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S1. Color Codes and Categorization Methodology

Table S1 was created based on five categorical levels. Even if descriptions of these 
levels can change according to column topic, they have same metrics tendency. If 
positive metrics are represented by green scale and risk metrics are colored by reversed 
scale.

Here is the general color scale applied on all columns of tables for major 
semiconductors and co-catalysts assessment.

Table S1. Color legend for categorization of semiconductors and co-catalysts.

Color Level Meaning
 Dark green Very low    Sustainable / Low risk
 Light green Low    Positive
 Yellow Moderate   Moderate
 Orange High    Increasing risk
 Red Very high    Critical / Negative/ Low stability

In addition to color codes of Table S1, each column of Table S11 and S21 was scaled 
by a simple criterionization based on their topic. These were clarified below step by 
step for each table.

S2. Clarification for Table of Major Semiconductors Assessment

S2.1. Abundance

Abundance column was totally scaled and filled based on information of EU critical 
raw material report1. Elemental composition and global supply/production level were 
taken into consideration, and a logical scale was defined as given in Table S2.

Table S2. Colored logic scale for abundance column.

Color Level Meaning

Dark green Very high Abundant and common element base like metal-free or 
oxide minerals

Light green High Non-critical metal but not unlimited like Zn, S

Yellow Moderate Limited access by regulation/byproduct production like 
Pb-containing perovskite or systems dependent on CRMs

Orange Low Materials are non-toxic but consist of CRMs
Red Very low Toxic and CRMs

S2.2. Industrial maturity

Industrial maturity column was compiled from the literature survey. The starting point 
of the logical scale has been defined based on whether it is industrial production or 
laboratory scale (as shown in Table S3).

Table S3. Colored logic scale for industrial maturity.

Color Level Meaning



 Dark green Very high    Bulk chemical industry 
 Light green High   Industrial precursor + scalable oxide
 Yellow Moderate Semi-industrial synthesis
 Orange Low    Still evolving
 Red Very low       Unique or rare production routes

S2.3. Process complexity

Process complexity column was filled according to production methods/steps, if there 
is multi-step, redox control or heterostructure. The complexity of synthesis routes was 
scaled and defined as shown in Table S4. 

Table S4. Colored logic scale for process complexity.

Color Level Meaning
 Dark green Very low    Direct utilization 
 Light green Low   Single step or calcination
 Yellow Moderate Morphology tuning
 Orange High Oxidation-state control or aggressive chemistry
 Red Very high       Multiple step + modifications

S2.4. Supply risk (from EU critical raw material report)

EU critical raw materials report gave a threshold value for supply risk (SR ≥ 1.0)1. If 
SR values of a material are equal or higher than 1.0, it is accepted critical in terms of 
supply risk. In the light of threshold value of EU report, SR column was filled according 
to SR value of each semiconductor or components. The supply risk of semiconductors 
was scaled and defined as shown in Table S5.

Table S5. Colored logic scale for supply risk.

Color Level Meaning
 Dark green Very low    EU non-critical ones like g-C3N4 metal-free or Ti, Zn 

 Light green Low      EU non-critical and produced ones from abundant 
components like r-GO and GO

 Yellow Moderate EU non-critical but strategic/demanded ones like Cu
 Orange High EU critical and regulatory restricted ones like Cd, Pb
 Red Very high EU critical and non-environmentally ones

S2.5. Energy intensity 

Energy intensity column was filled according to energy requirements of synthesis 
routes such as calcination/reduction temperature or hotspots of LCA. The energy 
intensity of synthesis routes was scaled and defined as shown in Table S6.

Table S6. Colored logic scale for energy intensity.

Color Level Meaning
 Dark green Very low    Direct utilization or single step 
 Light green Low   single step + calcination



 Yellow Moderate morphology tuning/drying/thermal treatment but limited 
energy input

 Orange High oxidation-state control/high temperature/long 
duration/multiple post-treatment

 Red Very high Aggressive and non-environmentally chemistry
S2.6. Water consumption

Water consumption column was scaled according to washing cycles, acidic oxidations, 
and solution synthesis of semiconductors. The water consumption of semiconductors 
was scaled and defined as shown in Table S7.

Table S7. Colored logic scale for water consumption.

Color Level Meaning
 Dark green Very low    Mostly dry synthesis 
 Light green Low Solvent-free or minimum washing cycles

 Yellow Moderate Morphology tuning/drying/thermal treatment but limited 
energy input

 Orange High Solvent-added synthesis + washing 
 Red Very high Intensive washing/purification or solvent separation chain

S2.7. Human/environmental toxicity 

Human/environmental toxicity column was scaled according to environmental risk 
severity rather than intrinsic material toxicity. Human/environmental toxicity of 
semiconductors was scaled and defined as shown in Table S8.

Table S8. Colored logic scale for human/environmental toxicity.

Color Level Meaning
 Dark green Very low    Metal-free 
 Light green Low Inert oxides
 Yellow Moderate Ion dissolution possible ones
 Orange High Restricted toxicity
 Red Very high  Strongly toxic or hazardous chemistry

S2.8. CO2 reduction performance 

PCCO2R performance column was scaled according to found maximum yields and 
visible-light capability of semiconductors. Here two highest yields are just selected: 
one for liquid and another for gaseous phase. If the products have just yield of just gas 
or liquid phases, the two highest yields from same phase were selected for each 
semiconductor. PCCO2R performance of semiconductors was scaled and defined as 
shown in Table S9.

Table S9. Colored logic scale for PCCO2R performance.

Color Level Meaning
 Dark green Very high Highest yields + visible light-driven 
 Light green High Highest yields + UV light-driven 
 Yellow Moderate Modest yields among them + variable light irradiation



 Orange Low Lower yields among them + variable light irradiation
 Red Very low  Lowest yields among them + UV light irradiation

S2.9. Overall sustainability

The overall stability column is a combination of abundance, industrial maturity, supply 
risk, energy intensity, toxicity, water consumption, and stability limitations for each 
semiconductor. Overall stability of semiconductors was scaled and defined as shown in 
Table S10.

Table S10. Colored logic scale for overall stability.

Color Level Meaning
 Dark green Very high High performance + lowest toxicity 
 Light green High High performance + lowest toxicity but high energy input
 Yellow Moderate Efficient but unstable/footprint issue/UV active
 Orange Low Efficient but consist of critical raw material
 Red Very low  High toxicity (in)dependent of performance



Table S11. Assessment of major semiconductors used in the photocatalytic CO2 reduction process 

Material Abundance Industrial 
maturity     

 

Process 
complexity   

Supply risk 
(EU)1 

Energy 
intensity 
(relative) 

Water 
consumption 

 

Human/
environmental 

toxicity     

 

PCCO2R 
performance* 

Overall 
sustainability 

g-C3N4

 Very high - 
C, N 

ubiquitous 

 Moderate - 
thermal 

polymerization 
(urea, 

melamine)2 

 Low - 
simple-batch 
calcination

 Very low - 
EU non-
critical

 Moderate - 
500-600 oC 
calcination 

hotpot3

 Low - mostly 
solvent-free3

 Very low - 
metal-free

 High - 
Moderate - CO 
8834; HCOOH 

50695 
µmolg−1cat.h−1

 Very high - 
metal-free and low 

toxicity

TiO2

 Very high - 
oxide minerals 

abundant

 Very high - 
sulfate/chlorid

e industry6

 Low - 
mature scalable 

 Very low - 
EU non-
critical

 High - 
industrial 

calcination7

 Moderate - 
wet processing8

 Low - inert 
oxide

 High - CO 
12239; CH4 129010 

µmolg−1cat.h−1 
(UV)

 High - 
industrially robust 
but energy heavy

Cu2O/CuO  Very high - 
Cu abundant

 High - 
oxidation/preci

pitation11,12

 High - multi-
step redox 

control needed

 Moderate - 
non-critical 
but strategic 

metal

 High - post-
treatment/calci

nation13

 Moderate - 
washing 
cycles14

 Moderate - 
Cu+/Cu2+ ion 

release 

 High - CH3OH 
1.2 molg−1cat.h−115; 

CH4 14.93 
mmolg−1cat.h−116

 Moderate - 
active but 

stability-limited

ZnO  High - Zn 
widely mined

 High - 
precipitation/ 

hydrothermal17 

 Moderate - 
morphology 

control

 Low - EU 
non-critical

 Moderate - 
calcination/ 

heating18

 Moderate - 
solution 

washing19

 Moderate - 
Zn2+ ecotoxicity 
via dissolution 

 Very high - 
CH3OH 670020; 

CO 381421 
µmolg−1cat.h−1

 Moderate - 
High - efficient 

yet unstable

r-GO/GO
 High - 

graphite-
derived

  Low -
oxidation/ 
reduction22 
emerging 
scale-up

 High - 
process-

dependent 
(oxidation + 
reduction)

 Low -
Moderate - 
carbon based 

(no CRM)

 High - 
oxidation/redu

ction steps, 
electricity23

 Very High - 
Hummers 

washing water-
intensive23

 Low -
Moderate - 
nanocarbon 

ecotox depends 
on form

 Moderate - CO 
76024; HCOOH 

197525 
µmolg−1cat.h−1- 

interface-
dependent 

 Moderate - 
process footprint 

dominant



CsPbBr3

 Moderate - 
Cs/Pb/Br 

available but 
Pb regulated

 Moderate - 
Solution-based 

synthesis 
common (lab-
dominant)26

 High - 
solvent-

intensive + 
separations

 High - Pb: 
regulatory/criti
cality concern

 High - 
hot-injection 

(120-180oC) or 
multi-step26

 High - 
solvent use + 
purification27

 Very high - 
Pb 

toxicity/potential 
Pb2+ release

 Moderate - 
CO 401.228; CH4

29  
230.6 

µmolg−1cat.h−1 

(visible)

 Very low - 
performance good, 
toxicity dominates

ZnS

 High - 
Zn non-critical 
+ S abundant 
by-product

 High - 
Coprecipitatio
n/hydrothermal 
established30

 Moderate - 
washing/drying 

+ optional 
calcination

 Low - 
EU non-
critical

 Moderate - 
post-treatment 

energy 
hotspot30

 Moderate - 
repeated 

washing31

 Moderate - 
possible Zn2+ 

release; S 
oxidation 
products

 Moderate - 
CO 2075.732; 
CH4 53.7233; 

HCOOH 23434  
µmolg−1cat.h−1  
(mostly UV)

 Moderate - 
safe supply, UV 

limitation + 
corrosion

CdS
 Moderate - 

Cd not scarce 
but restricted

 Moderate - 
lab-scale 

routes 
common35

 High - 
tox-handling + 

washing + 
composites

 High - 
EU: strict 
regulatory 

control

 High - 
upstream Cd 

refining 
burdens + 

processing36

 High - 
washing/centrif

ugation 
wastewater36

 Very high - 
Cd2+ release + 

bioaccumulation

 Moderate - 
CO 2322.837; 
CH4 18.5338  

µmolg−1cat.h−1 
(visible)

 Very low - 
toxicity outweighs 

performance

BiVO4

 Moderate - 
Bi + V from 

mining/refinin
g (CRM**)

 Moderate - 
common in 
lab; scale 

depends on 
Bi/V39

 High - 
calcination + 

dopants/heteroj
unctions

 High - 
Bi and V listed 
as critical (EU)

 High - 
post-

calcination 
energy40

 High - 
synthesis + 

washing water 
use40

 Moderate - 
metal release 
potential, pH-

dependent

 Low - 
CO 138.441; CH4 
32.642; CH3OH 

583.3543 
µmolg−1cat.h−1 

(often composite)

 Low - 
CRM risk + 

processing burden

BiOX 
(Cl/Br/I)

 Moderate - 
Bi critical; 

halides 
available

 Moderate - 
hydro/ 

solvothermal 
common44

 Moderate - 
low-T synthesis 

but 
washing/drying

 High - 
Bi is critical 

(EU)

 Moderate -
reaction low-

T, drying 
energy 

matters45

 High - 
synthesis + 

washing water 
use46

 Low-
Moderate - 

generally stable; 
risks more “Bi 

sourcing”

 Very low - 
CO 144.547; 
CH4 11.9348  

µmolg−1cat.h−1 

 Low-Moderate 
- 

selective but Bi-
supply constrained

* The two highest yields were represented for liquid and gaseous phases. If the products have just yield of just gas or liquid phases, the two highest yields from same phase were 

selected for each semiconductors.

** CRM: critical raw materials.



S3. Clarification for Table of Major Co-catalysts Assessment

S3.1. Abundance

Abundance column was totally scaled and filled based on information of EU critical 
raw material report1. Elemental composition and global supply/production level were 
taken into consideration, and a logical scale was defined as given in Table S12.

Table S12. Colored logic scale for abundance column.

Color Level Meaning
 Dark green Very high Abundant and common element base like Fe
 Light green High Earth-abundant metals, large global supply
 Yellow Moderate Precious but not extremely scarce
 Orange Low Noble metals with limited reserves
 Red Very low PGM and ultra-rare metals

S3.2. Industrial maturity

Industrial maturity column was compiled from the literature survey. The starting point 
of the logical scale has been defined based on whether it is industrial production or 
laboratory scale for co-catalyst deposition (as shown in Table S13).

Table S13. Colored logic scale for industrial maturity.

Color Level Meaning
 Dark green Very high    Bulk or established chemical industry 
 Light green High   Industrial production + additional applications
 Yellow Moderate Semi-industrial synthesis
 Orange Low    Still evolving
 Red Very low       Unique or rare production routes

S3.3. Process complexity

Process complexity column was filled according to production methods/steps, if there 
is multi-step, extra solvent or post-treatment. The complexity of synthesis routes was 
scaled and defined as shown in Table S14. 

Table S14. Colored logic scale for process complexity.

Color Level Meaning
 Dark green Very low    Simple impregnation or doping
 Light green Low Combination of two simple synthesizes
 Yellow Moderate Reduction or calcination
 Orange High Simple modification methods
 Red Very high       Molecular complexes or coordination chemistry

S3.4. Supply risk (from EU critical raw material report)



EU critical raw materials report gave a threshold value for supply risk (SR ≥ 1.0)1. If 
SR values of a material are equal or higher than 1.0, it is accepted critical in terms of 
supply risk. In the light of threshold value of EU report, SR column was filled according 
to SR value of each semiconductor or components. The supply risk of co-catalyst was 
scaled and defined as shown in Table S15.

Table S15. Colored logic scale for supply risk.

Color Level Meaning
 Dark green Very low    EU non-critical ones 

 Light green Low      EU non-critical and produced ones from abundant 
components 

 Yellow Moderate EU non-critical but strategic/demanded ones 
 Orange High EU critical and regulatory restricted ones
 Red Very high EU critical and non-environmentally ones

S3.5. Energy intensity 

Energy intensity column was filled according to upstream mining or refining footprint 
of each co-catalyst. The energy intensity of synthesis routes was scaled and defined as 
shown in Table S16.

Table S16. Colored logic scale for energy intensity.

Color Level Meaning
 Dark green Very low    Abundant metals and no refining burden
 Light green Low   Low energy demand

 Yellow Moderate Morphology tuning/drying/thermal treatment but limited 
energy input

 Orange High Extraction/refining energy input
 Red Very high High extraction/refining energy hotspot 

S3.6. Water consumption

Water consumption column was scaled according to purifications, washing cycles and 
synthesis solvent of co-catalysts. The water consumption of co-catalyst application was 
scaled and defined as shown in Table S17.

Table S17. Colored logic scale for water consumption.

Color Level Meaning
 Dark green Very low    Simple or mostly dry synthesis 
 Light green Low Solvent-free or minimum washing cycles

 Yellow Moderate Morphology tuning/drying/thermal treatment but limited 
energy input

 Orange High Solvent-added synthesis + washing 
 Red Very high Intensive washing/purification or solvent separation chain

S3.7. Human/environmental toxicity 



Human/environmental toxicity column was scaled according to behavior of 
nanomaterials, ion release and persistence. Human/environmental toxicity of co-
catalysts was scaled and defined as shown in Table S18.

Table S18. Colored logic scale for human/environmental toxicity.

Color Level Meaning
 Dark green Very low    Metal-free 
 Light green Low Inert or benign oxides
 Yellow Moderate Oxidation state changes
 Orange High Ion release and toxicity concerns
 Red Very high  Strongly toxic or hazardous chemistry

S3.8. PCCO2R performance 

PCCO2R performance column was scaled according to found maximum yields and 
visible-light capability of semiconductors. Here are just selected two highest yields: 
one for liquid and another for gaseous phase. If the products have just yield of just gas 
or liquid phases, the two highest yields from same phase were selected for each 
semiconductor. PCCO2R performance of semiconductors was scaled and defined as 
shown in Table S19.

Table S19. Colored logic scale for PCCO2R performance.

Color Level Meaning
 Dark green Very high Highest yields + visible light-driven 
 Light green High Highest yields + UV light-driven 
 Yellow Moderate Modest yields among them + variable light irradiation
 Orange Low Lower yields among them + variable light irradiation
 Red Very low  Lowest yields among them + UV light irradiation

S3.9. Overall sustainability

Overall stability column is a combination of abundance, industrial maturity, supply risk, 
energy intensity, toxicity, water consumption and stability limitation of each 
semiconductor. Overall stability of semiconductors was scaled and defined as shown in 
Table S20.

Table S20. Colored logic scale for overall stability.

Color Level Meaning
 Dark green Very high High performance + lowest toxicity or non-critical
 Light green High High performance + low toxicity but high energy input
 Yellow Moderate Efficient but unstable/footprint issue or UV active
 Orange Low Efficient/moderate but critical/strategical raw material
 Red Very low  High toxicity (in)dependent of performance



Table S21. Assessment of major co-catalysts used in the photocatalytic CO2 reduction process 

Material Abundance Industrial 
maturity     

 

Process 
complexity   

Supply risk 
(EU)1 

Energy intensity 
(relative) Water 

consumption 

 

Human/
environmental 

toxicity     

 

PCCO2R 
performance* 

Overall 
sustainability 

Cu
 High - earth-

abundant, large 
mining base

 Very high - 
photodeposition 

and impregnation 
well-established49 

 Moderate - 
calcination and 
reduction steps 
may increase 
complexity

 Low - EU 
non-critical, 

strategic

 Moderate - 
thermal treatments 

dominate50

 Low - mostly 
solvent-free50

 Moderate - 
oxidation/dissol

ution under 
irradiation

 High - CO 
87051; CH3OH 

627.66  
µmolg−1cat.h−152 

 High - Moderate 
- abundant but 

oxidation-sensitive

Ag
 Moderate - 

precious but 
accessible

 Very high – 
mature 

nanoparticle 
synthesis53

 Moderate - 
wet-chemical 
routes with 
stabilizers

 Low - EU 
non-critical

 High - mining 
and nanoparticle 

synthesis energy54

 Moderate  - 
purification 

water demand55

 High - Ag+ 
release and 
sulfidation 
pathways

 High - 
Moderate - 

HCOOH 42156; 
CH4 113.8457 

µmolg−1cat.h−1

 Moderate - 
performance vs. 

nano-fate trade-off

Au  Low - scarce 
noble metal

 Very high - 
established 
deposition 
chemistry58

 Moderate - 
reductive 

immobilization 
and ligand 

control

 Moderate 
- EU non-
critical but 
strategic 

metal

 Very high - 
upstream mining 

footprint59

 Moderate - 
purification 

steps59

 Moderate - 
chemically inert 

but persistent

 Very high  - CO 
898260; CH3OH 

23220 
µmolg−1cat.h−1

 Low - Moderate 
- high efficiency, 
high resource cost

Pt  Very low - 
PGM** scarcity

 Very high - 
industrial 
catalytic 

maturity61

 Moderate - 
chloroplatinate 

reduction & 
dispersion 

control

 Very high 
- CRM*** 

 Very high - 
extraction/refining 
energy hotspot59

 Moderate - 
post-treatment 

washing59

 Moderate - 
low toxicity but 

resource-
intensive

 Low -  CH4 
83.662; CH3OH 

17.8563 
µmolg−1cat.h−1

 Low – Moderate 
- efficient yet 

resource-heavy

Pd
 Very low - 

PGM reserves 
limited

  High - mature 
catalytic 

processing64

 Moderate - 
organometallic 
precursor routes

 Very high 
- CRM 

 Very high - 
mining and 

refining dominant 
impacts65

 Moderate - 
purification 

stages65

 High - 
persistence and 

possible 
leaching

 Moderate - Low 
-  CO 581.966; 
CH3OH 3.1767 
µmolg−1cat.h−1 

 Low - Moderate 
- activity vs. scarcity 

trade-off



Co

 Moderate - 
limited 

geographic 
supply

 High -
industrial 

alloy/catalyst 
production68

 Moderate -
calcination and 

redox 
treatments

 Very high 
- CRM

 High - 
mining and 

refining impacts69

 Moderate - 
aqueous 

processing70

 Very high - 
toxicity and 
ecological 
concerns

 High - 
CO 2075.732; 
CH4 20.6371 

µmolg−1cat.h−1 

 Low - Moderate 
- 

catalytic benefits vs. 
toxicity

Ni
 High - 

widely 
available

 Very high - 
mature scalable 

routes72

 Very low - 
simple 

impregnation/d
oping

 Moderate 
- strategic 

raw material

 Moderate - 
mining energy 

demand72

 Moderate - 
washing steps73

 High 
Moderate - 
soluble Ni 
species risk

 Moderate - Low 
CO 59974; 

CH4 29.6575    
µmolg−1cat.h−1  

 High - Moderate 
- 

abundant kinetic 
modifier

Ru
 Very low - 

rare PGM by-
product

 Moderate - 
limited large-

scale deposition76

 Moderate - 
dispersion and 

oxidation 
control needed

 Very high 
- 

CRM

 Very high - 
upstream energy77

 Moderate - 
moderate lab 
processing202

 Moderate - 
oxidation-state 

shifts and 
aggregation

 Low -  
CO 124.878; 
CH4 19.878 

µmolg−1cat.h−1 

 Very low - 
scarce despite strong 

activity

Re  Very low - 
rarest metals

 Moderate - 
molecular catalyst 

handling79

 Very high - 
coordination 

chemistry and 
immobilization

 Very high 
- 

strategic EU 
material

 Very high - 
high resource 

intensity80

 Moderate  - 
solvent-intensive 

synthesis80

 Moderate - 
soluble 

perrhenate 
formation

 Low -  
CO 76.881; 

µmolg−1cat.h−1 
(often composite)

 Very low - 
scarcity dominates 

sustainability

Fe  Very high - 
earth-abundant

 Very high - 
mature industrial 

processing82

 Very low - 
simple wet-

chemical 
synthesis

 Very low - 
EU non-
critical

 Moderate -
low energy 
demand83

 Low - 
minimal washing 

burden84

 Low-
benign oxide 

forms

 Low -  
CO 12285; 
CH4 3086 

µmolg−1cat.h−1 

 High - Moderate 
- 

low footprint 
alternative

* The two highest yields were represented for liquid and gaseous phases. If the products have just yield of just gas or liquid phases, the two highest yields from same phase were 

selected for each semiconductor.

**PGM: platinum group metal

***CRM: critical raw material
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