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Energy and clean water are two intertwined fundamental elements for human
civilization and sustainable development. This work demonstrates a monolithic
tandem solar electricity-water generator that synergistically produces electricity
and clean water by utilizing the full spectrum of solar irradiance. The two
components, the top infrared photovoltaic device and the bottom water purifier,
mutually benefit each other. This tandem device not only serves as a portable life-
supporting system but also provides a promising integrated alternative for utility-
scale electricity generation and water purification.
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SUMMARY

Energy and clean water are two intertwined fundamental elements for human civi-
lization and sustainable development. Here, we devise a monolithic tandem solar
electricity-water generator that synergistically produces electricity and clean water
by utilizing the full spectrum of solar irradiance. The tandem generator has two com-
ponents: a top infrared-transparent photovoltaic device using above-band-gap pho-
tons, and a bottom solar water purifier using the below-band-gap photons. More
strikingly, a well-designed water-proof thermal interconnecting layer (WTIL) makes
these two components work synergistically: the bottom purifier serves as an evap-
orative cooler of the top solar cell to increase its efficiency, whereas the thermaliza-
tion energy of the top cell is reutilized by the bottom purifier for producing more
clean water. We experimentally demonstrate that a prototype hybrid tandem solar
device with WTIL can generate electricity with a power output of 204 W m 2 and
purify water at a rate of 0.80 kg m~2 h™" under 1-sun illumination.

INTRODUCTION

Growing global population and changing climate call for sustainable generation of
electricity and clean water, two cornerstones for social development and economic
growth.'~® Although the nexus of energy and water poses an intertwined challenge
to today’s society, the technological development of producing green electricity
and clean water has been taking independent and separate pathways.*”> The two
systems of producing power and purified water can be combined using separate in-
frastructures and landscapes,®® but this inevitably leading to high costs, large foot-
print areas, and low energy utilization efficiency to achieve both goals.

Tremendous progress has been made in the field of photovoltaics with steadily
increased efficiency and reduced cost.””'? So far, the efficiency of a single-junction
photovoltaic (PV) device is still below 30%, leaving a large portion (>70%) of solar
irradiance wasted. The excess energy of above-band-gap photons (after absorption)
rapidly dissipates as heat via the thermalization of photo-carriers to band edges (Fig-
ure 1A). The below-band-gap photons will either generate heat if they are trapped
within the solar cell or pass through without utilization (Figure 1B). The thermaliza-
tion energy leads to increased cell temperature and deteriorated photovoltaic
performance.

In the field of water treatment, significant advancement has been made in terms of
both cost and energy efficiency.'*?? Remarkably, the energy efficiency of reverse
osmosis (RO) is approaching the thermodynamic limit.>* Nevertheless, energy sour-
ces and environmental impacts related to powering the desalination plants are still
the primary concerns for future development.”

L))

Context & Scale

Electricity and clean water are two
fundamental elements for daily
life. Existing techniques typically
produce them independently,
leading to high cost and low
energy efficiency. Here, we devise
a tandem solar electricity-water
generator that simultaneously
produces electricity and clean
water by fully using solar energy.
The tandem generator has two
components: a top photovoltaic
device using high-energy
photons, and a bottom solar water
purifier using low-energy
photons. More strikingly, the two
components mutually benefit
each other in the integrated
system: the bottom purifier can be
an evaporative cooler for the top
solar cell to increase its efficiency,
whereas the thermalization
energy of the top cell is reutilized
by the bottom purifier for
producing more clean water. We
experimentally demonstrate that
a prototype hybrid tandem solar
device can generate electricity
with a relative enhancement of
7.9% and purify water at a rate of
0.80 kg m~? h~" under natural
sunlight.
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Attempts to design integrated systems that could simultaneously generate clean
water and electricity from solar illumination have recently seen initial interest.”?
Although the solar thermal efficiency in those integrated systems could be as high
as stand-alone solar thermal systems, the electricity outputs have been rather

limited, below 1 W m~2 under 1-sun illumination.

RESULTS AND DISCUSSION

Here, we devise a monolithic tandem solar electricity-water generator that simulta-
neously produces electricity from the top cell and clean water from the bottom
purifier by utilizing full-spectrum solar irradiance. A water-proof thermal intercon-
necting layer (WTIL) connecting the top and bottom devices enables them to work
synergistically. The rational design of the tandem solar electricity-water generator
is illustrated in Figure 1C. It consists of two solar generators: a PV cell at the top
for electricity generation by absorbing above-band-gap photons, and an interfacial
solar water purifier underneath the PV device for clean water generation by utilizing
the below-band-gap photons. A WTIL is inserted to tightly connect the two compo-
nents, in order to ensure the effective transfer of the thermalization energy from the
top PV cell to the bottom water purifier (Figure 1C). The WTIL is crucial for the two
devices to work synergistically because the top solar cell can be cooled down by
the bottom purifier, thereby ensuring improved power conversion efficiency; the
bottom water purifier can reutilize the thermalization energy from the top cell (which
is otherwise wasted) to purify more water. To evaluate the synergistic effect enabled
by WTIL, the performance of tandem systems without and with WTIL will be
compared, and the two systems are referred to as separated (Figure 1C, left) and in-
tegrated (Figure 1C, right) tandem systems, respectively.

To justify the feasibility of tandem solar electricity-water generators, we experimentally
constructed an integrated hybrid tandem device by integrating an infrared-transparent
crystalline silicon (Si) PV cell and reduced graphene oxide (r-GO)-based solar water pu-
rifier (Figures 1D and 1E). The Si solar cell with grid electrodes on both sides is designed
and fabricated to form an infrared-transparent device (Figures S1 and S2), which allows
below-band-gap photons to transmit through. These below-band-gap photons can be
captured by the underneath r-GO absorber. The two ends of the r-GO absorber are in
direct contact with water sources (such as seawater and wastewater) for continuous water
supply. The absorbed below-band-gap photons will then be used for interfacial solar
evaporation and purification (see more information on interfacial solar evaporation in
Experimental Procedures).'*'>?/~%® The hot water vapor is condensed by the cold side-
wall of the container and flows downward into the container.

As explained above, the WTIL, which connects the top and bottom cells, is crucial for
synergistic operation in the tandem systems. There are two essential requirements
for the WTIL. First, it should ensure effective heat transfer from the top cell to the
bottom purifier in order to reutilize the thermalization energy for extra water produc-
tion and to cool down the working temperature of the solar cell. Second, it should be
able to protect the solar cell from being degraded by the water vapor generated
from the bottom purifier. Ethylene vinyl acetate (EVA) is chosen as it is one of the in-
dustry-standard encapsulating materials for silicon solar cells, with well-proven long-
term stability.*” Vertically aligned carbon nanotubes (VACNT) are used for their
excellent thermal conductivity and mechanical properties.*” Therefore, it can be ex-
pected that the VACNT-embedded EVA membrane (Figure 2A) with elaborate
design should possess the water-proof capability, good thermal conductance, and
asymmetric surface properties, which will be examined in detail below. The
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Figure 1. Structure of Monolithic Tandem Solar Electricity-Water Generators

(A) Band diagram of the tandem solar electricity-water generator.

(B) Solar energy utilization in the hybrid tandem device: part of the above-band-gap solar energy
for electricity generation (purple grid), thermalization heat from above-band-gap solar energy
(purple), and below-band-gap solar energy (red grid) for water vapor generation.

(C) Separated tandem solar electricity-water generator (left) and integrated tandem solar
electricity-water generator with synergic effect (right). The top PV cell absorbs above-band-gap
photons to produce electricity. The bottom water purifier absorbs below-band-gap photons to
produce clean water. For an integrated tandem device, after using a water-proof thermal
interconnecting layer (WTIL), thermalization heat generated in the PV cell is transferred to the water
purifier, which enhances the water generation and cools down the PV cell.

(D and E) Schematic (D) and device structure (E) of the integrated tandem solar electricity-water generator
constructed in this work. An infrared-transparent crystalline silicon (Si) solar cell is deployed as the top PV
cell. Areduced graphene oxide (--GO) based fabric is used for the solar water purifier. AVACNT-embedded
ethylene vinyl acetate (EVA) layer serves as WTIL, connecting the cell and the water purifier, to ensure
protection of the cell and effective heat transfer. CNT, carbon nanotubes; VACNT, vertically aligned CNT.
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Figure 2. Characterizations of Water-Proof Thermal Interconnecting Layer

(A and B) Schematic (A) and photograph (B) of the VACNT-embedded EVA membrane.

(C) SEM image of the interconnecting layer at the interface of the VACNT and EVA.

(D) Vapor penetration of PDMS, EVA, and VACNT-embedded EVA (VACNT-EVA) membranes. The filled symbol refers to the testing condition with a
temperature of 38°C and a relative humidity (RH) of 90%, and the open symbol is for 45°C and 100% RH.

(E) Thermal conductivities of PDMS, EVA, and VACNT-embedded EVA membranes.

(F) Wetting properties of two sides of the VACNT-embedded EVA membrane.

as-fabricated VACNT-embedded EVA membrane is shown in Figure 2B (see fabrica-
tion in Experimental Procedures). Figure 2C shows the zoom-in image of the
VACNT-embedded EVA membrane (typically 80-90 um thick).

As shown in Figure 2D, the VACNT-embedded EVA membrane has water vapor
penetration rates of 56 g m~2 day~' at a humidity of 90% and a temperature of
38°C, and of 135 g m~2 day~" at a humidity of 100% and a temperature of 45°C,
similar to those of the pure EVA membrane (about 46 g m~2 day ™" at a humidity
of 90% and a temperature of 38°C, and 121 g m~2 day ™" at a humidity of 100%
and a temperature of 45°C). This indicates that the VACNT-embedded EVA mem-
brane reserves excellent water-proof capability. Both VACNT-embedded and
pure EVA membranes have a much lower vapor penetration rate than that of the pol-
ydimethylsiloxane (PDMS) membrane, a common material widely used for flexible
electronics.*’"*? The VACNT-embedded EVA membrane also exhibits better ther-
mal conductance because carbon nanotubes (CNTs) provide channels for heat trans-
fer. As shown in Figure 2E, VACNT-embedded EVA has much higher thermal con-
ductivity (0.98 W m™" K™") compared with pure EVA (0.28 W m~' K~") and PDMS
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(0.11 W m™" K~") membrane. The membrane also efficiently captures transmission
below-gap photons because of its good broadband absorption (Figure S3) and
then transfers this part of energy to the water path in the heat form. It should also
be noted that this composite membrane is constructed to have asymmetric wetting
properties (Figure 2F) for connecting different parts of the synergistic tandem sys-
tem. The upper side connecting the top solar cell is electrical-insulating and hydro-
phobic EVA (contacting angle of ~92°), which protects the solar cell from water va-
por generated by the bottom purifier to ensure long-term stability. The lower side
mainly consists of hydrophilic CNTs-based materials (plasma-treated, contacting
angle of ~15°) for excellent mechanical (Figure S4) and thermal contacts with the
bottom puirifier.

To evaluate the synergistic effect enabled by WTIL on the overall performance, the
tandem systems without and with WTIL were compared and referred to as separated
(Figure 3A, left and Figure S5A) and integrated systems (Figure 3A, right and
Figure S5B), respectively. For a single-junction PV cell, it is well known that the ther-
malization energy leads to increased solar cell temperature and thereby reduces the
power conversion efficiency (PCE) of PV cells in practical applications.'® As shown in
Figure 3B, the temperature of the stand-alone photovoltaic devices (as the case in
the separated system) without any additional cooling can reach 50°C and 62°C un-
der 1.0 and 1.5 kW m~2, respectively. In our integrated tandem system with WTIL,
the working temperatures of the top solar cell are 11°C and 18°C lower under 1.0
and 1.5 kW m~2 illuminations, compared with that of the separated system, respec-
tively (Figure 3B). This is because the bottom water purifier serves as an evaporative
cooler forthe PV cell and takes away the thermal heat from the solar cell via the WTIL.
As aresult of lower working temperature, the PCE of the Si solar cell in the integrated
device was 20.4%, higher than that of the separated device (18.9%) under
1.0 kW m~2 illumination (Figure 3C; Table 1, and the incident photon-to-electron
conversion efficiency (IPCE) data are shown in Figure S6é). The PCE enhancement
becomes more significant (from 18.0% to 20.2%) under 1.5 kW m~2 illumination.
Therefore, it is clear that with WTIL for effective heat transfer, the bottom purifier
serves as an evaporative cooler, with a cooling power of 367 W m~2 under
1.0 kW m~2 illumination. The cooling power of this evaporative cooler increases
under higher illumination (see more details of measurement and calculation in
Experimental Procedures).

In addition to the increased PCE in the PV cell, the integrated system exhibits
enhanced water vapor generation for the purifier (Figure 3D). The net evaporation
rates and conversion efficiencies of the integrated device increase by about three
times compared with performances of the separated device (from 0.12 to 0.39 kg
m~2h~"and 16.5% to 53.3% under 0.5 kW m~2 h~", from 0.26 t0 0.80 kg m =2 h~"
and 17.5% to 54.2% under 1 kW m~2, and from 0.44 to 1.25 kg m~2 h™" and
20.1% to 56.8% under 1.5 kW m~2, respectively). The mutual enhancement of elec-
tricity and water generation under different solar illuminations are summarized in
Figures 3E and 3F (see more calculation details for net evaporation rates and conver-
sion efficiencies in Experimental Procedures).

To explicitly evaluate the utilization of thermalization heat for water vapor generation, we
placed a 1,100-nm cutting-off optical filter in front of the top solar cell to select above-
band-gap photons only (Figure S7). The curves of net mass changes of the system with
the filter under various illumination conditions (0.5, 1.0, and 1.5 kW m~?) are shown
in Figure S8A. The net evaporation rates and energy conversion efficiencies of
thermalization heat under illuminations of 0.5, 1.0, and 1.5 kW m~2 are 0.24, 0.50,
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Figure 3. Performances of the Integrated Tandem Solar Electricity-Water Generator for Mutually
Enhanced Electricity and Water Generation
(A) Schematics of the separated (left) and integrated (right) tandem solar generator.

(B) Solar cell temperatures of the separated and integrated system under illuminations of 1.0 and
1.5 kW m™2

(C) Photovoltaic performances of the Si solar cell in separated and integrated systems under
illuminations of 1.0 and 1.5 kW m~2.

(D) Net mass changes over time under different illuminations.

(E) Summary of the performances of the electricity generation in separated and integrated systems
under illuminations of 1.0 and 1.5 kW m~2, respectively.

(F) Summary of the performances of the solar water purifier in separated and integrated systems

under illuminations of 1.0 and 1.5 kW m~2, respectively. The error bars denote standard deviations,
obtained by multiple experimental measurements.

and 0.78 kg m~? h~" and 33.3%, 34.0%, and 35.4%, respectively, as presented in Fig-
ure S8B (see more calculation details in Experimental Procedures).

The monolithic synergistic tandem solar electricity-water generation system has

promising potential as a portable life-supporting system, which can provide both
electricity and clean water in remote areas (Figure 4A). To verify the performance
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Table 1. Photovoltaic Performance of Solar Cell in Separated and Integrated Systems under
Different Solar Irradiances

Power Density Condition Voe (V) Jsc (MA cm?) FF (%) PCE (%)

(kW m=2)

1.0 separated 0.603 39.1 80.5 18.9
integrated 0.641 39.1 81.5 20.4

1.5 separated 0.573 59.2 79.5 18.0
integrated 0.634 59.1 80.8 20.2

under continuous illumination, the output of electricity and water purification over
time under various illumination intensities are presented in Figure 4B. We also per-
formed a stability test of our tandem device with a 3.5% salt water source, showing
steady production of electricity and water for over 120 h (Figure S9). The overall en-
ergy flow under sunlight of 1.0 kW m~2in this integrated tandem generator system is
illustrated in Figure 4C. It is capable of utilizing 74.6% of the whole solar energy
(20.4% for solar electricity and 54.2% for solar water vapor) in our practical prototype
tandem device. Another ~15% of non-utilized solar energy includes optical reflec-
tion loss (~11%) (Figure S10) and heat losses due to radiation and convection, which
leaves room for future development (more analytical details can be found in Exper-
imental Procedures).

The solar water purifier is capable of purifying various kinds of water resources. Three
typical water sources (seawater, industrial wastewater, and bacteria-contaminated
water) were investigated herein as examples. For seawater (from the Bohai Sea,
China), the concentrations of four primary ions (Na*, Mg?*, Ca?*, and B®") after
desalination were reduced by at least three orders of magnitude and all reached
the World Health Organization (WHO) standards for drinking water (Figure 4D).*?
For industrial wastewater (five heavy metals ions with different concentrations
300 mg L™' Ni?*, 300 mg L™" Cu?*, 300 mg L™ Pb?*, 100 mg L™ Cr** and
100 mg L™" Zn?"), all heavy metal ions were also purified well by our device, and
the concentrations after purification for all reached WHO standards for drinkable
water (Figure 4E). For the bacteria-contaminated water (contaminated by Escheri-
chia coli [E. coli] and Staphylococcus aureus [S. aureus]), both bacteria E. coli and
S. aureus in the contaminated water were effectively removed after purification
(Figure 4F).

On the utility-scale, this hybrid tandem solar-conversion device can add much more
value to large-scale solar plants by increasing the electricity generation and purifying
water without extra infrastructures and landscapes. For example, by replacing a
1-MW photovoltaic plant with our tandem solar electricity-water device, each day
we can purify 24 tons of water and produce 480 kWh more electricity (assuming 6

sun-h per day, see more details of the calculation in Experimental Procedures).**

In summary, we devised a monolithic hybrid tandem solar electricity-water generator
device for synergetic electricity generation and water purification with full solar
spectrum utilization and high conversion efficiencies. We experimentally con-
structed a prototype hybrid tandem solar device that could generate electricity
with a power output of 204 W m™~2 and purify water at a rate of 0.80 kg m™?h™" under
1-sun illumination, representing an overall solar energy utilization efficiency of
74.6%. It is expected that advances in PV devices, interfacial solar evaporation,
and water-proof thermal interconnecting materials could lead to tandem generators
with even higher efficiency and lower cost.***** The hybrid tandem solar
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Figure 4. Continuous Working Performance, Energy Flow, and Water Quality out of the
Integrated Tandem Solar Electricity-Water Generator

(A) Photograph of a portable tandem solar generator for outdoor application. The inset: the entire
device occupies a small volume of a common backpack.

(B) Continuous working performances of simultaneous electricity production and water purification
under various illumination intensities.

(C) Detailed analysis of the energy flows in the hybrid tandem device. WTIL enables a synergistic
effect, which produces more water and electricity.

(D) Concentrations of four primary ions (Na*, Mg®*, Ca®*, and B3*) in a seawater sample (from the
Bohai Sea, China; average salinity ~1 wt %) before and after desalination. The black lines show the
WHO standard of ion concentrations for drinking water. The B3* ions cannot be detected by ICP
after purification.

(E) Concentrations of five classical ions in a simulated industrial wastewater sample (300 mg L
Ni?*, 300 mg L™" Cu?*, 300 mg L™" Pb?*, 100 mg L~" Cr®", and 100 mg L~ Zn?*) before and after
purification. The black lines show the WHO standard of ion concentrations for drinking water.

(F) The concentrations of bacteria E. coli (top) and S. aureus (bottom) before and after purification
are demonstrated in the left and right plates, respectively.

electricity-water generator not only provides a complementary and portable solu-
tion for sustainable supply of electricity and drinking water in off-grid areas but
also offers a feasible solution for utility-scale electricity generation and water purifi-
cation in resource-stress regions. For example, the thermal interfacial layer is being
highly pursued, and it is expected that the community will find more material sys-
tems to meet the large-scale requirements in terms of performance and cost. Our
tandem device can also help to improve the overall performance of PV plus RO
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systems®’*® by providing extra water (increased yield of 0.80 kg m™2 h™" under 1-
sun illumination) as well as extra electricity (a relative enhancement of 7.9% under
1-sun illumination), which can also be used to power RO systems for clean water pro-
duction (for details, see Experimental Procedures).

EXPERIMENTAL PROCEDURES

Fabrication of Infrared-Transparent Si PV Cell

A 180-pum-thick p-type silicon wafer was textured in a potassium hydroxide solution
to produce random pyramids on both sides.”” The p* and n* layers were then
formed by thermal diffusion. An 80-nm-thick SiN, layer was coated on both sides
for effective surface passivation and served as an anti-reflection layer on the front
side. Finally, silver grid electrodes were fabricated on both sides by screen printing.

Fabrication of Reduced Graphene-Oxide-Based Solar Water Purifier (r-GO-
Coated Fabrics)

Graphene oxide (GO) nanosheets were dispersed in deionized water (3 mg/mL) by
ultrasonic vibration for 2 h. Thereafter, the GO solution was sprayed onto the
preheated fabrics using a commercial airbrush (Nozzle diameter of 0.3 mm, Ustar
CD-601) to produce GO-coated fabrics. The GO coated fabrics (graphene-based
fabric) were then baked at 150°C in a vacuum to obtain r-GO-coated fabrics. Scan-
ning electron microscope (SEM) images of fabrics only and r-GO-coated nonwoven
fabrics are shown in Figure S11.

Fabrication of Water-Proof Thermal Interconnecting Layer: VACNT-
Embedded EVA Membrane

The VACNT was fabricated by a template method.”®*" The VACNT membrane and
EVA membrane with 80-90 pm thick were sandwiched with two Teflon plates. After
hot-pressing under 130°C-180°C for 20-60 min in vacuum, the VACNT-embedded
EVA membrane was obtained. The VANCT was pre-treated (plasma cleaning) to be
hydrophilic. The EVA side of the membrane is bonded with the bottom side of the
solar cell by a hot-pressing method. Specifically, the process was conducted under
110°C-130°C as the EVA membrane was melted and a constant pressure about
10* Pa was simultaneously loaded on them. The whole hot-pressing process was
continued for minutes to ensure a good connection between the solar cell and
EVA.

Characterizations

The morphologies and structures of the solar water purifier (-GO coated fabrics)
were characterized by scanning electron microscopy (SEM, FEI, Quanta 200). The
absorption spectra of the Si PV cell and r-GO coated fabrics and the transmittance
of the Si PV cell were measured from 280 to 2500 nm using a UV/vis/NIR spectrom-
eter (UV-3600, Shimadzu). A FLUKE TiX 580 infrared camera was used to take
infrared photographs. Concentrations of ions in brine and clean water were tracked
by inductively coupled plasma spectroscopy (ICP-OES, OPTIMA 5300 DV,
PerkinElmer Instrument). The J-V curves of silicon solar cells were taken using a
source meter (Keithley 2400) and a solar simulator (AM 1.5 G, Newport 94043A,
Class AAA). A Newport-calibrated solar cell with a quartz window was used to adjust
the light intensity into 1 kW m™2. Typically, the silicon solar cells were measured
from +0.7 V to —0.1 V with a voltage step of 10 mV and a delay time of 100 ms.
The J-V measurement was taken in the ambient environment (about 40% RH and
26°C). The IPCE spectra were taken by the QEX-10 system without light bias in
the ambient environment (about 40% RH and 26°C).
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Measurements of Electricity and Vapor Generations

Concave support with upper opening (Figure S5) for evaluating the performance of
thermal/solar vapor generation in Figures 3D and 3F, and water purification in Fig-
ure 4B: a concave support with upper opening was made by tinfoil, and the central
part of the flexible reduced graphene oxide (r-GO) absorber was fixed on the open-
ing with both ends in direct contact with the water container to take up the water. For
the integrated tandem system, the silicon solar cell (the same size and shape as the
flattened central part) with WTIL was tightly connected with the r-GO absorber. For
the separated tandem device, the Si cell without WTIL was placed 3 mm away from
the r-GO absorber.

The devices were irradiated by a solar simulator (AM 1.5 G, Newport 94043A, Class
AAA). Once the light was on, the output electricity was recorded by a source meter
(Keithley 2400) or extracted by an external resistor, and meanwhile, the mass
changes of the separated or integrated devices were tracked by a high accuracy bal-
ance (FA 2004, 0.1 mg in accuracy) connected to a desktop computer (real-time
tracking with RS-232 serial ports. The mass changes we plotted are net mass
changes, which means we extracted dark evaporation induced mass changes from
the total evaporation under sunlight (Figures 3D and S7A). The net evaporation rates
and energy conversion efficiencies are calculated from the slope from the steady
states (2000~3600 s) of the net mass change curves.

Calculations of Conversion Efficiencies

Conversion efficiency (n) is defined as mhy, /Psojar, where m is the mass flux of vapor,
hy, is the liquid-vapor phase change enthalpy (2450 kJ kg™ for generating vapor of
~40°C), and P, is the intensity of solar energy.

Bacterial Experiments

E. coli and S. aureus were incubated by lysogeny broth and dispersed in normal
saline as bacteria-contaminated water for the purification experiments. We detected
water samples before and after purification by plate counting. 100 uL of each sample
was plated in triplicate and incubated at 37°C for 24 h. The counting results were
shown in Figure 4F (10°-fold diluted for E. coli and 10*-fold diluted for S. aureus).
The purified water used for plate counting was not diluted.
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