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Fig. S1 NMR spectra of furfural



 Fig. S2 NMR spectra of maleic acid



 Fig. S3 NMR spectra of HFN



 Fig. S4 NMR spectra of formic acid



 

Fig. S5 NMR Calibration curves of (a) FF, (b) MA, (c) HFN, (d) FA



Fig. S6 Calibration Curves of (a) CO and (b) CO2.



Fig. S7 LSV comparison without and with 10 mM FF in 0.1 M H2SO4 using various metal 

oxides at a scan rate of 5 mV/s/



Fig. S8 CV comparison without and with 10 mM FF in 0.1 M H2SO4 using various metal oxides 

at a scan rate of 50 mV/s.



 Fig. S9 (a) LSV curves of PbOx without and with 10 mM FF in 0.1 M H2SO4 at a scan rate of 

5 mV/s. (b) Tafel plot of FFOR condition using various metal oxides.



Fig. S10 LSV curves of PbOx without and with 10 mM FF in (a) 0.1 M phosphate buffer 

(NaHPO4/Na2PO4) and (b) 0.1 M KOH at a scan rate of 5 mV/s.



Fig. S11 CV curves comparison without/with 10 mM FF using PbOx, PbBiOx, and BiOx at a 

scan rate of 20 mV/s. Dash lines are conducted without furfural in 0.1 M H2SO4. Straight lines 

are conducted with 10 mM FF in 0.1 M H2SO4.



Fig. S12 Yield of MA and HFN using PbBiOx depending on the applied potential with 10 mM 

FF in 0.1 M H2SO4.



Fig. S13 CA curves in 0.1 M H2SO4 15 mL with 10 mM FF using (a) PbOx and (b) PbBiOx.



Fig. S14 Scan rate dependence of CVs of (a) PbOx and (b) PbBiOx. A plot of current versus 

scan rate to determine capacitance of (c) PbOx and (d) PbBiOx with calculated CDL values.



Fig. S15 Plot of concentration variation to time of (a) PbOx, and (b) PbBiOx obtained during 

FFOR at 2.2 V vs. RHE with 10 mM FF. The plot showed the linearity of the log scale of 

concentration to time. the reaction order follows 1st order rate reaction. 



Fig. S16 (a) Low, and (b) high magnification SEM images of the as-prepared PbOx before 

FFOR. (c) Low, and (d) high magnification SEM images of the as-prepared PbBiOx before 

FFOR.



Fig. S17. (a) Low, and (b) high magnification SEM images of PbOx anode after FFOR. (c) low, 

(d) high magnification SEM images of PbBiOx anode after FFOR. 



Fig. S18. STEM-EDS mappings of (a) PbOx-B and (b) PbOx-A.



Fig. S19 STEM-EDS mappings of (a) PbBiOx-B and (b) PbBiOx-A.



Fig. S20 Bi 4f XPS of (a) PbBiOx-B, and (b) PbBiOx-A 



Fig. S21 Graph of MA yield to passed charge.



Fig. S22 Overall XRD spectra of PbBiOx containing different Bi contents of (a) before reaction, 
and (b) after reaction.



Fig. S23 HFN yield, MA yield trends depending on (a) loading mass, (b) stirring rate, (c) 
concentrations of H2SO4 for electrolyte using Pb0.9Bi0.1Ox.



Fig. S24 Cyclic measurement of FFOR using the same PbBiOx catalyst with 10 mM FF at 2.2 
V vs. RHE. 



Fig. S25 Operando XANES of Pb L3 of (a) PbOx, and (b) PbBiOx under before reaction, 2.05 
V vs. RHE, 2.2 V vs. RHE, and after reaction without FF.



Fig. S26 LCF results of operando XANES of (a) PbOx, (b) PbBiOx at 2.05 V vs. RHE, (c) 
PbOx, and (d) PbBiOx at 2.2 V vs. RHE.



Fig. S27 Overlapped operando XANES of Pb L3 between PbOx, and PbBiOx under (a) 2.05 V 
vs. RHE, and (b) 2.2 V vs. RHE.



Fig. S28 (a) Overall ex-situ Pb L3 XANES spectra, (b) ex-situ XANES spectra of Pb3O4, PbOx-
B, and PbBiOx-B. (c) ex-situ XANES spectra of PbO2, PbOx-A, and PbBiOx-A. (d) ex-situ 
EXAFS of Pb3O4, PbOx-B, and PbBiOx-B. (e) EXAFS of PbO2, PbOx-A, and PbBiOx-A.



Fig. S29 (a) ex-situ LCF results of PbOx-A, and (b) PbBiOx-A. 



Fig. S30 LSV curves of under different temperature at 25, 35, 45, and 55 ℃ using (a) PbOx 
without 10 mM FF, (b) PbOx with 10 mM FF, (c) PbBiOx without 10 mM FF, and (d) PbBiOx 
with 10 mM FF at a scan rate of 5 mV/s.



Fig. S31 Activation energy (Ea) of PbOx in 0.1 M H2SO4 at (a) 2.2 V vs. RHE, and (b) 2.3 V 
vs. RHE, and with 10 mM FF in 0.1 M H2SO4 at (c) 2.2 V vs. RHE, and (d) 2.3 V vs. RHE. 
The Ea value was obtained from slope based on Arrhenius plot of log scale of current densities 
to reciprocal temperature values.



Fig. S32 Activation energy (Ea) of PbOx in 0.1 M H2SO4 at (a) 2.2 V vs. RHE, and (b) 2.3 V 
vs. RHE, and with 10 mM FF in 0.1 M H2SO4 at (c) 2.2 V vs. RHE, and (d) 2.3 V vs. RHE. 
The Ea value was obtained from slope based on Arrhenius plot of log scale of current densities 
to reciprocal temperature values.



Fig. S33 The FFOR electrolysis results of MA yield using PbOx, and PbBiOx at different 
temperatures under 2.2 V vs. RHE. The orange line is the results of the PbOx, and the purple 
line is the results of the PbBiOx.



Table S1 Comparison of the FFOR catalytic performance of Pb0.9Bi0.1Ox with other FFOR 
system.

Catalyst
FF 

Concentration
(amount)

Electrolyte
(Solvent)

Potential
(vs. RHE)

FF
Conversion

MA
Yield

MA
Selectivity 
in liquidsb

Additional
condition Ref.

Pb0.9Bi0.1Ox 10 mM 0.1 M 
H2SO4

2.2 V 100% 57% 90.4% - This 
work

Pb0.9Bi0.1Ox 10 mM 0.5 M 
H2SO4

2.2 V 100% 55% >99% - This
work

EDa

PbOx
10 mM pH 1 H2SO4 2.0 V 99% 65.1

% 76.3% - 1

Pt/C 100 mM 0.25 M 
HClO4

1.3 V - - >5% - 2

E
le

ct
ro

ch
em

ic
al

 
Sy

st
em

C3.0N-Se0.03 10 mM 0.5 M 
KHCO3

1.7 V
(vs. Ag/AgCl) 99.5% 84.2

% 84.0% c - 3

45 ppi RVCa, + 
ACTa 50 mM 

(HFN)
Sodium 
Buffere

0.8 V
(vs. Ag/AgCl) >99% 89.9

% 92.7% hv, O2/
/

ACTd 4

C
om

bi
ne

d
Sy

st
em

RVC + 
EY@NKAa + 

ACT
20 mM

Carbonate 
bufferf

/NaOH

0.8 V
(vs. A/AgCl) 100% 97% >99% hvg 5

- 1 mmol HCOOH - 100% 95% -
H2O2 
1 mLh,
60 ℃

6

TS-1a 4.3wt.% Acetic acid - 100% 60% - 80 ℃, H2O2 7

- 1 mmol
ChCl-

oxalic acid 
(DES) a

- 100% ~30
% ~30%

50 ℃
H2O2 

10 mmol
8

- >20wt.% H2O - 92% 70% 70%
HFUSa 

565 kHz,
42 ℃

9

P-C-600a 2.5 mmol H2O - >99% 76.3
% 76.3%c

H2O2

 20 mmol
60 ℃

10

Amberlyst-15 1 mmol H2O - >99% 11% 13% H2O2 
4 mmol 11

Nb2O5 1 mmol H2O - >99% 5% 15% H2O2 
4 mmol 11

CaCuP2O7 0.25 g H2O - ~75% 37.4
% 54.8%c 115 ℃,

0.8 MPa O2
12

H5PV2Mo10O40 

•xH2O
+ Cu(CF3SO2)2

2.4 mmol CH3CN, 
acetic acid - 98.7% 54% 87.8% 20 atm O2,

110 ℃ 13

V2O5/γ-Al2O3 1vol% O2/N2
(Gas Phase) - >99% ~70

%i - 20vol% O2,
300 ℃ 14

T
he

rm
oc

he
m

ic
al

Sy
st

em

CuMoO4/
Cu(NO3)3

1 mmol H2O - 99% 74% 82%
PMSa, 

2 MPa air, 
140 ℃

15

a Acronyms: ED: electrodeposited, RVC: reticulated vitreous carbon, ACT: 4-acetamido-2,2,6,6-tetramethylpiperidine-1-oxyl, 
EY@NKA: resin-supported Eosin Y (photo-oxygenation) DES: deep eutectic solvent, TS-1: titanium silicate-1, HFUS: high 
frequency ultrasound, P-C-600: pyrolysis of phytic acid at 600 ℃ annealing temperature, PMS: peroxymonosylfate.

b selectivity of liquid products: 
𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛 𝑙𝑖𝑞𝑢𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (%) =  

𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑐𝑒𝑟𝑡𝑎𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑖𝑞𝑢𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠  

  ×  100

c selectivity products: 
𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (%) =  

𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑐𝑒𝑟𝑡𝑎𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑖𝑞𝑢𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠  

  ×  100

d The production of MA was conducted via two step reaction. The reaction from FF to HFN occurred via photochemical 
oxidation in methanol solvent with photochemically generated singlet oxygen as oxidant and ACT-mediated electrocatalytic 
reaction from HFN to FF was operated.

e 0.34 M Na2CO3 + 0.06 M NaHCO3 as anolyte, NaOH as catholyte.

f 0.34 M Na2CO3 + 0.06 M NaHCO3 (pH 8.5).

g ACT-mediated photoelectrocatalytic reaction using EY@NKA as photo-oxygenation under irradiation by LEDs.



h 3.5-fold amount of H2O2 volume than FF.

i Maleic anhydride which converted to maleic acid in aqueous solution.

Table S2 Results of FFOR depending on different electrolyte (pH).

Electrolyte
(pH)

FF 
Conversion 

(%)

MA
Yield
(%)

HFN
Yield
(%)

HFA
Yield
(%)

FA
Yield
(%)

Applied 
Potential
(vs. RHE)

Passed 
Charge

(C)
0.1 M H2SO4 

(pH 1)
100 26.9% 25.3 0 1.4 2.2 250

0.1 M 
NaHPO4/Na2PO4

(pH 6.77)

100 16.4% 45.6% - 16.0% 2.4 250

0.1 M KOHa

(pH 13)
75.3% 9.1% - - - 2.4 135

a Other intermediate species were not detected due to degradation of organic species in alkaline media.

Table S3 FFOR results of PbOx at 2.2 V vs. RHE.

Passed 
Charge

(C)

FF 
Conversion 

(%)

MA
Yield
(%)

HFN
Yield
(%)

HFA
Yield
(%)

FA
Yield
(%)

Loss
(%)

F.E
(%)

50 72.4 8.5 26.8 7.3 12.8 29.8 72.0
100 96.5 17 41.7 7.0 11.1 33.0 58.9
150 100 22.2 41.3 1.5 5.4 35.0 40.1
200 100 26.2 34.8 0 2.5 39.0 29.3
250 100 26.9 25.3 0 1.4 47.8 20.6
300 100 27.2 22.1 0 1.5 50.6 16.5

Table S4 FFOR results of Pb0.95Bi0.05Ox at 2.2 V vs. RHE.

Passed 
Charge

(C)

FF 
Conversion 

(%)

MA
Yield
(%)

HFN
Yield
(%)

HFA
Yield
(%)

FA
Yield
(%)

Loss
(%)

F.E
(%)

50 64.6 10.1 34.7 1.5 28.5 18.3 90.6
100 93.6 24.0 47.3 2.0 18.9 20.4 74.2
150 100 35.3 33.2 0 10.7 31.5 49.3
200 100 42.6 18.8 0 2.7 38.6 34.8
250 100 45.8 11.5 0 2.0 42.6 26.8
300 100 50.0 8.1 0 1.1 42.2 22.9

 Table S5 FFOR results of Pb0.95Bi0.05Ox at 2.2 V vs. RHE.

Passed 
Charge

(C)

FF 
Conversion 

(%)

MA
Yield
(%)

HFN
Yield
(%)

HFA
Yield
(%)

FA
Yield
(%)

Loss
(%)

F.E
(%)

50 71.5 0 28.2 6.3 18.7 28.6 89.4
100 96.8 8.4 47.5 5.0 17.9 35.4 57.6
150 100 18.9 28.1 0.8 6.0 44.0 42.1
200 100 35.8 20.9 0 3.3 43.2 31.1



250 100 36.8 14.0 0 2.0 49.2 23.0

 Table S6 FFOR results of Pb0.85Bi0.15Ox at 2.2 V vs. RHE.

Passed 
Charge

(C)

FF 
Conversion 

(%)

MA
Yield
(%)

HFN
Yield
(%)

HFA
Yield
(%)

FA
Yield
(%)

Loss
(%)

F.E
(%)

50 66.2 9.7 29.5 2.7 23.5 24.2 84.7
100 91.2 19.3 43.1 2.7 27.3 36.0 67.7
150 99.7 27.2 41.7 0.4 16.1 30.4 49.9
200 100 32.0 35.1 0 7.1 32.8 37.3
250 100 35.6 26.6 0 4.9 37.8 28.4
300 100 38.4 21.5 0 2.3 40.1 23.2

Table S7 FFOR results of Pb0.8Bi0.2Ox at 2.2 V vs. RHE.

Passed 
Charge

FF 
Conversion 

(%)

MA
Yield
(%)

HFN
Yield
(%)

HFA
Yield
(%)

FA
Yield
(%)

Loss
(%)

F.E
(%)

50 70.2 9.7 35.6 3.5 31.2 21.4 91.5
100 96.0 17.6 47.3 2.6 23.6 28.4 67.9
150 100 22.3 42.8 0 20.4 34.9 45.5
200 100 28.3 42.3 0 14.9 29.4 37.2
250 100 31.1 35.4 0 9.0 33.5 28.7
300 100 32.8 28.5 0 5.7 38.6 22.4

Table S8 The Bi and Pb ratio of PbBiOx based on EDS mapping.

Contents (atomic %)Sample Name
Pb Bi O Sn

Bi/Pb (%)

Pb0.95Bi0.05Ox 19.46 1.15 64.75 14.64 5.91
Pb0.9Bi0.1Ox 18.90 1.91 66.68 12.51 10.11

Pb0.85Bi0.15Ox 8.50 1.36 68.56 21.58 16.00
Pb0.8Bi0.2Ox 15.09 3.65 65.31 15.94 24.19
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