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A B S T R A C T   

In this study, CuCl2 nanoparticles (NPs) synthesised via pulsed laser ablation in liquid (PLAL) were successfully 
employed to simultaneously detect glutamine and ammonia, with a limit of detection of 20 nM and up to 1500 
ppm, respectively. These NPs hold potential for non-invasive diagnosis and monitoring of various health con
ditions using urine and sweat samples. The sensing mechanism relied on the plasmon peaks of CuCl2 NPs in the 
UV range (at 300, 363, and 423 nm), which were used to correlate the levels of glutamine and ammonia con
centration with the absorbance. Quasi-spherical CuO and pyramidal CuCl2 NPs were synthesised through laser 
ablation of Cu powder in liquid IPA and IPA-HCl, respectively. CuCl2 NPs displayed higher ablation efficiency, 
higher optical absorbance (20-fold), and an 8400-fold increase in colloidal conductivity (0.0005 vs 4.2 mS/cm) 
compared to CuO NPs. The NP size distribution ranged broadly from 10 nm to less than 100 nm. XPS analysis 
revealed that ablation in pure IPA resulted in oxidized Cu NPs, while ablation in IPA-HCl liquid medium (12 nM 
HCl) led to the formation of a combination of metallic copper and CuCl2 NPs that were more conductive and had 
higher optical absorbance than their oxidized counterparts.   

1. Introduction 

The detection of low concentrations of biological molecules is an 
emerging and innovative application of nanoparticles (NPs) [1–3]. 
Plasmon sensors based on NPs enable non-invasive, low-cost, sustain
able and rapid health diagnosis and monitoring methods [4]. Glutamine, 
one of the 20 canonical amino acids and the most abundant one, gives 
the best example of the versatility of amino acid metabolism and diverse 
physiological functionality, including an important role in immune 
function [5,6]. Glutamine is detectable in urine, sweat and saliva, which 
enables for non-invasive mechanisms of detection. Glutamine is an 
important energy and nitrogen source in human cells. Furthermore, 
glutamine creates 60% of the total amino acids within muscles and 20% 
of the total amino acids in the human body. Humans consume 3–6 g of 
glutamine daily through food, and some atheletes consume 20–30 g of 
gutamine daily via a combination of supplementation and food [7]. 
Glutamine metabolism rate is similar or higher to that of glucose and 

certain concentrations (in the nM-mM range) are closely linked to dis
eases involving ammonia imbalance such as ammonia intoxication, 
hyperammonemias and protein intolerance [2]. Glutamate is also an 
excitatory neurotransmitter in the central nervous system. High con
centration of glutamate is linked to many neurologic disorders hence; 
there is a need for highly accurate, selective, and repeatable glutamate 
detection technologies. It has been recorded that glutamine levels 
increased in the cerebrospinal fluid during hepatic coma and Reye’s 
syndrome in children [2]. During cancer treatment, tumour cells can be 
starved of glutamine to inhibit their growth [8]. In one report, it was 
observed that cancer cells are addicted to glutamine, which opened a 
method to kill these by starving them of glutamine [9]. The sensing of 
glutamine is therefore an important tool to indicate the state of human 
health. 

Nanoparticle-based sensors have gained attention in biochemical 
sensing owing to their advanced physicochemical properties such as UV 
light absorbance [1,10–12], fluorescent properties, high reactivity, high 
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sensitivity (for sensing very small concentrations e.g., in the nM range), 
high surface area-to-volume ratio and plasmon effects [11–16]. The use 
of NP plasmon properties coupled with UV–Vis measurements provides 
a low-cost, cheap and highly accurate mechanism of sensing [14,17,18]. 
Either a shift of the plasmon peak or a change in its absorbance (in
tensity) with increasing analyte concentration is used as a sensing 
mechanism. Many diseases including Parkinson’s disease, diabetes and 
Alzheimer’s are linked to a high release of H2O2 [14]. Jiang et al. [14] 
used Ag–Au bimetallic NPs as H2O2 detectors by correlating the UV–Vis 
absorbance values at the 426 nm plasmon peak with the H2O2 concen
tration ranging from 16 μM to 1 mM. The UV–Vis absorbance increased 
non-linearly with increasing H2O2 concentration. Another research team 
used Au–MnO bimetallic NPs for the detection of H2O2 [19]. The 
aforementioned study recorded an incredibly low detection limit of 8 
nM, which is much lower than the previously mentioned study by Jiang 
et al. [14], thereby demonstrating the dependency of biochemical 
sensitivity on the sensing material properties. Moreover, Albayrak et al. 
[2] used ZnO nanorods for the detection of glutamine. The concentra
tion of glutamine was correlated to the colloidal potential difference 
(mV). Similarly, Zeynaloo et al. [13] used Ag NPs to detect glutamine 
concentrations via amperometric and voltammetric measurements. The 
detection of molecules in urine and sweat enables non-invasive diag
nosis and monitoring. Glutamine plasmon sensors must be able to detect 
glutamine in the presence of other molecules such as ammonia. 
Ammonia concentrations in urine and sweat are also indicative of 
several health conditions including kidney failure, diabetes, hepatic 
disease and hyperammonemia [20–24]. 

Cu NPs have gained research attention for their application in plas
mon sensors owing to their surface plasmon resonance, photo
luminescence and bandgap energy [25–29]. Other metals such as Au 
NPs and Ag NPs are also used in plasmonic and electrical applications 
however, these are much more expensive and less sustainable than Cu 
[27,28,30–32]. Therefore, Cu NPs have become a major replacement 
candidate for these other metals. A major research challenge during the 
synthesis is that Cu colloids are prone to oxidation and sedimentation, 
which inhibits their light absorption efficiency, reactivity and conduc
tivity. Hence, more research and innovation on non-oxidising and 
non-sedimenting techniques are required to advance the field of plas
mon sensors [25–28]. 

The use of Pulsed Laser Ablation in Liquid (PLAL) has gained 
popularity for creating new nanomaterials with various applications, 
such as sensing, medical and catalysis [6,33–37]. PLAL involves a laser 
that ablates a target material submerged in liquid, causing local 
vaporization and bond breaking [15,35,38,39]. This creates plasma 
plumes that form cavitation bubbles, within which various reactions 
occur, including atom attachment, nucleation, growth, and NP forma
tion. The cavitation bubble eventually collapses or explodes due to 
pressure differences between the inside and outside of the bubble, 
ejecting particles into the liquid medium. The ejected NPs stay small due 
to quick cooling within the liquid medium, but they may still grow 
during ablation if enough Gibbs free energy is supplied (e.g., from sec
ondary photon absorption), or through local melting that induces par
ticle attachment. Agglomeration events can also lead to particle growth 
after formation. The liquid medium is heavily involved during the PLAL 
process, atoms from the liquid medium are also vaporised during the 
process and are available for bonding during NP formation [40–42]. For 
example, PLAL in organic liquids often leads to the formation of carbides 
or NPs with a carbon coating. Recently, Shreyanka et al. [33] syn
thesised transition-metal-based 3D metal–organic framework (MOF) 
using PLAL. Various NP-based MOFs were synthesised via the same laser 
system including Cu, Co and Ni. 

Herein, PLAL was used to fabricate CuO, metalc Cu, and CuCl2 NPs 
via PLAL of Cu powders under liquid IPA and IPA-HCl respectively. The 
shape of the synthesised NPs varied depending on the liquid medium 
used for the synthesis process. Specifically, IPA resulted in the produc
tion of spherical and quasi-spherical NPs, while IPA-HCl led to the 

formation of pyramidal NPs. Broad NP size distributions were observed, 
including both small particles (<10 nm) and larger particles (>100 nm). 
XPS and EDX analysis were employed to investigate the chemical 
composition of the NPs, and UV–Vis and FTIR techniques were used to 
examine their optical properties. The high optical absorbance of CuCl2 
NPs allowed for their successful application in sensing ammonia and 
glutamine. The plasmon property of CuCl2 NPs was used as a mechanism 
to detect ammonia and glutamine, with a detection range of 20–1500 
nM. In particular, the detection limit for glutamine sensing was deter
mined to be 20 nM. 

2. Materials and methods 

Laser ablation experiments were conducted by a Nd:YAG laser sys
tem (WEDGE HF 1064, Bright Solutions) with pulses centred at 1064 
nm. The laser was set to a pulse width of 600 ps, a repetition rate of 10 
kHz, a scan speed of 3.5 m/s and an ablation time of 20 min. The laser 
scanned in an Archimedean spiral pattern with 50 μm hatch spacing and 
55 mm outer diameter. PLAL experiments were conducted in Batch 
mode and three repeat experiments were done for each condition (n =
3). 4.5 g of copper powder (Sigma Aldrich, Ireland Limited, spheroidal 
powder, 10–25 μm, 98% purity) was placed at the bottom of 12.5 ml of 
each liquid media held in a glass beaker (60 mm inner diameter) for each 
PLAL experiment. This ensured a liquid layer height of 5 mm above the 
target powder. Pure IPA and IPA with HCl (6 and 12 mM) were used as 
liquid media. Pure IPA, IPA-HCl 6 mM and IPA-HCl 12 mM liquids had 
pH values of 6.9, 1.9 and 1.7 respectively; pH reading were conducted 
using the Hanna Instruments pH meter, model number pH 210, with 
temperature compensation. DI water, ethanol and toluene were also 
explored but these were deemed incompatible with Cu powder ablation 
without powder compaction due to server NP sedimentation. The results 
with these solvents are included for completeness in the supplementary 
information section. A schematic of the PLAL process is shown in Fig. 1. 

Five concentrations of glutamine amino acid (100 ml - L-Glutamine, 
BioSciences Limited, Ireland, 200 mM) were added to diluted colloids 
for glutamine detection experiments. The IPA-HCl colloids of CuCl2 NPs 
(12 mM HCl concentration) were used for detection studies. A volume of 
0.5 μl of CuCl2 colloid was diluted by 2 ml of IPA and various volumes of 
glutamine were added. The volumes were 0.2, 0.4, 1, 5, 7, 11, 15 and 20 
μl and these produced glutamine concentrations of 20, 40, 100, 500, 
700, 1100 and 1500 nM respectively. The mixtures were shaken by hand 
for 2 s and analysed immediately via UV–Vis. Three repeat measure
ments were conducted per mixture (n = 3) and 95% confidence intervals 
were established. A volume of 1 μl of CuCl2 colloid was diluted in 2 ml 
IPA and used for the detection of ammonia/ammonium ions. Various 
concentrations of ammonium buffer solution (Ammonium Chloride/ 
ammonia, pH 10–11, Sigma Aldrich, Ireland limited) were added to the 
diluted colloid and shaken for 2 s before UV–Vis measurements (n = 3). 
Various volumes of ammonia were added to the colloid for detection in 
the range of 0.5–3 μl which provided ammonia concentrations between 

Fig. 1. A schematic of the Pulsed laser ablation in liquid process.  
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250–1500 ppm. The detection of glutamine concentrations of 100, 200 
and 300 nM within colloids containing 500 and 1500 ppm of ammonia 
were investigated. 

Ultraviolet–visible spectroscopy (UV–Vis) was recorded in a quartz 
cuvette (10 mm pathlength, Helma) with Varian Cary 50 UV–Vis spec
trophotometer after each PLAL experiment. A scan range of 190–900 nm 
with a scan rate of 200 nm/min was used. All the optical spectra were 
corrected for the liquid media absorption by subtracting the contribu
tion of the liquid medium from the recorded spectrum. Each sample was 
diluted by its liquid media before analysis to avoid signal saturation, 
dilution factors of 5 (IPA, DI water, ethanol and toluene samples) and 96 
(IPA + HCl samples) were used. A dilution factor of 5 means that; 4 parts 
dilution liquid and 1 part colloid were mixed. 

Fourier-Transform Infrared Spectroscopy (FTIR) measurements were 
recorded for the dried Cu NPs. A volume of 0.1 ml of IPA-synthesised 
colloids was deposited using a pipette and left for 1 min to dry onto 
the FTIR crystal for analysis. The scan range was set to 4000 - 400 cm− 1; 
four repeat measurements were collected and averaged by the 
instrument. 

Field emission scanning electron microscopy (FESEM) (FESEM- 
Hitachi S5500 Field Emission SEM) imaging was conducted on the dried 
Cu NPs on circular copper grids. The sample preparation for FESEM 
involved micro-pipetting a volume of 0.2 μl onto a copper grid with the 
assistance of a light microscope to ensure accurate deposition. 

Energy dispersive x-ray analysis (EDX) was used to study the 
chemical composition of the Cu NPs. The Cu NP size distribution, mean 
NP size, concentration (particles per ml), zeta potentials and colloidal 
conductivity were measured via dynamic light scattering (DLS) (Mal
vern Zetasizer Ultra, Malvern Instruments Ltd)). Eight measurements 
were taken for each sample and averaged. 

For X-ray photoelectron spectroscopy (XPS) characterisation, the 
colloids were drop cast onto a conductive carbon adhesive substrate, to 
ensure a conductive path, and allowed to dry in air. The characterisation 
was carried out in a UHV Omicron system with a DAR 400 twin-anode x- 
ray source and EA 125 energy analyzer. All samples were Ar + ion 
sputtered using a Prevac IS40C1 ion gun at 5 × 10− 6 mbar of argon, 0.65 
kV, and 5 mA emission current for 15 min before characterisation, to 
clean the surface layer which may inhibit signal from the deposited 

material, particularly at low kinetic energy. 
Viscosity measurements for conductive ink applications were con

ducted on a Brookfield DVNext Cone/Plate Viscometer. Glycerol (99.5% 
purity, Sigma Aldrich, Ireland Limited) was used to increase viscosity. 
Viscosity was measured over a 1 min period (1000 readings) and an 
average value was reordered. 

3. Results 

3.1. Morphology and chemical composition 

FESEM analysis recorded that quasi-spherical Cu NPs were syn
thesised in IPA as shown in Fig. 2 a-b. Two groups involving small and 
large NPs were recorded; thus bimodal size distributions exist. The ag
gregation of small Cu NPs is confirmed in Fig ab whereby a group of 
small Cu NPs about 5–20 nm in diameter are aggregated together to 
form porous monolithic structures. This agrees with the colloidal visual 
inspection where IPA-synthesised colloids exhibited some level of sedi
mentation. Conversely, pyramidal Cu NPs were formed in IPA-HCl liquid 
medium (both the 12 and 6 mM HCl concentrations) as shown in Fig. 2 c- 
d. The NP size distribution was calculated via image processing in 
MATLAB (2022 version) of FESEM images. The image processing algo
rithm can be found in the supplementary information section. Fig. 2 a 
and d were used during image processing and the resulting NP size 
distrubutions are shown in Fig. 2 e and f respectively. Additionally, 
MATLAB was used to calculate statistical data from the FESEM images. 
The mean, standard deviation from the mean (SD), meadian and mode 
NP diameter from Fig. 2a were 226, 179, 117 and 307 nm respectively. 
The mean, SD, meadian and mode NP diameter size from Fig. 2d were 
43, 31, 37 and 56 respectively. The mean NP diameters were also 
measured by DLS, which accounts for every particle within the mea
surement vial. This differs form image processing whereby a small 
proportion of the NPs (particles within the image) is analysed. However, 
image processing of FESEM images has its merits including the ability to 
distinguish shapes and to separate agglomerated or attached particles 
via by modifying the filters within the image processing code. FESEM 
can also account for very small partcles (e.g., <1 nm), which the DLS 
might miss especially in the presence of large particles. 

Fig. 2. Field emission scanning electron microscopy of; a-b) CuO nanoparticles synthesised in IPA; c-d) CuCl2 nanoparticles synthesised in IPA-HCl; e) nanoparticle 
size distribution of CuO nanoparticles generated from image processing and; f) nanoparticle size distribution of CuCl2 nanoparticles generated from image processing. 
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The chemical composition of the colloids was analysed via EDX, XPS 
and UV–Vis. EDX mapping reviewed that CuO NPs were formed when 
pure IPA was used as a liquid medium while CuCl2 NPs were formed 
when IPA-HCl liquid medium was used (both the 12 and 6 mM HCl 
concentrations). The analysed EDX region for an IPA-synthesised sample 
is shown in Fig. 3a and the corresponding chemical composition map
ping is shown in Fig. 3 b-c. The analysed EDX region for an IPA-HCl- 
synthesised sample (6 mM HCl) is shown in Fig. 3d and the corre
sponding chemical composition mapping is shown in Fig. 3 e-f. The 
chemical composition in weight percentages are as follows; Cu NPs in 
IPA: copper = 72%, oxygen = 27%, chlorine = 0%, Cu NPs in IPA-HCl (6 
mM HCl): copper = 67%, oxygen = 2%, chlorine = 31%, Cu NPs in IPA- 
HCl (12 mM HCl): copper = 65%, oxygen = 1%, chlorine = 34%. 

The Cu 2p 3/2 peaks for the IPA and IPA-HCl samples are presented 
in Fig. 4a. Deconvolved components were fit using Gaussian-Lorentzian 
functions, with fixed FWHM to limit the number of free parameters. 
Additional components were only included when they reduced the RMS 
of the fit. The Cu 2p 3/2 peaks appear to be composed of one to three 
components. The pure IPA sample shows a single component with peak 
position of 933.9 eV. This indicates that the material is highly oxidized 
as CuO, with any metallic Cu or Cu2O being below the limits of detec
tion. The sample with IPA with 6 mM of HCl shows three components at 
931.35, 933.4, and 935.4 eV. The lowest binding energy component can 
be attributed to metallic Cu or Cu2O, as the position for these are too 
close to be distinguished [43]. The middle component can be attributed 
to CuO, and the higher binding energy component may be due to CuCl2. 
The percentage concentration of these components is 17, 59, and 24%, 
for Cu/Cu2O, CuO, and CuCl2, respectively. The sample with IPA with 
12 mM of HCl also shows three components, with similar positions 
(931.9, 933.1, and 934.6 eV). The balance of components is shifted 
compared to the lower HCl sample, with a notable shift towards 
Cu/Cu2O in this sample. The percentage concentration for this sample is 
54, 30, and 16%, for Cu/Cu2O, CuO, and CuCl2, respectively. These 
results suggest that increasing concentration of HCl may promote the 
formation of metallic copper nanoparticles, however the close energetic 
position of metallic Cu and Cu2O makes a definite assignment to metallic 
Cu difficult. 

The O 1s peaks for the IPA and IPA-HCl samples are presented in 
Fig. 4b. Deconvolved components were fit using Gaussian-Lorentzian 
functions, again with fixed FWHM to limit the number of free 

parameters and additional components only being included when they 
reduced the RMS. The O 1s peaks appear to be composed of one to two 
components. The component at lower binding energy is consistent with 
the presence of metal oxides (CuO or Cu2O) in the sample. The samples 
show this low binding energy component diminishing with increasing 
HCl concentration, to being below the limit of detection for the IPA +12 
mM HCl sample. This strongly supports the Cu 2p results in suggesting 
there is an increasing amount of metallic Cu and CuCl2 with increasing 
concentration of HCl (and thus less oxide, or no oxide for the higher HCl 
concentrations). 

3.2. Optical properties 

UV–Vis and FTIR were used to examine the optical properties of the 
colloids. The IPA-synthesised samples exhibited two plasmon peaks; one 
at 305 and another one at 600 nm with a lower absorbance as shown in 
Fig. 5a (UV–Vis analysis). On the other hand, the IPA-HCl-synthesised 
samples exhibited three plasmon peaks; one peak at 300 nm, a second 
peak at 363 nm with a lower absorbance and a third peak at 423 nm with 
the lowest absorbance among the three. These peaks could be attributed 
to the different version of Cu within the colloid including CuCl2, Cu2O 
and metallic copper as reviwed by the XPS analysis. Recall that a dilu
tion factor of 5 (4 parts dilution liquid and 1 part colloid) was used 
during analysis for IPA samples while a much higher dilution factor of 
96 was used for IPA-HCl samples due to a much higher absorbance for 
these samples. A higher absorbance is attributed to a higher NP yield, a 
higher optical absorbance property, or a combination of both. The as- 
fabricated CuO colloids in IPA exhibited a dark brown colour while 
the CuCl2 colloids in IPA-HCl exhibited a yellow-green colour as shown 
in Fig. 5c. Moreover, other liquids were also explored including ethanol, 
DI water and toluene and these exhibited a single plasmon peak (around 
300 nm). DI water and ethanol displayed similar maximum absorbance 
values to IPA (<0.6 a. u). The toluene samples exhibited higher 
maximum absorbance of 2.5 a. u., a value that is still much lower than 
the IPA-HCl samples (factoring in the dilution factors of 5 vs 96), more 
details about the DI water, ethanol and toluene samples are found in the 
supplementary information section. 

The FTIR spectrum of dried CuO NPs that were fabricated in IPA is 
shown in Fig. 5d. The spectrum was generated by drop casting 0.1 ml of 
the as-synthesised colloid onto the FTIR crystal and leaving it for 1 min 

Fig. 3. Energy Dispersive X-Ray analysis and mapping of a-c) CuO nanoparticles synthesised in IPA; and d-f) CuCl2 nanoparticles fabricated in IPA-HCl.  
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to dry. IPA dry’s in the air quickly, which is one of its advantages in 
PLAL, especially during characterisation (FTIR, SEM, XPS and others) 
and inkjet printing applications. 

3.3. Detection of L-Glutamine amino acid and ammonia using Cu NP 
plasmon properties 

Various concentrations of glutamine were mixed with diluted CuCl2 

Fig. 4. (A) XPS results showing the copper Cu 2p 3/2 peak for the IPA and IPA-HCl samples, with components fit for metallic Cu/Cu2O (red), CuO (green), and CuCl2 
(blue); (b) XPS of the oxygen O 1s peak for the same samples. Components fit residual hydroxides (orange) and metal oxides (green). 

Fig. 5. Ultraviolet–visible spectroscopy analysis of a) CuO nanoparticles synthesised in IPA; and b) CuCl2 nanoparticles fabricated in IPA-HCl; c) CuCl2 (left) and CuO 
(right) colloids; and d) Fourier-transform infrared spectroscopy analysis of CuO nanoparticles. 
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colloids that were synthesised in IPA-HCl liquid (12 mM HCl concen
tration). The mixtures were shaken by hand for 2 s and immediately 
analysed by UV–Vis. This demonstrates the fast response time of the 
detection method. Changes in CuCl2 NP absorbance (intensity) at the 
plasmonic peak (300 nm) were used as an indicator for the detection of 
glutamine concentrations. The UV–Vis absorbance increased with 
increasing glutamine concentration as shown in Fig. 6a. The UV–Vis 
absorbance started to respond with statistical significance at a glutamine 
concentration of 20 nm, which is the limit of detection. Fig. 6b shows a 
monotonically increasing relationship between the glutamine concen
tration and the absorbance. 

The CuCl2 NPs also detected ammonia/ammonium ions. The con
centration of ammonium was correlated to the UV–Vis absorbance as 
shown in Fig. 7a. The UV–Vis absorbance at 300 nm decreased in a 
logarithmic manner with increasing ammonium concentrations between 
0 and 500 ppm. A red shift in the UV–Vis spectra from 300 to 341 nm 
was recorded for ammonium concentrations greater than 750 ppm. 
Additionally, an immediate colour change from yellow-green to milky- 
white was observed for ammonium concentrations greater than 750 
ppm. The absorbance at 341 nm decreased linearly with increasing 
ammonium concentration from 750 ppm as shown in Fig. 7c. 

The CuCl2 plasmon sensor can also detect glutamine in the presence 
of ammonia. Fig. 7d shows the effect of increasing the glutamine con
centration in the presence of 500 ppm ammonium. The glutamine 
concentration is inversely proportional to the absorbance at 300 nm in 
the presence of 500 ppm ammonium. A similar result was recorded for 
an ammonium concentration of 1500 ppm as shown in Fig. 7e. From 
Fig. 7 d and e it can be seen that an increase in ammonium concentration 
made the sensor more sensitive to changes in glutamine concentrations 
(between 100 and 300 nM). 

3.4. Colloidal stability, concentration, size, electrical properties and 
viscosity 

Colloidal stability was assessed both qualitatively and quantitatively. 
Qualitative analysis was done by visual inspection whereby, visible 
agglomeration or NP sedimentation or both evidenced colloidal insta
bility. Colloids that were synthesised in DI water, ethanol and toluene 
displayed high levels of NP instability, which was evidenced by NP 
agglomeration and settling at the bottom (sedimentation) immediately 
after PLAL experiments (see supplementary information section for 
colloid images). Various laser processing parameters were explored in 
pursuit to alleviate the sedimentation but to no avail (see the supple
mentary section for these experiments). IPA liquid showed lower visible 

agglomeration than ethanol, DI water and toluene samples, while IPA- 
HCl samples displayed no agglomeration and no sedimentation. 
Colloidal stability was also measured quantitatively via DLS by 
measuring the Zeta potentials. The Zeta potential values are shown in 
Table 1. The IPA-HCl liquid media is deemed the most suitable for 
achieving colloidal stability than any of the other media herein, and 
pure IPA came second best. The NP size and concentration (in particles/ 
ml) were measured via DLS. The relative ablation efficiency among the 
samples was calculated according to Equation (1) and the results are 
shown in Table 1. The colloidal conductivities (mS/cm) were measured 
via DLS for conductive inks applications and the results are shown in 
Table 1. The IPA-HCl liquid compared to pure IPA increased the ablation 
efficiency by a maximum of 50-fold, reduced the NP mean size from 120 
to 53 nm, increased the NP stability (no sedimentation and higher Zeta 
potentials) and achieved an 8400-fold increase in electrical conductivity 
from 0.005 to 4.2 mS/cm. 

E= μc/m 1  

where E is the relative ablation efficiency, μ is the mean NP diameter 
(nm), c is the NP concentration (particles/ml) and m is the highest NP 
concentration multiplied by the NP mean size from Table 1 (20.2 × 86 =
1737.2). 

The viscosity of colloids increased with increasing NP concentration 
and size (ablated mass) as shown in Table 1. 

4. Discussion 

4.1. Conductive ink application 

Colloidal sedimentation is caused by a combination of weak van der 
Waals forces of attraction, weak particle charges (low Zeta potentials) 
and the high density of the Cu NPs. HCl in two different concentrations 
(6 and 12 mM) was added to IPA before the PLAL process to produce an 
IPA-HCl hybrid liquid. This introduced some surface charges on the Cu 
NPs that cause forces of repulsion among them. Additionally, HCl is a 
reducing agent, which reduces the Cu NPs thereby alleviating them from 
the typical oxide layers on the surfaces. This induces NP surface charges 
thereby inhibiting aggregation. This resulted in stable CuCl2 NPs. The 
HCl-containing samples were colourless immediately after PLAL exper
iments and turned yellow-green with time, reaching a light yellow-green 
colour after 24 h of shelf life at room temperature (21 ◦C). The gradual 
change in colloidal colour is a sign of the completion of the Cu NP 
reduction process. No particle sedimentation or agglomeration was 
observed in any of the HCl-containing samples immediately after PLAL, 

Fig. 6. a) Ultraviolet–visible spectroscopy analysis of CuCl2 nanoparticles and glutamine; and b) correlation between glutamine concentration and absorbance, n 
= 3. 
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1hr after PLAL or 12 months after PLAL. Hence, the IPA-HCl hybrid 
liquid medium is demonstrated herein for the first time to be a stabil
ising agent for Cu NP production from PLAL. 

Furthermore, Zeta potential measurements are the most common 
method of establishing colloidal stability. Colloids with Zeta potentials 
of magnitude <10 mV are considered neutral and unstable and the NPs 
are likely to aggregate and settle to the bottom. Colloids with Zeta po
tential magnitudes >30 mV are considered charged, stable and unlikely 
to exhibit particle aggregation due to the repulsive forces. 

The CuCl2 NPs exhibited a 47-fold larger Zeta potential magnitude 
(Table 1) than the CuO NPs and an 8400-fold larger electrical conduc
tivity value (0.005 vs 4.2 mS/cm). The CuCl2 NPs were also smaller than 
the CuO NPs (Table 1). Furthermore, a 50-fold higher ablation efficiency 
was recorded for CuCl2 NPs than CuO NPs, which would translates to 
production cost savings. The CuCl2 NPs are therefore a better candidate 
for conductive inks than the CuO NPs. The typical electrolyte conduc
tivity of lithium-ion batteries is in the range of 0.05–10 mS/cm [44,45]. 
To that end, the Cu NP colloids fabricated herein also have the potential 
to be applied in nano-batteries owing to their high conductivities. The 
formation of CuCl2 within the IPA-HCl liquid is attributed to the chlorine 
supplied by the liquid medium during NP formation. The atoms from the 
liquid medium are also vaporised along with the target during the PLAL 
process and are available for bonding during NP nucleation, growth and 
ageing [15,35,38]. In one study, PLAL was studied in the dichlorination 
of 1,4-Dichlorobenzene, where it broke down the liquid medium and 
released chlorine gas [34]. Gas chromatography measured chlorine 
removal, with a direct-pulsed laser process of 266 nm and 10 mJ/pulse 

power achieving 95% decomposition in just 15 min. Laser beam profile 
also affected removal efficiency, with a multipath laser irradiation sys
tem achieving more than 95% dechlorination efficiency in 5 min. Thus, 
the multipath system increased surface area exposed to the laser beam, 
speeding up the dechlorination reaction compared to a single pathway. 
This study and demonstrated that the liquid medium is heavily involved 
during the PLAL process. The formation mechanism of CuO NPs involves 
the bonding of oxygen atoms from liquid IPA with Cu atoms in the 
cavitation bubble during nucleation. The presence of oxygen during EDX 
analysis can also be attributed to the air and the oxygen attached to the 
NPs during drying prior to analysis. Research has shown that organic 
compounds reduce oxidation levels during PLAL compared to DI water 
due to their lower oxygen ratios [39,46]. In contrast to water, which has 
a 2:1 hydrogen to oxygen ratio, organic solvents have a much lower 
oxygen ratio and are dominated by carbon and hydrogen atoms. 

Moreover, the NP shape is controlled by the rate of nucleation and 
growth, which is in turn controlled by various factors including tem
perature, pH, seeds and supersaturation. A review by Wu et al. [47] in 
2016 explained some of the mechanisms that control the NP shape 
including adsorption growth, agglomeration, orientation attachment, 
underpotential deposition and Ostwald ripening. After the nucleus is 
formed during the initial stages of PLAL, the growth rate of the NPs 
increases with increasing surface free energy and the number of surface 
defects. A high surface free energy drives the nucleus to grow fast 
leading to the formation of spherical NPs rather than anisotropic ones. 
Furthermore, agglomeration, which is caused by Van Der Waal forces, 
the collision of NPs, high surface free energy and their small nanoscale 

Fig. 7. a) Effect of ammonium concentration on the photoabsorption, b) effect of ammonia on photoabsorption at 300 nm, c) effect ammonia concentration on 
photoabsorption at 314 nm; and the effect of glutamine concentration on the absorbance in the presence of an ammonium concentration of d) 500 ppm, and e) 
1500 ppm. 

Table 1 
Measured copper nanoparticle colloid properties.  

Sample Concentration (106 

particles/ml) 
Mean diameter 
(nm) 

Relative ablation 
efficiency 

Mean Zeta potential 
(mV) 

Mean electrical conductivity 
(mS/cm) 

Viscosity (mPa. 
s) 

IPA-HCl (12 
mM) 

24.3 53 0.74 − 32.1 ± 0.05 3.7 ± 0.1 3.2 ± 0.03 

IPA-HCl (6 
mM) 

20.2 86 1 − 42.7 ± 0.11 4.2 ± 0.2 3.5 ± 0.05 

IPA 0.3 120 0.02 − 0.9 ± 0.06 0.0005 ± 0.0003 2.1 ± 0.07  

A. Nyabadza et al.                                                                                                                                                                                                                              



Solid State Sciences 139 (2023) 107171

8

size, tends to favour the formation of spherical, oval and quasi-spherical 
NPs such as the CuO NPs herein. Repulsive forces among NPs influence 
the NP growth direction, reduce NP agglomeration and were reported to 
be a suitable mechanism for producing anisotropic NPs such as the 
pyramidal-shaped ones in Fig. 2 [47]. Additionally, Liebig et al. [48] 
reported the formation of triangular Au NPs instead of spherical ones 
when a surfactant (dioctyl sodium sulfosuccinate) was used. The for
mation of triangular NPs was attributed to the diffusion-limited Ostwald 
ripening growth mechanism. The average growth rate of the NPs was 16 
nm3/min while the growth rate in the vertical direction was only 0.02 
nm/min hence flat triangles were formed, similar to the CuCl2 flat py
ramidal NPs herein. The surfactant molecules attached to specific crystal 
faces and broke the symmetry (spherical shape). Within the aforemen
tioned work, the Au NPs started as spheres and transformed into tri
angles with time. Herein, the time evolution of the NP shape was not 
studied in detail, however, Fig. 2c shows evidence of a few small 
spherical NPs among the pyramidal ones, which suggests that the py
ramidal particles could have also started as spheres. The aforementioned 
is in agreement with previous findings in the literature which show that 
the NPs start as small spheres with a narrow size distribution within the 
plasma plume resulting from the thermodynamic equilibrium between 
the processes of nuclei growth and the evaporation [39]. 

CuCl2 forms octahedral bond structures, while CuO forms cubic 
structures, which may contribute to the observed differences in final 
nanoparticle shapes. Our research team previously found that a con
centration of HCl below 3 mM in the HCl-IPA liquid medium resulted in 
spherical nanoparticles instead of pyramidal ones [49]. This concen
tration corresponds to a pH of 1.9, while the 6 mM and 12 nM con
centrations used in this study had similar pH values between 1.9 and 1.6, 
suggesting that the actual concentration of HCl affects NP shape but not 
pH value. However, pH has been shown to affect other PLAL process 
outputs, such as NP size and yield [39,50–54]. Despite this, few reports 
have investigated the influence of pH on the PLAL process, highlighting 
a gap in the literature that warrants further analysis. 

The mean viscosity of pure IPA-HCl liquid was 1.3 mPa s while the 
Cu colloids had mean viscosities of 2.1 mPa s (IPA-synthesised sample), 
3.2 mPa s (IPA-HCl-synthesised sample, 12 mM HCl) sample) and 3.5 
mPa s (IPA-HCl-synthesised sample, 6 mM HCl). The Cu NPs increased 

the viscosity of IPA. The viscosity increased with increasing NP con
centration and size as shown in Table 1. The viscosity of the as- 
fabricated colloids can be low for some conductive ink applications. 
For example, some inkjet printers require ink viscosities between 4 and 
8 mPa s [55]. Glycerol was added to Cu colloids at different concen
trations (1, 2, 5 and 10 %v/v) to increase the viscosity. The viscosity 
increased linearly with increasing glycerol concentration and values up 
to 5.2 mPa s were recorded at 10 %v/v glycerol. 

4.2. Glutamine and ammonia detection application 

Plasmon biochemical sensors have gained much attention in the 
literature owing to their fast response time, easy data accusation, high 
resolution, high repeatability and low mass [1,2,14]. Herein, the fabri
cated CuCl2 NPs showed high UV–Vis absorbance and were assessed for 
biochemical sensing of glutamine. Glutamine is an amino acid whose 
concentration can be used as a biomarker for health conditions including 
neurologic disorders. Fig. 6b shows a recorded increase in absorbance of 
CuCl2 NPs 300 nm with increasing glutamine concertation. A similar 
measurement technique was reported by Jiang et al. [14] who recorded 
a polynomial relationship between the H2O2 concentration and UV–Vis 
absorbance at 426 nm. Some recent plasmon sensors in the literature 
that employed similar detection mechanisms are displayed in Table 2. 

Non-invasive methods of diagnosis such as the biochemical analysis 
of urine and sweat samples are more convenient methods than invasive 
methods owing to the lower cost, no pain to the patient is induced and a 
quicker analysis can be done. Ammonia is excreted through sweat and 
urine and its concentration is regulated therefore, deviations in normal 
concentrations are indicative of health issues. Urine from healthy 
humans is composed of about 96% water, 2% urea (includes ammonia 
and amino acids such as glutamine), 0.1% creatinine, and the rest 
comprises of salts such as potassium and phosphates [56]. The normal 
ammonium concentration in healthy human urine is below 10 ppm [20, 
21,57]. Measurements of ammonia concentration in urine can be used to 
diagonise urinary tract infection, hyperammonemic encephalopathy 
and hepatic disease [23,24]. 

In one study, ammonia levels greater than 14 ppm (79.5 μmol/l) 
from human urine samples were associated with a higher probability of 

Table 2 
Plasmon sensors based on nanoparticles.  

Method of synthesis NP composition Detection mechanism Detected molecule Ref 

Cu NPs were synthesised from Cu powder ablated via an Nd: 
YAG pulsed laser under IPA-HCl liquid 

CuCl2 UV–Vis absorbance of the 300 nm plasmon peak increased 
with increasing glutamine concentration 

Glutamine (0.2–1500 
nM) 

herein 

ZnO NPs were synthesised via a hydrothermal method ZnO Colloidal potential difference (mV) increased with 
increasing glutamine concentration 

Glutamine (100–10 
000 nM) 

[2] 

Au NPs were synthesised by the reduction of HAuCl4 using 
H2SO4 

Au Colloidal potential difference (mV) increased with 
increasing glutamine concentration 

Glutamine (100–800 
nM) 

[13] 

Ag–Au NPs were sythesised by the reduction of HAuCl4 and 
AgNO3 ions by E.coli extracts 

Ag–Au 
bimetallic 

UV–Vis absorbance at the 426 nm plasmon peak increased 
with increasing H2O2 concentration 

H2O2 (16–250 μM) [14] 

Au–MnO were synthesised by reduction of Mn ions in the 
presence of Au NPs followed by annealing 

Au–MnO 
bimetallic 

Current through a glassy carbon electrode increased with 
increasing H2O2 concentration 

H2O2 (8–100 nM) [19] 

WO3 NPs were synthesised via flame spray pyrolysis followed 
by doping with Cr to stabilise the ε phase 

Cr-WO3 A decrease in electrical resistance was caused by an 
increase in acetone concentration 

Acetone (3–17 μM) [58] 

Ag NPs were synthesised via the reduction of AgNO3 by 
sodium and functionalised with glutamine and histidine 

Ag-glutamine- 
histidine 

UV–Vis red-shift of the 407 nm plasmon peak to 480 nm 
and a sharp colour change from yellow to orange with 
increasing Hg2+ ion concentration 

Hg2+ ions (1–500 μM) [17] 

Au NPs were synthesised by reducing HAuCl4 in the presence 
of lead perchlorate, mercuric acetate, sodium hydroxide and 
polyvinylpyrrolidone 

Au UV–Vis red-shift of the 570 nm shift with increasing ion 
concentration 

Hg2+ and Pb + ions 
(0.1–1 μM) 

[18] 

Au NPs were synthesised by reducing HAuCl4 in the presence 
of Mercury perchloride and cadmium perchloride and were 
fictionalised by papain 

Au-Papain UV–Vis absorbance ratio of the 626 and 524 nm plasmon 
peaks depended on the type of ion present 

Hg2+, Pb2+ and Cu2+

ions (1–40 μM) 
[59] 

Ag NPs synthesised by the reduction of AgNO3 using fresh 
neem leaf extracts 

Ag Changes in UV–Vis absorbance and red and blue shifts of 
the 411 nm plasmon peak depending on the type of ion 

Hg2+ and Pb2+ ions 
(20–200 μM) 

[60] 

Ag NPs synthesised from a AgNO3 solution by a precipitation 
method 

Ag Changes in UV–Vis absorbance of the 428 nm peak was 
correlated to changes in ammonia concentration 

Ammonia 
(10,000–60,000 ppm) 

[1] 

Cu NPs synthesised via a one-pot method from a CuSO4⋅5H2O 
solution 

Cu Changes in UV–Vis absorbance at 652 nm is proportional 
to H2O2 concentrations 

Glucose and H2O2 

(0.001–1mM) 
[3]  
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liver and kidney failures [21]. Certain ammonia concentrations in urine 
are also indicative of diabetes [20]. Hence, urine and sweat ammonia 
concentrations are used for health monitoring and non-invasive 
diagnosis. 

The CuCl2 NPs could measure both glutamine concentration (Fig. 6) 
and ammonia concentration (Fig. 7 a-c) independently. It was recorded 
that a visible and immediate colour change occurs at certain ammonia 
concentrations (≥750 ppm), which can be used for quick qualitative 
measurements. In real-life situations, the urine/sweat ammonia could 
interfere with the glutamine readings given that the CuCl2 NPs can 
interact with both. Therefore, the sensor should be able to detect 
glutamine concentrations in the presence of ammonia. The ammonia 
concentration in urine is less than 10 ppm. An increase in the CuCl2 
colloid from 0.5 μl to 1 μl increased the maximum absorbance from 1 to 
3 a. u. At 3 a. u absorbance, low concentrations of ammonia (<250 ppm) 
could not change the absorbance statistically significantly hence, 
glutamine concentrations can be accurately measured independently of 
fluctuations in ammonia concentrations under 250 ppm. This solves the 
interference issue in urine samples. 

An increase in ammonia concentration above 250 ppm causes 
interference with glutamine measurements as shown in Fig. 7d and e. In 
the absence of ammonia, an increase in glutamine concentration caused 
an increase in UV–Vis absorbance. Conversely, in the presence of 
ammonia (>250 ppm), an increase in glutamine concentration caused a 
decrease in UV–Vis absorbance. Fig. 7d and e shows glutamine readings 
in the presence of ammonia concentrations of 500 ppm and 1500 ppm 
respectively. The glutamine concentration now has an inversely pro
portional relationship with the absorbance, which is the opposite of 
what it was at ammonium concentrations below 250 ppm. Additionally, 
the absorbance values depend on the amount of ammonia present. In 
both cases (500 and 1500 ppm ammonia), the absorbance is inversely 
proportional to the glutamine concentration. The resilience of the sensor 
in the presence of other molecules such as potassium and phosphates 
requires investigation. More experimental data, coupled with machine 
learning algorithms could be used to increase the accuracy and stability 
of the plasmon sensor. This in trun could lead to a breakthrough in non- 
invasive, cheap, high resolution, accurate and high throughput detec
tion and monitoring of glutamine concentrations. 

4.3. Optical properties 

Ultraviolet–visible spectroscopy gives information about the optical 
properties of the NPs; particularly it gives information about how much 
light at a certain wavelength is absorbed by the particles. Each material 
exhibits district peaks on the UV–Vis spectrum and these can be used to 
identify the material. Either CuO NPs or CuCl2 NPs were synthesised 
depending on the liquid medium according to the EDX and XPS analysis. 
The liquid medium is involved during all stages of the ablation process; 
from electron cloud formation [15], through plasma plume formation, 
cavitation bubble events, embryo formation, NP nucleation, NP growth 
and NP ageing [39]. Optical absorbing properties of the CuO and CuCl2 
are shown in Fig. 5 a and b respectively. The differences in plasmon peak 
absorbance and wavelength are attributed to differences in chemical 
composition. The CuCl2 NPs displayed much better optical absorption 
properties than the CuO as evidenced by the much higher absorbance of 
over 20-fold (factoring in dilution factors). 

The UV–Vis peak at 300 nm is attributed to either Cu metal or CuO 
while the peak around 600 nm is ascribed to Cu2O [61–63]. It is worth 
mentioning that the 600 nm peak is the more oxidized version of Cu NPs 
while the 300 nm peak represents less oxidation. The peak at around 
300 nm was previously attributed to the interband transition of copper 
electrons from a deep level of the valence band while the peak at around 
600 nm is due to the interband transition of a copper electron from an 
upper level of the valence band known as the surface plasmon resonance 
peak [64,65]. Peaks at 363 and 423 nm instead of 600 nm were recorded 
for the IPA-HCl synthesised colloids is a clear sign of NP surface 

modification attributed to the H+ and Cl− ions. The peak at 363 has been 
previously attributed to the surface plasmon resonance of Cu NPs [66]. It 
is desirable in plasmon sensors for the Cu NPs to have multiple absor
bance peaks thereby enabling them to be used over multiple wave
lengths [26]. It has been reported that particle agglomeration reduces 
the UV–Vis absorbance of a colloid [65], which contributed to the lower 
absorbance values of the IPA sample. Given the specific absorption 
range and intensity of absorption that are pre-definable with the CuCl2 
NPs, the development of a UV light-detection sensor is an interesting 
application area. 

Ammonia concentrations greater than 750 ppm induced a red-shift of 
the 300 nm Peak to 341 nm, a disappearance of the 363 and 423 nm 
peaks (as shown in Fig. 7) and a colloidal colour change from yellow- 
green to milky-white. Cu reacts with ammonia and ammonium ions to 
form the copper–ammonia complex ion ([Cu(NH3)4]2+) [67,68]. As the 
concentration of the [Cu(NH3)4]2+ ions reach a certain threshold, the 
optical properties of the colloid change drastically hence the red shift. 

The FTIR spectra of dried Cu NPs that were synthesised in IPA are 
shown in Fig. 5d. A similar spectrum was published in 2019 by another 
research team who examined the properties of Cu NPs in biomedicine 
[61]. The peaks in the fingerprinting region between 500 and 700 cm− 1 

are attributed to oxygen-metal vibration. The existence of copper oxide 
is confirmed by the 566 and 628 cm− 1 peaks which are ascribed to the 
bending vibrations of Cu2–O [61,69] and Cu–O [61,70] respectively. 
The peaks in the functional group region around 3361 and 3196 cm− 1 

were previously attributed to the hydroxyl functional group stretching 
mode. Furthermore, the peaks in the functional group region around 
1418 and 1645 cm− 1 are attributed to sp2 carbon groups and carbonyl 
groups respectively [61,70]. The carbon peaks are most likely coming 
from the carbon within the liquid IPA that has attached to the Cu NPs. 
FTIR reviewed the existence of CuO and Cu2O for IPA synthesised 
samples which are in agreement with the UV–Vis data. 

4.4. Future work 

The plasmon sensor (CuCl2 colloid) developed herein showed 
promise for the detection of glutaminein the presence of ammonia. The 
sensor is not linear and it exhibited UV–Vis red shift at certain concen
trations. Therefore, more experiments are required which will explore 
various combinations of concentrations to improve the accuracy. 
Additionally, the CuCl2 colloids exhibit a high conductivity. A correla
tion between changes in conductivity with changes in glutamine/ 
ammonia concentration can be another detection mechanism. Poten
tially, the two mechanisms (photometric and conductometric) would be 
used in conjunction to increase sensing reliability. Cu reacts with 
ammonia and ammonium ions to form the copper–ammonia complex 
ion ([Cu(NH3)4]2+) [49]. These are positively charged ions and they 
increase the Zeta potential of the colloid positive values from being 
previously negative (− 42.7 mV). This can be used as yet another 
detection mechanism. The sensor will also be subjected to glutamine 
detection tests in the presence of potential interferences such as potas
sium ions and changes in temperature and pH. Machine learning algo
rithms have gained much attention in the literature owing to their 
ability to quickly learn trends without the need to deeply analyse the 
underpinning phenomenon. This enables for faster development of the 
sensor that was introduced for the first time herein. Cu NPs are highly 
reactive, making them a good candidate for the detection of multiple 
types of molecules, even in trace amounts. Glucose sensors are one of the 
most reported types of sensors owing to the rising cases of diabetes [3]. 
Future work can explore the detection of glucose using the same plas
mon sensor and in the presence of other molecules. Additionally, the 
plasmon sensor can be applied in drinking water treatment for the 
detection and monitoring of ammonia [1]. 

CuCl2 NPs have not been investigated as much as CuO NPs in liter
ature and both version have their own merits and deserve more research 
for various applications. Another study confirmed that CuO NPs have 
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markedly higher cytotoxicity than CuCl2 NPs in human lung cell lines 
[71]. It also revealed that the impact of CuO NP varies depending on the 
dose, with even non-cytotoxic concentrations resulting in alterations in 
gene expression. Conversely, alterations in gene expression caused by 
CuCl2 were only evident at toxic concentrations, which interfere with 
copper homeostasis. CuO NPs are by far more popular than CuCl2 NPs in 
the literature. Cu NPs synthesised via PLAL are popular for their anti
bacterial properties which has been explored very well in the literature. 

5. Conclusion  

• The shape and chemical composition of Cu NPs were controlled using 
liquid media. Quasi-spherical CuO NPs were synthesised in IPA, 
while pyramidal metallic Cu and CuCl2 NPs were synthesised in an 
IPA-HCl liquid medium.  

• The plasmon property of the laser-synthesised CuCl2 nanoparticles 
was utilized for the detection of changes in glutamine concentration 
in the presence of ammonia in the range of 20–1500 nM, with a limit 
of detection of 20 nM. This demonstrates potential applications of 
the sensor in non-invasive diagnosis and monitoring, such as the 
analysis of urine and sweat samples.  

• An increase in glutamine concentration resulted in an increase in 
UV–Vis absorbance at 300 nm in the absence of ammonia, while in 
the presence of ammonia (>250 ppm), an increase in glutamine 
concentration caused a decrease in UV–Vis absorbance.  

• The CuCl2 NPs exhibited higher colloidal electrical conductivity 
compared to CuO NPs, with the highest conductivity recorded being 
4.2 ± 0.2 mS/cm, which is comparable to the conductivity values of 
commercial battery electrolytes. 
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