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Abstract 

Electrochemical reduction of CO2 using electricity from renewable sources is emerging as a promising 

approach for reducing global CO2 emissions and converting CO2 into useful chemicals. Here, a 

nitrogen–doped porous carbon material is proposed to electrocatalytically reduce CO2 to CO with high 

activity, selectivity and superior durability. The material is synthesized by a facile one–step pyrolysis 

approach using biomass, namely wheat flour, and KOH as starting materials. The resulting materials 

show high surface area with hierarchical porous structures, and the nitrogen content and functional 

species can be controlled to some extent via the pyrolysis temperature. The catalyst exhibits a 

maximum faradaic efficiency of 83.7% and a partial current density of CO of 6.6 mA cm–2 at an 

overpotential of 0.71 V in aqueous bicarbonate medium. Moreover, it also demonstrates superior long–

term durability with trivial loss of activity and selectivity. Mechanistic study indicates that the 

pyridinic nitrogen is responsible for the high catalytic activity. 

Keywords: heteroatom doping, carbon materials, biomass–derived materials, CO2 reduction, 

electrocatalysis 
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1. Introduction 

Electrochemical reduction of CO2 has attracted considerable research interest recently. An obstacle to 

implement this reaction into practical applications is that molecular CO2 is very stable under ambient 

conditions and a very large energy barrier needs to be overcome[1]. The first elementary electron 

transfer reaction in the CO2 reduction reaction (CO2RR) is the acceptance of one electron by CO2 to 

form the CO2·– radical anion, which occurs at –1.9 V vs. normal hydrogen electrode (NHE)[1,2]. 

Moreover, the hydrogen evolution reaction (HER) often prevails over CO2RR in aqueous media, 

because of its faster kinetics[3]. Another issue that hinders the CO2RR is poor selectivity towards a 

desired target product — as many as 16 different products, including CO, formic acid, methane, 

ethylene, methanol, and ethanol, have been produced from this reaction[4]. Therefore, a robust catalyst 

that can efficiently and selectively convert CO2 to a specific product is highly desirable for practical 

implementation of the CO2RR. 

In an intense effort over the past several years, researchers have explored a variety of catalysts 

(including metals, metal oxides and metal complexes) for the CO2RR[5-13]. Au, especially 

nanoparticles derived from its oxide, can selectively convert CO2 to CO with low overpotentials[6]. 

However, the high cost of noble metals is the main obstacle towards its large–scale practical 

application. Although Cu is cheap, and is the only metal that is capable of producing hydrocarbons 

from CO2, the selectivity is poor, i.e., the faradaic efficiency (FE) for each product is low[4]. Sn 

exhibits superior selectivity for the formation of formic acid, with FE > 90%. However, it suffers from 

rapid performance degradation[14]. Alternative catalysts with satisfactory activity, selectivity and 

durability are urgently needed. In-depth fundamental understanding of electrode reactions are also 

highly desirable[15]. 

Carbon–based electrocatalysts have drawn considerable attention recently due to their excellent 

electrocatalytic performance, relatively low cost and good long–term durability[16,17]. The origin of 

the catalytic properties of carbon materials has been carefully investigated by several research 

groups[18-22]. Various heteroatom–doped (e.g., nitrogen, sulfur, phosphorus and boron) 

carbonaceous materials, such as carbon nanotubes (CNTs), graphene, diamond, carbon fibers and 
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activated carbon, have been demonstrated to be highly efficient for the oxygen reduction reaction 

(ORR), oxygen evolution reaction (OER), HER and the I−/I3− reduction reaction in dye–sensitized 

solar cells[23-29]. The catalytic activity most likely originates from defects in the hexagonal graphitic 

network caused by heteroatom doping[16]. Moreover, owing to the high surface area of porous carbon 

and pseudocapacitance brought about by heteroatoms, these materials also serve as promising 

candidates for supercapacitors[30-32]. Scientists have developed several synthetic routes to obtain 

porous heteroatom–doped carbon. These include carbonization of heteroatom–containing organic, 

polymeric, metal–organic framework or ionic liquid precursors, chemical vapor deposition, plasma 

based synthesis, and chemical methods[23,25,27,28,30,33-36]. During these processes, hard or soft 

templates are usually used to create nanoporous structures[27,30,31,34,35,37]. More recently, the 

conversion of biomass into carbonaceous materials has attracted much attention because biomass is 

extensively available, accessible and recyclable. Thus, materials including agricultural wastes, food, 

plants and animal products (such as hair, bones and milk) have been used as carbon precursors.[32,38-

47] 

Here, we report a simple approach for the synthesis of porous N–doped carbon (NDC) material 

from wheat flour by a one–step pyrolysis of flour powder and KOH. Wheat flour mainly contains 

starch and differing levels of gluten, which provide direct and abundant carbon and nitrogen sources 

in a highly homogenous manner. This biomass–derived carbon exhibits high surface area and 

numerous macro– and micro–pores (due to KOH activation), and high nitrogen content, leading to 

good catalytic capabilities towards CO2RR in aqueous medium, as well as superior stability. 

2. Experimental 

2.1 Materials and apparatus 

NaHCO3 (ACS grade), KOH, HCl (37%), dimethylsulfoxide (DMSO), ethanol (absolute GR, 99.7%) 

and Nafion (5 wt%) were purchased from Merck; wheat flour was purchased from a local supermarket. 

All chemicals were used without further purification. All aqueous solutions were prepared with Milli 

Q water (18.2 MΩ cm). 
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Raman spectra were obtained using a Renishaw inVia Microscope with a 633 nm laser source and 

X–ray Diffraction (XRD) data were collected with a Bruker D2 PHASER powder diffractometer (Cu 

Kα radiation, λ = 0.15406 nm). X–ray photoelectron spectroscopy (XPS) measurements were carried 

out on a Kratos Axis Ultra with a monochromatized Al Kα X–ray source. The core level binding 

energies were corrected with the C1s binding energy of 284.8 eV. The surface area and pore diameter 

distribution were evaluated by isothermal N2 adsorption/desorption at 77 K on a Micromeritics TriStar 

3020 instrument. The surface area of the products was estimated by method of Brunauer–Emmett–

Teller (BET), and the estimation of the distribution of pores within the materials was made by 

application of the Barrett–Joyner–Halenda (BJH) method to the desorption data. Transmission 

electron microscopic (TEM) images were collected on a FEI Tecnai G2 T20 TEM. Scanning electron 

microscopic (SEM) images and energy dispersive spectra (EDS) were recorded on a FEI Magellan 

400 FEG SEM equipped with Bruker Quantax 400 X–ray analysis system. 1H NMR experiments were 

undertaken with a Bruker DRX400 spectrometer at 400.2 MHz. Gas chromatography (GC) was 

performed with an Agilent 7820 A gas chromatography system equipped with a HP–PLOT MoleSieve 

(5A) column and a thermal conductivity detector (TCD). The carrier gas was helium (99.99%) for CO 

analysis while nitrogen (99.99%) was used as carrier gas for H2 analysis. The retention times were 

compared with those of known compounds. All the electrochemical experiments were conducted on a 

CHI 760D electrochemical workstation (CH Instruments, Austin, Texas, USA) at room temperature 

(22 ± 2 °C). 

2.2 Synthesis of NDC 

In a typical synthesis, 3 g wheat flour and 3 g KOH were ground together to give a fine powder and 

loaded into a crucible for pyrolysis. The furnace was purged with nitrogen gas at room temperature 

for 1 h, after which the temperature was increased at 4 °C min–1 up to the target temperature (500, 600, 

700, 800 or 900 °C) and held there for 90 min. Then the furnace was cooled down to room temperature 

naturally in the presence of nitrogen. The resulting material was first treated with 5 M HCl to neutralize 

residual KOH and dissolve any metal residue, and then washed thoroughly with deionized water until 
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the washings reached pH 7. After drying at 80 °C overnight, the material was again ground into fine 

powder. The generated carbon materials were labeled “NDC–T”, where T is the pyrolysis temperature.  

2.3 Electrochemical measurements 

Cyclic voltammetric (CV) measurements were carried out in aqueous NaHCO3 solution (0.5 M) 

saturated with N2 or CO2 by bubbling N2 or CO2 for at least 30 minutes in a conventional three–

electrode cell comprising a platinum wire counter electrode, an Ag/AgCl (3 M KCl) reference 

electrode and a glassy carbon electrode (GCE, 3 mm in diameter) as the working electrode. To prepare 

the working electrode, the catalyst (4 mg) and Nafion solution (40 μL) were dispersed in 0.8 mL water 

and 0.2 mL ethanol by sonicating for 1 h to form a homogeneous ink. Then the dispersion (5 μL) was 

pipetted onto a pre–polished GCE and dried under an infrared lamp. All the current densities are 

calculated using geometric areas. To convert the potentials (E) to the reversible hydrogen electrode 

(RHE) reference scale, the following formula was used. 

E (vs. RHE) = E (vs. Ag/AgCl) + 0.210 V + 0.059 V × pH. 

2.4 CO2 reduction electrolysis and product analysis 

Electrolysis was performed in a gas–tight two–compartment electrochemical cell with a glass frit as 

the separator. Each compartment contained 10 mL electrolyte and approximately 22.5 mL headspace. 

A graphite rod counter electrode, a Ag/AgCl (3 M KCl) reference electrode and a modified glassy 

carbon plate (0.3 cm×1.4 cm, loaded with 30 µL catalyst ink) working electrode were used. Before 

electrolysis, the cell was degassed by bubbling CO2 gas for at least 30 min. The solutions in both 

compartments were continuously stirred with a magnetic bar during electrolysis. After the electrolysis, 

a small fraction of the cell’s head space products (200 µL) was sampled using a gas–tight syringe and 

analyzed by GC. For NMR analysis, 0.5 mL electrolyte was sampled and mixed with 0.2 mL D2O, 

and 0.05 mL DMSO (diluted to 100 ppm (v/v) by water prior to use) was added as an internal standard. 

3. Results and discussion 

3.1. Synthesis and characterization of NDC 
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The NDC materials were facilely synthesized by a one–step pyrolysis of commercially–available 

wheat flour and KOH at different temperatures under nitrogen. KOH activation is a well–established 

industrial method for producing porous structures in activated carbon[48]. This approach has recently 

been used to synthesize mesoporous carbon showing large specific surface area for applications in 

supercapacitors[31,49]. The morphologies of NDC–700 were examined by SEM and TEM, and show 

a 3D hierarchical honeycomb porous structure with interconnected pores containing open macropores 

about 1–4 µm across in their walls (Figure 1a and b). These macropores and interconnections of the 

materials provide a favorable path for transportation and penetration of electrolyte and reactants, 

which is important for fast mass transfer. EDS analysis demonstrates that only C, N and O are present 

in the material. A closer look at the morphologies by TEM indicates that the interconnected carbon 

“wall” is composed of stacked carbonaceous layers (Figure 1c). Highly disordered graphitic layers 

were readily observed in the high–resolution TEM image in Figure 1d, implying that the material is 

polycrystalline. 

 

Figure 1. SEM (a, b) and TEM (c, d) images of NDC–700. 
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The crystallinity was further characterized by the XRD pattern in Figure 2a, which displays two 

broad peaks located at 24.5° and 42.7°, assigned to the (002) and (100) diffractions of carbon (JCPDS 

No. 41–1487), respectively. The d–spacing of the (002) plane is calculated to be 0.36 nm, according 

to Bragg’s law. This is slightly larger than the 0.34 nm spacing of the (002) plane of graphite, probably 

because of the heteroatoms in the framework of NDC–700[31]. Figure 2b shows the Raman spectrum 

of NDC–700. The peaks at 1328 and 1588 cm–1 correspond to the characteristic D and G bands of 

carbon, respectively[50]. The G band arises from the E2g mode observed for sp2 carbon domains while 

the D band is attributed to the disordered sp2 hybridized carbons[32]. The intensity ratio (ID/IG) of D 

band and G band of the sample is 0.99. This high ratio indicates a high percentage of defects, which 

may be introduced during the KOH activation and nitrogen atom doping[40]. 

Table 1. Summary of chemical compositions from XPS and surface areas from BET for the samples. The 

distribution of N species was calculated by deconvolution of the high resolution N1s spectrum. 

Sample At% 
(C) 

At% 
(N) 

At% 
(O) 

N distribution SBET 
(m2 g–1) Pyridinic N 

(%) 
Pyrrolic N 

(%) 
Graphitic N 

(%) 
N–oxide 

(%) 

NDC–500 80.4 6.1 13.5 7.2 88.2 2.5 2.1 1012 

NDC–600 83.7 5.7 10.6 14.1 77.7 5.8 2.4 1752 

NDC–700 88.7 3.6 7.7 26.7 61.4 9.2 2.7 1269 

NDC–800 91.9 1.4 6.7 11.1 38.2 43.1 7.6 981 

NDC–900 94.5 1.0 4.5 9.8 20.4 62.7 7.1 842 

XPS measurements were performed to investigate the chemical structures of NDC. C, N and O 

are the only three elements detected, which is consistent with EDS analysis, and the contents of each 

element are listed in Table 1. The total nitrogen content decreases with increasing temperature, which 

is attributed to more severe oxidation of nitrogen functionalities at higher temperature[51]. As depicted 

in Figure 2c, the high resolution XPS N1s spectrum of NDC–700 can be deconvoluted into four 

different peaks at ∼398.7, 400.5, 401.9 and 404.8 eV, which correspond to pyridinic, pyrrolic, 

graphitic and oxidized pyridinic (N–oxide) nitrogen, respectively (Figure 2d)[28]. The distributions 

of nitrogen species of other NDC materials are listed in detail in Table 1. The results indicate a 
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conversion from pyrrolic to other types of nitrogen (mainly pyridinic and graphitic N) with increasing 

temperature, consistent with previous reports on N–doped carbon materials[28,30]. These different 

nitrogen species lead to different chemical and/or electronic environments for neighboring carbon 

atoms and different electrocatalytic activities are expected (vide infra). 

 

 

Figure 2. XRD pattern (a), Raman spectrum (b) and N 1s XPS spectrum (c) of NDC–700. (d) Schematic 

illustration of the functional groups in NDC. 

Further nitrogen adsorption measurements were carried out to determine the specific surface areas 

and pore structures of the samples. As shown in Figure 3a, NDC–700 exhibits a type I isotherm 

according to IUPAC, indicating the microporous nature of the material. Moreover, the Brunauer–

Emmett–Teller (BET) surface area and pore volume were determined to be 1269 m2 g–1 and 0.54 m3 

g–1, respectively, for NDC–700 (see Table 1 for details of other NDC materials). The surface area 
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increases as temperature increases from 500 °C to 600 °C and decreases when the temperature further 

increases to 700 °C or higher. This decrease of surface area is probably due to the collapse of pores 

and enhanced graphitization of the carbon frameworks at high temperatures[46]. The pore diameter 

distribution of NDC–700 (Figure 3b) obtained by application of the Barrett–Joyner–Halenda method 

to the desorption data indicates that micropores and small mesopores with a size of less than 4 nm 

dominate the porous structure. The porous structures with a high surface area are generated by 

evaporation of the volatile compounds in the raw flour and the KOH etching during 

pyrolysis[31,49,52].  

 

Figure 3. Nitrogen adsorption–desorption isotherms (a) and corresponding pore size distribution curve 

(b) for NDC–700. 

3.2. CO2 Reduction Activity of NDC 

CV measurements were firstly carried out in N2–saturated and CO2–saturated 0.5 M aqueous NaHCO3 

solutions (pH values 8.5 and 7.2, respectively) at a scan rate of 50 mV s–1 to examine the NDC 

materials for CO2RR (Figure 4). Under N2 atmosphere, the current begins to increase at around –0.45 

V vs. RHE (unless otherwise noted, all the potentials hereafter are with respect to this reference), 

indicating a relatively large overpotential for HER. When the electrolyte is saturated by CO2, a current 

increase is observed starting from –0.46 V. As clearly seen, in the more negative potential region, a 

broad process centered at –0.82 V appears, which may be a hint for CO2RR. Similar processes were 
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also reported in the previous studies with nitrogen–doped carbon nanofibers or Ag as the catalysts and 

were assigned to the reduction of CO2[53,54]. 

 

Figure 4. CVs of NDC–700 modified GCE in N2 and CO2–saturated 0.5 M aqueous NaHCO3 solution. Scan 

rate 50 mV s–1. 

To obtain conclusive evidence about the nature of this reduction process, potentiostatic 

electrolysis at a series of potentials was conducted in the range of –0.47 V to –1.07 V in a gas–tight 

H–cell with CO2–saturated aqueous 0.5 M NaHCO3 as electrolyte. The gas products were determined 

by gas chromatography (GC) and the liquid products were characterized by 1H NMR spectroscopy. A 

representative j–t curve is depicted in Figure 5a, showing a steady current response under the applied 

potential of –0.82V. The average current density over a two–hour electrolysis period is plotted against 

potential in Figure 5b. Similar to the CV curve, the current of CO2RR increases as the applied potential 

is shifted negatively from –0.47 V to –1.07 V.  

The dependence of FE of the products on potential is plotted in Figure 5c, revealing that H2 and 

CO are the main gaseous products with a combined FE of around 100% over the whole potential range. 

No liquid products were detected by 1H NMR. The selectivity towards H2 and CO is strongly 

dependent on the applied potential. At an applied potential of –0.47 V (corresponding to an 

overpotential of 0.36 V for the formation of CO, since the equilibrium potential is –0.11 V vs. RHE), 

CO with a FE of 33% was detected while H2 is the dominant product. FE of CO formation overtakes 

H2 evolution when the potential becomes more negative and it reaches a maximum of 83.7% at an 

applied potential of –0.82 V (overpotential of 0.71 V); the maximum FE for CO formation is 
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comparable to those obtained with polycrystalline bulk Au and Ag electrodes in the same media[9,54]. 

H2 regains dominance in the more negative potential region. 

The partial current density for CO (obtained by multiplying the total current density by FE of CO) 

is plotted in Figure 5d. In the potential region at low CO2/CO overpotentials (–0.47 to –0.57 V), HER 

is dominant since it is thermodynamically and kinetically more favorable[3]. In the potential region of 

intermediate CO2/CO overpotentials (i.e. –0.57 to –0.87 V), CO2 reduction occurs to form CO, and 

HER is hindered due to the slow desorption of CO from the active sites[55,56]. In the potential region 

at high CO2/CO overpotentials, kinetics of both CO2 reduction and HER increase. However, HER is 

kinetically favorable and H+ is much more readily available in the aqueous HCO3
– medium; hence 

HER regains dominance and the CO2 reduction process becomes relatively slower due to kinetic 

limitation, as reported previously for Ag and Au catalysts[6,11,54,57]. 

 

 

Figure 5. (a) Representative j–t curve of NDC–700 in CO2–saturated 0.5 M aqueous NaHCO3 solution at an 

applied potential of –0.82 V under continuous stirring. (b) Total current density vs. potential plot. (c) FE for 
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CO (red) and H2 (green) at different applied potentials. (d) Partial current density of CO at different applied 

potentials. 

Given the poor durability of many polycrystalline and nanostructured metal catalysts, one 

important metric for an ideal catalyst for CO2RR is stability. In this context, carbon materials have 

previously shown superior stability in catalysis of ORR and OER[16,24]. We have tested the long–

term durability of NDC–700 at a constant potential of −0.82 V (Figure 6). The total current density 

maintained steady at around −8 mA cm–2 for 72 h. In addition, the same electrode was used in another 

run of electrolysis in a fresh bicarbonate medium under the same applied potential for 2 h to examine 

the selectivity for CO. A FE of 79.4% for CO was achieved, slightly lower than the initial value of 

83.7%, suggesting that the selectivity is largely retained. The aforementioned tests reveal that the 

NDC–700 electrode possesses superior stability. 

 

Figure 6. j–t curve of NDC–700 in CO2–saturated 0.5 M NaHCO3 solution at an applied potential of –0.82 V 

for 72 h. 

A variety of heteroatom doped carbon materials (especially nitrogen–doped carbons) have been 

recently studied as catalysts for CO2RR[53,58-65]; these are summarized and compared in Table 2. 

For instance, reducing CO2 to CO using nitrogen–doped carbon nanofibers has been studied with an 

ionic liquid 1–butyl–3–methylimidazolium tetrafluoroborate (BMIM–BF4) as a co–catalyst[53]. 

Nevertheless, the high costs of ionic liquids make this approach economically challenging. Nitrogen–

doped carbon nanotubes (NCNTs) have also been employed for reducing CO2 to formate with 

polyethylenimine as a co–catalyst[65]. However, this catalyst suffers from high overpotentials. By 
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using a commercially and readily available biomass, wheat flour, as the starting material in a facile 

one–step pyrolysis, we obtained a cost–effective and active NDC catalyst for CO2RR (Table 2), and 

potentially also ORR, OER and other catalytic systems. 

Table 2. Comparison of the performance of NDC–700 with other heteroatom–doped carbon electrocatalysts. 

Catalyst a)Product Electrolyte b)FEmax c)ηmax FE [V] d)j [mA cm–2] Ref. 

Carbon nanofibers CO EMIM–BF4 98% 0.46 ~1.2 [53] 
Polyethylenimine–
enhanced NCNT formate 0.1 M KHCO3 87% 1.07 8.3 [65] 

NCNT CO 0.1 M KHCO3 ~80% 0.26 ~0.8 [58] 

N–doped nanodiamond acetate 0.5 M NaHCO3 ~91% 1.0 ~0.7 [64] 

B–doped graphene formate 0.1 M KHCO3 66% 0.76 0.99 [60] 
graphitic carbon nitride 
and CNT composite CO 0.1 M KHCO3 60% 0.64 ~0.55 [61] 

NCNT CO 0.5 M KHCO3 90% 0.79 ~5.0 [62] 

N–doped graphene formate 0.5 M KHCO3 73% 0.75 5.48 [63] 
Porous N–doped 
carbon (NDC–700) CO 0.5 M NaHCO3 84% 0.71 6.6 This 

work 
a)Only the major CO2RR product is listed; b)The maximum FE for the corresponding product; c)Overpotential at FEmax; 
d)Partial current density for the corresponding product at FEmax. 

3.3. Mechanism of CO2RR by NDC 

According to previous reports[6,57,66], the elementary reaction steps for reducing CO2 to CO are 

shown in Equations (1) –(5), where asterisk and superscript asterisk denote an adsorption vacancy site 

and an adsorbed species, respectively. 

CO2 + ∗ ⇌ CO2
∗                                                         (1) 

CO2
∗ + e− ⇌ CO2 ·−∗                                                 (2) 

CO2 ·−∗+ HCO3
− → COOH∗ + CO3

2−                            (3) 

COOH∗ +  HCO3
− + e− ⇌ CO∗ + CO3

2−                       (4) 

CO∗ ⇌ CO + ∗                                                              (5) 

The second and third reactions are often found to be the rate determining steps (RDS). If Reaction 

(2) or (3) is the RDS, a Tafel slope of 117 mV dec–1 or 59 mV dec–1 is expected at 22 °C, 

respectively[1]. However, a Tafel slope of 249 mV dec-1 was obtained by plotting the overpotential 
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vs. logarithmic partial current density of CO, which suggests the complexity of our system (see more 

details in Supporting Information) to draw a solid conclusion.  

To uncover the key factors that affect the catalytic properties of NDC materials towards CO2RR, 

materials prepared at different temperatures were used as working electrodes for potentiostatic 

electrolysis at –0.82 V. Partial current density of CO is used as the indicator of catalytic activity. As 

presented in Figure 7, the maximum partial current density of CO was obtained on NDC–700 under 

the same loading amount. The trend of surface areas is not entirely consistent with that of activity, 

where the highest surface area was obtained with NDC–600, suggesting a range of factors impact on 

activity (including surface area). In the study of ORR and OER, the catalytic activity is attributed to 

the nitrogen defects in the hexagonal graphitic network, and the content of nitrogen and form of 

nitrogen species play a key role in tuning the activity[16,24]. The correlation between nitrogen content 

and species and CO2RR activity is also examined in Figure 7. Catalytic activity has a positive 

correlation with pyridinic nitrogen content, providing some direct evidence that pyridinic N defects 

are the active sites for CO2RR, and eventual CO formation. This is similar to the case of ORR, where 

the active sites are graphitic and pyridinic nitrogens[16,23]. 

Previous reports based on density functional theory (DFT) predict that the N–defect sites in the 

graphitic carbon network of NCNTs facilitate the proton–electron transfer in the CO2RR to CO[58,59]. 

Due to the larger electronegativity of N atoms, excess negative charge in the graphite basal plane is 

localized at the N atoms in the N–doped carbon network. However, wide disparity exists among the 

electronic densities of states (DOS) for different nitrogen defect moieties[17]. The pyridinic defects 

retain a lone pair of electrons, which could bind CO2. DFT calculations predict pyridinic N holds the 

lowest overpotential for COOH*, the intermediate formed by the first proton–electron transfer to CO2. 

Although pyrrolic N also has a nitrogen–based lone pair, COOH* during the reduction process tends 

to bind to the adjacent pyridinic N site, rather than the pyrrolic N site[59]. For graphitic N, electrons 

are located in the p* antibonding orbital, making them less accessible for CO2 binding[67]. Therefore, 

the pyridinic N defects are indicated the most active sites for CO2RR, in excellent agreement with our 

experimental observation. 
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Figure 7. The partial current density of CO on NDC synthesized at different temperatures as a function of 

surface areas and nitrogen content. The content of each nitrogen species is calculated by multiplying the total 

N content and the ratio of the corresponding species in Table 1. 

4. Conclusions 

In summary, we have synthesized a porous N–doped carbon material from biomass by a simple one–

step pyrolysis of flour powder and KOH. This biomass–derived carbon material possesses high surface 

area and several kinds of nitrogen functional species, resulting in good catalytic activities towards 

electrocatalytic reduction of CO2 to CO in aqueous medium. The catalyst is able to reduce CO2 into 

CO with a maximum faradaic efficiency of 83.7% at an overpotential of 0.71 V. Moreover, this carbon 

material also exhibits superior long–term durability with minimal losses in activity and selectivity. 

Mechanistic studies indicate that the pyridinic nitrogen is responsible for the high catalytic activity. 
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This low–cost nitrogen–doped carbon material therefor offers a promising alternative to expensive 

metal catalysts for CO2 reduction. 
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Tafel analysis has been used in previous studies to gain mechanistic insight into 

CO2RR[1-4]. The principle of this method has been described extensively in many 

textbooks[5-8]. If Reaction (2) in the main text is the RDS, the Tafel slope can be 

calculated using the following equation when the reaction is irreversible (i.e. 

sufficiently large overpotential) and [CO2
*] is constant (i.e. no concentration 

polarization for CO2(g) and constant coverage of the adsorption vacancy sites)[5]: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑠𝑠𝑇𝑇𝑠𝑠𝑠𝑠𝑇𝑇 = 2.303𝑅𝑅𝑅𝑅
𝛼𝛼𝛼𝛼

                                                  (1) 

where α is the electron transfer coefficient, often taken as 0.5. F, R and T denote the 

Faraday’s constant, gas constant and absolute temperature, respectively. At 22 °C, a 

Tafel slope of 117 mV dec–1 can be calculated. If Reaction (3) is the RDS, the rate of 

electrode reaction and hence current density is proportional to [CO2·–*] which can be 

estimated based on the Nernst equation since Reaction (2) is reversible. Under these 

conditions, a Tafel slope of 59 mV dec–1 is predicted when [CO2
*] is constant. 



 

Figure S1. Tafel plot of NDC–700. iR effect is corrected. 

Tafel analysis, in which overpotential is plotted versus the logarithm of partial 

current density of CO, was undertaken to disclose the RDS in the NDC–700 material 

catalysed CO2 reduction (Figure S1). To avoid the implication from concentration 

polarization, the solution was continuously stirred using a magnetic stirring bar during 

electrolysis and data obtained at relatively low overpotentials were taken for analysis. 

Moreover, based on the magnitude of the current density and the fact that the total 

current remained unchanged by altering the stirring speed around the typical value 

employed for bulk electrolysis (Figure S2), the CO2RR is likely to be kinetically limited 

under these hydrodynamic conditions [9]. A Tafel slope of 249 mV dec-1 was obtained, 

which suggests the simple mechanisms described above do not apply. The exact origin 

of this observation is unknown. However, Tafel slopes of around 200 mV dec–1 were 

also reported in the literatures for CO2RR for nitrogen-doped carbon nanotube 

arrays[10,11]. Another possible explanation could be the limited availability and/or 

mobility of charge carriers at the electrode surface in this potential region[12]. In 

addition, given the large uncertainty (typically ±30%) associated with the value of Tafel 

slope determined from bulk electrolysis experiments and other experimental 

uncertainties (e.g. the presence of competing HER and the accuracy of iR 



compensation), Tafel analysis is a not a very reliable method in revealing mechanistic 

nature of the CO2RR, as also suggested by other researchers[13].   

 

 
Figure S2. The total current at different stirring speeds under an applied potential of -

0.82 V vs. RHE in 0.5 M NaHCO3 (saturated with CO2). 1x (green) is the typical stirring 

speed used for bulk electrolysis; 0.5x (orange) and 2x (red) is around half and double 

of the typical speed, respectively. 
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