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A B S T R A C T   

The development of photothermal agents for antibacterial applications has become increasingly attractive. An 
exciting area for these materials is in the food industry where such materials can be applied to prevent microbial 
contamination, as an environment-friendly alternative to chemical disinfectants. However, for such applications, 
there is a need for low-cost photocatalytic materials with easy synthesis procedures and long-term stability. In 
this regard, copper sulfide (CuS) nanomaterials have gained vast attention for their large antimicrobial response, 
driven primarily by the photothermal effect resulting from their uniform absorption in the NIR range. However, 
an important factor for a successful application is the level of the light-to-heat conversion capability of the 
specific CuS nanomaterial, which highly impacts on the antimicrobial response. Here, different synthesis pro
cedures were investigated to synthesize a variety of CuS particles with distinct sizes and shapes, to demonstrate 
the large variation in antimicrobial response. The antibacterial activity of the particles was demonstrated on the 
bacterium Escherichia coli (E. coli) by irradiation with a regular IR lamp, to simultaneously investigate light 
absorption under a relatively low irradiation power. The results reveal that the light absorption of the CuS 
particles vary greatly and thus also so does the antibacterial effect. In conclusion, the difference in antimicrobial 
effect can not only be ascribed to size and morphology, but it is also influenced by crystal size and phase 
composition.   

1. Introduction 

Recently a great deal of interest has been shown in the photocatalytic 
properties of carbon-based, metallic and semiconducting materials 
[1–4]. Among other applications, these materials have the potential to 
fight antibiotic-resistant bacteria and disinfectant-resistant biofilms [5, 
6], to be applied for cancer treatment [7–11] and to be utilized for en
ergy production and storage applications [12]. 

The cases of antibiotic-resistant bacteria are on the rise globally and 
pose acute danger to the public health. Scientists are constantly looking 
for new solutions to fight antibiotic-resistant bacteria and the potential 
of photocatalytic materials is being explored. Several reports confirm 
that photocatalysts have the potential to be used as antibacterial agents 
[1–4]. The antimicrobial effect of photocatalytic materials is reported to 
be governed by their photothermal properties as well as by the pro
duction of reactive oxygen species (ROS). Light-triggered antibacterial 

agents, such as titanium dioxide, graphene-based materials and plas
monic metals, have been frequently reported in the literature [13,14]. 
However, the need for low-cost photocatalytic materials with easy 
synthesis procedures, long-term stability and high photoactivity has 
compelled scientists to look for alternative materials. In this regards, 
photodynamic and photothermal properties of molybdenum, zinc, cop
per and other metals oxides have been explored [15–17]. 

Recently metal sulfides have emerged with interesting photody
namic and photothermal properties. Multiphasic molybdenum disulfide 
(MoS2) with photoactivities has been reported for energy production 
and storage, as well as for light-driven antibacterial applications [18]. 
MoS2-based composite materials, for instance MoS2@Ag and MoS2@
copper films, have been reported as a water disinfectant under light 
irradiation against E. coli [19,20]. Similarly, a nanocomposite based on 
MoS2− ZnO-reduced graphene oxide (GO) has been described to show 
high antibacterial activity under light irradiation against S. aureus and 
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E. coli [21]. Copper sulfide (CuS), which is a narrow bandgap semi
conducting material, has also been reported with attractive electrical 
and optical properties [22]. The absorption of the CuS nanoparticles lies 
in the NIR region (≈900–1300 nm) originating from the d–d energy 
band transition of Cu2+ ions [23]. CuS has shown effective photo
thermally induced antimicrobial properties [22]. Composite materials 
with CuS as one component have also been reported in the literature for 
antimicrobial applications. For example, a CuS/protonated g-C3N4 
composite has been shown to exhibit bactericidal effects against both 
gram-positive and gram-negative bacteria [24]. CuS nanoparticle com
plex hydrogels have shown complete photothermal bactericidal activity 
against S. aureus and E coli. [25]. 

The potential use of photocatalytic materials in energy production 
and storage, as well as for biomedical applications, is well documented, 
as discussed above. An emerging area for these materials is in the food 
industry where such materials can be utilized to fight disinfectant- 
resistant biofilms. Chemical disinfectants such as sodium hypochlorite, 
chlorine dioxide, hydrogen peroxide, peracetic acid, quaternary 
ammonium compounds, ozone and electrolyzed water are widely used 
in the food industries to prevent microbial contamination of raw ma
terials and food products [26] to ensure food safety. However, the 
commercially applied chemical disinfectants have disadvantages, such 
as their corrosive nature, formation of toxic by-products, unstable and 
explosive nature, and high cost [26]. 

The food industry is looking for alternative solutions which are 
effective, economical and environment-friendly. In this regard, the po
tential of photocatalytic material-based solutions can be explored. For 
such applications, low-cost materials with uniform light absorption in 
the IR range and high capabilities of light-to-heat conversion are of great 
interest. Here, CuS-based materials are good candidates. However, the 
level of NIR absorption of these materials is dependent on many factors, 
such as size, morphology, phase, crystal size and a combination of these. 
Thus, detailed investigation is needed to understand the large individual 
variations in the antimicrobial effect of these materials. In this study, we 
have investigated different synthesis procedures to synthesize a variety 
of different CuS particles with distinct sizes and shapes to demonstrate 
the large variation in antimicrobial response. The produced particles 
were characterized in detail with scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray 
photoelectron spectroscopy (XPS) and visible-near infrared (Vis-NIR) 
spectroscopy. Further, the photothermal properties of the particles were 
evaluated and their antibacterial properties were verified on E.coli by 
irradiation with an IR lamp. 

2. Materials and methods 

2.1. Materials 

Copper(II) nitrate trihydrate (Cu(NO3)2⋅3 H2O), copper(II) chloride 
dihydrate (CuCl2⋅2 H2O), copper(II) acetate hydrate (Cu 
(CH3COO)2⋅H2O), sodium thiosulfate pentahydrate (Na2S2O3⋅5 H2O), 
sodium sulfide nonahydrate (Na2S⋅9 H2O), sodium citrate monobasic 
(NaC6H7O7), Tween 80 and ethylene glycol (EG) were purchased from 
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Absolute ethanol 
was obtained from Antibac (Kiilto Oy, Tampere, Finland). 

2.2. Synthesis of CuS particles 

Different synthesis procedures for CuS particles were investigated to 
produce particles with distinct sizes and morphologies. The five 
different synthesized particles were ascribed to flowers (CuS-FL), hex
agonal rods (CuS-RD), snowballs (CuS-SB) and nanoparticles (CuS-NP1 
and CuS-NP2). The synthesis procedures were derived from the litera
ture [27–29]. The small nanoparticles (CuS-NP1) were selected for their 
potential efficient heat generation and the flower-shaped particles 
(CuS-FL) due to their unique structure. The CuS-NP2 particles were 

chosen as nanoscale reference for the CuS-NP1 particles. Further, the 
rod-shaped (CuS-RD) and the snowball-shaped (CuS-SB) particles were 
derived from the CuS-FL and the CuS-NP2 particles, respectively, to 
adjust the size while keeping a similar morphology without altering the 
precursors and the synthesis conditions. 

Copper nitrate, copper chloride or copper acetate were used as the 
copper precursors in combinations with sodium thiosulfate or sodium 
sulfide, in either water or mixtures of water and ethylene glycol, as 
presented in Table 1. For CuS-RD, CuS-SB and CuS-NP1, the size and 
shape were controlled by the addition of sodium citrate (Table 1). The 
molar ratio of sodium citrate to Cu was kept to 0.68:1 for all synthesis 
procedures where sodium citrate was added. The synthesis solutions 
were heated in an oil bath at 70 or 90 ◦C under constant stirring with 
reflux. Subsequently, the synthesized particles were cooled down and 
separated by centrifugation, washed two times with Milli-Q water and 
vacuum dried. 

2.3. Characterization of the CuS particles 

2.3.1. Scanning and transmission electron microscopy 
Scanning electron microscopy (SEM) and transmission electron mi

croscopy (TEM) were used to study the size and morphology of the 
different CuS particles. SEM imaging was performed with a Zeiss EVO 50 
microscope (Carl Zeiss, Cambridge, UK). Prior to the SEM imaging, dry 
particles were placed on a carbon tape and further sputter-coated with a 
gold-palladium alloy with a Polaron SC 7640 sputter coater (Quorum 
Technologies Ltd, East Sussex, UK). TEM imaging was performed with a 
JEOL JEM-2100Plus (JEOL Ltd., Tokyo, Japan), with a camera of type 
TVIPS TemCam-XF416. For TEM imaging, the nanoparticles were 
dispersed in ethanol at a concentration of 0.1 mg/mL and deposited on 
holey carbon grids. 

2.3.2. X-ray diffraction 
The materials were characterized for their crystallinity using X-ray 

diffraction (XRD). The XRD data was obtained using a Bruker D8 
Discover instrument (Bruker AXS GmbH, Karlsruhe, Germany) in the 2θ 
range 20–60◦ with a step size of 0.04◦ and an acquisition time of 3 s/ 
step. The crystallite particle sizes were determined using the Scherrer 
formula: D = kλ/β cos θ. Here, D is the average crystallite size, K is the 
shape factor (constant, 0.90), λ (1.544 Å) is the wavelength of the CuKα 
radiation, θ is the Bragg’s angle, corresponding to the maximum of the 
diffraction peak, and β is the full width at half maximum (FWHM) of the 
diffraction peak measured in radians [29]. 

2.3.3. X-ray photoelectron spectroscopy 
The surface chemical composition of the synthesized materials was 

analysed with X-ray photoelectron spectroscopy (XPS). XPS spectra were 
obtained with a Kratos Axis UltraDLD XPS instrument using a 

Table 1 
Synthesis conditions for the different CuS particles. The molar ratio of sodium 
citrate to Cu was maintained at 0.68:1 for CuS-RD, CuS-SB and CuS-NP1. For 
CuS-NP2, the pH was adjusted to 6.5 with 1 M HCl.  

Sample Cu-precursor S- 
precursor 

Solvent, tot 
V 

Temp, 
time 

Na 
citrate 

CuS-FL 2 mmol Cu 
(NO3)2 

2 mmol 
Na2S2O3 

1:3 H2O- 
EG 
40 mL 

70 ◦C 
4 h 

No 

CuS-RD 2 mmol Cu 
(NO3)2 

2 mmol 
Na2S2O3 

1:3 H2O- 
EG 
40 mL 

70 ◦C 
4 h 

Yes 

CuS-SB 1 mmol 
Cu(CH3COO)2 

6 mmol 
Na2S2O3 

H2O, 
400 mL 

90 ◦C 
6 h 

Yes 

CuS- 
NP1 

1 mmol 
CuCl2 

1 mmol 
Na2S 

H2O 
1000 mL 

90 ◦C 
15 min 

Yes 

CuS- 
NP2 

1 mmol Cu 
(CH3COO)2 

6 mmol 
Na2S2O3 

H2O 
400 mL 

90 ◦C 
6 h 

No  
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monochromatic Al Kα X-ray source (1486.6 eV) operating at 15 kV and 
10 mA at the normal emission angle. For survey and high-resolution 
spectra, the used pass energy was 80 and 20 eV, respectively. XPS 
measurements were performed on two separate spots for each sample. 
The atomic percentage (at%) of the different elements was derived by 
calculating the area of the peaks and correcting for the sensitivity factors 
using the CasaXPS software. 

2.3.4. Photothermal effect upon near infrared irradiation 
The photothermal properties of the drop-cast CuS-particles were 

characterized using NIR laser irradiation with wavelengths tunable in 
the 700–980 range (Mai Tai Spectra Physics, Santa Clara, CA, USA). The 
diameter of the beam spot was set to 12 mm. The temperature changes 
were monitored by means of a thermo-vision camera (FLIR, E40, Wil
sonville, OR, USA) and the supporting analysis software. 

The photothermal conversion performance of the samples was 
evaluated by calculating the specific absorption rate (SAR). Though an 
exact measure of the photothermal conversion efficiency should be 
performed under adiabatic conditions [30,31], a lower limit can be 
provided by computing the SAR coefficient from the faster relaxation 
component of the thermogram kinetics according to [32]: 

SAR =
C

mNP

dT
dt

⃒
⃒
⃒
⃒

t=0
=

C
mNP

ΔT1

τ1  

where C represents the specific heat, mNP the mass, T the temperature, t 
the time and τ1 and ΔT1 represent the relaxation time and temperature 
amplitude of the faster component of the temperature kinetics. The 
values were measured at different wavelengths under Iexc ≅ 0.2 W/cm2 

and are reported in kW/kg. 

2.3.5. Dynamic light scattering 
Dynamic light scattering (DLS) was utilized to evaluate the dis

persibility of the CuS particles. The particles were dispersed at a con
centration of 0.5 mg/mL by ultrasonication in Milli-Q water or in 0.1 wt 
% Tween 80, and measured on a Malvern Zetasizer Nano ZS instrument 
(Malvern Panalytical, Malvern, UK). The measurements were obtained 
in triplicate and the data are presented as averages. 

2.3.6. Visible-near infrared spectroscopy 
The absorption properties of the CuS particles dispersed in 0.1 wt% 

Tween 80 at a concentration of 0.5 mg/mL were studied by utilizing 
visible-near infrared (Vis-NIR) spectroscopy. The absorption spectra 
were obtained using a FOSS NIRSystems XDS Rapid Content™ Analyzer 
(FOSS Analytical A/S, Hillerød, Denmark). The spectral range measured 
was from 400 to 2500 nm with 0.5 nm increments. However, for a 
comparison of the absorption properties of the different CuS particles, 
the spectral range from 400 to 1400 nm was used since it covers the 

Fig. 1. SEM images of the three different morphologies of the microsized CuS particles. The images present two different magnifications of the particles as follows: 
a)-b) CuS-FL, c)-d) CuS-RD and e)-f) CuS-SB. 
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relevant absorption range for CuS. 

2.3.7. Antimicrobial response 
The antibacterial properties of the CuS particles were examined 

under a conventional 150 W IR lamp, which covers the whole IR spectra 
but has the highest relative spectral power in the range of 700–1300 nm. 
The lamp was placed at a 35 cm distance from the samples and the 
antimicrobial response was evaluated against Escherichia coli (BL21DE3 
strain), since this strain has previously been used for similar studies [22, 
33]. The bacteria were grown in tryptone soya broth, TSB, (Oxoid, 
Basingstoke, UK) overnight at 37 ◦C and 150 rpm. A suspension con
taining approximately 1 × 108 colony-forming units (CFU)/mL was 
prepared in TSB containing 0.1 wt% Tween 80. The CuS particles were 
dispersed in TSB (containing 0.1 wt% Tween 80 to aid the dispersion of 
the particles) by ultrasonication. On 12-well plates 1.8 mL particle dis
persions were mixed with 0.2 mL bacteria suspension, to have a final 
concentration of 0.3 mg/mL particles and 1 × 107 CFU/mL. Prior to the 
NIR irradiation, the plates were incubated at 37 ◦C, 80 rpm, for one 
hour. After this, the plates to be irradiated were taken out and placed 
under the IR lamp for 8 min under continuous shaking at 80 rpm. 
Further, the plates were incubated for another 15 min at 37 ◦C, 80 rpm, 
to reach normal temperature. The bacteria suspensions were diluted and 
plated on tryptone soya agar plates by the Whitley Automated Spiral 
Plater, WASP (Don Whitley Scientific Ltd., Shipley, UK). The viable 
bacteria number after incubation at 37 ◦C for 24 h was determined by 
counting the CFUs. All the experiments were performed in duplicate. 

3. Results and discussion 

3.1. Characterization of the size and morphology of the CuS particles 

CuS particles with different morphologies in the micro- and nano- 
size range were produced by utilizing various precursors and synthesis 
conditions. Scanning electron microscopy (SEM) images of the 

microsized particles are shown in  Fig. 1. The distinct and controlled 
morphology of these samples have been ascribed to flowers (CuS-FL) 
(Fig. 1a and b), hexagonal rods (CuS-RD) (Fig. 1c and d) and snowballs 
(CuS-SB) (Fig. 1e and f). Transmission electron microscopy (TEM) and 
SEM images of the nanosized particles are presented in Fig. 2, showing 
their very small size in the range of 10–30 nm in diameter. The electron 
microscopy images further reveal a slightly different shape of CuS-NP2 
(Fig. 2d-f). These are not spherical, but have rather sharp edges. The 
same sharp edges are seen on CuS-SB, which are derived from a similar 
synthesis procedure as CuS-NP2. 

3.2. X-ray diffraction studies 

X-ray diffraction (XRD) was employed to determine the crystalline 
phase compostion and crystallite size of the CuS particles. The diffrac
tion patterns of the different samples are presented in Fig. 3. Fig. 3a 
shows the diffraction patterns of the CuS-NP2 and CuS-SB samples, 
which can be grouped together as they display similar patterns. The 
main diffraction peaks can be indexed to a pure hexagonal covellite 
phase of CuS, with lattice constants a = 3.79 Å and c = 16.34 Å [34]. 
While CuS-SB does not show any other phases, sample CuS-NP2 contains 
some trace amounts of hydrated copper sulfates, namely bonattite (Cu 
(SO4)2•3 H2O) as well as chalcanthite (Cu(SO4)2•5 H2O). 

Similarly, Fig. 3b shows the diffractograms of the CuS-FL and CuS- 
NP1 samples, which display similar patterns in terms of peak posi
tions. Both samples consist of covellite CuS as the main phase with 
substantial amounts of the bonattite (Cu(SO4)2•3 H2O) phase. Finally, 
Fig. 3c shows that the CuS-RD sample consists mainly of the CuS 
covellite phase with fair amounts of the chalcanthite (Cu(SO4)2•5 H2O) 
phase. 

Theoretically, it should be possible to estimate the crystallite size 
from the XRD peak broadening. From the (102) reflection at ~29.3◦, the 
covellite crystallite size of samples CuS-SB and CuS-NP2 can be esti
mated as 31.3 and 18.5 nm, respectively. However, due to overlapping 

Fig. 2. SEM and TEM images of the two different CuS nanoparticles, where the upper row (a-c) presents CuS-NP1 and the lower row (d-f) CuS-NP2.  
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peaks from the hydrated copper sulfates phase, it is not possible to 
accurately determine the covellite crystallite size for the other samples. 
Nonetheless, the covellite crystallite size seems to decrease in the 
following order: CuS-SB > CuS-NP2 > CuS-RD > CuS-FL > CuS-NP1, 
based on the peak broadening. 

3.3. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a highly surface-sensitive 
analytical technique used to study the elemental composition, chemical 
state and electronic state of materials to a depth of about 10 nm [35]. 
Here, both survey spectra and high-resolution spectra were measured at 
two different spots for all the different particles synthesized. The atomic 
concentrations of the detected elements for each sample are presented in 
Supplementary Table ST1. The ratio between sulfur and copper is 3.5 
±0.5 for all the microsized particles. For the nanoparticles, the ratio is 
slightly lower, around 2.1 for CuS-NP1 and approximately 2.8 for 
CuS-NP2. Fig. 4a shows the survey spectra of the different particles with 
the identified carbon, oxygen, copper and sulfur peaks. Impurities such 
as chlorine, nitrogen and sodium were not detected. 

The atomic percentage of copper lies in the range of 9±3 at% for all 

the samples, except for CuS-NP1 where the concentration of copper was 
considerably higher at 23.5±1.5 at% (Supplementary Table ST1). For 
CuS-NP1, sodium sulfide is used as a sulfur precursor instead of sodium 
thiosulfate. This seems to influence the surface properties of the 
resulting particles. The CuS-NP1 particles were less prone to the 
adsorption of atmospheric impurities, as confirmed by the amount of 
detected carbon, discussed below. The high concentration of copper for 
CuS-NP1 can be further explained by their relatively small size. Fig. 4b 
shows the high-resolution spectra of copper. Copper peaks Cu2p3/2 at a 
binding energy of 932.5±0.3 eV and Cu2p1/2 at 952.2±0.3 eV confirm 
that the detected copper is bound with sulfur in the form of copper 
sulfide [36,37]. There are no differences observed in the shape and 
position of the Cu2p3/2 and Cu2p1/2 peaks. Interestingly, shake-up sat
ellite peaks representative of Cu2+ at around 945 eV were not observed, 
suggesting that copper is in the form of Cu+ [38,39]. It has been reported 
in the literature that the copper in covellite CuS is in the form of Cu+

rather than Cu2+, while S has various valencies, such as S2- and S2
- [40, 

41]. 
Like copper, a significantly higher amount of sulfur (50±2 at%) is 

detected for CuS-NP1 compared to the other particles. Fig. 4c shows the 
high-resolution spectra of sulfur. The sulfur peak at 162.4±0.4 eV is 

Fig. 3. XRD data of the different CuS samples investigated in this study: a) CuS-SB and CuS-NP2, b) CuS-FL and CuS-NP1, and c) CuS-RD. Reference patterns of 
covellite, bonattite and chalcanthite are included for comparison. 
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rather broad, possibly resulting from the overlapping of different peaks. 
The observed sulfur peak can be associated to mono-sulfides and di- 
sulfide bonded with Cu+1 and Cu+2 centers [42]. The peak at 169 
±0.4 eV can be associated with CuSO4 [42]. Significant differences are 
observed in the intensities of the sulfur peaks for different samples; 
however, the peak positions were not affected. The sulfate peak is 
detected for all samples; however, it is more prominent for CuS-FL, 
CuS-RD and CuS-SB. The higher amount of sulfate can be explained by 
surface oxidation, which probably also explains the higher amount of 
detected oxygen for the microsized particles. Here it is important to 
mention that we did not observe sulfate in the XRD pattern for CuS-SB. 
Since XRD is a bulk method, surface oxidation products are more diffi
cult to detect with XRD compared to XPS. 

Carbon was detected for all the samples. However, the amount of 
detected carbon seems to be affected by the used sulfur precursor and 
sodium citrate. CuS-NP1 showed the least amount of surface carbon. 
These are the only particles where sodium sulfide was used as a sulfur 
precursor instead of sodium thiosulfate. Furthermore, it can be seen in 
Table 1 and Supplementary Table ST1 that the use of sodium citrate 
suppresses the amount of surface carbon. The origin of carbon can be 

either from remaining solvent, from copper acetate or most likely im
purities adsorbed from the atmosphere [43]. It is plausible that the 
surface area and morphology also affect the adsorption of atmospheric 
carbon. Fig. 4d shows the high-resolution spectra of carbon, where the 
C1s peak is evident. The main peak at binding energies close to 285 
±0.3 eV is rather broad for all the samples indicating that in addition to 
C-C, it might be that carbon is also present in the form of C-C-OH. It is 
interesting to observe from Fig. 4d that only CuS-NP2 has a clear peak at 
a higher binding energy of 289 eV. Even though clear differences were 
observed in the high-resolution carbon peaks for CuS-NP1 and CuS-NP2, 
no significant differences are observed in the copper and sulfur peaks for 
these two particles, except for the peak intensities. The C1s peaks are 
attributable to atmospheric oxidation and absorption of atmospheric 
moisture [22]. As further shown in Supplementary Table ST1, the 
atomic concentration of oxygen was much higher for the microsized 
samples (in the range of 32±3 at%) compared to CuS-NP1 (17.4 at%) 
and CuS-NP2 (20±1 at%). Fig. 4e shows the high-resolution spectra of 
oxygen, where the O1s peak at a binding energy of 532.2±0.3 eV is 
visible. 

To summarize, the elemental compositions of the microsized 

Fig. 4. (a) XPS survey spectra of CuS-FL, CuS-RD, CuS-SB, CuS-NP1 and CuS-NP2, with identified peaks from carbon, copper, sulfur and oxygen. High-resolution 
spectra of copper (b), sulfur (c), carbon (d) and oxygen (e). 
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particles were rather similar. A significantly higher amount of carbon 
was detected for CuS-NP2 and considerably higher amounts of copper 
and sulfur were detected for CuS-NP1, compared to the other particles. 
Interestingly, despite the differences in the at% of copper and sulfur 
between the two nanoparticles (CuS-NP1 and CuS-NP2), the ratio be
tween copper and sulfur was rather similar. 

3.4. Photothermal properties 

The photothermal performances of the CuS particles were investi
gated by NIR laser irradiation. For all the samples, the temperature 
increased rapidly, followed by a plateau, and the temperature increase 
as a function of the irradiation time was fitted to double exponential 
growth curves, as exemplified with the CuS-NP2 sample in Supple
mentary Figure SF1. The laser wavelengths were varied in the range 
from 720 to 950 nm, and the power was adjusted from 100 to 900 mW. 

The heating kinetics of the different particles under NIR irradiation is 
described by the short time characteristic of the specific sample (τ1), as 
presented in Fig. 5a. The samples were irradiated at different wave
lengths with a low laser power of only 200 mW, corresponding to a laser 
intensity of about 0.17 W/cm2. At shorter wavelengths the fast rise time 
varied widely between the different samples, from 10 to 37 seconds, 
while at longer wavelengths the rise time was less than 20 seconds for all 
the samples. However, the shortest rise time was observed for the CuS- 
FL sample, where the plateau was already reached within 3–4 seconds at 
higher wavelengths (850–950 nm). Further, a decrease of the heating 
characteristic time was observed for all the samples when irradiating 
with longer wavelengths, except for the CuS-NP2 particles, which again 
increased at higher wavelengths (900–950 nm). At wavelengths lower 

than 800 nm, with a power of 200 mW, no significant and reproducible 
increase of the local temperature was detected for the CuS-SB sample. 

The temperature increase (ΔT) as a function of wavelength was fairly 
constant for CuS-RD and CuS-SB, as shown in Fig. 5b. However, for CuS- 
FL and the two nanoparticle samples (CuS-NP1 and CuS-NP2), the total 
temperature increase was higher and it also varied with the different 
wavelengths. For samples CuS-FL and CuS-NP2, the decrease of the 
heating characteristic time up to 900 nm (Fig. 5a) anticorrelated nicely 
with the increase of the photothermal effect (Fig. 5b). When the irra
diation power was varied at a wavelength of 900 nm, the measured 
temperature increase was linear for all samples, showing no saturation 
effects in the power range investigated, even though CuS-SB gave rise to 
a large jump in temperature at high power (900 mW), as shown in 
Fig. 5c. 

Moreover, the photothermal conversion efficacy of the different 
samples was assessed by comparing their specific absorption rates 
(SAR), as presented in Fig. 5d. The SAR describes the particles capability 
in absorbing energy per unit mass. A high value of the SAR is desired for 
a large generation of heating load in the sample. As seen in Fig. 5d, CuS- 
FL gives rise to larger SAR values at longer wavelengths, with values of 
6000 kW/kg at 950 nm, compared to the other particles that display 
fairly similar values in the range of 1000 kW/kg ≤ SAR ≤ 2000 kW/kg 
at 950 nm. The SAR values for all the samples are listed in Supple
mentary Table ST2. 

3.5. Dispersibility of the particles and their optical properties 

To utilize the CuS particles as dispersions, for instance to study their 
antimicrobial properties, the dispersions need to be stable for a sufficient 

Fig. 5. Photothermal characterization of the samples. The rise time and temperature increase as a function of the irradiation wavelength (at power = 200 mW) are 
presented in (a) and (b). The change in temperature as a function of the irradiation power at λ = 900 nm is shown in (c), and the specific absorption rate (SAR) as a 
function of the irradiation wavelength is presented in (d). 
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time. Since pure CuS particles aggregate in water, a widely used surface 
active agent, Tween 80, was utilized for the dispersions. Considering the 
antimicrobial experiments, the concentration of Tween 80 was kept to a 
minimum so as not to affect the growth of the bacteria. Thus, a con
centration of 0.1 wt% water-solution of Tween 80 was found to stabilize 
several types of the particles. The dispersibility of the particles were 
measured by dynamic light scattering, by comparing the particles 
dispersed in water and in the Tween 80 solution. The results are pre
sented in Supplementary Figures SF2-SF5, where a large shift of the size 
distributions towards smaller sizes can be seen when the dispersibility of 
the particles is facilitated by Tween 80. This is especially pronounced for 
the nanoparticle samples. The size distributions of the nanoparticles 
CuS-NP1 and CuS-NP2 are further presented in Fig. 6a, which reveal the 
dispersibility of these particles by their narrow size distributions, where 
only some minor aggregates are shown for the sample CuS-NP2. How
ever, their hydrodynamic size is clearly larger than their actual size 

observed by electron microscopy. This is a well-known challenge with 
the DLS technique when analysing particles like CuS, which give rise to 
large absorbance and scattering of the light, subsequently giving rise to 
errors in the size calculations [44–47]. Even so, DLS is a useful tool for 
studying the dispersibility and stability of the particles. Further, the 
dispersed nanoparticles were followed over time and were observed to 
be stable in the dispersion for a sufficient period of time, as shown in 
Supplementary Figure SF2. 

The dispersibility of the microsized particles, as presented in Fig. 6b, 
reveal clearly larger size distributions of the CuS-RD and the CuS-SB 
samples. These two samples showed a tendency to form larger aggre
gates which were not influenced significantly by the low concentration 
of the dispersing agent. A fast aggregation and sedimentation of these 
samples were observed, as presented in Supplementary Figures SF4 and 
SF5. However, CuS-FL was dispersed to a higher degree, even though 
with a wide size distribution and an additional peak at larger sizes 
(Fig. 6b). The larger size distribution of this sample was also indicated 
from the SEM images (Fig. 1a and b). The dispersion of the CuS-FL 
particles was stable for a sufficient time, as shown in Supplementary 
Figure SF3. After 30 min, only some larger aggregates had sedimented. 

The optical properties of the CuS dispersions were validated by Vis- 
NIR spectroscopy (Fig. 7). CuS-FL and both of the nanoparticles (CuS- 
NP1 and CuS-NP2) show high absorption in the NIR region. CuS-FL and 
the CuS-NP1 have a maximum at around 1000 nm, while CuS-NP2 has 
the highest absorbance at around 1200 nm. The redshift from 1000 to 
1200 nm can be explained by the larger crystal size of CuS-NP2 
compared to CuS-FL and CuS-NP1, as previously reported for CuS 
nanocrystals of various sizes [48]. In addition, these three samples give 
rise to a high absorption peak at 400 nm. In accordance with the pho
tothermal measurements performed on drop-cast particles by lasers, 
which revealed a constant ΔT for CuS-RD and CuS-SB through the whole 
measured region, the absorbance values for these two samples also do 
not change here with the wavelength. 

3.6. Antibacterial properties 

Photothermal materials with high capabilities of light-to-heat con
version have become increasingly attractive, since these can reduce the 
amount of laser energy required [49]. Previous studies have reported 
that the level of absorption is highly dependent on the size [22], 
morphology [50] and thus the specific surface area [51] of the CuS 
nanostructures. In this study, the photothermally-induced antimicrobial 
effect of the different CuS-particles was investigated on E.coli by irra
diation with a regular IR lamp, to simultaneously explore the light ab
sorption of the particles under a relatively low irradiation power. 

To evaluate the antimicrobial performance, the bacteria were indi
vidually mixed with the particles in liquid media, incubated with or 

Fig. 6. Hydrodynamic size distributions of (a) the nanoparticles and (b) the 
microsized particles. 

Fig. 7. Absorbance of the CuS dispersions (0.5 mg/mL) in the visible (400–700 nm) and NIR (700–1400 nm) wavelength ranges.  
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without IR irradiation for 8 min and subsequently spread on agar plates 
to analyse the growth of the bacteria. The total viable counts of the 
bacteria are presented in Fig. 8a, while Fig. 8b shows the corresponding 
temperature increase of the samples. Previously, it has been reported 
that for efficiently defeating bacteria or cancer cells, hyperthermic 
temperatures of around 45 ◦C are required [2,52]. More specifically, E. 
coli have been shown to lose their viability at temperatures ≥ 50 ◦C [1]. 
Here, the average temperatures of the samples after 8 min of IR exposure 
were as follows: control (media without particles) 37 ◦C, CuS-NP1 53 ◦C, 
CuS-NP2 51 ◦C, CuS-FL 59 ◦C, CuS-RD 45 ◦C and CuS-SB 46 ◦C (Fig. 8b). 
The antimicrobial response of the different particles follows the same 
trend as the temperature increase. The microsized CuS-FL sample 
exhibited the highest antimicrobial response (Fig. 8a), together with the 
largest temperature increase (Fig. 8b). This sample was followed by the 
relatively large antimicrobial effect of CuS-NP1, a much smaller effect of 
CuS-NP2 and almost no antimicrobial effect of the two microsized 
samples, CuS-RD and CuS-SB. This trend seems to be closely related to 
the covellite crystallite size of the samples, which decreased in the 
following order: CuS-SB > CuS-NP2 > CuS-RD > CuS-FL > CuS-NP1, as 
determined by XRD. Thus, a small crystallite size seems to be beneficial 
for a photothermally-induced antimicrobial response, independent of 
the size of the whole particle, probably due to a large accessible surface 
area. The importance of the size of the nanocrystals has also been 
demonstrated in other studies, showing a size-dependent photothermal 

effect of CuS nanodots [53], gold nanoparticles [54] and silicon quan
tum dots [55]. 

Further, it is known that CuS nanomaterials produce reactive oxygen 
species (ROS) when irradiated with simulated solar light [22]. However, 
it has also been demonstrated that CuS nanoparticles produce ROS when 
excited by NIR light only [56,57]. Two possible mechanisms of ROS 
production due to NIR irradiation have been described [56]; the first one 
is that heat alone generates ROS, since heat can activate dissolved ox
ygen, and the second is that the copper ions released from the CuS 
nanomaterial accelerate ROS production by working as a redox active 
agent. The release of copper ions in a biological system is a pH depen
dent process. However, in a previous study it was demonstrated that the 
formation of CuSO4 on the surfaces of CuS nanoparticles, by oxidation of 
sulfide ions to sulfate, can change the properties of the nanoparticles by 
increasing solubility and copper ion dissolution [40]. This might have 
influenced the antimicrobial effect of CuS-FL and CuS-NP1 since both of 
these particles have a large amount of bonattite, as revealed by XRD. 
Further, when the CuS nanomaterials are partially oxidized, the ab
sorption intensity is enhanced as well as the absorption peak being 
narrowed [55]. As a conclusion, even though CuS nanomaterials are 
reported to have a stable absorption in the NIR region, where the level of 
absorption is dependent on the size and morphology, their NIR-induced 
antimicrobial effect may also be greatly influenced by other properties, 
such as crystallite size and oxidation products. 

4. Conclusion 

In the present study, five different CuS particles with various phys
icochemical properties were produced, by utilizing various precursors 
and synthesis conditions. The particles were characterized in detail with 
the aim to demonstrate the large variation in the light-induced antimi
crobial activity. Previously it has been demonstrated that smaller 
nanoparticles are more efficient in generating heat than their larger 
counterparts, with a subsequent higher antimicrobial activity. Even 
though the CuS-FL particles were of the micronsize (the largest sized 
particles in this study), they reached the highest temperature, of almost 
60 ◦C, by irradiation with a conventional IR lamp. This followed well 
with the calculated SAR value, which was considerable higher for CuS- 
FL than for the other particles, at longer wavelengths. The high tem
perature increase of CuS-FL was followed by a >5-log reduction in 
growth of the E.coli. However, the temperature increase of the smallest 
nanoparticles studied, CuS-NP1, were also remarkable and gave rise to a 
3-log reduction of the bacteria. The CuS-NP2, CuS-RD and CuS-SB par
ticles gave none or a very small inhibitory effect. The antimicrobial 
response of the different particles appeared to be closely related to the 
covellite crystallite size of the samples, which decreased in the following 
order: CuS-SB > CuS-NP2 > CuS-RD > CuS-FL > CuS-NP1. In addition, 
the CuS-FL and CuS-NP1 particles contained a noticeable amount of 
bonattite, which previously has been demonstrated to potentially in
crease the copper ion dissolution. An increase in the number of copper 
ions may accelerate ROS production and thus positively influence the 
antimicrobial response. 

As a conclusion, the NIR-induced antimicrobial effect of CuS nano
materials has gained vast attention and is primarily driven by the pho
tothermal effect resulting from the uniform NIR-absorption of CuS. 
However, the antimicrobial effect is not only related to the size and/or 
morphology of the CuS particles, but is also associated with the inner 
crystallite size, the resulting accessible surface area as well as the 
oxidation products. Thus, a detailed investigation of the material is 
needed to design the most suitable material for a specific application. 
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[1] S. Yougbaré, H.-L. Chou, C.-H. Yang, D.I. Krisnawati, A. Jazidie, M. Nuh, T.-R. Kuo, 
Facet-dependent gold nanocrystals for effective photothermal killing of bacteria, 
J. Hazard. Mater. 407 (2021) 124617. 
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