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H I G H L I G H T S

• A RP/GO composite array of irregular pyramids was successfully synthesized on Ti.

• The GO layer obviously enhanced the photoelectrochemical performance of RP film.

• The RP/GO hybrid exhibited a broad absorption along with a broad spectral response.

• Photodynamic and photothermal effects synergistically lead to excellent disinfection.

• Simple synthesis, stable disinfection and non-toxicity cause practical importance.
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A B S T R A C T

The problem of bacterial infection is getting worse. Photo-driven disinfection is an effective solution with the
perspective of energy consumption. However, the current researches focus on expanding the utilization of light
energy from ultraviolet to visible light, while the infrared portion of sunlight has not been considered. Thus, it is
desirable to develop novel materials, with a broader solar spectrum utilization, for rapid microbial inactivation.
Here we show a crystalline phosphorus film consist of irregular pyramids covered by graphene oxide with an
enhanced photoelectrochemical performance. The metal-free film exhibits broad absorption throughout the solar
spectrum with good photocatalytic and photothermal properties. With the synergy of photodynamic and pho-
tothermal effects, the composite exhibited inactivation of about 99.9% on Staphylococcus aureus and Escherichia
coli within 20min of simulated sunlight irradiation. Meanwhile, well disinfection were also exhibited under
visible and 808 nm light. By the way, good biocompatibility, along with excellent biofilm removal under LED
light, provided the film a prospect in disinfection of medical devices.

1. Introduction

Bacterial infections lead to death worldwide [1,2], in which water-
borne diseases are among the prominent [3,4]. In recent years, the si-
tuation has worsened, due to the resistance come from the extensive use
of traditional antibacterial agents [2,3]. For the traditional methods of
drinking water disinfection, ultraviolet irradiation and chlorine mi-
crobial degradation have been widely used [3,5]. However, several
serious drawback are there, such as photo-corrosion problems, low light

utilization, and carcinogenic by-products [5]. Hence, a microbial in-
activation method, with efficiently energy-utilization and en-
vironmentally friendliness, is urgently needed.

The way of photocatalytic disinfection based on semiconductors
attracts increased interest, due to the perspective of energy consump-
tion and low toxicity [3,6]. Reactive oxygen species (ROS) generated
from photocatalysts can inactivate pathogens by destroying essential
macromolecules [7,8], even on drug-resistant strains [9,10]. However,
the photocatalysts studied are mostly metal compounds, such as TiO2
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[6], ZnO [7], and MoS2 [11,12]. And the utilization of sunlight are
limited to ultraviolet or visible light, with long inactivation time or low
microbial concentration. The infrared light (account for 52% of the
energy of sunlight) is ignored. Besides, the metal elements may bring
potential biosafety risks [8]. Additionally, photothermal sterilization, in
which microbes would be effectively inactivated at a higher tempera-
ture, is also a promising and effective alternative, especially combined
with the photocatalysis [13]. Meanwhile, it is an important way to
improve the utilization of sunlight in near-infrared portion [14].

Recently, the semiconductors based on phosphorus (P) have at-
tracted more and more attention because of the wide distribution in
earth and environmentally friendly property [15]. Up to now, various P
allotropes have been recognized to possess photocatalytic activities,
such as black P [16,17], amorphous red P (RP) [18,19], Hittorf’s RP
[20], and fibrous RP [21,22]. Among them, because of cheap raw
materials amorphous RP is more widely studied as photocatalysis in H2

evolution [23,24], fuels production [25], bacterial inactivation [26,27],
and pollutants photodegradation [28,29]. Meanwhile, many efforts
have been done for improving the photocatalytic ability, such as
loading co-catalyst [30], constructing heterojunctions [31,32,33], im-
proving surface roughness [34], forming imperfections and disordering
on surface [27], enhancing surface area [19,35]. In addition, fibrous RP
has been reported to own the highest H2 evolution record in the family
of elemental photocatalyst [36]. Indications are there that RP is a hot
and promising photocatalyst because of low cost, easy availability and
low toxicity. Furthermore, complex and numerous molecular structures
of P allotropes would means many different or unknown properties
[15]. Based on the advantages, it has been used for implantable medical
devices in our previous study [13].

In this work, we constructed a crystalline P film on Ti plate (Ti-RP)
by chemical vapor deposition (CVD), using the low-cost commercial RP
as precursor. The film exhibited a broad absorption throughout the
solar spectrum, with good photocatalytic and photothermal properties.
Furtherly, graphene oxide (GO) layer was deposited on the RP film to
form a hybrid (Ti-RP/GO) to enhance the photoelectrochemical (PEC)
properties. And the Ti-RP/GO hybrid showed rapid inactivation about
99.9% and 98.28% to Staphylococcus aureus (S. aureus) of 8× 106 and
4×107 CFU/mL in 20min under simulated sunlight (SSL), while
99.91% to 1×107 CFU/mL Escherichia coli (E. coli) in 15min. We ul-
teriorly explored the antibacterial effect under visible and near-infrared
light (808 nm), and found well microbial inactivation effect of both.
Moreover, inspired by the good biocompatibility and energy con-
servation, we also employed the LED light to explore the biofilm re-
moval ability of Ti-RP/GO for the application on non-implantable
medical devices. Based on the simple synthesis, efficient and stable
disinfection, as well as non-toxicity, the film exhibited practical im-
portance for disinfection of water and medical devices.

2. Experimental section

2.1. Synthesis of Ti-RP/GO

A two-step method was employed to prepare Ti-RP/GO. (I) CVD of
commercial RP after hydrothermal treatment (RP powder). (II) Heating
transition of Shellac [37]. For comparison, the samples of Ti-RP and Ti-
GO were also synthesized by the same corresponding process. The de-
tails are available in Supplementary data.

2.2. Characterization

The scanning electronic microscopy (SEM) images were carried out
by Field-emission SEM (FESEM) (Zeiss sigma 500, Germany) and JSM-
6510LV electron microscope (JEOL, Japan). The transmission electron
microscope (TEM) images were acquired with Talos F200S equipped
with energy-dispersive spectroscopy (EDS) and ZEISS Libra 200 FE
transmission electron microscope, all the TEM samples were prepared

by removing the films with a blade. A confocal Raman microspectro-
scope (Renishaw, UK) was used for Raman spectra. An X-ray diffraction
spectrometer (D8A25, Bruker, Germany) was employed for X-ray dif-
fraction patterns (XRD). X-ray photoelectron spectra (XPS) were ac-
quired on an ESCALAB 250Xi instrument (Thermo Scientific, USA). The
diffuse reflectance spectra were investigated by a spectrophotometer
(UV–Vis-NIR, UV-3600, Shimadu, Japan). A fluorescence spectro-
photometer (Perkin Elmer LS55, USA) was employed for photo-
luminescence spectra (PL). Water contact angles of the samples were
carried out under ambient condition with a JC2000D contact angle
system (POWEREACH, China). The simulated sunlight (SSL) was ob-
tained from a 300W Xe lamp (PLS-SXE300, Beijing Changming
Technology Co., LT, China), while the 808 nm light was provided by a
semiconductor laser source (808 nm, LOS-BLD-0808, 0.25W/cm2) and
the LED light was offered by a LED light source (PLS-LED100B, 0.1W/
cm2).

2.3. Photoelectrochemical measurements

All the photoelectrochemical (PEC) experiments were conducted by
a conventional three-electrode. Counter electrode was Pt electrode
while reference electrode was Ag/AgCl electrode. The PEC performance
of the samples were measured in 0.1M Na2SO4 solution with an elec-
trochemical analyzer (CHI-660E, Shanghai Chenhua). SSL was the light
source.

2.4. Photothermal effect measurement

The experiments was conducted under the irradiation of SSL
(0.2W/cm2 or 0.6W/cm2) with the samples put in a 96-well plate. The
tests with samples in water and air were both done. The temperature
images were obtained by an FLIR thermal imaging camera E50 (FLIR
Systems Inc, USA). The points in the curves were obtained from the
average temperature by selecting a fixed area on the images in the
software FLIR Tools. Meanwhile, the temperature curves under irra-
diation of 808 nm light or LED light were also obtained when the an-
tibacterial experiments.

3. Results and discussion

3.1. Characterization

Fig. 1A presented the schematic illustration of the two-step route
synthetic process for the RP/GO film. Fig. 1B showed the digital pho-
tograph of the samples. After CVD treatment, Ti-RP showed a pyramid
shaped structure with roughly uniform density and even spatial dis-
tribution (Fig. 1C), compared to the smooth Ti surface (Fig. S1A). The
insert image in Fig. 1C further revealed irregular pyramid shape of the
unit in RP film. After the deposition of GO layer, Ti-RP/GO still retained
the general morphology of the original RP film, except a relatively
rough surface (Fig. 1D). As comparison, Ti-GO showed a uniform and
compact film (Fig. S1B). This could be due to the great film-forming
ability of shellac, which made transformed GO able to tightly adhere on
the substrates, and then provided well interface contact. Furthermore,
the thickness of the pyramids part of the RP/GO film was about
0.65 µm, while that was 0.60 µm for Ti-RP (Fig. S2). Fig. 1E demon-
strated that the composited unit of the RP film was tapering. Moreover,
RP showed crystalline, with a lattice spacing of 0.175 nm (Fig. 1F). And
Fig. S3A and B showed that GO was sheet and amorphous, which was
the same as the report of GO from shellac [37]. Furthermore, Fig. 1G
showed that the microstructure of RP was not changed. The elements
mapping of C and P further demonstrated homogeneously distributed
on the surface of the hybrid (Fig. 1H). Fig. 1I showed the lattice spacing
of 0.175 nm with some amorphous substances attached on. This proved
an interface contact between RP and GO, which provides the possibility
for electron transfer. And the similar fast Fourier transforms of RP and
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RP/GO further support the conclusion (Fig. S3C and D).
Fig. S4A showed that RP powder was amorphous [28]. After the

CVD treatment, the crystalline peaks of Ti-RP appeared (Fig. S4B),
which suggested that the crystal transition occurred of amorphous RP.
Besides, the patterns also suggest the successful preparation of RP/GO.

In the Fig. 1J, the Ti-GO and Ti-RP/GO both showed the G peak,
indicating the production of sp2 bonded carbon atoms [37]. Also, the
observed D and 2D peaks indicated defects in sp2 carbon network,
which were explored later by XPS. Besides, the differences between Ti-
RP and RP powder, in peaks of Raman spectra at 350–650 cm−1 (Fig.
S4C), also revealed a significant phase change of RP powder in the CVD
treatment. Also, the combined peaks of Ti-RP/GO illustrated the suc-
cessful transformation of GO layer on RP film.

XPS was used to investigated the chemical bonding between RP and
GO layers, as well as the attached oxygen functional groups in the GO.
The P 2p spectra of Ti-RP/GO was fitted to three peaks at 132.7 eV (P-
C), 133.5 eV (PeP) and 134.7 eV (PeO), respectively (Fig. 2A) [38].
Compared to Ti-RP, a new peak of P-C appeared in Ti-RP/GO. The C 1 s
spectra of Ti-GO showed peaks at 284.5 eV (C]C/CeC), 285.4 eV (C-
O), 286.3 eV (C]O), and 288.1 eV (OeC]O), respectively (Fig. 2B)
[37,38]. Compare to Ti-GO, the new peak at 283.8 eV in Ti-RP/GO was
also attributed to the C-P bond. The results proved the formation of
chemical bonding between the RP and GO. And the D peak and the
weak 2D peak would be attributed by the oxygen functional groups of
the GO. In addition, because of the same method and consistent results,
the film transformed from shellac was also termed ass graphene oxide
according to the previous reports [37,39].

3.2. Photoelectrochemical (PEC) performance test and energy band
distribution

The charge transfer properties were investigated by PEC experi-
ments under SSL. When the electrode absorbed light, the photo-gen-
erated carriers would be rapidly separated and diffused to the interface
of the electrode/electrolyte, which would result in the establishment of
a double electric layer and the generation of the open circuit potential
(OCP). The OCP parameter reflects the amount of charge transported by
photo-generated carriers to the surface of the film. Fig. 2C showed the
OCP of Ti-GO was shift from −134.7 mV to −231.1mV
(ΔOCP=96.4 mV) after irradiation, while that of Ti-RP/GO was shift
from −34.2 mV to −335.3 mV (ΔOCP=301.1 mV). The enhance de-
monstrated that the electrons in RP film could transfer into GO layer
and then to the interface of the electrode/electrolyte [40]. Throughout
the whole potential range, Ti-RP/GO exhibited a higher current density
under irradiation (Fig. 2D). As comparison, the current densities
without irradiation were relatively negligible. The photocurrent density
of Ti-RP/GO under the bias of 0.8 V vs. Ag/AgCl was about
1.2 mA·cm−2, which was about four-fold than Ti-GO (about
0.3 mA·cm−2) and three-fold than Ti-RP (about 0.4 mA·cm−2). The re-
sults revealed that more charge carriers were produced from the com-
posite. The consistent conclusion was also supported by Fig. 2E, which
would be attributed by the efficient electron transfer from RP to GO
layer with the higher separation efficiency.

Due to effective transfer of the carriers, the photocarrier transfer
barrier of RP/GO was declined apparently (Fig. 2F). Clearly, the smaller
semicircle at intermediate frequency revealed that Ti-RP/GO had a

Fig. 1. (A) Schematic diagram of the synthesis process of RP/GO film. (B) Pictures of the samples; SEM images of (C) Ti-RP, (D) Ti-RP/GO. (E) TEM and (F) HRTEM
images of Ti-RP. (G) TEM, (H) elemental mapping images of C, P and (I) HRTEM of Ti-RP/GO. (J) Raman spectra of the samples.
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decreased interface resistance and consequently facilitated charge
transport and transfer [41]. Furthermore, the corresponding Bode
phase plots were used to calculated the lifetime of photogenerated
electron (τn) according to the following equation (Fig. 2G).

=τ πf1/(2 )n max

where fmax is the maximum frequency corresponding to the phase
angle peak in the intermediate frequency region [40].

The calculated electron life times were 9.3ms for Ti-RP and 20.6ms
for Ti-RP/GO. The enhancement indicated the lower recombination
rate in Ti-RP/GO. It is worth noting that the carriers transfer kinetics of
RP film could be indeed facilitated through hybrid. The high carriers
mobility of GO facilitated the charge separation process in RP/GO. In
addition, the photoluminescence (PL) spectra confirms the interpreta-
tion (Fig. 2H). The PL spectra showed the quenched characteristic peak
(from 470 nm to 550 nm) of Ti-RP/GO, suggesting the longer lifetime of
electrons and the slower recombination process. Based on above, Ti-
RP/GO was expected to exhibit improved photocatalytic activity.

To investigate the band structure, UV–Vis diffuse reflectance spectra
(DRS), Mott-Schottky (MS) plots and XPS valence spectra were utilized.
The Tauc plots from DRS were used to obtain the bandgaps (Eg)
(Fig. 3A) [42,43]. The Eg of RP was 0.85 eV and that of GO was ranged
from 1.09 to 3.50 eV (Fig. S5) [44,45]. The MS plots were employed to
further investigate the conduction band (CB) (Fig. 3B) [46]. The elec-
trochemical flat-band potential (Efb) were −0.94 V and −0.88 V vs.
Ag/AgCl for RP and for GO, respectively. Based on above results, the
band structure can be calculated (Fig. 3C). The top of the valence band
(VB) were also estimated by XPS valence spectra, which showed that
the VB of GO is more positive than that of RP (Fig. S6A). It was of good
agreement with the calculation.

At last, the energy-band configuration and hypothetical carriers
transfer mechanism was drawn in Fig. 3C. The anti-bonding π* orbital
mainly forms the CB edge of GO, while the O 2p orbital mainly forms
the VB edge [45]. The localization of the electron-hole pairs on the
basal plane of GO was led by the isolated sp2 clutters with the oxyge-
nated functional groups, that is, CeOeH and CeOeC [47]. Besides, the
Eg of GO was depended on the amount of oxygenated sites, which
contributed to the various VB [47]. According to the previous analysis,
we assumed that the Eg energy of GO was stretched by the oxygenated
components on the basal plane, which helped the electrons excited from

VB to CB. When the hybrid aborted light, RP and GO would be excited
to generate electro/hole pairs, and then the electrons in the CB of RP
transferred to GO. In this way, the adjacent GO acted as the electron
acceptor by interfacial P-C bonding at the atomic level, and facilitated
the directed charge carrier transport to inhibit charge recombination,
thus promoting PEC performance. In addition, the detection of singlet
oxygen (1O2) by ESR further demonstrated that GO can improve the
photocatalytic performance of the RP film (Fig. S6B), which the gen-
eration of 1O2 was closely related to both the electrons and holes [48].

3.3. Photo-driven antibacterial tests

To further understand the photocatalytic ability under SSL and the
application prospect, the antibacterial tests of water disinfection were
measured. The fluorescent-based cell live/dead assay suggested the
bacteria were alive on all samples without irradiation (Fig. 4A). In
contrast when with irradiation, partial red fluorescence appeared on Ti-
GO and Ti-RP while almost all were red on Ti-RP/GO. This proved the
best antibacterial activity of Ti-RP/GO. A few of red fluorescence on Ti
would be caused by the ultraviolet portion of the SSL. Besides, based on
the spread plate assays, all samples exhibited poor antibacterial activity
when without irradiation (Fig. 4B and C). It was consistent with the
results of Fig. 4A. When irradiation for 20min with S. aureus, Ti-RP
exhibited an antibacterial efficiency of 78.68%, and showed that of
98.28% after deposition of GO. But when the concentration of bacteria
was reduced to 8×106 CFU/mL, both Ti-RP and Ti-RP/GO showed
antibacterial efficiency of more than 99% (Fig. S7A and Fig. 4D). To
prove that Ti-RP/GO was effective against all bacteria and not just
gram-positive bacteria, the tests on E. coli were also conducted. After
irradiation for 15min, Ti-RP/GO showed antibacterial effect of 99.91%
(Fig. S7B and Fig. 4E). The corresponding fluorescent-based cell live/
dead assay was also agree with the result (Fig. S7C). Moreover, in the
recycling test represented by S. aureus, the antibacterial activity could
last at least 5 cycles without obvious decay (Fig. 4F and Fig. S8), in
particular 1 h of continuous irradiation was applied before the first
cycle. Fig. 4G showed the antibacterial experiment process. The anti-
bacterial tests were carried out in a 96-well plate, where there were a
substrate with an effective area (S) of 32 mm2 and the bacteria in-
oculum with a volume (V) of 200 μL and the concentration (C) of about
1.0×107 CFU/mL. Based on the above, it could be inferred that at least

Fig. 2. High-resolution XPS spectra for (A) P 2p of Ti-RP and Ti-RP/GO, (B) C1s of Ti-GO and Ti-RP/GO. Photoelectrochemical (PEC) measurements, including (C)
open circuit potential (OCP) response, (D) Linear sweep voltammetry (LSV) scanning, (E) photocurrent responses, (F) electrochemical impedance spectra (EIS), and
(G) bode phase plots. (H) Photoluminescence spectra of samples.
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Fig. 3. (A) DRS of the samples. The colorized background is a solar irradiation spectrum. (B) MS plots of Ti-RP and Ti-GO. (C) Schematic of the mechanism to
enhance PEC performance.

Fig. 4. (A) The fluorescent staining of S. aureus on various surfaces after 20min SSL irradiation. (B) Spread plate assay and (C) corresponding counts of S. aureus after
irradiation for 20min of SSL. The assays counts of (D) S. aureus with a lower concentration and (E) E. coli cultured with the samples after irradiation of SSL for 20min
(S. aureus) or 15min (E. coli). (F) The cyclic stability of Ti-RP/GO for photo-driven inactivation with S. aureus as an instance. The sample had been continuously
irradiated for 1 h before the first cycle. (G) The schematic diagram of antibacterial tests. The optical density of simulated sunlight (SSL) was 0.2W/cm2 in the above
tests.
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99% of the bacteria in 200 μL medium were inactivated within 20min
irradiation.

Fig. S9A and B showed the bacterial morphology. As seen, the
bacteria on samples without irradiation showed the normal shape. The
S. aureus cells showed typical spherical shape with the intact cytoderm,
while the E. coli cells showed typical rod-shaped morphology. On the
contrary, the cell walls of bacteria (both for S. aureus and E. coli) for all
irradiated groups showed varying degrees of damage, such as depres-
sion, rupture and deformation (marked with orange or green arrows). It
indicated that one of the causes of bacterial death is membrane de-
struction. Moreover, to further investigate the mechanism of bacterial
death, BCA protein leakage analysis (BCA) and adenosine triphosphate
measurement (ATP) were conducted (Fig. S9C), using S. aureus as in-
stance. The protein leakage of all the samples except Ti increased sig-
nificantly under irradiation and the group of Ti-RP/GO increased the
most. The result would be due to the highest ROS yield. As the most
direct source of energy in bacteria, ATP reflects the metabolism of
bacteria. As seen, the level of ATP was lowest in the group of Ti-RP/GO,
which was consistent with the best antibacterial efficiency. As com-
parison, the level of ATP in the groups of Ti-RP was relatively low,
together along with the lower photocatalytic performance. The results
may be due to the antibacterial mechanism of the synergistic ROS with
heat (discuss below), that is, heat inhibits the activity of proteins and
the metabolism of bacteria while ROS oxidizes cell membrane and in-
tracellular proteins, interferes with the normal physiologic activities of
bacteria, and finally causes the destruction of bacterial membrane and
the death of bacteria [49].

Besides, as a schematic diagram shown in Fig. S9D, the germicidal
effect does not show any specificity on gram-negative and gram-posi-
tive bacteria. Obviously, the antibacterial mechanism by Ti-RP/GO is
different from that of antibiotics, which often act on a specific path in

the organism and take a long time to exert effect. Therefore, our
strategy would not end up leading to resistance as antibiotics do and
causing secondary pollution [2]. The property is essential for water
disinfection. Moreover, the photocatalysis was grown on a substrate
with an good stability, which makes it extremely easy to reuse and even
can be used as a fixed device for the continuous purification of drinking
water.

3.4. Photothermal performance

To explore the inherent photothermal properties and support the
‘heat’ mentioned above, the photothermal performance experiment was
conducted. The samples were placed in 200 μL water or in air (Fig.
S10), and then irradiated by SSL (0.2W/cm2 or 0.6W/cm2). Multiple
parameters were used to exclude contingency of the trends in photo-
themal curves. The temperature of Ti-GO was close to Ti at the same
time while that of Ti-RP/GO was very close to Ti-RP, and clearly tem-
perature differences existed between the two groups. In this way, GO
would only act as photoabsorber to improve the absorbance of the film,
thus improving the photothermal property of the RP/GO film. Besides,
the crystallization RP would be a potentially ideal solar thermal ma-
terials [50], due to its extensive absorption, abundant P reserves and
the simple method. Moreover, since the heat difference were little be-
tween Ti-RP/GO and Ti-RP, the improvement of the antibacterial per-
formance of Ti-RP/GO would be mainly attributed to the increase of
ROS, thus a stronger synergistic effect.

3.5. Antibacterial tests by the irradiation of different wavelengths light.

To explore the performance of Ti-RP/GO under the light of different
wavelengths, photocurrent response and antibacterial experiments

Fig. 5. (A) The photocurrent responses of Ti-RP/GO irradiated by the lights filtered out of SSL by two types of long pass filters. The photo-driven inactivation
efficiency of S. aureus with the irradiation of (B) SSL (0.2W/cm2), (C) light with wavelength>410 nm (0.2W/cm2) and (D) 808 nm light (0.25W/cm2) in infrared
region. The ‘wb’ represented the tests conducted with ice water bath to reduce rise in temperature. The ‘C/C0’ represented the bacterial survival rate.
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were conducted. Ti-RP/GO showed the photocurrent response under
the light with the wavelength>410 nm or>800 nm (Fig. 5A). The
above lights were generated by the SSL passing through two types of
long pass filters. The photocurrent decreased with the decrease of wa-
velength range, which could be attributed to the decrease in energy of
lights as the wavelength range decreases. Of course, GO, a partially
insulating semiconduction like material, also got less photoexcitation
and ultimately only existed as an electron acceptor [45]. The situation
would also lead to a decrease of photocurrent. Moreover, the actual
antibacterial efficiency of Ti-RP/GO under different illumination were
explored (Fig. 5B-D). The corresponding spread plate assay and bac-
terial density counts were also given in Figs. S11–S13, in which the
antibacterial tests with water bath were for minimizing the effects of
heat. In irradiated groups, Ti-RP/GO ultimately showed excellent an-
tibacterial efficiencies, which revealed that Ti-RP/GO could respond to
a broad spectral range in the actual solar water disinfection. The decline
of bacterial density in the groups of Ti and Ti+wb irradiated by SSL
can be attributed to the bactericidal effect of ultraviolet (Fig. 5B). Be-
sides, the antibacterial effect of Ti-RP/GO decreased after the ultra-
violet is filtered out, but can still reach the same degree when the time
is increased to 40min (Fig. 5C). The antibacterial effect under 808 nm
light (0.25W/cm2) was also effective (Fig. 5D). The less antibacterial
time would be due to low initial bacterial concentration, and the
stronger photothermal effect under 808 nm light, which caused the
better synergistic effect with the ROS (Fig. S13C and D). Importantly,
the water bath experiments excluded the conclusion that the anti-
bacterial effect was all attributed to the influence of high heat. Fur-
thermore, the antibacterial experiments under only heat also supported
the conclusion (Fig. S14).

3.6. Biocompatibility evaluation and biofilm removal

At last, the biocompatibility of the samples was evaluated by the 3-
[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide (MTT)
assay and fluorescence staining [49,51]. The samples were co-cultured
with cells (NIH3T3) for 1 and 7 day, respectively. No significant dif-
ferences were found between the groups at 1 day (Fig. 6A). As for
longer incubation of 7 day, a same trend was observed. The results
revealed a similar biocompatibility of RP and RP/GG film compared
with Ti. Fig. 6B showed that well-spread cells filled the surfaces of all
samples in the vision, which proved the good biocompatibility. This
result is consistent with MTT of 1 day. By the way, Fig. S15A showed
that the metal-free films owned good hydrophilicity [52,53], which
may contribute to the good biocompatibility [13].

With the well biocompatibility, we also explored the application for
disinfection of medical device surfaces by LED light [54]. The fluor-
escent-based cell live/dead assay of biofilm and the corresponding
quantification was shown in Fig. 6C and D. The antibacterial efficiency
was> 70% after 30min irradiation, and could reached>90% with
another 30min irradiation. Fig. 6E showed the growth and dispersion
process of biofilm on the film. Firstly, the samples were co-cultured
with the inoculum of S. aureus with the concentration of about 1010

CFU/mL for 48 h to acquire biofilm. Then the samples were irradiation
by the LED light to destructed the biofilm. Once the surface was at-
tacked by the microbes, the deposited film could exhibit an intrinsic
biocidal activity as photothermal property (Fig. S15B) and ROS. By the
way, ROS were produced under LED light with the presence of O2 or
H2O, then lipids, proteins, DNA, and RNA would be rapidly destroyed
by ROS, leading to bacterial inactivation [55].

Fig. 6. Cellular response of (A) cytotoxicity of the samples after co-culturing for 1 day and 7 day with NH3T3 cells and (B) fluorescence staining on the surfaces of the
samples after co-culture with NH3T3 cells for 24 h. (C) The fluorescent assay of S. aureus biofilm after irradiation of LED light (0.1W/cm2). Green represents living
bacteria while red represents dead ones. (D) Quantitative analysis of the fluorescent assay by software Image J. (E) The schematic diagram of biofilm dispersion.
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Also, the same method was used for depositing RP films on various
materials other than Ti plate (Fig. S16). As seen, a black film can be
formed uniformly on the surface of various materials, such as Fe, Ni,
glass, and TiO2. It was bound to increase the application prospects of
the film.

4. Conclusions

In summary, we constructed an irregular pyramid array of crystal-
line P on Ti, which was efficient to harvest the SSL for photocatalysis
and photothermal performance. In addition, the deposition of GO en-
hanced the absorbance and assisted electron-hole pair separation to
improve the photoelectrical performances. In this way, the metal-free
RP/GO film showed rapid inactivation of about 99.9% towards S.
aureus and E. coli about 1× 107 CFU/mL within 20min irradiation of
SSL. Also, good antibacterial effects were under visible (> 410 nm),
infrared (808 nm) and LED light. Moreover, good biocompatibility en-
abled application in medical devices disinfection. Since the simple
method, low-cost raw materials and effective microbial inactivation,
the metal-free hybrid would have large prospect for the photo-driven
disinfection of drinking water and medical devices.
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