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a b s t r a c t

Electrochemical reduction of CO2 to value-added chemicals holds promise for carbon utilization and re-

newable electricity storage. However, selective CO2 reduction to multi-carbon fuels remains a significant

challenge. Here, we report that B/N-doped sp3/sp2 hybridized nanocarbon (BNHC), consisting of ultra-

small nanoparticles with a sp3 carbon core covered by a sp2 carbon shell, is an efficient electrocatalyst

for electrochemical reduction of CO2 to ethanol at relatively low overpotentials. CO2 reduction occurs

with a Faradaic efficiency of 58.8%-69.1% for ethanol and acetate production at −0.5 ∼ −0.6 V (vs. RHE),

among which 51.6%-56.0% is for ethanol. The high selectivity for ethanol is due to the integrated effect of

sp3/sp2 carbon and B/N doping. Both sp3 carbon and B/N doping contribute to enhanced ethanol produc-

tion with sp2 carbon reducing the overpotential for CO2 reduction to ethanol.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Electrochemical reduction of CO2 provides an attractive route

for the synthesis of value-added fuels and chemicals, which could

close the anthropogenic carbon cycle and store renewable energy.

Recent progress on electrocatalytic CO2 reduction has led to the

production of CO, formate, acetate, alcohols and hydrocarbons with

CO and formate as the most common products [1–5]. An important

goal in this area is CO2 reduction to highly reduced liquid products

including multi-carbon alcohols. Success would provide a basis for

producing sustainable fuels with high energy densities at costs less

than current market prices [6]. Therefore, it is of interest to explore

efficient CO2 reduction electrocatalysts in favor of multi-carbon al-

cohols production.

Known electrocatalysts for CO2 reduction include metals [7,8],

metal oxides [9], metal complexes [10], heteroatom doped car-

bon materials [11,12] and their hybrid materials [13], among

which copper-based electrocatalysts and heteroatom-doped car-

bon are capable of reducing CO2 to multi-carbon oxygenates and

hydrocarbons [14,15]. For these electrocatalysts, structure modi-

fication [16,17], oxidation state engineering [18], introduction of

dopants [11,19,20] and alloys [21] have been used to steer CO2 re-

duction toward multi-carbon alcohols. Although notable progress

has been made, challenges remain for improving efficiency and
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decreasing the overpotential for CO2 reduction to multi-carbon

alcohols.

Heteroatom-doped carbon materials are attractive electrocat-

alysts with catalytic behaviors comparable to metal-based cata-

lysts while having better stability [11,22]. In previous studies, we

showed that heteroatom-doped diamond can catalyze C−C cou-

pling reactions [11,23]. However, results from the previous studies

required high overpotentials, and the method for diamond prepara-

tion limited its large-scale synthesis, as well as structure and com-

position modifications for enhancing catalytic performance. The

sp3/sp2 hybrid nanocarbon (HC) is a cost-effective catalyst that can

be prepared in large scales and modified to tailor catalytic per-

formance by simpler method [24]. It integrates the good physic-

ochemical properties of both sp3 and sp2 carbon for electrocataly-

sis. With heteroatom-doped sp3-carbon, HC attains good electrore-

duction activity with a high overpotential for hydrogen evolution

reaction, and sp2 carbon can enhance electron transfer for cataly-

sis [25,26]. Downsizing particle size to ultra-small favors exposing

edge sites, and B/N doping into HC can create catalytic sites where

the electron-deficient B and electron-rich N play synergistic roles

in CO2 reduction reaction. The combination of the two could boost

CO2 reduction activity and probably convert CO2 to more reduced

products such as multi-carbon alcohols.

Here we describe the use of ultra-small B/N-doped sp3/sp2 hy-

bridized carbon (BNHC) nanoparticles for electrochemical reduc-

tion of CO2 to ethanol, and the role of B/N doping and sp3/sp2 hy-
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Fig. 1. (a) Schematic illustration of BNHC preparation, (b, c) TEM images, (d) XRD

and (e) N 1s XPS spectra of BNHC.

brid carbon in CO2 reduction. The combination of B/N doping and

sp3/sp2 hybrid carbon provides a basis for CO2 reduction to ethanol

with high Faradaic efficiencies at relatively low overpotentials.

The BNHC electrocatalyst was synthesized by surface modifica-

tion of ultra-dispersed nanodiamonds (Fig. 1a). In brief, the ultra-

dispersed nanodiamonds were annealed at 1000 °C and oxidized

by acid to obtain the sp3/sp2 hybridized nanocarbon (HC). B and

N were doped into the HCs samples by calcining a mixture of HCs

and H3BO3/C3N4 at 900 °C. Both transmission electron microscopy

(TEM) and scanning electron microscopy (SEM) images showed

that BNHC was composed of ultra-small nanoparticles (Figs. 1b

and c and Fig. S1 in Supporting information). The BNHC nanopar-

ticles had core-shell structures. The lattice spacing of the core was

0.204 nm, agreeing well with the (111) facet of diamond (sp3-

carbon). The interlayer spacing of the outer shell was 0.342 nm,

consistent with the lattice distance for (002) facet of graphite (sp2-

carbon). The shell had a few layers of graphitic carbon. Energy dis-

persive X-ray spectroscopic maps showed B and N were distributed

uniformly on BNHC (Fig. S2 in Supporting information).

The presence of sp3 and sp2 carbon in BNHC was confirmed

by X-ray diffraction (XRD) pattern and Raman spectrum. In its

XRD spectrum (Fig. 1d), diffraction peaks at 43.9°, 75.3° and 91.5°
arise from cubic diamond with (111), (220) and (311) planes. The

peak at 24.5° arises from the (002) plane of graphite. Peaks at

1343 cm−1 (D band) and 1570 cm−1 (G band) appeared in the Ra-

man spectrum of BNHC (Fig. S3a in Supporting information). The

D band is usually the characteristic peak for defects or sp3 car-

bon, and the G band is from graphitic carbon. The intensity ra-

tio of D and G bands (ID/IG) was 1.12, suggesting that BNHC has

a relatively high proportion of sp3 carbon and defects, both of

which have been shown to contribute to electrocatalytic activity

[25,27].

The results of XPS spectra showed that B and N were doped

into HC (Fig. 1e and Fig. S3b in Supporting information). By decon-

volution of the N 1s peak, N-B (397.2 eV), N-sp3C (398.0 eV), pyri-

dinic N (399.0 eV), pyrrolic N (400.3 eV) and graphitic N (402.4 eV)

Fig. 2. (a) Cyclic voltammograms for BNHC in Ar or CO2 saturated 0.1 mol/L KHCO3

solutions (50 mV/s), (b) Faradaic efficiencies for ethanol, acetate, CO and H2 pro-

duction, (c) 1H NMR spectrum of 13CO2 reduction products (BNHC, −0.6 V vs. RHE),

(d) mole ratios of H2/CO from CO2 reduction at BNHC.

were found for BNHC, Among the N species, the content of N-sp3C

and pyridinic N was 67.8%. The high content of N-sp3C and pyri-

dinic N is favorable for electrocatalytic CO2 reduction [11,28]. The

B 1s spectrum (Fig. S3b) can be deconvoluted to four peaks, cor-

responding to BC3 (190.0 eV), B-N (190.9 eV), BC2O (191.6 eV) and

BCO2 (192.4 eV). The N content of BNHC was 5.2 at%, and its B

content was 6.2 at% (Table S1 in Supporting information).

Electrochemical reduction of CO2 on BNHC electrode was first

explored by cyclic voltammetry. As shown in Fig. 2a, the current

density in CO2 saturated 0.1 mol/L KHCO3 solution was increased

compared to Ar saturated solution at potentials more negative than

−0.2 V (vs. RHE), implying CO2 reduction occurs on BNHC with a

low onset potential. The product distribution following CO2 elec-

trolysis at BNHC electrodes was investigated at −0.5 V to −0.8 V

(vs. RHE) in CO2 saturated 0.1 mol/L KHCO3 solution. The cur-

rent densities were stable at the potentials used during steady-

state CO2 electrolysis (Fig. S4 in Supporting information). The liq-

uid products were detected by 1H NMR, and gas products were

detected by gas chromatography. The analyses demonstrate the ap-

pearance of ethanol and acetate accompanied by a small amount of

methanol and CO (Fig. S5 in Supporting information). To verify the

origin of ethanol, acetate, methanol and CO, electrolysis was also

carried out at BNHC electrode in Ar saturated 0.1 mol/L KHCO3 so-

lution at −0.6 V. The possible CO2 reduction products including

ethanol, acetate, methanol and CO were undetectable (Fig. S6 in

Supporting information).

The Faradaic efficiencies in Fig. 2b showed that BNHC had

a high selectivity for ethanol compared with acetate and CO

(methanol with Faradaic efficiencies < 2.7% was negligible). For ex-

ample, at −0.5 V and −0.6 V, the ethanol efficiency was 4.3–13.9

times higher than the efficiencies for acetate and CO. The ethanol

efficiency was 51.6% at −0.5 V. It increased as the potential was

lowered but declined after reaching a maximum value of 56.0% at

−0.6 V. Given its performance, BNHC is one of the best electrodes

reported for ethanol production (Table S2 in Supporting informa-

tion). The Faradaic efficiencies for acetate increased from 7.2% to

19.8% when the potential was negatively shifted from −0.5 V to

−0.7 V. The total Faradaic efficiencies for multi-carbon products,

ethanol and acetate, were 57.9%−69.1% at −0.5 ∼ −0.7 V. The com-

monly reported pathways for C2 production were surface adsorbed

CO (∗CO) dimerization [4,29]. When the potential decreased from
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Fig. 3. (a) Current density and (b) Faradaic efficiencies for ethanol production dur-

ing electrocatalytic CO2 reduction for 16 h at −0.6 V (BNHC, 0.1 mol/L KHCO3).

−0.5 V to −0.6 V, CO2 reduction reaction could be enhanced to

improve ∗CO coverage, which resulted in boosted ∗CO dimeriza-

tion and thereby higher ethanol and acetate efficiencies. Since C2

production directly consumed ∗CO intermediates, CO efficiency de-

creased. However, competition from H2 evolution reaction became

increasingly fierce as the potential further decreased to or beyond

−0.7 V, leading to decreased Faradaic efficiency for CO2 reduction.

ICP-MS analysis and isotopic labeling experiment were per-

formed to confirm that the detected products were from BNHC

catalyzed CO2 reduction. ICP-MS analysis revealed that its perfor-

mance toward CO2 reduction was not affected by trace metal im-

purities (details in Supporting information). 13CO2 reduction was

conducted on BNHC electrode at −0.6 V (vs. RHE). 1H NMR spec-

trum of its products shows H-13C signals for ethanol and acetate

(Fig. 2c). Both split into two peaks from H-13C spin coupling. The

H-12C signal for ethanol was of low intensity and was neglected

in the analysis. The results are consistent with the generation of

ethanol, acetate and CO from BNHC catalyzed CO2 reduction.

In the gas phase, syngas with varying H2/CO molar ratios from

0.5 to 10.8 was found for BNHC catalyzed CO2 reduction (Fig. 2d).

The H2/CO ratio increased gradually as the potential was more neg-

ative. Syngas is an important feedstock for chemicals and fuels pro-

duction. The potential-dependent H2/CO ratio observed here can

meet the demands imposed by downstream chemicals and fuels

synthesis. Application of this electrochemical method for syngas

production, with adjustable H2/CO ratio, is straightforward and ap-

plicable for industrial process.

The stability of BNHC electrode toward long-term electrocat-

alytic CO2 reduction was examined by CO2 electrolysis over a pe-

riod of 16 h at −0.6 V. As shown in Fig. 3a, its current density

was stable during 16 h of CO2 electrolysis after reaching the ini-

tial steady state current density. During the process of CO2 reduc-

tion, the ethanol efficiency was probed every 2 h with results pre-

sented in Fig. 3b. The data demonstrated that ethanol efficiency

was maintained at ∼56.0% with BNHC electrode stable for at least

16 h. Energy dispersive X-ray spectroscopy showed a uniform dis-

tribution of B and N after CO2 reduction (Fig. S7 in Supporting in-

formation). The contents of B and N were 6.3 at% and 4.6 at% after

reaction, similar to 6.2 at% and 5.2 at% before reaction. (Table S1).

By deconvolution of B and N 1s XPS peak (Fig. S8 in Supporting in-

formation), the B species remained the same while the content of

pyridinic N declined 0.56 at% (Table S3 in Supporting information)

after reaction. This phenomenon can be explained by that pyridinic

N weakly binds with CO2 in a similar way as in pyridine catalyzed

homogenous CO2 reduction, which generates pyridinium-CO2 com-

plex (pyridonic N) intermediate. The stable CO2 reduction perfor-

mance indicated the conversion between pyridinic N and pyridonic

N may be reversible [30,31]. Diffraction peaks of graphite (002)

plane and diamond (111), (220) and (311) plane still can be ob-

served on its XRD spectrum (Fig. S9 in Supporting information).

To investigate the effect of B/N doping on CO2 reduction prod-

ucts distribution, CO2 reduction was conducted at the HC elec-

Fig. 4. (a) Linear sweep voltammograms for HC in Ar or CO2 saturated 0.1 mol/L

KHCO3 solutions, (b) the temperature-programmed CO2 desorption curves of BNHC

and HC, (c) comparison of CO2 reduction efficiencies with BNHC, HC and BND elec-

trodes, (d) linear sweep voltammograms of BND in Ar or CO2 saturated 0.1 mol/L

KHCO3 solution (scan rate of 50 mV/s).

trode. The HC electrode was prepared by the same method as

BNHC electrode without doping, and its electrocatalytic perfor-

mance for CO2 reduction was compared with BNHC. XRD data

showed that HC had (111), (220) and (311) planes of cubic dia-

mond along with (002) plane of graphite (Fig. S10a in Supporting

information), the same crystalline structure as BNHC. In the Raman

spectrum of HC (Fig. S10b in Supporting information), both peaks

related to sp2 carbon (G band), sp3 carbon and defects (D band)

were observed. The intensity ratio of D band and G band was 0.99,

smaller than 1.12 for BNHC, which can be attributed to the fact

that B/N doping introduces defects into the BNHC structure.

Linear sweep voltammogram showed that HC was also active

for electrochemical reduction of CO2 (Fig. 4a). However, it showed

more negative onset potential (∼ −0.4 V) than BNHC. Its current

density increasement, during Ar saturated solution switched to

CO2 saturated solution, was not as significant as that for BNHC,

suggesting that BNHC was more active than HC toward electrocat-

alytic CO2 reduction. The temperature-programmed desorption of

CO2 analysis (Fig. 4b) showed the appearance of CO2 desorption

peaks at 70–175 °C and 260–485 °C for BNHC. They can be at-

tributed to physical adsorption or weak chemical adsorption of CO2

and strong chemical adsorption of CO2, respectively. However, HC

exhibited much weaker CO2 desorption peaks than BNHC, demon-

strating that the CO2 adsorption capability was enhanced after B/N

doping.

The results of CO2 electrolysis (−0.6 V) showed products for HC

were acetate and CO along with large amount of hydrogen, and

ethanol was undetectable under the applied conditions (Fig. 4c).

The Faradaic efficiency for acetate production was 6.2%. Compared

with BNHC, HC exhibited a significantly decreased Faradaic effi-

ciency for multi-carbon products generation, which indicates B/N

doping plays important roles for reducing CO2 to multi-carbon

products. Given that C1 products are commonly produced on

heteroatom-doped graphitic carbon electrodes [22,28,32,33], the

high efficiency for C2 production on BNHC could be mainly con-

tributed from B/N-doped sp3 carbon. The doped N and B worked in

tandem to promote ethanol generation, where N doping facilitates

H transfer and B doping stabilizes the intermediates for ethanol

production [23].
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The effect of sp2 carbon shell on electrocatalytic CO2 reduction

was probed by comparing the CO2 reduction performance of BNHC

with B/N-doped diamond (BND, sp3 carbon) with neglectable sp2

carbon. BND was prepared by hot filament chemical vapor deposi-

tion [23] (unable to prepare BND by the similar method as BNHC).

As shown by the SEM image in Fig. S11 (Supporting information),

BND exhibited a nanoparticle morphology. It has an identical crys-

talline diamond structure (Fig. S12 in Supporting information) and

similar B/N content (Table S1) as BNHC. Its onset potential for

CO2 reduction was about −0.7 V (Fig. 4d), much more negative

than BNHC (−0.2 V). Herein, electrocatalytic CO2 reduction was

conducted at −0.9 V on BND electrode. Analysis of the products

showed ethanol and CO were produced by BND catalyzed CO2 re-

duction but acetate was undetectable. Fig. 4c showed the Faradaic

efficiency for ethanol production on BND (−0.9 V) was lower than

on BNHC (−0.6 V, comparison between BNHC-0.9 V and BND-0.9 V

was shown in Fig. S13 in Supporting information). However, its ef-

ficiency for C2 products was much higher than HC. The data show

that introduction of sp2 carbon on BNHC can reduce the overpo-

tential for CO2 reduction and promote C2 production. It also con-

firms that both B/N doping and sp3 carbon contribute to the high

performance of BNHC in C2 production. To explore the effect of

electrode surface area on ethanol production, partial current den-

sity for ethanol was normalized by electrochemically active surface

area (EASA). Although the EASA of BNHC was higher than BND

(Figs. S14a-c in Supporting information), BNHC showed higher nor-

malized partial current density for ethanol than BND (Fig. S14d in

Supporting information), revealing the higher intrinsic activity of

BNHC for ethanol production.

In summary, metal-free B/N-doped sp3/sp2 nanocarbon elec-

trode consisting of ultra-small core-shell nanoparticles is devel-

oped for selectively electrochemical reduction of CO2 to ethanol.

Contributed from the integrated effects of B/N doping, sp3 and

sp2 carbon, the BNHC electrode is efficient for reduction of CO2 to

ethanol and acetate with high Faradaic efficiencies of 58.8%−69.1%

at −0.5 ∼ −0.6 V (vs. RHE), among which 51.6%−56.0% is for

ethanol production. These results provide new insights for the de-

sign of efficient electrocatalysts to steer CO2 reduction towards

multi-carbon products with high selectivity.
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