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a  b  s  t  r  a  c  t

The  sacrificial  template  free  chemical  synthesis  of  PbSe  nanotubes  at room  temperature  has  been  per-
formed  by  lead  hydroxination  from  cadmium  hydroxide  nanowires.  This  process  was based  on  the
ion  exchange  reaction  to  replace  Cd2+ with  Pb2+ ions  from  hydroxyl  group  followed  by replacement
of  hydroxyl  group  with  selenium  ions.  The  reaction  kinetics  was  accomplished  due to  more  negative
vailable online 12 August 2011
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free  energy  of  formation  and  thus  the  difference  in  the  solubility  products.  The  formed  nanotubes  were
inclusive of  Pb  and  Se  with  proper  inter-chemical  bonds  with  preferred  orientations  having  diameter
in  tens  of  nanometer.  These  nanotubes  can  have  future  applications  in  electronic,  optoelectronics  and
photovoltaic’s  as  well.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

PbSe is an attractive semiconductor material from IV to VI group
ith narrow band gap (0.28–0.4 eV) and large dielectric constant

ε� = 24), high optical sensitivity, good magnetic, and electrical
roperties. It exhibits a large Bohr excitonic radius (46 nm), it is
ight times larger than CdSe with nearly identical Bohr radii for
he electron (23 nm)  and hole (23 nm), and small effective masses
or each (<0.1 m0). Due to this the size quantization effects are
ronounced in PbSe nanomaterial rather than the bulk. Further-
ore, PbSe has six or eight mixing of energy band gaps and mixing

f valance band which exhibits a strong confinement. Also, both
arriers are strongly confined, allowing their electronic structure
o be tuned by changing nanotubes/nanowire diameter and it
xhibits high electron, hole mobilities and high absorption coef-
cient near IR region [1,2]. However, formation of such a long
anotubes/nanowires with high aspect ratio is advantageous in the
anufacturing process for more complexed nanostructure devices.

urthermore, it provides more efficient charge transport over large
istances between the individual wires/tubes and its versatile

pplication for optoelectronic devices [3–5].

In recent years, the significant interest has been directed
owards the growth of nanotubes/nanowires of PbSe. For this, the
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‘bottom-up’ approach has been mostly employed for the chemical
synthesis. This should be categorised into two ways as: (i) the use
of hard templates, which physically confine the size and shape of
the growing nanoparticles, and (ii) the use of capping agents dur-
ing nanoparticle growth to control its direction and dimension [6].
In this concern, the pioneer work on PbSe was reported by Koh et
al. for the synthesis of single crystal nanowire at high temperature
(190–250 ◦C) [7],  the thermoelectric properties of PbSe nanowire
annealed at 200 ◦C has been reported by Liang et al. [8].  Hull
and Zhu et al. have described the branching confinement of PbSe
nanowires [9,10] and Bierman et al. showed the effect of hydro-
gen gas on PbS and PbSe nanowire deposited by CVD technique
[1]. Jung et al. showed the confinement of PbSe wire deposited by
r.f. magnetron sputtering on silicon substrate [11]. Many attempts
have been made for the synthesis of PbSe nanomaterials based on
either the use of sophisticated methodology, use of templates, cap-
ping agents or at high temperature synthesis. With this regards,
the search for the cost effective, simple wet  chemical synthesis
at room temperature under milder conditions has rapidly gaining
momentum. Obviously, developing the effective and environmen-
tally friendly routes to fabricate large area nanotubes at a low cost
is facing challenges.

The present article emphasis on the template free room tem-
perature chemical synthesis of highly oriented PbSe nanotubes

from Cd(OH)2 nanowires on glass substrate which is reported
elsewhere [12]. This was performed through the controlled pre-
cipitation of reaction kinetics based on the principle of solubility
products through the formation of lead hydroxination as an

dx.doi.org/10.1016/j.jallcom.2011.08.036
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. Graphical representation of cation exchange 

ntermediate step. The structure, morphology and composition
nalysis were performed and the results are discussed.

. Experimental

All chemicals were analytical grade and used as received without further purifi-
ation. All aqueous solutions were prepared in double distilled water. A typical
ynthesis of PbSe nanotubes using simple wet  chemical route is as follows: (i) the
ormation of the Cd(OH)2 films consisting of nanowires on the glass substrate at
oom temperature as reported elsewhere [12]. In short, the aqueous solution con-
aining 100 mM CdCl2 was  complexed with 25% ammonia with constant stirring.
nitially, a white precipitate was observed and subsequently dissolved back in the
olution for further addition of ammonia (pH ∼ 13). A cleaned glass substrate was
mmersed vertically in the reaction bath making an angle of 45 degree with the wall
f  the beaker. The overall assembly was kept at room temperature (27 ◦C) for 18 h
esulting in the direct growth of Cd(OH)2 nanowires on the glass substrate. After
he deposition, substrate was  rinsed smoothly in double distilled water and dried
n  air, afterwards it is used for further process, (ii) for the cation-exchange reaction
rom Cd(OH)2 to Pb(OH)2, the Cd(OH)2 coated glass substrate was  immersed in the
00 mM lead acetate solution for overnight (10–12 h), then taken out from solution,
insed with double distilled water and dried in air. (iii) The room temperature sac-
ificial elemental transformation of Pb(OH)2 into PbSe was  performed by dipping
b(OH)2 substrate in aqueous 100 mM solution of selenium ion source (Na2SeSO3)
t  room temperature. After 20 h, the color of the film was changed from white to
ark purple with localized selenization of Pb(OH)2 resulting in the formation of pure
bSe material.

. Growth mechanism

The simple experimental growth mechanism of PbSe nan-
tubes formation is as follows: the Cd(OH)2 nanowires were grown
hrough a simple wet chemical route. Solutions containing cad-

ium ions give white precipitates upon meeting sufficient OH−

ons in solution as long as Ksp of [Cd2+] [OH2−] is greater than the
sp value of Cd(OH)2 (2 × 10−14) at room temperature. However,
d(OH)2 is not always the final product, since hydrated cad-
ium ion complexes (n[Cd(H2O)p]2+) were transferred to cadmium

ydroxide [Cdn(OH)2n] through the stepwise replacement of water
olecules in the hydrated cadmium ion complexes by hydroxide

roups. This process is usually referred to as “olation” and offers the
ntermediate cadmium complex [Cdn(OH)m(H2O)np − m](2n  − m)+

s shown in Eq. (1).

dCl2 + NH3 + 2H2O → Cd(OH)2 + NH4Cl + HCl (1)

As Cd(OH)2 possesses solubility product value (Ksp = 2 × 10−14)
ore positive than the solubility product value (Ksp = 10−20) of

b(OH)2 leading to replacement of Cd2+ with Pb2+ ions resulting
n the formation of Pb(OH)2 without altering the morphology. In
nother way, the free energy of formation of Pb(OH)2 is more neg-

tive than that of Cd(OH)2. The resulting ion exchange reaction is
s follows

d(OH)2 + Pb(Ac)2·3H2O → Pb(OH)2 + Cd(Ac)2 + 3H2O (2)
rsion) process for the formation of PbSe nanotubes.

When the final product reacts with selenium ions source, inter
diffusion of Se2− ions occurs through the Pb(OH)2 films, the outer
covering layers of PbSe begin to form towards the inner side by
replacing hydroxyl group with selenium ions until complete con-
version. This was easily observed by naked eye due to change in
color from white [Pb(OH)2] to purple dark [PbSe]. This transfor-
mation is possible due to more negative solubility product of PbSe
(Ksp = 10−37) than that of Pb(OH)2 (Ksp = 10−20). Complete trans-
formation was  confirmed by different reaction time with selenium
ion source by means of structural characterization at each step (not
shown). It has also been suggested that the hydroxide cluster can
act as a catalyst. In this case, selenide formation will occur prefer-
entially at the surface of Pb sites rather than nucleate separately in
the solution. The reaction for the formation of PbSe from Pb(OH)2
is summarized as follows

Pb(OH)2 + Se2− → PbSe + H2O + 1/2O2↑ (3)

The schematic representation of ion exchange process from
Cd(OH)2 to Pb(OH)2 to PbSe based on solubility product is depicted
in Fig. 1.

4. Characterizations

The crystal structure of the films was  investigated using X-
ray diffractometer (Miniflex, Rigaku) using monochromatic CuK�

radiation (� = 1.5406 Å) in the scanning angles between 20 to 80◦.
The surface morphology of the films was examined using scan-
ning electron microscopy (SEM: Zeiss EVO MA-10). The energy
dispersive X-ray analysis (EDAX) was  investigated with an energy
dispersive X-ray spectroscopy (EDAX: OXFORD INCA ENERGY 250
unit) coupled with SEM. The microstructural characterization of
highly oriented PbSe surface (nanotubes) at higher magnifications
and reciprocal space analysis was  carried out using high resolu-
tion transmission electron microscope (HR-TEM: FEI Tecnai G2 F30
STWIN at 300 keV).

5. Results and discussion

An effective and versatile simple wet  chemical route has been
employed for a cation/anion-exchange reaction which is illustrated
as an efficient way to “proxy” nanostructures without altering
the morphology. The large solubility product (Ksp) difference is a
key reference for the direct cation/anion exchange process. This
reaction of nanocrystals occurs when Ksp value of goal product is
more negative than that of reactant (used precursors), then spon-
taneous conversion into another kind of more stable nanocrystal.

This approach opens up a new access to design and prepare nan-
otube which is difficult to achieve at room temperature through
simple wet chemistry. Furthermore, the room temperature syn-
thesis offers relatively slow growth rate and it is consistent to
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ig. 2. X-diffraction patterns of (a) Cd(OH)2, (b) Pb(OH)2, and (c) PbSe nanotubes
n the glass substrates.

he formation of PbSe nanotubes. Probably, the initial nucleation
enters are sheltered on the substrates, not allowing the growth

t other places, allowing extension of initially grown materials
nlike to formation of large crystal first, from which the nan-
tubes are nucleated via heterogeneous nucleation with a variety
f orientations. The stronger bond between cation and anion in

Fig. 3. Scanning electron micrograph of (a) Cd(OH)2 and (b) PbSe nanotubes,
ompounds 509 (2011) 10066– 10069

prehistoric nanocrystal should be impaired or substituted through
special organization of two compounds. The ligand could complex
with target Pb2+ with Se2− ions, this associate a strong coupling
between cation and anion at room temperature through the solu-
tion chemistry in which the outside and inside phase of material can
provide a driving force between them due to the chemical potential
difference. In this process, Pb(OH)2 nanowire may  provide effi-
cient pathways for diffusion of Se2− ions and leave the OH− ions
from impaired phase resulting in the formation of pure PbSe nan-
otubes. These explorations significantly increase the scope of the
methodological application in the field of nanostructures prepara-
tion. Herein, the current work further advances our understanding
about the cation and anion-exchange reaction in the employment
for achieving PbSe nanotubes.

The crystal structure, peak positions, and confirmation of phase
for as deposited Cd(OH)2, its intermediate conversion to Pb(OH)2
material and its complete conversion of PbSe nanotube has been
carried out using X-ray diffraction (XRD) technique. Fig. 2 shows
the XRD patterns of Cd(OH)2 nanowire, Pb(OH)2 and correspond-
ing converted PbSe on the glass substrates. The tiny peaks observed
for Cd(OH)2 correspond to (0 0 2), (1 1 0), (2 2 0) and (2 0 1) planes
with a = 3.494 Å with hexagonal crystal structure (JCPDS card 31-
0228). This shows the simple way for the template free formation
of Cd(OH)2 nanowire grown on glass substrates (Fig. 2a). The
complete conversion of Cd(OH)2 to Pb(OH)2 can be seen by XRD

patterns with diminished peaks of Cd(OH)2 with emerged peaks of
Pb(OH)2 corresponding to tetragonal crystal structure (JCPDS card
77-1895, a = 6.022 Å) (Fig. 2b). The XRD pattern in Fig. 2c shows
complete removal of hydroxide phase with selenium resulting in to

 and (c) shows the energy dispersive X-ray analysis of PbSe nanotubes.
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ig. 4. Transmission electron micrograph of PbSe nanotubes. Inset shows Fourier
ransform image of PbSe nanotubes.

omplete conversion of Pb(OH)2 to PbSe with (1 1 1), (2 0 0), (2 2 0),
3 1 1), (2 2 2), (4 0 0), (3 1 1), (4 2 0), and (4 2 2) planes with pre-
erred orientation along (2 0 0) plane corresponds to cubic crystal
tructure (JCPDS card no. 78-1903, a = 6.121 Å). It is more fasci-
ating that the Cd component disappears and intensities of Pb
ecome stronger, and shows the room temperature conversion into
bSe nanotubes based on ion exchange reaction. The diffraction
eaks are in good agreement with the literature data for hexago-
al Cd(OH)2 [13] and cubic PbSe [14,15].  Fig. 3a shows the surface
orphology of template free grown Cd(OH)2 nanowire on the glass

ubstrate and the surface morphology of converted PbSe clearly
hows the PbSe nanotubes with length more than micron and aver-
ge diameter of 30–50 nm (Fig. 3b). We  strongly believe that such
evelopment of nanotubes is artifact of this method where there is
either branching between two nanotubes nor formation of gigan-
ic structure during the cation/anion exchange process. However,
he confirmation of the final product PbSe was performed using
nergy dispersive X-ray analysis (EDX) spectra as shown in Fig. 3c as
t depicts the elemental composition of PbSe. The spectrum shows
trong evidence for Pb and Se along with oxygen from the surface
ontamination which is unavoidable in the chemically deposited
lms. Small content of Cd (0.01 wt%) cannot be excluded entirely
hich might be due to porous network morphology resist for the
omplete removal of small content of Cd that adhere somewhere
nside the film. Fig. 4 shows transmission electron microscopy
TEM) image of PbSe at higher magnification. The clear distinction
an be made for the structure composed of nanotubes with one

[
[
[

ompounds 509 (2011) 10066– 10069 10069

end closed and another end open inside the network of highly ori-
ented structure with diameter of about 20–40 nm. From the Fourier
transform, the corresponding selected area of electron diffraction
pattern yields inter planer spacing of 3.9 Å representing (2 0 0)
plane with cubic crystal structure. This supports to cubic structure
observed by XRD studies with preferred orientation.

6. Conclusions

Simple, inexpensive and room temperature chemical route
has been successfully employed for the synthesis of highly ori-
ented PbSe nanotubes from Cd(OH)2 nanowires through lead
hydroxination as intermediate step. This was  based on more
negative free energy of formation and thus the difference
in their individual solubility products. Strong orientation is
observed along (2 0 0) plane with cubic crystal structure for
PbSe without branching between two nanotubes and avoid-
ing formation of gigantic structure during the cation/anion
exchange process. The controlled growth of one dimensional
highly oriented nanotubes may  significantly expand the range
of applications and will open up new research opportunities to
use these nanotubes as building blocks in nanotechnology based
devices.

Acknowledgement

BRS is thankful to the University Grants Commission (UGC), New
Delhi, India for Major Research Project F. No. 36-180/2008 dated
27/03/2009.

References

[1] M.J. Bierman, Y.K.A. Lau, S. Jin, Nano Lett. 7 (2007) 2907–2912.
[2] R. Calarco, M.  Marso, T. Richter, A.I. Aykanat, R. Meijers, A. Hart, T. Stoica, H. Lu,

Nano Lett. 5 (2005) 981–984.
[3] K.S. Leschkies, T.J. Beatty, M.S. Kang, D.J. Norris, E.S. Aydil, ACS Nano 3 (2009)

3638–3648.
[4] D.V. Talapin, C.B. Murray, Science 310 (2005) 86–89.
[5] D. Cui, J. Xu, T. Zhu, G. Paradee, S. Ashok, Appl. Phys. Lett. 88 (2006)

183111–183113.
[6]  S. Yan, L. Lu, H. Meng, N. Huang, Z. Xiao, Nanotechnology 21 (2010)

095303–095310.
[7] W. Koh, A.C. Bartnik, F.W. Wise, C.B. Murray, J. Am.  Chem. Soc. 132 (2010)

3909–3913.
[8] W.  Liang, O. Rabin, A.I. Hochbaum, M.  Fardy, M.  Zhang, P. Yang, Nano Res. 2

(2009) 394–399.
[9] K.L. Hull, J.W. Grebinski, T.H. Kosel, M.  Kuno, Chem. Mater. 17 (2005)

4416–4425.
10] J. Zhu, H. Peng, C.K. Chan, K. Jarausch, X.F. Zhang, Y. Cui, Nano Lett. 7 (2007)

1095–1099.
11] H. Jung, R. Kuljic, M.A. Stroscio, M.  Dutta, Appl. Phys. Lett. 96 (2010)

153106–153109.
12] S.L. Patil, R.S. Chaudhari, R.D. Ladhe, P.K. Baviskar, B.R. Sankapal, J. Sci. Rev. 2
(2010) 95–98.
13] B. Tang, L. Zhuo, J. Ge, J. Niu, Z. Shi, Inorg. Chem. 44 (2005) 2568–2569.
14] Y.J. Na, S.H. Kim, J. Park, J. Phys. Chem. C 112 (2008) 11218–11226.
15] K. Ahmad, M.  Afzaal, P. O’Brien, G. Hua, J.D. Woollins, Chem. Mater. 22 (2010)

4619–4624.


	Room temperature chemical synthesis of highly oriented PbSe nanotubes based on negative free energy of formation
	1 Introduction
	2 Experimental
	3 Growth mechanism
	4 Characterizations
	5 Results and discussion
	6 Conclusions
	Acknowledgement
	References


