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a b s t r a c t

The electroreduction of CO2 (CO2RR) into value-added chemicals is a sustainable strategy for mitigating

global warming and managing the global carbon balance. However, developing an efficient and selective

catalyst is still the central challenge. Here, we developed a simple two-step pyrolysis method to con-

fine low-valent Ni-based nanoparticles within nitrogen-doped carbon (Ni-NC). As a result, such Ni-based

nanoparticles can effectively reduce CO2 to CO, with a maximum CO Faradaic efficiency (FE) of 98% at

an overpotential of 0.8V, as long as good stability. Experimental and the density functional theory (DFT)

calculation results reveal that low-valent Ni plays a key role in activity and selectivity enhancement. This

study presents a new understanding of Ni-based CO2RR, and provides a simple, scalable approach to the

synthesis of low-valent catalysts towards efficient CO2RR.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Electroreduction of CO2 (CO2RR) into chemical fuel is a promis-

ing method of carbon capture and utilization towards efficient uti-

lization of renewable energy [1–4]. Despite the recent progress

made in CO2RR, there are currently some bottlenecks that need

to be overcome en route to efficient energy conversion, including

large activation barrier due to the stable chemical bond in CO2,

low selectivity limited by competing hydrogen evolution reaction

(HER) and degradation of catalytic activity [5–11]. Although pre-

cious metal-based electro-catalysts, like Au [12,13], Ag [14–16], Pd

[17,18] and their alloys [19–24], possess fast CO2RR kinetics, but

their low cost-efficiency impedes large-scale applications. As a re-

sult, developing the active and high-selectivity catalysts based on

earth-abundant material to overcome these bottlenecks is highly

desirable for CO2RR.

Recently, transition metal nickel (Ni) has been proved to effec-

tively convert CO2 into CO theoretically and experimentally [25–

29]. Up to now, various strategies have been proposed to design

efficient Ni-based CO2RR catalyst, including heteroatom doping en-

gineering [30], crystal phase engineering [31,32], strain engineering

[33] and nano-scale engineering [34–36]. In particular, downsiz-

ing the transition metal-based catalysts into nano-scale has been

widely applied, which can increase the number of active sites

∗ Corresponding authors.

E-mail addresses: ly2020@pku.edu.cn (Y. Li), meizw@pkusz.edu.cn (Z. Mei),

panfeng@pkusz.edu.cn (F. Pan).
1 These authors contributed equally to this work.

and maximum metal utilization efficiency [36–38]. Besides above

strategies, the valence state engineering of transition metal has

been demonstrated to effectively tune the catalytic activities. To

date, extensive efforts have been made in valence state engineer-

ing in different catalytic fields, such as the valence effect of MnOx

for oxygen reduction (ORR) [39], high-valence engineering for oxy-

gen evolution (OER) [40], and Mo-valence state adjustment for op-

timizing hydrogen evolution (HER) [41]. Nevertheless, the study of

effect of valence state on Ni-based CO2RR catalyst is far from sat-

isfaction. Therefore, it is highly desired to combine the downsizing

the transition metal with valence state engineering for designing a

more efficient CO2RR catalyst.

Here, we developed a simple two-step high temperature reduc-

tion strategy to construct low-valent Ni nanoparticles on N-doped

carbon layer as electro-catalyst (Ni-NC). Such a Ni-NC catalyst ex-

hibits remarkable CO2 electroreduction performance and high se-

lectivity for CO. It can achieve high Faradaic efficiency (FE) over

90% for CO in wide potential range from −0.6V to −1.1V and gives

a maximum FE reaches 98% at −0.8V, which significantly exceed

the most reported Ni-based catalyst (all potential are in reference

to the RHE). Detailed electrochemical tests and DFT calculation

demonstrate that the low-valent Ni should be responsible for the

high selectivity for CO.

The Ni-NC was synthesized via a simple two-step pyrolysis

method (Fig. 1a). Simply, glucose (GC), dicyandiamide (DCDA) and

NiCl2 was used as carbon, nitrogen and nickel source, respectively,

which were mixed and sintered at 550 °C and followed by car-
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Fig. 1. Structural characterizations. (a) Schematic illustration of the synthetic proce-

dure of Ni-NC (Ni atoms, green; N atoms, blue; C atoms, gray); (b) X-ray diffraction

patterns for Ni-NC and NC; (c) SEM image of Ni-NC.

Fig. 2. (a, b) TEM image of Ni-NC; (c) Ni 2p spectrum of Ni-NC; (d) EDS mapping

of Ni-NC.

bonized at 900 °C under flowing Ar. The crystal structure was con-

firmed by X-ray diffraction (XRD) pattern in Fig. 1b. Two diffrac-

tion peaks corresponding to the (110) and (200) planes of metal-

lic Ni are observed at 44.5° and 51.9° for Ni-NC (JCPDS, No. 71–

4655) [42], which are not found in the NC counterpart. The Ni

content was measured to be 7.2 wt% based on the inductively cou-

pled plasma masss pectrometry (ICP-MS). The scanning electron

microscopy (SEM) images of Ni-NC and NC exhibit a clear layered-

structure morphology with folds and wrinkles (Fig. 1c and Fig. S1

in Supporting information).

To further reveal the nanostructure features of Ni-NC, high-

resolution transmission electron microscopy (TEM) was performed.

As shown in Fig. 2a and Figs. S2 and S3 (Supporting information),

they display the carbon layer wrapped Ni nanoparticles. The lat-

tice fringes of d = 0.203nm in the catalysts of Ni-NC, which cor-

respond to the (111) plane of the Ni (Fig. 2b), which is well in

line with XRD data [43]. The TEM-energy dispersive X-ray spec-

tra (TEM-EDS) mapping results show the existence of Ni, N and C

elements over the nanosheets (Fig. 1d). The chemical states of Ni-

NC were further investigated by X-ray photoelectron spectroscopy

(XPS) (Fig. 2c and Figs. S4 and S5 in Supporting information). As

Fig. 3. Electrocatalytic CO2RR performance. (a) LSV curves of Ni-NC in 1mol/L

KOH electrolyte at a scan rate of 10mV/s; (b) LSV curves of Ni-NC, NiOx-NC and

NC in 0.1mol/L KHCO3; (c) Faradaic efficiency; (d) Specific current density of CO for

Ni-NC, NiOx-NC and NC at different applied potential; (e) Stability test of Ni-NC at

a potential of −0.8V vs. RHE for 10h.

shown in Fig. S5, four types of N species were distinguished, in-

cluding pyridinic N (398.86 eV), pyrrolic N (399.7 eV), graphitic N

(401.15 eV) and oxidized N (402.52 eV) species [44,45]. Fig. 2c dis-

plays the high-resolution of Ni spectrum of Ni-NC, Ni 2p3/2 decon-

voluted in two peaks. The minor peak at 852.4 eV, which is cor-

responding to Ni0. The major peak at 854.6 eV is lower than Ni2+

(856.0 eV), suggesting the low-valent state of Ni in Ni-NC [46,47].

The electro-catalytic activities of NC, Ni-NC were studied us-

ing a H-type electrochemical cells under CO2 saturated 0.1mol/L

KHCO3. Additionally, NiOx-NC was synthesized from Ni-NC by ap-

plying positive potential in 1mol/L KOH, with purpose of verifying

the catalytic effectiveness of low-valent Ni. As presented in Fig. 3a,

the metallic Ni in Ni-NC was first oxidized to form α-Ni(OH)2 and

followed by oxidized to Ni3+ [48]. And the α-Ni(OH)2 irreversibly

transferred to β-Ni(OH)2 during the range from 0.6V to 1.3V,

which cannot be reduced to metallic Ni. Linear Sweep Voltamme-

try (LSV) displayed in Fig. 3b shows total current density at the

voltage range from 0 to −1.2V vs. RHE. The total current density

of both NC and NiOx-NC at −1.2V were close to 10mA/cm2, while

the total current density of Ni-NC almost reached 30mA/cm2, sug-

gesting prominent electrocatalytic activity of Ni-NC due to the ex-

istence of low-valent Ni in Ni-NC. Faradaic efficiency (FE) and par-

tial current density of CO were displayed respectively in Figs. 3c

and d. Compared with the FE of CO exceeding 92% at the voltage

range from −0.6V to −1.1V catalyzed by Ni-NC, the maximum FE

of CO over NiOx-NC is just close to 80%. Furthermore, the maxi-

mum FE of CO over NC is as low as 53%, even falling to no more

than 10% at more negative potential. Consequently, CO partial cur-

rent density of Ni-NC is much higher than the other counterparts

at the whole voltage range applied. This loss in performance of

NiOx-NC is likely the result of Ni oxidation [27], which diminished

the active site from metallic Ni after applying positive potential.

The stability of the Ni-NC catalyst was tested by continuous work-

ing at −0.8V for more than 10 h, both the current density and

Faradaic efficiency stayed stable as presented in Fig. 3e. This re-

sult evidenced the metallic Ni would provide the active sites. And

XRD pattern, TEM images together with high-resolution XPS Ni 2p
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Fig. 4. (a) The XPS spectra of Ni in the Ni-NxC and NiOx-NC (the intensity has been normalized for the comparison); (b) A plot of changing current density against scan

rates for electrochemically active surface area (ECSA); (c) Electrochemical impedance spectra of Ni-NC and NiOx-NC.

Fig. 5. DFT calculation. (a) Calculated atomic structure model of Ni (111) and Ni

(200); (b) The calculated free energy diagram of HER on Ni (111) and Ni (200); (c)

Calculated free energy diagram of reducing CO2 to CO over Ni (111) and Ni (200);

(d) The comparison between the free energy of potential-determining step (PDS) of

CO2RR and HER.

spectra suggest that the excellent structural and chemical stability

of the Ni-NC during the CO2RR process (Figs. S6 and S7 in Support-

ing information).

The oxidation of Ni during the positive potential scanning stud-

ied by XPS. The result in Fig. 4a demonstrate that the binding en-

ergy for Ni in NiOx-NC has an obvious shakeup satellite signal at

861.1 eV, which is attributed to the Ni2+ [49]. This observation il-

lustrates the surface oxidation of Ni element. The electrochemi-

cal active surface area (ECSA) of catalyst was determined to study

the factor of CO2RR activity enhancement. The ECSA of Ni-NC and

NiOx-NC were evaluated by double-layer capacitance (Cdl) depend

on CV curves (Figs. S7a and b in Supporting information). The Cdl
can be obtained by determining the slope of the fitted plots. The

Cdl of Ni-NC is 4.3 mF/cm2, which is nearly 16.5 times as high

as NiOx-NC (0.26 mF/cm2) (Fig. 4b), indicating that the oxidation

process dramatically decreases the active sites. Furthermore, elec-

trochemical impedance spectrum (EIS) was performed to evaluate

the reaction kinetics. The Ni-NC exhibits smaller charge transfer re-

sistances than that of NiOx-NC (Fig. 4c), suggesting its fast charge

transfer kinetics. These results further demonstrate the excellent

electrochemical properties of Ni-NC due to the existence of low-

valent Ni.

DFT calculations were performed to reveal the mechanism of

the extremely high-selectivity electrocatalytic CO2RR process on

Ni-NC. According to the observed experimental results, models of

(111) and (200) feces in metallic Ni were built and presented in

Fig. 5a, subsequently the free energy diagram of CO2RR process

were calculated and presented in Fig. 5c. The free energy change

for ∗COOH formation (CO2 + (H+ + e−)→ ∗COOH+H2O) in Ni (111)

is 0.2 eV, while in Ni (200) is −0.03 eV. After the ∗COOH forma-

tion, ∗CO formation from ∗COOH (∗COOH+ (H+ + e−) →∗CO+H2O)

is exothermic on both faces. It can be seen that, the H+/e− steps

in both faces can proceed with low free energy, which indicates

that the ∗CO species may easily form in both faces under poten-

tial condition of experiment. And the free energy change for CO

desorption (∗CO→CO(g) + ∗), which cannot be tune by the ex-

ternal potential, is more endothermic Ni (200) than that in Ni

(111), this indicates that the Ni (200) would be more easily poi-

soned by ∗CO and the desorption of ∗CO in Ni (111) is more eas-

ily. We also examined the selectivity between the CO2RR process

and HER process (Figs. 5b and d). We compared the free energy

change of potential-determining step (PDS) of CO2RR and HER on

both faces, the �GPDS (CO2RR) is smaller than the �GPDS (HER),

suggesting that the CO2 reduction process is thermodynamically

more favorable than that of HER, identical with the experimental

high-selectivity of CO.

In summary, low-valent Ni-based nanoparticles were success-

fully constructed on carbon layer (Ni-NC) via a two-step pyrolysis

method. Notably, the Ni-NC exhibited high-selectivity for CO. The

Faradaic efficiency of CO was as high as 98% at overpotential of

−0.8V vs. RHE, with good stability over 10h. In contrast, a signif-

icant decrease in CO2 reduction activity was observed after low-

valence Ni was oxidized, resulting from the decreasing active sites.

Experimental and theoretical studies indicate that Ni (111) on Ni-

NC may be a type of active site for CO2RR, originating from more

favorable initiation of CO2 reduction than HER. This discovery not

only pays a new path for design of high-selectivity to CO2 reduc-

tion, but also presents new understanding of Ni-based CO2 reduc-

tion.
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