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ABSTRACT: Electrochemical reduction of CO2 to CO offers a promising strategy for regulating 

the global carbon cycle and providing feedstock for the chemical industry. Understanding the 

origin that determines the faradaic efficiency (FE) of reduction of CO2 to CO is critical for 

developing a highly efficient electrocatalyst. Here, by constructing a single-atom Ni on the 

nitrogen-doped winged carbon nanofiber (NiSA-NWC), we find that the single-atom Ni catalyst 

possesses the maximum CO FE of over 95% at -1.6V vs. Ag/AgCl which is about 30% higher than 

the standard Ni nanoparticles on the same support. The Tafel analysis reveals that the single-atom 

Ni catalyst has a preferred reduction of CO2 to CO and a slower rate for the hydrogen evolution 

reaction. We propose that the domination of singular Ni1+ electronic states and limited hydrogen 

atom adsorption sites on the single-atom Ni catalyst lead to the observed high FE for CO2 reduction 

to CO. 
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 2 

1. Introduction 

The continuously increasing concentration of carbon dioxide (CO2) in the earth atmosphere has 

raised a global concern about the greenhouse effect.1 In the past decades, many efforts have been 

put on reducing the emission of CO2 by converting CO2 to the useful industrial chemical products.2 

Among them, the electrochemical reduction of CO2 to fuels is a clean and sustainable approach 

for generating value-added gaseous products (CO, CH4, etc.) and liquid products (HCOOH, 

CH3OH, C2H5OH, etc.).3-4 In those possible electrochemical CO2 reaction products, reduction of 

CO2 to CO is one of the most promising reaction pathways because CO can be used as feedstock 

for the Fischer-Tropsch reaction.5-6 However, one of the major challenges for the CO2 reduction to 

CO is that the equilibrium potentials for production of CO overlap with that of hydrogen evolution 

reaction (HER) in aqueous phase.7-8 Hence, it is important to maximize the selectivity of CO2 

reduction to CO over the HER in water.   

In early studies, precious metal nanoparticles, especially Au or Ag, had been used as CO2 

electrocatalyst with more than 80% CO selectivity.9-10 The electronic structures of the Au and Ag 

nanocrystals can stabilize *COOH intermediate as well as selectively suppress HER pathway. For 

practical applications, utilizations of low-cost, earth-abundant transit metals (TM) to replace the 

precious metals have attracted the great attention. Currently, reduction of CO2 on TM catalysts 

including Fe, Co and Ni nanoparticles have all been hindered by the accompanied HER 

reactions.11-12 For example, a catalyst made of 30-40 nm nickel nanoparticles supported on the 

carbon nanotube displayed more than 90% preferential selectivity to the HER in CO2 reduction.13 

A few recent studies suggested that the efficiency of CO2 to CO on TM catalysts can be 

significantly improved once the TM was supported on the doped carbon material.14-15  Strasser et 

al. had reported that Ni supported on nitrogen doped porous carbon can reach CO faradic efficiency 
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 3 

(FE) of  80%.16  Jiang et al. demonstrated that the catalyst of atomic dispersing Ni on the 2D 

nitrogen-doped graphene nanosheet can procure the maximal CO faradic efficiency of more than 

95% under an overpotential of 550 mV.13 More recently, Pan et al. showed that the edge-hosted 

Fe-N4 catalyst present the maximal 93% CO FE.17 They explained that the edge-hosted metal-N2+2 

located at the two armchair-like graphitic layers bridge could further stimulate fast charge transfer 

from the active site to the adsorbed CO2.
17 Therefore, development of an ideal substrate that can 

confine metal active site sizes to the atomic level with designed coordination environment may 

enhance the selectivity of  CO2 reduction to CO.  

In order to understand the origin of selective CO2 reduction to CO, we design and synthesize a 

Ni single atom electrocatalyst consisting of isolated Ni atoms anchored on an N-doped and winged 

3D-graphene carbon nanofiber (NWC). The morphology of Ni single atom was identified by 

aberration-corrected scanning transmission electron microscopy (STEM). The single-Ni-atom 

electrocatalyst showed high intrinsic selectivity of CO2 reduction to CO. The maximal CO 

Faradaic efficiency (FE) of more than 95% at -1.6V vs Ag/AgCl in 0.1M NaHCO3 solution was 

observed. We speculate that the enhancement of CO selectivity relative to the HER is attributed to 

domination of singular of Ni1+ electronic states and limited hydrogen atom adsorption sites on the 

NiSA-NWC. 

2. Experimental Section 

Synthesis of winged carbon nanotubes (WC): In a standard procedure, 200 mg of stacked-cup 

carbon nanofiber with an average diameter of 100 nm (from the Pyrograf Product. Inc) and 1.0 g 

of sodium nitrate (NaNO3) were mixed in 40 ml concentrated sulfuric acid (H2SO4) in an ice bath. 

Then 6 g potassium permanganate (KMnO4) was slowly added to the solution. The mixture was 

stirred at 0 °C for 1.5 h and then kept at room temperature for 1 h. After that the mixture was 
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 4 

poured slowly into 250 ml ice-cooled water. Then 10 ml of H2O2 aqueous solution (30 wt%) was 

added dropwise. The color of the mixture changed from dark purple to black after stirring for 10 

min. The oxidized CNT (Ox-CNT) was collected by vacuum filtration, followed by washing with 

water until pH-neutral. Then the Ox-CNT was re-dispersed in DI water (20 mg/ml). This mixture 

was tip sonicated for 30 min to form winged CNT with high concentration of defects (WCNT). 

Synthesis of single-atom Ni on nitrogen doped winged carbon nanofiber (NiSA-NWC and Ni-

WC): 2.4 mg nickel nitrate (Ni(NO3)2) was dissolved in 8 ml DI water, followed by adding 2.5ml 

Ox-CNT solution. Then 0.66 g cyanamide was added as the nitrogen source. The solution was well 

mixed in a centrifuge tube and stayed in liquid nitrogen for 15 min. The solidified mixture was 

freeze dried for two days. In the following pyrolysis process, the resultant powder was heated to 

550 °C in 30 min and kept at this temperature for 2 h. Then the temperature was raised to 750°C 

in 30 min and kept for 1 h. The resultant product was washed by the 1M HCl to remove impurities. 

The procedure of making Ni-WC was similar to the procedure of the NiSA-NWC except for the 

addition of the cyanamide.  

Synthesis of Ni nanoparticle on nitrogen doped winged carbon nanofiber (NiNP-NWC): 

Specifically, 12 mg nickel nitrate (Ni(NO3)2) in 8 ml of DI water was used in the same procedure 

above to prepare NiNP-NWC catalysts in this study. The resultant product was not washed by the 

1M HCl to preserve the nature of the Ni nanoparticle on the NWC. 

Electrochemical CO2 Reduction: Typically, 5 mg of catalyst was ground into fine powder and 

then added to 2 ml of DI water, followed by the addition of 100 μl Nafion solution (5 wt% in 

water). Then the mixture was sonicated for 30 min to form a uniform ink. Carbon paper was cut 

into 0.8 cm x 2 cm and 10 μl of the prepared catalyst ink was drop-dried onto the carbon paper as 

the working electrode (WE). The working electrode was vacuum dried for 30 min before use. 
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 5 

Electrocatalytic tests of NiSA-NWC were conducted with a potentiostat (BioLogic) in a three-

electrode setup with commercial Ag/AgCl electrode as the reference. 100 mM potassium carbonate 

(KHCO3) aqueous solution was used as both the catholyte and the anolyte. Two chambers were 

separated by Nafion 115 membrane. Pure CO2 gas was flowed into both chambers at a flow rate 

of 10 ml/min. The gas in working chamber was flowed into the IR chamber for characterization of 

reduction product. The calibration process follow the reports before.18 Potentials were corrected 

for the uncompensated ohmic loss (iRu) by the EIS following the procedure in the literature.19-20 

Mass spectroscopy for H2 product detection: argon (Ar, Ultra High Purity) and CO2 (CO2, Ultra 

High Purity) were obtained from Airgas and used as a carrier gas. The gas flow rate was controlled 

individually by mass flow controllers (Aalborg) at 10ml/min. The gaseous product was analyzed 

by a quadrupole mass spectrometer (Hiden, HPR-20) equipped with a Faraday cup detector. For 

measurement, at least 30 min elapsed before reaching steady state and three sequential 

measurements were made to determine the steady-state concentration of each gas and the 

associated reaction rates and uncertainties. The 2 atomic mass unit (amu) signal was used to 

quantify the H2 production rate.  

Additional Characterizations: Morphologies of the prepared catalysts were imaged with a 

scanning electron microscope (SEM, FEI XL30) and a transmission electron microscope (TEM, 

FEI Tecnai G² Twin). The crystal structure and elemental analysis were studied with X-Ray 

diffractometer (XRD, Panalytical X’Pert PRO MRD HR XRD System) and X-Ray photoelectron 

spectrometer (XPS, Kratos Analytical Axis Ultra). The gaseous product was analyzed in a Nicolet 

380 FT-IR.ts.21 An EPR instrument (Bruker EMX/plus spectrometer, Germany) was serviced to 

detect the Ni states in the NiSA-NWC with parameters as follows: center field 3460 G, sweep 

width 100 G, microwave frequency 9.3 GHz(X-band), microwave power 19.71 mW. 
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 6 

 

3. Results and Discussion 

 

Scheme 1. Synthetic routine of the NiSA-NWC and NiNP-NWC 

 

The morphology and other characterization results of Ni single atom catalyst supported on 

nitrogen doped winged carbon nanofiber (NiSA-NWC), which was synthesized by the procedure 

shown in Scheme 1, were displayed in Figure 1. It can be observed that in Figure 1a and 1b, the 

CNF core has a loose strip-type structure and curly edges with tens of micrometers in length, 

binding with the graphene wing. It is worth noting that no metallic NPs were found in Figure 1a 

and Figure 1b. In contrast, when the amount of the nickel salts increased, many nickel 

nanoparticles with 10-20 nm were clearly seen in the TEM image of the nanoparticle nickel 

catalyst (Figure S1).  The X-ray elemental mapping in Figure 1c reveals that NiSA-NWC possess 

uniform distribution of C, N, and Ni species across the entire tubular structure. The atomic level 

dispersion of Ni atoms on the NWC  
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 7 

 

Figure 1. Characterization of NiSA-NWC (a) Scanning electron microscopy (SEM) image; (b) 

transmission electron microscopy (TEM) image; (c) EDS mapping where red, green and yellow 

spots correspond to the carbon, nickel, and nitrogen, respectively; (d) AC-STEM-annular dark-

field (ADF) images showing the atomic dispersion of Ni in NiSA-NWC. 

 

was further confirmed by the aberration-corrected scanning transmission electron microscopy 

(AC-STEM). The bright dots representing for the heavier Ni atoms homogenously disperse 

throughout the whole NWC in the Figure 1d and Figure S2b. A combination of the X-ray elemental 

mapping and AC-STEM results implies the successful preparation of Ni single-atom catalyst on 

the NWC surfaces.  

To explore selectivity of CO2 reduction influenced by the nanoparticle structure, we have also 

synthesized Ni nanoparticle catalysts on the NWC (NiNP-NWC) (see details in the experimental 

section). The morphology of Ni nanoparticle catalyst has been confirmed by the STEM in Figure 

S2a. The lattice structure of NiNP-NWC was also studied by the XRD. As shown in Figure S3, 

the sharp diffraction peaks at 44.5°, 51.9°, and 76.3° can be ascribed to the (111), (200), and (208) 
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 8 

diffraction peaks of Ni metal in accordance with the standard pdf card 00-004-0850. And the peak 

at 26.4° belongs to the carbon lattice of the 

 

Figure 2. (a) The linear scan voltammetry (LSV) curves of NiSA-NWC and NiNP-NWC where 

the solid black and dotted purple line denoted as NiSA-NWC in CO2 and N2 saturated solution, 

respectively. The solid red and dotted blue line represent NiNP-NWC in CO2 and N2 saturated 

solution respectively;  (b) Faradic efficiency of CO and H2 at different applied potential; (c) Tafel 

plots of the partial CO current density for the NiSA-NWC, and NiNP-NWC at different applied 

potentials; (d) Nyquist plots for NiSA-NWC, and Ni-WC in N2. 

 

carbon nanofiber support.22 For the STEM images of NiSA-NWC samples, no Ni nanoparticle 

diffraction peak can be found, indicating there is no long-range ordered Ni  

structure in the NiSA-NWC. At first, the linear scan voltammetry (LSV) of NiSA-NWC and NiNP-

NWC were recorded in aqueous 0.1 M KHCO3 solution under an N2 atmosphere. The reduction 

current shown in the N2 saturated solution is typically attributed to the sole HER (Figure 2a). Upon 

saturating the solution with CO2, the onset potential of NiSA-NWC starts at 200 mV lower than 

its value in the N2 saturated solution whereas the onset potential of NiNP-NWC in CO2 saturated 

solution remains close to its value in N2 saturated solution. The electrochemical CO2 reduction 

behavior of NiSA-NWC and NiNP-NWC was further differentiated by the determination of 
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 9 

products where the gaseous products of CO2 reduction under different applied potential were 

monitored for 2h by both inline infrared spectrometer and mass spectrometer (Figure S4, Figure 

S5). Each product FE is shown in Figure 2b. A careful inspection of Figure 2b shows the NiSA-

NWC possesses the maximum CO FE over 95% at -1.6 V vs. Ag/AgCl which is about 30% higher 

than the standard Ni nanoparticles on the same support. And only 3% FE of H2 was detected at the 

same potential, implying that NiSA-NWC selectively catalyzes CO2 reduction to the CO in 

aqueous solution.  In additional, liquid CO2 reduction products were analyzed by NMR (Figure 

S6). Similar 1H NMR spectrums were found in the spectra of before and after CO2 reduction. These 

observations suggest that no liquid products from CO2 reduction were detected in the potential 

range from -0.4 to -2 V versus Ag/AgCl. Moreover, we use Tafel analysis to elucidate the kinetics 

of the mechanism of CO2 reduction, and the results are presented in Figure 2c. The potential range 

of Tafel analysis is -1.35 – 1.45 V vs. Ag/AgCl for the NiSA-NWC and -1.45 - -1.55 V vs. 

Ag/AgCl for the NiNP-NWC. As for the kinetics of CO formation on the NiSA-NWC, the Tafel 

slope of 134 mV dec−1 was obtained from the CO partial current but a high Tafel slope of 199 mV 

dec-1 is observed for the NiNP-NWC catalyst. The lower Tafel slopes confirm that the CO2 

reduction to CO is much easier on the NiSA-NWC.23 The Tafel analysis was also used to evaluate 

the HER kinetics at the potential of CO formation based on the LSV results of the N2-saturated 

solutions in Figure 2a.  This evaluation method has been reported in a previous study of HER 

activity.24 In Figure S7, the NiSA-NWC exhibits a Tafel slope of 468 mV dec−1 in 0.1M NaHCO3 

electrolytes, which is similar to the Tafel slope of HER inert Au nanoparticle in previous studies.20 

However, the NiNP-NWC has much lower Tafel slope of 213 mV dec-1, suggesting a fast HER 

kinetics on NiNP-NWC. Regarding the structure-activity relationship of the nickel catalyst, higher 

Tafel slope of single-atom Ni catalyst indicates the suppression of the HER by dispersing the 
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 10 

single-atom Ni on the NWC. Such observation was further confirmed by the Nyquist plots shown 

in Figure 2d. It can be seen clearly that the single-atom Ni catalyst has a more substantial charge 

transfer resistance for the HER in accordance with the sluggish HER kinetics. Collectively, these 

results derive that confining the size of the Ni particles to single atoms can significantly improve 

th the selectivity of CO2 reduction to CO and suppression of the side reaction (HER).  

Next, the nitrogen doping effects exerted on the catalytic activity and selectivity of the CO2 

reduction are evaluated. A single atom nickel catalyst without nitrogen has been prepared, and the 

atomic dispersion of the Ni had been confirmed by the AC-STEM shown in Figure S2c. As 

demonstrated in Figure 3a, the current density of NiSA-NWC increased more than 30% in CO2-

saturated solution compared to that of Ni-WC from -1.4V to the -2.0V vs. Ag/AgCl.25 

Additionally, the advantages of NiSA-NWC are further exemplified by nearly double of CO 

production rates and 50% higher CO FE than the Ni-WC shown in  
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 11 

Figure 3. CO
2
 reduction performance. The linear scan voltammetry (LSV) curves of: (a) NiSA-

NWC, Ni-WC and NWC in N
2
 and CO

2
 saturated 0.1 .M KHCO

3
 solution; (b) CO regions of an 

infrared absorbance spectrum of online gas measurement when apply -1.6V vs. Ag/AgCl. The 

region was chosen based on the results from the ref 18; (c) Faradaic efficiency of CO for the NiSA-

NWC, Ni-WC and NWC; (d) Chronoamperometry during 2 h electrolysis of CO2 in 0.1 M KHCO3 

at -1.6V vs Ag/AgCl. 

 

Figure 3b and Figure 3c. Finally, the NiSA-NWC catalyst maintains a stable current density of 5 

mA/cm2 with a CO selectivity of 90% for more than 2 hours of continuous operation (Figure 3d), 

demonstrating an excellent electrocatalytic durability. Based on these observations, the 

preferential response of NiSA-NWC to CO2 reduction could be mainly attributed to the synergistic 

effect of both doped N and dispersion of Ni single atoms. 

 

Figure 4. (a) XPS spectra for Ni 2p; (b) N 1s in NiSA-NWC, NiNP-NWC, and NWC; (c) Element 

content of NiSA-NWC determined from the survey scan; (d) Raman spectra of NiSA-NWC, 

NiNP-NWC, and CNF. 

 

In order to explore the fundamental origin leading to the high selectivity of CO2 to CO in this 

single atom Ni catalysts, the chemical state of nickel and nitrogen atoms of the catalyst were firstly 

analyzed by the XPS. As shown in Figure 4a, the spectrum of Ni 2p3/2 in NiSA-NWC was 
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 12 

singularly centered at 855.0 eV. This singular Ni peak had been attributed to the Ni1+ by Yang et 

al.
26

 To address the issue of low signal to noise ratio Ni2p XPS spectra of NiSA-NWC, we also 

have used the Electron paramagnetic resonance (EPR) spectroscopy to characterize Ni unpaired 

electrons in NiSA-NWC, and the result is displayed in Figure S8. An unsplit EPR band with one 

g factor of 2.28 was observed, which can be assigned to the 3d9 electronic configuration of Ni with 

S=1/2 spin state.26 The combination of the XPS and EPR result confirm that the electronic structure 

of the Ni in the NiSA-NWC is Ni1+. In contrast, the XPS spectrum of Ni 2p3/2 in NiNP-NWC 

appeared two peaks at 853.5 eV and 855.9 eV which correspond to metallic Ni0 and Ni2+ 

respectively.27 A small satellite peak centered at around 862.1 eV is also found. The local 

environment of the nickel atoms is further studied by the analysis of XPS spectra in N1s region. 

Compared with the N1s spectrum of NWC in Figure 4b, a new peak associated with the Ni-N bond 

emerges at 399.3 eV in the NiSA-NWC and NiNP-NWC. Also, the N1s spectra of  NiSA-NWC 

and NiNP-NWC can be deconvoluted into pyridinic (∼ 398.2 eV), Ni–N (∼ 399.5 eV), and 

pyrrolic (∼ 400.5 eV) peak.28-29 The prevalent lower electronegativity of pyridinic N binding to 

the Ni atoms lead to the formation of Ni1+ but the pyrrolic N in NiNP-NWC cause the formation 

of the Ni2+.30 Strikingly, 40% higher Ni-N contents were observed in NiSA-NWC than that in 

NiNP-NWC. It is rather apparent that the lower percentage of Ni-N content may result from a large 

component of uncoordinated metallic Ni atoms in NiNP-NWC catalyst which results in the Ni0. 

Besides, after incorporating the nickel and nitrogen atom, the structure of carbon support was 

characterized by the Raman spectroscopy displayed in Figure 4d. The G-band peaked at 1592 cm– 

1 is associated with the E2g mode of graphite,31 and the D-band located at 1330 cm–1 is ascribed to 

the defect-induced mode.32 A common method to quantify the amount of defects in carbon 

materials is to use the integrated area ratio of D to G band intensities ID/IG.
31  Larger  ID/IG in NiNP-
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NWC (2.1) and NiNP-NWC (1.8) can be found than that of CNF (1.4), demonstrating a relatively 

low graphitization degree and a higher density of defect sites after the nitrogen doping. The 

increasing defect density in carbon lattice can arise from the successful incorporation of the 

nitrogen atoms into the carbon lattice.33  The accurate atomic concentration of Ni on the NiSA-

NWC surface determined by the XPS survey scans as shown in  Figure S9 and the concentrations 

of all elements are displayed in Figure 4c. Closer inspection of Figure 4c reveals there is only 0.44 

at% of Ni on NiSA-NWC surface, which is only half of its concentration on the surface of NiNP-

NWC. Thus, the XPS results confirm that Ni atoms in NiSA-NWC are dominated with Ni1+ state 

on the NWC instead of the mixed state of Ni0 and Ni2+ as in the NiNP-NWC catalyst. 

In this study, we found that single-atom Ni catalyst possesses the maximum CO FE of over 95% 

at -1.6V vs. Ag/AgCl which is about 30% higher than the standard Ni nanoparticles on the same 

support. Their disparities in the electronic and atomic structure of the active site usually determine 

their different CO2 reduction and HER activity. In Figure 4c, XPS analysis shows that the 

dominance of Ni(I) sites on the surface was confined by the strong metal−nitrogen interaction. The 

abundance of Ni(I) is known to help the delocalization of the charge to the antibonding of  the CO2 

for assisting the desorption of *CO intermediate.26 This benefit can be clearly shown by the Tafel 

analysis of CO2 to CO reaction process because recent studies had demonstrated that Tafel slope 

is an effective descriptor for the CO2 reduction rate-determining steps.34 The Tafel slope of the 

single-atom nickel was calculated to be 133mV dec-1 which is close to the theoretical value of 118 

mV dec-1, suggesting that initial electron transfer to generate a surface adsorbed *COOH species 

is the rate-determining step for CO evolution. However, the Tafel slope of Ni nanoparticle catalyst 

is 199 mV dec-1, which is close but lower than the 270 mV dec-1, indicating that the desorption of 

*CO constitutes the rate-determining step of CO2 reduction. The higher Tafel slope of Ni 
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nanoparticle catalyst reveals that it binds too strongly to CO which indeed block CO desorption 

from the catalyst surface. Therefore, the metal valence can play a deceiving role in changing the 

rate determining steps of CO2 reduction between single-atom Ni and Ni nanoparticle catalyst.35  

For the side reaction (HER), in single-atom Ni catalyst, a single H atom can only attach to the top 

of the isolated Ni site (shown in Figure S10a), whereas more Ni atoms on the Ni nanoparticle 

catalyst surface provide more bridge and hollow sites (shown in Figure S10b and Figure S10c) 

between metal atoms for the adsorption of more hydrogen atoms.36 Previous calculation studies 

have shown that adsorption of hydrogen atom prefers the bridge or hollow sites to a top site 

because the hydrogen intermediate is destabilized when it is adsorbed on the top site.37 As a result, 

the adsorption of hydrogen atoms on the single-atom Ni catalyst is less favorable than the  Ni 

nanoparticle catalysts so that the side reaction HER is successfully suppressed. In addition, low 

coverages of the hydrogen atoms on the single-atom Nickel catalyst provide more proportion 

available sites for the CO2 reduction, thus enhancing the selectivity of CO2 reduction. These 

analyses indicate that both the enhancement of CO2 reduction and the suppression of HER on 

single atom Ni catalyst resulted in the higher selectivity toward CO2 reduction to CO at the lower 

overpotential than the Ni nanoparticle catalyst. 

4. Conclusion 

In conclusion, we have successfully prepared single-atom Ni and Ni nanoparticles catalyst 

supported on the nitrogen-doped carbon nanofiber to study the origin of selectivity in CO2 

reduction to CO in aqueous media. We found that the CO2 reduction to CO becomes more 

dominating on the single-atom Ni supported on nitrogen-doped carbon nanofiber. It is concluded 

that the unique electronic structure and ensemble effects lead to a high faradaic efficiency for 

CO2 reduction to CO as well as suppression of the HER on single- atom Ni nitrogen-doped 
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carbon nanofiber. These results offer an insight into the correlation between the CO2 reduction to 

CO and HER activity to the Ni catalyst structure, enabling the rational design of high-

performance electrocatalysts for CO2 reduction.  

Supporting Information. Supplementary material (e.g., structure characterization of NiNP-

NWC catalysts, additional characterization of NiNP-NWC, NiSA-NWC, and Ni-WC catalysts, 

detection of the CO2 reduction products, modeling of catalytic sites etc.) is available in the online 

version of this article at 

Corresponding Author 

*Email: j.liu@duke.edu 

Phone number 919-660-1549 

Author Contributions 

The manuscript was written through contributions of all authors. All authors have given approval 

to the final version of the manuscript. ‖These authors contributed equally to this work. 

ACKNOWLEDGMENT 

This research is partially supported by the National Science Foundation (CHE-1565657) and the 

Army Research Office (Award W911NF-15-1-0320).  S.H. was supported by fellowships from 

Department of Chemistry at Duke University. The authors also acknowledge the support by the 

Duke University Shared Materials Instrumentation Facility (SMIF), a member of the North 

Carolina Research Triangle Nanotechnology Network (RTNN), which is supported by the 

National Science Foundation (Grant ECCS-1542015) as part of the National Nanotechnology 

Coordinated Infrastructure (NNCI).  

Page 15 of 21

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:j.liu@duke.edu


 16 

REFERENCES 

1. Zhang, W.; Hu, Y.; Ma, L.; Zhu, G.; Wang, Y.; Xue, X.; Chen, R.; Yang, S.; Jin, Z., 

Progress and Perspective of Electrocatalytic CO2 Reduction for Renewable Carbonaceous 

Fuels and Chemicals. Adv. Sci. 2018, 5, 1700275. 

2. Zheng, T.; Jiang, K.; Wang, H., Recent Advances in Electrochemical CO2-to-CO 

Conversion on Heterogeneous Catalysts. Adv. Mater. 2018, 30, 1802066. 

3. Sun, Z.; Ma, T.; Tao, H.; Fan, Q.; Han, B., Fundamentals and Challenges of 

Electrochemical CO2 Reduction Using Two-Dimensional Materials. Chem 2017, 3, 560-

587. 

4. Hu, X.-M.; Hval, H. H.; Bjerglund, E. T.; Dalgaard, K. J.; Madsen, M. R.; Pohl, M.-M.; 

Welter, E.; Lamagni, P.; Buhl, K. B.; Bremholm, M., et al., Selective CO2 Reduction to 

CO in Water using Earth-Abundant Metal and Nitrogen-Doped Carbon Electrocatalysts. 

ACS Catal. 2018, 8, 6255-6264. 

5. Lim, R. J.; Xie, M.; Sk, M. A.; Lee, J.-M.; Fisher, A.; Wang, X.; Lim, K. H., A Review on 

the Electrochemical Reduction of CO2 in Fuel Cells, Metal Electrodes and Molecular 

Catalysts. Catal. Today 2014, 233, 169-180. 

6. Kortlever, R.; Shen, J.; Schouten, K. J. P.; Calle-Vallejo, F.; Koper, M. T. M., Catalysts 

and Reaction Pathways for the Electrochemical Reduction of Carbon Dioxide. J. Phys. 

Chem. Lett. 2015, 6, 4073-4082. 

Page 16 of 21

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 17 

7. Ooka, H.; Figueiredo, M. C.; Koper, M. T. M., Competition between Hydrogen Evolution 

and Carbon Dioxide Reduction on Copper Electrodes in Mildly Acidic Media. Langmuir 

2017, 33, 9307-9313. 

8. Zhang, Y.-J.; Sethuraman, V.; Michalsky, R.; Peterson, A. A., Competition between CO2 

Reduction and H2 Evolution on Transition-Metal Electrocatalysts. ACS Catal. 2014, 4, 

3742-3748. 

9. Ma, M.; Trześniewski, B. J.; Xie, J.; Smith, W. A., Selective and Efficient Reduction of 

Carbon Dioxide to Carbon Monoxide on Oxide-Derived Nanostructured Silver 

Electrocatalysts. Angew. Chem. Int. Ed. 2016, 55, 9748-9752. 

10. Back, S.; Yeom, M. S.; Jung, Y., Active Sites of Au and Ag Nanoparticle Catalysts for 

CO2 Electroreduction to CO. ACS Catal. 2015, 5, 5089-5096. 

11. Zhang, Q.; Mamtani, K.; Jain, D.; Ozkan, U.; Asthagiri, A., CO Poisoning Effects on FeNC 

and CNx ORR Catalysts: A Combined Experimental–Computational Study. J. Phys. Chem. 

C 2016, 120, 15173-15184. 

12. Waugh, K. C.; Butler, D.; Hayden, B. E., The mechanism of the poisoning of ammonia 

synthesis catalysts by oxygenates O2, CO and H2O: an in situ method for active surface 

determination. Catal. Lett. 1994, 24, 197-210. 

13. Cheng, Y.; Zhao, S.; Johannessen, B.; Veder, J.-P.; Saunders, M.; Rowles, M. R.; Cheng, 

M.; Liu, C.; Chisholm, M. F.; Marco, R., et al., Atomically Dispersed Transition Metals on 

Carbon Nanotubes with Ultrahigh Loading for Selective Electrochemical Carbon Dioxide 

Reduction. Adv. Mater. 2018, 30, 1706287. 

Page 17 of 21

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 18 

14. Yang, X.-F.; Wang, A.; Qiao, B.; Li, J.; Liu, J.; Zhang, T., Single-Atom Catalysts: A New 

Frontier in Heterogeneous Catalysis. Acc. Chem. Res. 2013, 46, 1740-1748. 

15. Zhao, C.; Dai, X.; Yao, T.; Chen, W.; Wang, X.; Wang, J.; Yang, J.; Wei, S.; Wu, Y.; Li, 

Y., Ionic Exchange of Metal–Organic Frameworks to Access Single Nickel Sites for 

Efficient Electroreduction of CO2. J. Am. Chem. Soc. 2017, 139, 8078-8081. 

16. Ju, W.; Bagger, A.; Hao, G.-P.; Varela, A. S.; Sinev, I.; Bon, V.; Roldan Cuenya, B.; 

Kaskel, S.; Rossmeisl, J.; Strasser, P., Understanding activity and selectivity of metal-

nitrogen-doped carbon catalysts for electrochemical reduction of CO2. Nat. Commun. 

2017, 8, 944. 

17. Pan, F.; Zhang, H.; Liu, K.; Cullen, D.; More, K.; Wang, M.; Feng, Z.; Wang, G.; Wu, G.; 

Li, Y., Unveiling Active Sites of CO2 Reduction on Nitrogen-Coordinated and Atomically 

Dispersed Iron and Cobalt Catalysts. ACS Catal. 2018, 8, 3116-3122. 

18. Bak, J.; Larsen, A., Quantitative Gas Analysis with FT-IR: A Method for CO Calibration 

Using Partial Least-Squares with Linearized Data. Appl. Spectrosc. 1995, 49, 437-443. 

19. Wuttig, A.; Yaguchi, M.; Motobayashi, K.; Osawa, M.; Surendranath, Y., Inhibited Proton 

Transfer Enhances Au-Catalyzed CO2-to-Fuels Selectivity. Proc.Natl. Acad. Sci. 2016, 

201602984. 

20. Novello, P.; Varanasi, C. V.; Liu, J., Effects of Light on Catalytic Activities and Lifetime 

of Plasmonic Au Catalysts in the CO Oxidation Reaction. ACS Catal. 2019, 9, 578-586. 

Page 18 of 21

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 19 

21. Esler, M. B.; Griffith, D. W. T.; Wilson, S. R.; Steele, L. P., Precision Trace Gas Analysis 

by FT-IR Spectroscopy. 1. Simultaneous Analysis of CO2, CH4, N2O, and CO in Air. Anal. 

Chem. 2000, 72, 206-215. 

22. Li, Q.; Guo, J.; Zhao, J.; Wang, C.; Yan, F., Porous nitrogen-doped carbon nanofibers 

assembled with nickel nanoparticles for lithium–sulfur batteries. Nanoscale 2019, 11, 647-

655. 

23. Morlanés, N.; Takanabe, K.; Rodionov, V., Simultaneous Reduction of CO2 and Splitting 

of H2O by a Single Immobilized Cobalt Phthalocyanine Electrocatalyst. ACS Catal. 2016, 

6, 3092-3095. 

24. Jahan, M.; Liu, Z.; Loh, K. P., A Graphene Oxide and Copper-Centered Metal Organic 

Framework Composite as a Tri-Functional Catalyst for HER, OER, and ORR. Adv. Funct. 

Mater. 2013, 23, 5363-5372. 

25. Gutić, S. J.; Dobrota, A. S.; Leetmaa, M.; Skorodumova, N. V.; Mentus, S. V.; Pašti, I. A., 

Improved Catalysts for Hydrogen Evolution Reaction in Alkaline Solutions through the 

Electrochemical Formation of Nickel-Reduced Graphene Oxide Interface. Phys. Chem. 

Chem. Phys. 2017, 19, 13281-13293. 

26. Yang, H. B.; Hung, S.-F.; Liu, S.; Yuan, K.; Miao, S.; Zhang, L.; Huang, X.; Wang, H.-Y.; 

Cai, W.; Chen, R., et al., Atomically Dispersed Ni(i) as the Active Site for Electrochemical 

CO2 Reduction. Nat. Energy 2018, 3, 140-147. 

Page 19 of 21

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 20 

27. Naghash, A. R.; Etsell, T. H.; Xu, S., XRD and XPS Study of Cu−Ni Interactions on 

Reduced Copper−Nickel−Aluminum Oxide Solid Solution Catalysts. Chem. Mater. 2006, 

18, 2480-2488. 

28. Kabir, S.; Artyushkova, K.; Serov, A.; Kiefer, B.; Atanassov, P., Binding energy shifts for 

nitrogen-containing graphene-based electrocatalysts – experiments and DFT calculations. 

Surf. Interface Anal. 2016, 48, 293-300. 

29. Liu, Y.; Huang, B.; Zhang, X.; Huang, X.; Xie, Z., In-situ Fabrication of Nitrogen-Doped 

Carbon Nanosheets Containing Highly Dispersed Single Iron Atoms for Oxygen Reduction 

Reaction. J. Power Sources 2019, 412, 125-133. 

30. Büchele, S.; Chen, Z.; Mitchell, S.; Hauert, R.; Krumeich, F.; Pérez-Ramírez, J., Tailoring 

Nitrogen-Doped Carbons as Hosts for Single-Atom Catalysts. ChemCatChem 2019, 11, 

2812-2820. 

31. Cheng, Y.; Zhang, H.; Varanasi, C. V.; Liu, J., Highly Efficient Oxygen Reduction 

Electrocatalysts based on Winged Carbon Nanotubes. Sci. Rep. 2013, 3, 3195. 

32. Kim, C.; Yang, K. S.; Kojima, M.; Yoshida, K.; Kim, Y. J.; Kim, Y. A.; Endo, M., 

Fabrication of Electrospinning-Derived Carbon Nanofiber Webs for the Anode Material of 

Lithium-Ion Secondary Batteries. Adv. Funct. Mater. 2006, 16, 2393-2397. 

33. Sharifi, T.; Nitze, F.; Barzegar, H. R.; Tai, C.-W.; Mazurkiewicz, M.; Malolepszy, A.; 

Stobinski, L.; Wågberg, T., Nitrogen Doped Multi Walled Carbon Nanotubes Produced by 

CVD-correlating XPS and Raman Spectroscopy for the Study of Nitrogen Inclusion. 

Carbon 2012, 50, 3535-3541. 

Page 20 of 21

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 21 

34. Wu, J.; Huang, Y.; Ye, W.; Li, Y., CO2 Reduction: From the Electrochemical to 

Photochemical Approach. Adv. Sci. 2017, 4, 1700194. 

35. Chakraborty, S.; Zhang, J.; Krause, J. A.; Guan, H., An Efficient Nickel Catalyst for the 

Reduction of Carbon Dioxide with a Borane. J. Am. Chem. Soc. 2010, 132, 8872-8873. 

36. Pozzo, M.; Alfè, D.; Amieiro, A.; French, S.; Pratt, A., Hydrogen Dissociation and 

Diffusion on Ni- and Ti-doped Mg(0001) Surfaces. J. Chem. Phys. 2008, 128, 094703. 

37. Choi, C.; Back, S.; Kim, N.-Y.; Lim, J.; Kim, Y.-H.; Jung, Y., Suppression of Hydrogen 

Evolution Reaction in Electrochemical N2 Reduction Using Single-Atom Catalysts: A 

Computational Guideline. ACS Catal. 2018, 8, 7517-7525. 

 

Page 21 of 21

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


