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Description S1 Chemical reagents 
All of the chemical reagents in this experiment were used as received without further 

purification. Hexadecyltrimethylammonium bromide (CTAB, 99.0%), ammonium bromide 

(NH4Br), sodium bromide (NaBr), hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O, 

99.9%), silver nitrate (AgNO3, 99.9%), iron(III) chloride hexahydrate (FeCl3·6H2O, 98%), 

iron(II) chloride tetrahydrate (FeCl2·4H2O, > 98%), sodium sulfide nonahydrate (Na2S·9H2O, 

99.99%), 11-mercaptoundecanoic acid (95%), poly(ethylene glycol) methyl ether thiol (6kDa), 

L-ascorbic acid (99%), sodium borohydride (NaBH4, 99%), samarium oxide (99.99%), 

neodymium oxide (99.99%), dysprosium oxide (99.99%), acetic acid (99%), diethylene glycol 

(99%), N-Methyldiethanolamine (NMDEA, ≥99%), pure oleic acid, citric acid (99%), sodium 

hydroxide (NaOH, ≥ 98%), and 1-octadecene (90%) were purchased from Sigma Aldrich 

Chemistry. Copper chloride dihydrate (CuCl2·2H2O, 99%), glutathione reduced (GSH, 98+%), 

sodium sulfide nonahydrate (Na2S·9H2O, 98%) were purchased from Alfa Aesar. Silver nitrate 

(AgNO3, 99.85%) and trisodium citrate (Na3(cit), 98% were purchased from Acros Organics. 

Sodium silicide (NaSi) was provided by SiGNa Chemistry Inc. HCl and HF were bought from 

Merck, HClO4 (65%) from Carlo Erba, ethanol (96% pure p.a.), n-hexane (95%), acetone (pure 

p.a.), and chloroform were purchased from POCH S.A (Poland). Urea (pure p.a.) was purchased 

from Chempur (Poland). Isopropyl alcohol was purchased from Fisher, roasted coffee powder 

was purchased from Hacendado, Mercadona. DTDTPA is a non commercial product and was 

prepared as previously reported 1. 

 

Description S2. Synthesis procedures 
2.1.1 Synthesis of gold nanorods 

Gold nanorods (AuNRs) were synthesized by a modified seed-mediated method 2. Au seeds are 

small nuclei made of gold, which serve as the starting point for the development of a more 

complex structure. The synthesis was performed in a water bath at 30 °C.  
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Seed solution: 25 µL of 50 mM HAuCl4 was added to 4.7 mL of 0.1M CTAB solution, the 

mixture was slowly stirred until a completely clear solution was obtained (about 5 min). Then, 

300 µL of 10 mM NaBH4 (freshly prepared) was added under vigorous stirring. The color of 

the solution changed from yellow to brownish yellow. The seed solution was stored at 30 °C 

(gently stirred). Obtained seeds were used for the synthesis of single crystal Au nanorods. 

The growth solution was prepared by adding 100 µL of  50 mM HAuCl4 to 10 mL of 100 mM 

CTAB solution. The mixture was kept for 10 min in water bath (30oC) to ensure complexation 

between gold salt and CTAB. Then, 75 µL of 100 mM ascorbic acid was added to the mixture, 

which was gently stirred (the solution became colorless). To the grown solution, 80 µL of 5 

mM AgNO3 was added. Finally, 120 µL seeds solution was added to the mixture. Obtained 

solution was vigorously stirred and the left undisturbed at 30oC for 30 min in water bath. Next, 

the solution of as-prepared nanorods was centrifuged at 8000 rpm for 30 min. The precipitate 

containing nanorods was dissolved in 3 mL hot (50 ºC) of  300  mM CTAB solution and 

transferred into a glass tube. Upon cooling at room temperature, a brown precipitate at the tube 

bottom was observed. The precipitate containing nanorods was separated carefully from the 

supernatant, finally dispersed in water (5 ml) and stored at room temperature. 

2.1.2. CuS 

The synthesis of copper sulfide (CuS) nanoparticles was performed slightly modifying the 

reported procedure 3.  In brief, 1 mL of a 0.1 M aqueous solution of Na
2
S·9H

2
O was swiftly 

injected into 20 mL of an aqueous solution of the selected ligand (trisodium citrate, Na3cit, 0.06 

mmol, 17.6 mg; L-glutathione, GSH, 0.1 mmol, 30.7 mg) and CuCl
2
·2H

2
O (0.1 mmol, 17 mg) 

in a 50-mL round-bottomed flask. After 5 min of stirring at room temperature, the flask was 

transferred to an oil bath pre-heated at 90 °C and the mixture was kept under stirring at that 

temperature for a preselected amount of time (30 min for Na3cit and 20 min for GSH). 

Subsequently, the reaction mixture was quickly cooled down to room temperature in a cold-

water bath and transferred to a 20-mL vial. For TEM observations, the particles were 

precipitated with isopropanol (iPrOH), recovered by means of centrifugation (30,000 g for 20 

min at 4 °C), and washed once with a mixture of water and iPrOH, before being redispersed in 

water. The sample was stored at 8 ºC for further use. Assuming 100% synthesis efficiency, the 

estimated material concentration was approximately 0.5 mg/mL (disregarding the contribution 

from the ligands). 
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2.1.3. NaY1-xLnxF4 

Preparation of precursor: The 2 mmol of acetate precursors ((CH3COO)3Ln) were prepared by 

mixing lanthanide oxides (Nd2O3, Sm2O3, Dy2O3 — 1 mmol) with 50% aqueous acetic acid. 

Prepared mixture was heated to 200 °C for 120 min in Teflon-lined autoclave. The final 

precursor was obtained by evaporation of solvents in vacuum and further drying  (130 °C for 

12 h). 

Preparation of differently doped NaYF4 material: The synthesis was analogous to procedure 

described before 4. The given amount (2 mmol Ln3+) of (CH3COO)3Ln precursors were mixed 

in three-neck flask with oleic acid (12 mL) and octadecene (30 mL). The solution was stirred 

and heated to 140 oC under vacuum for 30 min to form a Ln(oleate)3 complex and remove 

oxygen and water. Subsequently, the reaction temperature was decreased to 50 °C, and 8 mmol 

ammonium fluoride (NH4F) and 5 mmol sodium hydroxide (NaOH) dissolved in 20 mL of 

methanol were added to the reaction flask. The reaction atmosphere was changed to nitrogen 

and maintained till the end of the synthesis. After that, the temperature was increased to 80 °C 

to evaporate methanol. This process took approximately 30 min. Finally, the reaction 

temperature was quickly increased to 300 °C and the solution was stirred at this temperature 

for 60 min. After the synthesis, the solution was cooled to room temperature. The obtained 

nanoparticles were precipitated with an excess of ethanol and centrifuged (18 000 g for 10 min). 

The obtained pellet was purified by washing with n-hexane and ethanol. The final product was 

dispersed in 5 mL of chloroform. Based on the synthesis conditions, assuming 100% synthesis 

efficiency the estimated material concentration was 20 mg/mL. 

Polyacrylic acid (PAA) coating: To obtain water-dispersible samples, a ligand exchange 

method was applied. First, to remove the oleate ligands from the NP surface, 10 mg of NPs was 

transferred to an Eppendorf tube and centrifuged (20 min, 20000 g). The obtained pellet was 

redispersed in 500 µL of n-hexane. The mixture was sonicated as long as the pellet had been 

suspended. After that, 400 µL of acetonitrile and 100 µL of NOBF4 dissolved in acetonitrile 

(0.16 M) were added to the tube, and solution was mixed for 10 minutes. In the next step the 

oleic stripped nanoparticles were precipitated by adding 500 µL of toluene to the Eppendorf 

tube and centrifuged. Finally, the BF4
- capped nanoparticles were dispersed in 100 µL dry DMF. 

Next, 64 µL of PAA solution in water (80 mg/mL) was added to the reaction tube, and 

vigorously stirred for 20 minutes. After this time, and centrifugation (14 000 g, 15 min) the 

obtained pellet was dispersed in 500 µL of distilled water. 
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2.1.4. Ag-Ag2S dimers 

The synthesis of the Ag-Ag2S dimers was performed according to the procedure reported in 5. 

First, an aqueous coffee extract was prepared soaking 15 g of a roasted coffee powder 

(Hacendado, Mercadona, Spain) in 100 mL of de-ionized water for 2 h, followed by filtration, 

and dilution to a final volume of 120 mL. Subsequently, water (6.5 mL), coffee extract (3.5 

mL), and a magnetic stir bar were added to a 20-mL vial. The initial pH of the solution was 5.5 

and was later adjusted to 9.0-9.5 by addition of NaOH 0.5 M. In the meantime, AgNO3 (0.1 

mmol, 17 mg) was dissolved in deionized water (1 mL) and swiftly added to the diluted coffee 

extract. Upon addition of the Ag+ solution, Ag NPs started forming immediately (as denoted by 

a marked darkening of the mixture) and the pH dropped. The pH was quickly readjusted 

between 9.0-9.5 with NaOHaq 0.5 M, and then 0.5 mL of a 0.1 M Na2S solution in water was 

swiftly introduced in the reaction mixture. The color shifted almost immediately from dark 

orange to dark brown, indicating the formation of Ag2S. Stirring was continued for 2 min and 

finally the reaction mixture was quenched in 15 mL of iPrOH. After centrifugation at 3,820 g 

for 20 min, the reaction product was collected as a pellet and the slightly orange supernatant 

discarded. Finally, the dispersion was filtered through a 200-nm cellulose filter and stored at 

8 ºC for further use. 

2.1.5. Ag2S 

Ag2S nanocrystals were prepared using a hydrothermal method assisted by microwave heating 

6. Crystallization of silver sulphide from silver nitrate (AgNO3, 5 mM, 2 eq.) and sodium 

sulphide (Na2S·9H2O, 1eq.) in water solution at pH 8, is induced on a monomodal microwave 

cavity at 100 °C (300 W) during 5 min under magnetic stirring. Nanoparticle growth is 

controled by adding complexing ligands (CL) in the previous reactant’s water solution before 

heating. Three different ligands have been used for this study, mercaptoundecanoic acid 

(MUA), polyethylene glycol (PEG) and dithiolated diethylenetriamine pentaacetic acid 

(DTDTPA) with a stoichiometry of 3 eq., 2 eq. and 1.5 eq. per silver atom respectively. After 

the microwave heating program, Ag2S nanoparticles decorated with CL (Ag2S@CL) were 

washed with absolute ethanol and finally, dispersed in water. 

2.1.6. BPSi 

BPSi was prepared according to a previously published protocol 7,8. The reactants of NaSi, 

ammonium salt (NH4Br), and NaBr were mixed with the mass ratio of 1:4:4. Then, they reacted 

in a tube oven under a N2 atmosphere at 240 °C for 5 h. After cooling to room temperature, the 

raw product was washed with 2.0 M HCl and then further purified with 1% HF solution. The 

obtained product was washed with H2O and ball-milled in ethanol (1000 rpm, 30 min). The 
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BPSi NHs with desired mean diameter around 200 nm were obtained via the removal of big 

particles with 1500 RCF centrifugation for 5 min.  

2.1.7. Fe2O3 

Maghemite, Fe2O3, were synthesized by coprecipitation of iron(II) and iron (III) cations as 

previously reported 9. Magnetite spinel iron oxide Fe3O4 is first precipitated by addition of 

aqueous solution of ferrous and ferric ions (Fe(II)/Fe(III)=0.5) at pH 9 using a METROHM 3D 

Combititreur device. All solutions were carefully deaerated with nitrogen, which was 

continuously bubbled during the precipitation. After 1 hour of ageing, magnetite is 

centrifugated during 15 min at 8000 rpm and then, a perchloric acid solution (3 M) is added to 

magnetite for a fully oxidation step into maghemite -Fe2O3 
10. The estimated obtained 

concentration is 42 mg/mL. 

2.1.8.  Fe2O3 decorated with Au 

The synthesis of spinel iron oxide nanoflowers decorated with gold nanoparticles have been 

synthesized as previously reported 11. Briefly, -Fe2O3 NFs were obtained from coprecipitation 

of FeCl3·6H2O (2.164 g; 8 mmol) and FeCl2·4H2O (0.796 g; 4 mmol) in 75 mL of diethylene 

glycol (DEG). After 1 hour of stirring, 75 mL of a solution of NMDEA is first added to the 

mixture and then, 80 mL of an alkaline solution of both DEG and NMDEA (1:1, v/v). The 

resulting mixture was stirred for 3 h, and then heated during 4 h at 220 °C. The black solid is 

washed with a mixture of ethanol, ethyl acetate and nitric acid (10%). At this stage, 20 mL of 

Fe(NO3)3·9H2O (4.951.10-3 mol) is added to the nanoparticles. The mixture is heated to 80 °C 

for 45 min to achieve a complete oxidation of magnetite in maghemite. After  nitric acid 

treatment and  washing with acetone and diethyl ether, -Fe2O3 NFs are redispersed in water.  

In same time, gold nanoparticles stabilized with DTDTPA were synthesised by reduction of 

HAuCl4·3H2O (5.1·10-6 mol) in DTDTPA (5.1·10-6 mol) solution with an excess of NaBH4 as 

described by Alric et al. 12. After 1 h of vigourous stirring, 5 mL of aqueous hydrochloric acid 

solution (1 M) were added. Gold@DTDTPA nanoparticles were then precipitated and washed 

thoroughly and successively with 0.01 M HCl, water and diethyl ether. The resulting black 

powder was dispersed in 10 mL of 0.01 M NaOH solution.  

Finally, as-prepared suspension of gold@DTDTPA are modified by dopamine and mixed with 

the suspension of maghemite nanoflowers (-Fe2O3 NFs, 6 mL, 35 g Fe/L). The mixture with a 

pH of 5.5 was heated at 50 °C for 24 h. After washing with ultrapure water, acetone, and diethyl 
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ether, an aqueous suspension of -Fe2O3 NFs-Au is obtained with an iron and gold concentration 

of 25 and 5 mg/mL respectively.  

2.1.9. CDs 

N-doped carbon dots were synthesized according to the previously described method 13. Briefly, 

1 mmol of citric acid and 3 mmol urea were dissolved in 40 mL H2O and stirred until a clear 

solution was formed. The solution was then transferred to a 100 mL Teflon-lined autoclave and 

the reaction was carried out at 180 0C for 12 h. The solution was then cooled naturally to room 

temperature. The product was used for characterization and measurements without additional 

purification. Based on the synthesis conditions, the estimated material concentration is 9.3 

mg/mL. 
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Figure S1. Power dependence of internal HCE and eHCE. Measurements were 

performed for -Fe
2
O

3 
sample at 806 nm. Error bars are standard deviation from 3 

measurements. 
 

 

Figure S2. Thermal images of droplets registered at increased (top) and ambient 

(bottom) humidity conditions at 0 (left), 60 (middle) and 120 (right) seconds of 

irradiation at 980 nm, 90 mW. 
 



9 
 

Table S1. Comparison of the possibilities of using different materials in photothermal therapy. Data 

provided for 794 nm excitation (except for CDs which occurred at 445 nm). 

NH class NH λ with 

max. of 

Abs. 

α  

(L/(g·cm

)) 

iHCE 

794 nm (%) 

eHCE 794 nm 

(L/(g·cm)) 

plasmonic AuNRs ~780 0.627 ~100 0.627 

 CuS@citrate  926 4.49 ~100 4.49 

 CuS@glutathione 1037 3.60 94 3.38 

lanthanide

-based 

NaNdF4@PAA 794 0.0166 74 0.0122 

 NaNdF4:50%Dy 

@PAA 

794 0.0106 41 0.0044 

 NaNdF4:80%Dy 

@PAA 

794 0.0086 17 0.0014 

 NaNdF4:25%Sm 

@PAA 

794 0.0217 60 0.0130 

 NaNdF4:50%Sm 

@PAA 

794 0.0067 40 0.0027 

 NaNdF4:75%Sm 

@PAA 

794 0.0058 31 0.0017 

semicondu

ctors 

Black porous 

silicon 

UV 9.92 39 3.84 

 Ag-Ag2S UV 0.832 96 0.798 

 Ag2S@PEG UV 0.695 81 0.566 

 Ag2S@MUA UV 1.46 83 1.21 

 Ag2S@DTDTPA UV 0.0753 79 0.0598 

iron oxide -Fe
2
O

3
 

 

UV 0.0927 82 0.0763 

 -Fe
2
O

3
@Au UV 0.487 86 0.420 

carbon carbon nanodots UV 0.338 

(445 nm) 

~100 

(445 nm) 

0.338 (445 nm) 
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Table S2 iHCE of Nd3+ doped nanomaterials 

Material, diameter diameter λ [nm] iHCE [%] Ref 

NaNdF4   9-25 nm 800 85-74 14 

NaNdF4@NaYF4@NaYF4:1%Nd 25 nm 808 72 15 

NaNdF4@prussian blue 29 nm 808 60.8 16 

NaNdF4 19 nm 808 8.7 16 

NdVO4,  2.4 nm 808 72 17 

NaErF4@NaYF4@NaNdF4 – 
prussian blue  

51.1 nm 
(without 
PB), 
164 nm 

808 50.5 18 

NaYF4:Yb,Er@NaYF4:Yb 
@NaYF4:Yb,Nd 
@mSiO2/IR806@PAH-PEG-FA 

41 nm 793 46 19 

NdVO4/Au  21 nm 808 32.2 20 

 

 

Figure S3. Internal light-to-heat conversion efficiency of NaNdF4 in function of Sm3+/Dy3+ 

dopant concentration. 
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Table S3. Emission quantum yield under 808 nm CW laser irradiation at distinct laser power densities. 

The emission quantum yield values were obtained integrating the emission in the range 947.92-

1451.33 nm. 

 

Identifier 
Power Density 

(W.cm-2) 
QY (%) 

Ag2S@PEG 532 <110-5 

Ag2S@11MUA 532 0.064±0.006 

Ag2S@DPDPA 532 0.66±0.07 

 

 

 

 

Figure S4 Morphology of the materials compared in this work: a) NaNdF4: 50Sm, b) CuS 

covered by GSH c) CuS covered by citrate, d) carbon dots, e) black porous silicon, f) 

Ag2S@MUA, g) Ag-Ag2S dimers, h) γ-Fe
2
O

3
 decorated with gold nanoparticles, 

i) Ag2S@DTDTPA, j) Ag2S decorated with PEG, k) colloidal gold in the form of nanorods, l) γ-

Fe
2
O

3
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Figure S5. Absorption spectra of a) CQDs, b) NaNdF4 doped with Dy3+ and Sm3+, c) 

Ag2S, d) γ-Fe2O3 . Absorption spectra for γ-Fe
2
O

3
 decorated with gold nanoparticles, 

are given in ref of the following article in SI: 11.  
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Figure S6. Photoluminescence quantum yield (QY) measurement of CDs. QY was 

calculated basing on Equation SE1: 

𝑄𝑌 =
ℎ𝑒𝑚

ℎ𝑎𝑏𝑠
=

𝐼𝐶𝐷𝑠−𝐼𝑟𝑒𝑓

𝐼𝑟𝑒𝑓−𝐼𝐶𝐷𝑠
     (SE1) 
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Figure S7. Temperature rise curves of a 13 uL water droplet for different wavelengths 

measured at constant irradiance power (90 mW). 
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Figure S8 XRD of NaNdF4 samples doped with Dy3+ and Sm3+.  
 

 

Figure S9 XRD of CuS@GSH, CuS@cit and Ag-Ag2S samples 
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Figure S10 XRD of BPSi, CDs and AuNRs samples 
 

 

Figure S11 XRD of Ag2S samples, * is a peak from sample holder. 

 

 
Figure S12 XRD of γ-Fe2O3 sample 
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