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Biochar derived from biomass resources as a carrier to load SnO2 for 
electroreduction of CO2 not only can benefit carbon emissions, but it also 
can achieve waste utilization. However, the weak CO2 mass transfer and 
conductivity ability of SnO2/biochar limits its applications to such eCO2RR 
processes. This study focused on modifying SnO2/biochar with amino 
groups and investigated the effects of positioning of amino groups on the 
catalyst’s physicochemical properties and electrocatalytic behaviors. 
Elemental analysis revealed that anchoring amino groups on biochar 
(SnO2/C-NHx) is advantageous for increasing amounts of amino groups 
attached, thereby enhancing biochar adsorption energy and subsequently 
increasing the loading of Sn. The CO2 adsorption curve indicated that 
amino groups anchored on biochar facilitate CO2 adsorption due to high 
specific surface area of biochar. X-ray photoelectron spectroscopy 
showed that amino groups anchored on SnO2 (NHx-SnO2/C) resulted in 
highly electron-rich centers on Sn, which promoted electron transfer 
between the catalyst and CO2. Electrochemical tests demonstrated the 
improved performance of amino-modified SnO2/biochar. SnO2/C-NHx 
exhibited enhanced Faraday efficiency, whereas NHx-SnO2/C showed 
higher current density. The disparity in electrochemical performance can 
be mainly attributed to the different selectivity towards rate-controlling 
steps of electron transfer and mass transfer induced by the various 
positions of amino groups anchoring. 
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INTRODUCTION 
 

Compared to photo and thermal reduction methods, electrochemical CO2 reduction 

reaction (eCO2RR) is a more economical and environmentally friendly approach for CO2 

conversion to organic chemicals (Han et al. 2019). Among the array of CO2 

electroreduction products, formic acid (HCOOH) has garnered attention due to its 

versatility as a raw material for various chemicals and its role as a safe hydrogen storage 

carrier (Wang et al. 2022). Notably, HCOOH surpasses competitors such as carbon 

monoxide (CO) and methanol (CH3OH) in terms of electrochemical production cost (Jouny 

et al. 2018). 

Numerous metallic elements, particularly their oxides, can serve as catalysts for 

CO2 electroreduction to HCOOH. SnO2 has garnered attention due to its affordability, non-

toxicity, and high Faraday efficiency (FE) in HCOOH production (Kim et al. 2019), and it 

has been studied from various aspects such as particle size, morphology and content. Zhang 
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et al. (2014) reported the electrocatalytic reduction of CO2 to HCOOH using carbon black 

loaded with small-sized nano SnO2 (3 to 6 nm). The FE was 90%, but the current density 

was only 5 mA/cm2. Liu et al. (2017) investigated the urchin-like nanostructured SnO2 and 

the FE of 62% was achieved. Yu et al. (2017) found that low SnO2 content led to 

insufficient catalytic sites, and high SnO2 content led to aggregation and blockage of 

catalytic sites, which are unfavorable for CO2 reduction. Nevertheless, studies have 

revealed that the FEHCOOH of SnO2 plateaus at 60 to 70% (Hu et al. 2018; Tay et al. 2021; 

Yuan et al. 2021; Yue et al. 2023). To enhance SnO2’s electrocatalytic efficiency, 

researchers have explored the integration of carbon materials and amino functional groups 

(Lu et al. 2017; Meng et al. 2019a; Cheng et al. 2021; Zhang et al. 2021). Biochar, a carbon 

material obtained through pyrolysis of waste biomass, could act as the carrier and boost 

conductivity and specific surface area of catalyst, thereby facilitating contact with CO2 and 

charge transfer (Fu et al. 2023; Hu et al. 2024). Tan et al. (2023) studied coconut husk-

derived biochar for enhancing electrochemical conversion of CO2, and 140 mA/cm2 current 

density was achieved. Zhang et al. (2023) engineered the porosity of biochar to promote 

the electroreduction performance of single-atom Ni. Grafting amines onto catalysts is a 

strategy to further improve the electroreduction of catalysts because amino functional 

groups, serving as Lewis bases, can accelerate the adsorption and mass transfer of CO2 on 

SnO2 (Petrovic et al. 2021). Besides, the N atom in the amino group can also improve the 

chemical environment of SnO2 (Lin et al. 2022). Optimizing the composition and structure 

of tin oxide, biochar, and amino groups is crucial for enhancing SnO2’s electrocatalytic 

efficiency. Among these factors, the anchoring position of amino groups is a pressing 

concern. Various studies have shown that the role of surface modification functional groups 

varies with the anchoring position of the catalyst, especially for catalysts with complex 

structures (Sun et al. 2017; Meng et al. 2019b; Mulik et al. 2021). For instance, Dou et al. 

(2022) demonstrated that Co-N4 sites anchored on the edge of hierarchical porous 

structures exhibit higher selectivity in electroreduction of O2 compared to those anchored 

on the basal plane. Given that SnO2 with biochar forms a composite catalyst, both the 

biochar carrier and the SnO2 active sites can anchor amino groups. The anchoring points 

of amino groups inevitably exert a significant impact on the physicochemical properties of 

the overall catalyst and the characteristics of CO2 electroreduction. However, there is 

currently a lack of clear and systematic research on this aspect. 

In this study, diethanolamine and rice husk serve as a representative amino 

functional group and a raw material for biochar, respectively. Biochar was prepared by 

pyrolysis and hydrothermal methods, and amino groups were anchored onto the biochar 

carrier and nano tin oxide active sites. The impact of various amino group anchoring points 

on the physicochemical properties, CO2 adsorption, and electroactivity of tin oxide was 

investigated. 

 
 
EXPERIMENTAL 
 

Materials 
Diethanolamine (AR, DEA), dicyclohexylcarbodiimide (AR, DCC), dimethyl 

formamide (AR, DMF), ethanol (AR), tin (II) chloride (AR, SnCl2), potassium bicarbonate 

(AR, KHCO3), sulfuric acid (AR, 98 wt%, H2SO4), ammonium hydroxide solution (AR, 

NH4OH), and nitric acid (AR, 69.5 wt%, HNO3) were procured from Sinopharm Chemical 

Reagent Co., Ltd. (Shanghai, China). Rice husk was sourced from local farmland (Hefei, 
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China). Carbon paper sheets were supplied by Toray (Japan). Nafion solution (5 wt%) and 

Nafion 117 membranes were obtained from DuPont (USA). All reagents and materials 

were used directly. 

 
Catalyst Preparation 

Biochar was produced by pyrolysis of rice husk at 550 °C in a nitrogen atmosphere 

and was labeled as C. Amination of biochar was conducted following procedures outlined 

in prior literature (Cheng et al. 2017). Initially, biochar underwent oxidation using a 

mixture of concentrated H2SO4 and HNO3. Subsequently, a specific amount of DEA was 

fully dispersed in DMF after ultrasonic treatment, followed by the addition of DCC and 

the oxidized biochar. The mixture was stirred for 24 h at 135 °C, and the resulting solution 

was filtered. The filtered mixtures were then washed with ethanol and dried overnight at 

90 °C. The resulting product was designated as C-NHx. 

A series of SnO2-supported biochar catalysts modified by amino groups were 

synthesized using a straightforward hydrothermal method (Jiang et al. 2005). Typically, 1 

g of SnCl2 was dissolved in 80 mL mixture of ethanol and DIW, and then 200 mg of C was 

added to the solution. After stirring, NH4OH was added to adjust pH, and then the mixture 

was refluxed at 100 °C, followed by centrifugation, washing with ethanol, and drying. The 

resulting product was labeled as SnO2/C. Alternatively, by substituting C with C-NHx, the 

resulting product was designated as SnO2/C-NHx, indicating that the amino groups are 

anchored on the biochar carrier. To anchor amino groups onto nano SnO2, 0.5 g of DEA 

was added before the reflux process, and the obtained product was labeled as NHx-SnO2/C, 

indicating that the amino groups are located on the nano SnO2. The material obtained by 

impregnating SnO2/C into DEA-ethanol solution was named NHx-loaded SnO2/C. 

 
Identification of Catalysts  

Powder X-ray diffraction (XRD) patterns were obtained using a Smart Lab X-ray 

diffractometer (XRD, Japan) equipped with a Cu-Kα source. Fourier transform infrared 

spectroscopy (FTIR) analysis of the functional chemicals was performed using a 

ThermoFisher Nicolet IS20 instrument (USA) with KBr disks. X-ray photoelectron spectra 

(XPS) were collected using a Thermo ESCALAB 250 instrument (USA) with an Al K𝛼 X-

ray source. CO2 and N2 adsorption-desorption isotherms were measured using a ChemStar 

TPx chemisorption analyzer (Quantachrome Instrument, USA). The content of Sn was 

analyzed using inductively coupled plasma mass spectrometry (ICP-MS, Thermo Fisher 

iCAP RQ, USA), while the nitrogen content was determined using an elemental analyzer 

(Vario EL cube, Germany). Transmission electron microscopy (TEM) on a JEM-2010 (HR) 

was operated at an accelerating voltage of 300 kV. 

 
Electrochemical Experiments 

Initially, 10 mg of catalyst was dispersed in 1 mL of ethanol containing 100 μL of 

NafionTM solution via ultrasonic dispersion. The resulting mixture was then sprayed onto 

carbon paper (1 cm2) repeatedly until the desired loading amount of 1 mg was achieved. 

The prepared working electrode and a standard electrode (Ag/AgCl) were placed in the 

cathodic chamber, with a counter electrode (Pt sheet) in the anodic chamber. The cathodic 

and anodic chambers were separated by a Nafion 117 membrane, and a 0.5 M KHCO3 

solution was used as the electrolyte. High-purity CO2 was introduced for at least 30 min 

before performing linear sweep voltammetry (LSV) and chronoamperometry (i-t) studies. 

Liquid products were analyzed using ion chromatography (IC, Metrohm Eco, Switzerland), 
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while gaseous products were analyzed using gas chromatography (GC, Thermo Trace 

1310, USA) equipped with a flame ionization detector (FID) and a thermal conductivity 

detector (TCD). The FE for formic acid (FEHCOOH) was calculated by Eq. 1, 

𝐹𝐸 =
2×𝑛×𝐹

𝑄
× 100%          (1) 

where n, F, and Q represent the amount of HCOOH per mole, Faraday's constant (96485 

C/mol), and charge (C), respectively. 

The FE for CO and H2 were calculated using Eq. 2, 

𝐹𝐸 =
10−3×2×𝑣%𝐹𝐺

60𝑅𝑇𝐼
× 100%         (2) 

where v%, G, R, T, and I represent the concentration of CO or H2, CO2 flow rate (10 

mL/min), gas constant (8.314 J/mol/K), temperature (298 K), and constant current (A), 

respectively. 

 

 
RESULTS AND DISCUSSION 
 

XRD spectra were utilized to analyze the crystal phase of each catalyst. As depicted 

in Fig. 1, all catalysts exhibited similar diffraction peaks at 2θ = 27° and 52°, corresponding 

to the (110) and (211) planes in the crystalline phase of SnO2, respectively. Additionally, 

weak diffraction peaks at 2θ = 43° were attributed to the characteristic peaks of carbon 

(Yua et al. 2017). This suggests that SnO2 is loaded onto biochar, and the different 

anchoring points of amino groups do not affect the crystal phase of SnO2 active sites. 

 

 

Fig. 1. XRD patterns of SnO2/C, SnO2/C-NHx, and NHx-SnO2/C 
 

The FTIR spectrum in Fig. 2 reveals the presence of functional groups in all 

catalysts. The characteristic peak observed in the range of 1500 to 1700 cm-1 was attributed 

to the bending vibration characteristic peaks of -NH, indicating the presence of amino 

functional groups anchored on all catalysts. 
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Fig. 2. FTIR spectra of SnO2/C-NHx, NHx-SnO2/C, and NHx-loaded SnO2/C 
 

Table 1 summarizes the textural properties and elemental content of all catalysts. 

The Sn and N contents of SnO2/C-NHx were found to be 27.9% and 0.99%, respectively, 

which were higher than those of SnO2/C and NHx-SnO2/C. Based on the catalyst 

preparation process, it can be inferred that biochar with a high specific surface area (SBET) 

can anchor more amino functional groups compared to nano SnO2, and amino groups 

anchored on biochar also can enhance the adsorption energy of biochar, thereby increasing 

the loading amount of SnO2. The specific surface area (SBET) of SnO2/C was 63.1 m2/g, 

which was lower than 99.2 m2/g of NHx-SnO2/C and 67.5 m2/g of SnO2/C-NHx. This 

phenomenon indicated that amino groups are beneficial for the dispersion of tin oxide on 

biochar, as the Sn content of SnO2/C was significantly lower than NHx-SnO2/C and 

SnO2/C-NHx and theoretically SBET of SnO2/C should be higher. Simultaneously, it has 

been reported that amine substances can reduce the aggregation of metallic oxides during 

the formation process (Cheng et al. 2021), which also supported this phenomenon and 

inference. Furthermore, the order of decrease of SBET was NHx-SnO2/C < SnO2/C-NHx, 

meaning that amino groups anchored on SnO2 were more effective in delaying the 

aggregation of SnO2 compared to amino groups anchored on biochar. 

 
Table 1. Textural Properties and Content of N and Sn for SnO2/C, SnO2/C-NHx, 
and NHx-SnO2/C 

Samples aSBET (m2/g) Content of N (%) Content of Sn (%) 

C 263.1 0.03 / 

SnO2/C 63.1 0.03 24.8 

NHx-SnO2/C 99.2 0.62 25.6 

SnO2/C-NHx 67.5 0.99 27.9 

NHx-loaded SnO2/C 61.6 0.65 24.3 
aDetermined by N2 adsorption-desorption isotherms at 77 K 

 
The TEM images also clearly revealed the influence of different amino anchor 

sites on the size of tin oxide. As shown in Fig. 3, tin oxide aggregates to particles of about 

20 nm, but the agglomeration phenomenon of NHx-SnO2/C was significantly lighter than 

that of SnO2/C-NHx. This result also supported the inference that amino groups anchored 

on SnO2 are more effective in delaying the aggregation. 
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Fig. 3. TEM images of SnO2/C-NHx (left) and NHx-SnO2/C (right) 
 

All investigated catalysts were comprehensively analyzed for their compositions 

and chemical states using profiles obtained from XPS. As depicted in Fig. 4, compared to 

SnO2/C and SnO2/C-NHx, the O 1s peak of NHx-SnO2/C shifted to a higher binding energy, 

suggesting the presence of more oxygen deficit sites. Additionally, the N 1s and Sn 3d 

signals of NHx-SnO2/C shifted to lower binding energies, indicating a possible transfer of 

electrons from N to Sn. Consequently, the highly electron-rich centers of Sn species in 

NHx-SnO2/C facilitate CO2 activation. Moreover, the generated electrostatic field 

accelerates charge transfer (Lu et al. 2017). These findings suggest that the amino group 

anchored on nano SnO2 had a more pronounced effect on the chemical state of SnO2 

compared to the amino group anchored on biochar. 

 

 

Fig. 4. XPS spectra of Sn 3d (left), O 1s (middle) and N 1s (right) for SnO2/C, SnO2/C-NHx, and 
NHx-SnO2/C 

 

The CO2 adsorption capacity of all catalysts was investigated using CO2 

isothermal adsorption curves. As depicted in Fig. 5, the highest CO2 adsorption capacity 

was observed for SnO2/C-NHx at 5.7 cm3/g. In contrast, NHx-SnO2/C exhibited a CO2 

adsorption capacity of 2.2 cm3/g, which was slightly higher than 1.9 cm3/g observed for 

SnO2/C. NHx-loaded SnO2/C also demonstrated a CO2 adsorption capacity of 4.5 cm3/g, 

despite having a similar N content to NHx-SnO2/C. Furthermore, the SBET of SnO2/C was 

lower than that of NHx-SnO2/C, theoretically leading to a higher CO2 adsorption capacity 

for NHx-SnO2/C. Therefore, it can be inferred that amino groups anchored on biochar were 

more conducive to CO2 adsorption than those anchored on SnO2. This may be attributed to 

the high SBET of biochar, facilitating the interaction of amino groups anchored on biochar 

with CO2. 
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Fig. 5. CO2 adsorption isotherms for SnO2/C, SnO2/C-NHx, NHx-loaded SnO2/C, and NHx-SnO2/C 
 

A series of LSV and chronoamperometry (i-t) experiments were conducted to 

assess the electrochemical performances of all catalysts. As shown in Fig. 6(a), compared 

to the N2-saturated solution, all catalysts exhibited increased current levels in the CO2-

saturated solution across the investigated potential range, indicating that eCO2RR was 

favored over the hydrogen evolution reaction (HER). Tafel slopes evaluated from the LSV 

curves of all catalysts in the CO2-saturated electrolyte are displayed in Fig. 6(c), 

representing the rate-controlling step of an initial single electron shift from the catalysts to 

CO2 generally (Jeong et al. 2021).  

 

 
 

Fig. 6. (a) LSV curves of catalysts in N2- and CO2-saturated 0.5 M KHCO3 electrolytes at a scan 
rate of 50 mV/s, (b) i-t curves of catalysts at the potential -1.5 V vs. Ag/AgCl, (c) Tafel slopes curves 
of catalysts and (d) FE of HCOOH at the potential -1.5 V vs. Ag/AgCl after 1 h of eCO2RR 
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I-t tests of various catalysts at -1.5 V (vs. Ag/AgCl) for 1 h were performed to 

determine the FE for formic acid (FEHCOOH) and current density. The average current 

densities were approximately 22, 17, 15, and 12 mA/cm2 for NHx-SnO2/C, SnO2/C, 

SnO2/C-NHx, and NHx-loaded SnO2/C, respectively. It was evident from the comparison 

that NHx-SnO2/C could accelerate the electron transfer from Sn to CO2, which was also 

corresponding to XPS analysis. This indicates that NHx-SnO2/C exhibited superior 

electrochemical performance compared to other catalysts. However, the FEHCOOH 

presented different results. As shown in Fig. 6(d), SnO2/C-NHx exhibited an FEHCOOH of 

73.3%, higher than 67.4%, 64.1%, and 59.1% for NHx-loaded SnO2/C, NHx-SnO2/C, and 

SnO2/C, respectively. These results indicate that the influence of amino anchoring position 

on current density and FE was significantly different. The amino group anchored on 

biochar was beneficial for improving FE, while the amino group anchored on SnO2 was 

favorable for increasing current density. 

To further elucidate this difference, Table 2 summarized the concentration of 

HCOOH over all of the catalysts. Although the current density of SnO2/C-NHx was lower 

than SnO2/C, CO2 was still converted into more HCOOH by SnO2/C-NHx. Actually, even 

in the CO2-saturated solution, current density is still co-determined by proton and CO2 

reduction (Jeong et al. 2021). Therefore, the decrease in current density of SnO2/C-NHx 

might have been due to the suppression of HER because of enhanced CO2 adsorption 

capacity of SnO2/C-NHx based on the CO2 adsorption isotherm. More electricity was used 

to convert CO2, and this resulted in the highest FEHCOOH for SnO2/C-NHx. Conversely, 

NHx-SnO2/C exhibited a higher concentration of HCOOH (236 ppm vs. 184 ppm) and a 

larger current density (22 mA/cm2 vs. 15 mA/cm2) due to improved electron transfer 

between CO2 and highly electron-rich centers of Sn species caused by anchoring amino 

groups on SnO2 based on XPS results. This indicated that NHx-SnO2/C was superior in 

conductivity and electrochemical rate as confirmed by LSV, i-t, and Tafel slope tests. 

However, a high-speed conversion rate meant that CO2 was consumed rapidly on the 

catalyst surface. Due to the poor CO2 adsorption capacity, NHx-SnO2/C could not fully 

contact with the CO2 source during electroreduction. This resulted in ineffective inhibition 

of HER, which was reflected in decreased FEHCOOH compared to SnO2/C-NHx. It is well 

known that the rate-determining steps of eCO2RR are divided into electrochemical 

processes and mass transfer processes. Thereby, the amino group anchored on biochar 

exerted on CO2 mass transfer process to achieve high FEHCOOH, but the amino group 

anchored on SnO2 acted on electrochemical processes for increasing current density and 

high HCOOH concentration. 

 

Table 2. Concentration of HCOOH Catalyzed by All Catalysts  

Catalysts Concentration of HCOOH (ppm) 

SnO2/C-NHx 184 

NHx-SnO2/C 236 

NHx-loaded SnO2/C 135 

SnO2/C 168 
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CONCLUSIONS 
 

1. Amino functional groups can enhance the activity of SnO2/biochar catalyst for the 

electroreduction of CO2. However, the influence of amino anchoring position on the 

reaction process is significantly different.  

2. The amino group anchored on biochar is advantageous for the adsorption of CO2 due 

to the high specific surface area of biochar, improving the FE of HCOOH through 

enhanced mass transfer processes. Conversely, the amino group anchored on SnO2 is 

favorable for the charge transfer between CO2 and highly electron-rich centers of Sn 

active site caused by transfer of electrons from N to Sn, increasing the current 

density of eCO2RR via boosting electron transfer processes.  

3. From the perspective of product concentration, anchoring amino groups on nano tin 

oxide (NHx-SnO2/C) is a more suitable modification strategy. 
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