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Reduction of the transition metal complexes in aqueous solution has been investigated systematically by ascorbic acid as the

reducing agent without the assistance of any surfactant. Nanoparticles of a-Mn,03, Ag and Cu were synthesized directly through

aqueous phase reduction at room temperature. Nanoscale metal oxides such as Co;04, a-Fe,O; and MoO, were obtained through

ascorbic acid reduction in alkali medium at 40°C. All the products were characterized on their structure and micro-morphology by

the X-ray diffraction (XRD) and atomic force microscopy (AFM). The particle size of metal and metal oxides was about 10-50

nm. The reaction details and features were described and discussed.
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INTRODUCTION

Nanometer-scale materials with the size of 1-100 nm have
been attracted considerable interest/in recent years due to the
departure of properties from bulk phases arising from quantum
size effect. Over the past decade, a variety of techniques have
been applied to fabricate nanostructures of a broad class of
materials, ranging from ceramic  dielectrics  [1],
semiconductors [2], metals [3], and metal oxides [4, 5].
Among these materials, transition metal oxides have been the
subjects of scientific and technological attention owing to their
interesting properties [6, 7].

Up to now, a large number of methods have been
developed to synthesize metal oxides with specific particle
sizes, such as microwave-induced hydrolysis [8-11], thermal
decomposition of metal chelates [12,13], sol-gel process [14],
thermal synthesis in non-aqueous medium [15], aerosol

technique [16],
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solid-state synthesis [17,18], pulsed laser ablation and
condensation process [19] and solvothermal synthesis [20-22].

Recently a great deal of work has been done on using new
reducing agents for preparing reduced metal oxides. These
oxides are important for many applications such as catalysts,
high energy density battery cathodes, magnetic material and so
on [23-28]. reported that alkali

borohydrides can be used as the reducing agent to generate

Manthiaram et al.

binary oxides M0O,,Cr,0O; and some ternary oxides, NaWO;
[29-33]. Hydroxylamine was used to produce transition metal
oxides such as Fe;O4, VO, and MoO, at relatively low
[34-35].
nanoscale metal oxides were synthesized with hydrazine as

temperature by Goodenough et al. Transition
reducing agent [36]. Recently, many efforts to fabricate
different nanoparticles have been focused on using greener
methods such as aqueous ascorbic acid as the reducing agent
[37-42].

In the present work, we studied the reduction of transition
metal complexes in aqueous solutions at low temperature with
ascorbic acid as the reducing agent without the assistance of
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any surfactant or stabilizer. Nanoscale metal oxides of o-
Mn,05, Co;04, a-Fe,O3, MoO,, nanoparticles of Ag and Cu
were obtained.

EXPERIMENTAL

All reagents used in this study were obtained from Merck and
Aldrich Chem. Co. X-ray powder diffraction (XRD) analysis
was conducted on a Rigaku D/Max X-ray diffractometre with
graphite monochromatic Cu Ka radiation (A = 1.5418 A) to
verify the formation of products. Atomic force microscopy
(AFM) image of the samples were collected on DME
Scanning Probe Microscopy (SPM-Mahar Fan Abzar Co.) to
determine size and phase of products.

The preparation of nanoscale metal oxides and metals were
summarized in Scheme 1. A given amount of pure transition
metal starting materials (see Table 1) were dissolved in
distilled water and then more distilled water was added until
its total volume reached up to 50 ml. After that, the ascorbic
acid solution was slowly dripped into the solution” under

constant stirring until precipitates formed (step A, B in
Scheme 1). If the precipitates were not formed, sodium
hydroxide should be pre-added to adjust the pH value of the
solution to the weak basic condition. The solution was heated
up to 40°C under stirring constant for 4 hours (step E in
Scheme 1). The mole ratio between ascorbic acid and starting
material is very important to obtain products; the exact
amounts of ascorbic acid were reported in Table 1.

For the synthesis of nanoscale a-Mn,0;, Cu and Ag, the
products have been obtained directly at room temperature with
ascorbic acid as the reducing agent (Pathway I in Scheme 1).

For the synthesis of Co;04, a-Fe,0; and MoO,, pH value of
the solutions was increased to 9 with NaOH. The precipitates
were formed when the solutions were heated up to 40°C under
stirring constant for 4 hours (Pathway II in Scheme 1).

Finally, the precipitates were allowed to settle overnight
and collected by filtration and washing with water and ethanol
(step C in Scheme 1). The precipitates were dried over night in
vacuum at 80°C for 5 h. and stored in desiccators (step D in
Scheme 1).

A. Dripping ascorbic acid
solution into metal solution

B. Constant stirring

(I) Precipitates

(Il) Precipitates

formed

not formed

C. Filtration and
washing precipitates

& increasing temperature

E. Adding NaOH to
solution

D. Drying and storing
in desiccator

F. Refer to step (1)

Scheme 1. The procedure of nanoparticles synthesis
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RESULTS AND DISCUSSION

The optimum reaction conditions and the products
obtained are listed in Table 1. The phase of samples has been
studied by XRD. The morphology of the surface of all
products has been studied by SPM with mode AFM.
It is interesting that the sample of manganese oxides was
found directly by room temperature reduction without any
surfactants. The XRD pattern as shown in Fig. 1a indicates the
manganese oxides are crystalline in single-phase of cubic o-
Mn,0;. No characteristic peaks of impurities can be detected.
From the XRD data, the crystallite size (D.) of a-Mn,O;
particles was calculated to be 15 nm, using Debye—Scherrer
equation [43]:

D - KA
¢ Bcosb

where f is the breath of the observed diffraction line at its

half-intensity maximum, K is the so-called shape factor, which
usually takes a value about 0.9, and 4 is the wavelength of the
X-ray source used in XRD.

The AFM image of manganese oxides was reported in Fig.
2a. The sample has a mounded surface constituted of rounded
grains grown on columnar pillars. The size of the crystals was
found with an average diameter 16 nm. Also, the 3-D image
of nanoproducts with area of 1.00 um x 1.00 pm was reported
in Fig. 2b. The phase image of a-Mn,0; is shown in Fig. 2c.
As seen in Fig. 2c, there is not any impurity with major
product with potential range between -3.04 and -1.90 V.

The dripping speed of the ascorbic acid aqueous solution
was a very important factor in preparing the 0-Mn,O;. When
ascorbic acid aqueous solution was dripped very slowly, the
grains were formed with nano-size dimension and with
increasing ~dripping speed; the grains with nano-size
dimension were not formed. It determines the chemical
reaction speed, which has an important effect on the growth of
the nanometer-sized grains in aqueous solution.

For the synthesis of silver nanoparticles, after the short
time of adding ascorbic acid into starting material, silver
nanoparticle were formed on the surface of solution. As
comparison with the work, Y.Liu et al. [37] using the ascorbic

acid as the reducing agent with AgNOj as the starting material.

Table 1. The starting materials, reaction conditions and products obtained

Metal sources Ascorbic acid Conditions Products
Concentration Volume  Concentration  Volume pH T Size* Size" Final
M) (ml) M) (ml) 0 (nm) (nm)
KMnO, 0.2 50 4 15 4 25 16.3 15 a-Mn,0O;
AgNO; 0.2 50 4 15 4 25 26.9 25 Ag
CuSOy4 0.2 50 4 15 4 25 28.7 27 Cu
Co(NOs), 0.2 50 4 15 9 40 19.4 18 Co304
Fe(NOs), 0.2 50 4 15 9 40 22.5 20 a- Fe,0O5
MoCl, 0.2 50 4 15 9 40 20.8 19 MoO,

*: obtained from AFM images

®: calculated from Debye—Scherer formula
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Fig. 1. XRD patterns for the products of (a) a-Mn,03, (b) Ag, (c) Cu, (d) Co30y, (¢) a-Fe,O3 and (f) MoO,.
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In their work, Ag nanowires were synthesized with using
SDS/Ethanol/AgNO; system. In our suggested procedure, any
surfactant was not used at low temperature. The XRD pattern
of Ag nanoparticles was shown in Fig. 1b. This pattern
indicates that Ag nanoparticles are crystalline in cubic
structure. The crystallite size of silver calculated by the
Debye-Scherrer equation were around 25 nm.

Fig. 2d shows the AFM topographic image of Ag
nanoparticles. The sample has a mounded surface and the
particle size is about 27 nm. The 3-D AFM image of Ag
nanoproducts with Z-axis and the AFM phase image are
reported in Fig. 2e, 2f respectively. From phase image, we can
inform that there is not any effect of another particle with Ag
nanoparticles. Here, the potential range was between -8.26 and
-2.67 V.

The reduction of Cu®* solution with ascorbic acid produced
without the
assistance of any surfactant. After addition of ascorbic acid

immediately golden colored Cu particles

into the solution, the solid Cu nanometer was formed. The
XRD pattern for the prepared Cu nanoparticles was shown in
Fig. lc. All diffraction peaks of the sample can be readily,
indexed to the face center cubic phase of copper. No
characteristic peaks of impurity phases such as CuO and
starting material can be detected. The crystallite size of copper
particles calculated by the Debye-Scherrer equation was
around 27 nm.

The AFM topographic image of Cu nanoparticles (Fig. 2g)
indicates the presence of islands with an average particle size
29 nm. The AFM image of the 3-D image Cu nanopruducts
with Z-axis is shown in Fig. 2h. Fig: 2i of the AFM image is
shown single-phase of Cu nanoparticles. The potential range
was between -9.11 and -0.22 V.

It is found that the choice of starting materiel is important
for preparation of Cu nanoparticles: if CuCl, is used instead of
CuSOy as the starting material, keeping other experimental
variables unchanged, the product is not pure Cu nanoparticles.
In fact, the mixture of Cu and CuCl were formed. That is,
because of the formation of undissolvable CuCl, which
prohibits the further reduction of Cu (I) to Cu (0).

Various strategies have been developed for the synthesis of
Co;04 nanoparticles [15-22]. All of the methods need some
special instruments, harsh conditions, and/or relatively high

performance temperature. Recently, Co;04 nanoparticles were
synthesized by Zou et al. [44], using the ionic liquid-assisted
in room temperature. The most important point is design a low
temperature synthesis route which would allow the synthesis
of Co30, at relatively low temperature. To our knowledge,
this is the first report that the nanosiaze of Co30, can be
directly synthesized through a simple redox method at low
temperature without the assistance of any surfactant. The XRD
pattern of Co3;04 nanoparticles was shown in Fig.1d. All
diffraction peaks of the sample can be indexed to the cubic
structure of Co3;0,4. The crystallite size of Coz0, particles
calculated by the Debye-Scherrer equation was around 18 nm.

The shape of Co;0, products was further examined with
AFM, as show/in Fig. 2j. From the image, it can be seen
remarkably ‘that sample consisted of quantity of dispersive
nanoparticle with the size about 19 nm. The 3-D image of
Co3;04 nanoproducts with Z-axis is shown in Fig.2k. The phase
image of Co;04 is show pure phase as Fig.2l. This result was
obtained through applied potential range between -8.81 and
2.36 V.

Some methods have been developed to synthesize iron
oxide powders with specific particle sizes [45-48], comparing
with mention methods, directly reduction synthesis has
considerable advantages of a single step process at low
temperature, composition and morphological control. The
nanoparticles of a-Fe,O; were obtained in alkali medium with
dripping ascorbic acid into solution. The experimental results
suggest that the nanoparticles were formed with increased in
the pH value of the aqueous solution. The XRD pattern in
Fig.le indicates that resulting sample of single-phase a-Fe,0s.
The particle size of the o-Fe,O; powders was 20 nm,
according to the Debye-Scherrer equation.

As shown in Fig.2m, the particle size of o-Fe,0;
nanoparticles is around 22 nm. The 3-D image of a-Fe,O;
nanoproducts with Z-axis is shown in Fig.2n. The phase image
of a-Fe,O3 is shown in Fig.2o. From this image, at the
potential range between -9.00 and -1.13 V, there is not any
impurity with a-Fe,Os.

To date, MoO, nanocrystallites with different shapes have
been fabricated under various conditions. Recently, Chen ef al.
[49] reported the synthesis of MoO, through a simple redox
method with ethylene glycol as the reducing agent. According
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Fig. 2. AFM topographic images for the products of (a) 0-Mn,0s, (d) Ag, (g) Cu, (j) Co304, (m) a-Fe,0s, (p) MoO,; AFM
3-D images of (b) a-Mn,03, (e) Ag, (h)Cu, (k) Co;04, (n) 0-Fe,03, (qQ) MoO,; AFM phase image for (¢) a-Mn,O3,
() Ag, (i) Cu, (1) Co304, (0) a-Fe,0;, (r) MoO..
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Table 2. Comparison of the results of different metal nanoparticles synthesized by reduction reaction using ascorbic acid as

the reducing agent

Starting Material Capping Agent  Temperature pH Product Size(nm) Ref.
AgNO; SDS r.t. 4-5 Ag 8-10 37
AgNO; Citric acid r.t. 4 Ag 20 38
CuSO, PVP 80 °C 4-5 Cu 4 39
HAuCl, PVOH r.t. 4-5 Au 50> 40
Bi(NOs); PVP reflux / boiling point 10-11 / NaOH Bi 50£10 41
Fe(NO;); - r.t. 4-5 Fe 90> 42
PdCl, - r.t. 4-5 Pd 50-80 42
Na,PtCly - r.t. 4-5 Pt 70 42
CuCl,+HAuCl, - r.t. 4-5 Cu-Au 5-50 42
Na,PtClg+CuCl, - r.t. 4-5 Pt-Cu 50-60 42
CuCl,+PdCl, - r.t. 4-5 Cu-Pd 5-50 42
Fe(NOj);+ Na,PtCly - r.t 4-5 Fe-Pt 50> 42
Fe(NO;);+HAuCly - r.t 4-5 Fe-Au 100> 42

PVP: poly(vinyl pyrrolidine), PVOH: poly(vinyl alcoh
ol), SDS: sodium dodecyl sulfate

to their results, the volume ratio ‘of ethylene glycol as the
reducing agent played a crucial role in the synthesis. In our
work, MoO, nanoparticles were obtained in alkali medium at
40°C. It is well shown that the heating effect drives the
reaction to processed forward completely. The XRD pattern of
MoO, nanoparticles is shown in Fig.1f. All diffraction peaks
of the sample can be indexed to the monoclinic structure of
MoQ,. According to the Debye-Scherrer equation, the particle
size of MoO, nanoparticles was 19 nm.

Fig.2p is representative AFM topographic imaging of
MoO, nanoparticles. It is seen that particle size is around 21
nm. AFM image of the 3-D image MoO, nanoproducts with Z-
axis is shown in Fig.2q. AFM image in Fig.2r shows single-
phase of MoO, as well. This result was found through using
range potential between -8.57 and -8.31 V. It indicates that
there is not any particle with obtained MoO, nanoparticles.

S120

For comparison, the some results of different metal
nanoparticles synthesized by reduction reaction method using
ascorbic acid as the reducing agent have been shown in Table
2. In this work, we have synthesized some metal and metal
oxide nanoparticles using ascorbic acid without the assistance
of any capping agent or stabilizer. Also, as seen in Table 2, in
some cases the crystallite size of metal and metal oxide
nanoparticles synthesized by our purpose method is smaller
than those observed, previously.

CONCLUSIONS

We have systematically studied the low temperature
chemical reduction of some transition metal cations using
ascorbic acid as the reductant in aqueous solution without any

surfactant. Nanoscale metals Ag, Cu, and metal oxides
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(a-Mn,0O3, a-Fe,03;, Co3;04 and MoO,) have been obtained
with particle size about 10-50 nm. The structure and micro-
morphology of the products were well characterized. Our
results showed that the concentration and mole ratio of the
reducing agent, dripping speed of reductant and the pH value
of solution have a great effect to obtain products. The
nanophase reduced transition metal oxides are technologically
important for catalysts.
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