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The present work reports the synthesis of self- assembled 1-D polycrystalline Fe doped CuO
nanostructures (Cu;Fe,O, x = 0.02 (SP2), 0.05 (SP5), 0.10 (SP10)) using wet chemical approach. The
surface analysis of these nanostructures by x-ray photoelectron spectroscopy indicated Fe to be present as
Fe*'. The doping of Fe (2 to 10%) causes exchange of Cu in CuO and creates point defects - oxygen
vacancies, which are manifested by: the change in morphologies of doped nanostructures from
nanochains to nanofibers, a reduction in the size of CuO NPs from 19 to 5 nm, the red shifted optical
absorption and fluorescence bands associated with an increase in the fluorescence lifetime(s) and blue
shifted Raman spectra. The field dependent magnetization (M-H) measurements at room temperature
show that for SP10 the magnetization value increases by a factor of about 3 as compared to that of
undoped sample and superparamgnetic behavior increases with increasing Fe-content. Whereas, at 5 K it
exhibits ferromagnetic behavior with increasing values of coercivity (1564 Oe) and retentivity (0.19
emu/g) and exchange bias effect decreasing with increased doping of Fe. The room temperature
polarization versus electric field measurements at 200 Hz show weak ferroelectric behavior for all
samples and increases with increasing Fe content in the sample. Dielectric constant and dielectric loss
shows the decreasing value with increase in frequency. A correlation between the observed changes in

morphology with optical, magnetic and ferroelectric properties upon doping of Fe has been analyzed.

Introduction

In recent years intense research has been carried on
semiconducting oxide nanostructures (CuO, ZnO, TiO,, NiO,
Sn0,, Fe,03 and Cos0,) because of their novel optical, magnetic
and electric properties.” Among the oxides, a number of
publications have focused on copper oxide nanostructures
because of their narrow band gap and promising applications as
bio sensors,>* gas sensors,>* photodetectors,7 nanofluids,® field
emissions,” energy efficient lubricent,' removal of inorganic
pollutants,'’ photocatalysis'® electrode material for Li-ion
batteries' and supercapacitors.'*'> Bulk CuO is known to exhibit
antiferromagnetic'® and  multiferroic  behavior at  low
temperature.'” In recent years it has been observed that a control
of the size, shape, dimensionality, and surface properties of
nanostructures plays an important role in manipulating their
ferroelectric'® and magnetic behavior."

CuO has earlier been synthesized in different dimensions (1-D, 2-
D, 3-D), but 1-D nanostructures assume significant importance as
regard to their increased efficiency for transport of electron and
controlled optical and magnetic behavior which have applications
in solar cell,?*?! sensors, 2*2* FETs,” the next generation Na-ion
batteries®® and spintronics devices.?” Recently, it was observed
that the production of CuO nanochains induced the room

temperature electric polarization along with a weak ferromagnetic
interaction exhibiting short range magnetic ordering.”® Lately,
new materials are being developed to enhance room temperature
polarization along with ferromagnetic properties for their
potential in developing spintronic devices. Tun et al”® observed
room temperature multiferroic behavior in Cu doped ZnO. This
behavior was also observed in V doped ZnO nanorods®® and Cr
doped ZnO thin films.*' In pure ZnO nanorods** and thin films**
defect induced ferroelectricity was observed. Recently, room
temperature ferroelectric property was observed in high pressure
Cu0.** Hence, doping and defects are an efficient way to enhance
magnetic and ferroelectric behavior of metal oxide
nanostructures. Change in ferroelectric polarization can also be
triggered by the specific magnetic order in Cu- oxide(s).*

In view of the above investigations, the present work focuses on
examining the optical, magnetic and ferroelectric behavior of 1D
CuO nanostructures in the presence of different amount of Fe
dopant. Interestingly, the 10% doping of Fe into CuO produces
fibrous nanostructures by creating point defects which enhance
both polarization and dielectric constant significantly. The
presence of point defects has been detected by fluorescence
spectroscopy, lifetime measurements and Raman spectroscopy.
The high aspect ratio and the porous structure of CuO nanofibers
having high surface area lead to improved magnetic properties at
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room temperature which may be interesting for their applications
in memory devices.

Experimental
Chemicals

Cu(NO;3),.3H,0, Fe(NO;),.6H,0O, ethanol (Merck), ammonia
solution (Thomas Baker), NaOH (SD Fine) were used for
synthesis without any purification. Di-ionized (Milipore) water
was used for all reactions.

Equipment

To measure the Zeta potential and hydrodynamic size a Zeta
Sizer ZS90 (Malvern Instruments) equipped with 632 He-Ne
laser was used. X-ray diffraction pattern of powdered samples
were performed on a BRUKER D8 ADVANCE X-ray
diffractometer using the Cu-Ka radiation (1.5418A). Surface
topography of the samples was recorded on NTEGRA atomic
force microscope equipped with NOVA software using tapping
mode. Morphology and elemental analysis were recorded on a
field emission scanning electron microscope (FESEM) coupled
with energy dispersive X-ray spectrometer (FEI- QUANTA
200FEG). HRTEM, selected area electron diffraction pattern and
electron micrographs were recorded on a TECHNAI G2 20 S -
TWIN transmission electron microscope (TEM). Absorption
spectra were recorded on a SHIMADZU UV-VIS 2100S
spectrophotometer. SHIMADZU RF-5301 PC was used for
fluorescence measurements. Fluorescence lifetime measurements
were recorded on a HORIBA JOBIN YVON fluoroCube
fluorescence life time system equipped with nano LED source.
The Raman spectra of powder sample were recorded on
RENISHAW Raman spectrometer equipped with 514 nm Ar ion
laser. Magnetic measurements were carried out on QUANTUM
DESIGN MPMS-XL DC SQUID magnetometer. Ferroelectric
measurement was performed on P-E loop Tracer. Frequency
dependent dielectric measurements were made on a WAYNE
KERR 6500 high frequency LCR meter. Digital pH meter from
MICROSIL INDIA was used to measure the pH of solution. The
Brunauer-Emmett-Teller (BET) surface area analysis of the Fe
doped CuO samples were performed on NOVA 2200e¢ High
Speed Automated Surface Area Analyzer using Nova Win
software by the adsorption and desorption of N, at 77K.

Methodology

Synthesis of Fe doped CuO nanostructures with compositions
CuFe,O (x=0.02, 0.05 and 0.10) were carried out by following
our previously reported method.”® In typical synthesis, the
appropriate amount of cupric nitrate and ferric nitrate were mixed
in 200 ml di-ionized water and stirred for 1 h for proper mixing
of two salts. Thereafter 10 ml of ammonia solution was added
into this solution rapidly under constant stirring. A blue
precipitate of Cu(OH), were obtained upon drop wise addition of
NaOH and the pH was fixed between 1land 12. The blue
precipitate was centrifuged and washed two times with distilled
water and ethanol. Finally, the collected material was heated at
100° C for 10 h in air to synthesized Fe doped CuO
nanostructures.

XRD, FESEM, Raman and SQUID measurements were
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performed using the powder samples. For FESEM study powder
sample was applied on carbon tape which was put on an
aluminum stub then gold was coated on the sample to make them
conducting. For AFM measurements fresh sample was prepared
on glass slides by drop casting method. Zeta sizer and optical
measurements were designed by suspending a fix amount of
powder in distilled water and sonicating it for about 10 min. For
TEM measurements a small drop was applied on 300 mesh
carbon coated copper grid and dried it at room temperature.
Ferroelectric and dielectric measurements were made by coating
silver on thin pallets of the sample. Thin Pallets of § mm dia were
prepared using hydraulic press by applying a pressure of about 10
ton. The fluorescence decay curve was analyzed using the multi
exponential iterative reconvolution technique, for which the
software were provided by IBH. Data analysis was carried out by
DAS 6.3 software. Henceforth, the samples doped with 2, 5 and
10 % Fe will be represented as SP2, SP5 and SP10, respectively.

Results
XRD analysis

XRD patterns of 2, 5 and 10 % Fe doped CuO samples are shown
in Fig. 1(a). The patterns of all the samples correspond to
monoclinic CuO up to doping level of 10 % and no extra
diffraction peaks corresponding to Fe, FeO, Fe,O; or Fe;04 have
been detected. However, for 15 % doping of Fe (Fig. S1), some
peaks corresponding to a-Fe,O; are also observed. This confirms
that the solubility limit of Fe in CuO is up to 10 %. A careful
examination of the intense peaks in these patterns reveals that
with increasing Fe ion concentration the peaks get broadened and
shifted towards higher angle (Fig. 1(b)) along with a decrease in
their intensity.. Fig. 1(c) shows the variation of unit cell volume
as a function of dopant concentration. This reveals that lattice
parameter decreases with increasing doping concentration.
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Fig. 1 (a) XRD pattern of SP2, SP5 and SP10. (b) Expanded view
depicting two main peaks of SP2, SP5 and SP10. (c) Represent the
change in unit cell volume with increased doping. (d) Rietveld refinement
of 2 (SP2) and 10 % (SP10)) Fe doped samples.

Based on the XRD data, Rietveld refinement have been
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presented for SP2, SP5 and SP10 by substituting some of the Cu
ions by Fe ions in CuO lattice. Fig. 1(d) shows the typical
refinement plots for SP2 and SP10. The fitted pattern is in
agreement with the experimental data. Using this refinement, the

s lattice parameters for all the samples were calculated and the
actual Fe ion concentration was estimated (Table-1). An
examination of this table shows that the actual Fe ion
concentration in SP2, SP5 and SP10 are slightly lower than those
used for their preparation, which commonly occurs in synthesis

10 process because of unavoidable loss. However, the decrease in
lattice parameters with increasing Fe concentration indicates a
little influence on the crystalline structure of CuO by the Fe
substitution. All these finding indicate the uniform doping of Fe
at Cu site(s) in CuO. Using Scherrer formula and full width at

15 half maxima, the average particle size for SP2, SP5 and SP10
have been estimated to be ~ 15, 11 and 5 nm, respectively.

Table 1. Various parameters calculated from XRD refinement of SP2,
SP5 and SP10

Sample Fe concentration a (A) b (A) c(A) B (degree)
(%)
SP2 1.97 4.6835 34342 5.1291 81.39
SP5 4.94 4.6726 34312  5.1301 81.14
SP10 9.75 4.6672 34310  5.1301 81.04

20
The preferential orientation of nanoparticles along a crystal plane
(hkl) in the sample was studied by calculating the texture
coefficient of XRD peaks according to relation®®

_ N (Ii/ Iio)

he (I'/ Iio)
Where C; is the texture coefficient of plane i I; is the measured
25 integral intensity, I;, the integral intensity from JCPDS file and N
is the number of reflections in the x-ray diffraction pattern. The
value of texture coefficient for (111) plane was found to be
greater than unity, while for all other peaks this was less than or
equal to one.

i

30
XPS analysis

The surface of as synthesized CuO nanostructure containing 10 %
Fe was analyzed by XPS. Panel (a) of Fig. 2 represents the XPS
spectrum corresponding to Cu 2p core level. The Cu 2p core level
35 splits into 3 peaks at 933.9, 942.5 and 954.2 eV corresponding to
binding energy 2p1/2 and 2p3/2. This indicates Cu to be present
in +2 valance state. The peak observed at 942.5 is assigned as the
satellite peak for 2p3/2. The energy gap between 2p1/2 and 2p3/2
arises due to the spin orbit coupling. In panel (b) of Fig. 2 two
40 main peaks located at 710.2 and 724 eV along with a satellite
peak at 713.1 corresponding to Fe* are observed. The separation
of 13.8 eV between two main peaks corresponds to spin-orbit
coupling for Fe 2p1/2 and Fe 2p3/2. The satellite peak observed
at 713.1 eV, which is shifted towards lower binding energy as
ss compared to that of bulk sample, may be assigned to the Fe**.
The panel (c) of Fig. 2 exhibits broad peak which could be
resolved into two components. These peaks could be designated
to O present in CuO (529.4) and singly ionized oxygen

vacancies (531.3 eV).”’
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50 Fig. 2 XPS plots for SP10: (a) Cu, (b) Fe and (c) O.

DLS measurements

The stability of SP2, SP5 and SP10 were examined by measuring
their zeta potential, which were found to decrease slightly with
increased Fe doping (Fig. S2). However, these values remained

ss constant even for the same sample dispersed in water after several
days of its synthesis as well as by recording the zeta potential of
the dispersed sample periodically for a period of about 3-4 days.
The hydrodynamic size and size distribution of SP2, SP5 and
SP10 was also measured using zeta sizer (Fig. 3). These plots

e exhibit mainly two fractions of nanostructures with a varied
distribution of size. For SP2 the first fraction exhibits some small
particles having range between (22-65 nm) and another fraction
consists of size distribution of (100-900 nm) with an average size
of 294 nm (Fig. 3(a)). An increase in Fe % (SP5) results in a

s decrease in the size for both the fraction with a slightly narrow
size distribution. A further increase in the Fe % (SP10) makes
this phenomenon more prominent as is apparent by the mixing of
two fractions.
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Fig. 3 DLS measurements showing variation of size distribution for SP2,
SPS5 and SP10.

FESEM analysis

75 The morphology of samples SP2, SP5 and SP10 was investigated

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3




Journal of Materials Chemistry C

by recording their FESEM images. The FESEM image of sample
SP2 shows the formation of network of CuO nanochains
consisting of CuO nanoparticles (Fig. 4(a)). However, the
FESEM images for SP5 and SP10 show the formation of fibrous
s nanostructures (see Fig. 4(b) and (c)) and the latter sample
depicts the bundles of nanofibers with enhanced porosity (Fig.
4(c)). These results thus reveal that increased doping of Fe
changes the morphology of CuO nanostructures from nanochains
to nanofibers and nanofibers form bundles in the samples with
10 higher Fe-content. Elemental mapping for a typical sample SP10
is presented in Fig. 4(d) and S3 which exhibits homogeneous
distribution of Cu, Fe and O in these nanostructures.
AFM images (Fig. S4) also support the formation of chainlike
topography for SP2 and fibrous bundles like topography for SP5
15 and SP10.

Fig. 4 FESEM images of: (a) SP2, (b) SP5, (c) SP10, (d) Elemental
mapping for SP10.

20 TEM analysis

The size and morphology of CuO nanostructures was also
determined by TEM. The TEM image of SP2 containing 2 % Fe
shows the formation of nanochains consisting of nanoparticles
with the average size of about 19 nm (Fig. 5(a)). An increase in

2s Fe contents to 5 % results in the formation of clusters of fibrous
nanostructures in which the average size of nanoparticles is
reduced to about 10 nm (Fig. 5(b)). For the 10 % Fe doping the
fibrous nature of nanostructures with increase porosity becomes
quite apparent, in which the size of nanoparticles is further

s0 reduced to about 5 nm (Fig. 5(c)). SAED pattern of 10 % Fe
doped sample is shown in Fig. 5(d). This pattern exhibits a
number of concentric rings containing spots. The indexing of the
rings pattern correspond to the planes (110), (111), (111), (202)
and (113) matching with the JCPDS file number 5-0661. The

3s HRTEM images of SP10 is shown in Fig. 5(e) which shows the
presence of spherical nanoparticles containing the fringe with ‘d’
spacing of 0.25 nm corresponding to (111) plane. This plane was
found to be the most intense plane in the XRD as well.

Surface area analysis

40 In view of the above changes in morphology from nanochains to

nanofibers with doping of Fe, the BET surface area of SP2 and
SP10 was determined by adsorption of N, gas following five
point methods after degassing for 1 h at 80" C. The surface area
of these samples was found to be 49 and 62 m?g, respectively.

4s These values are 23 and 29 times higher as compared to that of
bulk (2.16 m*/g) Cu0.?

Page 4 of 11

so  Fig. S TEM images: (a) SP2, (b) SP5, (c) SP10, (d) SAED pattern of
SP10, (e¢) HRTEM image of SP10.

Growth mechanism

In the previous work it was observed that the undoped CuO,
synthesized following the similar protocol, produces nanochains
ss like structure. These nanochains were understood form by the
adhesion of nanoparticles through non-covalent weak
interactions. This has been manifested by the reduction in zeta
potential with increased heating.?® The change in morphology in
present case upon doping of positively charged iron might be
6 occurring due to the electrostatic interactions between the
negatively charged CuO nanostructures and positively charged
Fe’* ions. These interactions result in the slight reduction in zeta
potential upon 5 and 10 % Fe doping, which may be responsible
for the formation of bundles of nanofibers. Further the doping of
6s Fe causes exchange of Cu®* by Fe *" which breaks the clusters of
CuO nanoparticles into smaller units leading to the reduction in
their size in nanochains/nanofibers. Remarkably, this growth

4 | Journal Name, [year], [vol], 00—00
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takes place in the absence of any surfactant.

Optical absorption and fluorescence studies

08 —sp10
The effect of iron doping on the optical absorption behavior of

CuO nanostructures was studied for all compositions of Fe as

s shown in Fig. 6. This figure shows a fairly prominent optical
absorption band at 293 nm for the 2 % Fe doped sample, which is
red shifted as compared to that of undoped CuO nanostructures™
(278 nm). For 5 % and 10% doping of Fe the absorption bands
get further red shifted to 305 nm and 334 nm, respectively. These

10 results are different from the previous reports on nanoparticles®®
and nanowires/nanorods® in which the absorption peaks were
observed at 280 and 375 nm, respectively. In pure CuO, the
optical transition occurs directly from the valence band to the
conduction band. However, the doping of Fe in 3 d state might

1s create different surface states within the band gap of CuO. These 0+ , .
surface states are possibly created due to oxygen vacancies and 400 500 600
may be responsible for the observed red shifted behavior. Wavelength (nm)

Intensity (a.u)

514 nm

Interestingly, for 15 % doping of iron this band gets significantly
red shifted and is observed at 450 nm (Fig. S5).
2 In order to analyze the dynamics of charge carriers, the relaxation
45 kinetics was monitored by recording the fluorescence lifetime for

Fig. 7 Fluorescence spectra of SP5 and SP10.

10 % Fe doped sample by monitoring the fluorescence decay at
0.5+ —SP10 all three wavelengths 400, 435 and 514 nm using 340 nm
——3P6 excitation light source (Fig. 8). The lifetime data for this sample
’;‘ 0.4 ——SP2 | are summarized in table 1. The lifetime is observed to increase
- so with increasing emission wavelengths. A comparison of these
: data with those of undoped sample®® shows that these lifetimes
g 0.3+ are higher for all the three emission energies and are longer at
=] lower emission energies. Based on the different components of
'E 0.2 lifetime the depth of different surface states has been estimated
2 ss using Arrhenius equation, in which the activation energy
< corresponding to the t value of different components has been
0.1+ taken as the trap depth (Table 3).**
0.0 T T T T —
300 400 500 600 700 800 6000
Wavelength (nm) SP10
Fig. 6 UV-VIS absorption spectra of SP2, SP5 and SP10. 5000+
Since 5 % and 10 % doping of Fe results in a prominent change 4000 4
in the absorption behavior, more information about optical
25 transition were analyzed by recording fluorescence spectra of *E 3000
these samples (Fig. 7). For both the samples the fluorescence g
spectra display three bands using excitation wavelength of 340 &)
nm. For 5§ % doped sample 3 peaks were recorded at 396, 432 2000
(shoulder) and 509 nm (broad). An increase in doping of Fe to
30 10% further red shifted these bands to 400, 435 and 514 nm, 1000 +
respectively. However, the intensities of these bands are reduced
with increased doping. These peaks have been assigned as the 0 . T
band edge emission, and bands arising due to two types of 400 600 800 1000
oxygen vacancies, i.e singly and doubly ionized oxygen Channels
35 vacancies, respectively.40’41 In contrast to the undoped sample, 4 Fig. 8 Fluorescence decay curve for SP10 at different energies.

the increased doping of Fe creates the varied population of
different surface states within the band gap, which causes the
increasing red shifted emission. The surface effect(s) and The Raman spectra of different samples of Fe doped CuO (SP2,
quantum confinement are among the most reported reasons, SP5, SP10) are shown in Fig. 9. An examination of these spectra
a0 assigned to the blue and red shift in the optical phenomena.*’ reveals the three well known peaks (Ag, Bg and Bg)

Raman spectra

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5
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corresponding to CuO in each case as observed earlier for
undoped CuO nanochains thereby confirm its formation. An
increase in the % Fe results the regular blue shift associated with
a decrease in the intensity of all three Raman bands. Since there
is a charge difference between Fe * and Cu®*, the doping of Fe
generates oxygen vacancies in the lattice of CuO to maintain the
charge neutrality. Due to the generation of these oxygen
vacancies, the lattice is contracted and peaks are shifted to higher
wavenumber. It is also understood by the change in the
morphology of CuO nanostructures for these samples which
demonstrated growing fibrous nature of these nanostructures with
increasing Fe doping.

contribution is increased to 14 % and the remaining 86 % is

contributed from the paramagnetic components. Thus

40 superparamagnetic component increases with increasing Fe-

doping concentration in the sample.

o
=

= % Fe(10)

289 cm’1 —SP2
Ag ——SP5
B, 336 cm’] -1 SP10|

622 cm
B

Intensity ( a.u.)

400 600 800
Frequency shift (cm™)

200 1000

Fig. 9 Raman spectrums of SP2, SP5 and SP10.

15 Magnetic analysis

M-H plots for SP5 and SP10, recorded at 300 K, are shown in
Fig. 10 (a). A comparison of the value of magnetization for these
curves with that of undoped CuO nanostructures, recorded under
similar conditions, shows that the magnetization increases with

2 increasing doping of Fe. For 10 % Fe doping the value of

magnetization is increased by a factor of about 3. Moreover, these
M-H curves show the absence of hysteresis loop without any
coercivity (H.) and remanance (M,). The non-saturation in
magnetization in these curves indicates superparamegnetic

25 behavior with paramagnetic component for both the samples. In

order to analyze the superparamagnetic (SPM) and paramagnetic
(PM) contribution(s) to the magnetic moment, the experimental
data were fitted to Langevin function with an added linear
paramagnetic term.*

-1
— SPM HH) ) (HH> 4+ PM
MH) = M$ [coth (kT - CPMy

30 Where, Mg™ is the saturation magnetization of SPM part, p is

the average magnetic moment and C™ is the susceptibility of
paramagnetic component.

The experimental plots and fitted curves for SP5 and SP10 up to
+ 1 T are displayed in Fig. 10 (c) and 10 (d), respectively. It can

35 be seen that for SP5, SPM contribution is only 6 % of the total

magnetization, while rest 94 % comes from paramagnetic
component. On the other hand for sample SP10, SPM
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Fig. 10 (a) M-H plots for SPS5 and SP10 at room temperature. Inset shows
the expand view, (b) M-H plots for SPS and SP10 at 5 K. Inset shows the
expand view.(c, d) Fitted M-H curves at room temperature for SP5 and
SP10upto+ 1T (e) FC-ZFC plot for SP5. (f) FC-ZFC plot for SP10.

The M-H curves of samples, SP5 and SP10, measured at 5 K
under FC condition are shown in Fig. 10(b). We see that at low
temperature, magnetic behavior changes from superparamagnetic
to ferromagnetic with the development of H, (1074 Oe) and M,
(0.05 emu/g) for SP5 and H, (1564 Oe) and M, (0.19 emu/g) for
SP10. A careful analysis of these curves further reveals a slight
shifting in hysteresis loop possibly due to the exchange bias
effect. The observed values of exchange biases are 32 and 20 Oe
for SP5 and SP10, respectively. However, these estimated values
of exchange biases for Fe-doped CuO nanostructures are
significantly lower than that of undoped CuO nanostructure (290
Oe).

The FC-ZFC (M-T) curves for samples SP5 and SP10, recorded
at 100 Oe, are shown in Fig. 10(e, f). Both of these curves display
distinct irreversibility between FC and ZFC curves at 24 K and
32 K, respectively. These points correspond to the blocking
temperature (Tg) of these samples and are associated with the
particle size and surface anisotropy. A comparison of Ty of doped
samples with that of undoped one (56 K) again indicates that the
blocking temperature decreases with Fe-doping, and follow the
order Tg(CuO) > Ty(SP5) < Ty(SP10). The value of
magnetization is also significantly higher in M-H plots, measured
at 5 K (i.e. below Tg) as compared to those of at room
temperature. FC curves for SP5 and SP10 follow the same trend
up to about 50 K and, thereafter, these curves show different
behavior. This may be due to the increased surface effects and the

6 | Journal Name, [year], [vol], 00—00
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fibrous nature of SP10. Such behavior has also been observed
earlier in the hollow nanostructures.*® Fig. (S6) shows the FC
magnetization versus temperature plots fitted with Curie-Weiss
law. These fitted curves follow Curie- Weiss law only at high
temperature (< ~25 K).

Ferroelectric and dielectric data

The ferroelectric behavior of SP5 and SP10 were examined by
measuring the ferroelectric loops using P-E loop tracer at room
temperature and 200 Hz (Fig. 11). Both the samples exhibit the
formation of weak ferroelectric loops at room temperature. From
these loops the remnant polarization (P;) and electric coercivity
(E.) at 200 Hz for SP5 and SP10 were determined to be 1.74 pC
em? and 1.47 kV cm™” and 2.97 uC cm? and 1.61 kV cm’,
respectively. It shows that the values of P, and E, to increase with
increasing doping. In a previous report CuO having spiral spin
structure with large superexchange interactions has been
considered to produce induced multiferroics with high T.."” The
doping of certain other dopants, like Zn and Ni causing exchange
with Cu?’, have been observed to result in the magnetic ordering
in CuO.*”*® Similar effects might be responsible for increase
magnetic ordering in the present case due to creation of oxygen
vacancies by the doping of Fe and, hence, result in the
enhancement in ferroelectricity.

= % Fe (10)
0| % Fe (5)
— 5—
(3
£
Lo
(@)
E
o 5.
-104
8 6 -4 -2 0 2 4 6
E (kV/cm)

Fig. 11 P-E loops of SP5 and SP10.

The increased polarization for SP10 suggests that it contains
more number of defects as compare to SP5. A careful

30 examination of these loops shows the observed P-E loops to be

35

40 One

asymmetric and the asymmetric behavior for SP10 to be higher as
compared to that of SPS5.

For samples SP5 and SP10 the dielectric constant (¢) was also
determined using the relationship ¢ = Cd/g,A, where C is the
capacitance, d is the thickness, ¢, is permittivity of free space and
A is the surface area of the sample. The € versus frequency curves
are shown in Fig. 12 (a, c). These curves exhibit the higher value
of dielectric constant at low frequency. A comparison of the
dielectric constant value of doped samples with that of undoped
shows that dielectric constant increases with increasing
doping of Fe, i.e follow the order: ¢ (SP10) > ¢ (SP5) > ¢ (SP1)
(CuO nanochains). The observed larger value of dielectric

45

constant is understood by the decreased particle size with Fe
doping, which would enhance grain boundaries resulting in an
increase in the dipole moment per unit volume.*® The dielectric
loss versus frequency curves are shown in Fig. 12 (b, d). A
careful analysis of these curves show the decay is faster for SP5
in comparison to that of SP10 suggesting dielectric loss to reduce
with increased doping of Fe.
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Fig. 12 (a) Dielectric constant vs frequency plot for SP5, Inset shows the
expanded view (b) Dielectric loss vs frequency plot for SP5. (c) Dielectric
constant vs frequency plot for SP10, Inset shows the expanded view (d)
Dielectric loss vs frequency plot for SP10.

Discussion

An increase in the doping of Fe from 2 to 10 % in CuO results in
a change in its morphology from nanochains to nanofibers as was
evidenced by AFM (Fig.S4), FESEM (Fig. 4) and TEM (Fig. 5)
analyses. This change in morphology is supported by BET
analysis in which the surface area (m?/g) for SP10 (62) was about
25% higher to that of SP2 (49) and about 4.7 times higher to
those of nanowires.” In these samples CuO exhibits the
formation of polycrystalline monoclinic structure as was
evidenced by SAED (Fig. 5(d)) and XRD analyses (Fig. 1). The
spacing in HRTEM fringes correspond to (111) plane and the
same plane found to be the most intense in the XRD with a
texture coefficient > 1, thus indicating the growth of these
nanostructures along this plane. In contrast to the undoped CuO
nanochains, the doping of Fe** may either bring substitution of
Cu?* of CuO or gets incorporated as interstitial but because of the
smaller ionic radius of Fe*" (0.064 nm) as compared to that of
Cu*" (0.073 nm), Fe** is likely to exchange Cu*" resulting in the
introduction of point defects-oxygen vacancies in CuO.
Furthermore, an increase in doping of Fe** results in a decrease in
the size of CuO nanoparticles along with a decrease in intensity
of XRD peaks which suggests the introduction of more defects*’
in CuO with increasing Fe ions contents. It is also reflected in the
decrease in the lattice parameters and unit cell volume because of
more substitution of Fe for Cu with increasing Fe ions contents.
A reduction in the size and narrow size distribution of CuO NPs
is also evidenced by TEM analysis and hydrodynamic radius
measurements of the doped dispersion (Fig. 3). A very similar
observation has earlier been made in case of Fe'* doped NiO
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nanostructures.*’ However, the particle size(s) measured from

Table 2. Lifetime measurement for SP10 at different emission energies.

radiative centre(s) in CuO along with the deeper traps located at
4s lower energy. The presence of defects is also supported by time-
resolved fluorescence spectroscopy in which the fluorescence

Emission wavelength
(nm)
(Energy (eV)) Componentl
1l Emission
%

400 (3.09) 2.75 35.96
(49.39)

435 (2.84) 3.7 58.23
(67.10)

514 (2.40) 3.49 51.21
(62.71)

Lifetime (ns)
Component 2 Component 3 <> 2
(ns)
2 Emission 3 Emission
% %
14.1 35.25 0.14 28.79 7.8 1.19
(253.25) (2.65)
0.23 14.71 13.92 27.06 89 1.12
(4.13) (249.89)
15.37 30.52 0.21 1827 13.6 1.17
(275.92) (3.93)

DLS are much bigger as compared to those observed from XRD
s and TEM techniques. This might have arisen due to the fact that
DLS measurement gives the hydrodynamic size, whereas, from
XRD data using Debye-Scherrer equation one determines the
crystallite size. The difference in TEM and DLS measurements
might have been contributed due to non-spherical morphology of
o nanostructures®' and different methodologies adopted for sample
preparation in these measurements. Elemental mapping of SP10
demonstrated a homogeneous distribution of Cu, Fe and O in
these nanostructures (Figs. 4 d and S3). The uniform
dissemination of Fe all along the nanofibers causing a reduction
in the size of CuO NPs evidently suggests its participation in the
observed morphological transformation.
The formation of nanochains in the absence of any doping has
been considered to occur through the adhesion of nanoparticles
involving weak van der Waals forces among them.”® Obviously,
the doping of Fe results in the breaking of these CuO
nanoclusters into smaller units upon the exchange of Cu®* by
Fe*'. The observed change in morphology from chains to fibrous
is thus understood due to the changed interactions among smaller
sized Fe** doped CuO units. The reduced interaction among CuO
s nanoclusters in nanochains is also indicated by the reduction in
zeta potential value with increased doping of Fe** (Fig. S2).
In contrast to the undoped sample, the doping of Fe brings a
regular red shift in its optical absorption band with increased
doping concentration suggests the creation of surface states
o within the band gap (Fig. 6). Interestingly, for 15% doping of iron
the optical absorption band is further shifted to the red region
having absorption maximum at 450 nm, which corresponds to the
absorption due to a- Fe,05 ™ It, thus suggests the possibility of
the formation of a-Fe,O; as Fe doping concentration exceeds
s 10%. The formation of a-Fe,O; in 15 % Fe doped sample could
be confirmed by the XRD (Fig. S1). This implies that the
solubility limit of Fe in the present CuO nanosystem is below 15
%, which is similar to the estimation made earlier for CuO
nanosytems.’>>* Similarly, an increased doping of Fe brings a
regular red shift in the emission bands observed at 390, 410 and
440 nm in the absence of Fe (Fig. 7). However, the intensity of
emission bands is reduced with increased doping. From these
changes it can be inferred that the doping of Fe creates non-

S

S

decay at lower energies exhibits longer lifetimes (Fig. 8), as
compared to that of the undoped sample.”® It clearly manifests the
creation of defects at lower energy. The presence of defects is
further evidenced by XPS data in which a shoulder in O 1s peak
is observed at 531.3 eV (Fig. 2, panel ¢). This peak has earlier
been assigned to singly ionized oxygen vacancies for CuO.”” The
observed blue shift in all Raman band upon doping of iron is
understood to occur due to the exchange of Cu®* ions by higher
valent Fe®* (Fig. 9) and can be assigned to the confinement of
phonon in the lattice and presence of oxygen vacancies. Similar
changes in Raman bands have earlier been observed for NiO
system.”® The exchange of Cu by Fe is also supported by XRD
measurements in which a decrease in unit cell volume and a
slight shift in reflections due to different planes towards higher
angle were observed.

93
S

w
o

6

S

Table 3. Energy of trap state for SP10 corresponding to different t values
(meV)

Emission Energy of trap state corresponding to different
wavelength T values (meV)
(nm)
T T 13
400 264 305 187
435 272 200 306
514 269 309 197

6:

5

It is interesting that the magnetization is enhanced with doping
of Fe and for SP10 it is about 3 times higher to that of pure CuO.
It is understood by the combined effect of increased: (i) defects
due to Cu®* substituted by Fe** in these nanostructures. (ii) total
spins of ‘d’ electrons.” An analysis of the magnetization data
reveals it to contain the contribution from both the paramagnetic
and superparamagnetic components. The observed change in
magnetic behavior may be attributed to the transformation of the
morphology from nanoparticles to nanofibers via nanochains.
This evidently suggests relatively higher fraction of surface spins
in nanofibers. Another consequence of increased doping of Fe is
a decrease in exchange bias and increase in H, compared to that
of undoped CuO. This behavior can be appreciated by the fact
that the bulk CuO is antiferromagnetic at low temperature and the
doping of Fe introduces the ferromagnetic behavior in these

7

S

7:

a

8 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]



Page 9 of 11

2

2

3

3

4

4

S

5

o

@

0

S

0

by

0

5

0

b

Journal of Materials Chemistry C

nanostructures causing a regular decrease in the exchange bias
with increasing Fe. Although the doping of Fe enhances
ferromagnetic interaction in the samples, however, the non
saturated M-H loops observed in the present case still indicate the
presence of antiferromagnetic phase. Thus it is concluded that
both antiferromagnetic and ferromagnetic phases are responsible
for observed magnetic behavior at low temperature.

The values of Ty follow the complex order: SP5 < SP10 > CuO
nanochains. The lowering of Ty (24 K) for SP5 as compared to
that of undoped CuO nanochains (56 K) has been assigned to the
decrease in particle size for the present nanosystem. However, the
higher value of Ty (32 K) for SP10, despite of its particle size
being lower to that of SP5, can be assigned to the increase
porosity in SP10 as compared to that of SPS. It essentially
enhances the surface effects and contributes to the surface
anisotropy in SP10. Similar behavior was observed earlier for
hollow iron oxide nanoparticles.*®

A distinct separation between FC and ZFC curves at low
temperature, as is revealed by an increase in the magnetization
value for the ferromagnetic component in SP10 (Fig. 10),
suggests it to have arisen due to the uncompensated surface spins
at low temperature due to larger surface effects and enhanced
surface anisotropy . Such a phenomenon may also be contributed
due to the change in morphology for SP10 from nanochains to
nanofibers. A very similar behavior has earlier been reported for
Fe doped NiO nanostructures.’’

The higher values of polarization and dielectric constant in SP5
and SP10 as compared to that of bulk CuO'” as well as pure CuO
nanochains is understood by an increase in dipolar character upon
doping of Fe. Doping of Fe*" at Cu®" site makes excess of defect
state in system and this plays an important role in enhancing the
polarization.*®*The observed decrease of dielectric constant with
increased frequencies (Fig. 12) can be explained due to the non
availability of enough time for reorganization of charge carriers
with respect to an external field, and makes the dielectric constant
to be independent of frequency at their higher values. On the
other hand relatively low dielectric loss in SP10 can be ascribed
to the increased number of defects in this sample. The presence of
the increased number of defects is also evidenced by optical and
fluorescence spectroscopic data, where increased doping resulted
in a regular red shifting of optical absorption (Fig .6) and
fluorescence bands (Fig. 7), respectively. This observation is also
supported by the regular blue shifted Raman bands associated
with a decrease in their intensity. Even a comparison of dielectric
loss for SP10 with SP5 exhibits the low dielectric loss in the
former, suggesting the role of doping in controlling the process of
dielectric loss. This finding can be explained by a change in the
charge carrier dynamics upon doping as is also evidenced by
fluorescence lifetime measurements. In fact the doping causes the
generation of more oxygen vacancies for SP10 which trapped the
recombine space charges and hence increase the polarization and
dielectric constant. The observed change(s) in various properties
upon doping of Fe can also be contributed partially to the change
in size, shape, and morphology of these nanostructures as has
been observed earlier.>**4%4>

Conclusions
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In summary, low dimensional Fe*" doped CuO nanostructures
with monoclinic structure have been synthesized successfully
following wet chemical method. XRD and HRTEM images
indicate that the growth of these nanofibers takes place along
(T11) plane unlike to those of bulk, which exhibits the most
intense diffraction band corresponding to (111) plane. Shifting of
XRD peaks towards higher angle associated with decrease in unit
cell volume reveals the uniform doping of Fe at Cu site(s) in
CuO. Optical, fluorescence and Raman spectroscopy reveal
increasing creation of point defects-oxygen vacancies with
increased doping of Fe. Longer fluorescence lifetime also
supports this finding. Room temperature superparamagnetic
behavior with higher magnetization value has been assigned to
the increased number of defects and total spins due to ‘d’
electrons. The lowering of blocking temperature (Tg) as
compared to that of undoped CuO nanochains (56 K) has been
assigned to the decrease in particle size and also the
morphologies for the present nanosystems(s), which was also
revealed by TEM analysis. At low temperature the hysteresis loop
with slight exchange bias indicated the higher surface/shape
anisotropy. The Fe doped fibrous CuO nanostructures with
enhanced ferroelectric and dielectric behavior might be of great
importance in microelectronics as capacitor and memory devices.
To best of our knowledge the observed value of polarization and
dielectric constant are the highest for CuO based 1-D
nanostructures.
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Fe-induced morphological transformation of 1-D CuO nanochains
to porous nanofibers with enhanced optical, magnetic and
ferroelectric properties

Umesh Kumar Gaur, Anil Kumar and G.D.Varma

The doping of Fe to 1-D CuO nanochains induces their morphological transformation to
nanofibers with enhanced multifunctional properties, suggesting their potential for applications
in microelectronics and memory devices.
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