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ABSTRACT 

The electrochemical reduction of CO2 into fuels using renewable electricity presents an 

opportunity to utilize captured CO2. Electrocatalyst development has been the primary focus of 

research in this area. This is especially true at the nanoscale, where researchers have focused on 

understanding nanostructure-property relationships. However, electrocatalyst structure may 

evolve during operation.  Indium- and tin-based oxides have been widely studied as 

electrocatalysts for CO2 reduction to formate, but evolution of these catalysts during operation is 

not well-characterized. Here, we report the evolution of nanoscale structure of tin-doped indium 

oxide nanocrystals under CO2 reduction conditions. We show that sparse monolayer nanocrystal 

films desorb from the electrode upon charging, but thicker nanocrystal films remain, likely due to 

increased number of physical contacts. Upon applying a cathodic voltage of -1.0 V vs RHE or 

greater, the original 10-nm diameter nanocrystals are no longer visible, and instead form a larger 

microstructural network. Elemental analysis suggests the network is an oxygen-deficient indium-

tin metal alloy. We hypothesize that this morphological evolution is the result of nanocrystal 

sintering due to oxide reduction. These data provide insights into the morphological evolution tin-

doped indium oxide nanocrystal electrocatalysts under reducing conditions and highlight the 

importance of post-electrochemical structural characterization of electrocatalysts. 
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INTRODUCTION 

  The electrochemical reduction of CO2 into hydrocarbon products utilizing renewable 

electricity is of technological and economic interest.1 However, the high overpotentials required 

to drive the reaction, as well as the propensity to make a number of different products with poor 

selectivity has hindered commercialization.2-3 Significant effort has been put into developing and 

understanding various electrocatalysts for the CO2 reduction reaction (CO2RR).2-7 Nanoscale 

electrocatalysts, which have higher surface areas and can have different properties from their bulk 

counterparts, are promising candidates and have been widely studied.8-17 However, if size- and 

morphology-dependent properties are not maintained during the electrochemical reaction 

conditions, the unique catalytic activity of these materials may be lost.  Further, elucidating 

structure-activity relationships and designing nanoscale structure to influence properties, becomes 

difficult. Thus, it is important to understand the stability and structural evolution of nanoscale 

catalysts under operating conditions to help enable rational catalyst design. 

Indium- and tin-based oxides, including nanoparticles, have shown promise as selective 

CO2RR electrocatalysts for formate.12, 15, 18-25 Extensive studies of these oxide catalysts has been 

done by both Bocarsly and Kanan and coworkers.  They found that, despite the electrochemical 

reduction of the oxide to In and Sn metal, a metastable oxide persists under reducing conditions 

that is thought to be important for selective reduction of CO2 to formate.18, 22, 26-29 Huang et al. 

evaluated the size-dependent reactivity of In2O3 nanoparticle catalysts, concluding that catalysts 

derived from 15 nm In2O3
 nanocubes exhibited superior formate selectivity compared to catalysts 

derived from smaller (5 nm) or larger (200 nm) In2O3 structures.15 However, a recent report from 

Pardo et al. demonstrated that indium-tin-oxide films undergo structural changes during CO2RR 

conditions, forming core-shell nanoparticles rich in indium oxide at the surface.  Collectively, 
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these studies raise questions about the stability of these catalysts and the properties of the catalyst 

(i.e. size, morphology) that are contributing to the observed activity or selectivity.30 

The electrochemical restructuring of nanoscale CO2RR electrocatalysts under operating 

conditions has been previously reported using a variety of complementary operando techniques 

such as in situ transmission electron microscopy (TEM)10, in situ Raman spectroscopy31, and 

more.8, 10, 17, 31-33 For example, Cu2O nanocubes were found to become more branched and form 

dendrites as a result of a dissolution-redeposition process occurring during CO2 reduction.10  

Similar phenomena were seen with various Cu17, 31 and Cu-alloy8, 33 catalysts. Despite these 

studies, few reports have examined the evolution of In- and Sn-based CO2RR electrocatalysts.  

There are several mechanisms by which nanoscale catalysts can restructure during the 

course of electrocatalysis.34-36 A common form of restructuring is sintering, wherein nanocrystals 

coalesce through either surface diffusion or a ripening process (i.e. dissolution-redeposition) 

causing smaller nanocrystals are dissolved and redeposit as larger nanoparticles.34 The degree of 

sintering depends upon how the nanocrystal-modified electrode is prepared. For instance, sintering 

can sometimes be prevented through the use of organic ligand modifiers or engineered supports 

with strong catalyst-support interactions.34 Thus, the preparation method is an important 

consideration when evaluating the stability and structural evolution of nanoscale catalysts. 

Herein we report the stability and structural evolution of well-defined tin-doped indium 

oxide (ITO) nanocrystals under electrochemical CO2RR conditions. The nanocrystal films were 

fabricated in two different ways to evaluate the stability of the ITO nanocrystals on the electrode 

support and the mechanisms associated with the morphological changes. When a sparse monolayer 

of nanocrystals was deposited on the electrode, the nanocrystals desorbed from the electrode under 

electrochemically reductive conditions, presumably due to charging that leads to higher solubility. 
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Thicker nanocrystal films (~150 nm), however, were found to adhere to the electrode substantially 

better allowing for CO2RR electrolyses conducted for up to 80 min. Chronoamperometry 

experiments were performed on ITO-nanocrystal-modified electrodes at different potentials for 

varying amounts of time. Structural characterization of the electrodes was performed before and 

after electrochemical experiments to investigate how the structure of the nanocrystals change as a 

function of potential and the amount of time that potential is applied. We discover that the original 

size, morphology, and composition of the ITO nanocrystals is not retained, with the initially well-

defined ITO nanoparticle assemblies evolving into larger crystallites of an oxide-deficient 

indium/tin metal alloy. These results are important in the context of using tin/indium-based 

nanomaterials for CO2RR catalysis. 

EXPERIMENTAL 

 Materials. Indium(III) acetate (99.99%), tin(IV) acetate (99.95%), oleic acid (90% 

technical grade), and potassium bicarbonate (99.95%) were acquired from Sigma-Aldrich and used 

as received. Oleyl alcohol (85% technical grade) was acquired from Alfa Aesar and used as 

received. The boron-doped diamond (BDD) electrodes were acquired from Element Six. 

Nanocrystal Synthesis. ITO nanocrystals were synthesized using a previously reported 

procedure.37 Briefly, indium acetate (1.8 mmol) and tin acetate (0.2 mmol) were mixed in 4 mL of 

oleic acid and stirred under N2 (g) at 150 °C for 1 h to form the metal-oleate precursor. This mixture 

was then injected into 13 mL of oleyl alcohol at 290 °C at a rate of 0.3 mL min–1. Oleate-stabilized 

nanocrystals were washed three times by dispersion in acetone followed by centrifugation (7000 

RPM for 5 min) and decanting the solvent. 
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 Electrode fabrication. To form a thin, sparse monolayer of ITO nanocrystals, BDD 

electrodes were submerged in a 0.5 mg mL–1 solution of ITO nanocrystals in toluene for 2 h. To 

form thicker ITO nanocrystal films, a 50 mg/mL solution of ITO nanocrystals in toluene was spin 

coated onto BDD electrodes by flooding the electrode with nanoparticle solution, then rotating at 

3000 rpm for 30 s. All electrodes were gently washed with toluene after nanocrystal 

deposition/assembly to remove any poorly adsorbed nanocrystals. The coated electrodes were then 

submerged in a 1 M solution of formic acid in acetonitrile for 1 h to remove the oleate ligands, and 

then gently rinsed with acetonitrile. Afterwards, electrodes were annealed in a tube furnace under 

forming gas at 300 °C for 4 h to remove any absorbed formate. 

 Electrochemical characterization. A single-compartment three-electrode 

electrochemical cell consisting of the ITO-modified BDD working electrode, a Pt counter 

electrode, and an Ag/AgCl reference electrode (3 M NaCl), with aq. 0.5 M KHCO3 as the 

electrolyte was used for measurements. All electrodes were analyzed using cyclic voltammetry 

(CV) at a scan rate of 100 mV s–1. CV and chronoamperometry (varying potentials and duration) 

were performed using a BioLogic SP300 potentiostat. All potentials were corrected for 

uncompensated series resistance, which was between 7.0 to 9.0 Ω for all experiments. Prior to 

electrochemical experiments, the electrolyte was sparged with either Ar (99.999%) or CO2 (99.5%) 

for 30 min at a flow rate of 30 sccm, and then the gas was kept flowing in the headspace of the 

electrochemical cell for the duration of the experiments.  

 Physical characterization. The size and morphology of the synthesized colloidal 

nanocrystals were characterized using a FEI Tecnai Spirit transmission electron microscope 

(TEM) operating at 120 kV. Nanocrystals were deposited on lacey-carbon grids supported on 400 

mesh copper (Ted Pella) for TEM visualization. The size of the nanocrystals were ascertained 
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using an Anton-Paar SAXSess small angle X-ray scattering (SAXS) instrument. The morphology 

of the nanocrystal films before and after electrochemical experiments was assessed using a FEI 

Helios Nanolab 600i scanning-electron microscope38 equipped with a through-lens detector. 

Energy-dispersive X-ray spectrometry (EDS) was performed using the same SEM instrument to 

evaluate the composition of certain films. X-ray photoelectron spectroscopy (XPS) was used to 

evaluate the composition of the nanocrystals, as well as assess the ITO nanocrystal content on the 

electrodes (Thermo Scientific ESCALAB 250). A Bruker 500 nuclear magnetic resonance (NMR) 

spectrometer was used for qualitative liquid product characterization.  

RESULTS AND DISCUSSION  

Evaluation of electrochemical stability of ITO nanocrystal films on a carbon support. 

The methods used to prepare the nanocrystal film on the electrode can affect the overall ability of 

electrocatalysts to catalyze the CO2 reduction reaction, and several experimental parameters must 

be considered. When studying fundamental properties of nanocrystal electrocatalysts, an ideal 

platform consists of a conductive electrocatalyst deposited on a catalytically inactive, electrically 

conductive support such that the activity is due to the electrocatalyst alone and each catalyst 

particle is connected to the electrode with a low-resistance electrical path.15, 39-41 We chose to 

investigate the evolution of nanoscale structure in tin-doped indium oxide (ITO) nanocrystals with 

10% tin doping because ITO is highly electrically conductive, and the activity and selectivity of 

In- and Sn-based oxide CO2RR catalysts are similar.25 We synthesized the ITO nanocrystals using 

an established method (Figure 1) wherein a mixture of tin oleate and indium oleate in an excess of 

oleic acid is slowly injected via a syringe pump into oleyl alcohol at 290 °C.37, 42 This yielded 

monodisperse ITO nanocrystals ~ 10 nm in diameter (see Fig. S1 for size analysis).  
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We considered several ways to fabricate the nanocrystal-modified electrodes. A boron-

doped diamond (BDD) electrode was used as the electrode support due to its chemical 

stability/inertness and low intrinsic CO2 reduction activity.43 To functionalize the electrode, we 

considered using ionomer such as Nafion or Sustainion as a binder, as has been done in previous 

reports.27, 31, 44-46 However, these ionomers have also been shown to alter the activity and selectivity 

of CO2RR catalysts,47 the loadings are often variable,48 the stability of these ionomers has not been 

studied, and ionomer/catalyst interactions are complex and poorly understood.49-50 Taken together, 

the use of ionomer could make it difficult to attribute the electrode performance to electrocatalyst 

properties alone. Given these considerations, we aimed here to study ITO nanocrystals directly 

deposited onto the BDD electrode without ionomer.  

Nanocrystal-modified electrodes were fabricated by submerging the BDD in a 0.5 mg/mL 

solution of oleate-stabilized nanocrystals to yield a sparse monolayer of nanocrystals on the 

surface. The electrode was submerged in 1 M formic acid in acetonitrile to remove the oleate 

ligands, and then annealed at 300 °C under a 95:5 mix of N2:H2 to remove the formate ligands.51 

This preparation procedure has been previously shown by Fourier transform infrared (FTIR) 

analysis to successfully remove all ligands.51 An SEM image of one electrode is shown in Fig. 1a, 

illustrating the uniform coverage achieved with well-defined nanoparticles. 

Cyclic voltammetry (CV) was used to evaluate these electrodes. The 0.5 M KHCO3 

electrolyte was sparged with Ar prior to measurements. The potential was swept from the open 

circuit voltage to -1.3 V vs. RHE. The first CV cycle (Fig. 2b) showed a redox feature typical of 

the reduction and partial re-oxidation of In- and Sn-based oxides.18, 22 We noticed that by the 

second CV cycle (Fig. 2b, inset) this redox feature diminished significantly, completely 

disappearing by the fourth cycle. The electrode was then characterized by SEM and XPS (Fig. 2c 
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and 2d) without further electrochemical testing in order to evaluate electrode stability. The SEM 

showed fewer nanocrystals on the electrode, and only carbon and oxygen were detected by XPS.  

 To explain the loss of nanocrystals from the electrode surface, we hypothesized that the 

nanocrystals either dissolved or desorbed. To determine the potential at which this happens, we 

fabricated a sparse ITO nanoparticle monolayer film (using the same procedure) on a gold-coated 

quartz crystal and used an electrochemical quartz crystal microbalance (EQCM) to monitor mass 

as we performed CVs at 100 mV s–1 in 0.5 M KHCO3, cycling out to more negative potentials in 

subsequent cycles. The results are shown in Fig. 3a. The film mass was stable until approximately 

-1.0 V vs RHE, at which point nearly all of the mass was lost. This indicates that the loss of the 

nanocrystal film is dependent upon the applied potential.  

It is known that under reducing conditions in near-neutral potassium bicarbonate solutions, 

the local pH at the electrode surface increases as protons are consumed during the hydrogen 

evolution reaction,52-54 so we wanted to determine whether the increased basicity caused loss of 

nanocrystals through dissolution.  The same type of nanocrystal film as described above was 

prepared on a gold-plated QCM crystal and submerged in 50 mL of water. We then titrated in 10 

mL of concentrated KOH, up to pH = 14, while stirring in order to see if mass loss could be due 

to increasing alkalinity (Fig. 3b). Over the course of the titration, only 17% mass loss was 

observed. As a control, we repeated the experiment, instead titrating in concentrated HNO3, which 

is known to dissolve ITO nanocrystals, and monitored the mass. We found a mass loss of 91%, as 

expected. We then soaked nanoparticle-modified electrodes in various pH solutions and compared 

the resulting SEM images to those taken of the as-prepared electrode (Fig. S2). In all cases, SEM 

images showed evidence of nanocrystals on the electrode, suggesting nanocrystals are not 

dissolving as a result of increased alkalinity.  
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 Taken together, these results indicate that increasing pH at the electrode surface does not 

lead to dissolution of the ITO nanocrystals from the electrode. We hypothesized that other 

mechanisms for nanocrystal loss could be the electrostatic repulsion of the nanoparticles from the 

electrode as a negative potential is applied,55 or cathodic dissolution.56 We found, however, that 

when starting with a thicker (~150 nm) nanocrystal film (detailed below), the nanocrystals remain 

on the electrode, suggesting that cathodic dissolution is unlikely. Thus, our evidence suggests that, 

for sub-monolayer films, the nanocrystals are desorbing because they become more soluble as they 

become negatively charged. Charge-induced increases in solubility are common in gold 

nanoparticles, for example.57 It has been reported that it is necessary to crosslink gold nanoparticles 

to prevent their desorption during electrochemical analysis because the non-crosslinked particles 

became soluble when charged.57  

Evolution of morphology of nanocrystal films  

An alternative electrode fabrication procedure resulting in insoluble films was needed to 

study the structural evolution of ITO nanocrystals under electrochemically reducing conditions. 

Another way to produce ITO nanocrystal films has been reported51 wherein a thicker film is made 

by spin coating a 50 mg/mL solution of ITO nanocrystals in toluene onto a substrate, soaking in a 

1 M formic acid solution, and annealing at 300 °C to remove remaining formate ligands. The 

resulting films were ~ 150 nm thick, with a mass loading of ~ 0.1 mg cm–2. We hypothesized that 

the higher mass loading of ITO nanocrystals, along with the annealing step, would prevent the 

desorption by providing more physical/chemical contact points to each individual nanoparticle or 

by crosslinking between oleate ligands that were not fully removed from the film.58-60  

We spin coated the nanocrystals onto a BDD substrate using the above procedure, and then 

conducted four CV cycles from open circuit (~ 1.48 V vs RHE) to -1.1 V vs RHE in Ar-saturated 
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0.5 M KHCO3 electrolyte (see Fig. S3). It appears from Fig. S3 that the appearance of the cathodic 

wave is predicated on a previous sweep to potentials more negative of -1.1 V vs RHE where In0 is 

formed, followed by its re-oxidation upon the positive sweep. This is evidenced by the lack of a 

cathodic wave during the first CV cycle, but a clear cathodic wave on the second and third CV 

cycles. SEM characterization of the as-deposited nanocrystals (Fig. 4a) and of the electrode after 

performing four CV cycles (Fig. 4b) indicate that the ITO nanocrystal film remains on the 

electrode. 

 Cyclic voltammetry and chronoamperometry were used to evaluate the ITO nanocrystal 

films for CO2RR. The CVs (Fig. S3) were performed in both Ar- and CO2-sparged electrolyte. The 

voltammetry did not indicate higher current densities under CO2, but previous reports have 

demonstrated that while total reductive current may be suppressed in some cases, CO2RR products 

are often found.29, 41, 61 Chronoamperometry was then performed at -0.8, -0.9, and -1.1 V vs RHE 

in CO2-saturated electrolyte (see Fig. S5) for 80 min each on three separate electrodes. NMR 

spectra taken of the electrolyte showed the presence of formate (Fig. S4), which indicated that CO2 

reduction was indeed occurring at these potentials, although this particular study is not focused on 

the product speciation. 

 We characterized the electrodes after the chronoamperometry experiments using SEM 

(Fig. 5) and found that the ITO nanocrystal films underwent significant morphological change. 

The 10-nm-diameter nanocrystals in Fig. 5a were no longer distinguishable on electrodes that had 

undergone electrochemical analysis, and instead larger agglomerates between ~400 nm to several 

microns were seen (Fig. 5b-d).  

 Next, we studied how long a potential must be applied before the morphology of the 

nanocrystal film changed. We performed chronoamperometry at -1.1 V vs RHE for 5 min and for 
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25 min in CO2-sparged 0.5 M KHCO3 (see Fig. S6), and evaluated the morphology by SEM. Even 

after applying a potential for 5 min, larger, micron-sized particles were present on the electrode. 

Although the sizes and shapes of the particles varied, they were generally larger after 25 min 

compared to 5 min.  These particles were also analyzed by SEM-EDS (Fig. S7 and Table S1) and 

found to have little oxygen content, suggesting that the particles were reduced to an In/Sn metal 

alloy. Some particles even appeared faceted at the micron scale (Figure 6b). We also performed 

chronoamperometry using a QCM to monitor mass as a function of time in 0.5 M KHCO3 at -1.1 

V vs RHE and found that the mass of the In0/Sn0 film was stable over the 30 min duration of the 

experiment (Fig. S8). 

 These results suggest that the nanoparticles are coalescing after reduction to metallic 

species. It is likely that all of the nanocrystals are getting reduced as nanocrystal film conductivity 

measurements conducted by Crockett et al. showed that nanocrystals in the films are electrically 

well-connected to one another.51 One mechanism that could be occurring is dissolution and 

redeposition, wherein the In and Sn dissolve, producing In3+ and Sn4+ species that are subsequently 

re-deposited as In and Sn metal onto the electrode surface. While this process has been observed 

with ITO films under acidic conditions,36 the solubility of  In and Sn are low under the neutral-to-

basic conditions tested in the present study.  Thus, it is reasonable to conclude that this type of 

ripening is not likely occurring in this system. 

 We thus hypothesize that the restructuring is due to diffusion of zero-valent In and Sn 

adatoms. In the oxide form, ITO has a strong cohesive energy, and thus a high adatom diffusion 

barrier.62 On the contrary, both In0 and Sn0 have low cohesive energies, enabling facile diffusion 

of adatoms.62-64 This is consistent with previous studies investigating the mobility of In and Sn 

adatoms.63-67 For example, Wagner et al. found that under reducing conditions, In2O3 was partially 
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reduced and In adatoms were formed, which were able to diffuse across the surface.66 Similarly, 

Morris et al. studied the surface diffusion of In on a W surface and found that the activation energy 

for diffusion decreased as the surface coverage of In increased.64 Given this information, we 

conclude that the reduction to In and Sn metal enables surface diffusion of adatoms, which then 

coalesce to minimize surface energy. 

One interesting observation is that at shorter times of an applied potential (Fig. 6), the 

generated microparticles appear faceted and crystalline. At longer times, there is a more-

agglomerated microscale network. It is possible that as a negative potential is applied for a longer 

period of time, more and more of the film gets reduced, allowing for more In and Sn adatoms to 

diffuse along the surface and coalesce with existing structures.  

CONCLUSION 

 We evaluated how applying cathodic potentials affect the stability and morphology of ITO 

nanocrystal films. Sparse monolayer nanocrystal films are not stable at highly cathodic potentials 

(more negative of -1.1 V vs RHE) as the nanocrystals are no longer present on the electrode after 

a cathodic bias is applied. This phenomenon was found to be potential-dependent and we conclude 

that it is due to increased solubility of the reductively charged nanoparticles as well as electrostatic 

repulsion between the ITO nanocrystals and the carbon electrode. Thicker nanocrystal films were 

found to be more stable and remain on the electrode upon cathodic polarization, but significant 

morphology and composition changes were observed. The ITO was found to be converted to a 

reduced In-Sn metal alloy, and the 10 nm nanocrystals were no longer distinguishable as they had 

formed a larger microscale network. We hypothesize this is due to increased diffusion of In0 and 

Sn0 adatoms, which subsequently coalesce. 
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These findings have implications in the field of nanoscale electrochemical CO2 reduction 

catalysts.  For example, White et al. compared the activity of In2O3, In(OH)3, and In nanoparticles, 

and Huang et al. compared the size-dependent activity of various In2O3 nanoparticles for CO2RR; 

such restructuring may in fact be occurring in those systems as well.15, 27 As such, this study 

highlights the necessity of post-electrochemical surface characterization in order to fully 

understand electrocatalyst structure. 
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Figure 1. (a) Schematic depiction of the mechanism of ITO nanocrystal formation. (b) TEM image of the oleate-

stabilized ITO nanocrystals used in this study (prior to annealing). 
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Figure 2. (a) SEM image of the as-prepared electrode. (b) Cyclic voltammograms (CVs) of a BDD electrode 

containing approximately one monolayer of ITO nanocrystals conducted in Ar-saturated 0.5 M KHCO3. (c) SEM 

image of the BDD electrode after four CV cycles. (d) XPS analysis of the In 3d region conducted on the as-prepared 

electrode (blue) and the electrode after performing four CVs in Ar-sparged 0.5 M KHCO3. 
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Figure 3. QCM data of ITO films under various conditions. (a) Mass loss from an ITO nanocrystal film 

deposited on a QCM crystal as a function of applied potential. Several CVs were performed in 0.5 M 

KHCO3 from open circuit voltage (1.48 V vs RHE) to -0.14 V (gray), -0.50 V (blue), and -0.96 V (red 

and green) vs RHE. Colored arrows show the CV sweep direction. (b) Mass monitored as a function of 

amount of concentrated HNO3 (red) or KOH (blue) added to an ultrapure water solution containing the 

QCM electrode.   
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Figure 4. SEM images of an ITO nanocrystal film deposited on a BDD electrode from a 50 mg mL–1 nanocrystal 

solution (after annealing) (a) before, and (b) after performing four CVs of the electrode. CVs were performed in Ar-

saturated 0.5 M KHCO3. 
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Figure 5. SEM images of ITO nanocrystal films (a) as-prepared, and after applying (b) -0.8, (c) -0.9, and (d) -1.1 V 

vs RHE for 80 min in CO2-saturated 0.5 M KHCO3. In all the panels the underlying electrode is not visible and the 

observed features are ascribed to catalyst agglomerates. 
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Figure 6. SEM images of ITO nanocrystal film after applying -1.1 V vs RHE in CO2-sparged 0.5 M KHCO3 electrolyte 

for (a) 5 min and (b) 25 min. 
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