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SUPPLEMENTARY NOTE 1 | ELECTROCHEMICAL ANALYSIS

The reason why -1.5 V vs. Ag/AgCl was chosen for the citrate deposition is to maximise the 
adherence, although even in -1 V Cu could deposit on FTO but can easily be peeled off.

Citrate and nitrate ions are complexing agents for changing the electrodeposition conditions. 
The effect of citrate ligand (Cit-3 = C6H5O7

3-) has been discussed in the previous studies1,2. 
During the deposition in both bathes, no gas evolution was noticed on WE, proving the high 
efficiency of electrodeposition. It is claimed that the addition of citrate (more than 0.5 M) 
increases the current efficiency to more than 100% and also actively suppresses Cu 
reduction3. Subsequently, deposition in citrate bath needed more negative voltage (-1.5V). 

In Fig. S1, the deposition current vs. time is illustrated for both deposition solutions. The 
slopes of curves prove that in spite of having less conductivity (90 mS.cm-1) and more 
deposition time, the deposition of a homogenous Cu layer is more facile from the citrate 
solution, whereas the rapid drop in current during the deposition from the nitrate solution, 
with the conductivity of 110 mS.cm-1, might indicate the multiphasic film.

Fig. S1    Chronoamperometery plot of Cu/Cu oxide deposition from the citrate solution (pH ~6.6 and conductivity 
~90 mS.cm-1) and nitrate solution (pH ~4.8 and conductivity ~110 mS.cm-1) under different applied voltages vs. 
Ag/AgCl.

Cu ions are not stable in citrate media and forms complexes with citrate ions1. The cathodic 
reaction of Cu deposition in the presence of citrate at pH ≈ 6 is2:

Cu2Cit2
-2 + 4e- = 2Cu + 2 Cit-3 Re. S1

The deposited Cu film serves as an interlayer for subsequent copper oxide film and supports 
the electron conductivity of the substrate4.
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Cu-OHads, at point E in Fig. 2d, can be formed due to the abundance of OH- in the close 
adjacency of the surface that subsequently is transformed into CuO/Cu(OH)2 

5. 

Cu + OH- = Cu-OHads + e- 5 Re. S2

Cu-OHads + OH- = Cu(OH)2 5 Re. S3

As shown in Fig. 2d, the presence of Cu(OH)2 in the film deposited from the nitrate bath was 
confirmed visually with the black-bluish surface5 of the film.
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SUPPLEMENTARY NOTE 2 | FILM CHARACTERISATION

In Fig. S2, XRD patterns of FTO and heat-treated FTO substrate (as standard sample) are 
illustrated.

Fig. S2     XRD patterns of the samples and analysed results. Peaks in 32.5, 35.5, 38.8, 49.0, 58.4, and 67.9°, 
respectively, represent planes (110), (11-1), (111), (20-2), (202), and (113) for CuO with monoclinic structure. 
Peaks in 36.6 and 73.9°, respectively, represent plans (111) and (113) for Cu2O with cubic structure. The peak in 
43.4° represents plans (111) for Cu with cubic structure.6 

In Fig. S3, the black shapes inside the films are supposedly voids due to scattering almost no 
electron toward the SEM detector7. Regarding the fact that the density of Cu, Cu2O, and CuO, 
respectively, are 8.96, 6.0, and 6.3 g.cm-3, it makes sense that the transformation of Cu-Cu2O 
to CuO accompanies with leaving interconnected porosity. As a matter of fact, this higher 
level of connected porosity can help the penetration of electrolyte into the film structure8.
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Fig. S3     FE-SEM images from the cross-section of (a) the as-deposited film after two steps of electrodeposition, 
and (b) the deposited film after the thermal processing at 400°C for 5 min.

Fig. S4   (a) Cross-section of the FIB-SEM, and (b-C) FE-SEM of the top view of the ultra-thin film after 
electrodeposition (before heat treatment); (d) cross-section of the FIB-SEM, and (e-f) FE-SEM of the top view of 
the ultra-thin film after heat treatment.



Page 6 of 19

Fig. S5   (a) HT-TEM image and (b-d) EDS mapping of the trilayer Cu-based film for (b) Sn, (c) Cu, and (d) O 
elements. The yellow arrow in (a) represents the line scanning profile shown in Fig. 3c in the main draft.

Fig. S6     (a) TOF-SIMS analysis showing the concentration of elements vs. the penetration depth from the 
surface, and (b) EDS line profile of trilayer Cu-based ultrathin film deposited in citrate media (first step of 
deposition).

As shown in Fig. S7, HRTEM image of the bilayer Cu-based ultrathin film shows a 
polycrystalline structure with randomly oriented nanocrystallites. The d-space of a selected 
area, as shown in Fig. S7a, was measured to be 0.247 nm using d-space profile illustrated in 
Fig. S7b. Further, fast-fourier transform (FFT) analysis from the HRTEM image (Fig. S7c) 
revealed dots with the reciprocal length of 4.01 1/nm, which is equivalent to the d-space of 
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0.249 nm, in consistent with that of presented in Fig. S7b. The d-space of 0.249 nm is 
associated with the 2Ɵ = 35.97° that can be ascribed to the (111) plane of Cu2O structure. 
However, the measured 2Ɵ value revealed a shift towards lower degrees with respect to the 
one for pristine Cu2O, which is positioned at 36.6°. This indicates an expansion of d-space and 
thus the crystal structure, that is a well-known phenomenon mainly owing to the presence of 
defects in the structure9,10.

Similarly, the trilayer Cu-based ultrathin film obtained after heat treatment at 400°C revealed 
both expansion and contraction in the lattice fringes. Fig. S7e shows a representative d-space 
profile with the value of 0.256 nm. The FFT results, as shown in Fig. S7f, illustrate two sets of 
dots, as highlighted with purple and blue colours. The dots enclosed by blue circles are 
ascribed to the (11-1) plane (d-space = 0.256 nm) of CuO structure with 2Ɵ = 34.9° and the 
dots with magenta circles show (111) plane (d-space = 0.227 nm) of CuO structure with 2Ɵ = 
39.6°. The former shows expansion respect to the (11-1) plane of pristine CuO structure with 
2Ɵ = 35.5°, while the latter demonstrates contraction respect to the (111) plane of pristine 
CuO structure with 2Ɵ = 38.8°. Such significant changes, shown by both d-space profile and 
FFT pattern, in the d-space values, clearly indicate the presence of structural defects created 
as a result of Cu and oxygen vacancies11.

Fig. S7     (a) HRTEM image of Cu-based ultrathin film after deposition; (b) d-space profile derived from the dotted 
square shown in (a); (c) fast fourier transform (FFT) pattern obtained from HRTEM image shown in (a); (d) HRTEM 
image of Cu-based ultrathin film after heat treatment at 400°C; (e) d-space profile derived from the dotted 
square shown in (d); (f) fast fourier transform (FFT) pattern obtained from HRTEM image shown in (d).

Additional TEM analysis illustrates the highly-defective structure of trilayer Cu-based ultrathin 
film. Fig. S8 shows two types of structural faults. The fringes shown within the orange 
rectangle is ascribed to 1D defects that are formed as a result of either twinning (typically 
occurs on (110) planes of monoclinic structures12) or superlattice structure. The formation of 



Page 8 of 19

such defects has been extensively studied in the previous literature13–15. Moreover, the 
regions encompassed by red rectangles show the interfacial regions between two or more 
nanocrystallites, where the mismatch angles resulted in the formation of point (0D) defects. 
In the field of functional materials for energy and catalysis applications, the formation of 
structural defects is considered as the generation of active sites to enhance the performance 
of capacitors and/or catalysts11,16,17.

Fig. S8     (a) HRTEM image of Cu-based ultrathin film after heat treatment at 400°C, where some representative 
0D and 1D structural defects are shown.

A standard method to measure the optical band gap of thin films is the Kubelka-Munk 
equation. Fig. S9a shows the UV-Vis spectra of both film samples before and after heat 
treatment. Fig. S9b is the UV-Vis data after applying the Kubelca-Munk function, in which the 
extrapolation of plots leads to measuring the direct (allowed) bandgap of semiconductors18. 
As proved, the as-deposited sample contains a Cu2O/Cu(OH)2 layer on top of a Cu layer, while 
in the after thermal processing film, both layers transformed significantly into CuO film and 
there is a thin Cu2O layer between CuO and Cu layers. Details of Kubelka-Munk method to 
measure optical bandgap of thin films are comprehensively described in Chapter 5 of ref.18 
and ref.19.



Page 9 of 19

Fig. S9   (a) UV-Vis spectra (DRS method) of samples between the wavelength of 200 to 800 nm, and (b) the Tauc 
plot for the bandgap of both samples.

SUPPLEMENTARY NOTE 3 | APPLICATION PERFORMANCE

(a) Supercapacitance application

Supercapacitors are classified into two categories, including pseudocapacitors and electrical 
double-layer capacitors (EDLCs)20. In EDLCs, the energy originates from the reversible non-
Faradic reactions happening at the interface of electrode/electrolyte20. Cyclic voltammetry 
(CV), galvanostatic charge/discharge (GCD), and electrochemical impedance spectroscopy 
(EIS) methods are three standard and frequent tests to benchmark the efficiency of 
supercapacitors21. In EDLCs, the corresponding cyclic voltammogram is rather rectangular. 
Regarding the GCD method, an ideal EDL supercapacitor follows a linear symmetric 
rectangular pattern21,22.

The Specific capacitance (CS) of a supercapacitor is the first parameter needed for 
benchmarking. CV and GCD techniques can independently collect the relevant data to 
calculate this value. The relevant equations are as following and the last two ones are derived 
from the first one 21:

Eq. S1
𝐺𝑒𝑛𝑒𝑟𝑎𝑙 𝐶𝑆 =  

Δ𝑄
𝐴.Δ𝑉

Eq. S2
𝐶𝑆 𝑓𝑜𝑟 𝐶𝑉 =  

2𝑉0
𝑣

∫
0

|𝑖|.𝑑𝑡

𝐴.2𝑉0
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Eq. S3
𝐶𝑆 𝑓𝑜𝑟 𝐺𝐶𝐷 =  

𝐼𝑑𝑖𝑠.Δ𝑡𝑉0 ‒ 2𝑉0

𝐴.(𝑉0 ‒ 𝑉𝐼𝑅 ‒ 𝑑𝑟𝑜𝑝)

Where ΔQ is the passed electrical charge, ΔV is the given voltage changed and equals to 2V0 
(0 to V0 and back to 0), A is the surface area of the film, ᴠ is the potential scan rate in CV, i is 
the current in CV, Idis is the constant current while discharging in GCD, Δt is the duration of 
discharge in GCD, and VIR-drop is the inevitable dropped potential once the current polarity 
changes from charging to discharging in GCD21. The potential window in this research was -
0.05 to -0.6 V vs. Ag/AgCl that beyond these limits, the film was at risk of destroying.

The life span of the supercapacitor can be obtained using capacitance retention rate from 
GCD test by comparing the capacitance after a specific number of cycles, usually in orders of 
thousands, with that of the first cycles21.

(b) Photoelectrochemical energy harvesting application

Flat band potential (Efb)

In illuminated open circuit potential (OCP), the photoelectrode has undergone from dark to 
intense illumination. Under intense illumination, where the potential change is 
minimal/flattened, the measured potential between the photoelectrode and the reference 
electrode is approximately the Efb vs. reference electrode. 

During the illumination, electrons and holes move in opposite directions due to the electric 
field through the space charge layer. The majority carriers move away and minority carriers 
move toward the photoelectrode/electrolyte interface, resulting in a shift in OCP. Increasing 
the light intensity enhances the electric field of the movement of photogenerated carriers. 
This electric filed consequently can neutralise the electric field of the space charge layer, 
where the OCP is no longer changing with increasing the illumination intensity23. Illuminating 
the surface of a photocatalyst to measure Efb causes shifting the Fermi level of bulk material 
toward more anodic potentials for p-type semiconductors, such as Cu oxide, which drives 
hydrogen evolution reaction (HER). Hence, the shifting direction under OCP under 
illumination determines the conductivity type, which specifies the polarity of the electrode, 
as well as the working potential window of the photocatalyst18. 

Efb, conductivity type (negative slope for p-type), and free charge carrier density of the 
photoelectrode can also be obtained from the M-S method. In Mott-Schottky (M-S) method, 
which is an EIS method, the capacitance of the space charge layer (Csc) of the semiconductor 
against applied potential (E) over a range of potential is plotted. The related equation is as 
follow 18:

) Eq. S4

1

𝐶 2
𝑆𝐶

=
2

Ɛ𝑟Ɛ0𝐴2𝑒𝑁𝑑𝑜𝑝𝑎𝑛𝑡

(𝐸 ‒ 𝐸𝑓𝑏 ‒
𝑘𝑇
𝑒



Page 11 of 19

Where Ɛr, Ɛ0, A, e, Ndopant, k, T, and E, respectively, are the relative permittivity of the 
semiconductor (for Cu2O and CuO is 7.60 and 10.26, respectively4,19), permittivity in vacuum, 
surface area, charge of an electron, free/majority/acceptor carrier density in p-type 
semiconductors, Boltzmann constant, temperature, and applied potential. 

An ideal equivalent circuit in M-S method is simplified to a resistor (R) and a capacitor (C) in 
series, where the R is the resistance of the semiconductor bulk and series resistance from 
electrolyte and wiring, and the C is the capacitance of space charge region (CSC). 

Photocurrent diagrams

The photocurrent onset potential and its ability for the generation of photocurrent also can 
be evaluated using a three-electrode j-V test in the presence and absence of illumination. The 
potential that minority electron carriers in photocathodes (p-type) drive the HER at the liquid-
solid interface is called Eonset

18. 

After carrying out several three-electrode j-V tests under dark, illumination/light, and 
interrupted/chopped illumination, the potential range of 0.0 to -0.6 V was chosen to ensure 
no Faradic reaction happens. The most appropriate scan rate in linear voltammetry also was 
recognised under 10 mV.s-1 to minimise any possible errors in capacitance. The chopping 
frequency was 0.5 Hz to avoid capacitance charging which results in transient photocurrent 
behaviour18.

In Fig. S10, the film produced from 15 s deposition from the citrate solution followed by 10 s 
deposition from the nitrate solution offered the highest photocurrent ratio. Increasing the 
thickness of the film has two opposite effects. Thicker film enhances the light absorption 
efficiency but also raises the ohmic resistance19; hence, the optimum thickness is somewhere 
in between. 

The j-V plot from three-electrode setup represents the photocurrent of the semiconductor 
while the Fermi level of the photoelectrode varies to the reference electrode. The j-V 
characteristics depend only on the nature and performance of the semiconductor23. However, 
for water splitting application, the potential needs to be reported against reversible hydrogen 
electrode (RHE), which is the thermodynamic water reduction potential at a given pH. This 
conversion against Ag/AgCl reference electrode in 1 M KCl solution shows photovoltage and 
is clarified as below: 

E (V vs. RHE) = E (V vs. Ag/AgCl) + EAg/AgCl as RE (V) + 0.0591 × pH (V) Eq. S5

EAg/AgCl = +0.22 V vs. (NHE) at 25°C

To benchmark the efficiency of photocatalytic water splitting process, several methods, 
including solar-to-hydrogen (STH) efficiency18, have been developed. A requirement for a 
photocathode to drive water splitting spontaneously is having Efb more positive than oxygen 
evolution potential (1.23 V vs. RHE); however, most cases are not spontaneous and an 
additional bias is needed to gain a positive potential more than 1.23 V vs. RH18. Applied bias 
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photon-to-current conversion efficiency (ABPE) method is the method where potential bias 
(Vb) is applied between working and reference electrodes. It should be mentioned that STH is 
driven from ABPE equation once the Vb in Eq. 1 is equal to zero under short circuit conditions.

Fig. S10 Photocurrent (j-V) plots of the heat-treated Cu-based ultrathin films in 0.1 M KOH under the scan rate 
of 10 mV.s-1, the illumination intensity of AM 1.5 G, potential window of 0.0 to -0.6 V vs. Ag/AgCl. (a) Under 
continuous illumination; the chopped light at ≈0.5 Hz frequency in deposition condition of (b) 15 s in the citrate 
solution and 10 s in the nitrate solution, (c) only 25 s in the nitrate solution, (d) only 25 s in the citrate solution, 
(e) 10 s in the citrate solution and 5 s in the nitrate solution, and (f) 30 s in the citrate solution and 25 s in the 
nitrate solution.
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In Fig S11, the results reveal the photoelectrode possesses p-type conductivity and an open-
circuit photovoltage (Vph) of ~0.23 V. The plateau after 300 mW.cm-2 means the significant 
pinning of Fermi level18.

Fig. S11     Open circuit voltage (OCV) from dark to the highest intensity of the Xe lamp.

Photocorrosion stability

One of the most challenging obstacles in the development of PEC semiconductors for solar 
hydrogen production is photocorrosion in aqueous media. In photocathodes, instead of 
driving HER, photogenerated holes can oxidise the semiconductor itself and cause 
unfavourable physical and chemical reactions18. In the photocurrent durability test, the 
current density against time for multiple biases under illumination is plotted, as shown in Fig. 
S12. It is clear that in -0.5 V vs. Ag/AgCl, the corrosion rate is significantly higher, leading to a 
shorter lifespan and performance loss of the film, although the photocurrent density is rather 
3 times more than -0.3 V vs. Ag/AgCl. It is noteworthy that the curve shape for the stability 
test depends significantly on the material and system and no specific pattern can be 
expected18. 
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Fig. S12     Photocurrent durability test of the heat-treated trilayered Cu-based ultrathin film in 0.1 M KOH under 
the illumination intensity of AM 1.5 G, in which the photocurrent vs. illumination time is plotted for applied 
potential of (a) -0.5, (b) -0.4, and (c) -0.3 V vs. Ag/AgCl reference electrode.

SUPPLEMENTARY NOTE 4 | LIFE CYCLE ASSESSMENT (LCA)
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Fig. S13  Details of processes, including the materials, equipment, by-products, and emissions, for four scenarios 
assumed in the fabrication of the ultrathin film.

Table S1   Life cycle inventory to produce 1 m2 ultrathin film. Details of materials and energy input/output, 
emissions, consumption, and unit process of the items for all steps of 3 different Scenarios in this research, 
extracted from Ecoinvent V.3 inventory in SimaPro V.9. The calculation details of these values are available in 
Supplementary Table S2.

Input/Output Consumption Unit Unit process

Scenario (I): From WPCBs for 1 m2 of ultrathin film

Nitric acid 50 
wt% 12.753 g Nitric acid, without water, in 50% solution state {RoW}| market for 

nitric acid, without water, in 50% solution state | APOS, U

Water 68.826 g Water, deionised, from tap water, at user {RoW}| market for 
water, deionised, from tap water, at user | APOS, U

Sodium 
hydroxide 50 

wt%
1.943 g Sodium hydroxide, without water, in 50% solution state {GLO}| 

market for | APOS, U

Electricity 1.956 Wh Electricity, medium voltage {AU}| market for | APOS, U

Process emission

Wastewater 16.194 g

process Waste 0.032 g filter paper waste

Scenario (II): From Pure Cu for 1 m2 of ultrathin film

Pure copper 0.896 g Copper {GLO}| market for | APOS, U

Nitric acid 50 
wt% 8.964 g Nitric acid, without water, in 50% solution state {RoW}| market for 

nitric acid, without water, in 50% solution state | APOS, U

Water 52.63 g Water, deionised, from tap water, at user {RoW}| market for 
water, deionised, from tap water, at user | APOS, U

Sodium 
hydroxide 50 

wt%
1.457 g Sodium hydroxide, without water, in 50% solution state {GLO}| 

market for | APOS, U

Electricity 0.081 Wh Electricity, medium voltage {AU}| market for | APOS, U

Process emission

Wastewater 4.049 g

Process waste 0.008 g filter paper waste

Scenario (III): From Cu sulphate for 1 m2 of ultrathin film

Copper sulfate 2.250 g Copper sulfate {GLO} | market for | APOS, U

Last similar step in all 3 Scenarios: Electrodeposition of Ultrathin Film

Water 1068.83 g Water, deionised, from tap water, at user {RoW}| market for 
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water, deionised, from tap water, at user | APOS, U

Ethanol 236.70 g Ethanol, without water, in 95% solution state, from fermentation 
{GLO}| market for | APOS, U

Sodium nitrate 2.1508 g Sodium nitrate {GLO}| market for | APOS, U

Citric acid 4.8615 g Citric acid {GLO}| market for | APOS, U

FTO glass 3920 g 24

Electricity 1090.28 Wh Electricity, medium voltage {AU}| market for | APOS, U

Process emission

Wastewater 1068.83 g

Waste ethanol 236.7 g

Scenario (IV): From WPCBs with avoided Cu extraction impact for 1 m2 of ultrathin film

Copper 
concentrate 
(containing 
28.4% Cu)

3.155 g Copper concentrate, sulfide ore {GLO}| market for copper 
concentrate, sulfide ore | APOS, U

Table S2. Detailed table of life cycle inventory to produce 1 m2 ultrathin film.

Step 
Number

Step/Device Comments Usage Reference

Scenario (I): From WPCBs for 1 m2 of the ultrathin film; where 1 WPCB can provide 123 g Cu to produce 123 
m2 of ultrathin film

Why divided by 123? 24.6 wt% Cu in 500 WPCB provides 123 g Cu
The average thickness of the thin films is 150 nm made of Cu oxide or 100 nm made of Cu /

The density of Cu is 8.96 g/cm3 and we assumed that 90% of Cu is extracted25

1 Heat gun Device power: 2000 Wh
Usage time: 4 min 133 W/123 Link

2 Shredder Device power: 7500 Wh
Usage time: 30 s 63 W/123 Link

3
Ventilation/fume hood;

for Heat Gun
Device power: 210 Wh

Usage time: 4 min 16 W/123 Link

4 Nitric acid 50 wt%

2.0 M at 0.08 solid(g) to 
liquid(mL) ration

final solution: 6.25 L
HNO3 molar mass 63 g

1575 
g/123 

5 Stirrer Device power: 60 Wh
Usage time: 30 min 30 W/123 Link

6 Filtration using filter paper 4 paper (d=30 cm) $2.4/123 Link

7
Washing the residue (water) + water 

for dilution
1.5 + 5 L = 6500 g

6500 
g/123 

8 Sodium hydroxide 50 wt%

Used for gas washing set 
up: 3 bottles (0.5 L) of 2.0 

M
NaOH molar mass 40 g

240 g/123 

9 Water for gas washing 2 L = 2000 g 2000 

https://www.bosch-do-it.com/nz/en/diy/tools/phg-630-dce-3165140288446-199922.jsp
https://www.untha.com/en/shredders/industrial-shredders/s25_p52
https://www.amazon.com/KNOKOO-Moveable-Extractor-Extractors-cigarette/dp/B07WJKYFLL/ref=asc_df_B07WJKYFLL/?tag=hyprod-20&linkCode=df0&hvadid=385674013358&hvpos=1o9&hvnetw=g&hvrand=10427236916140716727&hvpone=&hvptwo=&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=1018145&hvtargid=pla-889766257407&psc=1&tag=&ref=&adgrpid=79419940780&hvpone=&hvptwo=&hvadid=385674013358&hvpos=1o9&hvnetw=g&hvrand=10427236916140716727&hvqmt=&hvdev=c&hvdvcmdl=&hvlocint=&hvlocphy=1018145&hvtargid=pla-889766257407
https://stirrers.net/products/os20-overhead-stirrer?variant=29055196999&utm_medium=cpc&utm_source=google&utm_campaign=Google%20Shopping
https://www.usalab.com/usa-lab-qualitative-filter-paper-slow-1-3um-micron-various-sizes/?action=select&sku=401783729089-VAR-1-QUAL-S-5CM&network=g&device=c&keyword=&campaign=1624506146&adgroup=pla-300552869492&gclid=CjwKCAiAws7uBRAkEiwAMlbZjh7AfSydutw7bDP-jezc6uYnXMjx9FixUjF-tDsW8w2rkWJ8hi78IxoC9noQAvD_BwE
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g/123 
Scenario (II): From pure Cu for 1 m2 of the ultrathin film; where 123 g Cu is taken to produce 123 m2 of 

ultrathin film

4´ Nitric acid 50 wt%

123 g Cu from WPCB 
needs 553.5 g HNO3 100 

wt%
Cu molar mass: 63 g

1107 
g/123 

5´ Stirrer Device powder: 20 Wh
Usage time: 30 min 10 W/123 Link

6´ Filtration using filter paper 1 paper (d=30 cm) $0.6/123 Link

7´ Water usage 5 L = 5000 g
5000 
g/123 

8´ Sodium hydroxide 50 wt%

Used for gas washing set 
up:

3 bottles (0.5 L) of 1.5 M
NaOH molar mass 40 g

180 g/123 

9´ Water for gas washing 1.5 L = 1500 g
1500 
g/123

Scenario (III): From Cu sulphate for 1 m2 of the ultrathin film; where 276.75 g Cu sulphate is taken to 
produce 123 m2 ultrathin film

Scenario (IV): From WPCBs with avoided Cu extraction impact for 1 m2 of ultrathin film; where 3.155 g Cu 
concentrate is taken to produce 1 m2 ultrathin film

Last similar step in all 3 Scenarios: Electrodeposition of ultrathin film

13 Sodium nitrate (1 M)

31.25 L diluted leaching 
solution (1/10)

NaNO3 molar mass: 85 
g/cm3

2657 
g/123 

14
Citric acid (instead of sodium citrate, 

due to lack of inventory) (1M)

31.25 L diluted leaching 
solution (1/10)

Citric acid molar mass: 
192.2 g/cm3

6004 
g/123 

15 Electricity for deposition (calculated)
111500 
W/123 

Link

16
Water usage (dilution and 

replacement (8.5 L), and FTO cleaning 
(123.5L))

132 L = 132000 g
132000 
g/123 

17 Cleaning the FTO (ethanol)

1 m2 ultrathin film uses 
300 mL

Ethanol density: 0.789 
g/mL

236.7 g

18 FTO glass (made inventory)
1 m2 ultrathin needs 5.04 

kg FTO glass
5040 g *24

19 Sonication process Device power: 600 W
 Usage time: 5 × 20 min 1000 W Link

*Inventory of the FTO glass was extracted from the ref.24.

https://stirrers.net/products/os20-overhead-stirrer?variant=29055196999&utm_medium=cpc&utm_source=google&utm_campaign=Google%20Shopping
https://www.usalab.com/usa-lab-qualitative-filter-paper-slow-1-3um-micron-various-sizes/?action=select&sku=401783729089-VAR-1-QUAL-S-5CM&network=g&device=c&keyword=&campaign=1624506146&adgroup=pla-300552869492&gclid=CjwKCAiAws7uBRAkEiwAMlbZjh7AfSydutw7bDP-jezc6uYnXMjx9FixUjF-tDsW8w2rkWJ8hi78IxoC9noQAvD_BwE
https://www.chemguide.co.uk/inorganic/electrolysis/basiccalcs.html
https://www.crest-ultrasonics.com/benchtop-ultrasonic-cleaners/
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Fig. S14     UV-Vis spectrum of IR and UV filters assembled on a xenon lamp for water splitting application.
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