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Abstract 

Spectroscopic Investigation of Semiconductor Charge Carrier Dynamics and 

Semiconductor/electrolyte Catalytic Interface for Solar Energy Conversion 

By Fengyi Zhao 

Utilizing semiconductor photoelectrode is a promising but challenging method to achieve 

direct energy conversion from solar energy to chemical energy stored in liquid fuels. A lot of 

fundamental questions need to be understood on semiconductor/electrolyte junction to achieve 

efficient energy conversion efficiency, for instance, how to understand the surface minority charge 

accumulation, the function of the surface co-catalyst and the catalytic interfacial electric field. In 

this thesis, we intend to investigate the semiconductor/electrolyte catalytic junction through time-

resolved and in situ spectroscopic methods. In chapter 3 and 4, we introduced an in-situ bias-

dependent Second Harmonic Generation (SHG) technique to investigate potential drop at the 

semiconductor electrode and solution double layer side without illumination and the minority 

charge accumulation at the surface under illumination condition for oxygen evolution reaction 

(OER). It is found that the TiO2 crystal angle and light polarization will have significant effect on 

its bias-dependent SHG behavior. Under photoexcitation, screening of built-in potential is 

observed, which is correlated to the surface hole accumulation. Studying accumulated holes 

provides crucial understanding of water oxidation rate-determining species. In chapter 8, in-situ 

Raman spectroscopy is developed to study the properties of a novel semiconductor-

catalyst/electrolyte junction SMA/CNT/CoPc-NH2 during CO2 photoreduction condition. 

In chapter 5, the synthesis of TiO2-Co9POM hybrid photoanode material showed a three-

fold OER photocurrent enhancement compared to unmodified nanoporous TiO2, comprehensive 

transient absorption and photoelectrochemical characterization highlight the function of Co9POM 

catalyst. Chapter 6 uses transient reflectance spectroscopy to study the photocathode material 

GaP/TiO2, showcasing the importance of solution electrolyte concentration and potentiostat 

response in regulating interfacial recombination. Lastly, chapters 7 focused on the charge 

separation process of a CdS based CO2 reduction catalyst, clearly revealing the initial rapid charge 

separation process and later charge accumulation on the catalyst through transient absorption 

spectroscopy, providing mechanistic insight of this novel hybrid photocatalyst. 
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1 Introduction 

Semiconductor electrodes serve an essential role in the field of energy conversion, 

including electrocatalysis, photoelectrochemical cells, and solar cells1-3 etc. Ever since Gerischer 

proposed the first semiconductor/electrolyte interface model4 in 1961, exploring the nature of 

semiconductors has raised a broad interest. Pioneering studies of the behavior of 

semiconductor/electrolyte junction under dark and illumination condition have been carried out by 

Bard,5-10, Nate,11-13 Wrighton,11, 14-15 Memming,16-18 and Chazalviel19-20 et al and their co-workers 

in 1970s-1980s. For instance, Bard7, 9 and Wrighton14-15 et al have carried out cyclic voltammetry 

(CV) measurements of semiconductors in contact with different redox species under dark and 

illumination condition, revealing the rectifying junction nature and interface energetics of 

semiconductor/electrolyte junction. Based on these pioneering studies, we first introduce the 

mathematical description of semiconductor/electrolyte junction properties and their potential-

current behavior in dark and under illumination. 

1.1. Description of semiconductor/electrolyte junction under equilibrium 

Take an n-type semiconductor for example, Figure 1.1a shows the band alignment before 

its Fermi-level (electrochemical potential) equilibrate with the solution redox species E(A/A-). The 

conduction (Ec), valance band (Ev) as well as its Fermi-level (Ef) energy remains flat across the 

semiconductor/electrolyte junction. The Fermi-level at this condition is called flatband Fermi-level 

(Efb). The Fermi-level of semiconductor is higher than E(A/A-) due to the electron donor type (n-

type) of doping. Its Fermi-level can be written as: 

𝐸𝑓 = 𝐸𝑐 + 𝑘𝑇𝑙𝑛(
𝑛

𝑁𝑐
)      1.1 



2 

 

Where n is the electron concentration at position x. At the flatband conditions before quilibrium, 

n equal to the semiconductor dopant level Nd. k is Boltzmann constant; T is temperature; Nc is the 

density of energy states within few kT above Ec. 

 

Figure 1.1 Energy diagram between a n-type semiconductor/electrolyte junction (a) before and (b) 

after equilibrium with redox couple (A/A-) in solution. Here distant x describes the position of 

semiconductor/electrolyte junction, x=0 is the interface, x>0 describes the semiconductor phase, 

and x<0 describes the liquid phase. 

Upon Fermi-level equilibrium, electrons from semiconductor flow to the solution until 

Ef=E(A/A-). Conduction and valance energy will bend upward from the bulk semiconductor (x=∞) 

to the interface (x=0), forming a barrier height Vbi of 

𝑉𝑏𝑖 =
𝐸𝑓𝑏−𝐸(𝐴/𝐴

−)

𝑒
     1.2 

where e is the charge of electron. In semiconductor side, a region where only positively charged 

ionized dopant is form from x=0 to x=w, which is called semiconductor depletion layer or space 

charge region (SCR). In the solution side, a layer of negative charge is formed very close to the 
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interface to compensate for the positive charge on semiconductor side, which is call double layer 

or Helmholtz layer. The Fermi-level relative to the local vacuum energy remains unchanged, but 

the local vacuum energy changes across the junction. The electrostatic potential difference between 

bulk semiconductor to bulk solution (Evac(x=∞)/q-Evac(x=−∞)/q) is used to refer to the potential 

drop across the semiconductor/liquid junction, consist of the potential drop at semiconductor side 

(ΔΦsc) and liquid side (ΔΦliq) as shown in Figure 1.1b, with their relation follows: 

𝐶𝑠𝑐Δ𝜙𝑠𝑐 = 𝐶𝐻Δ𝜙𝑙𝑖𝑞      1.3 

Where Csc and CH are the capacitance of semiconductor and solution double layer, respectively. 

Because CH are usually orders of magnitude larger than Csc, semiconductor potential drop 

dominates the potential drop across the semiconductor/electrolyte junction with Δ𝜙𝑙𝑖𝑞 ≪ Δ𝜙𝑠𝑐 ≈

Δ𝜙𝑡𝑜𝑡𝑎𝑙.  

 We can further obtain a quantitative description of electric field and potential drop across 

the semiconductor/electrolyte junction as a function of distance x.21-23 Herein, we again follow the 

approximation that potential drop at the semiconductor side dominates the potential drop across 

the junction so that 𝜙(𝑥 = 0) = 0 . Assuming only the uniformly distributed ionized dopant 

contributes to the charge at the semiconductor SCR under this equilibrium condition (abrupt 

approximation) with its density (ρ) equal to dopant density Nd. At bulk semiconductor when x>w, 

𝜌(𝑥)=0. The electric field at the semiconductor side can be written as a function of distant to the 

interface: 

𝑬(𝒙) =
1

𝜀𝜀0
∫ 𝜌(𝑥)
𝑥

0
𝑑𝑥 = −

𝑁𝑑

𝜀𝜀0
(𝑤 − 𝑥), 0 ≤ 𝑥 ≤ 𝑤   1.4 

Where 𝜀  and 𝜀0  are the dielectric constant of vacuum and relative dielectric constant of 

semiconductor, respectively. Largest electric strength occurs at the semiconductor/electrolyte 
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interface with an amplitude of 
𝑁𝑑𝑤

𝜀𝜀0
. Potential at semiconductor can be derived by integrating the 

electric field as a function of distance following Equation 1.5: 

𝑉(𝑥) = −∫ 𝑬(𝒙)
𝑥

0
𝑑𝑥 =

𝑁𝑑

2𝜀𝜀0
(𝑤2 − (𝑤 − 𝑥)2), 0 ≤ 𝑥 ≤ 𝑤   1.5 

The potential at the bulk semiconductor 𝑉(𝑥 = 𝑤) =
𝑁𝑑𝑤

2

2𝜀𝜀0
 . The depletion width can be 

further written as Equation 1.6. 

𝑤 = √
2𝜀𝜀0𝑉𝑏𝑖

𝑁𝑑
      1.6 

 The electron concentration at a given position can be written out following Boltzmann 

distribution shown in Equation 1.1: 

𝑛(𝑥) = 𝑛𝑏 exp[−
𝑒𝑉(𝑥)

𝑘𝑇
]     1.7 

Where bulk carrier concentration nb equals dopant concentration with nb = Nd. The surface electron 

concentration ns relates to the built-in potential at the semiconductor with 

𝑛𝑠 = 𝑛𝑏 exp(−
𝑒𝑉𝑏𝑖

𝑘𝑇
) = 𝑛𝑏 exp(−

𝐸𝑓𝑏−𝐸(𝐴/𝐴
−)

𝑘𝑇
)   1.8 

We can also describe the capacitance-potential behavior of the semiconductor under abrupt 

approximation. Total charge in semiconductor can be expressed by: 

𝑄𝑠𝑐 = 𝐴𝑒𝑤𝑁𝑑      1.9 

Where A is the electrode area. The capacitance can be written combining Equations 1.6 and 1.9: 

𝐶𝑠𝑐 =
𝑑𝑄𝑠𝑐

𝑑Δ𝜙𝑠𝑐
= 𝐴√

𝑒𝜀𝜀0𝑁𝑑

2Δ𝜙𝑠𝑐
= 𝐴√

𝑒𝜀𝜀0𝑁𝑑

2𝑉𝑏𝑖
   1.10 

 In a more rigorous derivation that solves the Poisson-Boltzmann equation by abandoning 

the abrupt approximation,24 an additional thermal energy term will arise. By writing the inverse 

square of semiconductor capacitance as a function of applied potential, one gets the Mott-Schottky 
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equation form of the capacitance-voltage behavior, which is widely applied to extract the flatband 

potential of a semiconductor.24 

1

𝐶𝑠𝑐
=

2

𝑒𝜀𝜀0𝑁𝑑𝐴
2 (𝑉 − 𝑉𝑓𝑏 −

𝑘𝑇

𝑒
)     1.11 

 

1.2. Potential-current behavior of semiconductor/electrolyte junction under dark 

and illumination conditions 

Figure 1.2 described a simplified interfacial charge transfer process between a n-type 

semiconductor and a solution redox species (A/A-) in the dark and under illumination. A can be 

reduced to A- and regenerated back to A in reaction with electrons on conduction band (dark 

process) and photogenerated holes in valance band (light process) following the reaction 

equilibrium: 

e− + A
k𝑒𝑡
→ A− 

A−
𝑘𝑒𝑡
−1

→  e− + 𝐴 

h+ + A−
kℎ𝑡
→ A 

𝐴
𝑘ℎ𝑡
−1

→  h+ + A− 
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Figure 1.2 n-type semiconductor electrode under (a) electrochemical with no light illumination 

and (b) photoelectrochemical with monochromatic light excitation conditions. A simple 

regenerative cell condition is assumed, where [A] is the only oxidative species and [A-] is the only 

reductive species, both will interact with semiconductor conductor band electrons and valance 

band holes.22  

Under the dark condition, we mainly consider the conduction process where electron is the 

majority carrier in n-type semiconductor. The electron injection rate from semiconductor to 

solution is: 

𝑗𝑐
+ = 𝑘𝑒𝑡𝑛𝑠[𝐴]       1.12 

 Back electron transfer rate from solution to conduction band edge is: 

𝑗𝑐
− = 𝑘𝑒𝑡

−1[𝐴−]       1.13 

In Equations 1.12 and 1.13, ket and ket
-1 are the rate constant of electron forward and reverse 

injection, respectively; [A] and [A-] are the concentration of oxidized and reduced species, 

respectively. Under equilibrium condition where no net electron current passes through the surface, 
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we can equate Equation 1.12 and 1.13 and obtain 𝑘𝑒𝑡
−1 = 𝑘𝑒𝑡𝑛𝑠𝑜[𝐴]/[𝐴

−], where 𝑛𝑠𝑜 is the surface 

electron concentration under equilibrium conditions. Therefore, the net electron transfer rate on 

the surface can be written as: 

𝑑𝑛

𝑑𝑡
= 𝑗𝑐

+ − 𝑗𝑐
− = 𝑘𝑒𝑡[𝐴](𝑛𝑠 − 𝑛𝑠0)     1.14 

 Current across the interface can be expressed as the number of charges flows per unit of 

time on a certain surface area A: 

𝐼𝑐 = −𝑒𝐴 (
𝑑𝑛

𝑑𝑡
) = −𝑒𝐴𝑘𝑒𝑡[𝐴](𝑛𝑠 − 𝑛𝑠0)    1.15 

 We define the sign of electron current flowing out of the interface to be negative, and hole 

current flowing out of the interface to be positive. Under the equilibrium condition, surface 

electron concentration is written follows Equation 1.8 with 𝑛𝑠0 = 𝑛𝑏 exp(−
𝑒𝑉𝑏𝑖

𝑘𝑇
) . When an 

addition potential V is applied on the potential to shift the Fermi-level away from its equilibrium, 

surface electron concentration can be written as: 

𝑛𝑠 = 𝑛𝑏 exp(−
𝑉𝑏𝑖+𝑉

𝑘𝑇
)     1.16 

 Inserting the ns and nso into Equation 1.15 to replace ns, we have: 

𝐼𝑐 = −𝑒𝐴𝑘𝑒𝑡[𝐴]𝑛𝑠0 [𝑒𝑥𝑝 (−
𝑉

𝑘𝑇
) − 1] = −𝐼𝑐0 [𝑒𝑥𝑝 (−

𝑉

𝑘𝑇
) − 1]     1.17 

 Ic0 is also called the exchanged current density when 𝑗𝑐
+ = 𝑗𝑐

−. Based on Equation 1.17, we 

can tell that when applied potential is more negative than equilibrium potential V(A/A-), electron 

will flow to the solution; when applied potential is more positive than V(A/A-), net current will be 

oxidative current. We summarized these two scenarios as forward potential and reverse potential, 

respectively.  

 Likewise, we can write the hole valance band current in the dark as: 

𝐼𝑣 = −𝐼𝑣0 [𝑒𝑥𝑝 (
𝑉

𝑘𝑇
) − 1]    1.18 
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Where Iv0 is the valance band exchange current density. Considering hole is the minority charge 

carrier under the dark condition, where 𝑝𝑠0 ≪ 𝑛𝑠0  in semiconductor depletion region, we can 

neglect the contribution of Iv dark process during the derivation of photocurrent across the junction. 

  As shown in Figure 1.2b, upon CW illumination of the semiconductor/electrolyte junction, 

photogenerated charge carrier will be generated in bulk and SCR part of semiconductor. 

Photogenerated electrons will be swiped to the bulk and will not contribute to the increase of 

surface electron concentration ns. Photogenerated holes will diffuse and drift to the surface forming 

photocurrent Iph. Assuming a fast surface reaction kinetics where photogenerated charges reaches 

the interface will transfer to the solution, total current across the semiconductor/electrolyte 

junction can be written as: 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑐0 [𝑒𝑥𝑝 (−
𝑉

𝑘𝑇
) − 1]       1.19 

 Photogenerated minority current can be approach by summing up the drift current 𝑗𝑠𝑐 and 

diffusion current  𝑗diff. Drift current consists of the photogenerated holes in the SCR (0<x<w), 

while diffusion current refers to the hole current generated in the bulk that diffuse to the SCR 

boundary x=w. Drift current can be calculated considering the charge generation in SCR:  

𝑗𝑠𝑐 = 𝑒𝑃0[1 − exp(−𝛼𝑤)]      1.20 

Where P0 is the monochromatic photon flux incident on the semiconductor surface at x=0, α is the 

absorption coefficient of the monochromatic light within semiconductor media. Diffusion current 

can be calculated by solving the diffusion equation for photogenerated holes: 

𝐷
d2𝑝(𝑥)

d𝑧2
−
𝑝(𝑥)−𝑝0

𝜏
+ 𝑃0𝛼exp (−𝛼𝑥) = 0   1.21 

Where D is the diffusion coefficient of holes; 𝜏 is the lifetime of the minority carriers; p(x) and p0 

are the hole concentration at distant x and equilibrium hole density, respectively. In Equation 1.21, 

the first term accounts for the hole diffusion, the second term accounts for the recombination in 
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the bulk semiconductor, and third term accounts for the hole generation at distance x. One can 

solve the diffusion current at the depletion layer edge by applying the boundary conditions p=p0 

at x = ∞, and p=pd at x = 𝑤: 

𝑗diff = −𝑗0[
𝑝d

𝑝0
− 1] +

𝑒𝑃0𝛼𝐿p

1+𝛼𝐿p
exp (−𝛼𝑥)    1.22 

With  

𝑗0 =
𝑒𝐷𝑛i

2

𝑁D𝐿p
     1.23 

Where Lp is the hole diffusion length with 𝐿𝑝 = (𝐷𝜏)
1/2 . By further assuming that pd=0 at 

semiconductor reverse bias conditions, summing up Equation 1.20 and 1.22, photogenerated 

minority current can be express as: 

𝐼𝑝ℎ = 𝐴(𝑗𝑠𝑐 + 𝑗diff) = 𝐴[𝑗0 + 𝑒𝑃0 [1 −
exp(−𝛼𝑤)

1+𝛼𝐿p
]]    1.24 

This is the Gärtner current describing the ideal photogenerated current across the semiconductor-

metal Schottky junction.25 In our simple model, current-potential behavior under monochromatic 

illumination across semiconductor/electrolyte junction can be written assuming no recombination 

occurs in SCR and at the surface: 

𝐼 = 𝐴[𝑗0 + 𝑒𝑃0 [1 −
exp(−𝛼𝑤)

1+𝛼𝐿p
]] − 𝐼𝑐0 [𝑒𝑥𝑝 (−

𝑉

𝑘𝑇
) − 1]  1.25 

1.3. Progress of understanding semiconductor/electrolyte junctions 

Fundamental kinetic study of semiconductor electrodes, which mainly involves charge 

carrier transfer and recombination process at bulk and semiconductor/electrolyte junction started 

at the 1970s through electrochemical methods, can help us better understand the nature of 

semiconductor electrodes, shedding light on further design and fabrication of devices with better 

energy conversion efficiency. Williams et al26 studied irreversible process in n-TiO2-OH- interface 
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model and conclude that in order to achieve high quantum efficiency (80%-100%), the time 

constant for interfacial charge transfer needs to be shorter than 0.5 ps based on calculations of 

experimental data. Later on, Kuhne et al27 evaluated Tafel plots of illuminated bare p-InP and 

different catalyst-coated p-InP photoelectrodes under different illumination power for hydrogen 

evolution reaction (HER): logarithm of photocurrent densities is plotted as a function of flatband 

potential shift, analyzed by impedance-potential measurement. The authors believed that the shift 

of flatband potential measured under the photoelectrochemical condition is the same as the kinetic 

overvoltage for HER at the catalyst surface. This measurement introduce determination of cathodic 

transfer coefficient αc, Schottky barrier ideality factor n and the exchange current density j0 of InP 

photoelectrodes. The following report by Kuhne et al28 analyzed the impedance data in 

recombination region of p-InP and Pt-coated p-InP photocurrent-voltage curve, providing not only 

information of αc, n, and j0 but also a charge transfer kinetics model. Impedance measurement 

techniques have also been adopted by Lewis and co-workers29-30 to study rate constant for majority 

charge carriers transfer across semiconductor/electrolyte junction. n-Si/CH3OH-viologen2+/+ 

interface was studied in Mott-Schottky plot and J-V curved, exhibiting a first-order reaction kinetic 

dependent of electron concentration at semiconductor surface ns and first-order kinetic dependent 

on acceptor concentration in solution [A]. The charge transfer rate constant ket was calculated to 

be ~ 6× 1017 cm4 s-1 at n-Si/CH3OH-viologen2+/+ interface29 using the charge-transfer equation 

described with Equation 1.12.23 Later, charge-transfer rate constants were also studied at n-ZnO in 

contact with different redox species in aqueous solution30. The driving force dependence of ket 

shows agreement with Marcus-Hush model for interfacial electron transfer.  

Another type of experiment to evaluate charge transfer kinetics involves direct 

measurement of charge carriers through time-resolved spectroscopy technique. Gottesfeld et al31 
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measure the photoluminescence decay of CdS single crystal electrode in contact with the 

electrolyte. The analysis yielded a charge carrier lifetime in bulk electrode to be 2.5 ps and surface 

recombination velocity larger than 106 cm s-1 in contact of charge mediators, for instance, S2-. An 

observation of longer time scale of charge carriers (μs-ms) for water oxidation within n-hematite 

photoanode have been reported Durrant group32 via transient absorption spectroscopy, a laser 

pump-probe technique, to study charge carrier dynamics. A bias dependence of charge carriers is 

also observed as shown in Figure 1.3: photogenerated holes exhibiting a microsecond decay 

timescale at open circuit potential (-0.1 V vs Ag/Cl), similar to the decay timescale of isolated 

films. However, signal shows a much longer-lived lifetime of 3 ± 1 s under +0.4 V vs Ag/AgCl, 

indicating long-lived holes due to the depletion of electrons in space charge region under positive 

bias. Moreover, charge carrier lifetime decreases to 400 ± 100 ms after adding hole scavenger 

methanol to the system, indicating the consumption of long-lived holes responsible for water 

oxidation.  

 

Figure 1.3. Transient absorption kinetic of hematite photoanodes measured under applied bias of 

-0.1 V vs Ag/AgCl in 0.1 M NaOH (aq) (blue), +0.4 V vs Ag/AgCl with methanol in 0.1 M NaOH 

(aq) (red), +0.4 V vs Ag/AgCl in 0.1 M NaOH (aq) as a function of time. Kinetics are obtained 

upon pump excitation at 355 nm and probe at 580 nm. Reproduced with permission from Stephanie 

R. Pendlebury, Monica Barroso, Alexander J. Cowan, Kevin Sivula, Junwang Tang, Michael 
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Gratzel, David Klug, and James R. Durrant, Chemical Communication, 2011, 47, 716-718. 

Copyright Royal Society of Chemistry 2011.32 

Further kinetic research on hematite photoelectrode was update by Durrant and co-

workers33 using photoinduced absorption spectroscopy (PIA) to develop water oxidation reaction 

rate law analysis on various metal oxide surface.33-36 By establishing a kinetic model (Figure 1.4a), 

the kinetic relationship between surface hole density, determined by surface hole absorption, and 

steady-state photocurrent are proposed: 

𝑑𝑝𝑠

𝑑𝑡
= 𝐽ℎ𝑜𝑙𝑒𝑠 − 𝑘𝑊𝑂 ∙ 𝑝𝑠

𝛽       1.26 

where ps is surface hole densities, Jholes is the flux of holes towards the surface, kWO is the water 

oxidation rate constant, and β is the rate order regarding surface accumulated holes. Based on this 

model, the reaction order is analyzed as a function of surface hole density as shown in Figure 1.4b. 

This analysis shows a transition of water oxidation reaction from one to three when surface hole 

density changes from 1 to 2 [holes] nm-2 by increasing the illumination power. 

 

Figure 1.4.  (a) Proposed water oxidation kinetic model at hemitite surface (b) change of water 

oxidation reaction order, dertemined by different experimental techniques, as a function of surface 

hole density. Reproduced from Florian Le Formal, Ernest Pastor, S. David Tilley, Camilo A. Mesa, 

Stephanie R. Pendlebury, Michael Gratzel, and James R. Durrant, Journal of the American 

Chemical Society, 2015, 137, 6629-6637.33 
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As for the further interfacial time-resolved kinetic study, Cuk37 and co-workers developed 

transient IR technique to detect the vibrational stretch of interfacial titanium oxyl radicals Ti-O∙, 

an important intermediate on the SrTiO3 surface during photocatalytic water oxidation process. 

They also determined the trapping of the photogenerated holes will be trapped at the surface 

generating one-electron intermediates Ti-O∙ and Ti-O∙-Ti, with formation time of Ti-O∙ to be 1.3 ± 

0.2 ps.38 Later study investigated the decay pathways for these two parallel transition states at 

microsecond timescale. They also showed that reaction conditions can be adjusted to allow 

selection between the two pathways.39  

Furthermore, Yang and Beard et al40 studied interfacial carrier dynamics at bare p-GaInP2, 

GaInP2/TiO2 p-n junction and GaInP2/Pt Schottky junction interface applying transient reflectance 

spectroscopy (TRS) technique. The change of reflectance 
∆𝑅

𝑅
 at GaInP2 bandgap position (1.8 eV) 

can be assigned to the change of transient photoinduced electric field (∆𝐹), which can reflect the 

change of carrier density. The TRS results reveal the charge separation driven by the internal 

electric field in the p-GaInP2/TiO2 p-n junction and p-GaInP2/Pt Schottky junction. Compared with 

p-GaInP2/Pt electrode, p-GaInP2/TiO2 exhibits a better separation efficiency due to its p-n junction 

nature. Their further study investigate the built-in field evolution on n-GaAs photoanode using 

TRS and inspect the effect of Fermi-level pinning due to the mid-gap surface states.41 TRS is also 

applied to study the carrier dynamics on GaP/TiO2 photocathode by Lian and Xu et al.42-43 

GaP/TiO2 is first study as a function of TiO2 protection layer thickness.43 A direct relationship is 

established between the TRS signal and the separated charge carriers concentration under a weak 

field limit. Increasing the TiO2 layer from 0 to 35 nm will increase the built-in field in the GaP 

depletion region which will enhance both the interfacial electron transfer rate and efficiency from 

GaP to TiO2 on the picosecond timescale. The following study performs in situ investigation of 
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GaP/5 nm TiO2 photocathode to measure the charge separation efficiency under HER conditions 

using TRS. By comparing bias-dependent TRS with the over incident light-to-current conversion 

efficiency (IPCE) under this in situ condition, it is confirmed that TRS directly measures the 

separated electrons responsible for HER reaction at an early timescale and can be a probe of charge 

carrier separation efficiency of the photoelectrochemical water reduction process. 

1.4. Challenges in studying the semiconductor/electrolyte junctions for oxygen 

evolution reaction, hydrogen evolution reaction and CO2 reduction reactions. 

Although macroscopic features including current and quantum efficiency of 

semiconductor/electrolyte junction properties have been extensively studied through J-V curves 

analysis and impedance spectroscopy measurement, more microscopic properties, for example, 

electric field across the semiconductor/electrolyte junction, surface reaction intermediates and 

surface catalyst functions, need further investigation through in situ spectroscopic investigations. 

Moreover, as more novel hybrid photocatalyst being developed with modification of co-catalyst 

on the semiconductors for more efficient photo(electro)chemical oxygen evolution reaction (OER), 

hydrogen evolution reaction (HER) and CO2 reduction,44-68 charge carrier dynamics on these 

hybrid photo(electro)catalyst need to be further understood by time-resolve techniques. On the one 

hand, studying charge carrier dynamics offers more mechanistic insight of individual steps that 

affect the photon utilization, such as charge separation, transport, and transfer steps. On the other 

hand, charge-carrier dynamics investigation offers a clearer picture of how semiconductor 

photosensitizer and the modified co-catalyst interact.  

In this thesis, we tend to address the gap of knowledge on two aspects. On the first aspect, 

we apply several in situ spectroscopic techniques to investigate the photoelectrode-

(catalyst)/electrolyte junction. In Chapter 3, we use in situ Second Harmonic Generation to 
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characterize the potential distribution of rutile TiO2(100)/electrolyte junction. Bias-dependent 

behavior is studied as a function of single crystal azimuthal angle and light polarization. In Chapter 

4, we further use Second Harmonic Generation to investigate the built-in potential change and 

surface hole accumulation under operando OER condition. The rate-determining step of OER on 

TiO2 is investigated through isotope effect experiments. In Chapter 8, we utilize in situ Raman 

spectroscopy to study the complicated Silicon based semiconductor micropillar array 

(SMA)/CNT/CoPc-NH2-solution junction for efficient CO2 to methanol reduction reaction. We 

found that the Fermi-level alignment of the junction is greatly related to the one-electron reduction 

of CoPc-NH2 molecular catalyst mobilized on photoelectrode surface. 

On the other hand, we use transient absorption and transient reflectance spectroscopy to 

study the charge carrier dynamics of semiconductor photo(electro)catalyst. In Chapter 5, we study 

the charge carrier dynamics on a TiO2 photoanode modified with a polyoxometalate water 

oxidation catalyst that is capable for stable and efficient OER under acidic condition. Through 

transient absorption spectroscopy, we observed the ultrafast hole transfer from photosensitizer to 

catalyst. In Chapter 7, we investigate an efficient CO2 reduction photocatalyst with CdS as 

photosensitizer and CNT/CoPc as CO2 catalyst. Transient absorption spectroscopy in visible and 

near-IR range unambiguously investigated the charge carrier dynamics that involves the 

photogenerated electrons transfer from CdS to CNT, and later electron accumulation on CNT. In 

Chapter 6, we use transient reflectance spectroscopy to study the carrier dynamics on a GaP/TiO2 

photocathode for HER. The TRS study reveals how the electrolyte concentration affects the charge 

recombination of GaP/TiO2 at long timescale ranging from nanosecond to microsecond, which will 

influence the photocatalysis quantum efficiency. 
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2  Experimental Methods 

2.1. Transient absorption and reflectance spectroscopy 

2.1.1. Transient absorption Spectroscopy 

Transient absorption (TA) spectroscopy techniques serve as a characterization method in 

Chapter 5 and Chapter 7. Specifically, visible and mid-IR are used as probe beams in TA used in 

Chapter 5; visible and near-IR are used as probe beams in TA used in Chapter 7. In this section, 

we introduce the TA in femtosecond to sub-nanoseconds time scale, using visible, near-IR and 

mid-IR as probe (femtosecond TA), and TA in nanoseconds to microsecond time scale 

(Nanosecond TA). 

Femtosecond visible and near-IR TA measurements were performed at room temperature 

in a Helios spectrometer (Ultrafast Systems LLC) with pump and probe beams derived from an 

amplified Ti:sapphire laser system (Coherent Astrella, 800 nm, 5.5 mJ pulse-1, 35 fs, and 1 kHz 

repetition rate). An 80:20 beam splitter split the 800 nm output pulse of the amplifier into two parts. 

80% of the power was used to pump an Optical Parametric Amplifier (visible-OPA, Opera, 

Coherent) for visible-to-near-IR pump beam generation. Two tunable near-IR pulses, i.e. signal 

and idler, from 1.1 to 2.7 μm are first generated. The signal and idler beams were separated with a 

dichroic mirror to generate tunable visible pump beams via sum-frequency generation with the 

800 nm fundamental pulse. For example, the 550 nm beam came from the sum-frequency 

generation between the 1760 nm idler and the 800 nm fundamental pulse. The 400 nm pump beam 

was generated by frequency-doubling of the 800 nm fundamental pulse. A continuously variable 

neutral-density filter wheel was used to adjust the power of the pump beam. The pump beam was 

focused on the sample with a beam waist of about 620 μm. A white light continuum from 380 to 

850 nm (1.5 to 3.3 eV) or from 850 to 1300 nm (0.95 to 1.5 eV) was generated by attenuating and 
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focusing ~10 μJ of the 800 nm pulse into a CaF2 or sapphire window, respectively. This probe 

beam was focused with an Aluminum parabolic reflector on the sample with a beam waist of about 

150 μm. After passing through the sample, the probe beam was focused into a fiber-coupled 

multichannel spectrometer with complementary metal-oxide-semiconductor (CMOS) sensors and 

detected at a frequency of 1 kHz. The delay between the pump and probe pulses was controlled by 

a motorized probe delay stage. The pump beam was chopped by a synchronized chopper at 500 

Hz. The change in absorbance of the sample with and without pump was calculated as ΔA. The 

instrument response function (IRF) of this system was measured by measuring solvent or substrate 

responses of the test system under the same experimental conditions.  

 

Figure 2.1. TA spectroscopy operation process using visible or near-IR as probe. 

 In femtosecond mid-IR TA measurement, output from the same visible-OPA is used as 

pump beam; it was focused on the IR sample stage with a beam waist of 410 μm. 40 % of 800 nm 

fundamental out (2 mJ) is used to pump an OPA (IR-Opera, Coherent) for mid-IR probe generation. 

Two tunable near-IR signal and idler pulses from 1.1 to 2.5 μm were generated. The signal and 
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idler pulses were further combined in a 1-mm-thick AgGaS2 crystal to generate a tunable mid-IR 

pulse from 3 to 10 μm by difference frequency generation (DFG). The mid-IR beam was focused 

on the sample stage at a beam waist of around 290 μm to overlap with pump beam. After passing 

the sample, mid-IR probe was dispersed into a spectrograph and detected with a 32-element 

infrared HgCdTe (MCT) array detector at a frequency of 1k Hz. The pump beam was chopped by 

a synchronized chopper to 500 Hz. The delay between pump and probe pulses are controlled by a 

motorized pump delay stage. The typical IRF of mid-IR TA experiments was determined to be 

around 170 fs using a silicon wafer.  

Nanosecond TA measurements were performed with an EOS spectrometer (Ultrafast 

Systems LLC). The pump pulse was derived from the Ti:sapphire laser system and visible-OPA 

described previously. A continuously variable neutral-density filter was used to adjust the power 

of the pump beam. The pump beam was focused to a size in a diameter of 1100 μm on the sample 

surface. A white light continuum (380-1700 nm, 0.5 ns pulse width, 2 kHz repetition rate) was 

generated by focusing a Nd:YAG laser into a photonic crystal fiber. A digital delay generator (CNT-

90, Pendulum Instruments) was used to control the delay time between the pump and probe pulses. 

The probe was focused onto the 1 mm pathlength sample cuvette with a beam waist of about 200 

μm. After passing through the sample, the probe beam was reflected and focused into a fiber-

coupled multichannel spectrometer with CMOS sensors at a detection frequency of 1 kHz. The 

IRF of this nanosecond detection system was measured to be ~ 400 ps.  

2.1.2. Transient reflectance spectroscopy 

Transient reflectance (TR) spectroscopy technique is the main characterization method 

used in Chapter 6. The pump and probe pulses sources used in the femtosecond and nanosecond 

TR spectroscopy are derived in the same way as described in section 2.1.1. Different from the 



24 

 

transmission probe configuration, TR spectroscopy detect the probe reflection change from the 

sample surface between pumped and unpumped condition (ΔR/R) as a function of pump probe 

time delay as shown in Figure 2.2. The angle of incidence (AOI) for probe pulses is set at 45 

degrees and 25 degrees for pump pulses. The pump excitation depth and probe depths are 

determined by the imaginary (k) and real (n) part of sample’s refractive index as shown in Equation 

2.1 and 2.1. For samples with large refractive index, TR spectroscopy can provide unique surface 

sensitivity that TA spectroscopy lacks. 

𝑑𝑝𝑢𝑚𝑝 =
1

𝛼
=

𝜆

4𝜋𝑘
      2.1 

𝑑𝑝𝑟𝑜𝑏𝑒 =
1

𝛼
=

𝜆

4𝜋𝑛
     2.2 

 

Figure 2.2. Schematic of transient reflectance spectroscopy.  

2.2. Second Harmonic Generation spectroscopy 

The second harmonic generation (SHG) is based on the regenerative amplified Ti: sapphire 

laser system (Coherent Astrella, 800 nm, 5 mJ/pulse, 35 fs pulse width, and 1 kHz repetition rate) 

mentioned in section 2.1. In the SHG process used in chapter 3 and 4 as shown in Figure 2.3, 1 

kHz, 35 femtosecond 800 nm pulsed light is used as the fundamental probe, derived from Astrella 
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laser system. The fundamental probe power is tuned to be around 3 mW with a variable neutral 

density filter (Thorlabs, NDC-50C-4M-A) and further focused down to a beam size with a waist 

of 100 μm at the sample surface using a f = 100 mm lens (Thorlabs, LBF254-100-A). Fundamental 

light reaches the sample surface on an incident angle of 45 degrees. 800 nm polarization is 

controlled by a half-wave plate (Thorlabs, AQWP05M-600). Second Harmonic Generation is 

collected and collimated using a f = 50 mm lens (Thorlabs, LBF254-050-A). After passing two 

400 nm bandpass filters (Thorlabs, FBH400-10) and linear polarizer (Thorlabs, LPVISE100-A), 

the signal is measured by a Bialkali Amplified Photomultiplier Tube (PMT) detector (Thorlabs, 

PMM01). Tube voltage is powered by a 1.3 V DC power supply (GW INSTEK, GPD-230S). Upon 

signal collection, it is further processed by a boxcar average (Stanford Research SR200 Series) for 

noise filtering. The gated signal is averaged 1000 times by the boxcar average and sent to a data 

acquisition board, read out by a homebuilt LabVIEW software. The collected voltage signal is 

transformed into SHG counts using the transimpedance gain and responsivity parameter provided 

by the manufacturer. In Figure 2.3, we present the SHG setup with the sample placed in a typical 

three-electrode electrochemical setup. As mentioned in Chapter 3 and 4 in detail, the sample will 

be adapted to meet different experimental purposes, for example, azimuthal-angle-resolved solid-

air SHG, azimuthal-angle-resolved solid-liquid bias-dependent SHG, and in situ EFISH under light 

illumination. 
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Figure 2.3. Second Harmonic generation spectroscopy with sample in a typical three-electrode 

electrochemical setup. 

2.3. In situ Raman spectroscopy 

The in situ Raman spectroscopy is used in chapter 8 with a setup shown in Figure 2.4. This 

home-built Raman system includes a polarized 632.8 nm He-Ne laser source (Thorlabs, 

HNL210LB), silica broadband dielectric mirrors (Thorlabs, BB1-E02) and a 633 nm long pass 

beam splitter (Semrock, LP02-633RE-25) for beam guiding, a 50 × objective (Newport, MLWD-

50X, 0.55 NA, 13 mm working distance) for focusing and Raman collection, a 633 nm single-

notch filter (Semrock, NF03-633E-25) for filtering, and an electron-multiplied charge-coupled 

device (Newton EMCCD, Andor) for signal collection. The sample (electrode) is mounted in a 
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three-electrode electrochemical cell, which sits on a translational stage to adjust the sample to meet 

the focal point of the objective lens. 

 

Figure 2.4. In situ Raman spectroscopy with sample in a typical three-electrode electrochemical 

setup. 
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3 In situ Investigation of Electric Field Distribution on TiO2(100)-electrolyte 

Junction by Azimuthal-Angle-Resolved Second Harmonic Generation 

3.1. Introduction 

Understanding the electric distribution and charge transfer at the solid-liquid interface is 

vital in energy conversion, including charge storage process in battery and supercapacitor, 1-9 

charge transfer process on metal and semiconductor electrode for hydrogen evolution, oxygen 

evolution (HER and OER), 10-19 and CO2 reduction process. 20-24 This requires a surface-specific, 

contactless method to investigate the interfacial structural and electric field information. The 

nonlinear optical second harmonic generation (SHG) technique, a non-linear optical phenomenon 

in which a medium interacts with two incident photons of the same frequency to produce a photon 

with double frequency, is developed as a unique tool to investigate various aspect such as ionic 

adsorption at electrode interface, surface molecular orientation, and interfacial electric field at 

electrode/electrolyte junction. 25-35 More notably, SHG serves as an in situ, non-invasive, and time-

resolved technique without the need for surface modification or damage. In various applications, 

investigating the third-order nonlinear susceptibility contribution (𝜒(3))  induced by the electric 

field is crucial for understanding key properties of the electrode-liquid interface in 

(photo)electrochemical catalysis, such as the potential of zero charge and flatband potential. 25-27, 

32 Nonetheless, directly extracting these values from bias-dependent SHG behavior on a surface 

with a non-negligible second-order susceptibility (𝜒(2)) is challenging. Predicting the potential 

minimum of the electrode-electrolyte junction using the bias-dependent SHG minimum potential 

is not feasible without knowledge of the amplitude ratio and relative phase and difference between 

𝜒(2)  and 𝜒(3) . 27, 28 Hence, it is important to establish the relationship between 𝜒(2)  and 𝜒(3) , 
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particularly on an anisotropic surface, by conducting an azimuthal-angle-resolved bias-dependent 

SHG study. 

TiO2 plays a crucial role in energy conversion process, serving as an effective electron 

transporting layer in dye-sensitized and perovskite solar cells; 36-41 a vital protection layer for III-

V semiconductor photoelectrode; 16, 19, 20, 42 and a photoelectrode itself. 43-45 It can serve as a 

benchmark semiconductor electrode material for our SHG study. This report investigates the bias-

dependent SHG behavior at Niobium (Nb)-doped Rutile TiO2 (100)-electrolyte junction as a 

function of crystal azimuthal angle, defined as the angle between incident plane and TiO2 [001] 

axis, and the combination of light polarization. Rotational anisotropic experiments reveal a two-

fold surface symmetry (C2v) on TiO2 surface under pp, ps, and sp polarizations. Bias-dependent 

SHG experiments are conducted at various representative azimuthal angles and different light 

polarizations at TiO2-electrolyte junction. A quadratic bias-dependent SHG intensity response is 

observed at both positive and negative side of TiO2 flatband potential. Relative phase difference 

and amplitude ratio between the bias-independent and bias-dependent non-linear susceptibility 

contribution have been analyzed in both TiO2 depletion and accumulation region as a function of 

azimuthal angle and polarization. Notably, regardless of the anisotropic surface feature, sp Φ = 0o 

exhibits the best agreement between the SHG signal minimum potential (Vmin) and its flatband 

potential (Vfb). This consistency between Vfb and Vmin is observed across 7 pH units in a pH-

dependent study, showcasing the effectiveness of azimuthal-angle-resolved bias-dependent SHG 

measurement on an anisotropic surface. 
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3.2. Materials and Methods 

3.2.1 Materials 

Nb-doped rutile (100) TiO2 (wt 0.5%) with a dopant concentration of ~1.4× 1020 cm-3 (1 

cm by 1 cm, 0.5 mm thickness, MTI Corporation) is used in our study. The electrode is prepared 

according to a previously reported procedure to expose the (100) surface46. The electrode is further 

photoelectrochemically etched to remove surface states in 0.1 M H2SO4 a 2 V vs Ag/AgCl applied 

bias under a 150 W Xe lamp for 1 h before the bias-dependent SHG and electrochemical 

measurement, following previously reported procedures. 47, 48 

18 MΩ cm Milli-Q water is used as solvent in our electrochemistry experiment. 0.1 M pH 

7 buffer is obtained by adding 1.549 g sodium phosphate dibasic heptahydrate (Macron Chemicals) 

and 0.583 g sodium phosphate monobasic monohydrate (Macron Chemicals) in 100 mL supporting 

electrolyte 1 M NaClO4 (Acros Organics, 99+% for analysis) solution. 10 mL of Citric-phosphate 

buffer solutions of different pH are made by mixing x mL of 0.1 M citric acid (Sigma-Aldrich, 

99.5+%) and y mL 0.2 M of Na2HPO4 (Macron Chemicals) solution containing 1 M NaClO4 

supporting electrolyte following Table S1. Final pHs are measured using a pH meter (Accumet AB 

15). Two batches of pH solutions are used in Figure 3.7, where pH-dependent CV, Mott-Schottky 

and SHG on sp Φ = 0o share the same batch of pH solutions, SHG on pp Φ = 90o uses another batch 

of pH buffer solutions. All solutions used in this study are deoxygenated by purging Ar for 10 mins. 

 

Table 1. Recipe for making 10 mL citric-phosphate buffer solution. 

x mL 0.1 M citric acid y mL 0.2 M Na2HPO4 pH 

10 0 2 

7.96 2.04 3 
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6.14 3.86 4 

4.86 5.14 5 

3.58 6.42 6 

1.28 8.72 7 

0.48 9.52 8 

0 10 9.24 

 

3.2.2 Experimental Method 

A 1 kHz, 35 femtosecond 800 nm pulsed light is used as the fundamental probe of our SHG 

experiment. Fundamental probe is derived from a regenerative amplified Ti: sapphire laser system 

(Coherent Astrella, 800 nm, 5 mJ/pulse, 35 fs pulse width, and 1 kHz repetition rate). The 

fundamental probe power is tuned to be 3 mW by a variable neutral density filter (Thorlabs, NDC-

50C-4M-A) and further focused down to a beam size with a waist of 100 μm at the sample surface 

using a f = 100 mm lens (Thorlabs, LBF254-100-A). Fundamental light reaches the sample surface 

on an incident angle of 45 degrees. 800 nm polarization is controlled by a half-wave plate 

(Thorlabs, AQWP05M-600). Second Harmonic Generation is collected and collimated using a f = 

50 mm lens (Thorlabs, LBF254-050-A). After passing two 400 nm bandpass filters (Thorlabs, 

FBH400-10) and linear polarizer (Thorlabs, LPVISE100-A), the signal is measured by a Bialkali 

Amplified Photomultiplier Tube (PMT) detector (Thorlabs, PMM01). Tube voltage is powered by 

a 1.3 V DC power supply (GW INSTEK, GPD-230S). Upon signal collection, it is further 

processed by a boxcar average (Stanford Research SR200 Series) for noise filtering. The gated 

signal is averaged 1000 times by the boxcar average and sent to a data acquisition board, read out 

by a homebuilt LabVIEW software. The collected voltage signal is transformed into SHG counts 

using the transimpedance gain and responsivity parameter provided by the manufacturer. 
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Angle-resolved, in situ SHG and electrochemical measurements are conducted in a three-

electrode electrochemical cell (modified from Gaoss Union, C031) as shown in Figure 3.3. A Pt is 

used as a counter electrode and Ag/AgCl is used as a reference electrode. TiO2 single crystal is 

ohmic-contact to a gold rod electrode on the unpolished side with Gallium-Indium eutectic (Sigma-

Aldrich, 495425-5G), the whole act as a working electrode in our in situ electrochemical 

experiment. Electrochemical measurements are performed using an SP-240 potentiostat 

(BioLogic). Impedance measurements are measured under 550 Hz Ac frequency with a 0.007 V 

superimposed ac amplitude with negative scan direction. 

Monochromic 360 nm continuous-wave (CW) light is provided by a 365 nm LED 

(Thorlabs, M365 L3) with a 360 nm bandpass filter (Thorlabs, FB360-10, FWHM=10 ± 2 nm). 

The current pass through the LED is controlled by a DC driver (Thorlabs, DC2200).  

TiO2 azimuthal angle is determined using a Rigaku XtaLAB Synergy-S equipped with 

single crystal Bruker APEX II CCD diffractometer in Emory X-ray Crystallography Center. 

3.2.3 Bias-dependent SHG equation derivation 

The intensity of second harmonic generation ((𝐼(2𝜔)) is given by Equation 3.1, 

𝐼(2𝜔) ∝ ∫ (𝝌𝒆𝒇𝒇
(𝟐)
+ 𝝌𝐬𝐜

(𝟑): 𝑬𝑑𝑐−𝑠𝑐(𝑥) + 𝝌𝐥𝐢𝐪
(𝟑): 𝑬𝑑𝑐−𝑙𝑖𝑞(𝑥))

∞

−∞
 𝐼(𝜔)2𝑑𝑥   3.1 

where 𝑬𝑑𝑐−𝑠𝑐(𝑥) and 𝑬𝑑𝑐−𝑙𝑖𝑞(𝑥) stands for the electric field at the semiconductor space charge 

region and liquid double layer as a function of distance, respectively; 𝜒𝑒𝑓𝑓
(2)

 is the second-order 

contribution from semiconductor surface and interfacial electrolyte and 𝜒(3) stands for third-order 

susceptibility; 𝐼(𝜔) is the intensity of fundamental light. The signal is integrated from the bulk 

solution (𝑥 = −∞) to bulk semiconductor side (𝑥 = ∞) to cover the region where electric field 

exist. On n-TiO2 side, 400 nm penetration depth is around 50 μm. 49 The typical space charge 

region width (𝑥 = 𝑤) of our TiO2 crystal is around 14 nm (with 2 V of built-in potential, calculated 
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using Equation 3.2 and dopant densities Nd extracted from Figure 2a). Electric field should be 

integrated from the surface (𝑥 = 0) to the space charge region boundary (𝑥 = 𝑤). 

𝑤 = √
2𝜖𝜖0

𝑒𝑁𝑑
(𝑉 − 𝑉𝑓𝑏)       3.2 

Moreover, the Debye screening length of TiO2 is calculated to be 1.2 nm using equation 

S3, much smaller than the coherence length of 800 nm fundamental light (~9 μm). 800 nm 

fundamental will not be diphase in TiO2, therefore, the real term of 𝜒(3) will dominate the phase 

matching factor as discussed in previous papers. 50, 51 

𝐿𝐷 = √
𝜖𝜖0𝑘𝐵𝑇

𝑒2𝑁𝑑
       3.3 

The total contribution of the DC electric field in the semiconductor side can be written as 

following Equation 3.4 and equals the electrostatic potential drop across the depletion region 

(𝛥Φ𝑠𝑐). 

∫ 𝑬𝑑𝑐(𝑥)𝑑𝑥
𝑤

0
=  Φ𝑤 −  Φ0 = 𝛥Φ𝑠𝑐     3.4 

Likewise, the electric field in the double layer can also be integrated into the double-layer 

potential drop 𝛥Φ𝑙𝑖𝑞. Therefore, the relation between second harmonic generation intensity (𝐼(2𝜔)) 

and potential drop can be written as Equation 3.5: 

𝐼(2𝜔) = |𝑃(2𝜔)|
2
∝  |𝝌𝒆𝒇𝒇

(𝟐)
+ 𝝌𝐬𝐜

(𝟑)𝛥Φ𝑠𝑐 + 𝝌𝐥𝐢𝐪
(𝟑)𝛥Φ𝑙𝑖𝑞|

2

𝐼(𝜔)2  3.5 

Bias-dependent SHGF response can be treated in two parts, where the phase difference of 

each term is illustrated in Figure 3.1. At the semiconductor accumulation region (V𝑎𝑝𝑝 < V𝑓𝑏), 

applied potential differences occur on the liquid side and 𝜒(3) response from the semiconductor 

side vanishes. 27 We use β to describe the relative phase difference between 𝜒𝑒𝑓𝑓
(2)

 and 𝜒liq
(3)𝛥Φ𝑙𝑖𝑞 

term. A quadratic relationship can be written as such: 
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𝐼(2𝜔) ∝ |𝜒𝑒𝑓𝑓
(2)

+𝑒𝑖𝛽𝜒liq
(3)𝛥Φ𝑙𝑖𝑞|

2

𝐼(𝜔)2 

= (|𝜒𝑒𝑓𝑓
(2)
|
2

+ |𝜒liq
(3)(V𝑎𝑝𝑝 − V𝑓𝑏)|

2

+ 2𝑐𝑜𝑠𝛽 𝜒𝑒𝑓𝑓
(2)

 𝜒liq
(3)(V𝑎𝑝𝑝 − V𝑓𝑏))   𝐼(𝜔)

2                    3.6 

At the semiconductor depletion region (V𝑎𝑝𝑝 > V𝑓𝑏 ), the applied potential difference 

resides on the semiconductor side (dV𝑎𝑝𝑝= dΔΦ𝑠𝑐), only 𝜒sc
(3)

 the term is bias-dependent, with the 

potential drop on the liquid side (𝛥Φ𝑙𝑖𝑞) remains unchanged. 52, 53 We use 𝜒𝑏𝑖𝑑 term to include the 

contribution of two bias independent term 𝜒𝑒𝑓𝑓
(2)

 and 𝜒liq
(3)𝛥Φ𝑙𝑖𝑞 and γ to be the phase difference 

between 𝜒𝑏𝑖𝑑 and 𝜒sc
(3)𝛥Φ𝑠𝑐 term. Quadratic relationship can be written as such: 

𝐼(2𝜔) ∝ |𝜒𝑏𝑖𝑑  + 𝑒
𝑖𝛾𝜒sc

(3)𝛥Φsc|
2

𝐼(𝜔)2 

 = (|𝜒𝑏𝑖𝑑|
2 + |χsc

(3)(V𝑎𝑝𝑝 − 𝑉𝑓𝑏)|
2

+ 2 cosγ 𝜒𝑏𝑖𝑑 𝜒sc
(3)(𝑉𝑎𝑝𝑝 − 𝑉𝑓𝑏)  𝐼(𝜔)

2         3.7 
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Figure 3.1. An Argand diagram of Equation 3.6 and 3.7, demonstrates the contribution of each 

term to the total SHG susceptibility in (a) the semiconductor accumulation region and (b) the 

semiconductor depletion region. 

3.3. Results and discussion 

 

Figure 3.2. Azimuthal angle dependence of SHG signal of rutile TiO2 (100) with (a) p in p out, (b) 

p in s out, (c) s in p out and (d) s in s out fundamental and SHG polarization combination. (e) SHG 

signal summarizing (a)-(d) polarization combination. (f) Illustration of experimental condition, 

where azimuthal angle Φ is defined as the angle between incident plane and [001] crystal axis. 

The rotational anisotropy Second Harmonic Generation is first carried out on Nb-doped 

rutile TiO2 (100) surface as illustrated in Figure 3.2, with a fundamental incident angle θ of 45o. 

The azimuthal angle (Φ) is defined as the angle between TiO2 [001] axis and incident plan as 

depicted in Figure 3.2f. This experiment characterizes the solid-air SHG as a function of Φ. A two-

fold symmetry (C2v) in pp, ps, and sp polarization combinations as shown in Figure 3.2a-c, 

consistent with a previous study on the TiO2 (100) surface. 54 In pp and ps polarization, signal 
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minima occur at 0o and 180o, but the signal maxima differ. In pp polarization, the signal maxima 

are 90o and 180o, while in ps polarization, they are at 50o and 230o, with a secondary peak at 140o 

and 320o. Conversely, in sp polarization, the behavior contrasts with that of ps polarization, with 

signal maxima at 0o and 180o, and signal minima at 50o, 140o, 230o and 320o. Notably, ss 

polarization reveals nearly isotropic surface symmetry and lower SHG intensity compared to other 

three polarization combinations we investigated, possibly due to the small in-plane dipole moment 

at Rutile TiO2 (100). This azimuthal dependent characterization of solid-air interface mainly results 

from the collective response of electrons at TiO2 (100) surface in the presence of laser 

electromagnetic field, providing insights into the distribution of electron densities on the surface. 

54 Subsequently, we aim to investigate how the surface electron distribution affects the relationship 

between bias-independent (𝜒eff
(2)

 contribution) and bias-dependent SHG terms (𝜒(3) contribution) 

when the crystal is in contact with electrolyte and under applied potential, where a DC electric 

field exist across the junction. 
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Figure 3.3. Schematic of in situ azimuthal-angle-resolved SHG setup. Inset illustrates the band 

alignment of semiconductor-electrolyte junction under semiconductor flatband (black), depletion 

(red), and accumulation (green) region conditions.   

As shown in Figure 3.3 inset, when applied potential is more positive (Vapp > Vfb) or more 

negative (Vapp < Vfb) than flatband potential, n-type TiO2 (100) is in the depletion or the 

accumulation region, respectively. In the semiconductor depletion region, a spatially varying 

electrostatic potential profile is formed mainly in the semiconductor space charge region (SCR). 

In semiconductor accumulation region, the spatially varying electrostatic potential profile is 

formed mainly in solution double layer. 27, 55 The formation of the electric field at the 

semiconductor/electrolyte junction will interact with the fundamental laser pulses and contribute 

to the Second Harmonic Generation process. This provides a direct probe of the interfacial electric 

field in the semiconductor/electrolyte junction. 27, 29-33, 56, 57 With the involvement of an electric 

field, the relationship between second harmonic generation (SHG) intensity (𝐼(2𝜔)) and potential 

profile can be written as Equation 3.8a and b: 

𝐼(2𝜔) ∝ |𝜒eff
(2) + 𝑒𝑖𝛽𝜒liq

(3)𝛥Φ𝑙𝑖𝑞 + 𝑒
𝑖𝛼𝜒sc

(3)𝛥Φ𝑠𝑐|
2

𝐼(𝜔)2      3.8 

     = |𝜒𝑒𝑓𝑓
(2) + 𝑒𝑖𝛽𝜒liq

(3)(V𝑎𝑝𝑝 − V𝑓𝑏)|
2

𝐼(𝜔)2     (V𝑎𝑝𝑝 < V𝑓𝑏)  3.8a 

      = |𝜒𝑏𝑖𝑑 + 𝑒
𝑖𝛾𝜒sc

(3)(V𝑎𝑝𝑝 − V𝑓𝑏)|
2

𝐼(𝜔)2     (V𝑎𝑝𝑝 > V𝑓𝑏)   3.8b 

The detailed derivations of Equation 3.8a and 3.8b are provided in Section 3.2.3. In 

Equation 3.8a and 3.8b, 𝜒𝑒𝑓𝑓
(2)

 is the second order susceptibility which contains the contribution 

from solid surface and interfacial electrolyte layers; 𝜒sc
(3)

 and 𝜒liq
(3)

 are third-order response arising 

from the DC electric field, at the semiconductor SCR and electrolyte double layer, respectively; 

Vapp and Vfb are the applied bias at the semiconductor back contact and flatband potential of the 



38 

 

semiconductor verse reference electrode (Ag/AgCl in this study), respectively; 𝛥Φ𝑠𝑐 and 𝛥Φ𝑙𝑖𝑞 

are the electrostatic potential drop at semiconductor depletion region and solution double layer, 

respectively, with 𝛥Φ𝑠𝑐 = V𝑎𝑝𝑝 − V𝑓𝑏 in the semiconductor depletion region and 𝛥Φ𝑙𝑖𝑞 = V𝑎𝑝𝑝 −

V𝑓𝑏 in the accumulation region; α and β are the relative phase difference between 𝜒𝑒𝑓𝑓
(2)

 and 𝜒sc
(3)

, 

𝜒liq
(3)

 , respectively; γ is the phase difference between 𝜒𝑠𝑐
(3)

 and 𝜒𝑏𝑖𝑑, the effective susceptibility of 

first two bias-independent term in Equation 3.8 when Vapp > Vfb. From Equation 3.8a and 3.8b, a 

piecewise quadratic relationship between SHG intensity and applied potential is established at both 

sides of the flatband potential. 

The accuracy of predicting the semiconductor’s Vfb based on the bias-dependent SHG 

minimum, as indicated by Equation 3.6a and 3.6b, depends on the relative phase difference (β and 

γ) between the bias-dependent and bias-independent terms and their relative amplitude 𝜒𝑏𝑖𝑑/𝜒𝑏𝑑. 

Vmin = Vfb occurs only when the relative phase difference (β and γ) is 90o, eliminating the cross 

term, or when 𝜒𝑏𝑑 ≫ 𝜒𝑏𝑖𝑑 , that allows ignoring of the bias-independent contribution. 27 These 

conditions are typical unmet, particularly on an anisotropic surface where 𝜒𝑒𝑓𝑓
(2)

 is not negligible. 

In this study, we employ an in situ azimuthal-angle-resolved SHG technique to investigate the 

connection between azimuthal angle, laser polarization, and SHG intensity. 
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Figure 3.4. (a) Mott-Schottky experiment of rutile TiO2 (100) electrode using 550 Hz AC 

frequency and 7 mV amplitude of AC bias perturbation under negative scan direction. (b) 

Representative cyclic voltammetry during SHG process with a scan rate of 3.5 mV/s in 0.1 M pH 

7 phosphate buffer solution containing 1 M Na4ClO4 supporting electrolyte. 

In this homodyne detection scheme, it’s crucial to accurately determine the value of Vfb to 

extract information regarding relative phase and non-linear susceptibility. We perform a Mott-

Schottky measurement on TiO2 electrode to determine the Vfb, where the capacitance-voltage 

response is independent on the TiO2 (100) crystal angle. This experiment is conducted in a 0.1 M 

pH 7 phosphate buffer solution (1 M Na4ClO4 as the supporting electrolyte) within the same 

electrochemical cell for the subsequent bias-dependent SHG experiment. As depicted in Figure 

3.4a, the flatband potential of the electrode can be determined using the following relation: 27, 53, 

58-60 

   
𝐴2

𝐶𝑠
2 =

2

𝑞𝜀𝜀0𝑁𝑑
(𝑉 − 𝑉𝑓𝑏 −

𝑘𝑇

𝑞
)            3.9 

Here, 𝑁𝑑,  𝐶𝑠, and A denote the dopant density of semiconductor, interfacial capacitance, 

and electrode area, respectively; q represents the elementary charge; 𝜀0  and 𝜀  are the dielectric 

constant of free space and relative dielectric constant of the semiconductor, respectively; k is the 

Boltzmann’s constant; T is the temperature. Under the assumption that majority of the electrostatic 

potential difference across the junction occurs in the semiconductor SCR (𝛥Φ𝑠𝑐 ≫ 𝛥Φ𝑙𝑖𝑞) in the 

presence of a high ionic strength electrolyte, 53, 59, 61 the flatband potential of the semiconductor is 

calculated to be -0.94± 0.006 V vs Ag/AgCl. The obtained dopant density is around 1.35× 1020 

cm-3, which is closely corresponds to the value specified by the manufacturer (0.5% Nb dopant 

equates to ca. 1.4 × 1020 cm-3 dopant concentration). The flatband potential value will serve as a 

fixed fitting parameter in Equation 3.6a and 3.6b in the subsequent analysis. 
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Azimuthal-angle-resolved bias-dependent SHG measurements are further carried out using 

the same TiO2 used for Mott-Schottky measurement. In the setup shown in Figure 3.3, the back 

side of rutile TiO2 (100) makes ohmic contact with a gold rod electrode in a perpendicular manner, 

serving as the working electrode of a three-electrode system. The crystal azimuthal angle can be 

adjusted by rotating the rod electrode, and a continuous rotation mount is fixed on the working 

electrode to record changes in the TiO2 azimuthal angle. For pp and ss polarization, we selected 

two typical Φ values, 0o and 90o. For ps and sp polarization, we chose four typical Φ of 0o, 50o, 

90o, and 140o, due to their more intricate surface symmetry, as illustrated in Figure 3.2b and c.  

In situ bias-dependent SHG measurements are performed under cyclic voltammetry (CV) 

conditions, employing a slow scan rate of 3.5 mV/s spanning from -1.325 to 1.225 V. As illustrated 

in the representative CV at sp Φ = 0o under SHG conditions (Figure 3.4b), negligible current is 

observed when Vapp > Vfb, this indicates that the electrode is in a depletion region, and fundamental 

pulses do not excite the semiconductor through multi-photon absorption process. On the negative 

side of flatband potential, some redox features are observed, which we will discuss in the following 

section. In Figure 3.5, we employ Equation 3.8a and 3.8b to fit the bias-dependent SHG data, 

utilizing Vfb obtained from Mott-Schottky shown in Figure 3.4 as a boundary condition. Data 

collected from both negative and positive scan directions are analyzed as no hysteresis between 

different scan directions is observed. The bias-dependent SHG results reveal several notable 

features. First, at azimuthal angles where dry film SHG signal are minimal, such as, pp Φ = 0o, 

and ps Φ = 0o, 90o, 𝜒𝑠𝑐
(3)

 term is also smaller compared to angles with a amore significant dry film 

SHG contribution, like pp Φ = 90o, and ps Φ = 50o, 140o. Furthermore, p-polarized SHG output 

dominants regardless of s and p fundamental input. This phenomenon may stem from the electric 
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field direction in TiO2 SCR better aligns with the p polarization. The fitting results from both the 

depletion and accumulation regions are summarized in Table 2 and Table A1.  

 

Figure 3.5. Azimuthal angle dependent SHG response as a function of applied potential in pH 7 

buffer solution with (a) p in p out; (b) p in s out; (c) s in s out and (d) s in p out polarization 

combination. The green and red part indicate the semiconductor accumulation and depletion region, 

respectively, using the Vfb extracted from impedance measurement. 

For a clearer understanding of the impact of azimuthal angle and light polarization on SHG 

intensity, we plot the relative phase difference between TiO2 𝜒𝑏𝑖𝑑 and 𝜒𝑠𝑐 γ, along with the non-

linear susceptibility ratio 𝜒𝑏𝑖𝑑/𝜒𝑠𝑐, as functions of Φ and light polarization in Figure 3.6. Under 
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several conditions, it was observed that combinations such as pp Φ = 0o, sp Φ = 0o, and ss Φ = 90o 

exhibit a γ value of approximately 90o. Nevertheless, in the case of pp Φ = 0o and ss Φ = 90o, the 

bias-independent term contribution is excessively large, with a  𝜒𝑏𝑖𝑑/𝜒𝑏𝑑 of 5.95 ± 0.68 and 4.08± 

0.16, respectively. Consequently, this results in a lower R2 value for the fitting and a wider data 

error range, even if the obtained SHG signal minimum potential closely approaches the 

semiconductor flatband potential. In the case of other combinations, such as ps Φ = 50o, 140o, and 

sp Φ = 50o, 90o, although 𝜒𝑏𝑖𝑑 /𝜒𝑏𝑑  values smaller than 0.4 can be achieved, they are not 

sufficiently small to be disregarded. With a deviation of relative phase from 90o, Vfb and Vmin still 

do not match. It is worth noting that with ss polarization, despite the dry film SHG exhibiting a 

nearly isotropic dry film SHG response, there remains a distinction in bias-dependent SHG 

behavior between Φ = 0o and Φ = 90o. Specifically, Φ = 0o shows no bias-dependency, while Φ = 

90o exhibits a bias-dependent behavior with a relatively small  𝜒𝑠𝑐
(3)

  compared to 𝜒𝑏𝑖𝑑 . This 

phenomenon may be attributed to the interaction between TiO2 and solution ions (HPO4
2- and 

H2PO4
2-), resulting in the formation of a single-atom monolayer that causes a subtle change in 

surface dipole moment. The slight change does not significantly impact polarizations with a strong 

intrinsic surface anisotropic dipole moment but has a substantial effect on polarizations that are 

inherently weak, such as s-in-s-out. In summary, we deduce that the minimum SHG response 

potential Vmin
 under an azimuthal angle of 0o with sp polarization provides the best prediction for 

the flatband potential Vfb. 
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Figure 3.6. Summary of (a) relative phase difference and (b) amplitude ratio between 𝜒𝑠𝑐
(3)

 and 

bias-independent non-linear susceptibility. Dash line in (a) indicates γ = 90o values.  

Similar results are obtained from the analysis from the TiO2 accumulation region. 

Specifically, sp Φ = 0o exhibits the closest match between Vmin and Vfb, albeit with a larger data 

error range and smaller R2. This limitation arises primarily from the constrained potential range 

(350 mV potential window) designed to prevent H2 generation from TiO2 surface, which could 

otherwise impact SHG collection efficiency. Interestingly, we observed that 𝜒𝑙𝑖𝑞
(3)

 is comparable to 

or even larger than 𝜒𝑠𝑐
(3)

 across most of the tested angles and light polarizations (Table A1). The 

dependence of the solution third-order nonlinear susceptibility 𝜒𝑙𝑖𝑞
(3)

 on the crystal angle can be 

attributed to variations in surface molecule, including adsorbates and surface water dipole 

moments as the orientation of an anisotropic surface changes. 25 It is important to acknowledge 

that our bias-dependent analysis at TiO2 accumulation region is subject to inaccuracies, primarily 

due to the restricted potential range we employed. To achieve a more precise analysis of 𝜒𝑙𝑖𝑞
(3)

 as a 

function of substrate crystal angle, it is advisable to perform such investigation under non-aqueous 

conditions with a wider potential window. This would allow for a comprehensive study of surface 
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ion adsorption and double-layer electric field distribution. However, this is beyond the scope of 

our current study and will be the focus of our future research. 

Table 2. Fitting parameters of bias-dependent SHG response using Equation 3.6b at different 

substrate azimuthal angles and light polarizations. 

Polarization Φ Vmin (V vs Ag/AgCl) 𝜸 (degree) 𝝌𝒃𝒊𝒅/𝝌𝒔𝒄
(𝟑)

 R2 

pp 

0 -0.95 ± 0.25 89.83 ± 2.39 5.95 ± 0.68 0.7806 

90 -1.13 ± 0.02 81.50 ± 0.84 1.34 ± 0.01 0.9990 

ps 

0 N/A 

50 -0.81 ± 0.01 109.94 ± 1.63 0.36 ± 0.02 0.9985 

90 -1.27 ± 0.43 79.96 ± 11.93 1.90 ± 0.29 0.7684 

140 -0.82 ± 0.02 105.97 ± 1.88 0.42 ± 0.02 0.9980 

sp 

0 -0.94 ± 0.01 89.23 ± 2.14 0.38 ± 0.02 0.9991 

50 -0.86 ± 0.02 99.57 ± 1.95 0.44 ± 0.02 0.9983 

90 -0.91 ± 0.01 95.66 ± 2.22 0.25 ± 0.02 0.9993 

140 -1.00 ± 0.04 86.20 ± 2.28 0.92 ± 0.02 0.9948 

ss 

0 N/A 

90 -0.87 ± 0.08 90.99 ± 1.14 4.08 ± 0.16 0.9636 

To further assess the effectiveness of bias-dependent SHG in reflecting the semiconductor 

built-in potential, we conduct SHG, CV, and Mott-Schottky experiments in solutions with different 

pH levels, as illustrated in Figure 3.7 and A3.2. Figure 3.7a displays the CV results, revealing two 

pairs of “redox” features in superimposed on water reduction current when Vapp< Vfb. The exact 

nature of these “redox behaviors” remains a subject of debate. One possibility is that they arise 

from the reduction of Ti (IV) to Ti (III), followed by a subsequent reduction to Ti (II). 62, 63 Other 
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studies have also noted the specific ion adsorption/desorption on metal oxide/hydroxide electrodes 

can result in additional CV features. 64, 65 In our case, this is also highly likely given that both 

phosphate and citrate anions in our electrolyte can acts as a specific adsorbate on TiO2. However, 

definitively determining the electrochemical nature of “redox” features falls outside the scope of 

our study. As a tentative designation, we label them as the first and second oxidation and reduction 

peaks based on their proximity to the TiO2 flatband potentials. The peak positions of first and 

second redox peak potentials are extracted from the plot of the current density derivatives plotted 

as a function of applied potential (Figure A3.1). Intriguingly, these peak potentials also exhibit pH 

dependence, with slopes of 63.8 ± 2.4 (E1st ox), 60.5 ± 2.1 (E2nd ox), 60.2 ± 2.0 (E1st red), and 54.7 ± 

1.8 (E2nd red) mV/pH as shown in Figure 3.7c. These values are close to the Nernstian behavior 

value of 59 mV/pH. These redox peak potentials are believed to be pH-sensitive, despite various 

arguments regarding their electrochemical nature. Mott-Schottky analysis of TiO2 (100) revealed 

a pH-dependent Vfb value from pH 1.8 to 8.5, with a slope of 65.5 ± 1.1 mV/pH as summarized in 

Figure 3.7d. Furthermore, we conduct bias-dependent SHG experiments on the same electrode 

under various pH buffer solutions. Two typical azimuthal angles and light polarizations (pp Φ = 

90o and sp Φ = 0o) are selected to investigate their pH-dependent behaviors, as depicted in Figure 

A3.2. A quadratic function is used to fit and extract the minimum bias-dependent response in TiO2 

depletion region, as summarized in Figure 3.7d. In the sp Φ = 0o dataset, Vmin exhibits a pH-

dependent change with a slope of 69.5 ± 3.9 mV/pH, consistent with the Vfb values extracted from 

capacitance analysis. This finding aligns with conclusion of the previous angle-resolved 

measurement, where it is observed that 𝜒𝑏𝑖𝑑 and 𝜒𝑠𝑐
(3)

 are orthogonal to each other. It is noteworthy 

that the slope values obtained from both impedance and SHG measurements deviate from the 

Nernstian behavior, which predicts a flatband potential dependence on pH of 59 mV/pH. 58-60 This 
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can be attributed to the “discreteness of surface charge adsorption” effect, 66, 67 where the surface 

adsorbates impact the Helmholtz layer potential drop, leading to a slope greater than 59 mV/pH. 

It is reasonable to consider such an effect in our study, especially since both phosphate and citrate 

anions can specifically adsorb on TiO2 surfaces. In the pp Φ = 90o dataset, although Vmin also shows 

a pH-dependent behavior, there is an offset of ca. -300 mV observed between Vmin and Vfb, with a 

more positive slop of 75.2 ± 2.1 mV/pH. This discrepancy arises from the non-negligible 𝜒𝑏𝑖𝑑 term 

and non-orthogonal angle γ measuring 81.50 ± 0.84o. The steeper pH dependent Vmin slope can be 

attributed to variation in 𝜒𝑏𝑖𝑑  and γ, stemming from the alterations in in 𝛥Φ𝑙𝑖𝑞  at different pH 

solutions. 55, 66  

 

Figure 3.7. pH dependent (a) cyclic voltammetry and (b) Mott-Schottky of rutile TiO2 (100). (c) 

Oxidation and reduction peak potential plotted as a function of pH extracted from (a). (d) Summary 
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of flat-band potential (Vfb) extracted from (b) and potential of minimum (Vmin) extracted from 

Figure A3.2 plotted as a function of pH. Cyclic voltammetry is measured under scan rate of 

3.5mV/s, capacitance is measured under 550 Hz 7mV AC voltage perturbation. Experiments are 

done in citric-phosphate buffer with pH varying from around 2 to 9. 

By deconvoluting the contributions of 𝜒𝑏𝑖𝑑 and 𝜒𝑠𝑐
(3)

, this bias-dependent SHG method can 

serve as a powerful tool for delving into probing the semiconductor’s Fermi-level change in 

addition to investigating its flatband potential.  As shown in Figure 3.8a, SHG response of TiO2 

under different light illumination intensity is monitored under different 360 nm light illumination 

intensities while holding the electrode under open circuit potential (OCP) condition. SHG intensity 

decreased upon the excitation of TiO2 electrode. This is because electron density accumulates in 

TiO2 SCR upon photo illumination, leading to a decrease of built-in potential. 68-71 Subsequently, 

the Fermi-level position of TiO2 can be calculated using the quadratic fitting function Equation 3.8 

of its dark response as shown in Figure A3.3. The OCP values extracted from SHG are summarized 

in Figure 3.8b, showing a good accordance with OCP measured by potentiostat. The error bar of 

SHG OCP value mainly arises from the CW illumination light scattering into the detector. Apart 

from the experiments showcased in Figure 3.8, this bias-dependent SHG technique also serves as 

a powerful in-situ, and essentially time-resolved method to probe electrostatic potential changes 

in semiconductors. Phenomena like light-induced Fermi-level pinning effect on TiO2 can be 

investigated using this technique, which will be communicated in a subsequent chapter.  



48 

 

 

Figure 3.8. (a) SHG intensity of TiO2 measured under different power densities of 360 nm CW 

light illumination with electrode held at open circuit condition. (b) Illumination power density 

dependent OCP values measured by potentiostat (red) and by SHG (blue) calculated from the dark 

response fitting curve as shown in Figure A3.3. OCP experiments are conducted in a pH 7 1 M 

NaClO4 solution as electrolyte.   

3.4. Conclusion 

In summary, this study presents a systematic, in situ azimuthal-angle-resolved Second 

Harmonic Generation investigation at the interface between single crystal rutile TiO2 (100)-

electrolyte junction. This research explores how TiO2 crystal angle and light polarization impact 

the bias-dependent SHG response on TiO2-liquid junction using an angle-resolved electrochemical 

setup.  The potential drop in semiconductor and solution double layer side is observed on both 

sides of TiO2 flatband potential. We analyze the relative phase difference and amplitude ratio 

between bias-independent and bias-dependent susceptibility in both semiconductor depletion and 

accumulation regions. We discovered that variations in azimuthal angle and light polarization have 

a significant impact on the ability of SHG signal minimum potential Vmin to predict the 

semiconductor flatband potential Vfb. The most accurate prediction is achieved with Φ = 0o and sp 
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polarization. The strong correlation between Vmin and Vfb at this angle is further validated through 

the pH-dependent experiment. This study underscores the importance of considering the surface 

crystal angle when conducting bias-dependent SHG to measure flatband potential values of 

semiconductor electrode on a surface with anisotropic symmetry.  

Appendix Chapter 3 

Supplementary Results 

Table A1. Fitting parameters of bias-dependent SHG response using Equation 3.8a at different 

substrate azimuthal angles and light polarizations, 𝝌𝒔𝒄
(𝟑)

/𝝌𝒍𝒊𝒒
(𝟑)

 is obtained using the 𝝌𝒔𝒄
(𝟑)

 value from 

Table 2 

Polarization Φ Vmin (V vs Ag/AgCl) 𝜸 (degree) 𝝌𝒆𝒇𝒇
(𝟐)

/𝝌𝒍𝒊𝒒
(𝟑)

 𝝌𝒔𝒄
(𝟑)

/𝝌𝒍𝒊𝒒
(𝟑)

 R2 

pp 

0 -0.94 ± 0.09 89.10 ± 6.07 0.86 ± 0.21 0.14 ± 0.03 0.8131 

90 -1.06 ± 0.03 83.18 ± 2.50 1.07 ± 0.19 0.79 ± 0.14 0.6173 

ps 

0 N/A 

50 -0.58 ± 0.46 180 ± 105.38 0.35 ± 0.15 1.03 ± 0.44 0.9270 

90 N/A 

140 -0.28 ± 2.00 136.84 ± 116.42 0.90 ± 1.06 1.96 ± 2.31 0.7963 

sp 

0 -0.94 ± 0.11 89.3 ± 12.35 0.54 ± 0.17 1.30 ± 0.40 0.7486 

50 -0.86 ± 0.09 106.67 ± 17.74 0.27 ± 0.05 0.60 ± 0.10 0.9547 

90 -0.94 ± 0.04 88.54 ± 8.69 0.24 ± 0.03 0.71 ± 0.07 0.9693 

140 -1.00 ± 0.05 79.73 ± 9.31 0.35 ± 0.06 0.36 ± 0.06 0.8224 

ss 

0 N/A 

90 -1.01 ± 0.07 86.70 ± 3.88 1.33 ± 0.38 0.33 ± 0.09 0.5888 
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Figure A3.1. Current density derivatives as a function of applied potential at TiO2-electrolyte 

junction at different pH. Reduction/oxidation peak positions are determined either from the 

dJ/dV=0 potential (when there is a peak) or from the d2J/dV2=0 potential (shoulder peak). 

 

 

Figure A3.2. Bias-dependent SHG of TiO2-electrolyte junction in different pH solutions at (a) pp 

Φ = 90o and (b) sp Φ = 0o light polarization and TiO2 azimuthal angle. 
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Figure A3.3. Bias-dependent SHG of TiO2-electrolyte junction in pH 7 1 M NaClO4 solution 

without 360 nm CW illumination. The quadratic fitting curve is used as a calibration curve to 

calculate the OCP potential from the SHG intensity change at different illumination power density 

depicted in Figure 3.8. The SHG is measured at sp Φ = 0o light polarization and TiO2 azimuthal 

angle. 
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4 Direct Operando Observation of Surface Charge Build-up on TiO2 

Photoanode Under Water Oxidation Conditions by EFISH  

4.1. Introduction 

Photoelectrochemical water splitting is an important way to achieve artificial 

photosynthesis, in which solar energy is converted into chemical energy stored in H2 fuels. The 

overall water splitting reaction is composed of oxygen evolution reaction (OER) on the anode and 

H2 evolution reaction (HER) on the cathode; the OER is typically the kinetic bottleneck due to the 

four-electron-transfer process and sluggish water oxidation rate at most commonly used metal 

oxide electrodes. 1-3 Various strategies have been adopted to increase the water oxidation efficiency 

at photoanode materials, which is usually characterized by incident photon to current conversion 

efficiency (IPCE). IPCE is determined by the product of quantum efficiencies of a series of steps, 

i.e. 𝐼𝑃𝐶𝐸 = 𝜙𝑎𝑏𝑠 × 𝜙𝐶𝑆 × 𝜙𝑐𝑎𝑡, where the incident photons absorption efficiency (𝜙𝑎𝑏𝑠) is the 

fraction of incident photons absorbed by the photoelectrode; the charge separation quantum 

efficiency (𝜙𝐶𝑆) is the fraction of the photo-generated minority carriers that reach the surface; and 

the surface catalysis efficiency (𝜙𝑐𝑎𝑡) is the fraction of surface minority carrier that proceeds with 

OER reaction, as shown in the following equation. 4-7 The photons absorption efficiency 𝜙𝑎𝑏𝑠 can 

be improved by coupling light sensitizer to photoelectrodes. 4, 8 𝜙𝐶𝑆 can be increased by several 

strategies: doping engineering can increase the minority charge mobility and carrier lifetime; 9-11 

nanostructure engineering can effectively shorten the carrier diffusion length and reaction surface 

area; 5, 12 heterojunction construction can increase the built-in field for charge separation. 7, 13-15 

Finally, 𝜙𝑐𝑎𝑡 can be increased by deposition of surface catalysts. 5, 16-19  

One of the most important parameters of semiconductor/liquid junctions is the band-

bending (or built-in potential) in the semiconductor spacer layer region that drives charge 
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separation and suppress charge recombination. However, due to the sluggish rate for many solar 

fuel forming reactions, including water oxidation, the photogenerated minority carriers accumulate 

at the semiconductor surface and alter the potential distribution across the semiconductor/liquid 

junction, which is called ‘band flattening’ or ‘light-induced Fermi level pinning’. 7, 20-22 The surface 

minority carrier accumulation lead to the reduction of built-in potential in semiconductor Δ𝑉𝑏𝑖 and 

the increase of potential drop in Helmholtz layer Δ𝑉𝐻. The surface trapped minority carriers have 

been characterized in various photoelectrodes by electrochemical measurement including 

electrochemical impedance spectroscopy (EIS), 23-27 IMPS, 6 electroreflectance, 28 and 

photocurrent analysis. 29-31 However, the origin of light-induced Fermi level pinning, the chemical 

nature of the surface trapped hole, and how it will impact the photoelectrochemical charge 

separation behavior are still not well understood. For example, Memming et al suggest that surface 

states not only act as a recombination center, but also provide charge transfer pathways to redox 

couples in the electrolyte. 29-31 Bockris et al measures the capacitance of surface states and argue 

that the measured surface states originate from the ion adsorption from the solution and act as 

faradaic mediators. 32 Peter et al, Leng et al, and Kuhne et al believe that the increased potential 

drop at the Helmholtz layer Δ𝑉𝐻 due to the minority carrier accumulation at the surface increases 

the charge transfer rate constant 𝑘𝑐𝑡.
 26, 27, 33, 34 More recently, there have been many reports of 

improved water oxidation performance of photoanodes by adding catalyst layers, but the 

mechanism of the improvement remains unclear. 2, 35-50 Some have argued that the application of 

metal oxide coating or surface catalyst such as CoPi to the surface suppress the surface 

recombination by increasing the band bending or passivating the defect cites, which increases both 

charge separation 𝜙𝐶𝑆  and catalysis efficiency 𝜙𝑐𝑎𝑡 , investigated by photoinduced absorption 

spectroscopy, impedance spectroscopy, and intensity-modulated photocurrent spectroscopy 
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(IMPS). 2, 35-40 Others believes application of co-catalyst essentially accelerates the catalysis 

efficiency 𝜙𝑐𝑎𝑡 acting as a hole collector and an active OER catalyst, demonstrated by potential 

sensing techniques, and other photoelectrochemical characterization. 41-47 

Therefore, it is of significance to investigate the light-induced Fermi level pinning at 

semiconductor/electrolyte catalytic junction and understand the electrochemical behavior of 

surface states, particularly in an in situ/operando manner. Several techniques have been developed 

for investigating the potential/electric field at (photo)catalytic interface. For instance, Kelvin probe 

force microscopy is widely utilized to map the surface voltage in nanoscale photocatalytic structure. 

51-54 Nonetheless, it necessitates close contact between the probe and material, rendering it 

infeasible to operate under in situ/operando catalytic conditions. A more recent development 

involves a dual-working electrode for in situ probing of surface potential of semiconductor 

electrode or surface co-catalyst. 55-59 However, this method typically mandates an ion-permeable 

ohmic contact between the working electrode and the probe electrodes, which may alters the 

surface properties. Vibrational optical methods like sum-frequency generation60, 61 or Raman 

spectroscopy62, 63 are developed to measure the electric field at electrode/photoelectrode surface 

by detecting changes in surface molecules’ vibrational frequency under varying applied potentials. 

Nevertheless, these methods still necessitate surface molecular modification, which might 

potentially alter the junction, especially the properties related to surface trap states. 64-66 Hence, the 

necessity for a surface noninvasive, in situ/operando electric field sensitive method emerges to 

investigate the trap state related light-induced Fermi-level pinning effect.  

The non-linear optical second harmonic generation (SHG) technique offers a distinctive 

advantage in characterizing electric field at solid-air interfaces67-69 and electrode/electrolyte 

junctions21, 70-74 without necessitating surface modification. Moreover, SHG can be employed 
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under (photo)electrocatalytic in situ/operando conditions and is essentially a time-resolve 

technique. 21, 67-69, 75 In this work, we report using the electric field induced second harmonic 

generation (EFISH) as a probe to specifically measure the operando built-in potential drop in a 

rutile (100) TiO2 photoanode under different illumination conditions. Light-induced Fermi-level 

pinning at the semiconductor/electrolyte junction is observed due to photogenerated hole 

accumulation. The relationship between built-in potential screening and minority carrier 

accumulation is established. Kinetic isotope measurements indicate PCET to be the OER rate-

determining step on TiO2. The chemical nature of the surface accumulated holes and the effect of 

electrolyte on light-induced Fermi level pinning is further discussed. We believe that EFISH probe 

of Fermi-level pinning can be a general technique applicable to other PEC photoelectrodes. 

4.2. Materials and Methods 

Rutile TiO2 (100) single crystal electrode, surface cleaning method and EFISH 

methodology in the chapter are same as what’s mentioned in Chapter 3, section 3.2.1 and 3.2.2. 

Aqueous solutions are used in the experiments in this work, where 18MΩ cm Milli-Q water 

is used as H2O solvent, deuterium oxide (Aldrich Chemistry) is used as D2O solvent. H2O is used 

as the solvent by default unless otherwise mentioned. 1 M NaClO4 (Acros Organics, 99+% for 

analysis) is used as supporting electrolyte. 0.1 M pH 7 phosphate buffer is obtained by adding 

1.549 g sodium phosphate dibasic heptahydrate (Macron Chemicals) and 0.583 g sodium 

phosphate monobasic monohydrate (Macron Chemicals) in 100 mL 1 M NaClO4 solution. pH 12.7 

solution is obtained by titrating 1 M NaClO4 with 1 M NaOH (Macron Fine chemicals) solution 

until pH reaches 12.7. Sodium chloride (Macron Chemicals), sodium sulfite anhydrous (Fisher 

Scientific), hydrogen peroxide solution (Sigma-Aldrich, 30 wt. % in H2O), formic acid (Fisher 
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Scientific, 88%), and sodium sulfite (Sigma-Aldrich, ACS reagent) are used as solute for different 

control experiments. 

The illumination source used in this chapter is monochromic 360 nm continuous-wave 

(CW) light, provided by a 365 nm LED (Thorlabs, M365 L3) with a 360 nm bandpass filter 

(Thorlabs, FB360-10, FWHM=10 ±  2 nm). The LED is controlled by a DC driver (Thorlabs, 

DC2200). The 360 nm CW light illuminates the sample at a normal angle of incident with a beam 

area of 0.055 cm2, overlapping with the 800 nm fundamental probe. 

In-situ EFISH and electrochemical measurements are conducted in a three-electrode 

system as shown in Figure 4.1, using a graphite electrode as a counter electrode and Ag/AgCl as a 

reference electrode. Detail experimental setup is described in Section 2.3. Electrochemical 

measurements are performed using a CHI 660e electrochemical workstation (CH Instruments). 

Impedance measurements are measured under the negative scan direction with a 550 Hz AC 

frequency with a 0.005 V amplitude.   

4.3. Results and Discussions 

4.3.1 Operando EFISH of TiO2 under illumination 

Bias-dependent Second Harmonic Generation (SHG) is conducted using a setup shown in 

Figure 4.1, where the TiO2 single crystal is placed is a specific azimuthal angle depicted in the 

figure inset. The relationship between second harmonic generation (SHG) intensity (𝐼(2𝜔)) and 

applied potential Vapp has been demonstrated in a previous chapter 3 and is given by Equations 

3.8a and 3.8b, 

𝐼(2𝜔) ∝ |𝜒eff
(2) + 𝑒𝑖𝛽𝜒liq

(3)𝛥Φ𝑙𝑖𝑞 + 𝑒
𝑖𝛼𝜒sc

(3)𝛥Φ𝑠𝑐|
2

𝐼(𝜔)2      3.8 

     = |𝜒𝑒𝑓𝑓
(2) + 𝑒𝑖𝛽𝜒liq

(3)(V𝑎𝑝𝑝 − V𝑓𝑏)|
2

𝐼(𝜔)2     (V𝑎𝑝𝑝 < V𝑓𝑏)  3.8a 
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      = |𝜒𝑏𝑖𝑑 + 𝑒
𝑖𝛾𝜒sc

(3)(V𝑎𝑝𝑝 − V𝑓𝑏)|
2

𝐼(𝜔)2     (V𝑎𝑝𝑝 > V𝑓𝑏)   3.8b 

In Equation 3.8, 𝜒𝑒𝑓𝑓
(2)  is the second-order susceptibility which includes the contribution 

from solid surface and interfacial electrolytes; ( 𝜒sc
(3)

and 𝛥Φ𝑠𝑐) and( 𝜒liq
(3)

 and 𝛥Φ𝑙𝑖𝑞 ) are the third-

order susceptibility and potential drop at the semiconductor space charge region (SCR) and 

electrolyte double layer (EDL), respectively, that give rise to the EFISH contributions; Vapp and 

Vfb  are the applied potential at the semiconductor back contact and flatband potential of the 

semiconductor verse reference electrode (Ag/AgCl in this study), respectively; α and β are the 

phase differences between 𝜒𝑒𝑓𝑓
(2)

  and 𝜒sc
(3)

 , 𝜒liq
(3)

  , respectively; From Equation 3.8, a piecewise 

quadratic relationship between SHG intensity and applied potential is established at both sides of 

the flatband potential.   At the negative side of Vfb, the accumulation region, Equation 3.8 is 

simplified to Equation 3.8a, in which 𝜒liq
(3)

 term is bias dependent and 𝜒sc
(3)

 term vanishes. 74  At the 

positive side of Vfb (Vapp > Vfb), the depleition region, Equation 3.8 is simplified to Equation 3.8b,  

in which only the 𝜒sc
(3)

 term is bias dependent, 𝛥Φ𝑙𝑖𝑞 is independent on the potential, 76, 77 and γ is 

the phase difference between 𝜒𝑠𝑐
(3)

 and bias-independent term 𝜒𝑏𝑖𝑑. It has been demonstrated by 

our previous Chapter 3 that the shape of bias-dependent SHG is strongly affected by the azimuthal 

angle of an anisotropic surface and the light polarization. In the case of rutile TiO2 (100), it was 

determined that at s-in-p-out polarization with TiO2 [001] axis placed in parallel to the light 

incidental plane, the relative phase between SHG bias-independent term (𝜒𝑏𝑖𝑑) and bias-dependent 

term (𝜒sc
(3)

) γ is 90o. This means the bias-dependent SHG signal has a minimum potential (Vmin) 

that equals Vfb. In this study, we adopt this TiO2 crystal azimuthal angle and s-in-p-out polarization 

to investigate the light-induced Fermi-level pinning effect. Because the electric field term becomes 
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dominant in the bias-dependent SHG behavior, we call this measurement Electric Field Induced 

Second Harmonic Generation (EFISH) in the following section. 

 

Figure 4.1. Schematic of steady-state EFISH setup. The zoom-in panel indicates the second 

harmonic generation uses an s-in-p-out polarization and the adopted crystal azimuthal angle. 1 kHz 

35 fs 800 nm pulses are used as the fundamental light. 

As depicted in Figure 4.1, EFISH is conducted on TiO2/electrolyte junction to study the 

light-induced Fermi-level pinning effect, where 800 nm fundamental light incident on the sample 

at 45o angle of incident acting as a probe of TiO2 built-in potential, 360 nm CW light illuminates 

the sample at 0o angle of incident. EFISH experiments are carried out in 1 M NaClO4 solution 

under different light illumination during the negative scan of Cyclic Voltammetry (CV) 

measurement as shown in Figure 4.2a. The electrolyte solution was stirred during the measurement 

to avoid surface pH variation. EFISH measurement can be treated as a measurement of steady state 

at a given potential due to the slow scan rate (3.53 mV/s). The EFISH intensities in the dark show 
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a quadratic response as a function of applied potential with a minimal value (i.e., Vfb) at -0.933 ± 

0.019 V vs Ag/AgCl fitted with Equation 1b. Upon 360 nm illumination, EFISH intensities 

decrease from the dark response starting at ca. -0.3 V vs Ag/AgCl to more positive potentials. 

According to Equation 1b, this indicates a reduced potential drop in the SCR region. To better 

visualize the extent of the built-in potential change under different illumination conditions and 

applied potential, the actual built-in potential and built-in potential change under illumination are 

calculated using the dark EFISH response as a calibration curve as indicated in Figure 4.2a. The 

change of built-in potential (Δ𝑉𝑏𝑖 ) is plotted as a function of applied potential in Figure 4.2b. 

Because the potential difference between the bulk electrode and the bulk solution is fixed by the 

potentiostat, the decrease of built-in potential in the semiconductor equals to increase in the 

potential drop in the double layer. This phenomenon is referred to as light-induced Fermi-level 

pinning or band edge unpinning caused by accumulation of photogenerated minority carriers on 

the surface. 20, 22 From the Δ𝑉𝑏𝑖-potential response, there are three features worth pointing out. 

Firstly, under a certain illumination intensity, Δ𝑉𝑏𝑖  increase with applied potential and reach a 

plateau value after a certain positive potential, agreeing well with the trend of photocurrent as 

shown in Figure 4.2c. Secondly, with higher illumination intensity, a larger Δ𝑉𝑏𝑖 is observed under 

a certain positive potential. Unlike photocurrent, where the photocurrent densities increase linearly 

with the illumination power densities, the increase of Δ𝑉𝑏𝑖 with power density follows a different 

relationship. These features indicate that charge distribution across the semiconductor/electrolyte 

interface are altered during illumination. Although we only present the Δ𝑉𝑏𝑖 -V plot under the 

negative scan direction, the data obtained from negative and positive scans agrees well with each 

other (Figure A4.1). All EFISH and impedance data presented in this paper are conducted under 

the negative scan direction unless otherwise stated. 
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 Transient photocurrent (TPC) measurements were also conducted under chopped chrono-

amperometry conditions to evaluate the charge separation on TiO2 photoanode under a typical 

illumination power density (10 mW/cm2) as shown in Figure 4.2d. The photocurrent obtained from 

CV is plotted in black. Transient photocurrent density J0 (pink open circles), defined in the inset 

of Figure 4.2d, represents the surface hole flux that semiconductor bulk and SCR can generate, 

which is the photocurrent prior to surface hole accumulation and resulting recombination; and the 

steady state current density Jinf (red open circles), reflects the net current density at the junction by 

summing up the hole current density and electron current density arising from the surface 

recombination. 2, 7 According to the transient photocurrent measurement, the electrode surface 

starts to capture holes generated from the bulk and SCR of TiO2 at -0.5 V vs Ag/AgCl. From -0.5 

to 0.3 V, Jinf < J0 is observed due to the surface recombination between surface-trapped holes with 

electrons from the conduction band. 78-80 When the applied potential is larger than 0.3 V, Jinf = J0 

and Jinf reach a plateau as surface recombination is minimized because of larger band bending and 

smaller surface conduction band electron densities. J0 shows an onset potential and saturation 

potential that are more negative compared to Jinf, reflecting the additional built-in potential 

required to suppress the surface recombination. The bias-dependent Δ𝑉𝑏𝑖 response from the EFISH 

measurement agrees well with the potential dependence of J0 (Figure 4.2d), which suggests that 

Δ𝑉𝑏𝑖 increases with the initial charge separation flux of the semiconductor, consistent with the 

assignment that it is caused by the surface minority charge (hole) accumulation.  
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Figure 4.2. (a) EFISH intensity as a function of applied potential on rutile TiO2 (100) under UV 

illumination with different power densities. Also shown is an example of determining  Δ𝑉𝑏𝑖 under 

15 mW/cm2 illumination using the applied potential  𝑉𝑎𝑝𝑝 and calculated actual 𝑉𝑏𝑖 calibrated by 

quadratic fitting (Equation 3.8b) of dark EFISH response. (b) The change of semiconductor built-

in potential Δ𝑉𝑏𝑖 as a function of applied potential. (c) Current densities as a function of applied 

potential under different UV power densities measured by CV with a scan rate of 3.53 mV/s. (d) 

Comparison of initial photocurrent densities 𝐽0  (pink open circles) and steady state photocurrent 

density 𝐽𝑖𝑛𝑓 (red open circles) measured by chopped chronoamperometry measurement,  current 

density (J) measured by CV, and Δ𝑉𝑏𝑖  under 10 mW/cm2 illumination. Inset: a representative 

transient current curve and J0 and Jinf values obtained from chopped chronoamperometry 

measurement at -0.1 V vs Ag/AgCl. All the above experiments are done in 1 M NaClO4 electrolyte 

under stirring conditions. 
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4.3.2 Impedance spectroscopy investigation of light-induced Fermi-level pinning 

More evidence of surface charge accumulation can be found in impedance measurements 

shown in Figure 4.3. The Mott-Schottky measurement on TiO2 was first conducted under the 

stirring environment without CW illumination to extract the Vfb, as shown in Figure 4.3a. The 

same high-concentration electrolyte, 1 M NaClO4, is used as the EFISH measurement to ensure 

the same Vfb position and negligible applied potential drops in the solution double layer. 20, 77 The 

flatband potential Vfb of TiO2 can be extracted following Equation 3.9, 74, 77, 81-83 

𝐴2

𝐶𝑠
2 =

2

𝑞𝜀𝜀0𝑁𝑑𝐴
2 (𝑉 − 𝑉𝑓𝑏 −

𝑘𝑇

𝑞
)           3.9 

where 𝑁𝑑 is the doping density of the semiconductor, respectively,  𝐶𝑠 and A are the interfacial 

capacitance and electrode area, respectively, q is the elementary charge, 𝜀0 and 𝜀 are the dielectric 

constant and the relative dielectric constant of the semiconductor, respectively, k is Boltzmann’s 

constant, and T is the temperature. The flatband potential of the semiconductor under dark 

condition is determined to be -0.926 ± 0.001 V vs Ag/AgCl, which agrees with the Vfb extracted 

from EFISH.   

 

Figure 4.3. (a) Mott-Schottky plot of TiO2 electrode. (b) Effect of screened potential measured by 

Mott-Schottky (blue trace) and by EFISH (red trace, extracted at 1 V vs Ag/Ag Cl) as a function 

of illumination power density. (c) Surface state capacitance as a function of applied potential under 

different illumination power densities, fitted from (Vfb + 0.2) V to 1.2 V vs Ag/AgCl. A fitting 
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example at 0.5 mW cm-2
 is plotted. All fitting details summarized in Table A4.1. All the above 

experiments are done in 1 M NaClO4 electrolyte under stirring conditions.  

Upon illumination, TiO2 Mott-Schottky curve shows a shift towards positive potential 

while maintaining similar slopes of the linear part. According to Equation 3.9, the flatband 

potential of TiO2 shifts anodically with increasing power density, while the donor density within 

the SCR (Nd) remains almost unchanged. This light-induced Fermi level pinning has been observed 

on other semiconductor photoelectrodes. 22-25, 29-31 It is reported that the shift of flatband potential 

and band edge is attributed to the trapping of minority carriers in surface states that leads to a 

potential redistribution across the semiconductor/electrolyte junction. Interestingly, the trend of 

flatband potential shift Δ𝑉𝑓𝑏 change with illumination power density corresponds well with the 

trend of Δ𝑉𝑏𝑖 (extracted at 1V vs Ag/AgCl) change with power density as shown in the blue and 

red traces in Figure 4.3b. This means that both EFISH and Mott-Schottky measure the same light-

induced Fermi-level pinning phenomenon, reflected by the decrease of built-in potential Δ𝑉𝑏𝑖 and 

anodic shift of flatband potential Δ𝑉𝑓𝑏, respectively.  

Light induced flatband potential shift Δ𝑉𝑓𝑏 can be attributed to hole accumulation at the 

interface of the semiconductor/electrolyte junction following previous reports. 21, 22 The energetics 

and the density of surface states can be obtained in the plot of junction capacitance 𝐶 as a function 

of applied potential. As shown in the inset of Figure 4.3c, for a semiconductor/liquid junction under 

the dark condition and (at potentials with the semiconductor) in the depletion region. the total 

capacitance is contributed by mainly SCR capacitance (𝐶𝑠𝑐) (see Appendix A4.2 and Figure A4.2 

for details). Under illumination, surface minority charge carrier accumulation leads to 

photogenerated surface states capacitance (𝐶𝑠𝑠) in parallel with the SCR capacitance. The overall 
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capacitance response of semiconductor/electrolyte junction can be described by Equation 4.1. 22, 

32, 76, 84-86 

𝐶 = 𝐶𝑠𝑐 +  𝐶𝑠𝑠                         4.1 

Therefore, by subtracting the capacitance in the dark from that under excitation, the 

capacitance response of photo-induced surface states (𝐶𝑠𝑠) can be calculated as shown in Figure 

4.3b. The 𝐶𝑠𝑠-Potential response can be further fitted by Gaussian distribution of surface states as 

shown in Equation 4.2: 82, 87, 88 

 𝐶𝑠𝑠 =
𝑞𝑁𝑠𝑠

√2𝜋𝜎
𝑒𝑥𝑝 [−

(𝑉−𝑉𝑠𝑠)
2

2𝜎2
]          4.2 

where 𝑁𝑠𝑠 is the surface state density, 𝜎 and 𝑉𝑠𝑠 are the standard deviation and peak of the surface 

state distribution. From the fitting results shown in Table A4.1, two trap states can be found. The 

first trap state Vss1 is at -0.347 V vs Ag/AgCl at 0.5 mW/cm2 and shifts to more positive potential 

until ca. -0.1 V vs Ag/AgCl as the power density increases. The observed ~ 0.25 V shift of the trap 

state energy corresponds well with the shift of semiconductor band edge position under light 

illumination measured by EFISH and Mott-Schottky as shown in Figure 4.3c. The second trap 

state response potential Vss2 also shows a shift from ca. 0.10 V vs Ag/AgCl towards ca. 0.26 V vs 

Ag/AgCl. Moreover, the potentials of these trap states agree well with the potential region where 

surface recombination occurs, i.e., from -0.5 to +0.2 V according to TPC in Figure 4.2d, suggesting 

that these surface states are responsible for surface recombination.  

The number of surface accumulated charges (∆𝑄𝑠𝑠) can be further estimated using Equation 

4.3: 20, 22 

∆𝑄𝑠𝑠 = 𝑞𝑝𝑠 = 𝐶𝐻(Δ𝑉𝑏𝑖)              4.3 

Using a 𝐶𝐻 value of 50 μF/cm2, 82 a surface charge density of 12 μC/cm2 is obtained under 

10 mW/cm2 UV illumination, giving rise to the surface charge density 𝑝𝑠 of 7.6 × 1013 cm-2. The 
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order of magnitude of surface hole density (ca. 1013-1014 cm-2) also agrees with previous transient 

photocurrent analysis on n-TiO2, corresponding to about 1.5% of surface atoms being positively 

charged with a hole. 28, 89, 90 What worth mention is that the shift of Δ𝑉𝑓𝑏 can be also be caused by 

change of local pH under conditions of insufficiently fast mass transport. As is discussed in 

Appendix A4.3, control experiments show that under rigorous stirring conditions (i.e. fast mass 

transport) described above, the effect of local pH can be neglected. 

4.3.3 Isotope effect on EFISH and Photocurrent  

The previous section has confirmed that built-in potential loss Δ𝑉𝑏𝑖 obtained from EFISH 

reflects the extent of hole accumulation at the surface states. It is also important to understand the 

chemical nature of these surface states, which provides information on the rate-determining step 

during the OER. Herein, both EFISH and photocurrent were measured in both H2O and D2O, as 

shown in Figure 4.4. Firstly, Δ𝑉𝑏𝑖 measured by EFISH are analyzed as a function of illumination 

power density and applied potential. As shown in Figure 4.4a, plateaued Δ𝑉𝑏𝑖 measured in H2O 

and D2O are compared as a function of power density. Under the same applied potential (1 V vs 

Ag/AgCl), Δ𝑉𝑏𝑖 in D2O increases faster with increasing power density than in H2O and reaches a 

higher saturation level. Moreover, at 10 mW/cm2 power density, not only Δ𝑉𝑏𝑖 has a larger value 

in D2O, but it also shows an earlier onset potential as shown in Figure 4.4b. These EFISH 

experiment results mean that surface holes are more easily accumulated in D2O solution, where 

the hole transfer process across TiO2/electrolyte junction is more kinetically hindered. 

Photocurrents measured from the cyclic voltammetry show a later onset potential and a smaller 

plateau current density in D2O compared to H2O solution as shown in Figure 4.3c, which further 

convinces that greater hole accumulation will lead to a larger surface recombination rate and thus 

a smaller overall current. These results suggest that the reaction intermediate is related to the 
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proton-coupled electron transfer (PCET) rate-determining step. The kinetic isotope effect is 

calculated based on the water oxidation rate, i.e., steady state photocurrent ratio between H2O and 

D2O shown in Equation 4.4.  

 

𝐾𝐼𝐸(𝑟𝑎𝑡𝑒) =
𝐽(𝐻2𝑂)

𝐽(𝐷2𝑂)
       4.4 

A KIE of around 1.08 was observed in pH 7 1 M NaClO4 solution, verifying that the proton-

coupled electron transfer (PCET) is the rate-limiting step during OER. Assuming the rate-

determining step to be a pseudo-first-order reaction, a KIE of 2 based on the rate constant ratio as 

calculated with Equation 4.5, where the surface hole concentration ratio is known by comparing 

Δ𝑉𝑏𝑖  as shown in Equation 4.3. The observation PCET rate-determining step agrees with the 

previous experimental finding. 91 

𝑘𝑒𝑡(𝐻2𝑂)

𝑘𝑒𝑡(𝐷2𝑂)
=
𝐽(𝐻2𝑂)

𝐽(𝐷2𝑂)
÷
𝑝𝑠(𝐻2𝑂)

𝑝𝑠(𝐷2𝑂)
       4.5 
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Figure 4.4. (a) Δ𝑉𝑏𝑖 (collected at 1V vs Ag/AgCl) as a with illumination power density in H2O and 

D2O. (b) Δ𝑉𝑏𝑖-V plot and (c) J-V plot in H2O and D2O under 10 mW/cm2 illumination power 

density. (d) KIE value calculated from Equation 4.4, measured by light on-off amperometric 

measurement. All above experiments used 1 M NaClO4 as the electrolyte, H2O or D2O as the 

solvent, and under stirring conditions. 

4.3.4 Effect of electrolyte on 𝚫𝑽𝒃𝒊 

The above experiments demonstrate that without surface-charged absorbate, the surface 

accumulated holes can be detected through the change of surface electric field. It has been 

previously reported that surface modification, for example, CoPi, 35, 36, 41, 47 (NiFe)Ox
5, 17

, and Cl-92 

modification can provide surface sites to stabilize surface holes. It is suggested that by tuning the 

inner Helmholtz layer microenvironment, photoelectrode performance can be altered. Inspired by 

   

   

   

   

                

= 2 
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these studies, we also applied EFISH and impedance measurements in different electrolytes to 

examine the microenvironment effects. As shown in Figures 4.5 and A4.5, operando EFISH, J-V 

curve, and Mott-Schottky measurements are carried out in pH 7 (1 M NaClO4 buffered with 0.1 

M phosphate buffer), and pH 12.7 (1 M NaClO4 buffered with NaOH) electrolytes, respectively. 

Surprisingly, EFISH behaviors under different illumination power densities are almost identical 

(Figure 4.5). Mott-Schottky measurements under such conditions agree with the EFISH 

measurement, showing no difference between dark and illumination conditions (Figures A4.5a, c). 

These experiments indicate negligible charge accumulation at the semiconductor surface and 

therefore no change in semiconductor band edge energy. These observations suggest that 

electrolytes containing sufficient negatively charged surface absorbate such as HPO4
2-, H2PO4

-, 

and OH-, can compensate for the surface accumulated holes and therefore maintain the 

semiconductor built-in potential. This effect is more obvious in the presence of phosphate buffer, 

in which the transient photocurrent density J0 shows little difference from the steady state 

photocurrent density Jinf between photocurrent onset and plateau potential region in TPC 

measurement (Figure A4.6a). This also indicates that the phosphate group (–Ti–O–P–O-) that binds 

to the surface slows down the surface electron-hole recombination, agreeing with previous 

transient absorption measurements. 93 More evidence of charge compensating effect is observed 

when replacing the anion from 1M ClO4
- to Cl-, which is also known as a surface absorbate on 

TiO2.
 92, 94-96 As shown in Figure A4.7a, smaller Δ𝑉𝑏𝑖 is observed in Cl- solution compared to ClO4

- 

under different power densities at the same applied potential (1 V vs Ag/AgCl). These control 

experiments further verify that Δ𝑉𝑏𝑖  and light-induced Fermi-level pinning originate from the 

surface hole accumulation. Introduction of surface absorbate can compensate the charges from the 

surface holes and maintain the semiconductor built-in potential 𝑉𝑏𝑖. 
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Figure 4.5. Bias-dependence EFISH measured in (a) pH 7 with 0.1 M phosphate buffer, and (b) 

pH 12.7 buffered; All experiments are conducted under no stirring conditions as surface pH is 

stabilized by buffer solution. 

4.3.5 Nature of surface charge and rate-determining step 

From previous experiments, we summarize the light-induced Fermi-level pinning effect in 

1M NaClO4 solution using the band diagram as illustrated in Figure 4.6. Band bending and energy 

of vacuum level are drawn at 1 V vs Ag/AgCl in the dark (black) and under light illumination (red). 

The electrostatic potential drop across the junction ΔΦ𝑡𝑜𝑡  is manifested by the vacuum energy 

difference between the bulk semiconductor and bulk solution, divided by the unit charge. In the 

dark condition, most potential drops in the semiconductor side due to the small capacitance of SCR 

compared to the electrolyte double layer, with ΔΦ𝑡𝑜𝑡 ≈ ΔΦ𝑠𝑐,𝑑 , ΔΦ𝑙𝑖𝑞,𝑑 ≈ 0 . Under light 

illumination, photogenerated holes (Qss-h+) accumulate at the surface states, giving rise to a new 

capacitive component in parallel to the semiconductor SCR capacitor and increasing the 

capacitance of the solid. Consequently, the negative charge concentration in the solution double 

layer increases to achieve total charge neutrality. The potential drop in the double layer increases 

as the potential drop in SCR decreases following Equation 4.6. 
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Δ𝑉𝑏𝑖 = ΔΦ𝑠𝑐,𝑑 − ΔΦ𝑠𝑐,𝑙 = ΔΦ𝑙𝑖𝑞,𝑙 − ΔΦ𝑙𝑖𝑞,𝑑 = Δ𝑉𝐻    4.6 

In Equation 4.6, Δ𝑉𝐻 is the potential change in the electrolyte double layer, which is related to the 

surface accumulated holes via Equation 4.3. As a result of potential redistribution, the 

semiconductor band edge positively shifted. Without efficient solution mass transport and pH 

buffer, protons (Qss-proton) will also accumulate at the surface when the solution is under slow mass 

transport. These surface protons in the inner Helmholtz layer (including adsorbed and protons in 

double layer) will further contribute to the positive charge accumulation at TiO2/electrolyte 

junction, resulting in larger Δ𝑉𝑏𝑖 and band edge movement (Figure A4.4). 

 

Figure 4.6. Energy diagram of rutile TiO2 (100) immersed in pH 7 1 M NaClO4 aqueous solution 

with applied potential at 1 V vs Ag/AgCl in the dark (black) and under illumination (red) with 

electron energy presented in the absolute energy scale vs vacuum level, and potential in the 

electrochemical scale, with respect to Ag/AgCl. Ec, Ef, Ec stands for the energy of the conduction 
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band, Fermi-level, and valance band level of TiO2, Evac stands for the energy of local vacuum level, 

Δ𝑉𝐻  and Δ𝑉𝑏𝑖  stands for the change of potential drop in solution and in semiconductor, 

respectively. The insert panel illustrates the proposed PCET rate-determining species during OER. 

As demonstrated by previous kinetic isotope experiments, PCET is found to be the rate-

determining step of water oxidation in pH 7 unbuffered solution. To further assign the chemical 

nature of the most possible build-up intermediate species, water oxidation mechanisms need to be 

discussed. Among various models, mainly two types of mechanisms are widely used for water 

oxidation on TiO2. As proposed by Salvador et al and others, 28, 88, 89, 97-99 water oxidation on TiO2 

occurs through the redox photooxidation (RP) mechanism. The photogenerated holes are trapped 

at the two-fold coordinated bridging oxygen atom, leading to the breaking of Ti-O bond and the 

generation of one-fold coordinated hydroxyl radical Ti-OH∙. Two adjacent Ti-OH∙ forms bridging 

hydrogen peroxide. Further oxidation of surface hydrogen peroxide by two holes leads to the 

evolution of an oxygen molecule and the release of two protons. Finally, water molecules absorbed 

on hydroxyl vacancies, regenerating the bridging hydroxyl ions. Different from the RP mechanism, 

Nakato et al and others 100-102 proposed that the nucleophilic attack (NA) mechanism takes place 

on TiO2. Water molecules act as a Lewis base, attacking the initial surface-trapped hole and 

forming hydroxyl radicals. A further hole traps on the surface and also forms a surface oxygen 

peroxide attached to two adjacent Ti-terminated sites. Following oxidation involves a sequential 

nucleophilic attack of surface-bound hydrogen peroxide by water, releasing oxygen and protons, 

and regenerating the Ti-O bridging sites. Interestingly, despite different mechanisms, generation 

of surface-bound hydrogen peroxide species is proposed, confirmed by observation of O-O 

stretching mode via in situ MIRIR spectroscopy. 100 For both pathways, the PCET elementary step 

is proposed for further oxidation of surface -Ti-O-O-Ti- species, which agrees with our observation 
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of PCET rate determining species for water oxidation on (100) TiO2. Control experiments 

conducted in 5% H2O2 (1.47 M) in 1 M NaClO4 aqueous solution (Figure A4.7b) showed that more 

surface charges are built up in H2O2 solution, verifying that accumulated surface hound 

chemisorbed HO2
- species will also contribute to Δ𝑉𝑏𝑖.

 103 Supported by our experimental evidence 

and previous mechanistic study, we thus postulate the chemical nature of the surface accumulated 

holes to be the surface-bound hydron peroxide species in pH 7 unbuffered solution as shown in 

the inset of Figure 4.6. Assignment of detailed OER mechanism, however, is beyond the scope of 

current study. In pH 12.7 basic solution, although no surface hole built-up is found due to the 

presence of the negatively charged binding group, it is believed that the rate-determining step also 

involves PCET process as a KIE of ~ 1.05 is observed as shown in Figure A4.6b. However, in pH 

7 solution containing phosphate buffer, the mechanism of rate determining step is changed as a 

KIE of 1 is observed. This agrees with previous mechanistic study on phosphate modified 

photoelectrodes, 41, 93 where it is argued that photogenerated holes can be captured and stabilized 

by surface binding phosphate group.  

With H2O2 proposed as a primary reaction intermediate, it is natural to consider the reaction 

that happened through localized mid-gap states rather than from the valance band. Compared to 

bulk oxygen coordination in TiO2, oxygen at the TiO2 surface, no matter bridging or terminal, 

shows 2-fold coordination rather than 3-fold. This results in a decreased Ti-O bond energy and 

gives rise to higher energy compared to the oxygen 2p orbitals that consist of the TiO2 valance 

band. 97 With reaction intermediates forming at certain surface reaction sites, the potential of 

surface holes should be more negative than the valance band position in Ag/AgCl scale. EFISH 

control experiments are also carried out using formic acid as a hole collector to verify this 

mechanism as shown in Figure A4.7c. Power dependence Δ𝑉𝑏𝑖 are collected in 0.1 M formic acid 



78 

 

with 1 M NaClO4 as a supporting electrolyte, showing smaller Δ𝑉𝑏𝑖, i.e., less hole accumulation, 

compared to no formic acid condition. As studied previously by Salvador et al, photooxidation of 

formic acid by TiO2 is mainly a result of direct hole transfer from the valance band rather than 

surface states. 104, 105 Consequently, oxidation of formic acid should exhibit fewer surface hole 

build-ups as they are not localized at the surface. Our observation is in agreement with the above 

conclusion and supports the previous argument that water oxidation on TiO2 follows indirect hole 

transfer via localized mid-gap surface states. 89, 106-109  

However, concerns may be raised due to the insufficient surface state energy (ca. 0.5 V for 

𝑉𝑠𝑠1  and 0.9 V vs RHE for 𝑉𝑠𝑠2  at 10 mW/cm2 for example) extracted from impedance 

measurement compared to formal water oxidation potential (1.23 V vs RHE). This is because the 

observed trap states position obtained from impedance measurement is determined not only by the 

trap states hole/electron capture/emission rate with semiconductor conduction band/valance band, 

but also by hole/electron transfer rate from surface states to solution. 110 Surface state potential 

revealed by the quasi-Fermi level of electrons (EF, n), i.e., applied potential, can deviate from its 

real formal potential due to the complicated charge transfer dynamics at semiconductor/electrolyte 

junction. A more accurate energy level of surface intermedia species can be provided by 

electroluminescence studies, with an energy level of 1.47 eV below the conduction band edge on 

TiO2.
 88, 108, 109  This provides evidence of enough driving force for intermediate oxidation.  

4.3.6 Impact of 𝚫𝑽𝒃𝒊 to Incident Photon to Current Efficiency 

Finally, we discuss how surface hole accumulation and band edge unpinning may affect 

the water oxidation efficiency, which is usually evaluated by the incident photon to current 

efficiency (IPCE) of the electrode under 360 nm monochromic illumination. Figure A4.8 compares 

the saturation photocurrent, measured at 1.6 V vs RHE in different electrolytes as a function of the 
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illumination power, where photocurrent linearly increases with power density. IPCE can be 

extracted from the slope of the plot as shown in Equation A4.3. IPCE measured in different 

solutions is calculated to be around 19% -21%, where in pH 7 unbuffered, pH 7 phosphate buffer, 

and pH 12.7 NaOH buffer solution, IPCE is calculated to be 20.9%, 19.8%, 20.0%, respectively. 

The slightly higher IPCE in pH 7 unbuffered solution compared to the buffered solution can be 

attributed to a larger potential drop in Helmholtz layer Δ𝑉𝐻, giving rise to a larger driving force 

for OER reaction. Surprisingly, in a hole scavenger solution Na2SO3, which provides a unity hole 

collection efficiency, the maximum IPCE is calculated to be 20.7%, similar to the IPCE with no 

hole scavenger. This means that surface recombination is minimized in the photocurrent plateau 

region, where sufficient band bending is applied. This also means that the main IPCE loss comes 

from the bulk recombination due to the long penetration depth of 360 nm photon. The results also 

suggest that compared to the increased Δ𝑉𝐻, photon flux (light intensity) plays a major role in 

determining IPCE. This is mainly because TiO2 surfaces have enough reaction sites to store surface 

intermediates albeit suffering from sluggish water oxidation kinetics, making photon flux rather 

than catalytic site turnover frequency the main determining factor for photocurrent. 111 Similar to 

previous studies on hematite photoanode27, we also conclude that the recombination in the field-

free region is the main efficient loss pathway in photoanode. However, contrary to the conclusion 

that Fermi-level pinning will strongly positively shift the onset potential, our study found no onset 

potential loss with and without Fermi-level pinning (Figure A4.4a). In fact, we observed similar 

photocurrent onset and flatband potential differences under different light intensity as shown in 

Table A4.2, indicating the free energy can be maintained even if the band edge is unpinned. We 

attribute this difference conclusion mainly to the excess hole energetics at TiO2 valence band edge 
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(2.9 V vs RHE) and at surface states, allowing it to achieve photocurrent saturation at ca. 0.8 V vs 

RHE. 

4.4. Conclusion 

In summary, we conducted EFISH and impedance analysis on a benchmark material, (100) 

n-TiO2 electrode to investigate the light-induced Fermi-level pinning effect during the water 

oxidation process in 1 M NaClO4 electrolyte. Operando EFISH experiment measures the screening 

of built-in potential in TiO2 depletion region Δ𝑉𝑏𝑖 under UV illumination as a function of applied 

potential and UV light illumination power density. The trend of Δ𝑉𝑏𝑖 as a function of illumination 

power density agrees well with the flat-band potential shift measured by the Mott-Schottky 

measurement. We demonstrate that under efficient mass transport conditions, the contribution of 

Δ𝑉𝑏𝑖 is attributed to hole accumulation at TiO2 surface states. Kinetic isotope experiments provide 

information on the chemical nature of surface accumulated holes, where The PCET step is found 

to be the rate-determining elementary step with an apparent KIE of 1.08 in pH7 electrolyte, 

calculated from photocurrent ratio. Built-in potential in TiO2 can be well maintained in other well-

buffered electrolytes, which is due to the neutralization effect of the surface-bound negative charge. 

We found that photocurrent onset is not affected by the light-induced Fermi-level pinning effect. 

IPCE under 360 nm monochromatic illumination can be slightly enhanced by the increased 

potential drop in the double layer, but the main loss occurs from bulk recombination due to the 

small hole diffusion length and long penetration depth. From this benchmark study, we 

demonstrated that EFISH can be a universal, in situ/operando technique to investigate the surface 

charge accumulation effect in different photoelectrodes and shed light on the chemical nature of 

rate-determining species. 
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Appendix Chapter 4 

Appendix A4.1. EFISH and 𝚫𝑽𝒃𝒊acquired under negative and positive scan directions. 

 

Figure A4.1. (a) TiO2 EFISH intensity as a function of applied potential under 0 (open circle) and 

10 (open triangle) mW/cm2 360 nm illumination at negative (grey) and positive (red) potential scan 

direction. (b) Δ𝑉𝑏𝑖 as a function of applied potential under 10 mW/cm2 illumination under negative 

(grey) and positive (red) potential scan direction. 

Appendix A4.2. Equivalent circuit of semiconductor/electrolyte junction and Gauss fitting of 

surface state capacitance. 

 

Figure A4.2. Simplified equivalent circuit of semiconductor/electrolyte with and without 

illumination, only showing the capacitance component. 
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Under dark condition and at semiconductor depletion region, the capacitance of 

semiconductor (Csc) and electrolyte double layer (CH) are in series, the total capacitance can be 

written as Equation A4.1: 

𝐶𝑡𝑜𝑡 =
𝐶𝑠𝑐𝐶𝐻

𝐶𝑠𝑐+𝐶𝐻
= 𝐶𝑠𝑐/(1 +

𝐶𝑠𝑐

𝐶𝐻
)    A4.1 

As 𝐶𝐻 ≫ 𝐶𝑠𝑐  under the electrolyte concentration used in our study, semiconductor 

capacitance dominates the overall capacitance response, i.e., 𝐶𝑡𝑜𝑡 ≈ 𝐶𝑠𝑐. 

Table A4.1. Gauss fitting result of surface state capacitance Css response from Figure 4.3c. 

Power density 

(mW/cm2) 
0.5 1 3 5 10 

Vss1 (V vs 

AgAgCl) 

-0.353 ± 

0.020 

-0.235 ± 

0.019 

-0.092 ± 

0.008 

-0.096 ± 

0.010 

-0.107 ± 

0.005 

σ1 (V) 0.211 ± 0.009 0.247 ± 0.029 0.163 ± 0.026 0.209 ± 0.050 0.189 ± 0.022 

Nss1 (𝟏𝟎𝟏𝟏cm-2) 1.60 ± 0.23 2.90 ± 1.15 6.65 ± 3.70 13.60 ± 12.60 19.00 ± 7.80 

Vss2 (V vs 

AgAgCl) 
0.099 ± 0.008 0.012 ± 0.110 0.239 ± 0.158 0.293 ± 0.423 0.258 ± 0.164 

σ1 (V) 0.275 ± 0.055 0.509 ± 0.076 0.303 ± 0.090 0.396 ± 0.264 0.365 ± 0.098 

Nss2 (𝟏𝟎𝟏𝟏cm-2) 0.83 ± 0.30 3.55 ± 0.94 8.26 ± 0.46 14.10 ± 18.30 20.7 ± 10.6 
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Appendix A4.3. Effect of local pH change on 𝚫𝑽𝒃𝒊 

 

Figure A4.3. EFISH and impedance measurement of TiO2/electrolyte junction under no solution 

stirring condition. (a) EFISH intensity, (b) Δ𝑉𝑏𝑖, (c) current densities, (d) Mott-Schottky plot, and 

(e) surface state capacitance 𝐶𝑠𝑠  as a function of applied potential under different illumination power 

densities. (f) Effect of screened potential measured by Mott-Schottky (blue) and by EFISH (red, 

extracted at 1 V vs Ag/AgCl) as a function of illumination power density. 1 M NaClO4 is used as 

electrolyte. 

 

Figure A4.4. (a) J-V plot measured in pH 7 1 M NaClO4 solution with (red) and without (green) 

stirring conditions, and in 0.1 M pH 7 sodium phosphate buffer without stirring (blue) under 10 

mW/cm2 illumination. (b) Δ𝑉𝑏𝑖 plot as a function of applied potential with (red) and without (green) 

   

   

   

   

   

   

         



84 

 

stirring under 10 mW/cm2 illumination. (c) Δ𝑉𝑏𝑖 (collected at 1V vs Ag/AgCl) plotted as a function 

of illumination intensity with (red) and without (green) stirring. 

In the analysis of results presented in Figures 4.2 and 4.3, we have assumed negligible 

contribution of the accumulation of positively charged surface adsorbate, i.e., surface proton, to 

the observed potential screening Δ𝑉𝑏𝑖 under the measurement conditions with rigorous stirring (i.e., 

fast mass transport). The effect of surface protonation can be examined by conducting EFISH and 

electrochemical measurements under conditions of no stirring (slow mass transport). As shown in 

Figure A4.3 and A4.4, Δ𝑉𝑏𝑖 – V plot measured under no stirring conditions shows a similar trend 

but with an earlier onset potential at ca. -0.75 V and larger saturation value under the same 

illumination power density. This indicate that additional species contribute to Δ𝑉𝑏𝑖 under these 

conditions compared to rigorous stirring. Considering the possible ionic species in our electrolyte 

(Na+, ClO4
-, H+ and OH-), only protons can be the positively charged surface absorbates species 

that contribute to Δ𝑉𝑏𝑖.
 22, 82, 112 Experimental evidence of surface proton accumulation under no 

stirring conditions can also be found in CV and impedance measurement. In cyclic voltammetry 

shown in Figure A4.3c, a pair of photo-induced ‘redox peaks’ can be resolved before the 

photocurrent onset region under illumination. Without illumination, only reductive features can be 

observed. A larger reduction current can be observed under light illumination. Correspondingly, a 

large Css-no stir response appears in the potential range where CV reductive peak appears, at ca. -

0.75 V vs Ag/AgCl (Figure A4.3e). These features can be explained by the following: the surface 

protons generated during OER conditions (anodic scan) are reduced by electrons at the energy 

level close to the conduction band during the CV negative scan. A further comparison of CV 

between stirring and non-stirring conditions under 10 mW/cm2 (Figure A4.4a) shows that onset 

potential is more anodic without stirring compared to that under stirring condition and in pH 7 
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buffer solution. Based on the Nernst equation, the delayed onset means that surface pH under no 

buffer and non-stirring condition is more acidic than the pH in bulk solution due to the limited 

proton mass transport, consistent with previous reports using ring-disk electrodes. 28, 98 When the 

solution is stirred, photocurrent shows a similar onset compared to the buffer solution. Moreover, 

both the large Css response centered at ca. -0.75 V and CV ‘redox feature’ disappeared when stirring. 

This provides convincing evidence that the accelerated mass transport between bulk solution and 

electrode surface can minimize surface proton and dissolved oxygen accumulation. Δ𝑉𝑏𝑖 measured 

under stirring conditions can be regarded as a result of only surface hole accumulation during the 

sluggish water oxidation process. 

Appendix A4.4. Effect of electrolyte on 𝚫𝑽𝒃𝒊 and photocurrent and KIE values 

 

Figure A4.5. Mott-Schottky plot in (b) pH 7 with 0.1 M phosphate buffer, and (e) pH 12.7 buffered; 

J-V curve in (c) pH 7 with 0.1 M phosphate buffer, and (f) pH 12.7 under different illumination 
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power densities. All experiments are conducted under no stirring conditions as surface pH is 

stabilized by buffer solution. 

Conversions between Ag/AgCl reference electrode (filled with 1M KCl) and reversible 

hydrogen electrode (RHE) are made following Equation A4.1: 

𝐸𝑅𝐻𝐸 = 0.222 + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059 ∗ 𝑝𝐻     A4.2 

 

Figure A4.6. (a) Steady (solid symbol) and transient (open symbol) photocurrent density as a 

function of applied potential measured in pH 7 unbuffered (red), pH 7 buffered (blue), and pH 12.7 

buffered (yellow) solution extracted from light on-off amperometric measurement. (b) KIE values 

in pH 7 unbuffered (red), pH 7 buffered (blue), and pH 12.7 buffered (yellow) solution as a 

function of applied potential. All experiments are performed under stirring conditions. 

Appendix A4.5. Effect of other solution adsorbate on 𝚫𝑽𝒃𝒊 
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Figure A4.7. Power dependent Δ𝑉𝑏𝑖 comparison collected between (a) 1 M NaClO4 (red) and 1 M 

NaCl (purple), (b) 1 M NaClO4 and 1M NaClO4 containing 5% H2O2 (blue) electrolyte, and (c) 1 

M NaClO4 and 1 M NaClO4 containing 0.1 M HCOOH (light blue). Δ𝑉𝑏𝑖 is measured at 1V vs 

Ag/AgCl applied potential under stirring conditions. 

Appendix A4.6. Separation between flatband (Vfb) and photocurrent onset (Vonset) potential 

and calculation of IPCE 

Table A4.2. Summary of flatband potential and photocurrent onset as a function of light 

illumination in 1M NaClO4 electrolyte, stirring condition, where flatband potential is extracted 

from Figure 4.3b, onset potential is defined by the potential cross point between the tangent of 

photocurrent at current inflection region and the extrapolation of the exchange current baseline. 80 

Power density 

(mW/cm2) 

Vfb (V vs 

Ag/AgCl) 

Vonset (V vs 

Ag/AgCl) 

Vonset-fb (V) 

0 -0.93 - - 

0.5 -0.80 -0.47 0.33 

1 -0.78 -0.45 0.33 

3 -0.71 -0.47 0.24 

5 -0.68 -0.37 0.31 

10 -0.64 -0.27 0.37 

 



88 

 

 

Figure A4.8. Photocurrent comparison in different electrolytes under 1.6 V vs RHE. IPCE can be 

calculated from the slope of the fitting following Equation A4.2. 

IPCE can be calculated using the following equation78, 

IPCE =
𝐽𝑝ℎ×1239.8

𝑃𝑚𝑜𝑛𝑜×𝜆
× 100%     A4.3 

where Jph (mA cm-2) is the photocurrent density; Pmono (mW cm-2) is the power density of 

monochromatic incident light; λ (nm) is the wavelength of monochromatic light; and 1239.8 (V 

nm) is a coefficient from the multiplication of speed of light, reciprocal of unit charge and Planck’s 

constant. The IPCE calculated for pH 7 (unbuffered), pH 7 (0.1 M phosphate buffer), pH 12.7, and 

0.33 M Na2SO3 are 20.9%, 19.8%, 20.0%, and 20.7%, respectively. 
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5 The Charge Transfer Mechanism on a Cobalt-Polyoxometalate-TiO2 

Photoanode for Water Oxidation in Acid 

5.1. Introduction 

Solar energy is the most attractive renewable replacement for fossil fuels because it is 

plentiful, inexhaustible, and widely distributed.  However, due to the diffuse and intermittent 

nature of solar irradiation, energy harvested from the sun must be efficiently converted into 

chemical fuels that are storable, transportable, and usable upon demand. This requirement has 

motivated the development of sustainable artificial photosynthetic processes, with the aim of 

mimicking natural photosynthesis to generate fuels from water and carbon dioxide utilizing solar 

energy. Therefore, a significant effort has been directed towards increasing the performance of 

solar fuel-generating devices in recent years.1-5 The oxygen evolution reaction (OER) is thus of 

great importance because it is the critical (photo)anode reaction for (photo)electrochemical 

production of solar fuels including H2 from water and hydrocarbons from CO2.
6-8 The 

multielectron transfer OER process involves multiple reaction intermediates, and a high 

overpotential is needed to overcome the sluggish kinetics. Among the different water splitting 

devices, the acidic proton exchange membrane (PEM) water electrolyzer offers benefits such as 

high current density and high-purity hydrogen output, but uses precious iridium and ruthenium 

oxides for the OER,9 prompting the quest for more affordable catalysts. Yan et at. prepared iridium 

single-atoms (Ir-SAs) on ultrathin NiCo2O4 porous nanosheets, boosting OER activity and stability 

in acid.10 Similarly, Wang et al. produced a nickel-stabilized RuO2 catalyst in a PEM electrolysis 

cell with improved stability for OER in acidic media.11 Efforts to replace iridium and ruthenium 

oxides include using MnOx catalyst by Nocera and co-workers, which uses a “self-healing” process 
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for acid-compatible OER.12  The catalyst regrows MnOx films during catalysis, improving activity 

after potential cycling.13 

Cobalt-based heterogeneous electrocatalysts have proven more active than manganese, 

intensifying the focus on cobalt oxide. Schaak et al.'s Co3O4/FTO electrode maintained significant 

performance in 0.5 M H2SO4,
14 while Nocera's team created a CoFePbOx mixed metal oxide that 

exhibited enhanced stability in acidic media.15  Galan-Mascaros et al. synthesized a carbon-coated 

Co3O4@C catalyst, providing stable oxygen formation in 1 M H2SO4 solution for more than 40 

h.16 Liu et al. reported a nanofibrous La and Mn co-doped cobalt spinel catalyst which exhibited a 

low overpotential and sustained OER activity over an extended period (>360 h) in acidic 

electrolyte. A PEM electrolyzer using this catalyst exhibited impressive current densities and low 

degradation.17 Meanwhile, Co-doped MoS2
18

 and a MoS2/Co9S8/Ni3S2/Ni composite19 were 

explored, though they underperformed RuO2.
18

  

A range of cobalt polyoxometalates (Co-POMs) are effective water oxidation catalysts 

(WOCs), and 20-31 and unlike metal oxides, they have a discrete structure that aid precise 

experimental and computational correlations. The first reported Co-POM, 

[Co4(H2O)2(PW9O34)2]
10- (Co4POM), successfully served as a WOC using Ru(bpy)3

3+ as the 

oxidant20 and later using Ru(bpy)3
2+ as a photosensitizer and S2O8

2- as the sacrificial agent.30 

Unlike ruthenium POM WOCs that are effective and stable both in solution and when supported 

on a variety of electrodes, the Co-POMs generally decompose to Co2+ or CoOx when immobilized 

under water oxidation conditions, although this decomposition is generally much slower than water 

oxidation and can be reversed under some conditions (Co-POMs can form from Co2+ and POM 

ligands).22, 29 A lower onset potential for OER was achieved with a molybdenum-containing 

Co4POM.31 The barium salt of the Co-POM, [Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]
16- (Co9POM)25 
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in a carbon paste anode was reported to be a more effective WOC than the consensus operationally 

optimal WOC, IrO2.
23   

Photoelectrochemical OER performance of semiconductor photoelectrodes can be 

significantly improved by many of the aforementioned WOCs, including photoelectrodes modified 

by MnOx,
32 IrOx,

33-36 (NiFe)Ox,
37-39 Fe(Ni)OOH,40-41 Co-Pi,42-49 and POMs.50-52  These co-catalysts 

function to suppress electron-hole recombination by increasing the band bending43-44, 49, and to 

collect photogenerated holes acting as OER active sites. 42, 48 The synergic effect of WOCs on 

heterogeneous photoelectrodes, however, remains under debate in general and requires additional 

mechanistic understanding. For POM WOCs, various studies reported their successful 

immobilization on semiconductors in different POM-semiconductor hybrid photocatalytic OER 

systems, including ALD coating51 and electrostatic interaction.50, 52-54 However, the interaction 

between POMs and semiconductor photo(electro)catalysts as well as how POMs function at the 

heterogeneous interface to enhance OER performance, are not well understood.  

This study directly addresses the dynamics and specific mechanistic role of a molecular 

WOC, the polyoxometalate, Na8K8[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]·49H2O (Co9POM), 

immobilized on photoanode surface (TiO2) using several photoelectrochemical techniques, 

transient absorption spectroscopy in two different spectral regions and other experiments. The 

resulting TiO2-APS-Co9POM photoanode which is robust in acid and exhibits enhanced current 

densities compared to bare TiO2 and other control TiO2 modifications, serves as an effective 

platform to probe these mechanistically key points.   
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5.2.  Material and Methods 

5.2.1 Sample synthesis 

Materials and solvents were purchased as ACS analytical or reagent grade and used as 

received. Na8K8[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]·49H2O (Co9POM) was obtained following 

a method described in the literature.55  

The preparation of TiO2 and TiO2 coated with Co9POM photoelectrodes is based on our 

previous report with modifications.56 The fluorine-doped tin oxide substrates, FTO (Pilkington 

TEC15, ~ 15 Ω/sq resistance), were cleaned by sonicating sequentially in deionized water, acetone, 

and ethanol for 20 min each time, followed by blowing dry with nitrogen gas. Before coating, the 

top area of substrate was covered by one layer of adhesive tape (40 μm thickness) to provide a 

noncoated area for electrical conductance for the final electrode. The bottom area (smaller than the 

top area) was also covered by one layer of adhesive tape for the following Doctor blade coating 

process. The 20 nm-sized TiO2 paste (Dyesol, 90-T) was then applied in the center of the substrate 

and distributed with a glass rod sliding over the tape-covered substrates on the side. The substrates 

were sintered at 500 °C for 1 hour, yielding a ~10-20 μm thick nanostructured TiO2 film. For TiO2-

APS sample, TiO2 electrodes with noncoated area covered by Teflon tape were suspended in an 

anhydrous toluene mixture of 6% 3-aminopropyltrimethoxysilane (APS) for 6 hours at 70 °C. After 

the attachment of APS ligand, the resulting films were washed with toluene, acetone, and ethanol. 

The film is further soaked in DI water overnight to remove the excess APS ligand. For TiO2-

Co9POM sample, the TiO2-APS sample is soaked 1 mM aqueous solution of the Co9POM 

overnight after taken out from toluene and washed with acetone and ethanol. The electrodes were 

rinsed with 5 mL of water three times and dried in air. Functionalization of H3PW12O40 on TiO2 

shares the same procedure with making TiO2-Co9POM, the only difference is soaking TiO2-APS 
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in 1mM H3PW12O40 rather than 1mM of Co9POM overnight. For all photoanode samples, the top 

area of the electrodes was connected with a conductive copper tape and sealed with Epoxy 

adhesive (Henkel Loctite Hysol 1C Epoxi).  

Cobalt-phosphate water oxidation catalyst (Co-Pi)57 modified TiO2 photoelectrode is 

prepared according to the literature.58-59 A three-electrode cell was used with TiO2 working 

electrode, Ag/AgCl (1 M KCl) reference electrode, and Pt mesh counter electrode. 0.9 V vs. 

Ag/AgCl was applied in a solution of 0.5 mM cobalt nitrate in 0.1 M potassium phosphate buffer 

at pH 7. The amount of Co–Pi deposited was controlled by the deposition time, where we deposited 

Co-Pi for 300 s under 8 μA/cm2 current density. 

5.2.2 Generation Characterization Methods 

The purity of the Co9POM was confirmed by the Fourier transform infrared (FT-IR) 

(Figure A5.1a) and the water content was determined by thermogravimetric analysis (TGA) 

(Figure A5.1b). Infrared spectra (2% sample in KBr pellet) were recorded on a Nicolet TM 6700 

Fourier transform infrared (FT-IR) spectrometer. X-ray photoelectron spectroscopy (XPS) was 

conducted on a thermos K-ALPHA XPS instrument. The TGA data were collected on a Mettler 

Toledo TGA instrument. Diffuse reflectance spectroscopy was measured on a Cary 5000 UV-

Vis/NIR instrument. Gas chromatography (GC) analysis of the gas phase was analyzed using an 

Agilent 7890 gas chromatograph with a 5 Å molecular sieve column, a thermal conductivity 

detector, and argon as carrier gas. The FOXY Forspor probe experiments are carried out using a 

NeoFox Phase Measurement system (Ocean Insight, Orlando, USA) equipped with FOSPOR-R 

oxygen sensor (1000-micron fiber). The Raman spectroscopy is measured in a home-built Raman 

setup as described in previous literature.60 ICP is collected by Thermo Fisher iCAP ICP-MS 

(Inductively Coupled Plasma - Mass Spectrometer) instrument. 
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5.2.3 Photoelectrochemical Characterizations 

Cyclic voltammograms (CVs), linear sweep voltammograms (LSVs) and bulk electrolysis 

data were obtained using a BAS CV-50W electrochemical analyzer and conducted at room 

temperature (25 ± 2 °C) in a custom 50 mL quartz cell (C012-2, Gaoss Union) equipped with 

airtight adapters and purged with argon gas prior to use. Mott-Schottky and AC impedance 

measurements are performed with a CHI 660e electrochemical station in the same quartz cell.  

In Mott-Schottky experiment, 500 Hz of 5 mV of AC voltage are used in superposition 

with the DC potential. In AC impedance measurement, potential is held at 1.23 VRHE while 

scanning 5 mV AC voltage frequency from 100 kHz to 1 Hz.  

CVs and LSVs were recorded in a standard three-electrode configuration with a glassy 

carbon working electrode (S = 0.07 cm2) or Co9POM coated FTO working electrode (S = 1.0 cm2), 

a platinum wire counter electrode and a 3 M KCl Ag/AgCl (+0.210 V vs. RHE) reference electrode 

in a 0.1 M pH = 2 sulfate buffer solution as determined by an Orion pH meter (model 230A). In 

this work, all potentials measured against Ag/AgCl were then converted to the reversible hydrogen 

electrode (RHE) scale using: E (potential, versus RHE) = E (versus Ag/AgCl) + 0.210 V + 

0.0591×pH. The scan rate used in voltametric experiments was 100 mV/s, positive scan direction 

is used in LSVs in this study. A 100 mW/cm2 365 nm LED light was focused on the photoelectrode.  

Bulk electrolysis was conducted in a 0.1 M pH = 2 sulfate buffer solution with the potential 

held at 0.73 VRHE under 20 mW/cm2 365 nm LED UV illumination. TiO2-Co9POM photoanode 

was used as a working electrode in bulk electrolysis in a H-cell (C012-1, Gaoss Union) with a 

Nafion 115 proton exchange membrane platinum wire counter electrode from working and 

reference chamber. The headspace during bulk electrolysis was then analyzed by GC as described 

in the method section. Number of electrons transferred during bulk electrolysis was calculated by 



104 

 

Faraday’s law of electrolysis Q = nFN, where Q is the number of coulombs, F = 96485 C/mol is 

Faraday’s constant, N is the moles of substrate electrolyzed and n is the stoichiometric number of 

electrons consumed (4 in the case of oxygen evolution reaction). In the GC measurements, when 

the data collection were complete, 1.7 C of charge passed through the system. Headspace gas (200 

μL) is injected into the GC for analysis and repeated 4 times to reduce the error. 

  Incident photon-to-current efficiency (IPCE) of TiO2 and TiO2-Co9POM are measured 

under chopped light illumination under 1.23 VRHE applied potential and calculated using the 

following Equation A4.2: 

IPCE =
𝐽𝑝ℎ×1239.8

𝑃𝑚𝑜𝑛𝑜×𝜆
× 100%     A4.2 

where Jph (mA/cm2) is the photocurrent; Pmono (mW/cm2) is the power density of monochromatic 

incident light; λ (nm) is the wavelength of monochromatic light; and 1239.8 (V nm) is a coefficient 

from the multiplication of speed of light, reciprocal of unit charge and Planck’s constant. 

5.3. Results and Discussion 

5.3.1 Characterization of TiO2 and TiO2-Co9POM photoelectrodes  

Co9POM and TiO2 photoelectrodes with electrostatically immobilized Co9POM (TiO2-

APS-Co9POM or “TiO2-Co9POM” in this article for brevity) are synthesized and purified as 

described in the experimental section. After treating nanoporous TiO2 films with the cationic 

silylating agent (APS), the anionic Co9POM is absorbed onto the TiO2 photoelectrode via strong 

electrostatic interaction. Repeated washings of the TiO2-Co9POM with organic solvents as well 

as water show no displacement of the POM into solution consistant with the very strong 

electrostatic binding of Co9POM (16- charge) and the positively-charged terminal ammonium 

groups of the APS units as well as the robust covalent bonding of the silyl terminus of APS with 

the TiO2 surface oxygens. Several techniques indicate that intact Co9POM is successfully 
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immobilized on the TiO2 surface. First, Raman spectroscopy indicates the attachment of Co9POM 

on TiO2 as shown in Figure 5.1b. The TiO2 displays four characteristic peaks (black diamonds) of 

the of anatase phase at 151, 390, 505 and 626 cm-1 corresponding to Eg, B1g, A1g, and Eg modes, 

respectively.61-62 Second, the Fourier transform infrared (FT-IR) spectrum (Figure A5.1a) of 

Co9POM has stretching peaks which are characteristic of Keggin-structure-derived polytungstates 

at 803 cm-1 ν(W-Oc-W, c = octahedral edge-sharing), 886 cm-1 ν(W-Ob-W, b = octahedral corner-

sharing), 935 cm-1 ν(W-Od, d = terminal), and 1029 cm-1 ν(P-Oa, a = tetrahedral). These peaks are 

consistent with previously reported Co9POM.63 The well-documented vibrational peaks of 

Co9POM are also observed on Raman of TiO2-Co9POM (red stars, Figure 5.1b).63 On TiO2-

Co9POM, the characteristic peaks of both TiO2 and Co9POM are both clearly present, confirming 

successful surface immobilization of Co9POM on TiO2. Third, the diffuse reflectance spectra 

(Figure 5.1a) of TiO2, TiO2-APS, and TiO2-APS-Co9POM all show a band-edge absorption around 

390 nm (3.2 eV). TiO2 and TiO2-APS have a similar and small absorption in the visible region, but 

TiO2-APS-Co9POM has a higher absorption due to the bound Co9POM. 

 

Figure 5.1. (a) Diffuse-reflectance of TiO2, TiO2-APS, and TiO2-Co9POM samples on sapphire 

substrates. (b) ex-situ Raman spectroscopy of TiO2, solid Co9POM, and TiO2-Co9POM on FTO 

  
  

  



106 

 

substrates, where diamonds and stars represent the characteristic Raman peaks of anatase TiO2 and 

Co9POM, respectively. (c-f) Co 2p, W 4f, Ti 2p, and O 1s are the X-ray photoelectron spectra of 

the as-prepared TiO2-Co9POM sample. 

To further assess the incorporation of Co9POM onto the TiO2 photoelectrode, X-ray 

photoelectron spectroscopy (XPS) was conducted on the TiO2 -Co9POM film. Figure A5.2 and 

XPS spectra of TiO2-Co9POM clearly show the presence of TiO2 (Ti 2p peak and O 1s peak), APS 

(C 1s peak, N 1s peak, and Si 2p peak), and Co9POM (Co 2p peak, W 4f peak, and O 1s peak) 

(Figures 5.1c-f). The XPS spectrum of Ti 2p (Figure 5.1e) has significantly split spin-orbit 

components (∆oxide = 5.7 eV) with the Ti 2p3/2 peak and the Ti 2p1/2 peak locate at 458.5 eV and 

464.2 eV, respectively. A broad satellite peak at 472 eV is consistent with the literature.64 The 

signal-to-noise ratios of these Ti peaks are understandably low because the TiO2 surface is covered 

by APS and Co9POM. The XPS spectrum of W 4f (Figure 5.1d) shows the binding energies of 

35.28 eV (4f7/2) and 37.48 eV (4f5/2), which are typical for W(VI) centers. The loss feature for 

W(VI) at 41 eV is also observed. Figure 5.1c displays the XPS spectrum of Co 2p with the binding 

energies of 780.7 eV (2p3/2) and 797.1 eV (2p1/2). Associated with these peaks are two observable 

satellite peaks at 786.4 eV and 803.0 eV. These features correspond to the Co(II) oxidation state 

and will be used for comparison in the following characterizations. The O 1s XPS spectrum in 

Figure 5.1f can be fitted with two peaks located at 530.5 eV and 532.2 eV, which are assigned to 

oxygen atoms in the chemical environment of W-O (POM) and Si-O (APS), respectively. ICP 

experiments quantify a Co loading of 7.7 μg per cm2 of sample geometric area, corresponding to 

ca. 0.9 wt % of Co on TiO2. 
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5.3.2 Photoelectrochemical Oxygen Evolution Reaction Performance of TiO2-Co9POM  

Figure 5.2 shows the effect of Co9POM and APS modification on TiO2 photoelectrode as 

evaluated by a series of PEC characterizations in a pH 2 sulfate buffer acidic solution (details in 

the Experimental Section). Figure 5.2a shows that under the dark conditions, TiO2, TiO2-APS and 

TiO2-Co9POM electrodes exhibit negligible current when scanned to positive potentials, though 

there is an oxidation peak at around 0.0 V vs. RHE (all potential in this study are reference to 

reversible hydrogen electrode, unless otherwise mentioned) that can be attributed to the 

Ti(III)/Ti(IV) redox couple.65 When the UV light is turned on, the photocurrent increases 

substantially and reaches a plateau at around 0.25 V for TiO2, TiO2-APS and TiO2-Co9POM. 

Photocurrents on TiO2 and TiO2-APS are nearly the same. In contrast, the saturated photocurrent 

of TiO2-Co9POM is nearly three times that of TiO2 and TiO2-APS. To explain the photocurrent 

enhancement mechanism, a series of photoelectrochemical studies were conducted. Figure 5.2b 

shows the open circuit measurement upon dark and light illumination. The open circuit potential 

(OCP) of TiO2 and TiO2-Co9POM are similar under dark conditions at ~290 mV.  Under UV 

illumination, however, the OCP of TiO2-Co9POM reaches a more negative value (-0.038 V) than 

that of TiO2 (0.121 V). Moreover, OCP of TiO2-Co9POM shows a slower recovery to its dark 

equilibrium potential when the light is off compared to pure TiO2. These phenomena can be 

attributed to the synergic effect of band edge modification and the charge transfer effect. The first 

effect can be confirmed by the ca. 100 mV more negative flat-band potential (Ufb) of TiO2-

Co9POM (-0.16 V) compared to TiO2 (-0.08 V) and TiO2-APS (-0.06 V) extracted from Mott-

Schottky analysis (Figure 5.2c). This is because highly charged Co9POM modifies and decreases 

the band edge position and the flatband potential, giving rise to a larger interfacial electric field. 

This enables a faster electron-hole separation and a larger electron concentration build-up as 
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indicated by the OCPlight, under illumination. On the other hand, Co9POM can extract and store 

photogenerated holes acting as an efficient WOC, which can also result in a higher electron 

concentration under light illumination. When illumination is off, the OCP on TiO2-Co9POM 

relaxes more slowly to the initial dark level OCPdark compared to pure TiO2. This observation is 

different from the previous OCP study on phosphorus-modified BiVO4, where modified BiVO4 

exhibits a larger OCP photovoltage and a faster OCPligh relaxation when illumination is off.66 This 

can be understood by the more energetically positive electron trap state position on TiO2 compared 

to BiVO4, which leads to more rapid electron concentration equilibrium on TiO2. Upon surface 

modification with Co9POM, however, POM states with energies close to the TiO2 conduction band 

edge are introduced to the system. These states are likely related to the reduction/oxidation of 

tungsten (Figure A5.5a). These coupled states will act as shallow electron trap states and lead to 

slower attainment of OCP equilibrium when illumination is ceased.  

 

Figure 5.2. (a) J-V curve of TiO2, TiO2-APS, and TiO2-Co9POM in the dark (dash curve) and 

under 100 mW/cm2 365 nm UV illumination (solid curve). (b) Open circuit potential (OCP) of 
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TiO2 and TiO2-Co9POM under dark and 100 mW/cm2 365 nm UV illumination. (c) Mott-

Schottky analysis of TiO2, TiO2-APS, and TiO2-Co9POM photoanode under dark conditions. (d) 

Nyquist plot for electrochemical impedance spectroscopy conducted on TiO2 and TiO2-Co9POM 

at 1.23 V under 12.8 mW/cm2 UV illumination. Inset shows the equivalent circuit to fit the plot. 

(e) Band structure schematic of TiO2 and TiO2-Co9POM under illumination and dark OCP process. 

All experiments are performed under pH 2 sulfate buffer solution. 

AC impedance measurements performed on TiO2, TiO2-APS, and TiO2-Co9POM further 

reveal the function of APS and the WOC, Co9POM, under light illumination. As shown in Figure 

5.2d and Table A5.1, TiO2-Co9POM exhibits a smaller trapping resistance and a larger capacitance 

compared to TiO2 and TiO2-APS. The decreased resistance can be attributed to accelerated hole 

transfer from TiO2 to Co9POM and from Co9POM to water. Meanwhile, Co9POM can store more 

photogenerated holes as a WOC, which explains the increased photoanode capacitance compared 

to TiO2. The impedance of TiO2 and TiO2-APS samples, however, are very similar. These 

experiments along with the LSV performance and Mott-Schottky experiments, indicate that the 

APS ligands behave more as a spectator than as a passivation layer on TiO2. 
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Figure 5.3. Excitation fluence-dependent (a) photocurrent and (b) incident photo-to-current 

efficiency (IPCE) of TiO2, TiO2-APS, and TiO2-Co9POM measured at 1.23 VRHE under 365 nm 

UV illumination.  

Figure 5.3a gives the excitation fluence-dependent photocurrent densities of TiO2, TiO2-

APS, and TiO2-Co9POM photoanodes. The corresponding incident photon-to-current efficiencies 

(IPCE) are calculated in Figure 5.3b. TiO2 and TiO2-APS show a steady IPCE of around 5% 

independent of illumination intensity. The loss of efficiency is mainly attributed to bulk and surface 

recombination due to the sluggish oxygen evolution reaction. Notably, on TiO2-Co9POM, IPCE 

remains unchanged at around 18% before 6.4 mW/cm2 and decreases at a higher intensity. This 

indicates that the catalyst turnover rate lags behind the surface photogenerated hole collection rate 

at higher illumination intensity, shifting the efficiency limiting step from photon generation and 

separation rate to catalyst operation rate. This also indicates the Co9POM acts as the reaction 

active sites on this modified photoanode. 

The formation of oxygen in our system was confirmed by following the response of oxygen 

sensor in a chronoamperometry experiment at 0.73 V applied potential and 20 mW/cm2 365 nm 

UV illumination as shown in Figures 5.4a and A5.6. With the light on, the O2 concentration near 

the electrode increases from 4.0 to 5.5 μM; with light off, the [O2] slowly decreases due to diffusion 

of the O2. When the light is on again, [O2] increases again from 5.0 to 6.4 μM. These concentrations 

are much lower than the O2 solubility in fresh water under 1 atm O2, 25℃ (1.2 mM).67 Therefore, 

no gas bubbles are expected on the electrode during the short periods of light illumination. The 

stability of the electrode and accumulated products was also evaluated under the same 

chronoamperometry conditions. Figure 5.4b shows the photocurrent remains stable for 5 hours 

passing ca. 3.0 C of charge on the electrode. The initial fast decay is related to the capacitance, a 
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non-Faradaic process, which was addressed in previous studies.63 GC measurement of the 

accumulated oxygen product shows an OER Faradaic efficiency of 96.5 ± 5.5 % after corrections 

for air leakage into the system. X-ray photoelectron spectroscopy of Co, W and oxygen, as well as 

Raman spectroscopy of TiO2-Co9POM photoanodes after chronoamperometric studies were 

conducted to assess the stability of the surface-anchored POM. XPS show that both the Co and W 

peaks are well maintained (Figures A5.2b-d). Significantly, these peaks are quite distinct from the 

XPS peaks of Co3O4 (Figure A5.3). Characteristic Raman peaks of Co9POM on TiO2-Co9POM 

are still observed after chronoamperometric studies (Figure A5.4). These collective data indicate 

the structural integrity of Co9POM after long-time use and establish that Co9POM-modified TiO2 

acts as an efficient and fairly robust OER photoanode. 

 

Figure 5.4. (a) FOXY Forspor oxygen probe during chronoamperometry and (b) 

chronoamperometric stability test of TiO2-Co9POM photoanode collected at 0.73 V under 20 

mW/cm2 365 nm UV illumination in pH 2 sulfate buffer. 

Control experiments using TiO2 photoelectrodes modified by non-transition-metal 

substituted POMs and Co-Pi confirm the indispensable role of Co9POM for the water oxidation 

reaction under acidic conditions. Figures A5.5b and c, show that both H3PW12O40- and Co-Pi-
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coated TiO2 photoelectrodes exhibit inferior activity than a pure TiO2 photoelectrode. For 

H3PW12O40-modified TiO2, the lack of metal catalytic center and the blocking of TiO2 surface 

reaction sites leads to decreased photocurrent. These results also confirm that a Co center and not 

the polytungstate ligands are requisite for catalytic water oxidation. Significantly, although Co-Pi 

has been extensively reported as a superior water oxidation co-catalyst in neutral and alkaline 

solutions,42-45, 47-49 it does not act as an active catalyst in acidic conditions. Moreover, the decreased 

photocurrent may be due to the absorption of Co-Pi at 365 nm, leading to an inferior light 

harvesting efficiency by TiO2 and worse photocurrent. 

5.3.3 Transient Absorption Spectroscopy Probing Charge Transfer Dynamics in TiO2-

Co9POM 

The above PEC studies show that Co9POM modification of TiO2 strongly enhances 

photocurrent which can be attributed to Co9POM acting as an active OER catalyst. However, it’s 

hard to rule out the possibility that Co9POM modification passivates the surface states and 

suppresses recombination from the above experiments. Therefore, more direct evidence of the 

charge transfer dynamics is needed. Herein, we apply transient absorption (TA) spectroscopies to 

study the photophysics of TiO2, TiO2-APS and TiO2-Co9POM photoanodes in both visible (TA-

vis) and mid-IR regions (TA-IR), with the data shown in Figure 5.5, Figures A5.7 and A5.8. Before 

detailed analysis of the TA spectra and kinetics of TiO2-Co9POM, a series of control experiments 

were done on TiO2 to assign the spectra features observed in the visible range after excitation. As 

shown in Figure 5.5a and Figure A5.7a, similar broad positive signals were observed upon 

excitation of both TiO2 and TiO2-Co9POM film on FTO substrate. The broad signal in the visible 

range is assigned to be a convolution contribution of both electron and hole signals, where the 

trapped hole and electrons have maximum absorption peaks at 520 and 770 nm, respectively.68-71 
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We extract the TiO2 kinetics from 460-520 nm and compare their decay behavior in DI H2O, in an 

electron scavenger solution (0.1 M Na2S2O8 aqueous solution), and in a hole scavenger solution 

(30% methanol aqueous solution) in Figure A5.7d. The decay kinetics decay are much faster in 

30% methanol solution and slightly slower in electron scavenger solution. This indicates that the 

kinetics from 460-520 nm mainly originate from photogenerated holes in nanoporous TiO2. 

Kinetics at this range can be further used to represent the kinetic decay of photogenerated holes. 

 

Figure 5.5. Transient absorption spectra of TiO2-Co9POM films under 350 nm pump and (a) 

visible (c) mid-IR probe. Normalized transient absorption decay kinetics on TiO2 and TiO2-

Co9POM probed at (b) 460-520 nm in the visible and (d) 2020-2040 cm-1 in the mid-IR following 

350 nm excitation. (e) Schematic illustration of charge transfer mechanism between TiO2 and 

Co9POM. Samples for TA-vis experiments are deposited on FTO substrates, samples for TA-IR 

experiments are deposited on a sapphire window to avoid extensive absorption by tin oxide. An 

excitation power density of 462 μJ/cm2 is used in all TA experiments. 
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Excitation fluence-dependent hole kinetic decays are compared in Figures A5.7b-c. 

Interestingly, the maximum signal amplitude scales linearly with power density, but signal decay 

half-time and signal residual decay scale with increased excitation power. This means that the 

number of photogenerated holes scales linearly with excitation power but recombination becomes 

faster with more generated carriers. This can be explained by the trap-assisted electron-hole 

recombination. Fluence-dependent hole kinetics is fit well by a power law decay 𝐴 = (𝑡 − 𝑡0)
−𝛽, 

with β lying within 0.25 ± 0.002 for all decays. Dispersive bimolecular recombination is often 

observed in metal oxides and organic semiconductor materials.72-75 Figures 5.5b and A5.7e further 

compare the hole decay kinetics of TiO2, TiO2-APS, and TiO2-Co9POM photoelectrodes. Hole 

decay kinetics in TiO2 and TiO2-APS are very similar, while signal decay accelerates in TiO2-

Co9POM. This further clarifies the previous proposals: Co9POM acts as a water oxidation catalyst 

that extracts photogenerated holes on the picosecond timescale rather than suppressing surface 

recombination. APS acts as a spectator and does not affect the hole kinetics.  

In addition, TR-IR spectroscopies were conducted on TiO2, TiO2-APS, and TiO2-Co9POM 

samples to probe the photogenerated electron kinetics in the TiO2 conduction band as shown in 

Figures 5.5c, d and Figure A5.8. All samples showed a broad positive signal from 2000 to 2080 

cm-1 upon excitation. The signal can be assigned to the TiO2 conduction band free electron 

absorption.76-78 The TΑ-IR spectra rule out Co9POM or APS excited states or oxidized states as 

important due to the lack of IR transitions in this region (Figure A5.1a and reference 7979).  As 

shown in Figure A5.8d, the electron signal in TiO2 shows similar decay features with or without 

APS treatment, meaning that APS is not reduced by TiO2 conduction band electrons and remains 

stable during all our reported experiments. Notably, the electron signal decays faster when 

Co9POM is attached to TiO2-APS which is entirely consistent with TiO2 conduction band electrons 
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capable of reducing tungsten in Co9POM, a thermodynamically favorable process (~ -0.2 V, 

Figure A5.5a, compared to TiO2 conduction band edge, -0.4 V).80 These findings are also in 

agreement with the slow OCP recovery from light to dark states of TiO2-Co9POM, where tungsten 

states close to the TiO2 conduction band are introduced in the coupled system. Despite this 

unfavorable electron transfer process observed in dry film TA-IR measurement conditions, we 

believe this effect is greatly mitigated under OER conditions as sufficient positive applied potential 

can decrease the electron population in nanoporous TiO2. From the above TA-vis and TA-IR 

experiments, we establish that TiO2-Co9POM is a highly coupled system that can achieve both 

electron and hole transfer as summarized in Figure 5.5e, with the APS ligand likely serving as both 

electron and hole transfer highway. 

5.4. Conclusions 

We report a POM immobilization method by first anchoring the cationic APS ligand on a 

metal oxide light absorber followed by treatment of the metal oxide-APS with a solution of a POM 

WOC, Co9POM. The resulting Co9POM-functionalized TiO2 photoelectrode, TiO2-APS-

Co9POM or “TiO2-Co9POM” in this study, exhibits a three-fold photocurrent enhancement 

compared to bare TiO2 in aqueous acidic conditions. The structural integrity of the catalyst, 

Co9POM, is maintained for up to 5 hours of operation. To the best of our knowledge, this is the 

first application of an efficient POM-based catalytic photoanode that achieves efficient water 

photoxidation in acid. Extensive mechanistic studies conclude that the enhancement of 

photocurrent is mainly due to Co9POM acting as a fast hole collector and active catalytic center 

rather than as a passivator of surface states. TA spectroscopy further verifies the fast 

photogenerated hole transfer from TiO2 to Co9POM at the ps timescale. The highly charged 
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Co9POM-modified surface also modulates the TiO2 band edge, enabling a suitable surface electric 

field to separate the surface photogenerated charge carrier. 

Appendix Chapter 5 

Supplementary General Characterization 

 

Figure A5.1. (a) FT-IR spectroscopy and (b) TGA of Co9POM. 
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Figure A5.2. (a) Full XPS of TiO2-Co9POM before bulk electrolysis. XPS of (b) W 4f, (c) Co 2p, 

and (d) O 1s of TiO2-Co9POM after bulk electrolysis. 

 

Figure A5.3. XPS of (a) Co 2p and (b) O 1s in Co3O4 solids. 
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Figure A5.4. Raman spectroscopy of TiO2-Co9POM on FTO substrates after passing around 3.0 

C of charge on the electrode for OER reaction as described in Figure 5.4b. Black diamonds and 

red stars represent the feature Raman peaks for anatase TiO2 and Co9POM, respectively. 

Supplementary PEC Characterization and AC Impedance Fitting Parameters 

 

Figure A5.5. (a) Cyclic voltammetry of Co9POM in pH 2 buffer solution (b) J-V curve of 

H3PW12O40 modified TiO2 and (c) J-V photocurrent of Co-Pi modified TiO2 under 100 mW cm-2 

365 nm LED light illumination. 
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Figure A5.6. FOXY Forspor oxygen probe setup during OER condition. Right panel shows the 

zoom-in of probe and electrode relative position. 

Table A5.1. AC impedance fitting parameter of TiO2, TiO2-APS and TiO2-Co9POM photoanode.  

 TiO2 TiO2-APS TiO2-Co9POM 

Ufb (VRHE) -0.083±0.017 -0.062±0.020 -0.164±0.009 

Rs (Ohm/cm2) 25.41±0.17 27.88±0.12 46.32±0.28 

Rct (kOhm/cm2) 567.8±292 410.3±80.6 153.3±28.2 

CPE-Q (𝜇F/cm2) 7.70±0.10 6.67±0.05 126.2±0.16 

CPE-𝛼 0.978±0.002 0.979±0.001 0.904±0.002 
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Supplementary Transient Absorption Spectroscopy 

 

Figure A5.7. Transient absorption spectroscopy of TiO2 on FTO pumped by 350 nm pulses and 

probed by visible white light: (a) TA-vis spectra; excitation fluence dependent of (b) kinetic decay 

and (c) maximum signal amplitude, half lifetime and signal residual as a function of power density; 

(d) kinetic decay in DI water, 0.1 M Na2S2O8, and 30% methanol; (e) normalized hole decay 

kinetics on of TiO2 and TiO2-APS. All signal kinetics decays are extracted by averaging 460-520 

nm, excitation power density of 462 μJ/cm2 are used in (a), and 231 μJ/cm2 are used in (d) and (e). 
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Figure A5.8. TA-IR spectra on (a) TiO2, (b) TiO2-APS, and (c) TiO2-Co9POM samples. (d) 

Kinetics comparison of three samples from 2020-2040 cm-1. TA-IR experiments are conducted 

under 462 μJ/cm2 350-nm pump, with all samples deposited on sapphire windows. 
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6 Semiconductor Photocatalysis Quantum Efficiency Limited by Electrolyte 

Concentration 

6.1. Introduction 

Photocatalysis on semiconductor photoelectrodes involves a series of complex events, 

including but not limited to charge carrier generation, bulk recombination, charge carrier drift, 

diffusion, interfacial separation, interfacial recombination, and finally the chemical reaction.1-9 

Tracking these individual events and their kinetics enables each step’s quantum efficiency (QE) to 

be quantified, major loss pathways to be identified, and key strategies for improving the device 

performance to be developed.1 These processes occur in chronological order, therefore, time-

resolved spectroscopic tools have been applied to measure the rates of these processes in these 

photoelectrodes.10-12 A series of previous studies have investigated the bulk charge separation and 

recombination within a one nanosecond time window, providing critical information on the 

quantum efficiencies of early steps.10-13 However, studying the later events, such as interfacial 

recombination, which occur between nanosecond and millisecond timescales that bridges the early 

charge separation events to slow chemical reaction steps,  still remain as both a unsolved technical 

challenge and mechanistic question.14-24 

One important aspect that affects the interfacial efficiency in semiconductor 

photoelectrochemical (PEC) system, but often overlooked, is the electrolyte concentration. Similar 

to electrochemical (EC) systems, a high enough electrolyte concentration is first responsible for 

lowering solution resistance.25 However, a fundamental difference in PEC systems is that the 

carriers are transiently generated by illumination, not from an external circuit as in EC system. The 

transiently generated carriers, in turn, induce a potential perturbation that is largely unknown. This 

photo-induced perturbation results in band flattening and quasi-Fermi level splitting in PEC 
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systems.26-30 The potentiostat responds to this perturbation with a time constant (RC constant) that 

is determined by a combination of double layer capacitance, series resistance, and other cell 

parameters that are related to electrolyte concentration.25 Now, as we will demonstrate in this work, 

if the RC constant is on the same time scale of interfacial charge recombination when the 

electrolyte concentration is low, the incident photon to current conversion efficiency (IPCE) will 

decrease as the separated charge carriers undergo undesirably interfacial recombination. Therefore, 

understanding the relationship between interfacial recombination, electrolyte concentration, and 

the response time of the external circuit is crucial to interpret the experimental results.  

In this work, we aim to provide a clear physical picture of the competition between the 

interfacial recombination and the external circuit response. In order to do so, we first establish that 

in-situ transient reflectance spectroscopy (TRS) can directly probe the charge carrier’s interfacial 

recombination in a HER capable photocathode p-GaP/n-TiO2.
1, 31-33 Then, we study the external 

circuit response to the transiently photogenerated charge carriers by varying electrolyte 

concentration. We establish that the response of potentiostat controls the competition between the 

interfacial charge recombination and HER, which ultimately controls the overall IPCE. Finally, we 

conclude that the electrolyte concentration needs to be high enough to outcompete the interfacial 

recombination, which needs to be tailored for different semiconductor photoelectrodes. 

6.2. Material and Method 

6.2.1. Material preparation 

The Zn-doped 100-orientation double side polished gallium phosphide single crystal is 

obtained from University Wafer. The electrode is prepared according to a published procedure.32-

33 The 5 nm thick TiO2 layer is deposited via atomic layer deposition (ALD) with TiCl4 and H2O 

as Ti and O source at 250 C. A Ga-In alloy was applied to the back of the electrode for ohmic 
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contact, followed by conductive copper lead for connection to potentiostat, which is all sealed by 

an epoxy to only expose the front working surface. The previous study showed that the dopant 

level determined by Mott-Schottky measurement is 6.4*1016 cm-3. 

6.2.2. Photoelectrochemistry 

The photoelectrochemistry is carried out by a CHI 660E electrochemical workstation from 

CH Instrument. The cell is a 3-electrode setup with Pt wire as counter electrode and Ag/AgCl (1 

M KCl) as a reference electrode. The electrolyte is pure water dissolved with indicated solute 

concentrations ranging from 0.03 M to 6 M NaNO3 or Na2SO4. The electrolyte is unbuffered; 

however, the overall pH is unchanged during the measurement because the 3-electrode is within 

the same cell compartment. The working electrode distance to the counter electrode, and to the 

reference electrode are both ~5 mm. The chemicals are purchased from Sigma-Aldrich without 

further purification. All potential in the text are relative to Ag/AgCl. In the bulk electrolysis setup, 

the iR compensation is applied to avoid excessive potential drop across the solution. 

6.2.3. Transient Reflectance Spectroscopy 

Transient Reflectance Spectroscopy is introduced in depth in Chapter 2 Section 2.1.2. The 

data collection is performed on EOS software, data analysis is performed on Surface Xplorer 

(Ultrafast systems) and Igor Pro (Wavemetrics). 

6.3. Results and Discussions 

In our previous study,1 we found two major loss pathways in a p-type GaP HER 

photocathode protected by a 5 nm n-type atomic layer deposited (ALD) TiO2 (denoted as GaP/TiO2 

in the following text)32-33 upon excitation: (1) recombination within bulk GaP (occurring within 1 

ns) and (2) interfacial recombination (occurring ~100 microsecond) between electrons in TiO2 and 

holes in GaP. However, while the bulk separation efficiency is directly measured, the interfacial 
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QE is deduced from the overall IPCE and the bulk charge separation efficiency. In the study 

presented here, we aim to directly probe the photogenerated charge carrier’s interfacial 

recombination processes and understand these limiting factors. Figure 6.1a illustrates the 3-

electrode photoelectrochemical cell with a GaP/TiO2 as working electrode, which allows for both 

femtosecond-pulsed laser illumination and continuous-wave LED illumination. The photocurrent 

is measured by modulating the illumination on and off at a given applied potential, and the dark 

current is subtracted from the stable total current, as plotted in Figure 6.1b. This method excludes 

the non-faradaic charging and discharging current, and the IPCE as calculated by the relation 

𝐼𝑃𝐶𝐸 =
𝐼𝑝 𝑞⁄

𝑃/ℎ𝜈
, where Ip is the photocurrent, q is the elementary charge, P is the illumination power, 

and hv is the photon energy. The IPCE is measured at several different electrolyte concentrations 

under -1.5 V vs Ag/AgCl, and the results are shown in Figure 6.1c. The IPCE increases with higher 

electrolyte concentration, from ~2% in pure water to a saturation of ~20% in 0.3 M NaNO3. Further 

increase of the electrolyte concentration does not increase the IPCE. The iR compensation is then 

added to exclude the effect of potential drop due to the high solution resistance, and the IPCE 

shows minimal differences compared to the values obtained without iR compensation. 
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Figure 6.1. Schematic diagram of the p-GaP/n-TiO2 water reduction photocathode in a 3-electrode 

photoelectrochemical cell. (a) The setup allows pulsed (femtosecond 1 kHz ultrafast laser) and 

continuous wave (CW, LED) illumination. Working electrode: GaP/TiO2, counter electrode: Pt 

wire, reference electrode: Ag/AgCl in 1 M KCl. (b) Light on-off measurement of photocurrent for 

the GaP/TiO2 in 0.9 M NaNO3 aqueous solution at -1.5 V vs Ag/AgCl under 0.5 mW/cm2 405 nm 

LED CW illumination with iR compensation. The dashed line indicates the dark current. (c) 

Incident photon to current efficiency (IPCE) under 0.5 mW/cm2 CW 405 nm LED illumination at 

-1.5 V vs Ag/AgCl in aqueous solution with various NaNO3 concentrations with and without iR 

compensation by potentiostat. 

Figure 6.1c shows that the IPCE increases with higher electrolyte concentration regardless 

of the iR compensation, indicating that the electrolyte concentration affects one or more of the 

elementary processes. To gain detailed mechanistic insight, we carried out in-situ TRS in the 
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electrochemical setup illustrated in Figure 6.1a to investigate the effects of electrolytes on the 

charge separation and recombination processes. Further details of this setup can be found in the 

Supporting Information section S1.1-1.3. Upon excitation, the GaP/TiO2 shows two signals, a 

short-lived free carrier signal that decays in ~100 ps (not shown) and a long-lived separated carrier 

signal, shown in Figure 6.2a. According to our previous study, the oscillatory signal centered at 

the direct band gap of GaP (2.78 eV)34  can be attributed to the Franz-Keldysh Oscillation (FKO) 

at the weak field limit.10, 12, 35-38 At this limit, the FKO amplitude is linearly proportional to both 

the original electric field before optical excitation (EDC) and the photogenerated charge carrier 

induced electric field change (EAC) through the relation of ∆𝑅 𝑅 (ℏ𝜔)⁄ ∝ 𝐸𝐷𝐶𝐸𝐴𝐶.35-38 Under the 

same applied bias, with the same EDC, the FKO amplitude is proportional to EAC, which is 

proportional to the separated charge carriers across the GaP/TiO2 p-n junction per unit area 𝜎 

(𝐸𝐴𝐶 ∝ 𝜎).35-38 On the time scale of this study, the photogenerated electrons are fully transferred 

to the TiO2 layer, and the FKO signal amplitude change measures the change of photogenerated 

hole concentration in the GaP. As such, the FKO kinetics provides a direct probe of the decay 

pathway of the photogenerated holes.  
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Figure 6.2. (a) Transient reflectance spectra of GaP/TiO2 at various delay times under 300x pump 

beam size, 4.4 mW/cm2 excitation density, -1.5 V vs. Ag/AgCl applied bias, in 0.03 M NaNO3 

aqueous solution. (b) FKO kinetics probed at 2.78 eV under -1.5 V applied bias, in various NaNO3 

concentrations. The full FKO kinetics 400 s is shown in Figure A6.3. (c) FKO decay rate plotted 

as a function of NaNO3 concentration. The linear fit (solid blue line) shows the rate constant of 

0.62 s-1M-1. (d) Numerical solutions to fit the FKO kinetics from 0.03 to 1.5 M concentration.  

In order to study the effect of electrolyte concentration on interfacial recombination process 

in the GaP/TiO2 photocathode, a series of TRS experiments was conducted in different electrolyte 

concentrations as shown in Figure 6.2b. Because of the large carrier mobility in GaP,  it is important 

to identify experimental conditions under which charge carrier lateral diffusion outside the probe 
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volume is negligible. As shown in Figure A6.1, when the pump beam size is over 300 times larger 

than the probe, the FKO signal shows negligible dependence on beam size; however, at smaller 

pump beam size, the FKO signal decays faster at smaller beam size. The decay of the FKO signal 

at small pump beam sizes can be attributed to a decrease in EAC due to lateral diffusion of carriers 

(i.e., decreased carriers per unit area 𝐸𝐴𝐶 ∝ 𝜎). In the following study, the pump beam size is kept 

at 300 times larger than the probe beam to prevent this undesirable decay in the FKO kinetics 

(Figure A6.1, S2).  Figure A6.1c shows that such lateral diffusion is absent on the dry sample in 

air, which indicates that the ions in solution are essential for the separated carrier’s lateral diffusion. 

The electrolyte concentration-dependent TRS is conducted under the same average 

excitation power of 4.4 mW/cm2 and bias of -1.5 V. As shown in Figure 6.2b, the FKO signal has 

the same initial amplitude at ~10 ns, which indicates that the same amount of charge carriers are 

separated across the p-n junction for all of these electrolyte concentrations.1 With increasing 

solution electrolyte concentration, the FKO kinetics decay faster: in DI water, the FKO signal is 

long-lived without significant decay within 100 s (Figure 6.2b, S3). In contrast, in 1.5 M NaNO3 

solution, the FKO signal decays to nearly zero within ~5 s. The FKO kinetics are fitted to an 

empirical multi-exponential function (Equation A6.1) to estimate the time constant (Table A6.1). 

The ion-induced quenching rate (k) can be extracted (Equation A6.2 and Table A6.2), and the 

quenching rate vs. electrolyte concentration is surprisingly linear, as shown in Figure 6.2c. 

Assuming a pseudo-first order relation between the cation concentration and the separated carrier 

lifetime, a rate constant can be obtained via a linear fit to the rate-concentration data in Figure 6.2c. 

The fitted slope, kc= 0.62±0.01 s-1M-1, is the rate constant of FKO signal quenching with respect 

to the electrolyte concentration.  
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However, the reason behind FKO signal quenching via solution electrolyte is not 

straightforward and must be understood with respect to the majority carrier (hole) removal process 

by the potentiostat. As previously discussed, FKO signal is proportional to the square of electric 

field difference at GaP/TiO2 interface with ∆𝑅 𝑅 (ℏ𝜔) ∝ [(𝐸𝐴𝐶 + 𝐸𝐷𝐶)
2 − 𝐸𝐷𝐶

2]⁄  .39 At large 

applied potential, the GaP/TiO2 interfacial electric field Ex=0 is proportional to the square root of 

interfacial electrostatic potential 𝜙0  according to depletion approximation:40 𝐸𝑥=0 ∝ √𝜙𝑥=0 . 

Therefore, we can re-write the FKO signal to be proportional to the change of surface electrostatic 

potential: ∆𝑅 𝑅 (ℏ𝜔)⁄ ∝ 𝜙𝐴𝐶,𝑥=0. As the applied potential at bulk GaP is kept the same throughout 

the experiment, the change of surface potential is responsible for the change of electrostatic 

potential drop at GaP 𝜙𝐴𝐶,𝑥=0 = ∆𝜙𝐴𝐶. When there are equal amounts of charge carriers (σ) on 

both sides of p-n junction, the potential drop (∆𝜙) is proportional to the width of the charge carrier 

distribution (W):  ∆𝜙 ∝ 𝜎𝑊. Either the potential drop at GaP (∆𝜙𝐺𝑎𝑃) under dark or its change 

upon excitation ∆𝜙𝐴𝐶  dominates over the potential drop at TiO2 side due to the much larger 

depletion width in GaP (~220 nm for -1.5 V) compared to the thin TiO2 layer (5 nm) (>97% 

potential drop in GaP). Therefore, we can connect the change of FKO signal with the band 

flattening potential across the GaP/TiO2 junction VAC: ∆𝑅 𝑅 (ℏ𝜔)⁄ ∝ ∆𝜙𝐴𝐶 ≈ 𝑉𝐴𝐶 . The main 

decay pathway of FKO signal is the removal of the holes in GaP to external circuit and the 

interfacial recombination with separated electrons in TiO2. Band flattening potential VAC, on the 

other hand, initiates a potentiostat response to restore the set potential. The potentiostat does so by 

flowing current from the counter electrode and the corresponding VAC decays by:25 

𝑉𝐴𝐶(𝑡) = 𝑉𝐴𝐶(0)𝑒
−𝑡/𝑅𝐶          6.1 

where the RC constant corresponds to the electrochemical cell’s resistance and capacitance, R, is 

directly related to the electrolyte concentration by:41 
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𝑅 ≈ 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 ∝
1

𝜅
=

1

Λ𝑚𝑐
        6.2 

here 𝜅 is the conductance of the solution, Λ𝑚 is the molar conductivity and c is the electrolyte 

concentration. For a strong electrolyte like NaNO3, Λ𝑚 is approximated to be Λ𝑚
0 , which is the 

limiting molar conductivity. Thus, the decay rate is directly proportional to the electrolyte 

concentration c.  

The competition between charge carrier dynamics is illustrated in Figure 6.3a. The 

photogenerated carriers initiate potentiostat removal of holes at a rate of k, which is proportional 

to the electrolyte concentration c (process 1 in Figure 6.3a). As the photogenerated holes diminish, 

the FKO signal decays due to the disappearance of the photo-induced electric field EAC. The 

removal of holes in GaP has the additional effect of suppressing interfacial recombination. At low 

electrolyte concentrations, the holes in GaP are long-lived, providing an interfacial recombination 

channel (kr, process 2) with electrons in TiO2. At higher electrolyte concentrations, the holes in 

GaP are removed quickly, effectively shutting down this recombination pathway. As a result, the 

electrons in TiO2 survive long enough for the hydrogen reduction reaction with proton/water (kct, 

process 3). 
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Figure 6.3. (a) Schematic diagram of interfacial recombination suppressed by the potentiostat 

removing hole in GaP. (b) IPCE at various NaNO3 concentration under -1.5 V applied bias and 4.4 

mW/cm2 pulsed 400 nm excitation (red circle, left axis). The numerical simulation of the IPCE is 

shown in purple line and triangles. In comparison, the IPCE under -1.5V applied bias and 0.5 

mW/cm2 405 nm LED illumination is also shown (blue box, right axis).  

The decay rate of the FKO signal is dictated by the slow rate of k in process 1. Thus, the 

recombination rate constant can be approximated to be k=kcc. Combining Equations. 6.1 and 6.2, 

the overall decay pathway of [h+] and [e-] can be written as: 

𝑑[ℎ+]

𝑑𝑡
= −𝑘[ℎ+] − 𝑘𝑟[𝑒

−][ℎ+] = −𝑘𝑐𝑐[ℎ
+] − 𝑘𝑟[𝑒

−][ℎ+]     6.3 

𝑑[𝑒−]

𝑑𝑡
= −𝑘𝑟[𝑒

−][ℎ+]        6.4 

Here, the first term in Equation 6.3 accounts for hole removal by the potentiostat, and the second 

term accounts for the interfacial recombination loss between electrons (in TiO2) and holes (in GaP). 
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However, an analytical solution of Equations 6.3 and 6.4 proves to be difficult. Instead, a numerical 

solution is used. The numerical solution is obtained by assuming an initial hole and electron 

concentration [h+]=[e-]=0.003 (unit is R/R), and then calculating the hole and electron 

concentration’s temporal evolution with 0.01 s step intervals with Equations 6.3 and 6.4 (Figure 

A6.4). The numerical solution provides a reasonable fit to the FKO kinetics, as shown in Figure 

6.2d. This fitting approach yields kc=0.62 s-1M-1, consistent with the value obtained from the 

multi-exponential fitting, and kr is determined to be 10 s-1 (when [e-]=0.003 R/R). 

This model is well supported by the in-situ IPCE measurements taken in various electrolyte 

concentrations under the same conditions as the TRS measurements. As shown in Figure A6.4, the 

electron concentration reaches equilibrium at ~100 s, and its concentration [e-]100s corresponds 

to the total available [e-] for the chemical reaction (process 3), as shown in Figure 6.3a. Therefore, 

the in-situ IPCE can be written as: 

𝐼𝑃𝐶𝐸 = 𝑄𝐸𝑎𝑏𝑠𝑄𝐸𝐶𝑆
𝑏𝑢𝑙𝑘𝑄𝐸𝐶𝑆

𝑖𝑛𝑡𝑄𝐸𝑅𝐸 = 𝑄𝐸𝑎𝑏𝑠𝑄𝐸𝑏𝑢𝑙𝑘 ∗
[𝑒−]100𝜇𝑠

[𝑒−]0
𝑄𝐸𝑅𝐸     6.5 

where A accounts for bulk separation QE. [𝑒−]0 is the initial total electron concentration (0.003 

R/R in this case). Here, QEbulk is a constant under a certain applied biases and excitation powers, 

QEabs is the absorbed photon percentage and is equal to 0.75. The [e-]100s is simulated for a range 

of electrolyte concentration, as shown in Figure 6.3b (purple curve). The measured in-situ IPCE 

and the simulated IPCE curve agree well when QEbulk equals 0.104, which means a 10.4% QE for 

the bulk separation, which is consistent with what we obtained in a previous study (~9%). The 

QERE reaches ~100% with an electrolyte concentration of 1 M NaNO3. 

Interestingly, the IPCE measured under the same conditions but with CW illumination 

shows a similar trend, although with overall higher values due to the more efficient bulk 

separation.39 As shown in Figure 6.3b, the IPCE under CW illumination increases with higher 
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NaNO3 concentration, which also matches well with the fitting curve. This observation suggests 

that the model proposed here in Figure 6.3a is more general than pulsed excitation, and the 

interfacial recombination that can be suppressed by high cation concentration applies to 

photoelectrodes with similar structure.  

The bias dependence of the FKO kinetics is further investigated at different applied biases 

under the same excitation power, as shown in Figure 6.4a. These kinetics shows weak bias 

dependence. This is partially true because at a high electrolyte concentration the FKO kinetics is 

dominated by first term in Equation 6.3, which is the hole removal by potentiostat. This process, 

as we will show later, is bias-independent. However, a close inspection of the FKO shows non-

negligible differences as shown in Figure A6.5, where at low applied bias (-0.6 V) the FKO kinetics 

decays slightly faster than at more negative bias (-1.5 V). We believe that the difference is due to 

the different second term in Equation 6.3, the interfacial recombination. To better demonstrate this 

term, the FKO kinetics can be fitted by the numerical method described above. The FKO kinetics 

are first divided by EDC to obtain the correct initial EAC, which is linearly proportional to the hole 

concentration, followed by a universal scaling between different biases to have the same initial 

amplitude of 0.003 R/R for -1.5 V for a simple comparison of the bimolecular recombination rate 

constant kr. The treated FKO kinetics and its numerical fitting are shown in Figure 6.4b, where the 

fitting parameters are shown in Table A6.3. 
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Figure 6.4. FKO kinetics under 300x pump beam size, 400 nm, 4.4 mW/cm2 excitation, 0.9 M 

NaNO3 aqueous solution and various applied bias. (a) The raw FKO kinetics. (b) The EAC and its 

numerical fitting shown in black solid lines. (c) The simulated electron concentration over a 100 

s time window. (d) The IPCE measured in-situ under pulsed illumination, steady state CW 

illumination, and the [e-]100s from the simulation shown in panel c.  

The fitting shows that the bimolecular recombination rate is the same for -1.5 and -1 V, and 

10 times larger for -0.6 V, which is consistent with the increased recombination rate constant at 

low applied bias. The recombination loss is better visualized when [e-]100s is plotted in Figure 6.4c. 

Minimum loss of [e-] for -1.5 and -1 V, and a larger loss for -0.6 V are observed. The electron 

concentration at 100 s (i.e., [e-]100s) can again be used to compare the IPCE measured under 
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pulsed and CW illumination. The good agreement in Figure 6.4d proves our model to be robust. 

The difference in IPCE (or [e-]100s) is caused by both the initial [e-] difference from the bulk charge 

separation (<1 ns) and the interfacial recombination loss demonstrated in this study (~s).  

6.4. Conclusion 

Using nanosecond in-situ TRS, we have observed sequential events that occur after charge 

separation across the p-n junction. The FKO signal provides a direct probe of the photogenerated 

carriers interfacial processes. By studying the FKO kinetics, we first learned that the 

photogenerated carrier diffuses laterally while coupled with solution ions, which causes an 

artificial decay of the FKO signal. This undesirable decay can be avoided by using a larger pump 

beam size. The FKO signal also decays faster at higher electrolyte concentrations, due to the 

potentiostat removing photogenerated holes. The potentiostat response time depends on the 

electrolyte concentration. The removal of holes, in turn, suppresses the interfacial recombination, 

which increases the HER efficiency. This model is further verified by the IPCE measured in-situ 

under different excitation source and electrolyte concentrations. The agreement between the 

interfacial recombination rate determined by different methods proves this model to be robust. We 

showed a time-resolved picture of processes closely related to photocatalysis on a semiconductor 

photocathode, detailing the important role of the solution and the potentiostat’s response to the 

overall IPCE. These findings are valuable to the mechanistic understanding of photocatalysis by 

semiconductors.  
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Appendix Chapter 6 

 

Figure A6.1. (a) Transient reflectance spectra of GaP/TiO2 at various delay time under -1.5 V vs 

Ag/AgCl applied bias, in 0.1 M Na2SO4 aqueous solution. The sample is excited by 400 nm with 

an excitation density of 4.4 J/cm2. The relative pump to probe beam size is 300 times. (b) FKO 

kinetics probed at 2.78 eV with various pump beam sizes. The legend indicates the relative pump 

to probe size. The excitation power is increased accordingly to maintain the same excitation 

density of 4.4 J/cm2. Other experimental conditions are kept the same. (c) FKO kinetics 

comparison of different pump beam sizes of GaP/TiO2 (5 nm) dry film. The excitation density is 

the same. (d) Schematics of carrier diffusion at indicated x-y (lateral) direction coupled with 

cations. 
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Figure A6.2. FKO kinetics with 300x and 1300x pump beam size with 400 nm 4.4 J/cm2 

excitation, -1.5 V vs Ag/AgCl applied bias, and 1.5 M NaNO3 aqueous solution. The similar 

kinetics show that the x-y diffusion can be neglected even at highest electrolyte concentration.  

 

Figure A6.3. Exponential-exponential plot of Figure 6.1b and corresponding multiexponential fit. 

The FKO decay kinetics is fitted with a three exponential decay function: 

∆𝑅

𝑅
= ∑ 𝑎𝑖𝑒

−𝑡/𝜏𝑖
𝑖       A6.1 

The fitting result to Figure 6.1b is listed below in Table A6.1, a is in the unit of 

R/R(*1000).  is in the unit of microsecond.  
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Table A6.1. Fitting parameter of Figure 6.2b. 

 DI water 0.03 M 0.3 M 0.9 M 1.5 M 

a0 1.13±0.02 0.98±0.02 0.89±0.03 0.88±0.81 1.00±0.04 

a1 1.07±0.02 0.83±0.05 3.02±0.09 0.88±0.47 1.34±0.07 

a2 2.23±0.02 2.62±0.06 0.60±0.01 2.44±0.76 2.78±0.31 

0/s 0.11±0.00 0.05±0.00 0.03±0.00 0.24±0.11 0.008±0.001 

1/s 3.84±0.25 2.97±0.32 2.52±0.09 0.72±0.85 0.42±0.07 

2/s 192.4±4.3 25.6±0.7 14.3±2.3 2.19±0.31 1.38±0.09 

The sum of cation induced quenching rate and the interfacial recombination rate is by 

averaging the 1 and 2 with averaged weight of a1 and a2. The interfacial recombination rate is 

approximated to the DI water decay rate, which is 0.008±0.0005 s-1 (132±9 s). Here, a simple 

assumption (which is used to provide an estimation of the quenching rate) of the recombination to 

be independent of electron concentration is used. The quenching rate is then calculated as: 

𝑘 = 𝜏−1 − 𝜏𝑟𝑒𝑐
−1 =

𝑎1+𝑎2

𝑎1𝜏1+𝑎2𝜏2
− 𝜏𝑟𝑒𝑐

−1      A6.2 

The quenching rate in Figure 6.2c is listed in Table A6.2. 

Table A6.2. Sodium cation quenching rate. 

concentration of NaNO3 Quenching rate/s-1 

0.03 M 0.042±0.004 

0.3 M 0.216±0.035 

0.9 M 0.548±0.090 

1.5 M 0.931±0.104 
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Figure A6.4. Numerical simulation to fit the FKO decay kinetics in Figure 6.2d. (a) hole 

concentration, (b) electron concentration.  

 

Figure A6.5. Normalized FKO kinetics at 1 ns for Figure 6.4a. 

Table A6.3. Simulated FKO kinetics under different bias 

Bias EDC (kV/cm) kr *[e-]0 [e-]100s CW IPCE fs IPCE 

-0.6 V 183.185 100 0.0011 0.000937 3.4 1.79 

-1.0 V 201.186 10 0.0018 0.001747 12.4 3.48 

-1.5 V 221.64 10 0.003 0.00287 22.6 4.744 

*[e-]0=0.003R/R. 
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7.1. Introduction 

The photochemical CO2 reduction reaction is an emerging way to convert abundant and 

clean solar energy into chemical energy and simultaneously remedy the earth from increasing 

carbon emissions. Critical steps for photochemical CO2 reduction include generation of electron-

hole pairs, transfer of electrons to catalytically active sites, and catalytic CO2 reduction.1-3 To meet 

these requirements, a semiconductor material is needed to efficiently convert photons to electron-

hole pairs under sunlight illumination; the photo-generated electrons should be quickly transferred 

to catalytic sites that have a suitable binding affinity for CO2 and a sufficient reduction potential 
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to reduce CO2. Among all semiconductors, CdS is a proper candidate with a bandgap in the visible 

region (~ 43% energy of the solar spectrum) and a sufficiently high conduction band minimum 

that suits CO2 photoreduction.4 While several structural modification approaches have been 

reported for improving the photochemical CO2 reduction performance of CdS,5-6 current CdS-

based photocatalytic systems are still limited by fast electron-hole recombination, slow electron 

transfer to catalytic sites, and insufficient CO2 reduction activity.7 Ideally, an effective electron 

transfer component connecting the light absorber with a highly active CO2 reduction catalyst 

would address these issues. However, realizing such a photocatalyst architecture is a notable 

challenge as it requires solving physical and chemical problems at multiple material interfaces.7 

Practical photochemical CO2 valorization will have to take CO2 capture into consideration. 

Lewis base molecules like alkyl amines are well-known absorbents that can effectively capture 

CO2 by forming carbamates.8 However, regenerating CO2 from carbamate solutions for CO2 

utilization usually requires extensive heating, which is energy-demanding and may produce toxic 

byproducts.9 Direct conversion of a carbamate to yield CO2 reduction products and simultaneously 

regenerate the amine would be an ideal approach to integrated CO2 capture and utilization. 

However, these reactions are challenging because additional energy is required to break the C-N 

bond in the carbamate.10-12 In consideration of this need, a smart design of CO2 reduction 

photocatalyst materials might be to incorporate a component that can photothermally liberate or 

activate CO2 from its carbamate form near the CO2 reduction catalytic sites. 

In this chapter, we developed a ternary hybrid photocatalyst material, consisting of CdS 

quantum dots (QDs) and cobalt phthalocyanine (CoPc) molecules selectively anchored on 

multiwalled carbon nanotubes (CNTs), that addresses all the aforementioned challenges. In this 

material architecture, CdS is the light absorber, CoPc is the CO2 reduction catalyst with known 
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activity and selectivity for CO production like several other metal phthalocyanines and 

porphyrins,13-17 and CNT serves as a charge transfer highway between CdS and CoPc. The intimate 

CdS/CNT and CNT/CoPc interfaces resulting from well-controlled material synthesis significantly 

accelerate charge carrier separation in the light absorber and electron transfer to the catalytic sites 

through the highly conductive CNTs. Our photocatalyst delivers a high CO production rate of 6.3 

μmol h-1 (6.3 mmol g-1 h-1) under visible light illumination. Remarkably, the photothermal effect 

of CNT enables local heating near the photocatalyst, which makes carbamate reactive. Taking 

advantage of this property, we successfully demonstrated direct photochemical production of CO 

from CO2 captured by monoethanolamine (MEA) from air. 

7.2. Materials and Methods 

7.2.1. Materials  

Cadmium oxide (≥ 99.99%), oleylamine (technical grade, 70%), oleic acid (technical grade, 

90%), 1-octadecene (ODE, technical grade, 90%), N,N-dimethylformamide (DMF, anhydrous, 

99.8%), cobalt(II) phthalocyanine (CoPc), triethanolamine (TEOA, ≥ 99.0%), and KHCO3 (99.7%) 

were purchased from Sigma-Aldrich. n-hexane, methanol, and acetonitrile (≥ 99.6%) were 

purchased from Fisher Scientific. Multiwalled CNTs were purchased from C-Nano (product 

number FT 9100). CO2 (USP medical grade) and Ar (99.999%) were purchased from Airgas. We 

used deionized water from a Millipore water purification system (18.2 MΩ cm at 25 °C) for all 

experiments. All purchased chemicals were used without further purification unless otherwise 

noted. 

To prepare the CdS/CNT/CoPc, we start with the preparation of CNTs. Purchased 

multiwalled CNTs were purified by a two-step process. As-received CNTs were calcinated at 

500 °C in air for 5 hours, and the calcined CNTs were put in a 5 wt.% HCl aqueous solution. The 
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mixture was sonicated for 30 min and then stirred overnight. We washed the CNTs with deionized 

water until pH neutral and collected them by freeze-drying. 383 mg of CdO in 3.9 mL of ODE and 

3.9 mL of oleic acid was heated at 140 °C in an oil bath overnight under magnetic stirring at 500 

rpm, after which the mixture turned into a transparent cadmium oleate precursor. We then added 

40 mg of purified CNTs and 4 mL of 1 M sulfur in oleylamine to the prepared Cd precursor solution 

at 140 °C. After 2 hours of reaction, the mixture was cooled down in an ice bath. We collected the 

CdS/CNT product via centrifugation after washing it with hexane/ethanol and ethanol/methanol 

several times. To assemble CoPc on CdS/CNT, we dispersed the synthesized CdS/CNT (~ 80 mg) 

in a mixed solvent of 40 mL of DMF and 40 mL of methanol and sonicated the suspension for 1 

hour. The CoPc/DMF dispersion (2 mg in 20 mL) was also sonicated for 1 hour. The two mixtures 

were merged and sonicated for another hour. The mixture was further stirred overnight. The 

product was collected via centrifugation after washing with DMF and water. Finally, the 

CdS/CNT/CoPc hybrid material was collected by freeze-drying. Unsupported CdS QDs were 

synthesized in the same way as CdS/CNT, except that no CNTs were added in the synthesis and 

the reaction temperature was 180 °C. CdS/CoPc was then prepared with a similar procedure as 

loading CoPc on CdS/CNT. 

7.2.2. General Characterization Methods 

Inductively coupled plasma–mass spectrometry (ICP–MS) was performed using an Agilent 

Technologies 7700 series instrument. Gas chromatography (GC) (MG #5, SRI Instruments) 

equipped with a flame ionization detector (with a methanizer) and a thermal conductivity detector 

was used to analyze gas products from photochemical CO2 reduction. High-resolution STEM-

HAADF images were acquired with a Cs probe-corrected Thermo Fisher Scientific Spectra 300 

Kraken (S)TEM with an Extreme-Brightness Cold Field Emission Gun (X-CFEG). Data was 
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collected at 120 kV with a probe current of ~ 60 pA. Raman spectra were collected using a confocal 

Raman microscope with a 633 nm laser (LabRAM HR Evolution, Horiba Jobin Yvon). Ultraviolet 

photoelectron spectroscopy (UPS) data was obtained with a PHI VersaProbe II X-ray 

photoelectron spectrometer with low-energy photons (He I, 21.2 eV). The XRD measurements 

were carried out using a multipurpose thin-film X-ray diffractometer (D/Max 2500, Rigaku). UV-

visible absorption spectroscopy was performed with a Shimadzu UV-2600 UV-visible 

spectrophotometer. Cyclic voltammetry was performed with a Bio-Logic VMP3 Multi Potentiostat. 

The counter electrode was a graphite rod from Sigma-Aldrich, and the reference electrode was a 

Ag/AgCl (0.1976 V vs SHE) electrode from Pine Research Instrumentation. The cathode and 

anode compartments were separated by an anion-exchange membrane (Selemion DSV).  

7.2.3. Measuring work function and valence band maximum (VBM) with UPS 

Before analyzing our samples, we analyzed a gold foil to verify the method and our 

operation (Figure A7.5a-c). Before measurement, 30 min of Ar sputtering was applied to remove 

surface contamination on the gold foil. A -5 V external bias was applied during the measurement 

to obtain the secondary electron cutoff (SEC). We used the MultiPack software to determine VBM 

and SEC. The equation below was used to obtain the work function value:18 

𝑒∅𝑚 = ℎ𝑣 − (𝐸𝐾,𝑚𝑎𝑥
𝑚𝑒𝑎𝑠 − 𝐸𝐾,𝑚𝑖𝑛

𝑚𝑒𝑎𝑠 )      (7.1) 

𝑒∅𝑚: work function 

ℎ𝑣: 21.22 eV (He I) 

𝐸𝐾,𝑚𝑎𝑥
𝑚𝑒𝑎𝑠 : VBM or the maximum kinetic energy of emitted electrons  

𝐸𝐾,𝑚𝑖𝑛
𝑚𝑒𝑎𝑠 : SEC or the minimum kinetic energy of emitted electrons 

The measured work function of the gold foil was 5.1 eV with VBM at -5.088 eV and SEC 

at 10.996 eV (Figure A7.5a-c), which is consistent with the reported value.19 For CNTs, the 
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measured VBM (-5.106 eV) and SEC (11.998 eV) provided a work function of 4.096 eV. For all 

work function measurements (Figure A7.5), a -5 V bias was applied. No external bias was applied 

for VBM measurements (Figure A7.6).   

7.2.4. TA measurement conditions 

Transient absorption (TA) spectroscopy setup is described in Chapter 2, section 2.1. In 

femtosecond experiments in this study, power density of 13.6 μJ cm-2 (400 nm) was used to excite 

CdS QDs (Figure 7.3c); power density of 201.6 μJ cm-2 (400 nm) was used to excite CdS/CNT, 

CdS/CNT+TEA, CdS/CNT/CoPc, and CdS/CNT/CoPc+CO2+TEA samples; power densities of 

201.6 (400 nm), 147.2 (550 nm) and 100.8 (800 nm) μJ cm-2 were used to excite samples in near-

IR TA measurements to ensure the same photon flux. In nanosecond TA experiments, power 

densities of 60 μJ cm-2 (400 nm) and 700 μJ cm-2 (400 nm) were used to excite CdS QDs and 

CdS/CNT, respectively. Data collected from nanosecond and femtosecond TA measurements were 

stitched together by scaling the data at 3 ns to generate the results shown in Figure 7.3c. Although 

the power density used in the nanosecond TA measurements is above the single exciton region 

threshold, the results should not be affected by Auger recombination which occurs on the 

picosecond to sub-nanosecond timescale.20-23 1 mm cuvettes were used for all samples. A magnetic 

stirring condition of 1000 rpm was applied during both femtosecond and nanosecond experiments. 

Samples for TA experiments were prepared by dispersing 1.8 mg of CdS QDs in 5 mL of 

toluene, 3 mg of CdS/CNT in 5 mL of toluene, 3.2 mg of CdS/CNT/CoPc in 5 mL of toluene, or 

1.7 mg of CdS/CoPc in 5 mL of toluene. The CNT sample was prepared by suspending 1 mg of 

purified CNTs in 1 mL of ethanol with 10 μL of a 5 wt.% Nafion solution (Sigma-Aldrich). Control 

experiments with TEA were performed by replacing the pure toluene solvent with a mixed solvent 

containing 90% toluene and 10% TEA (vol%). 
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7.2.5. Photochemical CO2 reduction measurements 

Photochemical CO2 reduction was carried out in a custom-designed gas-tight cylindrical 

quartz cell with a volume of 17 mL and an inner radius of 0.37 cm. 1 mg of CdS/CNT/CoPc was 

dispersed in 5 mL of TEOA-acetonitrile (1:4 volumetric ratio) via 30 min of sonication. The cell 

was connected to inlet and outlet gas lines. We purged CO2 in the cell for 10 min and then kept the 

flow rate at 2 sccm. The outlet line was connected to the GC which sampled the gas every 10 min. 

For reactions using amine-captured CO2, 1 mg of CdS/CNT/CoPc was dispersed in 5 mL of 0.2 M 

aqueous MEA in the reaction cell via 30 min of sonication. We purged CO2 in the cell for 20 min 

and switched to Ar for 2 hours to remove residual CO2. In the case of CO2 captured from air, we 

purged air for 4 hours and then Ar for 2 hours. The cell was closed during the photochemical 

reaction. After 2 hours of reaction, we manually injected 1 mL of the gas in the cell into the GC 

using a syringe. We used three types of light sources in our experiments: a 150 W AM1.5G-filtered 

Xe lamp with 216 mW cm-2 beam power (ABET Technologies), a 405 nm LED with 47 mW cm-2 

beam power (Thorlabs), and a 300 W Xe lamp with 766 mW cm-2 beam power (618 mW cm-2 with 

UV filter, Newport Corporation). The power of each light source was measured by a laser power 

meter (AI310 Astral). Except for reactions with LED, we immersed the cell in a 6.4 × 6.4 × 6.4 

cm3 quartz tank filled with water to cut off the IR spectrum and help stabilize the reaction 

temperature. Products (H2 and CO) were quantified by the GC using calibration curves. 

7.2.6. In situ Raman spectroscopy and in situ UV-visible spectroscopy 

A custom-designed gas-tight quartz cell (5 mm diameter and ~ 8 cm height) was used for 

in situ Raman spectroscopy. In the experiment of reducing methyl viologen (MV2+), 1 mg of 

CdS/CNT/CoPc was dispersed in 5 mL of TEOA-acetonitrile (1:4 volumetric ratio) via 30 min of 

sonication, and 9 mg of MV2+ was dissolved in another 5 mL of TEOA-acetonitrile (1:4 volumetric 
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ratio). The two mixtures were merged, and 0.45 mL of the merged dispersion was used in the cell. 

The reaction was under Ar atmosphere. In the experiment of reducing CO2, we prepared 1 mg of 

CdS/CNT/CoPc dispersed in 5 mL of TEOA-acetonitrile (1:4 volumetric ratio) and used 0.45 mL 

of the mixture for reaction. A 633 nm laser was used for in situ Raman spectroscopy. For in situ 

UV-visible spectroscopy, we used a cuvette from Firefly Sci. 1 mg of CdS/CNT/CoPc was 

dispersed in 5 mL of TEOA-acetonitrile (1:4 volumetric ratio), and 3 mL of the mixture was used 

for the reaction. We used the 405 nm LED for all in situ spectroscopy experiments. 

7.2.7. Modeling of CNT local heating 

Based on our experiments shown in Figure A7.21, we built a model system comprising a 

CNT and a water body surrounding it using the heat transfer in solid and fluid method in the heat 

transfer module of COMSOL. The heat transfer in solid and liquid was calculated as:  

𝑄𝑠𝑜𝑙𝑖𝑑 = 𝜌𝑠𝐶𝑝𝑠
𝜕𝑇

𝜕𝑡
+ ∇ ∙ 𝑞𝑠         (7.2) 

𝑄𝑙𝑖𝑞𝑢𝑖𝑑 = 𝜌𝑙𝐶𝑝𝑙
𝜕𝑇

𝜕𝑡
+ 𝜌𝑙𝐶𝑝𝑙𝜇 ∙ ∇𝑇 + ∇ ∙ 𝑞𝑙        (7.3) 

 𝑞𝑠 = −𝑘𝑠∇𝑇          (7.4) 

 𝑞𝑙 = −𝑘𝑙∇𝑇          (7.5) 

where 𝜌𝑠 is the density of CNT, 𝜌𝑙 is the density of water, 𝜇 is the bulk viscosity of water, 𝐶𝑝𝑠 and 

𝐶𝑝𝑙 are heat capacities of CNT and water, respectively, at constant pressure, 𝑘𝑠 and 𝑘𝑙 are thermal 

conductivities of CNT and water, respectively, 
𝜕𝑇

𝜕𝑡
 is the change of temperature with respect to time, 

and ∇𝑇 is the temperature gradient.   

The material properties of water were retrieved from COMSOL’s Material Library while 

the properties of the CNT were set to be 1.7 g cm-3 for density and 2586 W m-1 K-1 for thermal 

conductivity.24 The dimensions of the modeled CNT were chosen to be 20 μm in length and 50 nm 
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in diameter to mimic the CNTs used in the CdS/CNT/CoPc hybrid material. The volume ratio of 

the water body to the CNT was calculated to be 8.5×105 based on their densities and masses used 

in the experiment (150 g of water and 0.3 mg of CNTs). The CNT was set to be a boundary heat 

source while the water was selected to be a uniform heat source. The power of the water body was 

calculated based on the experimental data that illumination increased the temperature of the 150 g 

of water by 6 °C within the course of 1 hour. The introduction of 0.3 mg of CNTs was 

experimentally found to cause another 5 °C of temperature increase in the water during the 1 hour 

of illumination, based on which the power of the CNT was calculated. The simulated system was 

programed to initiate with a thermal equilibrium state at 20 °C and to terminate when the water 

body temperature reached 31.5 °C. 

7.3. Results and Discussion 

The CdS/CNT/CoPc ternary hybrid material was synthesized by firstly growing CdS QDs 

on multiwalled CNTs and subsequently assembling CoPc molecules on the uncovered CNT 

surfaces. We reacted cadmium (II) oleate with elemental sulfur in the presence of CNTs, oleic acid 

(OA) and oleylamine in octadecene at 140 °C to form CdS/CNT. The reaction temperature was 

controlled to be considerably lower than typical CdS QD syntheses (~ 250 °C) to allow for 

selective nucleation and growth of QDs on CNT surfaces.25 OA served as a capping agent to control 

the size of CdS QDs. Transmission electron microscopy (TEM) characterization of 

CdS/CNT/CoPc revealed that nanoparticles with a narrow size distribution are selectively and 

uniformly anchored on CNT surfaces (Figure A7.1). Scanning transmission electron microscopy 

recorded with a high-angle annular dark-field detector (STEM-HAADF) clearly showed spherical 

nanoparticles with a diameter of ~ 5 nm on CNTs (Figure 7.1a). X-ray diffraction (XRD) confirmed 

the successful synthesis of CdS in the zinc blende phase (Figure 7.1b). The hybrid material shows 
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two absorption peaks in the UV-visible spectrum at 480 nm and 660 nm (Figure 7.1c), 

characteristic of CdS QDs and CoPc, respectively.15, 26 Elemental mapping by electron energy loss 

spectroscopy (EELS) visualized CNTs and CdS QDs in the hybrid structure (Figure 7.1d-g). 

Notably, a layer of C is visible on the surface of the CdS QDs (red box in Figure 7.1e), which 

reflects the surface ligands. This OA capping layer may help suppress the toxicity of CdS as 

opposed to previous studies which mostly used uncapped CdS photocatalysts.27-28 

CoPc molecules were assembled onto the uncovered CNT surfaces of CdS/CNT via non-covalent 

π-π interaction. High-resolution STEM-HAADF imaging of CdS/CNT/CoPc showed dispersion 

of high-contrast atoms (heavy metal atoms such as Co) on CNTs (Figure 7.1h). Energy dispersive 

X-ray (EDX) spectroscopy analysis confirmed the presence of Co element in CdS/CNT/CoPc but 

not in bare CNTs (Figure A7.2), which verifies the effective loading of CoPc. Inductively coupled 

plasma mass spectrometry (ICP-MS) revealed that the hybrid material contains approximately 70 

wt% of CdS, 30 wt% of CNT, and 0.15 wt% of CoPc. These characterization results together 

delineate the structure of the CdS/CNT/CoPc ternary hybrid material as illustrated in Figure 7.1i. 



160 

 

 

Figure 7.1. CdS/CNT/CoPc hybrid material. (a) STEM-HAADF image of CdS/CNT/CoPc. (b) 

XRD of CdS/CNT/CoPc. (c) UV-visible spectroscopy of CdS/CNT/CoPc. (d)-(g) STEM-HAADF 
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image and EELS elemental mapping of CdS/CNT/CoPc. (h) High-resolution STEM-HAADF 

image of CdS/CNT/CoPc. (i) Schematic illustration of CdS/CNT/CoPc structure. 

Additional characterization was performed to understand the electronic structure of the 

ternary hybrid photocatalyst (Table A7.1). Cyclic voltammetry was used to determine the redox 

levels of CoPc and their positions with respect to the standard electrode potential of CO2/CO 

(Figure A7.3). The first reduction level is 0.07 eV below CO2/CO, and the second reduction is 0.5 

eV higher (Figure 7.2). The energy gap corresponding to the Q band of CoPc was determined to 

be 1.78 eV from the Tauc plot (Figure A7.4). Ultraviolet photoelectron spectroscopy (UPS) was 

carried out to determine the work function of CNT as 4.09 eV (Figure A7.5) and the valence band 

maximum of CdS as 1.99 eV below the Fermi level of CNT (Figure A7.6). The band gap of the 

CdS QDs was measured from the Tauc plot to be 2.45 eV (Figure A7.7 and A7.8). These results 

allowed us to draw a wholistic energy band diagram of the CdS/CNT/CoPc ternary hybrid 

photocatalyst as shown in Figure 7.2. On the light absorber side, the conduction band of CdS QDs 

is high enough to generate electrons with sufficient reducing power for CO2 conversion to CO. 

These electrons can be easily transferred to CNTs. On the co-catalyst side, CoPc needs to be doubly 

reduced to be active for reducing CO2 to CO, which is consistent with the understanding from our 

prior electrocatalytic studies.29 However, the second reduction energy level of CoPc is 0.26 eV 

higher than the Fermi level of CNTs, which indicates that electron accumulation in CNTs is 

required to further inject electrons into singly reduced CoPc. 
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Figure 7.2. Electronic energy level diagram of CdS/CNT/CoPc. 

Transient absorption (TA) spectroscopy was carried out to study the photo-induced charge 

separation process in the CdS/CNT/CoPc hybrid photocatalyst. Upon 400 nm excitation, CdS QDs, 

CdS/CNT and CdS/CNT/CoPc all exhibited a signal bleach centered at ~ 475 nm (Figure 7.3a, b, 

and Figure A7.9), which is related to the state-filling effect of the first exciton transition of CdS. 

As has been shown previously, the amplitude of the CdS exciton bleach can be directly related to 

the population of excited electrons at the CdS conduction band edge and can be used to follow the 

kinetics of electron-hole recombination and interfacial electron transfer.30-31 This measurement 

was performed with power density within the single exciton region identified from the plot of 

maximum bleach signal recorded at 1 ps vs excitation power density (Figure A7.10) to avoid 

complication from multi-exciton Auger recombination in CdS QDs. CdS/CNT showed a higher 

single exciton threshold power density than CdS QDs, which is attributed to the absorption and 
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scattering by the CNTs that leads to decreased photon absorption of CdS under the same power 

density. 

 

Figure 7.3. Electron transfer kinetics. TA spectra (400 nm excitation) probing CdS exciton bleach 

signal for (a) CdS QDs and (b) CdS/CNT at varied time delays. (c) Comparison of normalized 

exciton bleach signal decay between CdS/CNT and CdS QDs. Signal was averaged from 468 nm 

to 483 nm. Black curves are fitting results using Equations A7.1 and A7.2. (d) Near-IR TA spectra 

(400 nm excitation) probing CNT bleach signal for CdS/CNT. (e) CNT bleach kinetics of 

CdS/CNT and CdS/CNT/CoPc. Signal was averaged from 880 nm to 950 nm. (f) Proposed electron 

transfer pathway. 

The exciton bleach signal of CdS/CNT showed a faster decay than free CdS QDs without 

CNT (Figure 7.3c), suggesting the transfer of excited electrons from CdS to CNT. The exciton 

bleach recovery kinetics of the CdS QDs can be fitted by a multi-exponential decay equation with 

an average lifetime of 168± 24 ns (Table A7.2 and Equations A7.1, A7.3). This non-single-

exponential decay of the exciton bleach signal has been attributed to the recombination of electrons 
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in the conduction band with holes in the trap states of CdS.32 The exciton bleach kinetics of 

CdS/CNT can be best fitted by a stretched exponential decay function (Table A7.2 and Equation 

A7.2), which describes the kinetics of charge transfer from CdS to CNT via a dispersive transport 

model.33-35 The fitting results are summarized in Table A7.2.  

The dramatic difference in exciton average lifetime between CdS/CNT and CdS QDs 

reflects a ~ 37 times faster interfacial electron transfer rate in CdS/CNT than the electron-hole 

charge recombination rate within CdS. From the exciton bleach decay kinetics shown in Figure 

7.3c, the electron transfer quantum yield QEET can be calculated to be 76.6 % using a previously 

proposed model (Equation A7.5).36 The rapid electron transfer from CdS to CNT is also supported 

by our observation of no difference in decay kinetics within the first 5 ns when a hole scavenger, 

triethylamine (TEA), was introduced into the system (Figure A7.11a). CdS/CNT/CoPc showed the 

same exciton bleach kinetics as CdS/CNT without CoPc (Figure A7.11b). This indicates that the 

charge transfer from CNT to CoPc occurs on a much slower timescale and has no effects on the 

initial charge separation. It also rules out the possibility of direct electron transfer from CdS to 

CoPc molecules in the CdS/CNT/CoPc hybrid material. Thus, the observed fast exciton bleach 

signal decay for CdS/CNT is mainly attributed to the rapid electron transfer from CdS to CNT 

upon the excitation of CdS. 

TA spectra in the near-IR region were used to characterize the arrival kinetics of electrons 

to CNT in the hybrid photocatalyst. Upon excitation, we observed a broad negative signal in the 

870 – 1175 nm region for both CdS/CNT (Figure 7.3d) and pure CNTs (Figure A7.12a), which is 

assigned to the bleach of the M11 transition of metallic CNTs.37-38 The wide size distribution of 

the CNTs is likely responsible for the broad signal. The decay kinetics of CNTs can be fitted by a 

single exponential function with a time constant of 171 ± 9 fs (Figure A7.12b), indicating fast 
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carrier relaxation due to electron-phonon scattering.38-40 Interestingly, the bleach signal of 

CdS/CNT upon 400 nm excitation exhibits complex kinetics consisting of a decay component from 

0 to 100 ps and then a gradual increase component from 100 ps to 2 ns (Figure 7.3d, e) in addition 

to the sub-picosecond decay observed for CNTs alone. This kinetics can be explained by the model 

proposed in Figure A7.13c and Equation A7.9. Briefly, the first term in Equation A7.9 describes 

the sub-picosecond decay component, which can be fitted with the same instantaneous rise and 

sub-picosecond decay time constants of the signal observed for pure CNTs and can be attributed 

to carrier dynamics resulted from the direct excitation of CNTs by 400 nm light. This assignment 

is further supported by the observation of the same fast decay kinetics in CdS/CNT excited by 800 

nm light (Figure A7.13a), which selectively excites the CNT (and not the CdS) component. The 

second and third terms describe the kinetics of electron transfer from CdS QDs to the 

subpopulations of CNTs with and without electron traps, respectively. In CNTs with electron traps, 

due to an electron trapping time (0.14 ps) that is much faster than the interfacial electron transfer 

from CdS, the electron population (the bleach amplitude) grows on the electron trapping time scale 

and decays on the time scale of electron transfer, which accounts for the decay component on the 

sub-picosecond to 100 ps time scale in Figure 7.3e. In CNTs with negligible numbers of electron 

traps, the electron population grows with the electron transfer kinetics, which accounts for the 

bleach signal growth on the 100 ps to 2 ns time scale in Figure 7.3e. The details of the fitting model 

are described in Equation A7.9 and the fitting parameters are listed in Table A7.3. This model, with 

a clear physical meaning (Figure A7.13c) that is consistent with the experimentally measured 

energy levels (Figure 7.2), provides a satisfactory fit to the observed complicated kinetics (Figure 

A7.13a), which supports electron accumulation in the CNTs of CdS/CNT/CoPc under illumination 

(excitation of CdS). The accumulated electrons in CNT can raise its Fermi level and enable 
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electron transfer to the second reduction state of CoPc (Figure A7.13c and Figure 7.2). No 

difference in kinetics between CdS/CNT and CdS/CNT/CoPc was observed (Figure 7.3e) since 

the reduction of CoPc takes place on a much slower timescale. Adding TEA also made no 

difference (Figure 7.3e), indicating that no back recombination takes place between separated 

electrons in CNTs and holes in CdS within the 5 ns time range.  

The photocatalytic performance of CdS/CNT/CoPc for CO2 reduction was tested in 

acetonitrile with triethanolamine (TEOA) as the electron donor under the illumination of an 

AM1.5G-filtered 150 W Xe lamp (216 mW cm-2 beam power). The ternary hybrid photocatalyst 

exhibited a high CO production rate of 3.1 μmol h-1 (3.1 mmol g-1 h-1) and a high CO/H2 ratio of 

93% (Figure 7.4a). Replacing Ar for CO2 generated no CO (Figure 7.4a), and an isotope labeling 

experiment with 13CO2 yielded 13CO almost exclusively (Figure A7.14), both confirming that CO 

is indeed produced from CO2 reduction. Controlled experiments with CdS/CNT and CNT/CoPc 

binary hybrids both produced no CO (Figure 7.4a), suggesting that both CdS and CoPc are critical 

components of the ternary photocatalyst. The result that CNT/CoPc has no photocatalytic activity 

rules out the possibility that CoPc molecules are excited to generate electrons for CO2 reduction. 

Another binary material CdS/CoPc (Figure A7.7) showed a substantially lower CO production rate 

(0.1 µmol h-1) compared to the ternary hybrid (Figure 7.4a), which reflects the critical role of CNT 

facilitating charge separation in CdS and electron transfer to the CoPc co-catalyst.  

The intimate and abundant interface between CdS and CNT in the ternary hybrid, as rendered by 

the direct growth of CdS QDs on CNTs, is critical to the charge separation and transfer.41-42 To test 

this hypothesis, we prepared another CdS/CNT/CoPc material by assembling CoPc molecules on 

pre-heated CdS/CNT. The pre-heating at 150 °C caused the CdS QDs to detach from the CNTs 

and sinter into larger particles, destroying the CdS/CNT interface (Figure A7.15a, b). The UV-
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visible spectrum of this heated CdS/CNT/CoPc material features a ~ 40 nm redshift of the CdS 

absorption peak, consistent with CdS aggregation, and a CoPc absorption peak confirming 

effective loading of CoPc (Figure A7.15c). Notably, the CdS/CNT/CoPc material with aggregated 

CdS showed drastically lower CO2 reduction photocatalytic activity than the original ternary 

hybrid (Figure 7.4a), verifying the vital role of the CdS/CNT interface in the ternary material 

system.  

Photocatalytic CO2 reduction performance of CdS/CNT/CoPc was also tested under visible 

light illumination. With a 405 nm LED (47 mW cm-2 beam power) light source, a high CO 

production rate of 2.9 μmol h-1 (2.9 mmol g-1 h-1) was achieved and maintained for at least 5 hours 

(Figure 7.4b). The ~ 1 hour pre-activation time may be related to electron accumulation in CNTs 

for overcoming the 0.26 eV energy barrier between the 2nd reduction of CoPc and the CNT Fermi 

level (Figure 7.2) or to the multiple reductions of CoPc required for CO2 activation.15 When we 

replaced the light source to a UV-filtered 300 W Xe lamp (618 mW cm-2 beam power), the CO 

production rate increased to 6.3 μmol h-1 (6.3 mmol g-1 h-1), marking one of the highest rates 

reported up to date under visible light at room temperature (Table A7.4). 
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Figure 7.4. Photocatalytic CO2 reduction performance measured in TEOA-acetonitrile (1:4). (a) 

Photocatalytic reaction rate of CdS/CNT/CoPc compared to CdS/CNT, CNT/CoPc, and CdS/CoPc 

under AM1.5G-filtered 150 W Xe lamp illumination (216 mW cm-2 beam power). (b) Long-term 

photocatalytic CO production rate of CdS/CNT/CoPc under 405 nm LED illumination (47 mW 

cm-2 beam power).  

In situ Raman spectroscopy was conducted to identify CO2 reduction active sites in the 

CdS/CNT/CoPc photocatalyst (Figure A7.16). In the first experiment, we used methyl viologen 

(MV2+) as an electron acceptor.43 Under 405 nm LED illumination, we observed MV2+ reduction 

to MV+ in the presence of CdS/CNT/CoPc but not with CdS/CNT (Figure 7.5a). This difference 

suggests that CoPc is the catalytically active site that transfers photo-generated electrons to oxidant 

molecules. In the second experiment, we performed photochemical CO2 reduction with 

CdS/CNT/CoPc. Under illumination and CO2 atmosphere, we observed Raman features at 590 cm-

1, 682 cm-1, 749 cm-1, and 1532 cm-1, characteristic of Co2+Pc2- (or Co+[HPc]-) molecules (Figure 

7.5b).44 All these Raman peaks disappeared after changing the gas atmosphere from CO2 to Ar. 

This is caused by the reduction of CoPc, likely to Co+[H2Pc]-, which bleaches the color of the 

molecule and consequently disrupts its resonance with the 633 nm Raman laser.15 Notably, the 

CoPc peaks returned when Ar was again replaced by CO2, indicating that Co+[H2Pc]- can quickly 

transfer electrons to CO2 and is therefore the active species in the photochemical CO2 reduction 

catalyzed by CdS/CNT/CoPc. This is consistent with our prior electrochemical CO2 reduction 

study, which indicates CoPc needs to be reduced by two electrons before it can actively reduce 

CO2 to CO.29 
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Figure 7.5. In situ Raman spectroscopy measurements to uncover catalytic sites and electron 

transfer. In situ Raman spectra of CdS/CNT/CoPc in TEOA-acetonitrile (1:4) under photochemical 

conditions (405 nm LED illumination) (a) with MV2+ or (b) CO2 as electron acceptor.  

The electron transfer from CoPc to CO2 was further probed by in situ UV-visible 

spectroscopy with CdS/CNT/CoPc (Figure A7.17). Under Ar atmosphere without illumination, an 

absorption peak at 669 nm corresponding to Co2+Pc2- was observed (Figure 7.6a).15, 45-46 30 min 

after turning on the 405 nm LED, the 669 nm peak disappeared, and two new peaks emerged at 

660 nm and 698 nm, reflecting Co2+ reduction to Co+.15, 45-46 After 60 min of illumination, the 660 

nm peak started to disappear, whereas the 698 nm one continued to grow, and two additional peaks 

started to emerge at 423 nm and 466 nm (Figure 7.6a). These changes suggest the second reduction 

of CoPc, likely from Co+[HPc]- to Co+[H2Pc]- (reduction of the ligand).15, 45-46 The approximately 
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1 hour of time needed to generate the CO2-reduction-active Co+[H2Pc]- species matches well with 

the activation time of the aforementioned photochemical CO2 reduction measurement (Figure 

7.4b), which may be related to electron accumulation in the CNTs to overcome the 0.26 eV energy 

barrier shown in Figure 7.2. 

We then conducted the experiment under CO2 atmosphere. Interestingly, after the initial 

reduction, the CoPc molecular catalyst manifested a mixed state of Co+[HPc]- and Co+[H2Pc]- with 

their ratio fluctuating in the following 2 hours (Figure 7.6b). This indicates the two redox states of 

CoPc involved in the catalytic cycle of CO2 reduction: photo-generated electrons from CdS reduce 

CoPc to Co+[H2Pc]-, which is subsequently oxidized by CO2 to form Co+[HPc]-. To prove this 

conjecture, we first photo-reduced CdS/CNT/CoPc under Ar to form Co+[H2Pc]- and then dosed 

CO2 into the system. CO2 converted Co+[H2Pc]- to Co+[HPc]- almost immediately (Figure 7.6c), 

which is consistent with the aforementioned in situ Raman results and confirms our hypothesis 

about the active form of CoPc and its electron transfer to CO2 in the photochemical reaction. 

   

Figure 7.6. In situ UV-visible spectroscopy measurements to uncover catalytic sites and electron 

transfer. In situ UV-visible spectra of CdS/CNT/CoPc in TEOA-acetonitrile (1:4) under 
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photochemical conditions (405 nm LED illumination), (a) with Ar purging, (b) with CO2 purging, 

and (c) with first Ar and then CO2 purging. 

An important aspect of CO2 utilization is its integration with CO2 capture. Amine solutions 

are widely used to absorb CO2 by forming carbamates, but a considerable amount of energy, 

usually in the form of heat, is needed to release the captured CO2 for valorization.12 The black 

body characteristic of CNTs in our CdS/CNT/CoPc ternary hybrid photocatalyst enables it to 

absorb solar irradiation and generate heat, which may be used towards overcoming the energy 

barrier for releasing CO2 from carbamate and realize the direct photochemical conversion of 

captured carbon emissions.47 To this goal, we first carried out photochemical CO2 reduction in 0.2 

M aqueous MEA with our CdS/CNT/CoPc catalyst. The CO2 in this MEA solution was captured 

from bubbling CO2 gas through the solution, which yielded a carbamate concentration of ~ 6.8 

mM (Figure A7.18). Under the illumination of a 300 W Xe lamp (766 mW cm-2 beam power), the 

reaction produced CO at a notable rate of 1.2 µmol h-1 together with 21 µmol h-1 of H2 (Figure 

7.7a). The H2 production rate is inversely related with the carbamate concentration (Figure A7.19), 

which provides an opportunity to adjust the CO/H2 ratio in the valuable syngas product. Controlled 

experiments without the CoPc co-catalyst, without the CdS/CNT/CoPc photocatalyst, or without 

captured CO2 all showed background level CO production rates. Isotope labeling experiments with 

13CO2 confirmed 13CO production from the carbamate source (Figure A7.20). To further push the 

performance of our system, we captured CO2 from the ambient atmosphere using 0.2 M MEA, 

which yielded a carbamate concentration of ~ 2.2 mM (Figure A7.18). Remarkably, our 

CdS/CNT/CoPc hybrid catalyst effectively reduced carbamate photochemically to CO at a rate of 

0.3 µmol h-1, significantly higher than the background signal (Figure 7.7b). We observed that a 

considerable amount of heat was released by the CdS/CNT/CoPc photocatalyst during the 
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reactions (Figure A7.21). A simplified simulation with COMSOL estimated a local temperature of 

~ 50 °C near the catalyst (Figure 7.7c). This value agrees with what was found necessary for 

carbamate solutions to be electrochemically reactive.12 Therefore, the photothermal effect of CNT 

in our ternary hybrid photocatalyst provides local heating, without the need for additional energy 

input, to make carbamate reactive towards photochemical reduction (Figure 7.7d). To the best of 

our knowledge, this is the first demonstration of direct photochemical conversion of amine-

captured CO2 with no additional energy input, although more optimization is still needed to 

advance it towards practical application. 

 

Figure 7.7. Photocatalytic conversion of captured CO2. Photochemical CO and H2 production from 

CO2 captured by MEA solution (a) from a pure CO2 source and (b) from air catalyzed by 

CdS/CNT/CoPc. (c) Modeling of local heating effect near CNT. (d) Proposed mechanism for direct 

photocatalytic reduction of MEA-captured CO2. 
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7.4. Conclusion 

This chapter develops a ternary CdS/CNT/CoPc hybrid photocatalyst towards utilizing 

solar energy for practical CO2 valorization. CdS QDs in the hybrid material exhibit effective 

electron-hole pair generation under visible light irradiation. CNT with intimate CdS/CNT and 

CNT/CoPc interfaces rapidly transfers photogenerated electrons from CdS to CoPc which 

efficiently reduces CO2 to CO. In addition, the photothermal effect of CNT in the hybrid catalyst 

structure enables direct photochemical conversion of amine-captured CO2. 

Appendix Chapter 7 

Bleach decay kinetics fitting 

The bleach decay kinetics in Figure 7.3c, Figure A7.12b, and Figure A7.13a (800 nm 

excitation data) were fitted with the following equations: 

ΔA(t) = ∑ 𝐴𝑖 exp (−
𝑡

𝜏𝑟𝑒𝑐𝑖
)𝑖

𝑖=1 ⨂𝐺(Δ𝑡)     (A7.1) 

ΔA[CdS]𝐶𝑑𝑆/𝐶𝑁𝑇 = 𝑒
−(

𝑡

𝜏𝑥
)
𝛽

        (A7.2) 

In Equation A7.1, ⨂𝐺(Δ𝑡)  denotes convolution with the IRF, which is described by a 

Gaussian function with a full-width-at-half-max (FWHM) of 76 fs (Table A7.2). For CdS QDs, 4 

decay components (i=4) are needed to adequately describe the kinetics (Figure 7.3c) and the fitting 

parameters are listed in Table A7.2. For the near-IR bleach decay of CNTs and of CdS/CNT under 

800 nm excitation, a single exponential decay (i=1) is sufficient to describe the kinetics (Figure 

A7.12b and 14a). The CdS exciton bleach decay of CdS/CNT can be best fitted by a stretched 

exponential decay function (Equation A7.2) as shown in Figure 7.3c and the fitting parameters are 

listed in Table A7.2. 
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For multi-exponential and stretched exponential decay, their average lifetimes were 

calculated using Equations A7.3 and A7.4, respectively. 

< 𝝉 > =  
∑𝑨𝒊𝝉𝒊

∑𝑨𝒊
          (A7.3) 

< 𝝉 > =  
𝝉𝒙

𝜷
× 𝜞 (

𝟏

𝜷
)         (A7.4) 

The electron transfer quantum yield QEET from CdS to CNT was calculated from the TA 

kinetics using Equation A7.5: 

𝑄𝐸𝐸𝑇 = 1 + ∫ 𝑑𝑡
𝑑𝑆𝐶𝑑𝑆(𝑡)

𝑑𝑡

𝑆𝐶𝑑𝑆/𝐶𝑁𝑇(𝑡)

𝑆𝐶𝑑𝑆(𝑡)

∞

0
       (A7.5) 

where SCdS(t) and SCdS/CNT(t) represent the time-dependent survival probabilities of CdS conduction 

band electrons for CdS QDs and CdS/CNT, respectively. The survival probability at time t can be 

understood as the fraction of CdS electrons that remains in the conduction band at time t after 

being initially excited at time zero, where S(t = 0) = 1. In this model, two parallel processes are 

competing to consume the CdS conduction band electrons: recombination with trapped states in 

CdS and electron transfer from CdS to CNT.  

Figure A7.13c depicts the key electron generation, separation, and recombination processes 

in the CdS/CNT/CoPc photocatalyst. The exciton bleach decay kinetics of CdS in CdS/CNT 

reflects the contributions of both electron-hole recombination in CdS (𝜏𝑟𝑒𝑐𝑖) and electron transfer 

to CNT (𝜏𝑒𝑡𝑗). The heterogeneity in both processes gives rise to the stretched exponential decay 

shown in Figure 7.3c. However, to fit the kinetics of electron population change in the CNTs of 

CdS/CNT, we need to obtain the distributions of the electron transfer time constant 𝜏𝑒𝑡𝑗 and the 

probability 𝐵𝑗. Assuming CdS QDs on CNTs have the same properties (for example, trap state 

distribution) as free CdS QDs, we can write the Equation A7.6 to fit the bleach decay kinetics of 

CdS in CdS/CNT: 
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ΔA𝐶𝑑𝑆/𝐶𝑁𝑇(t) = ∑ 𝐴𝑖𝐵𝑗 exp(−
𝑡

𝜏𝑟𝑒𝑐𝑖
−

𝑡

𝜏𝑒𝑡𝑗
)

𝑖=4,𝑗=4
𝑖=1,𝑗=1 ⨂𝐺(Δ𝑡)   (A7.6) 

where 𝜏𝑟𝑒𝑐𝑖 and 𝐴𝑖 are the recombination time constant and its distribution probability obtained 

from the fitting results of CdS QDs summarized in Table A7.2. As shown in Figure A7.13b, this 

model provides a reasonable fit to the observed kinetics with the fitting parameters summarized in 

Table A7.3. 

The electron concentration in the CNTs of CdS/CNT is determined by the time constants 

of electron transfer from CdS to CNT (𝜏𝑒𝑡), electron-phonon scattering (𝜏𝑟𝑒𝑐
′ ), electron trapping 

(𝜏𝑡𝑟𝑎𝑝), electron transfer from CNT to CoPc (𝜏𝑒𝑡
′ ), and recombination of separated electrons and 

holes (𝜏𝑟𝑒𝑐
′′ ). From Figure 7.3e, we know 𝜏𝑒𝑡

′  and 𝜏𝑟𝑒𝑐
′′  are negligibly slow within the timescale we 

probe (0-5 ns). 𝜏𝑟𝑒𝑐
′  , which arises from the excitation of CNT itself, can be treated as an 

independent process. Therefore, the kinetics of electron concentration in the CNTs of CdS/CNT or 

CdS/CNT/CoPc is determined by the competition between 𝜏𝑒𝑡 and 𝜏𝑡𝑟𝑎𝑝, which is described by 

Equation A7.7:  

[CNT](t)
i,j,h
= ∑𝐶ℎ 𝐴𝑖𝐵𝑗

𝜏𝑟𝑒𝑐𝑖

𝜏𝑟𝑒𝑐𝑖+𝜏𝑒𝑡𝑗

𝜏𝑡𝑟𝑎𝑝ℎ

𝜏𝑒𝑡𝑗−𝜏𝑡𝑟𝑎𝑝ℎ
[exp(−

𝑡

𝜏𝑟𝑒𝑐𝑖
−

𝑡

𝜏𝑒𝑡𝑗
) − exp(−

𝑡

𝜏𝑡𝑟𝑎𝑝ℎ
)]  (A7.7) 

where 𝐶ℎ is the amplitude of the CNT electron trapping component with time constant 𝜏𝑡𝑟𝑎𝑝ℎ, 𝐴𝑖, 

𝐵𝑗 , 𝜏𝑟𝑒𝑐𝑖 , and 𝜏𝑒𝑡𝑗  are fitting parameters obtained from Figure 7.3c and Figure A7.13b using 

Equations A7.1 and A7.6. 

By assuming that the CNT electron trapping rate distribution contains a fast (h=1) 

component and a slow one (h=2) and accounting for electrons generated directly from exciting the 

CNTs, the total electron concentration in CNT can be written as: 

ΔA[CNT]𝐶𝑑𝑆/𝐶𝑁𝑇(t) = [𝐴0 exp (−
𝑡

𝜏𝑟𝑒𝑐
′ ) + ∑ [𝐶𝑁𝑇](𝑡)𝑖,𝑗,ℎ]⨂𝐺(Δ𝑡)

𝑖=4,𝑗=4,ℎ=2
𝑖=1,𝑗=1,ℎ=1  (A7.8) 
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By treating the second trapping component as infinitely slow (trap states are filled and 

1/𝜏𝑡𝑟𝑎𝑝2 → 0), Equation A7.8 can be simplified to Equation A7.9: 

ΔA[CNT]𝐶𝑑𝑆/𝐶𝑁𝑇(t) = {𝐴0 𝑒𝑥𝑝 (−
𝑡

𝜏𝑟𝑒𝑐
′ ) + ∑ 𝐴𝑖𝐵𝑗𝐶1

𝜏𝑟𝑒𝑐𝑖

𝜏𝑟𝑒𝑐𝑖+𝜏𝑒𝑡𝑗

𝜏𝑡𝑟𝑎𝑝1

𝜏𝑒𝑡𝑗−𝜏𝑡𝑟𝑎𝑝1
[exp(−

𝑡

𝜏𝑟𝑒𝑐𝑖
−

𝑖=4,𝑗=4 
𝑖=1,𝑗=1

𝑡

𝜏𝑒𝑡𝑗
) − exp(−

𝑡

𝜏𝑡𝑟𝑎𝑝1
)] + ∑ 𝐴𝑖𝐵𝑗𝐶2 [1 − 𝑒𝑥𝑝 (−

𝑡

𝜏𝑟𝑒𝑐𝑖
−

𝑡

𝜏𝑒𝑡𝑗
)]}

𝑖=4,𝑗=4
𝑖=1,𝑗=1 ⨂𝐺(𝛥𝑡) (A7.9) 

We used Equation A7.9 to fit the CNT bleach kinetics of CdS/CNT shown in Figure 7.3e 

and Figure A7.13a, using only C1, C2 and 𝜏𝑡𝑟𝑎𝑝1  as independent fitting parameters. The fitting 

parameters are summarized in Table A7.3. This model can well fit the bleach kinetic decay from 0 

to tens of ps, revealing that the slower decay (compared with pure CNTs) is due to the competition 

between electron transfer from CdS and ultrafast trapping within CNT. The model also captures 

the increase of the bleach signal after tens of ps, which is due to the electron transfer to CNTs with 

negligible numbers of traps. There is a noticeable deviation of the fit from the observed bleach 

growth kinetics. The difference may be attributed to the slightly different properties between CdS 

QDs grown on CNTs and free CdS QDs, which leads to errors in obtaining the electron transfer 

rate distribution using Equation A7.6. Nevertheless, our model (Figure A7.13c and Equation A7.9) 

can account for the complicated charge carrier kinetics observed for the CNTs in CdS/CNT (Figure 

7.3e). 
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Supplementary Figures and Tables 

 

Figure A7.1. (a)-(d), TEM images of CdS/CNT/CoPc taken with different magnifications. 

  

Figure A7.2. (a) Carbon and (b) Cobalt EDX spectrum of CdS/CNT/CoPc in comparison with that 

of bare CNTs. 
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Figure A7.3. (a) Cyclic voltammograms of CNT/CoPc measured in CO2-saturated 0.1 M aqueous 

KHCO3 at 100 mV s-1. (b) Cyclic voltammograms of CdS/CNT/CoPc measured in CO2-saturated 

0.1 M aqueous KHCO3 at 100 mV s-1. CNT/CoPc and CdS/CNT/CoPc show the first reduction 

peak of CoPc at similar electrode potentials, suggesting that CdS QDs have no effects on the 

reduction potential of CoPc. The standard electrode potential of CO2 reduction to CO is -0.11 V 

vs RHE or 4.33 V below the vacuum level.48 
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Figure A7.4. Determining orbital gap of CoPc from Tauc plot measured by UV-visible 

spectroscopy. 

 

Figure A7.5. Determining work function of (a)-(c) gold standard, (d)-(f) CNT. 

  

Figure A7.6. (a) Valence bands of CNTs and CdS/CNT measured by UPS. CNTs show the 

characteristic valence band features of multiwalled CNTs at 0.7 eV, 3 eV, and 6 eV (labeled as A, 

B, and C)49. CdS/CNT shows no clear CNT features but CdS valence band features from Cd 5s 
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and S 3p mixed orbitals at 3.5 eV and 6.9 eV (labeled as D and E)50, which indicates that CdS (~70 

wt.% in the material and covering most of the CNT surfaces) dominates the valence band structure 

probed by UPS. (b) Determination of valence band maximum (VBM) of CdS and Fermi energy 

(Ef) of CNT in CdS/CNT from the UPS result. 

 

Figure A7.7. (a)-(b) TEM images of CdS taken with different magnifications. (c) XRD of CdS. 

(d)-(e) UV-visible spectroscopy of CdS/CoPc and CdS/CNT. 
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Figure A7.8. Determining band gap of CdS QDs from Tauc plot measured by UV-visible 

spectroscopy.  

 

Figure A7.9. (a) UV-visible spectra of CdS, CdS/CNT, and CdS/CNT/CoPc in toluene. (b) TA 

spectra of CdS/CNT/CoPc. Pump beam was 400 nm. Probe signal was averaged from 468 nm to 

483 nm.  
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Figure A7.10. Maximum exciton bleach signal recorded at 1 ps time delay as a function of 400 nm 

excitation power density for (a) CdS QDs and (b) CdS/CNT.  

  

Figure A7.11. Comparison of CdS exciton bleach signal decay kinetics (a) between CdS/CNT and 

CdS/CNT with TEA, and (b) between CdS/CNT and CdS/CNT/CoPc. Pump beam was 400 nm. 

Probe signal was averaged from 468 nm to 483 nm. 
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Figure A7.12. (a) Near-IR TA spectra of CNTs under 400 nm excitation. (b) CNTs bleach signal 

decay kinetics with varied excitation wavelength. Signal was averaged from 880 nm to 950 nm.  

 

 

Figure A7.13. (a) CNT bleach signal decay kinetics of CdS/CNT under 400 and 800 nm pump 

excitation. The signal was averaged from 880 nm to 950 nm. (b) Fitting of CdS bleach decay 

kinetics of CdS/CNT (same data as Figure 7.3c) using model proposed in Equation A7.6. (c) 

Schematic of proposed charge transfer mechanism in CdS/CNT/CoPc. 



184 

 

 

Figure A7.14. GC-MS analysis of CO produced from photochemical reduction reactions (a) with 

unlabelled CO2 and (b) with 13CO2 catalyzed by CdS/CNT/CoPc in TEOA-acetonitrile (1:4). 

 

Figure A7.15. (a)-(b), TEM images of CdS/CNT after heat treatment at 150 °C for 1 hour. c, UV-

visible absorption spectroscopy of CdS/CNT/CoPc control, whose CoPc was assembled on 

CdS/CNT after the CdS/CNT was heated at 150 °C for 1 hour under Ar and cooled down to room 

temperature.  
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Figure A7.16. Photograph of in situ Raman spectroscopy setup. 

 

Figure A7.17. Photograph of in situ UV-visible spectroscopy setup. 
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Figure A7.18. NMR spectra of MEA solution before and after CO2 capturing. Red is from high-

purity CO2, and blue is from air. Dimethyl malonic acid was used as an internal standard to 

determine carbamate concentration.  

 

Figure A7.19. Correlation between carbamate concentration and H2 production rate for 

photochemical reduction performed with MEA solutions.  

 

Figure A7.20. (a)-(b), GS-MS analysis of 13CO produced from photochemical reduction of MEA-

captured 13CO2 catalyzed by CdS/CNT/CoPc. The m/z 28 signal is caused by N2 as evidenced by 

its different retention time from CO (m/z 29). 
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Figure A7.21. Illuminating 0.2 M aqueous MEA (a) without and (b) with CdS/CNT/CoPc (same 

conditions as photochemical reaction of captured CO2). (c) Measuring water bath temperature. (d) 

Increasing water bath temperature as illumination proceeds. (e) Heat absorbed by water bath 

corresponding to its temperature increase. 

Table A7.1. Methods used to determine the electronic band structure of CdS/CNT/CoPc. 

 
Energy level 

(eV) 

Method 
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CoPc 2nd 

Reduction 

3.83 2nd reduction peak of CdS/CNT/CoPc from cyclic 

voltammetry with respect to the standard electrode potential 

of CO2/CO (Figure A7.3b) 

CoPc 1st 

Reduction 

4.40 1st reduction peak of CdS/CNT/CoPc from cyclic 

voltammetry with respect to the standard electrode potential 

of CO2/CO (Figure A7.3b) 

CoPc 

HOMO 

5.61 1.78 eV below the 2nd reduction of CoPc, determined from 

the Tacu plot of CoPc (Figure A7.4) 

Work 

function of 

CNTs 

4.09 

 

Measured by UPS (Figure A7.5) 

EVB of 

CdS QDs 

1.99 below 

4.09  

Measured by UPS (Figure A7.6). 

ECB of 

CdS QDs 

3.63 2.45 eV above EVB, determined from the Tacu plot of CdS 

(Figure A7.8) 

Table A7.2. Fitting parameters for bleach decay curves in Figure 7.3c. 

Fitting parameters ΔA(CdS QDs) Fitting parameters ΔA[CdS] (CdS/CNT) 

τrec1 (ns) 0.48 ± 0.19 𝜏(ps) 197±21 

τrec2 (ns) 6.1 ± 1.3 < 𝜏 > (ns) 4.5±0.5 

τrec3 (ns) 444 ± 6 𝜏50% (ps) 194 
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τrec4 (ns) 668 ± 94 𝛽 0.21±0.01 

A1 9.6±2.2%   

A2 29.2±3.1%   

A3 37.7±3.0%   

A4 22.4±1.7%   

< 𝜏 > 168±24   

IRF_FWHM (fs) 76   

Table A7.3. Fitting parameters for CdS bleach decay curves in Figure A7.13b and CNT bleach 

decay curves in Figure A7.13a using Equations A7.6 and A7.9, respectively. 

Fitting parameters ΔA[CdS](CdS/CNT) Fitting parameters ΔA[CNT](CdS/CNT) 

τet1 (ps) 4.9±2.8 τtrap1 (ps) 0.14±0.07 

τet2 (ps) 65.4±28.1 τ’
rec (ps) 0.17±0.01 

τet3 (ns) 1.7±0.7 C1 -65.9±35.1 (99.3%) 

τet4 (ns) 132±131 C2 -0.47±0.01 (0.7%) 

B1 16.7±6.2% IRF_FWHM (fs) 76 

B2 30.0±5.9%   

B3 28.8±4.3%   

B4 24.5±4.3%   

IRF_FWHM (fs) 76   

Table A7.4. Comparison of photochemical CO2 reduction performance of CdS/CNT/CoPc with 

other CdS or molecular co-catalyst systems reported in the literature. 
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Photocatalyst Co-catalyst Light source Medium 

Prod-

ucts 

CO% 

Rate 

(µmol g-1 h-1) 

Mass 

(mg) 

Ref. 

CdS/CNT/CoPc CoPc 

300 W Xe lamp, 

λ > 420 nm 

Acetonitril

e, TEOA 

CO, 

H2 

>90 6259 (CO) 1 

This 

work 

CdS/CNT/CoPc CoPc 

AM1.5G 150 W 

Xe lamp 

 

Acetonitril

e, TEOA 

CO, 

H2 

>93 3100 (CO) 1 

This 

work 

CNx/CoPc-

COOH 

CoPc-COOH 

AM1.5G 150 W 

Xe lamp 

 

Acetonitril

e, TEOA  

CO, 

H2 

>98 1067 (CO) 3 15 

Au/CdS 

hierarchical 

multi-cavity 

hollow particles 

Co(bpy)3
2+ 

300 W Xe lamp, 

λ > 400 nm 

Acetonitril

e, H2O, 

TEOA  

CO, 

H2 

70 3758 (CO) 4 51 

ZnIn2S4-In2O3 Co(bpy)3
2+ 

300 W Xe lamp, 

λ > 400 nm 

Acetonitril

e, H2O, 

TEOA  

CO, 

H2 

~79 3075 (CO) 4 52 

CdS/BCN Co(bpy)3
2+ 

300 W Xe lamp, 

λ > 420 nm 

Acetonitril

e, H2O, 

TEOA  

CO, 

H2 

82 250 (CO) 50 5 

Pt 

atom@ZnxCd1-

xS/Co(bpy)3
2+ 

Co(bpy)3
2+ 

300 W Xe lamp, 

λ > 420 nm 

Acetonitril

e, H2O, 

TEOA  

CO, 

H2 

NA 75 µmol h-1 8 53 

mesoporous-CNx-

CoPPC 

CoPPC 

AM1.5G Xe 

lamp (1 sun, λ > 

300 nm) 

Acetonitril

e,TEOA  

NA 84 20.8 (CO) 2 54 

CdS/UiO-bpy/Co UiO-bpy/Co 

300 W Xe lamp, 

λ > 420 nm 

Acetonitril

e,TEOA  

CO, 

H2 

85 235 (CO) 10 55 
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CdS/Co-ZIF-9 Co-ZIF-9 

300 W Xe lamp, 

λ > 420 nm 

Acetonitril

e, H2O, 

TEOA  

CO, 

H2 

82 2.4 (CO) 21 56 

CdS/[Ni(terpyS)2

]2+ 

Ni(terpyS)2
2+ 

AM1.5G Xe 

lamp, λ > 400 

nm 

Acetonitril

e, H2O, 

TEOA  

CO, 

H2 

92.2% 1 µmol  NA 6 

CdS/Co(bpy)3Cl2 Co(bpy)3
2+ 

50 W LED white 

visible light 

source 

Acetonitril

e, H2O, 

TEOA  

CO, 

H2 

67% 23 µmol 65 57 

Amine-

functionalized 

graphene/CdS 

Ethylenedia

mine 

300 W Xe lamp, 

λ > 420 nm 

H2O 

CO, 

CH4 

93% 

for 

CH4 

~ 0.2 (CO) 

2.84 (CH4) 

50 58 
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8 Enhanced Methanol Production from Photoelectrochemical CO2 

Reduction via Interface and Microenvironment Tailoring 
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8.1. Introduction 

The reduction of carbon dioxide (CO2) into liquid fuels with renewable energy represents 

a promising solution to combat greenhouse gas emissions.1 Photoelectrocatalysis has emerged as 

an efficient method to harness solar energy and facilitate CO2 electroreduction at low applied 

voltages.2-5 In a typical photoelectrocatalytic (PEC) CO2 reduction process, a semiconductor 

absorbs light to generate excited electrons, which are transferred by a catalyst to CO2. Among the 

various semiconductor materials investigated, Si-based photocathodes have garnered attention due 

to their cost-effectiveness and relatively well-understood chemical properties.6-7 Molecular 

catalysts, particularly transition metal complexes, are viable options for catalyzing the CO2 
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reduction reaction, offering high selectivity and tunable catalytic properties.8-10 Previous studies 

have achieved successful CO2 reduction to CO and formate using Si-based photocathodes 

combined with molecular catalysts.6, 11-12 However, achieving efficient and stable PEC CO2 

reduction to deeply reduced liquid fuels remains a challenge.13-14 

In the prior work, a TiO2-coated planar p-type Si substrate was integrated via a molecular 

linker with a cobalt phthalocyanine (CoPc)/graphene oxide (GO) hybrid catalyst.14 Although this 

photocathode demonstrated the ability to achieve six-electron reduction of CO2 to methanol with 

a Faradaic efficiency (FE) of 8%, the current density and stability were limited, likely due to the 

relatively low catalytic performance of GO/CoPc and its weak interaction between the Si substrate. 

To improve the PEC performance, successful integration of a better catalyst on Si is desired, which 

entails to solve several challenges including stabilizing the catalyst layer on the Si surface through 

linking or assembly, designing an efficient catalyst loading method for optimal light transmission, 

passivating the native Si surface to prevent the competing hydrogen evolution reaction (HER), 

providing a large enough thermodynamic driving force in solution for interfacial charge transfer, 

and creating a hydrophobic local environment to tailor the reaction selectivity towards methanol. 

Therefore, it is critical to control the interface between the Si substrate and the molecular catalyst 

and its microenvironment.15 

In this chapter, we report the achievement of PEC CO2 reduction with over 20% FE, a 

remarkable partial photocurrent density of 3.4 mA cm-2, and a high turnover frequency (TOF) of 

1.5 s-1 for methanol. This stands as the highest performance reported to date for any molecular 

catalyst-based photoelectrode. The enhancement in performance was realized by designing the 

semiconductor/catalyst interface and tailoring the electrode microenvironment, which plays a 

critical role in optimizing the CO2 reduction to methanol cascade. We fabricated the p-type Si 
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substrate surface into an array of micropillars, which enabled effective integration of an amine-

substituted CoPc/carbon nanotube (CNT/CoPc-NH2) catalyst without sacrificing light absorption 

as well as improved retention of the key CO intermediate. This Si micropillar array (SMA) 

photoelectrode yielded a 1.6-fold increase in total current density and a 1.5-fold increase in 

FEmethanol compared to the prior planar Si electrode with the GO/CoPc catalyst. We further 

implemented a superhydrophobic carbon fluoride (CFx) coating on the SMA substrate to enhance 

the conversion of the gaseous reactant and intermediate. This microenvironment led to another 2-

fold increase in FEmethanol and more remarkably, an additional 7-fold increase in the methanol 

partial current density. In situ Raman Spectroscopy revealed ~300 mV of photovoltage from SMA 

and observed the transition from adaptive to buried semiconductor/catalyst junctions with negative 

applied potential, further deepening our mechanistic understanding of the SMA-CNT/CoPc-NH2 

interface. 

8.2. Material and Methods 

8.2.1. Materials 

Si wafers (3 inch diameter, p-doped with B, 1-10 Ω cm; 1 inch diameter, n-degenerately 

doped with As, 0.001-0.005 Ω cm) were purchased from University Wafers Inc.. CoPc-NH2 (99%) 

was purchased from PorphyChem. CNTs were purchased from C-Nano (product number FT 9100). 

N,N-dimethylformamide (DMF, 99%), ethanol (98%), Nafion solution (5 wt.% in alcohol), 

dimethylsulfoxide (DMSO, 99.9%), and D2O were purchased from Sigma-Aldrich. KHCO3 (99%) 

was purchased from Fisher Scientific. CO2 (99.9%), C4F8, and SF6 were purchased from Airgas. 

8.2.2. Preparation of catalyst ink 

Pre-purified8 CNTs and CoPc-NH2 were first dispersed in DMF (1 mg mL-1, and 0.1 mg 

mL-1, respectively), and ultrasonicated for 30 min. 30 mL of the CNT and 15 mL of the CoPc-NH2 



200 

 

dispersions were mixed together and ultrasonicated for another 30 min. The resulting mixture was 

then stirred vigorously for 12 h. After that, the mixture was filtered through a Nylon membrane 

(0.2 μm pore size), washed with DMF and water, re-dispersed in water, and then freeze-dried. The 

obtained powder was then dispersed in ethanol at a concentration of 1 mg mL-1. 15 wt.% Nafion 

(relative to the mass of the CNT/CoPc-NH2 catalyst) was added, followed by ultrasonication for 

at least 30 min to achieve a homogenous catalyst ink. The as-made CNT/CoPc-NH2 ink was then 

stored in air for future use. 

8.2.3. Fabrication of SMA-CFx 

A p-type Si wafer was first spin-coated with hexamethyldisilazane (HMDS) and an AZ 

1505 photoresist. A photo-lithography mask featuring a square array of 3 μm-diameter holes with 

a pitch of 10 μm was applied to the coated wafer, and the masked wafer was exposed using a SUSS 

MJB4 mask aligner. The exposed wafer was developed using an AZ 400K developer and dried 

using nitrogen gas. 100 nm of Al was then evaporated by e-beam onto the wafer to serve as a hard 

mask for etching. After the Al deposition, the whole wafer was immersed into acetone to remove 

the remaining photoresist and Al on the photoresist, leaving behind an array of Al disks (3 μm in 

diameter) with a pitch of 10 μm. Next, the wafer was transferred into an Oxford PlasmaPro 100 

RIE chamber. An SF6 (etching reagent) and C4F8 (protection reagent) alternating plasma was 

applied for 60 cycles to create the 18 μm-tall pillars. Different pillar heights can be achieved by 

controlling the cycle number. A hydrophobic CFx layer was finally deposited onto the created 

pillars using a C4F8 plasma for 15 s without breaking the vacuum. 

8.2.4. Fabrication of photocathode 

Firstly, an SMA-CFx wafer was cut into 1 cm × 1 cm pieces using a diamond pen. Then 10 

μL of the prepared CNT/CoPc-NH2 ink was drop-casted onto an SMA-CFx piece with mild 
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nitrogen gas blowing, and this operation was repeated 10 times. Next, the SMA-CNT/CoPc-NH2 

piece was cut into two 0.5 cm × 1 cm pieces. A tiny drop (~1 μL) of In-Ga eutectic was transferred 

onto the back of the 0.5 cm2 piece and rubbed into the substrate by scratching using a diamond 

pen. Finally, the back-scratched piece was connected to an aluminum electrical wire using a silver 

conductive paste and a copper tape. The back and edges of the as-made photocathode was then 

sealed with a vacuum wax (Apiezon Wax W). 

8.2.5. PEC measurement 

All PEC measurements were carried out in 0.1 M KHCO3 aqueous electrolyte using a 

custom-made H-cell. CO2 was continuously purged into the cell with a flow rate of 20 sccm. A 

carbon rod and saturated Ag/AgCl were used as the counter and reference electrodes, respectively. 

A 300 W Xe lamp (Newport) was used as the light source. A 400 nm cut-off filter (Thorlabs) was 

used to filter the UV spectrum. The illumination power was measured by a photodiode to be around 

150 mW cm-2. Before constant-potential photoelectrolysis the photocathode was pre-conditioned 

under -0.5 V for 10 mins to obtain a stable current The gas products were detected using an online 

GC system, which injects 1 mL of the outlet gas every 10 min for measuring the CO and H2 

concentration. After each 30 min of electrolysis, 0.45 mL of the electrolyte was taken out of the 

H-cell using a syringe without letting the electrode expose to air. 50 μL of D2O containing 10 mM 

DMSO as internal standard was added to the sample and transferred into an NMR tube for 

measuring the methanol concentration. 

8.2.6. Characterization 

SEM images were taken using a Hitachi SU8230 scanning electron microscope. FIB 

cutting was conducted using a Thermo Fisher Helios G4 SEM/FIB system. XPS was measured 

using a PHI VersaProbe II Scanning XPS Microprobe instrument. The height of the pillars was 
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measured using a Zygo 3D Optical Profiler. STEM images were obtained using a JEOL NEOARM 

transmission electron microscope at 200 kV with a high-angle annular dark field detector. EDS 

mapping was performed with a 4 cm camera length, a 6C probe size, and a 40 μm condenser 

aperture, yielding approximately 62.5 pA probe current and a convergence angle of approximately 

27 mrad. 

In situ Raman experiments were carried out with a home-built Raman system as described 

in Chapter 2 section 2.3. A Ne light was used for calibration in the 700 to 2100 cm-1 Raman shift 

spectral window before measurement. A quartz electrochemical cell (Gaoss Union, C012) was 

used for in situ Raman measurement, with a Ag/AgCl reference electrode and a Pt mesh counter 

electrode. The 632.8 nm laser with a power of 13.7 mW was used as both the excitation source 

and Raman probe. The linear sweep voltammetry analysis under Raman collection condition was 

conducted using a CHI 660E potentiostat. The scan rate was set to be 1.667 mV/s to match the 

Raman collection window (30 s accumulation per spectrum, 0.05 V interval). Before in situ Raman 

measurement, electrodes were pre-conditioned under -0.5 V for 10 mins under 150 mW cm-2 Xe 

lamp illumination.  

8.2.7. Numerical Modeling 

Numerical modeling was performed with the use of COMSOL Multiphysics® Version 5.6. 

A 3-dimensional model consisting of a 4-pillar lattice was chosen to represent the pillared surface 

most accurately. This geometry was compared to a completely flat surface. The model utilized the 

software’s transport of dilute species module to monitor the concentration of CO within the model 

domain. Symmetry constraints were applied to the four side walls of the domain and a 

concentration constraint of 0 M CO was applied to the top barrier to represent the transition to 

bulk. A stationary study was performed to determine local CO concentration.  
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For the pillared structure, a CO flux value of 4.11x10-4 mol s-1 m-2 was added to the side 

walls and top of each pillar. This value was chosen based on the molar production of both CO and 

methanol, as it was assumed that all produced methanol proceeded through a CO intermediate. A 

no flux constraint was applied on the very bottom of the pillars, as SEM images showed limited 

catalyst deposition on the sidewalls and top. For the flat surface, the same flux condition was 

applied to the entire electrode surface.  

8.3. Results and Discussion 

The SMA structure with a pillar diameter of 3 μm, a pillar height of 18 μm, and a pitch of 

10 μm was fabricated through photolithography and dry etching (Figure 8.1a, A8.1). Following 

the etching step, a thin CFx layer was coated on SMA using an octafluorocyclobutane (C4F8) 

plasma. Subsequently, the CNT/CoPc-NH2 catalyst was drop-casted onto the SMA-CFx substrate 

(Figure 8.1b). Due to the hydrophobic nature of the SMA-CFx surface, the CNT/CoPc-NH2 

catalyst exhibits a preference for adhering to the Si pillars rather than the flat Si basal plane (Figure 

8.1c-e). This distinct assembly pattern allows for circumventing the high optical density issue of 

the CNT-based catalyst and facilitating efficient light absorption by the Si substrate (Figure A8.2). 
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Figure 8.1. (a) SMA fabrication and CFx coating. (b) SEM image of SMA-CFx. (c) SEM image of 

SMA-CFx coated with CNT/CoPc-NH2 catalyst. (d-e) Top-view and side-view SEM images of a 

single SMA-CFx pillar coated with CNT/CoPc-NH2. 

To directly probe how the quasi-Fermi level of CNT/CoPc-NH2 catalysts changes with 

potential under light illumination, the SMA-CFx-CNT/CoPc-NH2 photoelectrode was 

characterized by in situ Raman spectroscopy using 632.8 nm He-Ne laser serving as both Raman 

probe and illumination source with recorded Raman spectra shown in Figure 8.2a. Potential was 

applied through a linear sweep voltammetry (LSV) scan from 0.625 to -0.375 V (Figure 2b) vs the 

reversible hydrogen electrode (RHE, all potentials in this work are referenced to RHE unless 

otherwise stated) at the same time of Raman spectrum acquisition. From the Raman spectra, 

resonance Raman features of CoPc-NH2  were observed at 755, 1458, and 1543 cm-1 (red shade in 

Figure 8.2a).16-18 The peaks at 1334, 1585, and 1617 cm-1 correspond to CNT’s D, G-, and G+ bands 

(gray shade in Figure 8.2a), respectively.19-20 Our initial focus was to monitor the resonant Raman 

peaks of CoPc-NH2 as a function of applied potential, whose intensity will drop upon one-electron 

reduction of the CoPc-NH2
 molecule.16-17 As the applied potential is polarized toward the negative 

direction, the CoPc-NH2 peaks start to decrease in intensity at 0.3 V, and the decrease levels off 

after the potential reaches 0 V (Figure 8.2c). This change suggests that the CoPc-NH2 molecules 

undergo one-electron reduction in the potential range from 0.3 to 0 V. Consistently, a 

photoelectrochemical reduction wave that reaches its peak current at 0.05 V can be observed in the 

same potential range of the LSV diagram (Figure 8.2b). The new peak appearing at 746 cm-1 (green 

shade in Figure 8.2a, Figure A8.3) is attributed to reduced CoPc-NH2. In a control experiment, we 

studied the electrochemical reduction of CoPc-NH2/CNT deposited on a degenerately doped n-

type SMA-CFx (n
+-SMA-CFx) substrate (Figure A8.4). The resonant Raman peaks of CoPc-NH2 
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do not reach their lowest intensity until about -0.3 V, which, in comparison with the corresponding 

SMA-CFx-CNT/CoPc-NH2 results (Figure 8.2c), enables us to discern a 300 mV of photovoltage, 

i.e., quasi-Fermi-level splitting, for the p-type SMA electrode.  

 

Figure 8.2. (a) In situ Raman spectra of CNT/CoPc-NH2 on SMA-CFx from 0.625 V to -0.375 V 

under 632 nm illumination. (b) LSV curve of SMA-CFx-CNT/CoPc-NH2 during in situ Raman 
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measurement under illumination or in dark conditions. (c) One-electron reduction of CoPc-NH2 

tracked by changes in resonance Raman intensity. Potential-dependent Raman vibrational 

frequencies of (d) CoPc-NH2 1543 cm-1 peak and (e) CNT D band. (f) Proposed band diagram at 

SMA-CFx-CNT/CoPc-NH2-solution interfaces. The electrode was tested after pre-conditioning the 

electrode at -0.5 V for 10 min under 150 mW cm-2 Xe lamp irradiation. The red, blue, and green 

shaded potential region in (b), (c), and (d) indicate the potential range of oxidized, one-electron-

reduced, and mixed of oxidized and one-electron-reduced CoPc-NH2, species, respectively, 

determined from Raman intensity change in (c). 

Further details about the CNT/CoPc-NH2 catalyst can be obtained through fitting of the 

CNT D, G+, and G- bands as well as the 1458 and 1543 cm-1 peaks of CoPc-NH2 (Figure A8.5). 

The frequency of the CoPc-NH2
 1543cm-1 peak (ωCoPc-NH2) exhibits intriguing potential-dependent 

behavior. It remains unchanged at potentials above 0.3 V and continuously decreases with 

increasingly reducing potential in the 0.3-0 V region (Figure 8.2d). This phenomenon signifies the 

change in the molecule’s electrochemical potential when potential is more negative than 0.3 V. The 

ωCoPc-NH2 shift with applied potential can be attributed to the stark effect or electro-inductive effect 

on oxidized CoPc-NH2 molecule.21-23 Out of the three observed vibrational modes of CoPc-NH2, 

the 1543 cm-1 peak, assigned to the Cα-Nβ-Cα bridging bond displacement, is the only one that 

demonstrates a significant potential-dependent frequency shift. This may be attributed to the 

macrocycle plane’s rotation along the Cα-Nβ-Cα bridge that generates a dipole moment 

perpendicular to the CNT surface.23 The other two modes, however, mainly generate dipole 

moments within the molecular plane.18, 24  

 The frequency of the CNT D band (ωD-band) has been shown to be sensitive to the Fermi 

level of the material and can be used as a reporter of chemical and electrochemcial doping.20, 25-26 
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Interestingly, ωD-band shows a potential-dependent behavior similar to the 1543 cm-1 peak of CoPc-

NH2. As the applied potential is swept cathodically from 0.625 V to -0.375 V, ωD-band remains 

constant until 0.1 V and then decreases (Figure 8.2e). We attribute this to the shift of CNT quasi-

Fermi-level at 0.1V for CNT/CoPc-NH2 on SMA-CFx under photoelectrochemical conditions. For 

CNT/CoPc-NH2 on n+-SMA-CFx, a similar potential-dependent ωD-band trend is observed, but the 

onset of ωD-band frequency shift occurs at -0.3 V (grey trace in Figure 8.2e). It is worth noting that 

although the shift of ωD-band reports the change of CNT Fermi level, it is difficult to establish a 

universal calibration curve that relates the ωD-band value to the Fermi level (Figure A8.6 and Table 

A8.1) because the D band frequency are not only sensitive to the electric field but also to solution 

microenvironment factors such as chemisorption of electrolyte ions and local pH changes.25, 27-28  

Based on the above analysis, we propose the following properties for the SMA-CFx-

CNT/CoPc-NH2-solution junction. As summarized in Figure 8.2f, the potentiostat controls the hole 

Fermi-level of Silicon (EF,p); the quasi-Fermi-level of electrons (EF,n) arises upon photogeneration 

and separation of electrons; Fermi-level of CNT and the attached CoPc-NH2 molecules equilibrate 

with each other, denoted as Ecat. From the Silicon flat-band potential to 0.1 V (left panel of Figure 

8.2f), Ecat is pinned by the one-electron redox potential on CoPc-NH2, which means that the applied 

potential mainly drops on the semiconductor side, providing the electric field needed to separate 

the photogenerated charge carriers and generating a ~300 mV photovoltage to reduce the CoPc-

NH2 molecules. When the applied potential becomes more negative than 0.1 V (right panel of 

Figure 8.2f), Ecat is unpinned as molecules are being reduced. In this potential region, the 

semiconductor band bending and the height of the semiconductor-catalyst barrier remain constant, 

irrespective of the applied potential. The applied potential change (ΔEF,p) directly shifts Ecat 

towards more negative potential. The junction properties in terms of pinned and unpinned Ecat is 
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also known as ‘adaptive’ to ‘buried’ junction, respectively, from previous literatures.29-32 The 

formation of the buried junction results in an electrostatic potential drop across the solution double 

layer, facilitating a suitable microenvironment for methanol production at more negative potentials. 

This scenario also implies efficient electron tunneling from SMA to CNT/CoPc-NH2 even without 

direct contact. 

The performance of the fabricated photoelectrode for PEC CO2 reduction was evaluated 

using an H-cell with a quartz window under the illumination of an Xe lamp (150 mW cm-2, 400 

nm cutoff), as depicted in Figure 8.3a. All constant-potential photoelectrolysis experiments were 

conducted after pre-conditioning the electrode at -0.5 V for 10 mins. The current increases and 

then stabilizes during the pre-conditioning (Figure A8.11), which is possibly due to the dissolution 

of the insulating native oxide layer on Si. In situ Raman spectroscopy measurement of fresh SMA-

CFx-CNT/CoPc observes CoPc-NH2 reduction and CNT electron doping similar to that on the pre-

conditioned photoelectrode but at more cathodic potentials (Figure A8.7). By comparing the CoPc-

NH2 reduction potential and ωD-band turning potential between these two conditions, we found that 

the pre-conditioning could reduce about 200 mV of the interfacial potential loss, probably by 

reducing the silicon surface oxide or surface states and thus decreasing the interfacial resistance. 

Under -0.7 V applied potential, the SMA-CFx-CNT/CoPc-NH2 photocathode delivers a methanol 

FE of 21% and a CO FE of 37%, accompanied by a total photocurrent of 16.6 mA cm-2 (Figure 

8.3b). About 350 mV photovoltage was gained from the Si substrate, which matches the results 

from the in-situ Raman (Figure 8.2c, Figures A8.4, A8.10). The stability of SMA-CFx-CNT/CoPc-

NH2 was evaluated under the constant-current mode with a photocurrent of 15 mA cm-2 (Figure 

8.3c). In the first 20 min, the applied potential drops continuously, which is similar to the activation 

observed in the pre-conditioning step under the constant-potential mode. After that, a stable FE of 
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~20% for methanol is achieved and maintained for 2 h. Subsequently, FEmethanol decreases to 6%, 

accompanied by an increase in the partial current density of H2, which may be attributed to the 

exposure of the Si surface to the electrolyte. 

 

Figure 8.3. PEC CO2 reduction performance of SMA-CFx-CNT/CoPc-NH2 in 0.1 M aqueous 

KHCO3 under illumination. (a) PEC cell structure. (b) Total photocurrent and product distribution 

at -0.7 V as a function of time. Methanol concentration was measured after the 30 min reaction 

and is assumed to be constant within the time window. (c) Stability test at constant photocurrent 

of 15 mA cm-2. (d) Performance comparison with GO/CoPc-functionalized planar Si (under 

illumination), and CNT/CoPc-NH2 deposited on carbon fiber paper (CFP, electrolysis without 

illumination). (e) In situ Raman measurements at -0.9 V at 60 s (top) and 1 hr (bottom), showing 

generated CO and methanol. 
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Comparison of performance for CO2 reduction to methanol, in terms of stability, partial 

current density, FE, TOF, and photovoltage, is made between different CoPc-based 

(photo)electrodes (Figure 8.3d). The SMA-CFx-CNT/CoPc-NH2 photoelectrode has the best 

overall performance. It exhibits a similar photovoltage of ~350 mV (Figure A8.10) but 3, 17, and 

4 times higher FE, methanol production rate, and stable operation time, respectively, than our prior 

generation of photoelectrodes based on planar Si and the GO/CoPc catalyst.14 Compared with the 

state-of-the-art electrode of CNT/CoPc-NH2 deposited on CFP (Figure A8.9), the SMA-CFx-

CNT/CoPc-NH2 photoelectrode has the advantage of improved overpotential because of the 

photovoltage, but obtains about 66% and 33% of the FE and partial current density, respectively 

(Figure 8.3d).8 The lower methanol selectivity and production rate may be attributed to lower 

catalyst loading (0.1 mg cm-2 on SMA versus 0.4 mg cm-2 on CFP) and less effective CO2 mass 

transport (the hydrophobic CFP substrate resembles a gas diffusion electrode in CO2 

electrocatalysis). Both are limitations that need to be solved in future work to further improve the 

PEC performance. Interestingly, the TOF for methanol production on SMA-CFx-CNT/CoPc-NH2 

reaches approximately 1.5 s-1, which is comparable to that achieved with CNT/CoPc-NH2-

catalyzed electrolysis (1.0 s-1) if the catalyst loading difference is taken into consideration. This 

observation suggests that the CO2-to-methanol catalytic processes on the SMA-based 

photoelectrode and CFP-based electrode likely go through the same mechanism.  

CO2 reduction intermediates and products are also detected by Raman spectroscopy as 

shown in Figure 8.3e. Under -0.9 V applied potential for 60 s, a peak at 2120 cm-1 evolves (pink, 

lower panel), confirming the formation of free CO bubbles on the surface.33 A peak at 1015 cm-1 

appears after 1 hour of product accumulation under light illumination (green, upper panel). This 

peak is assigned to methanol C-O stretching frequency,34 confirming the generation of methanol 
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product (also see methanol calibration in Figure A8.8). 2120 cm-1 CO stretching peak is not 

detected in this spectrum, likely because loosely bound CO bubble detach from the electrode, 

which did not generate enough Raman signal. 

The improved methanol production performance of the SMA-CFx-CNT/CoPc-NH2 

photoelectrode is a result of the micropillar array structure and the CFx coating. The SMA-

CNT/CoPc-NH2 photoelectrode (without CFx coating) shows 1.5 times the FE and 2.3 times the 

partial current density of the planar Si-GO/CoPc electrode (Figure 8.4a). We hypothesize that 

micropillar array can help retain CO, the key reaction intermediate on the CO2-to-methanol 

pathway that desorbs from the CoPc catalytic site,35 and thus enhance its further reduction to 

generate methanol. This hypothesis is supported by our simulation results which show that the 

micropillar array structure can generate over 1.5 times the local CO concentration compared to the 

planar surface (Figure A8.18). In this simulation, a Si array with the same morphology was created 

in COMSO Multiphysics, a CO flux derived from the experimental partial current for CO and 

methanol was added to the planar Si, the sidewall, and top of the pillars. This hypothesis is further 

supported by the experimental observation that the height and pitch of the micropillar array 

influence methanol selectivity and photocurrent. Considerably lower FEmethanol and slightly lower 

total current density are observed for SMA with a shorter pillar height of 7 μm (Figure A8.12a, b). 

This may be due to reduced CO trapping capability and lower electrode surface area. A larger pillar 

height of 36 μm does not seem to affect methanol production much but significantly increase the 

HER rate likely because of a larger area of exposed Si surface (Figure A8.12c, d).7, 14, 36 For a 

similar reason, a smaller pitch of 8 μm also elevates H2 evolution (Figure A8.12a, c).  
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Figure 8.4. (a) Comparison of methanol selectivity and partial current density between SMA-CFx-

CNT/CoPc-NH2 (noted as SMA-CFx), SMA-CNT/CoPc-NH2 (noted as SMA), and planar Si-

TiO2-GO/CoPc (noted as Planar). (b) XPS spectra of SMA-CFx-CNT/CoPc-NH2 before (upper 

panel) and after (lower panel) 4 h of PEC CO2 reduction under 15 mA cm-2. (c) SEM image of the 

side wall of a single Si pillar (left), and STEM-EDS mapping of the boxed area. (d) Contact angle 

measurements on SMA-CFx and SMA. 

The CFx coating is also key to the enhanced PEC performance. X-ray photoelectron 

spectroscopy (XPS) successfully detected F and C bonded to F together with little Si (Figure 8.4b, 

upper panel), confirming the presence of CFx on the photoelectrode surface. To characterize the 

thickness and uniformity of the CFx layer, we used focused ion beam to slice a thin layer 

(approximately 100 nm thick) off a pillar, as illustrated in Figure 8.4c and S14. Scanning 

transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDS) were 
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performed on the slice. A continuous F-containing layer with an average thickness of ~40 nm was 

observed (Figure 8.4c, Figure A8.19), suggesting that a CFx layer of the same thickness effectively 

covers the Si surface. With this coating, the SMA-CFx substrate exhibits an ultrahigh contact angle 

of 154° with water, while the CFx-free SMA (native oxide surface) shows a low contact angle of 

only 10° (Figure 8.4d). Incorporation of CFx into the SMA-CNT/CoPc-NH2 structure increases 

CO2 reduction current by 4 times and FEmethanol by 1.8 times, leading to a 7-fold increase in 

methanol production rate (Figure 8.4a, Figure A8.12a). In a control experiment, a SMA-TiO2-

CNT/CoPc-NH2 photoelectrode exhibits a lower photocurrent (~7 mA cm-2), a lower methanol FE 

(14%), and a much higher H2 FE (71%) than SMA-CFx-CNT/CoPc-NH2 (Figure A8.16). This 

comparison reflects the roles of the hydrophobic CFx layer. It can facilitate CO2 mass transport, 

enhance CO retention, and suppress electrolyte penetration into the interspace of the micropillars, 

leading to improved CO2 reduction to methanol and suppressed H2 evolution.37 

As the methanol production performance of the SMA-CFx-CNT/CoPc-NH2 photoelectrode 

starts to decay after 2 h of operation (Figure 8.3c), we further examined a used photoelectrode 

(after 4 h of PEC test) to understand the deactivation. Compared to the fresh photoelectrode, the 

deactivated photoelectrode has considerably less F and more Si on the surface as revealed by XPS 

(Figure 8.4b, Table A8.2), indicating that the CFx coating layer has degraded after the long-term 

PEC test. This change in surface composition can explain the observed deactivation behavior. The 

degradation of the CFx layer leads to lowered surface hydrophobicity, which lessens CO2 reduction 

to methanol. On the other hand, the newly exposed Si surface facilitates HER.7, 14, 36 We note that 

suppressing HER on Si photoelectrodes, especially during long-term operation, remains 

challenging. It is limited by the tradeoff between catalyst coverage/loading and light absorption as 
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well as the durability of the surface passivation/protection layer under reaction conditions, which 

we will try to address in future work. 

8.4. Conclusion 

In conclusion, the study in this chapter successfully showcases the effectiveness of 

microenvironment and interface tailoring on Si-based CO2 reduction photocathodes, leading to a 

remarkable FE of over 20% for methanol production with record-high current density. The unique 

Si-catalyst buried junction allows a beneficial thermodynamic driving force for CO2 to methanol 

reduction on the catalyst. The incorporation of the micropillar array structure and the 

superhydrophobic coating plays a crucial role in enhancing retention of the CO intermediate, 

consequently improving the selectivity towards the deeply reduced methanol product. This work 

pioneers a route for microenvironment tailoring on semiconductor surfaces and establishes a new 

benchmark for PEC CO2 reduction to liquid fuels using molecular catalysts. The insights gained 

from this research hold promise for driving further developments in the quest for sustainable and 

efficient utilization of carbon emissions. 
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Appendix Chapter 8 

Supplementary Results 

  

Figure A8.1. Three-dimensional image of SMA obtained by optical profiler. 

  

Figure A8.2. Picture of SMA-CFx photoelectrode with uniformly coated (a) and self-clustered (b) 

CNT/CoPc-NH2 layer. The self-clustered assembly of CNT/CoPc-NH2 on SMA-CFx enabled light 

transmission.  
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Figure A8.3. In situ Raman spectra of CoPc-NH2 755 cm-1 peak on a pre-conditioned SMA-CFx 

electrode after background subtraction. 
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Figure A8.4. (a) In situ Raman spectra of CNT/CoPc-NH2 on n+-SMA-CFx from 0.475 V to -0.925 

V. (b) LSV diagram of n+-SMA-CFx-CNT/CoPc-NH2 during in situ Raman measurement. (c) One-

electron reduction of CoPc-NH2 tracked by changes in resonance Raman intensity at 755 cm-1 and 

1543 cm-1. (d) Potential-dependent Raman frequency of CoPc-NH2 1543 cm-1 peak.  

 

Figure A8.5. Peak analyses of CNT/CoPc-NH2 from 1233 cm-1 to 1800 cm-1 on SMA-CFx (a) 

before, (b) after pre-condition, and (c) on n+-SMA-CFx electrode. Five Lorentz multipeak fittings 

were used for spectra before CoPc reduction, and three Lorentz multipeak fittings are used for 

spectra after CoPc reduction. All peak analysis were conducted after background subtraction. 
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Figure A8.6. Raman spectra of SMA-CNT/CoPc-NH2 electrode with (lower panel) and without 

CFx under open circuit potential in 0.1 M KHCO3 (pH 6.8). Peak position of CNT D band and 

CoPc-NH2 are extracted by five Lorentz multipeak fittings and summarized in Table A8.1. The 

fitting results suggest that the trend between ωD-band on two electrodes and their OCP do not agree 

with the trend between 1543 cm-1 CoPc-NH2 peak frequency and their OCP (decreased ω with more 

negative potential), suggesting absolute ωD-band position does not reflect accurate CNT Fermi-level.  

Table A8.1. Raman analysis of CNT/CoPc-NH2 loaded on SMA with and without CFx.  

 CFx No CFx 

OCP (V vs RHE) 0.68 0.73 

ωCNT-D band (cm-1) 1332.7 ± 0.1 1331.8 ± 0.07 

ωCoPc-NH2 (cm-1) 1540.4 ± 1.7 1542.9 ± 1.2 

 

 

Figure A8.7. (a) In situ Raman spectra of CNT/CoPc-NH2 on SMA-CFx without pre-conditioning 

from 0.675 V to -0.325 V. (b) One-electron reduction of CoPc-NH2 tracked by change in resonance 
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Raman intensity. (c) LSV curve of SMA-CFx-CNT/CoPc-NH2 during in situ Raman measurement. 

(d-e) Potential-dependent Raman vibrational frequencies of (d) CoPc-NH2 1543 cm-1 peak and (e) 

CNT D band. 

 

Figure A8.8. Calibration of methanol peaks by measuring the SMA-CFx-CNT/CoPc-NH2 in 0.1 

M KHCO3 solution containing 10% (v/v%) methanol with no applied bias. The methanol peaks 

are indicated by the stars. 

 

Figure A8.9. Photo of a CFP-CNT/CoPc-NH2 electrode (a), and the electrocatalytic CO2 reduction 

performance under dark (b). 



220 

 

 

Figure A8.10. Electrocatalytic performance of n-degenerately doped n+-SMA-CFx-CNT/CoPc-

NH2 under -1.05 V applied voltage and dark. 

 

 

Figure A8.11. Activation current curve of the SMA-CFx-CNT/CoPc-NH2 under -0.5 V applied 

potential (and all other same condition as PEC) before constant potential electrolysis. 
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Figure A8.12. PEC performance of SMA-CNT/CoPc-NH2 without CFx coating. The top-left 

corner indicates the pillars height and pitch (H-P). Electrodes were cleaned with HF before drop 

casting catalyst to remove the insulating native oxide.  
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Figure A8.13. SEM image of the FIB-cut Si pillar sidewall cross-section. 

 

Figure A8.14. Photo of a 3-inch wafer fabricated with SMA pattern. 
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Figure A8.15. Contact angle analysis of the SMA without CFx coating (left) and with CFx coating 

(right). 

 

Figure A8.16. SMA-CFx-CNT/CoPc-NH2 with 1 nm TiO2 passivation layer under the same testing 

condition. 

Table A8.2. XPS atomic percent of different elements before and after 4 hours stability test. 

Element Co F Si C N O 

Before (%) 0.05 44.01 0.31 48.61 0.79 6.23 

After (%) 0.04 22.79 0.82 71.12 0.36 4.87 
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Figure A8.17. NMR spectrum of electrolyte after PEC. 1 mM DMSO was added to the solution as 

an internal standard. 
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Figure A8.18. Simulation of the local CO concentration on SMA structure (left) and planar Si 

(right). 

 

Figure A8.19. EDS spectrum of the Si-CFx interface (green) and bulk Si (blue). The other elements 

(Pt, Ga) are from the FIB-deposited protective layer.  
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9 Conclusions and Outlook 

In chapter 3, we developed an in-situ bias-dependent Second Harmonic Generation (SHG) 

technique to investigate the potential drop at the semiconductor electrode and solution double layer 

side. We noticed that on anisotropic single crystal TiO2/electrolyte junction, TiO2 azimuthal angle 

and light polarization impact both the relative phase and amplitude between the bias-independent 

and bias-dependent non-linear susceptibility. This will affect the accuracy of using quadratic 

response minimum potential Vmin to predict the semiconductor flatband potential Vfb. The most 

accurate prediction is found with azimuthal angle Φ = 0o and sp polarization, where the cross term 

between bias-independent and bias-dependent term vanished. We verify the correlation between 

Vmin and through a pH-dependent experiment. This study underscores the importance of 

considering the anisotropic angle when we conduct bias-dependent SHG experiment to extract the 

semiconductor flatband potential. In the following chapter 4, we conduct our light-induced OER 

reaction on TiO2 and study the electric field induced Second Harmonic Generation (EFISH) under 

the Φ = 0o and sp polarization. We achieve operando measurement of the band edge unpinning or 

light-induced Fermi-level pinning effect under illumination conditions through EFISH. Chang of 

built-in potential Δ𝑉𝑏𝑖  can be directly correlated with surface hole accumulation at the surface 

states. The surface hole accumulation indicates the rate-determining water oxidation species on 

TiO2 photoelectrode. Kinetic isotope experiments suggest that proton-coupled electron transfer 

step (PCET) is the rate-determining elementary step on TiO2 electrolyte in pH 7 solution. Further 

control experiments observed that tunning of solution microenvironment will mitigate the built-in 

potential change, with solution anions specifically adsorbed on the surface and compensate the 

charge. As a non-invasive, electric field sensitive, in situ and potentially time-resolved techniques, 

we believe that SHG can be a promising technique to study the interfacial electric field distribution 
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across the semiconductor/electrolyte junction, for example, light-induced Fermi-level pinning. 

Preliminary attempted have been conducted on a Si/TiO2 photocathode and hematite photoanode 

materials, which will be more ideal for EFISH study due to their isotropic surface that give rise to 

negligible 𝜒(2) term. 

In chapter 5, we synthesize a hybrid photoanode material TiO2-Co9POM by 

functionalizing Na8K8[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]·49H2O (Co9POM), a type of 

polyoxometalate water oxidization catalyst, on nanoporous TiO2 photoanode through a cationic 

linkage 3-aminopropyltrimethoxysilane (APS). In pH 2 acidic condition, we achieve a three-fold 

photocurrent enhancement of TiO2-Co9POM photocurrent compared to pure TiO2. Structural 

integrity can be maintained upon a stability test confirmed by Raman and XPS experiments. We 

applied various photoelectrochemical (PEC) characterizations on TiO2-Co9POM and TiO2 to 

understand the performance enhancement mechanism. We believe that application of highly 

charged Co9POM catalyst on TiO2 surface will modify its band edge, increasing the band bending 

that favors that charge separation. Combing the transient absorption in visible range and mid-IR 

range, we unambiguously rule out the function of Co9POM acts as hole collector and active water 

oxidation center on TiO2. We also found that TiO2-Co9POM to be a highly coupled system with 

tungsten states of Co9POM can achieve electron interchange with TiO2 conduction band. In this 

work, we characterize the catalytic effect of Co9POM on TiO2 photoanode with comprehensive 

characterization methods. With combination of PEC characterization and transient absorption 

spectroscopy, this routine can be further applied to study catalyst effect on other hybrid 

photocatalytic system. 

 In chapter 6, we characterize a photocathode material GaP/TiO2 using nanosecond in situ 

transient reflectance spectroscopy (TRS). Several sequential events have been observed on 
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GaP/TiO2 after its initial charge separation across the p-n junction. We observed Franz-Keldysh 

effect (FKO) of GaP/TiO2, where its signal provides a direct probe of photogenerated charge 

carriers at the p-n junction interface. By studying the decay of the separated charge carrier on 

GaP/TiO2, we observed a faster carrier decay in a higher electrolyte concentration, which relates 

to the potentiostat response that removes the photogenerated holes. The potentiostat response time 

depends on the electrolyte concentration. The removal rate is essential to suppress the interfacial 

recombination, which further affects the HER efficiency, which is further verified by directly 

measuring the GaP/TiO2 IPCE in solution with different electrolyte concentrations. Through TRS 

investigation of GaP/TiO2 system, we showed a time-resolved picture of processes closely related 

to photocatalysis on a semiconductor photocathode. This underscores the important role of the 

solution electrolyte concentration and the potentiostat’s response to the overall IPCE, further 

deepening the mechanistic understanding of semiconductor/electrolyte junction.  

 In chapter 7 and chapter 8, we focus our characterizations on photo(electro)chemical CO2 

reduction process using two types of hybrid photo(electro)catalytic materials. In chapter 7, we 

develop a ternary CdS/CNT/CoPc hybrid photocatalyst by directly growing CdS on multiwall 

carbon nanotubes and further anchor CO2 reduction catalyst CoPc on CNTs via π-π interaction. An 

efficient CO2 to CO conversion is achieved upon light illumination. Transient absorption in visible 

and near-IR region is used to investigate the charge carrier dynamics of this hybrid catalyst. We 

observed a rapid electron transfer from CdS to CNTs with its rate 37 times faster than 

recombination rate. We also observed electron accumulation on CNTs, building up it Fermi-level 

to achieve following CoPc reduction process. In addition to the rapid electron transfer, the 

photothermal effect of CNT in the hybrid catalyst structure enables direct photochemical 

conversion of amine-captured CO2. In chapter 7, we believe one of the reason why CO is the only 
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CO2 reduction product is that only a limited Fermi-level on CNT can be achieved due to the limited 

CdS conduction band edge position and limited electron accumulation. Thus, we turn to a 

photoelectrode with junction electric field can be tuned by applying potential. In chapter 8, we 

developed a Silicon-based Silicon micropillar arrays (SMA) photocathode modified with 

CNT/CoPc-NH2 CO2 reduction catalyst, showing a remarkable over 20% CO2 to methanol 

reduction Faraday efficiency with record-high current density. We use in situ Raman to investigate 

the junction properties. A photovoltage of around 300 mV is observed on silicon, we also find that 

the Fermi-level of CNT and catalyst will be unpinned upon one-electron reduction of CoPc-NH2 

molecules and shift with more negative applied potential. This allows a beneficial thermodynamic 

driving force for CO2 to methanol reduction on the catalyst. The incorporation of the micropillar 

array structure and the superhydrophobic coating also plays a crucial role in enhancing retention 

of the CO intermediate, consequently improving the selectivity towards the deeply reduced 

methanol product. This work pioneers a route for tailoring the microenvironment on 

semiconductor surfaces to enhance the overall CO2 reduction performance. The insights gained 

from this study can be further applied to photo(electro)chemical CO2 reduction materials. 


