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ABSTRACT

Microalgae biomass is an ideal precursor to prepare renewable carbon materials, which has broad application. The
bioaccumulation efficiency (lipids, proteins, carbohydrates) and biomass productivity of microalgae are influ-
enced by spectroscopy during the culture process. In this study, a bilayer plate-type photobioreactor was designed
to cultivate Chlorella protothecoides with spectral selectivity by nanofluids. Compared to culture without spectral
selectivity, the spectral selectivity of Ag/CoSO4 nanofluids increased microalgae biomass by 5.76%, and the spec-
tral selectivity of CoSO4 solution increased by 17.14%. In addition, the spectral selectivity of Ag/CoSO4 nanofluids
was more conducive to the accumulation of nutrients (29.46% lipids, 50.66% proteins, and 17.86% carbohydrates)
in microalgae. Further cultured chlorella was utilized to prepare bioelectrode materials, it was found that algal
based biochar had a good pore structure (micro specific surface area: 1627.5314 m2/g, average pore size:
0.21294 nm). As the current density was 1 A/g, the specific capacitance reached 230 F/g, appearing good electro-
chemical performance.
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1 Introduction

Global warming has been regarded as an urgent climate problem for mankind. The most important factor
contributing to the world’s warming is the production of greenhouse gases such as CO2 from the massive use
of fossil fuels [1]. The development of clean, renewable energy is now necessary to curb warming and slow
energy depletion. The use of biofuels is developing rapidly. By increasing the penetration of biofuels in the
energy balance of all countries, the dependence on oil has been reduced, alternatives have been created, and
supply security has been strengthened [2]. The development of clean, efficient, and sustainable new energy
sources has therefore become a key global issue [3–5]. Microalgae have achieved high commercial value as a
third-generation biofuel feedstock, with high biomass energy and high carbon sequestration capacity [5–8].
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Light and CO2 are essential for the survival of algae [9,10]. CO2 provides a sufficient source of carbon
for photosynthesis, which is involved in the production of various organic substances [10]. Light is a decisive
factor in the growth of microalgae [11]. Existing studies have shown that different light parameters (light
intensity and wavelength, photo/dark period, and light source) are known to affect microalgal growth
[12]. The efficiency of photosynthesis varies with light intensity. He et al. studied the effects of different
light intensities (40, 200, and 400 μmolm−2s−1) on biomass production and lipid accumulation in two
microalgae, Chlorella sp. and Monoraphidium sp. [13]. Periodic changes in light and light attenuation
can lead to areas of darkness in the culture environment, which can affect the light received by
microalgae cells [14]. In addition, microalgae cells do not fully absorb the full wavelength of light for
photosynthesis, the effective wavelength of light absorbed by photosynthesis is about 400–700 nm [15].
Kim et al. [16] found that blue light can promote C. vulgaris accumulation of fatty acids in vulgaris.
However, Ra et al. [17] studied the maximum lipid content of three Nannochloropsis microalgae
cultivated under red light, which reached an average of 34%. Yang et al. [18] showed that red light not
only enhanced photosynthesis in Ettlia oleoabundans, a freshwater unicellular microalgae, but also
enhanced the conversion of fixed carbon into triglycerides (TGAs), of which triglycerides are a necessary
precursor for lipid synthesis.

Conventional laboratory microalgae culture can be controlled by adjusting the light source to achieve
light intensity and light waves, but natural outdoor light cannot be artificially regulated, so an effective
means of regulating natural light needs to be sought [19]. For open microalgae culture installations, the
effective use of natural light to further increase the production of microalgae is a current research priority
[20]. Nanofluids are mostly used in photovoltaic cell materials due to their spectral absorption properties
[21]. Nanofluid is a mixture of nanoparticles and base fluid together. The nanoparticles in the nanofluid
have an absorption and scattering effect on the incident light, which can greatly increase the absorption
ratio and scattering capacity of the base fluid for light [22]. Chen et al. found that the spectral absorption
peaks of Au nanofluids were in the range of 879-553 and 899-594 nm [23]. According to previous
studies, Ag nanoparticles have strong absorption of light compared to TiO2 and SiO2 [24]. Multiple
nanoparticles have different light absorption efficiencies for light waves, and the presence of multiple
nanoparticles in a nanofluid results in different light scattering and light absorption effects [25].

Developing new energy storage devices that are environmentally friendly, safe, efficient, and have a long
cycle life is an important direction for the development of green and clean energy [26,27] . Supercapacitors
are a typical electrochemical energy storage device consisting of two electrodes separated by an ion
permeable membrane and an electrolyte that connects the two electrodes [28]. Carbon materials are used
as electrode materials, which have the advantages of large specific surface area, adjustable pore size and
structure, high electrical conductivity, strong mechanical properties, and easy access [29]. However, high-
quality carbon materials, such as fullerene, graphene, and carbon nanotube lamps, are difficult to
synthesize and costly to manufacture, which are not conducive to large-scale production applications [30].
Biocarbon is a low dimensional carbon material with a unique pore structure, which has the advantages
of light weight, well-developed pore structure, large specific surface area, good electrical conductivity,
high temperature resistance, and corrosion resistance [31,32]. Compared with low dimensional carbon
materials such as mesoporous carbon, graphene, carbon nanotubes, and graphene like materials, biochar
has abundant sources, low preparation costs, and is environmentally friendly and renewable [33–35].

Nanofluid can effectively change the frequency of transmitted visible light and can be used to control
light conditions in microalgae culture. Further study on electrochemical performance of microalgae.
However, no relevant studies have been reported so far. Nanofluid can effectively change the wavelength
of visible light. And there are few applications for further preparation of electrode materials from self-
cultured microalgae. In this study, a photobioreactor was designed for the cultivation of microalgae using
nanofluidic selective light wavelengths. The nanofluid is placed between the algal fluid and the light
source and is used to regulate the frequency of the light. the growth rate and nutrient accumulation
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characteristics of algae under Ag/CoSO4 and CoSO4 were studied. The self-cultured chlorella and KOHwere
further pyrolyzed and activated to prepare electrode materials, and their electrochemical performance were
investigated. Based on this research, this paper wants to provide a new idea for open culture of microalgae,
effectively regulate the natural light to promote the growth of microalgae, and improve the yield of
microalgae, and investigated the electrochemical performance of self-cultured Chlorella protothecoides.

2 Materials and Methods

2.1 Description of a Two-Layer Flat-Plate Photobioreactor
The microalgae culture unit is designed for this research as a lidded double-plate photobioreactor with an

outer profile of 52 mm × 240 mm × 160 mm, an inner layer of 20 mm algal fluid thickness and an outer layer
of 8 mm nanofluid thickness. There are also algal fluid outlets and nanofluid outlets with apertures of 6 and
4 mm on the bottom and right side (Fig. 1), respectively. At the top of the PBRs, there are 5 holes of 12 mm
diameter for continuous aeration by the gas pump and precise control of the total aeration volume (0.5 vvm)
by means of a gas flow meter for the atmosphere (CO2 content of 0.03%, noted as 0% CO2). The microalgae
cultured in this study is Chlorella protothecoides (SAG 211-11b), purchased from the Algae Culture Centre
of the Georg-August-University of Göttingen, Germany. The microalgae culture cycle was 17 days, the
temperature of the photobioreactor was 25°C ± 1.5°C, the initial pH after inoculation was 7 ± 0.2, the
initial optical density at 680 nm (OD680) was adjusted to 0.012 ± 0.003 and the 12/12 h photoperiod. The
growth of the microalgae is monitored by recording OD680 daily during the growth process. Typically,
the algal solution is extracted from the middle of the photobioreactor. In addition, the dry weight was
determined using the filtration method, whereby the weight per volume of algal solution was filtered
through filter paper and dried at 105°C. Total biomass productivity was also determined and calculated
using the equation shown in Eq. (1).

Total biomass productivity ðmgL�1d�1Þ ¼ DWt

t
(1)

where t is the number of days of microalgae growth and DWt is the dry weight of the microalgae on a certain
day of growth.

The preparation of Ag/CoSO4 was based on Han’s [36] experiments and then further experiments with
microalgae culture using Ag/CoSO4 fluid. The detail of specific test steps was shown in supporting
information (Section S1).

Figure 1: Schematic diagram of nanofluid device
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2.2 Determination of Total Lipids, Carbohydrates and Protein Content
The lipid extraction experiment can be find in our previous study. The detailed experimental steps were

shown in supporting information (Section S2) [37–40].

2.3 Pyrolysis of Biocarbon Materials
This article uses a one-step method for pyrolysis experiments. The centrifugally collected Chlorella

protothecoides is dried in a 105°C oven, mixed with KOH (CV:KOH = 1:4), and then placed in a vertical
tubular pyrolysis furnace for activation. N2 is stably input at a flow rate of 100 mL/min for 30 min to
remove air from the reactor. Subsequently, the chlorella is heated to 800°C at a heating rate of 5 °C/min
for pyrolysis and activation.

2.4 Electrode Preparation
The nickel foam sheets were first cut into 1 cm × 3 cm strips and loaded into a beaker and washed with

acetone, 2 mol/L hydrochloric acid solution, 1 mol/L hydrochloric acid solution, anhydrous ethanol and
deionized water for 10 min, respectively. Then take out the dried sample, weigh 0.005 g of the sample
and place it in a disposable 2.5 mL centrifuge tube. Add 1 mL of anhydrous ethanol and place it in an
ultrasonic cleaning machine to shake for 2 h. Then add 200 μ LD-520 dispersion solution and continue
shaking for 3 h. The nickel foam electrode was removed and placed in a drying oven. The biochar
solution was titrated onto the 1 cm × 3 cm nickel foam electrode and covered one third of its area, then
dried and titrated until the solution was completely finished in the centrifuge tube. Finally, the pieces
were dried in a drying oven for 24 h. The pressed pieces were removed and awaited electrochemical testing.

2.5 SEM Analysis
Scanning electron microscopy (SEM, JSM-IT800) was used to observe the morphological changes of

the surface of biochar.

2.6 BET Analysis
The structure of biochar was characterized using ASAP2460 type fully automatic specific surface area

and pore analyzer at a liquid nitrogen temperature of 77 K. The pore structure characteristics of carbon
samples can be obtained through the isothermal curve of N2 adsorption desorption test.

2.7 FTIR Analysis
Potassium bromide powder was used for the tablet pressing method. An appropriate amount of sample

was ground with KBr (sample to potassium bromide mass ratio 1:200), made into thin slices of
approximately 0.5 mm thickness by a pneumatic tablet press and analysed by a Fourier infrared
spectrometer manufactured by ThermoNicolet, USA, with a scanning range of 400–4000 cm−1.

2.8 XRD Analysis
X-ray diffraction is one of the most important tools for the study of the microstructure of matter and is

widely used to determine the structure of various materials and to analyse the physical phase and crystal
structure of materials.

2.9 Electrochemical Testing of Electrodes Analysis
The 660E electrochemical workstation (Shanghai Chenhua Instrument Co., Ltd., China) was used to test

the electrochemical performance of the electrode sheet. The test was conducted using a three electrode
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system, with the auxiliary electrode being a platinum electrode, the reference electrode being a mercury oxide
solution, and the electrolyte being 6 mol/L of KOH solution. The voltammetric characteristic curve and
charge discharge performance of the sample were tested respectively. The specific capacitance C (F/g) is
calculated from the GCD curve, with the specific formula as follows:

C ¼ I4t

m4V
(2)

where I indicates the discharge current; Δt indicates the discharge time; m indicates the mass of the active
substance; and ΔV indicates the voltage window.

3 Results and Discussion

3.1 Analysis of Microalgal Growth Trends
The results of the optical density (OD) measurements are an important source of feedback on the growth

of microalgae, and the trend and magnitude of the OD values reflect the rate of accumulation of microalgal
cell biomass and the number of microalgal cells in the photobioreactor. The OD measurements of the algal
solution for 20 consecutive days were collated to produce a graph of the changes in OD for the Ag nanofluid
group, the base solution group, and the group without nanofluid, as shown in Fig. 2, other groups showed an
overall increasing trend in the growth of microalgae, and both went through a slow growth phase and an
exponential growth phase. However, it can be found from Fig. 2 that the growth rate of the nanofluid and
basal fluid groups was much smaller than that of the group without nanofluids between Day 1 and Day
10, and the change in the number of microalgae cells fluctuated less. This is because in the early stages
of growth, the algal cells are extremely sensitive to light intensity conditions, and the rose-red CoSO4

filters out some of the red light, reducing the light intensity and making the relative amount of light
available to the microalgae less available, reducing the photosynthetic rate [41]. In contrast, the growth
rate of microalgae in the nanofluid and basal fluid groups increased more between Day 10 and Day 16,
with a large increase in the number of microalgae cells and a rapid accumulation of biomass, and was on
par with the group without nanofluids on Day 16. This is because, at a certain concentration of algal
fluid, the sensitivity of algal cells to light intensity is relatively reduced and the spectral dependence on
incident light is increased. The analysis is due to the fact that the photothermal properties and spectral
selectivity possessed by the nanofluid will greatly contribute to the photosynthetic rate of microalgae.
After Day 16, the growth rates of the nanofluid and basal fluid groups continued unabated, and their
microalgal cell numbers kept pulling away from the group without nanofluids. Throughout the growth
process measured, the nanofluid and base solution groups had a positive effect on the growth of the
microalgae compared to the group without nanofluids. The microalgae in the nanofluid group entered the
growth stabilization phase earlier than the base fluid group as well as the group without nanofluids.
Table 1 shows the dry weight and total biomass yield of Chlorella at 12, 14, 16, and 18 days, with the
nanofluid and basal groups having higher dry weight and total biomass yield than the group without
nanofluids. 5.76% increase in total biomass production in the base fluid group compared to the group
without nanofluids. The increase in yield in the basal fluid group was probably due to the red color of the
CoSO4 solution itself, and it has been shown that red light is effective in promoting the growth of
microalgae [17,42]. However, the nanofluid group exhibited superior biomass accumulation compared to
the basal liquid group. The nanofluid group produced 17.14% more biomass than the group without
nanofluids, possibly because the nanoparticles within CoSO4 were selected for light transmission,
resulting in a shift in light wavelengths, somewhat screening light waves and thus promoting microalgal
growth [43].
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In order to analyze and predict the growth curve of S-type bacteria, the most common method is to use
mathematical models to fit and describe the growth curve. Logistic equation is the most commonly used
model to describe bacterial growth kinetics. Especially in systems biology and computational biology.
This equation is usually used to fit the growth curve based on optical density (OD) to understand the
dynamics of the life system. The Logistic model in the form of differential equation was first proposed by
Veshulst in 1838 [44], which can generally well describe the growth curve of organisms. Logistic fitting
analysis was carried out for the three groups of experiments. The Logistic model was suitable for the
three groups of experiments, and R2> 0.99. As shown in Fig. 3, the high fitting degree verified the
correctness of the experiment, and predicted the growth trend of microalgae to a certain extent.
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Figure 2: The growth curves of Chlorella protothecoides in a two-layer plate photobioreactor

Table 1: Dry weight and total biomass production rate of Chlorella protothecoides on the 12, 14, 16 and
18 days

Growth conditions Samples Control Nanofluid Nano base

Dry weight, g L−1 12th day 0.17 0.16 0.14

14th day 0.25 0.28 0.23

16th day 0.31 0.39 0.3

18th day 0.35 0.41 0.37

Total biomass productivity, mg L−1 d−1 12th day 9.44 8.89 7.78

14th day 13.89 15.56 12.78

16th day 17.22 21.67 16.67

18th day 19.44 22.78 20.56
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Figure 3: (a) Control group logistic fitting, (b) Basal solution group logistic fitting, (c) Nanofluid group
logistic fitting

3.2 Nutrient Accumulation by Microalgae
Protein, carbohydrate, and lipid are the three main compounds in Chlorella cells and their content varies

closely with culture conditions, environmental factors, and nutritional status, such as light, temperature, pH,
N and P content, etc. It has been shown that the nutrient content of Chlorella can reach 70%–95% of the dry
weight of the biomass, which is in agreement with the data measured in the experimental group samples.
Three groups of experiments were conducted: Ag nanofluid, nano base, and the control group without
nanofluids (Fig. 4). The most significant variability in nutrient accumulation is reported in Ag nanofluid.
The nutrient accumulation of microalgae varies with changes in light intensity and light wavelength. The
changes in nutrient accumulation and growth trends also demonstrate the effectiveness of nanofluids in
changing the light requirements of microalgae growth [15]. As demonstrated in Fig. 4, Chlorella has an
increase in both lipids and carbohydrates with a decrease in protein content, with the highest lipid content
in Ag nanofluid. This study showed an 11.87% increase in lipids and a 15.62% increase in carbohydrates
in the base fluid group compared to the group without nanofluids. The accumulation of nutrients in the
basal solution group may be due to the rosy red color of the aqueous CoSO4 solution, which projects red
light, resulting in a decrease in microalgal protein and an accumulation of lipids and carbohydrates. Some
studies have shown that red light can indeed promote the lipid accumulation of microalgae, and the
increase of lipid content leads to the decrease of protein content, which is due to the conversion
relationship between protein, lipid and carbohydrate. According to the biochemical synthesis pathway in
microalgae cells reported by Lv et al. [45], glyceraldehydes-3-phosphate (G3P) produced by the Calvin
cycle in chloroplasts is a common precursor for protein, starch, and lipid synthesis, so a decrease in
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protein may lead to an increase in carbohydrate and lipid content. In this experiment, the nutrient
accumulation of the nanofluid group is still higher than that of the base solution group, which may be due
to the refraction and transmission of light by silver nanoparticles. The light intensity required for
microalgae growth is far lower than the light intensity provided by the experiment due to the further
screening of light intensity by silver nanoparticles. The Ag nanofluid group increased lipids by 23.98%
and 10.84% and carbohydrates by 58.84% and 83.75% compared to the basal fluid and the group without
nanofluids, respectively. The difference in the nutrient accumulation with the group without nanofluids
may be due to the transmission of red light by the aqueous CoSO4 solution, while the difference with the
base fluid group may be mainly due to the scattering properties of Ag nanoparticles. According to
previous studies, Ag/CoSO4 solutions have high transmission rates between light wavelengths of 600–
700 nm [36], which is the wavelength of red light. Based on the filtering of light by the aqueous CoSO4

solution, the Ag nanoparticles were further screened for light intensity as well as light wavelengths [46].

3.3 Electrochemical Properties of Self-Cultivating Chlorella

3.3.1 Characterisation of Electrodes Prepared from Self-Cultivated Microalgae
The surface morphology of activated carbon was studied using scanning electron microscopy (SEM). As

shown in Fig. 5a, there are no pores in the chlorella rawmaterial; After pyrolysis and activation, there are a large
number of small and dense pore structures on the surface of activated carbon, as shown in Figs. 5b and 5c.
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Figure 4: Nutrient accumulation in different experimental groups

Figure 5: (a) Chlorella vulgaris raw material, (b) (c) activated carbon, and (d) TEM analysis
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In order to monitor the pore structure of carbon materials from chlorella vulgaris, nitrogen adsorption/
desorption experiments were conducted, and the BET diagram of nitrogen adsorption/desorption isotherms
of self-cultured chlorella vulgaris was obtained. As shown in Fig. 6a, the sample exhibited typical type I
adsorption isotherm behaviour with rapid adsorption at low pressure and gradual saturation with
increasing relative pressure, indicating rapid filling of mesopores and micropores in the sample [47,48].
The average pore size of carbon materials has reached 0.21894 nm. As shown in Fig. 6b, the pore size of
carbon samples from Chlorella vulgaris is mostly less than 1 nm. However, the small pore structure can
increase the ionic contact area of the electrolyte, which is believed to be beneficial to improving the
specific capacitance of supercapacitors. As shown in Fig. 6c, the functional groups on the surface of
carbon materials were observed by FTIR spectroscopy. There are vibrations on the surface of carbon
materials at the following wavelengths: C-O at 1105 cm−1, carboxyl at 1380 cm−1, C=C at 1600 cm−1,
and O-H at 3439 cm−1. The O-H at 3439 cm−1 indicates that the hydroxyl compound undergoes an
association phenomenon, and the stretching vibration absorption peak of O-H shifts towards a low wave
number direction. The C-O absorption peak at 1105 cm−1 is caused by the vibration of the C-O bond in
lipids, alcohols, phenols, or ethers [49]. XRD can be used to determine the phase composition and crystal
structure of carbon. As shown in Fig. 6d, two characteristic diffraction peaks can be observed, which are
amorphous carbon structures [50].

Figure 6: (a) N2 adsorption desorption isotherm , (b) DFT pore size distribution, (c) FTIR analysis, (d) XRD
analysis
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XPSwas used to analyze the functional groups on the surface of the sample. There is nearly 3%N element in
the sample, as shown in Fig. 7b for the four deconvolution peaks of N1s, with pyrrole N as the highest content.
Some studies have shown that pyrrole N contributes to the generation of pseudocapacitance [51]. The higher the N
content, the better the conductivity of the electrode material. As shown in Fig. 7c, the sample contains 7.31% O,
and the presence of oxygen containing functional groups can promote the exchange of anions and cations between
the electrode and the electrolyte solution, thereby improving the efficiency of electron transfer [52]. The presence
of N and O can improve the wettability of the electrode, thereby effectively improving its performance [53].

3.3.2 Electrochemical Testing of Self-Cultivating Microalgae
Due to the dispersion capacitance effect, the diffusion rate of ions in the electrolyte in the pores of carbon

materials varies with the current density. When the current density is high, the diffusion rate of ions in the
pores will be lower than the conduction rate of electrons in the carbon skeleton, resulting in a decrease in
specific surface utilization [54]. Therefore, it is important to observe whether the CV diagram can
maintain an approximate rectangle when the scanning rate increases, which can be used as a basis for
judging whether the material has good reversibility [55,56]. The good symmetry of the sample CV curve
indicates that the electrode reaction is mainly a double layer charge transfer reaction, and the electrode
material has typical characteristics of a double layer capacitor. As shown in the Fig. 8, at a maximum
scanning rate of 0.1 V/s, the carbon sample has good capacitance retention and fast ion response ability.
At a current density of 1 A/g, microalgae carbon reached 230 F/g. As the current density continues to
rise, the specific capacitance of the sample decreases slightly, reaching 242 F/g at 0.5 A/g, while at 8 A/g,
the specific capacitance decreases to 192 F/g, and at 10 A/g, the specific capacitance becomes 180 F/g. At
lower current densities, the specific capacitance remains at a higher level, while at higher currents, the

Figure 7: (a) XPS survey scans, (b) N1s spectra , (c) O1s spectra, (d) C1s spectra
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specific capacitance of the sample exhibits a small decrease. The rapid transport and diffusion of ions are
important factors that affect the performance of capacitors [57]. When the current density is low, the
sample fully forms a double layer capacitance [58]. When the current density is increased, only the
surface forms a double layer capacitance, resulting in a decrease in specific capacitance [59].

4 Conclusions

This study shows that Ag/COSO4 nanofluids have a screening effect on light, and the screening light
wavelength range is within the suitable range of light wavelength for microalgae growth. Microalgae
cultures based on Ag/COSO4 nanofluids increased biomass by 17.14%, lipid content by 10.84%, and
carbohydrate content by 83.75%. In addition, protein accumulation was slightly inhibited and protein
content decreased by 10%. It can be considered that nanofluid interference with light is an effective
method to promote the growth of microalgae, enhance the metabolism and biological accumulation of
microalgae biomolecules. Further, using a one-step method to prepare activated carbon materials for self-
cultured microalgae, it was found that they contain a large number of micropores (micropore specific
surface area: 1627.5314 m2/g, average pore size: 0.21294 nm) and a 2.94% N content. The
electrochemical performance test shows that the specific capacitance reaches 230 F/g at the current
density of 1 A/g, appearing good electrochemical performance.
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Support Information

S1

The materials required for the synthesis of the silver (Ag) nanoparticles were: silver nitrate (AgNO3,
>99%, Sinopharm Chemical Reagent Co., Shanghai, China), ammonia aqueous (NH4OH, 25%–28%,
Sinopharm Chemical Reagent Co., Shanghai, China), trisodium citrate (C6H5Na3O7⋅2H2O, ≥99%,
Sinopharm Chemical Reagent Co., Shanghai, China), D(+)-glucose (C6H12O6), polyvinylpyrrolidone
((C6H9NO)n, K30, Sinopharm Chemical Reagent Co., Shanghai, China), and deionized (DI) water. All
chemicals were purchased from Sinopharm, China, and utilized without further purification.

The experimental steps for the preparation of Ag/CoSO4 were as follows: the silver nanoparticles were
synthesized by chemical reduction. Firstly, the silver ammonia solution was produced by adding a very small
volume (<0.05 mL) of ammonia aqueous to 2 mL of aqueous AgNO3 (5 g/L). Next, 3 mg trisodium citrate,
50 mg D(+)-glucose and 500 mg polyvinylpyrrolidone (PVP) were dissolved in 50 mL DI water, then the
mixture was heated under rapid stirring. After heating the mixture to 85°C under rapid stirring for
30 min, 2 mL of previously prepared silver ammonia solution was slowly added to the mixture. During
the addition of the silver ammonia solution process at 85°C ± 5°C, the mixture color changed from clear
to slightly yellow, then to a distinct honey color, and finally to a dark yellow. Note that the mixture was
filled with an addition of fresh DI water to 50 mL after the reaction was completed due to evaporation
loss. The PVP used acts both as a reducing agent and a dispersant, effectively preventing Ag
nanoparticles from agglomerating. Finally, the solution was diluted with 40 g/L CoSO4 solution to
develop three concentrations of Ag/CoSO4 nanofluids.

The mass fraction of Ag in the nanofluid used in this study was 5.3 ppm. In the microalgae culture
experiments, the base solution CoSO4 and the nanofluid Ag/CoSO4 were added separately to the outer
layer of the photobioreactor.

S2

A modified Bligh and Dyer method [37] was used to extract total lipids. Briefly, the microalgae were
mixed with a chloroform-methanol solution (2:1, v/v) by dissolving about 1 g of microalgae in 20 ml of
solvent. At the same time, the mixture was acidified with 100 μl of 1 M HCl (≥36%, Sinopharm
Chemical Reagent Co., Shanghai, China) to disperse the microalgae homogeneously. After mixing with a
shaker for 3 h at room temperature, 0.2 volumes of NaCl (Sinopharm Chemical Reagent Co., Shanghai,
China) solution (0.9%) were added. The mixture was centrifuged at low speed (2000 rpm) for 2 min to
separate the organic phase. The organic phase was placed in a stream of argon gas to evaporate the
organic solvent to weigh the lipids. The total lipid content was calculated as shown in Eq. (3).
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Lipidtotalcontent ¼ Wl

DWt
(3)

In the formula, Wl is the weight of lipids extracted from microalgae.

S3

Microalgal cells were extracted in a boiling water bath with a 1 N NaOH (96%, Sinopharm Chemical
Reagent Co., Shanghai, China) solution for 2 h according to the method described by Payne and Stewart
[38]. The phenol-sulfuric acid method [39] was used to quantify the total carbohydrate content. Briefly, 1
ml of 5% redistilled phenol was added to 1 ml of sample (1 N NaOH extract solution) and then 5 ml of
concentrated sulfuric acid was mixed. After leaving the solution at room temperature for 30 min, the
absorbance was measured at 490 nm. The total of 9 carbohydrate contents of the microalgae were
quantified according to the glucose standard curve. Similarly, microalgal cells were extracted with a 1 N
NaOH solution and then the total protein content was determined according to the Bradford method [40].
Briefly, 0.1 ml of sample (1 N NaOH extraction solution) was added to 3 mL of Komas Brilliant Blue
reagent and then left at room temperature for 5 min. The absorbance of the solution was measured at 595
nm. The concentration of each sample was determined using a bovine serum albumin standard curve.
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