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Copper thiourea complexes are an important material class for application as a precursor of copper sulfide

nanocrystals with potential use in solar cells, optoelectronics, medicine, etc. They represent a type of single

source precursor, comprising both copper and sulfur in one chemical compound, whose tunable

stoichiometry and morphology enable control of the quality and properties of the synthesized copper

sulfide nanocrystals. Here, we present a template free electrochemical route to prepare nanowires of

copper thiourea (tu) chloride hemihydrate ([Cu(tu)]Cl$1
2
H2O) by pulse deposition. We proposed the model

of the growth of nanowires. We also demonstrate complete transformation from the precursor to

copper sulfide nanowire by heating it to 180 �C that involves 20% volume loss due to the decomposition

of organic constituents; the obtained nanowires have around 38% covellite (CuS) and 62% digenite

(Cu1.8S) phases. Electrochemistry offers the advantage of spatially selected deposition e.g. in the active

regions of a device.

Introduction

Metal sulde nanomaterials have attracted attention in the last

two decades owing to their novel optical and electronic prop-

erties that emerge due to quantum connement.1–3 Toxicity of

most of the metal chalcogenides limits their possible applica-

tions. However, the abundance and relatively low toxicity of

copper sulde make it a promising candidate for diverse

applications in numerous elds including energy harvesting

and storage,4–8 photocatalysis,9,10 optoelectronics,11–14 sensors,

as well as in microbiology,15 and medical diagnostics16–18 and

therapy.19–21 Various stoichiometries, phases, and morphologies

of copper sulde nanomaterials and their related functional

properties have been studied.22–26 For the fabrication of copper

sulde nanoparticles with varying, tailor-made morphol-

ogies,22,26,27 different synthesis techniques have been

used.24,25,28,29 Among these, synthetic routes based on dry single

source precursors for copper and sulfur are of particular

interest because they are cost effective, employ relatively low

temperatures (80 to 200 �C), and produce high quality uniform

nanocrystals.30–34 Hence, this low temperature synthesis of

copper sulde from single-source precursors is particularly

relevant e.g. during its incorporation and layer processing in

exible thin lm solar cells.30–33 Some studies have shown that

the morphology of the resulting nanoparticles and their stoi-

chiometry can be tuned not only by changing precursor

concentration,35 reaction time,36 temperature37 and anions,38

but also by varying the morphology of the precursor material.39

Jun et al. reported that nanowire or nanocone shaped precur-

sors can be utilized as a sacricial template to synthesize hier-

archical structures of copper sulde in different shapes and

sizes.39

Copper thiourea complexes (CTCs) are well-known single

source precursors for copper sulde nanocrystals. CTCs are

chelate complexes of the form [Cu(tu)n]Xy, with tu as a symbol

for the thiourea ligand H2N–CS–NH2 and X representing coor-

dinated anions such as Cl�, SO4
2� as well as water molecules. In

the last 50 years, various CTCs have been reported.25,26,38,40–43

Despite the advantages of the single source precursor technique

mentioned above, a major drawback is the evolution of organic

byproducts during pyrolysis. The presence of these byproducts

may interfere with the function of the copper sulde device, e.g.

it strongly affects the quantum efficiency of CuS based solar

cells.44 Hence, the minimization of organic residues is essential

to optimize the device performance. To this end, Krunks et al.43

compared the decomposition of the CTCs copper thiourea

chloride hemihydrate [Cu(tu)]Cl$12H2O and copper tris thiourea

aDeutsches Elektronen-Synchrotron DESY, Notkestrabe. 85, 22603 Hamburg,

Germany. E-mail: abhisakh@gmail.com
bSurface Physics and Materials Science Division, Saha Institute of Nuclear Physics, 1/

AF, BidhanNagar, Calcutta 700 064, India
cPhysics Department, Universität Hamburg, Jungiusstraße 9, 20355 Hamburg,

Germany
dInstitute of Physics, Sachivalaya Marg, Bhubaneswar 751005, Odisha, India

† Electronic supplementary information (ESI) available. See DOI:

10.1039/c9ra04293h

Cite this: RSC Adv., 2019, 9, 31900

Received 7th June 2019

Accepted 21st September 2019

DOI: 10.1039/c9ra04293h

rsc.li/rsc-advances

31900 | RSC Adv., 2019, 9, 31900–31910 This journal is © The Royal Society of Chemistry 2019

RSC Advances

PAPER

O
p

en
 A

cc
es

s 
A

rt
ic

le
. 

P
u

b
li

sh
ed

 o
n

 0
7

 O
ct

o
b

er
 2

0
1

9
. 

D
o

w
n

lo
ad

ed
 o

n
 1

0
/8

/2
0

1
9

 8
:0

4
:0

5
 A

M
. 

 T
h

is
 a

rt
ic

le
 i

s 
li

ce
n

se
d

 u
n

d
er

 a
 C

re
at

iv
e 

C
o

m
m

o
n

s 
A

tt
ri

b
u

ti
o

n
-N

o
n

C
o

m
m

er
ci

al
 3

.0
 U

n
p

o
rt

ed
 L

ic
en

ce
.

View Article Online
View Journal  | View Issue



chloride hydrate [Cu(tu)3]$Cl$H2O. They showed that the

precursor with lower thiourea content, i.e. 1 tu ligand per

formula unit as opposed to 3, produces less unwanted C–H–N-

containing polymeric resin.43,45 In our work, we thus focus on

this CTC [Cu(tu)]Cl$12H2O with low thiourea content.

Krunks et al.46 and Han et al.47 reported the chemical

synthesis of polycrystalline thin lms and very high aspect ratio

nanowires of [Cu(tu)]Cl$12H2O, respectively. In addition, thin

lms of various CTCs, such as [Cu2(tu)5]SO4$3H2O, [Cu4(tu)7(-

SO4)2]$3H2O, [Cu2(tu)6]SO4$H2O
48–51 have been prepared by

electrochemical deposition. However, an electrochemical route

for nanowires of the particular CTC [Cu(tu)]Cl$12H2O has, to our

knowledge, not yet been reported. The unique advantage of

electrodeposition over other techniques is the spatial selectivity,

i.e. electrodeposition only occurs at those locations of the con-

ducting electrode which are in contact with the electrolyte.52

Consequently, electrodeposition is especially useful for the

nanofabrication of functional materials inside electronic

chips.52

In general, an electrolyte for the electrodeposition of CTCs

consists of a copper salt (e.g. CuSO4), thiourea, and an acid such

as HCl or H2SO4.
48–51 The reaction and growth mechanisms of

electrochemically derived CTCs were studied by several groups.

Bolzán and Haseeb reported that the morphology (smooth lm

to discrete islands) and stoichiometry (copper(I), copper(II), or

mixed oxidation state copper thiourea complexes) of the CTC

product strongly depends on the ratio of molar concentrations

of thiourea and copper in the electrolyte, as well as on the

applied voltage.48–51 A solution having a thiourea concentration

at least four times higher than the concentration of copper ions

provided a chemical equilibrium to form only monovalent

copper thiourea complex cations [Cu(tu)]+.48 The application of

DC voltage in the range of �0.7 to �0.8 V in such a solution

readily reduces the copper ions so that they deposit as metal on

the working electrode.53–55 In a potentiometric study, it was

shown that at zero voltage applied to the working electrode,

thiourea adsorbs on the deposited copper. At the same time

copper starts to dissolve into the solution, re-complexes with

the adsorbed thiourea, and reacts with the anion of the acid (e.g.

Cl�, SO4
2) to form an insoluble lm at the copper surface.56 The

formed CTC is quite stable, and its dissolution requires the

application of positive voltage of 0.075 V.49–51,57,58 At higher

voltages, the electrodecomposition of the complex yields

heterogeneous products of non-stoichiometric copper sulde

and copper cyanide species.49–51,57,58 Ghahremaninezhad et al.,23

however, reported that copper sulde nanowires form already at

lower voltages (V# 0) when applying repeated pulses of negative

and zero voltage (�0.85 V # V # 0) in a solution of copper

sulfate, thiourea and hydrochloric acid.

In this work, we employed an electrochemical synthesis

route comparable to that introduced by Ghahremaninezhad

et al.23 and found that the reaction product are nanowires

predominantly composed of the CTC [Cu(tu)]Cl$12H2O without

any traceable amount of copper sulde. As a rst and obvious

indicator, the obtained product was white instead of dark color

such as blue, black, or green which are typical for copper sulde

of different stoichiometries. The identication of the

synthesized material as [Cu(tu)]Cl$12H2O and its discrimination

from copper sulde is based on a combination of several

analysis techniques that probe the chemical and structural

nature of the material. For this purpose, we carried out energy-

dispersive X-ray spectroscopy to derive the elemental composi-

tion incl. light elements, X-ray diffraction for information on

the crystal structure, as well as infrared and Raman spectros-

copy to identify the existing bonds and functional groups. Due

to the structural similarity of CTCs and copper sulde, we were

only able to unambiguously distinguish between the two

compounds by conrming the presence of the light elements

carbon and nitrogen plus chloride, as well as by the evidence for

the functional amino and thioketone groups. Electron micros-

copy was applied to study the morphology and grain structure of

the nanowires. These results were complemented by analyzing

the optical absorption spectra of the CTCs with respect to the

bandgap. In this way, we determined that the CTC exhibits

a direct bandgap suitable for classication as a wide bandgap

material, as well as an indirect bandgap. At 180 �C, the trans-

formation of the nanowires from CTC into copper sulde was

achieved. The resulting nanowires were analyzed with respect to

morphology, crystal and chemical structure.

Experimental section
Electrochemical synthesis

We electrochemically synthesized CTC nanowires in a three

electrode conguration, as shown in Fig. 1. A 0.25 mm thick

platinum foil with 99.9% purity (Alfa Aesar) served as working

electrode, a graphite foil (Alfa Aesar) of 1 mm thickness as

counter electrode, and a standard Ag/AgCl electrode as refer-

ence electrode. The edges of the foils were insulated by a layer of

varnish to avoid local peak elds at the electrodes. The area of

Fig. 1 Schematics of pulse deposition in a three electrode configu-

ration. Here VW.E., VReference and VC.E. represent the potential of

working, reference and counter electrode respectively.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 31900–31910 | 31901
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the counter electrode was ve times larger than the working

electrode to avoid the current limit in the cell due to the reac-

tion at the counter electrode (e.g. hydrogen evolution). We

applied rectangular pulse trains as described below, generated

by a HP 8116A 50 MHz pulse function generator. A standard

potentiostat circuit was used that consisted of an integrator

combined with a Tektronix MDO3000 mixed domain oscillo-

scope to maintain and monitor voltage, current, and frequency

in the electrochemical cell. The potential of the working elec-

trode was kept stable relative to the reference electrode. In order

to avoid current drawing through the reference electrode, we

used a buffer circuit. Before and aer each reaction, the working

electrode was rinsed using a 3 : 1 mixture of HCl and HNO3 for

2 min and subsequently washed using deionized water. For

each synthesis run, a fresh graphite electrode was inserted.

During the electrodeposition, we applied 33 Hz rectangular

pulse trains with the upper and lower voltage limits being VR ¼

0 V and VF ¼ �0.85 V, respectively (see Fig. 2a). Here, the

subscripts ‘R’ and ‘F’ denote ‘reverse’ and ‘forward’ potential of

the working electrode, respectively. The measured potential

between the working electrode and the standard electrode is

shown in Fig. 2b. The anodic current during application of VR
and the cathodic current during the application of VF are shown

in Fig. 2c. In each cycle, VR was applied for 24ms and VF for 6 ms,

i.e. 20% of the duty cycle. The entire deposition time was 1 h.

The electrolyte consisted of 1 mmol per L per CuSO4, 5H2O

and 4 mmol per L per thiourea (tu) as the sources of copper and

sulfur, respectively. 149.2 mg of CuSO4$5H2O were dissolved in

300 mL of water, yielding a concentration of 2 mmol L�1. 5 mL

of concentrated hydrochloric acid were mixed into this copper

sulfate solution. An 8 mmol per L per tu solution was prepared

by dissolving 177.4 mg per tu in 300 mL water. Both solutions

were mixed and stirred for 30 min. The nal electrolyte had

a pH of 1.2.

For the annealing study, a nanowire ensemble was placed on

a silicon nitride hot plate (Bach Resistor Ceramics) at

5 �C min�1 in air to the nal temperature of 180 �C.

Analysis

The morphology of the synthesized nanowires was studied

using a high-resolution eld-emission electron microscope

(SEM) model Nova Nano SEM 450 (FEI)59 on samples

dispersed on silicon substrates. In case of the single nano-

wire that was subjected to thermal treatment, a platinum

marker was deposited by a dual-beam focused ion beam

(FIB) instrument SCIOS (FEI).59 Elemental analysis of the

SEM samples was performed by energy dispersive X-ray

spectroscopy (EDS) using an X-Max 150 silicon dri

detector with a 150 mm2 large active area (Oxford Instru-

ments).59 A JEOL JEM-2010 high resolution transmission

electron microscope (HRTEM) was used to investigate the

morphology and structure. In order to study the morphology

inside the nanowires at high resolution, we prepared the

cross section from a nanowire along its long direction using

FIB and mounted it on a FIB li out TEM grid from micro to

nano.

The X-ray diffraction (XRD) measurements were performed

using photon energy of 80 keV at beamline P07, PETRA III,

DESY (Hamburg, Germany). The powder diffraction data were

collected on a PerkinElmer XRD1621 area detector in the q

range from 0.3 to 3.8 Å�1 with a resolution of 0.004 Å�1. The

beam size was 50 � 100 mm2. In order to characterize the

functional groups, we performed Fourier transform infrared

spectroscopy (FTIR) using a HYPERION optical microscope

spectrometer. The signal was collected using a 15� IR objective

in combination with a focal plane array (FPA) detector. Raman

spectra were recorded using a SENTERRA spectrometer with

a microscope setup at an excitation wavelength of 532 nm. The

spectra were collected at a resolution of 9 cm�1 with 50 mm

diameter aperture in front of the CCD camera. Absorption

spectra in the ultraviolet and visible range from 300 to 1100 nm

were recorded using a dual channel AVASPEC-ULS2048L spec-

trometer (Avantes). The diffuse reected signal was collected

with an FCR-7UVIR400-2-BX reection probe. The white stan-

dard WS-2 (Avantes) which is made out of a white diffuse PTFE

based material was used for reectance calibration in the

applied wavelength range.

SEM, EDS, FTIR, Raman and optical absorption spectroscopy

were performed on ensembles of nanowires collected on a 1 � 1

cm2 silicon wafer aer exfoliating them from the working

electrode. Likewise, we transferred the nanowires to a 200 mm

thick glass microscope cover slip for the X-ray diffraction

measurement.

Cyclic voltammetry (CV) was performed on the described

electrolyte as well as a corresponding solution without thio-

urea using the same potentiostat as for the synthesis and

a Keithley 4200 SCS to detect the current. Staircase CV

measurements were performed in the voltage range 0 to �1 V

at a step size of 0.002 V and a step period of 0.1 s. High

frequency current measurements were carried out by applying

voltage pulses using the function generator and recording the

current response with the oscilloscope. The forward voltage VF

and the frequency were varied in the range �1 to �0.3 V and 5

to 500 Hz, respectively.

Fig. 2 Plot of (a) applied potential and (b) recorded potential at the

working electrode (W.E.) with respect to the reference electrode, (c)

measured current, during synthesis.
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Results and discussion
Morphology and composition

A representative SEM micrograph of electrochemically synthe-

sized nanowires is presented in Fig. 3b. As can be seen, the

aspect ratio of the nanowires is very high, with the diameter

ranging between 80 nm and 350 nm and the length in around

100 mm. Apart from the Si signal from the substrate the EDS

spectrum presented in Fig. 3a conrms the presence of copper,

sulfur, chlorine, nitrogen, carbon, and oxygen. In addition, the

elemental mappings of the nanowire depicted in Fig. 3d–i show

the uniformity of those elements along the length of the

nanowire. Overall, these EDS results qualitatively identify the

constituents of the sample and the mappings illustrate their

spatial distribution. However, the elemental stoichiometry of

a composite material consisting of light, like, e.g., C, N, O and

heavier elements like Cu cannot be easily quantied with the

required precision for non-at surfaces like in the case of the

here analyzed nanowires. The major systematic error in the

composition calculation based on EDS originates from the

electron-density and therefore element-dependent penetration

depth and excitation volume,60 which itself depends on the

nanowire shape.

Crystallinity and structure

To identify the material and in particular its crystallinity we

performed high resolution transmission electron microscopy

(HRTEM). Since the full nanowire thickness of around 350 nm

cannot be penetrated by HRTEM, we prepared a nanowire cross-

section by FIB. The Ga ion beam was thereby used to create in

a rst step a lamellar sample of the silicon with the nanowire on

top that was subsequently thinned down along the length of the

nanowire axis. Fig. 4a and b depicts the initial and nal stage of

the FIB based cross-section preparation, respectively. The

parallel green lines in Fig. 4b indicate the nal lamellar thick-

ness of 30 nm.

The obtained TEM images shown in Fig. 4c and d revealed

that the nanowire was polycrystalline in nature with crystallite

sizes in the range of 15 to 30 nm. Fig. 4c shows a representative

micrograph from the exploration of different regions of the

cross-section. For visualization of crystal planes, a digitally

magnied image of the portion marked by the orange dashed

box in Fig. 4c is presented in Fig. 4d. The lattice spacing

calculated from the HRTEM image is 3.0 Å, which matches well

with the distances of the (112) planes of the CTC [Cu(tu)]

Cl$12H2O
61 as well as copper-sulfur phases such as Cu2S

62 and

Cu1.94S.
63 The combination of the presence of this lattice

spacing with the elemental information from EDS, however,

points towards the sample being the CTC rather than a copper

sulde derivative. None of the TEM images collected along the

length of the cross section over several tens of micrometers

revealed any detectable traces of unreacted copper.

In Fig. 5, room temperature diffraction data of the nanowires

are presented along with reference data for the CTC [Cu(tu)]

Cl$12H2O.
61 The two-dimensional diffraction pattern in the inset

shows continuous Debye–Scherrer rings with a constant

azimuthal intensity distribution. Hence, it reveals that the

sample, consisting of an ensemble of the polycrystalline nano-

wires as conrmed by TEM, is randomly orientated. While the

upper panel of Fig. 5 shows that most peak positions and

intensities match well, the zoom into the low intensity region

shown in the lower part of Fig. 5 demonstrates that the

diffraction pattern of the sample contains a few additional

Fig. 3 (a) Energy dispersive X-ray spectra of nanowires drop-casted

on a silicon substrate, indicating the presence of Cu, S, Cl, C, N, O, and

Si; (b) representative SEM micrograph of the synthesized nanowires

with diameters in the range of 80–350 nm and a length of �100 mm.

The inset shows a magnified region with nanowire segments. (c–i)

Elemental maps of one nanowire segment, illustrating that the origin of

Cu, S, Cl, C, N, O is the nanowire and the source of the Si signal is the

substrate, respectively. (c–i) Indicate the uniformity of the elemental

distribution along nanowire.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 31900–31910 | 31903
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reections (indicated by the black arrows) that are not present

in the reference pattern. These extra reections might originate

from a secondary phase of the CTC, but it cannot be ruled out

that they stem from the same structure for which only incom-

plete structural information is available.61 In ref. 61, the prob-

able unit cell was proposed as monoclinic without dening the

space group. The measured reference pattern64 given in ref. 64,

contains unassigned reections as well. Since the diffraction

data presented in this work was recorded at higher angular

resolution and higher signal to noise ratio, additional uniden-

tied reections are present besides the previously reported

unassigned peaks from ref. 64. On this basis, a detailed struc-

ture determination of the sample including phase analysis and

description of preferred orientation is not possible.

Chemical structure

FTIR and Raman absorption spectra of the nanowire sample are

shown in Fig. 6a and b. We used reference data for ([Cu(tu)]

Cl$12H2O) which was published by Krunks et. al.46 to assign the

absorption bands of the FTIR spectrum as listed in Table 1.

The remaining three bands visible in the spectrum at

around 2720 cm�1, 1519 cm�1 and 1054 cm�1 were also

detected by several groups for the same CTC composition

[Cu(tu)]Cl$12H2O,
46,47,65 yet they have not been assigned to any

particular modes. In a similar way, the Raman shi data was

interpreted according to ref. 66 as tabulated in Table 2. Over-

all, there is a very good agreement of our obtained FTIR and

Raman spectra with the reported data for the CTC ([Cu(tu)]

Cl$12H2O).

For copper sulde, both FTIR and Raman spectra show only

few bands connected bonds between copper and sulfur on the

one hand and between sulfur atoms on the other hand.

Our spectra show bands at similar positions (1103 cm�1 in

FTIR, 470 cm�1 in Raman67), but in addition many more bands

of the H2N–CS–NH2 group of the thiourea ligand.

Optical properties and bandgap

The diffuse reectance spectrum of the sample is presented in

Fig. 7a. We used the Kubelka–Munk theory for the calculation of

the absorption coefficient a(hn) from the obtained reectance

spectrum according to the formula68

FðRÞ ¼
aðhnÞ

s
¼

ð1� RðhnÞÞ2

2RðhnÞ

here F(R) is the Kubelka–Munk function, R the reectance, a the

absorption coefficient and s the scattering factor. F(R) is

proportional to a as s is independent of the photon energy hn.

The relationship between F(R) and the energy of the incident

photon in the vicinity of the absorption edge can be described

by the modied Tauc equation,68,69

F(R)hn ¼ A(hn � Eg)
1/n

Fig. 4 (a) Lowmagnification SEM image of a single nanowire on top of

a silicon lamella created by FIB based cross-section preparation and

subsequent lamella thinning. (b) Magnified SEM image of the portion

marked as red dashed box in (a). The zone between two parallel red

dotted lines represents the width of the nanowire after thinning down

to a cross-section thickness of 30 nm (green lines). (c) HRTEM image

of the prepared cross-section showing a single grain of around 18 nm

diameter as marked by the red dotted line. (d) Digitally magnified

picture of the zonemarked by the orange dotted box in (c) fromwhich

a lattice constant of 0.3 nm was determined. This value matches well

with the predicted (112) plane of the CTC (ref. 61) as well as Cu1.94S (ref.

63) and Cu2S planes (ref. 62).

Fig. 5 Comparison of a typical X-ray diffraction pattern obtained from

the synthesized nanowires (red) along with the reference structure of

Cu(tu)Cl$1
2
H2O (ICDD PDF 00-053-0121, (blue) in the q range 0.4–3.8

Å�1). The upper panel shows full intensity range, the lower panel is

a magnification of the low intensity region in which a few reflections

are marked by black arrows which are not described by the reference.

The inset shows the corresponding two-dimensional diffraction

pattern in the same q range.
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where Eg is the band gap of the material. The value of the

exponent n is determined by the type of transition e.g. n¼ 2 and
1
2 for allowed direct and indirect transitions, respectively. In

Fig. 7b we present the plot of (F(R)hn)n vs. E for n ¼ 1
2 (le axis,

indirect transition) and n ¼ 2 (right axis, direct transition),

respectively. The intercept of a linear t to the steepest slope

with the energy axis at (F(R)hn)2 ¼ 0 and (F(R)hn)1/2 ¼ 0,

respectively, yields the band gaps for direct and indirect tran-

sitions. The direct bandgap of pure thiourea is 3.1 eV.70 It was

reported that the incorporation of different metals and halides

into metal thiourea complexes results in a blue shi of the

bandgap due to a change of the dielectric constant of the

material.70–72 The existence of a dual type transition with a direct

and an indirect bandgap as found for our nanowires is in

accordance with a report on a metal thiourea complex of

different composition.73

Electrochemical reaction mechanism

In electrochemical syntheses, numerous parameters such as

voltage, frequency, as well as electrolyte composition and

concentration determine what processes take place at the

working electrode. The cyclic voltammogram depicted in Fig. 8a

describes the current response to the application of a working

electrode potential in the range of �0.85 to 0 V in our electro-

chemical cell.

Three distinct peaks were detected, one during the sweep

towards negative voltage (peak cathodic current, C1) at �0.68 V

and two during the reverse part of the cycle (peak anodic

currents, A1 and A2) at �0.37 V and �0.01 V. According to the

ref. 23 and 75, the cathodic current is indicative of the deposi-

tion of metallic copper on the working electrode from an acidic

solution of copper sulfate and thiourea of the given concen-

tration. For comparison, when the electrolyte did not contain

any thiourea that binded the copper in ligand form, copper

Fig. 6 (a) FTIR and (b) Raman spectra collected from ensembles of

nanowires in reflection mode with marked wavenumbers of the

minima and maxima, respectively.

Table 1 Assignment of observed FTIR bands to modes of stretching (n) and in-plane bending (d) according to reference data for the CTC [Cu(tu)]

Cl$1
2
H2O

FTIR bands (cm�1) Literature values46 Assigned modes

3373 3371 n(OH), n(NH), [n(OH)]

3283, 3183, 3124 3279, 3177, 3122 n(OH), n(NH)
2720 2718 Not yet assigned

1629 1621 d(NH2), [d(OH2)]

1519 1515 Not yet assigned

1438 1415 n(N–C–N), d(NH2)
+, n(N–C–N)+, n(C]S)

1108 1107 n(N–C–N)+, d(NH2)
+, n(C]S)

1054 1055 Not yet assigned

696 696 n(C]S)+, n(N–C–N)

Table 2 Assignment of observed Raman bands tomodes of stretching

(n), in-plane bending (d), and rocking (r) according to reference data for

the CTC [Cu(tu)]Cl$1
2
H2O

Observed Raman

bands (cm�1) Literature values66 Assigned modes

1414 1420 n(C–N), n(C]S), r(H–N–H)
1105 1101 n(C–N), r(H–N–H)

708 732 n(C]S)

426, 475 428, 476 d(N–C–N), d(S–C–N)

112 118 Presence of Cl�

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 31900–31910 | 31905
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deposited from its solvated ionic state in the solution at a higher

working electrode potential of �0.24 V (compare Fig. S1a in the

ESI†). During the reverse sweep, the deposited copper is dis-

solved in two distinct processes as specied in ref. 23, i.e. the

reaction of copper with thiourea at �0.37 V and the reaction of

copper with chloride ions from the solution at �0.01 V. When

applying a smaller voltage range of 0 to �0.45 V, the corre-

sponding CV curve shows a at baseline (see inset of Fig. S1b, in

the ESI†) and, hence, demonstrated that neither deposition nor

dissolution of copper took place. From these results, it was clear

that a forward potential <�0.68 V had to be chosen to induce

the deposition of copper as the initial step of the nanowire

growth as discussed in detail below.

In contrast to the stepwise application of static potentials in

the cyclic voltammetry measurements, the nanowire synthesis

was carried out in pulsed mode with a frequency of 33 Hz. This

means that one duty cycle, i.e. the application of VF for copper

deposition and VR for copper dissolution, takes 30 ms (see

Fig. 8b). Highly time-resolved current measurements that were

performed at the chosen pulse frequency and varying VF (see

Fig. 8b) illustrate the time structure of the two step process (V ¼

VF deposition, V ¼ VA reaction). Appearance of the visible initial

sharp spikes only during the change of the voltage state (VF to VA
or vice versa) which is due to the double layer capacitance

formed at electrode electrolyte interface. Aer the change of the

pulse state the recovery process of local ion concentration takes

place and the current approaches to a steady state with time. In

agreement with the CV results, the comparison of the recorded

cathodic current over the entire application period of VF for VF
# �0.85 V with that VF $ �0.4 V reveals that the cathodic

current is signicantly smaller and relaxes to almost zero over

the course of the negative phase of the pulse for pulses with VF
$�0.4 V. Aer returning back to VR¼ 0 V, there is practically no

response observable for VF $ �0.4 V. This is comprehensible in

the sense that there can be no dissolution and reaction without

prior deposition. In the case of the lower VF (much negative)

values, on the other hand, we observed a uctuating anodic

current with decreasing amplitude that approached zero at the

end of the duty cycle. These uctuations set in aer a certain

delay time in the range of 3–4 ms. It was reported56 that the

dissolution of copper in the presence of thiourea in the solution

Fig. 7 (a) Diffuse reflectance spectrum of the sample, (b) modified

Tauc plot for the exponent value of n ¼ 1/2 (left y-axis, indirect tran-

sition) and n ¼ 2 (right y-axis, direct transition), here F(R) is the

Kubelka–Munk function.

Fig. 8 (a) Cyclic voltammogram obtained from an 0.1 M HCl solution

containing copper sulfate and thiourea, (b) current pulses (upper

section) recorded during the synthesis of CTC nanowires using 33 Hz

rectangular voltage pulses of four different amplitudes between �1

and �0.3 V as illustrated in the lower section.
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is slow,74 and the current uctuations suggested that it occurred

discontinuously. As the anodic current was close to zero before

switching back to the forward potential in case of VF ¼ �0.85 V,

it can be assumed that the dissolution/reaction of the metallic

copper was nearly complete. But in case of VF ¼ �1 V the uc-

tuations remains before switching back to the forward poten-

tial. At shorter pulse lengths, the available time at VR is shorter

and, above a certain frequency, insufficient to complete the

copper dissolution. Longer pulse durations do not essentially

provide any benet as they lead to longer idle time aer

completing the dissolution and before starting the next depo-

sition. The time structures for selected frequencies between 5

and 500 Hz with a xed duty cycle proportion of 20% of the

entire pulse length at potential VF and 80% at VR are given in

Fig. S2 in the ESI.† These results elucidate that the parameters

chosen here for the electrodeposition, i.e. 33 Hz pulse frequency

and VF ¼�0.85 V provide for efficient growth conditions for the

CTC nanowires.

As mentioned in the introductory section, a detailed

description of different reaction pathways for the electro-

chemical synthesis of copper sulde nanowires under various

reaction conditions is found in a report by Ghahremani-

nezhad.23 When transferring the proposed model to our route

and considering our ndings as described above, we divide the

CTC nanowire synthesis into three stages: (i) the redox reaction

and complexation upon mixing of the copper sulfate and thio-

urea solutions to prepare the electrolyte, (ii) the deposition of

metallic copper at the working electrode during the application

of VF ¼�0.85 V, and (iii) the nanowire nucleation and growth at

VR ¼ 0 V. Steps (ii) and (iii) of the CTC nanowire growth are

schematically illustrated in Fig. 9.

(i) When the copper sulfate and thiourea solutions are

mixed, a redox reaction between the cupric ions Cu2+ and

thiourea takes place according to

2Cu2+ + 2tu 4 2Cu+ + FDS + 2H+ (1)

with FDS being short for formamidine disulde. According to

ref. 75, the large excess of thiourea in the solution shis the

equilibrium of the reaction in eqn (1) to the right side so that

the concentration of Cu2+ becomes negligible compared to Cu+.

The predominantly cuprous ions Cu+ react with the thiourea

ligands to form the copper thiourea complex cation as follows:

Cu+ + ntu 4 [Cu(tu)n]
+ (2)

It was shown for a dominant thiourea molar concentration

that the primarily formed complex cations are Cu(tu)2+ and

Cu2(tu)2
+.48 The FDS byproduct from the copper reduction in

eqn (1) can also act as a ligand to Cu+, but this reaction does not

play an important role in the nanowire growth.

(ii) From the solution containing different complex cations

of copper–thiourea, the copper species readily reduces to

metallic copper on the electrode surface in the potential range

�0.7 V to �0.8 V.53–55 Hence, copper deposits from the solution

onto the working electrode following eqn (3) when applying the

forward potential VF ¼ �0.85 V

[Cu(tu)n](aq)
+ + e� / Cu(s) + ntu(aq) (3)

(iii) During the switching period from VF ¼ �0.85 V to VR ¼

0 V and the application period of VR at the working electrode,

the metallic copper deposited in step (ii) is oxidized again and

redissolves (eqn (4)). The evolving copper ions react with thio-

urea and chloride ions to form an insoluble solid of the CTC

which deposits at the site where the copper had been deposited,

following eqn (5).

Cu(s) / Cu(aq)
+ + e� (4)

Cu(aq)
+ + ntu(aq) + Cl(aq)

�
/ [Cu(tu)n]Cl(s) (5)

During electrodeposition, the stoichiometry of the nal

product is not directly determined by the ratio between two

reactants in a reaction solution as is the case in chemical

synthesis. As we describe in the section that copper is rst

deposited from the solution onto the working electrode and

subsequently thiourea reacts with the deposited copper. Hence,

thiourea always nds excess copper during the reaction and

high copper content thiourea complexes forms. Crystal water is

included in the compound during the deposition process. Its

amount was predicted to be 1
2 formula unit of the CTC46 which

results in the sum formula [Cu(tu)]Cl$12H2O.

It was reported that the dissolution of copper during the

time of potential increase is thermodynamically much more

favorable when thiourea is present. However, the rate is slow

due to adsorbed thiourea at the surface of the deposited

copper.56 Once the insoluble CTC layer has formed on the

copper surface, it acts as a diffusion barrier for the thiourea and

chloride ions to the metallic copper and makes the reaction

sluggish. For this reason, we chose the reaction period of 24 ms

for copper dissolution and formation of the CTC four times as

long as the copper deposition period of 6 ms. When copper ions

deposit on the working electrode in step (ii), the electrolyte is

locally depleted of copper ions, which causes the current in the

Fig. 9 Schematic illustration of the pulse electrodeposition of [Cu(tu)]

Cl$1
2
H2O nanowires (crystal water not included in the reaction

equations).

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 31900–31910 | 31907

Paper RSC Advances

O
p

en
 A

cc
es

s 
A

rt
ic

le
. 

P
u

b
li

sh
ed

 o
n

 0
7

 O
ct

o
b

er
 2

0
1

9
. 

D
o

w
n

lo
ad

ed
 o

n
 1

0
/8

/2
0

1
9

 8
:0

4
:0

5
 A

M
. 

 T
h

is
 a

rt
ic

le
 i

s 
li

ce
n

se
d

 u
n

d
er

 a
 C

re
at

iv
e 

C
o

m
m

o
n

s 
A

tt
ri

b
u

ti
o

n
-N

o
n

C
o

m
m

er
ci

al
 3

.0
 U

n
p

o
rt

ed
 L

ic
en

ce
.

View Article Online



system to decrease. As a consequence, only the chloride ions

and thiourea molecules accumulate close to the working elec-

trode. In order to continue the deposition of metallic copper,

more Cu+ ions out of the electrolyte are transported to the

electrode. This is the reason why the current decreases over

time even if the surface potential maintains a constant value as

shown in Fig. 2b and c. The deposition of copper on the elec-

trode surface leads to the formation of islands or clusters so

that the electrode surface is no longer at. During the following

cycles, copper continues to nucleate at the same sites of the

electrode surface as during the previous cycles because the

electric eld peaks at these bumps. As a result, instead of

a continuous lm, nanowires grow out from these nucleation

sites over prolonged cycling.

In our study, the nal dry reaction product was found to be

the CTC ([Cu(tu)]Cl$12H2O) instead of copper sulde as

described in ref. 23 for comparable reaction conditions. In

other publications, it was shown that there is a possibility of

partial electro decomposition of the deposited CTC to copper

sulde provided that a sufficiently high reverse voltage (VR >

0.075 V) is applied.49–51,57,58,76 In our synthesis, we maintained

the potential VR ¼ 0 V to avoid the conversion to copper sulde.

The described reaction mechanism is similar to the formation

pathway of copper thiourea sulfate complexes by electrodepo-

sition from an acidic solution of copper thiourea and sulfuric

acid within the potential range �0.30# V# 0.07 V.49,50,77 In this

particular case, however, the obtained CTC is quite stable, and

its dissolution requires the application of a higher voltage $

0.075 V.49,50,57,58,76

Transformation to copper sulphide

Upon thermal treatment to 180 �C, morphological as well as

structural transitions were observed. As the corresponding SEM

images (Fig. 10a) of a single nanowire show, its morphology

changed during heating from homogeneous to granular, i.e.

a hierarchical nanowire composed of distinct nanoparticles

evolved. Simultaneously, the mean diameter of the nanowire

shrank by about 20%. The X-ray diffraction pattern obtained

from an ensemble of nanowires (Fig. 10b) showed a signi-

cantly different structure than the original CTC. Rietveld tting

(for details see the ESI†) revealed that the annealed nanowires

exhibited a phase mixture of the copper sulde polymorphs

digenite78 and covellite.79 Krunks et al.43,45,64 investigated the

thermal decomposition of CTC to copper sulde in thin lms,

and a detailed study of the equivalent transformation from the

CTC nanowires described here is in progress. Further evidence

of the transformation into copper sulde was given by the

Raman spectrum depicted in Fig. 10c. Here, only two peaks are

detected in the otherwise at background which were assigned

to the Cu–S bond vibration (265 cm�1) and the stretching mode

of S–S bonds (473 cm�1).67 In the FTIR spectrum presented in

Fig. 10d, only two absorption bands at 3214 cm�1 and

3130 cm�1 were visible that stemmed from organic residues

which are the by-product of the CTC conversion to copper

Fig. 10 (a) Scanning electron micrographs of a CTC nanowire before (left) and after (right) annealing at 180 �C, (b) X-ray diffraction pattern (red

line) with Rietveld fit (black line) (c) Raman and (d) FTIR spectra of the nanowires after annealing at 180 �C.
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sulde. Absorption bands directly related to the Cu–S and S–S

bonds do not occur in the measured wavenumber range. All the

above results point towards a complete transformation from the

CTC to copper sulde aer heating to 180 �C which is accom-

panied by a volume loss due to the decomposition of organic

constituents.

Conclusions

In summary, we synthesized copper thiourea complex (CTC)

nanowires by the electrochemical pulse deposition technique.

EDS measurements conrmed that the compositional elements

are C, N, O, S, Cl and Cu. Our HRTEM investigation showed that

the nanowires are polycrystalline. The combination of these

results with data obtained from X-ray diffraction, FTIR, Raman

and optical absorption spectroscopy pointed towards the

formation of the complex ([Cu(tu)]Cl$12H2O). Comparison with

literature suggested the described formation mechanism of

CTCs instead of copper sulde under the applied synthesis

condition. By choosing a suitable pulse structure, phase-pure

and high aspect ratio nanowires were grown. The existence of

a direct band gap of 3.65 eV qualies the synthesized CTC for

the class of wide band gap materials. Thermal treatment at

180 �C fully converts the CTC nanowires into copper sulde. In

general, the demonstrated electrochemical synthesis of copper

thiourea complex nanowires as a precursor for copper sulde

nanocrystals potentially serves as a step towards an optimized

processing technology for copper sulde based optoelectronic

devices and solar cells.
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