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  This natural Z-scheme has inspired 
an artifi cial Z-scheme, which has been 
used in photocatalytic fuel production. In 
recent years, hydrogen fuel production 
from nonsacrifi cial water splitting has 
been studied by combining half-reactions 
that produce H 2  and O 2 . In 1979, Bard 
introduced photosynthesis as a model 
system for water splitting using dual semi-
conductors. [ 3 ]  This novel approach enabled 
H 2  production from water using only vis-
ible light. Numerous studies on mate-
rial development and system design have 
since been conducted to exploit solar light 
to the greatest extent possible. Generally, 
metal oxides, [ 4–6 ]  metal (oxy)nitrides, [ 7,8 ]  
and metal sulfi des [ 9 ]  have been utilized 
as charge separating photocatalysts, and 
proper cocatalysts have been loaded to 
catalyze H 2  and O 2  production. [ 10 ]  For 

H 2  evolving part, Pt [ 7 ] , Ru, [ 4,11 ]  and Ni-based [ 9 ]  cocatalysts have 
been studied to enhance the photocatalytic activity. To obtain an 
optimal band position, some photocatalysts were further engi-
neered with dopants [ 12 ]  or treated to form solid solutions. [ 13 ]  

 Another interesting approach to modeling natural photosyn-
thesis is a direct utilization of photosystems for a H 2 -evolving 
photocatalyst. PSI is a naturally existing photocatalyst that pos-
sesses solar light-active chlorophyll dyes that have an optimal 
structure for effi cient energy transfer. The P700 reaction center 
at the center of PSI has a charge separation effi ciency near 
unity and a low excitation energy of 1.77 eV ( λ  = 700 nm). [ 1 ]  
Therefore, PSI itself is very attractive photocatalyst that can be 
used in natural environments. Recently, PSI hybrid systems 
have been fabricated by conjugating artifi cial or biological 
cocatalysts. Generally, PSI has been platinized to deposit plat-
inum nanoclusters on the electron emitting stromal side of a 
protein by the photoreductive deposition reaction, 
[PtCl 6 ] 2−  + 4e −  +  hv  → Pt + 6Cl − . [ 14–16 ]  Similarly, a cocatalyst has 
been conjugated using a chemical linker. Recently, Pt or Au nan-
oparticles [ 17 ]  and hydrogenases [ 18 ]  have been covalently linked to 
PSI to dramatically enhance its H 2  evolution activity. However, 
to position a chemical linker at the desired position, PSI was 
reconstituted mostly by engineering cysteine (Cys) residues for 
use in dithiol molecular wire. The most recent studies have 
reported the self-assembly of molecular catalysts, such as a Ni 
catalyst [ 19 ]  and cobaloxime. [ 20 ]  However, all of these PSI hybrid 
systems only mimic the one-step photoreduction in PSI, which 
requires that a chemical donor, such as ascorbic acid, be mixed 
into the reaction solution. In this study, we implemented a full 

 Hybrid Z-Scheme Using Photosystem I and BiVO 4  for 
Hydrogen Production 

   Younghye    Kim     ,        Della    Shin     ,        Woo Je    Chang     ,        Hae Lin    Jang     ,        Chan Woo    Lee     ,        Hye-Eun    Lee     ,    
   and        Ki Tae    Nam   *   

 The so-called Z-scheme is a means of utilizing photo-induced electrons 
from a photosystem and has consistently motivated the design of synthetic 
photocatalytic systems. Although progress has been made in many pio-
neering studies on an inorganic-based Z-scheme, there have been no reports 
of a hybrid Z-scheme for an inorganic and a photosystem. Here, a hybrid 
Z-scheme is demonstrated by integrating a platinized photosystem I (PSI) 
and BiVO 4  for hydrogen production. Up to now, PSI-driven systems have 
been limited to a one-step photoreduction reaction using sacrifi cial reduct-
ants. In this hybrid Z-scheme, step-wise charge separation in PSI and BiVO 4  
enables the production of hydrogen from only water under visible light. PSI 
and BiVO 4  are conjugated via metal mediators to form an all-linked structure. 
The novel design exhibits potential for the development of a protein hybrid 
system for electrochemical devices, sensors, and a solar energy conversion 
system. 

DOI: 10.1002/adfm.201404556

  Y. Kim, D. Shin, Dr. H. L. Jang, C. W. Lee, H.-E. Lee, 
Prof. K. T. Nam 
 Department of Materials Science and Engineering 
 Seoul National University 
  Seoul    151-744  ,   Korea   
E-mail:  nkitae@snu.ac.kr    
 W. J. Chang, Prof. K. T. Nam 
 Interdisciplinary Program for Bioengineering 
 Seoul National University 
  Seoul    151-742  ,   Korea   

  1.     Introduction 

 In natural photosynthesis, the two-step photo-induced charge 
separation in photosystem II (PSII) and photosystem I (PSI) 
and an electron chain between the two photosystems follows 
a Z-scheme. First, a hole is generated from the charge sepa-
ration step in PSII that oxidizes two water molecules into an 
oxygen and four protons, and the excited electron moves to PSI 
through the electron transport chain. The electron is fi nally 
excited in PSI and gains suffi cient potential energy (–0.58 V 
vs NHE, pH 7) to reduce nicotinamide adenine dinucleotide 
phosphate (NADP + ). [ 1 ]  The stepwise charge transfer reaction 
provides the effi cient light-to-chemical energy conversion from 
only water and visible light ( Scheme    1  a). Generally, approxi-
mately 28.2% of the total sunlight is converted into chemical 
energy as adenosine triphosphate (ATP) and reduced nicotina-
mide adenine dinucleotide phosphate (NADPH) in the light 
reaction of natural photosynthesis. [ 2 ]  
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Z-scheme for the H 2  evolution from water using platinized PSI 
(PtPSI) and synthesized semiconductor. The semiconductor 
particle replaced the role of PSII, serving both as a photocata-
lyst for water oxidation and an electron supply for PSI. This 
is the fi rst report of the use of a protein-photocatalyst system 
for H 2  production from water without the use of an additional 
reducing additive, which we call a “hybrid Z-scheme”. 

 Two types of structural design are generally used in a 
Z-scheme, depending on the mediating role between the two 
reaction centers. First, when the electron mediator is a redox 
couple in the form of ion pairs, the two reaction centers are 
physically separated. However, the redox pair can induce an 
undesirable back reaction and dissipate the electrons and 
holes that participate in the intended pathway. Moreover, it is 
often diffi cult to operate a redox couple-mediated system over 
a wide pH range. [ 21 ]  In the second design, a conducting mate-
rial can be employed as a mediator to transfer electrons directly 
between the reaction centers. The two reaction centers are thus 
physically linked via a conductor to form an “all-solid-state”. The 
integration of two reaction centers with a conductor between 
the centers creates an ohmic contact and reduces the distance 
for electron transfer. Thus, the back reaction is prevented, and 
the working conditions are expanded to a wide pH range and 
even to the gas-phase. [ 21 ]  Recently, a reduced graphene oxide 
was used as a solid electron mediator for all-solid-state water 
splitting using BiVO 4  and Ru/SrTiO 3 :Rh photocatalysts, [ 11 ]  and 

innovative developments in H 2 -evolution sys-
tems have been realized by designing various 
all-solid-state Z-schemes using conducting 
mediators. [ 12,22 ]  Our hybrid Z-scheme was 
also constructed in an all-solid-state by 
attaching metal particles onto a semicon-
ductor to form a chemical linker between the 
metal and PSI. The metal-deposited semicon-
ductor served both as a stable support and a 
direct electron supplier for PSI. In a natural 
thylakoid membrane, photosynthetic pro-
teins are stably inserted into the lipid mem-
brane, resulting in a fl uid structure where 
the proteins are arranged in a fi xed position 
and orientation. Immobilizing a PSI on the 
metal should be analogous to inserting a PSI 
in the thylakoid membrane. In this study, 
we compared with linked system and an 
unlinked but mixed system and analyzed the 
positive effects of the all-linked system. 

 In the designed system, BiVO 4  was selected 
as the semiconductor component. BiVO 4  has 
both a suitable valence band for water oxi-
dation (2.75 V vs NHE) and a low bandgap 
for visible light absorption (2.43 eV). [ 23 ]  
Gold (Au) or silver (Ag) nanoparticles were 
deposited on the surface. The work functions 
of these nanoparticles (–5.1 eV for Au and 
–4.7 eV for Ag) [ 24 ]  are both located between 
the conduction band of BiVO 4  and the redox 
potential of the PSI reaction center (P700, 
0.47 V vs NHE, pH 8), [ 25 ]  such that these 
nanoparticles can serve as a conducting medi-

ator between two components. Scheme  1 b shows the structural 
model and the energy diagram of the hybrid Z-scheme with an 
Au mediator. In terms of its light absorption properties, the PSI 
harvests solar light through chlorophylls that effi ciently absorb 
red (≈700 nm) and blue (≈450 nm) light, and BiVO 4  absorbs 
light with wavelengths below 510 nm. Therefore, the absorp-
tion range in the hybrid Z-scheme encompasses the entire vis-
ible light range. Metal particles were carboxyl-functionalized 
for covalently conjugation with PtPSI via EDC/Sulfo-NHS 
coupling. The metal-deposited BiVO 4  (mt-BiVO 4 ) and PtPSI 
constituted a hybrid Z-scheme in an all-solid-state form, which 
successfully evolved H 2  from water under visible light. 

  2.1.     Synthesis of Hybrid Z-Scheme 

  2.1.1.     Platinization of PSI 

 PSI was extracted from spinach and characterized by SDS-
PAGE. The isolated thylakoid membrane fragments were 
distributed into three layers via a sucrose density gradient 
( Figure    1  a). The thick upper layer consisted of a light har-
vesting complex II (LHCII) and other protein fragments, 
and the middle and lower layers consisted of monomeric and 
aggregated PSI, respectively. Each protein layer was injected 
using a syringe and analyzed by SDS-PAGE (Figure  1 b). 
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 Scheme 1.    a) Natural Z-scheme and its energy diagram; photosynthesis follows serial reac-
tions: oxidation of water and electron excitation in PSII, electron transfer through electron 
transport chain (plastoquinone (PQ), cytochrome c6 (cyt), plastocyanin (PC)), electron exci-
tation in PSI, and reduction of NADP in ferredoxin-NADP +  reductase (FNR). b) Our hybrid 
Z-scheme and its energy diagram (mediator is Au). Photosynthetic water splitting follows serial 
reactions: oxidation of water and electron excitation in BiVO 4 , electron transfer through Au, 
electron excitation in PSI, and reduction of hydrogen catalyzed by Pt.
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PSI was identifi ed by a signifi cant band that was assigned 
to PsaA and PsaB polypeptides and other minor polypeptide 
bands that are not marked in the fi gure. [ 26 ]  Two bands also 
appeared that corresponded to the light harvesting complex I 
(LHCI). In a plant thylakoid, the LHCI surrounds a PSI core 
to collect light and transfer the photoenergy to the PSI core. 
Previous studies on bacterial photosynthetic proteins have 
demonstrated that a light harvesting antenna-reaction center 
core complex exhibits higher photoactivity than a bare reac-
tion center core in vitro. [ 27 ]  Thus, we expected LHCI to serve 
as an extra light collector in our LHCI-PSI complex and used 
as this form for the remaining procedures. The polypeptides 
from the PSI bands virtually disappeared in the LHCII-rich 
band, which showed that PSI was well-isolated from the thy-
lakoid membrane. 

  The H 2  evolution effi ciency of the PtPSI was measured 
by gas chromatography before the PtPSI was linked to the 
BiVO 4 -metal complex. During the 20 h of the photoreduction 
process, �1 µmol H 2  mg Chl −1  of H 2  was generated. Detect-
able H 2  (< �0.01 µmol H 2  mg Chl −1 ) was produced after 6 h, 
which corresponded to the platinization stage of PSI. After the 
initial platinization stage, the H 2  production rate increased 
dramatically. The maximum activity was reasonable compared 
with previous reports for platinized PSI systems, as shown in 
 Table    1  . Typically, PSI extracted from thermophilic bacteria 
exhibits higher photoactivity and stability. However, we used 
spinach as a source material to simplify the extraction method 
and mass produce the fi nal protein. 

    2.1.2.     Photodeposition of Metal Nanoparticles on BiVO 4  

 To selectively extract electrons, single crystal monoclinic BiVO 4  
was synthesized by a hydrothermal method. The synthesized 
particles were then characterized by XRD ( Figure    2  a) and fi eld 
emission scanning electron microscopy (FESEM) (Figure  2 b). 
The XRD pattern was well-matched with that of monoclinic 
BiVO 4 , which corresponds to the standard card No. 14–0688. 
The decahedral shape and fi ne crystallinity of BiVO 4  was 
observed in the FESEM images. The two square exposed facets 
corresponded to the {010} facet, which was the electron-accu-
mulated facet, and the isosceles trapezoidal facets at the other 
sides corresponded to the {110} facet, which was the hole-accu-
mulated facet. [ 28 ]  Thus, the Au and Ag particles were selectively 
deposited on the {010} facet of BiVO 4  by accepting electrons on 
the surface. 

  The photodeposition of Au and Ag was carried out using 
HAuCl 4  and AgNO 3  metal precursors in water, respectively, 
which functioned as hole scavengers. A large number of small-
sized metal particles can be used to extend the contact surface 
between the materials and reduce the electron migration dis-
tance. In the experimental process, the initial precursor concen-
tration was optimized to 10 wt%, because a further increase in 
the precursor did not signifi cantly improve the deposited area. 
The number of deposited particles saturated in �3 h, and fur-
ther reaction only enlarged the particle size. 

 The mt-BiVO 4  particles that were synthesized by the opti-
mized procedure were observed using FESEM (Figure  2 c,d). 
The diameters of both the Au and Ag particles were distributed 
between 100 and 200 nm, which was approximately sevenfold 
larger than the size of the monomeric PSI. We integrated the 
area of the exposed {010} facet and the metal-deposited partial 
area using the FESEM images. The resulting average ratio of 
the area of the metal-deposited surface to that of the {010} facet 
was approximately 11% for Au–BiVO 4  and 30% for Ag–BiVO 4 . 
Assuming that the area of {010} facet of a BiVO 4  particle was 
10 µm 2  and that PSI was densely bound to the fl at metal sur-
face as monolayer, 6 400 (for the Au-deposited particles) and 
17 000 (for the Ag-deposited particles) monomeric PSI should 
have been conjugated to a single BiVO 4  particle. Conversion to 
the macroscopic scale showed that 0.016 mg Chl (for the Au-
deposited particles) and 0.043 mg Chl (for the Ag-deposited 
particles) of PSI were the equivalent binding amounts for 1 g 
of BiVO 4 .  

  2.1.3.     Optical Property Analysis 

 The optical properties of the two photocatalysts were inves-
tigated by UV–visabsorption. The absorption spectra were 
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 Figure 1.    a) Sucrose density gradient resulting in three separate layers: 
LHCII-rich thylakoid, monomer PSI (MPSI), and aggregated PSI (APSI); 
b) SDS-PAGE of thylakoid before ultracentrifugation (Thy), LHCII-rich 
thylakoid fragment (LHCII, upper layer in (a), and PSI (PSI, middle, and 
bottom layer in (a). Identifi ed main bands are marked with the name of 
component.

  Table 1.    H 2  evolution activity in PtPSI. The extracted PSIs are all wild type and are not rebuilt. 

Year Source of PSI Electron donor, mediator Maximum activity [µmol H 2  h −1  mg Chl −1 ] Light source

This study Spinach Asc, Dc 0.08 White LED

(2001) [15] Spinach Asc, PC 2 LED (660 nm)

(2004) [16] Spinach Asc, Corss-linked PC 0.09 (0.03 without PC) 150-W halogen lamp (<600 nm)

(2010) [14] Thermophilic bacteria Asc, Cyt 5.5 150-W halogen lamp (<590 nm)
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recorded for isolated PSI (which is shown as a green solid line 
in  Figure    3  ), which exhibited two primary peaks at 436 and 678 
nm. The minor peak at 471 nm that was observed in the spectra 
corresponded to the light harvesting complex I (LHCI) that sur-
rounded the PSI core. [ 26 ]  The diffuse refl ectance of BiVO 4  was 
measured, and the spectra is presented as a blue dotted line in 
Figure  3 . Our BiVO 4  absorbed light effectively below 510 nm. 

  In this study, we used a white light emitting diode (LED) 
bulb, which is a commonly used indoor light, as a light source 
to provide the full spectrum of visible light with an intensity 

near the light saturation point of PSI (190 µE m −2  s −1  with a 
660 nm LED). [ 15 ]  Our light source had an intensity of 
186 µE m −2  s −1  between 650 and 700 nm and of 91 µE m –2  s –1  
below 510 nm. The mild intensity of the light source pre-
vented a temperature rise in the reactor and unnecessary 
energy dissipation. Figure  3  shows the irradiance intensity 
spectra for different wavelengths, which are fi tted with a 
black line.  

  2.1.4.     Hybridization of PtPSI and mt-BiVO 4  

 The as-prepared PtPSI and mt-BiVO 4  was integrated into the 
hybrid system. To carboxylate the metal surface, the synthe-
sized mt-BiVO 4  was treated with an MPA ethanolic solution. 
An amide bond was then formed between the carboxyl group 
on the metal and the amine group on PSI by EDC/Sulfo-NHS 
coupling. Generally, the primary amine in the lysine (Lys) res-
idue has the highest activity; thus, most of the amide bond was 
expected to be formed on the Lys of the protein surface. The Lys 
was densely located on both the lumen and stromal side of PSI, 
which are shown as magenta spheres in  Scheme    2  . In platiniza-
tion, the reduction of Pt occurred primarily at the stromal side 
of the electron emitting site, such that the Pt nanoclusters were 
expected to cover the electron emitting site of PSI (which is 
shown as orange spheres in Scheme  2 ). Therefore, some of the 
exposed active residues in stromal side may have been blocked. 
However, the active residues on the lumen side were exposed 
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 Figure 2.    a) XRD pattern of monoclinic BiVO 4  (JCPD #14–0688); b) FESEM image of BiVO 4 ; c) Au–BiVO 4 ; and d) Ag–BiVO 4 . Scale bar: 4 µm for (b) 
and 1 µm for (c,d).

 Figure 3.    Absorption spectra of PSI (green line) and BiVO 4  (line with blue 
circle) and irradiance spectra of LED light used in this study (black line).
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without obstruction and could freely form an amide bond. The 
amide bond at the lumen side provided a favorable pathway for 
the acceptance of electrons from mt-BiVO 4 . 

  As mt-BiVO 4  is a microparticle, it sinks into a solution 
within a few minutes (see Au–B and Ag–B in  Figure    4  b). 
However, after coupling to the PtPSI, some of the particles 
were still dispersed in solution after 1 h holding time (see Au-
B-PtPSI and Ag-B-PtPSI in Figure  4 b). The upper greenish 
section contained both unlinked PtPSI and all-linked parti-
cles. The absorption spectra of the upper dispersed particles 
were removed for the absorption measurements. In Figure  4 a, 
the broad absorption spectra over the entire wavelength range 
corresponded to the BiVO 4  particles that were dispersed 
in solution, and the observable peaks at the wavelengths of 
red and blue light corresponded to the PtPSI. To calculate 
the amount of the linked PtPSI, the micro-particles were 
removed by gentle centrifugation, and the concentration of 
the remaining PtPSI particles was measured from the absorb-
ance spectra. Thus, 0.08 ± 0.03 and 0.16 ± 0.05 mg Chl of 

the PtPSI decreased in the solution after 
coupling with 1 g of Au–BiVO 4  and Ag–
BiVO 4 , respectively. The differing amounts 
that were bound on Au and Ag resulted pri-
marily from the different deposited areas of 
the metal particles. 

     2.2.     Electron Transfer Study in the Hybrid 
System by PL Analysis 

 We evaluated the electron motion in the 
hybrid system by PL analysis ( Figure    5  ). The 
PL spectra were observed for four different 
samples, BiVO 4 , mt-BiVO 4 , mt-BiVO 4  with 
PtPSI, which was simply mixed together 
(Mixed) and covalently all-linked by EDC 
coupling (Linked). In monoclinic BiVO 4 , UV 
excitation generates holes in the O 2 p   band, 
and the electrons in the V 3 d   band and the 
excitation energy can be relaxed by recom-
bination at Bi 6 s  . [ 29 ]  Our BiVO 4  exhibited a PL 
peak at approximately 540 nm in agreement 

with previous reports. [ 30 ]  We fi rst observed the PL quenching 
effect by metal deposition. The metal particle covering the 
electron emitting facet can accept electrons from the V 3 d   con-
duction band of BiVO 4  and decreases recombination. The PL 
intensity at 540 nm for Au–BiVO 4  (Figure  5 a,b) and Ag–BiVO 4  
(Figure  5 c,d) was 93% and 62% of that of pure BiVO 4 . This 
result suggests that Ag offers an advantage over Au in electron 
extraction. Structurally, the deposited area of Ag is approxi-
mately threefold that of Au, which can result in more effective 
quenching. Besides, plasmonic metal can increase or decrease 
PL in various ways including local electric fi eld enhance-
ment, radiative/nonradiative decay enhancement, and energy 
quenching inducement. The PL quenching observed in this 
study may be the result of these coupled effects. In our system, 
transfer of excited electron to metal and plasmon-driven PL 
enhancement occurred simultaneously. 

  To observe additional electron transfer to the protein, the 
mt-BiVO 4  was combined with the PtPSI. The use of the pro-
tein resulted in electron transfer from the metal to P700 and 
induced extra quenching. In the analysis, 0.5 µg Chl of the 
PtPSI was mixed with and linked to 1 mg of the mt-BiVO 4  
(Figure  5 a,b). In both the Au–BiVO 4  and Ag–BiVO 4 , the PL 
of the covalently linked system was quenched more than 
that of the simply mixed system. This result supported the 
hypothesis that chemical bonding between metal and protein 
facilitated effi cient electron transfer from the BiVO 4  con-
duction band to the PSI. The amount of the PtPSI was then 
reduced to 0.05 µg Chl, which was comparable with the theo-
retical equivalent binding amount of the PSI on Ag–BiVO 4 . 
Herein, the linked system exhibited noticeable quenching, 
whereas there was nearly negligible quenching in the mixed 
system (Figure  5 b,d). Thus, the quenching effect resulted 
primarily from only the linked PtPSI. Interestingly, the PL 
quenching in the linked system with 0.05 µg Chl PtPSI was 
comparable to that in the mixed system with 0.5 µg Chl of 
the Pt PSI.  
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 Scheme 2.    Molecular structure of PtPSI showing emphasized Lys, which are the primary tar-
gets in EDC/sulfoNHS coupling. Pt nanoclusters and Lys are shown as orange and magenta 
spheres. The electron pathway from lumen side to stromal side is shown with arrows (PDB 
entry 2WSC).

 Figure 4.    a) Absorption spectra of PtPSI (line with blue circle), dispersed 
PtPSI linked with Au–BiVO 4  (red) and Ag–BiVO 4  (black); b) image of syn-
thesized samples after 1 h holding time at room temperature. B denotes 
BiVO 4 .
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  2.3.     H 2  Evolution Measurement by GC Analysis 

 The H 2  evolution rate was measured by GC. The hybrid 
Z-scheme using Au and Ag mediators exhibited an H 2  evolu-
tion activity of 34 and 15 nmol h −1 , respectively ( Figure    6  a). 
To our knowledge, this result is the fi rst observation of H 2  
evolution from a protein-photocatalyst system in which only 
water was used as an electron source. The calculated external 
quantum effi ciency of the system was approximately 10 −5 . Such 
a low quantum effi ciency resulted primarily from the ineffi -
cient hybrid ratio of the reduction component of the PtPSI to 
the oxidation component, BiVO 4 . The oxygen evolution activity 
of monoclinic BiVO 4  with a NaIO 3  sacrifi cial agent has been 
previously reported to be approximately 100 µmol h −1  g −1 . [ 31 ]  
Considering that four electrons from the oxidation step imme-
diately move to PSI via the metal mediator in the Z-scheme, 
400 µmol h −1  of electrons can be supplied to PSI from 1 g of 
BiVO 4 . However, considering that the maximum amount of 
the PtPSI was conjugated on BiVO 4 , the activity of the photo-
reduction from the equivalently bound protein lagged far 

behind (at approximately 1/160 000 (for Au-deposited particles) 
and 1/58 000 (for Ag-deposited particles)) the photo-oxidation in 
the semiconductor component of the hybrid system. The imbal-
ance between the oxidation and reduction rates was the primary 
limitation of the hybrid system in terms of the effi ciency. To 
overcome the imbalance in the combination ratio, nanoscale 
semiconductor particles should be used to increase the surface 
area for protein binding. The photoreaction proceeded for 72 h, 
and H 2  was collected every 24 h. Figure  6 b shows the measured 
amount of H 2  from our Z-scheme using Au and Ag mediators. 
The initial H 2  evolution activity lasted steadily for 72 h and 
even slightly increased in some cases. In this regard, we expect 
that the unlinked, but attached PSIs in the vicinity of activated 
metal formed new amide bonds during the photoreaction, 
followed by providing additional linked Z-scheme. 

  When the PtPSI and mt-BiVO 4  components were mixed 
without covalent conjugation to serve as a reference, the H 2  
evolution activity was lowered to approximately 1 nmol h −1  
(Figure  6 a). In order to clarify the pathway of H 2  evolution, 
several mt-BiVO 4  samples also have been investigated by GC 
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 Figure 5.    a) PL spectra of Au–BiVO 4  with 10 equivalent PtPSI; b) PL spectra of Au–BiVO 4  with one equivalent PtPSI; c) PL spectra of Ag–BiVO 4  with 
10 equivalent PtPSI; d) PL spectra of Ag–BiVO 4  with one equivalent PtPSI.
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analysis. As a result, all the contrast samples including Au–
BiVO 4 , Ag–BiVO 4 , Pt–BiVO 4 , and pure BiVO 4  showed no H 2  
evolution activity when the deposited metal was either activated 
with EDC/Sulfo-NHS or inactivated. 

 When the H 2  evolution activity was recalculated consid-
ering the bound PtPSI, 0.42 ± 0.20 and 0.091 ± 0.044 µmol 
h −1  mg Chl −1  of H 2  were produced in the Au- and Ag-mediated 
systems. The activity was much higher (for the Au-deposited 
particles) or analogous (for the Ag-deposited particles) to the 
activity that was measured during the platinization step using 
an Asc/Dc electron donor couple. In platinization, PSI receives 
an electron from the Asc/Dc reductant couple that is dissolved 
in solution, whereas PSI in our hybrid Z-scheme received an 
electron from the directly linked metal. Similarly, in nature, 
the bound mediator PC, transfers an electron directly to the 
lumen side of PSI. [ 32 ]  Thus, we hypothesized that our all-linked 
system effectively realized an electron transfer chain and exhib-
ited enhanced or comparable activity for PSI relative to the 
half-reaction system with a chemical electron donor. In addi-
tion, we expect that the linker could be designed to signifi cantly 
enhance the activity even further. 

 The Au mediator more than doubled the H 2  evolution 
activity over that of the Ag mediator. Considering the improved 
quenching of PL in the Ag-mediated Z-scheme over the Au-
mediated Z-scheme, it was interesting that the Au mediator 

showed signifi cantly higher H 2  evolution activity. We hypoth-
esize that the Au provided a moderate metal-to-BiVO 4  poten-
tial barrier that prevented electron back transfer, whereas the 
small potential barrier in Ag–BiVO 4  could easily have induced 
the back transfer of electrons. We also expect that a suitable 
surface plasmon resonance of Au could contribute to enhanced 
photoactivity. [ 33 ]  Ag also exhibits a considerable plasmon effect; 
however, the resonance wavelength of Ag is located at the edge 
of our light source spectrum. [ 34 ]  Recently, light absorption 
enhancement has been demonstrated by the plasmon effect of 
Ag nanoparticles in an all-solid-state Z-scheme. [ 35 ]  We expect 
that the Au nanoparticles in the hybrid Z-scheme could also 
provide extra absorption and enhance the electron supply to the 
PSI. In addition, other roles of Au nanoparticle as a hot elec-
tron source or a hole scavenger should be considered in order 
to comprehensively understand the electron mediating pathway 
through Au nanoparticle. [ 36 ]  

 In this study, we have successfully demonstrated the fi rst 
hybrid Z-scheme for H 2  evolution. Our hybrid Z-scheme was 
designed to split water and evolve H 2  as a fi nal product at 
PtPSI. Thus, we expected that O 2  would evolve on the semicon-
ductor side as a water oxidation product, but we also considered 
the possibility of the evolution of reactive oxygen species, such 
as hydroxyl and superoxide anion radicals. These radicals are 
commonly reported to be detected in metal(oxide)-doped semi-
conductors in competition with O 2  and H 2 . [ 37 ]  In the current 
study, we did not perform quantitative measurements of all of 
the oxygen species from the Z-scheme, and we are currently 
investigating the use of H 2 O 18  as a reactant to categorize and 
quantify the direct products. Despite the insuffi cient analysis 
of the oxygen reaction products, we were still able to verify the 
successful operation of the hybrid Z-scheme by measuring the 
target product, H 2 . First, the use of the hybrid Z-scheme was 
successful in realizing the protein-photocatalyst system for the 
evolution of water-sacrifi ced, visible light-driven H 2 . Moreover, 
we demonstrated the effects of a directly linked structure and 
plasmonic nanoparticle mediators on the activity of the system. 
Thus, the issues that were explored in this study can open new 
avenues in the development of other protein hybrid systems for 
various applications.   

  3.     Conclusion 

 We developed a hybrid Z-scheme for H 2  evolution by inte-
grating BiVO 4  and a PtPSI in an all-solid-state. Under visible 
light, our system showed the ability to evolve hydrogen from 
water without the use of additional sacrifi cial agents or redox 
mediators for the fi rst time. The water-sacrifi ced H 2  evolution 
was a successful demonstration of the utility of a PSI as a pho-
tocatalytic material. In designing this structure, we constructed 
an all-linked hybrid system using Au and Ag nanoparticle con-
ductors. The positive effect of direct linking between a protein 
and a metal mediator was revealed by effective PL quenching 
and enhanced H 2  evolution activity. We demonstrated the 
enhanced activity of PSI over that of a solvent-based sacrifi -
cial reaction and found that the plasmon effect of the metal 
could further amplify the electron supply. This hybrid system 
provides a new means of using a photosynthetic protein as a 
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 Figure 6.    Hydrogen evolution activity measured by GC (for 1 g of sample). 
a) The average hydrogen evolution activity for 48 h. b) The hydrogen evo-
lution activity as a function of operation time. The produced hydrogen 
was measured every 24 h from the same sample.
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practical material in the design of a photocatalytic energy pro-
ducing system.  

  4.     Experimental Section 
  Chemicals : Sodium ascorbate (Asc, 98%), 2,6-dichloroindophenolate 

hydrate (Dc, 90%), sodium hexachloroplatinate(IV) hexahydrate 
(Na 2 [PtCl 6 ], 98%), gold(III) chloride trihydrate (HAuCl 4 ·3H 2 O, 
99.9%), silver nitrate (AgNO 3 , 99.0%), and 3-mercaptopropionic 
acid (MPA, 99%) were purchased from Sigma-Aldrich, Korea, and 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 98%), and 
 N -hydroxysulfosuccinimide (sulfo-NHS, 98%) were purchased 
from Tokyo Chemical Industry, Japan. High purity deionized water 
(18.2 MΩ cm −1 ) was used in all of the procedures. 

  Isolation of PSI : The PSI protein was isolated by the established 
method with minor modifi cations. [ 26 ]  Spinach ( Spinacia oleracea  L.) 
was purchased from a local market. 200 g of green spinach leaves was 
ground using a blender with 600 mL of washing buffer (0.3  M  sucrose, 
30 × 10 −3   M  Tris-HCl, 15 × 10 −3   M  NaCl, and pH 7.8) for 30 s. The 
obtained homogenate was fi ltered through two layers of Miracloth (with 
a pore size of 22–25 µm, CalBiochem) and centrifuged at 2000 g for 
7 min. The light green supernatant was discarded, and the pallet was 
resuspended in a hypotonic buffer (5 × 10 −3   M  EDTA, 5 × 10 −3   M  Tris-HCl, 
and pH 7.8). The solution was sonicated for 2 min and centrifuged at 10 
000 g for 15 min. The pallet was adjusted to 2.5 mg Chl L 1  using a basic 
buffer (0.3  M  sucrose, 30 × 10 −3   M  Tris-HCl, pH 7.8) and 1.7% triton X-100 
(w/v) was added. After gentle stirring for 30 min in the dark at 4 °C, the 
solution was centrifuged at 35 000 g for 30 min, and the supernatant 
was collected. The solution was adjusted to 2.0 mg Chl mL −1  using a 
basic buffer, and dodecyl-β- D -maltoside (DDM) was added to produce a 
fi nal concentration of 2.0% (w/v). After gentle stirring for 20 min in the 
dark at 4 °C, 9 mL of the solution was loaded onto a 24 mL 0.1–1.0  M  
sucrose gradient (containing the basic buffer and 0.05% DDM) with a 
5 mL cushion of 2  M  sucrose. After ultracentrifugation at 26 800 rpm for 
17 h in a SW-32 rotor (Beckman), the lowest dark green band was 
collected with a syringe and frozen at –80 °C using 20% glycerol (v/v). 

  Characterization of PSI : The protein concentration was adjusted 
via the chlorophyll concentration. The chlorophyll concentration was 
determined after extraction in 80% acetone using a method that was 
developed by Arnon. [ 38 ]  The proteins were analyzed using SDS-PAGE 
and a Coomassie blue staining step. The SDS-PAGE was carried out 
using 15% acrylamide resolving gels. Briefl y, 10 µL of the samples 
and prestained protein size markers were loaded onto each well, 
and electrophoresis was performed at 100 V for 100 min. After the 
electrophoresis step, the gel was washed in distilled water for 10 min 
and rinsed with a fi xation solution (containing 30% methanol and 10% 
acetic acid) for 30 min. After fi xation, EzWayTM Protein-Quick Blue 
solution (Koma Biotech) was added and stained for 2 h. 

  Platinization of PSI : The extracted PSI was dialyzed in a 20 × 10 −3   M  
sodium phosphate buffer with a pH of 7.2 (reaction buffer) for 24 h 
before platinization. The PtPSI was prepared by photodeposition using 
30 × 10 −3   M  Asc and 0.2 × 10 −3   M  Dc as a sacrifi cial electron donor. The 
reaction proceeded in the reaction buffer with 0.05 mg Chl mL −1  PSI, 
0.4 × 10 −3   M  Na 2 [PtCl 6 ] and an Asc/Dc couple (for a total volume of 
10 mL). A continuous white LED bulb light illuminated the sample under 
vigorous stirring for 20 h. The PtPSI was washed with the reaction buffer 
before linking with the oxidation component to remove the remaining 
Na 2 [PtCl 6 ] and Asc/Dc. 

  Synthesis of BiVO 4  : The hydrothermal method was used as previously 
reported. [ 31 ]  Typically, 36.0 mmol of NH 4 VO 3  (99%) and 36.0 mmol of 
Bi(NO 3 ) 3 ·5H 2 O (98%) were dissolved in 220 and 80 mL of 2.0  M  nitric 
acid solutions, respectively. The two solutions were mixed, and a yellow 
homogeneous solution was formed under stirring. The pH value of the 
solution was then adjusted to 2.0 using an ammonia solution under 
vigorous stirring until an orange precipitate was obtained. After further 
stirring for 0.5 h, the precipitate was aged for 2 h, and 70 mL of the 

subsided precipitate was transferred to a Tefl on-lined stainless steel 
autoclave (100 mL) and hydrothermally heated to 473 K, which was 
held for 24 h. The resulting yellow powder was fi ltered following natural 
cooling to room temperature and dried in air at 60 °C. 

  Photodeposition of Metal on BiVO 4  : The metals (Au and Ag) were 
photodeposited onto the as-synthesized BiVO 4 . HAuCl 4  and AgNO 3  
were used as precursors for the Au and Ag deposition. Generally, 
0.2 g of the as-synthesized BiVO 4  and 10 wt% of the metal precursor 
(by calculation) were stirred together in 100 mL of deionized water 
under irradiation by a 300-W Xe lamp (420-nm cut) for 3 h. The metal-
deposited BiVO 4  (mt-BiVO 4 ) was washed with deionized water 3 times 
to remove the unreacted metal precursor before further chemical 
treatment and SEM analysis. 

  EDC/Sulfo-NHS Coupling : Finally, covalent linking between PtPSI and 
mt-BiVO 4  was carried out via EDC/sulfo-NHS coupling. First, 0.1 g of 
mt-BiVO4 was immersed in ethanolic 10 × 10 −3   M  MPA to carboxylate 
the metal particles. After gently stirring the solution for 24 h, the MPA-
treated mt-BiVO 4  was rinsed with deionized water and fi nally diluted in 
5 mL of 10 × 10 −3   M  MES buffer (pH 5.5). Then, 30 mg of EDC and 
30 mg of sulfo-NHS were added, stirred for 2 h, and washed with the 
reaction buffer. Finally, l mL of 0.5 mg Chl mL −1  of the prepared PtPSI 
was added to the total solution volume and gently stirred for 24 h. The 
all-linked samples were washed twice with the reaction buffer to remove 
unlinked proteins. For reference, we added 1 mL of 0.5 mg Chl mL −1  of 
the PtPSI to 0.1 g of the carboxylated mt-BiVO 4  and stirred the resulting 
mixture for 24 h. 

  Characterization of Optical Properties : The irradiance of the light 
source was measured using a spectrum analyzer (International Light 
Technologies, ILT950). The UV–vis absorption spectra were measured 
using a NanoDropTM 2000c and a spectroscopic cuvette. The samples 
were dispersed in the reaction buffer, which was then place in a 1 mL 
cuvette for analysis. The UV–vis refl ectance spectra were obtained using 
a UV-vis-NIR spectrometer (Agilent Technologies, Cary 5000). 

  Field Emission Scanning Electron Microscopy : The FESEM micrographs 
were obtained using a Zeiss, SUPRA 55VP operating at 2 kV. The FESEM 
samples were prepared by dropping the sample containing solutions 
onto silicon wafers and drying in air. 

  X-Ray Powder Diffraction : The phase composition of the synthesized 
powder was determined using X-ray powder diffraction (XRD, Bruker, 
AXS D8 Advance) with CuKα radiation. The XRD patterns were recorded 
in a 2 θ  range of 10°–60°. The step size and the counting time were 0.02° 
and 0.25 s, respectively. The XRD patterns were analyzed using an EVA 
software package (Bruker AXS) to identify the phases present. 

  Photoluminescence : The PL spectra were taken using a PTI 
QuantaMasterTM spectrofl uorometer, QM4 (Photon Technology 
International, Birmingham, NJ) with an excitation wavelength of 
340 nm, a scan range of 450–660 nm and a step size of 1 nm. Each 
sample was placed in a cuvette and stirred vigorously to disperse the 
particles. Typically, 1 mg of sample was put into 3 mL of the reaction 
buffer. When the mt-BiVO 4  was mixed or linked with PtPSI, the additional 
washing step for the removal of the unlinked protein was skipped. 

  Gas Chromatography : The quantitative detection of hydrogen was 
performed by gas chromatography (GC, PerkinElmer, NARL8502 Model 
4003). Typically, 0.05 g of the PtPSI-mt-BiVO 4  in 20 mL of the reaction 
buffer was placed in a tightly capped vial and stirred vigorously during 
the photoreaction. 1 mL of the fi nal gas was ejected into the gas 
chromatograph by a syringe at the designated time. The GC measured 
the molar proportion of the hydrogen gas relative to the total ejected 
gas, and the exact amount of gas was calculated by multiplying by the 
empty space in the vial reactor.  
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