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SUMMARY

Nitrogen-doped (N-doped) carbonmaterials have been widely stud-
ied for electrocatalytic CO2R to CO. However, the active sites in
N-doped carbon remain under debate owing to the complication
in N types and the challenge in controllable synthesis. Here, via an
innovative approach of template-assisted pyrolysis of phthalocya-
nine, we achieve a controlled preparation of N types in N-doped car-
bon foams. Electrochemical experiments show that the catalyst
dominated by graphitic N rather than other N types drives highly se-
lective CO2R to CO against the hydrogen evolution reaction, which
achieves a CO Faradaic efficiency of 95% at �0.5 V versus RHE and
runs stably for 80 h. Theoretical calculations indicate that carbon
atoms next to graphitic N are triggered for the CO production, while
carbon atoms next to pyridinic N promote the hydrogen evolution
and pyrrolic N disfavors both reactions.

INTRODUCTION

Electrocatalytic CO2R to CO provides a potential process for converting greenhouse

gases to valuable chemicals via the important chemical feedstock CO.1–7 Previous

studies indicated that nitrogen-doped (N-doped) carbon (C) materials exhibit high

catalytic performance for the reaction owing to the modulated activity by

N-doping.8–12 The N dopants in the C lattice mainly exist in four doping types,

including graphitic N (GN), pyridinic N (PN), pyrrolic N (ProN), and N-oxide

(N-Ox), which have distinct structural and electronic properties.13–16 Recently,

much effort has been devoted to unveiling the origin of activity from N-doping for

the electrocatalytic CO2R to CO.17–20 Both graphitic and pyridinic N have been

reported as being capable of triggering catalytic activity for the reaction.19,20

However, owing to the complicacy in different types of N dopants inducing the

activity, the active centers for the CO2R to CO over the N-doped carbon (NC)

materials are still under debate. Identifying the N dopants that promote the

catalytic activity is critical for rationally designing high-performance catalysts

for this reaction and yet challenging, owing to the hardness in the controllable

synthesis of NC with targeted N type.

In this work, on the basis of a template-assisted pyrolysis method, a series of NC

foams with controllable N types (GN, PN, ProN, and N-Ox) and contents have

been synthesized. The catalyst with only GN dopants exhibits the optimum activity,

with a Faradaic efficiency (FE) of 95% for CO2R to CO at a mild potential of �0.5 V

versus reversible hydrogen electrode (RHE), in contrast to those with a relatively

lower content of GN and higher contents of PN, ProN, or N-Ox. The excellent activity
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Figure 1. Schematic Synthesis Process and Structural Characterizations of N-Doped Carbon (NC)

Foams

(A) Schematic illustration of the synthesis of NC foams.

(B) SEM image of the NC foam synthesized at 1,100�C (NC-1100).

(C) XRD spectra of NC foams. The small peak at 31� in the NC-1000, NC-1100, and NC-1200 samples

is assigned to residual SiO2, which is encapsulated by the C layers and has no effect on the catalytic

performance.

(D) TEM image of NC-1100.

(E) HAADF-STEM image and corresponding EDX maps of the NC-1100.
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can be stably maintained for 80 h. Theoretical calculations show that GN dopants

can significantly enhance the electrocatalytic activity for CO2R to CO at the adjacent

C atoms, while the PN dopants promote the hydrogen evolution reaction (HER) at

the adjacent C atoms, and the ProN dopants disfavors both competitive reactions.
RESULTS AND DISCUSSION

Synthesis and Characterizations of NC Foams

All of the NC foams in this study were synthesized in a template-assisted pyrolysis

procedure but at different temperatures ranging from 800�C to 1,300�C to tailor

the N species as shown in Figure S1. The schematic illustration of synthesis proced-

ures is shown in Figure 1A. Phthalocyanine (Pc) was pyrolyzed with a SiO2

nanosphere template, and the obtained NC foams were labeled NC-800, NC-900,
2 Cell Reports Physical Science 1, 100145, August 26, 2020



Figure 2. Variation of Electronic Structures and N Distributions in the NC Foams

(A) N K-edge NEXAFS spectra of NC foams.

(B) C K-edge NEXAFS spectra of NC foams.

(C) High-resolution N 1s XPS spectra of NC foams.

(D) The corresponding atomic percentages of different N species fitted from the XPS curves

(Figure S11) of the samples.
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NC-1000, NC-1100, NC-1200 and NC-1300 according to the synthetic temperature

(see Experimental Procedures for more details). Scanning electronmicroscopy (SEM)

and transmission electron microscopy (TEM) images of the as-prepared catalysts

show that they possess similar porous morphology because they use the same

SiO2 nanosphere template (Figures 1B, 1D, and S2–S7), which can enhance mass

transport during the CO2R reaction. High-resolution TEM (HRTEM) analyses show

that the lattice spacing of the NC foams is�3.5 Å (Figures S2–S7), which corresponds

to the (002) lattice plane of graphite C, thereby denoting that the NC is composed of

graphene nanosheets.21,22 This is further confirmed by X-ray diffraction (XRD) char-

acterizations of all of thematerials that show the typical diffraction peaks at 25.0� and
43.6�, denoting the phase of graphitic C (Figure 1C).23,24 Raman spectra (Figure S8)

also demonstrate that these materials are composed of C with a similar graphitized

structure. The high angle annular dark field-scanning transmission electron micro-

scopy (HAADF-STEM) image and corresponding elemental mappings (Figure 1E)

show that N atoms are homogeneously dispersed in the C matrix.

To elucidate the electronic structure and element composition of the NC foams with

increasing temperature, synchrotron-based near-edge X-ray absorption fine struc-

ture (NEXAFS) measurements for N and C were carried out on the soft X-ray beam-

line. The peaks at 399.9 eV, 401.0 eV, and 403.1 eV in the N K-edge NEXAFS spectra

(Figure 2A) are assigned, respectively, to PN, ProN, and GN.25–27 PN and ProN

decrease significantly, and only the GN is left when the temperature increases to
Cell Reports Physical Science 1, 100145, August 26, 2020 3
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1,100�C. In addition, C K-edge NEXAFS spectra (Figure 2B) show that the C species

are almost unchanged for all of the samples, since they were prepared at high tem-

peratures ranging from 800�C to 1,300�C and thereby possess good crystallinity.

Survey X-ray photoelectron spectroscopy (XPS) spectra of the NC foams show that

they are metal-free catalysts (Figure S9), which is further confirmed in the element

analysis of NC-1100 by using inductively coupled plasma mass spectrometry (ICP-

MS) (Table S1), detecting no metal signals. The high-resolution XPS of N 1s signals

(Figure 2C) indicates the coexistence of four types of N species, including the PN

(398.2 eV), ProN (400.6 eV), GN (401.3 eV), and N-Ox (403.6 eV) for the NC-

800.28–30 With the increase in the synthetic temperature, the relative contents (in

percentage) of the PN, ProN, and N-Ox decrease significantly, while those of the

GN increase (Figure 2D). When the temperature reaches 1,100�C (NC-1100), only

the GN is left in the C. At 1,300�C, most N species are removed and hardly detected

by the XPS. No visible change is observed in the C 1s spectra (Figure S10) of these

catalysts, which is consistent with the C K-edge NEXAFS characterizations. The sim-

ilarity in the chemical state of the C framework was also reflected in the Raman

spectra of the NC samples, which shows that the intensity ratios of the D band to

G band peaks (ID/IG) are�1.01 for the samples from NC-800 to NC-1200 (Figure S8),

indicating that they have similar crystallinity. The slight increase in the ID/IG to 1.18

from NC-1200 to NC-1300 may be due to the formation of a few C defects with the

removal of N dopants, as shown in the N 1s XPS (Figure 2C).

Electrocatalytic Performance for the CO2R

Electrochemical performance tests of these catalysts were investigated in a two-

compartment H-type cell with an electrolyte of 0.5 M KHCO3.
31 Gas chromatog-

raphy (GC) and nuclear magnetic resonance (NMR) analyses were used to confirm

that H2 and CO are the products. For the NC-1100 sample, which is dominated by

GN dopants (Figure 2D), linear sweep voltammetry (LSV) measurements show a

significant increase in the current density with a potential of �0.4 V as the electro-

lyte was saturated by CO2 (Figure 3A), which demonstrates that the GN dopants

can induce high activity for the CO2R to CO. To illustrate the roles of different

N types in catalyzing the CO2R to CO, the Faradaic efficiencies (FEs) of the two

products (CO and H2) were measured for all of the NC samples (Figures 3B and

S12), which shows that the CO Faradaic efficiency (FECO) grows gradually as the

percentage of GN increases from �25% of NC-800 to 100% of NC-1100 (Table

S2), while the FEH2 is lowered accordingly. The NC-1200 mainly has GN dopants

in the C lattice, although with reduced content, the FECO is close to that of the

NC-1100. The much-lowered FE for NC-1300 is due to the removal of most of

the N dopants during the preparation process at the high temperature, thus lead-

ing to poor activity for the CO2R to CO. The SiC in the NC-1300 sample formed by

high-temperature calcination barely has an effect on the CO2R to CO activity (Fig-

ure S13). Although the GN content and the CO2R to CO activity of these samples is

not linearly correlated, which may be affected by their microstructures, we can find

an overall trend that the FECO over the NC catalysts rises with increasing GN

contents.

To investigate the effect of oxygen (O) dopants on the electrocatalytic CO2R to CO

activity,32,33 the contents of O in the NC samples were also measured by using XPS

(Figure S14A). However, no clear relation was found between the trend of FECO and

the content of O (Figure S14B), thus indicating that the O dopants are not likely

active sites for the electrocatalytic CO2R to CO. In addition, to determine the contri-

bution of C defects to the CO2R to CO activity,34–36 the activity of pure C foam

(C-1100) possessing morphology and defects similar to those of the NC samples
4 Cell Reports Physical Science 1, 100145, August 26, 2020



Figure 3. Electrocatalytic Performance of the NC Foams

(A) LSV curves of the NC-1100 in Ar- or CO2-saturated electrolytes.

(B) FECO over the NC catalysts and pure C foam. The current density at �0.4 V versus RHE for the C-

1100 sample is too low, so the exact Faradaic efficiencies can hardly be calculated and thus is not

shown.

(C) Comparison in the FE for the formation of CO and H2 at �0.5 V versus RHE.

(D) Stability test of the NC-1100 at �0.5 V versus RHE.
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(Figures S15 and S16) was also investigated for comparison, which exhibits a signif-

icantly lower FE for the formation of CO (Figures 3B and S17), thus denoting that

C defects in the NC foams are much less active than GN-doped C sites for the

CO2R to CO.

At �0.5 V versus RHE, where the highest FECO was achieved over the NC samples,

the FEs of CO and H2 were directly compared in Figure 3C. This shows that the

GN-enriched NC-1100 is more selective to the CO2R to CO, with a maximum

FECO of up to 95%, while the PN-ProN-enriched NC-800 is more selective to the

HER, thus revealing that the GN dopants trigger the electrocatalytic activity for

the CO2R to CO over the NC catalyst. The high FE of the NC-1100 surpasses

most of the other metal-free electrocatalysts for CO2R to CO in the KHCO3 electro-

lyte in the previous reports (Table S3), and the high FECO can be stably maintained

for 80 h at �0.5 V versus RHE (Figure 3D). The N 1s XPS spectra of NC-1100 after

the stability test were also measured (Figure S18), which shows the appearance of

ProN dopants and indicates that part of the GN was transformed into ProN during

the reaction process. The slight decreases in the total current density and FECO

during the stability test further suggest that the GN-doping is the origin of activity

for the CO2R to CO. Moreover, an isotope-labeled experiment of the electrochem-

ical 13CO2 reduction to CO over the NC-1100 was also conducted, in which no

clear peak at m/z 28 was observed in the mass spectrum of products, showing

no 12CO was produced during the reaction process (Figure S19). This confirms

that the CO is produced from the CO2 reduction rather than from the catalyst

degradation.
Cell Reports Physical Science 1, 100145, August 26, 2020 5



Figure 4. Theoretical Studies of the Catalytic Activities of GN and PN in the Electrochemical CO2R to CO and the HER

(A and B) Atomic structures for the GN-doped graphene (A) and the PN-doped graphene nanoribbon models (B) (Figure S20). The red dotted circles

denote the sites for studying the reaction mechanisms.

(C and D) Free energy pathways for the CO2R to CO and the HER over the GN-induced (C) and the PN-induced (D) active sites at 0 V versus the RHE. The

insets show the structures of the reaction intermediates.

(E and F) Limiting potentials for the CO2R to CO and the HER reactions as functions of the formation free energies of *COOH (DG(*COOH)) over the GN-

induced (E) and the PN-induced (F) active sites.
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Theoretical Investigation of the Active Sites

To gain insights into the electrocatalytic activities of the catalysts induced by

different N dopants, we conducted density functional theory (DFT) studies of the

CO2R to CO and the HER. Two-dimensionally (2D) periodic graphene doped with

GN and 1D graphene nanoribbons doped with PN or ProN at the edges were

used for modeling the catalysts (Figure S20). The effect of N-doping content was

considered by using two N dopants in a supercell with varied distances between

them (Figures 4A, 4B, and S21). In the GN-doped graphene, the C atoms next to

the GN dopants are triggered and thus are used as the reactive sites for the reac-

tions.37 For the PN- and ProN-doped nanoribbons, the C atoms at the edges are

investigated as the reactive sites.38 The GN and ProN sites are inactive for the

adsorption of CO2 and H. The PN-Ox species can be readily hydrogenated to

N-OH and then further reduced to PN with free energy changes of �0.21 and

�1.52 eV, respectively. The adsorption of H* on the PN site being exergonic by

�0.82 eV in free energy is much stronger than the adsorption of CO2 being ender-

gonic by 0.12 eV, which is similar to the results reported by Wu et al.11 The strong
6 Cell Reports Physical Science 1, 100145, August 26, 2020
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adsorption of H* on the PN is an important factor to be considered, which implies

that the PN site is prone to be poisoned by the H* and thus is not likely an active

site for the CO2R to CO.18

The potential for the CO2R to CO is determined by the charge-transfer step that

has the most positive free energy change. The CO2 adsorption step does not

involve the transfer of an electron but is thermally surmountable with moderate up-

hill reactions in free energy at the GN-, PN-, and ProN-induced active sites. In the

following electron-involved steps, the endergonic *CO2 hydrogenation to *COOH

is the potential-determining step for the CO2R to CO over the GN-doped surfaces

(Figure 4C), the limiting potentials of which are obviously lower than those of the

HER (Figure 4E), demonstrating that the GN-induced sites are more selective for

the CO2R to CO. However, at the PN-doped graphene edge sites, the hydrogena-

tion of *COOH to CO and H2O becomes more endergonic and is the potential-

determining step (Figure 4D), with much higher limiting potentials than those of

the HER (Figure 4F); this demonstrates that the PN-induced sites are more active

for the HER. At the ProN-doped edge sites, both the limiting potentials of the

CO2R to CO and the HER are quite high, which are �0.82 and 0.58 V, respectively

(Figure S21). Therefore, DFT results demonstrate that the doping of GN favors the

electrochemical CO2R to CO over the HER, while the PN-doping can induce a

higher HER activity and ProN-doping is unfavorable for both the CO2R to CO

and the HER.

Amixed-phase N-doping effect on the CO2R to CO and HER activities is also studied

by using the adsorption free energy of H* (DG(H*)) as a descriptor based on the

linear relations between the limiting potentials of the CO2R to CO and the

DG(H*), which can be established based on the above results of single-phase

N-doping cases (Figures S20 and S22). From the calculated DG(H*) on different

active sites of the mixed-phase N-doped structure, which are 0.87, �0.24, and

0.35 eV on the GN-, PN-, and ProN-doped C sites, respectively, the corresponding

limiting potentials of the CO2R to CO are 0.31, 1.00, and 0.54 eV, respectively, from

the linear relations (Figure S22). Thus, we can obtain similar results that in the mixed-

phase N-doped structure, the CO2R to CO is favored on the GN-doped C site, while

the HER is favored on the PN-doped site, and both are disfavored on the ProN-

doped site.

The electronic density of states (DOS) of the C sites modulated by the three types of

N dopants was calculated to understand their different reactivities (Figure S23). The

PN-doped C site possesses high DOS near the Fermi level, leading to overly strong

adsorption of COOH* on the site, and thus a high limiting potential for the hydroge-

nation of COOH* to CO. In comparison, the density of states on the GN-doped C

site is moderately lowered near the Fermi level, which weakens the adsorption of

COOH* and thus reduces the limiting potential. The ProN-doped C possesses a

much lower DOS so that the adsorption of COOH* is too weak and the hydrogena-

tion of CO2* to COOH* requires a high limiting potential.

In summary, NC foams with various types and contents of N have been synthesized

to reveal the active sites for electrocatalytic CO2R to CO. Electrocatalytic perfor-

mance shows that GN-doped C shows significant enhancement in CO production.

The optimized NC-1100 with dominated GN exhibits the highest FECO, achieving

95% at �0.5 V versus RHE, and possesses a long-term stability of 80 h. The underly-

ing reaction mechanism has been unveiled by DFT calculations, which demonstrates

that GN-induced active C atoms are more selective for CO2R to CO against HER,
Cell Reports Physical Science 1, 100145, August 26, 2020 7
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while the case of PN-modified C atoms is just the opposite, and doping of ProN dis-

favors either the CO2R or HER. This study reveals the catalytic nature of NC and pro-

vides guidance for the design of metal-free Cmaterials for the electrocatalytic CO2R.
EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the Lead Contact, Dehui Deng (dhdeng@dicp.ac.cn).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

The authors declare that the data supporting the findings of this study are available

within the article and the Supplemental Information. All other data are available from

the Lead Contact upon reasonable request.
Materials

SiO2 colloidal dispersion (30% in ethylene glycol) was acquired from Alfa Aesar. Pc

and KHCO3 (99.7%) were purchased from Sigma-Aldrich. Glucose and N,N-dime-

thylformamide (DMF) were acquired from Sinopharm Chemical Reagent. 13CO2

(99 atom% 13C) and NaH13CO3 (99 atom% 13C) were purchased from Cambridge

Isotope Laboratories. All of the chemicals were used in this study without further pu-

rification. C fiber paper (AvCarb GDS3250) was purchased from Fuel Cell Store. All

aqueous solutions were prepared with Millipore water (18.2 MU , cm).
Synthesis

The NC foams were synthesized through a pyrolysis method. Pc 1 g and 12 g SiO2

colloidal dispersion were first dispersed in 80 mL DMF, followed by stirring at

80�C in an oil bath pot to remove the solvent, and then dried at 80�C in a vacuum

oven. After that, 1 g gained solid was placed in a crucible and heated to 800�C at

a rate of 5�C min�1 in an Ar atmosphere and then kept at 800�C for 2 h. The pyro-

lyzed sample was treated with 5% hydrofluoric acid (HF) aqueous solution to remove

the SiO2 template at room temperature, washed with deionized water, and then

dried at 80�C. Finally, the obtained powder was pyrolyzed at 800�C for 2 h in an

Ar atmosphere to obtain the final catalyst. To modify the N types and contents,

different pyrolysis temperatures (800�C, 900�C, 1,000�C, 1,100�C, 1,200�C, and
1,300�C) have been investigated with the same synthetic method. The resulting ma-

terials were denoted as NC-800, NC-900, NC-1000, NC-1100, NC-1200, and NC-

1300, respectively.

For the NC-1300 sample, to rule out the effect of SiC contaminant on the CO2R to

CO activity, an alternative synthesis process was used to prepare the NC-1300

without SiC (NC-1300-pure). Pc 1 g and 12 g SiO2 colloidal dispersion were

dispersed in 80 mL DMF, stirred at 80�C in an oil bath pot to remove the solvent,

and then dried at 80�C in a vacuum oven. After that, 1 g gained solid was placed

in a crucible and heated to 800�C at a rate of 5�C min�1 in an Ar atmosphere, and

then kept at 800�C for 2 h. The pyrolyzed sample was treated with 5% HF aqueous

solution to remove the SiO2 template at room temperature, washed with deionized

water, and then dried at 80�C. Finally, the obtained powder was pyrolyzed at

1,300�C for 2 h in an Ar atmosphere to obtain the final catalyst.
8 Cell Reports Physical Science 1, 100145, August 26, 2020
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To synthesize pure C foam, 1 g glucose and 12 g SiO2 colloidal dispersion were

dispersed in 80 mL deionized water, stirred at 80�C in an oil bath pot to remove

the solvent, and then dried at 80�C in a vacuum oven. After that, 1 g gained solid

was placed in a crucible and heated to 1,100�C at a rate of 5�C min�1 in an Ar atmo-

sphere, and then kept at 1,100�C for 2 h. The pyrolyzed sample was treated with a

5% HF aqueous solution to remove the SiO2 template at room temperature, washed

with deionized water, and then dried at 80�C. Finally, the obtained powder was py-

rolyzed at 1,100�C for 2 h in an Ar atmosphere to obtain the final catalyst, which was

denoted as C-1100.

Characterization

SEM measurement was conducted on Hitachi S5500. TEM measurements were con-

ducted on an FEI Tecnai F20 microscope operated at an accelerating voltage of 200

kV. XRD measurements were carried out on a Rigaku Ultima IV diffractometer with

Cu Ka radiation (l = 1.5418 Å) at 40 kV and 30 mA. The XRD measurement of NC-

1300 without SiC was carried out on a Rigaku D/MAX 2500 diffractometer with Cu

Ka radiation at a voltage of 40 kV and a current of 200 mA. Raman spectra were per-

formed on a Jobin-Yvon Horiba Xplora confocal Raman system with a 532-nm exci-

tation laser at a power of �0.3 mW. ICP-MS was performed on a PerkinElmer

NexION 300D. XPS measurements were carried out on the ESCALAB 250 system

used Al Ka X-rays as the excitation source (1,486.68 eV). In addition, XPS measure-

ments for NC-1100 before and after the stability test were performed on an Omicron

XPS System using Al Ka X-rays as the excitation source, with a voltage of 15 kV and

power of 300W. All binding energies for XPS measurements were calibrated using C

1s peak with a binding energy of 284.6 eV. The synchrotron-based soft X-ray absorp-

tion spectra were carried out at the photoemission endstation of the BL10B beam-

line in the National Synchrotron Radiation Laboratory (NSRL) with the total electron

yield (TEY) mode. 1H NMR spectra were recorded with a Bruker 500 MHz NMR

instrument.

Electrochemical Measurements

Electrochemical measurements were conducted using an electrochemical worksta-

tion (CHI760E) connected to a gas-tight H-cell with 2 chambers separated by Nafion

115 membrane. Each chamber contained 45 mL of 0.5 M KHCO3. Pt net was used as

a counter electrode, along with an Ag/AgCl reference electrode (saturated KCl). All

potentials were measured against Ag/AgCl, which were converted to RHE. RHE was

converted by the conversion formula as follows: E (versus RHE) = E (versus Ag/

AgCl) + 0.1989 V + 0.059 3 pH. The catalyst of ethanol solution was brushed

onto the C fiber paper to form 2 mg cm�2 with 10% Nafion content (covering a

1 3 1-cm2 area) as the working electrode. All of the electrochemical experiments

were performed at 25�C.

LSV tests were performed in Ar-saturated (pH = 8.8) and CO2-saturated (pH = 7.2)

0.5 M KHCO3 solutions with a scan rate of 5 mV/s without stirring. The controlled po-

tential electrolysis was performed with slight stirring to measure the FEs of the

reduction products. CO2 was purged continuously at a rate of 10 mL min�1 through

themass flowmeter. The gas-phase products were analyzed by online GC (GC-2014)

using one thermal conductivity detector (TCD) and two flame ionization detectors

(FIDs), one FID for hydrocarbon compounds and the other FID equipped with a

methane conversion oven for low CO concentrations. The liquid-phase product

was analyzed using 1H NMR. The sum of FEs for NC-1300 is far less than 100%, as

the extremely low current density during the controlled potential electrolysis test,

leading to an inevitably large error for the calculating results.
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To determine the origin of product CO, an isotope-labeled experiment was carried

out under the same reaction conditions by using 0.5 M NaH13CO3 and
13CO2 as the

feedstock. The product was analyzed by using MS of HQT-001 (Dalian Institute of

Chemical Physics, Chinese Academy of Sciences).
Faradaic Efficiency

The FEs of reduction products are calculated as follows:

iH2 or CO = yH2 or CO3V 3
2Fp0

RT
(Equation 1)
FEH2 or CO =
iH2 or CO

itotal
3 100% (Equation 2)

where iH2 or CO is the current density of H2 or CO acquired from CHI760E, yH2 or CO

is the volume concentration of H2 or CO acquired fromGC-2014, V is the gas volume

flow rate at room temperature and under ambient pressure, F is the Faradaic con-

stant, p0 is pressure, R is the ideal gas constant, T is temperature, FEH2 or CO is

the FE of H2 or CO, and itotal is the total current density.
Computational Methods

DFT calculations were performed using the Vienna Ab-initio Simulation Package

(VASP).39–42 The projector augmented-wave pseudopotential method with the Per-

dew-Burke-Ernzerhof (PBE) exchange-correlation functional and a plane-wave cut-

off energy of 400 eV was adopted.43–46 The zero-damping DFT-D3 method of

Grimme and associates47,48 was used to calculate the van der Waals correction.

2D periodic graphene models doped with two N atoms at different distances

were used to simulate the doping effect of graphitic N; 1D graphene nanoribbon

models with a zigzag edge and an armchair edge were used to simulate the pyr-

idinic N-doping, and those with an armchair edge were used to simulate the pyr-

rolic N-doping (Figure S20). The vacuum thicknesses were set larger than 15 Å

between the layers. Monkhorst-Pack k-point sampling of 3 3 3 3 1 and 3 3 1 3

1 were selected for the 2D and 1D models, respectively.49 The convergence stan-

dard for structural optimizations was set below 0.02 eV/Å for the residual forces

between atoms. Dipole correction was applied to decouple the interactions be-

tween the slabs or nanoribbons.

The free energies of reaction intermediates on the surface were calculated as Etotal +

ZPE� TS, where Etotal is DFT calculated total energy, ZPE is the zero-point energy, T

is temperature, and S is the entropy from vibrational contribution under the har-

monic oscillation approximation. The free energy of (H+ + e�) was calculated as

that of 1/2 H2. The free energy of gas molecules was calculated as Etotal + ZPE
R T
0 CpdT � TS, in which

R T
0 CpdT is the integrated heat capacity from 0 K to T. For

the ZPE
R T
0 CpdT � TS parts, we used the experimental data from the National Insti-

tute of Standards and Technology (NIST) database. The formation free energy was

calculated by using CO2 and H2 gas molecules as the reference states. In calculating

the reaction mechanisms of the CO2R to CO, a few water layers were added sur-

rounding the reaction intermediates to simulate the water environment and the sta-

bilization effect from the H bonding.
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