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chemical production.[2] Underpinning this 
is the crucial light-harvesting photosystem 
II (PSII, Figure S1, Supporting Informa-
tion) enzyme.[3] As a robust, regenerative, 
environment-compatible, and abundant 
organism in plants or microbes,[3a] PSII 
can transcend synthetic catalysts, carrying 
out photocatalytic water oxidation at a 
high turnover frequency (TOF: ≈100 s−1) 
and a small overpotential under mild con-
ditions.[4] Wiring PSII complexes on artifi-
cial electrodes in a semiartificial system to 
perform useful photoelectrochemistry can 
transduce sunlight into value-added chem-
icals and electric power with high effi-
ciency, selectivity, and flexibility, devoid of 
any harm to the environment or health.[5] 
Compared to the biological systems with 
limited engineering flexibility due to 
the complex machinery and metabolic 
pathways,[5a,6] this semiartificial platform 

allows for flexible photoelectrochemical (PEC) water oxidation 
and electricity generation.[3a,7]

Rational electrode design is necessary since the overall 
PEC performance is closely related to PSII loading, electron 
mobility, and mass transport at the PSII/electrode biointer-
face.[8] In early studies, simple planar or nanostructured Au-
based[9] and C-based (carbon nanotube)[10] materials emerged to 
assemble PSII or thylakoid membranes. These electrodes could 
ensure excellent electron mobility but offer low surface areas 
for PSII loading,[9–11] resulting in limited photocurrent densi-
ties. Semiconductive porous metal oxides like indium tin oxide 
(ITO)[12] were then developed with an increased surface area to 
immobilize the enzyme. However, the small pores (<100  nm)  
prevented the effective adsorption of PSII dimers within the 
structure.[8] Reisner’s group further developed hierarchically 
structured inverse opal (IO)-ITO electrodes[13] and IO-TiO2 
scaffold[5a] as the state-of-the-art electrodes for PSII photobioel-
ectrochemistry. Such electrodes can provide large effective sur-
face areas for the diffusion and stable anchoring of enzymes. 
To date, significant improvements have been achieved in the 
short-term photoresponse of PSII within ITO electrodes.[5a,13] 
The application of PSII electrodes lies on not only high initial 
photocurrent output but also the operation longevity and sta-
bility of the system. However, the PSII photoanode heavily suf-
fers from weak stability in vitro due to severe photodamage over 
prolonged illumination.[14] Most of the previous PEC studies on 
PSII electrodes only lasted for 1 h.[5a,13] Severe photocurrent 
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1. Introduction

Solar energy is by far the most renewable and sufficient carbon-
free energy source on the Earth.[1] The living organisms in 
natural oxygenic photosynthesis provide a promising basis to 
harvest solar energy for sustainable energy conversion and 
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declines were observed, while few reports are related to the lon-
gevity study of PSII electrodes.[3a]

In addressing these challenges, improving interfacial charge 
transfer and flux of PSII electrodes can provide the necessary 
boost to stability and performance.[14,15] Considering that con-
ductive and biocompatible carbon[16] is conducive to improving 
interfacial charge transfer, here we attempted to employ inter-
connected porous carbons as the hosts for PSII and studied 
the long-term stability of PEC operation, which has not been 
reported elsewhere. For functional porous carbon, it is advo-
cated to use and exploit biomass that is abundant, renewable, 
and sustainable.[17] Specifically, biomass-derived N-doped car-
bons (Ci, i = 1, 2, 3) with interconnected macroporous networks 
and high specific surface areas (SSAs) were prepared by simple 
one-step pyrolysis of yeast extract (YE) and NaHCO3. The open 
macroporous structure of Ci can benefit the penetration of PSII 
to the inner surface, while the excellent conductivity ensures 
good electronic communication at the biointerface for effi-
cient photoelectrochemistry. We then constructed PSII/carbon 
and PSII/polyethylenimine (PEI)/carbon electrodes to com-
pare their PEC profiles. An optimum electrode configuration  
(C3-PEI-PSII) with the highest PSII load (262.56 ± 21.20 pmol 
PSII dimer per geometrical cm2) was derived. Long-term photo-
response stability and O2 evolution activity of C3-PEI-PSII elec-
trode were systematically studied under periodic solar light irra-
diation in a reaction cell (Figure S2b, Supporting Information) 
with N2 purged buffer electrolyte. Mechanism studies indicated 
that the overall O2 production by C3-PEI-PSII was synergisti-
cally determined by three PSII-involved processes, i.e., photo-
catalytic water oxidation, transformation of O2 to reactive 
oxygen species (ROS, e.g., H2O2), and H2O2 dismutation in a 
dark period, leading to the maximum turnover number (TON)  
of 10  200  ± 1380  mol O2 per mol PSII dimer at 10 h before 
complete deactivation, reaching high current-to-O2 conversion 
efficiencies up to 241–454% during 3–10 h. To the best of our 
knowledge, this is the first revelation of the multiple functions 
of PSII in periodic light on–off tests, which is insightful to 
understanding protein photoelectrochemistry and has inspiring 
significance  to  photosynthesis by synthetic materials. Stable 
photoresponse of the PSII electrode could be maintained with a 
steady photocurrent output of ≈4.31 µA cm−2 after 5 days, which 
is the highest longevous photoelectric activity achieved to date 
on PSII electrodes. Also, the C3-PEI-PSII electrode delivered 
a steady power output of 66.93 mW m−2 after 36.6 h periodic 
irradiation at a potential of 0.2  V. The proposed carbon/PSII 
electrode advances the semiartificial system with long-term sta-
bility for solar-to-power conversion, which is inspiring for more 
potential biophotovoltaic study.

2. Results

2.1. Characterizations of Materials Structure

Direct pyrolysis of YE could only produce C0 carbon blocks 
(Figure S3, Supporting Information) with low porosity. Ci  
(i = 1, 2, 3) samples were then produced from the pyrolysis of 
NaHCO3/YE with mass ratios of 1, 2, and 3, respectively. Ci 
contain open macropores (≈50 nm–1 µm) with interconnected 

thin carbon walls, as displayed in scanning electron micros-
copy (SEM, Figure S4, Supporting Information) and transmis-
sion electron microscopy (TEM) images (Figure S5, Supporting 
Information). Representative high-angle annular dark-field 
scanning TEM (HAADF-STEM) and energy-dispersive X-ray 
spectroscopy (EDX) elemental mapping images of C3 suggest 
the uniform distributions of C, N, and O (Figure S5d, Sup-
porting Information). N2 sorption tests (Figure S6a, Supporting 
Information) indicated that the SSA enlarges by over 20, 26, and 
30 times from C0 (58 m2 g−1) to C1, C2, and C3 (1222–1715 m2 g−1), 
respectively (Table S1, Supporting Information). Micropores 
and mesopores (Figure S6b, Supporting Information) also 
exist in macroporous Ci. According to X-ray photoelec-
tron spectroscopy (XPS) analyses (Figure S7 and Table S1,  
Supporting Information), the YE-derived C0 and Ci contain 
similar levels of N doping (4.93–5.58 at.%), which is beneficial 
to improve the electrical conductivity of the carbons.[16] X-ray 
diffraction (XRD) patterns (Figure S8a, Supporting Informa-
tion) and Raman spectra (Figure S8b, Supporting Information) 
reveal that C0 and Ci are partially graphitized and have similar 
graphitization degrees. X-ray absorption near-edge structure 
(XANES) spectra (Figure S9, Supporting Information) also 
confirm the production of graphitic carbon structures in YE-
derived carbons, ensuring good conductivity.

2.2. Integration of PSII Electrodes for PEC Tests

Ci samples of the same masses were separately grafted on 
fluorine-doped tin oxide (FTO)  glass. The electrode thickness 
increased with higher SSAs of Ci, varying from ≈20, 28, to 
35 µm in C1, C2, and C3, respectively (Figure S10, Supporting 
Information). Ci electrodes were further coated by a layer of 
transparent PEI polymer that provides cationic ligands to 
anchor and stabilize negatively charged PSII.[18] By immobi-
lizing PSII enzymes that were isolated from spinach on Ci-PEI 
electrodes, a series of Ci-PEI-PSII bioelectrodes were prepared, 
as illustrated in Figure 1a. C0-PEI-PSII and PEI-PSII electrodes 
were also prepared. The energy level diagram of Ci-PEI-PSII 
is proposed in Figure  1b. After light absorption by PSII, an 
electron is transferred from P680 to pheophytin and plastoqui-
none A (QA, −0.14 V).[19] The oxidized P680+ (+1.19 V vs NHE) 
then oxidizes nearby tyrosine to extract an electron (or proton) 
from the oxygen-evolving complex (OEC) that binds water 
molecules.[13b,19] After another three photochemical cycles, 
the manganese cluster in the OEC is provided with four oxi-
dizing equivalents that can catalyze water oxidation to evolve 
O2 with a low overpotential.[4d,19] Meanwhile, electron transfer 
occurs from the excited P680* (−0.62  V) to plastoquinone B  
(QB, 0.06 V) terminal acceptor sites via pheophytin and QA.[4b,13b] 
A direct electron transfer (DET) process then occurs from QB 
to the conductive Ci-PEI and subsequently to the counter elec-
trode through the external circuit, thus realizing electron-hole 
separation and generating anodic DET photocurrent (JDET). 
In this process, the excellent conductivity of Ci will boost fast 
charge transfer from PSII to the FTO substrate. The DET pro-
cess correlates closely with PSII orientation on the electrode, 
and the PSII only with an intimate electroactive orientation at 
the biointerface can induce the electron transfer.[4b] By contrast, 

Adv. Energy Mater. 2021, 2100911



www.advenergymat.dewww.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2100911 (3 of 13)

the addition of a diffusional electron mediator (2, 6-dichloro-
1,4-benzoquinone, DCBQ) to the electrolyte will aid randomly 
oriented PSII to donate electrons to the electrode, giving rise 
to a mediated electron transfer (MET) process.[7a] Almost all 
photo-induced electrons in QB can be transferred through 
the diffusion of DCBQ to the Ci-PEI electrodes, producing 
a MET photocurrent (JMET) with a significantly enhanced 
photo-response.

SEM images (Figure  1c; Figures S11 and S12, Supporting 
Information) of these PSII electrodes suggest that Ci with the 
interconnected macroporous structures provide sufficient sur-
face areas for a better assembly of PSII enzyme than flat FTO 
glass and C0 surfaces. Meanwhile, the PSII loading and PEI 
coating on Ci would not block the macroporous channels, which 
is beneficial to electrolyte penetration, mass transport, and medi-
ator diffusion in the photoanode during the following PEC pro-
cesses. We further adopted confocal laser scanning microscopy 
(CLSM) to visualize the spatial arrangement and distribution 

of PSII within the electrode, relying on the strongly fluores-
cent chlorophyll a (Chl a) molecules. Representative CLSM 
images of C3-PEI-PSII (Figure  1d–f; Figure S13, Supporting 
Information) show that PSII dimers (red) can readily penetrate 
throughout the interconnected macroporous network to the 
inner surface and distribute uniformly. Nevertheless, due to 
the inherent Abbe resolution limit of the optical microscope,[20]  
the PSII dimers (≈10.5 × 11 × 20.5 nm for a PSII dimer[21]) could 
not be distinguished at the nanoscale in practice.

The photoelectric responses of the Ci-PEI-PSII, C0-PEI-PSII, 
PEI-PSII, Ci, and C0 electrodes were all quantified under air 
at initial open-circuit potentials (OCPs). Under the simulated 
solar light irradiation (80 mW cm−2), weak anodic DET photo-
current responses were detected on Ci (0.37–0.43 µA cm−2) 
and C0 electrodes (Figure S14, Supporting Information), indi-
cating that electrons could be excited and separated from 
the carbon surface. Ci-PEI-PSII displayed enlarged JDET of  
0.83  ± 0.07–1.78  ± 0.14 µA cm−2 (Figure  2a,c; Figure S15, 

Figure 1. PSII photoanode schematic and characterization. a) Schematic representation of Ci-PEI-PSII electrode grafted on FTO glass. b) Energy level 
diagram of Ci-PEI-PSII electrode for the cascaded DET or MET processes under irradiation. c) SEM image of C3-PEI-PSII electrode surface. d) Repre-
sentative CLSM image of a depth (60 µm) scan on C3-PEI-PSII electrode excited at 559 nm. e,f) 3D visualization of spatial PSII distribution.
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Supporting Information), implying that cascaded electron 
transfer took place between PSII and Ci-PEI. The DET photo-
activity follows the sequence of C3-PEI-PSII > C2-PEI-PSII > 
C1-PEI-PSII > C0-PEI-PSII. The JDET of C3-PEI-PSII is about 8 
times higher than that of PEI-PSII (0.21 µA cm−2). As shown 
in Figure  2b,c and Figure S15 (Supporting Information), with 
1 × 10−3 m DCBQ in the electrolyte, Ci-PEI-PSII electrodes pro-
duced anodic JMET (6.43  ± 1.09–18.01  ± 0.60 µA cm−2) of 8 to 
11 times higher than corresponding JDET values. JMET also fol-
lows the sequence of C3-PEI-PSII > C2-PEI-PSII > C1-PEI-PSII 
> C0-PEI-PSII. For comparison, C3-PEI electrode was also 
tested with 1 × 10−3 m DCBQ addition, displaying a low cathodic 
photocurrent response (≈0.51 µA cm−2, Figure S16, Supporting 
Information). Therefore, the MET photoactivity of Ci-PEI-
PSII mainly arose from the integrated PSII. PSII dimers were 
extracted from the electrodes by dissolving in acetone/water 
solution, and PSII loads (Table S2, Supporting Information) 
were determined by UV–vis spectra (Figure S17, Supporting 
Information). With the same masses of Ci-PEI grafted on FTO 
glass, C3-PEI provided more accessible space to anchor PSII 
than C2-PEI and C1-PEI, arising from the different thicknesses 
of Ci electrodes (C3  > C2  > C1, Figure S10, Supporting Infor-
mation). Consequently, PSII load in Ci-PEI-PSII electrodes fol-
lowed the same sequence as their JMET. This is consistent with 
the previous study, suggesting that JMET increased with higher 
PSII load on IO-mesoITO|PSII electrode when the thickness is 

< 40 µm.[13a] However, being too much thickness (>40 µm) can 
lead to saturation in photocurrent due to enlarged resistance, 
limited mass transfer, and light-shielding by a thicker layer.[13a] 
With the highest PSII loading (262.56 ± 21.20 pmol cm−2), C3-
PEI-PSII displayed the highest JMET of 18.01 ± 0.60 µA cm−2.

Alternatively, PSII enzymes were anchored on the frame-
works of Ci directly (Ci-PSII), which showed comparable 
JDET (Figures S18 and S19, Supporting Information) to their 
Ci-PEI-PSII counterparts, with C3-PSII being the best one 
(1.71 ± 0.30 µA cm−2). However, unlike Ci-PEI-PSII, the photo-
current of Ci-PSII did not increase much in MET processes 
with DCBQ addition due to low PSII loads (49.52  ± 6.19–
107.63 ± 12.68 pmol cm−2, Figure S20 and Table S2, Supporting 
Information).

The average photoactivity of PSII assembled in the elec-
trodes is further assessed by turnover frequency (TOF) values, 
which were evaluated based on JDET, JMET, and PSII loads by 
assuming 100% Faradic efficiency of oxygen evolution (using 
Equation  (1) in the Experimental Section). Ci-PEI-PSII elec-
trodes showed TOFDET values of ≈0.015–0.019 s−1 and TOFMET 
values of ≈0.15–0.18 s−1 (Figure 2d; Table S2, Supporting Infor-
mation), indicating the similar photoactivity of PSII in Ci-PEI-
PSII electrodes. This verifies that the performance differences 
of Ci-PEI-PSII are mainly related to the varied PSII loads. The 
TOFDET values (≈0.041–0.059 s−1) of Ci-PSII (Figure 2e; Table S2,  
Supporting Information) are higher than those of Ci-PEI-PSII. 
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Figure 2. PEC profiles of PSII photoanodes. a) JDET and b) JMET (with 1 × 10−3 m DCBQ) tests in on–off cycles of simulated solar light (AM 1.5G, 80 mW cm−2)  
illumination under air (processed by baseline subtraction). c) JDET and JMET histograms of the photoanodes. d) TOFs of Ci-PEI-PSII and e) TOFs of Ci-
PSII electrodes (TOFs were calculated based on J and PSII loads). f) EIS profiles obtained under light irradiation.
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Since the DET process interrelates with PSII orientation on the 
electrode,[4b] it is possible that PSII dimers can stay in a more 
favorable electroactive orientation on Ci surface than on Ci-PEI, 
but the low PSII loads limit their MET performance. In the 
future, more inherent anchoring sites can be uniformly intro-
duced on macroporous carbon electrode to immobilize PSII 
with a higher load and develop a carbon/PSII electrode with a 
higher PEC activity.

Thus, from the above PEC profiles of Ci-PEI-PSII and Ci-PSII 
electrodes, C3-PEI-PSII proved to be the optimum electrode 
with the highest PSII load, JDET, and JMET. The electron transfer 
at the biointerface, light-to-charge conversion efficiency, and 
performance stability of the C3-PEI-PSII photoanode were fur-
ther investigated.

Electrochemical impedance spectra (EIS) were recorded on 
C3, PEI-PSII, and C3-PEI-PSII electrodes from a high-to-low 
frequency region under light illumination (Figure  2f). The 
resistance at the low-frequency region is related to interfacial 
charge transfer resistance (RCT).[1a] Impressively, the RCT of 
C3-PEI-PSII is dramatically lower than C3 and PEI-PSII under 
irradiation, proving that integrating PSII with the conduc-
tive carbon can effectively reduce the photo-induced electron 
transfer resistance between PSII and the electrode. Therefore, 
good electric communication was established at the biointer-
face of C3-PEI-PSII, which ensures efficient interfacial charge 
transport, provides the driving force for PEC reaction and is 
critical for a high photocurrent output. The efficient interfacial 
charge transfer can also circumvent the consumption of extra 
energy[22] and benefit the stability of PSII by decreasing the 
accumulation of excited states in Chl a.[5a]

UV–vis diffuse reflectance spectrum of C3-PEI-PSII elec-
trode (Figure  3a) displays the absorption maxima at 435, 470, 
and 678 nm by PSII. By comparison, the UV–vis spectra of C3 
and C3-PEI (Figure S21, Supporting Information) show virtually 
featureless absorption in the whole range. The DET and MET 
photocurrent responses under continuous monochromatic 
light irradiation were recorded consecutively on C3-PEI-PSII 
photoanode at initial OCP to obtain the photocurrent-single 
wavelength action spectra. As shown in Figure  3b and c, 
JDET (0.81  ± 0.21 µA cm−2) and JMET (15.78  ± 0.39 µA cm−2) 
peaks emerge at around 670  nm (light intensity at 670  nm 
(P670) = 2.67 mW cm−2), which correspond to the excitation 
of PSII Qy band.[23] The JDET (1.11  ± 0.01 µA cm−2) and JMET 
(18.48  ± 1.80 µA cm−2) peaks are also observed at ≈470  nm 
(P470 = 4.30 mW cm−2) that correspond to the excitation of the 
PSII β-carotene.[5a] The photocurrent at λ ≤ 420 nm should arise 
from the excitation of the Bx and By bands.[5a] In quantifying the 
relationship between light absorption and PEC performance, 
incident photon-to-current efficiencies (IPCE) were evaluated 
(using Equation  (2) in the Experimental Section) for the DET 
and MET processes (Figure  3d). Consistent with the UV–vis 
spectrum, the photoanode can perform photo-to-current con-
version over the whole visible-light region (λ > 400 nm). Typical 
IPCE maximum was obtained at 662 nm (≈1.2%) for the MET 
process, delivering photoelectric conversion efficiency by  
≈17 times higher than the DET process.

As compared in Table S3 in the Supporting Information, the 
JDET and JMET of C3-PEI-PSII photoanode under solar light or 
monochromatic light (at around 670 nm) irradiation are larger 
than those generated by graphene, carbon nanotube, or porous 

Figure 3. Photocurrent action spectra of C3-PEI-PSII electrode to single-wavelength irradiation at initial OCP. a) UV–vis diffuse reflectance spectrum of 
the C3-PEI-PSII electrode. b) DET and c) MET photocurrent response under continuous monochromatic light irradiation, scanned from 360 to 720 nm 
(light intensity data are shown in Figure S22a in the Supporting Information). The spectra were corrected by subtracting corresponding dark-currents 
(Figure S22b, Supporting Information). d) Calculated IPCE for the DET and MET processes.
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TiO2 tube loaded PSII electrodes.[4b,24] Although these initial 
JDET and JMET values are inferior to the benchmark ITO-based 
photoanodes reported by Reisner and co-workers,[5a,13] it is 
worth noting that the long-term PEC performance of C3-PEI-
PSII electrode exceeds previously reported PSII electrodes, in 
terms of TON, Faradaic yield of O2 and longevous photoelectric 
generation (for over 5 days). Unique insights are provided into 
the related mechanisms. The details are shown as follows.

2.3. Long-Term Performance of C3-PEI-PSII for Photoelectric 
Generation and O2 Evolution

Different from the above PEC tests, the long-term performance 
of the C3-PEI-PSII electrode in DET and MET processes were 
monitored in N2 purged buffer electrolyte under the on–off 
cycles of simulated solar light irradiation. JDET decayed by 
about 24.6% over 3.5 h (Figure S23, Supporting Information). 

Considering that JDET was low, herein, we mainly focus on the 
longevity study of JMET. For comparison, JMET of C3-PEI electrode 
was also monitored in N2 purged buffer electrolyte (Figure S24,  
Supporting Information), which showed low values of 
2.44–0.32 µA cm−2 from 0 to 24 h test. Impressively, C3-PEI-
PSII delivered an initial JMET of 17.23  ± 0.60 µA cm−2. After 
a gradual decline in 1 h, JMET of C3-PEI-PSII gradually rose 
during 1–15 h and delivered an output of 7.67 ± 0.08 µA cm−2 
(calculated based on Figure  4a and Figure S26 (Supporting 
Information)) after 24 h light–dark cycles. No JMET decline is 
observed even after continuous irradiation (24.2–28 h). The 
large gap between JMET of C3-PEI and C3-PEI-PSII electrodes 
highlights the significant contribution of PSII to the PEC per-
formance. For more evidence about the function of PSII, PSII 
inhibitor (3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)[3a] 
was subsequently introduced to the electrolyte solution (main-
tained in N2 atmosphere) of C3-PEI-PSII (Figure  4a). DCMU 
resulted in the evident decline of the PEC response (Figure 4a), 

Figure 4. Long-term MET performance of C3-PEI-PSII electrode. a) J. b) UV–vis absorption spectrum for H2O2 concentration detection in the elec-
trolyte after the PEC test, using the colorimetric N,N-diethyl-p-phenylenediamine (DPD) method.[26] c) The total charge passed (calculated from J),  
d) TOF, and e) TON of C3-PEI-PSII over dark-light (interval time of 200 s) cycles. f) Overall H2 evolution. g) J-to-O2 conversion efficiency (faradaic 
yield). The test was carried out in N2 purged buffer electrolyte (pH 6.5) with 1 × 10−3 m DCBQ under the periodic illumination of AM 1.5G simulated 1 
sun (80 mW cm−2) at the initial OCP (0.17 V, vs SCE).
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thereby confirming that the JMET stemmed from PSII. However, 
DCMU introduction at 1 × 10−3 and 2 × 10−3 m still resulted in 
some remaining PEC activity. This phenomenon is consistent 
with a previous study,[3a] where the addition of 1  × 10−3 m  
DCMU resulted in some remaining MET photocurrent of  
IO-ITO|PSII. The incomplete inhibition of JMET by DCMU 
could potentially arise from the production of H2O2 in the elec-
trolyte during PEC reaction (Figure 4b) due to the assumption 
that H2O2 could accept electron(s) from PSII at a site(s) before 
the QB site at which DCMU blocked electron transport.[25] The 
gradual increase of JMET in 1–15 h could also possibly arise from 
the electron mediation by H2O2,[25] and the improved electronic 
connection between the electrodes over time.[3a] The formation 
mechanism of H2O2 is illustrated in the Discussions.

During the long-term test, the overall charge generated by 
C3-PEI-PSII in 24 h was 1.01  ± 0.06 C cm−2 (Figure  4c). TOF 
(Figure 4d) and TON (Figure 4e) values were obtained based on 
real-time O2 production and the amount of PSII extracted from 
C3-PEI-PSII (Figures S25 and S27, Supporting Information). 
No PSII was detected in the electrolyte solution. It is observed 
that TOF rose steeply at an initial stage and peaked at about 
0.42 ± 0.039 mol O2 per mol PSII dimer s−1 in 4.4–5.2 h before 
a gradual decline afterward. This TOF of C3-PEI-PSII is over 
15 times the highest TOF (Figures S28b and S29b, Supporting 
Information) produced by PSII dimer solution in mediated 
photocatalytic water oxidation reactions. Correspondingly, the 
TONs for C3-PEI-PSII rose first before reaching the maximum 
at around 10 h with 10 200 ± 1380 mol O2 per mol PSII dimer, 
corresponding to the generation of 2.90 ± 0.28 (µmol O2) cm−2. 
This O2 value was obtained after correction by dissolved O2 
using Henry’s law (as illustrated in Experimental Section). The 
maximum dissolved O2 was about 0.66 µmol cm−2 (3.13 × 10−6 m, 
0.10 mg L−1) at around 10 h. After that, PSII lost the ability to cata-
lyze O2 generation. This indicates that the PEC test had been main-
tained in an anaerobic environment. Due to the lack of effective 
proton separation in this half-cell, a low amount of H2 (≈44 nmol, 
Figure 4f) was detected by gas chromatography in the headspace 
of the cell at the end of the test, which was potentially evolved 
at the Pt counter electrode due to proton reduction by electrons 
transferred from PSII. This verifies the efficient electron transport 
from PSII to the counter electrode via the external circuit, boosted 
by the excellent conductivity of carbon. Impressively, the current 
(J)-to-O2 conversion efficiencies (faradaic yields, calculated using 
Equation (3) in the Experimental Section) in this system are well 
above 200% (241–454%) during 3–10 h (Figure  4g), although the 
theoretical faradaic yield should be ≤ 100% (under light). This 
phenomenon arose from the multiple functions of PSII in light–
dark cycles, as illustrated in the following discussions.

3. Discussion

3.1. O2 Evolution Mechanism in Light–Dark Cycles

A mechanism clarification for O2 evolution before deactivation 
at 10 h in the long-term PEC test is made for the understanding 
of the high faradaic yields and PSII function on the electrode. 
Specifically, O2 evolution could be analyzed from three aspects 
shown as follows.

3.1.1. PSII Function of Water Oxidation under Illumination

At the initial period of the dark-light cycles, efficient PEC water 
oxidation could occur via the four-electron process (2H2O → 
O2 + 4H+ + 4e−) upon illumination. This process can be illus-
trated according to a widely accepted theory proposed by Kok 
et  al.,[27] and the functional OEC in PSII can exist in 5 states: 
S0  to S4 (Figure  5a). Under illumination, photons trapped by 
PSII can induce four increasingly oxidized states in the trap-
ping centers (from S0 to S1→4) of OEC. S4  is unstable and can 
oxidize H2O to produce O2, which simultaneously resets OEC 
to S0 state. Redox-active tyrosine Z (TyrZ) located near OEC 
(Mn4CaO5 clusters) in PSII could mediate the proton-coupled 
electron transfer from OEC to chlorophylls,[28] allowing for the 
production of anodic photocurrent (JA).

The results in Figures S28–S30 in the Supporting Infor-
mation well demonstrated the robust photocatalytic water 
oxidation activity of PSII dimers.

3.1.2. Formation of ROS from PSII/O2 Reaction

With the proceeding of water oxidation, O2 was gradually pro-
duced. Oxygen is a natural acceptor of electrons, so photo-
synthesis with the presence of O2 is often associated with the 
formation of ROS, including superoxide ion radical (O2

•−), sin-
glet oxygen (1O2), and H2O2.[29,30] These ROS can cause unspe-
cific damage to the enzymes.[30] Kornienko et  al. investigated 
the oxygenic photoreactivity of PSII electrode by rotating ring 
disk electrochemistry.[29] The results indicated that chlorophyll 
in PSII could react with O2 to form O2

•− or 1O2 and produce 
H2O2 during photochemical H2O oxidation, resulting in a 
cathodic photocurrent (JC, Figure 5b). At this stage, the tested 
J on C3-PEI-PSII electrode was a superimposed result of JA and 
JC. Our experimental results confirmed the production of H2O2 
in PSII-related systems. About 19.54 × 10−6 and 15.86 × 10−6 m 
H2O2 (Figure  4b; Figure S28c, Supporting Information) were 
detected in the buffer solution of C3-PEI-PSII and PSII dimer, 
respectively, after the PEC or photocatalytic tests. Apart from 
PSII/O2 reaction, H2O2 could potentially be generated via the 
reduction of dissolved O2 at the counter electrode. However, the 
weak proton reduction reaction on the counter electrode (only 
≈44 nmol H2 was evolved, Figure 4f) suggests that O2 reduction 
process could also be inefficient in this PEC system. The low 
amount of dissolved O2 (≤3.13 × 10−6 m) generated during the 
PEC test made this process even more challenging.

3.1.3. PSII Function of H2O2 Dismutation in the Dark Interval

With the accumulation of H2O2 in the reaction system, O2 
could evolve not only from the light-driven four-electron water 
oxidation but also from the dark-related H2O2 dismutation. The 
cyclic light on–off condition is critical for this process. An early 
study suggests that, under continuous light irradiation, O2 will 
be exclusively evolved from water oxidation even with the pres-
ence of H2O2.[31] During the dark interval following light illu-
mination, PSII films will shift towards a resting state and show 
a catalase-like activity to drive the disproportionation of H2O2 

Adv. Energy Mater. 2021, 2100911



www.advenergymat.dewww.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2100911 (8 of 13)

to O2 and H2O when low-concentration H2O2 is introduced.[25] 
PSII in the resting state would become active again when the 
subsequent illumination is given.

Specifically, the OEC can maintain a mixture of S0 and S1 
states even after a long period of dark time after illumination.[32] 
S0 can shift backward to S−1 due to the reduction by H2O2, 
reaching an equilibrium of the S−1/S1 state that is stable in the 
dark. When light is irradiated to the S−1/S1 state, it is shifted to 
the S0/S2 state. As the light is turned off again, the S0/S2 cycle 
can liberate a multiple number of O2 molecules per reaction 
center from H2O2, like the function of catalase. As exhibited in 
Figure 5c, S2 is divalently reduced to S0 by H2O2, and the H2O2 is 
simultaneously oxidized to evolve O2. Meanwhile, S0 is divalently 
oxidized to S2 by H2O2, reducing the H2O2 to H2O.[25] O2 evolu-
tion rate declines in the dark when S0/S2 is gradually reduced 
to S−1/S1 by H2O2. The subsequent light illumination will reset 
S−1/S1 to the S0/S2 catalatic cycle. Given enough dark interval, O2 
evolution from H2O2 by PSII continued longer than that from 
H2O. O2 evolved from H2O2 in the dark could far exceed (up to 
20-fold) the amount from photocatalytic water oxidation in suit-
able conditions because of finite multiple turnovers of S0/S2 in 
PSII enzyme triggered by light for catalatic activity.[25]

To verify this pathway, the photocatalytic activity of PSII 
dimer solution was tested in alternate light/dark conditions, 
either with or without mediators (Figures S28–S30, Sup-
porting Information). As shown in Figures S28a and S30a in 
the Supporting Information, O2 amount continued to increase 

robustly in the dark period following the irradiation. After the 
light was completely turned off, O2 evolution could last for over 
5 h with a gradually decreasing rate, confirming the high and 
long catalatic activity of PSII. However, when received contin-
uous illumination for about 5.8 h, the TON of PSII solution 
reached the maximum, and PSII lost the photocatalytic water 
oxidation activity afterward (Figure S29a, Supporting Informa-
tion). When the light was turned off at this time, TON did not 
increase, suggesting that PSII function in the dark interval to 
evolve O2 was deactivated by photodamage as well.

External H2O2 was introduced to the N2-purged buffer elec-
trolyte of PSII to specifically view the catalase-like activity of 
PSII. After 10 min illumination excitation, the light was turned 
off. The buffer electrolyte was purged with N2 again. Then, the 
amount of produced O2 was recorded in the completely shaded 
reaction system, as shown in Figure S31 in the Supporting Infor-
mation. O2 evolution in the dark significantly increased when 
elevating H2O2 concentration from 20  × 10−6 to 100  × 10−6 m. 
Impressively, with the presence of H2O2 (100 × 10−6 m), robust O2 
production activity of PSII maintained for over 9 h in the dark.

To sum up, the final O2 amount (Figure 5d) produced by C3-
PEI-PSII in the long-term PEC test is determined by the syner-
gistic effect of PSII-involved photocatalytic water oxidation (in the 
light interval), O2-to-ROS consumption, and H2O2 dismutation 
in the dark. No current is generated during the dismutation pro-
cess, which provides a reasonable explanation for the high fara-
daic yields (241–454%) obtained by C3-PEI-PSII during 3–10 h 

Figure 5. Illustration for the involved reactions in this PSII photoelectrochemistry. a) Model for the S states of OEC in PSII core complex under light 
irradiation and reaction pathway, established according to ref. [27]. b) PSII/O2 reaction during photochemical H2O oxidation, established according to 
ref. [29]. c) Interactions of H2O2 with the S0/S2 states of the OEC in PSII in the dark interval and reaction pathway, established according to refs. [25,31]. 
d) Final O2 evolution pathway.
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PEC test (Figure 4g). As the faradaic yield is theoretically ≤100% 
under irradiation, we can easily get that the yield of O2 in the 
dark is over 1.41 to 3.51-fold of the amount from PEC water oxi-
dation during this period. This study first unveiled the multiple 
functions of PSII in light/dark cycles. When PSII was deacti-
vated for O2 production after ≈10 h PEC reaction, the OEC can 
no longer reach S4

+ state for water oxidation under irradiation 
and maintain S0/S2 cycle in dark for H2O2 dismutation. Impres-
sively, the photoresponse of C3-PEI-PSII displayed no sign of 
decay from 1 h to over 24 h (Figure 4a). This suggests that JMET 
performance was not entirely consistent with water oxidation 
activity. It is possible that JMET could be continuously produced 
by electron transfer from OEC to chlorophylls as the trapping 
centers are oxidized to certain low oxidized states (Figure 5a) by 
photons, even after the OEC lost the ability to oxidize water.

To date, few studies have been reported on the long-term per-
formance of PSII electrodes. The TON (10 200 ± 1380 mol O2 
per mol PSII dimer) and J-to-O2 conversion yields (241–454%), 
as well as the stable JMET output (7.67  ± 0.08 µA cm−2 for 
over 24 h) in this PEC system, exceed previous benchmark 
PSII-photoanodes (Table  1). For instance, TON observed from 
an IO-ITO|PSII (MET) system plateaued at 6160 ± 400  mol 
O2 per mol PSII dimer with an estimated faradaic yield 
of 101.5%, and the mediated photoactivity (initial JMET  = 
185 ± 14 µA cm−2) was completely deactivated after 6 h red-light 
illumination.[3a] As another example, the JMET of the state-of-
the-art IO-mesoITO|PSII electrode decayed by 97% from over 
500 µA cm−2 to an estimated value of 13 µA cm−2 during 1 h 
continuous irradiation with the TON of 4200 ± 200 mol O2 per 
mol PSII dimer and a faradaic yield of 75 ± 4%.[13a]

3.2. Longevous Photoelectric Conversion

Despite that O2-producing activity only lasted for about 10 h, 
C3-PEI-PSII can maintain the stable photoelectric activity of 
PSII for over 24 h in N2 purged electrolyte. In other words,  
C3-PEI cannot sustain the water oxidation or H2O2 dismutation 
ability of PSII but can somehow help maintain the photoelec-
tric response of PSII. The long-term photoelectric activity of 
PSII can be attributed to the hierarchical macroporous carbon 
structure to secure PSII within the electrode, the physical sta-
bilization of PSII by PEI, the improved electrode conductivity, 
decreased charge transfer resistance, the efficient electron 
transfer at the biointerface, and the anaerobic environment to 
reduce ROS formation and the damage to PSII. Besides, the 
resilience of the organisms for self-protection may serve as 
another reason. The bioenergetic enzymes can evolve various 
protection mechanisms under high-stress conditions (with the 
presence of ROS), like switching of pathways, using short cir-
cuits, redox tuning, ROS scavenging, etc., which compromise 
the efficiency and are critical to their survival.[33] As another evi-
dence, a recent study indicates that sacoglossan sea slugs can 
preserve functional chloroplasts inside their cells by inducing 
some photoprotective changes of chloroplasts to benefit the 
long-term functionality.[34]

Further, under periodic AM 1.5G 1 Sun illumination 
(100 mW cm−2), MET photocurrent was monitored (Figure 6; 
Figure S33, Supporting Information) from 25 h to 5 days in 
N2 purged buffer solution. After a fast decay in the initial 
0.5 h (Figure S33a, Supporting Information), JMET stabilized 
in 1 h at around 8.91 µA cm−2, which is 33.1% of the initial 

Table 1. Summary of long-term PEC performance (MET) of PSII integrated on different electrodes.

Electrode Light source and 
intensity

Condition Bias JMET (in N2 purged buffer solution) TON (mol O2 per mol 
PSII dimer)

J-to-O2 
conversion

Ref.

C3-PEI-PSII λ = 350–800 nm,
P = 80 mW cm−2

Light on–off setting (200 s interval) Initial 
OCP

7.67 ± 0.08 µA cm−2 for over 24 h 10 200 ± 1380 
(≈10 h inactivation)

241–454%
(3–10 h)

This work

IO-ITO|PSII λ = 685 nm,
P = 1 mW cm−2

Light on–off setting (12 h interval) 0.3 V Complete inactivation after 6 h 6160 ± 400 
(6 h inactivation)

≈101.5%a) [3a]

IO-ITO|PSII λ = 660 nm,
P = 10 mW cm−2

Continuous irradiation 0.5 V ≈13 µA cm−2 after 1 ha) 4200 ± 200 (1 h) 75 ± 4% [13a]

a)Values estimated based on the provided data in the references.

Figure 6. Steady MET photocurrent output for over 5 days by the C3-PEI-PSII electrode over dark-light (interval time of 200 s) cycles. The grey areas 
represent light off condition. The test was carried out in N2 purged buffer electrolyte (pH 6.5) with 1 × 10−3 m DCBQ under the periodic illumination of 
AM 1.5G simulated 1 sun (100 mW cm−2) at the initial OCP (0.17 V, vs SCE). Magnifications of the selected time (0–2 h, 60–62 h, and 122–124 h) are 
provided in Figure S33 in the Supporting Information.
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photocurrent (≈26.93 µA cm−2). This led to an average half-
life time (τ1/2) of about 0.5 h. JMET slowly rose during 1–15 h.  
With a slow decay rate, JMET declined by 30.6% in 1–60 h 
(Figure S33b, Supporting Information) and 27.9% in 60–123 h  
(Figure S33c, Supporting Information). Overall, JMET only 
declined by 51.6% under periodic irradiation from 1 to 123 h, 
delivering a stable output of 4.31 µA cm−2 after 5 days. Also, 
DCBQ could undergo decomposition over the prolonged 
PEC test,[3a] which may partly be responsible for the slow 
decay of JMET.

A semiartificial two-electrode device was also assembled 
that consisted of a C3-PEI-PSII photoanode connected to a Pt 
cathode separated by a Nafion 117 perfluorinated membrane in 
a two-compartment cell for a long-term PEC test (Figure S34,  
Supporting Information). In this sealed setup with no elec-
trolyte replenishment, C3-PEI-PSII electrode maintained 
a steady power output of 66.93 mW m−2 after 36.6 h peri-
odic irradiation at a potential of 0.2 V with no sign of decay 
(Figure 7a,b). By far, this is the most prolonged duration of 
effective power output observed on PSII electrode, which is 
of significance for PSII stability study and biophotovoltaic 
applications. To date, except for individual studies,[35] most 
living biophotovoltaics do not exceed a few mW m−2,[15] and 
only a few biophotovoltaics could sustain over 10 days at very 
low power densities (<0.2 mW m−2).[15,35a] Typical absorption 
peaks of PSII at 435, 470, and 678 nm were still observed on 
the UV–vis spectrum of C3-PEI-PSII electrode after the long-
term PEC test, verifying that the electrode still had the photo-
absorbing ability.

4. Conclusions

We have established the rational design of a C3-PEI-PSII elec-
trode with good electric communication at the biointerface, 
which benefits efficient charge transport and PSII photoelec-
trochemistry for water oxidation and longevous solar-to-electric 
power conversion. This work has resulted in several key findings.

i) Here, we have unveiled the multiple functions of PSII in peri-
odic light on–off PEC tests, i.e., the photocatalytic water oxida-
tion, the transformation of O2 to H2O2, and the release of O2 
under dark intervals before the complete deactivation at 10 h. 
This semiartificial C3-PEI-PSII system produced high-level O2 
with current-to-O2 conversion efficiencies of 241–454% during 
the period of 3–10 h. The yield of O2 in dark can be several 
folds of the amount produced from PEC water oxidation.

ii) Carbon can secure the long-term solar-to-electricity conver-
sion by PSII. C3-PEI-PSII exhibited excellent mediated photo-
current stability with an output of ≈4.31 µA cm−2 after 5-day pe-
riodic simulated solar light irradiation. Also, the C3-PEI-PSII 
electrode delivered a steady power output of 66.93 mW m−2 
after 36.6 h periodic irradiation at a potential of 0.2 V. These 
results partially addressing the critical limitations of PSII in 
vitro. This may arise from the hierarchical macroporous car-
bon structure to secure PSII from complete photodamage 
by intense light; the PEI coating to physically stabilize PSII; 
the excellent electronic communication at the biointerface 
to enable efficient interfacial electron transfer; the anaerobic 
environment; and the possible self-protection of the enzyme.

Figure 7. PEC output of the two-electrode cell, using C3-PEI-PSII as the photoanode and Pt as the cathode, over dark-light cycles (interval time of 200 
s) at a set potential (U) of 0.2 V. The test was carried out in N2 purged buffer electrolyte (pH 6.5) with 1 × 10−3 m DCBQ under the periodic illumination 
of AM 1.5G simulated 1 sun (80 mW cm−2). a) Power density, which was calculated as P = U × J.[35] The data of J are shown in Figure S34 in the Sup-
porting Information. b) Magnification of the selected time in (a). The Grey areas represent light off condition. c) UV–vis diffuse reflectance spectrum 
of the C3-PEI-PSII electrode after the PEC test.
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As such, we have demonstrated that such studies are essen-
tial for unraveling bottlenecks in photosynthetic PSII systems, 
i.e., the stability and the function in vitro, and for pointing the 
approach toward higher-performance bio-PEC device design 
and for biophotovoltaic application. Future work will be directed 
to introduce low-cost semiconductor materials to the current 
system for more efficient water oxidation chemistry.

5. Experimental Section
Carbon Sample Synthesis: Sodium bicarbonate and YE were first 

dissolved in 60 mL deionized (DI) water and then heated at 80 °C in an 
oven overnight. The obtained gel-like mixture was then heated to 700 °C 
(with a heating rate of 5 °C min−1) and held for 3 h in a tube furnace 
under an N2 flow (60 mL min−1). After the pyrolysis, the materials were 
collected and washed by water/ethanol alternately and dried at 60 °C. 
Depending on the different YE/NaHCO3 weight ratios (1:1; 1:2; 1:3) in 
the synthesis, the obtained samples were denoted as Ci, i.e., C1, C2, C3, 
correspondingly. As a reference, C0 was prepared by direct pyrolysis of YE.

Isolation of PSII Dimers from Spinach Leaves: The detailed procedures 
to purify PSII from spinach leaves are provided in the Supporting 
Information. The UV absorbance of the final PSII stock solution was 
shown in Figure S1 in the Supporting Information and the concentration 
of Chl a was determined to be 1.66 mg mL−1.

Electrode Preparation: Fluorine-doped tin oxide (FTO) substrates were 
thoroughly washed with distilled water and acetone in an ultrasonic 
bath. In preparation of the working electrodes, 1.5  mg carbon sample 
(Ci or C0) was dispersed in a solution containing 250  µL isopropanol  
and 10  µL Nafion 117 solution, which was sonicated for 30  min. Then 
5  µL solution was drop-casted onto a predefined area (d = 0.50  cm, 
geometrical area: ≈0.196 cm2) on an FTO glass substrate (1 × 1.5 cm2) 
three times to prepare Ci and C0 electrodes. The loading amount of Ci 
or C0 on each electrode was ≈0.44  mg cm−2. C0 or Ci electrodes were 
then covered by 10  µL polyethylenimine (PEI) solution (2  mg mL−1 in 
isopropanol). The preparation of C0- or Ci-PEI-PSII electrodes was 
conducted at 4 °C in the dark by dipping the Ci-PEI or C0-PEI electrodes 
into the PSII stock solution (1.66  mg mL−1) for 6 h. After that, the 
electrodes were rinsed by 20 × 10−3 m 2-(N-morpholino)ethanesulfonic 
acid (MES) solution (pH 6.5) to remove the weakly bound PSII at the 
surface, which were then allowed to incubate in air under dark for 2 h 
at 4 °C. Similarly, Ci-PSII electrodes were prepared by directly dipping Ci 
electrode in PSII solution. PEI-PSII electrode was prepared as follows: 
10  µL PEI solution (2  mg mL−1 in isopropanol) was drop-casted on a 
predefined area (d = 0.50 cm) on FTO glass and dried in the air, which 
was then covered by 10 µL PSII solution (diluted to 0.65 mg mL−1 Chl a).

Characterizations: Scanning electron microscopy (SEM) images 
were taken on FEI Quanta 450; transmission electron microscopy 
(TEM), high-angle annular dark-field scanning TEM (HAADF-STEM) 
with energy-dispersive X-ray spectroscopy (EDX) elemental mapping 
images were acquired on FEI Titan Themis 80-200. X-ray photoelectron 
spectroscopy (XPS) data was achieved on a Kratos AXIS Ultra DLD 
system under ultra-high vacuum (UHV) condition by monochromated 
Al-Kα X-rays. X-ray absorption near-edge structure (XANES) spectra 
were obtained using the Soft X-ray Spectroscopy beamline at the 
Australian Synchrotron. Confocal laser scanning microscopy (CLSM) 
images were taken on an Olympus FV3000 Confocal Microscope. UV–
vis diffuse reflectance spectra were measured on a Cary 100 UV–vis 
spectrophotometer (Agilent, US). N2 sorption was conducted on a 
Micromeritics Tristar 3000 at −196 °C. Raman spectra were recorded on 
Raman Spectroscopy-Horiba scientific. X-ray diffraction (XRD) data were 
obtained on a Rigaku X-Ray Diffractometer.

PEC Measurements under Air for Photocurrent Determination: PEC 
tests were first carried out under air at room temperature on a Zennium 
workstation (Zahner, Germany) in a three-electrode configuration  
(Figure S2a, Supporting Information), using a Pt plate (1 × 1 cm2) 
as the counter electrode and KCl-saturated Hg/HgCl2 electrode 

(SCE) as the reference electrode. A buffer solution (pH 6.5) 
containing 20  × 10−3 m MES, 50  × 10−3 m KCl, 3  × 10−3 m CaCl2, 
and 5  × 10−3 m MgCl2 was employed as the electrolyte for direct 
electron transfer (DET) photocurrent (JDET) tests. To measure 
mediated electron transfer (MET) photocurrent (JMET), 1  × 10−3 m  
(2, 6-dichloro-1,4-benzoquinone, DCBQ) was added into the electrolyte 
as the electron transfer mediator. Under the irradiation of AM 1.5G 
simulated solar light (light intensity: 80 mW cm−2), the photocurrent 
response of the working electrodes were all measured at initial OCPs, 
under circular exposure to dark and light with an interval time of 20 s. 
To avoid overestimation, the photocurrent was defined as the second 
photocurrent peak (baseline-correction by subtracting the background 
dark-current) shoulder edge after light exposure,[5a] and calculated based 
on the actual electrode area. Electrochemical impedance spectra (EIS) 
spectra were collected at OCPs under light (80 mW cm−2) illumination 
from 100000 to 0.1 Hz.

PSII Loading Determination: The amount of PSII assembled on Ci-
PSII, or Ci-PEI-PSII electrodes were determined by scraping off Ci-PSII 
or Ci-PEI-PSII on FTO glass after the experiments,[4b] which were then 
dissolved in 3.5  mL acetone/water (4:1) solution. Chl a concentration 
in the solution was obtained according to the UV–vis spectra of the 
supernatant. The molar weight of PSII was obtained by assuming that 
a PSII dimer has 35 Chl a (molar mass: 893.509 g mol−1) molecules.[12a]

The TOF values of PSII monomer immobilized on Ci-PEI-PSII or Ci-PSII 
electrodes in PEC measurements under air (Figure 2a,b; Figures S15, S18a, 
and S19, Supporting Information) were calculated assuming 100% faradic 
efficiency of oxygen evolution using Equation (1)[4b]

( )
( ) ( )= =TOF

O
PSIImonomer 4 · PSIImonomer

2M
M

J
eN MA

 (1)

where J is JDET or JMET (normalized by the geometrical area of 
electrodes); e is the elementary charge; NA is the Avogadro constant; 
M (PSII monomer) is the moles of PSII monomers loading on an 
electrode.

Photocurrent Action Spectra to Single-Wavelength Irradiation: The DET 
and MET photoresponses of C3-PEI-PSII electrode under monochromatic 
light were measured in corresponding buffer solutions under air at 
the open-circuit potential on a monochromator under a ceaulight 
CEL-SLF300 system. The monochromatic photocurrent was obtained 
after subtracting the dark current.

In quantifying the relationship between PEC performance and light 
absorption, incident photon-to-current efficiencies (IPCE) was calculated 
according to Equation (2)[1a]

λ=IPCE
1240·

· light

J
P

 (2)

where J (mA cm−2) stands for the photocurrent obtained under 
monochromatic light irradiation; λ (nm) is the incident light wavelength; 
and Plight (mW cm−2) is the power density of monochromatic light at a 
specific wavelength.

Long-term PEC Tests of C3-PEI-PSII Electrode in N2 Atmosphere: To 
monitor O2 production during the test, the buffer solution was purged by 
N2 for 30 min to remove dissolved O2. The three-electrode setup (C3-PEI-
PSII, Pt wire, and Hg/HgCl2 electrodes) was installed inside a glovebox to 
avoid atmospheric O2. Before the test, N2 purging was performed again for 
30 min to remove O2 in the solution and reactor (Figure S2b, Supporting 
Information). The temperature was maintained at around 22.5 °C, by a 
circulating water system. Under the illumination of AM 1.5G simulated 
solar light (80 or 100 mW cm−2), the photocurrent response of the working 
electrode was measured at an initial OCP (0.17 V, vs SCE) under circular 
exposure to dark and light with an interval time of 200 s.

During the long-term PEC tests of C3-PEI-PSII in MET process, O2 
amount was real-time monitored. The atmospheric O2 was detected 
by the fluorescence probe (Ocean Insight, FOSPOR-R, drift at 0% O2, 
0.0003% h−1). Before the test, the probe was calibrated by a two-point 
calibration method. The probe was protected from direct irradiation 
during the tests. The reported O2 values were corrected for dissolved O2 

Adv. Energy Mater. 2021, 2100911



www.advenergymat.dewww.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2100911 (12 of 13)

using Henry’s law (KH(O2) = 733.18 L atm mol−1 at 22.5 °C). Figure S2c in 
the Supporting Information suggested the strict sealing of the cell as no 
O2 was detected after 120 h background test.

The TOF in Figure  4d and TON in Figure  4e were obtained based 
on real-time O2 production and the amount of PSII extracted from 
C3-PEI-PSII.

According to Equation  (3), the current-to-O2 conversion efficiency 
(faradaic yield) in long-term PEC test was calculated according to the 
measured O2 versus the amount of theoretically expected product based 
on accumulated charge (four electrons consumed per molecule of O2)[36]

( ) ( )
( )= ×Faradaic yield

4· ·96485 /
100%2

n mol C mol
Q C

O  (3)

in which Q is the total amount of charge passed through the external 
circuit during the same time as the measurement of evolved O2 (nO2).

After the long-term PEC test, the reactor was connected to an on-line 
gas chromatograph (Agilent 490 Micro GC) with a thermal conductivity 
detector for H2 amount detection.

A Semiartificial PEC Device in Two-Electrode Setup: In the semiartificial 
two-electrode PEC device, C3-PEI-PSII served as the photoanode, Pt 
wire was the cathode, and N2 purged buffer solution (pH 6.5) with 
1  × 10−3 m DCBQ was the electrolyte. The photoanode and cathode 
were installed in a connected two-compartment cell, separated by a 
Nafion 117  perfluorinated membrane. Before the test, N2 purging was 
performed for 30  min in both chambers to remove O2 in the reactor. 
Under the illumination of AM 1.5G simulated solar light (80 mW cm−2), 
the photocurrent response of the working electrode was measured at 
a potential of 0.2  V under circular exposure to dark and light with an 
interval time of 200 s. The power density was calculated as P = U × J.[35]

H2O2 Concentration Determination: The concentration of H2O2 in 
the electrolyte was determined by using the colorimetric N,N-diethyl-
p-phenylenediamine (DPD) method.[26] Typically, two molecules of 
DPD could be oxidized by H2O2 with horseradish peroxides (POD) as 
a catalyst to form DPD•+ radical cation, which shows the maximum 
absorbance at 552  nm in UV–vis spectrum. For H2O2 detection, the 
buffer solution after the reaction was taken and mixed with DPD/POD 
solution, which was tested for UV–vis diffuse reflectance absorption. 
Finally, H2O2 concentration can be calculated from the absorbance at 
552  nm, according to a calibrated standard H2O2 concentration-UV 
absorbance relationship.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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