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Materials and methods

Photochemical Impedance Spectroscopy (PEIS)

Electrochemical Impedance Spectroscopy (EIS) is a useful and easy-to-use technique to 

evaluate the behaviour photocatalytic systems and phenomena occurring at the 

semiconductor/electrolyte interface, such as charge transport resistances and electron-hole 

recombination rates.1 The principle of EIS is the application of by applying a small sinusoidal 

perturbation to the system while the amplitude and phase shift of the resulting current response 

are simultaneously recorded.2, 3 To calculate capacitance of the system, the fitted model 

parameters for constant phase elements in the proposed ECMs are converted into equivalent 

capacitance by applying Eq. (S1), which is related to interfacial modelling of electrochemical 

systems.4, 5

𝐶𝑖 = 𝑄0,𝑖(𝜔𝑚𝑎𝑥)𝑛 ‒ 1 (S1)
where  is the capacitance of circuit element i,  is the admittance of constant phase element 𝐶𝑖 𝑄0,𝑖

i,  is the angular frequency at which the maximum in the imaginary component of the 𝜔𝑚𝑎𝑥

measured impedance occurs and exponent  defines the extent of ideal capacitive behaviour: 𝑛
 = 0 for a perfect resistor while  = 1 for a perfect capacitor.𝑛 𝑛

Fitting of PEIS data

In this work, the proposed ECMs were presented in Fig. S1. EIS measurements under dark 

condition can be modelled as a conventional Randle’s circuit as shown in Fig. S1a. The main 

difference between both models would be the replacement of capacitor to a constant phase 

element (CPECT) to model the non-ideal capacitance in the double-layer at the 

photoelectrode/electrolyte interface due to inhomogeneous surface of the semiconductor 

electrode. Resistors are included in the ECM, where RCT describes the Faradaic charge transfer 

across the interfacial layers while RS represents series resistance to charge transfer, including 

resistance related ionic conductivity of the electrolyte, resistance of FTO glass and external 



contact resistance.2 On the other hand, EIS data under both static and periodic illuminations 

can be fitted with ECM presented in Fig. S1b. In this model, there is an additional series 

combination of resistor and constant phase element, which is in parallel to the R||CPE circuit. 

The additional elements are denoted as RSS and CPESS to represent the trapping of charge 

carriers by surface states, such as defect states (including vacancies, lattice imperfections and 

interstitial impurities) within the catalyst2, 6-8 or the catalyst surface forming complexation with 

adsorbates.7, 9, 10 These surface trap states generally becomes sites for surface-related non-

radiative recombination by reacting with electron acceptors or donors to form radicals. As a 

result, presence of surface states may hinder recombination rates, thus increasing the carriers’ 

lifetimes up to approximately microsecond time scale.11 The quality of fit for PEIS data under 

periodic illumination at different duty cycles can be found in Fig. S2.

Fig. S1. Proposed ECM model for EIS measurements under a. dark and b. illumination  
conditions.



0 4000 8000 12000 16000 20000
0

2000

4000

6000

8000

10000

12000

14000

16000

18000
 Experimental data
 Fitted from ECM

-Z
im

ag
 (

)

Zreal ()

0 1000 2000 3000 4000 5000 6000 7000
0

1000

2000

3000

4000

5000

6000
 Experimental data
 Fitted from ECM

-Z
im

ag
 (

)

Zreal ()

c

a

 Experimental data (Zmod)
 Experimental data (phase)
 Fitted from ECM

10-3 10-2 10-1 100 101 102 103 104 105 106
10

100

1000

10000

Z m
od

 (
)

Frequency (Hz)

0

20

40

60

80
-

phase (°)
b

 Experimental data (Zmod)
 Experimental data (phase)
 Fitted from ECM

10-3 10-2 10-1 100 101 102 103 104 105 106
10

100

1000

10000

Z m
od

 (
)

Frequency (Hz)

0

20

40

60

80

-
phase (°)

0 1000 2000 3000 4000
0

500

1000

1500

2000

2500

3000
 Experimental data
 Fitted from ECM

-Z
im

ag
 (

)

Zreal ()

 Experimental data (Zmod)
 Experimental data (phase)
 Fitted from ECM

10-3 10-2 10-1 100 101 102 103 104 105 106
10

100

1000

10000

Z m
od

 (
)

Frequency (Hz)

0

20

40

60

80

-
phase (°)

0 500 1000 1500 2000 2500 3000
0

500

1000

1500
 Experimental data
 Fitted from ECM

-Z
im

ag
 (

)

Zreal ()

 Experimental data (Zmod)
 Experimental data (phase)
 Fitted from ECM

10-3 10-2 10-1 100 101 102 103 104 105 106
10

100

1000

10000

Z m
od

 (
)

Frequency (Hz)

0

20

40

60

80

-
phase (°)

d

e f

g h



0 1000 2000 3000
0

500

1000

1500
 Experimental data
 Fitted from ECM

-Z
im

ag
 (

)

Zreal ()

 Experimental data (Zmod)
 Experimental data (phase)
 Fitted from ECM

10-3 10-2 10-1 100 101 102 103 104 105 106
10

100

1000

10000

Z m
od

 (
)

Frequency (Hz)

0

20

40

60

80
-

phase (°)

0 400 800 1200 1600 2000
0

200

400

600

800

1000
 Experimental data
 Fitted from ECM

-Z
im

ag
 (

)

Zreal ()

 Experimental data (Zmod)
 Experimental data (phase)
 Fitted from ECM

10-3 10-2 10-1 100 101 102 103 104 105 106
10

100

1000

10000

Z m
od

 (
)

Frequency (Hz)

0

20

40

60

80

-
phase (°)

i j

k l

Fig. S2. Fitting of EIS data with the proposed ECM: Nyquist plot and Bode plot under (a, b) 
dark, periodic illumination with (c, d) 10%, (e, f) 25% and (g, h) 50%, (i, j) 75% duty cycles 
and (k, l) static illumination conditions respectively. Conditions: Room temperature with 
magnetic stirring, 50 mM HCOOH, 150 mL electrolyte solution, 25 mL/min N2, distance 
between the light source and working electrode was maintained at 33 cm throughout the 
experiment, 3 mg Pt/TiO2 deposited on FTO glass working electrode, Pt plate counter electrode 
and standard calomel reference electrode.
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Fig. S3. TEM images for TiO2-supported a. Pt, b. Au and c. Pd-supported TiO2 catalysts.



XPS Analysis

Among the three catalysts, it is evident that their Ti 2p XPS spectra are identical with Ti 2p3/2 

and 2p1/2 peaks centered at binding energies of 458.8-458.9 eV and 464.4-464.6 eV 

respectively as shown in Fig. S4b, S4d and S4f. These values are consistent with typical values 

of Ti4+ on TiO2 via XPS analysis.12-14 The Pt 4f spectrum is fitted with two components, where 

the 4f7/2 and 4f5/2 peaks located at 70.6 eV and 73.8 eV respectively are characteristic for 

metallic Pt0. The other peaks with lower intensity at 73.0 eV and 76.3 eV are associated with 

Pt2+.15-18 Based on the relative peak areas in the Pt 4f spectrum (Fig. S4a), we estimate the ratio 

of Pt0
 to Pt2+ to be 2:1. Similarly, the Pd 3d XPS spectra (Fig. S4e) were deconvoluted into two 

components, where Pd0 can be identified as 3d5/2 and 3d3/2 peaks at 335.5 eV and 340.5 eV 

respectively, while Pd2+ was identified as the corresponding peaks at 337.4 eV and 342.5 eV, 

likely in the form of PdO. 19-22 The Pd0: Pd2+ ratio is estimated to be 7:3, similar to Pt0: Pt2+ 

ratio in Pt/TiO2. On the contrary, Au/TiO2 primarily consists of metallic Au0 nanoparticles with 

4f7/2 and 4f5/2 peaks located at 83.7 eV and 87.3 eV respectively as shown in Fig. S4c.12, 13 
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Fig. S4a. Pt 4f and b. Ti 2p XPS spectra of Pt/TiO2 photocatalysts. c. Au 4f and d. Ti 2p XPS 
spectra of Au/TiO2 photocatalysts. e. Pd 3d and f. Ti 2p XPS spectra of Pd/TiO2 photocatalysts. 
Red line: simulated peak for element with zero valence. Green line: simulated XPS peak for 
element with charge of 2+. Purple line: simulated peaks for overall XPS spectrum.
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Fig. S5. Kubelka-Munk function for a. Bare, b. Pt-, c. Au- and d. Pd-supported TiO2 catalysts.



Model fitting

The kinetic model proposed by Prozzi et al. is as shown below23:

𝑘𝐶𝑃𝐼
𝐷𝑒𝑔

𝑘𝐷𝑒𝑔
= (1 + 𝑟) ‒ 1{ �1 + 𝑚 ‒ 1 𝑙𝑛[1 +

𝑟𝑚

1 + ( [ℎ +
𝑠 ]2

[ℎ +
𝑠 ]𝑠𝑠

) ‒ 1]} �
with 

[ℎ +
𝑠 ]2

[ℎ +
𝑠 ]𝑠𝑠

=
𝑟𝑚 𝑡𝑎𝑛ℎ(𝑚) + [𝑟𝑚 𝑡𝑎𝑛ℎ(𝑚)]2 + 4[𝑟𝑚 + 𝑡𝑎𝑛ℎ(𝑚)]𝑡𝑎𝑛ℎ(𝑚)

2[𝑟𝑚 + 𝑡𝑎𝑛ℎ(𝑚)]

𝜏𝐿 = (𝑘2,𝑣∅̅𝑣) ‒ 1

where  is the rate of formate degradation under controlled periodic illumination,  is the 𝑘𝐶𝑃𝐼
𝐷𝑒𝑔 𝑘𝐷𝑒𝑔

rate of formate degradation under static illumination, , ,  is the rate 𝑟 = 𝛾 ‒ 1(1 ‒ 𝛾)
𝑚 =

𝑡𝑂𝑁

𝜏𝐿 𝑘2,𝑣

constant for recombination process and  is the average incident photon flux introduced into ∅̅𝑣

the system. In this work,  was estimated to be 3.2 × 10-11 cm3/s and  is estimated by using 𝑘2,𝑣 𝜏𝐿

Bode plots (Fig. S2) from PEIS measurements and from Eq. (S2).

The charge carrier lifetime on Pt/TiO2 can be estimated by Equation (S1), where fmax can be 

determined from Bode plots generated after conducting EIS analysis of Pt/TiO2 under static 

and periodic illumination. fmax is defined as the frequency at which the maximum in the 

imaginary component of the measured impedance occurs.3, 5, 9, 24, 25 According to Kern et al., 

the medium frequency peaks (within the range of 10-100 Hz) in the Bode plot represent the 

properties of the photoinjected electrons within the TiO2 and this property is independent of 

the TiO2 layer thickness at fmax.24 

𝜏𝑒 =
1

𝜔𝑚𝑎𝑥 
=

1
2𝜋𝑓𝑚𝑎𝑥 (S2)

where  is the lifetime of photogenerated charge carriers.  𝜏𝑒



0.005 0.010 0.015 0.020 0.025 0.030
5.95

6.00
10.5

11.0

11.5

12.0

12.5

13.0  Periodic illumination
 Static illumination 

         at 100% light intensity
 Static illumination 

         at 10% light intensity

Q
ua

nt
um

 Y
ie

ld
 (1

0-3
)

L (s)
-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2  Experimental Results

 Theoretical Model
kC

PI
H

2
/k

H
2

log10(tON/L)

0.00

0.02

0.04

0.06

0.08

0.10

k
C

PI
deg /k

deg

a b

Fig. S6a. Ratio of photocatalytic reaction rate under controlled periodic illumination (CPI) and 
continuous illumination versus logarithm of the ratio between tON and τL. b. Comparison 
between reaction quantum yield under periodic illumination at 10% duty cycle and static 
illumination at 10% and 100% light intensity.



2.4 2.8 3.2 3.6 4.0 4.4 4.8

-8.5

-8.0

-7.5

-7.0

-6.5

-6.0

ln CHCOOH
ln

 r H
C

O
O

H
 d

ec
om

po
si

tio
n

Reaction order = 0

2.4 2.8 3.2 3.6 4.0 4.4 4.8

-9.5

-9.0

-8.5

-8.0

-7.5

-7.0

ln CHCOOH

ln
 r H

C
O

O
H

 d
ec

om
po

si
tio

n

Reaction order = -0.3

ba

Fig. S7. Reaction kinetics of photodecomposition of HCOOH under static and periodic 
illumination. Plot of ln (rHCOOH decomposition) against ln (CHCOOH) for reaction at a. static 
illumination and b. periodic illumination with 10% duty cycle. Reaction conditions: 30 ± 2 °C, 
 30 mL reaction volume, 10 mg Pt/TiO2, 800 rpm stirring rate, 5 bar N2, normalised at 2 hours 
reaction time.



Table S1 Fitted EIS data parameters according to resistors in the proposed ECMs. 

RS (Ω) RCT (Ω) RSS (Ω)Duty 
Cycle 
(%) Average Standard 

Deviation Average Standard 
Deviation Average Standard 

Deviation
0 18.40 0.35 32733 7061 - -
10 17.65 0.10 14157 3440 2862 214
25 18.02 0.12 10811 1860 2691 132
50 17.94 0.14 6591 1403 3087 152
75 17.77 0.10 6203 351 3672 121
100 18.29 0.09 6608 1504 1339 131

Table S2 Fitted EIS data parameters according to capacitors in the proposed ECMs.

CCT (Ω) CSS (Ω)Duty 
Cycle 
(%) Average Standard 

Deviation Average Standard 
Deviation

0 100.27 9.48 - -
10 85.26 1.72 317 27
25 85.48 2.25 217 28
50 86.83 1.36 283 53
75 88.48 1.93 225 32
100 85.92 2.43 156 32
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Fig. S8. a. CCT and b. RSS of Pt/TiO2 at different duty cycles.
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