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ABSTRACT

Photocatalytic fuel cells provide promising opportunities for sustainable wastewater treatment and energy
conversion. However, their applications are challenged by the sluggish oxygen reducton reaction (ORR)
kinetics at cathodes owning to the low O, solubility and diffusion rate. Herein, we proposed a photo-
biocatalytic fuel cell (PBFC) with a novel hybrid biocathode based on artificially engineered algal cells
coated by ZIF-8 confined carbon dots/bilirubin oxidase (ZIF-8/CDs/BOD@algae). Microalgae absorbed CO,
and provided O, in situ for BOD catalysts. Due to effective absorption of O, by imidazole and confinement
of hydrophobic porous ZIF-8, oxygen diffusion has been accelerated in MOF/enzyme systems. Importantly,
the introduction of CDs alleviated the poor conductivity of ZIF-8 and improved the electron transfer rate
of BOD. Thus, the biocathode exhibited a high current density of 1767 pA/cm?, a 2.26-fold increase com-
pared with that of CDs/BOD/algae biocathode. Also, it displayed enduring operational stability for up to
60 h since the firmly wrapped ZIF-8 shells could encapsulate proteins and protect algae from the external
stimulation. When coupled with Mo:BiVO,4 photoanodes, the PBFC exhibited a remarkable power output
of 131.8 pW/cm? using tetracycline hydrochloride (TCH) as a fuel and an increased degradation rate of
TCH. Therefore, this work not only establishs an effective confinement strategy for enzyme to enrich oxy-
gen, but also unveils new possibilities for modified microalgal cells aiding photoelectrocatalytic systems

to recover energy from wastewater treatment.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

The organic pollutants in wastewater have posed a great threat
to human and ecological health [1,2]. Whereas, the development
of sustainable water purification systems remains a challenge be-
cause harsh reaction conditions and high energy consumption are
usually required to remove these refractory contaminants [3-5]. In
the past decades, the semiconductor-based photocatalytic fuel cell
(PFC) has provided a mild and sustainable approach for wastewater
treatment, whilst producing green power [6-8]. The light-induced
electrons can spontaneously reach the cathode for ORR, while the
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photogenerated holes oxidize H,O/OH~ to generate hydroxyl rad-
icals ("OH) with strong oxidization, facilitating the mineralization
of organic matters in wastewater into CO, [9]. However, the poor
ORR performance at cathodes has limited the development of con-
ventional PFC systems.

On the one hand, because of the low solubility (~8 mg/L) and
slow mass transfer (~1.96 x 1072 m?/s) of O, in H,O at room
temperature and pressure, sluggish ORR kinetics become one of
the key limiting factors affecting cell power output, resulting in
the unsatisfied degradation efficiency [10,11]. Over the years, sub-
stantial efforts have been invested to maximize O, mass diffusion.
The solid-liquid-air triphasic interface has been constructed since
hydrophobic interfaces are believed to improve the O, transport
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rate [12,13]. Metal-organic frameworks (MOFs) have been proved
as useful tools to capture and transfer gas molecules because of
their unusually high pore capacity, large specific surface area and
tunable capture selectivity [14,15]. Therefore, MOFs have been em-
ployed to absorb the dissolved O, near the interface from the bulk
electrolyte by in-situ synthesis of MOF coatings on electrocatalysts,
thereby improving ORR performance [11,16].

Alternatively, biological enzymes (i.e., bilirubin oxidase and lac-
case) exhibit superior ORR catalytic activity with low overpoten-
tial at moderate pH values compared with inorganic catalysts [10].
The integrated bio-photoelectrochemical cells composed of pho-
toanodes and enzymatic biocathodes obtained much high energy
conversion efficiency [17]. Nevertheless, it is difficult for nature
enzymes to be used in harsh conditions because they face activ-
ity loss due to the inherent fragility [18]. As a result, we consid-
ered developing a MOF/enzyme biocatalyst based on multicopper
oxidases with high O, confinement effects. This approach holds
great promise for addressing the aforementioned issue, given that
MOFs can shield enzymes from the deleterious effects of harsh en-
vironmental conditions. However, due to the poor conductivity of
MOFs, MOF/enzyme systems still face the challenge of poor direct
electron transfer (DET) rate. Also, the function and mechanism of
oxygen diffusion in MOF/enzyme electrochemical systems have not
been fully explored yet. Recently, carbon dots (CDs) have gained
significant attention due to their unique electronic and physic-
ochemical properties, including high electron-transfer efficiency,
reliable biocompatibility, and photoluminescence [19-22], Conse-
quently, it is a promising way to integrate CDs into MOF/enzyme
systems to improve the enzymatic electrocatalytic efficiency.

On the other hand, the energy-intensive aeration process is still
needed to guarantee a sufficient O, supply, which accounts for
over 75 % of the electric energy [23]. Microalgae, as photosynthetic
autotrophs, can absorb CO, and simultaneously produce oxygen
through photosynthesis [24]. In our previous work, we adopted the
functionalized algae to in-situ supply O, to improve the ORR per-
formance in enzymatic biofuel cells even though it suffered from
poor operational stability [25]. Furthermore, microalgae have been
revived for removing antibiotics in recent years [26]. Nevertheless,
the degradation efficiency remained inadequate despite the inte-
gration of microalgae with photocatalysts in a homogeneous re-
action, because bare microalgae were vulnerable to excessive free
radical damage nearby [27].

In this proof-of-concept study, we designed a novel hybrid bio-
cathode based on artificially engineered microalgal cells with O,
confinement effects as an in-situ source of oxygen to increase oxy-
gen mass diffusion and ORR kinetics. The ZIF-8/CDs/BOD@algae
was fabricated by biomimetic mineralization. Electrochemical tests
and density functional theory (DFT) calculations revealed that ow-
ing to the absorption and confinement of O, molecules by imida-
zole, the hydrophobic porous ZIF-8 accelerated oxygen mass diffu-
sion and ORR kinetics. Thus, the biocathode achieved a high cur-
rent density of 1767 pA/cm?2, which was 2.26 times higher than
that of CDs/BOD/algae biocathode. This purposely prepared bio-
cathode showed good electrochemical stability, maintaining 82.4 %
of its initial average current density within 60h. In order to im-
prove the degradation rate of TCH and energy recovery of PBFC,
the hybrid biocathode was integrated with Mo:BiVO4/FTO anodes
to construct a PBFC in a single compartment without mechanical
aeration. The performance of electricity generation and low-energy
consumption degradation in PBFC systems were improved. Hence,
this work provides the feasibility to expand the application of en-
zyme and microalgae biocathodes in photoelectrochemical systems
for energy-efficient water remediation.

ZIF-8/CDs/BOD coated algal cells were prepared by biomimetic
mineralization (Fig. 1a) [28], in which living cells were dispersed
in the zinc acetate solution, and then CDs/BOD hybrids and 2-

Chinese Chemical Letters 37 (2026) 110576

methylimidazole (HMIM) aqueous solutions were added in se-
quence. After several minutes, the cells were collected from so-
lutions and washed with water. The CDs/BOD hybrids have been
characterized in our previous research [25]. The morphology of al-
gal cells before and after ZIF-8/CDs/BOD coating was observed us-
ing scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) (Figs. 1b-e). Compared with the smooth sur-
face of native cells (Figs. 1b and c), the membrane of modified
algal cells was covered with a uniform and rough polycrystalline
ZIF-8 shell (Figs. 1d and e), which was consistent with the mor-
phology of ZIF-8/CDs/BOD biocomposites (Fig. S1 in Supporting in-
formation). We hypothesized that the biomolecule-rich cell mem-
branes and walls could concentrate MOFs precursors, and provide
an effective interface for the crystallization of MOFs [29,30]. Si-
multaneously, the CDs/BOD biohybrids could be embedded in the
framework of ZIF-8 during the nucleation process [31]. Confocal
laser scanning microscope (CLSM) was used to reveal the process
of biomineralization (Fig. 1f). CDs/BOD hybrids were labeled with
fluorescein isothiocyanate (FITC) fluorophore, which produced con-
tinuous green fluorescence around each cell. Besides, when doping
ZIF-8 nanoparticles with the Rhodamine B (RhB), the blue fluores-
cence outer layer was overlapped with the green layer, indicating
that the CDs/BOD hybrids were encapsulated in the inorganic ex-
oskeleton, suggesting successful generation of the ZIF-8/CDs/BOD
layer. After coating, ¢-potential of ZIF-8/CDs/BOD@algae shifted to
—16.7 mV compared with that of —24.9mV for the native cells (Fig.
S2 in Supporting information). Also, the dynamic light scattering
(DLS) of native algae changed from 2.9 pm to 4.9 pm (Fig. 1g). No-
tably, the fabrication process had a negligible impact on the viabil-
ity of the coated cells, with 85.9 % of the coated cells remaining
active compared with the 95.7 % activity observed in native cells
(Fig. 1h and Fig. S3 in Supporting information).

Fourier transform infrared spectroscopy (FT-IR) was used to ex-
plore the biomimetic mineralization reaction (Fig. 1i and Fig. S4 in
Supporting information). The spectrum of CDs/BOD showed a dis-
tinct absorbance peak at 1647 cm™!, which was caused by the C=0
stretching vibration from the amide I band of BOD [32]. After being
fixed in ZIF-8/CDs/BOD and ZIF-8/CDs/BOD@algae, it shifted to a
higher wave number of 1654 cm™!. This indicated that the protein
interacted with the ZIF-8 while the carbonyl of the protein coor-
dinated with the Zn2?* nodes of ZIF-8 [33]. X-ray powder diffrac-
tion (XRD) patterns showed the crystalline structure of the ZIF-
8/CDs/BOD@algae and ZIF-8/CDs/BOD was consistent with the pure
sodalite crystalline phase of ZIF-8 (Fig. 1j) [30]. Compared with the
pure CDs (2.9 cm?/g), The Brunauer-Emmett-Teller (BET) specific
surface area of ZIF-8/CDs/BOD increased to 37.3 cm?/g due to the
high specific surface area of ZIF-8 (Fig. 1k and Fig. S5 in Supporting
information) [34]. The isotherm curve for the ZIF-8/CDs/BOD indi-
cated the presence of micropores and mesopores in the material
[35,36]. Thus, the hierarchical pore characteristics were shown in
ZIF-8/CDs/BOD with an average pore size of 11.7 nm.

It is well-known that ORR prefers to occur at the solid-liquid-
air triphasic interface, where oxygen can diffuse directly to the
reaction center from the air phase through the nanostructured
hydrophobic substrate with higher O, transport rate [13]. There-
fore, the surface hydrophobicity was measured by a standard wa-
ter contact angle test (Fig. 11). The synthesized pure ZIF-8 had
super-hydrophobicity with a water contact angle of 161.2°. When
the ZIF-8 particles mineralized on the surface of algal cells (ZIF-
8@algae), the water contact angle changed to 117.8° from the na-
tive algae of 83°. It is worth noting that the ZIF-8/CDs/BOD@algae
had a super-hydrophilic surface (0°). The phenomenon was identi-
fied further by the TEM images (Fig. S6 in Supporting information)
that during the nucleation of ZIF-8, some of the hydrophilic CDs
were derived outside the ZIF-8 structure, while the internal cav-
ity of ZIF-8 was still hydrophobic, which gave rise to a hydrophilic
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Fig. 1. Fabrication and characteristics of ZIF-8/CDs/BOD@algae. (a) Schematic illustration showing the biomimetic mineralization of ZIF-8/CDs/BOD coated on the algal cell.
(b) SEM and (c) TEM images of localized regions and whole cells (insets) of the native algal cells. Scale bar: 500 nm (Inset). (d) SEM and (e) TEM images of localized regions
and whole cells (insets) of the ZIF-8/CDs/BOD@algae. Scale bar: 500 nm (Inset). (f) CLSM images of the ZIF-8/CDs/BOD@algae displayed in (f1) red, (f2) blue, (f3) green
channels and (f4) overlay images. Red fluorescence, intracellular chlorophyll; blue, RhB labeled MOF shell; green, FITC labeled CDs/BOD hybrids. Scale bar: 10 pm. (g) DLS
tests of native cells and ZIF-8/CDs/BOD@algae. (h) The cell viability measurement of native algal cells and ZIF-8/CDs/BOD coated cells. (i) FT-IR of native algae, CDs/BOD
hybrids, ZIF-8/CDs/BOD and ZIF-8/CDs/BOD@algae. (j) XRD of stimulated ZIF-8, synthesized ZIF-8, native cells, CDs, ZIF-8/CDs/BOD and ZIF-8/CDs/BOD@algae. (k) The N,
sorption isotherms and pore width (Inset) of ZIF-8/CDs/BOD. (1) The water contact angles of (I1) ZIF-8, (12) native algae, (13) ZIF-8@algae and (14) ZIF-8/CDs/BOD@algae.

contact angle for ZIF-8/CDs/BOD@algae [33]. The appropriate hy-
drophobic/hydrophilic interface and porous structure are beneficial
for both H,0 discharge and O, transport.

The electrocatalytic ORR performance of biocathodes was in-
vestigated by linear sweep voltammetry (LSV) and the illustra-
tion of ORR occurred at the liquid-solid-air interface was shown
in Fig. 2a. Firstly, the mass ratio of BOD, CDs, and the precur-
sor concentration (HMIM and Zn?* ion) were optimized (Fig. S7
in Supporting information). The optimized conditions involved 20
uL BOD, 75 pg CDs and 100pL ligand precursors. To study the in-
fluence of the ZIF-8 and CDs on the ORR performance of algal
biocathodes, the current density was measured by LSV tests af-
ter 5h illumination. As shown in Fig. 2b, the current density of
ZIF-8/CDs/BOD@algae biocathode reached the highest current den-
sity of 1767 pA/cm? at 0.3V, which was 2.26 times, 4.28 times
and 5.08 times higher than that of CDs/BOD/algae (781.8 pA/cm?2),
BOD/algae (413.2 uA/cm?) and ZIF-8/BOD/algae (347.8 pA/cm?2) bio-

cathodes, respectively. Compared with previous studies, the en-
zyme/algae biocathode has competitive performance in bilirubin
oxidase biocatalysts, in which the amount of drop casting enzymes
is much less (Table S1 in Supporting information). Besides, the for-
mal potential of the ZIF-8/CDs/BOD@algae was tested to be 0.472V
(vs. SCE), which was more positive than that of CDs/BOD/algae
(0.456V vs. SCE). These favourable enhancements could be ascribed
to the conductivity of CDs and the confinement of ZIF-8 frame-
work. The electrochemical impedance spectroscopy (EIS) (Fig. S8 in
Supporting information) showed that with the addition of CDs, the
charge transfer resistance (Rct) of ZIF-8/CDs/BOD@algae decreased
significantly compared with ZIF-8/CDs/algae. Furthermore, the re-
duced overpotential indicated that the ZIF-8 could promote the
DET rate of enzymes by shortening the distance between BOD and
CDs, which was consistent with the previous report [37].

In order to prove the importance of in-situ produced O,, we
studied the difference of O, supply modes between the self-
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Fig. 2. (a) The illustration of ZIF-8/CDs/BOD@algae biocathode for in-situ O, supply at the triphasic interface and the corresponding photograph (Inset). (b) LSV curves of
different electrodes. (c) LSV curves of ZIF-8/CDs/BOD@algae in O, saturated solutions under dark conditions (black) and in air atmosphere under light conditions (red), scan
rate: 10mV/s. (d) The corresponding Tafel plots. (e) LSV curves of the ZIF-8/CDs/BOD@algae electrode under the light illumination (red) and dark conditions (black). (f) CVs
of ZIF-8/CDs/BOD@algae and CDs/BOD/algae electrodes in 0.1 mol/L O,-free PBS solutions (pH 7.0), scan rate: 10 mV/s.

supplied O, through photosynthesis (Fig. 2a) and supplied O,
through conventional simple O, diffusion approach, in which O,
diffuses from the bulk solution to the reaction interface driven
by a concentation gradient. The ZIF-8/CDs/BOD@algae biocathode
with in-situ produced O, had a higher current density (Fig. 2c)
and smaller Tafel slope than conventional O, diffusion (Fig. 2d),
indicating that the in-situ supplied O, of ZIF-8/CDs/BOD@algae had
faster ORR reaction kinetics [38]. Due to the sustainable produced
0, via photosynthesis, the current density of ZIF-8/CDs/BOD@algae
was almost 7.4 times higher under illumination than that under
dark conditions (Fig. 2e).

It has been reported that ZIF-8 exhibits the capability to store
oxygen [16]. The role of ZIF-8 in O, diffusion in MOF/enzyme/algae
systems was explored via cyclic voltammetry (CV) measurements.
The biocathode was pretreated for 30 min under illumination to
produce O, in-situ via photosynthesis and then moved into O,-free
PBS solutions, followed by CV tests (Fig. 2f). It demonstrated that
the peak current of ZIF-8/CDs/BOD@algae was higher than that of
CDs/BOD/algae biocathode, suggesting that the ZIF-8 coating could
enrich and transfer the O, to the BOD catalyst directly without dif-
fusing to the bulk electrolyte and further enhance the ORR per-
formance. O, enrichment in the porous ZIF-8 was interpreted to
accelerate the local O, diffusion due to a higher concentration gra-
dient [11]. To estimate the oxygen diffusion coefficient (Do, ), a
diffusion-limited peak current (i) was measured under different
scan rates (v). The peak current was dictated by the mass diffu-
sion coefficient as Randle-Sevcik equation (Text S15 in Supporting
information) [39],

i, = Bn?3AD'2Cv'/?

(1)

As the equation was associated with the electrochemical ac-
tive surface area (ECSA) of biocathodes, which was estimated
by the double-layered capacitance (Cy) according to the equa-
tion in Text S14 (Supporting information) [40]. As calculated, the
CDs/BOD/algae and ZIF-8/CDs/BOD@algae biocathodes had almost
the same value of Cg, indicating that the ORR performance has
little relationship with the ECSA (Fig. S9 in Supporting informa-
tion). As shown in Fig. S10 (Supporting information), the growth
of ip slowed down with the increase of v in the diffusion-control
potential region, and the value of Do, inside ZIF-8/CDs/BOD@algae
biocathodes was calculated to be about 3.98 x 10> c¢m?/s, which
was higher than that of CDs/BOD/algae (2.04 x 10~> cm?/s), even
higher than the Do, in 0.1 mol/L KOH solutions (Do, =1.9 x 107>

.
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Fig. 3. (a) The DFT calculations of optimized geometries of ZIF-8/0,. (b) Charge
density differences for O, adsorption. (c) DOS for O atoms adsorbed on imidazole
of ZIF-8. (d) The COM probability density distributions for O, adsorbed on imidazole
of ZIF-8.

cm?/[s) [41]. It can be concluded that the ZIF-8 coating can greatly
improve the oxygen diffusion rate, because of its excellent ability
to enrich and transfer O, through the hydrophobic ZIF-8 pores. As
a result, this leads to a substantial improvement in the ORR kinet-
ics [15,39].

DFT calculations were utilized to study the microscopic interac-
tions between concentrated O, and ZIF-8 (Text S16 in Supporting
information). Initially, the optimized geometries of ZIF-8/0, was
elucidated in Fig. 3a. The result showed that ZIF-8 exhibited mod-
erate binding affinities towards oxygen molecules (binding energy,
E, =-0.51eV), a level of interaction not excessively robust to im-
pede the efficient utilization of oxygen by the BOD [42]. Further-
more, the independent gradient model based on Hirshfeld partition
(IGMH) analysis (Fig. S11 in Supporting information) revealed a no-
table non-covalent interaction between oxygen molecules and 2-
methylimidazole, thus confirming the suitable adsorption binding
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energy between ZIF-8 and O, [43]. The charge density difference
(CDD) between the absorbed O, molecules and the ZIF-8 was anal-
ysed (Fig. 3b). After adsorption, there was a notable charge transfer
between O, molecules and ZIF-8 structure, with electrons migrat-
ing from imidazole to O,, illustrating the efficient enrichment of O,
by ZIF-8 while facilitating its subsequent reduction. Likewise, the
interactions between the imidazole of ZIF-8 and O, molecules were
examined through an electronic density of states (DOS) analysis
(Fig. 3c and Fig. S12 in Supporting information) [44]. A substan-
tial overlap between the C-p states and O-p states was observed
within the imidazole framework [45]. Additionally, the center-of-
mass (COM) probability distribution (Fig. 3d) for the O, molecules
within the ZIF-8 structures clearly indicated an enhanced density
distribution, suggesting a propensity for O, adsorption. These find-
ings confirm that the imidazole groups in the porous ZIF-8 struc-
ture absorb and enrich O, molecules, thereby accelerating oxygen
mass diffusion and boosting the ORR kinetics.

Additionally, the long-term operation stability of electrodes was
continuously monitored by the constant potential i-t curves un-
der the 12-h light/12-h dark cycle (Fig. S13 in Supporting infor-
mation). The ZIF-8/CDs/BOD@algae exhibited good electrochemical
stability within 60 h, maintaining 97 % and 82.4 % of its initial aver-
age current density during the second and the third cycles, respec-
tively, while the CDs/BOD/algae only maintained 72 % of its ini-
tial performance during the third cycles. Besides, the ORR current
density was more than double that of the CDs/BOD/algae. Further-
more, the cell viability after a 12-h ORR test was assessed by CLSM
analysis (Fig. S14 in Supporting information). The CDs/BOD/algae
showed more red fluorescence with a low survival rate (69 %),
in contrast to a high cell viability for the ZIF-8/CDs/BOD@algae
(86.8 %), indicating that ZIF-8 had a protective effect on algae.
In addition, when the biocathodes were explored in the elec-
trolyte containing 10 mg/L TCH, the ZIF-8/CDs/BOD@algae showed
a 90 % survival rate, markedly higher than CDs/BOD/algae biocath-
odes (52.3 %) (Fig. S15 in Supporting information). Notably, for the
ZIF-8/CDs/BOD system, the ZIF-8 shell helped retain 63.3 % of its
original current density in the DMSO solution. On the contrary, the
current density of CDs/BOD dropped significantly to 5.9 % of its
original performance (Fig. S16 in Supporting information). This is
consistent with the previous reports that the MOFs helped main-
tain the enzyme’s structure to prolong enzyme stability [37]. To
sum up, the ZIF-8 coating serves not only to shield the algal cells
from adverse environmental conditions, including electronic and
antibiotic influences, but also enhance enzyme’s stability, thereby
advancing the electrochemical stability of ZIF-8/CDs/BOD®@algae.

The Mo:BiVO4/FTO photoanode was prepared by a simple spin-
coating method with modification (Fig. S17 in Supporting informa-
tion) [46]. SEM images of Mo:BiVO,4 (Figs. S17a and b) showed a
worm-like and uniformly stacked porous structure with a thick-
ness of about 700nm. XRD patterns (Fig. S17c) demonstrated
that Mo:BiVO, was the phase-pure monoclinic BiVO,4 (JCPDS No.
13-0688). According to the corresponding UV-visible diffuse re-
flectance spectra (Fig. S17d) and Tauc plot (Fig. S17e), the corre-
sponding band gap (Eg) was estimated to be 2.63eV (Text S17
in Supporting information) [47]. The valence band edge (Eyg) of
Mo:BiVO, was determined to be about 2.18eV by X-ray photo-
electron spectroscopy (XPS). Therefore the conduction band edge
(Ecg) was estimated to be about —0.45 eV due to Eyg =Eg +Ecp (Fig.
S17f) [48]. LSV tests were carried out under visible light irradia-
tion to investigate the photoelectrochemical properties of photoan-
odes toward water oxidation reaction (WOR) (Fig. S18a in Support-
ing information). We observed that doping metal dopants (Mo6+)
significantly improved the electron transport efficiency of bismuth
vanadate and reached a high current density of 2.3 mA/cm? after a
three-times of spin coating at 1.23V (vs. RHE) (Fig. S18b in Sup-
porting information). In addition, the Mo:BiVO, photoanode ex-

Chinese Chemical Letters 37 (2026) 110576

b 1.0 140
—— CDs/BOD/algae
08 —— ZIF-8/CDs/BOD@algae. 120
! 100 ~
~
206 80 §
A = §
8
W F wos LS
40 Q
0.2
20
0.0 0
0 100 200 300 400 500
J (wA/em?)
-400
c ——ZIF-8/CDs/BOD@algae d Hz0 .
-350{ —— CDs/BOD/algae 0961 __tcH 150
&~ -300 —— glucose
€ 080 9 126 ~
G -250 S
-t e NS N O o0 5
3 00 8048 s
.m0 uo- EEEt
100 /N\\ 0.32 50 QU
50 0.16 25
0 0.00 0
2 3 4 6 7 0 100 200 300 400 500 600
Time (h) Jj (uACm? )
140 This work (TCH)*
120 This work (Hz0) s A
100 c 1 W/WNR/g-C,N,-Z scheme||Fe**/CuBi,0,/ITO (OTC)
g
E; 80 BiVO,/WO,||MnO,/graphene oxide L u
%_ 60 ® |
a . iVO,@PTh-wt%/TiO,Til|Cu,0/Cu NIWNR/g-C;N,-Z scheme||Fe**/CuBi,0,/ITO (H,0
® 5o, uio-s6rmio, u
20 0, N
BiOBr|Pt
0 ©
BIVO,/WO;|| PY/C-air breathing  Coral-like WO/WI||Pt foil
20 T T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

OCP (V)

Fig. 4. (a) The schematic illustration of PBFC based on ZIF-8/CDs/BOD@algae bio-
cathodes. (b) Polarization curves (J-V) and power density (J-P) curves of the PBFC
and (c) the long-term operational stability in PBS solutions (pH 7.0). (d) J-V and
J-P curves of ZIF-8/CDs/BOD@algae based PBFC in different fuels. (e) Comparison
of the performance metrics of PBFC based on Mo:BiVO, photoanodes and ZIF-
8/CDs/BOD@algae biocathodes with other PFCs.

hibited a onset potential of 0.1V (vs. RHE), a negative shift was
observed compared with 0.15V of pure BiVO,. This might be at-
tributed to the reduction of Fermi level pinning by Mo%t modifi-
cation, as previously reported [17].

The ZIF-8/CDs/BOD@algae biocathode was then integrated with
the Mo:BiVO,4/FTO photoanode to fabricate a PBFC as shown in Fig.
4a. The power generation performance of the PBFC was measured
by LSV measurements and the polarization curves (J-V) and power
density (J-P) plots were shown in Fig. 4b. The open-circuit potential
(OCP) of PBFC based on ZIF-8/CDs/BOD@algae in water was 0.73V,
with a maximum power density (Pmax) of 115.8 pW/cm?2, which
was much higher than that of CDs/BOD/algae based PBFC (63.0
uW/cm?). Fig. 4c showed the stability of PBFC systems in long-term
operation. As illustrated, the ZIF-8/CDs/BOD@algae based PBFC
maintained 93 % of its initial short-circuit current within 7 h,
whereas the CDs/BOD/algae based PBFC kept only 73 % of its ini-
tial short-circuit current. This result was consistent with the sta-
bility of a single cathode discussed above. In addition, a series of
typical organic molecules in wastewater were selected as the fuel
to obtain the J-V and J-P plots, so as to further investigate the
PBFC performance based on ZIF-8/CDs/BOD@aglae biocathodes. As
shown in Fig. 4d, the OCP value in the presence of glucose was the
highest (0.78 V), followed by the TCH (0.77 V), both of which were
higher than that of H,0 (0.73V). Glucose as fuels exhibited the
highest power output of 163.8 uW/cm?2. Notably, compared with
H,0, TCH as a fuel had a higher power output (131.8 pW/cm?),
suggesting that the high oxidation capacity of PBFC could be used
to directly oxidize the TCH to generate electricity. Nevertheless,
due to the absorption of visible light by RhB, the power density
was 100 pW/cm?, slightly lower than that of H,0 (Fig. S19 in Sup-
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Fig. 5. (a) TCH degradation in different systems and (b) the corresponding re-
action kinetic plots. Experiments were conducted under short-circuit conditions
in 0.1mol/L PBS solution (pH 7) with 10mg/L of TCH. (c) The remove effi-
ciency of TCH by the PBFC-ZIF-8/CDs/BOD@algae under the open-circuit conditions
(Photoanode+Biocathode) or short-circuit conditions. (d) The reaction kinetic plots
of different components for TCH degradation. Inset, the corresponding degradation
rate. (e) The schematic illustration of the PBFC to remove organic pollutants.

porting information). Therefore, the PBFC performance in electric-
ity generation has remarkable superiorities compared with other
PFC systems based on ORR cathodes (Fig. 4e and Table S2 in Sup-
porting information). Afterwards, the 10 mg/L of TCH was chosen
as the optimistic value for further degradation experiments consid-
ering the power density (Fig. S20 in Supporting information) and
the toxicity to algal cells.

As indicated above, PBFC has the potential to eliminate pollu-
tants, given its large short-circuit currents and strong oxidation
ability. This capability was evaluated by the degradation of RhB
and TCH in an aqueous solution when the adsorption-desorption
equilibrium was reached within 20 min and the results were ex-
hibited in Table S3 (Supporting information). For the degrada-
tion of RhB (Fig. S21a in Supporting information), the PBFC based
on the ZIF-8/CDs/BOD@algae showed the highest degradation rate,
reaching 96.2 % within 2h, higher than that of PBFC based on
CDs/BOD/algae (54.8 %) and the photocatalytic degradation by pho-
toanodes (39.5 %).

To quantitatively analyze the degradation process, pseudo first-
order kinetics was used to simulate the degradation curves. It
can be observed that the PBFC based on the ZIF-8/CDs/BOD@algae
exhibited the largest rate constant (k) of 0.0298 min! com-
pared with other counterparts (Fig. S21b in Supporting informa-
tion). For the degradation of TCH (Figs. 5a and b), based on ZIF-
8/CDs/BOD@algae, the PBFC removed 74.0 % of TCH within 3 h,
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while based on CDs/BOD/algae electrodes, the removal efficiency
of the PBFC was only 54.1 %, followed by the photoanode degra-
dation (36.3 %). The ZIF-8/CDs/BOD@algae based PBFC had a rate
constant of 042 h'!, which was 1.64 times and 2.8 times higher
than that of CDs/BOD/algae based PBFC and photoanodes system,
respectively. The above results suggested that PBFC based on ZIF-
8/CDs/BOD@algae system possessed the highest degradation effi-
ciency. The PBFC performance also showed clear superiorities in
the degradation of RhB and TCH compared to the previous re-
searches (Tables S4 and S5 in Supporting information) considering
the low energy input and economic cost, whilst an additional aer-
ation process is not required.

This excellent purifying performance can be attributed to
the fast charge separation of Mo:BiVO4 photoanodes promoted
by the outstanding ZIF-8/CDs/BOD@algae biocathodes. Further-
more, the degradation was tested under an open-circuit condition
where no currents passed through an external circuit (hereafter,
Photoanode+Biocathode) (Fig. 5¢). Only about 45.2 % of TCH re-
moval was observed, indicating that short-circuit current had a
significant influence on removal rate. In addition, the single pho-
toanode and biocathode exhibited 36.3 % and 16.1 % of degrada-
tion rate, respectively, with much lower rate constant as shown
in Fig. 5d. This indicates that the PBFC’s degradation performance
is markedly enhanced with the integration of biocathodes. It can
be inferred that enhanced ORR performance tends to increase the
charge separation of the photoanode, and thus increase the pro-
duction of reactive oxidative species (ROS). In order to explore the
existence of the free radicals, the electron paramagnetic resonance
(EPR) spectra was employed under illumination. As shown in Fig.
S22 (Supporting information), the signal of TEMPO-h*, DMPO-*0,,~
and DMPO-*OH was observed.

In this work, it is difficult for the sole photocatalytic anode
to completely mineralize the persistent organic matrix [49]. Al-
ternatively, the degradation of TCH from the biocathode within a
short time was ineffective [50]. However, it is noted that when
the photoanode was coupled with the biocathode, the degrada-
tion rate was significantly improved. The mechanism is proposed
in Fig. 5e. There is a large potential difference between the on-
set potential of Mo:BiVO4 (0.1V vs. RHE) and the onset potential
of ZIF-8/CDs/BOD@algae (1.126V vs. RHE), which drives the charge
separation and transfer of photoanodes. It is suggested that under
the irradiation of simulated sunlight, the valence band holes oxi-
date H,O to H,O, or *OH, while the electrons are transferred to
the ZIF-8/CDs/BOD@algae biocathode through the external circuit
and reduce O, to H,0. Meanwhile, some electrons can also reduce
the O, to produce *O,~ at the photoanode [51]. Thus, the h*, *OH
and *0,~can directly react with organic pollutants for degradation
in the PBFC system. As a result, it is a promising way to integrate
photocatalytic degradation with microalgal biocathodes, where no
energy input is needed except the solar source.

In summary, the ORR performance can be greatly improved by
constructing a confined catalytic layer on the surface of live mi-
croalgal cells. ZIF-8 MOFs were used to successfully mineralize car-
bon dots/bilirubin oxidase in situ on individual microalgal cells, re-
sulting in multifunctional effects encompassing in-situ oxygen sup-
ply, enzyme immobilization, and accelerated oxygen mass diffu-
sion. Consequently, the biocathode exhibited rapid ORR kinetics
and attained a notable current density of 1767 pA/cm?2, 2.26 times
higher than the CDs/BOD/algae. Also, the firmly wrapped ZIF-8
shells improved the DET rate of enzymes and protected the mi-
croalgae from the antibiotic stimulation, demonstrating a durable
operational stability with 82.4 % retention of its initial average cur-
rent density within 60h. On this basis, we combined the biocath-
ode and a photoanode to treat model organic pollutants coopera-
tively. With a Mo:BiVO4 photoanode, the PBFC exhibited a max-
imum power density of 131.8 uW/cm? using TCH as fuels with



S. Qing, X. Lu, Y. Jiang et al.

an open-circuit potential of 0.77V under visible light illumination.
The degradation efficiency reached 74 % in 3h, outperformed the
simple combination of photoanodes and biocathodes. It can be at-
tributed that the enhanced ORR performance helps separate the
photoinduced electron/hole pairs from the Mo:BiVO,4 due to the
energy bias between the anode and cathode, leaving more holes
and "OH oxidating with organic pollutions. Hence, this purposely
modified strategy provides a possibility for enzyme and microalgae
biocathodes to assist photocatalysts for power generation from dis-
solved organic pollutants in an energy-efficient way to boost car-
bon neutralization.
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