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Highlights
· Three types of bSi surface were successfully fabricated using deep reactive ion etching with pillar heights (652.7–1063.2 nm) and density (8–11 tips per µm2).
· Less bactericidal bSi surfaces were found to contain nanopillars of heights reaching 1000 nm that were not always well-separated, lower pillar density (8 tips per µm2) and aspect ratios of 8.8.
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Abstract

One of the major challenges faced by the biomedical industry is the development of robust synthetic surfaces that can resist bacterial colonization. Much inspiration has been drawn recently from naturally occurring mechano-bactericidal surfaces such as the wings of cicada (Psaltoda claripennis) and dragonfly (Diplacodes bipunctata) species in fabricating their synthetic analogues. However, the bactericidal activity of nanostructured surfaces is observed in a range of parameters reflecting the geometry of nanostructures and surface wettability.  Here, several of the nanometer-scale characteristics of black silicon (bSi) surfaces including the density and height of the nanopillars that have the potential to influence the bactericidal efficiency of these nanostructured surfaces have been investigated. The results provide important evidence that minor variations in the nanoarchitecture of substrata can substantially alter their performance as bactericidal surfaces.
((Abstract text. 12 point, double-spaced. Maximum length 200 words. Written in the present tense and impersonal style))

Keywords Black silicon, Nanoarchitecture, Bactericidal efficiency, Deep reactive ion etching (DRIE), Neural network analysis
((maximum five, not capitalized, plural, separated by commas, no full stop))
1 Introduction

The recent discovery that some nanostructured surfaces exhibit a mechano-bactericidal effect 
 ADDIN EN.CITE 

[1-6]
 has prompted a number of extensive studies to be undertaken towards the fabrication of new nanopatterned materials that also possess antibacterial properties 
 ADDIN EN.CITE 

[7-14]
.
 Much of this inspiration has been drawn from naturally occurring bactericidal surfaces such as those possessed by cicada Psaltoda claripennis and dragonfly Diplacodes bipunctata wings 

[1, 5]
. It has been noted that the efficiency with which the cells rupture by nanostructures may be dependent on the nanopattern of the surface 
 ADDIN EN.CITE 

[1-3, 15, 16]
, e.g., defined surface parameters of 280 nm pillars height, approximately 60 nm tip diameter and approximately 60 nm spacing have proven to be more effective at killing 85% and 89% of Staphylococcus aureus and Pseudomonas aeruginosa, respectively 
 ADDIN EN.CITE 

[13]
. It was also reported that approximately 99% of the Pseudomonas aeruginosa cells coming into contact with the surface of Psaltoda claripennis wings have been shown to be eliminated [4]. Kelleher et al. [3] reported that the pillars present on the wings of some cicada species, with average height dimensions of 180–250 nm, were able to eliminate approximately 100% of Pseudomonas fluorescens cells coming into contact with the surface. 
g (R) = ρ (R)/ ρ0                                                                                                                                                                                  (1)
2 First-Order Heading
2.1 Second-Order Heading 
2.1.1 Third-Order Heading ((italic))
Reactive ion etching (RIE) using SF6 and O2 was performed for 5 min to produce the nanopillars on the surface of silicon wafers (WRS Wafers) using an Oxford PlasmaLab 100 ICP380 instrument. The nanopillars were fabricated with a high degree of precision in terms of accuracy in size and position, allowing for a systematic study of the surface topology 
 ADDIN EN.CITE 

[1, 19]
. Details of reactive ion etching can be found in Supplementary Data Section S1.1. Three fabricated bSi surfaces, designated bSi-1, bSi-2, and bSi-3, were investigated in this study for their surface characteristics and bactericidal efficiency.

3 Results and Discussion

3.1 Characterization of Black Silicon Surfaces

Three types of bSi surfaces, fabricated using RIE, were investigated in this study. It was found that some variation in the nanopillar pattern reflected in differences of pillar heights, aggregation, and surface wettability (Table S1 and Fig. 1A). Water contact angle (WCA) measurements indicated that while the bSi-1 and bSi-2 surfaces were found to be highly hydrophobic with a WCA of 130º and 100º respectively, bSi-3 surfaces were the highly hydrophilic (Table 1). An XPS analysis of the bSi samples revealed some variations in the silicon ratio in both its elemental Si and oxidized SiO2 states (Table S1 and Fig. S1A). These variations might be a contributing factor towards surface hydrophilicity (Fig. S1A). This change in surface hydrophilicity was most likely attributable to the increased proportion of oxidized silicon in comparison to the non-structured Si surface. Since previously published works provided evidence that the surface nano-pattern morphology and not chemical composition and/or wettability play a role in mechano-bactericidal activity [1, 5, 13], the bactericidal activity of studied bSi substrata was compared and contrasted only in the context of surface nanopattern parameters.    
Figure 3a, b is the SEM images of the TNTAs and g-C3N4/TNTA layers grown on the Ti substrate, respectively. Under the optimized electrochemical anodization conditions (as described in the Experimental section), the average diameter of the TNTAs was * 150 nm, as shown in Fig. 3a.
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4 Conclusions
The results of this work provide evidence that despite bSi substrata having a nanoarchitecture with visual similarity, including undistinguishable by neural network and FFT analysis top views, the bactericidal efficiency of such substrata can vary. The three types of bSi surfaces investigated here were varied in particular in pillar height (652.7–1063.2 nm) and density (8–12 tips per µm2). It is suggested that while none of the individual surface nanotopographic parameters could be directly correlated with the variations in bactericidal activity, the highest bactericidal efficiency may be achieved through the combination of different parameters. Less bactericidal bSi surfaces were found to contain nanopillars of heights reaching 1000 nm that were not always well-separated, lower pillar density (8 tips per µm2) and aspect ratios of 8.8. The exact relationship between the nano-pattern parameters and the bactericidal properties of the surface warrant a more rigorous investigation. 
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Table and Figure Captions
Table 1 Summary of surface wettability, surface roughness analysis and geometrical parameters of nanopillars of the bSi surfaces
Fig. 1 a Schematic illustration of the core/branch structure of the TiO2@Ni3S2 arrays. b Optical photograph of the sample. c–g SEM images of the TiO2@Ni3S2 core/branch arrays
Fig. 2 a Schematic illustration of the overall water-splitting process using the bifunctional electrocatalyst. b LSV curves at 5 mV s-1 for the OER performances using the Ni2(OH)2CO3, Ni3S2, and TiO2@Ni3S2 electrodes. c LSV curves of the overall water-splitting performance of the TiO2@Ni3S2||TiO2@Ni3S2 electrolyzer. d Comparison of the overall water-splitting performance of our TiO2@Ni3S2||TiO2@Ni3S2 electrolyzer with those of other electrocatalysts in the literature, and e electrochemical stability at 10 mA cm-2

Table 1
	Parameters
	bSi-1
	bSi-2
	bSi-3

	Wettability

	Water contact angle, θ (degrees)
	130.8 ± 3.2
	100.9 ± 1.6
	8.1( ± 1.2

	Surface roughnessa

	Average roughness (nm) Ra
	82.3 ± 29.6
	110.3 ± 27.6
	124.7 ± 17.7

	Root mean square roughness (nm) Rq
	103.7 ± 37.3
	136.5 ± 34.2
	156.8 ± 22.2

	Geometrical parametersb

	Height (nm)
	836.8 ± 91.2
	657.9 ± 74.3
	1063.2 ± 159.5

	Tip width (nm)
	100.1 ± 36
	110.3 ± 26.9
	120.5 ± 17.1

	Inter pillar distance (nm)
	153.1 ± 55.3
	135.6 ± 33.9
	197.4 ± 28.0

	Density (number of tips per µm2)
	11 ± 4
	10 ± 3
	8 ± 2

	Aspect ratio
	8.4 ± 2.9
	6.0 ± 1.8
	8.8 ± 2.0

	Chemical compositionc

	Si/SiO2
	1.2
	1.3
	2.2

	Si (total) (At%)
	26
	27
	35


aAFM roughness analysis, 2.5 × 2.5 µm2 scanning areas

bSEM micrographs

cXPS analysis
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Fig. 1.
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Fig. 2.
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