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Abstract 23 

Selective electrocatalytic reduction of CO2 to formate has received increasing interest for CO2 24 

conversion and utilization. Yet, the CO2 reduction process still faces major challenges, partly 25 

due to the lack of cost-effective, highly active, selective and stable electrocatalysts. Here, we 26 

report a mesoporous indium (mp-In) electrocatalyst composed of nanobelts synthesized via a 27 

simple solution-based approach for selective CO2 reduction to formate. The mp-In nanocrystals 28 

provide enlarged surface areas, abundant surface active sites, and edge/low-coordinated sites. 29 

Such advantages afford the mp-In with an outstanding electrocatalytic performance for the 30 

CO2-to-formate conversion. A high formate selectivity, with a Faradaic efficiency (FE) of > 31 

90% was achieved over a potential of –0.95 V to –1.1 V (vs VRHE). The mp-In catalyst showed 32 

excellent durability, reflected by the stable formate selectivity and current density over a 24 h 33 

reaction period. Density functional theory (DFT) calculations reveal that the stabilization of 34 

the intermediate OCHO* on the In-plane surfaces is energetically feasible, further elucidating 35 

the origin of its enhanced CO2-to-formate activity and selectivity. This work may offer valuable 36 

insights for the facile fabrication of porous hierarchical nanostructures for electrocatalytic and 37 

selective reduction of CO2. 38 

 39 
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1. Introduction 45 

Electrocatalytic reduction of CO2 provides an attractive strategy to harvest green fuels and 46 

chemicals from CO2 emissions, and importantly help mitigate global warming and climate 47 

change [1-4]. Considering its efficiency, controllability at moderate conditions and feasibility 48 

for coupling with renewable energy, particularly intermittent renewable electricity, this process 49 

has great potential to support the transition to a low carbon circular economy [5-7]. Formate 50 

(HCOO-) or formic acid (HCOOH) is a widely explored hydrogen storage carrier, a commonly 51 

used chemical intermediate for industrial production, and a potential chemical fuel for the 52 

direct formic acid fuel cells [8,9]. It is one of the most favorable products in the electrocatalytic 53 

CO2 reduction reaction (CO2RR) as the CO2-to-formate conversion has a low equilibrium 54 

potential (CO2 → HCOOH, 0 V at pH = 7), and requires only two electrons, leading to the 55 

most economical viability based on a recent techno-economic analysis [10]. In addition, 56 

compared to other products in CO2RR, higher selectivities of formate are generally achieved, 57 

since the adsorption of the key intermediates (*OCHO and *COOH) on the catalyst surfaces is 58 

usually endothermic [11]. Yet, there are still several inherent challenges in the electrocatalytic 59 

CO2RR to formate because of the high thermodynamic stability of CO2 and the multiple-steps 60 

involved in the reaction [12]. Additionally, the close distribution of the warranted 61 

thermodynamic energy for the competing reactions, in particular, the hydrogen evolution 62 

reaction (HER), further reduces the efficiency and selectivity of CO2RR [13]. Consequently, it 63 

is important to develop high-performance catalysts with high conversion efficiency, persistent 64 

activity, and stability for selective CO2-to-formate electroreduction.  65 

Metals, mainly located in the groups of IB [14-17], III to V A in the periodic table, have 66 
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so far been trialed as potential electrocatalyst candidates for the conversion of CO2 to formate 67 

[18-21]. However, many of these are costly, toxic (e.g., Cd, Hg, Ti and Pb) [22-24], and/or have 68 

low selectivity (e.g., Sn-based materials) [25-27], limiting the use of such metal-based catalysts 69 

at a commercial scale. Indium (In) has also been suggested for its CO2-to-formate activity and 70 

promoted for its advantages emerged among its neighbors due to its superiorities from the 71 

viewpoint of low toxicity and environmental friendliness [28-30]. A Faradaic efficiency (FE) 72 

of over 80% in aqueous electrolytes is generally obtained for different In-based electrocatalysts 73 

[31-34]. However, many of the In-based catalysts still suffer from low current densities (e.g., 74 

<10 mA cm–2, even at high potentials) and poor catalyst durability [31,32]. For example, the 75 

reported highest current densities for a dendrite In electrode and a gas diffusion In/carbon 76 

electrode were only 5.8 and 6.2 mA cm-2, respectively [33,34]. These In-based catalysts have 77 

large sizes and small specific surface areas; this results in the lack of sufficient active sites, 78 

which may directly lead to their poor electrocatalytic performance. Recent studies have 79 

suggested that manipulating or engineering the nanostructures of the electrode materials is an 80 

effective approach to fabricate electrocatalysts with developed porous structures [30,10,35]. 81 

The enlarged surface areas and enriched surface active sites associated with such porous 82 

nanostructures could enhance the catalytic activities. A remarkably high current density of over 83 

60 mA cm-2 together with a high formate FE (~90%) was reported when using a 3D hierarchical 84 

porous indium electrocatalyst for CO2RR [10]. However, the engineering of indium 85 

nanostructures remains challenging due to the special physicochemical properties of indium. 86 

For instance, in the aforementioned study, an electrochemical deposition method is required 87 

for the fabrication of porous In. Such a method may limit the production rate and the feasibility 88 
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of catalyst mass-production. 89 

Herein, we report a mesoporous hierarchical In (mp-In) nanocrystal composed of 90 

nanobelts, which was synthesized via a facile and greener method (Figure 1) without using 91 

any extra templates. The hydrogen bubbles generated from the hydrolysis of NaBH4 serve as 92 

the geometric templates [36]. The solution-based fabrication method enables the designed 93 

catalyst to possess a stable nanostructure with a high surface area and abundant active and edge 94 

sites. The catalytic activity for CO2-to-formate electroreduction over a broad potential range 95 

(vs reversible hydrogen electrode (RHE), VRHE) of the as-prepared mp-In catalyst was 96 

demonstrated (FE and current density for formate production, and stability) and compared to 97 

other reported In-based catalysts. In addition, the selective nature for formate formation was 98 

further revealed by density functional theory (DFT) calculations to elucidate the plane-99 

dependent catalytic activity of In [10,37]. We expect the results from this study will provide a 100 

promising high-performing CO2-to-formate electrocatalyst and valuable insights into the facile 101 

fabrication of porous hierarchical nanostructures for selective CO2RR. 102 

 103 

Figure 1 The synthesis of the mesoporous In (mp-In) nanocrystals via a facile solution method 104 

at 60 °C with NaBH4 as the reductant. 105 

 106 
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2. Experimental section 107 

2.1 Materials 108 

    InCl3 (99.999% metal basis), NaBH4 and Nafion N-117 membrane with a thickness of 109 

0.18 mm were purchased from Alfa Aesar. KHCO3 was purchased from Sigma Aldrich and the 110 

commercial indium powder from Aladdin. All chemicals were used directly without extra 111 

purification. Milli-Q water (Millipore, 18.2 MΩ cm) was used to prepare the electrolyte 112 

solutions. Hydrogen (H2, 99.99%), argon (Ar, 99.999%), compressed air (extra dry) and carbon 113 

dioxide (CO2, 99.99%) were purchased from Linde Group. 114 

 115 

2.2 Material synthesis and characterization 116 

    Before synthesis, transparent solutions of InCl3 (132.7 mg dissolved in 20 mL H2O) and 117 

NaBH4 (22.7 mg in 20 mL H2O) were prepared, respectively. The InCl3 solution was then 118 

heated to 60 °C, prior to mixing with the NaBH4 solution. The mixture refluxes were vigorously 119 

stirred at atmospheric pressure for around 10 min. Finally, the obtained silver-gray precipitates 120 

were washed with deionized water by centrifugation before oven-drying and then termed 121 

mesoporous hierarchical In (mp-In). To understand the contribution of NaBH4 on tuning the 122 

porous structure of the In particles, sodium citrate (208.9 mg dissolved in 20 mL H2O) was 123 

used to replace the NaBH4, with the prepared In catalyst termed as nano-In.     124 

Transmission electron microscope (TEM) images were taken using an FEI F20 with an 125 

acceleration voltage of 200 kV. High-resolution TEM (HRTEM) images, high angle annular 126 

dark-field scanning transmission electron microscopy (HAADF-STEM), elemental mapping 127 

and the energy-dispersive X-ray spectroscopy (EDS) patterns were collected from an FEI 128 
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Tecnai Talos operated at 200 kV. X-ray photoelectron spectroscopy (XPS, PHI Quantum 2000) 129 

with an X-ray source of Mg S-6 Kα was used to study the chemical composition of the In 130 

catalysts. Software XPS peak41 was used to deconvolute the curves and fit the results. X-ray 131 

diffraction (XRD) patterns of the catalysts were obtained using a Bruker-axs (Cu Kα X-ray 132 

source, 40 kV and 40 mA). The N2 adsorption-desorption analysis was performed using a 133 

TriStar II Plus to obtain the surface areas and pore distributions of the catalysts. The amount of 134 

adsorbed CO2 was measured using a TriStar II physisorption analyzer. In situ diffuse Fourier 135 

transform infrared spectroscopy (DRIFTS) was conducted using a VERTEX 70 FTIR (Bruker). 136 

CO2 gas was pumped into the sample at a flow rate of 20 mL min-1, and Ar was injected after 137 

10 min. After 10 min, the peak of CO2 was detected. 138 

 139 

2.3 Electrochemical measurements  140 

    An electrochemical workstation (CHI660C) with a gas-tight H-type electrochemical cell 141 

separated with a Nafion-117 membrane was used for the electrochemical measurements. 1 mg 142 

of In (mp-In, nano-In or commercial In) was dispersed in 180 µL of ethanol with the addition 143 

of 20 µL of 5 wt.% Nafion. The mixture was sonicated for 30 min to form a homogenous ink. 144 

The ink was drop-cast onto a 1 × 1 cm2 carbon cloth (HCP020P, from HESEN) to obtain a 145 

catalyst area loading of 1 mg cm-2. The carbon cloth was washed with 0.1 mol L-1 HCl and 146 

ethanol before being used as the working electrode. A piece of the platinum plate (1 cm × 1 cm) 147 

and a saturated calomel electrode (SCE) were applied as the counter and reference electrodes, 148 

respectively. The working and the reference electrodes were placed in the cathodic 149 

compartment, while the counter electrode was placed in the anodic compartment. Each 150 
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compartment of the cell was filled with the KHCO3 electrolyte (0.1 M, 30 mL, Sigma Aldrich). 151 

The electrolyte was pre-saturated with CO2. During the measurement, CO2 was continuously 152 

bubbled into the cathode compartment at a flow rate of 20 mL min-1. Cyclic voltammetry (CV) 153 

and linear sweep voltammetry (LSV) was carried out at a scan rate of 50 mV s-1. All potentials 154 

were converted to the RHE scale (ERHE = ESCE + 0.241 × VPotential + 0.0591 × VPotential × pH).  155 

The electrochemical surface area (ECSA) of the nanocatalysts with similar composition 156 

is proportional to the electrochemical double-layer capacitance (Cdl) [38]. The Cdl was 157 

measured by CV in a non-Faradaic region at different scan rates (Vb) of 20, 40, 60, 80, 100, 158 

120, 160 and 200 mV s-1 in an N2-bubbled KHCO3 (0.1 M, 30 mL), under potentials between 159 

–0.6 and –0.4 V. The slopes of those plots of capacitive currents against scan rates reflect the 160 

Cdl values after being divided by 2. The ECSA can then be calculated from the Cdl values based 161 

on ECSA = Cdl/Cs. The Cs, defined as the specific capacitance of a flat surface with 1 cm2 of 162 

real surface area, is the Cdl of the In foil, with an estimated value of 40 µF cm-2 for planar metal 163 

surfaces [38].  164 

 165 

2.4 Product analysis  166 

    The gas products (H2 and CO) were analyzed by a gas chromatograph (GC, Agilent 880C) 167 

equipped with a thermal conductivity detector (TCD) and a flame ionization detector (FID). 168 

The gas products generated in the cathode chamber were automatically injected into the GC 169 

(sampling loop) every 7 min for 1 h of reaction. The Faradaic efficiency of gas products was 170 

evaluated using the following equations [37, 39]:  171 

FE = $%&'()
*+),-.-/0

×	100%                                                             (1) 172 
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where 𝑣 is H2 or CO volume concentration; V is the gas flow rate controlled by a mass flow 176 

controller; Itotal is the current measured in the constant-potential electrolysis. 177 

 178 

    The liquid products were collected after electrolysis and analyzed by 1H Nuclear magnetic 179 

resonance (NMR) spectroscopy (Agilent 500 MHz) based on the method used in Ref [37]. 500 180 

µL of the catholyte was mixed with 100 µL of D2O and 0.1 µL of phenol (C6H5OH, as the 181 

internal standard). The concentration of formate was quantitatively determined from its NMR 182 

peak area relative to that of the internal standard using the calibration curve from a series of 183 

standard HCOONa solutions (Figure S1). Figure S2 shows the representative 1H NMR spectra 184 

of the liquid products obtained at different potentials. The FE of HCOOH was calculated using 185 

the following equations:  186 

FE = 6WX<YYX	×	>	×	Z	×	[\	×	DFT?

]
	×	100%                                            (5) 187 

FE =
6WX<YYX	×	JF	^_	×	D.8	×	DFT`a

<
=.0 	×	8.F6	×	DF

I?	×	DFT?

]
	×	100%                         (6) 188 

where CHCOOH is the concentration of HCOOH in the electrolyte after the electrolysis, and Q is 189 

the total electricity consumed in the electrolysis reaction. The total Faradaic efficiencies for 190 

both gas and liquid products are normalized to 100%. 191 

 192 

 193 
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2.5 Computational study  194 

    The DFT calculations were performed with periodic supercells within the projector 195 

augmented wave method implemented in the Vienna Ab Initio Simulation Package (VASP). 196 

The Perdew-Burke-Ernzerhof (PBE) formulation of the generalized gradient approximation 197 

(GGA) was used to describe the nonlocal exchange and correlation energies. Van der Waals 198 

interactions are included in all calculations. The plane-wave basis set with a cut-off energy of 199 

500 eV was applied to expand the wave functions, and the convergence criterion for total 200 

energy and the force was set to 10-6 eV and 0.01 Å-1. A 20 Å vacuum layer was added along 201 

the normal direction to avoid spurious interactions between the two adjacent images. A K-202 

points sampling of 4×4×1 was used for all structures. The electrode effect (ΔGU) and extra pH 203 

effect (ΔGpH) were not considered in this work. The adsorption energies for the investigated 204 

catalysts were calculated as Eads = Esubstrate+adsorbate – (Esubstrate + Eadsorbate), where Eads refers to 205 

the binding energy between the catalyst and adsorbate; Esubstrate+adsorbate stands for the energy of 206 

catalyst surface with the adsorbate; Esubstrate is the total energy of the catalyst surface without 207 

adsorbates; Eadsorbate is the total energy of adsorbate which remains constant in the calculations 208 

for different adsorption configurations. 209 

The performances were evaluated by calculating the reaction free energy of each step: Δ210 

G = ΔE + ΔEZPE – TΔS, where the ΔE denotes the adsorption energy, ΔEZPE and ΔS are 211 

the changes of zero-point energy and entropy, and the temperature T was set to 300 K. 212 

 213 

3. Results and discussion 214 

3.1. Synthesis and characterization of mp-In nanocrystals 215 
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 216 

Figure 2 TEM images of the as-synthesized mp-In catalyst at (a) low resolution and (b) high 217 

resolution; HRTEM images of the mp-In catalyst at (c) low resolution and (d) high resolution 218 

with the FFT image inserted; (e) HAADF-STEM image and (f) the corresponding elemental 219 

mapping of the mp-In catalyst. 220 

The mp-In nanocrystals were prepared by a facile solution method with NaBH4 as the 221 

reductant at 60 oC. The TEM images show that the mp-In nanocrystals are composed of smaller 222 

nanobelts (Figure 2a) with an average length of 104.8 ± 15 nm and width of 61.7 ± 10 nm 223 

(Figure S3a and S3b). Figure 2b and relevant images in and over-focus (Figure S4) reveal 224 

100 nm 50 nm

50 nm 50 nm

10 nm 2 nm

0.25 nm

0.23 nm

HAADF In

(a) (b)

(d)(c)

(e) (f)
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that the mesoporous structures are uniformly distributed on the surface of the hierarchical mp-225 

In catalyst. The hierarchical structure is originated from the stacking of nanobelts, and the 226 

dispersed pores and defects at the edges of the nanobelts. As can be seen from the TEM image 227 

at low resolution (Figure S3c), the mp-In nanocrystals have a regular morphology. HRTEM 228 

images (Figures 2c and 2d) reveal the lattice fringes with distances of 0.23 nm and 0.25 nm 229 

for the mp-In catalyst, which correspond to the (110) and (002) planes of the crystal structure 230 

of In, respectively. The diffraction pattern in fast Fourier transformation (FFT) (inset of Figure 231 

2d) shows the crystalline nature of In. The mp-In nanocrystal was further characterized by 232 

HAADF-STEM element mapping, indicating the uniform distribution of In (green) over the 233 

whole nanocrystal (Figure 2e and 2f), consistent with the result of the energy-dispersive X-ray 234 

spectroscopy (EDS) analysis (Figure S5).  235 

Figure 3a shows the crystalline structures of the as-prepared mp-In catalyst. The 236 

diffraction peaks at approximately 32.9°, 36.3°, 39.1°, 54.5°, 56.6°, 63.2°, 67.0° and 69.1° 237 

correspond to the (101), (002), (110), (112), (200), (103), (211) and (202) planes of tetragonal 238 

In [PDF#85-1409], respectively. No diffraction peaks of In2O3 and In(OH)3 were observed in 239 

the XRD pattern. The sharp diffraction peaks imply a high crystallinity of mp-In, which agrees 240 

with the HRTEM analysis. The full-scan XPS spectrum (Figure 3b) suggests that the obtained 241 

mp-In catalyst is composed of In without other elements as impurities. For the In 3d XPS 242 

spectrum (Figure 3c), the peaks at 443.7 and 451.3 eV correspond to In 3d5/2 and In 3d3/2, 243 

respectively, suggesting the presence of the In (0) state. The characteristic peak pair of In (III) 244 

was not detected [35]. This finding confirms that no oxidation species exist in the nanocatalyst, 245 

which is consistent with the results of XRD analysis, and indicating that the obtained mp-In 246 
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catalyst is stable at ambient atmosphere. 247 

 248 

Figure 3. (a) XRD patterns of the mp-In (black line) and the standard pure In (red line); (b) full 249 

XPS spectrum of mp-In; (c) high-resolution XPS spectra of In 3d peaks; (d) nitrogen adsorption 250 

isotherms of the mp-In (black) and commercial In (red) catalysts. 251 

    The textural properties of the prepared mp-In catalyst and commercial In particles were 252 

compared using nitrogen gas adsorption (Figure 3d). A clear hysteresis loop is found in a wide 253 

relative pressure range (0.4 < P/P0 < 0.9) because of capillary condensation, which indicates 254 

the existence of a large number of mesoporous structures in the mp-In catalyst. The 255 

corresponding Brunauer-Emmett-Teller (BET) specific surface area of mp-In and commercial 256 

In was calculated to be 504 and 66 m2 g-1, respectively. The Barrett-Joyner-Halenda (BJH) pore 257 

distribution reveals that the pores of the mp-In catalyst mainly center on < 1.5 nm and ~ 2.0 258 
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nm, while no clear porous structures are observed for the commercial In (Figure S6). The 259 

formation of the mesoporous hierarchical structures is attributed to the hydrolysis of NaBH4 260 

generating hydrogen bubbles serving as geometric templates [36]. To verify this, a control 261 

synthesis using a non-bubble reductant, sodium citrate, to replace the NaBH4 has been 262 

conducted. Under the same conditions, the nano-In catalyst synthesized with sodium citrate 263 

has considerably less porous structures compared to the mp-In catalyst (TEM in Figure S7). 264 

The nano-In catalyst shows the same hysteresis loop as the commercial In particles (Figure 265 

S8). The specific surface area of the nano-In catalyst is 121 m2 g-1, considerably lower than 266 

that of the mp-In catalyst. The reaction time is generally regarded as a key factor during 267 

material synthesis and should be carefully controlled. In this study, if the reaction for the mp-268 

In catalyst preparation lasted too long (30 min), the In nanocrystals were found to aggregate 269 

and form larger particles with reduced specific surface areas (Figure S9a,b). Additionally, due 270 

to the lack of a protecting reducing atmosphere (H2), the metal In in the center of particles were 271 

oxidized, as evidenced by the EDS analysis (Figure S9c-e), which confirms the co-existence 272 

of the In and O elements, with the In distributing uniformly over the nanoparticle, while the O 273 

element was observed only in the center. 274 

 275 

3.2. Electrocatalytic performance of mp-In on CO2RR to formate 276 

The electrocatalytic performance on CO2RR using mp-In was investigated in a gas-tight 277 

H-type electrochemical cell separated with a Nafion-117 membrane. The polarization curve in 278 

CO2-saturated 0.1 M KHCO3 exhibits a cathodic current onset at around –0.7 V due to CO2RR. 279 

The current density continuously increases and reaches –29.4 mA cm-2 at –1.2 V (Figure 4a). 280 
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Control experiments reveal that the HER is dominated in the cathode reaction when CO2 is 281 

replaced with Ar. The current density diminishes markedly, which is in accordance with the 282 

relatively poor HER performance of the metal In. The current density of polarization curves 283 

for mp-In in CO2- and Ar-saturated electrolytes (–29.4 mA cm-2 and –7.1 mA cm-2 at –1.2 V, 284 

respectively) are both considerably higher than that for the commercial In (–10.5 mA cm-2 and 285 

–3.7 mA cm-2 at –1.2 V, respectively). These results suggest that the electrocatalytic 286 

performance of the mp-In catalyst is significantly enhanced over the commercial In, which 287 

could be attributed to the mesoporous hierarchical structure of mp-In. 288 

 289 

Figure 4. Electrochemical measurements at different electrolytic potentials: (a) polarization 290 

curves in CO2 or Ar-saturated 0.1 M KHCO3; (b) faradaic efficiency of formate, H2 and CO on 291 

the mp-In catalyst; (c) partial current density of formate; (d) formate production rate on the mp-292 
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In and commercial In catalysts. 293 

To analyze and quantify the reaction products, the electrochemical CO2RR was performed 294 

in a CO2-saturated 0.1 M KHCO3 solution for 1 hour. The various constant potentials were 295 

chosen between –0.5 V and –1.2 V using the chronopotentiometry technique. Neither CH4 nor 296 

C2H4 were detected in the gaseous products. Formate is the primary CO2RR product, 297 

accompanied by trace amounts of CO and H2. Figure 4b shows the effect of different potentials 298 

on the FE of different products. At a potential of –0.5 V, the reproducible formate is firstly 299 

detected reliably for mp-In with an FE of 29.3%, while the FE of H2 is up to 67.9%. Increasing 300 

the over-potential significantly enhances the FE of formate to > 90% at –0.95 V, reaching a 301 

peak FE of 92% at –1.1 V, before gradually declining due to the diffusion-limitation of the 302 

electrochemical reaction. By contrast, the FE of H2 decreases rapidly and reaches a trough at –303 

1.1 V. In the CO2RR process, the FE of CO remains at < 6%. These findings indicate that H2 is 304 

the dominant byproduct from the HER, which competes against the formation of formate in 305 

the electrocatalytic CO2RR, which is in agreement with the results from the prominent metal-306 

based electrocatalysts (e.g., Sn, Bi, In and Pb) [31,40-46]. To further confirm the superior 307 

performance of mp-In on CO2RR, the commercial In was again used as the CO2RR 308 

electrocatalyst under the same conditions. As shown in Figure S10, the formate is measured 309 

reproducibly with an FE of 11.4% at –0.7 V and 69.7% at –1.05 V. A more negative potential 310 

of CO2RR indicates that the performance of commercial In is inferior to the mp-In catalyst in 311 

the electrochemical reduction of CO2.  312 

 313 

 314 
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Table 1. Activity of different In-based catalysts in the electrocatalytic reduction of CO2 to 315 

formate. 316 

Electrocatalysts Electrolyte Formate FEmax 
jHCOO

- at FEmax 

(mA cm-2) 
Ref. 

mp-In 0.1 M KHCO3 
90% @−0.95 V 

versus RHE 
11.6 

This work 

mp-In 0.1 M KHCO3 
92.6% @−1.1 V 

versus RHE 
21.4 

H-InOx 

nanoribbons 
0.5 M NaHCO3 

91.7% @−1.1 V 

versus RHE 
15.2 [29] 

In NPs 0.5 M K2SO4 
90% @−1.1 V 

versus RHE 
NA [31] 

Anodized 

indium 
0.5 M K2SO4 

87.2% @−1.7 V 

versus SCE 
NA [32] 

Dendritic 

indium foams 
0.5 M KHCO3 

86% @−0.86 V 

versus RHE 
5 [33] 

Gas diffusion 

electrodes-In/C 
0.1 M Na2SO4 

45% @−1.65 V 

versus Ag/AgCl 
2.8 [34] 

hp-In 0.1 M KHCO3 
90% @−1.2 V 

versus RHE 
67.5 [10] 

Deposited In 0.5 M KHCO3 
72.5% @−1.9 V 

versus Ag/AgCl 
3 [47] 

In2O3@C 0.5 M KHCO3 
87.6% @−0.9 V 

versus RHE 
14 [48] 

Additionally, the partial current density of formate was estimated and plotted against the 317 

working potential for the mp-In and commercial In catalysts (Figure 4c). The mp-In catalyst 318 

shows a superior current density of jHCOO
- = 26.8 mA cm-1 at –1.2 V, whereas that of the 319 



18 
 

commercial In is 7.9 mA cm-1. Figure 4d shows that the formate production rate for the mp-In 320 

catalyst is 413.6 µmol cm-2 h-1 at –1.2 V, while this value is less than 126.4 µmol cm-2 h-1 for 321 

the commercial In sample. The large catalytic current density and high formate selectivity over 322 

a broad potential for the mp-In catalyst, are desirable with the advantages over other In-based 323 

CO2RR electrocatalysts (Table 1). 324 

 325 

Figure 5. (a) The long-term stability of the mp-In catalyst in the electrocatalytic CO2 reduction 326 

to formate (a potential of –1.1 V for the test); (b) TEM image of mp-In; (c) XRD patterns of 327 

mp-In before and after the 24 h reaction. 328 

The electrochemical stability of the mp-In and commercial In catalysts has been 329 

investigated under the optimal conditions in CO2-saturated 0.1 M KHCO3 at a constant flow 330 

rate of 20 mL min-1 during long-term operation. The mp-In catalyst demonstrates outstanding 331 

electrochemical durability with a negligible performance decay after the 24 h continuous 332 
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electrolysis at –1.1 V (Figure 5a). The current density is maintained at around 20 mA cm-2 333 

with the FE of formate being over 90% during the test. In addition, no significant changes in 334 

the morphology of the spent mp-In nanocatalyst were observed, based on the TEM image 335 

(Figure 5b). The XRD pattern (Figure 5c) and XPS spectrum (Figure S11) of the spent mp-In 336 

nanocatalyst also remained almost unchanged, demonstrating the excellent durability of the 337 

mp-In catalyst. These results prove that the mp-In is a potential electrocatalyst for CO2 338 

reduction to formate owing to its excellent catalytic activity, selectivity and durability. 339 

Tafel plots were obtained at regions of low current density to understand the mechanism 340 

of CO2 reduction for the mp-In catalyst (Figure 6a), where the reaction is mainly limited by 341 

electro-kinetics. The slope for the commercial In is 181 mV dec-1, while the mp-In catalyst 342 

exhibits a lower slope of 124 mV dec-1, close to that (118 mV dec-1) reported in previous studies 343 

[49,50]. This result reveals that the reaction kinetics of the CO2RR is limited by the initial one-344 

electron transfer to form an adsorbed CO2* intermediate on the mp-In catalyst. The increase in 345 

the Tafel slope at high current densities demonstrates a mass transport limitation for CO2 346 

reduction in this region due to the low CO2 concentration in the electrolyte. It is generally 347 

believed that the first electron transferred from the electrode to the CO2* for the formation of 348 

CO2
-* is the rate-determining step of the CO2RR [11, 51-54]. The faster initial electron transfer 349 

for the CO2 molecules on the mp-In surface than that on the commercial In surface suggests an 350 

improved performance of the mp-In for CO2RR. The bonding between the CO2
-* and the 351 

catalyst will further affect the generation of the next intermediates (OCHO* or COOH*) when 352 

being protonated, and finally determining the product selectivity [11].     353 
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 354 

Figure 6. (a) The potential-dependent HCOO- partial current density on the mp-In and 355 

commercial In catalysts; the free energy diagrams for (b) OCOH* and (c) COOH* on mp-In 356 

(110), (002), (011) and (101) planes, and optimized geometric structure of (d) OCOH* and (e) 357 

COOH* adsorbed on In (110), in which In, C, O and H atoms are represented by azure, gray, 358 

red and white spheres, individually. 359 

 360 

3.3. Origin of the improved CO2RR activity and selectivity over mp-In 361 

To gain further insights into the mechanism in the electrocatalytic CO2 reduction to 362 



21 
 

formate and the origin of the enhanced activity of mp-In, DFT calculations were carried out to 363 

simulate the CO2RR on In (110), (002), (011) and (101) planes considering possible reaction 364 

pathways under the operating conditions. The free energy focuses on the formation of OCHO* 365 

and COOH*, both of which are the important intermediates in the CO2RR [10,34,35]. The four 366 

surface planes favor the formation of OCHO* (in Figure 6b and Table S1) over COOH* (in 367 

Figure 6c and Table S2), with the optimized geometric structures of these two intermediates 368 

adsorbed on the surfaces of the mp-In (110) (Figure 6d and 6e). In particular, the (110) plane 369 

is able to stabilize the OCHO* and therefore is the most active for formate production, which 370 

is the main crystal plane for mp-In confirmed by the HRTME images of mp-In (Figure 2c and 371 

2d). This generally contributes to the observed high activity and Faradaic efficiency for formate 372 

on the mp-In catalyst. 373 

The remarkable enhancement in the performances (activity, selectivity and stability) in 374 

the CO2RR over the mp-In catalyst may be ascribed to its structural features. Firstly, the 375 

mesoporous structure of mp-In contains more edge and low coordinate sites, which have been 376 

proven to enhance the production of intermediates, and to promote the CO2RR, as confirmed 377 

by previous studies [53, 55]. Furthermore, the advanced structure of mp-In enhances the 378 

adsorption of CO2, which is conducive to lower potential and higher FEs in the CO2RR. The 379 

volumetric CO2 absorption measurement, carried out to explore the reason for the enhanced 380 

CO2RR activity in this work, discloses that mp-In adsorbs more CO2 than the commercial In. 381 

The amount of adsorbed CO2 was 3.25 mmol g-1 for mp-In and only 0.18 mmol g-1 for the 382 

commercial In (Figure 7a). Compared to the commercial In catalyst, mp-In exhibits a 383 

significantly enhanced CO2 adsorption capacity, which can be evidenced by a much stronger 384 
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absorption at 2350 cm-1 in the DRIFTS spectra (Figure S12). Secondly, the higher density of 385 

the exposed sites in the mesoporous structure of mp-In can lower the activation energy (Ea) of 386 

the CO2RR, which resulted in achieving better performance in many reactions. The reactive 387 

sites at the edges of the nanocatalysts possess unsaturated coordination sites as well as dangling 388 

bonds, which decrease the activation energy barrier and enable the stabilization of the reaction 389 

intermediates, as suggested in the literature [53, 55, 56]. If the catalysts are active for the 390 

CO2RR, they will provide a path with a lower activation energy compared to the uncatalyzed 391 

reactions, thus increasing the reaction rate constant. The reaction rate of CO2RR is defined as 392 

the formate production rate in the electrolysis reaction at different temperatures. The estimated 393 

apparent Ea of the CO2RR is 15.3 kJ mol-1 and 22.6 kJ mol-1 in electrolytes for the mp-In and 394 

the commercial In catalysts, respectively (Figure 7b). 395 

Additionally, the mesoporous structures are evenly dispersed over the surface of the mp-396 

In catalyst composed of nanobelts, which enrich the electrocatalysts with the formation of 397 

active sites. To estimate the catalytic properties with the surface structures, cyclic 398 

voltammograms (CVs) at different scanning rates were recorded for the mp-In and commercial 399 

In catalysts in 0.1 M KHCO3 (Figure S13). The electrochemical surface areas of the In 400 

catalysts were determined by measuring the double-layer capacitance. As shown in Figure 7c, 401 

the double-layer capacitance (Cdl) of mp-In is 4.3 mF, 2.5 times larger than that of the 402 

commercial In catalyst (1.7 mF), suggesting that the mp-In catalyst has more active sites for 403 

CO2RR. Based on the obtained Cdl values, the ECSA of the mp-In was calculated to be 107.5 404 

cm-2, much higher than that of the commercial In (42.5 cm-2). Figure. 7d shows the specific 405 

current densities for formate production (normalized to specific ESCA values) during the 406 
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CO2RR. The mp-In catalyst exhibits higher specific formate current densities (jHCOO
-
/ECSA) at 407 

all testing potentials (–0.5 to –1.2 V) compared with the commercial In, further confirming its 408 

superior catalytic performance for electrocatalytic CO2-to-formate conversion. The 409 

mesoporous hierarchical structure of the mp-In catalyst could significantly decrease the 410 

apparent Ea and efficiently promote the CO2RR. 411 

 412 

Figure 7. (a) The CO2 adsorption isotherms and (b) apparent activation energy (Ea) for CO2RR; 413 

(c) current density at different scan rates; (d) specific current density for formate production at 414 

different potentials. 415 

4. Conclusion 416 

This paper reports a mesoporous In (mp-In) electrocatalyst synthesized using a green and 417 

facile solution method for the highly selective and active electroreduction of CO2 to formate. 418 

Remarkably, a formate selectivity of over 90% (Faradaic efficiency) with a high current density 419 
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of over –29.4 mA cm-2 was achieved over a potential from –0.95 V to –1.1 V. The mp-In catalyst 420 

also exhibited outstanding stability in the 24 h reaction without a visible catalyst deactivation. 421 

DFT calculations further reveal the plane-dependent catalytic activity and conclude that the 422 

plane surfaces (110) and (002) of the mp-In catalyst contribute to the stabilization of *OCHO, 423 

a key intermediate for formate generation. This active, durable and selective electrocatalyst has 424 

great potential to enhance the technological and economic viability of CO2-to-formate 425 

conversion. Moreover, this work also demonstrates that developing novel nanostructure 426 

catalysts, with larger surface areas, abundant active surface sites and edge/low-coordinated 427 

sites is critical to enhance the efficiency of electrocatalytic CO2RR, which may provide 428 

important insights into the facile fabrication of porous hierarchical nanostructures for selective 429 

CO2RR.  430 

 431 
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Supplementary data to this article can be found online. 433 
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