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 Here we provide additional theoretical background on the ROS generation for the proposed 

mechanism of disinfection in the discussion section, and additional information on the synthesis, 

characterization of nanohybrids (NHs), and details on assessment of disinfection mechanism. 
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Table S1.  Loading ratios of the 3 NHs 

No. Name Amount of MWNTs 

(mg) 

Amount of salt* 

(mg) 

Molar Ratio 

(C:Er3+) 

1 NH-1 50 115 16.04:1 

2 NH-2 50 230 8.02:1 

3 NH-3 50 460 4.01:1 

   * Erbium salt: Er(NO3)3·5H2O 

 

Table S2.  EDX elemental composition of the NHs synthesized. 

Element Weight %* 
NH-1 NH-2 NH-3 

Carbon  41.36 23.82 7.47 
Erbium 47.91 64.12 80.11 
Oxygen 10.73 12.06 12.41 
Relative Ratios C:Er3+ 0.86 0.37 0.09 

*Weight % calculated as the atomic percentage times molecular weight divided 
by the total sum of elements detected. 

 

Table S3.  Summary of XPS data and weight percentage of elements. 

XPS Region Weight %* 
NH-1 NH-2 NH-3 

C 1s  49.08 35.71 12.90 
Er 4d 38.16 49.35 69.13 
O 1s 12.76 14.94 17.97 
Relative Ratios C:Er3+ 1.29 0.72 0.19 

*Weight % calculated as the atomic percentage times molecular weight divided 
by the total sum of elements detected. 
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Table S4.  Temperature increase after 20 s microwave irradiation time at 10% power. 

 Initial 
Temperature, 

ºC 

Final 
Temperature, 

ºC 

Delta 
Temp, ºC 

DI 22.10 23.27 1.17±0.12 

MWNT 23.23 24.03 0.80±0.10 

Salt* 23.27 24.37 1.10±0.17 

NH-1 23.40 25.50 2.10±0.30 

NH-2 23.67 24.87 1.20±0.17 

NH-3 23.33 24.37 1.03±0.06 

   * Erbium salt: Er(NO3)3·5H2O 
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Figure S1.  STEM HAADF images of a representative ion-beam irradiated samples of NH-1. 
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Figure S2.  STEM images and elemental mapping of the 3 synthesized NHs. 
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Figure S3.  TGA analyses of representative functionalized MWNT and NH samples. 
Temperatures of oxidation for the NHs are 475 ºC (NH-1), 474 ºC (NH-2), and 467 ºC (NH-3) 
respectively. 
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Figure S4. Temperature differences between irradiated and microwave radiated samples. 
Differences are presented from room temperature (21 ºC).  
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Section S1.  ROS Generation 

Oxidative stress is one of the key mechanisms causing antimicrobiality when 

nanoparticles interact with bacteria (Stone and Donaldson, 2006).  Such stresses are caused by an 

imbalance between damaging oxidants (e.g., H2O2 and OH•) and protective antioxidants (e.g., 

vitamin C and glutathione) (Stone and Donaldson, 2006) within a nano-bio system. Studies have 

shown ROS generation from surfaces of metal oxide nanocrystals (Burello and Worth, 2011; 

Long et al., 2006).  Oxygen can be activated to form ROS by both energy transfer and electron 

transfer processes.  The former leads to the formation of singlet oxygen (1O2), while the latter 

results in the generation of superoxide (O2
•-), which undergoes further chemical transformation 

in water. 

When illuminated, metal oxides such as ZnO (Arguinzoniz et al., 2013) and TiO2 (Aksel 

and Eder, 2010), cause charge separation, generating a hole (h+) in the valence band (EV) and an 

electron (e-) in the conduction band (EC) (Table S5).  Holes extract electrons from water and/or 

hydroxyl ions, generating OH•.  Electrons reduce O2 producing O2
•- and other ROS in a cascade 

of consecutive reactions (Table S5). 

Table S5. ROS generating reactions (Buettner, 1993). 

𝑚𝑒𝑡𝑎𝑙 𝑜𝑥𝑖𝑑𝑒 + 𝑙𝑖𝑔ℎ𝑡 → ℎ! + 𝑒! 

𝐻!𝑂 + ℎ! → 𝑂𝐻• + 𝐻!;     𝑂𝐻• + 𝐻! + 𝑒! → 𝐻!𝑂 

𝑂! + 𝑒! → 𝑂!•! 

𝑂!•! + 𝐻! → 𝐻𝑂!• 

𝑂!•! + 𝐻! + 𝑒! → 𝐻!𝑂! 

2𝐻𝑂!• → 𝐻!𝑂! + 𝑂! 

𝑂! + 2𝐻! + 2𝑒! → 𝐻!𝑂! 
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𝐻!𝑂! + 𝑂!•! → 𝑂𝐻• + 𝑂! + 𝑂𝐻! 

𝐻!𝑂! + 𝑒! + 𝐻! → 𝐻!𝑂 + 𝑂𝐻• 

 

 Studies have shown that 1O2 can be generated indirectly from metal oxide nanoparticles 

via the oxidation of O2
•- (Daimon and Nosaka, 2007; Hirakawa and Hirano, 2006) and when 

sufficient energy capable of reversing the spin on one of the unpaired electrons of O2 is 

absorbed, primarily through an energy transfer process (Sharma et al., 2012). Carbon-based 

photosensitizers (i.e. C60 fullerenes) have been shown to absorb UV or visible electromagnetic 

radiation and transfer it to surrounding molecules, and thereby facilitate energy or electron 

transfer that lead to the formation of 1O2 or O2
•-, respectively (Brunet et al., 2009).  In particular, 

MWNTs can accept electrons and aid in ballistic transport along MWNT (Vázquez and Prato, 

2009) axes, making these carbon structures excellent candidates to scatter electrons with 

enhanced surface area. 
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