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Abstract

Composite nanofibres of copper (II) with various polymer matrices have been

frequently reported. However, due to the lack of solubility of the Cu(I) moie-

ties, Cu(I) electrospinning has proved more challenging. The objective of this

study was to find a route to and prepare nanofibres containing copper iodide.

This investigation describes the successful electrospinning of composite nano-

fibres of copper iodide (CuI) and polystyrene (PS) using a combination of two

solvents to provide critical spinning conditions. The electrospinning solution

was prepared by combining dimethylformamide (DMF) as the main solvent

for PS and triethylamine (TEA) as a cosolvent; this mediates the dissolution of

CuI. Electrospinning was accomplished under different parameters such as PS

concentration, CuI concentration, and applied voltage. The outcome of the

process was colored and smooth nanofibres that underwent analysis using

scanning electron microscopy (SEM), energy dispersive X-ray (EDX), X-ray dif-

fraction (XRD) and inductively coupled plasma - mass spectrometry (ICP-MS).

The analysis findings emphasized the importance of the electrospinning

parameters, specifically the concentration of PS and the applied voltage on suc-

cessful fiber generation. However with control of these conditions composite

nanofibres of CuI-PS with uniform distribution of nanoscale crystallites of CuI

can be successfully produced.

KEYWORD S

composites, copper (I) iodide, electrospinning, fibers

1 | INTRODUCTION

In many disciplines, nanotechnology has a long history
of addressing challenging and sophisticated issues.1,2 As
a class of nanomaterial, nanofibres have a number of

unique physical and chemical properties, making them
ideal for a wide range of commercial and research appli-
cations. With cross-sectional diameters ranging from tens
nanometer up to the submicron scale, these materials
possess a high specific surface area and area-to-volume
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ratio; as a result, they can form highly porous mesh net-
works with excellent connectivity between their pores,3

which is a highly desirable feature for advanced
applications.4,5

Nanofibres can be produced by several approaches
including phase separation, template synthesis, electro-
spinning, and so forth.5 Nevertheless, electrospinning has
been mooted as being the most cost-effective and highly
versatile method of producing nanofibres. As a part of
the Electrospinning process, various natural and syn-
thetic polymers are spun electrostatically to form nanofi-
brous mats. In this technique, an ejected polymer or melt
solution is driven by a high electrostatic potential and
collected as dried nanofibres on a grounded collector.
Moreover, it can incorporate various essential materials
(organic or inorganic species), which is no surprise given
its adaptability as a suitable technique for different tech-
nological demands.2

Although hundreds of publications annually explore
nanofibre production, applications for typical nanofibres
made from conventional polymers are still limited.5 To
increase the range of potential applications, composite
nanofibres of two or more incorporated materials are
increasingly being explored.6 It is well-known that blend-
ing suitable species into hosting polymers results in a
combination of features of the blended materials. By
carefully selecting the additive species, it is possible to
integrate varied properties to meet specific requirements
of electrical, optical, and even bioactive characteristics in
a flexible matrix. This straightforward technique is the
principal subject matter of numerous publications in
composite nanofibres production, creating applications
ranging from membranes,7 protective coatings,8

catalysis,9 and drug-delivery10; Composite nanofibres
with mineral species like Nickel,11 Cobalt,12 and Cop-
per13 have been frequently reported with the aim of
incorporating minerals within the electrospun fibers. In
this regard, a range of options exist for the introduction
of the mineral component. Thus one approach relies on
the ready availability of many nanoparticles which can
be included as a suspension in the polymer electrospin-
ning solution; for example Liang et al., while developing
battery technology, have electrospun gelatin fibers con-
taining zeolitic imidazolate framework-67 and C60

directly from a suspension of these materials in the poly-
mer solution.14 Similarly polyurethane/carbon nanotube
composites have been prepared from a suspension of
these in solvent, although the authors quote difficulties
with phase separation.15 In this laboratory we found the
use of a surfactant helpful in the preparation of carbon
nano tube polymer composites.16 However, others have
found prior ultrasonication to be sufficient to disperse
nanoparticles, as in the elegant experiments of Chen

et al.17 who developed porous photocatalytic nanofibres
based on titanium dioxide and poly(ethersulphone). In
contrast, Aravind et al. have prepared inorganic nanofi-
bres of Ag—TiO2 through hydrothermal synthesis.18 In
many cases inorganic materials have been incorporated
into nanofibres simply through dissolving an inorganic
salt and a polymer in a suitable solvent (often for subse-
quent manipulation of the inorganic material—see
below); while precipitating/crystallizing out into the fiber
gives less control than the direct addition of well-defined,
nanoparticles, it does offer a simplified approach which
is particularly suitable if scale up is required.

In general, it has been reported that mineral compos-
ite nanofibres can undergo conversion to their corre-
sponding oxides through the process of heat treatment
and calcination. This transformation has been observed
in several studies and provides a promising avenue for
the development of new materials with improved proper-
ties.19 Ideally, choosing the right mineral source is the
starting point for achievable and smooth electrospinning
practice; in this way the mineral species needs to be solu-
ble in the electrospun solution. In the case of copper
composites, nanofibres were explored relatively early,
starting from the work of Bognitzki et al. as they pro-
duced PVB-Cu(NO3)2 composite nanofibres which were
then pyrolyzed and reduced to produce metallic copper
fibers20; by the same approach Wang et al produced
PAN-Cu(OAc)2 nanofibres which was followed with
calcination,13 and this has since become a guideline pro-
cedure to prepare CuO nanofibres for subsequent metala-
tion, just with the minor revision of adopting different
spinning polymers or Cu(II) soluble moieties.21,22

There is considerable interest in applications of nano-
fibres and particularly nanofibres produced by electro-
spinning.23 Composite materials offer further
opportunities; as a consequence of the scale of the fibers,
incorporated particles might be expected to show some of
the many useful, unusual and often tunable properties
of nanoparticles24 which may impart, for example desir-
able optical,25,26 thermal,27 and magnetic28 behaviors.
Copper (II) composite nanofibres are among the earliest
nanofibres to be successfully developed into a commer-
cial product.23 However, despite over 15 years of explora-
tion into copper composite nanofibres,13,22 there have
been few reported successful attempts related to
Cu(I) composite nanofibres, particularly those related to
Cu(I) halides. This is due to the fact that they are spar-
ingly soluble in water or common organic solvents. How-
ever, copper iodide (CuI) is a material of substantial
promise; its unique properties and characteristics have
made cuprous iodine a topic of great interest to
researchers. A particularly noticeable feature of CuI is
that it has an electronic structure which makes it
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appealing for use in electronic and optoelectronic
devices. This includes not only a large band gap but also
negative spin-orbit splitting, which has a remarkable
association with the quantum well and optoelectron-
ics.29,30 Other favorable features include its large temper-
ature dependency, anomalous diamagnetism behavior,
and ionicity and have led to widespread applications in
fields, including nonlinear optics, solar cell
manufacturing,31 photocatalysis,32 photoluminescence,33

and in superionic conductors.34 CuI is also well-known
as a catalyst for the synthesis of organic compounds in a
variety of processes.35

In view of the studies described above we have con-
cluded there is a clear need to create CuI-polymer nanofi-
bres. For example, such fibers could be exploited as
active materials for filtration. Copper iodide nanoparti-
cles have been found to inactivate SARS-CoV-236 and
have also been found to be active against both
gram-negative and gram-positive bacteria37; furthermore
filtration efficiency increases with a decrease in fiber
diameter.38 In addition, these materials offer potential as
solid supported catalysts with a major simplification of
the process of catalyst removal post reaction; for example
copper iodide nanoparticles have been shown to be effec-
tive catalysts for the synthesis of alkynyl esters.39 In this
contribution we describe the successful production of fine
and uniform CuI-PS nanofibres through careful experi-
mentation using a critical solvation technique with a
combination of two solvents. Furthermore, these studies
reveal the importance of thorough postproduction analy-
sis when dealing with such systems.

2 | MATERIALS AND METHODS

All materials were used without any further purification,
polystyrene (PS) (avg. MW of 350,000), Dimethylforma-
mide (DMF), CuI (99.5%) and Triethylamine (99%) (TEA)
were obtained from Sigma Aldrich. The electrospinning
process was performed at the University of Reading using
a local design setup, a high-voltage power supply from
Glassman of positive polarization type capable of deliver-
ing 0–30 kV and a syringe pump from Razel Scientific.
The spun fibers were examined by X-ray diffractometer
(XRD; D8 Advance, Bruker) with Cu Kα (λ = 1.5418 Å).
A sample of electrospun fibers for electron microscope
analysis were coated with Gold and examined using a
Cambridge Instruments Stereoscan 360 and TESCAN
Mira SEMs. The average diameter of at least 100 spun
fibers was measured utilizing ImageJ software. Quantita-
tive measurement of copper concentrations in a bulk col-
lection of fibers was performed using a ThermoFisher
Scientific iCAP Q Inductively Coupled Plasma Mass

Spectrometer (ICP-MS). Samples with a typical mass of
1–2 mg were digested with nitric acid/ hydrogen peroxide
prior to introduction to the mass spectrometer and con-
centrations were determined with reference to suitable
standard solutions.

All PS solutions were dissolved in DMF without any
use of heating or stirring. The dissolution process took
7 days to fully dissolve the PS in DMF before any further
material was added. After that, a fixed amount of TEA
was added, and then CuI was added to the solution and
left to dissolve for another 4 days. Three concentrations
of PS were prepared (16, 12.8, and 10.4 w/v %) with 3%
w/v CuI; the solution with a higher percentage of PS was
also prepared with different amounts of CuI (1%, 3%, 5%
w/v); the solutions used in these investigations are listed
in Table 1.

Nanofibres were produced using the electrospinning
process at fixed and long collection distances of 20 cm.
Similarly, the flow rate of the electrospinning solution
was also set at a relatively high flow rate of 7.62 mL/h. A
series of experiments were conducted using polymer solu-
tions with moderate to low concentrations. Furthermore,
three different positive polarization high voltages were
applied as the main parameter to evaluate their impact
on the spinning products. All runs utilized medium-sized
blunt needles of 17 gauge, and the electrospun fibers
were collected on aluminium foil on a grounded drum
collector. The electrospinning process was only per-
formed under low humidity conditions (typically 23 ± 3
RH%) and at an ambient temperature of around 22�C. A
comprehensive list of the electrospinning process param-
eters can be found in Table 2.

3 | RESULTS AND DISCUSSION

Optimum conditions for smooth electrospinning required
careful selection of solvents and preparation of solutions.
Suitable solvents for both PS and CuI are limited but
the inorganic material is soluble in TEA and PS in DMF.
The PS remained in solution with the addition of 20% of

TABLE 1 Electrospinning solutions prepared for

electrospinning studies.

Solution
code

DMF
(mL)

TEA
(mL)

PS
% w/v

CuI
% w/v

MY121 8 2 16 1

MY122 8 2 16 3

MY123 8 2 16 5

MY124 8 2 12.8 3

MY125 8 2 10.4 3

IBRAHEEM ET AL. 3 of 12
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TEA (a mixture of TEA and dioxalane was also used but
results in terms of smooth fiber formation were found to
be more variable). The ratio of the two solvents was criti-
cal for these experiments, since even with a slightly lower
amount of TEA the copper iodide started to precipitate.
Thus, more rapid evaporation of TEA during spinning
prompted early solidification of the inorganic compo-
nent; evaporation of small amounts of DMF had little
effect on the PS solution. The second factor critical for
smooth electrospinning was the dissolution of the poly-
mer over several days (7 days were typically used) with-
out the use of stirring. Solutions used in the absence of
this procedure were less reliable in terms of smooth fiber
formation. The precise origin of this observation is not
clear at present, but we note stirring of high molecular
weight polymers has been associated with the formation
of aggregates,40 and in the case of aqueous whey protein

solutions with the breaking up of aggregates; in this later
case facilitating electrospinning.41

Driven by an electrostatic high voltage positive poten-
tial, continuous spinning of beige nanofibres was
achieved in excellent yields. These fibers were subjected
to thorough examination and analysis using SEM–EDX
and XRD. The primary observation of the produced fine
fibers supports the project's aim of creating nanofibres
containing CuI, as evidenced by the relatively thick mats
of off-white fibers (presumably due to iodine produced by
decomposition)42 shown in Figure 1.

The concept of this process is built on synchronized
solvents evaporation; from this perspective, the TEA
solvent plays a crucial role as a base and in the regard
that it helps to dissolve the Cu(I) moiety. With a sub-
stantially lower boiling point, this co-solvent has a
higher tendency to evaporate than the polymer's pri-
mary solvent (DMF). Thus, while both solvents evapo-
rated during the bending instability phase,43 the lower
boiling point solvent is expected to evaporate at a more
rapid pace, separating CuI from the solution and allow-
ing the development of crystalline order (vide infra). At
the same time, the development of fresh fibers contin-
ued. In this regard, the applied voltage plays a key part
in controlling the solvent evaporation rate. At higher
applied voltages, the solvent evaporates faster, leading
to an earlier generation of new fibers.44 Consequently,
the loss of most of the TEA and some of the DMF
results in two outcomes: CuI separates from the homo-
geneous spinning solution, most of which is still within
the jet but not in soluble form. Simultaneously the PS
solution in the electrospun jet becomes more viscous
during the bending and stretching stages and incorpo-
rates the separated CuI. This explains why the spinning
solutions of higher PS% retained a higher mean propor-
tion of CuI. Conversely, by this model spinning solu-
tions with lower PS% will not be sufficiently viscous to
effectively gain more CuI during bending and stretch-
ing (see below).

The electrospun fibers were subject to a morphology
and elemental analysis using SEM–EDX. Figure 2 shows

TABLE 2 Electrospinning process parameters of spinning

PS-CuI composites.

Exp
code

Solution
code

Voltage
KV RH% Temp. C

MET149 MY121 17.5 25.4 17.4

MET150 MY121 20 25.9 19.6

MET151 MY121 22.5 22.6–23.8 20–19

MET152 MY122 17.5 25.8 22.6–23

MET153 MY122 20 22 20–19.8

MET154 MY122 22.5 19–22 22–19

MET155 MY123 17.5 22 22.7–23

MET156 MY123 20 21 23–22.7

MET157 MY123 22.5 22.6 24.8

MET158 MY124 17.5 26 21.8

MET159 MY124 20 23–26 21.8–21.3

MET160 MY124 22.5 23–25 21.8–21.4

MET161 MY125 17.5 21.7 24.6

MET162 MY125 20 19.6 24.5

MET163 MY125 22.5 19.6 24.3

FIGURE 1 Images of electrospun

composite fibers spun from the same

electrospinning solution of a fixed

amount of both PS and CuI but at

different spinning voltage. The

differences in color are most likely due

to oxidation of iodide to iodine rather

than small differences in the similar

concentrations of the oxidizable CuI.

[Color figure can be viewed at

wileyonlinelibrary.com]
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examples of micrographs from the samples (further
examples are provided in the supporting information); it
was found (with the exception of sample MET 163) that
all the conditions listed in Table 2 produced excellent
yields of electrospun fibers which were smooth and free
of beads. Measurement of the average diameter showed a
wide range from 260 to 700 nm depending on polymer
concentration and spinning conditions. The EDX experi-
ments confirmed the presence of copper for all samples
analyzed; iodine was also detected in most cases, how-
ever, for some samples iodine levels were substantially
lower than the copper and where the copper concentra-
tions were found to be low often proved difficult to detect
(this we attribute to partial oxidation of the iodide ions to
volatile iodine, which resulted in the levels dropping
below the threshold for detection see supporting

information). As the micrograph in Figure 2a shows,
there are bright regions suggestive of different material
(presumably cuprous iodide). The scale of these regions
vary, a few were found to have diameters of several
100 nanometers, but the majority with diameters below
100 nm; mostly these regions appear contained within
the fiber. The general pattern from Figure 2a is of a rela-
tively even distribution across the whole fiber. For the
most part the surfaces of the fibers are relatively smooth
indicating no comparatively large scale structures pro-
truding from the polymer surface.

The diameters of the fibers were measured from data
such as that in Figure 2 using ImageJ software (see Mate-
rials and Methods above). The proportion of copper is
estimated from the EDX data (an example of which
is provided in Figure 3 for sample MET156) using the %

FIGURE 2 SEM images related to the electrospun fibers (a) Sample 157 with a relatively high loading of copper iodide and (b) Sample

161 with an unexpectedly low loading of the cuprous compound (for other micrographs see supporting information).

FIGURE 3 Example of the SEM–
EDX analysis; in this case for sample

MET156. [Color figure can be viewed at

wileyonlinelibrary.com]
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Cu data after normalizing to account for the presence of
adventitious aluminium or aluminium oxide if required.
The data obtained from these fibers are summarized in
the tables below; Table 3 shows the effect of varying the
polymer concentration with a constant initial copper
iodide concentration; Table 4 shows the effect of varying
the copper iodide concentration at a constant polymer
concentration; in all cases three different voltages were
applied.

As inspection of Tables 3 and 4 show, there is a clear
correlation between the spinning conditions and the
results in terms of copper concentration and fiber diame-
ter. For clarity these data are plotted in Figure 4 and
Figure 5. Variation of PS concentrations as shown in
Figure 4a showed a clear and mostly consistent trend
in terms of nanofibre diameter. Specifically higher con-
centrations of PS led to larger fiber diameters while

increasing the voltage led to a reduction in fiber diame-
ter, in line with expectations based on solution viscosity
and the effect of high voltage on the spinning polymer.45

The effect of copper iodide concentration on fiber diame-
ter was less clear cut, in fact both the largest and smallest
fiber diameters were produced at 22.5 kV; presumably
here there are competing influences between less sub-
stantial changes in the viscosity of the polymer solution
and variations in the electrical properties of the mixture.

Figure 5 shows data for the amount of copper pre-
sent in fibers as calculated by EDX. Unsurprisingly, as
shown in Figure 5b increasing the initial copper concen-
tration resulted in higher concentrations of copper in a
broadly proportionate way. Within these samples it
can be seen that the applied voltage has some effect on
the resultant yield of copper within the fibers, and
higher voltages produce fibers with higher copper

TABLE 3 Summary of SEM–EDX showing the average weight of Cu and mean diameter of electrospun fibers from three concentrations

of PS content, with a fixed CuI content (3%), at three applied voltage levels.

EXP code PS/% w/v Applied voltage/ kV
Avg. wt of Cu
measured in sample/% Expected wt of copper/%* Avg. Dia./nm

MET152 16 17.5 4.45 5.27 687

MET153 16 20 4.89 5.27 630

MET154 16 22.5 5.43 5.27 474

MET158 12.8 17.5 4.53 6.34 452

MET159 12.8 20 5.33 6.34 477

MET160 12.8 22.5 5.56 6.34 391

MET161 10.4 17.5 1.25 7.47 332

MET162 10.4 20 1.89 7.47 267

MET163 10.4 22.5 0.90 7.47 255

*Based on initial amounts of CuI and polystyrene.

TABLE 4 Summary of SEM–EDX results of average weight of Cu and mean diameter of spun fibers of three PS solutions, of variable

CuI content, at three applied voltage levels.

Sample Applied voltage/kV CuI/%(w/v)
Avg. wt of Cu
measured in sample/% Expected wt of Cu/%* Avg. Dia. (nm)

MET149 17.5 1 0.76 1.96 510

MET150 20 1 1.88 1.96 653

MET151 22.5 1 3.13 1.96 595

MET152 17.5 3 4.45 5.27 687

MET153 20 3 4.89 5.27 630

MET154 22.5 3 5.43 5.27 474

MET155 17.5 5 5.91 7.94 552

MET156 20 5 7.15 7.94 730

MET157 22.5 5 7.58 7.94 841

*Based on initial amounts of CuI and polystyrene.

6 of 12 IBRAHEEM ET AL.
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concentrations. This relationship between copper con-
centration and voltage was generally also observed for
the experiments in which the concentration of polysty-
rene was varied as shown in Figure 5a with the excep-
tion of PS = 10.4% which produced low concentrations
of copper in all cases.

The results above indicate that spinning at higher PS
concentrations is a more efficient electrospinning process
for the production of nanofibres with higher Cu% con-
tent; higher voltages are also helpful in this regard. We
suggest that a critical factor in the preparation of such
fibers is solution viscosity; thus at the lower polymer con-
centrations it proved quite challenging to produce fibers,
and even successful spinning was accompanied by some
spraying. The less viscous solutions, while producing per-
fectly adequate fibers, were found to contain low
amounts of the inorganic component. In addition to this,
a relatively high loading of the inorganic species was
required; in this regard the presence of TEA was critical.
Given this latter solvent has a much lower boiling point
than DMF, evaporation of this solvent seems to be a
likely factor in the process. This rate of evaporation is
likely to be increased as increasing voltage causes the jet
to whip and spin and this may account for the trends
seen in Figure 5. Thus, the presence of larger amounts of

the copper species and the high voltage are likely to
increase the speed of the solvent evaporation; the voltage
by increasing the forces on the jet and the inorganic
material most likely by increasing the conductivity due to
the inevitable presence of ionic impurities. Both these
factors will increase the speed of the electrospinning
jet.46 In particular, it seems likely that where copper
iodide is precipitated early on in the process it remains in
the viscous substrate, crystal growth may continue albeit
at a decreasing rate as the viscosity increases. For the
lower concentration PS solutions this viscosity is likely to
be lower, this suggests there is potential for larger crystal-
lites developing; additionally, the fibers produced tended
to have a smaller diameter and this size mismatch
reduces the possibility of encapsulation of cuprous iodide
within the polymer. Alternatively there may be some
phase separation of polymer from the solutions47 and the
non-polymer component may spray due to the whipping
motion of the fiber. This would result in the solution
being deposited (and subsequently evaporating) on the
electrode. EDX analysis further confirms a broadly pro-
portional relationship between the amount of CuI in the
spinning solutions and the mean Cu wt% content of
the produced nanofibres, particularly for the most con-
centrated PS solution as shown Figure 5b.

FIGURE 4 The influence of applied voltage on the average diameter with variation of (a) polystyrene concentration and with

(b) varying copper concentrations (error bars estimated on the basis of repeated experiments). [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 5 The influence of applied voltage on the weight percentage of Cu content in spun fibers with (a) variation of polystyrene

concentration and (b) with varying copper concentrations (error bars estimated on the basis of repeated measurements). [Color figure can be

viewed at wileyonlinelibrary.com]
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While these broadly positive results were encouraging
there were some issues with nature of the fibers present-
ing with lower copper concentration, in particular, in
many cases EDX showed iodine content much smaller
than that of the copper in terms of atom % (see support-
ing information Table S1). For example for MET 149 the
Cu:I atom% was close to 2:1, for MET 153 the ratio was
1:0.7; in contrast MET 156 and MET 157 showed values
close to the expected 1:1. In addition in many cases pow-
der X-ray studies showed unexpected peaks and an
absence of diagnostic peaks for cuprous iodide. This is
discussed further below.

For the fiber samples with higher concentrations of
copper the XRD analysis confirmed the presence of CuI,
although the analysis was complicated by the presence of
additional features. Thus, in all cases any sharp Bragg
peaks arising from inorganic crystalline material were
superimposed on broad peaks arising from PS centred at
about 20� and 45�. In many examples it proved difficult
to separate the sample from the aluminium foil and con-
sequently additional peaks were seen due to this and
consequent aluminium oxides or hydroxide. A further
complication was that in some cases peaks appeared
which suggest the oxidation of copper and potentially dis-
proportionation. It was also found peaks from CuI were
often broad, and in many cases only readily seen by base-
line subtraction. For example, Figure 6a shows what
superficially appears as a typical X-ray scattering pattern
from an amorphous PS sample; however closer inspec-
tion reveals Bragg peaks superimposed on the broad peak
at around 2θ = 25�, 42�, and 50�. We have adopted a
smoothing and subtraction procedure which results in
the pattern observed in Figure 6b, the three peaks can be
clearly assigned to cuprous iodide and their positions are
diagnostic of the zinc blend structure typical for this

crystal at room temperature with peak positions at
2θ = 25.7� (111), 42.4� (220), and 50.1� (311).48 Of the
additional peaks present, a peak at 29.3� could also relate
to CuI (220) other peaks are mostly present in all samples
coated on foil and relate to Aluminium, or aluminium
oxides (see supporting information) with an exception of
a peak ca. 43� which possibly relates to the presence of
copper as discussed below.

In many cases the presence of additional peaks made
assignment of the diffraction pattern difficult even fol-
lowing removal of the PS signal. Figure 7 shows the scat-
tering pattern obtained from MET 157, that is, the
sample with the largest copper concentration in the poly-
mer sample. As can be seen there are three peaks with
positions appropriate for CuI, however only the peak
around 25.7� is clearly distinguished. The peak at 42.4� is
overlapping with a more intense one at 41.9�; together
with the peak at 43.3� (very weak in this case) which is
suggestive of copper metal, FCC (111).49 The peak at
50.1� is relatively low intensity in line with the literature
diffraction pattern for CuI (and would potentially overlap
with diffraction from copper metal if this was present in
significant amounts).

In view of the overlap and intensity issues with high
angle peaks our further examination of the morphology
focused on the peak at 2θ = 25�–26�. In particular, sub-
stantial variations in the line width of this peak were
noted. This can be seen in the partial diffraction patterns
shown in Figure 8. The line width can be used to deter-
mine the crystallite size via the well-known Scherrer for-
mula50; this relates the full width at half maximum
intensity to the size of crystallites, we calculated values
for a number of samples. For sample MET 157, which
were found to be the fibers with the highest loading of
CuI, an intense peak is observed at 2θ = 25.7� with a line

FIGURE 6 (a) Scattering pattern obtained from composite fiber sample 159, (b) result of subtraction of the broad scattering pattern due

to polystyrene.
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width of 0.35�, from which a crystallite size of 24 nm is
calculated. The corresponding peak with sample MET
160 (in fact at 2θ = 25.8�) showed a width of 0.6�, indicat-
ing a crystallite size of 14 nm. For sample MET153, a

much broader less well defined line (centred at
2θ = 26.2�) gave by the same analysis a line width of 1.5�

suggesting crystallites sizes of 6 nm. That being said, the
shift in the peak position and the rather broad line shape

FIGURE 7 X-ray diffraction pattern obtained for electrospun fiber sample MET 157 following removal of the amorphous signal due to

polystyrene.

FIGURE 8 Different scattering from the CuI .111 plane for polystyrene copper iodide composite fibers.

IBRAHEEM ET AL. 9 of 12
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means that the assignment of this peak to γ CuI is at best
uncertain. Given this type of broadened peak was appar-
ent for a number of samples within the constraints of the
signal to noise, a more likely scenario is the formation of
another copper-based species, particularly in view of the
low iodine concentrations present in many samples (vide
supra). For Sample MET 149 no scattering from CuI was
apparent either due to the low CuI concentration, line
broadening, or both.

In order to further understand the copper
concentration details from the SEM/EDX measurements,
and particularly the low amounts of copper found at
some spinning conditions, we undertook measurements
of the bulk copper concentration from a selection of sam-
ples using Inductively Coupled Plasma Mass Spectrome-
try. The results obtained are listed in Table 5 together
with the data from the EDX samples and the initial cop-
per concentrations. Where sufficient sample was avail-
able, a duplicate reading from a different section of the
fiber mat was taken. As expected, on the basis of the dif-
ferences between initial copper concentrations and EDX
values, some of the samples were quite inhomogeneous,
for example the data for two samples of MET 153 showed
significant differences (ca. 40%) and the values were
rather lower than found in the fibers by EDX. This clearly
reflects an uneven distribution of copper in these
samples. Repeat values for MET 158 MET 159 and
MET 160 however, were rather closer with differences
around 10%.

For the most part, within the limits of experimental
error the data in Table 5 is consistent with most of the
copper from the initial solution being incorporated in
the sample if not in the fiber. This assumes there is no
substantial loss of iodine which would substantially
increase the expected proportion of copper (e.g., for MET
158 if the copper was present as copper oxide rather than
copper iodide we might expect 7.12% rather than 6.34%).
Thus, for the majority of samples the bulk copper con-
centrations were rather higher than found in the fibers
and we believe this reflects the contribution to the copper
concentration from copper lost to the fiber via spraying.
This is particularly apparent for Samples MET 161–163;
here copper concentrations are very much higher than
was observed in the fibers, but significantly lower than
the initial concentrations. These three samples were pro-
duced at the lowest PS concentrations, were the most
challenging to spin, and had by far the largest discrep-
ancy between the initial CuI concentration, and that
detected in the fibers. The production of these fibers was
in many cases accompanied by spraying and it is presum-
ably this that accounts for the anomalous values. A fine
spray would be more likely to penetrate the samples, end
up close to the collector surface and thus remain largely
separate from the fibers, and also spread over a wider
area; thus, in this case concentrations remain lower than
the amount inputted. As a consequence, for the examples
with low PS concentration, the copper is not found in
great amounts in the fiber, but rather is present close to
the collector, and spread over a wider area; for other sam-
ples spraying is likely to occur but the copper is largely
confined to the fiber mat. In contrast, samples MET
156 and MET 157 exhibited concentrations close to the
initial values and also close to the values determined by
EDX indicating the copper is largely contained within or
attached to the fibers, thereby producing a fairly homoge-
neous system.

On the basis of the SEM, EDX, and XRD studies we
have developed a mechanism for this electrospinning
process. Successful development of composite fibers
appears to occur when there is sufficient time for the cop-
per iodide to develop crystallites with sizes above about
20 nm. This in turn seems to require precipitation of the
inorganic species before polymer solidification. This is
the case if the more volatile TEA is removed early in the
process, as there is time for crystallization and agglomer-
ation of the copper and iodine ions into a regular struc-
ture. Where this does not happen, in some cases it may
be that copper iodide may be retained in unevaporated
solvent and on the basis of the ICP-MS studies probably
lost as spray. The appearance of additional Bragg peaks
in the XRD experiment and unexpected low levels of

TABLE 5 Summary of SEM–EDX results of average weight of

Cu and Copper concentration of bulk samples from ICP-MS.

Sample

Expected
wt of
Cu /%*

EDX Avg. wt of
Cu in
sample/%

ICP-MS Avg. wt
of Cu in
sample/%†

MET149 1.96 0.76 1.01

MET153 5.27 4.89 2.48 (3.53,1.43)

MET154 5.27 5.43 5.10

MET155 7.94 5.91 7.41 (8.20, 6.61)

MET156 7.94 7.15 7.67

MET157 7.94 7.58 7.16

MET158 6.34 4.53 7.07 (6.77, 7.37)

MET159 6.34 5.33 6.93 (6.62, 7.23)

MET160 6.34 5.56 7.21 (6.82, 7.60)

MET161 7.47 1.25 5.58

MET162 7.47 1.89 5.27

MET163 7.47 0.9 5.61

*Based on initial solution concentrations.
†Results of duplicate readings in brackets.
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iodine in the EDX samples suggest that during the fiber
formation process, iodide may be lost, most likely via oxi-
dation. In such circumstances the excess Cu+ ions unable
to coordinate with I� will become unstable and dispro-
portionate to form an unidentified copper (II) species
(presumably oxygen coordinated) and copper metal
which accounts for the peak at 2θ = 43.3� as shown in
Equation (1).

ð1Þ

4 | CONCLUSION

In this work we set out to find route to and thus prepare
composite nanofibres of a polymer and copper(I) iodide.
We have successfully produced composite nanofibres of
CuI-PS using electrostatic spinning. A combination
of dual solvents was utilized to achieve a homogeneous
solution of polymer and CuI. The process involved a vola-
tile solvent and carrier for the inorganic species and a less
volatile solvent for the polymer. Careful control of solu-
tion preparation (dissolving without heat or excessive agi-
tation) was found to be important in the generation of
smooth fibers at all concentrations. It was found that
both PS concentration and the applied voltage control the
fiber morphology and the copper iodide percentage in
the electrospun fibers. The potential for reaction of the
active component during the spinning process (likely
facilitated by the high surface areas) is an important con-
sideration in the preparation of such samples, necessitat-
ing a detailed analysis of the fibers produced. It was
determined that polymer solutions of higher PS concen-
tration and a higher applied voltage were required to
retain a higher content of CuI. Without the careful con-
trol of all these factors production of these composites is
unlikely to be successful.
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