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Abstract 6 

Photoactive films derived from nanostructured samples of the metal-free, intermediate 7 

band gap semiconductor graphitic carbon nitride (ns-g-C3N4) have been synthesized and 8 

characterized for their particle properties and antimicrobial activity.  Physical characterization 9 

reveals that these materials are composed of discrete nanoparticles whose dimensions range from 10 

200 nm to 700 nm.  Investigation of the photochemical reactivity of ns-g-C3N4 using coumarin-11 

3-carboxylic acid (3-CCA) indicates that this material produces reactive oxygen species (ROS) 12 

under visible radiation.  When irradiated with 0.31J visible light, ns-g-C3N4-based materials 13 

reduced the viability of both gram-negative Escherichia coli O157:H7 and gram-positive 14 

Staphylococcus aureus by approximately 50%.  Nearly complete inactivation of both strains of 15 

microorganisms was achieved upon administration of a 0.62J dose of visible radiation.  16 

Importantly, no biocidal activity was observed for non-irradiated samples, indicating that the g-17 

C3N4-derived films are not inherently toxic in the absence of visible light.  The results of this 18 

study suggest that materials and, by extention, films and coatings derived from g-C3N4 may 19 

present a novel route for controlling pathogenic microorganisms on surfaces in the environment, 20 

and could be useful in reducing incidents of hospital-acquired infections. 21 
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Introduction 22 

The acquisition of antibiotic-sensitive and antibiotic-resistant nosocomial infections are 23 

correlated with an overall increase in patient morbidity and mortality, and responsible for annual 24 

treatment costs of approximately $9.8 billion.1 It is estimated that there are 440,000 cases of 25 

drug-resistant nosocomial infections among the U.S. adult population each year.1  26 

Of particular concern in hospital-acquired infections is the potential of solid surfaces to serve 27 

as reservoirs of pathogenic microorganisms. This is particularly true for surfaces with high touch 28 

frequencies, such as door handles, bed rails, and toilet seats.2  A variety of gram-positive 29 

bacteria, including vancomycin-resistant Enterococcus (VRE) and methicillin-resistant S. aureus 30 

(MRSA), have been reported to survive for months on dry surfaces.3  The same study reported 31 

that gram-negative species (E. coli, Klebsiella spp.) and the fungal pathogen Candida albicans 32 

also survived on dry surfaces for extended periods of time.3  Similarly, wet surfaces, including 33 

bedding, ultrasonic nebulizers and ventilation grills have been observed to function as 34 

environmental reservoirs for MRSA.2 35 

The mechanism by which environmental reservoirs facilitate microbial transmission in a 36 

hospital setting remains the subject of much study.4  In the case of VRE, it has been reported that 37 

touching a contaminated surface can result in microbial transfer with approximately the same 38 

frequency as contact with a colonized patient.4  Reports have also shown that environmental 39 

decontamination is able to successfully suppress outbreaks of MRSA and VRE.4  Consequently, 40 

there is a clear incentive to develop new technologies for surface decontamination to reduce the 41 

incidence of hospital-acquired infections or biofilm formation. 42 

A wide variety of materials, including wide band gap semiconductors5, 6, silver-based 43 

materials7, antimicrobial polymers8 and biopolymers9-11, carbon nanotubes12, 13 and 44 
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functionalized clays5, 14 have been used to produce novel antimicrobial coatings.  Among these 45 

technologies, narrow or intermediate band gap semiconductors that photo-catalytically generate 46 

cytotoxic reactive oxygen species (ROS) from molecular oxygen show particular promise for the 47 

reduction of bacterial populations in interior environments.15, 16  Graphitic carbon nitride (g-48 

C3N4) is an emerging metal-free, intermediate band gap semiconductor.17-20  This material is 49 

particularly attractive for environmental remediation applications due to the fact that g-C3N4 50 

based materials have been shown to produce a variety of ROS in solution21-25, are resistant to 51 

photo-bleaching, and are stable under repeated electronic cycling while also being photo-52 

responsive to visible wavelengths of electromagnetic radiation.24 53 

The potential biocidal or antimicrobial utility of g-C3N4 is poorly explored.  Two studies have 54 

described the antimicrobial properties of composite g-C3N4 complexes containing either 55 

monoclinic sulfur or Ag2CO3.
26, 27   Two additional studies detail the ability of g-C3N4 to 56 

promote the solution-state disinfection of single strains of microorganisms.28, 29  However, all of 57 

these reports have relied on aqueous suspensions of the g-C3N4 materials to achieve the reported 58 

antimicrobial effects.  Surprisingly, there have been no studies exploring the utility of g-C3N4 for 59 

the fabrication of biocidal surfaces or surface coverings or coatings, an application for which this 60 

material appears to be uniquely suited.  In addition, the ability of g-C3N4 to exhibit demonstrable 61 

activity against both gram-positive and gram-negative microorganisms has yet to be established. 62 

Herein we describe the synthesis and physical characterization of nanostructured samples of g-63 

C3N4 as well as the results of studies demonstrating visible–light driven antimicrobial activity of 64 

g-C3N4-derived films against the clinically relevant microbes S. aureus and E. coli O157:H7. 65 

  66 
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Experimental 67 

Reagents. All chemicals and media components were either purchased from Sigma-Aldrich 68 

Corp. (St. Louis, MO) or from Fisher Scientific (Pittsburgh, PA).  Pure strain samples of E. coli 69 

O157:H7 (ATCC #43894) and S. aureus (ATCC #6538) were purchased from the ATCC 70 

(Mannassas, VA) and were grown using Luria Bertani (LB) broth or agar.   71 

Preparation of g-C3N4: Samples of g-C3N4 were prepared by a slight modification of the 72 

reported procedures.22, 24, 30  Briefly, 2.0 g of dicyandiamide was placed in a porcelain crucible 73 

and heated from 25°C to 575°C at a rate of 175°C/hour in a muffle furnace.  The sample dwelled 74 

at 575°C for four hours and then was cooled to ambient temperature over 18 hours.  The 75 

resulting yellow solid was ground to free flowing powder in an agate mortar and pestle prior to 76 

analysis and additional modification. 77 

Preparation of nanostructured g-C3N4: Samples of nanostructured g-C3N4 (ns-g-C3N4) were 78 

prepared using a modification of the protocol reported by Yang et al.31  A 200mg portion of bulk 79 

g-C3N4 powder was suspended in 20 mL of 2-propanol and the resulting mixture was subjected 80 

to sonication at room temperature for 24 hours.   After 24 hours, 20 mL of 0.9% saline solution 81 

was added to the mixture and the alcoholic solvent removed via azeotropic distillation to produce 82 

a 10 mg/mL aqueous suspension of nanostructured g-C3N4. 83 

Spectroscopic characterization of g-C3N4 and ns-g-C3N4: Infrared spectra were collected on a 84 

Thermo-Nicolet Avatar 360 FT-IR spectrophotometer equipped with a single reflection Smart 85 

Orbit diamond ATR aperture in the range of 4000 – 400 cm-1.  Fluorescence spectra were 86 

collected on a Varian Cary Eclipse Fluorescence spectrophotometer.  Diffuse reflectance UV-Vis 87 

spectroscopy measurements were collected on powder samples using a Cary 5000 88 

spectrophotometer.  Bandgap values are estimated using Kubelka-Munk theory.32, 33  Raman data 89 
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 5

was collected on a Thermo Nicolet 870 instrument that was coupled to an FT-Raman module.  90 

X-ray photoelectron spectroscopy was conducted on a PHI 5000 Versaprobe II Scanning ESCA 91 

microprobe using a monochromatic Al Kα X-ray source (1486.6 eV).  The base vacuum in the 92 

chamber was better than 1.5 x 10-10 torr.  The samples used in this study were probed by an X-93 

ray source with a power of 100W and a beam diameter of 150µm.  Survey scans were collected 94 

on several different areas to study the relative composition of the sample. High resolutions scans 95 

were performed on each elemental region to improve the signal-to-noise ratio. Sample charging 96 

effects were minimized using a low energy electron gun and Ar+ ions.  The binding energy scale 97 

was referenced to the C1s peak (284.8 eV) to accommodate peak shifts as a consequence of 98 

sample charging effects. 99 

Physical characterization of g-C3N4 and ns-g-C3N4:  Secondary electron images of g-C3N4 and 100 

ns-g-C3N4 were recorded on a Hitachi S-3400N analytical scanning electron microscope 101 

operating at an accelerating potential of 10.0 kV. Samples were prepared by dispersing the 102 

powder on adhesive carbon tapes and sputter coating with chromium to prevent charging and to 103 

increase contrast.  The hydrodynamic radius of the materials developed for this study was 104 

measured using dynamic light scattering (DLS) measurements on a  Zetasizer Nano ZS 105 

Zetapotential/Particle size analyzer (Malvern Instruments) equipped with a monochromatic and 106 

coherent light beam (633 nm He-Ne laser, 4 mW).  Powdered samples of g-C3N4 or ns-g-C3N4 107 

were dispersed in deionized water to get a pre-determined concentration of 0.001 wt% aqueous 108 

solution.  The samples used for analysis were subjected to ultrasonication for about 10 mins and 109 

immediately transferred to zeta cell for measurements. The particle size scans were averaged to 110 

obtain size distribution data.  Powder x-ray diffraction data was collected on a Rigaku Miniflex 111 
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 6

600 powder x-ray diffractometer using Cu Kα radiation (graphite monochromator, λ = 1.5418 112 

Å).  Data was collected between 2.0° and 65.0° on 2θ with a step size of 0.01°. 113 

Irradiation procedures: Irradiation experiments were carried out by illuminating the sample 114 

mixture with an ozone free xenon light source operating at 270 W (Power source: Newport # 115 

69911).  The lamp housing (Newport # 67001) contained an F/2.2 fused silica condenser and rear 116 

reflector (1.6 correction factor).  The photon flux was stripped of infra-red radiation using a 117 

temperature-controlled, recirculating water filter.  Similarly, UV radiation was removed using a 118 

λ = 400 nm cut-off filter (Oriel # FSQ-GG400).  Total radiation doses were estimated using an 119 

average source irradiance of 30 mW⋅m-2
⋅nm-1 (working distance = 0.5 m), a collimated beam 120 

diameter of 33 mm, and applying equations 1-3.   121 

 122 

Radiant	Exitance	�W∙m-2�=Me=1.6×0.05× 30mW
m2∙nm� dλ

λ2

λ1
																					Equation	1 

Radiant	Power	�W�=φe=A×Me																																																																						Equation	2 

Total	Radiant	Dose	�J�=Radiant	Energy	�J�=	φe×t																																			Equation	3 

 123 

The variables A and t represent the incident beam area (m2) and irradiation time (s), respectively.  124 

Only incident radiation whose wavelengths fell in the spectral window between the UV cutoff 125 

filter (λ1 = 400 nm) and the experimentally determined band gap of the semiconductor (λ2 = 442 126 

nm) were used in the dose calculations. 127 

Determination of ROS production: A 200mg sample of ns-g-C3N4 was suspended in 20 mL 2 128 

mM coumarin-3-carboxylic acid in 0.9% saline.34 The sample was stirred at 260 rpm and the 129 

mixture was either covered (dark control) or subjected to visible radiation.  Aliquots of the 130 
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 7

reaction mixture and dark control were collected prior to the start of irradiation (t = 0) and 131 

periodically throughout the experiment (t = 1, 2, 4 hr).  The photocatalyst was removed from the 132 

reaction mixture by centrifugation at 10,000 x g for 10 minutes and passage through a syringe 133 

filter (0.2 µm).  The fluorescence intensity of the resulting solution was measured at 450 nm 134 

using an excitation wavelength of 395 nm (1.5nm slit) and an emission scan of 400-500 nm. 135 

Antimicrobial experiments: Several isolated colonies of either E. coli O157:H7 or S. aureus 136 

cultures grown overnight on LB agar were suspended in 5 mL 0.9% sterile saline.  The volume 137 

of the suspension was adjusted to bring the final absorbance (600 nm) to 0.5. The resulting 138 

solution was serially diluted to 10-6 using ice-cold sterile saline.35  A 1.0 mL portion of the 10-6 139 

dilution was combined with 20 mL of sterile 0.9% saline containing 20 mg ns-g-C3N4 and the 140 

resulting mixture vacuum filtered onto a 0.45 µm nitrocellulose filter disk (47 mm disk 141 

diameter).  These experimental conditions resulted in a bacterial loading densities of ~11.4 142 

CFU/cm2 (E. coli O157:H7) and ~14.4 CFU/cm2 (S. aureus).  In all cases, the microbial loading 143 

density was selected to be 4-5 times higher than the average density of MRSA reported to be 144 

present on elevated surfaces in a hospital environment (~3.5 CFU/cm2).36  To measure 145 

nonspecific cytotoxicity (e.g. heating effects), replicate filters were prepared that contained 146 

bacteria, but lacked ns-g-C3N4. 147 

Prior to irradiation, inoculated nitrocellulose filter disks were placed on pieces of sterile saline-148 

dampened Whatman #1 filters in a glass petri dish.  The filters were irradiated for 0, 30, 60, or 149 

120 minutes (~0-0.68 J applied radiation). Controls consisted of similarly prepared filters that 150 

received no irradiation (dark control), or similarly irradiated/non-irradiated inoculated filters 151 

lacking ns-g-C3N4. The glass petri dish was placed on ice during the irradiation to minimize cell 152 

killing due to direct sample heating. After irradiation, the nitrocellulose filter disk was placed on 153 
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 8

LB agar and incubated for 24 hrs at 37°C. After the incubation period, colony forming units 154 

(CFU) on the disk were counted manually, and the % total CFU calculated using the formula:  155 

%	Total	CFU= Test	CFU
Total	CFU	�t=0�×100            Equation 4 156 

Each experiment was performed three times, with each time point tested in triplicate. The results 157 

of the experiments are expressed as the mean % total CFU ± SEM (standard error on the mean).  158 

In all cases, the experiments were stopped when the colony count dropped below 2.5 CFU/cm2, 159 

an accepted threshold for the decontamination of high touch frequency sites.37 160 

Results and Discussion 161 

Preparation of ns-g-C3N4 162 

Bulk samples of g-C3N4 were prepared by direct thermal polymerization of the molecular 163 

precursor dicyandiamide in a manner similar to procedures described elsewhere.30  The 164 

successful formation of the desired graphitic phase of carbon nitride was confirmed by powder 165 

X-ray diffraction experiments (Figure 1).  In particular, the peak at 2θ = 27.5° corresponds to the 166 

interlayer spacing (d = 3.24Å) for g-C3N4, while a second peak observed at 2θ = 12.7° closely 167 

matches the dimensions expected for the spacing of the individual melon subunits present in the 168 

polymeric material (d = 6.94Å). 169 
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 170 

Figure 1: Powder X-ray diffraction data for samples of g-C3N4 (top trace) and ns-g-C3N4 171 
(bottom trace). Peaks observed at 2θ = 27.5° and 12.7° are consistent with interlayer spacing and 172 
individual melon subunit spacing, respectively, for the material. 173 

 174 

Post-synthesis modification of g-C3N4 using either physical or chemical techniques has been 175 

previously reported to produce nanostructured samples of the material (ns-g-C3N4).
31  As part of 176 

this study, we have explored the formation of antimicrobial films from ns-g-C3N4 on the basis of 177 

two principle considerations: First, the reduced particle size is anticipated to facilitate the 178 

formation of materials with an overall improved degree of structural homogeneity.  Second, the 179 

smaller particle size present in the exfoliated samples will favor charge carrier migration to the 180 

semiconductor surface over deleterious recombination events.15  This, in turn, is anticipated to 181 

result in enhanced photochemical activity and quantum efficiency of these systems, with respect 182 

to the desired antimicrobial applications. 183 

Samples of ns-g-C3N4 used in this study were produced by means of a sonication-induced 184 

exfoliation process.  The effects of exfoliation on the structure and morphology of g-C3N4 were 185 

investigated by powder X-ray diffraction and scanning electron microscopy, and the 186 
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 10

hydrodynamic radius of the materials before and after the sonication process were compared.  As 187 

shown in Figure 1, the strong reflection centered at 2θ = 27.5° arising from the interlayer spacing 188 

of the bulk material is also observed in samples of ns-g-C3N4, indicating that the lamellar 189 

structure of the material is conserved through the exfoliation process.  Investigation of the 190 

morphology of the materials by scanning electron microscopy revealed that bulk g-C3N4 consists 191 

principally of large, extended layers (Figure 2-A).  In contrast, as illustrated in Figure 2-B, 192 

samples that have been subjected to sonication are observed to be composed of discrete particles 193 

with dimensions ranging from approximately 200 - 700 nm.  The results of the electron 194 

microscopy analysis correlate well with the experimentally measured hydrodynamic radius of 195 

samples of the bulk and exfoliated g-C3N4.  Bulk g-C3N4 consisted of approximately 66.7% 196 

particles with dimensions of 1.48 ± 0.51 µm (inset Figure 2-A). In contrast, analysis of ns-g-197 

C3N4 revealed that 90% of the samples were composed of particles with dimensions of 419 ± 198 198 

nm (inset Figure 2-B). 199 

 200 

Figure 2: Scanning electron micrographs detailing the morphology of samples of (A) g-C3N4 201 
(10.0k magnification) and (B) ns-g-C3N4 (7.50k magnification) produced through sonication 202 
induced exfoliation of the bulk material in 2-propanol. Inset images detail the relative particle 203 
size distribution as observed through hydrodynamic radius measurements. 204 

The chemical composition of the ns-g-C3N4 was investigated by absorbance spectroscopy (FT-205 

IR and Raman) and x-ray photoelectron spectroscopy (XPS).  The FT-IR spectrum of both the 206 
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 11

bulk g-C3N4 and exfoliated ns-g-C3N4 demonstrated the characteristic vibrational and breathing 207 

modes associated with the heptazine subunits and the terminal amine functional groups present 208 

in the extended structure of g-C3N4 (Figure 3, left).  The sharp absorbance observed at 808 cm-1 209 

may originate from either s-triazine or from heptazine ring units, while the numerous peaks 210 

found between 900 cm-1 and 1800 cm-1 are in excellent agreement with reported data for samples 211 

of g-C3N4 produced via thermal polymerization reactions.22, 38  One notable exception is the 212 

strong absorbance peak observed at 1402 cm-1.  This peak has previously been attributed to the 213 

presence of s-triazine (C3N3) in the material, which suggests that the initial bulk materials were 214 

incompletely condensed.39  It is notable that the relative intensity of the absorbance peak at 1402 215 

cm-1 decreases significantly in the exfoliated samples, suggesting that the sonication employed in 216 

the fabrication of the ns-g-C3N4 promotes additional aggregation and condensation of residual s-217 

triazine units that were present in the bulk material. 218 

 219 

Figure 3: Fourier transform infrared (FTIR) absorbance spectrum (left) and Raman spectrum 220 
(right) of g-C3N4 produced via thermal polymerization of dicyandiamide (grey) and ns-g-C3N4 221 
produced via sonication induced exfoliation of the bulk material (black).  The spectra reveal a 222 
general conservation of structure and composition in forming ns-g-C3N4 from g-C3N4. 223 

 224 
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The results of the FT-IR experiments are supported by Raman spectroscopy (Figure 3, right). 225 

Raman spectroscopy has been widely used to assess the internal structure of carbon-based 226 

materials.40  In this case, the peak at approximately 1600cm-1 (G mode) can be attributed to 227 

vibrations arising from sp2 hybridized carbon atoms.  In contrast, the peak at 1350cm-1 (D mode) 228 

is a product of vibrations arising from sp3 hybridized carbon centers.39  These sp3 hybridized 229 

carbon centers are not associated with the accepted structure of g-C3N4 and can be viewed as 230 

defects in the lamellar structure of the complex.  Consequently, the ratio of the Raman peak 231 

intensity (ID/IG) can serve as a measure of the evolution of the relative structural disorder in the 232 

material as a consequence of the initial polymerization and subsequent exfoliation process.  In 233 

this case, the ID/IG ratio for the bulk material was calculated to be 1.66, whereas the ID/IG ratio 234 

for the exfoliated samples of ns-g-C3N4 was 1.42.  These ratios support the results of the FT-IR 235 

analysis and suggest that samples of ns-g-C3N4 have a smaller number of interstitial defects 236 

relative to the bulk materials.  These results are consistent with an exfoliation-and-regrowth 237 

mechanism that has previously been proposed for the formation of nanostructured g-C3N4 238 

materials.39 239 

The effects of the sonication process on the composition of the g-C3N4 samples were 240 

investigated by X-ray photoelectron spectroscopy (XPS).  In particular, we sought to confirm 241 

that the formation of ns-g-C3N4 did not fundamentally alter the chemical composition of the 242 

material or introduce additional functional groups that could negatively impact the biological 243 

compatibility of the materials. As illustrated in Figure 4, bulk samples of g-C3N4 contain a single 244 

significant carbon environment with a binding energy of 288.3 eV.  This peak is consistent with 245 

sp2 hybridized carbon centers in nitrogen-containing aromatic rings (N-C=N).  This peak is 246 

effectively unchanged in the nanostructured sample (288.4 eV).  A second, significant peak 247 
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 13

correlating to adventitious graphitic carbon contamination (sp2 C-C) is also observed in samples 248 

of ns-g-C3N4.  This peak may be observed as a consequence of the solution-based synthetic 249 

methodology employed in the fabrication of these materials as part of this study.  The N 1s 250 

spectrum of bulk and ns-g-C3N4 has been resolved into three components with binding energies 251 

of 398.8 eV (sp2 C=N-C), 400.3 eV (N(3)) and 401.3 eV (conjugated N-H chemical 252 

environment), respectively.  The relative intensity of the N-H peak decreases in moving from the 253 

bulk to the nanostructured material, while the intensity of the N(3) peak simultaneously 254 

increases.  This data further reinforces the FT-IR results, suggesting that sonication of bulk g-255 

C3N4 facilitates additional condensation and internal organization of the extended material. 256 

 257 

Figure 4: High resolution X-ray photoelectron spectra of g-C3N4 (top) and ns-g-C3N4 (bottom) 258 
samples of that were employed in this study.  In both cases, the identified peaks are consistent 259 
with the chemical environments anticipated to be present in the layered carbon nitride structure. 260 

 261 
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The XPS spectra failed to show significant evidence of oxygen in the bulk samples of g-C3N4.  262 

Oxygen was detected in the nanostructured materials and the resulting O1s spectrum was de-263 

convoluted into two peaks with binding energies of 532.6 eV and 533.9eV. The 532.6 eV peak  264 

likely corresponds to surface hydroxyl groups of the silicon sample holder, while the 533.9eV 265 

peak corresponds to chemisorbed water molecules on the surface of the ns-g-C3N4 sample.41  266 

Importantly, the XPS spectrum of ns-g-C3N4 contains no evidence for either C-O or C=O species 267 

that would indicate partial oxidation of the g-C3N4 precursor. 268 

 269 

Figure 5: High resolution O1s X-ray photoelectron spectrum of bulk ns-g-C3N4.  270 
 271 

Optical and Photochemical Properties of ns-g-C3N4 272 

Samples of g-C3N4 are established intermediate band gap semiconductors.42, 43  As determined 273 

by diffuse reflectance spectroscopy, the bulk and exfoliated samples of g-C3N4 both possess 274 

measured band gap energies of approximately 2.80 eV (Figure 6, right). The similarity in the 275 

optical properties of the materials reinforces the results of the XPS studies (Figure 4) and further 276 

indicates that no significant change in the chemical composition of the material occurred during 277 

the process of exfoliation. 278 
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 279 

Figure 6: Diffuse reflectance UV-Vis spectrum (left) and calculated band gap energies (right) of 280 
samples of g-C3N4 (grey trace) and ns-g-C3N4 (black trace).  281 
 282 

With respect to antimicrobial applications, the ability of a semiconductor to produce ROS is of 283 

fundamental importance.44  The superoxide radical anion is likely the initial species that will be 284 

produced from the photochemical reduction of molecular oxygen.45  This complex is highly 285 

reactive in aqueous solution and produces a number of additional ROS, including hydrogen 286 

peroxide (H2O2), the hydrogen peroxyl radical (HO2
•) and hydroxyl radical (HO•) (Equation 5). 287 

15   288 

 289 

  O2 → O2
-•  ↔  HO2

•  →  H2O2  ↔  HO•
       Equation 5 290 

 291 

All ROS cause significant damage to cellular components of microorganisms and are 292 

potentially cytotoxic.46  While it is clear that g-C3N4 does not contain the ionic bonding that 293 

typifies many traditional semiconducting materials, it is reported that the reduction potential of 294 

the conduction band of g-C3N4 can be estimated using Equation 6:38 295 

                                                 0123 = 4 5 01 5 6
708   Equation 6 296 
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In this case, Χ is the geometric mean of the electronegativity of the constituent atoms of the 297 

semiconductor material (calculated to be 4.73 eV47 for g-C3N4), E
C is a scaling factor that relates 298 

the absolute vacuum scale to the normal hydrogen scale (~4.5 eV), and Eg is the experimentally 299 

determined band gap energy of the material. The calculated conduction band and valence band 300 

edge potentials for ns-g-C3N4 are -1.17 V and 1.63V, respectively.  The conduction band edge 301 

reduction potential of ns-g-C3N4 is more negative than both the standard redox potential of 302 

molecular oxygen (O2/O2
-•, E° = -0.33V) and the redox potential of a 1M aqueous solution of 303 

dioxygen (O2/O2
-•, E° = -0.16V).45  Consequently, it is possible to conclude that the materials 304 

used in this study have sufficient reducing power to promote the photochemical conversion of 305 

surface adsorbed oxygen molecules into ROS under appropriate experimental conditions. 306 

We have confirmed the photochemical behavior of ns-g-C3N4 using the established, selective 307 

hydroxyl radical scavenging molecule coumarin-3-carboxylic acid (3-CCA).48  In solution, 308 

reaction of 3-CCA with hydroxyl radicals produces the highly fluorescent molecule 7-309 

hydroxycoumarin-3-carboxylic acid.  As illustrated in Figure 7, irradiated reaction mixtures of 310 

ns-g-C3N4 and 3-CCA produced 7-hydroxycoumarin-3-carboxylic acid and a concomitant 311 

increase in fluorescence. In contrast, non-irradiated sample mixtures, or irradiated samples 312 

containing only ns-g-C3N4 or only 3-CCA, showed no observable change in the fluorescence.  313 

While direct oxidation of 3-CCA is theoretically possible, we anticipate that the Cl- present in the 314 

reaction mixture will serve to trap the photogenerated holes and favor ROS production by means 315 

of reduction of surface adsorbed dioxygen.49
  These results indicate that ns-g-C3N4 successfully 316 

reduced molecular oxygen to produce cytotoxic ROS in the presence of visible radiation. 317 
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 318 

Figure 7: Observed change in fluorescence (λex = 395 nm; λem = 450 nm) in mixtures of 3-CCA 319 
and ns-g-C3N4 with ( ) and without ( ) irradiation with visible light (400nm ≤ λ ≤ 320 
442nm).  Control reactions contained either irradiated 3-CCA alone ( ) or irradiated ns-g-321 
C3N4 alone ( ). 322 
 323 

Irradiated filters containing co-deposited samples of ns-g-C3N4 and either gram negative E. 324 

coli O157:H7 (Figure 8, left) or gram positive S. aureus (Figure 8, right) showed dramatic 325 

decreases in bacterial survivorship. In contrast, non-irradiated filters with co-deposited ns-g-326 

C3N4 and bacterial cells (dark controls), and irradiated/non-irradiated filters containing only 327 

bacterial cells (no ns-g-C3N4) failed to impact bacterial survival. In the presence of ns-g-C3N4, 328 

irradiation with a 0.31J dose of visible light killed 49.4 ± 2.8% of E. coli O157:H7 cells, while a 329 

dose of 0.62J destroyed 97.1 ± 2.4% of the available CFUs (D-value = 112 min).  Similarly, a 330 

total of 40.9 ± 3.4% of the available S. aureus CFUs were destroyed with a dose of 0.31J of 331 

visible radiation, while 93.7 ± 2.7% were eradicated with the 0.62J dose (D-value = 117 min).  332 
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 333 

Figure 8: Relative number of CFUs ( ) of E. coli O157:H7 or S. aureus observed as a 334 
function of applied radiation dose (400nm ≤ λ ≤ 442nm).  Traces for dark control studies 335 
conducted with ( ) or without ( ) ns-g-C3N4, or irradiated without ns-g-C3N4 ( ) 336 
are also presented.  Error bars represent the standard error of the mean for three independent 337 
trials. 338 
 339 

The results of the experiments described here indicate that the photoactive ns-g-C3N4 materials 340 

are not inherently toxic, nor is the observed antimicrobial activity simply a product of 341 

electromagnetic radiation-induced cellular damage.  342 

The materials derived from g-C3N4 that are presented in this manuscript represent a specific 343 

advance in the development of antimicrobial surface coatings.  Primarily, we note that the g-344 

C3N4- films described in this study are photoresponsive to visible radiation.  This stands in 345 

contrast to the highly energetic UV radiation required to drive wide band gap photocatalysts such 346 

as anatase TiO2 and allows g-C3N4 to potentially function as antimicrobial and environmental 347 
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remediation agents in interior environments without the need for potentially damaging radiation 348 

or cocatalysts. 349 

Additionally, it is important to emphasize that the materials that we have developed in this 350 

study are able to achieve comparable and, in some cases superior, results for surface disinfection 351 

when challenged with either E. coli O157:H7 or S. aureus, relative to what has been reported for 352 

other semiconducting antimicrobial surface coatings.50-53  The advantages of these g-C3N4-based 353 

materials over other, previously reported systems are observed both in terms of the relative 354 

required exposure time and in terms of the total reduction in CFU and are realized despite the 355 

fact that higher energy, UV radiation was employed in many of the earlier disinfection studies. 356 

The composition of the g-C3N4 films that were used in this study presents another specific 357 

advantage.  The lack of metals - especially copper and silver salts - in g-C3N4 is anticipated to 358 

increase the overall biological compatibility of this material, while the extended, polymeric 359 

structure may also act to suppress unwanted leaching and environmental redistribution. Lastly, 360 

we note that the g-C3N4 polymer is readily prepared in large scale from inexpensive, 361 

commercially available precursors.  These properties suggest that films and coatings derived 362 

from g-C3N4 may find application in a hospital environment for the decontamination of surfaces 363 

with high touch frequency, including bed rails, countertops and door knobs, among others. 364 

Conclusion 365 

The intermediate band gap metal-free semiconductor ns-g-C3N4 was synthesized from bulk 366 

samples of carbon nitride via a simple exfoliation procedure.  Fluorescent studies using 3-CCA 367 

indicate that irradiated samples of ns-g-C3N4 efficiently produce ROS. Films containing ns-g-368 

C3N4 material showed biocidal activity against both gram negative and gram positive bacteria 369 

when exposed to visible radiation. Importantly, no antimicrobial activity was observed for ns-g-370 
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C3N4-based films that were not exposed to visible radiation, indicating that the materials 371 

developed for this study are not themselves inherently toxic. Ultimately, this work demonstrates 372 

that photoactive ns-g-C3N4 is a promising candidate for a variety of biocidal and environmental 373 

remediation applications.  374 
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Nanostructured g-C3N4 effectively kills samples of the clinically relevant microorganisms E. coli O157:H7 

and S. aureus under visible radiation. 
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