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1. Methodology
To illustrate the behavior of a p-Si photocathode for CO2 reduction at steady-state, a 

2D numerical model was developed in this study. The model can be divided into three 

sub-models: i) optical model for predicting electron-hole generation rate, ⅱ) 

semiconductor model for describing the transport of charge carriers in the 

semiconductor and the behavior of current transfer across the semiconductor-

electrolyte/semiconductor-metal interfaces, and ⅲ) CO2R electrochemical model for 

describing mass transport, electrochemical and homogenous reaction kinetics for 

CO2R. 

1.1 Optical model

The electromagnetic wave (EMW) propagation was developed to provide a 

comprehensive model enabling future study on more complex structures. Three 

interfacial configurations were modelled in this study as shown in Figure S1. The EMW 

propagation was calculated in all components. Perpendicular AM1.5G front 

illumination (i.e., 0° incident angle) was defined as an input electromagnetic wave at 

the top boundary of electrolyte and the EMW wavelengths were varied from 280 to 

1103 nm with Δλ = 1 nm, corresponding, respectively, to the smallest wavelength 

available from NREL 1 and the bandgap of Si, Eg. The light was considered as 

transverse electric, and therefore, only the out-of-plane electric field was calculated. 

Bloch-Floquet theory was assumed for the periodicity on both sides of the 

computational domain and the boundary of emergent light was set at the bottom of p-

Si photocathode. The various components were assumed rigid, homogeneous, and 

isotropic. The sub-model domains and its boundary conditions were indicated in Figure 

S1. 

To account the optical effects in the electrolyte, a 1 μm thick layer of water in front of 

the p-Si photocathode was considered for minimizing computational time because the 

absorption loss by electrolyte was small (the water extinction coefficient (k) is below 3 

× 10-6 in the wavelength range considered in the optical model). 2, 3  The thickness of 

the p-Si photocathode was 100 μm. The length of electrolyte and a p-Si photocathode 
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was 10 μm.

The location-dependent generation rate inside the p-Si photocathode can be 

calculated by solving Maxwell's curl equations for each frequency, ν,

 (Equation S1)∇ ×  (∇ ×  E(x, y, v)) -  k2
0ñ(v)2E(x, y, v) =  0

where E(  ν) is the local frequency-dependent electric vector field,  = n(ν) - ik(ν) x, y, ñ(v)

is the complex refractive index, and k0 is the free space wavenumber. 

The optical power absorbed per unit volume was calculated by, 

 (Equation S2)
Pabs(x, y, v) =  -

1
2
2πv|E(x, y, v)|2𝐼{ε(x, y, v)}

instead of calculating the divergence of the time-average Poynting vector, which is less 

robust in numerical computation.  is the imaginary part of the material's 𝐼{ε(x, y, v)}

complex permittivity (ε = εrε0 = (n + ik)2 ε0, ε0 is the vacuum permittivity). The location-

dependent electron-hole generation rate, G, is the sum of all the individual frequencies, 

 (Equation S3)
Gn =  Gp =  G(x, y) =

vmax

∫
∞

 Pabs(x, y,v)/h/vdv

the upper integration boundary νmax is νmax ≥ Eg/h, and h is Planck's constant.

Figure S1 Scheme of computation domain of different modeling geometry and boundary 
conditions for the optical model. (a) Bare p-Si; (b) Layered catalyst; (c) Patterned catalyst. 
The boundary conditions of Floquet periodicity were marked with red lines. Boundaries of 
incident light (solid) and emergent light (dotted) were marked with arrows.

1.2 Semiconductor model 
The simulation was performed to solve the potential and current transport in different 
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interfacial configurations of a p-Si photocathode, as depicted in Figure S2. The thickness 

and length of a p-Si photocathode were 100 μm and 10 μm, respectively. The length of 

semiconductor-electrolyte/metal interfaces was determined by the different coverage of 

metallic catalysts with the same size and the different sizes of metallic catalysts with 

the same coverage. 

1.2.1Charge transport

The static behavior of the electric field within the p-Si photocathode is related to the 

densities of charge carriers via the Poisson equation,

 (Equation S4)∇ ⋅ (ε0εr,Si∇φ) =  - ρ =  q(n -  p +  N -
a  -  N +

d )

Where εr,Si is the relative permittivity of silicon (see Table S3). n and p are the electron 

density and the hole density, respectively. , and  are ionized acceptor and ionized  N -
a N +

d

donor concentrations. q and φ are elementary charge and electrostatic potential. The 

electron and hole densities are given by the Maxwell-Boltzmann distribution for non-

degenerated semiconductors,

   (Equation S5)n =  NCe
- (Ec - EF)/kB/T

  (Equation S6)p =  NVe
- (EF - E𝑣)/kB/T

where NC and NV are the effective density of states in the conduction band and valence 

band. EF is the fermi level. 
The steady-state charge conservation is given by, 

 (Equation S7)
1
q

∇ ⋅ in/p =  Un/p

Where  is the net electron or hole recombination rate and  is the electron or hole  Un/p in/p

current density vectors due to the gradients of the local conduction band energy ( ) ∇EC

and valence band energy ( , and the electron ( ) and hole ( ) concentration ∇EV) ∇n ∇p

gradient, which is given by drift-diffusion equations,

 (Equation S8)in =  μnn∇EC +  μnkBT ∇n

 (Equation S9)ip =  μpp∇EV -  μpkBT ∇p
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Where is the electron or hole mobility, kB is the Boltzmann constant, and T is the  μn/p

absolute temperature.

 is composed of the carrier recombination (Rn/p) and electron-hole generation rate, Un/p

which can be expressed as, 

 (Equation S10)Un/p ≡  RSRH
n/p  +  Rrad

n/p +  RAu
n/p  -  Gn/p

The location-dependent electron-hole generation rate (Gn/p) in the p-Si photocathode 

under illumination from the top of the electrolyte is obtained from the optical model, 

and shadowing or scattering events arising from the metallic sites on the p-Si 

photocathode surface are considered for the current calculations. Three types of 

recombination are considered in the bulk, i.e., direct and Auger recombination and 

Shockley-Read-Hall. The direct recombination rate is given by,

 (Equation S11)Rdir
n  =  Rdir

p  =  Cdir(np -  γnγpn2
i)

Cdir is the direct recombination factor of the p-Si photocathode (see Table S3). γn and 

γp are electron and hole degeneracy factors (equal to one for non-degenerated 

semiconductors). n2 i is the intrinsic carrier concentration ( . ni = NCNVexp⁡( - Eg/2/kB/T)

Auger recombination rate is given by,

 (Equation S12)RAu
n  =  RAu

p  =  (Caug,nn +  Caug,pp)(np -  γnγpn2
i)

where Caug,n and Caug,p are the Auger recombination factors for electrons and holes (see 

Table S1), respectively. The Shockley-Read-Hall recombination rate is given by,

 (Equation S13)
RSRH

n  =  RSRH
p  =  

np -  γnγpn2
i

τp(n +  n1) +  τn(p +  p1)

Where τn/p is the bulk electron or hole lifetimes, the electron and hole trap state densities 

are calculated by  and  (Ei = (EC + EV)/2 + kBT/2 is nl =  γnnie
(Et - Ei)/kB/T

pl =  γ𝑝nie
‒ (Et - Ei)/kB/T

the fermi level for intrinsic semiconductors, and Et is the trap energy level. ΔEt = Et - 

Ei is the difference between the trap energy level and the intrinsic Fermi level).
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Figure S2 Scheme of computation domain of different modeling geometry and boundary 
conditions for the optical model. (a) Bare p-Si; (b) Layered catalyst; (c) Patterned catalyst. 
The boundaries of semiconductor-electrolyte Schottky contact are marked with green lines, 
and the boundaries of semiconductor-metal Schottky contact are marked with purple lines. 
The ohmic contact boundaries are marked with yellow lines, and insulation boundaries are 
marked with black lines.

1.2.2 Interfacial contact 
Interfacial charge transfers at the semiconductor-metal and semiconductor-electrolyte 

interfaces are described by the Schottky contact mechanism,

 (Equation S14)in =  - qvs,n(n -  n0)

 (Equation S15)i𝑝 =  qvs,p(p -  p0)

 (Equation S16)isc =  (in +  ip) =  il

Where vs,n and vs,p are the electron and hole surface recombination velocities (see Table 

S3).  was assumed to be zero because reduction reactions are of interest in this model, vs,p

and the hole current is neglected. 4 isc is the total current density vector contributed by 

electron and hole current density (the total current densities at semiconductor-metal 

interface and semiconductor-electrolyte are labeled with isc,SM and isc,SE, respectively). 

il is the electrolyte current density vector. n0 and p0 are the carrier concentrations under 

equilibrium given by, 

 (Equation S17)n0 =  NCe
-

ϕb
kBT
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 (Equation S18)p0 =  NVe
-

Eg - ϕb
kBT

Where  is the barrier height determined by the fermi level of metallic electrocatalysts ϕb

(EF,Ag) at the semiconductor-metal Schottky contact and the Fermi level of electrolyte 

containing a redox couple (EF,redox) at the semiconductor-electrolyte Schottky contact. 

The energy band diagram of semiconductor-metal Schottky contact under equilibrium 

is shown in Figure S3a. The barrier height  at the semiconductor-metal interface is ϕb,SM

the difference between p-Si work function and silver work function and can be 

determined by, 

(Equation S19)ϕ𝑏,SM =  EF,Ag -  EF,p - Si 

Where  and are the work function of silver (Ag) and p-Si.  was assumed to ϕAg ϕp - Si ϕAg

be 4.63 eV 5, 6 and is calculated by,ϕp - Si 

 (Equation S20)E𝑣 =  Evac -  χ -  Eg

 (Equation S21)EF,p - Si =  Ev +  ζ

 (Equation S22)
ζ =  kBT ln(

Nv

Na
)

Where Ec and Ev are the conduction band and valance band level, respectively.  is the χ

electron affinity energy of p-Si,  is the vacuum energy level (Evac = 0 eV as the usual Evac

convention),  is the distance of the valance band edge to the Fermi level of p-Si, and ζ

Na is the doping concentration. The energy band diagram of semiconductor-electrolyte 

Schottky contact under equilibrium is shown in Figure S3b. The barrier height  at ϕb,SE

the semiconductor-electrolyte interface can be determined by, 

 (Equation S23)ϕb,SE =  EF,redox -  EF,p - Si

 (Equation S24)EF,redox =  - 4.44 eV -  eVfb,RHE

 (Equation S25)EF,p - Si =  χ +  Eg -  ζ -  eVfb,RHE -  eVH
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Where  is the flatband potential assumed to be 0.59 V vs. RHE.  is the potential Vfb,RHE VH

drop in the Helmholtz layer. The applied potential (Va) drops in the semiconductor 

space charge region (SCR) and the Helmholtz layer (HL), 

(Equation S26)Va =  Δϕsc +  ΔϕH

where  and  are the SCR and HL potential differences between no applied Δϕsc ΔϕH

potential and applied potential. Va is assumed to drop only into the SCR and  is VH

assumed to be constant (see Table S3). The pH of the electrolyte is assumed to be 6.85, 

corresponding to the aqueous electrolyte saturated with CO2 and 0.1 M KHCO3. Under 

bare p-Si and layered catalyst case, Schottky contacts are applied at the top interfaces 

of the p-Si photocathode. For the patterned catalyst case, two steps are used to calculate 

the photocurrent density: i) semiconductor-metal and semiconductor-electrolyte 

Schottky contact is applied at the top interfaces of p-Si photocathode to obtain the 

effective barrier height of semiconductor-metal ( ) as the pinch-off occurs, ii) ϕ eff
b,SM

semiconductor-electrolyte interfaces are assumed to be passivated and no photocurrent 

flows through the interfaces in the patterned catalyst case. The obtained  is used to ϕ 𝑒𝑓𝑓
b,SM

calculate the photocurrent density at semiconductor-metal interfaces and serves as the 

current source term for the CO2R electrochemical model.
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Figure S3. Schematic energy diagram of the semiconductor-metal (a) and semiconductor-
electrolyte (b) contact in equilibrium.  

1.2.3 Boundary conditions

The boundary conditions of the semiconductor model are shown in Figure S2. The 

ohmic contact is at the bottom of the p-Si photocathode marked with yellow lines, and 

Schottky contacts are at the top of the p-Si photocathode, semiconductor-electrolyte 

Schottky contacts are marked with green lines, and semiconductor-metal Schottky 

contacts are marked with purple lines. The insulation boundaries are on both sides of 

the p-Si photocathode marked with black lines. The bias (Vb) is applied at the ohmic 

contact.

1.3 CO2R electrochemical model
Figure S4 shows a schematic of a 2D PEC model for CO2R. The bulk electrolyte is 0.1 

M KHCO3 and the species in the CO2 equilibrated electrolyte is dissolved CO2, 

bicarbonate anions (HCO-3), carbonate anions (CO2-3), protons (H+), hydroxide 

anions (OH-), and potassium cations (K+). For simplicity, we neglected the effects on 

the CO2 adsorption process caused by layered and patterned catalysts. We used a 

phenomenological Bulter-Volmer based model with different kinetics parameters, i.e., 

exchange current densities and transfer number to distinguish the SC/E and SC/M 

interfaces. The current density at semiconductor-electrolyte interfaces is ignored in the 
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particulate catalyst case because the photocurrent is concentrated in the area covered 

by metallic catalysts. The local photocurrent density distribution of the layered catalyst 

case and the patterned catalyst case is shown in Figure S13.

Figure S4. Schemes of computation domain and boundary conditions for the CO2R 
electrochemical model. (a) Bare p-Si; (b) Layered catalyst; (c) Particulate catalyst. The 
electrolyte potential and initial concentration of each species are at the top of the electrolyte 
marked with yellow lines. The electrode current densities of the semiconductor-electrolyte 
and semiconductor-metal interface at the bottom of the electrolyte are marked with green and 
purple lines, respectively. The insulation boundaries are marked with black lines.

Three electrochemical reactions are considered in this model, which is assumed to be 

CO evolution reaction (COER) and H2 evolution reaction (HER) in acidic and basic 

environments,

CO2(aq) +  H2O +  2e -  → CO +  2OH -

2H +  +  2e - → H2

2H2O +  2e -  → H2 +  2OH -

Five homogeneous reactions are considered in this model, including bicarbonate buffer 

and water dissociation reactions,

  K1
CO2(aq) +  H2O

k1, k - 1
↔ H +  +  HCO -

3

 K2
HCO -

3

k2, k - 2
↔ H + +  CO2 -

3

 K3
CO2(aq) +  OH -

k3, k - 3
↔ HCO -

3

 K4
HCO -

3  +  OH -
k4, k - 4

↔ H2O +  CO2 -
3
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 Kw
H2O 

kw, k - w
↔  H +  +  OH -

where kn and k-n are the rate constants for the forward and reverse directions of 
homogeneous reaction and Kn is the equilibrium constant.

2.3.1 Species transport in the electrolyte
The transport of species (CO2, HCO-3, CO2-3, H+, OH-, K+) in the electrolyte satisfy 

mass conservation,

 (Equation S27)∇ ⋅ Ni =  Rct,i +  Rb,i

Where Ni is the molar flux, Rct,i is the volumetric reaction rate of charge transfer 

reactions, and Rb,i is the volumetric reaction rate of homogeneous reactions. Rct,i can be 

calculated by, 

 (Equation S28)
Rct,i =  - ∑

k

 
vj,kik
nkF

where nk is the number of electrons transferred in charge transfer reaction k, ik is the 

local current density at the electrode surface. Rb,i can be calculated by,

 (Equation S29)
Rb,i = ∑

n

vj,n(kn ∏
vj,n <  0 

c
- vj,n

j -  
kn

Kn
 ∏
vj,n >  0 

c
vj,n

j )

where  j,n is the stoichiometric coefficient for species j in homogeneous reaction n.v

The molar flux of species in the dilute electrolyte is described by the Nernst-Planck 

equation, which can be written as,

 (Equation S30)
Ni =  

- Di∇ci
⏟

diffusion
 -  

ziuiFci∇ϕl
⏟

migration

Where Di is the diffusion coefficient of species in the dilute electrolyte, μi is the ion 

mobility given by the Nernst-Einstein relationship ( ),  is the electrolyte 
μi =

Di

 RT ϕl

potential, zi is the charge number, and ci is the concentration of species. Moreover, 

electroneutrality is needed to solve for the electrolyte ionic potential,

 (Equation S31)∑i zici =  0

2.3.2 Electron transport
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Charge conservation and Ohm's law govern the solid-phase electric potential, , and ϕs

current density, is,

 (Equation S32)
∇ ⋅ is =  ‒ ∇ ⋅ il =  - ∑

k

ik

 (Equation S33)is =  - σ∇ϕs

Where is and  are the local current density at the electrode surface and electrode ϕs

potential, respectively. il is the electrolyte current density and σ is the electronic 

conductivity of the electrode.

2.3.3 Charge-transfer kinetics and homogeneous bulk reactions

Charge-transfer kinetics at the cathode/electrolyte is modeled using Tafel kinetics for 

overpotentials greater than 0.2 V. The CO and H2 current densities are calculated as,

 (Equation S34)

iCO =  - io,COER(cCO2(𝑙)

c ref
CO2(l)

)exp( -
αc,COERF

RT
ηCOER)

 (Equation S35)
iH2

=  - io,HER( cj

cref
j

)exp( -
αc,HERF

RT
ηHER)

Where  is the exchange current density,  is the cathodic transfer coefficient,  is io,k αc ηk

the kinetic overpotential,  is the local concentration at the electrode surface. Reference ck

concentrations for both CO2 ( ) and H+ ( ) are taken to be 1 M. Both acidic and 
c ref

CO2(𝑙) c ref

H +

alkaline HER can occur, 

  acidic (Equation S36)

iH2
=  - i A

o,HER(c
H +

c ref

H +
)exp( -

α A
𝑐, HERF

RT
ηHER)

          base (Equation S37)
iH2

=  - i 𝐵
o,HERexp( -

α 𝐵
𝑐, HERF

RT
ηHER)

Where  and are the exchange current density in acidic and base environment, i A
o,HER i 𝐵

o,HER

respectively (see Table S3).  and  are cathodic transfer coefficients in the α A
𝑐, HER α 𝐵

𝑐, HER
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acidic and base environment, respectively. 

2.3.4 Polarization losses

The operating voltage for CO2R is the sum of the equilibrium voltage and polarization 

losses. The polarization losses considered in this model include solution voltage loss，

Nernstian loss, and kinetic overpotential for COER,

Vca = VCOER + ηSol (Equation S38)

where VCOER = E0,COER + ηCOER N + ηCOER. E0,COER is the equilibrium potential of 

COER, ηSol is the ohmic loss resulting from the resistance of the electrolyte (Δϕohmic = 

, k is the electrolyte conductivity, x and y are the positions) and the diffusion 
∬il

κ
dxdy

loss originating from the ionic gradient near the electrode (Δϕdiffusion = 

). ηCOER N is the loss due to the difference in pH at the cathode and 
∬∑

i

 
FziDi∇ci

κ
dxdy

in the bulk electrolyte,

 (Equation S39)
𝜂COER

N =
2.303RT

F
(pHca -  pHb) 

PHca and pHb are the pH at the cathode and bulk electrolyte, respectively.

2.2.5 Boundary conditions
The boundary conditions of the CO2R model are shown in Figure S4. The electrode 

current densities of semiconductor-electrolyte and semiconductor-metal interfaces 

obtained from the semiconductor model are at the bottom of the electrolyte marked with 

green and purple lines, respectively. The electrolyte potential and initial concentration 

of each species are set at the top of the electrolyte and marked with yellow lines. The 

initial concentration of each species (CO2, HCO-3, CO2-3, H+, OH-, K+) was computed 

from the electroneutrality condition. The insulation boundaries are at both sides of the 

electrolyte marked with black lines. Additionally, the semiconductor-electrolyte 

interfaces at the bottom of the electrolyte were assumed to be insulation in the patterned 

catalyst case. 
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2.4 Operating point calculation 

The operating point of the p-Si photocathode for CO2R is given by solving the three 

sub-models in sequence. The equivalent circuit is shown in Figure S5. The behaviors 

of the p-Si photocathode include a current and voltage generating photodiode in series 

with an electrocatalytic element to drive the desired chemical reactions, a voltage loss 

for Nernstian loss, and a voltage loss for solution ohmic resistance. Additionally, HER 

and COER electrochemical reactions are considered in this model and can be described 

as parallel elements. The Nernstian loss is due to the difference in pH at the cathode 

and in the bulk electrolyte. The applied voltage (Vapp) is expressed as, 

Vapp = Vca + Vb  (Equation S40)

The Vca = VCOER + ηSol. Vb is the bias set at the ohmic contact of the semiconductor 

model.

The flowchart of the coupled CO2R photocathode model, including three submodels 

(optical, semiconductor, and CO2R electrochemical models), depicts the simulation 

flow as shown in Figure S6. The optical model provides the generation rate, Gn/p, to the 

semiconductor model. The semiconductor model was coupled with the CO2R 

electrochemical model via the constraint that jph = jEC (jEC is the electrochemical current 

density for CO2R). Thus, the semiconductor model provides the photocurrent density, 

jph, related to the mass source term, to the CO2R electrochemical model. The 

electrochemical and species transport simulations were calculated using the CO2R 

electrochemical model. Starting with an estimated operating electrochemical voltage 

(VEC) of CO2R under jEC, the VEC of each jEC can be calculated through iteration until 

the VEC, converges (V k EC - V k-1  EC< 10-4). The operation points of the photocathode 

are decided by the operating photocurrent current, the VEC, and the Vapp.
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Figure S5. General schematic of a coupled photodiode-electrocatalyst device

Figure S6. Flowchart of simulation process for the developed model.

2.5 Numerical details
The COMSOL Multiphysics 6.0 software solved all the governing equations using the 

MUMPS solver with a relative tolerance of 1 × 10-4. The computing domains of the 

optical model were meshed using quadratic discretization orders and had a maximum 

element size of 50 nm, which ensured the calculation resolution was independent of the 

mesh element number. The variation of total generation rate in the p-Si photocathode 

was less than 1% as a further decrease of maximum element size. The computing 

domains of the semiconductor model and CO2R electrochemical model were meshed 

with symmetric and linear mesh distributions and an element ratio of 1000. The 

symmetric distribution ensured a highly resolved mesh at each interface in the model. 

The variation of photocurrent density and potential at the interfaces in the p-Si was less 
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than 1% as a further increase in mesh number. 

3. Model validation

i) Optical sub-model

In order to validate the optical model for predicting the optical properties, we compared 

the simulated reflectivity and absorption coefficient of p-Si phtoabsorber, and the 

demonstrated experimental results available from literature7. The simulation was 

performed by EMW method. Perpendicular AM1.5G front illumination (i.e., 0° 

incident angle) was defined as an input electromagnetic wave and the EMW 

wavelengths were varied from 250 to 1200 nm with Δλ = 1 nm. The thickness of p-Si 

was assumed to 1 um. As shown in Figure S7, the simulation results (marked in lines) 

were  close agreement with experimentally observed trends (marked in circles). 

ii) Semiconductor sub-model

In order to validate the semiconductor model for predicting the J-V curves under 

different interfacial configurations and pinch-off effects, we compared the simulated 

results and the demonstrated experimental results for Ni nanoparticles coated on an n-

type Si surface in a solution with a reversible redox couple. The J-V curves of the three 

interfacial configurations were obtained through this model. The length and the 

thickness of the n-Si photoanode with a doping density of 7.9 × 1014 cm-3 were 2486 

nm and 525 μm, respectively. The Schottky contacts were set at the top of the n-Si 

photoanode. The n-Si photoanode directly contacted the electrolyte in the n-Si/E case 

and the barrier height of n-Si/electrolyte interface was 0.84 eV. The n-Si photoanode 

directly contacted the Ni layer in the n-Si/Ni case and the barrier height of n-Si/Ni 

interface was 0.62 eV. The n-Si/electrolyte and n-Si/Ni interfaces were in the n-Si/Ni|E 

case. The length of the Ni dot was 174 nm and the coverage of the Ni dot was about 7 % 

in the n-Si/Ni|E case. The simulation solves the irradiation absorption and transport in 

the semiconductor by the Beer-Lambert law. The details of the experimental test were 

presented in literature8. The simulation results were marked in lines and the 

experimental data obtained were marked in circles (see Figure S8).
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iii) CO2R electrochemical sub-model

 In order to validate the CO2 electrochemical model, we compared the results of 

simulations and experimental data measured by Hatsukade et al. 9 for planar electrodes 

to validate the developed CO2 electrochemical model in this work (see Figure S9). The 

modeling parameters, such as geometry dimension, diffusion coefficient, exchange 

current density, transfer number, and equilibrium constant, were obtained from 

literature10. This comparison indicates that our model is valid, and the results are 

reasonable, which is in close agreement with experimentally observed trends. 
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Figure S7. Reflectivity and absorption coefficient of p-Si photoabsorber as a function of 
wavelength. 

Figure S8. J-V curves of n-Si/Ni, n-Si/Ni|E, and n-Si/E electrodes in the dark (a) and 
illumination condition (Simulation results are marked in lines with different colors (black 
line: n-Si/Ni; red line: n-Si/Ni|E; green line: n-Si/E). Experimental data obtained from Rossi 
et al. 8 are marked in circles with different colors (black dot: n-Si/Ni; red dot: n-Si/Ni|E; 
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green dot: n-Si/E). 
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Figure S9. The simulated CO partial current density as a function of cathode voltage vs. RHE 
for the planar electrode compared to the experimental data measured by Hatsukade et al. 9

iv) Influence of surface state and the catalytic activity of the metal

The kinetical parameters, i.e., exchange current density and the transfer number, of the 

catalyst on the photocathode surface under both dark and illumination conditions were 

considered to be identical, while the interfacial electronic states under both conditions 

were deemed to differ in this work.

The impacts of illumination conditions the kinetics of the catalyst in a PEC: Firstly, 

illumination can activate specific surface states on photoelectrode surfaces, which 

participate not only in the transient storage and transfer of electrons but also alter the 

electronic structure and chemical properties of active sites via light-induced surface 

adsorption or desorption reactions, thereby optimizing electrocatalytic performance. 

This mechanism enhances electron transport and reactions on the electrode surface. 11, 

12 Secondly, under illumination, a built-in electric field forms within the photoelectrode, 

promoting the effective separation of electron-hole pairs and reducing electron-hole 

pair recombination, thereby significantly boosting the charge supply needed for 

electrochemical reactions. 13 To evaluate whether illumination conditions cause 

meaningful differences in the kinetics of the catalyst on the p-Si photocathode, we 

numerically simulated different kinetics at the semiconductor-metal interfaces to 

illustrate the possible effects of light conditions on the kinetic of the p-Si photocathode. 

For simplicity, we scaled up the exchange current density values in the reference case 
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of HER and COER reactions in Tafel equation by a factor of 1.2 and scaled down by a 

factor of 0.8, respectively, to simulate that the illumination conditions have a facilitating 

and a hindering effect on the kinetics of catalysts on the p-Si photocathode (see Figure 

S10a). The illumination showed limited impact of the kinetics of catalysts. For example, 

the variation of onset potential was lower than 0.001 V. Thus, the difference in kinetics 

of the catalyst on the photocathode surface under dark and illumination conditions can 

be neglected.

The interfacial electronic states under dark and illumination conditions were considered 

to be different in this work. Because interfacial states at the semiconductor surface can 

influence the barrier height of semiconductor-electrolyte interfaces under dark and 

illumination. This situation is possible due to different flatband potentials in the dark 

and under illumination. We assumed band edge pinning at the semiconductor-

electrolyte interfaces and accounts for interface states in the p-Si photocathode surface 

which influenced the barrier height of semiconductor-electrolyte interfaces (φb,SE) 

under dark and illumination. In the case of a Va, the Va drops in the SCR and the 

Helmholtz layer (see Equation S26). In this case, the change in ΔφH remains constant 

and independent of the Va. All the changes in Va are within the Δφsc across SCR. To 

evaluate whether the influence of interface states in the p-Si photocathode of causes 

meaningful differences in the pinch-off effect and photocathode performance, we 

numerically simulated different the φb,SE case. We increased and decreased φb,SE by 0.1 

eV from the reference case value to evaluate the impact on pinch-off effect due to the 

interfacial states. As shown in Figure S10b, the increase in the φb,SE caused a higher 

effective barrier height of the semiconductor-metal interfaces (φmix). These effects were 

taken into account in our model by varying the barrier heights at semiconductor-

electrolyte and semiconductor-catalyst interfaces under dark and illumination 

conditions. 
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Figure S10. (a) the influence of illumination on the kinetics of the catalyst. Soid lines: J-V 
curves, dash lines: JCO as a function of applied voltage; (b) the influence of interfacial states  
on the pinch-off effect and photocathode performance. Inset: the variation in effective barrier 
height with different barrier height of semiconductor-electrolyte interfaces.

ⅴ) Model validation for photoelectrochemical data 

While, we have validated our model with existing literature. Here, to future show the 

validity of our model, we provide a comparison between the simulated results and the 

macroscopic voltammetry measured in the literature14 by Laskowski et al. (see Figure 

S11). The measured photoelectrochemical data for n-Si with a 5-s Ni deposition are 

consistent with that predicted by the model developed in this work. We used uniform 

islands of 60-nm radius covering 15% of the photoanode surface according to the 

literature. The exchange-current density and transfer number of the OER were obtained 

by fitting the Tafel equation (Equation S41) to experimental data, 

 (Equation S41)
j =  j0,OERexp(

αOERFηOER

RT
)

where j0,OER is the exchange current density of OER, αOER is the charge transfer 

coefficient of OER, F is Faraday constant, R is the gas constant, and T is the absolute 

temperature. Here, the values of j0,OER and αOER were 5 × 10-5 A/m2 and 0.8, 

respectively. The electron-hole generation rate was obtained by solving the EMW based 

optical model. We assumed high-barrier regions surrounding the pinched-off 

nanocontact (n-Si/Ni contact). The value of high barrier height was assumed to 0.91 eV 

and barrier height for n-Si/Ni contact was assumed to 0.61 eV.
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Figure S11. The comparison between the simulated results and the macroscopic 
voltammetry measured in the literature14. The solid line is the simulated result and dash lines 
are the experiment data.

4. Absorptance of electrolyte

300 450 600 750 900 1050
0

1

2

3

4

5

A
bs

or
pt

an
ce

 (-
)

Wavelength (nm)

 10-4

Figure S12. The water absorptance as a function of illumination wavelength for the bare p-
Si case.

5. Energy breakdown

The total input energy (Qin) of the photocathode of PEC for CO2R can be expressed as

Qin  = Qsolar + Qapp (Equation S42)

Qsolar is the solar energy (AM1.5G) with a wavelength range varying from 280 to 1103 

nm. Qapp is the electrical power provided by applied electrical power (Qapp) and can be 

expressed as, 

Qapp = (Qe) / ηPV (Equation S43)

The Qe is the external electricity input (Qe = VEC × Jph + |Vb|× Jph). The VEC = VOER - 

VCOER + ηSol. VOER = Eo,OER + ηOER, and VCOER = Eo,CORE - ηCOER - ηN. The E0,OER is 1.23 
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V vs. RHE, E0,CORE is -0.11 V vs. RHE, and ηOER is assumed as 0 V. The Jph is the 

photocurrent density. For simplicity, we assumed the solar-to-electricity efficiency  

(ηPV) of photovoltaic (PV) as 20 %. 

The optical losses include reflection loss and transmittance loss. The reflection energy 

is calculated by, 

QRef  = |S11|2 × Qsolar (Equation S44)

Where |S11|2 is the simulated reflection coefficient. The transmittance energy is 

calculated by,

QT  = |S21|2 × Qsolar (Equation S45)

Where |S21|2 is the simulated transmission coefficient.  

The energy loss due to the electron-hole recombination loss and ohmic loss in the p-Si 

photocathode is calculated by, 

QSc = Qsolar - QRef - QT + Qe - QEC (Equation S46)

Where QEC = QCO + QH 2 + Qoph + QCOER + QCO 2 + QHER + Qsol. The energy loss due to 

the solar to electricity conversion of PV is calculated by,

QPV = Qapp ×(1 - ηPV) (Equation S47)

The energy corresponding to the thermodynamics potential  for driving COER (QCO) is 

calculated by, 

QCO = (E0,ORE - E0,COER) × JCO (Equation S48)

Where the E0,COER is assumed as -0.11 V and JCO = Jph × FECO is the partial current 

density of COER. The energy corresponding to the thermodynamics potential for 

driving HER (QH 2) is calculated by,

QH 2 = (E0,ORE - E0,HER)  × Jph × (1 - FECO)  (Equation S49)

Where the E0,HER is assumed as 0 V and FECO is the CO Faradic efficiency. The energy 

losses due to the differences in pH (QpH) at the photocathode surface and in the bulk 

electrolyte are calculated by, 

QpH = ΔϕpH  × Jop  =  (Equation S50)
 
2.303RT

F
(pHca -  pHb) ×  J𝑝ℎ

The energy loss due to kinetic overpotential for COER (QCOER) is calculated by,

QCOER  = ηCOER × JCO - QCO 2 (Equation S51)
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The energy loss due to the differences in concentration of CO2 at the p-Si photocathode 

surface and in the bulk electrolyte (QCO 2) is calculated by,

QCO 2 =  × JCO (Equation S52)

RT
nF

ln( pCO2,b

pCO2,ca)
Note that we isolated the CO2 concentration effect from the concentration-dependent 

kinetic overpotential in the energy breakdown calculation to show the mass transfer 

effects better. 

The energy loss due to kinetic overpotential for HER (QHER) is calculated by,

QHER= ηHER × Jph × (1 - FECO) (Equation S53)

The energy loss due to solution voltage loss (QSol) is calculated by,

QSol = ηSol × Jph (Equation S54)

where the ηSol is the potential drop within the electrolyte.

The fraction of each energy component to the total solar energy input was defined as fi 

= Qi/Qin. 

Table S1. Eleven contributions to energy balance

Energy balance term Expression 

the energy loss from light reflection, fRef (|S11|2 × Qsolar) / (Qsolar + Qapp)

the energy loss from light transmission, fT (|S21|2 × Qsolar) / (Qsolar + Qapp)

the energy loss from the electron-hole 
recombination loss and ohmic loss in the 

p-Si photocathode, fSc

(Qsolar - QRef - QT + Qe - QEC)  / (Qsolar + Qapp)

the energy loss due to the solar to 
electricity conversion of PV, fPV

Qapp ×(1 - ηPV) / (Qsolar + Qapp)

the energy corresponding to the 
thermodynamics potential  for driving 

COER, fCO

(E0,ORE - E0,COER) × JCO / (Qsolar + Qapp)

the energy corresponding to the 
thermodynamics potential  for driving 

HER, f H 2
(E0,ORE - E0,HER)  × Jph × (1 - FECO) / (Qsolar + Qapp)

the energy losses from the differences in 
pH at the photocathode surface and in the 

bulk electrolyte, fpH

2.303RT(pHca - pHb) ×Jph / F / (Qsolar + Qapp)

the energy loss due to the differences in 
concentration of CO2 at the p-Si 

photocathode surface and in the bulk 
electrolyte, QCO 2  × JCO / (Qsolar + Qapp)

RT
nF

ln( pCO2,b

pCO2,ca)
the energy loss from kinetic overpotential 

for COER, fCOER

ηCOER × JCO -  × JCO / (Qsolar + Qapp)

RT
nF

ln( pCO2,b

pCO2,ca)
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the energy loss from kinetic overpotential 
for HER, fHER

ηHER × Jph × (1 - FECO) / (Qsolar + Qapp)

the energy loss due to solution voltage 
loss, fSol

ηSol × Jph  / (Qsolar + Qapp)

6. Photocurrent density at local sites

Figure S13. The photocurrent density distribution within the p-Si photoabsorber at -1.2 V. 
(a) the patterned catalyst case; (b) the layered catalyst case.

7. Explanation the different catalyst sizes on the saturation current density

Figure S14. The electric field distribution within the p-Si photoabsorber. (a) the patterned 
scheme with 500 nm Ag; (b) the patterned scheme with 50 nm Ag. 
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8. The effect of catalyst's intrinsic activities on the photocathode performance
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Figure S15. The J-V curves of patterned catalyst cases with different catalyst activity. The 
good catalyst condition is marked with a red line and the bad catalyst condition is marked 
with a blue line. The Von is represented in circles.

9. The effect of catalyst sizes on the homogeneous reaction rate of CO2
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Figure S16. Homogeneous reaction rate of CO2 as a function of Vapp under different Lc. Lc = 
50 nm is marked with an yellow line, Lc = 100 nm is marked with a blue line, Lc = 200 nm is 
marked with a red line, and Lc = 500 nm is marked with a purple line.
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10. The effect of solar concentration ratios on the Faradic efficiency of CO
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Figure S17. FECO as a function of Vapp under different Cf. Cf = 1 is marked with an yellow 
line, Cf = 1.5 is marked with a blue line, Cf = 2 is marked with a red line, and Cf = 3 is marked 
with a purple line.

11.  Performance of the patterned catalyst case under low light intensity

Figure S18. (a) J-V curves (solid lines) and JCO (dash lines) as a function of Vapp for the 
patterned case under different Cf. Cf = 1 (yellow line), Cf = 0.3 (blue line), Cf = 0.3 (red line), 
Cf = 0.1 (purple line); (b) cCO 2 as a function of location at -1.6 V under different Cf; (c) The 
ηCO as a function of Vapp under different Cf.



27

12. Mass transfer at gas-evolving electrodes

Electrolytically evolved bubbles enhance mass transfer to gas evolving electrodes 

because the growing and detaching of gas bubbles mix the electrolyte near the surface 

with electrolyte in the bulk. 
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Figure S19 the boundary layer thickness as a function of current density for H2 bubbles 
evolved in alkaline solution. The data is reproduced from literature15.

13. The effect of catalyst coverage on the valance bands
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Figure S20. Scheme of the valance band edge under different catalyst coverage as a function 
of the location in bulk p-Si. fc = 0.1 is marked with an yellow line, fc = 0.2 is marked with a 
blue line, fc = 0.4 is marked with a red line, and fc = 0.6 is marked with a purple line.
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14. The effect of catalyst coverage on the applied electrical power (Qapp)
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Figure S21. The Qapp as a function of Vapp under different fc. fc = 0.1 is marked with a yellow 
line, fc = 0.2 is marked with a blue line, and fc = 0.4 is marked with a red line.

15. The performance of the patterned catalyst case under db = 50 um with 

different coverage of metal catalyst

A decrease in the db can increase the limiting current density of COER. In the case of 

db = 50 um, the absolute value of Jsat was 12.7 mA/cm2 under fc = 0.05 and that was 

close to the limiting current density of COER (12.1 mA/cm2 under  fc = 0.05). the fc = 

0.05 was found to be the optimal value at low applied voltage (Vapp < -1.35 V), leading 

to higher ηCO. 

Figure S22. (a) J-V curves of the patterned catalyst case under db = 50 um with different fc; (b) 
the Jco  as a function of Vapp under different fc; (c) The ηCO as a function of Vapp under different 
fc.  fc = 0.05 is marked with black line; fc = 0.1 is marked with yellow line, fc = 0.2 is marked 
with blue line, fc = 0.4 is marked with red line, and fc = 0.6 is marked with purple line.
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Table S2. Geometry parameters of the reference cases
Parameter Value Unit

Length of the electrolyte, p-Si photocathode, and the 
layered catalyst, L 10 μm

The thickness of the electrolyte in the bare p-Si case 
(optical model), dB, elec

1 μm

The thickness of the electrolyte in the layered catalyst case 
(optical model), dL, elec

950 nm

The thickness of the catalysts in the layered catalyst case 
(optical model), dL, cat

50 nm

Thickness of the electrolyte of the patterned catalyst case 
(optical model), dP, elec

1 μm

The thickness of the catalysts in the patterned catalyst case 
(optical model), dP, cat

50 nm

Thickness of the p-Si, dSi 100 μm

Length of a patterned catalyst, Lp,cat 100 nm
The thickness of the electrolyte (CO2R electrochemical 

model), delec
100 μm

Length of the semiconductor-metal interfaces (CO2R 
electrochemical model), LS/M

100 nm

Table S3. Physical parameters of the reference cases 10, 16, 17

Parameter Value Unit
Semiconductor model

Band gap, Eg 1.12 eV

Electron affinity,  χ 4.05 eV

Relative permittivity of silicon,εr,Si 11.7 1

Density of states, conduction band, Nc
T1.5

300
 ×  2.80 ×  1019 cm-3

Density of states, valence band,  Nv
T1.5

300
 ×  1.04 ×  1019 cm-3

Acceptor concentration, Na 1 × 1015 cm-3

Electron mobility, μn 1450 cm2 V-1 s-1

Hole mobility, μp 500 cm2 V-1 s-1

Electron degeneracy factor, γn 1 1

Hole degeneracy factor, γp 1 1

Direct recombination factor, Cdir 0 cm3 s-1

Electron Shockley-Read-Hall lifetime,  τn 10 us

Hole Shockley-Read-Hall lifetime,  τp 10 us

Trap energy level, ΔEt

Auger recombination factor, electrons, Caug,n 2.8 × 10-31 cm6 s-1

Auger recombination factor, holes, Caug,p 9.9 × 10-32 cm6 s-1

Electron surface recombination velocity of 

semiconductor-metal interfaces, v
S/M
s,n

10 m s-1

Electron surface recombination velocity of 0.01 m s-1



30

semiconductor-electrolyte interfaces, v
S/𝐸
s,n

Work function of Ag, φAg 4.63 eV

Potential drop in the Helmholtz layer, VH 0.3 V

CO2R electrochemical model

D
K + 1.957 × 10-5 cm2 s-1

D
H + 9.311 × 10-5 cm2 s-1

D
OH - 5.293 × 10-5 cm2 s-1

D
HCO -

3
1.185 × 10-5 cm2 s-1

D
CO2 -

3
0.923 × 10-5 cm2 s-1

DCO2 1.910× 10-5 cm2 s-1

K1 10-6.37 1

K2 10-10.32 mol L-1

K3 K1/Kw L2 mol-2

K4 K2/Kw L mol-1

Kw 10-14 mol2 L-2

k1 3.71 × 10-2 s-1

k2 59.44 s-1

k3 2.23 × 103 L mol-1 s-1

k4 6.0 × 109 L mol-1 s-1

kw 2.4 × 10-5 mol L-1 s-1

E0,COER -0.11 V

E0,HER 0 V

i0,COER 4.71 × 10-4 mA cm-2

  i A
o,HER 9.79 × 10-4 mA cm-2

   i B
o,HER 1.16 × 10-6 mA cm-2

αc,COER 0.44 1

α A
𝑐, HER 0.27 1

α B
𝑐, HER 0.36 1
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