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Low current densities (production rates) and low energy efficiency (EE) caused by poor catalyst activities and
limited CO; mass transfer in the catalyst layer (CL) prevent CO; electrolysis from application. Herein, we report
atomically dispersed Ni catalysts anchored on macroporous hollow nano-carbon sheets (A-Ni@CS) that simul-
taneously optimizes the coordination of Ni atoms and CO, transport in the CL. The unique Ni-N5-O/C structure
of A-Ni@CS lowers the energy barrier of *COOH formation, and the layered nano-to-micro porous structure

increases the mass transfer of CO,, enhancing the local CO3 concentration in the CL. By employing a zero-gap
flow cell, A-Ni@CS can mediate CO, to CO conversion with a 60 % full-cell EE at 200 mA/cm?.

1. Introduction

Electrochemical CO, reduction reaction (COoRR) integrated with
renewable energy is an attractive approach for mitigating greenhouse
gas emissions and converting CO; to value-added chemicals [1-4].
Electrochemical reduction of CO5 to CO is a practical method for
reducing greenhouse gas emissions owing to the high selectivity and
large market demand of CO [5-8]. Efforts toward the exploration of
high-performance CO2RR catalysts (e.g., Au [9], Ag [10], and Ni single-
atom catalysts (Ni SAC) [11]) have demonstrated that near-unity fara-
daic efficiency of CO (FE¢p) can be achieved. Improvements in the full-
cell energy efficiency (EE, >60 %) [12] of CO at an industrially relevant
current density (>200 mA/cm?) [13] is the major priority for the
commercial application.

Ni based materials (e.g., Ni SACs) demonstrate significant activity,
selectivity, and maximum atom efficiency [14-20]. However, it is
challenging to construct excellent Ni SACs with high EE and high current
densities because most of them have a parallelogram structure (Ni-Ny4)

that limits electron transfer owing to symmetric charge distribution
[18]. The introduction of a coordinating axial ligand to Ni-N4 can
modulate the d-electron states of metal centers; thus, this method is
regarded as an efficient approach for optimizing the dynamic activation
of the CO5RR [11].

The CO2RR is typically performed in conventional H-cells with a
current density of < 50 mA/cm? because of the low solubility (33 mM at
room temperature) [21] and insufficient local concentration of CO5 in an
aqueous electrolyte. A zero-gap flow cell employing a gas diffusion
electrode (GDE) deposited with catalysts can overcome the mass-
transfer limitation by directly delivering gaseous CO; to participate in
the CO2RR, greatly improving the local CO; concentration and
enhancing the CO2RR activity [22]. Therefore, apart from the intrinsic
activity of the catalysts, the local CO, concentration in the catalyst layer
(CL), significantly impacts the performance toward CO; electrolysis,
especially when the CL is partially flooded with an aqueous electrolyte
[23].

Current studies tend to focus on the design of catalysts with high
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intrinsic activity but ignore the significance of local CO, concentration
in the CL [24,25]. Improving the local concentration of CO, within the
CL offers a promising approach to foster the development of highly
enriched three-phase reaction interfaces. This augmentation signifi-
cantly enhances the CO2RR activity, particularly when operating at in-
dustrial current densities. When the CL pore sizes are comparable or
smaller than the mean free path (MFP) of CO, molecules (84 nm at room
temperature) [26], mixed diffusion (i.e., Knudsen and bulk diffusion)
determines mass transport in the CL. In contrast to bulk diffusion (which
occurs when the pore size of the CL is much larger than the MFP of CO,
molecules), CO, molecules frequently collide with the pore wall
depending on Knudsen diffusion and exponentially decrease the diffu-
sivity coefficient (Deg/Dg, Deff represents the effective diffusivity coef-
ficient and Dy represents the molecular diffusivity coefficient) of CO5
molecules, reducing the local CO; concentration in the CL and
decreasing the performance. In addition, the saturation of the gas phase
within the CL also exerts a significant influence on the local CO5 con-
centration, particularly when the CL experiences partial flooding with
an aqueous electrolyte.

Herein, we prepare a Ni SAC anchored on a macroporous hollow
nano-carbon sheet (A-Ni@CS) to modulate the d-electron states of Ni
centers and optimize the dynamic activation of the catalyst through
introducing coordinating axial N and O to Ni-Ny4, which can simulta-
neously increase the local CO, concentration in the CL by enhancing the
Defi/Dg of COs. X-ray characterization studies [X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), and X-ray absorption spec-
troscopy (XAS)] and density functional theory (DFT) calculations were
employed to investigate the electronic structure of A-Ni@CS and its
dynamic activation for the CORR. Tomographic reconstruction and
pore-network modeling (PNM) analysis of the CL were conducted to
explore the Deg/Dg of the CO5 molecules and their local concentration in
the CL. Through the microenvironment design strategies, we demon-
strate that the prepared A-Ni@CS exhibits higher full-cell EE under the
same current density than that achieved using recently developed state-
of-the-art catalysts. This work highlights the importance of tailoring the
CL microenvironment as a means of improving the overall performance
in the CO2RR, and offers a unique insight to drive industrial applications
of current systems.

2. Methods
2.1. Chemicals and materials.

Sodium citrate dihydrate (NagCgHs07-2H20, >99 %), hydrochloric
acid (HCl, 36-38 %), potassium bicarbonate (KHCOs, >99.5 %), po-
tassium hydroxide (KOH, >90 %), potassium thiocyanate (KSCN, >98.5
%), and potassium chloride (KCl, >99.5 %) were purchased from Kelong
(Chengdu, China). Ethanol (CoHsOH, >99.7 %) and urea (NH,CONHo,
>99 %) were purchased from Shanghai Titan Scientific Co., Ltd. Nickel
(I) acetate tetrahydrate (Ni(OCOCH3)2-4H20, 99 %, Ni > 23 %) was
purchased from Alab (Shanghai) Chemical Technology Co., Ltd. 1, 10-
Phenanthroline monohydrate (C;2HgN2-H20, 98 %) was purchased
from Shanghai Macklin Biochemical Co., Ltd. Nafion 117 solution (5 wt
%) was obtained from Sigma-Aldrich. CB (Vulcan XC-72R), carbon
paper (Freudenberg H14C9), Sustainion XA-9 ionomer solution (5 wt%),
and Sustainion® X37-50 Grade T anionic exchange membrane were
purchased from Fuel Cell Store. Deionized water (18.25 MQ-cm) was
obtained from an Antesheng system.

2.2. Synthesis

Porous hollow nano-CS was synthesized through high-temperature
pyrolysis. First, sodium citrate dehydrate was dried in an oven at
160 °C overnight. The obtained sample was ground into powder using a
mortar and pestle and subsequently delivered to the tube furnace
(SKG08123K-610, Tianjin, China). Then, the white solid was heated to
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900 °C at a rate of 1 °C /min and maintained at 900 °C for 3 h under N,
atmosphere (99.999 %). The obtained black solid after cooling to room
temperature was cleaned with hydrochloric acid, ethanol, and deionized
water for several times to remove the impurities. Finally, the black
powder was denoted as CS.

By combining different types of polymer with oxides and carbon-
based materials the new composites with increased and attractive
electronic properties could be fabricated [27]. In this study, to anchor Ni
single-atom catalysts on CS, nickel (II) acetate tetrahydrate (12.4 mg)
and 1, 10-phenanthroline monohydrate (29.7 mg) were first mixed in
ethanol (2 mL), and the solution was stirred (800 rpm) for 30 min. Then,
CS (69.6 mg) was added into this solution by stirring for 30 min (800
rpm). The final solution was transferred into a water bath and heated to
60 °C for 4 h and dried at 80 °C for 24 h in an oven. The obtained black
solid was heated to 600 °C at a rate of 10 °C/min, and maintained at
600 °C for 2 h under the N, atmosphere in the tube furnace. After cooling
down to room temperature, the black solid was mixed with urea (1:10)
and ground using a mortar and pestle. At last, the mixture was heated to
800 °C at arate of 5 °C /min, and held at 800 °C for 1 h (N3 atmosphere).
The obtained product after cooling was washed with hydrochloric acid
(80 °C, 12 h) to remove the Ni nano-particles. The final black solid was
denoted as A-Ni@CS. Additionally, A-Ni@CB was synthesized using the
same method except replacing the CS with commercial CB.

2.3. Electrode preparation.

The prepared catalysts (A-Ni@CS or A-Ni@CB) were dispersed into a
mixed solution (0.5-mL ethanol, 0.5-mL deionized water, and 20-pL
Nafion solution (5 wt%)) and then sonicated for 30 min to obtain a
uniform catalyst ink. The carbon paper was washed with deionized
water and ethanol for several times before being used. Next, 200-pL
catalyst ink was dropped onto a hydrophobic carbon paper (1 cm?) for
the H-cell test. For electrochemical tests performed in a zero-gap flow
cell with a membrane electrode assembly (MEA), 20-mg catalysts, 200-
pL ionomer solution (i.e., Nafion and Sustainion), and 5-mL ethanol were
mixed and then air-brushed onto the carbon paper using a spray gun
toward a catalyst concentration of 1 mg/cm?. The results confirm that
Nafion-coated catalyst has a better catalytic performance than that of
Sustainion-coated catalyst (Supplementary Fig.13) due to the Nafion-
coated catalyst are more hydrophobic. Nafion-coated A-Ni@CS has a
higher contact angle (140°) than that of Sustainion-coated A-Ni@CS
(53°), as shown in Supplementary Fig.15 and Fig.27. A hydrophobic
surface probably can form more triple-phase interfaces and trap gaseous
CO3 at the catalyst surface, increasing the COy concentration at the
electrode—electrolyte interface and enhancing the electrochemical per-
formance for the CO3RR.2! A hydrophilic surface probably induce water
flooding within the electrode, blocking the transport channels of CO5
and destroying the triple-phase interfaces. Although a hydrophilic sur-
face can provide more water during electrolysis, the triple-phase in-
terfaces are probably destroyed due to the water flooding. Thus, all
experiments were conducted using Nafion-coated catalysts. The thick-
ness of the CL was measured by capturing the cross-section SEM images,
as shown in Supplementary Fig.24 and Fig. 26. The thickness of A-
Ni@CS and A-Ni@CB CLs with a 1 mg/cm? catalyst loading are around
86 + 4 pm and 10 + 3 pm, respectively.

2.4. Electrochemical measurements.

For electrochemical tests performed in a customized H-cell, a cation
exchange membrane (UltrexCMI-7000, Membranes International Inc.,
Ringwood, NJ, USA) was used to separate the cathode and anode
chambers. The traditional three-electrode system was selected during
the CO2RR. A Ag/AgCl electrode (saturated with KCl), a Pt foil (1 cm?),
and an electrode holder with the prepared catalysts were used as the
reference electrode, counter electrode, and working electrode, respec-
tively. The two chambers were filled with KHCO3 solution (0.1 M); this



P. Yue et al.

solution should be saturated with Ny or CO5 (99.999 %, >30 min) before
tests. Then, an electrochemical workstation (ParSTAT MC, Princeton,
USA) was carried out to perform the electrochemical tests. Specifically,
the LSV test was conducted at a scan rate of 20 mV/s in No— or CO»-
saturated KHCOj solution (0.1 M). To collect the FE of the products, the
working electrode with the prepared catalysts was held at a constant
potential for 20 min, and the rate of the CO;, gas at the inlet was set as 30
sccm using a flow controller (D07-19B, Sevenstar, China). In Np-satu-
rated KHCOj3 solution (0.1 M), cyclic voltammetry (CV) data were
collected from — 0.3 to — 0.4 V vs. Ag/AgCl with scan rates of 20, 40, 60,
80, and 100 mV/s to measure the ECSA of the prepared catalysts. In this
study, all potentials measured against a Ag/AgCl electrode (saturated
with KCl) were converted to the reversible hydrogen electrode (RHE)
using E (vs. RHE) = E (vs. Ag/AgCl) + 0.197 + 0.0591 x pH.

When the electrochemical tests were performed in a zero-gap flow
cell, a two-electrode system was selected. Ni foam (3 x 3 cm?) and A-
Ni@CS (or A-Ni@CB) catalysts sprayed on carbon paper were used as
the anode and cathode, respectively. An anionic exchange membrane
(Sustainion® X37-50 Grade T) was sandwiched by the anode (Ni foam)
and cathode (carbon-paper-supported catalysts). The membrane should
be immersed in KOH solution (1 M) for 24 h before use. Ni foam and
carbon paper should be washed with ethanol for 15 min and then
cleaned with deionized water for 15 min. During electrolysis, humidified
CO, was delivered to the cathode by a flow controller with a rate of 100
sccm. KOH solution (1 M) was supplied to the anode at a rate of 20 mL/
min using a peristaltic pump. All electrochemical tests were conducted
at 25 °C and 1 atm pressure. During the diluted experiments, different
standard gas with different concentration of gaseous CO5 and Ny was
humidified and transported to the cathode. For example, 0.2 partial
pressure CO; represents that the standard gas mixture is composed of 20
% CO2 and 80 % Ny. The stoichiometry is 12.5, 16.7, 47.6, 75.8, and 149
for A-Ni@CS when the CO5 flow rate is 5, 10, 30, 50, and 100 sccm,
respectively. Besides, the stoichiometry is 417, 36.1, 52.1, 83.3, and
152.2 for A-Ni@CB when the CO, flow rate is 5, 10, 30, 50, and 100
sccm, respectively.

2.5. CO2RR products analysis.

To quantify the gaseous products (CO and Hy) after electrolysis, the
collected gaseous mixture is delivered to a gas chromatograph (GC)
(Shimadzu GC-2030, Japan), which is equipped with three detectors
(one thermal conductivity detector and two flame ionization detectors).
Hy, O,, and N; were quantified through the thermal conductivity de-
tector. CH4, CoH4, CO, and other C2-C3 chemicals (>1 ppm) were
detected using two flame ionization detectors with a methanizer. The
corresponding partial current density (j;) was calculated as follows:

Ji = Jjrotrat X MiZiF/Q x 100 %

where z; represents the number of electrons transferred to products
(CO or Hy), F is the Faradaic constant (96,485C/mol), n; (mol) is the
mole of products (CO or Hy) after electrolysis, Q (C) is the charge
quantity, and jiota) represents the total current density through the sys-
tem. The corresponding FE of CO or Hy was calculated as follows:

FE = ji /jiota % 100 %
The EE is calculated as follows [5]:
EE = FE¢o x E° /E g

where E° represents the equilibrium potential toward CO production
(E° = Edithode — Eonode = — 0.11 — 1.23 = — 1.34 V), Egy is the cell
voltage potential, and FEg is the Faradaic efficiency of CO production.

2.6. Material characterizations.

SEM images were taken from a scanning electron microscope
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(Hitachi-4800, Japan). The cross-sections SEM images of GDE were
prepared by cryo-fracturing GDEs in liquid nitrogen. Transmission
electron microscopy (TEM) measurements were carried out on a Tecnai
G2 F20 microscope operated at 200 kV. The XRD patterns were collected
on a BRUCKER D8 X-ray diffractometer. XPS was performed on a
Thermo Fisher ESCALAB 250Xi spectrometer. Raman spectroscopy was
recorded on a Renishaw Raman microscope through an Ar ion laser (the
excitation wavelength is 532 nm). BET analysis was conducted on a
TriStar II 3020 analyzer. ICP-MS analysis was performed on an Agilent
ICPOES730 series instrument. Atomic-resolution (AC-STEM) images of
the catalysts were collected from JEM ARM 200F operated under 200
kv.

The XAS (XANES and X-ray absorption fine structure (EXAFS)) of the
synthesized catalysts were collected at the Singapore Synchrotron Light
Source (SSLS) center, where a pair of channel-cut Si (111) crystals was
used in the monochromator. The Ni K-edge XANES data were recorded
in the transmission mode. Ni foil, NiO, and NiPc were used as the control
references. The storage ring was used at the energy of 2.5 GeV with an
average electron current of below 200 mA. The acquired EXAFS data
were extracted and processed according to the standard procedures
using the ATHENA module implemented in the IFEFFIT software pack-
ages. The k3—weighted Fourier transform (FT) of x(k) in R space was
obtained over the range of 0-14.0 A-1 by applying a Besse window
function.

FIB-SEM tomography was conducted on Helios NanoLab-650 (FEI,
USA). First, a device (Leica EM TXP, Germany) was used for milling,
sawing, grinding, and polishing a piece of sample (GDE). Then, argon
ion polishing was performed on the surface of the prepared sample by a
polishing machine (Leica RES 102, Germany). The voltage and current
of the two ion guns were set as 5 kV and 2.2 mA, respectively. During
polishing (4 h), the angle of inclination was 2°. The obtained area of the
sample was approximately 1 cm? Finally, the surface of the GDE was
plated with a layer of carbon using a carbon sputter coater (EMITECH
K950X, England) with a 2-mm long carbon rod. The resolution in the
milling direction was 6 nm. The image size in the SEM plane of A-Ni@CB
and A-Ni@CS CLs were 2048*1768 and 1024*884, respectively. The
voxel size of A-Ni@CB and A-Ni@CS CLs were 6 nm*6 nm*6 nm.

2.7. DFT computational details.

All DFT calculations were performed by using the VASP code [28].
The inner cores of the atom were replaced by the frozen-core approxi-
mations. The projector-augmented wave (PAW) method was applied to
describe the electron — core interaction [29]. The Per-
dew-Burke-Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA) was used to model the exchange correlation en-
ergy [30]. A Hubbard U correction of 3.40 eV for Ni atoms was added in
all calculations [31]. The cutoff energies for plane waves were set to 520
eV. The spin-polarization effect was employed in all calculations. Ge-
ometry optimizations were performed by using the conjugate gradient
algorithm until all forces became smaller than 0.02 eV/A. Self-
consistent-field (SCF) was performed with an electronic structure iter-
ation of 1 x 10 — 5 eV on the total energy. The k-point sampling of the
Brillouin zone was obtained using a 3 x 3 x 1 grid for the repetitive unit
by the gamma centered Monkhorst-Pack scheme. A Gaussian smearing
with 6 = 0.05 eV to the orbital occupation is employed during structure
relaxation and energy calculations. A vacuum slab of 15 A was inserted
in the z-direction for all models to avoid the influence of the interaction
between adjacent periodic units. The DFT-D3 method with Beck-
e-Jonson damping was used for vdW corrections in geometry optimi-
zations and total energy calculations [32,33].

2.8. Pore-network modeling details.

We used the FIB-SEM technique to obtain the 3D images of the A-
Ni@CS and A-Ni@CB catalyst layers (CLs), which were further
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segmented into pore spaces and solid phase. We used the open source
software PoreSpy [34] to extract the pore-network information of the
constructed 3D porous structures, including volumes, inscribed radii,
and surface areas of discrete pore spaces. The pore spaces were idealized
by three types of pore elements in our in-house quasi-static pore-
network model, namely, tubes of circular, square, and triangular
cross-sections [35]. The shape of the pore elements is calculated based
on its shape factor [36] and the equation is shown as follows:

G=A/P?

Where G is the shape factor, A is the sectional area of the tube (m?),
and P is the sectional perimeter of the tube (m). The shape factors of

circular, square, and triangular cross-sections are g—g, % and ﬁ,
respectively.

We conducted a Direct Numerical Simulation (DNS) of CO5 molec-
ular diffusion in the CLs to verify the results obtained by PNM. Then, the
quasi-static PNM was used in the two-phase flows due to its high
computational efficiency. The DNS exhibits that the effective diffusivity
coefficients of CO, (only considering molecular diffusion in the verifi-
cation) in the A-Ni@CS CL along the X, y, and z directions are 0.55, 0.69,
and 0.59, respectively, indicating the homogeneity of the porous
structures model. The effective diffusivity coefficient of CO3 in the A-
Ni@CS CL along z direction by the PNM is 0.73, which is close to the
DNS prediction. Additionally, we also calculated the effective diffusivity
coefficients of CO; in the A-Ni@CB CL, which is 0.11, 0.10, and 0.16,
respectively, along the x, y, and z directions. The PNM results show that
the effective diffusivity coefficient of CO3 (only considering molecular
diffusion in the verification) in the A-Ni@CB CL along z direction is 0.18,
which is also close to the DNS prediction. These results confirm the
reliability of the method for molecular diffusion. In subsequent PNM
simulations, the Knudsen effect is incorporated. Although the PNM
result is a qualitative analysis, it can still reflect the effect of pore
structure on CO; transport.

We simulated the primary drainage process, in which liquid water
invaded the dry media following the invasion-percolation algorithm. We
put the nonwetting reservoir of liquid water at the inlet, and the wetting
reservoir of air at the outlet. The inlet water pressure was increased step
by stepwise so that only one pore throat could be invaded at each step.
Meanwhile, we solved the steady-state diffusion equation (Fick’s first
law) inside each phase, which was given as:

.
i C —C

> Dy =0

= i

where subscripts i, j, and ij denoted the two connected pore bodies and
their pore throat, N; is the coordinate number of pore body i, D (mTz) is
diffusivity, A [m?] is the diffusion area of either phase, c is the species
concentration, and L [m] is the diffusion length between the two pore
bodies.

The CLs had nanoscale pores, and thus, we consider the Knudsen
diffusion as follows:

b _du_d [8RT
k=3 73\ zm,

where Dgy4 is the Knudsen diffusivity,d is the diameter of a pore ele-
ment,R is the ideal gas constant, T is the temperature in kelvins,M, is the
molar mass.

The diffusivity of CO, in a pore body was calculated by:.;1- = L +
1

Dka i
Overall, the effective diffusivity between pore body i and j is given by
the harmonic average:
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1 1 N 1 n 1
Df{gi]. Daei  Daejj  Dapej

The Dirichlet boundary conditions were imposed at the inlet and outlet,
while no flux was imposed at the remaining part. Once the concentration
field was available, we used the Fick’s law to calculate the effective

. - eff — oin__d
diffusivity as D¥ = Q s(cn-—coy

where Q™ [1%] is the inlet mass flux
given by the PNM, ¢ and c** are the inlet and outlet species concen-
trations, respectively. S [m?] is the area of the inlet face, and d [m] is the
sample length. Notice that the effective diffusivity in the water phase
was zero before water breakthrough at the outlet. The liquid contact

angle was set as 140°.
3. Results and discussion
3.1. Preparation and characterizations of catalysts.

A macroporous hollow nano-CS (Supplementary Fig. 1a-d) was first
prepared through facile carbonization under Ny protection. Ni SACs
were synthesized by pyrolyzing a mixture of CS, nickel (II) acetate tet-
rahydrate, 1,10-phenanthroline monohydrate, and urea (details in the
Methods section). The obtained catalysts (A-Ni@CS) maintained the
morphology of the initial CS, forming interconnected hollow macro-
pores (Fig. 1a-b; Supplementary Figs. 2-3). Numerous mesopores (2-50
nm) were detected on the catalyst walls, which interconnect the mac-
ropores (>50 nm) and could facilitate CO; diffusion during the CORR.
A lattice distance of 0.34 nm was identified through high-resolution
TEM (HRTEM) (Fig. 1c¢); this distance is ascribed to the (002) plane of
partially graphitized carbon [18]. Fig. 1d-e exhibits the elemental
mapping and confirms the uniform distribution of Ni, N, and O species in
the CS matrix materials. Aberration-corrected high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) of A-
Ni@CS was conducted to demonstrate the existential form of Ni in A-
Ni@CS. The uniformly dispersed single Ni atoms appear as bright spots
(with the atomic diameters of ~ 0.2 nm, which are close to that of a
single Ni atom [18]) across the entire CS framework (Fig. 1f-g; Sup-
plementary Fig. 4). For comparison, commercial carbon black (CB)
(Supplementary Fig. 5) decorated with Ni SACs (A-Ni@CB) was pre-
pared employing the same method as that used for fabricating (A-
Ni@CS). The morphological and structural images (Supplementary
Figs. 6-9) of A-Ni@CB demonstrate a high dispersion of CB-anchored
atomic Ni.

The XRD patterns of A-Ni@CS (Fig. 1h) exhibit the (002) and (101)
diffraction patterns of carbon materials at ~ 25.8° and 43.1°, respec-
tively. No distinct metallic Ni was detected in the XRD patterns (Fig. 1h;
Supplementary Fig. 10), probably because of its low Ni concentration.
XPS was conducted to determine the surface chemical states and
elemental compositions of the prepared catalysts (Fig. 1i; Supplemen-
tary Fig. 10). High-resolution Ni 2p XPS spectra of A-Ni@CS and A-
Ni@CB exhibit Ni 2p3 » binding energies located at 855.7 and 855.8 eV,
respectively, which are more positive than that of metallic Ni (852.6 eV)
[6], confirming that the Ni single atoms in the CS and CB materials are
likely to be in positive oxidation states.

3.2. Electrochemical CO, reduction.

To explore the electrochemical activity of the prepared catalysts for
the CO2RR, a conventional H-cell (Supplementary Fig. 11) was
employed, and a N-doped CS (N-CS) without Ni single atoms was chosen
as a reference. Fig. 2a shows the linear sweep voltammetry (LSV) curves
of all prepared samples in the COy-saturated KHCO3 solution. A-Ni@CS
showed higher current densities than those of A-Ni@CB and N-CS,
revealing its enhanced activity for the COoRR. A-Ni@CS has a low onset
overpotential (~290 mV) and a high FEco of > 90 % at a wide potential
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Fig.1. Morphological and structural characterization of A-Ni@CS. (a) High-resolution SEM, (b) TEM, and (c) HRTEM images. (d, e) Elemental mappings. (f)
Aberration-corrected HAADF-STEM image and (g) corresponding enlarged HAADF-STEM image. (h) XRD patterns. (i) High-resolution Ni 2p XPS spectra.

ranging from — 0.6 to — 1.4 V vs. RHE (the corresponding FE of Hj is <
13 %; Fig. 2b—c). The highest FEco was achieved at — 0.9 V vs. RHE
(FEc0=96.2 %). N-CS exhibited low activity toward CO production
(<40 %), which confirms that the Ni single atoms greatly influence CO
production. The partial current density of CO (jco) of A-Ni@CS reaches
15.9 mA/cm? at — 1.3 V vs. RHE, which is higher than or comparable to
those achieved with most state-of-the-art CO-selective electrocatalysts
(Fig. 2d; Supplementary Table S1). In contrast, at — 1.3 V vs. RHE, the
jco of A-Ni@CB and N-CS are 14.2 and 2.4 mA/cmz, respectively.
A-Ni@CS possesses the highest double layer capacitance (Cq) of 9.26
mF em ™2 among all samples (A-Ni@CB: 7.59 mF cm™2; N-CS: 5.71 mF
cm™2), suggesting its highest electrochemical active surface area (ECSA)
(Fig. 2e; Supplementary Fig. 12 h—j). This difference in the ECSA can be
attributed to the presence of abundant hierarchical macropores and the
larger Brunauer Emmett Teller (BET) surface area (341.5 mz/g) of A-
Ni@CS than that of A-Ni@CB (234.3 mz/g) (Supplementary Fig. 13).
Moreover, A-Ni@CS affords low charge transfer resistance and fast
activation kinetics, as confirmed by electrochemical impedance spec-
troscopy (Fig. 2f; Supplementary Fig. 14). The Tafel slope of A-Ni@CS
showed 161 mV/dec for CO; reduction (Fig. 2g), which is closed to 120

mv/dec, demonstrating the first electron transfer (CO, — COOHY) is the
rate-determining step [20,37,38]. A-Ni@CS was extremely stable during
CO production, maintaining a high FEco (90.5 %) even after 80 h of
continuous operation (Fig. 2h). The decreased in the performance of A-
Ni@CS is possibly because of the mechanical shedding of the catalysts
and the formation of K-based salts on the catalyst surface (Supplemen-
tary Fig. 15), thereby destroying the active sites.

The H-cells show a limited current density of < 50 mA/cm? because
of the slow diffusion and low solubility of CO in aqueous electrolytes.”
This issue can be resolved by employing a zero-gap flow cell with a GDE
(Fig. 3a; Supplementary Fig. 16). A-Ni@CS exhibits a high selectivity of
near-unity for CO at various current densities and reaches the highest
value at 150 mA/cm? (FEc0=99.4 %) (Fig. 3b; Supplementary Table S2).
Besides, A-Ni@CS shows a 2.2 V full-cell voltage (Ec.j) at 200 mA/cmZ,
which is 0.3 V lower than that of A-Ni@CB under the same condition
(2.5 V). Compared to recently developed state-of-the-art catalysts
(Fig. 3¢; Supplementary Table S1-5S2), A-Ni@CS exhibits an outstanding
selectivity and a higher current density (FEgo=98.55 %, 200 mA/cm?),
which greatly increases the rate of CO production. More importantly,
Fig. 3d shows that A-Ni@CS delivers a significant full-cell EE>60 % at
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Fig.2. Electrochemical CO;RR performance of A-Ni@CS, A-Ni@CB, and N-CS in a conventional H-cell. (a) LSV curves in COy-saturated KHCO3 (0.1 M) at a
scan rate of 20 mV/s. (b) FE of CO and (c) H, at various potentials. (d) CO partial current densities. (e) Double layer capacitance. (f) Nyquist plots (Electrochemical
impedance spectroscopy (EIS) was measured at frequencies ranging from 10 MHz to 100 mHz at — 0.5 V vs. RHE). (g) Tafel slopes. (h) Long-term stability test of A-

Ni@CS for 80 h at — 1.2 V vs. RHE.

various current densities. Even at an industrially relevant current den-
sity (200 mA/cm?), A-Ni@CS also possesses a 60 % EE, to our knowl-
edge, achieving the highest full-cell EE under the same condition
reported so far. Specifically, the EE (Supplementary Table S2) increases
by ~ 10 % under the same current density, compared to that of recently
developed state-of-the-art Ni SACs (EE: 51 %, 125 mA/cm?) and CoPc
(EE: 47 %, 200 mA/cmz) electrocatalysts. In contrast to the noble Ag-
metal electrocatalysts (EE: 44 %), the EE of A-Ni@CS increased by 16
% when 200 mA/cm? was applied.

Fig. 3f and Supplementary Fig. 13 exhibit that A-Ni@CS with a
loading of 1 mg/cm? has the best activity for the CO,RR owing to its
suitable active sites number and CO, transport. Fig. 3g shows that the
activity of CO2RR decreases and the activity of the HER increases for
both A-Ni@CS and A-Ni@CB as the CO5, flow rate decreases. When the
CO;, flow rate is 5 sccm, the FE¢o of A-Ni@CS is 57.8 %, much higher
than that of A-Ni@CB (1.7 %). Fig. 3h shows that FE¢g decreases and the
FE of Hy increases with the decrease of the partial pressure of CO3. When
the partial pressure of CO5 is 0.15 bar, the FEgo of A-Ni@CS and A-
Ni@CB are 49.5 % and 3.7 %, respectively. This variation confirms that
low local CO; concentration results in a poor performance of the CO2RR,
and this issue becomes more severe with the increase of current

densities. Additionally, this difference probably demonstrates that the
macroporous structure and the large porosity of A-Ni@CS can facilitate
the local CO; transport and improve the local CO, concentration in the
CL. A-Ni@CS exhibited a FE¢g of 93.8 % after 6 h continuous operation
in the 1 M KOH media (Supplementary Fig. 12a). The slight decrease in
the performance is probably attributed to water flooding [39-41] and
(bi)carbonate salt formation [42], which destroy the triple-phase
interface. To alleviate this problem, we evaluated the catalytic perfor-
mance in a neutral electrolyte solution (i.e., 0.1 M KHCO3) (Supple-
mentary Fig. 17). Fig. 3i exhibits that A-Ni@CS maintains a high FEco
nearly 90 % during the continuous operation, and achieves an 88.7 %
FEo after 20 h electrolysis. Besides, post-electrolysis characterization of
A-Ni@CS confirmed the catalyst maintained the initial macroporous
structure (Supplementary Fig. 18).

3.3. Electronic structure and coordination environment analysis.

X-ray characterization studies were conducted to understand the
enhanced intrinsic activity of A-Ni@CS for the COzRR. The high-
resolution N 1 s XPS spectrum of A-Ni@CS (Fig. 4a) can be divided
into five subpeaks: pyridinic N (398.5 eV), Ni-N (399.1 eV), pyrrolic N
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Fig.3. Electrochemical CO,RR performance in a zero-gap flow cell. (a) Schematic of a zero-gap flow cell. (b) Electrochemical CORR performance of A-Ni@CS and A-
Ni@CB in a zero-gap flow cell: E.; and FE¢g at various current densities. (¢) The corresponding jco of A-Ni@CS and A-Ni@CB catalyst at different applied voltages.
(d-e) CO,RR performance of A-Ni@CS (2.1 wt%, this work, red) and recently developed state-of-the-art catalysts (Ag (brown) [43], CoPc (blue) [5], Ni SAC (15 wt%,
black) [44], Ag (orange) [45], Ag-CNTs (blue) [46], NiSA/NP (green) [47], CoPc (purple) [48], and other Ni SAC in the H-cell (gray, details in Table S1)). (f) The
corresponding jco of A-Ni@CS catalyst with different loadings at various applied voltages. The corresponding FE of A-Ni@CS and A-Ni@CB catalyst (1 mg/cm?) at (g)
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(400.5 eV), quaternary N (401.9 eV), and oxidized N (404.9 eV). Among
these different N species for A-Ni@CS (Supplementary Fig. 10d), Ni-N
was present in the largest amount, which confirms the presence of
abundant intrinsic active sites. The O 1 s XPS spectrum of A-Ni@CS
shows distinct Ni-O species at 531.4 eV (Fig. 4b). In contrast, the largest
amount of N species was pyridinic N, and no distinct Ni-O bonds were
detected over A-Ni@CB (Supplementary Fig. 10 h-j).

To explore the coordination environment of the atomic Ni sites, XAS
of A-Ni@CS and A-Ni@CB was performed. We selected Ni foil, NiO, and
nickel phthalocyanine (NiPc) as references. The pre-edge features of A-
Ni@CB are close to those of NiPc, but they are different from those of A-
Ni@CS. NiPc exhibits a distinct fingerprint of Ni 1 s to the 4p, orbital at
~ 8340 eV (Fig. 4c). The fingerprint is not obvious in either A-Ni@CS or

A-Ni@CB, which confirms that their structures are different from those
of typical Ni-N4 models. A-Ni@CS and A-Ni@CB display distinct char-
acteristic peaks at 1.61 and 1.33 A, respectively. No obvious Ni-Ni
scattering path was observed at 2.19 A, demonstrating the presence of
atomic Ni species (Fig. 4d). The characteristic peaks of NiO and NiPc are
located at 2.60 (Ni—O) and 1.48 A (Ni-N), respectively. The wavelet
transform (WT) maximum of A-Ni@CS was observed at 4.7 A‘l, close to
that of A-Ni@CB (~5 10\’1), but considerably different from those of Ni
foil, NiO, and NiPc (Supplementary Fig. 17). Moreover, the WT
maximum corresponding to Ni-Ni bonds was not observed in either A-
Ni@CS or A-Ni@CB, confirming the presence of atomically dispersed Ni
species. Furthermore, EXAFS fitting curves of A-Ni@CS and A-Ni@CB in
R space were conducted to obtain the quantitative structural parameters
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around central Ni atoms (Fig. 4e; Supplementary Fig. 17 and Table 3). It
can be speculated that the atomic Ni sites of A-Ni@CS and A-Ni@CB
have the Ni-N5-O/C and Ni-Ns/C coordination environments.

Thiocyanate ion (SCN™) poisoning tests were conducted to deter-
mine the reaction mechanisms and intrinsic active sites of A-Ni@CS.
KSCN was added as an inhibitor to the electrolyte to block and destroy
the Ni-Ny sites. A-Ni@CS still exhibits significantly high FEco after
SCN™ poisoning (e.g., —0.8 V vs. RHE, FEc0=72.7 %), which can be
explained by the axial atom traction in A-Ni@CS that protects the active
sites from being poisoned (Fig. 4f). In contrast, the FEco of the Ni-N4/C
catalysts sharply declined after SCN™ poisoning.

DFT calculations were performed to further understand the intrinsic
reactivity and property. Fig. 4g shows that an axial absorbed O atom is
active to interact with protons and desorb into the electrolyte during
CO;, electrolysis, which is also confirmed by the post-electrolysis char-
acterization (i.e., XPS) of A-Ni@CS (Supplementary Fig. 10), suggesting
the real active sites of A-Ni@CS for the CO2RR are probably attributed to
Ni-Ns/C. Thus, two typical structures (Ni-N4/C and Ni-N5/C) were
employed as models for the following calculations (Supplementary

Fig. 18). The reaction pathways for the electrochemical conversion of
CO2 to CO include four steps (Supplementary Fig. 18), in which the
formation of *COOH is always regarded as the rate-limiting step [49].
Fig. 4h illustrates that the axial traction of a nitrogen atom leads to more
significant charge polarization on Ni-Ns/C active sites than on Ni-N4/C
active sites. The energy barrier of *COOH formation is reduced on the
dynamic activation of Ni-N5/C active sites for the CORR compared to
that of Ni-N4/C active sites. Fig. 4i shows that Ni-N4/C and Ni-N5/C
deliver 1.79 and 1.30 eV of free energies for the formation of *COOH,
respectively, confirming that Ni-Ns/C has a surprisingly lower energy
barrier for the CO2RR, consistent with the abovementioned experi-
mental studies.

3.4. Tomographic reconstruction and pore-network modeling.

Apart from the enhanced intrinsic activity of the prepared catalysts,
the mass transfer and concentration of reactants in the CL significantly
contributes to the final performance, especially at industrial current
densities [23]. The optimization of the pore size structure and
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distribution in CLs has critical effects on the reactant transport and local
CO4, concentration, but is always neglected. Thus, we studied the effects
of the CL porous structure and morphology on the COoRR, which would
fundamentally determine the Dcf/Dg of the reactants and their local
concentrations. Both A-Ni@CS and A-Ni@CB have large pores (10 s of
microns, cracks) and nano-scale pores, indicating multiscale pore
structures (Supplementary Video 1-2). These large pores are probably
formed due to the uneven heating during the catalyst spraying process.
These large cracks and nano-scale pores in the CL could provide trans-
port channels for H;O and COs, respectively [50,51]. Besides, the large
pores in A-Ni@CS and A-Ni@CB are similar and close in size. The main
distinction between A-Ni@CS and A-Ni@CB is in the nanoscale pore
region. Thus, a detailed comparison was conducted specifically focusing
on the nano-scale pores portion.

Tomographic reconstruction of the CL was conducted through
focused ion beam scanning electron microscopy (FIB-SEM). Fig. 5a and
Supplementary Fig. 21 show the reconstructions of the A-Ni@CS and A-
Ni@CB CLs. The A-Ni@CS CL possesses a porosity of 75 %, which is
higher than those of the A-Ni@CB CL (porosity: 35 %) and other re-
ported CLs in polymer electrolyte fuel cells (porosity: ~50 %) [52] and
polymer electrolyte water electrolyzers (porosity: ~53 %) [53]. The
mean porosity and pore size distribution of the A-Ni@CS CL in the x-
direction were spatially resolved (Fig. 5b—c). Both the A-Ni@CS and A-
Ni@CB CLs exhibited uniform porosity and pore size distributions along
the three main directions (%, y, and z). A mean pore size of ~ 122 nm was
observed for the A-Ni@CS CL, which is almost double that of the A-
Ni@CB CL (~65 nm). The pore size distribution of A-Ni@CS and A-
Ni@CB CL shows that the pore size on average of A-Ni@CS CL are larger
than those of A-Ni@CB CL (Supplementary Fig. 22). These macropores
could facilitate the local CO5 mass transfer and increase the CO5 con-
centration in the CL, while the mesopores on the walls improved the
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specific surface area. The layered nano-to-micro porous structure syn-
ergistically enhanced the electrochemical activity of the CO2RR.

In the cathodic CL, for every mole of CO,, one mole of CO is pro-
duced, while the partial pressure of water remains steady. Although
different Knudsen diffusion coefficients may introduce a small pressure
gradient, the convection is negligible. Thus, the main mechanism of CO4
transport in the CL during the CO2RR is assumed to be diffusion. To
assess the local reactant mass transfer in the CLs, we employed the PNM
to conduct a quasi-static analysis of the two-phase flow in the CLs based
on the reconstructed porous structures. Gas and liquid distributions
under different gas-phase saturations (S, corresponding to water
flooding in the CL during CO2 electrolysis) were obtained (Fig. 5d;
Supplementary Fig. 21f). As the electrolyzer operates, an increasing
amount of water floods the pore spaces of the CL. We plotted the Def/Dg
of the solute in the liquid and CO; in the gaseous mixture versus Sy. The
Deft/Dg of CO3 for both samples decrease with the decrease in Sy, because
of water flooding. However, the A-Ni@CS CL delivered 6.7 times larger
Deff/Dg for CO3 (0.1) than that of the A-Ni@CB CL (0.028) when 0.5 S,y
was applied. The increased Deg/Dy for the A-Ni@CS CL was attributed to
its high porosity and excellent pore connectivity (confirmed by the co-
ordination numbers of pores, as shown in Supplementary Fig. 21i). In
addition, the enhanced Knudsen effects in the A-Ni@CB CL increased the
diffusion resistance of CO,, which further decreased Deg/Dg for the A-
Ni@CS CL. The larger coordination numbers and high porosity of the A-
Ni@CS CL provide numerous less-resistant transport pathways for the
reactants, which can increase the local CO, concentration in the CL and
enhance the final performance of the CO2RR.

Additionally, other phenomena, such as pore blockage due to water
or salt accumulation, also have important effects on the local reactant
concentration and electrochemical performance. However, it is chal-
lenging to quantify the saturation under real conditions. The PNM
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results show that the Deg/Dg of CO, for A-Ni@CS is larger than that for
A-Ni@CB under the same saturation. Although A-Ni@CS may have a
lower S, than that of the A-Ni@CB under real conditions, A-Ni@CS still
shows a larger Des/Dg of CO; than that of the A-Ni@CB. For example,
the Defr/Dg of CO5 for A-Ni@CB is 0.028 when the S,y is 0.5. The Def/Dg
of CO4 for A-Ni@CS is 0.042 when the S, is 0.3. Pore blockage due to
water or salt accumulation and CO transport together determine the
final performance.

Furthermore, we recorded the start-up curves of A-Ni@CS and A-
Ni@CB in the zero-gap flow cell. The humidified CO, was used as the
reactant and transported to the cathode at least 10 min before tests. The
flow rate of CO5 was set as 100 sccm. As shown in Supplementary
Fig. 23, when time begins at 0 s, the electrolyzer starts with a constant
current density of — 200 mA/cm?. The variation of Ecent of A-Ni@CS and
A-Ni@CB along with time were then detected. The initial fluctuations
reflected the process of forming a triple-phase interface because the GDE
was dry before use. A-Ni@CS exhibits a shorter start-up time than that of
A-Ni@CB, demonstrating that the former can facilitate rapid transport of
reactants (CO, and water) and can more easily form a stable triple-phase
interface. Overall, combined with interconnected macropores of CS
which significantly increase the local concentration of CO3 in the CL and
the superior intrinsic activity of A-Ni@CS, we get the highest EE of 60 %
at an industrial current density (200 mA/cm?), which provide a unique
insight to drive industrial applications of CO3 electrolysis.

4. Conclusions

We presented a Ni-N5-O/C single-atom catalyst anchored on CS and
demonstrated that tuning the coordination structure of Ni metal centers
enables the intrinsic activity of the CO,RR. HRTEM images, X-ray
measurements, and poisoning tests confirmed the occurrence of atomi-
cally dispersed Ni and its unique Ni-N5-O/C structure. DFT analysis
demonstrated that an optimized coordination environment can lower
the energy barrier of intermediate *COOH formation and improve the
intrinsic activity of the CO2RR. Tomographic reconstruction of the CL
indicated that A-Ni@CS possessed a large porosity (75 %), abundant
macroporous structure (~122 nm), and high connectivity of pore
spaces. Furthermore, PNM analysis confirmed that the D¢g of CO» in the
A-Ni@CS CL was extremely enhanced, significantly increasing the local
CO4 concentration. A-Ni@CS exhibited a high FEco (98.5 %) and
excellent full-cell EE (60 %) at the industrially relevant current density
(200 mA/cm?) for mediating CO to CO in a zero-gap flow cell. Apart
from the optimization of the intrinsic activity, the CL design strategy in
this study not only highlights the importance of reactant transport but
also offers a unique insight into the development of the CO,RR. Future
studies should focus on in situ technologies and numerical calculations at
the nanoscale to detect the local reactant transport during the CO2RR,
especially when the products are complex.
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