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Abstract: Ever-growing anthropogenic activity has increased global energy demands, resulting in 

growing concentrations of greenhouse gases such as CO2 in the atmosphere. The electroreduction 

of CO2 has been proposed as a potential solution for reducing anthropogenic CO2 emissions. Despite 

the promising results obtained so far, some limitations hinder large-scale applications, especially 

those associated with the activity and selectivity of electrocatalysts. A good number of metal 

catalysts have been studied to overcome this limitation, but the high cost and low earth abundance 

of some of these materials are important barriers. In this sense, carbon materials doped with 

heteroatoms such as N, B, S, and F have been proposed as cheaper and widely available alternatives 

to metal catalysts. This review summarizes the latest advances in the utilization of carbon-doped 

materials for the electroreduction of CO2, with a particular emphasis on the synthesis procedures 

and the electrochemical performance of the resulting materials. 

Keywords: CO2 electroreduction; carbon-doped materials; innovative electrocatalysts; faradaic 

efficiency; in-situ doping; post-treatment doping 

 

1. Introduction 

The ever-growing human population, along with the rapid development of some countries, have 

resulted in a steady increase of the energy demand. Most of this energy is currently obtained from 

fossil fuels, the consumption of which releases CO2 into the atmosphere. As a result, the concentration 

of CO2 in the atmosphere increased from ca. 278 ppm before industrialization to ca. 400 ppm in 2018 

[1,2]. This increase in CO2 concentration has been associated with global warming. The average 

temperature on Earth has been reported to have increased by 1.1 °C since 1880, with the last five years 

being the warmest period ever recorded [3,4]. 

In order to mitigate global warming, the scientific community has spurred the search for viable 

solutions that allow for the reduction of greenhouse gas emissions. The substitution of fossil fuels 

with renewable sources, such as solar, wind, and hydroelectric sources, has been proposed as a 

plausible long-term solution. However, renewable sources are usually installed in specific locations 

(usually far from the demand place) and provide an intermittent supply, which inevitably leads to 

storage needs [5]. One interesting approach to reducing CO2 emissions consists of the capture, 

storage, and subsequent transformation of this molecule into high-value chemical products or fuels 

[6,7]. This conversion can be carried out by means of photochemical, thermochemical, biochemical, 

and electrochemical routes. Among these routes, the electrochemical approach is particularly 

interesting because it can be carried out under significantly milder pressure and temperature 

conditions (i.e., room temperature and atmospheric pressure) compared to other routes (e.g., catalytic 

reduction) and without the need for external H2, since water can be used as the source of both 

electrons and H+ required for the reduction of CO2 to organic compounds. In addition, the 
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electroreduction of CO2 can make use of the surplus of renewable electricity to produce valuable fuels 

and chemicals [7,8]. 

Despite these advantages, the electroreduction of CO2 has important barriers that need to be 

overcome before the technology is further developed. First, the high potential required to activate the 

highly stable molecule of CO2 (as a consequence of the strength of the C=O double bond) represents 

an important barrier towards efficient conversion. Second, the conversion of CO2 involves, in some 

cases, multiple proton and electron transfer reactions. Some of these steps present unfavorable 

kinetics, which finally results in high overpotentials [9,10]. Third, the parasitic hydrogen evolution 

reaction (HER), which usually proceeds over the same potential range of the CO2 electroreduction 

[11,12], can reduce the faradaic efficiency towards a target product. This undesired process represents 

an important issue when working with aqueous electrolytes. Fourth, the low solubility of CO2 in 

water, combined with inefficient reactor designs, has also been reported to add mass transport 

limitations to the process [13,14]. 

One of the most important barriers for the practical applicability of this technology is the reaction 

complexity. Therefore, the electrochemical reduction of CO2 usually results in a complex mixture of 

C1 and C2 species (e.g., CO, methane, methanol, formic acid, ethylene, and ethanol, among others). 

The complexity of this reaction is well-known, since it was first reported by M.E. Royer in the 19th 

century [15]. Almost a century later, Hori et al. [16–19] still reported the production of a plethora of 

carbon products, including CO, formic acid, methanol, methane, and ethylene, over several metal 

catalysts. It is therefore not surprising that efforts over the past years have mostly focused on 

developing electrocatalysts (i.e., cathodes) able to achieve active, selective, and stable 

electroreduction of CO2 into a single target product [20]. With this aim, multiple catalytic materials 

have been synthetized and tested in this reaction over the last years, including noble (Au, Pt, Ag, and 

Pd), transition (Ni, Zn, Fe, and Cu), and p-block (Pb, Sn, In, and Bi) metals and combinations of them 

[21]. As a result of this intense work, it has been concluded that, in aqueous media and under ambient 

conditions, metals such as Au [22], Ag [23], Zn [24], and Pd [25] are highly selective towards carbon 

monoxide, while Sn [26], Pb [27], Bi [28], and In [29] generate formic acid as the main product [30–

33]. Metals such as Cu have been reported to selectively generate light hydrocarbons ranging from 

C1 to C3 [34–37], while metals such as Pt, Ti, Ni, and Fe have been demonstrated to favor the HER, 

thereby showing a high selectivity towards H2 [10]. 

Apart from the nature of the metal cathode, the configuration of the electrode and the reactor 

design have both been found to play an important role in the CO2 electroreduction performance of 

these materials. For example, the utilization of gas-diffusion metal electrodes instead of full-metal 

electrodes allowed the faradaic efficiency of Ag and Cu electrodes towards CO and ethylene, 

respectively, to be increased significantly [38]. The utilization of gas-diffusion electrodes also 

minimized ohmic losses, thereby allowing current densities relevant for industrial purposes (e.g., 300 

mA cm−2) to be reached. Diaz-Sainz et al. [39] stressed the importance of the electrode configuration 

in this reaction by comparing the performance of a large number of electrode configurations and 

electrocatalysts in this reaction. Gas diffusion and catalyst-coated membrane Bi and Sn electrode 

configurations provided different results. Therefore, while the coated membrane catalysts achieved 

higher formate concentrations and reduced energy consumptions, the gas diffusion electrode 

allowed operations at higher current densities close to 300 mA cm−2. 

Despite the good performance of these metals and the knowledge accumulated in the past years, 

the high cost and scarcity of some of these materials have spurred the search for cheaper and earth-

abundant alternatives [40]. In this sense, carbon-based materials doped with heteroatoms such as N, 

B, S, and F have received great attention as electrocatalysts owing to their large earth abundance, 

high surface area, high thermal and mechanical stability, and low cost [19–21]. These materials have 

been extensively applied for years in fuel-cell-related processes, such as oxygen reduction reactions 

(ORR) and oxygen evolution reactions (OER), showing outstanding activities comparable to those of 

conventional Pt-based electrocatalysts [21]. Heteroatom-doped carbon materials present a number of 

characteristics (e.g., high stability and strong tolerance to acidic/alkaline aqueous media) that make 

them particularly attractive for electrocatalytic applications. Additionally, these materials present 
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large versatility in terms of their tailored porous structure and surface chemistry, which can be 

developed by physical and chemical methods. This is very interesting when it comes to catalytic 

applications, since the incorporation of surface functionalities can modify the electronic structure of 

the carbon network and the nature of the active sites. Therefore, the inclusion of heteroatoms with a 

different electronegativity and size to carbon alters the carbon lattice (i.e., charge density 

redistribution and structural defects), thereby creating new catalytic sites and inducing new 

adsorption/activation modes for the CO2 molecule. This electronic and structural perturbation of the 

carbon structure has been demonstrated to induce interesting changes in the way that CO2 interacts 

with the carbon surface, resulting in an enhanced electroreduction performance [41–45]. 

The utilization of doped carbon materials as catalysts for the electroreduction of CO2 has been 

covered by several reviews in recent years [46–48]. In an excellent review, Wu et al. [46] provided 

extensive mechanistic information on this reaction over carbon-based materials and identified the 

main challenges of the process. These authors analyzed the linear scaling relations of metals and 

discussed how this prevents the binding energies of intermediates from being decoupled on these 

surfaces, ultimately constraining the reactivity to certain C1 products (CO vs. CH4) or increasing the 

overpotential for the formation of C2 products. Therefore, the utilization of carbon-doped materials 

allows the limitation imposed by the classical scaling relation of metals to be overcome and modifies 

the strength of adsorption of reaction intermediates, resulting in lower overpotentials compared to 

metal catalysts. These authors discussed the performance of these materials (mostly N-doped) in 

terms of their ability to generate C1 or C2 products. Jia et al. [47] provided an extensive revision of 

doped carbon materials for this application, although emphasis was mostly placed on transition 

metal (Fe, Ni, and Co)-doped and other metal-containing carbon materials, while other important 

dopants, such as S and F, did not receive significant attention. Liu et al. [48] reviewed this topic by 

using a general approach based on electronic and structural modifications of the carbon lattice upon 

doping. 

The present minireview aims to summarize the most relevant advances made in the utilization 

of metal-free heteroatom-doped carbon materials for the electroreduction of CO2. Unlike the reviews 

cited above, we have employed a different approach (by doping the heteroatom instead of by reaction 

product) and provided very recent results for other interesting dopants, such as S and F, which were 

not sufficiently covered in previous works. Instead of using a general approach, we have analyzed 

the particularities of each dopant (N, B, S, and F) and their effect on the structure of the carbon 

material. Moreover, we provide additional information on the main techniques used to prepare these 

materials, which was not the main focus of the above reviews. Therefore, this minireview is focused 

on two interesting aspects that are inherently connected: the synthesis method and the 

electrochemical performance of the resulting materials. Finally, our review has a different time frame 

compared to the above works, being mostly constrained to 2019–2020, with the aim of capturing the 

rapid development of this area. 

2. CO2 Electroreduction over Heteroatom-Doped Carbon Materials 

2.1. Nitrogen-Doped Carbon Materials 

2.1.1. Synthesis Methods 

Nitrogen has been extensively used as a dopant element for carbon materials [41,43,49]. The 

covalent radius of nitrogen is very similar to that of carbon (75 vs. 77 pm), which favors its 

incorporation into the carbon lattice. Nitrogen doping does not result in significant lattice distortions 

or structural defects of the carbon structure. Instead, due to its higher electronegativity compared to 

carbon (3.04 vs. 2.55), nitrogen doping mostly induces charge distribution effects, modifying the 

electronic properties of the original carbon material. A good number of preparation methods have 

been developed to synthetize nitrogen-doped carbon materials, including in situ (i.e., nitrogen is 

introduced during the synthesis of the carbon material) and post-treatment (i.e., nitrogen is added 

once the carbon material is prepared) doping approaches [43]. With regards to in situ doping, several 
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techniques have been used, including chemical vapor deposition (CVD), pyrolysis, arc charge 

discharge, laser ablation, and microwave irradiation [49]. CVD is commonly used, since it allows for 

a controllable catalyst morphology and scalable production, although it is costly and does not allow 

fine control of the dopant loading. A good range of carbon materials, including graphene [50–55], 

carbon nanotubes [55–59], microporous carbon [55,60,61], and fullerenes [62], have been doped with 

nitrogen by in situ techniques. A very simple in situ doping method was recently developed by Sun 

et al. [63]. These authors fabricated a hierarchical porous N-doped carbon material by simple spray-

drying of a solution containing sucrose, urea, and NaCl over the carbon material, followed by 

pyrolysis at 800 °C and washing to remove NaCl. This cheap and scalable technique resulted in a 

nitrogen-doped carbon material with an excellent performance as a component of Li-ion batteries 

and in the electrochemical reduction of CO2. The particular hierarchical porosity of these materials 

was described to facilitate electrolyte penetration and electron transfer while providing structural 

stability. Complex in situ techniques, such as microwave plasma-enhanced CVD, have also been 

developed to generate novel nitrogen-doped nanodiamonds with an excellent faradaic efficiency 

(e.g., 90%) towards acetate [64]. 

Post-treatment doping involves a direct reaction between nitrogen-containing reagents (e.g., 

urea, ammonia, dicyandiamide, dimethylformamide, amines, etc.) and a pre-synthesized carbon 

material [49,65]. The reaction is usually carried out at high temperatures for long periods of time, 

while the carbon material requires a pretreatment to facilitate the incorporation of the doping species. 

The overall nitrogen content and the nature of the nitrogen functionalities greatly depend on the 

operation conditions [49,65–67]. Carbon-based materials such as graphene, nanotubes, onion-like 

carbons, and tubular carbon foams have been successfully doped with nitrogen by post-treatment 

methods [68,69]. An interesting post-treatment ammonia etching technique was developed by Li et 

al. [67]. Coal was used as a carbon precursor, resulting in a hierarchical pore carbon structure with 

highly exposed nitrogen active sites and an excellent CO2 electroreduction performance (e.g., 90% 

faradaic efficiency towards CO). Recently, Kuang et al. [70] used Zn-based zeolitic framework-8 (ZIF-

8) as a precursor for preparing nitrogen-doped carbon materials. The easy vaporization of ZIF-8 

facilitated the doping process during the carbonization step. The resulting carbon material was post-

treated with N,N-dimethylformamide (DMF), generating mesoporous nitrogen-doped carbon 

frameworks with an excellent CO selectivity (92% faradaic efficiency). 

2.1.2. CO2 Electroreduction Performance 

Nitrogen doping generates new active sites on the catalyst surface [41]. As shown in Figure 1a, 

nitrogen atoms can be accommodated on the carbon lattice in several ways, generating different 

nitrogen functionalities, such as pyridinic, pyrrolic, graphitic, and pyridine-N-oxide (when oxygen 

functionalities are also present) [41,45,49,65]. These nitrogen functionalities interact differently with 

the delocalized π electrons provided by the alternate C-C single and double bonds in the graphitic 

network [43,49] and contribute to the covalent bond with different hybridization (e.g., pyridinic 

nitrogen presents sp2 hybridization and contributes one p-electron per bond to the π system, while 

pyrrolic N is sp3 hybridized and contributes two p-electrons to the π system). As expected, the 

catalytic performance of nitrogen-doped carbon materials in the electroreduction of CO2 greatly 

depends on the nature of the nitrogen active sites. Several attempts have been made to elucidate the 

nature of the active species actually involved in the electroreduction process, with no conclusive 

results having been obtained so far. Recent studies associated the high electroreduction activity of 

nitrogen-doped carbon materials with the presence of pyridinic functional groups [52–54,58,71–74], 

whereas others pointed to pyrrolic N [75,76] or even both pyridinic and pyrrolic [51,77] as responsible 

for the good performance of these materials. Graphitic or quaternary functionalities have also been 

considered as the main active sites in the electroreduction process [57,62]. Rather than nitrogen 

functionalities, Wang et al. [78] identified intrinsic carbon defects generated upon nitrogen doping as 

the actual active sites responsible for CO2 activation. Therefore, catalysts with low nitrogen loading 

(Figures 1b,c) exhibited an optimum CO2 electroreduction selectivity towards CO, with faradaic 

efficiencies as high as 95%. Remarkably, un-doped carbon materials also showed excellent faradaic 
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efficiencies towards CO (Figure 1d), thereby revealing that carbon defects play an important role in 

the electroreduction process. Carbon hybridization was also found to affect the CO2 electro reduction 

performance of these materials. Wanninayaque et al. [79] prepared several nitrogen-doped materials 

containing both diamond (sp3) and graphitic (sp2) carbon structures. These authors concluded that 

the carbon structure hosting the nitrogen dopant was relevant in determining the electrocatalytic 

performance of the material. Therefore, those materials with higher sp2/sp3 ratios displayed an 

excellent CO2 electroreduction performance (80% faradaic efficiency to CO), while those containing 

high sp3 carbon contents catalyzed the parasitic HER. 

 

(a)

 
(c) 

 
(b)

 
(d) 

Figure 1. (a) Nitrogen atom configuration in a graphene network, reproduced from [80], Copyright 

(2020), with permission from Elsevier; (b) N content of doped material D-NC-1100; (c) Faradaic 

efficiency to CO (FECO) versus applied potential of the N-doped catalysts; (d) FECO versus the applied 

potential of the un-doped catalyst, reproduced from [78], Copyright (2020), with permission from 

John Wiley and Sons. 

Nitrogen-doped carbon electrocatalysts also exhibited outstanding stabilities [58,71,81]. As 

shown in Figure 2a, nitrogen-doped nanotubes maintained the current density (6 mA/cm2) and 

faradaic efficiencies to CO at around 90% for 60 h of operation [57]. Zhu et al. [82] developed 1D/2D 

nitrogen-doped carbon nanorod arrays/nanosheets, with the selectivity, current density, and 

structural stability being maintained for more than 30 h of continuous operation (Figure 2b). 
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(b) 

Figure 2. (a) Stability test (total current density, faradaic efficiency, and current density for CO 

production) of nitrogen-doped carbon nanotubes at −0.9 V vs. a reversed hydrogen electrode (RHE), 

reproduced from [57], Copyright (2020), with permission from John Wiley and Sons. (b) Stability test 

on a 1D/2D nanorod array/nanosheets-900 electrode at −0.45 V in CO2-saturated 0.5 M KHCO, 

reproduced from [82], Copyright (2020), with permission from the Royal Society of Chemistry. 

Co-doping nitrogen with other elements such as P resulted in carbon materials with an 

outstanding electroreduction performance. Chen et al. [83] synthetized, for the first time, a nitrogen, 

phosphorous co-doped carbon aerogel with an improved CO2 electroreduction performance (99% 

faradaic efficiency to CO) at partial current densities of 143.6 mA·cm−2 (one of the highest values 

reported for this reaction). This co-doped carbon material showed a large electrochemical active area 

and high electronic conductivity while suppressing the HER. 

2.2. Boron-Doped Carbon Materials 

2.2.1. Synthesis Methods 

The affinity between carbon and boron has been used to improve the activity and stability of 

carbon materials in electrocatalytic applications. The promotional effect of boron in carbon materials 

has not yet been well-elucidated, although an electronic effect (rather than structural distortion or the 

generation of defects) is usually invoked in the literature. Some studies suggest that boron doping 

allows the electronic properties of carbonaceous materials to be modified, given the different 

electronegativity of the two atoms (2.04 and 2.55 for boron and carbon, respectively) [41]. Boron 

doping is believed to induce charge polarization in the carbon framework, thereby allowing the 

stabilization of important reaction intermediates generated during the electroreduction process. 

Furthermore, boron doping is believed to decrease the energy barriers for CO2 electroreduction by 

stabilizing the negatively polarized O atoms of the CO2 molecule, facilitating its chemisorption on 

the carbon material [41,42,45]. Nevertheless, additional studies are required to fully understand the 

positive effect of boron doping on carbon materials. 

As in the case of nitrogen-doped materials, CVD is the most common in situ doping method, 

either alone [66] or in combination with microwave plasma (MPCVD) [70–73]. CVD has been used to 

synthetize boron-doped diamonds (BDD) with a high selectivity towards formic acid [84–86] and 

methanol [87]. Liu et al. [88] used a hot filament vapor deposition technique to obtain boron and 

nitrogen co-doped diamonds (BND). These BND were found to be highly selective in electroreducing 

CO2 to C2 products (e.g., ethanol, 93% faradaic efficiency). Apart from CVD, other in situ methods 

allow the accommodation of boron atoms in carbon structures. Jia et al. [89] synthetized nitrogen and 

boron co-doped porous carbon (NBPC) by using an interesting salt-sugar methodology. A sodium 

chloride-glucose solution was used as a carbon source, with ammonia chloride and boron acid 

serving as nitrogen and boron precursors, respectively. These precursors were mixed in a solution, 
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which was freeze-dried under vacuum to maintain a highly homogeneous mixed state and structure. 

The resulting solid was pyrolyzed at 600 and 900 °C under argon and washed with deionized water 

to remove impurities. The as-obtained NBPC catalyst displayed a high level of activity and faradaic 

efficiency (83%) towards CO during the electroreduction of CO2. Post-treatment boron doping has 

been used to a significant lower extent compared to in situ doping. In these methods, boron doping 

is achieved by treating pristine carbon materials with boron precursors at high temperatures [66]. 

One of the few examples of this methodology was developed by Skreekanth et al. [90]. These authors 

synthesized boron-doped graphene by heating a uniform mixture of graphene oxide and boric acid 

at 900 °C under an argon atmosphere. The as-obtained material exhibited a good electroreduction 

performance, with formate being produced with a faradaic efficiency of 66%. Boron-doped carbon 

materials (mostly BDD) have also been used as supports of metals in the electroreduction of CO2. 

These metals are usually deposited by electrodeposition via chronoamperometric techniques [91–

100]. 

2.2.2. CO2 Electroreduction Performance 

Recent efforts on the boron doping of carbonaceous materials have focused on the production 

of BDD [87,101,102]. BDD show excellent electrochemical properties and an outstanding mechanical 

stability and corrosion resistance, making them promising materials for CO2 electroreduction 

purposes. In these materials, boron atoms substitute sp3 carbon atoms in the diamond structure, 

providing electronic conductivity to the otherwise insulator material. Moreover, BDD are superior in 

terms of their potential window, background current, chemical inertness, and mechanical durability 

compared with conventional electrodes. Their wide potential window is particularly relevant in that 

it allows the electroreduction process to be conducted at voltages well-separated from that of the 

HER, thereby avoiding a parasitic reaction. The electrochemical performance of BDD electrodes 

depends on factors such as the presence or absence of sp2 carbon impurities, surface termination, 

boron loading, and the nature of the electrolyte [103,104]. These factors have recently been studied 

by Xu et al. [103]. These authors synthetized BDD with several doping loadings (0.01–2%) and used 

them as cathodes in the electrochemical reduction of CO2. Formic acid was the main product in all 

cases, with the highest faradaic efficiency being obtained at a 0.1% boron content. Higher boron 

loadings resulted in the selectivity mostly shifting to H2 (via HER) and CO (Figure 3a). These results 

were explained by changes in adsorbability and tensile stress induced by boron doping on the 

diamond structure. The electrolyte was found to be an important factor in determining the product 

selectivity of BDD materials [84,87]. Tomisaki et al. [104] found a correlation between the product 

selectivity and the electrolyte during the electroreduction of CO2 over BDD. Therefore, the utilization 

of KClO4 as a catholyte mostly generated CO and formic acid, while aqueous KCl almost exclusively 

produced formic acid (Figure 3b). CO2•– intermediates being preferentially adsorbed on BDD in 

aqueous KClO4 were invoked to explain these results. The presence of these anionic intermediates 

was followed by attenuated total reflectance-infrared spectroscopy (ATR-IR). 

  
(a) (b) 

Figure 3. (a) Faradaic efficiencies to formic acid, hydrogen, and carbon monoxide on boron-doped 

diamond (BDD) electrodes with various boron contents, reproduced from [103], Copyright (2020), 



Catalysts 2020, 10, 1179 8 of 20 

 

with permission from Elsevier. (b) Effect of the catholyte on the product selectivity and faradaic 

efficiency of BDD, reproduced from [104], Copyright (2020), with permission from the American 

Chemical Society. 

The long-term stability of BDD materials was investigated by Ikemiya et al. [85]. These authors 

developed a smart solution to ensure the continuous production of formic acid for long periods of 

time. Two BDD electrodes (BDD 1 and BDD 2) were used alternatively as an anode and cathode by 

reversing the polarity of the cell every 24 h. Upon polarity reversal, the spent BDD was almost fully 

regenerated by electrochemical oxidation in an SO42−-containing electrolyte, while the second BDD 

electrode operated as a cathode and continued with the production of formic acid (Figure 4). Formic 

acid production rates as high as 328 μmol·h–1·cm–2 were obtained at a current density of −20 mA·cm–

2. These rates were claimed to be the highest ever obtained over plate electrodes, revealing the 

industrial applicability of this double BDD electrode approach. 

 

Figure 4. Long-term test on a double BDD cell. The faradaic efficiency changes upon alternating the 

polarity of the BDD electrodes, reproduced from [85], Copyright (2020), with permission from the 

American Chemical Society. 

This pioneer work has motivated other researchers to further explore this double BDD electrode 

approach. Lou et al. [105] reported a BDD-BDD system for the simultaneous conversion of CO2 and 

wastewater purification. CO2 was mostly converted to formaldehyde on the BDD cathodic chamber, 

while organic wastes were decomposed by oxidation over the BDD anode. Potassium hydrogen 

phthalate (KHP) was used as an organic waste. This process showed a high faradaic efficiency to 

formaldehyde, while allowing the removal of organic waste on the anode (Figure 5). This work is 

interesting in that it suggests that the electrochemical reduction of CO2 can be effectively coupled 

with wastewater purification to simultaneously generate high-value chemical products and clean 

water. 

 

Figure 5. Faradaic efficiency to formaldehyde (black) and potassium hydrogen phthalate (KHP) 

consumption (blue) as a function of the potential in a BDD-BDD cell, reproduced from [105], 

Copyright (2020), with permission from Elsevier. 
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Co-doping boron with other heteroatoms has been demonstrated to produce beneficial effects in 

the electroreduction of CO2 [88,89,106]. Mou et al. [107] used boron phosphide nanoparticles to 

perform the electrochemical reduction of CO2 to methanol with a high selectivity (faradaic efficiency 

of 92%). Density functional theory (DFT) calculations revealed that boron and phosphorous can 

synergistically promote the binding and activation of the CO2 molecule. Therefore, this study paves 

the way for using boron and phosphorus co-doped carbon materials in the electroreduction of CO2. 

2.3. Sulfur-Doped Carbon Materials 

2.3.1. Synthesis Methods 

Unlike nitrogen and boron, sulfur doping does not generate significant charge redistributions in 

the carbon structure, since the electronegativity of this element is very similar to that of carbon (2.58 

vs. 2.55) [43]. Instead, the accommodation of sulfur in the carbon structure induces significant 

structural defects, given the large size of this element (105 pm). These structural defects increase the 

specific surface area of the material and expose new active sites, increasing the activity of the catalyst 

[108]. Furthermore, due to its larger atomic size and greater polarizability compared with carbon, 

sulfur doping provides a high spin density, edge strain, and charge delocalization characteristics to 

the carbon structure [41]. Sulfur-doped carbon materials are commonly prepared by CVD, plasma 

treatment, and thiourea-etching methods [108]. In recent years, less complex preparation methods 

involving the simple pyrolysis of a mixture of sulfur and carbon precursors have been developed. Li 

et al. [109] described a new technique for preparing sulfur-doped and sulfur, nitrogen-co-doped 

polymer-derived carbons with a large surface area and well-developed microporosity. Poly (4-

styrenesulfonicacid-co-maleic acid) sodium was used as a sulfur and carbon precursor, while urea 

served as a nitrogen-containing reagent. These precursors were mixed, pyrolyzed at 800 °C under 

nitrogen, and finally washed with water to remove the sodium ions. When used as cathodes, these 

materials released CO and CH4 with modest faradaic efficiencies. Pan et al. [110] reported a simple 

method for preparing nitrogen and sulfur co-doped carbon layers by layer-structured carbon nitride-

templated pyrolysis. Citric acid (as a carbon precursor) and thiourea (a sulfur- and nitrogen-

containing reagent) were mixed and pyrolyzed under argon at varying temperatures (800–1000 °C). 

The catalyst prepared at 900 °C showed higher faradaic efficiencies to CO (92%) and lower 

overpotentials (490 mV) than its sulfur-free counterpart, revealing a beneficial effect of sulfur-doping. 

2.3.2. CO2 Electroreduction Performance 

When it comes to CO2 electroreduction, the sulfur-doping of carbon materials is normally carried 

out in combination with other heteroatoms (e.g., nitrogen). A recent breakthrough was reported by 

Yang et al. [111]. These authors developed a simple in-situ route involving the electrospinning of 

polymer nanofibers and subsequent carbonization to synthesize nitrogen and sulfur co-doped 

hierarchically porous carbon nanofibers. When used as cathodes, these materials exhibited an 

outstanding faradaic efficiency of 94% towards CO at a high current density of −103 mA·cm−2. The 

materials remained stable after 36 h of electrolysis, as revealed by energy-dispersive x-ray 

spectroscopy (EDX). Pyridinic groups and carbon-bonded sulfur atoms were suggested to be the 

active sites in the electroreduction process. DFT revealed that these sites reduced the energy barrier 

for the binding of *COOH intermediates compared to nitrogen-doped materials (Figure 6a). These 

intermediates play a key role in the formation of CO. Similar results (93% faradaic efficiency to CO) 

at lower current densities (−5.2 mA·cm−2) were obtained by Li et al. [112] over nitrogen and sulfur co-

doped hollow carbon nanospheres. The addition of sulfur was suggested to increase the number of 

active sites of the material. In addition, DFT revealed lower energy barriers for the formation of 

*COOH intermediates on pyridinic sites adjacent to carbon atoms bonded to sulfur compared to 

regular pyridinic sites (Figure 6b). A significant electron spin density redistribution upon sulfur 

doping was also invoked to explain the superior performance of the co-doped material compared to 

its nitrogen-doped counterpart. The cathode displayed a stable performance for 20 h of continuous 

operation. 
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(a) 

 
(b) 

Figure 6. (a) Free energy diagram of CO2 electrochemical reduction to CO on nitrogen-doped 

graphene and nitrogen, sulfur co-doped grapheme, reproduced from [111], Copyright (2020), with 

permission from John Wiley and Sons. (b) Free energy diagram of CO2 reduction to CO on nitrogen-

doped carbon hollow carbon nanospheres and nitrogen, sulfur co-doped hollow carbon nanospheres, 

reproduced from [112], Copyright (2020), with permission from Elsevier. 

Han et al. [113] prepared nitrogen and sulfur co-doped carbon nanoweb structures and used 

them as cathodes for the electroreduction of CO2. To study the effect of sulfur doping on the 

electroreduction performance of these materials, several carbon nanowebs with varying sulfur 

loadings were prepared. Two different sulfur functional groups (i.e., thiophene-like and oxidized 

sulfur) were identified and quantified by X-ray photoelectron spectroscopy (XPS). As shown in 

Figure 7, there was a clear correlation between the thiophene-like sulfur/oxidized sulfur ratio of the 

nanoweb materials and their selectivity to CO. Both the efficient exposure of active sites upon sulfur 

doping and the modification of the electronic properties of pyridinic sites (by thiophene-like sulfur 

atoms with a lone pair of electrons) were invoked to explain this behavior. The performance of the 

materials remained stable for 20 h of continuous operation. 

 

Figure 7. Correlation of the thiophene-like sulfur to oxidized sulfur ratio with the faradaic efficiencies 

to CO and current densities for several nitrogen and sulfur co-doped carbon nanoweb cathodes tested 
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in the electroreduction of CO2, reproduced from [113], Copyright (2020), with permission from John 

Wiley and Sons. 

Wang et al. [114] synthesized nitrogen and sulfur co-doped carbon nanosheets with a high (85%) 

and stable (for 20 h) faradaic efficiency towards CO. This excellent performance was ascribed to the 

highly porous 2D unique structure of these materials, along with a synergistic effect of sulfur and 

nitrogen in the carbon structure. In this sense, the presence of sulfur was found to increase both the 

porosity and number of exposed active sites of the carbon material. 

2.4. Fluorine-Doped Carbon Materials 

2.4.1. Synthesis Methods 

Owing to its low size (57 pm) and high electronegativity (4.0), the fluorine doping of carbon 

materials typically results in the formation of new strong C-F covalent bonds, rather than the 

substitution of carbon atoms in the lattice. These newly formed C-F covalent bonds are strongly 

polarized (i.e., they have a partially ionic character), with the electron density being concentrated 

around the fluorine atom and the carbon atom bearing a positive partial charge. These positively 

charged carbon atoms have been proposed to act as active sites in the electroreduction of CO2 [45]. 

Pyrolysis has been commonly used to prepare fluorine-doped carbon materials [110,111]. Xie et al. 

[115] synthesized interlayer fluorine-doped carbon by the simple pyrolysis of a commercial carbon 

mixed with polytetrafluoroethylene (PTFE, the fluorine source) at 950 °C under argon. Fluorine 

doping was found to induce structural defects in the carbon lattice, while XPS revealed the presence 

of CF and CF2 functional groups (Figure 8a). Unlike the pristine carbon material, the fluorinated 

cathode exhibited an excellent selectivity towards CO and significant suppression of the HER at 

voltages ranging from −0.5 to −0.7 V (Figure 8b). Positively charged carbon atoms generated upon 

interaction with fluorine were suggested to strongly adsorb *COOH intermediates, leading to 

preferential CO production and HER suppression. 

 
(a) 

 
(b) 

Figure 8. (a) High-resolution X-ray photoelectron spectroscopy (XPS) spectrum of F 1s for the FC 

catalyst. (b) Faradaic efficiency to CO and H2 as a function of the applied potential on FC compared 

with PC (pristine carbon), reproduced from [115], Copyright (2020), with permission from John Wiley 

and Sons. 

Wang et al. [116] prepared fluorine-doped cage-like porous carbons by using a structure-

directing agent such as tetraethyl orthosilicate (TEOS), resorcinol and formaldehyde as carbon 

precursors, and PTFE as a fluorine source. Once precipitated, the solid was pyrolyzed at 900 °C under 

argon and subsequently treated with HF to remove SiO2. The as-obtained solid was finally treated 

with CO2 to create open pores on the carbon shell. Similar procedures were reported to prepare 
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fluorine-doped carbon sphere, fluorine-doped hollow carbon sphere, and fluorine-doped commercial 

carbon materials. These materials displayed a large surface area, abundant micropores, and a high 

electrical conductivity. Among these materials, the fluorine-doped cage-like porous carbons 

exhibited the optimum performance in the electroreduction process, with faradaic efficiencies 

towards CO close to 90% at a current density as high as 37.5 mA·cm−2. The catalyst maintained more 

than 97% of its initial current density and faradaic efficiency to CO after 12 h of electrolysis. XPS 

revealed the existence of semi-ionic C-F bonds (i.e., F-sp2 C) in the carbon structure. These highly 

polarized carbon atoms, along with the edge sites of each circular opening pore at the carbon shell, 

were suggested to be highly effective in decreasing the energy barrier for CO2 activation. 

Panomsuwan et al. [117] in situ synthesized fluorine-doped carbon nanoparticles by a simple one-

step solution plasma method with a mixture of toluene and trifluorotoluene. Although these 

materials were employed in a different electrochemical application (the oxygen reduction reaction, 

ORR), the simplicity and mild conditions of the synthesis process (e.g., near ambient temperature 

and atmospheric pressure) hold great promise for preparing CO2 electroreduction cathodes. 

With regard to post-treatment techniques, a number of interesting materials have been 

synthetized, although their performance in the electroreduction of CO2 remains unexplored. Zaderko 

et al. [118] prepared fluorine-containing carbon microspheres with a high thermal and chemical 

stability. The carbon microspheres, pre-synthesized with fructose and citric acid, were subsequently 

treated under argon with fluorine-containing reagents such as dichlorodifluoromethane, 1,1,1,2-

tetrafluoethane, and PTFE at temperatures of 500, 490, and 665 °C, respectively. Pu et al. [119] 

developed a simple method for functionalizing graphene oxide (GO) with fluorine. Therefore, 

fluorinated graphene oxide (FGO) was obtained by exposing pre-synthesized GO to gaseous HF at 

low temperatures (e.g., 50–130 °C). 

2.4.2. CO2 Electroreduction Performance 

Like sulfur, fluorine has also been used as a promoter to improve the performance of nitrogen-

doped materials in the electroreduction of CO2. Perhaps the most relevant example of this approach 

is the one reported by Wang et al. [120]. These authors prepared a perfluorinated covalent triazine 

carbon framework that presented an outstanding selectivity to methane (faradaic efficiency close to 

100%). Fluorine modified the intrinsic tendency of nitrogen sites to generate CO by favoring a new 

reaction pathway towards methane, as revealed by a meticulous DFT analysis. Pan et al. [121] also 

improved the performance of nitrogen-doped carbon materials by fluorine doping. Therefore, 

nitrogen and fluorine co-doped holey carbon layers showed faradaic efficiencies to CO as high as 

90% at a low overpotential of 490 mV, while the nitrogen-doped counterpart exhibited modest 

faradaic efficiencies (60%) at significantly higher overpotentials (800 mV). In addition, the nitrogen 

and fluorine co-doped material showed outstanding current and faradaic efficiency stabilities for 40 

h of continuous operation. DFT revealed that fluorine atoms changed the catalytic behavior of 

pyridinic nitrogen atoms by altering the charge density on these sites. 

3. Conclusions 

In the last few years, metal-free materials such as carbon materials doped with heteroatoms have 

gained significant attention due to their promising performance in a number of electrochemical 

processes, including the electrochemical reduction of CO2. Herein, we provide an overview of recent 

(published within the last two years) works using carbon materials doped with heteroatoms (e.g., N, 

B, S, and F) for this relevant process, with a particular emphasis on the synthesis procedure (in situ 

and post-treatment) and electrochemical performance (mostly the faradaic efficiency and current 

density). Nitrogen-doped carbon materials were found to enhance the electrochemical performance 

of the cathode by providing new functional groups (e.g., pyridinic, pyrrolic, graphitic, and pyridine-

N-oxide functionalities) in the carbon network. In these materials, efforts are mostly focused on (i) 

elucidating the role of each nitrogen functionality in the electroreduction process and (ii) developing 

synthesis routes able to generate these functionalities in a controllable fashion. Boron doping has 

mostly been applied to diamonds (BDD), which have attracted great attention due to their high 
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durability and electrochemical stability. The robustness of these materials has been exploited to 

develop double BDD approaches for the long-term continuous production of valuable chemicals (e.g., 

formic acid and formaldehyde), in combination with environmentally relevant processes, such as the 

oxidation of water contaminants. Sulfur has been extensively used as a co-dopant agent to improve 

the catalytic behavior of nitrogen-doped carbon materials. Therefore, sulfur and nitrogen co-doped 

carbon materials have shown high faradaic efficiencies to CO as a result of a synergetic effect of both 

heteroatoms and the ability of sulfur to modify the electronic properties of nitrogen functionalities. 

Finally, the high electronegativity of fluorine has been exploited to significantly modify the charge 

density of carbon atoms in a wide range of carbon structures. Therefore, by forming different types 

of C-F bonds (i.e., covalent and semi-ionic) and by inducing a partial positive charge density on the 

carbon atom, fluorine-doped carbon materials have provided high electroreduction activities and 

outstanding faradaic efficiencies to CO and methane. 

Despite these promising results, some aspects should be improved and better understood before 

these materials can be considered for large-scale CO2 electroreduction applications. For example, the 

effectiveness, simplicity, and cost of some of the doping techniques described herein should be 

significantly improved before envisaging mass production. Simple and inexpensive doping 

techniques allowing uniform heteroatom doping and fine control over the functional groups inserted 

into the carbon material are still necessary. This last aspect is crucial for gaining insights into the 

synthesis–structure relationship of these complex materials. The selection of appropriate carbon 

materials allowing a uniform distribution of the doping atoms is required to develop electrocatalysts 

with a good performance. Moreover, the development of techniques able to identify the actual active 

sites on the electrocatalysts may contribute to elucidating the specific reaction mechanism operating 

on each catalyst, as well as to improving the doping techniques. 

The proper size of the nitrogen atom (very similar to that of carbon) has facilitated and spurred 

the production and development of a large number of nitrogen-doped carbon materials in the last 

decade. However, this easy accommodation of the nitrogen atom on the carbon structure is also a 

source of complexity, since nitrogen can be present in many different places in the carbon network, 

generating different functionalities with different reactivities/interactions towards the CO2 molecule. 

Therefore, it is particularly important for nitrogen-doped carbon materials to develop synthesis 

methods allowing fine control over the fate of nitrogen atoms in the carbon structure. Simultaneously, 

the development of new in situ operando spectroscopic techniques such as Raman and diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFT) can help gain insights into the specific 

reactions taking place over each of the nitrogen functionalities, while new DFT studies can shed light 

on the role of these functionalities in changing the reaction pathways so that the synthesis can be 

directed to products other than CO. In the case of boron-doped carbon materials, it is necessary 

develop knowledge on the origin of the actual beneficial effect of boron in the electroreduction of CO2 

(i.e., electronic or structural modifications of the carbon lattice). Moreover, boron-doping has mostly 

focused on robust and stable diamonds, while the doping of other interesting carbon allotropes 

remains unexplored. The sulfur-doping of carbon materials has been significantly less exploited than 

nitrogen and boron, mostly because the large size of the atom hinders accommodation in the carbon 

network. While the combination of sulfur and nitrogen is well-known, the use of sulfur with other 

dopants remains largely unexplored and could be worth testing. Finally, the high electronegativity 

and small size of fluorine provide opportunities to significantly modify the electronic distributions 

of carbon structures by forming new highly polarized C-F bonds. However, the role of these new 

functionalities in the CO2 electroreduction process is not yet fully understood and significant research 

is needed to elucidate the actual role of these new sites. Furthermore, new preparation methodologies 

should be developed to allow safer and cleaner handling of this hazardous element. 
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