparticle inside CNS, ﬁgure 4a, demonstrates the reduction of nickel oxide into nickel as shown in ﬁgure 4b. The
particle inside CNS has size of ∼180 nm as observed under
TEM shown in ﬁgure 4c and the selected area electron
diffraction shows the presence of hcp nickel along with fcc
nickel as revealed in ﬁgure 4d.
A limited number of experiments have been carried out
at similar temperature but at different environment to examine the effect of individual constituents of incoming gas
on reduction and also, the phases formed. Figure 5a shows
the XRD of pure cobalt oxide (Co3 O4 ) reduced in environments of C2 H2 and NH3 alone and compared with those in
C2 H2 + NH3 . The temperature (575◦ C) and ﬂow rate have
been so chosen as to avoid extensive formation of CNS and
ensure that diffraction response is coming primarily from the
reduced oxide. It has been observed from ﬁgure 5 that ammonia alone can also reduce the oxide nanoparticles, but the rate
appears to be relatively slower and so, the reduction is not yet
complete in the given time at a temperature of 575◦ C as indicated by the presence of oxide peaks in XRD, although relatively weak. Chen et al [20] have shown direct experimental
evidence of facile reduction of Fe2 O3 nanoparticles located
inside MWCNT only above a certain temperature (600◦ C).
In our earlier work [21] we have demonstrated that the oxide
nanoparticles undergo melting/surface melting at the growth
temperature of 640◦ C maintained by us in the chamber of
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Figure 4. (a) STEM image of nanoparticles inside CNS grown using nickel oxide, (b) EDS spectrum of dark spots in a, (c) bright ﬁeld
TEM image of CNS containing catalyst particles, and (d) selected area diffraction (SAD) of nanoparticle inside CNS as shown by cross
point in c, with spots belonging to hcp (unmarked) and fcc (marked F) nickel, and rings belonging to graphitic carbon.

Figure 5. XRD patterns of (a) cobalt and (b) nickel nanoparticles reduced from their respective oxides in three different atmospheres.

CCVD during growth of CNS. The reduction process inside
the oxide nanoparticles may take place faster through melting at the surface where diffusion of the reducing element
like carbon or hydrogen will be faster. The balance between
the rate of decomposition of feedstock gas and the melting of catalyst nanoparticles, both of which depend on an
optimum temperature [41], may decide the extent of reduction. In all three reducing environments used in the present
study, for the range of particle sizes investigated, the cobalt
nanoparticles are in cubic phase which is a metastable phase
for the bulk at room temperature. When pure NiO reduces
in both C2 H2 + NH3 environment, it produces mainly fcc
phase of nickel with some hcp phase and some graphitic carbon as can be seen from ﬁgure 5b, while the same material
reduced under only C2 H2 environment contains more hcp
phase of nickel along with fcc phase as well. It appears that
the presence of nitrogen discourages formation of hcp nickel
but the presence of carbon encourages it. The presence of
fcc nickel alone in the oxide reduced in NH3 gas environment strongly indicates that the other elements present along

with the reducing element inﬂuence stability of phases in the
reduced oxide particles as inferred.
The solubility of copper and the resulting structure of
the phases present in the reduced oxide nanoparticles may
depend on the size. The nanoparticles inside CNS grown
using oxide designated as NiCu10 have been examined by
TEM and HRTEM, and the results are shown in ﬁgure 6.
Although the average size of the particles of the material
designated as NiCu10 is in the range of few tens of nm,
the reduced particles observed inside CNS have large variation of size from about 3 to 200 nm as shown in ﬁgures 6a
and b under TEM and ﬁgures 6c and d under HRTEM. The
HRTEM image in ﬁgure 6e reveals that the lattice spacing (∼0.219 nm) of the nanoparticle examined matches with
(002) planes of hcp nickel. So the mixture of phases observed
in the catalysts could be due to nanoparticles of different
sizes present.
In our earlier work, we emphasized the role of melting/surface melting of oxide nanoparticles depending on
their size and the extent of doping, and also, their reduction
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Figure 6. (a–e) Typical TEM and HRTEM images of the nanoparticles inside CNS grown using nanoparticles of
oxide (NiCu10).

in the context of growth of CNS [21]. However, the structure of the reduced metal may be relevant in determining
the extent of melting of the reduced metal nanoparticles,
and the vapour–liquid–solid mechanism of growth of CNS
requires the presence of molten phase L to facilitate rapid
growth as commonly observed, although difference in melting point of nanostructures may not be very large as evident
from occurrence of these structures as commonly occurring
defect structure in the bulk. The structure, however, will also
be important if the reduced nanoparticles of metals act as
template for the nucleation of CNS, as it is often assumed in
simulation studies. However, the present authors have argued
against such an effect and inferred that the role of the metallic catalyst is limited to occupying the open-end positions of
the CNT to prevent closure by formation of spherical cap as
observed in C70 nanostructures to allow further cylindrical
growth [24,42].
The plausible steps involved towards the reduction of
nanoparticles of oxide under conditions existing in the
present study are (i) melting of oxide nanoparticles, (ii)
decomposition of gases leading to reducing species like carbon and hydrogen, (iii) reduction of surface layer of the
melt and (iv) diffusion of the reducing species inside the
molten layer to continue reduction reaction inside the particle. Hydrogen is of very small size and may have high
diffusion coefﬁcient even in solid oxides. Thus, solid-state reduction of oxide nanoparticles by hydrogen may also take
place without melting, but melting will surely accelerate

diffusion even for hydrogen reduction. The doping could
be effective tool to tailor the catalyst properties [43,44],
and may change the extent of diffusion and could inﬂuence
the kinetics of reduction in oxides [45]. The equilibrium
structure of the reduced metal nanoparticle on solidiﬁcation
could be different from that of bulk, since the atom positions corresponding to lowest energy deviate from the positions in the bulk and so a different structure may become
stable for nanoparticles. The inﬂuence of gaseous species in
the environment as indicated in the results may have interesting inﬂuence on the structure of reduced metal in the
nanoparticles.
4.

Conclusions

The present study involving chemical nature and phases of
reduced oxide nanoparticles of cobalt and nickel, undoped
and doped with copper oxide, has led to the following
conclusions:
(a) The oxide nanoparticles of nickel and cobalt, either
doped by copper oxide or without doping, get reduced
in gaseous environments of C2 H2 + NH3 , C2 H2 and
NH3 at 575◦ C. However, the rate of reduction of cobalt
oxide in NH3 is slower than that in C2 H2 .
(b) The nanoparticles of cobalt reduced from either doped
or undoped oxide has fcc structure, which is the defect
structure normally present in the bulk cobalt.
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(c) At lower level of doping of cobalt oxide below
10 wt.%, there is formation of cobalt carbide, in environment of C2 H2 + NH3 , but carbide is not present
in reduced pure cobalt oxide. However, carbide formation gets suppressed at higher level of doping of
20 wt.% when separate phase of metallic copper
makes its appearance.
(d) The nanoparticles of nickel reduced from either doped
or undoped oxide in environment of C2 H2 + NH3
have mixed phases having both fcc and hcp structures,
which are respectively the equilibrium and defect
structure commonly present in bulk nickel. The lattice
parameter of fcc structure reduced from doped nickel
oxide increases with increase in doping, indicating that
it is possibly Ni–Cu alloy.
(e) It appears that the presence of nitrogen and hydrogen
discourage the formation of hcp nickel as observed in
nickel oxide reduced in the environment of NH3 .
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