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Abstract 

Photoelectrochemical (PEC) water splitting offers a promising way to produce hydrogen and 

harvest solar energy, however, its low efficiency has made it less economically attractive than 

other hydrogen production methods. Herein we present a numerical model of PEC cells 

considering quasi-fermi level splitting and interfacial kinetics to understand the charge transfer 

process and explore the approaches to increase the energy conversion efficiency. The non-linear 

change of photocurrent with light intensity under concentrated illumination is for the first time 

captured by a model. Based on the model, the operation regions of a PEC cell are mapped. 

Pathways to further promote the energy efficiency of PEC are proposed from the aspect of 

kinetics and thermodynamics. A new method that enables a precise evaluation of the theoretical 

boundaries of energy conversion efficiency of photocatalysts is developed taking into account 

the thermodynamics barrier.  

 

Keywords: photoelectrochemical cell, concentrated sunlight, water splitting, numerical model, 

kinetic bias, thermodynamic bias. 
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1. Introduction 

Solar energy is regarded as the ultimate solution for sustainable energy supply for human society 

since it is the very original source of most energy forms on earth. As a significant utilization and 

storage approach of solar energy, the production of hydrogen through water splitting driven by 

sun lights has received considerable research attention. Photoelectrochemical (PEC) cells are 

regarded as a simple and highly integrated technology allowing a good product separation and 

direct light absorption at photoelectrode[1]. The theoretical maximum of solar-to-hydrogen 

conversion efficiency (STH) of PEC for water splitting is 47.3% (see SI for detail). It is 

suggested that the solar-assisted water splitting system can only achieve net primary energy 

balance if the STH exceeds the benchmark of 3-5%[2, 3], and STH needs to reach the threshold 

of 10% to be commercially viable[4]. In regard to PECs, the index of applied bias 

photon-to-current efficiency (ABPE) is commonly used to assess the energy conversion 

efficiency instead of STH, because a bias potential is normally required in PECs. In contrast, 

STH is an efficiency index under zero bias conditions, and thus widely applied in 

photovoltaic-electrolyzer (PV-E). Although the definitions and applications of ABPE and STH 

are different (see SI for detail), they both represent the ratio of net energy generation to the solar 

energy received. From this perspective, they are comparable.  

Over the past decade, substantial efforts have been devoted to developing efficient and robust 

photoelectrodes for PEC. Advanced visible-light responsive materials for photoelectrode has 

been proposed through crystalline doping, morphology manipulating, and particular 

treatment[5-9]. Heterojunction photoelectrodes combining n-type and p-type semiconductors 
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have been developed to suppress the recombination of electron-hole pairs[10, 11]. Novel 

co-catalysts have been applied to accelerate the kinetics of water oxidation reaction on the 

surface of semiconductor[12, 13]. Unfortunately, the ABPE of present PECs for water splitting is 

struggling under 3%[14-19]. The low ABPE performance of PECs is attributed to the application 

of the bias, as indicated in Eq. S1. As a matter of fact, the light saturating current density of 

photoelectrode is usually obtained at a rather positive potential. Take BiVO4-based photoanode 

as an instance, although larger than 5 mA cm
-2

 of current performance was performed, a bias of 

more than 1 V was necessary to drive the charge transfer and achieve such current density[20]. 

The use of bias significantly decreases the ABPE.  

Nevertheless, the existing PEC devices often rely on the bias potential to accelerate the 

water-splitting process. As depicted in Fig. 1, applying bias can contribute to the reaction rate in 

three ways: (i) part of bias contributes to establishing the space charge layer in semiconductor to 

overcome the recombination of electron-hole pairs either at the surface or in the bulk of 

semiconductor and accelerate the charge transfer (ηbending). (ii) Bias provides the overpotential to 

promote the surficial electrochemical kinetics at the counter electrode (ηc). (iii) A portion of bias 

is inevitable to compensate for the thermodynamic barrier between the flat band potential of 

semiconductor and the equilibrium potential of the counter electrode, and initiate the charge 

transfer from photoanode to cathode (ηonset). The ηbending and ηc are regarded as kinetic biases, and 

ηonset is regarded as thermodynamics bias. Typically, since the current density of PEC is low at 

the current stage, i.e., around 10
-1

 A m
-2

, the ohmic loss within the electrolyte is in the magnitude 

of 10
-4

, which can be ignored, as shown in Fig. S1. Besides, due to the fast kinetics at counter 
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electrode, the ηc can also be neglected, as shown in Fig. S1. 

In order to meet the economic requirement of PEC, two options are available. One is to decrease 

the benchmark by reducing the cost, the other is to further promote the ABPE of PECs. For the 

first option, concentrated solar irradiation is considered as a practical way of providing 

opportunities on further pressing down the cost of PEC and improvement in hydrogen yield [21, 

22]. This strategy is valid only if PECs show linear photocurrent increasement with light 

intensity, which maintains the ABPE at an unchanged value. However, the favorable proportional 

photocurrent response only lies in low light concentration region (normally less than 3 suns)[23, 

24], while a power function was observed in the highly concentrated region (up to more than 50 

suns)[25], which, on the contrary, reduces the ABPE. The existing explanation attributes this 

undesirable photocurrent behavior to the higher recombination induced by increased 

intensity[25]. However, to date, no analytic understanding has yet been presented.  

For the second option, sustained effort should be taken to continuously reduce either kinetic or 

thermodynamic bias applied in the system. Intensive researches have been carried out to develop 

advanced photoelectrode to reduce kinetic bias, while no quantitative strategy exists to guide 

efficient material development. In addition, the importance of thermodynamic bias has been 

overlooked. As a result, the traditional judgment on the theoretical energy conversion efficiency 

of photocatalyst based on STH calculation has been overestimated, which leads to a mislead on 

the selection and design of photocatalyst. 

In this study, a multiphysics model of PEC which considers quasi-fermi level splitting and 

interfacial kinetics at photoelectrode was presented. To our best knowledge, this is the first 
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model which gives a reliable photocurrent prediction under concentrated illumination. Based on 

the model, the operation regions are clarified through identifying the charge transfer determining 

step. Guidelines for material development aiming to reduce both kinetic bias and thermodynamic 

bias are proposed based on numerical analyses toward developing eco-attractive PEC. The 

theoretical efficiency of the photocatalyst was reevaluated by considering the factor of 

thermodynamic bias. This work provides a clear mechanistic understanding of photocurrent 

response on concentrated sunlight operation, and also gives guidelines on choosing and 

developing photoelectrode.  

 

2. Modeling methods 

2.1 Physicochemical problem statement 

Fig. 1 shows a scheme of the flow PEC cell that was investigated in the study. The PEC cell 

consists of a TiO2 photoanode and a platinum cathode separated by a polymer electrolyte 

membrane was chosen for the model, because it is the most representative PEC system for water 

splitting. The flow configuration of the reactor gives the advantage of effective removal of 

gaseous production which could eliminate the effect of bubbles and simplify the flow 

characteristics of electrolyte. Therefore, it is reasonable to ignore the bubble effects in PEC flow 

cells. When illuminated by responsive light, electron-hole pairs are generated at photoanode, 

which causes the quasi-fermi level splitting. Driven by the potential difference in the space 

charge layer, electrons flow to the external circuit while holes transfer towards the 

electrode/electrolyte interface. Gaining energy from bias, the photo-induced electrons transfer 
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further to cathode to complete the hydrogen evolution reaction (HER). The holes at the interface 

will participate in the oxygen evolution reaction (OER). In the model, the photocatalyst is 

regarded as homogeneous and the morphology of photocatalyst is not considered.  

The water-splitting process follows the reaction equations. 

Anode: 
2

hTiO h e     (1) 

 
2 22 4H O h O H     (2) 

Cathode: 
22 2H e H    (3) 

 

 

2.2 Photocurrent prediction 

PEC water splitting depends on two tandem physicochemical processes at photoanode, i.e., 

light-induced carrier generation and transfer occurring within semiconductor and OER taking 

place at the interface of semiconductor/electrolyte.  

The photocurrent induced by the transfer of photo-induced holes from inside of the electrode to 

the surface is expressed using a modified Gärtner-Butler equation to take into account the 

recombination effect. 

 
 

,

exp
1

1

sc

ph damping re surfj eI
L


 



 
  

 
 (4) 

where I is the intensity of incident light (m
-2

 s
-1

), α is the absorption coefficient of photoanode 

(cm
-1

) and L is the diffusion distance of hole (m). δsc is the thickness of the space charge layer (m) 

which is given by[26]. 
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where ε is the dielectric constant, ε0 is the permittivity of vacuum (C V
-1

 m
-1

), Δφsc is the 

difference of potential across the space charge layer (V), V is the potential of photoanode (V), Vfb 

is the flat band potential of semiconductor (V), e is the charge of electron (C), and Nd denotes the 

donor density of semiconductor (m
-3

). 

The diffusion distance of hole, L, is related to the charge lifetime τ (s) and diffusivity of holes D 

(m
2
 s

-1
) by 

 L D  (6) 

L represents the bulk recombination property of a semiconductor.  

In practice, concentration sunlight will lead to a remarkably increase of temperature, which thus 

results to the evaporation of electrolyte and the degeneration of photoelectrode. In order to 

eliminate this effect, a bandpass filter can be used to cut off the incident of infrared light. 

However, the bandpass filter could also cut off responsive light and reduce the intensity at the 

same time. In Eq. 4, a light damping factor Фdamping of bandpass filter is added to take this effect 

into account. Since different bandpass filter has different cut off effect, Фdamping is set one in this 

study, and can be adjusted according to the bandpass filter. Here, a PEC with ideal thermal 

management assumption was made and modeled. 

A surface recombination coefficient Фre,surf was used to consider the surface recombination effect, 

which is an exponential function of band bending Δφsc in terms of two constants A and B 

described [27, 28] 
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where Rt and Rr denote the charge transfer resistance and recombination resistance at the surface 

of the semiconductor.  

The OER current density was approximated by the Tafel equation 

 0, exp
a

a
a

F
j j

RT

  
  

 
 (8) 

where j0,a is the exchange current density (A m
-2

), β
a
 is the charge transfer coefficient of anodic 

reaction, F is Faraday constant (96485 C mol
-1

), R is the gas constant (8.314 J mol
-1

 K
-1

), and T 

is the thermodynamic temperature (K). The interfacial overvoltage ηa (V) is defined as  

 
OER

a eqE    (9) 

where E
OER

eq is the pH-dependent equilibrium potential 

 1.229 0.059pHOER

eqE    (10) 

In previous modeling studies[27, 28], the electrode potential of the electrode φ is defined as φs - 

φl. This is true for conventional metal electrodes. However, for an n-type semiconductor, φ 

stands for the quasi-Fermi level of holes at the surface of the photoanode. In the dark, the Fermi 

level of semiconductor lies between the conduction band (CB) and valence band (VB) 

equilibrates with the Fermi level of electrolyte. Under irradiation, the Fermi level splits into two 

quasi-Fermi levels, Ef,n and Ef,p, for interfacial electrons and holes, which are used to describe the 

nonequilibrium condition of semiconductor (Fig. 1). The OER becomes thermodynamically 

favorable only if the following energy condition is satisfied, in which the quasi-fermi level of 

holes is more positive than the equilibrium potential of OER. 
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The overpotential of photoanode is 

 ,

OER

a f p eqE E    (12) 

The quasi-Fermi levels of electrons and holes can be determined as follows. 

 , , lnf n f sc

kT n n
E E

e n

  
   

 
 (13) 

 
, , lnf p f sc

kT p p
E E

e p

  
   

 
 (14) 

where Ef,sc is the Fermi-level of semiconductor, n and p are the concentration of electrons and 

holes under dark, Δn and Δp are the concentration of the light-induced electrons and holes. 

Therefore, Ef,p can be obtained through substituting Eq. 13 into Eq. 14. 

 
, , lnf p f n

kT n n p p
E E

e n p

   
   

 
 (15) 

The concentrations of electron and hole in dark, i.e., n and p, follow the following expression. 

  exp
g

C V

E
n p N N

kT

 
   

 
 (16) 

where NC is the effective state density at the lower edge of the conduction band (m
-3

), NV is the 

effective state density at the upper edge of the valence band (m
-3

), Eg is the bandgap of 

semiconductor (eV), which is 3.2 eV for TiO2. In an n-type semiconductor, n can be 

approximated as donor density Nd.  

NC and NV are given by 

 

3

2

2

2
2

e

eff

C

m kT
N

h

 
  

  
 (17) 



11 
 

 

3

2

2

2
2

h

eff

V

m kT
N

h

 
  

  
 (18) 

where m
e
eff and m

h
eff are the effective mass of electron and hole, respectively. 

The Ef,n is given by. 

 . ln C
f n c

NkT
E E

e n n

 
   

  
 (19) 

Normally, the donor density n for TiO2 ranges from 10
22

 m
-3

 to 10
26

 m
-3

 [29]. Here, a magnitude 

of 10
24

 m
-3

 is used[9]. While NC can be calculated in the magnitude of 10
26

 m
-3

 by Eq. 17, as 

shown in Table S2. Δn can be estimated as the number of responsive photons from AM 1.5G, 

which is in the in the magnitude of 10
20

 m
-3

. Therefore, it is reasonable to approximate the 

quasi-Fermi level of electrons equals the penitential of the conduction band. 

 .f n cE E  (20) 

For TiO2, n >> Δn, p << Δp, so Eq. 15 becomes. 

 
, , ln lnf p f n c

kT p kT p
E E E

e p e p

    
      

   
 (21) 

At the interface of photoanode and electrolyte, the position of the conduction band is the flat 

band, this gives  

 
, lnf p fb

kT p
E E

e p

 
   

 
 (22) 

Substituting Eq. 22 into Eq. 12, we have 

 ln OER

a fb eq

kT p
E E

e p


 
   

 
 (23) 

AM1.5G spectra have been used as the incident light. The intensity of incident light, I, is derived 
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from the spectra of AM 1.5G through the following expression. 

 optical

light

Ir
I d

hc
 


   (24) 

The overall optical losses Фoptical are estimated at 25%[26]. 

Light decay within the TiO2 nanorods caused by light absorption was considered in this model. 

The distribution of light intensity is given by Beer-Lambert law. 

 
 

 exp
I x

x
I

   (25) 

in which, x is the transmission length in the direction of light travels (m). The absorption 

coefficient of TiO2 is derived from Ref. 26 according to the following expression. 

 
0log

a

d e
   (26) 

where a is the absorbance of TiO2, d is the thickness of TiO2 layer (cm), e0 is the base of the 

natural logarithm.  

In fact, the photocurrent should be determined by the absorbed fraction of light,  I I x , rather 

than the incident light intensity I. Hence, the Eq. 4 has been further modified as 

   
 

,

exp
1

1

sc

ph re surfj e I I x
L






 
   

 
 (27) 

The dielectric constant ε of TiO2 is derived from the Mott-Schottky plot in Ref. 26. 

  2

0

1 2
fb

d

kT
V V

C e N e

   
     

  
 (28) 

in which, C is the capacitance. Instead of using a fixed dielectric constant, the profile of ε against 

the potential of the photoanode was applied in the model. 
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2.3 Cathode kinetics 

The cathode kinetics can be described by the use of Butler-Volmer equation 

 
 

0,

1
exp exp

c cc c
c

FF
j j

RT RT

     
         

 (29) 

where j0,c is the exchange current density of hydrogen evolution reaction (HER) at the interface 

of cathode/electrolyte (A m
-2

), βc is the transfer coefficient of cathodic reaction. The 

overpotential is defined as  

 
HER

c eqE    (30) 

where E
HER

eq is the pH-dependent equilibrium potential 

 0 0.059pHHER

eqE    (31) 

Since the cathode is a conventional metal electrode, the electrode potential φ is defined as φs - φl. 

The charge transfer in the electrolyte and at the cathode is given by the ohmic law 

 j      (32) 

where σ is conductivity (S/m) of electrolyte and cathode. 

 

2.4 Species and charge transport in the electrolyte 

The electrolyte flow in the microchannel was modeled by solving the continuity equation and 

momentum conservation, 

   0 u  (33) 

  uu p      (34) 
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where ρ is the density of the fluid (kg m
-3

), u denotes the velocity vector, p  is the pressure (Pa), 

τ is the viscous stress tensor. The dissolved species (O2 at the anode and H2 at the cathode) in the 

electrolyte are calculated by solving the conservation of species 

  i i i iD c u c R       (35) 

where c refers to the concentration of each species (mol m
-3

), D  denotes diffusivity of species 

(m
2
 s

-1
), R’ is the generation or consumption rate of species (mol m

-3
 s

-1
), which is related to 

current through Faraday’s law. The governing equations and their associated boundary conditions 

are summarized in Table S1.  

 

2.5 Model parameters and numerical procedures 

The baseline values used for the numerical validation are summarized in Table S2. The 

numerical model was solved by COMSOL Multiphysics. A fully coupled direct solution 

procedure with Multifrontal Massively Parallel Solver (MUMPS) was applied to implement the 

calculation. The parametric sweep was used to calculate the current-potential performance curve.  

 

3. Results 

3.1 Model validation 

Fig. 2a shows the photocurrent response with illumination intensity. Our model suggests a power 

correlation between photocurrent and sunlight intensity instead of linear relationship at high light 

intensity region, which agrees with the experiments findings from Bell et al.[25] and Carey et 

al.[30]. However, the conventional model based on Gärtner-Butler equation would result in a 
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continuous linear current response with concentrated sunlight. This is because the interfacial 

kinetics at photoanode (OER) restricts the overall charge transfer rate responsive linearly, which 

is defined and calculated by Eq.8 -Eq. 23. The simulated results at incident intensities of 1 sun 

and 2.3 suns are in good agreement with the experimental data obtained in the work of Wolcott et 

al.[26], as shown in Fig. 2b. It is notable that in the low intensity region (< 2~3 suns), the power 

function correlations are close to the linear prediction derived from Gärtner-Butler equation, 

which indicates the validation of Gärtner-Butler equation in the low intensity region. However, 

in the highly concentrated illumination region, large deviation from the actual performance will 

be obtained by Gärtner-Butler equation. The results show a significant improvement in 

predictability has been achieved in this model. Further model validation can also be found in 

section 3.5 on modeling the photoelectrode behaviors with normal TiO2 and hydrogen treated 

TiO2, from which it can be found that the model is capable of accurately reflecting the effects of 

material properties (such as absorption and donor density) on the overall PEC performance.  

 

3.2 Understanding factors limiting ABPE in a PEC cell 

An effective way to increase photocurrent and reduce the cost of PEC panels is to use 

concentrated sunlight. Fig. 3a-3c shows how the photocurrent response with light power at 

circumstances with different interfacial OER kinetics. At the condition of sluggish interfacial 

OER kinetics, i.e., anodic exchange current density of less than 4×10
-11

 A m
-2

 for this model, it is 

found that current performance sticks to the power function of light intensity, as shown in Fig. 3a. 

The correlation equation between light intensity I and current density j is in the following form 
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with an R
2
 value of 0.999 

 0.50.18j I    (36) 

When the charge transfer rate of OER at the surface of the semiconductor is lower than the 

maximum carrier transfer rate within the semiconductor, the overall current performance is 

limited by interfacial kinetics. As indicated in Eq. 23, the overpotential at photoanode rises with 

the number of light-induced holes, which leads to an improvement in OER as suggested in Eq. 8. 

Though the photocurrent increases with light intensity, ABPE drops sharply, as shown in Fig. 3a. 

This operation region is named kinetic-controlled region. 

Integrating co-electrocatalyst with photoanode has been widely used to reduce the activation 

energy and enhance the kinetics of OER[12, 31]. The photocurrent of TiO2 was reported rising 

more than 120% by coating NiFe-based co-catalyst[32]. Furthermore, a disordered surface layer 

acting as co-catalyst can be formed at the surface of TiO2 after a treatment of electrochemical 

reduction, which obtained 2.2 times photocurrent[33]. With improved OER kinetics, the charge 

transfer rate of OER exceeds the maximum photocurrent of semiconductor, at which 

circumstance the overall current performance is determined by carrier transfer rate in the 

photoanode. Therefore, the photocurrent keeps climbing up linearly with light intensity until the 

OER kinetics becomes rate-limiting step again. This linear operation region is light-controlled 

region. In this model, at the circumstance with moderate OER kinetics, i.e., the anodic exchange 

current density between 4×10
-11

 A m
-2

 to 2.75×10
-10

 A m
-2

, the current performance relation with 

light power can be divided into two regions, a linearly increasing part and a power increasing 

part, as shown in Fig. 3b. As a result, the ABPE keeps a constant at the linear region, then 
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declines in the power region. Take anodic exchange current density of 1.5×10
-10

 A m
-2

 as an 

example, current performance improves parallelly with light power until 15 suns. Further 

improvement in light intensity results in a power correlation. 

 0.17j I   (I ≤ 15×AM1.5, R
2
 = 1) (37) 

 0.50.68j I   (I > 15×AM1.5, R
2
 = 1) (38) 

In the circumstance with rapid OER kinetics (anodic exchange current density of 3×10
-10

 A m
-2

), 

as shown in Fig. 3c, the overall current at the electrode is determined by the photocurrent at 

semiconductor and is linear with light intensity. Therefore, an unchanged ABPE is obtained at 

the whole range of light irradiation. Fig. 3d shows the working regions of PEC categorized by 

the interfacial kinetics and light intensity. 

 

3.3 Bias reduction through designing electrode thickness 

The first attempt to increase the ABPE of PEC is promoting the current performance of 

photoanode, and thus reduce the bias required for electron-hole separation in the semiconductor. 

As absorbed by the semiconductor, light intensity decays exponentially in the direction of 

propagation, as shown in Fig. 4a.  

In order to harness as much light as possible, thicker photocatalyst should be utilized. Fig. 3b 

shows the effect of the semiconductor thickness on photocurrent performance. The photocurrent 

climbs with the thickness of TiO2 growing and gradually reaches a plateau. More than 90% 

improvement in current performance could be achieved by thickening TiO2 layer from 0.5 μm to 

4 μm. As a result, the ABPE follows the same trend with photocurrent, as shown in Fig. 4b. Fig. 
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4c shows the light absorption fraction within the semiconductor, which indicates that the 

responsive light between 280nm to 400nm has almost been absorbed at the thickness of 4 μm. 

The same dependence of photocurrent on length of TiO2 nanorods was reported in the work of 

Hwang et al.[34]  

 

3.4 Bias reduction through designing material properties 

The limiting photocurrent caused by photon flux can be calculated from the spectra of AM1.5G 

based on the following equation 

 ,photo limit optical damping

Ir
j e d

hc
  


    (39) 

in which, Ir is the spectral irradiance of AM1.5G (W m
-2

 nm
-1

), e is the elementary charge (1.602

×10
-19

 J), h is the Planck’s constant (6.626×10
-34

 J s), clight is the speed of light (2.998×10
8
 m s

-1
), 

λ is the wavelength (m), Фoptical denotes the optical losses caused by light reflection of 

conductive glass and TiO2, absorption and scattering of conductive glass.  

The calculated value of the theoretical photocurrent limit is 10.1 A m
-2

 regarding the responsive 

wavelength range 280 ~ 400 nm after considering optical loss caused by FTO glass. Notably, the 

photocurrent of less than 0.2 A m
-2

 can be reached at a thickness of 4 μm, as shown in Fig. 4c, 

which indicates that photoanode is far away from the photon limiting region.  

It is instinctive to regard the absorption performance of semiconductor as a main factor attributes 

to the huge gap between the photon limiting current and the obtained value. Therefore, the effect 

of improving absorption performance on current performance has been investigated. As shown in 
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Fig. 5a and 5b, higher absorption factors indeed results in a higher current until all the responsive 

light was absorbed. However, the intensification of performance is limited. It is found that both 

methods of thickening catalyst and improving absorption coefficient leads to the same outcome, 

which is capturing as much responsive light as possible, as indicated in Fig. 5c. Therefore, light 

absorption performance is not the main current determinant factor of a certain semiconductor.  

Hole diffusion length is another critical factor affecting current performance. Fig. 5a gives the 

current curves at various hole diffusion lengths. In reality, the diffusion performance of charge 

carriers can be promoted through suppressing the recombination of electron-hole pairs. With 

prolonging the diffusion length of holes, which means suppressing the recombination of 

electron-hole, it shows dramatical improvement in current performance. In the circumstance of 

10 μm in diffusion length, the current density of 9.4 A m
-2

 can be obtained, which approaches the 

light limiting current. The maximum ABPE of TiO2 can be achieved at around 0.3%, as shown in 

Fig. 5b. 

To further confirm the charge transfer property of semiconductor is the key factor that prevents 

photocurrent from reaching its theoretical photocurrent limit, the effect of donor density Nd on 

photocurrent was investigated. Donor density Nd plays an essential role in the photocurrent 

performance of photoelectrode. The higher Nd enables more effective spatial charge separation, 

which results in the suppression of electron-hole recombination[35]. In practice, the donor 

density of photocatalyst relies on the preparation method and postprocessing, and can be 

improved by vapor deposition[36], doping[37], hydrogen-treatment[9], electrochemical 

treatment[16] and ultraviolet curing[38]. 
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To further verify the above analysis, hydrogen-treated TiO2 (H-TiO2) photoanodes were chosen 

as the case studied. It is selected because a large number of oxygen vacancies are generated in 

the semiconductor during the hydrogen treatment serving as donors without introducing any 

dopants into TiO2 structure[9]. The model has been validated with experimental data from the 

work of Wang et.al.[9], as shown in Fig. S2. Table 1 shows the experimental values of the 

absorption coefficient and donor density, and values of hole diffusion lengths derived from the 

model. Comparing with TiO2, it is found that recombination has been efficiently suppressed 

through increasing donor density in H-TiO2. Besides, light absorption property has been 

enhanced with donor density as well. In spite of the continuous improvement in light absorption 

performance, the hole diffusion length drops with donor density further increasing from 2.1×10
28

 

to 7.8×10
28 

m
-3

, which attributes to the degeneration of photocurrent. It is because that in high 

donor density situation, the vacancies serve as trapping sites and become recombination centers 

for electron-hole pairs[39]. The effect of donor density on the lifetime of photogenerated holes 

has been experimentally confirmed by Elbanna et al. [40].  

Table 1 Optical and charge transfer properties of TiO2 and H-TiO2 

Parameters TiO2 H-TiO2 350 ℃ H-TiO2 400 ℃ H-TiO2 450 ℃ Source 

Normalized α 1 1.38 1.47 2.29 Wang et al.[9] 

Nd (m
-3

) 5.3×10
24

 2.1×10
28

 3.24×10
28

 7.8×10
28

 Wang et al.[9] 

L (m) 2×10
-7

 8.8×10
-7

 6.5×10
-7

 2.8×10
-7

 Fitted 

 

Based on the above analyses, it can be concluded that the transport property of the charge carrier 
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is determined as the primary limiting factor on photocurrent. The result indicates that the future 

development of advanced photoanode should pay more attention to electron-hole recombination 

suppression. 

 

3.5 Bias reduction through tuning the onset bias 

Fig. 6 maps the ABPEs of PECs based on three photoanodes, i.e., TiO2 (3.2 eV), WO3 (2.7 eV) 

and BiVO4 (2.4 eV). The achieved efficiencies of currently developed photoelectrodes were 

located on the map[9, 26, 41, 42]. As expected, applying photocatalyst with narrow bandgap 

pushes up the theoretical ceiling of ABPE. The figure indicates that the theoretical maximum 

ABPE can only be achieved at onset bias with rapid electron-hole separation, which indicates 

that the onset bias represents the thermodynamically minimum bias required in the system.  

It is found that a negative shift of flat band is favorable for reducing the onset bias. The position 

of flat band is determined by multiple factors. On one hand, it directly relies on the material of 

photocatalyst. On the other hand, even for a certain kind of photocatalyst, the flat band will be 

affected by crystal structure[43, 44], preparation method[38] and material modification[45]. 

Therefore, tuning of the flat band should be an important research aspect for promoting the 

efficiency of PEC.  

 

3.6 Theoretical energy conversion efficiency evaluation 

Fig. 7 maps the thermodynamically maximum energy efficiency of PEC with the effect of onset 

bias. The theoretical upper boundary of CB is given when VB equals to the equilibrium potential 
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of OER (band position i), in which occasion, the semiconductor can carry out OER. The 

theoretical bottom boundary of the conduction band of semiconductor is given as the equilibrium 

potential of OER (band position ii). When the conduction band is more positive than OER, the 

theoretical onset bias will be larger than 1.23 V, which leads to a failure of water splitting. When 

CB locates above HER potential, the CB is more negative than HER potential which will result 

in automatic electron flow from photoanode to cathode and no onset bias is needed (band 

position i). Under this situation, ABPE and STH become equivalent. While, when CB positions 

beneath HER potential, onset bias is thermodynamically imperative to drive the charge transfer 

to cathode (band position iii), which leads to a reduction on ABPE.  

In the previous understanding[46], bandgap was considered as the sole factor affects theoretical 

STH of PEC, which is true only when CB is more negative than HER potential. The influence of 

band position has been overlooked. Taking BiVO4 with a band gap of 2.4 eV as instance, 

according to Eq. S2, the theoretical STH without considering the onset bias effect is 9.3%. 

However, the CB of BiVO4 is 0.46 V vs NHE at pH=0 [47], i.e., 0.46 V more positive than the 

equilibrium potential of HER (similar to case iii in Fig 7), representing a thermodynamic barrier 

hindering electrons transfer to cathode, which must be compensated by onset bias. After taking 

this effect into account, the theoretical ABPE reduces to 5.8%. It indicates that previous 

calculation overestimates the maximum efficiency of BiVO4 by 60%. Similar results also apply 

to other semiconducting materials, such as α-Fe2O3 with band gap of 2.1 eV (12.6 % of ABPE 

rather than 15.3% of STH)[48], WO3 with band gap of 2.7 eV(3.3% of ABPE rather than 4.9% of 

STH)[49]. Therefore, it is crucial to consider both the band position and band gap in choosing 
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and developing photocatalyst in the future. 

 

4. Discussion 

This work presents a novel predictive framework on PEC water splitting considering quasi-fermi 

level splitting in semiconductor and interfacial kinetics at photoelectrode. The model for the first 

time provides a reliable prediction on photocurrent response at highly concentrated sunlight 

operation. It also revealed the important underlying physical principles behind the the power 

function behavior of photocurrent at high light intensity, which can be attributes to the interfacial 

charge transfer process. Rational design guidelines are derived for PEC under concentrated 

irradiation. To maintain an unreduced ABPE, the PEC should be designed to operate in 

light-controlled region. Otherwise, a trade-off between ABPE and sunlight intensity will occur.  

With the aim to achieve bias-free PEC water splitting, guidelines on developing photoelectrode 

materials are proposed based on the model to reduce the kinetic and thermodynamic biases. 

Promoting the charge transfer performance is found critical to reduce kinetic bias, which can be 

achieved by manipulating material properties like donor density. Take TiO2 photoelectrode for 

instance, nearly 5 times increasement in ABPE can be achieved through tuning donor density. On 

the other hand, optimizing light absorption performance and geometry dimension of 

photocatalyst are found helpful to promote photocurrent performance and thus promote energy 

efficiency. However, the potential of improvement with this method is limited. In addition, 

negative shift of conduction band through tuning the band position of photocatalyst helps to 

reduce the thermodynamic bias. The study highlighted the importance of developing onset-bias 
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free photoelectrode material in efficiency improvement of PEC water splitting. The work also 

corrects the previous understanding which overestimated the theoretical energy conversion 

capacity of a semiconductor material used in PEC water splitting, by considering the effect of 

thermodynamic barrier, i.e., onset bias. This paper advances fundamental understandings on 

charge transfer processes within PEC system, and unveils the underlying processes hindering the 

enhancement of PEC efficiency. It therefore will inspire the wider solar fuel research community 

on future material and device developments towards the ultimate target of commercially-viable 

sustainable hydrogen production. 
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Figure 1 The diagram of energy level and configuration of PEC. 
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Figure 2 (a) The predicted current response under concentrated sunlight; (b) comparison between 

computational results and experimental data of photocurrent under various light intensities. 
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Figure 3. The relationship of photocurrent performance and ABPE at 0.4V vs Ag/AgCl with light 

intensity in circumstance of (a) limited by interfacial electrochemical kinetics; (b) mixed limiting 

by interfacial electrochemical kinetics and charge carrier transfer in semiconductor; (c) limited 

by charge carrier transfer in semiconductor; (d) summary of working regions for PEC. 
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Figure 4. (a) Light decay in the semiconductor; (b) profile of photocurrent performance and 

ABPE along with the thickness of semiconductor at 0.15 V vs Ag/AgCl; (c) the relationship 

between absorption fraction and wavelength. 
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Figure 5. (a) Photocurrent profiles at 0.4V vs Ag/AgCl against light absorption coefficient at 

various charge diffusion lengths; (b) maximum ABPE profiles at 0.15 V vs Ag/AgCl; (c) light 

absorption fraction plots with wavelength at various light absorption factor. 
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Figure 6. ABPE distribution of PECs consists of various photoanodes. 
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Figure 7. Theoretical ABPE map against band gap and condution band position. Band position (i) 

presents the VB at OER equilibrium potential and CB at HER equilibrium potential; band 

position (ii) presents the CB at OER equilibrium potential; band position (iii) presents the CB 

locates between the equilibrium potential of OER and HER. 

 


