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Bismuth-based microrods (BiMRs) were synthesized through a single reductant-controlled chemical
reduction method. With the various quantity of reductant, different morphologies of Bi based materials
were obtained. Characters of BiMRs were investigated by using scanning electron microscope (SEM), X-
ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The results showed that the product
was uniform rods with a smooth surface and neat edges. Furthermore, BiMRs was consisted of bismuth
and bismuth oxide which made the material possess both advantages of metal and metal oxide. BiMRs
had shown excellent electrochemical performance and was successfully used for the determination of
total dissolved iron in real water samples. Considering their environmentally friendly and excellent elec-
trochemical performance, BiMRs might be used as a promising electrode material in electroanalysis field.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Electroanalysis has paid great attention for the low cost and
high sensitivity. But for many years, electroanalytical techniques
were associated with the use of mercury electrodes for the trace
elements detection. This liquid metal had dominated in electro-
chemistry for lengthy decades [1]. But now, efforts are mainly
directed towards development of ‘environmentally friendly’ solid
electrodes, functionalized micro/nano-structured interfaces modi-
fied electrodes [2].

Bismuth-based material as green material has been intensively
studied in the couple of decades due to their unique properties,
which enables them to be promising in very broad areas including
catalysis, photonics, electronics, optoelectronics, energy storage,
sensor, superconductive material and electroanalysis [3]. Bismuth
which knew as an environmentally friendly material has received
significant attention as an alternative to commonly used toxic mer-
cury in electroanalysis. A wide variety of bismuth-based elec-
trodes, sensors, and detectors of various types, configurations, or
constructions had been reported by many researchers [4]. Among
them, bismuth film electrodes were mostly used (BiFE) [5,6].
Metallic modifiers (Bi) would have a better improvement effect
when the underlying electrode substrates such as boron doped dia-
mond electrode (BDDE) and glassy carbon electrode (GCE) exhibit
relatively slow electron transfer properties [7], but it was not very
stable and easy to be oxidized [8,9]. Especially when underlying
electrode substrate exhibits fast electron transfers kinetics, the
improvements of using BiFE modified electrode were not apparent
and in some cases can lead to a detrimental effect upon the electro-
analytical response [7]. Then other forms of bismuth, such as bis-
muth nanoparticles, bismuth nanosheets were reported as
modified materials in electroanalysis [10,11], and the change of
the morphology improved those materials’ stabilities to some
extent. Besides, bismuth oxide modified carbon electrode [12]
and screen printed electrode [13] had also been employed for the
determination of heavy metal ions due to its characteristic param-
eters such as the energy band gap, and photoconductivity.

In this paper, bismuth-based microrods (BiMRs) which con-
tained both metal bismuth and bismuth oxide were synthesized
through chemically hydrothermal reduction method by using
sodium borohydride as a reducing agent. Bismuth-based materials
with different components and morphologies were obtained by
controlling the ratio of reactant and reductant. BiMRs had both
the merits of metal bismuth and bismuth oxide and could be used
directly without any modified treatment. Bismuth-based micro-
rods material modified glassy carbon electrode (BiMRs/GEC) had
a wider working potential window than just BiFE and bismuth
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oxide modified electrode. Besides, this bismuth-based microrods
material was successfully applied to the determination of iron in
real coastal waters and had great potential in electroanalysis.

2. Experimental

2.1. Preparation of bismuth-based material

Related chemicals and reagents were shown in Supporting
information S1. Bismuth-based materials were synthesized by
chemically reduction method. Firstly, bismuth nitrate solution
was prepared by the primary dissolving bismuth nitrate with dis-
tilled water and then transferred to a round-bottom flask. After
putting the flak into an oil bath pan at the temperature of 30 �C
with stirring, a freshly prepared sodium borohydride solution
was dropped into the flak by using constant pressure funnel. With
the addition of sodium borohydride, insoluble substances
appeared. Finally, the product was filtered and washed several
times with distilled water exhaustively and then dried under vac-
uum at 60 �C for 4 h. Different morphologies and components of
bismuth-based materials were obtained through controlling the
ratio of bismuth nitrate and reductive agent. BiMRs would be syn-
thesized at the ratio of 6.

2.2. Characterization

Surface morphology was observed by scanning electron micro-
scopy (SEM Hitachi S-4800 microscope). To analyze the crystal
structures of the samples, the X-ray diffraction (XRD) measure-
ments were conducted on an X-ray diffractometer (XRD-7000, Shi-
madzu Corporation) from 10� to 80�. Surface chemistry was carried
out using X-ray photoelectron spectroscopy (XPS Kratos Amicus)
with Mg Ka irradiation.

2.3. Electrochemical detection of iron

The detection of iron was investigated by differential pulse
voltammetry (DPV) on electrochemical workstation (CHI 660D,
Chenhua Instruments, Shanghai, China) using a three electrode
system. BiMRs/GCE was used as the working electrode and the
dosage of modified materials had been optimized. Preparation of
the modified electrode and determination of real samples had
shown in Supporting information S2.

3. Results and discussion

3.1. Surface morphology

Fig. 1 showed the SEM images of bismuth-based materials with
different ratios of bismuth nitrate and reducing agent. When the
Fig. 1. SEM image of bismuth-b
ratio (n/n) was 6, the inerratic microrods can be seen under differ-
ent magnification (Fig. 1a and b). The microrods were uniformly
distributed with an average length of 10 lm and width of 2 lm.
All those rods were angular cuboid with precisely ridge and a
smooth surface. When the ratio of bismuth nitrate and reducing
agent reduced to 4.5, the morphology of bismuth-based material
was shown in Fig. S1a. With the relatively decreasing of bismuth
nitrate, a number of porous bismuth appeared instead of micro-
rods. The bismuth-based porous material had no regular morpho-
logical form and was composed by cloddy substance with a
number of holes. A lot of nanoparticles with diameter of 7–
10 nm were seen in Fig. S1b when the ratio was 3. From the SEM
images in Fig. 1 and Fig. S1, it can be concluded that the volume
of bismuth-based materials either decreased and the shape also
had a big variation with the decreasing ratio of bismuth nitrate
and reducing agent. It was speculated that when the ratio was big-
ger, bismuth nitrate was relatively excess comparing to reducing
agent. In this case, bismuth nitrate cannot be reduced to bismuth
completely instead of some bismuth oxide. Then bismuth oxide
would assemble to become a big mass. Meanwhile, the existence
of bismuth oxide might affect the crystalline growth direction
and result in the formation of microrods. In contrast, bismuth
nitrate would be reduced to metal bismuth mostly when the
reducing agent was relatively surplus than reducing agent. The
products were small porous or nanoparticles substances. Besides
the ratio of reagents, reaction temperature was also investigated
and the results showed that the reaction temperature had no sub-
stantial influence on the materials’ morphology.
3.2. Component of synthesized materials

XRD patterns of the bismuth-based nanoparticles and BiMRs
were shown in Fig. S2a and b. Typical diffraction peaks in
Fig. S2a at 2h = 27.19�, 37.88� and 39.61� corresponding to the
(012), (104), (110) pure rhombohedral metal bismuth phase
(JCPDS card, PDF No. 44-1246) with no characteristic peaks from
other impurities. But the spectrum in Fig. S2b was very compli-
cated. Comparing with the PDF card, in addition to the peaks of
metal bismuth, there were many peaks belonging to bismuth
oxide. So, it was concluded that BiMRs contained not only metal
bismuth but also a mass of bismuth oxide. Fig. 2a and b were the
narrow XPS spectra of O1s (a) and Bi4f (b) on BiMRs. The O1s peak
of BiMRs in Fig. 2a at a binding energy of about 530 eV. Two asym-
metrical main peaks observed at 159.42 and 164.76 eV in Fig. 2b
correspond to the Bi 4f7/2 and 4f5/2 signals, respectively [10].
These peaks implied that the bismuth was present in the Bi3+ oxi-
dation state, consistent with previous findings. Two other small
peaks can also be noticed in the spectrum in Fig. 2b, corresponding
to binding energies of 158.86 and 163.67 eV. These peaks were
ased microrods (a and b).
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Fig. 3. DPVs of BiMRs/GCE (solid line), porous bismuth material modified GCE
(dotted line) and bismuth nanoparticles modified GCE (dashed line) in 0.05 M HCl
solution containing 1 lM Fe(III) (a) and typical voltammograms for the determina-
tion of Fe(III) in coastal river sample (b).
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Fig. 2. XPS narrow spectra of O1s (a) and Bi 4f (b) on BiMR.
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agreed with the Bi 4f signals for Bi metal [14], indicating the BiMRs
product surely contains the metal bismuth and bismuth oxide.

3.3. Electrochemical property and application of microrodes

To testify electrochemical property of various Bi-based
materials, three modified electrode were investigated for the
determination of 1 lM Fe(III) and results had showed in Fig. 3a.
It can be observed that the peak current obtained at BiMRs/GCE
was higher than the porous bismuth material modified GCE and
bismuth nanoparticles modified GCE. It was supposed that the
existence of bismuth oxide might overcome the problems that bis-
muth film electrode was instability in positive potential and easy
to hydrolyze. BiMRs/GEC had a wider working potential window
which can detect the reduction of Fe(III) in positive working
potential continuously and directly. Additionally, the effect of dif-
ferent pH values of electrolyte solution on the electrochemical
response of Fe(III) were examined and the corresponding results
had shown in Fig. S3. The largest response was obtained at pH
1.3 (0.05 M HCl). Besides, the calibration curve of the Fe(III) deter-
mination was derived from the DPVs obtained at the BiMRs/GEC.
As shown in Fig. S4, the resulting calibration plots had a favorable
linear in the range of 0.02–10 lM. The detection limit of Fe(III) at a
BiMRs/GEC was 6.4 nM (s/n = 3). Furthermore, BiMRs/GCE
was firstly used for the total dissolved iron determination in
coastal water samples by using the standard addition method.
The adsorptive cathodic stripping curves of the real water sample
were shown in Fig. 3b. Peak currents were linear with the
concentrations (the inset in Fig. 3b) and the equation was
ip = 60.54 C–10.7 2 with a correlation coefficient of 0.998. The con-
centration of total dissolved iron was calculated to be 177.07 nM
and the result was in agreement with the value detected by atomic
absorption spectroscopy, indicating the capability and accuracy of
the BiMRs/GCE for iron determination in real water samples.

4. Conclusion

BiMRs material was synthesized through controlling the condi-
tion of chemical reduction reaction. The obtained products were
exhibited as uniform rods with neat edges by SEM characteriza-
tion. This material was proved not only contained mental bismuth
but also contained oxide bismuth through XPS and XRD character-
izations. So, the BiMRs had both the merits of metal bismuth and
bismuth oxide. Finally, this novel microrods material was success-
fully used for the determination of total dissolved iron in real water
samples with good accuracy and precision.
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the online version, at http://dx.doi.org/10.1016/j.matlet.2016.12.
119.

References

[1] G. Munteanu, S. Munteanu, D.O. Wipf, J. Electroanal. Chem. 632 (2009) 177–
183.
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