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To study the effect of time on the colloidal synthesis of CuzN nanoparticles, copper(i) nitrate was thermally
decomposed at 260 °C for up to 60 min in octadecylamine as a stabilizing ligand. Thermolysis of the nitrate
followed four steps which included; nucleation, growth, ripening and decomposition. At 5 min, partially
developed nanocubes were found in a dense population of CuzN nuclei. Well-defined CuzN nanocubes
were obtained at 15 min with no presence of the nuclei. TEM images showed disintegration of the cubes
at 20 min and as time progressed, all the CusN decomposed to Cu by 60 min. The formation of the
CuszN nanocubes was confirmed by XRD and XPS. FTIR suggested the formation of a nitrile (RCN) as
a result of the thermal decomposition in octadecylamine (ODA) and this was confirmed using NMR and
hence, a reaction mechanism was then proposed. The optical properties of the as-synthesized CuzN
were studied using UV-vis and photoluminescence spectroscopies. The absorption spectra for particles
synthesized from 5 min to 15 min showed a singular exciton peak while from 20 min to 60 min two

Received 15th November 2019 peaks were observed. The two peaks may both be associated with the two direct transitions observed in
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CusN or the more red-shifted peak could be a result of localized surface plasmon resonance due to the

DOI: 10.1035/c3ra09546b Cu nanoparticles. Nevertheless, similar to other studies, it is clear that the optical properties of CuzN are
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1. Introduction

The industrial application of semiconducting nanomaterials
cannot be overemphasized, more especially in photonics and
medicine. Colloidal synthesis of Cu;N continues to receive
tremendous research focus marking a variation from the
popular solid-state methods which involve the use of RF
magnetron sputtering. In literature, there are many discrep-
ancies in the data that have been reported for CuzN nano-
particles (NPs). For example, the band gap and thermal stability
and this has been attributed to the unstable nature of Cuz;N
acquired during the growth stage." Researchers are slowly
turning their focus to solution-based synthesis of Cu;N NPs due
to the ease with which the desired morphology and properties
of the NPs can be engineered. Few reports have demonstrated
that CuzN NPs can be synthesized by employing ammonolysis
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or use of N sources such as azide, hexamethylenetetramine and
urea but the challenge with these methods is that the resultant
NPs are ill-shaped.>® Special attention is recently being given to
the synthesis of Cu;N NPs using direct thermal decomposition
of Cu(NO3),-3H,0 in octadecylamine (ODA) to obtain well
defined nanocubes.®** Thermal decomposition of other metal
nitrates for example, Mn(NO;),, Ni(NO;),-6H,0, Zn(NO;),-
-6H,0, Ce(NO3);-6H,0, Co(NO3),-6H,0 in ODA resulted in the
formation of corresponding metal oxides and not metal
nitrides.* Wang et al.™* demonstrated that it is very crucial to
control the concentration of Cu(NOj3), in ODA in order to get
Cu;N and not Cu or its oxides. Xi et al.*® reported on the
formation of CuzN upon decomposing Cu(NOj;), in a mixture of
two reducing agents, ODA and oleylamine (OLA) at 240 °C for up
to 10 min. The report revealed that very few cubes were observed
amongst small nuclei of Cu;N after 2 min but only cubes were
present after 10 min. However, the authors did not report on the
effect of time beyond 10 min. Herein, we probe the effect of
precursor decomposition time on the formation of CuzN
nanocubes through thermolysis of Cu(NO3), at 260 °C for up to
60 min in ODA as the capping and reducing agent. Progression
in the formation of the Cu;N nanocubes could be summarized
in four stages namely; nucleation, growth, ripening and
decomposition. In order to verify our findings, the same
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synthetic procedure was followed using hexadecylamine (HDA)
as the capping and reducing agent.

2. Experimental section
Materials

Copper(u) nitrate trihydrate (puriss. p. a, 99-104%), 97% octa-
decylamine (ODA), octadecene (=95.0% GC), 98% hexadecyl-
amine (HDA), 99.5% chloroform and ethanol absolute (=99.8%
GC) were purchased from Sigma-Aldrich. Chloroform was
refluxed in calcium hydride and distilled in nitrogen before use
and ethanol was stored under 3A molecular sieves. All other
chemicals were used as received.

Synthesis of Cu;N nanoparticles

The controlled synthesis of Cu;N nanoparticles was achieved by
thermal decomposition of copper(n) nitrate in ODA. Cu(NOs),-
-3H,0 (1 mmol) was dissolved in octadecene (1 mL), mixed with
ODA (10 mL) and degassed under a continuous flow of N, gas
(©Afrox, 99.997%) at 110 °C. After an hour, the temperature was
slowly raised to 260 °C. Aliquots were then extracted at 5, 10, 15, 20,
30 and 60 min. Dry absolute ethanol was then added to the aliquots
to flocculate the particles. The particles were then collected by
centrifugation at 5000 rpm. The samples were then dissolved in dry
chloroform, flocculated using dry absolute ethanol and centrifuged
5 times. The final powder samples were dried in a vacuum oven
and kept under inert conditions before characterization.

Characterization

A Varian Cary Eclipse (Cary 50) UV-vis spectrophotometer was
used to carry out the optical properties of the NPs. The photo-
luminescence spectra of the NPs were recorded on a Varian Cary
Eclipse EL04103870 spectrofluorometer with a medium PMT
voltage at an excitation wavelength of 200 nm. The absorption and
emission spectra were obtained in chloroform and placed in
quartz cuvettes (1 cm path length). Powdered XRD patterns of the
samples were measured on a Bruker MeasSrv D2-205530 diffrac-
tometer using secondary graphite monochromated Cu Ko radia-
tion (1 1.5406 A) at 30 kv/30 mA. Measurements were taken using
a glancing angle of incidence detector at an angle of 2°, for 26
values over 10-90° in steps of 0.026° with a step time of 37 s and at
a temperature of 25 °C. X-ray photoelectron spectroscopy
measurements were performed with a PHI 5000 Versaprobe -
Scanning ESCA Microprobe operating with a 100 pum 25 W 15 kV
Al monochromatic X-ray beam. The transmission electron
microscopy (TEM) was carried out on a FEI Technai T12 operated
at an acceleration voltage of 200 kV with a beam spot size of 20~
100 nm in TEM mode. The vibrational modes were measured on
a Bruker Tensor 27 FT-IR and the nuclear magnetic resonance
(NMR) data was obtained using a 500 MHz Bruker AVANCE III, the
samples were run using CDCl; as a solvent at 300 K.

3. Results and discussion

Powder X-ray diffraction was used to determine the crystal
phases of the resultant NPs and for the detection of any
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impurities. Shown in Fig. 1 are the XRD patterns of the NPs
synthesized from 5 min to 60 min in ODA as well as the refer-
ence patterns of CuzN and possible impurities. The series of
Bragg reflections in the experimental patterns show peaks that
correspond to planes (100), (110), (111), (200), (210), (211) and
(220) of the cubic phase of CuzN (card number JCPDS card no.:
86-2283). An additional peak from the 20 min sample is
observed at 26 = 42.98° showing the initial stage of Cu forma-
tion. More copper peaks emerge till all the Cu;N is converted to
Cu (JCPDS card no.: 04-0836) at 60 min. These sets of data show
that thermal decomposition of Cu(NOj3), in ODA at 260 °C result
in the formation of CuzN after about 5 min. Cu;N continues to
be the only product present until about 20 min, then a mixture
of Cu;N and Cu NPs begin to form until only Cu is detected at
60 min. Understanding of the metallization of Cu;N can come
in handy in making microscopic Cu metallic links during the
fabrication of optical recording media®® and optical data
storage.'® The peak assigned as # is associated with the degra-
dation products of ODA and the corresponding XRD patterns
are shown in Fig. 1S.T In addition, no oxide impurities were
observed from the XRD.

The composition of the formed Cuz;N NPs and oxidation
states of Cu and N was further confirmed by employing X-ray
photoelectron spectroscopy (XPS) and the results are shown in
Fig. 2 and 3. From the survey spectrum, it can be deduced that
the as-synthesized Cu;N NPs contain C, O, N and Cu. Majumdar
et al.'” discovered that Cu;N films that were synthesized by RF
magnetron sputtering consisted of 20.4% C and 35.5% O after
being exposed to air. As such, exposure of the as-synthesized
CuzN NPs to air and the presence of the organic stabilizer
could explain the observed pivotal amount of C and O in the
sample as seen in Fig. 2. The copper auger peak (Cu LMM) is
indicative of the presence of Cu**, this suggests the presence of
CuO which is a readily observed impurity in CuzN due to the
oxidation. The XRD in Fig. 1 however showed no evidence of
CuO, suggesting only surface oxidation. Two peaks centralized
at 285.35 and 285.95 eV from the C 1s high-resolution are
assigned to C-C and C-O respectively. The C-C is due to the
long chain alkylamine capping agent. The presence of C-O is
attributed to the oxidation of the capping agent as later shown
in the FTIR results (Fig. 6). The O 1s spectrum has a broad peak
that is centered at 532.04 eV and deconvolution of the O 1s
spectrum gives rise to two peaks at 531.87 and 533.36 eV that are
ascribed to the presence of C-O and metal-O specie respec-
tively."” The C-O further confirms the oxidation of the capping
agent while the metal-oxygen bonded specie is indicative of the
formation of CuO.

The NPs were synthesized in a nitrogen-rich atmosphere and
the N 1s high-resolution XPS depicts the main peak centered at
399.70 eV showing the main bonding of nitrogen to copper (N-
Cu) in the CuzN nanocubes. This value is higher than the
397.7 eV that has been reported.’®?* The peak at 403.01 eV is
attributed to N-C bonding in stearonitrile. Interestingly, Navio
et al. and others were of the idea that the 397.7 eV peak is
attributed to the presence of nitrogen that is adsorbed to the
surface of the CuzN(100) and the second peak that they

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Powder XRD diffractograms of CusN NPs obtained after 5, 10, 15, 20, 30, 45 and 60 min at 260 °C in ODA as well as the standard patterns
of CuzN, CuO, Cu,0 and Cu. The symbol (f) shows peaks for Cu and (#) decomposition product of the capping agent.

obtained at 398.7 eV was attributed to the presence of N that is
in the bulk of the Cu;N.??

In the Cu 2p spectrum, the expected Cu’ peaks were obtained
at 933.48 eV and 953.52 eV of the Cu 2p;3/, and Cu 2p,,, states
respectively, consistent with previous reports.** Corresponding
shakeup peaks at around 934.4 and 954.63 eV (ref. 24) were not
obtained hence suggesting the lack of Cu®" in the NPs. However,

This journal is © The Royal Society of Chemistry 2020

a peak of relatively lower intensity was obtained around
963.20 eV and reports®?* have associated this peak as
a shakeup peak to Cu 2p,,, suggesting the presence of CuO. In
the XRD pattern, there were no evident peaks that could be
ascribed to CuO hence, the detected oxide in the CuzN nano-
cubes could be a result of mild surface oxidation due to expo-
sure to atmospheric oxygen.
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Fig. 2 XPS wide scan of CusN NPs (15 min sample).

To study the morphology of the as-synthesized NPs, the
powders were dispersed in chloroform and drop-casted onto Cu
and Ni grids. After drying, they were then analyzed and imaged
under the transmission electron microscope and the images are

Intensity (cps)

Intensity (cps)

v T v T v T v T v T v T v T v
396 397 398 399 400 401 402 403 404
Binding Energy (eV)

Fig. 3

34234 | RSC Adv, 2020, 10, 34231-34246

View Article Online

Paper

shown in Fig. 4. The images obtained show that the sample that
is collected after 5 min at 260 °C consists of mixed morphology.
Relatively few nanocubes are found in between a cloud of very
small dot-like NPs. A closer look reveals that some of the
nanocubes are incompletely formed and in close contact with
anumber of the dot-like NPs. In another study, Xi et al. obtained
a similar mixture of nuclei and cubes after 5 min of thermal
decomposition of Cu(NOj3), in a mixture of ODA and oleylamine
at 240 °C.»

At 10 min, there is a much greater population of the nano-
cubes and much less of the dot-like NPs and the nanocubes are
much more defined and show some degree of self-assembly.
The ‘dots’ can still be seen and some are found on and in
between the cubes and on the edges of the cubes hence making
it slightly difficult to measure the size of the cubes as some of
them do not possess well-defined edges, nevertheless, the
average size is estimated to be 41 £ 6.2 nm. The 15 min sample
brings about a change in composition. The nanocubes are
aligned next to each other resembling a pattern of layered
bricks. The dot-like NPs are almost non-existent and the edges
of the cubes are well-defined with no evidence of dots on them.
These are then named ‘perfect nanocubes’ and measurement of
their edges gives a size of 39 + 8.4 nm. At 20 min of synthesis,
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High-resolution spectra of CusN NPs with focus on C 1s, O 1s, N 1s, and Cu 2p.
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Fig. 4 TEM images of CusN NPs obtained after 5, 10, 15, 20, 30 and 60 min in ODA and size distribution for 10, 15 and 20 min samples.

Fig. 5 HRTEM of CusN NPs synthesized after 15 min

This journal is © The Royal Society of Chemistry 2020

in ODA.
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Fig.6 FTIR spectra of the 15 min synthesized raw ODA and CusN NPs.

the ‘perfect nanocubes’ are no longer perfect however, the sizes
can still be estimated at 44 + 4.8 nm. They look like they are
crumbling and the edges start having the dot-like NPs again. At
this stage, XRD shows the emergence of a peak around 20 =
50.6° that is assigned to Cu. Attempted measurements of the
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edges gives a rough estimate of 44 nm and no further
measurements are taken thereafter as the nanocubes have no
well-defined shapes. The break down of the nanocubes
continues and by 30 min, the brokendown cubes seem to affect
the neighbouring cubes resulting in the formation of giant
cube-like structures with hollow interiors. At this stage, Cu
related peaks can be seen on the XRD pattern although they are
of very low intensity compared to the Cu;N peaks. By 60 min, no
cubes can be seen but polydispersed nanoparticles are obtained
and the XRD shows peaks that are all ascribed to Cu and there is
no evidence of peaks that can be associated with Cu;N.

Shown in Fig. 5 are the HRTEM images of the perfect
nanocubes. The nanocubes have lattice fringes with the d-
spacing of 3.83 A corresponding to the (100) plane of the anti-
ReOj; cubic structure of CuzN. This is consistent with the results
obtained in the X-ray diffraction in Fig. 1.

To investigate the coordination of the ligand, Fourier
transform infra-red (FTIR) spectroscopic analysis was per-
formed. The spectrum that is obtained from the nanoparticles
synthesized in 15 min is compared with that of raw ODA (Fig. 6).
Generally, the results show that the CuzN NPs are capped by the
organic ligand, as the corresponding vibrations in ODA are
detected on the synthesized NPs. The characteristic C-H
stretching vibrations are obtained from 2845 cm™ " to 2959 cm ™"
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Fig. 7 H NMR spectra of (a) ODA and (b) CusN nanocubes in CDClz (15 min sample).
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Fig. 8

and the -CH, bending vibration at 1460 cm ™" is slightly shifted
from the 1465 cm ™" in ODA showing that the chemical envi-
ronment has slightly changed due to the coordination. The peak
at 2335 cm ™' for the ODA capped Cu;N is due to the atmo-
spheric CO,. Also observed in both ODA and capped particles is
the C-O stretching frequency. This suggests the presence of
impurities in ODA possibly oxidation and this explains the
presence of C-O in the XPS. A sharp peak was obtained at
624.6 cm~ ! which is very close to the 639, ~650 (ref. 6) and
653 cm™ ' (ref. 5) that were obtained in previous reports ascribed
to Cu-N vibrations in copper() nitride.*

Wang and Li"* suggested that the ODA does not participate
in the reaction but rather acts as a catalyst that facilitates the
transfer of electrons from O®~ to Cu** and N°* of the nitrate.
However, we are of the notion that ODA is most likely a partic-
ipant in the reaction. In the FTIR, the symmetric and antisym-
metric N-H vibration modes found at 3259.5 cm ' and
3333 cm™ respectively on the ODA spectrum were not detected
on the Cu;N spectrum. Instead, a new peak was spotted at
2120 cm ™" and can be assigned to C=N stretching vibration
mode. In another study, this peak was detected at about
2092 cm ™' and we agree with the authors who suggested the

This journal is © The Royal Society of Chemistry 2020

'H NMR spectra of ODA heated from RT to 260 °C for 15 min and heated at 310 °C for 32 h.

possibility of the existence of C=N due to the high temperature
breakdown of ODA.*

To further probe this theory, the as-synthesized CuzN
nanocubes and raw ODA were analyzed using proton nuclear
magnetic resonance ("H NMR). Analysis of the 'H NMR clearly
revealed the deprotonation of the ODA (CH;3(CH,);,CH,-NH,),
resulting in the formation of stearonitrile (CH3(CH,);6C=N).
From the "H NMR spectra in Fig. 7, the resonance for the H;C-
protons is centralized around ¢ 0.88 ppm in both the spectra of
raw ODA and the Cu;N NPs. At 6 1.25 and § 1.26 ppm, a singlet is
observed in both spectra and it accounts for protons that are on
the CH, chains respectively. Henceforth, notable differences
were observed in the two spectra. In the raw ODA, a slightly
broad triplet was observed centralized at 6 1.46 ppm but on the
other hand, the spectrum that was obtained from the NPs
showed a very broad peak with a peak maximum at ¢ 1.57 ppm.
Thereafter, no further proton peaks were detected on the
spectrum of the CuzN NPs but a triplet was obtained at
0 2.68 ppm on raw ODA and this accounted for the missing 2 H
in the -CH, that is directly bonded to the N on the amine end.
These CH, protons are clearly non-existent in the spectrum of
the Cu;N NPs. This is most probably because the H on the H,N-
CH,- are all involved in the reaction that leads to the formation

RSC Adv, 2020, 10, 34231-34246 | 34237
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of CuzN NPs and stearonitrile remains as a by-product as
depicted in the proposed chemical equation below:

7
3C11(NO3)2 + 3CH3 (CHz)mCHzNHz _>C113N + SNO + 502

The formation of the stearonitrile is in agreement with the
C=N vibration modes that were detected at 2120 cm ™ on the
FTIR spectrum in Fig. 6. At temperatures above 21.2 °C, NO, is
areddish-brown gas with an pungent odor and it decomposes at
about 160 °C (ref. 30) to give NO and O, which are both colorless
gases. To try and understand the full mechanism of the
formation of the CusN and the role of the expelled gases and
ODA, the following processes are thought to be occurring
during the reaction and these account for the overall eqn (1).

Decomposition of copper nitrate

A, 100 °C

Cu(NO3),-3H,0 Cu(NO3), + 3H,0 @)

A, 170 °C

2Cu(NO;), 2Cu0 + 4NO, + 0, (3)

A, 160 °C

2NO, ~,2NO + 0, (4)

34238 | RSC Adv, 2020, 10, 34231-34246

Oxidation of octadecylamine

2CH;(CH»),(CH,NH, e, 2CH;3(CH»),(C=N + 2H,0O
(5)
Decomposition of nitrous oxide
2NO—, N, + O, (6)
Formation of copper nitride
6Cu + N2 - CU3N (7)

The breaking down of copper nitrate is common knowledge
and results in the formation of CuO and NO. As shown on the
'"H NMR in Fig. 7, the ODA is converted to stearonitrile. To
check if indeed this occurs due to high temperature thermolysis
as previously suggested,' ODA was heated from room temper-
ature (RT) up to 260 °C under nitrogen and then analyzed with
'H NMR. The results are shown in Fig. 8.

The "H NMR spectra in Fig. 8 show that at temperatures up
to the synthetic temperature (260 °C), no oxidation of ODA
occurs, however, at higher temperatures (310 °C) and longer
reaction times this occurs. This suggests that in the current

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 !H 3C HSQC NMR spectra of (a) ODA and (b) CusN nanocubes (15 min) in CDCls.

study, the conversion of ODA to stearonitrile is not thermally accordance with other studies where oxidation of a primary
driven; however, the oxidation is driven by the presence of amine to nitrile has occurred using a catalyst in a presence of
a catalyst and oxygen in the reaction system. This is in oxygen.** Herein, we therefore suggest that CuO catalyzes the

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 34231-34246 | 34239
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Fig. 11 UV-vis and PL spectra of CusN NPs obtained at 5, 10, 15, 20, 30 and 60 min.
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oxidation of ODA. At the same time, it catalyzes the decompo-
sition of NO to N, and O,.** In the process of catalyzing these
reactions, the CuO is then reduced to Cu. Finally Cu and N,
react to form Cu;N. The reaction of Cu with N, has been readily
shown in the RF magnetron sputtering of CuzN,**** however

34240 | RSC Adv, 2020, 10, 34231-34246

ultra-pure nitrogen gas is used. Herein, we therefore suggest
that the N, gas feed is merely to maintain an inert atmosphere
and is not reactive. As such the N, generated from the decom-
position of NO is the reactive gas and a limiting reagent in the
formation of CusN. The process is shown from eqn (2)—(7).

This journal is © The Royal Society of Chemistry 2020
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Table 1 Summary of the optical properties of CusN NPs

Exciton A Exciton A Exciton B Exciton B Anax  Amax
Time (min) (nm) (eV) (nm) (eV) (nm) (eV)
5 476 2.61 — — 476 2.61
10 456 2.72 — — 476 2.61
15 436 2.84 — — 455 2.73
20 378 3.28 608 2.04 478 2.59
30 340 3.65 760 1.63 832 1.49
60 400 3.10 695 1.78 487 2.55

The *C NMR spectra of raw ODA and ODA-capped Cu;zN NPs
are shown in Fig. 9. In both spectra, the '*C signals of the
methyl and methylene groups are detected around 6 14.32 and
22.89-32.12 ppm respectively. Of great interest is the huge
downfield shift of the carbon peak at 6 42.46 in raw ODA to
0 115.17 ppm in the NPs which can be used as a diagnostic
signal. The obtained 115.17 ppm in this study is lower than the
119.77 ppm that was obtained by Gunstone®® when he was
working with oleyl compounds but fall within the shift ranges of
nitriles. This huge downfield shift is due to the deprotonation of
the carbon that is bonded to nitrogen, H,C-NH, to form the
nitrile (RCN). The appearance of the carbon peak at
0 115.17 ppm suggests the formation of a quaternary nitrile-
bearing center hence, confirms the presence of octadecylni-
trile in the CusN NPs. Due to the strong influence of the nitrile
group, the nearby carbon atoms, C3 and C4 are greatly affected
owing to m-electron deshielding and the polar inductive effect®®
of the nitrile group. As suggested in the equation above, the
synthesis of Cu;N nanoparticles involves the process of depro-
tonation of octadecylamine to form octadecylnitrile. The nitrile
group then forms sigma bonds with the Cu" ions resulting in
end-on coordination hence accounting for the obtained down
field shift at 115.17 ppm. If the coordination was side-on
through the 7 system of the triple bond, a farther downfield
resonance in the 180-240 ppm range would have been
detected.”

The protons are matched to the carbon peaks as shown on
the '"H *C HSQC NMR spectra in Fig. 10a and b for both the
ODA and Cu;N nanocubes respectively and all the protons and
carbons are accounted for. This confirms that copper is in the
oxidation state of 1+ since there are no unpaired electrons in the
analyzed CuzN NPs. If copper existed as Cu® or Cu®" in the
analyzed Cu;N ‘perfect’ nanocubes that were obtained after
15 min, then the spectrum would not have been clearly resolved
due to the unpaired electrons that exist in the 4s and 3d orbitals
respectively.

The optical properties of the resultant Cuz;N NPs were
studied using UV-vis absorption and photoluminescence spec-
troscopy and the results are depicted in Fig. 11. In literature,
there has been controversy with regards to the optical properties
of Cu;N. From the varying band gap values obtained both
theoretically and experimentally, they are said to vary between
0.23 eV and 2.06 eV, to the nature of the band gap transition
whether it is direct or indirect.*®*** Presented in Table 1 is the

This journal is © The Royal Society of Chemistry 2020
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summary of the optical properties. A single sharp excitonic peak
is observed for 5 and 10 min samples whilst a tailing spectrum,
also with a single excitonic peak is observed for the 15 min
sample. Two peaks are observed for particles synthesized from
20 min to 60 min. From band structure calculations, three
transitions have been reported, one indirect and two direct
band gaps at the I" and R points.*® The exciton A is blue-shifted
from the reported values and the transition is in the visible
region of the electromagnetic spectrum whilst exciton B is
consistent with the reported values with the band gap energies
of 1.6-2.04 eV. The observed trends could be because of
quantum confinement effects in the nanocrystals as most re-
ported results are for bulk Cu;N.*** Also possible, is the pres-
ence of the localized surface plasmon resonance (LSPR) due to
the presence of copper nanoparticles. The LSPR for Cu nano-
particles is usually found around 570 nm and can be blue or red
shifted due to the size and shape of the nanoparticles, the
photoluminescence is usually weak hence the observed photo-
luminescence peaks are only associated with the semi-
conducting Cuz;N NPs.*

The photoluminescence spectra are red-shifted with respect
to the excitonic peak A for samples synthesized for 10-20 min as
well as 60 min however for the 30 min sample the emission
maximum correlates with the exciton B transition. The photo-
luminescence spectra confirm that the resultant nanoparticles
are direct band gap semiconductors. Evident from the results is
the complexity of the optical properties and the need to further
probe these. Based on the obtained results, it is quite evident
that Cu;N is an interesting and rather complex semiconductor.
Nevertheless, herein using TEM, a mechanism for the evolution
of CuzN morphologies can be postulated and it is depicted in
Fig. 12. The reaction was started by dissolution of Cu(NO;),-
-3H,0 in OD and mixed with ODA and then the temperature
was raised from room temperature to 110 °C resulting in a deep
blue mixture. After an hour, the temperature was slowly
increased and at about 165 °C, a very pale yellow clear solution
was obtained. This could be a result of the formation of
a complex between the Cu(r) ions and octadecylamine as has
been observed in a previous study.' The blue coloration that
was caused by the unpaired electron in the Cu®>" suddenly dis-
appeared due to the reduction of Cu®>" to Cu” in the presence of
ODA. Due to complete d orbital, Cu” does not give off color
hence the yellow color is brought about by the complexation
that occurs between the Cu(i) ions and the amine. The solution
then slowly turned to a clear brown around 200 °C and then to
an opaque brown by the time the temperature reached 260 °C. It
has been shown that in direct heating methods, high quality
crystals are generally obtained at high temperatures that are
above 200 °C hence 260 °C was chosen as the reaction
temperature in this study. The introduction of the brown color
indicates the initial stages of the formation of Cu;N nuclei. An
attempt to analyze the samples that were obtained after 30 s at
260 °C proved futile as the aliquots turned greenish blue upon
adding organic solvents like ethanol or chloroform in an
attempt to clean the NPs. This color change indicated the
oxidation of the Cu* to Cu®**. There was no marked difference
between the NPs obtained after 1 min and those obtained at

RSC Adv, 2020, 10, 34231-34246 | 34241
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1. Nucleation (CuzN predominantly dots + few cubes)
P INITIALLY

FINALLY

Fig. 12 Steps followed in the colloidal thermolysis of Cu(NOs), in ODA to form CusN NPs and eventually Cu.

5 min except that there were more defined nanocubes at 5 min  rapidly with air and the added solvent. ODA has been reported
as compared to 1 min as seen in Fig. 12. As such, below 1 min, as having a tendency to bind to the 100 plane of CuzN NPs hence
the nuclei that had formed were not yet stable and reacted it slows down the growth process and facilitates the formation

34242 | RSC Adv, 2020, 10, 34231-34246 This journal is © The Royal Society of Chemistry 2020
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Fig. 13 Powder XRD of CusN NPs obtained after (a) 5, 10, 15, 20, 30, 45 and 60 min at 260 °C in HDA. The symbol (}) shows peaks for Cu

decomposition product of the capping agent.

of cubes.” High population of ‘dots’ were detected in the 5 min
sample while few cubes had already been formed although not
fully developed. The less stable small nanocrystals undergo
Oswald ripening** as they slowly dissolve and recrystallize on
the larger particles giving rise to nanocubes. This was observed
at 10 min where self-assembly of cubes was noted and fewer but
bigger dots were seen on and in-between the cubes. Subsequent

This journal is © The Royal Society of Chemistry 2020

ripening or shaping led to the formation of the ‘perfect’ nano-
cubes with smooth edges and no apparent blemishes at 15 min.
Continued heating resulted in further reduction which led to
the detected small peak of Cu in the XRD of the 20 min sample.
The reduction of the copper ions on the surface of the cubes led
to the influx of Cu" ions from the core to the surface of the
nanocubes.*”> As such, the smooth surface that had been

RSC Adv, 2020, 10, 34231-34246 | 34243
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Fig. 14 TEM images of CuszN NPs obtained after 5, 10, 15, 20 and 30 min and Cu at 60 min in HDA at 260 °C.

observed on the ‘perfect’ nanocubes could no longer hold on
the NPs that were obtained at 20 min. The cationic movement of
Cu' from the core of the cubes to the edges continued and voids
can be seen in the interior of the distorted cubes, consequently
resulting in the reemission of nitrogen. As the cubes broke
down, they joined together to form larger cubes with void
interiors. That is why at this stage, pronounced Cu peaks could
be detected at 30 min as Cu;N decomposed and the Cu* was
reduced to Cu® whilst the N>~ was oxidized to nitrogen gas.
Finally with time, ‘all’ CuzN had been reduced to Cu hence no
copper nitride peaks could be detected after 60 min.

To determine if this is a unique feature to octadecylamine,
the coordinating ligand was changed from ODA to hexadecyl-
amine (HDA). The same synthetic procedure was followed and
the resultant X-ray diffractograms are shown in Fig. 13.

The XRD diffractograms showed a similar pattern with the
one obtained in ODA, the main difference being the initial
detection of Cu occurring after 30 min whilst in ODA it was
detected at 20 min. This difference was seen in the TEM images
of the NPs that were obtained in HDA. ‘Perfect’ nanocubes could
be seen at 15 min but not much variation was detected in the
20 min sample. Mixed morphology of nanocubes and tiny dot-
like NPs were clearly seen in the 5 and 10 min samples and
breaking down of the nanocubes was only detected after 30 min.
Just like in ODA, compact Cu NPs were obtained after 60 min

34244 | RSC Adv, 2020, 10, 34231-34246

and no nanocubes could be seen (Fig. 14). The "H NMR and **C
NMR of HDA shown in Fig. 2S and 3St respectively were similar
to the ODA NMR and therefore the mechanism was consistent
with ODA.

4. Conclusion

The thermal decomposition of Cu(NO3), at 260 °C in ODA lead
to the formation of dot-like nuclei which resulted in the
formation of CuzN nanocubes. A cloud of Cu;N nuclei with
developing nanocubes was obtained after 5 min. Aligned
nanocubes were seen at 10 min with the presence of bigger but
fewer ‘dots’. With time, well-defined Cus;N nanocubes were
obtained after 15 min and this was observed in both ODA and
HDA. Further heating resulted in the breaking down of the
nanocubes and XRD indicated the presence of both CuzN and
Cu at 30 min. By 60 min, the CuzN had completely decomposed
to Cu. Furthermore, results from the FTIR and NMR spectros-
copy suggested the formation of a nitrile (RCN) as a product in
the synthesis of CuzN in ODA and that the particles are possibly
capped by the nitrile. The proposed mechanism suggests that
the CuzN NPs dorms from the reaction of Cu with N,, however
this requires further experimental probing. The optical studies
revealed that the as-synthesized nanoparticles were semi-
conducting with two transitions observed in the UV-vis

This journal is © The Royal Society of Chemistry 2020
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absorption spectra. The synthesized Cu;N NPs can potentially
be applied as microscopic metallic links due to its metallization
at relatively low temperatures.
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