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1 Experimental section

1.1 Materials and chemicals

KOH, indium acetate (99.99%, In(OAc)s3), 1-octadecene (90%, ODE), oleic acid (90%),
Tris(trimethylsilyl)-phosphine ((TMSi)sP), Trioctylphosphine (97%, TOP), 6-mercapto-1-
hexanol (MCH), dimethyl sulfoxide, deuterated water (D20O), indium nitrate (99.9%, In(NOz3)3)
Nafion perfluorinated resin solution 5 wt. %, methanol, hexane, toluene and isopropyl alcohol
(both HPLC grade) were used as purchased from Aldrich, TCI and other suppliers. CO>
(99.99%) and Ar (99.999%) were purchased from Linde. Carbon cloth (CC) CeTech W1S1009,

CeTech W1S1010 and Sigracet 35 BC were purchased from Fuel Cell store.

1.2 InP colloidal guantum dots (CQDs) synthesis

InP QDs were synthesized using a modified approach.? In a typical synthesis, 0.100 g (0.34
mmol) of In(OAc)z, 0.282 g (1 mmol) of oleic acid and 8 mL of ODE were added to a 25 mL
Schlenk flask. The reaction mixture was degassed under vacuum at 110°C for 90 minutes. The
flow was switched to nitrogen and the flask was cooled to room temperature. Inside a nitrogen-
filled glovebox, phosphorous precursor solution was prepared in a 10 mL vial by adding 1 mL
(0.23 mmol) of (TMSi)sP-ODE solution and 1.5 mL TOP under continuous stirring. The
(TMSi)3P precursor solution was injected into the In(OAc)z solution at room temperature, and
the reaction mixture was heated to 310°C for 10 minutes to obtain InP QDs. QDs were purified
2 times using hexane/isopropanol and ethanol as solvent and anti-solvent combination. Purified
dots were dispersed in hexane.

6-mercapto-1-hexanol ligand exchange process:? 25 mg of purified InP QDs dispersed in 3
mL hexane were taken in a test tube. MCH (1 mmol, 140 uL) was swiftly added and the
resulting solution was vortexed vigorously for 15 minutes. InP QDs were precipitated by

adding a 1 mL of toluene and centrifuged at 7500 rpm for 3 min. The supernatant was discarded



and the precipitate was dispersed in ethanol with sonication and filtered with a 0.22 um PTFE

syringe filter.

1.3 CODs characterization: UV-Vis, XRPD, TEM, XPS and RAMAN spectroscopy

InP CQDs UV-Vis characterization was performed with a PerkinElmer Lambda900
spectrophotometer and the quantum dot concentration was evaluated by evaporating at 60°C a

known amount of CQDs methanol solution and measuring the weight of the solid deposit.

XRPD Measurement. XRPD samples were prepared by drop-casting a layer of the desired
material from hexane solution on a glass substrate. Measurements were performed on a Rigaku

powder diffractometer.

TEM Measurement. All transmission electron microscopy (TEM) images were acquired on
a Hitachi HF 3300 electron microscope operating at 300 keV. TEM samples were prepared by
drop-casting a purified solution of CQDs from hexanes onto a 300-mesh copper grid with a

carbon film (SPI supplies). ImageJ was employed to generate the size of the dots.

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were measured using a Thermo
Scientific K-Alpha system with an Al Ka source. The CQDs films were prepared on glass
substrates by spin coating a CQDs solution at 2000 RPM. A 50 eV pass energy and scans were

taken at 0.05 eV steps.

In situ Raman measurements were operated with a water immersion objective using a
Renishaw inVia Raman microscope. The spectra were collected using 785 nm laser with 10-s-
integration. An open-structured flow cell was utilized for the measurements. An Ag/AgCI
electrode (filled with saturated aqueous KCI solution) and a platinum wire were used as the

reference and counter electrode, respectively.



1.4 Electrode preparation

The electrodes were prepared by drop casting a solution obtained by adding 50, 100, 150 pL
of the InP CQDs solution (with total amount of CQDs of 80, 160 and 240 ug) to 550, 500 or
450 pL of methanol, respectively, then 10 uL of Nafion solution was added. The solution was
added dropwise to a 2x2 cm? carbon cloth piece heated at 50°C on a hotplate to facilitate
evaporation. Once the solution was added completely the electrode was dried for 30 minutes
at 50°C. The control electrodes were prepared with the same procedure: the CC was coated
with Nafion and with the ligand containing solution which was prepared by adding 10 pL of
Nafion or 10 puL of 6-mercapto-1-hexanol to 600 uL of methanol, respectively. The In.O3
control electrode was prepared by spray coating a precursor ink containing 40 mg of In.O3 100
nm nanoparticles dispersed by sonication for 1 hour in 4 mL of MeOH containing 40 pL of

Nafion.

In2O3 controls were prepared by spray coating onto CC. We found that, in the case of drop
casting, ink drops result in an uneven distribution of catalyst. In the spray-coating approach,
we used a catalyst loading that allowed complete coverage of the CC, and we used an
In.O3:Nafion ratio that allows CO- and H.O availability at the catalyst surface.® In this way we
established a study that was not dominated by CO> and H2O availability; nor by the carbon
cloth hydrogen evolution activity; but that instead allowed us to study and compare InP CQD
based electrodes.

The use of CQDs capped with the native ligand resulted in a suboptimal dispersion of the
CQDs or of the Nafion ionomer. Indeed, native CQDs can be easily dispersed in hexane, due
to the high hydrophobicity of the ligands, however Nafion is immiscible in hexane and rapidly
aggregates. This leads to an inhomogeneous precursor ink. On the other hand, by introducing

CQDs capped with the native ligand in the MeOH solution containing the Nafion ionomer



results in agglomeration of the CQDs. Therefore, we sought to exchange the highly
hydrophobic ligand with 6-mercaptohexanol (6-MPE) which is more hydrophilic and allowed

us to obtain a stable and homogeneous ink.

Initially, different conductive substrate was investigated as possible GDL. PTFE based GDL.:
in the case of PTFE coated with brush sprayed conductive carbon (PTFE/C) or with sputtered
copper (PTFE/Cu) the InP CQDs solution directly passes through the GDL. This is reasonably
due to the mild hydrophobic nature of the 6-MPA ligand which probably allows the permeation
of the CQDs through the hydrophobic PTFE microporous layer. Several carbon papers and
carbon cloths has been also tested (all from Fuel Cell store). In this case the CQDs remain on
the hydrophobic side of the conductive GDL but flooding occurred abruptly right after the

electrolyte contacted the electrode.

Few substrates were able to maintain a good stability against flooding. The CeTech
W1S1009, which was used in most experiments. However, its large pores make it prone to
electrolyte infiltration in long term experiments or when pressure fluctuations occur. CeTech
W1S1010 and Sigracet 35 BC was employed in the stability test since was found to be less

affected by flooding.

15 Electrochemical characterization

The electrochemical characterization of the cathodes in the CO- reduction reaction was
performed using a potentiostat (Autolab PGSTAT302N), a custom-made flow cell having a
fixed 1x1 cm? electrode geometric area,® two peristaltic pumps connected to the flow cell with
silicone tubing and a digital mass flow controller (Sierra, SmartTrack 100). For experiments at
current higher than -400 mA a current booster (Metrohm Autolab, 10 A) was connected to the
potentiostat. The electrolyte solutions were freshly prepared with milli-Q water. The small 2.4

nm dots were used in most of the experiments and a fresh electrode was employed for each
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electrochemical test, unless otherwise stated in the text. A CO» flow of 50 mL min™? was

employed in all experiments.

Commercial nickel foam was used as anode and an Ag/AgCl 1 M KCI was used as reference
electrode (see section 2.6 and ref. 3 for further details on flow cell assembly). The applied
potential was converted to the reversible hydrogen electrode (RHE) by using the following

equation (eq. 1):
Egng = Eagager +0.059 * pH + Ejg/pqci eq.1

with Ejg/AgCl =0.197 V and Ezg/a4¢: is the applied potential with respect to the Ag/AgCl

reference electrode.

1.6 Liquid and gas product analysis

Liquid products were analyzed with HPLC. A volume of 30 mL or 200 mL for stability tests
was continuously recirculated inside the anode and the cathode compartments. For measures
of liquid samples after 20 minutes of CO2RR at -400 mA cm2 100 L of anolyte and catholyte
was directly injected in the HPLC. While for more concentrated solution, the analyte was
diluted with pure electrolyte to obtain a final concentration within the employed calibration
curve (50-0.05 10 mol L of formate). The Faradaic efficiency to formate is calculated as

sum of the formate collected in the cathode and anode sides.

For experiments at different current density, we collected the samples for liquid product
analysis after 480 Coulombs was passed through the electrolyzer. We maintained constant this
value (the charge passed in 20 minutes at a current of 400 mA) to have a consistent sampling

time in each experiment.

Nuclear magnetic resonance (NMR) spectroscopy of catholyte solutions was used to evaluate

the presence of other liquid products. The NMR sample was prepared inside the NMR tube by
7



mixing 100 pL of analyte (catholyte or anolyte), 100 L of internal standard solution dimethyl
sulfoxide (DMSQO), and 400 pL of D2O. tHNMR spectra were collected with an Agilent DD2
500 spectrometer in water suppression mode. The data were analyzed by using the

MestReNova software.

Gas product analysis was carried out by sampling 1 mL of gas at the CO> outlet of the flow
cell on the cathode side. A gastight Hamilton chromatographic syringe was employed and
analysis was repeated at least two time for each specific sampling time (with a 200s time
interval between each reproducibility analysis) The sampled gas was injected into a gas
chromatograph (PerkinElmer Clarus 680), equipped with a thermal conductivity detector
(TCD), flame ionization detector (FID), and packed columns (Molecular Sieve 5A and
Carboxen-1000). Argon (Linde, 99.999%) was used as carrier gas in the gas chromatograph.
The GC was periodically calibrated to attain the calibration values which allowed to calculate

the amount of gas products contained in the sampled volume.

1.7 Cathodic energy efficiency calculation

The cathodic energy efficiency (CEE, half-cell efficiency) for formate was calculated at a

certain applied potential with the following eq. 1

0
FEformate X Eformate
0
E) o-V

CEEformate = eq. 1

where FEfqrmate is the faradaic efficiency to formate, Eﬁormate is the thermodynamic cell
potential of formate formation (1.48 Vgrue),* E,‘}ZO is the thermodynamic potential for water

oxidation (1.23 Vrue) at the anode and V is the applied potential; all potential are vs. RHE.?



2 Supporting experimental data

2.1 Control experiments
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Figure S1. Cyclic voltammetry with CO: in a flow cell: in 1 M KOH for: unmodified carbon cloth

1

(CC); CC coated with 10 uL of Nafion solution; CC coated with In,O3; nanoparticles with 100 nm
diameter and CC coated with InP CQDs.

Figure S1 shows the cyclic voltammetry of the control electrodes. Table S1 reports the

faradaic efficiencies for Hz, CO, and formate recorded during chronoamperometry at -400 mA

cm2 with: (lines 1-5) control experiments and (line 6-7) CC/InP loaded with 60 pg cm

electrode, as comparison. Trace amounts of CH4 (ca. 0.1%) were also detected with the CQDs

based cathodes. In general, the control experiments produce mainly H», while a low amount of

formate was observed with the CC/ligand, possibly due to the presence of a sulfur moieties.

The CC/In20s3 electrode also produces formate with a FE of ca. 60% over 1 hour. A CC/InP

electrode produced only H> when N2 was flowed instead of CO: (line 7).

Table S1. Faradaic Efficiencies recorded with the control electrodes

Faradaic efficiency / %

Cathode KOH / | Sampling/ | Current density / H; FE CO FE | HCOOr
mol L min mA cm?

1|CC 1 60 - 400 955+1.9 0.0 1.2
2 | CC/Nafion 1 60 - 400 98.5+5.0 0 1.4
3 | CClligand 1 60 - 400 945+54 0.3 4.6
4 | CC/In203 1 20 - 400 326+58 | 050 64.6
5 | CC/In,O3 1 60 - 400 46.4 0.5 55.5
6 | CC/InP 1 20 - 400 0.4+£0.05 p.3+0.3 86.6
7 | CC/InP — N2 1 60 - 400 96.9+3.0 0 0




2.2 Experiments with different CODs loadings
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Figure S2. A) Cyclic voltammetry with CO; in a flow cell in 1 M KOH for CC/InP electrodes with
different CQDs loadings, 2.4 nm size. B) reduction wave of the In®*/In® redox peak and charge
passed during the reduction (inset) for CC/InP electrodes with different loadings.

In order to determine the optimal CQDs loading, CC/InP samples were prepared by varying
the CQDs loading in the range 10 - 60 g cm2. Cyclic voltammetry measures, repeated on two
sets of samples, showed that the current density increases by increasing the loading up to 40
ug cm2, for a larger amount the current is slightly lower. The In**/In® redox peaks located at
ca. -0.2 to 0.5 Vrue become more obvious by increasing the amount of CQDs (inset of Figure
S2A and Figure S2B). However, the amount of charge passed during the reduction half cycle,
calculated as the integral of the reduction current curve in Figure S2B multiplied by the
reduction time, plateaus after a loading of 40 pug cm. This suggests that the number of redox
sites decreases per amount of CQDs reasonably due to coalescence and aggregation of the

CQDs for loadings larger than 40 pg cm™.

The FEs recorded during chronoamperometries at different CQDs loadings are reported in
Table S2. During the first 20 minutes of reaction, the FE for formate was ca. 90% for all
loadings, with the electrode with 20 pug cm loading outperforming the other three. The FE to
CO slightly increases for larger loadings. For these reasons, we chose to carry out the further
characterizations with a loading of 20 pg cm. With this amount we achieved the highest FE

to formate by minimizing CO production and the In content.
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With this optimal loading we performed four 20-minutes long tests by employing each time

a fresh cathode (lines 3 and 9-11 of Table S2), achieving an average FE to formate of 91.8 +

1.0%.

Table S2. FE recorded with electrodes containing different CQDs loadings in 1M KOH.

Faradaic efficiency / %
Cathod | Loading | Sampling Current H, FE COFE HCOOr
e / ug cm / min density / mA
cm
1 | CC/InP 10 20 - 400 04+01 | 48+0.3 86.6
2 | CC/InP 10 60 - 400 - - 70.8
3 | CC/InP 20 20 - 400 270 | 5203 92.1
4 | CC/InP 20 60 - 400 46+0.2 | 47+0.2 84.1
5 | CC/InP 40 20 - 400 0.6 10.8 88.1
6 | CC/InP 40 60 - 400 - - 53.8
7 | CC/InP 60 20 - 400 06+02 | 93+x15 89.7
8 | CC/InP 60 60 - 400 - - 76.2
9 | CC/InP 20 20 - 400 38+x04 | 4905 93.0
10 | CC/InP 20 20 - 400 05+0.1 | 55+04 92.3
11 | CC/InP 20 20 - 400 19+08 | 5303 89.7
12 Average of the value in lines 3, 9-11 22+10 | 52+02 | 91.8+1.0

For each loading we also extended the chronoamperometry tests up to 1 hour (Table S2), in
all cases the FE to formate was found to decrease. This is likely due to flooding, leading to a
more severe hydrogen evolution reaction, in line with data discussed in the main text. However,
flooding was found to occur without any trend related to the loading amount, and further
experiments suggest that other effects, such as pressure of the catholyte over the CC GDL, play
more important roles in determining the stability of the overall electrochemical performances.

See also Section 2.5 for a detailed description of the stability tests.
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2.3 Effect of KOH concentration and faradaic efficiencies at different current densities
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Figure S3. A) Cyclic voltammetry in COzRR in a flow cell with 1 M and 3 M KOH for CC/InP
electrodes containing 20 pg cm2 of CQDs.
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Table S3 reports the FE at -0.4, -0.6, -0.8 and -1.0 A cm discussed in the main text.

Line 5 of Table S3 reports the FE recorded at -1.5 A cm™. The FE to formate was 90.3%
leading to a current to formate of 1.35 A cm. However, the potential was unstable reasonably
due to the extreme reaction condition. During the reaction at -1.0 and -1.5 A cm™ the electrolyte

temperature increased from room temperature to ca. 40°C.

Table S3. Faradaic Efficiencies recorded at different applied current density in the flow cell, 3 M

KOH and with an electrode containing 20 pg cm of CQDs.

Faradaic efficiency / %
Cathode | KOH/ | Sampling/ | Current density / H; FE COFE | HCOO
mol L! min mA cm? -
1 | CC/InP 3 20 - 400 1.1+05 | 53+£0.3 93.7
2 | CC/InP 3 13.3 - 600 09+06 | 6.7+0.8 93.3
3 | CC/InP 3 10 - 800 56+11 | 6409 91.1
4 | CC/InP 3 8 - 1000 05+02 | 84+03 93.1
5 | CC/InP 3 5.3 - 1500 34 9.2 90.3
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2.4 NMR representative spectrum
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Figure S4. Representative nuclear magnetic resonance (NMR) spectrum of the catholyte; peak of
DMSO internal standard is at 2.5 ppm, formate peak at 8.3 ppm, the peak at 4.7 ppm is the residual

of water signal after suppression.
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2.5 Preliminary stability test and optimization of the CC substrate.
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Figure S5. 4-hour chronopotentiometry at -400 mA cm (blue trace and left Y axis) and Faradaic
efficiencies at different sampling times (right Y axis) recorded with the CC/InP electrode loaded with
20 pg cm-2 of CQDs with 30 mL of 1 M KOH electrolytes.

We initially tested the stability of the InP CQDs by using the CeTech W1S1009 carbon cloth
and a catholyte volume of 30 mL. During a 4 hour-long test, the formate FE (FEyco0-) Was
ca. 90% in the first hour (Figure S4 and Table S14) with an impressive formate current density
(Jucoo-) of 360 mA cm™. CO FE and H: FE are around 4% and 5% respectively. After one
hour the formate concentration in the 30 mL catholyte reached ca. 0.20 mol L™ with a formation

rate of 5.9 mmol h™ cm™.

However, after 2 and 4 hours of continuous operation, the FEy oo~ decreases to 70% and
61%, respectively. GDL flooding and formate crossover account for this decrease. Indeed,
though the employed CC conductive GDL exhibited the best stability among the substrates
initially tested (see Section 1.4), its progressive flooding led to a shortage of CO; at the
catalyst/electrolyte interface and to the increase of HER over CO2RR (see Table S4). The total
FE, calculated as the sum of the FE for formate (in the anolyte and catholyte), H> and CO, was
only of 82% and 76% after 2 and 4 hours, respectively. The missing FE is reasonably due to
the partial oxidation of formate crossed from the cathode compartment through the anion
exchange membrane to the anode side, where it is oxidized. Crossover increases as formate

gets more concentrated in the catholyte.
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Table S4. Faradaic Efficiencies recorded during the 4 hour-long test in the flow cell, 30 mL of 1 M

KOH as catholyte and anolyte and with an electrode containing 20 pg cm2 of CQDs.

Faradaic efficiency / %
Cathode | KOH/ | Sampling/ | Current density / H. FE COFE | HCOO
mol L*! min mA cm?
1 | CC/InP 1 20 - 400 38+04 | 49+05 93.0
2 | CC/InP 1 60 - 400 56+05 | 42+04 87.4
3 | CC/InP 1 120 - 400 80+02 | 40+03 70.2
4 | CC/InP 1 240 - 400 10.7+0.2 | 43+£08 60.2

To limit crossover, we used larger volumes of electrolytes, 200 mL instead of 30 mL. CeTech
W1S1010 and Sigracet 35 BC carbon cloths showed better results, partially preventing
flooding. Therefore for the stability test in Figure 2c we employed 200 mL of catholyte and
anolyte and Sigracet 35 BC. Formate production was stable during a 4 hour long test with

FEycoo- higher than 90%.

We also performed stability tests in 3M KOH. However, we observed flooding not related to

catalyst after two hours of continuous operation leading to a sudden shift from CO2RR to HER.

Table S5. Faradaic Efficiencies recorded during the 4 hour-long test in the flow cell, with 200 mL of
1 M KOH as catholyte and anolyte and with an electrode containing 20 pug cm of CQDs deposited on

Sigracet 35 BC carbon cloth.

Faradaic efficiency / %
Cathode | KOH/ | Sampling | Current density / H; FE COFE | HCOO
mol L* / min mA cm
1 | CC/InP 1 60 - 400 17+06 | 51+04 88.3
2 | CC/InP 1 120 - 400 12+02 | 55+£0.38 97.8
3 | CC/InP 1 240 - 400 1.4 5.4 94.1
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2.6 Reqular and modified flow cell design
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Figure S6. A) scheme of the regular flow cell, and B) scheme of the modified flow cell. C)
Chronopotentiometry at -200 mA cm2 recorded with a CC/InP electrode and 0.5 M KHCOs as
electrolyte.

Figure S6A reports the regular flow cell architecture which we used in all experiments herein
except where otherwise noted. The anode and the cathode are separated by an anion exchange
membrane and the distance between the two electrodes is 2 cm. Aqueous KOH is used as
catholyte and anolyte and the Ag/AgCIl reference electrode is placed in the catholyte
compartment. The electrolyzer is airtight, and two peristaltic pumps are used to flow the
electrolytes in the two compartments. The gas diffusion electrode (carbon cloth coated with
InP CQDs, left side) allows contact between the electrolyte and the CO; stream (the CO; flow
is controlled with a mass flow controller, Sierra Instrument, C100L-DD-3-OV1). At the
electrode/electrolyte junction, CO> reduction to formate (to H2 and CO as gas products) occurs.
Water acts as source of protons and the generated hydroxyl ions (OH") cross the anion exchange
membrane and get oxidized at the anode (commercial nickel foam) generating oxygen.
However, also formate, due to its negative charge, can cross the anion exchange membrane
(this undesired process is indicated with a red arrow in Figure S6A) and can oxidize at the

anode.

In order to overcome the instability caused by formate crossover and catholyte flooding, we
modified the flow cell by inserting: i) an AEM between the GDE and the catholyte

compartment (Figure S6B). ii) a cation exchange membrane (CEM) to separate the catholyte
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and anolyte compartments and eliminate the crossover of negative charged formate into the

anolyte, which may be oxidize back to CO,.

The modified flow cell maintained a stable voltage of ~-5.2V (at -200mA cm?) for the first
4 hours with a stable FEyc00- Of ca. 80% (Figure S6C). However, the voltage starts
fluctuating after 4 hours and the formate FE decreases to 73% after 6 hours. This is likely due
to the precipitation of electrolyte salts in the catalyst layer. The high voltage is due to the use
of an additional membrane and of neutral electrolyte (0.5 M KHCOs3), employed here to
partially prevent salt formation, which is more severe in alkaline electrolyte.® The pH neutral

condition also led to higher H> FE with respect to KOH electrolytes.

Table S6. Faradaic Efficiencies recorded with the modified flow cell (Mod. Flow-Cell, line 3-5).

Faradaic efficiency / %
Cathode Cell type Sampling | Currentdensity/ | H, FE | CO FE | HCOO"
/ min mA cm?
1 | CC/InP Mod. Flow-Cell 120 - 200 12.1 7.9 80.7
2 | CC/InP Mod. Flow-Cell 240 - 200 13.5 5.8 82.2
3 | CC/InP Mod. Flow-Cell 360 - 200 24.4 1.6 73.3
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2.7 Comparison with literature results

Table S7. Comparison with most relevant literature results for formic acid and formate production

from CO:RR
Operating Applied Jhcoo- / Jhcoo™/ FE
Electrolyte system | Potential / Vrue | mA cm2 | mmol htcm? | /oq Ref. | Year
3 M KOH Flow cell -1.3 VrHE 375 7.0 93.7 | This work
3 M KOH Flow cell -1.68 VruE 560 10.4 93.3 | This work
3 M KOH Flow cell -2.3 VRHE 729 13.6 91.1 | Thiswork
3 M KOH Flow cell -2.6 VruE 931 17.4 93.1 | Thiswork
0.5 M KHCO3 -0.85 VRreHe 136 95 6
imKkoH | Foweell | 55 Ve 210 2.5 08 2019
2 M KHCOs Flow cell -0.85 VRreE 180 3.9 90 7 2018
Catholyte:
0.45M
KHCO3; 8
0.5 M KCI Flow cell -1.5 VRue 105 3.4 70 2017
Anolyte:
1M KOH
1 M KHCO; Flow cell -1.21 Vree 92.8 2.0 64 9 2018
Three
0.1 M KHCO3 | electrode -0.75 Vrue 51.1 1.7 93 10| 2017
cell
0.1 M KHCOs H-cell -0.85 VRreHE 67.5 1.0 90 12019
0.5 M CsHCO3; H-cell -0.98 VRrHe 78 1.3 93 21 2019
0.5 M KHCO3 H-cell -0.96 VrHe 26.7 1.5 83 31 2017
0.5 M KHCO3 H-cell -1.16 VRree 57 0.5 95 1412018
0.5 M KHCO3 H-cell -0.87 VRree 40 1.1 90 1512020
Solid state i 16
electrolyte 0.65 Vrhe 164 0.7 90 2019
Catholyte: Flow cell
1 M KOH with _ .
Anolyte: bipolar Een =59V 450 3.1 90 2020
0.4 M K;SOs | membrane
0.1MKHCO3
Ho oxidation | gy, o) . 375 8.4 75 | | 2016
as anodic
reaction
0.5 M Na,SO,4
+05M
N3.2C03 _ 19
H, oxidation Flow cell 0.94 Vrue 277 7.0 712 2019
as anodic
reaction

The performances reported in the last two rows of Table S7 are obtained in flow cells running

with hydrogen oxidation as anodic reaction,'®!° due to the largely different experimental
18



condition these results were not reported in Figure 2d of the main text. Our highest Jycoo- 1S

2.5 and 3.4 times the of 375 and 277 mA cm™ reported in these works.

T T T T

¥ This work *
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O H-cell

06 4
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1 1 1 1

Figure S7. Comparison of current density for formate in 3 M KOH (open blue stars) relative
to selected formate current density reported in the recent literature for H-cells (open black
squares), flow cells with anion exchange membrane and solid state electrolyte (open green
circle) and a flow cell with bipolar membrane (the potential is estimated from the cell
potential reported by the authors). References are indicated in the Figure.

Figure S7 shows Figure 2d of the main text with the reference embedded in the figure.
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2.8 In®/In° redox peaks: cyclovoltammetry at progressively larger cathodic potential
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Figure S8. Cyclovoltammetry by progressively extending the cathodic half cycle deeper into negative
potential from 0.8 to A) -0.5 and B) -2.0 Vrre. The experiments were carried out in CO2RR condition
using a CC/InP electrode loaded with 20 ug cm of CQDs, a scan rate of 50 mV s, with each scan
started from ca. 0.8 Vrue (the open circuit potential of the electrode at the start of the experiment) and
the potential was swept in the cathodic direction.

To assess if the redox peaks in the CQDs based cathode are already present before CO.RR
or if develop during CO2RR, we carried out cyclovoltammetry by progressively extending the
cathodic half cycle deeper into negative potential. Figure S8A shows that the redox feature
appearing at potential below -0.5 Vrre and becomes more obvious by applying more negative

potentials (Figure S8B).

We carried out the cyclovoltammetry by sweeping the potential in the cathodic direction. No
reduction peck (at ca. -0.2 Vrue With negative current) was detected in the first half cycle.
However, during the anodic half cycle, an oxidation peak at + 0.2-0.3 Vrn1e appeared and in
the following cathodic sweep the reduction peak at ca -0.2 VrHe appeared. We infer that, during
the first cathodic half cycle, at large reductive potential (see back trace in Figure S8B) surface
In®* (i.e. indium bonded with phosphorous as phosphide) is reduced to indium metal with
phosphorous leaving the CQDs surface (confirmed by XPS). In the anodic direction In metal

sites are oxidized back to In®* and reduced again during the following cathodic half cycle.

In conclusion, In®* is in situ reduced to indium metal which acts as catalytic site for CO:

reduction.
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2.9 Raman spectroscopy measures
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Figure S9. A) Operando Raman spectra of a CC/In;O3 electrode immersed in 1 M KOH in the
presence of CO,. The signature peak of In,Os (indicated with a star) decreased at 0 Vgrue and
progressively disappeared. The purple trace is In metal 100 mesh particles deposited on Si B) Same
traces reported in Figure S9A showing a four times magnification of the frequency range relevant to
the In,O; signals (indicated with stars). C) Raman signal of InP CQDs deposited on Pt. D) CC/InP
electrode containing 60 g cm 2 of InP CQDs without an applied bias (black trace) and under CO.RR
condition in 1 M KOH and in the presence of CO;; the signals is base corrected and normalized to the
maximum to allow the comparison; the open circle indicates the carbonate signal.

In situ Raman spectroscopy was used to gain information on the electrode changes during

CO2RR and to observe surface adsorbed reaction intermediates.

Figure S9A shows the changes on a CC/In.Oz3 electrode, confirming that the pristine oxide
(with signature peak at 135 and 307 cm™, Figure S9B show a magnification of the traces
reported in Figure S9A to allow a better visualization of the potential-induced changes) is
reduced under negative potential to In metal.?® At -0.2 Vrue In203 reduction already occurs
and becomes more obvious at -0.6 Vrye. The signal of metal indium is assigned by measuring

the Raman spectrum of In particles 100 mesh on silicon (purple, top trace), which shows the
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same fingerprint of reduced CC/In20s in the 250-700 cm™. This suggests that in CO2RR
experiments with CC/In;Os3 (Figure 2a, S1 and Tablel) the active catalyst is reduced In2O3
and this also confirms that the redox peak below 0 VrHe shown in Figure 2a, S2 and S8 for
CC/InP is due to the reduction of In®* to In®. The doublet above 1000 cm™ is typical of carbon

and progressively disappears as indium metal is formed since it reflects the Raman IR laser.?!

The Raman spectra of InP CQDs, Figure S9C, collected by depositing a concentrated drop
of CQDs on platinum shows the InP doublet at 310 and 340 cm™.22 However, the Raman
spectra of CC/InP (obtained with a large loading of 60 pg cm of CQDs) Figure S9D, lack of
the InP and In° signals. Even under a highly negative potential of -1.6 Vrue any trace of In

metal can be observed, reasonably due to the low amount of InP CQDs deposited on CC.
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