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Supplementary Figure 1 | Side-view SEM image of α-Fe2O3 photoanode. It can be detected that

α-Fe2O3 film with a thickness of 200 nm was formed over FTO glass.



4

Supplementary Figure 2 | XRD pattern of α-Fe2O3 photoanode. XRD pattern reveals the pure

hematite phase with predominant (110) facet, which has been widely considered as the preferred

orientation with good conductivity and is beneficial for high PEC activity 1–4. The other XRD

peaks are ascribed to cassiterite SnO2 phase from FTO substrate.



5

Supplementary Figure 3 | Raman spectrum of α-Fe2O3 photoanode. Raman spectrum exhibits

the characteristic peaks of hematite phase with A1g located at 223 and 494 cm−1 as well as Eg

located at 243, 291, 408, and 606 cm−1 5–7. The peak at 660 cm−1 can be ascribed to the presence

of forbidden longitudinal optical (LO) mode due to symmetry breakdown induced by structural

disorders 8.
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Supplementary Figure 4 | XPS spectra of α-Fe2O3 photoelectrode. (a) survey scan, (b) Fe 2p, (c)

Ti 2p (d) O 1s. All the spectral features are attributed to the constituent elements of α-Fe2O3 9–12.

The α-Fe2O3 photoanode was doped with 3 at% Ti to enhance the electronic conductivity 13–15.

The strong Fe 2p1/2 and Fe 2p3/2 peak at 710.8 and 724.0 eV can be assigned to the FeIII state

from α-Fe2O3 12. A characteristic satellite peak of a-Fe2O3 also appeared at 718.8 eV 12. The peaks

located at 458.1 and 463.9 eV belong to Ti 2p3/2 and Ti 2p1/2, which correspond to Ti4+ in the Ti–

O–Fe structure 9. The O 1s peaks located at 529.9 and 532.1 eV can be assigned to the lattice

oxygen of α-Fe2O3, and hydroxyl groups of Fe–OH, respectively 12.
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Supplementary Figure 5 | a UV–Vis spectrum and b tauc plot of α-Fe2O3 photoanode.
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Supplementary Figure 6 | TEM image of FeOOH/α-Fe2O3.
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Supplementary Figure 7 | TEM image of CoOOH/α-Fe2O3.
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Supplementary Figure 8 | TEM image of NiOOH/α-Fe2O3.
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Supplementary Figure 9 | XPS spectra of (a) Fe 2p, (b) O 1s for bare α-Fe2O3 and FeOOH/α-

Fe2O3. The O 1s peak assigned to hydroxyl groups of Fe–OH had an obvious enhancement after

the cocatalyst deposition, indicating the presence of FeOOH cocatalyst.
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Supplementary Figure 10 | XPS spectrum of Co 2p for CoOOH/α-Fe2O3. The Co 2p3/2 binding

energy at 780.2 eV and Co 2p1/2 binding energy at 795.1 eV are assigned to CoIII state from

CoOOH 16,17.
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Supplementary Figure 11 | XPS spectrum of Ni 2p for NiOOH/α-Fe2O3. The Ni 2p3/2 binding

energy at 855.6 eV and Ni 2p1/2 binding energy at 873.0 eV are assigned to NiIII state from

NiOOH 18.
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Supplementary Figure 12 | EIS Nyquist plots of α-Fe2O3, FeOOH/α-Fe2O3, CoOOH/α-Fe2O3,

and NiOOH/α-Fe2O3 measured at 1 V under AM 1.5G one-sun illumination in Ar-purged 1 M

aqueous solution of KOH (pH~13.6) with 10 mM glucose.
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Supplementary Figure 13 | LSV curves of GOR over NiOOH/α-Fe2O3 with different glucose

concentrations under AM 1.5G one-sun illumination.
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Supplementary Figure 14 | LSV curves for OER and GOR over (a) bare α-Fe2O3, (b)

FeOOH/α-Fe2O3, (c) CoOOH/α-Fe2O3, and (d) NiOOH/α-Fe2O3 under AM 1.5G one-sun

illumination. The onset potential of OER was observed at around 1 V for all the samples. Among

all the samples, NiOOH/α-Fe2O3 exhibited the best performance towards GOR in terms of onset

potential and photocurrent density.
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Supplementary Figure 15 | Product analysis of electrolyte after 2 h GOR at 1 V under AM 1.5G

one-sun illumination. (a) HPLC chromatograms and (b) product selectivity. NiOOH/α-Fe2O3

exhibited the highest formate selectivity. Other products detected in the electrolyte were glucaric

acid (C6H10O8), gluconic acid (C6H12O7), arabic acid (C5H10O6), glyceric acid (C3H6O4) and

glycolic acid (C2H4O3). Erythric acid (C4H8O5) may also exist in the products because its

retention time in HPLC chromatogram is very close to that of arabic acid (C5H10O6). The total

carbon balance is over 95% for all the samples.
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Supplementary Figure 16 | Gas chromatography spectrum of products after 2 h GOR at 1 V

under AM 1.5G one-sun illumination over NiOOH/α-Fe2O3.
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Supplementary Figure 17 | 1H NMR spectra of electrolyte after 2 h GOR at 1 V under AM 1.5G

one-sun illumination over NiOOH/α-Fe2O3 photoanode. A sample before the PEC reaction is

shown for comparison. DMSO was used as the internal standard. The evolution of formate signal

at 8.2 ppm was observed after the PEC reaction.
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Supplementary Figure 18 | a LSV curves over NiOOH/α-Fe2O3 in Ar-purged 1 M aqueous

solution of KOH with and without formate added under AM 1.5G one-sun illumination. b HPLC

chromatograms of electrolytes before and after 2 h GOR at 1 V under AM 1.5G one-sun

illumination over NiOOH/α-Fe2O3. It shows that formate is stable in the PEC reaction system.
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Supplementary Figure 19 | 13C NMR spectra of electrolyte before and after the PEC reaction

using 13C-labeled glucose as the reactant substrate. The experiment was conducted at 1 V for 2 h

in Ar-purged 1 M aqueous solution of KOH (pH~13.6) with 10 mM 13C-glucose under AM 1.5G

one-sun illumination.
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Supplementary Figure 20 | Influence of Ni(NO3)2 concentration in the preparation of

NiOOH/α-Fe2O3 on the PEC GOR performance. a LSV curves. b FEs and partial current density

of formate (jHCOO−). All the experiments were conducted at 1 V for 2 h in Ar-purged 1 M aqueous

solution of KOH (pH~13.6) with 10 mM glucose under AM 1.5G one-sun illumination.
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Supplementary Figure 21 | HPLC chromatograms of electrolyte as a function of PEC reaction

time. The experiment was conducted at 1 V in Ar-purged 1 M aqueous solution of KOH

(pH~13.6) with 10 mM glucose under AM 1.5G one-sun illumination.
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Supplementary Figure 22 | a LSV curves, b formate productivity and FEs using 10 mM aldonic

acids as the reactant substrates. c LSV curves, d formate productivity and FEs using 10 mM

aldoses as the reactant substrates. e Proposed reaction pathway of PEC glucose oxidation to

formate. All the experiments were conducted at 1 V for 2 h in Ar-purged 1 M aqueous solution of

KOH (pH~13.6) under AM 1.5G one-sun illumination. The error bars represent one standard

deviation of three independent measurements.
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Supplementary Figure 23 | Side and top view of atomic models of (a) NiOOH, (b) CoOOH and

(c) FeOOH.
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Supplementary Figure 24 | Theoretical calculations of glucose conversion on NiOOH, CoOOH

and FeOOH. (a) Gibbs free energy profiles. (b) The corresponding intermediate configurations

during the process of glucose conversion.
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Supplementary Figure 25 | Representative HPLC spectrum of sugar solution after acidic

pretreatment of raw biomass. Here exemplified by use the poplar sawdust as the substrate. It can

be detected that the sugar solution mainly contains glucose and xylose. A small amount of

cellobiose was also detected at the retention time of 8.4 min.
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Supplementary Figure 26 | LSV curves over NiOOH/α-Fe2O3 using 10 mM glucose, xylose and

cellobiose as the reactant substrates. All the experiments were conducted in Ar-purged 1 M

aqueous solution of KOH (pH~13.6) under AM 1.5G one-sun illumination.
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Supplementary Figure 27 | The effect of pretreatment on formate productivity. All the

experiments were conducted at 1 V for 2 h over NiOOH/α-Fe2O3 in Ar-purged 1 M aqueous

solution of KOH (pH~13.6) under AM 1.5G one-sun illumination. The error bars represent one

standard deviation of two independent measurements.
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Supplementary Figure 28 | a XRD patterns, b Raman spectra, c XPS spectra of Ni 2p of

NiOOH/α-Fe2O3 before reaction (black line) and after 100 h PEC BOR reaction (red line).
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Supplementary Figure 29 | Cyclic voltammetry curves of Bi cocatalyst deposition on GaN/Si

from −2.5 V to +2.5 V vs. Ag/AgCl.
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Supplementary Figure 30 | STEM-EDX mapping of Bi decorated GaN nanowires.
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Supplementary Figure 31 | XPS spectra of a Ga 2p3/2, b N 1s, and c Bi 4f of Bi/GaN/Si.
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Supplementary Figure 32 | PEC performance of Bi/GaN/Si photocathodes with varied

electrodeposition cycles of Bi. a LSV curves. b FEs of different products and jHCOO−. The

electrodeposition was realized by sweeping potential between −2.5 to +2.5 V with different

cyclic voltammetry numbers.
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Supplementary Figure 33 | Bi/GaN/Si photocathode characterization after PEC CO2RR

reaction. a,b SEM images. c TEM image. d XPS spectra of Bi 4f.
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Supplementary Figure 34 | 1H NMR analysis of the products of 13C isotopic CO2RR experiment.

The 13C isotopic experiment was conducted in 13CO2-saturated 0.5 M KH13CO3 aqueous solution.
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Supplementary Figure 35 | Amount of formate produced at photoanode and photocathode in 80

h test.
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Supplementary Table 1. Compositional analysis of raw biomass substrates and the

corresponding sugars solutions after pretreatment.

Raw

biomass

Before pretreatment[a] After pretreatment[b] (Hemi)cellulose-to-

glucose/xylose yield

(%)

Cellulose

(wt%)

Hemicellulose

(wt%)

Lignin

(wt%)

Glucose

(g)

Xylose

(g)

Sawdust 58.12 19.00 16.53 0.193 0.051 63.28

Straw 40.02 24.93 4.81 0.145 0.067 65.28

Bamboo 49.13 21.58 20.05 0.163 0.066 64.77

[a] The Van Soest method19,20 was used to quantify the component of cellulose, hemicellulose and

lignin in biomass.
[b] The pretreatment was conducted by refluxing in H2SO4 solution at 100 ℃ for 5 h. Raw

biomass feedstock (0.5 g), solution (100 ml).
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Supplementary Table 2. Performance comparison of representative Si-based photocathodes for

PEC CO2 reduction into HCOO−.

Photocathode FEHCOO-
Overpotential[a]

(V)
Refs

Bi/GaN/Si 85.2% at −0.2 V vs. RHE 0 this work

Sn-pNWs/n+p-Si 59.2% at −0.4 V vs. RHE 0.2 21

NPhN-Ru(CP)22+-
RuCt/NiO/GaN NWs/Si

69% at −0.25 V vs. RHE 0.05 22

CuS NPs/GaN NWs/p-n+ Si 70.2% at −1.0 V vs. RHE 0.8 23

Sn NP/GaN NW/Si 76.9% at −0.53 V vs. RHE 0.33 24

Sn NPs/p-Si NWs 88% at −0.876 V vs. RHE 0.676 25

Bi/p-Si 94% at −0.32 V vs. RHE 0.12 26

[a] Overpotential is referred to the equilibrium potential of CO2/HCOOH at −0.2 V vs. RHE.
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Supplementary Table 3. Performance comparison of representative unbiased PEC HCOO−

production from CO2 and H2O.

Material
HCOO-

productivity
(μmol cm−2 h−1)

Duration
time (h)

Refs

FeOOH/BiVO4//CIFDH/TiO2/CFO 0.098 12 27

InP/[MCE2-A+MCE4]//TiO2/Pt 0.22 24 28

FeOOH/BiVO4//perovskite//3D TiN-ClFDH 1.06 8 29

SrTiO3:La,Rh//Au//RuO2-BiVO4:Mo 1.12 34 30

Ru(MeCN)CO2C3Py-P/TiO2/N,Zn-Fe2O3
/Cr2O3//SrTiO3−x

1.55 3 31

r-STO//lnP/[RuCP] 1.93 3 32

CuFeO2/CuO//Pt 2.5 24 33

BiVO4//PVK/IO-TiO2/FDH 7 10 34

NiOOH/Fe2O3//Si PV//Bi/GaN/Si 23.27 80 this work
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Supplementary Note 1 Calculation of solar to chemical conversion efficiency

Due to the Faradaic efficiencies of formate production were different at anode and cathode,

formate were produced based on two overall reactions as shown below. In both reactions, the

anode reaction was glucose oxidation to formate. However, the cathode reactions were either

CO2 reduction to formate or H2O reduction to H2.

(Standard molar free energy of formation △Gf): C6H12O6 (s): −910.56 kJ/mol; CO2 (g): −394.4

kJ/mol; H2O (l): −237.13 kJ/mol; HCOOH (l): −361.3 kJ/mol; H2 (g):0 kJ/mol.

Overall reaction 1 (R1): 1/12 C6H12O6 + 1/2 CO2 + 1/2 H2O →HCOOH △GR1=30.345 kJ/mol

Overall reaction 2 (R2): 1/6 C6H12O6 + H2O → HCOOH + H2 △GR2=27.59 kJ/mol

The solar to chemical conversion efficiency (η) was calculated according to the following

equation:

� =
��������

�1 × ∆��1 + ��������
�2 × ∆��2

������ × �

where ��������
�1 and ��������

�2 are formate production amount via reaction 1 and 2, respectively,

Psolar is the input solar power, and t is the reaction time. The total amount of formate produced at

the anode and cathode sides after 80 h test were detected to be 1044 μmol cm−2 and 817 μmol

cm−2, respectively (Figure S35). Twice the amount of formate produced at the cathode can be

regarded as formate produced via R1 reaction (1634 μmol cm−2). Besides, formate produced at

anode side is higher than that of cathode side and the extra formate at anode was regarded as

produced via R2 reaction (227 μmol cm−2). Thus, η was calculated to be ~0.19%.

η=(1634×30.345+227×27.59)/(100×80×3600)=0.194%
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