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ABSTRACT 

We report formate production via CO2 electroreduction at a Faradaic efficiency (FE) of 93% 

and a partial current density of 930 mA cm-2, an activity level of potential industrial interest 

based on prior techno-economic analyses. We devise a novel catalyst synthesized using InP 

colloidal quantum dots (CQDs): the capping ligand exchange introduces surface sulfur, and 

XPS reveals the generation, operando, of an active catalyst exhibiting sulfur-protected oxidized 

indium and indium metal. Surface indium metal sites adsorb and reduce CO2 molecules, while 
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sulfurs sites cleave water and provide protons. The abundance of exposed surface indium sites 

per quantum dot enables the high formate productivity achieved at low catalyst loadings. The 

high conductivity of the layer of nanoparticles under negative potential sustains the large 

current densities. 
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Electrochemical reduction of CO2 (CO2RR), powered using renewable electricity, enables 

the valorization of CO2 from industrial flue gases – and ultimately from atmospheric CO2.
1 

Among commodity chemicals produced by CO2RR, formate has a high value normalized per 

electron, since only two electrons are required in CO2 reduction.2 It is readily separated when 

produced as the exclusive liquid product,3 and can be profitably converted to formic acid which 

is of interest as a hydrogen carrier for transportation.4,5 Formate electrocatalysts that operate at 

high current densities will reduce the capital costs associated with production of this H2 vector:6 

200 mA cm−2 at a cell potential of 2.25 V is typically viewed as a threshold for viability,7 and 

larger current values further decrease the capital contribution to product cost.8 

Inspired by the exceptional Faradaic efficiency (FE) to formate attained using indium-based 

cathodes,9 the low overpotential achieved using phosphide based nanocrystals in CO 

electroproduction,10 and the excellent activities toward formate achieved using nanostructured 

catalysts with highly undercoordinated surfaces,11,12 we pursue InP colloidal quantum dots 

(CQDs) as the precatalyst in forming a CO2RR electrocatalyst. The catalyst, studied operando, 

displays a structure that increases formate production into the A cm-2 range.3 

InP CQDs were synthesized via a seed mediated approach (see Supplementary 

Information).13 To make the CQDs soluble in the cathode precursor ink, we exchanged the 

native hydrophobic oleic acid ligand covering the CQDs surface with 6-mercaptohexanol (6-

MPE). Figure 1a and 1b show the TEM images of the nanocrystals prior to and after ligand 

exchange. The shorter dot-to-dot distance of 6-MPE capped CQDs suggests substantially 

complete exchange of the longer native ligand with the shorted 6-MPE. 
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Since surface vacancies are known to facilitate electrochemical reactions,14,15 we tuned the 

relative density of undercoordinated surface sites per dot, preparing CQDs of 3.2 and 2.4 nm 

size (Figure 1). In nanocrystals the number of surface atoms is directly related to the 

nanocrystal size; and16 density functional theory17 and experimental evidence suggest that the 

number of surface vacancies increases with decreasing dot size.15,18 The X-ray powder 

diffraction (XRPD, Figure 1e) patterns of the two CQDs batches exhibit pure zinc blend crystal 

structure, consistent with InP bulk,19 and confirm their difference in size, since by increasing 

the nanocrystal size the peaks sharpen and the full width half maximum decreases. The first 

excitonic peak shifts from 471 nm, for the small dots, to 566 nm, for the larger dots, further 

confirming their different size (Figure 1f). 

The cathodes were prepared using a solution containing the InP CQDs with Nafion as binder 

(Supporting Information).6 All this was deposited onto 2x2 cm2 carbon cloth (CC) with a gas 

Figure 1. TEM images of the: 3.2 nm InP CQDs a) before and b) after ligand exchange, c) 

magnified view of as synthetized CQDs (the inset shows a further magnification); d) 2.4 nm 

InP CQDs. Figure 1a and 1d report the CQDs size distribution of the two nanocrystal sizes. 

e) X-ray powder diffraction (XRPD) diffractograms and f) UV-Vis spectra of the 3.2 and 2.4 

nm CQDs. 
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diffusion layer (GDL). The CO2RR tests were conducted in a flow cell under alkaline 

conditions to suppress the competitive hydrogen evolution reaction (HER).3,20 

Figure 2a shows cyclic voltammograms in 1 M KOH without iR correction recorded with 

InP CQDs-based cathodes of 2.4 nm and 3.2 nm size. Since oxide-derived catalysts shows 

excellent performance in CO2RR to formate, 9,21 we used commercial In2O3 nanoparticles with 

100 nm size as control material. The cathode containing the 2.4 nm CQDs was tested in the 

presence of N2 or CO2. The notably enhanced current density with CO2 evidences the catalytic 

activity toward CO2RR of the InP CQDs. The In2O3-based electrode produces lower current 

with respect to the CQDs-containing electrodes. The 3.2 nm CQDs, despite their lower surface 

defect concentration,15 show similar current vs. voltage characteristic with respect to the 2.4 

nm CQDs. The comparable performance implies that the catalytic activity of the InP 

nanocrystals is independent of the density of surface defects. 

 A series of control experiments with electrodes containing the individual components of the 

catalyst ink were carried out: carbon cloth (CC) alone, CC coated with Nafion (CC/Nafion) or 

with the ligand (CC/ligand). All these electrodes generated lower current density (see Figure 

S1) compared to a CC coated with InP CQDs (CC/InP). During chronopotentiometry tests at – 

400 mA cm-2, the control electrodes have high Faradaic efficiency (FE) toward hydrogen (ca. 

96% for CC, Table S1). The possibility that organic products originate from degradation of the 

capping ligand, or other carbon sources, was tested by performing chronoamperometry with a 

CC/InP cathode by flowing N2 instead of CO2: in these controls, only H2 was detected in the 

gas phase (FE ~ 97%) and HPLC analysis of the catholyte confirmed absence of formate (Table 

S1). 

The selectivity of CC/InP cathodes is completely shifted in favour of CO2RR products. An 

optimal loading for the 2.4 nm CQDs of 20 µg cm-2 was identified by varying the CQDs amount 
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in the range 10 – 60 µg cm-2 and delivered a 91.8 ± 1.0% formate FE (𝐹𝐸𝐻𝐶𝑂𝑂−) in 1 M KOH 

at – 400 mA cm-2 (Figure SI2 and Table SI2). 

The use of a 3 M KOH electrolyte solution led to a considerable decrease of the cathodic 

overpotential (Figure S3) and achievement of a current density of -400 mA cm-2 at -1.33 V vs. 

Figure 2. a) Current-voltage characteristics of cathodes containing In2O3 nanoparticles (100 

nm size) as control material, InP CQDs of two sizes using 30 mL of 1 M KOH electrolyte, 

in the presence of CO2 or N2 with 50 cm3 min-1 flow rate. b) Chronopotentiometry as we step 

the current density from -0.4 to -1 A cm-2. Each step was recorded with a fresh CC/InP 

electrode containing 20 µg cm-2 of CQDs with 30 mL of 3M KOH electrolyte and with a CO2 

flow rate of 50 cm3 min-1. To maintain a consistent sampling time at each current density, a 

catholyte sample for HPLC analysis was collected after a charge equal to 480 Coulomb was 

passed through the electrolyzer, see Supporting Information for details. Formate FE for 

each current density (red triangles) is reported on the right axis. All potentials are not iR 

corrected. c) 4-hour chronopotentiometry at -400 mA cm-2 (blue trace and left Y axis) and 

Faradaic efficiencies (right axis) at different sampling times recorded with the CC/InP 

electrode loaded with 20 µg cm-2 of CQDs with 200 mL 1 M KOH catholyte and anolyte. d) 

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) see Table SI7 and Figure S7 for details. 
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the reversible hydrogen electrode (VRHE), Figure 2b. Notably, the CC/InP cathode sustained a 

current density of -1 A cm-2, with 𝐹𝐸𝐻𝐶𝑂𝑂− of 93% at this total current density (Figure 2b 

right Y axis and Table S3), corresponding to partial current density to formate 𝐽𝐻𝐶𝑂𝑂− of 930 

mA cm-2, with a formation rate of 17.4 mmol h−1 cm−2, and a cathodic energy efficiency of 

36%. A FEHCOO- above 90% was maintained at each applied current. Formate was the only 

liquid product as confirmed by NMR analysis (Figure S4). 

We sought to test the catalyst stability. In initial experiments we found that GDL flooding 

progressively leads to CO2 shortage at the catalyst/electrolyte interface and to the increase of 

HER over CO2RR. Moreover, formate crossover from the catholyte to the anolyte increases as 

formate gets more concentrated during CO2RR (Figure S5 and Table S4). We optimized the 

condition (Supporting Information) by using a more hydrophobic carbon cloth, to prevent 

flooding, and a larger volume of electrolyte, to dilute formate and limit crossover. With these 

devices the CQDs catalyst performed a continuous 𝐹𝐸𝐻𝐶𝑂𝑂− above 90% at a total current 

density of -400 mA cm-2 for 4 hours (Figure 2c and Table S5). 

To further assess the catalyst stability, we devised a modified flow cell configuration (Figure 

S6A and B report the regular and modified flow cell schemes, respectively), inserting an AEM 

between the GDE and catholyte compartment to avoid flooding and a cation exchange 

membrane to separate the catholyte and anolyte to prevent crossover. With this architecture a 

stable FEHCOO− of 80 % was recorded for 4 hours at -200 mA cm-2 at a cell voltage of ca. 5.2 

V (Figure S6C and Table S6). The use of a neutral electrolyte (0.5 M KHCO3), to militate 

against salt formation,22 leads to the higher HER,3 and together with the additional membrane, 

to the large cell potential. The results obtained in experiments of duration 4 hours in Figure 

2c, and with the modified flow cell, confirm crossover and flooding as main sources of CO2RR 

performance decrease. 
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The partial current densities to formate reported in this study are the highest in the 

electrosynthesis literature (Figure 2d and Table S7 and Figure S7). The 930 mA cm-2 𝐽𝐻𝐶𝑂𝑂− 

is the best among previously reported AEM-based cells,11 and it is 2.1x the 450 mA cm-2 

recently recorded in a flow cell employing a bipolar membrane.23 The 𝐹𝐸𝐻𝐶𝑂𝑂− was maintained 

over a wide range of current densities (a 𝐹𝐸𝐻𝐶𝑂𝑂− of 90% was recorded even at -1.5 A cm-2, 

Table S3). These metrics were achieved with a very low catalyst loadings, implying that the 

catalyst possesses abundant active sites.  

Since surface defects play a secondary role in determining this exceptional activity, we 

further characterized the InP-based cathodes. We used cyclic voltammetry to seek to identify 

the electronic structure of CQDs InP (Figure 3a).24,25 Both CQDs sizes have the conduction 

band located below -0.4 VRHE, implying that the largely negative applied potential used in 

CO2RR shifts the Fermi level far above the conduction band.26 The reversible redox peaks at 

ca. -0.2 and +0.5 VRHE in the CC/InP cyclic voltammetry (Figure 1a and Figures S2-3) may 

suggest the presence of In3+/In0 surface states.27 Cyclic voltammetry measured by progressively 

extending the cathodic potential range (Figure S8) indicates that these states appear at 

potentials below -0.5 VRHE. We infer that surface In3+ is reduced to indium metal under CO2RR 

condition likely leading to loss of surface phosphorous (Supporting Information). This can 

occur in the case of InP CQDs, whose surface is known to oxidize, generating an InP/InPOx 

core-shell structure.28 The presence of surface indium metal under negative potential enhances 

the conductivity. 

To assess the presence of surface In0, we performed in operando Raman spectroscopy on 

CC/In2O3 and on a CC/InP electrode (Figure S9). In the CC/In2O3 electrode, surface indium 

oxide peaks disappear below 0 VRHE, while indium metal signals build up at more negative 

potentials. This indicates that the redox peaks in CC/InP electrodes (Figure 1a, S2-3 and S9) 

are consistent with In3+/In0 states. However, the Raman spectra of CC/InP at negative potentials 
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lack the In0 signals, a finding we ascribe to the low CQDs loadings. From a mechanistic 

perspective, the absence of adsorbed CO species points to *OCHO as reaction intermediate.29 

To explore directly the surface states of the InP CQDs we performed X-ray photoelectron 

spectroscopy (XPS) studies. Figure 3b shows the XPS spectra of In3d. Two peaks, 

contribution 3d5/2 and 3d3/2, respectively at 452.7 and 445.1 eV,30 are present in individual 

CQDs, and in a CC/InP electrode containing 60 µg cm-2 of CQDs after 20 minutes of CO2RR 

operation at -400 mA cm-2. The similar binding energies of In0 and InP hamper to precisely 

discern the In environment.9,30 Therefore, we used the P2d signal (Figure 3c) to acquire further 

information. In pristine CC/InP the two peaks evidence two chemical environments around 

phosphorous atoms. The one at 129 eV is related to phosphorous surrounded by indium as In-

P and the second at 133 eV to phosphorous in an oxidized environment consistent with multiple 

InPOx states.28,30 After CO2RR, only the 133 eV peak partially remains. This, together with the 

post CO2RR In3d signals (Figure 3b) and the presence of the In3+/In0redox peaks (Figure 1a 

Figure 3. a) cyclic voltammetry determination of the conduction band edge (CB) for the 3.2 

nm and 2.4 nm CQDs. b-e) XPS characterizations: b) In3d peaks for individual InP CQDs 

and for a CC/InP electrode (containing 60 µg cm-2 of CQDs) after CO2RR; c) P2d peaks for 

the CC/InP electrode before and after CO2RR; d) and e) S2p signal in InP CQDs before and 

after capping ligand exchange and CO2RR, respectively. f) Proposed mechanism. 
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and Figures S2-3 and S8), supports that most surface In-P is displaced by In metal with only 

a few amount of In still bonded with oxidized phosphorus. 

Exchange of the native capping ligand with 6-MPE introduces surface sulphur (Figure 3d) 

as suggested by the appearance of the S2p signals as thiol and as In sulfide (at 163.2 eV and 

162.0 eV, respectively).31,32 In a CC/InP electrode (Figure 3e), the sulfur peak ascribed to 

inorganic oxidized sulfur (as sulfonic acid -SO3
-) of the Nafion binder appears at 169.5 eV.33 

After CO2RR the sulfonic peak is completely retained, while the thiol peak almost disappeared 

suggesting that the P-S (thiol) bond breaks during CO2RR. However, the In-S signal at 162.8 

eV is fully retained suggesting the active role of In-S sites as sulfide (S2-) in the catalysis, and 

in particular reasonably in proton extraction from water.9 

The presence of surface metal indium under applied negative potential; the introduction of 

surface sulfur after capping ligand exchange; and its presence as sulfide after CO2RR; 

collectively lead to an operando catalyst presenting In0 and S2- as coexisting catalytic sites 

(Figure 3f). In this picture, indium metal acts as CO2 binder. Indium’s capacity to bind the 

*OCHO intermediate3 is enhanced by positively charged In close to S2- sites or due to residual 

InP in the CQDs core. Positively charged indium attracts the oxygen of carbon dioxide having 

negative charges. Sulfur mediates also water adsorption and cleavage.9 Therefore, the intimate 

vicinity of In metal and S2- may favor the reaction of adsorbed H* and *OCHO and their 

subsequent reduction to formate at the In0 sites. The high activity of InP CQDs raises the 

possibility that, in this work, surface oxidized phosphorous may cooperate with S2- and In 

states, since it binds intermediate species,34 and suppress HER, promoting hydrogenation of 

the intermediates.10 However, probing the contribution of phosphorous directly is challenging 

since the synthesis of indium metal nanoparticles with comparable size to our CQDs will rely 

on a capping ligand, introducing a new surface heteroatom.35 
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The precise surface sites distribution occurring in shape and size-controlled nanocrystals 

maximizes the number of exposed dual catalytic sites. The ability of InP CQDs to act as 

conductor under CO2RR conditions support high current densities. Together, these features 

enable catalysts that operate at high formate production rates with low loading and that are less 

dependent on the availability of adsorbed CO2 and *H.  

In summary, the ability to operate in a large range 𝐽𝐻𝐶𝑂𝑂− at high 𝐹𝐸𝐻𝐶𝑂𝑂− at low applied 

potential make InP CQDs as versatile candidate for practical electrochemical CO2 reduction. 

Cooperative catalysis between In metal and sulfide sites allows high production rate and high 

selectivity. Further work engineering the hydrophobicity of the carbon-based GDL to prevent 

flooding is of interest with the goal of ensuring longer-term-stable operation. The energy 

efficiency can be increased both by optimizing the electrolyte and by limiting ohmic losses 

through cell design. 
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